
106

O
R

IG
IN

A
L 

PA
PE

R

tions of endometrial gene expressions, important for 
endometrial receptivity, have been postulated to be 
a direct cause [3]. 

In nature, P4 is a hormone precursor for testos-
terone (T) and E2 biosynthesis in the gonadal ste-
roidogenic pathway [4–6]. These hormones formulate 
separate menstrual cycle-related secretion patterns 
but are rarely investigated simultaneously. The objec-
tive of the current study is to gain an understanding 
of the complete pattern of P4 secretion in relation to 
the patterns of T and E2 during natural cycles in sub-
fertile women. The menstrual pattern of the circulating 

Introduction

Subfertility is the inability to conceive after one year 
of unprotected intercourse, with 25% of cases not 
explained by oviduct inadequacy, anovulation, or 
low sperm count [1]. Quantitative changes in ovarian 
steroid hormone secretions may affect menstrual cycle 
fecundity. It has been shown that a premature rise of 
progesterone (P4) secretion in a day of cycle stimula-
tion with human chorionic gonadotropin in the in 
vitro fertilization procedure (IVF) was associated with 
lowered pregnancy and implantation rates [2]. Altera-
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Abstract 
Introduction: Changes in sex hormone secretions during the menstrual cycle may affect fertility. It has been shown that a prematurely 
raised progesterone (P4) level after therapeutic injection of human chorionic gonadotropin caused changes in endometrial gene expres-
sion and lowered the pregnancy rate. The aim of the present study was to investigate the complete menstrual patterns of P4 together 
with its derivatives testosterone (T) and oestradiol (E2) in subfertile women during their natural cycles.
Material and methods: Daily serum levels of P4 (ng/mL), T (ng/mL), E2 (pg/mL), and sex hormone binding protein (SHBG, nmol/L) 
were measured throughout a single 23–28-day menstrual cycle in 15 subfertile women aged 28–40 years with patent oviducts and nor-
mospermic partners. Knowing SHBG levels, the free androgen (FAI) and free oestrogen (FEI) indexes were calculated for each cycle day 
in each patient.
Results: Baseline (cycle day one) levels of luteinising hormone (LH), thyroid stimulating hormone (TSH), P4, and T were comparable with 
reference intervals for a normal cycle, whereas follicle stimulating hormone (FSH), E2, and SHBG exceeded those. During cycles, the levels 
of P4 correlated positively with E2 levels (r = 0.38, p < 0.05, n = 392) and negatively with T (r = –0.13, p < 0.05, n = 391). T correlated 
negatively with E2 (r = –0.19, p < 0.05, n = 391). Menstrual cycle phases were hidden. The curve of the mean/median daily levels of P4 
rose prematurely, was parallel with the E2 rise, and culminated closely, but with more than 4 times greater amplitude of P4 (2571% of 
baseline levels in day 16) than of E2 (580% in day 14). In turn, the curve of T declined in a U-shaped manner with a nadir (–27%) on day 
16. Averaged daily levels of FEI, but not FAI, varied significantly between 23 and 26 days long and the 27–28-day cycles.
Conclusions: 
1. Throughout the entire menstrual cycle length in subfertile women, P4 secretion predominates quantitatively over secretions of the re-
maining sex hormones when menstrual cycle phases are hidden. 
2. The rise of E2 secretion is in parallel with the P4 rise, but with 4 times lower amplitude of E2.
3. T secretion declines and is inversely related to both P4 and E2 secretions. 
4. Changes in E2 bioavailability are related to menstrual cycle length. (Endokrynol Pol 2023; 74 (1): 106–112)
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The serum E2 measurement sensitivity was between 5 and 3000 
pg/mL with 3.5% of intra-assay variability (Cobas), and cross-reac-
tivity that included 0.005% of androstenedione, 0% of T, and 0.004 
% of P4. 
Serum concentrations of SHBG were measured by an Immunolite 
2000 analyser (Siemens Healthcare Diagnostics Ltd, Frimley, United 
Kingdom). The serum SHBG measurement sensitivity was between 
1.6 and 180 nmol/L.
Free oestrogen index (FEI) and free androgen index (FAI) were cal-
culated by dividing the total concentration of the hormone (nmol/L) 
by concentration of SHBG (nmol/L) and multiplying by 100. 
One cycle of each woman was investigated. Each cycle lasted 
between 23 and 28 days. Until day 23 each day consisted of 15 
participants. Following day 23, the number of participants per day 
was lower: days 24 and 25 were represented by 13 participants, 
days 26 and 27 by 9 participants, and day 28 by 4 participants. No 
intermittent gaps were present. 
To assure synchronization of the cycles, a forward day method of 
cycle alignment was applied for plotting daily hormone concen-
trations against each subsequent cycle day, beginning from day 1.

Statistical analysis
In total, 1662 data points were collected. The results were analysed 
as median and ranges, and expressed as the mean ± standard 
error of the mean (SEM) in graphs. Comparisons within the cycle 
involved analysis of variance (ANOVA). Associations between hor-
mone concentrations were assessed by linear regression analysis 
and correlation coefficients (r). A p value < 0.05 was considered 
significant. Associations between SHBG and hormone concentra-
tions were assessed with the results reported as β coefficient and 95% 
confidence interval (CI). Analyses were performed using Statistica 
version 13.1 (StatSoft, Poland).

Results

All the participants were of Caucasian ethnicity. They 
were first pregnancy planners aged 28–40 years. All 
reported as being unable to conceive despite at least 
12 months of unprotected sexual intercourse and were 
referred by the gynaecologists for infertility treatment. 

The participants denied incidence of menstrual 
irregularities or missed periods both at present and in 
the past. All were otherwise healthy and not obese. Thir-
teen (86.6%) participants revealed normal body mass 
index (BMI), ranging between 19.1 and 24.8, and 2 of 
them (13.4%) were overweight (BMI 25.8 and 26.3). 

Sperm concentrations of their partners varied be-
tween 16.5 and 23.0 million per millilitre of ejaculate, 
with normal morphology and motility, considered 
normospermia. 

Certain characteristics of the examined patients 
and steroid hormone concentration ranges during 
their menstrual cycles are presented in Table 1. Serum 
concentrations of P4, T, LH, and TSH were within nor-
mal cycle reference intervals [7, 8]. The E2 and FSH 
were higher, whereas SHBG levels exceeded reference 
intervals most profoundly. 

Through all the examined cycles P4 daily mass concen-
trations prevailed quantitatively over the remaining ste-
roid hormone concentrations. Daily levels of P4 (ng/mL) 
were between 9.75- and 14.6-fold higher than those of 

sex hormone binding globulin (SHBG), a protein that 
binds but also inactivates T and E2, was investigated 
simultaneously. 

Material and methods

This is a prospective, observational, single-cycle study in 
a clinical sample of women with regular cycles, patent oviducts, 
and partnered with a man having normal sperm count, yet expe-
riencing no pregnancy after a year of unprotected intercourse. 
All the participants had proven normal oviduct patency before 
enrolment.

Patient enrolment
Twenty-one healthy participants were approached, all with uni-
versity education. Six dropped out because of the burden. Fifteen 
women were enrolled. They denied sleep problems, hot flushes, 
or night sweats. They accepted daily venous blood sampling 
throughout one entire menstrual cycle by giving their signed 
informed consent. In return, they were granted, free of charge, 
medical consultations and a complete hormone analysis panel 
prior to and during a potential infertility treatment. All revealed 
normal blood morphology before enrolment and after the study 
was complete.
None had used hormonal contraception for the previous 2 years. 
All were non-smokers and denied excessive alcohol consumption. 
Exclusionary criteria included athleticism, vegetarian diet, regular 
use of medication including aspirin, and a history of chronic dis-
orders, including endocrine gynaecological diseases. Body mass 
index (BMI) was calculated according to the formula kg/m2 where 
kg is a person’s weight in kilograms and m2 is their height in metres 
squared. 
Semen of the partners of all participants was obtained by mastur-
bation. It was performed twice with a 3-week interval, all after 4 
days of ejaculatory abstinence. Analysis was performed according 
to WHO-advised methods and criteria. 
The study project and its procedures were approved by the Ethics 
Committee of the Medical University of Lodz. All procedures per-
formed in the study were in accordance with the ethical standards 
of the institutional and/or national research committee and with 
the 1964 Helsinki declaration and its later amendments. This paper 
does not contain study with animals. 

Hormone measurements 
The first day of menstrual bleeding was taken as day 1 of the cy-
cle, and the cycle length as the number of days from day 1 to 
the day preceding the next menstruation. Venous blood was taken 
daily throughout the entire menstrual cycle before 10:00 a.m. in 
the spring season (April–June).
The serum was separated immediately after phlebotomy and stored 
at –80°C until a single-run assay of each of the hormones. All assays 
were performed in duplicate. 
Serum concentrations of follicle stimulating hormone (FSH), lu-
teinising hormone (LH), and thyroid stimulating hormone (TSH) 
were measured once at the cycle baseline (day 1) by chemilumi-
nescence immunoassay with a modular E170 automated analyser 
(Roche Diagnostics, Mannheim, Germany).  
Serum P4, T, and E2 were measured by an Immunolite 2000 analyser 
(Siemens Healthcare Diagnostics Ltd, Frimley, United Kingdom). 
The P4 measurement sensitivity ranged between 0.05 and 60 ng/mL 
with 1.9% of intra-assay variability (Cobas) and specificity that 
included cross-reactivity with 0% of androstenedione, 0% of E2, 
and 0.075% of T. 
The serum T measurement sensitivity was between 0.07 
and 15 ng/mL with 2.7% intra-assay variability (ADIVA), 
and cross-reactivity that included 1.39% of androstenedione, 0.26% 
of E2, and 0.01% of P4. 
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T (ng/mL), and between 16.25- and 38.01-fold higher 
than those of E2 (pg/mL). In turn, daily T concentra-
tions prevailed over E2 concentrations by between 
1.61- and 2.60-fold.

The daily concen1trations of P4 correlated negative-
ly with T concentrations, and T correlated negatively 
with E2 concentrations. In turn, P4 daily concentrations 
correlated positively with E2 concentrations during 
both the entire cycle length and within their halves 
(Tab. 2). 

Figure 1 shows that the mean ± SEM daily concen-
tration curves of P4 and E2 rose and fell in parallel from 
the cycle beginning until its end. They were overlapped 
since cycle day 18, culminated closely, and decreased 
in parallel thereafter. 

The mean daily levels of P4 attained the ovulation 
threshold serum level of ≥ 5 ng/mL [9] from day 12 
onward, which preceded by 2 days the maximal daily 
level of E2 (day 14), a surrogate index of ovulation. 
When applying another ovulation threshold level cri-
terion of P4 ≥ 9.54 nmol/L (3.0 ng/mL) [10], the mean 
daily ovulation threshold of P4 was attained earlier, by 
cycle day 10.

When percentage changes were calculated in re-
lation to cycle day 1 (100%), the mean P4 daily level 
increased to 1300% on day 14 and to 2571% on day 16. 
In turn, the mean daily levels of E2 increased to 580% 
on day 14 and to 520% on day 16. 

The averaged daily concentrations curve of T levels 
was the opposite. The highest T levels were revealed at 
the cycle beginning (normal levels according to refer-
ence interval) between days 1 and 4. Then T concentra-
tions steadily declined, with a nadir (–27%) on day 16, 
concomitantly with the maximal daily concentrations of 
P4. The T curve stepwise recovered to 94.6% of the aver-
aged baseline daily levels on day 28 (Fig. 1).

Daily levels of SHBG were positively associated with 
E2 levels (β = 0.32, CI: 0.23; 0.42, n = 392) and nega-
tively with T levels (β = –0.26, CI: –0.36; –0.17, n = 392), 
and were not associated with P4. Because of the wide 
range of individual SHBG daily level variations, 
the cycles were divided into shorter, lasting 23–26 days 
(n = 7), and longer, lasting 27–28 days (n = 8).

The menstrual pattern of the averaged daily levels 
of FEI in shorter cycles was lower overall, irregular, 

Table 1. Certain characteristics of 15 subfertile patients, 
ranges of their hormone concentrations at baseline (cycle day 
one), and through cycles vs. reference intervals from menstrual 
cycles of normal women

Age [years] 28–40

BMI [kg/m2] 19.1–26.3

Cycle length [days] 23–28

Menarche age [years] 10–12

Progesterone [ng/mL] Reference intervals

Baseline 0.30–0.40 0.15–0.70 (follicular phase)a

Through cycles 0.39–38.4 2.0–25 (luteal phase)a 

Testosterone [ng/mL]

Baseline 0.10–0.78 0.06–0.79b 

Through cycles 0.04–2.63 0.03–1.35b 

Oestradiol [pg/mL]

Baseline 23.0–213 20–150 (early follicular 
phase)a 

Through cycles  24.8–1010 40–750 (late follicular 
phase)a

SHBG [nmol/L]

Baseline 26.4–137 0.60–0.97 (follicular phase)a

Through cycles 49.0–>180 53.9–78.7 (luteal phase)a

FSH [IU/L]

Baseline 3.4–14.0 1.9–9.9 (follicular phase)a 

LH [IU/L]

Baseline 3.5–12.6 1.7–15.0 (follicular phase)a

TSH [µIU/L]

Baseline 0.8–3.8 < 4.0 (cycle unrelated, 
manufacturer)

SHBG — sex hormone binding globulin; FSH — follicle stimulating hormone; 
LH — luteinizing hormone; TSH — thyroid stimulating hormone. 
To convert ng/mL into nmol/L multiply by 3.18 for progesterone and by 3.46 
for testosterone. To convert pg/mL into pmol/L multiply by 3.67 for oestradiol. 
Reference sources: a[7], b[32]

Table 2. Correlation coefficients (r), their significance (p), and the number of pairs correlated (n) between progesterone 
and testosterone (P4/T), between T and oestradiol (T/E2), and between P4 and E2 (P4/E2) daily levels through the entire menstrual 
cycles or within their halves (days 1–14 or days 15 till cycle end) 

Entire cycle Days 1–14 Days 15 till cycle end

Pairs r p n r p n r p n

P4/T –0.13 < 0.05 391 0.12 NS 210 –0.11 NS 181

T/E2 –0.19 < 0.05 391 –0.08 NS 210 –0.28 < 0.05 181

P4/E2 0.38 < 0.05 392 0.39 < 0.05 210 0.52 < 0.05 182

NS — non-significant
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and flattened with respect to those of 27–28-day cycles. 
In shorter cycles the maximal daily FEI level was located 
in day 11, whereas in longer cycles in days 14–15. In 
shorter cycles significantly higher FEI levels were found 
on day 7 and lower on days 15 and 16, comparing to 
longer cycles (Fig. 2). The curves of the averaged daily 
levels of FAI did not differ with respect to the cycle 
length (data not shown). 

Discussion and Conclusion

To our knowledge, this is the first study that provides 
daily measurements of 3 main ovarian steroid hor-
mones simultaneously throughout the entire length of 
the natural menstrual cycles in normally menstruating 
subfertile women. 

Menstrual cycle patterns of the ovarian hor-
mones are indicative of ovarian follicle maturation 
(represented by E2 rise and mid-cycle culmination in 
the follicular phase), followed by follicle luteinisation 
(represented by P4 rise in the luteal phase). Our study 
shows that in subfertile women the expected men-
strual cycle phases are hidden or fused whereas P4 
secretion is quantitatively predominant through 
the entire cycle length. 

Specifically, the predominance of P4 could be shown 
by 1) a premature rise in P4 secretion, identified as pre-
cocious achievement by P4 of an ovulatory threshold 
level. 2) The highest amplitude of P4 rise, more than 
4-times greater than the amplitude of E2 and associated 
with a decline in daily T levels. An ovulatory threshold 
level of P4 is a hormonal parameter of clinical signifi-
cance for the prediction of passed ovulation. It occurred 
in our study since cycle day 10 or 12, depending on 
the criteria used, sooner than those reported for normal 
women (days 16–17, [10]).

We have demonstrated for the first time that 
when the menstrual patterns of P4 and E2 were rose 
and fell in parallel, the pattern of T steadily declined. 
A pathophysiological basis for the observed conver-
gence would be a common tissue source of P4 and E2 
secretion, the granulosa cells. The observed divergence 
would be facilitated by a separate source of T secre-
tion, the neighbouring theca cells [6, 11, 12]. A parallel 
patterns of the serum P4 and E2 levels, restricted to 
the luteal phase, could be deducted from an earlier 
study in normal women [13]. 

A slight premature rise of P4 (> 1.5 ng/mL), viewed 
on a single day of the cycle, has been shown to produce 
lowered implantation and pregnancy rates [2, 3]. It can-

Figure 1. Curves of the mean ± standard error of the mean (SEM) daily serum levels of progesterone (P4) (violet), total 
testosterone (T) (black), and total oestradiol (E2) (blue), during menstrual cycles in eumenorrheic subfertile women. Median 
values of the examined days were significantly different along the curves (ANOVA). Dotted arrow indicate the point of 
an achievement by the mean daily P4 of the ovulatory threshold level of ≥ 5 ng/mL. Note the same units for P4 and T mass 
concentrations (ng/mL), and 1000-fold lower units for E2 (pg/mL)  
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not be excluded that a similar gene expression pathol-
ogy may occur in natural cycles of subfertile women 
where P4 rose prematurely and culminated with a huge 
level. This remains to be further studied.

Correlations between the individual daily hor-
mone levels showed that P4 was inversely related 
with T, and that the same concerned T and E2 
levels. Both correlations are suggestive of intact 
substrate-product relationships between hormones 
in the ovarian steroidogenic pathway. An imbalance 
where the highest P4 levels coincided with the lowest 
levels of T was observed on day 16. Less expressed 
dissociation between P4 and T secretions can be 
deducted from the study, based on the follicular 
fluid content, aspirated following an LH surge in 
normal women [11, 14], indicative of ovarian follicle 
luteinisation. Numerous premature luteinisations are 
associated with infertility [2].

The observed P4/T imbalance might be facilitated 
by a direct inhibitory effect of the augmented P4 secre-
tion on the biosynthesis of T. It has been shown that 
in healthy women oral contraceptive drugs containing 
P4 directly inhibited circulating T, before presentation of 
their negative feedback exertion on LH secretion [15]. 
Administration of E2 also directly inhibited ovarian T 
production via Cyp17al expression in adult rats [16]. 

Observed progressively declining levels of T from 
the cycle beginning until the mid-cycle nadir might be 
facilitated by utilization of T as a substrate for the bio-

synthesis of E2. Although the activity of aromatase, 
an enzyme that converts androgen to oestrogen, did 
not follow E2 raise during menstrual cycle [17–19], 
Sano et al. [18] and Doody et al. [20] postulated that 
E2 biosynthesis may be regulated predominantly by 
the supply of the substrate for aromatization rather 
than aromatase activity. To explain a partial recovery of 
daily serum T concentrations from the mid-cycle region 
until the cycle end, it is important to note that the fluid 
of follicles punctured following LH ovulatory surge in 
normal women is rich in the atretic follicles containing 
androgens [11, 21]. 

The observed U-shaped pattern of T levels through 
the menstrual cycle has never been described in healthy 
women. While some authors denied the existence 
of menstrual cycle-dependent fluctuations in serum T 
[22], most of the others reported its cyclical variation 
with the highest values in the mid-cycle periovulatory 
period [8, 23–26] or in the cycle beginning and mid-cycle 
regions together [27, 28]. Differences in the magnitude 
of hormone changes, methods of cycle alignment, fre-
quency of sample collection, and difficulties recruiting 
participants that yielded homogeneity regarding their 
cycle length might account for the inconsistency. Above 
all, when the common finding was that the maximal T 
levels occur in the mid-cycle region in normal cycles, 
our results are in contrast to those, and hence a subop-
timal menstrual cycle profile of T secretion in subfertile 
women may be postulated.

Figure 2. Curves of the mean ± standard error of the mean (SEM) serum daily levels of free oestrogen index (FEI) 
through menstrual cycles, divided according to cycle length. Asterisks indicate significant differences (ANOVA) between 
shorter and longer cycles
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Menopause may occur in women of any age, 
but crucial symptoms are menstrual irregularities 
and missed periods. Neither of these symptoms were 
reported by our participants. However, a moderate 
20% decrease in circulating T was described in healthy 
women long before menopausal transition, beginning 
from the age of 25 years [29]. This age-dependent 
decline in the ovarian androgen production might be 
represented by our subfertile participants. 

Although an increased serum T is associated with 
increased incidence of polycystic ovary syndrome 
and infertility [30–32], the low functional ovarian re-
serve and the primary ovarian insufficiency in infertile 
women are acclaimed to hypoandrogenaemia [33]. 
It has been shown that T plays physiological role during 
follicular development [34, 35]. Rice et al. [36] demon-
strated that human early preantral follicles involve T 
activity before they acquire FSH receptor during further 
development. In addition, both natural follicular atresia 
[37] as well as luteolysis [38] have been acclaimed to 
the presence of T. These findings may imply that a con-
stant availability of T through the entire menstrual cycle 
is mandatory, and the observed relative deficiency in 
T secretion may be harmful, contributing to the patho-
genesis of subfertility. 

Exogenous E2 was shown to stimulate SHBG pro-
duction in postmenopausal women [39], but SHBG 
levels were reported to remain constant during nor-
mal menstrual cycle or increase in its second half [8]. In 
our study, no cycle-dependence was noted; however, 
the individual SHBG daily levels were positively as-
sociated with E2, and negatively with T levels. This 
indicates that the hepatic SHBG synthesis can be modi-
fied by the ovarian function. On the other hand, among 
the 2 calculated indexes of the hormone bioavailability 
(FAI and FEI), only the FEI pattern revealed signifi-
cantly different daily levels during the cycles shorter 
than 26 days. This suggests that SHBG may actively 
participate in determination of the menstrual cycle 
length by modulating E2 bioavailability.

Summing up, the presented study indicates that in 
subfertile women the ovarian steroid hormones inter-
relate with each other along the entire menstrual cycle 
length with an intact steroidogenic pathway. The fol-
lowing changes appear to be most characteristic: 1) 
Throughout the entire menstrual cycle length the P4 
secretion predominates quantitatively over the secre-
tions of the remaining sex hormones when menstrual 
cycle phases are hidden. 2) A rise in E2 secretion is in 
parallel with a rise in P4 but with 4-times lower am-
plitude of E2. 3) T secretion declines and is inversely 
related to both P4 and E2 secretions. 4) Changes in E2 
bioavailability are related to the menstrual cycle length. 
An enhanced ovarian steroidogenesis and/or the func-

tional imbalances in the steroidogenic pathway may be 
associated with subfertility in normally menstruating 
women. It must be anticipated that the medical chal-
lenge against the augmented ovarian steroidogenesis 
[40] may have a therapeutic significance in the precon-
ception management for subfertile women. However, 
further studies are needed to increase the clinical mate-
rial and the amount of natural cycle sampling in both 
fertile and subfertile women. 

Authors’ contributions 
K.K. — the concept, project design, literature search, interpretation 
of the results, and manuscript writing; B.C.A. — project design, 
patient enrolment, supervision of hormone measurements, crude 
data presentation, and funding acquisition; S.B. — statistics, data 
processing and figure, and table preparations; O.W.K. — pa-
tient management and editorial assistance; M.K. — manuscript 
final adjustments. 

Institutional Review Board Statement
The study protocol was approved by the Bioethics Committee of 
the Medical University of Lodz (No. RNN/226/16/KE of 12 July 2016). 

Data availability
The datasets generated and analysed during the current study are 
available from the corresponding author upon reasonable request.

Competing interests
BCA is a director of Gyncentrum Katowice. The remaining authors 
declare no competing interests.

Funding
This study was funded by Gyncentrum Katowice (BCA), Polish 
Mother ’s Memorial Hospital — Research Institute Lodz (KK) 
and Medical University of Lodz (grant no. 503/1-089-03/503-11-002) 
(KM), Poland. 

References
1.	 National Collaborating Centre for WsaCs, Health. National Institute 

for Health and Clinical Excellence: Guidance. In: Fertility: Assessment 
and Treatment for People with Fertility Problems. Royal College of 
Obstetricians & Gynaecologists Copyright, London 2013.

2.	 Papanikolaou EG, Kolibianakis EM, Pozzobon C, et al. Progesterone rise 
on the day of human chorionic gonadotropin administration impairs 
pregnancy outcome in day 3 single-embryo transfer, while has no ef-
fect on day 5 single blastocyst transfer. Fertil Steril. 2009; 91(3): 949–952, 
doi: 10.1016/j.fertnstert.2006.12.064, indexed in Pubmed: 17555751.

3.	 Van Vaerenbergh I, Fatemi HM, Blockeel C, et al. Progesterone rise on 
HCG day in GnRH antagonist/rFSH stimulated cycles affects endo-
metrial gene expression. Reprod Biomed Online. 2011; 22(3): 263–271, 
doi: 10.1016/j.rbmo.2010.11.002, indexed in Pubmed: 21273126.

4.	 Kula K, Rodríguez-Rigau LJ, Steinberger E. Synthesis of testosterone 
and 5 alpha-reduced androgens during initiation of spermatogenesis 
in the rat. Andrologia. 1983; 15(6): 627–634, doi: 10.1111/j.1439-0272.1983.
tb00178.x, indexed in Pubmed: 6666849.

5.	 Burger H. Androgen production in women. Fertil Steril. 2002; 77: 3–5, 
doi: 10.1016/s0015-0282(02)02985-0.

6.	 Miller WL, Auchus RJ. The molecular biology, biochemistry, and physi-
ology of human steroidogenesis and its disorders. Endocr Rev. 2011; 
32(1): 81–151, doi: 10.1210/er.2010-0013, indexed in Pubmed: 21051590.

7.	 Manocha A, Kankra M, Singla P, et al. Clinical significance of reproduc-
tive hormones. Curr Med Res Pract. 2018; 8(3): 100–108, doi: 10.1016/j.
cmrp.2018.05.006.

8.	 Rezaii T, Gustafsson TP, Axelson M, et al. Circulating androgens 
and SHBG during the normal menstrual cycle in two ethnic populations. 
Scand J Clin Lab Invest. 2017; 77(3): 184–189, doi: 10.1080/00365513.201
7.1286685, indexed in Pubmed: 28276724.

http://dx.doi.org/10.1016/j.fertnstert.2006.12.064
https://www.ncbi.nlm.nih.gov/pubmed/17555751
http://dx.doi.org/10.1016/j.rbmo.2010.11.002
https://www.ncbi.nlm.nih.gov/pubmed/21273126
http://dx.doi.org/10.1111/j.1439-0272.1983.tb00178.x
http://dx.doi.org/10.1111/j.1439-0272.1983.tb00178.x
https://www.ncbi.nlm.nih.gov/pubmed/6666849
http://dx.doi.org/10.1016/s0015-0282(02)02985-0
http://dx.doi.org/10.1210/er.2010-0013
https://www.ncbi.nlm.nih.gov/pubmed/21051590
http://dx.doi.org/10.1016/j.cmrp.2018.05.006
http://dx.doi.org/10.1016/j.cmrp.2018.05.006
http://dx.doi.org/10.1080/00365513.2017.1286685
http://dx.doi.org/10.1080/00365513.2017.1286685
https://www.ncbi.nlm.nih.gov/pubmed/28276724


112

O
r

ig
in

a
l 

pa
pe

r

Ovarian steroid hormones in subfertility	 Krzysztof Kula et al.

9.	 Leiva R, Bouchard T, Boehringer H, et al. Random serum proges-
terone threshold to confirm ovulation. Steroids. 2015; 101: 125–129, 
doi: 10.1016/j.steroids.2015.06.013, indexed in Pubmed: 26111590.

10.	 Prior JC, Naess M, Langhammer A, et al. Ovulation Prevalence 
in Women with Spontaneous Normal-Length Menstrual Cycles 
- A Population-Based Cohort from HUNT3, Norway. PLoS One. 
2015; 10(8): e0134473, doi:  10.1371/journal.pone.0134473, indexed in 
Pubmed: 26291617.

11.	 Brailly S, Gougeon A, Milgrom E, et al. Androgens and progestins in 
the human ovarian follicle: differences in the evolution of preovulatory, 
healthy nonovulatory, and atretic follicles. J Clin Endocrinol Metab. 1981; 
53(1): 128–134, doi: 10.1210/jcem-53-1-128, indexed in Pubmed: 7240370.

12.	 McCartney CR, Bellows AB, Gingrich MB, et al. Exaggerated 17-hydroxy-
progesterone response to intravenous infusions of recombinant human 
LH in women with polycystic ovary syndrome. Am J Physiol Endocrinol 
Metab. 2004; 286(6): E902–E908, doi: 10.1152/ajpendo.00415.2003, indexed 
in Pubmed: 14736706.

13.	 Landgren BM, Undén AL, Diczfalusy E. Hormonal profile of the cycle 
in 68 normally menstruating women. Acta Endocrinol (Copenh). 1980; 
94(1): 89–98, doi: 10.1530/acta.0.0940089, indexed in Pubmed: 6770571.

14.	 Gougeon A. Human ovarian follicular development: from activa-
tion of resting follicles to preovulatory maturation. Ann Endocrinol 
(Paris). 2010; 71(3): 132–143, doi: 10.1016/j.ando.2010.02.021, indexed in 
Pubmed: 20362973.

15.	 Zimmerman Y, Eijkemans MJC, Coelingh Bennink HJT, et al. The effect 
of combined oral contraception on testosterone levels in healthy women: 
a systematic review and meta-analysis. Hum Reprod Update. 2014; 20(1): 
76–105, doi: 10.1093/humupd/dmt038, indexed in Pubmed: 24082040.

16.	 Imamichi Y, Sekiguchi T, Kitano T, et al. Diethylstilbestrol admin-
istration inhibits theca cell androgen and granulosa cell estro-
gen production in immature rat ovary. Sci Rep. 2017; 7(1): 8374, 
doi: 10.1038/s41598-017-08780-7, indexed in Pubmed: 28827713.

17.	 Strott CA, Yoshimi T, Ross GT, et al. Ovarian physiology: relationship 
between plasma LH and steroidogenesis by the follicle and corpus 
luteum; effect of HCG. J Clin Endocrinol Metab. 1969; 29(9): 1157–1167, 
doi: 10.1210/jcem-29-9-1157, indexed in Pubmed: 5808525.

18.	 Sano Y, Suzuki K, Arai K, et al. Changes in enzyme activities related to 
steroidogenesis in human ovaries during the menstrual cycle. J Clin 
Endocrinol Metab. 1981; 52(5): 994–1001, doi:  10.1210/jcem-52-5-994, 
indexed in Pubmed: 6971870.

19.	 Suzuki T, Sasano H, Kimura N, et al. Immunohistochemical distribution 
of progesterone, androgen and oestrogen receptors in the human ovary 
during the menstrual cycle: relationship to expression of steroidogenic 
enzymes. Hum Reprod. 1994; 9(9): 1589–1595, doi: 10.1093/oxfordjourn-
als.humrep.a138757, indexed in Pubmed: 7836505.

20.	 Doody KM, Carr BR. Amenorrhea. Obstet Gynecol Clin North Am. 1990; 
17(2): 361–387, indexed in Pubmed: 2234749.

21.	 McNatty KP, Hillier SG, van den Boogaard AM, et al. Follicular devel-
opment during the luteal phase of the human menstrual cycle. J Clin 
Endocrinol Metab. 1983; 56(5): 1022–1031, doi: 10.1210/jcem-56-5-1022, 
indexed in Pubmed: 6403567.

22.	 Valette A, Seradour B, Boyer J. Plasma testosterone levels during 
the menstrual cycle. J Clin Endocrinol Metab. 1975; 40(1): 160–161, 
doi: 10.1210/jcem-40-1-160, indexed in Pubmed: 1112875.

23.	 Abraham GE. Ovarian and adrenal contribution to peripheral androgens 
during the menstrual cycle. J Clin Endocrinol Metab. 1974; 39(2): 340–346, 
doi: 10.1210/jcem-39-2-340, indexed in Pubmed: 4278727.

24.	 Vermeulen A, Verdonck L. Plasma androgen levels during the menstrual 
cycle. Am J Obstet Gynecol. 1976; 125(4): 491–494, doi: 10.1016/0002-937
8(76)90363-x, indexed in Pubmed: 136193.

25.	 Salonia A, Pontillo M, Nappi RE, et al. Menstrual cycle-related changes 
in circulating androgens in healthy women with self-reported normal 

sexual function. J Sex Med. 2008; 5(4): 854–863, doi: 10.1111/j.1743-6109
.2008.00791.x, indexed in Pubmed: 18371044.

26.	 Rothman MS, Carlson NE, Xu M, et al. Reexamination of testosterone, 
dihydrotestosterone, estradiol and estrone levels across the menstrual 
cycle and in postmenopausal women measured by liquid chroma-
tography-tandem mass spectrometry. Steroids. 2011; 76(1-2): 177–182, 
doi: 10.1016/j.steroids.2010.10.010, indexed in Pubmed: 21070796.

27.	 Campbell BC, Ellison PT. Menstrual variation in salivary testosterone 
among regularly cycling women. Horm Res. 1992; 37(4-5): 132–136, 
doi: 10.1159/000182297, indexed in Pubmed: 1490654.

28.	 Bui HN, Sluss PM, Blincko S, et al. Dynamics of serum testosterone 
during the menstrual cycle evaluated by daily measurements with 
an ID-LC-MS/MS method and a 2nd generation automated immunoassay. 
Steroids. 2013; 78(1): 96–101, doi: 10.1016/j.steroids.2012.10.010, indexed 
in Pubmed: 23127814.

29.	 Mezzullo M, Gambineri A, Di Dalmazi G, et al. Steroid reference in-
tervals in women: influence of menopause, age and metabolism. Eur 
J Endocrinol. 2021; 184(3): 395–407, doi: 10.1530/EJE-20-1147, indexed 
in Pubmed: 33444226.

30.	 Steinberger E, Smith K, Tcholakian R, et al. Testosterone levels in female 
partners of infertile couples. Am J Obstet Gynecol. 1979; 133(2): 133–138, 
doi: 10.1016/0002-9378(79)90463-0, indexed in Pubmed: 420268.

31.	 West S, Lashen H, Bloigu A, et al. Irregular menstruation and hyper-
androgenaemia in adolescence are associated with polycystic ovary 
syndrome and infertility in later life: Northern Finland Birth Cohort 
1986 study. Hum Reprod. 2014; 29(10): 2339–2351, doi: 10.1093/hum-
rep/deu200, indexed in Pubmed: 25085801.

32.	 Sjaarda LA, Mumford SL, Kissell K, et al. Increased androgen, 
anti-Müllerian hormone, and sporadic anovulation in healthy, eu-
menorrheic women: a mild PCOS-like phenotype? J Clin Endocrinol 
Metab. 2014; 99(6): 2208–2216, doi:  10.1210/jc.2013-3781, indexed in 
Pubmed: 24606085.

33.	 Gleicher N, Kim A, Weghofer A, et al. Hypoandrogenism in association 
with diminished functional ovarian reserve. Hum Reprod. 2013; 28(4): 
1084–1091, doi: 10.1093/humrep/det033, indexed in Pubmed: 23427231.

34.	 Vendola KA, Zhou J, Adesanya OO, et al. Androgens stimulate early 
stages of follicular growth in the primate ovary. J Clin Invest. 1998; 
101(12): 2622–2629, doi: 10.1172/JCI2081, indexed in Pubmed: 9637695.

35.	 Weil SJ, Vendola K, Zhou J, et al. Androgen receptor gene expression 
in the primate ovary: cellular localization, regulation, and func-
tional correlations. J Clin Endocrinol Metab. 1998; 83(7): 2479–2485, 
doi: 10.1210/jcem.83.7.4917, indexed in Pubmed: 9661631.

36.	 Rice S, Ojha K, Whitehead S, et al. Stage-specific expression of androgen 
receptor, follicle-stimulating hormone receptor, and anti-Müllerian hor-
mone type II receptor in single, isolated, human preantral follicles: 
relevance to polycystic ovaries. J Clin Endocrinol Metab. 2007; 92(3): 
1034–1040, doi: 10.1210/jc.2006-1697, indexed in Pubmed: 17179193.

37.	 Hsueh AJ, Billig H, Tsafriri A. Ovarian follicle atresia: a hormon-
ally controlled apoptotic process. Endocr Rev. 1994; 15(6): 707–724, 
doi: 10.1210/edrv-15-6-707, indexed in Pubmed: 7705278.

38.	 Rodriguez-Rigau L, Steinberger E, Atkins B, et al. Effect of Testoster-
one on Human Corpus Luteum Steroidogenesis in Vitro. Fertil Steril. 
1979; 31(4): 448–450, doi:  10.1016/s0015-0282(16)43945-2, indexed in 
Pubmed: 428590.

39.	 Edlefsen KL, Jackson RD, Prentice RL, et al. The effects of postmeno-
pausal hormone therapy on serum estrogen, progesterone, and sex hor-
mone-binding globulin levels in healthy postmenopausal women. 
Menopause. 2010; 17(3): 622–629, doi: 10.1097/gme.0b013e3181cb49e9, 
indexed in Pubmed: 20215977.

40.	 Weaver EA, Ramachandran R. Metformin attenuates steroidogenesis in 
ovarian follicles of the broiler breeder hen. Reproduction. 2020; 160(5): 
659–672, doi: 10.1530/REP-20-0066, indexed in Pubmed: 33065544.

http://dx.doi.org/10.1016/j.steroids.2015.06.013
https://www.ncbi.nlm.nih.gov/pubmed/26111590
http://dx.doi.org/10.1371/journal.pone.0134473
https://www.ncbi.nlm.nih.gov/pubmed/26291617
http://dx.doi.org/10.1210/jcem-53-1-128
https://www.ncbi.nlm.nih.gov/pubmed/7240370
http://dx.doi.org/10.1152/ajpendo.00415.2003
https://www.ncbi.nlm.nih.gov/pubmed/14736706
http://dx.doi.org/10.1530/acta.0.0940089
https://www.ncbi.nlm.nih.gov/pubmed/6770571
http://dx.doi.org/10.1016/j.ando.2010.02.021
https://www.ncbi.nlm.nih.gov/pubmed/20362973
http://dx.doi.org/10.1093/humupd/dmt038
https://www.ncbi.nlm.nih.gov/pubmed/24082040
http://dx.doi.org/10.1038/s41598-017-08780-7
https://www.ncbi.nlm.nih.gov/pubmed/28827713
http://dx.doi.org/10.1210/jcem-29-9-1157
https://www.ncbi.nlm.nih.gov/pubmed/5808525
http://dx.doi.org/10.1210/jcem-52-5-994
https://www.ncbi.nlm.nih.gov/pubmed/6971870
http://dx.doi.org/10.1093/oxfordjournals.humrep.a138757
http://dx.doi.org/10.1093/oxfordjournals.humrep.a138757
https://www.ncbi.nlm.nih.gov/pubmed/7836505
https://www.ncbi.nlm.nih.gov/pubmed/2234749
http://dx.doi.org/10.1210/jcem-56-5-1022
https://www.ncbi.nlm.nih.gov/pubmed/6403567
http://dx.doi.org/10.1210/jcem-40-1-160
https://www.ncbi.nlm.nih.gov/pubmed/1112875
http://dx.doi.org/10.1210/jcem-39-2-340
https://www.ncbi.nlm.nih.gov/pubmed/4278727
http://dx.doi.org/10.1016/0002-9378(76)90363-x
http://dx.doi.org/10.1016/0002-9378(76)90363-x
https://www.ncbi.nlm.nih.gov/pubmed/136193
http://dx.doi.org/10.1111/j.1743-6109.2008.00791.x
http://dx.doi.org/10.1111/j.1743-6109.2008.00791.x
https://www.ncbi.nlm.nih.gov/pubmed/18371044
http://dx.doi.org/10.1016/j.steroids.2010.10.010
https://www.ncbi.nlm.nih.gov/pubmed/21070796
http://dx.doi.org/10.1159/000182297
https://www.ncbi.nlm.nih.gov/pubmed/1490654
http://dx.doi.org/10.1016/j.steroids.2012.10.010
https://www.ncbi.nlm.nih.gov/pubmed/23127814
http://dx.doi.org/10.1530/EJE-20-1147
https://www.ncbi.nlm.nih.gov/pubmed/33444226
http://dx.doi.org/10.1016/0002-9378(79)90463-0
https://www.ncbi.nlm.nih.gov/pubmed/420268
http://dx.doi.org/10.1093/humrep/deu200
http://dx.doi.org/10.1093/humrep/deu200
https://www.ncbi.nlm.nih.gov/pubmed/25085801
http://dx.doi.org/10.1210/jc.2013-3781
https://www.ncbi.nlm.nih.gov/pubmed/24606085
http://dx.doi.org/10.1093/humrep/det033
https://www.ncbi.nlm.nih.gov/pubmed/23427231
http://dx.doi.org/10.1172/JCI2081
https://www.ncbi.nlm.nih.gov/pubmed/9637695
http://dx.doi.org/10.1210/jcem.83.7.4917
https://www.ncbi.nlm.nih.gov/pubmed/9661631
http://dx.doi.org/10.1210/jc.2006-1697
https://www.ncbi.nlm.nih.gov/pubmed/17179193
http://dx.doi.org/10.1210/edrv-15-6-707
https://www.ncbi.nlm.nih.gov/pubmed/7705278
http://dx.doi.org/10.1016/s0015-0282(16)43945-2
https://www.ncbi.nlm.nih.gov/pubmed/428590
http://dx.doi.org/10.1097/gme.0b013e3181cb49e9
https://www.ncbi.nlm.nih.gov/pubmed/20215977
http://dx.doi.org/10.1530/REP-20-0066
https://www.ncbi.nlm.nih.gov/pubmed/33065544

