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Abstract: Elevated low-density lipoprotein (LDL) cholesterol levels lead to atherosclerosis and 
platelet hyperaggregability, both of which are known culprits of arterial thrombosis. Normalization 
of LDL cholesterol in familial hypercholesterolemia (FH) is not an easy task and frequently requires 
specific treatment, such as regularly performed lipid apheresis and/or novel drugs such as propro-
tein convertase subtilisin kexin 9 monoclonal antibodies (PCSK9Ab). Moreover, a high resistance 
rate to the first-line antiplatelet drug acetylsalicylic acid (ASA) stimulated research of novel an-
tiplatelet drugs. 4-methylcatechol (4-MC), a known metabolite of several dietary flavonoids, may 
be a suitable candidate. The aim of this study was to analyse the antiplatelet effect of 4-MC in FH 
patients and to compare its impact on two FH treatment modalities via whole-blood impedance 
aggregometry. When compared to age-matched, generally healthy controls, the antiplatelet effect 
of 4-MC against collagen-induced aggregation was higher in FH patients. Apheresis itself improved 
the effect of 4-MC on platelet aggregation and blood from patients treated with this procedure and 
pretreated with 4-MC had lower platelet aggregability when compared to those solely treated with 
PCKS9Ab. Although this study had some inherent limitations, e.g., a low number of patients and 
possible impact of administered drugs, it confirmed the suitability of 4-MC as a promising antiplate-
let agent and also demonstrated the effect of 4-MC in patients with a genetic metabolic disease for 
the first time. 
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1. Introduction 
Familial hypercholesterolemia (FH) is an inherited metabolic disease characterized 

by elevated low-density lipoprotein cholesterol (LDL-C) levels [1]. LDL-C is the dominant 
risk factor for atherosclerosis, leading to coronary artery disease with an elevated cardio-
vascular death risk. Furthermore, it is well known that oxidized LDL-C triggers platelet 
aggregation in a number of ways, and the resulting hyperaggregability worsens cardio-
vascular events [2–4]. It is essential for patients to reduce LDL-C below the recommended 
levels by pharmacotherapy, i.e., <1.8 mmol/L, in patients with a high cardiovascular risk 
[5–7]. Lowering lipid levels in FH is challenging, and combination therapy is often 
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required, as conventional hypolipidemic drugs in monotherapy or dual therapy (e.g., 
statins and/or ezetimibe) are not sufficiently active, especially in homozygous familial hy-
percholesterolemia (HoFH) and severe heterozygous familial hypercholesterolemia 
(HeFH) [5,8]. Lipid apheresis and novel proprotein convertase subtilisin kexin 9 monoclo-
nal antibodies (PCSK9Ab) are well documented for their lipid-lowering effects [5,9]; how-
ever, their impact on platelet aggregation is barely known [4,10–12]. However, a recent 
study found that PCSK9Ab reduced the potentiating proaggregatory effect of PCSK9 on 
human thrombocytes ex vivo as well as in mice in vivo [4]. The effect of lipid apheresis on 
platelet aggregation varies from study to study [10–12]. 

Dietary intake of polyphenols has been linked to various health benefits, and poly-
phenols are thought to be one of the factors responsible for the health-promoting proper-
ties of the Mediterranean diet [13–15]. However, both human and animal feeding studies 
have shown that most parent polyphenolic compounds have a very low bioavailability 
[16]. A highly plausible explanation for this phenomenon is the extensive intestinal me-
tabolism of polyphenols by the human microbiome. This process yields a significantly 
smaller spectrum of simple phenolic compounds, which possess a markedly higher bioa-
vailability compared to their parent compounds. This hypothesis was confirmed through 
various feeding studies, including those exploring gnotobiotic animal models and ileos-
tomized patients [17–21]. 

One of these metabolites, 4-methylcatechol (4-MC), has shown potent antiplatelet ac-
tivity with a specific mechanism of action that could potentially circumvent the resistance 
frequently present to the first-line antiplatelet treatment based on acetylsalicylic acid 
(ASA) administration at low doses [22,23]. This metabolite is not only an efficient inhibitor 
of platelet aggregation, but has also shown other beneficial cardiovascular properties, 
such as cardioprotective and anti-hypertensive effects [24–26]. In addition, 4-MC also pos-
sesses neuroprotective, analgetic, antidepressant and anticancer properties [27–31]. 

Therefore, the aim of this cross-sectional study was to ascertain the antiplatelet effect 
of 4-MC in patients suffering from FH in general, compare the differences in platelet ag-
gregation between different FH treatment modalities (lipid apheresis, pharmacotherapy) 
and perform a comparison to age-matched, generally healthy donors. 

2. Materials and Methods 
2.1. Donors 

All 15 patients suffering from FH and coming from all parts of Czechia and treated 
at the University Hospital in Hradec Králové were enrolled in this study (Tables 1 and 2). 
The inclusion criteria were a diagnosis of FH, insufficient response to standard hypoli-
pidemic therapy and the presence of atherosclerosis; for the apheresis group, criteria also 
included long-term apheresis treatment. The exclusion criteria were other severe and 
acute illnesses (chronic inflammatory diseases, acute infections and autoimmune or ma-
lignant disorders). Patients were treated according to the current guidelines [5,8,32,33]. A 
novel treatment with PCSK9Ab was used in 12 out of 15 FH patients, and 8 of 15 FH pa-
tients were undergoing lipid apheresis. For the purpose of this study and to facilitate a 
reasonable comparison, patients were divided into 2 groups according to treatment mo-
dality (Tables 3 and 4): (1) the apheresis group, with 6 patients treated with PCSK9Ab and 
undergoing lipid apheresis at the same time, and (2) the pharmacotherapy group with 6 
patients who were treated with PCSK9Ab. The remaining 3 patients, who were neither 
included in the apheresis group nor the pharmacotherapy group, as none of them was 
treated with PCKS9Ab (Table 2), were grouped together with the abovementioned 12 pa-
tients (6 in each group, pharmacotherapy and apheresis) in the analysis comparing FH 
patients vs. age matched generally healthy controls (15 vs. 15 cases). The latter control 
group was selected from our previous research, where the inclusion criteria in generally 
healthy donors were age ≥ 18 years and subjectively reported good health condition. The 
exclusion criteria were the presence of any cardiovascular disease or risk factors for 
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atherosclerosis and the use of drugs that affect platelet function. Details were previously 
reported [34]. All donors signed an informed consent in line with the approval of ethics 
committee of the University Hospital in Hradec Králové (No. 202007 S01P from 18 June 
2020). All experiments conformed to the latest Declaration of Helsinki.  

Table 1. Basic clinical and genetic characterisation of recruited patients. 

 Patient No. 
(Sex) Therapy at the Time of Analysis Phenotype Gene 

Exone  
Location 

No. 
ph

ar
m

ac
ot

he
ra

py
 

gr
ou

p 
1 (M) PCSK9Ab + S + E HeFH UN E4–E8 
2 (M) PCSK9Ab + S + E HeFH LDL-R E9 
3 (F) PCSK9Ab + S + E HeFH LDL-R E8 
4 (M) PCSK9Ab + S + E HeFH LDL-R E7 
5 (M) PCSK9Ab + S + E HeFH LDL-R UN 
6 (M) PCSK9Ab + S + E HeFH LDL-R UN 
7 (M) S + E HeFH LDL-R E12 

ap
he

re
si

s 
gr

ou
p 

8 (F) Lipid apheresis + PCSK9Ab + S + E HoFH LDL-R E8 
9 (F) Lipid apheresis + PCSK9Ab + S + E HeFH UN UN 

10 (M) Lipid apheresis + PCSK9Ab + S + E HeFH UN E9–E14 
11 (F) Lipid apheresis + S + E HeFH UN UN 
12 (M) Lipid apheresis + S + Fi HeFH UN UN 
13 (M) Lipid apheresis + PCSK9Ab + S + E + L HoFH LDL-R E12; E16 
14 (F) Lipid apheresis + PCSK9Ab + S + E HoFH LDL-R UN 
15 (F) Lipid apheresis + PCSK9Ab + S + E + L HoFH LDL-R E10; E12 

F: female; HeFH: heterozygous familial hypercholesterolemia; HoFH: homozygous familial hyper-
cholesterolemia; LDL-R: low-density lipoprotein receptor; M: male; No.: number; UN: unknown. 
Following drugs according to ATC code S: statins (C10AA); Fi: fenofibrate (C10AB); E: ezetimibe 
(C10AX09); L: lomitapide (C10AX12); PCSK9Ab (C10AX13-14). Patients included in the analysis of 
pharmacotherapy and apheresis groups are highlighted in bold. 

Table 2. Comparison of healthy group and FH patients. 

  Healthy Donors FH Patients p-Value 
age 40–77 59 ± 6 52 ± 11 0.127 
BMI 18.5–30+ 29.27 ± 4.49 26.42 ± 3.29 0.128 

smokers—N (%) Yes 6 (40%) 1 (7%) 0.031 
COVID-19 a—N (%) Yes 7 (47%) 5 (33%) 0.456 

enteric-coated ASA—N (%) Yes 0 (0%) 2 (13%) 0.143 
conventional ASA—N (%) Yes 0 (0%) 3 (20%) 0.068 

clopidogrel + ASA combination—N (%) Yes 0 (0%) 2 (13%) 0.143 

biochemical parameters 

TC (mmol/L) 5.53 ± 0.78 4.30 ± 1.48 0.010 
LDL-C (mmol/L) 3.46 ± 0.73 2.52 ± 1.38 0.006 
glucose (mmol/L) 5.45 ± 0.58 6.10 ± 2.05 0.336 
HDL-C (mmol/L) 1.52 ± 0.43 1.18 ± 0.33 0.027 

TG (mmol/L) 1.37 ± 0.45 1.81 ± 1.12 0.250 
creatinine in serum (µmol/L) 80.54 ± 12.77 76.37 ± 17.22 0.314 
creatinine in urine (mmol/L) 9.99 ± 4.17  10.86 ± 6.93 0.921 

ASA: acetylsalicylic acid; BMI: body mass index; FH: familial hypercholesterolemia; HDL-C: HDL 
cholesterol; LDL-C: LDL cholesterol; N: number of patients; TC: total cholesterol; TGs: triglycerides. 
Data are shown as mean ± SD. Per cent values are related to the total number of subjects in the 
healthy donor group (n = 15) or FH patient group (n = 15). p-values were calculated using an un-
paired t-test or chi-square test. Body mass index was calculated with the known formula: 
weight/(height [m])2. a diagnosed with COVID-19 at different time points between 3 and 7 months 
prior to blood withdrawal. 
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Table 3. Basic characterisation of apheresis and pharmacotherapy groups. 

  
Apheresis 

Group 
Pharmacotherapy 

Group p-Value 

age 40–77 49 ± 13 51 ± 6 0.585 
BMI 18.5–30+ 28.00 ± 4.72 32.32 ± 4.08 0.138 

smokers—N (%) Yes 0 (0%) 0 (0%) - 
COVID-19 a—N (%) Yes 2 (33%) 3 (50%) 0.558 

enteric-coated ASA—N (%) Yes 1 (16%) 1 (16%) 0.999 
conventional ASA—N (%) Yes 2 (33%) 1 (16%) 0.505 

clopidogrel + ASA combination—N (%) Yes 1 (16%) 0 (0%) 0.296 

cardiovascular diseases—N (%) 

arterial hypertension 2 (33%) 0 (0%) 0.121 
ACB 1 (16%) 2 (33%) 0.505 

AS of carotid arteries 2 (33%) 2 (33%) 0.999 
CAD 3 (50%) 3 (50%) 0.999 
PAD 1 (16%) 0 (0%) 0.296 

AS and calcifications/AS and defect/just AS 
of aortic valve 

3 (50%) 1 (16%) 0.221 

stroke 1 (16%) 0 (0%) 0.296 
moderate stenosis of left ACC 1 (16%) 0 (0%) 0.296 

bilateral AS and calcifications of ACC 1 (16%) 0 (0%) 0.296 
haemodynamically non-significant AO  

stenosis 
1 (16%) 0 (0%) 0.296 

other diseases—N (%) 

familial hypercholesterolemia 6 (100%) 6 (100%)  
diabetes mellitus type 1 1 (16%) 1 (16%) 0.999 

hypothyreosis 3 (50%) 0 (0%) 0.045 
anaemia 1 (16%) 0 (0%) 0.296 
allergy 1 (16%) 0 (0%) 0.296 

glaucoma 1 (16%) 0 (0%) 0.296 
asthma 1 (16%) 0 (0%) 0.296 

ACB: aortocoronary bypass; ACC: arteria carotis communis; AO: aortic; AS: atherosclerosis; ASA: 
acetylsalicylic acid; BMI: body mass index; CAD: coronary artery disease; CVD: cardiovascular dis-
ease; N: number of patients; PAD peripheral artery disease. Data are shown as mean ± SD. Per cent 
values are related to the total number of subjects in the group undergoing apheresis (n = 6) and in 
pharmacotherapy (without-apheresis) group (n = 6). p-values were calculated using an unpair t-test 
or chi-square test. Body mass index was calculated with the known formula: weight/(height [m])2. a 

diagnosed with COVID-19 at different time points between 3 and 7 months prior to blood with-
drawal. 

Table 4. Biochemical characterisation of apheresis and pharmacotherapy groups. 

Patients, N (%)  Apheresis Group Pharmacotherapy Group p-Value 

biochemical parameters 

TC (mmol/L) 
A 4.73 ± 1.93 
B 1.82 ± 0.55 

C 3.81 ± 1.12 
A vs. B 0.010 
A vs. C 0.378 
B vs. C 0.005 

LDL-C (mmol/L) 
A 2.92 ± 1.89 
B 0.67 ± 0.49 

C 2.22 ± 0.93 
A vs. B 0.019 
A vs. C 0.479 
B vs. C 0.008 

glucose (mmol/L) 
A 5.52 ± 0.85 
B 6.58 ± 1.84 

C 6.03 ± 0.98 
A vs. B 0.215 
A vs. C 0.394 
B vs. C 0.585 

HDL-C (mmol/L) 
A 1.34 ± 0.38 
B 1.03 ± 0.30 

C 1.08 ± 0.20 
A vs. B 0.005 
A vs. C 0.155 
B vs. C 0.944 
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TG (mmol/L) 
A 1.36 ± 0.76 
B 0.65 ± 0.39 

C 1.52 ± 0.49 
A vs. B 0.011 
A vs. C 0.707 
B vs. C 0.011 

creatinine in serum (µmol/L) 
A 66.16 ± 32.82 
B 64.26 ± 30.77 

C 77.14 ± 8.69 
A vs. B 0.434 
A vs. C 0.880 
B vs. C 0.687 

creatinine in urine (mmol/L) A 7.35 ± 5.81 C 14.98 ± 6.80 A vs. C 0.085 
N: number of patients; TC: total cholesterol; HDL-C: HDL cholesterol, LDL-C: LDL cholesterol; TGs: 
triglycerides. Data are shown as mean ± SD. Data are related to subjects in the groups undergoing 
apheresis (n = 6) and pharmacotherapy (without-apheresis) group (n = 6). p-values were calculated 
using a paired t-test (A before and B after apheresis) or an unpaired t-test (A or B apheresis samples vs. C 

pharmacotherapy group). Creatinine in urine was measured only before the apheresis procedure. 

2.2. Blood and Urine Collection 
Drugs known to influence platelet aggregation, including non-steroidal anti-inflam-

matory drugs, and alcohol were not allowed 24 h prior to blood draw. In some FH pa-
tients, antiplatelet drugs were administered daily as they were indicated due to presence 
of a cardiovascular disease and could not be discontinued for ethical reasons (Table 2). 
Blood samples for aggregation experiments were collected into tubes containing heparin 
sodium (17 IU/mL). Blood draws were always performed in the morning (at 8–9 a.m.). In 
the apheresis group, post-apheresis samples were also taken after the end of the proce-
dure, which was approximately 4 h after the pre-apheresis samples were taken. A small 
volume of morning urine sample was collected from all donors. 

2.3. Lipid Apheresis 
Lipid apheresis was carried out from the peripheral vein in the elbow pit or in the 

forearm. Plasma separation was performed using a Cobe-Spectra or Optia continuous cen-
trifugal separator (Terumo, Likewood, CO, USA), and washed plasma with erythrocytes 
was returned to another peripheral vein. The procedure resulted in purification of 100–
150% of the circulating plasma volume. A mixture of heparin and dextrose citrate solution 
A (Baxter, Munich, Germany) was used as an anticoagulant. Three different apheresis 
principles were used. An immunoadsorption Lipopak adsorber column (Pocard, Moscow, 
Russia) employing sheep antibodies against apolipoprotein B 100 was used in three pa-
tients. In 2 other patients, a Lipocollect column (Medicollect, Ullrichstein, Germany) was 
used. In the remaining 3 FH patients, due to the co-presence of hyperfibrinogenaemia, 
rheohaemapheresis was used according to Prof. Borberg et al. with our own modification 
[35,36] by employing Evaflux 4A filter (Kawasumi, Tokyo, Japan). The flow through the 
filter was controlled using the CF100 automatic machine (Infomed, Geneva, Switzerland).  

2.4. Chemicals 
Phosphate buffer, dimethyl sulphoxide (DMSO), ASA, ticagrelor, ristomycin mono-

sulphate (ristocetin), platelet-activating factor-16 (PAF) and 9,11-dideoxy-11α,9α-
epoxymethanoprostaglandin F2α (U-46619) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Thrombin receptor agonist peptide-6 (TRAP), adenosine-5-diphosphate 
(ADP) and arachidonic acid (AA) were purchased from Roche (Basel, Switzerland). Vora-
paxar was purchased from Selleck Chemicals GmbH (Planegg, Germany). Collagen was 
purchased from Diagnostica, a.s. (Prague, Czechia) while 0.9% sodium chloride (saline) 
was purchased from B. Braun (Melsungen, Germany). 

  



Nutrients 2023, 15, 1842 6 of 13 
 

 

2.5. Platelet Aggregation Experiments 
A total of 300 µL of whole blood was diluted with the same volume of preheated 

0.9% NaCl solution and incubated with 5 µL of 4-MC or with 5 µL of the used solvent 
(DMSO) at a final concentration of 0.8% for 3 min at 37 °C. Platelet aggregation was trig-
gered by AA, collagen or ristocetin (inductors) and monitored for 6 min. The aggregation 
response was quantified using the AUC (area under the curve). The final concentrations 
of the inducers and inhibitor are given in Table 5. 

Due to relatively large volume of collected blood (samples taken pre- and post-apher-
esis) in FH patients undergoing lipid apheresis, some analyses were not performed (col-
lagen triggered reaction after preincubation with higher concentration of 4-MC/70 
µM/and aggregation induced by ristocetin after pretreatment with 4-MC) in contrast to 
FH patients treated solely via pharmacotherapy. 

Table 5. Final concentrations of inducers and 4-MC. 

 Final Concentration Units 

inducers 
collagen 1 µg/mL 

AA 200 µM 
ristocetin 400 µM 

inhibitor 4-MC 10 A, 20 C, 70 C and 250 R µM 
A: for AA experiments, C: for collagen experiments, R: for ristocetin experiments. 

2.6. Measurement of Biochemical Parameters 
Glucose, total cholesterol (TC), HDL cholesterol (HDL-C), LDL-C and triglycerides 

(TGs) were measured in serum using commercial enzymatic kits by the Cobas 8000 system 
(Roche, Basel, Switzerland). Creatinine was determined in both serum and urine. Analysis 
was carried out using the Prominence LC 20 HPLC set with the SPD-M20A Shimadzu 
(Shimadzu, Kyoto, Japan) diode array detector. As the stationary phase, two monolithic 
columns RP-18e (4.6 mm × 50 mm, 3.0 mm × 100 mm) were connected together in combi-
nation with a 15 mM phosphate buffer as the mobile phase. Creatinine was detected at 
235 nm using diode array detection [37]. 

2.7. Statistical Analysis 
GraphPad Prism 9.3.1. (GraphPad Software, San Diego, CA, USA) was used for all 

data analyses. Firstly, data were tested using the Shapiro–Wilk test for confirming or re-
jecting the Gaussian distribution. Based on this analysis, either parametric or non-para-
metric tests were used. In the former case, a Student’s t-test or paired t-test was used, 
while in the latter case, Mann–Whitney or Wilcoxon matched-pairs signed-rank tests were 
employed. Categorical parameters were analysed using the chi-square test. 

3. Results and Discussion 
In our previous study with healthy controls [23], we showed that 4-MC is an active 

antiplatelet drug with higher potency than the first-line antiplatelet drug, ASA. Hence, as 
the first step of this study, the antiplatelet effect of 4-MC in 15 FH patients was compared 
with its effect on 15 age-matched, generally healthy donors selected from our previous 
study in order to assess if 4-MC is also active in patients suffering from FH. There were 
no differences between these groups in basic characteristics with the exception of the num-
ber of smokers, cholesterol levels and indicated antiplatelet drugs (Table 2). Cholesterol 
levels as well as the number of smokers were higher in the control group, while antiplate-
let drugs were used by 7 of 15 FH patients. Notwithstanding the limitation caused by the 
impossibility of discontinuing the current antiplatelet treatment in those patients, the an-
tiplatelet potential of 4-MC was also confirmed in FH patients (Figure 1), which suggested 
that 4-MC is active despite the use of ASA or its combination with clopidogrel. Moreover, 
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4-MC had a stronger antiplatelet effect in this group of FH patients compared to age-
matched controls. This was observed after AA, collagen and ristocetin triggered platelet 
aggregation (Figure 1). This means that in general, the antiplatelet effect of 4-MC was 
stronger in our well-treated FH patients than in an age-matched healthy control group. 
As concomitant antiplatelet therapy may logically bias the results, the analysis was re-
peated solely with FH patients who were not taking antiplatelet therapy. When these 
seven patients were excluded, solely the higher concentration of 4-MC remained signifi-
cantly more active in FH patients than in controls after collagen-triggered aggregation (p 
= 0.003), and there was a tendency in ristocetin-induced aggregation for 4-MC to be more 
active in FH patients (p = 0.06). As two patients were taking enteric-coated ASA, which is 
very probably not active as an antiplatelet treatment because ASA is rapidly metabolized 
into salicylic acid in the intestine in contrast to conventional ASA, which is absorbed in 
the stomach and blocks platelet activity immediately in the portal vein [38–40], we con-
sidered these patients as not taking antiplatelet treatment for our future analysis. This 
analysis confirmed the results obtained with all 15 FH patients. The effect of 4-MC in col-
lagen- and ristocetin-induced aggregation was higher in FH patients than in controls. 
Solely the difference in AA-triggered aggregation was not significant after this adjustment 
(Figure 2). This was quite logical as the five excluded patients were taking conventional 
ASA, which blocks transformation of AA into prostaglandin H2. There are probably two 
reasons that contributed to the differences in the antiplatelet effect between FH patients 
and controls: (1) 4-MC improved the effect of basal antiplatelet treatment in these patients, 
and indeed, our previous study suggested an additive effect of 4-MC on ASA [23]; (2) 
decreased plasma cholesterol is associated with lower platelet aggregation [41,42], and 
this was likely even potentiated by 4-MC. 

In addition, we also assessed if smoking, which was more prevalent in controls, could 
not also be partly responsible for the difference. Pre-analysis of all tested donors (FH + 
controls) and smokers vs. non-smokers suggested such a difference at least in collagen-
induced aggregation with 4-MC premedication (Supplementary Data Table S1). Hence, in 
our next subanalysis, we excluded all tobacco smokers. This exclusion, however, did not 
substantially modify the results: 4-MC remained more active in FH patients than in the 
control group after platelet aggregation was triggered by all three used inducers (Supple-
mentary Data Figure S1). 

In the next step, the effects of different treatment modalities were compared, i.e., (1) the 
impact of lipid apheresis and (2) comparison between the combination of lipid apheresis 
with PCKS9Ab pharmacotherapy and the latter approach. There were no differences be-
tween these groups in major characteristics, including administration of antiplatelet drugs 
(Table 3), but significant changes were observed in lipid levels (Table 4). There are some 
previous data suggesting that lipid apheresis decreases platelet aggregation via several in-
ducers. Pares et al. showed a reduction in ADP-induced platelet aggregation immediately 
after apheresis [12], while some other studies suggested the benefit of apheresis on the same 
platelet inductor ADP only after several weeks, presumably as a result of prolonged platelet 
survival [10]. Lower platelet survival occurs in atherosclerotic illnesses [43], and it can be 
assumed that elimination of LDL-C leads to gradual normalization of atherosclerosis and 
prolongation of platelet survival. However, almost no benefit of lipid apheresis was ob-
served after ADP or ultrasound-induced aggregation in another study [11]. 

In our study with six FH patients treated with lipid apheresis, this procedure had no 
significant impact on AA- or collagen-based aggregation but partly improved the an-
tiplatelet effect of 4-MC (Figure 3—before and after apheresis data). The improved effect 
of 4-MC was observed after collagen-induced platelet aggregation. In the case of AA-trig-
gered aggregation, the results before and after apheresis were essentially similar (Figure 
3), which means that lipid apheresis did not improve the effect of 4-MC on AA-triggered 
aggregation. 
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Figure 1. Comparison of the effect of 4-methylcatechol (4-MC) on platelet aggregation between a 
group of healthy donors and familial hypercholesterolemic (FH) patients. Results are shown as area 
under the curve (AUC) of platelet aggregatory responses. (A) Platelet aggregation induced by ara-
chidonic acid (AA) in blood pretreated with 10 µM 4-MC. (B) Platelet aggregation induced by col-
lagen (COL) in blood pretreated with 20 µM 4-MC. (C) Platelet aggregation induced by collagen in 
blood pretreated with 70 µM 4-MC. (D) Platelet of aggregation induced by ristocetin in blood pre-
treated with 250 µM 4-MC. Pictures (A,B) include all 15 FH patients compared to 15 age-matched, 
generally healthy controls. Pictures (C,D) include 7 FH patients treated with pharmacotherapy 
(without apheresis) compared to 15 age-matched controls. The effect of ristocetin and higher con-
centrations of 4-MC was tested solely in patients that were not treated with apheresis in order to 
reduce the volume of drawn blood before and after the unpleasant procedure. Results are shown as 
median with 95% confidence interval. 
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Figure 2. Comparison of the effect of 4-methylcatechol (4-MC) on platelet aggregation between a 
group of generally healthy donors and familial hypercholesterolemic (FH) patients after exclusion 
of FH patients treated with conventional antiplatelet drugs. Results are shown as area under the 
curve (AUC) of platelet aggregatory responses. (A) Platelet aggregation induced by arachidonic acid 
(AA) in blood pretreated with 10 µM (4-MC). (B) Platelet aggregation induced by collagen (COL) in 
blood pretreated with 20 µM 4-MC. (C) Platelet aggregation induced by collagen in blood pretreated 
with 70 µM 4-MC. (D) Platelet of aggregation induced by ristocetin in blood pretreated with 250 µM 
4-MC. Pictures (A,B) encompass 10 FH patients that did not undergo conventional antiplatelet ther-
apy (2 patients with enteric-coated ASA were included) compared to 15 age-matched, generally 
healthy controls. Pictures (C,D) include 6 FH patients treated solely pharmacologically (without 
apheresis) again without conventional antiplatelet therapy compared to 15 age-matched, generally 
healthy controls. The effect of ristocetin and higher concentrations of 4-MC was tested only in pa-
tients that were not treated with apheresis in order to reduce the volume of drawn blood before and 
after the unpleasant procedure. Results are shown as median with 95% confidence interval. 

There were no differences in AA- and collagen-induced platelet aggregation between 
the six patients in the apheresis group before the procedure of apheresis and the six pa-
tients in the pharmacotherapy group. This is not very surprising as both groups were 
treated with PCKS9Ab. However, the augmenting effect of lipid apheresis can also be seen 
here, as after the lipid apheresis platelet aggregation responses to both AA and collagen 
in 4-MC-pretreated samples were significantly lower when compared to the pharma-
cotherapy group (Figure 3A,B). Hence, lipid apheresis always improved the antiplatelet 
effect of 4-MC on collagen, but the effect on AA-triggered aggregation improved only 
when apheresis and pharmacotherapy groups were compared. The significance of this 
latter finding is unknown so far, but it should be stated that collagen is one of the most 
relevant inducers of platelet aggregation as damage to vessels reveals subendothelial col-
lagen layers, and this propagates the process of thrombus formation [44]. Based on 
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measured LDL cholesterol levels (Table 4) before and after apheresis and in the pharma-
cotherapy group, it seems that cholesterol level was the major determinant of the magni-
tude of 4-MC antiplatelet effect as the strongest effect was observed in blood samples after 
apheresis. This suggests that the type of treatment modality is not a crucial factor in con-
trast to the LDL cholesterol levels. Similar findings were also observed previously; for 
example, there is a highly linear relationship between serum cholesterol and formation of 
proaggregatory mediator thromboxane A2 in washed platelets stimulated by AA [42], and 
patients with lower total cholesterol levels have a better response to ASA than those with 
higher levels [41]. 
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Figure 3. The effect of lipid apheresis and comparison between apheresis group and pharmacother-
apy group on the antiplatelet activity of 4-methylcatechol (4-MC). The apheresis group included 6 
patients treated with lipid apheresis + monoclonal antibodies against proprotein convertase subtil-
isin kexin 9 (PCSK9Ab) + ezetimibe. Some patients also received a statin and lomitapide, while the 
6 patients in the pharmacotherapy group were not treated with any kind of lipid apheresis but were 
chronically administered PCKS9Ab, a statin and ezetimibe. Results are shown as area under the 
curve (AUC) of platelet aggregatory responses. (A) Platelet aggregation induced by arachidonic acid 
(AA) at a final concentration of 200 µM with or without pretreatment with 4-MC at a final concen-
tration of 10 µM. (B) Platelet aggregation induced by collagen at a final concentration of 1 µg/mL 
with or without pretreatment with 4-MC at final concentration of 20 µM. p-values were calculated 
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using corresponding paired (pre- and post-apheresis) or an unpaired statistical tests (apheresis sam-
ples vs. pharmacotherapy group). Results are shown as median with 95% confidence interval. 

4. Study Limitations 
The authors of this study fully acknowledge that due to the low number of patients 

included, the outcomes should be considered indicative, and no definitive conclusions can 
be drawn from such a restricted patient sample. On the other hand, the genetic disease we 
studied is rare and obtaining patients meeting the inclusion criteria is exceptionally diffi-
cult as both PCKS9Ab and lipid apheresis are highly expensive procedures limited to the 
indicated patients. There are no more patients in Czechia that can be included. Moreover, 
working with platelets requires a very tightly defined schedule in order to obtain repro-
ducible data, and this is best accomplished in one centre. Another crucial limitation was 
the inability to exclude FH patients treated with antiplatelet drugs. Given the inclusion 
criteria encompassing atherosclerosis, it was not possible to discontinue these drugs. This 
limitation was not an issue in the comparison of apheresis vs. pharmacotherapy in FH 
patients, but it was an important drawback when comparing FH patients vs. healthy per-
sons. Moreover, enteric-coated ASA likely has no or limited antiplatelet profit [38–40], and 
this further complicated the analysis. We performed subsequent analyses by excluding 
those patients, but the sensitivity of these analyses was lower due to the low number of 
remaining cases. 

5. Conclusions 
In this study, a promising antiplatelet effect of 4-MC, which has already been seen 

with healthy volunteers, was confirmed. Importantly, 4-MC also showed its antiplatelet 
effects in patients with a genetic metabolic disease for the first time. Our analyses seem to 
support the hypothesis that 4-MC has more significant antiplatelet effects in well-man-
aged FH patients than generally healthy controls, and we suppose that the major reason 
for this is simply the lower lipid levels in FH patients. However, given the inherent limi-
tation of this study, further investigation with an expanded population sample is needed 
to reach a definitive conclusion. 

Supplementary Materials: The following supporting information can be downloaded at 
https://www.mdpi.com/article/10.3390/nu15081842/s1: Table S1. Statistical comparison between all 
smokers and all non-smokers. Figure S1. Comparison of the effect of 4-methylcatechol (4-MC) on 
platelet aggregation between a group of generally healthy donors and familial hypercholesterolemic 
patients, where smokers were excluded from both groups. Results are shown as area under the 
curve (AUC) of platelet aggregatory responses.  

Author Contributions: Study conceptualization and design: V.B., A.Š. and P.M.; aggregatory exper-
iments: A.C., L.K., J.K. and M.H.; bioanalysis; L.J., K.M. and L.K.K.; patient recruitment: V.B. and 
M.B.; obtained grant support: A.C., A.Š., L.K.K. and P.M.; manuscript preparation: L.K. and P.M.; 
manuscript revision: all authors. All authors have read and agreed to the published version of the 
manuscript. 

Funding: This work was supported by the Czech Health Research Council (grant number NU21-02-
00135), Charles University (grant number SVV 260 663) and MH CZ—DRO (UHHK, 00179906). 

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the ethics committees of the University Hospital in Hradec Krá-
lové (No. 202007 S01P from 18 June 2020). 

Informed Consent Statement: All donors signed informed consent in line with the approval of the 
ethics committee of the University Hospital in Hradec Králové (No. 202007 S01P from 18 June 2020). 
All experiments conformed to the latest Declaration of Helsinki. 

Data Availability Statement: Raw data from this study are related to real patients and hence cannot 
be publicly shared, but they are available upon a justified request to the corresponding author.  

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



Nutrients 2023, 15, 1842 12 of 13 
 

 

References 
1. Pejic, R.N. Familial hypercholesterolemia. Ochsner J. 2014, 14, 669–672. 
2. Siegel-Axel, D.; Daub, K.; Seizer, P.; Lindemann, S.; Gawaz, M. Platelet lipoprotein interplay: Trigger of foam cell formation and 

driver of atherosclerosis. Cardiovasc. Res. 2008, 78, 8–17. https://doi.org/10.1093/cvr/cvn015. 
3. Yeung, J.; Li, W.; Holinstat, M. Platelet Signaling and Disease: Targeted Therapy for Thrombosis and Other Related Diseases. 

Pharm. Rev. 2018, 70, 526–548. https://doi.org/10.1124/pr.117.014530. 
4. 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. https://doi.org/10.1161/circulationaha.120.046290. 

5. Raal, F.J.; Hovingh, G.K.; Catapano, A.L. Familial hypercholesterolemia treatments: Guidelines and new therapies. 
Atherosclerosis 2018, 277, 483–492. https://doi.org/10.1016/j.atherosclerosis.2018.06.859. 

6. Mach, F.; Baigent, C.; Catapano, A.L.; Koskinas, K.C.; Casula, M.; Badimon, L.; Chapman, M.J.; De Backer, G.G.; Delgado, V.; 
Ference, B.A.; et al. 2019 ESC/EAS Guidelines for the management of dyslipidaemias: Lipid modification to reduce 
cardiovascular risk. Eur. Heart J. 2020, 41, 111–188. https://doi.org/10.1093/eurheartj/ehz455. 

7. Alsayed, N.; Almahmeed, W.; Alnouri, F.; Al-Waili, K.; Sabbour, H.; Sulaiman, K.; Zubaid, M.; Ray, K.K.; Al-Rasadi, K. 
Consensus clinical recommendations for the management of plasma lipid disorders in the Middle East: 2021 update. 
Atherosclerosis 2022, 343, 28–50. https://doi.org/10.1016/j.atherosclerosis.2021.11.022. 

8. Warden, B.A.; Fazio, S.; Shapiro, M.D. Familial Hypercholesterolemia: Genes and Beyond. In Endotext; Feingold, K.R., Anawalt, 
B., Boyce, A., Chrousos, G., de Herder, W.W., Dhatariya, K., Dungan, K., Hershman, J.M., Hofland, J., Kalra, S., et al., Eds.; 
MDText.Com, Inc.: South Dartmouth, MA, USA, 2021. 

9. Kastelein, J.J.; Ginsberg, H.N.; Langslet, G.; Hovingh, G.K.; Ceska, R.; Dufour, R.; Blom, D.; Civeira, F.; Krempf, M.; Lorenzato, 
C.; et al. ODYSSEY FH I and FH II: 78 week results with alirocumab treatment in 735 patients with heterozygous familial 
hypercholesterolaemia. Eur. Heart J. 2015, 36, 2996–3003. https://doi.org/10.1093/eurheartj/ehv370. 

10. Sinzinger, H.; Pirich, C.; Bednar, J.; O’Grady, J. Ex-vivo and in-vivo platelet function in patients with severe 
hypercholesterolemia undergoing LDL-apheresis. Thromb. Res. 1996, 82, 291–301. https://doi.org/10.1016/0049-3848(96)00079-5. 

11. Otto, C.; Baumann, M.; Schreiner, T.; Bartsch, G.; Borberg, H.; Schwandt, P.; Schmid-Schönbein, H. Standardized ultrasound as 
a new method to induce platelet aggregation: Evaluation, influence of lipoproteins and of glycoprotein IIb/IIIa antagonist 
tirofiban. Eur. J. Ultrasound. 2001, 14, 157–166. https://doi.org/10.1016/s0929-8266(01)00157-4. 

12. Pares, M.N.; D’Amico, E.A.; Kutner, J.M.; Chamone Dde, A.; Bydlowski, S.P. Platelet aggregation and lipoprotein levels in a 
patient with familial hypercholesterolemia after selective LDL-apheresis. Sao Paulo Med. J. 1997, 115, 1448–1451. 
https://doi.org/10.1590/s1516-31801997000300009. 

13. Li, J.; Guasch-Ferré, M.; Chung, W.; Ruiz-Canela, M.; Toledo, E.; Corella, D.; Bhupathiraju, S.N.; Tobias, D.K.; Tabung, F.K.; Hu, 
J.; et al. The Mediterranean diet, plasma metabolome, and cardiovascular disease risk. Eur. Heart J. 2020, 41, 2645–2656. 
https://doi.org/10.1093/eurheartj/ehaa209. 

14. Widmer, R.J.; Flammer, A.J.; Lerman, L.O.; Lerman, A. The Mediterranean diet, its components, and cardiovascular disease. 
Am. J. Med. 2015, 128, 229–238. https://doi.org/10.1016/j.amjmed.2014.10.014. 

15. Martínez-González, M.A.; Gea, A.; Ruiz-Canela, M. The Mediterranean Diet and Cardiovascular Health. Circ. Res. 2019, 124, 
779–798. https://doi.org/10.1161/CIRCRESAHA.118.313348. 

16. Franke, A.A.; Lai, J.F.; Halm, B.M. Absorption, distribution, metabolism, and excretion of isoflavonoids after soy intake. Arch. 
Biochem. Biophys. 2014, 559, 24–28. https://doi.org/10.1016/j.abb.2014.06.007. 

17. Hanske, L.; Engst, W.; Loh, G.; Sczesny, S.; Blaut, M.; Braune, A. Contribution of gut bacteria to the metabolism of cyanidin 3-
glucoside in human microbiota-associated rats. Br. J. Nutr. 2013, 109, 1433–1441. https://doi.org/10.1017/S0007114512003376. 

18. Roowi, S.; Stalmach, A.; Mullen, W.; Lean, M.E.; Edwards, C.A.; Crozier, A. Green tea flavan-3-ols: Colonic degradation and 
urinary excretion of catabolites by humans. J. Agric. Food Chem. 2010, 58, 1296–1304. https://doi.org/10.1021/jf9032975. 

19. Sánchez-Patán, F.; Monagas, M.; Moreno-Arribas, M.V.; Bartolomé, B. Determination of microbial phenolic acids in human 
faeces by UPLC-ESI-TQ MS. J. Agric. Food Chem. 2011, 59, 2241–2247. https://doi.org/10.1021/jf104574z. 

20. Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.E.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics in human 
health: Structures, bioavailability, and evidence of protective effects against chronic diseases. Antioxid. Redox Signal. 2013, 18, 
1818–1892. https://doi.org/10.1089/ars.2012.4581. 

21. Williamson, G.; Clifford, M.N. Colonic metabolites of berry polyphenols: The missing link to biological activity? Br. J. Nutr. 
2010, 104 (Suppl. 3), 48–66. https://doi.org/10.1017/s0007114510003946. 

22. Applová, L.; Karlíčková, J.; Warncke, P.; Macáková, K.; Hrubša, M.; Macháček, M.; Tvrdý, V.; Fischer, D.; Mladěnka, P. 4-
Methylcatechol, a Flavonoid Metabolite with Potent Antiplatelet Effects. Mol. Nutr. Food Res. 2019, 63, e1900261. 
https://doi.org/10.1002/mnfr.201900261. 

23. Hrubša, M.; Konečný, L.; Paclíková, M.; Parvin, M.S.; Skořepa, P.; Musil, F.; Karlíčková, J.; Javorská, L.; Matoušová, K.; Krčmová, 
L.K.; et al. The Antiplatelet Effect of 4-Methylcatechol in a Real Population Sample and Determination of the Mechanism of 
Action. Nutrients 2022, 14, 4798. https://doi.org/10.3390/nu14224798. 

24. Oudot, C.; Gomes, A.; Nicolas, V.; Le Gall, M.; Chaffey, P.; Broussard, C.; Calamita, G.; Mastrodonato, M.; Gena, P.; Perfettini, 
J.L.; et al. CSRP3 mediates polyphenols-induced cardioprotection in hypertension. J. Nutr. Biochem. 2019, 66, 29–42. 
https://doi.org/10.1016/j.jnutbio.2019.01.001. 



Nutrients 2023, 15, 1842 13 of 13 
 

 

25. Pourová, J.; Najmanová, I.; Vopršalová, M.; Migkos, T.; Pilařová, V.; Applová, L.; Nováková, L.; Mladěnka, P. Two flavonoid 
metabolites, 3,4-dihydroxyphenylacetic acid and 4-methylcatechol, relax arteries ex vivo and decrease blood pressure in vivo. 
Vasc. Pharmacol. 2018, 111, 36–43. https://doi.org/10.1016/j.vph.2018.08.008. 

26. Najmanová, I.; Pourová, J.; Mladěnka, P. A Mixture of Phenolic Metabolites of Quercetin Can Decrease Elevated Blood Pressure 
of Spontaneously Hypertensive Rats Even in Low Doses. Nutrients 2020, 12, 213. https://doi.org/10.3390/nu12010213. 

27. Nitta, A.; Ito, M.; Fukumitsu, H.; Ohmiya, M.; Ito, H.; Sometani, A.; Nomoto, H.; Furukawa, Y.; Furukawa, S. 4-methylcatechol 
increases brain-derived neurotrophic factor content and mRNA expression in cultured brain cells and in rat brain in vivo. J. 
Pharm. Exp. 1999, 291, 1276–1283. 

28. Hsieh, Y.L.; Lin, W.M.; Lue, J.H.; Chang, M.F.; Hsieh, S.T. Effects of 4-methylcatechol on skin reinnervation: Promotion of cutaneous 
nerve regeneration after crush injury. J. Neuropathol. Exp. Neurol. 2009, 68, 1269–1281. https://doi.org/10.1097/NEN.0b013e3181c17b46. 

29. Fukuhara, K.; Ishikawa, K.; Yasuda, S.; Kishishita, Y.; Kim, H.K.; Kakeda, T.; Yamamoto, M.; Norii, T.; Ishikawa, T. 
Intracerebroventricular 4-methylcatechol (4-MC) ameliorates chronic pain associated with depression-like behavior via 
induction of brain-derived neurotrophic factor (BDNF). Cell Mol. Neurobiol. 2012, 32, 971–977. https://doi.org/10.1007/s10571-
011-9782-2. 

30. Sun, M.K.; Alkon, D.L. Effects of 4-methylcatechol on spatial memory and depression. Neuroreport 2008, 19, 355–359. 
https://doi.org/10.1097/WNR.0b013e3282f519c7. 

31. Payton, F.; Bose, R.; Alworth, W.L.; Kumar, A.P.; Ghosh, R. 4-Methylcatechol-induced oxidative stress induces intrinsic 
apoptotic pathway in metastatic melanoma cells. Biochem. Pharm. 2011, 81, 1211–1218. https://doi.org/10.1016/j.bcp.2011.03.005. 

32. Bláha, V.; Bláha, M.; Lánská, M.; Havel, E.; Vyroubal, P.; Zadák, Z.; Žák, P.; Sobotka, L. LDL-apheresis in the treatment familial 
hypercholesterolemia. Vnitř. Lék. 2014, 60, 970–976. 

33. Nordestgaard, B.G.; Chapman, M.J.; Humphries, S.E.; Ginsberg, H.N.; Masana, L.; Descamps, O.S.; Wiklund, O.; Hegele, R.A.; 
Raal, F.J.; Defesche, J.C.; et al. Familial hypercholesterolaemia is underdiagnosed and undertreated in the general population: 
Guidance for clinicians to prevent coronary heart disease: Consensus statement of the European Atherosclerosis Society. Eur. 
Heart J. 2013, 34, 3478–3490a. https://doi.org/10.1093/eurheartj/eht273. 

34. Carazo, A.; Hrubša, M.; Konečný, L.; Skořepa, P.; Paclíková, M.; Musil, F.; Karlíčková, J.; Javorská, L.; Matoušová, K.; Krčmová, 
L.K.; et al. Sex-Related Differences in Platelet Aggregation: A Literature Review Supplemented with Local Data from a Group 
of Generally Healthy Individuals. In Seminars in Thrombosis and Hemostasis; Thieme Medical Publishers, Inc.: New York, NY, 
USA, 2022. https://doi.org/10.1055/s-0042-1756703. 

35. Blaha, V.; Blaha, M.; Solichová, D.; Krčmová, L.K.; Lánská, M.; Havel, E.; Vyroubal, P.; Zadák, Z.; Žák, P.; Sobotka, L. 
Antioxidant defense system in familial hypercholesterolemia and the effects of lipoprotein apheresis. Atheroscler. Suppl. 2017, 
30, 159–165. https://doi.org/10.1016/j.atherosclerosissup.2017.05.002. 

36. Borberg, H.; Tauchert, M. Rheohaemapheresis of ophthalmological diseases and diseases of the microcirculation. Transfus. 
Apher. Sci. 2006, 34, 41–49. https://doi.org/10.1016/j.transci.2005.09.001. 

37. Krcmova, L.; Solichova, D.; Melichar, B.; Kasparova, M.; Plisek, J.; Sobotka, L.; Solich, P. Determination of neopterin, 
kynurenine, tryptophan and creatinine in human serum by high throuput HPLC. Talanta 2011, 85, 1466–1471. 
https://doi.org/10.1016/j.talanta.2011.06.027. 

38. Gaziano, J.M.; Brotons, C.; Coppolecchia, R.; Cricelli, C.; Darius, H.; Gorelick, B.P.; Howard, G.; Pearson, A.T.; Rothwell, M.P.; 
Ruilope, M.L.; et al. Use of aspirin to reduce risk of initial vascular events in patients at moderate risk of cardiovascular disease 
(ARRIVE): A randomised, double-blind, placebo-controlled trial. Lancet 2018, 392, 1036–1046. https://doi.org/10.1016/s0140-
6736(18)31924-x. 

39. Pedersen, A.K.; FitzGerald, G.A. Dose-related kinetics of aspirin. Presystemic acetylation of platelet cyclooxygenase. N. Engl. J. 
Med. 1984, 311, 1206–1211. https://doi.org/10.1056/nejm198411083111902. 

40. Sirok, D.; Pátfalusi, M.; Szeleczky, G.; Somorjai, G.; Greskovits, D.; Monostory, K. Robust and sensitive LC/MS-MS method for 
simultaneous detection of acetylsalicylic acid and salicylic acid in human plasma. Microchem. J. 2018, 136, 200–208. 
https://doi.org/10.1016/j.microc.2016.11.005. 

41. Friend, M.; Vucenik, I.; Miller, M. Research pointers: Platelet responsiveness to aspirin in patients with hyperlipidaemia. BMJ 
2003, 326, 82–83. https://doi.org/10.1136/bmj.326.7380.82. 

42. Tremoli, E.; Folco, G.; Agradi, E.; Galli, C. Platelet thromboxanes and serum-cholesterol. Lancet 1979, 1, 107–108. 
https://doi.org/10.1016/s0140-6736(79)90101-6. 

43. Ritchie, J.L.; Harker, L.A. Platelet and fibrinogen survival in coronary atherosclerosis. Response to medical and surgical therapy. 
Am. J. Cardiol. 1977, 39, 595–598. https://doi.org/10.1016/s0002-9149(77)80171-9. 

44. Stalker, T.J.; Newman, D.K.; Ma, P.; Wannemacher, K.M.; Brass, L.F. Platelet signaling. In Handbook of Experimental Pharmacology; 
Springer: Heidelberg, Germany, 2012; Volume 210, pp. 59–85. https://doi.org/10.1007/978-3-642-29423-5_3. 

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. 


