Medic Spahic et al. BMC Cardiovascular Disorders (2020) 20:190
https://doi.org/10.1186/512872-020-01465-6 BMC Cardiovascular DiSOrderS

RESEARCH ARTICLE Open Access

Proteomic analysis reveals sex-specific ®
biomarker signature in postural orthostatic
tachycardia syndrome

Jasmina Medic Spahic'?, Fabrizio Ricci'**, Nay Aung®, Erik Hallengren'~, Jonas Axelsson®, Viktor Hamrefors'~,
Olle Melander'~, Richard Sutton” and Artur Fedorowski'"®”

Check for
updates

Abstract

Background: Postural orthostatic tachycardia syndrome (POTS) is a variant of cardiovascular (CV) autonomic
disorder of unknown etiology characterized by an excessive heart rate increase on standing and orthostatic
intolerance. In this study we sought to identify novel CV biomarkers potentially implicated in POTS
pathophysiology.

Methods: We conducted a nested case-control study within the Syncope Study of Unselected Population in
Malmo (SYSTEMA) cohort including 396 patients (age range, 15-50 years) with either POTS (n=113) or normal
hemodynamic response during passive head-up-tilt test (n = 283). We used a targeted approach to explore changes
in cardiovascular proteomics associated with POTS through a sequential two-stage process including supervised
principal component analysis and univariate ANOVA with Bonferroni correction.

Results: POTS patients were younger (26 vs. 31 years; p < 0.001) and had lower BMI than controls. The discovery
algorithm identified growth hormone (GH) and myoglobin (MB) as the most specific biomarker fingerprint for POTS.
Plasma level of GH was higher (9.37 vs 8.37 of normalised protein expression units (NPX); p =0.002), whereas MB
was lower (4.86 vs 5.14 NPX; p=0.002) in POTS compared with controls. In multivariate regression analysis, adjusted
for age and BMI, and stratified by sex, lower MB level in men and higher GH level in women remained
independently associated with POTS.

Conclusions: Cardiovascular proteomics analysis revealed sex-specific biomarker signature in POTS featured by
higher plasma level of GH in women and lower plasma level of MB in men. These findings point to sex-specific
immune-neuroendocrine dysregulation and deconditioning as potentially key pathophysiological traits underlying
POTS.
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Background

Postural orthostatic tachycardia syndrome (POTS) is an
autonomic disorder characterized by orthostatic intoler-
ance and high prevalence among young women [1]. As
etiology of POTS is largely unknown, effective thera-
peutic intervention for this syndrome has yet to be de-
veloped. Beyond genetic norepinephrine transporter
deficiency, several theories have been proposed for the
syndrome’s etiology, including antiadrenergic auto-
immunity [2-4], baroreflex dysfunction [5], decondition-
ing [6], abnormal mast cell activation [1], excessive
sympathetic drive and/or sympathetic denervation [7].

Targeted proteomics, yielding broad screening of cir-
culating proteins with presumed role in cardiovascular
pathology, offer promise as a tool for biomarker discov-
ery. High-throughput multiplex protein arrays that rely
on common methods such as polymerase chain reac-
tions, require small sample volumes and are available at
a fraction of the cost of large-scale platforms. Such a so-
lution may provide an effective resource to discover dis-
ease pathways and identify novel therapeutic targets for
individualised treatment based on biomarker profiling
[8]. The proximity extension assay has been shown to be
useful for biomarker discovery in cardiometabolic dis-
ease [9], immunology [10], cardio-oncology [11] and
neuroscience research [12]. Moreover, multiprotein as-
says have been used to discover key mechanisms by
which CV autonomic dysfunction is associated with in-
creased CV morbidity and mortality [13, 14].

By applying multiple-protein screening based on prox-
imity extension assay technology, we aimed to discover
CV disease biomarkers associated with POTS in order to
understand better the pathophysiology underlying this
unexplained condition.

Methods

Study population

We analysed 994 consecutive patients from the Syncope
Study of Unselected Population in Malmé (SYSTEMA).
All patients were referred to our specialized syncope
unit at Skane University Hospital in Malmé due to unex-
plained syncope and/or symptoms of chronic orthostatic
intolerance, and have been investigated by CV auto-
nomic tests including head-up tilt testing (HUT), ac-
cording to existing European guidelines [15]. From the
cohort of 994 patients, we selected those age 15-50 years
with available proteomics data and either diagnosis of
POTS or normal hemodynamic response during passive
head-up tilt test (Fig. 1).

The age filter was selected on previous epidemiological
studies on POTS incidence [16, 17].As the study cohort
(SYSTEMA) is basically a patient cohort and enrollment
in the study demands an obligatory examination by tilt
testing, normal asymptomatic controls were not
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SYSTEMA cohort, 2008-2014
Age 15-55 years
n= 545

-

OH (n=73) + missing (n=6) excluded
n=472

b 4

Blood samples during HUT
n= 396

N 4

Included in the analyses:
POTS + (n=113) and POTS - (n=283)

Fig. 1 Flowchart of patient selection. HUT, headup tilt; OH,
orthostatic hypotension; POTS, postural orthostatic tachycardia
syndrome; SYSTEMA, Syncope Study of Unselected Population
in Malmo

J

available. Thus, in this situation, those, who were tilt-
negative i.e. without hemodynamic changes correspond-
ing to overt autonomic dysfunction including vasovagal
syncope, orthostatic hypotension (OH) or POTS, were
considered normal on the day tests were performed and
were taken as ‘controls’.

The study protocol conformed to the ethical guidelines
of the 1975 Declaration of Helsinki and was approved by
The Regional Ethical Review Board of Lund University
(No 82/2008).

All patients provided their written informed consent.

Examination protocol

Patients were on their regular medication, except for CV
drugs, which were discontinued at least 48 h prior to
examination. Patients were told to fast for 2 h prior to
examination but were allowed to drink water at will.
Previous medical history was explored using a standard
study questionnaire. During examination performed in
the morning, the patients were placed on a tilt table and
after a rest period for at least 10 min blood samples were
collected through a venous cannula inserted in the fore-
arm. As soon as the hemodynamic parameters were
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stable, a standard 70°HUT was carried out according to
the Italian protocol recommended by European Society
of Cardiology [18]. Beat-to-beat blood pressure and ECG
were monitored by a validated non-invasive photo-
plethysmographic method (Nexfin monitor; BMEYE,
Amsterdam, the Netherlands) with a wrist unit and fin-
ger cuff of appropriate size [19]. POTS was defined as
the reproduction of symptoms of orthostatic intolerance
associated with heart rate increase >30bpm; or sinus
tachycardia > 120 bpm during first 10 min of HUT; or
increase >40 beats/min for those < 18 years of age, with
history of orthostatic intolerance for at least 6 months
[20]. Patients with signs of OH i.e. with systolic blood
pressure (BP) drop >20 mmHg or diastolic BP drop >10
mmHg [21] during tilt testing were excluded.

Proteomics analysis

Plasma biomarkers were measured from blood samples
(total volume: 30 ml) that had been first centrifuged,
then stored as 16 x 250 uL aliquots of EDTA plasma in
plastic thermotubes, and frozen at — 80 °C. Samples were
thawed and examined by the Proximity Extension Assay
technology enabling high-throughput, multiplex immu-
noassays that measure 92 CVD-related human proteins
across 96 samples simultaneously using only one micro-
liter of plasma.

Concisely, 92 pairs of oligonucleotide-labeled anti-
bodies (probes) were used to detect the corresponding
target proteins in the plasma sample. When the two
antibodies are brought in proximity, a new polymerase-
chain reaction (PCR) target sequence is formed. The
complex is subsequently detected and quantified by
standard real-time PCR. Quantitative PCR quantification
cycles corrected for technical variation by the Inter-plate
Control generate Normalized Protein Expression (NPX)
values, which are arbitrary units on log2 scale. A higher
NPX value corresponds to a higher protein level. More
information about PEA technology, assay performance,
quality control and validation is available at the Olink
webpage (http://www.olink.com).

Statistical analysis

Patients with available proteomics dataset and a defini-
tive diagnosis of POTS (n=113) or normal
hemodynamic response to HUT (n =283), ie. without
vasovagal syncope, OH and abnormal postural tachycar-
dia, and importantly without prevalent cardiovascular
disease or hypertension, were selected. Missing data was
imputed with multiple imputation by chained equations
(MICE) approach. We used predictive mean matching
for continuous variables, logistic regression for binary
variables, and polytomous regression for categorical vari-
ables. All covariates were included in the imputation
models. The maximum iteration was set at 20 and
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convergence was confirmed by visual examination of
trace plots (Online Fig. S1).

We explored the change in cardiovascular proteomics
associated with POTS through a sequential two-stage
process including supervised principal component ana-
lysis and univariate ANOVA with Bonferroni correction,
as previously described [13, 14, 22].

Univariate and multivariate ordinary least square linear
regression and logistic regression models were con-
ducted for bivariate correlation between plasma level of
biomarkers and maximum orthostatic heart rate change
(AHR) or POTS status, respectively. Multivariate regres-
sion models were adjusted for age, sex and body-mass
index (BMI). We also performed sensitivity analyses
stratified by sex and quantile-regression analysis in order
to identify differing relationships at different quartiles of
HR changes during HUT. The mean estimates and
standard errors of the beta-coefficients for the imputed
datasets were combined under Rubin’s rules [23, 24].
Statistical analysis was performed using IBM SPSS Sta-
tistics version 25 (SPSS Inc., Chicago, IL, USA) and R
Statistical Software (version 3.4.4; R Foundation for Stat-
istical Computing, Vienna, Austria).

Results
We analyzed 396 patients (female, 69%; age range, 15—
50 years) including 113 POTS and 283 controls. Basic
characteristics of the study population stratified by
POTS status are shown in Table 1. Biomarkers with >
35% missing values, i.e. leptin, were excluded (see Online
Table S1), inasmuch pairwise complete data are required
for running principal component analysis.

At the stage of biomarker signature discovery, univari-
ate logistic regression was performed for each biomarker
and regression coefficients were standardised by dividing

Table 1 Baseline characteristics of the study population

Characteristic POTS- POTS+ P-value
(n=283) (n=113)
Age (years) 31.5(9.8) 26.3 (84) < 0.001
Female sex, n (%) 189 (66.8) 83 (73.5) 0.241
BMI, Kg/m? 243 (4.1) 22.7 (3.5) <0.001
SBP supine, mmHg 1199 (14.2) 1204 (14.2) 0.833
DBP supine, mmHg 69.9 (8.2) 70.2 (82) 0.788
HR supine, bpm 68.7 (11.9) 711 (11.6) 0.084
SBP HUT min, mmHg 1122 (134) 1076 (16.2) 0.003
DBP HUT min, mmHg 718 (9.1) 725 (10.6) 0.552
HR HUT max, bpm 84.7 (13.8) 1124 (15.6) <0.001
Smoking, n (%) 58 (20.5) 16 (14.2) 0.188

P-values for differences between the groups are shown as mean and SD for
continuous variables and as percentages for categorical variables.; DBP
Diastolic blood pressure; HR Heart rate; HUT min/max, lowest/highest value
during passive head-up tilt test; IHD Ischemic heart disease; POTS Postural
orthostatic tachycardia syndrome; SBP Systolic blood pressure


http://www.olink.com

Medic Spahic et al. BMC Cardiovascular Disorders (2020) 20:190

the coefficient with its standard error. All possible
thresholds (standardised coefficient (8) ranging from
minimum to maximum with 0.05 increments) were used
to select groups of biomarkers and build principal com-
ponents (PCs). POTS status was then regressed onto the
first two PCs from each group of biomarkers using the
binomial link function. The threshold providing the best
classification accuracy (POTS+ vs controls) was selected
by ten-fold cross-validation and the following 23 bio-
markers were identified: TIM, PSGL1, CTSL1, MB,
VEGED, PIGF, MMP1, GDF15, FAS, TF, AM, UPAR,
TNER2, TRAIL, MCP1, TRAILR2, OPG, CASP 8, HGF,
CD40L, GH, PTX3 (see Online Table S2 for acronyms).
At the stage of biomarker verification analysis, nine
PCA-selected proteins differed significantly in pairwise
comparison, but only GH and MB attained significance
after Bonferroni correction (Table 2). Plasma levels of
GH were significantly higher in POTS women compared

Table 2 High throughput multiplex analysis of biomarkers
selected by supervised multivariate principal component
analysis. Plasma concentrations of the assessed proteins are
expressed on a log2-scale. Inter-group differences were assessed
using analysis of variance method. *Bonferroni-corrected
significant values (p < 0.0022)

Biomarker POTS+ POTS- P-value*
(n=113) (n =283)
TIM 4.32 (0.08) 449 (0.05) 0.078
PSGL1 0.69 (0.04) 0.8 (0.02) 0.009
CTSL1 5.3 (0.04) 546 (0.03) 0.004
MB 4.86 (0.07) 5.14 (0.06) 0.0020*%
VEGFD 6.7 (0.06) 6.82 (0.03) 0.062
PIGF 7.1 (0.05) 721 (0.04) 0.131
MMP1 3.04 (0.14) 341 (0.09) 0.029
GDF15 822 (0.07) 842 (0.05) 0.058
FAS 6.93 (0.04) 7.02 (0.03) 0.045
TF 5.53 (0.04) 561 (0.03) 0.120
AM 5.83 (0.09) 6.05 (0.05) 0.029
UPAR 9.66 (0.03) 9.72 (0.03) 0.127
TNFR2 4.82 (0.04) 49 (0.03) 0.116
TRAIL 844 (0.04) 8.52 (0.03) 0.183
MCP1 3.07 (0.05) 3.24 (0.05) 0014
TRAILR2 1.21 (0.03) 8 (0.02) 0.080
OPG 6 (0.04) 9.25 (0.03) 0.095
CASP8 1.45 (0.07) 3 (0.05) 0.126
HGF 6.22 (0.04) 6.34 (0.04) 0.030
CD4oL 857 (0.11) 8.6 (0.07) 0.647
GH 9.37 (0.26) 8.37(0.2) 0.0019*
PTX3 1.38 (0.06) 1.28 (0.04) 0.124
SRC 7.66 (0.07) 7.77 (0.03) 0.087
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with POTS men (p = 0.0002), and both male (p < 0.0001)
and female controls (p=0.003) (Fig. 2). Conversely,
plasma level of MB were significantly lower in POTS
men compared with male controls (p = 0.0009).

In multivariate regression analysis adjusted for age
(Fig. S1) and BMI and stratified by sex both POTS status
and maximum orthostatic AHR were significantly associ-
ated with lower MB level in men and higher GH level in
women (Tables 3, 4, and Online S3, S4).

Quantile regression analyses investigating the relation-
ships between selected biomarkers and quartiles of AHR
did not reveal any obvious threshold effect or step
function.

Discussion

Using a novel high-throughput proteomics platform, we
examined 92 cardiovascular plasma biomarkers in pa-
tients diagnosed with postural orthostatic tachycardia
syndrome and controls with normal orthostatic re-
sponse. We identified higher plasma levels of growth
hormone and lower plasma levels of myoglobin in pa-
tients with POTS, whereas other biomarkers did not sig-
nificantly differ between the two groups. We also
documented sex-specific patterns of significance where
lower MB level in men and higher GH level in women
were independently associated with both binary POTS
status and changes in heart rate during head-up tilt test,
even after adjustment for age and BML

Growth hormone

Higher levels of growth hormone in patients with pos-
tural orthostatic tachycardia syndrome, notably in fe-
males, was an unexpected finding that deserves detailed
commentary. GH is an anabolic neuropeptide regulating
carbohydrate and lipid metabolism via complex interac-
tions with insulin and insulin-like growth factor-1 (IGF-
1). The secretion of GH from the anterior pituitary gland
is stimulated by growth hormone releasing hormone
(GHRH) and inhibited by somatostatin and a negative
feedback loop of IGF-1 [25]. The hormone is released in
a pulsatile manner with significant circadian rhythm and
peak discharge occurring at night-time, approximately
one hour after sleep onset [26]. Previous studies re-
ported higher incidence of CV events related to in-
creased levels of GH [26]. Since long-term prognosis in
POTS patients is still unknown, the effects of increased
GH levels on CV outcome in this patient population re-
main to be explored.

There is a number of possible mechanistic explana-
tions for higher levels of GH observed in POTS patients.
Firstly, an increase in plasma GH concentration could
be the result of proinflammatory cytokines acting as
negative regulatory signals fine-tuning the action of hor-
mones and growth factors. Tumour necrosis factor alpha



Medic Spahic et al. BMC Cardiovascular Disorders (2020) 20:190

Page 5 of 9

A
GH plasma level
11
10 —=
57 ==
4 o I
-
7d 1
Q o} Q o}

POTS+ POTS+ POTS- POTS -

Fig. 2 The plasma levels of growth hormone (GH) (panel A) and myoglobin (panel B), expressed on Normalised Protein Expression (NPX) on a
log2 scale, are presented in relation to POTS and sex status. Data are shown as a box and whisker plot with median in the box and the whiskers
representing the 5th and 95th percentiles in relation to plasmatic biomarker level
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and interleukin-1 beta are believed to cause IGF-1 resist-
ance by weakening downstream signalling in myoblasts
and this could eventually cause increased release of GH
due to negative feedback [27]. This hypothesis could be
tested in future studies comparing the levels of inflam-
matory mediators in POTS with healthy subjects. The
current body of knowledge is very sparse and with only
IL-6 reported to be elevated in POTS [28].

Secondly, it has been shown that POTS patients
present with autoantibodies against alpha- and beta-
receptors, which belong to the G-protein coupled recep-
tor (GPCR) family of rhodopsin type [3]. Receptors for
GHRH (GHRHTr) are distributed on the anterior pituitary
gland, which also belong to GPCR family, though of
slightly different secretin type. Hypothetically, higher
levels of GH might be the result of abnormal stimulation
of GHRHr by circulating anti-GPCR antibodies. Never-
theless, the presence of such specific and functionally ac-
tive anti-GHRHr autoantibodies has not been vyet
demonstrated in POTS patients.

Thirdly, patients with POTS usually have a lean body
type with lower BMI which could be related to increased

Table 3 Sex-specific relationship between POTS status and
selected biomarkers in univariate and multivariate regression
analysis

Biomarker ~ Women
Univariate Multivariate®
OR  95%Cl P-value OR  95% Cl P-value
MB 092 081-1.04 0193 094 083-1.07 0378
GH 104 101-1.06 0003 103 100-1.06 0.022
Men
MB 0.77  067-0.89  0.001 080 0.70-0.93 0.004
GH 101 098-1.04 0422 100  097-1.03 0981

@Adjusted for age and body mass index

lipolysis due to higher GH [29]. Unfortunately, plasma
insulin levels or HbAlc were not tested in this group of
patients.

Fourthly, octreotide - a somatostatin analogue classic-
ally used to control hypersomatotropism in acromegaly
through the inhibition of GH action and GH secretion
[30] — has been reported to be an effective treatment for
POTS patients by reducing upright tachycardia and
symptoms of orthostatic intolerance due to its splanch-
nic vasoconstrictor effect [31]. Splanchnic blood flow
has been shown indeed to be increased in the supine
posture and to progressively increase during incremental
tilt in POTS patients [32]. In the absence of peripheral
sympathetic denervation, locally mediated vasodilation -
involving vasoactive autacoids such as vasoactive intes-
tinal polypeptide, substance P, calcitonin gene-related
peptide, and nitric oxide - has been proposed as a pos-
sible explanation for splanchnic pooling. Interestingly,
insulin-like growth factor-1 (IGF-1), that is synthesized
in the liver, is secreted into the blood under the control
of GH, and is known to induce peripheral vasodilation
via NO synthase and/or potassium channel activity [33].
It may, therefore, provide a possible mechanistic link
among the observed high levels of GH, splanchnic pool-
ing and octreotide efficacy in reducing symptoms in
POTS patients.

Finally, the relative syndrome-dependent inactivity
among POTS patients might hypothetically lead to a re-
versal or gross disturbance in circadian patterns of GH
release. However, deconditioning as an underlying
pathophysiology of POTS and to possibly related syn-
dromes such as chronic fatigue syndrome has not been
supported by recent studies, and other mechanisms such
as low ventricular filling have been proposed [34, 35]. It
remains to be demonstrated if physical training may re-
verse GH level abnormality.
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Table 4 Sex-specific relationship between changes in heart rate during head-up tilt test and selected biomarker in univariate and

multivariate regression analysis

Biomarker Women

Univariate Multivariate®

B 95% Cl P-value B 95% Cl P-value
MB -1.81 -5351t0 1.72 0317 -0.66 —4.35to0 3.03 0.726
GH 1.28 048 to 2.08 0.002 0.95 0.13to 1.76 0.024

Men

B 95% ClI P-value B 95% ClI -value
MB —744 —12.05 to —2.82 0.003 =50 -946 to —0.54 0.03
GH 0.52 -0.53 to 1.58 0.331 0.06 -0.94 to 1.06 0.908

?Adjusted for age and body mass index

The influence of gender on serum concentrations of
GH has been the object of previous investigations [36,
37]. In many species, including rats, mice, and humans,
the temporal pattern of pituitary GH secretion is sex-
specific (episodic in males, more frequent in females)
and leads to sex differences in downstream signaling
pathways in target tissues [38]. In our study blood sam-
ples were obtained in the morning after two-hour fast-
ing, which ascertained stabilisation of GH concentration,
but it has been also reported as a possible explanation
for the observed high concentrations of GH in women,
as if something in the morning - which may be regarded
as very mild stress of fasting - could trigger a GH burst
in almost all of the women but in very few of the men
[37]. This could be because of gender differences in the
sensitivity of the pituitary or hypothalamus to the GH-
releasing effects of mild stress. Furthermore, there is
quite robust evidence in the literature to suggest that en-
dogenous estrogens play a major role in increased GH
secretion in women compared with men [39]. Interest-
ingly, in our study we observed POTS women presenting
with significantly higher levels of GH than women
without POTS. This could be the result of (i) complex
interactions amongst sex-related and sex-unrelated
immune-neuroendocrine mechanisms, (i) sexually di-
morphic patterns of GHRH secretion (iii) impaired cere-

brovascular  autoregulation  [40], (iv)  chronic
deconditioning [41], and/or (v) hitherto unknown
pathways.
Myoglobin

Myoglobin, an oxygen and iron binding protein found in
muscle cells, is usually increased when muscle tissue
damage occurs though small amounts are normally
present in plasma. Our analysis revealed decreased
plasma myoglobin in POTS patients, notably males,
compared with controls. The results are difficult to in-
terpret as the method used for protein detection in this
study provides only relative values within the analyzed
sample, not absolute values that could be translated to

clinically useful cut-off levels. Of note, the values re-
ported here are likely not indicative of muscle damage,
since patients were free of such clinical suspicion at in-
clusion. More likely, the levels detected here are linked
to small amounts of myoglobin found in plasma in the
absence of muscle damage. Lower myoglobin levels
found in POTS might be a result of immobilisation and
limited physical activity in those patients, possibly a con-
sequence of cardiovascular deconditioning or chronic fa-
tigue [1]. Thus, although deconditioning may not be
causally related to POTS [34], such deconditioning may
be the result of reduced exercise tolerance experienced
by many POTS patients [42]. In addition, the lower
myoglobin levels found in POTS may be seen to parallel
reduced iron stores, which is, in turn, associated with
POTS [43]. Unfortunately, data on iron status was not
available in our study population. Moreover, considering
the role of myoglobin in muscle metabolism [44], one
may also hypothesize that myoglobin may, indeed, also
have a role in the pathophysiology of POTS, even if such
hypotheses are highly speculative at this stage.

Even though we did not measure lean body mass,
POTS patients in our study did have lower BMI It re-
mains to be explored why this association is limited to
men only.

Beyond growth hormone and myoglobin, we could ob-
serve aberrations in other proteomics biomarkers, al-
though not achieving the adjusted significance level.
However, the overall impression was that there were
only slight differences in the analysed biomarkers. It
may indicate that POTS is an inflammatory condition
involving hitherto unknown pathophysiological mecha-
nisms deserving further explorative and experimental
studies.

Final remarks

This study points the way toward application of other
proteomics technology in POTS research. For instance,
it might be useful to use similar technology to screen a
large number of antibody variable region epitope
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sequences for coexisting antibodies that might be di-
rected toward candidate G-protein coupled receptors
considered relevant to POTS [3, 45] and related condi-
tions such as chronic fatigue syndrome.

Limitations

There are some limitations that must be addressed.
Firstly, our control group included symptomatic individ-
uals, who had normal hemodynamic response to tilt test-
ing, but were referred to our center due to unexplained
syncope and/or symptoms of orthostatic intolerance.

Secondly, this is a single-center experience with lim-
ited generalisability, also due to uneven sex distribution
and lack of age matching; accordingly, and in the need
of an external validation cohort, our findings have to be
interpreted as hypothesis-generating.

Thirdly, our findings are based on one-off measurement
precluding information about causality and temporal cor-
relation of selected biomarkers with the progression of the
disease, onset and burden of clinical symptoms.

Fourthly, we acknowledge the lack of information
about menstrual cycle and use of hormonal contracep-
tives, as previous studies demonstrated that the hormo-
nal fluctuations that occur during the normal menstrual
cycle may alter autonomic regulation of blood pressure
during various environmental stimuli [46], and the in-
take of exogenous estrogen has been shown to increase
plasma levels of GH [37].

Fifthly, we recognize the lack of plasma GH determin-
ation on clinically validated high-sensitivity chemilumines-
cence sandwich immunoassay platforms for direct
correlation with GH levels measured with PEA technology.

Finally, in order to rule-out false positive signals, our
findings should be validated with alternative technolo-
gies enabling sensitive and robust detection and quantifi-
cation of biomarkers. However, the use of a proximity
extension assay technique, with the requirement for a
dual binding event ensuring minimal noise signal, and
the robust discovery algorithm would make a false posi-
tive result very unlikely.

Conclusions

Our study confirms and extends the concept that high
throughput multiplex analysis for protein profiling may
considerably improve the understanding of POTS. Tar-
geted cardiovascular biomarkers profiling based on prox-
imity extension assay technology identified higher
plasma level of growth hormone and lower plasma level
of myoglobin respectively in women and men with
POTS compared with subjects presenting normal
hemodynamic response during head-up tilt test. This ob-
servation would be in keeping with the presence of dis-
tinct and sex-specific pathophysiological pathways
underlying this unexplained syndrome.
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