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study question: Is the neurotransmitter dopamine (DA) in the human ovary involved in the generation of reactive oxygen species (ROS)?

summary answer: Human ovarian follicular fluid contains DA, which causes the generation of ROS in cultured human granulosa cells
(GCs), and alterations of DA levels in follicular fluid and DA uptake/metabolism in GCs in patients with polycystic ovary syndrome (PCOS)
are linked to increased levels of ROS.

what is known already: DA is an important neurotransmitter in thebrain, and themetabolism of DA results in thegeneration of ROS.
DA was detected in human ovarian homogenates, but whether it is present in follicular fluid and plays a role in the follicle is not known.

study design, size and duration: We used human follicular fluid from patients undergoing in vitro fertilization (IVF), GCs from
patients with or without PCOS and also employed mathematical modeling to investigate the presence of DA and its effects on ROS.

participants/materials, setting and methods: DA in follicular fluid and GCs wasdetermined by enzyme-linked immuno-
sorbent assay. GC viability, apoptosis and generation of ROS were monitored in GCs upon addition of DA. Inhibitors of DA uptake and metab-
olism, an antioxidant and DA receptor agonists, were used to study cellular uptake and the mechanism of DA-induced ROS generation. Human
GCs were examined for the presence and abundance of transcripts of the DA transporter (DAT; SLC6A3), the DA-metabolizing enzymes mono-
amine oxidases A/B (MAO-A/B) and catechol-O-methyltransferase and the vesicular monoamine transporter. A computational model was
developed to describe and predict DA-induced ROS generation in human GCs.

main results and role of chance: We found DA in follicular fluid of ovulatory follicles of the human ovary and in GCs. DAT and
MAO-A/B, which areexpressed by GCs, areprerequisites fora DA receptor-independent generation of ROS in GCs. Blockers of DAT and MAO-
A/B, as well as an antioxidant, prevented the generation of ROS (P , 0.05). Agonists of DA receptors (D1 and D2) did not induce ROS. DA, in the
concentration range found in follicular fluid, did not induce apoptosis of cultured GCs. Computational modeling suggested, however, that ROS
levels in GCs depend on the concentrations of DA and on the cellular uptake and metabolism. In PCOS-derived follicular fluid, the levels of DA
were higher (P , 0.05) in GCs, the transcript levels of DAT and MAO-A/B in GCs were 2-fold higher (P , 0.05) and the DA-induced ROS levels
were found to be more than 4-fold increased (P , 0.05) compared with non-PCOS cells. Furthermore, DA at a high concentration induced apop-
tosis in PCOS-derived GCs.

limitations, reasons for caution: While the results in IVF-derived follicular fluid and in GCs reveal for the first time the presence
of DA in the human follicular compartment, functions of DA could only be studied in IVF-derived GCs, which can be viewed as a cellular model
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for the periovulatory follicular phase. The full functional importance of DA-induced ROS in small follicles and other compartments of the ovary,
especially in PCOS samples, remains to be shown.

wider implications of the findings: The results identify DA as a factor in the human ovary, which, via ROS generation, could play
a role in ovarian physiology and pathology.The resultsobtained in samples from women with PCOSsuggest the involvement of DA, acting via ROS,
in this condition.

study funding/competing interests: This work was supported bya grant fromDFG MA1080/17-3 and in part MA1080/19-1.
There are no competing interests.
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Introduction
Dopamine (DA) is an important brain neurotransmitter, which is
involved, for example, in Parkinson disease and psychiatric disorders
(Nemeroff and Bissette, 1988; Sulzer and Schmitz, 2007; Surmeier,
2007) and acts via D1- and D2-like receptors (Missale et al., 1998).
DA is metabolized by monoamine oxidases A/B (MAO-A/B) and
catechol-O-methyltransferase (COMT; Perfeito et al., 2012). COMT is
membrane-bound, while MAO enzymes are localized within the cell in
mitochondria (Goldstein et al., 2003) and DA metabolism by MAO
thus requires its cellular uptake.

In the course of the intracellular metabolic breakdown of monoa-
mines, including DA, aldehydes and hydrogen peroxide (H2O2) are pro-
duced. H2O2 is an important member of the class of reactive oxygen
species (ROS). ROS can exert both nocuous and beneficial effects
(Finkel, 2011; Shkolnik et al., 2011), depending on the levels. High
levels of ROS can induce lipid peroxidation, an action described to
occur as a consequence of the metabolism of DA in astrocytes
(Vaarmann et al., 2010). An imbalance between abundant ROS levels
and the antioxidant systems can also result in severe cell damage and
apoptosis (Finkel, 2011). DA appears to contribute in this way to neur-
onal cell death in Parkinson disease (Perfeito et al., 2012).

ROS are also generated in the ovary, and a recent study in human gran-
ulosa cells (GCs) implicated the neurotransmitter norepinephrine (NE)
in the generation of ROS (Saller et al., 2012). NE, presumably derived
from sympathetic fibers innervating the wall of follicles and the circula-
tion, was found in follicular fluid of women undergoing in vitro fertilization
(IVF). NE was taken up into cultured human GCs via a transporter (NET;
SLC6A2) and was metabolized via mitochondrial MAO-A (Eisenhofer
et al., 1995; Goldstein et al., 2003; Saller et al., 2012) in GCs. Functional
uptake of NE and expression of MAO were also found in rat GCs
(Greiner et al., 2008).

In addition to abundant levels of NE, DA was also detected in human
ovarian homogenates (Laraet al., 2001). D1- and D2-like receptors were
described in the follicle and the corpus luteum, and their functionality was
tested in isolated human GCs. GCs express the D1-like receptor types
D1 and D5, which are G-protein-coupled and linked to cAMP increase,
and the D2-like receptor types D2 and D4, which are linked to IP3/
DAG. D3 was not found (Rey-Ares et al., 2007). Indeed, by monitoring
cAMP or intracellular Ca2+, the functionality of D1- and D2-like recep-
tors could be shown (Mayerhofer et al., 1999, 2000, 2004; Rey-Ares
et al., 2007). In addition to the receptors for DA, the cell membrane-
associated DA transporter (DAT) was found in rat and human GCs
and in monkey oocytes (Mayerhofer et al., 1998; Greiner et al., 2008).

Oocytes, but no other ovarian cell type, express the enzyme DA hydro-
xylase (DBH) and under experimental conditions can take up DA and
convert it to NE (Mayerhofer et al., 1998). Hence, a complex ovarian
DA system, which includes receptor-mediated roles for DA and DA me-
tabolism, may be assumed. Yet, it remains to be shown whether DA in
sufficiently high concentrations is indeed present in the follicular com-
partment and in the follicular fluid. If so, the question arises of whether
ovarian DA could also be further metabolized in the follicle and if this
may lead to ROS generation.

In view of recent publications, this point appears of interest. A report
described DA metabolism in human GCs and the results showed
increased metabolism of DA in GCs derived from women suffering
from the common human ovarian pathology, polycystic ovary syndrome
(PCOS; Gómez and Ferrero, 2011). In PCOS, affecting up to 10% of
women of reproductive age, there is ample evidence for increased fol-
licular ROS levels and oxidative stress (Ehrmann, 2005; Stener-Victorin
et al., 2009; Qiao and Feng, 2011). This includes significantly elevated
ROS levels in individual cultured GCs derived from PCOS patients
(Karuputhula et al., 2013). Finally, there is evidence for alterations in
mitochondrial function in PCOS women and for alterations in catechol-
amine metabolism (Nemeroff and Bissette, 1988; Garcia-Rudaz et al.,
1998; Victor et al., 2009).

In this study, we explored whether DA is a factor in the human follicu-
lar fluid and may cause the generation of ROS. We studied DA levels in
follicular fluid and GCs, determined the uptake, metabolism and conse-
quences in GCs as well as established a computational model of these
processes to predict potential consequences in GCs from PCOS- and
non-PCOS patients.

Materials and Methods

Samples
DA levels were determined in the follicular fluid of 20 women with regular
menstrual cycles undergoing IVF (with or without ICSI) because of male infer-
tility, and in follicular fluid from 19 lean PCOS patients (Saller et al., 2012). The
body mass index (BMI) and the age range of both groups were comparable
(means+ SD: 23.0+3.9 kg/m2 versus PCOS, 22.5+ 3.8 kg/m2; 32.7+
4.2 year versus PCOS, 33.1+4.2 year). All samples are aliquots of those
which we previously used to measure NE, and all had been treated in the
same way, i.e. they had been thawed twice prior to the determination of
DA. The diagnosis of PCOS was based on the Rotterdam criteria (Revised
2003 consensus on diagnostic criteria and long-term health risks related to
polycystic ovary syndrome (PCOS) 2004). As mentioned previously (Saller
et al., 2012), a standard gynecological examination including a transvaginal
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sonography was performed. Patients displaying signs or symptoms of anomal-
ies including uterine fusion defects, submucosal fibroids or acute inflamma-
tion were excluded. There was no evidence of thyroid dysfunction or
hyperprolactinemia. Approval was obtained from the local ethics committee.
All participants gave their written informed consent and samples were anon-
ymized. The ‘long’ protocol was used (Acharya et al., 1992) and included
treatment (nasal spray) with the GnRH agonist nafarelin (Synarelaw, Pharma-
cia GmbH, Karlsruhe, Germany). When pituitary downregulation was con-
firmed [luteinizing hormone (LH) ,5 mIU/ml and E2 ,50 pg/ml],
ovarian stimulation was started (recombinant FSH; Puregonw, Essex
Pharma GmbH, Munich, Germany). When greater than or equal to three fol-
licles reached a mean diameter of at least 17 mm, 250 mg of recombinant
hCG (Ovitrellew, Serono GmbH, Unterschleißheim, Germany) were admi-
nistered s.c. Oocyte retrieval was performed under general anesthesia by
transvaginal, ultrasound-guided aspiration 35 h later. After obtaining the
oocytes, follicular fluids from one woman were pooled, immediately centri-
fuged for 10 min at 1000g and supernatants were stored at -708C. Samples
with visible blood or flushing fluid contamination were excluded.

ELISA measurements of DA
DA was determined using an enzyme-linked immunosorbent assay (ELISA)
kit (DRG Diagnostics, Marburg, Germany), following the instructions of
the manufacturer. The catecholamines were first extracted by using a cis-
diolspecific affinity gel, acylated and then converted enzymatically. Measure-
ments were performed in microtiter plates, and reactions were monitored at
450 nm in a plate-reading luminometer (BMG LABTECH GmbH, Fluostar,
Offenburg, Germany). DA in the range of 0.5 ng/ml–5 mg/ml (3.3 nM –
32.7 mM) can be detected with this assay. Values below the detection limit
were classified as not detectable.

GC culture studies
For all other experiments with GCs, including uptake experiments, follicular
fluid containing GCs was derived from additional IVF patients (n ¼ 56) stimu-
lated according to routine protocols. They included patients with PCOS (n ¼
19), but the PCOS and non-PCOS groups of patients were not matched for
BMI or age. Aspirates with cells from 2 to 4 patients were pooled for each ex-
periment. GCs were separated by centrifugation at 560g for 3 min, washed in
serum-free DMEM/Ham’s F-12 medium (Sigma, Munich, Germany) and sus-
pended in culture medium supplemented with penicillin (100 U/ml),
streptomycin (100 mg/ml) and 10% fetal calf serum (Gibco, Berlin,
Germany), as previously described (Saller et al., 2010, 2012). DA, Nomifen-
sine (Nf), N-acetylcysteine (NAC) and SKF38393 were purchased from
Sigma and dissolved in H2O to a 1-mM stock concentration. U-91,356A
and MAO-A/B inhibitors, 8-(3-chlorostyryl) caffeine and pirlindole mesylate,
were purchased from BIOZOL (Eching, Germany) and were dissolved in di-
methyl sulfoxide (DMSO). For cellular studies, DMSO was added to the re-
spective controls, and final concentrations were ,0.0001%.

RT–PCR and quantitative (q)RT–PCR
Total RNA from several batches (at least five for each parameter) of cultured
GCs (2 days after isolation) was prepared using the peqGold Total RNA Kit
(Peqlab, Erlangen, Germany), as described (Rey-Ares et al., 2007). In brief,
total RNA (200–500 ng) was subjected to reverse transcription,
using random primers (pdN6) and SuperScript II Reverse Transcriptase,
200 U/ml (Invitrogen GmbH, Darmstadt, Germany). Commercial human
brain and ovary cDNAs (BD CLONTECH, Inc., Heidelberg, Germany)
were also used as controls. PCR steps consisted of 35 cycles of denaturing
(at 948C for 60 s), annealing (at 608C for 30 s) and extension (at 728C for
60 s). Reaction tubes lacking reverse transcription product or RNA were
used as PCR controls. The identities of all PCR products were verified by
direct sequencing using one of the specific primers. Oligonucleotide

primers were designed to span at least one intron (Table I). Amplification
of cDNAs for qRT–PCR was performed employing the Quantifast SYBR
Green qRT–PCR kit (Quiagen, Hilden, Germany). The StepOnePlus

TM

Real-
Time PCR system (AB applied biosystems by life technologies) forcontinuous
fluorescent detection was used. Samples and standards were amplified in
triplicate. The levels were normalized to the ubiquitine (UQ) housekeeping
gene (Adam et al., 2012a,b).

Measurement and quantification of ROS
The 2-,7-dichlorodihydrofluoresceindiacetate (DCFH2-DA) method was
used, as described (Schell et al., 2010; Saller et al., 2012). In the presence
of intracellular ROS, such as H2O2, the DCFH2-DA dye (Invitrogen, Karls-
ruhe, Germany), after intracellular ester hydrolysis, is converted to the
highly fluorescent compound DCF. GCs seeded on glass cover slips at sub-
confluence were stimulated for up to 2 h with or without DA. Cells were
washed with phosphate-buffered saline (10 mM, pH 7.4) and then trans-
ferred to extracellular fluid buffer containing 140 mM NaCl, 3 mM KCl,
1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES and 10 mM glucose (pH 7.4)
and DCFH2-DA (10 mM) for 30 min loading at 378C. DCF fluorescence
was measured at 485 nm excitation/520 nm emission, monitored by fluor-
escence microscopy (Zeiss Axioskop FSZ+). For quantification of ROS,
GCs were placed in 96-well plates, treated with extracellular fluid buffer
and then with 100 nM DA/10 mM Nf/1 mM NAC/10 nM MAO-A/B inhibi-
tor/1 mM SKF38393, 1 mM U-91,356A and DCFH2-DA. Fluorescence
levels were measured in a fluorimeter at room temperature (BMG
LABTECH GmbH). After 2 h, when the experiments were terminated, the
final values were statistically analyzed. Fluorescence intensities were normal-
ized to controls.

Viability and caspase assays
Cellular ATP levels, as a measure of cellular viability, were studied using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega, Mannheim,
Germany). The activity of the effector caspase 3/7, as a measure of apoptotic
cell death, was studied using a caspase 3/7 assay (Promega), as described
(Saller et al., 2010). For ATP and caspase measurements, GCs on Day 3 of
culture were used.

Statistical analyses
Datawere analyzed using Prism 4 (GraphPad Software, San Diego, CA,USA).
Results of ELISA measurements of DA were examined by the F-test revealing
equal variances (P ¼ 0. 1056). Additionally, the data passed two normality
tests, Kolmogorov–Smirnov and Dostino and Pea, Kolmogorov–Smirnov
and D ‘Agostino and Pearson test, respectively. Hence, we considered that
application of a t-test is valid. The Student’s t-test was used to analyze the
results from qRT–PCR studies. For analyses of the other results, we used
one-way analysis of variance (ANOVA) followed by the Newman–Keuls
test or two-way ANOVAs and Bonferroni post hoc test, as indicated.

Computational model
The model is mainly based on modeling data related to the function of DA as
neurotransmitter (Justice et al., 1988; Nicolaysen and Justice, 1988; Qi et al.,
2008; Best et al., 2009, 2010). We considered nine differential equations as
described below in our model and solved them numerically by means of the
software COPASI 4.8 (Hoops et al., 2006; Best et al., 2009). The reactions
follow either first-order or Michaelis–Menten (MM) kinetics as stated for
each reaction with the kinetic parameters given in brackets. The values of
these parameters as well as concentrations used in our model can be
found in Table II. Extracellular DA is assumed to be taken up by DAT in a re-
versible way (MM kinetics; Vmax(in), Vmax(out), Km(in), Km(out)). This trans-
port can be inhibited by Nf; Ki(Nf). Intracellular DA is converted to
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3,4-dihydroxyphenylacetic acid (DOPAC) and H2O2 in a reaction, catabo-
lized by MAO, which follows MM kinetics (Vmax(MAO/DA), Km(MAO/
DA)) and can be inhibited by MAO inhibitors (Ki(MAO)). As shown in our
experiments, there are two MAO forms, MAO-A and -B, with differing
kinetics and pharmacology. However, as these differences are not in the
range of orders of magnitude and since there are no data available on
ovarian MAO kinetics, we did not distinguish between the two forms in
our model. Intracellular DA is also metabolized in a COMT-catalyzed reac-
tion to 3-methoxytyramine (3-MT) with MM kinetics (Vmax(COMT/DA)
and Km(COMT/DA)). Both enzymes catalyze also further reactions. 3-MT
is transformed by MAO yielding homovanillic acid (HVA) by first-order
kinetics (kMAO(3MT)), which can be blocked as well (Ki(MAO)). COMT
metabolizes DOPAC producing HVA and O2

·2 with first-order kinetics
(kCOMT(DOPAC)). In a final metabolizing step, HVA is assumed to be
removed by a first-order kinetics reaction (kHVA-catabolism). In summary,
ROS are assumed to be produced during metabolism of DA by MAO
(H2O2) and of DOPAC by COMT (O2

· 2). Superoxide dismutase (SOD) is
transforming O2

· 2 to H2O2 following first-order kinetics (kSOD). H2O2 is
removed from the system by conversion to water by catalase (CAT) and
glutathione peroxidase (GPX) in reactions that follow first-order kinetics
(kCAT and kGPX, respectively). For the ovary, no biochemical data on kinetics
of DA metabolism are available, and we have, thus, to rely mainly on neuronal
values. We ran our model not only with the values in Table II, but also with
varying parameters to test for robustness of the model. Either, we varied
the values in the range given in the literature or, if only one value was pub-
lished, we used values ranging from one-third to three times the value pub-
lished. For GCs from PCOS patients, a similar model was established and
values differing from those for non-PCOS GCs can be found in Table II.
Based on our qRT–PCR data, we assumed that the doubled expression
levels of mRNA encoding DAT, MAO-A and -B translated in doubled

enzymatic activity. Therefore, the corresponding Vmax values for MM kinetics
or k-values for first-order kinetics were multiplied by two. Extracellular DA
concentrations have been chosen according to our experimental conditions,
i.e. 5 mM for uptake simulations, 10 and 100 nM, respectively, for modeling of
ROS generation, and the concentrations found in follicular fluid (Fig. 1; 60 nM
for non-PCOS and 120 nM for PCOS) for simulation of physiological condi-
tions. Concentrations of DAT and MAO inhibitors have been determined to
equal those used in our experiment. All other concentrations have been set
to be variable with a starting value of zero.

Results

DA is present in human follicular fluid and in
GCs: differences between PCOS and
non-PCOS samples
DA was detected at variable levels in follicular fluid from most PCOS and
non-PCOS women. For the non-PCOS group, the levels ranged from not
detectable (,3.3 nM) to 213.2 nM (mean: 58.04 nM; median 45.75 nM,
25% percentile 0.0, 75% percentile 107.6; n ¼ 20). In the PCOS group,
DA ranged from not detectable (,3.3 nM) to 268.0 nM (mean:
116.9 nM; median 119.7, 25% percentile 30.07, 75% percentile 187.1;
n ¼ 19) (Fig. 1A and Supplementary data, Table S1). Thus, significantly
lower levels of DAwere measured in follicular fluid of women undergoing
IVF for male infertility than in those from PCOS patients (P ¼ 0.0309;
t-test).

Freshly isolated human GCs also contained traces of DA in the range of
not detectable to 1.03 nM/mg protein (not detectable–1.8 pg/mg

.............................................................................................................................................................................................

Table I Oligo-deoxynucleotide primers used in RT–PCR experiments.

Type Primer sequence (5′ –3′) GenBank accession number

DAT-sense AGC CGG CAC GTC CAT CCT CTT TG NM_001044

DAT-antisense GGC GCA CCT CCC CTC TGT CCA C NM_001044

DAT-nested-antisense ATG CTG ACC ACG ACC ACG A NM_001044

DAT-qPCR-sense ACG GTG GCA TCT ACG TCT TC NM_001044

DAT-qPCR-antisense CAC CAT AGA ACC AGG CCA CT NM_001044

MAO-A-qPCR-sense CCA TCA TGG GCT TCA TTC TT NM_000240.3

MAO-A-qPCR-antisense GAT CCC AGC ACT TTG GCA TA NM_000240.3

MAO-B-sense TAT GTG AT TAGT GCT ATT CCT CCT A NM_000898

MAO-B-antisense ACT TGA GAT ACG GTT CCA AGA C NM_000898

MAO-B-qPCR-sense GAT TTA TCC TGG CCC ACA AA NM_000898

MAO-B-qPCR-antisense GCT CCA GAG CTT CTA GGG AAC NM_000898

COMT-qPCR-sense GTC GCG GGA GAG AAA TAA CA NM_000754

COMT-qPCR-antisense GGC ATC TTC AAA GCA CCT CT NM_000754

COMT-sense TGG ACG CCG TGA TTC AGG AG NM_000754

COMT-antisense CCT CGC AGG GTC CTG TAG TAG NM_000754

VMAT2-qPCR-sense TTG TGC TCT TCT GGG AAT NM_003054.4

VMAT2- qPCR-antisense CCA ATT GCA AAA CCA ACT NM_003054.4

UQ-198-sense AGA TCC AGG ATA AGG AAG GCA T NM_021009.5

UQ-198-antisense GCT CCA CCT CCA GGG TGA T NM_021009.5

DAT, DA transporter; MAO-A, monoamine oxidase A; MAO-B, monoamine oxidase B; COMT, catechol-O-methyltransferase; VMAT2, vesicular monoamine transporter; UQ-198,
ubiquitine.
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protein) (median 0.006, 25% percentile 0.0, 75% percentile 0.37; n ¼ 12
non-PCOS patients) (data not shown)and not detectable to 0.04 nM/mg
protein (0–0.5 pg/mg protein) (median 0.0, 25% percentile 0.0, 75%
percentile 0.0; n ¼ 8 PCOS patients).

Expression of DAT, COMT, MAO-A and -B by
human GCs and active uptake of DA
Cultured GCs from the PCOS (not shown) and non-PCOS group
express the genes for DAT, COMT, MAO-A and -B, as analyzed by
RT–PCR followed by sequencing (Fig. 1B).

ELISA measurements of DA in lysed GCs (at Day 3 of culture), which
had been exposed to DA for 2 h, revealed that GCs take up DA from the
medium. This was shown for PCOS (n ¼ 3 experiments; Fig. 1D) and

non-PCOS samples (n ¼ 3 experiments; Fig. 1C). The specificity of the
DAT-driven uptake was examined using the DAT-blocker Nf. Its
ability to partially but significantly block intracellular accumulation sup-
ports the involvement of DAT (Fig. 1C and D).

Consequences of DA in human GCs: ROS
generation and apoptosis
DA added in the concentration range as present in human follicular fluid
(10 nM–1 mM) to cultured GCs (Day 3) caused the generation of ROS.
Figure 2A gives a microscopic view of GCs treated with or without
100 nM DA for 30 min. The ROS levels increased within minutes and
continued to rise until the termination of the experiments after 2 h
(Fig. 3A). The treatment of GCs (Day 3 of culture; from non-PCOS

.............................................................................................................................................................................................

Table II Kinetic parameters used in our computational model.

Reaction Parameter Model
value

References

DAT Vmax(in)/mM min21 100 Nicolaysen and Justice (1988); Gu et al. (1994); Lingjaerde et al. (1981); Chen and Justice
(2000); Best et al. (2009)

Vmax(out)/mM min21 200 Nicolaysen and Justice (1988); Gu et al. (1994); Lingjaerde et al. (1981); Chen and Justice
(2000); Best et al. (2009)

Km(in)/mM 10 Nicolaysen and Justice (1988); Gu et al. (1994); Lingjaerde et al. (1981); Chen and Justice
(2000); Best et al. (2009)

Km(out)/mM 10 Nicolaysen and Justice (1988); Gu et al. (1994); Lingjaerde et al. (1981); Chen and Justice
(2000); Best et al. (2009)

Ki(Nf)/mM 0.1 Nicolaysen and Justice (1988); Gu et al. (1994); Lingjaerde et al. (1981); Chen and Justice
(2000); Best et al. (2009)

DAT (PCOS) Vmax(in, PCOS)/mM min21 200 Values doubleda

Vmax(out, PCOS)/mM min21 400 Values doubleda

MAO Vmax(MAO/DA)/mM min21 15 Houslay and Tipton (1974); O’Carroll et al. (1986); Fernández de Arriba et al. (1991); Best
et al. (2009)

Km(MAO/DA)/mM 300 Houslay and Tipton (1974); O’Carroll et al. (1986); Fernández de Arriba et al. (1991); Best
et al. (2009)

Ki(MAO)/mM 0.2 Chen et al. (2002); Petzer et al. (2003); Vlok et al. (2006)
kMAO(3MT)/min21 0.3 Justice et al. (1988)

MAO (PCOS) Vmax(MAO/DA, PCOS)/mM
min21

30 Values doubleda

kMAO(3MT, PCOS)/min21 0.6 Values doubleda

COMT Vmax(COMT/DA)/mM min21 3 Best et al. (2009)
Km(COMT/DA)/mM 0.5
kCOMT(DOPAC)/min21 0.038 Justice et al. (1988)

HVA
catabolism

kHVA-catabolism/min21 0.0575 Best et al. (2009)

SOD kSOD/min21 200 000 Riley et al. (1991); Bolann et al. (1992); Goldstein et al. (2006); Kowald et al. (2006); BRENDA

CAT kCAT/min21 3000 Kowald et al. (2006); BRENDA

GPX kGPX/min21 2000 Kowald et al. (2006); BRENDA

in, inwards; out, outwards; DAT, dopamine transporter; MAO, monoamine oxidase; COMT, catechol-O-methyltransferase; PCOS, polycystic ovary syndrome; HVA, homovanillic acid;
SOD, superoxide dismutase; CAT, catalase; GPX, glutathione peroxidase; 3MT, 3-methoxytyramine; DOPAC, 3,4-dihydroxyphenylacetic acid; Nf, nomifensine.
Vmax: maximum rate of Michaelis–Menten kinetics.
Km: Michaelis constant of Michaelis–Menten kinetics.
Ki: dissociation constant of inhibitor.
kMAO(3MT): first-order rate constant of 3MT decomposition by MAO.
kCOMT(DOPAC) : first-order rate constant of DOPAC decomposition by COMT.
kHVA-catabolism: first-order rate constant of HVA catabolism.
kSOD: first-order rate constant of SOD.
kCAT: first-order rate constant of CAT.
kGPX: first-order rate constant of GPX.
aValues doubled based on our qRT–PCR results on mRNA expression.
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patients) with 10 nM, 100 nM, 1 mM and 10 mM DA for 24 h had no
effect on effector caspases 3/7 in GCs of non-PCOS patients (Fig. 2B).
DA in the range of 1–100 nM did also not change cellular ATP levels,
i.e. a measure for cell viability, which was tested in additional four experi-
ments in up to 24 h (data not shown). Thus, DA, applied at physiological
and supra-physiological concentrations, does not affect the rate of spon-
taneously occurring apoptotic events of GCs from non-PCOS patients.

The mechanism by which DA generates ROS was further examined
(Fig. 3). The addition of 100 nM DA resulted in higher levels of ROS
than thatof 10 nM (Fig. 3A). Treatment of GCs with the D1/D2 receptor
agonists SKF38393 (for D1) and U-91,356A (for D2) had no effect on
ROS generation, implying that the generation of ROS occurs by DA is
a receptor-independent event (Fig. 3B). The DA-induced ROS forma-
tion was inhibited when the selective DAT-blocker Nf (10 mM)
(Fig. 3C) and the MAO-B inhibitor 8-(3-chlorostyryl) caffeine (10 nM)
(Fig. 3D) were added. ROS induced by 100 nM of DA was also
blocked by the antioxidant NAC (1 mM) (Fig. 3E). ROS induced by
100 nM of DA was partly blocked by the MAO-A inhibitor pirlindole
mesylate (10 nM) and totally blocked by a combination of MAO-A and
-B inhibitors (10 nM each) (Fig. 3F). Treatment of GCs with NAC, Nf

or MAO-B inhibitor alone had no effect on ROS generation (data not
shown). NAC, Nf, MAO-B inhibitor and DA were not toxic for GCs at
the levels employed, as seen in viability assays using cellular ATP for up
to 2 h (not shown). The results allow the conclusion that cellular
uptake and metabolism are required for DA to increase ROS in GCs.

Computational modeling
The model confirmed that GCs take up DA (Fig. 4B) and produce ROS,
including H2O2, with a similar time course as in our experiments
(Fig. 4A). The uptake of DA into the cytoplasm occurred to a similar
extent as in the experiment (Fig. 1C and D) for both non-PCOS and
PCOS GCs and can be inhibited by Nf (Fig. 4B). When calculating ROS
generation with 10 and 100 nM extracellular DA, we found a higher
ROS production in PCOS GCs than in non-PCOS ones (Fig. 4C),
which is in accordance with our experiments (Fig. 5A). ROS production
can be inhibited in the model by blocking either DA uptake (Nf) or MAO
activity (Fig. 4C). When we subjected in addition the physiological con-
centrations of DA found in the follicular fluid, we calculated higher intra-
cellular DA concentrations as well as higher levels of O2

· 2 and H2O2 in

Figure 1 DA in follicular fluid of in vitro fertilization (IVF) patients and evidence for DA uptake and metabolism in GCs. (A) Individual levels of DA and
mean values (horizontal line) in follicular fluid of 20 IVF patients with male factor infertility (non-PCOS) and 19 patients with PCOS. t-test, *P , 0.05. (B)
Agarose gel showing RT–PCR products for DAT, COMT, MAO-A and -B in human GCs from patients with male factor infertility. Sequencing proved their
identities. (C) Isolated human GCs from non-PCOS patients take up DA (5 mM) added to the medium 2 h prior to ELISA measurements. Intracellular levels
were significantly reduced when the selective DAT-blocker Nf (10 mM) was added. Values are the mean+ SEM: for DA: 2.75+ 0.3 mM. n ¼ 3 experi-
ments, each using pooled cells from 2 to 3 patients. ANOVA, *P , 0.01 for DA + Nf versus DA; **P , 0.001 for control versus DA. Control cells (2) were
not treated with DA. (D) Isolated human GCs from PCOS patients take up DA (5 mM) (left bar) added to the medium 2 h prior to ELISA measurements. Intra-
cellular levels are significantly reduced by the selective DAT-blocker Nf (10 mM). Control cells (2) were not treated with DA. Values are the mean+SEM: for
DA: 2.03+0.3 mM; n¼ 3 experiments, each using pooled cells from 2 to 3 patients. ANOVA, *P , 0.01 for DA + Nf versus DA; **P , 0.001 for control
versus DA. COMT, catechol-O-methyltransferase; DA, dopamine; DAT, DA transporter; MAO, monoamine oxidase; Nf, nomifensine.
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PCOS than in non-PCOS (Fig. 4D). All modeling results were rather
robust when we varied the parameters of the model as described in
the Materials and Methods sections. The ratios between values for
PCOS and non-PCOS GCs were similar under all conditions.

Increased responses to DA and elevated levels
of DAT, MAO-A and -B in GCs from women
with PCOS
Computational modeling suggested that DA levels, its cellular uptake and
metabolizing enzymes determine ROS levels in GCs. In follicular fluid of
PCOS patients, 2-fold higher DA levels were found. Hence, we further
tested how PCOS-derived GCs respond to DA. GCs from PCOS
patients when studied in side-by-side experiments with non-PCOS
GCs showed a striking, up to 5-fold increased generation of ROS
caused by DA in comparison with non-PCOS cells (Fig. 5A). Further-
more, in contrast to the results obtained in non-PCOS samples, DA at
high concentrations slightly but significantly induced apoptosis in PCOS-
derived GCs (Fig. 5B). To study the possible causes for the enhanced
ROS generation by DA, we examined the mRNA levels of DAT,
MAO-A/B, COMT and the vesicular monoamine transporter 2
(VMAT2). qRT–PCR experiments revealed a significantly increased

expression of MAO-B, -A and DAT mRNA in PCOS versus
non-PCOS patients (Fig. 6A), but no changes in expression levels of
COMT and VMAT2 mRNA (Fig. 6B). Thus, the uptake and MAO-
dependent metabolism is significantly altered in PCOS, which may
result in increased ROS.

Discussion
The catecholamines NE and DA are found in plasma (Van Loon, 1983)
and were reported in the human ovary (Lara et al., 2001). Catechola-
mines in any peripheral organ may be derived from the circulation and
from innervation of the respective organ. In addition, tyrosine hydroxy-
lase (TH, the rate limiting, first enzyme in catecholamine biosynthesis)
immunoreactive intrinsic intraovarian neurons were described in the
human ovary (Anesetti et al., 2001) and may specifically contribute to
ovarian catecholamines. In the same study, no other ovarian cells were
described as being immunoreactive for TH. Catecholamines may exert
a number of functions depending on the presence of receptors and/
or, as we found, depending on cellular uptake and metabolism. Our
data reveal new aspects of such a complex system involving the catechol-
amine DA in the human ovary.

An important pillar of this system is DA, which was detected previous-
ly in ovarianhomogenate (Laraet al., 2001) and now, in the present study,
in follicular fluid from ovulatory follicles. The DA values measured vary,
possibly because the samples were thawed before and aliquots were
removed and used for another study (Saller et al., 2012). Since all
samples were treated in the same way, we do not consider this the
main reason for variability, but rather suspect that levels may vary
because of different metabolic activities in vivo, within follicles. In any
case, the presence of DA implies that this catecholamine is to be consid-
ered a factor with the potential to influence the cells of the ovary, i.e. GCs
and/or the oocyte of the large follicle. This mayoccur via D1- and D2-like
receptors, previously found on GCs (Rey-Ares et al., 2007), that are
linked to the generation of cAMP, intracellular Ca2+ and the phosphor-
ylation state of the third messenger DARPP32 (DA- and cAMP-regulated
phosphoprotein of Mr 52). Further downstream actions of DA are not
well known, but may include regulation of cell size (Mayerhofer et al.,
1999, 2000, 2004).

The levels of DA in follicular fluid varied substantially, and this may be
related to the possibility that DA is metabolized in complex ways. DA is
to be considered a precursor of follicular NE and both can be metabo-
lized. NE and DA were, respectively, found in human ovarian homogen-
ate (Lara et al., 2001) and human follicular fluid (this study and Saller et al.,
2012). A previous study with non-human primate oocytes showed that
oocytes take up DA and express DAT and the enzyme DBH, which con-
verts DA to NE (Mayerhofer et al., 1998). NE then targets beta-
adrenergic receptors of GCs and elevates cAMP in GCs. GCs of rat
and human origin (Greiner et al., 2008; Saller et al., 2012) can also take
up and metabolize NE. In human GCs, this results in the generation of
ROS (Saller et al., 2012). Indeed, substantial amounts of NE (Saller et al.,
2012) and of a major NE metabolite 4-hydroxy-3-methoxyphenylglycol
(MHPG; around 57 ng/ml) can be detected by high-performance liquid
chromatography in human follicular fluid (results not shown). As in a pre-
vious study, using the same follicular fluid samples as in the present one,
normetanephrine, a metabolite of DA and NE, was found in follicular
fluid and also in GCs (Saller et al., 2012), the combined data provide
clear evidence that follicular metabolism of catecholamine occurs.

Figure 2 DA induces the generation of ROS in GCs and does not
affect effector caspases 3/7. (A) The treatment of GCs with 100 nM
DA for 30 min induces the generation of ROS, monitored by DCF fluor-
escence in cells. CO: same cells prior to addition of DA; bar ¼ 60 mm.
(B) Measurement of active effector caspases 3/7, as an indicator for
apoptosis, 24 h after DA treatment of GCs from non-PCOS patients.
Results are expressed in arbitrary units (AU) and are given as
mean+ SEM from n ¼ 8 experiments, each using pooled cells from 2
to 3 patients. The DA treatment groups are not significantly different
from the control group (P . 0.05). DA, dopamine; ROS, reactive
oxygen species; PCOS, polycystic ovary syndrome.
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Figure 3 DA induces the generation of ROS in GCs, which can be inhibited by blockage of uptake or metabolism. (A) ROS levels in GCs increase upon
addition of DA used at 10 and 100 nM; experiments were repeated four times using cell pools from different patients. Individual experiments consisted of
eight replicates. Values shown were normalized to those from untreated controls and are given as arbitrary fluorescence intensities (AU). Values observed
after 2 h when the experiments were terminated were as follows (mean+ SD): 1.73+0.05 for DA 10 nM and 1.86+ 0.06 for DA 100 nM. Values at2 h in
treatment groups 10 and 100 nM DAwere higher than untreated control (ANOVA, P , 0.001). (B) ROS measurements in the presence of selective DR2-/
DR1-receptor agonists U-91 (1 mM) and SKF38 (1 mM). Experiments were repeated three times and each experiment consisted of eight replicates. Values
observed after 2 h, when the experiments were terminated, were as follows (mean+ SD): 1.03+ 0.01 for 1 mM U-91 and 0.97+0.01 for 1 mM SKF38.
Treatment groups U-91 and SKF38 did not differ from controls at 2 h (ANOVA, P . 0.05). (C) ROS measurements in the presence of DA (100 nM) and
selective DA-uptake inhibitor Nf (10 mM). Experiments (each with eight replicates) were repeated six times using cell pools from different patients. Values
observed after 2 h were as follows (mean+ SD): 1.38+0.19 for DA and 0.87+0.07 for DA + Nf. The treatment group 100 nM DA differed from the
group DA + Nf (P , 0.001, ANOVA) and from control (P , 0.001). Group DA + Nf did not differ from control (P . 0.05). (D) An inhibitor of the
DA-metabolizing enzyme MAO-B (8-(3-chlorostyryl) caffeine, 10 nM) partly blocked the action of DA (100 nM) to generate ROS. Experiments were
repeated two times using cell pools from different patients, and each experiment consisted of eight replicates. Values observed after 2 h when the experi-
ments were terminated are as follows (mean+ SD): 1.80+0.29 for DA and 1.45+0.27 for DA + MAO-B inhibitor. The treatment group 100 nM DA
differed from DA + MAO-B inhibitor at 2 h and control (ANOVA, P , 0.001). (E) The action of DA (100 nM) on ROS is significantly blocked by 1 mM
NAC, a ROS scavenger. Experiments were repeated four times using cell pools from different patients with eight replicates each. Results observed after 2 h
when the experiments were terminated were as follows (mean+ SD): 1.9+ 0.19 for DA, 0.15+ 0.03 for DA + NAC and 1.1+0.1 for NAC alone. The
DA group differed from DA + NAC at 2 h and the control (ANOVA, P , 0.001). (F) ROS levels in GCs treated with 100 nM DA alone and with MAO-A
inhibitor (pirlindole mesylate; 10 nM) and MAO-A(10 nM) + MAO-B inhibitor (8-(3-chlorostyryl) caffeine; 10 nM). The experiment was repeated two
times using cell pools from different patients. Values observed after 2 h when the experiment was terminated were as follows (mean+ SD):
1.15+ 0.02 for DA 100 nM, 1.1+0.01 for DA + MAO-A inhibitor and 1.00+ 0.01 for DA + MAO-A + MAO-B inhibitor. At 2 h (ANOVA), the
DA + MAO-A inhibitor (P , 0.05), DA + MAO-A + MAO-B inhibitor (P , 0.001) and DA groups differed from control (P , 0.001). DA, dopamine;
ROS, reactive oxygen species; GC, granulosa cells; Nf, nomifensine; MAO, monoamine oxidase.
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We now describe cellular uptake and metabolism of DA in human
GCs, which leads to ROS production. The ability of DA to generate
ROS was previously found, for example, in brain cells. In astrocytes,

metabolism of DA by MAO induced the production of H2O2 and
caused lipid peroxidation, resulting in altered Ca2+ signaling (Vaarmann
et al., 2010). Using pharmacological tools, we found that MAO-A/B and

Figure 4 Computational modeling of DA uptake and metabolism. (A) The calculated ROS concentrations saturated at the experimental time points
chosen as shown for O2

· 2 and H2O2. (B) Incubation with 10 and 100 nM DA, respectively, yielded higher concentrations of ROS (sum of H2O2 and
O2

·2) in PCOS GCs than in non-PCOS ones (as shown in the corresponding experiments depicted in Fig. 5A. The production of ROS can be blocked
by either Nf or a MAO blocker. (C) Intracellular DA (iDA) after 2 h incubation with 5 mM DA yielded values similar to the experimental ones, and the
intracellular accumulation can be blocked by Nf. (D) Using the extracellular DA concentrations as measured in follicular fluid (non-PCOS, 60 nM;
PCOS, 120 nM) in the model yielded even higher ROS concentrations in PCOS GCs compared with non-PCOS GCs. ROS, reactive oxygen species;
DA, dopamine; PCOS, polycystic ovary syndrome; MAO, monoamine oxidase; Nf, nomifensine; GC, granulosa cell.

Figure 5 Comparison of increases in ROS levels induced by DA in non-PCOS versus PCOS GCs and DA influence on effector caspases 3/7 in PCOS-
derived GCs. (A) ROS levels after 2 h in GCs from non-PCOS patients (black columns) compared with that from PCOS patients (white columns) (n ¼ 3).
Treatment groups with 10 and 100 nM DA differed from control. *P , 0.05 and **P , 0.001, respectively (two-way ANOVA followed by Bonferroni
post-test). (B) Measurements of effector caspases 3/7, as an indicator for apoptosis, 24 h after DA treatment of GCs from PCOS patients. Results are
expressed in arbitrary units (AU) and are mean+ SEMs from n ¼ 8 experiments, each using pooled cells from 2 to 3 patients. Values with 10 mM DA
are higher than the control group (*P , 0.05). PCOS, polycystic ovary syndrome; DA, dopamine; MAO, monoamine oxidase.
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DAT are crucially involved in DA-induced ROS generation in GCs.
However, we did not find evidence for lipid peroxidation or other dele-
terious actions in these cells. Isoprostane levels were not increased when
DA was applied in physiological and higher concentrations (data not
shown) and in cell viability and caspase assays, and even supra-
physiological levels of DA did not affect GCs. Are the DA-induced
ROS therefore contributing to physiological processes in GCs and the
ovary?

The view that ROS can be important physiological signal molecules of
cells was proposed by Finkel (2011) and, indeed, this may be of special
relevance for ovarian physiology. Recent observations in rodents strong-
ly suggest that ROS are necessary for ovulatory events, including cumulus
expansion and LH-induced progesterone production by pre-ovulatory
follicles. ROS scavengers blocked ovulation and ROS in GCs were
found to act as mediators of LH, epidermal growth factor and MAPK sig-
naling, implicating an important role of redox signaling in the ovary, at
least in rodents (Finkel, 2011; Shkolnik et al., 2011; Agarwal et al., 2012).

The computational modeling which we developed for GCs indicated
that ROS levels in GCs depend on several factors, including the DA

concentrations in follicular fluid, DA uptake and levels of metabolizing
enzymes in GCs. The predictions of the model were testable in
samples derived from patients with PCOS. Thus, (i) we found elevated
DA levels in follicular fluid from PCOS patients. Although the sources
of DA in follicular fluid are unknown, higher levels in PCOS patients
may be in line with sympathetic hyper-innervation of the ovary, consid-
ered typical for PCOS (Heider et al., 2001; Greiner et al., 2005).
However, circulating DA as a source must also be considered.
Another change was observed in PCOS GCs and interestingly, (ii) the
transcript levels of DAT and MAO-A/B in GCs were significantly
(about 2-fold) increased. The levels of COMT (membrane-bound me-
tabolizing enzyme) and VMAT2 (which takes up DA into vesicles and
thereby prevent metabolism) were not changed. The alterations were
observed in GCs cultured for several days, thus rending possible in vivo
effects rather unlikely and imply that they may be typical for PCOS.
The assumption of an increased ability of PCOS-derived human GCs
to metabolize DA is supported by the results presented in a recent
study, in which higher levels of DA metabolite were measured in GC cul-
tures from PCOS than in non-PCOS patients when challenged with DA

Figure6 qRT–PCR analysis of DAT, COMT, MAO-A, -B mRNA and VMAT2 mRNA. (A) DAT, MAO-B and -A mRNA levels areall significantly higher in
PCOS patients (mean+ SD: 1.95+0.07 for DAT; 2.2+ 0.14 for MAO-B and 1.92+0.1 for MAO-A) than in non-PCOS ones (1.05+ 0.07 for DAT;
1.1+ 0.14 for MAO-B and 1.1+0.14 for MAO-A) (t-test; *P , 0.0001). qRT–PCR results were normalized to the housekeeping gene UQ. For all experi-
ments, seven cell pools from 2 to 3 patients each were used. (B) COMT and VMAT2 mRNA expression levels of GCs do not differ significantly between
PCOS (0.92+0.17 for COMT and 1.06+0.07 for VMAT2) and non-PCOS patients (1.1+0.14 for COMT and 1.15+0.21 for VMAT2) (t-test;
P . 0.05). qRT–PCR results were normalized to the housekeeping gene UQ. For all experiments, seven cell pools from 2 to 3 patients each were
used. DAT, dopamine transporter; COMT, catechol-O-methyltransferase; MAO, monoamine oxidase; VMAT, vesicular monoamine transporter.
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(Gómez and Ferrero, 2011). Evidence for alterations in catecholamine
metabolism together with altered mitochondrial functions in human
PCOS also stem from other studies (Nemeroff and Bissette, 1988;
Garcia-Rudaz et al., 1998; Victor et al., 2009) and are in support of our
data. Finally, (iii) the computational model which we developed predicts
that a higher DA metabolism leads to increased generation of ROS.
Indeed, in our experiments, we observed in PCOS GCs a strikingly
altered response to DA. Thus, when challenged with DA, the induced
ROS levels were more than 4-fold increased over those found in
non-PCOS GCs. The study of GCs from PCOS patients also revealed
that the application of supra-physiological concentrations of DA can
lead to a small but statistically significant increase of active caspase
3/7, indicating increased apoptosis and presumably oxidative stress.
Clearly, the concentration of DA necessary to induce this action was
much higher than the highest one found in our measurements of follicular
fluid, and thus, the in vivo relevance of this results remains to be proven.
Yet, DA is not the only factor increasing ROS in human GCs. Such actions
were recently found for NE and decorin, acting via epidermal growth
factor receptors (Adam et al., 2012a; Saller et al., 2012). It remains to
be shown whether the actions of different ROS-elevating signaling
factors may be additive and could explain the observed overall increase
in ROS and the resulting oxidative stress in ovarian pathologies, including
PCOS. Excessive ROS in the follicle is linked to impaired oocyte matur-
ation and fertilization, poor embryo quality and decreased pregnancy
rates (Ruder et al., 2008; Bausenwein et al., 2010; Chattopadhayay
et al., 2010; Pandey et al., 2010; Qiao and Feng, 2011; Insenser et al.,
2013; Karuputhula et al., 2013) and is an important contributing factor
in PCOS.

In summary, the study identifies DA as a factor in human follicular fluid
and shows that mechanisms for cellular uptake and metabolism of DA,
known from the nervous system, exist in GCs of the human ovary. The
results suggest that DA is a player in the human ovarian follicle, which
in a receptor-independent way appears to contribute to ROS homeosta-
sis in the follicular microenvironment. Changes in DA levels, uptake or
metabolism, including the observed alterations associated with PCOS,
may significantly modify the ovarian actions of DA and via ROS may con-
tribute to the impairments of ovarian functions seen in PCOS.

Supplementary data
Supplementary data areavailable athttp://humrep.oxfordjournals.org/.
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