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ARTICLE INFO ABSTRACT

Keywords: The global rise of antibiotic resistance necessitates novel therapeutic strategies for infectious diseases. Inhibition

Steroid hormones of bacterial efflux pumps, which contribute to multidrug resistance, represents a promising approach to restore

iegrostermds or even increase the efficacy of existing antibiotics. Using fluorescence-based ethidium bromide accumulation,
ndrostane

broth microdilution, and checkerboard assays, we evaluated 26 endogenous steroidal hormones and neuro-
steroids, along with 30 synthetic derivatives, for their ability to enhance antibiotic susceptibility in multidrug-
resistant Staphylococcus aureus. Structure-activity relationship analysis identified compounds 13 and 16 as
lead candidates, exhibiting strong efflux pump inhibition and marked reductions in the minimum inhibitory
concentrations of ciprofloxacin and erythromycin. Both compounds showed additive effects in checkerboard
assays. Modifications at C-3 (polar substitution) and C-17 (3a,5p-stereochemistry and nonpolar substitution)
were essential for potent efflux inhibition and sensitization, although these modifications were not additive when
combined. Transcriptome analysis further revealed that compound 13 significantly downregulated S. aureus
virulence-associated genes when administered alone or in combination with antibiotics. Cytotoxicity assessment
in human peripheral blood mononuclear cells and receptor transactivation assays for estrogen, androgen, and
progesterone receptors indicated that the most active derivatives were non-toxic and lacked detectable endocrine
activity, suggesting a favorable safety profile. Overall, these findings support the concept that rationally designed
andostane-based steroidal scaffolds can function as competitive bacterial efflux pump inhibitors and serve as
potential antibiotic adjuvants to mitigate efflux-mediated resistance.

Efflux pump inhibition
Staphylococcus aureus
Adjuvant therapy

1. Introduction

Steroid hormones are a class of biologically active molecules derived
from cholesterol that play crucial regulatory roles in the human body
[1]. These lipophilic compounds are synthesized primarily in the adre-
nal glands, gonads, and central nervous system through a series of
enzyme-mediated reactions [2]. Steroid hormones exert genomic effects
by binding to intracellular nuclear receptors [3], which act as
ligand-activated transcription factors to regulate gene expression within
target cells. This leads to long-term changes in protein synthesis and
cellular function, such as altered metabolism or growth. The complex
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biochemical pathways of steroidogenesis involve multiple physiologi-
cally relevant molecules, as illustrated in Fig. 1. Based on their structural
features and physiological functions, steroid hormones are commonly
classified into four main categories: progestogens, androgens, estrogens,
and corticosteroids (including glucocorticoids and mineralocorticoids).
A distinct group of steroids is neurosteroids [4], endogenous compounds
synthesized within the brain and nervous system from cholesterol or
circulating steroid precursors. Neurosteroids and their synthetic ana-
logues (neuroactive steroids) rapidly modulate neuronal excitability by
interacting with neurotransmitter receptors such as y-aminobutyric acid
A (GABA,), N-methyl-p-aspartate (NMDA), or G-protein coupled
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receptors. As neurosteroids do not target nuclear receptors, their
mechanism of action is defined as non-genomic.

The classification of “steroid hormones and neurosteroids” reflects
not only chemical structure but also distinct biological activities,
ranging from the modulation of immune responses and metabolic ho-
meostasis to the regulation of neurobiological processes [5]. Physio-
logical concentrations of steroid hormones can range from picomolar
levels, such as estrogens and progesterone [6], to nanomolar levels, as
seen in corticosteroids like cortisol [7]. Some hormones, including de-
hydroepiandrosterone (DHEA) and testosterone, can reach micromolar
concentrations, especially in certain tissues [8]. It should also be noted
that steroid hormones and neurosteroids undergo profound changes in
their concentrations and physiological roles throughout pregnancy
[9-11]. In pathological conditions, hormone levels can be significantly
altered; for instance, cortisol levels may exceed micromolar concentra-
tions in Cushing's syndrome [12], severe stress or sepsis [13], while
estrogens, DHEA, or testosterone can also be elevated or suppressed in
various endocrine disorders [14], highlighting their potent biological
effects across a wide concentration range.

Recently, significant attention has been paid to steroids for their
potential therapeutic value, not only in neurology and psychiatry, but
also in modulating immune function and susceptibility to infectious
diseases [15]. Many studies have demonstrated the ability of microor-
ganisms to respond to host signaling molecules, including steroid hor-
mones. These hormones interact with bacteria in a complex manner,
influencing various aspects of bacterial behavior, including growth,
antimicrobial susceptibility, metabolism, stress responses, quorum
sensing, and virulence [16-18]. Moreover, recent research has high-
lighted the role of steroids in personalized medicine, considering gender
and hormonal status as key factors in therapeutic strategies. Studies
have shown that sex steroid hormones impact bacterial-host interactions
and infection susceptibility in a sex-specific manner [19,20]. Addition-
ally, it has been shown that androgens and glucocorticoids affect mi-
crobial growth and antibiotic resistance, underscoring the significance
of steroid hormones in microbial behavior and antimicrobial suscepti-
bility [21].

Bacterial resistance to antibiotics is a major concern in modern
medicine, and one of the fundamental mechanisms of bacterial resis-
tance is the overproduction of efflux pumps, which actively transport
antibiotics from the intracellular to the extracellular space, thereby
reducing their intracellular concentration below the therapeutic
threshold and rendering the antibiotics less effective [22]. Efflux pumps
are essential for bacterial survival, as they help eliminate toxic com-
pounds, including both endogenous metabolites and foreign substances
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like antibiotics.

Human cells also employ efflux pumps to maintain hormonal balance
and cellular homeostasis, and they are essential for the active transport
of endogenous steroid hormones across biological membranes. This
transport is critical not only for the clearance of excess steroids from
cells but also for shaping hormone gradients between tissues, controlling
local hormone availability, and terminating hormone signaling after
receptor activation. Several well-characterized human efflux pumps,
particularly those from the ATP-binding cassette (ABC) transporter
family, such as P-glycoprotein (MDR1/ABCB1), breast cancer resistance
protein (BCRP/ABCG2), and multidrug resistance (MDR)-associated
proteins, are known to mediate the export of steroid hormones and their
metabolites [23].

Interestingly, several of these human transporters share structural
and functional similarity with bacterial efflux pumps, such as those from
the resistance-nodulation-division (RND) and ABC families. This simi-
larity raises the intriguing possibility that bacterial efflux systems may
also interact with steroid molecules, which could also serve as substrates
for bacterial efflux systems [24,25]. Bacteria, such as Staphylococcus
aureus, adapt to environmental stress, including exposure to antibiotics,
by increasing the production of efflux pumps that actively expel anti-
microbial agents. One of the well-characterized examples is the NorA
efflux pump, a member of the major facilitator superfamily (MFS),
which helps the bacteria resist a broad spectrum of compounds,
including fluoroquinolones [22].

Given that human steroid hormones are known substrates for various
human efflux pumps, it is conceivable that structurally similar molecules
may interact with bacterial efflux systems as well. In this context, steroid
hormones could act as competitive inhibitors of bacterial efflux pumps,
binding to the transporter and effectively competing with antibiotics for
export. This interaction could reduce antibotic efflux, thereby increasing
their intracellular concentration and potentially enhancing antibacterial
efficacy. The goal of this study was to investigate this hypothesis further
and evaluate whether structural modification of endogenous steroids
can yield more effective inhibitors of bacterial efflux pumps. If suc-
cessful, this strategy could represent a novel adjuvant therapy.

2. Materials and methods
2.1. Chemistry
2.1.1. General

All commercial reagents and solvents were used without further
purification. Melting points were determined with a micromelting point
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Fig. 1. Overview of steroidal hormones and endogenous neurosteroids tested in the primary screening.
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apparatus (Helmut Hund, Germany) and are uncorrected. For elemental
analysis, a PE 2400 Series II CHNS/O Analyzer (PerkinElmer, MA, USA)
was used, with a microbalance MX5 (Mettler Toledo, Switzerland).
Optical rotation were measured on a AUTOPOL IV polarimeter (Rudolph
Research Analytical, NJ, USA); all samples were measured at 20 °C, at
the specified concentration in the indicated solvent at 589 nm. Proton
and carbon NMR spectra were recorded on a AVANCE III 400 MHz
(Bruker, Germany) spectrometer, with chemical shifts given in parts per
million (ppm ), relative to the residual CDCl; peak at 7.26 and
77.16 ppm for 'H and '3C nuclei, respectively. Coupling constants (J)
are reported in Hz. The high resolution mass spectrometry (HRMS)
spectra were obtained on an LTQ Orbitrap XL (Thermo Fisher Scientific,
MA, USA) in electrospray ionization (ESI) mode. Thin-layer chroma-
tography (TLC) was performed on silica gel plates (Merck, Czech Re-
public, 60 pm) and visualized with a phosphomolybdic acid/ethanol
stain. For flash chromatography, the puriFlash 5.250 system (Interchim,
France) was used, with neutral silica gel (Merck, 40-63 pm) and an
evaporative light scattering detector (ELSD) detector. Analytical sam-
ples were dried over phosphorus pentoxide at 25 °C and 0.25 kPa.

2.1.2. Synthesis

2.1.2.1. Library of endogenous steroidal hormones and neurosteroids
(Fig. 1). All compounds listed below were obtained from the internal
Library of Steroidal Compounds maintained at Institute of Organic
Chemistry and Biochemistry (IOCB Prague). Each was originally pur-
chased from the indicated commercial supplier.

Pregnenolone (3p-Hydroxy-pregn-5-en-20-one), Merck, CAS 145-13-1,
Cat. No. PHR2564.

17a-Hydroxypregnenolone (3p,17a-Dihydroxy-pregn-5-en-20-one),
Biosynth Ltd., United Kingdom, CAS 387-79-1, Cat. No. FH40258.

Dehydroepiandrosterone (3p-Hydroxy-androst-5-en-17-one), Merck,
CAS 53-43-0, Cat. No. 700087P.

Androstenedione (Androst-4-ene-3,17-dione), Merck, CAS 63-05-8,
Cat. No. 46033.

Estrone (3-Hydroxyestra-1,3,5(10)-trien-17-one), LGC Ltd., United
Kingdom, CAS 53-16-7, Cat. No. TRC-E889050.

Progesterone (Pregn-4-ene-3,20-dione), Merck, CAS 57-83-0, Cat. No.
P8783.

Allopregnanolone (3a-Hydroxy-5a-pregnan-20-one). Biosynth Ltd.,
CAS 516-54-1, Cat. No. FA158661.

Pregnanolone (3a-Hydroxy-5p-pregnan-20-one), Tocris, Bio-Techne
R&D Systems, Czech Republic, CAS 128-20-1, Cat. No. 3652.

17a-Hydroxyprogesterone (17a-Hydroxy-pregn-4-ene-3,20-dione),
Merck, CAS 68-96-2, Cat. No. H5752.

Androstenediol (Androst-5-ene-3f,17f-diol), LGC Ltd., CAS 521-17-5,
Cat. No. TRC-A637670.

Testosterone (17f-Hydroxyandrost-4-en-3-one), Merck, CAS 58-22-0,
Cat. No. PHR2027.

Estradiol (Estra-1,3,5(10)-triene-3,17p-diol), Merck, CAS 50-28-2,
Cat. No. E8875.

11-Deoxycorticosterone (21-Hydroxypregn-4-ene-3,20-dione), Merck,
CAS 64-85-7, Cat. No. D6875.

11-Deoxycortisol (17a,21-Dihydroxypregn-4-ene-3,20-dione), Merck,
CAS 152-58-9, Cat. No. R0500.

Epiandrosterone (3-Hydroxy-5a-androstan-17-one), Merck, CAS 481-
29-8, Cat. No. E3375.

Etiocholanolone (3a-Hydroxy-5p-androstan-17-one), Merck, CAS 53-
42-9, Cat. No. E5126.

Estriol (Estra-1,3,5(10)-triene-3,16a,17p-triol), Merck, CAS 50-27-1,
Cat. No. PHR2800.

Corticosterone (114,21-Dihydroxypregn-4-ene-3,20-dione), Merck, CAS
50-22-6, Cat. No. 27840.

Cortisol (11p,17a,21-Trihydroxypregn-4-ene-3,20-dione), Merck, CAS
50-23-7, Cat. No. H4001.
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Allotetrahydrodeoxycortisol ~ (3a,17a,21-Trihydroxy-5a-pregnan-20-
one), Biosynth Ltd., CAS 601-01-4, Cat. No. FA65668.

2.1.2.2. Library of C-3, C-5, and C-20 reduced metabolites of progesterone
(Fig. 2). All compounds listed below were obtained from the internal
Library of Steroidal Compounds maintained at IOCB Prague. Each was
originally purchased from the indicated commercial supplier.

(20S)-Hydroxyprogesterone  (20a-Hydroxypregn-4-en-3-one), Santa
Cruz Biotechnology, Inc., United States, CAS 145-14-2, Cat. No. sc-
396005.

(3p)-Hydroxyprogesterone  (3f-Hydroxy-pregn-4-ene-20-one), LGC
Ltd., CAS 566-66-5, Cat. No. TRC-H939040.

5a-Pregnane-3,20-dione (5a-Dihydroprogesterone), Biosynth Ltd., CAS
566-65-4, Cat. No. FP40764.

5p-Pregnane-3,20-dione (5p-Dihydroprogesterone), LGC Ltd., CAS 566-
66-5, Cat. No. D449280.

Isopregnanolone (3p-Hydroxy-5a-pregnan-20-one), LGC Ltd., CAS 516-
55-2, Cat. No. TRC-1822200.

Epipregnanolone (3-Hydroxy-5p-pregnan-20-one), Biosynth Ltd., CAS
128-21-2, Cat. No. FE177267.

2.1.2.3. Compounds 1-33. 20-Oxo-5f-pregnan-3a-yl 3-Hemisuccinate
(1). Compound 1 was prepared according to the literature [26].

3a-Amino-5p-pregnan-20-one hydrochloride (2). Compound 2 was
prepared according to the literature [27].

20-0Oxo-5p-pregnan-3a-yl L-Glutamyl 1-Ester (3). Compound 3 was
prepared according to the literature [28].

(3R,5R,8R,9S,108,13S,14S,17S)-17-acetyl-10,13-dimethylhex-
adecahydro-1H-cyclopenta[a]phenanthren-3-yl (S)-5-oxopyrrolidine-2-
carboxylate (4). Compound 4 was prepared according to the literature
[29].

17a-Oxo-p-homo-5f-androstan-3a-ol (5). Compound 5 was prepared
according to the literature [30].

17-Methylene-5p-androstan-3a-ol (6). Compound 6 was prepared ac-
cording to the literature [30].

3a-Hydroxy-5p-androstane (7). Compound 7 was prepared according
to the literature [30].

3a-Hydroxy-17p-methyl-5p-androstane (8). Compound 8 was pre-
pared according to the literature [30].

Compounds 9, 11 and 12 listed below were obtained from the in-
ternal Library of Steroidal Compounds maintained at IOCB Prague. Each
was originally purchased from the indicated commercial supplier.

17a-Hydroxypregnanolone (3a,17a-Dihydroxy-5f-pregnan-20-one, 9),
Alfa Chemistry, USA, CAS 570-52-5, Cat. No. ACM570525.

11a-Hydroxypregnanolone (3a,11a-Dihydroxy-5p-pregnan-20-one,
10). Compound 10 was prepared according to the literature [31].

Tetrahydrocorticosterone  (3a,11p,21-Trihydroxy-5/-pregnan-20-one,
11). LGC Ltd., CAS 68-42-8, Cat. No. TRC-T293160.

11,20-Dioxo-5p-pregnane-3a,21-diol (12). Biosynth Ltd., CAS 128-21-
2, Cat. No. FE177267.

2-(((3R,5R,88,9S,108S,13S,14S5)-10,13-dimethylhexadecahydro-1H-
cyclopenta[a]phenanthren-3-yl)oxy)ethan-1-ol (13). Lithium aluminum
hydride (265 mg, 7.05 mmol) was added to a solution of carboxylic acid
32 (1.7 g, 5.1 mmol) in tetrahydrofuran (THF, d60 mL). The reaction
mixture was refluxed for 2 h. Then, the reaction was quenched by adding
a small amount of saturated aqueous sodium sulfate at 0 °C, and the
resulting precipitated solid material was filtered off. The filtrate was
extracted with ethyl acetate (3 x 20 mL). The combined organic layers
were washed with water and brine, dried over Na;SO4. Solvents were
evaporated in vacuo. Crystallization afforded compound 13 (1.4 g, 93%):
mp 160-162 °C (EtOAc/n-heptane), [a]Z’ +12.4 (c 0.2, CHCls). 'H NMR
(400 MHz, chloroform CDCl3): § 0.68 (s, 3H-18), 0.93 (s, 3H-19), 3.30
(m, H-3), 3.59 (ddd, J = 6.1, 3.5, 1.2 Hz, 2H, C-1), 3.72 (m, 2H, C-2).
13C NMR (101 MHz, CDCl3): 6§ 79.8 (C-3), 69.0 (C-2), 62.3 (C-1), 54.7,
42.3, 41.1, 40.8, 40.6, 39.2, 36.4, 35.6, 35.2, 33.4, 27.5, 27.4, 26.9,
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25.7, 23.6, 21.0, 20.7, 17.6. IR spectrum (CHCl3): 3630, 3595 (OH);
2935, 2867 (CHy); 1052 (C-OH). MS (ESI) m/z: 343.3 (100%, M + Na).
HR-MS (ESI) m/z for Cy1H3¢0oNa [M+Na] caled. 343.26075, found
343.26070.
2-(Dimethylamino)-N-[(17p-methyl-5p-androstan-3a-yl] Acetamide
(14). 3a-Amino-17f-methyl-5p-androstan ~ hydrochloride [32]
(325.9 mg, 1 mmol) and 4-(N,N-dimethylamino)pyridine (122.2 mg,
1 mmol) were placed in a round-bottom flask equipped with a septum
inlet, then it was evacuated and refilled with argon two times. The solids
were dissolved in 20 mL dichloromethane (DCM) and upon stirring, N,
N-diisopropylethylamine (609 pL, 3.5 mmol) was added. It was followed
by the addition of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDCI, 479 mg, 2.5 mmol) and N,N-dimethylglycine
(258 mg, 2.5 mmol, 2.5 eq.) under an argon stream. The reaction
mixture was stirred at room temperature for 24 h. The solvent was
evaporated, and the crude mixture was dissolved in 70 mL DCM. It was
washed twice with 15 mL of water, then the organic phase was dried
over anhydrous sodium sulfate. It was filtered, and the solvent evapo-
rated. Chromatography on silica gel (1-3% acetone in chloroform) gave
compound 14 (311 mg, 83%) as a white solid: mp 141-143 °C (chlor-
oform/acetone); [oc]%0 +44.9 (c 0.254, CHClj). 'H NMR (400 MHz,
CDClg): 6§ 0.53 (3H, s, H-18), 0.83 (3H, d, J = 6.8 Hz, H-17), 0.95 (3H, s,
H-19), 2.30 (6H, s, N(CHj)3), 2.93 (2H, s, N-CH»-CO), 3.81 (1H, m,
H-3), 7.00 (1H, d, J = 6.3 Hz, NH). '3C NMR (101 MHz, CDCls): 5 169.5
(CO-NH), 63.4 (N-CH2-CO), 56.1, 48.8, 46.0, 45.4, 42.7, 42.4, 41.1,
37.9, 36.2, 36.2, 34.9, 33.9, 30.4, 28.2, 27.2, 26.8, 24.9, 23.8, 20.7,
14.0, 12.2. IR spectrum (CHCl3): 3355 (NH), 1660 (amide 1), 1522
(amide II), 1046 (N-C3). MS (ESI) m/z: 375.3 (100 %, M + H). HRMS
(ESI) m/z for Co4H43N2O [M+H] caled. 375.33699, found 375.33694.
For Co4H43N50 (374.3) caled: 76.95 % C, 11.30 % H, 7.48 % N; found:
76.79 % C, 11.11 % H, 7.32 % N.
(3R,5R,88S,9S,108S,13S,14S5)-10,13-Dimethylhexadecahydro-1H-cyclo-
penta[a]phenanthren-3-yl (S)-5-oxopyrrolidine-2-carboxylate (15). A
mixture of compound 7 (300 mg, 1.0 mmol), 4-dimethylaminopyridine
(30 mg, 0.25 mmol), EDCI (517 mg, 2.7 mmol), and hydroxybenzo-
triazole (HOBt, 297 mg, 2.2 mmol) was dried under vacuum at room
temperature for 1 h. Then, dry dimethylformamide (DMF, 10 mL) was
added under inert atmosphere, followed by the slow dropwise addition
of r-pyroglutamic acid (190 mg, 1.9 mmol) in dry DMF (5 mL). The
reaction mixture was allowed to stir overnight at room temperature.
After solvent evaporation, the residue was purified by column chroma-
tography on silica gel (5% acetone/chloroform), affording compound 15
(210 mg, 58%): mp 136—137 °C (chloroform/diethyl ether), [0(]1230
+29.5 (c 0.2, CHCly). 'H NMR (400 MHz, CDCl3): § 0.69 (3H, s, H-18),
0.94 (3H, s, H-19), 4.18-4.53 (4H, m, pyroglutamic acid ester), 4.16-
4.24 (1H, m, C-2", 4.79 (1H tt, J = 11.3, 4.8 Hz, H-3), 5.89 (1H, s,
N-H). 13C NMR (101 MHz, CDCl3): 6 177. 5 (CO-N), 171.4 (COO0), 76.0
(C-3), 55.5, 54.5, 41.9, 40.9, 40.7, 40.5, 39.0, 36.2, 35.0, 34.7, 32.1,
29.2, 27.0, 26.7, 26.5, 25.5, 24.9, 23.3, 20.8, 20.6, 17.5. IR spectrum
(CHCl3): 1734, 1704 (C=0). MS ESI m/z: 386.3 (100%, M — H). HR-MS
(ESI) m/z for Co4H36NO3 [M — H] caled, 386.27007; found, 386.26962.
For Cy4H37NO3 (387.3) caled: 74.38%, C; 9.62%, H; 3.61%N. Found:
74.20%, C; 9.61%, H; 3.26%, N.
4-(((3R,5R,8R,9S,108S,13S,14S5)-10,13-Dimethyl-17-methylenhex-
adecahydro-1H-cyclopenta[a]phenantren-3-yl)oxy)-4-oxobutanoic acid
(16). Compound 16 was prepared according to the literature [32].
3-(((3R,5R,8R,9S,108S,13S,14S5)-10,13-Dimethyl-17-methylenehex-
adecahydro-1H-cyclo- penta[a]phenantren-3-yl)oxy)-3-oxopropanoic acid
(17). Compound 17 was prepared according to the literature [32].
5-(((3R,5R,8R,9S,10S,138S,14S)-10,13-Dimethyl-17-methylenhex-
adecahydro-1H-cyclopenta[a]phenantren-3-yl)oxy)-5-oxopentanoic  acid
(18). Compound 18 was prepared according to the literature [32].
20-0Oxo-androst-5-en-3p-yl 3-Hemisuccinate (19). Compound 19 was
prepared according to the literature [33].
17-Oxo-5p-androstan-3a-yl 3-Hemisuccinate (20). Compound 20 was
prepared according to the literature [32].
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20-Oxo-pregn-5-en-3-yl 3-Hemisuccinate (21). Compound 21 was
prepared according to the literature [33,34].

20-Oxo-5p-pregnan-3a-yl 3-Hemisuccinate (22). Compound 22 was
prepared according to the literature [26].

20-Oxo-pregn-4-en-34-yl 3-Hemisuccinate (23). Compound 23 was
prepared according to the literature [35].

3-(((3R,5R,8R,9S,10S,13S,17R)-10,13-dimethyl-17-(prop-1-en-2-yl)
hexadecahydro-1H-cyclopenta[a]phenanthren-3-yl)oxy)-3-oxopropanoic
acid (24). Compound 24 was prepared according to the literature [32].

4-(((3R,5R,8R,9S,108S,13S,14S,17R)-10,13-Dimethyl-17-(prop-1-en-
2-yDhexadecahydro-1H-cyclopenta[a]phenantren-3-yl)oxy)-4-oxobuta-
noic acid (25). Compound 25 was prepared according to the literature
[32].

5-(((3R,5R,8R,9S,108S,13S,14S,Z)-17-Ethylidene-10, 13-dimethylhex-
adecahydro-1H-cyclopenta[a]phenantren-3-yl)oxy)-5-oxopentanoic  acid
(26). Compound 26 was prepared according to the literature [32].

2-(((3R,5R,88,9S,108S,13S,14S)-10,13-dimethylhexadecahydro-1H-
cyclopenta[a]phenanthren-3-yl)oxy)ethyl (R)-5-oxopyrrolidine-2-carbox-
ylate (27). A mixture of compound 13 (320 mg, 1.0 mmol), 4-dimethy-
laminopyridine (30 mg, 0.25 mmol), EDCI (517 mg, 2.7 mmol), and
HOBt (297 mg, 2.2 mmol) was dried under vacuum at room temperature
for 1 h. Then, dry DMF (10 mL) was added under inert atmosphere,
followed by slow dropwise addition of r-pyroglutamic acid (194 mg,
1.5 mmol) in dry DMF (5 mL). The reaction mixture was allowed to stir
overnight at room temperature. After solvent evaporation, the residue
was purified by column chromatography on silica gel (5% acetone/
hexane), affording compound 27 (180 mg, 42%): mp 110—-111 °C
(acetone/hexane), [a]?’ +11.4 (c 0.30, CHCl3). '"HNMR (400 MHz,
CDCls): 6§ 0.67 (3H, s, H-18), 0.92 (3H, s, H-19), 3.22-3.55 (m, 4H-lac-
tam), 3.28 (m, H-3), 3.64-3.74 (2H, m, C1"), 4.28-4.30 (3H, m, 3H, C-
2" and C-4), 5.92 (1H, s, lactam NH). '3C NMR (101 MHz, CDCly): 6
177.6 (CO lactam), 172.1 (CO linker), 79.9 (C-3), 65.7, 65.3, 55.4, 54.7,
42.3, 41.1, 40.8, 40.6, 39.2, 36.3, 35.5, 35.3, 33.3, 29.2, 27.5, 27.2,
26.9, 25.7, 25.0, 23.6, 20.9, 20.7, 17.6. IR spectrum (CHClg): 3437,
1705 (oxopyrrolidine); 1744 (C=0); 1240, 1033 (C-0). MS ESI m/z:
454.3 (87%, M + Na), 432.3 (58%, M + H). HR-MS (ESI) m/z for
CoeH4oNO4 [M+H] caled, 432.31084; found, 432.31049. For
CoH41NO4 (431.6) caled: 72.35%, C; 9.58%, H; 3.25%, N. Found:
71.99%, C; 9.93%, H; 3.13%, N.

2-(((3R,5R,88,9S,108S,13S,14S5)-10,13-dimethylhexadecahydro-1H-
cyclopenta[aJphenanthren-3-yDoxy)ethyl ~ (S)-6-oxopiperidine-2-carbox-
ylate (28). A mixture of compound 13 (320 mg, 1.0 mmol), 4-dimethy-
laminopyridine (30 mg, 0.25 mmol), EDCI (517 mg, 2.7 mmol), and
HOBt (297 mg, 2.2 mmol) was dried under vacuum at room temperature
for 1 h. Then, dry DMF (10 mL) was added under inert atmosphere,
followed by slow dropwise addition of (S)-6-oxo-2-piperidinecarboxylic
acid (214 mg, 1.5 mmol) in dry DMF (5 mL). The reaction mixture was
allowed to stir overnight at room temperature. After solvent evapora-
tion, the residue was purified by column chromatography on silica gel
(20% acetone/hexane), affording compound 27 (170 mg, 38%): mp
117—119 °C (acetone in hexane), [o]Z’ +8.1 (c 0.31, CHCl3). 'H NMR
(400 MHz, CDCl3): § 0.67 (3H, s, H-18), 0.92 (3H, s, H-19), 2.16-2.24
(m, 1H, lactam), 2.30-2.44 (m, 2H, lactam), 3.27 (tt,J = 11.1, 4.6 Hz, H-
3), 3.69 (ddd, J = 5.5, 4.2, 1.3 Hz, 2H, C-1), 4.12 (ddd, J = 8.3, 5,1,
1,6 Hz, C-4"), 4.25-4.36 (m, 2H, C-2), 6.11 (s, 1H, lactam NH). 13C NMR
(101 MHz, CDCl3): § 171.3 (CO lactam), 171.3 (CO linker), 79.9, 65.6,
65.4, 54.9, 54.7, 42.3, 41.1, 40.8, 40.6, 39.2, 36.3, 35.5, 35.2, 33.3,
31.2, 27.4, 27.2, 26.9, 25.7, 25.6, 23.6, 20.9, 20.7, 19.7, 17.6. IR
spectrum (CHCl3): 3400, 1666 (oxopiperidine); 1743 (C=0); 1294,
1244 (C-0). MS ESI m/z: 468.3 (100%, M + Na), 446.3 (88%, M + H).
HR-MS (ESI) m/z for CoyH44NO4 [M+H] caled, 446.32649; found,
446.32614. For CoyH43NO4 (445.6) caled: 72.77%, C; 9.73%, H; 3.14%,
N. Found: 72.63%, C; 9.65%, H; 3.03%, N.

(R)-N-(2-(((3R,5R,88S,9S,10S,13S,14S)-10,13-dimethylhexadecahy-
dro-1H-cyclopenta[a]phenanthren-3-yl)oxy)ethyl)-5-oxopyrrolidine-2-car-
boxamide (29). The r-pyroglutamic acid (110 mg, 0.85 mmol) and 4-
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dimethylaminopyridine (DMAP, 13.8 mg, 0.11 mmol) were dissolved in
DCM (10 mL), and the resulting solution was cooled in an ice bath. EDCI
(112 mg, 0.85 mmol) was added in one portion, and the mixture was
stirred at 0 °C for 15 min. Steroid 33 (181 mg, 0.566 mmol) was then
added in one portion, followed by N,N-diisopropylethylamine (DIPEA,
0.1 mL, 0.574 mmol). The solution was allowed to warm to room tem-
perature and stirred overnight under an inert atmosphere. The reaction
mixture was quenched with 5% HCI, extracted with chloroform
(3 x 25 mL), washed with saturated aqueous solution of sodium bicar-
bonate (25 mL), dried over MgSO4, and evaporated to dryness. The
crude product was purified by flash column chromatography on silica
gel (12 g, 0-10% ethanol in ethyl acetate), affording compound 29
(120 mg, 49%): mp 170-172 °C, [alp —8.9 (¢ 0.3 CHCly). 'H NMR
(401 MHz, CDCl3): 0.68 (s, 3H-18), 0.92 (s, 3H-19), 2.11-2.60 (m, 4H-
lactam), 3.26 (tt, J = 11.0, 4.6 Hz, H-3), 3.45 (m, 2H, C-2), 3.54 (m,
2H, C-1), 4.16 (ddd, J = 8.8, 5.1, 1.3 Hz, 1H, C-4), 6.19 (s, 1H, lactam
NH), 6.48 (s, 1H, linker NH). 13¢ NMR (101 MHz, CDCls). 6 179.0 (CO
lactam), 172.0 (CO linker), 79.9 (C-3), 66.3 (C-1), 57.0, 54.7, 42.2,
41.1, 40.9, 40.6, 40.0, 39.2, 36.3, 35.5, 35.2, 33.3, 29.3, 27.4, 27.4,
26.9, 26.3, 25.7, 23.6, 21.0, 20.7, 17.6. IR spectrum (CHCl3): 3430 (NH);
1704,1675 (CONH); 1096 (COC). MS (ESI) m/z: 453.3 (100%, M + Na).
HR-MS (ESI) m/z for CogH4203N;Na [M+Na] caled. 453.30876, found
453.30850.

(S)-N-(2-(((3R,5R,88,9S,108S,13S,145)-10,13-dimethylhexadecahy-
dro-1H-cyclopenta[a]phenanthren-3-yl)oxy)ethyl)-6-oxopiperidine-2-car-
boxamide (30). (S)-6-oxo-2-piperidinecarboxylic acid (122 mg,
0.85 mmol) and DMAP (13.8 mg, 0.11 mmol) were dissolved in DCM
(10 mL), and the resulting solution was cooled in an ice bath. EDCI
(112 mg, 0.85 mmol) was added in one portion, and the mixture was
stirred at 0 °C for 15 min. Steroid 33 (181 mg, 0.566 mmol) was then
added in one portion, followed by DIPEA (0.1 mL, 0.574 mmol). The
solution was allowed to warm to room temperature and stirred for 46 h
under an inert atmosphere. The reaction mixture was quenched with 5%
HCIl, extracted with chloroform (3 x 25 mL), washed with saturated
aqueous solution of sodium bicarbonate (25 mL), dried over MgSO4, and
evaporated to dryness. The crude product was purified by flash column
chromatography on silica gel (12 g, 0-10% ethanol in ethyl acetate),
affording compound 30 (80 mg, 32%): mp 162-164 °C. IH NMR
(401 MHz, CDCl3): 0.67 (s, 3H-18), 0.91 (s, 3H-19), 2.39 (t, J = 6.7 Hz,
2H-lactam), 3.25 (tt, J = 11.0, 4.6 Hz, H-3), 3.45 (m, 2H, C-2), 3.55 (m,
2H, C-1"), 4.02 (td, J = 5.9, 2.8 Hz, 1H, C-4), 6.52 (s, 1H, linker NH),
6.73 (s, 1H, lactam NH). 13¢ NMR (101 MHz, CDCl3): § 172.6 (CO lac-
tam), 171.5 (CO linker), 79.8 (C-3), 66.3, 56.7, 54.6, 42.2, 41.0, 40.8,
40.6, 40.1, 40.0, 36.3, 35.5, 35.1, 33.2, 31.5, 27.4, 27.3, 26.9, 26.3,
25.7, 23.6, 20.9, 20.7, 18.9, 17.6. IR spectrum (CHCI3): 3434, 3392
(NH- amid, piperidine); 1664 (CONH); 1095 (COC). MS (ESI) m/z: 467.3
(100%, M + Na). HR-MS (ESI) m/z for Co7H4403NoNa [M+Na] caled.
467.32441, found 467.32455.

Ethyl 2-(((3R,5R,8S,9S,108S,13S,14S)-10,13-dimethylhexadecahydro-
1H-cyclopenta[a]phenanthren-3-yl)oxy)acetate (31). A solution of ethyl
diazoacetate (1.62 mL, 15.4 mmol) in DCM (20 mL) was slowly added to
a mixture of rhodium(II) acetate dimer (50 mg, 11.4 mmol) and com-
pound 7 (1.38 g, 5 mmol) in DCM (100 mL). The reaction mixture was
stirred under an argon atmosphere at room temperature for 2 h. The
solvents were evaporated, and the crude product was purified by flash
column chromatography on silica gel (80 g, 0-6% ethyl acetate in pe-
troleum ether) to yield compound 31 (1.76 g, 97%) that was charac-
terized by NMR spectroscopy and used directly in the next synthetic
step. 'HNMR (401 MHz, CDCl3): 6 0.67 (s, 3H-18), 0.92 (s, 3H-19), 1.28
(t, J = 7.2 Hz, 3H, OCH,CH3), 3.35 (m, H-3), 4.11 (s, 2H, C-1), 4.22 (q,
J=7.1Hz, 2H, OCH,CH3). 13¢ NMR (101 MHz, CDCl3): § 171.2 (CO0),
80.3 (C-3), 65.9 (C-1), 60.9 (OCH,CH3), 54.7, 42.2, 41.1, 40.7, 40.6,
39.2, 36.3, 35.5, 35.1, 32.9, 27.4, 26.9, 26.9, 25.7, 23.5, 20.9, 20.7,
17.6, 14.4.

2-(((3R,5R,88,9S,10S,13S,14S)-10,13-dimethylhexadecahydro-1H-
cyclopenta[a]phenanthren-3-yl)oxy)acetic acid (32). Potassium
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hydroxide (705 mg, 12.44 mmol) was added to a solution of ethyl ester
31 (1.76 g, 4.85 mmol) in EtOH (20 mL). The reaction mixture was
stirred at 50 °C for 2 h, cooled, diluted with water (120 mL), and acid-
ified to neutral pH. The product was extracted into DCM. The combined
organic layers were washed with brine, dried over MgSO4, and
concentrated under reduced pressure. The crude product was purified by
flash column chromatography on silica gel (40 g, 0-20% diethyl ether in
petroleum ether with the addition of 1% of acetic acid) to yield com-
pound 32 (1.41 g, 87%): mp 75-78 °C (diethyl ether), [a]29 +14.0 (c 0.2,
CHCly). 'H NMR (401 MHz, CDCl3): § 0.68 (s, 3H-18), 0.93 (s, 3H-19),
3.42 (m, 1H-3), 4.14 (s, 2H, C1). '3C NMR (101 MHz, CDCl5): § 172.9
(C0O0), 80.9 (C-3), 65.3 (C-1), 54.7, 42.2, 41.1, 40.9, 40.6, 39.1, 36.3,
35.3, 35.1, 33.0, 27.3, 27.1, 26.9, 25.7, 23.5, 21.0, 20.7, 17.6. IR
spectrum (CHCls): 3400 (OH); 1784, 1758 (C=0); 1120 (COC). MS
(ESI) m/z: 333.2 (100%, M — 1). HR-MS (ESI) m/z for C31H3303 [M — 1]
caled. 333.24352, found 333.24329.
2-(((3R,5R,88,9S,10S,13S,14S)-10,13-dimethylhexadecahydro-1H-

cyclopenta[a]phenanthren-3-yl)oxy)ethan-1-amine (33). A mixture of
steroid alcohol 13 (2.022 g, 6.31 mmol), PPh3 (1.884 g, 7.57 mmol), and
phthalimide (1.056 g, 7.57 mmol) in dry THF (42 mL) was cooled to 0 ‘C
and stirred for 1 h under an argon atmosphere. Then, diisopropyl azo-
dicarboxylate (DIAD, 1.42 mL, 7.12 mmol) was added dropwise, and the
reaction mixture was warmed overnight to room temperature while
stirring. The solvents were partially evaporated, the reaction mixture
was poured into brine, and the product was extracted with ethyl acetate
(3 x 25 mL). The combined organic layers were washed with brine,
dried over MgSQOy4, and concentrated under reduced pressure. The crude
C-3 phthalimide derivative was purified by flash column chromatog-
raphy on silica gel (80 g, 0-10% ethyl acetate in petroleum ether). Next,
C-3 phthalimide derivative (2.57 g, mmol) was dissolved in MeOH
(30 mL), and hydrazine monohydrate (3 mL) was added. The mixture
was refluxed for 2 h, cooled, and poured into brine. The crude product
was extracted with ethyl acetate (3 x 20 mL), the combined organic
layers were washed with brine, dried over Na;SO4, and the solvents were
evaporated, yielding compound 33 (1.5 g, 74%): m.p. 167-168 °C, [alp
—8.9 (c 0.3 CHCly). 'H NMR (401 MHz, CDCl3): 0.67 (s, 3H-18), 0.91 (s,
3H-19), 3.18 (m, 2H, C-2), 3.36 (tt, J = 10.8, 4.3 Hz, H-3), 3.75 (t,
J = 5.3 Hz, 2H, C-1), 8.26 (s, 2H, NH,). '*C NMR (101 MHz, CDCls) §
80.1 (C-3), 63.2 (C-1"), 54.6, 42.2, 41.1, 40.8, 40.6, 40.2, 39.1, 36.3,
35.5, 35.1, 33.0, 27.4, 27.2, 26.9, 25.7, 23.6, 21.0, 20.7, 17.6. IR
spectrum (KBr): 3425 (NHy); 2930, 2865 (CHj); 1098 (COC). MS (ESI)
m/z: 320.3 (100%, M+1). HR-MS (ESI) m/z for C2;H3gNO [M+1] calcd.
320.29479, found 320.29456.

2.2. Biochemistry

2.2.1. Chemicals

Bacteriological agar, charcoal stripped fetal bovine serum (DCC-
FBS), ethidium bromide, fetal bovine serum (FBS), glutamine, Luria
Bertani (LB) broth, lymphocyte separation medium 1077, lysostaphin,
Mueller Hinton (MH) broth, resazurin, and Roswell Park Memorial
Institute (RPMI) medium (Thermo Fisher Scientific) were purchased
from Merck. Ciprofloxacin, erythromycin, and dimethylsulphoxide
(DMSO) were purchased from Penta (Czech Republic). In addition, the
following chemicals were used: boeravinon B (MedChemExpress, Mon-
mouth Junction, NJ, USA), minimum essential medium (MEM; Thermo
Fisher Scientific), ONE-Glo EX Luciferase Assay System solution
(Promega, Madison, WL, USA), and RNAlater (Invitrogen, Waltham, MA,
USA).

2.2.2. Bacterial strains and tissue cultures

Clinical S. aureus isolates were obtained from the collections of mi-
croorganisms at the Department of Medical Microbiology, Motol Uni-
versity Hospital, and at the General University Hospital, both in Prague,
Czech Republic. Antibiotic susceptibility was determined according to
EUCAST (v14) using the microdilution or disk diffusion method. The
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following antibiotics were tested: oxacillin (OXA; penicillin), cefoxitin
(FOX; cephalosporin), ciprofloxacin (CIP; fluoroquinolone), amikacin
(AMK; aminoglycoside), erythromycin (ERY; macrolide), tigecycline
(TGG; tetracycline), tetracycline (TET; tetracycline), linezolid (LZD;
oxazolidinone), rifampicin (RIF; rifamycin), and trimethoprim (TMP;
diaminopyrimidine). Bacterial identification was regularly verified
using MALDI-TOF mass spectrometry (Autoflex Speed, Bruker).

All strains used were classified as multidrug resistant (MDR) and also
methicillin-resistant S. aureus (MRSA). Strain M960 (resistant to OXA,
FOX, CIP, ERY) belonged to the clonal complex ST8, spa type t008,
SCCmec type IVa, and its genome sequence was submitted to the Bio-
Sample database (NCBI, https://www.ncbi.nlm.nih.gov/biosample)
under accession number SAMN51331743. Strain M53 was characterized
as resistant to OXA, FOX, CIP; clonal complex ST8, spa type t008,
SCCmec type Iva; accession number SAMN51331742. Strain SA4 was
resistant to OXA, FOX, TMP, TGC, TET; clonal complex ST22, spa type
t223, SCCmec type Iva; accession number SAMN51152089, and strain
M334 was resistant to OXA, FOX, ERY, TGC; clonal complex ST152, spa
type t4019, SCCmec type V; accession number SAMN51155644.

Human cervical adenocarcinoma cells stably transfected with two
constructs (HeLa9903), the hER alpha expression construct and a firefly
luciferase reporter construct containing an Estrogen-Responsive
Element (ERE), were purchased from the European Collection of
Authenticated Cell Cultures (ECACC; 11033105). Human breast cancer
cell line MDA-kb2 was purchased from the American Type Culture
Collection (ATCC; CRL-2713).

2.2.3. General methods

2.2.3.1. Ethidium bromide accumulation assay. The accumulation of
ethidium bromide (EtBr) was assessed using a fluorescence-based assay,
adapted from Kiizkovska et al. [36] with minor modifications. Briefly,
S. aureus M960 was cultured overnight in the presence of ciprofloxacin
or erythromycin (1 mg/L) to induce efflux pump activity. The overnight
culture was diluted in phosphate-buffered saline (PBS) to ODggp = 0.6,
centrifuged (13,000xg, 3 min), and resuspended in fresh PBS. The
bacterial suspension was subsequently distributed (50 pL/well) into a
black 96-well plate (Thermo Fisher Scientific). An equal volume of EtBr
solution (final concentration: 1 pg/mL) with the test sample, solvent
(DMSO; 1% v/v), or boeravinone B (21 uM) was added to each well. The
fluorescence signal (530/600 nm, exc./em.) was measured kinetically
for 60 min at 60 s intervals (SpectraMax iD5 Multi-Mode Microplate
Reader, Molecular Devices, CA, USA). The data were evaluated as the
sum of fluorescence under the curve (FUC), normalized to boeravinone B
(positive control (PC); set to 1) and an equivalent volume of DMSO
(negative control (NC); set to 0). The relative activity (RA) of the steroids
was calculated as 100 x (FUCgteroid - FUCNG)/(FUCp¢ — FUCN().

2.2.3.2. Antimicrobial activity assay. Antimicrobial activity of steroids
was measured by the standardized broth microdilution method ac-
cording to ISO 20776-1. The overnight culture of S. aureus was diluted in
MH broth to a concentration of 5 x 10° colony forming units (CFU)/mL.
The culture was dispensed into a 96-well plate (100 pL/well). For each
steroid, 198 pL of inoculated medium were placed in the first row, and
2 pL of a 100-fold concentrated stock solution was added to reach the
desired starting concentration (50 pM). A two-fold serial dilution was
then prepared by transferring 100 pL from each well to the next, each
containing 100 pL of the inoculated medium, resulting in a final con-
centration range of 50 to 1.56 pM. After 20 h of incubation (37 °C,
120 rpm), the absorbance was measured at 590 nm (Infinite 200 PRO
multimode plate reader, Tecan, Switzerland). The antimicrobial activity
was evaluated as the minimum inhibitory concentration (MIC; concen-
tration inhibiting 80 % or more of the cells) using an online calculator
(AAT Bioquest, Inc., CA, USA; https://www.aatbio.com/tools/ic50-calc
ulator).
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2.2.3.3. Multidrug-resistant bacterial strains sensitization assay. Sensiti-
zation was measured using a previously published procedure using the
broth microdilution method, as described by Holasova et al. [37]. The
overnight culture of previously characterized strain S. aureus SA4 was
diluted in MH broth to a concentration of 5 x 10° CFU/mL. Then, cip-
rofloxacin (0.15 mg/L) or erythromycin (0.14 mg/L) was added to the
culture at a concentration inhibiting 50 % of the cells (ICsp). Steroid
samples were tested by two-fold serial dilution in a concentration range
of 1.56 to 50 pM. After 20 h of incubation (37 °C, 120 rpm), the
absorbance was measured at 590 nm (Infinite 200 PRO). The sensiti-
zation activity was evaluated as the MIC using an online calculator (AAT
Bioquest, Inc.).

2.2.3.4. Checkerboard assay. The steroid-antibiotic interactions were
examined using the two-dimensional broth microdilution assay to test
the effect of these compounds against previously characterized strains
S. aureus SA4, M53, and M334. The overnight culture of the bacterial
strain was diluted in MH broth to a concentration of 5 x 10° CFU/mL
and dispensed into a 96-well plate. 0.75-fold serial dilutions of the
antibiotic (ciprofloxacin or erythromycin) were performed horizontally
across columns 2 to 6, while 0.75-fold serial dilutions of the steroid were
performed vertically across rows B to F, generating a concentration
matrix of both agents. The tested concentration ranges of both com-
pounds were selected based on their previously determined individual
MIC values, ensuring that the highest tested concentration exceeded the
MIC, while at least the third dilution step fell below it. Column 7 con-
tained wells only with the steroid, and row G contained wells only with
the antibiotic. Columns 9 to 11 served as negative growth controls,
consisting of bacterial inoculum in MH broth without any added com-
pounds. After 20 h of incubation (37 °C, 120 rpm), the absorbance was
measured at 590 nm. The fractional inhibitory concentration index
(FICI) was calculated for each combination according to the formula
[38]:

FICI— MIC, in combination MICj in combination
- MIC, alone MICj alone

where MICp and MICg refer to the minimum inhibitory concentrations of
the steroid and the antibiotic, respectively. The interaction was inter-
preted as synergistic (FICI <0.5), additive (0.5 < FICI <1), indifferent
(1 < FICI <4), or antagonistic (FICI >4).

2.2.3.5. Cytotoxicity assay. Peripheral blood mononuclear cells
(PBMCs) were isolated from the blood of healthy donors. PBMCs were
taken and maintained in accordance with the ethical principles of UCT
Prague, established by the Code of Ethics of UCT Prague (Ethics com-
mittee approval ID: EC 6/25) and with the principles of the Helsinki
Declaration of 1964 (Ethical principles Research Involving Human
Subjects). Blood was collected into tubes containing EDTA to prevent
coagulation and processed within 2 h. PBMCs were isolated using a
density gradient centrifugation method. Specifically, 15 mL of
lymphocyte separation medium was added to a SepMate tube (Stemcell
Technologies, Canada), followed by the slow layering of whole blood on
top. The tube was centrifuged at 1200xg for 15 min at 20 °C.

The plasma layer, including the PBMC layer and part of the separa-
tion medium, was carefully transferred to a new 50 mL Falcon tube and
diluted with PBS up to 50 mL. The suspension was centrifuged (500xg,
5 min, 20 °C), and the resulting cell pellet was resuspended in RPMI
medium and adjusted to a final concentration of 7.5 x 10° cells/mL.

Cells were seeded into 96-well plates, and test samples were added in
serial dilutions. After 72 h of incubation, cytotoxicity was assessed using
a resazurin assay. Resazurin solution (0.03 mg/mL in PBS) was added to
each well, and plates were incubated for 1 h. Fluorescence was measured
at 560/590 nm (exc./em.). Cytotoxicity was determined by comparing
fluorescence signals to untreated control wells and expressed as the
concentration that inhibited cell viability by 80 % (ICgo).
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2.2.3.6. Estrogenic, androgenic, and progestogenic activity assay.
HeLa9903 and MDA-kb2 cell lines were incubated at standard condi-
tions (37 °C, 5% CO», humidified atmosphere) in MEM with 10% DCC-
FBS and RPMI medium with 10% FBS, respectively; both without phenol
red and supplemented with 2 mM stable glutamine. HeLa9903 cells were
regularly treated with a combination of G418 (800 pg/mL) and blasti-
cidin S (16 pg/mL), and MDA-kb2 cells were regularly treated with G418
(500 pg/mL) to maintain the responsiveness.

First, the cytotoxicity of the tested substances after 24 h exposure
was tested using both HeLa9903 and MDA-kb2 and evaluated using the
resazurin assay. The transactivation assay was performed for androgenic
receptors, both for agonistic and antagonistic effects. Assays with
HeLa9903 cells expressing the estrogen receptor alpha (ERa) were
performed according to the EPA [39] and OECD [40] standards. Assays
with MDA-kb2 cells expressing the AR receptor were performed ac-
cording to Wilson et al. [41] and the OECD standard [42].

For each assay, HeLa9903 or MDA-kb2 cells were seeded (1 x 10° or
2.5 x 10* cells per well, respectively), and 3 h after seeding, the solu-
tions of tested substances (final concentration: 10 pM) and/or the con-
trol substances (Supplementary Table S1) were added to the cells. Sole
medium served as a negative control (NC), and DMSO (0.1-1%) in
medium served as a vehicle control (VC). After 24h incubation, ONE-Glo
EX Luciferase Assay System solution was added to the wells, and lumi-
nescence was measured using Synergy H1 (BioTek Instruments, VT,
USA). Results were expressed as fold induction (FI), i.e. fold increase
compared to vehicle control. According to EPA [39], the FI of the pos-
itive control should be above 4 to meet the performance standard.

For the agonistic assay, the concentration range of a proven agonist
was added to confirm the responsiveness of the cells. Increased activity
in the presence of the tested substance was considered an agonistic ef-
fect. For the antagonistic assay, cells were stimulated with a fixed con-
centration of agonist, and the concentration range of the proven
antagonist was added. Decreased activity in the presence of the agonist
plus the tested substance was considered an antagonistic effect.

Both agonistic and antagonistic effects of steroid derivatives on ERa
and estrogen receptor beta (ERf) and progesterone receptors (PR) were
evaluated wusing a contract-based service (Eurofins Scientific,
Luxembourg). The assays were performed using human recombinant
receptors expressed in insect cells and analyzed by Time-Resolved
Forster Resonance Energy Transfer (TR-FRET) coactivator assay, ac-
cording to the provider's validated protocols: 311410 ERa, 311440 ERB,
338270 PR.

2.2.3.7. Transcriptomic assay. Biological triplicates (n = 6 per condi-
tion, including control) of S. aureus SA4 were grown by diluting over-
night cultures 1:100 into 3 mL of fresh MH broth and cultivated to a 3.0
McFarland standard. Cultures were then treated with test compounds
(antibiotic, steroid, or both) and incubated for an additional 2 h. Con-
centrations were chosen according to the checkerboard assay for each
given combination and are explicitly listed in Table 1. Cells were pel-
leted and preserved in RNAlater. Total RNA was extracted using the
RNeasy Plus Mini Kit (Qiagen, Germany), with lysostaphin-mediated

Table 1

Minimal inhibitory concentrations (MICs) of S. aureus SA4 after exposure to
steroids alone or in combination with ciprofloxacin (CIP) at its ICso concentra-
tion (0.14 mg/L). Data are presented as mean + standard error of the mean
(SEM) from three independent replicates.

Compound Sample alone Sample in combination with CIP (ICsp)
MIC [pM] MIC [pM]

13 94.84 £+ 0.15 17.12 +£1.17

16 67.20 £+ 0.61 36.33 +£1.48

17 61.45 + 0.24 23.67 £ 0.17

19 52.43 £ 0.42 24.00 £ 0.29

For concentrations in pg/mL, see Supplementary Table S16.
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lysis as the initial step. cDNA libraries were prepared following the
protocol by Grunberger et al. [43], omitting terminator exonuclease
treatment. Barcoded samples were sequenced on MinION and Prom-
ethION flow cells (Oxford Nanopore Technologies, UK) for 72 h. Base-
calling and demultiplexing were performed using Dorado v7.6.7 (Oxford
Nanopore Technologies). Transcript quantification was conducted with
Salmon v1.10.3 [44] using a custom reference genome assembled de
novo with Flye [45] and annotated with Bakta [46]. Differential
expression analysis was performed with DESeq2 v1.46.0 (Bioconductor
R package, MA, USA). Results were visualized using EnhancedVolcano
(Bioconductor R package), Cytoscape with STRINGapp (Cytoscape
Foundation, CA, USA), and ggplot2 (Comprehensive R Archive Network;
CRAN).

2.2.3.8. Computational analysis of steroid-antiporter interactions. The
efflux antiporter of S. aureus has no experimentally determined structure
deposited in the Protein Data Bank (PDB). Its UniProt entry
(AOAOU1MT24 STAAU) contains only a predicted model. Therefore
independent structure predictions using several Al-based modeling
tools: Boltz 2 [47], AlphaFold 3, ESMFold, and OmegaFold, was
generated. To explore possible interaction sites, we performed
co-folding simulations with Boltz 2 and AlphaFold 3, complemented by
Al-based binding site prediction using DiffDock. Since Al-based binding
predictions are approximate, the ligand poses using conventional mo-
lecular docking with AutoDock Vina was refined [48]. The predicted
Al-derived pockets served as initial search regions. To further assess the
stability of the predicted ligand-antiporter complexes, all-atom molec-
ular dynamics simulations (100 ns) using OpenMM was performed [49].

3. Results and discussion
3.1. Sensitization screening using steroid—antibiotic combinations

The panel of steroids shown in Fig. 1 was tested in combination with
five clinically relevant antibiotics representing different classes and
mechanisms of action: oxacillin, gentamicin, tetracycline, ciprofloxacin,
and erythromycin. The selected antibiotics are known to be excreted
from cells by efflux pumps, most commonly from the major facilitator
superfamily (MFS; e.g., LmrS [50]; tetA, tet38 [51]; NorA, NorB, NorC
[52]) and ATP-binding cassette (ABC) family (e.g., AbcA [50]; MsrA
[50D).

The measurements were performed according to the method
described in Section 2.2.3.3. using S. aureus SA4. For oxacillin and
tetracycline, the breakpoint concentrations defined by EUCAST clinical
breakpoints (v14.0) were used, as the tested S. aureus strain exhibited
resistance to these antibiotics (2 mg/L and 1 mg/L, respectively). For
ciprofloxacin and erythromycin, concentrations corresponding to the
ICsp values were applied (0.15 mg/L and 0.14 mg/L, respectively).

While no significant sensitizing effects were observed in combina-
tions with oxacillin, gentamicin, or tetracycline, two antibiotics (cipro-
floxacin and erythromycin) showed notable reductions in MIC when co-
applied with pregnanolone and 5p-pregnane-3,20-dione
(Supplementary Table S2). Interestingly, both of these antibiotics are
known substrates of the LmrS efflux pump, which contributes to mac-
rolide and fluoroquinolone resistance in S. aureus [53,54]. Whole
genome sequencing analysis revealed that the S. aureus SA4 strain used
in this study harbors 11 putative efflux pumps (Supplementary
Table S3), of which only LmrS is capable of exporting both antibiotics.
The observed MIC reductions in the presence of selected steroidal
compounds suggest that they may interfere with this basal efflux ac-
tivity. These preliminary findings prompted further evaluation using a
specialized ethidium bromide (EtBr) efflux inhibition assay and a
sensitization assay, both of which were systematically applied
throughout the structure-activity relationship (SAR) study.
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3.2. Structure-activity relationship study based on natural steroid
hormones and neurosteroids

First, we evaluated a library of endogenous steroidal compounds
(Fig. 1) to determine their potential to inhibit efflux activity in S. aureus
M960. Although this strain is resistant to ciprofloxacin (due to a gyrA
mutation) and erythromycin (via ErmC), its highly MDR phenotype is
associated with increased efflux pump activity. For this reason, it served
as as a model organism for studying EtBr accumulation resulting from
efflux pump inhibition.

The activity of endogenous steroids to inhibit the staphylococcal
efflux pump system was assessed primarily using the EtBr accumulation
assay, which provides a sensitive fluorescence-based readout. Among all
tested compounds, pregnanolone was identified as the most active
compound (Fig. 2), reaching over 20% of the activity observed with the
positive control boeravinone B, clearly outperforming all other tested
steroids. Progesterone, the biosynthetic precursor of pregnanolone, also
showed notable activity, supporting the relevance of this structural
motif.

Pregnanolone is a 3u,5p-reduced analog of progesterone. In healthy
women, progesterone can be reduced into various metabolites (Fig. 3A).
Approximately 50 % of progesterone is reduced to 5a-dihy-
droprogesterone via the enzyme 5a-reductase, 35 % to 3p-hydrox-
yprogesterone, and 10 % to (20S)-dihydroprogesterone (also reffered to
in the literature as 20a-dihydroprogesterone) [55].

The 3-oxo group of 5a-dihydroprogesterone is reduced to a 3a-hy-
droxyl substituent by 3a-hydroxysteroid-oxidoreductase, affording
endogenous neurosteroid allopregnanolone [11,56], or, to a lesser
extent, the endogenous neurosteroid isopregnanolone, which carries a
3p-hydroxy group. Similar to the 5Sa-steroid reductase pathway, pro-
gesterone can be metabolized via the 5p-pathway by the AKR1D1
enzyme (aldo-keto reductase (AKR) family) [57], yielding pregnanolone
and epipregnanolone (Fig. 3A). However, this metabolic pathway is
minor and predominates in the peripheral compartment of the central
nervous system [58]. The most important and well-studied 58-reduced
steroids are bile acids, whose biosynthesis serves as a major route for
cholesterol metabolism. Historically, it was believed that the
5B-pathway was involved in steroid inactivation [59]. It is now recog-
nized, however, that 5p-reduced steroids are not inactive; they act as

Pregnenolone M
Progesterone IE——— * *
Allopregnanolone IS
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ligands for orphan nuclear receptors [60] and modulate the activities of
the GABA, and NMDA receptors [61].

The absolute stereochemistry at positions C-3 and C-5 of allopreg-
nanolone, isopregnanolone, pregnanolone, and epipregnanolone is
defined by these chiral centers. The 5a-steroids have a trans fusion of the
A/B-rings, as the C-5 proton and the C-10 angular methyl are oriented
oppositely (allopregnanolone and isopregnanolone). Consequently, this
skeleton is described as a “planar” steroid (Fig. 3A). The “bent” steroids
are compounds with a cis fusion of the A/B-rings, as the C-5 proton and
the C-10 angular methyl are oriented on the same side (pregnanolone
and epipregnanolone). Regarding the stereochemistry at position C-3,
the 3a-substituent lies below the steroidal plane (represented as a
dashed bond), while the 3p-substituent lies above the plane (represented
as a solid wedge).

To assess the functional relevance of these stereochemical configu-
rations, we compared the EtBr accumulation levels observed for indi-
vidual progesterone metabolites (Fig. 3B). Pregnanolone again exhibited
the strongest effect, followed by its precursor 58-pregnane-3,20-dione.
In contrast, the 5a-reduced analogues allopregnanolone and iso-
pregnanolone displayed substantially lower activity. These findings
suggest that the 3a,5p-configuration, corresponding to the bent A/B-ring
conformation, enhances the ability of these compounds to inhibit efflux
in S. aureus. Based on these results, pregnanolone was selected as the
scaffold for subsequent structural derivatization as part of the structure-
activity relationship (SAR) study (Fig. 4).

Two main structural features of pregnanolone were evaluated in the
SAR study, ie. modifications at positions C-3 (Fig. 5A) and C-17
(Fig. 6A). The C-3 hydroxyl group of the steroidal skeleton was modified
with negatively charged (compound 1), positively charged (compound
2), zwitterionic (compound 3), and uncharged (compound 4) sub-
stituents, respectively (Fig. 5A).

To further evaluate the efflux-inhibitory potential of pregnanolone-
based derivatives, two complementary assays were performed. EtBr
accumulation served as a primary indicator of efflux inhibition in
ciprofloxacin-induced S. aureus. In parallel, the functional relevance of
this inhibition was assessed by determining the MIC values of each de-
rivative alone and in combination with ciprofloxacin at its ICsg
(0.15 mg/L). A significant reduction in MIC under combinatorial con-
ditions indicates sensitization of the bacterial strain and thus provides
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Epiandrosterone I *
Allotetrahydrodeoxycortisol H
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Relative ethidium bromide accumulation

Fig. 2. Relative accumulation of ethidium bromide in ciprofloxacin-induced S. aureus M960 caused by endogenous steroids, boeravinon B (positive control, 21 pM),
and DMSO (negative control). Steroids were tested at a concentration of 50 pM. Data are presented as the average of three replicates + standard error of the mean
(SEM). The effect of steroids was analyzed using a two-tailed t-test. Statistically significant differences from the negative control are indicated with * (p < 0.01), ** (p
< 0.001), *** (p < 0.0001). For concentrations in pg/mL, see Supplementary Table S4.
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Fig. 3. (A) Structure of metabolites of progesterone. (B) Relative accumulation of ethidium bromide in ciprofloxacin-induced S. aureus M960 caused by endogenous
steroids, boeravinon B (positive control, 21 pM), and DMSO (negative control). Steroids were tested at a concentration of 50 pM. The effect of steroids was analyzed
using a two-tailed t-test. Statistically significant differences from the negative control are indicated with * (p < 0.01), ** (p < 0.001). For concentrations in pg/mL, see

Supplementary Table S5.
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Fig. 4. Structural representation of pregnanolone with highlighted key posi-
tions targeted in the SAR study design.

confirmatory evidence of efflux pump inhibition.
Among the tested derivatives, only compound 4 exhibited a

significant increase in EtBr accumulation, exceeding even the level of
the positive control (Fig. 5B), indicating potent inhibition of efflux ac-
tivity. Importantly, this effect translated into a reduction of the MIC
when combined with ciprofloxacin at its ICsg concentration (Fig. 5C),
suggesting that compound 4 is capable of sensitizing the multidrug-
resistant S. aureus strain to this antibiotic.

As mentioned previously, two main structural features of pregna-
nolone can be evaluated, i.e. modifications at positions C-3 and C-17 (D-
ring; Fig. 4). To probe the impact of lipophilicity, which can be modified
by nonpolar substituents of the D-ring, a series of compounds 5-8 was
synthesized and evaluated (Fig. 6A). It should be noted that once the C-
17 acetyl side chain of the pregnane skeleton is removed, the resulting
structure is referred to as androstane. We hypothesized that the
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Fig. 5. (A) Structures of pregnanolone compounds 1-4 modified at position C-3 (A-ring). (B) Relative accumulation of ethidium bromide in ciprofloxacin-induced
S. aureus M960 caused by steroid derivatives 1-4, boeravinon B (Boe B; positive control, 21 pM), and DMSO (negative control). Steroids were tested at a concen-
tration of 50 pM. The effect of steroids was analyzed using a two-tailed t-test. Statistically significant differences from the negative control are indicated with * (p <
0.01), ** (p < 0.001), *** (p < 0.0001). (C) Minimum inhibitory concentration (MIC, pM) of steroidal compounds tested against S. aureus SA4, alone and in
combination with ciprofloxacin ICsy (0.15 mg/L). Steroids were evaluated in a concentration range of 1.56-50 pM. Data are presented as the average of three
replicates + standard error of the mean (SEM). The effect of steroids was analyzed using a two-tailed t-test. Statistically significant differences between derivative
MIC and derivative MIC in the presence of ciprofloxacin are indicated with *** (p < 0.0001). For concentrations in pg/mL, see Supplementary Table S6-57.
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Fig. 6. (A) Structures of androstane derivatives 5-8 modified in the D-ring and (B) structures of endogenous 3a,5p-neurosteroids 9-12 with natural substituents at

positions C-11 and C-17.

increased lipophilicity might correlate with altered steroid accumula-
tion in the plasma membrane and, consequently, with the biological
effect [28,30]. However, none of the analogues 5-8 exhibited any
measurable increase in EtBr accumulation or reduction in MIC values
under combinatorial conditions with ciprofloxacin (Supplementary
Fig. S39). To further explore the structural requirements, additional
endogenous 3a,5p-neurosteroids (compounds 9-12; Fig. 6B), bearing
substituents at positions C-11 and C-17, were tested. However, these
compounds likewise failed to elicit any significant effect on EtBr accu-
mulation or reduction in MIC values under combinatorial conditions
with ciprofloxacin (Supplementary Fig. S39). Taken together, these re-
sults indicate that neither increased lipophilicity at the D-ring nor native
steroidal substitutions at key positions are sufficient to induce efflux
pump inhibition or sensitization in S. aureus.

To exclude the possibility that a combination of modifications at C-3
and C-17 might be required, we subsequently prepared compounds
bearing substitutions at both positions (compounds 13-16; Fig. 7A).
This design aimed to assess potential additive or synergistic effects be-
tween modifications at these two key positions. Interestingly,
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derivatives 13 and 16 exhibited strong efflux pump inhibition, with EtBr
accumulation reaching levels coparable to the positive control (Fig. 7B).
Importantly, both compounds significantly lowered the MIC of cipro-
floxacin when administered in combination, effectively reversing the
ciprofloxacin-resistant phenotype of S. aureus (Fig. 7C). In contrast,
compounds 14 and 15, while also showing moderate efflux inhibition,
exhibited intrinsic antibacterial activity, with very low MIC values even
in the absence of ciprofloxacin. However, their combination with the
antibiotic did not further enhance susceptibility, indicating that their
effect is likely independent of efflux modulation. Taken together, these
results identify two active derivatives, compounds 13 and 16, which
displayed synergistic effects arising from modifications at both
positions.

3.3. Structural modifications of compounds 13 and 16

Building on these findings, subsequent experiments focused on
structural modifications of compounds 13 and 16. The synthetic modi-
fications were designed to further explore the structural determinants
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Fig. 7. (A) Structures of derivatives 13-16 with combined modifications in both positions C-3 and C-17. (B) Relative accumulation of ethidium bromide in
ciprofloxacin-induced S. aureus M960 caused by steroid derivatives, boeravinon B (Boe B; positive control, 21 pM), and DMSO (negative control). Steroids were tested
at a concentration of 50 uM. The effect of steroids was analyzed using a two-tailed t-test. Statistically significant differences from the negative control are indicated
with ** (p < 0.001). (C) Minimum inhibitory concentration (MIC, pM) of steroidal compounds tested against S. aureus SA4, alone and in combination with cip-
rofloxacin at its ICso concentration (0.15 mg/L). Steroids were evaluated in a concentration range of 1.56-50 pM. Data are presented as the average of three
replicates + standard error of the mean (SEM). The effect of steroids was analyzed using a two-tailed t-test. Statistically significant differences between derivative
MIC and derivative MIC in presence of ciprofloxacin are indicated with * (p < 0.01), ** (p < 0.001). For concentrations in pg/mL, see Supplementary Table S8-S9.

underlying the observed synergistic effects and to assess whether addi-
tional modifications could enhance efflux inhibition or sensitizing
potential.

In line with our previous SAR approach, we first examined the
structural requirements of the C-3 substituent in compound 16 by
comparing a three-carbon substituent (hemimalonate, 17), a four-
carbon substituent (hemisuccinate, 16), and a five-carbon substituent

(hemiglutarate, 18). Both compounds 17 and 18 showed strong efflux-
inhibitory activity, with EtBr accumulation levels comparable to those
of the positive control and compound 16 (Fig. 8B). Importantly, their
MIC values in the presence of ciprofloxacin decreased to approximately
25 pM, compared with 36 pM for compound 16, indicating that C-3
modification further enhanced the antibacterial potential of the steroid
(Fig. 8Q).
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Fig. 8. (A) Structures of compounds 16-18 with various hemiester modifications at position C-3 (A-ring). (B) Relative accumulation of ethidium bromide in
ciprofloxacin-induced S. aureus M960 caused by steroid derivatives, boeravinon B (Boe B; positive control, 21 pM), and DMSO (negative control). Steroids were tested
at a concentration of 50 uM. The effect of steroids was analyzed using a two-tailed t-test. Statistically significant differences from the negative control are indicated
with * (p < 0.01), ** (p < 0.001). (C) Minimum inhibitory concentration (MIC, pM) of steroidal compounds tested against S. aureus SA4, alone and in combination
with ciprofloxacin at its ICso concentration (0.15 mg/L). Steroids were evaluated in a concentration range of 1.56-50 pM. Data are presented as the average of three
replicates + standard error of the mean (SEM). The effect of steroids was analyzed using a two-tailed t-test. Statistically significant differences between derivative
MIC and derivative MIC in the presence of ciprofloxacin are indicated with * (p < 0.01), ** (p < 0.001), *** (p < 0.0001). For concentrations in pg/mL, see
Supplementary Table S10-S11.
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As compounds 16-18 exhibited comparable MIC values, the C-3
hemisuccinate moiety was selected for further modifications owing to its
convenient synthesis. Accordingly, new derivatives were synthesized
bearing a C-3 hemisuccinate moiety in combination with various C-17
subsitituions (compounds 19 and 20; Fig. 9A) and core skeleton modi-
fications while retaining the pregnane C-17 acetyl substituent (com-
pounds 21-23; Fig. 9A). Among these, only compound 19 displayed
strong efflux-inhibitory effects, with EtBr accumulation levels compa-
rable to those of the positive control and compound 16. In contrast,
compounds 20-23 showed only weak or moderate efflux inhibition and
did not alter MIC values under combinatorial conditions. Notably, the
MIC value of compound 19 was markedly reduced in the presence of
ciprofloxacin, indicating a clear sensitizing effect. These results suggest
synergy between the D-ring nonpolar modification and the C-3 hemi-
ester moiety. Therefore, a series of analogues with nonpolar modifica-
tions at C-17 bearing a three-carbon substituent (hemimalonate, 24), a
four-carbon substituent (hemisuccinate, 25), and a five-carbon substit-
uent (hemiglutarate, 26) was tested (Fig. 9B). Compounds 24-26
exhibited strong efflux-inhibitory effects, with EtBr accumulation levels
comparable to those of the positive control and compound 16, as re-
flected in their low MIC values when tested alone. Notably, compound
25 further enhanced ciprofloxacin efficacy, resulting in a statistically
significant MIC reduction.

In summary, these findings demonstrate that the 3a,5p-steroidal
skeleton permits multiple synthetic modifications that produce strong
efflux-inhibitory effects in the EtBr accumulation assay, with activity
levels comparable to those of the positive control. The sensitizing effect
was further supported by the reduction in MIC values in the presence of
ciprofloxacin. Efflux inhibition is preserved across various C-3 hemiester
derivatives and can be significantly enhanced through appropriate D-
ring modifications with nonpolar substituents. Importantly, C-3 and C-
17 modifications are not additive, and a comprehensive series covering
all possible combinations would be required to fully evaluate their in-
teractions; an undertaking that poses a considerable synthetic challenge.

In the final part of our SAR study, we focused on structural modifi-
cations of compound 13. Our previous results demonstrated a syner-
gistic effect of nonpolar substitutions at C-17; therefore, for compound
13, we investigated only modifications at the C-3 hydroxyl group. As
shown in Fig. 5, the uncharged C-3 moiety of r-pyroglutamic acid
afforded the most pronounced inhibitory effect. Based on this observa-
tion, we prepared a series of analogues (compounds 27-30) incorpo-
rating r-pyroglutamic acid and its six-membered 6-oxopiperidine
analogue (Fig. 10A). These uncharged substituents were introduced
either via an ester bond (compounds 27 and 28) or an amide bond
(compounds 29 and 30).

All derivatives 27-30 showed moderate efflux-inhibitory activity,
with EtBr accumulation levels slightly below but approaching those of
the positive control (Fig. 10B). Compounds 27 and 28 exhibited strong
antibacterial activity, and for compound 27, co-treatment with cipro-
floxacin further reduced MIC, indicating a sensitizing effect. In contrast,
compounds 29 and 30 remained inactive under the tested conditions,
with MIC values exceeding 50 pM both alone and in combination
(Fig. 10C).

From the SAR analysis, most of the tested derivatives exhibited
negligible efflux inhibition or no measurable impact on antibiotic sus-
ceptibility and were therefore not considered for further studies. In
contrast, derivatives 13, 16, 17, and 19 demonstrated the most promi-
nent efflux-inhibitory and sensitization profiles, evidenced by a signifi-
cant increase in EtBr accumulation together with a consistent reduction
in antibiotic MICs (Table 1). Derivatives 13 and 16 were defined as lead
structures, while compound 17 underscored the importance of polar
substitution at C-3, and compound 19 was included as a representative
of C-17 modifications. Other compounds, such as 14, 15, and 24-26,
showed very low MIC values mainly due to direct antimicrobial activity,
whereas compounds 27-30 exhibited only marginal effects.
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3.4. Checkerboard assay

Based on the results of the SAR study, four representative compounds
(13, 16, 17, 19) showing the most promising efflux-inhibitory and
sensitizing profiles were selected for further evaluation using a check-
erboard assay (Table 2). The aim was to investigate potential synergistic
or additive interactions with ciprofloxacin across three different MDR
S. aureus strains.

The checkerboard assay revealed strain-dependent interaction pat-
terns between selected steroidal compounds and ciprofloxacin.
Although all three S. aureus MDR strains tested (SA4, M334, and M53)
are multidrug-resistant, only SA4 and M334 are susceptible to cipro-
floxacin. In contrast, M53 harbours resistance-conferring mutations in
the gyrA gene, rendering it ciprofloxacin-resistant.

Compounds 13, 16, and 17 exhibited FICI values equal to or less than
1 in both SA4 and M334, indicating additive effects. Compound 13
displayed the most consistent additive effect across the two susceptible
strains. In contrast, compound 19 showed indifferent interactions in all
three strains (FICI >1), suggesting limited combinatorial potential. In
the ciprofloxacin-resistant M53 strain, all tested combinations led to
indifferent interactions, emphasizing that the observed additive effects
depend on efflux pump activity only when no mutation is present in the
target site of ciprofloxacin action, i.e. in gyrA.

Taken together, these results indicate that certain steroidal com-
pounds, particularly compound 13, can enhance the efficacy of cipro-
floxacin in multidrug-resistant S. aureus strains that retain susceptibility
to the antibiotic. Such combinations may offer a useful strategy for
preserving fluoroquinolone efficacy and delaying the emergence or
spread of resistance.

3.5. Modulation of erythromycin resistance and efflux in S. aureus

In erythromycin-induced MDR M960, EtBr accumulation assays
(Supplementary Fig. S40A-S44A) showed the same SAR pattern as with
ciprofloxacin. Among the endogenous steroids, pregnanolone was again
the most active inhibitor, while several others, previously inactive under
ciprofloxacin induction, also showed notable effects (Supplementary
Fig. S40).

Among the synthetic derivatives, compounds 13 and 16 displayed
the highest efflux inhibition (Supplementary Fig. S42A), comparable to
boeravinone B, and significantly reduced the MIC of erythromycin
(Supplementary Fig. S42B). Compound 17 was also active in both assays
(Supplementary Fig. S43). Compounds 14, 15, 24-26, and 27-30
increased EtBr accumulation but lacked corresponding sensitization; for
these steroids, MIC reduction was mainly due to intrinsic antibacterial
activity (Supplementary Fig. S42-S44). Checkerboard assays in
erythromycin-susceptible strains confirmed an additive effect for com-
pound 13, consistent with inhibition of the same efflux system observed
for ciprofloxacin (Supplementary Table S18).

Overall, the erythromycin SAR closely mirrored that of ciprofloxacin,
with pregnanolone as the lead endogenous inhibitor and compounds 13
and 16 emerging as the most potent synthetic derivatives, combining
strong efflux inhibition with significant MIC reduction.

3.6. Transcriptomic analysis

Transcriptome analysis was chosen to elucidate the molecular
mechanism of action of the most promising derivative, compound 13, on
bacterial cells. Transcriptome sequencing of MDR SA4 cultures,
including untreated controls and those exposed to ciprofloxacin,
erythromycin, compound 13, or their combinations, revealed distinct
transcriptional changes. The most significant shift was observed
following erythromycin treatment, which was characterized by wide-
spread upregulation of ribosomal protein genes (Fig. 11, Supplementary
Fig. S5), consistent with the fact that erythromycin inhibits ribosomal
protein synthesis. The first defence mechanism of the cell against
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Fig. 9. (A) Structures of analogues 19-26 of compound 16 modified at positions C-17 (D-ring) and both positions C-3 (A-ring). (B) Structures of analogues modified
at positions C-17 (D-ring) and C-3 with various hemiesters moieties. (C) Relative accumulation of ethidium bromide in ciprofloxacin-induced S. aureus M960 caused
by steroid derivatives, boeravinon B (Boe B; positive control, 21 pM) and DMSO (negative control). Steroids were tested at a concentration of 50 pM. The effect of
steroids was analyzed using a two-tailed t-test. Statistically significant differences from the negative control are indicated with * (p < 0.01), ** (p < 0.001), *** (p <
0.0001), **** (p < 0.00001). (D) Minimum inhibitory concentration (MIC, pM) of steroidal compounds tested against S. aureus SA4, alone and in combination with
ciprofloxacin at its ICso concentration (0.15 mg/L). Steroids were evaluated in a concentration range of 1.56-50 uM. Data are presented as the average of three
replicates + standard error of the mean (SEM). The effect of steroids was analyzed using a two-tailed t-test. Statistically significant differences between derivative
MIC and derivative MIC in the presence of ciprofloxacin are indicated with * (p < 0.01), ** (p < 0.001), *** (p < 0.0001). For concentrations in pg/mL, see
Eupplementary Table S12-S13.
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Fig. 10. (A) Structural analogues 27-30 of compound 13. (B) Relative accumulation of ethidium bromide in ciprofloxacin-induced S. aureus M960 caused by steroid
derivatives, boeravinon B (Boe B; positive control), and DMSO (negative control). Steroids were tested at a concentration of 50 pM. The effect of steroids was
analyzed using a two-tailed t-test. Statistically significant differences from the negative control are indicated with * (p < 0.01), ** (p < 0.001), *** (p < 0.0001). (C)
Minimum inhibitory concentration (MIC, pM) of steroidal compounds tested against S. aureus SA4, alone and in combination with ciprofloxacin at its ICsy con-
centration. Data are presented as the average of three replicates + standard error of the mean (SEM). The effect of steroids was analyzed using a two-tailed t-test.
Statistically significant differences between derivative MIC and derivative MIC in the presence of ciprofloxacin are indicated with * (p < 0.01), *** (p < 0.0001). For
concentrations in pg/mL, see Supplementary Table S14-S15.

erythromycin is therefore the overproduction of its cellular target. When cells were treated with a combination of erythromycin and
Ciprofloxacin alone elicited a limited response, with only two genes, derivative 13, significant downregulation of several ribosomal genes
sbcC and uvrA, both involved in DNA repair, showing a significant in- was observed (Fig. 13B), potentially indicating interference with
crease in expression (Supplementary Fig. S45, Supplementary erythromycin-induced stress signaling, while the downregulation of
Table S19). virulence genes caused by compound 13 was maintained. This finding
Interestingly, compound 13 itself caused a reduction in the expres- suggests a possible reduction in the virulence of bacterial strains treated
sion of genes associated with virulence, particularly hly (alpha-hemo- with this adjuvant therapy. The ability of the proposed adjuvant therapy
lysin, often referred to in the literature as hla) and psmA1-3 (phenol- to inhibit virulence was verified by a reduction in staphylococcal cell
soluble modulins alpha 1-3; Fig. 12) [62], while vraX (a secreted protein adhesion (Supplementary Fig. S46) in the presence of either compound
involved in complement inhibition [63]) was upregulated. It has also 13 alone or the adjuvant combination of compound 13 and ciprofloxa-
been reported that vraX is a very sensitive reporter of cell wall stress, cin. Modulation of virulence- and cell wall stress-related genes suggests
and its induction is caused by cell wall-active agents [64]. This obser- that the compound may alter bacterial physiology in a manner that
vation supports they hypothesis that compound 13 acts at the level of warrents further functional verification.
the cell wall or cytoplasmatic membrane, where it causes stress by Similarly, treatment of bacterial cells with a combination of cipro-
inhibiting transmembrane efflux pumps. The possibility that derivative floxacin and compound 13 maintained the downregulation of virulence-
13 acts solely through membrane destabilization was excluded using a associated genes but increased the expression of heat-shock proteins and
checkerboard assay, in which its combination with vancomycin, an certain ribosomal proteins, indicating that the cells were under stress
agent that is not a substrate of efflux pumps, did not show any inter- (Fig. 13D).
action. Furthermore, when combined with antibiotics, compound 13 did
not induce the synergistically enhanced transcriptomic response 3.7. Antimicrobial activity
observed with the antibiotics alone, while the reduced expression of
virulence-associated genes was maintained. Although the primary focus of this study was efflux inhibition and

14
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Table 2

Fractional inhibitory concentration index (FICI) values for combinations of
steroidal compounds with ciprofloxacin tested on three MDR strains (SA4, M53,
M334) using the checkerboard assay. Boeravinon B (Boe B) was used as a pos-
itive control. Values represent interaction classification based on FICI: syner-
gistic (<0.5), additive (>0.5 to < 1.0), indifferent (>1.0 to < 4.0), and
antagonistic (>4.0). CIP - ciprofloxacin.

steroid-ciprofloxacin interaction

Strain  Agent MIC FIC FICI Interpretation
Alone Combination
SA4 13 [pM] 95.00 18.75 0.20 0.70 Additive
CIP [mg/ 0.23 0.11 0.50
L]
16 [pM] 67.10 37.50 0.56 0.89 Additive
CIP [mg/ 0.23  0.075 0.33
L]
17 [pM] 61.30 37.50 0.61 0.94 Additive
CIP [mg/ 0.23 0.075 0.33
L]
19 [pM] 28.00  25.00 0.89 1.39 Indifferent
CIP [mg/ 0.23 0.11 0.50
L]
Boe B 125.00 3.91 0.03 0.60 Additive
[uM]
CIP [mg/ 0.23 0.13 0.57
L]
M334 13 [pM] 92.40 0.25 0.20 0.87 Additive
CIP [mg/ 0.15 0.10 0.67
L]
16 [pM] 68.30 25.00 0.37 0.87 Additive
CIP [mg/ 0.15 0.075 0.50
L]
17 [pM] 75.00 18.75 0.25 0.92 Additive
CIP [mg/ 0.15 0.10 0.67
L]
19 [pM] 37.50  25.00 0.67 1.34  Indifferent
CIP [mg/ 0.15 0.1 0.67
L]
Boe B 125.00 1.56 0.01 0.88 Additive
[pM]
CIP [mg/ 0.15 0.13 0.87
L]
M53* 13 [pM] 40.20  25.00 0.63 1.13  Indifferent
CIP [mg/ 37.50 18.75 0.50
L]
16 [pM] 58.10 X X X X
CIP [mg/ 37.50 X
L]
17 [pM] 64.80 X X X X
CIP [mg/ 37.50 X X
L]
19 [pM] 52.00 37.50 0.72 1.22  Indifferent
CIP [mg/ 37.50 18.75 0.50
L]
Boe B [pM] 125.00 50 0.40 1.07  Indifferent
CIP [mg/ 37.50 25 0.67
L]

 Strain resistant to ciprofloxacin, x means that no combinatory effect was
observed. For concentrations in pg/mL, see Supplementary Table S17.

antibiotic sensitization, several steroidal compounds were found to exert
direct antimicrobial activity. Among all tested steroids, five compounds
(14, 15, 24, 25, and 26) exhibited notably low MIC values against
multidrug-resistant S. aureus strains.

As shown in Table 3, these compounds inhibited bacterial growth
with MIC values below or around 25 pM across all three tested strains.
The most potent effect was observed for compound 14, while compound
15 also showed strong activity against both SA4 and M53.

These findings highlight that certain steroidal structures possess
intrinsic antibacterial properties, independent of efflux modulation or
synergistic interactions. Such compounds may represent promising
leads for the development of novel antimicrobial agents targeting
resistant S. aureus strains.
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3.8. Cytotoxicity of steroids

The cytotoxic potential of the antimicrobial and adjuvant steroidal
compounds was evaluated using the resazurin assay in human periph-
eral blood mononuclear cells (PBMCs). The resulting cytotoxicity values
of the derivatives against PBMCs (MICppyics) were used to calculate the
therapeutic index (TI), expressed as the ratio of the MICpgycs to the MIC
against S. aureus. For adjuvant agents, TI was expressed as the ratio of
MICpppics to the MIC of the derivative showing the best combination
effect in the checkerboard assay. For compounds that did not reach MIC
at the highest tested concentration (50 pM), MIC was reported
as > 50 pM, and TI was expressed as a lower-limit estimate (e.g,
TI > 0.74).

As shown in Supplementary Table S6, several compounds exhibited
moderate cytotoxicity, with MICppyics ranging between 30 and 35 pM; in
contrast, many compounds were non-toxic. Among the antimicrobial
derivatives (Table 2), compounds 14 and 15 achieved therapeutic
indeces of 3.7 and 3.0, respectively, reflecting their moderate toxicity. In
contrast, compounds 24, 25, and 26 showed no cytotoxicity within the
tested range, and their therapeutic indices were therefore higher than
2.5.

Similarly, the adjuvant compounds 16 and 17 (Table 1) did not reach
MIC at the highest tested concentration (50 pM), suggesting negligible
cytotoxicity under the tested conditions; their TIs are therefore higher
than 2.7 and higher than 1.3, respectively. The therapeutic indices of
derivatives 13 and 28 were 1.9 and 3.2, respectively.

Although the measured TI values appear relatively low, it is impor-
tant to note that antimicrobial activity was determined according to the
ISO standard at a bacterial dose of 5 x 10° CFU/mL, whereas bacteremia
typically involves 10 to 10 CFU/mL in the blood [65], at least one order
of magnitude lower. It can therefore be assumed that the effective
adjuvant dose required in vivo would also be lower.

3.9. Endocrine disruption activity

As mentioned previously, steroidal hormones can modulate nuclear
receptors. In contrast, neurosteroids, by definition, do not act via nuclear
receptors. This fundamental difference in their mechanisms of action
should reduce the likelihood of side effects commonly associated with
steroidal hormones, such as corticosteroids. To examine the potential
endocrine-disrupting activity of the tested derivatives 13, 15, and 16,
their ability to bind to estrogen, progesterone, and androgen receptors in
human cells and act as agonists or antagonists was investigated
(Supplementary Table S7).

The agonistic activity of the derivatives was compared with that of
estradiol and dihydrotestosterone, both of which significantly increased
fold induction (FI) even at 0.5 nM. Since there was no significant in-
crease in FI in HeLa9903 and MDA-kb2 cells at the tested concentration
(10 pM), it can be concluded that the derivatives do not interact with
estrogen or androgen receptors as agonists. Similarly, the antagonistic
activity of the derivatives was compared with tamoxifen and flutamide
in the presence of estradiol and dihydrotestosterone, respectively.
Tamoxifen and flutamide significantly decreased FI at concentrations of
10 pM and 100 nM, respectively. Again, no change in FI was observed for
the tested derivatives at 10 pM.

Using a commercially available dual estrogen receptor TR-FRET
assay for simultaneous measurement of steroid-site binding, modula-
tion of estrogen receptor alpha and beta (ERa and ERp) activity was
evaluated using estriol and ICI182780 as comparators, with ICsg values
below 3.31 nM and 5.12 nM, respectively. For the progesterone receptor
(PR), progesterone and mifepristone were used as comparators, with
ICsp values of 3.25 nM and 1.56 nM, respectively. Since none of the
tested derivatives showed measurable activity even at 10 pM, their ac-
tivity as endocrine disruptors can be ruled out.
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Fig. 11. Effect of erythromycin on S. aureus SA4 transcriptome. (A) Volcano plot - the red dots represent significantly up- and downregulated genes (|log2 FC| > 1
and p < 0.05). (B) Cytoscape network visualization of the nodes that represent genes, and the edges that represent links between genes. Red represents upregulated
genes, and blue represents downregulated genes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 12. Effect of derivative 13 on S. aureus SA4 transcriptome. (A) Volcano plot - the red dots represent significantly up- and downregulated genes (|log2 FC| > 1
and p < 0.05). (B) Cytoscape network visualization of the nodes that represent genes, and the edges that represent links between genes. Red represents upregulated
genes, and blue represents downregulated genes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

3.10. Computational analysis of compound 13 - LmrS interactions

To elucidate the potential molecular interactions between the most
active steroidal compound and bacterial efflux pump LmrS, a series of
computational analyses were performed. These included prediction of
the efflux antiporter's three-dimensional structure, identification of
possible ligand-binding sites, refinement of ligand poses by docking, and
molecular dynamics (MD) simulations to assess complex stability. Each
step provided a set of hypotheses rather than definitive conclusions,
given the computational limitations and the inherent flexibility of the
transporter.

All algorithms produced plausible structures consistent with the
expected topology and function of major facilitator superfamily (MFS)
transporters. However, most methods predicted only an outward-open

16

conformation, whereas functional antiporters undergo large scale
conformational changes between outward- and inward-open states.
Notably, Boltz 2 yielded two distinct conformational clusters corre-
sponding to these states with minimal structural variability within each
cluster (Fig. 14). The Boltz 2 models were thus selected for further an-
alyses as the most representative of the transporter's conformational
range.

AlphaFold 3 and DiffDock consistently located potential binding
pockets within the transmembrane channel region, while Boltz 2 pre-
dicted binding near the extracellular vestibule. These results collectively
suggested that the steroid derivative may interact either within the
substrate translocation pathway or at its extracellular entrance, poten-
tially modulating efflux efficiency. Since Al-based binding predictions
are approximate, we refined the ligand poses using conventional
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Fig. 13. Effect of compound 13 in combination with erythromycin (A, B) or ciprofloxacin (C, D) on S. aureus SA4 transcriptome. (A, C) Volcano plot - the red dots
represent significantly up- and downregulated genes (|log2 FC| > 1 and p < 0.05). (B, D) Cytoscape network visualization of the nodes that represent genes, and the
edges that represent links between genes. Red represents upregulated genes, and blue represents downregulated genes. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

Table 3

Minimum inhibitory concentrations (MIC) of selected steroidal compounds with
the highest antibacterial activity, tested against three multidrug-resistant
S. aureus strains (SA4, M334, and M53). Data are presented as the average of
three replicates + standard error of the mean (SEM).

MIC [pM]

Compound SA4 M334 M53

14 9.00 + 0.58 12.88 + 0.28 13.50 + 0.41
15 11.00 + 0.50 25.75 + 0.61 13.13 +£1.25
24 18.50 + 0.76 17.67 £ 1.16 21.33 £1.20
25 17.50 + 0.58 18.42 +1.56 21.17 + 0.67
26 20.17 +1.48 27.25 + 0.61 19.82 + 0.17

For concentrations in pg/mL, see Supplementary Table S20-S21.

molecular docking with AutoDock Vina. The predicted Al-derived
pockets served as initial search regions. The docking simulations
revealed several energetically favorable orientations of the steroid
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scaffold compatible with hydrophobic and hydrogen-bonding in-
teractions involving residues lining the transport channel. These results
support a plausible binding mode consistent with the proposed inhibi-
tory mechanism.

To further assess the stability of the predicted ligand-antiporter
complexes, we performed all-atom molecular dynamics simulations
(100 ns) using OpenMM. Each simulation system included the trans-
porter embedded in an explicit aqueous environment with counterions
and the docked steroid molecule. The trajectories confirmed that the
most favorable ligand conformations remained stably bound throughout
the simulation, with transient but recurrent interactions between the
steroid and residues at the inner cavity and vestibular regions
(Figs. 15-17). These observations suggest that the steroid derivative
could transiently obstruct the transport pathway, consistent with an
efflux inhibition mechanism.

While the presented analysis used substantial computing resources
(hundreds of hours of GPU time), it still remains very approximate at
best. The main source of uncertainty is the long-range movement of the
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Fig. 14. Predicted conformations of the efflux antiporter by Boltz 2. (A,B,C) outward-open state, (D,E,F) inward-open state. Looking at the cell from the outside is
depicted in (A,D); from the inside on (C,F). View alongside the cell membrane is at (B,E). Protein's N-terminal is blue, C-terminal is red. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 15. One of the predicted steroid-binding poses touching the membrane. Stability in this well shaped hydrophobic pocket looks high, however blocking the

transporter function would require strong allosteric effect.

protein. Prediction of two very distinct states is a notable success of Boltz
2, however all the intermediate states of the transition between extreme
states should be explored for docking possibilities as well. This would
likely require a complex (and maybe novel) combination of multiple
protein structure prediction tools.
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4. Conclusion

The aim of this study was to verify the hypothesis that endogenous
steroid hormones, neurosteroids, and their synthetic analogues influ-
ence the activity of bacterial efflux pumps and are thus capable of
increasing the efficacy of antibiotics. To assess their activity, two
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Fig. 16. Predicted steroid-binding pose in the channel. There are multiple other very close mostly hydrophobic binding sites. Molecular dynamics show strong
propensity of the ligand to stay at one of these places or travel among them. Binding seems mostly hydrophobic with polar ligand tail sometimes intermittently

binding various places.

Fig. 17. Predicted steroid-binding pose in the channel, as seen from the extracellular space.

complementary assays were performed: an EtBr accumulation assay for
direct efflux measurement, and an antibiotic sensitization assay (with
ciprofloxacin or erythromycin) for functional MIC reduction. We
demonstrated that certain endogenous steroid hormones and neuro-
steroids possess measurable, though limited, efflux pump inhibitory
activity in multidrug-resistant Staphylococcus aureus. Pregnanolone,
identified as the most active endogenous compound, was selected as the
scaffold for the design and synthesis of novel derivatives with markedly
improved potency. The subsequent SAR study identified compounds 13
and 16 as lead structures, combining strong inhibition under cipro-
floxacin- and erythromycin-induced conditions with significant MIC
reduction. Synthetic modifications affording compounds 13 and 16
demonstrated that the 3a,5p-stereochemistry, which defines the bent
steroidal skeleton, is preferable. Polar, endogenous substitutions of the
D-ring at position C-17 proved suboptimal, whereas nonpolar modifi-
cations such as exomethylene or ethylidene were favored. The most
promising synthetic modification at position C-17 was the removal of all
substituents. In contrast, the C-3 hydroxyl group requires polar modi-
fications to achieve strong efflux pump inhibition and low MIC values in
combination with ciprofloxacin. Such polar modifications can be
introduced through hemiester substituents, tolerating hemimalonate,
hemisuccinate, and hemiglutarate moieties. Additionally, polar modi-
fications at position C-3 can be achieved via an ethylene glycol linker
further derivatized at the secondary hydroxyl group, for example, with -
pyroglutamic acid or 6-oxopiperidine acid. Finally, we demonstrated
that modifications at positions C-3 and C-17 are crucial for potent efflux
pump inhibition and sensitization to ciprofloxacin, yet their effects are
not additive. Checkerboard assays confirmed additive interactions when

19

combined with antibiotics. Transcriptomic profiling of compound 13
revealed substantial transcriptional reprogramming, including marked
downregulation of multiple stress- and virulence-associated genes when
administered alone or in combination with ciprofloxacin and erythro-
mycin, indicating an additional anti-virulence effect. Importantly, the
most active derivatives were non-cytotoxic and lacked measurable
endocrine activity, underscoring their potential as safe and effective
antibiotic adjuvants. Given that efflux pump systems contribute not only
to multidrug resistance but also to bacterial virulence, their inhibition
represents a promising approach for restoring antibiotic efficacy. These
findings highlight the promise of rationally designed androstane-based
scaffolds as a means to overcome efflux-mediated resistance and
enhance the clinical utility of existing antibiotics.
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