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Some organic weak bases induce a detachment from inner lysosomal membranes and subsequent inactivation
of acid sphingomyelinase (ASM) and thus work as functional ASM inhibitors. The aim of the present
investigation was to develop a structure-property-activity relation (SPAR) model in order to specify the
structural and physicochemical characteristics of probes capable of functionally inhibiting ASM. High pKa

and high log P values are necessary but not sufficient preconditions for functional inhibition of ASM. The
experimental data supported the requirement of an additional factor, which is necessary for functional
inhibition of ASM. This factor k is related to the steric hindrance of the most basic nitrogen atom and
presumably modulates the free presentation of a protonated nitrogen atom at the inner lysosomal surface.
During the course of the study, we characterized 26 new functional ASM inhibitors, including doxepine 63,
fluoxetine 104, maprotiline 109, nortriptyline 114, paroxetine 118, sertraline 124, suloctidil 125, and
terfenadine 127.

Introduction

Eukaryotic cells have the ability to internally segregate
aqueous compartments differing in pH using lipid bilayer
membranes and ATP-driven proton pumps.1–5 The lysosomal
membrane is usually much more permeable to the uncharged
form of weak bases. However, inside of the lysosome, the bases
become protonated and trapped, a phenomenon called lysosomo-
tropism.3,6 Many of the approved drugs for the treatment of
human diseases contain basic functional groups that result in
lysosomotropism. The accumulation of such drugs in acidic
intracellular structures is partly responsible for their high
apparent volume of distribution and high tissue concentrations.7–9

The acid sphingomyelinase (ASMa, EC 3.1.4.12, sphingo-
myelin phosphodiesterase, optimum pH 5.0) is an intralysosomal
glycoprotein catalyzing the degradation of sphingomyelin to
phosphorylcholine and ceramide. Ceramide induces apoptosis
in many cells activated by proapoptotic receptors or stress
stimuli.10,11 Ceramide is further metabolized to sphingosine and
sphingosine-1-phosphate. While the biological function of
sphingosine is largely unknown, sphingosine-1-phosphate is
involved in cellular differentiation, proliferation, and cell
migration.12–16 Since the 1970s, it has frequently been shown
that weak organic bases have the potential to inhibit the activity
of ASM.17–20 It has been suggested that ASM is bound to
intralysosomal membranes, thereby being protected against

inactivation. Weak bases such as desipramine (17) result in a
detachment of the ASM from the inner membrane21 and
subsequent inactivation, possibly by proteolytic degradation.22

Weak bases, therefore, do not directly inhibit ASM but result
in a functional inhibition of ASM. According to this model,
functional inhibition of ASM depends on high lysosomal
concentrations of a weak basic drug (Figure 1).

Functional inhibition of ASM might be of major clinical
relevance since ASM and its reaction products ceramide,
sphingosine, and sphingosine-1-phosphate play a role in apo-
ptosis, cellular differentiation, proliferation, infection, and
cardiovascular disease (see Results and Discussion). Agents that
reduce ASM activity and ceramide levels tend to attenuate
apoptosis and promote cell proliferation,10,23 possibly exhibit
antidepressant effects in major depressive disorders,19,24 and
might exhibit beneficial clinical effects in acute or chronic
neurodegenerative disorders such as stroke and Alzheimer’s
dementia.

The lack of a general model for weak basic drug-induced
functional inhibition of ASM hinders a rational drug design of,
or screening for, potential ASM-inhibitors. In an effort to
overcome this, we have developed a structure-property-activity
relation (SPAR) model, specifying the structural and physico-
chemical properties of drugs inducing functional inhibition of
ASM. We identified a number of compounds which had
previously been characterized as functional ASM inhibitors and
used them as a first approach to estimate data on the physico-
chemical properties of functional ASM inhibitors. We then used
a training set in order to define the structural and physicochem-
ical preconditions for functional ASM inhibition and validated
the SPAR model using another set of drugs. High pKa and high
log P values are necessary but not sufficient preconditions for
functional inhibition of ASM. A further factor is related to the
steric hindrance of the most basic nitrogen atom. During the
course of the studies, we identified 26 novel functional ASM
inhibitors, most of them Food and Drug Administration (FDA)-
approved known bioactive compounds, which are highly likely
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to be minimally toxic and potentially rapidly available for
clinical usage (amlodipine 41, astemizole 43, benztropine 45,
bepridil 46, camylofin 50, chlorprothixene 94, clomiphene 55,
cloperastine 56, cyclobenzaprine 59, cyproheptadine 60, dox-
epine 63, drofenine 64, fendiline 102, fluoxetine 104, maprotiline
109, norfluoxetine 113, nortriptyline 114, paroxetine 118,
pimethixene 80, promazine 84, promethazine 120, protriptyline
85, sertraline 124, suloctidil 125, terfenadine 127, and triflu-
promazine 129).

Results and Discussion

Detachment of ASM from intralysosomal membranes and
subsequent proteolytic degradation probably requires high
lysosomal concentrations of weak basic drugs. The aim of our
investigation was to describe a SPAR model, namely, to express
structural and physicochemical properties of probes numerically
and to relate these values to functional inhibition of ASM. First,
a limited number of physicochemical and structural parameters
were selected for investigation. We then defined three sets of
compounds to determine the characteristics of functional ASM
inhibitors, namely, a set selected from literature data, a training
set, and a validation set.

Selection of Physicochemical Parameters. The pH partition
theory3,6 predicts that the lysosomal cumulation of weak bases
increases between pKa values of approximately 6 and 8.5, when
taking the intralysosomal pH as 4.8 and the cytoplasmatic pH
as 7.4. A comparable result was obtained experimentally with
a series of substances with differing pKa values but otherwise
similar physicochemical properties.25 Diacidic bases result in
dramatically increased accumulation ratios compared to those
of monoacidic bases.5 Furthermore, higher cumulation of weak
basic drugs in lysosomes is related to the lipophilicity of the
compound.26,27 We concluded that potent drug-related variables

for the absolute lysosomal concentration of a weak basic drug
are the pKa and log P values.

Selection of Structural Parameters. Which factor or factors
might determine whether or not a compound with high pKa and
high log P values acts as a functional ASM inhibitor? One
approach to find such factors is to closely analyze the predicted
ASM-inactivation mechanism (Figure 1) and the interaction of
the ASM molecule at the inner leaf of the lysosomal mem-
brane.21 This inner leaf has a special lipid composition that is
different from other cellular membranes, namely, a high
concentration of bis(monoacylglycero)phosphate (BMP).28,29

BMP was shown to remain negatively charged even at pH 4.2.30

ASM has an isoelectric point of 6.8 and therefore possesses
positively charged regions at intralysosomal pH values. These
regions most likely contribute to the electrostatic interaction of
the enzyme with the anionic membrane-bound lipid BMP.21 The
binding of ASM to lysosomal membranes is high in the presence
of BMP,31 and therefore, the negatively charged lysosomal lipids
drastically stimulate the hydrolysis of membrane-bound sphin-
gomyelin by ASM.31 Lysosomotropic xenobiotic compounds,
such as desipramine 17, are supposed to partition into the inner
leaf of the lysosomal membrane in such a way that the most
lipophilic substituent at the cationic nitrogen atom is embedded
between the lipid acyl chains, while the positively charged
nitrogen atom is in the neighborhood of the negatively charged
lipid head groups directed toward the inner surface of the
lysosome. Cationic xenobiotic compounds thereby result in a
detachment of ASM from the membrane and subsequent
proteolytic inactivation by altering the surface charge and
disturbing the electrostatic binding of ASM to the inner
lysosomal membrane. This model allows the definition of one
prerequisite for functional inhibition of ASM, namely, the
sterically free presentation of a compound’s cationic nitrogen
atom at the inner surface of the lysosomal membrane. According
to this model, we defined a new molecular descriptor (k) that
predicts the steric hindrance of the cationic nitrogen atom. This
descriptor k is defined as the sum of heavy atoms at the two
smaller substituents at the most basic nitrogen atom. The largest
substituent at the cationic nitrogen atom is assumed to partition
into the inner leaf of the lysosomal membrane and therefore
does not contribute to the steric hindrance of the cationic
nitrogen atom. The counting algorithm for k is further detailed
in the Experimental Section, including special situations that
occur if the most basic nitrogen atom is part of a ring.

Set Selected from Literature Data. The literature search
identified a series of exogenous substances (the “literature
set”compounds 1–38, Table 1, Figure 2) that had been tested
for their effect on ASM activity.17–22,32–39 Experimental data
of this set do not allow the construction of a SPAR model but
serve as a first impression since they are based on different
experimental conditions (such as drug concentrations or incuba-
tions time) and different experimental models (such as PC12
cells or fibroblasts). Most compounds in the literature set were
tested for inhibition of ASM at concentrations ranging from 5
to 50 µM. Compounds rated as functional ASM-inhibitors
resulted in 50–90% inhibition of ASM activity. Figure 2 shows
the position of the compounds in this set within the pKa-log P
parameter space. It is noteworthy that all presently identified
functional ASM inhibitors, which were discovered by chance
and not via a hypothesis-driven systematic approach, segregate
in a narrow area in the pKa-log P parameter space. It is evident
that all previously identified functional ASM inhibitors have
high pKa values (g8.1) and high log P values (g2.3). However,
some compounds with high pKa and log P values did not inhibit

Figure 1. The figure shows a schematic model of how weak bases
cumulate intralysosomally, thereby functionally inhibiting ASM. A low
lysosomal pH is maintained by an ATP-driven proton pump. (1) Weak
bases (B) cumulate in intracellular acidic compartments because the
lysosomal membrane is much less permeable for the charged protonated
bases (BH+) compared to the uncharged form, a phenomenon called
lysosomotropism. Substances with high log P and high pKa values result
in high intralysosomal concentrations. The enzyme acid sphingomy-
elinase (ASM) is attached by electrostatic forces to the inner lysosomal
membrane, thereby being protected against proteolysis. ASM is active
in the membrane-bound form and degrades sphingomyelin to phos-
phorylcholine and ceramide. (2) High concentrations of the protonated
bases disturb the binding of ASM to the inner lysosomal membrane
and result in a detachment of ASM (3) and subsequent inactivation
(4), possibly involving proteolysis.21 For further details, see the
Introduction section.
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Table 1. Literature Setc
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ASM (e.g., 5, 10, 19; Figure 2). Imipramine 23 and its
metabolites 2-hydroxy-imipramine 1 and 10-hydroxy-imi-
pramine 3 are structurally related. In contrast to the parent
substances, the metabolites are less lipophilic and did not
functionally inhibit ASM.

Training Set. We selected 52 compounds with pKa g 4.50
and log P g 2.26 as a training set (Table 2, Figure 3A). None
of these compounds had previously been tested as functional
ASM inhibitors. Fourteen of the substances (amlodipine 41,
astemizole 43, benztropine 45, bepridil 46, camylofin 50,

Table 1. (Continued)

a Calculated value from the ACD/LogD Suite (program version 10.02, Toronto, Canada).75 b Experimental data cited in the internal database of the ACD
program. c In the case of two or more nitrogen atoms, the most basic nitrogen, as determined by the ACD/LogD Suite, is marked by an asterisk. The number
of heavy atoms at the strongest basic nitrogen atom (k) is counted according to an algorithm described in the Experimental Section. Eight compounds from
the literature set (amitriptyline 6, chlorpromazine 11, clomipramine 12, haloperidol 20, perhexiline 25, thioridazin 32, trihexyphenidyl 34, trimipramine 35)
are also part of the validation set. Their experimental values ra [residual ASM activity, compared to control conditions ()100%)] are indicated.

Figure 2. A pKa-log P property-activity diagram showing the distribution of the substances in the literature set in the parameter space. We
identified 38 substances for which functional inhibition of ASM had previously been investigated17–22,32–39 and that were available on the PubChem
site (Table 1, substances 1-38). Inhibition of ASM by more than 50% was rated positive. For further details, see the Experimental Section.
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clomiphene 55, cloperastine 56, cyclobenzaprine 59, cyprohep-
tadine 60, doxepin 63, drofenine 64, pimethixene 80, promazine
84, and protriptyline 85) reduced ASM activity in H4 cells to
at least 50% (Figure 3A). Functional inhibition of ASM was
found only for compounds with high pKa (g8.5) and high log
P (g3.0) values. These physicochemical parameters appear to
be a necessary precondition for functional inhibition of ASM.
Since some compounds of the training set with high pKa and
high log P values (alverine 40, antazoline 42, benfluorex 44,
bromhexine 47, carbetapentane 51, cloricromen 57, cyclazocine
58, fluspirilene 68, mecamylamine 73, mibefradil 74, pimozide
81, pridinol 82, procyclidine 83, and sibutramin 87; Figure 3A)
did not inhibit ASM activity, we conclude that pKa g 8.5 and
log P g 3.0 are not sufficient preconditions for functional
inhibition of ASM. We therefore tested steric hindrance of the
cationic nitrogen atom as assessed by k as an additional predictor
of functional inhibition of ASM. This third parameter signifi-
cantly predicts whether or not a high pKa and high log P
compound functionally inhibits ASM (ROC statistics: AUC )
0.806, SE ) 0.082, P < 0.01).

Validation Set. To verify the proposed influence of pKa, log
P, and k of a given substance on ASM activity, we tested a
further 41 compounds which had not previously been tested
for their ability to functionally inhibit ASM (compounds 91–131,
Table 3) and 8 compounds from the literature set (amitriptyline

6, chlorpromazine 11, clomipramine 12, haloperidol 20, per-
hexiline 25, thioridazin 32, trihexyphenidyl 34, and trimipramine
35). The total validation set was comprised of 49 compounds
with pKa and log P values g4.79 and g –0.19, respectively
(Figure 3B). The experimental results obtained for the eight
above-mentioned substances from the literature set, with the
exception of trihexyphenidyl 34, were comparable to the
previously published results. While trihexyphenidyl 34 was
reported to functionally inhibit ASM,37 we found no inhibition
in our model system. This underlines the preliminary character
of the results gathered from the literature set and the necessity
to experimentally determine the inhibition of ASM under
identical and defined conditions with training and validation sets.
All compounds of the validation set that resulted in a more than
50% functional inhibition of ASM were found to have physi-
cochemical characteristics predicted by the training set, namely,
high pKa and high log P values. These compounds were
chlorprothixene 94, fendiline 102, fluoxetine 104, maprotiline
109, norfluoxetine 113, notriptyline 114, paroxetine 118,
promethazine 120, sertraline 124, suloctidil 125, terfenadine 127,
and trifluopromazine 129. Again, in agreement with the training
set, these physicochemical parameters appear to be a necessary
but not a sufficient precondition for functional inhibition of ASM
since some of the compounds of the validation set with high
pKa (g8.5) and high log P (g3.0) values (dicyclomine 98,

Table 2. (Continued)

a Calculated value from the ACD/LogD Suite (program version 10.02, Toronto, Canada).75 b Experimental data cited in the internal database of the ACD
program. c In the case of two or more nitrogen atoms, the most basic nitrogen, as determined by the ACD/LogD Suite, is marked by an asterisk. The number
of heavy atoms at the strongest basic nitrogen atom (k) according to an algorithm is described in the Experimental Section. ra: residual ASM activity,
compared to control conditions ()100%).
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diphenhydramine 99, diphenylpyraline 100, donepezil 101,
lercanidipine 108, mebeverine 110, memantine 111, oxymeta-
zoline 116, oxyphencyclimine 117, pyrilamine 121, triprolidine
130, and xylometazoline 131; Figure 3B) did not inhibit ASM
activity. Thus, 18 of 31 high pKa and high log P compounds
(58%) in the validation set are functional inhibitors of ASM.
In agreement with the results obtained in the training set, steric
hindrance of the cationic nitrogen as assessed by k significantly
predicts whether or not a high pKa and high log P compound
functionally inhibits ASM (ROC statistics: AUC ) 0.726, SE
) 0.098, P < 0.05).

The Significance of the SPAR Model. We found high pKa

and high log P values are necessary but not sufficient precondi-
tions for functional ASM inhibition (Figures 2, 3A,B). The
boundaries of the physicochemical parameters derived from the
training set (pKa g 8.5 and log P g 3.0) make sense in the
context of lysosomal accumulation and functional inhibition of
ASM. Compounds with pKa values above 8 cumulate to a
maximal degree in lysosomes.6 The location of all functional
ASM inhibitors within a narrow area of the pKa-log P
parameter space verifies the physicochemical parameters se-
lected and verifies lysosomal trapping as an important prereq-
uisite resulting in functional inhibition of ASM.

Our results show that functional inhibition of ASM does not
depend on a specific molecular drug class and is found in

tricyclic substances, monocyclic substances, and butyrophe-
nones. Furthermore, functional ASM inhibition is not specific
for a certain clinical action and is found, for instance, in
antidepressant drugs, neuroleptic drugs, and drugs of abuse.
However, this does not mean that functional inhibition of ASM
is completely independent of certain molecular structures. In
both the training and validations sets, the k values significantly
predicted functional inhibition of ASM in compounds with high
pKa and high log P values. From this, we conclude that, besides
high pKa and high log P values, special structural preconditions
are necessary for functional inhibition of ASM.

We then determined optimal cutoff values using all of the
experimental data of the training set and validation set (n )
101 compounds) and decision tree statistics. Using this approach,
all three variables had a significant effect in predicting functional
inhibition of ASM. The importance of the variables to predict
functional inhibition of ASM decreases in the order pKa > log
P > k. Optimal cutoff values for pKa > 8.45, log P > 3.61,
and k e 4 were determined, which resulted in a prediction
accuracy of 89% in our SPAR model. With this result, the
structures of the prototypical functional ASM inhibitors, such
as desipramine 17 (k ) 1) or amitriptyline 6 (k ) 2), appeared
as if they had been designed to functionally inhibit ASM. While
the lipophilic ring structure is embedded in the inner leaf of
the lysosomal membrane, the cationic amino group is linked
through an aliphatic chain like a fishing rod and is thus presented
to the inner surface of the lysosome without steric hindrance.

The present approach to predict functional inhibition of ASM
is based on clear physical-chemical principles. On the basis
of the results presented here, new functional ASM inhibitor
candidates might easily be identified. Each of the identified
factors, pKa, log P, and k, contributes significantly to predict
functional inhibition of ASM. Although their combined use in
the total experimental data set results in a prediction accuracy
of 89%, the SPAR model does not allow a precise prediction
at the level of an individual compound. Further studies are
needed in order to more precisely describe the molecular
characteristics explaining functional inhibition of ASM in high
pKa and high log P compounds and in order to develop an
improved quantitative structure-activity relationship.

Clinical Implications of the Findings Presented Here. (1)
Agents that reduce ASM and ceramide levels tend to attenuate
receptor-mediated apoptosis, stress stimuli-induced apoptosis,
and growth-factor-deprivation-mediated apoptosis and promote
cell proliferation.10,23,40–43 Therefore, all functional ASM inhibi-
tors potentially have antiapoptotic and neuroprotective effects.
The novel drugs tested here as functional ASM inhibitors may
therefore be used in the treatment of disorders linked to
apoptosis and enhanced activity of ASM, for example, neuro-
degeneration occurring in ischemia, stroke, Alzheimer’s de-
mentia, Parkinson’s disease, Chorea Huntington, glaucoma or
alcohol dependence, in radiation- and chemotherapy-induced
apoptosis, in human immunodeficiency virus type-1-induced
apoptosis, in the endotoxic shock syndrome, and in liver cell
death and anemia occurring in Wilson disease.

(2) ASM inhibition suppresses lipopolysaccharide-mediated
release of inflammatory cytokines from macrophages, indicating
a possible preventive or therapeutic role for ASM inhibitors in
inflammatory bowel disease.44

(3) ASM-dependent production of ceramide plays a key role
in the generation of pulmonary edema in acute lung injury.45

Functional inhibitors of ASM might thus be of therapeutic value
in acute lung injury.

Figure 3. A tridimensional pKa-log P property-activity diagram
showing the distribution of the substances in the parameter space; (A)
training set, (B) validation set. ASM activity indicates residual activity
(%) compared to control conditions ()100%).
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(4) In a pilot study, over-activity of ASM was found in
patients suffering from major depression.19 According to the
“ceramide hypothesis for major depression”, over-activity of
ASM leads to enhanced actions of ceramide in major depressive
disorder. Functional ASM inhibitors might thereby contribute
to antidepressant effects.

(5) The newly discovered functional ASM inhibitors were
amlodipine 41, astemizole 43, benztropine 45, bepridil 46,
camylofin 50, chlorprothixene 94, clomiphene 55, cloperastine
56, cyclobenzaprine 59, cyproheptadine 60, doxepine 63,

drofenine 64, fendiline 102, fluoxetine 104, maprotiline 109,
norfluoxetine 113, nortriptyline 114, paroxetine 118, pimethix-
ene 80, promazine 84, promethazine 120, protriptyline 85,
sertraline 124, suloctidil 125, terfenadine 127, and triflupro-
mazine 129 (Figures 2, 3A,B). The U.S. FDA-approved drug
list46 indicates that many of these newly discovered functional
ASM inhibitors are either in clinical use (41, 45, 55, 59, 60,
63, 85, 104, 109, 114, 118, 120, and 124) or are FDA-approved
but no longer in active clinical use (46, 84, and 94). Astemizole
43, camylofin 50, cloperastine 56, drofenine 64, fendiline 102,

Table 3. (Continued)

a Calculated value from the ACD/LogD Suite (program version 10.02, Toronto, Canada).75 b Experimental data cited in the internal database of the ACD
program. c In the case of two or more nitrogen atoms, the most basic nitrogen, as determined by the ACD/LogD Suite, is marked by an asterisk. The number
of heavy atoms at the strongest basic nitrogen atom (k) according to an algorithm is described in the Experimental Section. ra: residual ASM activity,
compared to control conditions ()100%). Eight compounds from the literature set (amitriptyline 6, chlorpromazine 11, clomipramine 12, haloperidol 20,
perhexiline 25, thioridazin 32, trihexyphenidyl 34, trimipramine 35) are also part of the validation set. Their experimental values are given in Table 1.
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the fluoxetine metabolite, norfluoxetine 113, pimethixene 80,
suloctidil 125, terfenadine 127, and trifluopromazine 129 are
substances not contained in the FDA-approved drug list. All of
the newly defined functional ASM inhibitors, with the exception
of drofenine 64 and norfluoxetine 113, are included in the WHO
drug list of approved and essential medicines.47 The drugs tested
here appear to offer major advantages as functional ASM
inhibitors. Most of these substances are clinically available and
are FDA-approved. These substances possess a low toxicity and
a long-term clinical experience with their use is available. Some
of these drugs have been in use for the last five decades. This
suggests the potential for rapid advancement into preclinical
and/or clinical trials. Most of these drugs appear capable of
crossing the blood-brain barrier.

(6) The potential impact of confounding medication has to
be considered in future clinical studies focusing on ASM
activity. The results presented here may help to estimate the
effect of a co-medication on ASM activity in such clinical trials.

Limitations of the Findings Presented Here. (1) Apart from
substance-related variables (pKa and log P), uptake into lyso-
somes depends on the extralysosomal concentration, which is
closely associated with treatment-related variables (e.g., dosing
of the compound) and organism-related variables (e.g., the pH
difference between intra- and extralysosomal space, metabolism,
protein binding, and transport processes). Whether or not a
substance acts as an ASM inhibitor under therapeutic conditions
in vivo depends on the interplay between these compounds and
treatment- and organism-related variables. For example, a drug
with physicochemical properties indicative of functional ASM
inhibition may nevertheless be inactive under therapeutic
conditions when the therapeutic extralysosomal concentration
is extremely low. The SPAR model should therefore be
interpreted in the context of therapeutic drug concentrations,
which was not investigated here. The therapeutic concentrations
of the drugs investigated here are usually in the low micromolar
to submicromolar range. Mean fluoxetine 104 plasma concentra-
tions, for example, are 80 ng/mL (0.26 µM), with a dose of 20
mg/day, and 195 ng/mL (0.63 µM), with a dose of 40 mg/day.48

Future studies should clarify whether therapeutic drug concen-
trations result in a functional inhibition of ASM in vivo or not.

(2) The borders of the physicochemical and structural
parameters (pKa > 8.45, log P > 3.61, k e 4) are only valid
with the special experimental conditions used here, namely,
using 10 µM concentrations of the compounds, 30 min incuba-
tion time, and cultured H4 cells as a model system. Using other
concentrations of test substances, other incubation times, or other
cell types might result in other borders of the physicochemical
parameters.

(3) Besides the three identified molecular descriptors (pKa,
log P, and k), other parameters might be associated with
lysosomal accumulation and functional inhibition of ASM,
namely, the largest conjugated fragment and conjugated bond
number parameters,49 the notational hydrogen-bonding capac-
ity,50 the number of alkyl substituents at a basic nitrogen atom,51

the pH-dependent membrane permeability,52 molar refractivity53

or molecular weight, all of which were not considered here in
order to keep the analysis simple and in order to concentrate
on previously established parameters (pKa and log P), with an
obvious and strong influence on lysosomal drug concentration.
Furthermore, the use of a higher number of independent factors
in the present SPAR study is not meaningful, given the number
of 52 different molecules with an experimentally determined
effect on ASM activity within the training set. A higher number
of substances with a known effect on ASM activity would be

necessary in order to clearly evaluate the independent effect of
further molecular descriptors.

(4) The ACD program estimates pKa values that correspond
to dilute solutions of the bases at 25 °C. The true pKa values
occurring at 37 °C and at high ionic strength attained within
lysosomes could be different.54

(5) For various reasons, the boundaries of the SPAR model
must be taken as approximations. First, since a model, no matter
how robust and statistically significant, is based on a limited
training set, it is not expected to be applicable to every chemical.
Second, the physicochemical constants used in the present
investigation, where experimental values were not available, are
calculated estimates with an associated error for those sub-
stances. In future studies, the currently provisional boundaries
of the log P, pKa, and k parameter space should be further
investigated in order to define the boundaries more precisely
by using a larger and structurally more heterogeneous set of
compounds.

Experimental Section

Selection of Compound-Related Physicochemical
Properties. According to previously published results, functional
ASM inhibition occurs if a weak basic drug reaches high lysosomal
concentrations.21 We therefore looked for compound-related phys-
icochemical properties correlated to lysosomotropism. According
to the pH partitioning theory,3,5,6 the lysosomal concentration of a
weak basic drug rises with higher pKa values, up to pKa values of
approximately 8.5. The cumulation of weak basic drugs in lysos-
omes also depends on the lipophilicity of the compound.6,26,27,49,55–58

With this hypothesis-driven approach, the following compound-
related physicochemical parameters were selected as a basis for
the SPAR model for functional inhibition of ASM: (1) the
acid-base strength (negative logarithm of the equilibrium constant
for the free base-protonated base reaction, pKa), and (2) the
hydrophilicity-lipophilicity of a probe in the uncharged form
(logarithm of the water-octanol partition coefficient, log P).

Estimation of Compound-Related Physicochemical
Properties. Experimentally determined pKa and log P values were
obtained from the classical log P compilation by Hansch et al.,59

from review articles,60–63 from compilations devoted to the volume
of distribution of licensed drugs,64–70 from original research articles
(for examples, see refs 71–74), and from the internal databases of
the ACD/LogD Suite (program version 10.02, Toronto, Canada).75

However, data were not available for all of the substances included
in the literature and in the training and the validation sets.
Consequently, experimental pKa and log P values were used
wherever available and calculated for all other substances. Molec-
ular structures were obtained from the PubChem-Project page76

and analyzed by the ACD/LogD Suite. The “approximated apparent
pKa values”were used. The ACD/LogD Suite estimates pKa values
that correspond to dilute solutions of the bases at 25 °C. If
tautomeric forms of a molecule were available, the structures were
used in the form presented on the PubChem-Project page. In the
case that there was more than one proton-accepting center in a single
molecule, the one with the highest pKa value (the most basic
nitrogen atom) was used for SPAR model generation and statistical
analysis. Structures without any proton-accepting site were excluded
from further analysis.

The pKa prediction algorithms of the ACD program are based
on a fragmental method using generic substructures and Hammett-
type equations to cover the most popular ionizable functional
groups, using either a database or the estimation of electronic
substituent constants. Steric effects are calculated by the modified
branching equation. Furthermore, tautomeric equilibria, covalent
hydration, and vinylology are taken into account where applicable.77

Further details of the pKa prediction algorithm are presented on
the ACD webpage.75 The log P prediction algorithms of the ACD
program are based on a fragmental method with correction factors.78
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The congruence between experimental and calculated log P
values may be assessed using the Mannhold criteria,79 which are
defined as follows; absolute values of the individual differences
between experimental and calculated log P values <0.5 are
evaluated as acceptable, between 0.5 and 1 as disputable, and
differences exceeding 1 as unacceptable.79 While these criteria were
used for the evaluation of log P values, we used the same
categorization of differences between experimental and calculated
values for the evaluation of pKa values. According to the Mannhold
criteria, the congruence between pKa and log P values calculated
by the ACD program and experimental values of the compounds
within all three sets (literature set, the training set, and validation
set; Tables 1-3) was good (absolute differences between calculated
and experimental values were pKa < 0.5, 54; pKa ) 0.5–1, 20; pKa

> 1, 4; log P < 0.5, 43; log P ) 0.5–1, 13; log P > 1, 11). Zero-
intercept regressions between experimental and calculated values
also indicated a good congruence (pKa: n ) 78, slope ) 0.998, R2

) 0.997; log P: n ) 67, slope ) 0.986, R2 ) 0.973). The average
absolute difference between experimental and calculated values was
0.39 pKa and 0.49 log P units, respectively.

We also used other methods to estimate log P and pKa values,
namely, log P and pKa values provided by SPARC80–82 and the
Xlog P (version 2.0) values83 provided at the PubChem-Project
page. While the SPARC algorithm resulted in poorer predictions
of pKa and log P values, the Xlog P (version 2.0) algorithm resulted
in a comparable quality of prediction of log P values (data not
shown).

According to the literature, the prediction of pKa values using
the ACD program correlates well with experimentally determined
values of antidepressant drugs.84 Further comparisons between
ACD-calculated and experimentally determined pKa values are
available on the ACD website.75 The ability of the ACD program
to accurately predict pKa values was also confirmed by our
comparison of experimental and ACD-calculated values within the
literature, training, and validation sets of compounds. The log P
values calculated using the ACD/LogD Suite were close to
experimental values within all three sets of compounds, consistent
with the literature.78,85–87 It therefore appeared appropriate to use
ACD/LogD Suite-calculated pKa and log P values when experi-
mental values were not available. The ambit of the ACD/LogD
Suite covered all of the molecules investigated here, that is, small
molecules with elements such as H, C, O, Cl, F, N, and Br.

Algorithms for Estimation of Steric Hindrance at the
Most Basic Nitrogen Atom (k). The algorithms were as follows:
(1) Identify the most basic nitrogen atom, for example, by means
of the ACD/LogD Suite. This nitrogen atom will be protonated
first under acidic conditions. (2) The largest substituent at the most
basic nitrogen atom as assessed by heavy atom count is not further
looked at because this substituent is assumed to bind to and partition
into the inner leaf of the lysosomal membrane. (3) The k is the
heavy atom count at the remaining two substituents at the most
basic nitrogen atom (examples: k ) 1 for desipramine 17, k ) 2
for clomipramine 12, and k ) 11 for benfluorex 44). Heavy atoms
means all atoms except hydrogen. (4) Several special situations
occur if the most basic nitrogen atom is located in a ring system:
(a) The nitrogen atom is a member of a single ring and does not
carry a double bond. In this case, the bonds between the nitrogen
atom and its neighbor atoms are cleaved, and the nitrogen atom is
deleted. The number of heavy atoms of the smaller fragment, that
is, the fragment having less heavy atoms, determines the k value
(examples: k ) 4 for procyclidine 83 and k ) 1 for diphenylpyraline
100). (b) The nitrogen atom is common of two annulated rings
(examples: reserpine 29 and vinpocetine 90). (c) The nitrogen atom
is a part of three rings. This case does not occur in our study. (d)
The nitrogen atom is part of a ring and carries a double bond
(examples: harmine 69 and tofisopam 89). We assigned a fixed
value of 6 to the k value in the cases of (b)-(d) as a penalty for
poor steric accessibility of the nitrogen atom [cases (b) + (c)] or
for mesomeric delocalization of the positive charge of the protonated
nitrogen atom [case (d)]. The range of k values was 0–18 in the

training set and 0–15 in the validation set. The k value of 3 occurred
neither in the training set nor in the validations set.

Set Selected from the Literature: Compounds with an
Established Effect on ASM. This set consists of compounds with
proven and already published effects on ASM activity (Table 1,
substances 1–38, Figure 2). These substances were identified by
means of a literature search using PubMed and subsequent screening
of the reference lists of identified publications. If only a single
concentration of a substance had been investigated in order to
determine its effect as a functional ASM inhibitor, substances with
a 50% or more reduction in ASM activity were valued as functional
ASM inhibitors. Compounds with obvious pharmacodynamic effects
on ASM different from those investigated here were omitted from
the training set. For example, substances with oxidative properties,
for example, daunorubicin,88 were omitted because of their well-
known direct activating effect on ASM89 and ionophors90 as they
change the ionic composition and may therefore change ASM
activity independent of lysosomotropism. Four substances which
were negatively tested for functional inhibition of ASM activity,
namely, 2-OH-, 7-OH-, 8-OH-chlorpromazine, and 2-OH-thioprop-
erazine,34 were not available on the PubChem site and were
therefore excluded from the analysis. Furthermore, zwitterionic
substances such as benzoylecgonine35 were excluded since they
do not enter the lysosome because they are charged at cytoplasmic
pH. The set selected from the literature thus comprised 38
compounds (Table 1, Figure 2). Data for functional inhibition of
ASM were taken from Albouz et al. (1981)17 for imidodibenzyle
22; from Albouz et al. (1986)34 for 2-hydroxy-imipramine 1, 10-
hydroxy-imipramine 3, amitriptyline 6, and thioproperazine 31; from
Lejoyeux et al. (1991)37 for alimemazine 4, cyamemazine 15,
propericiacine 27, and trihexyphenidyl 34; from Nassogne et al.
(2004)35 for cocaine 13; from Jaffré zou et al. (1995)38 for
amiodarone 5, fantofarone (SR33557) 19, perhexiline 25, prochlo-
rperazine 26, quinacrine 28, tamoxifene 30, thioridazine 32, and
verapamile 36; from Yoshida et al. (1985)18 for AY9944 7,
carbamazepine 9, chloroquine 10, chlorpromazine 11, clomipramine
12, desipramine 17, dibucaine 18, imipramine 23, mianserine 24,
trifluoperazine 33, trimipramine 35, and W-5 37; from Sakuragawa
et al. (1987)39 for azacytidine 8, colcemide 14, cycloheximide 16,
and hydroxyurea 21; from Spercer and Spence (1983)36 for
6-hydroxy-dopamine 2, haloperidole 20, and reserpine 29; and from
Masson et al. (1992)91 for W-7 38. Not all substances were
independent of each other; 2-hydroxy-imipramine 1 and 10-
hydroxy-imipramine 3 are metabolites of imipramine 23. Three
substances included in this set (AY9944 7, chloroquine 10, and
quinacrine 28) possessed two nitrogen atoms with pKa values above
6, that is, for these compounds, two nitrogen atoms will be
protonated at an intralysosomal pH.

Training Set. Guided by the results obtained from the literature
set, as shown in Figure 2, we selected a training set of 52
compounds with high log P and high pKa values, which had not
been previously tested to functionally inhibit ASM activity (Table
2, compounds 39–90, Figure 3A). The selection of compounds was
governed by the inclusion of compounds from different structural
classes and different clinical indications and compound availability.

Validation Set. According to the SPAR model based on the
training set, we aimed to predict the compounds’ abilities to
functionally inhibit ASM activity. For this purpose, we selected a
validation set of compounds, namely, 41 substances that have
previously not been tested for their ability to functionally inhibit
ASM activity (Table 3, substances 91–131, Figure 3B). The
selection of compounds was governed by the inclusion of com-
pounds from different structural classes and different clinical
indications and compound availability and on the basis of our
previous experiences with some of these compounds.92–96 Further-
more, we also experimentally determined the extent of functional
inhibition of ASM in eight substances contained in the literature
set (amitriptyline 6, chlorpromazine 11, clomipramine 12, de-
sipramine 17, haloperidol 20, perhexiline 25, thioridazin 32,
trihexyphenidyl 34, and trimipramine 35). Not all substances are
independent of each other; memantine 111 is the dimethyl derivative
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of amantadine 91, norfluoxetine 113 is the desmethyl derivative of
fluoxetine 104, oxymetazoline 116 is the hydroxy derivative of
xylometazoline 131, and nortriptyline 114 is the desmethyl deriva-
tive of amitriptyline 6.

Chemicals. All substances were obtained from Sigma-Aldrich
(Munich, Germany), except for benztropine (45), dextromethorphan
(97), and donepezil (101), which were purchased from VWR
International (Ismaning, Germany), and sertralin (124) and sibutra-
min (87), which were purchased from Biotrend Chemikalien (Kö
ln, Germany). All compounds were purchased in the highest purity
available.

Cell Culture. Human brain neuroglioma H4 cells were purchased
from Promochem (Wesel, Germany), and rat neuroendocrine
pheochromocytoma PC12 cells were from ECACC (Porton Down,
U.K.). The H4 cells were cultivated in DMEM medium (Biochrom)
supplemented with 10% (v/v) FBS, 1% (v/v) penicillin/streptomycin
antibiotics (Biochrom), and 4 mM glutamine (Biochrom). The PC12
cells were cultivated in RPMI medium (Biochrom, Berlin, Ger-
many) supplemented with 10% (v/v) fetal bovine serum (FBS), 1%
(v/v) penicillin/streptomycin antibiotics (Biochrom), and 2 mM
glutamine (Biochrom). To facilitate adherent growth of PC12 cells,
culture flasks were coated with 8 µg/cm2 collagen IV (Roche,
Mannheim, Germany) in PBS (Biochrom) for at least 4 h prior to
seeding of the cells. Both cell lines were kept at 37 °C in a
humidified atmosphere at 5% CO2 and were routinely split at a
ratio of 1:6 and 1:4 for H4 and PC12 cells, respectively.

Experimental Determination of ASM Activity. The activity
of ASM was determined in whole-cell lysates, as previously
described.97 Briefly, H4 and PC12 cells were seeded in 6 well dishes
and grown to a confluence of 80–90%. After the substances were
added to the respective growth medium at a final concentration of
10 µM, cells were kept at 37 °C in humidified atmosphere at 5%
CO2 for a further 30 min (DMEM pH 7.6; RPMI pH 7.5). Cells
were washed with PBS (Biochrom) and lysed in 100 µL of lysis
buffer [250 mM sodium acetate, pH 5.0 (Merck, Darmstadt,
Germany), 0.1% NP-40 (Sigma-Aldrich), 1.3 mM EDTA (Sigma-
Aldrich), 1 tablet of complete mini protease inhibitor mix/10 mL
(Roche)] for 20 min at 4 °C. Cell debris was removed by
centrifugation at 10000g for 15 min at 4 °C. Quantitative analysis
of ASM activity was performed on 10–50 µg of total cellular protein
extract and diluted in 250 µL of lysis buffer; 440 pmol [choline
methyl-14C]sphingomyelin (Perkin-Elmer, MA) was suspended in
30 µL of enzyme buffer [250 mM sodium acetate pH 5.0 (Merck),
0.1% NP-40 (Sigma-Aldrich), 1.3 mM EDTA (Sigma-Aldrich)] and
added to the protein extract. The enzymatic reaction was incubated
at 37 °C for 20 min. The reaction was stopped by addition of 800
µL of chloroform/methanol (2:1), and phases were separated by
centrifugation. Radioactivity of the aqueous phase was quantified
by liquid scintillation counting and enabled quantification of ASM
activity. Results are given as ASM activity, based on the respective
control reactions. The results refer to the mean values resulting
from three independent experiments, each with a coefficient of
variation of approximately 17%. All experiments were analyzed
by a technician who was unaware of the expected results. A more
than 50% inhibition of ASM activity in H4 cells was rated as
positive. All compounds of the training and validations sets, as well
as eight substances from the literature set, were tested in H4 cells.
A subgroup of the validation set was, in addition, tested in PC12
cells (91–97, 99, 104, 105, 107, 109, 111–115, 118–124, 126, 128,
and 129). The correlation between residual ASM activity for the
27 compounds measured in both H4 and PC12 cells was 0.72, P <
0.001 (data not shown).

Statistical Analysis. Zero-intercept regressions, Spearman cor-
relation coefficients, as well as exploratory statistics were computed
for calculated and experimental log P and pKa values. Nonpara-
metric receiver operating characteristic (ROC) curves and the area
under the curve (AUC) were used to measure the effectiveness of
k in predicting functional inhibition of ASM in high pKa and high
log P compounds. A classification tree statistic (CART algorithm,
maximum of 3 steps, equal a priori probability in all categories)
was used to generate cutoff values using the total experimental data

set of both the training set and the validation set (n ) 101). A P
value of less than 0.05 (two-tailed) was considered to indicate
statistical significance. All statistical calculations were performed
using SPSS (version 15, Chicago, IL),
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