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Abstract

Steroid hormones regulate a variety of physiological processes, including reproductive function,
and are widely used in hormonal therapy. Synthetic progestogens, or progestins, were designed to
mimic progesterone (P4) for use in contraception and hormonal replacement therapy in women.
Medroxyprogesterone acetate (MPA) and norethisterone (NET) are the most widely used
injectable contraceptives in the developing world, while other progestins such as levonorgestrel
(LNG), etonogestrel (ETG) and nestorone (NES) are used in or being developed for other forms of
contraception. As concerns remain about the most appropriate choice of progestin and dosage, and
the associated side-effects, the mechanisms and biological effects of progestins are frequently
investigated in various /7 vitro mammalian cell line and tissue models. However, whether
progestogens are differentially metabolised in different cell types /n vivo or in vitro is unknown.
For nine mammalian cell lines commonly used to investigate progestogen mechanisms of action,
we developed and validated an ultra-high performance supercritical fluid chromatography-tandem
mass spectrometry (UHPSFC-MS/MS) protocol for simultaneously quantifying the metabolism of
the above-mentioned steroids. We show for the first time that, while 50-100% of P4 was
metabolised within 24 hours in all cell lines, the metabolism of the progestins is progestin-and cell
line-specific. We also show that MPA and NET are significantly metabolised in human cervical
tissue, but to a lesser extent than P4. Taken together, our findings suggest that differential
progestogen metabolism may play a role in cell-specific therapeutic and side-effects. Relative
affinities for binding to steroid receptors as well as potencies, efficacies and biocharacters for
transcriptional activity of progestins, relative to P4, are most frequently determined using some of

"Corresponding author: Janet.Hapgood@uct.ac.za.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declarations of interest: None



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Skosana et al. Page 2

the cell lines investigated. Our results, however, suggest that differential metabolism of progestins
and P4 may confound these results. In particular, metabolism may under-estimate the receptor-
mediated intrinsic /n vitro binding and dose-response values and predicted endogenous
physiological effects of P,.
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1. Introduction

Choice of hormonal contraception and hormone replacement therapy (HRT) in women is an
important public health issue, especially regarding possible side-effects relevant to cancer,
metabolic disorders, cardiovascular complications, bone mineral density and susceptibility
to infectious diseases [1,2,3]. Synthetic steroids are commonly utilised in contraceptive
treatments and HRT. These synthetic steroids, known as progestins or synthetic
progestogens, are intended to mimic the actions of the endogenous hormone P4 [1-3] and
are classified into two groups. The first class of progestins, which include
medroxyprogesterone acetate (MPA) and nestorone (NES), is structurally related to P4,
while the second class is structurally related to testosterone (T), and includes norethisterone
(NET), etonogestrel (ETG) and levonorgestrel (LNG) [2,3]. Injectable progestins, which are
especially popular in the developing world as contraceptives due to their discreet nature,
include MPA and NET, the latter administered in its enanthate form (NET-EN) [2,3]. Other
progestins such as LNG and ETG are widely used in combined oral contraceptives and
implants and together with NES, are currently being investigated for use intravaginally or in
multipurpose prevention technologies [3].

Progestin research relies extensively on model systems using well-established laboratory cell
lines [2—6] or /n vitro experiments with primary cells, tissue or tissue extracts [7-12]. In
such experiments, specific concentrations of the steroids are used and these concentrations
are assumed to remain constant over the incubation period. Differences in activity between
steroids is thought to be due to their different biocharacters, and metabolism is not taken into
account. Differential metabolism may confound the results of concentration-dependent
experiments such as dose-response analyses and binding studies [2—4]. It is well established
that progestins act intracellularly via binding to and activating the progesterone receptor
(PR) [2,3], which is a ligand-activated transcription factor. Evidence is emerging that some
of the side-effects of progestins may occur by off-target effects via binding to and activating
steroid receptors other than the PR [3,5]. However, very little is known about the metabolism
of progestins, in particular whether this is cell-specific, which metabolites are produced,
what the role is of metabolites and whether metabolism may confound interpretation of the
results when investigating relative biological activities.

The aim of this work was therefore to investigate the metabolism of P4 and selected
progestins in nine commonly used laboratory cell lines, and to validate select findings in
endocervical tissue. To this end, we developed and validated an ultra-high-performance
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supercritical fluid chromatography-tandem mass spectrometry (UHPSFC-MS/MS) method
for the separation and quantification of these progestogens in the nanomolar range, as
detected in the serum of women. We included the synthetic glucocorticoid dexamethasone
(DEX) in our panel of steroids, since the activity of progestins is often investigated in
parallel with DEX, given the established glucocorticoid activity of MPA [10, 13-14].
Results showed that P4 was substantially metabolised in all cells lines and the endocervical
tissue after 24 hours, while cell line-and steroid-specific metabolism were observed for the
different progestins.

2. Materials and Methods

2.1 Steroids and solvents

LNG was obtained from the United Stated Pharmacopoeia (USP, Rockville, MD, USA) and
Sigma Aldrich (South Africa). P4, MPA, NES, DEX, NET, ETG, T, UHPLC-grade
methanol, absolute ethanol, formic acid and methyl fer+-butyl ether (MTBE) were all
purchased from Sigma-Aldrich (South Africa).

2.2 Cell lines and endocervical tissue

Human embryonic kidney cells (HEK293T), human epithelial cervical cancer cells (HeLa),
human endocervical cells (END-1), human bone osteosarcoma epithelial cells (U20S) and
monkey kidney fibroblast cells (COS-1) were purchased from American Type Culture
Collection (ATCC, USA). Human cervical cells (TZM-bl) were procured from the NIH
AIDS Reagent Program, Division of AIDSNIAID, NIH, from Dr John C. Kappes, Dr
Xiaoyun Wu and Tranzyme Inc. (ARP, NIH, USA). The human MDA-MB-231 breast cancer
cell line was originally acquired from ATCC, but were received from Prof Adrienne Edkins
at Rhodes University, South Africa, while Prof Ana Soto at Tufts University, Boston, USA
provided the human MCF-7 BUS breast cancer cells. The human T47D breast cancer cell
line was donated by Prof Igbal Parker at the University of Cape Town, South Africa.

Endocervical tissue was obtained after informed consent from HIV-1 negative, post-
menopausal women undergoing hysterectomies for benign reasons. Ethical permission was
obtained from the Human Research Ethics Committee (University of Cape Town) for the
duration of this study (HREC 258/2017). Fresh tissue was supplied from two sites in the
Western Cape, South Africa; namely, Groote Schuur and Tygerberg Hospitals.

2.3 Cell line culture

HEK?293T, HelLa, U20S, TZM-bl, T47D and COS-1 were all cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma-Aldrich, South Africa) supplemented with 1
mM sodium pyruvate (Sigma-Aldrich, South Africa), 44 mM sodium bicarbonate (Sigma-
Aldrich, South Africa), 10% (v/v) fetal bovine serum (FBS) (Thermo Scientific, South
Africa), 100 IU/mL penicillin and 100 pg/mL streptomycin (Sigma-Aldrich, South Africa).
Culture medium for MDA-MB-231 cells was as described above, with the addition of 2 mM
L-glutamine (Sigma-Aldrich, South Africa). Culture medium for MCF-7 BUS cells was as
described above, except that 5% heat inactivated FBS was used. END-1 cells were
maintained in keratinocyte serum-free (KSF) medium (Sigma-Aldrich, South Africa)
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supplemented with the provided keratinocyte growth supplement, 100 [U/ml penicillin and
100 pg/ml streptomycin (Gibco Invitrogen). Cells were maintained at 37°C in a water-
jacketed incubator (90% humidity and 5% CO2). All cells were routinely tested and found to
be mycoplasma-free.

2.4 Cervical tissue experiments

Cervical tissue was processed as previously described by Fletcher et al. (i.e. between one to
three hours post-operation) [15]. Excess underlying stromal tissue was removed from the
epithelial layer of the endocervical tissue. The epithelial layer was then diced into 3 mm3
explant pieces that were randomly placed into separate wells of 96-well round-bottomed
plates. Non-polarised explants were cultured in 200 uL Roswell Park Memorial Institute
medium (RPMI) (Lonza, Switzerland) supplemented with 10% (v/v) charcoal stripped FBS
(Thermo Scientific, USA), 2 mM L-glutamine (Sigma-Aldrich, South Africa), 10 ug/mL
Fungizone (Sigma-Aldrich, South Africa), 10 U/mL interleukin-2, 100 1U/mL penicillin and
100 mg/mL streptomycin (Sigma-Aldrich, South Africa). Cervical tissue explants were
incubated in quadruplicate with steroids in RPMI and incubated at 37°C in a water-jacketed
incubator (90% humidity and 5% CO2) for 24 hours.

2.5 Cell line and tissue incubations with steroids

Cells were seeded at 5 x 10* cells per well (T47D, MCF-7 BUS, MDA-MB-231) or 1x 10°
cells per well (END-1, U20S, TZM-bl, HEK293T, COS-1 and HeLa) in full phenol red-
containing media in a 24-well Greiner Bio-One CELLSTAR tissue culture plate. Tissue was
processed and plated as described above. Following a 24-hour incubation period T47D,
MCF-7 BUS and MDA-MB-231 cell media was replaced with phenol red-free media. For
analysis of extent of metabolism, the cells and no-cell controls were washed with pre-
warmed media then treated with 100 nM steroid or vehicle (0.1% v/v ethanol) in serum-free
media. The U20S, TZM-bl, HEK293T, COS-1, END-1 and HeLa cells were treated in
phenol red-containing DMEM, while T47D, MCF-7 BUS and MDA-MB-231 cells were
treated in phenol red-free DMEM. Upon treatment, 500 L of the steroid-and vehicle-
containing media was aliquoted into a glass tube and stored at —20°C; this served as the TO
control. After 24 hours, 500 pL aliquots of media were removed from the cells (or no-cell
control) and transferred into clean glass tubes and stored at —20°C prior to extraction

2.6 Preparation of standards and samples

Individual stock solutions of the seven steroids (P4, MPA, NES, NET, LNG, ETG and DEX)
plus internal standard T were prepared in absolute ethanol (1 mg/mL) and stored at —20°C
until use. These individual stock solutions were later used to prepare two standard master
mixes (1 000 ng/mL and 1 ng/mL) containing all of the above-mentioned steroids in ethanol.
These standard master mixes were subsequently used to prepare standards (1 mL, 0.01-100
ng/mL) by the addition of the appropriate volume of the standard master mix to either (i)
DMEM containing 1% penicillin-streptomycin and 10% FBS (“supplemented DMEM?”), (ii)
DMEM without penicillin-streptomycin or FBS (“unsupplemented DMEM?”), (iii) KSF
without penicillin-streptomycin or FBS, (iv) RPMI 1640 without penicillin-streptomycin or
FBS or (v) 50% methanol (no matrix). Samples used for method validation (1 mL) were
prepared by spiking the matrix with the appropriate volume of the master mixes. 100 pL of
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internal standard prepared in distilled water to a final concentration of 1 ng/mL was added to
all samples and standards.

2.7 Steroid extractions

Samples and standards were extracted using a 1:3 ratio of sample to MTBE (v/v). The
samples were shaken at 1 000 rpm for 15 minutes before being placed at —80°C for an hour
to allow the aqueous phase to freeze. The MTBE layer containing steroids was transferred to
a pyrolyzed glass test tube and the MTBE was evaporated at room temperature in a fume
hood overnight, or under a stream of nitrogen gas. Samples were subsequently reconstituted
in 150 pL 50% methanol and stored at —20°C prior to analysis.

2.8 Instruments and chromatographic conditions for UHPSFC-MS/MS

Steroids were separated using an Acquity Ultra High Performance Convergence
Chromatography (UPC?) system (Waters Corporation, Milford, USA) with an Acquity
UPC2 Ethylene Bridged Hybrid (BEH) column (3 mm x 100 mm, 1.7 um particle size). The
mobile phase consisted of liquid CO2 (Mobile phase A) and methanol [Mobile phase B
(MPB)]. A 2.5-minute gradient inlet method was used to separate the steroids using a
constant flow rate of 1.9 mL/min according to the following protocol: 4% MPB from 0-1
min; 10% MPB from 1-1.5 min; 25% MPB from 1.5-2.5 min and back to 4% MPB at 2.5
min for re-equilibration. The column temperature and automated back pressure regulator
were set to 60°C and 1700 pounds-force per square inch (psi), respectively. The injection
volume was 2.0 pL. Quantitative mass spectrometric detection was carried out using a Xevo
TQ-S triple quadrupole mass spectrometer (Waters, Milford, USA). A make-up pump fed
1% formic acid in methanol into the mixer preceding the MS line at a constant flow rate of
0.2 mL/min. All steroids were analysed in multiple reaction monitoring (MRM) mode using
an electrospray probe in the positive ionisation mode (ESI+). The following settings were
used: capillary voltage of 3.8 kV, desolvation temperature 350°C, desolvation gas 900 L/h
and cone gas 150 L/h. MRM transitions are included in Supporting Table 1. Data collection
and analysis were performed using MassLynx 4.1 (Waters Corporation).

2.9 UHPSFC-MS/MS method validation

Standard curves were generated for each steroid metabolite using standards prepared in
either of the four matrices listed above or 50% methanol (no matrix), and included the
following concentrations: 0, 0.01, 0.1, 0.25, 0.5, 1.0, 5.0, 10, 25, 50 and 100 ng/mL. The
limit of detection (LOD) for each steroid was defined as the lowest concentration at which a
signal-to-noise (S/N) ratio greater than three was measured for the quantifier ion. The lower
limit of quantification (LLOQ) for each steroid was defined as the lowest concentration for
each steroid at which: a S/N ratio greater than ten was measured for the quantifier ion; a S/N
ratio greater than three was measured for the qualifier ion; an acceptable precision [%
relative standard deviation (% RSD) <20] could be measured. The upper limit of
quantification (ULOQ) was defined as the maximum concentration at which the % RSD
values did not exceed 20. Precision was defined as the % RSD from the average calculated
concentrations following the repeated injection (n=6) of a simple sample. Accuracy was
defined as the % RSD from the analysis of independent replicate samples (n=6).
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2.10 Statistical analysis

Results were analysed using GraphPad Prism 7 from GraphPad Software, Inc. (La Jolla
California, USA). Data are expressed as mean £ SEM. To evaluate whether the metabolism
of a steroid within a cell line/tissue was statistically significant, a paired #test was
performed to compare results in the absence and presence of cells. Statistical significance is
denoted by the relevant p-value. Multiple paired #tests were used to compare the
metabolism of the seven steroids within a cell line to each other, and to compare the
metabolism of a specific steroid across different cell lines. (ANOVA was not used since
these experiments were not all performed in parallel.) Where statistical significance was
determined, it is denoted by *, **, *** or **** {g indicate p<0.05, p<0.01, p<0.001, or
p<0.0001, respectively.

3. Results

3.1 Validation and performance of UHPSFC-MS/MS method

3.2 Effects

A UHPSFC-MS/MS method was developed for the quantification of six clinically relevant,
commercially-available progestogens and DEX. Their chemical structures are depicted in
Figure 1. Molecular ion species, MRM mass transitions and retention time for each steroid
are given in Supporting Table 1. Comprehensive method validation was performed, the
results of which are listed in Table 1.

As most of the cell lines were treated with unsupplemented DMEM, accuracy and precision
were determined only for this medium at a minimum of three concentrations within the
calibration range of each steroid as shown in Table 1, i.e. 1, 10 and 100 ng/mL. Acceptable
% RSDs were obtained for all concentrations for both accuracy and precision, which were
less than 20 at concentrations of 1, 10 and 100 ng/mL. Accuracy at low concentrations
ranged from 11-18% at 1 ng/mL, 11-18.9% at 10 ng/mL and 8-17% at 100 ng/mL.
Precision at low concentrations ranged from 14-19% at 1 ng/mL, 4-16% at 10 ng/mL and
9-19% at 100 ng/mL. LLOQs ranged from 0.01 ng/mL for P4 to 5.00 ng/mL for LNG, ETG
and DEX, allowing for the quantification of steroids at levels at the low nanomolar range.
For each of unsupplemented DMEM, KSF and RMPI media, the ULOQ was 100 ng/mL (the
highest concentration measured), while ULOQ in supplemented DMEM was 50 ng/mL.

of adsorption and hydrophobicity

Following the development and validation of the UHPSFC-MS/MS method we first
considered the potential effects of adsorption of the steroids to the cell culture plates, before
measuring the metabolism of the steroids. To do this we assessed the differences in steroid
concentration between the TO and media from no-cell control plate incubations for all the
steroids in the different experiments (Supporting Figure 1). There was 0%-40% adsorption
of the steroids to the cell culture plates across experiments (Figure 2 and Supporting Figures
1). We further investigated whether there was a correlation between hydrophobicity and
adsorption of steroids. Results showed a positive correlation suggesting that the adsorption
of steroids to the cell culture plates increases with increasing hydrophobicity (Figure 2). We
investigated whether retention of the steroids occurred within the cell pellets. We found that
this was negligible (Supporting figure 2) and hence was not taken into account when

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Skosana et al. Page 7

calculating percentage metabolism. Based on these results metabolism (Section 3.3-3.5) was
calculated relative to a no-cell control parallel incubation in cell culture plates and hence
independent of adsorption to the cell culture plates.

3.3 Differential metabolism of steroids between cell lines

Next, we incubated nine common laboratory cell lines, along with a parallel plate without
any cells (“no-cell control™), with 100 nM of each steroid for 24 hours. We subsequently
measured the concentration of steroid present in the cell and no-cell supernatants. The
percentage metabolism of each individual steroid in a cell line was calculated as the
difference between the steroid remaining in the absence (no-cell) and presence of cells.
Where percentage metabolism was less than zero, the percentage is represented as zero. It
should be noted that steroid incubations were performed in the absence of serum for 24
hours as is frequently done for experiments in cell lines incubated with steroids [16-18]. It is
possible that the presence of serum may affect metabolism.

When comparing metabolism effects, it was noted that the error bars were in general much
greater for some cells than for others, as well as between some progestins for a particular
cell line. Assessment of no cell samples indicate that this reflects variations in technical
error during experiments. Only differences that were found to be statistically significant are
highlighted and discussed below. It should, however, be noted that there may be other
differences that are significant, but beyond the statistical power of the experiments. The most
striking result was that P, was extensively metabolised by all the cell lines, although the
extent of metabolism varied from 50-97%, showing some cell line-specific effects (Figures
3 and 4). Although the metabolism of the progestins and DEX was also cell line-specific, it
ranged from 0-50%, with the rank order for most to least metabolised steroid different for
each cell line. These did not appear to be related to the anatomical source or type of cell line,
as shown in Figure 4. However, some trends were apparent (Figures 3 and 4). Of the
cervical cell lines, HeLa exhibited a higher percentage of significant metabolism for most
progestogens than observed in TZM-bl and END-1 cells, except for NET and ETG where
END-1 cells exhibited more metabolism. The T47D cell line exhibited the highest
significant metabolism within the breast cancer cell lines, except for NES where MCF-7
BUS showed greater significant metabolism. END-1, T47D, MCF-7 BUS and COS-1 cells
were the most metabolically diverse cells in the panel, with all four of these cell lines
displaying significant metabolism of P, and ETG; and three of these four cell lines showing
metabolism of DEX (Figure 3). Interestingly, COS-1 cells displayed a similar high degree of
significant metabolism for both P4 (60%) and DEX (53%). These cell lines were followed
by U20S cells, which significantly metabolised three steroids. TZM-bl and MDA-MB-231
cells had significant metabolism of P4 and one other steroid, namely, MPA and ETG
respectively. HeLa and HEK293T cells displayed the lowest metabolic activity of
progestogens with significant metabolism observed only for P4 (Figure 3). Taken together,
there was no significant difference in the overall metabolism of the progestins structurally
related to P4, (MPA and NES) than those structurally related to T (NET, LNG and ETG)
(Figure 4), with an average of four times more metabolism observed for P, than the other
steroids.
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3.4 Differential metabolism of steroids within cell lines

Upon comparison of the metabolism of each steroid within each cell line, it was observed
that apart from P4, all steroids were metabolised in a cell-specific manner (Figure 3 and
Supporting Figure 3). T47D, END-1 and HeLa cells had the highest percentage metabolism
of P4 with over 90% metabolism in all three cell lines. HEK293T and COS-1 cells displayed
the least metabolism of P4 with only 50% and 60% metabolism, respectively. P4
demonstrated the greatest differences in metabolism compared to other steroids within each
cell line (Figure 4 and Supporting Figure 3).

ETG was the second most metabolised steroid, with significant metabolism in five cell lines
ranging between 14% and 43% (Figure 3 and 4). HeLa cells showed a high percentage of
metabolism of ETG with 28% metabolism; this, however, was not significant (Figure 4).
MPA and DEX were significantly metabolised in 3 cell lines each. Significant metabolism of
MPA was observed in U20S, TZM-bl and T47D cells, ranging between 19% and 55%
(Figure 3). While, significant metabolism of DEX was observed in END-1, MCF-7 BUS and
COS-1 cells with metabolism ranging from 8% and 52%. As shown in Figure 4, metabolism
of DEX in HeLa, T47D and U20S cells, although not significant, ranged from 21% to 37%.
TZM-bl, HEK293T and MDA-MB-231 cells exhibited less than 10% metabolism of DEX.
NET and NES were significantly metabolised only in two cell lines each (Figure 3). NET
was significantly metabolised only in U20S and MCF-7 BUS cells (Figure 3). NES was
metabolised in END-1 and MCF-7 BUS cell lines by 9% and 40%, respectively (Figure 4).
There was 41% metabolism of NES in COS-1 cells, and between 0% and 20% in the
remaining cell lines; however, these effects were not statistically significant (Supporting
Figure 3). LNG was significantly metabolised only in COS-1 cells with 23% metabolism
which was comparable to the metabolism in T47D and HeLa cells which exhibited 22% and
20% metabolism, respectively. However, these latter effects were not statistically significant.
The metabolism of LNG in the remaining six cell lines was less than 10% (Supporting
Figure 3).

3.5 Metabolism in endocervical tissue

To determine if the metabolism observed in cell lines would be similar in a more
physiologically-relevant system, we investigated the metabolism of three progestogens in
post-menopausal endocervical tissue explants following a 24-hour incubation. P4 was
investigated due to the high rate of metabolism in all cell lines, whilst MPA and NET were
chosen as representative of progestins structurally related to P4 and T, respectively.

P4 was completely metabolised in the endocervical tissue explants after 24 hours (Figure 5).
The results for P4, but not MPA and NET, are comparable to those observed in the three
cervical cell lines (Figure 3). There was between approximately 87% and 96% metabolism
of P4 in the cervical cell lines, which is similar to the 100% metabolism in tissue (Figure 5).
As depicted in Figure 5, 38% of MPA was metabolised in tissue. This is different from the
pattern observed in cervical cell lines where TZM-bl cells exhibited significant, but less,
metabolism of MPA, (Figure 3) while no significant metabolism was observed in the other
cervical cell lines. While NET was not significantly metabolised in the cervical cell lines,
endocervical tissue metabolised 43% of available NET.
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4. Discussion

Previous research into progestogen metabolism has been limited and has typically focused
on measuring the serum or urine concentrations of progestogens and/or their metabolites in a
clinical setting [19-26]. In this work we investigated, for the first time, the cell-and steroid-
specific metabolism of a range of clinically-relevant steroids using /in vitro cell line models.
These cell line models are widely used to investigate the biocharacter and mechanisms of
action of these steroids, which themselves are commonly used in hormonal therapy and
steroid receptor-based studies. We developed and validated a UHPSFC-MS/MS method of
measuring the concentration of seven steroids in cell culture media, which allowed for the
determination of the metabolism of these steroids by these cell lines. Our experimental
design corrected for adsorption (up to 40%) of the steroids to the cell culture plates, where
we found a positive correlation between adsorption and increasing hydrophobicity. The
extent of metabolism could be measured from analysing the medium (supernatant) alone,
since we found no significant retention of parent steroid in the cell pellets.

We found that individual progestins and DEX are differentially metabolised within the same
cell line, and amongst different cell lines. For example, over 24 hours, some progestins are
not significantly metabolised in a particular cell type (<20%), while others display a high
degree of metabolism (20-50%) in the same cell type. A particular progestin can be
metabolised to a vastly different degree in different cell lines (e.g. MPA metabolised by 55%
in T47D and less than 10% metabolism in HEK293T and MDA-MB-231 cells). We detected
no correlation between extent of metabolism and whether progestins were structurally
related to P4 or T. Taken together, these results may have important physiological and
pharmacological implications. Progestins used in hormonal contraception and HRT are
known to exert several side-effects, such as effects on bone mineral density, metabolism,
cardiovascular effects and reproductive cancers [2—4, 6]. Progestins also exert their
contraceptive effects at several levels at different target tissues. If these /n vitro effects of
metabolism are translated /n vivo, this suggests that different progestins may exert very
different side-effects and may be more or less efficacious for contraception due not only to
their inherent biocharacters, potencies and efficacies, but also due to differential metabolism
in different target cells and tissues. This metabolism could both selectively lower their
effective concentrations at the target cells in a cell-specific manner and may, also result in
different metabolites with different off-target effects. The tissue findings are particularly
interesting since they suggest that doses and types of progestins used for intravaginal
delivery need to be carefully considered, taking into account that the progestins may be
significantly metabolised in the tissues. The results also suggest that different cell types
contain different steroid metabolising enzymes which discriminate between the progestins,
despite some of their structures being similar. Although, the identification of the enzymes
that metabolise DEX and the progestins in our models was beyond the scope of the present
study, it would be an interesting avenue to explore in future studies.

Our results with P4 showing the rapid and substantial metabolism of this steroid in all the
cells lines and in the cervical tissue, are particularly interesting. These results suggest that
enzymes that metabolise P4 are widely expressed in most cell types, including the female
genital tract, bones and breast tissue, and that its rapid turnover may be a mechanism
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required physiologically to fine-control PR responses to endogenous P4. Our results are
consistent with those of Arici et al. who reported 90% metabolism of P4 in isolated primary
endometrial stromal and gland cells after 24 hours [27]. However, it should be noted that
only one time point was assessed and the temporal dynamics of P4 metabolism may differ
between cell lines. Moreover, the metabolism of P, appears to be independent of PR
expression since a similar extent of metabolism was seen in all three breast cancer cell lines
even though T47D and MCF-7 BUS cells are PR-positive whilst MDA-MB-231 cells are
PR-negative [28]. Several researchers have reported that 20a.-(S)-hydroxyprogesterone is a
major metabolite of P, via the actions of AKR1C1 [28-30]. Whether AKRICL1 or its
isozymes are involved in metabolism of P4 in our model systems remains to be investigated.

Wiebe and Lewis found that breast cancer cell lines express higher levels of SRD5A1 and
lower levels of AKR1C enzymes [31]. Therefore, breast cancer cells have a higher
conversion of P4 to 5a.-pregnane metabolites as opposed to other systemic cells and tissues.
This has major implications, as 5a.-pregnanes modify the growth of tumour cells within
breast tissue. This highlights the importance of examining the metabolism of steroids, as
some metabolites are active and may be a confounding factor in receptor-based studies
comparing P4 -activity to other progestins [28, 32—-33]. HEK293T (human embryonic kidney
cells) and COS-1 cells (monkey kidney cells) had the lowest metabolism of P4, which may
mean that kidneys have lower turnover of Py.

An important implication of our findings is that the detected differential and rapid
metabolism of P4, progestins and DEX may confound the interpretation of results when
investigating mechanisms of action and biological responses via steroid receptors using /n
vitro and preclinical models. This would be particularly relevant to the determination of
relative binding affinities and potencies (ECsq values), which are highly relevant to drug
efficacy, specificity and design. We have previously proposed that the determination of
progestogen binding affinities and potencies via a specific receptor are dependent on a
number of factors, including metabolism of the progestogen [4]. Several researchers have
investigated binding affinities of one or more progestogens and/or DEX in COS-1 cells or
cytosols prepared from MCF-7 cells [16-18, 34-35] or in cytosols prepared from tissue [11,
12]. Given that COS-1 cells show high metabolism of P, and DEX relative to progestins
such as MPA and NET, which show no metabolism in these cells, the reported relative
binding affinities may be underestimated for P, and DEX [16-18]. If metabolising activity is
retained in cytosols, our results suggest that relative binding affinities for NET, but not LNG
or ETG, from MCF-7 cytosols [34-35] may also be underestimated. Similarly, potencies
(EC50s) and/or efficacies (maximal activities) have been reported for transcriptional activity
using one or more progestogens and/or DEX in either COS-1, T47D, MCF-7 BUS, END-1,
or HEK293 cell lines investigated in this study [11, 16-18, 36—40], or in primary cell models
[8-9]. The reported potencies and efficacies may also be underestimated, particularly for Py,
compared to some progestins, and to different degrees, depending on the cell model. For
example, the relative potency of P, via the androgen receptor (AR) and PR in HEK293T
cells may be greater than that reported relative to LNG or NES [39], while the potency of P4
and DEX may be greater than that reported for other progestins in COS-1 cells for a
particular receptor such as the PR, androgen, glucocorticoid and mineralocorticoid receptors
[16-18, 39]. Potentially further complicating the interpretation, are different metabolites of
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these steroids produced in different cells that may also confound the results. Clearly, further
investigation into the steroid-and cell-specific effects of metabolism of these clinically-
relevant compounds, and the biological activities of their metabolites, is urgently required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Progestins are differentially metabolised in a cell line-specific manner.
. Progesterone is rapidly metabolised by 24 hours in all cell lines investigated.
. MPA and NET are significantly metabolised in human cervical tissue ex vivo.
. Metabolism may under-estimate effects determined for progesterone /n vitro.
. Differential metabolism may affect cell-specific therapeutic and side-effects.
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Figure 1. The chemical structures of the seven commercially-available steroids described in this
work, and T.

MPA and NES are structurally related to P4; while NET, LNG and ETG are structurally
related to T. DEX is the synthetic glucocorticoid often investigated in parallel with
progestins.
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Figure 2. Predicted steroid hydrophobicity correlates with adsorption.

Regression analysis was performed to determine whether there is a correlation between the
adsorption and hydrophobicity of the seven clinically-relevant steroids. The percentage
adsorption of each steroid to the tissue culture plates was determined from the difference
between the time-zero (T) measurement and its corresponding no-cell control. CLogP
values were predicted using ChemDraw Professional \Version 16.0.1.4 (PerkinElmer
Informatics, Inc.). Non-linear regression using GraphPad Prism Version 7 (GraphPad

Software, Inc.) revealed a correlation with /2 = 0.5394.
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Figure 3. Differential metabolism of seven clinically-relevant steroids following incubation at 100
nM for 24 hours in nine different cell lines.

Medium containing the steroids (no cells) was added to a 12-well plate as a negative control
for metabolism. Steroids were extracted and analysed by UHPSFC-MS/MS. The amount of
steroid present in the medium after incubation with the cells was expressed as a % relative to
the amount of progestin in the negative control for metabolism, which was set as 100%.
These data show the mean £ SEM of a minimum of three independent biological repeats.
Statistical analysis via paired #tests was performed on each steroid and statistically
significant differences relative to its no cell control are indicated by the p-value above bar.
To quantify whether the relative metabolism of two steroids within a cell line was
significantly different, multiple #tests were performed between steroids. Significant
differences in tables below the histograms are indicated by asterisks where *, **, *#** *kx*
represent p<0.05, p<0.01, p<0.001 and p<0.0001, respectively.
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MPA NES DEX NET LNG ETG
HelLa 216 15.3 227 18.5 20.9 28.2
Human cervical epithelial
TZM-bl 193 *  10.7 7.0 0 8.2 47
Human endocervical epithelial END-1 13.0 97 * 86 * 292 27 311 *
Human osteosarcoma epithelial u20s 299 * 215 212 222 % 32 6.0
Human embryonic kidney HEK293T ; 7.8 0 29 14.7 0 38
T47D | 8.0 37.7 334 » 228 43.0 *
Human breast cancer MCF-7 BUS 10.9 403 * 166 * 129 0 0 *"
MDA-MB-231 0 10.0 5.9 7.7 4.9 14.9 *
Monkey kidney fibroblast-like COs-1 136 419 38 239 % 234%*
P P NP E G G

P = Pregnane, NP =
Norpregnane
, (P =Me, NP =H atC10)

E = Estrane, G = Gonane
(E=Me, G=EtatC13)

Steroids structurally

related to progesterone

Steroids structurally
related to testosterone

Figure 4. Heat map summarising differential metabolism of seven clinically-relevant steroids.
Data are from Figure 3 and cell lines and steroids are grouped according to anatomical and

structural similarities, respectively. Pregnanes (P) have a methyl group at C10 position,
while norpregnanes (NP) have a hydrogen group at C10; estranes (E) have a methyl group at
C13, while gonanes (G) have an ethyl group at C13. Data is represented as % metabolism
relative to the no-cell control which was set to 100%. Statistical significance is indicated by

*s,
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Figure 5. Differential metabolism of three clinically-relevant progestogens in post-menopausal

endocervical tissue.

Tissue explants were incubated with 100 nM progestogens for 24 hours. The supernatant
was removed and extracted before quantification via UHPSFC-MS/MS, as described in
methods. Results were normalised to the progestogen concentration detected in a
corresponding no-tissue control experiment to account for adsorption loss. The data show
the mean + SEM of three to five independent biological repeats. Statistical analysis via
paired ttestswas performed comparing the progestogen concentration in the supernatant of
the tissue condition to the no-tissue control, significant results are indicated by the p-value
above the bar. To determine whether the relative metabolism of the progestogens was
significantly different, an unpaired #test with Welch’s correction was performed. Statistical
significance indicated with * represents p<0.05.
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