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rivatives for the treatment of
Alzheimer's disease: synthesis, and in vitro
inhibition of amyloid b1–42 peptide aggregation,
acetylcholinesterase and carbonic anhydrase-II†

Ayesha Tahir,‡a Bushra Mobeen,‡a Fahad Hussain,a Abdul Sadiqb

and Umer Rashid *a

The amyloid state, which is a specific conformation of proteins, offers valuable information about both

functional protein structures and the pathological assemblies associated with various diseases. One of

the major hallmarks of Alzheimer's disease includes primarily the extracellular build-up of a peptide

known as amyloid-b, which has a sequence consisting of 39 to 42 amino acid residues, and the

formation of intracellular neurofibrillary tangles mostly consisting of hyperphosphorylated tau protein.

Drugs that are expected to reduce Ab production, prevent Ab aggregation, and promote Ab clearance

are promising approaches for treating AD. Current work is focused on identifying the compounds that

have balanced even mild biological activities against multiple targets instead of finding one-target

compound with high potency. We synthesized pregnenolone derivatives and evaluated their potential

against inhibition of eeAChE/eqBChE, hCA-II and self-mediated Ab1–42 peptide aggregation. Our

synthesized derivatives 23, and 25–27 exhibited concomitant inhibition of all the tested macromolecular

targets. All the active compounds were found to be BBB penetrants in the PAMPA assay. Furthermore,

these selected compounds were found to be non-neurotoxic in the MTT assay on neuroblastoma SH-

SY5Y cells. Docking studies support dual binding site (PAS and CAS) inhibition of AChE which showed

Ab1–42 aggregation and AChE inhibition. Moreover, docking studies carried out on the 3D

crystallographic structure of Ab1–42 peptide (PDB ID = 1IYT) showed significant interactions with amino

acid residues Asp 23 and Lys 28, and hydrophobic interactions with the Phe19, Phe20, and Ala 30

effectively impeding the formation of b-sheet structures.
Introduction

The amyloid state, which is a specic conformation of proteins,
offers valuable information about both functional protein
structures and the pathological assemblies associated with
various diseases.1 Amyloids are characterized by their insoluble,
brillary deposits consisting of b-sheet secondary structures.2

These structures are observed in numerous diseases and tend to
accumulate as plaques and inclusions with advancing age.
Notable examples of key proteins that form amyloid brils in
specic diseases include Ab in Alzheimer's disease (AD),
hunting-tin in Huntington's disease, and a-synuclein in Par-
kinson's disease.3 AD, a neurodegenerative condition, is
versity Islamabad, Abbottabad Campus,

ashid@cuiatd.edu.pk

lakand, Chakdara, KP, 18000, Pakistan

tion (ESI) available. See DOI:

4757
characterized by the accumulation of a peptide called Amyloid-
b1–42 peptide.4,5

Compared to other fragments formed when amyloid
precursor protein (APP) is sliced, Ab is chemically “stickier”.
Gradually, it builds up into tiny amyloid plaques, which are
recognized as a hallmark of an Alzheimer's-affected brain.6

First, the fragments form tiny clusters known as oligomers,
followed by chains of clusters known as brils, and nally,
“mats” of brils known as beta-sheets. Plaques, the last stage,
are composed of various substances and beta-sheet clumps.
These phases of beta-amyloid accumulation consequently
disrupt neuronal function, interfere with cell-to-cell communi-
cation and trigger immunological responses, as per the amyloid
hypothesis. The brain cells are ultimately destroyed when
inammation is brought on by these immune cells. Thus, the
two main pathogenic AD mechanisms are plaque deposition
and massive amyloid beta (Ab) aggregates.7–9

The complex mechanisms responsible for Ab aggregation
involve genetic, environmental, and metabolic factors. As
amyloid plaques are a hallmark of AD because the aggregate
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of reported AChE, Ab and CA inhibitors.45–49
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formation of Ab sets off a series of actions that eventually cause
brain cell degradation and cognitive loss as well as memory
decline.10

Scientists are devoting an enormous amount of time and
energy to nding out the potential therapeutic approaches that
stop beta-amyloid aggregation as a possible therapy for the
condition.11,12 Amyloid aggregation inhibitors, including poly-
oxometalates (POM), metallohelices, nanomaterials, and
peptides, have also been rationally designed. However, there are
still hazards associated with BBB permeability alterations, even
with the effectiveness of therapeutic medicines in brain
uptake.13,14 Additionally, they are searching for strategies to stop
the rst contact between Ab and nerve cells that cause toxicity
since some data indicates that the harmful effects of beta-
amyloid happen before plaques and oligomers develop.15–17

Alvarez in 1997 and Inestrosa in 1996 suggested that the
“peripheral anionic site” (PAS) of AChE is involved in the
aggregation and formation of toxic Ab oligomers. The 42-mer
peptide, Ab1–42, is the more toxic among these two (i.e., Ab1–42
and Ab1–40).18–20 Therefore, blocking the PAS could serve to
reduce Ab aggregation in order to increase the chance to prevent
harmful effects. Moreover, a number of authors studied the
effect of AChE PAS inhibitors (propidium and fasciculin) and
active site inhibitor (edrophonium) on Ab aggregation process
experimentally.21–25 Therefore, small molecules that can inhibit
the PAS of AChE may also prevent Ab from aggregating.26

Moreover, the Ab-dependent toxicity is elevated by the AChE-Ab
and it depends on the bulk of complexes that are formed. The
amyloidogenic pathway is one of the pathways for the break-
down of amyloid precursor protein or APP.27,28 Beta secretase
which is also known as BACE-1 and gamma secretases are
responsible for this commonly named amyloidogenic pathway.
So, by inhibiting the BACE-1 and gamma secretases, Ab levels
can be degraded.29,30

Zinc-containing metallo-enzyme carbonic anhydrase (CA)
was initially discovered in cow RBC in 1933.31,32 A number of
investigations provided fresh insights into the potential of
carbonic anhydrases (CAs) as therapeutic targets for Alz-
heimer's disease (AD). In prokaryotes and eukaryotes, carbonic
anhydrases (CAS) are zinc-bearing metalloenzymes that initiate
the reversible reaction between carbon dioxide and bicarbonate
ions.33 The zinc ion at the CA active site is surrounded by
hydroxide ions (OH) and possesses the same catalytic
activity.34,35 Three histidine residues (His 94, His 96, and His
119) as well as side-chain residues that make coordination
bonds with the zinc ion are found in the CA enzyme.36 When
developing CA inhibitors, the design of the inhibitors that
target hCA-II is crucial. The main sulfonamide group
(RSO2NH2)-containing compounds make up the foundation of
all CA inhibitors (hCA-II). Sulfonamide hCA-II inhibitors,
including acetazolamide, methazolamide, ethoxzolamide,
dichlorphenamide, and others, have demonstrated signicant
inhibition against the majority of human hCA isoforms at
generally low nanomolar doses. So far, a number of compounds
have been created to inhibit different isoforms of carbonic
anhydrase.37 Clinically available carbonic anhydrase inhibitors,
such as acetazolamide (AZA), dorzolamide, methazolamide,
© 2024 The Author(s). Published by the Royal Society of Chemistry
brinzolamide, ethoxazolamide, diclofenamide, indisulam,
zonisamide, etc., are used to treat a variety of conditions,
including ocular hypertension, glaucoma, and epilepsy.38–41

Steroids include various structurally related compounds
primarily originating from plant and animal kingdoms.42

Perhydro-cyclopentanophenanthrene is the common structural
nucleus present in this class of compounds.43 Steroids either
natural or semi-synthetic have been involved in the handling of
inammatory, immunology, infectious and metabolic
diseases.44 In 2004, Abbate et al., reported hCA-I, II and IX
inhibitions by Estrone-3-O-sulfamate (EMATE, 1).45 In 2014, the
inhibition mechanism of human carbonic anhydrase-II by bile
acid (2) was rst explored (see Fig. 1).

In 2018 Nocentini et al. reported the various carbonic
anhydrase isoforms inhibition of 22 steroids having pendants
and functional groups of sulfonates, phenols and carboxylates.
Among these 22 bile acids/steroids, hyocholic acid (3, Ki = 38.9
mM), a-estradiol (4, Ki = 40.4 mM), deoxycholic acid (5, Ki = 51.0
mM), and oestrone (Ki = 50.8 mM) showed good CA-II inhibi-
tion.46 A. Khalid et al. reported that four recognized bases sar-
cosine, sarcodine, sarcosine, and alkaloid-C as well as a novel
steroidal alkaloid, is isosarcodine 6, were extracted from extract
(MeOH) of Sarcococca saligna.47 Aer AChE and butyr-
ylcholinesterase (BuChE) inhibition experiments were directed
on these compounds, isosarcodine was discovered as a non-
competitive inhibitor of AChE (having Ki = 21.8 mM). As,
carbonic anhydrases' catalytic activity is inhibited by sulfon-
amides. Compound 7 was reported as a potent CA IX inhibitor
by Cecchi, Alessandro et al.48 In 2022, compound 8 was reported
by Peschiulli et al. It is an oral bioavailable and highly effective
(hAb1–42 cell IC50 = 1.3 nM) molecule that produced a persistent
decrease in Ab in mouse and dog animal models (see Fig. 1).49

Pregnenolone (PREG) is a neurosteroid synthesized from
cholesterol in both mammals and invertebrates.50 Neuro-
steroids are known for their rapid activity, as they are synthe-
sized within the brain and for the brain. Within the brain,
pregnenolone and its various metabolic derivatives (pregneno-
lone sulfate, allopregnanolone, and dehydroepiandrosterone),
have demonstrated the ability to improve learning andmemory,
alleviate depression, and regulate cognitive functions.51
RSC Adv., 2024, 14, 14742–14757 | 14743
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Moreover, these compounds play a neuroprotective role in
addressing neuroinammatory diseases like AD and multiple
sclerosis (MS), as well as in managing neuropsychiatric disor-
ders such as schizophrenia, depression, and autism.29,52

Our research group is involved in the structural modication
of steroidal nuclei for various disease treatments. Recently, we
reported structural modication of pregnenolone at C-3 and C-
17 positions.53 Excellent in vitro inhibition results were exhibi-
ted by Pyrimidine derivatives of pregnenolone for human
dihydrofolate reductase (hDHFR). In another report, we have
also synthesized C-3 pregnenolone dihydropyrimidine deriva-
tives for the breast cancer treatment.54 In the current research,
we planned to modify the pregnenolone core at C-3 and C-17
positions. 4-(Sulfamoylphenyl)thiourea moiety was incorpo-
rated at position C-3. While a-bromination of the acetyl group
present at position C-17 resulted in the synthesis of various
amine derivatives.
Materials and methods
General

The puried reagents/solvents were acquired from viable
vendors (standard) and were employed. From Sigma Aldrich
and Alfa-Aesar, we have purchased the starting materials. Tet-
ramethyl silane (TMS, internal reference) was employed for
recording 1H and 13C-NMR spectra by utilizing deuterated
solvents at 400 MHz and 100 MHz on a Bruker spectrometer.
Chemical shis are specied in d scale (ppm). TLC was utilized
to investigate the progress of all the reactions that is 2.0 ×

5.0 cm aluminium sheets (having silica gel 60F254 on it and
0.25 mm thickness). The purity of the synthesized compounds
was analysed by using Shimadzu HPLC system with C18 RP
column. The mobile phase was composed of acetonitrile/water
(30 : 70 v/v). The system was run in an isocratic mode with at
a 1.0 mL min−1

ow rate. The compounds with a purity greater
than 95% were used for bioevaluation studies. The CHN
elemental analysis was carried out by utilizing the LECO-932
CHN analyzer (LECO Corporation, USA).
General method for synthesis of 1-((8S,9S,10R,13S,14S)-3-
amino-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)ethan-1-
one (12)

In a round bottom ask, 25 mmol of pregnenolone and
25.5 mmol of p-toluene sulfonyl chloride in 30 mL dichloro-
methane (CH2Cl2), trimethylamine (Et3N, 30 mmol) were added
and heat under reux condition. TLC was utilized to monitor
the completion of the reaction. Aer the completion of the
reaction, ice water was poured into it and stirred. The resulting
aqueous solution was extracted from ethyl acetate (3 × 20 mL).
Finally, saturated NaHCO3 was used for washing the combined
organic layer and anhydrous NaSO4 was utilized for drying. The
organic layer was removed and the resulting tosylate 11 was
dried and used for the next step without any further
purication.
14744 | RSC Adv., 2024, 14, 14742–14757
The tosylate 11 (20 mmol) was suspended in acetone. Then
ammonium acetate (40 mmol) was added and at room
temperature for 3–4 hours mixture was stirred. The resulting
precipitates were ltered off, diethyl ether was used for washing
and drying to afford compound 12.

Yield= 70%; 1H NMR (400 MHz, CDCl3) d 5.25 (brs, 1H), 4.54
(d, J= 6.0 Hz, 2H), 3.74 (t, J = 5.6 Hz, 1H), 2.55 (t, 1H), 2.45–2.37
(m, 3H), 2.32–2.27 (m, 1H), 2.21–2.18 (m, 1H), 2.14 (s, 3H), 2.10–
2.02 (m, 2H), 1.90–1.86 (m, 1H), 1.77–1.67 (m, 4H), 1.66–1.63
(m, 1H), 1.59–1.52 (m, 1H), 1.50–1.42 (m, 2H), 1.35–1.28 (m,
1H), 1.25 (s, 3H), 1.18–1.14 (m, 2H), 0.68 (s, 3H). 13C NMR (100
MHz, CDCl3) d 208.5, 139.2, 120.9, 64.5, 53.8, 51.8, 48.2, 44.7,
41.2, 37.9 (2C), 34.4, 32.5 (2C), 30.5, 29.3, 26.6, 23.8, 21.9, 19.3,
15.9. Analysis calculated for C21H33NO: C, 79.95; H, 10.54; N,
4.44; O, 5.07. Observed: C, 80.04; H, 10.52; N, 4.46.

4-(3-((8S,9S,10R,13S,14S)-17-Acetyl-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3yl)thioureido)
benzenesulfonamide (15)

To a stirred solution of 12 (20 mmol) in 30 mL acetone added
20 mmol o-(p-tolyl)chlorothionoformate 13. For 2h, the mixture
was kept at continuous stirring at RT. The TLC technique was
utilized to check the completion of the reaction. The mixture
was ltered to obtain intermediate 14. In the second step, crude
intermediate 14 in 5 mL 1,4-dioxane was added 8 mmol of
sulfanilamide followed by 16 mmol triethylamine. It was then
stirred at 60 °C for 3 h. The resulting precipitates, aer that
diethyl ether was employed for washing, and dried to afford
compound 15.

Light yellow powder. Yield = 61%; Rf = 0.38 (n-hexane/EtOAc
8 : 1); HPLC purity = 98.9%, Rt = 5.78 min, 1H NMR (400 MHz,
CDCl3) d 8.25 (s, 1H, –NH), 7.90 (d, 2H, J = 8.4 Hz, ArH), 7.74 (d,
2H, J= 8.4 Hz, ArH), 6.76 (s, 2H, NH2), 6.51 (s, 1H, NH), 5.27–5.21
(m, 1H), 3.73 (t, 1H, J = 5.6 Hz), 2.59–2.54 (m, 1H), 2.41–2.36 (m,
1H), 2.28–2.26 (m, 1H), 2.24–2.21 (m, 1H), 2.15 (s, 3H), 2.10–2.02
(m, 2H), 1.82–1.76 (m, 1H), 1.74–1.66 (m, 4H), 1.53–1.46 (m, 6H),
1.29–1.26 (m, 1H), 1.22 (s, 3H), 1.09–1.04 (m, 2H), 0.69 (s, 3H).
13C NMR (100 MHz, CDCl3) d 208.5, 180.6, 141.1, 140.4, 136.1,
125.2 (2C), 122.1 (2C), 63.2, 53.2, 50.2, 48.2, 43.8, 38.5, 35.9, 33.3
(1C), 32.1, 31.5 (2C), 28.1, 26.4, 24.3, 20.5, 18.3 (2C), 15.6 (2C).
Analysis calculated for C28H39N3O3S2: C, 63.48; H, 7.42; N, 7.93;
O, 9.06; S, 12.10. Observed: C, 63.36; H, 7.44; N, 8.78.

The general method for the synthesis of a-brominated
derivative 16

A solution of 3-amino pregnenolone derivative (15, 10 mmol) in
25 mL of chloroform was stirred. To this solution, bromine (10
mmol) in CHCl3 was added drop-wise by using a dropping
funnel. Aer that, it was stirred for 15–20 minutes at 50 °C and
cooled to RT. The nal crude product was recrystallized from
acetic acid.

Light brown powder. Yield= 79%; Rf= 0.36 (n-hexane/EtOAc
8 : 1); 1H NMR (400 MHz, CDCl3) d 8.24 (s, 1H, –NH), 7.92 (d, 2H,
J = 8.48 Hz, ArH), 7.74 (d, 2H, J = 8.48 Hz, ArH), 6.77 (s, 2H,
NH2), 6.51 (s, 1H, NH), 5.26–5.20 (m, 1H), 3.71 (t, 1H, J = 5.6
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Hz), 2.57–2.53 (m, 1H), 2.41–2.36 (m, 1H), 2.28–2.20 (m, 2H),
2.19 (s, 3H), 2.12–2.06 (m, 2H), 1.82–1.76 (m, 1H), 1.72–1.68 (m,
2H), 1.55–1.48 (m, 4H), 1.46–1.43 (m, 2H), 1.27–1.24 (m, 1H),
1.20 (s, 3H), 1.12–1.06 (m, 2H), 0.71 (s, 3H). 13C NMR (100 MHz,
CDCl3) d 204.3, 181.8, 141.5, 140.7, 135.2, 129.4 (2C), 122.5 (2C),
61.3, 54.5, 52.6, 49.3, 45.6, 39.0, 37.2, 36.5, 36.1, 35.4, 33.6, 29.7,
27.1, 25.3, 23.8, 20.4, 18.2 (2C), 13.3. Analysis calculated for
C28H38BrN3O3S2: C, 55.25; H, 6.29; Br, 13.13; N, 6.90; O, 7.89; S,
10.53. Observed: C, 55.36; H, 6.24; N, 6.88.

The general method for the synthesis of derivatives 23–28

To a solution of a-brominated 16 (5 mmol) in DMF, 5.25 mmol
of trimethylamine (Et3N) and 7.5 mmol of amines (17–22) were
added. The mixture was reuxed overnight. Upon completion of
the reaction, the pregnenolone derivatives were puried by
column chromatography using petroleum ether/ethyl acetate
20 : 1 for compound 23 and 10 : 1 for 24–28.

4-(3-((8S,9S,10R,13S,14S)-10,13-Dimethyl-17-((4-sulfa-
moylphenethyl)glycyl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl)-thio-
ureido)benzenesulfonamide (23)

Light yellow powder. Yield = 61%; Rf = 0.40 (n-hexane/EtOAc
20 : 1); m.p. = 195–197 °C; HPLC purity = 99%, Rt = 6.72 min,
1H NMR (400 MHz, CDCl3); d 8.23 (s, 1H, –NH), 7.94 (d, 2H, J =
8.4 Hz, ArH), 7.77 (d, 2H, J = 8.4 Hz, ArH), 7.41 (d, 2H, J =
8.0 Hz, ArH), 7.24 (d, 2H, J = 8.0 Hz, ArH), 6.98 (s, 4H, 2 × NH2),
6.54 (s, 1H, NH), 5.35–5.29 (m, 1H), 4.25–4.20 (m, 1H), 3.42 (d,
2H, J = 5.6 Hz, CH2), 3.33–3.29 (m, 1H), 2.99–2.94 (m, 2H), 2.78
(t, 2H, J = 5.6 Hz, CH2), 2.73–2.69 (m, 1H, NH), 2.56–2.48 (m,
2H, CH2), 1.91–1.88 (m, 1H), 1.75–1.69 (m, 1H), 1.58–1.47 (m,
6H), 1.45 (m, 4H), 1.23 (m, 4H), 1.00 (s, 3H), 0.93 (m, 1H), 0.79
(s, 3H).13C NMR (100 MHz, CDCl3) d 204.3, 180.5, 149.3, 141.5,
140.1, 138.0, 137.1, 136.3, 128.4 (2C), 127.8 (2C), 126.8 (2C),
126.0, 124.5, 121.4, 113.4, 77.0, 76.3, 62.3, 58.2, 55.5, 49.7, 48.1,
40.2, 39.8, 37.9, 37.0, 34.4, 28.8, 24.4, 23.4, 21.5, 17.2, 15.8.
Analysis calculated for C36H49N5O5S3: C, 59.39; H, 6.78; N, 9.62;
O, 10.99; S, 13.21. Observed: C, 59.45; H, 6.76; N, 9.59.

4-(3-((8S,9S,10R,13S,14S)-10,13-Dimethyl-17-
(phenethylglycyl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradeca-hydro-1H-cyclopenta[a]phenanthren-3-yl)
thioureido)benzenesulfonamide (24)

Off-white powder. Yield= 66%; Rf = 0.46 (n-hexane/EtOAc 8 : 1);
m.p. = 152–154 °C; HPLC purity = 98%, Rt = 7.5 min, 1H NMR
(400 MHz, CDCl3) d 8.23 (s, 1H, –NH), 7.93 (d, 2H, J = 8.4 Hz,
ArH), 7.75 (d, 2H, J = 8.4 Hz, ArH), 7.24–7.19 (m, 5H, ArH), 6.75
(s, 2H, NH2), 6.51 (s, 1H, NH), 5.29–5.24 (m, 1H), 4.13 (d, 1H, J=
7 Hz), 3.97–3.95 (m, 2H), 3.89–3.86 (m, 2H), 3.30 (d, 2H, J =
5.2 Hz, CH2), 2.50–2.35 (m, 5H), 2.22–2.17 (m, 4H), 1.95–1.85
(m, 6H), 1.76–1.69 (m, 2H), 1.62–1.54 (m, 2H), 1.24–1.19 (m,
2H), 0.96 (s, 3H), 0.77 (s, 3H). 13C NMR (100 MHz, CDCl3)
d 204.8, 180.6, 149.3, 141.3, 138.0, 136.5, 128.3 (2C), 126.6 (2C),
124.5, 122.0, 121.4, 113.4, 76.3, 77.0, 76.3, 62.3, 58.2, 55.5, 50.5,
48.7, 49.7, 43.4, 40.2, 39.8, 37.6, 37.3, 34.4, 32.2, 28.8, 24.4, 23.2,
21.5, 17.6, 15.5. Analysis calculated for C36H48N4O3S2: C, 66.63;
© 2024 The Author(s). Published by the Royal Society of Chemistry
H, 7.46; N, 8.63; O, 7.40; S, 9.88. Observed: C, 66.70; H, 7.47; N,
8.61.

4-(3-((8S,9S,10R,13S,14S)-17-(Benzylglycyl)-10,13-di-methyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradeca-hydro-1H-
cyclopenta[a]phenanthren-3-yl)thioureido)
benzenesulfonamide (25)

Off white powder. Yield = 68%; Rf = 0.48 (n-hexane/EtOAc 8 : 1);
m.p. = 163–165 °C; HPLC purity = 97%, Rt = 8.8 min, 1H NMR
(400 MHz, CDCl3) d 8.27 (s, 1H, –NH), 7.96 (d, 2H, J = 8.4 Hz,
ArH), 7.75 (d, 2H, J = 8.4 Hz, ArH), 7.53–7.45 (m, 5H, ArH), 6.73
(s, 2H, NH2), 6.53 (s, 1H, NH), 5.37–5.31 (m, 1H), 4.88 (d, 2H, J=
5.2 Hz, CH2), 4.12–4.05 (m, 1H), 3.51–3.47 (m, 2H), 2.98 (t, 1H, J
= 5.4 Hz), 2.92–2.86 (m, 1H), 2.53–2.54 (m, 4H), 2.27–2.09 (m,
4H), 1.94–1.77 (m, 2H), 1.76–1.61 (m, 2H), 1.59–1.50 (m, 1H),
1.37–1.30 (m, 2H), 1.25–1.21 (m, 1H), 0.95 (s, 3H), 0.89–0.81 (m,
1H), 0.77 (s, 3H). 13C NMR (100 MHz, CDCl3) d 204.9, 180.5,
149.3, 141.6, 139.7, 136.8, 129.4 (2C), 127.6 (2C), 123.4, 122.5,
121.0, 113.6, 77.5, 77.1, 76.6, 62.4 (2C), 58.2, 55.5, 50.5, 49.7,
43.4, 39.2, 37.6, 37.1, 34.4, 32.2, 28.8, 24.4, 23.4, 21.5, 17.8, 15.6.
Analysis calculated for C35H46N4O3S2: C, 66.21; H, 7.30; N, 8.82;
O, 7.56; S, 10.10. Observed: C, 66.26; H, 7.31; N, 8.81.

4-(3-((8S,9S,10R,13S,14S)-10,13-Dimethyl-17-(phenylglycyl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yl)thioureido)
benzenesulfonamide (26)

Off white powder. Yield = 59%; Rf = 0.44 (n-hexane/EtOAc 8 : 1);
m.p. = 183–185 °C; HPLC purity = 99%, Rt = 8.3 min, 1H NMR
(400 MHz, CDCl3) d 8.24 (s, 1H, –NH), 7.90 (d, 2H, J = 8.0 Hz,
ArH), 7.77 (d, 2H, J= 8.0 Hz, ArH), 7.25–7.22 (m, 2H, ArH), 7.18–
7.14 (m, 2H, ArH), 7.11–7.08 (m, 1H, ArH), 6.75 (s, 2H, NH2),
6.55 (s, 1H, NH), 5.26–5.23 (m, 1H), 4.99 (t, 1H, J = 4.8 Hz, NH),
3.99 (d, 2H, J = 4.8 Hz, CH2), 3.76–3.72 (m, 1H), 2.56–2.47 (m,
2H), 2.37–2.28 (m, 2H), 2.22–2.16 (m, 2H), 1.99–1.88 (m, 1H),
1.77–1.63 (m, 6H), 1.57–1.43 (m, 4H), 1.29–1.15 (m, 5H), 1.10–
1.02 (m, 1H), 0.94 (s, 3H). 13C NMR (100 MHz, CDCl3) d 204.7,
180.6, 149.0, 141.6, 138.5, 136.8, 129.3 (2), 127.9 (2), 121.2 (2),
113.7 (2C), 77.4, 77.1, 76.8, 57.3, 55.6, 52.2, 50.5, 49.9, 43.4, 39.3,
37.6, 37.0, 34.6, 32.2, 28.8, 24.4, 23.4, 21.0, 17.6, 15.9. Analysis
calculated for C34H44N4O3S2: C, 65.77; H, 7.14; N, 9.02; O, 7.73;
S, 10.33. Observed: C, 65.84; H, 7.16; N, 9.00.

4-(3-((8S,9S,10R,13S,14S)-17-(2-(10H-Phenothiazin-10-yl)
acetyl)-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl)
thioureido)benzenesulfonamide (27)

Yellow powder. Yield = 69%; Rf = 0.49 (n-hexane/EtOAc 8 : 1);
m.p. = 170–172 °C; HPLC purity= 99%, Rt = 9.43 min, 1H NMR
(400 MHz, CDCl3) d 8.24 (s, 1H, –NH), 7.91 (d, 2H, J = 8.4 Hz,
ArH), 7.77 (d, 2H, J = 8.4 Hz, ArH), 6.91–6.85 (m, 8H), 6.78 (s,
2H, NH2), 6.55 (s, 1H, NH), 5.27–5.25 (m, 1H), 3.96 (s, 2H, CH2),
3.77–3.73 (m, 1H), 3.33 (m, 2H), 2.74–2.63 (m, 2H), 2.42–2.32
(m, 1H), 2.15–1.88 (m, 9H), 1.75–1.71 (m, 2H), 1.60–1.51 (m,
3H), 1.36–1.24 (m, 4H), 0.96 (s, 3H). 13C NMR (100 MHz, CDCl3)
d 207.2, 181.1, 144.5, 140.1, 139.0, 136.2, 128.7, 128.7, 127.8,
RSC Adv., 2024, 14, 14742–14757 | 14745
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127.8, 127.3, 127.3, 126.9, 126.9, 122.5, 122.4, 122.2, 120.8,
120.8, 116.7, 116.4, 57.8, 56.4, 55.6, 50.4, 49.6, 43.2, 39.2, 37.7,
37.1, 34.6, 32.2, 32.1, 27.7, 24.4, 24.4, 23.5, 21.1, 19.0, 16.1.
Analysis calculated for C40H46N4O3S3: C, 66.08; H, 6.38; N, 7.71;
O, 6.60; S, 13.23. Observed: C, 66.18; H, 6.40; N, 7.69.
4-(3-((8S,9S,10R,13S,14S)-10,13-Dimethyl-17-((1,2,3,4-
tetrahydroanthracen-9-yl)glycyl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yl)thioureido)
benzenesulfonamide (28)

Yellow powder. Yield = 64%; Rf = 0.55 (n-hexane/EtOAc 8 : 1);
m.p. = 214–216 °C; HPLC purity = 99%, Rt = 11.20 min, 1H
NMR (400 MHz, CDCl3) d 8.25 (s, 1H, –NH), 7.91 (d, 2H, J =
8.4 Hz, ArH), 7.78 (d, 2H, J = 8.4 Hz, ArH), 7.63–7.58 (m, 2H),
7.17–7.13 (m, 2H), 6.97 (s, 2H, NH2), 6.52 (s, 1H, NH), 5.32–5.28
(m, 1H), 3.43 (d, 2H, CH2), 3.38–3.36 (m, 2H), 3.34–3.26 (m, 2H),
2.58–2.46 (m, 3H), 2.34–2.28 (m, 1H), 2.15–1.88 (m, 9H), 1.94–
1.78 (m, 9H), 1.71–1.68 (m, 2H), 1.58–1.55 (m, 1H), 1.53–1.49
(m, 2H), 1.42–1.36 (m, 2H), 1.23–1.18 (m, 1H), 0.96 (s, 3H). 13C
NMR (100MHz, CDCl3) d 209.5, 181.1, 140.5, 140.1, 139.0, 136.2,
134.2, 128.1, 127.9, 127.8(2), 127.2, 126.1, 125.3(2), 125.1, 123.3,
122.2, 120.8(2), 58.1, 55.8, 54.1, 50.4, 49.6, 43.3, 39.2, 37.7, 37.1,
34.6, 32.6, 32.1, 31.0, 29.5, 27.7, 24.9, 24.4, 24.0, 23.5, 21.1, 19.0,
16.1. Analysis calculated for C42H52N4O3S2: C, 69.58; H, 7.23; N,
7.73; O, 6.62; S, 8.84. Observed: C, 69.65; H, 7.24; N, 7.71.
In vitro CA-II inhibition assay

CA inhibition studies were performed using human CA-II
(Sigma, Catalogue No. C6165) reported assay procedures with
little modication.55–57
In vitro acetyl/butyrylcholinesterase inhibition assays

Ellman method is utilized to evaluate the inhibition potential
(IC50 values) of synthesized compounds and their derivatives
against electric eel acetylcholinesterase (eeAChE).57,58 Enzymes
AChE is used for the hydrolysis of acetylcholine/butyrylcholine
iodide which is used as a basis for the principle of this inhibi-
tion assay. An anion 5-thio-2-nitrobenzoate is yielded as a result
of this hydrolysis which aerwards form a yellow colour
complex with Ellman's reagent; 5,5-dithio-bis-2-nitrobenzoic
acid (DTNB) solution and that can be determined by utilizing
spectrophotometer.

For the preparation of solution, the compound is dissolved
separately in a 0.1 M phosphate buffer and different concen-
trations are formed that can range from 250 to 1000micrograms
per millilitre. To prepare the solution of phosphate buffer with
a certain pH, few micrograms per litre of monopotassium
phosphate and dipotassium phosphate are mixed in a ratio and
for adjusting the pH, potassium hydroxide is used. Then solid
AChE/BChE is diluted in a freshly formed phosphate buffer as
far as required nal concentration is achieved. Subsequently,
the solutions of acetylcholine/butyrylcholine and DTNB are
prepared in distilled water and these solutions are placed in the
refrigerator aer enclosing them in an Eppendorf Cap.
14746 | RSC Adv., 2024, 14, 14742–14757
Compound and positive control are dissolved in methanol and
then further dilutions of compound are prepared.
Self-mediated Ab1–42 aggregation assay

The impact of synthesized compounds on self-mediated Ab
aggregation was evaluated by using a thioavin T-based uo-
rometric test.10,59–61 Initially pretreated Ab1–42 peptide was dis-
solved in DMSO to prepare 100 mM stock solution. The Ab1–42
peptide stock solution was diluted to a concentration of 10 mM
in 150 mM phosphate buffer (pH 7.4) containing 150 mM NaCl
prior to the incubations. Next, 10 mL of the test compounds and
20 mL of Ab1–42 was combined, and the mixture was applied to
the appropriate wells on 96-well plates with black walls. Aer
that, the mixture was quickly diluted with 70 mL of thioavin T
solution (ThT) to get a nal volume of 100 mL (2 mM nal Ab1–42
concentration). Every sample was run in triplicate. The sealed
96-well plate was placed in a plate reader (Synergy H4) and
heated to 37 °C to start the aggregation process. Every 90
seconds, the ThT uorescence was monitored through the
plate's bottom at an excitation wavelength of 440 nm and an
emission wavelength of 490 nm. The media was shaken
constantly in between measurements to quantify the develop-
ment of amyloid brils. Aer 1 hour, the Ab1–42's ThT emission
started to grow, reached a plateau aer 8 hours, and then stayed
essentially unaltered for an additional 16 hours of incubation.
The average uorescence intensities at the plateau were calcu-
lated by summing the uorescence intensities at the corre-
sponding wells at t = 0 h, both in the presence and absence of
the various doses of test substances (1, 5, 10, 15, 20, 25 mM). The
amount of inhibition of Ab1–42 self-induced aggregation was
measured using the formula:

(1 − Fi/F0) × 100%,

where Fi is the rise in uorescence of Ab1–42 treated with the test
chemicals and F0 is the increase in uorescence of Ab1–42 alone
(Control).
Cell viability assay test

To evaluate the Ab1–42 toxicity in the presence or absence of
designed compounds, we performed the cell viability assays.
Promega cat. CellTiter 96 aqueous non-radioactive cell prolif-
eration assay kit was used to perform this assay. To analyze the
cytotoxicity of Ab under various conditions, SH-SY5Y cell lines
were used. RPMI 1640 medium (ATCC formulated) was
utilized to culture the SH-SY5Y cells supplemented with 10%
Fetal bovine serum (FBS). SH-SY5Y cells were plated in 96-well
plates at 10 000 cells per well and then it was cultured in 5%
carbon dioxide for 20 hours at 37 °C. Aer that, pre-
disaggregated and puried samples of Ab were solvated in
phosphate-buffered buffered saline (PBS) up to an ultimate
concentration of 5 micromolars for preparing the solutions of
peptide inhibitors and Ab mixture. Then at various concen-
trations, different peptide inhibitors were added. A 0.22
micromolar lter was utilized to lter the mixture solution and
then without shaking incubate it for 16 hours at 37 °C. In each
© 2024 The Author(s). Published by the Royal Society of Chemistry
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well that contains a 90 microlitre medium, a pre-incubated
mixture of 10 microliters was added to begin the cell
viability assay and then for 24 hours it was incubated in 5%
carbon dioxide at 37 °C. Then, in each well a dye solution of 15
microliters was added. Aer incubating it at 37 °C for four
hours, 100 microliters stop mix or solubilization solution was
put into a solution. It was followed by further incubation for 12
hours at room temperature and then at 570 nm reading of
absorbance was taken along with the background reading at
700 nm. Quadruplicate readings for each sample were
collected in parallel. Then, the rate for cell survival was
normalized by utilizing the cells treated with PBS at 100% and
0.02 per cent cells treated with SDS at 0% viability.
Docking studies

Molecular operating environment (MOE, 2016.0802) was
employed for docking simulations on human carbonic anhy-
drase II complexed with acetazolamide (PDB accession: 3HS4),
AChE complexed with bis-tacrine (PDB accession: 2CKM) and
Ab1–42 (PDB accession: 1IYT) and b-sheet pentamer or Ab42
protobril oligomer (PDB ID = 2BEG).

The downloaded enzyme was subjected to 3D protonation
and energy minimization for stable conformation. Protonation
of synthesized compound was done and aer that energy
minimization was employed by utilizing parameter at default
operation (Gradient 0.00001, Amber 10EHT Force eld). Aer
the preparation of enzyme and ligand structures, the reliability
of the docking procedure to reproduce the correct binding
orientation was determined by the re-docking of the extracted
ligand from the crystal structure. The protocol with an RMSD
value less than 2 Å was used for docking runs. For the current
study, triangle matcher (placement), affinity dG (scoring), GBVI/
WSA (re-scoring) protocol was used. Ten conformations for each
ligand were generated and top-ranked conformations were
selected for analysis. Three-dimensional/two-dimensional
ligand interactions were visualized by using MOE interaction
plots and discovery studio visualizer.
Fig. 2 Design rationale for current research.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Design rational

Structural modication of the steroidal nucleus has got
considerable attention in recent years. This is because steroid-
based therapeutics have several advantages and possess
interesting structural features for the treatment of various
diseases.

Multitarget-directed ligands (MTDLs) have emerged as
a successful strategy for the design of therapeutics for multi-
factorial diseases like Alzheimer's disease. The combination of
two or more pharmacophoric moieties into a large molecular
weight single multipotent entity has been reported to have
increased therapeutic advantages and chances of success.
Initially, several predictive docking analyses were conducted
on target enzyme X-ray crystal structures to anticipate
optimum moieties on the le and right sides of pregnenolone.
Steroidal cores are complex lipophilic molecules and are
responsible for the improvement of BBB permeability. At the C-
3 position, 4-(sulfamoylphenyl)thiourea moiety was chosen
due to its ability to form hydrogen bond interactions with mid-
gorge amino acid residues of AChE and carbonic anhydrase-II.
Moreover, the sulfonamide group, also known as the zinc
binding group (ZBG), is considered highly important for
designing CA inhibitors. We then pursued exploring the
inuence of different amines with diverse sizes (tricyclic/
monocyclic systems) and linker lengths (17–22) in the C-17
acetyl group (Fig. 2). This iterative rational approach allows
for designing a pregnenolone-based framework that enhances
cholinesterase, carbonic anhydrase and Ab aggregation
inhibition.
Chemistry

Synthesis of the 3-amino derivative of pregnenolone 12 is
outlined in Scheme 1. Pregnenolone 9 was reacted with p-
toluene sulfonyl chloride 10 to give tosylate 11. For the
synthesis of C-3 amine derivative of pregnenolone,
RSC Adv., 2024, 14, 14742–14757 | 14747
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Scheme 1 Synthesis of 3-amino derivative of pregnenolone.

Scheme 2 Synthesis of sulfonamide-thiourea adduct 15.

Scheme 3 Synthesis of target compounds (23–28) of pregnenolone.
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ammonium acetate was used. Matloobi et al. used ammonium
acetate in DMSO for the introduction of amine. In the current
study, we used acetone instead of DMSO.62,63 Tosylate 11 was
further reacted with ammonium acetate in acetone to give the
target compound 12.

The synthesis of sulfonamide derivative 15 is outlined in
Scheme 2. Here, we used o-(p-tolyl)chlorothionoformate 13 for
the synthesis of sulfonamide-thiourea adduct 15. Reaction of 3-
amino derivative of pregnenolone 12 with o-(p-tolyl) chlor-
othionoformate 13 in acetone at room temperature stirring gave
intermediate 14 in good yield. The synthesized intermediate
nally reacted with sulfanilamide in 1,4-dioxane solvent under
reux conditions to give product 15.

Finally, the synthesis of target sulfonamide derivatives 23–28
is outlined in Scheme 3. The acetyl group was brominated by
using bromine in chloroform.64 The bromo-compound was used
for the next step without any further purication. Compound 16
was reacted with various amine derivatives 17–22 in DMF to
obtain target compounds 23–28.

In vitro pharmacology

In vitro human CA-II inhibition activities. The inhibition of
pregnenolone derivatives 23–28 against CA-II was carried by
using the spectrophotometric method described by Pocker and
Meany.55 The results are shown in Table 1. Acetazolamide was
14748 | RSC Adv., 2024, 14, 14742–14757
used as a reference standard drug. The inhibition potency of
pregnenolone and its 3-amino derivative 12 was also accessed.
Inhibition potency results revealed that the presence of amine
at the 3-position of pregnenolone showed a little enhanced
potency (IC50 = 73.19 mM) than 3-OH in pregnenolone (9, IC50 =

89.38 mM). While the thiourea derivative 15 displayed IC50 value
of 48.91 mM. Compound 23 containing di-sulfonamide groups
emerged as a good inhibitor of hCA-II (IC50 = 0.67 ± 0.09 mM).
All the other synthesized derivatives showed IC50 values in the
low micromole range (Table 1).

In vitro inhibition of cholinesterases. Ellman's method was
employed to evaluate the potential inhibition of pregnenolone
derivatives against both cholinesterases (AChE and BChE). The
results of inhibition potential in terms of IC50 values in
micromole (mM) and their selectivity results are summarized in
Table 1. Pregnenolone 9, its amine derivative 12 and 4-(sulfa-
moylphenyl)thiourea derivative 15 was unable to show the
inhibition of both cholinesterases. 4-(sulfamoylphenyl)thiourea
derivative 23 with substitution at C-3 position showed excellent
inhibition in nanomolar concentration with IC50 = 0.04 mM (40
nM). The derivative also showed good inhibition of BChE
having an IC50 value of 0.58 mM (SI = 14.5).

Self-mediated Ab1–42 aggregation inhibition

The selected synthesized compounds were used in the
Thioavin-T (ThT) uorescence assay test to evaluate the effect
on Ab aggregation.10 For that purpose, each compound with
one and half equivalent concentrations (1 : 0.5 and 1 : 1) was
employed with Ab1–42 peptide. Using ThT, a uorescent dye
that attaches specically to brous structures, we were able to
track the development of Ab aggregation over time in the
presence of certain compounds (15, 23, 26 and 27). Control
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bar diagram illustration of the effect of curcumin and
compounds (15, 23, 26 and 27) on ThT fluorescence and aggregation
of Ab1–42 peptide after incubated for 24 hours.

Fig. 4 Dose–response curve of compounds 15, 23–28, and curcumin
against self-induced Ab1–42 aggregation.

Fig. 5 Viability of the SH-SY5Y cells with Ab1–42 in the presence and
absence of designated concentrations of donepezil and compounds
(15, 26, and 27) after 48 h, as determined using the MTS assay. The
control group was observed as 100% cell viability, and the assays were
performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001 and ns =

non-significant.
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experiment Ab1–42 alone in the ThT research demonstrated an
increase in uorescence intensity, but reduced uorescence
intensity was observed when Ab1–42 was incubated with
synthesized derivatives and curcumin (standard drug/positive
control). All of the synthesized derivatives have the potential
to interact with the Ab peptide and prevent self-aggregation,
based on the ndings of the experiments. Initially, the uo-
rescence intensity of Ab1–42 was evaluated independently. The
percentage of aggregates for the samples treated with
synthesized compounds was evaluated by taking the Ab1–42
aggregation alone as 100%. The samples treated with curcu-
min, compound 15, compound 23, compound 26 and
compound 27 fabricated minor amyloid brils. Furthermore,
the sample treated with compound 27 exhibited less aggre-
gation than compound 26 to some extent. Aer 24 hours of
equimolar treatment, curcumin and compound 15 showed the
inhibition of approximately 60% while compound 27 and
compound 26 showed 85% and >80% Ab inhibition of brils
respectively (Fig. 3).

Concentration-dependent self-mediated Ab1–42 aggregation
inhibition

Following that, we explored the Ab1–42 aggregation (self-
mediated) inhibition, with a focus on concentration depen-
dence. Firstly Ab1–42 was incubated in both conditions
(absence or presence) of different concentrations of the
inhibitors (pregnenolone derivatives). The calculated IC50

values in mM of the compounds are presented in Table 1.
Pregnenolone derivatives 15, 26 and 27 showed good inhibi-
tion potential towards self-mediated Ab1–42 aggregation
having IC50 values of 9.25 mM, 1.04 mM and 5.78 mM, respec-
tively (Table 1). Furthermore, curcumin (standard drug)
exhibited an IC50 value of 7.29 mM. The dose–response curve is
shown in Fig. 4. This curve displays the inhibitory compound's
(15, 23–28 and curcumin) concentration on the x-axis and the
percentage inhibition on the y-axis. Results have shown that
the amount of inhibition rises along with the concentration of
the inhibitory compound.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Cell viability/neurotoxicity

The cell lines of human neuroblastoma SH-SY5Y were employed
to assess the prole cytotoxicity of Ab1–42 aggregates with the
selected synthesized compounds.65,66 Experiments for cell
viability were conducted to gure out whether these compounds
can abandon the neuronal cells from the toxicity of Ab-species.
MTT assay was accomplished to compare induced Ab1–42 death
of neurons in the incidence and absence of distinct concentra-
tions. Cell viability was assessed at 1, 5, and 10 mM doses along
with the standard drug donepezil. Most potent compounds 15,
26 and 27 were selected for this MTT assay. Results are
summarized in Fig. 5. The results showed that the viability of
cells treated with Ab1–42 was reduced in contrast to control cells
which were without any compound or peptide. Compound 27 at
5 mM was completely non-cytotoxic. Signicant toxicity was
observed on incubating 5 mM Ab1–42 with cells of SH-SY5Y, as the
death of cells was about 65% enhanced than in the control. On
incubation of cells with Ab1–42 having the selected compounds,
an obvious dose–response neuroprotection was perceived.
Compound 27, cells of human neuronal SH-SY5Y were effectively
protected from the toxicity of the Ab peptide. Donepezil
RSC Adv., 2024, 14, 14742–14757 | 14751
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(standard drug), compound 15 and compound 26 along with
Ab1–42 peptide increased cell viability up to approximately 60%,
75% and 90% respectively at the equimolar concentrations.

Hence, Ab1–42 peptide in the presence of these compounds,
especially 26 and 27 exhibited low toxicity at high
concentrations.

The SH-SY5Y cells were also contemplated with compound
26 and compound 27 at 10 mM concentrations to analyze the
cytotoxicity of compounds. Compound 27 showed a more
noticeable effect than compound 26 on comparing the average
viability. So, the results have shown that both compounds 26
and 27 had a reduced level of Ab aggregates and also had
reduced cellular cytotoxicity (Fig. 5).
PAMPA BBB assay

In AD therapies the blood–brain barrier (BBB) penetration is
a necessary concern. Parallel articial membrane permeation
assay (PAMPA) was employed by utilizing a previously reported
procedure.59,61,67 Pregnenolone 9 and its 3-amino derivative 12
showed high BBB penetration. Selected all three compounds i.e.
23, 26 and 27 also found to be BBB penetrants in PAMPA assay
Table 2 In vitro PAMPA-BBB penetration results

Compounds number
(PAMPA-BBB)a

Pe(tested) (10
−6 cm s−1)

Prediction of
CNS penetrationb,c

Pe(tested) evaluation (10−6 cm s−1) for the standard and compounds
23 16.4 High
26 13.8 High
27 18.1 High
Pregnenolone 9 20.4 High
C-3 amino-pregnenolone (12) 19.6 High
Donepezil 16.7 High

Validation of the model by four commercial drugs
Diazepam 15.30 High
Atenolol 0.75 No
Alprazolam 5.60 High
Lomeoxacin 1.12 No

a Data represent are the assay mean for the marketed drugs (n = 3).
b ‘CNS+’ (prediction of high BBB permeation); Pe (10

−6 cm s−1) > 4.39.
c ‘CNS−’ (prediction of low BBB permeation); Pe (10

−6 cm s−1) < 1.78.

Fig. 6 (a) Three-dimensional ribbon diagram of most potent compou
interaction plots of potent compound 23 into the binding site of hCA-II

14752 | RSC Adv., 2024, 14, 14742–14757
(Table 2). The presence of a hydrophobic steroidal nucleus
could be the reason for this permeation.
Docking studies

Docking simulations were employed via molecular operating
environment soware (MOE, 2016.0208) on human carbonic
anhydrase II complexed with acetazolamide (PDB accession:
3HS4). The reliability of the docking procedure to reproduce
the correct binding orientation was determined by the re-
docking of the extracted ligand from the crystal structure.
The protocol with an RMSD value less than 2 Å was used for
docking runs.
Docking studies on hCA-II

Molecular docking runs showed favourable binding modes and
hydrophilic/hydrophobic binding affinities with the important
residues (amino acid) present in the binding site. In all cases,
the sulfonamide nucleus was found to coordinate with the Zn
centre. A two-dimensional (2D) binding affinity plot of potent
compound 23 is illustrated in Fig. 6. 4-(Sulfamoylphenyl)thio-
urea moiety was found in contact with the Zn centre via coor-
dination bond with one of the nitrogen atoms of sulfonamide at
a distance of 2.07 Å. The computed binding energy for
compound 23 is −9.087 kcal mol−1. The binding pose showed
that the 4-(sulfamoylphenyl)ethylamino group oriented towards
the zinc centre and penetrated deep into the catalytic site. While
all the other compounds contacted the zinc centre via
(4-sulfamoylphenyl)thiourea moiety (Fig. 6a).

Overall, the steroidal derivative 23 established three
hydrogen bond binding affinity and ve hydrophobic interac-
tions (p–p stacking, p-sulfur and p-alkyl). Phe70, Asp71 and
Thr200 established hydrophilic (hydrogen bond) binding
affinities, while Phe131 forms p–p stacking interactions and
amino acid residues His94, His96 and Trp209 are implied in the
p-sulfur type of hydrophobic interactions (Fig. 6b).

The binding orientation of native acetazolamide is shown in
(Fig. 7a). It showed a strong contact of acetazolamide with zinc
ion at a distance of 1.83 Å. Pregnenolone (9), C-3 amine deriv-
ative 12 and 4-(sulfamoylphenyl)thiourea analogue 15 experi-
mentally showed poor CA-II inhibition having IC50 values of
89.38 mM, 73.19 mM, and 48.91 mM respectively. The binding
orientation in the binding site of hCA-II showed that these
nd 23 into the binding region of hCA-II. (b) Two-dimensional (2-D)
(PDB accession: 3HS4).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Three dimensional diagrams of (a) native acetazolamide, (b) pregnenolone (9), (c) 3-amino-pregnenolone derivative 12 and (d) derivative
15 into the binding site of hCA-II. The distance from zinc centre is shown as dotted green lines and distance is in Å (PDB accession: 3HS4).
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compounds bind far from the Zn centre at a distance of 4.64 Å,
4.90 Å and 4.83 Å respectively (Fig. 7a–d).
Docking studies on AChE

Docking studies on AChE was carried out on Torpedo cal-
ifornica acetylcholinesterase (TcAChE) complexed with
Fig. 8 Two-dimensional (2-D) interaction plots of potent compound (a
2CKM).

© 2024 The Author(s). Published by the Royal Society of Chemistry
alkylene-linked bis-tacrine (PDB ID= 2CKM). Aer validation of
the docking protocol, the docking simulation studies were
employed for synthesized pregnenolone derivatives into the
binding site of 2CKM. Docking studies support dual binding
site (PAS and CAS) inhibition of AChE which ultimately results
in Ab1–42 aggregation and AChE inhibition. All the active
compounds showed interactions with amino acid residues
) 23 (b) 26 and (c) 27 into the binding region of AChE (PDB accession:

RSC Adv., 2024, 14, 14742–14757 | 14753
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Fig. 9 Two-dimensional (2-D) interaction plots of active compound
(a) 15, (b) 26 and (c) 27 into the 3D crystallographic structure of
amyloid-b42 peptide (PDB ID = 1IYT).

Fig. 10 Binding mode of compound (a) 26 (b) 27 into the binding site
of amyloid-b42 peptide (PDB ID = 1IYT). Left: ribbon diagrams; right:
surface diagrams.
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present in PAS (Tyr334, Trp279, Tyr121 and Tyr70) and CAS
(Phe331, Phe330 and Trp84). Two-dimensional (2-D) binding
affinity plots of active compounds 23, 26 and 27 into the
binding site of TcAChE are shown in Fig. 8a–c. It is important to
note from 2D interaction plots that all three compounds under
study interact with His440 (catalytic triad residue) via hydrogen
(compounds 23 and 27) or p–p stacking interactions
(compound 26). The high inhibition potential of these
compounds towards AChE may be due to these interactions.

Docking studies on amyloid-b42 peptide

We applied molecular modelling studies to explore how the
synthesized compounds interact with amyloid-b. The analysis
was performed on two different forms of amyloid-b. We
consider helical monomer (PDB ID = 1IYT) and b-sheet pen-
tamer or Ab42 protobril oligomer (PDB ID = 2BEG). Both the
structures have been determined by NMR spectroscopy. The b-
sheet pentamer or Ab42 protobril oligmer (PDB ID= 2BEG) has
been used as a suitable model in several recent computational
studies. The pentameric model, 2BEG, has been used as a suit-
able model in several recent computational studies.

Docking studies on helical monomer

To prevent the Ab (self-aggregation), the small molecule is
needed to impede the formation of structures of b-sheet.68,69

The stability of these b-sheet structures relies on the creation
of salt bridges involving Asp23 and Glu22, as well as interac-
tions with hydrophobic residues such as Phe20, Glu22, Asp23,
Gly29, and Ala30. We conducted molecular docking experi-
ments with newly synthesized compounds, targeting the
binding region of Ab1–42, utilizing the protein data bank code
1IYT. There were signicant hydrophobic interactions
observed with the amino acids Asp23, Glu22, Phe20, and
Phe19, effectively impeding the formation of b-sheet struc-
tures. Additionally, when analysing the docking results for
compound 15, hydrogen bond interactions with residues
Asp23, and Glu22 were found.

Moreover, Asn27, Lys28 and Gly25 also established hydrogen
bond interactions. A p-sulphur interaction with important
residue Asn27 was also observed. Docking results of compound
26 exhibited binding affinities with the binding region of Ab
through hydrophilic (hydrogen bond) formation through the
oxygens of –SO2OH with Leu34 and Lys28, A p–p interaction
from benzene ring with Phe19 was observed. Moreover, –NH also
formed hydrogen bond interactions with Asp23, Glu22, and p-
anion interaction with residue Phe20. This array of binding
affinities might contribute to a-helical stabilization and
hindrance of the formation of b-sheet. The binding affinities in
docking results of the compound 27 explained its extraordinary
affinity as it shows the important interactions with the amino
acid residues Lys28, Asp23, Glu22, Phe20 and Phe19, and
through p-sulphur, p-anion and conventional hydrogen
bonding. NH2 group showed binding through hydrogen bonding
through the residues Asp23, and Glu22, while sulphur showedp-
sulphur binding affinity with residue Phe20 (Fig. 9). The binding
modes of compounds 26 and 27 are shown in Fig. 10.
14754 | RSC Adv., 2024, 14, 14742–14757
Docking studies on b-sheet pentamer (oligomer)

Next, we docked selected compounds 15, 23, 26 and 27 with b-
sheet pentamer or Ab42 protobril (PDB ID = 2BEG) to deter-
mine the preferred binding region. Two possible binding
modes of selected compounds were observed (Fig. 11).
Compounds 15 and 23 were docked at the C-terminal of the
pentamer.70 The 2-D interaction plots are shown in Fig. S1
(ESI†). While compounds 26 and 27 were docked outside the
amyloid brils.

The 2-D interaction plot of 26 showed three hydrogen bond
interactions with Glu22, Asp23 and Gly25. While weak hydro-
phobic interactions were also observed with Val24 and Val36
(Fig. 12).26,70
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 T3-D docked pose of compounds (a) 15, (b), 23, (c) 26 and (d) 27 into the Ab protofibrils (PDB ID: 2BEG).

Fig. 12 Binding mode of most active Ab-aggregation inhibitor 26 with Ab protofibrils (a) ribbon diagram; (b) 2-D interaction plot.
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Conclusions

Current work is focused on identifying the compounds that
have balanced even mild biological activities against multiple
targets instead of nding one-target compound with high
potency. Structural modication of the steroidal nucleus has
got considerable attention in recent years. This is because
steroid-based therapeutics have several advantages and possess
interesting structural features for the treatment of various
diseases. Alzheimer's disease, a neurodegenerative condition, is
characterized by the accumulation of a peptide called amyloid-
b1–42 peptide. Drugs that are expected to reduce Ab1–42
production, prevent Ab1–42 aggregation, and promote Ab1–42
clearance are promising approaches for treating AD. Moreover,
small molecules having the ability to bind with the peripheral
anionic site (PAS) will inhibit Ab1–42 aggregation and AChE.
Additionally, studies have revealed that some carbonic anhy-
drase inhibitors can diminish the neuroinammation and
deposition of Ab1–42 aggregates at the walls of vessels of the
brain in vivo. Keeping these points in mind, our current study
involved the structural modication of pregnenolone.
Compound 23 with two sulfonamide moieties present on two
different phenyl rings emerged as potent hCA-II inhibitors with
© 2024 The Author(s). Published by the Royal Society of Chemistry
an IC50 value of 0.67 ± 0.09 mM. Self-mediated Ab1–42 aggrega-
tion inhibition assay showed that compounds 26 and 27 have
shown >80% and 85% inhibition of Ab brils respectively. In
concentration-dependent self-mediated Ab1–42 aggregation
inhibition assay compounds 15, 26 and 27 showed good inhi-
bition potential with IC50 values of 9.25 mM, 1.04 mM and 5.78
mM respectively. In cholinesterase inhibition assay 4-(sulfa-
moylphenyl)thiourea derivative 23 emerged as a nanomolar
inhibitor of AChE and BChE with IC50 = 0.04 mM and 0.58 mM
respectively with SI = 14.5.

Analysis of docked complexes showed that all the
compounds conned in the active site coordinated with zinc
centre and formed hydrogen bond interactions with key amino
acid residues. Docking studies support dual binding site (PAS
and CAS) inhibition of AChE which showed Ab1–42 aggregation
and AChE inhibition. Moreover, docking studies carried out on
3D crystallographic structure of Ab1–42 peptide (PDB ID = 1IYT)
showed signicant hydrophobic interactions with the amino
acids Phe19, Phe20, Glu22, and Asp23, effectively impeding the
formation of b-sheet structures.

In conclusion, our current study is the rst-ever report on the
structural modication of pregnenolone at C-3 (–OH) and C-17
(acetyl group). Our synthesized derivatives 23, 25–27 exhibited
RSC Adv., 2024, 14, 14742–14757 | 14755
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concomitant inhibition of all the tested macromolecular targets
and hence emerged as multitarget hybrid compounds among
all synthesized pregnenolone derivatives.
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M. Corbo, F. Baldacci, N. Toschi, F. Garaci and
P. A. Chiesa, Front. Immunol., 2020, 11, 456.

6 V. Tiwari and S. Shukla, Front. Genet., 2023, 14, 1057068.
7 G. Dixit and A. Prabhu, J. Mol. Struct., 2023, 1294, 136498.
8 H. Hampel, J. Hardy, K. Blennow, C. Chen, G. Perry,
S. H. Kim, V. L. Villemagne, P. Aisen, M. Vendruscolo and
T. Iwatsubo, Mol. Psychiatry, 2021, 26, 5481–5503.

9 S. S. Hirschbeck, E. T. Lindberg, J. H. Jang, M. R. Jacob,
K. L. Lazar Cantrell and T. D. Do, ACS Chem. Neurosci.,
2024, 15(7), 1523–1532.

10 F. Hussain, A. Tahir, M. S. Jan, N. Fatima, A. Sadiq and
U. Rashid, RSC Adv., 2024, 14, 10304–10321.

11 V. Kumar and K. Roy, Computational Modeling of Drugs
against Alzheimer's Disease, 2023, pp. 3–47.

12 J. Bieschke, Neurotherapeutics, 2013, 10, 429–439.
13 Z. Du, M. Li, J. Ren and X. Qu, Acc. Chem. Res., 2021, 54,

2172–2184.
14 X. Han and G. He, ACS Chem. Neurosci., 2018, 9, 198–210.
14756 | RSC Adv., 2024, 14, 14742–14757
15 S. Sharari, N. N. Vaikath, M. Tsakou, S. S. Ghanem and
K. Vekrellis, Int. J. Mol. Sci., 2023, 24, 11326.

16 G. E. Vitek, B. Decourt and M. N. Sabbagh, Expert Opin.
Invest. Drugs, 2023, 32, 89–94.

17 A. V. Atoki, P. M. Aja, E. N. Ondari and T. S. Shinka, Int. J.
Food Prop., 2023, 26, 2091–2127.
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