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Abstract

:

The complex role of the serotonin system in respiratory function and inflammatory diseases such as asthma is unclear. Our study investigated platelet serotonin (5-HT) levels and platelet monoamine oxidase B (MAO-B) activity, as well as associations with HTR2A (rs6314; rs6313), HTR2C (rs3813929; rs518147), and MAOB (rs1799836; rs6651806) gene polymorphisms in 120 healthy individuals and 120 asthma patients of different severity and phenotypes. Platelet 5-HT concentration was significantly lower, while platelet MAO-B activity was considerably higher in asthma patients; however, they did not differ between patients with different asthma severity or phenotypes. Only the healthy subjects, but not the asthma patients, carrying the MAOB rs1799836 TT genotype had significantly lower platelet MAO-B activity than the C allele carriers. No significant differences in the frequency of the genotypes, alleles, or haplotypes for any of the investigated HTR2A, HTR2C and MAOB gene polymorphisms have been observed between asthma patients and healthy subjects or between patients with various asthma phenotypes. However, the carriers of the HTR2C rs518147 CC genotype or C allele were significantly less frequent in severe asthma patients than in the G allele carriers. Further studies are necessary to elucidate the involvement of the serotonergic system in asthma pathophysiology.
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1. Introduction


Asthma is a complex chronic inflammatory disease of the airways, characterized by the typical respiratory symptoms of coughing, shortness of breath, wheezing, and chest tightness [1]. It affects around 262 million children and adults worldwide [2] and is associated with increased comorbidity [3] and socioeconomic burden that reduces the quality of daily life [4,5]. Asthma is considered a heterogeneous disease with different underlying pathophysiological mechanisms (endotypes) and various clinical presentations (phenotypes) [6]. Although the exact pathophysiological basis of asthma is unclear, it seems to involve a multifaceted network of interacting genetic, environmental, developmental, immunological, and other factors [7].



The involvement of the serotonergic system in pulmonary function [8], as well as in inflammation and inflammatory diseases, such as asthma, has been reported [9,10]. The activities of cells classically involved in asthma are modulated by serotonin (5-HT), such as the regulation of cell adhesion and, thus, migration and cytokine-chemokine production [11]. In addition, it is known that 5-HT has immunomodulatory effects [12] and is involved in airway inflammation through eosinophil-related processes [10]. Several studies have demonstrated increased levels of 5-HT in asthma patients’ plasma and bronchoalveolar fluid [13,14] or during an asthma attack [15]. Moreover, high levels of 5-HT in the blood have been associated with the intensity and exacerbation of asthma [13]. Studies to date have primarily examined free 5-HT levels in the serum or plasma of asthma patients [13,15]. However, precise determination of 5-HT in plasma is difficult due to low concentrations of circulating 5-HT, with the vast majority present in platelets, and the possibility of activating platelets during measurement [16]. Existing data have suggested that platelets and their release products, such as 5-HT, are essential players in various inflammatory diseases, including asthma [11,17].



Furthermore, platelets are actively involved in most of the main features of asthma [18]. However, thus far, even though it is well known that platelets contain the majority of blood 5-HT and that 5-HT plasma levels may be regulated by the uptake or release of 5-HT by platelets [19,20], there is a lack of published reports focused on clarifying the role of platelet 5-HT levels in asthma and their application to identify new asthma phenotypes [21,22,23]. Therefore, this study aimed to investigate the platelet 5-HT levels in asthma patients and their potential association with severity and various asthma phenotypes.



Another factor that regulates 5-HT levels is the activity of monoamine oxidase (MAO), the enzyme that plays an essential role in 5-HT catabolism [24]. Specifically, 5-HT is mainly metabolized via its oxidative deamination catalyzed by the enzyme MAO [25]. Although the two subtypes of MAO (A and B) are located throughout the brain, only MAO-B is present in the platelets of humans [26]. MAO-A catabolizes primarily 5-HT and, to a lesser extent, norepinephrine, whereas MAO-B preferentially degrades β-phenylethylamine and benzylamine [27]. However, despite differing their preferred substrates, neither MAO-A nor MAO-B possesses absolute substrate specificity, so either can degrade dopamine, tryptamine and tyramine [27].



Moreover, in the absence of one of the MAO isoenzymes, the other can totally or partly compensate by deaminating a certain amount of its unfavored biogenic amine substrates [27,28,29,30]. Additionally, MAO-A and MAO-B can oxidize each other’s favoured substrates in the event of a change in the substrate concentration or enzyme concentration [28,31,32]. Specifically, MAO-B is deemed to metabolize catecholamines in a subsidiary fashion when MAO-A activity is inadequate [30]. Therefore, we hypothesized that platelet MAO-B activity influences the platelet 5-HT concentration. Previous research has indicated that MAO is induced in peripheral chronic inflammatory diseases, whereas MAO inhibitor drugs have anti-inflammatory effects [17]. Compounds involved in oxidative stress, such as H2O2 and reactive aldehydes, are constantly generated as by-products during oxidative deamination by MAO [33]. The enhanced oxidative stress observed in asthma patients is thought to play a critical role in the pathogenesis of this chronic inflammatory disease [34].



Nonetheless, the precise function of MAO-generated oxidative stress and MAO-related inflammation in asthma is still not fully understood. Moreover, as far as we know, the association of platelet MAO-B activity with asthma has not been investigated. Hence, in addition to platelet 5-HT levels, we have investigated the platelet MAO-B activity in asthma patients with different severity and phenotypes. It has been proposed that MAO-B activity is highly heritable [35]. Several MAOB gene variants may influence protein expression and platelet MAO-B activity [27]. Specifically, variations in the coding sequences of genes could alter the amino acid sequence, resulting in a changed, truncated, incomplete or non-functional protein. Individual polymorphisms in the MAOB gene may have a minimal functional impact; however, they may be in linkage disequilibrium (LD) with a set of polymorphisms that form a haplotype influencing MAOB gene expression or function and consequently altering the MAO-B activity. In our study, we investigated two selected (rs1799836 and rs6651806) intron MAOB gene polymorphisms and their haplotype. Although polymorphisms located in intronic regions do not modify the protein sequence, more recent evidence indicates that such variations can create splicing abnormalities, which may influence translation and lead to human disease [36].



The various biological and pathophysiological actions of 5-HT are exerted via different 5-HT receptors. Among them, the 5-HT2 receptor class seems to play an essential role in asthma, as shown by animal and human studies [37,38,39]. The 5-HT receptors are widely distributed throughout the respiratory system’s bronchial, nervous, and vascular structures, with the 5-HT1A, 5-HT2A, 5-HT3 and 5-HT7 receptors mainly involved in the control of human airway function [8,40,41]. It has been shown that 5-HT may activate the 5-HT receptors in various inflammatory cells that participate in the development of asthma [42]. Stimulation of the 5-HTR1A, 5-HTR1B, 5-HTR1E/F, 5-HTR2, 5-HTR3, 5-HTR4 and 5-HTR7 receptor subtypes was shown to mediate the release of inflammatory cytokines, such as IL-6 and CXCL8/IL-8, from bronchial epithelial cells [43]. The 5-HT2 receptors are quite important in asthma, as demonstrated by various animal and human studies [36,37,38]. Kang et al. (2013) discovered that the migration of eosinophils in allergic asthma seems to hinge on 5-HT2A receptor activation [43], while Dürk et al. (2013) showed that 5-HT2 receptors are implicated in platelet function relevant to allergic asthma [14]. Increased 5-HT2A expression has been observed in asthma patients’ peripheral blood mononuclear cells compared to the control group [44,45]. In addition, the contractile effects of 5-HT are most probably mediated through 5-HT2A sites located on pulmonary vascular smooth muscle cells [40]. Further highlighting the importance of the 5-HT2 receptors in allergic airway disease are the studies by Nau et al. (2015) and Flanagan et al. (2019) based on animal models of acute and chronic asthma, respectively [38,46]. Moreover, a study on mice has demonstrated that 5-HT2 receptors are required to control plasma 5-HT levels [47]. In contrast, platelets have been shown to express 5-HT2A and other 5-HT receptors, including 5-HT1A, 5-HT1B, 5-HT3A, and 5-HT4 receptors [48,49,50,51,52]. Hence, in our study, we included the HTR2A (rs6314 and rs6313) and HTR2C (rs3813929 and rs518147) polymorphisms with the hypothesis that they could influence the expression of 5-HT2A and 5-HT2C receptors in both respiratory system and platelets and might be associated with asthma by influencing the unbound 5-HT levels. According to the available data, HTR2A and HTR2C gene polymorphisms have not yet been incorporated in previous research on asthma, with HTR4 polymorphisms being the only 5-HT receptor gene variants associated with asthma so far [41].



The described discrepancies between findings and the scarcity of studies investigating the role of the serotonergic system in asthma emphasize the need for further research. Therefore, this study aimed to investigate platelet 5-HT levels, platelet MAO-B activity, and the potential associations of HTR2A, HTR2C, and MAOB gene polymorphisms in adult asthma patients and healthy control subjects, as well as in asthma patients of different severity and phenotypes.




2. Materials and Methods


2.1. Participants


The study enrolled 240 adult subjects (120 asthma patients and 120 healthy control subjects) of both genders and of Croatian origin. Asthma patients were recruited at the Outpatient Department of the Clinic for Lung Diseases Jordanovac, University Hospital Centre Zagreb, Croatia. They were diagnosed and classified according to asthma severity based on the Global Initiative for Asthma (GINA) classification guidelines [1]. The control group consisted of volunteer blood donors recruited at the Croatian Institute for Transfusion Medicine, Zagreb, Croatia. The inclusion and exclusion criteria for enrolment of the subjects in the study have previously been outlined in detail [53]. Data regarding age, gender, body mass index (BMI), and smoking were collected for all subjects. A complete medical history, physical examination, and diagnostic workup were conducted on asthma patients. Skin prick testing (SPT), spirometry with bronchodilation, single-breath diffusing capacity of the lung for carbon monoxide (DLCO) test and fractional exhaled nitric oxide (FeNO) measurement were performed. The forced expiratory volume in one second (FEV1), forced vital capacity (FVC), and peak expiratory flow (PEF) were calculated as stated previously [53]. The eosinophil and neutrophil counts were obtained from automated complete blood counts.



In contrast, serum immunoglobulin E (IgE) levels were measured using enzyme-amplified chemiluminescent immunoassays (Immulite® 2000XPi, Siemens Healthcare Diagnostics, Erlangen, Germany), according to the manufacturer’s procedures. As already described [53], asthma patients were subdivided into non-severe (mild-to-moderate) and severe asthma patients [1], as well as into patients with non-allergic and allergic asthma [54], eosinophilic and non-eosinophilic asthma [55], type 2 (T2)-high and T2-low asthma [56,57,58,59], and asthma patients with and without aspirin-exacerbated respiratory disease (AERD) [60]. All subjects signed an informed consent form to participate in the study. All procedures and experiments associated with this research were carried out in accordance with the Declaration of Helsinki from 1975, as revised in 2008. The study was approved by the Ethics Committees of the University Hospital Centre Zagreb, Croatian Institute for Transfusion Medicine, and the University of Zagreb, School of Medicine (Project: Person-centered research of phenotypes and genotypes in asthmatic patients, Permission No: 02/21 AG).




2.2. Blood Collection


Sampling was performed in the morning after an overnight fast. Blood samples (8.5 mL) were collected into BD Vacutainer® tubes with 1.5 mL of acid-citrate-dextrose (ACD) anticoagulant. The whole blood samples were centrifuged at 3000 rpm for 3 min at 4 °C. The obtained platelet-rich plasma was further centrifuged at 5000 rpm for 15 min at 4 °C to sediment the platelets. The pellet was then washed with saline and centrifuged again. The resulting platelet pellet was stored at −20 °C.




2.3. Determination of Platelet 5-HT Concentration


Platelet 5-HT concentrations were determined by the spectrofluorometric method as described previously [61]. Platelets were broken down by sonication (20 kHz, amplitude 8 × 10−3 mm for 30 s). Specimens of 5-HT standards, blank (water), and platelet sonicates were analyzed in duplicates. All samples were deproteinized with 1 mL of 10% ZnSO4 and 0.5 mL of 1 M NaOH. To prepare a fluorophore, 0.2 mL of L-cysteine (0.1%) and 1.2 mL of orthophthalaldehyde (0.05%) were added to the deproteinized samples. The 5-HT fluorescence was measured at fixed wavelengths (excitation λ = 345 nm; emission λ = 485 nm) using a Varian Spectrophotofluorometer Cary Eclipse (Agilent Technologies, USA). Platelet 5-HT levels were expressed in nmol per mg of total protein, whose concentration in platelets was quantified by Lowry et al. (1951) [62].




2.4. Determination of Platelet MAO-B Activity


Platelet MAO-B activity was determined using kynuramine as substrate, applying a modification of Krajl’s spectrophotoflurometric method [63], as described previously by Svob Strac et al. (2016) [64]. Standard (4-hydroxyquinoline, 4-HOQ), blank (water), and platelet sonicates were incubated with MAO-B substrate kynuramine at 37 °C. After 1 h, the reaction was stopped by adding cold 1 M NaOH. The spectrophotofluorimeter Varian Cary Eclipse, set at excitation λ = 310 nm and emission λ = 380 nm, was used to assess 4-HOQ fluorescence, a product of the oxidation of kynuramine by MAO-B. Platelet MAO-B activity was expressed in nmol of 4-HOQ/mg protein/h, with total protein concentration determined in the platelets by Lowry et al. (1951) [62].




2.5. DNA Extraction and Genotyping


Genomic DNA was isolated from peripheral blood by a standard salting-out procedure [65]. DNA samples were genotyped for the MAOB (rs1799836 and rs6651806), HTR2A (rs6314 and rs6313), and HTR2C (rs3813929 and rs518147) gene polymorphisms using TaqMan-based allele-specific polymerase chain reaction (PCR) on an ABI Prism 7000 Sequencing Detection System apparatus (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s procedures. Briefly, 20 ng of genomic DNA was PCR amplified in 96-well plates using a 10 μL reaction volume. The conditions of the PCR reaction were as follows: initially, 95 °C for 10 min, then 40 cycles at 92 °C for 15 s, and 60 °C for 60 s.




2.6. Statistical Analysis


Statistical analysis was performed using GraphPad Prism version 4.00 for Windows (GraphPad Software, Inc., San Diego, CA, USA). The normality of data distribution was investigated using the Kolmogorov-Smirnov test. The categorical data were presented as number (N) and percentage (%), whereas numerical (continuous) data were expressed as median with the 25th (Q1) and 75th (Q3) percentiles. Continuous variables were analyzed using the Mann-Whitney U test (to compare two groups) and the Kruskal-Wallis’s test, followed by Dunn’s multiple comparisons tests (to compare three or more groups). Two-way ANOVA has been conducted on the whole sample to assess the influence of gender and smoking and their possible interaction on the platelet MAO-B activity. Fold change (FC) was for platelet 5-HT concentrations, and platelet MAOB activity was calculated as follows:   F C =   a v e r a g e ( C A S E )   a v e r a g e ( C O N T R O L )    .



Haploview software v. 4.2 [66] was used to determine the linkage disequilibrium (LD) pairwise values (D’) between the single nucleotide polymorphisms (SNPs) in the MAOB (rs1799836 and rs6651806), HTR2A (rs6314 and rs6313), and HTR2C (rs3813929 and rs518147) genes, respectively. Loci were considered in LD if the D coefficient was >0.80. Genotype, allele, and haplotype frequencies were evaluated by a χ2-test of independence, while correlations were calculated using Spearman rank correlation. The obtained results were corrected for multiple testing, considering five comparisons of asthma phenotypes (non-severe versus severe; T2-high versus T2-low; non-allergic versus allergic; non-eosinophilic versus eosinophilic, non-AERD versus AERD), using Bonferroni correction, and, therefore, the statistical significance was defined as a p-value less than 0.01. Multiple linear regression analysis was performed to assess the influence of various independent variables, such as diagnosis, age, gender, BMI, smoking, and different gene polymorphisms, on the platelet 5-HT levels and MAO-B activity, as dependent variables. Moreover, receiver operating characteristic curve (ROC) analysis was performed, and the area under the curve (AUC) was determined for variables such as platelet 5-HT concentration and MAO-B activity, as well as gene polymorphisms (MAOB rs1799836, MAOB rs6651806, HTR2A rs6314, HTR2A rs6313, HTR2C rs3813929 and HTR2C rs518147). As previously described [53], the power analysis conducted using the G*Power 3 Software Version 3.1.9.2. (a free program written by Franz Faul, University of Kiel, Kiel, Germany) confirmed the appropriate sample size and statistical power of the study.





3. Results


Just as in our previous research [53], this study also included 120 asthma patients (41 males and 79 females) and 120 healthy control subjects (73 males and 47 females). All demographic and clinical data pertaining to the enrolled subjects have previously been described [53]. Briefly, asthma patients and healthy subjects significantly differed in their age (p < 0.0001), gender distribution (p < 0.0001) and smoking status (p = 0.0005), but not BMI (p = 0.64), with younger subjects (42 versus 58 years), predominantly males (60.83 versus 34.17%), and more current smokers (34.2 versus 8.33%) present in the control group compared to the group of asthma patients.



There was no significant correlation between platelet 5-HT concentration and age in asthma patients (p = 0.20, r = −0.12) or healthy individuals (p = 0.10, r = −0.15). Moreover, no significant correlation was observed between platelet 5-HT concentrations and BMI in asthma patients (p = 0.62, r = −0.04) or control subjects (p = 0.23, r = −0.11). When the subjects were subdivided according to gender, we observed no significant differences in platelet 5-HT concentrations between male and female healthy subjects (p = 0.13, U = 1437.0, Mann-Whitney test). Similarly, platelet 5-HT concentrations did not differ significantly between male and female asthma patients (p = 0.30, U = 1434.0, Mann-Whitney test). In addition, no significant differences were observed in platelet 5-HT concentrations between smokers and non-smokers in control (p = 0.80, U = 1574.0, Mann-Whitney test) or asthma (p = 0.34, U = 448.0, Mann-Whitney test) groups.



Platelet MAO-B activity was not significantly correlated with the age of asthma patients (p = 0.12, r = 0.14) or healthy subjects (p = 0.42, r = 0.07). Although no significant correlation was found between MAO-B activity and BMI in patients with asthma (p = 0.81, r = −0.02), a significant negative correlation (p = 0.001, r = −0.30) between BMI and platelet MAO-B activity was observed in the control group. There were significant differences in platelet MAO-B activity between males and females in the control group (p < 0.0001, U = 827.0, Mann-Whitney test), as well as in the group of asthma patients (p = 0.009, U = 1149.0, Mann-Whitney test), suggesting that female subjects in both groups have higher platelet MAO-B activity. On the other hand, platelet MAO-B activity differed significantly between smoking and non-smoking healthy subjects (p = 0.008, U = 1143.0, Mann-Whitney test), as well as between smoking and non-smoking asthma patients (p = 0.01, U = 287.0, Mann-Whitney test), suggesting lower platelet MAO-B activity in smoking subjects in both groups. Two-way ANOVA confirmed the significant influence of gender (p < 0.0001) and smoking (p < 0.0001), but not their interaction (p = 0.1400), on the platelet MAO-B activity.



As shown in Figure 1, platelet 5-HT concentrations were significantly lower (p = 0.0008, U = 5388.0, Mann-Whitney test) in asthma patients (0.81 nmol/mg of protein, 0.62–1.09) when compared to healthy subjects (0.97 nmol/mg of protein, 0.72–1.65), while platelet MAO-B activity was significantly higher (p < 0.0001, U = 5056.0, Mann-Whitney test) in asthma patients (43.05 nmol/mg of protein/h, 34.39–58.21) in comparison to the control group (33.32 nmol/mg of protein/h, 25.71–51.26).



Multiple linear regression analysis, enrolling the whole sample (120 control subjects + 120 asthma patients), to assess the influence of not only smoking and gender but various other independent variables, such as diagnosis, age, BMI, and different gene polymorphisms, on the platelet 5-HT levels and platelet MAO-B activity, as dependent variables. Multiple linear regression revealed the diagnosis (p = 0.008) as a significant predictor of platelet 5-HT concentration, whereas gender (p = 0.00008) and BMI (p = 0.009) were significant predictors of platelet MAO-B activity (Supplementary Table S1).



In addition, receiver operating characteristic curve (ROC) analysis was performed, and the area under the curve (AUC) was determined for variables such as platelet 5-HT concentration and MAO-B activity, as well as gene polymorphisms (MAOB rs1799836, MAOB rs6651806, HTR2A rs6314, HTR2A rs6313, HTR2C rs3813929 and HTR2C rs518147). According to the AUC results, the platelet MAO-B activity showed the highest ability (AUC = 0.650) to distinguish between asthma patients and healthy control subjects (Supplementary Figure S1).



Further analysis (Kruskal-Wallis and Dunn’s multiple comparison test) revealed that platelet 5-HT concentrations were significantly different (p = 0.004) between severe asthma patients and healthy individuals. In contrast, platelet MAO-B activity was considerably higher in non-severe (p = 0.006) and severe asthma patients (p = 0.002) than in control subjects. However, no significant differences were found between non-severe (0.85 nmol/mg of protein, 0.64–1.10) and severe (0.75 nmol/mg of protein, 0.62–1.04) asthma patients in platelet 5-HT concentration (p = 0.38, Mann-Whitney test), or between non-severe (44.22 nmol/mg of protein/h, 34.65–56.74) and severe asthma patients (43.00 nmol/mg of protein/h, 33.84–82.15) in platelet MAO-B activity (p = 0.80, Mann-Whitney test) (Figure 2).



Moreover, regression analysis that enrolled 120 patients with asthma, divided into severe and non-severe asthma patients, has been performed to check for the influence of independent parameters, including asthma severity, age, gender, BMI, smoking, and different gene polymorphisms, on the platelet 5-HT levels and platelet MAO-B activity, as dependent variables. Results demonstrated that none of the independent variables had influenced the platelet 5-HT concentration in asthma patients. However, platelet MAO-B activity was influenced by smoking (p = 0.010) but not by asthma severity (Supplementary Table S2). Additionally, the AUC results revealed that none of the investigated variables showed a high ability to distinguish between severe and non-severe asthma patients (Supplementary Figure S2).



We further investigated the potential association of MAOB (rs1799836 and rs6651806), HTR2A (rs6314 and rs6313), and HTR2C (rs3813929 and rs518147) gene polymorphisms with asthma. As shown in Supplementary Table S3, no significant differences between asthma patients and healthy control subjects were observed in the frequency of the genotypes or alleles for any SNPs studied. Haplotype analysis revealed a high degree of LD for the HTR2C rs3813929 and rs518147 (D’ = 1), as well as for MAOB rs1799836 and rs6651806 (D’ = 0.91), but not for HT2RA rs6314 and rs6313 (D’ = 0.51) polymorphisms (Figure 3). Since a relatively low degree of LD (D’ = 0.51) has been observed for the HTR2A (rs6314 and rs6313) polymorphisms, indicating that these two SNPs are not likely to be transmitted together in the block, further haplotype analysis was performed only for the HTR2C and MAOB polymorphisms.



Haplotype analysis identified the three most common haplotypes of the HTR2C (rs3813929 and rs518147) polymorphisms, with TC haplotype (p = 0.04) differentially distributed between asthma patients and healthy individuals (Supplementary Table S4). However, this result was only nominally significant due to Bonferroni correction for multiple testing. As shown in Supplementary Table S4, for the MAOB (rs1799836 and rs6651806) polymorphisms, the four most common haplotypes were identified; however, there were no significant differences in the distribution of these haplotypes between asthma patients and control subjects.



There were no significant differences in platelet 5-HT concentration in asthma patients or healthy control subjects carrying different genotypes or alleles of the HTR2A (rs6314 and rs6313) or HTR2C (rs3813929 and rs518147) polymorphisms (Table 1).



Moreover, as shown in Table 1, there were no significant differences in platelet MAO-B activity of asthma patients carrying different genotypes or alleles of the MAOB (rs1799836 and rs6651806) polymorphisms. On the other hand, in the control group, nominally significant differences in platelet MAO-B activity were observed between subjects carrying different genotypes of MAOB rs1799836 (p = 0.013) and rs6651806 (p = 0.03) polymorphisms. However, only healthy individuals carrying the MAOB rs1799836 TT genotype had significantly (p = 0.008) lower platelet MAO-B activity than the C allele carriers (Table 1). In addition, no significant differences between non-severe and severe asthma patients were observed in the frequency of the genotypes or alleles for HTR2A (rs6314 and rs6313), HTR2C rs3813929, or MAOB (rs1799836 and rs6651806) polymorphisms (Supplementary Table S5). However, the frequencies of the HTR2C rs518147 genotypes (p = 0.002) and alleles (p = 0.05) between non-severe and severe asthma patients were significantly and nominally different, respectively. Moreover, non-severe and severe asthma patients differed significantly in the distribution of allele G carriers versus CC homozygotes (p = 0.004) of the 5HT2C rs518147 polymorphism, demonstrating that the carriers of CC genotype or C allele were significantly less frequent in severe asthma patients in comparison to carriers of the G allele. Furthermore, there were no significant differences in the distribution of the HTR2C (rs3813929 and rs518147) and MAOB (rs1799836 and rs6651806) haplotypes between non-severe and severe asthma patients (Supplementary Table S6).



Finally, we examined the association between platelet 5-HT concentration and platelet MAO-B activity with different asthma phenotypes and clinical parameters (Table 2). A wide variety of clinical symptoms and phenotypes of the enrolled asthma patients has been shown in detail in our previous study by Sreter et al. (2020) [53]. A positive correlation (p = 0.02, r = 0.21) was observed between platelet MAO-B activity and the number of blood neutrophils. In contrast, altered platelet MAO-B activity was observed in asthma patients with pollen allergy compared to asthma patients without pollen allergy (p = 0.02). However, these results were not significant after correcting for multiple testing. Furthermore, there was no significant association of platelet 5-HT concentration or platelet MAO-B activity with any other examined clinical parameters of the asthma patients (Table 2).



We also analyzed the platelet 5-HT concentration and MAO-B activity in four asthma phenotypes. Table 3 shows no significant differences in platelet 5-HT concentration and platelet MAO-B activity between asthma patients with T2-high and T2-low phenotypes, eosinophilic and non-eosinophilic asthma, or with and without AERD. In addition, only a nominally significant difference (p = 0.047) was observed in the platelet MAO-B activity but not in the platelet 5-HT concentration between non-allergic and allergic asthma patients (Table 3).



Finally, there were no significant differences in the frequency of the genotypes, carriers, and haplotypes for any of the HTR2A, HTR2C, and MAOB gene polymorphisms studied between asthma patients with T2-high and T2-low phenotypes, non-allergic and allergic asthma, non-eosinophilic and eosinophilic asthma, or with and without AERD (data available on request).




4. Discussion


This research is novel in its exploration of and insights gained about the associations of platelet 5-HT concentration, platelet MAO-B activity, and the SNPs of the HTR2A, HTR2C, and MAOB genes with adult asthma in an ethnically and racially homogeneous study population (i.e., Croatian Caucasians) of asthma patients and healthy control subjects.



Conflicting findings concerning the effects of age, sex, BMI and smoking on platelet 5-HT levels and platelet MAO-B activity have been reported in the literature. For instance, some authors have shown that elderly subjects have significantly reduced 5-HT levels compared to adults and children [67]. This is opposed to the study by Kumar et al. (1998), revealing a significant positive correlation between platelet 5-HT and age [68]. Conversely, as in our case, several studies found no significant age-related associations with platelet 5-HT concentrations in healthy subjects or patients [69,70], although they did not include the asthmatic population. Moreover, our study showing no association between gender and platelet 5-HT levels in asthma patients or healthy individuals agrees with earlier studies [67,69], but in contrast to the results of higher platelet 5-HT concentration in men than in women in healthy subjects and alcoholic patients [71]. Smokers and non-smokers in our asthma and control groups had similar platelet 5-HT concentrations, which aligns with some previous reports [69,71]. On the contrary, platelet 5-HT levels were significantly affected by smoking in some other studies [61,72,73].



Certain authors have reported a positive correlation between the MAO-B activity in the brain and platelets with age [74,75,76,77,78], while others have not demonstrated any significant age-related differences in platelet MAO-B activity [79,80,81], in keeping with our findings. Our study’s multiple linear regression revealed gender and smoking as significant predictors of platelet MAO-B activity. MAO-B activity in platelets seems to depend on gender differences, as our study shows that females in both asthma and control groups had increased platelet MAO-B activity compared to their male counterparts. This is consistent with the similar findings of earlier studies showing that MAO enzyme activity was lower in men [74,79,81,82]. Concerning MAO-B, it is well established that smoking reduces the activity of this enzyme. Therefore, the decreased platelet MAO-B activity in cigarette smokers compared to non-smokers in asthma patients and healthy individuals in our study confirmed the consistent findings of many earlier studies on brain and platelet MAO-B [83,84]. In addition, Snell et al. (2002) showed that platelet MAO-B activity was significantly reduced in smokers compared to non-smokers in both males and females of different ethnic backgrounds [82]. The same association between MAO-B activity and smoking status was also reported in healthy subjects and various patients [64,80,85], although it was not investigated in patients with asthma.



Many studies suggested an association between a higher BMI and obesity with asthma [86,87]. Underlying pathophysiological mechanisms include genetic factors and obesity-related hormonal changes [88], elevated mechanical load/stress on the lungs [89], metabolic and microbiome dysregulation, as well as obesity-related low-grade inflammation [90,91]. Moreover, patients with comorbid obesity and asthma have more difficulties controlling the disease, more severe asthma symptoms and lower response to asthma treatment [91,92,93]. Two subgroups of obese asthma patients have been described: patients with an early-onset atopic asthma Th2-high, whose obesity complicates allergic asthma, and patients (usually women) with a late-onset non-atopic asthma Th2-low, whose asthma is a consequence of obesity [94]. As shown previously [53], around 23% of asthma patients in our study were obese; however, there were no differences in BMI between asthma cases and healthy controls, even when the subjects were divided into obese or non-obese individuals.



Moreover, we observed no BMI-related differences in platelet 5-HT concentration in either asthma or healthy group. This contrasts a study that demonstrated a significant negative correlation between whole blood 5-HT and BMI in healthy subjects [95] and findings showing decreased serum 5-HT levels in obese compared to non-obese individuals [96,97]. On the other hand, higher plasma 5-HT levels were reported by Young et al. (2018) in obese than in control subjects [98]. With respect to the effects of BMI or obesity on MAO-B activity in thrombocytes, our study showed a negative correlation of platelet MAO-B activity with BMI in healthy subjects but not in asthma patients. In addition, multiple linear regression suggested BMI as a significant predictor of platelet MAO-B activity in a whole sample. Ehrlich et al. (2008) found a similar result in anorexic females but not healthy women, showing a significant negative correlation between BMI and platelet MAO-B activity [99]. However, the potential role of MAO in obesity appears so far to have been generally neglected.



We demonstrated that platelet 5-HT concentration was significantly reduced in asthma patients compared to the control individuals. This finding, confirmed by the results of multiple linear regression analysis, is in line with the study by Matkar et al. (1999) that showed lower levels of platelet biogenic amines (5-HT and histamine) in asthmatic patients compared to healthy subjects in Punjabi study population [23]. In addition, our findings corroborate those of earlier studies by Malmgren et al. (1978, 1980) which reported reduced 5-HT accumulation in platelets from asthma patients in comparison to healthy individuals [21], suggesting disturbed active 5-HT transport in asthma [100]. In a later study, the same research team suggested that 5-HT uptake by platelets could be inhibited by higher amounts of 5-HT found in asthma patients’ serum and whole blood [22]. Another possible explanation for the decreased platelet 5-HT levels could be an increased platelet aggregability that is ever present in asthma patients [13]. Platelet aggregation has been shown to increase during exacerbation periods in symptomatic asthma patients and decrease during clinical improvement; therefore, increased free 5-HT levels during asthma exacerbations may be secondary to this enhanced platelet aggregation [13].



Furthermore, our study showed that platelet MAO-B activity was higher in asthma patients than healthy subjects. In fact, according to the AUC results, the platelet MAO-B activity showed the highest ability to distinguish between asthma patients and healthy control subjects. This finding is supported by Matkar et al. (1999), who demonstrated that the enzymatic levels of plasma MAO were significantly higher in asthma patients than in healthy subjects [23]. Therefore, if MAO-B is presumed to take part in the enzyme-catalyzed degradation of 5-HT in human platelets when MAO-A is absent, then an elevated MAO-B activity in asthma patients could contribute to reducing the concentration of platelet 5-HT, in comparison to healthy individuals, as observed in our study.



Moreover, our study determined that asthma severity was not associated with platelet 5-HT concentration, given that non-severe and severe asthma patients had similar platelet 5-HT levels. These findings, confirmed by the results of multiple linear regression analysis, are in contrast to the study by Lechin et al. (1996) [13], which established higher plasma 5-HT levels in symptomatic than in asymptomatic asthma patients, suggesting the association of plasma 5-HT levels with clinical severity and pulmonary function in asthma [13]. However, when comparing the healthy subjects to both non-severe and severe asthma patients, our study discovered decreased 5-HT levels only in the severe asthma patients compared to the healthy subjects. In addition, asthma severity was not associated with platelet MAO-B activity in our study, as non-severe and severe asthma patients had similar platelet MAO-B activity. Unfortunately, to our knowledge, no studies to date have been published on this topic in the literature; hence, comparisons could not be made in regard to our findings.



Our study investigated two introns of MAOB gene SNPs, the rs1799836 and rs6651806 polymorphisms and their haplotype, owing to their high degree of LD (D’ = 0.91). We observed no significant differences in platelet MAO-B activity of asthma patients carrying different genotypes or alleles of the MAOB rs1799836 and rs6651806 polymorphisms. However, healthy individuals carrying the MAOB rs1799836 TT genotype had significantly (p = 0.008) lower platelet MAO-B activity compared to the C allele carriers.



The MAOB rs1799836 polymorphism is believed to influence the MAOB intron 13 removals process and, consequently, the stability and/or translation of MAOB mRNA [101]. However, given that mRNA levels remain the same. At the same time, MAO-B activity varies depending on the genotype. The assumption is that there is a cis-regulatory element in LD with MAOB rs1799836, which alters the MAO-B protein expression and activity [102]. Lower MAO-B activity was associated with either the MAOB rs1799836 A allele in a small cohort of male subjects [103] or with the MAOB rs1799836 G allele in the postmortem human brain [102].



On the other hand, some studies have not observed a significant association between this polymorphism and MAO-B activity [80,104,105,106,107]. Our results in healthy individuals underpin the earlier findings that MAOB rs1799836 polymorphism influences platelet MAO-B activity. On the other hand, this association was not observed in asthma patients, probably because platelet MAO-B activity is predominantly impacted by the complex pathophysiology of asthma. Alternatively, it is possible that MAOB gene splicing variants could result in MAOB enzymes with different specificity to 5-HT. However, since the method for determination of platelet MAO-B activity does not use 5-HT but kynuramine as a fluorescent substrate, we could not test whether MAOB rs1799836 and rs6651806 polymorphisms affect the MAO-B specificity to 5-HT.



No significant differences between asthma patients and healthy control subjects or between non-severe and severe asthma patients were found in the frequency of the genotypes, alleles, or haplotypes of the MAOB rs1799836 and rs6651806 polymorphisms. Such associations of the MAOB gene polymorphisms with asthma and asthma severity have not yet been researched.



The investigated HTR2A and HTR2C gene polymorphisms in our work did not influence the platelet 5-HT levels in asthma patients or healthy individuals. Since a relatively low degree of LD (D’ = 0.51) was observed for the HTR2A (rs6314 and rs6313) polymorphisms, indicating that these two SNPs are not likely to be transmitted together in the block, further haplotype analysis was performed only for the HTR2C polymorphisms. No significant differences between asthma patients and healthy control subjects were detected in the frequency of the genotypes or alleles of HTR2A (rs6314 and rs6313) and HTR2C (rs3813929 and rs518147) polymorphisms or the frequency of HTR2C haplotypes. However, asthma severity was associated with the HTR2C rs518147 polymorphism, demonstrating that the carriers of the CC genotype or C allele were significantly less frequent in the group of severe asthma patients than carriers of the G allele. Further research is needed to elucidate the observed association.



Platelet 5-HT concentration and MAO-B activity were not significantly associated with any of the clinical parameters of asthma patients or with the asthma phenotypes (T2 high and T2 low, non-allergic and allergic, eosinophilic, and non-eosinophilic, AERD and non-AERD). In contrast, there was a significant negative correlation between free 5-HT and FEV1 in a study by Lechin et al. (1996) on symptomatic asthma patients [13]. However, to our knowledge, there are no published studies on the associations between platelet 5-HT levels or platelet MAO-B activity and asthma phenotypes, except allergic asthma, thus, hindering our ability to make meaningful comparisons with the literature. In patients with allergic asthma, as compared to healthy individuals, higher blood levels of 5-HT have been reported [47,108]. Notably, the 5-HT levels in these previous studies originated from serum and whole blood samples, whereas the 5-HT concentrations in our study were measured in platelets.



Moreover, we compared platelet 5-HT concentration and MAO-B activity between non-allergic and allergic asthma patients. In contrast, the earlier studies assessed 5-HT levels in allergic asthma patients only in relation to healthy subjects. In addition, our study observed no significant differences in the frequency of the genotypes, carriers, or haplotypes for any of the gene polymorphisms studied between asthma patients with T2-high and T2-low phenotypes, non-allergic and allergic asthma, non-eosinophilic and eosinophilic asthma, or those with and without AERD. However, we know that such associations of HTR2A, HTR2C, and MAOB gene polymorphisms with asthma phenotypes have not yet been investigated.



This study has some strengths and limitations. The most obvious weakness of the study is that the asthma cases and control subjects were not balanced on age, gender, or smoking status (i.e., an unmatched study design). At the same time, the sample sizes between the principal groups (i.e., asthma patients versus healthy individuals) were equal. Genetic polymorphism studies usually require very large sample sizes, but this study included relatively small numbers, chiefly due to restrictive exclusion criteria and financial constraints. Nevertheless, it was sufficiently powered with appropriate participants to observe statistically significant associations and answer the research questions. Another major strength of the study is that it focused on an ethnically homogenous population (i.e., adult Caucasian Croatians for healthy control subjects and asthma patients), which has traditionally been important for genetic studies. However, some of the outcome disparities between our and past studies may be due to the chosen demographics. Therefore, future studies should consider much larger samples with more diverse backgrounds and broader inclusion criteria to allow for the effects of comorbidities and medications, thereby better reflecting the real-world data. Furthermore, this study considered both asthma severity and several asthma phenotypes that had not yet been covered sufficiently or with consistent results in the previous literature on the serotonergic system. Therefore, it should be an area of much greater interest in future investigations on asthma.




5. Conclusions


In conclusion, the results of the present study indicate that asthma patients have significantly lower platelet 5-HT levels, but increased platelet MAO-B activity compared to healthy subjects. Although the reason for this remains somewhat unclear, it may nevertheless support the existence of a compensatory mechanism involving the activation of immune cells in asthma. Furthermore, our research findings imply that, neither platelet 5-HT concentration nor platelet MAO-B activity helps establish asthma severity or differentiate asthma phenotypes (i.e., allergic versus non-allergic asthma, T2-high versus T2-low asthma, non-eosinophilic versus eosinophilic asthma, or non-AERD versus AERD). Only healthy subjects, but not asthma patients, carrying the MAOB rs1799836 TT genotype had significantly lower platelet MAO-B activity than the C allele carriers. Therefore, platelet MAO-B activity in asthma patients is likely influenced by an interaction between genetic and environmental factors and might be predominantly affected by asthma pathophysiology. The investigated HTR2A and HTR2C gene polymorphisms did not influence the platelet 5-HT levels. No significant differences in the frequency of the genotypes, alleles, or haplotypes for any of the examined HTR2A, HTR2C, and MAOB gene polymorphisms were observed between asthma patients and healthy subjects or between patients with various asthma phenotypes. However, asthma severity was associated with the HTR2C rs518147 polymorphism, as evidenced by the data showing that the carriers of the CC genotype or C allele were significantly less frequent in the group of severe asthma patients in comparison to carriers of the G allele. Our findings suggest that platelet 5-HT and MAO-B activity may be helpful to peripheral blood biomarkers for asthma in general but not asthma severity or the specific phenotypes included here. However, further research is needed to clarify complex and conflicting results obtained in various studies (Table 4) and to expand upon the current knowledge about the role of peripheral 5-HT and MAO-B, as well as MAOB, HTR2A, and HTR2C gene polymorphisms in adult asthma.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biom13050800/s1, Table S1: The influence of various independent variables on the platelet 5-HT levels and platelet MAO-B activity in asthma patients and healthy control subjects, assessed by multiple linear regression analysis; Figure S1: Receiver operating characteristic curve (ROC) analysis was performed on the whole sample (120 control subjects + 120 asthma patients) and area under the curve (AUC) was determined for variables such as platelet 5-HT concentration and MAO-B activity, as well as gene polymorphisms (MAOB rs1799836, MAOB rs6651806, HTR2A rs6314, HTR2A rs6313, HTR2C rs3813929, and HTR2C rs518147); Table S2: The influence of various independent variables on the platelet 5-HT levels and platelet MAO-B activity in subjects with severe and non-severe asthma, assessed by multiple linear regression analysis; Figure S2: Receiver operating characteristic curve (ROC) analysis was performed on the 120 patients with asthma, divided on the severe and non-severe asthma patients and area under the curve (AUC) was determined for variables such as platelet 5-HT concentration and MAO-B activity, as well as gene polymorphisms (MAOB rs1799836, MAOB rs6651806, HTR2A rs6314, HTR2A rs6313, HTR2C rs3813929, and HTR2C rs518147); Table S3: Genotype and allele frequencies of HTR2A, HTR2C, and MAOB polymorphisms in control subjects and asthma patients; Table S4: The distribution of HTR2C (rs3813929 and rs518147), and MAOB (rs1799836 and rs6651806) haplotypes in control subjects and asthma patients; Table S5: Genotype and allele frequencies of HTR2A, HTR2C, and MAOB polymorphisms in non-severe and severe asthma patients; Table S6: The distribution of HTR2C (rs3813929 and rs518147), and MAOB (rs1799836 and rs6651806) haplotypes in non-severe and severe asthma patients.





Author Contributions


Conceptualization, K.B.S., S.P.-G., J.M., N.P., M.S., and D.S.S.; methodology, M.K., K.B.S., S.P.-G., J.M., N.P., and D.S.S.; validation, M.K., K.B.S., D.S.S., L.T., M.N.P., G.N.E., M.S., and N.P.; formal analysis, M.K., K.B.S., and D.S.S.; investigation, M.K., K.B.S., S.P.-G., M.L., L.T., M.N.P., I.J., J.B.-P., H.S.S., N.P., and D.S.S.; resources, K.B.S., S.P.-G., I.J., N.P., and D.S.S.; data curation, M.K., K.B.S., and D.S.S.; writing—original draft preparation, M.K., K.B.S., and D.S.S.; writing—review and editing, M.K., K.B.S., S.P.-G., M.L., L.T., M.N.P., I.J., J.B.-P., H.S.S., J.M., N.P., M.S., and D.S.S.; visualization, M.K., and D.S.S.; supervision, S.P.-G., J.M., N.P., M.S., and D.S.S.; project administration, S.P.-G., N.P., and D.S.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committees of the University Hospital Centre Zagreb, Croatian Institute for Transfusion Medicine, and the University of Zagreb, School of Medicine (Project: Person-centered research of phenotypes and genotypes in asthmatic patients, Permission No: 02/21 AG).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data available on request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Global Initiative for Asthma. Global Strategy for Asthma Management and Prevention Global Strategy for Asthma Management and Prevention. Available online: https://ginasthma.org/archived-reports/ (accessed on 7 December 2022).

	



GBD 2019 Diseases and Injuries Collaborators. Global Burden of 369 Diseases and Injuries in 204 Countries and Territories, 1990–2019: A Systematic Analysis for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1204–1222. [Google Scholar] [CrossRef]

	



Tran, L.; Sharrad, K.; Kopsaftis, Z.; Stallman, H.M.; Tai, A.; Spurrier, N.; Esterman, A.; Carson-Chahhoud, K. Pharmacological Interventions for the Treatment of Psychological Distress in Patients with Asthma: A Systematic Review and Meta-Analysis. J. Asthma 2021, 58, 759–769. [Google Scholar] [CrossRef] [PubMed]

	



Braido, F. Failure in Asthma Control: Reasons and Consequences. Scientifica 2013, 2013, 549252. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, P.W.; Ghushchyan, V.H.; Slejko, J.F.; Belozeroff, V.; Globe, D.R.; Lin, S.-L. The Burden of Adult Asthma in the United States: Evidence from the Medical Expenditure Panel Survey. J. Allergy Clin. Immunol. 2011, 127, 363–369. [Google Scholar] [CrossRef]

	



Kuruvilla, M.E.; Lee, F.E.H.; Lee, G.B. Understanding Asthma Phenotypes, Endotypes, and Mechanisms of Disease. Clin. Rev. Allergy Immunol. 2019, 56, 219–233. [Google Scholar] [CrossRef] [PubMed]

	



Russell, R.J.; Brightling, C. Pathogenesis of Asthma: Implications for Precision Medicine. Clin. Sci. 2017, 131, 1723–1735. [Google Scholar] [CrossRef] [PubMed]

	



Cazzola, I.; Matera, M.G. 5-HT Modifiers as a Potential Treatment of Asthma. Trends Pharmacol. Sci. 2000, 21, 13–16. [Google Scholar] [CrossRef]

	



Wu, H.; Denna, T.H.; Storkersen, J.N.; Gerriets, V.A. Beyond a Neurotransmitter: The Role of Serotonin in Inflammation and Immunity. Pharmacol. Res. 2019, 140, 100–114. [Google Scholar] [CrossRef]

	



Roumier, A.; Béchade, C.; Maroteaux, L. Serotonin and the Immune System. In Serotonin, The Mediator That Spans Evolution; Academic Press: Boston, MA, USA, 2019; pp. 181–196. [Google Scholar] [CrossRef]

	



Müller, T.; Dürk, T.; Blumenthal, B.; Grimm, M.; Cicko, S.; Panther, E.; Sorichter, S.; Herouy, Y.; Di Virgilio, F.; Ferrari, D.; et al. 5-Hydroxytryptamine Modulates Migration, Cytokine and Chemokine Release and T-Cell Priming Capacity of Dendritic Cells in Vitro and in Vivo. PLoS ONE 2009, 4, e6453. [Google Scholar] [CrossRef]

	



Arreola, R.; Becerril-Villanueva, E.; Cruz-Fuentes, C.; Velasco-Velázquez, M.A.; Garces-Alvarez, M.E.; Hurtado-Alvarado, G.; Quintero-Fabian, S.; Pavon, L. Immunomodulatory Effects Mediated by Serotonin. J. Immunol. Res. 2015, 2015, 354957. [Google Scholar] [CrossRef]

	



Lechin, F.; Van Der Dijs, B.; Orozco, B.; Lechin, M.; Lechin, A.E. Increased Levels of Free Serotonin in Plasma of Symptomatic Asthmatic Patients. Ann. Allergy Asthma Immunol. 1996, 77, 245–253. [Google Scholar] [CrossRef]

	



Dürk, T.; Duerschmied, D.; Müller, T.; Grimm, M.; Reuter, S.; Vieira, R.P.; Ayata, K.; Cicko, S.; Sorichter, S.; Walther, D.J.; et al. Production of Serotonin by Tryptophan Hydroxylase 1 and Release via Platelets Contribute to Allergic Airway Inflammation. Am. J. Respir. Crit. Care Med. 2013, 187, 476–485. [Google Scholar] [CrossRef] [PubMed]

	



Lechin, F.; Van der Dijs, B.; Lechin, A.E. Severe Asthma and Plasma Serotonin. Allergy Eur. J. Allergy Clin. Immunol. 2002, 57, 258–259. [Google Scholar] [CrossRef]

	



Brand, T.; Anderson, G.M. The Measurement of Platelet-Poor Plasma Serotonin: A Systematic Review of Prior Reports and Recommendations for Improved Analysis. Clin. Chem. 2011, 57, 1376–1386. [Google Scholar] [CrossRef]

	



Ostadkarampour, M.; Putnins, E.E. Monoamine Oxidase Inhibitors: A Review of Their Anti-Inflammatory Therapeutic Potential and Mechanisms of Action. Front. Pharmacol. 2021, 12, 676239. [Google Scholar] [CrossRef] [PubMed]

	



Idzko, M.; Pitchford, S.; Page, C. Role of Platelets in Allergic Airway Inflammation. J. Allergy Clin. Immunol. 2015, 135, 1416–1423. [Google Scholar] [CrossRef]

	



Brenner, B.; Harney, J.T.; Ahmed, B.A.; Jeffus, B.C.; Unal, R.; Mehta, J.L.; Kilic, F. Plasma Serotonin Levels and the Platelet Serotonin Transporter. J. Neurochem. 2007, 102, 206–215. [Google Scholar] [CrossRef] [PubMed]

	



Mercado, C.P.; Kilic, F. Molecular Mechanisms of SERT in Platelets: Regulation of Plasma Serotonin Levels. Mol. Interv. 2010, 10, 231–241. [Google Scholar] [CrossRef]

	



Malmgren, R.; Olsson, P.; Tornling, G.; Unge, G. Acetylsalicyclic Asthma and Migraine—A Defect in Serotonin (5-HT) Uptake in Platelets. Thromb. Res. 1978, 13, 1137–1139. [Google Scholar] [CrossRef]

	



Malmgren, R.; Grubbströum, J.; Olsson, P.; Theorell, H.; Tornling, G.; Unge, G. Defective Serotonin (5-HT) Transport Mechanism in Platelets from Patients with Endogenous and Allergic Asthma. Allergy 1982, 37, 29–39. [Google Scholar] [CrossRef]

	



Matkar, N.M.; Rupwate, R.U.; Desai, N.K.; Kamat, S.R. Comparative Study of Platelet Histamine and Serotonin with Their Corresponding Plasma Oxidases in Asthmatics with Normals. J. Assoc. Physicians India 1999, 47, 878–882. [Google Scholar]

	



Ramsay, R.R. Monoamine Oxidases: The Biochemistry of the Proteins as Targets in Medicinal Chemistry and Drug Discovery. Curr. Top. Med. Chem. 2012, 12, 2189–2209. [Google Scholar] [CrossRef]

	



Prah, A.; Purg, M.; Stare, J.; Vianello, R.; Mavri, J. How Monoamine Oxidase A Decomposes Serotonin: An Empirical Valence Bond Simulation of the Reactive Step. J. Phys. Chem. B 2020, 124, 8259–8265. [Google Scholar] [CrossRef] [PubMed]

	



Young, W.F.J.; Laws, E.R.J.; Sharbrough, F.W.; Weinshilboum, R.M. Human Monoamine Oxidase. Lack of Brain and Platelet Correlation. Arch. Gen. Psychiatry 1986, 43, 604–609. [Google Scholar] [CrossRef]

	



Bortolato, M.; Shih, J.C. Behavioral Outcomes of Monoamine Oxidase Deficiency: Preclinical and Clinical Evidence, 1st ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2011; Volume 100, ISBN 9780123864673. [Google Scholar]

	



Cases, O.; Seif, I.; Grimsby, J.; Gaspar, P.; Chen, K.; Pournin, S.; Müller, U.; Aguet, M.; Babinet, C.; Shih, J.C. Aggressive Behavior and Altered Amounts of Brain Serotonin and Norepinephrine in Mice Lacking MAOA. Science 1995, 268, 1763–1766. [Google Scholar] [CrossRef] [PubMed]

	



Chen, K.; Holschneider, D.P.; Wu, W.; Rebrini, I.; Shih, J.C. A Spontaneous Point Mutation Produces Monoamine Oxidase A/B Knock-out Mice with Greatly Elevated Monoamines and Anxiety-like Behavior. J. Biol. Chem. 2004, 279, 39645–39652. [Google Scholar] [CrossRef]

	



Lenders, J.W.; Eisenhofer, G.; Abeling, N.G.; Berger, W.; Murphy, D.L.; Konings, C.H.; Wagemakers, L.M.; Kopin, I.J.; Karoum, F.; van Gennip, A.H.; et al. Specific Genetic Deficiencies of the A and B Isoenzymes of Monoamine Oxidase Are Characterized by Distinct Neurochemical and Clinical Phenotypes. J. Clin. Investig. 1996, 97, 1010–1019. [Google Scholar] [CrossRef]

	



Hsu, M.C.; Shih, J.C. Photoaffinity Labeling of Human Placental Monoamine Oxidase-A by 4-Fluoro-3-Nitrophenyl Azide. Mol. Pharmacol. 1988, 33, 237–241. [Google Scholar]

	



Shih, J.C.; Chen, K.; Ridd, M.J. Monoamine Oxidase: From Genes to Behavior. Annu. Rev. Neurosci. 1999, 22, 197–217. [Google Scholar] [CrossRef]

	



Umbarkar, P.; Singh, S.; Arkat, S.; Bodhankar, S.L.; Lohidasan, S.; Sitasawad, S.L. Monoamine Oxidase-A Is an Important Source of Oxidative Stress and Promotes Cardiac Dysfunction, Apoptosis, and Fibrosis in Diabetic Cardiomyopathy. Free Radic. Biol. Med. 2015, 87, 263–273. [Google Scholar] [CrossRef]

	



Cho, Y.S.; Moon, H.-B. The Role of Oxidative Stress in the Pathogenesis of Asthma. Allergy. Asthma Immunol. Res. 2010, 2, 183–187. [Google Scholar] [CrossRef] [PubMed]

	



Pedersen, N.L.; Oreland, L.; Reynolds, C.; McClearn, G.E. Importance of Genetic Effects for Monoamine Oxidase Activity in Thrombocytes in Twins Reared Apart and Twins Reared Together. Psychiatry Res. 1993, 46, 239–251. [Google Scholar] [CrossRef] [PubMed]

	



Pagani, F.; Baralle, F.E. Genomic Variants in Exons and Introns: Identifying the Splicing Spoilers. Nat. Rev. Genet. 2004, 5, 389–396. [Google Scholar] [CrossRef] [PubMed]

	



Mao, H.Q.; Morimoto, K.; Shirakawa, T.; Hopkin, J.M.; Hashimoto, T.; Furuyama, J.; Kawai, M.; Sasaki, S.; Enomoto, T.; Yoshikawa, K.; et al. Association between Serotonin Type 2 Receptor (HTR2) and Bronchial Asthma in Humans. J. Med. Genet. 1996, 33, 525. [Google Scholar] [CrossRef]

	



Flanagan, T.W.; Sebastian, M.N.; Battaglia, D.M.; Foster, T.P.; Cormier, S.A.; Nichols, C.D. 5-HT2 Receptor Activation Alleviates Airway Inflammation and Structural Remodeling in a Chronic Mouse Asthma Model. Life Sci. 2019, 236, 116790. [Google Scholar] [CrossRef] [PubMed]

	



Koochak, S.E.; Deilami, G.D.; Ahangari, F.; Ahangari, G. Evaluation of Serotonin Receptor (5HT2RA) Gene Expression Changes in Peripheral Blood Mononuclear Cells of Asthma Allergic Patients. Glob. J. Pathol. Microbiol. 2018, 6, 8–14. [Google Scholar]

	



Hilaire, G.; Voituron, N.; Menuet, C.; Ichiyama, R.M.; Subramanian, H.H.; Dutschmann, M. The Role of Serotonin in Respiratory Function and Dysfunction. Respir. Physiol. Neurobiol. 2010, 174, 76–88. [Google Scholar] [CrossRef]

	



Kim, T.-H.; An, S.-H.; Cha, J.-Y.; Shin, E.-K.; Lee, J.-Y.; Yoon, S.-H.; Lee, Y.-M.; Uh, S.-T.; Park, S.-W.; Park, J.-S.; et al. Association of 5-Hydroxytryptamine (Serotonin) Receptor 4 (5-HTR4) Gene Polymorphisms with Asthma. Respirology 2011, 16, 630–638. [Google Scholar] [CrossRef]

	



Bayer, H.; Müller, T.; Myrtek, D.; Sorichter, S.; Ziegenhagen, M.; Norgauer, J.; Zissel, G.; Idzko, M. Serotoninergic Receptors on Human Airway Epithelial Cells. Am. J. Respir. Cell Mol. Biol. 2007, 36, 85–93. [Google Scholar] [CrossRef]

	



Kang, B.N.; Ha, S.G.; Bahaie, N.S.; Hosseinkhani, M.R.; Ge, X.N.; Blumenthal, M.N.; Rao, S.P.; Sriramarao, P. Regulation of Serotonin-Induced Trafficking and Migration of Eosinophils. PLoS ONE 2013, 8, e54840. [Google Scholar] [CrossRef]

	



Sheikhha, H.; Emadi, S.; Jorbozedar, S.; Deilami, G.; Ahangari, G. Investigation of Gene Expression Pattern of 5HTR2a and MAO-A in PBMCs of Individuals Who Had Been Exposed to Air Pollution in Highly Polluted Area. Recent Pat. Inflamm. Allergy Drug Discov. 2014, 8, 203–210. [Google Scholar] [CrossRef] [PubMed]

	



Ahangari, G.; Koochak, S.E.; Amirabad, L.M.; Deilami, G.D. Investigation of 5-HT2A Gene Expression in PBMCs of Patients with Allergic Asthma. Inflamm. Allergy -Drug Targets 2015, 14, 60–64. [Google Scholar] [CrossRef] [PubMed]

	



Nau, F.J.; Miller, J.; Saravia, J.; Ahlert, T.; Yu, B.; Happel, K.I.; Cormier, S.A.; Nichols, C.D. Serotonin 5-HT₂ Receptor Activation Prevents Allergic Asthma in a Mouse Model. Am. J. Physiol. Lung Cell. Mol. Physiol. 2015, 308, L191–L198. [Google Scholar] [CrossRef] [PubMed]

	



MacHaffie, R.A.; Menbroker, L.R.; Mahler, D.J.; Barak, A.J. Studies in Allergy. II. Serum Serotonin Levels in Nonallergic, Pretreatment, and Posttreatment Allergic Human Beings and in Normal and Sensitized Guinea Pigs. J. Allergy 1960, 31, 106–110. [Google Scholar] [CrossRef]

	



Cook, E.H.J.; Fletcher, K.E.; Wainwright, M.; Marks, N.; Yan, S.Y.; Leventhal, B.L. Primary Structure of the Human Platelet Serotonin 5-HT2A Receptor: Identify with Frontal Cortex Serotonin 5-HT2A Receptor. J. Neurochem. 1994, 63, 465–469. [Google Scholar] [CrossRef] [PubMed]

	



Serebruany, V.L.; El Mouelhi, M.; Pfannkuche, H.-J.; Rose, K.; Marro, M.; Angiolillo, D.J. Investigations on 5-HT₄ Receptor Expression and Effects of Tegaserod on Human Platelet Aggregation in Vitro. Am. J. Ther. 2010, 17, 543–552. [Google Scholar] [CrossRef]

	



Massot, O.; Rousselle, J.C.; Fillion, M.P.; Januel, D.; Plantefol, M.; Fillion, G. 5-HT1B Receptors: A Novel Target for Lithium. Possible Involvement in Mood Disorders. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 1999, 21, 530–541. [Google Scholar] [CrossRef]

	



Stratz, C.; Trenk, D.; Bhatia, H.S.; Valina, C.; Neumann, F.-J.; Fiebich, B.L. Identification of 5-HT3 Receptors on Human Platelets: Increased Surface Immunoreactivity after Activation with Adenosine Diphosphate (ADP) and Thrombin Receptor-Activating Peptide (TRAP). Thromb. Haemost. 2008, 99, 784–786. [Google Scholar] [CrossRef]

	



Zhang, Z.-J.; Wang, D.; Man, S.C.; Ng, R.; McAlonan, G.M.; Wong, H.K.; Wong, W.; Lee, J.; Tan, Q.-R. Platelet 5-HT1A Receptor Correlates with Major Depressive Disorder in Drug-Free Patients. Prog. Neuropsychopharmacol. Biol. Psychiatry 2014, 53, 74–79. [Google Scholar] [CrossRef]

	



Sreter, K.B.; Popovic-Grle, S.; Lampalo, M.; Konjevod, M.; Tudor, L.; Perkovic, M.N.; Jukic, I.; Bingulac-Popovic, J.; Stanic, H.S.; Markeljevic, J.; et al. Plasma Brain-Derived Neurotrophic Factor (BDNF) Concentration and Bdnf/Trkb Gene Polymorphisms in Croatian Adults with Asthma. J. Pers. Med. 2020, 10, 189. [Google Scholar] [CrossRef]

	



Eiringhaus, K.; Renz, H.; Matricardi, P.; Skevaki, C. Component-Resolved Diagnosis in Allergic Rhinitis and Asthma. J. Appl. Lab. Med. 2019, 3, 883–898. [Google Scholar] [CrossRef] [PubMed]

	



Buhl, R.; Humbert, M.; Bjermer, L.; Chanez, P.; Heaney, L.G.; Pavord, I.; Quirce, S.; Virchow, J.C.; Holgate, S.; Djukanovic, R.; et al. Severe Eosinophilic Asthma: A Roadmap to Consensus. Eur. Respir. J. 2017, 49, 1700634. [Google Scholar] [CrossRef] [PubMed]

	



Pavord, I.; Bahmer, T.; Braido, F.; Cosío, B.G.; Humbert, M.; Idzko, M.; Adamek, L. Severe T2-High Asthma in the Biologics Era: European Experts’ Opinion. Eur. Respir. Rev. 2019, 28, 190054. [Google Scholar] [CrossRef]

	



Wenzel, S.E. Asthma Phenotypes: The Evolution from Clinical to Molecular Approaches. Nat. Med. 2012, 18, 716–725. [Google Scholar] [CrossRef] [PubMed]

	



Woodruff, P.G.; Modrek, B.; Choy, D.F.; Jia, G.; Abbas, A.R.; Ellwanger, A.; Arron, J.R.; Koth, L.L.; Fahy, J.V. T-Helper Type 2-Driven Inflammation Defines Major Subphenotypes of Asthma. Am. J. Respir. Crit. Care Med. 2009, 180, 388–395. [Google Scholar] [CrossRef] [PubMed]

	



Fitzpatrick, A.M.; Chipps, B.E.; Holguin, F.; Woodruff, P.G. T2-"Low" Asthma: Overview and Management Strategies. J. Allergy Clin. Immunol. Pract. 2020, 8, 452–463. [Google Scholar] [CrossRef]

	



Kim, S.D.; Cho, K.S. Samter’s Triad: State of the Art. Clin. Exp. Otorhinolaryngol. 2018, 11, 71–80. [Google Scholar] [CrossRef]

	



Svob Strac, D.; Nedic Erjavec, G.; Nikolac Perkovic, M.; Nenadic-Sviglin, K.; Konjevod, M.; Grubor, M.; Pivac, N. The Association between HTR1B Gene Rs13212041 Polymorphism and Onset of Alcohol Abuse. Neuropsychiatr. Dis. Treat. 2019, 15, 339–347. [Google Scholar] [CrossRef]

	



Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein Measurement with the Folin Phenol Reagent. J. Biol. Chem. 1951, 193, 265–275. [Google Scholar] [CrossRef]

	



Krajl, M. A Rapid Microfluorimetric Determination of Monoamine Oxidase. Biochem. Pharmacol. 1965, 14, 1684–1685. [Google Scholar] [CrossRef]

	



Svob Strac, D.; Kovacic Petrovic, Z.; Nikolac Perkovic, M.; Umolac, D.; Nedic Erjavec, G.; Pivac, N. Platelet Monoamine Oxidase Type B, MAOB Intron 13 and MAOA-UVNTR Polymorphism and Symptoms of Post-Traumatic Stress Disorder. Stress 2016, 19, 362–373. [Google Scholar] [CrossRef] [PubMed]

	



Miller, S.A.; Dykes, D.D.; Polesky, H.F. A Simple Salting out Procedure for Extracting DNA from Human Nucleated Cells. Nucleic Acids Res. 1988, 16, 1215. [Google Scholar] [CrossRef] [PubMed]

	



Barrett, J.C.; Fry, B.; Maller, J.; Daly, M.J. Haploview: Analysis and Visualization of LD and Haplotype Maps. Bioinformatics 2005, 21, 263–265. [Google Scholar] [CrossRef] [PubMed]

	



Flachaire, E.; Beney, C.; Berthier, A.; Salandre, J.; Quincy, C.; Renaud, B. Determination of Reference Values for Serotonin Concentration in Platelets of Healthy Newborns, Children, Adults, and Elderly Subjects by HPLC with Electrochemical Detection. Clin. Chem. 1990, 36, 2117–2120. [Google Scholar] [CrossRef]

	



Kumar, A.M.; Weiss, S.; Fernandez, J.B.; Cruess, D.; Eisdorfer, C. Peripheral Serotonin Levels in Women: Role of Aging and Ethnicity. Gerontology 1998, 44, 211–216. [Google Scholar] [CrossRef]

	



Sagud, M.; Nikolac Perkovic, M.; Vuksan-Cusa, B.; Maravic, A.; Svob Strac, D.; Mihaljevic Peles, A.; Zivkovic, M.; Kusevic, Z.; Pivac, N. A Prospective, Longitudinal Study of Platelet Serotonin and Plasma Brain-Derived Neurotrophic Factor Concentrations in Major Depression: Effects of Vortioxetine Treatment. Psychopharmacology 2016, 233, 3259–3267. [Google Scholar] [CrossRef]

	



Nenadic-Sviglin, K.; Nedic, G.; Nikolac, M.; Kozaric-Kovacic, D.; Stipcevic, T.; Muck Seler, D.; Pivac, N. Suicide Attempt, Smoking, Comorbid Depression, and Platelet Serotonin in Alcohol Dependence. Alcohol 2011, 45, 209–216. [Google Scholar] [CrossRef]

	



Pivac, N.; Mück-Seler, D.; Mustapić, M.; Nenadić-Sviglin, K.; Kozarić-Kovacić, D. Platelet Serotonin Concentration in Alcoholic Subjects. Life Sci. 2004, 76, 521–531. [Google Scholar] [CrossRef]

	



Padmavathi, P.; Reddy, V.D.; Swarnalatha, K.; Hymavathi, R.; Varadacharyulu, N.C. Influence of Altered Hormonal Status on Platelet 5-HT and MAO-B Activity in Cigarette Smokers. Indian J. Clin. Biochem. 2015, 30, 204–209. [Google Scholar] [CrossRef]

	



Nedic Erjavec, G.; Bektic Hodzic, J.; Repovecki, S.; Nikolac Perkovic, M.; Uzun, S.; Kozumplik, O.; Tudor, L.; Mimica, N.; Svob Strac, D.; Pivac, N. Alcohol-Related Phenotypes and Platelet Serotonin Concentration. Alcohol 2021, 97, 41–49. [Google Scholar] [CrossRef]

	



Bridge, T.P.; Soldo, B.J.; Phelps, B.H.; Wise, C.D.; Francak, M.J.; Wyatt, R.J. Platelet Monoamine Oxidase Activity: Demographic Characteristics Contribute to Enzyme Activity Variability. J. Gerontol. 1985, 40, 23–28. [Google Scholar] [CrossRef] [PubMed]

	



Nicotra, A.; Pierucci, F.; Parvez, H.; Senatori, O. Monoamine Oxidase Expression during Development and Aging. Neurotoxicology 2004, 25, 155–165. [Google Scholar] [CrossRef] [PubMed]

	



Fowler, C.J.; Wiberg, A.; Oreland, L.; Marcusson, J.; Winblad, B. The Effect of Age on the Activity and Molecular Properties of Human Brain Monoamine Oxidase. J. Neural Transm. 1980, 49, 1–20. [Google Scholar] [CrossRef] [PubMed]

	



Kornhuber, J.; Konradi, C.; Mack-Burkhardt, F.; Riederer, P.; Heinsen, H.; Beckmann, H. Ontogenesis of Monoamine Oxidase-A and -B in the Human Brain Frontal Cortex. Brain Res. 1989, 499, 81–86. [Google Scholar] [CrossRef] [PubMed]

	



Volchegorskii, I.A.; Shemyakov, S.E.; Turygin, V.V.; Malinovskaya, N.V. Comparative Analysis of Age-Related Changes in Activities of Monoamine Oxidase-B and Antioxidant Defense Enzymes in Various Structures of Human Brain. Bull. Exp. Biol. Med. 2001, 132, 760–762. [Google Scholar] [CrossRef]

	



Anthenelli, R.M.; Tipp, J.; Li, T.K.; Magnes, L.; Schuckit, M.A.; Rice, J.; Daw, W.; Nurnberger, J.I.J. Platelet Monoamine Oxidase Activity in Subgroups of Alcoholics and Controls: Results from the Collaborative Study on the Genetics of Alcoholism. Alcohol. Clin. Exp. Res. 1998, 22, 598–604. [Google Scholar] [CrossRef]

	



Pivac, N.; Knezevic, J.; Mustapic, M.; Dezeljin, M.; Muck-Seler, D.; Kozaric-Kovacic, D.; Balija, M.; Matijevic, T.; Pavelic, J. The Lack of Association between Monoamine Oxidase (MAO) Intron 13 Polymorphism and Platelet MAO-B Activity among Men. Life Sci. 2006, 79, 45–49. [Google Scholar] [CrossRef]

	



Coccini, T.; Randine, G.; Castoldi, A.F.; Balloni, L.; Baiardi, P.; Manzo, L. Lymphocyte Muscarinic Receptors and Platelet Monoamine Oxidase-B as Biomarkers of CNS Function: Effects of Age and Gender in Healthy Humans. Environ. Toxicol. Pharmacol. 2005, 19, 715–720. [Google Scholar] [CrossRef]

	



Snell, L.D.; Glanz, J.; Tabakoff, B. Relationships between Effects of Smoking, Gender, and Alcohol Dependence on Platelet Monoamine Oxidase-B: Activity, Affinity Labeling, and Protein Measurements. Alcohol. Clin. Exp. Res. 2002, 26, 1105–1113. [Google Scholar] [CrossRef]

	



Berlin, I.; Anthenelli, R.M. Monoamine Oxidases and Tobacco Smoking. Int. J. Neuropsychopharmacol. 2001, 4, 33–42. [Google Scholar] [CrossRef]

	



Fowler, J.S.; Logan, J.; Wang, G.-J.; Volkow, N.D. Monoamine Oxidase and Cigarette Smoking. Neurotoxicology 2003, 24, 75–82. [Google Scholar] [CrossRef] [PubMed]

	



Nikolac Perkovic, M.; Svob Strac, D.; Nedic Erjavec, G.; Uzun, S.; Podobnik, J.; Kozumplik, O.; Vlatkovic, S.; Pivac, N. Monoamine Oxidase and Agitation in Psychiatric Patients. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2016, 69, 131–146. [Google Scholar] [CrossRef] [PubMed]

	



Yiallouros, P.K.; Lamnisos, D.; Kolokotroni, O.; Moustaki, M.; Middleton, N. Associations of Body Fat Percent and Body Mass Index with Childhood Asthma by Age and Gender. Obesity 2013, 21, E474–E482. [Google Scholar] [CrossRef]

	



Fenger, R.V.; Gonzalez-Quintela, A.; Vidal, C.; Husemoen, L.-L.; Skaaby, T.; Thuesen, B.H.; Aadahl, M.; Madsen, F.; Linneberg, A. The Longitudinal Relationship of Changes of Adiposity to Changes in Pulmonary Function and Risk of Asthma in a General Adult Population. BMC Pulm. Med. 2014, 14, 208. [Google Scholar] [CrossRef]

	



Shore, S.A.; Fredberg, J.J. Obesity, Smooth Muscle, and Airway Hyperresponsiveness. J. Allergy Clin. Immunol. 2005, 115, 925–927. [Google Scholar] [CrossRef]

	



Dixon, A.E.; Peters, U. The Effect of Obesity on Lung Function. Expert Rev. Respir. Med. 2018, 12, 755–767. [Google Scholar] [CrossRef] [PubMed]

	



Gomez-Llorente, M.A.; Romero, R.; Chueca, N.; Martinez-Cañavate, A.; Gomez-Llorente, C. Obesity and Asthma: A Missing Link. Int. J. Mol. Sci. 2017, 18, 1490. [Google Scholar] [CrossRef]

	



Peters, U.; Dixon, A.E.; Forno, E. Obesity and Asthma. J. Allergy Clin. Immunol. 2018, 141, 1169–1179. [Google Scholar] [CrossRef]

	



Mohanan, S.; Tapp, H.; McWilliams, A.; Dulin, M. Obesity and Asthma: Pathophysiology and Implications for Diagnosis and Management in Primary Care. Exp. Biol. Med. 2014, 239, 1531–1540. [Google Scholar] [CrossRef]

	



McLoughlin, R.F.; McDonald, V.M. The Management of Extrapulmonary Comorbidities and Treatable Traits; Obesity, Physical Inactivity, Anxiety, and Depression, in Adults with Asthma. Front. Allergy 2021, 2, 735030. [Google Scholar] [CrossRef]

	



Holguin, F.; Bleecker, E.R.; Busse, W.W.; Calhoun, W.J.; Castro, M.; Erzurum, S.C.; Fitzpatrick, A.M.; Gaston, B.; Israel, E.; Jarjour, N.N.; et al. Obesity and Asthma: An Association Modified by Age of Asthma Onset. J. Allergy Clin. Immunol. 2011, 127, 1486–1493.e2. [Google Scholar] [CrossRef] [PubMed]

	



Hodge, S.; Bunting, B.P.; Carr, E.; Strain, J.J.; Stewart-Knox, B.J. Obesity, Whole Blood Serotonin and Sex Differences in Healthy Volunteers. Obes. Facts 2012, 5, 399–407. [Google Scholar] [CrossRef]

	



Ritze, Y.; Schollenberger, A.; Hamze Sinno, M.; Bühler, N.; Böhle, M.; Bárdos, G.; Sauer, H.; Mack, I.; Enck, P.; Zipfel, S.; et al. Gastric Ghrelin, GOAT, Leptin, and LeptinR Expression as Well as Peripheral Serotonin Are Dysregulated in Humans with Obesity. Neurogastroenterol. Motil. Off. J. Eur. Gastrointest. Motil. Soc. 2016, 28, 806–815. [Google Scholar] [CrossRef] [PubMed]

	



Binetti, J.; Bertran, L.; Riesco, D.; Aguilar, C.; Martínez, S.; Sabench, F.; Porras, J.A.; Camaron, J.; Del Castillo, D.; Richart, C.; et al. Deregulated Serotonin Pathway in Women with Morbid Obesity and NAFLD. Life 2020, 10, 245. [Google Scholar] [CrossRef] [PubMed]

	



Young, R.L.; Lumsden, A.L.; Martin, A.M.; Schober, G.; Pezos, N.; Thazhath, S.S.; Isaacs, N.J.; Cvijanovic, N.; Sun, E.W.L.; Wu, T.; et al. Augmented Capacity for Peripheral Serotonin Release in Human Obesity. Int. J. Obes. 2018, 42, 1880–1889. [Google Scholar] [CrossRef]

	



Ehrlich, S.; Franke, L.; Schott, R.; Salbach-Andrae, H.; Pfeiffer, E.; Lehmkuhl, U.; Uebelhack, R. Platelet Monoamine Oxidase Activity in Underweight and Weight-Recovered Females with Anorexia Nervosa. Pharmacopsychiatry 2008, 41, 226–231. [Google Scholar] [CrossRef]

	



Malmgren, R.; Olsson, P.; Tornling, G.; Unge, G. The 5-Hydroxytryptamine Take-up Mechanism in Normal Platelets and Platelets from Migraine and Asthmatic Patients. Thromb. Res. 1980, 18, 733–741. [Google Scholar] [CrossRef]

	



Jakubauskiene, E.; Janaviciute, V.; Peciuliene, I.; Söderkvist, P.; Kanopka, A. G/A Polymorphism in Intronic Sequence Affects the Processing of MAO-B Gene in Patients with Parkinson Disease. FEBS Lett. 2012, 586, 3698–3704. [Google Scholar] [CrossRef]

	



Balciuniene, J.; Emilsson, L.; Oreland, L.; Pettersson, U.; Jazin, E. Investigation of the Functional Effect of Monoamine Oxidase Polymorphisms in Human Brain. Hum. Genet. 2002, 110, 1–7. [Google Scholar] [CrossRef]

	



Garpenstrand, H.; Ekblom, J.; Forslund, K.; Rylander, G.; Oreland, L. Platelet Monoamine Oxidase Activity Is Related to MAOB Intron 13 Genotype. J. Neural Transm. 2000, 107, 523–530. [Google Scholar] [CrossRef]

	



Jansson, M.; McCarthy, S.; Sullivan, P.F.; Dickman, P.; Andersson, B.; Oreland, L.; Schalling, M.; Pedersen, N.L. MAOA Haplotypes Associated with Thrombocyte-MAO Activity. BMC Genet. 2005, 6, 46. [Google Scholar] [CrossRef]

	



Girmen, A.S.; Baenziger, J.; Hotamisligil, G.S.; Konradi, C.; Shalish, C.; Sullivan, J.L.; Breakefield, X.O. Relationship between Platelet Monoamine Oxidase B Activity and Alleles at the MAOB Locus. J. Neurochem. 1992, 59, 2063–2066. [Google Scholar] [CrossRef] [PubMed]

	



Nedic Erjavec, G.; Nenadic Sviglin, K.; Nikolac Perkovic, M.; Muck-Seler, D.; Jovanovic, T.; Pivac, N. Association of Gene Polymorphisms Encoding Dopaminergic System Components and Platelet MAO-B Activity with Alcohol Dependence and Alcohol Dependence-Related Phenotypes. Prog. Neuropsychopharmacol. Biol. Psychiatry 2014, 54, 321–327. [Google Scholar] [CrossRef]

	



Pivac, N.; Knezevic, J.; Kozaric-Kovacic, D.; Dezeljin, M.; Mustapic, M.; Rak, D.; Matijevic, T.; Pavelic, J.; Muck-Seler, D. Monoamine Oxidase (MAO) Intron 13 Polymorphism and Platelet MAO-B Activity in Combat-Related Posttraumatic Stress Disorder. J. Affect. Disord. 2007, 103, 131–138. [Google Scholar] [CrossRef] [PubMed]

	



Bakulin, M.P.; Ioffe, E.I. Contents of biologically active substances (histamine and serotonin) in patients with bronchial asthma. Ter. Arkh. 1979, 51, 45–49. [Google Scholar] [PubMed]








[image: Biomolecules 13 00800 g001 550] 





Figure 1. (A) Platelet 5-HT concentrations were significantly lower (p = 0.0008, Mann-Whitney test), and (B) platelet MAO-B activity was significantly higher (p < 0.0001, Mann-Whitney test) in asthma patients in comparison to control subjects. FC = fold change. 
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Figure 2. (A) Platelet 5-HT concentrations (p = 0.38, Mann-Whitney test) and (B) platelet MAO-B activity (p = 0.80, Mann-Whitney test) were not significantly different between the non-severe and severe asthma patients. FC = fold change. 
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Figure 3. LD plot for HTR2A, HTR2C and MAOB polymorphisms in the total sample. Pairwise SNP (D′) values (×100) of linkage and haplotype blocks are shown in the diamonds. Dark-red blocks indicate SNP pairs without evidence of extensive recombination. 
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Table 1. Platelet 5-HT concentration and platelet MAO-B activity in control subjects and asthma patients carrying different genotypes and alleles of the HTR2A (rs6314 and rs6313), and HTR2C (rs3813929 and rs518147), as well as MAOB (rs1799836 and rs6651806) polymorphisms, respectively.
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SNP

	
Platelet 5-HT Concentration (nmol/mg Protein)




	
HTR2A/C

	
Genotypes

	

	
Carriers

	

	
Carriers

	






	
rs6314

	
AA

	
AG

	
GG

	

	
A

	
GG

	

	
G

	
AA

	




	
Control subjects

	
1.52

0.93; -

	
1.04

0.75; 1.70

	
0.91

0.69; 1.54

	
p = 0.28

	
1.04

0.78; 1.80

	
0.91

0.69; 1.54

	
p = 0.14;

U = 1257.0

	
0.96

0.71; 1.63

	
1.52

0.93; -

	
p = 0.42;

U = 75.0




	
Asthma patients

	
0.79

0.79; 0.7

	
0.88

0.69; 1.19

	
0.79

0.59; 1.07

	
p = 0.41

	
0.85

0.69; 1.18

	
0.79

0.59; 1.07

	
p = 0.19;

U = 1079.0

	
0.82

0.62; 1.09

	
0.79

0.79; 0.79

	
p = 0.97;

U = 57.0




	
rs6313

	
AA

	
AG

	
GG

	

	
A

	
GG

	

	
G

	
AA

	




	
Control subjects

	
0.94

0.73; 1.6

	
1.01

0.74; 1.54

	
0.92

0.70; 1.66

	
p = 0.97

	
0.98

0.74; 1.61

	
0.92

0.70; 1.66

	
p = 0.84;

U = 1522.0

	
0.98

0.71; 1.61

	
0.94

0.73; 1.68

	
p = 0.85;

U = 1179.0




	
Asthma patients

	
0.81

0.62; 1.1

	
0.75

0.61; 1.09

	
0.89

0.65; 1.09

	
p = 0.39

	
0.76

0.62; 1.09

	
0.89

0.65; 1.09

	
p = 0.22;

U = 1487.0

	
0.82

0.62; 1.09

	
0.81

0.62; 1.15

	
p = 0.90;

U = 1022.0




	
rs3813929

	
CC

	
CT

	
TT

	

	
C

	
TT

	

	
T

	
CC

	




	
Control subjects

	
1.03

0.74; 1.66

	
0.86

0.66; 1.22

	
0.92

0.78; 1.53

	
p = 0.54

	
0.98

0.71; 1.66

	
0.92

0.78; 1.53

	
p = 1.00;

U = 742.0

	
0.90

0.70; 1.28

	
1.03

0.74; 1.66

	
p = 0.40;

U = 1182.0




	
Asthma patients

	
0.82

0.55; 1.09

	
0.76

0.64; 1.12

	
0.76

0.56; 0.97

	
p = 0.83

	
0.82

0.62; 1.09

	
0.76

0.56; 0.97

	
p = 0.60;

U = 299.0

	
0.76

0.64; 1.10

	
0.82

0.55; 1.09

	
p = 0.97;

U = 1110.0




	
rs518147

	
CC

	
CG

	
GG

	

	
C

	
GG

	

	
G

	
CC

	




	
Control

subjects

	
1.04

0.80; 2.05

	
0.86

0.68; 1.13

	
0.99

0.65; 1.60

	
p = 0.20

	
0.94

0.73; 1.67

	
0.99

0.65; 1.60

	
p = 0.70;

U = 1720.0

	
0.94

0.68; 1.55

	
1.04

0.80; 2.05

	
p = 0.12;

U = 1220.0




	
Asthma patients

	
0.82

0.59; 1.08

	
0.76

0.66; 1.11

	
0.79

0.58; 1.09

	
p = 0.78

	
0.82

0.64; 1.09

	
0.79

0.58; 1.09

	
p = 0.50;

U = 1661.0

	
0.78

0.61; 1.09

	
0.82

0.59; 1.08

	
p = 0.74;

U = 1500.0




	
MAOB

	
Platelet MAO-B activity (nmol/mg of protein per hour)




	
rs1799836

	
CC

	
CT

	
TT

	

	
T

	
CC

	

	
C

	
TT

	




	
Control subjects

	
36.72

25.80; 59.67

	
40.94

31.52; 52.86

	
28.08

22.58; 41.41

	
p = 0.013

	
32.23

25.70; 51.08

	
36.72

25.80; 59.67

	
p = 0.40;

U = 1532.0

	
38.85

28.61; 58.44

	
28.08

22.58; 41.41

	
p = 0.008

U = 1256.0




	
Asthma patients

	
41.45

31.22; 54.13

	
46.42

35.21; 65.73

	
41.45

34.66; 56.16

	
p = 0.11

	
43.76

35.26; 61.56

	
41.45

31.22; 54.13

	
p = 0.14;

U = 1257.0

	
44.72

34.07; 58.94

	
41.45

34.66; 56.16

	
p = 0.59;

U = 1602.5




	
rs6651806

	
AA

	
AC

	
CC

	

	
A

	
CC

	

	
C

	
AA

	




	
Control subjects

	
29.81

25.07; 51.12

	
41.92

31.52; 61.61

	
30.24

21.77; 49.29

	
p = 0.03

	
34.13

25.73; 51.31

	
30.24

21.77; 49.29

	
p = 0.55;

U = 1129.0

	
36.88

28.99; 58.69

	
29.81

25.07; 51.12

	
p = 0.10;

U = 1438.0




	
Asthma patients

	
41.63

34.01; 59.69

	
45.36

35.36; 61.99

	
47.40

31.41; 56.31

	
p = 0.85

	
42.62

35.08; 59.90

	
47.40

31.41; 56.31

	
p = 0.69;

U = 1114.0

	
45.76

33.72; 57.76

	
41.63

34.01; 59.69

	
p = 0.93;

U = 1708.5








Platelet 5-HT concentration and platelet MAO-B activity are presented as median with 25th (Q1) and 75th (Q3) percentiles and compared in carriers of different genotypes (Kruskal-Wallis test) and alleles (Mann-Whitney test).
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Table 2. The association of platelet 5-HT concentration and platelet MAO-B activity with clinical parameters of asthma patients.
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Clinical Parameters

	
Platelet 5-HT Concentration

(nmol/mg Protein)

	
Platelet MAO-B Activity

(nmol/mg of Protein Per Hour)

	






	
Total Serum IgE (IU/mL)

	
p = 0.52; r = 0.06

	
p = 0.66; r = 0.04

	
Spearman correlation




	
Blood eosinophils (×109/L)

	
p = 0.63; r = 0.04

	
p = 0.39; r = 0.08




	
Blood neutrophils (×109/L)

	
p = 0.52; r = 0.06

	
p = 0.02; r = 0.21




	
FENO (ppb)

	
p = 0.99; r = −0.001

	
p = 0.70; r = −0.04




	
FEV1 (% of predicted value)

	
p = 0.92; r = 0.01

	
p = 0.60; r = 0.05




	
FVC (% of predicted value)

	
p = 0.28; r = 0.10

	
p = 0.21; r = 0.11




	
PEF (% of predicted value)

	
p = 0.20; r = −0.12

	
p = 0.73; r = −0.03




	
DLCO (%)

	
p = 0.20; r = −0.12

	
p = 0.78; r = −0.03




	
Duration of disease (years)

	
p = 0.99; r = −0.001

	
p = 0.63; r = 0.04




	
Comorbidities (N)

	
p = 0.88; r = −0.01

	
p = 0.61; r = 0.05




	
Penicillin allergy

	
p = 0.28; U = 1018.0

	
p = 0.86; U = 1159.0

	
Mann-Whitney test




	
Nutritive allergy

	
p = 0.69; U = 602.0

	
p = 0.43; U = 556.0




	
Animal dander/feather allergy

	
p = 0.71; U = 866.5

	
p = 0.08; U = 678.0




	
Dust allergy

	
p = 0.66; U = 1676.0

	
p = 0.12; U = 1469.0




	
Pollen allergy

	
p = 0.30; U = 1578.0

	
p = 0.02; U = 1345.0




	
Fungal/mould allergy

	
p = 0.34; U = 401.50

	
p = 0.86; U = 481.5




	
Early onset of asthma (age < 12 years)

	
p = 0.99; U = 1039.0

	
p = 0.90; U = 1021.0




	
History of pneumonia

	
p = 0.77; U = 997.5

	
p = 0.57; U = 957.5




	
Emergency intervention (ever)

	
p = 0.82; U = 1341.0

	
p = 0.55; U = 1280.0




	
Hospitalization for asthma (ever)

	
p = 0.16; U = 1529.0

	
p = 0.73; U = 1732.0




	
Nasal polyps

	
p = 0.38; U = 1104.0

	
p = 0.62; U = 1164.0




	
Aspirin sensitivity

	
p = 0.27; U = 472.5

	
p = 0.90; U = 580.0




	
Allergen specific immunotherapy

	
p = 0.89; U = 770.5

	
p = 0.71; U = 740.0




	
Oral corticosteroid therapy

	
p = 0.59; U = 1262.0

	
p = 0.09; U = 1067.0




	
Biological therapy

	
p = 0.08; U = 751.5

	
p = 0.33; U = 860.5








DLCO = diffusing capacity of the lung for carbon monoxide; FeNO = fractional exhaled nitric oxide; FEV1 = forced expiratory volume in one second; FVC = forced vital capacity; IgE = immunoglobulin E; PEF = peak expiratory flow; ppb = parts per billion.
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Table 3. Platelet 5-HT concentration and platelet MAO-B activity in patients with different asthma phenotypes.
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Asthma Phenotypes

	
Platelet 5-HT Concentration

(nmol/mg Protein)

	

	
Platelet MAO-B Activity

(nmol/mg of Protein Per Hour)

	






	
T2-high (N = 94)

T2-low (N = 26)

	
0.79 (0.62; 1.09)

	
p = 0.73;

U = 1168.00

FC = 0.95

	
42.98 (35.30; 58.48)

	
p = 0.60;

U = 1140.00

FC = 0.96




	
0.91 (0.60; 1.09)

	
44.27 (31.81; 58.98)




	
Non-allergic (N = 42)

Allergic (N = 78)

	
0.85 (0.62; 1.18)

	
p = 0.77;

U = 1585.00

FC = 1.02

	
37.79 (31.67; 57.17)

	
p = 0.047;

U = 1278.00

FC = 1.13




	
0.77 (0.62; 1.08)

	
44.87 (36.73; 58.60)




	
Non-eosinophilic (N = 73)

Eosinophilic (N = 47)

	
0.81 (0.62; 1.05)

	
p = 0.39;

U = 1554.00

FC = 1.09

	
41.91 (33.63; 59.14)

	
p = 0.57;

U = 1609.00

FC = 1.03




	
0.86 (0.64; 1.19)

	
44.61 (35.32; 57.49)




	
Non-AERD (N = 111)

AERD (N = 9)

	
0.81 (0.62; 1.08)

	
p = 0.42;

U = 413.50

FC = 1.05

	
43.15 (34.07; 58.60)

	
p = 0.71;

U = 457.00

FC = 0.95




	
0.82 (0.69; 1.31)

	
36.50 (33.93; 57.21)








Platelet 5-HT concentration and MAO-B activity are presented as median with 25th (Q1) and 75th (Q3) percentiles and compared in patients with different asthma phenotypes using the Mann-Whitney test; AERD = aspirin-exacerbated respiratory disease. FC = fold change.
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Table 4. The summary of findings regarding 5-HT levels, MAO-B activity, and HTR and MAOB gene variants in asthma.
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	Findings
	Sample Type/Method
	Study





	↓ 5-HT platelet concentration and

↑ MAO-B platelet activity in asthma patients

no association of HTR2A, HTR2C and MAOB polymorphisms with asthma
	human platelets/spectrofluorometry

human DNA samples/Real-Time PCR
	this study



	5-HT2 activation decreases airway hyperresponsiveness
	BALB/c mice (BALF)/PCR, multiplex assays
	[38]



	↑ HTR2A gene expression in asthma patients vs. control group
	human mononuclear cells/Real-Time PCR
	[39]



	↑ 5HTR2A gene expression in asthma patients vs. control group
	human PBMCs/Real-Time PCR
	[45]



	5-HT2 receptor activation has anti-inflammatory effects
	BALB/c mice (BALF)/Real-Time PCR, ELISA
	[46]



	↑ 5HTR2A gene expression in allergic asthma patients vs. control group

no changes in MAO-A expression
	human PBMCs/Real-Time PCR
	[44]



	↑ 5-HT levels in BALF of asthma patients

↓ 5-HT in the serum of asthma patients
	mouse model and human samples (BALF, cell supernatant, plasma, serum)/enzyme immunoassay
	[14]



	↑ frequency of HTR4 alleles (+142828G>A and +122769G>A) in asthma patients

↑ frequency of haplotype 1 in block 2

↓ frequency of haplotype 4 in block 3
	human DNA samples/Real-Time PCR
	[41]



	↑ MAO plasma activity and

↓ levels of platelet 5-HT and histamine in asthma patients
	human plasma and platelets
	[23]



	↑ free 5-HT levels in symptomatic asthma patients vs. asymptomatic patients
	human plasma/HPLC-ECD
	[13,15]



	no association between HTR2 variants and bronchial asthma
	human DNA samples/MspI restriction polymorphism
	[37]



	altered active 5-HT-transport in asthma patients vs. control group

↑ 5-HT plasma levels
	human plasma (PPP/PRP)/14C- 5-HT uptake
	[22,100]



	↑ 5-HT during an asthma attack
	human blood/fluorometry
	[108]



	↓ 5-HT uptake in acetylsalicylic acid-induced asthmatic patients vs. control group
	human plasma (PPP/PRP)/14C- 5-HT uptake
	[21]



	↑ 5-HT serum levels in allergic subjects vs. control group
	human and guinea pigs serum/spectrofluorometry
	[47]







5-HT = serotonin; HPLC-ECD = high performance liquid chromatography with electrochemical detection; BALF = bronchoalveolar fluid; PPP = platelet poor plasma; PRP = platelet rich plasma; MAO = monoamine oxidase; PCR = polymerase chain reaction; PBMCs = peripheral blood mononuclear cells; ELISA = enzyme-linked immunosorbent assay.
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