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ABSTRACT

ABSTRACT

Estrogens play a pivotal role in human physiology; however, little is known
regarding the interaction of dietary supplements or different disease states with
their endogenous metabolism. Altered metabolism may affect the levels of active
hormone concentrations and consequently drive the development or progression
of various diseases, particularly hormone-sensitive gynecological cancers. To the
best of my knowledge, the present thesis therefore investigated for the first time
the interactions of selected natural dietary supplements used for the treatment of
menopausal disorders with the endogenous metabolism of estrogens in human
estrogen receptor a-negative (ERa-) and -positive (ERa+) breast cancer cells, using
a newly established and validated liquid chromatography high-resolution mass
spectrometry method. Due to the high sensitivity and selectivity of this assay,
even small changes in the metabolism of the ten major human estrogen precursors,
active estrogens and their respective conjugated biotransformation products could
be detected simultaneously. Incubation of cells with the soy isoflavones genistein
and daidzein or resveratrol, a polyphenol found in grapes, revealed a strong
inhibition of steroid glucuronidation and sulfation at low micromolar or even sub-
micromolar concentrations, with a concomitant increase in the levels of
unconjugated steroid hormones, especially the most potent estrogen 173-estradiol
(E2). This increase of E2 levels caused a stimulation of ERa+ breast cancer cell
proliferation in vitro, highlighting the need for further human investigations to
assess the safety of botanical applications in patients with breast cancer.

By contrast, treatment of the same breast cancer cells with black cohosh extract
and its major constituent actein, another plant-derived supplement for
menopausal disorders, revealed no changes in the conjugation of estrogens, which
is in line with the observed lack of additional cancer cell proliferation. Indeed, a
minor inhibition of ERa- and ERa+ breast cancer cell growth was found, thereby
suggesting that the use of black cohosh supplements by women diagnosed with

breast cancer appears to be safe. However, a selective inhibition of



ABSTRACT

dehydroepiandrosterone sulfation via the sulfotransferase 2A1 was identified,
which led to a strongly induced formation of the unconjugated androgens 4-
androstene-3,17-dione and testosterone, possibly explaining the clinically proven
effect of black cohosh against climacteric vasomotor symptoms, especially hot
flashes.

The last part of this thesis further demonstrated that targeted estrogen
metabolomics can also be used as a marker to determine cancer resistance against
platinum-based drugs, which is a major obstacle in the treatment of ovarian
cancer. Using two carboplatin-sensitive and four carboplatin-resistant high-grade
serous ovarian cancer cell lines, a significant inhibition of steroid metabolism was
observed in carboplatin-resistant cells, which was reversible by treatment with the
monoclonal anti-interleukin-6-receptor antibody tocilizumab.

Future studies monitoring the levels of conjugated and unconjugated steroids
in the absence and presence of dietary supplements or in different disease states
are highly warranted to further prove the importance of steroid metabolomics in

patients.
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Estrogens

Estrogens represent the major female sex steroid hormones, although they are also
present at lower concentrations in men. Their main sites of endogenous
production are the female ovaries, but they can also be formed in adipose tissue
(especially in the breast), adrenal glands, bones, brain cells and the male testicles
(Simpson, 2003; Hess and Cooke, 2018). Estrone (E1), 173-estradiol (E2) and estriol
(16a-hydroxy-17B-estradiol; E3) are the major endogenous human estrogens
(Figure 1). While E2 is the most potent human estrogen, the relative receptor
binding affinities of E1 and E3 are much lower, resulting in much weaker
estrogenic activities that amount to only around 10 and 1%, respectively (Labhart,

2012).

El E2 E3

Figure 1: Chemical structures of E1, E2 and E3. Structural parts necessary for
estrogen receptor interaction are highlighted in bold. Distance according to
Nikov et al., 2001. E1, estrone; E2, 17B-estradiol; E3, estriol.

All three steroids share their common estrane scaffold with an aromatized A-ring,
and differences can only be found in the number of hydroxyl groups in the
molecule, which is also represented in the respective abbreviation. This specific
structure is essential for their binding affinity to the estrogen receptors (ERs),
which requires a phenolic group (or at least phenol bio-isostere) as a hydrogen
bond donor and another oxygen atom in a 11 to 12 A distance, connected via a

rather lipophilic linker (Paterni et al., 2014; Lee and Barron, 2017).
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Estrogen Receptors

Up to date, two classes of ERs have been identified: The nuclear ERs a (ERat) and
B (ER(B; Figure 2), which regulate cellular functions slowly by altering gene
expression, and the group of membrane-associated ERs (mERs) that are located on
the cellular surface and regulate cellular activity rapidly through altered signal
transduction cascades. The most investigated mER is the G protein-coupled ER 1
(GPER), also known as G protein-coupled receptor 30 (GPR30), besides the two
membrane-associated ERs a (mERa) and 3 (mERp); however, there is evidence
that several other receptors such as ER-X, ERx and the Gg-coupled membrane ER
(G¢mER) may also play an important role in human physiology, especially
neuronal signaling. All receptors share the common agonist E2, while all other
known estrogens only individually activate selected ERs (Toran-Allerand et al.,
2002; Kampa et al., 2012; Soltysik and Czekaj, 2013; Laredo et al., 2014; Arnal et al.,
2017).

Figure 2: X-ray crystallography of the nuclear ERs. The ligand binding domains
of (A) ERa and (B) ERf, both complexed to 17p-estradiol, were generated using
the RCSB Protein Data Bank based on experimental data from Tanenbaum et al.
(1998) and Moecklinghoff et al. (2010). ER, estrogen receptor.

These receptors are essential for the function of numerous organ systems and
therefore distributed over a variety of tissues. Nuclear ERa is mainly expressed in

reproductive tissues, such as the ovaries, uterus, breast tissue and male testicles,
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but also found in the bones, liver, kidney, cardiovascular system, brain and
adipose tissue. In the uterus and ovaries, ERa-mediated effects are essential for
organ maturation and function, regulation of the menstrual cycle and induction of
cell proliferation and ovulation, consequently enabling female fertility.
Correspondingly, in men, ERa regulates the development and function of the
testicles, as well as spermatogenesis (Kuhl, 2005; Lee et al., 2012; Bondesson et al.,
2015). Furthermore, ER« is the main receptor responsible for an estrogen-driven
cell proliferation in the mammary gland, thereby mediating pubertal breast
growth and development; however, in some cases, it may also induce
carcinogenesis in the breast (Scaling et al., 2014). Besides the stimulation of the
reproductive system, ERa induces the formation of growth factors in the bones,
regulating bone maintenance and preventing osteoporosis. In the brain, ERa
signaling allows negative feedback on the hypothalamic-pituitary-gonadal (HPG)
axis by reducing the release of both gonadotropins [follicle-stimulating hormone
(FSH) and luteinizing hormone (LH)] and consequently controls the stimulation of
the ovaries/testicles, but also protects against neurodegenerative disorders and
stimulates synaptic remodeling (Hewitt et al., 2000; Lee et al., 2012).

Similar to ERa, ERp is localized in the ovaries, breast, bones, heart, adipose
tissue, different endothelial cells (e.g. in the blood vessels, lungs, prostate or the
intestine) and several parts of the brain (Babiker, 2002; Koehler et al., 2005).
However, ERf mediates anti-proliferative effects on the reproductive tissues,
thereby opposing an ERa-induced cellular growth in the uterus and ovaries
(Weihua et al., 2000). In the breast, ER( is only involved in the maintenance of
breast cell differentiation and function, but shows no stimulatory effect on
mammary proliferation. It is therefore assumed that ERB acts as a tumor
suppressor for several cancer entities (Kyriakidis and Papaioannidou, 2016;
Thomas and Gustafsson, 2018). Moreover, ERf signaling protects against
cardiovascular disease and acts as a neuroprotective agent, especially reducing the

risk of Alzheimer’s (Li et al., 2014; Luo and Kim, 2016).
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Also GPER is, similar to the nuclear ERs, expressed in the ovaries and testicles,
where its stimulation modulates organ development and contributes to fertility. In
the breast, however, GPER only controls the function of the gland, but does not
mediate cell proliferation and is, like ER3, tumor suppressive (Hazell et al., 2009;
Chimento et al., 2014; Scaling et al., 2014). High expression of GPER can also be
found in the blood vessel endothelium and kidneys, where it regulates key
enzymes of the renin-angiotensin-aldosterone system, namely renin and the
angiotensin-converting enzyme (ACE), thereby causing vasodilation, reducing
blood pressure and protecting the cardiovascular system (Han et al., 2013). GPER
has also been reported as a tumor suppressor for various cancer entities (similar to
ERB) through the stimulation of the mitogen-activated protein kinase (MAPK)
pathway and modulation of epidermal growth factor receptors (Prossnitz and
Arterburn, 2015). Of note, this has been reported for both estrogen-independent
cancer types, including colorectal, non-small cell lung and gastric cancer (Zhu et
al., 2016; Liu et al., 2017; Tian et al., 2019), as well as for hormone-sensitive
gynecological cancers of the breast and ovaries (Ariazi et al., 2010; Ignatov et al.,

2013).

Estrogens in Gynecological Cancers

The importance of estrogens for the development and progression of hormone-
sensitive cancers is undoubted, as several in vitro and in vivo studies have reported
an induction of cellular proliferation upon exposure of reproductive tissues to
steroid hormones. Most importantly, ERa has been proven responsible for this
stimulation of cellular growth via mitogenic, intracellular changes, while ERP and
GPER may counteract this activity and induce apoptosis. The expression status of
ERa is therefore an important factor for the characterization of gynecological
cancers and provides the molecular basis for the application of endocrine

disruptive therapies (Thomas and Gustafsson, 2011; Awolaran, 2015).
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Breast Cancer

Breast cancer is the most prevalent gynecological malignhancy worldwide and,
after lung cancer, the second leading cause of cancer mortality in women. Recent
predictions have further estimated an increase in its incidence by up to 2.6% per
year until 2030, especially in moderately to highly developed countries (Bray et al.,
2012). Nearly 80% of all breast tumors express ERa; therefore, the presence of
estrogens plays a pivotal role for carcinogenesis and disease progression (Toss and
Cristofanilli, 2015). When breast epithelium is exposed to high levels of estrogens,
mutations causing malignant transformation of the cells may occur (Scimeca et al.,
2019). An ~50% increased risk of breast cancer due to elevated total estrogen levels
was found in a clinical study analyzing serum and urine samples from 2,822
postmenopausal women (Sampson et al., 2017). In premenopausal women
diagnosed with breast cancer before the age of 50 years old, a strong correlation
between cancer risk and the follicular plasma concentrations of androgens and
estrogens was observed, especially for total and free E2 levels (Eliassen et al., 2006;
Endogenous Hormones and Breast Cancer Collaborative Group, 2013). Moreover,
estrogens drive the progression of breast cancer and contribute to migration and
invasion. Data from 92 postmenopausal patients revealed a strong inverse
association of disease-free interval duration with plasma estrogen levels. High
circulating steroid hormone concentrations further stimulated the growth of
micrometastases (Lenning et al., 1996). Interestingly, this induction of breast cancer
cell metastasis by estrogens may not be limited to ERa-expressing tumors, as some
studies reported a possible pro-metastatic interaction of estrogens with other
signaling targets, such as GPER (Jiang et al., 2013).

The inhibition of estrogenic signaling is consequently a successful strategy to
prevent breast cancer growth and progression. Several clinical studies revealed
lower rates of metastasis and a significantly longer disease-free interval following
treatment with anti-estrogens, thereby reducing mortality by up to 57%.
Consequently, these therapies have been established as the gold standard in the

treatment of breast cancer, at least for those expressing ERax (EBCTCG, 2005).



CHAPTER ]

Ovarian Cancer

As compared with breast cancer, the global prevalence of epithelial ovarian cancer
(EOC) is much lower, amounting for only 300,000 new cases in 2018 worldwide.
However, its case fatality rate is markedly higher than that of breast cancer,
causing nearly 200,000 deaths in the same year. EOC is thereby the fourth leading
cause of cancer mortality among women, and the most fatal type of gynecological
malignancy (Longuespée et al., 2012; Bray et al., 2018). Almost 75% of all EOC cases
are classified as high-grade serous ovarian cancer (HGSOC), the most aggressive
and lethal subtype, with a 5-year survival rate of <30% (Rainczuk et al., 2014,
Kroeger and Drapkin, 2017).

These poor numbers are most likely a result of the combination of a usually
too late diagnosis and the lack of efficient treatment options for HGSOC. While
most patients show a good response to standard therapy (surgery followed by
chemotherapy with platinum-based drugs) in the beginning, up to 90% of all cases
relapse already after one year and become resistant to chemotherapeutics
(Mungenast and Thalhammer, 2014; Bowtell et al., 2015). The presence of estrogens
may be a key factor in the development and progression of HGSOC, as in vitro
studies reported that a stimulation of ERa induces ovarian tumorigenesis and
promotes morphological changes in cancer cells, thereby facilitating metastasis
(Park et al., 2008). Therefore, opposing estrogenic activity could be a novel
approach for the treatment of recurrent and platinum-resistant HGSOC.

There are two major options to achieve a reduction of estrogenic activity in
gynecological cancers: The first one includes direct ER inhibition with ER
antagonists such as fulvestrant, or selective estrogen receptor modulators
(SERMs), including tamoxifen. The second strategy aims at decreasing the tumor
tissue concentration of active estrogens via the modulation of estrogen forming
and metabolizing enzymes, such as the aromatase inhibitors anastrozole and

letrozole (Riggins et al., 2005).
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Estrogen Biotransformation Pathways

In premenopausal women, estrogens are mainly produced in the ovaries via the
“aromatase pathway” upon stimulation by FSH and LH from the precursor
steroid dehydroepiandrosterone (DHEA) and its 3-O-sulfate (DHEA-S), which are
initially formed from cholesterol (Rutkowski et al., 2014; Rizner, 2016). First,
DHEA is metabolized to the androgen 4-androstene-3,17-dione (AD) by two 3§-
hydroxysteroid dehydrogenases, namely hydroxysteroid dehydrogenase
(HSD)3B1 and HSD3B2. AD is then further transformed via the aldo-keto
reductase AKR1C3, also known as the 173-hydroxysteroid dehydrogenase type 5
(HSD17B5), to testosterone (T), a major androgen in women. Of note, while the
dehydrogenation of DHEA to AD is irreversible, AD and T can be reversibly
interconverted in both directions, using HSD17B2 or HSD17B3 for the backward
reaction (Samavat and Kurzer, 2015; Rizner et al., 2017).

Subsequently, the name-giving key-enzyme of this pathway, aromatase
[cytochrome P450 (CYP)19A1], converts these two androgens, AD and T,
irreversibly through the aromatization of the A-ring to the estrogens E1 and E2,
respectively. Similar to AD and T, several 173-HSDs (HSD17B1, HSD17B2,
HSD17B4, HSD17B7 and HSD17B12) also mediate the reversible conversion of E1
to E2 and vice versa, thereby controlling the levels of E2, and consequently
estrogenic activity (Escande et al., 2006; Kuhl, 2005; Hilborn et al., 2017). The
activity of E2 is further regulated by either the irreversible hydroxylation of E2 to
E3, a much weaker estrogen, via CYP3A4, or the conjugation to completely
inactive metabolites, as steroid conjugates cannot bind to the ERs and can
therefore not exert estrogenic effects (Mueller et al., 2015). The major conjugation
reactions in women include the sulfotransferases (SULT)1A1 and 1E1l-mediated
sulfation of E1 and E2 to their respective 3-O-sulfates (E1-5S and E2-S), as well as —
to a lesser extent — the 3-O-f3-D-glucuronidation of E2 to E2-G, which is catalyzed
by the uridine 5'-diphospho-glucuronosyltransferase 1A1 (UGT1A1). Cellular
efflux of these conjugates is subsequently achieved via the two ATP-binding

cassette (ABC) transporters multidrug-resistant protein (MRP) 1 and 4. While
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glucuronidation of estrogens mainly results in renal excretion of the metabolites,
the sulfates remain in the bloodstream as an “inactive circulating pool” of
estrogens (Purohit et al., 2002; Mueller et al., 2015; Samavat and Kurzer, 2015).

This is particularly important for the regulation of estrogen activity during
and after menopause, when the ovarian estrogen production is almost
quantitatively reduced and the formation of DHEA and AD is limited to the
adrenal cortex. Aromatase expressed in several extragonadal tissues, especially
adipose cells, undertakes then their conversion to estrogens, which are
subsequently sulfated and released into the circulation (Labrie, 2015; Barakat et al.,
2016; Poschner et al., 2019). After their uptake into target tissues through several
organic-anion-transporting  polypeptides (OATPs), including OATPI1C1,
OATP2B1, OATP3A1 and OATP4C1, these inactive sulfates can be reactivated by
the action of the steroid sulfatase (STS) and again promote estrogenic activity via
ER interaction. This mechanism is commonly known as the “sulfatase pathway” of
estrogen formation (Figure 3) (Mueller et al., 2015; RiZner, 2016; RiZner et al., 2017).

Besides sulfation and glucuronidation, another possible, yet in humans minor,
pathway of estrogen biotransformation is the hydroxylation of estrogens in
position 2 (via CYP1A1, CYP1A2 or CYP3A4) or position 4 (via CYP1B1), which
forms catechol estrogens that can be further oxidized to their respective
semiquinones and quinones by enzymes such as CYPs or peroxidases. The latter
highly reactive compounds might bind to DNA strands, thereby causing
carcinogenesis of the affected tissues. Detoxification of these compounds is
consequently essential for preserving cellular functions and integrity. Possible
mechanisms are either the conjugation of the catechol estrogens to sulfates,
glucuronides or O-methylates before they could be oxidized to their respective
quinones, or the inactivation of these quinones via their conjugation with
glutathione, or quinone reductase activity (Cavalieri and Rogan, 2016; Poschner et

al., 2019).

11
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Aromatase Pathway
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Figure 3: Estrogen formation and metabolism pathways. In the “aromatase
pathway”, the estrogen precursor DHEA is converted into the active estrogens
El, E2 and E3 via the androgen intermediates AD and T. Subsequently, the
reversible inactivation of the active hormones is mediated via SULTs or UGTs.
These conjugates are then excreted via MRPs and can be re-uptaken via OATPs
in the “sulfatase pathway” of estrogen formation. It should be noted that
unconjugated steroids can diffuse unrestrictedly through cell membranes due to
their lipophilicity. Data obtained from Mueller et al., 2015 and figure modified
from Poschner et al., 2019. AD, 4-androstene-3,17-dione; CYP, cytochrome P450
isoenzyme; DHEA, dehydroepiandrosterone; DHEA-S, DHEA-3-O-sulfate; El,
estrone; E1-S, estrone-3-O-sulfate; E2, 173-estradiol; E2-G, 17(3-estradiol-3-O-([3-
D-glucuronide); E2-S, 173-estradiol-3-O-sulfate; E3, estriol; HSD, hydroxysteroid
dehydrogenase; MRPs, multidrug resistance proteins; OATPs, organic-anion-
transporting polypeptides; STS, steroid sulfatase; SULTs, sulfotransferases; T,
testosterone; UGTs, uridine 5'-diphospho-glucuronosyltransferases.
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Estrogens in Therapy

Due to their effects on estrogen responsive tissues, naturally occurring estrogens
and their respective chemical derivatives can be used as hormonal contraception
or for the treatment of several hormone-related medical conditions, including
polycystic ovary syndrome, hypogonadism, infertility, androgen-dependent
prostate cancer, and especially to compensate menopausal disorders (Oh, 2002;
Christin-Maitre, 2017; Pinheiro et al., 2017).

For the classical oral hormonal birth control, an estrogen, mostly the synthetic
E2-analog ethinylestradiol or its prodrug mestranol, is applied in combination
with a progestin (such as dienogest, levonorgestrel or norgestimate) to suppress
FSH and LH release in the pituitary gland, which subsequently suppresses
ovulation and prevents pregnancy (Evans and Sutton, 2015). Ethinylestradiol has
been reported to be superior to E2, as it is less susceptible to first-pass metabolism
in the intestine and liver and shows therefore a higher oral bioavailability (45 vs.
5%) (Stanczyk et al., 2013; De Leo et al., 2016). Ethinylestradiol is also used for
transdermal contraceptive patches and intravaginal rings, while injectable
contraceptives mostly require the application of depot estrogens, such as lipophilic
E2 esters (Figure 4) (Diisterberg and Nishino, 1982). The same mechanism of
action can also be employed for the treatment of androgen-dependent prostate
cancer: While estrogens cannot stimulate the proliferation of prostate cancer cells,
their presence suppresses the HPG axis, which causes a decrease in androgen
plasma concentrations to castrate levels. Consequently, the resulting lack of
androgens in the circulation inhibits further cancer growth (Oh, 2002; Ockrim et
al., 2006).

The major use of estrogens as medication, however, is still for hormone
replacement therapy (HRT) in order to ameliorate menopausal disorders, such as
hot flashes, vaginal atrophy, sexual dysfunction, sleep disturbance, depression,
bone loss and osteoporosis, which are caused by the decrease of serum estrogen
levels during and after menopause (Stuenkel et al., 2015; Stute et al., 2020). For this

purpose, estrogens are regularly administered orally, via transdermal therapeutic

13
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systems, locally as vaginal gels or injected into the muscular/subcutaneous tissue.
The use of native E2, its esters or conjugated estrogens as HRT has been proven
superior to any other synthetic treatment option, and the transdermal
administration route is not only safer than oral application, but also most likely

more effective (Bennink, 2004; Beck et al., 2017).

A

dienogest

ethinylestradiol mestranol 17B-estradiol (E2) esters

Figure 4: Chemical structures of synthetic (A) progestins and (B) E2 derivatives
used in therapy. Typical E2 esters include benzoate, cypionate, dipropionate,
enantate, undecylate and valerate. E2, 173-estradiol.

Plant-Derived Alternatives to HRT

Considering the potential for severe adverse reactions upon the administration of
classical HRT, many women seek natural, plant-derived estrogen alternatives to
relieve their menopausal complaints. More than 300 plants have been reported to
contain compounds with estrogenic activity, which are consequently increasingly
marketed as dietary supplements or registered drugs against menopausal
complaints worldwide, and especially in Western countries (Price and Fenwick,
1985; Patisaul and Jefferson, 2010). Several studies have been conducted that prove

the efficacy of these products for the treatment of psychological and somatic-
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vegetative symptoms (e.g. hot flashes), as well as against bone loss, dyslipidaemia
or similar menopause-related health concerns in postmenopausal women. Their
application is consequently highly recommended for women with moderate
symptoms to increase quality of life during the climacteric period (Speroff, 2005;
Beer and Neff, 2013; Rosic et al., 2013).

Most of these products contain compounds that are generally classified as
“phytoestrogens”, a large group of plant substances and metabolites that share the
mutual ability to modulate endogenous estrogen levels or transduce estrogenic
activity via ER interaction (Sunita and Pattanayak, 2011). Phytoestrogens are
naturally occurring in soy beans and other legumes, clover and various fruits or
berries. Several structural classes have been identified to date, including
isoflavones, chalcones, coumestans, lighans and diphenolic compounds such as
stilbenoids (Patisaul and Jefferson, 2010; Di Gioia and Petropoulos, 2019).
Although these structures are widely inhomogeneous, all of these compounds
possess the same core scaffold of two phenolic hydroxyl groups in the distance of
11 to 12 A, which mimics the structure of estrogens (Lee and Barron, 2017).

Furthermore, several non-phytoestrogenic herbal treatment options have been
described, whose main constituents do not contain an estrogen-like structure and
therefore do not exert estrogenic effects. The best established and most
investigated plant of this group is black cohosh (Actaea racemosa L.), but dong quai
(Angelica sinensis (Oliv.) Diels), chasetree (Vitex agnus-castus L.), wild yam
(Dioscorea villosa L.) and evening primrose (Oenothera biennis L.) have also been
successfully used for the relief of somatic-vegetative climacteric symptoms,
especially hot flashes. Extracts of these plants are often used in combination with
ginkgo (Ginkgo biloba L.), ginseng (Panax ginseng C. A. Mey), kava (Piper
methysticum G. Forst.), valerian (Valeriana officinalis L.), motherwort (Leonorus
cardiaca L.) or St. John's wort (Hypericum perforatum L.), which have been
established as treatment options for concomitant psychological complaints, such
as sleep disturbance, depression or mood swings. However, most of these herbal

treatments have only been applied based on their “traditional use” for decades, or
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even centuries, and the data on the mechanisms of action or clinical evidence of
their efficacy and safety are scarce, and even conflicting (Geller and Studee, 2006).
More recently, a pollen extract from various cereal grasses, including rye (Secale
cereale L.), orchard grass (Dactylis glomerata L.) and corn (Zea mays L.), was sold as
a “novel, non-estrogenic alternative” for menopausal treatment based on a single
clinical study, even though no active constituents had been determined yet

(Hellstrom and Muntzing, 2012).

Soy Isoflavones

The most studied phytoestrogens are the isoflavones genistein (4',5,7-
trihydroxyisoflavone) and daidzein (4',7-dihydroxyisoflavone) from soy (Glycine
max (L.) Merr.), which amount for ~47 and 44% of the total isoflavone content in
soybeans (Figure 5). In native plant material, genistein and daidzein are
predominantly present as their respective glycosylated conjugates, mostly
malonyl-3-D-glucosides besides the 3-D-glucosides genistin and daidzin, while
only a very minor amount of free aglycones (1-2%) can be found. Subsequent heat-
treatment and fungal fermentation of soy beans results in [3-D-glucosidase-
mediated hydrolysis of the sugar moieties; consequently, the aglycone content in
processed soy products, such as tofu or tempeh, is strongly increased, amounting
for 37 and 50% of the total isoflavone content, respectively (Murphy et al., 2002;
Wisemann et al., 2002; Clarke et al., 2008).

This amount of unconjugated genistein and daidzein is essential for the in vivo
activity of soy products, as conjugated isoflavones cannot be directly absorbed
through the intestinal wall following oral consumption. The cleavage of the sugar
side-chain may also be mediated by gut microbiota in the intestine; however, a
huge inter- and intraindividual variation depending on the composition of the
intestinal microflora has been observed. Therefore, isoflavone supplementation for
therapeutic purposes should be based on purified aglycones only, or needs
application of bioavailability enhancers such as lipid-based formulations and

complexation with cyclodextrins (Okabe et al., 2011; Vitale et al., 2013).
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genistein daidzein

Figure 5: Botanical illustration of soy and the chemical structures of its major
isoflavones genistein and daidzein. Illustration adapted and colorized from
Wikimedia Commons (2020a).

Several clinical studies have confirmed the beneficial effects of soy isoflavones on
climacteric complaints and menopause-related health concerns. Daily treatment of
postmenopausal women with 54 mg genistein over 24 months revealed a
significant increase (+13%) in bone mineral density, but also a decline in the
placebo cohort (-7%), suggesting that genistein not only reduces osteoporosis, but
even counteracts it (Arcoraci et al., 2017). The same amount of isoflavones (54 mg)
also reduced the severity and intensity of menopausal symptoms by up to 65%
within 8 weeks (Husain et al., 2015). Similar results were also found with regard to
the reduction of somatic and wurogenital menopausal symptoms besides
improvement of the cardiovascular and bone system in a Taiwanese and a Spanish
trial, using 35 mg/day soy extract for 6 months and 50 mg/day soy isoflavones for
12 weeks, respectively, consequently proving an increase in quality of life (Yang et
al., 2012; Tranche et al., 2016). Moreover, the daily intake of 30 mg genistein by 84
postmenopausal women reduced the frequency, severity and duration of hot
flashes by 51% within 12 weeks (Evans et al., 2011). By contrast, a clinical study
including 270 postmenopausal women found no significant reduction of
menopausal symptoms following the consumption of soy flour (40 g/day) or
purified daidzein (63 mg/day) (Liu et al., 2014).

The same controversy also exists around the safety of soy products, due to
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their estrogenic properties: While most clinical studies have reported no increase
of adverse effects, especially concerning malignancies of the endometrium or the
breast, upon soy supplementation (Palacios et al., 2010; Quaas et al., 2013), a
metanalysis of 174 clinical trials reported phytoestrogen-related side effects,
including mainly gastrointestinal disorders, as well as headaches and sleepiness
(Tempfer et al, 2009). Following treatment with soy in 140 women, an
overexpression of cell cycle regulating genes in favor of increased proliferation
was observed when genistein plasma levels were increased, thereby possibly
increasing the risk of breast cancer (Shike et al., 2014). However, the appearance
and severity of adverse reactions upon isoflavone intake is dependent on several
factors, including the patient dietary and health status, age and composition of the
gut microbiome, resulting in a huge variability, therefore rendering further studies
confirming the safety of soy products, especially high-dose supplements

(>100 mg), highly warranted (Kass-Annese, 2000; Fritz et al., 2013).

Resveratrol

Another naturally occurring compound promoting estrogenic effects in vivo is
resveratrol (trans-3,5,4'-trihydroxystilbene), a stilbenoid polyphenol that can be
mainly found in the skin of grapes or other berries (Figure 6), nuts and products
thereof, such as red wine or peanut butter (Aiyer et al., 2012).

Based on its chemical structure, resveratrol cannot only interact with ERs, but
is also an effective radical scavenger and anti-oxidative agent (Bors et al., 1990).
Furthermore, it affects cellular signaling via the inhibition of kinases, sirtuins,
adenylyl cyclases or the transcription factors TP53, NF-xB and Bcl-2, and inhibits
cyclooxygenase-2, thereby preventing the formation of inflammatory
prostaglandins (Kim et al., 2004; Pirola and Fro6jdo, 2008; Csaki et al., 2009).

For these reasons, resveratrol is widely marketed to reduce body weight and
blood sugar levels, as an anti-aging agent or for neuro- and cardioprotection. It
may even prevent or alleviate severe chronic conditions, such as the metabolic

syndrome, which includes diabetes, obesity and hypertension, or Alzheimer’s
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disease, and has been proven to enhance bone health by increasing the two key
bone biomarkers, serum- and bone alkaline phosphatase, consequently reducing
the risk of osteoporosis (Kasiotis et al., 2013; Kulashekar et al., 2018; Asis et al.,
2019). Moreover, as many of the factors inhibited by resveratrol are crucial for cell
proliferation, it has also been reported as a natural treatment option against
carcinogenesis and tumor progression. Indeed, a study conducted by Levi et al.
(2005) including 971 female patients revealed that the daily intake of 230 g grapes
(corresponding to 126.4 ug resveratrol) cut the risk of breast cancer development

almost in half (OR: 0.55).

resveratrol

Figure 6: Resveratrol (trans-3,5,4'-trihydroxystilbene), a phytoestrogenic
polyphenol, is mainly found in the skin of grapes. Botanical illustration of the
common grape vine (Vitis vinifera L.), adapted and colorized from Wikimedia
Commons (2020b).

Additionally, data from double-blinded, placebo-controlled clinical trials have
suggested that resveratrol may be an effective treatment option for the relief of
climacteric complaints during and following menopause. Psychological symptoms
and cognitive function were improved in 80 postmenopausal women (aged 45-85)
following twice daily administration of 75 mg resveratrol for 14 weeks (Evans et
al., 2017). The treatment of 50 menopausal women with resveratrol also
significantly reduced the number and intensity of hot flashes by 57.1 and 78.6%,
respectively (Leo et al., 2015), strengthening its use against vasomotor disorders,

which was further supported by another study proving the efficacy of a sublingual
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resveratrol spray in 30 climacteric women (Milia, 2015). Of note, these effects of
resveratrol against menopausal disorders can even be potentiated when
administered in combination with other phytoestrogens, such as soy isoflavones

(Davinelli et al., 2017).

Black Cohosh

Black cohosh, scientifically termed Actea racemosa L. (or former Cimicifuga racemosa
L.), is a North American herb from the buttercup family, whose roots and
rhizomes have been used for centuries in Native American traditional medicine
for the treatment of gynecological conditions, such as amenorrhea or menopause
(McKenna et al., 2001). In contemporary medicine, black cohosh extract is certainly
the most studied non-phytoestrogenic plant and marketed in over 40 countries on
all continents (Schaper & Briimmer GmbH, 2020). It contains several triterpene
glycosides as active constituents, with actein as the main compound (Figure 7), in

addition to tannins, various acids, starch and sugars.

actein

Figure 7: Black cohosh (Actea racemosa L.) and its major active constituent
actein. Botanical illustration adapted and colorized from Wikimedia Commons
(20200).

Earlier studies have also reported that black cohosh contains the isoflavone
formononetin and therefore exhibits estrogenic properties; however, more recent

analyses could not confirm the presence of this compound in any plant material or
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extract (Jiang et al., 2006; Avula et al., 2009; Ross, 2012). Indeed, no phytoestrogenic
effects were observed in two major clinical trials that included data from >10,000
and 35,000 postmenopausal women, respectively (Obi et al., 2009; Brasky et al.,
2010).

Numerous other clinical studies have been conducted that prove the efficacy
of black cohosh against menopause-related symptoms, such as sleep disturbance,
sweating and especially hot flashes (Rostock et al., 2011; Jiang et al., 2015). A study
in 244 women even found that daily supplementation with 5 mg black cohosh
extract for 12 weeks is as effective as classical synthetic HRT with tibolone (2.5 mg
p. o. daily) against vasomotor disorders (Bai et al., 2007). However, the safety of
black cohosh during long-term supplementation is approached with caution, as
certain cases of severe liver damage (including hepatitis and liver failure) have
been reported (Adnan et al., 2014). By contrast, data from much larger cohorts
could not verify this connection, as no changes in liver function tests were
observed (Thomsen and Schmidt, 2003; Tanmahasamut et al., 2015). Still,
monitoring liver enzymes is therefore advised as a cautionary measure in women

taking black cohosh extract as long-term treatment (Ross, 2012).

Mechanisms of Action of Phytoestrogens

While data concerning the detailed mechanisms of non-phytoestrogenic plants
against menopausal complaints are scarce, the binding of classical phytoestrogens
to the ERs due to their structural similarity with E2 has been thoroughly studied.
In comparison to endogenous E2, which transactivates both nuclear ER subtypes
equally, phytoestrogens preferably bind to ER( than ERa, thereby promoting
ERB-related health benefits, whereas ERa-mediated stimulation of cell
proliferation in reproductive tissues is much less pronounced. Genistein and
daidzein, for example, exhibit 500- and 850-fold lower ECs0 concentrations for ER[3
than ERa (Kostelac et al., 2003; Messina, 2016; Rietjens et al., 2017).

Moreover, their potency in activating ER-related signal transduction is up to

six orders of magnitude lower than that of E2, causing “endocrine disruption”, as
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the presence of the weak phytoestrogens displaces receptor-binding of more
potent endogenous estrogens, which results in an overall antagonistic effect and
suppression of hormonal signaling (Shanle and Xu, 2011; van Duursen, 2017). On
the other hand, the circulating levels of phytoestrogens following dietary intake or
administration as therapeutic supplements are ~100,000-fold higher than the
average E2 plasma concentrations in postmenopausal women, possibly leading to
increased ER-mediated cell activity (van der Velpen et al., 2014). Based on these
bilateral properties, phytoestrogens are often classified as SERMs that can both
induce and inhibit estrogen-related effects dependent on the hormonal status in
vivo (Oseni et al., 2008).

In addition to ER-interaction, phytoestrogens also act as radical scavengers,
mediate serotoninergic effects and affect several epigenetic mechanisms, including
histone modification and DNA methylation. Furthermore, they regulate important
factors for cell proliferation and apoptosis, such as DNA topoisomerases, tyrosine-
and serin/threonine-kinases (e.g. MAPK) and transcription factors such as NF-«kB,
which may contribute to the often proposed anti-cancer effects of phytoestrogens
(Vina et al., 2011; Hajirahimkhan et al., 2013; Ming et al., 2013; Rietjens et al., 2013).

However, data concerning possible side-effects of phytoestrogens remain
conflicting, especially with regard to the development and progression of
hormone-sensitive malignancies, such as breast or ovarian cancer. While certain
studies have concluded that high phytoestrogen levels may reduce the risk of
cancer (Fritz et al., 2013; Lee et al., 2016), others have pointed out that more
physiological doses could even promote tumor growth (Ju et al., 2006; Mense et al.,
2008). A possible explanation for this discrepancy may be an impact of
phytoestrogens on the endogenous metabolism of steroid hormones. Several in
vitro and in vivo studies documented a pronounced inhibition of enzymes involved
in estrogen biotransformation by phytoestrogens. The soy isoflavones genistein
and daidzein, for example, have been proven to inhibit SULT1A1, SULT1A3 and
SULT1E1, as well as UGT1A1l, different 38- and 173-HSDs and various members

of all CYP families at low- or even sub-micromolar concentrations. Similarly,
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resveratrol, as well as the isoflavones quercetin and naringenin, affect the activity
of estrogen-metabolizing enzymes, including CYPs, SULTs and STS, thereby
influencing hormonal homoeostasis in favor of increased active E2 levels (Harris et

al., 2004; Mohamed and Frye, 2011; van Duursen, 2017).

Estrogen Metabolism in Disease

In the last decades, altered metabolic activities of enzymes responsible for steroid
biotransformation have been reported in various diseases, especially different
types of cancers, but also in autoimmune disorders such as systemic lupus
erythematosus, and gynecological diseases such as endometriosis (Lahita et al.,
1982; Huhtinen et al., 2012; Asavasupreechar et al., 2019).

The metabolism of estrogens is a key factor in the progression and metastasis
of cancer, as increased estrogen formation with a concurrent loss of the cellular
ability to deactivate these steroids fuels their intracellular activity. The analysis of
794 breast cancer specimens revealed that 17HSD5 and 17HSD1, both driving the
formation of estrogens in the “aromatase pathway” by converting AD to T and E1
to E2, respectively, are often overexpressed in breast cancer; an overexpression
that was found to be correlated with a poorer survival (Oduwole et al., 2004).
Similarly, Shibuya et al. (2008) observed up to 18-fold increases in the levels of 173-
HSDs and 4-fold increases in the levels of aromatase in malignant tissues, as
compared with non-malignant ones. Furthermore, the levels of STS were also
found to be elevated 9.5-fold, suggesting that the formation of estrogens can not
only be strongly increased via the “aromatase pathway”, but also via the
“sulfatase pathway” in cancer. On the other hand, a decreased activity and
expression of SULT1A1, SULT1E1 and SULT2A1, the major enzymes responsible
for the inactivation of estrogens, has been observed in different tumor tissues (e.g.
breast or liver), as compared to their respective surroundings, resulting in an
accumulation of active steroid hormones in the cancer cells (McNamara et al., 2013;
Xie et al., 2017). The same reduction of SULT1E1 expression concomitant with

increased STS activity was also found in patients with endometriosis, further

23



CHAPTER ]

driving disease severity and progression by providing an intracellular pile-up of
active E2 (Piccinato et al., 2016).

A possible explanation for these reported metabolic changes may be the
increased inflammatory status of the affected cells. Indeed, inflammatory
cytokines, such as TNFa, interleukin (IL)-6, IL-11 or prostaglandins, have been
proven to stimulate the expression of aromatase in adipose tissues, thereby
increasing the circulating levels of active E2 in obese patients (Zahid et al., 2016). In
diseases associated with chronic liver inflammation, such as steatosis and diabetic
or alcoholic cirrhosis, a strong reduction in the activity of SULT1A1, SULT1E1 and
SULT2A1 was observed, which further correlated with disease severity (Yalcin et
al., 2013). Similarly, in endometriosis, which is characterized by a chronic
inflammation of the endometriotic lesions, IL-la and -1 may inhibit the
expression of SULTs and promote the “sulfatase pathway” via increased STS
activity (Piccinato et al., 2016).

Metabolomic analysis of active estrogens in relation to their respective
precursors or metabolites may therefore also reflect the inflammatory status of
cells in various diseases. Future research investigating this correlation of estrogens
with the onset or progression of diseases, as well as developing rapid and

comprehensive metabolomic assays, is consequently highly warranted.

Estrogen Analytics

Accurate quantification of steroid hormones has been a challenge in analytical
chemistry for decades. Due to their low abundance in biological samples, mostly
in the pg/ml range (Table 1), sensitivity of metabolomic assays needs to be
extremely high to ensure detection and accurate quantification of all relevant
metabolites (Wang et al., 2015a).

Another major problem to overcome is selectivity, as many steroids are very
similar to each other (e.g. AD and T, or E1 and E2) and consequently possess
almost identical chemical properties. On the other hand, the polarity range of all

metabolites in the estrogenic pathway is wide, ranging from highly hydrophilic
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conjugates, such as E2-G, to apolar steroid aglycones, such as AD. Conventional
enzyme-linked immunosorbent assays (ELISAs) often fail to discriminate between
conjugated and unconjugated steroids, which results in inaccurate values for
unconjugated hormones or only allows for an estimation of the total hormone
concentrations. Furthermore, most commercially available ELISA kits lack
adequate validation, causing unreliable results (Stanczyk et al., 2003). The use of
radiolabeled molecules for immunoassays (radioimmunoassays) certainly
increases sensitivity and selectivity (Shirtcliff et al., 2000); however, in addition to
requiring special precautions due to the radioactivity of the “hot” antigens used,
these methods still fail to sufficiently quantify estrogens and their metabolites in

postmenopausal women (Wang et al., 2005; Santen et al., 2007).

Table 1. Median serum concentrations of selected steroids involved in the
metabolic pathway of estrogens in healthy postmenopausal women.

Analyte Conc. Analyte Conc. Analyte Conc.

AD 440 pg/ml E1l 14.6 pg/ml  E1-S 170 pg/ml
DHEA 1.9 ng/ml E2 3.4 pg/ml E2-G 2.5 pg/ml
DHEA-S 600 ng/ml  E3 13.5pg/ml T 140 pg/ml

Data obtained from Audet-Walsh et al.,, 2011 and Fuhrman et al., 2012. AD, 4-
androstene-3,17-dione; DHEA, dehydroepiandrosterone; DHEA-S, DHEA-3-O-
sulfate; E1, estrone; E1-S, estrone-3-O-sulfate; E2, 17B-estradiol; E2-G, 17p3-
estradiol-3-O-(-D-glucuronide); E3, estriol; T, testosterone.

The current state of the art methods are therefore based on chromatographic
separation of the analytes using gas chromatography (GC) or high-performance
liquid chromatography (LC) to increase selectivity before mass spectrometry (MS)-
based quantification (Wang et al., 2015b; Hennig et al., 2018; Moon et al., 2018).
Sensitivity can also be further improved via concentrating the samples during

sample preparation, e.g. on solid phase extraction (SPE) cartridges (Qin et al.,
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2008). However, these techniques require stable isotope internal standards to
compensate for losses during sample extraction and preparation, matrix effects
and variable ionization efficacy of the molecules (Wang et al., 2015a). Ideally, *C-
labeled steroid analogues are used for this purpose, as these show identical elution
characteristics, as compared with the unlabeled analytes. By contrast, deuterated
standards might slightly separate from the target compounds on column,
potentially resulting in differential ion suppression and biased quantification
results. Nevertheless, 3C-labeled standards are far more expensive than
deuterated ones and not commercially available for all analytes, especially
estrogen conjugates (Bussy et al., 2017).

To enhance ionization efficacy in the applied electrospray ionization (ESI) or
atmospheric pressure chemical ionization (APCI) sources, many LC-MS methods
rely on pre-column derivatization of the analytes using reagents like dansyl
chloride or pentafluorobenzyl bromide (Lin et al., 2007; Penning et al., 2010; Wang
et al., 2015b). Similarly, all GC-MS assays need derivatization to allow
vaporization of the analytes, usually by introducing trimethylsilyl-groups into the
molecules (Moon et al., 2018). However, these procedures cause hydrolysis of
conjugated metabolites, so that conjugated and unconjugated estrogens cannot be
discriminated anymore. Consequently, only total steroid levels can be quantified
in a single analysis (Wang et al., 2015a) or sophisticated methods are required to
achieve separate quantification. Recently, assays using SPE fractionation of
conjugated and unconjugated steroids have been described, where the first
fraction containing the intact conjugates (showing adequate ionization in negative
ESI mode) is quantified directly, while the unconjugated analytes in the second
fraction are subsequently derivatized and analyzed separately in positive
ionization mode (Zhao et al.,, 2014; van der Berg, 2020). Other studies have
developed LC-MS assays that can be conducted without prior derivatization of the
analytes (Harwood et al., 2009; Tournier et al., 2015; Wooding et al., 2015), allowing
a simultaneous analysis of estrogens and their respective conjugated metabolites.

However, these techniques are mostly restricted to few selected compounds of
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interest instead of covering the whole metabolomic pathway, and their lower
limits of quantification are usually only low for conjugated metabolites, while
those for unconjugated steroids are much higher, as compared with assays using
pre-column derivatization. Therefore, the development of rapid and sensitive
analytical assays is essential before comprehensive targeted metabolomics of

estrogens may be established as a routine in clinical practice.
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CHAPTER I1I

Estrogens play a pivotal role in human physiology, but may also induce hormone-
dependent carcinogenesis and drive cancer progression. There is evidence that
natural dietary supplements might impair the endogenous estrogen metabolism in
women, thereby contributing to their reported effects against menopausal
disorders. However, changes in the delicate balance of activated and inactivated
steroid hormones by natural remedies might also trigger the proliferation of breast
cancer cells. Targeted estrogen metabolomics therefore hold promise for better
understanding the underlying molecular mechanisms of the potential interactions
between exogenous natural compounds and the endogenous steroid metabolism
in breast cancer patients. Yet, in-depth data on this topic are scarce, most likely
because the quantitative analysis of estrogens is still a major challenge in
analytical chemistry, due to their low abundance in biological matrices. The first
aim of this thesis was therefore to establish and validate a specific and sensitive
LC-high resolution MS (LC-HRMS) assay (Chapter III) to simultaneously quantify
the ten major unconjugated and conjugated steroids of the estrogenic metabolic
pathway, namely DHEA, DHEA-S, AD, T, E1, E1-S, E2, E2-G, E2-S and E3, in the
low pg/ml range.

This targeted metabolomics assay should then be used to monitor the levels of
estrogens in established human ERa+ and ERa- breast cancer models (based on
commercially available cancer cell lines, authenticated via short tandem repeat
profiling) to investigate for the first time the formation kinetics of estrogens and
their respective metabolites in the presence and absence of natural compounds.
These cell-based models are, despite their limitations, an ideal way of studying
human metabolism without performing experiments on humans, with all
applying terms and restrictions, allowing faster experiments and better
reproducibility. Using the commonly used soy isoflavones genistein and daidzein
(Chapter IV), resveratrol (Chapter V) and a standardized black cohosh extract in
combination with its major active constituent actein (Chapter VI) as compounds
of interest, these studies might provide a better assessment of the efficacy and

safety of these natural dietary supplements in breast cancer patients.
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The final aim of this thesis was to investigate whether targeted estrogen
metabolomics may also act as diagnostic markers for cancer cell resistance, which
remains a major challenge in the treatment of gynecological malignancies. This is
particularly important for the treatment of HGSOC, the most lethal subtype of
ovarian cancer, as it often becomes resistant to the standard treatment, which is
based on platinum complexes. Therefore, formation kinetics of estrogens and their
metabolites should be determined in four HGSOC cell lines that were recently
established by the Translational Gynecology Group at the Medical University of
Vienna in comparison to two commercially available HGSOC models. The
obtained data from the LC-HRMS analyses should then be correlated with the
respective inhibitory concentrations (ICso values) of carboplatin in these six cell
lines (Chapter VII). Such comprehensive analysis could potentially further the
understanding of the mechanisms of platinum-resistance in HGSOC, and might
lay the foundation for the establishment of targeted metabolomics as future
resistance markers prior to or during chemotherapy in the clinic. Chapters III-VII

present already published or recently submitted manuscripts.
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Liquid chromatography-mass spectrometry (LC-MS) is the state of the art technique for quantification of
steroid hormones. Currently used methods are typically limited by the need of pre-column derivatization
to increase ionization efficiency; however, this causes hydrolysis of conjugated metabolites. Our newly
established LC-HRMS method is able to simultaneously quantify conjugated and unconjugated steroids
without prior derivatization using deuterated internal standards and solid-phase extraction. This assay
was validated according to ICH Q2(R1) guidelines for the analysis of the 10 main steroids of the estrogenic

ﬁ?:;lgrcdkf;omamgraphy pathway, namely 4-androstene-3,17-dione, dehydroepiandrosterone (DHEA), DHEA-3-sulfate, estrone,
Mass spectrometry 17B—estradﬁol, estriol (16a-OH-17B-estradiol), estrone-3-sulfate, 17§—gstradiol—3—(S—D—gluguronide),
Estrogens 17B-estradiol-3-sulfate and testosterone. Assay performance characteristics were excellent with results
Metabolomics or accuracy (98.8-101.2%), precision (mean: 2.05%, all <2.80%), stability over five freeze-thaw-cycles
f (98.8-101.2%) ision ( 2.05%, all <2.80%), stabili five fi h |
Steroids (95.7-100.4%) and SPE accuracy (96.9-102.0%), as well as suitable lower and upper limits of quantification

for cell culture experiments (LLOQ 0.005-2 ng/ml, ULOQ 3-2000 ng/ml). Furthermore, we demonstrated
the functionality of our method for the monitoring of steroid levels in the human breast cancer cell line
MCF-7. This sensitive assay allows for the first time detailed investigations on estrogen metabolomics in
breast cancer cells and may also apply to other estrogen-dependent tumor entities.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction In addition to endogenous differences in estrogen levels, epidemi-

ological and experimental evidence indicates that natural dietary

Breast cancer is the leading cause of death among women,
causing 522,000 deaths in 2012 worldwide [1]. Carcinogenesis of
breast cancer is strongly dependent on systemic concentrations of
active estrogens, as these steroids drive cellular proliferation [2].

Abbreviations:  3B-HSD, 3B-hydroxysteroiddehydrogenase; 173-HSD, 17f3-
hydroxysteroiddehydrogenase; AD, androstenedione; DHEA, dehydroepiandros-
terone; DHEA-S, dehydroepiandrosterone-3-sulfate; DMEM, Dulbecco’s Modified
Eagle Medium F-12; DMSO, dimethylsulfoxide; DPBS, Dulbecco’s phosphate
buffered saline; E1, estrone; E1-S, estrone-3-sulfate; E2, 17-B-estradiol; E2-
G, 17B-estradiol-3-(3-p-glucuronide); E2-S, 17-B-estradiol-3-sulfate; E3, 16a-
hydroxy-17-p-estradiol; EIC, extracted ion chromatogram; HRMS, high resolution
mass spectrometry; LLOQ, lower limit of quantification; RSD, relative standard
deviation; STS, steroid sulfatase; SULT, sulfotransferase; T, testosterone; UGT, UDP-
glucuronosyltransferase; ULOQ, upper limit of quantification.
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constituents as well as many pharmaceutical drugs significantly
alter estrogen metabolism, leading to inhibition or promotion of
mammary carcinogenesis [3]. However, understanding of this food-
or drug induced alterations of estrogen biosynthesis is limited. A
human cellular model combined with a specific and sensitive ana-
lytical assay to quantify formation of key estrogens, their precursors
and metabolites would provide a deeper insight in biochemical
mechanisms of breast cancer development and progression.

In pre-menopausal women, the three major estrogens,
namely estrone (E1), 17Q-estradiol (E2) and estriol (16a-
hydroxy-17(3-estradiol, E3) are mainly formed via the aromatase
pathway. The main estrogen precursors dehydroepiandros-
terone (DHEA) and its sulfate (DHEA-S) are transformed to
the androgens 4-androstene-3,17-dione (AD) and testosterone
(T), with 3pB-hydroxysteroiddehydrogenase (33-HSD) and 173-
hydroxysteroiddehydrogenase (173-HSD) as the responsible
enzymes. A key step in this pathway is the aromatase (CYP19A1)-
catalyzed conversion of AD and T to E1 and to the most potent
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estrogen E2, which can additionally be formed from E1 by 17(3-
HSD. Consequently, E2 is further hydroxylated to the lesser active
E3 by CYP3A4 activity [4-6].

The formation of estrogen conjugates, mainly 17(3-estradiol-
3-(B-p-glucuronide) (E2-G) and 17(3-estradiol-3-sulfate (E2-S)
by UDP-glucuronosyltransferases (UGTs) and sulfotransferases
(SULTs) leads to inactivation of the estrogens. However, in tissues,
lacking aromatase expression and especially in postmenopausal
women, these conjugates can be reactivated by hydrolysis via
steroid sulfatase (STS) and B-glucuronidase. This so-called “sul-
fatase pathway” is an important mechanism in the pre-receptor
regulation of estrogen activity (Fig. 1) [6-8].

Specific and sensitive methods for the quantification of estro-
gens and their main metabolites are still a challenge in analytical
chemistry. Such assay would not only allow a rapid screening of
drug or dietary induced metabolic alterations in vitro, but also the
monitoring of steroid levels in patients in order to better predict
future risks of hormone responsive cancer development [9]. How-
ever, current assays are technically limited by the methodology
used to quantitate steroids, particularly E2 [2], as none can quantify
all relevant steroids and metabolites simultaneously [ 10-14]. These
assays often rely on pre-analytical derivatization to increase ion-
ization efficiency [15], which leads to hydrolysis of the conjugated
metabolites. As a consequence, only total hormone concentrations
can be determined [16] or multiple analytical procedures for quan-
tification are needed [17,18].

The present work presents for the first time a reliable liquid
chromatography-high resolution mass spectrometry (LC-HRMS)
assay to quantify simultaneously the 10 main steroids of the estro-
genic pathway without prior derivatization in a human breast
cancer model.

2. Materials and methods
2.1. Materials

AD, E3, E2, E2-G, DHEA, dehydroepiandrosterone-2,2,3,4,4,6-dg
(DHEA-dg), DHEA-S, dehydroepiandrosterone-3-sulfate-
2,2,3,44,6-dg sodium salt (DHEA-S-dg), E1 and T, as well as
acetic acid, acetonitrile, ammonium acetate and dimethylsul-
foxide (DMSO) were purchased from Sigma Aldrich Chemical
Co. (Munich, Germany). E2-S and E1-S were obtained from
Steraloids Inc. (Newport, RI, USA). 4-Androstene-3,17-dione-
2,2,4,6,6,16,16-d; (AD-d7), 16c-hydroxy-17B-estradiol-2,4,17-d3

(E3-d3), 17(B-estradiol-2,4,16,16-d4 (E2-d4), 17B-estradiol-
16,16,17-d3-3-(B-D-glucuronide)  sodium  salt  (E2-G-d3),
17B-estradiol-2,4,16,16-d4-3-sulfate  sodium salt (E2-S-dy4),

estrone-2,4,16,16-d4  (E1-d4), estrone-2,4,16,16-d4-3-sulfate
sodium salt (E1-S-d4) and testosterone-2,2,4,6,6-ds (T-ds) were
purchased from C/D/N-Isotopes Inc. (Pointe-Claire, Quebec,
Canada). Purified water was obtained using an arium” pro
ultrapure water system (Sartorius AG, Gottingen, Germany). All
standard compounds were separately dissolved in DMSO at a
concentration of 1 mg/ml and stored at —80 °C until further usage.
All deuterated standards were diluted with DMSO to their final
concentration and mixed to obtain the final internal standard
master mix composition, which was stored at —80 °C until further
usage. MCF-7 cancer cells were purchased from the American
Type Culture Collection (ATCC, Rockville, MD, USA). Dulbecco’s
Modified Eagle Medium F-12 (DMEM), Dulbecco’s phosphate
buffered saline (DPBS) and PenStrep®-soluti0n were obtained
from Invitrogen (Karlsruhe, Germany). HyClone® heat-inactivated
charcoal-stripped fetal bovine serum (U.S. origin) was purchased
from THP Medical Products (Vienna, Austria).

2.2. Cell culture

MCF-7 breast cancer cells were cultivated at 37°C (95%
humidity and 5% CO;) in phenol red free DMEM containing 1%
PenStrep®—solution and 10% heat-inactivated charcoal stripped
fetal bovine serum in order to prevent any influence by external
hormone sources. Cells were seeded in 6-well-plates containing
1 x 108 cells/well and allowed to attach overnight. After washing
with DPBS, the cells were treated with 2.5 ml DMEM containing
either 100 nM DHEA or 100 nM E1 (dissolved in DMSO, final con-
centration 0.05%). For each condition, four time-points (0h, 24 h,
48 h and 72 h) were measured and three independent replicates
were prepared per time-point. After the planned incubation time,
all culture media were collected and stored at —80°C until fur-
ther analysis. Conjugated and unconjugated steroids were stable
in these samples for at least 2 weeks.

2.3. Sample preparation

All plastic vials (Eppendorf AG, Hamburg, Germany) were
rinsed with acetonitrile to get rid of any possible lipophilic con-
taminants and dried at room temperature. Oasis HLB 1 cc SPE
cartridges (30 mg, Waters Corporation, Milford, MA, USA) were
preconditioned with 2 x 1.0 ml acetonitrile and 3 x 1.0 ml ammo-
nium acetate buffer (10 mM, pH=5.0). Frozen cell culture media
(2.0ml/sample) were thawed at room temperature, mixed with
20 pl internal standard solution and 2.0ml ammonium acetate
buffer (10mM, pH=5.0), vortexed gently and loaded onto the
SPE cartridge. After washing with 1 x 1.0ml ammonium acetate
buffer (10mM, pH=5.0) and 2 x 1.0ml acetonitrile/ammonium
acetate buffer (10 mM, pH 5.0) 10:90 (v/v), analytes were eluted
into Eppendorf® vials using 2 x 650l acetonitrile/ammonium
acetate buffer (10mM, pH=5.0) 95:5 (v/v) and evaporated to
dryness using firstly a Concentrator plus® vacuum centrifuge
(Eppendorf, Hamburg, Germany) for 1.5h and secondly a Tel-
star Lonuest® freeze-dryer (VWR, Vienna, Austria) for another
hour. The dried residues were reconstituted in 270 .l acetoni-
trile/ammonium acetate buffer (10mM, pH=5.0) 25:75 (v/v),
centrifuged at 14,000 rpm for 5min and the clear supernatant
transferred into two separate HPLC vials. Both vials were stored
at —80°C until LC-HRMS analysis (one vial each for positive and
negative ion mode measurement).

2.4. LC conditions

Liquid chromatography was performed using an UltiMate
3000 RSLC-series system (Dionex/Thermo Scientific, Germering,
Germany) coupled to a maXis HD ESI-Qq-TOF mass spectrome-
ter (Bruker Daltonics, Bremen, Germany). Solvent A was aqueous
ammonium acetate buffer (10 mM, pH =5.0), solvent B acetonitrile.
For all analyses, a Phenomenex Luna” 3 wm C18(2) 100A LC col-
umn (250 x 4.6 mm L.D., Phenomenex Inc., Torrance, CA, USA) with
a Hypersil® BDS-C18 guard column (5 pum, 10 x 4.6 mm L.D., Thermo
Scientific) was used, the column oven temperature was 43 °C and
the flow rate was set to 1 ml/min. The injected volume was 100 .1
for each sample. The gradient used was as follows: 25% solvent
B at Omin, 56.3% solvent B at 19 min, a washing step at 90% sol-
vent B from 19.5 to 24.0 min and column re-equilibration with 25%
solvent B from 24.5 to 30.5min. In order not to overload the ESI
source, a T-piece splitter was positioned between the LC system
and the mass spectrometer, passing only about 12.5% of the flow
for further analysis.
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Fig. 1. Estrogen synthesis and metabolism pathways.

2.5. MS conditions

While the phenolic, sulfated and glucuronidated steroids were
detected with highest sensitivity as deprotonated molecules, DHEA,
AD and T gave a much better response in positive ion mode
(Table 1). Since fast polarity switching is no option with an ESI-
Qq-TOF system, separate methods were developed for the two
groups of analytes and for each sample, one aliquot was ana-
lyzed in positive and one in negative ion mode. Except for the
polarity, the ESI ion source settings were identical in both cases
(capillary voltage: +4.5kV, nebulizer: 1.0bar N,, dry gas flow:
8.01/min Ny, and dry temperature: 200 °C), while the systematic
optimization yielded somewhat different values for the ion optics
and quadrupole parameter. Full scan mass spectra were recorded
in the range of m/z 150-500 in both modes.

2.6. Data analysis

The LC-MS data were analyzed using Compass DataAnalysis 4.2
and QuantAnalysis 2.2 software (Bruker Daltonics). For each ana-
lyte and internal standard, an extracted ion chromatogram (EIC)
was calculated using the m/z values and windows shown in Table 1.
Mass windows were set as low as possible. Since the mass cal-
ibration of the spectrometer was more stable over time in the
negative ion mode, narrower windows were chosen narrower in
the negative compared to the positive ion mode (+£0.005 vs.+£0.010)
to ensure optimal results even during long batch-runtimes. From

Table 1
Monitored protonated or deprotonated ions of the analytes and internal standards.

these EICs the respective peak areas were determined and all fur-
ther calculations were performed with the peak area ratios for each
analyte/internal standard pair.

2.7. Assay validation

The presented analytical assay was validated according to ICH
Q2(R1) guidelines [19]. All validation analyses were performed
using spiked cell culture medium as matrix to ensure accurate
results. Cell culture blanks were processed with each calibration
curve, showing no detectable traces of steroid hormones except for
DHEA-S, which was obviously not completely removed from the
fetal bovine serum by the charcoal-stripping process. However, a
carry-over-effect of DHEA-S-containing samples can be excluded as
methanol blanks between the analysis did not show any detectable
traces of steroids. The presence of reproducible low amounts of
DHEA-S in the medium resulted in a somewhat higher LLOQ as
obtained without matrix, but did not otherwise interfere with the
quantification as it is compensated for by the y-intercept of the
linear calibration function.

The limit of detection (LOD) - defined as the concentration
where the signal to noise ratio (S/N) is >3 - and the lower limit of
quantification (LLOQ, S/N >9) were determined and calculated for
each steroid (see Table 2). The concentration of internal standard
for each analyte was then calculated as 10 times LLOQ in order to
assure accurate quantification results. Calibration curves were cal-
culated for each steroid using data from three sets of independently

Table 2
Detection and quantification limits, concentration ranges and coefficients of deter-
mination for all analytes.

Compound Targetion m/z[EIC] Internal m/z [EIC]
standard Compound LOD (pg/ml) LLOQ (pg/ml) Validated range (pg/ml) R?

AD [M+H]* 287.20060.010 AD-dy 294.2445+0.010 AD 205 74.9 75-150,000 0.9992
DHEA [M+H]* 289.2162+0.010 DHEA-dg 294.2476 +£0.010 DHEA 535 1904 2000-2,000,000 0.9999
DHEA-S [M-H]~ 367.1585+0.005 DHEA-S-dg  373.1961 +0.005 DHEA-S 2.7 8.0 9-18,000 0.9998
E1 [M-H]~ 269.1547 £0.005 E1-dy4 273.1798 +£0.005 E1 5.2 19.0 20-20,000 0.9995
E1-S [M-H]~ 349.1115+£0.005 E1-S-dy4 353.1366 + 0.005 E1-S 1.2 4.0 5-10,000 0.9991
E2 [M-H]~ 271.1704+£0.005 E2-d4 275.1955 +0.005 E2 385 140.9 150-150,000 0.9980
E2-G [M-H]~- 447.2024+0.005 E2-G-ds 450.2213 +0.005 E2-G 3.6 12.0 12-7200 0.9978
E2-S [M-H]~ 351.1272+0.005 E2-S-d4 355.1523 +0.005 E2-S 1.1 34 5-3000 0.9995
E3 [M—H]~ 287.1653+0.005 E3-ds3 290.1841 +0.005 E3 7.4 28.4 30-30,000 0.9987
T [M+H]* 289.2162+0.010 T-ds 294.2476+£0.010 T 121 54.1 55-110,000 0.9993
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prepared calibration standards (six to eight different concen-
trations, depending on the analyte, distributed over the entire
concentration range) that were prepared and analyzed on three
different days in triplicate each. The concentration ranges were
defined different for each steroid as listed in Table 2. A linear least-
squares regression curve excluding zero was fitted to these data
with a weighting factor of 1/x? according to Gu et al. [20] using
GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA,
USA).

In addition, three different concentrations of quality control
samples (QCs) were analyzed in biological triplicates on three dif-
ferent days. The concentrations were 6-fold, 100-fold and 600-fold
of the respective LLOQ for each analyte. The assay accuracy was
calculated by comparing the means of the measured steroid con-
centrations of the QC samples to their theoretical content and
calculating the percent relative standard deviation (RSD) of this
value for each steroid. Accuracy results were reported as the mean
of all nine QC values for each analyte.

Intra-day precision was expressed as the mean RSD of the nor-
malized data obtained for calibration standards of three different
concentrations (distributed over the entire concentration range)
and calculated for each of the three days separately. Inter-day preci-
sion was assessed by comparing the means and standard deviations
of these three concentration levels for each day using an unpaired
Student’s t-test. Sample stability was verified for each steroid by
freezing (—80°C) and thawing (room temperature) a set of three
independently prepared samples for five times and comparing the
remaining steroid concentration to three independent reference
samples that were treated according to the standard protocol.

SPE-recovery was assessed by comparing quality control sam-
ples in cell media that underwent SPE as described in Section 2.3
with samples of the same concentration that were obtained only by
dilution of the standard compounds into acetonitrile/ammonium
acetate buffer (10mM, pH=5.0) 25:75 (v/v) as matrix. The SPE
recovery was calculated based on the peak areas of the analytes,
showing negligible to moderate loss of the different analytes, while
the SPE accuracy was determined with the peak area ratios of
the analytes and their respective deuterated internal standards,
demonstrating identical recovery for the analyte/internal standard-
pairs and thus precise analytical results.

3. Results and discussion
3.1. Method development

3.1.1. SPE protocol

Prior to LC-HRMS analysis, SPE clean-up of samples was per-
formed using a previously published method [21] for the extraction
of conjugated steroids which was further adopted for lipophilic
compounds. The use of the ammonium acetate buffer for pre-
conditioning of the SPE-cartridges and dilution of the samples
before sample loading ensured stable pH-conditions. Preliminary
experiments with different mixtures of acetonitrile and ammo-
nium acetate buffer as washing solution revealed that a ratio of
10:90 (v/v) was sufficient to almost completely elute cell media
components while steroids were still retained on the SPE column.
For simultaneous elution of conjugated and unconjugated steroids,
acetonitrile content in the mixture was raised to 95% giving highest
yields when elution was carried out in two consecutive steps. After
evaporation to dryness, samples were reconstituted with 270 wl LC
mobile phase to ensure quantitative dissolution of all compounds.

3.1.2. LC method
The analyzed steroids show a wide range of polarity from very
lipophilic unconjugated structures to rather hydrophilic conju-

gated metabolites. Furthermore, many of these compounds are
structurally similar, requiring a sophisticated LC-MS assay. The
most challenging part of the LC method development was the
separation of E1, DHEA and AD, as these steroids show very simi-
lar elution characteristics. Among eight LC columns with different
solid phase materials and dimensions only the Phenomenex Luna®
C18(2) 100 A LC column (3 pm, 250 x 4.6 mm) achieved satisfying
separation of all analytesin areasonably short runtime at a flow rate
of 1 ml/min. This column also allowed injections of larger sample
volumes, thereby increasing sensitivity. The column was constantly
kept at 43°C to allow baseline-separation of the three lipophilic
compounds E1, DHEA and AD. During LC method development, sev-
eral mobile phases consisting of a continuous gradient mixed from
different polar and apolar solvents were tested to optimize sepa-
ration characteristics of all analytes. Aqueous ammonium acetate
buffer (10 mM, pH=5.0) was chosen as the polar component, as
this solvent is compatible with ESI-MS analysis and ensures stabil-
ity of the conjugated metabolites. Acetonitrile as the apolar phase
in the gradient resulted in significantly better peak symmetry in
comparison to methanol.

3.1.3. MS method

One of the objectives in the method development was to avoid
prior derivatization of the analytes, as this leads to hydrolysis of
the conjugated compounds. To compensate the significantly poorer
ionization efficiency of the unconjugated steroids [15], we devel-
oped very specific MS conditions (see Section 2.5). Quantification
of the steroids was further performed using extracted ion chro-
matograms (EICs) from full scan spectra, as this strategy is based
on very good specificity due to high mass resolution and accuracy.
Preliminary experiments showed a mediocre fragment ion yield of
the unconjugated compounds resulting in better sensitivity for the
intact ion compared to the multiple reaction monitoring mode. For
instance, signal-to-noise ratio was approximately two times and
peak area five times higher for T using EICs from full scan spectra.
The typical extracted ion chromatograms of a quality control sam-
ple containing all 10 steroids at a concentration of 600 times LLOQ
are shown in Fig. 2.

3.2. Assay validation

3.2.1. Linearity, accuracy and precision

The method was validated for all 10 steroids according to ICH
Q2(R1) guidelines [19]. For the assessment of linearity, preci-
sion and accuracy, calibration standards were analyzed on three
different days with three independently prepared samples each.
Determined detection and quantification limits are given in Table 2.
While conjugated steroids showed very low LLODs and LLOQs
due to high ionization efficiency, DHEA and E2 demonstrated sig-
nificantly higher values. This lower ionization efficiency of the
unconjugated analytes can be explained by not using any derivati-
zation protocol. Nevertheless, sensitivity of this method was high
enough to selectively quantify all 10 steroids in the breast cancer
cell model.

Based on the respective LLOQ, concentration ranges for the cali-
bration curves were chosen individually for each single compound.
Linear response was observed with R? values ranging from 0.9978
to 0.9999 (Table 2). Intra-day precision complied with the ICH
guidelines with a mean RSD of 2.05% and all values <2.8%. Inter-day
precision was proven by statistical comparison of data obtained on
three different days by using an unpaired Student’s t-test with cal-
culated t-values ranging from 0.042 to 1.929 (upper limit=3.747,
df=4, p=0.99). Accuracy was demonstrated for all three QC con-
centration levels, with recovery rates ranging from 98.8% to 101.2%
(Table 3).
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Fig. 2. Extracted ion chromatograms (EICs) of a high-concentration (600 times LLOQ) quality control sample containing all 10 analytes.

3.2.2. Stability and extraction efficiency

All analytes demonstrated sufficient stability in cell medium
when samples were subjected to five freeze-thaw-cycles followed
by SPE sample clean-up, with calculated survival rates ranging from
95.7% to 100.4% compared to freshly extracted control samples.
Using standard solutions we further showed that SPE conditions
had no impact on the stability of the conjugated steroids. All ana-
lytes were stable in cell free medium at incubation conditions
(37°C, 95% humidity, 5% CO,) for 48 h and in culture medium when
stored at —80°C for at least two weeks (data not shown). Further-
more, stability of the compounds in the autosampler at 8 °Cwas also
confirmed by repeated analysis of a sample containing all 10 stan-
dards in acetonitrile/ammonium acetate buffer (10 mM, pH=5.0)
25:75 (v/v) for up to 54 days.

Table 3
Assay performance characteristics.

The mean overall recovery rates, determined by comparison of
the absolute peak areas of the analytes in buffer control samples
without SPE versus analytes spiked in cell medium followed by SPE,
were at least above 76.8% (see Table 3). SPE accuracy was assessed
by calculating the analyte/internal standard peak area ratios. As
recovery of the non-deuterated analytes and the deuterated inter-
nal standards were nearly identical, accuracy was excellent, ranging
from 96.9% to 102.0% for all 10 steroids.

3.3. Comparison to previous methods

Up to date, published LC-MS methods are often limited by
the number of analytes [10-14] or have to use multiple analyti-
cal procedures for quantification of conjugated and unconjugated

Compound Intra-day precision (% RSD) Accuracy (%) SPE-recovery (% area) SPE-accuracy (% ratio) Stability (%)
AD 1.84 99.7 89.7 98.7 98.1
DHEA 1.53 101.2 95.5 100.7 98.1
DHEA-S 2.62 101.1 86.7 96.9 96.5
El 0.95 100.3 82.6 98.9 98.9
E1-S 1.54 99.7 80.8 102.0 99.7
E2 248 99.7 76.8 98.7 95.7
E2-G 2.73 994 87.6 97.1 99.5
E2-S 1.82 99.7 87.1 98.3 97.8
E3 2.80 98.8 79.9 97.2 100.4
T 2.21 98.9 92.9 98.2 98.5
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Fig. 3. Time dependent formation of metabolites by MCF-7 cells after incubation
with 100nM DHEA. Data represent means+ SD of three independent biological
replicates.

compounds [17,18]. The presented method allows the simultane-
ous quantification of the 10 major conjugated and unconjugated
steroids of the estrogen metabolic pathway. The use of 10 deuter-
ated internal standards in combination with the high mass accuracy
of the MS ensures very high selectivity. The LC runtime of 30.5 min
is comparable with other established assays [18,21]; however,
throughput capability is higher than in methods using time-
consuming derivatization procedures [22]. The sensitivity of our
method for conjugated steroids is comparable to published assays
oreven higher[21], butitis less sensitive for unconjugated steroids.
This is due to the fact that these more sensitive methods rely on
pre-column derivatization of the analytes in order to increase ion-
ization efficiency [15]. However, derivatization causes hydrolysis of
conjugated metabolites, so that only total hormone concentrations
can be quantified. Furthermore, any non-quantitative hydrolysis of
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conjugates by 3-glucuronidase and arylsulfatase would also lead
to an underestimation of the true values [16].

3.4. Formation of estrogen metabolites in MCF-7 cells

Since MCF-7 cells are the most studied human breast cancer cell
line [23] and have been extensively used for estrogen metabolism
studies [24], we decided to show the functionality of this assay
by treating these cells with hormone precursors (either DHEA or
E1) and monitoring the formation of their metabolites over a time
course of 72 h. As expected, a significant decrease in the precursor
concentration concomitant with an increase of metabolites could
be observed. When cells were incubated with 100 nM DHEA, we
detected only three metabolites, namely DHEA-S, AD and T (Fig. 3),
due to very little aromatase expression in MCF-7 cells [25]. In con-
trast, after incubation with 100nM E1 as substrate, we were able
to quantify the formation of E2, E3 and the conjugated estrogen
metabolites E1-S, E2-G and E2-S (Fig. 4).

4. Conclusion

In conclusion, this precise and sensitive LC-HRMS assay allows
the simultaneous quantification of 10 unconjugated hormone pre-
cursors, androgens, estrogens and their respective conjugated
metabolites without prior derivatization. The validated calibration
ranges were sufficient to selectively monitor hormone levels in a
human breast cancer cell model. This novel assay is therefore a
useful tool for in vitro studies of steroid metabolomics.
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The beneficial effect of dietary soy food intake, especially for women diagnosed with
breast cancer, is controversial, as in vitro data has shown that the soy isoflavones
genistein and daidzein may even stimulate the proliferation of estrogen-receptor alpha
positive (ERa+) breast cancer cells at low concentrations. As genistein and daidzein are
known to inhibit key enzymes in the steroid metabolism pathway, and thus may influence
levels of active estrogens, we investigated the impacts of genistein and daidzein on
the formation of estrogen metabolites, namely 17p-estradiol (E2), 17B-estradiol-3-(B-
D-glucuronide) (E2-G), 17B-estradiol-3-sulfate (E2-S) and estrone-3-sulfate (E1-S) in
estrogen-dependent ERa+ MCF-7 cells. We found that both isoflavones were potent
inhibitors of E1 and E2 sulfation (85-95% inhibition at 10 wM), but impeded E2
glucuronidation to a lesser extent (55-60% inhibition at 10 wM). The stronger inhibition
of E1 and E2 sulfation compared with E2 glucuronidation was more evident for
genistein, as indicated by significantly lower inhibition constants for genistein [Kis: E2-S
(0.32 uM) < E1-S (0.76 uM) < E2-G (6.01 wM)] when compared with those for daidzein
[Kis: E2-S (0.48 pM) < E1-S (1.64 uM) < E2-G (7.31 uM)]. Concomitant with the
suppression of E1 and E2 conjugation, we observed a minor but statistically significant
increase in E2 concentration of approximately 20%. As the content of genistein and
daidzein in soy food is relatively low, an increased risk of breast cancer development
and progression in women may only be observed following consumption of high-dose
isoflavone supplements. Further long-term human studies monitoring free estrogens and
their conjugates are therefore highly warranted to evaluate the potential side effects of
high-dose genistein and daidzein, especially in patients diagnosed with ERa+ breast
cancef.

Keywords: soy, genistein, daidzein, breast cancer, estrogens, metabolomics

Abbreviations: CYP, cytochrome P450 enzyme; DMEM, Dulbecco’s modified Eagle’s medium; DMSO, dimethyl sulfoxide;
DPBS, Dulbecco’s phosphate-buffered saline; E1, estrone; E1-S, estrone-3-sulfate; E2, 17B-estradiol; E2-G, 17p-estradiol-
3-(B-D-glucuronide); E2-S, 17B-estradiol-3-sulfate; E3, estriol (16a-OH-17B-estradiol); EIC, extracted ion chromatogram;
ERa, estrogen receptor alpha; ERP, estrogen receptor beta; ESI, electro-spray ionization; 178-HSD, 17p-hydroxysteroid
dehydrogenase; Kj, inhibition constant; Ky,, Michaelis constant; LC-HRMS, liquid chromatography-high resolution
mass spectrometry; LLOQ, lower limit of quantification; SD, standard deviation; SPE, solid phase extraction; SULT,
sulfotransferase; UGT, UDP-glucuronosyl transferase; V p,y, maximum reaction velocity.
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Inhibition of Estrogen Conjugations by Soy

INTRODUCTION

Breast cancer is the most prevalent cancer in women and the
second leading cause of cancer-related deaths among females
worldwide (Ferlay etal., 2015). Chemoprevention in combination
with anticancer treatment is therefore crucial to reduce rates
of morbidity and mortality. Evidence from epidemiological and
experimental studies indicates that several natural products
may act as chemopreventive agents and inhibit mammary
carcinogenesis (Pan et al., 2015). Among these products is soy,
which contains variable amounts of genistein and daidzein as
the major isoflavones (approximately 47 and 44%, respectively)
and minor amounts of glycitein (approximately 9% of the total
isoflavones in soybeans). The genistein and daidzein content
is therefore also predominant in soy-derived foods and dietary
supplements (Wiseman et al., 2002; Clarke et al., 2008).

Epidemiological studies have indicated that soy intake post-
diagnosis not only improves prognosis but is also associated with
statistically significant reductions in breast cancer recurrence
(Kang et al., 2010; Chi et al., 2013). However, based on the weak
estrogen-like effects of the isoflavones genistein and daidzein,
some researchers and clinicians are concerned that a high soy
intake may increase the cancer risk. Indeed, in vitro studies
have shown that both genistein and daidzein stimulate the
proliferation of MCF-7 human estrogen-receptor alpha positive
(ERa+) breast cancer cells at low concentrations, but inhibit
tumor growth at higher doses. In ER alpha negative (ERa—)
cells (MDA-MB-231), this biphasic effect is not observed; both
phytoestrogens exhibit an anti-proliferative effect only. This
indicates that the proliferative effect of genistein and daidzein,
as observed at low doses, is ERa-mediated, while ERB, which is
expressed at low levels in both MCF-7 and MDA-MB-231 cells,
seems to oppose ERa actions and exhibits anti-migratory and
anti-invasive properties (Vladusic et al., 2000; Al-Bader et al.,
2011; Wang et al., 2012; Uifalean et al., 2016).

Besides an ERa-mediated interaction, low concentrations
of both isoflavones can also induce cell proliferation via G
protein coupled estrogen receptor 1 (GPERI) by stimulating
cAMP production, intracellular Ca?>* mobilization and cSrc
activation. Subsequently, the transactivation of the epidermal
growth factor receptor (EGFR) is triggered, leading to an
activation of downstream signaling pathways such as PI3K/Akt
and MAPK/ERK (Uifilean et al., 2016).

In addition to ERa interaction and activation of signaling
pathways, the stimulatory effect of genistein and daidzein on
ERa+ breast cancer cells might also be linked to increased steroid
hormone levels, which drive cellular proliferation and thus are an
important factor for carcinogenesis (Folkerd and Dowsett, 2013).
Mechanism for altered steroid levels between ERa+ and ERa—
breast cancer cells include differences in estrogen metabolism.
Indeed, incubation of human ERa+ MCF-7 breast cancer cells
with E1 for 24 h resulted in a more than sevenfold higher
formation of estrogen sulfates compared to ERa— MDA-MB-
231 cells, as cellular SULT expression is significantly higher in
MCE-7 cells (Pasqualini, 2009). However, estrogen conjugates
do not promote ER-mediated activity but represent a local
reservoir of native E1 and E2 after hydrolysis by sulfatases

(Samavat and Kurzer, 2015). Interestingly, a previous human trial
demonstrated that participants who consumed a high-soy diet for
13 months showed a non-significant increase of urinary E2 levels
of 18% (Maskarinec et al., 2012), suggesting a possible role of E2
in the observed increased cellular growth of ERa+ breast tumors
by genistein and daidzein.

This prompted us to hypothesize that genistein and daidzein
might dose-dependently alter steroid hormone levels by
inhibiting the conjugation of estrogens and their precursors.
Our hypothesis was supported by in vitro studies showing that
soy isoflavonoids are able to inhibit various enzymes involved
in the metabolism of estrogens, including cytochrome P450
3A4 (CYP3A4), 17B-HSD, SULTs, and UGTs (Mesia-Vela and
Kauffman, 2003; Mohamed and Frye, 2011; Ronis, 2016; Cassetta
etal., 2017).

Whether soy components influences the estrogen metabolism
is not yet known. Therefore, the aim of the present study
was to investigate the impacts of genistein and daidzein on
estrogen metabolism in human ERa+ MCEF-7 breast cancer
cells. For this purpose, a newly established specific and sensitive
analytical LC-HRMS assay was conducted to simultaneously
quantify the main steroids of the estrogenic pathway namely
El, E2, estriol (16a-OH-17f-estradiol, E3), E1-S, E2-G and
E2-S (Rizner, 2013; Mueller et al., 2015). The outcomes of
metabolism were subsequently correlated with cell growth in
order to better understand the effects of soy isoflavones in ERa+
breast cancer.

MATERIALS AND METHODS

Materials

160-hydroxy-17B-estradiol  (E3), E2, 17B-estradiol-3-(B-D-
glucuronide) sodium salt (E2-G) and El, as well as acetic
acid, acetonitrile, ammonium acetate, DMSO, genistein and
daidzein, were purchased from Sigma-Aldrich Chemical Co.
(Munich, Germany). 17f8-estradiol-3-sulfate sodium salt (E2-S)
and estrone-3-sulfate sodium salt (E1-S) were obtained from
Steraloids, Inc. (Newport, RI, United States). 16a-hydroxy-
17B-estradiol-2,4,17-ds  (E3-d3),  17f-estradiol-2,4,16,16-d4
(E2-dy), 17B-estradiol-16,16,17-d3-3-(B-D-glucuronide) sodium
salt (E2-G-d3), 17B-estradiol-2,4,16,16-d4-3-sulfate sodium salt
(E2-S-dy), estrone-2,4,16,16-d4 (E1-d4) and estrone-2,4,16,16-
d4-3-sulfate sodium salt (E1-S-d4) were purchased from C/D/N
Isotopes, Inc. (Pointe-Claire, QC, Canada). Purified water was
obtained using an arium® pro ultrapure water system (Sartorius
AG, Gottingen, Germany).

Cell Proliferation Studies

MCEF-7 breast cancer cells were purchased from the American
Type Culture Collection (ATCC; Rockville, MD, United States).
All experiments were performed during the exponential growth
phase of the cell line. MCF-7 cells were routinely cultivated at
37°C (95% humidity and 5% CO,) in phenol red-free Dulbecco’s
Modified Eagle Medium F-12 (DMEM/F-12; Invitrogen,
Karlsruhe, Germany), fortified with 1% PenStrep®-solution
and 10% fetal bovine serum (Invitrogen). For experimental
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conditions, cells were seeded at a density of 1.0 x 10° cells per
well and allowed to attach for 24 h. Prior to the application
of genistein and daidzein, cells were washed twice with DPBS
(Invitrogen), and DMEM/F-12, containing 10% HyClone® heat-
inactivated charcoal-stripped fetal bovine serum (THP Medical
Products, Vienna, Austria), was subsequently added to exclude
external hormones. To evaluate the potential influence of
genistein and daidzein on MCF-7 cell proliferation, cells were
incubated for 48 h with E1 (100 nM) as an estrogen precursor
in the presence of 1, 5, and 10 WM genistein or daidzein,
respectively. Genistein, daidzein and E1 were dissolved in
DMSO prior to their addition to the cell medium to give a final
DMSO concentration of 0.05%. Prior to cell counting with a
Coulter® Z1 cell counter (Beckman Coulter GmbH, Krefeld,
Germany), supernatant medium was removed and cells were
detached using 400 pl TrypLe® solution (Invitrogen). The
effect of E1 (10, 25, 50, 75, and 100 nM) on the growth of
MCEF-7 cells was also determined using the same protocol as
for genistein and daidzein. All experiments were performed
in triplicate and the data are reported as means £ SD of all
values.

Inhibition Studies

MCEF-7 breast cancer cells were cultivated in the presence
of HyClone® heat-inactivated charcoal-stripped fetal bovine
serum as described above, and then treated with increasing
concentrations of E1 (10, 25, 50, 75, and 100 nM) in the
presence of 1, 5, and 10 uM genistein or daidzein, respectively.
After 24 and 48 h, 2000 pl media aliquots were mixed
with 20 pl deuterated internal standard solution and pre-
cleaned by SPE on Oasis HLB 1 cc SPE cartridges (30 mg;
Waters Corporation, Milford, MA, United States), as described
previously (Poschner et al., 2017). Briefly, reconditioning of
the cartridges was achieved using 2 x 1.0 ml acetonitrile and
3 x 1.0 ml ammonium acetate buffer (10 mM, pH = 5.0).
Subsequently, samples were loaded onto the SPE cartridges and
washed with 1 x 1.0 ml ammonium acetate buffer (10 mM,
pH = 5.0) and 2 x 1.0 ml acetonitrile/ammonium acetate buffer
(10 mM, pH 5.0) 10:90 (v/v). Analytes were then eluted using
2 x 650 pl acetonitrile/ammonium acetate buffer (10 mM,
pH = 5.0) 95:5 (v/v), evaporated to dryness, and reconstituted in
270 pl acetonitrile/ammonium acetate buffer (10 mM, pH = 5.0)
25:75 (v/v). After media collection, cells were washed five times
with 2.0 ml DPBS, detached using 200 pl TrypLE® solution
(37°C, 15 min), mixed with 800 .l DPBS and transferred into
plastic vials. Aliquots of these suspensions (100 pl each) were
used to determine the exact number of cells per sample well.
For this, the aliquots were diluted 100-fold and counted using
a Coulter® Z1 cell counter. To additionally quantify cytosolic
steroid levels, the remaining cell suspensions (900 |1 each) were
gently centrifuged (1000 rpm, 8 min) and the supernatants were
discarded. The cell pellets were subsequently resuspended in
100 pl aqueous ammonium acetate buffer (10 mM, pH = 5.0)
and lysed by five freeze-thaw-cycles in liquid nitrogen (3 min
each), followed by thawing at ambient temperature. Ammonium
acetate buffer (1000 pl) was then added and the suspensions
were centrifuged (14000 rpm, 5 min), and the clear supernatants

were concentrated using the SPE protocol described above. All
processed samples were then stored at —80°C until further LC-
HRMS analysis. Four biologically independent experiments were
performed, and reported values represent the overall means & SD
of all determinations.

LC-HRMS Assay

El, E1-S, E2, E2-S, E2-G, and E3 were quantified using an LC-
HRMS assay, validated according to the ICH Q2(R1) guidelines
as described previously (Poschner et al., 2017). LC was performed
using an UltiMate 3000 RSLC-series system (Dionex; Thermo
Fisher Scientific, Inc., Germering, Germany) coupled to a
maXis HD ESI-Qq-TOF mass spectrometer (Bruker Corporation,
Bremen, Germany). Solvent A was aqueous ammonium acetate
buffer (10 mM, pH = 5.0) and solvent B was acetonitrile.
A Phenomenex Luna® 3 pm C18(2) 100 A LC column
(250 mm x 4.6 mm 1.D.; Phenomenex, Inc., Torrance, CA,
United States), preceded by a Hypersil® BDS-C18 guard column
(5 wm, 10 mm x 4.6 mm LD, Thermo Fisher Scientific,
Inc.) and maintained constantly at 43°C, was used for steroid
separation at a flow rate of 1 ml/min. The injection volume
was 100 pl for each sample. The gradient used was as follows:
25% solvent B at 0 min, 56.3% solvent B at 19 min, a washing
step at 90% solvent B from 19.5 to 24.0 min and column re-
equilibration with 25% solvent B from 24.5 to 30.5 min. The ESI
ion source settings were as follows: Capillary voltage, —4.5 kV;
nebulizer, 1.0 bar Nj; dry gas flow rate, 8.0 I/min Nj; and dry
temperature, 200°C. The ion transfer parameters were set to
400 Vpp funnel RF and 300 Vpp multipole RE the quadrupole
ion energy was 8.0 eV and the collision cell parameters were
as follows: Collision energy, 10.0 eV; collision RE, 1100 Vpp;
transfer time, 38 |Ls; and pre-pulse storage, 18 ps. Full-scan mass
spectra were recorded in the range of m/z 150-500. Control
samples consisting of unspiked cell culture medium showed
no detectable background traces of the analyzed hormones. To
ensure accurate quantification results, quality control samples,
containing each analyte at a concentration of 6-fold or 600-
fold of the respective lower limits of quantification (LLOQs),
were analyzed in triplicate with each LC batch. The LLOQs
were determined as follows: E1, 19.0 pg/ml; E1-S, 4.0 pg/ml; E2,
140.9 pg/ml; E2-S, 3.4 pg/ml; E2-G, 12.0 pg/ml; E3, 28.4 pg/ml
cell medium.

Data Analysis

Liquid chromatography-high resolution mass spectrometry
data were analyzed using Compass DataAnalysis 4.2 and
QuantAnalysis 2.2 software (Bruker Corporation). EICs were
created for each analyte and internal standard pair, from
which the respective peak areas were determined to calculate
the analyte/internal standard ratios for quantification. Kinetic
analysis of estrogen metabolite formation in the presence and
absence of genistein or daidzein using E1 as an estrogen precursor
(10-100 nM for 48 h) was performed. All data best fitted
to the Michaelis—-Menten model: V = V¢ X [S] / (Km + [S]),
where V is the rate of the reaction, V. is the maximum
reaction velocity, Kn, is the Michaelis constant and [S] is
the substrate concentration. Kinetic parameters were calculated
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FIGURE 1 | Influence of E1 and soy isoflavones on MCF-7 breast cancer cell
proliferation. Cells were incubated for 48 h with (A) increasing concentrations
of E1 (1-100 nM; control: DMSO), (B) increasing concentrations of genistein
and daidzein (1-10 wM; control: DMSO) and (C) increasing concentrations of
genistein and daidzein (1-10 wM) in the presence of 1 nM E1 (control: 1 nM
E1in DMSO). All data represent the means + SD of three independent
biological replicates. Asterisks (*) indicate significantly different mean values in
comparison to the controls (P < 0.05).

using GraphPad Prism 6.0 software (GraphPad Software Inc., La
Jolla, CA, United States). Inhibition modes were determined from
Lineweaver-Burk plots, and corresponding K; were calculated

250

200

150

fmol/10° cells/h

FIGURE 2 | Pattern of estrogen metabolite formation rates by MCF-7 cells.
Cells were incubated with 100 nM E1 as a hormone precursor, and medium
aliquots were analyzed for estrogen metabolites at 24 and 48 h. Data
represent the means + SD of three independent biological replicates.

by plotting the slopes of the primary Lineweaver-Burk plots
against the respective inhibitor concentrations using GraphPad
Prism 6.0. The same software package was used for statistical
analyses. All values were expressed as means £ SD and
the Students t-test and ANOVA with Tukey’s post-test were
used to compare differences between control samples and
treatment groups. The statistical significance level was set to
P < 0.05.

RESULTS

Influence of Estrone and Soy Isoflavones
on MCF-7 Cell Proliferation

To assess the influence of E1 on MCEF-7 cancer cell growth,
cells were incubated with increasing concentrations of E1 for
48 h, detached by application of TrypLe® solution and counted
using a Coulter® Z1 cell counter. Compared with control samples
(containing DMSO only), the number of viable MCF-7 cells was
significantly increased in the presence of E1 (2.31 £ 0.33 x 10° vs.
3.99 + 0.31 x 10° cells) (Figure 1A), confirming the hormone-
dependency of the MCF-7 cell line. The observed proliferative
effect of EI on the breast cancer cells was concentration-
dependent with a mean maximum cell growth increase of 73%
at 75 nM El. Additionally, we evaluated the effect of El in
combination with the soy isoflavones genistein or daidzein on
MCEF-7 cell growth. For this purpose, cells were co-incubated
with 0, 1, 2.5, and 100 nM E1 as a hormone precursor in the
presence of increasing concentrations of genistein or daidzein
(1-10 pM). These concentrations were chosen as they represent
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plasma levels measured after the administration of isoflavone
supplements. As shown in Figure 1B, the presence of both
isoflavones in the absence of E1 had a significant effect on cell
proliferation (+42% for genistein and +54% for daidzein). Co-
incubation with the isoflavones and 1 nM E1 led to similar results
with a mean cell number increase of +34% for genistein and
+42% for daidzein (Figure 1C). When the El concentration
was further increased to 2.5 nM, we observed only a slightly
higher cell growth (416 and +15%, respectively) compared
to the incubation with El alone. In the presence of 100 nM
El, genistein and daidzein did not show any further increase
of cellular growth because of the already high cell number
stimulated by E1.

Formation of Estrogen Metabolites by
MCF-7 Cells

In preliminary experiments, MCF-7 breast cancer cells were
treated with 100 nM E1 as a hormone precursor and cell media
aliquots were analyzed for E1 and its metabolites after 24 and
48 h. By using a highly specific and sensitive LC-HRMS assay,
five biotransformation products could be quantified besides the
precursor El in the cellular medium (Figure 2). As metabolite
formation showed a linear trend with time up to 48 h, incubations
in all further experiments were finalized after this time-span as it
ensured the most precise quantification of the biotransformation
products.

E2 represented the main metabolite in the cellular
supernatant, with a mean formation rate of 233.1 & 6.9 fmol/10°
cells/h after 48 h (Figure 2 and Table 1). It was further
sulfated and glucuronidated to E2-S and E2-G, with a
markedly favoritism for the sulfated product (9.15 £+ 1.21
vs. 276 + 0.37 fmol/10° cells/h). In addition to the
conjugation reactions, E2 was also hydroxylated to E3,
though this was a minor metabolite in MCF-7 cells with a
formation rate of only 0.65 £ 0.05 fmol/10° cells/h. Alongside
the two E2 conjugates, we also observed the sulfation of
the precursor E1 to E1-S (13.5 £ 2.1 fmol/10° cells/h).
Concomitant with the formation of these five metabolites,
the E1 concentration in the medium decreased by 29% from
100 nM to 71.0 £ 0.9 nM after 48 h. The total molar proportion
of all five metabolites was 28.9% indicating that these five
biotransformation products represent almost 100% of all

metabolites formed from the precursor E1 by the MCEF-7
cells (un-metabolized E1 + total detected metabolites: 99.9%).
Interestingly, intracellular metabolite concentrations in all
samples were below the respective detection limits (data not
shown).

Kinetic profiles for the formation of estrogen metabolites
by MCEF-7 cells were then evaluated over an EI concentration
range of 10-100 nM for 48 h. 178-HSD-mediated formation
of the main metabolite E2 best fitted to the Michaelis—-Menten
model, with a mean V. value of 464.5 + 39.2 fmol/10°
cells/h and a mean K, value of 954 4+ 14.0 nM (Table 2).
E2-S and E2-G formation also exhibited Michaelis-Menten
kinetics with similar K, values (95.9 + 5.4 and 92.7 &+ 9.0 nM,
respectively), though the Vi value for sulfation was 3.3-
fold higher than that for glucuronidation (18.3 £ 0.7 vs.
5.52 4+ 0.37 fmol/10° cells/h), confirming the preference for
E2 sulfation by MCF-7 cells. Kinetic parameters calculated for
the sulfation of the precursor E1 (Vyax = 26.8 £ 2.3 fmol/10°
cells/h, K;, = 883 £ 11.3 nM) were comparable to those
for E2 sulfation, probably because both are substrates of the
same enzyme isoforms SULT1A1 and SULT1El (Harris et al.,
2004). Evaluation of the kinetic profile for E3 formation was not
possible, as only the highest E1 concentration (100 nM) but not
the lower ones, resulted in E3 concentrations above the LLOQ of
the presented assay.

Inhibition of Estrogen Conjugations by

Genistein

To assess the possible inhibitory effect of genistein on
estrogen metabolism, MCEF-7 cells were first treated with
El (100 nM) for 48 h in the presence and absence of
increasing genistein concentrations (1, 5, and 10 wM). As
shown in Table 1, a marked inhibition of El1 and E2
conjugation by this isoflavone was observed (Supplementary
Figure S1A). Even in the presence of 1 pM genistein,
the formation rates of E1-S, E2-S and E2-G decreased by
approximately 25-35% compared to control. At 10 wM genistein,
the inhibition was more obvious, and more pronounced
for sulfation than for glucuronidation. The formation rates
of E1-S and E2-S were reduced by approximately 90-95%,
respectively, compared with the control (E1-S, 1.27 %+ 0.22
vs. 135 + 21 fmol/10° cells/h; E2-S, 0.54 + 0.05 vs.

TABLE 1 | Estrogen metabolism by MCF-7 cells in the presence of genistein and daidzein.

Inhibitor E2 (fmol/10° cells/h) E1-S (fmol/10° cells/h) E2-S (fmol/10° cells/h) E2-G (fmol/108 cells/h)
Control 2331 + 6.9 13.5+ 2.1 9.15 £ 1.21 2.76 + 0.37

1 wM genistein 2421 +16.7 102 +£1.8 5.90 + 0.76* 2.12 + 0.34*

5 M genistein 264.0 + 8.8* 2.26 + 0.27* 1.12 £ 0.37* 1.41 £ 0.33*

10 wM genistein 277.2 + 18.2* 1.27 £ 0.22* 0.54 + 0.05* 1.06 + 0.10*

1 wM daidzein 2442 +£9.0 8.15 + 1.26* 591 + 1.27* 2.39 +£0.27

5 M daidzein 260.7 + 19.2* 3.11 £ 0.34* 1.27 + 0.34* 1.94 + 0.30*

10 wM daidzein 275.4 + 5.9* 2.00 + 0.30* 0.69 + 0.16* 1.26 + 0.15*

Cells were incubated with increasing concentrations of the soy isoflavones genistein and daidzein and 100 nM E1 as hormone precursor for 48 h. All data represent
the means + SD of four independent biological replicates. Values in bold and marked with an asterisk (*) are significantly different in comparison to the control values

(P < 0.05).
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98.0+7.8
100.4 £ 6.6

4.83 + 0.27*

101.2 £10.8
102.8 £11.9

11.9 £ 0.9*

102.6 £ 11.5

17.1 £ 1.4*

96.4 +12.4
95.6 + 7.39
96.8 + 10.1

488.2 + 36.4
508.7 £ 22.7
543.5 + 32.9*

1 uM daidzein
5 uM daidzein

3.99 + 0.18*

2.64 + 0.22*

104.4 £14.3
105.7 £ 16.5

6.43 + 0.28*

105.6 + 18.3

98.6 + 11.9 2.63 + 0.32*

1.35 £ 0.11*

4.20 + 0.47*

10 M daidzein

Cells were incubated with increasing concentrations of the soy isoflavones genistein and daidzein and 10 to 100 nM E1 as hormone precursor for 48 h. All data represent the means + SD of four independent biological

replicates. Values in bold and marked with an asterisk (*) are significantly different in comparison to the control values (P < 0.05).

9.15 + 121 fmol/10° cells/h), whereas E2-G formation
was only reduced by approximately 60% (1.06 £ 0.10 vs.
2.76 4+ 0.37 fmol/10° cells/h). Genistein also showed a
pronounced inhibition on E3 formation (data not shown);
based on its low concentration in the cellular medium, the
corresponding K; could not be calculated.

In order to determine the kinetic parameters for the observed
inhibition processes, cells were treated with 10-100 nM E1 as
hormone precursor and increasing concentrations of genistein
(1-10 pM). As shown in Figure 3, the presence of genistein did
not alter the kinetic profiles for E1 or E2 conjugations; the data
still best-fitted to the Michaelis-Menten kinetic model. However,
the mean V. values for the formation of the conjugates were
significantly decreased by increasing genistein concentrations,
while the corresponding K, values were almost unaffected
(Table 2). In order to gain further insight into the inhibition
process, we determined the mode of inhibition by genistein on
El and E2 metabolism and calculated the corresponding K;j by
plotting the slopes of the primary Lineweaver-Burk plots against
the respective inhibitor concentrations (Figure 3). As reported in
Table 3, non-competitive inhibition by genistein was confirmed
for all E1 and E2 conjugates, as initially indicated by the altered
Vmax values and the almost unchanged K, values (Table 2).
The more pronounced inhibition of E1 and E2 sulfation over
E2 glucuronidation by genistein (Figure 3) was also reflected by
significantly lower K;j values for sulfation (E2-S, 0.32 uM and
E1-S, 0.76 pM vs. E2-G, 6.01 wM), indicating decreased rates of
sulfate formation even at very low genistein concentrations.

Inhibition of Estrogen Conjugations by

Daidzein

Analogous to the cell experiments conducted with genistein, we
first investigated the possible inhibition of E1 and E2 metabolism
by daidzein. Again, the formation rates of E1-S, E2-S and E2-G
were significantly decreased by approximately 15-40% compared
to control, even at 1 pM daidzein (Table 1 and Supplementary
Figure S1B). The increase in daidzein concentration to 10 WM
led to more pronounced suppression of El and E2 sulfation
by approximately 85 and 90% compared to control (E1-S,
2.00 % 0.30 vs. 13.5 & 2.1 fmol/10° cells/h; E2-S, 0.69 + 0.16
vs. 9.15 £ 1.21 fmol/10° cells/h), while E2 glucuronidation
was only reduced by approximately 55% (1.26 £ 0.15 vs.
2.76 + 0.37 fmol/10° cells/h). Like genistein, also daidzein
showed a pronounced inhibition of the very minor metabolite E3
(data not shown). However, based on its low concentration in the
cellular medium, we were not able to calculate the kinetics for its
inhibition.

Figure 4 and Table 2 show the Michaelis—Menten parameters
for the formation of E1-S, E2-S, and E2-G by MCF-7 cells in
the presence of increasing daidzein concentrations (1-10 puM).
The Viax and Ky, values were comparable to those calculated
for the inhibition by genistein. The observed decrease in Vi
values and unaltered K, values, together with the corresponding
Lineweaver-Burk plots, again indicated that a non-competitive
mechanism was the most likely mode of inhibition by daidzein.
As shown in Table 3, the K; values were also significantly
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FIGURE 3 | Inhibition of estrogen conjugation by genistein. The kinetics of (A-C) E1 sulfation, (D-F) E2 sulfation and (G~1) E2 glucuronidation were calculated
following incubation of MCF-7 cells with 10 to 100 nM E1 for 48 h in the presence (1-10 M) and absence of genistein. Data is displayed in Michaelis-Menten,
Lineweaver-Burk and K value plots. All data represent the means + SD of four independent biological replicates.

lower for sulfation compared with glucuronidation [E2-S
(0.48 LM) < E1-S (1.64 uM) < E2-G (7.31 pM)].

Effect of Genistein and Daidzein on E2

Formation
Concomitant with the observed suppression of SULT- and
UGT-mediated conjugation of E1 and E2, we observed a
minor but statistically significant increase in E2 formation
(Figure 5). When MCF-7 cells were exposed to 100 nM
El in the presence of 1 uM isoflavone, E2 levels were
elevated by approximately 4-5% (242.1 + 16.7 fmol/10°
cells/h for genistein and 244.2 + 9.0 fmol/10° cells/h for
daidzein) compared to control (233.1 #+ 6.9 fmol/10° cells/h).
Inhibition of E1 and E2 conjugation with 10 WM genistein or
daidzein further increased E2 formation by ~20% compared
to control (277.2 + 18.2 fmol/10° cells/h for genistein and
275.4 4 5.9 fmol/10° cells/h for daidzein) (Table 1).

In parallel, Vn.x values increased from 464.5 & 39.2 fmol/10°
cells/h to 543.9 4 31.6 or 543.5 + 32.9 fmol/10° cells/h, when
cells were treated with 10 uM genistein or daidzein, respectively.

TABLE 3 | Inhibition constants (K;) and modes of inhibition.

Isoflavone Metabolic activity Ki (kM) Mode of inhibition

Genistein E1 sulfation 0.76 Non-competitive
E2 sulfation 0.32 Non-competitive
E2 glucuronidation 6.01 Non-competitive

Daidzein E1 sulfation 1.64 Non-competitive
E2 sulfation 0.48 Non-competitive
E2 glucuronidation 7.31 Non-competitive

Ki values were obtained by plotting the slopes of the respective Lineweaver-Burk
plots against isoflavone concentration. All data represent the means + SD of four
independent biological replicates.

As already shown for E1 and E2 conjugates, Ky, values were not
affected by either isoflavone.

DISCUSSION

To the best of our knowledge, the present study was the
first to investigate the concentration-dependent impacts of the
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FIGURE 5 | Formation of active E2 by MCF-7 breast cancer cells. Cells were incubated with 100 nM E1 in the presence of (A) genistein or (B) daidzein. All data
represent the means + SD of four independent biological replicates. Asterisks (*) indicate significantly different mean values in comparison to the controls (P < 0.05).

soy isoflavones genistein and daidzein on the formation of
estrogen conjugates in human ERa+ breast cancer cells (MCE-7).
When cells were exposed solely to the hormone precursor El,
proliferation increased up to 1.6-fold. A stimulatory effect on cell

proliferation was also observed when cells were incubated with
genistein or daidzein (1-10 uM) in the absence or in the presence
of low E1 concentrations (1 and 2.5 nM). Our findings are in line
with previous studies that have also reported a stimulatory effect
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of these isoflavone concentrations on MCF-7 cell growth (Chen
et al,, 2015; Wei et al., 2015). Our data also correlate with the
in vitro study by Kuiper et al. (1998), which shows that genistein
presents a 20- to 30-fold higher binding affinity for ERf than for
ERa while daidzein has only a fivefold increased affinity for ERB,
explaining the observed slightly increased proliferative effect of
daidzein on ERa+ MCEF-7 cell growth (Figure 1).

After an incubation-period of 48 h, we were able to observe the
formation of five metabolites, namely E1-S, E2, E2-S, E2-G and
E3. Based on Michaelis-Menten parameters, the predominant
metabolite was E2 (V ax, 464.5 & 39.2 fmol/10°¢ cells/h), while
the conjugates E1-S, E2-S and E2-G exhibited significantly
lower V. values. Estimations of Ky, values for E1-S, E2,
E2-S and E2-G gave comparable results, indicating similar
affinities to 178-HSD, SULTs and UGTs. The CYP3A4-mediated
hydroxylation of E2 to E3, however, represented only a very
minor metabolic pathway by MCEF-7 cells, as the formation of E3
could not be quantified at E1 concentrations of <100 nM.

Sulfation is therefore the main conjugation pathway of
estrogens in MCE-7 cells as it accounted for 8.64% of total
metabolites rate compared to only 1.05% for glucuronidation.
The CYP3A4-mediated formation of E3 is negligible with a
proportion of only 0.25% of the total E1 metabolism. These
data are in line with previous in vitro investigations, which
revealed a more than sevenfold higher formation of estrogen
sulfates in human ERa+ MCEF-7 breast cancer cells than ERa—
MDA-MB-231 cells after incubation with E1 for 24 h, based on
significantly higher SULT expression (Pasqualini, 2009). Higher
SULT expression in ERa+ breast tumors compared to ERa—
breast cancer tissues was also found in human primary tumor
tissue samples (Adams et al., 1979).

When the cells were incubated with E1 in the presence of soy
isoflavones (up to 10 wM), estrogen conjugations were markedly
decreased. Genistein inhibited E1-S and E2-S formation by
90 and 95% compared to control, while E2 glucuronidation
was less affected and only decreased by 60%. Interestingly,
daidzein, which differs from genistein only by the absence of a

hydroxyl group in position 5, showed slightly weaker inhibitory
effects (E1-S, 85%; E2-S, 90%; E2-G, 55%). These findings
are in accordance with previous data, which also reported a
stronger inhibition of E1 and E2 sulfation by genistein than by
daidzein, potentially due to a higher potency of this isoflavone
against SULT1A1 (Mesia-Vela and Kauffman, 2003). Kinetic
analysis in combination with corresponding Lineweaver-Burk
plots showed that both isoflavones non-competitively inhibited
estrogen conjugations by MCEF-7 cells, with very low K; values
for El sulfation (genistein, 0.76 wM; daidzein, 1.64 wM). E2
sulfation was affected to an even greater extent by either
isoflavone (genistein, 0.32 wM; daidzein, 0.48 WM). By contrast,
the calculated K;j values for E2 glucuronidation were markedly
higher (genistein, 6.01 wM; daidzein, 7.31 uM), confirming the
stronger impact of isoflavone treatment on sulfation compared
with glucuronidation. Non-competitive inhibition of El and
E2 metabolite formation by both isoflavones is of clinical
importance, as it suggests that the extent of inhibition depends
only on the inhibitor concentration (indicated by marked
decreases in Vi) and not on the binding of E1 and E2
to the respective enzymes (indicated by largely unaltered K,
values).

Whether dietary soy intake or high-dose isoflavone
supplements may cause or exacerbate breast cancer in post-
menopausal women remains controversial. Although soy food
and its isoflavones have been widely investigated in the past few
decades as cancer chemopreventives, conflicting data regarding
their efficacy and safety have been reported. Population-based
studies (Nechuta et al., 2012; Zhang et al., 2017) have indicated
beneficial effects of dietary soy food consumption for women
diagnosed with ERa— breast cancer, such as reduced risk of
mortality and improved treatment outcomes; however, these
effects have not been observed in patients expressing ERo.
Clinical trials have also raised concerns that isoflavone intake
may drive cancer cell proliferation (Shike et al, 2014) and
significantly increase the Ki-67 labeling index in premenopausal
women (Khan et al, 2012). Therefore, understanding of
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the metabolic interplay between genistein, daidzein and the
concentration of active E2, which is associated with breast cancer
risk and progression (Folkerd and Dowsett, 2013), is crucial for
risk assessments.

Concomitant with the observed inhibition of E1 and E2
conjugation, genistein and daidzein caused a minor, but
statistically significant increase of approximately 20% in the
active E2 levels (Figure 5). Based on increased E2 formation in
the presence of genistein and daidzein, inhibition of 178-HSD
can be excluded. Our data are in contrast to a very recent study
showing an inhibition of this enzyme by genistein (Cassetta
et al., 2017). This discrepancy might be explained by the fact
that the authors used purified recombinant 178-HSD from
the filantous fungus Cochliobolus lunatus and not a human
enzyme which might differ in activity. Both isoflavones, however,
significantly inhibited the activity of cellular SULTs responsible
for the formation of E1-S thereby increasing the E1 pool and
consequently leading to a higher E2-formation by 17-HSD.
Furthermore, genistein and daidzein also demonstrated a
pronounced inhibition of E2-S, E2-G and E3 formation thereby
contributing to the observed increased E2 level (Figure 6).

The observed increase in E2 in our in vitro model was also
found in a previous human trial which examined the effect
of soy foods on urinary estrogens in premenopausal women
(Maskarinec et al., 2012). Participants who consumed a high-soy
diet for 13 months showed a non-significant increase of urinary
E2 levels of 18%. These findings were confirmed by a meta-
analysis (Hooper et al., 2009), in which the authors also reported
a small, non-significant increase in total estradiol concentrations
of 14% in post-menopausal women following soy isoflavone
consumption. Although both studies observed a minor, non-
significant increase in urinary E2 levels, soy food consumption
should be considered safe, as even the daily intake of two dietary
servings of soy powder (25 g each) for up to 30 days lead to mean
total plasma levels (parent compound, glucuronides and sulfates)
of only 11.6 ng/ml (0.042 pM) for genistein and 6.7 ng/ml
(0.026 M) for daidzein (Shike et al., 2014). These concentrations
are far below our calculated K; values (0.3-1.6 WM for E1 and E2
sulfates, and 6.0-7.3 WM for E2 glucuronide) therefore suggesting
no significant effect of dietary soy intake on estrogen metabolism.

On the other hand, daily high-dose supplementation with
genistein (600 mg) and daidzein (300 mg) for 84 days has been
found to increase the trough plasma levels up to a concentration
of 15 pg/ml (55 wM) total isoflavones (Pop et al., 2008). Taking
into account that the majority of isoflavones are extensively
metabolized in vivo (up to 98%), the remaining free genistein
and daidzein plasma concentrations would reach approximately
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The role of resveratrol (RES) in preventing breast cancer is controversial, as low
concentrations may stimulate the proliferation of estrogen-receptor alpha positive
(ERa+) breast cancer cells. As metabolism is the key factor in altering cellular
estrogens, thereby influencing breast tumor growth, we investigated the effects of
RES on the formation of estrogen metabolites, namely 4-androstene-3,17-dione
(AD), dehydroepiandrosterone (DHEA), dehydroepiandrosterone-3-O-sulfate (DHEA-
S), estrone (E1), estrone-3-sulfate (E1-S), 17B-estradiol (E2), 17B-estradiol-3-O-(B-
D-glucuronide) (E2-G), 17B-estradiol-3-O-sulfate (E2-S), 16a-hydroxy-17g-estradiol
(estriol, E3), and testosterone (T) in ERa— MDA-MB-231 and ERa+ MCF-7 cells.
Incubation of both of the cell lines with the hormone precursors DHEA and E1 revealed
that sulfation and glucuronidation were preferred metabolic pathways for DHEA, E1
and E2 in MCF-7 cells, compared with in MDA-MB-231 cells, as the Vmax Vvalues
were significantly higher (DHEA-S: 2873.0 + 327.4 fmol/10° cells/h, E1-S: 30.4 + 2.5
fmol/10° cells/h, E2-S: 24.7 + 4.9 fmol/10° cells/h, E2-G: 7.29 + 1.36 fmol/108
cells/h). RES therefore significantly inhibited DHEA-S, E1-S, E2-S and E2-G formation
in MCF-7, but not in MDA-MB-231 cells (Kijs: E2-S, 0.73 + 0.07 pM < E1-S,
0.94 + 0.03 uM < E2-G, 7.92 £+ 0.24 uM < DHEA-S, 13.2 £ 0.2 uM). Suppression of
these metabolites subsequently revealed twofold higher levels of active E2, concomitant
with an almost twofold increase in MCF-7 cell proliferation, which was the most
pronounced upon the addition of 5 wWM RES. As the content of RES in food is
relatively low, an increased risk of breast cancer progression in women is likely to only
be observed following the continuous consumption of high-dose RES supplements.
Further long-term human studies simultaneously monitoring free estrogens and their
conjugates are therefore highly warranted to evaluate the efficacy and safety of RES
supplementation, particularly in patients diagnosed with ERa+ breast cancer.

Keywords: resveratrol, breast cancer, MDA-MB-231, MCF-7, steroids, metabolomics
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INTRODUCTION

Breast cancer is a major cause of death in women worldwide
(Ferlay et al., 2015). Chemoprevention is therefore crucial to
reduce morbidity and mortality. Several epidemiological and
experimental studies have indicated that certain natural phenolic
compounds may inhibit mammary carcinogenesis, and may
therefore act as chemopreventive agents (Pan et al., 2015). One
of such compound is trans-resveratrol (3,5,4’-trihydroxy-trans-
stilbene), a naturally occurring polyphenol found in red wine
and foods, including peanuts, blueberries and cranberries, as well
as the skin of grapes (Aiyer et al., 2012). The anti-proliferative
properties of RES have been demonstrated in vitro against
hormone-dependent and hormone-independent breast cancer
cells through the induction of apoptosis via the down-regulation
of p53, NF-kB and Bcl-2, the inhibition of ribonucleotide
reductase and DNA polymerases, and the suppression of the
RhoA/Lats1/YAP signaling axis (Saluzzo et al., 2016; Kim et al.,
2017). RES is also a radical scavenger and an inhibitor of
cyclooxygenases (COX-1 and COX-2), which partly explains why
this compound may reduce the occurrence of breast cancer
(Murias et al., 2005). In addition, animal experiments identified
significantly reduced tumor growth in human breast cancer
xenografts subsequent to RES treatment, therefore supporting
the use of this polyphenol as a chemotherapeutic agent (Garvin
etal., 2006). Furthermore, a human case-control study using data
from 369 cases and 602 controls reported a significant inverse
association for the relationship between dietary RES intake and
the risk of developing breast cancer (Levi et al., 2005).

However, based on the estrogen-like effects of RES due to
its structural similarity with 17B-estradiol (E2) (Yildiz, 2005),
some researchers and clinicians are concerned that the intake
of RES may negatively affect hormone-dependent malignancies.
Indeed, RES stimulates the proliferation of estrogen-receptor
alpha positive (ERa+) breast cancer cells at low concentrations,
but inhibits tumor growth at high doses. In ER alpha negative
(ERa—) cells, this biphasic effect has not been observed; RES only
exhibits anti-proliferative effects (Basly et al., 2000).

In addition to interactions with ERs, the stimulatory effects of
RES on ERa+ breast cancer cells may also be linked to increased
steroid hormone levels, which induce cellular proliferation and

Abbreviations:  38-HSD,  3p-hydroxysteroiddehydrogenase; 178-HSD,
17B-hydroxysteroiddehydrogenase; ~ AD,  4-androstene-3,17-dione; ~ AhR,
aryl hydrocarbon receptor; ¢DNA, complementary deoxyribonucleic

acid; CYP, cytochrome P450; DHEA, dehydroepiandrosterone; DHEA-S,
dehydroepiandrosterone-3-O-sulfate; DMEM, Dulbecco’s modified Eagle’s
medium; DMSO, dimethylsulfoxide; DPBS, Dulbecco’s phosphate-buffered
saline; El, estrone; EI-S, estrone-3-O-sulfate; E2, 17B-estradiol; E2-G,
17B-estradiol-3-O-(B-D-glucuronide); ~ E2-S,  17B-estradiol-3-O-sulfate;  E3,
estriol  (160-OH-17B-estradiol); EIC, extracted ion chromatogram; ERa,
estrogen-receptor alpha; ESI, electro-spray ionization; HKGs, housekeeping
genes; Kj, inhibition constant; K,, Michaelis constant; LC-HRMS, liquid
chromatography-high resolution mass spectrometry; LLOQ, lower limit of
quantification; mRNA, messenger ribonucleic acid; PCR, polymerase chain
reaction; PXR, pregnane X receptor; RES, trans-resveratrol; RES-3G, trans-
resveratrol-3-O-(B-D-glucuronide); RES-3S, trans-resveratrol-3-O-sulfate;
RES-4G, trans-resveratrol-4'-O-(B-D-glucuronide); RES-4S, trans-resveratrol-4'-
O-sulfate; RES-DS, trans-resveratrol-3-0-4'-O-disulfate; SD, standard deviation;
SPE, solid phase extraction; SULT, sulfotransferase; T, testosterone; UGT,
UDP-glucuronosyl transferase; Vyyax, maximum reaction velocity.

thus are an important factor for carcinogenesis (Folkerd and
Dowsett, 2013). Indeed, RES treatment of mice (4 mg/kg i.p. for
7 days) resulted in an approximately twofold increase in E2 levels
(El-Sayed and Bayan, 2015). Also a previous clinical study of post-
menopausal women who were administered 1 g RES once a day
for 12 weeks demonstrated a non-significant increase in serum
E2 concentrations by 22.4% (Chow et al., 2014). Another study
in healthy female volunteers (Chow et al., 2010) reported RES-
associated menstrual changes as an adverse event in 4.8% of the
subjects after oral consumption (1 g once a day for 4 weeks); again
indicating altered steroid hormone levels.

We therefore hypothesized that RES may increase the level of
active E2 in a dose-dependent manner, either by increasing the
concentration of estrogen precursor steroids, or via inhibition
of the biotransformation of E2 to conjugated metabolites, which
do not promote ER-mediated activity (Samavat and Kurzer,
2015). Our hypothesis was supported by several previous in vitro
and in vivo studies, which showed that RES inhibits various
enzymes involved in the metabolism of estrogens, including
3B-hydroxysteroid ~dehydrogenase (3p-HSD), cytochrome
P450 3A4 (CYP3A4), sulfotransferases (SULTs) and UDP-
glucuronosyltransferases (UGTs) (Chan and Delucchi, 2000;
Mesia-Vela and Kauffman, 2003; Furimsky et al., 2008; Chow
etal.,, 2010; Mohamed and Frye, 2011; Li et al., 2014).

Therefore, the aim of the present study was to investigate
the impact of RES on steroid metabolism in human
ERa— MDA-MB-231 and ERa+ MCEF-7 breast cancer cells.
For this purpose, a specific and sensitive LC-HRMS assay was
conducted to simultaneously quantify the 10 main steroids of the
estrogenic metabolic pathway (Poschner et al., 2017). Differences
in metabolism should be correlated with cell proliferation, which
may explain the observed tumor-promoting effect of RES in
ERoi+ breast cancer.

MATERIALS AND METHODS

Materials

4-Androstene-3,17-dione,  160-hydroxy-17B-estradiol,  17f-
estradiol, 17B-estradiol-3-O-(B-D-glucuronide) sodium
salt, dehydroepiandrosterone, dehydroepiandrosterone-
2,2,3,4,4,6-d6, dehydroepiandrosterone-3-O-sulfate,
dehydroepiandrosterone-3-O-sulfate-2,2,3,4,4,6-ds-sodium

salt, estrone and testosterone, as well as acetic acid, acetonitrile,
ammonium acetate, dimethylsulfoxide, and trans-resveratrol,
were obtained from Merck KGaA (Darmstadt, Germany).
17B-estradiol-3-O-sulfate  sodium salt and estrone-3-O-
sulfate sodium salt were purchased from Steraloids, Inc.
(Newport, RI, United States). 4-Androstene-3,17-dione-
2,2,4,6,6,16,16-d; (AD-dy), 160-hydroxy-17p-estradiol-2,4,17-d3
(E3-d3), 17B-estradiol-2,4,16,16-d4 (E2-d4), 17-estradiol-
16,16,17-d3-3-O-(B-D-glucuronide) sodium salt (E2-G-d3),
17B-estradiol-2,4,16,16-d4-3-O-sulfate sodium salt (E2-S-dy),
estrone-2,4,16,16-d4 (E1-d4), estrone-2,4,16,16-d4-3-O-sulfate
sodium salt (E1-S-d4), and testosterone-2,2,4,6,6-ds (T-ds)
were obtained from C/D/N Isotopes, Inc. (Pointe-Claire, QC,
Canada). Trans-resveratrol-3-O-(B-D-glucuronide) sodium salt,
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trans-resveratrol-3-O-sulfate sodium salt, trans-resveratrol-4’'-
O-(B-D-glucuronide) sodium salt, trans-resveratrol-4’-O-sulfate
sodium salt, and trans-resveratrol-3-O-4"-O-disulfate disodium
salt were purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX, United States). Purified water was obtained using an arium
pro ultrapure water system (Sartorius AG, Gottingen, Germany).

Cell Proliferation Studies

MDA-MB-231 and MCEF-7 breast cancer cells were purchased
from the American Type Culture Collection (ATCC; Manassas,
VA, United States) and routinely cultivated at 37°C (95%
humidity and 5% CO;) in phenolred-free Dulbecco’s modified
Eagle medium F-12 (DMEM/F-12), fortified with 1% PenStrep®-
solution and 10% fetal bovine serum (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, United States). All experiments
were performed during the exponential growth phase of both cell
lines. For the experiments, cells were seeded in 6-well-plates at a
density of 1.0 x 10° cells per well and allowed to attach for 24 h.
Prior to incubation with RES or hormone precursors (DHEA
and E1), the cells were washed twice with Dulbecco’s phosphate-
buffered saline (DPBS; Invitrogen), and DMEM/F-12, containing
10% HyClone® heat-inactivated charcoal-stripped fetal bovine
serum (GE Healthcare Life Sciences, Logan, UT, United States),
was subsequently added to exclude the interference of external
hormones.

To elucidate the influence of RES, DHEA and E1 on MDA-
MB-231 and MCF-7 cell proliferation, cells were incubated for
48 h with RES (0-100 wM), DHEA (0-100 nM), and E1 (0-
100 nM), respectively. RES, DHEA, and E1 were dissolved in
sterile-filtered DMSO prior to their addition to the cell medium
to give a final DMSO concentration of 0.1%. Prior to cell
counting with a Casy® TT Cell Counter (OLS OMNI Life Science,
Bremen, Germany), the supernatant medium was removed and
cells were detached using 400 ]l TrypLe® solution (Invitrogen).
All experiments were performed in triplicate, and the data were
reported as the means =+ standard deviation of all values.

Metabolism of RES in MDA-MB-231 and

MCF-7 Cells

MDA-MB-231 and MCE-7 cells were cultivated as described
above and incubated with increasing concentrations of RES (0-
100 wM). After 48 h, the cellular media (100 jL1) were mixed with
200 pl ice-cold (—20°C) methanol and subsequently centrifuged
(14000 rpm, 5 min). The clear supernatants were then diluted
1:1 with aqueous ammonium acetate buffer (5 mM, pH = 7.4),
and 80 .l of the samples were injected onto the HPLC column.
RES and its five glucuronidated and sulfated biotransformation
products were quantified by HPLC, as described previously (Riha
et al., 2014), using a Dionex UltiMate 3000 system (Sunnyvale,
CA, United States) equipped with an L-7250 injector, an L-7100
pump, an L-7300 column oven (set at 15°C), a D-7000 interface
and an L-7400 UV detector (Thermo Fisher Scientific, Inc.) set
at a wavelength of 307 nm. Calibration of the chromatogram
was accomplished using the external standard method. Linear
calibration curves were produced by spiking drug-free DMEM/F-
12 medium with standard solutions of RES, RES-3G, RES-3S,

RES-4G, RES-4S, and RES-DS to give a concentration range from
0.001 to 10.0 pg/ml (mean correlation coeflicients: >0.999). For
this method, the lower limits of quantification (LLOQs) for RES,
RES glucuronides and RES sulfates were 2.5, 10.1, and 4.0 ng/ml,
respectively. The coefficients of accuracy and precision for these
compounds were <11%.

Inhibition of Steroid Metabolism by RES

Both cell lines were cultivated in the presence of HyClone® heat-
inactivated charcoal-stripped fetal bovine serum as described
above and then treated with increasing concentrations of DHEA
or E1 (0-100 nM), respectively, in the absence and presence
of RES (0-100 pM). After 48 h (preliminary experiments
showed the linearity of metabolite formation for this time-
span), 2000 pl media aliquots were mixed with 20 pl deuterated
internal standard solution and pre-cleaned using SPE on Oasis
HLB 1 cc SPE cartridges (30 mg; Waters Corporation, Milford,
MA, United States), as described previously (Poschner et al.,
2017). Briefly, cartridges were preconditioned with 2 x 1.0 ml
acetonitrile and 3 x 1.0 ml ammonium acetate buffer (10 mM,
pH = 5.0), and the samples were loaded onto the columns. After
washing with 1 x 1.0 ml ammonium acetate buffer (10 mM,
pH = 5.0) and 2 x 1.0 ml acetonitrile/ammonium acetate buffer
(10 mM, pH 5.0) 10:90 (v/v), the analytes were eluted using
2 x 650 pl acetonitrile/ammonium acetate buffer (10 mM,
pH = 5.0) 95:5 (v/v) and evaporated until dry. Subsequently,
samples were reconstituted in 270 pl acetonitrile/ammonium
acetate buffer (10 mM, pH = 5.0) 25:75 (v/v) and stored at —80°C
until further LC-HRMS analysis.

After media collection, cell monolayers were washed five
times with 2.0 ml DPBS, detached using 400 pl TrypLE®
solution (37°C, 5 min), mixed with 600 1 DPBS and transferred
into sample vials. Aliquots of these suspensions (100 pl each)
were diluted and counted using the Casy® TT Cell Counter
to determine the exact number of cells per sample well
The remaining cell suspensions (900 wl each) were gently
centrifuged (1000 rpm, 8 min), and the supernatants were
discarded. The cell pellets were subsequently resuspended in
100 pl aqueous ammonium acetate buffer (10 mM, pH = 5.0)
and lysed by five freeze-thaw-cycles in liquid nitrogen (3 min
each), followed by thawing at ambient temperature. Ammonium
acetate buffer (1000 pl) was added, and the suspensions were
centrifuged (14000 rpm, 5 min). Subsequently, the supernatants
were concentrated using the same SPE protocol as described
above. All processed samples were then stored at —80°C until
further LC-HRMS analysis. For each condition, three biologically
independent experiments were performed; the reported values
represent the overall means =+ SD of all values.

Steroid Hormone Quantification Using
LC-HRMS

The 10 predominant metabolites of the estrogenic metabolic
pathway (AD, DHEA, DHEA-S, El, E1-S, E2, E2-S, E2-G, E3,
and T) were then quantified using a selective and sensitive
LC-HRMS assay, which was validated according to the ICH
Q2(R1) guidelines, as described previously (Poschner et al.,
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2017). LC was performed with an UltiMate 3000 RSLC-series
system coupled to a maXis HD ESI-Qq-TOF mass spectrometer
(Bruker Corporation, Bremen, Germany). A Phenomenex Luna®
3 pm C18(2) 100 A LC column (250 mm x 4.6 mm LD,
Phenomenex, Inc., Torrance, CA, United States), preceded by a
Hypersil® BDS-C18 guard column (5 pm, 10 mm x 4.6 mm L.D,;
Thermo Fisher Scientific, Inc.) was used for the separation of the
analytes at a flow rate of 1.0 ml/min and a temperature of 43°C.
The injection volume was set to 100 1 for each sample; aqueous
ammonium acetate buffer (10 mM, pH = 5.0) was used as solvent
A, and acetonitrile as solvent B. The gradient was as follows: 25%
solvent B at 0 min, 56.3% solvent B at 19 min, a washing step at
90% solvent B from 19.5 to 24.0 min, and column re-equilibration
with 25% solvent B from 24.5 to 30.5 min. The ESI ion source
settings were as follows: capillary voltage: —4.5 kV; dry gas flow
rate: 8.0 I/min Nj; nebulizer: 1.0 bar N,; and dry temperature:
200°C. The ion transfer parameters were set to 400 Vp, funnel RF
and 300 V, multipole RE, the quadrupole ion energy was 8.0 eV,
and the collision cell parameters were as follows: collision RE,
1100 Vpps collision energy, 10.0 eV; transfer time, 38 jus; and pre-
pulse storage, 18 ps. In the range of m/z 150-500, full-scan mass
spectra were recorded. Quality control samples, containing each
analyte at a concentration of 6-, 60-, or 600-fold of the respective
LLOQs, were analyzed in triplicate with each LC batch to ensure
accurate quantification results (Supplementary Figure S1). The
LLOQs for all 10 analytes, defined as the concentrations where
the signal to noise ratio (S/N) is >9, were determined as follows:
AD: 74.9 pg/ml; DHEA: 1904.0 pg/ml; DHEA-S: 8.0 pg/ml; E1:
19.0 pg/ml; E1-S: 4.0 pg/ml; E2: 140.9 pg/ml; E2-G: 12.0 pg/ml;
E2-S: 3.4 pg/ml; E3: 28.4 pg/ml; and T: 54.1 pg/ml.

Real-Time PCR Analysis

MCEF-7 breast cancer cells were seeded in 6-well plates at
a density of 1.0 x 10° cells per well and allowed to attach
overnight. Next day, cells were treated in kinetics (2, 4, 24, and
48 h, respectively) with 10 wM RES or with DMSO for the
control samples (0 h time-point). Expression profiling of genes of
interest was performed as detailed previously (Mechtcheriakova
et al,, 2007; Meshcheryakova et al, 2016). Upon treatment,
total RNA was isolated using peqGOLD TriFAST™ reagent
(VWR, Vienna, Austria) according to the manufacturer’s
protocol. 1 g RNA was used for cDNA generation using
the High Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, Inc.) according to the instructions of the
manufacturer. Real-time PCR analysis was performed in the
96-well plate format on a QuantStudio 12K Flex Real-Time PCR
System (Thermo Fisher Scientific, Inc.). SULTIAI and SULT2AI
were detected using the corresponding TagMan Assays (Thermo
Fisher Scientific, Inc.). UBC, GAPDH, and ACTB were used as
HKGs for normalization, based on the selection for the most
stable expression during the treatment conditions among four
pre-tested HKGs (ACTB, UBC, GAPDH, and HPRT). HKGs
primers were self-designed using the Primer Express 3.0 software
(Thermo Fisher Scientific, Inc.) and validated using the Human
Total RNA Master Panel (TaKaRa Bio, Inc., Saint-Germain-en-
Laye, France), as described before (Mechtcheriakova et al., 2007,
2011); Primers: UBC forward: ATTTGGGTCGCAGTTCTTG;

UBC reverse: TGCCTTGACATTCTCGATGGT; GAPDH
forward: CGGGTCAACGGATTTGGTC; GAPDH reverse:
TGGCAACAATATCCACTTTACCAG; ACTB forward:
AGGCACCAGGGCGTGAT; ACTB reverse: TGTAGA

AGGTGTGGTGCCAGATT. For relative quantification, data
were analyzed by applying the A ACT method. Expression levels
of target genes were normalized to the average of the HKGs and
shown relative to unstimulated cells (0 h time-point). Gene(s)
with Ct > 36 are classified herein as not expressed; gene(s)
with Ct > 30 are classified as low expressing gene(s). Using the
GENEVESTIGATOR and the Affymetrix Human Genome U133
Plus 2.0 Array web based analysis platforms (Hruz et al., 2008),
SULTIEI was found to be not expressed in MCF-7 cells and was
therefore not assessed by real-time PCR.

Data Analysis and Statistics

Compass DataAnalysis 4.2 and QuantAnalysis 2.2 software
(Bruker Corporation) were used to analyze the acquired LC-
HRMS data. For each analyte and internal standard pair,
EICs were created, from which the respective peak areas
were determined and the analyte/internal standard ratios were
calculated for quantification.

Kinetic analyses of RES metabolism and steroid metabolism
in the presence and absence of RES in both cell lines were
performed using GraphPad Prism 6.0 software (GraphPad
Software, Inc., La Jolla, CA, United States). Kinetic parameters
for the formation of RES metabolites were best fitted to the
substrate inhibition model: V = V,,¢/(1 + K/[S] + [SI/K)),
or the sigmoidal Hill model: V.= Vi % [S]*/([S50]™ + [S]™),
whereas kinetics regarding steroid hormone metabolism
were better estimated using the Michaelis-Menten model:
V = Viax X [S]/(Ky + [S]), where V is the rate of the reaction,
Vmax is the maximum reaction velocity, Ky, is the Michaelis
constant, [S] is the initial substrate concentration, K; is the
inhibition constant, n is the Hill slope and S5y the concentration
of substrate that produces a half-maximal enzyme velocity.
The modes of inhibition were subsequently determined from
Lineweaver-Burk plots, and the corresponding K; values
were calculated from Dixon plots using GraphPad Prism
6.0.

The same software package was also used for all statistical
analyses. All values were expressed as the means £ SD of
three independent biological replicates and one-way ANOVA
combined with Tukeys post-test were used to compare
differences between control samples and treatment groups. The
statistical significance threshold was defined as P < 0.05 for all
calculations.

RESULTS

Effects of RES on the Proliferation of
MDA-MB-231 and MCF-7 Cells

To evaluate the effects of RES on breast cancer cell growth,
ERa— MDA-MB-231 and ERa+ MCEF-7 cells were exposed to
increasing concentrations of RES (0-100 wM) in the absence
of DHEA and El. As shown in Figure 1A, RES inhibited the
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FIGURE 1 | Influence of RES on MDA-MB-231 and MCF-7 cell proliferation. (A) MDA-MB-231 or (B) MCF-7 cells were incubated for 48 h with increasing

concentrations of RES (0-100 nM) in steroid-deprived conditions. All data represent the means + SD of three independent biological replicates. *P < 0.05 vs.
untreated control samples.
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FIGURE 2 | Kinetic profiles for the formation of 3-O-conjugated RES-metabolites by MDA-MB-231 and MCF-7 cells. The formation of (A) RES-3S and (B) RES-3G
by MDA-MB-231 cells was determined following incubation with 0-100 uM RES for 48 h, and modeled using the substrate inhibition model. The formation of (C)
RES-3S and (D) RES-3G by MCF-7 cells were evaluated with the same protocol. While the formation of RES-3S correlated with the substrate inhibition model, the
formation of RES-3S was best described by the sigmoidal Hill model. Dashed lines represent the kinetic profiles without substrate inhibition. All data represent the
means =+ SD of three independent biological replicates.

cell growth of MDA-MB-231 cells in a concentration-dependent
manner. Even after the addition of 2.5 puM RES, the number of
viable cells decreased non-significantly from 2.17 & 0.18 x 10° to
2.03 £ 0.16 x 10° cells, but 100 LM RES resulted in a significant

reduction by 68.6 + 4.7%. Contrary to the MDA-MB-231
cells, RES demonstrated a biphasic effect in MCF-7 cells, as
concentrations below 10 pM stimulated cellular growth with a
maximal effect by 21.2 £ 3.3% to 2.92 & 0.16 x 10° cells at
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TABLE 1 | Kinetic parameters of RES metabolism by MDA-MB-231 and MCF-7 cells.

Cell line Metabolite Model Parameters
Km (LM) Vimax (pPmol/10° cells/h) Slope (n) R? Ki (WM)
MDA-MB-231 RES-3S Michaelis-Menten 9.83 +3.18 3.25 +0.44 n.a. 0.9395 n.a.
Substrate inhibition 14.4+56 4.31 £0.97 n.a. 0.9873 76.3 +£35.2
RES-3G Michaelis-Menten 5.55 + 3.43 32.8+ 8.6 n.a. 0.9522 n.a.
Substrate inhibition 8.61+0.85 43.4+22 n.a. 0.9992 54.0+5.3
MCF-7 RES-3S Michaelis-Menten 7.30 +£0.44 468.4 +£9.9 n.a. 0.9991 n.a.
Substrate inhibition 8.19 + 0.56 501.4 +£17.1 n.a. 0.9889 39.4 +£14.3
RES-3G Hill 58.5 + 6.2 422.9 +38.9 1.86 +£0.18 0.9988 n.a.

Kinetic parameters were calculated using GraphPad Prism 6.0 software following the incubation of the cells with increasing concentrations of RES (0-100 wM) for 48 h.
All data represent the means + SD of three independent biological replicates. n.a., not applicable.
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FIGURE 3 | Influence of the hormone precursors DHEA and E1 on MDA-MB-231 and MCF-7 cell proliferation. MDA-MB-231 cells were incubated with increasing
concentrations (0-100 nM) of (A) DHEA or (B) E1 for 48 h. MCF-7 cells were incubated with increasing concentrations (0—100 nM) of (C) DHEA or (D) E1 for 48 h.
All data represent the means + SD of three independent biological replicates.*P < 0.05 vs. untreated control samples.
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5 wM RES (Figure 1B). A further increase of RES concentration
(>10 M), however, led to a significant inhibition of cell growth
(1.08 & 0.11 x 10° cells at 100 LM RES). Interestingly, the
inhibitory effect of RES was more evident in MDA-MB-231
compared with MCEF-7 cells, as indicated by lower ICsy values
(15.1 £ 4.9 vs. 37.4 + 14.5 uM).

RES Metabolism by MDA-MB-231 and
MCF-7 Cells

In order to investigate whether the observed differences in the
proliferation of MDA-MB-231 and MCF-7 cells by RES were due
to alterations in RES metabolism, both cell lines were screened
for the formation of the five major human conjugated RES
metabolites. In addition to native RES, only RES-3G and RES-3S

could be quantified in both cell lines, as the levels of RES-4G,
RES-4S, or RES-DS formation were below the detection limit.

In MDA-MB-231 cells, the maximum metabolite formation
was observed following incubation with 25 wM RES, with a
notable preference for glucuronidation (23.9 4 2.4 pmol RES-
3G/10° cells/h) compared with sulfation (2.28 % 0.33 pmol RES-
35/10° cells/h) (Figures 2A,B). At higher RES concentrations, the
formation of both RES conjugates decreased, best fitting to the
substrate inhibition model, with K; values of 54.0 & 5.3 uM for
RES-3G and 76.3 4 35.2 uM for RES-3S.

Compared with MDA-MB-231 cells, the formation of RES-3S
in MCE-7 cells was increased by 150-fold, with a mean maximum
formation rate of 340.1 4 49.4 pmol RES-35/10° cells/h
(Figure 2C). As observed in MDA-MB-231 cells, treatment with
RES up to 100 wM led to a pronounced reduction in RES-3S by
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43.2%, again indicating substrate inhibition (Kj: 39.4 & 14.3 uM).
Glucuronidation of RES in MCF-7 cells was also higher (10-fold
increase), demonstrating a sigmoidal Hill kinetic pattern, with
a maximum formation rate of 309.4 + 22.2 pmol RES-3G/10°
cells/h at 100 wM RES (Figure 2D). Individual kinetic parameters
for RES-S and RES-G in both cell lines are presented in Table 1.

Effects of DHEA and E1 on the

Proliferation of MDA-MB-231 and MCF-7
Cells

ERa— MDA-MB-231 and ERa+ MCF-7 breast cancer cells were
cultured in a hormone-deprived environment for 48 h. In these
conditions, the number of MDA-MB-231 cells doubled from
1.0 x 10° to 2.17 & 0.18 x 10°. A comparable increase in cell

proliferation was also observed in the MCF-7 cell line (final cell
count: 2.41 £ 0.94 x 10° cells). Incubation of ERa— MDA-
MB-231 cells with either DHEA or E1 (0-100 nM) did not
further increase cell growth (Figures 3A,B). In ERa+ MCEF-
7 cells, the presence of DHEA only led to a minor, non-
significant increase in cell numbers, to 2.69 + 0.24 X 100
cells at 100 nM (Figure 3C). Incubation with E1, however,
significantly stimulated the proliferation of MCF-7 cells by 59.8%,
t0 3.85 £ 0.36 x 10° cells at 100 nM (Figure 3D), confirming the
hormone-dependency of this cell line.

DHEA and E1 Metabolism by
MDA-MB-231 and MCF-7 Cells

To assess differences in the metabolism of steroids by MDA-
MB-231 and MCEF-7 cells, both cell lines were incubated in
the presence and absence of DHEA (100 nM) as a hormone
precursor, and the formation of the nine major biotransformation
products, namely DHEA-S, AD, T, El, E1-S, E2, E2-S, E2-G
and E3, was investigated by using a specific and sensitive LC-
HRMS assay. The control samples (containing DMSO only) were
performed for both cell lines to evaluate a possible endogenous
steroid formation; however, neither in MCF-7 nor in MDA-MB-
231 cells any endogenous steroid metabolites could be detected.
Upon addition of 100 nM DHEA, the three metabolites DHEA-
S, AD, and T could be quantified besides native DHEA in the
supernatants of both cell lines; all other metabolites were below
the LLOQ (Figure 4A).

In MDA-MB-231 cells, we observed that the 3B-HSD-
mediated formation of AD was evidently favored (mean
formation rate: 888.9 &+ 60.1 fmol/10°¢ cells/h). AD was further
metabolized via 173-HSD to T, however, to a significantly lower
extent (57.1 £ 6.2 fmol/10° cells/h). The sulfation of DHEA
was negligible, as the formation rate of DHEA-S was only
0.14 & 0.02 fmol/10° cells/h. Concomitant with the formation of
these metabolites, DHEA concentration in the medium decreased
by 26.8% from 100 to 73.2 £ 2.5 nM after 48 h. The total molar
proportion of AD, T, and DHEA-S was 26.2%, indicating that
these three biotransformation products represent almost 100% of
all metabolites formed from the precursor DHEA in MDA-MB-
231 cells (unmetabolized DHEA + total detected metabolites:
99.4%).

In MCE-7 cells, the formation rates of DHEA-S, AD, and T
notably differed from MDA-MB-231 cells. DHEA-S was now the
primary metabolite (mean formation rate: 870.0 = 79.1 fmol/ 10°
cells/h), whereas the formation of AD and T was less pronounced
(68.5 & 11.1 and 4.78 £ 0.38 fmol/10° cells/h, respectively).
Concomitantly, the remaining DHEA concentration decreased
by 54.9% from 100.0 to 45.1 & 1.8 nM, which once again reflected
the total molar proportion of these three metabolites (54.7%).

To further evaluate the formation rates of estrogens and
their respective conjugates, MDA-MB-231 and MCE-7 cells were
also incubated in the presence and absence of 100 nM El
as a hormone precursor (Figure 4B). Again, control samples
(containing DMSO only) revealed no endogenous formation
of estrogen metabolites in both cell lines. E2 was identified as
the predominant metabolite with comparable formation rates
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TABLE 2 | Kinetic parameters of steroid metabolism by MDA-MB-231 and MCF-7 cells.

Hormone precursor Metabolite MDA-MB-231 MCF-7
Km (nM) Vimax (fmol/10° cells/h) Km (nM) Vimax (fmol/10° cells/h)
DHEA DHEA-S 55.4 +£20.5 0.22 £ 0.04 229.2 + 52.2* 2873.0 + 327.4*
AD 126.1 + 36.6 1994.0 + 364.5 1146 £ 3.6 147.4 + 8.1*
T 56.3+21.4 91.2 £ 159 107.5 + 6.3* 9.96 + 1.42*
E1 E2 174.0 £ 941 703.0 + 164.5 168.6 £ 8.7 628.6 + 62.0
E1-S 119.5 + 68.1 1.08 £ 0.38 101.9 £ 22.9 30.4 + 2.5*
E2-S 38.0 £ 13.6 0.16 £ 0.02 113.8 + 35.5* 24.7 + 4.9*
E2-G 87.9+32.2 0.33 £ 0.07 1235+ 84 7.29 + 1.36*

Kinetic parameters were calculated using GraphPad Prism 6.0 software following the incubation of the cells for 48 h with increasing concentrations of DHEA or ET (25—
100 nM). All data represent the means + SD of three independent biological replicates. Values in bold and marked with an asterisk (*) are significantly different compared

with MDA-MB-231 cells (P < 0.05).
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a hormone precursor in the presence and absence of 100 uM RES for 48 h. MCF-7 cells were incubated with (C) 100 nM DHEA or (D) 100 nM E1 as a hormone
precursor in the presence and absence of 100 uM RES for 48 h. All data represent the means + SD of three independent biological replicates.*P < 0.05.

in MDA-MB-231 and MCF-7 cells (258.9 4+ 25.1 fmol/10°
cells/h vs. 233.9 % 13.4 fmol/10° cells/h). The hydroxylation of
E2 to E3 was a minor pathway in MCF-7 cells (0.57 £ 0.06
fmol/10° cells/h), and was below the LLOQ in MDA-MB-
231 cells. However, the formation rates of steroid conjugates
differed markedly between both cell lines. While the formation
of E1-S, E2-S and E2-G were negligible in MDA-MB-231
cells (EI-S: 049 + 0.07 > E2-G: 0.18 + 0.02 > E2-S:
0.12 £ 0.02 fmol/10° cells/h), the total conjugation of El
and E2 was up to 40-fold higher in MCF-7 cells (E1-S:

15.1 & 0.8 > E2-S: 11.8 + 0.8 > E2-G: 3.23 & 0.45 fmol/10°
cells/h). In both cell lines, the total molar proportions of
all detected metabolites amounted to 12.0% and 12.8%, with
a concomitant decrease of native E1 by 12.3% and 12.9%,
respectively.

The kinetic profiles for the formation of DHEA and El
metabolites by MDA-MB-231 and MCF-7 cells were then
evaluated over a DHEA and E1 concentration range of 0-100 nM
for 48 h. The formation kinetics of DHEA-S, AD, T, E1-S, E2,
E2-S, and E2-G best fitted to a hyperbolic Michaelis-Menten
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model, with the highest Vi, values for AD in MDA-MB-231
cells (1994.0 + 364.5 fmol/10° cells/h) and for DHEA-S in MCF-
7-cells (2873.0 £ 327.4 fmol/10° cells/h). Ky values in both
cell lines were within a similar range for AD, E2, E1-S and
E2-G, but were significantly lower for DHEA-S, T and E2-S in
MDA-MB-231 cells, compared with in MCEF-7 cells (Table 2).
The kinetic parameters for the formation of E3 could not be
calculated, as only the highest concentration of E1 (100 nM)
resulted in concentrations of E3 above the LLOQ for this
assay.

Inhibition of Conjugated DHEA and E1
Metabolites by RES

To determine whether there was a possible inhibitory effect of
RES on steroid metabolism, MDA-MB-231 and MCE-7 cells were
treated with 100 nM DHEA or E1 for 48 h, in the presence or
absence of 100 wM RES. As shown in Figures 5A,B, RES did
not affect the formation of DHEA-S, E1-S, E2-S, and E2-G in
MDA-MB-231 cells. Conversely, a marked effect of RES on the
conjugation of DHEA, El, and E2 was observed in MCE-7 cells
(Figures 5C,D). The mean formation of DHEA-S, E1-S, E2-S, and
E2-G was almost quantitatively reduced by 87.7%, 99.1%, 98.8%,
and 89.7%, respectively.

The inhibition of all four metabolites best fitted to the
Michaelis—-Menten kinetic model (Figures 6, 7). The Vpax

values for the formation of the conjugates were significantly
decreased with increasing concentrations of RES, while the
corresponding Ky, values were virtually unaffected (Table 3). This
indicated non-competitive inhibition by RES for all conjugates,
which was further confirmed by Lineweaver-Burk and Dixon
plots. The more pronounced inhibition of E1 and E2 sulfation
compared with DHEA sulfation and E2 glucuronidation by
RES was also associated with significantly lower K; values
(E2-S: 073 4+ 0.07 uM < EI-S: 0.94 + 0.03 pM < E2-
G: 792 £ 0.24 pM < DHEA-S: 13.2 £ 0.2 pM), indicating
decreased rates of E1-S and E2-S formation even at low RES
concentrations.

Effect of RES on Unconjugated DHEA
and E1 Metabolites

In addition to the quantification of steroid conjugates, we also
assessed the effects of RES treatment on the formation of
unconjugated AD, T, and E2. Again, RES exerted no significant
influence in MDA-MB-231 cells (Figures 5A,B); however, in
MCE-7 cells, RES markedly increased the levels of these three
metabolites (Figures 5C,D). 100 wM RES treatment led to
a significant increase in AD concentrations by 141.0% (from
685 + 11.1 to 165.1 + 18.7 fmol/10° cells/h), whereas T
levels increased by 305.9% (from 4.78 £ 0.38 to 19.4 £+ 1.6
fmol/10° cells/h); unconjugated E2 concentrations also increased
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by 101.6% (from 233.9 + 134 to 471.5 + 43.6 fmol/10°
cells/h). The kinetic profiles for AD, T, and E2 in MCF-7 cells
were then evaluated over a concentration range of 0-100 nM
DHEA and El, respectively. As observed for the inhibition
of DHEA, El, and E2 conjugates, the K, values were not
affected by RES treatment, whereas the Vi, values increased
in a concentration-dependent manner (Figure 8 and Table 3),
thereby confirming a stimulatory effect of RES on the formation
of AD, T, and E2.

Down-Regulation of SULT1A1 and
SULT2A1 mRNA Expression in MCF-7

Cells by RES

Next, we raised the question whether RES regulates SULT1A1
and SULT2AI on the transcriptional level during the time
of treatment. Therefore, MCF-7 cells were treated with
10 WM RES for 2, 4, 24, and 48 h. We found that RES
did not affect the transcription of SULTIAI for up to
4 h of treatment (Supplementary Figure S2). However,
a moderate, but non-significant down-regulation on the
mRNA level was observed after 24 and 48 h (23.6 + 13.0
and 304 =+ 11.0%, respectively). Expression levels of
SULT2A1 were low at time 0 h (Ct > 30) and again
marginally down-regulated after 24 and 48 h (data not
shown).

Effect of RES in the Presence of E1 on
the Proliferation of MDA-MB-231 and

MCF-7 Cells

The simultaneous incubation of MDA-MB-231 cells with RES
and El up to 100 pM had no observable effect on cell
proliferation (Figure 9A); however, in MCE-7 cells we observed
a pronounced induction of cellular proliferation after co-
incubation for 48 h (Figure 9B). Interestingly, the induction of
cell growth was most pronounced at 5 puM RES, resulting in a
twofold increase in cell counts after co-incubation with 100 nM
E1, compared with the control samples in the absence of E1. The
stimulatory effects of 100 nM E1 were also observed at higher RES
concentrations up to 100 wM, thereby almost counteracting the
observed anti-proliferative effects of RES in a hormone-deprived
setting.

DISCUSSION

The role of RES in preventing breast cancer is controversial,
as some studies have proposed it may increase its risk. Our
data revealed that higher RES concentrations (up to 100 wM)
significantly inhibited proliferation in both ERa— and ERa+
breast cancer cell lines, with ICs¢ values of 15.1 + 4.9 WM for
MDA-MB-231 cells and 37.4 + 14.5 uM for MCE-7 cells. These
data are in accordance with in vivo data from animal experiments
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(Garvin et al., 2006), which also reported a reduction of cancer
xenograft growth in mice treated with 25 mg/kg RES per day
for 3 weeks. The approximately 2.5-fold higher ICsp value of
RES against MCF-7 cells may be partially explained by altered
RES metabolism, as the formation of RES-3G and RES-3S was
increased by up to 150-fold compared with MDA-MB-231 cells.
Our data are supported by the findings of Murias et al. (2008),
who also reported a distinct correlation between RES metabolism
efficacy and cytotoxicity in various breast cancer cell lines.

However, at concentrations below 10 wM RES, the growth
of ERa+ MCEF-7 cells, but not ERa— MDA-MB-231 cells, was
increased, with a maximal stimulatory effect of 21.2% at 5 pM
RES compared with untreated controls. A similar effect was also
reported by a recent in vivo study (Andreani et al., 2017), which
reported an induction of ERa+ breast cancer growth at low RES
concentrations in A16HER2 mice receiving 4 pg RES daily for
15 weeks.

These conflicting results with regards to RES may be attributed
to altered estrogen levels in breast tissue, as breast cancer
growth and progression are closely associated with female steroid
hormones. As metabolism is the key factor for the alteration of
cellular estrogens, we investigated, for the first time, the effects
of RES on the metabolism of steroids within ERa— MDA-MB-
231, and ERa+ MCF-7 human breast cancer cells. In the absence
of RES, DHEA, and E1 induced no effect on the proliferation of
ERa— MDA-MB-231 cells after 48 h. Conversely, in ERa+ MCE-
7 cells, DHEA produced a slight increase and El a significant
increase in cell proliferation, which once again indicated the
hormone-dependency of this breast cancer cell line. Additionally,
we screened for the formation of DHEA and El metabolites in
both cell lines. After incubation with DHEA, three metabolites,
namely DHEA-S, AD and T, were quantified in the supernatant
media of both cell lines. Interestingly, the sulfation of DHEA
was identified as the dominant pathway in MCF-7 cells (Viax:
2873.0 + 527.4 fmol/10° cells/h), while in MDA-MB-231 cells,
the formation levels of AD and T were approximately 10-fold

higher compared with in MCF-7 cells; the formation of DHEA-
S only amounted to a Vyax value of 0.22 + 0.04 fmol/10°
cells/h.

Subsequently, we also incubated both cell lines with E1 as a
hormone precursor. LC-HRMS analyses revealed that E2 was
the predominant metabolite, with V.« values of 703.0 + 164.5
fmol/10° cells/h and 628.6 &+ 62.0 fmol/10° cells/h for MDA-
MB-231 and MCF-7 cells, respectively. While the formation
of all other metabolites was almost negligible in MDA-MB-
231 cells (Vpax values < 1.1 fmol/10° cells/h), E1-S, E2-
S, E2-G, and E3 formation levels amounted to 11.6% of all
biotransformation products in MCF-7 cells. CYP3A4-mediated
hydroxylation of E2 to E3, however, was suggested to involve
a minor metabolic pathway undertaken by MCF-7 cells, as the
formation of E3 could not be quantified at E1 concentrations
of < 100 nM. Sulfation was evidently the preferred pathway
for E1 and E2 metabolism in MCE-7 cells, as the V. values
were significantly higher (E1-S: 30.4 £ 2.5 fmol/10° cells/h and
E2-S: 24.7 £ 4.9 fmol/10° cells/h) compared with those for
E2 glucuronidation (7.29 £ 1.36 fmol/ 10° cells/h). These data
were supported by previous in vitro investigations, which also
revealed, based on significantly higher SULT expression, that
the formation levels of E1-S and E2-S in ERa+ MCEF-7 cells
were more than sevenfold higher than in ERa— MDA-MB-
231 cells after incubation with E1 for 24 h (Pasqualini, 2009).
This may also occur in breast cancer patients, as higher SULT
expression levels were also reported in ERa+ breast tumors
compared with in ERa— breast cancer tissues (Adams et al.,
1979).

In the ERa— MDA-MB-231 cells, RES did not significantly
affect the formation of DHEA and E1 metabolites; however, in
the ERa+ MCE-7 cells, RES significantly inhibited the formation
of DHEA-S, consequently increasing the pool of unconjugated
DHEA and leading to increased AD and T levels. Contrary
to breast tumor tissue, MCF-7 cells express low levels of
aromatase (Zhou et al., 1993), explaining why AD and T were
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not metabolized to E1 and E2, respectively. The presence of
aromatase in females may thus further increase both levels
(Figure 10).

We therefore incubated MCF-7 cells with E1 as a hormone
precursor in the presence of RES. As shown in Figure 5,
RES significantly inhibited the formation of EI-S, E2-S
and E2-G, thereby resulting in an approximate twofold
increase in active E2 levels (Figure 10). Our data are in
line with previous animal studies, which also observed
that RES increased free E2 levels via the inhibition of E2
hydroxylation, glucuronidation, or sulfation in mice (Oskarsson
et al, 2014) and rats (Banu et al, 2016). A non-significant
increase in E2 serum concentrations (22.4%) was also reported
in post-menopausal women receiving 1 g RES once a day
for 12 weeks; however, as dansylchloride-derivatization
was used for steroid quantification, the authors could not

distinguish between free E2 and its conjugates (Chow et al.,
2014).

This increase in unconjugated E2 may cause the observed
induction of cell proliferation in ERa+ MCE-7 cells, particularly
at RES concentrations < 10 wM. Similar findings have been
reported by Chen et al. (2015), who also revealed that at
physiological concentrations of E2, low doses of RES may
stimulate the proliferation of ERa+ breast cancer cells. Therefore,
increased E2 levels may be observed in hormone-dependent
breast cancer patients following the intake of high-dose dietary
supplements containing RES, as K;j values for the formation of
E1-S and E2-S in MCF-7 breast cancer cells were 0.94 & 0.03
and 0.73 £ 0.07 wM, respectively. The pronounced inhibition
of estrogen sulfation by RES may also occur in other organs,
as demonstrated by Furimsky et al. (2008) in S9 fractions from
human liver (Kj: 1.1 wM) and jejunum (Kj: 0.6 wM).
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steroid sulfation by this enzyme can be therefore excluded
(Falany et al,, 2002; Hruz et al, 2008). As the sulfation of
El, E2, and DHEA was strongly inhibited by RES in MCEF-
7 cells even upon addition of low concentrations, we also
investigated a possible regulation of SULTIAI and SULT2AI
mRNA expression after incubating MCF-7 cells with 10 pM
RES. RES at this concentration showed an almost complete
inhibition of E1 and E2 sulfation (91.6 4 1.1% and 90.0 =+ 1.0%,
respectively, see Figures 6D, 7A), but had no effect on the cellular
proliferation (Figure 1B) even after 48 h. Possible candidates for
RES mediating a down-regulation of estrogen sulfating enzymes
are the AhR and the pregnane X receptor (PXR) (Casper et al.,
1999; Kodama and Negishi, 2013; Moscovitz et al., 2018). Both
receptors are known to regulate mRNA expression of estrogen-
metabolizing enzymes including SULTSs. Because RES is known to
work as an antagonist for AhR and PXR and is capable of down-
regulating both nuclear receptors and SULTs, RES might inhibit
estrogen sulfation via these pathways.

We found only an insignificant down-regulation of SULT1AI
mRNA by 30.4 £ 11.0% after longer-term application of 10 pM
RES, suggesting that transcriptional regulation by these receptors
might not contribute significantly to the observed reduction
in the formation of steroid sulfates in the MCF-7 cells. These
data might also implicate that breast cancer cell lines are
different from the benign MCEF-10A breast epithelial cells,
where down-regulation of the AhR by RES significantly affect
estrogen-metabolizing enzymes and cause a down-regulation of
SULTIEIL, particularly as SULTIEI is not expressed in MCF-7
cells (Licznerska et al., 2017). Further in vitro studies are therefore
needed to elucidate the differences in the down-regulation of
steroid metabolizing enzymes between benign and malign human
breast cell lines.

Our data also showed that autophagy might not be induced
in MCF-7 cells by 10 pM RES since cell proliferation was
not affected. However, at higher RES concentrations, formation
of autophagosomes might become important and was indeed
observed by Scarlatti et al. (2008) in MCEF-7 cells incubated with
64 WM RES for 48 h.

Based on our data, RES inhibits steroid sulfation in MCEF-
7 cells mainly via direct binding to SULT enzymes, thereby
reducing their activities. This is supported by the Lineweaver-
Burk plots in our study that clearly show non-competitive
inhibition of E1, E2, and DHEA sulfation by 5-100 wM RES
(Figures 6B,E, 7B); both RES and the steroid substrates bind
to the SULT enzymes at any given time forming an enzyme-
substrate-inhibitor complex. Our observation is confirmed by the
in vitro study of Ung and Nagar (2009), demonstrating RES-
induced SULT1A1 and SULT1E] inhibition in stably transfected
MCE-7 cells.

Whether RES may accumulate to levels in human breast tissue
necessary to inhibit DHEA, El, and E2 metabolism remains
unknown. Our recent study demonstrated that following oral
application to rats (10 mg/kg), RES distributes to a variety
of organs, including the liver, spleen, kidney, heart, lung and
brain, strongly indicating the potential uptake of RES also
into breast tissue (Bohmdorfer et al., 2017). Due to its low
oral bioavailability, blood and tissue concentrations of RES

following the dietary intake of red wine, peanuts or berries
to inhibit estrogen metabolism may be markedly lower than
our calculated K;j values, suggesting no significant effect on
E2 levels. However, the daily high-dose administration of RES
(0.5-5.0 g/day) for up to 29 days to 40 healthy subjects
resulted in peak plasma concentrations of up to 4.24 pM
(Brown et al., 2010). Additionally, the levels of RES-3S and
RES-3G were approximately 10- and 6-fold higher, respectively.
Whether RES glucuronides and sulfates also exhibit inhibitory
effects toward DHEA, El, and E2 conjugation remains to
be investigated. Any inhibitory effects may further increase
the plasma concentration of free E2 following high-dose RES
supplementation, thereby inducing the progression of ERo+
breast cancer.

CONCLUSION

The present study demonstrated the non-competitive inhibition
of the steroid metabolomics pathway in ERa+ MCEF-7 but not
in ERo— MDA-MB-231 breast cancer cells by low micromolar
concentrations of RES, which led to a significant, twofold increase
of free E2, capable of stimulating the proliferation of ERa+
breast cancer cells. As the content of RES in food is relatively
low, an increased risk of breast cancer progression may only be
observed after the continuous consumption of high-dose RES
supplements. Further long-term human studies simultaneously
monitoring free estrogens and their conjugates are therefore
highly warranted to evaluate the efficacy and safety of RES
supplementation, particularly in patients diagnosed with ERa+
breast cancer.
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ABSTRACT

Background: Actaea racemosa L., also known as black cohosh, is a popular herb
commonly used for the treatment of menopausal symptoms. Because of its purported
estrogenic activity, black cohosh root extract (BCE) may trigger breast cancer
growth.

Study design/methods: The potential effects of standardized BCE and its main
constituent actein on cellular proliferation and steroid hormone metabolism were
investigated in estrogen receptor alpha positive (ERa+) MCF-7 and -negative (ERa-)
MDA-MB-231 human breast cancer cells. Cellular proliferation was determined
following incubation of both cell lines with the steroid hormone precursors
dehydroepiandrosterone (DHEA) and estrone (E1) for 48 h, in the presence and
absence of BCE or actein. Using a validated liquid chromatography-high resolution
mass spectrometry assay, cell culture supernatants were simultaneously analyzed for
the ten main steroids of the estrogen pathway.

Results: Inhibition of MCF-7 and MDA-MB-231 cell proliferation (up to 36.9%) was
observed following treatment with BCE (0-25 pg/ml) or actein (0-50 uM).
Incubation of MCF-7, but not of MDA-MB-231 cells, with DHEA and BCE caused a
20.9% reduction in DHEA-3-O-sulfate (DHEA-S) formation, leading to a
concomitant increase in the androgens 4-androstene-3,17-dione (AD) and
testosterone (T). Actein was shown to exert an even stronger inhibitory effect on
DHEA-S formation in MCF-7 cells (up to 89.6%) and consequently resulted in 12- to
15-fold higher androgen levels compared with BCE. The formation of 17B-estradiol
(E2) and its glucuronidated and sulfated metabolites was not affected by BCE or

actein after incubation with the estrogen precursor estrone (E1) in either cell line.
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Conclusions: The results of the present study suggest that actein and BCE do not
promote breast cancer cell proliferation or influence estrogen levels. However,
androgen formation was strongly stimulated by BCE and actein, which may
contribute to their ameliorating effects on menopausal symptoms in women. Future
studies monitoring the levels of AD and T upon BCE supplementation of patients are
warranted to verify an association between BCE and endogenous androgen

metabolism.

Keywords: Actaea racemosa L., actein, breast cancer, steroid hormones,

metabolism, SULT2A1.

1. Introduction

Endocrine therapy with antiestrogens has become a promising strategy for the
treatment of estrogen receptor alpha positive (ERo+) breast cancer (Chiba et al.,
2017). Although endocrine therapy is highly effective (Takei et al., 2008), patients
often suffer from considerable side effects, including hot flashes, sleep problems,
mood swings and depressive symptoms, ultimately resulting in a poor quality of life
(Merchant and Stebbing, 2015). A treatment option for these adverse symptoms is
hormone replacement therapy (HRT) with estrogens and/or progestins (Garrido
Oyarzin and Castelo-Branco, 2017). However, HRT may promote the proliferation
of breast cancer cells, and is therefore contraindicated for patients with breast cancer
(Beral, 2003; Hickey et al, 2005). Thus, many patients take plant-derived
alternatives to ameliorate the neurovegetative and psychic symptoms of endocrine

therapy.
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Actaea racemosa L. (former Cimicifuga racemosa L.) is one such plant; more
commonly known as black cohosh, a commercially available North American herb
that is globally used as a natural remedy for alleviating climacteric symptoms
(McKenna et al., 2001). Black cohosh root and rhizome extract (BCE) contains
several triterpene glycoside saponines responsible for its in vivo activity against
menopausal disorders, of which actein is the major constituent (Avula et al., 2009).
However, due to its purported estrogenic activity, there is controversy surrounding
the safety of BCE use in patients with breast cancer. A number of studies have
reported that BCE triggers breast cancer growth (Liu et al., 2001), while others have
documented an inhibitory effect on breast cancer cell proliferation (Einbond et al.,
2004; Crone et al., 2019), possibly via the down-regulation of ERa gene and protein
expression, as was shown in MCF-7 and T-47D cells (Park et al., 2012; Szymd et al.,
2018; Crone et al., 2019). Controversy also exists around the effect of BCE on the
reproductive organs, as demonstrated in animal studies. While various researchers
have demonstrated an increased uterine weight in BCE-treated rodents (Eagon et al.,
1997; Liu et al, 2001), indicating that BCE exhibits ERa-mediated activities,
Freudenstein et al. (2002) reported no changes in the uterine weight of rats following
BCE administration.

However, two large retrospective human studies comprising data from >45,000
women demonstrated no significant correlation between breast cancer development
and BCE administration (Obi et al., 2009; Brasky et al., 2010). Additionally, three
uncontrolled trials investigating the impact of BCE on mammographic density also
did not reveal any promoting effects on breast tissue fibrosis (Raus et al., 2006;
Hirschberg et al., 2007; Lundstrom et al., 2011). Another human study examining

the risk of breast cancer recurrence (Henneicke-von Zepelin et al., 2007) reported a

83



CHAPTER VI

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

84

25% decrease following treatment with BCE. However, it remains unclear whether
this decrease was associated with BCE or biased by the study design, as 35.8% of
patients in the BCE group were simultaneously using the anticancer drug tamoxifen,
compared with only 24.0% in the control group. In human ERa+ MCF-7 and ERo-
MDA-MB-231 breast cancer cells, a synergistic effect has been reported between
BCE and the antiestrogen tamoxifen, indicating that BCE influences steroid hormone
metabolism in breast cancer (Bodinet and Freudenstein, 2002; Einbond et al., 2006;
Al-Akoum et al., 2007).

The proliferation of breast cells is strongly influenced by the levels of steroid
hormones, especially 17p-estradiol (E2) (Folkerd and Dowsett, 2013). These levels
are regulated by several metabolic enzymes that transform inactive steroid precursors
into active hormones or inactivate estrogens via conjugation to their respective
sulfated or glucuronidated metabolites. The effects of BCE on steroid metabolism
may therefore explain the possible stimulatory or inhibitory effects on breast cancer
growth. Indeed; BCE was shown to increase the expression of genes coding for
metabolic enzymes, such as members of the cytochrome-P450 (CYP) and aldo-keto-
reductase (AKR) families (Gaube et al., 2007). Therefore, we investigated for the
first time the potential effect of standardized BCE and actein on steroid metabolism
in human ERo+ MCF-7 and ERa- MDA-MB-231 breast cancer cells, using a
validated liquid chromatography-high resolution mass spectrometry (LC-HRMS)
assay. The results of the present study may improve our understanding of the
molecular effects of BCE on breast cancer cells, and help to assess the safety of BCE

supplements for patients with breast cancer.
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2. Materials and methods

2.1. Chemicals and reagents

Adenosine-3’-phosphate-5’-phosphosulfate lithium salt hydrate (PAPS), acetic
acid, acetonitrile, actein  of  USP reference standard  quality
([(1S,1'R,2S,3'R,4R,4'R,5R,5'R,6'R,10'S,12'S,13'S,16'R, 18'S,21'R)-2-hydroxy-
1,4',6',12',17',17"-hexamethyl-18'-[(2S,3R,4S,5R)-3,4,5-trihydroxyoxan-2-
yl]oxyspiro[3,6-dioxabicyclo[3.1.0]hexane-4,8'-9-
oxahexacyclo[11.9.0.01,21.04,12.05,10.016,21] docosane]-3'-yl] acetate;
supplementary Fig. S1), ammonium acetate, 4-Androstene-3,17-dione (AD),
dehydroepiandrosterone (DHEA), dehydroepiandrosterone-2,2,3,4,4,6-d¢ (DHEA-
de), dehydroepiandrosterone-3-O-sulfate sodium salt (DHEA-S),
dehydroepiandrosterone-3-O-sulfate-2,2,3,4,4,6-d¢  sodium salt (DHEA-S-ds),
dimethylsulfoxide (DMSO), dithiothreitol (DTT), E2, 17pB-estradiol-3-O-(B-D-
glucuronide) sodium salt (E2-G), estriol (16a-hydroxy-17B-estradiol; E3), estrone
(E1), formic acid, powdered BCE (USP reference standard) and testosterone (T)
were obtained from Merck KGaA (Darmstadt, Germany). Estrone-3-O-sulfate
sodium salt (E1-S) and 17B-estradiol-3-O-sulfate sodium salt (E2-S) were purchased
from Steraloids Inc. (Newport, RI, USA); sulfotransferase 2A1 (SULT2AI1) was
procured from tebu-bio GmbH (Offenbach, Germany); 4-Androstene-3,17-dione-
2,2,4,6,6,16,16-d7 (AD-d7), 16a-hydroxy-17p-estradiol-2,4,17-d3 (E3-d3), 17p-
estradiol-2,4,16,16-d4 (E2-d4), 17p-estradiol-16,16,17-d3-3-O-(B-D-glucuronide)
sodium salt (E2-G-d3), 17B-estradiol-2,4,16,16-d4-3-O-sulfate sodium salt (E2-S-dy),
estrone-2,4,16,16-d4 (E1-d4), estrone-2,4,16,16-d4-3-O-sulfate sodium salt (E1-S-ds)

and testosterone-2,2,4,6,6-ds (T-ds) were purchased from C/D/N-Isotopes Inc.
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(Pointe-Claire, Quebec, Canada). Purified water was produced using an arium® pro
ultrapure water system (Sartorius AG, Gottingen, Germany). All standard
compounds were separately dissolved in DMSO and stored at -80°C until further use.
All deuterated standards were diluted with DMSO to their final concentration, and
mixed to obtain a final internal standard master mix composition, which was also

stored at -80°C.

2.2. Quantification of actein in BCE

The actein content of the standardized powdered BCE (USP certified) was
determined using a LaChrom L-7000 high-performance liquid chromatography
system (Merck Hitachi, Darmstadt, Germany), equipped with an ELSD 90
evaporative light scattering detector (VWR International, LLC, Radnor, PA, USA)
for quantification, according to the respective monography of the United States
Pharmacopeia 42 (USP 42, 2019). Separation was carried out using a Phenomenex
Luna® 5 um C18(2) LC column (250 x 4.6 mm [.D.; Phenomenex, Inc., Torrance,
CA, USA), preceded by a Hypersil® BDS-C18 guard column (5 um, 10 x 4.6 mm
I.D.; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 35°C. Solvent A was
0.1% formic acid in water, solvent B was acetonitrile, and the flow rate was set to 1.6
ml/min. Gradient elution was performed using the following settings: 0 min, 20% B;
8 min, 20% B; 15 min, 32% B; 55 min, 64% B; 65 min, 95% B; 70 min, 95% B; and
85 min, 20% B. All samples were dissolved in methanol, sonicated for 1 min, passed
through a 0.22 pum filter and 20 pl of the brownish solution were injected onto the
column. Actein was then quantified using external linear calibration curves obtained
by dissolving purified actein in methanol, resulting in a concentration range of 12.5-

250 pg/ml (average correlation coefficient 0.9999).
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2.3. Cell culture and proliferation studies

MCF-7 (ERat) and MDA-MB-231 (ERa-) human breast cancer cells were
purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). Dulbecco’s Modified Eagle Medium F-12 (DMEM), Dulbecco’s phosphate
buffered saline (DPBS), fetal bovine serum (FBS. ), PenStrep®- and TrypLE®-
solution were purchased from Invitrogen (Thermo Fisher Scientific, Inc.). HyClone®
heat-inactivated charcoal-stripped FBS (U.S. origin) was obtained from GE
Healthcare Life Sciences (Logan, UT, USA). Both cell lines were routinely cultured
at 37°C (95% humidity, 5% CO;) in phenol red-free DMEM containing 1%
PenStrep®-solution and 10% FBS. All experiments were performed with cells in the
exponential growth phase.

For experimentation, the cells were seeded into 6-well-plates at a density of
1.0x10° cells/well. After attachment overnight, the monolayers were washed twice
with DPBS and treated with 2.5 ml DMEM containing 1% PenStrep”“-solution and
10% heat-inactivated charcoal-dextran-treated FBS, in order to prevent any influence
from external hormone sources. DHEA or El (dissolved in DMSO; final
concentration, 0.1%) were then added in triplicate as hormone precursors (0-100
nM), in the presence or absence of either BCE (0-25 pug/ml) or purified actein (0-50
uM).

Following a 48-h incubation period, the supernatants were discarded and the cell
monolayers detached with 400 pl TrypLE®-solution; the number of viable cells was
counted using a Casy® TT cell counter (OLS OMNI Life Science, Bremen,
Germany) and reported as the means + standard deviation (SD) of three independent

experiments.
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Actein stability was investigated by spiking the cell culture media with 1, 5 or 10
uM actein in DMSO (final concentration, 0.1%) and incubation at 37°C for 0, 8, 24
and 48 h. Subsequently, the proteins were precipitated and 100 pl clear supernatant
was analyzed using the same LC protocol as described above for actein. Data are

reported as the means + SD of three independent experiments.

2.4. Steroid biotransformation studies

To investigate the effects of BCE and actein on steroid metabolism in ERa- and
ERa+ breast cancer cells, MCF-7 and MDA-MB-231 cells were cultured as
described in section 0. in the presence or absence of BCE (0-25 pg/ml) or purified
actein (0-10 uM), in addition to the hormone precursors DHEA or E1 (0-100 nM).
All incubations were conducted for 48 h, as the linearity of metabolite formation was
previously confirmed for this time period (Poschner et al, 2018). Following
incubation, cell supernatants (2000 pl aliquots) were mixed with the deuterated
internal standard master-mix (20 pl) and concentrated using Oasis HLB 1 cc SPE
cartridges (30 mg; Waters Corporation, Milford, MA, USA) for solid phase
extraction, as previously described (Poschner ef al., 2017). The number of viable
cells was assessed at the end of each incubation by washing the remaining cells with
DPBS, harvesting by trypsinization (400 pl; 37°C, 5 min) and counting as

aforementioned.

2.5. Steroid quantification using LC-HRMS

Quantification of the 10 predominant estrogens, their precursors and conjugated
metabolites (namely AD, DHEA, DHEA-S, E1, EI-S, E2, E2-S, E2-G, E3 and T)
was achieved by applying a sensitive and validated LC-HRMS assay [ICH Q2(R1)

guidelines] as described previously (Poschner ef al., 2017). To ensure reliable
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quantification results, three independent sets of quality control samples [(containing
each analyte at 6-, 60- and 600-fold the respective lower limits of quantification
(LLOQs)] were quantified with each batch in triplicate. The LLOQs (signal to noise
ratio >9) for the investigated compounds were as follows: AD, 74.9 pg/ml; DHEA,
1904.0 pg/ml; DHEA-S, 8.0 pg/ml; El, 19.0 pg/ml; E1-S, 4.0 pg/ml; E2, 140.9

pg/ml; E2-G, 12.0 pg/ml; E2-S, 3.4 pg/ml; E3, 28.4 pg/ml and T, 54.1 pg/ml.

2.6. SULT2A1 enzyme inhibition assay

As the formation of DHEA-S, but not of E1-S or E2-S, was inhibited by BCE and
actein administration, their effects on SULT2A1, the primary enzyme responsible for
the sulfation of DHEA, were investigated. Recombinant human SULT2A1 (2.4
png/ml) was incubated at 37°C in KH,PO4+/K,;HPO4 buffer (50 mM, pH = 6.5) in the
presence of DTT (1 mM), EDTA (0.1 mM) and PAPS (50 uM) with increasing
concentrations of DHEA as the substrate (0-100 nM), and BCE (0-25 pg/ml) or
actein (0-25 uM) as the inhibitors. Buffer-only samples were used as controls, and all
reactions were performed in triplicate. Before initiation of the reaction, the enzyme
was pre-incubated with DTT/PAPS and BCE or actein for 5 min at 37°C. After the
addition of DHEA, the vials were incubated for a further 15 min, and the reactions
were then terminated using ice-cold methanol (-20°C), followed by centrifugation
(14,000 x g, 5 min). The clear supernatants were subsequently analyzed for DHEA-S

using the same LC-HRMS assay as described above.

2.7. Kinetic analyses and statistics

The kinetic parameters for the biotransformation of steroids in the presence or
absence of BCE or actein were calculated for both cell lines using the GraphPad

Prism 6.0 software package (GraphPad Software Inc., La Jolla, CA, USA). All
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kinetics best fitted the Michaelis-Menten model V = V. X [S]/ (Kp, + [S]), where V
is the rate of the reaction, V. is the maximum reaction velocity, [S] is the initial
substrate concentration and K, is the Michaelis constant. After fitting the kinetic
model, the mode of inhibition was determined from a Lineweaver-Burk plot, and the
corresponding inhibition constant (K; value) was calculated from a Dixon plot using
the same software package. The same kinetic analyses were also performed for the
SULT2AL inhibition assay.

All data were statistically analyzed using GraphPad Prism 6.0, and - if not
otherwise stated, reported as the means + SD of three independent experiments. One-
way ANOVA followed by Tukey’s post-test was then applied to compare the
differences between the controls and treatment samples, with a statistical significance

threshold of P<0.05.

3. Results

3.1. Effects of BCE and actein on ERo+ and ERa- breast cancer cell proliferation

To investigate the influence of BCE on the proliferation of human breast cancer
cells, MCF-7 (ERa+) and MDA-MB-231 (ERa-) cells were treated with increasing
concentrations of BCE (0-25 pg/ml) in the absence of any steroid precursor. As
shown in Fig. 1A, a minor, yet statistically significant inhibition of cell proliferation
was observed in MDA-MB-231 (19.6 £+ 2.2%) and MCF-7 cells (25.5 + 9.9%.) as a
result of BCE administration.

In the presence of 100 nM El (Fig. 1B), the proliferation of MCF-7 cells was
increased by 67.7 £ 3.0% compared with that in the absence of E1; MDA-MB-231
samples were almost unaffected by El1 (-1.8 £ 5.6%), consequently confirming the

hormone-dependency of MCF-7 cells in contrast to MDA-MB-231 cells. Upon
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subsequent treatment with BCE (up to 25 pg/ml), a dose-dependent inhibition of
cancer cell proliferation was again observed; however, the inhibitory effect was less
pronounced, with maximum inhibition rates of 15.5 + 1.8 and 20.9 £+ 2.0% in MDA-
MB-231 and MCF-7 cells, respectively. The addition of 100 nM DHEA revealed no
significant differences in the proliferation of either cell line, compared with the
hormone-free controls (data not shown).

Subsequently, the same experimental setup was repeated with purified actein,
which has been reported as the most potent constituent of BCE to inhibit breast
cancer cell proliferation (Einbond et al., 2004). Prior to incubation, the concentration
of actein in the investigated USP-certified BCE was quantified, and determined to be
0.51%. We also demonstrated that actein (1, 5 and 10 pM) was stable in DMEM/F-
12 cell culture medium for up to 48 h at 37°C (in the absence of cells), as no changes
in actein concentration were detected at the sampling time-points (0, 8, 24 and 48 h).

Incubation of MCF-7 and MDA-MB-231 cells with increasing concentrations of
actein (0-50 uM) for 48 h [in the presence or absence of E1 or DHEA (100 nM)]
revealed stronger inhibition of breast cancer proliferation compared with BCE in all
experimental conditions. In the absence of steroids (Fig. 1C), actein inhibited the
proliferation of MCF-7 and MDA-MB-231 cells by 34.3 £ 2.4 and 30.1 £+ 6.8%,
respectively. As a steroid precursor, the addition of El to the cell culture medium
once again stimulated the proliferation of MCF-7 cells in the absence of actein;
however, the inhibitory potency of actein remained unchanged in both cell lines. The
reduction in proliferation rates was comparable to the hormone-deprived setting, with
a reduction of 36.9 = 4.5% in MCF-7 and 27.9 + 8.0% in MDA-MB-231 cells (Fig.
1D). Again, the addition of DHEA did not alter the inhibitory effect of actein

compared with the hormone-deprived controls (data not shown).
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3.2. Impact of BCE on steroid metabolism in ERo+ and ERa- breast cancer cells

In addition to the proliferation studies, we further investigated the effect of BCE
on the metabolism of estrogens in MCF-7 and MDA-MB-231 cells (Fig. 2A). After
48 h, MCF-7 cells were shown to extensively metabolize E1 (100 nM) to E2 (275.8 +
2.5 fmol/10° cells/h) in the presence of BCE (25 pg/ml), followed by the sulfated or
glucuronidated metabolites E1-S (16.2 + 0.3 fmol/10° cells/h), E2-S (11.8 + 0.3
fmol/10° cells/h) and E2-G (3.36 + 0.64 fmol/10° cells/h). E3 was only a very modest
biotransformation product (0.59 + 0.04 fmol/10° cells/h). Similarly, MDA-MB-231
cells predominantly formed E2 (250.8 + 8.5 fmol/10° cells/h), but in contrast to
MCF-7 cells, formed E1-S (0.48 + 0.02 fmol/10° cells/h), E2-S (0.10 + 0.01 fmol/10°
cells/h) and E2-G (0.20 + 0.02 fmol/10° cells/h) to a much lower extent. The
presence of E3 in the supernatant was below the detection limit in all MDA-MB-231
samples (Fig. 2B). The total molar proportions of these detected biotransformation
products amounted to 99.5 and 97.1% of all metabolites in MCF-7 and MDA-MB-
231 cells, respectively, concluding that no other major metabolic pathways were
active in these cell lines upon incubation with El. Interestingly, there were no
observable differences in the formation rates of estrogenic steroids between the
controls (DMSO) and BCE-treated cells, indicating that BCE does not influence
estrogen metabolism.

In order to investigate a possible influence on the biotransformation of
androgens, both cell lines were subsequently incubated with DHEA (100 nM) and
BCE (25 pg/ml) (Fig. 2C and 2D). MCF-7 cells exhibited high sulfation capacity
(DHEA-S: 663.0 =+ 18.3 fmol/10°  cells/h),  while  the  3p-
hydroxysteroiddehydrogenase (3BHSD)- and 17p-hydroxysteroiddehydrogenase

(17B-HSD)-mediated conversions to AD and T were significantly less pronounced
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(AD: 117.2 + 11.0 fmol/10° cells/h; T: 9.08 + 0.44 fmol/10° cells/h). By contrast, the
formation of DHEA-S in MDA-MB-231 cells was almost negligible (0.83 £+ 0.15
fmol/10° cells/h), while the formation of AD (860.9 + 47.8 fmol/10° cells/h) and T
(59.5 + 1.5 fmol/10° cells/h) was several fold higher, compared with that in MCF-7
cells. These three quantified metabolites also amounted to almost all of the
biotransformation products in both cell lines (MCF-7: 99.8%; MDA-MB-231:
97.9%).

Compared with the untreated controls, BCE (25 pg/ml) inhibited DHEA sulfation
by 20.9% in MCF-7 cells, with a concomitant increase in AD and T of 52.0 and
58.1%, respectively, indicating a strong effect of BCE on DHEA metabolism. By
contrast, no differences were observed in the formation rates of androgens between
the control- (DMSO) and BCE-treated MDA-MB-231 cells. Detailed values

determined over a concentration range of 0-25 pg/ml BCE are presented in Table 1.

3.3. Impact of actein on steroid metabolism in MCF-7 breast cancer cells

As no significant changes were observed in the metabolomics profile of MDA-
MB-231 cells following treatment with BCE, all further experiments investigating
the impact of purified actein on steroids metabolism were performed using MCF-7
cells only. Cells were incubated in the presence of E1 (0-100 nM) with increasing
concentrations of actein (0-10 uM) for 48 h; however, as already observed for BCE
(see section 3.2.), purified actein did not affect the levels of E2, E1-S, E2-S, E2-G or
E3 in MCF-7 cells (data not shown).

By contrast, when the cells were exposed to DHEA (100 nM) as a precursor
steroid, the presence of actein (0-10 uM) strongly inhibited DHEA sulfation from its

precursor state. Even the lowest concentration of actein (0.5 pM) reduced the
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formation of DHEA-S by 45.2% (from 827.4 + 75.5 to 453.8 + 52.2 fmol/10°
cells/h), whereas 10 puM actein caused almost complete inhibition of this
biotransformation step (a 94.6% reduction), resulting in a formation rate of only 44.9
+ 6.1 fmol/10° cells/h (Fig. 3). Subsequent kinetic analyses over a concentration
range of 0-100 nM DHEA revealed that the inhibition of DHEA sulfation best fitted
to the Michaelis-Menten model. As the K,, values were largely unaffected, and all
Vmax values decreased in a dose-dependent manner with increasing concentrations of
actein (Table 2), a non-competitive inhibition mode was assumed, and further
confirmed by the Lineweaver-Burk plot. The inhibition constant was calculated from
the Dixon plot and determined to be K; = 0.58 + 0.02 uM.

Incubation of MCF-7 cells with 100 nM DHEA and 0.5 uM actein also induced
AD formation by 101.2% (from 66.5 + 4.0 to 133.8 + 15.7 fmol/10° cells/h) and T
formation by 50.2% (from 4.60 + 0.44 to 6.91 + 1.08 fmol/10° cells/h). Strikingly, an
increase in actein concentration (up to 10 uM) increased the levels of AD and T by
727.1 (550.0 + 22.6 fmol/10° cells/h) and 651.5% (34.6 + 1.0 fmol/10° cells/h),
respectively (Fig. 4). Michalis-Menten kinetics were again determined as the best-
fitting model for the formation of AD and T over a concentration range of 0-100 nM
DHEA, with concentration-dependent increases in Vy,.x values, while the K, values

remained largely unaffected (Table 2).

3.4. Inhibition of SULT2A1 by BCE and actein

As the sulfotransferase SULT2AL is the only enzyme expressed in MCF-7 cells
to catalyze the conversion of DHEA to DHEA-S (Falany et al., 1989; Mueller et al.,
2015; Licznerska et al., 2017), we hypothesized that actein, and therefore also BCE,

may inhibit the activity of this isoenzyme. To study this approach, recombinant
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human SULT2A1 was incubated with increasing concentrations of BCE (0-25
png/ml) or actein (0-25 uM) in the presence of 25 nM DHEA (Fig. 5). After 15 min at
37°C, BCE reduced the formation of DHEA-S by up to 26.5% (from 8.1 + 1.2 to 6.0
+ 0.9 pmol/min/mg protein). Purified actein inhibited the sulfation of DHEA to an
even greater extent: While the lowest actein concentrations tested (1.0 and 2.5 uM)
reduced the formation of DHEA-S by 9.2 and 14.7%, respectively, an increase in
actein to 25 uM led to a further inhibition of SULT2AT1, with a maximum reduction
rate of 64.3% (from 8.1 £ 0.9 to 2.9 + 0.1 pmol/min/mg protein). Subsequently, the
K values for these reactions were determined over a concentration range up to 100
nM DHEA, and calculated from the corresponding Dixon plots (Fig. 5B and 5D) as
67.7 £ 1.5 pg/ml for BCE and 14.0 + 0.2 uM for actein. Furthermore, Lineweaver-
Burk plots clearly indicated a non-competitive inhibition mode, where each inhibitor
and DHEA form an enzyme-substrate-inhibitor complex at any given time. The
inhibition of SULT1A1 (catalyzing the sulfation of E1 and E2) by BCE (25 pg/ml)
or actein (10 uM) can be excluded, as E1-S and E2-S levels were not affected in the

cell experiments.

4. Discussion

BCE is an herbal supplement often used for the treatment of menopausal
disorders. As antiestrogenic therapies, such as tamoxifen, cause adverse side-effects
such as hot flashes and sweating, thus BCE is often taken by breast cancer patients to
relieve these complaints. However, the use of BCE by breast cancer patients is
controversial, as a number of studies have proposed that it may promote tumor
progression. Our investigation of BCE in human breast cancer cell lines revealed a

moderate, concentration-dependent inhibition of cancer cell proliferation from BCE
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(0-25 pg/ml), with maximum reduction rates of roughly 26 and 20% in ERa+ MCF-7
and ERo- MDA-MB-231 cells, respectively. Purified actein, the major active
triterpene glycoside component of BCE, exerted an even more pronounced growth
inhibition in both cells lines (34 and 30%, respectively), also indicating estrogen-
independent effects on cellular proliferation. These findings are in line with previous
data, also reporting BCE induced inhibition of MCF-7, MDA-MB-453 and T-47D
breast cancer cell proliferation (Einbond et al., 2004; Crone et al., 2019),.

Next, we investigated whether BCE or actein might affect the biotransformation
of estrogens to their respective unconjugated and conjugated metabolites in MCF-7
and MDA-MB-231 cells. After incubating both cell lines with BCE and actein in the
presence of El, no change in the formation of E2, E3, E1-S, E2-S or E2-G was
revealed, compared with the untreated controls. Interestingly, formation of the main
metabolite E2 did not differ between MCF-7 and MDA-MB-231 cells, supporting
ERa-independent biotransformation. The five quantified biotransformation products
accounted for 97.6 and 99.2% of all metabolites formed upon E1 treatment in both
cell lines, suggesting that BCE does not affect estrogen metabolism in these breast
cancer cells. These in vitro findings are in line with data from a double-blind,
placebo-controlled study by Wuttke et al. (2006), who also reported no change in the
total serum E2 levels of 62 postmenopausal women receiving a daily dose of 5 mg
BCE for 12 weeks. Similarly, Reed et al. (2008) determined the total E2
concentrations in serum samples of 133 postmenopausal women after 12 months of
treatment with BCE, which also revealed no significant changes in E2 levels.
However, the concentrations of other steroid hormones and metabolites were not

investigated in these studies.
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Therefore in the present study, we also assessed the formation of DHEA-S and
the androgens AD and T in MDA-MB-231 and MCF-7 cells; this was conducted in
the presence and absence of BCE and actein, following incubation with the androgen
precursor DHEA. While BCE and actein did not significantly alter the metabolic
profile of MDA-MB-231 cells, DHEA sulfation was significantly inhibited in MCF-7
cells by up to 20.9%, with a concomitant increase in the unconjugated androgens AD
(+52.0%) and T (+58.1%) (Fig. 6). This effect was even more pronounced when
purified actein was used as inhibitor, resulting in almost complete inhibition of
DHEA-S formation (up to 94.6%), with a corresponding sub-micromolar K; value of
0.58 = 0.02 uM. Concurrently, AD and T levels were strongly increased by 722 and
652%, respectively. As aromatase (CYP19A1) is not expressed in either cell line
(Zhou et al., 1993), further conversion of AD and T to the estrogens El1 and E2,
respectively, could not be observed. In contrast, aromatase is expressed in adipocytes
adjacent to ERo+ breast tumors in vivo, so that patients diagnosed with hormone-
dependent breast cancer may exhibit an increased androgen-to-estrogen conversion
rate following treatment with BCE. However, this is highly unlikely, as data from
two large studies including over 10,000 and 35,000 women, respectively, did not
confirm any estrogenic effects of BCE supplements in vivo. Indeed; both studies
even reported a protective effect of BCE against invasive breast cancer (Obi et al.,
2009; Brasky et al., 2010).

The increased levels of unconjugated AD and T observed in the present study
may explain - at least partly - the effect of BCE (6.5 mg/day for 12 weeks) on hot
flashes in 122 menopausal women suffering from moderate to severe menopausal
disorders (Frei-Kleiner et al. (2005), as elevated T levels have been proven to

alleviate vasomotor symptoms such as hot flashes (Qverlie et al., 2002). Continuous
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treatment of 300 pre- and postmenopausal women with a subcutaneous T implant
(75-160 mg total dosage, based on patients’ weight) over three months resulted in the
effective and dose-dependent relief of hot flashes and sweating (Glaser et al., 2011).
Moreover, Bai et al., 2007 documented that the intake of BCE (5 mg daily, over 12
weeks) by 244 menopausal Chinese women (age, 40-60) reduced climacteric
symptoms such as hot flashes comparative to oral supplementation with the synthetic
steroid hormone tibolone (2.5 mg/day).

To elucidate the mechanism responsible for the BCE- and actein-associated
increased AD and T formation, inhibition of SULT2AI1, the sulfotransferase
responsible for the sulfation of DHEA in MCF-7 cells (Falany et al., 1989; Mueller
et al., 2015; Licznerska et al., 2017), was further investigated. Indeed, the presence
of BCE resulted in a moderate, concentration-dependent inhibition of DHEA
sulfation of up to 30.6%, while actein exerted more pronounced inhibition of up to
61.6% (Fig. 5). The low overall triterpene glycoside content in BCE (approximately
2.5%) may explain this discrepancy between BCE and purified actein.

After daily peroral dietary intake of BCE, actein and other BCE triterpene
glycosides should accumulate in human breast tissue in concentrations high enough
to inhibit DHEA sulfation. In vitro investigations by Disch et al. (2017) showed that
actein, the main constituent of BCE, easily permeates through Caco-2 monolayers,
suggesting high bioavailability in vivo. Indeed; the same authors demonstrated that
actein was absorbed in the duodenum, jejunum, ileum and colon of rats, which is in
line with earlier animal studies also describing high systemic levels following oral
administration in rats (Einbond et al., 2009; Gai et al., 2012) and Beagle dogs (Wang
et al., 2012). To verify the interaction between BC extract and endogenous androgen

metabolism, future in vivo studies in females, monitoring the levels of actein as well
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as conjugated and unconjugated steroids (DHEA-S, DHEA, AD and T) following BC

extract supplementation, are therefore highly warranted.

5. Conclusions

The results of the present study demonstrate that BCE and actein inhibit the
proliferation of ERa+ MCF-7 and ERa- MDA-MB-231 human breast cancer cells.
While BCE and actein do not alter the formation of estrogens in either cell line upon
incubation with the hormone precursor El, treatment of MCF-7 cells with BCE and
actein inhibited the formation of DHEA-S via SULT2A1 at sub-micromolar
concentrations, thereby increasing the levels of the androgens AD and T by up to 7-
fold. This increase in androgen levels might contribute to the improvement of

menopausal symptoms.
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Figure legends

Fig. 1. Impact of black cohosh extract (BCE) and actein on ERa+ and ERa-
breast cancer cell proliferation. MCF-7 (ERo+) and MDA-MB-231 (ERa-) breast
cancer cells were treated for 48 h with increasing concentrations of BCE (0-25
png/ml) in the (A) absence and (B) presence of estrone (E1, 100 nM) as a hormone
precursor. Furthermore, cells were treated with increasing concentrations of actein
(0-50 uM) in the (C) absence and (D) presence of E1 (100 nM) for 48 h. All data
represent the means + SD of three independent experiments. *P<0.05 vs. untreated

control samples.

Fig. 2. Patterns of steroid biotransformation rates in MCF-7 and MDA-MB-231
cells in the presence and absence of black cohosh extract (BCE). (A) MCF-7 and
(B) MDA-MB-231 cells were incubated with 100 nM estrone (E1) for 48 h in the
absence and presence of 25 pg/ml BCE. (C) MCF-7 and (D) MDA-MB-231 cells
were incubated with 100 nM dehydroepiandrosterone (DHEA) for 48 h in the
presence and absence of 25 pg/ml BCE. All data represent the means + SD of three
independent experiments. *P<0.05. E1-S, estrone-3-O-sulfate; E2, 17B-estradiol; E2-
S, 17B-estradiol-3-O-sulfate; E2-G, 17B-estradiol-3-O-(B-D-glucuronide); E3, estriol;

DHEA-S, DHEA-3-O-sulfate.

Fig. 3. Inhibition of dehydroepiandrosterone (DHEA) sulfation in MCF-7 cells
following actein administration. (A) MCF-7 cells were incubated with 100 nM
DHEA as a hormone precursor, in the absence or presence of 0-10 uM actein for 48
h, and the formation of dehydroepiandrosterone-3-O-sulfate (DHEA-S) was
determined. Subsequently, the kinetics of DHEA sulfation were calculated following

incubation with DHEA (0-100 nM) and actein (0-10 pM) for 48 h. Data are
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presented as (B) Lineweaver-Burk and (C) Dixon plots. All data represent the means

+ SD of three independent experiments. *P<0.05 vs. untreated control samples.

Fig. 4. Increased androgen levels in MCF-7 cells in the presence of actein. MCF-
7 cells were incubated with 100 nM dehydroepiandrosterone (DHEA) as a hormone
precursor, in the absence or presence of 0-10 uM actein for 48 h, and the formation
rates of (A) 4-androstene-3,17-dione (AD) and (B) testosterone (T) were
subsequently determined. Formation kinetics for (C) AD and (D) T were calculated
after incubating the cells with DHEA (0-100 nM) and actein (0-10 uM), and are
reported as Lineweaver-Burk plots. All data represent the means £ SD of three

independent experiments. *P<0.05 vs. untreated control samples.

Fig. 5. Inhibition of recombinant human sulfotransferase 2A1 (SULT2A1) by
black cohosh extract (BCE) and actein. Recombinant SULT2A1 (2.4 pg/ml) was
incubated at 37°C with increasing concentrations of dehydroepiandrosterone
(DHEA) as a substrate (0-100 nM) and (A-B) BCE (0-25 pg/ml) or (C-D) actein (0-
25 puM) as inhibitors for 15 min. Data are shown as concentration-dependent
inhibition curves and the corresponding Dixon plots. All data represent the means +

SD of three independent experiments.

Fig. 6. Interaction between black cohosh extract (BCE) and the metabolism of
steroid hormones in MCF-7 breast cancer cells. BCE inhibits the formation of
dehydroepiandrosterone-3-O-sulfate  (DHEA-S) via  sulfotransferase = 2Al
(SULT2AI) in a dose-dependent manner, thereby increasing the concentrations of
the unconjugated androgens 4-androstene-3,17-dione (AD) and testosterone (T).
DHEA, dehydroepiandrosterone; El, estrone; EI-S, estrone-3-O-sulfate; E2, 17f-
estradiol;  E2-S,  17B-estradiol-3-O-sulfate; E2-G, 17pB-estradiol-3-O-(B-D-

glucuronide); E3, estriol.
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Abstract: High-grade serous ovarian cancer (HGSOC) is currently treated with cytoreductive surgery
and platinum-based chemotherapy. The majority of patients show a primary response; however, many
rapidly develop drug resistance. Antiestrogens have been studied as low toxic treatment options
for HGSOC, with higher response rates in platinum-sensitive cases. Mechanisms for this difference
in response remain unknown. Therefore, the present study investigated the impact of platinum
resistance on steroid metabolism in six established HGSOC cell lines sensitive and resistant against
carboplatin using a high-resolution mass spectrometry assay to simultaneously quantify the ten main
steroids of the estrogenic metabolic pathway. An up to 60-fold higher formation of steroid hormones
and their sulfated or glucuronidated metabolites was observed in carboplatin-sensitive cells, which
was reversible by treatment with interleukin-6 (IL-6). Conversely, treatment of carboplatin-resistant
cells expressing high levels of endogenous IL-6 with the monoclonal anti-IL-6R antibody tocilizumab
changed their status to “platinum-sensitive”, exhibiting a decreased ICsq value for carboplatin,
decreased growth, and significantly higher estrogen metabolism. Analysis of these metabolic
differences could help to detect platinum resistance in HGSOC patients earlier, thereby allowing more
efficient interventions.

Keywords: high-grade serous ovarian cancer; steroid hormones; metabolomics; LC-HRMS;
carboplatin resistance; interleukin-6
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1. Introduction

Epithelial ovarian cancer (EOC), the most lethal type of gynecological cancer, is the fourth leading
cause of cancer-associated mortality among women in the USA and Europe [1,2]. Although the total
incidence in 2018 was relatively low with 300,000 new cases worldwide, its fatality rate is high, as the
number of deaths was almost 200,000 in the same year [3]. The most frequent form of EOC, accounting
for almost 75% of all cases, is high-grade serous ovarian cancer (HGSOC), an aggressive subtype that
shows only a 30% to 40% five-year survival rate for all patients [4-6].

Cytoreductive debulking surgery and platinum-based chemotherapy is the standard for HGSOC
treatment [7,8]. However, although most patients demonstrate a good primary response, the majority
(80% to 90%) relapses and develops drug resistance within one year [9]. Novel therapeutic approaches
with targeted therapeutics, including poly(ADP-ribose)-polymerase 1 (PARP) and vascular endothelial
growth factor (VEGF) inhibitors can increase cytotoxic activity and apoptosis in platinum-resistant
HGSOC when given in combination with cisplatin or carboplatin [10]. However, not all HGSOC
patients are sensitive to PARP and VEGEF inhibitors [11]. Moreover, the majority of patients are likely
to develop drug resistance against these targeted therapies [12]. Therefore, women diagnosed with
recurrent platinum-resistant HGSOC have a poor survival rate, often fewer than 12 months [13].
Improving the therapeutic outcome by preventing drug resistance as long as possible requires the
use of alternative treatment strategies. Preclinical studies have shown that estrogens can promote
the proliferation of ovarian cancer cells lines and fuel tumor growth in mouse xenograft models [14],
which is partly blocked by antiestrogens. Therefore, the use of endocrine disrupting agents in HGSOC
could be promising [15]. Indeed, treatment of women with recurrent HGSOC using the antiestrogen
tamoxifen or the aromatase inhibitor letrozole resulted in response rates between 10% and 15% and
disease stabilization rates of 30% to 40% [16].

Clinical studies have demonstrated that the overall response rate of an endocrine therapy is
significantly higher in platinum-sensitive cases as compared with platinum-resistant HGSOC patients
(55% vs. 40%) [17], independent of the estrogen receptor alpha (ER«x) status of the tumor [18].
Mechanisms for these different response rates of antiestrogens against platinum-sensitive and -resistant
HGSOC cells remain unknown. In vitro data reported by Ren et al. [19] indicate altered cellular steroid
metabolism, as estrone (E1) is differentially metabolized in normal human ovarian surface epithelium
as compared with epithelial ovarian cancer cells SKOV-3 and PEO-1, with higher sulfation rates of
E1 and 173-estradiol (E2) in the noncancerous ovarian surface epithelium cells. Recent studies have
also demonstrated that HGSOC cells should be able to inactivate estrogens, as sulfotransferase 1E1
(SULT1E1), a key enzyme responsible for the sulfation of E1, E2, and dehydroepiandrosterone (DHEA),
was detected in tumor sections from 137 HGSOC patients by immunohistochemical staining. Notably,
multivariate Cox regression analysis revealed that SULT1E1 abundance is a significant predictor for
overall survival, as sulfated metabolites exhibit no or only minimal estrogenic activity [20].

How estrogens are metabolized in HGSOC cells and whether platinum resistance affects the
formation rates of biotransformation products, particularly that of the most potent estrogen E2, remains
unknown. Therefore, the present study simultaneously quantified for the first time the metabolism of
the ten major steroids of the estrogenic pathway in HGSOC cell lines sensitive and resistant against
carboplatin. Using a validated liquid chromatography high-resolution mass spectrometry (LC-HRMS)
assay [21], we were able to selectively determine the levels of precursor steroids, active estrogens, and
sulfated or glucuronidated conjugates, which should then be correlated with the platinum sensitivity of
the respective cell lines. Furthermore, we screened all six cell lines for endogenous interleukin-6 (IL-6)
formation, as IL-6 treatment of A2780 ovarian cancer cells was shown to induce platinum resistance [22].
IL-6 was also described as a marker for platinum resistance in 32 EOC patients [23,24], and elevated
levels of IL-6 in the serum and ascites of ovarian cancer patients at the time of diagnosis correlated
with a poor initial response to chemotherapy and poor prognosis [25]. Such comprehensive analysis
holds promise for a better understanding of drug-resistance mechanisms in HGSOC, which could
allow earlier and more efficient interventions for this lethal cancer subtype.

113



CHAPTER VII

Cancers 2020, 12,279 3o0f21

2. Results

2.1. Characterization of the Investigated HGSOC Cell Lines

As criteria for HGSOC, all six investigated cell lines produce high levels of p53 and PAX8 and carry
a mutation in TP53. The 13914 _1 cell line has an additional mutation in BRCA1, the OVSAHO cells in
BRCA2, and the Kuramochi cells in BRCA2 and KRAS. EGFR/ERBB2 was strongly expressed in all cell
lines. A moderate/high expression of ESR1 and AR was only seen in 13699 cells and in Kuramochi cells,
whereas a moderate expression of ESRRG was found in 13363 and Kuramochi cells. Expression of ESR2
and PGR was low in all six investigated cell lines. All relevant mutations and gene expressions are given
in detail in Tables S1 and S2. To classify all cell lines as “platinum-sensitive” or “platinum-resistant”,
their respective ICs, values against carboplatin were determined over a concentration range of 0-50 uM
for 72 h. As shown in Figure 1, 13363 and 13699 cells were highly sensitive to carboplatin with ICsg
values of 2.8 + 0.4 and 3.4 + 0.3 uM, respectively. 13914_1, 15233, Kuramochi, and OVSAHO cells
demonstrated three to five times higher ICs( values (11.8 + 2.6, 14.9 +2.8,12.0 + 1.9, and 9.4 + 2.0 uM,
respectively), and therefore were classified as “platinum-resistant”.

*

20.0 4

5.0 -

carboplatin IC 5o [uM]
s
o

0.0 -

o> o2 A ] 0 \)‘0
CE Lo o% P
N N 2 i\ @@«\ o

| M sensitive [ resistant |

Figure 1. Sensitivity of all investigated high-grade serous ovarian cancer (HGSOC) cell lines in response
to carboplatin. Cells were incubated in the presence of increasing carboplatin concentrations (0 to
50 M) for 72 h and the remaining viable cells were determined using a CASY® TT cell counter. Green
color indicates sensitivity and red color indicates resistance against carboplatin to the respective cell
line. All data are presented as the means + SD of three independent experiments. * p < 0.05.

2.2. DHEA Metabolism by Platinum-Sensitive and -Resistant HGSOC Cells

To investigate the biotransformation of steroids in relation to platinum resistance, all six cell lines
were incubated with DHEA (500 nM) and the formation of the nine major human metabolites, namely
dehydroepiandrosterone-3-sulfate (DHEA-S); 4-androstene-3,17-dione (AD); testosterone (T); E1, E2,
estriol (E3; 16c-hydroxy-173-estradiol); estrone-3-sulfate (E1-S); 173-estradiol- 3-sulfate (E2-S); and
173-estradiol-3-O-(3-p-glucuronide) (E2-G) was quantified using a previously validated LC-HRMS
assay [21]. Control samples containing dimethylsulfoxide (DMSO) only were also performed to
ensure that there was no endogenous steroid formation. After adding 500 nM DHEA, the three
biotransformation products DHEA-S, AD, and T could be quantified in addition to parent DHEA in the
cellular supernatants (Figure 2). Other biotransformation products could not be detected, indicating
no aromatase (CYP19A1) activity. Indeed, CYP19A1 expression was near the lower limit of detection
(LLOQ) in all six cell lines (Section 4.3).
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Kinetic profiles of dehydroepiandrosterone (DHEA) metabolite formation in

platinum-sensitive and -resistant HGSOC cells. The kinetics of (A-B) DHEA sulfation, (C-D) AD
formation, and (E-F) T formation were calculated following the incubation of all HGSOC cell lines
with 0 to 2000 nM DHEA as a hormone precursor for 48 h. Data are displayed as Michaelis-Menten
and Lineweaver—Burk plots and represent the means + SD of three independent experiments. Green
curves indicate sensitivity and red curves indicate resistance against carboplatin to the investigated
HGSOC cell lines. Differences were statistically significant between these two groups (p < 0.05).

As the levels of metabolites are strongly dependent on incubation time, the number of viable
cells and the used steroid precursor concentrations, we decided to show the formation rates
(in fmol/10° cells/h) and not absolute concentrations to better allow a comparison between the two
carboplatin-sensitive and four carboplatin-resistant HGSOC cell lines. In the platinum-sensitive cell
lines 13363 and 13699, sulfation of DHEA to inactive DHEA-S was clearly the favored metabolic pathway,
with formation rates of 2583.1 + 306.9 and 1958.5 + 184.2 fmol/10° cells/h, respectively. In addition,
approximately 20% of DHEA was oxidized to AD via 33-hydroxysteroid-dehydrogenase (33-HSD)
activity (13363: 697.2 + 96.5; 13699: 541.9 + 77.3 fmol/10° cells/h), which was then further converted to
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T by the action of 173-hydroxysteroid-dehydrogenase (173-HSD); however, to a significantly lower
extent of only approximately 5% (13363: 38.5 + 4.5 and 13699: 21.8 + 2.6 fmol/10° cells/h).

In the platinum-resistant cell lines 13914 _1, 15233, Kuramochi, and OVSAHO, the formation rates
of DHEA-S, AD, and T were notably lower (maximum 20%) as compared with the platinum-sensitive
cells. The formation of DHEA-S was significantly less pronounced (13914_1: 444.2 + 31.5, 15233:
199.5 + 9.9, Kuramochi: 32.1 + 5.3, and OVSAHO: 165.5 + 15.5 fmol/10° cells/h) and in the same range
as the formation of AD (13914_1: 100.2 + 11.6, 15233: 127.9 + 13.5, Kuramochi: 72.8.1 + 5.6, and
OVSAHO: 76.6 + 1.4 fmol/10° cells/h). Formation of T was negligible in 15233 cells (7.7 + 0.4 fmol/
100 cells/h), Kuramochi cells (2.1 + 0.2 fmol/106 cells/h), and OVSAHO cells (2.6 + 0.2 fmol/100 cells/h),
and undetectable in the 13914_1 cell line.

2.3. E1 Metabolism by Platinum-Sensitive and -Resistant HGSOC Cells

To determine estrogen biotransformation, all six cell lines were also incubated with 500 nM El as a
precursor steroid. Control samples (DMSO) again demonstrated no endogenous estrogen metabolites.

As presented in Figure 3, E2 was the predominant steroid in all HGSOC cell lines, with
higher formation rates (3545.6 + 162.7 and 3374.1 + 200.2 fmol/10° cells/h) in the platinum-sensitive
13363 and 13699 cells. In the four platinum-resistant cell lines, formation rates were markedly
lower (13914_1: 2506.9 + 149.3, 15233: 2180.8 + 143.5, Kuramochi: 2030.0 + 13.3, and OVSAHO:
1997.1 + 126.5 fmol/10° cells/h). Both E1 and E2 were further conjugated to inactive E1-S and E2-S,
and to a minor extent to E2-G, while the CYP3A4-mediated hydroxylation of E2 to E3 could not be
quantified in any of the cell lines, due to marginal expression levels of this enzyme (Section 4.3).
Again, the formation rates differed markedly between platinum-sensitive and -resistant HGSOC
cells. While conjugation of E1 to E1-S amounted to 1381.4 + 97.2 and 1199.3 + 53.4 fmol/10° cells/h
in the 13363 and 13699 cells, respectively, the E1-S formation rates were up to eight-fold lower in
the resistant cell lines (13914_1: 179.4 + 12.0, 15233: 263.6 + 16.4, Kuramochi: 286.7 + 46.9, and
OVSAHO: 250.3 + 19.0 fmol/10° cells/h). Additionally, the formation of E2-S was up to 18-fold higher
in the platinum-sensitive HGSOC cells (13363: 108.2 + 8.7 and 13699: 212.3 + 21.7 fmol/10° cells/h) as
compared with the platinum-resistant HGSOC cells (13914_1: 11.7 + 1.5, 15233: 20.3 + 1.4, Kuramochi:
22.8 + 2.2, and OVSAHO: 38.9 + 1.9 fmol/10° cells/h). Glucuronidation of E2 to E2-G was only a minor
pathway in all investigated cell lines, and was again up to 11-fold lower in platinum-resistant cells
(13914_1: 1.7 £ 0.1, 15233: 1.3 + 0.1, Kuramochi: 1.8 + 0.2, and OVSAHO: 1.9 + 0.2 fmol/100 cells/h) as
compared with the platinum-sensitive cells (13363: 14.2 + 0.7 and 13699: 11.9 + 1.2 fmol/10° cells/h).

116



CHAPTER VII

Cancers 2020, 12, 279

>

6000

4000

2000 -

fmol E2/10° cells/h

(9]

2500 4

2000 4

1500

1000 4

fmol E1-5110° cells/h

500

400 -

300 -

200 +

100

fmol E2-S/10° cellsih

(7]

fmol E2-G/10° cells/h

=
,-_/::._-——-""é'
P
— Gr::. ——
—
500 1000 1500 2000
[E1], nM

500

1000
[E1], M

1500

500

1000
[E1], nM

1000
[E1], nM

* 13363

- 13699

© 13914_1
& 15233

¥ Kuramochi
#r OVSAHO

* 13363

= 13699

< 139141
£ 15233

% Kuramochi
# OVSAHO

& 13363

& 13699

< 139141
£ 15233

+ Kuramochi
# OVSAHO

® 13363

& 13699

© 13914 1
£ 15233

+ Kuramochi
# OVSAHO

1i(fmol E2/10° cells/h)

6 of 21

0.050

1/(fmol E2-8/10° cells/h)

0.0

1/(fmol E2-G/10° cells/h)

0.30

0.10 4

1/[E1], nM

001 0.02
1/[E1], M

0.01 0.02
1/[E1], nM

Figure 3. Kinetic profiles of E1 metabolite formation in platinum-sensitive and -resistant HGSOC
cells. The kinetics of (A-B) E2 formation, (C-D) E1 sulfation, (E-F) E2 sulfation, and (G-H) E2
glucuronidation were calculated following the incubation of all HGSOC cell lines with 0 to 2000 nM E1
as a hormone precursor for 48 h. Data are displayed as Michaelis-Menten and Lineweaver—Burk plots
and represent the means + SD of three independent experiments. Green curves indicate sensitivity and
red curves indicate resistance against carboplatin to the investigated HGSOC cell lines. Differences
were statistically significant between these two groups (p < 0.05).

2.4. Kinetics of DHEA and E1 Metabolism in HGSOC Cells

Kinetic profiles for DHEA and E1 metabolites in all HGSOC cell lines were subsequently evaluated
over a DHEA and E1 concentration range of 0 to 2000 nM for 48 h. As demonstrated in Figures 2 and 3,
the formation kinetics of all seven quantified metabolites (DHEA-S, AD, T, E2, E1-S, E2-S, and E2-G)
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best fitted to a hyperbolic Michaelis-Menten model (R?: 0.9943 to 0.9997). Notably, Michaelis constants
(Km values) for each metabolite were within a similar range in all six tested cell lines, indicating that
the affinities of the same enzymes involved in the biotransformation of DHEA and E1 are comparable
between carboplatin-sensitive and -resistant HGSOC cells. The maximum reaction velocities (Vmax
values), however, were significantly higher in platinum-sensitive as compared with platinum-resistant

cell lines, supporting lower enzymatic activity in the latter ones. All kinetic parameters are presented
in detail in Tables 1 and 2.

Table 1. Kinetic parameters of DHEA metabolism by the investigated HGSOC cells. Ky, and Vmax
values were calculated using GraphPad Prism 6.0 software following the incubation of the cell lines
with increasing concentrations of DHEA (0 to 2000 nM) as a hormone precursor for 48 h. All data are
presented as the means + SD of three independent experiments. Values in bold and marked with an
asterisk (*) are significantly different as compared with both carboplatin-sensitive cell lines 13363 and
13699 (p < 0.05). n.c., not calculable.

K [nM] Vmax [fmol/10® Cells/h]
Cell Line
DHEA-S AD T DHEA-S AD T
Carboplatin-sensitive
13363 193.9+£9.3 812.7+£79.7  657.7 +52.4 3523.7 +47.8  1736.6 +75.9 85.6 +2.8
13699 3087+19.2 9294 +688  623.5+50.2 31924 + 647 14788 +51.1 514 +17
Carboplatin-resistant
13914_1 3187 +18.6  854.1+399 n.c. 729.0+13.9*  269.8+5.7* 0.0*
369.7 £ 15.9
15233 3141+11.1 9804 +88.6  592.0+33.0 328.5+3.8* . 123+03*
Kuramochi ~ 318.5+36.2  841.7+434  621.5+454 56.9 +2.1* 189.0 + 4.4* 34%01%
OVSAHO 3108 +20.7 871.4+36.7 631.4+30.8 264.8 +5.7 % 2049 +3.9* 44+01*

Table 2. Kinetic parameters of E1 metabolism by the investigated HGSOC cells. Ky, and Vimax values
were calculated using GraphPad Prism 6.0 software following the incubation of the cell lines with
increasing concentrations of E1 (0-2000 nM) as a hormone precursor for 48 h. All data are presented as
the means + SD of three independent experiments. Values in bold and marked with an asterisk (*) are
significantly different as compared with both carboplatin-sensitive cell lines 13363 and 13699 (p < 0.05).

Kmn [nM]
Cell line E2 E1-S E2-S E2-G
Carboplatin-sensitive
13363 430.4 £22.9 390.5 + 18.4 426.8 +£22.1 580.1 +20.0
13699 434.8 +27.9 399.3 +25.5 4225 +29.8 5329 +34.3
Carboplatin-resistant
13914_1 440.8 +13.2 398.0+9.1 418.0 +16.8 535.3 +39.6
15233 4514 +£228 407.3 £29.0 458.8 +38.7 537.0 +£44.3
Kuramochi 454.0 +23.4 402.8 +14.1 452.0 +23.7 521.2 +£52.6
OVSAHO 450.0 +19.8 403.3 +18.3 464.6 + 54.5 534.4 +48.5
Vinax (fmol/10° Cells/h)
Cell line E2 E1-S E2-S E2-G
Carboplatin-sensitive
13363 6492.9 + 124.7 2404.8 + 39.7 198.3 £ 3.7 30.0 +0.4
13699 6028.7 + 140.4 2067.9 + 46.6 373.7 +9.5 243 +0.6
Carboplatin-resistant
139141 4687.8 + 51.2 * 318.9 £2.6 * 21.5+03* 33+01*
15233 4017.7 £ 74.5* 455.7 £11.5* 388+12% 28+0.1%
Kuramochi 3750.0 £ 71.0 * 508.4 + 6.3 * 427 +0.8* 35+0.1%
OVSAHO 3833.8 £ 61.9 * 4439+ 7.1*% 70.8 £3.1* 39+01*
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2.5. Proliferation of Platinum-Sensitive and -Resistant HGSOC Cell Lines

Subsequently, the proliferation rates of the six HGSOC cell lines were evaluated starting from
1.00 x 10° viable cells/well in the absence of any steroid hormone over a time span of 48 h. While the
platinum-sensitive cell lines 13363 and 13699 demonstrated a moderate increase in cell numbers to
1.42 + 0.25 and 1.24 + 0.23 X 10° viable cells/well, respectively, all platinum-resistant cell lines revealed
significantly higher proliferation (13914_1: 1.61 + 0.39, 15233: 2.07 + 0.13, Kuramochi: 2.07 + 0.10,
and OVSAHO: 2.00 + 0.03 x 10° viable cells/well). Addition of DHEA or E1 (0 to 2000 nM) for 48 h
did not further stimulate cellular proliferation, indicating that the growth of the investigated cells is
independent of stimulation by these steroid precursors (Figure S1).

2.6. Effect of IL-6 on Proliferation, Metabolism, and Carboplatin Resistance of Platinum-Sensitive
HGSOC Cells

Formation of IL-6 was increased up to 600-fold in the platinum-resistant 13914_1 cell line
(302.6 pg/10° cells/h), whereas all other cell lines demonstrated comparably low rates between 0.12 and
2.75 pg/10° cells/h. These findings are also in line with the gene expression data which revealed high
IL-6 expression only in the 13914_1 cell line (Table S2).

Platinum-sensitive 13699 cells, which exhibit low endogenous IL-6 production and express
moderate/high levels of ESRT and AR, but low levels of ESR2 and PGR (Table S2), were, then, used to
investigate whether stimulation of the cells with IL-6 could increase cell proliferation and concomitantly
affect estrogen metabolism. As shown in Figure 4A,B, carboplatin-sensitive 13699 cells were treated
with IL-6 (10 ng/mL) for 72 h. Afterwards, increasing concentrations of the hormone precursors DHEA
or E1 (0 to 2000 nM) were added. IL-6 was further present in the medium and the cellular proliferation
was determined after 48 h. Compared with the IL-6 untreated controls, the presence of IL-6 significantly
increased cellular growth by 36.3% from 1.24 + 0.23 to 1.69 + 0.14 x 10° cells/well. Consistently with
the previous experiments (Section 2.5), addition of DHEA or E1 (50 to 2000 nM) to the cells had no
further impact on cellular growth.

In contrast to the increased cellular proliferation upon IL-6 treatment, metabolism of DHEA (2000
nM) by 13699 cells to DHEA-S, AD and T was strongly decreased (Figure 4C). While the formation of
DHEA-S and AD was reduced by 52.8% and 61.0% (from 2761.2 + 272.5 to 1302.9 + 219.1 fmol/10° cells/h
and 1016.6 = 80.3 t0 369.7 + 26.5 fmol/10° cells/h, respectively), the concentration of T was even decreased
by 87.1% (from 38.8 + 3.4 to 5.0 + 0.3 fmol/10° cells/h). Decreased metabolite formation was also
observed upon addition of E1 (2000 nM) in the presence of IL-6. The concentration of unconjugated
E2 decreased by 49.9% from 4948.6 + 232.7 to 2479.5 + 179.4 fmol/10° cells/h, whereas the decrease
of E1-S, E2-S, and E2-G levels was much more pronounced, resulting in a reduction by 68.4%, 76.2%,
and 92.2%, respectively (E1-S: 1714.8 + 143.7 to 541.7 + 29.9 fmol/10° cells/h, E2-S: 305.0 + 20.7 to
72.7 + 6.7 fmol/10° cells/h, and E2-G: 19.1 + 2.0 to 1.5 + 0.5 fmol/10° cells/h) (Figure 4D).

Concomitant with these changes in the metabolic activity of 13699 cells, platinum resistance was
increased more than three-fold, shifting the IC5y against carboplatin from 3.4 + 0.3 to 11.2 £ 2.4 uM
(Figure S2A), indicating that the proinflammatory cytokine IL-6 can convert this cell line from
“platinum-sensitive” to “platinum-resistant”.
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Figure 4. Effect of IL-6 treatment on proliferation and steroid metabolism of 13699 cells.
Platinum-sensitive 13699 cells, demonstrating a low endogenous IL-6 formation (2.75 pg/10° cells/h),
were incubated with IL-6 (10 ng/mL) for 72 h, followed by incubation with IL-6 in the presence of
increasing concentrations (0 to 2000 nM) of (A) DHEA and (B) E1 for 48 h and the viable cells were
counted on a CASY® TT cell counter. Subsequently, the cellular supernatants of the samples containing
2000 nM of the steroid precursor (C) DHEA or (D) E1 were analyzed for steroid metabolites using
liquid chromatography high-resolution mass spectrometry (LC-HRMS). Green indicates sensitivity for
carboplatin and red represents carboplatin resistance. All data are presented as the means + SD of
three independent experiments. * p < 0.05.

2.7. Effect of Tocilizumab (TCZ) Treatment on Proliferation, Metabolism, and Carboplatin Resistance of
Platinum-Resistant HGSOC Cells

To verify that the observed reduced steroid metabolism and increased platinum resistance are
indeed related to the action of IL-6, 13914_1 cells (the cell line with the highest endogenous IL-6
formation) were treated with the monoclonal anti-IL-6R antibody TCZ (250 pg/mL) for 72 h before
addition of DHEA or E1 (0 to 2000 nM) in the further presence of TCZ for 48 h. As shown in Figure 5A,B,
TCZ reduced the proliferation of 13914 _1 cells by 25.6% from 1.61 + 0.39 to 1.20 + 0.20 x 10° cells/well
as compared with the TCZ-untreated controls, while co-incubation with increasing concentrations of
DHEA or E1 and TCZ again did not further affect cellular proliferation.

Concomitant with the reduced proliferation of the TCZ-treated 13914_1 cells, the overall metabolic
activity significantly increased when DHEA (2000 nM) was added. Formation of DHEA-S and
AD increased by 33.0% and 61.0% (DHEA-S: 641.0 + 47.1 to 852.6 + 103.7 fmol/10° cells/h and AD:
134.5 + 80.9 to 216.5 + 38.7 fmol/10° cells/h). Even T, the formation of which was below the LLOQ
in the absence of TCZ, could be now quantified with a formation rate of 2.1 + 0.5 fmol/10° cells/h
(Figure 5C). Also addition of the estrogen precursor E1 (2000 nM) demonstrated a significant increase of
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E2 by 113.5% (4365.6 + 718.7 to 9319.8 + 1703.9 fmol/10° cells/h), which was concomitant with strongly
elevated levels of glucuronidated and sulfated metabolites; E2-G increased by 282.0% from 2.2 + 0.3 to
8.6 = 0.8 fmol/10° cells/h, whereas E1-S and E2-S were induced by 279.0% and 290.3%, respectively,
(221.8 + 24.2 to 840.4 + 95.6 fmol/10° cells/h and 17.3 + 3.0 to 67.7 + 15.4 fmol/10° cells/h) (Figure 5D).
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Figure 5. Effect of tocilizumab (TCZ) treatment on the proliferation and steroid metabolism of
13914_1 cell line. Platinum-resistant 13914_1 cells, demonstrating a high endogenous IL-6 formation
(302.6 pg/lO6 cells/h), were incubated with TCZ (250 pg/mL) for 72 h, followed by incubation with TCZ
in the presence of increasing concentrations (0 to 2000 nM) of (A) DHEA and (B) E1 for 48 h and the
viable cells were counted on a CASY® TT cell counter. Subsequently, the cellular supernatants of the
samples containing 2000 nM of the steroid precursor (C) DHEA or (D) E1 were analyzed for steroid
metabolites using LC-HRMS. Green indicates sensitivity for carboplatin and red represents carboplatin
resistance. All data are presented as the means + SD of three independent experiments. * p < 0.05.

The TCZ treatment (250 pg/mL) strongly affected also the resistance of 13914 _1 cells against
carboplatin. While untreated cells demonstrated an ICsy value of 11.2 + 2.4 uM against carboplatin,
treatment with the anti-IL-6R antibody decreased this value significantly to 3.4 + 0.3 uM, therefore,
re-establishing the sensitivity for platinum-based chemotherapy in this cell line (Figure S2B).

3. Discussion

There is evidence that estrogens play a pivotal role in the progression of ovarian cancer, and that
the expression levels of key enzymes vary between benign and cancerous tissues [19]. As differences
in the steroid metabolism between platinum-sensitive and -resistant HGSOC cells have not been
investigated yet, the present study screened the formation of DHEA and E1 biotransformation products
in four recently established and two commercially available HGSOC cell lines as in vitro models
for HGSOC.

First, the respective IC5( values against carboplatin were determined. Two cell lines were sensitive,
whereas the other four cell lines exhibited up to 5.3-fold higher ICs5, values against carboplatin, and
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therefore were considered carboplatin-resistant. Notably, 13363 cells, established from a patient prior to
chemotherapy, demonstrated sensitivity for carboplatin treatment; while the corresponding 15233 cell
line (harvested during chemotherapy) was resistant against carboplatin. These findings are in line with
previous data [26,27]. Differences were only found for the OVSAHO cell line, which was considered
carboplatin-resistant in the present study but described as cisplatin-sensitive by Haley et al. [27], which
is most likely based on different experimental settings, as the MTT assay used by the authors for cell
viability measurements is known to generate artifacts causing altered ICs values [28,29].

Following incubation with DHEA, three metabolites, namely DHEA-S, AD, and T, could be
quantified in the cellular supernatants. Formation rates of these metabolites were 5- to 60-fold higher in
platinum-sensitive cells as compared with the platinum-resistant ones. This is particularly interesting,
as the platinum-sensitive 13363 cells were harvested before treatment and the platinum-resistant 15233
cells were harvested during the second cycle of standard platinum-based chemotherapy, thereby,
suggesting that the progression of the disease correlates with decreased metabolic activity.

A similar pattern was seen when the cells were incubated with E1. Again, the formation of
all metabolites, namely E2, E1-S, E2-S, and E2-G, was significantly higher (up to 1.7-, 7.8-, 17-, and
11-fold, respectively) in carboplatin-sensitive cell lines, with E2, the most potent estrogen, as the main
biotransformation product, followed by the sulfated metabolites E1-S and E2-S. E2-G concentrations
in the media were low, indicating that sulfation and not glucuronidation is the preferred metabolic
pathway in HGSOC cells, which has also been observed in breast cancer [30]. In all six cell lines,
hydroxylation of E2 to E3 could not be observed based on low CYP3A4 levels. Conversion of AD to E1
and T to E2 was also not seen in all six cell lines, suggesting no or only very low levels of aromatase
(CYP19A1). This is in agreement with the present gene expression analyses and the expression studies
by Imai et al. [31], which also detected no aromatase in ovarian cancer cell culture and ovarian
carcinoma tissue samples. However, in contrast to the cancer cells, aromatase immunoreactivity was
observed in stromal cells adjacent to the tumor [32,33]. Aromatase inhibitors such as letrozole can,
therefore, act not on tumor cells directly, but rather indirectly by preventing E2 formation in adjacent
cells, thereby, reducing tumor progression and can be a treatment option to increase the progression-free
survival of platinum-resistant HGSOC patients via targeting the tumor microenvironment [34].

All four carboplatin-resistant cell lines revealed up to 67% higher proliferation rates as compared
with the carboplatin-sensitive cells, independent of the presence of DHEA or E1. Notably, the
proliferation rates of the two cell lines derived from the same patient (13363 and 15233 cells) were
significantly different (Figure S1). This difference between sensitive and resistant cells was also observed
by Xu et al. [35], who reported a higher migration and invasion of platinum-resistant ovarian cancer
cells as compared with platinum-sensitive ones, explaining, at least partly, why patients diagnosed
with platinum-resistant HGSOC often face faster tumor progression and worse prognosis of the disease.

Recent data showed that autocrine production of the cytokine IL-6 confers cisplatin resistance
in ovarian cancer cells [36]. Extracellular IL-6 binds to the cell surface receptor glycoprotein 130
(gp130), thereby activating signaling pathways that promote inflammation, immune reaction, and
tumor progression. Elevated serum IL-6 levels in ovarian cancer patients, therefore, correlate with poor
prognosis [37]. Most important, elevated IL-6 levels have also been shown to decrease the expression
of various estrogen-metabolizing phase I and II enzymes, including members of the cytochrome
P450 family (CYPs) and uridine 5'-diphospho-glucuronosyltransferases (UGTs) [38-40]. Among other
mechanisms, these interactions of IL-6 with E1 and DHEA metabolism is related to the suppression of
the nuclear pregnane X receptor (PXR) by IL-6 via JAK/STAT3 signaling, which subsequently leads to a
downregulation of genes responsible for estrogen metabolism and transport [41-43]. Therefore, it can
be hypothesized that increased IL-6 activity in carboplatin-resistant HGSOC cells can contribute to
the observed decreased biotransformation of estrogen precursors, increased proliferation rates, and
therefore induce platinum resistance.

To verify this hypothesis, carboplatin-sensitive 13699 cells were treated with recombinant IL-6
for 72 h and, afterwards, their sensitivity for carboplatin, their proliferation rates, and the metabolic
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activity were again determined. As expected, the presence of IL-6 in the culture medium switched
their sensitivity status to “resistant”, with a three-fold higher ICsy value, which was concomitant with
an increased cellular proliferation and decreased DHEA and E1 metabolism (Figure 6). Consequently,
IL-6 can act as a resistance marker for some but not all HGSOC cases. Conversely, treatment of
the carboplatin-resistant cell line 13914_1, which expresses high endogenous IL-6 levels, with the
IL-6R specific monoclonal antibody TCZ changed the cell status to “sensitive”, demonstrating a
decreased ICs, value for carboplatin, decreased cellular growth, and significantly higher DHEA and
E1 metabolism. These findings are in line with previous data, which have also shown that treatment of
EOC cells with TCZ inhibited cellular proliferation, whereas a combination of TCZ with carboplatin
further synergistically reduced cell growth [44]. These effects were also observed in paclitaxel-resistant
SKOV-3 and CAOV-3 ovarian cancer cells, where the anti-IL-6 antibody siltuximab increased paclitaxel
sensitivity, leading to lower cell viability and decreased ICs values [45].

dehydroepiandrosterone (DHEA) 4-androstene-3,17-dione (AD) testosterone (T)
no aromatase J_no aromatase
IL-6 — Iin HGSOC Iin HGSOC

DHEA-3-sulfate (DHEA-S) estrone (E1) 17B-estradiol (E2) 17B-estradiol-3-gluc. (E2-G)

IL-6 —

estrone-3-sulfate (E1-S) 17B-estradiol-3-sulfate (E2-S)

Figure 6. Interaction of IL-6 with the estrogen synthesis and metabolism in HGSOC. IL-6 influences
several key steps in the formation of estrogen precursors, active estrogens, and their respective
conjugates leading to decreased levels of steroid metabolites. By contrast, treatment with the anti-IL-6
antibody TCZ can antagonize this effect, thereby, stimulating the biotransformation of estrogens.
Intersected arrows indicate no expression of aromatase (CYP19A1) in HGSOC cells.

Although TCZ stimulated the conjugation, and therefore the inactivation of estrogens in
carboplatin-resistant 13914 _1 cells, the formation of E2 via 173-HSDs was strongly increased and
resulted in higher unconjugated E2 concentrations as compared with untreated cells. This elevation of
active estrogens upon anti-IL-6R treatment can contribute to disease progression and explain, at least
partly, the lack of efficacy of antibody monotherapy in HGSOC [46]. Therapeutic combination of TCZ
with standard chemotherapy (carboplatin as a single drug or in combination with paclitaxel [47]) could
be a promising treatment strategy to re-establish platinum sensitivity in HGSOC patients. As only
patients with high endogenous plasma levels of IL-6 and IL-6R expression could benefit from this
therapy, platinum-resistant HGSOC cases have to be screened for IL-6 levels before treatment with a
recombinant monoclonal anti-IL-6R antibody.

The altered expression of the genes ESR1 and AR encoding ERx and AR, whose abundances are
inhomogeneous in the investigated HGSOC model cell lines, also influence the action of estrogens and,
consequently, proliferation of platinum-resistant HGSOC cells. Whereas 13699 and Kuramochi cells
express moderate/high levels of ESRT and AR, but poor levels of ESR2 and PGR, the other investigated
cell lines have low or undetectable levels of all steroid hormone receptors (Table S2). Despite these
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differences in receptor status, incubation of all six HGSOC cell lines with DHEA and E1 did not increase
cellular proliferation, thereby, defining these cell lines as hormone independent.

The lack of additional proliferation in the presence of hormone precursors is most likely a
consequence of the fact that all cell lines already reached their respective maximum proliferation
capacity from the stimulatory effect of numerous other factors. Mutations in TP53 will fuel tumor cell
growth by preventing cell cycle arrest and apoptosis [43], and the moderate/high expression levels of
EGFR and ERBB2 in all six cell lines (Table S2) could also contribute to an uncontrolled cellular growth [44].

Our data showed that estrogen metabolism did not correlate with ESR1, ESR2, and ESRRG
expression. This is supported by a previous paper by Andersen et al. [48], showing that approximately
80% of HGSOC tumor samples express ESR1; however, the response to an antiestrogenic therapy in
patients is rather poor. This group also reported that the ERo status in HGSOC cells is not a sufficient
tool to predict the response to an antiestrogenic therapy. Other proteins, e.g., IGFBP3, could also be
important for the response.

All'six cell lines also carry distinct mutations in TP53 in the DNA binding domain or oligomerization
domain (Table S1), leading to a truncated protein. The lack of additional proliferation in the presence
of hormone precursors is most likely a consequence of the fact that all cell lines already reached their
respective maximum proliferation capacity from the stimulatory effect of various cyclines (e.g., D1,
E1, A1, and B) overexpressed in these cell lines. Genes such as CDKN1A BAX or TIGAR, controlling
apoptosis and cell cycle arrest, are furthermore downregulated [26,49]. These data indicate that the loss
of wild type p53 function is the major driving force of tumor cell progression [50]. Additionally, the
moderate/high expression levels of EGFR and ERBB?2 in all six cell lines (Table S2) could also contribute
to an uncontrolled cellular growth [51].

Although our data indicate that estrogen metabolism can differ between platinum-sensitive and
-resistant HGSOC cells, clinical data are highly warranted to verify this observation in platinum-resistant
cancer patients. We are well aware that several other mechanisms for platinum resistance are known that
could be used as clinical markers, including an alteration in cellular accumulation or detoxification of
platinum drugs. A decreased expression of the membrane copper transporter CTR1 or the organic cation
transporter OCT2, as well as a high expression of the copper-exporting P-type ATPases, ATP7A and
ATP7B, or the ATP-binding cassette multidrug transporter, MRP2, could lead to decreased intracellular
levels of platinum drugs, thereby causing resistance. Furthermore, high expression levels of glutathione
S-transferase, a detoxifying enzyme responsible for the formation of platinum-glutathione conjugates,
would also facilitate resistance [52]. A combination of these already identified markers with differences
in estrogen metabolism could allow a better prediction of platinum resistance in patients.

4. Materials and Methods

4.1. Reagents

AD, DHEA, dehydroepiandrosterone-2,2,3,4,4,6-dg¢ (DHEA-ds), DHEA-S (sodium salt),
dehydroepiandrosterone-3-sulfate-2,2,3,4,4,6-ds (DHEA-S-dg sodium salt), E1, E1-S (sodium
salt), E2, E2-G (sodium salt), E3, T, acetic acid, acetonitrile, ammonium acetate, carboplatin,
DMSO, and human IL-6 (HumanKine®, expressed in HEK 293 cells, suitable for cell
culture) were obtained from Merck KGaA (Darmstadt, Germany). All solvents and
additives were purchased with HPLC/MS grade purity. 4-Androstene-3,17-dione-2,2,4,6,6,16,16-d;
(AD-dy), 17B-estradiol-2,4,16,16-d4 (E2-d4), 173-estradiol-16,16,17-d3-3-O-(j3-p-glucuronide) (E2-G-d3
sodium salt), 17p-estradiol-2,4,16,16-d4- 3-sulfate (E2-S-d; sodium salt), estriol-2,4,17-d3
(E3-d3), estrone-2,4,16,16-d4 (E1-d4), estrone-2,4,16,16-ds-3-sulfate (E1-S-dy sodium salt), and
testosterone-2,2,4,6,6-d5 (T-ds) were obtained from C/D/N-Isotopes Inc. (Pointe-Claire, Quebec,
Canada). E2-S (sodium salt) was purchased from Steraloids Inc. (Newport, RI, USA). The anti-IL-6R
antibody TCZ (RoActemra®) was purchased from Roche Austria GmbH (Vienna, Austria). Water for
all experiments was purified using an arium® pro ultrapure water system (Sartorius AG, Gottingen,

124



CHAPTER VII

Cancers 2020, 12,279 14 of 21

Germany). If not stated otherwise, all standards were dissolved in DMSO to their final concentration
and stored at —80 °C until further usage. All deuterated standards were then mixed to obtain the final
internal standard master mix composition. Dulbecco’s modified Eagle medium F-12 (DMEM/F-12),
Dulbecco’s phosphate buffered saline (DPBS), fetal bovine serum (FBS), PenStrep®, and TrypLe® solutions
were purchased from Invitrogen; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). HyClone®
heat-inactivated charcoal/dextran treated FBS was obtained from THP Medical Products (Vienna, Austria).

4.2. Cell Lines

13363, 13699, 13914_1, and 15233 HGSOC cancer cells, characterized and authenticated via short
tandem repeats (STR) profiling as described previously [26], were kindly provided by the Translational
Gynecology Group at the Medical University of Vienna. The four cell lines were established from the
ascites of three grade 3 HGSOC patients. The 13363 and 15233 cells were harvested from the same patient
(age 33 and FIGO: IV); the first ones at the time of diagnosis and the latter ones under the treatment
with carboplatin/paclitaxel. The 13699 and 13914 _1 cells originated from two patients (both FIGO:
IIIC), aged 53 and 66, respectively. Kuramochi (RRID:CVCL_1345) and OVSAHO (RRID:CVCL_3114)
cell lines were originally established from undifferentiated ovarian adenocarcinoma [53] and serous
papillary ovarian adenocarcinoma [54], respectively, and were described as the best commercial in vitro
models for HGSOC [55]. Both cell lines were obtained from the JCRB Cell Bank (Osaka, Japan) which
certified the authenticity of their STR profiles. The P53 and PAX8 gene expression confirmed that all
cell lines were high grade. Cells were routinely cultivated in phenol red-free DMEM/F-12 containing
10% FBS and 1% PenStrep® solution at 37 °C (95% humidity and 5% CO,) and the experiments were
performed during the exponential growth phases of the cells.

4.3. Gene Expression Analyses and Identification of Gene Mutations

Expression of selected genes (CYP3A4, CYP19A1, TP53, PAXS8, AR, ESR1, ESR2, PGR, IL6, EGFR,
ERBB2, and ESRRG) in the HGSOC cell lines 13363, 13699, 13914_1, and 15233 was analyzed by
next-generation sequencing, as described previously [49]. Expression data for these selected genes
in Kuramochi and OVSAHO cells were taken from the GENEVESTIGATOR platform [56]. The TP53
mutation was determined by a modified p53 functional yeast assay and Sanger sequencing. In addition,
ddPCR systems for each unique TP53 mutation were established to determine the percentage of the
TP53 mutant cells in cell culture. The BRCA1, BRCA2, and KRAS mutations were determined by Sanger
sequencing [49]. Data for Kuramochi and OVSAHO cells were obtained from the Cancer Cell Line
Encyclopedia (CCLE) [57].

4.4. Carboplatin Resistance

To elucidate the sensitivity of all investigated cell lines to carboplatin treatment, cells were seeded
in triplicate in 6-well plates at a concentration of 1.00 x 10° cells/well and allowed to attach overnight.
Cells were washed with DPBS and incubated with phenol red-free DMEM/F-12 supplemented with 10%
FBS and 1% PenStrep® solution at 37 °C (95% humidity and 5% CO;) containing 0 to 50 uM carboplatin.
Carboplatin was dissolved in sterile-filtered water according to Hall et al. [58] (final concentration 0.1%)
before addition to the culture media, as other solvents, such as DMSO, inactivate platinum complexes.
After 72 h, the supernatant media were discarded, and the cell layers were washed with DPBS and
detached using 400 uL Trpre® solution. Immediately afterwards, cell suspensions were analyzed for
the number of viable cells using a CASY® TT cell counting system (OLS OMNI Life Science, Bremen,
Germany), described as an improved method for cell viability measurements at least for platinum
complexes, as the MTT assay might generate artifacts leading to altered ICsy values [28,29].

4.5. Metabolism of Steroid Hormones by Platinum-Sensitive and -Resistant HGSOC Cells

For the metabolomic analyses, cells were cultivated and seeded in 6-well plates, as described in
Section 4.4. Prior to the incubation with either DHEA or E1 (0 to 2000 nM) as hormone precursors
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(dissolved in sterile-filtered DMSO, final concentration 0.05%), the cell layers were washed twice
with DPBS, and phenol red-free DMEM/F-12, containing only 10% heat-inactivated charcoal-stripped
fetal bovine serum and 1% PenStrep® solution was added to exclude any effects of hormones and
growth factors from standard FBS. After 48 h, which was determined in preliminary experiments as the
most suitable time point (Poschner, S.; Jager, W. University of Vienna, Vienna, Austria. Unpublished
work, 2019), the supernatant cell media were collected and stored at —80 °C until further analysis.
The remaining cells were detached by adding 400 uL TrypLe® solution and subsequently counted.

Then, 2000 pL media aliquots, mixed with 20 pL deuterated internal standard solution were put
onto Oasis HLB 1 cc solid phase extraction cartridges (30 mg; Waters Corporation, Milford, MA, USA),
as described previously [21]. Briefly, after preconditioning the cartridges twice with 1.0 mL acetonitrile
and three times with 1.0 mL ammonium acetate buffer (10 mM and pH = 5.0), the samples were loaded
onto the columns and washed with 1.0 mL ammonium acetate buffer (10 mM and pH = 5.0) and twice
with 1.0 mL acetonitrile/ammonium acetate buffer (10 mM and pH = 5.0) 10:90 (v/v). Analyte elution
was, then, achieved by two washes with 650 ul acetonitrile/ammonium acetate buffer (10 mM and pH
=5.0) 95:5 (v/v), and the samples were left to evaporate until dry. The dried residues were reconstituted
in 270 pL acetonitrile/ammonium acetate buffer (10 mM and pH = 5.0, 25:75) (v/v) and stored until
further LC-HRMS analysis at —80 °C.

4.6. LC-HRMS Assay for Steroid Quantification

To quantify the ten most prevalent estrogen precursors, active estrogens and their metabolites
(DHEA, DHEA-S, AD, T, E1, E2, E3, E1-S, E2-S, and E2-G) in the media samples, a previously established
and validated LC-HRMS was used [21]. Chromatographic separation was achieved on an UltiMate
3000 RSLC-series system (Dionex/Thermo Fisher Scientific, Inc.) coupled to a maXis HD ESI-Qq-TOF
mass spectrometer (Bruker Daltonics, Bremen, Germany), which was equipped with a Phenomenex
Luna® 3 pm C18(2) 100 A LC column (250 x 4.6 mm 1.D.; Phenomenex Inc., Torrance, CA, USA) and
a Hypersil® BDS-C18 guard column (5 pum, 10 X 4.6 mm L.D.; Thermo Fisher Scientific, Inc.). Then,
100 pL of the reconstituted media samples were injected onto the column. Chromatographic separation
was performed at 43 °C using a continuous gradient mixed from aqueous ammonium acetate buffer
(10 mM and pH = 5.0) as mobile phase A and acetonitrile as mobile phase B at a flow rate of 1.0 mL/min.
Mobile phase B linearly increased from 25% at 0 min to 56.3% at 19 min, further increased to 90% at
19.5 min and was kept constant until 24.0 min. The percentage of acetonitrile was, then, decreased
within 0.5 min to 25% in order to equilibrate the column for 6 min before application of the next sample.
The injection volume for each sample was set to 100 L.

The ESI ion source settings were identical for both modes, except for the polarity: Capillary
voltage, + 4.5 kV; nebulizer, 1.0 bar Njy; dry gas flow, 8.0 L/min Nj; and dry temperature, 200 °C.
Values for the ion optics and the quadrupole and collision cell parameters were as follows: Funnel RE,
400 Vpp; multipole RE, 300 Vpp; quadrupole ion energy, 8.0 eV; collision RE, 1100 Vpp; collision energy,
10.0 eV; transfer time, 38 ms; and prepulse storage, 18 ms. Full scan mass spectra in the range of m/z
150-500 were recorded in both negative and positive ion mode. The LLOQs for all analytes (signal
to noise ratio >9) were calculated to be as follows: AD, 74.9 pg/mL; DHEA, 1904.0 pg/mL; DHEA-S,
8.0 pg/mL; E1, 19.0 pg/mL; E1-S, 4.0 pg/mL; E2, 140.9 pg/mL; E2-G, 12.0 pg/mL; E2-S, 3.4 pg/mL; E3,
28.4 pg/mL; and T, 54.1 pg/mL. Quality control samples (containing each analyte at a concentration of
6-, 60- or 600-fold of the respective LLOQ) were performed with each batch.

4.7. IL-6 Determination in the Cellular Supernatants

In order to quantify the endogenous IL-6 formation, all HGSOC cell lines were cultivated in T-75
tissue culture flasks (75 cm?; BD-Falcon®, Thermo Fisher Scientific, Inc.) until confluence. Subsequently,
the cell layers were washed twice with 6.0 mL DPBS, and 8.0 mL phenol red-free DMEM/F-12, containing
10% heat-inactivated charcoal-stripped FBS and 1% PenStrep® solution, were added to exclude any
external interference with the assay. After incubation for 24 h, the supernatants were collected and
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stored at —80 °C until further analysis. The remaining cell layers were detached using 2.0 mL TrypLe®
solution and counted to obtain the number of viable cells in each flask. The contents of IL-6 in
the supernatant media were, then, determined using a commercial cobas® Elecsys IL-6 kit (Roche
Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s instructions.

4.8. Impact of IL-6 and TCZ on Metabolism and Progression of HGSOC Cells

To investigate the impact of the proinflammatory cytokine IL-6 on the platinum resistance and
estrogen metabolism of HGSOC cells, carboplatin-sensitive 13699 HGSOC cells, which exhibited low
endogenous IL-6 formation, were treated with 10 ng/mL IL-6 for 72 h in phenol red-free DMEM/F-12,
supplemented with only 10% heat-inactivated charcoal-stripped fetal bovine serum and 1% PenStrep®
solution. Then, cells were seeded in 6-well plates in the presence of IL-6 (10 ng/mL), and their
sensitivity for carboplatin (0 to 50 tM) was assessed again as described in Section 4.4. Furthermore,
IL-6-treated cells were also incubated in the presence of DHEA or E1 (2000 nM) for 48 h (as described
in Section 4.5) and the levels of steroid metabolites in the cell supernatants were quantified using the
same LC-HRMS assay as mentioned in Section 4.6. The same experimental protocol was used with
250 pg/mL monoclonal anti-IL-6R antibody TCZ in the platinum-resistant 13914_1 cell line, which was
the cell line with the highest endogenous IL-6 formation, to investigate whether TCZ can reverse the
proinflammatory effects of IL-6 in HGSOC cells.

4.9. Data Analysis and Statistics

The acquired LC-HRMS data were analyzed using the Compass DataAnalysis 4.2 and
QuantAnalysis 2.2 software packages (Bruker Daltonics). For all analytes and internal standards,
extracted ion chromatograms were calculated and the respective peak areas were determined. The ratios
of the peak areas of each analyte/internal standard pair were subsequently used for quantification.
The kinetic analyses of steroid metabolism in all HGSOC cell lines were then performed using
GraphPad Prism 6.0 software (GraphPad Software, Inc., La Jolla, CA, USA) and best followed the
Michaelis—-Menten model:

V' = Viax X [S]/(Km + [S]), 1)

where V is the rate of the reaction, Vmax is the maximum reaction velocity, [S] is the initial substrate
concentration, and Ky, is the Michaelis constant. The same software package was also used for all
other calculations and statistical analyses. All experiments were conducted with three independent
experiments; and the data were reported as the mean =+ standard deviation (SD) of all analyzed samples.
One-way ANOVA combined with Tukey’s post-hoc test was used to determine differences between
treatment groups and controls, with a statistical significance level of p < 0.05.

5. Conclusions

Resistance against platinum-based drugs is a main obstacle in the therapy of HGSOC patients.
Novel markers can allow earlier and more efficient interventions for this lethal cancer subtype.
In the present study, we demonstrated that steroid metabolism significantly differs between
carboplatin-sensitive and -resistant HGSOC cells. Further experiments also revealed that treatment
of carboplatin-sensitive cells with IL-6 decreased platinum-sensitivity concomitant with a decreased
metabolic activity but increased proliferation. Treatment of carboplatin-resistant cells expressing high
levels of IL-6 with the anti-IL-6R antibody TCZ also changed their resistance status back to sensitive,
now showing increased estrogen metabolism and decreased ICs values against carboplatin. Further
studies using tumor specimens from HGSOC patients are warranted to establish estrogen metabolism
as a marker for platinum resistance in the clinics.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/279/s1,
Figure S1: Proliferation of HGSOC cell lines in the presence of the hormone precursors DHEA and E1, Figure S2:
ICs values of HGSOC cell lines in response to carboplatin in the presence and absence of IL-6 or TCZ, Table S1:
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Mutations of the investigated HGSOC cell lines, and Table S2: Expression of selected genes in the investigated
HGSOC cell lines.
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Abbreviations

173-HSD 173-hydroxysteroid-dehydrogenase
3p3-HSD 3B-hydroxysteroid-dehydrogenase
AD 4-androstene-3,17-dione

cYyp cytochrome P450

DHEA dehydroepiandrosterone

DHEA-S dehydroepiandrosterone-3-sulfate
DMEM/F-12  Dulbecco’s modified Eagle medium F-12
DPBS Dulbecco’s phosphate buffered saline
El estrone

E1-S estrone-3-sulfate

E2 173-estradiol

E2-G 173-estradiol-3-O-(3-p-glucuronide)
E2-S 17 B-estradiol-3-sulfate

E3 estriol

EOC epithelial ovarian cancer

ERa estrogen receptor alpha

ESR1 estrogen receptor alpha gene

ESR2 estrogen receptor beta gene

ESRRG estrogen-related receptor gamma gene
FBS fetal bovine serum

HGSOC high grade serous ovarian cancer

IL-6 interleukin-6

IL-6R interleukin-6 receptor

Km Michaelis constant

LC-HRMS liquid chromatography high-resolution mass spectrometry
LLOQ lower limit of quantification

PARP poly(ADP-ribose)-polymerase 1

PXR pregnane X receptor

STR short tandem repeats

SULT sulfotransferase

T testosterone

TCZ tocilizumab

UGT uridine 5’-diphospho-glucuronosyltransferase
VEGF vascular endothelial growth factor
Vimax maximum reaction velocity
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In conclusion, the present thesis demonstrated for the first time an interaction of
selected natural dietary supplements used for the treatment of menopausal
disorders with endogenous estrogen metabolism using a newly established and
validated LC-HRMS method. These findings provide a better understanding of the
involved molecular mechanisms and contribute to the evaluation of efficacy and
safety of herbal treatment options. However, as these investigations were only
based on cellular in vitro models; future clinical studies in women quantifying
blood and/or tissue levels of conjugated and unconjugated estrogens in the
presence and absence of these dietary supplements, as well as other parameters
such as body weight, age and enzyme expression patterns, should be conducted to
confirm the observed interactions in vivo.

Furthermore, the interplay may not only apply for the compounds
investigated for this thesis (soy isoflavones, resveratrol and black cohosh extract),
but also for other marketed phytoestrogens, such as quercetin and its glycosylated
form rutin, formononetin and biochanin A, which are mainly found in red clover,
or the hops polyphenols xanthohumol and 8-prenylnaringenin. Moreover, the
modulation of various estrogen metabolizing enzymes and transporters, including
CYPs, SULTs, UGTs and OATPs, has been observed for other plants and a wide
range of pharmaceutical drugs in numerous in vitro and in vivo studies. The
induction of hepatic enzymes, such as CYP3A4, may cause an increased
elimination of active estrogens, which has been reported for St. John's wort,
rifampicin and several anticonvulsant drugs. By contrast, an increase in E2 may be
expected upon the intake of non-steroidal antiphlogistics (NSAIDs), the most
prescribed drugs worldwide, as these have been proven to inhibit SULT1A1 and
consequently the inactivation of estrogens. Yet, although estrogenic steroids play a
pivotal role in human physiology, detailed data from clinical trials concerning a
possible interaction of dietary supplements and pharmaceuticals with the
endogenous formation and metabolism of estrogens are scarce. Future studies
assessing the relevance of this potential risk of side-effects are therefore highly

warranted, especially in women diagnosed with ERa+ breast cancer.
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In addition to the altered estrogen metabolism upon treatment with natural
supplements against menopausal disorders, an increase in the formation of
androgens, such as T, was also observed. However, as the LC-HRMS assay
performed herein covered only a few selected androgens, future research should
focus on the development and application of a targeted assay for detailed
androgen metabolomics, including their respective conjugated and unconjugated
metabolites, to better understand the molecular mechanisms of these interactions
and evaluate their clinical significance. Most importantly, a possible impact of
dietary supplements on androgen metabolism may not be limited to women and
gynecological diseases, but also apply for males. Botanicals increasing the levels of
active androgens by interfering with metabolizing enzymes may therefore be used
for the enhancement of sexual dysfunction in men or could even act as some type
of “natural anabolic doping”. On the other hand, these products may also
exacerbate androgen-sensitive diseases, such as hormone-dependent prostate
cancer. Further clinical trials need to be conducted to assess the efficacy and safety
of these herbal supplements by monitoring the plasma concentrations of active
androgens and their respective metabolites upon the treatment of healthy women
and men, as well as of patients diagnosed with androgen-dependent malignancies.

The present work further revealed that changes in the metabolism of steroid
hormones cannot only be observed following the administration of herbal
remedies, but also depend on the different disease states of breast and ovarian
cancer, such as ER status or resistance against certain chemotherapeutics. These
alterations in the metabolomics pattern may therefore be used as diagnostic
markers to determine progression, metastasis or drug resistance, which are still
major obstacles in the treatment of cancer. Moreover, steroid metabolism was
strongly correlated with the IL-6-driven inflammatory status of cancer cells in the
present experiments, suggesting that targeted steroid metabolomics may not only
be applied for estrogen- and androgen-dependent cancers, but possibly also as
markers for other disease states linked to increased inflammation, such as

rheumatoid arthritis, Crohn’s disease, ulcerative colitis, psoriasis and other related
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autoimmune disorders. Certainly, these hypotheses have to be further verified in
clinical studies using larger data sets obtained from human patients, including
plasma and/or tissue samples (including cancer specimens of various stages and
grades); yet, targeted metabolomics of estrogens and/or androgens may be
promising new tools for monitoring various diseases, especially hormone-

dependent cancers, in the clinic.
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3B-HSD
17B3-HSD
ABC

AD

AhR
BCE
CYP
DAI
DHEA
DHEA-S
DMEM/F-12
DMSO
DPBS
DTT

E1

E1-S

E2

E2-G
E2-S

E3
EGFR
EIC
ELISA
EOC
ERa
ERB

ESI

FBS

FSH

GC
GEN
GPER
HGSOC
HPG axis
HPLC
HRT
1Cso

IL-6
IL-6R
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ABBREVIATIONS

3B-hydroxysteroid dehydrogenase
17pB-hydroxysteroid dehydrogenase
ATP-binding cassette
4-androstene-3,17-dione
aryl-hydrocarbon-receptor

black cohosh extract (Actaea racemosa L. extract)
cytochrome P450 isoenzyme

daidzein (4,7-dihydroxyisoflavone)
dehydroepiandrosterone
dehydroepiandrosterone-3-O-sulfate
Dulbecco’s Modified Eagle Medium F-12
dimethylsulfoxide

Dulbecco’s phosphate buffered saline
dithiothreitol

estrone

estrone-3-O-sulfate

17p-estradiol
17B-estradiol-3-O-(B-D-glucuronide)
17p-estradiol-3-O-sulfate

estriol (16a-hydroxy-17-estradiol)
epidermal growth factor receptor
extracted ion chromatogram
enzyme-linked immunosorbent assay
epithelial ovarian cancer

estrogen receptor o

estrogen receptor [3

electrospray ionization

fetal bovine serum

follicle-stimulating hormone

gas chromatography

genistein (4',5,7-trihydroxyisoflavone)

G protein-coupled estrogen receptor 1 (GPR30)
high-grade serous ovarian cancer
hypothalamic-pituitary-gonadal axis
high performance liquid chromatography
hormone replacement therapy

half maximal inhibitory concentration
interleukin-6

interleukin-6 receptor
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Ki

Km
LC-HRMS
LH
LLOQ
MAPK
mER
MRP
MS
OATP
PARP
PAPS
PCR
PXR
RES
SD
SERM
SPE
STR
STS
SULT
T

TCZ
UGT
ULOQ
VEGF
Vimax

inhibition constant

Michaelis constant

liquid chromatography high-resolution mass spectrometry
luteinizing hormone

lower limit of quantification
mitogen-activated protein kinase
membrane-associated estrogen receptor
multidrug resistance protein

mass spectrometry
organic-anion-transporting polypeptide
poly(ADP-ribose)-polymerase 1
3’-phosphoadenosine-5-phosphosulfate
polymerase chain reaction

pregnane X receptor

resveratrol (trans-3,5,4'-trihydroxystilbene)
standard deviation

selective estrogen-receptor modulator
solid phase extraction

short tandem repeats

steroid sulfatase

sulfotransferase

testosterone

tocilizumab

uridine 5'-diphospho-glucuronosyltransferase
upper limit of quantification

vascular endothelial growth factor
maximum reaction velocity
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ZUSAMMENFASSUNG

Ostrogene spielen eine zentrale Rolle in der menschlichen Physiologie; dennoch ist
wenig {iiber die Wechselwirkung von Nahrungserganzungsmitteln oder
verschiedenen Krankheitszustanden mit deren Metabolismus bekannt.
Anderungen in  der  Stoffwechselaktivitit  kénnten  die  aktiven
Wirkkonzentrationen der Hormone erhohen, und somit verschiedenste
Krankheiten, insbesondere hormonsensitive Tumore, in der Entstehung und
Progression beeinflussen. Das Ziel der vorliegenden Arbeit war daher, erstmals
die Wechselwirkung ausgewdhlter Naturstoffe, welche typischerweise zur
Linderung von  Wechselbeschwerden eingesetzt werden, mit dem
Ostrogenstoffwechsel in humanen Brustkrebszelllinien (mit und ohne
Ostrogenrezeptorexpression) zu untersuchen. Hierfiir wurde zunédchst eine neue
Analysemethode  entwickelt, die  auf  Fliissigchromatographie  und
hochauflosender Massenspektrometrie basiert und nach internationalen
Richtlinien auch validiert wurde. Die hohe Empfindlichkeit und Selektivitat dieser
Analytik  ermoglicht, dass die zehn  wichtigsten  Steroide  des
Ostrogenstoffwechsels (inklusive der Vorstufen, der aktiven Hormone und der
entsprechenden Metaboliten) gleichzeitig quantifiziert werden konnen.

Die Behandlung der Krebszellen mit den Sojaisoflavonen Genistein und
Daidzein, beziehungsweise mit Resveratrol (einem Polyphenol aus Weintrauben),
zeigte bereits bei duflerst geringen Konzentrationen im (sub-)mikromolaren
Bereich eine starke Hemmung der Sulfatierung und Glukuronidierung von
Ostrogenen, wodurch wiederum die Spiegel unkonjugierter Steroidhormone, vor
allem die des hochpotenten 17B-Ostradiols, signifikant anstiegen. Diese Erhéhung
fiihrte weiters zu einer Stimulation des Zellwachstums von Ostrogenrezeptor-
exprimierenden Zellen, was die dringende Notwendigkeit weiterer
Untersuchungen an Frauen unterstreicht; die Anwendungssicherheit von
Nahrungserganzungsmitteln bei Brustkrebspatientinnen kénnte so besser

evaluiert werden.
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Im Gegensatz zu diesen Beobachtungen konnte keine Verdnderung der
Ostrogenkonzentrationen  festgestellt ~ werden, wenn die  gleichen
Brustkrebszelllinien mit Traubensilberkerzenextrakt, einem weiteren oft
verwendeten pflanzlichen Prédparat gegen Wechselbeschwerden, inkubiert
wurden. Der Extrakt bewirkte auflerdem keinen Wachstumsanstieg, sondern
sogar einer Wachstumshemmung der Krebszellen, was darauf hindeutet, dass die
Anwendung von Traubensilberkerzenpraparaten bei Brustkrebspatientinnen
weitgehend ungefdhrlich sein diirfte. Der Extrakt, beziehungsweise dessen
Hauptbestandteil Actein, zeigte weiters eine ausgepragte Hemmung der
Sulfatierung von Dehydroepiandrosteron (DHEA) durch die Sulfotransferase 2A1,
was zu erhohten Spiegeln von unkonjugiertem DHEA und in weiterer Folge zu
einem Anstieg der Androgene Androstendion und Testosteron fiihrte. Dieser
Androgenanstieg konnte als Erklarung fiir die klinisch erwiesene Wirkung von
Traubensilberkerzenextrakt gegen menopausale Symptome, insbesondere
Hitzewallungen, dienen.

Das letzte Kapitel der vorliegenden Dissertation zeigte weiters, dass der
Metabolismus von Ostrogenen auch als Resistenzmarker fiir Ovarialkarzinome
dienen konnte. Hierfiir wurden die Konzentrationen der Ostrogene und deren
Metaboliten in  zwei  Carboplatin-sensitiven = und vier -resistenten
Ovarialkarzinomzelllinien bestimmt. Dabei wurde eine signifikante Hemmung
des Ostrogenmetabolismus ausschlieflich in resistenten Zellen beobachtet; ein
Effekt, der durch die Behandlung mit dem monoklonalen anti-Interleukin-6-
Rezeptor Antikorper Tocilizumab aufgehoben werden konnte.

Klinische Studien, die die Blut- und/oder Gewebskonzentrationen
konjugierter und unkonjugierter Steroidhormone vor und wahrend der Einnahme
von  Nahrungserganzungsmitteln = oder @ im  Verlauf  verschiedener
Krankheitszustande tiberwachen, sind folglich dringend nétig, um die in dieser

Arbeit in vitro beobachteten Zusammenhange auch mit Patientendaten zu belegen.
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