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A recent review on Penicillium species highlighted steroids as a taxonomic marker of this genus. In the
current study, three steroids (1-3), an acetophenone (4), and thirteen known compounds (5-17) were
isolated from the solid culture of Penicillium tanzanicum, isolated from bull dung. The structures of the
compounds were established using extensive spectroscopic and spectrometric analyses (NMR, HRMS)
and by comparison with published data. The absolute configurations of steroids 1-3 were determined by
electronic circular dichroism (ECD) calculations, confirming their identities as trestione (1), formestane
(2), and oxandrolone (3). The crude extract exhibited moderate activity against Mycobacterium
tuberculosis (MIC = 400 pg mL™Y and significant activity against Enterococcus faecalis and E. faecium
(MIC = 50 pg mL™Y. Compounds 8, 9, 11, and 13 displayed weak to moderate antibacterial and
antimycobacterial activities against M. tuberculosis, Staphylococcus aureus, E. faecalis, and E. faecium,
with MIC values ranging from 50 to 100 pg mL~*. Notably, compounds 1 and 2 demonstrated promising
antiplasmodial activity against the multi-resistant Plasmodium falciparum (PfDd2) strain, with 1Csq values
of 26.58 and 15.03 uM, respectively, accompanied by low haemolytic effects. These findings underscore
the potential of fungi from underexplored ecological niches as sources of new anti-infective leads

rsc.li/rsc-advances

1. Introduction

The genus Penicillium is among the most prolific and widely
distributed fungal genera, renowned for the discovery of peni-
cillin from P. notatum by Alexander Fleming." With over 550
accepted species,” these fungi inhabit diverse environments,
including soil, plants, and organic debris. Penicillium species
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warranting further optimisation and preclinical evaluation.

are prolific producers
metabolites.>*

of biologically active secondary
Beyond their historical significance in antibiotic production,
Penicillium species are a rich reservoir of novel chemical scaf-
folds. They produce antibiotics, immunosuppressants,
cholesterol-lowering agents, and mycotoxins. This diversity
underscores their exceptional biosynthetic potential.>® A recent
review in the journal Phytochemistry® highlighted the genus as
a source of bioactive and structurally unusual steroids. Despite
this recognised potential, the chemical repertoire of many
Penicillium species remains underexplored, particularly those
from unique habitats or understudied phylogenetic lineages.
Penicillium tanzanicum represents one such underexplored
species. A recent investigation highlighted its ability to produce
rare isotachin derivatives with promising anti-inflammatory
activity.* This aligns with broader evidence that endophytic
and environmental Penicillium strains are rich sources of novel
natural products with significant biological and pharmacolog-
ical potential." Continued chemical investigation of these
species is therefore crucial for expanding our understanding of
fungal metabolism and for discovering new lead compounds.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of compounds 1-4.

In our continuous search for biologically active ingredients
from underexplored fungal sources,”® we investigated the
chemical constituents of Penicillium tanzanicum. This study led
to the isolation of three pharmaceutically established steroid
drugs, trestione (1), formestane (2), and oxandrolone (3) (Fig. 1).
Additionally, a naturally occurring acetophenone (4), and thir-
teen known compounds (5-17) were isolated (Fig. S1). The
structures of all isolates were elucidated through comprehen-
sive spectroscopic and spectrometric analyses. The discovery
that these therapeutically established molecules are natural
products biosynthesised by a single fungal strain underscores
the potential of the Penicillium genus as a prolific source of
potent compounds. In addition, the antimicrobial activities of
the purified compounds were investigated. The antiplasmodial
properties and haemolytic effects of the three sterol-like natural
products were also assessed, revealing their antiplasmodial
potential. Collectively, these findings expand the chemical
profile of Penicillium tanzanicum and reinforce the immense
value of exploring under-investigated Penicillium species as
reservoirs of novel drug leads.

2. Results and discussion

2.1. Structural analysis

Compound 1 was obtained as a white powder from the CH,Cl,/
MeOH (dichloromethane/methanol) solvent system and is
soluble in chloroform. Its molecular formula C;9H,0,,
consistent with seven degrees of unsaturation, was deduced
from the positive-ion mode high-resolution electrospray ion-
isation mass spectrometry [(+)-HRESIMS] analysis, which di-
splayed a molecular ion peak [M + H]" at m/z 287.2004 (calcd for
C19H,,0,, 287.2006) (Fig. S2). The IR (infrared) spectrum
exhibited characteristic absorption bands for alkyl (2966-
2854 cm '), conjugated olefin (1660 cm™'), and carbonyl
(1735 ecm™') groups (Fig. S3). These were consistent with
previously reported o,B-unsaturated steroidal ketones,
including androst-4-ene-3,17-dione and 19-norandrost-4-ene-
3,17-dione.>*® UV (ultraviolet) maxima bands at Ap.x 241 nm
(Fig. S4) confirmed the presence of the a,B-unsaturated ketone.

Analysis of the "H NMR spectrum of 1 (Fig. S5) in conjunc-
tion with the DEPT-HSQC (distortionless enhancement by
polarisation transfer-heteronuclear single quantum coherence)
spectrum (Fig. S7) revealed in the up-field region signals for
a one-olefinic proton singlet at i 5.84; five aliphatic methine
protons at 6y 2.11 (1H, m), 2.04 (1H, m), 1.67 (1H, ddd, J = 10.8,
7.2, 3.6 Hz), 1.40 (1H, ddd, J = 7.2, 6.0, 5.4 Hz), and 1.15 (1H,
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dddd, J = 10.8, 9.0, 6.6, 4.2 Hz); seven diastereotopic methylene
protons in the range 0y 2.49-1.24; and two methyl proton
signals at ¢y 0.92 (3H, s) and 0.80 (3H, d, J = 7.2 Hz). These data
suggested compound 1 as structurally similar to previously re-
ported steroidal ketones, including androst-4-ene-3,17-dione
and estr-4-en-3,17-dione.”* The *C NMR spectrum (Fig. S6)
revealed 19 distinct carbon resonances which were sorted out
using the DEPT-HSQC (Fig. S7) spectrum into two ketonic
carbonyl carbons at §¢ 220.3 (C-17) and 199.4 (C-3); two olefinic
carbons at d¢ 164.1 (C-5) and 126.8 (C-4); five methine carbons
at 6 47.1 (C-14), 42.9 (C-10), 42.3 (C-8), 42.2 (C-9), and 30.1 (C-
7); seven methylene carbons at d¢ 43.2 (C-6), 36.6 (C-2), 35.6 (C-
16), 31.2 (C-12), 26.8 (C-1), 26.2 (C-11), and 21.1 (C-15); two
methyl carbons at ¢c 13.7 (C-18) and 12.8 (C-19); and one
aliphatic quaternary carbon at ¢ 47.7 (C-13) (Table 1). The
HMBC (heteronuclear multiple bond correlation) spectrum
(Fig. S8) revealed that the two methyl groups (C-18 and C-19)
were attached to C-13 and C-7, respectively. This was evi-
denced by key correlations between the proton signal at diy 0.92
(H-18) and carbons C-17, C-13, and C-12, as well as between the
proton signal at dy; 0.80 (H-19) and carbons C-6, C-7, and C-8
(Fig. 2). Further key HMBC cross-peaks were observed
between the diastereotopic methylene proton signals at dy; 2.28
and 1.58 (H-1a, H-1b) with carbons C-3, C-5, C-9, and C-10; dy
1.92 and 1.53 (H-15a, H-15b) with carbons C-17, C-13, C-16, C-
14, and C-8; 0y 2.49 and 2.31 (H-6a, H-6b) with carbons C-5,
C-4, C-9, C-7, C-8, and C-19; and the olefinic proton singlet at
0y 5.84 (H-4) with carbons C-3, C-5, C-10, and C-2 (Fig. 2). The
'"H-"H COSY (correlation spectroscopy) spectrum (Fig. S9)
further supported the connectivity. It showed correlations
between H-4 and H-6, H-6 and H-7, and between H-8 and H-9, H-
14, confirming the steroidal skeleton.

The relative configurations of the chiral centres at C-7, C-8,
C-9, C-10, C-13, and C-14 were established using the coupling
constants, biogenesis considerations, and NOESY (nuclear
Overhauser effect spectroscopy) correlations as follows: (a) on
the basis of biogenetic considerations of similar reported
compounds, the relative configurations of the chiral centres
were assigned as (R) at C-8, C-10, C-14, and as (S) at C-9 and C-
13. This was also supported by large coupling constants
between H-80/H-9pB (J = 10.8 Hz), H-8a/H-14p (] = 7.2 Hz), and
H-9B/H-10c. (J = 9.0 Hz), indicating their trans-orientations.'>*?
(b) The relative configuration at C-7 was assigned as (R) based
on a cis-orientation between H-7o/H-8a (J = 3.6 Hz). This was
further supported by a NOESY correlation between the two
protons at dy 2.11 (H-7a) and 1.67 ppm (H-8a), respectively

RSC Adv, 2026, 16, 62304-62317 | 62305
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Table 1 *H and 3C NMR data of compounds 1-3

1° 2 3°?
No. 0y mult. (J in Hz) dc, type Oy mult. (J in Hz) 0c, type Oy mult. (J in Hz) d¢, type
1 2.28 m; 1.58 overlapped 44.1,CH, 2.01 m;1.63 m 34.6, CH, 4.25 d (10.7); 4.00 d (10.7) 82.6
2 2.41 m; 2.24 m 36.6, CH, 2.52 m; 2.49 dd (6.6, 3.0) 31.7,CH, — —
3 — 199.4,C — 193.4, C 173.8,C
4 5.84s 126.8, CH — 139.1,C  2.49 dd (12.9, 6.0); 2.23 dd (12.9, 6.0) 34.6, CH,
5 - 164.1,C — 141.3,C 1.77m 41.2, CH
6 2.49 overlapped; 2.31 m 43.2, CH, 3.04 m;1.99 m 35.7,CH, 1.45m; 1.29 m 28.1, CH,
7 211 m 30.1, CH 1.95 overlapped; 1.05 m 29.8, CH, 1.74 m; 0.95 m 31.9, CH,
8 1.67 ddd (10.8, 7.2, 3.6) 42.3,CH 1.68m 34.7,CH 1.48 m 36.9, CH
9 1.15 dddd (10.8, 9.0, 6.6, 4.2) 42.2, CH 0.97 m 54.3, CH 0.89 m 50.8, CH
10 2.04 m 429,CH — 37.8,C — 35.9,C
11 1.98m;1.23 m 26.2, CH, 1.66 m; 1.39 dddd (9.6, 9.0, 4.2, 3.6) 20.2, CH, 1.51 m; 1.37 m 22.2, CH,
12 1.80 m; 1.27 m 31.2, CH, 1.84 m; 1.24 overlapped 31.3,CH, 1.53m;1.31 m 32.5, CH,
13— 47.7,C — 47.5,C — 46.7
14 1.40 ddd (7.2, 6.0, 5.4) 47.1, CH 1.26 overlapped 50.9, CH 1.23 overlapped 51.7, CH
15  1.92m;1.53 m 21.1, CH, 1.96 m; 1.54 m 21.7, CH, 1.59 m; 1.29 m 24.2, CH,
16 2.47 m;2.09 m 35.6, CH, 2.45 m;2.08 m 22.7, CH, 1.83 m; 1.65 m 39.1, CH,
17— 220.3,C — 220.6,C — 82.2, C
18 0.92s 13.7,CH; 0.89 s 13.7, CH; 0.85s 14.6, CH;
19 0.80d(7.2) 12.8, CH; 1.18 s 17.1, CH; 1.00 s 10.3, CH,
20 — — — — 1.17 s 26.2, CH,
4-OH — — 6.08 s — — —

“ Recorded in CDCIl, (*H: 600 MHz; *C: 150 MHz). ? Recorded in CD;0D (*H: 600 MHz; '*C: 150 MHz).

™~ HMBC

Fig. 2 Key HMBC and 'H-'H COSY correlations for compounds 1-4.

(Fig. 10 and 2). This NOESY correlation, distinct from 'H-"H
COSY connectivity, confirmed their spatial proximity on the
same face of the ring system. The cis-orientations of H-8 with
both H-10 and H-18 were established by NOESY correlations
observed between the proton signals at 1.67 (H-8a) and both the
signals at 0y 2.04 (H-100) and dy 0.92 (H-18). Furthermore, the
NOESY spectrum exhibited cross-peaks between the methyl
protons H-19 (63 0.80) and the methine protons H-9 (3 1.15)
and H-14 (0y 1.40), establishing their cis-orientations. Addi-
tional key NOESY correlations are shown in Fig. 3. Hence, the
relative configurations were assigned as (7R,8R,95,10R,135,145).
The proposed structure was fully supported by HMBC, '"H-'"H
COSY, and NOESY correlations, as illustrated in Fig. 2 and 3.
The absolute configuration of compound 1 was determined
by comparison of its experimental ECD (electronic circular
dichroism) spectrum with TDDFT (time-dependent density
functional theory)-calculated spectra for both enantiomers of

62306 | RSC Adv, 2026, 16, 62304-62317

the assigned relative configuration using the protocol described
in Section 3.5. Conformational analysis using the CREST
(conformer-rotamer ensemble sampling tool) program (300 K,
6 kcal mol™* energy window) identified two major conformers
for compound 1, with Boltzmann populations of 89.58% and
10.42% at 298 K based on DFT-computed Gibbs free energies
[B3LYP-D3BJ/def2-TZVP, PCM (polarisable continuum model)/
methanol]. The Boltzmann-weighted ECD spectrum, calcu-
lated at the TDDFT/B3LYP-D3B]J/def2-TZVP level (16 excited
states, ¢ = 0.30 eV), showed excellent agreement with the
experimental spectrum for the (7R,8R,95,10R,135,14S) enan-
tiomer (Fig. 4A and S11). It reproduced both the sign and
position of the diagnostic negative Cotton effect near 320 nm
and the overall spectral profile. The opposite enantiomer gave
a mirror-image spectrum that did not match. This assignment
was further supported by the good agreement between the
calculated (+97.1) and experimental (+66.8) optical rotation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Key NOESY correlations for compounds 1-3.
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Fig. 4 Calculated (dotted black and orange lines) and experimental (solid black line) ECD spectra of (A) trestione (1), (B) formestane (2), and (C)

oxandrolone (3) in MeOH.

values. Thus, the absolute configuration of compound 1 was
determined as 7R,8R,9S5,10R,135,14S. The structure of
compound 1 was identified as 7a-methylestr-4-ene-3,17-dione
(mentabolan, also known as MENT dione, or trestione),
a synthetic anabolic-androgenic steroid (AAS) and derivative of
19-nortestosterone. This represents the first report of its isola-
tion from a natural source.

This compound has been clinically employed as a special-
ized androgen for male contraception, designed to preserve
libido and muscle/bone health while potentially reducing
prostate stimulation, a limitation of conventional testosterone
therapy.***

4-Hydroxyandrost-4-ene-3,17-dione (2), trivially known as
formestane, was isolated as a white powder. It was assigned the
molecular formula C;9H,¢0; based on its (+)-HRESI mass
spectrum, which revealed a molecular ion peak [M + HJ'
(Fig. S12) at m/z 303.1952 (caled for C;oH,,0;, 303.1955),

© 2026 The Author(s). Published by the Royal Society of Chemistry

corresponding to seven DBE (double bond equivalents). Its IR
spectrum showed strong absorption bands for the diosphenol
(3381, 1663, and 1628 cm™ '), C-H (2968-2884 ¢cm™ '), C=0
(1736 em™'), and Cy,°-O (1159 cm™ ') stretching vibrations
(Fig. $13). The UV spectrum exhibited a characteristic absorp-
tion maximum at Agnay 277 nm (Fig. S14).

It is worth noting that the molecular ion, as shown by the
ESI-MS (electrospray ionisation mass spectrometry), differed by
16 mass units from that of compound 1. This suggests
compound 2 has an additional hydroxyl group. The chemical
structure of 2 was therefore deduced by comparison to that of
compound 1. The 'H and "*C NMR spectra of 2 (Fig. $15 and
S16) exhibited similarities to those of 1. Notably, analysis of the
3C NMR spectrum in conjunction with the HSQC spectrum
(Fig. S17) also revealed the presence of 19 carbon signals: (a)
four sp” carbon signals in the downfield region, including two
ketonic carbonyl carbons at d¢ 220.6 (C-17) and 193.4 (C-3), and

RSC Adv, 2026, 16, 62304-62317 | 62307
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two olefinic carbons at é¢ 141.3 (C-5) and 139.1 (C-4); and (b)
fifteen sp® carbon signals in the range of ¢ 54.3-13.7 ppm. The
main differences, as deduced from the "H NMR spectra of both
compounds, were the signals of the following functional groups
whose points of attachment in the structure of 2 were supported
by HMBC correlations: (i) a hydroxyl group (6y 6.08) attached to
C-4 as its proton showed cross-peaks with the carbon signals at
¢ 193.4 (C-3), 141.3 (C-5), 139.1 (C-4), 37.8 (C-10), and 31.7 (C-
2); (ii) a methyl group (0, 1.18/17.1) was found to be attached
to C-10 as its protons (H-19) correlated with the carbon signals
of C-4, C-9 (5 54.3), C-10 (6¢ 37.8), and C-1 (6¢ 34.6); and (iii)
eight diastereotopic methylene signals were identified in the
range of dy 3.04-1.05 for compound 2. Those for H-6 (0y 3.04;
1.99) showed cross-peaks with the carbon signals of C-5 (6¢
141.3), C-4 (6¢ 139.1), C-10 (6¢ 37.8), and C-8 (6¢ 34.7) (Fig. 2 and
S18). In contrast, in compound 1, seven such methylene signals
were observed in the range of 0y 2.49-1.24 ppm. The 'H-'H
COSY spectrum (Fig. S19) confirmed the spin systems,
including correlations between H-6 and H-7, and between H-8
and H-9. These data were consistent with previously reported
findings for formestane,' a synthetic steroidal compound that
suppresses the oestrogen production by inhibiting the aroma-
tase enzyme that converts androgens into estrogens.™

The absolute configuration of 2 was established by ECD
calculations performed for both enantiomers using the same
protocol described above for compound 1. The conformational
search identified three conformers with Boltzmann populations
of 94.95%, 5.04%, and 0.01%. Comparison of the Boltzmann-
weighted spectrum (¢ = 0.20 eV) revealed that the
(8R,9S,10R,13S,14S) enantiomer well reproduced the experi-
mental ECD profile. It particularly matched the sign, position,
and relative intensity of the negative Cotton effect near 320 nm
and the broader band centred around 280 nm (Fig. 4B and S21).
The opposite enantiomer yielded the mirror-image spectrum,
ruling out that configuration. Notably, the calculated optical
rotation (+141.6) was opposite in sign to the experimental value
(—78.1). Although this discrepancy is notable, it does not affect
the configurational assignment, which was based primarily on
ECD spectral comparison. Optical rotation is a single-value
property that is highly sensitive to conformational averaging,
solvent effects, and the choice of computational level.'”** In
contrast, ECD provides a wavelength-dependent fingerprint
with multiple diagnostic bands and is therefore inherently
more reliable for absolute configuration determination.**° The
excellent agreement between the experimental and calculated
ECD spectra for compound 2 supports the assigned
(8R,9S,10R,13S,14S) configuration, consistent with the known
configuration of formestane.

Possible contributing factors to the optical rotation
discrepancy include: (i) incomplete conformational sampling,
where high-energy conformers with large negative rotations
may have been underrepresented or missed; (ii) limitations of
the B3LYP-D3BJ/def2-TZVP level for accurate optical rotation
prediction; (iii) neglect of explicit solute-solvent interactions
and/or aggregation effects by the PCM model;** and (iv) minor
experimental uncertainties in the specific rotation measure-
ment. Nonetheless, the ECD-based assignment is considered

62308 | RSC Adv, 2026, 16, 62304-62317
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robust. Future VCD (vibrational circular dichroism) or ROA
(Raman optical activity) studies could provide independent
confirmation.?>*

Formestane (4-hydroxyandrostenedione) (2) is an aromatase
inhibitor which significantly reduces plasma levels of estrogen
and has shown antitumour activity in postmenopausal women
with breast cancer. It was formerly used to treat hormone-
receptor-positive breast cancer in postmenopausal women,
but has largely been replaced by cheaper, orally active
medications.**

Oxandrolone (3) was isolated as a white powder. Positive-ion
mode HRESIMS analysis established the molecular formula as
C190H3003, based on the observed molecular ion peak [M + H]" at
m/z 307.2266 (caled for C;9H3,03, 307.2268) (Fig. S22), corre-
sponding to five degrees of unsaturation. Its IR spectrum
revealed characteristic vibrational modes, including hydroxyl
stretching (3516 cm™'), aliphatic C-H stretching (2976-
2859 cm '), lactone carbonyl (1717 em™ "), and C-O stretching
(1036 cm™ ") (Fig. $23). The UV spectrum showed a pronounced
absorption maximum at Ap.x 201 nm (Fig. S24).

Analysis of the "M NMR spectrum of oxandrolone (3)
(Fig. S25), together with its ">C NMR (Fig. $26) and HSQC-DEPT
(Fig. S27) spectra, revealed signals for: (a) three quaternary
methyl groups at 6y, 1.17/26.2, 1.00/10.3, and 0.85/14.6; (b) eight
sp® methylene (CH,) groups, exhibiting sixteen diastereotopic
protons. This includes a pair of geminal coupled protons at oy
4.25 and 4.00 (1H each, d, J = 10.7 Hz, d. 82.6), characteristic of
an oxygenated CH, group. Another methylene, attached to a sp>
carbon, appeared as two doublets of doublets at ¢y 2.49 and 2.23
(1H each, dd, J = 12.9, 6.0 Hz, ¢ 34.6). The remaining methylene
signals were observed in the range of 6y 1.83-0.95 ppm (d¢ 39.1-
28.1 ppm); (c) four methines at 6y, 1.23/51.7, 0.89/50.8, 1.77/
41.2, and 1.48/36.9; and (d) four quaternary carbons, including
the lactone carbonyl at ¢ 173.8 and an oxygenated carbon at d¢
82.2 as identified in the ">C NMR spectrum (Fig. S26). These data
are consistent with those reported for oxandrolone (also known
as  17B-hydroxy-17a-methyl-2-oxa-5a-androstan-3-one)  and
related compounds, including 6a-, 9a-, 128-, and 15a-hydroxy-
oxandrolones.”® The structure was further corroborated by key
HMBC and 'H-'H COSY correlations. Notably, HMBC cross-
peaks were observed between the methyl proton signal at 0y
1.17 and the carbon resonances at ¢ 82.2 (C-17), 46.7 (C-13), and
39.1 (C-16); and between the proton signal at dy 0.85 with the
carbon signals at 6 82.2 (C-17), 51.7 (C-14), 46.7 (C-13), and 32.5
(C-12), which enabled attaching these protons at C-17 and C-13,
respectively. The methyl group (C-19) was attached to C-10, as
evidenced by HMBC correlations between its proton signals at 0y
1.00 and the carbon signals at 6 82.6 (C-1), 50.8 (C-9), 41.2 (C-5),
and 35.9 (C-10). Further HMBC cross-peaks were observed
between the geminal methylene protons at ¢y 4.25 and 4.00 (H-1)
with the signals of C-3 (6 173.8), C-9, C-5, and C-10; and between
the CH, protons at ¢y 2.49 and 2.23 (H-4) with the carbon signals
of C-6 (6¢ 28.1), C-5, and C-10 (Fig. 2). These CH, protons also
displayed '"H-'H COSY correlations with the methine proton
signal at y; 1.77, which in turn showed cross-peaks with the CH,
protons at dy 1.45 and 1.23. Additionally, "H-'H COSY correla-
tions were observed between the methine proton at éy 1.26 (H-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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14) with both the methylene protons at 6y 1.59 and 1.29 (H-15),
as well as another methine at g 1.48 (H-8) (Fig. 2 and S29).

The relative configurations of the chiral centres at C-8, C-9,
C-10, C-13, and C-14 were assigned by analogy to compounds
1 and 2. Key NOESY correlations supported the relative stereo-
chemistry. A cis-relationship was indicated between the
methine proton H-8 (6y 1.48) with both methyl protons H-18 (0y
0.85) and H-19 (0y 1.00). Furthermore, NOESY correlations
between H-5 (6 1.77) and H-9 (dy 0.89), and between H-14 (x4
1.23) and H-20 (6y 1.17), established their spatial proximities
(Fig. $30 and 3). The complete 'H and *C NMR data assign-
ments for oxandrolone (3) are summarised in Table 1.

The absolute configuration of compound 3 was determined
by comparing experimental and calculated ECD spectra for both
enantiomers according to the same protocol described above.
For this compound, the conformational analysis identified two
conformers (populations: 65.04% and 34.96%), differing
primarily in the orientation of the hydroxyl group. The calcu-
lated spectrum of the (4aS$,4bS,6aS,75,9aS,9bR) enantiomer (¢ =
0.15 eV) was found to be consistent with the experimental data.
It correctly replicated the negative Cotton effect near 210 nm
despite the relatively high noise-to-signal ratio of the experi-
mental spectrum (Fig. 4C and S31). The mirror-image spectrum
obtained for the opposite enantiomer was clearly incompatible.
Additionally, the predicted optical rotation (—40.5) was in
reasonable agreement with the experimental value (—63.7),
reinforcing the configurational assignment. Collectively, these
results led to the assignment of the absolute configuration of
compound 3 as 4aS$,4bS,6aS8,7S5,9aS,9bR, which matches the
known configuration of oxandrolone.

Oxandrolone is a synthetic anabolic-androgenic steroid
(AAS) with weak androgenic activity and a high anabolic effect.
First synthesized in 1962, it was introduced to the U.S. market in
1964 under the brand names of Anavar® and Oxandrin®. It has
been used to treat alcoholic hepatitis, Turner syndrome, and
osteoporosis.”® It is the only U.S. FDA (Food and Drug
Administration)-approved steroidal drug to promote weight
gain after surgery, trauma, or chronic infection, and to relieve
bone pain from osteoporosis.*

3,4-Dimethoxyacetophenone (4) was obtained as a white
powder in CH,Cl,/MeOH (95 :5), and its low-resolution EIMS
(electron ionisation mass spectrum) displayed the [M]"* peak at
m/z 180. Analysis of its mass spectrum along with its 1D and 2D
NMR spectra enabled us to assign the molecular formula
C10H1,0; to 4, implying five double bond equivalents.

Its "H NMR spectrum exhibited proton signals at 6y 7.56 (1H,
dd, J = 8.3, 1.9 Hz), 7.51 (1H, d, J = 1.9 Hz), and 6.87 (1H, d,
J = 8.3 Hz) characteristic of a 1,3,4-trisubstituted benzene ring
system. In addition, signals for two methoxy protons were
observed at 0y 3.93 and 3.92. The signal of a deshielded 3-
proton singlet was observed at ¢y 2.55 (Fig. S33 and Table 2).
These data were similar to those previously reported for the
natural acetophenone, apocynin.”

Analysis of its "*C NMR and HSQC spectra (Fig. S34 and S35)
revealed the presence of one carbonyl at dc 196.8; three
aromatic methine carbons at éc 123.3, 110.1, 110.0; three
aromatic quaternary carbons at d¢ 153.3, 149.1, and 130.5; two
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Table 2 'H (400 MHz) and 3C (100 MHz) NMR data of compound 4 in
CDCls

No. 6y mult. (J in Hz) dc, type
1 — 196.8, C
2.55 8 26.3, CHs
1 — 130.5, C
2 7.51d (1.9) 110.1, CH
3/ — 149.1, C
4 — 153.3, C
5 6.87 d (8.3) 110.0, CH
6 7.56 dd (8.3, 1.9) 123.3, CH
3'-OCH,4 3.92's 56.2, CH,
4'-OCHj, 3.93 s 56.3, CH,

methoxy carbons at ¢ 56.3 and 56.2; and a methyl carbon at d¢
26.3 (C-2) (Table 2). The methoxyl groups were located at posi-
tions 3’ and 4’ of the aromatic ring based on HMBC correlations
observed between the protons at d;; 3.93 and C-4’ (6¢ 153.3), and
between the protons at dy 3.92 and C-3' (6¢ 149.1). The acetyl
group was located at 1’ of the aromatic ring on the basis of
observed HMBC correlations between the methyl protons at oy
2.55 and carbon signals at 6¢ 130.5 (C-1'), 123.3 (C-6), and 196.8
(C=0) (Fig. S36 and 2). The "H-"H COSY spectrum, in addition
to the expected vicinal correlations (H-5" and H-6'), exhibited
weak but clear long-range correlations between the methoxy
protons at ¢y 3.93 and H-5' (05 6.87), and between dy 3.92 and
H-2' (6y 7.51). This further confirmed the methoxyl groups
assignment (Fig. S37 and 2).

The complete NMR data of compound 4 (Table 2) were
consistent with those reported for 3,4-dimethoxyacetophenone,*®
an intermediate in the synthesis of papaverine, a clinically used
vasodilator and antispasmodic agent.

Overall, the chemical investigation of the dung-derived
Penicillium tanzanicum strain led to the isolation of three
pharmaceutically established steroid drugs viz. trestione (1),
formestane (2), and oxandrolone (3), alongside a naturally
occurring acetophenone (4). Notably, 1 and 2 were further
detected in the crude extract of the strain cultured under
identical conditions (Fig. S38). It is worth noting that the
isolation of compounds from natural sources previously regar-
ded as synthetic is not unprecedented, as synthetic benzodiaz-
epines and gamma-hydroxybutyrate have subsequently been
reported to occur naturally.**°

2.2. Plausible biogenic relationship between steroids

A speculative biosynthetic pathway for the isolated steroids (1-
3) is proposed in Fig. 5, based solely on structural correlations.
The sequence follows known fungal sterol transformations,
beginning with the cyclization of squalene 2,3-epoxide to yield
cholesterol. Side-chain cleavage of cholesterol could afford
pregnenolone, which might be converted to progesterone
through the action of 38-HSD (3p-hydroxysteroid dehydroge-
nase). Progesterone is then hypothetically branched toward
17a-hydroxyprogesterone and androstenedione via oxidative
modifications, including C-2 hydroxylation, methyl migration,
and C-4 hydroxylation. It is worth noting that no genomic,
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Fig. 5 Proposed biogenic relationship for steroids 1-3. General background on fungal sterol metabolism can be found in the literature 332

enzymatic, or isotopic evidence is available in this study to
support these specific transformations in this organism. The
enzymatic assignments are inferential and should be treated as
hypothetical. The scheme is presented as a working model, not
as an established biogenetic route.***?

The thirteen known compounds were characterised as inte-
gracide G (5),** anhydrofusarubin (6),** 5-hydroxydihydro-
fusarubin C (7),>* anhydrojavanicin (8),** (+)-solaniol (9),*
(15,45,10S5)-6,9-dihydroxy-8-methoxy-10-(2-oxopropyl)-3,4-di-
hydro-1,4-methanobenzo[cJoxepin-5(1H)-one (10),*> apocynin
(11),”” p-hydroxyacetophenone (12),*®* p-hydroxybenzaldehyde
(13),* N-(2-phenylethyl)acetamide (14)," (4R,5S)-5-hydroxy-4-
hexanolide (15),** 3/-O-acetylchloramphenicol (16),** and ligno-
ren (17),* by comparing the observed and reported spectro-
scopic data.

2.3. Biological assays

With the aim of identifying potential lead compounds among
the reported steroidal drug-like natural products, their antimi-
crobial, antiplasmodial activities, and haemolytic effects were
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evaluated alongside the antimicrobial activities of other
isolates. Notably, several studies have highlighted the emerging
anti-infective potential of steroids, with demonstrated antimi-
crobial and antiplasmodial properties.***¢

2.3.1. Antimicrobial activity. The antimicrobial activity of
the crude extract and the isolates (1-16) was evaluated using the
broth microdilution method to determine their minimum
inhibitory concentrations (MICs) (Table 3). The panel of test
organisms included one mycobacterium (Mycobacterium tuber-
culosis), ESKAPE pathogens (Enterococcus faecium, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species), and one
fungus (Candida albicans).”

The crude extract exhibited moderate activity against M.
tuberculosis H37Rv (MIC = 400 ug mL ™ ') and significant activity
against E. faecalis ATCC 29212 and E. faecium ATCC 35667 (MIC
=50 pg mL ™). According to the threshold defined by Tamokou
et al. (2017),"® compound 13 showed moderate activity against
M. tuberculosis H37Rv and S. aureus ATCC 29213 (MIC = 50 ug
mL "), and weak activity against S. aureus ATCC 29213 (MIC =
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Table 3 Antimicrobial activity (MIC, ng mL™) of crude extract and compounds 1-16 ¢

Bacterial/fungal strain 1-7, 10, 11, 14-16 8 9 12 13 Crude extract #Mfx #RMP #AmB
M. tuberculosis H37Rv >100 — >100 >100 50 400 — 0.32 —
S. aureus ATCC 29213 >100 — 100 — 50 >400 <0.10 — —
S. aureus ATCC 700699 >100 >100 >100 — 100 — 1.56 — —
E. faecalis ATCC 29212 >100 >100 >100 — >100 50 <0.78 — —
E. faecium ATCC 35667 >100 50 50 — >100 50 3.12 — —
E. coli ATCC 25922 >100 — >100 — >100 >400 — 6.25 —
P. aeruginosa ATCC 27853 >100 — >100 — >100 >400 — 25 —
A. baumannii BAA-747 >100 — >100 — >100 >400 — 1.56 —
C. albicans ATCC 24433 >100 >100 >100 >100 >100 >400 — — 0.78
¢ MIC = minimum inhibitory concentration; — = not tested; serial dilution ranges: 100-0.78 ug mL™" for test compounds and 400-3.125 ug mL "
for the crude extract; *reference drugs: Mfx = moxifloxacin, RMP = rifampicin, AmB = amphotericin B.
100 ug mL ™). In addition, 8 displayed moderate activity against Dose - response curve of compounds 1 &2 against
E. faecium ATCC 35667 (MIC = 50 ug mL ). Compound 9 also multidrug resistant (Dd2) strains of P. falciparum
demonstrated moderate activity against E. faecium ATCC 35667
(MIC = 50 pg mL™') and weak activity against S. aureus 1209 - 1
ATCC 29213 (MIC = 100 pg mL~ '), while compound 11 100- - 2
exhibited only weak activity against E. faecalis ATCC 29212 ]
(MIC = 100 pg mL ™). g 807

2.3.2. Antiplasmodial efficacy. Compounds 1-3 were eval- S 60 ° -
uated in vitro for their antiplasmodial potency against the multi- ;2 40
resistant Plasmodium falciparum (PfDd2) strain (Table 4).
Activity was classified according to the criteria established by 20
Batista and collaborators (2009).* Trestione (1) and formestane

1 . . P . 0 I 1 I 1

(2) exhibited good antiplasmodial activity, with ICs, values of 2 1 0 1 2

26.58 and 15.03 pM, respectively. The dose-response curves for
both compounds are presented in Fig. 6, showing a clear
concentration-dependent inhibition of parasite growth. These
findings are consistent with those of Douanla and co-workers
(2015),>® who reported potent antiplasmodial activity of ergo-
stane steroids. The comparatively stronger activity of compound
2 may be attributed to the presence of a hydroxyl group, which
can enhance hydrogen bonding with parasite targets and
improve molecular recognition within the binding pocket.**
Collectively, these results suggest that such compounds may
represent promising candidates for further investigation as
antiplasmodial agents.

Table 4 Antiplasmodial efficacy against the multi-resistant (PfDd2)
strain of Plasmodium falciparum and haemolysis activity on normal
erythrocytes (%) of compounds 1-3 ¢

1C5, value % Haemolysis + SD

Compounds (1M) + SD (cone. = 250 pg mL ™)
1 26.58 £ 2.15 0.63 £+ 0.28

2 15.03 £+ 0.14 0.88 £+ 0.21

3 n.a 0.86 £ 0.16

DHA 0.0058 + 7.15 x 107> —

ART 0.020 + 6.5 x 107° —

CcQ 0.86 4+ 0.0453 —

%1ICso: inhibitory concentration 50; n.a: not active; SD: standard
deviation; DHA: dihydroartemisinin; ART: artemisinin; CQ:
chloroquine; conc.: concentration.
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Fig. 6 Dose-response curves of compounds 1 and 2 on PfDd2.

2.3.3. Haemolytic activity on normal erythrocytes.
Compounds 1-3 induced minimal haemolysis (<2%) following
3 h treatment of fresh erythrocytes across a concentration range
of 250 to 15.63 ug mL ™' (Table 4), when compared to the
standard control Triton X-100 (100% haemolysis). Irrespective
of the concentration tested, the compounds exhibited negli-
gible haemolytic effects and did not cause adverse events on
erythrocytes at drug concentrations effective against the para-
site. These findings suggest that the observed antimalarial
activity of these steroids is primarily not attributable to eryth-
rocyte lysis, thereby supporting their potential as safe anti-
plasmodial agents.

3. Experimental

3.1. General experimental procedures

Silica gel-coated cards (0.25 mm thick, E. Merck, Germany) were
used for TLC (thin layer chromatography) analyses. Flash silica
gel (E. Merck, Germany 40-63 um, 230-400 mesh) was used in
column chromatography (CC) for initial fractionation. Final
purification of compounds was carried out using silica gel (E.
Merck, Germany 15-40 pm, 230-400 mesh) columns. Infrared
(IR) spectra (cm™') were recorded on a Shimadzu IRAffinity-1

RSC Adv, 2026, 16, 62304-62317 | 62311



RSC Advances

spectrophotometer equipped with a PIKE MIRacle ATR-
Reflector (diamond crystal plate). The spectra were acquired
in the solid state using the attenuated total reflection (ATR)
technique over the 4000-600 cm ™' region with a spectral reso-
lution of 4 em™" (25 scans). Ultraviolet (UV) spectra were
recorded on a Hitachi Spectrophotometer U-5100 in methanol
using a Hellma Analytics quartz cuvette (spectral range 200-
2500 nm). Optical rotations were measured on a Jasco P-2000
polarimeter in methanol at 20 °C (¢ = 0.1%); the specific
optical rotation was the mean of 30 measurements, calculated
by the device for a 10 cm path length.

High-resolution electrospray ionisation mass spectrometry
(HRESIMS) spectra were recorded with an Agilent 1290 Infinity
III UHPLC system (column 50 x 2.1 mm, 2 pm, C18 Ascentis
Express; solvent A: H,O + 0.1% formic acid; solvent B: MeCN +
0.1% formic acid; gradient: 10% B increasing to 98% B in 8 min
and then maintaining 98% B for 1 min; flow rate 0.4 mL min;
UV-vis detection 200-600 nm) connected to a Bruker Daltonics
timsTOF Pro 2 ESI-TOF mass spectrometer (scan range 100-
2500 m/z). Electron impact mass spectra (EI-MS) were per-
formed on a JEOL Single-Quadrupole-MS JMS-Q1600GC, while
high-resolution electron impact mass spectra (HREI-MS) were
recorded on a JEOL JMS HX-110.

Nuclear magnetic resonance (NMR) experiments were
recorded on 600 and 500 MHz for '"H NMR, 150 and 125 MHz
NMR spectrometers for **C NMR, while two-dimensional NMR
experiments were recorded on Bruker Avance 600 and 500
spectrometers. All NMR experiments were performed in
deuterated chloroform or methanol. The 'H and '*C NMR
chemical shifts (6) are reported in ppm, and coupling constants
(/) are measured in Hz.

3.2. Fungal material

The fungus was isolated using the moist chamber method.*
Partially decomposed bull dung was collected at Ecopark in
Yaounde (Centre Region of Cameroon). The dung was rehy-
drated in deionized H,O supplemented with chloramphenicol
and incubated in deep-dish Petri plates lined with filter paper to
simulate natural dung decomposition. The Petri plates were
examined periodically with a stereomicroscope for fungal
growth. The strain of P. tanzanicum was isolated by germinating
mycelium on malt extract agar amended with chloramphenicol
and identified by Inqaba Biotec (https://ingababiotec.co.za/),
through ITS nrDNA sequencing (Table S4). A voucher
specimen of this strain is stored at —80 °C in our laboratory
under the number CECA077.

For identification, genomic DNA was extracted using the
Quick-DNA™ Fungal/Bacterial kit (Zymo Research, Catalogue
no. D6005). The ITS target region was amplified with OneTaq®
Quick-Load® 2X Master Mix (NEB, Catalogue no. M0486) using
ITS-1 and ITS-4 primers. The PCR product was analysed by gel
electrophoresis and cleaned up enzymatically using the EXOSAP
method. The extracted fragments were sequenced in both the
forward and reverse directions (Nimagen, BrilliantDye™
Terminator Cycle Sequencing Kit V3.1, BRD3-100/1000) and
subsequently purified (Zymo Research, ZR-96 DNA Sequencing
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Clean-up Kit™, Catalogue no. D4050). The purified fragments
were analysed on the ABI 3500x] Genetic Analyser (Applied Bi-
osystems, ThermoFisher Scientific). The resulting sequence
data (*.ab1 files) were processed using DNASTAR software and
identified through a BLAST search (NCBI).

3.3. Fermentation and extraction

A large-scale culture of P. tanzanicum mycelia was carried out in
solid media using the method reported by Mountessou et al.
(2023)** with some modifications. A total of 60 flasks (1 L each)
containing 110 g rice and 110 mL water were autoclaved at 121 ©
C for 20 min. Each flask received about six small pieces of
mycelium from an MEA plate under sterile conditions. After 15
days of growth at 27 °C, the culture media were extracted with
EtOAc, yielding 83.0 g of crude extract.

3.4. Isolation

A portion of the EtOAc extract (80.0 g) was subjected to column
chromatography over silica gel (70-230 mesh) using a stepwise
gradient of ethyl acetate in n-hexane, followed by EtOAc. A total of
25 fractions, each approximately 500 mL were obtained and
combined based on TLC profiles into five main fractions (Fr.;_5).

Fraction Fr., (10.5 g, n-Hex/EtOAc 80:20 and 70:30) was
subjected to column chromatography over silica gel (70-230
mesh) and eluted with an isocratic mixture of CH,Cl,/MeOH
(98:2) to give compounds 1 (230 mg, 0.29%), 3 (23 mg, 0.029%),
and 5 (2 mg, 0.0025%) and a mixture of 16 and 2. The mixture
was further purified over Sephadex LH-20 (CH,Cl,/MeOH 50:
50), affording 16 (1.9 mg, 0.0024%) and 2 (33 mg, 0.041%).
Further purification of the intermediate fractions from this
column yielded 14 (4 mg, 0.005%).

Fraction Fr.; (3.0 g, n-Hex/EtOAc 60:40) was chromato-
graphed on silica gel and eluted with an isocratic mixture of
CH,Cl,/MeOH (95 5) to give compounds 4 (1.0 mg, 0.0013%),
11 (1.6 mg, 0.0020%), 12 (1.0 mg, 0.0013%), and 13 (1.5 mg,
0.0019%).

Fraction Fr., (2.6 g, n-Hex/EtOAc 50 : 50) was fractionated on
silica gel and eluted with an isocratic mixture of CH,Cl,/MeOH
(90:10) to give eight subfractions which were further purified
by normal-phase HPLC (250 x 10 mm, 5 pm particle size, flow
rate 4 mL min~") with CH,Cl,/MeOH (90:10) to yield 10
(1.5 mg, 0.0019%), 7 (1.1 mg, 0.0014%), 6 (1.4 mg, 0.0018%), 9
(3.0 mg, 0.0038%), 8 (1.5 mg, 0.0019%), and 15 (4.0 mg,
0.0050%).

Fraction Fr.; (1.8 g, n-Hex/EtOAc 40:60) was purified on
silica gel and eluted with an isocratic mixture of CH,Cl,/MeOH
(80: 20) to yield 17 (1.0 mg, 0.0013%).

3.5. Calculation of ECD spectra

ECD spectra were calculated for compounds 1-3. The confor-
mational search was carried out using the CREST program
package®**® with a temperature of 300 K and an energy window
of 6 keal mol . For compounds 1 and 3, two conformers were
identified, whereas three conformers were found for compound
2. The resulting conformers were subsequently optimised at the
DFT level employing the B3LYP-D3B]J functional in combination
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with the def2-TZVP basis set®™® as implemented in the
Gaussian 16 program package.* To verify that the identified
stationary points were true minima, vibrational frequencies
were computed at the same level of theory; all frequencies were
positive, enabling us to estimate Boltzmann populations of the
conformers using Gibbs free energies (AG) calculated at 298 K.
Solvent effects were included through the Polarizable
Continuum Model (PCM) using methanol as the solvent.*

For each geometry-optimised conformer, optical rotations
were calculated at the wavelength of the sodium D-line (589.3
nm), as well as ECD spectra through time-dependent density
functional theory (TDDFT) calculations (considering 16 elec-
tronic excitations), using the same aforementioned functional
and basis set combination. Both length and velocity formalisms
showed comparable results for rotatory strengths R for all
transitions, and all spectra were reported using the length
formalism. ECD spectra were generated using a home-made
Python script that applies a Gaussian line-broadening func-
tion to the calculated rotatory strengths. Different ¢ values used
to match the experimental spectra were 0.30, 0.20, and 0.15 eV
(ref. 60) for compounds 1, 2, and 3, respectively. Experimental
spectra were smoothed prior to analysis using a second-order
Savitzky—-Golay filter®* with a 15-point window and subse-
quently compared with the calculated spectra.

3.6. Physico-chemical properties of compounds 1-3

Trestione (1): white powder; [a] + 66.8 (c 0.1, MeOH) (caled
+97.1); UV (MeOH) Amax (loge) 241 (4.4521) 300 (2.3021) nmy;
(+)-HRESIMS m/z 287.2004 [M + H]' (caled for C,oH,;0,,
287.2006); IR (ATR) v 1735, 1660, 1616, 1449, 1387, 1250,
1040, 1009, 878 cm ™ *; 'H and "*C NMR data (CDCl;, 600 MHz
and 150 MHz) see Table 1.

Formestane (2): white powder; [a]3 —78.1 (¢ 0.1, MeOH)
(caled +141.6); UV (MeOH) Amax (loge) 277 (4.0816) nmy
(+)-HRESIMS m/z 303.1952 [M + H]' (caled for C,oH,,0s3,
303.1955); IR (ATR) ¥pmax 3404, 3381 (OH), 2945, 2928, 1736,
1663, 1628, 1404, 1381, 1354, 1238, 1213, 1159, 1098,
2024 cm™'; 'H and "*C NMR data (CDCl;, 600 MHz and 150
MHz) see Table 1.

Oxandrolone (3): white powder; [a]fy —63.7 (¢ 0.1, MeOH)
(caled —40.5); UV (MeOH) Amax (loge) 201 (3.0166) nmy
(+)-HRESIMS m/z 307.2266 [M + H]" (caled for C,;oHs,0,,
307.2268); IR (ATR) vp. 3516, 2936, 2918, 1717, 1406, 1366,
1223, 1204, 1036, 1028, 932 cm™'; 'H and *C NMR data
(CD;0D, 600 MHz and 150 MHz) see Table 1.

3,4-Dimethoxyacetophenone (4): white powder; EI-MS m/z
(rel. int., %): 180 (44), 165 (100), 150 (18), 137 (40), 122 (14), 83
(57); 'H and "*C NMR data (CDCl;, 400 MHz and 100 MHz) see
Table 2.

3.7. Biological assays

3.7.1. Antimicrobial assay

3.7.1.1. Media and strains. Single colonies obtained from
agar plates of Gram-positive bacteria Staphylococcus aureus
ATCC 29213, Methicillin-resistant/Vancomycin-intermediate S.
aureus (MRSA/VISA) ATCC 700699, Enterococcus faecalis ATCC
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29212, and E. faecium ATCC 35667, and Gram-negative bacteria
Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC
27853 and Acinetobacter baumannii BAA-747 were grown in
Mueller-Hinton Broth (MHB, BD Difco, USA) and the yeast
Candida albicans ATCC 24433 in YPD medium (1% yeast extract,
2% peptone, and 2% dextrose). The cultures were incubated at
37 °C and shaken at 180 rpm.

Mycobacterium tuberculosis H37Rv was grown in 7H9
medium supplemented with 10% ADS (0.85% NaCl, 5% BSA,
2% dextrose), 0.5% glycerol, and 0.05% tyloxapol at 37 °C at
80 rpm.

3.7.1.2. Minimum inhibitory concentrations (MICs) determi-
nation. MICs were determined using the broth microdilution
method. The compounds and crude extract were dissolved in
dimethyl sulfoxide (DMSO) and diluted in a 96-well plate in
50 uL of the respective medium in a 1:1 serial dilution,
resulting in a final concentration ranging from 100 pg mL™" to
0.78 pg mL~" for the compounds and from 400 pg mL™" to
3.125 pg mL ™" for the crude extract. Fifty microlitres of adjusted
cell suspension (10° CFU per mL for all bacteria, 5 x 10° CFU
per mL for C. albicans) were added to each well. Plates were
incubated statically at 37 °C for 20-24 h (ESKAPE bacteria and
yeast), or for 5 days at 37 °C and 5% CO, in a humidified
atmosphere for M. tuberculosis. Readout was performed
macroscopically for bacteria and C. albicans, whereas MIC is
defined as the lowest concentration at which no visible growth
appears in comparison to the controls. For M. tuberculosis, the
resazurin reduction assay was utilized. Briefly, 10 uL of a 100 pg
mL ™' resazurin solution was added to each well and re-
suspended carefully. After 24 hours at room temperature, cells
were fixed by adding 100 pL of a 10% formalin solution to each
well. Fluorescence was measured at 535 nm excitation and
590 nm emission in a TECAN plate reader.

Moxifloxacin was used as a positive control for Gram-positive
bacteria, rifampicin was used as a positive control for Gram-
negative bacteria and M. tuberculosis, and amphotericin B was
used as a positive control for C. albicans, while DMSO was used
for all organisms as a solvent control.

Depending on the available quantity, the compounds were
screened either as a single sample or in duplicate. For those
exhibiting activity, the assay was subsequently repeated in
triplicate to ensure reproducibility.

3.7.2. Antiplasmodial assay

3.7.2.1. Preparation of the drug master plate. Compounds 1-
3 were dissolved in 100% DMSO (Sigma-Aldrich, Munich, Ger-
many) at 10 mg mL~". Afterwards, master plates were prepared
by mixing 10 pL of sample solutions with 190 pl of fresh RPMI
1640 incomplete (without HEPES, Albumax I, hypoxanthine and
gentamicin) culture medium into a 96-well plate to yield
a concentration of 500 ug mL " (5% DMSO) followed by a five-
fold serial dilution. For each inhibitor, the intermediate
concentrations ranged from 0.8 to 500 ug mL . Chloroquine,
Artemisinin and Dihidroartemisinin (Sigma-Aldrich, Munich,
Germany), which were used as standard drugs, were prepared at
10 mM in sterile distilled water for chloroquine and 100%
DMSO for artemisinin and dihydroartemisinin and serially
diluted in an incomplete RPMI1640 medium. The master plates

RSC Adv, 2026, 16, 62304-62317 | 62313



RSC Advances

were frozen at —80 °C until use or freshly made the day of the
assay.

3.7.2.2. Plasmodium falciparum growth inhibition assay

3.7.2.2.1. Maintenance of P. falciparum asexual-blood stages.
The multi-resistant (PfDd2) (resistant to chloroquine, pyri-
methamine, and mefloquine) P. falciparum strain obtained
from BEI resources (https://www.beiresources.org/) was
cultured and maintained in the presence of O positive human
erythrocytes as previously described.®> The cryotube
containing the strain was pre-warmed to 37 °C for 2 min to
facilitate thawing and the content was transferred to a 50 mL
Falcon tube into which 100 pL of NaCl solution (12%) was
added dropwise. After a 5 min rest, 5 mL NaCl solution (1.6%)
was added dropwise to this mixture. The mixture was centri-
fuged at 2500 rpm for 5 min and the supernatant was removed.
The pellet was washed once with complete RPMI 1640 [16.2 g
L~' RPMI 1640 (Sigma-Aldrich) containing 25 mM HEPES
(Gibco, UK), 11.1014 mM glucose, 0.2% sodium bicarbonate
(Sigma-Aldrich), 0.5% Albumax II (Gibco, USA), 1x hypoxan-
thine (Sigma, USA) and 4 pM Gentamicin (Sigma-Aldrich)]. The
remaining pellet was maintained in fresh human group O
positive erythrocytes suspended at 4% hematocrit in a complete
RPMI 1640 culture medium. The suspension was placed in
a 60 mm Petri dish and incubated at 37 °C in a humidified
atmosphere containing 5% CO,. The culture medium was r-
enewed daily with a fresh complete medium to ensure optimal
and continuous parasite growth. Blood smears were prepared
and stained with 10% Giemsa solution, then observed under
a light microscope (Huma Scope Classic) at 100x with oil
immersion to check the conditions of the culture and parasite
proliferation.

3.7.2.2.2. Synchronization of P. falciparum cultures. Prior to
the antiplasmodial activity assessment, parasitic culture con-
taining mainly the ring stage was synchronized 48 h before-
hand. Synchronization consists of the selective destruction of
advanced stages (trophozoite and schizont) of parasite devel-
opment by treatment with 5% (w/v) p-sorbitol.®® The erythrocyte
membrane is normally impermeable to sorbitol, but parasite-
induced channels in the membrane of infected cells allow
sorbitol to pass through. When late-stage parasitized erythro-
cytes are suspended in a sorbitol solution, there is a net uptake
of sorbitol and water into the erythrocytes, leading to swelling
and hemolysis of these cells.*® Experimentally, parasitic
cultures containing at least 80% of the ring stage were centri-
fuged at 2500 rpm for 5 min, and the supernatant was removed
and replaced with 5 mL of 5% (w/v) sorbitol solution. The
mixture was thoroughly homogenized and incubated at 37 °C
for 10 min, then centrifuged again at 2500 rpm for 5 min, fol-
lowed by 3 rounds of washing with incomplete RPMI 1640
medium. After synchronization, the parasites were re-cultured
in a complete RPMI 1640 medium at 4% hematocrit for the
antiplasmodial experiments.

3.7.2.2.3. Inhibition of P. falciparum asexual blood stages.
The antiplasmodial activity of the compounds (1-3) was
assessed in 96-well flat-bottomed microplates (Sigma-Aldrich)
according to the protocol described by Smilkstein et al
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(2004),** based on the ability of parasites to multiply and
survive in the presence of a defined concentration of the
compound or reference molecule. Parasite growth was deter-
mined using SYBR Green I (Sigma-Aldrich), which binds to
double-stranded DNA, producing a strong fluorescence with
intensity proportional to the number of parasites present in
the medium. Briefly, 90 pL of ring-synchronized parasite
suspension prepared at 2% parasitemia and 1% hematocrit
was incubated with 10 pL of compound at different pre-diluted
concentrations. The positive control consisted of the reference
molecules (dihydroartemisinin, artemisinin and chloro-
quine), while the negative control (100% growth) consisted of
100 pL of the parasite suspension. Plates were incubated for
72 h at 37 °C in a humidified incubator with 5% CO,. Final
concentrations in the test plates ranged from 50 ug mL ™" to
0.08 pg mL ™' (DMSO =0.5%) for compounds and from 1 uM to
0.0016 puM for dihydroartemisinin, artemisinin and chloro-
quine in a final volume of 100 pL. At the end of the incubation
period, 100 uL of SYBR Green I lysis buffer (0.2 pL SYBR Green
I/mL lysis buffer) consisting of Tris (20 mM; pH 7.5), EDTA (5
mM), saponin (0.008%, w/v), and Triton X-100 (0.08%, v/v)
were gently added to each well, followed by a further 1 h
incubation in the dark.®® Fluorescence was then measured
using a microplate reader (Infinite M200, Tecan) at excitation
and emission wavelengths of 485 nm and 538 nm, respec-
tively. Tests were performed in triplicate. The fluorescence
values obtained were used to calculate inhibition percentages
(% INH) using Microsoft Excel software, according to the
formula:

% INH =

fluorescence negative control — fluorescence test

100 x -
fluorescence negative control

Using GraphPad 8.0 software, median inhibitory concentra-
tions (ICso) were determined from sigmoidal concentration-
response curves obtained by plotting the percentage of
inhibition against the decimal logarithm of inhibitor concen-
tration. The experiments were conducted in duplicate for three
independent experiments, and the ICs, was expressed as
mean + SD.

3.7.3. Hemolysis assay. A haemolysis assay was performed
as previously described,® against normal O human red blood
cells to assess the haemolytic effect of the test compounds at
concentrations ranging from 250 to 15.63 pg mL™'. Briefly,
100 pL of O human red blood cells at 2% haematocrit were
mixed with 100 pL of the test sample at a concentration ranging
from 250 to 15.625 pg mL ™" in a 96-well plate, followed by
incubation for 2 h at 37 °C. Triton X-100 0.5% (v/v) and fresh
RPMI 1640 incomplete (without HEPES, Albumax I, hypoxan-
thine and gentamicin) culture medium, which induced 100%
and 0% haemolysis in RBCs, were used as positive and negative
controls, respectively. After 3 h of incubation at 37 °C, the
preparation composed of lysed red blood cells and free hae-
moglobin was centrifuged at 1500 rpm for 5 min, and the
supernatant was separated. Next, the amount of haemoglobin
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released in each supernatant was quantified spectrophotomet-
rically at 540 nm using a microtiter plate reader (TECAN Infinite
M200, USA) and compared to the negative control. The hae-
molysis percentage was calculated as follows:

% Haemolysis =

absorbance of sample 540 nm — absorbance of blank sample 540 nm
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Data availability

The data generated and analysed during this study are available
from the corresponding author upon reasonable request. Data
related to the chemical structures and spectroscopic analysis of
the isolated compounds are available in the supplementary
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4. Conclusions

This study reports the first natural isolation of three pharma-
ceutically established steroidal drugs, trestione (1), formestane
(2), and oxandrolone (3), together with fourteen additional
metabolites from Penicillium tanzanicum. The discovery of
these steroids from a natural source underscores the
continued potential of the Penicillium genus as a prolific
reservoir of bioactive compounds. Although the isolated
steroids did not exhibit notable antimicrobial activity against
the tested strains, compounds 1 and 2 demonstrated signifi-
cant antiplasmodial activity against the multi-resistant Plas-
modium falciparum (PfDd2) strain and low haemolysis activity
on human erythrocytes, highlighting their promise as lead
compounds warranting further investigation for anti-
plasmodial agents. In addition, the antimicrobial activities
observed in the crude extract and selected isolates against
Mycobacterium tuberculosis, Staphylococcus aureus, Enterococcus
faecalis, and E. faecium reinforce the value of this fungal
resource in the search for new antimicrobial leads. Collec-
tively, these findings enrich the chemical profile of P. tanza-
nicum and validate the strategy of investigating fungi from
underexplored ecological niches for drug discovery. Future
work should focus on elucidating the biosynthetic pathways of
compounds 1-3 and conducting in-depth biological assays to
further characterize their activities.
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