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ABSTRACT: Changes in concentrations of intra-follicular hormones during ovulation are important for final oocyte maturation and
endometrial priming to ensure reproductive success. As no human studies have investigated these changes in detail, our objective was to
describe the dynamics of major follicular fluid (FF) hormones and transcription of steroidogenic enzymes and steroid receptors in human
granulosa cells (GCs) during ovulation. We conducted a prospective cohort study at a public fertility clinic in 2016-2018. Fifty women
undergoing ovarian stimulation for fertility treatment were included. From each woman, FF and GCs were collected by transvaginal ultrasound-
guided follicle puncture of one follicle at two specific time points during ovulation, and the study covered a total of five time points: before
ovulation induction (Ql), 12, 17,32 and 36 h after Ol. Follicular fluid concentrations of oestradiol, progesterone, androstenedione, testosterone,
| 7-hydroxyprogesterone, anti-Mullerian hormone, inhibin A and inhibin B were measured using ELISA assays, and a statistical mixed model was
used to analyse differences in hormone levels between time points. Gene expression of 33 steroidogenic enzymes and six hormone receptors
in GCs across ovulation were assessed by microarray analysis, and selected genes were validated by quantitative reverse transcription PCR.
We found that concentrations of oestradiol, testosterone, progesterone, AMH, inhibin A and inhibin B (P < 0.001) and gene expression of
|2 steroidogenic enzymes and five receptors (false discovery rate < 0.0001) changed significantly during ovulation. Furthermore, we found
parallel changes in plasma hormones. The substantial changes in follicular hormone production during ovulation highlight their importance for
reproductive success.
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Introduction

Hormone secretions from theca cells (TCs) and granulosa cells (GCs)
are mainly regulated by gonadotropins (i.e. FSH and LH) but also
by autocrine and paracrine signalling that involves inhibins, activins,
follistatin and anti-Miillerian hormone (AMH) (Andersen et al., 2010;
Yding Andersen, 2017). These regulatory systems orchestrate the
coordinated action of more than 20 steroidogenic enzymes in the
ovary, ultimately securing synthesis of oestradiol and progesterone
(Miller, 2008). Whereas progesterone is synthesized by both TCs and
GCs, the synthesis of oestradiol requires a coordinated action of both
cell types as described in the two-cell-two-gonadotropin model (Hillier
et al., 1994).

When the follicle is fully mature, ovulation is initiated by a massive
surge of LH and FSH, which prompts resumption of oocyte matu-
ration, rupture of the follicle wall and transformation of the follicle
into the corpus luteum (CL). During ovulation, the follicle under-
goes a transformation from a mainly oestrogen-producing to a mainly
progesterone-producing unit. The progressive changes in the hor-
mone concentrations, their inter-relationships and secretory regulation
during the events of ovulation are important for proper hormonal
stimulation of the reproductive organs, development of a receptive
endometrium, oocyte maturation and ultimately reproductive success.

In humans, the detailed steroidogenic shift is exclusively documented
in studies examining serum or urine steroid levels across the
mid-cycle surge (Aedo et al., 1981; Hoff et al., 1983; Fritz et al., 1992;
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Roos et al., 2015). Studies reporting the shift in the intra-follicular
hormonal milieu that directly supports the maturing oocyte and follicle
transformation are limited to animal or primate studies (Chaffin et al.,
1999; Belin et al., 2000; Komar et al., 2001). Thus, little information
exists on the intra-follicular hormone milieu during ovulation in humans.

The aim of the present study was to monitor the concentrations
of predominant hormones in human follicles at five specific time points
over the course of ovulation and the simultaneous changes in transcrip-
tion of steroidogenic enzymes and their receptors in GCs. The results
increase our knowledge of the intra-follicular hormonal dynamics that
support this crucial time in follicle and oocyte development.

Materials and Methods

Ethical approval

The Danish Data Protection Agency and the Scientific Ethical Com-
mittee of Region Zealand, Denmark, approved the study (5)-530). All
study participants gave informed consent prior to inclusion. The study
was conducted in accordance with the Helsinki Declaration |I.

Study participants

The study was conducted as a prospective cohort at the University
Hospital-affiliated Fertility Clinic, Holbek Hospital, Region Zealand,
Denmark, during September 2016 to March 2018, as previously
described (Poulsen et al, 2019b). Included women were below
36 years of age, undergoing IVF or ICSI treatment because of infertility
due to male factor, tubal factor or unexplained infertility, including six
women with polycystic ovary syndrome (PCOS). For ethical reasons,
only women who had developed at least nine mature follicles > 14 mm
at the last control ultrasound before ovulation induction (Ol) were
asked to participate. Women with elevated serum androgens and co-
morbidities such as diseases of lung, heart, bowel, kidney, diabetes
or dysregulated thyroid disease were excluded. The women were
treated with a standard antagonist protocol initiated at cycle Day 2 or
3 with individually dosed recombinant FSH (n =42, rFSH, Puregon®,
MSD, Denmark) or human menopausal gonadotropin (n =8, hMG,
Menopur®, Ferring, Denmark) and a GnRH antagonist (ganirelix
0.25 mg, Fyremade|®, SUN Pharma, Netherlands) from stimulation
Day 5. To avoid ovarian hyperstimulation syndrome (OHSS), ovulation
was induced with either recombinant human chorionic gonadotropin
(rhCG, 6500 IU, Ovitrelle®, Merck, Germany) or GnRH agonist
(GNRHa, buserelin 0.5 mg, Suprefact®, Sanofi-Aventis, France)
according to the number of ovarian follicles at the final control visit, as
evaluated by ultrasound and/or early clinical signs of OHSS. Oocyte
pickup (OPU) was performed 36 h after Ol.

Baseline descriptive parameters

BMI and cause of infertility were recorded at the woman’s first visit to
the clinic when treatment was planned. At cycle Day 2 or 3, before
initiation of treatment, all women had a blood sample drawn for eval-
uation of baseline hormone parameters: LH, FSH, oestradiol, AMH,
prolactin and thyroid stimulating hormone (TSH). Serum androgens
were measured in a blood sample collected just prior to the follicular
fluid (FF) sampling described below. All serum hormone analyses
were performed as routine analyses at the hospital’s biochemical

laboratory. At the final control ultrasound before Ol, the number of
mature follicles was counted. Follicles with a diameter of >14 mm,
measured as an average of two orthogonal planes, were considered
mature.

Follicle punctures

FF and GCs were collected from four groups of women by aspiration
of one mature follicle: before Ol (Group |, ‘0 h’, n =23)), 12 h after
Ol (Group 2, ‘121, n=10), 17 h after Ol (Group 3, ‘17 h’, n = 6) and
32 h after Ol (Group 4, 32 i, n = | I). From each of these women,
a FF sample was also collected at OPU (‘36 h’, n = 50). Consequently,
each woman contributed with two samples of FF and GCs (repeated
measurements), and the study covered a total of five sample time
points during the 36 h of ovulation (Fig. I).

Sample collection was performed by transvaginal ultrasound-guided
follicle puncture with a single lumen needle (Wallace Oocyte Recovery
Set, Smith Medical, Australia). Samples collected prior to OPU (0-32 h)
were aspirated from one easily accessible follicle of at least 14 mm
with subsequent double flushing to retrieve additional GCs. Samples at
OPU (36 h) were collected from the first aspirated follicle containing
a cumulus—oocyte complex, where double flushing was performed
in between different follicle aspirations to prevent inter-follicle
contamination and increase the number of available GCs. Therefore,
FF collected at OPU was in some cases diluted with precisely 1.5 mL
of flushing medium (ASP®, 10 100, Vitrolife, Sweden) contained in the
needle system. This volume was accounted for by determining the
dilution factor for each case ((follicle volume + flush volume)/follicle
volume), which was used to correct the measured FF hormone
concentrations.

Isolation of GCs and FF

Through a light microscope, flakes of GCs were isolated from the
aspirated FF with a 100-pL pipette while visible red blood cells and
blood clots were avoided. The cells were washed through a 4-well dish
containing phosphate-buffered saline (PBS) and 0.1% polyvinyl alcohol
(PVA) (Sigma-Aldrich, Denmark), transferred to a 0.2-mL cryotube
(MicroAmp, Applied Biosystems, CA, USA) with minimal PBS and snap-
frozen in liquid nitrogen. The tubes were stored at —80°C within
30 min after follicle puncture.

The volume of the aspirated follicle was determined by stepwise
measurement of the aspirated FF with 500- and [100-pL pipettes,
and for first punctured follicles an addition of the |.5 mL contained
in the needle system (follicle volume = aspirated volume + 1.5 mL).
The FF was centrifuged at 300g for |0 min to remove cell debris,
and the supernatant was collected and stored in cryovials (1.5 mL,
NUNC, Fisher Scientific, Denmark) at —80°C until further analyses. All
samples were macroscopically clear or contained only trace amounts
of blood.

Plasma samples

Within 30 min before both the follicle puncture and OPU, a blood
sample was collected from each woman. The sample was collected in
an EDTA tube, centrifuged at 2000g for 20 min, and the supernatant
was collected and stored in cryovials (1.5 mL, NUNC, Fisher Scientific,
Denmark) at —80°C until further analyses.
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Figure | Study groups. The sampling time defined four groups
of patients to cover five study time points in total. Each patient gave
consent to donate the content of one follicle at one specific time point
before oocyte pickup (0-32 h) as well as granulosa cells and follicular
fluid from one follicle at oocyte pickup (36 h). The yellow vertical line
indicates ovulation induction, and the green vertical lines the sampling
time points. The figure was created with Servier Medical Art under the
CC BY 3.0 licence.

Enzyme-linked immunosorbent assays

In FF, concentrations of five steroid hormones were measured
using commercially available ELISA kits: |7-beta-oestradiol, proges-
terone, testosterone and androstenedione (DNOV003, DNOV006,
DNOV002 and DNOVO008, respectively, NovaTec Immundiagnostica,
Germany), and |7-hydroxyprogesterone (RE52071, IBL International,
Germany). Concentrations of the peptide hormones AMH, inhibin A
and inhibin B were measured using special ELISA kits (AL-105-i, AL-
123-iand AL-107-1, respectively, Ansh Labs, TX, USA). All ELISAs were
performed according to the manufacturers’ instructions. Intra- and
interassay variations and cross-reactivity towards other steroids are
listed in Supplementary Table SI. Prior to analysis, FF was diluted in PBS
with % bovine serum albumin (BSA). Testosterone, androstenedione
and AMH were diluted 1:10, progesterone, |7-hydroxyprogesterone
and oestradiol 1:2000, and inhibins 1:200 or 1:2000 at low and high
concentrations, respectively. Samples with concentrations below the
lower detection limit were assigned the value of the lower detection
limit (12 out of 100 for testosterone, 8 out of 100 for progesterone,
while the remaining had 100% valid values).

To monitor the relationship between intra-follicular and circulating
hormone levels, concentrations of oestradiol, progesterone, testos-
terone, androstenedione, inhibin A and inhibin B were measured in
the collected plasma samples using the same ELISAs described above.
For oestradiol measurements, plasma samples were diluted |:5 in PBS
with 19% BSA, and for inhibins they were diluted |:50. For testosterone,
80 out of 100 samples were below the detection limit of the assay
(<0.1 ng/mL), and this steroid was therefore excluded from further
analyses. Valid values were measured in 100% of samples for the
remaining hormones.

The performance of the steroid ELISAs in FF was validated by
ultra performance liquid chromatography mass spectrometry (UPLC-
MS) at Swetox, Karolinska Institutet, Unit of Toxicological Sciences,
Sodertdlje, Sweden, as described previously (Hao et al., 2018). Details
of FF samples used for the validation are available in Supplementary
Methods. Highly significant correlation R? values (P <0.001) con-
firming a significant linear correlation between the two assays were
obtained for oestradiol (R* =0.7447), progesterone (R* =0.4628),
testosterone (R* =0.5516) and androstenedione (R* =0.4742). The
slopes of the linear correlations were below |, showing that the
ELISAs measured a higher concentration as compared to the UPLC-MS
assay.

Microarray analyses

Total RNA was isolated from the GCs using the Arcturus PicoPure®
RNA Isolation Kit (Applied Biosystems, CA, USA) according to the
manufacturer’s instructions. NanoDrop (Thermo Fisher, MA, USA)
and Bioanalyzer RNA 6000 Pico Kit (Agilent, SC, USA) were used
to assess quality and quantity of purified RNA. The amount of total
RNA per sample ranged from 0.19 to 286 ng/pL. For details, see
Supplementary Table SII.

Based on concentration and RNA integrity number (RIN), RNA
was subsequently processed using Clariom D™ Pico Assay (Applied
Biosystems, Thermo Fisher, MA, USA) according to the manufacturer’s
protocol. The arrays were washed and stained with phycoerythrin
conjugated streptavidin using the Affymetrix Fluidics Station 450, and
the arrays were scanned in the Affymetrix GeneArray 3000 7G scanner
to generate fluorescent images. Cell intensity files (.CEL files) were
generated in the GeneChip Command Console Software (AGCC,
Affymetrix, Thermo Fisher, USA). Seventeen out of 100 samples were
excluded from further analysis because of either insufficient RNA or
bad quality of RNA resulting in outliers. The 83 CEL files, representing
time points 0 h (n =17), 12h (n =7), 17 h (n =6),32 h (n =9) and
36 h (n=44), were processed in Transcriptome Analysis Console (TAC
4.0.1, Thermo Fisher Scientific, MA, USA) where data summarization,
quantile normalization, gene summaries and statistical analysis were
performed in one analysis flow. Summarization and normalization were
performed by the SST-RMA approach (signal space transformation—
robust multi-array average), which is standard in TAC to optimize fold
changes compared to RMA alone (Bolstad et al., 2003; Affymetrix,
2019).

The differential expression analysis was set up using ANOVA eBayes
comparisons with an advanced random factor for ‘patient ID’, account-
ing for the pairing of samples. Differential expression with a false
discovery rate (FDR) < 0.0l combined with a gene expression fold
change > 2 was considered significant. Raw and processed microarray
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data were deposited to the Gene Expression Omnibus (www.ncbi.nlm.
nih.gov/geo, accession number: GSE133868).

Expression of leukocyte-specific marker PTPRC (CD45) was con-
sistently very low across time points indicating no or low leukocyte
contamination with no differences between time points. Similarly, large
or unequal TC contamination of the GC samples was found unlikely
as TC markers such as insulin-like 3 (INSL3) and actin 2 gamma
(ACTG2) showed consistently low expression across the time points
(Supplementary Table SlII).

For the present study, only steroidogenic enzymes and steroid recep-
tors were evaluated to support the hormone analyses. The remaining
microarray data is described in a different report (Poulsen et al. unpub-
lished data). A list of 33 genes of importance to steroid production
and six genes encoding hormone receptors was extracted from the
microarray dataset (Supplementary Table SlII). A heatmap and dendro-
gram of differentially expressed genes with FDR < 0.000! was pro-
duced with Morpheus (www.software.broadinstitute.org/morpheus,
Broad Institute, MA, USA).

Validation of microarray results

The microarray data was validated by predesigned TagMan™™ gene
expression assays (Thermo Fisher Scientific, MA, USA) of 5 selected
genes: cytochrome P450 family 19 subtype Al (CYPI9AI, also
known as aromatase), steroid acute regulatory protein (STAR), 38-
hydroxysteroid dehydrogenase 2 (HSD3B2), 178-hydroxysteroid
dehydrogenase | (HSD17B1) and | | B-hydroxysteroid dehydrogenase
| (HSDI1BI) (product numbers: Hs0090341|_ml, Hs00264912_ml,
Hs00605123_m1, Hs00166219_gl and Hs01547870_ml, respec-
tively). The samples were prepared in duplicates with TagMan™
Fast Advanced Master Mix (catalog no. 4444557, Thermo Fisher
Scientific, MA, USA) according to the manufacturer’s instructions.
Gene expression was normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, Hs02786624 gl), because this gene has
been shown to be highly and stably expressed across follicle classes
(Kristensen et al., 2014), as well as in the present ovulatory microarray
dataset. PCR expression was evaluated at selected time points: 0 h
(n=17), 12 h (n =6) and 32 h (n =8) (HSD3B2, STAR, HSDI7BI,
HSDIIBI), and |7 h and 36 h (n =5, paired samples; CYPI9AI).
Selected time points were used due to sparse material. The specific
genes were selected to validate different expression profiles. Validation
was performed on the same samples as the microarray analysis, thus
representing technical validation. Validation in a larger cohort was not
possible due to considerable difficulty in obtaining the samples.

Statistical analyses

All tests described in this section were performed with SPSS (v25,
IBM, NY, USA). Unless otherwise mentioned, P < 0.05 was considered
significant.

Continuous baseline descriptive parameters were compared with a
Kruskal-Wallis test followed by post hoc test with a Bonferroni correc-
tion as a normal distribution could not be assumed and because study
groups were of unequal size. Categorical parameters were compared
by Fisher’s exact test.

All FF and plasma hormone concentrations were log-transformed to
ensure a normal distribution prior to statistical modelling. To account
for the patient-factor in our pairwise repeated measurements design,

differences in concentrations between time points were analyzed by
a mixed model with ‘patient-ID’ as a random factor and ‘time’ as
a repeated, fixed factor using the first order autoregressive (AR(I))
covariance matrix as this resulted in the best model fit. For all measured
hormones, it was tested whether choice of treatment or ovulation
trigger had a significant effect on the measured concentration, and if a
significant effect was found, the final model was adjusted by adding the
parameter as a fixed factor. A post hoc test with Bonferroni correction
was used to test differences between the resulting estimated marginal
(EM) means at each time point.

Correlations between the log-transformed FF hormone concentra-
tions at each of the different time points were tested in a correlation
matrix. A significant correlation was defined by Pearson’s correlation
coefficient (R) > 0.5 or R < —0.5 and P < 0.05.

Differential gqRT-PCR gene expression was assessed by a Kruskal—
Wallis test for genes compared between time points 0, 12 and 32 h,
and by a paired t-test for genes compared at time points |7 and 36 h
(the latter represents women with repeated measurements).

Results

Baseline parameters

Baseline descriptive parameters were similar across the four groups
except for four parameters (Table |): plasma sex hormone binding
globulin (SHBG) was significantly lower and BMI significantly higher in
Group | compared to Group 4, while the size of the aspirated follicles
were significantly larger at 32 h compared to 0 h. The fraction of
patients with male factor infertility was higher in Group |. The duration
between Ol and FF aspiration was very close to the designated time
points at 12, 17, 32 and 36 h. For 0-h samples, however, aspiration of
FF was allowed up to 2 days before Ol (on the day of Ol (n = 16),
the day before Ol (n =6) or 2 days before Ol (n = I)). There were
no apparent or statistical differences in the FF hormone concentrations
between these three ‘0 h’-groups, except for inhibin B which decreased
slightly towards Ol (Supplementary Fig. S1).

Intra-follicular hormone levels

All measured FF hormones were significantly regulated across ovulation
except for androstenedione and |7-hydroxyprogesterone (Table II,
Fig. 2). The FF progesterone concentration increased rapidly after
Ol to peak with a mean concentration of 38.2 pg/mL at |7 h.
While progesterone and |7-hydroxyprogesterone showed approxi-
mately similar concentrations at 0 h, | 7-hydroxyprogesterone showed
negligible increase with a 20-fold lower concentration at | 7 h compared
to progesterone. Intra-follicular oestradiol levels peaked before Ol
with a mean concentration of 2323 ng/mL and decreased throughout
the course of ovulation. Testosterone followed the same decreasing
pattern as oestradiol at much lower concentrations with a peak mean
concentration at 0 h of 19.5 ng/mL, while androstenedione pre-
sented mean levels of 7—1 | ng/mL across the study time points. Intra-
follicular Inhibin A and B concentrations showed two distinct patterns:
inhibin A increased to peak at |7 h with a mean concentration of
264 ng/mL and subsequently decreased, whereas inhibin B had the
highest concentration at O h of 369 ng/mL and decreased significantly
after |7 h. AMH decreased significantly in FF from 12 to 32 h with
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Table I Baseline descriptive parameters.
Parameter Group | Group 2 Group 3 Group 4 P value
Oh+36h 12h+36h 17h+36 h 32h+36h
(N=23) (N=10) (N=6) (N=11)

Cause of infertility Male factor 17 6 2 7 0.016™*
ﬁ‘i‘:ﬁg:ﬁg"” n Tubal factor 0 | 0

Unexplained 4 | 2

PCOS 0 2 2
Duration between Ol and FF collection early —11.9 (22.6) 12.0 (0.2) 17.0 (0.2) 32.3(0.2) -
puncture (hours)
Duration between Ol and FF collection at 36.0 (0.1) 36.0 (0.2) 36.3(0.2) 36.1 (0.2) -
OPU (hours)
Age (years) 28.5 (4.9) 28.0 (4.2) 28.8 (7.1) 27.9 (3.5) NS
BMI 24.8 (5.0)* 21.8(3.8) 21.9 (4.7) 21.6 (2.4)* 0.026
Stimulation dosage, total (IU) 1437 (487) 1350 (388) 1275 (1019) 1200 (418) NS
Number of follicles at last control visit 12 (4) 11.5(3.3) 14 (6) 14 (6) NS
Size of aspirated follicle 0-32 h (mL) 3.1 (2.2)* 3.7 (2.1) 3.7 (2.7) 6.8 (3.9)* 0.001
Size of aspirated follicle 36 h (mL) 4.5@3.9) 433.1) 3.6 (3.7) 5.2 (2.5) NS
S-LH (IU/L) 4.1 (2.7) 47 (2.3) 5.6 (2.4) 5.5(2.2) NS
S-FSH (IU/L) 5.2(23) 6.6 (2.6) 5.6 (2.9) 6.5(2.2) NS
S-Prolactin (mU/L) 226 (98) 213 (132) 191 (106) 172 (57) NS
S-TSH (mU/L) 1.7 (0.6) 1.4 (0.8) 1.3(1.5) 1.8 (1.0) NS
S-SHBG (nmol/L) 17 (89)* 166 (94.8) 132 (28) 167 (45)* 0.038
S-Testosterone, free fraction (nmol/L) 0.019 (0.009) 0.020 (0.011) 0.020 (0.004) 0.015 (0.016) NS
S-DHEAS (umol/L) 59 (2.3) 5.7 3.5) 54(2.3) 5424 NS
S-Oestradiol (nmol/L) 0.10 (0.05) 0.16 (0.08) 0.12 (0.05) 0.14 (0.10) NS
S-AMH (pmol/L) 33.9 (22.7) 30.3 (29.3) 28.1 (35.2) 25.6 (21.2) NS

Median (interquartile range) is reported. The differences between the groups were compared by Kruskal-Wallis’ test followed by a post hoc test with Bonferroni correction if
a difference was detected. P < 0.05 was considered significant. *Post hoc test showed a difference between the marked groups. **Fisher’s exact test showed a difference due to a
higher number of MF in group |, whereas no differences were found between the remaining groups. NS = non-significant, PCOS: non-hyperandrogenic polycystic ovary syndrome,
Ol: ovulation induction, FF: follicular fluid, OPU: oocyte pickup, TSH: thyroid stimulating hormone, SHBG: sex hormone binding globulin, DHEAS: dihydroepiandrostenedione, AMH:

anti-Miillerian hormone.

concentrations ranging from 2.4 to 6.7 ng/mL. The statistical models
were adjusted for effects of treatment and triggering as described in
the Materials and Methods section. We found an overall significant
positive effect of hMG-treatment compared to rFSH treatment for
FF androstenedione (P =0.001), testosterone (P =0.014) and inhibin
B (P =0.023) and borderline significant differences for FF AMH and
oestradiol (Table Il). Likewise, we found a significant positive effect of
rhCG-triggering compared to agonist triggering for FF progesterone
(P =0.001) and |7-hydroxyprogesterone (P =0.028). The significant
regulation across time was unaffected by adjustments for treatment.

Furthermore, the significant regulation across time was not affect-
ed by adjustment for follicle size, SHBG or BMI (factors with
unequal group distribution in the baseline parameters). The six non-
hyperandrogenic PCOS women that were included did not appear to
have higher FF androgen concentrations at any time point compared
to patients with other causes of infertility (Supplementary Fig. S2).
At 36 h, this was tested by a Kruskal-Wallis test, which showed no
significant difference (data not shown).

The correlation analysis showed significant positive correlations
between FF, testosterone and oestradiol at 12, 32 and 36 h. A

similar positive correlation was found between FF testosterone
and androstenedione at 0, 32 and 36 h and FF oestradiol and
androstenedione at |2 and |7 h. Furthermore, FF progesterone and
| 7-hydroxyprogesterone were positively correlated at O h, and inhibin
B was negatively correlated with both of them at O h and with 17-
hydroxyprogesterone at 17 h (Fig. 3).

Circulating hormone levels

The plasma hormone levels mostly mirrored the FF hormone con-
centrations (Fig. 4 and Supplementary Table SIV). Plasma oestradiol
decreased throughout ovulation, while androstenedione showed no
significant changes. Both plasma progesterone and | 7-hydroxyproges-
terone increased significantly to peak at |7 h, but the subsequent
decrease was only significant for |7-hydroxyprogesterone. Plasma
inhibin A showed a significant peak at |7 h and inhibin B decreased
significantly after |7 h. The ratios between the FF concentration
and the circulating concentration were unique to each hormone, but
relatively constant across ovulation for all measured hormones, except
progesterone: at O h, the plasma to FF ratio for progesterone was
[:500, and at 17 h, it was 1:2000.
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Figure 2 Mean follicular fluid hormone concentration
across ovulation. Estimated marginal means and error bars (95%
confidence intervals) for each time point are depicted on a log y-axis.
0 h: before ovulation induction (Ol), 12 h: 12 h after Ol, 17 h: |7 h
after Ol, 32 h: 32 h after Ol, 36 h: 36 h after Ol. Significant changes:
progesterone (0—12 h; 0—17 h; 0-32 h; 0-36 h; 12—17 h; 17-36 h),
| 7-hydroxyprogesterone (none), oestradiol (0-32 h; 0-36 h; 12-36 h;
17-36 h; 32-36 h), testosterone (0—12 h; 0—17 h; 0-32 h; 0-36 h),
androstenedione (none), inhibin A (0—12 h; 0—17 h; 12-36 h; 7-32 h;
17-36 h), inhibin B (0-32 h; 0-36 h; 12-36 h; 17-32 h; 17-36 h), AMH
(anti-Millerian hormone) (0-32 h; 0-36 h; 12-32 h; 12-36 h; 32-36 h).

Gene expression

The microarray analysis on aspirated GCs showed that 12 genes of
importance for steroid production were significantly regulated during

ovulation (FDR < 0.0001) (Fig. 5, Supplementary Table SlII). Seven of
these genes increased to peak at 12-17 h after Ol: STAR, HSD3B/,
HSD3B2, HSD17B12, HSD17B6, CYPI 1Al and AKRCI, of which STAR,
HSD3B2 and CYPIIAI were highly expressed. Four genes were at
their highest level at O h before decreasing: CYPI9AI, CYPI7AI,
HSD17B1 and HSD [ B2. In contrast, HSD [ IBI increased remarkably
0-17 h and stayed elevated throughout the remaining time points.
Five of the six studied hormone receptors were significantly regulated
(FDR < 0.0001). Genes encoding the oestrogen receptor 2 (ESR2),
androgen receptor (AR) and AMH receptor 2 (AMHR2) decreased
significantly after Ol. The progesterone receptor (PGR) expression
increased substantially from 0 to 17 h with a rapid subsequent
decrease. The glucocorticoid receptor encoded by NR3C/ showed
an intermediate peak at 12—17 h and a similar peak at 36 h.

Technical gRT-PCR validation of five selected genes was consistent
with the microarray findings with similar expression patterns for all
examined genes and significant regulation of four out of five genes
(Supplementary Fig. S3).

Discussion

This descriptive study determines for the first time in detail the dynamic
changes in the hormonal milieu and transcription of steroidogenic
enzymes in human follicles during the course of ovulation. We mea-
sured important ovarian steroid and peptide hormones in human
follicles at five different time points: before Ol, and 12, 17, 32 and
36 h after Ol, capturing the period from initiation of the midcycle
surge of gonadotropins until follicle rupture. The hormone dynamics
are supported by changes in transcription of steroidogenic enzymes.
We observed a decrease in sex steroids downstream of CYPI7AI
(testosterone and oestradiol) and a reduced capacity for conversion
of androgens to oestradiol as both CYP/9A| and HSD | 7B decreased
in GCs after Ol. In contrast, the progesterone concentration increased
substantially and peaked at 17 h after Ol, paralleled by a peak in
gene expression of STAR, CYPI|A| and HSD3B2 at 12—17 h after Ol.
The production of cortisol, a steroid that likely plays a vital role in
the anti-inflammatory system that constrains the inflammatory pro-
cess associated with ovulation, acting through the upregulated nuclear
glucocorticoid receptor (NR3C/) (Andersen, 2002; Poulsen et al.,
2019a), was evident by dramatic changes in HSD/ B[ and HSD | IB2.
We showed significant regulation of steroid receptors in GCs, which
designates specific intra-follicular roles for the steroids, acting on the
GCs, as outlined in the sections below.

Our study showed that progesterone synthesis from pregnenolone
during ovulation could be a result of both HSD3BI| and HSD3B2
activity, as the genes encoding these enzymes were both expressed
and significantly regulated in GCs with a peak at 12—17 h after OI.
Previously, HSD3B| has primarily been ascribed a role in the placenta
(Fagerberg et al., 2014). The increased production of progesterone
following the LH surge is well established, as are its pivotal functions for
subsequent implantation and pregnancy (American Society for Repro-
ductive Medicine (ASRM) Practice Committee, 2012). However, the
present study documents for the first time that human intra-follicular
progesterone concentrations peak during ovulation around |7 h after
Ol. A previous report from rhesus monkeys undergoing ovarian stimu-
lation found that progesterone peaked at |2 h and plateaued thereafter
(Chaffin et al., 1999), which may be due to their lack of sampling
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Figure 3 Correlations between measured follicular fluid hormones at individual time points. Pearson’s correlation coefficients
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between 12 and 24 h. As observed in the present study, a massive
peak in PGR expression accompanied the mid-ovulatory progesterone
peak. This enforces that progesterone serves to initiate important GC
signalling cascades during the ovulatory process. Our data support a
previous finding where PGR was upregulated to peak in human GCs
in vivo between 12 and 18 h after Ol and was shown to be involved
in induction of prostaglandin and epidermal growth factor system
mRNA synthesis (Choi et al, 2017). Furthermore, studies in PGR
knockout mice and monkeys have suggested a role for progesterone
in follicle rupture, possibly by induction of metallopeptidases, while
oocyte maturation is unaffected (Hibbert et al., 1996; Robker et al.,
2000; Bishop et al., 2016). The mid-ovulatory peak in progesterone
may also play an extra-follicular role in terminating the LH surge by
some yet unknown negative feedback mechanism (Dafopoulos et al.,
2006; Messinis et al., 2014).

The high increase in FF progesterone but not | 7-hydroxyprogesterone -

observed in the present study supports that there is no or little
conversion of progesterone to | 7-hydroxyprogesterone by CYP|7Al
following Ol. Furthermore, this is supported by a positive correlation
between progesterone and | 7-hydroxyprogesterone only at O h, which
suggests that prior to Ol, their productions are intimately connected,
while after Ol, their productions are detached. This may be explained
by the vast increase in HSD3B transcription in GCs following Ol,
which greatly enhances progesterone production in GCs without an
associated CYPI7AI conversion. CYPI7AI has, in previous studies,
been shown to be strictly located to TCs in small antral follicles (Smyth
et al., 1993; Conley, 1994; Katulski et al., 1998; Pelletier et al., 2001).
In contrast, the present GC gene expression showed relatively high
levels of CYPI7AI at O h, which decreased immediately thereafter.
Therefore, our data could suggest that preovulatory GCs, just before
the LH surge (in contrast to the small antral GCs), possess some
capacity for | 7-alpha-hydroxylation, which diminishes after Ol.
Testosterone is synthesized from androstenedione by HSD | 7B. The
activity of this conversion in the present study was supported by

a strong correlation between androstenedione and testosterone at
most study time points (Fig. 3). Two HSD 7B subtypes are known to
catalyse conversion of androstenedione to testosterone in humans:
HSD17B5 (encoded by AKRIC3) may be the enzyme catalysing this
conversion in the follicle and CL (Pelletier et al., 1999; Nelson et al.,
2001), while HSD17B3 is primarily functional in testis (Nelson et al.,
2001). The present study support that the two-cell system for oestra-
diol production is intact during ovulation, as the GC gene expres-
sion analysis showed very low expression of both HSD/7B3 and
AKRIC3 in GCs and no differential regulation throughout ovulation
(Supplementary Table SlII), which supports that the androstenedione
to testosterone conversion takes place in TCs. At the same time, our
data confirm that the GCs are responsible for oestradiol production,
as HSDI7BI and CYPI9AI were highly expressed at O h. HSD /7B
is only involved in conversion of oestrone to oestradiol in humans
(Ghersevich et al., 1994; Hillier et al., 1994; Andersson and Moghrabi,
1997; Miller, 2008; Hakkarainen et al., 2015), while CYPI9A| converts
testosterone to oestradiol and is also known to be strictly located
to GCs (Tamura et al., 1992; Whitelaw et al., 1992). The GC gene
expression in the present study showed decreasing activity of both
routes in GCs as ovulation progressed.

The decreasing levels of oestradiol in both FF and plasma following
Ol confirms previous studies of circulating oestradiol, which have
shown a peak just before the mid-cycle LH surge and a subsequent
decrease (Aedoetal., 1981; Hoff etal., 1983; Fritzetal., 1992; Groome
et al., 1996). In contrast, studies in rhesus monkeys have shown that
levels of oestradiol in both FF and serum increase for 6—12 h following
Ol (Schenken et al., 1985; Chaffin et al., 1999), which indicates that
there may be a discrepancy between monkey and human periovulatory
oestradiol production. However, future studies are needed to confirm
our findings. In the present study, ESR2 expression decreased rapidly
following Ol, indicating a diminishing intra-follicular role for oestradiol.
A recent study found that oestrogen and ESR2 were involved in
maintaining oocyte meiotic arrest through the natriuretic peptide C and
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Figure 4 Mean hormone concentration across ovulation measured in follicular fluid and plasma. Estimated marginal means and error
bars (95% confidence intervals) for each hormone are depicted on a log y-axis. Significant changes in follicular fluid: progesterone (0—12 h; 0—17 h; 0-32 h;
0-36 h; 12—17 h; 17-36 h), | 7-hydroxyprogesterone (none), oestradiol (0—32 h: 0-36 h; 12-36 h; |7-36 h; 32-36 h), androstenedione (none), inhibin
A (0-12 h; 0—17 h; 12-36 h; 17-32 h; 17-36 h), inhibin B (0-32 h; 0-36 h; 12-36 h; 17-32 h; 17-36 h). Significant changes in plasma: progesterone
(012 h; 0—17 h; 0-32 h; 0-36 h), | 7-hydroxyprogesterone (0—12 h; 0—17 h; 0-32 h; 0-36 h; |7-36 h), oestradiol (0-32 h; 0-36 h; 12-32 h; 12-36 h;
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indicate plasma concentration: follicular fluid concentration ratios.

natriuretic peptide receptor 2-system (Liu et al., 2017), which suggests
that diminishing oestradiol levels could be one of the prerequisites for
resumption of oocyte maturation.

This study documents for the first time intra-follicular inhibin concen-
trations during the course of ovulation. In human small antral follicles,
inhibin B concentrations have been measured at 180-200 ng/mL and
inhibin A levels at 40 ng/mL at a follicle diameter of 10—12 mm (Yding
Andersen, 2017; Kristensen et al., 2018). The present results showed
that FF inhibin B levels peak prior to the LH surge and decrease
significantly after |7 h, while a significant peak of inhibin A takes
place at 17 h, resulting in very high collective inhibin concentrations
at 17 h (588 ng/mL in FF) that has never before been documented in
human FF. Furthermore, these dynamic changes were reflected in the
plasma samples, and this ovulatory pattern confirms previous studies

(Groome et al., 1996; Lockwood et al., 1996; Lee et al., 2010). The
high intra-follicular concentration of inhibins during the mid-ovulatory
, 1996) or
induce androgen synthesis in TCs to increase libido during the fertile
window (Yding Andersen, 2017), whereas the corresponding increase
in circulation may serve to feedback-inhibit the ovulatory FSH surge.
Furthermore, negative correlations between FF inhibin B and both
progesterone and |7-hydroxyprogesterone only at 0 h (Fig. 3) may
reflect that inhibin B enhance CYPI7A| expression favouring the delta
5-pathway in expense of the delta 4-pathway thereby inhibiting proges-
terone production as shown before (Hillier et al., 1994; Nahum et al.,
1995) (Fig. 6). At 17 h, inhibin B was still negatively correlated with
| 7-hydroxyprogesterone but not progesterone, suggesting that the
effect of inhibin B is continuously exerted in TCs, while progesterone
production accelerates freely in GCs.

period may enhance oocyte meiotic maturation (Alak et al.
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Figure 5 Heatmap and dendrogram of differentially
expressed genes. Mean gene expression level (log2 transformed)
across five time points before and up to 36 h after ovulation induction
(Ol), assessed by microarray analysis. The heat map only presents
genes that changed significantly (FDR < 0.0001). Three overall clusters
(top-down) represent genes that peaked midovulatory, genes that
peaked at 36 h and genes that decreased after Ol, respectively.

AMH concentrations measured in the present study (2—7 ng/mL)
were quite similar to serum concentrations, but considerably lower
than those previously observed in small antral follicles (800 ng/mL)
(Andersen and Byskov, 2006). Circulating levels therefore do not
reflect the ovulatory AMH production, but rather the production in
preantral and small antral follicles (Weenen et al., 2004; Jeppesen et al.,
2013). In antral follicles, AMH is involved in inhibition of FSH-induced
CYPI9AI action (Dewailly et al., 2016), and there is a well-established
negative correlation between AMH and oestradiol concentration in the
follicular phase (Andersen and Byskov, 2006; Dewailly et al., 2016).
The present study did not find a negative correlation between AMH
and oestradiol, which may indicate that at the ovulary stage, oestradiol
production is no longer influenced by the AMH concentrations present.
Furthermore, the shutdown of AMHR2 gene expression following Ol
strongly suggests that the intra-follicular roles of AMH after Ol are
negligible.

The present study showed that the ovulatory hormone dynamics as
measured in one follicle from a cohort of approximately |12 mature folli-
cles in women undergoing ovarian stimulation, paralleled the changes in
circulating concentrations of oestradiol, inhibin A and inhibin B, which
could therefore be used to monitor the intra-follicular changes. Fur-

Theca

cell
Granulosa
cell

Ovulation
induction

\
.
< ~
CYP11A1 S

v °

Cholesterol

Figure 6 Proposed human ovarian steroidogenesis during
ovulation. In theca cells, pregnenolone can be metabolized through
the delta 4 or the delta 5-pathway, possibly regulated by inhibin B in
favour of the delta 5-pathway. Androstenedione produced in the delta
5-pathway is converted to testosterone and both diffuse across the
basal membrane into granulosa cells, where they are aromatized into
oestradiol and oestrone, respectively. This pathway is downregulated
after induction of ovulation. Conversely, in granulosa cells, upregu-
lation of STAR, CYP| IAI and HSD3B | /2 after induction of ovulation
secures massive production of progesterone, which is not converted
any further in granulosa cells. The colours of steroids in the figure
indicate the common steroid synthesis pathway (yellow), the delta
4-pathway for progesterone synthesis (green), the delta 5-pathway
for androgen synthesis (blue) and the conversion of androgens intro
oestrogens (red). Up or downregulation of steroidogenic enzymes in
GCs after ovulation induction is indicated by dotted lines. Enlarged
black arrows major routes in granulosa cells as suggested by the
present study. Theca cells where not analysed in the present study,
and the theca cell depiction is therefore based on previous studies and
assumptions.

thermore, the GC progesterone production is reflected in circulation
by both a progesterone increase and by a |7-hydroxyprogesterone
increase and peak at |7 h. Interestingly, |7-hydroxyprogesterone
presented low levels in FF, where it was not significantly altered,
and this difference to plasma may be explained by the localization of
CYPI7A1in TCs: a part of the FF progesterone may be converted into
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| 7-hydroxyprogesterone as it crosses the TC layer moving towards the
capillaries. Androstenedione was not significantly regulated in either
FF or plasma, and the ratio between the compartments was only
[:2—1:3, which probably reflects that the majority of circulating
androstenedione is produced in the adrenal glands (Burger, 2002).

This study of the physiological events of ovulation is limited by
the application of ovarian stimulation, as differences to the natural
cycle may exist. A previous study has found that FF steroid concen-
trations differ between natural and stimulated cycles at OPU (de los
Santos et al., 2012). In addition, the validation of the ELISAs showed
that the concentrations measured by ELISA correlated linearly to the
concentrations measured by mass spectrometry, but were generally
overestimated, which has been shown before (Kushnir et al., 2009).
However, we believe that the study serves as a valid model to assess
the dynamic change in FF and GCs, as well as the correlations between
the measured FF hormones, which take place following the midcycle
surge of gonadotropins, while the absolute hormone concentrations
may be overestimated. The differential effects exerted by choice of
treatment or trigger did not influence the significant regulation of
measured hormones across the study time points.

Previous studies have measured FF hormone levels at OPU
(Westergaard et al., 2004; Andersen and Byskov, 2006; Andersen
et al, 2006; Smitz et al, 2007; Humaidan et al., 201 1) and found
considerable differences in the measured concentrations, probably
exemplifying differences between treatment protocols, patients and
methods of analysis. An earlier study measured steroid hormones in
antral follicles at six stages of the natural menstrual cycle (McNatty,
1978), and some studies have measured FF hormones in antral follicles
retrieved from women undergoing ovarian cryopreservation (Yding
Andersen, 2017; Kristensen et al., 2018). However, besides one study
in IVF patients measuring FF hormone levels before Ol and 36 h later
(Wissing et al., 2014), to our knowledge, no previous human studies
have presented detailed analyses of ovulatory FF dynamics.

In conclusion, this study documents, for the first time in detail,
the hormonal dynamics in the intra-follicular compartment during
ovulation in women and shows that the changes are mostly reflected
in circulation. Vast changes take place during the first 12—17 h after
initiation of the ovulatory process. Activity of the responsible steroido-
genic enzymes parallels the hormone concentrations: intra-follicular
oestradiol decreases throughout ovulation and progesterone peaks
approximately 17 h after Ol. Major mid-ovulatory peaks of FF inhibins,
progesterone and cortisol suggest important intra-follicular roles for
oocyte maturation, follicle rupture and the hormonal priming of the
reproductive organs, while decrease in FF testosterone, oestradiol
and their designated receptors in GCs indicate their diminishing role.
The results highlight the importance of comprehensive regulation of
steroidogenesis during ovulation for reproductive success in humans.

Supplementary data

Supplementary data are available at Molecular Human Reproduction
online.
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