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20-Hydroxyecdysterone — (2(3,3(,58,22R)*2)3,14,20,22,25-hexahydroxycholest-7-en-6-one was isolated in sa-
tisfactory yield using ethanol extraction'from the aerial part of Silene wolgensis (Hornem.) Otth; sometimes Silene
wolgensis (Willd.) Bess. ex Spreng. The complexation of the phytoecdysteroid with B-cyclodextrin was studied by
NMR spectroscopy. By studying tHe'ehanges imi¢chemical shifts of protons of substrates and receptors it was found
that ecdysterone interacts with cyclodextrins to form supramolecular inclusion complexes of stoichiometric

composition of 1:1 or 1:2.fEcdysterone-B-cyclodextrin complexes exhibit 100 times higher solubility in water

than the parent compound.

1. Introduction

In recent years, the interest in metabolic-type andynatural‘products
drugs that have the ability to activate plasticgrocesseshin various or-
gans and tissues, improve the energy status of‘their cellular systems,
and thereby improve the body resistance to various, adverse factors,
increased significantly. According to the vesults ofthe experimental and
clinical studies, one of the most effé€tive drugs'in this area could be
“Ecdisten” (Five Stars Laboratory, Bulgaria) developed on the basis of
the natural ecdysterone (20E) contained in various plant sources such
as Leuzea carthamoides alias ‘Rhaponticum carthamoides, Rhaponticum
integrifolium, Silene brahuica, Ajuga@yturkestanica etc. by the Institute of
the Chemistry of Plant Substances (Tashkent, Republic of Uzbekistan),
and the “Ekdifit”/preparation‘developed at the International Research
and Produetion Holding |“Phytochemistry” (Karaganda, Republic of
Kazakhstan), which is,thé sum of the extracs of Serratula coronata and
contains 20E as the main active component and additional amounts of
ecdysteroids and flavonoids [1-4]. Generally, these compounds are
considered to be non-toxic and safe to be used as a food supplements
and APIs.
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At present, special attention is paid to another plant-super-
concentrator Silene wolgensis of family Caryophyllaceae marked by a
high content of 20E (1.76%) superior to its content in Serratula coronata
(1.5%), which is the plant base of the domestic anabolic and adapto-
genic preparation “Ekdifit” and a promising alternative industrially
significant species among plants of Kazakhstan.

The main problem encountered in working with phytoecdysteroids,
and the related substances and drugs, is relative difficulty of their iso-
lation and poor water solubility. This in turn leads to a low bioavail-
ability of the drug and, in the future, a slow and incomplete release of
the drug. To eliminate the above-mentioned problems, we proposed to
use industrially available cyclodextrins (CDs) in the development of
substance delivery systems.

The most promising and intensively studied area is the preparation
and investigation of inclusion complexes of steroid compounds with CD
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at the present stage of development of supramolecular chemistry see
e.g., [5-8]. Utilisation of CD complexes was also claimed in several
patents [9-11].

In this connection, new encapsulated inclusion complexes based on
20E (isolated from the aerial parts of Silene wolgensis collected in 2016
at the flowering stage in the vicinity of Balyktykol village of Nurinsky
district, Karaganda region, Republic of Kazakhstan) have been in-
vestigated in the present work. It was found that the 3-CD inclusion
complexes have 100-times higher solubility in water.

In addition to the main component 20E, it was possible to isolate
and characterize the minor ecdysteroid, 2-deoxyecdysone, i.e.,
(3B,5B,22R)-3,14,22,25-tetrahydroxycholest-7-en-6-one  (2-DE), pre-
viously isolated from the Kazakhstan plant Silene cretaceae Fisch. and
characterised by its stereochemical and X-ray diffraction study [12].
Ethanol extract of the aerial part of Silene wolgensis was treated with a
mixture of petroleum ether and ethyl acetate followed by 2-methyl-
propan-1-ol to remove the non-polar components. Compounds 20E and
2-DE were isolated from the residue by chromatography.

Supramolecular inclusion complexes of 20E with cyclodextrins were
obtained by interaction of equimolecular amounts of substrate with
receptors in ethanol solutions of reacting substances at 50 °C for 5h
followed by isolation of complexes by drying. The complexes were also
tested for cytotoxicity using MTS assay on a panel of seven cancer cell
lines (see Supplementary information) and two non-cancerous lines
[13]. No cytotoxicity was observed up to tested maximum concentra-
tion of 50 pM.

2. Results and discussion
2.1. NMR study

One of our goals was to characterize and uncover more details on
the molecular geometry of 20E complexes with (-CD. Firstly, we at-
tempted a complete signals assignment, and to identify the_inter-
molecular interactions (contacts) between 20E and CD viafthe 2D
ROESY NMR experiments.

The complete signals assignment of both 'H and °Gfwas done fof
pure 20E in DMSO-dg (15.5mg of pure 20E in 0.54L ofylow water
content DMSO-dg), excluding the OH protons, which have two broad
signals at 4.09 and 4.56 ppm, three broad overlaid signals around
4.36 ppm, and a sharp signal at 4.63 ppm, whiehywas identified as OH
at carbon C14 due to strong HMBC correldtion to earbon C13, and two
weak correlations to carbons C14 and C15. The'broad signal of residual
water at 3.30 ppm has intensity of Q#7H. The other signals and most of
their characteristics are summarized in the Table 1. The values of Jyy,
intensity of crosspeaks in HMBC\and ROESY were used to set up geo-
metry of the steroid compaftment ofy20E (the aliphatic part from C23
appears to freely rotate)§ and to‘€enfirm the molecular model after its
optimization via semi empitical method PM3 (Fig. 1).

The 20E-B-CDfecomplex (9.5 mg dissolved in D,O 0.5mL) was stu-
died via_1B, and, 2DgNMR | experiments. We observed a precipitation
after admonth storing of the solution.

The 'H spectrum confirmed 1:1 composition of the complex, and
symmetry0f the 3-CD compartment. Since 20E is asymmetrical mole-
cule, the'ecomplex 20E-3-CD is expected to be asymmetrical as well. The
observed symmetry can be explained via fast rotation of the complex
components, including a decomplexation step despite of 20E low so-
lubility in water. All signals were assigned unequivocally, and if pos-
sible, the multiplicities of the signals were described with help of 1D
TOCSY experiments (Table 1).

Analogously, the 20E-2(f3-CD) complex 20E-2(3-CD) was studied
(9.5 mg of 20E-B-CD in 0.5 mL D,0). The signals assignment was suc-
cessful for all 'H and 'C signals, which is summarized in the Table 1.
Similarly, to 20E-B-CD, we observed a precipitation after a month of
storage.

The 'H spectrum confirmed only 1:1.8 composition of the 20E-2(f-

Table 1

NMR signals assignment for 20E and CD.
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No. 20E in 20E in DMSO-d¢ ~ 20E-B-CD in 20E-2(B-CD) in
CDCl; D,0 D,0
Signals of 20E
Cl 37.96 36.610 35.449 35.473
Hla 1.263, dd, 13.3, 1.299, dd, 1.307, dd, 13.6,
H1pB 12.0 13.5, 12,5 12.4
1.598, dd, 13.3, 1.788, dd, 1,793, dd, 13.6,
4.3 13.5, 4.4 44
c2 68.03 66.754 67.367 67.369
H2 3.604, ddd, 11.9, 3.880 3.880, br d, 12.3
4.3, 3.1
c3 68.12 66.570 67.128 67.095
H3 3.764, ~q, 2.9 3968, ~q,2.9 3.950,/~q, 3.0
C4 32.41 31.526 31.154 31.168
H4a 1.473, ~dt, 13.7, 1.705,'bnd 1.720, br d
H4p 3.8 1627 1.629, br t
1.593, td, 13.4,
2.5
c5 51.37 50.072 50.358 50.342
H5 2.200, dd," 131, 2270, dd, 2.292, dd, 13.4,
4.2 12.6, 5.0 4.2
c6 203.43 202.620 208.101 207.992
c7 121.64 120.432 121.017 121.004
H7 5.626,.d, 2.6 5.891, d, 2.6 5.900, dd, 2.7,
0.8
c8 166.08 165.187 168.242 168.171
Cc9 34.43 33144 33.831 33.829
H9 3.007, ddd, 11.6, 3.025, ddd, 3.033, ddd,
71,27 11.5,7.2, 2.6 11.5,7.2, 2.7
C10 38.64 37.601 38.161 38.161
C11 21111 20.061 20.133 20.151
Hlla 1.520, ~qd, 1.655 1.663
H11p 12.8, 5.1 1.797 1.810
1.648
€12 31.96 30.842 31.154 31.163
H12a 1.725, ddd, 12.5, 1.891 1.906
H12p 4.9.2.2 ~1.923 1.962
2.024, ~td, 13.0,
5.0
Cr3 48.04 46.845 47.233 47.216
Cl4 84.16 82.963 84.745 84.666
C15 31.98 30.303 30.454 30.482
H15a 1.781, ~td, 11.6, 1.979, ~td, 1.978
H15p 5.5 10.4, 6.2 1.634
1.507, ~q, 9.6 1.631, ~dt
C16 21.47 20.251 20.493 20.565
Hl6a 1.871 1.859, ~q, 1.874
H16p 1.556 11.1 1.733
1.759, ~dt,
14.1, 3.4
Cc17 50.08 48.676 49.216 49.228
H17 2.259, ~t, 9.0 2.250, dd, 2.266, dd, 9.8,
10.0, 8.8 8.6
C18 17.87 17.114 17.268 17.302
H18 0.763, s 0.796, s 0.819, s
C19 24.46 23.841 23.352 23.405
H19 0.836, s 0.925, s 0.943, s
C20 76.82 75.682 77.599 77.513
c21 21.68 20.959 20.095 20.195
H21 1.062, s 1.175, s 1.204, s
c22 77.52 76.182 77.010 76.952
H22 3.115, dd, 10.5, 3.341, dd, 3.337, dd, 10.6,
1.7 10.6, 1.9 1.9
Cc23 27.45 26.073 26.018 26.023
H23 1.475, ~tdd, 1.535 1.535, dddd,
H23’ 12.4,3.9,1.8 1.237 13.5, 10.4, 5.0,
1.111, dddd, 1.9
13.6, 11.6, 10.6, 1.248
4.5
C24 42.62 41.377 40.818 40.874
H24 1.645, ~td, 12.8, 1.651, ddd, 1.634
H24' 5.0 13.2,10.6, 5.3 1.428, ddd,
1.253, ddd, 13.1, 1.417, ddd, 13.3, 10.0, 5.0
11.6, 4.3 13.2,11.1, 4.3
C25 69.52 68.673 71.265 71.167

(continued on next page)



B.S. Temirgaziyev et al. Steroids xxx (XXXX) XXX-XXX

Table 1 (continued) H\ /OH 20 OH
Cz >,
No. 20E in 20E in DMSO-ds ~ 20E-B-CD in 20E-2(B-CD) in | H |
CDCly D,0 D,0 H— c1 ch
74 H

C26 29.99 29.972 28.052 28.178 o0— cs

H26 1.077, s 1.138, s 1.135, s H
c27 30.09 28.990 27.949 27.910 SCH,

H27 1.052, s 1.135, s 1.129, s
Signals of B-CD
c1 - - 102.238 102.135

H1 4.991,d,3.8  4.992,d, 3.9
c2 - - 72.161 72.138

H2 3.575,dd, 9.9, 3.577, dd, 9.9,

3.7 3.7

c3 - - 73.248 73.203

H3 3.885,dd, 9.9, 3.886, dd, 9.9,

9.0 9.0

c4 - - 81.466 81.379

H4 3512, ~t,9.3 3.515, ~t, 9.3
cs . - - ;17'239 ;17'229 al environment upon

> ) ’ the change of temperature, whic ted to stabilisation of

c6 - - 60.282 60.286 8 p

H6 (2H) ~3.79 ~3.79 the 1:2 complex, and c i guration (vide infra).

8 (81.1 — J1.2) revealed
ppb on H12f to +26 ppb on
ppb on C6. The changes on the B-
chemical shifts, and +103, +23,

A comparison of *
various changes on, 20
CD) complex, which proves incomplete formation, i.e., a lower stability, H16p3, and —126 p
of 1:2 complex. Similarly, to 20E-f-CD complex, the symmetry of the [3- CD part were less tha
CD compartment was observed. Since the observation of two different +45, +87 +30, and —
B-CD parts would be expected as was recently reported for 1:2 complex tively. J-l in chemical shifts are result of various contributions,
of cholesterol with permethylated 3-CD at temperature under 20 °C an unambigu clusion is mostly unfeasible on those changes only.
[13], the 'H spectra were recorded at temperature 27, 21, 16, 11, 6, and e observed changes are significant, which means
1°C. In all cases, only one set of signals was observed for 3-CD, al- -CD molecule affects a molecular composition, i.e.,
though, the broadening and tiny changes in chemical shifts on most of
signals were observed. The signal of H1 proton of 3-CD was chosen as supplementary materials in the xls file.
an inner reference, since this proton is out of the 3-CD cavity and thus i eral, the unambiguous conclusion on geometry of a complex
should be least affected by a complexation (Fig. 2). The chang be done via interpretation of intermolecular interactions in ROESY
(827°¢ — 8°°) on H1, H2, H3, H4, and H5 signals of CD part were 4,

)

Fig. 1. Top and side views on a molecular model of 20E as derived from NMR data and PM3 optimization.
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all cases, the studied systems are under fast chemical exchanges.
Therefore, the observed ROE has to be considered as related to an
average structure of all conformers and all species. That is also reason
the most of NMR characteristics of 20E-3-CD and 20E-2(3-CD) samples
are similar, thus, we evaluated them jointly (see supplementary in-
formation Fig. S1). Similar complications were reported on complexa-
tion of cholesterol via various CD derivatives [15].

As expected, no conclusive ROE between 20E and H1, H2, or H4
signals (outer hydrogens; see Fig. 2) of B-CD was observed on all
samples. That suggests that 20E is complexed inside the 3-CD cavity
exclusively, or the concentration of other complexes is undetectable at
studied conditions. That attests that all observed intermolecular ROEs
are due to the fact that 20E is more or less inside the B-CD cavity.

In spite of a number of signal overlays, it was possible to rule out
whether the aliphatic or steroid part of 20E are placed within B-CD at
the 06 (ROE to H5/H6) or O3 (ROE to H3) rim, based on unambiguous
presence/absence of ROE on recognizable signals. The H5 and both H6
signals of 3-CD are overlaid; however, as they are in proximity within
the B-CD molecule, it is not a severe problem. The H3 signal of 3-CD is
overlaid by the H2 signals of 20E, thus only the ROE crosspeaks, which
are not observed in pure 20E can be assigned to H3 of (B-CD.
Fortunately, these signals are separated at 1°C, which enables more
unambiguous interpretation (see supplementary information Fig. S2).

We identified a strong ROE of H5/H6 of 3-CD to 20E signals H23,
H23’, H24’, H26/H27, as well as ROE of H3 of 3-CD to 20E signals H17,
H18, H19, and H22. That suggests the aliphatic part of 20E is inserted
deeply into B-CD through the O3 rim. Surprisingly, there is also weak
ROE of H5/H6 of B-CD to 20E signals H18, H21 and H22, and H3 of -
CD to 20E signals H26 and H27. That can be explained by simultaneous
complexation through the O6 rim, or by complexation through the O3
rim, however, with 3-CD having at least one sugar unit turned over.

The ROEs of H3 of B-CD to 20E signals H13, H4a, H4[3, H5, and,
H19, suggests complexation of the A ring, however, there is no ROE €0
Hla. That can be understood as a hindering of Hla from a ROEgeon-
stant by the nearby methyl H19 and the OH group(s).

The comparison of ROESY spectra of 20E-3-CD and 20E-2(3-CD)
revealed that a small ROE of H5/H6 of 3-CD to H7 of 20F is observed
only in the case of 20E-2(B-CD) sample both at” 27jand 1°C.
Surprisingly, there is no ROE to H9 of 20E, whichfeould be‘expected.
That made it impossible to build #p a reasonable meolecular model of a
1:2 complex. We conclude that the oddness can‘origin frompa change of
the A ring conformation upon a complefation. That is supported by
observation that pure 20E has a strong ROE between H9 and H2, and no
ROE between H9 and H3, which isseensistent with a molecular model
where distance H9-H2 is 0.18 nm, whileyH9-H3 distance is 0.38 nm.
However, both 20E-f-CD and 20E-2(3-CD) have also a significant ROE
between H9-H3 (see Supplémentaryijiafdrmation Fig. S3). A change of
the ring A conformationdan be supported also by the largest changes in
chemical shifts on that ring upon the change of temperature (vide
supra). Unfortunatély, wéwereunable to identify significant changes in
HMBC touncover mere détails on the geometry changes.

2.24 Chemistny

Cyclodextrins with purity of 99% were purchased from Fluka
company. The optical rotation angles were determined on the Atago
Polax 2L polarimeter, IR spectra (KBr) were obtained on the Avatar 360
ESP device, UV spectra were recorded on an Agilent Cary 60 spectro-
photometer. Routine NMR spectra were recorded on a JNM-ECA Jeol
400 MHz instrument. Correlation NMR experiments were recorded on a
500 MHz instrument ECZ 500R (JEOL, Japan) at 27 °C. The chemical
shifts (8) are presented in ppm followed by integral intensity, multi-
plicity and corresponding homonuclear coupling constants (J) in Hz,
and by the signal assignment, which is based on analysis of 2D COSY,
HSQC, HMBC and ROESY correlation spectra. Both 'H and *3C chemical
shifts are referenced to TMS (using the solvent signals as the internal

Steroids xxx (XxXxX) XXX—XXX

reference), unless stated otherwise. The melting point were measured
on the Boétius (Hund Wetzlar, Germany) micro melting point instru-
ment. Ultrasound bath was HO0-230.00 IIC (Volgoda, Russia).
Evaporation was done with Rotavapor R-3 (Biichi, Switzerland). We
used electronic balances Practum 313-1 ORU (Sartorius Instruments,
Germany).

For solubility prediction the Advanced Chemistry Development,
Toronto, ACD/Percepta 14.2.0 (Build 2977) program was used.

Column chromatography was carried out on neutral alumina
(Brockmann activity degrees used are given in the text). Sorbfil plates
(IMID Krasnodar, RU) were used for TLC. HPLC analysis was\,performed
on a Hewlett Packard Agilent 1100 Series instimefity(150 x 4.6 mm
analytical column, Zorbax SB-C18, mobile phase is 10% isopropyl al-
cohol, UV detection at 254 nm, column témperature 20 °C,/0.75 mL/
min, the volume of the introduced sample is'20 uL).

PM3 optimizations were done with Hypercube, HyperChem 8.0.6.

2.3. Plant material

The aerial parts of the plant Silene wolgensis were collected in 2016
during the flowering phase in‘thefvicinity of Balyktykol village of the
Karaganda region of the Republic of Kazakhstan. The raw material was
dried in air and groundspFhe reference sample is deposited with
International Research jand Production Holding “Phytochemistry”,
470000 Karaganda, Republic of Kazakhstan.

2.4. 20E and 2-DE extraction and isolation

At the firstistage, the aerial parts of the plant Silene wolgensis were
extracted With 70% aqueous ethanol. Further, the content of ecdys-
terone was determined by the reversed-phase HPLC method.

Extraction of the aerial part (leaves, buds, stalks) of 1.0 kg of the
ground air-dry raw material of Silene wolgensis was carried out with 10 L
0f496% ethanol by heating in a water bath at the boiling point of the
solvent for 1-1.5h four times. The extract was cooled, drained and
evaporated on a rotary evaporator at a temperature of no higher than
50 °C. 0.2 L of ethanol was added to the resulting thick brown syrup-like
mass. Further, the resulting ethanol extract was treated with a 2:1
mixture of petroleum ether and AcOEt (0.6L) to remove non-polar
components, the remaining water-soluble part was extracted with 2-
methylpropan-1-ol (0.6 L) resulting in a thick extract. The 2-methyl-
propan-1-ol extracts were combined and distilled to dryness in vacuum.
We obtained 86.5 g of ecdysteroids with concomitant substances in the
form of a thick green syrupy mass. The presence of ecdysterone was
determined by thin layer chromatography (TLC) and qualitative ana-
lysis. Repeated column chromatography on alumina (activity of 1 as
expressed in Brockmann degrees, sorbent mass 1.6 kg) and elution of
the column with a chloroform-ethanol mixture (30:1) allowed separa-
tion of fractions 1-22, and elution with chloroform-ethanol (5:1) pro-
vided fractions 23-50. Fractions 1-22 containing 2-DE were re-
crystallized from AcOEt; 0.5 g of 2-DE, Cy,H440¢, m.p. 207 °C (AcOEt-
MeOH). [a]?’ 66.0 (1.0, MeOH). IR spectrum (KBr), v, cm™!: 3320,
2950, 1650 (C=0, conjugated), 1450, 1200, 1080, 880. UV spectrum
(EtOH), Amax, nm: 244 (log € 4.10). Experimental data are in accord
with those from literature [12,17].

Compound isolated from the fractions 23-50 (1.0g) was char-
acterized as ecdysterone (20E), Cy;H440,, m.p. 236-238 °C (AcOEt-
MeOH). [al?’ + 66.0 (1.0, MeOH). IR (KBr), v,cm™': 3450, 2950,
1652, 1450, 1390, 1060, 880. UV spectrum (EtOH), Apax, nm: 243 (log
€ 4.10). 'H and '3C NMR (see Table 1).

Experimental data are in accord with those from literature [16-19].

2.5. Preparation of inclusion complexes.

The inclusion complexes of 20E with B-cyclodextrin were obtained
by the interaction of equimolecular amounts of solutions of 20E and f-
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Table 2
Solubilities of 20E and its 3-CD complexes.

Sample Solubility mg/mL  Solubility enhancement in comparison with
20E

20E 0.084 -
20E-B-CD 8.87 105
20E-2(B3-CD) 9.31 110

Table 3

20E water solubility ACD/Labs software prediction [20].
Thresholds Probability Reliability
> 10 mg/mL 0.03 Borderline (0.32)
> 1mg/mL 0.21 Borderline (0.45)
> 0.1 mg/mL 0.61 Borderline (0.36)
> 0.01 mg/mL 0.91 Borderline (0.41)

cyclodextrin. 113 mg of 3-CD (0.1 mmol), dissolved in 4 mL of distilled
water were added to 50 mg (0.1 mmol) of 20E dissolved in 3mL of
absolute ethanol. The solution was stirred on a magnetic stirrer at 50 °C
for 8h. The precipitate formed was filtered off, washed with ethanol
and dried in an oven at 40 °C. The inclusion complexes of 20E-3-CD
were obtained as white powders. Similarly, we prepared the 1:2 in-
clusion compound. 226 mg of 3-CD (0.2 mmol) was dissolved in 4 mL of
distilled water and added to 0.05 g (0.1 mmol) of 20E dissolved in 3 mL
of absolute ethanol.

2.6. Solubility experiments

Experiments on solubility determination were done at 22°C, air
humidity 63%, and pH of distilled water used 6.55.

20E (100 mg) in a 2 L flask was mixed with 1 L of distilled wat
The heterogeneous mixture was continuously mixed using ul

filter (class 2, 40-100 um, diameter 0.5cm). The clean selu
evaporated on rotary evaporator. Dry evaporate s ghed.
Experiment was repeated in triplicate, in Table 2 are given n values.
Table 3 gives predicted values.

Similarly, both the supramolecular compl
2(B-CD) (aa 100 mg) were, in a 50 mL flask, mi
The heterogeneous mixture was conti
sound bath for 1h. Then the solution was
glass filter (class 2, 40-100 um, dije
evaporated on a rotary evapora
The experiment was repeated in
values.

D, and 20E-
L of water.
using an ultra-
through a sintered
e clean filtrate was
ry evaporate was weighed.
in Table 2 are given mean

3. Conclusions

exes of 20E with a-, B-, y-, 2-hydroxypropyl-(3-,
rO odextrins. As the experience with all types

of G es was similar, the exact measurements and deep NMR
study wasfdone with B-CD only. On complexes of 20E with B-CD we
performed R studies targeting details of their molecular structures.

We conclude’that 20E forms a stable 1:1 complex and weaker 1:2
complexes with (3-CD. The 20E molecule is deep inside the cavity of [3-
CD, entering through the O3 rim by aliphatic part to O6 rim. Since
similar results we observed on complexation of cholesterol [14] we
expect the geometry can be general for complexes of steroids with cy-
clodextrins. A more accurate view on the geometry of complexes will
require support of computational studies as well as additional NMR

Steroids xxx (XxXxX) XXX—XXX

experiments, and other analytical methods.

The results show 100 times enhanced solubility of 20E when com-
plexed with 3-CD.

It should be noted that the water solubility of 20E predicted by
ACD/Percepta software was comparable to the experimental one.
Prediction of solubility of the complexes was not possible using this
software [19].
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