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Mood disorders and 5-HTR2A genetic variants
— the moderator effect of inflammation
on expression of affective polarity phenotype
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Abstract

Background Although repeatedly confirmed, the molecular nature of gene-environment (GxE) interactions has
rarely been investigated in the clinical context of mood disorders. This study assesses the relationship between HTR2A
genetic variants and the modulatory effect of inflammation in a collective cohort of patients with major depressive
disorder (MDD) and bipolar disorder (BD), as a unified group with two distinct phenotypes.

Methods The study included 138 patients with acute mood episodes (BD =83; MDD =55). HTR2A rs6313 and rs6314
genotyping was performed while measuring platelet-derived indicators of inflammation (platelet count (PLT), mean
platelet volume (MPV), plateletcrit, and platelet distribution width) and the MPV/PLT ratio.

Results The HTR2A rs6313 variant is a significant predictor of the polarity phenotype in mood disorders, with the
MPV/PLT ratio moderating this relationship, but only under low-inflammatory conditions. In more pronounced
inflammatory states, genetic influences lose their predictive role.

Conclusions To our knowledge, this is the first study to investigate the complex interplay between platelet-
derived indicators of inflammation and HTR2A variants in the context of mood disorders. Without pro-inflammatory
conditions, mood disorders seem to be more genetically determined. Under pro-inflammatory conditions,
phenotypic presentation is less dependent on genetic factors. GxE interactions in mood disorders are multifaceted,
context-dependent and relevant for assessing their clinical presentation and course.
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Background

Mood disorders affect millions of individuals and cause
considerable social, economic, and personal burden [1,
2]. The two most important phenotypic expressions of
mood disorders, major depressive disorder (MDD) and
bipolar disorder (BD), share a part of their clinical pre-
sentation, leaving almost 60% of BD patients misdiag-
nosed at their first episode, further increasing the burden
of BD [3, 4]. Moreover, the conversion rate of MDD to BD
is high, and it is likely that more than one in ten patients
diagnosed with MDD will convert to BD within a decade
[5, 6]. However, the two disorders significantly differ in
course, prognosis and treatment, making timely identifi-
cation of discriminating factors of crucial importance.

Both MDD and BD are believed to stem from a com-
plex interplay of genetic susceptibility and factors
mediating that susceptibility [7]. In that sense, there
is increasing evidence that inflammation shapes the
already present vulnerability of the serotonergic system
[4, 7]. Despite advancements in psychiatric research,
the precise etiological mechanisms connecting the two
and defining phenotypic expressions of mood disorders
remain elusive.

Various streams of evidence suggest a connection
between the clinical presentation of mood disorders and
alterations in serotonin (5-hydroxytryptamine, 5-HT)
receptor genetic variants. The serotonin receptor 2 A
(5-HTR2A) genetic variants, specifically rs6313 (T102C)
and rs6314 (C1354T or His452Tyr/H452Y), have gath-
ered particular attention due to their potential role in
affecting receptor function, thus influencing mood reg-
ulation. At the same time, they have been implicated
in multiple psychiatric disorders or their symptoms,
although not consistently. Namely, rs6313 variant is asso-
ciated with a variety of symptoms in depressed patients,
including anxiety and neuroticism, but also suicidal-
ity, impulsivity, and seasonal mood variations [8-12].
Furthermore, rs6313 has been linked to antidepressant-
induced dysphoria in patients with misdiagnosed bipolar
spectrum disorders [13], suggesting its significance in
both unipolar and bipolar phenotypes of mood disorders.
Although the rs6313 is a silent mutation (the receptor
with a T to C substitution on rs6313 remains the same),
the presence of mood disorders has almost exclusively
been related to the C allele. This suggests that the func-
tional significance of receptor properties is most prob-
ably subject to environmentally mediated epigenetic
changes [14].

Another genetic variant of the 5-HTR2A receptor,
rs6314, has been implicated in altered receptor expres-
sion and functionality, leading to decreased working
memory and attention. It has also been linked to altera-
tions in the synaptic plasticity mechanisms related to
5-HT2AR signaling and its interplay with the glutamate

Page 2 of 12

system, as well as to hippocampal volume and activation
[15]. At the same time, it has been associated with MDD,
antidepressant treatment response and lack of remission,
suggesting its role in the development of unipolar depres-
sion [16, 17]. It has also been related to the occurrence
of postpartum depression, a condition frequently related
to the onset episode of bipolar disorder [18], while other
studies have shown it to be part of the vulnerability
haplotype of BD [19]. However, the data regarding the
association of the polymorphism with specific mood
symptoms, or with unipolar or bipolar disorders, have
not been consistent [20-22].

The link between affective disorders and the immune
system has also been repeatedly demonstrated, so much
so that they are thought to be significantly shaped by
immune-mediated epigenetic processes [7, 23]. MDD has
been frequently related to both pro-inflammatory and
regulatory immune mediators, while BD has been asso-
ciated with more pronounced, mostly pro-inflammatory
conditions [4, 24]. In these states, various immune medi-
ators interact with several pathways implicated in mood
disorders, including the serotonergic system [25, 26],
redirecting tryptophan metabolism towards the kynuren-
ine pathway, thereby decreasing serotonin availability
[26]. However, some studies indicate that this effect is not
caused by changes in serotonin levels directly but rather
by immune-mediated changes in the 5-HTR2A receptor
[27].

Platelets are involved in these processes and are consid-
ered to be indicators of the inflammatory state and a link
connecting mental disorders and inflammation. Interest-
ingly, they exhibit some similarities with neurons, includ-
ing serotonin trafficking. Human platelets also express
functional 5-HTR2A receptors, reflecting their central
nervous system (CNS) activation [28-30]. Simultane-
ously, the rs6314 T allele was found to influence plate-
let aggregation in response to serotonin [31, 32], while
rs6313 has been associated with somatic disorders con-
nected to aberrant platelet functioning [33, 34]. Several
platelet-related parameters of inflammation have also
been investigated as potential indicators of immune acti-
vation in mood disorders. For instance, increased mean
platelet volume (MPV), a marker of platelet activation,
has been considered to be indicative of the intensity of
inflammatory processes but also is subjective to habits
and lifestyle. Moreover, it has proven to provide impor-
tant information on the course and prognosis of many
pathological conditions, including psychiatric disorders
[35, 36]. Elevated MPV has been associated with MDD
[37, 38], while antidepressant treatment has been found
to restore MPV levels within physiological ranges [39].
Plateletcrit (PCT), defined as percentage of platelet mass
to the whole blood volume and an indicator of immune
activation, has also been used to assess the degree of
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inflammation. In mood disorders, it has been altered
during manic episodes [40], and the same was noted for
both absolute platelet count (PLT) and MPV [40, 41].
Moreover, when comparing MDD, BD and healthy sub-
jects, patients with BD show the highest MPV, and the
lowest PLT, followed by MDD and healthy individuals,
indicating that the state of inflammation gradually ele-
vates according to the severity of psychopathology [36].
The relationship between MPV and PLT, has been proven
to be a powerful prognostic marker and indicator of
inflammation. It has also proven to be more informative
than MPV as a predictor of long-term mortality in many
disorders [42]. However, to the best of our knowledge it
has not been previously assessed in mood disorders [43].
Also, the studies even less explore the implication of indi-
cators of inflammation on functioning of serotonergic
system, namely HTR2A variants, in mood disorders.

Thus, this study aimed to assess the nature of the rela-
tionship between genetic variants in HTR2A—specifi-
cally, rs6313 and rs6314—and the modulatory effect of
platelet-related indicators of immune activation in a col-
lective cohort of patients diagnosed with MDD and BD,
as a unified group with two distinct phenotypes.

Methods

Patients and study design

The required sample size to obtain a power of 1-$=0.80
at a=0.05 was calculated to be fifty-one subjects per
group for determining the intergroup differences. One
hundred-seventy-nine patients hospitalized at the
Clinic for Psychiatry, University Clinical Centre of Ser-
bia, Belgrade, for the treatment of acute mood episode
(MDD=78 and BD=101) provided written informed
consent to participate in the study. Subsequent screening
for inclusion/exclusion criteria derived a final sample of
138 patients with mood disorders (bipolar affective phe-
notype/bipolar disorder (BD=83 (39 in manic episode
and 44 in depressive episode) or unipolar affective phe-
notype/major depressive disorder (MDD =55)). The study
was approved by the Ethics Committee of the Clinical
Centre of Serbia (3672/10 and 4072/5) and conducted in
accordance with the Helsinki Declaration of 1989 and the
recommendations of the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) State-
ment. In the patient’s group, psychiatric diagnosis was
confirmed on the basis of the ICD-10 and the Mini-Inter-
national Neuropsychiatric Interview (MINI) [44, 45].

The severity of depressive symptoms was assessed
with the Hamilton Depression Rating Scale (HDRS) [46].
Manic symptoms were evaluated by Young Mania Rat-
ing Scale (YMRS) [47]. The Brief Psychiatric Rating Scale
(BPRS) was used to assess the overall level of psychiat-
ric symptoms, additionally using 5 subscales to assess
the severity of particular groups of symptoms: Affect;
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Positive Symptoms; Negative Symptoms; Resistance;
and Activation [48]. Patients were enrolled in the study
if they met the following criteria: (a) their baseline HDRS
was >18 points (in a depressive episode) or their baseline
YMRS score was =20 points (in a manic episode), and (b)
complete data regarding socio-demographic informa-
tion, course of illness information, immune indicators
and genetic variants. Remission was defined as HDRS
score<7 and YMRS<8 [46, 49, 50]. All psychometric
testing was done at two time points. The initial assess-
ment was done within three days upon the admission.
The second assessment was done on the day of the dis-
charge and if, upon psychometric testing, the patients
reached study remission criteria they were included in
the final sample.

Diagnosis and psychometric evaluations were made
by two blinded, licensed psychiatrists through complete
semi-structured interviews in combination with all other
available data from medical records. The exclusion cri-
teria were as follows: (a) the history or current diagno-
sis of any other ICD-10 disorder excluding personality
disorders, (b)>8 mood episodes within the previous 12
months, (c) the history of treatment resistance, (d) medi-
cal conditions associated with changes in inflammatory
response [51], and (e) sociodemographic characteristics
previously associated with alterations of immune media-
tors [51]: obesity [body mass index (BMI)>30 kg/m?] or
undernutrition with recent weight loss, and smoking>20
cigarettes/day. In addition, all patients were screened for
acute infection by a complete physical examination, body
temperature quantification, erythrocyte sedimentation
rate, complete blood count, hepatic enzymes, and elec-
trolytes. All biochemical measurements were conducted
by investigators who were blinded to the diagnostic sta-
tus of the patients.

Biochemical analysis

Blood samples were taken from the antecubital veins of
patients between 7 a.m. and 8 a.m. after an overnight
fast. The first blood samples were taken within three days
upon the admission, while the second blood samples
were drawn on the day of the discharge, if upon psycho-
metric testing, the patients reached remission in accor-
dance with the study criteria.

For the measurement of complete blood cell charac-
teristics (PLT, MPV, PCT and platelet distribution width
- PDW), blood was collected using Vacutainer plastic
blood collection tubes containing EDTA as an anticoagu-
lant and was analyzed in an automated blood cell coun-
ter (Beckman Coulter LH 750, Fullerton, CA, USA). The
MPV/PLT ratio was calculated by dividing the MPV with
the absolute PLT.
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Genetic analysis

DNA was isolated from blood samples of all subjects
using the QIA amp DNA Blood Mini Kit (Qiagen, Hilden,
Germany). Genotyping of the HTR2A rs6313 and rs6314
genetic variants was performed as previously described
[52].

Statistical analysis

The data were analyzed using the Software Package
for Social Sciences for Windows v.26.0 (SPSS Inc. Chi-
cago, IL), PROCESS macro for SPSS. The Kolmogorov—
Smirnov test was used to determine the normality of the
distribution of the numerical values.

There is a lack of confidence about the functional
effects of the T and C alleles of the HTR2A rs6313 and
rs6314 genetic variants. In order to study the effect of the
T and C alleles in a systematic and unbiased way and to
minimize the chance of a type II error three models were
considered for both variants (a) recessive: TT homozy-
gote versus C allele carriers, (b) dominant: T allele car-
riers versus CC homozygote, and (c) additive: TT versus
CT versus CC genotype. As there was no rs6314 TT
homozygote among studied patients only heterozygous
T allele carriers (CT) versus CC homozygote were tested.
Bearing in mind the number of different genetic models
we included, in order to avoid risk of type I error in test
including genetic variants, results were considered to be
significant only if p-value was <0.023 [53].

The data are described using standard descriptive sta-
tistics (i.e., frequencies and percentages for attributive
variables and mean value with standard deviation for
numeric variables). For discrete variables, x*, with conti-
nuity correction according to Yates or Fisher’s exact prob-
ability test were used. To compare the variables between
the groups t-test between two groups and one-way anal-
ysis of variance (ANOVA) among multiple groups were
used.

Multivariable analysis, after adjusting for potential
confounding factors, was performed by ANCOVA to
assess the differences in the levels of immune mediators
between the study groups. Adjustment for multiple test-
ing was carried out by post-hoc LSD test. To estimate the
association between immune mediators’ levels and clini-
cal variables, the partial correlation coefficients control-
ling for age and sex were calculated.

Confounding factors mutual for all analyses were age
and sex. Other confounding factors were added in accor-
dance to the phase of the disorder (acute or remission).
Namely, for all multivariable assessments (ANCOVA,
partial correlation) involving immune mediators, the
analyses of the total patient sample were additionally
covaried for type of affective episode (mania/depres-
sion), in the acute phase. In remission, for all assess-
ments involving immune mediators, the analyses of the
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total patient sample were additionally covaried for type
of the disorder (unipolar depression/bipolar disorder).
For the multivariable assessments (ANCOVA) including
genetic variants and clinical characteristics, all analyses
were also covaried for type of the disorder. Finally, mod-
eration analyses were performed using PROCESS (macro
for SPSS) [54], based on ordinary least square regression
within path analytical framework. Given that 5-HTR2A
genetic variants, indicators of inflammation and affective
phenotype expression were interrelated, we investigated
the association between the biological markers and affec-
tive phenotype of the mood disorders, controlling for
potential confounding factors. Using two separate mod-
els, we examined the moderating effects of inflammation
on the relationship between HTR2A variants as predic-
tors and affective phenotype expression as dependent
variable. Age, sex, and type of the current affective epi-
sode were included as covariates.

To increase the precision of the data bootstrapping
method was used in all testing. Adjusted odds ratios
with 95% confidence interval (95% CI) were computed.
The results were regarded as statistically significant only
if both p-value was <0.05 and confidence intervals (CI)
were adequate.

Results

HTR2A variants and indicators of inflammation in patients
with mood disorders

Socio-demographic and clinical characteristics of the
study groups as well as HTR2A variants and indicators
of inflammation of subjects in our study are shown in
Table 1.

HTR2A variants and clinical characteristics

We explored HTR2A rs6313 and rs6314 variants in
regard to phenotypic expression of the mood disorder,
severity of the psychopathology and characteristics of the
course of illness.

For rs6313, C allele carriers more frequently presented
with bipolar phenotype of mood disorder (p=0.012). On
the other hand, compared to CC homozygotes, rs6314
T allele carriers had an earlier age of onset (CC homo-
zygotes: 34.13%£11.23, T allele carriers: 33.40+14.18,
F=25.636, p=0.000), longer duration of untreated dis-
order (CC homozygotes: 17.26+£28.21, T allele carriers:
66.85+75.00, F=9.852, p=0.000), more affective epi-
sodes (CC homozygotes: 7.39+4.43, T allele carriers:
9.07£9.81, F=16.698, p=0.000) and more inpatient treat-
ments (CC homozygotes: 5.49+4.02, T allele carriers:
8.55x11.61, F=11.705, p=0.000).

Indicators of inflammation and clinical characteristics
The patients with mood disorders did not differ in the
MPV, PLT, PCT, PDW or MPV/PLT in regard to the



Pantovic-Stefanovic et al. BMC Psychiatry (2024) 24:747

Page 5 of 12

Table 1 Socio-demographic, clinical, genetic and blood cells characteristics of the study groups

Socio-demographic variables BD group (n=83) MDD (n=55) BD vs. MDD (p-value)
Acute phase  Remission phase  Acute phase Remission phase Acute phase Remission phase
Sex (female, %) 63.60 65.5 %0.084
Age (years) 4561+11.05 52.50+9.64 50.000
BMI (kg/m?) 25334401 23124137 £0.004
Smoking (cigarettes/day) 14.28+5.26 1047£10.52 ©0.002
Marital state (with partner, %) 4270 76.40 20.000
Education (years) 12784215 11.2842.25 £0.004
Clinical variables
Age of onset (years) 2743+890 3998+11.22 50.001
Duration of illness (years) 18.18+£10.24 11.86+£852 50,002
Number of previous episodes 10.39+7.19 5.39+3.09 50.002
Number of inpatient treatments ~ 7.77+7.21 428+3.45 £0.007
Number of suicide attempts 0.85+ 144 0.72+1.09 b0.795
Family history (n, %)
Psychosis 12.04 9.10 40.531
Mood disorders 5542 42.30 0.083
Suicide attempts/suicide 2892 2550 0474
Psychotropic treatment (n, %)
Antidepressants 25.60 100.00 40.000
Mood stabilizers 84.61 3770 40.000
Antipsychotics 69.50 26.90 40.000
Time to remission 49.80+17.73 48.00+9.27 ®0.361
Psychometric properties
BPRS 30.57+10.95 937+7.71 36.36+7.37 353+2.79 50.003 £0.001
BPRS Positive Symptoms 571+£517 1784272 5.08+2.00 0.58+0.75 ®0.307 £0.001
BPRS Affect 9.65+3.87 298+2.50 12.66+257 1.02+0.97 £0.000 £0.000
BPRS Negative Symptoms 4.65+3.88 151+1.77 857+2.72 047+0.79 50.000 £0.000
BPRS Resistance 456+4.17 1704265 400+1.44 0514077 ®0.269 £0.001
BPRS Activation 538+2.03 1.55+1.18 6.06+1.62 094+1.15 50.605 £0.007
HAM-D 205141129  3.94+274 26.08+5.34 9+245 ®0.001 £0.736
YMRS 15.89+1245 2.89+2.69 0.55+091 0.56+0.93 £0.001 ©0.001
HTR2Avariants
rs6313TT vs. CTvs. CC 3.3/557/41.0 18.9/41.5/39.6 0.000
rs 6314 (TT vs. CT) vs. CC 13.1/86.9 226/ 774 40.139
Blood cell characteristics
White blood cell count (x10) 7154251 7.69+2.41 693+2.13 6.94+155 €0.457 €0.734
Platelets (N) 23516+£67.39  22449+68.84 229.28+6191 259.01+9298 €0.829 €0.141
Mean platelet volume 8.59+0.97 8.67+0.96 8.59+0.67 8.31+065 €0.146 €0.852
Plateletcrit 0.20+0.04 0.18+0.04 0.19+0.05 0.78+227 €0.690 <0534
Platelet distribution width 16.39+042 16.66+0.57 16.61+£0.66 15.70+£4.20 €0.379 0616
MPV / PLT ratio 040+0.11 0.38+0.01 041+0.12 0.50£0.50 €0.703 €0.667

Values are meanststandard deviations unless otherwise stated

2Chi-squared test; bIndependent samples t-test; “Analysis of covariance (ANCOVA)

Abbreviations: BMI, body mass index; BD, bipolar disorder; MDD, major depressive disorder; BPRS, Brief Psychiatric Rating Scale; HDRS, Hamilton Depression Rating
Scale; YMRS, Young Mania Rating Scale; PLT, absolute platelet count; MPV, mean platelet volume; PCT, plateletcrit; PDW, platelet distribution width

different affective phenotypes (unipolar vs. bipolar), in
acute phase and subsequent remission (Table 1).

During the exacerbation of the illness, patients with
mood disorders and higher MPV/PLT had more severe
overall pathology, as measured by the BPRS score
(r=0.303, p=0.017). More specifically, the MPV/PLT
was significantly related to the BPRS thinking sub-
score (r=0.230, p=0.033) and exhibited a trend towards

significance in regard to the severity of depressive symp-
toms measured by the HAMD (r=0.204, p=0.056). Like-
wise, a lower PLT and lower PCT correlated with overall
severity of the pathology (PLT: r=-0.354, p=0.005; PCT:
r=-0.396, p=0.003), as well as disturbances in think-
ing (PLT: r=-0.244, p=0.024; PCT: r=-0.221, p=0.048)
and activation (PLT: r=-0.275, p=0.011; PCT: r=-0.293,
p=0.008), as measured by the BPRS.
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[ Moderator: MPV/PLT

Independent
variable:
HTR2Ars6313

Dependent variable:

T allele carriers vs.
CC homozygotes

Interaction: § = -2.459*

Bipolar vs. unipolar
affective phenotype
presentation

) 4

Fig. 1 Model of moderation effect of MPV/PLT on relationship between HTR2A rs6313 and affective phenotype expression

Table 2 Moderation effect of MPV/PLT values on HTR2A rs6313 variant and affective phenotype relationship

B SE z 95% ClI p
Constant -23.485 19665.659 —-0.001 -38567.469-38520.498 0.999
MPV / PLT ratio -10.285 27.021 —-0.380 -63.246-42.6759 0.703
rs 6313 variant -0.748 0.719 -1.040 -2.159-0.662 0.298
Age -0.032 0.028 -1.140 -0.0871-0.023 0.254
Sex 1442 0.800 1.802 -0.126-3.011 0.072
Type of the episode 22956 19665.658 0.001 -38521.027 - 38566.940 0.999
rs 6313 variant X MPV / PLT ratio 140.199 59.086 2373 24.392-256.006 0.017

Abbreviations: PLT, absolute platelet count; MPV, mean platelet volume

In the euthymic state, the PDW was higher in patients
with more previous episodes requiring hospital treatment
(r=0.380, p=0.035). It also exhibited a trend towards sig-
nificance in regard to more lifetime episodes (r=0.351,
p=0.053). Other indicators of inflammation showed no
relationship with clinical characteristics in remission.

HTR2A variants and indicators of inflammation interplay
During the acute exacerbation of the disorder, the
MPV/PLT exhibited a trend toward being significantly
higher in patients with CC genotype (0.04310.012)
vs. T allele carriers (0.038+0.013) of HTR2A rs6313
(F=3.781, p=0.055). Patients with the CC genotype had
lower absolute PLT (CC homozygotes: 210.73+9.97,
T allele carriers: 242.91+7.86, F=6.113, p=0.016) and
PCT (CC homozygotes: 0.177+0.008, T allele carri-
ers: 0.201+0.007, F=6.070, p=0.016), but higher PDW
(CC homozygotes: 16.617+0.088, T allele -carriers:
16.350£0.065, F=6.070, p=0.016). With regard to being
C allele carriers vs. TT homozygote of the rs6313, the
patients did not differ in MPV/PLT, MPV, PLT, PCT, or
PDW. Additionally, the MPV/PLT, MPV, PLT, PCT, and
PDW did not differ among the rs6314 genotypes, com-
bined or individually.

In remission, patients with the rs6313 CC genotype
maintained a lower absolute PLT (CC homozygotes:
209.48+10.40, T allele carriers: 241.78+8.26, F=5.916,
p=0.018). Other indicators of inflammation did not differ

among the other genotype combinations of the HTR2A
rs6313 and rs6314 variants.

The value of HTR2A variants and indicators of inflammation
in predicting affective phenotype expression
In the first model, we found a significant moderation
effect of the MPV/PLT values in the acute phase of the
disorder on HTR2A rs6313 variant and affective pheno-
type relationship (Cox and Snell R*=0.352, Nagelkerke
R?=0.495, p=0.000). In the model, T allele presence of
rs6313 was a significant predictor of the unipolar phe-
notype, while the CC genotype was a significant pre-
dictor of bipolar phenotype of mood disorders, but
only in patients with below median values of MPV/PLT
(B=-2.459, p=0.035, CI: -4.747 —-0.172). Other variables
in the model showed no independent predictive effect.
Moreover, the presence of median (p=-2.459, p=0.298,
CL: -2.159-0.661) to high (B=0.9624, p=0.254, CL
-0.693-2.618) values of MPV/PLT had no potentiating
effect on the relationship between genotype and affec-
tive phenotype expression, although with higher MPV/
PLT values the change in the direction of the effect was
observed (Figure 1) (Table 2) (Graph 1).

No moderation effect of acute MPV/PLT on HTR2A
rs6314 variant and affective phenotype relationship was
found (B=44.363, p=0.450, CI: -70.848—159.574).
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Graph 1 Expression of the affective phenotype as a function of multiple risk factors

Discussion

The relationship and the direction of the relationship
between hereditary and environmental factors, such as
inflammation has rarely been investigated in clinical con-
text. In our study, HTR2A rs6313 genetic variant has been
associated with increased risk of more severe presenta-
tion of mood disorders, affecting mood polarity. Indirect
indicators of inflammation, such as the MPV/PLT were
also related to more severe pathology in mood disorders
as reported previously [55]. Furthermore, rs6313 remains
a significant predictor of polarity phenotype of mood dis-
orders. However, this is observed only under low inflam-
matory conditions, with the T allele predicting unipolar,
and the CC genotype predicting the bipolar phenotype of
the disorder. In more pronounced inflammatory states,
genetic influences lose their significance, giving rise to
other more complex factors that seem to contribute to
the phenotypic presentation of mood disorders.

Several HTR2A variants have been frequently associ-
ated with a range of psychiatric disorders including BD
and MDD [56]. Genetic variants, particularly rs6313, are
related to an increased risk of developing mood disorders
[56, 57]. Studies have found that rs6313 C allele may be
associated with an increased risk of developing MDD
and BD, while individuals with the T allele may be at a
decreased risk [58, 59]. In addition, the C allele has also
been linked to depression following seasonal patterns
[8], a clinical condition possibly part of bipolar spectrum
disorders [60]. However, a recent meta-analysis suggests

the absence of a relationship between HTR2A rs6313 and
both MDD [61] and BD [62].

A different stream of evidence showed that the symp-
toms rather than the disorders are more determined by
the genetic variants. The rs6313 C allele increased the
risk of suicidal behavior [8, 11, 12], a lack of empathy,
greater anxiety, and communication problems [10-12]
and even attention and cognitive impairments [63]. On
the other hand, TT genotype was associated with positive
personality features such as novelty seeking, in a mixed
sample of patients with both unipolar and bipolar affec-
tive phenotypes [57].

Our study supports the majority of previous find-
ings connecting HTR2A rs6313 and the clinical presen-
tation of mood disorders [8, 10, 12, 57-59]. The results
we obtained show that the C allele/CC genotype could
be associated not only with more severe forms of mood
disorders, but also with bipolar phenotype. However, the
overall findings so far are still inconclusive, as some of
the earlier studies explored patients with various diagno-
ses [57, 63], or included only single allele carriers without
homozygotes being separately evaluated [12]. Alterna-
tively, the studies propose the effect could be masked by
confounders such as epistasis, epigenetic regulation, or
RNA regulation [58, 61]. It is still unclear how and which
additional factors lead to clinical expression of particular
mood disorder.

The heterogeneity in the findings could be attributed to
the complex and multifaceted functioning of the seroto-
nergic system [64]. Previous studies linked the rs6313 C
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allele with changes in platelet 5-HTR2A receptor density,
binding potential, and sensitivity and expression, all of
which were previously associated with mood disorders
[13, 65, 66]. Although both the increased receptor density
and binding related to the HTR2A variants might con-
tribute to the development of mood disorders, research
suggests that increased receptor density and hypersen-
sitivity, conditions previously related to the C allele of
rs6313, are more likely tied to the development of bipolar
disorder [13, 65].

Abovementioned supports our study but also other
research showing that individuals with higher 5-HTR2A
receptor density and hyperactive receptors are more
prone to experiencing symptoms of depression and
anxiety, but more importantly to impulsivity, dysphoria,
irritability and mood swings, all of which are features of
the bipolar phenotype of mood disorders [13, 66—68]. It
is worth mentioning that the studies exploring the con-
nection used strict selection criteria and predominantly
focused on drug-naive or drug-free patients and those
without significant comorbidities [66, 68]. Some of them
also accounted for the effect of age [68] but other con-
founding factors have not been evaluated. While it has
been discussed that C allele of rs6313 presents with
increased levels and binding of the 5-HTR2A receptor,
but also with significantly higher mRNA expression [58],
some find contradictory results [14, 61, 69]. This is most
likely related to environmental factors and epigenetic
mechanisms, primarily C allele methylation, which has
been known to affect the regulation of HTR2A expression
[10, 14, 70].

It has been suggested that inflammation can influence
methylation, leading to changes in gene expression [71].
Studies exploring the clinical significance of this effect
are very important but still scarce. Animal studies are
more frequent and find that inflammatory conditions
can lead to changes in 5-HTR2A receptor expression
and density in the brain, with a sustained effect even
after acute inflammation [27, 72, 73]. In addition, other
research suggests that inflammation may be able to mod-
ify the signaling pathways that regulate the expression of
the 5-HTR2A receptor [27, 74-76], while the direction
of these changes may depend on the level of inflamma-
tion [27, 72-74]. 1t is likely that inflammation upregu-
lates 5-HTR2A receptor expression, rather than reduces
availability of serotonin, which can be responsible for
consequent depressive like symptoms [27]. Bearing in
mind that the activation of serotonin 5-HTR2A recep-
tors may lead to systemic anti-inflammatory effects [75,
76], the enhanced receptor expression in inflammatory
conditions could be compensatory, but at the same time
pose a vulnerability to individuals with already constitu-
tively enhanced 5-HTR2A expression. When applied to
our study, patients with the more vulnerable rs6313 CC
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genotype could be particularly sensitive to inflammation,
creating a higher risk of the pathogenic shift towards the
bipolar phenotype.

Patients showing inflammatory states with elevated
PLTs have an impaired course of illness [77] or express
more severe forms of depression [78]. In acute inflam-
mation, mean platelet volume (MPV) tends to be lower
and to decrease due to increased inflammation and cyto-
kine release affecting platelet size. Conversely, in chronic
inflammatory disorders, MPV is higher, indicating a
role of platelets in chronic inflammation and suggest-
ing that increased MPV values may be associated with
chronic inflammatory conditions [79, 80]. Similarly, in
acute inflammation, the number of PLT is often low, as
seen in conditions like acute infectious diseases where
platelet count decreases during the active inflammatory
period before treatment and increases significantly after
treatment. On the other hand, in chronic inflammatory
disorders PLT is higher indicating a role for platelets in
chronic inflammation [79, 81]. Also, the MPV/PLT ratio,
has particularly been determined to be indicative of
inflammatory processes [42]. The previous studies high-
light the potential clinical significance of the MPV/PLT
ratio in various medical conditions and populations. The
research shows that MPV/PLT is an independent predic-
tor of poor prognosis and mortality in acute exacerbation
of chronic obstructive pulmonary disease [82]. It has also
been shown to be indicative of cardiovascular risk and
cancer prognosis as well as an indicator of liver function
in pediatric and adult populations [83-87].

While some previous studies provide valuable insights
into the independent relationship between mental dis-
orders and PLT and mental disorders and MPV [38,
41], direct investigations specifically focusing on the
MPV/PLT ratio in mental health contexts are limited. In
our patients, it moderated the course of the disorders,
derived more likely from lower PLT than higher MPV,
pointing to the potentially compensatory response in
pro-inflammatory conditions [88] and the importance of
immune processes in shaping not only somatic, but also
mental disorders.

The recent and scarce clinical research indicates that
immune mediators and variations in the HTR2A gene are
associated with distinct impacts on mood symptoms, but
with a cumulative effect [89]. Namely, the presence of the
HTR2A gene variant can elevate the likelihood of experi-
encing psychiatric symptoms, but similar to animal stud-
ies [27, 72-74], the effect is variable and dependent on
the degree of inflammation [89]. Our results also indicate
that inflammation could play an important role in mood
disorders by directly moderating the effect of genes on
the affective phenotype. Although the 5-HTR2A receptor
itself was not the subject of our research, we did explore
the variants that affects its expression [10, 70, 90]. It
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seems that the genetic underpinning could more clearly
affect the clinical presentation only in patients in certain
inflammatory conditions, similar to recent findings of
Wang et al. [89] and Snijders et al. [91].

In our study, the T allele of rs6313 was a significant
predictor of the unipolar phenotype, whereas the CC
genotype was a significant predictor of the bipolar phe-
notype, but only in low-inflammatory states. In the pres-
ence of median to high inflammation, other factors seem
more likely to moderate the clinical expression of mood
disorders. Clinically, this means more severe form of the
disorders could be pronounced in the presence of factors
causing median to high inflammation [10, 92, 93] even if
the patient is not genetically susceptible to it. This con-
firms the previous substantial research on gene-by-envi-
ronment interactions (GxE), indicating that inflammation
invariably influences gene expression, though the exact
sequence of events remains unclear [94—96].

The findings should be interpreted considering both
their limitations and strengths. We did not measure
participants’ 5-HT levels. This would have enhanced
the reliability of the results and further explore the role
of 5-HT in the relationship between immune mediators
and 5-HTR2A receptors in defining the clinical presen-
tation of mood disorders. The rare studies on expression
or onset of mood disorder so far predominantly explored
the relationship between serotonin-related genes and
the stress-diathesis model [7] without including more
delicate biological mechanisms underpinning the rela-
tionship. It also not to undermine the potential effect of
5HT2A polymorphisms on the PLT number and func-
tion, independent from a specific psychiatric condition.
The inclusion of other, platelet-non-related, indicators of
inflammation might provide additional information and
the precision of the results. Another constraint of the
study is that it does not account for the possible associa-
tion between platelet-related indicators of inflammation
and type of treatment. Also, the results observed could
stem not solely from the type of the treatment but also
from the duration and dosage-dependent administra-
tion of the therapy. Also, we did not evaluate the poten-
tial effect of psychotherapy and counseling interventions
that could have had a protective effect in regard to the
inflammatory status and clinical presentation of the dis-
order. However, we have tried to include other covariates,
such as type of the current episode, that we believe could
at least be partially helpful to account for the choice of
treatment. The number of study participants is modest,
but in line with majority of similar previous studies [61].
However, our study is a clinical one and provides support
to the findings of previous experimental studies. It is also
important to acknowledge that it addresses and improves
upon certain limitations identified in prior research
[13, 61]. The studies discuss rs6313 in bipolar spectrum
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disorders [13] on a single case basis, or offer the assess-
ment of the relationship between rs6313 and susceptibil-
ity to MDD [61]. Interestingly, the meta-analysis of White
et al. shows multiple studies with samples sizes similar
to ours but without further engaging into the nature of
the relationship between the polymorphism and differ-
ent presentations of mood disorders. Notably, our study
encompassed patients with different phenotypic expres-
sion of affective disorders, investigated multiple inflam-
mation indicators, and controlled for variety of potential
confounders. The decision to analyze patients collectively
underscores our commitment to unraveling shared bio-
logical pathways that may contribute to the heterogeneity
of the clinical presentations within mood disorders. Our
approach enabled us to explore the direction of the rela-
tionships among 5-HTR2A genetic variants, inflamma-
tion and clinical presentation of mood disorders.

Conclusion

To our knowledge, this is the first study to investigate the
complex interplay between platelet-derived indicators
of inflammation and HTR2A variants on the expression
of mood disorders. In the absence of pro-inflammatory
conditions, mood disorders seem to be more geneti-
cally determined, while in the presence of adverse envi-
ronmental factors such as inflammation, the phenotypic
presentation is susceptible to change and less dependent
on genetic factors. The nature of the GXE interaction in
mood disorders is multifaceted, context-dependent and
important for the clinical assessment of the course of
mood disorders and calls for more studies in the future.
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