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Abstract
Purpose Polycystic ovarian syndrome (PCOS) is a common heterogeneous condition with probably multifactorial genesis.
Animal studies have proven the essential role of the sympathetic nervous system in the syndrome development, while human
studies are still contradictory. The present study aims to investigate the possible influence of plasma-free metanephrine
(MN), and normetanephrine (NMN), nerve growth factor (NGF), and renalase (RNL) on the hormonal and metabolic
parameters in women with PCOS and healthy controls.
Methods Fifty patients with PCOS and 30 healthy women participated in the study. The plasma-free MN and NMN, NGF,
RNL, anti-Mullerian hormone (AMH), gonadotropin, androgen levels, and metabolic parameters were investigated.
Results Plasma-free NMN and NGF concentrations were increased in PCOS individuals, while RNL levels were decreased
compared to healthy volunteers. Increased plasma-free NMN (OR= 1.0213 [95%CI 1.0064–1.0364], p= 0.005) and NGF
(OR= 1.0078 [95%CI 1.0001–1.0155], p= 0.046) but not MN or RNL levels were associated with a higher risk of PCOS
after adjustment for age. Plasma-free NMN levels were positively associated with the LH (r=+0.253; p= 0.039).
androstenedione (r=+0.265; p= 0.029), 17-OH progesterone (r=+0.285; p= 0.024), NGF (r=+0.320; p= 0.008), and
AMH (r=+0.417; p < 0.001) concentrations of the investigated women. RNL levels were inversely related to the BMI
(r=−0.245; p= 0.029), HOMA-IR (r=−0.250; p= 0.030), free testosterone (r=−0.303; p= 0.006) levels. systolic
(r=−0.294; p= 0.008) and diastolic (r=−0.342; p= 0.002) blood pressure.
Conclusions Increased sympathetic noradrenergic activity and NGF synthesis might be related to the increased AMH and
delta-4 androgen levels in a subgroup of PCOS patients. RNL levels might influence the metabolic status of PCOS patients.
Further studies are needed to explore the significance of adrenal medullar and autonomic dysfunction for developing
different PCOS phenotypes and their subsequent cardiovascular complications.

Keywords Polycystic ovarian syndrome (PCOS) ● Sympathetic noradrenergic activity ● Normetanephrine ● Renalase ● Nerve
growth factor (NGF)

Introduction

Polycystic ovarian syndrome (PCOS) is a condition with
various symptoms, which have been reported as far back as
in the writings of ancient Greek and medieval physicians
[1]. However, the first systematic description of the syn-
drome was published by Stein and Leventhal, presenting

seven infertile amenorrheic women with bilateral enlarged
polycystic ovaries [2]. After that, it became clear that
symptoms of other disorders might overlap with PCOS
phenotype, e.g., congenital adrenal hyperplasia, prolacti-
noma, and androgen-producing tumors [3]. Thus, current
criteria for the syndrome require the exclusion of these
conditions and support the heterogeneous nature of PCOS
by allowing women with different clinical phenotypes to
be diagnosed with the condition [4]. Nowadays, the pre-
sence of hyperandrogenism, chronic anovulation, and
polycystic ovarian morphology by ultrasound are the key
criteria for PCOS diagnosis [4, 5]. Additionally, screening
for metabolic disturbances and cardiovascular risk factors
in PCOS women is strongly recommended by most
guidelines [6].
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Despite the syndrome’s long history, the pathogenesis of
PCOS is still unclarified, though a complex interaction of
various genetic, neuroendocrine, and environmental factors
has been assumed [7]. Therefore, different animal models of
the condition were developed to reveal diverse mechanisms
leading to ovarian dysfunction. For example, a PCOS-like
phenotype might be induced in rodents by administering
estrogens, androgens, antiprogestins, or aromatase inhibi-
tors [reviewed in ref. 8]. The ovaries of rats injected with a
single dose of estradiol valerate showed increased nerve
growth factor (NGF) and noradrenaline (NA) concentra-
tions and became polycystic [9]. However, the simultaneous
treatment with estradiol valerate and beta-adrenoreceptor
blocker decreased tyrosine hydroxylase activity, testoster-
one, and estradiol levels and prevented the development of
multiple ovarian cysts [10]. The close interaction between
ovarian sympathetic noradrenergic hyperstimulation,
increased levels of NGF, and polycystic ovarian morphol-
ogy in animals raises the question if the sympathetic
hyperactivity might be involved in the pathogenesis of
PCOS in women [11]. Hence, Sverrisdóttir et al. found
increased sympathetic nerve activity in patients with PCOS
by direct measurement [12]. Other authors obtained similar
results using the heart rate variability for indirect evaluation
of autonomous function [13, 14]. However, few studies
have investigated the plasma levels of catecholamines and
their metabolites in PCOS patients with somewhat contra-
dictory results [15–17]. Furthermore, the role of the other
factors probably involved in the catecholamine release and
metabolism, e.g., the neurotrophin NGF and the flavopro-
tein renalase, has not been thoroughly evaluated in PCOS
patients [18, 19].

Therefore, the present study aims to investigate the
possible interaction between plasma-free nephrines, NGF,
renalase, hormonal and metabolic parameters in women
with PCOS compared to healthy controls.

Materials and methods

Participants

Eighty women of reproductive age (18–37 years) partici-
pated in the study. Fifty patients were diagnosed with PCOS
according to the ESHRE criteria [4, 5]. They presented in
the Endocrine department with different complaints, e.g.,
hirsutism, acne, menstrual irregularities, infertility, obesity,
and metabolic disturbances. Thirty-six women were with
“classic hyperandrogenic” PCOS (phenotypes A and B),
while other 14 women were with “ovulatory” PCOS or
“non-hyperandrogenic” PCOS (phenotypes C and D) [20].

In all of the patients, other causes for symptoms, e.g.,
prolactinoma, thyroid dysfunction, late-onset congenital

adrenal hyperplasia, and the adrenal or ovarian tumor, had
been excluded by appropriate tests. Additional exclusion
criteria were: pregnancy and breastfeeding, the presence of
overt diabetes mellitus, the presence of hypertension, the
use of oral contraceptives, glucocorticoids, or other medi-
cation that could interfere with hormonal indices, renal or
hepatic insufficiency, mental illnesses and other severe
concomitant diseases. A total of 14 PCOS patients were on
metformin treatment for insulin resistance or prediabetes.

Thirty healthy women with regular menstruations, no
history of polycystic ovaries or ovarian surgery, and no
clinical signs of hyperandrogenism volunteered for
the study.

A complete personal and family history of participants
was collected. Physical assessment, including height,
weight, body mass index (BMI), presence of hirsutism and/
or acne, as well as blood pressure, was performed in all
women. In addition, blood samples for biochemical and
hormonal assays were taken in the follicular phase of the
menstrual cycle between 08.00 and 09.00 a.m. after an
overnight fast, in a supine position after a 30-min rest as
previously described [21, 22]. All participants gave written
informed consent for participation.

Study protocol and hormonal investigations

All participants underwent biochemical investigations with
measurement of fasting glucose, high-density lipoprotein
cholesterol levels (HDL-ch), low-density lipoprotein cho-
lesterol levels (LDL-ch), triglycerides (TG), total choles-
terol (TC), creatinine, liver enzymes, and uric acid. All
parameters were determined enzymatically by an automatic
analyzer (Cobas Mira Plus; Hoffmann La Roche). Hormo-
nal investigations included immunoreactive insulin (IRI),
total testosterone (TT), sex-hormone binding globulin
(SHBG), luteinizing hormone (LH), follicle-stimulating
hormone (FSH), androstenedione (A4),
dehydroepiandrosterone-sulfate (DHEAS), 17-OH proges-
terone (17OHP), prolactin (Prl), thyroid-stimulating hor-
mone (TSH) and anti-Mullerian hormone (AMH), measured
through commercially available radioimmunologic kits.
Additionally, free testosterone levels (http://www.issam.ch/
freetesto.html) (FT) and homeostasis model assessment—
insulin resistance index (HOMA-IR) were calculated.

Blood samples for plasma-free metanephrines (meta-
nephrine and normetanephrines), beta-nerve growth factor
(NGF), and renalase (RNL) were taken in the morning, after
30 min of rest in a supine position and were stored at
−80 °C until analyzes. NGF and RNL were measured in all
participants, while plasma-free metanephrines were mea-
sured in 29 controls and 39 PCOS patients. NGF was
measured by ELISA kit (MBS2603037, MyBioSource.com)
with intra-assay precision ≤8%, inter-assay precision ≤12%,
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and analytical sensitivity—5 pg/ml. Human RNL was
measured by ELISA kit (MBS2600871, MyBioSource.com)
with intra-assay precision ≤8%, inter-assay precision ≤12%,
and analytical sensitivity—0.5 ng/ml. Plasma-free metane-
phrines were established by RIA (DER8300, Demeditec
Diagnostic GmbH, Germany) with the following specific
characteristics: for plasma-free metanephrine (MN): refer-
ence range <65 pg/ml; analytical sensitivity 6.4 pg/mL; for
plasma-free normetanephrine (NMN) reference range
<196 pg/ml; analytical sensitivity 24.1 pg/mL.

Statistical analysis

Descriptive statistics and frequency analyses were used.
Differences between categorical variables were established
by Chi-square and Fisher’s exact tests. A
Kolmogorov–Smirnov test showed that most parameters
deviated from the normal distribution. Therefore, nonpara-
metric tests, e.g., Mann-Whitney and Kruskal Wallis tests,

were used to establish differences between two or more
groups, respectively. The results were presented as a med-
ian ± interquartile range for continuous variables or as a
frequency (%). Associations between variables were esti-
mated through a two-tailed Spearman’s correlation analysis.
Binary logistic regression was used to explore the predictors
of PCOS after adjustment for possible confounders. A p-
level < 0.05 was considered statistically significant. The
data were analyzed by MedCalc® Statistical Software ver-
sion 20.110 (MedCalc Software Ltd, Ostend, Belgium;
https://www.medcalc.org; 2022).

Results

The anthropometric, biochemical, and hormonal results of
women with PCOS compared to healthy controls are pre-
sented in Table 1. Patients with PCOS were younger than
healthy women, but with increased levels of insulin,

Table 1 Characteristics,
biochemical, and hormonal
parameters in women with
PCOS compared to healthy
controls.

Healthy women
(n= 30)

PCOS patients
(n= 50)

Median Q1–Q3 Median Q1–Q3 p

Age (years) 29.00 25.00–31.00 24.00 22.00–27.00 <0.001

BMI (kg/m2) 20.80 19.00–22.10 23.88 19.90–26.80 0.077

Systolic BP (mmHg) 100.00 100.00–110.00 110.00 100.00–120.00 0.039

Diastolic BP (mmHg) 70.00 60.00–70.00 70.00 70.00–80.00 0.054

Glucose (mmol/l) 5.00 4.72–5.23 4.92 4.52–5.21 0.407

Insulin (µIU/mL) 5.05 3.60–6.80 8.50 6.25–12.00 <0.001

HOMA-IR 1.19 0.76–1.49 2.04 1.26–2.74 0.001

HDL-cholesterol (mmol/l) 1.58 1.38–1.75 1.48 1.24–1.87 0.731

LDL-cholesterol (mmol/l) 2.52 2.06–2.79 2.64 2.22–3.12 0.221

Triglycerides (mmol/l) 0.50 0.38–0.64 0.70 0.52–0.92 0.001

Total cholesterol (mmol/l) 3.92 3.56–4.46 4.38 3.79–5.02 0.127

Uric acid (µmol/L) 279.00 224.50–304.50 302.50 244.50–343.50 0.049

Creatinine (µmol/L) 58.00 55.50–63.25 57.00 54.00–62.00 0.381

ALAT (IU/l) 9.90 8.00–11.60 13.00 10.00–19.00 0.002

ASAT (IU/l) 14.35 13.60–16.10 16.00 14.00–18.70 0.101

Testosterone (nmol/l) 1.05 0.90–1.60 2.10 1.50–3.40 <0.001

SHBG (nmol/l) 54.90 41.90–69.20 49.00 26.60–72.70 0.172

Free testosterone (pmol/l) 15.25 9.55–19.80 30.60 18.60–55.60 <0.001

DHEAS (µmol/L) 7.70 6.10–10.60 8.60 7.10–12.10 0.190

Androstendione (ng/ml) 3.00 2.30–3.70 4.80 3.30–6.10 <0.001

17-OH-progesterone (nmol/L) 2.90 2.27–4.00 4.15 3.20–5.60 <0.001

LH (IU/l) 3.30 2.37–4.55 5.30 3.30–7.60 0.003

FSH (IU/l) 7.00 5.50–7.90 6.50 4.90–8.00 0.395

Prolactin (mIU/l) 233.00 186.50–287.00 290.50 193.00–533.00 0.022

TSH (µIU/mL) 2.20 1.37–2.90 2.30 1.40–3.07 0.594

AMH (pg/ml) 1.15 0.91–1.68 2.84 1.93–4.41 <0.001

The significance of bold entries is p < 0.05
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HOMA-IR, triglycerides, androgens, prolactin, LH and
AMH as expected. Plasma-free NMN and NGF levels were
increased in PCOS individuals, while RNL levels were
decreased in comparison to healthy volunteers (Fig. 1).

Women with regular menstrual cycle had significantly
lower levels of plasma-free NMN and NGF and higher
levels of RNL in comparison to women with menstrual
disturbances (Fig. 2). Individuals with polycystic ovaries by
ultrasound had increased levels of plasma-free NMN and
NGF levels compared to other women, but no differences in
plasma-free MN and RNL levels were found (Fig. 3).

Patients with PCOS and hirsutism (n = 28) were with
significantly lower SHBG (40.40 nmol/l [23.20–53.35] vs.
64.45 nmol/l [30.50–93.20], p= 0.021), increased andros-
tendione (5.25 ng/ml [4.77–5.86] vs. 4.00 ng/ml
[2.70–5.70], p= 0.041) and plasma-free NMN (98.15 pg/ml
[93.80–126.20] vs. 80.70 pg/ml [47.70–110.15], p= 0.016)
levels compared to non-hirsute PCOS patients (n = 22),
while no differences were found in regard to other labora-
tory parameters (p > 0.05 for all). A total of 18 PCOS
patients suffered from acne, but their hormonal character-
istics were similar to those without skin lesions (p > 0.05 for
all). Patients with “hyperandrogenic” PCOS phenotype
were with increased BMI (24.07 kg/m2 [20.43–29.45] vs.
20.40 kg/m2 [18.50–24.16], p= 0.041), androgen (free tes-
tosterone: 38.95 pmol/l [21.35–63.10] vs. 16.70 pmol/l

[12.40–37.80], p = 0.010; androstendione: 5.35 ng/ml
[4.10–6.30] vs. 3.45 ng/ml [2.60–4.40], p= 0.007), and LH
levels (6.35 IU/l [4.30–9.00] vs. 3.45 IU/l [2.70–5.30], p =
0.004) compared to other PCOS phenotypes, as expected,
while no differences in plasma-free metanephrines, NGF
and RNL were established (p > 0.05 for all). Overweight
and obese PCOS women (n = 19) (BMI ≥ 25) showed
significantly lower RNL levels than leaner patients (n= 31)
(10,50 ng/ml [9.16–11.76] vs. 12.30 ng/ml [10.96–13.42], p
= 0.035), while the levels of NGF, and plasma-free meta-
nephrines were similar in both groups.

Logistic regression analyses showed that increased
plasma-free NMN (OR= 1.0213 [95%CI 1.0064–1.0364],
p= 0,005) but not plasma-free MN (p > 0.05) were asso-
ciated with a higher risk of PCOS after adjustment for age.
Similarly, the levels of NGF (OR= 1,0078 [95%CI
1.0001–1.0155], p= 0,046) but not the RNL (p > 0.05)
levels were significantly associated with increased risk of
PCOS after adjustment for age. Similar results were
obtained after adjustment for age, BMI, and metformin use
(data not shown).

Plasma-free NMN levels were positively associated with
the LH, androstendione, 17-OH progesterone, NGF, and
AMH concentrations of investigated women. Plasma free
MN levels were positively related to age, and inversely
associated with the free testosterone levels (Table 2).

Fig. 1 Levels of plasma-free metanephrine (A), plasma-free normetanephrine (B), renalase (C), and nerve growth factor (D) in healthy women and
patients with PCOS. *-p < 0.05. Data presented as a median ± interquartile range
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Fig. 3 Levels of plasma-free metanephrine (A), plasma-free normetanephrine (B), renalase (C), and nerve growth factor (D) in women with normal
ovaries compared to women with polycystic ovaries. *-p < 0.05. Data presented as a median ± interquartile range

Fig. 2 Levels of plasma-free metanephrine (A), plasma-free normetanephrine (B), renalase (C), and nerve growth factor (D) in women with regular
menstruation compared to women with chronic anovulation. *-p < 0.05. Data presented as a median ± interquartile range
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NGF levels correlated with LH, prolactin, AMH,
androstendione and 17-OH progesterone (Table 2). RNL
levels were related to the creatinine levels (r=+0.313;
p= 0.005), BMI (r=−0.245; p= 0.029), systolic
(r=−0.294; p= 0.008) and diastolic (r=−0.342;
p= 0.002) blood pressure.

Discussion

Our study has shown increased fasting plasma-free NMN
but not MN levels in PCOS women compared to healthy
women, thus, emphasizing the vital role of increased sym-
pathetic activity in PCOS [23]. Forty years ago, Lobo et al.
have found increased noradrenalin (NA) metabolites in

PCOS patients [15], but nevertheless, the topic still needs to
be revised. In a comprehensive study evaluating the cate-
cholamines and their metabolites in adolescents, Garcia-
Rudaz et al. described significantly higher normetanephrine
excretion in PCOS patients than in controls [16]. Addi-
tionally, increased plasma and urine levels of the main
catecholamine metabolite 3-methoxy-4-hydroxyphenyl-
glycol were detected in PCOS patients compared to healthy
women [15, 17, 24]. However, the plasma NA levels did not
differ between PCOS patients and controls or between
infertile PCOS individuals and women with other reasons
for infertility [11, 25]. Therefore, the discrepancy between
normal plasma NA levels and increased catecholamine
metabolites in PCOS might be explained by a decreased
neuronal NA reuptake leading to exaggerated extraneuronal

Table 2 Main correlations in the
investigated women.

NGF
(pg/ml)

Renalase
(ng/ml)

Plasma-free MN
(pg/ml)

Plasma-free NMN
(pg/ml)

Age
(years)

r=+0.172
p= 0.128

r=+0.140
p= 0.214

r=+0.357
p= 0.003

r=−0.094
p= 0.446

BMI
(kg/m2)

r=−0.019
p= 0.868

r=−0.245
p= 0.029

r=−0.176
p= 0.151

r=+0.074
p= 0.550

HOMA-IR r=+0.037
p= 0.754

r=−0.250
p= 0.030

r=−0.228
p= 0.073

r=+0.178
p= 0.164

AMH
(pg/ml)

r=+0.305
p= 0.006

r=+0.010
p= 0.929

r=−0.221
p= 0.072

r=+0.417
p < 0.001

17-OH-progesterone
(nmol/l)

r=+0.320
p= 0.005

r=−0.115
p= 0.325

r=−0.109
p= 0.396

r=+0.285
p= 0.024

DHEAS
(µmol/L)

r=−0.076
p= 0.510

r=−0.155
p= 0.177

r=+0.022
p= 0.863

r=+0.094
p= 0.457

Testosterone
(nmol/l)

r=+0.123
p= 0.277

r=−0.226
p= 0.044

r=−0.221
p= 0.070

r=+0.169
p= 0.168

SHBG
(nmol/l)

r=−0.046
p= 0.688

r=+0.242
p= 0.030

r=+0.258
p= 0.034

r=−0.127
p= 0.301

Free testosterone
(pmol/l)

r=+0.116
p= 0.306

r=−0.303
p= 0.006

r=−0.294
p= 0.015

r=+0.199
p= 0.103

Androstendione
(ng/ml)

r=+0.286
p= 0.010

r=−0.077
p= 0.495

r=−0.145
p= 0.238

r=+0.265
p= 0.029

LH
(IU/l)

r=+0.318
p= 0.004

r=−0.081
p= 0.479

r=−0.091
p= 0.464

r=+0.253
p= 0.039

FSH
(IU/l)

r=−0.071
p= 0.535

r=−0.024
p= 0.835

r=+0.063
p= 0.610

r=+0.177
p= 0.153

Prolactin
(mIU/l)

r=+0.483
p < 0.001

r=+0.035
p= 0.762

r=+0.079
p= 0.526

r=+0.233
p= 0.058

NGF
(pg/ml)

r=+0.180
p= 0.109

r=+0.220
p= 0.072

r=+0.320
p= 0.008

Renalase
(ng/ml)

r=+0.180
p= 0.109

r=+0.222
p= 0.069

r=−0.227
p= 0.063

Plasma-free MN (pg/ml) r=+0.220
p= 0.072

r=+0.222
p= 0.069

r=+0.113
p= 0.358

Plasma-free NMN (pg/ml) r=+0.320
p= 0.008

r=−0.227
p= 0.062

r=+0.113
p= 0.358

Spearman rank correlation coefficient

The significance of bold entries is p < 0.05
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metabolism [16, 24, 26]. Hence, NA reuptake, transport,
storage, regulated release, and conversion to NMN have
been observed in human granulosa and theca cells [27, 28].
Moreover, the density of ovarian noradrenergic fibers is
increased in PCOS patients compared to women with reg-
ular menstruation, which could influence ovarian ster-
oidogenesis [29, 30].

In contrast to increased plasma-free NMN in PCOS
patients, our former study did not find differences in urine
NMN excretion between PCOS patients and controls [21].
Thus, increased subsequent NMN conversion to other
metabolites might be suggested, but further studies are
needed to test that hypothesis.

Additionally, plasma-free NMN levels in our participants
were positively related to LH, 17-OH progesterone,
androstenedione, and AMH concentrations. Our results
support the experimental finding that NA might amplify
human chorionic gonadotropin-dependent androgen pro-
duction in theca-interstitial cells, influencing the delta-4-
pathway [31]. Other studies did not find associations
between plasma catecholamine metabolites and LH, while
the urine 3-methoxy-4-hydroxyphenyl-glycol concentra-
tions were positively related to LH, testosterone, and
DHEAS levels in PCOS patients [15, 17]. Interestingly,
Ramadan fasting but not the sympatholytic drug mox-
onidine might significantly decrease the sympathetic activ-
ity in women with PCOS [32, 33]. Therefore, further studies
are needed to reveal if chronic caloric restriction could
influence the hyperandrogenic environment in PCOS
women by modulating NA levels.

NGF is a significant trophic factor for the peripheral
sympathetic neurons that influences NA levels by the
selective increase of the tyrosine hydroxylase and
dopamine-beta hydroxylase activity in the sympathetic
ganglia and adrenal medulla [34]. Inversely, catecholamines
could also stimulate NGF synthesis in different tissues by a
mechanism independent of adrenergic receptors [35]. In the
ovaries of transgenic mice overexpressing NGF, the
increased neurotrophin synthesis amplifies the local NA
production and induces systemic sympathetic hyperactivity
[36]. Furthermore, estradiol valerate application in female
rodents increases the NGF synthesis and noradrenergic
activity leading to increased androgen production and the
development of PCOS-like phenotype [37–39]. Though
rodent models could not fully resemble the multifaceted
PCOS presentation in humans [40], our results showed
similarly increased systemic NGF levels in PCOS women
compared to the control group, which correlated positively
with plasma-free NMN and AMH concentrations. Likewise,
in women undergoing in vitro procedures, different though
not all, authors have described increased NGF levels in the
follicular fluid of PCOS individuals compared to other
patients [41–43]. However, in circulation, Zangenesh et al.

found significantly lower NGF levels in PCOS patients
compared to other individuals, which might be explained by
prolonged chronic psychological stress [44, 45]. Hence, in
the Iranian study, the PCOS and the control group com-
prised women with infertility – a well-known risk factor for
anxiety and depression [44, 46]. Conversely, infertile
women were not included as controls in our study, and the
presence of psychiatric disorders or treatment was among
the exclusion criteria for all participants.

Our data showed that the NGF levels correlated posi-
tively with 17-OH progesterone and androstenedione of
the investigated women, as in rodent models [36, 37].
Additionally, we found positive associations between NGF
and LH levels, while ovarian NGF overexpression did not
influence gonadotropin concentrations in transgenic mice
[36, 41]. However, the interrelations between NGF and LH
might be species-specific because NGF is a potent stimu-
lator of gonadotropin-releasing hormone activity and LH
release in other female animals, e.g., llamas and dairy
heifers [47, 48]. Thus, our data suggest possible inter-
relations between systemic NGF concentrations, ovarian
androgen synthesis, and pituitary gonadotropin release that
might favor the development of PCOS in a subset
of women.

The increased NGF levels in the circulation of our
patients might originate from ovaries, but other sources,
including pituitary and adipose tissue, could not be exclu-
ded [49, 50]. Hence, NGF and prolactin are co-secreted by
the mammotroph cells in the anterior pituitary, and hypo-
thalamic dysregulation might alter their systemic levels
[49, 51]. Tubero-infundibular dopaminergic dysfunction is
a well-known feature of PCOS, leading to mild hyperpro-
lactinemia in many patients [52, 53]. Our data showed
significant associations between NGF and prolactin levels,
which need further evaluation.

Additionally, NGF synthesis has been observed in rodent
and human white adipose tissue [50]. However, the sym-
pathetic system is not a significant modulator of the NGF
release in fat mass, unlike ovaries [50]. NGF secretion has
been studied in patients with obesity and metabolic dis-
turbances, but the results are somewhat contradictory
[54–56]. Chronic sympathetic nervous system overactivity
is a well-known factor linking adiposity, insulin resistance,
and metabolic abnormalities [57]. However, in our study,
NGF levels did not differ between lean and obese PCOS
women, and no correlations between the neurotrophin and
metabolic parameters were established. Conceivably, the
powerful and complex effects of hyperandrogenism and
hyperinsulinemia on metabolic parameters in PCOS and the
heterogeneity of the syndrome per se could mask the
influence of other milder factors. Additional studies are
needed to investigate the possible impact of NGF on
metabolic indices in different PCOS phenotypes.
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Renalase (RNL) has been discovered in 2005 as a fla-
voprotein involved in the extracellular inactivation of
dopamine, adrenaline, and noradrenaline, though its plasma
catalytic function has been doubted by some researchers
[19, 58]. Additionally, RNL is a cytokine that modulates the
mitogen-activated protein kinase pathway leading to cyto-
protective, anti-inflammatory, and antiapoptotic effects
[reviewed in 59]. According to current knowledge, RNL
might modulate blood pressure in animals and humans by
influencing catecholamine metabolism, renal dopamine
secretion, and renal sympathetic innervation [19, 59, 60].
For instance, the renalase-knockout mice showed increased
systolic and diastolic blood pressure and increased cate-
cholamine concentrations compared to the wild-type ani-
mals despite normal renal function [61]. Additionally, the
genetically modified animals suffered from more severe
ischemic myocardial damage suggesting substantial tissue-
protective effects of the RNL in hypoxia [61]. Plasma RNL
levels might vary in hypertensive patients according to their
age, renal function, catecholamine levels, reasons for
increased blood pressure, and antihypertensive therapy
[62, 63]. For instance, a low level of renalase has been
related to an increased risk of preeclampsia during preg-
nancy, and the flavoprotein concentrations were negatively
associated with pregnant women’s systolic and diastolic
blood pressure [64]. However, RNL levels were increased
in adolescent hypertensive patients compared to controls
and correlated positively with blood pressure values [65].
The renalase levels have not been investigated in hyper-
tensive PCOS patients. Still, our results showed slightly
lower RNL levels in young normotensive PCOS women
compared to healthy controls with negative correlations
between RNL and blood pressure levels. Further, long-
itudinal studies are needed to reveal if the slightly lower
RNL levels in PCOS predict an increased prevalence of
hypertension and cardiovascular complications in the
future.

Currently, RNL is investigated mainly in the context of
chronic kidney, cardiovascular and oncologic diseases [60],
while the possible associations with reproductive dis-
turbances are poorly explored. However, abundant RNL
expression has been described in rodent ovaries and adrenal
glands [66]. Moreover, the gonadotropin-releasing hormone
antagonist administration leads to decreased ovarian RNL
expression [66]. At the same time, leptin deficiency
increases the RNL levels in ovaries, which suggests possi-
ble associations between RNL, metabolism, and ovarian
function [66]. Studies investigating RNL concentrations in
PCOS are lacking, though rs10887800 RNL genetic poly-
morphism has been associated with PCOS-related infertility
[67]. Fatima et al. hypothesize that polymorphisms in the
RNL gene might be related to impaired catecholamine
degradation and stress-induced changes in fertility [67].

Accordingly, we found decreased RNL and increased
plasma-free NMN levels in women with PCOS. However,
we did not find direct associations between catecholamine
metabolites and RNL, which suggests that other factors
might contribute to simultaneous changes in catecholamines
and RNL in patients with PCOS. Moreover, our results
showed decreased RNL concentrations in obese patients
with PCOS compared to lean PCOS patients, which might
result from the well-known adverse effects of obesity on
renal function [68]. Our study also found that RNL was
inversely related to insulin resistance, total and free testos-
terone. Further investigations are needed to explain the
pathophysiological mechanisms underlying these findings.

Based on the comprehensive Rotterdam criteria, women
with different phenotypes might be diagnosed with PCOS
[4, 5]. Nevertheless, PCOS is still a diagnosis of exclusion
with heterogenous clinical symptoms and probably multi-
causal genesis [4, 5, 69, 70]. Therefore, we could assume
that increased ovarian sympathetic noradrenergic activity
and NGF synthesis are common characteristics of a sub-
group of PCOS patients, who present with polycystic
ovaries, increased AMH, LH, and delta-4 androgen levels
irrespective of their metabolic status. Additionally, the
lower RNL levels in some obese PCOS patients might be
associated with the development of renal dysfunction and
increased blood pressure. To the best of our knowledge, the
current study explores the complex interrelations between
catecholamine metabolites, NGF, and RNL in adult PCOS
patients for the first time. However, we have measured
systemic blood concentrations but not local ovarian pro-
duction of NMN or NGF, which is the study’s main lim-
itation. Additionally, blood samples were collected during
the Covid-19 pandemic, which could be associated with
higher-than-usual levels of distress in the general population
[71], thus, influencing the endogenous stress response
mechanisms in the participants.

In conclusion, our study has found increased plasma-
free NMN and NGF levels in PCOS, especially in patients
with ovarian cystic morphology. These correlate with the
ovarian delta-4 androgen and AMH levels but not with the
metabolic characteristics of patients. Differences in RNL
levels between lean and obese PCOS patients might
modulate the development of increased blood pressure.
Further studies are needed to explore the significance of
adrenal medullar and autonomic dysfunction for devel-
oping different PCOS phenotypes and their subsequent
cardiovascular complications.
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