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Abstract—In the course of studies directed toward the discovery of novel acetyl- and butyrylcholinesterase (AChE and BChE) inhib-
itors for the treatment of Alzheimer‘s disease, we focused on b-carbolines (BCs). 6-Oxygenated b-carboline and b-carbolinium deriv-
atives based on the serotonin template were synthesized and tested in vitro for their ability to inhibit AChE and BChE, respectively.
Particularly the carbolinium salts, which can be formed by intracerebral methylation out of the tertiary-BC prodrugs, show inhib-
itory activity levels reaching those of galantamine, physostigmine, and rivastigmine.
� 2006 Elsevier Ltd. All rights reserved.
The enzyme acetylcholinesterase (AChE) plays an
important role in the central nervous system. It is one
of the fastest known enzymes and catalyzes the cleavage
of acetylcholine in the synaptic cleft after depolariza-
tion. Inhibitors of acetylcholinesterase such as galanta-
mine and others are used frequently in the
pharmacotherapy of Alzheimer‘s disease (AD).1 The less
specific butyrylcholinesterase (BChE) has recently got
into the focus of research, because BChE concentration
stays the same or is even up-regulated while AChE is
dramatically down-regulated in the brains of patients
suffering from AD.1

b-Carbolines (pyrido[3,4-b]indoles) were first found in
plants and referred to as harman alkaloids because they
occur in Peganum harmala. In the human organism they
may be formed from the condensation of the biogenic
amines tryptamine and serotonin with aldehydes or a-
keto acids, respectively. In traditional Indian medicine
the carboline-containing plant Desmodium spec.-viz. is
used to treat eye diseases and intestinal malfunctions;
the plant’s efficacy is probably due to the AChE-inhibit-
ing properties of its alkaloids. Ghosal et al. investigated
some tetrahydro- and fully aromatic carboline deriva-
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tives, including quaternary salts for ChE inhibitory
activity (only AChE was tested in this in vivo assay)
and reported that some quaternary compounds—includ-
ing compound 4a—were found to be one-sixth as potent
as physostigmine.2

Furthermore, because endogenous BCs are considered in
the literature to induce Parkinson’s disease in non-pri-
mates, they are discussed as possible causative protox-
ines in idiopathic Parkinson‘s disease.3 Neurotoxic
b-carbolinium salts have been found in the lumbar
cerebrospinal fluid of patients suffering from Parkinson.4

It was subsequently discovered that phenylethanol-
amine-N-methyltransferase exhibits b-carboline 2N-
methyltransferase activity.5 If suitable non-neurotoxic
tertiary BCs could be identified, they would be bioactivat-
ed in vivo to the quaternary ChE-inhibiting BCs, that
would in turn be ‘locked’ in the brain. These compounds
could therefore be considered as target-specific prodrugs.

BCs can be regarded as potential anti-AD drugs as well
as endogenous tryptamine- and serotonin-derived neu-
rotoxins. To get more insight into their pharmacological
profile, we synthesized a series of systematically varied
6-hydroxylated and 6-methoxylated harman and nor-
harman derivatives (3, 4) (Figs. 1 and 2), including the
corresponding quaternary N-methyl-carbolinium
salts. All of these compounds are methoxylated or
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Figure 1. Norharman and harman.
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hydroxylated, respectively, in position 6 and methylated
or non-methylated in position 9 (Fig. 2).

6-Methoxy-tryptamine (1) was cyclized via the Pictet-
Spengler reaction6,7 using glyoxylic acid for the norhar-
man and pyruvic acid for the harman derivatives.
Aromatization of compounds 2a (R3 = H) and 2b
(R3 = CH3) by Pd/C in boiling cumene yielded 3a and
3c. The indole-N atom was methylated using methyl
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Scheme 1. Reagents and conditions: (a) for norharmans with R3 = H: H2O, K

(b) HCl, 15–30 min, 100 �C; (c) Pd/C (10%Pd), cumene, 10–15 h, reflux; (

(f) i—NaH, DMF, 0 �C! rt; ii—MeI.
iodide after deprotonation with sodium hydride. Meth-
ylation of the pyridine-N was achieved by having the
carbolines react directly with methyl iodide in acetone
or methanol. A mixture of acetic acid and aqueous
hydrogen bromide (1:1) was used to convert the meth-
oxy group in position 6 into a hydroxy group. Further
details are given in Scheme 1.

In an initial pharmacological evaluation, the inhibitory
activities at AChE and BChE were measured in vitro
in order to get information about their ability to influ-
ence cognitive functions. The anti-AD drug galanta-
mine, physostigmine, and all target compounds
synthesized, respectively, were tested for inhibition of
AChE and BChE activity levels using the Ellman as-
say.8,9 This colorimetric assay is based on chromophores
generated in situ and formed after enzymatic cleavage of
acetyl- and butyrylthiocholine and reaction of the result-
ing thiocholine with Ellman’s reagent (5,5 0-dithiobis-2-
nitrobenzoic acid).

It may not be an advantage for a cholinesterase inhibitor
(ChEI) to be selective for AChE (like galantamine); on
the contrary, a balance between AChE and BChE may
result in higher efficacy.1

Test solutions with c = 10�5 lM of the tertiary amine
salts 3a–c, 3e–h,10 the tetrahydro-b-carboline derivatives
2a,b, and the quaternary salt 4d,10 respectively, were pre-
pared and tested in triplicate. All of them showed less
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Table 1. AChE/BChE inhibition results of b-carbolinesa (R1, R2, R3 as defined in Fig. 2)

Compound R1 R2 R3 AChE inhibition (lM) BChE inhibition (lM) Selectivity

IC50 (pIC50 ± SEM) IC50(pIC50 ± SEM) IC50(BChE)/IC50(AChE)

Galantamine 0.6 (6.197 ± 0.052) 8.4 (5.076 ± 0.033) 14.0

Physostigmine 0.5 (6.307 ± 0.112) 1.2 (5.934 ± 0.084) 2.4

3d OCH3 CH3 CH3 11.8 (4.929 ± 0.100) 17.4 (4.758 ± 0.081) 1.5

4a OCH3 H H 2.2 (5.656 ± 0.073) 17.5 (4.758 ± 0.366) 8.0

4b OCH3 CH3 H 1.3 (5.885 ± 0.090) 20.9 (4.679 ± 0.087) 16.1

4c OCH3 H CH3 0.8 (6.122 ± 0.030) 1.2 (5.959 ± 0.062) 1.5

4e OH H H 4.2 (5.377 ± 0.082) 8.7 (5.059 ± 0.085) 2.1

4f OH CH3 H 1.8 (5.740 ± 0.050) 32.2 (4.492 ± 0.057) 17.9

4g OH H CH3 1.0 (6.007 ± 0.051) 1.6 (5.789 ± 0.068) 1.6

4h OH CH3 CH3 1.9 (5.722 ± 0.133) 2.7 (5.571 ± 0.051) 1.4

a Values are means of three independent experiments.
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than 50% inhibition at 10�5 M, indicating IC50 values
>10 lM. To measure the exact IC50 values of these
low activity compounds would have afforded higher
concentrations which were not possible due to poor sol-
ubility in water.

In general, the quaternary b-carbolinium salts were
found to be potent inhibitors whose activity10 levels
reached those of the reference drugs (Table 1). No rela-
tionship between the inhibitory activity of the carbdini-
um salts at AChE and methylation in position 9 was
observed. Interestingly, there was also no prominent dif-
ference in inhibitory activity for 6-methoxylated com-
pared to 6-hydroxylated compounds.

Quaternary harmanium salts (i.e., with an additional
methylation in position 1, but not at the indole-N)
showed increased inhibitory activity levels by a factor
of three (4c to 4a and 4g to 4e). The highest activity
was found for the 6-methoxy-harmanium salt 4c with
IC50 = 0.8 lM for AChE and IC50 = 1.2 lM for
BChE.

Regarding the selectivity profiles for the cholinesterases:
some preference for AChE was observed but selectivity
was not prominent, with the exception of the 9-methyl-
ated (indole-N-methylated) norharmanium derivatives:
the non-9-methylated harmanium salts 4a and 4c
showed mixed activity profiles, whereas compounds 4b
and 4f exhibited a considerable selectivity toward
AChE, indicating that indole-N methylation leads to
AChE selectivity. Therefore, most BCs tested show im-
proved activity profiles in the light of the decreased
AChE in AD patients.1

The activity increase between class of quaternary com-
pounds, 4, with tertiary compounds 3 might be well ex-
plained by the resemblance of 4 to the natural substrate
acetylcholine.

In conclusion, a series of b-carbolines and b-carbolini-
um salts were synthesized and their inhibitory activity
levels at AChE and BChE were measured in vitro. All
of the carbolinium salts showed moderate to high activ-
ity levels in the ChEs reaching those of physostigmine,
galantamine, and rivastigmine (IC50 (AChE) = 48 lM;
IC50 (BChE) = 54 lM[1]). In contrast to the tertiary
compounds, which can penetrate the blood–brain barri-
er, the quaternary compounds show strong levels of
inhibitory activity. Therefore tertiary compounds might
act as pro-drugs for the quaternary BCs that are formed
in vivo in the brain, representing a novel and target-spe-
cific approach for the therapy of AD. Additional high
levels of activity at BChE might be a further advantage
of these compounds due to the increasing relevance of
this enzyme in later stages of AD.1
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