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Cholinesterase inhibitory and spasmolytic potential of steroidal alkaloids
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Abstract

A new steroidal alkaloid, isosarcodine (1) along with four known bases, sarcorine (2), sarcodine (3), sarcocine (4) and alkaloid-C (5)
were isolated from the MeOH extract ofSarcococca saligna. The structures of these alkaloids were identified by spectral data interpretation.
These compounds were subjected to acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) inhibition studies, and were found to be
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oncompetitive inhibitors of AChE (Ki = 21.8, 90.3, 32.2, 16.0 and 50.0�M, respectively) and uncompetitive or noncompetitive inhibitor
ChE (Ki = 8.3, 7.5, 15.6, 5.0 and 12.0�M, respectively).
The compounds (2–5) also showed dose-dependent spasmolytic activity in the rabbit jejunum intestinal preparations and also re

igh K+ (80 mM)-induced contraction, indicative of a calcium channel-blocking mechanism.
Structure–activity relationship suggested that the nitrogen substituents at C-3 and/or C-20 of steroidal skeleton and the h

roperties of the pregnane skeleton are the key structural features contributed to the inhibitory potency of these steroidal alkalo
ChE and BChE.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

The function of AChE (EC 3.1.1.7) in the cholinergic
ynapses is to catalyse the hydrolysis of acetylcholine (ACh)
1]. This enzyme has long been an attractive target for ratio-
al drug design and discovery of mechanism-based inhibitors

or the treatment of many neurodegenerative diseases such
s Alzheimer’s (AD), Parkinson’s diseases and myasthenia
ravis[2]. AChE inhibitors are known to boost the cholinergic
eurotransmission in vivo by inhibiting the AChE enzyme.

BChE (EC 3.1.1.8), on the other hand, is still an unex-
lored enzyme and there are several theories about its physi-
logical functions, but none is universally acceptable. Cym-
erine is a derivative of the alkaloid physostigmine, which

∗ Corresponding author. Tel.: +92 21 9243211/24;
ax: +92 21 9243190/91.
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represents the first available potent, reversible, and sele
inhibitor of BChE. Several cymserine derivatives are
rently studied for the treatment of AD. This indicates
BChE inhibition may be a tool for the treatment of AD a
related dementias[3].

The pregnane-type steroidal alkaloids have been f
to possess a wide range of pharmacological propertie
cluding antiulcer, antitumor and can cause a non-recove
fall in blood pressures[4]. The genusSarcococcabelongs
to the family Buxaceae, which is predominantly distribu
in South Asia extending from Afghanistan through the
malayas[5]. Some alkaloids of genusSarcococcaare known
to potentiate the action of naturally secreted ACh in the
lated rat diaphragm and in the rabbit serum. Some of t
alkaloids also exhibited gangloin-blocking activity and
crease the effects of nicotine on blood pressure[4]. In the
course of our ongoing investigations on medicinal pla
we have studied the chemical constituents of genusSarco-
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cocca. Our previous studies on this genus have resulted in
the isolation of a number of new steroidal alkaloids[6–8].
This paper describes the isolation of a new steroidal alkaloid
isosarcodine (1) along with four known alkaloids, sarcorine
(2), sarcodine (3), sarcocine (4) and alkaloid-C (5) along with
their cholinesterase (AChE) and (BChE) inhibitory and anti-
spasmodic activities. All reported compounds were assayed
for their cholinesterase inhibiting activities while compounds
2–5were also tested for their mechanism of action on isolated
rabbit jejunum tissues.

2. Materials and methods

2.1. Isolation and structure elucidation

2.1.1. Experimental
The optical rotations were measured on a Jasco digital

polarimeter (model DIP-360) in methanol or chloroform. Ul-
traviolet spectra were recorded in methanol on a Hitachi
spectrophotometer (model U-3200). Infrared spectra were
recorded on a Jasco A-302 IR spectrophotometer as discs in
KBr. The mass spectra were recorded on a double focussing
mass spectrometer (Varian MAT 311 A). Peak matching, and
field desorption (FD) measurements were performed on the
V sure-
m l as
m ass
s uker
A hifts
w d
a orted
i lates
( n-
d tical
g

2

( rict
B Mr.
T of
K ted in
t

2
and

s ex-
t tritu-
r with
p tate
(

-
m esh,
1 um
e (ss-

Table 1
1H and13C NMR data of isosarcodine (1) (in CDCl3)

Carbon
number

1H NMR (δ)
(J in Hz)

13C NMR (δ) Multiplicity

1 1.61, 1.52 m 32.6 CH2

2 1.25, 1.35 m 28.7 CH2

3 3.54 m 52.2 CH
4 1.98, 1.10 m 39.8 CH2

5 1.22 m 46.0 CH
6 1.21, 1.25 m 28.8 CH2

7 1.53, 1.62 m 31.9 CH2

8 1.35 m 35.5 CH
9 1.24 m 54.9 CH
10 – 35.5 C
11 1.31, 1.52 m 21.1 CH2

12 1.42, 1.91 m 31.5 CH2

13 – 41.8 C
14 1.05 m 56.5 CH
15 1.61, 1.03 m 24.8 CH2

16 2.85, 1.82 m 27.6 CH2

17 1.37 m 54.2 CH
18 0.78, 0.63 s 12.0 CH3

19 0.64, 0.83 s 12.3 CH3

20 2.45 m 61.2 CH
21 0.88 d (J= 6.5) 9.9 CH3

Na(CH3) 2.80 s 27.6 CH3

Nb(CH3)2 2.16 s 39.8 C
1′ – 169.9 C
2′ 2.05 s 22.5 CH3

All assignments were confirmed by1H–1H COSY, HMQC and DEPT spec-
tra.

1 to ss-8). Fractions ss-2 (148.9 mg), ss-3 (124.8 mg), ss-4
(222.7 mg), ss-5 (128.8 mg) and ss-7 (109.8 mg) have exhib-
ited 100% cholinesterase inhibition at 20 mg/mL. These sub-
fractions were individually subjected to column chromatog-
raphy on flash silica gel and eluted with increasing polari-
ties of petroleum ether/acetone/diethylamine mixtures to ob-
tain several semipure subfractions, which were finally puri-
fied over precoated TLC plates (silica gel) using petroleum
ether/acetone/diethylamine (1.5:8.3:0.2) as solvent system,
to obtain five steroidal alkaloids1–5.

Isosarcodine (1), white amorphous. Percentage
yield = 20.21 mg, 1.44× 10−4%, [α]20

D = 48◦ (c= 0.3,
CHCl3). UV (MeOH) λmax in nm (logε): 198, 204. IR
(CHCl3) υmax in cm−1: 3640 (NH), 2810 (CH stretching),
1648 (C O), 1594 (C C stretching), 1511 (NH bending).
EI-MS m/z (relative intensity, %): 402 (29) [M+], 387 (2)
[M+ − 15], 359 (1), 302 (3), 121 (2), 110 (62), 100 (15), 84
(22), 72 (100), 55 (5). FD-MSm/z402 (C26H46N2O). HREI-
MS m/z (formula, calculated): 402.3579 (C26H46N2O,
402.3601), 387.3233 (C25H43N2O, 387.3273), 84.0822
(C5H10N, 84.0813), 72.0811 (C4H10N, 72.0813).1H and
13C NMR values:δ, seeTable 1.

2.2. Enzymology

2.2.1. Acetyl- and butyrylcholinesterase inhibition
a

y a
m man
arian MAT 312 mass spectrometer. Accurate mass mea
ents were carried out with FAB source using glycero
atrix while HREI-MS were recorded on Jeol HX 110 m

pectrometer. The NMR spectra were recorded on Br
vance 500 and AC 400 MHz spectrometers. Chemical s
ere recorded inδ (ppm) relative to SiMe4, which was use
s internal standard, while the coupling constants are rep

n Hz. TLC separation were carried out on precoated p
DC-Alufolien 60 F254of E. Merck) and detected by Drage
orff spraying reagent. All reagents used were of analy
rades.

.1.2. Collection and identification of plant material
The whole plants ofSarcococca saligna(D. Don.) Muel.

50 kg) were collected in October 1999 from the Dist
agh of Azad Kashmir, Pakistan. It was identified by
ahir Ali, taxonomist, Department of Botany, University
arachi, Pakistan, and a voucher specimen was deposi

he Herbarium of University of Karachi (KU # 19290).

.1.3. Plant material and extraction
The air-dried plant material (14 kg) was crushed

oaked in MeOH (50 L) for 15 days. The methanolic
ract was filtered and evaporated to a gum (1.25 kg),
ated in distilled water (2 L) and subsequently extracted
etroleum ether (251 g), chloroform (220 g), ethyl ace
45 g) and finally with butanol (145 g).

Chloroform extract ofS. saligna (220 g) was chro
atographed over silica gel column (230–240 m
.5 kg) and eluted with increasing polarities of petrole
ther/acetone/diethylamine to obtain eight subfractions
ssays
AChE and BChE activities were measured in vitro b

odified spectrophotometric method developed by Ell
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et al. [9]. All the inhibition studies were performed using
SpectraMax microplate spectrophotometer (Molecular De-
vices, CA, USA).

Electric eel AChE (type VI-S, Sigma), and horse serum
BChE (Sigma) were used, while acetylthiocholine iodide
and butyrylthiocholine chloride (Sigma) were used as sub-
strates in the reactions. Ellman reagent, i.e. 5,5-dithiobis(2-
nitro)benzoic acid (DTNB, Sigma) was used as chromogenic
marker for the measurement of the cholinesterases activity.
Sodium phosphate buffer (1 mM) at pH 7.0 was used to pre-
pare the enzyme working solution and at pH 8.0 for the assay
mixture.

The assay procedure was previously described[7]. All the
reactions were performed in triplicate and the initial rates
were measured as the rate of change in optical density per
minute (OD/min) and used in subsequent calculations. Ac-
cording to Ellman et al., since the extinction coefficient of
the yellow anion is known, the rate of the enzymatic reac-
tion can be calculated based upon the following equation[9]:

rate (mol/L/min)= change in absorbace/min

13,600
.

The percent enzyme inhibition by test sample was calculated
using the following formula:
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centrations lines on thex-axis of Lineweaver–Burk plot and
plotted against inhibitor concentrations. The secondary re-
plot of Dixon plot was constructed as the slope of each line
of substrate concentration in original Dixon plot against the
reciprocals of the substrate concentrations.

Ki values (the rate constant of the dissociation of the
enzyme–inhibitor complex into free enzyme and inhibitor)
were determined by the interpretation of Dixon plots,
Lineweaver–Burk plots, and their secondary replots by us-
ing initial velocities. These velocities were obtained over a
range of substrate concentrations between 0.1 and 0.4 mM for
ATCh and 0.05 and 0.2 mM for BTCh. The assay conditions
for measurement of the residual activities of the enzymes in
the presence of all inhibitors were identical to the aforemen-
tioned spectrophotometric assay procedure except that fixed
concentrations of inhibiting compounds were used in the as-
say medium.

Types of inhibition were determined by the graphical anal-
ysis of Dixon plots, Lineweaver–Burk plots and their sec-
ondary plots.

Assays were conducted in triplicate at each concentration
of the inhibitor. Graphs were plotted using GraFit program
[12]. Values of the correlation coefficient, slope, intercept and
their standard errors were obtained by the linear regression
analysis using the same software.
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.2.2. Estimation of inhibition and kinetic parameters
The IC50 values (the concentration of test compou

hat inhibit the hydrolysis of substrates by 50%) were
ermined by spectrophotometric measurement of the e
f increasing concentrations of test compounds on enz
ctivity. The IC50 values were calculated using EZ-Fit E
yme Kinetics Program (Perrella Scientific Inc., Amhe
SA).
Two different methods were applied to estimate the e

f the inhibitors (test samples) on bothKm andVmax values
his was done firstly by plotting the reciprocal of the rat

he reactions against the reciprocal of the substrate co
ration as Lineweaver–Burk plot[10], and secondly by th
ixon plot in which the reciprocal of the rate of the re

ions was plotted against the inhibitor concentrations[11].
he secondary replots of the Lineweaver–Burk were
onstructed in two ways; firstly, 1/Vmaxi were determined a
ach intersection point of every inhibitor concentration
n they-axis of Lineweaver–Burk plot and then replot
gainst different concentrations of the respective inhib
econdly, in case of the noncompetitive and linear mi

ype inhibitions, the slope of each line of inhibitor conc
ration on Lineweaver–Burk plot was plotted against inhib
oncentrations. For the uncompetitive type of inhibition,Kmi
as determined from the intersection of the inhibitor c
.3. Antispasmodic pharmacological assays

Antispasmodic activities of the test compounds2–5 were
tudied in isolated spontaneously contracting rabbit jejun
abbits from a local breed of both sexes (1.5–2.0 kg),

ained from the Animal House of the Aga Khan Medi
niversity, Karachi, were used in this study. Animals

ree access to water but food was withdrawn 24 h prior to
xperiment. Animals were sacrificed by a blow on the bac
he head, the abdomen was cut open and a piece of jej
as taken out. Segments 2 cm long were suspended i

ode’s solution aerated with a mixture of 95% oxygen and
arbon dioxide, and maintained at 37◦C. Tyrode’s solution
omposition was: 80 mM KCl, 91.04 mM NaCl, 1.05 m
gCl2, 11.87 mM NaHCO3, 0.41 mM NaH2PO4, 1.8 mM
aCl2, and 5.55 mM glucose. The spontaneous intes
ovements were recorded isotonically using Harvard tr
ucers and Harvard Student Oscillograph. Each tissue
llowed to equilibrate for at least 30 min before the addi
f any drug. Under these experimental conditions, the
it jejunum exhibits spontaneous rhythmic contractions

herefore allows study of the relaxant (spasmolytic) act
irectly without the use of an agonist.

Calcium channel-blocking activity of compounds2–5was
etermined as described by Farre et al.[13]. The data wa
nalyzed and plotted using GraphPad Prism software[14].
he results were expressed as mean± S.E.M (standard mea
rror). All statistical comparisons were made by using
ent’st-test, and aP-values smaller than 0.05 were regar
s significant.
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Table 2
Pregnane-type steroidal alkaloids1–5

Compound name R1 R2 Unsaturation

Isosarcodine (1) NCH3Ac N(CH3)2

Sarcorine (2) NHAc N(CH3)2

Sarcodine (3) N(CH3)2 NCH3Ac
Sarcocine (4) N(CH3)2 NCH3Ac �5,6

Alkaloid-C (5) OCH3 N(CH3)2 �5,6

3. Results

A new steroidal alkaloid, isosarcodine (1) was isolated
along with four known bases, sarcorine (2), sarcodine (3),
sarcocine (4) and alkaloid-C (5) from the MeOH extract ofS.
saligna. The structure of isosarcodine (1) was identified by
spectral data interpretation. Where as the known compounds
2–5, were identified by comparing their spectral data with the
literature values[15–18](Table 2).

All compounds1–5 were found to inhibit both enzymes
(AChE and BChE) in a concentration-dependent manner.
Many of these compounds, i.e.3–5, as shown inTable 3, ex-
hibited a pure noncompetitive type of inhibition against both
enzymes as they decrease theVmax value without affecting
the affinity of the enzyme for the substrate (Km values). Com-
pounds1 and2 were found to be uncompetitive inhibitors of
BChE as they decreaseKm andVmax values.

As shown inTable 3, all compounds of this class were
found to be selective towards the BChE, whereas the standard
inhibitors were more selective towards the AChE.

All compounds reported in this study were found to be spe-
cific inhibitors of AChE and BChE and were inactive against
some other enzymes such as phosholipase A2, urease, acid
phosphatase,�-glucuronidase, and�-glucosidase.

Structure–activity relationship, predicted from the results
presented inTable 3, suggests that the nitrogen substituents
at C-3 and C-20 of steroidal skeleton are the most important
structural features that determine the inhibitory potency of
these steroidal alkaloids. Moreover, steroidal alkaloids1–5
possess a large hydrocarbon skeleton, which gives them in-
teresting non-polar and hydrophobic character.

Interestingly, compounds1 and2 have also been found to
be uncompetitive inhibitors of BChE, whereas compounds3
and4, which contain acetylated nitrogen at C-20 were found
to be noncompetitive inhibitors of BChE.

These cholinesterases inhibitors were also studied for
their possible spasmogenic or spasmolytic effects in isolated
rabbit jejunum.Table 4shows the concentration ranges on
which the inhibitors produced a dose-dependent inhibition of
spontaneous contractions of the jejunum, thus showing spas-
molytic (antispasmodic) activity. Similarly,Fig. 6(A) illus-
trates graphically the spasmolytic effect of compounds2–5.
Compound 1 was not tested due to insufficient quantity.

The spasmolytic effects of these cholinesterases inhibiting
compounds were found to be reversible, and the spontaneous
activity returned to the normal level after washing the tissue
a couple of times. The effect of verapamil which was used as
a standard drug in this assay was also reversible but it takes
slightly longer time than the tested compounds to restore the
s
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Table 3
S ids–5

C

Type o
inhibitio

1 NC
2 NC
3 NC
4 NC
5 NC
E MT
T MT
G MT

N standa
lot, its s
ummary of the in vitro anticholinesterase activities of steroidal alkalo1

ompound Acetylcholinesterase

IC50 (�M)
(mean± S.E.M.)

Ki
a (�M)

(mean± S.E.M.)

10.31± 0.13 21.8± 0.73
69.99± 2.6 90.3± 2.03
49.77± 1.26 32.2± 0.92

20 ± 1.30 16± 1.48
42.2± 0.26 50± 0.72

serine 0.041± 0.001 0.014± 0.001
acrine 0.021± 0.002 0.23± 0.02
alanthamine 0.45± 0.02 0.19± 0.01

C = noncompetitive; UC = uncompetitive; MT = mixed type; S.E.M. =
a Ki is the mean of four values calculated from Lineweaver–Burk p
pontaneous activity.

. Discussion

The new steroidal alkaloid, isosarcodine (1) (HREI-MS
/z402.3610, C26H46N2O), was isolated as white amorpho
owder. The ion atm/z 387 was due to the loss of a met
roup from theM+. The base peak atm/z72 was due toN,N-
imethylaminium ion[19]. The other important fragmen
ere atm/z 43, 74, 112 and 138 indicated the presenc
Na-methyl-Na-acetyl group at C-3. The IR spectrum o1
howed strong absorption at 1648 cm−1 (amidic carbonyl)
he UV spectrum displayed only terminal absorptions at
nd 198 nm.

The1H NMR spectrum of compound1 showed three te
iary methyl singlets atδ 0.78 (CH3-18), 0.83 (CH3-19) and

Butyrylcholinesterase

f
n

IC50 (�M)
(mean± S.E.M.)

Ki
a (�M)

(mean± S.E.M.)
Type of
inhibition

1.893± 0.06 8.25± 3.15 UC
10.33± 0.21 7.5± 1 UC
18.31± 0.74 15.57± 0.8 NC
3.86± 0.01 5± 0.15 NC

22.13± 0.14 12± 0.8 NC
0.857± 0.01 0.9± 0.05 NC
0.051± 0.005 0.025± 0.003 MT
39.1± 0.032 32± 0.33 NC

rd mean error of three to five experiments.
econdary replots, and Dixon plot.
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Fig. 1. Important HMBC correlations for isosarcodine (1).

2.05 (CH3CO), along with a doublet atδ 0.88 (J21,20= 6.4 Hz)
(CH3-21). A six-proton singlet atδ 2.16, and a three-proton
singlet atδ 2.80 were assigned to theNb(CH3)2 andNaCH3
protons, respectively. Two downfield multiplets resonating at
δ 2.45 and 3.54 were ascribed to the C-20 and C-3 methine
protons, respectively. The13C NMR spectrum (broad-band
decoupled) displayed 26 resonances for seven methyl, nine
methylene, seven methine and three quaternary carbons. The
C-19 methyl protons (δH 0.83) and C-1 methylene protons
(δH 1.61) showed HMBC interactions with the C-10 (δC 35.5)
(Fig. 1). The HMBC spectrum shows interactions of the C-
18 methyl protons (δH 0.78) with the methine C-17 (δC 54.2)
and quaternary C-13 (δC 41.8). The HMBC correlations also
indicated the presence of aNa-methyl-Na-acetyl group at C-
3. TheNa-CH3 protons showed the long-range correlations
with the C-3 methine carbon (δC 52.2). The C-3 methine pro-
ton (δH 3.54) also displayed HMBC couplings with C-1′ (δC
169.9) and C-4 (δC 39.8).

The stereochemistries at asymmetric centers in compound
1were assigned on the basis of biogenetic considerations and
cross-peaks in ROESY spectrum. The�-orientations of H-8
(axial), CH3-18 (axial) and CH3-19 (axial) were assigned on
the basis of ROESY spectrum, since the H-8 (δ 1.35) and
CH3-18 (δ 0.78) signals showed cross-peaks with CH3-19 (δ

Fig. 3. Steady-state inhibition of AChE by isosarcodine (1). (A) Dixon plot
of reciprocal of the initial velocities vs. various concentrations of inhibitor (at
four fixed ATCh concentrations: (©) 0.1 mM, (�) 0.13 mM, (�) 0.2 mM and
(�) 0.4 mM). (B) Secondary replots of the Lineweaver–Burk plot: 1/Vmax,ior
slope vs. various concentrations of compound1. The correlation coefficient
for all the lines of the graphs was >0.99, each point in the graphs represents
the mean of three experiments.

0.83). Similarly C-18 methyl protons (δ 0.78) also showed
correlations with H-8 and H-20 (Fig. 2). These spectral ob-
servations led to the structure1 for isosarcodine.

The purity of the noncompetitive type of inhibition of
compounds3–5 against both enzymes and compounds1 and
2 against AChE was confirmed by the secondary replots of
Lineweaver–Burk plots as they show linear rather than hyper-
bolic lines as expected in the case of partial noncompetitive
inhibition.Fig. 3shows the graphical analysis of steady-state
inhibition data of compound1 for AChE as an example of
this type of inhibition.

Compounds1and2were found to decrease both the affin-
ity (Km) andVmax values suggesting uncompetitive mech-
anism of inhibition against BChE. The graphical analysis
of compound1 provides an example of compounds act-
ing through uncompetitive mechanism (Fig. 4). Interestingly,

Y corre
Fig. 2. Important ROES
 lations for isosarcodine (1).
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Fig. 4. Steady-state inhibition of BChE by isosarcodine (1). (A)
Lineweaver–Burk plot of reciprocal of the initial velocities vs. reciprocal
of BTCh in absence (©) and presence of 6.25�M (�), 12.5�M (�) and
25.0�M (�) of isosarcodine (1). (B) Dixon plot of reciprocal of the initial
velocities vs. various concentrations of inhibitor (at four fixed BTCh con-
centrations: (©) 0.05 mM, (�) 0.06 mM, (�) 0.1 mM and (�) 0.2 mM). The
correlation coefficient for all the lines of all the graphs was >0.99; each point
in all the graphs represents the mean of three experiments.

both the aforementioned uncompetitive inhibitors of BChE
were found to be noncompetitive inhibitors of AChE.

In the structures of cholinesterases (AChE and BChE),
aromatic gorge plays an extremely important role in ligand
recognition[20]. This gorge has four loci, which are involved
in the molecular recognition and catalysis. The acetyl speci-
ficity of AChE is based on the ligands interactions in the acyl
binding locus[21,22]. The esteratic locus of AChE gorge
consists of two subsites: (a) the oxyanion hole[23], and (b)
the catalytic triad; on which Ser-200, Glu-327, and His-440
interact with the substrates such as ACh and hydrophobic
ligands[24,25]. On the other hand, quaternary ammonium
binding locus in aromatic gorge recognizes the quaternary
ammonium function of the ligand via electrostatic interac-
tions [23]. The peripheral anionic site is situated near the
top of the aromatic gorge. Various classes of hydrophobic
ligands, aromatic cations and bisquaternary ammonium lig-
ands can interact with the peripheral anionic locus of enzyme
[21,22]to influence its catalytic activity allosterically[26,27].

Since all these compounds were found to be noncompet-
itive or uncompetitive inhibitors of both cholinesterases, it
was deduced that these compounds do not bind at the active
site of the enzymes. They might, however, bind at the aro-
matic gorge of AChE/BChE enzymes both in the presence or
absence of substrates. The alternative possibility of off-gorge
b ac-
t o the
s aro-
m hey
s flex-
i this
s

the
B size
o rger
a e of

AChE, amino acids Phe-330 and Tyr-121, are pointing more
or less inwards, forming a narrow bottleneck. Above and be-
low this narrow point, the gorge is relatively wider[20]. Hy-
drophobic interactions, which are more prominent in BChE,
might also play an important role in the selectivity of these
compounds toward BChE.

Apparently, the nitrogen substituents at C-3 and C-20 of
steroidal skeleton are the key structural features that deter-
mine the inhibitory potency of these steroidal alkaloids. They
are protonated at physiological pH to afford quaternary cen-
ters, and thus mimic the quaternary nitrogen of the well-
known quaternary nitrogen inhibitors of cholinesterases such
as decamethonium. It is generally believed that due to the
presence of the rings of the aromatic amino acids in AChE and
BChE’s gorges, the cationic ligands move toward the active
sites by the diffusion on the surface of the enzyme[21]. The
diffusion of the quaternary nitrogen containing compounds
to the peripheral site of the aromatic gorge may be facilitated
by the positive charge on these compounds.

Interestingly, the large hydrocarbon skeleton of alkaloids
1–5 gives them interesting non-polar and hydrophobic char-
acter. Hydrophobicity is thus another attribute common in
these alkaloids and the residues of the aromatic gorge of
cholinesterases. Apparently, this property plays an important
role in the diffusion of these compounds inside the aromatic
g
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inding, which requires major conformational changes in
ive site and gorge disruption, was not considered due t
ame reason. Although, the precise dimensions of the
atic gorges of AChE and BChE are still not known, t

eem to be adequate in size as well as conformationally
ble enough to accommodate all inhibitors included in
tudy[28].

The selectivity of compounds of this class towards
ChE could be explained in part by the relatively large
f these compounds, which can diffuse easily inside the la
romatic gorge of BChE. About halfway down the gorg
orge of the enzyme.
Apparently, the presence of electron withdrawing s

tituents such as acetamide at C-3 (compound1) is compar
tively more significant for the inhibition of AChE than t
ubstitution of a similar group at C-20 (compound3). This
ighlights the impact of ligand interactions at the bottom

he gorge in contrast to the peripheral site on top of the g
This prediction is supported by our ongoing molec

ocking studies of these compounds against AChE, w
ighlighted the key role of acetamide group and hydro
ic skeleton. Since ring A of steroidal skeleton is buried a
ottom of the aromatic gorge, therefore the C-3 substit
cetamide group goes inside the aromatic gorge, whi
0 substituted acetamide group remains outside the
Fig. 5). Detailed docking studies will be published el
here.
Compounds1 and2 have been found to be uncompe

ive inhibitors of BChE, whereas compounds3 and4 which
ontain acetylated nitrogen at C-20 inhibited BChE nonc
etitively. This shows that in case of BChE, substrate b

ng is essential in order to produce necessary conforma
hanges in the aromatic gorge of the enzyme to allow
inding of the inhibitor. When compound2 was compare
ith the compound1 (both contain an acetamide group
-3), the latter appears to be more active. This could be

o the nature of substitution at the C-3 nitrogen. This sugg
hat the more substituted nitrogen favors the activity, pr
ly due to the hydrophobic interactions it may have with
ydrophobic gorge of the enzyme.

Since none of the known inhibitors is structurally si
ar to the compounds under study, eserine (physostigm



A. Khalid et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 477–484 483

Fig. 5. Top view showing isosarcodine (1) and sarcodine (3) inside AChE
aromatic gorge. Some amino acids were removed from the protein image for
clarity.

tacrine and galanthamine were randomly selected as the stan-
dard inhibitors to compare the potency of the test compounds
against both enzymes. Physostigmine and galanthamine are
natural and reversible AChE and BChE inhibitors, which have
a wide range of clinical applications. TheKi values and the
type of inhibition of AChE and BChE by eserine, tacrine and
galanthamine are shown inTable 3.

Compounds2–5 were also studied for their possible spas-
mogenic or spasmolytic effects in isolated rabbit jejunum.
Rabbit jejunum was selected due to its inherent spontaneous
activity, which helps in screening both the muscle relaxing
and muscle contracting agents[29]. In the absence of in-
hibitors, rabbit jejunum exhibited spontaneous contractions
and the behavior of the tissue did not change over the time

Table 4
Summary of the antispasmodic activities of the cholinesterases inhibitors

Compound EC50 (�g/ml)
Spontaneous K+ (80 mM)

2 16.3± 2.3 63.5± 6.5
3 7.1 ± 1.4 19.6± 6.1
4 5.8 ± 1.8 24.3± 2.6
5 213.3± 13.3 200.0± 0.0*

Verapamil 0.16± 0.04 0.14± 0.01

Values are mean± S.E.M. of three to four determinations, except for the one
denoted with an asterisk withn= 1.

course of the experiments. Results inTable 4shows that dose-
dependent inhibition of spontaneous contractions of the je-
junum produced by compounds2–5 indicate a spasmolytic
activity. Fig. 6(A) illustrates graphically the spasmolytic ef-
fect of compounds2–5.

Moreover, compounds2–5 also inhibited the K+-induced
contractions (Fig. 6(B)) in similar dose ranges, thereby sug-
gesting a calcium channel-blocking activity similar to that of
verapamil, a standard calcium channel blocker (Table 4) [30].

The contractions of smooth muscle preparations including
rabbit jejunum are dependent upon an increase in the cyto-
plasmic free Ca2+, which activates the contractile elements
[31]. The increase in intracellular Ca2+ is due to either in-
flux via voltage-dependent Ca2+ channels (VDCs) or due to
release from intracellular stores in the sarcoplasmic reticu-
lum. Periodic depolarization and repolarization regulate the
spontaneous movements of the intestine and at the height of
depolarization, the action potential appears as a rapid influx
of Ca2+ via VDCs[32]. Compounds2–5 inhibited the spon-
taneous movements of rabbit jejunum (Fig. 6), and this may
be due to interference either with the Ca2+ release or with the
Ca2+ influx mechanisms through VDCs. However, in order
to test whether the spasmolytic effect is mediated through the
blockade of Ca2+ influx, a high dose of K+ (80 mM) was intro-
duced to depolarize the tissues. Addition of test compounds
c + d
j
e

(A) an
Fig. 6. Effect of the compounds2–5 on the spontaneously beating
aused a dose-dependent inhibition of the K-precontracte
ejunum, similar to the action of verapamil (Table 4). This
ffect is shown inFig. 6(B) for the compounds2–5.

d high K+ (80 mM)-induced contractions (B) on isolated rabbit jejunum.
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The contractions induced by high K+ are dependent on the
entry of Ca2+ into the cells through VDCs[33], and a sub-
stance which can inhibit K+-induced contractions is therefore
considered to be a calcium channel blocker[34]. Thus, in-
hibition of high K+ (80 mM)-induced contraction of rabbit
jejunum by compounds2–5 may reflect restricted Ca2+ entry
via VDCs.
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