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Abstract: Platelet activation and proprotein convertase subtilisin kexin 9 (PCSK9) play pivotal roles in
the progression of atherosclerosis to cardiovascular events. It has been reported that hyperlipidemia,
a well-documented risk factors for cardiovascular diseases, tends increase platelet activation and
PCSK9 expression. However, little is known about this specific mechanism, particularly how nutrition
affects platelet activation and PCSK9 levels in hyperlipidemia conditions. This study aimed to assess
how a high-fat diet influences platelet activation, its association with PCSK9, and the effects on
blood pressure in an animal model. Here, male Wistar rats were divided into four groups, subjected
to different high-fat diets for ten weeks with varying nutrient components. The results showed
that high-fat diet-induced hypercholesterolemia and hypertriglyceridemia significantly increased
the plasma levels of 3-thromboglobulin (3-TG), p-selectin, and platelet factor 4 (PF-4). The blood
pressure readings were also elevated post high-fat diet induction. Interestingly, the group with the
highest percentage of saturated fatty acid and trans-fat exhibited the highest PCSK9 levels, along
with the highest increase in plasma cholesterol, triglycerides, and platelet activation parameters.
These findings confirm that high-fat diet-induced hypercholesterolemia and hypertriglyceridemia
stimulate platelet activity and PCSK9 levels. Moreover, our results suggest that PCSK9, implicated in
hypercholesterolemia and hypertriglyceridemia, may synergistically mediate platelet hyperactivity,
aligning with clinical studies. Notably, our results highlight the association between a high-fat diet
and PCSK9, providing insights for drug discovery targeting platelet activation in atherosclerosis-
induced cardiovascular diseases.

Keywords: hyperlipidemia; hypercholesterolemia; hypertriglyceridemia; high-fat diet; PCSK9;
platelet activation

1. Introduction

Platelets play an important role in the process of thrombus formation in homeosta-
sis to prevent bleeding and in the pathogenesis of cardiovascular diseases [1]. Platelet
dysfunction contributes to the initiation and aggravation of atherosclerosis, resulting in
cardiovascular diseases, including myocardial infarction and strokes [2]. The pathophys-
iology of myocardial infarction involves platelet activation leading to the production of
plaque that promotes thrombotic occlusion of the coronary vessels, causing ischemia due
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to reduced blood flow [3]. Myocardial infarction may result in premature death, and until
recently, cardiovascular disease remained a global health problem, with estimates showing
it to be the leading cause of death worldwide [4]. Dyslipidemia, hypertension, smoking,
and diabetes are among the well-known modifiable risk factors of myocardial infarction [5].

Dyslipidemia, a lipid metabolism disorder, is one of the risk factors for atheroscle-
rotic and thrombotic events, leading to atherosclerotic cardiovascular disease, a major
cause of death among patients with dyslipidemia [6]. In dyslipidemia, the progression
of atherosclerosis and thrombotic events involve platelet hyperactivation, indicating that
dyslipidemia may hyperactivate the platelets, which subsequently aggravate atherothrom-
bosis [6,7]. Hypercholesterolemia may cause atherothrombotic events by promoting platelet
production and activation [8]. A previous clinical study by Pawelczyk et al. showed that
hyperlipidemia exerted a stimulatory effect on p-selectin, a biomarker of platelet acti-
vation [1]. Another study reported that patients with hypertriglyceridemia exhibited
increased platelet activation [9]. Activated platelets release numerous proteins, such as
p-selectin, beta-thromboglobulin (3-TG), platelet factor 4 (PF-4), thromboxane A2 (TxA2),
RANTES, CD40L, and several other molecules, which can potentially be used as biomarkers
for cardiovascular disease [10,11]

Proprotein convertase subtilisin kexin 9 (PCSK9) has attracted attention as a therapeu-
tic target for patients with hypercholesterolemia due to its ability to reduce low-density
lipoprotein cholesterol (LDL-C) levels [12]. Playing a crucial role in cholesterol homeostasis,
PCSK9 promotes the degradation of LDL receptors, leading to increased LDL-C; thus,
inhibiting PCSKO9 results in decreased LDL-C [12]. Recent research has brought to light
additional roles of PCSKO9 in cardiovascular events beyond its regulation of LDL-C [13].
These roles include its involvement in stimulating platelet activation during the progression
of cardiovascular diseases [13]. Consequently, PCSK9 appears as a promising target for
preventing and treating cardiovascular incidents.

The development of PCSK9 inhibitors has strengthened this prospect, as demonstrated
by their ability to promote cardiac function in a rat model of acute myocardial infarction
(AMI) [14]. Clinical studies have noted elevated concentrations of PCSK9 in patients with
hypercholesterolemia [15]. Furthermore, several studies have established a connection
between PCSKO9 levels and myocardial infarction patients, as well as high-risk cardiovascu-
lar patients, such as those with hypercholesterolemia and/or diabetes [15-17]. PCSK9’s
role in regulating platelet activation by enhancing platelet reactivity has also been docu-
mented [18-20]. Despite these valuable insights, the study of how nutrition or diet intake
influences lipid profile, PCSK9, and platelet reactivity leading to cardiovascular events
remains significantly limited.

To the best of our knowledge, there has not been a study on the impact of hypercholes-
terolemia and hypertriglyceridemia on platelet activity and PCSK9 using animal models.
Recognizing the significance of these research gaps, the present study is designed to in-
vestigate the correlation between induced hypercholesterolemia and hypertriglyceridemia
resulting from a high-fat diet and the manifestation of platelet activation biomarkers in rat
models. The development of pathological conditions in an animal study may be useful in
developing new drug targets or new therapeutic agents in preclinical studies. Therefore,
the current study aimed to investigate the correlation between high-fat diet-induced hy-
percholesterolemia and hypertriglyceridemia and platelet activation biomarkers in rats, as
well as to determine the involvement of PCSK9 expression in modulating platelet reactivity
in high-fat diet conditions.

2. Materials and Methods
2.1. Animals and High-Fat Diet

All animals used in this experiment were 3-month-old male Wistar rats weighing 200-
300 g and purchased from U.D Wistar Yogyakarta, Indonesia. Prior to the experiments, all
rats were acclimatized for 14 days in the animal house of the Laboratory of Pharmacology
and Toxicology, Faculty of Pharmacy, Universitas Indonesia. The conditions were kept at
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room temperature with a 12 h light and dark cycle. After acclimatization, the rats were
randomly divided into the following four groups (1 = 5/group): control group, high-fat
diet 1 group (HFD 1), high-fat diet 2 group (HFD 2), and high-fat diet 3 group (HFD 3). The
design of the animal study is shown in Figure 1.

Grouping
(Control, HFD1, HFD 2, HFD 3) Euthanasia
Acclimatization Aquadest (control and high-fat diet (HFD 1, HFD 2, HFD 3)
(14 days) 3 mL/200 g BW, daily p.o.
| 1 1 1 ] 1 1 1 1 1 1 1 1 o
I 1 1 1 1 1 1 1 1 1 T T T »
Week 0 Week 4 Week 8 Week 10
TG, chol, and TG and chol TG and chol TG, chol, BP, B-TG, PF4,
BP measurement measurements measurements TxA2, and P-selectin

measurements

Body weight measurement (weekly)

Figure 1. Design of the animal study for 10 weeks with male Wistar rats. TG: triglyceride; chol:
cholesterol; BP: blood pressure; 3-TG: beta-thromboglobulin; PF4: platelet factor 4.

The study was performed in accordance with the Animal Act of 1986 guideline and
approved by the Ethics Committee of the Faculty of Medicine, Universitas Indonesia
(reference number KET-45/UN2.F1/ETIK/PPM.00.02/2021). All experimental groups
were fed daily with a high-fat diet orally for ten weeks, whereas the control group re-
ceived aquadest. The high-fat diet model utilized in this study was adapted from previ-
ous successful studies that induced hyperlipidemia, including hypercholesterolemia and
hypertriglyceridemia [21-23]. A modification was made in the composition of fat sources
(quail egg yolk, goat fat, beef fat, and butter) to vary the nutrient components, mimicking di-
etary diversity. The compositions of the high-fat diets provided to HFD 1, HFD 2, and HFD
3 are displayed in Table 1. The nutrition and calories status are showed in Tables 2 and 3,
respectively. To manage the administration of HFD induction, we utilized oral gavage once
a day every morning at 7 a.m. for a duration of ten weeks constitutively. During this time,
the animals had unrestricted access to regular food and water, with the exception of the day
when blood samples were collected. On that specific day, they underwent a fasting period
of 10-12 h prior to the blood collection. Body weight was measured weekly for ten weeks.
The nutrition and caloric status of regular food are displayed in Supplementary Table S1.

Table 1. Compositions of the high-fat diets.

Ingredients HFD 1 (w/v) HFD 2 (w/v) HFD 3 (w/v)
Quail egg yolk 40% 30% -
Goat fat 25% - 50%
Beef fat - 35% -
Butter - - 15%
Cholesterol (Dyets, Bethlehem) 2% 2% 2%
Cholic acid (Wako, Japan) 0.5% 0.5% 0.5%
Fructose 20% 20% 20%

Coconut oil 12.5% 12.5% 12.5%
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Table 2. Calculation of nutritional status in each ingredient of the high-fat diets. SFA = Satu-
rated Fatty Acids, MUFA = Monounsaturated Fatty Acids, PUFA = Polyunsaturated Fatty Acids,
TFA = Trans Fatty Acids. # nutrition information from packaging.

Weight Carbohydrates Protein Fat (%) Cholesterol

Ingredients
(g (%) (%) SFA MUFA PUFA TFA (%)

Quail e 0.20-1.00  15.70-16.60 29.90 + 45.02 + 25.09 +
yolk B8 100 [24] [24] [24] 354[25]  516[25]  658[25] N/A 214 [24]
Goat Fat 100 [26] N/A N/A 47.32 [27] 40.59 [27] 7.80 [27] N/A 0.10 [27]
Beef fat 100 [26] N/A N/A 49.76 [27] 41.80 [27] 41271 N/A 0.11 [27]
Butter 15 [27]* 0[271* 0[271* 53.33[271%  16.67[271* o 3.33[271* 0.20*
Fructose 10* 80 # 0[271* (k4 0 o* N/A N/A
Cholesterol 500 # N/A N/A N/A N/A N/A N/A 100 #
Cholic acid 100 * N/A N/A N/A N/A N/A N/A N/A
Coconut oil 14 # 0[271* 0[271* 78.57 # 7.14# 0¥ 0¥ 0[271*

Table 3. Calculation of total calories of each HFD. Weight of high-fat diet (g) = amount of material
used x (250 g BW/200 g x 3 mL) x density (g/mL). Calories = weight of high-fat diet (g)/total
weight of serving size (g) x total calories in serving size (kcal). Density of butter = 0.911 g/mL [28];
cholesterol = 1.067 g/mL (Merck, Germany); cholic acid = 1.2 £ 0.1 g/mL [29]; egg yolk = 1.03 g/mL
[28]; animal fat = 0.7 g/mL [28]; fructose = 1.59 g/mL (Merck, Germany); and coconut
oil = 0.903 g/mL [28].

HFD 1 HFD 2 HFD 3
Ingredients Weight Calories Weight Calories Weight Calories

(g) (kcal) (g (kcal) (g) (kcal)
Quail egg yolk 1.55 4.99 1.16 3.74 - -
Goat fat 0.66 5.95 - - 1.31 11.82
Beef fat - - 0.92 8.30 - -
Butter - - - - 0.51 3.74
Fructose 1.19 417 1.19 417 1.19 4.17
Cholesterol 0.08 N/A 0.08 N/A 0.08 N/A
Cholic acid 0.02 N/A 0.02 N/A 0.02 N/A
Coconut oil 0.42 3.30 0.42 3.30 0.42 3.30
Total calories (kcal) 18.41 19.51 23.03

2.2. Triglyceride and Cholesterol Measurement

Commerecial kits for total cholesterol (Human, Germany) and triglyceride (Human,
Germany) were used to measure plasma triglycerides and cholesterol at weeks 0, 4, 8, and
10 following the manufacturer’s instructions. Absorbance was obtained at a wavelength
measurement of 500 nm and converted into mg/dL to determine the plasma concentration.

2.3. Systolic, Diastolic, and Arterial Blood Pressure Measurement

The systolic, diastolic, and arterial blood pressures were determined before and after
induction of a high-fat diet using a non-invasive CODA (Kent Scientific Corporation,
Torrington, CT, USA) based on the methods performed by a previous study [30]. Before the
measurement, all rats were moved to a chamber and allowed to acclimatize for 15-30 min
at 30 °C.

2.4. Blood Collection

Rats underwent a fasting period of 10-12 h prior to blood collection. At weeks 4, 8,
and 10, fasting occurred after the administration of a high-fat diet (HFD), starting around
8 a.m., with blood collection taking place 10-12 h later, approximately between 6 and 8 p.m.
Blood samples from the orbital sinus were obtained at weeks 0, 4, and 8 to measure the
plasma triglyceride and cholesterol levels. The collected volume did not exceed 1.5% of the
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rat’s weight; for instance, for a rat weighing 250 g, the maximum volume would be 3 mL.
Throughout the 10-week induction period, all rats were anesthetized intraperitoneally
using ketamine at a dose of 100 mg/kg body weight. Blood collection was conducted
via the abdominal aorta, with a blood volume of 6-8 mL, following the method outlined
by Gage et al., with slight modifications [31]. To prevent hemolysis, blood collection was
performed with care. Heparin-containing blood was then centrifuged at 3000 rpm for
10 min, and the obtained plasma was stored at —20 °C for further measurements.

2.5. Biochemical Parameters for Platelet Activation and PCSK9

The plasma levels of the platelet activation parameters and PCSK9 were measured
using enzyme-linked immunosorbent assay (ELISA) kits following the manufacturer’s
instructions. All platelet activation parameters were analyzed using rat ELISA kits for
3-TG, PF4, TxA2, and p-selectin purchased from Cloud-Clone (Cloud-Clone Corp, Houston,
TX, USA). Meanwhile, the rat ELISA kit for PCSK9 was obtained from Cusabio (Cusabio
Biorech Co, Ltd., Wuhan, China.) The wavelength measured using the Glomax® multi
detection system (Promega, Madison, WI, USA) was 450 nm.

2.6. Statistical Analysis

GraphPad Prism 8 was used for statistical analysis. All data are presented as means +
standard deviation (SD) of five rats. Differences were determined using ANOVA, followed
by a post hoc test, with p < 0.05 indicating statistical significance.

3. Results
3.1. High-Fat Diet Induces Hypercholesterolemia and Hypertriglyceridemia in Wistar Rats

All groups were fed a high-fat diet orally every day, except for the control group,
which received aquadest. As expected, high-fat diet induction in all groups promoted
significantly higher plasma cholesterol and triglyceride levels after 10 weeks compared
to before induction and the control group (Table 4). Cholesterol levels had increased
significantly after 4 weeks of high-fat diet feeding, whereas triglyceride levels increased
after 8 weeks in all groups. After 10 weeks of induction, all groups satisfied the condi-
tions for hypercholesterolemia and hypertriglyceridemia, with plasma levels of >140 and
>120 mg/dL, respectively [32].

Table 4. Plasma cholesterol and triglyceride changes in rats fed a high-fat diet for ten weeks. Data
are presented as mean + SD (n = 5 rats/group); statistical analyses were performed using one-way
ANOVA, followed by Tukey’s multiple comparison test; * p < 0.05, ** p < 0.01, and ** p < 0.001
denote statistically significant compared to corresponding group at week 0; # p <0.05, ## p <0.01, and
### 1 < 0.001 denote statistical significance compared to corresponding control group.

Control HFD 1 HFD 2 HFD 3

Plasma Week 0 61.22 + 8.31 60.62 + 2.88 55.27 + 6.46 69.70 + 8.56
cholesterol Week 4 68.2 4+ 9.54 97.42 + 13.5 ** 94.59 + 12.19 **# 152.61 £ 11.37 *###
(mg/dL) Week 8 68.56 + 6.39 102.07 + 14.33 ** 133.61 + 14.75 *+## 186.99 + 14.10 *++#
Week 10 69.74 + 5.66 139.68 + 11.88 *+i# 161.14 + 14.42 #=#i# 248.80 = 7.48 it

Plasma Week 0 71.20 + 7.58 68.14 + 9.33 70.36 & 10.04 68.34 + 13.51
triglyceride Week 4 68.00 + 13.37 86.75 + 11.42 106.94 + 6.70 **# 134.39 £ 14.73 »###
(mg/dL) Week 8 72.40 + 14.99 117.99 + 9.59 *+## 133.89 + 13.27 *+### 199.22 + 1.80 *++###
Week 10 79.22 + 14.03 142.06 + 11.76 **+ii# 185.94 + 13.36 **+### 236.85 4 7.53 #x+iih

3.2. Body Weight and Blood Pressure Changes following High-Fat Diet Induction

To evaluate the impact of a high-fat diet in rats, body weight and blood pressure were
also evaluated. Body weight, which was measured weekly, showed a stable increase in all
groups, with no significant difference compared to the control group (Figure 2). Meanwhile,
their systolic, diastolic, and arterial blood pressures, which were also measured before
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and after 10 weeks of high-fat diet feeding, were higher after than before treatment in the
high-fat diet groups (Figure 3).

4009 —8— Control
HFD 1

350 —
HFD 2

HFD 3

L

Body weight (g)
w
g
L

~
P
S

200 t——T—T—T—T7T—T—T— 7T
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Figure 2. Body weight of rats fed a high-fat diet for 10 weeks. Data are presented as mean + SD (n =

5 rats/group).
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Figure 3. The impact of high-fat diet consumption for 10 weeks on systolic, diastolic, and arterial
blood pressures in rats. Data are presented as mean & SD (n = 5 rats/group). Statistical analysis
was performed using a 2-way ANOVA, followed by Bonferroni’s multiple comparison test; ns: no
significant, * p < 0.05, ** p < 0.01, and *** p < 0.001, *** p < 0.0001 denote statistical significance
compared to corresponding group before induction.
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3.3. Hypercholesterolemia and Hypertriglyceridemia Conditions Increase B-TG, p-Selectin, and
PF-4 in a Similar Pattern in Wistar Rats

All rats were sacrificed to collect blood plasma after all high-fat diet groups developed
hypercholesterolemia and hypertriglyceridemia at week 10. The plasma levels of 3-TG,
p-selectin, PF-4, and TxA2 were analyzed using ELISA to investigate platelet reactivity in
our hypercholesterolemia/hypertriglyceridemia rat model. Figure 4 presents the impact
of a 10-week high-fat diet on the platelet activation parameters. Accordingly, our results
showed that 3-TG, p-selectin, and PF-4 increased significantly together with cholesterol
and triglyceride levels in various high-fat diet groups. Similar to the lipid profile results,
HEFD 3 exhibited the highest plasma levels of 3-TG, p-selectin, and PF-4, followed by HFD
2 and HFD 1.

B-TG PF4
i Kook
il Fkkokk %*
Hkokok Fkkok — —
304 Kdkkk *
Fekkk — —
1000 - = ns
3 i : =
= 800 EXTE
S Fokokok g K
2 600 El
S 2
D
= 400 . E 10 -
g 2
£ 200 j = j
0- 1 T 0 - T T
PRI P N N
FHELE SLLE
[9)
TxA2 P-Selectin
ns Fdkkk
ns ns 250 Fkkok
4000 ns ns —~ sksksksk
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2 2000 2 1004
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g £
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Figure 4. The impact of high-fat diet consumption for 10 weeks on plasma levels of platelet activation
parameters in rats. Data are presented as mean + SD (n = 5 rats/group). For 3-TG, PF4, and p-selectin,
statistical analysis were performed using one-way ANOVA, followed by Tukey’s multiple comparison
test. For TxA4, statistical analysis were performed using Kruskal-Wallis test, followed by Dunn’s test;
ns: no significant, * p < 0.05, **** p < 0.0001 denote statistical significance compared to control group.

3.4. Plasma PCSK9 Levels Were Increased in High-Fat Diet Rats

Previous studies have suggested the potential association between platelet activation
in the high-fat diet rat model and PCSK9 expression. To further explore this association,
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the plasma PCSKO9 levels were analyzed using ELISA. Our result showed that the plasma
levels in HFD 2 and HFD 3 were also significantly increased after 10 weeks of induction
together with cholesterol, triglyceride, and the platelet activation parameters (Figure 5).
HFD 3 showed the highest PCSK9 levels, followed by HFD 2 and HFD 1.

PCSK9

%k
t 3
ns

5009 s ns ns
= 00— v
= 400
E
E 300
[<?]
>
=~ 200 -
]
g
7]
S 100 -
»

0_

xwo,
~é°000
& & X

Figure 5. The impact of high-fat diet consumption for 10 weeks on plasma PCSKO9 levels in rats.
Data are presented as mean + SD (n = 5 rats/group). Statistical analysis was performed using
Kruskal-Wallis, followed by Dunn’s test; * p < 0.05 denotes statistical significance compared to the
control group.

4. Discussions

The present animal study aimed to investigate the impact of a high-fat diet on platelet
activation, a key factor in the progression of atherosclerosis. Additionally, our investigations
explored the relationship between diverse nutritional intake, PCSKO levels, and platelet
activation in an animal model. The overall goal was to deepen our current understanding of
how nutrition or diet intake affects PCSK9 levels, impacting platelet activity and increasing
the risk of cardiovascular diseases in an animal model. This established model holds
promise for identifying new targets in drug development, particularly those addressing
PCSK9-induced platelet hyperreactivity.

In the present study, rats were subjected to a daily high-fat diet induction for a du-
ration of 10 weeks. This diet varied in fat components and total calories, resulting in an
increase in cholesterol and triglyceride levels. Interestingly, the rats developed hyperc-
holesterolemia and hypertriglyceridemia in all groups of HFD. This model may help better
understand platelet dysfunction in dyslipidemia conditions. Given the important role of
diet in the blood levels of lipid and lipoprotein, hyperlipidemia may be influenced by
lifestyle [21]. A number of animal studies have established a high-fat diet model for induc-
ing hyperlipidemia, including hypercholesterolemia and hypertriglyceridemia [21-23]. It
has been well reported that consuming foods high in cholesterol, fructose, saturated fat,
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and calories increases total cholesterol, triglycerides, and LDL levels, potentially triggering
health issues [33]. Indeed, our results showed that various components of the high-fat diet
increased cholesterol and triglyceride levels in all groups compared to the control group.
Among these, HFD 3, characterized by the highest content of saturated fatty acids and total
calories, along with the group containing solely the trans fatty acid component, exhibited
the highest values, followed by HFD 2 and HFD 1. Different diets containing high fat levels
will result in different levels of profile lipid [34]. Moreover, the effect of a high-fat diet on
body weight was also analyzed. A high-fat diet may promote body weight gain given the
visceral fat accumulation due to the high fat intake, with the gain varying depending on the
intake [35,36]. The current study showed a stable increase in body weight at every week of
measurement, with all HFD groups showing a slightly higher body weight compared to
the control group, although not significantly.

Dyslipidemia, as well as other factors, such as hypertension, diabetes, metabolic disor-
ders, is a modifiable risk factor for cardiovascular diseases that may be associated with each
other [5]. Besides affecting lipid profile, high-fat diet induction may also contribute toward
endothelial dysfunction and blood pressure elevation [37]. Consistent with the previous
study [38], all HFD groups showed higher systolic, diastolic, and arterial blood pressure
values. The high fructose content in the diet may also affect blood pressure by elevating
angiotensin II and the expression of the type I angiotensin II (AT1) receptor [39]. Hyperten-
sion and hypercholesterolemia have been suggested to be linked through the involvement
of the renin-angiotensin system [40]. Both are highly prevalent in the population, and their
coexistence increases the risk of cardiovascular disease [40-42]

Clinical reports have shown that dyslipidemia can increase platelet activation biomark-
ers such as p-selectin [1,43]. The current study was conducted to confirm the findings of
clinical studies on the correlation between hypercholesterolemia/hypertriglyceridemia
and platelet activation in rats fed a high-fat diet. All groups that received a high-fat diet
exhibited platelet activation through significant elevations in plasma p-TG, p-selectin, and
PF-4, which may play a role in prothrombotic events. Meanwhile, no significant difference
in thromboxane levels were observed. The foreminded results showed a similar pattern
with the lipid profile results, suggesting that HFD 3 had the highest plasma levels. In
hyperlipidemic conditions, platelets exhibit high reactivity and are more susceptible to acti-
vation and aggregation. Therefore, lowering the lipid levels through statins could reduce
platelet activity [44]. One study showed that patients who had suffered an ischemic stroke
presented platelet hyperactivity, with such a phenomenon potentially associated with
hyperlipidemia [45]. By elevating platelet production and directly affecting the platelets
themselves, hypercholesterolemia has been found to cause platelet hyperactivation [44].
Activated platelets further form platelet-leukocyte aggregates (PLAs), an independent risk
factor of atherothrombotic disease [44,46].

PCSKO9 seems to be closely associated with the progression of atherothrombosis, lead-
ing to cardiovascular disease, especially in dyslipidemia. Therefore, the current study also
investigated alterations in plasma PCSK9 levels during high-fat diet induction. Notably,
our results showed that the plasma PCSK9 level increased after 10 weeks of feeding, a
finding consistent with that reported by a previous study on the effects of high-fat diet
induction on mice for 8 weeks [47] and another study on rats exposed to a long-term
high-fat diet [48]. Moreover, dietary fructose appears to upregulate PCSK9 levels through
mechanisms related to SREBlc, SREB2, and hepatic LDLR protein [49]. The high-fat diet
used in this study contained a component of fructose, which may contribute to the elevation
of PCSK9. However, another study showed contrary results, showing no changes in plasma
PCSKO9 levels after 4 weeks of high-fat diet feeding in rats [50]. The duration of induction
may influence the level of PCSK9. After 4 weeks of high-fat diet induction, they showed
no significant elevation of total cholesterol. In addition, the LDL-R mRNA expression
remained the same. Meanwhile, our study found a significant enhancement of total choles-
terol with more than two-fold higher levels, after 10 weeks of high-fat feeding. These results
may suggest a strong correlation between the states of hypercholesterolemia with the level
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of PCSK9 [51]. The well-explained mechanism of PCSK9 synthesis is regulated by the SREB
pathway [52]. SREBP-2 stimulates the sterol-dependent transcription of PCSK9 by binding
to the sterol regulatory element [53]. Our study did not measure the expression of LDL-R
and SREBP-2. Therefore, further studies are needed to elucidate the mechanism underlying
PCSKO elevation in high-fat diet conditions, such as measuring the LDL-R and SREBP-2.

Plasma PCSKO levels have been positively associated with LDL cholesterol, total
cholesterol, and triglyceride [54]. Furthermore, one study showed that plasma PCSK9 con-
centrations were correlated with triglycerides in patients with chronic kidney disease [55].
Moreover, another study showed that PCSK9 concentrations were also high in patients
with hypercholesterolemia [15]. PCSK9 regulates cholesterol homeostasis by binding to the
LDLR and inducing degradation, resulting in LDL-C clearance, which consequently leads
to hypercholesterolemia due to the accumulation of LDL-C levels [56]. The elevation of
plasma PCSKO in this study may also contribute to hypercholesterolemia. However, one
limitation of the current study is that we did not measure the plasma levels of HDL and
LDL. Besides regulating LDL-C, PCSK9 has also been found to influence platelet activation.
PCSKO triggers platelet activation by binding to the CD36 on the platelet and as the binding
the platelet CD36 downstream signaling pathways [18].

In addition, our results further provide information that the degree of fatty acid sat-
uration may affect not only body weight gain [57] but also the lipid profile, the platelet
activation, and the PCSKO9 level. This is evidenced by the greater increases in total choles-
terol and triglyceride levels, along with platelet activation biomarkers such as plasma 3-TG,
p-selectin, and PF-4, as well as PCSK9. The HFD 3 group, characterized by the presence of
trans fatty acids and the highest levels of saturated fatty acids and calories, exhibited the
highest biomarker levels, followed by HFD 2 and HFD 1 in descending order of calories
and saturated fatty acid concentration. The saturated fatty acid content in HFD 3 is higher
compared to HFD 1 and HFD 2 due to the presence of butter and goat fat, each contributing
to 50% of the composition. Each percent of saturated fat consumed from the total daily
energy is predicted to increase plasma cholesterol levels by 2.7 mg/dL [58]. The elevated
level of plasma cholesterol may then promote dyslipidemia, leading to higher platelet
reactivity [13,51]. These findings may correlate with reports stating that foods high in
trans fatty acid and saturated fatty acids can elevate total blood cholesterol levels, thereby
promoting hypercholesterolemia [59,60].

Collectively, our results suggest that a high-fat diet induces hypercholesterolemia
and hypertriglyceridemia, leading to an increase in the risk of cardiovascular diseases
such as hypertension. Moreover, the variations in nutrition within the high-fat diet im-
pact lipid profiles, platelet hyperreactivity, and PCSK9 elevation, potentially contributing
synergistically to the stimulation of platelet activation-induced cardiovascular events.

One limitation of the current study is that we did not measure HDL and LDL concen-
trations, which could provide information regarding the involvement of PCSK9 and the
atherogenic index. We should also consider changes in body weight following a high-fat
diet given that the current study showed no significant differences therein. The differ-
ent components of a high-fat diet and duration of induction may influence the results.
Nonetheless, our findings may pave the way for further research aimed at elucidating the
correlation between nutrition intake, dyslipidemia, PCSK9, and platelet activation in the
pathophysiology of atherosclerosis leading to myocardial infarction [61]. Our results are
consistent with the findings of clinical studies, indicating that a high-fat diet resulting in
hypercholesterolemia and hypertriglyceridemia is associated with a higher risk of platelet
activation and elevated PCSK9 levels. Importantly, the current study established an animal
model for investigating PCSK9 and platelet activation following variations in nutrition
within a high-fat diet. This animal model may contribute to future studies aiming to
elucidate the mechanisms underlying the association among risk factors for myocardial
infarction involving PCSK9 and platelet activation.
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5. Conclusions

Our findings confirmed that hypertriglyceridemia and hypercholesterolemia in male
Wistar rats fed a high-fat diet enhanced platelet activation, which is consistent with reports
from clinical studies. Additionally, the induction of high-fat diet also increased systolic, di-
astolic, and arterial blood pressures. Similar to cholesterol, triglycerides, and platelet activa-
tion, higher PCSK9 expression levels were observed, suggesting that a high-fat diet may in-
crease PCSKO9 levels and that both PCSK9 and hypercholesterolemia/hypertriglyceridemia
synergistically modulate platelet hyperactivity. Our results significantly contribute to
unraveling the specific mechanisms that correlate with risk factors for cardiovascular dis-
eases, such as myocardial infarction. Notably, according to our findings, a high intake of
saturated fatty acids and trans fatty acid from butter appears to substantially elevate the
risk of dyslipidemia, platelet reactivity, and increased levels of PCSK9. Furthermore, our
studies provide guidance for future studies aiming to elucidate the molecular mechanisms
involved in the pathogenesis of platelet activation and atherosclerosis. These mechanisms
encompass nutrition intake, PCSK9 expression, and platelet reactivity, offering valuable
insights for a deeper understanding of the interplay among these factors. Hence, the estab-
lished animal study can be useful for drug discovery and development research targeting
platelet activation in atherosclerosis-induced cardiovascular disease.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /nu15204463/s1. Supplementary Table S1. The nutritional in-
formation for the Regular Diet used in this study, specifically, HI-PRO-VITE BR 2-CP-5128 for the
anima model.

Author Contributions: Conceptualization, EC.S.; Methodology, E.C.S. and N.U.A.; Formal Analysis,
D.,, VN, GM, E.O,, AN.S, KR. and E.H,; Investigation, D., VN., GM., EO., AN.S,, KR. and E.H.;
Data Curation, N.U.A.; Writing—Original Draft Preparation, N.U.A.; Writing—Review and Editing,
F.C.S. and M.U.P; Supervision, F.C.S. and N.U.A.; Approval of the manuscript, F.C.S. All authors
have read and agreed to the published version of the manuscript.

Funding: The study was supported by the Directorate of Research and Development, Universitas
Indonesia (Grant PUTI Pasca Sarjana 2023 contract number NKB-031/UN2.RST/HKP.05.00/2023 on
behalf of Dr. Fadlina Chany Saputri.)

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki; performed in accordance with the Animal Act of 1986 guideline; and
approved by the Ethics Committee of the Faculty of Medicine, Universitas Indonesia (reference
number KET-45/UN2.F1/ETIK/PPM.00.02/2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available upon
reasonable request from the corresponding author.

Acknowledgments: The authors thank the Faculty of Pharmacy and the Directorate of Research and
Development, Universitas Indonesia, for supporting and funding this study.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Pawelczyk, M.; Kaczorowska, B.; Baj, Z. The impact of hyperglycemia and hyperlipidemia on plasma P-selectin and platelet
markers after ischemic stroke. Arch. Med. Sci. 2017, 13, 1049-1056. [CrossRef]

2. Libby, P; Simon, D.I. Inflammation and thrombosis: The clot thickens. Circulation 2001, 103, 1718-1720. [CrossRef]

3.  Gawaz, M. Role of platelets in coronary thrombosis and reperfusion of ischemic myocardium. Cardiovasc. Res. 2004, 61, 498-511.

[CrossRef]

4. World Health Organization. The Top 10 Causes of Death—Factsheet. 2020. Available online: https://www.who.int/news-room/
fact-sheets/detail / the-top-10-causes-of-death (accessed on 15 December 2020).

5. Oliveira, G.B.; Avezum, A.; Roever, L. Cardiovascular Disease Burden: Evolving Knowledge of Risk Factors in Myocardial
Infarction and Stroke through Population-Based Research and Perspectives in Global Prevention. Front. Cardiovasc. Med. 2015,

2, 32. [CrossRef]


https://www.mdpi.com/article/10.3390/nu15204463/s1
https://www.mdpi.com/article/10.3390/nu15204463/s1
https://doi.org/10.5114/aoms.2017.65816
https://doi.org/10.1161/01.CIR.103.13.1718
https://doi.org/10.1016/j.cardiores.2003.11.036
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://doi.org/10.3389/fcvm.2015.00032

Nutrients 2023, 15, 4463 12 of 14

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

Tian, Z.; Li, K;; Fan, D.; Zhao, Y.; Gao, X.; Ma, X.; Xu, L.; Shi, Y; Ya, E; Zou, J.; et al. Dose-dependent effects of anthocyanin
supplementation on platelet function in subjects with dyslipidemia: A randomized clinical trial. eBioMedicine 2021, 70, 103533.
[CrossRef]

Garg, R.; Aggarwal, S.; Kumar, R.; Sharma, G. Association of atherosclerosis with dyslipidemia and co-morbid conditions: A
descriptive study. J. Nat. Sci. Biol. Med. 2015, 6, 163-168. [CrossRef] [PubMed]

Wang, N.; Tall, A.R. Cholesterol in platelet biogenesis and activation. Blood 2016, 127, 1949-1953. [CrossRef] [PubMed]

de Man, FH.; Nieuwland, R; van der Laarse, A.; Romijn, F.; Smelt, A.H.; Gevers Leuven, J.A.; Sturk, A. Activated platelets in
patients with severe hypertriglyceridemia: Effects of triglyceride-lowering therapy. Atherosclerosis 2000, 152, 407-414. [CrossRef]
[PubMed]

Coppinger, ].A.; Maguire, P.B. Insights into the platelet releasate. Curr. Pharm. Des. 2007, 13, 2640-2646. [CrossRef]
Baidildinova, G.; Nagy, M.; Jurk, K.; Wild, P.S.; Ten Cate, H.; van der Meijden, P.E.]. Soluble Platelet Release Factors as Biomarkers
for Cardiovascular Disease. Front. Cardiovasc. Med. 2021, 8, 684920. [CrossRef]

Barale, C.; Melchionda, E.; Morotti, A.; Russo, I. PCSK9 Biology and Its Role in Atherothrombosis. Int. J. Mol. Sci. 2021, 22, 5880.
[CrossRef]

Puteri, M.U.; Azmi, N.U.; Kato, M.; Saputri, EC. PCSK9 Promotes Cardiovascular Diseases: Recent Evidence about Its Association
with Platelet Activation-Induced Myocardial Infarction. Life 2022, 12, 190. [CrossRef] [PubMed]

Guo, Y,; Yan, B.; Tai, S.; Zhou, S.; Zheng, X.L. PCSK9: Associated with cardiac diseases and their risk factors? Arch. Biochem.
Biophys. 2021, 704, 108717. [CrossRef] [PubMed]

Desai, N.R.; Sabatine, M.S. PCSK9 inhibition in patients with hypercholesterolemia. Trends Cardiovasc. Med. 2015, 25, 567-574.
[CrossRef]

Song, L.; Zhao, X.; Chen, R.; Li, J.; Zhou, J.; Liu, C.; Zhou, P; Wang, Y.; Chen, Y.; Zhao, H.; et al. Association of PCSK9 with
inflammation and platelet activation markers and recurrent cardiovascular risks in STEMI patients undergoing primary PCI with
or without diabetes. Cardiovasc. Diabetol. 2022, 21, 80. [CrossRef]

Petersen-Uribe, A.; Kremser, M.; Rohlfing, A K.; Castor, T.; Kolb, K.; Dicenta, V.; Emschermann, E; Li, B.; Borst, O.; Rath, D.; et al.
Platelet-Derived PCSK9 Is Associated with LDL Metabolism and Modulates Atherothrombotic Mechanisms in Coronary Artery
Disease. Int. . Mol. Sci. 2021, 22, 11179. [CrossRef] [PubMed]

Navarese, E.P.; Kolodziejczak, M.; Winter, M.P.; Alimohammadi, A.; Lang, LM.; Buffon, A.; Lip, G.Y.H,; Siller-Matula, ].M.
Association of PCSK9 with platelet reactivity in patients with acute coronary syndrome treated with prasugrel or ticagrelor: The
PCSK9-REACT study. Int. ]. Cardiol. 2017, 227, 644-649. [CrossRef]

Cammisotto, V.; Pastori, D.; Nocella, C.; Bartimoccia, S.; Castellani, V.; Marchese, C.; Sili Scavalli, A.; Ettorre, E.; Viceconte,
N.; Violi, E; et al. PCSK9 Regulates Nox2-Mediated Platelet Activation via CD36 Receptor in Patients with Atrial Fibrillation.
Antioxidants 2020, 9, 296. [CrossRef]

Qi, Z.; Hu, L.; Zhang, J.; Yang, W.; Liu, X.; Jia, D.; Yao, Z.; Chang, L.; Pan, G.; Zhong, H.; et al. PCSK9 (Proprotein Convertase
Subtilisin/Kexin 9) Enhances Platelet Activation, Thrombosis, and Myocardial Infarct Expansion by Binding to Platelet CD36.
Circulation 2021, 143, 45-61. [CrossRef] [PubMed]

Munshi, R.P; Joshi, S.G.; Rane, B.N. Development of an experimental diet model in rats to study hyperlipidemia and insulin
resistance, markers for coronary heart disease. Indian J. Pharmacol. 2014, 46, 270-276. [CrossRef] [PubMed]

Choudhary, M.I1,; Naheed, S.; Jalil, S.; Alam, ].M.; Attaur, R. Effects of ethanolic extract of Iris germanica on lipid profile of rats fed
on a high-fat diet. J. Ethnopharmacol. 2005, 98, 217-220. [CrossRef]

Wang, Y.; Jin, M.; Zhang, L.; Li, S.; Zhai, J.; Shen, Y.; Chen, C.; Qin, J. Effect of a combination of calorie-restriction therapy and
Lingguizhugan decoction on levels of fasting blood lipid and inflammatory cytokines in a high-fat diet induced hyperlipidemia
rat model. J. Tradit. Chin. Med. 2015, 35, 218-221.

Febriani, W. Efek pemberian simvastatin terhadap kadar kolesterol telur puyuh. BIOSFER ]. Tadris Pendidik. Biol. 2017, 8, 158-170.
[CrossRef]

Polat, E.S.; Citil, O.B.; Garip, M. Fatty acid composition of yolk of nine poultry species kept in their natural environment. Animal
Sci. Pap. Rep. 2013, 31, 363-368.

Nutrition Data. Fat, Mutton Tallow Nutrition Facts & Calories. 3 December 2020. Available online: https:/ /nutritiondata.self.
com/facts/fats-and-oils/581/2 (accessed on 2 February 2021).

Anchor. Anchor Unsalted Butter. 2 February 2021. Available online: http://anchorbutter.com/product/anchor-unsalted-butter
(accessed on 2 February 2021).

Charrondiere, R.U.; Haytowitz, D.; Stadlmayr, B. FAO/Infoods Density Database Version 2.0 (2012); FAO: Rome, Italy, 2012.

Royal Society of Chemistry. Predicted Data Is Generated Using the Acd/Labs Percepta Platform—Physchem Module. 20 February
2021. Available online: http://www.chemspider.com/Chemical-Structure.192176.html (accessed on 2 February 2021).

Saputri, F.C.; Hutahaean, I.; Mun’im, A. Peperomia pellucida (L.) Kunth as an angiotensin-converting enzyme inhibitor in two-
kidney, one-clip Goldblatt hypertensive rats. Saudi . Biol. Sci. 2021, 28, 6191-6197. [CrossRef]

Gage, G.J.; Kipke, D.R.; Shain, W. Whole animal perfusion fixation for rodents. J. Vis. Exp. 2012, 65, e3564.

Hirunpanich, V,; Utaipat, A.; Morales, N.P.; Bunyapraphatsara, N.; Sato, H.; Herunsale, A.; Suthisisang, C. Hypocholesterolemic
and antioxidant effects of aqueous extracts from the dried calyx of Hibiscus sabdariffa L. in hypercholesterolemic rats. J. Ethnophar-
macol. 2006, 103, 252-260. [CrossRef]


https://doi.org/10.1016/j.ebiom.2021.103533
https://doi.org/10.4103/0976-9668.149117
https://www.ncbi.nlm.nih.gov/pubmed/25810656
https://doi.org/10.1182/blood-2016-01-631259
https://www.ncbi.nlm.nih.gov/pubmed/26929273
https://doi.org/10.1016/S0021-9150(99)00485-2
https://www.ncbi.nlm.nih.gov/pubmed/10998469
https://doi.org/10.2174/138161207781662885
https://doi.org/10.3389/fcvm.2021.684920
https://doi.org/10.3390/ijms22115880
https://doi.org/10.3390/life12020190
https://www.ncbi.nlm.nih.gov/pubmed/35207479
https://doi.org/10.1016/j.abb.2020.108717
https://www.ncbi.nlm.nih.gov/pubmed/33307067
https://doi.org/10.1016/j.tcm.2015.01.009
https://doi.org/10.1186/s12933-022-01519-3
https://doi.org/10.3390/ijms222011179
https://www.ncbi.nlm.nih.gov/pubmed/34681838
https://doi.org/10.1016/j.ijcard.2016.10.084
https://doi.org/10.3390/antiox9040296
https://doi.org/10.1161/CIRCULATIONAHA.120.046290
https://www.ncbi.nlm.nih.gov/pubmed/32988222
https://doi.org/10.4103/0253-7613.132156
https://www.ncbi.nlm.nih.gov/pubmed/24987172
https://doi.org/10.1016/j.jep.2005.01.013
https://doi.org/10.24042/biosf.v8i2.2304
https://nutritiondata.self.com/facts/fats-and-oils/581/2
https://nutritiondata.self.com/facts/fats-and-oils/581/2
http://anchorbutter.com/product/anchor-unsalted-butter
http://www.chemspider.com/Chemical-Structure.192176.html
https://doi.org/10.1016/j.sjbs.2021.06.075
https://doi.org/10.1016/j.jep.2005.08.033

Nutrients 2023, 15, 4463 13 of 14

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

Andreadou, I; Schulz, R.; Badimon, L.; Adameova, A.; Kleinbongard, P.; Lecour, S.; Nikolaou, P.-E.; Falcao-Pires, I.; Vilahur, G;
Woudberg, N.; et al. Hyperlipidaemia and cardioprotection: Animal models for translational studies. Br. J. Pharmacol. 2020, 177,
5287-5311. [CrossRef]

Silva, C.; Perris, P.D.; Fernandez, I.; Godoy, M.E; Mambrin, C.; Slobodianik, N.H.; Feliu, S.M. Effects of high-fat diets from
different sources on serum and thymus lipid profile: Study in an experimental model. Endocr. Metab. Immune Disord. Drug Targets
2014, 14, 77-83. [CrossRef] [PubMed]

Lasker, S.; Rahman, M.M.; Parvez, F.; Zamila, M.; Miah, P.; Nahar, K.; Kabir, F.; Sharmin, S.B.; Subhan, N.; Ahsan, G.U.; et al.
High-fat diet-induced metabolic syndrome and oxidative stress in obese rats are ameliorated by yogurt supplementation. Sci.
Rep. 2019, 9, 20026. [CrossRef]

Od-Ek, P,; Deenin, W.; Malakul, W.; Phoungpetchara, I.; Tunsophon, S. Anti-obesity effect of Carica papaya in high-fat diet fed
rats. Biomed. Rep. 2020, 13, 30.

Panchal, S.K.; Brown, L. Rodent models for metabolic syndrome research. J. Biomed. Biotechnol. 2011, 2011, 351982. [CrossRef]
[PubMed]

Camelo, L.; Marinho, T.S.; Aguﬂa, M.B.; Souza-Mello, V.; Barbosa-da-Silva, S. Intermittent fasting exerts beneficial metabolic
effects on blood pressure and cardiac structure by modulating local renin-angiotensin system in the heart of mice fed high-fat or
high-fructose diets. Nutr. Res. 2019, 63, 51-62. [CrossRef]

Maneesai, P.; Bunbupha, S.; Kukongviriyapan, U.; Prachaney, P.; Tangsucharit, P.; Kukongviriyapan, V.; Pakdeechote, P. Asiatic
acid attenuates renin-angiotensin system activation and improves vascular function in high-carbohydrate, high-fat diet fed rats.
BMC Complement. Altern. Med. 2016, 16, 123. [CrossRef]

Borghi, C.; Urso, R.; Cicero, A.F. Renin-angiotensin system at the crossroad of hypertension and hypercholesterolemia. Nutr.
Metab. Cardiovasc. Dis. 2017, 27, 115-120. [CrossRef] [PubMed]

Neaton, ].D.; Wentworth, D. Serum cholesterol, blood pressure, cigarette smoking, and death from coronary heart disease. Overall
findings and differences by age for 316,099 white men. Multiple Risk Factor Intervention Trial Research Group. Arch. Intern. Med.
1992, 152, 56-64. [CrossRef]

Ariyanti, R.; Besral, B. Dyslipidemia Associated with Hypertension Increases the Risks for Coronary Heart Disease: A Case-
Control Study in Harapan Kita Hospital, National Cardiovascular Center, Jakarta. J. Lipids 2019, 2019, 2517013. [CrossRef]
Davi, G.; Romano, M.; Mezzetti, A.; Procopio, A.; lacobelli, S.; Antidormi, T.; Bucciarelli, T.; Alessandrini, P.; Cuccurullo, F; Bon,
G.B. Increased levels of soluble P-selectin in hypercholesterolemic patients. Circulation 1998, 97, 953-957. [CrossRef]

Wang, L.; Tang, C. Targeting Platelet in Atherosclerosis Plaque Formation: Current Knowledge and Future Perspectives. Int. J.
Mol. Sci. 2020, 21, 9760. [CrossRef]

Pawelczyk, M.; Baj, Z.; Chmielewski, H.; Kaczorowska, B.; Klimek, A. The influence of hyperlipidemia on platelet activity
markers in patients after ischemic stroke. Cerebrovasc. Dis. 2009, 27, 131-137. [CrossRef]

Koyama, H.; Maeno, T.; Fukumoto, S.; Shoji, T.; Yamane, T.; Yokoyama, H.; Emoto, M.; Shoji, T.; Tahara, H.; Inaba, M.; et al.
Platelet P-selectin expression is associated with atherosclerotic wall thickness in carotid artery in humans. Circulation 2003, 108,
524-529. [CrossRef]

Wen, S.; Jadhav, K.S.; Williamson, D.L.; Rideout, T.C. Treadmill Exercise Training Modulates Hepatic Cholesterol Metabolism and
Circulating PCSK9 Concentration in High-Fat-Fed Mice. |. Lipids 2013, 2013, 908048. [CrossRef]

Arunsak, B.; Pratchayasakul, W.; Amput, P.; Chattipakorn, K.; Tosukhowong, T.; Kerdphoo, S.; Jaiwongkum, T.; Thonusin, C;
Palee, S.; Chattipakorn, N.; et al. Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitor exerts greater efficacy than
atorvastatin on improvement of brain function and cognition in obese rats. Arch. Biochem. Biophys. 2020, 689, 108470. [CrossRef]
Krysa, J.A.; Ooi, T.C.; Proctor, S.D.; Vine, D.F. Nutritional and Lipid Modulation of PCSK9: Effects on Cardiometabolic Risk
Factors. J. Nutr. 2017, 147, 473-481. [CrossRef] [PubMed]

Jia, YJ.; Liu, J.; Guo, Y.L.; Xu, R.X,; Sun, J.; Li, ].]. Dyslipidemia in rat fed with high-fat diet is not associated with PCSK9-LDL-
receptor pathway but ageing. J. Geriatr. Cardiol. 2013, 10, 361-368.

Seidah, N.G.; Garg¢on, D. Expanding Biology of PCSK9: Roles in Atherosclerosis and Beyond. Curr. Atheroscler. Rep. 2022, 24,
821-830. [CrossRef] [PubMed]

Shapiro, M.D.; Tavori, H.; Fazio, S. PCSK9: From Basic Science Discoveries to Clinical Trials. Circ. Res. 2018, 122, 1420-1438.
[CrossRef] [PubMed]

Nishikido, T.; Ray, K.K. Non-antibody Approaches to Proprotein Convertase Subtilisin Kexin 9 Inhibition: siRNA, Antisense
Oligonucleotides, Adnectins, Vaccination, and New Attempts at Small-Molecule Inhibitors Based on New Discoveries. Front.
Cardiovasc. Med. 2018, 5, 199. [CrossRef]

Guardiola, M.; Plana, N.; Ibarretxe, D.; Cabré, A.; Gonzalez, M.; Ribalta, J.; Masana, L. Circulating PCSKO levels are positively
correlated with NMR-assessed atherogenic dyslipidaemia in patients with high cardiovascular risk. Clin. Sci. 2015, 128, 877-882.
[CrossRef]

Druce, I.; Abujrad, H.; Ooi, T.C. PCSK9 and triglyceride-rich lipoprotein metabolism. J. Biomed. Res. 2015, 29, 429-436.

Raal, F; Panz, V,; Immelman, A.; Pilcher, G. Elevated PCSK9 levels in untreated patients with heterozygous or homozygous
familial hypercholesterolemia and the response to high-dose statin therapy. J. Am. Heart Assoc. 2013, 2, €000028. [CrossRef]


https://doi.org/10.1111/bph.14931
https://doi.org/10.2174/1871530314666140519160607
https://www.ncbi.nlm.nih.gov/pubmed/24846308
https://doi.org/10.1038/s41598-019-56538-0
https://doi.org/10.1155/2011/351982
https://www.ncbi.nlm.nih.gov/pubmed/21253582
https://doi.org/10.1016/j.nutres.2018.12.005
https://doi.org/10.1186/s12906-016-1100-6
https://doi.org/10.1016/j.numecd.2016.07.013
https://www.ncbi.nlm.nih.gov/pubmed/27745933
https://doi.org/10.1001/archinte.1992.00400130082009
https://doi.org/10.1155/2019/2517013
https://doi.org/10.1161/01.CIR.97.10.953
https://doi.org/10.3390/ijms21249760
https://doi.org/10.1159/000177920
https://doi.org/10.1161/01.CIR.0000081765.88440.51
https://doi.org/10.1155/2013/908048
https://doi.org/10.1016/j.abb.2020.108470
https://doi.org/10.3945/jn.116.235069
https://www.ncbi.nlm.nih.gov/pubmed/28179493
https://doi.org/10.1007/s11883-022-01057-z
https://www.ncbi.nlm.nih.gov/pubmed/35904732
https://doi.org/10.1161/CIRCRESAHA.118.311227
https://www.ncbi.nlm.nih.gov/pubmed/29748367
https://doi.org/10.3389/fcvm.2018.00199
https://doi.org/10.1042/CS20140832
https://doi.org/10.1161/JAHA.112.000028

Nutrients 2023, 15, 4463 14 of 14

57.

58.

59.

60.

61.

Timmers, S.; de Vogel-van den Bosch, J.; de Wit, N.; Schaart, G.; van Beurden, D.; Hesselink, M.; van der Meer, R.; Schrauwen, P.
Differential effects of saturated versus unsaturated dietary fatty acids on weight gain and myocellular lipid profiles in mice. Nutr.
Diabetes 2011, 1, e11. [CrossRef]

Tubagus, T.A. Kadar Kolesterol Plasma Tikus Wistar pada Pemberiak Ekstrak Etanol dan Heksana dari Daun Gedi Merah
(Abelmoschus manihot L.). J. MIPA 2015, 4, 63. [CrossRef]

Mumtazah, D.E; Busman, H.; Pratami, G.D.; Dewantara, A.P.; Amanda, F. Modification of atherogenic diet causes atherosclerosis,
increase total cholesterol, and showing hepar damage in mice as alternative animal model in atherosclerosis research. GSC Biol.
Pharm. Sci. 2021, 14, 001-006. [CrossRef]

Mensink, R.P. Effects of Saturated Fatty Acids on Serum Lipids and Lipoproteins: A Systematic Review and Regression Analysis; World
Health Organization: Geneva, Switzerland, 2016; pp. 1-63.

Puteri, M.U.; Azmi, N.U.; Ridwan, S.; Igbal, M.; Fatimah, T.; Rini, T.D.P.; Kato, M.; Saputri, F.C. Recent Update on PCSK9 and
Platelet Activation Experimental Research Methods: In Vitro and In Vivo Studies. J. Cardiovasc. Dev. Dis. 2022, 9, 258. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/nutd.2011.7
https://doi.org/10.35799/jm.4.1.2015.6907
https://doi.org/10.30574/gscbps.2021.14.2.0402
https://doi.org/10.3390/jcdd9080258
https://www.ncbi.nlm.nih.gov/pubmed/36005422

	Introduction 
	Materials and Methods 
	Animals and High-Fat Diet 
	Triglyceride and Cholesterol Measurement 
	Systolic, Diastolic, and Arterial Blood Pressure Measurement 
	Blood Collection 
	Biochemical Parameters for Platelet Activation and PCSK9 
	Statistical Analysis 

	Results 
	High-Fat Diet Induces Hypercholesterolemia and Hypertriglyceridemia in Wistar Rats 
	Body Weight and Blood Pressure Changes following High-Fat Diet Induction 
	Hypercholesterolemia and Hypertriglyceridemia Conditions Increase -TG, p-Selectin, and PF-4 in a Similar Pattern in Wistar Rats 
	Plasma PCSK9 Levels Were Increased in High-Fat Diet Rats 

	Discussions 
	Conclusions 
	References

