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Rational	Drug	Design	
Based	Mainly	on	the	
Pathobiochemistry	
of	the	Disease

Examples of Atheromatosis 
and Alzheimer’s Type 
Neurodegeneration

E. A. Rekka, A. P. Kourounakis, and P. N. Kourounakis

IntroduCtIon

The. ever-increasing. interest. in. better. drugs,. the. high. safety. standards. set. by. the.
health.and.drug.authorities.of.all.developed.countries,.and.concern.about.the.eco-
nomic.burden. to. society. involved. in. the.discovery.of.drugs. and. their. therapeutic.
applications.have.changed.dramatically. the.ways.of.drug.discovery..The.old.pro-
cesses,. folk.medicine. (ethnopharmacy),. serendipity,.and.massive.pharmacological.
screening. of. organic. compounds,. although. not. completely. abandoned,. have. been.
replaced.by.methods.that.lead.to.the.desired.molecules,.resulting.in.drugs.containing.
the.expected.properties,.i.e.,.rational.drug.design.has.been.applied.1.In.rational.drug.
design.there.are.three.main.steps..The.discovery of the lead compound.is.the.most.
difficult.step..The.discovery of pharmacophore.follows,.after.a.series.of.“surgical.
operations”.on.the.lead.molecule..Optimization.involves.further.structural.manipu-
lations.on.the.pharmacophore,.which,.in.conjunction.with.physical.organic.measure-
ments.and.biological.testing,.lead.to.the.finding.of.the.best.compound.for.a.particular.
purpose..Often,.(quantitative).structure-activity.relationships.are.also.included..Of.
course,.the.discovery.of.a.new.medicine.is.still.far.from.this.stage..However,.with.
the. addition.of. studies.on.drug.metabolism,. and. after. the. study.of. the.molecular.
mechanism.of.action,.the.main.work.of.a.medicinal.chemist.in.the.discovery.of.new.
therapeutic.agents.is.completed.
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Among.a.number.of.approaches.in.rational.drug.design,.a.few.of.the.most.impor-
tant.study.subjects.are.presented:

The.molecular.mechanism.of.drug.action.
Drug-metabolizing.enzyme.action.upon.the.structure.of.the.drug.molecule.
Pathobiochemistry.and.pathophysiology.of.the.target.disease.
A.modern. approach. in.drug.design. is. the.development.of.drugs. starting.
from.compounds.stored.in.data.banks..Structures,.physicochemical.prop-
erties,.and.biological.activity.are. taken,.a. few.are. selected,.and. then. the.
above-mentioned.strategies.are.applied.

Herein,.two.examples.of.rational.drug.design.will.be.presented,.using.basically.the.
pathobiochemical.approach..Other.parameters,.like.drug.metabolism.and.molecular.
mechanism.of.action,.will.also.be.covered.

dEsIgn of novEl antIdyslIpIdEmIC agEnts

Atheromatosis. is. the. main. contributor. to. cardiovascular. problems,. which. are. the.
most. common. cause. of. death. in. Western. societies.. Dyslipidemias. are. the. prime.
cause. of. atheromatosis.2. As. low-density. lipoprotein. cholesterol. (LDL). constitutes.
the.main.cholesterol.carrier.in.the.plasma,.it.influences.cholesterol.plasma.levels.and.
is.closely.related.to.the.etiology.of.atheromatosis.3

In.atheromatosis. the.following.pathologic.events. take.place:.hypercholesterol-
emia,. hypertriglyceridemia,. oxidation.of.LDL. to.oxLDL,. (a. form.not. recognized.
by. the. LDL. receptor),. a. free. radical. attack. to. the. vascular. endothelium,. and. the.
accumulation.of.macrophages.that.release.superoxide.anion.radicals.in.atheromatic.
plaques.4.Further.injury.is.caused.via.nitric.monoxide,.peroxynitrite,.hydrogen.per-
oxide,. and. hydrolytic. enzymes.. Macrophages. induce. platelet-stimulating. factors,.
generation.of.potentially. toxic.peroxidation.products,.which. in. turn.aggravate. the.
initial. endothelial. damage.5. Oxidized. LDL. is. a. potent. chemoattractive. factor. for.
human.blood.monocytes.in.atheromatic.lesion.and.further.induces.eicosanoid.pro-
duction..Monocyte-derived.macrophages.are.sources.of.growth.factors.derived.of.
platelets,.as.well.as.smooth.muscle.cell.growth.factors.6.Oxidized.lipids.induce.pro-
duction.of.interleukine-1..Lysophosphatidyl.choline,.a.product.of.LDL.oxidation,.is.
chemoattractive.for.monocytes.and.T-lymphocytes,.as.well.as.intracellular.adhesion.
molecules.and.various.toxic.products.7.Furthermore,.vascular.endothelium.is.respon-
sible.for.the.biosynthesis.of.nitric.monoxide,.an.important.mediator.of.vascular.tone,.
blood.flow,.and.pressure,.presenting.antiatheromatic.properties.8.Thus,.impairment.
of.nitric.monoxide.production.affects.vasodilatation,.control.of.platelet.activation,.
interaction.of.endothelial.cells.and. leukocytes,. inhibition.of. the.superoxide.anion.
radical-mediated.cell.injury,.and.reduction.of.LDL.oxidation.9

The. authors,. having. extensive. experience. in. regard. to. morpholine. struc-
tures. of. type. 1 (figure. I.1),. have. shown. that. these. agents. were. analgesics. and.
anti-inflammatory. agents.10–12. They. were. also. moderate. antioxidants.. We. then.
increased. their. antioxidant. activity. by. introducing. the. 2-diphenylyl. substituent.
(structure.2,.figure.I.1).13

•
•
•
•
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As.compounds.of.type.2.have.structural.similarities.with.the.known.antidyslipid-
emic.quinuclidines.I,14.we.examined.whether.structures.2.could.reduce.dyslipidemia.
induced.in.animals.by.the.administration.of.tyloxapol..Plasma.total.cholesterol.(TC),.
LDL-cholesterol.(LDL),.and.triglyceride.(TG).levels.were.determined.and.compared.
with. the.untreated.hyperlipidemic. controls.. It.was. found. that. the. examined.com-
pounds.were.efficient.antidyslipidemic.agents,.the.best.being.compound.2a.(percent.
reduction.of.TC,.LDL,.and.TG.was.54,.49,.and.51,.respectively,.at.a.dose.of.26.μmol/
kg,.i.p.,.whereas.for.probucol,.a.known.antidyslipidemic.drug,.the.percent.reduction.
of.these.values.was.18,.11,.and.18,.respectively,.under.the.same.conditions)..Com-
pounds.of.the.structure.2.significantly.inhibited.hepatic.microsomal.membrane.lipid.
peroxidation.(IC50.250.μM,.after.30.min.of.incubation,.whereas.probucol.inhibited.
lipid.peroxidation.by.16%.at.1.mM).and.interacted.with.2,2-diphenyl-1-picrylhydra-
zyl.stable.radical.by.about.80%.at.equimolar.concentrations.3

We.further.modified.structure.2.in.order.to.add.nitric.monoxide-releasing.activ-
ity.(structure.3)..Most.of.the.new.compounds.acquired.NO-releasing.properties.(per-
cent.NO.release.17.3.and.4.6,.for.3a.and.3c,.respectively)..In.general,.they.presented.
an.even.better.effect.against.lipid.peroxidation.(IC50.120.and.70.μM.for.3a.and.3b,.
respectively).and.antidyslipidemic.activity.(percent.reduction.of.TC,.LDL,.and.TG,.
63,.85,.47,.for.3a.and.20,.37,.and.25.for.3c,.at.the.same.dose).15.The.most.active.com-
pound.was.3a..In.an.attempt.to.investigate.the.mechanism.of.these.actions,.we.have.
found.that.they.were.potent.squalene.synthase.inhibitors.(IC50.33.and.0.6.μM.for.2a.
and.3a,.respectively,.using.rabbit.liver.microsomes,.and.63.or.1.μM,.for.2a.and.3a,.
respectively,.using.human.liver.microsomes).16

O

N

OR

O

N
R1

OH(R)R3

R2

R1

R3

R2

R1

R3

R2

N

OR

O

N

O(CH2)nONO2

1

2

2a: R1 = CH3, R2R3 = (CH2)4, R = H

3

I

3a: R1 = CH3, R2, R3 = H
3b: R1 = CH3, R2R3 = (CH2)4
3c: R1R2 = (CH2)4, R3 = H

fIgurE I.1 Investigated.morpholine.derivatives.

9006.indb   17 3/24/08   11:00:14 AM



x�iii	 Chemistry	and	Molecular	Aspects	of	Drug	Design	and	Action

In.addition,.it.has.been.found.that.2a.and.3a.were.able.to.reduce.not.only.hyper-
lipidemia,.but.also.the.development.of.atheromatic.lesions.17

Thus,.it.can.be.concluded.that,.by.the.design.of.structures,.which.combine.anti-
inflammatory,.antioxidant,.antidyslipidemic.and.NO-liberating.properties,.new. lead.
compounds.have.been.developed.against.hyperlipidemia.and.atheromatosis,.which.may.
lead.to.better,.safer,.and.more.efficient.therapeutic.agents.for.cardiovascular.diseases.

dEsIgn of struCturEs agaInst 
nEurodEgEnEratIon of alzhEImEr’s typE

Neurodegenerative.diseases. like. senile.dementia.of.Alzheimer’s. type. (SDAT).are.
among.the.greatest.challenges.in.pharmacochemistry..It.is.estimated.that.there.will.
be.about.4.×.107.sufferers.from.this.disorder.by.2020.18.SDAT,.cardiovascular.dis-
orders,. and. cancer. are. the. first. three. causes. of. morbidity. worldwide.. At. present,.
there.is.no.effective.treatment.for.SDAT..The.applied.pharmacotherapy.is.based.on.
the.cholinergic.hypothesis.19.These.drugs.are.of.limited.benefit,.quite.toxic,.and.fail.
to.inhibit.the.progress.of.the.disease..Furthermore,.there.is.a.challenge.because.the.
pathogenesis.of.SDAT.is.essentially.not.known..However,.there.is.a.series.of.patho-
biochemical.changes.in.the.demented.brain.that.could.be.used.as.a.base.for.a.rational.
design.of.drug.molecules.for.SDAT..In.addition.to.the.cholinergic.deficit,.the.patho-
biochemical.changes.related.to.the.present.work.are:.inflammation,.oxidative.stress,.
hypercholesterolemia,20.and.reduced.presence.of.the.nerve.growth.factor.(NGF).21.
Thus,.there.are.several.targets.for.a.pharmacochemical.approach.against.SDAT.

We.have.designed.and.synthesized.structures.II.(figure.I.2).that.are.constructed.
from.a.nonsteroidal.anti-inflammatory.drug.(NSAID),.which.offers.anti-inflammatory.
properties.and.suppresses.the.amyloid.pathologic.process;.a.substituted.proline.con-
nected. to. the.NSAID.via.an.amide.bond,.offering.nootropic.properties;22,23.and.a.
cysteamine.or.l-cysteine.ethyl.ester.moiety,.which.amidates.the.carboxylic.group.of.
proline,.conferring.antioxidant.activity..Furthermore,.the.carboxylic.group.of.pro-
line.was.esterified.with.4-methyl-2-methoxyphenol.or.3-(3-pyridyl)propanol..These.
are.two.neuroprotective.agents,.the.former.acting.via.induction.of.NGF,21.the.latter.
by.another,.yet.unknown.mechanism.24,25

The. novel. compounds. are. expected. to. have. anti-hyperlipidemic. properties,.
since.we.have.found.that.closely.related.compounds.reduce.blood.cholesterol.levels..
Furthermore,. they. should. have. reduced. gastrointestinal. (GI). toxicity. because. the.
carboxylic.group.of.the.parent.NSAID.has.been.masked.and.also.through.their.anti-
oxidant.properties,.since. the.ulcerative.GI. tissue.caused.by.NSAIDs.suffers. from.
oxidative.stress.26,.27

Almost.all.compounds.possessed.the.expected.properties:

They.demonstrated.very.satisfactory.in vivo.anti-inflammatory.activity.(car-
rageenin.or.Freund’s.Complete.Adjuvant.[FCA]-induced.paw.edema.model.
or. FCA-induced. arthritis).. The. best. two. compounds,. 6. and. 8,. presented.
69%.and.61%.inhibition.in.the.carrageenin.test,.respectively,.whereas.com-
pound.4.inhibited.completely.(100%).the.FCA-induced.arthritis.28,.29

•
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They.inhibited.in vitro.lipoxygenase.activity,.with.IC50.values.of.35.μM.and.
48.μM,.for.compounds.3.and.4,.respectively.28

Compound.11.inhibited.the.production.of.cyclooxygenase-2.(COX-2).from.
spleenocytes.from.arthritic.rats.by.88%.29

Some.of.the.compounds.inhibited.lipid.peroxidation.very.efficiently..Com-
pounds.7,.8,.and.9.demonstrated.IC50.values.of.122.μM,.19.μM,.and.75.μM,.
respectively,.after.45.min.of.incubation.28,.29

They. interacted. with. DPPH. quite. well.. The. best. three. compounds. were.
4, 3,.and.7,. interacting.with.DPPH.by.86%,.79%,.and.77%,.at.equimolar.
concentration..28,.29

Most. of. the. compounds. reduced. tyloxapol-induced. rat. dyslipidemia..
They.decreased.TC,.LDL,.and.TG.levels.by.about.70%,.55%,.and.70%,.
respectively,.at.doses.of.56.to.300.μmol/kg..28,.29

Compounds.10.and.11.demonstrated.moderate.acetylcholinesterase.inhibi-
tory.activity.29

Compound.9.protected.the.brain.from.oxidative.injury.caused.by.ischemia/
reperfusion..An.increase.in.malondialdehyde.(MDA).and.a.depletion.of.glu-
tathione.(GSH).indicated.brain.oxidative.damage,.whereas.administration.

•

•

•

•

•

•
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of.9.reduced.MDA.toward.normal.values.and.increased.GSH.concentration.
completely.back. to.normal.values.. [MDA:.0.80±0.13.(control);.1.73±0.31.
(ischemia/reperfusion);. 1.35±0.17. (ischemia/reperfusion. plus. 9). nmol/
mg. protein.. GSH:. 97.8±6.8. (control);. 54.1±8.1. (ischemia/reperfusion);.
90.3±10.0.(ischemia/reperfusion.plus.9).μmol/g.brain].29

We.examined.the.effect.of.these.compounds.on.the.gastrointestinal.tract,.
reporting.mortality,.gastrointestinal.ulceration,.and.body.weight. loss.and.
melena.incidence..The.administered.dose.was.equimolar.to.that.of.the.par-
ent.NSAID,.which.produced.50%.mortality,.given.subcutaneously.to.rats.
for.four.days.26,27.All.tested.compounds.were.almost.free.of.gastrointestinal.
toxicity,.a.common,.dangerous.side.effect.of.the.NSAIDs..We.attribute.this.
mainly.to.two.reasons:.The.carboxylic.group.of.the.parent.drug.has.been.
masked.in.the.designed.compounds..Thus,.the.local.irritation.is.prevented..
Furthermore,.the.ulceration.due.to.NSAIDs.causes.oxidative.stress.to.the.
injured.tissue..The.antioxidant.activity.of.the.synthesized.compounds.pro-
tects.the.gastrointestinal.tract.from.oxidative.insult.28,29

In.conclusion,.we.designed.and.synthesized.compounds.1–11.aiming.for.agents.that.
would.acquire.a.series.of.biological.properties.able.to.prevent.or.restore.a.number.of.
pathological.changes.implicated.in.SDAT.and.appearing.in.the.demented.brain..Most.
of.them.possess.anti-inflammatory,.antioxidant,.and.antidyslipidemic.actions..Two.
of.them.moderately.inhibit.acetylcholinesterase..They.were.almost.free.of.gastroin-
testinal.toxicity,.a.property.required.for.long-term.application.29.Thus,.it.is.indicated.
that.the.synthesized.compounds.could.be.considered.satisfactory.lead.structures.for.
agents.against.pathological.conditions.involving.inflammation,.oxidative.stress,.and.
dyslipidemia,. such. as.SDAT..The. fact. that. compound.9. protected. the.brain. from.
oxidative. injury.produced.by. ischemia/reperfusion. justifies. this.molecular.design..
We.believe.that.a.multicausal.disease.such.as.SDAT.can.be.better.treated.with.multi-
functional.agents,.acting.at.different.causes.and.stages.of.the.disease.pathogenesis.
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Twenty years ago it was recognized that inflammatory mechanisms play a patho-
genic role in multiple sclerosis, but for other disorders the brain was generally con-
sidered to be “immunologically privileged.” This view began to change with the 
discovery that microglia in the Alzheimer’s disease (AD) cortex were activated (e.g., 
immunoreactive for the major histocompatibility complex),1,2 similar to peripheral 
macrophages at sites of inflammation. We now know that cytokines, complement, 
reactive oxygen and nitrogen species, and other markers of inflammation are highly 
upregulated in a wide range of neurodegenerative disorders, particularly AD.3 This 
should not be surprising because, by definition, tissue damage occurs in neurode-
generative disorders, and inflammation is a normal response to tissue damage wher-
ever it occurs in the body. In addition, the chronic presence of highly inert, highly 
insoluble deposits is another classic inflammatory stimulus, and such deposits are 
present by the millions in the AD brain as amyloid β peptide (Aβ) plaques and neu-
rofibrillary tangles.
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Parkinson’s disease (PD) also commonly features highly insoluble, highly inert 
deposits, the Lewy body,4,5 and prion plaques have been reported to stimulate inflam-
mation.6–8 Given so many potential causes of brain inflammation in neurodegenera-
tive disorders, the only real surprise is how long it took to recognize them!

In addition to the fact that the brain is not immunologically privileged, there are 
three other fundamental concepts that need to be understood before one can begin 
to make sense of the thousands of AD, PD, and other neuroscience papers that have 
been written about inflammation and neurodegenerative disorders. The first is that 
inflammatory mechanisms are highly interactive. The classical and alternative com-
plement pathways include over 40 proteins and regulators, all of which depend on 
each other and can have a multitude of effects, including the induction of cytokines, 
chemokines, and inflammation-related growth factors. In turn, cytokines such as 
interleukin-1 (IL-1), IL-6, and tumor necrosis factor-α (TNF-α) induce each other, 
induce chemokines, induce growth factors, and induce complement. It is therefore 
important to examine carefully any paper that claims to have discovered the primary, 
all-important inflammatory mechanism in AD or some other neurological disease. 
Inflammation seldom, if ever, works that way.

Another fundamental concept is that inflammation includes both destructive and 
beneficial mechanisms. To fail to appreciate this fact can have serious consequences. 
For example, a recent clinical trial attempted to enhance inflammation in the AD 
brain by immunizing against Aβ. This did have the desired beneficial effect of promot-
ing Aβ clearance, but it also injured several patients and killed another, presumably 
through additional inflammatory mechanisms that were simultaneously invoked.9,10

A third and final fundamental concept of inflammation in neurodegenerative 
disease is that inflammation is unlikely to be an etiology, a root initial cause, of any 
brain disorder. When we speak of the inflammatory response, we do so for a reason: 
inflammation almost always arises as a response to some other, more primary patho-
gen. This does not mean, however, that inflammation is unimportant. Especially in 
the brain, inflammation can often cause more damage than the agent that engendered 
it, as is typically the case in head trauma and encephalitis. Wounds and infections of 
the brain are etiologies, but the secondary inflammatory responses to them are often 
what kill the patient.

A mature view of inflammation in neurodegenerative disorders therefore 
requires that we recognize four simple but frequently unaddressed concerns: (1) that 
inflammatory mechanisms are likely to occur in any neurodegenerative disorder, 
(2) that these mechanisms are highly complex and interactive, (3) that they have 
both beneficial and destructive consequences, and (4) that they likely will require as 
much clinical attention as the etiology that gave rise to them. With this fundamental 
background, we can then begin to piece together the many basic research and clini-
cal findings about inflammation in such diseases as AD and PD, and we can begin 
to develop rational therapies.

Most of the basic research on AD inflammation has centered on Aβ deposits 
and microglia. This follows from the initial discovery that microglia cluster within 
Aβ deposits and are activated there.11–13 By going back and forth from in situ tissue 
sections of the postmortem AD brain to in vitro assays, much knowledge about these 
processes has been gained. For example, it is now known that microglia possess 
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receptors that are responsive to Aβ, including the macrophage scavenger receptor,14 
the receptor for advanced glycation endproducts (RAGE)15 and the formyl peptide 
receptor.16–18 Αβ activation of the formyl peptide receptor, among other things, stimu-
lates microglial secretion of IL-1,17 and Αβ activation of RAGE, among other things, 
stimulates microglial secretion of M-CSF.19 IL-1, and M-CSF, in turn, promotes the 
expression of many other inflammatory mediators through such transcription factors 
as NF-κB20 and C/EBP.21 C/EBP is, in fact, upregulated in the AD cortex.22 There 
are many other Αβ-receptor interactions, as well as the secretory products and tran-
scription factors they induce, that activate microglia and account for the colocaliza-
tion of activated microglia with Aβ deposits.

Microglia and inflammation have also been implicated in PD pathogenesis.23–27 
Studies by Herrera and colleagues,28,29 among others,30–32 demonstrate that adminis-
tration of the classic inflammatory stimulus lipopolysaccharide (LPS) causes a selec-
tive loss of dopamine in the substantia nigra, accompanied by massive activation of 
microglia, which cluster around deteriorating dopamine neurons.

These data have resonance with a number of other findings:

 1. LPS is a common bacterial toxin, and bacterial exposure in utero may be a 
factor predisposing to PD.33

 2. Many of the putative etiologies of PD, including head trauma,34,35 influ-
enza with encephalitis,36,37 and environmental toxins such as pesticides and 
MPTP,38–40 all have in common their ability to stimulate inflammation.

 3. Substantia nigra neurons appear exquisitely sensitive to oxidative and nitric 
oxide insult,41–43 and both are major weapons for inflammatory attack.

 4. The substantia nigra is reported to have the highest density of microglia of 
any brain structure.44,45

Complement proteins are among the many inflammatory molecules produced by 
microglia.46,47 In AD, both the classical48–50 and the alternative51 pathways are acti-
vated in an antibody-independent fashion by Aβ and by neurofibrillary tangles52 
through mechanisms similar to those for coat proteins of RNA tumor viruses. This 
produces complement anaphylatoxins that further fuel the inflammatory reaction, 
as well as complement opsonins that target Aβ for microglial phagocytosis.49 The 
opsonins appear to play a major role in Aβ clearance, as inhibition of complement 
opsonin actions in transgenic mouse models of AD results in significantly increased 
Aβ deposition.53

Antibodies to Aβ can also opsonize Aβ for phagocytosis by microglia through 
microglial Fc receptors, as shown by passive and active Aβ immunization in human 
Aβ-overexpressing transgenic mice.54,55 In addition to helping clear Aβ, C1q binding 
to Aβ potently aggregates it into the form seen in parenchymal senile plaques.56–59 
The terminal component of both classical and alternative complement pathway acti-
vation is the membrane attack complex (MAC), which forms on and lyses targeted 
and, sometimes, “innocent bystander” cells.60 MAC fixation on neurite processes 
in the vicinity of Aβ deposits has been demonstrated in the AD brain.50 Lastly, AD 
deficits in the critical complement regulator CD59 (membrane inhibitor of reactive 
lysis) may be permissive for complement damage.61
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Cytokines are also abundantly increased in pathologically vulnerable regions 
of the AD brain.3,62 They can be produced by microglia and astrocytes and, simi-
lar to complement, have multiple actions. Of particular importance, IL-1 appears 
to stimulate production of the Aβ precursor protein.63 Moreover, the classic pro-
inflammatory triad of IL-1, IL-6, and TNF-α, along with other cytokines and growth 
factors, may stimulate apoptosis and angiogenesis.3

Many of these processes can be modeled in neuron and glial cultures derived 
from rapid autopsies of AD and control patients.2 As in the AD cortex, astrocytes 
in culture take up periplaque positions. Neurons in culture die when seeded on syn-
thetic Aβ deposits, whereas neurons seeded outside the deposits extend neurites that 
either skirt the Aβ or are retracted. These behaviors are also seen in AD tissue sec-
tions. Microglia, as in the AD brain, cluster around and within Aβ deposits, where 
they increase their expression of a wide range of inflammatory mediators, including 
complement, cytokines, chemokines, growth factors, and nitric oxide.2,15,19,46,64,65

We have used in vitro culture models to investigate mechanisms of Aβ immuniza-
tion and the possibility that certain nonsteroidal anti-inflammatory drugs (NSAIDs) 
might be a useful therapeutic adjunct to Aβ immunization. Indomethacin, in particu-
lar, is known to inhibit secretion of cytotoxic inflammatory factors that may have 
caused adverse reactions in Aβ-immunized patients. In addition to these potentially 
useful inflammation-inhibiting properties, our studies demonstrate that indometha-
cin does not materially impede microglial chemotaxis to or phagocytosis of Aβ.66

It is generally the case that chronic inflammation exacerbates disease. Nonethe-
less, the pathogenic relevance of inflammation in AD and PD continues to be an 
issue. The evidence for a pathogenic role of inflammation in these disorders essen-
tially rests on the following grounds:

 1. There is selective upregulation of inflammatory mechanisms in pathologically 
vulnerable but not pathologically spared regions of the AD and PD brain.3,67,68

 2. The classical hallmarks of AD, Aβ deposits and neurofibrillary tangles, 
have in common a unique ability to directly interact with and stimulate 
inflammatory mechanisms.3,48,49,63,67,69

 3. Inflammation is a common denominator of many putative etiologies of PD 
(e.g., head trauma, influenza with encephalitis, bacterial infections, envi-
ronmental toxins such as pesticides and MPTP).23,70

 4. Complement fixation and lysis of neurites occur in the AD cortex.50

 5. Complement opsonization of deteriorating dopamine neurons occurs in the 
PD substantia nigra.71

 6. Polymorphisms of inflammatory genes may increase susceptibility to AD 
and PD.72–80

 7. Elevated C-reactive protein levels predict dementia onset as much as 20 
years later.81

 8. A rise of inflammation markers immediately precedes synapse loss and 
cognitive deterioration in AD.82

 9. Basic research studies show protective effects of common anti-inflamma-
tory drugs in animal models of PD.83–86
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 10. Nearly 20 epidemiologic studies suggest that common anti-inflammatory 
drugs may delay onset of AD.87–89

 11. One small pilot trial has shown a beneficial effect of the NSAID 
indomethacin.90

Set against these findings, two large-scale clinical studies, one with the steroid anti-
inflammatory drug prednisone,91 and another with the nonsteroid anti-inflammatory 
drug hydroxyquinoline,92 failed to find a therapeutic benefit in patients with AD. Two 
critical questions therefore remain: are we using the right anti-inflammatory drugs, 
and are we using them in the right patients?

The steroid prednisone has a well-known adverse reaction profile that includes 
confusion and agitation at the clinical level93 and damage to hippocampal neurons 
at the basic science level.94,95 These are obviously not desirable properties for the 
treatment of AD patients. Conversely, several NSAIDs that have not yet been tested 
in AD are reported to have such desirable actions as inhibition of COX I (without 
inhibition of COX II), inhibition of Aβ production, inhibition of lipoxygenase, and 
PPAR-γ facilitation. Indomethacin, which did show therapeutic effects in a limited 
AD trial,90 is both a potent COX I96 and COX II inhibitor,97 an inhibitor of Aβ pro-
duction,98 a lipoxygenase inhibitor,99 and a PPAR-γ agonist.100 It is taken worldwide 
by millions of arthritis patients. Nonetheless, its gastrointestinal and renal adverse 
effects, which may be somewhat higher than other NSAIDs,101 have apparently 
inhibited its further consideration in AD trials.

A second critical consideration in the application of anti-inflammatory drugs for 
AD is when and to whom they should be given. Anyone who has ever removed the 
brain of a patient who has suffered AD can attest that the already existing damage 
is unlikely to be reversed by any treatment now known or that will be known for the 
next 50 years. Moreover, AD inflammation, as previously noted, is a response to 
preexisting pathogens, such as Aβ and neurofibrillary tangles. Thus, our best hope 
for treatment is to remove the initiating stimuli or to quench the inflammation they 
produce before significant damage is done to the brain. Clinical trials using NSAIDs 
to prevent or delay AD in susceptible but still normal elderly patients are now under-
way, and should provide answers about their efficacy in the next few years.
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IntroductIon

Alzheimer’s disease (AD) is a progressive neurodegenerative disease afflicting a 
significant proportion of the elderly population. Estimated incidence rates increase 
from 1% at 65 to between 25 and 40% at age 85 and older. The number of new cases 
appearing among previously unaffected individuals may be as high as 3% annually 
in people over age 85.1 The disease is characterized clinically by a progressive loss of 
memory function and mental impairment (dementia), and histopathologically by the 
presence, within widespread regions of the brain, of degenerative lesions known as 
senile plaques (SP) and neurofibrillary tangles (NFT).2 Studies in postmortem brain 
material have revealed multiple disturbances of neurotransmitters, their metabolites, 
receptors, and enzymes involved in their metabolism. Deficits have been observed 
for classical neurotransmitter systems such as the cholinergic, serotonergic, dopami‑
nergic, as well as excitatory amino acids and peptides.3
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14 Chemistry and Molecular Aspects of Drug Design and Action

the cholInergIc treatment hypothesIs

Loss of basal forebrain cholinergic neurons is a significant feature of the disease and 
appears to be correlated with the memory deficits. Experimental lesions of cholin‑
ergic systems also produce memory deficits in animals. Treatments for the memory 
loss in AD have therefore focused on cholinergic replacement approaches (the cho‑
linergic hypothesis).

Much research has been devoted to the design and testing of acetylcholinesterase 
inhibitors (AChE‑I) as a means of preserving acetylcholine (ACh) in synapses where 
large numbers of cholinergic nerve terminals have been lost. Tacrine is the first drug 
to be approved for symptomatic treatment of memory impairment in Alzheimer 
patients. Although the drug produces small but significant benefit in approximately 
40% of patients,4 its marginal level of efficacy and high level of liver toxicity is likely 
to restrict its use to a small group of patients. Several chemical analogues of tacrine 
have been reported to be in advanced stages of clinical trials (an exception is velna‑
crine, which has been dropped on the basis of its unfavorable risk/benefit ratio), but 
data confirming their therapeutic potential are still lacking (Figure 2.1).

Physostigmine is another extensively studied AChE‑I. Early studies with this 
substance were encouraging,5 but its rapidly evanescent effect prohibited further 
development. Heptylphysostigmine was designed as a prodrug of the naturally 
occurring substance to increase its half‑life and therefore produce more long‑last‑
ing effects. However, no clinical data have been published confirming the clinical 
efficacy of this drug in Alzheimer patients.

Compound E‑2020 has been reported to be a selective and long‑lasting inhibi‑
tor of AChE and is presently undergoing clinical evaluation.6 Huperzine and galan‑
thamine are more recent AChE‑I that have demonstrated potent activity in animals, 
but unequivocal clinical data are still lacking. Clinical data should confirm ulti‑
mately whether a constantly maintained inhibition of AChE is critical to expressing 
therapeutic effects. Increasing ACh levels in the synaptic cleft could be expected to 
limit release of the neurotransmitter through activation of presynaptic muscarinic 
M2 autoreceptors. One could therefore hypothesize that AChE‑I endowed with M2 
antagonistic properties should offer some advantage over the classical AChE‑I.

Activation of postsynaptic receptors with muscarinic M1 agonists represents a 
more direct approach to compensate for the low levels of ACh released due to loss of 
cholinergic nerve terminals. Administration of arecoline has been shown to improve 
memory in a small number of Alzheimer patients treated for two weeks.7 Although 
these findings are encouraging, their clinical significance must be confirmed in larger 
patient populations before any conclusions can be drawn. Other cholinergic agonists 
with selective M1 properties are presently in clinical trials, but data confirming their 
therapeutic efficacy in Alzheimer patients are not yet available (Figure 2.2).

Whereas muscarinic agonists may cause downregulation of muscarinic recep‑
tors, chronic nicotine administration, on the other hand, induces upregulation of 
nicotinic receptors. Because activation of nicotinic presynaptic receptors increases 
the release of ACh, it could be hypothesized that nicotinic agonists should improve 
memory deficits. Subcutaneous injection of nicotine has been reported to cause sig‑
nificant dose‑related improvement in attention in Alzheimer patients,8 but larger 
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treatment studies have not confirmed that nicotinic agonists improve cognitive defi‑
cits in patients.

Further to being controlled by autoreceptors, hippocampal ACh release is also 
enhanced by activation of serotonin 5‑HT3 receptors.9 The finding that ondansetron, 
a 5‑HT3 antagonist, may improve rather than impair cognition in the elderly10 does, 
however, caution against extrapolating from neurochemical data obtained with drugs 
in animals to treatment effects in AD.

Numerous compounds have been reported to enhance the release of ACh in 
animals, but their mode of action is unclear (Figure 2.3). Tacrine has been shown 
both to inhibit AChE and to release ACh via activation of nicotinic receptors in 
brain tissue from AD patients. The marginal level of efficacy observed with the drug 
does, however, suggest that drugs aimed at direct or indirect activation of cholinergic 
receptors may only have limited therapeutic potential in AD.
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16 Chemistry and Molecular Aspects of Drug Design and Action

Difficulties in confirming the clinical potential of drugs activating cholinergic 
functions in animals may, at least in part, be due to the experimental models used. 
The behavioral deficits studied in animals to select “cholinergic” drugs for clinical 
trials are not caused by neurodegenerative processes similar to those encountered 
in AD (models lack “construct validity”). It is also doubtful whether the deficits 
observed in animal models represent the symptoms to be treated (models lack “face 
validity”). Obviously, the failure in confirming efficacy in clinical trials with drugs 
affecting animal behavior indicates that the animal models being used have poor 
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predictive validity.11 Furthermore, AD is a 
complex disease involving numerous neuro‑
chemical deficits. Successful treatment with 
cholinergic drugs might therefore require 
subgroups of patients characterized by cho‑
linergic hypofunction only.

Finally, a more basic consideration is that 
most cholinergic agents tested in AD patients 
(except THA) lack functional specificity, i.e., 
they produce a variety of effects at the cellular 
and molecular level through the activation of 
different effector systems. Whether all these 
effects, or a combination of some, or whether 
the activation of a unique signal translation system is required for successful treatment, 
is not established. The muscarinic receptors belong to the superfamily of G‑protein‑
coupled receptors. Several structurally different human muscarinic receptors (mAChR) 
subtypes have been cloned and expressed. The m1, m2, m3, and m4 AChRs correspond 
to the M1, M2, M3, and M4 AChRs defined pharmacologically. These different subtypes 
are closely related in sequence and include seven hydrophobic transmembrane helices. 
Because they are G‑protein‑coupled receptors, they contain two binding domains, a 
ligand‑binding pocket and a G‑protein‑binding intracellular domain. Unlike antago‑
nists, agonists stimulate the receptor via coupling with G‑proteins. Thus, selectivity 
of an agonist is not intrinsic to the agonist–receptor interaction alone but also derives 
from the properties of the agonist–receptor–G‑protein(s) complexes.

Activation of the transfected m1AChR subtype has been linked to several signal 
transaction pathways, such as phosphoinositide (PI) hydrolysis, arachidonic acid (AA) 
release, and c‑AMP accumulation. Both in Chinese hamster ovary cells and in rat 
pheochromocytoma (PC 12) cells stably infected with m1AChR, carbachol, ACh and 
other nonselective agonists elicited all three responses (PI hydrolysis, AA‑release, and 
c‑AMP accumulation) in a dose‑ and time‑dependent manner.12 The muscarinic m1 
subtype of the AChR must therefore have been coupled to different G‑proteins in these 
cells. Compounds AF 102B and AF 150(S) have been reported to be partial agonists, 
whereas pilocarpine, AF 150, AF 151, and AF 151(S) were full agonists in stimulat‑
ing PI hydrolysis and arachidonic acid release, but they all failed to elevate c‑AMP 
levels12 (Figure 2.4). These findings suggest (a) that m1AChRs may be coupled to more 
than one signal transduction system, (b) that muscarinic agonists could be designed to 
activate a distinct set of G‑proteins, and (c) that such functional selectivity could result 
from a unique complex between agonist, receptor, G‑protein, and a “selected” effec‑
tor system. It could be speculated that the simultaneous activation of PKA by c‑AMP 
would attenuate IP3‑mediated Ca2+ increases by m1AChR activation. Thus, m1 agonists 
which do not increase c‑AMP levels should be capable of producing more substantial 
elevations in intracellular Ca2+ and hence facilitate more powerfully some of the neu‑
rotrophic‑like effects associated with cholinergic activation.13

In the case of a flexible agonist, mutual conformational changes can occur in 
both receptor and ligand, leading to multiple complexes allowing various ligand–
receptor–G‑protein interactions and hence activation of different signaling pathways. 
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Flexible agonists may therefore allow the receptor to exhibit “promiscuity.” On the 
contrary, rigid muscarinic agonists would not allow multiple conformational slates 
of the ligand–receptor–G‑protein complexes. A new class of “functionally specific” 
cholinergic drugs could be anticipated if this hypothesis is correct. Whether such 
drugs will be effective in the treatment of AD remains to be shown.

ad and the glutamatergIc system

Some investigators have implicated glutamate in the pathogenesis of AD. The link 
between AD and excitatory amino acid (EAA) abnormalities is based on a substantial 
amount of indirect data, much of which was acquired from studies of brain speci‑
mens from AD patients. The predominant view submits that excitotoxicity may be a 
causative factor in neuronal pathology associated with AD and that treatment efforts 
should be aimed at preventing EAA neurotoxicity. This approach would suggest the 
use of antagonists of the glycine receptor—site of the NMDA receptor, partial AMPA 
antagonists, or partial NMDA antagonists (Figure 2.5). Others believe that the data 
suggest that the cognitive deficits of AD are related to loss of glutamate function and 
recommend that treatment efforts for AD patients be directed at increasing glutamater‑
gic activity14 (Figure 2.6). Protecting against EAA neurotoxicity by glutamate receptor 
antagonists may, however, further impair cognitive function caused by hypoactivity of 
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glutamatergic pyramidal neurons, whereas activating glutamate receptors might facili‑
tate neurodegenerative processes in already‑compromised neurons.

Despite the interest in a possible role for glutamate in the pathogenesis of AD, 
the data thus far have not defined such a role. Although AD usually begins with 
disturbance of memory, it progresses to a state of diffuse cognitive and intellectual 
dysfunction and widespread pathology far beyond brain structures associated with 
memory function. Thus, the AD patient does not appear to be an appropriate model 
for studying the role that glutamate may play in brain pathology that causes loss 
of cognitive function. However, recent human and animal investigations have more 
directly implicated EAA neurotoxicity in the pathogenesis of other brain disorders 
such as stroke, hypoglycemia, trauma, and epilepsy in which, unlike AD, learning 
and memory are more selectively impaired. Enhanced glutamatergic transmission 
has, however, been proposed to explain some of the effects of a class of drugs widely 
used to treat memory disturbances in the elderly. These drugs, called “nootropes,” 
appear to prolong the time of opening of ion channels activated by a subset of gluta‑
mate receptors (AMPA‑receptors)15 (Figure 2.7).

It has been proposed that release of neurotransmitters is modulated by a wide 
range of inhibitory mechanisms (e.g., feedforward, feedback, and γ‑aminobutyrate‑
mediated inhibition). Because inhibitory (hippocampal) interneurons are negatively 
modulated by serotonergic “inhibitory” receptors, release of neurotransmitters could, 
at least in theory, be enhanced by antagonists at the inhibitory 5‑HT1A receptor. 
This approach might offer the potential advantage of “activating” neuronal circuits 
indirectly, independently of specific neurotransmitters involved (e.g., cholinergic, 
glutamatergic, etc.).16

neurotrophIn-enhancIng drugs

Several nerve growth factors (neurotrophic factors) known collectively as “neuro‑
trophins” have been identified and their growth‑promoting functions (also required 
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for neuronal survival) have been described.17 A variety of in vitro and in vivo stud‑
ies have suggested that certain neurotrophins may be useful for the treatment of 
various neurological disorders such as AD. In particular, exogenously supplied nerve 
growth factor (NGF) has shown efficacy in animal models of degeneration of basal 
forebrain cholinergic neurons.18 Because no alterations of NGF mRNA levels have 
been detected in AD brain tissue, there is no evidence to suggest that the cholinergic 
neuronal degeneration observed is a result of decreased NGF production. In contrast 
to results with NGF, two studies have clearly demonstrated decreased levels of brain‑
derived neurotrophic factor (BDNF) mRNA in AD hippocampal tissue relative to 
nondiseased tissue.19 Although these findings do not prove a direct causal role for 
BDNF in AD, decreased BDNF expression during the course of the disease may 
be predicted to accelerate neurodegenerative changes. Because these neuropeptides 
do not cross the blood–brain barrier, search for compounds that could functionally 
mimic the effect of neurotrophins, facilitate their effects, or enhance their biosynthe‑
sis has become a major focus of interest.

The potential for upregulating endogenous neurotrophin expression was first 
suggested by studies demonstrating increased NGF and BDNF mRNA levels follow‑
ing recurrent seizures20,21 The increases in NGF and BDNF mRNA are dramatic and 
have been shown to be followed by increased NGF and BDNF protein levels.22,23 The 
increased NGF and BDNF synthesis following seizures is thought to be mediated 
by activation of glutamate receptors and subsequently increased intracellular cal‑
cium levels.24 Activation of both NMDA and non‑NMDA ionotropic receptors has 
been shown to induce NGF and BDNF mRNA expression in the hippocampus.24,25 

Increased BDNF synthesis following treatment of cultured cortical neurons with the 
metabotropic receptor agonist (1S,3R)‑ACPD may also be responsible for the attenu‑
ating effect of this drug on excitatory amino acid toxicity26 (Figure 2.8).

The muscarinic acetylcholine receptor is another potential pharmacological tar‑
get. Pilocarpinc, a potent muscarinic agonist, produces increased expression of NGF 
and BDNF mRNA but only at doses that produce behavioral seizures.27 Similar to 
(1S,3R)‑ACPD, which increases NGF and BDNF mRNA levels at doses that do not 
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produce seizures, drugs may conceivably be developed that are capable of selectively 
activating certain muscarinic receptors without inducing seizures and, at the same 
time, upregulating NGF and BDNF.

The intracellular signaling mechanisms leading to altered neurotrophin expres‑
sion are unknown. Calcium‑calmodulin‑dependent protein kinase type II, however, 
is likely to be functionally important in regulating BDNF mRNA expression fol‑
lowing increases in intracellular calcium concentration. This has been suggested 
by studies with cultured rat hippocampal neurons in which calmodulin antagonists 
prevented increased BDNF mRNA levels following kainic acid treatment.24 Acti‑
vation of Cam II kinase by increased intracellular calcium following glutamate 
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receptor activation may result in the phosphorylation of transcription factors, which 
could directly, or indirectly, enhance transcription of the BDNF gene. Activation of 
muscarinic receptors may produce similar effects via activation of the PLC pathway, 
which also increases intracellular calcium.

A totally different class of “indirect” neurotrophic agents demonstrating neu‑
roprotective or neuroregenerative activity not mediated via the activation of either 
glutamatergic or cholinergic receptors has been reported.28 A family of indolocar‑
bazole compounds (aglycones) was among the first discovered and studied for their 
neuronal‑growth‑promoting effects. A major focus of this approach has been on the 
molecule K‑252a, a microbial alkaloid, and more recently on a cell‑impermeant ana‑
log K‑252b (Figure 2.9). Although these compounds, at concentrations greater than 
200 nM, inhibit trophic actions of all the neurotrophins, K‑252b at concentrations 
between 100 pM and 30 nM, enhances the effect of the neurotrophin NT‑3‑induced 
survival in vitro. How these drugs produce their neurotrophic effects is unclear. It is 
interesting to note, however, that these compounds bear close similarity to stauro‑
sporine, a well‑known inhibitor of protein kinase C. Confirmation of the therapeutic 
value of this approach must, however, await clinical trials.

stress, glucocortIcoIds, and ad

Stress induces the release of corticotrophin‑releasing hormone (CRH) by the hypo‑
thalamus, which triggers the release of adrenocorticotrophic hormone (ACTH) by 
the pituitary, which in turn stimulates adrenocortical secretion of glucocorticoids. 
Circulating titers of corticosteroids finally suppress subsequent release of CRH and 
ACTH through steroid‑sensitive receptor sites in the brain and in the pituitary, thus 
preventing prolonged exposure to elevated levels of cortisol following stress. The 
adrenal cortical axis therefore acts as a closed‑loop feedback system where circulat‑
ing titers of glucocorticoids act to maintain secretion of corticosteroids in‑between 
narrow limits. However, approximately 50% of individuals with AD present higher 
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cortisol titers than patients without dementia, and these levels increase proportion‑
ately as the dementia increases.29 Furthermore, AD patients also demonstrate resis‑
tance to inhibition by dexamethasone of ACTH release caused by CRH, suggesting 
a higher incidence of stress‑adaptation failure in AD. Studies have shown that glu‑
cocorticoids induce a generalized state of metabolic vulnerability in hippocampal 
neurons and that cumulative exposure to glucocorticoids such as occurs in aged 
rats, or following chronic stress, is a cause of loss of hippocampal neurons. These 
effects appear to be mediated through brain glucocorticoid receptors (GR), probably 
via inhibition of glucose transport in hippocampal neurons.30 Taken together, these 
findings would suggest that the higher incidence of chronic stress‑adaptation in AD 
could be of specific etiopathological significance. Search for specific agents enhanc‑
ing feedback inhibition of CRH and ACTH secretion, i.e., restoring stress‑adaptation 
of the adrenocortical axis or inhibiting the effect of corticoids (cortisol) on glucose 
transport may hold promise for future understanding of neurodegenerative mecha‑
nisms and drug discovery.

antI-InFlammatory therapy In ad

Most data available suggest that AD is a chronic disease, characterized by a long 
preclinical period during which several initiation factors (genetic, environmental, or 
both) cause neuronal death. The aging process probably acts as a promoting factor 
for the disease.31 Immunohistochemical evidence points to a chronic inflammatory 
state of the brain in AD. The senile plaques are associated with reactive microglial 
cells that contribute to the inflammatory response, including the production of the 
cytokine interleukin‑I (IL‑I) (both IL‑Ια and ΙL‑Ιβ). There is an approximately 30‑
fold increase in the level of IL‑I in the brain and cerebrospinal fluid of AD and Down 
syndrome patients compared to aged matched controls. ΙL‑Ιβ is a potent and rapid 
inducer of glial phospholipase A2 (PLA2) and cyclooxygenase (COX) leading to the 
production of both prostaglandins and thromboxanes.32,33 Interestingly, a significant 
increase in the formation of prostaglandin D2 in the frontal cortex of AD patients has 
been detected. Anti‑inflammatory drugs such as indomethacin are powerful inhibi‑
tors of cytokine (ΙL‑Ιβ and TNF‑α) dependent increases in prostaglandin produc‑
tion (Figure 2.10). Long‑term anti‑inflammatory therapy might therefore retard the 
development of AD. This notion has been tested by comparing the prevalence of 
AD in the general population with that in patients with rheumatoid arthritis (RA) 
because such patients receive anti‑inflammatory drugs and often contract arthri‑
tis before the age of risk for AD. The data published showed an unexpectedly low 
prevalence of AD in patients with RA.34 Several reports have now demonstrated that 
anti‑inflammatory drugs may retard or even prevent progress of AD symptoms.35 
Although further studies with anti‑inflammatory drugs are necessary before definite 
conclusions can be drawn about the possible preventive effects of such treatments in 
AD, research has opened a new approach to the design of drugs for treating neuro‑
degenerative diseases. Inhibitors of IL‑I transcription, such as E‑5090,36 and of post‑
translational processing of IL‑I, such as pentamidine,37 are potential candidates for 
the study of brain inflammatory processes (Figure 2.11). Compounds of unknown 
mechanism, but screened in cellular models to decrease cytokine production and/or 
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secretion, have been described, e.g., danazol, which decreases both IL‑Ιβ and TNF‑α 
synthesis. Zinc protoporphyrin sodium is a purported IL‑I receptor antagonist that 
reduces ischemia brain lesion in the rat.38 The anti‑inflammatory agent sulfasalazine 
is a TNF‑α receptor antagonist, but its effect in brain inflammatory processes has 
not been reported. An alternative approach involves inhibition of phosphodiesterase 
with pentoxifylline, which increase c‑AMP levels and suppresses TNF‑α (see also 
zardaverine39) and also IL‑Iα and IL‑Ιβ production.40 Propentofylline (HWA 285) 
(Figure 2.12), a structural analog of pentoxifylline, has been reported to improve 
symptoms in chronically treated (6 to 12 months) AD patients.41

Whether the clinical improvement observed was caused by suppression of 
microglial hyperactivity, and hence the inflammatory disease process, has yet to be 
established. Activated microglial cells also produce increased amounts of superox‑
ide anions, which are potentially neurotoxic via oxidation of cellular proteins and 
cell membrane. Free radical scavengers may, therefore, offer some interest in retard‑
ing the progression of AD.

neuroFIbrIllary tangles, amyloId deposItIon, 
Free radIcals, and neurotoxIcIty

Replacement strategies are aimed at alleviating clinical symptoms (memory loss), 
not at preventing the development of the disease. Discovering drugs that can inhibit 
the progression of AD will therefore largely require an understanding of the molecu‑
lar causes and mechanisms underlying the neurodegenerative processes responsible 
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for the neurochemical deficits and neuronal losses observed. Both the regional dis‑
tribution and the amount of neurofibrillary tangles (which are composed of paired 
helical filaments, PHFs) correlate with the degree of dementia.42 It has been shown 
that PHFs are composed of protein tau, a protein normally associated with the 
microtubular network of the cell. Tau isolated form PHFs (AD) appear to be in a 
hyperphosphorylated state when compared to normal soluble tau. The region of tau 
that normally binds to the microtubule contains a serine residue (Ser‑262), which is 
of particular interest because phosphorylation of this residue has only been observed 
in tau isolated from AD brain.43 Furthermore, because phosphorylation at this site 
alone dramatically reduces the affinity for microtubules in vitro,44 tau is unable to 
bind, and therefore self‑assembles into PHFs. Because tau binding stabilizes the oth‑
erwise dynamically unstable microtubules, decreased binding of tau leads to micro‑
tubule instability, disruption of the neuronal microtubule network, impaired axonal 
transport, and eventually nerve cell degeneration and death. Both a decrease in phos‑
phatase activity and an increase in kinase activity may account for hyperphosphory‑
lated tau in AD.45 A protein kinase that regulates tau–microtubule interactions and 
dynamic instability of microtubules by phosphorylation at the AD‑specific serine 
262 has been described.46 Design of specific inhibitors of this enzyme might offer a 
new approach to prevention of PHF formation, microtubule disruption, and neuronal 
death.

The role of senile plaques in the development of AD is not clearly understood. 
A 4.2‑kD peptide (called βAP) is the principal constituent of the cerebral amyloid 
deposit or senile plaque (SP). Both βAP and SP may cause the brain damage associ‑
ated with AD, although most available evidence indicates that βAP‑induced neuro‑
toxicity is probably caused by aggregated forms of the peptide. Some studies suggest 
that βAP (or its aggregated form) increases intracellular calcium, allowing neurons 
to become more vulnerable to the effects of excitotoxins such as glutamate that form 
free radicals and can kill healthy cells.47 The neurotoxic activity of βAP resides 
within amino acids 25–35. The 4.2‑kD peptide is derived from a much larger mol‑
ecule, the beta amyloid precursor protein (βAPP), a transmembrane glycoprotein 
located on chromosome 21. Two alternative pathways of metabolism of this pro‑
tein have been identified.48 One pathway involves an enzymatic cleavage at the cell 
surface (within the βAPP sequence) that results in liberation of secreted forms of 
βAPP (APPs) into the extracellular milieu, thereby precluding the generation of βAP. 
The alternative pathway apparently involves internalization of cell surface βAPP via 
coated pit‑mediated endocytosis and processing in an acidic (possibly lysosomal) 
compartment. This pathway can result in liberation of intact βAP from cells and 
precipitation of the amyloid deposit. Because βAP is the product of a “normal” meta‑
bolic pathway but accumulates excessively only during aging and more dramatically 
in AD, it seems likely that in AD there is either an increased generation of βAP from 
βAPP or decreased degradation of βAP. The finding that one of the pathological cor‑
relates of AD is inflammation of the brain, and that IL‑I alters the mRNA encoding 
for APP and enhances the processing of APP in cell culture,49,50 does suggest that the 
formation of neuritic plaques might be driven by glial cytokines.51 However, investi‑
gators have still not determined whether amyloid deposition is the initial event trig‑
gering the development of AD or whether the amyloid deposit is an “inflammatory 
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response” and therefore occurs as a result of other biological processes causing neu‑
ronal death. Nevertheless, understanding the mechanisms that control the secretion 
and metabolism of βAPP into βAP and APPs, the precipitation of βAP into senile 
plaques, and the role of these proteins in the neurodegenerative process becomes 
critically important for rational design of drugs to treat AD.

Characterization of proteases involved in lysosomal βAPP processing will be 
an important component of research aimed at design of anti‑AD drugs. Inhibitors 
of lysosomal protease aimed at one or more of these enzymes or agents affecting 
H+/Na+ transport in lysosomes might retard amyloid deposition and slow the disease 
process. A number of studies have determined that βAP spontaneously fragments 
into free radicals in solution and that oxygen does seem to be a requirement for radi‑
cal generation. The reactive oxygen species are generated by a specific 11‑amino‑
acid sequence (25–35) of the β‑amyloid during cell free incubation. This is also the 
sequence responsible for neurotoxicity of βAP. These radicals, which may directly 
damage cell membranes, also combine with each other into aggregates that form 
the SP.52 Because both ascorbic acid and trolox (Vit. E analog) inhibit aggregation 
of monomeric βAP, antioxidants may have therapeutic potential in AD. The finding 
that excitotoxicity caused by overstimulation of glutamatergic receptors (AMPA plus 
NMDA) is also associated with significant production of oxygen radicals further 
supports a neuroprotective role for antioxidants.

Heparan sulfate proteoglycan (HSPG) is a component of the senile plaque and 
also coprecipitates βAP in vitro.53 To examine the hypothesis that sulfated (or sulfo‑
nated) compounds could interfere with amyloid formation in vivo, Kisilevski et al.54 
prepared a series of related, simple, small‑molecule, anionic sulfonates or sulfates 
and assessed their effects in acute and chronic murine models of rapid inflamma‑
tion‑associated (AA) amyloidogenesis. When administered orally, these compounds 
substantially reduced AA amyloid progression. They also interfered with heparan‑
sulfate‑stimulated β‑peptide fibril aggregation in vitro. Congo red (Figure 2.13) (an 
aromatic disulphonate), which has long been used as a histochemical stain for amy‑
loid, has also been reported to inhibit βAP neurotoxicity in primary rat hippocampal 
culture by inhibiting fibril formation. Congo red has also been reported to inhibit the 
pancreatic islet cell toxicity of diabetes‑associated amylin, another type of amyloid 
fibril, suggesting a potential therapeutic approach to AD.55 Whether sulfonates or 
sulfates will prevent amyloid formation in the brain remains to be established.
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Resolution of the tridimensional solution structure of residues 1–28 of βAP has 
demonstrated that the side chains of histidine‑13 and lysine‑16 are close, residing on 
the same face of the α‑helical structure of the peptide.56 Their proximity may consti‑
tute a binding motif with HSPG and eventually a “molecular pattern” for the design 
of drugs that could specifically interfere with βAP–HSPG binding and precipitation 
of the amyloid.

amyloId deposItIon, apolIpoproteIn e, and Free radIcals

Apolipoprotein E is an important cholesterol‑transporting protein and a major con‑
stituent of very low density lipoproteins (VLDL). There are three common alleles 
(e2, e3, and e4) and two less common alleles (εl and ε5). The common alleles provide 
six possible genotypes. Apo ε3/ε3 is the most common genotype, occurring in about 
65% of the world population. The apo ε4/ε4 genotype occurs in 2 to 3% of the popu‑
lation. It has been shown that there is a strong and apparently robust association of 
late‑onset and sporadic AD with the e4 allele of apolipoprotein E.57 The frequency 
of the ε4 allele is around 0.5 in affected individuals from families where several 
other members also have late‑onset AD. It is around 0.40 in patients unselected for 
the presence of a family history, and around 0.12 in control populations. Corder et 
al.58 reported that the risk was increased as a function of the inherited dose of the 
gene (ApoE‑4), and that the mean age of onset was lowered with each ApoE‑4 (ε4) 
allele. However, some 40% of people with AD do not possess an ε4 allele, so it is 
neither necessary nor sufficient to cause the disease. Therefore, the ApoE gene prob‑
ably modifies the risk and timing of expression of the disease. The presence of apo‑
lipoprotein E in both senile plaques and neurofibrillary tangles does, however, point 
to it playing a direct part in the pathogenesis of AD.59 Nicoll et al.60 have shown that 
the ε4 allele is also associated with deposition of amyloid β‑protein following head 
injury. This finding provides further evidence linking apolipoprotein E ε4 allele with 
βAP deposition in vivo and suggests that environmental and genetic factors for AD 
may act additively.

ApoE‑4 differs from ApoE‑3 in having an arginine in position 112 instead of 
cysteine. As a result of this, glutamic acid 109 forms a salt bridge with arginine 112, 
and the arginine 61 side chain is displaced to a new position when compared to the 
structure of ApoE‑3.61 Whether these minor structural differences will explain the 
role of Apo E in AD remains to be established.

Studies have demonstrated that ApoE‑4 interacts with and precipitates βAP 
in vitro more readily than ApoE‑3.62 Binding of βAP to ApoE‑4 was observed in 
minutes, whereas binding to ApoE‑3 required hours. Oxygen‑mediated complex 
formation was implicated because binding was increased in oxygenated buffer and 
prevented by reduction with dithiothreitol or 2‑mercaptoethanol. This finding again 
suggests that antioxidants may have therapeutic potential in AD (Figure 2.14).

A specific amino‑acid sequence (244–272) in ApoE‑4 appears to be critically 
required for the interaction with βAP and the precipitation of ApoE‑3–βAP com‑
plexes. Drugs designed to bind to this specific site might inhibit the formation of SP 
and hence offer a new treatment approach in AD. Studies also suggest that there is a 
negative association, or protective effect, of the ε2 allele of apolipoprotein E in AD.63 
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Because AD is an important cause of morbidity in the elderly, this protective effect 
of apoE ε2 on risk for AD may explain the reported positive association of apoE ε2 
with longevity.64

acetylcholIne, app processIng, and 
neurotrophIc and neuroprotectIve eFFects

Activation of protein kinase C (PKC) by phorbol esters has been shown to increase 
secretion of APPs by cells in culture and concomitantly reduce the production of 
βAP.65 This would imply that the amyloidogenic and the nonamyloidogenic pathways 
for processing APP are interrelated. Activation of muscarinic (m1 and m3) recep‑
tors that increases phosphatidyl inositol turnover (via phospholipase C, PLC) and 
PKC activity has been shown to mimic the effects of phorbol esters on APP pro‑
cessing.66 Agents or conditions that lead to increased phosphorylation would there‑
fore be expected to accelerate normal processing and secretion of APP. Studies of a 
series of rigid cholinergic m1 agonists [AF 102B and congeners of AF 150(S)] have 
demonstrated that activation of m1‑receptors stimulated both APPs secretion and tau 
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dephosphorylation and potentiated the neurotrophic effects of NGF in PC12(MI) 
cells.67 These findings suggest that cholinergic replacement therapy, or any agents 
favoring phosphorylation via depolarization or second‑messenger systems, might 
beneficially affect the metabolism of APP and eventually slow the course of the 
disease. Testing this hypothesis would obviously require long‑term treatment of 
Alzheimer patients in an early stage of the disease with well‑tolerated cholinergic 
drugs. It remains to be established whether cholinergic hypoactivity caused by the 
loss of cholinergic nerve terminals contributes to plaque formation via reduced acti‑
vation of cholinergic m1 receptors and PKC.

The processed form of βAPP appears to play a critical role in new synapse for‑
mation (neuronal plasticity) and also in protecting against excessive increases in cel‑
lular calcium caused by activation of glutamate receptors.47 These neurotrophic and 
neuroprotective effects are mediated via different amino acid sequences in the APP 
molecule. Using synthetic peptides and deletion constructs of the protein (βAPP695), 
it has been demonstrated68 that the active site responsible for growth and differentia‑
tion effects is entirely included within a 17 amino‑acid (17‑mer) domain from Ala‑
319 to Met‑335. A pentameric peptide RERMS (5‑mer) spanning the region Arg‑328 
to Ser‑332 was also found to be active, but the concentration needed was tenfold 
higher than that of the 17‑mer. Displacement studies indicate that the neurotrophic 
effects of APP are receptor mediated. Because the 17‑mer sequence has been con‑
served during evolution (100% homology in rat, mouse, monkey, and human), it 
probably serves a basic biological function. The neuroprotective effects of AP can 
be mimicked by synthetic peptides spanning area 444–592. These peptides do not 
express neurotrophic effects, indicating that neuroprotective and growth‑promoting 
sequences are localized in different domains of the protein. Design of drugs mim‑
icking the effects of these neurotrophic and neuroprotective domains may open a 
new area to drug discovery. Ultimate success in designing drugs for prevention of 
the development of AD will, however, critically depend on the availability of experi‑
mental models reflecting behavioral changes caused by the etiopathogenic mecha‑
nisms characterizing the disease to be treated.

reFerences

 1. Kokmen, E. et al., Is the incidence of dementing illness changing? A 25‑year time trend 
study in Rochester, Minnesota (1960–1984), Neurology, 43, 1887, 1993.

 2. Weksler, M.E. et al., The immune system, amyloid‑beta peptide, and Alzheimer’s dis‑
ease, Immunol. Rev., 205, 244, 2005

 3. Katzman, J.B. et al., In Neuropeptides in Neurologic and Psychiatric Disease, Martin, 
J.B. and Barchas, J.D., Eds., Raven Press, New York, 1986, pp. 279–286.

 4. Kaufer, D.I., Cummings, J.L., and Christine, D., Effect of tacrine in Alzheimer’s dis‑
ease: or non‑effect? Med. J. Aust., 162, 52, 1995.

 5. Coelho, F. and Birks, J., Physostigmine for Alzheimer’s disease, Cochrane Database 
Syst. Rev., 2, CD001499, 2001.

 6. Ohnishi, A. et al., Comparison of the pharmacokinetics of E2020, a new compound for 
Alzheimer‘s disease, in healthy young and elderly subjects, J. Clin. Pharmacol., 33, 
1086, 1993.

 7. Soncrant, T.T. et al., Memory improvement without toxicity during chronic, low dose 
intravenous arecoline in Alzheimer’s disease, Psychopharmacology, 112, 421, 1993.

9006_C002.indd   30 2/15/08   1:16:03 PM



Treatment Development Strategies for Alzheimer’s Disease 31

 8. White, H.K. and Levin, E.D., Four‑week nicotine skin patch treatment effects on cogni‑
tive performance in Alzheimer’s disease, Psychopharmacology, 143, 158, 1999.

 9. Consolo, S. et al., Serotonergic facilitation of acetylcholine release in vivo from rat 
dorsal hippocampus via serotonin 5‑HT3 receptors, J. Neurochem., 62, 2254, 1994.

 10. Dysken, M., Kuskowski, D.M., and Love, S., Ondansetron in the treatment of cognitive 
decline in Alzheimer dementia, Am. J. Geriatr. Psychiatry, 10, 212, 2002.

 11. Sarter, M., Taking stock of cognition enhancers, Trends Pharmacol. Sci., 12, 456, 
1991.

 12. Gurtwitz, D. et al., Discrete activation of transduction pathways associated with acetyl‑
choline m1 receptor by several muscarinic ligands, Eur. J. Pharmacol., 267, 21, 1994.

 13. Fisher, A. et al., Selective signaling via unique M1 muscarinic agonists, Ann. N.Y. 
Acad. Sci., 695, 300, 1993.

 14. Bowen, D.M. et al., Treatment of Alzheimer’s disease, J. Neurol. Neurosurg. Psychia-
try, 55, 328, 1992.

 15. Isaacson, J.S. and Nicoll, R.A., Aniracetam reduces glutamate receptor desensitization 
and slows the decay of fast excitatory synaptic currents in the hippocampus, Proc. Natl. 
Acad. Sci. U.S.A., 88, 10936, 1991.

 16. Bowen, D.M. et al., “Traditional” pharmacotherapy may succeed in Alzheimer’s dis‑
ease, Trends Neurosci., 15, 84, 1992.

 17. Ebendal, T., Function and evolution in the NGF family and its receptors, J. Neurosci. 
Res., 32, 461, 1992.

 18. Carswell, S., The potential for treating neurodegenerative disorders with NGF‑induc‑
ing compounds, Exp. Neurol., 124, 36–42, 1993.

 19. Murray, K.D. et al., Differential regulation of brain‑derived neurotrophic factor and 
type II calcium/calmodulin‑dependent protein kinase messenger RNA expression in 
Alzheimer’s disease, Neuroscience, 60, 37, 1994.

 20. lsackson, P.J. et al., BDNF mRNA expression is increased in adult rat forebrain after lim‑
bic seizures: temporal patterns of induction distinct from NGF, Neuron, 6, 937, 1991.

 21. Ernfors, P. et al., Increased levels of messenger RNAs for neurotrophic factors in the 
brain during kindling epileptogenesis, Neuron, 7, 165, 1991.

 22. Wetmore, C., Olson, L., and Bean, A.J., Regulation of brain‑derived neurotrophic fac‑
tor (BDNF) expression and release from hippocampal neurons is mediated by non‑
NMDA type glutamate receptors, J. Neurosci., 14, 1688, 1994.

 23. Bengzon, J. et al., Widespread increase of nerve growth factor protein in the rat fore‑
brain after kindling‑induced seizures, Brain Res., 587, 338, 1992.

 24. Zafra, F. et al., Regulation of brain‑derived neurotrophic factor and nerve growth factor 
mRNA in primary cultures of hippocampal neurons and astrocytes, J. Neurosci., 12, 
4793, 1992.

 25. Gwag, B.J. and Springer, J.E., Activation of NMDA receptors increases brain‑derived 
neurotrophic factor (BDNF) mRNA expression in the hippocampal formation, Neuro-
report, 5, 125, 1992.

 26. Pizzi, M. et al., Attenuation of excitatory amino acid toxicity by metabotropic gluta‑
mate receptor agonists and aniracetam in primary cultures of cerebellar granule cells, 
J. Neurochem., 61, 683, 1993.

 27. da Penha Berzaghi, M. et al., Cholinergic regulation of brain‑derived neurotrophic fac‑
tor (BDNF) and nerve growth factor (NGF) but not neurotrophin‑3 (NT‑3) mRNA lev‑
els in the developing rat hippocampus, J. Neurosci., 13, 3818, 1993.

 28. Knusel, B. and Hefti, F., K‑252 compounds: modulators of neurotrophin signal trans‑
duction, J. Neurochem., 59, 1987, 1992.

 29. Deshmukh, V. and Desmukh, S.V., Stress‑adaptation failure hypothesis of Alzheimer’s 
disease, Med. Hypotheses, 32, 293, 1990.

9006_C002.indd   31 2/15/08   1:16:03 PM



32 Chemistry and Molecular Aspects of Drug Design and Action

 30. Virgin, C.E. et al., Glucocorticoids inhibit glucose transport and glutamate uptake in 
hippocampal astrocytes: implications for glucocorticoid neurotoxicity, J. Neurochem., 
57, 1422, 1991.

 31. Katzman, R. and Kawas, C., In AD: The Epidemiology of Dementia and AD, Terry, 
R.D., Katzman, R., and Tsick, K.I., Eds., Raven Press, New York, 1994, pp. 105–119. 

 32. Giulian, D. and Corpuz, M., Microglial secretion products and their impact on the 
nervous system, Adv. Neurol., 59, 315, 1993.

 33. Carman‑Krzan, M. and Wise, B.C., Arachidonic acid lipoxygenation may mediate 
interleukin‑1 stimulation of nerve growth factor secretion in astroglial cultures, J. Neu-
rosci. Res., 34, 225, 1993.

 34. McGeer, P.L. et al., Anti‑inflammatory drugs and Alzheimer’s disease, Lancet, 335, 
1037, 1990.

 35. Breitner, J.C.S. et al., Inverse association of anti‑inflammatory treatments and Alzheim‑
er’s disease: initial results of a co‑twin control study, Neurology, 44, 227, 1994.

 36. Tanaka, M. et al., 3‑(5‑Alkyl‑4‑hydroxy‑3‑methoxy‑1‑naphthalenyl)‑2‑methyl‑2‑prope‑
noic acids as orally active inhibitors of IL‑1 generation, J. Med. Chem., 34, 2647, 1991.

 37. Rosenthal, G.J. et al., Pentamidine: an inhibitor of interleukin‑1 that acts via a post‑
translational event, Toxicol. Appl. Pharmacol., 107, 555, 1991.

 38. Yamasaki, Y. et al., Possible involvement of interleukin‑1 in ischemic brain edema 
formation, Neurosci. Lett., 142, 45, 1992.

 39. Schade, F.U. and Schudt, C., The specific type III and IV phosphodiesterase inhibitor 
zardaverine suppresses formation of tumor necrosis factor by macrophages, Eur. J. 
Pharmacol., 230, 9, 1993.

 40. Chao, C.C. et al., Cytokine release from microglia: differential inhibition by pentoxi‑
fylline and dexamethasone, J. Infect. Dis., 166, 847, 1992.

 41. Rother, M. et al., HWA 285 (propentofylline)—a new compound for the treatment of 
both vascular dementia and dementia of the Alzheimer type, Ann. N.Y. Acad. Sci., 777, 
404, 1996.

 42. Hyman, B.T., Studying the Alzheimer‘s disease brain: insights, puzzles, and opportuni‑
ties, Neurobiol. Aging, 15 (suppl. 2) S79, 1994.

 43. Hasegawa, M. et al., Protein sequence and mass spectrometric analyses of tau in the 
Alzheimer’s disease brain, J. Biol. Chem., 267, 17047, 1992.

 44. Biernat, J. et al., Phosphorylation of Ser262 strongly reduces binding of tau to microtu‑
bules: distinction between PHF‑like immunoreactivity and microtubule binding, Neu-
ron, 11, 153, 1993.

 45. Roush, W., Protein studies try to puzzle out Alzheimer’s tangles, Science, 267, 793, 
1995.

 46. Drewes, G. et al., Microtubule‑associated protein/microtubule affinity‑regulating 
kinase (p110mark). A novel protein kinase that regulates tau‑microtubule interactions 
and dynamic instability by phosphorylation at the Alzheimer‑specific site serine 262, 
J. Biol. Chem. 270, 7679, 1995.

 47. Mattson, M.P. et al., beta‑Amyloid precursor protein metabolites and loss of neuronal 
Ca2+ homeostasis in Alzheimer’s disease, Trends Neurosci., 16, 409, 1993.

 48. Selkoe, D.J., Physiological production of the beta‑amyloid protein and the mechanism 
of Alzheimer’s disease, Trends Neurosci., 16, 403, 1993.

 49. Yang, F. et al., IL‑1 beta decreases expression of amyloid precursor protein gene in 
human glioma cells, Biochem. Biophys. Res. Commun., 191, 1014, 1993.

 50. Buxbaum, J.D. et al., Cholinergic agonists and interleukin 1 regulate processing and 
secretion of the Alzheimer beta/A4 amyloid protein precursor, Proc. Natl. Acad. Sci. 
U.S.A., 89, 10075, 1992.

 51. Mrak, R.E., Sheng, J.G., and Griffin, W.S., Glial cytokines in Alzheimer’s disease: 
review and pathogenic implications, Hum. Pathol., 26, 816, 1995.

9006_C002.indd   32 2/15/08   1:16:03 PM



Treatment Development Strategies for Alzheimer’s Disease 33

 52. Hensley, K. et al., A model for beta‑amyloid aggregation and neurotoxicity based on 
free radical generation by the peptide: relevance to Alzheimer’s disease, Proc. Natl. 
Acad. Sci. U.S.A., 91, 3270, 1994.

 53. Snow, A.D. et al., An important role of heparan sulfate proteoglycan (Perlecan) in a 
model system for the deposition and persistence of fibrillar A beta‑amyloid in rat brain, 
Neuron, 12, 219, 1994.

 54. Kisilevski, R. et al., Arresting amyloidosis in vivo using small‑molecule anionic sul‑
phonates or sulphates: implications for Alzheimer’s disease, Nat. Med., 1, 143, 1995.

 55. Lorenzo, A. and Yankner, B.E., Beta‑amyloid neurotoxicity requires fibril formation 
and is inhibited by congo red, Proc. Natl. Acad. Sci. U.S.A., 91, 12243, 1994.

 56. Talafous, J. et al., Solution structure of residues 1‑28 of the amyloid beta‑peptide, Bio-
chemistry, 33, 7788, 1994.

 57. Corder, E.H. et al., Gene dose of apolipoprotein E type 4 allele and the risk of Alzheim‑
er’s disease in late onset families, Science, 261, 921, 1993.

 58. Corder, E.H. et al., Protective effect of apolipoprotein E type 2 allele for late onset 
Alzheimer disease, Nat. Genet., 7, 180, 1994.

 59. Wisniewsky, T. and Frangione, B., Apolipoprotein E: a pathological chaperone protein 
in patients with cerebral and systemic amyloid, Neurosci. Lett., 135, 235, 1992.

 60. Nicoll, J.A.R., Roberts, G.W., and Graham, D.I., Apolipoprotein E epsilon 4 allele is 
associated with deposition of amyloid beta‑protein following head injury, Nat. Med., 1, 
135, 1995.

 61. Dong, L.M. et al., Human apolipoprotein E. Role of arginine 61 in mediating the lipo‑
protein preferences of the E3 and E4 isoforms, J. Biol. Chem., 269, 22358, 1994.

 62. Strittmatter, W.J. et al., Binding of human apolipoprotein E to synthetic amyloid beta 
peptide: isoform‑specific effects and implications for late‑onset Alzheimer’s disease, 
Proc. Natl. Acad. Sci. U.S.A., 90, 8098, 1993.

 63. Talbot, C. et al., Protection against Alzheimer’s disease with apoE epsilon 2, Lancet, 
343, 1432, 1994.

 64. Schachter, F. et al., Genetic associations with human longevity at the APOE and ACE 
loci, Nat. Genet., 6, 29, 1994.

 65. Fukushima, D. et al., Activation of the secretory pathway leads to a decrease in the 
intracellular amyloidogenic fragments generated from the amyloid protein precursor, 
Biochem. Biophys. Res. Comm., 194, 202, 1993.

 66. Nitsch, R.M. et al., Release of Alzheimer amyloid precursor derivatives stimulated by 
activation of muscarinic acetylcholine receptors, Science, 258, 304, 1992.

 67. Fisher, A. et al., M1 agonists for the treatment of Alzheimer’s disease. Novel properties 
and clinical update, Ann. N.Y. Acad. Sci., 777, 189, 1996.

 68. Roch, J.M. et al., Biologically active domain of the secreted form of the amyloid beta/
A4 protein precursor, Ann. N.Y. Acad. Sci., 695, 149, 1993.

9006_C002.indd   33 2/15/08   1:16:03 PM



9006_C002.indd   34 2/15/08   1:16:04 PM



35

3 Lipoprotein-Associated 
Phospholipase A2 as 
A New Prognostic 
Factor for Coronary 
Artery Disease

Alexandros D. Tselepis

IntroductIon

Disturbed lipoprotein metabolism, and mainly elevated plasma low-density lipo-
protein cholesterol (LDL-cholesterol) concentration, is a major component of the 
guidelines for the prevention of coronary artery disease (CAD). However, plasma 
LDL-cholesterol levels are insufficient to identify individuals with incident CAD 
events because approximately 50% of all CAD events occur in subjects with normal 
or even low LDL-cholesterol levels.1 This has led to the hypothesis that other fac-
tors may be involved in the pathogenesis and progress of atherosclerosis and CAD. 
Recent advances in cardiovascular research point to a critical role of inflammatory 
processes in the etiology of CAD. Discovery of novel inflammatory biomarkers fol-
lowed, which may be useful as additional screening tools for the identification of 
individuals at increased risk of CAD. One such novel inflammatory biomarker is 
platelet-activating factor acetylhydrolase (PAF-acetylhydrolase), also referred to as 
lipoprotein-associated phospholipase A2 (Lp-PLA2). This chapter is focused on the 
main structural and catalytic features of plasma Lp-PLA2, on the association of the 
enzyme with distinct lipoprotein particle subspecies, on its cellular sources, and 
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finally on the potential significance of Lp-PLA2 in atherosclerosis and cardiovascu-
lar disease.

BIochemIcal characterIstIcs of lp-Pla2

The presence of an enzyme in human plasma that catalyzes the hydrolysis of the 
sn-2 ester bond of the potent proinflammatory phospholipid, platelet-activating fac-
tor (PAF) (and which thus attenuates its bioactivity) was first demonstrated by Farr et 
al. in 1980.2 This enzyme was named PAF-acetylhydrolase (PAF-AH) (EC 3.1.1.47). 
Plasma PAF-acetylhydrolase is categorized in the subfamily VIIA of phospholipases 
A2, and its activity does not require calcium. Unlike other PLA2, PAF-acetylhydro-
lase is specific for short acyl groups (Cn < 6) at the sn-2 position of the phospholipid 
substrate. With the exception of PAF, PAF-acetylhydrolase can also effectively hydro-
lyze oxidized phospholipids produced by peroxidation of phosphatidylcholines (PC) 
containing an sn-2 polyunsaturated fatty acyl residue (OX-PC) (Figure 3.1). Such 
oxidized phospholipids are formed during the oxidative modification of LDL and 
play key roles in several aspects of atherogenesis.3 Early studies had shown that PAF-
acetylhydrolase is an interfacial enzyme; however, more recent work has revealed 
that PAF-acetylhydrolase accesses its substrates only from the aqueous phase, and 
thus this enzyme may hydrolyze other lipid esters that are partially soluble in the 
aqueous phase.4 Indeed, with the exception of its PLA2 activity, PAF-acetylhydrolase 
can equally hydrolyze short-chain diacylglycerols, triacylglycerols, and acetylated 
alkanols, and also displays a PLA1 activity. Consequently, PAF-acetylhydrolase pos-
sesses broad substrate specificity toward lipid esters containing short acyl chains.4
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The cloning of a cDNA encoding the human plasma PAF-acetylhydrolase was 
reported by Tjoelker et al in 1995.5 The cDNA contains an open reading frame pre-
dicted to encode a 441-amino-acid protein that is cleaved between Lys-41 and Ile-42 
to generate a mature enzyme with a calculated molecular mass of 45.4 kDa. The 
primary structure of PAF-acetylhydrolase is unique, with the exception of the Gly-
His-Ser-Phe-Gly consensus sequence in the catalytic site of the enzyme, which is 
similar to that found in serine esterases and lipases. With the use of site-directed 
mutagenesis, it was shown that Ser-273 of the Gly-His-Ser-Phe-Gly motif as well 
as Asp-296, and His-351 are essential for catalytic activity.6 The linear orientation 
and spacing of Ser-273, Asp-296, and His-351 are consistent with the α/β hydrolase 
conformation. These features indicate that PAF-acetylhydrolase is structurally and 
mechanistically different from PLA2, consistent with the recently proposed broad 
substrate specificity of the latter enzyme. Plasma PAF-acetylhydrolase is N-glyco-
sylated and contains about 9 kDa of a heterogeneous asparagines-conjugated sugar 
chain involving sialic acid.7,8

PAF-acetylhydrolase in human plasma is complexed to lipoproteins; thus, it was 
recently named Lp-PLA2. Lp-PLA2 is mainly associated with the apolipoprotein B 
(apoB)-containing lipoproteins and primarily with LDL, whereas a small proportion 
(<20% of total enzyme activity) is associated with high-density lipoprotein (HDL). 
Within these lipoprotein pools, it appears that the enzyme preferentially associ-
ates with small dense LDL (sdLDL) and with the very high-density lipoprotein-1 
subfraction.9

Using site-directed mutagenesis, Stafforini et al.10 demonstrated that Lp-PLA2 
interacts directly with apo B-100, and that the carboxyl terminus of this apolipopro-
tein is required for such interaction. On the Lp-PLA2 side, residues Try-115, Leu-116, 
and Tyr-205 are critical to association of the enzyme with LDL.10

In contrast to the well-studied association between LDL and Lp-PLA2, there is a 
paucity of data concerning the association of this enzyme with HDL. We have pro-
vided evidence that removal of the carbohydrate content of the macrophage-derived 
Lp-PLA2 (which represents one of the major sources of the enzyme pool present in 
plasma) enhances enzyme association with HDL subfractions. These results provide 
evidence that a factor contributing to the preferential association of Lp-PLA2 with 
LDL versus HDL could be the degree of enzyme glycosylation.8 The major features 
of the structure, catalytic properties, and plasma transport of Lp-PLA2 are summa-
rized in Table 3.1.

cellular sources of human Plasma lp-Pla2

Early studies demonstrated that peripheral blood-monocyte-derived macrophages11 
and the human hepatocarcinoma cell line HepG212 secrete the plasma form of Lp-
PLA2. Other cell types that secrete this enzyme are neutrophils, differentiated HL-60 
cells, activated bone-marrow-derived mast cells, and activated platelets.13–15 The Lp-
PLA2 mRNA has been detected in differentiated macrophages, as well as in thymus, 
tonsils, and human placenta, but not in liver cells and monocytes. Such a cellular 
location of Lp-PLA2 mRNA is consistent with a macrophage origin of the enzyme.5 
Indeed, more recent data suggested that hepatocytes do not appear to significantly 
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contribute to the plasma pool of Lp-PLA2. Further studies have revealed that cells of 
hematopoietic origin constitute the primary source of circulating Lp-PLA2. Human 
peripheral blood monocytes do not express Lp-PLA2; however, upon differentia-
tion into macrophages in vitro, Lp-PLA2 mRNA becomes detectable, and enzyme 
activity is secreted into the culture medium.8,11 Consistent with this finding, macro-
phages in human atherosclerotic lesions express plasma PAF-AH.16 Furthermore, the 
mRNA of plasma Lp-PLA2 has been detected in lipid-laden macrophages in human 
atherosclerotic lesions.16

Overall, the above studies strongly suggest that the main source of the plasma 
Lp-PLA2 is macrophages. Our finding that the glycosylation of Lp-PLA2 secreted 
from human blood-monocyte-derived macrophages resembles that of the plasma 
enzyme is consistent with this possibility.8 The promoter of the gene coding for the 
plasma form of Lp-PLA2 contains seven MS2 and eleven STAT-binding consensus 
sequences.17 The multiple MS2 binding sites indicate that expression of the Lp-PLA2 
gene is under tight differentiation control, whereas the STAT consensus sequences 
may mediate the effects of inflammatory mediators on Lp-PLA2 gene expression. 
The cellular expression of plasma Lp-PLA2 is regulated by various factors, including 
the differentiation state of the cell and the degree of activation by proinflammatory 
mediators. Future studies of the regulation of Lp-PLA2 gene expression will clarify 
the effects of proinflammatory mediators on Lp-PLA2 expression.

role of lp-Pla2 In atherosclerosIs

Lp-PLA2 may play a significant role in atherogenesis and cardiovascular disease 
due to its role in the metabolism of bioactive lipids such as PAF and oxidized 

taBle 3.1
Biochemical characteristics of lp-Pla2 (Paf-acetylhydrolase)

1. 45.4-kDa monomeric protein

2. Contains N-linked heterogeneous sugar chain(s), 9 kDa, involving sialic acid

3. The cDNA encodes a 441-amino acid protein containing a secretion signal sequence 
(Met-1–Ala-17)

4. The catalytic site contains the Gly-His-Ser-Phe-Gly consensus sequence characteristic of 
lipases and esterases

5. Ser-273, Asp-296, and His-351 are essential for catalytic activity consistent with an α/β 
hydrolase conformation

6. Expresses Ca2+-independent PLA2 activity toward PAF and oxidized phospholipids

7. Expresses lipase and PLA1 activities

8. Enzyme sources: cells of hematopoietic origin (monocytes/macrophages, hepatic kupffer 
cells, mast cells, platelets)

9. Enzyme expression is primarily regulated by the differentiation state of the cell and by 
proinflammatory mediators

10. Plasma transport; 80–85% LDL (primarily sdLDL); 15–20% HDL

11. PAF-AH binds directly to -COOH terminal of LDL-Apo B100 (PAF-AH residues: Tyr 205, 
Tryp 115, Leu 116)
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phospholipids. PAF activates leukocytes and platelets and enhances leukocyte adhe-
sion to the vessel wall. Furthermore, PAF is a vasoactive mediator that may be syn-
thesized locally at the site of endothelial injury during thrombosis. Equally, PAF 
accumulates in the atherosclerotic plaques of subjects with advanced CAD, suggest-
ing that this phospholipid mediator actively participates in the pathophysiology of 
atherosclerosis.18 In addition, PAF itself, as well as proinflammatory and vasoac-
tive oxidized phospholipids, are formed in LDL during oxidation and are believed 
to play central roles in the formation of atherosclerotic plaques.19,20 Consequently, 
by degrading such phospholipids, Lp-PLA2 could act as a potent antiatherogenic 
enzyme. Indeed, various studies in vitro support such a role. Thus, it has been shown 
that Lp-PLA2, by degrading oxidized phospholipids, inhibits the oxidative modifica-
tion of the apoB moiety of LDL, suggesting that intact but not hydrolyzed phospho-
lipids are required for apoB modification. Furthermore, Lp-PLA2 inhibits several 
proatherogenic activities of oxidized LDL in vitro in which oxidized phospholipids 
are involved.21

In contrast to the foregoing hypothesis involving an anti-oxidant, anti-
inflammatory, and anti-atherogenic role for LDL-associated Lp-PLA2, other studies 
have suggested that it can be a proinflammatory and proatherogenic enzyme. This is 
supported by the observation that, during the hydrolysis of oxidized phospholipids, 
Lp-PLA2 generates lysophosphatidylcholine (lyso-PC),19 a phospholipid that partici-
pates in several aspects of plaque formation.22 In addition to lyso-PC, oxidized fatty 
acids exhibiting proatherogenic activities are liberated during hydrolysis of oxidized 
phospholipids by Lp-PLA2.22 Moreover, the enrichment of sdLDL with Lp-PLA2 
has, as a consequence, the enhanced production of lyso-PC during oxidation of this 
particle compared to large-light ones (the large, light LDL subspecies), in both nor-
molipidemic and hypercholesterolemic patients. Thus, under the action of Lp-PLA2, 
the sdLDL particles are enriched with proatherogenic lyso-PC.23,24

Consistent with a proatherogenic role for LDL-associated Lp-PLA2 are recent in 
vitro data showing that inhibition of endogenous Lp-PLA2 prior to LDL oxidation by 
serine esterase inhibitors or by the specific Lp-PLA2 inhibitor SB222657 inhibited 
the rise in lyso-PC levels in oxidized LDL and diminished the capacity of oxidized 
LDL to induce apoptosis and toxicity in human macrophages.25

Overall, from the foregoing controversial results, it is not evident as to whether 
the equilibrium between the degradation and generation of proatherogenic phospho-
lipids observed in studies in vitro of isolated LDL may favor the antiatherogenic or 
proatherogenic role of LDL-associated Lp-PLA2. Thus, whether Lp-PLA2 exhibits a 
pro- or antiatherogenic role in vivo needs further investigation.

Contrasting findings have been made in vivo concerning plasma Lp-PLA2 activ-
ity, which mainly reflects LDL-associated Lp-PLA2. Lp-PLA2 activity increases 
gradually with age and exhibits an almost fivefold variation in healthy adult popula-
tions. About 60% of this variation can be accounted for by genetic factors.26 Plasma 
LDL concentration exerts a major influence on Lp-PLA2 activity. Indeed, several 
studies have demonstrated a strong correlation between enzyme activity and plasma 
LDL-cholesterol or apoB levels.26,27 We have shown that plasma Lp-PLA2 activity, 
and that specifically associated with LDL particles in patients with primary hyper-
cholesterolemia without clinical evidence of CAD preferentially increases relative to 
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that associated with HDL, in parallel with increase in the severity of hypercholes-
terolemia. In fact, the highest levels are seen in homozygous familial hypercholes-
terolemia, in which the lowest rate of LDL clearance is observed among all forms 
of primary hypercholesterolemia.27 The dependence of plasma Lp-PLA2 activity 
on LDL clearance rate is further supported by the effect of lipid-lowering therapy 
with HMG-CoA reductase inhibitors (statins) in patients with hyperlipidemia. We 
have showed that atorvastatin therapy in patients with primary hypercholesterol-
emia, as well as in those with combined hyperlipidemia, significantly reduces total 
plasma- and LDL-associated Lp-PLA2 activity; this effect occurred in parallel with 
reduction in plasma LDL-cholesterol levels.28 This observation is also supported by 
the positive correlation observed between the reduction of plasma LDL cholesterol 
levels and that of plasma Lp-PLA2 activity. It is well documented that patients with 
primary hypercholesterolemia exhibit premature atherosclerosis, mainly as a result 
of high plasma LDL levels. The elevated plasma Lp-PLA2 activity in these patients 
is indicative of the high plasma LDL levels, and thus, plasma Lp-PLA2 may be con-
sidered as a marker of atherogenesis and cardiovascular risk.29 Indeed, recent data 
from clinical trials have consistently provided evidence that plasma Lp-PLA2 mass 
or activity could represent a potentially new marker for cardiovascular risk.

lp-Pla2 as a new marker for cardIovascular rIsk

The association of Lp-PLA2 with risk for CAD has been investigated in a number 
of different human populations. Data from large Caucasian population studies con-
sistently report a positive association of plasma Lp-PLA2 mass or activity and risk 
for CAD. The West of Scotland Coronary Prevention Study (WOSCOPS)30 reported 
that, in men with increased plasma LDL-cholesterol levels (174–232 mg/dL), plasma 
levels of Lp-PLA2 mass were significantly associated with development of CAD 
events. This association was independent of other traditional risk factors or markers 
of inflammation including C-reactive protein (CRP). More recently, in a prospective 
case-cohort study, the Atherosclerosis Risk in Communities study (ARIC), authors 
reported that circulating levels of Lp-PLA2 mass were associated with incident CAD 
in apparently healthy middle-aged men and women after adjustment for age, sex, 
and race.31 Similarly, in the monitoring of trends and determinants in cardiovascular 
disease study (MONICA),32 increased plasma levels of Lp-PLA2 mass were found 
to be predictive of future coronary events in apparently healthy middle-aged men 
with moderately increased total cholesterol levels, independently of CRP. The Rot-
terdam study, which measured Lp-PLA2 activity instead of enzyme mass, reported 
an increased risk (hazard ratio 1.76) for incident CAD in individuals with high levels 
of Lp-PLA2 activity.33 These studies clearly demonstrate a positive association of 
Lp-PLA2 with risk for CAD. However, whether Lp-PLA2 plays a causal role in ath-
erosclerosis or if it is simply a marker of risk needs to be investigated further.
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summary

Advances.in.basic.sciences,.especially.in.cell.and.molecular.biology,.and.insights.into.
the.pathogenesis,.using.animal.models,.provide.new.medicinal.chemistry.and.phar-
macologic.implications.for.complex.and.multifactorial.disorders.such.as.ulcers.and.
inflammatory.diseases.of.upper.and.lower.gastrointestinal.(GI).tract..Until.recently,.
the.pathogenesis.of.GI.ulceration.and. inflammation.has.been. investigated.mostly.
from.the.point.of.view.of.aggressive.factors,.and.therapeutic.interventions.affected.
the.healing.process.only.indirectly..In.this.review.we.summarize.mostly.our.data.
on.the.prevention.and.healing.of.GI.ulcers.and.inflammation..SH.compounds,.cys-
teine.proteases,.and.ETs.have.been.identified.as.new.modulators.of.gastroduodenal.
ulceration.with.pharmacologic.implications..The.new.gastroprotective.drugs.derived.
from.animal.experiments.have.probably.even.more.clinical.relevance,.e.g.,.the.dis-
covery.of.potent.gastroprotective.effect.of.SH.drugs.and.other.antioxidants,.of.cyste-
ine.protease.inhibitors,.and.especially.that.of.pyrazole.and.thiazole.derivatives.that.
exert.a.very.long-lasting.gastroprotection.(e.g.,.24–48.h.after.a.single.dose)..We.also.
describe.peptide.or.gene.therapy.related.to.angiogenic.growth.factors.such.as.bFGF,.
PDGF,.and.VEGF.for.direct.ulcer.treatment,.which.is.now.possible.without.affect-
ing.HCl.and.pepsin.secretion..Studies.performed.in.animal.models.and.humans.also.
demonstrate.a.key.role.of.these.endogenous.angiogenic.peptides.in.ulcer.healing..We.
thus.conclude.that.stimulation.of.cell.proliferation.is.the.most.consistent.mechanism.
of. ulcer. healing. by. growth. factors. either. with. peptides. or. gene. transfer.. Further-
more,.enhancement.by.VEGF.of.angiogenesis.and.granulation.tissue.production.is.
sufficient.for.ulcer.healing..Hence,.growth.factors.are.potent,.endogenously.derived.
anti-ulcer.agents.that.directly.stimulate.ulcer.healing.in.which.angiogenesis.seems.
to.be.the.most.important.process..In.comparison.with.peptide.growth.factors,.gene.
therapy.with.single.or.double.doses.is.more.efficient.for.ulcer.healing..Thus,.VEGF.
and.PDGF.gene.therapies.seem.to.be.the.new.option.to.achieve.a.rapid.ulcer.healing.
in.the.upper.and.lower.GI.tract..A.bigger.clinical.impact.may.be.derived.from.our.
discovery.of.angiogenic.steroids.that.accelerate.the.healing.of.experimental.chronic.
duodenal.ulcers.and.ulcerative.colitis..Because.some.of.the.angiosteroids.have.lim-
ited.glucocorticoid.potency,.and.hence.anti-inflammatory.action,.these.new.steroids.
might. be. ideal. anti-IBD. drugs. that.may. be.designed. to. exert. a.major. angiogenic.
and.limited.anti-inflammatory.action.or.vice.versa,.or.any.combination.of.the.two.
effects,.depending.on.the.stages.and.severity.of.IBD.

IntroduCtIon

Recent.conceptual.and.methodologic.developments.in.molecular.and.cellular.biol-
ogy. led. to.breakthroughs. in. the.understanding.of. the.etiology,.pathogenesis,.pre-
vention,. and. treatment.of.diseases..Gene.expression.and.gene. therapy. studies.are.
especially.promising,. e.g.,. the. recent.discovery.of. “cancer.genes,”1. and.hopefully.

VEGF.Versus.the.Anti-angiogenic.Angiostatin–Endostatin.Balance:.A.Novel.
Explanation.Why.Ulcers.Do.Not.Heal,.and.Pharmacologic.Implications....68
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will.be.followed.by.similar.advancements. in.“ulcer.genes”.and.ulcer-related.tran-
scription.factors.2.Once.all.the.genes.are.identified.and.their.bases.are.sequenced,.
it.will.be.possible. to. induce.virtually.any.human.protein—valuable.natural.phar-
maceuticals,.e.g.,.by.gene.therapy,.as.well.as.new.molecules.designed.specifically.
to. block. disease-producing. proteins,. e.g.,. by. siRNA.3,4. Based. on. discovering. tar-
geting. genes,. scientists. can. create. new. genetically. determined. animal. models. of.
diseases,.which.is.the.ideal.approach.to.investigating.the.natural.course.of.disease.
development,.and.then.test.new.cures.in.these.animal.models..Only.our.understand-
ing.of.precise.molecular.defects.as.the.underlying.causes.of.diseases.will.allow.us.to.
develop.highly.effective.etiologic.treatment..For.instance,.infectious.diseases.may.be.
treated.today.by.specific.antibiotics.that.kill.causative.agents.such.as.bacteria..These.
possibilities.will.open.a.new.chapter.in.medicinal.chemistry.and.pharmacology.

Another.new.emerging. research.development. is. the. role.of. stem.cells,.poten-
tially.both.in.ulcer.and.cancer.research..Recent. investigations.suggest. that.gastric.
carcinoma.in.H. pylori-infected.mice.may.develop.not.from.epithelial.cells.but.from.
circulating.bone-derived.pluripotent.stem.cells.5.Because.both.embryonic.and.organ-
specific.stem.cells.may.be.differentiated.into.various.cell.types.and.tissues,.it.is.not.
difficult.to.predict.that.local.stimulation.or.inhibition.of.stem.cell.production.may.be.
a.novel.pathway.to.treat.ulcer.or.malignant.tumors,.respectively.

The. GI. tissue,. containing. a. complex. interplay. of. epithelial,. vascular,. neural,.
connective. tissue,. and. smooth-muscle. elements,. is. one. of. the. most. complicated.
structures. of. the. mammalian. organism.. The. complex. structural. organization. is.
matched. with. a. multitude. of. functions,. e.g.,. digestion,. secretion,. absorption,. and.
defense.against.a.wide.range.of.exogenous.and.endogenous.aggressive.agents,.e.g.,.
HCl,.bile.acids,.digestive.enzymes,.and.microbes..It.is.thus.not.surprising.that.the.
mechanisms.of.prevention.and.treatment.of.GI.ulcers.and.inflammation.are.complex.
and.multifactorial.or.pluricausal..This.is.one.of.the.reasons.for.the.virtual.lack.of.
etiologic.treatment.of.GI.diseases.and.for.the.high.rate.of.recurrence.of.ulcers.in.both.
the.upper.and.lower.GI.tract.

Ulcer.disease,.i.e.,.gastric.and.duodenal.ulcers.and.inflammatory.bowel.disease.
(IBD),.e.g.,.Crohn’s.disease.and.ulcerative.colitis,.are.very.prevalent.disorders,.espe-
cially.because.some.of. the.diseases.are.related.to.stress,.environmental.exposure,.
and.excessive.alcohol.and.drug.abuse,.and.belong.to.the.five.most.costly.GI.diseases.
burdening.our.health-care.system.6.Despite.advancements.in.the.etiology.and.patho-
genesis.of.these.disorders,.especially.after.the.discovery.of.the.role.of.H. pylori.in.
gastroduodenal.ulceration,.and.mutation.NOD2.and.IL-23.genes.in.the.pathogenesis.
of. IBD,. the. molecular. mechanisms. of. these. diseases. are. still. poorly. understood..
Hence,.virtually.no.etiologic.and.effective.therapy.is.available..Furthermore,.we.are.
also.acknowledging.the.importance.of.reflux.esophagitis.and.chronic.gastritis,.but.
because.of.our.lack.of.expertise.in.these.emerging.areas.of.pharmacologic.targets,.
we.cannot.cover.this.topic.in.our.focused.overview.

The.subject.of.this.chapter,.nevertheless,.is.to.provide.an.overview.of.the.advances.
in.anti-ulcer.and.anti-inflammatory.prevention.and. therapy.of.GI.diseases,.which.
have.been.investigated.approximately.during.the.last.three.decades.of.ulcer.research,.
and.mostly.published.from.our.laboratory—initially,.from.the.very.influential.three.
years.at. the.Institute.of.Experimental.Medicine.and.Surgery.of.Dr..Hans.Selye.at.
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the.University.of.Montreal,.and.subsequently.more.than.two.decades.at.the.Brigham.
and.Women’s.Hospital.and.Harvard.Medical.School.in.Boston,.MA, and.from.the.
last.12.years.at.the.VA.Medical.Center,.Long.Beach.and.University.of.California,.
Irvine,.CA.

In.this.overview,.we.use.the.two.traditional.concepts.of.preventive.medicine,.i.e.,.
prevention.of.lesions.occurrence.and.treating.existing.diseases,.i.e.,.therapy.to.relieve.
symptoms.and.signs.of.disorders,.with.an.expectation.of.accelerated.healing.

PreventIon of GI ulCers and InflammatIon

The.GI.tract.is.one.of.the.most.susceptible.of.organs.to.environmental.factors..The.GI.
mucosa.is.almost.permanently.open.and.often.exposed.to.attack.by.alcohol,.drugs,.
microbial.components,.and.other.pathogens..Hans.Selye,.the.father.of.biologic.stress,.
was. the.first. to.describe. the.“triad.of. stress,”7. and. it. is.not. surprising. that. severe.
physical.and.psychological.stress.may.cause.gastritis.and.ulceration.in.the.upper.GI.
tract,.and.according.to.some.studies,.even.in.the.small.or.large.intestines.as.well..In.
this.context,.search.for.new.approaches.to.the.prevention.of.GI.lesions.continues.to.
attract.more.attention.even.after.more.than.two.decades.following.the.introduction.
of. the. concept. of. gastric. cytoprotection,8. or. gastroprotection. in. ulcer. prevention,.
focused.on.the.prevention.of.acute.hemorrhagic.mucosal.lesions.without.suppress-
ing. normal. gastric. functions,. such. as. acid. secretion.. Based. on. this. concept,. new.
compounds.have.been.developed.to.provide.protection.of.the.GI.mucosa..After.the.
description.of.prostaglandin-induced.gastric.cytoprotection.in.rats.by.Andre.Robert.
(former.Ph.D..student.of.Hans.Selye),8.Paul.Guth.soon.established.that.gastric.cyto-
protection.is.not.unique.to.prostaglandins.because.it.is.also.exerted.by.pentagastrin.
and.cimetidine.9.We.then.hypothesized. that,. if.chemicals.so.different. in.structure.
and.action.demonstrate.cytoprotection,.there.must.be.some.endogenous.mediators.
(e.g.,.antioxidants,.sulfhydryls.[SH],.or.certain.hormones.such.as.glucocorticoids).of.
this.novel.action.of.prostaglandins.(Figure.4.1)..This.prediction.proved.to.be.correct.
because.our.laboratory.soon.described.the.gastroprotective.effect.of.SH.compounds10.
and.glucocorticoids.11

sH ComPounds

SH-containing. chemicals. are. a.group.of. the.most.widely.distributed. intracellular.
and.extracellular.protective.agents.in.the.organism.and.have.been.implicated.in.the.
protection.against.chemically.induced.lesions.in.virtually.all.the.major.organs.and.
tissues.10,12.The.beneficial.effect.of.SH.is.usually.attributed.to.glutathione,.which.is.
the.largest.nonprotein.SH.fraction,.although.protein.SH.groups.are.also.crucial.to.
maintenance.of.cell.membrane.integrity.and.permeability.as.well.as.to.release.and.
activity.of.certain.enzymes.and.regulatory.peptides.10.Glutathione.and.protein.SH.
groups.may.directly.act.as.antioxidants,.scavengers.of.free.radicals,.and.regulators.
of.membrane.integrity,.and.secretory.and.enzyme.activities..In.contrast,.prostaglan-
dins,.which.prevent.hemorrhagic.mucosal.lesions.in.the.stomach.and.may.attenuate.
certain.damage.in.the.intestine,.liver,.and.pancreas,.cannot.directly.enter.into.protec-
tive.chemical.reactions,.and.may.only.indirectly.initiate.gastroprotective.reactions.
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such.as.mucus.and.bicarbonate.secretion,.prevention.of.early.vascular.endothelial.
damage,13.and.maintenance.of.optimal.blood.flow14,15.and.smooth.muscle.tone.16,17.A.
number.of.our.investigations.on.different.animal.models.of.GI.ulcers.and.inflamma-
tion.showed.the.beneficial.effect.of.both.naturally.occurring.SH-containing.amino.
acids.(e.g.,.l-cysteine,.l-cystine,.methionine).and.synthetic.SH.drugs.that.are.clini-
cally. available. (e.g.,. N-acetyl-l-cysteine/Mucomyst,. dimercaprol,. penicillamine).
for.gastroprotection.(Table.4.1)..This.was.confirmed.with.Mucomyst.and.aspirin.in.
human.volunteers..On.the.other.hand,.subcutaneously.(s.c.).administered.SH.block-
ers.such.as.iodoacetamide.or.N-ethylmaleimide.10.min.after.administration.of.pro-
tective.agents.such.as.prostaglandin.E2β.abolished.gastric.cytoprotection.18

In.most.of.the.pharmacologic.studies,.SH.compounds.were.given.by.intragastric.
(i.g.).gavage.or.parenterally.in.experimental.animals.30.min.before.administration.of.
damaging.agents.as.described.in.standard.protocols.for.cytoprotection.studies..In.an.
attempt.to.evaluate.efficacy.of.some.SH.compounds.for.preventing.aspirin-induced.
hemorrhagic.gastric.erosions,.SH.were.administered.parallel.with.aspirin..Four.SH.
compounds.(i.e.,.N-acetylcysteine,.methionine,.sodium.thiosulfate,.and.thiodipropi-
onic.acid).demonstrated.a.dose-dependent.effect.even.in.the.coadministration.regi-
men.in.rats.13.These.studies.open.new.therapeutic.possibilities.where.the.protective.
SH.compounds.may.be.given.together.with.aspirin-related.drugs.

table 4.1
list of sH Compounds that decrease various forms of 
acute Gastric erosions and ulcers

Compounds with reduced sH 
or sH in various states of 

oxidation
Cause of  
Gastric lesions

. 1..N-Acetylcysteine

. 2..BAL.or.dimercaprol

. 3..Cystamine

. 4..Cysteamine

. 5..Cysteine

. 6..Cystine

. 7..Dimercaptosuccinic.acid

. 8..Glutathione

. 9..Methionine
10..Penicillamine
11..Sucralfate
12..Thioctic.(lipoic).acid
13..Thimerosal
14..Thiodipropionic.acid
15..Thiosulfate.sodium

1..Aspirin
2..Diclofenac
3..Ethanol
4..Indomethacin
5..Phenylbutazone
6..Piroxicam
7..Restraint.and.cold

Source:. Szabo,.S..and.Mozsik,.G.,.Eds.,.New Pharmacology of Ulcer Dis-
ease,.Elsevier.Science,.1987..With.permission.
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Pyrazole and tHIazole derIvatIves

During.structure–activity.studies.on.the.gastroprotective.action.of.antioxidants,.we.
discovered. an.unusually. long-lasting.gastroprotective. effect. of. pyrazole. and. thia-
zole.derivatives.19,20.Pyrazole.is.a.known.inhibitor.of.enzyme.alcohol.dehydrogenase.
(ADH).in.the.GI.tract.and.antagonist.of.H2-histamine.receptors..We.used.different.
animal.models.of.gastric.lesions.to.confirm.this.new.gastroprotective.effect.of.pyr-
azole.and.thiazole.derivatives..The.4-methylpyrazole,.4-iodopyrazole.(inhibitors.of.
ADH),.and.3,5-dimethylpyrazole.(noninhibitor.of.ADH).were.administered.30.min.
before.1.mL.100%.ethanol.by.gavage..Animals.were.sacrificed.1.h.after.ethanol..The.
4-methylpyrazole.produced.highly.significant.(p.<.0.05).dose-related.decreases.in.
ethanol-induced.gastric.erosions,.whereas.3,5-dimethylpyrazole.and.4-iodopyrazole.
(50.mg/100.g).completely.abolished.the.hemorrhagic.lesions..It.was.concluded.that.
both.ADH.inhibitor.and.noninhibitor.derivatives.of.pyrazole.exert.potent.gastropro-
tective.effects.against.ethanol-induced.hemorrhagic.gastric.erosions.20

In.order.to.demonstrate.that.gastroprotection.by.pyrazole.derivatives.is.not.lim-
ited.to.alcohol-induced.injury,.additional.agents.capable.of.inducing.gastric.lesions,.
such. as. HCl. and. aspirin,. were. tested.. Here,. 50. mg/100. g. 3-methylpyrazole. was.
administered.i.g..0.5,.24,.or.48.h.prior.to.i.g..gavage.of.either.0.6.N.HCl.or.10.mg/100.
g.aspirin..Rats.were.sacrificed.1.h.after.this.treatment,.and.gastric.damage.evaluated..
The. 3-methylpyrazole. offered. virtually. complete. protection. against. acid-induced.
damage—3-methylpyrazole.given.at.0.5.h.and.24.h.earlier.reduced.the.damage.to.
0%.and.1.2%,.respectively,.versus.2.1%.induced.by.aspirin.. It.was.concluded. that.
pyrazole.derivatives.are.effective.against.gastric.lesions.induced.by.acid.and.aspirin..
Thus,.the.protective.effect.of.a.single.dose.of.pyrazole.derivative.against.gastric.ero-
sions.and.ulcers.or.alcohol. lasted.24–48.h,.whereas. the.previous.gastroprotective.
agents.(e.g.,.prostaglandins,.SH).exerted.effect.only.for.3–6.h.

GluCoCortICoIds

Despite.the.extensive.literature.about.the.ulcerogenic.effect.of.large.doses.of.gluco-
corticoids,.we.postulated.in.the.late.1970s.that.the.effects.of.these.steroids.might.be.
biphasic,.like.that.of.other.critical.natural.substances.(e.g.,.oxygen,.pH,.calcium)..To.
investigate.the.possible.role.of.hormones.in.gastric.mucosal.protection,.the.effect.of.
prostaglandin.F2β.and.SH-containing.dimercaprol.or.cysteamine.on.ethanol-induced.
gastric.erosions,.and.of.cimetidine.on.gastric.erosions.caused.by.aspirin.was.studied.
in.intact,.adrenalectomized,.medullectomized,.ovariectomized,.or.thyroidectomized.
rats.11.Cimetidine.was. administered. at. a. low.dose. that. did.not. inhibit. gastric. acid.
secretion..Adrenalectomized.animals.failed.to.exhibit.the.usual.mucosal.protective.
effect.of.prostaglandin.F2β,.SH,.or.cimetidine..Ovariectomy.or.thyroidectomy.did.not.
influence.gastroprotection.by.these.agents..The.inhibition.by.total.adrenalectomy.of.
mucosal.protection.was.not.reversed.by.large.i.g..doses.or.by.parenteral.administra-
tion.of.prostaglandin.F2β..Adrenal.medullectomy.alone.significantly.diminished.(by.
approximately.one-third).ethanol-induced.gastric.mucosal.injury;.prostaglandin.F2β.
or.SH.drugs.produced. significant. additional.protection..Replacement. therapy.with.
glucocorticoids.(i.e.,. triamcinolone,.corticosterone).but.not.with.mineralocorticoids.
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(i.e.,. deoxycorticosterone,. 9α-fluorocortisol). restored. the. gastroprotective. effect. of.
prostaglandin.F2β. and.SH. in.adrenalectomized. rats..The.generation.of.prostaglan-
din.E2-like.and.prostaglandin.I2-like.activity.in.the.gastric.mucosa.was.unaltered.by.
adrenalectomy.

These.studies.suggest.a.permissive.role.for.glucocorticoids.in.gastric.mucosal.
protection.induced.by.prostaglandins,.SH,.and.cimetidine,.and.indicate.that.physi-
ologic.levels.of.corticosterone.exert.gastroprotection..These.implications.were.fur-
ther.investigated.recently.by.Filaretova.et.al.,.who.demonstrated.that.surgically.or.
chemically. induced.corticosterone.deficiency.aggravated. the.ulcerogenic.effect.of.
stress.and.indomethacin.21,22

endoPePtIdases and CytoProteCtIon

Endopeptidases/proteolytic. enzymes. play. a. crucial. role. in. the. physiologic. and.
pathologic.events.of.cell. and. tissue.metabolism..Their.activity. is.exerted. through.
an.interaction.with.extracellular.matrix.proteins,.growth.factor.receptors,.cell.adhe-
sion.molecules,.and.cytokines..Furthermore,.aspartic-,.metallo-,.serine-,.and.cyste-
ine.(thiol).proteases.may.play.a.key.role.in.the.development.of.numerous.diseases.
such. as. emphysema,. lung. inflammation,. arthritis,. and. hematologic. illnesses.23,24.
We.tested.the.hypothesis.that.an.imbalance.between.endopeptidases.and.their.endo-
genous.inhibitors.underlies.acute.gastric.injury.18,25,26.These.results.revealed.a.rapid.
activation.and.release.of.cysteine.proteases.cathepsin.B,.L,.and.H.in.the.first.5.min.
in.luminal.perfusate.after.75%.ethanol.or.ammonia.(the.main.product.of.H. pylori,.
which. is.a. recognized.mediator.of.gastric.mucosal. injury)..We.extracted.and.par-
tially.isolated.acid.and.thermostable.inhibitors.of.cathepsin.B.in.the.gastric.mucosa,.
and.found.rapid.inactivation.of.tissue.protease.inhibitors.and.activation.of.cathep-
sin. B. in. the. early. phase. of. ethanol-. or. ammonia-induced. hemorrhagic. mucosal.
lesions.. Negative. correlations. between. cysteine. proteases. and. protease. inhibitors.
were. also. found. (Figure.4.2).. Pretreatment. with. cysteine. protease. inhibitors. (i.e.,.
SH. alkylators. iodoacetate,. N-ethylmaleimide,. or. butyrophenone). dose-. and. time-
dependently. decreased. the. ethanol-induced. mucosal. injury. and. inhibited. activity.
of. cathepsin.B..Our.fluorescent.histochemical. studies.with. the.glandular. stomach.
revealed.cathepsin.B.activity.in.the.epithelial.cells.in.the.upper.and.lower.part.of.the.
mucosa.and.muscle.wall.. In.contrast,. frozen. sections.preincubated. in. iodoacetate.
revealed.no.fluorescence.at.all..We.concluded. that.one.of. the.possible.directly.or.
indirectly.acting.endogenous.mediators.of.gastric.mucosal.injury.is.the.cysteine.pro-
teases–endogenous.protease.inhibitors.system..Furthermore,.inhibition.of.cysteine.
proteases.might.be.a.new.pharmacologic.target.to.achieve.gastroprotection.

Recently,.we.showed.an.increased.proteolytic.activity.of.another.class.of.endopepti-
dases:.matrix-metalloproteinase.(MMP2.and.MMP9).in.duodenum.and.colonic.mucosa.
before.manifestation.of.GI.lesions.induced.by.cysteamine.or.iodoacetamide.adminis-
tration,.respectively.(unpublished.data)..Others.detected.enhanced.MMPs.activity.dur-
ing.indomethacine-induced.gastric.ulcers.27.Hence,.MMPs.might.be.also.potentially.
new.targets.for.prevention.of.GI.lesions,.especially.because.variations.in.MMPs.gene.
were.associated.with.the.development.of.gastric.ulcer.after.H. pylori.infection.28

9006_C004.indd   50 2/15/08   1:16:42 PM



Treatment of Gastrointestinal Ulcers and Inflammation 51

vasCular-related ComPounds

Early.vascular.damage.is.an.important.event.in.the.process.leading.to.hemorrhagic.
mucosal.injury,.and.vascular.lesions.have.been.shown.to.be.early.pathogenic.factors.
in.gastric.hemorrhagic.erosions..Our.investigations.were.the.first.to.demonstrate.that.
microvascular.injury,.leading.to.increased.vascular.permeability.and.capillary.sta-
sis,.precedes.the.development.of.chemically.induced.hemorrhagic.mucosal.lesions.
in.the.stomach.13.Vascular.damage.is.more.amenable.to.protection.by.prostaglandins.
and.SH.than.the.diffuse.surface.mucosal.cell.injury..Vascular.and.mucosal.lesions.
may.be.the.result.of.direct.toxicity.of.damaging.agents.(e.g.,.ethanol,.HCl,.NaOH).
and.the.release.of.vasoactive.amines,.leukotrienes,.and.endothelins.(ET). Therefore,.
the.prevention.of.chemically.induced.vascular.damage.in.the.gastric.mucosa.may.be.
a.new.cellular.and.molecular.target.in.gastroprotection.

endotHelIns

One.of.the.very.early.molecular.or.biochemical.changes.in.experimental.duodenal.
ulceration.is.the.rapid.local.release.and.approximately.tenfold.increase.in.duodenal.
mucosal. concentration. of. ET-1. in. 15. min. after. cysteamine. administration,. much.
preceding. the. development. of. duodenal. ulcer.29. This. was. followed. (in. 30. min. to.
1.h).by.rapid.increase.of.mRNA.and.protein.levels.of.immediate.early.genes.such.
as.egr-1..Plasma.and.gastric.mucosal.ET-1.concentrations.were.also.elevated.dur-
ing.ethanol-,.indomethacin-,.and.stress-induced.gastric.ulceration.30–32.Local.gastric.
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With.permission.)
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ischemia-reperfusion.resulted.in.gastric.mucosal.damage.accompanied.by.increased.
tissue.ET-1.concentration.30.ET-1.levels.were.also.elevated.in.the.gastric.mucosa.of.
patients.with.peptic.ulcer.33.Thus,.the.release.of.ET-1.seems.to.be.a.common.mecha-
nism.of.gastric.and.duodenal.ulceration.

In.our.investigations,.intravascular.infusion.of.ETs.caused.endothelial.damage.
in. gastroduodenal. mucosal. capillaries. and. venules,. and. sensitized. the. mucosa. to.
chemically. induced. hemorrhagic. erosions.. Pretreatment. of. rats. with. the. neutral-
izing. anti-ET. antibodies. dose-dependently. decreased. the. severity. and. incidence.
of. cysteamine-induced. duodenal. ulcers. as. well. as. ethanol-induced. gastric. muco-
sal.lesions29,34.(Figure.4.3)..Furthermore,.pretreatment.with.the.ET-A,.-B.receptors.
antagonist.bosentan.also.improved.signs.of.cysteamine-induced.duodenal.ulcers..In.
addition.to.inducing.vasoconstriction.and.endothelial.injury,.ET-1.has.a.dose-depen-
dent.mitogenic.effect,.and.acts,.for.the.most.part,.as.a.paracrine.regulator.

ETs. elicit. their. biologic. effects. via. the. complex. signaling.pathways,. e.g.,.ET-
1. stimulates. 1,4,5-inositoltriphosphate. formation. and. intracellular. calcium. mobi-
lization,35,36.and.activates.protein.kinase.C.and.a.nonreceptor. tyrosine.kinase.36,37.
Because.neutralization.of.ET-1.prevented.the.chemically.induced.acute.gastric.and.
duodenal.ulcers.in.rats,.anti-ET.chemicals.may.represent.a.new.class.of.gastropro-
tective.and.antiulcer.agents,.operating.on.the.basis.of.new.pathogenic.elements,.i.e.,.
affecting.vascular.factors.and.not.the.epithelial.elements.of.ulceration.

leukotrIenes

Leukotrienes.are.less.potent.vasoconstrictor.than.ET.and.have.been.implicated.in.
the.pathogenesis.of.gastric.ulceration.by.our14.and.other.studies.38,39.Our.studies.per-
formed.in.rats.indicated.that.intra-arterial.infusion.of.LTC4.or.LTD4.in.the.stomach.
caused. vascular. injury. as. revealed. by. monastral. blue. deposition. in. the. damaged.
blood.vessels..Infusion.of.leukotrienes.alone.caused.no.hemorrhagic.mucosal.lesions.
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fIGure 4.3 Effect.of.ET-3.antiserum.on.the.hemorrhagic.mucosal.lesions.induced.by.75%.
ethanol. in. the.rat.. (From.Morales,.R.E.,.Johnson,.B.R.,.and.Szabo,.S.,.FASEB J.,.6,.2354,.
1992..With.permission.)
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but.aggravated.the.damage.caused.by.25,.50,.or.100%.ethanol.and.0.2.N.HCl.given.
i.g..The.ethanol-induced.mucosal.lesions.were.slightly.diminished.by.the.lipoxygen-
ase. inhibitor.L-651,392.and.markedly.decreased.by.eicosapentaenoic. acid,.which.
competes.with.arachidonic.acid.as.a.substrate.for.5-lipoxygenase.14

These.data.and.results. from.other. laboratories.demonstrating. increased. levels.
of.leukotrienes.in.the.gastric.mucosa.after.administration.of.ethanol.and.decreased.
release.after.pretreatment.with.prostaglandins.or.SH-related.agents.suggest.a.media-
tory.role.for.leukotrienes.in.the.pathogenesis.of.vascular.injury.and.mucosal.lesions.
in.the.stomach.

GrowtH faCtors

Growth. factors. (bFGF,. PDGF,. VEGF). stimulate. important. cellular. elements. of.
ulcer. healing. such. as. angiogenesis,. granulation. tissues. formation,. and. reepitheli-
alization,.but. their.specificity.and.potency.vary..Here.we.summarize.some.of.our.
original.experiments.demonstrating.the.activity.of.growth.factors.in.the.prevention.
of.GI.lesions.and.gastroprotection..Actually,.our.gastroprotective.studies.were.per-
formed.after our.discovery.of.the.potent.ulcer.healing.effect.of.angiogenic.growth.
factors.40–42

PDGF.was.tested.first.for.the.prevention.of.acute.ethanol-induced.gastric.ero-
sions. and. subsequently. for. the. acceleration. of. healing. of. indomethacin-induced.
gastric.ulcers.43.In.our.studies,.groups.of.fasted.rats.were.given.PDGF.at.doses.of.
500.ng/100.g,.1.or.2.5.μg/100.g.s.c..or.by. i.g..gavage,.30.min.prior. to. the.per.os 
administration.of.1.mL.of.75%.ethanol..As.a.positive.control,.an.additional.group.of.
rats.received.the.SH-containing.taurine.(50.mg/100.g)..All.animals.were.killed.1.h.
after.receiving.ethanol.and.the.area.of.hemorrhagic.mucosal.lesions.in.the.glandular.
stomach.was.measured.by.computerized.stereomicroscopic.planimetry..The.results.
indicated.that.only.2.5.μg/100.g.of.PDGF.administered.i.g..reduced.the.area.of.acute.
mucosal.lesions.(p.<.0.05),.whereas.pretreatment.with.taurine.resulted.in.about.50%.
reduction.of.gastric.damage.(p.<.0.05).44,45

bFGF. administration. by. i.g.. gavage. 30. min. prior. to. three. ulcerogenic. doses.
of.cysteamine.on. the. third.day.did.not.markedly. reduce. the. size.of.acute.duode-
nal.ulcers.detected.in.rats..More.extensive.dose–response.studies.revealed.that.the.
ulcer. preventive. effect. of. bFGF. remained. very. modest. at. best.42,44. Similar. nega-
tive. results.were.obtained.with. the.prevention.of.ethanol-induced.gastric.mucosal.
lesions..Human.recombinant.(hr).bFGF.had.no.effect.on.the.development.of.ethanol-
induced.acute.gastric.erosions.in.rats.when.given.prior.to.ethanol.administration.46.
These. results. suggest. that.a.mucosal.protective.effect.may.not.be. involved. in. the.
healing.effect.of.bFGF..However,.the.previously.mentioned.hr-bFGF.prevented.the.
indomethacin-induced.relapse.of.acetic.acid.gastric.ulcer.model.in.rats.when.given.
before.or.with.indomethacin.47,48

VEGF/VPF,.in.contrast.to.bFGF.and.PDGF,.is.highly.specific.for.endothelial.
cells,.and. it. is. the.only.growth.factor. that. increases.vascular.permeability. (hence.
the.additional.name.vascular.permeability.factor.or.VPF)..Our.earlier.experiments.
demonstrated.a. slightly. increased.vascular.permeability. in. the.gastric.mucosa.by.
structurally.diverse.gastroprotective.(cytoprotective).agents.(Figure.4.4).49,50.These.
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protective.compounds.produced.a.perivascular.edema.around.subepithelial.capillar-
ies.in.the.gastric.mucosa.and.delayed.the.absorption.of.radiolabeled.toxic.chemicals,.
and.hence.minimized.the.toxic.exposure.of.endothelial.cells.and.markedly.reduced.
or.eliminated.vascular.injury,.resulting.in.maintenance.of.mucosal.blood.flow.and.
gastroprotection..Because.of.the.known.vascular.effect.of.VEGF/VPF.in.increasing.
vascular.permeability,.we.tested.its.role.in.gastroprotection..In.an.acute.gastropro-
tection. study,. groups.of. fasted. rats.were.given.VEGF/VPF.by.gavage. at. 0.1.or. 1.
μg/100.g,.and.30.min. later,.1.mL.of.75%.ethanol..Pretreatment.with.VEGF/VPF.
significantly.decreased.gastric.mucosal.lesions..Histologically,.this.gastroprotection.
was.accompanied.by.marked.reduction.or.complete.absence.of.hemorrhagic.erosions.
and.virtually.complete.reepithelialization.in.rats.given.1.μg.of.VEGF/VPF.29

treatment of GastroIntestInal 
ulCers and InflammatIon

Gastroduodenal ulcer

Growth factors

Although.growth.factors.are.also.new.modulators.of.ulcer.disease,. these.peptides.
are.relatively.large.molecules.(18–45.kDa).and.structurally.different.from.the.small.
molecular. mediators. and. modulators.. Furthermore,. whereas. the. small. molecules.
usually.exert.multiple.effects,.the.growth.factors.often.have.a.single.mechanism.of.
actions,.i.e.,.stimulating.the.proliferation.of.a.single.or.several.types.of.cells..Another.
advantage.of.growth-factor.therapy.is.that.they.are.active.in.nanogram.quantities,.
and.their.molar.potency.is.2–7.million.times.superior.to.cimetidine-like.antisecre-
tory.drugs..Thus,.by.molar.potency,.growth.factors.are.among.the.most.potent.drugs.
in.modern.pharmacology,.and.because.of. these.unique.characteristics,. their. influ-
ence.on.GI.ulcers.is.reviewed.in.this.section.
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fIGure 4.4 The. histodilutional. barrier. as. a. mechanism. of. gastric. mucosal. protection..
(From. Szabo,. S.,. Vincze,. A.,. Sandor,. Z.,. Jadus,. M.,. Gombos,. Z.,. Pedram,. A.,. Levin,. E.,.
Hagar,.J.,.and.Iaquinto,.G.,.Dig. Dis. Sci.,.43(Suppl),.40S,.1998..With.permission.)
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bFGF

bFGF.is.an.18-kDa.polypeptide.that.was.first.isolated.under.this.name.from.the.brain.
as.a.fibroblast.stimulator,51.but.it.was.later.found.to.be.identical.to.the.most.potent.
heparin-binding.angiogenic.stimulator.52.Indeed,.bFGF.is.a.direct.mitogen.for.vas-
cular.endothelial.cells,.fibroblasts,.smooth-muscle.cells,.certain.epithelial.cells,.and.
neural.cells..It.has.diverse.roles.in.wound.healing,.tissue.regeneration,.and.embry-
onic.development,.and.probably.in.carcinogenesis.as.well..The.high.affinity.of.bFGF.
for.the.components.of.the.extracellular.matrix,.such.as.heparin.and.heparan.sulfate.
proteoglycans,.might.sustain.a.microenvironment.with.high.availability.of.bFGF.to.
the.target.cells.

Because.biologic.activity.of.bFGF.is.rapidly.degraded.at.pH.2.0.or.below,.we.
used.an.acid-stable.form.of.bFGF,.produced.by.site-specific.mutagenesis.in.which.
the.second.and.third.of.the.four.cysteines.within.the.peptide.are.replaced.by.serine.
residues.(bFGF-CS23.mutein)..Our.laboratory.was.the.first.to.demonstrate.that.per.
os.treatment.with.either.naturally.occurring.bFGF.or.its.acid-resistant.mutein.bFGF-
CS23.accelerated.the.healing.of.cysteamine-induced.chronic.duodenal.ulcers.53

To. induce. chronic. duodenal. ulcers,. nonfasted. Sprague–Dawley. female. rats.
(160–200.g).were.given.cysteamine-HCl.(25.mg/100.g).three.times.at.4-h.intervals.
by.gavage..To.randomize.rats.with.equally.severe.penetrating.or.perforated.duodenal.
ulcers,. the. animals. were. anesthetized. and. laparotomized. on. the. third. day,. when.
treatment.started.with.saline.vehicle,.bFGF-wild,.or.bFGF-CS23,.100.ng/100.g.twice.
daily.by.gavage.for.21.days..At.autopsy,.the.size.of.duodenal.ulcers.was.measured.
and.evaluated.by.stereomicroscopic.planimetry,.and.histological.sections.were.taken..
Only.the.acid-resistant.mutein.bFGF-CS23.promoted.a.ninefold.increase.of.angio-
genesis.and.significantly.decreased.both.size.(p.<.0.01.versus.control).and.preva-
lence.(p.<.0.05.versus.control).of.the.remaining.chronic.ulcers..The.results.revealed.
that.the.ulcer-healing.effect.of.bFGF.derivatives.was.more.potent.than.that.of.orally.
administered.cimetidine.(10.mg/100.g,.twice.a.day.for.3.weeks).(Figure.4.5)..The.
potency.of.bFGF-CS23.was.more.than.one.million.times.greater.than.cimetidine.on.
a.weight-for-weight.basis..Gastric.acid.and.pepsin.levels.were.unaffected.by.bFGF-
CS23.when.the.growth.factor.was.administered.as.a.single.dose,.but.when.it.was.
administered.for.three.weeks,.the.volume.of.gastric.juice.and.acid.concentration.was.
significantly.increased.

Because.of.these.structural.similarities.of.heparin.and.the.antiulcer.drug.sucral-
fate.(which.resembles.the.repeating.disaccharide.units.of.heparin),.we.hypothesized.
that.bFGF.may.play.a.role.in.the.mechanisms.of.action.of.this.drug,.i.e.,.it.accelerates.
gastric.and.duodenal.ulcer.healing.without.reducing.gastric.acid.secretion..We.found.
that.sucralfate.bound.bFGF. in vivo.and. in vitro.with.higher.affinity. than.heparin.
did,.and.that.it.could.protect.bFGF.from.degradation.by.acid.and.so.increased.bio-
availability.of.endogenous.bFGF.for.ulcer.healing.40,54–56.We.also.showed.that. the.
combined.treatment.of.rats.with.bFGF.and.sucralftate.or.cimetidine.at.a.dose.of.10.
mg/100.g.and.with.low.doses.of.bFGF-CS23.(10.and.50.ng/100.g).synergistically.
accelerated. chronic. duodenal. ulcer. healing.57. Acid-stable. bFGF-CS23. (25. ng/100.
g).was.also.effective.in.accelerating.the.healing.of.chronic.chemically.induced.gas-
tritis..Surprisingly,.sucraftale.did.not.have.any.effect.at.low.doses.(5.mg/100.g).on.
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chronic.gastritis.when.it.was.administered.alone..However,.sucraftale.in.combina-
tion.with.bFGF-CS23. repaired.mucosal. injury. significantly.more.effectively. than.
either.agent.alone.45

One.of.the.few.human.studies.of.growth.factors.in.GI.diseases.examined.the.use.
of.bFGF-CS23.for.healing.of.NSAID-associated.gastric.ulcers. that.were.resistant.
to,.or.that.relapsed.after,.conventional.treatment..Five.patients.with.nine.ulcers.were.
orally.treated..After.4.weeks,.four.ulcers.had.healed,.and.there.was.significant.reduc-
tion.in.the.area.of.others.58

Novel.derivatives.of.hr-bFGF.were.also.tested.in.the.treatment.of.experimental.
chronic.duodenal.ulcers.in.rats.59.These.included.Ser-78,96-hr-bFGF.(which.is.bio-
equivalent.to.hr-bFGF-CS23),.CMC-hr-bFGF.(a.carboxymethyl.cysteine.derivative.
of.hr-bFGF),.and.PEG-hr-bFGF.(a.polyethylene.glycol.derivative.of.hr-bFGF)..Oral.
administration.of.these.novel.derivatives.for.21.d.accelerated.the.healing.of.cyste-
amine-induced.chronic.duodenal.ulcer,.and.PEG-hr-bFGF.was.more.active.than.the.
other.analogues.59

In.a.series.of.other.experiments,.i.g. administration.of.a.hr-bFGF.twice.a.day.for.
2.weeks.significantly.accelerated.the.healing.of.acetic-acid-induced.gastric.ulcers.in.
rats:.the.size.of.the.ulcers.decreased.while.regeneration.of.the.mucosa.was.enhanced.46.

We.also.tested.the.hypothesis.that.the.quality.of.ulcers.healed.after.stimulation.of.
angiogenesis,.and.treatment.with.bFGF.was.superior.and.resistant.to.recurrence.in.
collaborative.studies.with.Dr..H..Satoh,48. i.e.,.both. the.acetic-acid-induced.gastric.
and.the.nonperforated.cysteamine-induced.duodenal.ulcers.healed.relatively.rapidly.
(e.g.,.in.2–4.weeks),.and.the.indomethacin-induced.ulcer.recurrence.was.decreased.
by.about.60%.in.bFGF-treated.rats.with.healed.gastric.or.duodenal.ulcers..Our.data.
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fIGure 4.5 Effect.of.treatment.with.bFGF-w,.bFGF-CS23,.or.cimetidine.on.the.healing.of.
chronic.duodenal.ulcers.induced.by.cysteamine.in.rats.(n.=.10–14)..Results.are.expressed.as.
means.±.SEM..Statistical.comparison.is.with.appropriate.vehicle..(From.Szabo,.S.,.Folkman,.
J.,.Vattay,.P.,.Morales,.R.E.,.Pinkus,.G.S.,.and.Kato,.K.,.Gastroenterology,.106,.1106,.1994..
With.permission.)
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also.support.a.physiologic.role.for.endogenous.bFGF.in.ulcer.healing..Endogenous.
bFGF.was.visualized.by. immunostaining. techniques. in. the.normal.rat.duodenum.
after.administration.of. the.duodenal.ulcerogen.cysteamine,.and.bFGF.immunore-
activity.was.time-dependently.reduced.in.the.mucosa,.submucosa,.and.muscularis.
propria.56,60.The.localization.of.bFGF.immunoreactivity.was.also.studied.in.acetic-
acid-induced.experimental.gastric.ulcers.in.rats..bFGF.binding.sites,.observed.in.the.
basal.portion.of.the.gastric.mucosa.in.the.control.rats,.were.markedly.increased.in.
the.regenerated.tissues.around.the.acetic-acid-induced.ulcer.61

Western.blot.analysis.of.rat.duodenal.mucosa.revealed.a.rapid.depletion.of.muco-
sal.cytoplasmic.18-kDa.bFGF.and.increased.synthesis.of.nuclear.21–25.kDa.bFGF.in.
cysteamine-induced.ulceration.in.rats..At.12.h,.we.found.a.two-.to.threefold.increase.
in.nuclear.forms.of.bFGF,.with.a.50%.decrease.in.the.cytoplasmic.form,.whereas.
48.h.after.administration.of.cysteamine,.the.samples.showed.a.trend.toward.the.pat-
tern.seen.in.control.rats..We.used.ELISA.methods.to.actually.measure.the.changes.
in.duodenal.mucosal.concentration.of.bFGF.during.duodenal.ulcer.development.in.
rats.59,62.Endogenous.levels.of.duodenal.mucosal.bFGF.started.to.increase.at.12.h;.
they.reached.maximal.values.at.48.h,.when.they.were.significantly.higher.than.the.
basal.value..Despite.i.g..administration.of.the.duodenal.ulcerogen.cysteamine,.bFGF.
concentrations.in.the.gastric.mucosa.did.not.change.

Studies.with.neutralizing.anti-bFGF.antibodies.in.cysteamine-induced.chronic.
duodenal.ulcer.models.also.support.a.role.for.endogenous.bFGF.in.spontaneous.ulcer.
healing,.i.e.,.daily.injection.of.anti-bFGF.antibodies.markedly.delayed.the.healing.
of.experimental.duodenal.ulcers.62.These. results.suggest.a. local.pathogenetic. role.
of. endogenous. bFGF. in. the. natural. history. of. duodenal. ulcers. and. reinforce. the.
potential.therapeutic.role.of.angiogenic.growth.factors.to.accelerate.and.better.heal.
chronic.GI.ulcers.

Because.the.mechanism.of.delayed.ulcer.healing.in.the.presence.of.H. pylori.in.
humans. is.only.partially.understood,.we.postulated. that.decreased. local.bioavail-
ability.of.growth.factors.(such.as.that.arising.after.proteolytic.degradation.peptides.
or.receptors).might.be.one.of.the.mechanisms.of.poor.healing.of.H. pylori-positive.
ulcers.. Indeed,.H. pylori,.unlike.other.Gram-negative.bacterial. lysates.and.super-
natants,. decreased. the. bioavailability. of. bFGF. and. PDGF.63–65. Pretreatment. with.
nontoxic.concentrations.of.the.supernatants.abolished.the.proliferative.response.of.
NIH.3T3.fibroblasts.to.bFGF.and.PDGF.66.Because.fibroblasts.are.key.elements.in.
ulcer. healing,. the. H. pylori-induced. impairment. of. proliferation. and. a. decreased.
bioactivity.of.growth.factors. in. the.presence.of. the.bacteria.may.be.an. important.
mechanism.of. interference.of.bacterial. infection.with.ulcer.healing..Results. from.
other.laboratories.demonstrated.that.PDGF.(bFGF.only.marginally).is.susceptible.to.
proteolytic.degradation.by.H. pylori.proteases.67

PdGF

PDGF.was.originally.described.as.a.product.of.platelets,.but.it.is.also.synthesized.
and.secreted.by.activated.macrophages,.endothelial.cells,.fibroblasts,.and.keratino-
cytes.68.It.consists.of.two.disulfide-linked.polypeptides:.chain.A.(14.kDa).and.chain.
B.(17.kDa).sharing.60%.similarity.69,.70.Thus,.the.PDGF.dimer.has.three.isoforms:.
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PDGF-AA,.-AB,.and.–BB..PDGF.is.a.potent.mitogen.for.a.variety.of.cell.types.such.
as.fibroblasts,.osteoblasts,.arterial.smooth-muscle.cells,.and.glial.cells.71.PDGF.also.
attracts.pericytes..It.exerts.chemotactic.activity.for.endothelial.cells.in vitro.and.is.
angiogenic.in vivo.72.PDGF.probably.binds.to.heparan.sulfate.proteoglycans,.associ-
ated.with.the.cell.surface.and.extracellular.matrix.73

PDGF.also.stimulates.protein.synthesis.and.amino.acid.transport,74.and.enhances.
the.number.of.low-density.lipoprotein.(LDL).receptors.75.Furthermore,.it.stimulates.the.
production.of.collagen.by.fibroblasts.in.culture,.which.is.essential.for.tissue.repair.76

Soon.after.recognizing.the.potent.ulcer-healing.effect.of.bFGF,.our.laboratory.
tested. whether. PDGF. also. accelerated. the. healing. of. experimental. duodenal. and.
gastric.ulcers..Duodenal.ulcer.was.induced.by.cysteamine.as.in.the.previous.experi-
ments.with.bFGF..That.is,.from.the.third.day.after.ulcer.induction,.rats.were.treated.
by.gavage.with.PDGF-BB.at.100.or.500.ng/100.g.twice.daily.for.3.weeks..At.autopsy,.
ulcer. size.was.evaluated.macroscopically.and.with. stereomicroscopic.planimetry..
Macroscopic.and.microscopic.evaluations.revealed.that.PDGF.accelerated.the.heal-
ing.of.chronic.cysteamine-induced.ulcers..Specifically,.ulcer. sizes.were.2.5.±.1.1.
mm2. (p.<.0.05).and.2.0.±.1.4.mm2. (p.<.0.048),. respectively,. in. the.100.and.500.
ng/100.g.groups,.versus.16.9.±.6.8.mm2.in.the.control.group..It.is.important.to.stress.
that.gastric.acid.secretion.was.not.influenced.by.any.dose.of.PDGF.77.Furthermore,.
the.natural.healing.of.cysteamine-induced.duodenal.ulcers.was.significantly.delayed.
when.the.animals.were.treated.daily.with.neutralizing.monoclonal.anti-PDGF.anti-
bodies.78.Oral.treatment.with.PDGF.also.dose-dependently.decreased.the.severity.of.
iodoacetamide-induced.gastritis.and.accelerated.the.repair.of.gastric.mucosa.after.
indomethacin-induced.damage.43,44

As.with.bFGF,.ELISA,.and.Western.blot,.studies.were.performed.to.investigate.
the.changes.of.PDGF.concentration.in.duodenal.mucosa.during.duodenal.ulcer.devel-
opment.in.a.rat.model..The.duodenal.mucosal.PDGF-AB.concentration.was.elevated.
at.12.h.and. reached. its.peak.24.h.after. the.administration.of.duodenal.ulcerogen.
cysteamine..It.decreased.to.the.control.value.at.48.h.after.the.first.dose.of.cysteamine.
and.decreased.further.during.the.healing.phase.of.experimental.duodenal.ulcer..The.
PDGF.elevation.in.the.early.phase.of.duodenal.ulcer.formation,.however,.seemed.to.
be.mainly. the.release.of. the.growth.factor.from.presynthesized.pools.because.we.
could.not.detect.PDGF.mRNA.expression.in.the.duodenum.60,78

VeGF

VEGF. is. a. heparin-binding. glycoprotein. that. occurs. in. several. molecular. forms,.
consisting.of.121,.145,.165,.183,.189,.and.206.amino.acids.derived.from.the.same.
gene.by.alternative.mRNA.splicing.79.The.VEGF.family.of.secreted.growth.factors.
acts.specifically.on.vascular.endothelial.cells.to.increase.vascular.permeability.and.
to.stimulate.endothelial.cell.proliferation,.migration,.and.tube.formation.(angiogen-
esis).80–82. Its.unique.combination.of.properties. is. largely.due. to. its.specific.recep-
tors.on.endothelial.cells..VEGF.also.increases.blood.flow.and.apparently.prevents.
endothelial.cell.apoptosis..Its.expression.is.highly.regulated.by.hypoxia,.providing.a.
physiologic.feedback.mechanism.to.accommodate.insufficient.tissue.oxygenation.by.
promoting.blood.vessel.formation.
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Our.previous.studies.demonstrated.that.bFGF.and.PDGF,.which.stimulate.angio-
genesis.and.granulation.tissue.production,.accelerated.experimental.duodenal.ulcer.
healing,.and.in.this.respect.they.are.more.than.two.million.times.as.potent.as.cimeti-
dine.on.a.molar.basis.40,42,63.We.also.described.in.this.chapter.that.VEGF/VPF.exerts.
gastroprotection. based. on. its. ability. to. increase. vascular. permeability.. Because.
VEGF/VPF.exerts.both.acute.(e.g.,.vascular.permeability).and.chronic.actions.(e.g.,.
endothelial.cells.proliferation,.migration),.we.have.recently.tested.the.hypothesis.that.
stimulation.of.angiogenesis.alone.is.sufficient.for.chronic.ulcer.healing..VEGF/VPF.
was.used.in.cysteamine-induced.chronic.duodenal.ulcer.model,.i.e.,.1.μg/100.g.of.the.
peptide.or.vehicle.was.given.once.daily.by.gavage.for.21.d..The.results.revealed.that.
oral.treatment.of.rats.with.VEGF/VPF.accelerated.the.healing.of.cysteamine-induced.
chronic.duodenal.ulcers,.and.that.this.healing.was.accompanied.by.complete.muco-
sal.restoration.and.by.stimulation.of.angiogenesis.and.granulation.tissue.production..
Because.VEGF/VPF.is.highly.specific.for.endothelial.cells,.i.e.,.its.receptors.present.
only.in.this.cell.type,83.it.is.unlikely.to.have.an.effect.on.gastric.secretion.

Thus,. conceptually. and. scientifically,. one. of. the. most. important. implications.
seems.to.be.that.the.modulation.of.vascular.factors.by.highly.specific.molecules.such.
as.VEGF/VPF.appears.to.be.sufficient.for.both.acute.gastroprotection.and.chronic.
duodenal.ulcer.healing..In.acute.gastroprotection.this.reinforces.the.vascular.com-
ponents.such.as.the.prevention.of.severe.vascular.injury.and.maintenance.of.mucosal.
blood.flow,.whereas.in.chronic.ulcer.healing,.the.angiogenesis-dependent.granula-
tion.tissues.that.replace.the.necrotic.debris.provides.sufficient.scaffolding.for.epithe-
lial.cell.migration.and.proliferation.to.complete.the.healing.process.

Gene tHeraPy and Gene modulatIon: PdGf, veGf

The.data.reviewed.in.the.previous.sections.showed.a.potent.ulcer.healing.and.gas-
troprotective. effect. of. orally. administrated. growth. factors. such. as. bFGF,. PDGF,.
or.VEGF.40,42,53,84,85.The.healing.effect.of.these.peptides.is.2–7.million.times.more.
potent,.on.molar.basis,.than.that.of.antisecretory.drugs.such.as.histamine-2.receptor.
antagonists.and.proton-pump.inhibitors.44,86.The.mechanism.of.action.of.the.growth.
factors.did.not.involve.inhibition.of.gastric.acid.or.stimulation.of.mucus-bicarbon-
ate.secretion..This.might.be.related.to.the.fact.that.these.growth.factors.stimulate.
with.varying.potency.virtually.all. the.cellular.elements.needed. for.ulcer.healing,.
e.g.,.epithelial.cell.proliferation.and.migration.(bFGF>PDGF),.fibroblast.prolifera-
tion. (bFGF>PDGF),. and. angiogenesis. (VEGF>bFGF>>PDGF).. Nevertheless,. i.g..
administration.of.peptide.growth.factors.is.limited.by.acid-proteolytical.degradation.
in.the.stomach..Furthermore,.large-scale.production.of.human.recombinant.proteins.
is. still. an. expensive. process.. Some. of. these. problems. may. be. overcome. by. gene.
transfer. of. the. cDNA. of. angiogenic. growth. factors. into. the. lesion. directly.. Gene.
therapy,.i.e.,.direct.injection.of.naked.DNA.(ND).and.using.viral.vectors.for.gene.
transfer.with.growth.factors.(e.g.,.VEGF),.has.been.investigated.in.the.treatment.of.
ischemic.diseases. in.both. animal.models. and. clinical. settings. such. as. limb. isch-
emia87,88.and.cardiovascular.diseases.89

The.main.interest.of.our.research.work.has.been.related.to.the.study.of.vascu-
lar. factors. in. mucosal. injury. and. repair,28,33,41,44,49. especially. because. the. ensuing.
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healing.of.chronic.ulcers.depends.upon.the.formation.of.vascularized.granulation.
tissue..Because.our.pharmacologic.experiments.demonstrated.a.potent.ulcer.healing.
effect.of.bFGF,.VEGF,.and.PDGF.peptides,.we.wanted. to.examine. the.effects.of.
gene.therapy.with.adenoviral.vector.(AV).and.ND.of.VEGF.and.PDGF.on.the.heal-
ing.of.experimental.chronic.duodenal.ulcers.in.rats..That.is,.we.hypothesized.that.
a.single.dose.of.gene.therapy.related.to.angiogenic.growth.factors.may.be.enough.
to.accelerate. the.healing.of.duodenal.ulcers. through.enhancement.of.synthesis.of.
endogenous.angiogenic.growth.factors..Thus,.we.compared.the.effects.of.intraduo-
denal.or.intravenous.AV.or.ND.of.either.VEGF.or.PDGF.for.transducing.the.genes.
in.experimental.duodenal.ulcers.induced.by.cysteamine.in.rats..Animals.with.con-
firmed.duodenal.ulcers.were.randomly.divided.into.control.and.treatment.groups..
The.controls.received.either.intraduodenal.injection.of.buffer.or.the.ß-galactosidase-
transducing.AV..Rats.treated.with.a.single.or.double.dose.of.AV.or.ND.of.VEGF.
or.PDGF.had.significantly.smaller.ulcers.than.the.controls.(Figure.4.6)..Histologic.
analysis.demonstrated. that. reepithelized.granulation. tissue.with.prominent.angio-
genesis. replaced. the.ulcers. (Figure.4.7)..Western.blotting,. immunohistochemistry,.
and.ELISA.of.duodenal.mucosa.confirmed.that.the.expression.of.VEGF.or.PDGF.
proteins.was.enhanced.by.the.transgenes,.whereas.ß-galactosidase.staining.in.mul-
tiple.organs.identified.that.the.transgenes,.especially.after.local.administration,.were.
only.localized.in.the.duodenum,.stomach,.and.jejunum.90.These.results.suggest.that.
gene.therapy.with.either.VEGF.or.PDGF.may.be.a.rapid.approach.to.achieving.duo-
denal.ulcer.healing.
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fIGure 4.6 The.size.of.duodenal.ulcers.7.and.14.d.after.AV.or.ND.of.VEGF.or.PDGF.
compared.with.controls..*,.p.<.0.05,.**,.p.<.0.01..n =.6–12..(From.Deng,.X.,.Szabo,.S.,.Kho-
menko,.T.,.Jadus,.M.R.,.and.Yoshida,.M.,.J. Pharmacol. Exp. Ther.,.311,.982,.2004..With.
permission.)
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meCHanIstIC ImPlICatIons for tHe future

Elucidation.of.the.molecular.mechanisms.of.ulcer.healing.bears.a.major.impact.on.
enhancing.our.understanding.of.accelerated.ulcer.healing;.for.example,.unique.gene.
therapy.might.be.with.genes.encoding.certain.transcription.factors..Our.gene.expres-
sion.studies,.initially.by.the.Clontech.DNA.microarray.(for.about.3000.genes),.and.
subsequently. with. Affymetrix. gene. chip. (8000. genes). revealed. a. consistent. acti-
vation. of. early.growth. response. factor-1. (egr-1).and. Sp1. as. well. as. bFGF,. PDGF,.
and. VEGF. genes. after. cysteamine. administration.2. One. of. the. very. early. events.
in.experimental.duodenal.ulceration.is.the.rapid,.local.release.of.ET-1.followed.by.
increased.expression.of.transcription.factor.Egr-1.in.the.nuclear.fraction.of.the.duo-
denal.mucosa.29.We.showed.an.overexpression.of.Egr-1.minutes.after.administration.
of.duodenal.ulcerogen.cysteamine,.and.its.expression.remained.elevated.during.48.h..
However,.Sp1.expression.was.decreased.as.early.as.30.min.after.cysteamine.admin-
istration,91.and.this.may.be.explained.by.replacement.of.Sp1.by.Egr-1.in.promoter.
regions.of.targeted.genes.92

The.zinc.finger. transcription. factor.Egr-1. is. an. immediate-early.gene.product.
that.interacts.with.consensus.GC-rich.promoter.regions.to.regulate.the.transcription.
of.a.diverse.set.of.genes.in.response.to.mitogenic.and.nonmitogenic.stimuli.such.as.
growth.factors,. shear. stress,. mechanical. injury,. or. hypoxia.. These. stimuli. induce.
the.activation.of.ERK1/2,.members.of.the.MAPK.family,.leading.to.enhanced.Egr-
1.transcriptional.function.and.activation.of.target.genes..In.turn,.Egr-1.induces.the.
expression.of.several.target.genes,.including.bFGF,.PDGF-A,.PDGF-B,.and.VEGF.
receptor-1/Flt-1.92–94

We.hypothesized.that.egr-1.is.a.key.mediator.gene.in.the.multifactorial.mecha-
nisms.of.duodenal.ulcer.development.and.healing.because.its.protein,.transcription.
factor.product.Egr-1,.regulates.the.expression.of.angiogenic.growth.factors..An.anti-
sense.oligonucleotide.to.egr-1.was.used.to.inhibit.the.synthesis.of.Egr-1.and.to.deter-
mine.its.effect.on.ulcer.formation.in.the.rat.model.of.cysteamine-induced.duodenal.
ulceration..The.egr-1.antisense.oligonucleotide.significantly.aggravated.experimental.
duodenal.ulcers.(Figure.4.8).and.inhibited.the.expression.of.Egr-1.mRNA.and.pro-
tein.as.well.as.the.synthesis.of.bFGF,.PDGF,.and.VEGF.in.the.rat.duodenal.mucosa.95.
Thus,.the.egr-1.gene.and.Egr-1.transcription.factor.seem.to.be.important.molecules.
in.the.etiology.of.experimental.duodenal.ulceration.and.can.be.a.potential.target.for.
development.of.new.therapeutics.

Inflammatory bowel dIsease (Ibd)

Ulcerative.colitis.and.Crohn’s.disease.are.chronic.diseases.of.unknown.etiology.that.
are.characterized.by.recurrent.inflammation.and.ulcerations.of.intestinal.or.colonic.
mucosa. and. inappropriate. healing.96. The. present. basic. therapy. for. IBD. relies. on.
classic. anti-inflammatory.and. immunosuppressive.drugs,. such.as.glucocorticoids,.
mesalamine.derivatives,.azathioprine,.and.derivatives.of.the.latter.that.vary.in.their.
ability.to.induce.and.maintain.control.of.symptoms.as.well.as.in.their.tolerability.and.
toxicities..Great.progress.has.been.made.over.the.last.decade.in.the.development.of.
targeted.specific.therapies.for.IBD,.e.g.,.antibodies.against.TNF-α.(infliximab).and.
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fIGure 4.8 Effect. of. egr-1. antisense. oligodeoxynucleotide. on. cysteamine-induced.
duodenal. ulcers. in. rats.. A:. Gross. appearance. of. duodenal. ulcers. 48. h. after. cysteamine.
administration..Animals.were.pretreated.with.either.saline.(S;.n.=.10),.scrambled.control.oli-
godeoxynucleotide.(SC;.n.=.7),.or.antisense.egr-1.(phosphothioate-modified).oligodeoxynu-
cleotide.at.0.2.mg/rat.(AS;.n.=.10)..B:.Light.microscopy.of.duodenal.ulcers.in.rats.pretreated.
with.either.saline.(showing.superficial.ulcer;. left),.scrambled.control.oligodeoxynucleotide.
(similar.ulcer.size;.middle),.or.antisense.egr-1.(phosphothioate-modified).oligodeoxynucleo-
tide.at.0.2.mg/rat.before.cysteamine.(deep.ulcer;.right).with.hematoxylin.and.eosin.staining..
C:.Duodenal.ulcer.crater.dimensions.were.measured.in.millimeters,.and.the.ulcer.areas.were.
calculated.using.the.ellipsoid.formula..Sizes.of.duodenal.ulcers.are.expressed.as.means.±.SE..
**p.<.0.01..(From Khomenko,.T.,.Szabo,.S.,.Deng,.X.,.Jadus,.M.R.,.Ishikawa,.H.,.Osapay,.
K.,.Sandor,.Z.,.and.Chen,.L.,.Am. J. Physiol. Gastrointest. Liver Physiol.,.290,.G1211,.2006..
With.permission.)
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α-integrin. (nataluzimab). molecules. target. the. mechanisms. of. inflammation. more.
narrowly.by.eliminating.a. specific.major. inflammatory.cytokine.or.by.disrupting.
accumulation.of.inflammatory.cells.at.areas.of.mucosal.lesions..Both.strategies.have.
added.greatly.to.our.ability.to.control.IBD,.but.even.this.therapy.is.limited.by.lack.or.
loss.of.efficacy.and.associated.with.significant.complications,.including.fatal.infec-
tions.97,98.Thus,. the. main. problem. in. IBD. therapy. is. to. avoid. chronic. steroid. and.
immunosuppressant.usage.in.an.attempt.to.prevent.disease.progression.and.to.elimi-
nate.the.need.for.surgery,.and,.of.course,.to.identify.markers.of.disease.susceptibility.
to.prevent.its.expression.

Despite.the.historic.research.focus.of.our.laboratory.on.ulceration.and.inflam-
mation.in.the.upper.GI.tract,.during.the.last.few.years.the.molecular.mechanisms.of.
IBD.have.become.the.potential.field.of.our.research.interest,.especially.in.the.context.
of.comparative.mechanisms.in.the.pathogenesis.of.upper.and.lower.GI.tract.lesions.

Based.on.our.discovery.of.gastroprotective.action.of.SH.and.other.antioxidants,.
we.developed.a.new.animal.model.of.IBD.by.intracolonic.injection.of.SH.blockers.
such.as.iodoacetamide.or.N-ethylmaleimide.(e.g.,.0.1.mL.of.3–6%.solutions.by.rub-
ber.tube,.7.cm.from.the.anus).99.Contrary.to.other.chemically.induced.models.of.IBD,.
the.SH.alkylator.alone.is.sufficient.to.induce.these.chronic.inflammatory.lesions,.e.g.,.
trinitrobenzene.sulfonic.acid.(TNBS).needs.to.be.administered.in.30–50%.ethanol,.
whereas.ingestion.of.dextran.sulfate.results.only.in.very.mild.and.superficial.colonic.
lesions..The.spontaneously.developing.colitis.in.the.IL-10.knockout.mice.is.also.a.
relatively.mild.mucosal.inflammation,.with.very.rare,.if.any,.erosions.or.ulcers..The.
pathogenesis.of.SH.alkylator-induced.colonic.lesions,.in.contrast.to.other.models.of.
colitis,.is.relatively.well.understood..It.appears.that.iodoacetamide.produces.lesions.
by.at.least.two.pathways,.involving.both.vascular.and.epithelial.components:.after.
depletion.of.endogenous.protective.glutathione.in.the.mucosa,.these.chemicals.alkyl-
ate.cellular.proteins,.thus.initiating.irreversible.cell.damage.99.Histologically,.the.ini-
tial.colonic.lesion.(e.g.,.within.1–2.h.after.iodoacetamide).causes.increased.vascular.
permeability.and.massive.mucosal.edema,.leading.to.erosions.and.ulcers,.followed.
by.extensive.acute.and.chronic.inflammation.100

PePtIde and Gene tHeraPy related 
to bfGf and PdGf In Ibd

Recent.clinical.and.animal.studies.suggest.alteration.and.dysfunction.of.the.intes-
tinal. microvasculature. in. IBD. pathogenesis.99,101–105. One. of. these. studies. showed.
increased. microvascular. density. in. IBD. mucosa,. upregulation. of. VEGF,. bFGF,.
TGFβ,.TNFα,. and.ET-1..We.also.detected.differential. changes. in. the. serum.and.
tissue.levels.of.bFGF.and.PDGF.in.patients.with.Crohn’s.disease.and.ulcerative.coli-
tis.106.More.recently,.we.found.a.time-dependent.increased.expression.of.hypoxia-
inducible. transcription. factor. Egr-1. after. iodoacetamide. or. TNBS. administration.
into.colonic.mucosa.in.the.rat.models.of.IBD..Based.on.our.previous.strategy.about.
successful. treatment. of. gastroduodenal. ulcers. by. increasing. levels. of. angiogenic.
growth.factors.bFGF.and.PDGF,.which.stimulate.wound.healing.without.increasing.
vascular.permeability,.we.tested.this.approach.for.IBD.therapy.
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The. efficacy. of. therapy. with. recombinant proteins bFGF and PDGF was.
studied.in.the.iodoacetamide-induced.animal.model.of.ulcerative.colitis..Rats.were.
given.the.SH.alkylator.iodoacetamide.(6%).by.rectum.enema.once.to.initiate.IBD-
like.lesions..From.the.second.day,.bFGF.or.PDGF.was.given.to.the.rats.by.rectal.
enema.twice.daily.at.doses.of.100.ng/100.g.or.500.ng/100.g..Both.growth.factors.
dose-dependently.decreased. the.wet.weight.of. the. colon,. the. lesion.area,. and. the.
severity.of.colonic.ulcers.as.well.as.the.number.of.adhesions.after.10.d.of.treatment.
(Figure.4.9)..Histologically,.the.ulcer.size.was.smaller.and.the.signs.of.inflammation.
were.reduced,.and.extensive.reepithelialization.was.seen.in.most.cases..Our.experi-
ments.demonstrated.for. the.first. time. that. intracolonic.administration.of.bFGF.or.
PDGF.accelerated.the.healing.of.ulcerative.colitis.in.rats.45,107

The. development. of. colitis. and. rectosigmoiditis. is. a. well-known. side. effect.
of. abdominal. irradiation. for. the. treatment. of. certain. malignant. neoplasms.. This.
so-called.radiation.colitis,.enterocolitis,.or.rectosigmoiditis.is.a.major.clinical.prob-
lem.and.relatively.unresponsive.to.the.usual.therapy..We.used.a.new.animal.model.of.
radiation-induced.enterocolitis.for.confirmation.effectiveness.growth.factor.therapy.
in. lower.GI. lesions..One. day. after. receiving. abdominal. 20.Gy.gamma. radiation,.
groups.of.rats.were.given.sucralfate.(10,.20,.and.50.mg/100.g).or.bFGF-CS23.(100.
or.500.ng/100.g).by.i.g..gavage.twice.daily..At.autopsy.on.day.10,.the.area.of.the.
macroscopic.and.microscopic.lesions.in.ileum.and.colon.was.estimated..All.clinical.
signs.and.parameters.were.dose-dependently.decreased.by.sucralfate..In.the.small.
doses. given. bFGF-CS23. exerted. a. beneficial. effect. on. only. a. few. parameters. of.
enterocolitis..Light.microscopic. examination.of. inflamed.bowel. sections. revealed.
that.the.lesions.were.reduced.by.both.sucralfate.and.bFGF-CS23.108
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fIGure 4.9 Effect.of.treatment.with.PDGF.on.the.healing.of.ulcerative.colitis.induced.by.
iodoacetamide.in.rats.(n.=.10–14)..Results.are.expressed.as.means.±.SEM..Statistical.com-
parison.is.with.appropriate.vehicle.
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Recently,.our.data.were.confirmed.by.two.other.animal.models.of.experimental.
colitis:.the.dextran.sulfate.sodium.model.of.colitis.and.the.indomethacin–small.bowel.
ulceration/inflammation.model..Prophylactic.and.therapeutic.administration.of.FGF.
significantly.reduced.the.severity.and.extent.of.mucosal.damage.in.both.models..The.
mechanism.of.beneficial.effect.of.FGF.treatment.was.investigated.in vitro..It.demon-
strated.the.elevated.mRNA.expression.of.COX-2,.an.intestinal.trefoil.factor;.prosta-
glandin.E2.levels;.restitution.and.stimulated.growth.in.human.intestinal.epithelial.cells;.
and.enhanced.growth.of.human.intestinal.fibroblasts.after.FGF.administration.109

We.also.demonstrated.that.gene therapy.with.single.or.double.doses.of.AV.of.
PDGF.accelerated.the.healing.of.ulcerative.colitis.induced.by.iodoacetamide..The.
area.of.colonic.lesions,.colon.dilation,.and.thickness.were.statistically.significantly.
smaller.in.the.group.with.gene.therapy.versus.control.(p.<.0.05)..Histologic.evalua-
tion.demonstrated.marked.reduction.of.colonic.ulcers.and.extensive.regeneration.of.
mucosa,.indicating.increased.healing.in.the.AV-PDGF-treated.group.versus.control.
(Figure.5.8)..Gene.therapy.with.AV-PDGF.increased.the.levels.of.endogenous.bFGF,.
PDGF,.and.VEGF..Thus,.PDGF.gene.therapy.seems.to.be.a.new.option.to.achieve.a.
rapid.healing.of.experimental.ulcerative.colitis.110

new Class of steroIds: anGIosteroIds for Ibd

Another.potential.useful.product.of.our.focus.on.the.vascular.factors.in.ulcer.patho-
genesis.was.the.discovery,.in.collaboration.with.Dr..Judah.Folkman,.of.angiosteroids..
When.Folkman.et..al..described.in.the.early.1980s.that.cortisone.plus.heparin.inhib-
ited.angiogenesis.and.experimental.tumorgenesis.in.mice,.and.listed.by.surprise.(but.
without.explanation).that.the.much.more.potent.synthetic.glucocorticoid.dexameth-
asone.was. less. antiangiogenic. than. the.natural. cortisone,111.we.predicted. that. this.
would.be.yet.another.biphasic.effect.of.glucocorticords.and.that.angiogenisis.modu-
lation.would.be.a.novel,.independent.action.of.steroids..We.suggested.to.him.a.brief.
structure–activity. study.with. corticoids,. estrogens,. androgens,. and.other. synthetic.
steroids. (tetrahydro-S-21-Br,. cortisol-21-I,. cortisone-21-I,. cortisone-21-Br),. starting.
with. 11-epi-cortisol. (which. is. not. a. glucocorticoid,. despite. being. almost. identical.
to.cortisol.in.its.structure)..After.Folkman.assigned.these.in vitro.structure–activity.
tests.to.then-medical.student.Rosa.Crum,.we.soon.learned.that.11-epi-cortisol,.like.
cortisol.or.cortisone,.also. inhibited.angiogenesis.in.the.chicken.egg.assays..At.the.
same. time,. cortisol-21-I. exerted.potent. angiogenic. activity,.whereas. cortisone-21-I.
was.moderate,.and.cortisone-21-Br.was.mild..In.the.s.c.-implanted.sponge.(5.mg.of.
steroids).assays.for.the.quantitative.assessment.of.granulation.tissue.in.a.week,.tetra-
hydro-S-21-Br.and.cortisone-21-I.increased.the.area.of.granulation.tissue.by.151.4.and.
353.6%,.respectively,.and.tetrahydro-S-21-Br.doubled.the.density.of.blood.vessels.

This. led. to. a. joint. publication. in. Science,112. reporting. that. steroids. that. lack.
glucocorticoid. or. mineralocorticoid. activity. inhibit. angiogenesis. in. the. presence.
of. heparin. or. specific. heparin. fragments.. This. newly. discovered. steroid. function.
appears.to.be.governed.by.distinct.structural.configurations.of.the.pregnane.nucleus..
Therefore,. steroid. compounds. that. influence. angiogenesis. independently. of. their.
endocrine.effects.could.be.classified.as.either.angiostatic.or.angiogenic.steroids..We.
subsequently. demonstrated. that. the. latter. (angiogenic. steroids). can. accelerate. the.
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healing.of.cysteamine-induced.chronic.duodenal.ulcer.by.stimulating.angiogenesis.
and.granulation.tissue.production.113.This.effect.was.not.associated.with.glucocor-
ticoid. or. mineralocorticoid. potency. or. inhibition. of. gastric. secretion.. Therefore,.
angiogenic.steroids.represent.a.novel.group.of.anti-ulcer.agents..Because.clinically.
there.are.many.more.anti-ulcer.drugs. for.upper. rather. than. lower.GI. tract.ulcers,.
angiosteroids.represent.a.novel.type.of.antiulcer.agent,.especially.for.IBD..Further-
more,.because. these.steroids,. in.addition. to.stimulating.angiogenesis.and.healing,.
may.also.exert.anti-inflammatory.effect,. they.seem. to.be. ideal.candidates. for. the.
treatment.of.IBD.

veGf versus tHe antI-anGIoGenIC anGIostatIn–
endostatIn balanCe: a novel exPlanatIon wHy ulCers 
do not Heal, and PHarmaColoGIC ImPlICatIons

After.our.pharmacologic.studies.with.angiogenic.growth.factor.peptides.(e.g.,.bFGF,.
PDGF,.and.VEGF),.and.with.the.related.gene.therapy,.we.postulated.that.the.endo-
genous.levels.of.these.growth.factors.would.be.decreased.in.the.early.stages.of.ulcer.
development..To.our.surprise,. just. the.opposite.happened:.numerous.Western.blot.
and.gene.expression.studies.revealed.elevated levels.of.these.growth.factors.in.the.
rat.duodenal.mucosa.after.the.administration.of.the.duodenal.ulcerogen.cysteamine,.
and. in. the. colonic. mucosa. during. iodoacetamide-caused. ulcerative. colitis.. This.
puzzle.became.more.complicated.after.our.most.recent.experiments.demonstrating.
enhanced.expression.of.angiogenesis.inhibitors—angiostatin.and.endostatin—in.the.
pathogenesis.of.both.cysteamine-induced.duodenal.ulceration.and.iodoacetamide-.
or.TNBS–induced.ulcerative.colitis.101,114.In.our.pilot.study.we.found.that.the.colonic.
endostatin.levels.correlated.with.the.severity.of.chemically.induced.ulcerative.coli-
tis. (size. of. lesions). with. Pearson. correlation. coefficient. 0.85. (p <. 0.001).. Similar.
results. were. collected. in. the. genetically. determined. animal. model. of. IBD. IL-10.
knockout.mice.in.whom.rise.of.endostatin.levels.was.also.accompanied.by.enhanced.
disease.progression..The.biologic.confirmation.of.our.molecular.biochemical.results.
came.from.our.pharmacologic.experiments,.when.rats.receiving.daily.injections.of.
endostatin.peptide.(2.mg/100.g,.s.c.).showed.a.markedly.aggravated.duodenal.ulcer.
induced.by.cysteamine..Most.rats.with.endostatin.administration.had.a.very.exten-
sive.necrotic.duodenal.mucosa.with.large.and.deep.ulcer.craters.that.often.perforated.
or.penetrated.into.the.adjacent.organs.such.as.liver.or.pancreas.(unpublished.data).

Angiostatin. and. endostatin. are. potent. angiogenesis. inhibitors.. In vitro,. both.
endostatin. and.angiostatin. induced.endothelial. cell. apoptosis. and. inhibited.endo-
thelial.cell.proliferation.and.migration.115,116. It.was.shown. that.endostatin.blocked.
VEGF-mediated.signaling.via.direct.interaction.with.VEGFR2.and.thus.interfered.
with.VEGF.actions.117.Injection.of.angiostatin.downregulated.VEGF.expression.118.
An.in vivo.study.showed.that.the.healing.full-thickness.skin.wounds.in.mice.were.
delayed.by.systemic.administration.of.endostatin..Significant.reduction.in.the.num-
ber.of.functional.vessels.was.observed.in.the.wounds.of.endostatin-treated.mice.119

Thus,.we.have.described.a.new.hypothesis.of.why.ulcers.develop.and,.especially,.
why.they.do.not.heal..It.appears.that.the.apparent.“response.to.injury”.resulting.in.
the.rapidly.enhanced.expression.of.angiogenic.growth.factors.cannot.achieve.its.goal.
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of.rapid.healing.because.their.effect.is.counteracted.by.the.equally.fast.and.robust.
expression.of.anti-angiogenic.angiostatin.and.endostatin..Furthermore,.the.result.is.
not.only.poor.or.inadequate.healing,.but.the.nonangiogenic.effects.of.VEGF.seem.
to.become.manifested,.such.as.the.increased.vascular.permeability.(i.e.,.VEGF.is.
also.called.“vascular.permeability.factor”—VPF).as.well.as.the.effect.of.VEGF.on.
inflammatory.cells.that.contain.VEGF.receptors,.leading.to.enhanced.and.persistent.
inflammation,.especially.in.ulcerative.colitis..If.these.findings.on.the.imbalance.of.
angiogenic.and.anti-angiogenic.peptides.will.be.confirmed.by.other.GI.ulcerogens,.
these.data.will.provide.a.truly.novel.explanation.of.the.old.clinical.observation:.the.
problem.is.not.one.of.ulcer.causation.but.why.chemically.induced.ulcers.do.not.heal.
(i.e.,.in.contrast.to.mechanical.lesions,.such.as.after.biopsy).
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5 Stress Activates 
Corticotropin Releasing: 
Factor Signaling Pathways
Implication in Functional 
Bowel Disorders 

Yvette Taché

From Hans selye to BiocHemical 
coding oF stress response

Hans Selye pioneered the concept of biological stress, borrowing the word stress from 
the terminology that defines stress as the interaction between a deforming force and 
the resistance to it. His initial publication in 1936 provided experimental evidence 
that the suprarenal glands, the immune system, and the gut are target organs of the 
stress response as shown by the hypertrophy of the adrenals, involution of the lym-
phatic organs, and the occurrence of gastric erosions in rats exposed to various noxious 
chemical or physical stimuli.1,2 Subsequent seminal contributions by Geoffrey Har-
ris in the 1950s established that stress-induced adrenocorticotropic hormone (ACTH) 
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secretion involves “neural control via the hypothalamus and the hypophyseal portal 
vessels of the pituitary stalk.”3,4

Biochemical support for this pathway came 15 years later when Guillemin5 (a 
former Ph.D. student of Selye) and Schally’s group6 independently demonstrated 
the existence of hypothalamic factors that elicited ACTH release from the pituitary 
gland in intact rats. This substance was named corticotropin-releasing factor (CRF), 
in line with its stimulatory effect on ACTH release and the fact that its chemical 
structure was still to be identified. In 1981, Vale and his group contributed major 
milestones through the characterization of CRF as a 41-amino acid (aa) peptide iso-
lated from ovine hypothalami, subsequently cloning CRF1 and CRF2 receptors, and 
developing specific peptide CRF receptor antagonists.7 These seminal contributions 
opened a new era in the understanding of the biochemical coding of stress.8 The role 
of CRF and CRF1 activation in hypothalamic–pituitary–adrenal (HPA) stimulation 
induced by stress was further characterized using CRF antibody and CRF1 receptor 
antagonists that inhibited the HPA responses to various psychological, immune, and 
physical stressors.9

In keeping with the insightful concepts Selye developed in the 1950s related to 
a “first mediator” that integrated the adaptive bodily response to stress,10 further 
investigations revealed that CRF biological actions extended far beyond the HPA 
axis. CRF injected into the brain recapitulated the overall behavioral (anxiety and/or 
depression, feeding alterations), autonomic (sympathetic and sacral parasympathetic 
activation), immune, metabolic, and visceral adaptive changes induced by various 
systemic or cognitive stressors largely independently from the HPA stimulation.11–16

In particular, earlier reports in rats and dogs showed that exogenous administra-
tion of CRF into the brain or peripherally mimicked Walter Cannon’s experimental 
observations that stress suppresses gastric acid secretion and transit.15,17–20 In addi-
tion, we showed that blockade of CRF receptors by the central injection of a pep-
tide CRF antagonist, α-helical CRF9–41, prevented the inhibition of gastric acid and 
emptying in rats exposed to restraint or abdominal surgery supporting a role of CRF 
receptors in the alteration of gastric functions induced by these stressors.20,21

The central actions of CRF to suppress gastric function were mediated by the 
autonomic nervous system independently from the activation of HPA axis; they were 
prevented by autonomic blockade while hypophysectomy had no effect.19,22 These 
initial findings paved the way to a number of investigations to delineate the central 
and peripheral sites of CRF actions, autonomic effectors, and physiological relevance 
of CRF receptors in the alterations of gut function by stress. They also provided a 
potential new venue for pharmacological interventions of stress-related development 
of functional bowel disorders.23,24

Irritable bowel syndrome (IBS) is a highly prevalent functional disorder that can 
affect up to 20% of the population in North America. It is characterized by chronic 
abdominal pain or discomfort associated with changes in bowel habits in the absence 
of detectable organic diseases.25–27 The etiology of IBS reflects a multifactorial dis-
order with physiological and psychological components contributing to the expres-
sion of symptoms. For instance, highly stressful life events and psychosocial trauma, 
alone or combined with previous episodes of bowel infection/inflammation, have 
been identified as important risk factors in the development, severity, and/or mainte-
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nance of IBS symptoms.28–30 Psychiatric disorders related to anxiety and depression 
are also common comorbidities among patients with IBS, reaching 40 to 90% in 
tertiary care centers.31 Because various forms of emotional distress are important 
cofactors that lead to IBS symptoms,26,32 the understanding of stress signaling path-
ways may have relevance for unraveling some underlying mechanisms of IBS and 
new modalities of interventions.

This chapter first summarizes the state of the art of the CRF signaling system 
including the expanding numbers of mammalian CRF-related peptides, their phar-
macological characteristics on cloned CRF1 and CRF2 receptors and their isoforms, 
and the growing interests of pharmaceutical companies to develop orally active, 
brain penetrant, selective CRF1 receptor antagonists. The role of CRF1 receptors in 
stress-related alterations of colonic motor function and the development of visceral 
hypersensitivity in experimental animals and phase I clinical studies will be also 
presented.

crF signaling patHways: ligands and receptors

CRF Ligands

Within the past decade, seminal contributions to the identification of the CRF 
ligands and receptors greatly expanded our understanding of the biochemical cod-
ing of stress-related processes. They relate first to the discovery of CRF and related 
peptide members called urocortin 1 (Ucn 1), urocortin 2 (Ucn 2), and urocortin 3 
(Ucn 3). In mammals, CRF is a well-conserved 41-aa peptide with identical pri-
mary structures in humans, primates, dogs, horses, and rodents.33 In non-mamma-
lian vertebrates, CRF-like peptides include sauvagine, a 40-aa peptide isolated from 
amphibian Phyllomedua sauvagei serous glands,34 and urotensin-I, a 41-aa residue 
peptide from teleost neurosecretory systems (urophysis).35,36

Originally, these peptides were considered amphibian and teleost CRF ortho-
logs in line with their 50% homologies with CRF. However, the cloning of closer 
homologues of CRF peptides in these species37,38 raised the quest for possible mam-
malian homologs of these peptides. In 1995, Ucn 139 was isolated from rat midbrain 
as a 40-aa peptide displaying a 45% sequence identity with human and rat CRF, 44 
to 63% with urotensin-I sequenced from various fish species,33,39,40 and 35% with 
sauvagine.33 The structure of Ucn 1 is also highly conserved across mammalian 
species: 100% identity with rat, mouse, and sheep primary sequences and 95% with 
rodents.40–42 

The mismatches between the brain distribution of CRF and Ucn 1 and distri-
bution of CRF receptors43 led to additional searches for endogenous CRF-related 
agonists. The genetic approach involving screening of human and mouse genome 
databases for sequence homology with mammalian CRF and Ucn 1 and non-mam-
malian urotensin-I and sauvagine culminated in the simultaneous cloning of two 
novel putative CRF-related peptides by two groups.44,45 They developed divergent 
nomenclatures that were recently addressed in UPHARM guidelines.39 Mouse mUcn 
2 is a 38-aa peptide that shares 34% homology with r/hCRF and 42% with r/mUcn 
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1,46 while mUcn 3 and hUcn 345 (also named human stresscopin44) are more distantly 
related to r/hCRF, r/hUcn 1, and mUcn 1 (18 and 21% homologies, respectively).45

crF receptors: cloning and 
pHarmacological cHaracteristics

CRF ligands bind to CRF1 and/or CRF2 receptors cloned from two distinct genes that 
share 70% identity at the aa level within species homologs.11,34 Both CRF receptor 
subtypes belong to the B1 subfamily of seven transmembrane domain receptors that 
signal largely, but not exclusively, by coupling to Gs, resulting in the stimulation of 
adenylate cyclase.47 CRF1 and CRF2 receptors exist as multiple isoforms produced 
by alternative splicing of mRNA.48,49 

Functional characterization of these isoforms shows that only CRF1α is coupled 
directly to adenlyate cyclase, while the majority of other variants lack ligand binding 
and/or signaling domains.48,50 Soluble isoforms may play a modulatory role. CRF1e 
decreased and CRF1h amplified CRF1α-coupled cAMP production induced by Ucn 1 
in transfected COS cells.50 CRF2 receptors exist in three functional splice variants, 
2α, 2β, and 2γ, in humans and two, 2α and 2β, in rodents. They are structurally 
distinct in their N-terminal extracellular domains.39 In the final translated proteins, 
the 34-aa N-terminal extracellular region of the CRF2α (involved in ligand receptor 
interaction) is replaced by a 61-aa region in CRF2ß and a 20-aa region in CRF2γ. The 
C-terminus is common to all CRF2 receptor splice variants.49,51,52

Sequence comparison revealed high level homologies of rat and mouse CRF2α 
(94%) and mouse and human (92%).51 The presence of CRF2α in amphibian species 
suggests an extremely early occurrence of this splice variant during vertebrate evo-
lution. CRF2ß is less conserved, appears to be evolutionarily younger, and is found 
only in mammals.34 Chen et al.53 reported a novel CRF2α splice variant in the mouse 
brain that includes the first extracellular domain of the CRF2α receptor and acts as 
a soluble binding protein (sCRF2α) capable of modulating CRF family ligand activ-
ity. In rat esophagus, CRF2ß wild-type transcript is predominantly expressed and 
in addition, several new CRF2 splice variants including six CRF2α isoforms were 
identified.49

CRF1 and CRF2 receptors differ considerably in their binding characteristics, 
as established by radioreceptor and functional assays. CRF1 receptor displays high 
affinity to CRF and Ucn 1, but shows no appreciable binding affinity to Ucn 2 and 
Ucn 3.39,54 In contrast, Ucn 1, Ucn 2, and Ucn 3 bind CRF2 receptor with greater 
affinity than CRF, making this receptor subtype highly selective for Ucn signal-
ing.40,46,51,54,55 Although CRF is 100-fold more potent for binding CRF1 compared 
to CRF2 receptor,56 no natural ligands with selectivity for CRF1 receptors have yet 
been identified. Cortagine and stressin1-A peptides have been developed as selective 
CRF1 agonists.57,58

The binding characteristics of CRF receptor variants, CRF2ß, CRF2α, and CRF2γ 
isoforms, are almost identical; they show high affinity for Ucn 1, Ucn 2, and Ucn 3, 
and lower affinity for r/hCRF.45,59–61 Interestingly, the mouse sCRF2α receptor dis-
plays very low affinity for Ucn 2 and Ucn 3, while binding Ucn 1 (Ki 6.6 nM), and to 
lesser extent CRF (23 nM), and inhibiting the cAMP and ERK1/2-p42,44 responses 
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to Ucn 1 and CRF.53 In contrast, rat CRF2α–tr binds with low affinity to CRF (Kd 12.7 
nM) and does not bind to Ucn 1.62

crF receptor antagonists

Key to the assessment of the role of endogenous CRF ligands and CRF receptors 
in the stress response was the development of specific CRF antagonists. Earlier 
studies relied on the use of specific peptide CRF antagonists subtypes such as 
α-helical CRF9–41, D-Phe12CRF12–41, and the longer acting more potent, astressin and 
astressin-B.63–65 These peptides are competitive antagonists that bind to both CRF1 

and CRF2 receptors and equally to the α, β, and γ variants of CRF2 receptors and 
sCRF2α.51,53,59,60 Recently, the antisauvagine-30 and K41498 peptides and the more 
potent, longer acting astressin2-B analog were developed as selective CRF2 receptor 
competitive antagonists.66,67

As a whole, these peptide antagonists generally displayed poor penetrance to the 
brain. We found that an intravenous (iv) injection of astressin at a dose that blocked 
iv CRF-induced delayed gastric emptying did not influence intracisternal (ic) CRF-
induced inhibition of gastric emptying.68 Likewise, α-helical CRF9–41 infused intra-
venously did not influence intracerebroventricular (icv) CRF-induced suppression 
of pentagastrin-stimulated acid secretion. When injected icv, the antagonist blocked 
the icv CRF action.69

In the context of targeting the CRF1 system to alleviate various human patholo-
gies including anxiety disorders, pharmaceutical companies developed a number of 
small hydrophobic, orally active CRF1 antagonists that cross the blood–brain barrier 
(Table 5.1). They include the first developed CP-154,52670,71 and several others.72 The 
newly developed CRF1 antagonists known as NBI 30775 (or R 121919), NBI 30545, 
and NBI 35965 have the distinct advantage of being water-soluble,73–75 compared to 
previously developed antagonists that were not water-soluble.72 These compounds 
have been largely used to establish the role of brain CRF and CRF1 signaling path-

taBle 5.1
non-peptide crF1 antagonists: Brain penetration upon peripheral 
administration

name  references

CP-154,526 70, 124, 125

NBI 30775/R121919 74, 126

DMP695, DMP696, DMP904 127, 128, 129

Antalarmin 130

SSR125543A 131

NBI 27914, NBI 35965, NBI 30545 71, 73, 132

SN003 133

R278995/CRA0450 134

CRA1000, CRA1001 135
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ways in stress-related activation of the HPA axis, anxiogenic behavior,11 and visceral 
responses.76

Brain crF1 receptors and stress-induced  
stimulation oF colonic motor Function

CRF peptides and receptors are located in the brain, the gut, and other organs. Their 
central nervous system distribution involves specific regions linked with anxiogenic 
and digestive behaviors and regulation of autonomic nervous system activity innervat-
ing the gastrointestinal tract.72 Consistent with this distribution, convergent preclinical 
data point to the role of central CRF1 signaling pathways in stress-related processes 
including those related to stimulation of colonic function.76,77 This was established by 
the mimicry between the colonic propulsive response to centrally administered CRF/
Ucn 1 and exposure to various stressors and the blockade of the colonic responses to 
stress by CRF receptor antagonists including selective CRF1 antagonists.78

Numerous experimental studies established that CRF and Ucn 1 injected icv 
leads to colonic spike burst activity, acceleration of colonic transit, and defecation 
in freely moving rats, mice, and gerbils.20,22,79–87 Brain nuclei responsive to CRF 
to stimulate colonic motor function (increased tonic and phasic colonic motility, 
decreased colonic transit time, and induction of watery fecal output) have been local-
ized in the paraventricular nucleus of the hypothalamus (PVN) and pontine areas 
(locus coeruleus or LC and Barrington’s nucleus complex),86,88–90 that are also brain 
nuclei involved in central CRF-induced anxiety and depression.91,92 

Colonic motor stimulation in response to central CRF is independent of activation 
of the HPA axis and brought about through the activation of sacral parasympathetic 
outflow and related enteric nerve activity.22,80 This was shown by pharmacologi-
cal and surgical approaches whereby chlorisondamine (a ganglionic blocker) pre-
vented and vagotomy attenuated the stimulation of colonic transit, phasic and tonic 
contractions, and defecation induced by CRF injected icv or into the PVN.22,88,89,93 
Bretylium (a noradrenergic blocker) had no effect.22 Effector mechanisms within 
the colon that activate propulsive colonic motor function involve parasympathetic 
cholinergic-mediated activation of colonic serotonin (5-HT) interacting with 5-HT3 
and 5-HT4 receptors. This is supported by the demonstration that icv injection of 
CRF increased the 5-HT content in the feces of the rat proximal colon.94 5-HT3 
antagonists, granisetron, ramosteron, ondansetron, and azasetron; 5-HT4 antagonist, 
SB-204070; and muscarinic antagonist, atropine prevented icv CRF-induced colonic 
motor stimulation.85,94,95

CRF receptor antagonists are able to block the central CRF and stress-related 
stimulation of colonic motor function.76 α-Helical CRF9–41 injected into brain cere-
brospinal fluid abolished icv CRF and restrained stress-induced stimulation of colonic 
transit in rats.20,85,96,97 α-Helical CRF9-41, D-Phe12CRF12–41 and astressin injected icv 
inhibited defecatory response to icv CRF and wrap restraint and the increased fre-
quency of colonic spike-bursts induced by conditioned fear stress.20,79,80,83,98 Further-
more, a number of selective CRF1 antagonists that cross the blood–brain barrier, 
namely CP-154,526, CRA 1000, NBI 27914, NBI 35965, antalarmin, and JTC-017 
injected centrally or peripherally dampened icv CRF and various stressor-induced 
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stimulation (via restraint, water avoidance, elevation plus maze, social intruder) of 
colonic motor function.76,84,97 By contrast, the selective CRF2 antagonist, astressin2-
B injected centrally at doses that blocked CRF2 receptor-mediated inhibition of gas-
tric emptying did not alter stress-related defecation in mice.84,99 

Further anatomical support for the role of pontine and PVN CRF signaling path-
ways in the regulation of pelvic organ functions came from tracing studies showing 
that a proportion of CRF immunoreactive neurons in the Barrington’s nucleus and 
PVN are linked transynaptically to the colon.100,101 The centrally administered CRF 
receptor antagonists alone do not affect basal or postprandial colonic transit and 
motility or defecation events, indicating that central CRF receptors do not play a role 
in the regulation of colonic motor function under non-stress conditions.78 

Brain crF1 receptors and stress-related Hypersensitivity 

In addition to the stress-related stimulation of colonic motor function, stress-induced 
visceral hyperalgesia also involves the activation of central CRF1 receptors. An 
initial report by Gué et al.102 established that icv injection of CRF mimicked the 
stress-induced colonic hyperalgesia in male rats submitted to colorectal distention 
(CRD). Similarly, selective CRF1 antagonists,CP-154,526, antalarmin, NBI 35965, 
and JTC-017 were effective in various models of acute78 or delayed colonic hyper-
sensitivity to CRD in naïve or chronically stressed rats.75,103 Of interest is the obser-
vation that microinjection of α-helical CRF9–41 into the hippocampus or peripheral 
injection of the CRF1 antagonist, JTC-017 reduced visceral pain induced by noxious 
tonic CRD along with the anxiety response to CRD in rats.103

The central mechanisms through which blockade of CRF1 receptor activation 
influences the development of stress-related visceral hyperalgesia may involve the 
dampening of brain noradrenergic pathways. Recent electrophysiologic reports of 
anesthetized rats showed that injection of a DPhe12CRF12–41 or astressin peptide 
antagonist and the selective CRF1 antagonist, NBI 35965, into the cerebrospinal fluid 
or directly into the LC prevented the activation of LC noradrenergic neurons induced 
by central injection of CRF and CRD.104

Consistent with electrophysiological demonstrations of LC silencing by CRF 
receptor antagonists, the JTC-017 CRF1 antagonist reduced noradrenaline release 
in the hippocampus induced by CRD.103 The release of noradrenaline in the cortical 
and limbic rostral efferent projections from the LC led to arousal and anxiogenic 
responses along with hypervigilance to visceral input—a common characteristic of 
IBS patients.105 In the periphery, central CRF and stress may contribute to colonic 
hypersensitivity by activating colonic mast cells that release neurotransmitters sen-
sitizing visceral afferents. It has been shown that central injection of CRF induced 
a rapid release of rat mast cell protease II, prostaglandin E2, and histamine in the 
colon. In addition doxantrazole, a colonic mast cell stabilizer, prevented icv CRF 
and stress-induced colonic hypersensitivity to a second set of CRD, and α-helical 
CRF9–41 injected icv prevented both icv CRF and stress-induced enhancement of 
colonic mast cell content of histamine.102,106,107
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crF1 receptors and patHopHysiology oF iBs symptoms

Experimental studies showed that exogenous CRF and Ucn 1 act in the brain to 
reproduce features of IBS symptoms including anxiogenic behavior, enhanced vis-
ceral pain to CRD, stimulation of colonic secretion and propulsive motility, develop-
ment of watery stool/diarrhea, and increased permeability of colonic mucosa with 
translocation of luminal bacteria into the colonic tissue.76,108 In addition, CRF and 
Ucn 1 can act directly within the colon to stimulate endocrine (serotonin containing 
enterochromaffin cells), immune (mucosal mast cells), and neuronal (enteric nervous 
system) cell types regulating colonic functions.77 Peripheral administration of CRF 
or a CRF1 selective agonist increases mucus and watery secretion from colonic epi-
thelial cells and activates the enteric nervous system, promoting propulsive colonic 
motility, defecation, and diarrhea.20,106,109–112

Peripheral administration of CRF stimulates mast cells to release enzymes, his-
tamine, prostaglandins, and cytokines that play a role in enhancing permeability, 
bacterial uptake from the lumen to the colonic tissue, and pain response.106 Our 
recent studies established that colonic myenteric neurons have a distinct respon-
siveness to peripheral injection of CRF from those in other segments of rat gas-
trointestinal tract113 based on the selective activation of cholinergic neurons in 
both the proximal and distal regions and nitrergic neurons more prominently in 
the distal colon, while enteric neurons located in the stomach and small intestine 
were not activated. Laser capture combined with reverse transcriptase polymerase 
chain reaction or immunohistochemical detection revealed that CRF1 receptors are 
primarily expressed at the gene and protein levels on colonic myenteric neurons 
compared with other layers of the proximal colon under basal conditions in rats. 
The presence of functional CRF1 receptor within the colonic myenteric neurons 
along with CRF1 receptor peptide agonists, Ucn 1 and CRF, in the large intestines 
of several species including rats, guinea pigs, and humans supports the presence of 
a Ucn 1 or CRF/CRF1 receptor signalling system in the colon that may have physi-
ological relevance. Indeed, peripherally restricted peptide CRF antagonists blocked 
the stress-related alterations of colonic motility and permeability.76,77 Preliminary 
evidence indicates that selective activation of CRF1 receptors enhanced visceral 
pain to CRD. The issue of how alterations of the autonomic nervous system induced 
by stress recruit CRF ligands and CRF1 receptor signaling in the colon remains to 
be resolved.

Clinical studies indicate that systemic administration of CRF induces colonic 
motility responses more prominently in IBS compared with controls that include 
clustered contractions in the descending and sigmoid colons.114 The induction of 
abdominal pain and discomfort in IBS patients were not observed in healthy con-
trols.114 Other groups showed that the iv administration of CRF to healthy human sub-
jects decreased visceral pain thresholds to repetitive rectal distensions and enhanced 
the intensity of discomfort sensation to CRD.115,116 Recent reports indicate that CRF 
administered iv activates subepithelial mast cells and stimulates transcellular uptake 
of protein antigens in the mucosa in colonic biopsies of healthy subjects117 as previ-
ously reported in experimental animals.77,118 These changes may be consistent with 
enhanced colonic CRF signaling because increased uptake of antigen-sized 
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macromolecules is associated with inflammation. Increasing evidence indicates 
that IBS patients display low grade colonic inflammation, including plasmatic cyto-
kines (interleukin-6), intraepithelial lymphocytes, mast cell degranulation, and 
increased permeability. These changes may be consistent with enhanced colonic 
CRF signaling.  

Other support for CRF signaling pathways in the pathophysiology of IBS came 
from a report that the peripheral injection of α-helical CRF9–41 prevented electri-
cal stimulation-induced enhanced sigmoid colonic motility, visceral perception, 
and anxiety in IBS patients compared to healthy controls, without altering the HPA 
axis.121 CRF antagonists almost normalized the altered EEG activities in IBS patients 
under basal and in response to CRD.122 Consistent with preclinical studies, anatomi-
cal and biochemical studies of colonic biopsies from IBS patients support a possible 
role of mast cells as effectors in visceral nociception.123

conclusions

Experimental investigations support the concept that activation of CRF1 pathways 
recaptures cardinal features of IBS symptoms (stimulation of colonic motility, def-
ecation and/or watery diarrhea, visceral hypersensitivity, anxiogenic or hypervigi-
lance behavior, and mast cell activation). Further key preclinical evidence arises 
from pharmacological interventions whereby blockade of CRF1 receptors prevents 
or attenuates the development of the above CRF- or stress-related functional or cel-
lular alterations.1 Selective CRF1 antagonists abolished or reduced exogenous CRF 
and stress-induced anxiogenic and/or depressive behavior, stimulation of colonic 
motility, mucus secretion, mast cell activation, defecation, diarrhea, and pain related 
to colonic hypersensitivity (Table 5.2). Therefore, the conceptual framework that 
sustained activation of the CRF1 system at central and/or peripheral sites may be one 
component underlying IBS symptoms. Targeting these mechanisms by CRF1 recep-
tor antagonists may provide a novel therapeutic approach for IBS patients.

taBle 5.2
crF1 receptor agonists as potential approaches to curtailing iBs 
manifestations

  characteristics in iBs patients preclinical study results

Comorbidity with anxiety and depression CRF1 antagonists blocked stress-related 
anxiety and depression 

Changes in autonomic functions Autonomic and endocrine responses

Increased bowel movements Stimulation of colonic motility/defecation

Ion transport dysfunction Diarrhea

Change in mast cells Activation of mast cells

Increase barrier permeability Increase barrier permeability

Lower pain threshold to colorectal distention Hypersensitivity to colorectal distention
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6 Design, Synthesis, 
and Pharmacological 
Evaluation of High-
Affinity and Selectivity 
Sigma-1 and Sigma-2 
Receptor Ligands

Jacques H. Poupaert

Summary

Sigma-1 ligands have demonstrated potentials as neuroprotective, antiepileptic, and 
antiamnesic agents in the modulation of opioid analgesia, and in the modification 
of cocaine-induced locomotor activity. On the other hand, sigma-2 agonists induce 
apoptosis in drug-resistant cancer cells and may be useful in the treatment of drug-
resistant cancers. Sigma-2 antagonists might prevent the irreversible motor side 
effects of typical neuroleptics.

In an effort to produce new pharmacological probes with high and selective 
affinity either for the sigma-1 or sigma-2 receptors and that could be tested in vivo, 
we synthesized original 2(3H)-benzothiazolones, taking compound 1 [3-(1-piperidi-
noethyl)-6-propylbenzothiazolin-2-one] as lead compound, and their receptor bind-
ing affinity at sigma-1 and sigma-2 receptor was determined. The best sigma-1 ligand 
(4, Ki 0.56 nM, Ki(σ2)/Ki(σ1) > 1000) was obtained with an azepine side-chain. When 
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tested on a wide battery of receptors, including 5HT2A(h), 5HT3(h), α1, α2, β1, β2, H1, 
H2, opioids μ, δ, and κ, D1 (h), D2 (h), 5-HT uptake, DOPA uptake, etc., compound 4 
showed submicromolar affinity only for α2 (Ki = 205 nM) and H1 (Ki = 311 nM).

Based on a similar strategy using the 2(3H)-benzothiazolone template as piv-
otal structure, we obtained compound 7 (Ki 2.0 nM, Ki(σ1)/Ki(σ2) 70), a compound 
devoid of affinity for the receptors mentioned in the above battery, except for H1 (Ki 
= 9 nM).

Benzothiazolinone-based low molecular weight and achiral ligands selective for 
the sigma-1 (compound 4) and sigma-2 (compound 7) receptors were obtained that 
can be used as pharmacological probes to investigate in particular the problem of 
the multiplicity of the sigma-1 receptor. Their physicochemical characteristics make 
them also compatible with in vivo evaluations.

IntroduCtIon

Sigma-binding sites1 recognize a wide array of structurally unrelated compounds 
exhibiting potent antipsychotic, neuroprotective, and immunoregulatory effects. 
These ligands include, e.g., haloperidol, 1,3-di-o-tolylguanidine (DTG), (+)-3-(3-
hydroxyphenyl)-N-(1-propyl) piperidine [(+)-3PPP], and (+)-benzomorphans such as 
(+)-pentazocine and (+)-N-allylnormetazocine (Figure 6.1 and Figure 6.2). Accord-
ing to biochemical and radioligand binding data criteria, recognition sites have been 
classified thus far into two types, termed sigma-1 and sigma-2. Whereas the sigma-1 
receptor has been characterized in molecular terms, the sigma-2 receptor has not yet 
been cloned. Sigma-1 is a 26 kDa protein related to the yeast Saccharomyces cerevi-
siae Δ8–Δ7-sterol isomerase encoded by the erg2 gene, and both proteins share 30% 
sequence homology. Despite this substantial homology, sigma-1 does not exhibit any 
sterol isomerase activity.

Although it is now fairly well established that sigma receptors represent unique 
binding sites in the brain and peripheral organs, it has not always been so. The exis-
tence of a sigma receptor was initially proposed by Martin et al. to account for 
the psychotomimetic effects of N-allylnormetazocine ((±)-SKF-10,047) in the mor-
phine-dependent chronic spinal dog model and, as a consequence, sigma receptors 
were associated with opioid receptors. It became, however, rapidly evident that most 
of the behaviors elicited by the drug were resistant to blockade by classical opioid 
antagonists such as naloxone or naltrexone. The sigma receptors were also confused 
with the high-affinity phencyclidine (PCP) binding sites, located within the ion 
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(+)−Pentazocine Ki(α1) = 1 nM   Haloperidol Ki(α1) = 1 nM

FIgure 6.1  Structurally dissimilar compounds bind with equal affinity at sigma-1 receptors.
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channel associated with the NMDA glutamate receptor, because of similar affinities 
of these sites for several compounds, e.g., PCP and (+)-SKF-10,047. This confusion 
was cleared up by the availability of more selective drugs, including dizocilpine or 
thienylcyclidine for the PCP site and DTG, (+)-pentazocine, ((+)-3-PPP), igmesine 
(JO-1784), and (+)-cis-N-methyl-N-[2-(3,4-dichlorophenyl)ethyl]-2-(1-pyrrolidinyl) 
cyclohexylamine (BD737), among others, for the sigma sites.

The sigma-1 and sigma-2 sites can be distinguished based on their different drug 
selectivity patterns. Some examples of potent and highly selective sigma-1 ligands 
are the cis-(+)-N-substituted N-normetazocine derivatives (+)-pentazocine, (+)-N-
allyl-normetazocine (SKF 10,047) and (+)-N-benzyl-N-normetazocine. Examples 
of sigma-2 selective ligands, relative to 1, are (+)-1R,5R-(E)-8-benzylidene-5-(3-
hydroxyphenyl)-2-methylmorphan-7-one and its 3,4-dichloro derivative (CB64D 
and CB184, respectively; see Figure 6.2). However, these last two ligands exhibit 
high opioid receptor affinity. DTG, (+)-3-PPP, and haloperidol are nondiscriminating 
ligands with high affinity on both subtypes. Moreover, sigma-1 sites are allosteri-
cally modulated by phenytoin and sensitive to pertussis toxin and to the modulatory 
effects of guanosine triphosphate. It also has been shown that several drugs, such 
as haloperidol, α-(4-fluorophenyl)-4-(5-fluoro-2-pyrimidinyl)-1-piperazine butanol 
(BMY-14,802), rimcazole, and N,N-dipropyl-2-(4-methoxy-3-(2-phenylethoxy)phen-
yl)ethylamine (NE-100) act as antagonists in several physiological and behavioral 
tests relevant to the sigma-1 pharmacology. Unfortunately, most of these ligands are 
nonselective and bind to other pharmacological targets.

N

O

O

OH

N
Cl

Cl

OH

Ki(σ1) 3063 nM
Ki(σ2) 16 nM

Ki(σ1) 7400 nM
Ki(σ2) 13.4 nM

Ki(m) 4.5 nM

Selectivity 550 

Selectivity 185

FIgure 6.2  (+)-1R,5R-(E)-8-benzylidene-5-(3-hydroxyphenyl)-2-methylmorphan-7-one 
and its 3,4-dichloro derivative (CB64D and CB184) are selective for sigma-2. Unfortunately, 
CB184 binds with high affinity at the μ opioid receptor.
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The sigma receptors are widely expressed throughout the body and have been 
reported in a variety of tissues, including regions of the central nervous system (CNS) 
and in the gastrointestinal (GI) tract, the liver, and the kidney. The sigma-2 recep-
tors are overexpressed in tumor cells as compared to normal cells, including breast, 
neural, lung, prostate, and melanoma tumors. The sigma-1 receptor is involved in a 
direct modulation of intracellular calcium ([Ca2+]i) mobilizations through a complex 
mechanism. The sigma-1 receptor plays a key role of sensor-modulator for the neuro-
nal intracellular Ca2+ traffic and consequently for the extracellular Ca2+ influx. This 
cellular role may explain the effective but nonselective neuromodulation mediated 
by the sigma-1 receptor on several neurotransmitter systems, including dopaminer-
gic pathways.

The sustained interest for sigma ligands stems from the possibility of developing 
clinical agents for the treatment of psychiatric and motor disorders, tumor diagno-
sis, cocaine abuse, neuroprotection, and several neurological diseases. More specifi-
cally, sigma-1 ligands have demonstrated significant potentials as neuroprotective, 
anti-epileptic, and anti-amnesic agents in the modulation of opioid analgesia and in 
the modification of cocaine-induced locomotor activity. Many classes of drugs such 
as antihistaminics (H1) and antipsychotic drugs produce important side effects due 
to their interaction with sigma receptors.

deSIgn oF SIgma-1 LIgandS

We had previously reported the discovery of a series of 2(3H)-benzoxazolone and 
2(3H)-benzothiazolone derivatives endowed with good affinity both for sigma-1 and 
sigma-2 receptor subtypes. Several of these derivatives showed preferential selectiv-
ity for sigma-1 binding sites, and compound 1 [3-(1-piperidinoethyl)-6-propylbenzo-
thiazolin-2-one] (Figure 6.3) came out as a potent sigma-1 receptor ligand (Ki = 0.6 
nM) but displayed rather poor selectivity over the sigma-2 receptor subtype (Ki for 
sigma-2/Ki for sigma-1 = 30).2

Compound 1 demonstrated remarkable anticonvulsant activity, being as potent 
as phenytoin in the maximal electroshock seizure test (subcutaneous administration, 
mice). Compounds 2 [3-(1-piperidinopropyl)-6-propanoylbenzothiazolin-2-one] and 
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FIgure 6.3  Structure of benzothiazolinone-based sigma-1 lead structures 1–3.
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3 [3-(1-piperidinopropyl)-6-propanoyl benzoxazolin-2-one] (Figure 6.3), although 
maintaining rather high affinities at sigma-1 binding sites (Ki values of 2.3 and 8.5 
nM, respectively) were endowed with relatively higher selectivity (Ki for sigma-2/Ki 
for sigma-1 = 87 and 58, respectively). The study concluded that the benzothiazoli-
nones were more potent than the benzoxazolinones, that a 6-alkyl substitution was 
more efficacious than a 6-acyl, and that a piperidino side-chain along with a linker 
with two or three methylene represented an optimum for affinity. In an effort to fur-
ther study the structure–activity relationship in this class of benzothiazolinones and 
improve their selectivity for sigma-1 receptors, we now report on analogues of our 
lead compound 1 with the main structure variations affecting either the nature of the 
tertiary amine residue or the link between the tertiary amine and heterocyclic nitro-
gen. The affinity of benzothiazolinone derivatives at sigma-1 and sigma-2 receptor 
subtypes was measured classically by competition-binding experiments. [3H](+)-
pentazocine was used determining affinity at sigma-1 receptor. DTG was used in the 
presence of 100 nM (+)-N-allylnormetazocine (NANM) (to saturate sigma-1 binding 
sites) in guinea-pig brain membranes.

As already observed, the 6-alkyl substitution was found better than the 3-acyl 
one. The 6-n-propyl substituent was found superior to 6-n-pentyl. The optimal num-
ber of methylenes for the link between the amine and heterocycle nitrogen was found 
equal to two. Interestingly enough, lengthening of this linker with n = 4 produced a 
ligand with appreciable affinity for sigma-2 receptor (Ki = 13 nM).

We previously observed that the nature of the surrounding of the tertiary amine 
nitrogen had a profound impact on affinity. For example, when associated to a 6-pro-
panoyl substitution, the morpholino derivative was found inactive, whereas the pyr-
rolidino and piperidino terms gave ligands with increasing affinity and selectivity. 
Consequently, the synthesis of the azepino derivative (4) was undertaken (Figure 6.4). 
This compound not only had very high affinity (Ki 0.56 nM) but was also endowed 
with high selectivity for the sigma-1 receptor (>1000).3 Compound 4 compares well 
with recently published monoamine molecules in terms of affinity and selectivity, 
many sigma-1/2 ligands being indeed generally diamine systems. Marazzo et al.4 
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Marrazzo et al. 2001
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Maier et al. 2002
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FIgure 6.4  Structures of sigma-1 selective ligands.
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have reported high affinity ligands for sigma-1, e.g., (+)-cis-(2-{[1-adamantyl(meth-
yl)amino]methyl}-1-phenylcyclopropyl) methanol (5) had Ki = 1.26, unfortunately 
associated to a low selectivity ratio (=2) for sigma-1. Maier5 has also published spi-
ropiperidine structures with high affinity for the sigma-1 receptor. Among the best 
compounds obtained, 6 had a Ki = 1.29 with a selectivity ratio >1000 for sigma-1. 
Although devoid of affinity for various receptors or transport systems, compound 
6 revealed submicromolar affinity for kappa opioid receptors (Ki = 418 nM). Our 
compound 4 has been tested on a similar battery of affinity tests including 5HT2A(h), 
5HT3(h), α1, α 2, β1, β2, H1, H2, opioids, D1 (h), D2 (h), 5HT uptake, DOPA uptake, 
GABA-A, etc. Compound 4 showed submicromolar affinity only for α 2 (Ki = 205 
nM) and H1 (Ki = 311 nM) receptors.

deSIgn oF SIgma-2 LIgandS

The design of these ligands was based on the following arguments: (1) CoMFA 
investigations showed that most sigma ligands are characterized by a central basic 
nitrogen flanked by two aromatic hydrophobic groups; (2) it is well established that 
the N-phenylpiperazine moiety is a versatile platform in drug design; (3) 2(3H)-ben-
zothiazolones have been successfully used as a template in the sigma axis.1,2 There 
were, however, indications in the literature that, to obtain sigma-2 ligands, it was 
necessary to differentiate in an important manner the electron density at both hydro-
phobic aromatic ends. Consequently, in an effort to produce new pharmacological 
probes with preferential affinity for the sigma-2 receptor, we have synthesized new 
6-piperidino- or piperazino-alkyl-2(3H)-benzothiazolones, and their receptor-bind-
ing profile (sigma-1, sigma-2, 5-HT1A, 5-HT2A, 5-HT3, D2, H1, and M1) was deter-
mined (Figure 6.5).
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FIgure 6.5  General structure of the σ-2 ligands (n = number of methylenes, R = H or CH3, 
X = N or CH, Y = phenyl, benzyl, 2,4- or 3,4-dichlororobenzyl) and design of compound 7.
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Most of these compounds exhibited very high affinity (in the nanomolar range) 
at sigma and/or 5-HT1A receptors. Within the piperidine series, binding studies 
showed that, for sigma affinity, 4-phenyl substitution was superior to 4-benzyl irre-
spective of the length (n) of the methylene linker between the benzothiazolinone and 
piperidine moiety, whereas, for 5-HT1A affinity, 4-phenyl and 4-benzyl substitution 
gave nearly equal scores, however with a superiority for n = 2. Within the piperazine 
series, binding studies indicated that, for sigma affinity, 4-benzyl and 3,4-dichlo-
robenzyl substitutions were superior to 2,4-dichlorobenzyl with low incidence of 
the methylene number n, and a selective sigma-2 ligand (7)6 was obtained with 3,4-
dichlorobenzyl associated to n = 4 (Ki 2 nM) (Figure 6.5). For this compound, the 
selectivity ratio Ki σ1/Ki σ2 was 70. This situation is reminiscent of CB-184 (1R,5R-
(E)-8-(3,4-dichlorobenzylidene)-(3-hydroxyphenyl)-2-methylmorphan-7-one and 
ibogaine, reported by Bowen et al.7 as σ2-selective ligands (see Figure 6.2).

ConCLuSIon

Conclusively, in the course of this research, we have synthesized low-molecular-
weight achiral ligands selective for the sigma-1 (compound 4) and sigma-2 (com-
pound 7) receptors that can be used as pharmacological probes to investigate in 
particular the problem of the multiplicity of the sigma-1 receptor. Their physico-
chemical characteristics are also compatible with in vivo evaluations.
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7 Synthesis of Biologically 
Active Taxoids

K. C. Nicolaou and R. K. Guy

IntroductIon

Taxol® (Figure 7.1; 1), a diterpene originally isolated from the American Pacific yew 
Taxus brevifolia,1 has emerged as one of the most effective chemotherapeutic agents 
for the treatment of breast and ovarian cancers.2 The compound is also in develop-
ment for non-small-cell lung cancers,3 and head and neck cancers.4 Taxol’s develop-
ment has included periods of both unusual languor and speed.5 It acts by blocking 
the normal depolymerization of microtubules, a process that is crucial for a number 
of cellular functions including mitosis.6 The elucidation of this unique mechanism 
by Horwitz’s group in the early 1980s spurred the drug’s development.7

Since the publication of Taxol’s structure in 1971, the compound has interested 
synthetic chemists who have followed both semisynthetic and totally synthetic 
approaches to the assembly of Taxol and simpler mimetics.8,9 This ongoing synthetic 
effort produced, early in 1994, two separate total syntheses of Taxol.10,11 Our own 
route11–15 (Figure 7.2) involved the convergent joining of A- and C-ring synthons 2 
and 3, formed themselves by Diels–Alder reactions, to give intermediate 4. Closure 
of the B-ring by McMurry ketyl coupling then elaborated this intermediate to bac-
catin III derivative 5. Subsequent manipulations then converted this compound to 
Taxol. Although this route was unsuitable for the commercial production of Taxol, 
knowledge gained about Taxol’s chemistry during its execution enabled the design 
and production of novel taxoids.16,17

As with all chemotherapeutics, the activity and selectivity of Taxol could be 
improved by applying a thorough understanding of Taxol’s structure–activity rela-
tionship (SAR) to the design of next generation analogues. When we began our syn-
thetic endeavors, most areas of Taxol’s SAR had not been carefully probed. Due to 
the ready availability of side-chain analogues, the contributions of the side-chain 
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moieties were fairly well assessed.18–22 It was generally believed that these domains 
were crucial to Taxol’s activity. The oxetane was likewise believed crucial,23 whereas 
the C-7 hydroxyl24,25 and C-10 acyl25–27 were thought unimportant. Additionally, 
although Taxol has established itself as an important pharmaceutical, it does suffer 
from formulation problems.28 These problems are rooted in its low aqueous solubil-
ity, a property that could be ameliorated by chemical means. For these reasons, when 
planning our synthetic endeavors, we included deliberate probing of certain areas of 
Taxol’s pharmacology and SAR.

c2-ester derIvatIves of taxol

During our total synthesis of Taxol, one of the crucial steps involved the treatment of 
a C1-C2 cyclic carbonate derivative of baccatin III (Figure 7.3; 6) with phenyllithium 
to provide, regioselectively, hydroxy-benzoate 8.12,29 At the time this transformation 
was discovered, almost no concrete information existed concerning the importance 
of the C2-ester to Taxol’s SAR.8,30,31 This void prompted us to examine the suitability 
of this process for producing derivatives of Taxol termed taxoids.

Gratifyingly, the addition of organolithium reagents to baccatin carbonates 
proved to be quite general and allowed the production of a number of C2-taxoids 
(Table 7.1).16,17,29,32 After the initial addition of the organolithium reagent, the same 
methodology used for the total synthesis of Taxol transformed the resulting baccatin 
derivative to the corresponding taxoid. Although almost all organolithium reagents 
would add to the carbonate in the desired manner, some of the derivatives, such as 
the 2-pyridyl ester, proved quite difficult to carry through to the taxoid.

The method produced three classes of taxoids: 5-membered heteroaromatic 
esters, 6-membered aromatic esters, and linear aliphatic esters. Careful biological 
analysis by the standard methods of tubulin depolymerization inhibition and cyto-
toxicity assays allowed the ordering of the relative activities of these derivatives. 
These tests revealed that all of the monocyclic unsubstituted esters had an activity 
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fIgure 7.1 The structure and numbering scheme of Taxol.
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within two orders of the magnitude of Taxol. The other derivatives (8f–h) had very 
low activity. Further evaluation of the two most promising taxoids, thiophenes 8b 
and 8c, using distal tumor models in nude mice revealed that both compounds pos-
sessed pharmaceutical and therapeutic profiles very similar to those of Taxol.

These derivatives revealed some general rules about the contribution of the C2-
ester to Taxol’s SAR. First, the position is tolerant of any simple aromatic ester. This 
implies that receptor binding is not completely specific because the “void” caused 
by a smaller 5-membered aromatic ester does not significantly perturb binding. On 
the other hand, the p-position of the ester is quite intolerant of substitution, perhaps 
indicating a negative steric interaction. Finally, the receptor does require a cyclic 
group immediate to the carbonyl of the C2-ester. These observations represented, at 
the time, the first concrete information about this region of Taxol’s receptor. Since 
then other groups have confirmed these results.10,30,31,33,34
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Prodrugs for taxol

One of the major problems associated with Taxol is the difficulty of administering 
this highly insoluble compound. Although the literature presents a range of values for 
the solubility of Taxol, clearly it is insoluble to the degree of <0.01 mg/mL in water. 
This property forces Taxol’s formulation in a mixture of Cremaphor® and ethanol,35 
a vehicle that itself may cause hypersensitivity reactions in patients.36 During clinical 
trials, workers developed a complex regimen involving the pretreatment of patients 
with anti-inflammatories and the slow infusion of a suspension of formulated Taxol 
in saline.37 The nursing literature has noted this regimen as particularly difficult 
to administer.38 Clearly, an active water-soluble form of Taxol would prove advan-
tageous. However, drugs effective in the treatment of solid tumors usually exhibit 
high lipophilicity. Thus, an ideal derivative would possess two seemingly opposite 
solubility characteristics. The use of a prodrug, a compound that is water-soluble for 
administration but would discharge Taxol in vivo, might solve this dilemma.39–42

Our first efforts to produce such a prodrug for Taxol,42 or proTaxol, hinged upon 
the observation that cancer cells exhibit a higher pH in their cytosol than normal 
cells.43 Derivatives such as 9a–c that contained an acidic proton whose abstraction 
would provoke the self-immolative discharge of Taxol in a basic environment were 
targeted for synthesis. These compounds did indeed posses a higher solubility than 
Taxol and could release Taxol at a controlled rate in basic solution. However, these 
first-generation proTaxols exhibited several undesired characteristics (see Figure 7.4). 
First, although reasonably stable, they would degrade in solution over the period of 
hours to days, making their formulation more problematic. Second, and more seri-
ously, although quite active in cytotoxicity assays, these compounds exhibited no 
activity in distal tumor models in vivo. Radiolabeling experiments allowed tracing 
this lack of activity to rapid excretion of the water-soluble compound via the kidney.
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Our second generation of proTaxols fell, literally, out of our habit of testing syn-
thetic intermediates for biological activity (see Figure 7.5).44,45 The methylpyridin-
ium salt of Taxol 10 was prepared as an intermediate expected to allow nucleophilic 
substitution at the 2′ position. Upon routine testing, it revealed cytotoxicity equitable 
with Taxol. Further investigation revealed that the material was functioning as a 
highly stable prodrug of Taxol. Although extremely (>1 month) stable in solution, 
the material almost immediately discharges Taxol when exposed to human plasma. 
In vivo tumor models showed that the compound was not only as effective as Taxol 
but also less toxic.

conclusIon

The studies outlined in this article show how a guided synthetic program, ultimately 
aimed at the total synthesis of a given drug, can simultaneously provide important 
information about the pharmacology of that substance. In the case of Taxol, a method 
designed to allow the regioselective substitution of a diol provided the ability to synthe-
size a novel class of taxoids that eventually revealed crucial information about Taxol’s 
SAR. In a similar manner, explorations of the degradative chemistry of Taxol gave, 
unexpectedly, a novel class of water-soluble prodrugs that have proved more useful than 
any of those designed specifically for that purpose. Both of these studies prove the cru-
cial and wide-reaching role of total synthesis in the development of pharmaceuticals.
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8 From the Molecular 
Pharmacology to the 
Medicinal Chemistry 
of Cannabinoids

Didier M. Lambert

IntroductIon

The aim of this chapter is to briefly review the molecular pharmacology of cannabi-
noids and to present thereafter our main research interests: (1) the synthesis and the 
pharmacological characterization of new cannabinoid-receptor antagonists and (2) 
the synthesis and biological evaluation of N-palmiloylethanolamine derivatives as 
new endocannabinoids interfering with the metabolism of anandamide.

cannabIs, cannabInoIds, and 
EndocannabInoId sIgnalIng

Among the plants known by humans since ancient times, the hemp Cannabis sativa 
has been widely used both for therapeutic, ritual, and recreational purposes. Accord-
ing to Chinese legend, the emperor Sheng Nung discovered the medicinal proper-
ties of three plants: ephedra, ginseng, and cannabis. The Chinese pharmacopoeia 
already described, in 200 B.C., the beneficial effects of cannabis for human health as 
well as the psychotropic properties of abuse. However, the isolation of the psychoac-
tive ingredient of the plant, Δ9-tetrahydrocannabinol abbreviated here as THC, and 
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its correct structure assignation were successfully achieved only in the mid-1960s by 
Professor Mechoulam at the Hebrew University.1 At that time, typical C21 terpenes 
isolated from the plant were named cannabinoids.

Nowadays, the term “cannabinoid” has been extended, at least by pharmacolo-
gists, to include all the compounds that bind to the cannabinoid receptors or other 
cannabinoid proteins. However, the isolation of THC did not solve the question of 
how THC and cannabis preparations act. Indeed, the sites of action, i.e., cannabinoid 
G-protein-coupled receptors (GPCR), were identified only in the late-1980s,2 first by 
biochemical evidence and finally by the cloning and sequencing of their respective 
cDNAs.3–5 One of the reasons for such a delay was the hydrophobic nature of THC, 
which does not facilitate its use as a radioligand.

Today, two different receptors are known, the cannabinoid CB1 receptor found 
in the brain, the uterus, the lungs, and the testis, and the cannabinoid CB2 receptor, 
which is restricted to the membranes of cells from the immune system. The CB1 
cannabinoid receptor was first evidenced by autoradiography and radioligand bind-
ing studies using [3H]-CP55940, a THC analogue less hydrophobic than its parent 
compound, and was cloned from rat, humans, and mouse. It is expressed in the brain 
and some peripheral tissues including testis, small intestine, urinary bladder, and 
vas deferens. An alternative spliced form of CB1, christened CB1A, has also been 
described, but thus far no peculiar property in terms of ligand recognition and recep-
tor activation has been shown for this variant.6 The CB2 was discovered by sequence 
homology and is predominantly found in the immune system5 (spleen, tonsils, and 

Amino acid sequence 472 (human)

473 (mouse)

473 (rat)

360 (human)

347 (mouse)

360 (rat)

CB1 Cannabinoid receptor CB2 Cannabinoid receptor

Localization Brain, testis, uterus, lungs.…
G protein coupled receptor G protein coupled receptor

Immune system

Adenylate cyclase, AMPc Adenylate cyclase, AMPc

Human-rat: 98% total, Human-rat: 81% total

Pain Pain
Inflammation

Immunity

Appetite

Asthma

Emesis

Human mouse: 97% total

Human-mouse: 83%

Receptor type

Main transduction mechanism
Homologies

Therapeutical interests

100% TM

FIgurE 8.1 Comparison of the properties of the two subtypes of cannabinoid receptors 
(abbreviations: aa = amino acids; GPCR = G-protein-coupled receptor; TM = transmembrane 
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immune cells). A comparative table illustrates the main characteristics of both recep-
tors (Figure 8.1).

The discovery of cannabinoid receptors led to the identification of endogenous 
lipid compounds such as anandamide and 2-arachidonylglycerol, which bind to can-
nabinoid receptors. In 1993, Raphael Mechoulam, almost 30 years after his discov-
ery of THC, proposed, together with William Devane, that an endogenous lipid, 
arachidonoylethanolamide, is the endogenous ligand of cannabinoid receptors.7 They 
christened the compound anandamide, as ananda in Sanskrit means internal bliss. 
Congeners have been identified, differing by the degree of unsaturation or the length 
of the arachidonoyl moiety. Some years later, almost at the same time, Mechoulam’s 
team again, and the group of Sugiura in Japan, identified another endogenous lipid—
not an amide, but an ester: the 2-arachidonoylgycerol. This compound has been pro-
posed as the preferred endogenous CB2 agonist.

From a structural point of view, until now, agonists for these receptors belong to 
several distinct chemical classes:8 molecules derived from THC (usually named clas-
sical cannabinoid, and the close derivatives have been named nonclassical cannabi-
noids), the aminoalkylindoles derived from pravadoline, and the fatty acid amides 
and esters derived from anandamide, the first described endogenous ligand (Fig-
ure 8.2). The diversity of structures is paralleled with the variety of origins: THC 
was isolated from a plant, pravadoline is a synthetic molecule, and anandamide was 
isolated from mammalian brain. Three classes of antagonists have been described 
thus far: SR 14I716A9 (Figure 8.2) and SR 14452810 (Figure 8.2) are diarylpyrazoles, 
LY-320135 is an arylbenzofuran,11 and AM630 is an aminoalkylindole.12 Point muta-
tion studies as well as chimera CB1 and CB2 receptors provide new information on 
how these different ligands bind to the receptors. If agonists and antagonists have 
distinct sites inside the receptor (which is the case with most GPCR receptors), the 
point mutation studies indicated that some residues are crucial for some families of 
agonists but not for others (see the review by Reggio.13).

With the discovery of anandamide (arachidonoylelhanolamide) and, later, 2-ara-
chidonylglycerol, a new signaling system has been identified.14,15 Proteins have now 
been described either to trigger an intracellular signaling or to degrade the endocan-
nabinoids. The first group of proteins involve cannabinoid receptors (CB1 and CB2), 
which are metabotropic receptors, and probably the vanilloid VR1 receptor, a calcium 
ligand-gated channel. The proteins involved in the degradation of anandamide neu-
rotransmission include an active uptake protein that removes the endocannabinoids, 
and a degrading enzyme—the fatty acid amide hydrolase (FAAH) (Figure 8.3).

3-alkyl-(5,5′-dIphEnyl)ImIdazolIdInEdIonEs as 
nEw cannabInoId rEcEptor antagonIsts

Huffman et al.16,17 at Clemson University found that simplified derivatives of amino-
alkylindoles such as l-alkyl-3-(l-naphthoyl)pyrroles also exhibit a significant affinity 
for cannabinoid receptors.17,18 The more potent ligand was the n-pentyl derivative 
(JWH-030, Scheme 8.1) with a Ki of 87 nM on brain cannabinoid receptors. On 
analyzing the structures of 1-alkyl-3-(1-naphthoyl)pyrroles and of diarylpyrazoles 
antagonists, and considering that in the past our laboratory was involved in hydantoin 
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chemistry, we decided to investigate whether a 5,5′-diphenylhydantoin nucleus may 
constitute a new template for CB recognition by screening a very small library of 
hydantoins we had left. Comparing the structures, the diphenyl rings of the diphe-
nylhydantoin may mimic the phenyl rings in the reference molecules, and the N3 
nitrogen of hydantoin would be useful for further N-alkylations. After a first hit 
with our small series, a set of 3-alkylated 5,5′-diphenylimidazolidinediones (1–24) 
was prepared14 and tested by radioligand binding assay on transfected cells stably 
expressing the human CB1.

At first glance, 3-alkyl 5.5′-diphenylimidazolinediones were readily obtained 
in two steps, summarized in Scheme 8.1. The first step, known as the Biltz syn-
thesis, needs benzil or the corresponding substituted benzils, urea and KOH. The 
reagents were stirred in refluxing ethanol for 2 h. After cooling and washing with 

O

O

NH OH

∆9-THC

Anandamide WIN 55, 212-2

O

NH

Cl

CP 55, 940
O

OH OH

OH

OH

N

N

O

Cl

Cl

O

N
N

N O

NH

Cl

N
N

SR 144528SR 141716A

FIgurE 8.2 Different classes of ligands of cannabinoid receptors. Anandamide is the 
endogenous compound found originally in mammalian brain, Δ9-THC is the major psychoac-
tive compound isolated from the hemp Cannabis sativa L.; CP-55,940 was designed by Pfizer 
by ring opening and development of THC analogues; Win 55,212-2 is derived from prava-
doline, an analgesic and anti-inflammatory compound; and SR141716A and SR144528 have 
been synthesized by Sanofi (nowadays Sanofi-Synthélabo) and are cannabinoid antagonists, 
selective for CB1 and CB2 receptors, respectively.
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0.5 N NaOH, the glycolureide product was removed by filtration. After the addition 
of acetic acid to the filtrate, a precipitate was obtained providing 25–29 in 65–88% 
yields. In a second step, the alkylation of 25–29 (l mmol) by an excess (1.2 mmol) of 
bromo- or chloro-alkyl chains was carried out in anhydrous dimethylformamide in 
the presence of K2CO3 at room temperature overnight. However, looking carefully 
at the side-products of the reactions, we noticed that some amounts of bi-alkylated 
(N1–N3) or, surprisingly, even (N-O) bi-alkylated compounds were also obtained, 
giving both purification problems and low yields (Scheme 8.2). The nature and the 
amount of the side-products depend on the alkylating agent, the temperature, and the 
stoichiometry. An alternative synthesis is under investigation.

Apart from the diphenylhydantoin ring, we were also interested in having bulkier 
substituents in position 5, and we prepared the tryptophan hydantoin from the amino 
acid and potassium isocyanate. As d- and l-tryptophan are commercially available, 
both enantiomers have been prepared.

NH2EtOH

A
ction

Inactivation

AEA
2-AG

?

AA+

FIgurE 8.3 Putative and schematic representation of a cannabinoid synapse. The secre-
tion step is still controversial; some authors proposed that anandamide and 2-arachidoyl-
glycerol are cleaved upon demand from phospholipid precursors in the membrane. Once the 
endocannabinoids are in the synapse, they may activate the targets (GPCR: CB1 and CB2, 
ligand-gated channel receptor: the vanilloid VR1) or be degraded by the inactivation system 
consisting of an active uptake process and a fatty acid amide hydrolase (FAAH).

O

O

O

+

H2N NH2

R1

R1 a, b HN
N
H

R1

R1

O O

R1 = H, 25
R1 = CH3, 26
R1 = OCH3, 27
R1 = F, 28
R1 = Br, 29

c HN
N
R2

R1

R1

O O
1-24

N

O

N
N

N
H

Cl

ClCl

JWH-030

SR141716A

(CH2)4-CH3

O

N

schEmE 8.1 Synthesis of structures of target compounds (1–24) compared to SR141716A 
and JWH030. The conditions and reagents were: (a) KOH, C2H5OH, reflux (b) CH3COOH, 
and (c) R2-Cl or R2-Br, K2CO3, DMF.

9006_C008.indd   113 2/15/08   1:18:14 PM



114 Chemistry and Molecular Aspects of Drug Design and Action

Alkylation using bromo- or chloroalkanes has been achieved at room tempera-
ture in dimethylformamide in quite low yields. This reaction has some drawbacks. 
If there is a chiral center on the starting hydantoin (such as tryptophan hydantoins), 
racemization occurs during this step. A liquid chromatography system using chiral 
columns has been developed to resolve the enantiomers. Three most widely used 
polysaccharide-type column stationary phases, such as cellulose tris(4-methylben-
zoate) (Chiralcel OJ), cellulose tris(3.5-dimelhylphenylcarbamate) (Chiralcel OD), 
and amylose tris(3,5-dimethylphenalcarbamate) (Chiralpak AD) have been tested 
for the analytical scale enantioseparations of the newly synthesized chiral hydantoin 
derivatives. An example of the resolution is given in Figure 8.4. Details of the ana-
lytical procedures have been published elsewhere. 20

A
bs

or
ba

nc
e

30 60
Time (min)

N

N

NH

O O

90

A
bs

or
ba

nc
e

20 50
Time (min)

N

NH

O O

80

H
N
H

FIgurE 8.4 Separation of the enantiomers of the hydantoins on Chiralcel OD column. 
Mobile phase n-hexane/2-propanol 90/10 (v/v). Flow rate is 1 ml/min.

N
H

NH
O O

N

NH
O O +

a

N

N
O O +

N

NH
O O

schEmE 8.2 Alkylation of phenytoin by chloroheptane: desired compounds and side 
products. Reagents (a) chloroheptane, K2CO3, DMF.
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The affinity of this family of molecules has been determined on human can-
nabinoid receptors expressed after stable transfection in CHO cells. Euroscreen 
S.A. (Brussels, Belgium) has provided the cells. CHO cells in our hands selectively 
express either the CB1 cannabinoid receptors or the CB2 cannabinoid receptors. Sev-
eral radioligands are commercially available; for the study we decided to use the CB1 
cannabinoid receptors [3H]-SR 1417I6A, a high-affinity radioligand selective for the 
CB1 cannabinoid receptor, and |3H]-CP55,940, also a high-affinity radioligand but 
devoid of selectivity. Our synthesized molecules including 1–24 and the hydantoin 
intermediates 25–29 were screened at a first dose of 10 μM, and when >60% dis-
placement of the specific radioactivity bound was obtained, they were further tested 
at 1 μM (Table 8.1). None of the intermediates 25–29 showed a significant displace-
ment of the radioligand at 10 μM (data not shown). This point is important as the 
imidazolidinedione ligands are derived from phenytoin, a major anti-epileptic drug 

tablE 8.1
displacement of [3h]-sr 141716a binding to cb1 cho cell membranes 
by compounds 1–24

compounds r1 n r2

displacement at 
10 (μm (%)

displacement at 
1 (μm (%)

1 H 2 -N(CH2CH2)2O <5 —

2 H 2 -N(CH2)5 <15 —

3 H 2 -N(CH3)2 <5 —

4 H 2 -CH3 <20 —

5 H 3 -CH3 25.1 ± 2.2 —

6 H 4 -CH3 35.4 ± 2.9 —

7 H 5 -CH3 35.6 ± 1.5 —

8 H 7 -CH3 61.2 ± 4.7 —

9 H 1 -C6H5 40.6 ± 3.9 —

10 H 0 -CH(CH3)2 <5 —

11 CH3 2 -N(CH2CH2)2O 23.9 ± 1.9 —

12 CH3 5 -CH3 46.8 ± 3.9 —

13 CH3 6 -CH3 51.3 ± 3.8 —

14 OCH3 2 -N(CH2CH2)2O 21.7 ± 1.7 —

15 OCH3 5 -CH3 66.6 ± 5.3 23.0 ± 1.9

16 F 2 -N(CH2CH2)2O 30.3 ± 2.1 —

17 F 5 -CH3 40.6 ± 3.1 —

18 F 6 -CH3 51.4 ± 2.9 —

19 F 7 -CH3 62.5 ± 5.7 15.3 ± 1.1

20 Br 2 -N(CH2CH2)2O 91.2 ± 7.3 54.1 ± 4.5

21 Br 3 -OH 88.4 ± 6.7 50.2 ± 5.3

22 Br 5 -CH3 72.1 ± 5.3 30.2 ± 1.9

23 Br 6 -CH3 89.2 ± 7.6 51.5 ± 3.4

24 Br 7 -CH3 80.0 ± 6.0 48.2 ± 3.8

Note: Results are expressed as the percentages of the displaced specific radioactivity (mean ± sem, 
n = 3–5).
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acting through sodium and calcium channels. It is known that some hindrance at the 
N3 abolishes the anticonvulsant effect of phenytoin.

Whatever the nature of the R1 substituent, the affinity for CB1 increased with an 
increase in the length of alkyl chains as for the case of l-alkyl-3-(l-naphthoyl)pyrroles. 
The dibromo derivatives showed the highest affinity.

Three compounds, i.e., the 3-ethylmorpholino-5,5′-di-p-bromophenylimidazoli-
dinedion3, 20; 3-(l-hydroxypropyl)-5,5′-di-p-bromophenyl-imidazolidinedione, 21; 
and 3-heptyl-5.5′-di-p-bromophenyl imidazolidinedione, 23, were selected for further 
pharmacological evaluations, and their Ki are shown in Table 8.2. Compared to refer-
ence cannabinoids, the 3-alkyl-5,5-di-p-bromophenylimidazolidinediones exhibited an 
affinity inferior to those of classical cannabinoids (HU210, CP55940) but superior to that 
of the reference aminoalkylindole tested (WIN55212-2). The Ki obtained for 20, 21, and 
23 were close to the value described in the literature for l-pentyl-3-naphthoylpyrrole.18

These three new cannabinoid ligands have been further characterized with regard 
to their interactions with CB1 cannabinoid receptors to determine if they act as ago-
nists, partial agonists, antagonists, or inverse agonists. The advantage to working on 
G-protein-coupled receptors is that this characterization might be achieved based 
on the recognition between the G-protein and the receptor. Indeed, guanylyl nucleo-
tides are known to disrupt the functional coupling of G-protein-coupled receptors, 
resulting in decreased affinity of agonists. Nonhydrolyzable GTP analogues such as 
5′-guanylylimidodiphosphate (Gpp(NH)p) and guanosine-5′-O-(3-thiotriphosphate) 
(GTP-γ-S) constitute useful tools to distinguish between agonists and antagonists, 
the latter being unaffected by such uncoupling. Using either CHO cells expressing 
the CB1 receptor or a preparation of rat cerebellar membranes, a tissue known to be 
rich in cannabinoid receptors, we measure the dose-dependent displacement curve 
of [3H]-SR141716A by reference agonists (HU210. CP55,940) in the presence and in 
the absence of 5′-guanylylimidodiphosphate (Gpp(NH)p) (50 μM), a nonhydrolyz-
able GTP analogue. The addition of 5′-guanylylimidodiphosphate (Gpp(NH)p) (50 
μM) to the binding assay significantly reduced the affinity of CP 55940 (IC50 values: 
agonist-Gpp(NH)p, 14.4 nM; +Gpp(NH)p, 27.5 nM) but was without effect on the 
binding of 20, 21, and 23, supporting the evidence for their antagonist properties at 
the CB1 receptor.

tablE 8.2
ki determination of 20, 21, 23 and reference 
compounds

compounds ki (nm) against [3h]sr 141716a

20 70.3 ± 4.3

21 103.2 ± 6.8

23 97.9 ± 5.5

HU210 0.82 ± 0.004

CP 55940 5.2 ± 0.3

SR 141716A 8.9 ± 0.4

Win55212-2 152.2 ± 9.3

Note:  Ki values are expressed as means ± sem (n = 3–5).
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A further step was to determine with a similar technique the activity of DML20, 
DML21, and DML23 at CB1 cannabinoid receptors. As the radiolabeled [35S]|-GTPγS 
is commercially available, a derived binding technique is used to characterize the 
activity of ligands at G-protein-coupled receptors, including cannabinoid receptors. 
This assay constitutes a functional measure of the interaction of the receptor and the 
G-protein, the first step in activation of the G-protein-coupled receptors. In addi-
tion, whatever the transduction mechanism, it is possible to define the functional 
activity of ligands as agonist (positive intrinsic activity), partial agonist (partial posi-
tive intrinsic activity), antagonist (no intrinsic activity), and inverse agonist (negative 
intrinsic activity). We measured the modulation of [35S]|-GTPγS binding on the rat 
cerebellar membranes by several reference cannabinoids, such as classical and non-
classical terpene (Δ8-THC, Δ9-THC, HU-210, CP-55,940, CP-55244, CP-55243), ami-
noalkylindole (WIN 55,212-2), and diarylpyrazole cannabinoids (SR141716), and 
by DML20–23. In our hands, HU-210, CP-55,940, CP-55244, CT-55243, and WIN 
55,212-2 are full agonists in this assay, the natural plant derivatives Δ8-THC, Δ9-THC 
were partial agonists, and SR141716 decreases the stimulation, indicating that it is an 
inverse agonist. DML20, 21, and 23 do not modify the basal level of [35S]|-GTPγS 
binding and, moreover, they antagonize the stimulation of the agonist HU210 with 
pKB values of 6.11 ± 0.14, 6.28 ± 0.06, and 5.74 ± 0.09, respectively, suggesting that 
these molecules are true antagonists without inverse agonist activity.

These data indicate that the 3-alkyl-5,5-(di(bromophenyl))imidazolidinediones 
represent a new chemical template with true antagonist properties and could either 
constitute new tools for cannabinoid pharmacology or new lead compounds for 
medicinal chemistry development.

Fatty acId amIdEs dErIvEd From 
N-palmItoylEthanolamInE IntEractIng 
wIth anandamIdE mEtabolIsm

As mentioned previously, anandamide, the amide of arachidonic acid with etha-
nolamine, has been first proposed to act as an endogenous ligand for cannabinoid 
receptors. It has been isolated from pig brain.7 Later, two congeners of anandamide, 
i.e., dihomo-γ-linolenoylethanolamide (C20:3) and docosatetraenoylethanolamide 
(C22:4) have been discovered also in the pig brain.21 Endogenous esters have been 
identified as well. Indeed, almost at the same time, Mechoulam22 and Sugiura23 iden-
tified the presence of a 2-monoglyceride—the 2-arachidonoylglycerol—in different 
tissues, i.e., the intestine and the brain, respectively; 2-arachidonoylglycerol binds 
to cannabinoids receptors, albeit with a weaker affinity than that of anandamide 
for the CB1 receptor, but was found in higher amounts in the body. This compound 
has been proposed as the preferential CB2 endocannabinoid ligand.24 The fascinat-
ing discovery of anandamide and other polyunsaturated fatty acid ethanolamides as 
endogenous ligands for the cannabinoid receptors renewed the interest of the sci-
entific community in the fatty acid amides, the N-acylethanolamines. In fact, the 
N-acylethanolamines, including N-palmitoylethanolamine (PEA), a shorter and fully 
saturated analogue of anandamide, have been known for almost 30 years.

9006_C008.indd   117 2/15/08   1:18:16 PM



118 Chemistry and Molecular Aspects of Drug Design and Action

PEA is an intriguing molecule; it is a C16:0 fatty acid derivative where the car-
boxylate function is amidated by the primary amine of ethanolamine. Its chemi-
cal name is N-(2-hydroxyethyl)hexadecanamide, and is termed by some authors as 
palmidrol. This endogenous compound has been shown to accumulate during isch-
emia and inflammation and, in rodent animal models, it exhibits analgesic and anti-
inflammatory properties.25 The exact mechanism of its action is still under debate.26 
It has been proposed that PEA was a potent, nanomolar agonist of the cannabinoid 
CB2 receptors, but, after all, it is widely accepted that it is inactive to cannabinoid 
receptors, albeit some of its pharmacological actions being reversed in the presence 
of a CB2 antagonist.27

Anandamide has, as a result of its actions upon cannabinoid and vanilloid 
receptors, a number of interesting pharmacological properties, including effects 
on nociception, memory processes, lung function, spasticity, and cell prolifera-
tion. It constitutes, therefore, a lead compound for medicinal chemists, and since 
its discovery, numerous studies about the influence of the chemical modifications 
in the anandamide structure on receptor recognition or enzyme degradation have 
been performed. However, anandamide is metabolized by an FAAH, and inhibi-
tion of this enzyme by phenylmethylsulfonyl fluoride and palmitylsulfonyl fluoride 
has been shown to potentiate the pharmacological actions of anandamide. Our drug 
design is based on the possibility that compounds interfering with the metabolism of 
AEA may be therapeutically useful. As lead compounds, we decided to investigate 
fatty acid amides differing from the anandamide structure. Several FAAH inhibitors 
have been described, often based on the structure of anandamide itself; but in such 
cases, the possibility to interact with cannabinoid receptors directly persists and may 
hamper the approach with the central psychotropic side effects of CB1 agonists. An 
alternative approach is to prevent the metabolism of AEA with compounds related 
to N-palmitoylethanolamine because this fatty acid amide, although a substrate for 
FAAH,28 is inactive at cannabinoid receptors.29

The fatty acid amides interacting with anandamide metabolism are amide 
derivatives of palmitic and oleic acids. Varying the chain length of the different 
ethanolamides or the amide head of palmitic acid, a series of compounds have 
been characterized in terms of cannabinoid receptor recognition, FAAH activity, 
and influence of the anandamide uptake (Table 8.3). Propanoylethanolamide (C3:0), 
butanoylethanolamide (C4:0), hexanoylethanolamide (C6:0), octanoylethanolamide 
(C8:0), decanoylethanolamide (C10:0), lauroylethanolamide (C12:0), myristoyle-
thanolamide (C14:0), palmiloylethanolamide (C16:0), palmitoylbutylamide (C16:0), 
palmitoylisopropylamide (C16:0), palmitoylcyclohexamide (CI6:0), stearoylethanol-
amide (Cl 8:0), and oleoylethanolamide (C18:l) have been prepared either from the 
respective acyl chlorides and excess of ethanolamine, or from the corresponding 
acids, ethanolamine and 1,1′-carbonyldiimidazole. With the exception of oleoyletha-
nolamide, the compounds, at concentrations of 100 μM, did not produce dramatic 
inhibition of the binding of [3H]WIN 55,212-2 to human CB2 receptors expressed on 
CHO cells. Similarly, PEA and palmitoylisopropylamide had modest effects upon 
the binding of [3H]CP 55,940 to human CB1 receptors expressed on CHO cells at 100 
μM, whereas oleoylethanolamide produced 65% inhibition of binding.
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All compounds have been tested in Chris Fowler Laboratory at the Umea Uni-
versity in Sweden for their ability to inhibit the uptake and FAAH-catalyzed hydro-
lysis of [3H]anandamide ([3H]AEA). Regarding the FAAH activity,30 PEA inhibited 
the metabolism of [3H]AEA by rat brain homogenates with a pI50 value of 5.30. 
The potencies of the homologues were roughly similar to PEA as the chain length 
was reduced to 14 and 12 carbon atoms, but was lower for the C10:0 compound. 
Homologues with chain lengths <8 carbon atoms gave <20% inhibition at 100 μΜ. 
Palmitoylisopropylamide inhibited the metabolism of [3H]AEA with pI50 values 
of 4.89 (mixed-type inhibition). Palmitoylbutylamide and palmitoylcyclohexamide 
produced <25% inhibition at 100 μΜ. Oleoylethanolamide was a mixed-type inhibi-
tor with a pI50 value of 5.33.31

Assuming that PEA may use its own transporter,32 the analogues and homologues 
have been tested in an assay regarding the uptake of [3H]AEA using two sources of 
cells, C6 glioma and RBL-2H3 cells. Modest effects of most of the compounds upon 
the uptake of [3H]AEA were observed. However, palmitoylcyclohexamide (100 μM) 
and palmitoylisopropylamide (30 and 100 μM) produced more inhibition of [3H]AEA 
uptake than expected to result from inhibition of [3H]AEA metabolism alone.31

Finally, in a combined model using intact C6 cells, palmitoylisopropylamide and 
oleoylethanolamide inhibited formation of [3H]ethanolamine from [3H]AEA with 
pI50 values of 5.08 and 5.14.31

Some years ago, Sugiura et al.23 interestingly found the presence of a mono-
acylglycerol analogue of PEA, and they described 2-arachidonylglycerol as a pos-
sible endogenous cannabinoid in the brain. Although the relative abundance of the 
monopalmitoylglycerols was high in the rat brain—11.2% of the monoacylglycerols 

tablE 8.3
affinity of N-palmitoylethanolamide derivatives on cannabinoid receptors

Inhibition of specific binding (%)
cell line:
ligand:

cho-cb1

[3h]cp 55,940
cho-cb2

[3h]wIn 55,212-2
compound 10 µm 100 µm 10 µm 100 µm

Propanoylethanolamide (C3:0) 19.5 ± 8.8 7.8 ± 4.3 8.9 ± 0.2 2.9 ± 1.0

Butanoylethanolamide (C4:0) 19.7 ± 5.5 8.0 ± 2.3 4.4 ± 0.5 3.4 ± 2.4

Hexanoylethanolamide (C6:0) 31.6 ± 5.15 8.0 ± 2.3 1.6 ± 0.3 6.2 ± 1.3

Octanoylethanolamide (C8:0) 26.7 ± 2.29 17.6 ± 5.3 5.7 ± 0.8 12.7 ± 0.8

Decanoylethanolamide (C10:0) 11.0 ± 0.98 12.3 ± 2.3 10.0 ± 0.8 17.3 ± 2.6

Lauroylethanolamide (C12:0) 21.9 ± 1.84 37.7 ± 8.3 5.1 ± 0.6 16.0 ± 2.3

Myristoylethanolamide (C14:0) 23.6 ± 6.16 41.1 ± 7.4 5.3 ± 0.6 21.9 ± 3.0

Palmitoylethanolamide (C16:0) 23.8 ± 0.07 25.4 ± 5.3 13.9 ± 1.7 24.5 ± 0.5

Stearoylethanolamide (C18:0) 30.3 ± 9.8 21.9 ± 6.4 3.4 ± 0.6 11.6 ± 1.8

Palmitoylbutylamide (C16:0) 19.6 ± 3.4 35.4 ± 5.3 12.9 ± 0.4 21.8 ± 0.7

Palmitoylisopropylamide (C16:0) 25.4 ± 4.5 14.5 ± 6.0 12.3 ± 0.8 21.1 ± 0.5

Palmitoylcyclohexamide (C16:0) 34.2 ± 1.5 37.5 ± 2.1 8.1 ± 0.2 13.8 ± 0.8

Oleoylethanolamide (C18:1) 13.3 ± 2.7 63.4 ± 3.9 14.5 ± 0.5 64.6 ± 1.5

Note: Shown are means ± s.e. mean of quadruplicate determinations.
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detected—no information was provided as to the cannabinoid-receptor-binding pro-
file of this molecule in that study. The two positional isomers l(3)-palmitoylglycerol 
and 2-palmitoylglycerol are present in rat brain, the 2 isomer being more abundant. 
Later, Ben-Shabat et al.33 reported that 2-palmiloylglycerol does not bind to cannabi-
noid CB1 and CB2 receptors. However, despite the fact that this endogenous glycerol 
ester and 2-linoleoylglycerol are intrinsically inactive, they enhance both the binding 
and the activity of the other endocannabinoid 2-arachidonylglycerol at cannabinoid 
receptors as well as its pharmacological effects in the mouse “tetrad” of behavioral 
tests of cannabinomimetic activity. This novel route of molecular regulation of the 
activity of an endogenous ligand received the name of “entourage effect.”

Our compounds, without interacting directly with the cannabinoid receptors but 
by inhibiting the metabolism or the uptake of anandamide, act as “entourage” com-
pounds. New pharmacomodulations of this series are under progress in two direc-
tions: compounds with increasing solubility and compounds that may selectively 
recognize either the FAAH or the uptake protein.
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9 An Appraisal of 
Fomocaines: 
Current Situation 
and Outlook

Herbert Oelschläger and Andreas Seeling

IntroductIon

Some groups of drugs, e.g., anti-infectives, are undergoing a process of continual 
development. In contrast, the local anesthetics that are indispensable to attain 
freedom from pain in diagnostic and therapeutic interventions tend to be a rather 
quiescent group. Compared to general anesthetics, there are major regional differ-
ences in their proportional share in anesthetic techniques that vary between 5% and 
70%. Despite the introduction of medical hypnosis, dental medicine is absolutely 
dependent on local anesthetics. Temporary abolition of pain sensation by chemical 
substances was achieved thanks to the Vienna ophthalmologist Karl Koller, who 
experimented with cocaine at the suggestion of Sigmund Freud.

Today, about 40 local anesthetics are available to the physician. These comprise 
three groups of compounds. From the group of basic esters, the first useful molecule 
was procaine, the conduction and infiltration anesthetic synthesized by Alfred Ein-
horn in 1904. In 1931, it was followed by tetracaine, which is mainly suitable as a 
topical anesthetic but is also very toxic (Figure 9.1).
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In 1943, Niels Löfgren presented with lidocaine the group of basic anilides he 
had developed. Lidocaine is primarily a conduction and infiltration anesthetic but 
frequently causes allergies upon topical application. From this group, the chiral 
bupivacaine later assumed a special role in anesthesiology as a long-term anesthetic. 
Ropivacaine is the first important local anesthetic from the group of basic anilides, 
which is available as the S-enantiomer. Its clinical profile is better than that of bupi-
vacaine. Above all, the cardiac toxicity of the S-enantiomer is lower than that of 
the R-enantiomer. In dental medicine, the chiral substance articaine is highly rated 
because of its rapid penetration of the bone wall (Figure 9.2 and Figure 9.3).

The group of basic ethers comprises only a few representatives, including fomo-
caine developed by Oelschlaeger in 1967. There are monographs for fomocaine in 
the German Pharmaceutical Codex (DAC) for both the hydrochloride and the base 
(Scheme 9.1).

The local anesthetics introduced differ considerably in their i.v. toxicity 
(Table 9.1).

As lipophilic molecules, all local anesthetics block the ion channels, espe-
cially the voltage-dependent sodium channels, by nonspecific membrane expansion 
(Figure 9.3).

Reduction of membrane permeability means reduced depolarization to complete 
undepolarization of the nerve fibers. However, the chief process responsible for the 
local anesthetic action is the interaction of the protonated form with a binding site 
inside the channels (Figure 9.4).

At higher doses, potassium channels are affected in addition. Up to now, the 
binding area of the latter has not yet been identified. On the other hand, in the resting 
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table 9.1
toxicity of Important local anesthetics

i.v. ld50 in Mouse  
(mg/kg)

i.p. ld50 in Mouse  
(mg/kg)

Procaine 56 167

Tetracaine 10.5 53

Lidocaine 44 120

Bupivacaine 8 54

Ropivacaine 12 —

Articaine 37 —

Fomocaine 175 230

O 

FOMOCAINE HYDROCHLORIDE

4–[3–(4-Phenoxymethylphenyl)-propyl]morpholine-hydrochloride

SYNONYM: Fomocainum hydrochloricum.

CH2 (CH2)3 NH O 

+ 
– Cl 

scheMe 9.1 DAC monograph.
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FIgure 9.3 Structure of the voltage-gated sodium channel.
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state sodium ions can penetrate the 
membrane, which is otherwise imper-
meable to these ions. This takes place 
through a hydrophilic pore formed by a 
protein that spans the entire diameter of 
the cell wall. The α subunit (Mr = 260 
kDa) of this glycoprotein (Mr = 330 kDa) 
consisting of about 1900 amino acids 
is responsible for the gate function and 
the sodium selectivity. The subunits β-1 
(Mr = 36 kDa) and β-2 (Mr = 33 kDa) 
determine the spatial orientation in the 
membrane. The subunits α-1 and β-l are 
linked by low binding, whereas the β-2 
subunit is linked covalently to the α-sub-
unit by disulfide bridges. The homolo-
gous transmembrane sectors of the 
protein designated I to IV in the detailed 
representation in Figure 9.2 are oriented 
to each other in such a way that they can 
form a channel under appropriate condi-
tions. The protein segment 6 from sub-
structure IV contains the local anesthetic 
binding area with the amino acid L-phe 
in position 1764 and L-tyr in 1771. Thus, dispersion forces and hydrophobic forces 
can act between the aromatic rings of the protein and the local anesthetic as well as 
the alkyl bridge.

The importance of aromaticity for the 
local anesthetic effect could already be estab-
lished by Oelschläger et al.1 in 1969 by the 
synthesis and pharmacological testing of the 
three stereoisomeric hexahydro derivatives 
of lidocaine. In conduction and topical anes-
thesia, only the cis-cis isomer was about half 
as active as lidocaine (Scheme 9.2). The two 
other stereoisomers were inactive.

syntheses oF FoMocaIne (Inn)

The first technical synthesis of fomocaine (Figure 9.5) entails a Blanc chloromethyl-
ation as the key reaction. This was optimized very carefully to keep the percentage 
of the ortho isomer low.2

The second technique (Figure 9.6) also works without regioisomers. Essentially, 
it entails a Willgerodt–Kindler reaction in which the thioamide is reductively desul-
furated with Raney nickel.3

cis-cis-hexahydroderivative of lidocaine

NHCO N CH2 CH3 

CH3 

scheMe 9.2 Derivative of lidocaine.
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FIgure 9.4 Binding site for local anes-
thetics inside the sodium channel.
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PharMacokInetIc and PharMacologIcal 
ProPertIes oF FoMocaIne

The pharmacokinetic and pharmacological properties of fomocaine have been inves-
tigated in detail. Its protein binding is 95%. Fomocaine is mainly bound by serum 
albumin. The globulins are responsible for about 10% of the protein binding. High-
resolution NMR spectroscopy (Jardetzky method) showed that the binding to serum 
albumin is essentially mediated by the two aromatic rings and the alkene groups, 
whereas the morpholine ring does not bind. Surprisingly enough, the erythrocytes 
are not a deep compartment for fomocaine. In topical anesthesia, fomocaine proved 
to be as effective as tetracaine, whereas it was much more active than procaine and 
lidocaine in conduction anesthesia. The low toxicity of fomocaine is an advantage. 
With an LD50 of 175 mg/kg in intravenous administration to the mouse, fomocaine 
is tolerated 17 times better than tetracaine and 4 times better than lidocaine. The 
low toxicity can be readily explained by the minimal effects on the cardiovascular 
system. Even at a high dosage, fomocaine brings about only a very brief fall in blood 
pressure. The low toxicity is due to the morpholine residue.4 For example, as a topi-
cal anesthetic, the piperidine derivative is three times more toxic than fomocaine. 
More than 20 base variations were tested (Table 9.2).

The spasmolytic effect (BaCl2 spasm of the isolated guinea pig intestine) has the 
same order of magnitude as papaverine.5 A sensitizing effect of fomocaine could not be 
demonstrated in guinea pigs after epicutaneous or subcutaneous application.6 Experi-
ments with fomocaine administered to test subjects in the repeated patch test for 40 
days did not give rise to any skin inflammation. It was established in the Ames test with 
a certainty of 90% that fomocaine has no carcinogenic and no mutagenic effects.

The biotransformation of fomocaine was also investigated for new indications with 
two animal species (dog [beagle] and rat) with 14C-labeled fomocaine. The synthesis of 
14C -fomocaine starts with 4-bromocinnamic acid7 (Figure 9.7 and Figure 9.8).

table 9.2
Influence of the basic Moiety on toxicity (selection)

 
O CH2 CH2 CH2 CH2 R

basic Moiety [r]
i.v. ld50 Mouse

(mg/kg)

N O 175

N NH 150

N

 65

N  36

N  30
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The results with 14C-fomocaine administered to beagle are shown in Table 9.3. 
The hydroxylation of the aromatic exo-ring (O/Se 2) with subsequent conjugation 
predominates in the beagle, whereas cleavage of the ether bond predominates in the 
rat (O/Se 7). The pattern of the biotransformation in humans largely corresponds to 
that in the beagle. Altogether, fomocaine forms 14 metabolites (Table 9.4).
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N O
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N O

O

O

HO O

OHO/Se 11

O

O

OH

HO

O/Se 10

O

OH
O/Se 9

HO O

O

HO
O/Se 7

N
O

HO
O/Se 8

[ ]

FIgure 9.8 Metabolites in beagle.

table 9.3
results with 14c-fomocaine (beagle)

After 48 h 38.7% of radioactivity found in urine and feces

After 168 h 94.3% of radioactivity in urine and feces

Identification of Metabolites in urine

4.0% Fomocaine

Fomocaine-N-oxide (traces) 

38.3 % 4-Hydroxy-fomocaine

1.7% 4-Hydroxy-fomocaine-N-oxide

9.3% Morpholino-propyl-benzoic acid

6.1% Morpholino-propyl-benzyl-alcohol

1.8% 4′-(Phenoxymethyl)-3-phenylpropionic acid

8.0% 4′-(Phenoxymethyl)-benzoic acid

Note:	 69.2% of radioactivity found as defined metabolites.
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Their structure has been clarified and they have been synthesized. In addition, their 
physical–chemical properties, their pharmacological action, and their toxicity were 
investigated in detail.8 With the exception of one compound (compound 4), they do not 
show any pharmacological action and are, moreover, atoxic. N-oxidation is of subordi-
nate importance. Thiofomocaines are attacked preferentially at the sulfur atom.

structure–actIvIty relatIonshIPs

The structure–activity relationships in the fomocaine group were clarified compre-
hensively in numerous studies comprising more than 100 substances.9 A shortening 
or increasing of the alkane side chain leads to a reduction of the topical anesthetic 
action. The activity optimum is associated with the propane chain. Exchanging the 
morpholine residue for other base residues generally led to an increase in the toxic-
ity. The effect depends on the aromaticity of the exo-ring. The corresponding cyclo-
hexyl derivative of fomocaine has only a very weak activity. The introduction of 
fluorine and bromine into the p-position of the phenolic moiety enhances the effect 
but causes irritation of the conjunctiva of the test animal at the same time. The 
introduction of polar groups, e.g., a p-nitro, p-amino, or p-acetamino group into 
the exo-ring greatly reduces the activity. The corresponding β-naphthyl derivative is 
inactive. Bioisosteric substitution did not result in any advantage.

A field that is largely neglected in local anesthetic research is the question of the 
influence of chirality on the local anesthetic action. Scanty information is available 
merely for the group of basic anilides. S-enantiomer, the recently introduced ropi-
vacaine is longer acting and shows better cardiac tolerance than the R-enantiomer. 
After we had found that fomocaine acts on sodium, potassium, and calcium channels 
with specific fomocaine-binding sites, whether enantiomeric fomocaines show a dif-
ferent effect and toxicity became a pressing question. A total of 14 fomocaines were 
therefore synthesized achirally and first of all separated via their diastereomeric 

table 9.4
Fomocaine Metabolites demonstrated in beagle and rat up to now

1. 4-[3-(4-Phenoxymethylphenyl)-propyl]-morpholine-N-oxide (O/Se 1)

2. 4-[3-(4-(4′-Hydroxyphenoxy)-methylphenyl)-propyl]-morpholine (O/Se 2)

3. 4-[3-(4-(4′-Hydroxyphenoxy)-methylphenyl)-propyl]-morpholine-N-oxide (O/Se 3)

4. 4-[3-(4-(2′-Hydroxyphenoxy)-methylphenyl)-propyl]-morpholine (O/Se 4)

5. 4-[3-(4-(2′-Hydroxyphenoxy)-methylphenyl)-propyl]-morpholine-N-oxide (O/Se 5)

6. 4-[3-(4-Hydroxymethylphenyl)-propyl]-morpholine (O/Se 6)

7. 4-[3-(Morpholine-4-yl)-propyl]-benzoic acid (O/Se 7)

8. 4-[3-(Tetrahydro-1,4-oxazine-3-on-4-yl)-propyl]-benzoic acid (O/Se 8)

9. 4-Hydroxymethyl-benzoic acid (O/Se 9)

10. 4-Phenoxymethyl-benzoic acid (O/Se 10)

11. 4-(4′-Hydroxyphenoxy)-methyl-benzoic acid (O/Se 11)

12. 3-(4-Phenoxymethyl)-phenyl-propionic acid (O/Se 12)

13. Morpholine

14. Phenol
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salts with R(-) and S(+) camphor sulfonic acid. We recently also have achieved sepa-
ration on chiral Daicel OD columns on a preparative scale. The achiral synthesis 
of fomocaine derivatives entailed multifarious difficulties. The synthesis of O/G 5 
(Figure 9.9) is taken as an example.10

The result of pharmacological testing was surprising.11 There were no notewor-
thy differences between the effect of the enantiomers of O/G 3 and O/G 5. In contrast 
to the racemate of O/G 3, the racemate of O/G 5 has a good topical anesthetic action, 
but this was weaker than that of fomocaine. We interpret the findings so far as an 
indication that a specific receptor for topical anesthetics that was postulated long 
ago does not exist. We also examined the enzymatic degradation of the enantiomers 
of O/G 3 and O/G 5 with the 10,000 × g supernatant of fresh porcine liver homog-

Br Br
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O

+

O
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K2CO3/∆
acetone

ONOH

DCC/CuCl
Benzene/∆

CH2Br

n-BuLi/–80°C

–80°C

THF

O

R =
NC6H11

pt-C/H2

NHC6H11
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O
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O
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O/G 5
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O

FIgure 9.9 Synthesis of the chiral fomocaine derivative O/G 5.
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enate (Figure 9.10 and Figure 9.11). It was shown that the (-) enantiomer of O/G 5 is 
degraded much more rapidly than its optical antipode. The same observation applies 
to the optical enantiomers of O/G 3.

In numerous studies, regioisomers of fomocaine were also investigated with 
regard to their local anesthetic action. The synthesis of these regioisomers required 
new approaches (Figure 9.12). The ortho-isomer proved to be just as active as fomo-
caine,12 whereas in the meta-series the compound of O/C 17 with a shortened alkene 
side chain was much stronger as a topical anesthetic but had a weaker effect in con-
duction anesthesia than fomocaine.

A derivative in the ortho series, namely O/Mor 2 (Scheme 9.3), proved to be an 
effective oral anti-arrhythmic in clinical studies.

Investigations with “inverse” fomocaine (Figure 9.13) showed that the tissue tol-
erance depends on the position of the basic group. For example, as with fomocaine, 
the compound O/VH 1 acted as a topical anesthetic but gave rise to necroses in 
infiltration anesthesia.

The cumulative total of all pharmacological and toxicological investigations 
in fomocaines (especially fomocaine) is becoming crucially important for ongoing 
developments on new indications, including a new drug for treating migraines. The 
starting point was the investigation of Maizels et al.,13 who tested the intranasal 
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FIgure 9.10 Enzymatic degradation of O/G 3 (10,000 × g supernatant).
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administration of lidocaine solutions for treatment of migraines. In a prospectively 
randomized placebo-controlled double-blind study, it was found in 67 women and 14 
men that there was an appreciable reduction of headaches in 50% of the patients at 
least 15 min after administration of 4% lidocaine solution, whereas headaches were 
reduced in only 6 patients in the control group that had received placebo. Vomiting 
and photophobia were significantly reduced. The authors explain the effect in terms 
of paralysis of the sphenopalatine ganglion.

outlook

With regard to the development of an antimigraine drug, we have also tested the bis-
[2-hydroxy-ethyl]amine derivative besides fomocaine (DAC) (Scheme 9.4) as well as 
further compounds.

As a base, the former shows a much better water solubility, and its local anesthetic 
action exceeds that of fomocaine with roughly the same toxicity. Both fomocaines 
should be administered as solids with an inhaler, i.e., not as solutions (Table 9.5).

If local anesthesia becomes established for treatment of migraines, an appreciable 
risk is entailed in the long-term regular use of lidocaine. As shown by experiments 
with rats, 2,6-xylidine, which has a carcinogenic action in high doses, is formed 
during body passage.14 On the other hand, the use of fomocaine does not entail a 
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FIgure 9.11 Enzymatic degradation of O/G 5 (10,000 × g supernatant).
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risk because the biotransformation leads 
to atoxic metabolites and both derivatives 
under testing are tolerated much better 
than lidocaine. In addition, the two fomo-
caines will be tested for their suitability as 
neurotherapeutics.

conclusIon

The fomocaines are a large group of more than 300 base-substituted aryl(alkyl)-ben-
zyl ethers, which are characterized by remarkable physical and chemical stability. 
As ion-channel blockers, they act as local anesthetics and have an anti-arrhythmic 
action on heart muscle (class I B), besides having a musculotropic spasmolytic action. 
Their toxicity largely depends on the basic components. The 4-[3-(4-phenoxymeth-
ylphenyl)-propyl]-morpholine (fomocaine INN) for which monographs have been 
published both for the hydrochloride and the base in the German Pharmaceutical 
Codex (DAC) has been used for purposes of treatment since 1967. Its pharmacological 
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and toxicological properties were elucidated in comprehensive studies; in particular, 
the pharmacology and toxicology of its 12 most important metabolites and their 
physicochemical properties. Fomocaine is accordingly a highly effective topical 
conduction anesthetic of low toxicity without sensitizing properties. Derivatives are 
undergoing clinical testing for further indications. Structure–activity relationships 
based on numerous compounds that have been meticulously tested pharmacologi-
cally reveal the importance of the alkyl bridge, the aromaticity of the exo-ring, the 
regioselectivity, and the chirality.
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table 9.5
comparison of Physical data

Fomocaine (A) versus bis-[2-hydroxy-ethyl]-amino-derivative (B)

a b
pKa 7.1 6.1

D   (HPLC) 3.7 2.7

P  (HPLC) 3.9 2.7

Solubility  (HaO) 6.5 × 10-5 m/L 1.6 × 10-4 m/L

Clouding  pH 5.7 7.1
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10 Ligands for the GABA 
Recognition Site at the 
GABAA Receptor:
Structure–Activity Studies

Bente Frølund, Uffe Kristiansen,  
Povl Krogsgaard-Larsen, and Tommy Liljefors

AbstrAct

Besides playing an important role in central neurotransmission processes, GABAA 
receptors have been implied in a number of neurological and psychiatric disorders. 
These observations have focused interest on the molecular mechanisms of receptor 
activation and the structural basis of receptor–ligand interaction. To study the struc-
tural requirements for receptor–ligand interaction, different areas in the ligand-bind-
ing site of the GABAA receptor have been evaluated by development and application 
of a 3-D pharmacophore model based on a number of known GABAA agonists. Dur-
ing this study, a series of highly potent and selective GABAA antagonists, based on 
the structure of the partial GABAA agonist 5-(4-piperidyl)-3-isoxazolol (4-PIOL), 
has been developed. These results demonstrate the presence of a receptor pocket 
of considerable dimensions containing specific sites for receptor interactions in the 
vicinity of the 4-position of the 3-isoxazolol ring in 4-PIOL.

IntroductIon

The major inhibitory neurotransmitter in the mammalian central nervous system, 
4-aminobutyric acid (GABA) mediates its actions through the ionotropic GABAA 
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and GABAC receptors and the metabotropic GABAB receptors.1,2 Besides playing a 
role in central transmission processes, these receptors, especially the GABAA recep-
tors, seem to be involved in certain neurological and psychiatric disorders.3,4

GABAA receptors are built as pentameric assemblies of receptor subunits 
grouped in different families. Although a large number of subunits have been identi-
fied, only a limited number of physiological GABAA receptors are believed to exist.5 
In addition to the recognition site for GABA, the GABAA receptor complex com-
prises modulatory sites for a number of therapeutic agents, including benzodiaz-
epines, barbiturates, neurosteroids, and volatile anesthetics.

There is currently no experimentally determined 3-D structure for the GABAA 
receptor complex, but the recently published x-ray structure of a soluble acetyl-
choline-binding protein6 has been used for homology building of the extracellu-
lar ligand-binding domain of these receptors.7 However, due to the low degree of 
sequence identity, it is not straightforward to use such models as templates for the 
prediction of GABAA ligand affinity or SAR studies.

The design of selective ligands for the GABA recognition site at the GABAA 

receptor is of key importance for elucidation of the structure and function of differ-
ent subtypes of GABAA receptors. Within the limited series of compounds showing 
agonist activity at the GABAA receptor site, most ligands are structurally derived 
from the GABAA receptor agonists muscimol8 and 4,5,6,7-tetrahydroisoxazolol[5,4-
c]pyridin-3-ol (THIP)8,9 (Figure 10.1), which were developed at the initial stage of 
the project. A group of structurally different ligands has been identified as selec-
tive competitive antagonists for the GABAA receptor recognition site. The standard 
GABAA antagonist, SR 95531 an arylaminopyridazine derivative of GABA, is a rep-
resentative of this group.10
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O OH2N
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N N

NH OH
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FIgure 10.1  Structures of GABA, the GABAA agonists muscimol and THIP, the GABAA 
antagonist SR 95531, the low-efficacy partial GABAA agonist 4-PIOL, and a general structure 
of a series of 4-substituted 4-PIOL analogues.
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structure–ActIvIty studIes

Based on pharmacological data for a number of GABAA ligands, including musci-
mol, THIP, and 5-(4-piperidyl)-3-isoxazolol (4-PIOL)11 and a series of analogues, a 
3-D pharmacophore for the GABA-binding site has been developed.12,13 Although 
muscimol, THIP, and 4-PIOL are assumed to bind to the same binding pocket, the 
3-isoxazolol rings of these three compounds do not seem to superimpose and, in 
contrast to muscimol and THIP, a receptor cavity in the vicinity of the 4-positions of 
the 3-isoxazolol ring of 4-PIOL seems to exist (Figure 10.2).12,14

To investigate this cavity further and extending the pharmacophore model, a 
number of analogues of 4-PIOL with substituents in the 4-position of the 3-isoxazo-
lol ring have been synthesized.14,15 Substituents of different size and conformational 
flexibility such as alkyl, phenylalkyl, diphenylalkyl, and naphthylalkyl have been 
explored. The compounds were pharmacologically characterized in receptor-bind-
ing studies using rat brain membrane preparations and electrophysiologically using 
whole-cell patch-clamp recordings from cultured cerebral cortical neurons and two-
electrode voltage-clamp recordings from human α1β2γ2S GABAA receptors expressed 
in Xenopus oocytes.16

As with 4-PIOL, all of the compounds were shown to interact selectively with 
the GABAA-receptor-binding site. The pharmacological data for a representative 
group of analogues are listed in Table 10.1.

Unbranched alkyl groups as substituents in the 4-position of the 3-isoxazolol 
ring of 4-PIOL as well as a benzyl group are tolerated. Compounds 1, 2, and 3 show 
affinities for the GABAA receptor sites comparable to or slightly higher than that 
of 4-PIOL. The optimal length of the alkyl chain connecting the phenyl group and 

FIgure 10.2  A pharmacophore model of GABAA agonists displaying the proposed bind-
ing modes of muscimol, THIP, and 4-PIOL. Dashed lines indicate hydrogen bond interac-
tions. The tetrahedrons indicate positions of methyl groups in GABAA agonists causing strong 
steric repulsions with the receptor. The arrow points to the 4-isoxazolyl position in 4-PIOL.
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tAble 10.1
receptor binding and In Vitro electrophysiological data

N
O

OH

HN

R

r

[3H]]muscimol 
bindinga 
Ki (nM)

electrophysiologyb  
Ic50 (nM)

4-PIOL H- 9100 110000

1 CH3- 10000 26000

2 CH3(CH2)2- 6600 4600

3 CH2– 3800 4000

4 CH2(CH2)2– 1100 530

5 (CH2)2– 68 20

6 CH2– 49 370

7 CH2– 100 480

8
CH2–

400 710

9 220 159

SR 95531 – 74 240

a Standard receptor binding on rat brain synaptic membranes, n = 3.
b Whole-cell patch-clamp recordings from cerebral cortical neurons cultured for 7–9 days, n = 6–17.

Source: Frølund, B. et al., A novel class of potent 4-arylalkyl substituted 3-isoxazolol GABAA antago-
nists: Synthesis, pharmacology and molecular modeling, J. Med. Chem., 45, 2454, 2002.
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the 3-isoxazolol moiety was found to be 
three carbon atoms (compound 4).

The addition of another phenyl group 
to the terminal carbon atom of the tri-
methylene group of compound 4 gave the 
3,3-diphenylpropyl compound, 5, which 
displayed a 16-fold increase in affinity 
relative to the 3-phenylpropyl analog, 4, 
indicating that the added phenyl group 
in the 3,3-diphenylpropyl compound 
is occupying a position in the receptor 
cavity favorable for binding. A further 
increase in affinity was achieved by 
introducing the 2-naphthylmethyl group 
into the 4-position of the 3-isoxazolol 
ring of 4-PIOL to give compound 6. This 
led to a 78-fold increase in affinity as 
compared to that of the benzyl analog, 3. 
Introduction of the isomeric 1-naphthyl-
methyl group proved to be less favorable, 
compound 7 showing a decrease in bind-
ing affinity compared to the 2-naphthyl-
methyl analog, 6. The marked effect on 
affinity of an additional phenyl group in 
the high-affinity compounds 5 and 6 can-
not be rationalized by an increase in lipophilicity or differences in conformational 
energy. Therefore, strong interaction between the binding cavity of the GABAA 
receptor and the unsubstituted aromatic rings may exist.14 A superimposition of the 
bioactive forms of the two compounds (Figure 10.3) shows that one of the phenyl 
rings in compound 5 overlaps closely with the distal ring of the 2-naphthylmethyl 
analog, 6, indicating that this position is highly favorable for GABAA receptor bind-
ing. By enlarging the aromatic system by attaching a phenyl group to the 4-position 
of the phenyl group of 3 to give the 4-biphenylmethyl analog 8, the receptor affinity 
was increased tenfold relative to that of the benzyl analog 3. These results reflect the 
large space spanned by the high-affinity compounds in this series. The length of the 
4-biphenylmethyl substituent in 8 is 9.7 Å, measured from the methyl carbon to the 
4-hydrogen atom of the distal ring, and one of the phenyl rings in 5, extends 6.4 Å in 
a direction almost perpendicular to the rings in 6 and 8.

To explore the space surrounding the 2-naphthyl ring system of the high-affinity 
compound 6 in the receptor cavity, a bromosubstituent was introduced in differ-
ent positions. In this study, the 1-position of the ring system (compound 10) was 
shown to be the most favorable position in terms of increasing the affinity for the 
GABAA receptor (Table 10.2).15 The influence of different substituents in the 1-posi-
tion of the naphthyl ring system on binding to the GABAA receptor was further 
investigated. Introduction of a chloro (11), fluoro (12), cyano (13), methylthio (14), 
or even a phenyl substituent (15) in the 1-position of the 2-naphthyl ring system had 

FIgure 10.3  A superimposition of a series 
of 4-substituted 4-PIOL compounds previously 
studied14 illustrating the large space spanned 
by the 4-substituents. The tetrahedrons indi-
cate positions of methyl groups in GABAA 
agonists causing strong steric repulsions with 
the receptor.
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limited effects on the affinity compared 
to 6 (Table 10.2). This strongly suggests 
that these substituents are located in 
a water-exposed receptor area and are 
only partially desolvated in the receptor 
cavity. On the basis of molecular mod-
eling studies, these substituents seem to 
occupy a previously unexplored recep-
tor region in the pharmacophore model 
(Figure 10.4).15

As a result of attaching a phenyl 
group directly to the 4-position of the 
3-isoxazolol ring in 4-PIOL, compound 
9 shows a 40-fold higher affinity for the 
GABAA receptor relative to that of the 
parent compound, whereas the affinity 
of the 4-benzyl-4-PIOL compound is 
only about 3 times higher than that of the 
4-methyl-substituted compound. Thus, 
the interaction between a phenyl group 

tAble 10.2
receptor binding and In Vitro electrophysiological data

N
O

OH

HN

R

r

[3H]muscimol 
bindinga  
Ki (nM)

electrophysiologyb  
Ic50 (nM)

6 H 49 370

10 Br 10  42

11 Cl 16 113

12 F 19 242

13 CN 28 140

14 CH3S 28  61

15 C6H5 21 198
a Standard receptor binding on rat brain synaptic membranes, n = 3.
b Whole-cell patch-clamp recordings from cerebral cortical neurons cultured for 7–9 days, 

n = 6–17.

Source: Frølund, B. et al. Potent 4-aryl- or 4-arylalkyl-substituted 3-isoxazolol GABA(A) 
antagonists: Synthesis, pharmacology, and molecular modeling, J. Med. Chem., 48, 
427, 2005.

FIgure 10.4  Regions in the vicinity of 
the 4-position of 4-PIOL in the direction of 
the C4-H bond of the 3-isoxazolol ring previ-
ously explored by aromatic substituents14 and 
the new regions explored using compounds 
9 and 15.
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directly attached to the 3-isoxazolol ring and the receptor is significantly stronger 
than that displayed by a phenyl group linked to the 4-PIOL system via a methylene 
group. As for the substituents in compounds 10–15, the phenyl in compound 9 repre-
sents a highly favorable position for an aromatic ring in a region, which has not been 
studied previously (Figure 10.4).15

In the whole-cell patch-clamp studies on cortical neurons, 4-PIOL and selected 
analogues were characterized as competitive GABAA receptor antagonists by their 
ability to inhibit the current induced by the GABAA agonist isoguvacine in a dose-
dependent manner (Figure 10.5). The determined IC50 values, shown in Table 10.1, 
correspond well with recent data from voltage clamp studies on recombinant human 
α1β2γ2S GABAA receptors expressed in oocytes and show, with a few exceptions, a 
fairly good correlation with the receptor-binding data.16

4-PIOL has previously been characterized as a partial agonist in whole-cell patch-
clamp studies on cerebral cortical neurons and cultured hippocampal neurons.17,18 
Only the methyl and ethyl analogues in the present series retained detectable abil-
ity to induce agonist effects as shown using cultured cerebral cortical neurons and 
recombinant receptors.14,16 In the study using recombinant GABAA receptors, the 
weak responses of the methyl and ethyl analogues were potentiated by simultaneously 
administered lorazepam and inhibited by the competitive antagonist SR 95531.16

As seen from the data in Table 10.1 and Table 10.2, the major consequence of 
replacing the hydrogen in the 4-position of the 3-isoxazolol ring of 4-PIOL by the 
lipophilic and bulky aryl or arylalkyl groups is a change of the pharmacology of the 
compounds from moderately potent, low-efficacy partial GABAA receptor agonist 
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FIgure 10.5  Effect of the antagonists on the response to 20 µM of the full GABAA agonist 
isoguvacine using whole-cell patch-clamp recordings from cultured cerebral cortical neu-
rons. A total of 20 µM isoguvacine and varying concentrations of antagonists were applied 
simultaneously to the cells. The response of 20 µM isoguvacine alone has been set as 100%, 
and the other responses are expressed as a fraction of this. The response to isoguvacine is 
progressively reduced with increasing concentrations of the antagonist. The number of cells 
(n) tested for each compound varied from n = 6 to 17.
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activity to potent antagonist effects. The 2-naphthylmethyl (6), 3,3-diphenylpropyl 
(5), and the 1-bromo (10) analogues showed the highest GABAA receptor affinities 
of the present series of compounds. The affinities were comparable with or markedly 
higher than that of the standard GABAA receptor antagonist SR 95531.

As the GABA-binding site in the GABAA receptor is assumed to be located at 
the interface between α and β subunits,19 it may be speculated that the large cavity 
accommodating the 4-substituent is located in the space between these subunits. 
It has been proposed that the mechanism for ligand-induced channel opening in 
nicotinic acetylcholine receptors involves rotations of the subunits surrounding the 
ligand-binding domain.20,21 It is likely that the GABAA and the nicotinic acetylcho-
line receptors, belonging to the same super family of ligand-gated ion channels, are 
using the same mechanism for channel opening. Based on this hypothesis, the large 
substituents in the 4-substituted 4-PIOL analogues may interfere with the conforma-
tional channel-opening transition of the GABAA receptor, resulting in antagonistic 
effects of the compounds.

conclusIon

In the absence of detailed structural information on the GABAA receptor complex, 
the design of ligands for this receptor has thus far been based on systematic struc-
tural, stereochemical, and bioisosteric approaches. As demonstrated in the present 
study, combined pharmacological and molecular modeling studies have been useful 
for predicting the optimal arrangement of the functional groups of ligands for the 
GABAA receptor. With this approach, some apparent differences in structure–activ-
ity relationships of a series of known GABAA agonists have been clarified, and new 
information has been provided regarding the size and dimensions of the receptor-
binding site.
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IntroductIon

One of the most prominent features of Alzheimer’s disease (AD) is a significant defi-
cit in cholinergic transmission in certain brain areas.1,2 The concentrations of ace-
tylcholine (ACh) decrease by nearly 90% in patients with AD. Therefore, one main 
focus of AD treatment is the use of agents that increase the availability of intrinsic 
ACh by inhibiting the acetylcholinesterase (AChE) enzyme. This may restore the 
cholinergic function in the brain and significantly reduce the severity of dementia. 
Another key feature in brain pathology of patients with AD is the progressive depo-
sition of the amyloid β (Aβ) peptide in fibrillar form.3 

The polymerization of normally soluble proteins or peptides in β-pleated sheet 
form yielding insoluble amyloid deposits is a key step in development of a variety of 
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so-called amyloid diseases such as AD and prion diseases.4 In AD, amyloid deposits 
in diffuse form or as plaques are composed of Aβ, a 39- to 43-amino acid peptide 
derived from a larger parent known as amyloid precursor protein (APP).5 In vitro 
studies revealed the prevalence of the higher molecular weight species Aβ 1-42 to 
extensive amyloid formation.6 As with other amyloidogenic proteins, the in vitro 
polymerization of Aβ into fibrils occurs spontaneously; presumably the protein is 
present at a certain critical concentration.7 

Several substances of peptidic and non-peptidic origin with anti-amyloid poten-
cies were reported. Among the latter are endogenous compounds such as melatonin, 
rifampicin, benzofuran, and naphthylazo derivatives,8–10 classical antibiotics such as 
tetracycline and doxycycline,11 and cyclodextrins.12 Other researchers have patented 
several isoindoline13 and piperidine14 derivatives that inhibit amyloid protein aggre-
gation and deposition.

Other studies suggest a role for AChE not only in the hydrolysis of the neu-
rotransmitter ACh, but also in acceleration of the aggregation of Aβ into amyloid 
fibrils. Responsible for this activity should be the peripheral anionic site (PAS) of 
AChE gorge.15 It is expected that even a peripheral site blocker would prevent the 
Aβ peptide from interacting with AChE, thus inhibiting a potential contribution of 
AChE to the fibril formation process. Studies regarding development of such AChE 
inhibitors were already reported for coumarin derivatives.16,17

Consequently, inhibition of AChE (possibly PAS inhibition of AChE), reduc-
tion of Aβ production by blocking the APP cleavage enzymes, and inhibition of Aβ 
fibril formation are strategies for the development of therapeutic interventions in 
AD. Most AD clinicians and researchers concede that no single treatment or thera-
peutic approach will alleviate this condition, and that a multiple-functional approach 
or multipotent drugs are required.18

In this context, we report on AChE inhibition by means of a structurally diverse 
series of pyridinium-type derivatives and the ability of some representatives to block 
Aβ fibril formation. X-ray structures of the enzyme co-crystallized with various 
ligands19–23 provided insights into the essential structural elements and motifs central 
to the catalytic mechanism and mode of ACh processing. One of the striking struc-
tural features of AChE revealed from x-ray analysis is the presence of a narrow, long, 
and hydrophobic gorge that is approximately 20Å deep. Aromatic residues lining 
the gorge constitute a series of binding sites for quaternary ammonium moieties.24 
The interaction between highly potent inhibitors such as tacrine and donezepil and 
the enzyme is characterized by cation–π interactions of protonated nitrogens and 
tryptophan (Trp84) and phenylalanine (Phe330) residues. Moreover, π–π stacking 
between the aromatic moieties of the inhibitors and the conserved aromatic amino 
acids (Trp84 and Phe330), as well as ion–ion-interactions between the protonated 
nitrogens of the inhibitors and anionic asparaginic acid (Asp72) play a crucial role.

duo compounds as dItopIc InhIbItors

The first aim of this study was to synthesize and evaluate the inhibition of the 
AChE activity of bisbenzyl ethers of the bispyridinium-type compound TMB-4 
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(Figure 11.1), which is analogous to the obidoxime reactivator. The compounds are 
ditopic ligands that were designed to allow binding to both the active and peripheral 
sites characterized by two tryptophan residues, Trp84 at the active site and Trp279 
at the mouth of the gorge. Among many other inhibitors, ditopic bis-galanthamin,25 
bis-tacrine,26,27 a huperzine A–tacrine hybrid,28 and 1,n-bispyridiniumalkanes29 
showed better inhibitory potencies than their respective monomers.

Since substituents attached to the aromatic rings of the benzyl moieties gradu-
ally change the electronic and lipophilic properties of these rings, they are supposed 
to influence the interaction of the entire molecule with the enzyme. Therefore, an 
attempt was made to achieve a wide variation in lipophilic and electronic properties 
according to the Craig plot (σ versus π).30 leading to introduction of halogen atoms, 
methyl, nitro, methoxy, and cyano groups in ortho, meta, and para positions of the 
aromatic ring. 

The 4,4´-bis-[(benzyloxyimino)-methyl)-1,1´-propan-1,3-diyl-bispyridinium 
dibromides 1–25 (Table 11.1) were synthesized in two steps. The oxime ethers were 

R

O
N

N+
N+

N O

R

FIgure 11.1 Skeletons of DUO compounds.

FIgure 11.2 General binding modes of DUO compounds to active and peripheral sites of 
AChE.

Trp279

Peripheral site

Active site
Trp84

Phe331
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formed via a phase transfer reaction between the pyridine-4-carbaldehyde oxime and 
the corresponding benzyl halogenide in the presence of a phase-transfer catalyst tet-
ramethylammonium chloride, aqueous sodium hydroxide solution and dichlorometh-
ane, or in presence of sodium methylate/methanol. The bispyridinium compounds 
can be obtained by conversion of two moles of the oxime ethers with 1,3-dibrom-
propane in acetonitrile. The yields of both reactions are satisfactory, especially after 
microwave application.

The inhibitory potency against AChE was evaluated by means of Ellman’s test.31 
The IC50 values are shown in Table 11.1. For comparison purposes, the activity of the 
potent tacrine inhibitor was also determined and found to be in the same as reported 
in the literature. A qualitative inspection of the IC50 values of the DUO compounds 

table 11.1
Ic50 ± sem data for compounds 1 through 26

compound
substitution  
pattern (r)

Ic50 ± sem
[µm]

 1 H 3.51 ± 0.70

 2 2-Cl 0.58 ± 0.18

 3 3-Cl Not available

 4 4-Cl 4.46 ± 1.04

 5 2,6-Cl* 0.34 ± 0.05

 6 3,5-Cl 0.81 ± 0.09

 7 2-CH3 1.70 ± 0.24

 8 3-CH3 2.07 ± 0.31

 9 4-CH3 7.96 ± 1.83

11 2-CN 1.32 ± 0.21

12 3-CN 1.42 ± 0.34

13 4-CN 9.00 ± 0.44

14 2-NO2 1.37 ± 0.17

15 3-NO2 0.92 ± 0.08

16 4-NO2 0.72 ± 0.18

17 2-OCH3 2.81 ± 0.39

18 3-OCH3 1.95 ± 0.25

19 4-OCH3 20.66 ± 1.69

20 2,6-OCH3 11.37 ± 0.73

21 2,5-OCH3 11.72 ± 2.25

22 2-Br 1.15 ± 0.16

23 2,6-F 2.68 ± 0.36

24 1-naphthyl 0.88 ± 0.09

25 2-naphthyl 1.36 ± 0.06

26 (tacrine) 0.044 ± 0.004

Note: Pharmacological data = mean ± SEM. Measurements were performed as 
described in Reference 32.

* DUO3.
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revealed the halogenated compounds to be the most active and the chlorine substitu-
tion to be superior to fluorine and bromine substitution (2/22 and 5/23). In contrast, 
compounds bearing one or two methoxy groups were less active, especially in the 
case of para substitutions. With the exception of nitro substituents, substituents in 
para positions seemed to be disadvantageous.32

To explain the differences in activities of the compounds tested, docking studies 
investigating the possible binding modes of the compounds in the binding pocket 
were conducted. Most of the compounds docked display a general binding mode 
(Figure 11.1). However, not all compounds are likely to interact in the same manner 
with the protein. In particular, the less active compounds 20 and 21 exhibited a dif-
ferent binding mode in the docking studies32 (not shown). 

The interactions found after docking include π−π stacking and cation-π contacts 
with amino acid residues of the anionic substrate binding site (Trp84, Phe331 and 
Tyr334) and the peripheral anionic binding site (Trp279). Additionally, hydrogen 
bonds to amino acid residues at the bottom of the gorge were observed. These types 
of interaction are also known for other crystallized inhibitors of AChE (e.g. done-
pezil, galanthamine). Moreover, all compounds were potentially able to bind inside 
the active side gorge, although the entire molecule was not able to interact with 
amino acid residues of the enzyme. This “size problem” of the ligands may be one 
reason for their reduced activity as compared to other AChE inhibitors. McCammon 
et al. addressed this problem with extensive molecular dynamics studies.33 Larger 
ligands, however, may escape by diffusion before fluctuations open the bottleneck 
wide enough to allow binding. In order to prove this hypothesis, shorter molecules 
were synthesized and tested for their inhibitory activity.

optImIzed dItopIc compounds oF smaller sIze

The new series of shortened compounds 27–32 a–c consisted of 2-chlorobenzyl, 
and dichlorobenzyl and phthalimidomethyl oxime ether, respectively, at one hand 
with the pyridinium nitrogen in position 3 and pyridiniumpropyl, phenylpropyl, or 
propane moieties at the opposite end of the molecule.34 The inhibitory potency of 
these compounds is displayed in Table 11.2. The compounds 29 characterized by 
phenylpropyl moieties at one end were the most active inhibitors (IC50 of 29c = 0.073 
± 0.02 μM) within the entire series with IC50 values in the same range as tacrine. 
Without describing details,34 these results confirmed the aforementioned hypothesis. 
The phenylpropyl substitution at the end of the pyridinium moieties of 29a–c favor-
ably interacted with aromatic residues localized within the AChE gorge. The other 
parts take the same place as the symmetrical DUO compounds.

Since the compounds have high inhibitory potency and occupy both the active 
and peripheral sites of AChE, three representative compounds, the monopyridinium 
derivatives 29b and 29c and bis-pyridinium DUO3 were tested for their ability to 
block the Aβ fibril formation using a thioflavin T fluorescence assay.35

Amyloid formation is a nucleation-dependent process characterized by two 
phases: a slow nucleation (the protein undergoes a series of association steps to form 
an ordered oligomeric nucleus) and a faster growth phase (the nucleus rapidly grows 
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to form larger polymers). In the steady state phase, the ordered aggregate and the 
monomer appear to be at equilibrium.36,37 Based on the course of Aβ fibril forma-
tion curves of our compounds (not shown), it can be stated that DUO3 retards the 
nucleation phase of amyloidogenesis, whereas 29b seems to be active in inhibition 
of fibril elongation and growth.34 These results make these compounds interesting, 
particularly their dual functions (inhibition of AChE and Aß fibrillogenesis) and 
they may lead to development of anti-AD drugs.

No. a
Cl Cl

Cl O

O

O

O

.Br–R

R`

N

N

N+

N+

b c

R / R`

ditopic compounds

propanol

propyl

ethyl

27

28

29

30

31

32

4.5 ± 0.19

(WDUO)

0.34 ± 0.22*

(DUO3)

0.58 ± 0.18*

7.16 ± 0.73

1.53 ± 0.12

0.48 ± 0.006

6.19 ± 0.66

6.70 ± 1.83

13.10 ± 2.08

1.44 ± 0.09

0.27 ± 0.044

0.18 ± 0.007

2.26 ± 0.007

2.39 ± 0.36

4.85 ± 0.41

13.66 + 2.0

1.72 ± 0.36

0.073 ± 0.02

11.09 ± 1.9

3.78 ± 0.68

6.02 ± 0.61

IC50 ± SEM [µM]

CH3

table 11.2
Ic50 ± sem data for compounds 27 through 32, a through c
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tertIary compounds oF serIes

Although the results of studies of the shortened compounds 29 are promising, one 
must remember that the compounds must penetrate the blood–brain barrier (BBB) to 
block amyloid formation in the brain. Since quaternary compounds cannot pass the 
BBB, two series of corresponding tertiary compounds characterized by piperidine 
rings instead of pyridinium moieties were synthesized and evaluated for their AChE 
inhibitory potency. 

One series was derived from the most potent 29c compound characterized by a 
phthalimido moiety. Interestingly, all compounds were found to inhibit AChE in the 
micromolar range of concentration (Figure 11.3). However, compound 33 which is 
structurally closest to 29c was synthetically not available. Therefore, phthalimido 
analogs of donepezil that are also related to our series were synthesized and also 
found to be less active,38 indicating a different and less favorable mode of binding 
to AChE.

A second series involved synthesis of compounds derived from 29b which is 
characterized by a dichlorobenzylether (Figure 11.4). The results were similar; again 
the compounds were active in the micromolar range of concentration even though 
the pKa values (about 7) indicate the possibility of being charged at the enzyme 
and a sufficient high portion of the molecules will be uncharged for the passage 
through the BBB. This is surprisingly also true for compound 36 which is structur-
ally very similar to 29b. Preliminary docking studies revealed a different binding 

FIgure 11.3 Short tertiary compounds derived from WDUO and 29c, respectively.
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mode caused by a “wrong” positioning of the more voluminous piperidine rings in 
comparison to the pyridinium rings of compounds 29. This may explain the weak 
inhibitory activity.

recombInatorIal chemIstry

Drug discovery remains a challenging effort. In this regard, we report on a random 
strategy for generation of small compound libraries.39,40 The idea is based on the 
use of γ irradiation as an initiator of random free radical recombinations in aque-
ous or alcohol solutions of educts. By exposure of a sample to γ irradiation, primary 
and secondary products of solvent radiolysis are generated and they can react with 
the dissolved compound and built products.41,42 The starting compound should be 
a druggable substance consisting of pharmacophoric elements that we expect to be 
rearranged in a new way through γ irradiation. Resulting new compounds may 
represent new candidates for clinical trials and ultimately new therapies. “Random” 
indicates only that the origin and properties of products obtained by means of 
γ irradiation cannot be foreseen. Otherwise, as this approach relies on strong deter-
ministic principles of physics, the results should be reproducible.

The samples of potent AChE inhibitors, tacrine and DUO3 (5), were subjected 
to γ rays from a 60Co source. The solvents were selected based on solubility of sub-
stances and with intent to obtain all possible polar hits. Tacrine hydrochloride was 
dissolved in methanol, ethanol, ethylene glycol, and propanol and in a mixture of 
ethylene glycol and methanol. DUO3 was dissolved in DMSO and a suspension of 
DUO3 in H2O was also irradiated. 

Via γ irradiation, a small mixture-based compound library was generated. The 
most promising library was obtained from irradiation of tacrine in water and metha-

FIgure 11.4 Short tertiary compounds derived from DUO3 and 29b, respectively.
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nol. Irradiation of tacrine in the other solvents revealed only a small number of new 
compounds. The DUO library was not further considered because only a small num-
ber of new compounds were generated due to the poor solubility of DUO.

Research efforts focused on bioassay-guided fractionation of both tacrine mix-
tures and isolation and characterization of biologically active principles. Figure 11.5 
depicts the workflow.

Mass spectrometry showed that the radical recombination led to new compounds 
in the range of 180 to 500 mass units. This meets the mass criterion of Lipinski’s 
“role of five” for drug-like molecules.43 Furthermore, the method showed reproduc-
ible results related to the quality and quantity of members.44

Moreover, a previously unknown AChE inhibitor was found, i.e., the hydrophilic 
aminoacridine derivative, ATAM (9-amino- 5,6,7,8-tetrahydro-acridin-4yl)-metha-
nol) that we expect to be metabolized fast (possibly by glucuronidation or sulfatation) 
and produce a more favorable clinical profile with fewer side effects than tacrine. 
ATAM inhibited AChE by half maximal concentration. IC50 = 125 ± 5 nM, cf. tacrine, 
IC50 = 44 ± 4 nM (Figure 11.6). The purity of ATAM was about 91%. In addition, 
hydroxytacrine was isolated from the library produced by irradiation in water. 

Most of the new compounds formed by γ irradiation were products of radical 
chemistry. Free solvent radicals formed by γ irradiation seemed to be the main play-
ers in the formation of new compounds. Thus, reagents initiating the formation of 
radicals should be applicable in recombinatorial chemistry. Since γ irradiation is a 
highly sophisticated and expensive method, we aimed for proof of principle in the 
next step. We checked whether Fenton’s reagent, one of the best known, cheapest and 

FIgure 11.5 Workflow of recombinatorial chemistry.
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easiest to handle among all the electron transfer reagents, can serve as an initiator of 
the production of a small compound library of active substances. The great advan-
tage of the application of Fenton’s reagent is the ability to vary the solvent used as 
well as other reaction conditions in order to influence product composition.

Thus, to a solution of 10-4 mol ferrous sulfate in sulfuric acid and 10-4 mol tacrine 
in a methanol–water (15:85) mixture an aqueous H2O2 solution (35%) was added and 
stirred for 2 h at room temperature. After evaporation of the solvent, the residue was 
purified by column chromatography on aluminum oxide and analyzed by HPLC/
MS. The methanol–water mixture was chosen for two reasons: (1) the high solubility 
of tacrine hydrochloride in water, methanol, and ethanol and the poor solubility of 
Fenton’s reagent in organic solvents and (2) because the results should be comparable 
to those obtained by γ irradiation in water and methanol systems. Interestingly these 
preliminary studies revealed the generation of a small compound library and in fact 
a product composition similar to those obtained by γ irradiation in methanol and 
water (Figure 11.7). Both 1-hydroxytacrine (a) and ATAM (b) could be identified. 

To determine limits and possibilities, conditions were varied and led to differ-
ences in product compositions. First the concentration of hydrogen peroxide was 
varied and found to have great impact. At hydrogen peroxide concentrations less 
than 100-fold excess in comparison to tacrine, no reactions could be observed. A 
200-fold excess of hydrogen peroxide, however, led to a notable conversion and dis-
tinct yields of ATAM and 1-hydroxytacrine; increasing the excess to 300 had no 
further effect. Thus, a 200-fold excess of Fenton’s reagent was found to be necessary 
to provide a satisfying conversion of tacrine. The increase of reaction time from 2 to 
24 h provided no advantages. It can be concluded that under these conditions, reac-
tion time is shorter than 2 h.

Trials to increase the methanol concentration to more than 15% failed, as ferric 
sulfate precipitated and the yields decreased. In order to exclude a possible influ-
ence of atmospheric oxygen on the reaction, one experiment was carried out under 
nitrogen atmosphere. However, no changes of the composition of the developed com-
pound library appeared. The addition of EDTA had no effect on any yields although 
yield increases are described in the literature in similar cases. Only the combination 
of EDTA addition and increased reaction time led to a slight increase of yields of 
1-hydroxytacrine. 

A decreasing pH value resulted in an increasing conversion of tacrine. Decreas-
ing the pH value from 5 to 4 and 2 increased the yields of ATAM and an unknown 
product X, whereas at pH 5 the highest yields of 1-hydroxytacrine were obtained. 

FIgure 11.6 Compounds derived from recombinatorial chemistry.
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FIgure 11.7 A. HPLC separation of irradiated tacrine in water and methanol: (a) 1-hydroxytacrine, 
(b) ATAM, (c) tacrine. HPLC conditions: SYNERGYTM MAX-RP, 150 × 4.6 mm, 4 μm; mobile phase: 
A: 10 mM ammonium acetate, 0.08% formic acid, pH 3.5; B: methanol; elution rate: 10 to 40% B in 
30 min; flow rate: 1 ml/min; detection 254 nm. b. HPLC separation with Fenton’s reagent converted 
tacrine in a water and methanol mixture. 
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Isolation and spectroscopic investigations revealed the unknown compound X to be 
9-amino-3,4-dihydroacridin-l(2H)-one (Figure 11.6).

Taken together, the findings based on the application of Fenton’s reagent in 
recombinatorial chemistry confuted the assumption of Ploszynska et al.45 that reac-
tive species generated in Fenton’s system are not the same as the species generated 
during water radiolysis, and revealed the method to be a pilot experiment for γ irra-
diation and thus a powerful tool for the generation of small-compound libraries in 
drug discovery. Additionally, the method may serve to screen metabolic profiles of 
new biologically active compounds because the underlying chemistries of both reac-
tions, Fenton’s one-electron oxidation and cytochrome P450 oxidations, are similar.

Recombinatorial chemistry has turned out to be a special form of radical chem-
istry. The produced libraries are different from those created traditionally by “ionic” 
chemistry. Thus, recombinatorial chemistry opens doors to compound libraries with 
new structural spaces. 
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AbstrACt

Pathophysiological.and.clinical.studies.have.demonstrated.that.aldosterone.plays.a.
detrimental.role.in.congestive.heart.failure.(CHF).and.myocardial.fibrosis..We.have.
identified. aldosterone. synthase. (CYP11B2). as. a. novel. target. for. the. treatment. of.
these.diseases..Using.our. focused.compound. library—more. than.500.compounds.
that.earlier.had.been.synthesized.as.inhibitors.of.selected.CYP.enzymes—we.iden-
tified. hits,. which. were. further. optimized. structurally.. Thus,. potent. and. selective.
inhibitors.of.CYP11B2.were.discovered..Further.structural.optimization.led.to.a.new.
class.of.inhibitors:.E-.and.Z-configurated.heterocycle-methylene-substituted.indanes.
and.tetralins..Here,.we.present.our.screening.system.for.the.evaluation.for.CYP11B2.
inhibitors.and.summarize.extensive.structure–activity.studies.in.the.classes.of.com-
pounds. just. mentioned.. Not. only. were. very. potent. selective. CYP11B2. inhibitors.
discovered.but.selective.CYP11B1.inhibitors.and.inhibitors.of.both.enzymes.were.
discovered.as.well..A.protein.model.of.CYP11B2.and.a.pharmacophore.model.of.
CYP11B2.inhibitors.are.presented.as.well.as.the.experimental.validation.of.the.phar-
macophore.model..The.finding.that.first.compounds.also.showed.an.inhibition.of.the.
aldosterone.plasma.concentration.in vivo.is.very.important.

IntroduCtIon

Six.P450.enzymes.are.involved.in.steroid.biosynthesis,.two.of.which.are.presently.
used.as.pharmacological.targets..Inhibitors.of.aromatase.(estrogen.synthase,.CYP19).
are.first-line.therapeutics.for.the.treatment.of.breast.cancer,.and.inhibitors.of.17α-
hydroxylase-C17,20-lyase. (CYP.17).are. in.clinical.evaluation. for. the. treatment.of.
prostate.cancer..Recently,.we.propagated.a.third.one.to.be.used.pharmacologically—
aldosterone.synthase.(CYP11B2).

CYP11B2.is.the.key.enzyme.of.mineralocorticoid.biosynthesis..It.catalyzes.the.
conversion.of.11-deoxycorticosterone.to.the.most.potent.mineralocorticoid,.aldoste-
rone.1.The.adrenal.aldosterone.synthesis.is.regulated.by.several.physiological.param-
eters,. such. as. the. renin–angiotensin–aldosterone. system. (RAAS),. and. the. plasma.
potassium. concentration.. Elevations. in. plasma. aldosterone. levels. increase. blood.
pressure.and.play.an.important.role.in.the.pathophysiology.of.myocardial.fibrosis.and.
CHF.2.In.two.recent.clinical.studies.(RALES.and.EPHESUS),.the.aldosterone.receptor.
antagonists.spironolactone.and.eplerenone.were.found.to.reduce.mortality.in.patients.
with.chronic.CHF.and.in.patients.after.myocardial.infarction,.respectively.3,4

Spironolactone,. however,. showed. progestational. and. anti-androgenic. side.
effects.4,5.Moreover,. a. correlation.between. the.use.of.aldosterone.antagonists. and.
hyperkalemia-associated.mortality.was.observed.6.After.having.proposed.aldoste-
rone.synthase.as.a.novel.pharmacological. target.as.early.as.1994,7.we.propagated.
more.recently.the.blockade.of.aldosterone.formation.by.inhibition.of.CYP11B2.for.
the. treatment.of.hyperaldosteronism,.CHF,.and.myocardial.fibrosis. to.be.a.better.
therapeutic.strategy.than.the.use.of.antihormones.8,9.Nonsteroidal.inhibitors.are.to.be.
preferred,.for.we.expect.these.to.have.less.side.effects.on.the.endocrine.system.than.
steroidal.compounds..From.our.work.in.the.field.of.CYP19.and.CYP17,.we.know.that.
the.concept.of.heme.iron.complexing.compounds.is.appropriate.to.discover.highly.
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potent. and. selective. inhibitors.10,11. These. compounds. interact. with. the. substrate-
binding.site.in.the.apoprotein.moiety..Additionally,.they.complex.the.heme.iron.that.
is. located. in. the. active. site. as.well..This. complexation.mechanism.does.not.only.
increase.binding.affinity.of.the.inhibitors.but.also.prevents.oxygen.activation.of.the.
heme,.which.is.required.for.the.catalytic.process..A.crucial.point.in.the.development.
of.any.CYP.inhibitor.is.selectivity..This.is.especially.true.of.CYP11B2:.the.inhibitors.
must.not.affect.11β-hydroxylase.(CYP11B1),.which.is.the.key.enzyme.of.glucocor-
ticoid.biosynthesis.8,9.Selectivity. toward.aldosterone.synthase. is.not.easy. to. reach.
because.CYP11B1.and.CYP11B2.have.a.sequence.homology.of.93%.12.Until.now,.
only.a.few.compounds.were.known.to.suppress.aldosterone.formation..Fadrozole,.
an.aromatase.(CYP19).inhibitor,.which.is.in.use.for.the.treatment.of.breast.cancer,.
reduced. aldosterone. and. cortisol. levels. in vitro13. and. in vivo.14. Ketoconazole,. an.
antimycotic.and.unspecific.CYP.inhibitor,.displayed.moderate15.inhibitory.activity.
toward.CYP11B2..However,.this.compound,.as.well.as.others,15.showed.little.or.no.
selectivity.toward.other.CYP.enzymes,.or.only.marginal.activity,.and.can.therefore.
not.be.used.in.the.treatment.of.CHF.and.myocardial.fibrosis.

In.the.following.text,.we.present.a.review.of.our.recent.work.aimed.at.the.discov-
ery.of.potent,.selective,.and.in vivo.active.CYP11B2.inhibitors.

sCreenIng system for CyP11b2 InhIbItors

For.the.discovery.and.structural.optimization.of.CYP11B2.inhibitors,.we.recently.
developed.important.assays.8.These.were.used.and.combined.with.other.assays.exist-
ing.in.our.group,.and.the.first.screening.system.was.published.9.The.latter.was.fur-
ther.optimized,.leading.to.the.comprehensive.screening.system.for.the.evaluation.of.
CYP11B2.inhibitors.shown.in.Figure.12.1.

Bovine.adrenal.mitochondria.consisting.of.18-hydroxylase.(CYP18,.CYP11B)16.
are. used. for. preselection.. Because. this. enzyme. (which. catalyzes. the. synthesis. of.
gluco-.and.mineralocorticoids).shows.a.greater.evolutionary.distance.to.CYP11B2.
than.CYP11B1.to.CYP11B2,.human.CYP11B2.expressed. in.fission.yeast. (Schizo-
saccharomyces pombe)17.is.used.in.the.next.screening.step.for.the.determination.of.
activity.8.Before.this.or.in.parallel,.the.hit.compounds.of.the.first.assay.are.evalu-
ated. for. their.oral. absorption.properties.using.artificial.membrane.assays. such.as.
PAMPA.and.PAMPORE.and,.eventually,.CaCo2-cell.assays.9.Highly.active.com-
pounds,.which.can.be.expected. to. show.a.good.oral.absorption,.are.processed. to.
the.next.screening.step..To.ascertain.the.selectivity.of.potent.compounds,.an.assay.
was.developed8.with.V79.MZh.cells. (hamster. lung.fibroblasts).expressing.human.
CYP11B1.or.CYP11B2.18.Subsequently,.the.compounds.are.examined.for.their.sex.
hormone. inhibitory. activity. (estrogen:. CYP19;. androgen:. CYP17). as. well. as. for.
eventual. inhibition. of. the. cholesterol. side-chain. cleavage. enzyme. (CYP11A1).. In.
the.next.level,.the.compounds.are.evaluated.for.their.overall.effects.on.the.adrenals..
This.is.performed.by.using.the.NCI-H295R.adrenal.cortical.cell.line.19.This.cell.line.
represents.the.properties.of.all.three.zones.of.the.adrenal.cortex..In.the.last.screening.
step,.the.compounds.are.evaluated.for.in vivo.activity.using.ACTH-stimulated.rats..
After.administration.of.the.compounds,.the.aldosterone.plasma.concentrations.are.
determined.2.h.later.
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hIt-fIndIng strAtegIes

From.a.screening.of.our. in-house.compound. library.consisting.of.more. than.500.
compounds.synthesized.as.potential.inhibitors.of.different.CYP.enzymes,.such.as.
CYP17,.CYP19,.and.CYP5,10,11.several.hits.were.obtained..Among.these.were.com-
pounds. of. class. A. (Chart. 12.1).. Further. structural. optimization. resulted. in. the. E.
isomers.1a.and.2a,.and.Z.isomers.1b.and.2b..In.this.chapter,.the.results.of.further.
structural.optimization.of.compounds.1.and.220,21.are.reviewed.

Bovine CYP11B, mitochondria from adrenal cortex Activity,
preselection 

Artificial membrane assays: PAMPA, PAMPORE,
CaCo 2 cell permeability

Oral absorption 

Human CYP11B2, stably expressed in yeast (S. Pombe)Activity 

Human CYP11B2, stably
expressed in V79 cells

Human CYP11B1, stably
expressed in V79 cells

Activity/Selectivity

Human CYP19
microsomes from
human placenta 

Human CYP17
microsomes from

human testes 

Bovine CYP11A1
mitochondria from

adrenal cortex 
Selectivity 

Overall effect
on adrenals

ACTH-stimulated rat: effect on aldosterone plasma concentrationIn vivo activity
(proof of concept)

NCI H295R adrenocortical cell line 

fIgure 12.1 Screening.system.for.the.evaluation.of.CYP11B2.inhibitors.
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struCture–ACtIvIty relAtIonshIPs

The.structure–activity.relationships.obtained.by.the.evaluation.of.approximately.100.
compounds.synthesized.are.summarized.in.Figure.12.2.

Interestingly,.E-.and.Z-configurated.compounds.showed.similar.potency..This.
was. subsequently. explained.by.molecular.modeling,. and. the. corresponding.phar-
macophore. model. is. shown. in. the. following. text.. The. heterocycles. necessary. for.
complexing. the. heme. iron. showed. different. activities.. The. most. potent. inhibi-
tors. were. observed. in. the. classes. of. pyridyl-,. imidazolyl-,. and. pyrimidyl-substi-
tuted.compounds..The.introduction.of.a.substituent.into.the.exocyclic.double.bond.
decreased.activity..Positions.2.and.3.of.the.core.molecule.were.also.discovered.to.be.
very.sensitive.toward.substitution.that.led.to.inactive.compounds..Both.indane.and.
tetraline.moieties.are.appropriate.for.potent.inhibition..Substitution.at.the.benzene.
nucleus.led.to.a.modulation.of.activity.20,21

Interestingly,.compounds.showing.selectivity. toward.CYP11B1.and.CYP11B2.
were.obtained..This.was.not.necessarily.expected.because.the.homology.between.
the.two.enzymes.is.approximately.93%..The.selectivity.profiles.of.the.E.and.Z.iso-
mers.were.quite.different..A.selection.of.these.enzymes.is.shown.in.Figure.12.3.

Fairly.selective.inhibitors.of.CYP11B1.were.obtained.showing.selectivity.fac-
tors.between.0.16.and.0.33..On.the.other.hand,.compounds.that.were.equally.potent.
inhibitors.of.both.enzymes.were.discovered,.too..This.translates.to.selectivity.factors.
of.between.0.8.and.1.2..Most.of. the.compounds,.however,. turned.out. to.be.rather.
(or.very).selective.inhibitors.of.CYP11B2.because.structural.optimization.had.been.
performed.toward.CYP11B2.inhibition..In.terms.of.selectivity.factors,.compounds.
showing.values.of.more.than.100.were.obtained.

moleCulAr modelIng studIes

With.the.human.CYP2C9.x-ray.structure—the.first.and.thus.far.only.human.CYP.
enzyme.that.could.be.crystallized22—used.as.a.template,.protein.models.of.CYP11B2.

Similar activity

E, Z 

Best: pyridyl, imidazolyl, pyrimidyl 

N containing heterocycles 

Modulation of activity

Different substituents 

Both active 

Indanes, tetralins

No activity 

Alkyl, aryl

X

Het

n

n = 0,1
X

Y

Het
Z

X

Het

No activity 

Bond, no bond 

Activity 

Alkyl

fIgure 12.2 Structure.modification.of.heteroarylmethylene-substituted.indanes.
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and.CYP11B1.(for.selectivity).were.built.20,21.Figure.12.4.shows.details.of.the.active.
site.of.CYP11B2.consisting.of.the.heme.and.a.potent.inhibitor.complexing.the.heme.
iron. and. interacting. with. select. amino. acid. residues. of. the. active. site.. Presently,.
selective.compounds.for.both.enzymes.are.used.for. the.refinement.of.both.protein.
models.

In. addition,. the. E-. and. Z-configurated. heterocycle-methylene-substituted. tet-
rahydronaphthalenes.and.indanes.as.well.as.a.new.class.of.heterocycle-substituted.
naphthalenes23.were.used.to.build.up.a.pharmacophore.model.for.CYP11B2.inhibi-
tors.(Figure.12.5).

Superimposition.of.the.compounds.(all.of.them.potent.CYP11B2.inhibitors),.as.
indicated.in.Figure.12.5,.leads.to.the.pharmacophore.model.shown..The.overlay.of.
the.compounds.results.in.nitrogens.pointing.to.a.similar.direction.(to.the.heme.iron)..
In.this.superimposition,.the.rest.of.the.molecules.of.each.compound.form.a.3-ring.
core.structure.

(a) (b)

fIgure 12.5 Pharmacophore.model.for.inhibitors.of.aldosterone.synthase.(CYP11B2).

Phe240

A B

Phe106

Leu107

Heme

Phe215
Val193

Phe199

Ala290
Glu286

Thr295

Trp236

fIgure 12.4 Structure.of.the.CYP11B2-8b.complex.
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vAlIdAtIon of the PhArmACoPhore model

For. validation. of. the. pharmacophore.
model,. the. acenaphthalene. compounds.
A. and. B. were. synthesized.. Table.12.1.
shows.that.both.compounds.have.a.very.
high. activity. toward. CYP11B2.. This.
result.proves.the.validity.of.the.pharma-
cophore. model.. Besides,. selectivity. of.
the.two.compounds.is.very.high,.exceed-
ing.a.value.of.200.

Because.compounds.A.and.B.exhibit.
a.similar.potency,.additional.superimpo-
sition.studies.were.performed..From.Fig-
ure.12.6. it. becomes. apparent. that. both.
compounds.can.be.nicely.superimposed,.
and.thus.the.high.potency.of.compound.
B.can.be.explained.

In VIVo ACtIvIty—Proof of ConCePt

After. selected. compounds. had. shown. very. good. activity. and. selectivity. profiles.
in vitro. and. also. demonstrated. convincing. results. in. the. tests. for. oral. absorption.

fIgure 12.6 Alignment. of. hybrid. com-
pound.A.and.its.isomer.B.

tAble 12.1
biological Activity of hybrid Compounds A and b

N

A

IC50-value (nm)a

Compound CyP11b1b CyP11b2c selectivityd

Ae 2452 10 245

Bf 2896 14 207

a. Mean.value.of.four.determinations,.standard.deviation.less.than.20%.
b. Hamster. fibroblasts. (V79. cells). expressing. human. CYP11B1;. substrate. deoxycorticosterone,.

100.nM.
c. Hamster. fibroblasts. (V79. cells). expressing. human. CYP11B2;. substrate. deoxycorticosterone,.

100.nM.
d. IC50.CYP11B1/IC50.CYP11B2.
e. 3-(1,2-Dihydroacenaphthylene-3yl)pyridine.
f. 3-(1,2-Dihydroacenaphthylene-5-yl)pyridine.
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and.metabolic.stability,.they.were.first.tested.in vivo;.18.h.after.ACTH.application.
to. Sprague–Dawley. rats. to. stimulate. aldosterone. synthesis,. the. compounds. were.
administered.orally..Blood.samples.were.taken.2.h.later,.and.radioimmunoassays.for.
the.determination.of.aldosterone.were.performed.with.the.plasma..From.Figure.12.7.
it.becomes.apparent. that.ACTH.stimulates.aldosterone.plasma.concentration.by.a.
factor.of.approximately.6..Compound.FD.reduced.the.ACTH-stimulated.aldosterone.
plasma.concentration.dose-dependently..At.a.dose.of.4.mg/kg,.FD.was.capable.of.
reducing.aldosterone.concentration.by.approximately.60%.

ConClusIon

It.has.been.demonstrated.that.it.is.possible.to.design.very.potent.and.very.selective.
(selectivity. factors. >200). inhibitors. of. CYP11B2.. These. compounds. are. valuable.
leads.for.the.development.of.drugs.used.for.the.treatment.of.CHF.and.myocardial.
fibrosis..The.compounds.shown.in.this.chapter.are.not.only.potent.and.selective.in 
vitro.but.also.active.in vivo..Further.optimization.is.required.to.obtain.a.compound.
that.can.be.used.clinically.
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summary

The.thiocarboxanilides.fulfill.the.requirements.of.ideal.anti-HIV-1.drug.candidates..
They.are.highly.potent.and.selective.inhibitors.of.HIV-1.replication.that.are.targeted.
at.the.nonsubstrate.binding.site.of.the.HIV-1.reverse.transcriptase..Like.all.the.other.
nonnucleoside.reverse.transcriptase.inhibitors.(NNRTIs),.they.lead.to.the.emergence.
of. drug-resistant. virus. strains.. Yet,. resistance. development. in. cell. culture. can. be.
circumvented.by.(1).switching.from.one.NNRTI.(i.e.,.thiocarboxanilide).to.another;.
(2).combining.thiocarboxanilides.with.other.NNRTIs;.(3).using.the.thiocarboxani-
lides.from.the.start.at.sufficiently.high.(“knockout”).concentrations;.and.(4).starting.
with.combinations.of.thiocarboxanilides.and.other.drugs.(whether.NNRTIs.or.not).
at.knockout.concentrations.so.as.to.completely.suppress.virus.replication.and.thus.
prevent.resistance.from.emerging.

IntroduCtIon

The.first.compounds.ever.shown.to.specifically.inhibit.HIV-1.(human.immunode-
ficiency.virus.type.1),.but.not.HIV-2.(human.immunodeficiency.virus.type.2),.rep-
lication. were. the. 1-(2-hydroxyethoxymethyl)-6-(phenylthio)thymine. (HEPT)1. and.
tetrahydroimidazo[4,5,I-jk][1,4]benzodiazepin-2(1H)-one.and.–thione.(TIBO).deriv-
atives.2.[The.unprecedented.specificity.of.the.TIBO.derivatives,.which.were.found.to.
inhibit.HIV-1.replication.at.concentrations.that.were.10,000-.to.100,000-fold.lower.
than. the. concentrations. required. to. affect. normal. cell. viability,. was. attributed. to.
a. specific. interaction. with. the. HIV-1. reverse. transcriptase. (RT).2]. For. the. HEPT.
derivatives.it.became.evident.that.they.also.interact.specifically.with.HIV-1.RT.after.
a.number.of.derivatives,.such.as.E-EPU,.E-EBU,.and.E-EBU-dM,.had.been.synthe-
sized.that.were.more.active.than.HEPT.itself.in.inhibiting.HIV-1.replication.3

Whereas.the.HEPT.and.TIBO.derivatives.were.discovered.as.the.result.of.a.sys-
tematic.evaluation.for.anti-HIV.activity.in.cell.culture,.and.later.proved.to.achieve.
their.anti-HIV.activity.through.a.specific.interaction.with.HIV-1.RT,.the.following.
compounds.emerged.from.a.screening.program.for.detecting.HIV-1.RT.inhibitors.
before.they.were.shown.to.inhibit.HIV-1.replication.in.cell.culture.as.well:.nevirap-
ine.(BI-RG-587),4.pyridinone.derivatives.(L-696,229.and.L-697,661)5.and.bis(hetero-
aryl)piperazine.(BHAP).derivatives.(U-88204.and.U-90.152).6

Following.TIBO,.HEPT,.nevirapine,.pyridinone,.and.BHAP,.the.2′,5′.-bis-O-(tert-.
butyldimethylsilyl)-3′-spiro-5″-(4″-amino-l″,2″-oxathiole-2″,2″-dioxide)pyrimidine.
(TSAO). nucleoside. analogues. (TSAO-T. and. TSAO-m3T),7,8. α-anilinophenyl-acet-
amides.(α-APA.R89439),9.and.various.other.compounds.have.been.found.to.inhibit.
HIV-1.replication.through.a.specific.interaction.with.HIV-1.RT..These.compounds.
have.been.collectively.referred.to.as.NNRTIs.or.“nonnucleoside.reverse.transcrip-
tase.inhibitors.”10

NNRTIs.share.a.number.of.characteristics.that.distinguish.them.from.the.“con-
ventional”.nucleoside-type.RT.inhibitors.such.as.AZT.(3′-azido-2′,3′-dideoxythymi-
dine,.zidovudine),.DDI.(2′,3′-dideoxyinosine,.didanosine),.DDC.(2′,3′-dideoxycytidine,.
zalcitabine),. D4T. (2′,3′-didehydro-2′,3′-dideoxythymidine,. stavudine),. and. 3TC.
((−)-3′-thia-2′-deoxycytidine,. lamivudine).. NNRTIs. achieve. a. highly. selective.
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suppression.of.HIV-1.replication.in.cell.culture.without.affecting.the.replication.of.
HIV-2.or.other.retroviruses..They.do.not.require.intracellular.metabolism,.and.inter-
act.as.such.with.RT.in.a.noncompetitive.manner.with.regard.to.the.natural.substrate.
(dNTP).at.an.allosteric.(nonnucleoside).binding.site..However,.NNRTIs.rapidly.lead.
to. the.emergence.of.drug-resistant.HIV-1.mutant.strains.11,12.The.resistance.muta-
tions.appeared.to.be.clustered.around.the.putative.binding.site.of.the.NNRTIs.13

As. the.emergence.of.virus-drug.resistance. is. the.major,. if.not. the.only,.prob-
lem.compromising.the.therapeutic.usefulness.of.the.NNRTls,.our.efforts.should.be.
aimed.at.strategic.approaches.to.prevent,.circumvent,.or.overcome.drug.resistance.
development..Among.the.different.approaches.that.could.be.envisaged.are.the.fol-
lowing:10.(1).switch.from.one.class.of.NNRTI.inhibitors.to.another.(or,.even.within.
each. class,. from.one. compound. to. another),. because. the.different. compounds.do.
not.necessarily.lead.to.cross-resistance;.(2).combine.different.compounds.that.show.
differences. in. their. resistance.mutation.profile,.particularly.when. these.mutations.
appear.to.antagonize.each.other;.(3).start.with.sufficiently.high.drug.concentrations.
so.as.to.“knock.out”.the.virus.and.prevent.breakthrough.of.resistant.virus;.and.(4),.
in.combining.approaches.(1).and.(3),.start.with.drug.combinations.that.could.achieve.
a.total.knockout.(i.e.,.clearance.of.the.cells.from.the.virus).at.lower.drug.concentra-
tions.than.if.the.compounds.were.to.be.used.individually.

We.will.now.examine.how.oxathiin.carboxanilide.and.thiocarboxanilide.derivatives.
qualify.as.genuine.NNRTls,.how.their.activity.compares.to.that.of.the.other.NNRTls,.
and.how.they.can.be.applied.in.attempts.to.circumvent.resistance.development.

InhIbItIon of hIV-1 replICatIon (CytopathICIty)

Which.requirements.do.the.compounds.have.to.fulfill.to.qualify.as.NNRTls?.They.
should.specifically.interact.with.HIV-1.RT.and.inhibit.HIV-I,.but.not.HIV-2,.replica-
tion.in.cell.culture.at.a.concentration.that.is.significantly.lower.than.the.concentration.
required.to.affect.normal.cell.viability..The.latter.should.be.evident.from.the.selec-
tivity.index.(51),.or.ratio.of.the.CC50.(50%.cytotoxic.concentration).to.the.EC50.(50%.
effective.concentration).(Table.13.1)..Based.on.these.premises,.several.classes.of.com-
pounds.(Figure.13.1).could.be.considered.as.NNRTls:.TIBO.derivatives,2,14.HEPT.
derivatives,3,15.nevirapine4.(as.a.member.of.the.dipyridodiazepinones),.pyridinones,5.
bis(heteroaryl)piperazines,6.TSAO.derivatives,7,8.α-anilinophenylacetamides,9.PETT.
derivatives,16. quinoxaline. 5-2720,17. thiazolobenzimidazole. (N5C. 625487),18. pyr-
rolobenzodiazepinone,. phenyldihydrothiazoloisoindolones. (BM. 21.1298. and. BM.
+. 51.0836),19. imidazodipyridodiazepine. (UK-129,485),. chlorophenylsulfonylindole.
carboxamide. (L-737,126),. 2-nitrophenyl. phenyl. sulfone. (NPP5),. naphthalenone.
TGG-II-23A,.DABO.derivatives,20,21.imidazopyridazinyl.phenyl.heptanone,.pyridyl-
ethynyldihydroquinazolinone,22. benzothiadiazine-l-oxide. (NSC. 287474),23. highly.
substituted.pyrrole.derivatives,.pyrrolobenzothiazepines,. and.a.number.of.natural.
products,.i.e.,.calanolides.and.inophyllums,24−26.extracted.from.the.tropical.rainfor-
est. tree.Calophyllum lanigerum and.Calophyllum inophyllum,. respectively..As. is.
evident. from. Table.13.1,. the. most. potent. and. most. selective. NNRTls. were. found.
to.inhibit.HIV-1.cytopathicity.at.nanomolar.concentrations.with.selectivity.indices.
up.to.100,000..All.the.compounds.listed.in.Table.13.1.were.found.to.inhibit.HIV-1.
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RT.activity,.albeit.at.widely.varying.IC50.values,.the.lowest.value.(0.65.nM).being.
recorded. for. 7-[2-(1H-imidazol-l-yl)-5-methylimidazo-[1,5-b]pyridazin-7-yl]-1-phe-
nyl-1-heptanone.. The.only. compound. listed. in.Table.13.1. for.which.no. inhibitory.
effect. on.HIV-1.RT.could.be.witnessed. in. the.original. experiments.was.oxathiin.
carboxanilide.(UC84).

However,. in. our. experiments,. oxathiin. carboxanilide. (UC84).proved. to.be. as.
good.an.inhibitor.of.HIV-1.RT.as.the.other.NNRTIs,.i.e.,.TIBO.R82913,.nevirapine,.
pyridinone. L-697,661,. BHAP. U88204,. and. TSAO-m3T;27,28. in. CEM. cells,. UC84.
inhibited.HIV-1.replication.(cytopathicity).at.an.EC50.of.0.015.pg/mL.while.being.
toxic.to.the.host.cells.at.a.CC50.of.8.8.pg/mL,.thus.achieving.a.selectivity.index.of.
587.. The. anti-HIV-1. potency. of. UC84. was. markedly. enhanced. upon. substituting.
sulfur. for.oxygen. in. the. carboxamide.moiety.of. the.molecule:. the. resulting.com-
pound.131.(UC23).proved. inhibitory. to.HIV-1.replication.at.an.EC50.of.0.007.pg/
mL,.and.as.its.CC50.was.16.pg/mL,.compound.UC23.achieved.a.selectivity.index.of.
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2286..The.thiocarboxanilide.UC38.showed.a.similar.potency.(EC50:.0.009.pg/mL).
and.selectivity.index.(1333)..As.a.rule,.all.thiocarboxanilide.derivatives.(i.e.,.UC10,.
UC16,.UC42,.UC68,.UC81,.and.UC84).proved.to.be.potent.inhibitors.of.HIV-1.RT,.
with.IC50.values.ranging.from.0.05.to.0.20.pM,.i.e.,.inhibition.values.closely.to.or.
markedly.lower.than.those.noted.for.the.other.NNRTIs.(TIBO,.nevirapine,.pyridi-
none,.BHAP,.and.TSAO).28

emergenCe of drug-resIstant hIV-1 mutants

The.NNRTIs.rapidly.lead.to.the.emergence.of.drug-resistant.HIV-1.mutants,.both.in 
vitro.and.in vivo.10,11.The.mutations29.that.confer.resistance.to.the.NNRTIs.appear.to.
be.located.at.positions.98,.100,.101,.103,.106,.108,.179,.181,.188,.190,.230,.and.236.
of.the.p66.subunit,.and.position.138.of.the.p51.subunit,.of.the.HIV-1.reverse.tran-
scriptase.(Table.13.2)..The.most.notorious.is.the.181.Tyr.→.Cys.mutation.that.leads.
to.resistance.to.virtually.all.NNRTIs..Under.the.continued.pressure.of.the.NNRTIs.
(i.e.,. BHAP),. the. 181. Tyr. →. Cys. mutant. can. further. mutate. to. the. 181. Cys. →. Ile.
mutant,.which.is.even.more.resistant.to.the.drugs,.except.for.several.HEPT.deriva-
tives.30.Mutations.may.also.appear/disappear.in.an.ordered.fashion.so.as.to.import.
a.higher.level.of.resistance,.as.has.been.noted.with.the.106.Val.→.Ala.mutation.that.
was.replaced.by.the.190.Gly.→.Glu.mutation.under.increased.pressure.of.the.drug.
(i.e.,.quinoxaline.S-2720).31

The.mutations.conferring.resistance.to.the.NNRTIs.appear.to.be.located.on.RT.
p66.segments.surrounding.the.binding.site.for. the.NNRTIs.13.The.138.Glu.→.Lys.
mutation.confers.resistance.(to.TSAO).only.when.located.in.the.p51.(and.not.p66).
subunit.because.of.the.proximity.of.the.p51.subunit.Glu-138.residue.to.the.NNRTI.
binding.site.at.the.p66.subunit..The.fact.that.the.different.classes.of.NNRTIs.give.
rise.to.different.resistance.mutations.(Table.13.2).may.be.interpreted.to.mean.that.
they. interact. with. different. affinities. or. different. amino. acid. residues. within. the.
NNRTI-binding.site..This,.in.turn,.would.suggest.that.the.different.NNRTIs.should.
not.necessarily.lead.to.cross-resistance..A.case.in.point.is.TSAO,.which.invariably.
elicits.resistance.based.on.the.138.Glu.→.Lys.mutation.32.This.mutation—the.only.
resistance.mutation.that.has.thus.far.been.identified.at.the.p51.subunit33—leads.to.
resistance.to.the.TSAO.derivatives.but.not.to.any.of.the.other.NNRTIs,.except.for.the.
oxathiin.carboxanilide.UC84.33

In.fact,.UC84.was.found.to.select.for.the.138.Glu.→.Lys.mutant.in.HIV-1-infected.
CEM.cells.33.The.thiocarboxanilide.UC38.selected.for.mutant.HIV-1.strains.in.which.
101.Lys.and.190.Gly.had.mutated.to.Glu.27.Other.thiocarboxanilide.derivatives,.such.
as.UC10,.UC16,.UC42,.UC68,.and.UC81,.selected.for.the.100.Leu.→.lIe,.101.Lys.→.
lIe,.103.Lys.→.Asn/Thr,.and.141.Gly.→.Glu.mutations.in.the.HIV-1.RT.28.Thus,.the.
thiocarboxanilide.derivatives.selected.for.some.mutations,.i.e.,.at.positions.101.(Lys.
→.Ile),.103.(Lys.→.Thr),.and.141.(Gly.→.Glu),.which.had.not.been.noted.previously.for.
the.other.NNRTIs.(Table.13.2).
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table 13.2
mutations in the hIV-1 rt Conferring resistance to nnrtIs

amino 
acid 

number

mutation

Codon amino acid Compound(s)

98 GCA.→.GCA Ala.→.Gly Nevirapine,.Pyridinone

100 TTA.→.ATA Leu.→.Ile TIBO,.Nevirapine,.Pyridinone,.
BHAP

101 AAA.→.GAA Lys.→.Glu Pyridinone,.BHAP

103 AAA.→.AAC Lys.→.Asn TIBO,.Nevirapine,.Pyridinone,.
BHAP

106 GTA.→.GCA Val.→.Ala TIBO,.HEPT,.Nevirapine,.
BHAP,.TSAO

108 GTA.→.ATA Val.→.Ile TIBO,.HEPT,.Nevirapine,.
Pyridinone

138a GAG.→.AAG Glu.→.Lys TSAO

179 GTT.→.GAT Val.→.Asp TIBO,.Pyridinone

181 TAT.→.TGT Tyr.→.Cys TIBO,.HEPT,.Nevirapine,.
Pyridinone,.BHAP,.
TSAO,.α-APA,.Quinoxaline

181 TGT.→.ATT Cys.→.Ile TIBO,.Nevirapine,.Pyridinone,.
BHAP,.TSAO,.
Quinoxaline

188 TAT.→.CAT Tyr.→.His TIBO,.HEPT,.Pyridinone

188 TAT.→.TGT Tyr.→.Cys TIBO,.Nevirapine,.Pyridinone

190 GGA.→.GAA Gly.→.Glu Quinoxaline,.TIBO,.
Nevirapine,.Pyridinone,.
BHAP

190 GGA.→.GCA Gly.→.Ala Nevirapine

230 ATG.→.ATA Met.→.Ile TIBO,.Nevirapine,.Pyridinone,.
α-APA

236 CCT.→.CTT Pro.→.Leu BHAP

138a GAG.→.AAG Glu.→.Lys UC84

101 AAA.→.GAA Lys.→.Glu UC38

190 GGA.→.GAA Gly.→.Glu

100 TTA.→.ATA Leu.→.Ile UC68

103 AAA.→.AAC Lys.→.Asn UC10,.UC81,.UC16

103 AAA.→.ACA Lys.→.Thr UC42

101 AAA.→.ATA Lys.→.Ile UC16

141 GGG.→.GAG Gly.→.Glu

a. Mutation.interfering.with.the.NNRTI.is.located.in.the.p51.subunit.of.HIV-1.RT.
[80,81];.all.other.mutations.interfering.with.the.NNRTIs.are.located.in.the.p66.
subunit.
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Cross-resIstanCe of thIoCarboxanIlIde 
derIVatIVes wIth other nnrtIs

Although.oxathiin.carboxanilide.UC84.was.virtually.inactive.against.mutant.HIV-
1. strains.containing. the.TIBO.resistance.mutation. (100.Leu.→. lIe),.or.nevirapine.
resistance.mutation.(106.Val.→.Ala),.or.TSAO.resistance.mutation.(138.Glu.→.Lys),.
or. pyridinone. resistance. mutation. (181. Tyr. →. Cys). in. their. reverse. transcriptase.
(Table.13.3),.minor.structural.changes.in.the.molecule.such.as.replacing.the.oxygen.
of.the.carboxamide.moiety.by.sulfur.(as.in.compound.UC23).restored.the.activity.
against.these.virus.mutant.strains:.compound.UC23.was.only.twofold.more.active.
than.the.parent.compound.UC84.against.wild-type.HIV-1,.but.30-.to.100-fold.more.
active.against.HIV-1.mutant.strains.that.contained.the.100-Ile,.106-Ala,.138-Lys,.or.
181-Cys.mutations.in.their.reverse.transcriptase.33

In.contrast.with.the.oxathiin.carboxanilide.UC84,.the.thiocarboxanilide.deriv-
atives. UC10,. UC16,. UC42,. UC68,. and. UC81,. similar. to. compound. UC23,. also.
proved.markedly.active.against.the.100-Ile,.106-Ala,.138-Lys,.and.181-Cys.mutants.
(Table.13.3)..This.is.most.remarkable.for.the.181-Cys.mutant,.because.this.mutant.
shows. resistance. and. cross-resistance. to. most. other. NNRTIs,. including. TIBO,.
TSAO,.nevirapine,.and.pyridinone.28.The.181.Tyr.→.Cys.mutation.even.arises.in.the.
presence.of.paired.combinations.of.NNRTIs.and.should,.by.all.means,.be.avoided.or.
suppressed.during.anti-HIV.chemotherapy..The.thiocarboxanilide.derivatives.fulfill.
this.premise..Not.only.do.they.not.select.for.this.mutation.but.they.also.suppress.the.
replication.of.the.181-Cys.mutant.strain.

Depending.on.the.nature.of.the.mutation,.the.mutant.virus.strains.arising.under.
thiocarboxanilide.therapy.(i.e.,.100.Leu.→.Ile,.103.Lys.→.Asn,.103.Lys.→.Thr,.and.
101. Lys. →. Ile/141. Gly. →. Glu). lost. or. retained. marked. sensitivity. to. one. another.
and. other. NNRTIs. (Table.13.4).. For. example,. the. HIV-1/UC16. strain,. containing.
the.double. (101.Lys→. Ile/141.Gly.→.Glu).mutation,. retained.marked.sensitivity. to.
virtually.all.NNRTIs,.including.the.thiocarboxanilides.UC68.and.UC81..In.contrast,.
the.HIV-1/UC68.strain,.containing.the.100.Leu.→.Ile.mutation,.lost.its.sensitivity.to.
UC16.as.well.as.nevirapine.and.TIBO..As.a.rule,.all.mutant.strains.selected.by.the.
thiocarboxanilide.derivatives.retained.sufficient.sensitivity.to.some,.if.not.most,.of.
the.thiocarboxanilides.and.other.NNRTIs.(Table.13.4).

swItChIng from one Compound to another

If.resistance.would.develop.to.oxathiin.carboxanilide.UC84,.therapy.could.be.read-
ily.switched.to.one.of.the.thiocarboxanilide.derivatives,.which.retained.sensitivity.
to.the.resistant.(i.e.,.100.Leu.→.Ile,.103.Lys.→.Asn,.106.Val.→.Ala,.138.Glu.→.Lys,.
or.181.Tyr→.Cys).mutant.strains.28.There.are.plenty.of.other.examples.where.switch-
ing. from. one. compound. to. another. restores. sensitivity.. For. example,. 5-chloro-3-
(phenylsulfonyl)indole-2-carboxamide. retains. activity. against. those. HIV-1. strains.
that,.because.of.the.103.Lys→.Asn.or.181.Tyr.→.Cys.mutation,.have.acquired.resis-
tance.to.other.NNRTIs.such.as.TIBO,.nevirapine,.pyridinone,.and.BHAP..The.α-APA.
derivative.R89439.(loviride).is.very.active.against.the.100.Leu.→.Ile.mutant,.which.
is.highly.resistant.to.TIBO.R82913.and.R86183;.and,.within.the.TIBO.class,.a.minor.

9006_C013.indd   188 2/15/08   1:20:03 PM



Thiocarboxanilides	 189

ta
b

le
 1

3.
3

a
ct

iv
it

y 
of

 t
hi

oc
ar

bo
xa

ni
lid

e 
d

er
iv

at
iv

es
 a

ga
in

st
 m

ut
an

t 
h

IV
-1

 s
tr

ai
ns

 t
ha

t 
ar

e 
r

es
is

ta
nt

 t
o 

o
th

er
 n

n
rt

Is

eC
50

a  (
µm

)

C
om

po
un

d
h

IV
-1

(I
II

b
) 

w
ild

-t
yp

e

h
IV

-1
/ 

 
tI

b
o

 r
82

15
0 

10
0 

le
u→

Il
e

h
IV

-1
/ 

 
tI

b
o

 r
82

91
3 

10
3 

ly
s→

a
sn

h
IV

-1
/ 

n
ev

ir
ap

in
e 

10
6 

V
al
→

a
la

h
IV

-1
/t

sa
o

-m
3 

t1
38

 g
lu
→

ly
s

h
IV

-1
/p

yr
id

in
on

e 
 

l-
69

76
61

 1
81

 t
yr
→

C
ys

U
C

84
0.

04
2

.<
10

0
.>

50
.>

50
.>

50
42

U
C

10
0.

14
0.

24
.(

3
0.

37
0.

21
0.

21

U
C

16
0.

07
9

2.
2

.(
3

0.
19

0.
20

0.
20

U
C

42
0.

01
4

0.
47

.1
.7

0.
11

0.
10

0.
12

U
C

68
0.

02
3

0.
54

.1
.3

0.
21

0.
17

0.
20

U
C

81
0.

01
1

0.
45

.3
.2

0.
15

0.
09

0.
19

T
SA

O
-m

3 T
0.

05
0.

08
.0

.2
5

.>
75

.>
75

3.
6

N
ev

ir
ap

in
e

0.
02

4
0.

34
.5

.1
7.

8
0.

10
7.

8

Py
ri

di
no

ne
.

L
-6

97
66

1
0.

02
0.

51
.1

.4
0.

69
0.

49
10

.5

T
IB

O
.R

82
91

3
0.

05
5.

4
13

.4
1.

6
0.

93
6.

2

a.
.

50
%

.E
ff

ec
tiv

e.
co

nc
en

tr
at

io
n.

or
.c

om
po

un
d.

co
nc

en
tr

at
io

n.
re

qu
ir

ed
.to

.in
hi

bi
t.v

ir
us

-i
nd

uc
ed

.c
yt

op
at

hi
ci

ty
.in

.C
E

M
.c

el
ls

.

So
ur

ce
:.

.B
al

za
ri

ni
,. J

..e
t.

al
.,.

Su
pp

re
ss

io
n.

of
. t

he
.b

re
ak

th
ro

ug
h.

of
. h

um
an

. i
m

m
un

od
efi

ci
en

cy
.v

ir
us

. t
yp

e.
1.

(H
IV

-1
).

in
. c

el
l.

cu
ltu

re
.b

y.
th

io
ca

rb
ox

an
ili

de
.d

er
iv

at
iv

es
.w

he
n.

us
ed

. i
nd

iv
id

ua
lly

.o
r.

in
.c

om
bi

na
tio

n.
w

ith
. o

th
er

. H
IV

-1
-s

pe
ci

fic
.i

nh
ib

ito
rs

.(
i.e

.,.
T

SA
O

.d
er

iv
at

iv
es

),
.P

ro
c.

 N
at

l. 
A

ca
d.

 S
ci

. 
U

.S
.A

., 
92

,.
54

70
,.

19
95

..
W

ith
.

pe
rm

is
si

on
.

9006_C013.indd   189 2/15/08   1:20:04 PM



190	 Chemistry	and	Molecular	Aspects	of	Drug	Design	and	Action

ta
b

le
 1

3.
4

a
ct

iv
it

y 
of

 n
n

rt
Is

 a
ga

in
st

 m
ut

an
t 

h
IV

-1
 s

tr
ai

ns
 t

ha
t 

h
av

e 
b

ec
om

e 
r

es
is

ta
nt

 t
o 

th
io

ca
rb

ox
an

ili
de

 d
er

iv
at

iv
es

eC
50

a  (
µm

)

C
om

po
un

d
h

IV
-1

(I
II

b
) 

w
ild

-t
yp

e
h

IV
-1

/u
C

10
 1

03
 

ly
s→

a
sn

h
IV

-1
/u

C
16

 1
01

 
ly

s→
Il

e 
14

1 
g

ly
(g

lu
h

IV
-1

/u
C

42
  

10
3 

ly
s→

th
r

h
IV

-1
/u

C
68

  
10

0 
le

u→
Il

e
h

IV
-1

/u
C

81
  

10
3 

ly
s→

a
sn

U
C

10
0.

14
0.

67
0.

34
1.

7
3.

6
0.

86

U
C

16
0.

07
9

4.
6

0.
79

7.
2

.≥
10

0.
92

U
C

42
0.

01
4

0.
55

0.
30

1.
5

1.
1

0.
39

U
C

68
0.

02
0

0.
43

0.
17

1.
1

1.
4

0.
45

U
C

81
0.

01
1

0.
80

0.
13

2.
9

2.
3

0.
42

T
SA

O
-m

3 T
0.

05
0.

37
0.

10
0.

5
0.

61
0.

33

N
ev

ir
ap

in
e

0.
24

5.
7

0.
81

9.
1

.≥
15

1.
3

Py
ri

di
no

ne
.L

-6
97

66
1

0.
02

0.
86

0.
23

1.
4

1.
8

0.
08

6

T
IB

O
.R

82
91

3
0.

06
2

3.
4

0.
50

.≥
15

.≥
15

0.
72

Q
ui

no
xa

lin
e.

S-
27

20
0.

01
3

0.
09

7
0.

02
6

0.
39

0.
36

0.
09

7

M
K

C
-4

42
0.

00
2

0.
26

0.
02

6
1.

1
1.

3
0.

03
3

a.
Se

e.
fo

ot
no

te
.to

.T
ab

le
.1

3.
3.

So
ur

ce
:.

B
al

za
ri

ni
,.J

.. e
t.a

l.,
. S

up
pr

es
si

on
.o

f.
th

e.
br

ea
kt

hr
ou

gh
.o

f.
hu

m
an

. im
m

un
od

efi
ci

en
cy

.v
ir

us
. ty

pe
.1

.(
H

IV
-1

).
in

.c
el

l. c
ul

tu
re

. b
y.

th
io

ca
rb

ox
an

ili
de

.d
er

iv
at

iv
es

.w
he

n.
us

ed
.

in
di

vi
du

al
ly

.o
r.

in
.c

om
bi

na
tio

n.
w

ith
.o

th
er

.H
IV

-1
-s

pe
ci

fic
.in

hi
bi

to
rs

.(
i.e

.,.
T

SA
O

.d
er

iv
at

iv
es

),
.P

ro
c.

 N
at

l. 
A

ca
d.

 S
ci

. U
.S

.A
., 

92
,.5

47
0,

.1
99

5.
. W

ith
.p

er
m

is
si

on
.

9006_C013.indd   190 2/15/08   1:20:04 PM



Thiocarboxanilides	 191

chemical.modification,.i.e.,.shifting.the.chlorine.from.the.9-position.(R82913).to.the.
8-position.(R86183).suffices.to.restore.activity.against.the.181.Tyr.→.Cys.mutant.14.
Similarly,.pyridinone.L-702,019,.which.differs.from.its.predecessor.L-696,229.only.
by.the.addition.of.two.chlorine.atoms.(in.the.benzene.ring).and.substitution.of.sulfur.
for.oxygen.(in.the.pyridine.ring),.is.markedly.inhibitory.to.HIV-1.mutants.containing.
the.103.Lys.→.Asn.or.181.Tyr.→.Cys.mutation.

In.attempts.to.circumvent.the.problem.of.virus-drug.resistance,.one.can.switch.
from.one.NNRTI.to.another,.and.given.the.multitude.of.NNRTIs.now.available,.this.
switching.procedure.can.go.on.for.an.indefinite.time..Moreover,.during.this.process,.
one.can.at.any.time.return.to.an.inhibitor.that.has.been.used.previously.and.to.which.
the.virus.is.no.longer.resistant..Should.resistance.to.the.first.compound.disappear.
after.the.second.compound.has.been.installed,.and,.conversely,.should.resistance.to.
the.second.compound.disappear.after.the.first.has.been.reinstalled,.then.alternating.
drug. therapy.may.be.envisaged.as. an.attractive.procedure. to.overcome. the. resis-
tance.problem..Some.mutations,.i.e.,.the.HIV-1.RT.236.Pro.→.Leu.mutation.causing.
resistance.to.BHAP,.may.increase.the.sensitivity.to.other.NNRTIs.such.as.TIBO,.
nevirapine,.and.pyridinone,34.and.thus.again.provides.a.rationale.for.the.alternating.
or.switching.use.of.these.drugs.

drug CombInatIons

Combinations.of.different.anti-HIV.drugs,.including.NNRTIs,.can.be.expected.to.
lead.to.a.synergistic.antiviral.action.and.increased.antiviral.activity.spectrum.while.
diminishing.the.toxic.side.effects.and.reducing.the.risk.of.drug.resistance.develop-
ment..Synergistic. anti-HIV.activity.has.been.demonstrated. for. a. large.number.of.
combinations,. including.TIBO.R82913. (or.TIBO.R86183).with.AZT,35.nevirapine.
(BI-RG-587).with.AZT,.BHAP.(U-90152).with.AZT,.BHAP.(U-87201E).with.DDI,.
and.MKC-442.with.AZT,.and.MDL-28,.574.(6-O-butyrylcastanospermine).36,37.The.
effectiveness.of.the.drug.combination.regimen.may.increase.proportionally.with.the.
number.of.drugs.that.take.part.in.the.combination.

It.was.originally.proposed.that.convergent.multiple.drug.combinations,.i.e.,.com-
binations.based.on.AZT,.DDI,.and.pyridinone.or.nevirapine,.may.prevent.the.devel-
opment.of.multidrug.resistance,.because.the.multiply-mutated.virus.would.no.longer.
be.viable..This.assumption.has.proved.faulty,.as.following.convergent.combination.
therapy.multidrug-resistant.HIV.has.been.isolated.that.is.still.viable.38

A. rational. approach. toward. drug. combination. should. be. based. on. the. mutu-
ally.antagonistic.mutation.principle.11.Indeed,.some.mutations.conferring.resistance.
have.been. found. to. counteract. each.other. in. that. they. suppress. the. emergence.of.
resistance.to.one.another..For.example,.the.AZT-resistance.mutation.at.position.215.
(Thr.→.Phe). is.suppressed.by.the.NNRTI-resistance.mutation.at.position.181.(Tyr.
→.Cys),.and.similarly,.the.215.mutation.(Thr.→.Tyr/Phe).is.also.suppressed.by.the.
3TC-resistance.mutation.184.(Met.→.Val).39.Substitutions.at.residues.100.(Leu.→.Ile).
and.181.(Tyr.→.Cys),.which.engender.resistance.to.TIBO.and.other.NNRTIs,.were.
found.to.suppress.resistance.to.AZT.when.co-expressed.with.AZT-specific.substitu-
tions.40.These.data.provide.a.rationale.for.the.combined.use.of.those.agents.that.lead.
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to.a.mutually.antagonistic.resistance.profile,.particularly.triple.drug.combinations.
containing.AZT,.3TC,.and.an.NNRTI.such.as.loviride.

When.3TC,.TSAO-m3T,.and.the.thiocarboxanilide.UCI0.were.used.individually,.
they.rapidly.led.to.the.emergence.of.drug-resistant.HIV-1.mutants.containing.the.fol-
lowing.mutations.in.their.RT:.138.Glu.→.Lys.for.TSAO-m3T,.184.Met.→.Val.for.3TC,.
and.103.Lys.→.Thr/Asn.for.UC10.41.If.3TC.was.combined.with.either.TSAO-m3T.or.
UC10,.or.UC42,.emergence.of.drug-resistant.virus.was.markedly.delayed.or.even.
suppressed..The.concomitant.presence.of.the.138.Glu.→.Lys.and.184.Met.→.IleVal.
mutations.was.noted.in.the.RT.of.those.mutant.viruses.that.emerged.under.combina-
tion.therapy.of.3TC.with.either.TSAO-m3T.or.UC10..The.103.Lys.→.Thr/Asn.muta-
tion.that.emerged.under.the.therapy.with.UC10.alone.was.no.longer.detected.(which.
means.that.it.must.have.been.suppressed).after.combination.of.UC10.with.3TC.41

hIV-1 KnoCKout ConCentratIons

If.the.HIV-1-specific.RT.inhibitors.BHAP.(U-88204.or.U-90152).are.used.from.the.
start.at.a.sufficiently.high.concentration.(i.e.,.1.or.3.pM,.respectively),.they.are.able.
to.completely.suppress.virus.replication,.so.that.the.virus.is.“knocked.out”.and.does.
not.have.the.opportunity.to.become.resistant..Not.only.BHAP.but.also.other.NNRTIs.
have.been.shown.to.knock.out.HIV-1.in.cell.culture.when.used.at.concentrations.of.
2.5.pg/mL.(TIBO.R82913,.pyridinone.L-697,661).or.10.pg/mL.(nevirapine,.BHAP.U-
88204).42.That.the.virus.was.really.knocked.out,.and.the.cell.culture.thus.cleared.from.
the.virus.infection,.was.evident.from.the.absence.of.such.viral.parameters.as.viral.
cytopathicity,.p24.antigen.production,.and,.particularly,.proviral.DNA.[as.ascertained.
by.two.successive.35-cycle.rounds.of.polymerase.chain.reaction.(PCR).analysis].42

With.quinoxaline.S-2720,.a. total.suppression.of.HIV-1. infection. in.CEM.cell.
cultures.was.achieved.at.compound.concentrations.(i.e.,.0.35.pM),.that.were.10-.to.
25-fold.lower.than.those.required.for.BHAP.U-88204.and.nevirapine.to.knock.out.
the.virus.31.Also,.cell.cultures. infected.with.a.TSAO-resistant.mutant. (138.Glu.→.
Lys).virus.could.be.completely.protected.from.virus-mediated.destruction.at.micro-
molar.concentrations.by.HIV-1-specific.RT.inhibitors. (i.e.,.TIBO,.nevirapine,.and.
BHAP).that.do.not.show.cross-resistance.to.the.TSAO.mutant.strain.30

The.thiocarboxanilide.derivatives.UC10,.UC16,.UC42,.UC68,.and.UC81.were.
found.to.completely.suppress.HIV-1.replication.and.thus.prevent.the.emergence.of.
drug-resistant.virus.when.used.at.a.concentration.of.1.3.to.6.6.pM,.that.is.10-.to.25-
fold.lower.than.the.concentration.required.for.nevirapine.and.BHAP.U90152.to.do.
so.28.In.the.experiment.shown.in.Table.13.5,.the.thiocarboxanilides.were.added.to.
the.HIV-infected.CEM.cell.cultures.at.initial.concentrations.of.0.1.pg/mL.(0.3.pM),.
0.5.pg/mL.(1.4.pM),.and.2.5.pg/mL.(7.pM)..The.drug.concentrations.were.kept.con-
stant.throughout.the.whole.time.period.of.the.experiment.(10.subcultivations.or.35.
d)..Then.the.drugs.were.removed.and.the.cells.were.further.subcultured.for.at.least.
five.additional.passages.(up.to.53.d)..With.all.thiocarboxanilide.derivatives.at.a.con-
centration.of.0.5.or.2.5.pg/mL.(except.for.UC16.at.0.5.pg/mL),.virus.breakthrough.
could.be.completely.prevented.for.at.least.53.d..On.the.35th.day.(10th.subcultivation),.
no.p24.production.and.no.proviral.DNA.could.be.detected,.and,.after.removal.of.the.
drugs.and.further.subcultivation.of.the.cells.in.the.absence.of.the.drugs,.virus.did.
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not.emerge..Under.these.conditions,.the.cells.may.be.considered.cleared.or.“cured”.
from.the.HIV.infection.

hIV-1 KnoCKout ConCentratIons of 
dIfferent drugs CombIned

If. different. drugs. are. combined,. the. drug. concentrations. required. to. knock. out.
the.virus.in.cell.culture.can.be.markedly.reduced..For.example,.the.concentration.
of.BHAP.U-90152.needed. to. totally.prevent. the.spread.of.HIV-1. is.3.pM,.but,. if.
combined.with.AZT.(0.5.pM),.the.concentration.of.U-90152.can.be.lowered.to.0.5.
pM.so.as.to.totally.prevent.viral.spread..Although.3TC.and.TSAO-m3T,.when.used.
individually.at.a.concentration.of.0.02,.0.05,.0.1,.or.0.4.pg/mL,.could.not.prevent.
virus.breakthrough.in.HIV-infected.CEM.cell.cultures.for.longer.than.a.few.days,.
when.combined,.these.drugs.totally.prevented.virus.breakthrough.for.at.least.52.d.41.
Similarly.(Table.13.6),.3TC.and.UC10.were.unable.to.prevent.virus.breakthrough.for.
more.than.13.d.(3TC.at.0.1.pg/mL).or.21.d.(UC10.at.0.2.pg/mL).

However,.when.combined.(i.e.,.3TC.at.a.concentration.of.0.1.pg/mL.with.UC10.
at.a.concentration.of.0.05.or.0.2.pg/mL),.the.drugs.delayed.virus.breakthrough.for.
at.least.52.d..When.the.cells.were.further.subcultivated.in.the.absence.of.the.com-
pounds.for.at.least.10.additional.passages,.they.remained.virus-free,.did.not.produce.
viral.antigen,.and.did.not.reveal.any.detectable.proviral.DNA.in.their.genome.

When.either.BHAP.or.TSAO-m3T.or.UC42.were.added.to.HIV-infected.CEM.
cell.cultures.at.0.11.or.0.28.pM.(UC42),.0.09.or.0.22.pM.(BHAP),.or.1.7.or.4.2.pM.

table 13.5
Inhibitory effect of thiocarboxanilide derivatives on breakthrough  
of hIV-1(IIIb) in Cem Cell Cultures

mean day of Virus breakthrough (50% Cytopathicity)  
at Compounda Concentration of

Compound 0.1 µg/ml 0.5 µg/ml 2.5 µg/ml

UC84 10

UC10 16 .>53 .>53

UC16 11 16 .>53

UC42 19 .>53 .>53

UC68 17 .>53 .>53

UC81 17 .>53 .>53

Nevirapine . 6 11 16

a.. Drug.removed.from.the.cell.cultures.after.35.d.(10.subcultivations).

Source:. Balzarini,.J..et.al.,.Suppression.of.the.breakthrough.of.human.immunodeficiency.virus.type.1.
(HIV-1).in.cell.culture.by.thiocarboxanilide.derivatives.when.used.individually.or.in.combina-
tion.with.other.HIV-1-specific.inhibitors.(i.e.,.TSAO.derivatives),.Proc. Natl. Acad. Sci. U.
S.A., 92,.5470,.1995..With.permission.
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(TSAO-m3T),.virus.breakthrough.could.be.delayed.until.day.14,.or.at.the.most.day.
20.28.If,.however,.UC42.at.0.28.pM.was.combined.with.TSAO-m3T.at.1.7.or.4.2.pM,.
virus.breakthrough.could.be.delayed.for.more.than.77.days.(Table.13.7)..If.UC42.at.
0.11.pM.was.combined.with.TSAO-m3T.at.1.7.pM,.virus.breakthrough.was.delayed.
for.25.d,.but.if.to.this.two-drug.combination.a.third.compound.was.added,.namely.
BHAP.U-90152.at.0.09.pM,.again.virus.breakthrough.was.delayed.for.more.than.
77.d..These.cell.cultures.became.provirus-free.as.evidenced.by.PCR;.they.did.not.
produce.any.virus.and.continued.to.grow.in.the.absence.of.the.drugs.as.if.they.were.
indistinguishable.from.the.uninfected.CEM.cell.cultures..These.cells.could.thus.be.
considered.as.being.cleared.or.cured.from.the.infection.

ConClusIon

Various. NNRTIs. have. been. reported. to. specifically. inhibit. HIV-1:. for. example,.
TIBO,.HEPT,.nevirapine,.pyridinone,.BHAP,.TSAO.nucleoside.analogues,.α-APA,.
quinoxaline,.and.oxathiin.carboxanilide.derivatives..These.compounds.interact.allo-
sterically.(i.e.,.noncompetitively.with.respect.to.the.dNTPs).with.a.specific.nonsub-
strate.binding.“pocket”.site.of.the.HIV-1.RT..The.most.potent.NNRTIs.have.been.
found.to.inhibit.HIV-1.replication.at.nanomolar.concentrations..These.compounds.

table 13.6
Inhibitory effect of Combinations of 3tC with uC10 or tsao-m3t on 
breakthrough of hIV-1(IIIb) in Cem Cell Cultures

mean day of Virus breakthrough (50% Cytopathicity) 3tC  
at a Concentration of

0 µg/ml 0.02 µg/ml 0.05 µg/ml 0.1 µg/ml

UC10

.at.. 0.µg/mL . 3 . 4 6 13

.. 0.02.µg/mL . 4 14 26 30

.. 0.05.µg/mL . 6 33 .>52a .>52b

. .0.2.µg/mL 21 42 .>52b .>52b

TSAO-m3T

.at.. 0.µg/mL . 3 . 4 6 13

.. 0.05.µg/mL . 4 . 6 26 30

. .0.1.µg/mL . 6 19 34 .>52a

. .0.4.µg/mL 13 23 .>52a .>52b

a. After.washout.of.the.drugs.at.day.52.post-infection,.virus.breakthrough.occurred.a.few.days.later.
b. After.washout.of.the.drugs.at.day.52.post-infection,.virus.breakthrough.no.longer.occurred.(i.e.,.the.

cell. cultures. remained. virus-free. for. at. least. 12. subcultivations. in. the. absence. of. the. test.
compounds).

Source:. Balzarini,.J..et.al.,.Marked.inhibitory.activity.of.non-nucleoside.reverse.transcriptase.inhibi-
tors.against.human.immunodeficiency.virus.type.1.when.combined.with.(–)2′,3′-dideoxy-3′-
thiacytidine,.Mol. Pharmacol.,.49,.882,.1996..With.permission.
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therefore.offer.great.potential.for.the.treatment.of.HIV-1.infections..Yet,.the.virus.
may.rapidly.develop.resistance.to.these.drugs.

The.mutations.conferring.resistance.have.been.mapped.at.the.HIV-1.RT.posi-
tions.98.(Ala.→.Gly),.100.(Leu.→.Ile),.101.(Lys.→.Glu),.103.(Lys.→.Asn),.106.(Val.→.
Ala),.108.(Val.→.lIe),.138.(Glu.→.Lys),.179.(Val.→.Asp/Glu),.181.(Tyr.→.Cys.→.Ile),.
188.(Tyr.→.Cys/His),.190.(Gly.→.Ala/Glu),.230.(Met.→.Ile),.and.236.(Pro.→.Leu)..
Most.of.these.mutations.must.reside.in.the.p66.subunit.of.HIV-1.RT.to.confer.resis-
tance.to.the.NNRTIs.

The.exception. is. the.138.(Glu.→.Lys).mutation. that.accounts. for. resistance. to.
the.TSAO.derivatives.when.it.is.located.on.the.p51.subunit..These.mutations.do.not.
necessarily.lead.to.cross-resistance.among.the.various.NNRTIs,.and,.in.some.cases,.
they.have.even.proved.to.be.mutually.suppressive..The.thiocarboxanilide.derivatives.
lead.to.mutations.at.HIV-1.RT.positions.100.(Leu.→.Ile),.101.(Lys.→.Ile/Glu),.103.
(Lys.→.Asn/Thr),.and.141.(Gly.→.Glu).

Several.strategies.could.be.envisaged.to.circumvent.or.prevent.the.development.
of. resistance. to. the. NNRTIs:. (1). switching. from. one. class. of. NNRTIs. (to. which.
the. virus. has. developed. resistance). to. another. (to. which. the. virus. has. not. devel-
oped.resistance),.and,.even.within.each.particular.class.of.NNRTIs,.small.chemical.
modifications.suffice.to.reinstall.HIV.drug.sensitivity;.(2).combination.of.different.
NNRTIs. that.do.not.confer.cross-resistance,.or,. that.may,. in.fact,.even.counteract.

table 13.7
Inhibitory effect of Combinations of uC42 with tsao-m3t and bhap 
u-90152 on breakthrough of hIV-1(IIIb) in Cem Cell Cultures

mean day of Virus breakthrough (50% Cytopathicity) 
uC42 at a Concentration of

Compound 0 µm 0.11 µm 0.28 µm
TSAO-m3T

.at.. 0.µM . .5 16 20

. 1.7.µM 16 25 >77

. 4.2.µM 16 35 >77

bhap u-90152 at a Concentration of
0 µm 0.09 µm 0.22 µm

UC42.+.TSAO-m3T

0.µM.0.µM 5 9 16

0.11.µM.1.7.µM 25 >77 42

0.11.µM.4.2.µM 35 62 49

0.28.µM.1.7.µM >77 >77 >77

0.28.µM.4.2.µM >77 >77 >77

Source:.Balzarini,.J..et.al.,.Suppression.of.the.breakthrough.of.human.immunodeficiency.virus.type.1.
(HIV-1).in.cell.culture.by.thiocarboxanilide.derivatives.when.used.individually.or.in.combina-
tion.with.other.HIV-1-specific.inhibitors.(i.e.,.TSAO.derivatives),.Proc. Natl. Acad. Sci. U.
S.A., 92,.5470,.1995..With.permission.
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development. of. resistance. to. one. another;. this. combination. strategy. also. extends.
to.the.2′,3′-dideoxynucleoside.(ddN).analogues.that.may.be.combined.with.one.or.
more.NNRTIs.based.on.the.mutually.suppressive.resistance.principle;.(3).the.use.of.
sufficiently.high.(knockout).concentrations.of.the.NNRTIs.from.the.start.so.as.to.
completely. suppress. virus. replication. and. thus.prevent. resistance. from.emerging;.
(4).combining.from.the.start.different.NNRTIs.(whether.or.not.in.combination.with.
ddNs).at.knockout.concentrations.so.as.to.completely.suppress.virus.replication.and.
thus.prevent.the.breakthrough.of.any.virus,.whether.resistant.or.not,.for.a.much.lon-
ger.time.period.and.at.much.lower.drug.concentrations.than.could.be.achieved.if.the.
drugs.had.to.be.used.individually..The.oxathiin.carboxanilide.derivatives,.particu-
larly.the.thiocarboxanilides,.fulfill.the.four.premises.(1,.2,.3,.and.4).that.make.them.
ideal.candidates.to.be.further.explored,.in.combination.with.other.NNRTIs,.for.their.
potential.in.the.treatment.of.HIV-1.infections.
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14 Histamine H3-Receptor 
Agonists and Antagonists:
Chemical, Pharmacological, 
and Clinical Aspects

Holger Stark and Walter Schunack

Summary

With the detection of the third histamine receptor subtype (H3), the neurotransmit-
ter function of histamine could be established. Histamine H3-receptors located on 
histaminergic neurons control the synthesis and liberation of histamine by acting as 
autoreceptors and the release of a number of other neurotransmitters by acting as 
heteroreceptors. The first potent and selective agonist was (R)-α-methylhistamine. 
Stereoselectivity of the chain-branched histamine derivatives was high with the 
monomethylated and was even higher with the (R)-α,(S)-β-dimethylated derivative. 
These compounds are excellent pharmacological tools for H3-receptor-dependent 
investigations. Their pharmacodynamic advantages were not obvious when (R)-α-
methylhistamine was tested in vivo in humans because of some pharmacokinetic 
disadvantages overcome by prodrug formation.

Novel prodrugs incorporating the potent agonist in a bioreversible azomethine 
bond with 2-hydroxybenzophenone or with related derivatives show high bioavail-
ability, good membrane penetration, and protection against histamine methyltrans-
ferase, the major metabolizing enzyme in humans. The balance between hydrolytic 
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200 Chemistry and Molecular Aspects of Drug Design and Action

stability and lability, which determines drug liberation, was optimized introducing a 
hydroxy moiety, and the pharmacodynamic properties of the prodrugs can be shifted 
to peripheral or central tissues by varying the substitution pattern of the promoiety. 
Halogenated and five-membered heteroaryl promoieties show striking effects on 
drug delivery and targeting. One of these prodrugs (FUB 94 = BP2.94) is in phase II 
of clinical trials showing antinociceptive, anti-inflammatory, and anti-ulcer activity. 
In the field of antagonists, carbamates and ethers were presented as two potential 
leads with promising in vitro and in vivo activity and additional high selectivity. 
Although the carbamates show moderate to good activity in vitro, these compounds 
are highly effective in vivo in the CNS even after p.o. application.

Another highly potent and selective compound is presented with the ether deriva-
tive FUB 181, a novel potential candidate for the treatment of dementia, epilepsy, and 
schizophrenia. The potential indications are based on the cognition enhancement 
and the anticonvulsant effects of H3-receptor antagonists. The psychotic effects are 
supposed to be due to reduced density of histamine receptors in the brain of schizo-
phrenic patients and the H3-antagonist activity of the atypical neuroleptic clozapine. 
From these data it can be presumed that H3-receptor ligands will be introduced into 
therapy in the near future.

IntroduCtIon

During the past decade the neurotransmitter function of the biogenic amine hista-
mine has been established by identifying a third histamine receptor subtype.1,2 In 
contrast to the previous known H1- and H2-receptors,3 H3-receptors may be located 
presynaptically on the axon terminals of histaminergic neurons (autoreceptor) and 
on nonhistaminergic neurons (heteroreceptor).4 By a negative feedback mechanism 
unknown up to now, activation of H3-receptors causes inhibition of histamine syn-
thesis in, and histamine release from, histaminergic neurons (Figure 14.1).1 H3-het-
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FIgure 14.1  Schematic illustration of histaminergic neurotransmission. (Abbreviations: 
Ach, acetylcholine; 5-HT, serotonin; DA, dopamine; NA, noradrenaline; IP3, inositol triphos-
phate; DG, diacylglycerol; cAMP, cyclic adenosine monophosphate.)
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Histamine H3-Receptor Agonists and Antagonists 201

eroreceptors have been identified on serotonergic, noradrenergic, dopaminergic, and 
peptidergic neurons in the central nervous system (CNS) and on sympathetic, para-
sympathetic, and NANC (nonadrenergic noncholinergic) nerve fibers supplying the 
gastrointestinal, bronchial, and/or cardiovascular system.4,5

In contrast to the cloned H1- and H2-receptors6,7 the molecular structure of the 
H3-receptor is still unclear. But there is little doubt that it belongs to the superfam-
ily of membrane-bound heptahelical receptors coupled to G proteins like the other 
histamine receptor subtypes.8 Further signal transduction remains unclear. Negative 
coupling to phosphoinositide turnover and involvement of N-type Ca2+ channels via a 
pertussis-insensitive G protein have been shown in different studies.9–11 In contrast to 
many other biogenic amines, a reuptake system for histamine has never been found 
in histaminergic neurons,12 although some evidence for an equivalent system in other 
tissues has been described.13

Different assays have been established to determine histamine H3-receptor activ-
ity of novel ligands. Competition studies with radioligands,8–15 H3-receptor-mediated 
influence on guinea pig ileum contraction,16,17 and its effect on noradrenaline release 
and other neurotransmitters are used for the characterization of new ligands.18 The 
main functional in vitro test used for the ligands described in this chapter is based on 
the autoreceptor system measuring the K+ evoked depolarization-induced release of 
[3H]histamine from rat synaptosomes.1 Only very few test systems are described mea-
suring central in vivo H3-receptor activity after p.o. administration.19 The screening 
system described in this chapter is based on an increase in the level of the main hista-
mine metabolite Nτ-methylhistamine in brain after p.o. application to Swiss mice.20

agonIStS

The first ligand showing some selectivity and potency to H3-receptors was the 
endogenous ligand histamine itself (histamine pD2-values H1: 6.7; H2: 6.0; H3. 7.21). 
This observation was the starting point for a number of structural variations of this 
molecule by different groups.21 The first really potent and selective compound was 
the chiral methylated histamine derivative (R)-α-methylhistamine (Table 14.1).1 
This compound, nowadays used as a reference agonist, is extremely useful for 
H3-receptor-dependent investigations due to the very poor activity of the (S)-form 
(distomer), which can be comfortably used for control experiments. Compared with 
Nα-methylhistamine, another methylated histamine derivative used as H3-receptor 
agonist, this is a major advantage.

Although Nα-methylhistamine is three times more potent than histamine at H3-
receptors, it also shows high affinity to H1- and H2-receptor subtypes. Chiral dimeth-
ylated (R)-α,(S)-β-dimethylhistamine developed later shows slightly higher affinity 
than (R)-α-methylhistamine, but even more than five log-units higher affinity for 
H3-receptors than for H1- or H2-receptors.22 The exceptional selectivity is only found 
in this stereoisomer of the four possible α,β-dimethylated histamine derivatives. The 
absolute configuration was confirmed by x-ray structure analysis.22 It was active in 
vivo, because at a dose of 25 mg/kg p.o. it maximally decreased [3H]histamine forma-
tion in rat brain, evaluated after administration of its [3H]precursor, as described by 
Garbarg et al.23 Meanwhile, a number of compounds have been found incorporating 
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table 14.1
H3-receptor agonist activity of Side Chain-branched Histamine derivatives
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the basic moiety in heterocycles as well as in an isothiourea or in related struc-
tures.24–27 Computer-assisted analyses of these ligands have shown that the structures 
can be superpositioned in one pharmacophore model, supposing interaction with one 
or more common receptor binding sites in a similar mechanism.28

All these compounds have in common that they are highly polar and basic imid-
azole containing compounds. Their structures are presumed not to cross, or only to 
a small extent, biological membranes, e.g., the blood-brain barrier,29 and therefore 
do not reach the area with the highest density of H3-receptors. Additionally, many 
compounds are structurally closely related to histamine and are presumed to act, like 
the endogenous ligand, as substrates for histamine methyltransferase (E.C. 2.1.1.8), 
the major inactivating enzyme in humans.30 The pharmacokinetic disadvantages 
of (R)-α-methyhistamine, like insufficient oral absorption, poor brain penetration, 
and rapid metabolism in humans, which stopped clinical investigations, are based 
on these physicochemical properties and its similarity to histamine.31 Comparable 
problems may be presumed with the other imidazole derivatives acting as H3-recep-
tor agonists. A novel class of partial and full agonists on histamine H3-receptors 
structurally very different from the agonists mentioned before have been developed, 
patented, and evaluated pharmacologically.32

ProdrugS

In order to maintain the excellent pharmacodynamic properties of (R)-α-methylhis-
tamine and to optimize its pharmacokinetic profile, novel prodrugs were designed, 
prepared by a condensation reaction of (R)-α-methylhistamine and 2-hydroxybenzo-
phenone or related derivatives.33,34 The resulting azomethine derivatives are highly 
lipophilic compounds in which the basic primary amine group is masked in a biorev-
ersible manner to a nonbasic imine bond (Figure 14.2). Lipophilic and stability prop-
erties of the prodrugs can be influenced by substituents and substitution pattern on 
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FIgure 14.2  Formation and hydrolysis of prodrugs via hemiaminal intermediates.
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the promoiety to allow drug targeting to central or peripheral tissues.33,35 Hydrolytic 
stability of the bioreversible imine bond is mainly increased by an intramolecular 
hydrogen bond formed by the phenolic hydroxy group and the imine nitrogen (Fig-
ure 14.2). X-ray and spectroscopic investigations confirmed this hypothesis.

This prodrug approach was a new conception because, in addition to the change 
of physicochemical properties, increasing penetration through biological membranes 
recognition by the major metabolizing enzyme histamine methyltransferase was pre-
vented.31 Due to the passive diffusion through biological membranes and the chemi-
cal hydrolysis, no related enzymes are inhibited, which may have caused interactions 
and side effects. As a result, it can be observed that some azomethine prodrugs are 
very effective, after oral administration, regarding the delivery of (R)-α-methylhis-
tamine into the central nervous system and peripheral tissues (Figure 14.3). Fur-
thermore, their pharmacokinetic properties can strongly be influenced depending 
on the substitution pattern of the aromatic residues. Compounds with halogenated 
benzophenone promoieties, or especially promoieties containing five-membered 
heterocycles, appeared to be highly effective for CNS delivery of active (R)-α-meth-
ylhistamine (Figure 14.4).33,35,36

Astonishing results were obtained by the examination of a pyrrolyl prodrug 
which exhibited a long-lasting delivery of the active drug into the CNS. Due to this 
prolonged in vivo pharmacokinetics, this prodrug can be regarded as a “retard” pro-
drug.35 Investigations for lipophilic parameters of the prodrugs by reversed phase 
thin layer chromatography and theoretical calculations of logP values showed good 
correlation with biological in vivo data, giving further evidence for a passive dif-
fusion of the prodrugs into the brain.37 The parent prodrug FUB 94 (BP2.94) is in 
clinical trials for peripheral diseases, and further prodrugs with more prominent 
central effects are still in the line.31,33,45
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FIgure 14.3  Penetration of prodrugs through biological membranes. (FUB 94 = BP2.94; 
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antagonIStS

The first compounds detected as antagonists for the histamine H3-receptor were 
taken from the pool of H2-receptor antagonists. Later on, more effective and more 
selective antagonists were developed, e.g., thioperamide, clobenpropit (for review 
see References 4 and 38). Unfortunately, these ligands also showed high affinity for 
5-HT3-receptors39 and are claimed to possess toxic side effects. A number of differ-
ent ligands have been described by different groups. With the knowledge of these 
antagonists and the developments in this field, we found a general construction pat-
tern in which an aromatic heterocycle (in most cases an imidazole ring) is connected 
by a chain to a polar group which may be connected by another chain to a lipophilic 
moiety.21 Whereas the first elements are essential for histamine H3-receptor binding, 
the last elements increase affinity.

An extensive research program has been started for the development of novel 
lead structures starting with structural variations of the endogenous agonist.40 In a 
step-by-step modification procedure, carbamate and ether derivatives were found 
possessing high potency and high selectivity for H3-receptors.4,41–44 These com-
pounds have been optimized for central in vivo activity after oral application by 
varying length and structure of the spacer between the carbamate and the lipophilic 
moiety (Table 14.2).

Carbamate derivatives often do not reach the in vitro affinity of compounds like 
thioperamide or clobenpropit, but selectivity and in vivo activity are extraordinary 
properties of this class of antagonists.41 Half-life, duration, and metabolism can be 
targeted with the substitution pattern on the lipophilic moiety. A large variation of sub-
stituents and positions is accepted with maintaining receptor affinity. Pharmacokinetic 
properties differ very much, depending on lead structure and substitution pattern. It 
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can be assumed that, depending on the therapeutic target, it is possible to have a short- 
or long-lasting compound with drug targeting to central or peripheral tissues.

Most of the benzylic ether derivatives described in Table 14.3 are highly active 
in vitro, but ineffective in vivo.44 The para-iodinated benzyl derivative is used in (125I) 
labeled form as radioligand (see section “Radioligands”).15,45 The compounds with 
larger aromatic moieties show moderate to good antagonist in vivo activity.44 One 
problem with the diphenylmethyl ether derivatives is their relative high H1-receptor 
antagonist activity. This pharmacological profile can be explained when taking into 
account the structural similarity to classical H1-receptor antagonists, e.g., diphen-
hydramine.44 Further optimization of the lead led to 3-phenylpropyl derivatives, 
which are potent to the same or even a higher degree, showing high H3-receptor 
selectivity.4 One compound, elected for further trials due to its superior chemical 
and pharmacological properties, is the para-chlorinated 3-phenylpropyl derivative 

table 14.2
H3-receptor antagonist activity of Carbamates with different Chain length
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FUB 181. This compound was tested in functional assays on isolated peripheral 
organs at histaminergic H1-, H2-, and H3-, serotoninergic 5-HT2A- and 5-HT3-, mus-
carinic M3-, and adrenergic α1- and β1-receptors proving at least a 100 times higher 
affinity for H3-receptors than any other of the tested receptors (Figure 14.5).

First pharmacokinetic studies determining the metabolism rate of liberated his-
tamine by the concentration of Nτ-methylhistamine show high efficiency after 1.5 
h already and also a duration for more than 4.5 h after p.o. application to mice. 
FUB 181 increased the turnover rates of noradrenaline and serotonin in some brain 
regions, but did not affect acetylcholine and choline levels. FUB 181 alone showed 
a significant ameliorating effect on learning and memory in mice not to be detected 

table 14.3
H3-receptor antagonist activity of 3-(1H-imidazol-4-yl)propyl ethers
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by application of thioperamide or clobenpropit alone, but only when also adding 
H2-receptor antagonists.46 Further studies are necessary to evaluate the therapeutic 
potential of this compound. Another novel H3-receptor antagonist, FUB 359, show-
ing even higher activity in vitro and in vivo as well as higher selectivity compared to 
FUB 181, is in preclinical trials.47

radIolIgandS

Another approach for the evaluation of the therapeutic potential of H3-receptor 
ligands is the development of radioligands. Determination of the localization of H3-
receptors in the brain provides valuable information for the potential use of ligands. 
The differences in the density of H3-receptors and histamine axons in various brain 
regions suggest that the majority of the receptors are heteroreceptors. Tritium-labeled 
(R)-α-methylhistamine and Nα-methylhistamine are extensively used for autoradio-
graphic studies in different tissues and different species.2,3 Although these ligands 
are useful tools, they display some disadvantages because agonist binding is much 
more complex than that of antagonists. Furthermore, [3H]-labeled compounds are 
less useable for autoradiographic pictures than [125I]-labeled compounds.

[125I]Iodophenpropit was the first radiolabeled H3-receptor antagonist.48,49 Its 
good pharmacological properties were soon overcome by [125I]iodoproxyfan (Fig-
ure 14.6),15,45 which is more selective, more potent, and shows less unspecific bind-
ing than [125I]iodophenpropit. At the moment [125I]iodoproxyfan is the most potent 
radiolabeled antagonist used in binding studies. The initially described synthesis of 
the radioligand by a nucleophilic copper(I)-catalysed exchange reaction45 has been 
improved by using a [125I]iododestannylation procedure under mild conditions.50 
[125I]Iodoproxyfan fulfills all criteria of a useful radioligand, e.g., high affinity, selec-
tivity, reversible binding, saturability, and low unspecific binding. These properties 
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account for the well-contrasted autoradiographic pictures taken in short exposure 
time with [125I]iodoproxyfan, allowing a clearly distinguishable laminated pattern 
of labeling in the cerebral cortex and hippocampal formation.15 Other [3H]-labeled 
compounds of different structures have been described.4,51

The first approaches for histamine H3-receptors ligands in [11C]- or [18F]-abeled 
form used for positron emission tomography (PET) have also been described, but 
with limited success up to now.52–54

PHarmaCology and ClInICal outlooK

In contrast to the widely used H1- and H2-receptor antagonists, no H3-receptor ligands 
have been marketed thus far. The only exceptions from this statement are that beta-
histine, marketed as H1-receptor agonist for vestibular disturbances like Menière’s 
disease,55 and clozapine, an atypical neuroleptic, have been shown to possess moder-
ate H3-receptor antagonist activity.56,57 It must be stressed that although H3-receptors 
have also been identified in the human brain, including their anatomical distribu-
tion,58 most indications are anticipated from in vitro and animal studies.

In animal models of migraine, H3-receptor agonists are inhibiting the plasma 
protein extravasation within meninges to the same extent as the antimigraine drug 
sumatriptan, a 5-HT1 agonist.59,60 Anti-inflammatory effects associated with anti-
nociceptive properties were detected in a number of tissues.61,62 In the dura mater, 
as in peripheral tissues, sensory nerve fibers and mast cells, actively synthesizing 
and releasing histamine, form a short, inhibitory feedback loop involving prejunc-
tional H3-receptors that could regulate the release of pro-inflammatory mediators. 
It is not clear if the H3-receptor-mediated inhibition of sensory C-fiber activity is 
alone responsible for this effect or not. First clinical trials using (R)-α-methylhis-
tamine as an anti-asthmatic drug were stopped due to unsatisfying bioavailability 
described earlier. These problems were overcome with the prodrug BP2.94, which 
poorly enters the brain, thus reducing the risk of lateral effects with the therapy of 
diverse peripheral inflammatory diseases such as arthritis, asthma, inflammatory 
bowel diseases, etc.31 Significant decrease of gastric secretion and gastric mucosal 
protection can be observed by agonist application as well as by prodrug applica-
tion giving a novel anti-ulcer drug entity.63 Other indications like hypertension and 
immunological regulation are also discussed.

For central effects, the sedative and perhaps hypnotic properties of H3-receptor 
agonists are predicted due to behavioral changes and sleep modulation in rodents 
and cats.64,65 For H3-receptor antagonists, the opposite effects of the agonists are the 
most prominent indications. The stimulation of central activity in connection with 
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increasing arousal as well as improvements in learning and memory behavior are 
effects of antagonists which indicate their use as anti-Alzheimer’s drugs.66,67 This 
potential indication is forced by the observation that tacrine inhibits histamine deg-
radation more effectively than that of acetylcholine.68 Cognition enhancement and 
triggering of central stimulation may be an effect of H3-receptor modulation in ves-
tibular nuclei and can also be used for the therapy of vertigo or motion-sickness.69

Although H3-receptor antagonists are manifested as stimulating agents, they are 
able to inhibit electrically evoked convulsive effects.70,71 This can lead to a new class 
of anti-epileptic drugs.

The influence of H3-receptors on the release of a number of neurotransmitters 
may be leading to an antipsychotic activity of H3-receptor antagonists. This hypothe-
sis is strengthened by the observation that in schizophrenic patients the level of hista-
mine metabolites is significantly changed, whereas the concentration of metabolites 
of other neurotransmitters is not changed,72 and that clozapine, an atypical antipsy-
chotic, displays moderate H3-receptor antagonist activity.56,57,73 Because of the lack 
of reliable test systems for antipsychotics, as well as for drugs for Alzheimers’s dis-
ease, the first use of H3-receptor antagonists in patients will give the final outcome 
of the investigation. Due to the new developments on ligands for H3-receptors and 
to the multifactorial influence on neuroregulation, new medical entities based on the 
modulation of histamine H3-receptors can be anticipated in the near future.
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15 Anti-Inflammatory 
Actions of Flavonoids and 
Structural Requirements 
for New Design

Theoharis C. Theoharides

AbstrAct

Flavonoids are low molecular weight compounds that are most concentrated in seeds, 
citrus fruits, olive oil, tea, and red wine, and that have potent antioxidant, cytopro-
tective, and anti-inflammatory activities. Flavonoids are composed of a three-ring 
structure (A, B, and C) with various substitutions; they can be subdivided according 
to the presence of an oxy group at position 4, a double bond between carbon atoms 
2 and 3, or a hydroxyl group in position 3 of the C (middle) ring. Particular hydrox-
ylation patterns of the B ring of the flavones permit them to inhibit histamine, trypt-
ase, interleukin-6, and interleukin-8 release from human umbilical-cord-derived 
cultured mast cells, as well as from macrophages. The catechol (o-dihydroxy) group 
in the B ring, as in quercetin, confers potent inhibitory ability, while a pyrogallol 
(trihydroxy) group, as in myricetin, produces even higher activity. However, addition 
of one hydroxyl group on position 2′ of the B ring, as in the flavonol morin, renders 
this compound inactive. The C2-C3 double bond of the C ring appears to increase 
scavenger activity because it confers stability to the phenoxy-radicals produced, 
while the 4-oxo (keto double bond at position 4 of the C ring) increases free radical 
scavenger activity by delocalizing electrons from the B ring. The 3-OH group on the 
C ring appears to be critical for anti-inflammatory activity (Table 15.1). Inhibition 
of mast cell secretion was shown to be mediated by a 78-kD phosphoprotein which 
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has been cloned and serves as a bridge between the cell surface and the cytoskeleton. 
Phosphorylation at particular sites in the C-terminus unfolds the three-dimensional 
structure of this protein, making actin-binding sites accessible; crosslinking with 
actin in the cytoskeleton prevents secretion of inflammatory mediators. These prop-
erties present unique opportunities for the synthesis of new compounds for the treat-
ment of inflammatory and possibly proliferative disorders.

IntroductIon

Over 4000 structurally unique flavonoids have been identified in fruits, vegetables, 
nuts, seeds, herbs, spices, stems, flowers, and citrus fruits, as well as tea and red 
wine. These low molecular weight substances are phenylbenzo-pyrones (phenyl-
chromones) with a common three-ring nucleus. They are usually subdivided accord-
ing to their substituents into flavanols, anthocyanidons, flavones, flavanones, and 
chalcones. This basic structure is comprised of two benzene rings (A and B) linked 
through a heterocyclic pyran or pyrone ring (C) in the middle. This subdivision is 
primarily based on the presence (or absence) of a double bond on position 4 of the 
C (middle ring) (Figure 15.1), the presence (or absence) of a double bond between 
carbon atoms 2 and 3 of the C ring, and the presence of hydroxyl groups in the B 
ring. In the flavonoid structure, a phenyl group is usually substituted at the 2-position 
of the pyrone ring. In isoflavonoids, the substitution is at the 3-position. Flavonoids 
and tocopherols share a common structure, namely the chromane ring. On average, 
the daily American diet was estimated to contain approximately 1 g of mixed flavo-
noids expressed as glycosides. However, the average intake of mixed flavonoids was 
only 23 mg/d based on data from the 1987–1988 Dutch National Food Consumption 
Survey. The amount of 23 mg/d was mostly flavonols and flavones measured as agly-
cones. The corresponding amount of daily aglycones consumed in the United States 
would be about 650 mg/d. These quantities could provide pharmacologically signifi-
cant concentrations in body fluids and tissues. Flavonoid dietary intake far exceeds 
that of vitamin E, a monophenolic anti-oxidant, and of α-carotene on a mg/d basis 
(For reviews see References 1 and 2.)

Flavonoids have survived in vascular plants throughout evolution for over one 
billion years, possibly due to the important properties they possess, most notably 
anti-oxidant activity and inhibition of leukocyte function.3,4 A suggestion of clinical 

tAble 15.1
characteristics of Flavonoid structure for Anti-Inflammatory Activity

The catechol (o-dihydroxy) group in ring B.

A pyrogallol (trihydroxy) group in ring B may confer even higher activity.

The C2-C3 double bond of the C ring appears to increase scavenger activity.

The 4-oxo (keto double bond at position 4 of the C ring), especially in association with the C2-C3 
double bond, increases free radical scavenger activity.

The 3-OH group on the C ring generates an extremely active scavenger.

The combination of C2-C3 double bond and 4-oxo group appears to be the best combination.
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benefit in patients with allergic disease treated with rutin was recorded as early as 
1952.

The flavonoids are formed in plants and participate in the light-dependent phase 
of photosynthesis during which they catalyze electron transport. They are synthe-
sized from the aromatic amino acids, phenylalanine and tyrosine, which are con-
verted to cinnamic acid and para-hydroxycinnamic acid, respectively, by the action 
of phenylalanine and tyrosine ammonia lyases. Cinnamic acid condenses with ace-
tate units to form the cinnamoyl structure of the flavonoids. There is then alkali-
catalyzed condensation of an ortho-hydroxyaceto-phenone with a benzaldehyde 
derivative generating chalcones and flavonones, as well as a similar condensation 
of an ortho-hydroxyacetophonone with a benzoic acid derivative (acid chloride or 
anhydride) leading to 2-hydroxyflavanones and flavones. In plants, flavonoids gen-
erally occur as glycosylated and also as sulfated derivatives. Biotransformation in 
the intestine by ring scission under the influence of intestinal microorganisms can 
release these phenolic acid derivatives. Ingested flavonoids are converted into sul-
fated and/or glucuronidated metabolites that are excreted in the bile. For instance, 
plasma quercetin concentrations following ingestion of fried onions containing quer-
cetin glycosides equivalent to 64 mg of quercetin aglycone led to peak plasma levels 
of 196 µg/mL after 2.9 h, with a half-life of 16.8 h.

Adverse reactions to flavonoids in humans appear to be rare, even though essen-
tially all human beings have daily physical contact with flavonoid-containing foods 
and plants.

MAst cell InhIbItory ActIvIty

Mast cells derive from distinct bone marrow precursors5 and enter the tissues as 
undifferentiated cells where they mature under the influence of “microenvironmen-
tal” conditions; these include stem cell factor (CSF or c-kit ligand) and interleukins 
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FIgure 15.1  Comparative structure of certain flavonoids, showing the hydroxylation pat-
tern of the B ring. The presence of hydroxyl groups at positions 3 ,́ 4 ,́ and 5´ confer anti-
inflammatory activity, while addition of a hydroxyl group at position 2´ nearly eliminates 
such activity. The oxy group at position 4 and a hydroxyl group at positions 4 and 3, respect-
fully, of the middle C ring increase anti-inflammatory activity. 
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3, 4, and 6.6 Rat connective tissue mast cells (CTMC), found primarily in skin and 
lungs, contain rat mast cell protease I (RMCP I), whereas mucosal mast cells (MMC) 
contain RMCP I.7 All human mast cells (HMC) contain the proteolytic enzyme 
tryptase, but human CTMC contain yet another protease, chymase.7 Mast cells are 
the main source of tissue histamine, which is released from secretory granules when 
mast cells are triggered with IgE and specific antigen.6 Such granules also store 
numerous other vasoactive, pro-inflammatory, and nociceptive molecules,8,9 some 
of which may be released differentially without exocytosis.10–13 In addition to the 
well-known immunologic stimuli, CTMC also secrete in response to a number of 
neuropeptides.14

Mast cells play a central role in the pathogenesis of diseases such as allergic 
asthma, rhinoconjunctivitis, asthma, anaphylaxis, urticaria, and systemic mastocy-
tosis; they are now considered to be important players in other chronic inflammatory 
disorders, such as arthritis and inflammatory bowel disease.6,14,15 Mast cells may also 
participate in sterile inflammatory conditions exacerbated by stress such as atopic 
dermatitis, interstitial cystitis, irritable bowel syndrome, migraines, and multiple 
sclerosis.14 Basophils, the circulating “equivalent” of the tissue mast cells, are con-
sidered as important cells in the pathogenesis of late phase allergic reactions.16–19

Both mast cells and basophils possess high affinity receptors for IgE in their 
plasma membranes. Cross-linking of these receptors is essential to trigger the secre-
tion of histamine and other preformed, granule-associated mediators and to initiate 
the generation of newly formed phospholipid-derived mediators. Various flavonoids 
have been shown in a number of systems to inhibit this secretory process.20,21 Defini-
tive evidence of flavonoid regulation of secretion was first provided in studies of the 
secretion of histamine from rat mast cells and basophils stimulated with antigen. 
Quercetin, kaempferol, and myricetin were found to inhibit the release of rat mast 
cell histamine.22,23 Quercetin also induced histamine accumulation, expression of 
mRNA for RMCP II,24 and development of secretory granules in rat basophil leuke-
mia (RBL) cells.24 Flavonoids have also been shown to have antiproliferative effects 
on a number of transformed cells.1

Inhibitory activity of some flavon-3-ols was associated with the following struc-
tural features: a C4 keto group, an unsaturated double bond at position C2-C3 in the 
γ-pyrone ring, and an appropriate pattern of hydroxylation in the B ring. These char-
acteristics were near identical to those identified for other inhibitory activities. The 
flavonoid glycosides, rutin and naringin, were inactive in vitro as were the flavanones 
(reduced C2-C3 bond) taxifolin and hesperitin. Morin, catechin, and cyanidin were 
also inactive.1 It is important to note that, while quercetin, kaempferol, and myricetin 
were potent inhibitors of histamine release from rat peritoneal mast cells, morin was 
not. The addition of a single hydroxyl group at position 2′ appears to be sufficient 
to reduce inhibition of mast cell secretion. This hydroxyl group may be interacting 
with the oxygen at position 1 forming a cyclic structure that possibly interferes with 
some key biological event.

The basophil histamine-releasing effect of different secretagogues could be inhib-
ited by some, but not all, of 11 flavonoids representing several chemical classes: (a) 
anti-IgE or concanavalin A (IgE-dependent histamine releasing agents); (b) the che-
moattractant peptide, f-MetLeuPhe or the tumor promoter phorbol ester, TPA (both 
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f-MetLeuPhe and TPA are receptor-dependent, IgE-independent, histamine-releasing 
agents); and (c) the divalent cation ionophore A23187 (bypasses receptor-dependent 
processes and carries Ca2+ directly into the cytoplasm).1 The effect of quercetin to 
uniformly inhibit basophil histamine secretion stimulated by a variety of agonists 
strongly suggests that there is a final common pathway utilized by each of these ago-
nists which is sensitive to quercetin and other structurally similar flavonoids.

We were the first to show that while cromolyn was a weak inhibitor of histamine 
release from human umbilical cord-derived cultured mast cells, quercetin was a 
much better inhibitor with morin having intermediate activity. Quercetin, moreover, 
was a potent inhibitor of release of both the unique mast cell proteolytic enzyme 
tryptase, as well as of the cytokines interleukin-6, interleukin-8, and tumor necro-
sis factor (Figure 15.2). Cromolyn could not inhibit the release of these molecules, 
whereas morin was considerably weaker than quercetin.25 These results indicate that 
findings from rodent mast cells are not necessarily applicable to human cells, and 
that quercetin is a better mast cell inhibitor than cromolyn. Quercetin could also 
inhibit selective release of IL-6 in response to IL-1 (Figure 15.3).

Fewtrell and Gomperts22 and Middleton et al.1 demonstrated that only activated 
mast cells or activated basophils were affected by quercetin and other inhibitory fla-
vonoids.1 In other words, the unstimulated cells could be exposed to the flavonoids, 
be washed, and subsequently be shown to react normally to a secretagogue with his-
tamine release. They also observed that pretreatment of rat mast cells with disodium 
cromoglycate (cromolyn), a “mast cell stabilizing” anti-allergic drug, for 30 min 
completely abolished the inhibition normally observed upon subsequent exposure 
to quercetin, added together with antigen. This finding suggested that cromolyn and 
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FIgure 15.2  Inhibition of release of inflammatory molecules from human umbilical cord 
blood-derived mast cells (hCBMCs) by pretreatment with quercetin (0.5 mM) for 5 min 
before stimulation with anti-IgE for either 30 min for histamine and tryptase, and 24 hours 
for IL-6, IL-8, and TNF-α (n = 6, *p<0.05). Note that inhibition was 80% or higher for all 
mediators except for histamine.
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quercetin acted at the same or a closely associated molecular site. It was not known, 
however, just what cellular component in activated mast cells or basophils first inter-
acts with cromolyn or active flavonoids to inhibit the secretory process.

One possible explanation was considered by the similarity in the structure of 
quercetin with that of cromolyn. It had been shown that secretagogue-induced exo-
cytosis in rat mast cells was associated with stimulation of Ca2+-dependent protein 
phosphorylation.26 Purified rat peritoneal mast cells which had been labeled with 32P 
and then stimulated by addition of compound 48/80 resulted in the phosphorylation 
of four proteins of apparent molecular weights 78, 68, 59, and 42 kD. Phosphoryla-
tion of the proteins with apparent molecular weights of 68, 59, and 42 kD was evident 
within 10 s after addition of 48/80; phosphorylation of the 78 kD molecular weight 
protein, however, was not evident until 30–60 s after addition of the secretagogue.26 
These experiments clearly indicated that the exocytosis of the mast cell was associ-
ated with phosphorylation of certain proteins, while recovery from secretion was 
related to phosphorylation of a unique protein.

We then showed that cromolyn promoted the incorporation of radioactive phos-
phate into a single rat mast cell protein of apparent molecular weight 78 kD.27 The 
time course and dose-dependence of phosphorylation of this protein closely paral-
leled inhibition of mast cell secretion.27 This finding provided an insight into the 
mechanism of inhibition by cromolyn of mast cell secretion triggered by an immu-
nologic stimulus, anti-rat IgE. In additional experiments, we showed that other 
inhibitors of rat mast cell histamine secretion, also increased the incorporation of 
radioactive phosphate into a single protein band with an apparent molecular weight 
of 78 kD.28

Quercetin Inhibits Differential IL-6 Release
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FIgure 15.3  Structure of quercetin with possible targets, inhibition of which may explain 
its ability to inhibit mast cell secretion. The insert shows a dose-response of the inhibitory 
activity of quercetin (5 min pretreatment) on release of IL-6 from hCBMCs stimulated by IL-
1 (100 mM) for 24 hours. (n = 8, *p < 0.05.) MAPK, mitogen activation protein kinase; MC, 
mast cells; PI3K, phosphotidyl inositol-3 kinase.
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We subsequently showed that the 78 kD mast cell phosphoprotein had high 
homology to moesin,29 a member of the ezrin-radixin-moesin family of proteins,30 
which have been shown to regulate signal-transduction by coupling the cell sur-
face to the cytoskeleton.31 Phosphorylation of this protein was shown to take place 
by a calcium and phorbol ester-independent PKC isozyme.32 More recently, this 78 
kD phosphoprotein was cloned and was shown to be identical to moesin;33 it was 
further shown that its phosphorylation by cromolyn induced some conformational 
change that permitted covalent binding to actin and resulted in preferential cluster-
ing around the mast cell secretory granules, thus possibly preventing them from 
undergoing exocytosis.33 Because of its apparent involvement in mast cell inhibition, 
this protein was also called MAst CEll DegranulatiON Inhibitory Agent (MACE-
DONIA).14 This protein was associated with the plasma membrane, but there were 
no intramembranous domains. During secretion, the protein could not be recog-
nized by immunocytochemistry and gave the impression it had disappeared; how-
ever, Western blot analysis showed that it had not been secreted. Pretreatment with 
quercetin prevented this apparent “disappearance,” suggesting some conformational 
rearrangements that changed the antigenicity of this protein.

dIscussIon

The present findings extend previous reports showing that quercetin inhibits stimu-
lated histamine release from rat CTMC22,34 and MMC,35,36 from human lung and 
intestinal mast cells,37 as well as from activated basophils.23 Various flavonoids, but 
not morin, had previously also been shown to inhibit polymorphonuclear leukocyte 
function38 and lymphocyte secretion of interleukin-239 in concentrations similar to 
the ones used here. Our results indicate that the structural requirements of flavonoids 
with respect to the inhibition of both proliferation and accumulation of mediators 
was the same as it had previously been reported for inhibition of rat mast cell secre-
tion.1,25 Similarly, morin could not inhibit mitogen-induced lymphocyte prolifera-
tion40 or proliferation of a human lymphoblastoid cell line.41 The fact that morin was 
inactive supports the notion that the effect of flavonoids is fairly specific. Morin has 
one additional hydroxyl group in the 2′ position of the B ring,4 not shared by the 
other flavonoids tested, suggesting that there must exist some steric interference that 
leads to loss of inhibitory activity. The structural requirements for the inhibitory 
effect reported here may be related to the ability of quercetin and other flavonoids 
to inhibit various enzymatic systems in vitro,1,4 such as protein kinase C,42, 43 which 
regulates secretion.44

PKC is the ubiquitous, largely Ca2+- and phospholipid-dependent, multifunc-
tional serine- and threonine-phosphorylating enzyme. It is involved in a wide range 
of cellular activities including tumor-promotion, mitogenesis, secretory processes 
and inflammatory cell function. Accumulated evidence indicates that quercetin may 
exert its mast cell inhibitory effect by inducing the phosphorylation of MACEDO-
NIA through activation of the protein kinase C (PKC) calcium and phorbol ester 
independent isozyme zeta.45 However, it may also be blocking mast cell activation 
by inhibiting other PKC isozymes critical in stimulus-response coupling. PKC could 
be inhibited in vitro by certain flavonoids that appeared to competitively block the 
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ATP binding site on the catalytic unit of PKC.1 Quercetin was also shown to inhibit 
tyrosine kinases (PTK) which are implicated in the regulation of cell transformation 
and cell growth, gene expression, cell–cell adhesion interactions, cell motility, and 
shape. Again, it acted as a competitive inhibitor of ATP binding and the pattern of 
B-ring hydroxylation, C2-C3 unsaturation, and C4 keto groups were recognized as 
strongly affecting inhibitory activity.1

The inhibitory effect of flavonoids on secretory processes is not limited to baso-
phils and mast cells, but they are also capable of inhibiting stimulated rabbit neutro-
phil lysosomal enzyme release, and mitogen-activated adherent human neutrophils. 
Anti-IgE-induced H2O2 generation and human basophil histamine release was also 
inhibited by quercetin. Oxygen free radicals and nonradical reactive oxygen inter-
mediates released by neutrophils and other phagocytes have been increasingly impli-
cated in inflammatory/immune disorders. Flavonoids could profoundly impair the 
production of reactive oxygen intermediates by neutrophils and other phagocytic 
cells. This may be accomplished by interference with NADPH oxidase, a power-
ful oxidant-producing enzyme localized on the surface membrane of neutrophils. 
Flavonoids could also inhibit neutrophil myeloperoxidase (MPO), a source of reac-
tive chlorinated intermediates. Impairment by flavonoids of the production of active 
oxygen intermediates by neutrophils and other phagocytes might contribute to the 
anti-inflammatory activity of these compounds.1 Quercetin inhibited the activa-
tion of rabbit peritoneal neutrophils stimulated by f-MetLeuPhe, as determined by 
measurement of degranulation and superoxide formation; quercetin also inhibited 
tyrosine phosphorylation, mitogen-activated protein kinase (MAPkinase), and phos-
pholipase D. Neutrophil protein tyrosine phosphorylation stimulated by chemotactic 
factors was diminished by genistein. Ionophore A23187-induced eosinophil secre-
tion of Charcot-Leyden crystal protein and eosinophil cationic protein was inhibited 
by quercetin, but not by taxifolin (dihydroquercetin), in a concentration-dependent 
manner. Thus, the activated eosinophil appears to respond to these flavonoids in the 
same fashion as basophils and mast cells. Eosinophil degranulation stimulated by 
IgA- or IgG-coated beads was inhibited by genistein; at the same time, several phos-
phorylated proteins were decreased in quantity, and PLC activation was inhibited.1

We have reported that flavone, quercetin, and kaempferol, but not morin, led to 
accumulation of secretory granules in RBL cells,25 which do not normally accumulate 
secretory granules even at stages expressing increased membrane receptors for IgE.
RBL cells are considered similar to MMC 46 and have been used as a model for 
studying IgE-mediated processes leading to secretion of histamine.47 Quercetin had 
previously been reported to induce the accumulation of rat mast cell protease II in 
RBL cells.24 Moreover, quercetin was reported to “endow” RBL cells with secretory 
responsiveness to cationic mast cell secretagogues, such as compound 48/80.48 In an 
analogous manner, bone marrow-derived mouse mast cells were shown to acquire 
responsiveness to SP when cultured in the presence of both SCF and IL-4.49 Fla-
vonoids had previously been shown to inhibit two human lymphoid tissue-derived 
cell lines.39 Moreover, quercetin inhibited proliferation of human acute myeloid and 
lymphoid leukemic cells without affecting normal hematopoiesies.50 These findings 
are in accordance with previous studies showing that quercetin blocks proliferation 
of HL-60 leukemia cells by inducing an accumulation of the cells in the G2/M phase 
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of the cell cycle 51 and progression of human gastric cancer cells from G1 to the S 
phase of growth.52 Quercetin has been reported to inhibit the growth of estrogen 
sensitive cells, such as human breast cancer cells in culture.53 It is interesting that 
quercetin binds to estrogen type II receptors 41 and human mast cells were shown 
to express cytoplasmic estrogen receptors.54 In fact, the growth inhibitory effect of 
quercetin on a human lymphoblastoid cell line was shown to be through action on 
a type-II estrogen-binding site, an effect not shared by hesperidin, which does not 
bind to such sites.41

Taken together, such findings indicate that certain flavonoids can induce dif-
ferentiation of cancer cells, possibly by mimicking the action of certain cytokines. 
Select flavonoids may, therefore, be useful for the treatment of mast cell proliferative 
disorders, such as systemic mastocytosis55 or interstitial cystitis of the bladder,56 con-
ditions that have been associated with constitutive release of mediators.57 Flavonoids 
have the potential to be used as therapeutic agents,1 especially because their inhibi-
tory effect on mast cell secretion is additive to that recently discovered for chondroi-
tin sulfate,58 one of the major proteoglycans of rat and human mast cells.59,60
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16 Molecular Mechanisms 
of H2O2-Induced 
DNA Damage:
The Action of 
Desferrioxamine

M. Tenopoulou, P.-T Doulias, and D. Galaris

An IntroductIon to oxIdAtIve StreSS

Life on Earth has evolved on the foundation of two main processes: (a) photosyn-
thesizing organisms (plants) that capture solar energy and use it to promote thermo-
dynamically unfavorable reactions leading to the reduction of carbon substances, 
and (b) organisms that receive the above produced reduced compounds and oxidize 
them in thermodynamically favorable reactions. The latter processes release large 
amounts of energy that are captured in the form of chemical energy and used then as 
the power that supports the maintenance of life. The electrons used for the reductive 
processes in photosynthetic plants are released during the oxidation of the H2O to 
O2, whereas in the catabolic processes the opposite direction is followed by reduc-
tion of molecular oxygen (O2) to water (H2O) (Scheme 16.1). The latter reaction is 
catalyzed by the last enzyme of the respiratory chain, namely cytochrome oxidase 
(complex IV), which binds molecular oxygen in its active site and reduces it to H2O 

contentS

An Introduction to Oxidative Stress ......................................................................227
Generation of Reactive Oxygen Species ................................................................228
Hydrogen Peroxide ................................................................................................. 229
Hydrogen Peroxide-Induced DNA Damage .......................................................... 229
Detection of Single Strand Breaks .........................................................................230
Protection By Iron Chelators .................................................................................230
The Action of Desferrioxamine ............................................................................. 231
Conclusions ............................................................................................................ 236
References .............................................................................................................. 236

9006.indb   227 3/20/08   7:28:26 AM



228 Chemistry and Molecular Aspects of Drug Design and Action

by donating four electrons without any release 
of partially reduced intermediates. However, a 
small part of the oxygen consumed by mitochon-
dria (usually about 2–4%) is reduced, even under 
normal conditions, by single electrons leading 
to the formation of a variety of reactive oxy-
gen intermediates (Scheme 16.2). In this way, 
aerobic organisms are continuously exposed to 
endogenously generated reactive oxygen species 
(ROS) and in spite of the existed anti-oxidant 
defenses, a steady-state concentration of ROS 
is always present.1 In addition, a number of 
pathological conditions have been shown to be 
intimately connected to increased steady-state 

levels of ROS which may be the result of either an increased rate of production or a 
decreased ability for the removal of these species.2–5 This temporary imbalance of 
cellular redox equilibrium is usually defined as “oxidative stress.”6 This imbalance 
of the cellular redox equilibrium is not, as believed before, an unavoidable side effect 
of oxygen metabolism but rather it appears to be a carefully regulated process, capa-
ble of transferring important signals from cell surface toward the genetic machin-
ery of the cell.7 Today, redox regulation of gene expression is regarded as a vital 
mechanism involved in a number of pathophysiological complications in humans 
and animals.8,9

GenerAtIon of reActIve oxyGen SpecIeS

Oxygen, due to its ubiquitous appearance in biological materials and its ability to 
accept single electrons from other compounds represents the main source of reac-
tive species in cells. One electron reduction of oxygen leads to the formation of 
superoxide radicals (O2

.−) whereas, when it is reduced by two electrons, the product 
is hydrogen peroxide (H2O2). It has to be noted that the latter compound is not a 
free radical, but it can participate in processes that contribute to formation of free 
radicals. Ferrous iron, cuprous copper, and several other transition metals are able 

Photosynthesis 
4e– + 4H+

O2 2H2O

4e– + 4H+

Respiratory chain 

Scheme 16.1 The oxygen cycle.

e– e– e– e–

2H+ OH– H+

Cytochrome oxidase (4e–)

SOD CAT, GP 

H2OH2O2
•OHO2

•–O2

Scheme 16.2 Controlled generation of ROS during the reduction of oxygen (O2) to water 
into the final step of the respiratory chain.
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to donate a third electron to H2O2, causing the breakage of the O-O bond. In these 
cases the one part of the molecule is reduced to the state of water while the other 
part forms the extremely reactive hydroxyl radical (.OH). The latter is one of the most 
potent oxidants known, reacting indiscriminately with any organic molecule that is 
going to be in the vicinity of its generation.

Apart from the ROS mentioned above (O2
.−, H2O2, and .OH), the term is usually 

expanded to include the electronically excited oxygen (singlet oxygen), peroxynitrite, 
hypochlorous acid and other activated forms that contain oxygen.

hydroGen peroxIde

Among all different ROS, hydrogen peroxide (H2O2), located centrally in cellular 
redox reactions (Scheme 16.2), is likely to be of special importance. Although its 
chemical reactivity is modest, it exerts toxic effects when cells are exposed to this 
compound even at relatively low concentrations. Controlled generation of H2O2 
appears to be a common phenomenon among different cell types.10,11 Moreover, it 
has been shown that it plays important roles in signaling pathways.12,13 Because H2O2 
is able to pass freely across cell membranes, it can transfer information to nearby 
cells or tissues acting in a paracrine fashion, similar to nitric oxide. Although exten-
sively studied, the exact molecular mechanisms of the generation, as well as the 
mode of action of H2O2, remain largely elusive. A large number of molecules have 
been proposed or identified as direct or indirect targets of intracellular H2O2. Pro-
tein kinases and phosphatases, proteins containing sulfhydryl groups or iron sulfur 
clusters, lipids, DNA, and others are among the potential targets.14–16 Although some 
indications regarding the involvement of transition metal ions in these processes 
have been emerged, the exact molecular mechanisms remain mainly hypotheti-
cal.17,18 More studied is the role of transition metal ions (mainly iron and copper) in 
the process of H2O2-induced damage of cellular components. DNA is regarded as 
the most sensitive target among all cell components. The prevailing idea is that H2O2 
interacts with redox active iron, which is bound in cellular DNA, and the hydroxyl 
radicals formed by Fenton reaction (reaction 16.1), due to their extreme reactivity, 
react with DNA in their immediate vicinity.

 Fe2+ + H2O2  → Fe3+ + .OH + OH- (16.1)

There are indications, however, that the location of iron may be away from the 
nucleus, and increases of intracellular levels of Ca2+ may be a mediator of DNA dam-
age.19,20 This presentation will concentrate on some findings from our laboratory that 
indicate the crucial role of lysosomal iron in the molecular mechanisms underlying 
H2O2-induced DNA damage.

hydroGen peroxIde-Induced dnA dAmAGe

Cellular DNA is especially sensitive to the action of H2O2 and, as mentioned above, 
it is widely believed to be mediated by transition metal ions, mainly iron and/or 
copper, which are able to catalyze the formation of hydroxyl radicals (.OH) by 
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Fenton-type reactions.21−23 In this regard, the location of redox-active metal ions is 
of utmost importance for the ultimate effect because .OH, due to its extreme reac-
tivity, interacts exclusively in the vicinity of the bound metal.24 Formation of .OH 
close to DNA results in its damage, including base modifications, single and double 
strand breakage, and sister chromatid exchange. In some occasions, single strand 
break (SSB) formation has been linked to intracellular Ca2+ increases, indicating 
an obligatory intermediary role for Ca2+.20,25 We have previously shown that H2O2-
induced DNA damage is Ca2+-dependent at low rates of continuous H2O2 production, 
although it seems likely that a Ca2+-independent mechanism operates at higher rates 
of H2O2 production.20 When H2O2 is added directly as a bolus, as is the case in most 
studies,21,25 cells are initially exposed to relatively high concentrations followed by a 
fast decrease as H2O2 is consumed. The rate of removal of H2O2 follows first-order 
kinetics with the rate constant dependent on the kind of cells used, and reciprocally 
related to the number of cells.26 However, when the mode of action of H2O2 is con-
centration-dependent,21 the results may appear inconsistent. In order to avoid this 
problem, we have used a continuously generating system of H2O2 by employing the 
enzyme glucose oxidase (GO) (reaction 16.2).

 Glucose + O2 
Glucose oxidase →  H2O2 + Gluconate (16.2)

An appropriate amount of this enzyme was added directly to the growth medium in 
order to generate constant but relatively low concentrations of H2O2.

detectIon of SInGle StrAnd BreAkS

Formation of SSBs was detected by the single cell gel electrophoresis or “comet 
assay” as it is usually called as previously described.20,27−30 As previously reported 
with other cells,20,29,30 exposure of HeLa cells (1 × 105 cells per ml) in growth 
medium containing 10% fetal calf serum to continuously generated H2O2 caused a 
dose dependent induction of SSBs (Figure 16.1). It is important to mention that in 
the experiment shown in Figure 16.1 the cells remained viable for at least 60 min 
of incubation, as determined by propidium iodide exclusion using flow cytometry 
(results not shown).

protectIon By Iron chelAtorS

A number of iron chelators with different chemical structures were used in our labo-
ratory in order to evaluate the molecular mechanisms of H2O2-induced DNA dam-
age. Previous studies have shown that 1,10 phenantroline (but not 1,7–henenthroline) 
was able to protect the DNA of Jurkat cells in culture after exposure to H2O2.

31 It 
was known that 1,10 phenanthroline is an effective iron chelator32 whereas its 1,7 
counterpart, due to different position of a nitrogen atom in its molecule, was unavail-
able for iron binding. These results clearly indicate that the iron-binding capacity of 
1,10 phenanthroline is responsible for the observed protective effect. In addition to 
1,10 phenanthroline, other iron chelators (Figure 16.2) like 2,2′ dipyridyl and TPEN 
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(N,N,N′,N′-tetrakis(2-pyridyl-methyl)ethylenediamine) were also shown to offer 
protection (Figure 16.3).

EDTA (ethylenediaminetetraacetic acid) and DTPA (diethylenetriaminepenta-
acetic acid) were also checked for their ability to prevent H2O2-induced formation of 
single strand breaks in the cellular DNA. Whereas the first was ineffective, the lat-
ter was able to protect (Figure 16.4). However, the protection offered by DTPA was 
pre-incubation time dependent with its capacity increasing with the time up to 6 h 
(Figure 16.4b). These results indicate that the iron binding by the respective chelator 
must inhibit its interactions with H2O2 in order to be effective. EDTA binds iron in 
such a way that allows its interaction with H2O2 so it does not offer any protection. 
The time-dependent effect of DTPA may be related to its slower uptake by the cells 
compared to the other iron chelators used above. DTPA (and EDTA), due to their 
negative charge, seem to be membrane impermeable and their intracellular action, it 
is possible to assume, is related to endocytotic mechanisms.

the ActIon of deSferrIoxAmIne

Desferrioxamine (DFO), an effective iron chelator, is currently used extensively for 
the treatment of iron overload diseases such as β-thalassemia. We used this compound 
in order to check its ability to protect cellular DNA after exposure of HeLa cells to 
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fIGure 16.1 Dose dependent effect of H2O2 on the DNA of HeLa cells. HeLa cells (1 × 105 
cells per ml) were exposed to increasing concentrations of H2O2 by the direct addition of 
increasing amounts of the enzyme glucose oxidase into the culture medium. Ten minutes 
later cells were collected by trypsinization and the cellular DNA damage was estimated by 
comet assay. Each point represents the mean value of three different samples. This experi-
ment was repeated once more with essentially the same results.
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H2O2. It was shown that DFO was able to protect cells in a dose- and time-dependent 
manner.31,33 Interestingly, the degree of protection was significantly increased even 
when DFO was present in the culture medium for 1 h and then the cells were kept at 
normal conditions (without DFO) for another hour before being subjected to oxida-
tive stress. In fact, whether DFO was present or absent during the second hour before 
oxidative stress did not make any difference for the degree of protection (26.7 ± 0.9% 
and 28.9 ± 2.4% of the initial DNA damage, respectively, down from 42.7 ± 2.4% 
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following only 1 h of DFO pretreatment).33 These experiments may be explained if 
we assume that DFO is taken up by the cells by endocytosis as already proposed.34−36 
This possibility is further supported by the results of the experiment presented in 
Figure 16.5. Both 1,10 phenanthroline and DFO were protective at 37°C, whereas 
only 1,10 phenanthroline but not DFO affected DNA damage at 4°C, indicating that 
an enzymatic process is needed in the case of DFO.

Endocytosis is a process by which extracellular material is internalized by dif-
ferent mechanisms initiating from the plasma membrane. The best studied of these 
mechanisms are clathrin coated vesicles, and caveolae-mediated and fluid phase 
endocytosis. To get insights into the precise mechanism by which DFO exerts its 
protective activity, molecular tools that specifically modulate these internalization 
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fIGure 16.3 Protective effects of iron chelators on H2O2-induced DNA damage. Jurkat 
cells (1.5 × 105 cells per 100 μl) were incubated with the indicated concentrations of 2,2’ 
dipyridyl (a) or TPEN (b) for 15 min before the addition of the H2O2 generating enzyme “glu-
cose oxidase” (60 ngGO). Ten minutes later cellular DNA was analyzed for the formation of 
single strand breaks by using comet assay as in Figure 16.1.
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pathways were used. HeLa cells were transiently transfected with plasmids carrying 
genes that encode the dominant negative or positive mutants of the GTPases, dyna-
min, and Rab5. Dynamin is known to be involved in the inward pinching of clathrin-
coated vesicles37 and caveolae38 from the plasma membrane, but it is not involved 
in fluid phase endocytosis (Figure 16.5).37,39 On the other hand, Rab5 plays a criti-
cal role in the mechanism of both fluid phase and clathrin-coated vesicle endocyto-
sis.40,41 Experiments with these cells show that transfection with vectors carrying a 
dominant positive or negative form of dynamin (K694A) and (K44A), respectively, 
which modulate clathrin- and caveolae-mediated endocytosis,37,42,43 did not affect 
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fIGure 16.4 Effects of iron chelators on H2O2-induced DNA damage.  Jurkat cells 
(1.5 × 105 cells per 100 μl) were incubated for the indicated periods of time with 2.5 mM 
EDTA (a) or 1 mM DTPA (b) before the addition of 60 ng of glucose oxidase. Ten minutes 
later cellular DNA damage was analyzed by comet assay as described in Figure 16.1.
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the ability of DFO to protect cells from H2O2-induced DNA damage. On the con-
trary, transfection with inactive or overactive mutants of Rab5 (S34N and Q79L, 
respectively), which have been shown to modulate fluid phase and clathrin-coated 
vesicle endocytosis,44,45 resulted in a much decreased or increased ability of DFO to 
prevent DNA damage (Figure 16.6).33

Collectively, the above results clearly indicate that DFO has to be endocytosed 
by the fluid phase pathway in order to protect against oxidative stress-induced DNA 
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fIGure 16.5 Effects of temperature on the protective action of desferrioxamine. HeLa 
cells (1 × 105 cells per ml) were preincubated at the indicated temperatures either with 1 mM 
desferrioxamine for 60 min or with 0.5 mM 1,10-phenanthroline for 15 min. Cells were then 
exposed to continuously generated H2O2 by the direct addition into the culture medium of 
1 μg/ml of glucose oxidase (generating about 20 μΜ H2O2 per minute). Ten minutes later cells 
were collected by trypsinization and DNA damage was evaluated by comet assay. 
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fIGure 16.6 The different endocytotic pathways and the proteins that regulate these 
pathways.

9006.indb   235 3/20/08   7:28:33 AM



236 Chemistry and Molecular Aspects of Drug Design and Action

damage. Moreover, these results highlight the role of lysosomes in general and lyso-
somal iron in particular in the mechanisms of H2O2-induced DNA damage.

concluSIonS

In conclusion, preincubation of the cells with several chelating agents of varying spec-
ificity, before the challenge with H2O2, revealed that the redox active pool of intracel-
lular iron is pertinent to H2O2-induced DNA damage. Of particular interest were the 
protective effects that were exerted by DFO. DFO, due to its hydrophilic character 
and its molecular weigh (more than 600 Da), seems unlikely to be able to penetrate 
the cell membrane. Thus, the protective effect of DFO seems to be dependent on 
the pathway of its uptake. By using molecular tools that specifically modulated the 
various internalization pathways, it was shown that DFO is taken up by the cells by 
fluid phase endocytosis. As DFO most probably is not released into the cytosol, these 
results also indicate the importance of endosomal and lysosomal redox-active iron 
in the above process. This notion is substantiated by a number of recently published 
works,46,47 but needs further investigations in order to be totally clarified.
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17 LNA (Locked 
Nucleic Acid) and 
Functionalized LNA:
Toward Efficient 
Gene Targeting 

Jesper Wengel

AbstrAct

Locked nucleic acid (LNA) is a class of nucleic acid analogues possessing unprec-
edented binding affinity towards complementary RNA. LNA-type oligonucleotides 
are commercially available, are nontoxic, display increased RNA target accessibility, 
and can be designed to activate RNaseH or to function in steric block approaches. 
LNA-antisense, in particular, gapmer LNA, containing a central DNA or phospho-
rothioate-DNA segment flanked by LNA-gaps, rivals siRNA as the technology of 
choice for target validation and therapeutic applications.

IntroductIon

Two strategies in general are considered for sequence-specific down regulation of 
gene expression using synthetic oligonucleotides, i.e., antisense-DNA and siRNA 
(short interfering RNA).1,2 The easy availability and high potency of siRNA in vitro 
are reasons for the current popularity of the siRNA approach relative to the antisense-
DNA approach. However, it should be kept in mind that the effect of antisense-DNA 
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in vitro and in vivo strongly depends on the nature of the nucleotide modifications 
used. Thus, phosphorothioate-DNA, the commonly used first-generation antisense-
DNA chemistry, is rather inefficient and toxic, and should not be used to compare 
in a general way the antisense-DNA and siRNA technologies. Instead, optimized 
antisense-DNA should be considered, and one candidate molecular architecture in 
this relation is LNA-type oligonucleotides, e.g., LNA or 2′-amino-LNA (Figure 17.1). 
In this account, design and characteristics of various LNA constructs for antisense 
applications (“LNA-antisense”) are described.

LnA (Locked nucLeIc AcId)

We have defined LNA as an oligonucleotide containing at least one conformation-
ally locked 2′-O,4′-C-methylene-β-D-ribofuranosyl nucleotide monomer (LNA 
monomer; Figure 17.2).3,4 LNA oligonucleotides (fully modified LNA, LNA/DNA 
mixmers, LNA/RNA mixmers, LNA/phosphorothioate-DNA mixmers, etc.; Fig-
ure 17.2) possess unsurpassed affinity to complementary DNA and RNA obeying 
the Watson–Crick base-pairing rules (Table 17.1).3−7 LNA oligonucleotides induce 
resistance towards nucleolytic degradation, display low toxicity in biological sys-
tems, and are efficiently transfected into mammalian cells using standard proce-
dures.7 LNA contains phosphordiester linkages and is therefore soluble in aqueous 
media, and can be synthesized by standard automated methods using commercial 
DNA synthesizers.

LnA-AntIsense for mrnA tArgetIng

LNA-antisense studies were first reported by Wahlestedt et al. who demonstrated 
potent and nontoxic antisense effects of LNA oligonucleotides in vivo, using LNA-

O
Base

OO
P O–O

O O
Base

NO
OP–O

OO
Base

O

OHO
P O–O

R

RNA LNA 2´-Amino-LNA

fIgure 17.1 Structure of RNA, LNA, and 2′-amino-LNA monomers. Base = nucleobases.

LNA1: 5´- CAcGggCaGaAGgCA  [LNA/DNA mixmer design]

LNA2: 5´-ATCTTgttgacggTCTCA  [LNA-DNA-LNA gapmer design]

fIgure 17.2 Examples of LNA/DNA mixmer (LNA1) and LNA-DNA-LNA gapmer 
(LNA2) designs; A, C, G, and T denote LNA monomers (i.e., adenin-9-yl, 5-methylcytosin-
1-yl, guanin-9-yl, and thymin-1-yl derivatives) and a, c, g, and t denote DNA monomers. LNA 
oligonucleotides can activate RNase H if designed as gapmers.
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DNA-LNA gapmers or LNA/DNA mixmers targeting the delta opioid receptor 
mRNA.8 LNA-antisense was clearly superior to the isosequential DNA oligonucle-
otides with respect to dose-dependent and sequence-specific gene silencing. Braasch 
et al. studied the inhibition of luciferase activity by LNA-antisense.9 Fully modi-
fied LNA, LNA/DNA mixmers, and LNA-DNA-LNA gapmers displayed potent 
and sequence-specific inhibition of luciferase activity in CV-1 cells, whereas other 
LNA-DNA-LNA gapmers and LNA/DNA mixmers were less efficient. These results 
indicate that the exact position within the mRNA target sequence can be of impor-
tance for LNA-antisense. Phosphorothioate LNA-DNA-LNA gapmers have also 
been demonstrated to induce potent inhibition of luciferase activity in HeLa cells 
with constitutive expression of luciferase.10

A fully modified LNA oligonucleotide caused down-regulation of the POLR2A 
protein in 15PC3 prostate cells, although not in a stringent sequence-dependent 
manner.11 This LNA oligonucleotide was applied as an antitumor agent in a murine 
model system with 15PC3 xenografts (continuous administration for 14 d). At a dose 
of 1 mg/kg/d, potent and sequence-specific suppression of 15PC3 tumor xenograft 
growth was observed, whereas the isosequential phosphorothioate-DNA oligonucle-
otide displayed its optimum activity at a higher dose (5 mg/kg/d).12 This study shows 
that LNA-antisense is superior to traditional phosphorothioate-DNA antisense for 
tumor suppression in this in vivo model system.

In a comparative study with other antisense chemistries and siRNA, the ability 
of LNA-DNA-LNA gapmers to down-regulate VR1 protein has been studied in a 
transient system employing Cos-7 cells.13 The IC50 value for protein down-regulation 
by an LNA-DNA-LNA gapmer was approximately 175- and 550-fold lower than the 
value of the corresponding phosphorothioate-DNA and 2′-O-methyl-RNA gapmer, 
respectively, and the IC50 values for the optimized LNA-DNA-LNA gapmer and the 
optimized siRNA were 0.4 nM and 0.06 nM, respectively. Thus, LNA/DNA/LNA 

tAbLe 17.1
examples of thermal denaturation temperatures (tm Values) of LnA 
oligonucleotides Measured in Medium salt buffer

dnA target rnA target
LnA tm/oc ∆tm/oc tm/oc ∆tm/oc

5′-d(gtgatatgc) 28 — 28 —

5′-(GTGATATGC)L 64 + 4.0 74 + 5.1

5′-d(gTLgaTLaTLgc) 44 + 5.3 50 + 7.3

5′-d(gtgaTLatgc) 35 + 7.0 37 + 9.0

Note: 100 mM sodium chloride, 10 mM sodium phosphate, pH 7.0. ∆Tm values = increase in Tm values 
per LNA monomer calculated relative to the Tm values of the reference duplexes formed with the 
DNA strand (the oligonucleotide shown on top).

Source: Koshkin, A.A. et al., LNA (locked nucleic acid): An RNA mimic forming exceedingly stable 
LNA:LNA duplexes, J. Am. Chem. Soc., 120, 13252, 1998. With permission.
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gapmers are more potent than other types of standard antisense oligonucleotides and 
are almost as efficient as optimized siRNA.

LnA-AntIsense for tArgetIng of noncodIng rnA

Targeting of noncoding RNA by so-called steric block antisense oligonucleotides 
that do not activate RNase H is an attractive approach for inhibition of gene-expres-
sion or prevention of interactions between RNA and other molecules. As noncoding 
RNAs are promising therapeutic targets, the use of LNA-antisense is very appealing 
in this context by virtue of its unprecedented RNA binding affinity. Notably, very 
efficient targeting of microRNAs was recently achieved employing LNA oligonucle-
otides; this study demonstrated antiviral effects of microRNAs in addition to their 
regulatory functions.14

By so-called oligonucleotide-directed misfolding of RNA (ODMiR), LNA was 
shown to inhibit Candida albicans group I intron splicing sequence-specifically.15 
An 8-mer fully modified LNA and a 12-mer LNA/DNA mixmer displayed IC50 val-
ues of 150 nM and 30 nM, respectively, whereas the corresponding 12-mer DNA and 
2′-O-methyl-RNA displayed higher IC50 values.

Interaction between the HIV-1 Tat protein and its RNA recognition sequence 
TAR is an important step in viral replication of HIV-1 virus. In a cellular experiment, 
an LNA/2′-O-methyl-RNA mixmer displayed dose-dependent and sequence-specific 
inhibition of HIV-LTR/Tat dependent transcription of firefly luciferase whereas the 
corresponding 2′-O-methyl-RNA and PNA oligomers were inefficient.16 This study 
underlines the importance and biological relevance of apparently minor changes in 
chemical constitution, here the exchange of five 2′-O-methyl-RNA nucleotides with 
five LNA nucleotides.

concLusIons

The key points characterizing LNA-antisense are shown in Figure 17.3. LNA nucle-
otides are compatible with other commercially available nucleotide monomers, 
e.g., DNA, phosphorothioate-DNA, RNA, and 2′-O-methyl-RNA monomers.6 Both 
LNA oligonucleotides and LNA phosphoramidites are commercially available from 
several suppliers and, as discussed above, fully modified LNA, mixmer-LNA (ste-
ric block approach), and LNA-DNA-LNA gapmers (RNaseH approach) are useful 
LNA-antisense designs. Recent research conducted by the authors17 and others18 has 
convincingly shown that the strong RNA binding is translated into excellent RNA 

Strong RNA-binding: RNA-target accessibility
LNA-type gapmers: RNase H activity
Steric block LNAs: Targeting of non-coding RNA
Active in cell cultures and in vivo
Low acute toxicity
Preclinical studies ongoing (Santaris Pharma A/S)

•
•
•
•
•
•

fIgure 17.3 Characteristics of LNA-antisense.
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accessibility, even with highly structured RNA targets. The first preclinical studies 
with LNA-antisense (LNA-DNA-LNA gapmers) have been successfully completed, 
and the first clinical trails were to be initiated in summer 2005, aiming at cancer 
treatment (www.santaris.com).

We are currently focusing our research towards functionalized LNA, in particu-
lar N2′-functionalized 2′-amino-LNA (Figure 17.1).19,20 The high-affinity targeting 
of RNA that is characteristic also for 2′-amino-LNA oligonucleotides20,21 enables 
exploratory oligonucleotide chemistry that likely will lead to novel applications 
within molecular diagnostics, biotechnology, nanotechnology, and biomedicine.7,22,23 
With these molecular building blocks at hand, the medicinal chemists have unique 
opportunities for designing the optimized nucleic acid therapeutics of the future.
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18 The Effect of Diet on 
Drug Metabolism

K.J. Netter

AbstrAct

This chapter consists of two parts. First, the different levels of food interaction with 
drug pharmacokinetics are listed and broadly characterized, mainly by referring 
to existing review articles. Second, two examples of recent interesting new and 
somewhat unexpected interactions are described. These are the acute inhibition of 
hepatic oxidative drug conversion by a protein-rich meal and the enhancement of the 
CYP3A4-related intestinal hydroxylation of quinidine by a chronic high-salt diet.

IntroductIon

The question whether a certain diet may affect the clinical efficiency of drugs 
has attracted much interest in the last decades. This has increased in parallel with 
methodology improvements in analytical techniques to measure drugs and their 
metabolites in biological materials. Therefore, a number of papers and reviews have 
appeared that describe the effects of food intake, or the lack of it, on the pharmaco-
kinetic characteristics of many drugs. It is understandable that primarily those drugs 
have been in the focus of this particular interest, which can easily be quantitatively 
analyzed. Studying the various reviews also reveals that groups of drugs have been 
in the focus of nutritional considerations simultaneously with their general popular-
ity as new drugs or otherwise important therapeuticals. A similar parallelism can be 
observed with the progress in the elucidation of the enzymatic mechanisms of drug 
metabolism. Thus, one can say that studying the literature on nutrition and drug 
action yields a mirror image of contemporary heuristic achievements.
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In principle, food can influence the pharmacokinetic behavior of drugs at several 
levels of their way through the organism. Food constituents can interact with drugs 
before reaching the systemic circulation simply by chemical interaction such as com-
plex formation; an example of this is the reduced gastric absorption of tetracycline 
antibiotics when given with calcium-ion-containing food. Similarly, in intravenous 
nutrition, nutrients (amino acids, lipids) may interact with simultaneously applied 
drugs and lead to pharmacokinetic changes.

Food also influences the absorption of drugs from the gastrointestinal tract. 
There are many observations and some reviews on drugs, the absorption of which 
is enhanced, decreased, or unaffected by simultaneous eating. It is noteworthy that 
under these conditions impressive differences in the blood level curves of drugs are 
observed at the beginning of such experiments, but that long-term observation shows 
that the respective curves signify identical amounts to have been finally taken up 
into the systemic circulation; thus, food also delays or accelerates intestinal absorp-
tion, but does not change the ultimate amount.

The chemical conversion of drugs begins during the absorption phase by cataly-
sis through drug-metabolizing enzymes present in the gastric and intestinal mucosa. 
These enzymes can be altered in their activity by food constituents, particularly salt, 
as will be discussed later.

It is also obvious that the absence of ingested food, i.e., starvation, will have its 
particular influences, although these are localized more prominently in the liver, 
where the activities of drug-metabolizing enzymes are changed by the nutritional 
status. Thus, protein-rich nutrition generally increases the respective activities, 
whereas starvation decreases the metabolic rate.

An increase in blood flow is an important physiological consequence of food 
intake. The increased translocation of drugs from the presystemic region into the 
liver will enhance the hepatic drug concentration and hence the metabolic conver-
sion, particularly of drugs with a marked first-pass effect.

Foodstuffs may contain constituents that directly either inhibit or induce oxida-
tive drug metabolism. Grapefruit juice has attracted much interest because it inhib-
its the metabolism of coumarins, for example. On the other hand, Brussels sprouts 
as well as other cruciferous vegetables and charcoal-grilled food contain inducers 
of cytochromes P450. It should prove interesting to investigate whether reductive 
enzymes also are influenced in vivo by plant materials such as quercetin.

Nutrition up to a certain degree furthermore influences the drug-metabolizing 
enzymes in the liver as well as in other organs. This concerns the oxidative phase 
I reactions that are catalyzed by the cytochrome P450-dependent monooxygenases 
that require molecular oxygen as well as NADPH for activity. It is obvious that there 
are various areas of interference affecting the enzyme activity as well as the avail-
ability of the cofactors. Conjugating enzymes (phase II) are also affected by nutri-
tional factors. After drugs or their metabolites have reached the systemic circulation, 
they are, for obvious reasons, not subject to nutritional manipulation.

The final elimination of drugs, and hence the termination of their action, occurs 
mainly via renal excretion; this again can be influenced by nutrition. The amount of 
fluid intake, and hence urine flow, is a determining factor for the rate of excretion 
as well as the pH of the urine, which in turn can depend on the prevailing diet to a 

9006_C018.indd   248 2/15/08   1:21:38 PM



The Effect of Diet on Drug Metabolism 249

certain degree; it is easily conceivable that the latter argument applies only to drugs 
that are excreted as weak acids or bases.

Hormonal actions of plant constituents probably are rare, but there is the exam-
ple of the aldosterone-like action of liquorice mediated by its constituent glycyr-
rhetinic acid.

The considerations mentioned previously are the basic principles of a thus far 
rather amorphous subdiscipline of pharmacology, namely pharmacodietetics. It has 
attracted much interest and produced an enormous literature, yet the generally appli-
cable observations and dogmas have not led to a unified picture. This seems to be 
due to the biological fact that the affected systems have more than one direction in 
which to respond. It may well be that this heterogeneity in response may be of great 
Darwinian advantage, particularly for omnivorous mammals, especially humans.

In view of the multitude of possible food–drug interactions, it will hardly be pos-
sible to give a comprehensive account of this phenomenon. Therefore, it is intended 
to aid the reader by just mentioning a number of respective reviews and then dwell 
more extensively on the actions of amino acids on drug metabolism in isolated per-
fused livers and on the action of dietary salt on intestinal cytochrome P450 3A4.

survey of surveys

It was about 25 years ago that enough material had accumulated to warrant a review 
of the role of nutrition in drug-metabolizing enzymes.1 This was followed by a mono-
graph2 on nutrition and drug interrelations, and related symposium.3 At the same 
time, the scope of these interactions was widened to toxicological aspects, in par-
ticular, also carcinogenicity4 The term “pharmacodietetics” was introduced in 1979;5 
this was followed by applying the same terminology to toxic effects.6 The influence of 
food on drug absorption has been authoritatively reviewed within the last 20 years.7,8 

A monograph, Food, Nutrition, and Chemical Toxicity, in 1993 directed attention 
to these considerations, which also include the general nutritional status with regard 
to micronutrients, etc.9 The general points of interaction between biosynthesis and 
catalytic action of drug-metabolizing enzymes were pointed out in 1994.10 More 
recently, the subject has found its way into advanced textbooks of nutrition.11 A use-
ful tabular presentation of the nonmetabolic interactions, particularly with respect to 
drug absorption, is to be found in Advances in Pharmacology,12 which complements 
a review by Welling.8 A further review can be found in Clinical Pharmacokinetics.13 
Contemporary explanations about the mechanisms of the influence of food on drug 
metabolism were given by Yang and Yoo in 1988.14

Based on these reviews and the knowledge represented in them, we now turn to 
two specific aspects.

specIAl problems In food–drug InterActIon

With the upcoming interest in antihypertensive blockers of adrenergic beta recep-
tors, many pharmacokinetic studies were carried out with these drugs. Thus, in 1977, 
Melander et al. observed an increase in bioavailability of propanolol and metopro-
lol by food.15 This general observation was complemented by the finding that, in 
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particular, a protein-rich (84% protein plus lipid) diet would dramatically change the 
plasma propanolol time curve after 1 mg/kg of propranolol given orally. Whereas 
in control fasting human subjects the plasma curve was low and reached a shallow 
maximum 5 h after oral application, after a protein-rich meal, there was a dramatic 
initial rise after 1 h, which then reverted and reached the same values as the controls 
after about 5 h.16 The authors suspect that the increased hepatic blood flow may be 
responsible, in conjunction with a possible inhibition of drug-metabolizing activity 
by the influx of amino acids. There is, however, one uncertainty in the latter suspi-
cion because a 93% carbohydrate meal produces an almost identical rise in propran-
olol bioavailability. As the propranolol analysis in plasma was carried out with the 
aid of radioactive labeling, no data about possible changes in the metabolism could 
be furnished in the 1981 study. Subsequently,17 an even more dramatic influence of 
eating a 250-g steak on the elimination of indocyanine green, injected intravenously, 
was noted; however, the measurement of propranolol steady-state plasma levels dur-
ing an infusion in 12 human subjects showed a decrease from 46 to 30 ng/mL within 
5 min after eating a steak of about 160 g protein (a steak of about 50 g).

Propranolol was measured by high-pressure liquid chromatography. This finding 
strongly indicates a metabolic interference with the steady-state elimination of pro-
pranolol, perhaps in conjunction with increased hepatic blood flow, which according 
to other authors is estimated to be between 10 and 40% of the original rate.

To further elucidate the situation, another approach was taken, namely, the perfu-
sion of isolated rat livers with mixtures of amino acids.18 In a single-path nonrecircu-
lating perfusion system, propranolol was offered, after a meal of 40 mm, leading to a 
steady-state concentration of 12.5 mg/mL; when adding a balanced mixture of amino 
acids mimicking those concentrations reached in the portal vein after a high-protein 
meal of again 40 mm, the level of propranolol rises to 16 mg/mL in the effluent.

This strongly indicates that the amino acids in some way inhibit the oxidative 
and conjugative metabolism of propranolol. Therefore, the authors have measured 
the main metabolites in the same effluent and found a congruent fall in the main 
metabolites, namely, 4-hydroxypropranolol and N-desisopropylpropranolol, along 
with a small decrease in the minor metabolites. This applies also to propranolol 
conjugates. From these in vitro experiments it has become clear that the presence 
of amino acids in the liver interferes with the metabolic conversion of the test sub-
stance. The authors have come to the conclusion that there is in vitro as well as in 
vivo evidence that amino acids derived from protein digestion lead to an inhibition 
of phase I and phase II hepatic metabolism, at least of propranolol. Subsequently, the 
same research group19 studied the inhibition of metoprolol metabolism in perfused 
rat livers by amino acids. Also, with this substance, amino acid infusion very mark-
edly lowers the rate of metabolism to the demethylated and alpha hydroxylated prod-
uct, whereby the difference becomes less pronounced at high-steady-state metoprolol 
concentrations in the effluent fluid. This effect is largely reversible. When character-
izing amino acid inhibition in microsome suspensions, it was found that the VM was 
reduced to about half, whereas the KM, i.e., the affinity to cytochrome P450, did not 
change. From ancillary experiments, it became apparent that the cofactors NADPH 
and oxygen also do not seem to change. Thus, it seems as if amino acids in some 
way interfere with the function of the reaction cycle for cytochrome P450-catalyzed 
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drug oxidations. It remains to be seen whether this effect is restricted to a single 
amino acid only or constitutes a general phenomenon. Also, the determination of a 
threshold concentration would be of interest.

The last aspect to be treated in this chapter concerns the presystemic oxidative 
metabolism of orally ingested drugs. An illustrative example of food-related modifi-
cation of this biological process has been published,20 which concerns not nutrients 
per se but rather dietary salt, investigating possible effects in the salt water balance 
on quinidine pharmacokinetics. The authors serendipitously found that dietary salt 
increases the first-pass elimination of oral quinidine. Comparison in healthy volun-
teers of the quinidine plasma concentrations at a low-salt (10 mEq/d) and a high-salt 
(400 mEq/d) diet shows that the high-salt diet leads to definitely lower blood levels of 
quinidine for the first 4 h after intake of 600 mg quinidine sulfate immediate-release 
tablets with 100 mL water. The diets were maintained for one week prior to quini-
dine application.

From other sources,21 it was known that semisynthetic diets markedly reduced 
the cytochrome P450-dependent coumarin-7-ethoxy-O-deethylase activity in human 
volunteers. This was shown in serial intestinal biopsies taken from these volunteers 
on various forms of diet. It is also known that CYP3A4 is the predominant cyto-
chrome in the intestinal mucosa.22 When 300 mg quinidine is given intravenously, 
there is no difference in blood level pharmacokinetics between both diets. From this 
it seems obvious that a high-salt diet affects the oxidative metabolic transforma-
tion in the intestinal wall; this conclusion is corroborated by the finding of higher 
3-hydroxyquinidine excretion in urine under high-salt conditions. Although the 
described phenomenon certainly needs further elucidation, the effect of diets on 
intestinal drug-metabolizing systems could be of heuristic interest.

conclusIons

The influence of diet on drug pharmacokinetics is a multifaceted phenomenon, 
which has attracted the interest of many investigators and has led to many, though 
often diverse, results. The attempt has been made to crudely classify the levels on 
which diets may interfere with drug action.

Two phenomena have been highlighted in detail: the effect of high-protein diets 
on the oxidative hepatic metabolism of beta blockers and the enhancing effect of a 
high-salt diet on the intestinal oxidative conversion of quinidine. It remains to be 
seen whether these findings represent general phenomena, which also apply to other 
drugs and chemical substances.
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19 Cytochromes P450 
in the Metabolism 
and Bioactivation 
of Chemicals

Costas Ioannides

AbstrAct

To survive and thrive in the chemical environment in which it exists, the living organ-
ism has developed a number of versatile enzyme systems that facilitate the complete 
elimination of xenobiotics to which it is inescapably exposed by converting them 
metabolically to hydrophilic, readily excretable, metabolites. Cytochromes P450, a 
superfamily of enzymes, are undoubtedly the most prolific enzyme system in xeno-
biotic metabolism, capable of catalyzing efficiently the metabolism of structurally 
very diverse compounds. Paradoxically, however, such metabolism may also lead to 
the generation of reactive intermediates that interact covalently with cellular macro-
molecules, giving rise to various forms of toxicity, including carcinogenicity, a pro-
cess referred to as bioactivation. As a defense mechanism, the body can deactivate 
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these enzymically, so that production of reactive intermediates, and hence toxicity, is 
dependent on the balance of bioactivation/deactivation. Any factor that disturbs this 
balance will profoundly influence the appearance and severity of toxicity.

IntroductIon

The human body is continuously and inescapably exposed to a wide diversity of 
chemicals, both manmade and naturally occurring, frequently referred to as xenobi-
otics (Gr., foreign to life). Although most of the emphasis, at least regarding safety, 
is focused primarily on anthropogenic chemicals, more that 99% of human exposure 
is to naturally occurring chemicals,1 which can be as biologically active as their syn-
thetic counterparts. Indeed, what has recently sparked interest in naturally occurring 
chemicals, largely phytochemicals, was the realization that these have a major role to 
play in affording protection against major high-morbidity diseases in humans such 
as cancer and cardiovascular disease. Chemicals have been identified in food that, 
at least in animal models, can effectively antagonize chemical carcinogens. Such 
anticarcinogenic chemicals are polyphenols,2 isothiocyanates,3 organosulfates,4 and 
many others.

Although some chemicals are taken voluntarily, such as drugs and food addi-
tives, the vast majority are taken involuntarily—for example, through the diet, 
undoubtedly the principal source of human exposure to chemicals. Such chemicals 
may be inherent in the diet, may be contaminants such as pesticides or microbial tox-
ins, or may be generated during domestic cooking conditions. Exposure to chemicals 
is, therefore, continual and inevitable.

The body cannot exploit these xenobiotics beneficially either to generate energy, 
build new tissue, or serve as chemical messengers, and, because they cannot in any 
way assist in the normal physiological function of the body, they are recognized as 
foreign and potentially deleterious; the body’s immediate reaction is to eliminate 
them. Chemicals that find their way into the body and are distributed into the various 
tissues, by necessity, have a lipophilic character so as to traverse lipoid membranes. 
However, the excretory mechanisms of the body are unable to eliminate efficiently 
lipophilic compounds so that these must be rendered hydrophilic to ensure their 
elimination. To attain this objective, the body has developed an array of nonspe-
cific enzyme systems that can metabolically convert lipophilic compounds to hydro-
philic, readily excretable metabolites.5 Moreover, in most cases, such metabolism 
terminates the biological activity of chemicals because the metabolites, in contrast to 
the parent compounds, are unable to reach, and interact with, the appropriate recep-
tors to elicit a biological effect; thus, metabolism has a very profound effect on the 
biological activity of a chemical. It is unlikely that the human body could withstand 
the constant onslaught of the chemicals to which it is unavoidably exposed if these 
enzymes did not evolve to ensure their rapid and complete elimination.

MetAbolIsM of XenobIotIcs

The process of transforming lipophilic chemicals to polar entities occurs in two 
distinct metabolic phases.6 During phase I, functionalization, an atom of oxygen is 
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incorporated into the chemical, and functional groups such as -OH, -COOH, etc. are 
generated, as in the hydroxylation of diazepam, in which a phenolic group is gener-
ated at the 4′-position (Figure 19.1). Alternatively, such a functional group may be 
unmasked, as in the deethylation of 7-ethoxycoumarin to 7-hydroxycoumarin. Such 
metabolites are not only more polar than the parent compound but, furthermore, 
are capable of undergoing phase II metabolism, namely, conjugation, in which endo-
genous substrates, e.g., glucuronic acid and sulfate, are introduced to form highly 
hydrophilic molecules, thus ensuring their elimination (Figure 19.1). Xenobiotics 
that already possess a functional group can bypass phase I metabolism and directly 
participate in conjugation reactions; the mild analgesic paracetamol (acetamino-
phen), because of the presence of a phenolic group, is readily metabolized by sulfate 
and glucuronide conjugation, and these constitute its principal pathways of metabo-
lism (Figure 19.1).
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cytochroMes P450 In the MetAbolIsM of XenobIotIcs

A number of enzyme systems capable of metabolizing xenobiotics have been identi-
fied, primarily localized in the endoplasmic reticulum and cytosolic fraction of the 
cell, and extensively investigated5 (Table 19.1). Undoubtedly, by far the most impor-
tant enzyme system in the phase I metabolism of xenobiotics is the cytochrome 
P450-dependent mixed-function oxidases, a ubiquitous system of heme-thiolate 
enzymes encountered in almost every human organ, but with the highest concentra-
tion in the liver, which consequently functions as the center of xenobiotic metabolism, 
being capable of catalyzing both oxidation and reduction pathways.7 Almost every 
lipophilic chemical that finds its way into the body is, at least to some extent, subject 
to metabolism catalyzed by this enzyme system. The cytochrome P450-dependent 
mixed-function oxidase system comprises an electron transport chain consisting of 
the flavoprotein cytochrome P450 reductase and the cytochrome P450 that functions 
as a terminal oxidase, and it catalyzes the incorporation of one atom of molecular 
oxygen to the substrate (RH) while the second atom forms water.

 RH + NADPH + H+ + O2 → ROH + NADP+ + H2O

The cytochrome P450 system can catalyze a wide variety of reactions, e.g., aliphatic 
and aromatic hydroxylations, dealkylations, and even reductions when oxygen ten-
sion is low, which explains its predominant role in the metabolism of xenobiotics.

A principal attribute of the cytochrome P450 system is the unprecedented broad 
substrate specificity it displays; it catalyzes efficiently the metabolism of chemicals 
of immense structural diversity.7 Substrates include small-molecular-weight com-
pounds such as the solvent methanol (MW = 42) as well as large-molecular-weight 
compounds such as the immunosuppressant cyclosporin (MW = 1203); it affects the 
metabolism of planar molecules such as benzo[a]pyrene, a carcinogenic polycyclic 

tAble 19.1
enzyme systems that Metabolize Xenobiotics

enzyme system Principal localization site

Cytochrome P450 Endoplasmic reticulum

FAD-monooxygenase Endoplasmic reticulum

Monoamine oxidase Mitochondria 

Alcohol/aldehyde dehydrogenase Cytosol 

Epoxide hydrolase Endoplasmic reticulum

Glucuronosyl transferase Endoplasmic reticulum

Glutathione S-transferase Cytosol

Sulfotransferase Cytosol

Acetyltransferase Cytosol

Methyltransferase Cytosol

Oxidoreductase Cytosol

Xanthine oxidase Cytosol
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aromatic hydrocarbon, as well as of globular molecules such as the anticonvulsant 
phenobarbitone. Naturally, no single enzyme can accommodate in its substrate-
binding site such a diversity of substrates, and consequently it is not surprising that 
cytochrome P450 is not a single enzyme, but a superfamily comprising a number of 
enzymes, each with different, albeit overlapping, substrate specificity.8,9 The cyto-
chrome P450 superfamily is divided into a number of families, which in turn are 
subdivided into subfamilies, each of which may consist of one or more enzymes 
(isoforms). Classification of cytochrome P450 enzymes within families and subfami-
lies is carried out strictly on the basis of primary sequence homology, with no con-
sideration of their substrate specificity. Cytochrome P450 enzymes belonging to the 
same family share at least a 40% structural homology whereas homology between 
enzymes within a subfamily is at least 55%. For example, CYP3A4 enzyme denotes 
a cytochrome P450 protein belonging to family 3, subfamily A and is protein 4. The 
families responsible for the metabolism of xenobiotics are CYP1 to CYP3 and, to 
a much lesser extent, CYP4, whereas cytochrome P450 enzymes belonging to other 
families are concerned with the metabolism of endogenous substrates. Indeed, the 
function of cytochrome P450 enzymes is not confined to the metabolism of xenobi-
otics, but they play a crucial role in the metabolism, both biosynthesis and degrada-
tion, of vital endogenous chemicals, including hormones, such as steroid hormones 
and melatonin. Cytochromes P450 are believed to have evolved from a common 
ancestor many millions of years ago. The function of the earliest forms is consid-
ered to have been in the metabolism of essential endogenous chemicals, such as 
steroid hormones, then evolved to enzymes capable of facilitating the elimination 
of xenobiotics. As a result, the cytochrome P450 proteins lost their narrow substrate 
specificity toward steroids and, in order to cope with the new, increasingly chemical 
environment, they developed into broad-specificity enzymes that could metabolize 
xenobiotics, thus facilitating their elimination. It has been proposed that what forced 
the evolution of these proteins is the necessity to develop defense mechanisms to 
protect against plant toxins present in the food chain that were produced in order 
to discourage predators.10 Generally there is little overlap between the cytochrome 
P450 enzymes that metabolize endogenous and exogenous compounds.

bIocheMIcAl ActIvAtIon of cheMIcAls

In the 1970s, it became apparent that cytochromes P450 could metabolize chemicals 
to form highly reactive, electrophilic metabolites that could readily interact irrevers-
ibly with vital cellular macromolecules with deleterious consequences, and thus had 
a role in the etiology of chemically induced disease.10 Therefore, the initial view that 
the function of cytochromes P450 was exclusively in the deactivation and elimina-
tion of chemicals was clearly incorrect. Relatively few chemicals have inherent reac-
tivity to interact covalently with cellular macromolecules but may acquire it through 
metabolism. The process through which inert chemicals are biotransformed to reac-
tive intermediates capable of causing cellular damage is referred to as metabolic 
activation or bioactivation.11,12 For these chemicals, toxicity/carcinogenicity is inex-
tricably linked to their metabolism. As these reactive species are generated intracel-
lularly, they can readily and irreversibly interact with vital cellular macromolecules, 
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such as DNA, RNA, and proteins, to provoke various types of toxicity; thus, in this 
case, metabolism confers on the chemical adverse biological activity (Figure 19.2). 
The generated reactive intermediates may interact with DNA to form adducts that, if 
they escape the repair mechanisms of the cell, may be fixed and passed to the prog-
eny, thus giving rise to a mutation. Reactive intermediates of chemicals may also 
induce DNA damage through an alternative mechanism that involves interaction 
with molecular oxygen to generate reactive oxygen species that can cause cellular 
damage similar to that resulting from the covalent interaction of the reactive spe-
cies of chemicals with cellular components; they oxidize (1) DNA to induce muta-
tions, (2) lipids to form lipid peroxides, which appear to play an important role in 
the promotion and progression stages of chemical carcinogenesis, and also (3) pro-
teins.13 The reactive intermediates of chemicals may also interact covalently with 
proteins, disturbing physiological homeostasis, leading to cell death. Alternatively, 
they may function as haptens, conferring on proteins antigenic potential and elicit-
ing immunotoxicity.13 Drugs such as tienilic acid, dihydralazine, and halothane are 
metabolically converted to metabolites that bind covalently to proteins to generate 
neoantigens resulting in the production of autoantibodies. Subsequent exposure to 
these drugs may provoke an autoimmune response leading to hepatitis. An example 
of a cytotoxic agent is the analgesic drug paracetamol, which, in addition to the 
conjugation reactions already described (see previous text), undergoes oxidation to 
form a benzoquinoneimine capable of interacting with the –SH groups of proteins, 
thus constituting an essential step of the mechanism leading to its hepatotoxicity 
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(Figure 19.3). The antimalarial drug amodiaquine, a 4-aminoquinoline, is also oxi-
dized to a quinoneimine, which in this case functions as a hapten; it interacts with 
proteins to produce neoantigens that can provoke an immune response.

bAlAnce of ActIvAtIon And deActIvAtIon

The body has a number of defensive mechanisms to protect itself against the pro-
duction of reactive intermediates (Figure 19.4). First, it can direct the metabolism 
through pathways that generate inactive, readily excretable metabolites. Alterna-
tively, it can detoxicate the reactive intermediates, for example, neutralizing them 
as a result of conjugation with the nucleophilic tripeptide glutathione, which is char-
acterized by high intracellular concentration, catalyzed by the cytosolic glutathione 
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fIgure 19.3 Bioactivation of paracetamol.
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S-transferases.14 Thus, a chemical is subject to metabolism through a number of 
pathways, the majority of which will bring about its deactivation and facilitate its 
excretion. However, some routes of metabolism will transform the chemical to a 
metabolite capable of inducing toxicity. Clearly, the amount of reactive intermediate 
produced, and hence the incidence and degree of toxicity, will be largely dependent 
on the rates of the competing pathways of activation and deactivation.

In most cases, the activation pathways represent minor routes of metabolism, 
so that the generation of reactive intermediates is minimal, the low levels formed 
are effectively deactivated by the defensive mechanisms, and no toxicity is appar-
ent. The rates of activation and deactivation, however, vary among animal species, 
so that if an animal species lacks the enzyme system that catalyzes the activation 
pathway, then it will be resistant to its toxicity and carcinogenicity. For example, the 
guinea pig is unable to carry out the N-hydroxylation of the carcinogen 2-acetylami-
nofluorene, the initial and rate-limiting step in its bioactivation, and is consequently 
resistant to its carcinogenicity.15 Similarly, the cynomolgous monkey lacks the 
enzyme, namely CYP1A2, that is responsible for the activation of the heterocyclic 
amine MeIQx (2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline), a food carcinogen, 
and is consequently refractive to its carcinogenicity,16 whereas rodents such as mice 
and rats, which catalyze the activation of this carcinogen, are susceptible. However, 
in certain situations, the activation pathways may assume a greater role, leading to 
enhanced production of reactive intermediates, overwhelming the deactivation path-
ways, resulting in their accumulation in the body, thus increasing the likelihood of 
an interaction with cellular components with ensuing toxicity.

Whatever alters this balance of activation/deactivation will have a very profound 
effect on the toxicity of a compound. For example, if the activity of a cytochrome 
P450 enzyme that functions as the major catalyst of the bioactivation of a chemical is 
elevated, then increased production of reactive intermediates will lead to enhanced 
toxicity. An established clinical fact is that chronic alcoholics are susceptible to the 
hepatotoxicity of paracetamol; these people display symptoms of liver disease even 
when they consume therapeutic doses of the drug.17,18 As already discussed (see pre-
vious text), paracetamol is largely metabolized by conjugation with sulfate and gluc-
uronic acid, and these are the principal pathways of its elimination (Figure 19.1). 
To a minor extent, it undergoes cytochrome P450-catalyzed oxidation to generate 
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fIgure 19.4 Balance of activation/deactivation in the metabolism of xenobiotics.
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the quinoneimine, an electrophile that can interact with hepatic proteins to precipi-
tate hepatotoxicity (Figure 19.3). However, the body protects itself by neutralizing 
this metabolite through conjugation with glutathione; the glutathione conjugate is 
further processed and is eventually excreted in the urine and bile as mercapturate. 
One of the cytochrome P450 proteins that catalyzes the oxidation of paracetamol 
to quinoneimine is CYP2E1, an enzyme inducible by exposure to alcohol. For this 
reason, alcoholics have higher CYP2E1 activity, and as a result convert more of 
paracetamol to quinoneimine, leading to hepatotoxicity, which explains their sensi-
tivity to paracetamol. A similar situation of elevated levels of reactive intermediates 
can arise when the deactivation process is impaired. Bromobenzene is a toxic and 
carcinogenic compound; it is metabolized by cytochromes P450 to form a number 
of epoxides that are responsible for its toxicity. The epoxides may rearrange to bro-
mophenols or be deactivated by hydration, catalyzed by epoxide hydrolase, by con-
jugation with glutathione, catalyzed by the glutathione S-transferases. However, in 
situations in which the levels of glutathione are limiting, the toxicity of bromoben-
zene rises dramatically. When the toxicity of bromobenzene was evaluated in fed 
rats and in rats that had been starved for two days, so that glutathione levels were 
very low, compromising the deactivation pathway, toxicity was very low in the well-
nourished animal but dramatically higher in the starved animals.19

bIoActIvAtIon of cheMIcAl cArcInogens

It is in the etiology of chemically induced cancer, however, that cytochrome P450 
proteins appear to play a pivotal role. The vast majority of chemical carcinogens 
require bioactivation to manifest their carcinogenicity, and this is largely catalyzed 
by the cytochromes P450, although other enzyme systems may also contribute to the 
activation process. Bioactivation of chemical carcinogens can take place in almost 
every tissue, but by far the most active is the liver, because it contains high levels 
of most xenobiotic-metabolising systems, including cytochromes P450. In contrast, 
extrahepatic tissues are characterized by a more restricted number of enzymes, gen-
erally present at low levels. Consequently, it would be logical to expect that the liver, 
being the primary site of chemical activation, would be the major target of toxic 
and carcinogenic manifestations. In reality, however, tissues such as breast, lung, 
and colon, which have minimal ability to activate chemicals by oxidation,20 are far 
more frequent sites of tumorigenesis, despite their limited metabolic competence. It 
is conceivable that the liver functions as the principal manufacture center of reactive 
intermediates, which are then exported to other tissues, where they may provoke 
adverse effects. Such a transport mechanism has been invoked to explain the blad-
der carcinogenicity of aromatic amines (Figure 19.5). The amine is N-hydroxylated 
in the liver either by cytochromes P450 or the flavin monooxygenase system; the 
hydroxylamine is trapped as N-glucuronide and is transported in this form to the 
bladder. Under the acidic pH conditions that prevail in the bladder, the glucuronide 
breaks down to release the free hydroxylamine, which is then transformed to the 
nitrenium ion, the entity that interacts with DNA, the ultimate carcinogen.21 So in 
this case, the reactive intermediate is generated in the liver and exported to the blad-
der. The nitrenium ion can also be formed in situ because the bladder has low levels 
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of cytochrome P450 activity and substantial levels of prostaglandin synthetase activ-
ity that may contribute to the production of the nitrenium ion. The prostaglandin 
synthetase enzyme system has the potential to make a substantial contribution to the 
bioactivation of aromatic amines in extrahepatic tissues.22,23 Similarly, the breast is a 
frequent site of tumorigenesis despite the fact that its capacity to bioactivate chemi-
cals is poor.20 It has been proposed that heterocyclic carcinogenic amines occurring in 
food, such as PhIP (2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine), are N-oxi-
dized in the liver by cytochromes P450 and, in the form of either the hydroxylamine 
or following esterification to the acetoxyester, are then transported to extrahepatic 
tissues such as the colon to yield DNA adducts.24 Extrahepatic tissues appear capable 
of catalyzing the esterification of hydroxylamines, another important step in their 
activation process but poor in catalyzing the initial oxidation of the heterocyclic 
amine as a result of the very low levels of cytochrome P450.25

role of cytochroMe P450 ProteIns In the 
bIoActIvAtIon of cheMIcAl cArcInogens

Most xenobiotic-metabolizing cytochrome P450 enzymes can contribute to the bio-
activation process of chemicals, but the most closely linked to chemical carcinogen-
esis are the CYP1 family and the CYP2E subfamily.
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fIgure 19.5 Transfer of reactive intermediates between tissues.
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The CYP1 family consists of two subfamilies, 1A and 1B; the former comprises 
two proteins, 1A1 and 1A2, whereas only a single protein belonging to the latter, 
1B1, has thus far been identified. CYP1A2 is almost exclusively a hepatic protein and 
appears not to be expressed at the protein level in most extrahepatic tissues, whereas 
CYP1A1 is largely expressed in extrahepatic tissues and is readily inducible in the 
liver.26 The CYP1B1 isoform is distributed in many tissues, and high constitutive 
expression was noted in the adrenals. CYP1 is probably the most conserved family 
within the phylogenetic tree so that the human proteins share extensive structural 
similarity and display similar substrate specificity to the orthologous rodent pro-
teins, alluding to an important role for this family in a vital biological function.27

The CYP1 family, originally known as cytochrome P448, was one of the first 
to be identified, and consequently it has been extensively studied, so that its pre-
ferred substrates have been well defined28 (Table 19.2). The substrates of the CYP1 
family are essentially lipophilic planar compounds characterized by a small depth 
and a large area/depth2 ratio, an index of planarity.29,30 It plays a limited role in the 
metabolism of most drugs,31 but it is the principal catalyst of drugs like theophylline, 
caffeine, and phenacetin, and participates significantly in the metabolism of drugs 
such as propranolol, imipramine, and dantrolene. In contrast, it is the most impor-
tant family in the bioactivation of chemical carcinogens, including many major and 
ubiquitous classes of relevance to humans, such as polycyclic aromatic hydrocar-
bons, heterocyclic and aromatic amines, and mycotoxins.28,31,32 The CYP1 family 
is believed to be responsible for the activation of more than 90% of the known car-
cinogenic chemicals.33 Most ubiquitous environmental and dietary carcinogens to 
which humans are frequently exposed are planar in nature, and therefore favored 
substrates of the CYP1 family. The CYP1 family through arene oxidation and N-
oxidation activates polycyclic aromatic hydrocarbons, aromatic amines, aflatoxins, 
and heterocyclic amines. Generally, CYP1A1 is more effective in catalyzing arene 
oxidation whereas CYP1A2 is more active in N-oxidation.28,34 The latter isoform has 

tAble 19.2
chemicals Activated by the cyP1 family

class example

Polycyclic aromatic hydrocarbons Benzo[a]pyrene

Aromatic amines 4-Aminobiphenyl

Heterocyclic amines 2-Amino-3-methylimidazo-4,5-[4,5-f]quinoline

Aromatic amides 2-Acetylaminofluorene

Azocompounds Dimethylaminoazobenzene 

Polyhalogenated biphenyls 3,4,3′,4′-Tetrachlorobiphenyl

Nitrosamines 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)

Mycotoxins Aflatoxin B1

Certain drugs Paracetamol 

Steroids Estradiol 

Synthetic steroids Diethylstilboestrol 

Furans Ipomeanol 
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also been shown to play a prominent role in the activation of the mycotoxin aflatoxin 
B1 through arene oxidation.35 Recent studies have shown that CYP1B1 is also effec-
tive in catalyzing the metabolism and activation of polycyclic aromatic hydrocar-
bons such as benzo(a)pyrene, but less effectively compared with CYP1A1; it is also 
capable of activating aromatic amines.32,36

CYP2E is also an important contributor to the bioactivation of chemical carcino-
gens, and in most animal species comprises a single enzyme, 2E1. In common with 
CYP1, CYP2E1 is one of the most conserved proteins in animal species. It is very 
active in the metabolism of low-molecular-weight compounds, and its substrates 
are characterized by a small molecular diameter.37 Its contribution to the metabo-
lism of drugs is modest and is restricted to anesthetics such as enflurane and other 
drugs such as isoniazid and chlorzoxazone. CYP2E plays a dominant role in the 
metabolism of small carcinogenic compounds such as azoxymethane, benzene, 1,3-
butadiene, nitrosamines such as dimethylnitrosamine and nitrosopyrrolidine, and 
halogenated hydrocarbons such as carbon tetrachloride and vinyl chloride.38 A major 
and toxicologically important characteristic of the CYP2E subfamily is its high pro-
pensity to generate reactive oxygen species.39 In the rat, CYP2E1 was the most active 
in comparison with other isoforms in producing hydrogen peroxide.40 CYP2E may 
therefore facilitate carcinogenesis by two distinct mechanisms, namely, the oxidative 
activation of chemicals and the generation of reactive oxygen species.

regIoselectIvIty In the MetAbolIsM of cheMIcAl 
cArcInogens by cytochroMe P450

Although a number of cytochrome P450 proteins can metabolize the same compound, 
they may display regioselectivity in that they metabolize it at different sites, so that 
some may direct its metabolism toward the formation of reactive intermediates and 
thus facilitate its bioactivation, whereas others produce inactive, readily excretable 
metabolites and promote its deactivation and elimination. For example, the human 
bladder carcinogen β-naphthylamine is metabolized selectively by CYP1A2 through 
N-hydroxylation, an activation step, whereas many isoforms catalyze its ring-oxida-
tion at 1- and/or 6-positions, both being deactivation reactions, as these phenols are 
conjugated and excreted41 (Figure 19.6). So, clearly, for a chemical to display geno-
toxicity in a living organism, at least two prerequisites must be fulfilled:

The chemical must be or must have the potential to be metabolically converted 
to a reactive intermediate capable of inducing DNA damage.

At the time of exposure, the living organism must possess the necessary enzy-
mic apparatus to catalyze the activation pathways.

If the enzymic apparatus is not available to activate a compound, then a toxic 
manifestation will not be observed. This is one of the reasons that isomers, or structur-
ally closely related compounds, display so markedly different carcinogenic activity. 
4-Aminobiphenyl is an established human carcinogen, inducing tumors in a number 
of tissues, particularly the urinary bladder. In contrast, its 2-isomer is noncarcino-
genic. The first and rate-limiting step in the hydroxylation of 4-aminobiphenyl is an 
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N-hydroxylation that is catalyzed by the cytochrome P450 system. The hydroxyl-
amine conjugates with sulfate, and the generated sulfatoxy ester breaks down spon-
taneously to form the nitrenium ion, the ultimate carcinogen. Of the two isomers 
only 4-aminobiphenyl elicits a mutagenic response in the presence of an activation 
system, implying that the hydroxylamine of 2-aminobiphenyl is either not formed or 
is not genotoxic.42 The hydroxylamines of both isomers displayed direct genotoxicity 
in the Ames test, indicating that both hydroxylamines are capable of inducing DNA 
damage. This would suggest that the lack of carcinogenicity of 2-aminobiphenyl is 
due to the fact that it is not metabolically converted to the hydroxylamine.

Thus far, only a single isoform has been shown to catalyze the N-hydroxylation 
of 4-aminobiphenyl: CYP1A2. Although CYP1A2 was capable of catalyzing the 
N-hydroxylation of 4-aminobiphenyl, it is apparently not capable of catalyzing the 
N-hydroxylation of the 2-isomer. This is most likely due to the presence of the amino 
group at the 2-position, ortho to the ring, causing distortion and forming a dihedral 
angle of some 40°. The planarity index of 4-aminobiphenyl is 7.3, but this drops to 
4.1 in the 2-isomer.42 This loss of planarity provides a rational explanation as to why 
2-aminobiphenyl is a poor substrate of the CYP1 family, in contrast to the 4-isomer. 
As it cannot be N-hydroxylated, the 2-isomer lacks carcinogenic activity.

cytochroMe P450 InductIon And 
cheMIcAl cArcInogenesIs

CYP1 is not a major family in the liver of animals and humans, comprising less than 
5% of the cytochrome P450 content in the liver of rats and about 10% in the human 
liver. Under such conditions, activation would be expected to be a minor route of 
metabolism, and the low levels of reactive intermediates formed effectively detoxi-
cated by other pathways such as conjugation with glutathione. When the genotoxic 
potential of carcinogenic chemicals is evaluated, as for example in the Ames test, 
when the activation is entrusted to hepatic preparations from untreated rats, many 
well-established and potent carcinogens either fail to register a mutagenic response 
or show only a weak one. If, however, the activation system has been derived from 
rats that have been treated with Aroclor 1254, a procedure that markedly increases 
the level of the CYP1 family in the liver from less than 5% to over 50%, then a clear 
mutagenic response is observed with all these carcinogens. Clearly, the control ani-
mal lacks the enzymic apparatus to significantly activate the carcinogen. However, it 
is probably the most inducible cytochrome P450 family.34 In fact, a characteristic of 
many carcinogens that are activated by the CYP1 family is that, on repeated admin-
istration, they can markedly and selectively induce this enzyme, so that activation 
becomes a more predominant pathway. The consequent increased generation of reac-
tive intermediates overwhelms the detoxication pathways, and the higher availability 
of these intermediates increases the likelihood of a DNA interaction.

It is relevant to point out that in animal studies to evaluate the carcinogenic 
potential of chemicals, not only are these administered at high doses but, moreover, 
are given daily. Such a treatment, after a single or just a few doses of the chemical, 
may lead to selective induction of the bioactivating enzymes, thereby exaggerating 
the production of reactive intermediates and markedly increasing the likelihood of a 
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positive carcinogenic effect. Consequently, the ability of a chemical to induce its own 
activation may be an important factor in determining its carcinogenic activity.43

To illustrate this concept, 2-acetylaminofluorene will be used as an example. 
2-Acetylaminofluorene is an established hepatocarcinogen whereas its 4-isomer is 
devoid of such activity. The activation of 2-acetylaminofluorene proceeds, as in the 
case of 4-aminobiphenyl (see previous text), through N-hydroxylation, the rate-lim-
iting step in the bioactivation pathway, leading eventually to the formation of the 
nitrenium ion. The hydroxylation of the 2-isomer is catalyzed by the CYP1A family, 
and one would expect the same family to catalyze that of the 4-isomer, because both 
compounds are essentially planar. Two mechanisms may account for their difference 
in carcinogenic potential:

Higher rate of generation and/or genotoxic potential of the nitrenium ion of 
2-acetylaminofluorene compared with the 4-isomer
Different potential in inducing the CYP1 family that activates them and, 
thus, their own genotoxic potential

Both compounds induced a mutagenic response in the Ames test in the presence of 
hepatic microsomes, but it was far higher in the case of the 2-isomer.44 What these stud-
ies imply is that the nitrenium ion of the 2-isomer is either generated more readily or 
has higher genotoxic potential compared with that of the 4-isomer. The stability of the 
nitrenium ions of aromatic amines has been directly related to their mutagenicity;45 2-
acetylaminofluorene nitrenium ion was found to be more stable than that of 4-acetylami-
nofluorene, which may explain the higher mutagenic potency of the 2-isomer.44 These 
observations accord with previous studies in which N-acetoxy-2-acetylaminofluorene 
was shown to be a more potent carcinogen than N-acetoxy-4-acetylaminofluorene.46

A second possible explanation for the difference in the carcinogenic potential of 
these two isomers may lie in their ability to induce CYP1 activity and thus their own 
activation. Indeed, when rats were treated with the two isomers, 2-acetylaminofluo-
rene was a more potent inducer of the hepatic CYP1A subfamily.44 The consequence 
of the increased CYP1A activity was that 2-acetylaminofluorene stimulated mark-
edly its own activation to genotoxic metabolites, whereas the 4-isomer had only a 
modest effect. It is, therefore, conceivable that the higher carcinogenic potential of 
the 2-isomer may be, at least partly, due to the fact that it can autoinduce its own 
activation. Furthermore, the 2-isomer interacted much more avidly than the 4-isomer 
with the cytosolic Ah receptor; this receptor, in addition to regulating a number of 
xenobiotic-metabolizing enzymes including the CYP1 family, also plays an impor-
tant role in cellular proliferation and differentiation, which are critical steps in the 
promotion and progression stages of chemical carcinogenesis.47 Consequently, this 
marked difference in affinity for the Ah receptor may also be a crucial contributory 
factor to the difference in carcinogenic potential. Similar studies have been con-
ducted with other isomers and structurally related compounds, largely polycyclic 
aromatic hydrocarbons and aromatic amines, and the carcinogenic isomers were 
more potent inducers of CYP1 activity (Table 19.3).

To summarize, toxicity is not simply a consequence of the intrinsic molecular 
structure of the chemical but is also determined by the nature of the enzymes pres-
ent at the time of exposure; these enzyme systems are in turn not only regulated 

•

•
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genetically48 but are also modulated by environmental factors such as previous expo-
sure to chemicals49, nature of the diet,50 intake of herbal remedies,51 and the presence 
of disease.52 Toxicologists have the habit of referring to chemicals as being toxic or 
nontoxic, whereas in the strictest sense the vast majority of chemicals are innocu-
ous, and it is the living organism that renders them toxic through metabolism. As we 
are becoming more competent in phenotyping humans for individual cytochromes 
P450, it may well become more appropriate to talk of toxicophilic and toxicophobic 
individuals rather than of toxic and nontoxic chemicals.
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Keywords
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AbbreviAtions

ADME:.absorption,.distribution,.metabolism,.excretion
CYP:.cytochrome.P450
DME:.drug-metabolizing.enzyme
HTS:.high-throughput.screening
NCE:.new.chemical.entity

AbstrACt

Drug.metabolism.profoundly.affects.drug.action.because.almost.all.drugs.are.metab-
olized.in.the.body,.and.thus.their.concentrations.and.retention.times.are.dependent.
on.metabolic.activity..Drug.metabolism.contributes.substantially.to.interindividual.
differences.in.drug.response.and.is.also.often.involved.in.drug.interactions,.resulting.
in.either.therapeutic.failure.or.adverse.effects..Knowledge.about.the.metabolism.of.
a.new.chemical.entity.(NCE).and.its.affinity.to.drug-metabolizing.enzymes.helps.in.
the.drug.development.process.by.providing.important.information.for.the.selection.
of.a.lead.compound.from.among.a.number.of.substances.equally.effective.in.their.
therapeutic.response,.pharmacologically..In.drug.development.protocols,.metabolism.
characteristics.should.be.assessed.very.early.during.the.development.process..This.
has.been.made.possible.by.the.advances.made.especially.in.in vitro.technologies.used.
to.predict.in vivo.drug.metabolism,.kinetic.parameters,.and.interaction.potential.

bACKground

Elucidation.of.metabolic.stability,.metabolic.routes,.metabolizing.enzymes.and.their.
kinetics,. and. metabolic. interactions. is. obviously. important. for. any. chemicals. to.
which.humans.are.exposed..It.is.even.more.important.for.pharmaceuticals.because.
this.information.is.needed.for.selecting.leads.and.candidate.drugs.during.drug.dis-
covery.and.development..Furthermore,.lack.of.detailed.knowledge.of.metabolic.fate.
and.interactions.of.marketed.drugs.can.result.in.morbidity.or.mortality,.therapeutic.
failure,.and. toxicity.from.unanticipated.overdose.or.metabolic.reactions.. In.short,.
metabolism. determines. to. a. great. extent. the. pharmacokinetic. properties. of. most.
drugs.and.is.often.behind.bioavailability.problems,.interindividual.variations,.meta-
bolic.interactions,.idiosyncrasies,.and.so.on.1,2.This.fact.is.the.overpowering.ratio-
nale.for.in vitro.methods.to.measure.drug.metabolism.and.metabolic.interactions.in.
conjunction.with.drug.discovery.and.development.

Before. an. NCE. becomes. a. drug. candidate. and. is. subjected. to. clinical. trials,.
it.has. to.be. tested. for. safety.and. the.possibility.of.drug–drug. interactions..These.
preclinical. experiments. must. be. reliable. and. give. relevant. information. about. the.
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studied.properties.of.an.NCE..Safety.and.interactions.are,.even.today,.examined.to.
a.considerable.extent.by.animal.tests..Extrapolation.of.the.results.from.animal.stud-
ies.to.the.human.situation.is.usually.difficult.and.contains.many.sources.of.errors..
The. most. important. reasons. for. this. are. the. species-specific. differences. in. drug-
metabolizing.enzymes,.both.qualitative.(different.metabolic.pathways).and.quantita-
tive.(different.intrinsic.clearances),.between.the.human.being.and.the.test.species..
Therefore,.“humanized”.experimental.systems.are.needed.early.in.the.drug.develop-
ment.process.

There.are.currently.several. in vitro. systems.shown.or.claimed.to.be.useful. in.
drug. development:. human. liver. microsomes,. liver. slices,. recombinant. expressed.
enzymes,.human.hepatocytes,.and.permanent.cell.lines.either.as.such.or.containing.
single.or.multiple.transfected.human.enzymes.3.Although.most.of.them.can.give.use-
ful.qualitative.information.to.predict.in vivo.metabolic.pathways.and.metabolites.of.
a.drug,.there.has.been.very.little.validation.as.to.quantitative.prediction.1,4.However,.
these.approaches.are.thought.to.provide.crucial.information.for.more.in-depth.stud-
ies.during.the.preclinical.and.clinical.phases.of.drug.development..Examples.of.the.
integrative.and.comparative.approach.have.been.published.5–7

Important.goals.for.using.various.human-liver-derived.in vitro.systems.are.the.
following:.(1).to.elucidate.and.determine.principal.metabolic.routes.of.an.NCE.and.
tentatively.identify.principal.metabolites;.(2).to.identify,.with.human.liver.homog-
enate.or.microsomal.preparations,.the.CYP.enzymes.catalyzing.the.principal.oxi-
dation. routes. (primary. metabolites). and. to. gain. some. quantitative. data. on. their.
significance. for. the. overall. metabolic. fate. of. an. NCE;. and. (3). to. provide. useful.
background.information.for.characterizing.potential.interactions.and.physiological,.
genetic,.and.pathological.factors.affecting.the.kinetics.and.variability.of.an.NCE.in.
an.in vivo.situation.

overview of drug MetAbolizing enzyMes

The. principal. route. of. elimination. of. drugs. from. the. body. is. biotransformation..
The.oxidative.reactions.are.mainly.catalyzed.by.cytochrome.P450.(CYP).enzymes.
(phase.I.metabolism).and,.after.that,.by.conjugating.enzymes.(phase.II.metabolism)..
Glucuronidation,.especially,.catalyzed.by.the.several.UDP-glucuronosyltransferase.
isoforms.is.an.important.route.of.phase.II.drug.metabolism.in.humans..Some.pro-
drugs.need.to.be.metabolically.activated.before.they.are.pharmacologically.active..
This.activation.usually.occurs.via.CYP.or.hydrolytic.enzymes.

CYP.enzymes.involved.in.drug.metabolism.belong.to.the.superfamily.of.mainly.
microsomal. hemoproteins. that. catalyze. the. oxidative,. peroxidative,. and. reductive.
metabolism.of.a.wide.variety.of.endogenous.and.exogenous.compounds.8.The.most.
important.human.hepatic.CYPs.and.their.relative.amounts.and.model.substrates.and.
inhibitors.are. listed. in.Table.20.1..About.70%.of. the.CYP.enzymes. in. the.human.
liver.belong.to.the.families.that.participate.in.drug.metabolism..Of.these,.CYP3A4.
represents.about.30%.and.CYP2C.about.20%.of.the.total.CYP.enzymes.

Expression. of. CYP. enzymes. varies. between. individuals. due. to. genetic. and.
environmental. factors. and. some. diseases.9. These. factors. produce. inter-individual.
variation.in.the.rate.and.metabolic.pathways.of.xenobiotics..One.example.of.genetic.
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factors. influencing. interindividual. variation. is. the. polymorphic. expression. of. at.
least.CYP2A6,.CYP2C9,.CYP2C19,.and.CYP2D6.enzymes.in.the.population.10.The.
frequency.of.poor.metabolizers.(PMs).varies.between.ethnic.groups..Some.dietary.
compounds,.cigarette.smoking,.alcohol,.and.drugs.may.cause.induction.or.diminu-
tion.of.the.expression.of.certain.CYPs.

Methods for studying In VItro 
MetAbolisM: enzyMe sourCes

There.are.several.approaches.to.preclinical.metabolism.studies..The.enzyme.sources.
in. these. studies. are. usually. human-liver-derived. systems.. These. systems. consist.
of. liver. microsomes,. hepatocytes,. and. cell. lines. heterologously. expressing. drug-
metabolizing.enzymes,. liver.slices,.and. individually.cDNA-expressed.enzymes. in.

tAble 20.1
some Characteristics of Xenobiotic-Metabolizing human hepatic CyPs

CyP

relative 
Amount in 
liver (%)

substrates (reaction 
Catalyzed) selective inhibitors

other 
Characteristics

1A2 ~10 Ethoxyresorufin.
(O-deethylation)

Caffeine.
(N-demethylation)

Furafylline Inducible

2A6 ~10 Coumarin.
(7-hydroxylation)

Tranylcypromine Polymorphic

2B6 ~1 Bupropion.
(hydroxylation)

Thio-tepa Inducible

2C8 <1 Paclitaxel.
(6a-hydroxylation)

Quercetin

2C9 ~20 S-warfarin.
(7-hydroxylation)

Sulfaphenazole Polymorphic
Inducible

2C19 ~5 Omeprazole..
(oxidation)

Polymorphic
Inducible

2D6 ~5 Dextromethorphan.
(O-demethylation)

Quinidine Polymorphic

2E1 ~10 Chlorzoxazone.
(6-hydroxylation)

Pyridine Inducible

3A4 ~30 Midazolam.
(1′-.and.4-hydroxylation)

Testosterone.
(6b-hydroxylation)

Azole.antimycotics Inducible

Note:. For.reviews,.see.Pelkonen,.O..et.al.,.Inhibition.and.induction.of.human.cytochrome.P450.(CYP).
enzymes,.Xenobiotica,.28,.1203,.1998;.Rendic,.S..and.Di.Carlo,.F.J.,.Human.cytochrome.P450.
enzymes:.a.status.report.summarizing.their.reactions,.substrates,.inducers,.and.inhibitors,.Drug 
Metab. Rev..29,.413,.1997;.Nebert,.D.W..and.Russell,.D.W.,.Clinical.importance.of.the.cyto-
chromes.P450,.Lancet,.360,.1155,.2002.
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host.cell.microsomes..A.summary.of.the.major.biological.preparations.for.in vitro.
studies.is.provided.in.Table.20.2..Human.liver.samples.obtained.under.proper.ethi-
cal.permission.have.been.used.as.a.golden.standard..These.preparations.have.usu-
ally.been.extensively.characterized.to.be.used.for.the.primary.screening.(sufficient.
model. activities,. no.known.polymorphisms,. expected. effects. of.model. inhibitors,.
quantitation. of. CYPs. by. Western. blotting).. Currently,. in silico. models. are. being.
increasingly.used.for.predicting.metabolism.and.interactions..A.thorough.treatment.
of.these.experimental.systems.can.be.found.in.recent.reviewes.3,11,12

tAble 20.2
Comparison of In Vitro enzyme sources used in Preclinical research

enzyme sources Availability Advantages disadvantages

Microsomes.
(Kremers.199929)

Relatively.good,.from.
transplantations.or.
commercial.sources.

Contains.important.
rate-limiting.enzymes.
Relatively.inexpensive.
technique.

Contains.only.phase.I.
enzymes.and.UGTs..
Requires.strictly.
specific.substrates.and.
inhibitors.or.
antibodies.for.
individual.DMEs..

Liver.homogenates.
(Kremers.199929)

Relatively.good..
Commercially.
available.

Contains.basically.all.
hepatic.enzymes.

Liver.architecture.lost.

cDNA-expressed.
individual.CYPs.
(Rodrigues.199913)

Commercially.
available.

Can.be.utilized.with.
HTS.substrates..The.
role.of.individual.
CYPs.in.the.
metabolism.can.be.
easily.studied.

The.effect.of.only.one.
enzyme.at.a.time.can.
be.evaluated..
Problems.in.
extrapolation..

Primary.hepatocytes.
(Guillouzo.et.al..
199530;.Gomez-
Lechon.et.al..200331)

Difficult.to.obtain,.
relatively.healthy.
tissue.needed..
Commercially.
available.
Cryopreservation.
possible.

Contains.the.whole.
complement.of.DMEs.
cellularly.integrated..
The.induction.effect.
of.an.NCE.can.be.
studied.

Requires.specific.
techniques.and.well-
established.
procedures..The.levels.
of.many.DMEs.
decrease.rapidly.
during.cultivation.

Liver.slices..
(Beamand.et.al..
199332)

Difficult.to.obtain,.
fresh.tissue.needed.
Cryopreservation.
possible.

Contains.the.whole.
complement.of.DMEs.
and.cell–cell.
connections..The.
induction.effect.of.an.
NCE.can.be.studied.

Requires.specific.
techniques.and.well-
established.
procedures.

Immortalized.cell.lines Available.at.request,.
not.many.adequately.
characterized.cell.
lines.exist.

Nonlimited.source.of.
enzymes.

The.expression.of.most.
DMEs.is.poor.or.
absent,.if.
characterized.at.all.
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Liver.homogenate.with.appropriate.cofactors.can.be.used.for.metabolic.stabil-
ity.studies.when.the.biotransformation.pathways.of.a.new.compound.are.unknown..
Liver.homogenate.fortified.with.appropriate.cofactors.exhibits.enzyme.activities.that.
are.present.in.intact.tissue..In.incubations.with.liver.homogenate,.the.whole.spectrum.
of. in vitro.metabolites. is. formed.and. identification.of.metabolites.of.an.unknown.
compound. is.possible..When. the. transport.of.an.NCE.through.cell.membranes. is.
under.study,.whole.cell.systems.or.liver.slices.are.a.good.choice,.because.in.these.

tAble 20.3
In Vitro studies for the Characterization of Metabolism and Metabolic 
interactions of Potential drugs

In Vitro test Preparations Parameters extrapolations

Metabolic.stability Microsomes
Homogenates
Cells
Slices

Disappearance.of.the.
parent.molecule.or.
appearance.of.(main).
metabolites

Intrinsic.clearance
Interindividual.
variability

Metabolite.
identification

Same.as.above Tentative.identification.
of.metabolites.by,.
e.g.,.LC-TOF-MS

Metabolic.routes
Semiquantitative.
metabolic.chart

Identification.of.
metabolizing.enzymes

Microsomes.with.
inhibitors.or.
inhibitory.antibodies

Recombinant.
individual.enzymes

Assignment.and.
relative.ability.of.
enzymes.to.
metabolize.a.
compound

Prediction.of.effects.of.
various.genetic,.
environmental,.and.
pathological.factors

Interindividual.
variability

Enzyme.inhibition Microsomes
Recombinant.enzymes

Inhibition.of.model.
activities.by.a.
substance

Potential.drug–drug.
interactions

Enzyme.induction Cells
Slices
Permanent.cell.lines.(if.
available)

Induction.of.model.
activities.(or.mRNA)

Induction.potential.of.a.
substance

Note:. For.reviews,.see.articles.by.Boobis,.A.R.,.Kremers,.P.,.Pelkonen,.O.,.and.Pithan,.K.,.Eds.,.EUR 
18569—European Symposium on the Prediction of Drug Metabolism in Man: Progress and 
Problems,.Luxembourg,.Office.for.Official.Publications.of.the.European.Communities,.332.pp.,.
1999;. Boobis,. A.R.,. Prediction. of. inhibitory. drug-drug. interactions. by. studies. in vitro,. in.
Advances in Drug Metabolism in Man,.Pacifici,.G.M..and.Fracchia,.G.N.,.Eds.,.Office.for.the.
Official. Publications. of. the. European. Communities,. Luxembourg,. 1995,. pp.. 513–539;. and.
von.Moltke,.L.L..et.al.,. In vitro.approaches. to.predicting.drug. interactions. in vivo,.Biochem. 

Pharmacol.,. 55,. 113,. 1998.. See. also.Andersson,.T.B.. et. al.,.An. assessment. of. human. liver-
derived.in vitro.systems.to.predict.the.in vivo.metabolism.and.clearance.of.almokalant,.Drug 
Metab. Dispos.,.29,.712,.2001;.Pelkonen,.O..et.al.,.Carbamazepine:.a.“blind”.assessment.of.
CYP-associated.metabolism.and.interactions.in.human.liver-derived in vitro.systems,.Xenobiot-
ica,.31,.321,.2001;.Salonen,.J.S..et.al.,.Comparative.studies.on.the.CYP-associated.metabolism.
and. interaction. potential. of. selegiline. between. human. liver-derived in vitro. systems,. Drug 
Metab. Dispos.,.31,.1093,.2003.
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preparations.the.transport.systems.into.and.out.of.the.cell.are.present,.and.even.the.
cell–cell.connections.are.preserved.in.liver.slices..These.preparations.are.also.suit-
able.for.induction.studies..Recombinant.enzymes.are.used.for.the.identification.of.
enzymes.metabolizing.the.compound.under.study,.but.they.are.increasingly.studied.
as.an.alternative.method.to.predict.hepatic.clearance.13

deterMinAtion of MetAbolisM in In VItro systeMs

During.the.development.of.an.NCE,.at.least.the.following.investigations.are.usually.
required—the.earlier.the.better.(Table.20.3):

Measurement.of.“metabolic.stability,”. i.e.,. the.rate.of.disappearance.of.a.
chemical.in.human.liver.preparations
Identification.of.principal.metabolites—“metabolite.profile”.and.proposed.
metabolic.tree.of.a.chemical
Development.of.an.analytical.“routine”.method.for.metabolites
Identification.of.enzymes.catalyzing.metabolic.routes.with.the.aid.of.diagnos-
tic.inhibitors.and.antibodies,.recombinant.enzymes,.and.correlation.studies
Enzyme.kinetic.characterization.of.principal.metabolic.reactions,.for.scal-
ing.up.and.predicting.in vivo.kinetics.of.an.NCE
Affinity.of.a.chemical.(and/or.its.principal.metabolites).for.CYP.(or.other).
enzymes,.for.predicting.potential.metabolic.interactions

Metabolic stability of an NCE:14.The.metabolic.stability.of.an.NCE.determines,.
to.a.great.extent,.its.future.as.a.drug.candidate..If.an.NCE.is.rapidly.metabolized.
in.human.liver.preparations,.its.bioavailability.in vivo.is.most.probably.too.low.for.
it.to.be.a.drug.candidate..This.naturally.depends.on.the.administration.route.of.the.
drug..By.determining.the.time.and.concentration.dependence.of.metabolite.forma-
tion.from.an.NCE.on.the.disappearance.of.the.NCE.in vitro.in.an.appropriate.system,.
its.metabolic.fate.and.half-life.in vivo.can.be.predicted..Similar.studies.performed.in.
human.and.test.species.give.valuable.information.for.the.selection.of.test.species.for.
pharmacokinetic.and.toxicological.in vivo.studies.

Identification of metabolites and metabolic routes:.Metabolite.identification.
can. be. developed. from. incubations. with. human. liver. preparations,. homogenates.
or.microsomes..For.example,.mass-spectrometric.(MS).methods.employing. liquid.
chromatography.(LC).as.a.separative.tool.have.evolved.into.extremely.sensitive.and.
accurate.techniques.15,16.By.these.methods,.it.is.possible.to.determine.with.high.accu-
racy.the.exact.molecular.masses.and.metabolite.structures..Sample.preparation.for.
MS.studies.is.a.critical.step.because.the.available.chemical.information.of.an.NCE.
is.often.limited..The.incubation.conditions.and.the.reaction-terminating.reagent.have.
to.be.chosen.so.as.not.to.alter.the.parent.compound.or.the.metabolites.chemically.
and.to.keep.the.recovery.of.the.substrate.and.the.metabolites.close.to.100%..Other-
wise,.it.is.impossible.to.predict.the.pathways.for.biotransformation.

Identification of CYPs metabolizing an NCE:3. After. characterizing. the.
metabolic.stability.and.metabolic.routes.of.an.NCE,.the.in vivo.prediction.requires.
clarification. of. the. drug-metabolizing. enzymes. that. participate. in. the. in vitro.

•

•

•
•

•

•
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biotransformation.of.the.NCE..After.determining.the.initial.velocity.conditions.and.
enzyme.kinetic.parameters,.CYPs. involved. in. the.metabolism.of.an.NCE.can.be.
characterized.by.chemical.and.antibody.inhibitors.selective.or.specific.for.respec-
tive.CYPs..In.case.the.in vivo.concentrations.are.known,.it.is.recommendable.to.use.
substrate.concentrations.close.to.the.therapeutic.level,.if.at.all.feasible.

Some. typical. enzyme. identification. experiments. and. their. outcomes. are. the.
following:

Effects.of.various.diagnostic.CYP-selective.inhibitors.on.NCE.metabolism:.
These.allow.an.estimation.of.the.role.of.each.CYP.enzyme.to.contribute.to.
the.metabolism.of.a.chemical..On.the.basis.of.this.information,.it.is.possible.
to.perform.predictive.calculations.to.the.in vivo.behavior.of.a.chemical.
Ability. of. recombinant. enzymes. to. catalyze. metabolite. formation. of. an.
NCE:.This.gives.a.direct. indication.of. the.potential.of.each.recombinant.
CYP. to. catalyze. the. reaction.. However,. it. is. still. somewhat. uncertain.
whether.the.results.from.recombinant.enzymes.could.be.extrapolated.to.the.
whole.microsomes.and.to.the.in vivo.situation.
Correlation. of. CYP-selective. model. activities. with. metabolite. formation.
of.an.NCE:.It.gives.an.indirect.indication.of.the.participation.of.each.CYP.
enzyme.to.catalyze.the.reaction..The.results.are,.however,.confirmatory.and.
should.be.evaluated.in.the.context.of.other.approaches.

Measures of affinities of an NCE for CYPs:3,11.From.the.therapeutic.point.of.view,.
it. is. important. to.know.to.which.drug-metabolizing.enzymes.the.substance.under.
development.has.affinity..The.effect.of.an.NCE.on.CYP-specific.activities.is.studied.
by.co-incubating.series.of.dilutions.of.the.study.substance.with.a.reaction.mixture.
and.a.specific.substrate..The.effect.of.an.NCE.is.described.as.the.concentration.of.the.
studied.compound.causing.50%.inhibition.of.the.CYP-specific.activities..If.there.is.
affinity.toward.some.CYP-enzyme,.the.apparent.Ki.can.be.determined..By.compar-
ing.the.effects.of.an.NCE.on.the.CYP.specific-activities.to.the.respective.effects.of.
diagnostic.inhibitors,.a.tentative.prediction.of.the.in vivo.situation.can.be.made.

The.effects.of.an.NCE.on.drug-metabolizing.CYPs.can.be.tested.by.using.CYP.
isoform-specific.model. substrates.and. reactions.11.The.effects.of. the. studied.com-
pound.on.metabolite.formation.in.the.selected.model.system,.usually.human.liver.
microsomes,.are.evaluated.by. incubating. the.substrate.and. the.studied.compound.
with.the.enzymes.and.observing.the.metabolite.formation.in.incubations.with.the.
studied.compound..Testing.the.effects.of.an.NCE.on.CYP-specific.model.activities.
and.the.effects.of.CYP-specific.reference.inhibitors.on.the.metabolism.of.an.NCE.in.
human.liver.microsomes.in vitro.gives.information.about.the.affinity.of.an.NCE.for.
CYP.enzymes..This.approach.also.permits.in vivo.predictions.about.the.behavior.of.
the.NCE.in.humans.(metabolic.pathways,.intrinsic.clearance,.etc.),.which.helps.to.
design.in vivo.studies.for.revealing.possible.interactions.

After. the.preceding. studies,. it. is.possible. to.plan. further.preclinical,.molecu-
lar,.toxicological,.and.clinicopharmacological.studies,.with.focused.consideration.of.
those.CYP.enzymes.that.are.important.for.the.metabolism.and.kinetics.of.an.NCE.

•

•

•
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high-throughPut sCreening in drug MetAbolisM

There.is.a.tremendous.pressure.in.the.pharmaceutical.industry.to.screen.for.many.
parameters.as.early.as.possible.in.the.drug.development.process.17.The.technology.of.
higher-throughput.ADME.(absorption,.distribution,.metabolism,.excretion).screen-
ing.is.developing.fast,.yet.the.fastest.ADME.methods.do.not.come.within.two.orders.
of. magnitude. of. the. rates. routinely. achieved. by. truly. high-throughput. discovery.
screening..The.greatest.need.in.ADME.screening.for.discovery.support.is.a.better.
understanding.of. the. integrated.operation.of. in vivo.absorption,.first-pass.metabo-
lism,.organ.uptake.and.efflux.mediated.by.transporters,.plasma.protein.binding,.com-
petition.among.metabolic.enzymes,.and.cellular.determinants.of.intrinsic.clearance.

As.an.affinity-screening.tool,.cDNA-expressed.enzymes.are.highly.valuable..It.is.
also.the.most.useful.system.allowing.a.high-throughput.screening.(HTS).technology.
for.CYP.studies.today.because.of.the.difficulties.and.high.costs.in.the.detection.of.
multiple.substrates.and.metabolites.produced.in.the.HTS.applications.of.other.tech-
niques,.such.as.human.liver.microsomes..The.detection.of.these.multiple.metabolites.
requires.novel,.highly.sensitive.mass.spectrometry.tools,.whereas.cDNA-expressed.
systems.can.utilize.the.conventional.measurement.of.fluorescence.metabolite.pro-
duction.for.multiple.enzymes.(see,.for.example,.www.gentest.com).

In VItro–In VIVo sCAling of An nCe

In. general,. in vitro–in vivo. scaling. consists. of. two. approaches:. prediction. of. the.
intrinsic.clearance.(Clint).of.an.NCE.and.prediction.of.drug–drug.interactions..In.
the.literature,.methods.for.both.purposes.are.extensively.presented.and.discussed.in.
the.light.of.actual.experimental.or.clinical.studies.4,14,18.It.has.to.be.stressed.that.these.
extrapolations.contain.a.number.of.uncertainties,.which.have.to.be.acknowledged..
Other.pharmacokinetic.parameters.and.characteristics,.such.as.plasma.protein.bind-
ing,. the. differential. binding. to. various. tissues,. volume. of. distribution,. and. extra-
hepatic.routes.of.clearance,.should.also.be.considered.for.the.estimation.of.in vivo.
kinetics.on.the.basis.of.in vitro.studies.19,20

induCtion of CyP enzyMes

Induction. of. drug. metabolism. is. an. adaptive. cellular. response. that. usually. leads.
to.enhanced.metabolism.and.termination.of.the.pharmacological.action.of.drugs.21.
Induction.of.a.CYP.isoform.can.sometimes.have.harmful.consequences.if.the.metab-
olite.produced.by.the.induced.CYP.is.reactive..It.is.noteworthy.that.a.clear.majority.
of.CYP.enzymes.that.are.involved.in.drug.metabolism.are.also.inducible—including.
the.important.CYP3A4.isoform.(see.Table.20.1)..Advances.in.molecular.and.cell.biol-
ogy.during.the.past.decade.have.helped.elucidate.the.major.mechanisms.by.which.
drugs.and.xenobiotics.induce.the.expression.of.CYP.genes..This.occurs.mainly.via.
receptor.proteins. that.upon.inducer.binding.are. transformed.into. transcriptionally.
active.DNA-binding.forms..These.active.receptors.then.bind.to.their.DNA.response.
elements.present.in.the.regulatory.region.of.the.CYP.genes.and.greatly.speed.up.the.
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production.of.CYP.mRNA,.up. to.50-fold.or.more.22. In.a.few.instances,. there.are.
alternative.mechanisms.for.CYP.induction..The.best-characterized.example.is.the.
induction.of.CYP2E1.by.ethanol.and.other.small.solvent.molecules,.which.appears.
to. involve. stabilization.of.CYP2E1.protein. through.binding.of. the. inducer. to. the.
CYP2E1-active.site.

AssAy systeMs for induCtion

Induction.of.human.CYP.enzymes.is.difficult.to.study.because.human.liver.cell.lines.
neither.express.the.full.complement.of.CYP.enzymes.nor.reproduce.the.induction.
observed. in vivo,. apart. from. the.Ah. receptor-mediated. induction.of. the.CYP1A1.
gene..Problems.in.tissue.availability,.interindividual.differences,.reproducibility,.and.
ethical.issues.preclude.the.efficient.large-scale.use.of.human.primary.hepatocytes.
for. induction. screening.. Therefore,. there. is. an. increasing. interest. in. the. develop-
ment.of.mechanism-based.test.systems.for.CYP.induction—systems.based.on.the.
characterized.nuclear.receptors.AHR,.CAR,.PXR,.and.PPARα.23–25.The.interaction.
of. inducers.with. the.particular.receptor. is.exploited.in.an.attempt. to.predict.CYP.
induction.at.least.in.the.following.ways:

. 1..Direct.binding.assays.rely.on.the.ability.of.the.putative.inducer.to.displace.
a.radioactively.labeled.receptor.ligand.

. 2.. Indirect. binding. assays. measure. the. association. of. fluorescently. labeled.
coactivator.peptide.with.the.inducer-bound.receptor..The.receptor.can.also.
be.linked.to.another.fluorophor.to.utilize.the.fluorescence.resonance.energy.
transfer.(FRET).phenomenon.in.the.assay.

. 3..Cell-based. reporter. gene. assays. measure. the. ability. of. inducer-bound.
receptor.to.interact.with.endogenous.cellular.coactivators.after.binding.to.
its.DNA.response.element.that.drives.the.expression.of.an.easily.assayable.
reporter.gene.such.as.luciferase.or.CAT.enzyme.

Modeling of CyP enzyMes

The.following.are.two.important.questions.concerning.the.metabolism.of.an.NCE:.(1).
What.kinds.of.metabolites.are.formed.from.the.NCE?.and.(2).which.enzymes.cata-
lyze.their.formation?.Modeling.of.CYP.enzymes.will.most.probably.be.of.great.help.
in.answering.these.questions.26.Although.at.the.moment.the.various.approaches.used.
to. predict. CYP-mediated. metabolism. of. substances. have. been. explanatory. rather.
than.predictive,.the.situation.is.improving..Prediction.of.metabolism.and.inhibitory.
properties.of.human.CYPs.is.becoming.more.accurate.because.more.resources.are.
invested.in.three.types.of.research.efforts:.(1).crystallization.of.mammalian.CYPs,.
(2).homology.modeling.based.on.sequences.and.on.crystallized.CYPs,.and.(3).struc-
ture–activity.relationship.of.CYP.substrates.or.inhibitors.
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role of AniMAl MetAbolisM studies 
during drug develoPMent

Due.to.species.differences.in.metabolic.pathways,27.previously.unknown.metabolites.
are.often.found.in.humans,.meaning.that.the.human.subjects.are.exposed.to.com-
pounds.with.unknown.toxic.potential..This.may.lead.to.a.delay.in.clinical.testing.
until.an.appropriate.animal.species.can.be.tested.with.the.synthesized.metabolite..
Metabolic.stability.assays.employing.different.test.species.and.human.liver.make.it.
possible.to.select.the.species.that.best.represent.the.human.metabolic.fate.of.an.NCE..
These.results.can.be.utilized.in.selecting.most.appropriate.test.species.for.further.
toxicological.tests.

ConClusions

Metabolism.is.a.major.determinant.governing.both.pharmacokinetics.and.clinical.
response. (pharmacodynamics).of.most. small-molecule.drugs,. and. a.great. deal. of.
effort.is.now.directed.at.assessing.key.metabolic.parameters.at.early.stages.of.drug.
development.. Several. in silico. and. in vitro. methods. are. now. available. for. deter-
mination.of.metabolic.features,.often.yielding.data.that.reasonably.well.predict.in 
vivo.behavior.of.the.studied.drug.molecules..Further.refining.of.these.methods.will.
provide.us.with.methods.having.increasing.precision.and.speed,.allowing.for.truly.
high-throughput.analysis.of.metabolic.features..In.addition,.analogous.methodology.
will.be.employed.on.predicting.absorption,.organ.uptake,.and.efflux.mediated.by.
various. transporter. systems,.plasma.protein.binding,.and.cellular.determinants.of.
intrinsic.clearance..As.an.outcome.of.this.development,.it.is.likely.that.we.will.wit-
ness.a.diminishing.number.of.drug.candidates.being.withdrawn.from.clinical.studies.
(or.the.market).due.to.major.kinetic.problems,.such.as.strong.metabolism.induction.
or.interaction.potential.
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21 How to Probe the 
Sites of Action of 
Drug Molecules

A. Makriyannis and F. Bitter

IntroductIon

To better understand the molecular basis for activity of a certain group of pharma-
cologically active agents, it is important to understand how these drug molecules 
interact with their sites of action. In our laboratories, such studies have involved the 
combined use of biophysical and biochemical methods and could only be realized 
with the successful design and synthesis of appropriate molecular probes.

The various methods we use are aimed at answering the following questions:

What are the conformational properties of the drug molecule in solution and 
in the membrane?

What orientation does the drug molecule assume when it partitions in the 
membrane?

What is the location of the drug molecule in the membrane bilayer?
What is the distribution of the receptors associated with the pharmacological 

activity of the drug molecule in the various tissues, and how can the recep-
tor-mediated biochemical events be followed?
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How can the receptors be covalently labeled as an aid to their isolation and 
characterization?

This chapter will briefly review this multifaceted approach for studying drug-active 
site interactions by focusing on the cannabinoids, a research area with which we have 
considerable familiarity. Examples will be used to illustrate each of these methods 
and to demonstrate how the results from the different experiments can be integrated 
in order to provide a more unified picture of the mechanism of action of these drug 
molecules.

MechanIsM of cannabInoId actIvIty

Cannabinoids produce a complex pattern of pharmacological actions, some of which 
are believed to be related to their effects on cellular membranes,1–3 whereas others 
are thought to be produced through an interaction with one or more cannabinoid 
receptors.4–7 Existing evidence indicates that the membrane effects involve canna-
binoid interactions with noncatalytic amphipathic sites, resulting in perturbation of 
the membrane and a modification of the functions of membrane-associated proteins. 
There is also an evidence that the cannabinoid–membrane interactions are governed 
by stereoelectronic requirements of a varied degree of specificity.

Regarding the receptor-mediated effects, cannabinoids are believed to first par-
tition into the membrane where they assume a specific orientation and location, 
and then laterally diffuse across the bilayer to reach their receptor sites. Thus, for 
a productive interaction with its active sites, a cannabinoid must fulfill two criteria. 
First, it must possess certain pharmacophores in a specific stereochemical arrange-
ment (stereoelectronic requirements). Second, it must assume an appropriate ori-
entation and location in the bilayer, which would allow an optimal alignment of 
its pharmacophores with the corresponding binding components at the active site 
(drug–membrane interaction requirements).

cannabInoId receptors

Although it had been generally recognized that at least some of the cannabinoid effects 
are due to interactions with specific receptor sites, only recently has direct evidence 
for a cannabinoid receptor become available. This evidence comes from experiments 
in which the tritiated cannabinoid-like ligand [3H] CP-55940, synthesized at Pfizer, 
was shown to bind stereospecifically to a brain membrane preparation.4 The relative 
abilities of cannabinoid analogues to inhibit [3H] CP-55490 binding were found to 
parallel their potencies for producing behavioral effects in animals,5 as well as for 
regulating adenylate cyclase in vitro.8 The same tritiated ligand was also used in 
autoradiographic experiments for cannabinoid-receptor distribution in brain sections 
from several mammalian species including man.6 The study revealed a unique and 
conserved distribution with the highest receptor density in the basal ganglia, hippo-
campus, and cerebellum. Subsequently, the receptor was cloned; the cDNA was then 
injected in CHO-K4 cells, and a cannabinoid-responsive G-protein-coupled receptor 
was expressed.9–11 More recently, a second cannabinoid receptor was identified in the 
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periphery, thus opening the door to the development of cannabimimetic analogues 
possessing the highest degree of pharmacological specificity.12

cannabInoId–LIpId InteractIons

Interactions of lipophilic drug molecules, including cannabinoids, with membrane 
lipids are generally discussed in terms of changes in the bulk properties of the lipid 
component, which are often described as changes in membrane fluidity. However, 
there is an increasing evidence from a variety of sources for specific drug–membrane 
interactions. For example, evidence has been presented for the formation of Δ9-THC-
phospholipid complexes, the stoichiometry and stability of which varied depending 
on the nature of the phospholipids in the membrane.13 More detailed evidence comes 
from our own work showing that cannabinoids assume specific orientations in the 
phospholipid bilayers.14

Because of their high lipid solubility, cannabinoids partition preferentially 
into the lipid component of the membrane. The cannabinoid–lipid interactions can 
play two roles in determining drug activity: (1) cannabinoids may affect the func-
tions of membrane-associated proteins by perturbing their lipid environment; and 
(2) cannabinoids may diffuse laterally across the membrane–lipid bilayer to reach 
a specific site of action on the cannabinoid receptor. It has been argued for other 
groups of lipophilic drugs,15 and evidence was provided, that the location and ori-
entation of the drug molecule in the membrane is critical in determining its ability 
to reach its sites of action in the proper orientation and conformation required for 
a productive interaction. We have studied the location and orientation of a number 
of cannabinoids in model and biological membranes and have developed arguments 
correlating these properties with their abilities to interact with the receptor.

cannabInoId conforMatIons

To explore the conformational requirements for interaction of cannabinoids with 
their sites of action on the receptor, we have compared pairs of analogues that differ 
only in one structural feature but exhibit different pharmacological potencies and 
affinities for the receptor.

The conformational properties of the drug molecules in solution and in membrane-
like environments can be studied using high-resolution nuclear magnetic resonance 
(NMR) spectroscopy or computational methods. For example, we have compared 
the two isomeric cannabinoids (−)-Δ9-THC and (−)-Δ9,11-THC using two-dimensional 
NMR. 16 Our results led us to suggest that a slight deviation from planarity in the 
carbocyclic ring C of the cannabinoid, as is the case with the pharmacologically 
potent Δ9-THC, is a requirement for activity (Figure 21.1). Conversely, the much less 
potent Δ9,11-analog has all three rings coplanar. The same conclusions were reached 
by Reggio and co-workers, who compared the theoretically obtained conformations 
of the previous two analogues.17 More recently, we have used a combination of solu-
tion NMR and theoretical computational methods to study the conformational prop-
erties of CP-47497, a bicyclic nonclassical cannabinoid synthesized at Pfizer, which 
resembles many of the structural features of the tricyclic classical cannabinoids but 
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lacks their tetrahydropyran ring. The conformational features of the nonclassical 
cannabinoid were shown to closely resemble those of a classical counterpart (Fig-
ure 21.2). The only apparent conformational difference between the two analogues 
is the dihedral angle between the planes of the two rings in the nonclassical analog 
when compared to that of a classical hexahydrocannabinol. CP-47497 can be super-
imposed over the more rigid hexahydrocannabinol only after rotation around the 
phenyl-cyclohexyl bond. The molecule then assumes a conformation that is energeti-
cally higher than the preferred one by approximately 3.0 kcal/mol. This may explain 
the slightly lower potencies of nonclassical cannabinoids when compared to their 
structurally equivalent classical congeners.

cannabInoId orIentatIon In the MeMbrane

As with many other membrane-active lipophilic molecules, cannabinoids preferen-
tially partition in the membrane where they assume a thermodynamically favorable 
orientation and location. In this preferred orientation and location, the cannabinoid 
experiences fast lateral diffusion within the membrane bilayer. As mentioned earlier, 
these features of the drug–membrane interaction are believed to play an important role 
in determining the drug’s ability to interact with its site of action on the receptor.

The orientation of the cannabinoid molecule in the membrane can be calcu-
lated from the solid-state 2H NMR spectra of membrane preparations into which the 
appropriate 2H-labeled analog is introduced. The 2H-labels are introduced in strategic 
positions of the tricyclic ring system. Each experiment involves the singly 2H-labeled 
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nabinol. Right: Drawings showing the experimentally determined conformations of Δ9-THC 
and Δ9,11-THC.
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drug molecule. However, preparations in which the drug molecule is labeled in more 
than one position can be used if each 2H-subspectrum in the composite 2H-spectrum 
can be positively assigned to an individual label. This approach was initially used to 
study the orientation of cholesterol in the membrane and subsequently expanded in 
our laboratory into a more general method.14

Studies with (−)-Δ9-THC required the stereospecific introduction of six individ-
ual deuterium atoms in the tricyclic component of the molecule (Figure 21.3). We 
found that the cannabinoid assumes an awkward orientation in the bilayer with the 
long axis of its tricyclic system perpendicular to the bilayer chains.14,18 This can be 
accounted for by assuming that this amphipathic molecule uses its phenolic hydroxyl 
group to anchor itself at the interface of the amphipathic membrane bilayer; small-
angle x-ray results confirmed this interpretation. We also found that cannabinoids 
with two hydroxyl groups orient in a manner that allows both hydroxyls to be near 
the interface facing the polar surface of the membrane.14,19 Conversely, if the pheno-
lic hydrogen of THC is replaced with a methyl group, the cannabinoid orients with 
its natural long axis parallel to the chains.20
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fIgure 21.2 Graphic representation of the stereochemical correlation of CP-47,497 with 
HHC-DMH using a superimposition method. The preferred conformer (A) of CP-47,497 (φ1= 
62°) was allowed to rotate to a confomration in which φ1= 137° (A’). In this conformation, 
CP-47,497 is superimposable with the ring systems of the classical cannabinoid HHC-DMH 
(B). The superimposed structures of CP-47,497 and HHC-DMH are displayed (C).
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cannabInoId topography In the MeMbrane

Information on the location of the drug in the bilayer can be obtained from small-
angle x-ray or neutron diffraction experiments using carefully hydrated membrane 
samples into which the cannabinoid analog is introduced. The well-layered mem-
brane preparation is exposed to a small-angle x-ray beam, from which several dif-
fraction orders are obtained. After transformation, these orders can provide an 
electron density profile of the membrane bilayer (Figure 21.4) in which the highest 
electron density corresponds to the phosphate head groups and the lowest to the ends 
of the chains in the center of the bilayer. In such an experiment, three membrane 
preparations are compared. The first of these contains no drug molecule. The second 
preparation contains the cannabinoid molecule under study, and the third contains 
the same cannabinoid analog into which a high electron density substituent (e.g., Br, 
I) is introduced as a marker. The difference between the electron density profiles 
of the previous three preparations reveals the positions of the cannabinoid tricyclic 
ring system and that of the heavy atom, and thus provides direct information on the 
location of the drug in the membrane. If the high electron density atom is placed 
at the end of the cannabinoid chain, then the experiment also provides information 
on the conformation of this flexible portion of the drug molecule in the membrane. 
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fIgure 21.3 Left: Solid-state 2H-NMR spectra of model membrane samples containing 
specifically 2H-labeled Δ9-THC. Four deuterated Δ9-THC analogues have 2H-labels in the 2, 
4, 8α, 8β, 10, 10α-positions. Right: Orientation of Δ9-THC in the membrane as determined 
from the solid-state 2H-NMR results. The dashed line represents the direction of the lipid acyl 
chains in the membrane.
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Our experiments with (−)-Δ9-THC, (−)-Δ8-THC, and their inactive Ο-methyl analog 
provided us with data that complemented the 2H-NMR results. Such experiments 
required the synthesis of these cannabinoids as well as analogues having a halogen 
(I) substituent in the 5′-position of the cannabinoid side chain (Figure 21.5).

The study, which made use of membrane preparations from partially hydrated 
phosphatidyicholine, showed that the biologically active (−)-Δ9-and (−)-Δ8-THC ana-
logues are located in the upper portion of the phospholipid bilayer with the phe-
nol hydroxyl anchored at the bilayer interface.20 However, when the polar phenolic 
hydroxyl is replaced with the more lipophilic methoxyl group, the cannabinoid now 
sinks deeper into the bilayer. The study also revealed that the location of the iodine 
in the bilayer implies that the cannabinoid side chain is parallel with the bilayer 
chains and in a fully extended all-trans conformation.

When the studies were extended from model to biological membranes obtained 
from rat or calf brain synaptosomes, there was no significant change in the manner 
in which the cannabinoid analogues orient in the membrane.21,22 However, the x-
ray data revealed a small but significant variation in the location of the drug in the 
bilayer. Indeed, we found that (−)-Δ8-THC and its halogenated analog are located 
2–3Å deeper in the membrane preparations obtained from calf brain synaptosomes 
when compared with the model membrane preparations. The data from the synapto-
somal plasma membrane preparations also showed that the THC side chain assumes 
a more compact gauche-trans-gauche conformation unlike the fully extended con-
formation observed in the phosphatidylcholine preparations. When molecular mod-
eling was used to represent our data from the biological membranes, we found that 
the phenolic hydroxyl in the cannabinoid can still interact with the bilayer interface 
through hydrogen bonding with either one of the phospholipid carbonyls or with a 
water molecule located slightly below the interface (Figure 21.6).
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fIgure 21.4 Electron density profile obtained by Fourier transformation of small-angle 
diffraction intensities from a DMPC model membrane. A molecular graphical representation 
above the profile shows the space correlation in the dimension across the bilayer.
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A biophysical method that can be used in an analogous manner with the x-ray 
method described earlier is neutron diffraction. In this method, the high electron 
density halogen marker used in the x-ray experiment is now replaced with deute-
rium atoms. The two membrane preparations in this method contain, respectively, 
unlabeled and specifically 2H-labeled cannabinoids. The location of the 2H-label is 
then revealed by the difference between the data from the two preparations. One 
advantage of this method is that the two membrane samples being compared are 
almost identical. This avoids the potential pitfall encountered in the x-ray exper-
iment where the samples being compared are not totally identical and may have 
somewhat different phase properties, thus requiring very rigorous controls. Data 
using 2H-labeled (−)-Δ-THC in neutron diffraction experiments23 have confirmed, to 
a large extent, the earlier x-ray diffraction data described previously.

The combined data from the solid-state 2H-NMR and small-angle x-ray diffrac-
tion experiments support our hypothesis that the ability of a cannabinoid to orient 
“properly” in an amphipathic membrane can seriously influence its ability to bind 
to its active sites on the receptor. This “proper” orientation is one in which all the 
cannabinoid’s polar hydroxyl groups face the polar side of the membrane bilayer and, 
in turn, is determined by the position and relative stereochemistry of these hydroxyl 
groups in the cannabinoid molecule.

10 20 300

z (Å)

–10–20–30

fIgure 21.5 Structures of (−)-Δ8-tetrahydrocannabinol (Δ8-THC) and (−)-O-methy1-Δ8-
tetrahydrocannabinol (Me-Δ8-THC), along with the respective iodinated analogues 5´-I-Δ8-
THC and 5´-I-Me-Δ8-THC.
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cannabInoId bIndIng sItes In MaMMaLIan braIns

The distribution of a cannabinoid in the brains of live animals can be studied using 
positron emission tomography (PET). This method requires the labeling of the drug 
probe with a short-lived positron-emitting isotope. To carry out such an experiment, 
we synthesized an 18F-containing analog of the parent (−)-Δ8-THC, namely (−)-5′-18F-
Δ8-THC. The probe was administered to live baboons, and the presence and distribu-
tion of the drug in the brain was followed using computerized tomography. Among 
our findings24 was that the drug reaches its maximum concentration in the brain 
(approximately 0.02% dose/cc) during the first 5 min and persists (0.005% dose/cc) 
up to 2 h after injection (Figure 21.7). High drug concentrations were found in the 
striatum, thalamus, and cerebellum. A shortcoming in these early experiments was 
the high lipophilicity of the probe as well as its relatively low affinity for the receptor 
sites. Both of these factors resulted in relatively high levels of nonspecific binding 
by the ligand in the brain. Currently under way is the synthesis of novel cannabinoid 
PET probes possessing higher affinities for the receptor and more favorable parti-
tioning properties.

cannabInoId affInIty probes

The task of obtaining direct information on the molecular features of the cannabi-
noid receptor-binding sites can be successfully pursued with the help of cannabinoid 

LIPIDLIPID
WATER

∆8-THC

fIgure 21.6 Left: Graphical representation of the locations and orientations of 5´-I-Δ8-
THC and 5´-I-Me-Δ8-THC in a DMPC model membrane based on results from a small-angle 
x-ray diffraction and solid-state 2H-NMR. Right: Graphical representation of a Δ8-THC mol-
ecule in a synaptosomal plasma membrane.
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affinity labels. The ligands, after interacting with the cannabinoid-binding sites, can 
covalently attach themselves to the receptor. The affinity probes should be especially 
useful for the isolation and characterization of the cannabinoid receptor. The most 
successful of the first-generation cannabinoid probes was (−)-5´-azido-Δ8-THC (Fig-
ure 21.8), the first photoaffinity label for the cannabinoid receptor. This molecule was 
shown to specifically bind and inactivate the receptor after irradiation with ultravio-
let light.25 Furthermore, its 125I-radiolabeled analog, when incubated with two differ-
ent membrane preparations, was shown to covalently label the receptor.26 The use of 
an aliphatic azide as a photoaffinity label represents a departure from the generally 
used aromatic azides which, upon photoactivation, are transformed into reactive aro-
matic nitrenes. The aliphatic azido group in the photoaffinity probe described here 
is also expected to be transformed to a nitrene when subjected to ultraviolet irradia-
tion. However, it is still unclear whether the originating highly unstable aliphatic 
nitrene directly reacts with the receptor or whether it first rearranges to a more stable 
intermediate that, in turn, covalently attaches itself at or near the active sites on the 
receptor. The mechanism of this photoactivation reaction is under study.

We have developed second-generation photoaffinity probes that possess consid-
erably higher affinity and reactivity for the cannabinoid receptor, as exemplified by 
the one depicted in Figure 21.9 (IC50 about 0.25 nM).25,27 These probes are ideally 
suited for pursuing the important but difficult task of labeling and characterizing the 
cannabinoid receptor. In addition to the photoactivatable receptor probes, we have 
also developed a series of electrophilic probes that react covalently with the recep-
tor without requiring an intervening activation step. In this new family of probes, 
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fIgure 21.7 Time courses for (−)-5´-18F-Δ8-THC distribution in baboon brain, showing 
the rates of accumulation and clearance of the radioactivity in the various areas of the brain.
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the azido group is substituted with an isothiocyanate, a group that has low reactivity 
with thiol and amino groups. Because of their relative stability in water, these ana-
logues may prove to also act in vivo as irreversible antagonists.

The previously described affinity labels should prove to be useful biochemical 
tools in our efforts to characterize the active sites of the cannabinoid receptor. Cur-
rently, this effort is being pursued using cloned cannabinoid-receptor preparations. 
The availability of molecular probes that covalently react at or near the receptor 
active site, hopefully, will allow us to obtain detailed structural information on this 
active site and, perhaps, help in elucidating the molecular events leading to receptor 
activation or inactivation. Such data can also be combined with the results obtained 
from the biophysical experiments so that a more integrated view can be obtained of 
the molecular basis for cannabinoid activity.
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fIgure 21.8 Photoirradiation of (-)-5′-N3-Δ8-THC with forebrain membranes inhibits specific 
binding of [3H]-CP-55,940 to the cannabinoid receptor. Heterologous displacement by levonantra-
dol is shown for membranes irradiated in the absence or after equilibration with 5′-azido-THC.
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fIgure 21.9 Structure of (−)-1′, 1′-dimethyl-5′-N3-Δ8-THC.
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22 Physicochemical Profiling 
in Early Drug Discovery:
New Challenges at 
the Age of High-
Throughput Screen and 
Combinatorial Chemistry

Bernard Faller

IntroductIon

Early physicochemical profiling has gained considerable importance over the last 
years as inappropriate pharmacokinetics in human volunteers has been shown to be 
the primary cause of compound withdrawal of new chemical entities. The paradigm 
in today’s drug discovery is that the majority of research programs are intended for 
oral therapy, although most high-throughput screening techniques tend to shift leads 
toward compounds with unfavorable properties for absorption as hits tend to be (1) 
more lipophilic and therefore less soluble compounds, and (2) compounds with a higher 
number of hydrogen bond donors and acceptors and a larger molecular volume.

In the past, drug candidates were first optimized for potency (binding affinity, 
selectivity). Absorption, distribution, metabolism, and excretion (ADME) were usu-
ally considered at a later stage. In this scenario, when development was hindered by 
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304 Chemistry and Molecular Aspects of Drug Design and Action

ADME issues, the only rescue option available was to enter an extensive formulation 
program to minimize factors that prevent absorption. This approach is, however, 
always expensive and not always successful. In addition, it basically only applies to 
the absorption part, with distribution, metabolism, and excretion being closely asso-
ciated with the intrinsic properties of the active ingredient.

Nowadays, strategies have been developed that allow parallel optimization of 
potency and ADME properties at a time when chemical modifications of the mole-
cule are still possible. This new, parallel optimization approach triggers the develop-
ment of new, innovative methods able to cope with the particular constraints of early 
profiling: high-throughput, low sample requirements, low sensitivity to impurities, 
ability to digest noncongeneric sets of molecules, and good predictive value. This 
chapter will focus on past, present, and future approaches to predict drug absorption 
based on solubility and permeability, the two components of the Biopharmaceutical 
Classification Scheme (BCS)1 (see Figure 22.1).

PhysIcochemIcal Parameters 
GovernInG druG absorPtIon

As a first step, only absorption via the transcellular passive diffusion route is consid-
ered. This is the most common absorption pathway for generic drugs. Transcellular 
passive diffusion is mainly controlled by solubility and permeability, which together 
define the flux of the drug through the gastrointestinal barrier. In most absorption 
processes, the first step is the dissolution of the active ingredient (Figure 22.2). The 
link between solubility and permeability is given by the following relation, which is 
simply Fick’s first law:

 F = AC × Pe (22.1)

FIGure 22.1 The Biopharmaceutical Classification Scheme (BCS).

high solubility low solubility

high Permeability class I class II

Dissolution rate limits 
absorption 

Diltiazem 
Labetalol 
Enalapril 
Propranolol

Solubility limits absorption 
Flurbiprofen 
Naproxen

low Permeability class III class Iv

Permeability limits absorption 
Acyclovir 
Famotidine 
Nadolol

Significant problems for oral 
drug delivery are expected 

Terfenadine 
Furosemide
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where F is the flux, AC is the concentration gradient through the membrane, and Pe 
is the effective permeability. Both AC and Pe are pH dependent if the drug is ioniz-
able with pKa’s within the pH gradient encountered in the GI (3–8).

aPProaches to solubIlIty

Solubility is probably the most simple parameter to consider and, at the same time, 
the most difficult to accurately predict. We recently looked at different software pro-
grams to predict water solubility and came to the conclusion that thus far none was 
really significantly better than simple correlations based on CLOGP.2 The difficulty 
lies in the fact that aqueous solubility is not only influenced by physicochemical 
properties of an isolated molecule such as molecular volume and hydrogen bond 
donor and acceptor strengths but also involves the energy necessary to disrupt the 
crystal lattice of the solid to bring it into solution. A more promising approach to pre-
dicting solubility may be to rely on structure similarity with compounds for which 
experimental data are available. This approach, however, requires a large database 
of experimental data with drug-like molecules. The use of kinetic solubility data 
obtained via nephelometric titration2–6 appears to be the fastest way to build such 
a database.7 Other approaches to measure solubility include shake-flask/HLPC and 
dissolution template potentiometric titration.8 These methods provide high-quality 
data but are limited with respect to the number of samples that can be analyzed. 
They can be used to characterize more advanced compounds and serve as a test set 
to check the predictive value of the methods based on kinetic solubility data.

Solubility is particularly important for immediate release of class II drugs for 
which absorption is limited by solubility (thermodynamic barrier) or dissolution rate 
(kinetic barrier).1,9 In early drug discovery, it is very difficult to measure dissolu-
tion rate because accepted methods require large amounts of material and are labor-
intensive. Instead, one measures solubility as it correlates with dissolution rate as 
shown by the Noyes–Whitney equation:10

 J = KA(Cs−C) (22.2)

Dissolution

Excretion Liver excretion

LiverAbsorption
Gut

Bioavaible

FIGure 22.2 Drug absorption pathway.
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where J is the dissolution rate, K is a constant, A is the surface area of the dissolv-
ing solid, Cs is the saturation solubility, and C is the concentration in the medium. 
There are, however, a number of outliers in the solubility/dissolution rate correlation, 
particularly for medium and highly soluble ionizable compounds. The reason is that 
pH and viscosity in the diffusion layer might differ substantially from conditions in 
the bulk.11 To take these two factors into account, Equation 22.2 can be rewritten as 
follows:

 J = D A/h (Cs−C) (22.3)

where D is the diffusion coefficient of the drug and h is the effective diffusion bound-
ary layer thickness.

Inspection of Equation 22.3 shows what are—besides saturation solubility—the 
additional parameters influencing dissolution rate. These are surface area of the drug 
(A), diffusivity of the drug (D), and boundary layer thickness (h). In drug substance 
terms, this means molecular size (D parameter), particle size and wettability (A 
parameter), and stirring conditions (h parameter).

solubIlIty classes: hIGh–medIum–low

The next question related to drug absorption and solubility to be answered is: What 
is meant by low, medium, and high solubility?

If one follows the FDA guidelines for biovailability studies12 and assumes an 
average potency of 1 mg/kg, a drug is classified soluble when 60–70 mg of the active 
substance can be dissolved in 250 mL of water. Soluble therefore means that water 
solubility is higher than 0.2 mg/mL. Subsequently, by medium solubility is usually 
meant 0.01–0.2 mg/mL, and low when solubility drops below 0.01 mg/mL. It is 
important to point out that the solubility class needs to be put in perspective with the 
therapeutic dose (or potency). The boundaries just given can therefore move up or 
down by a factor of 5 to 10. It has been reported that less than 10% of the marketed 
drugs have a low kinetic (turbidimetric) solubility6 according to the definition just 
given. In contrast, 30–40% of the compounds synthesized in medicinal chemistry 
programs typically fall in that category.7

aPProaches to PermeabIlIty

Permeability is a measure of how fast a given molecule is able to cross a barrier. 
Most of the times, the barrier of interest is the gastrointestinal wall, or the blood–
brain barrier. Other barriers are also of interest, such as the cornea or the skin for 
eye and dermal drug delivery, respectively. Molecules can cross biological mem-
branes through three routes: transcellular diffusion (the most common for xenobi-
otics), paracellular diffusion (small, hydrophilic compounds), and active transport 
systems. From a physicochemical viewpoint, permeability is mainly dictated by the 
hydrogen-bond acceptor, donor strength, and molecular size. These parameters are 
traditionally obtained through lipophilicity determinations that are obtained by dis-
tribution studies in a biphasic system (i.e., octanol/water).
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This approach is, however, rather labor-intensive because (1) distribution behav-
ior itself can be complicated to measure, particularly for ionizable substances, and (2) 
several partition solvents are necessary to deconvolute the molecular forces encoded 
in lipophilicity (i.e., octanol–alkane–chloroform).

More recently, assays based on artificial model membranes were introduced, in 
which true permeability rather than distribution behavior can be measured.13–15 The 
main advantage of these assays is that they (1) can be carried out in microtiterplate 
(high-throughput), (2) are highly reproducible and easy to standardize, and (3) allow 
for the measurement of permeability pH-profiles (>50% of drug candidates ion-
ize within the pH range 3–8). Indeed, ionizable compounds must be characterized 
by their solubility/permeability pH-profile rather than single-point measurements; 
otherwise, the predictive value of the assay can be lost. This point is illustrated 
with examples later in the text. These assays also have limitations because some 
features of the GI tract are not modeled by artificial membranes. For instance, the 
paracellular route by which a number of water-soluble drugs are taken up is not taken 
into account. In a first attempt to circumvent this limitation, one can simply flag 
water-soluble compounds with a molecular weight lower than 250 as these are poten-
tial candidates for paracellular transport. This is, however, not totally satisfactory 
because the shape of the molecule and the surface polarity distribution are not taken 
into account. Proper prediction of paracellular transported compounds remains an 
issue even when cellular models such as Caco-2 monolayers are used because cell 
junctions are usually tighter than in the GI epithelium. It should also be noticed 
that paracellular transported compounds are prone to high interspecies variations, 
presumably due to some structural differences in the GI tract. The second kind of 
limitation lies in the absence of active transport or efflux systems that can play a 
major role in GI and blood–brain barrier penetration. When active transport systems 
are involved more sophisticated tools are required, such as Caco-2 monolayers (Gl-
absorption)16 or cocultures of astrocytes and endothelial cells (BBB penetration).17

case studIes

The following section is aimed at illustrating some of the points raised previously 
with concrete examples taken from drug discovery.

Permeability of Ionizable compounds is ph-dependent

We have previously shown that permeability is pH-dependent for ionizable com-
pounds. This is illustrated in Figure 22.3 in which Caco-2 cell monolayers were 
used to measure the permeability of CGP75254A, an orally active iron chelator. 
Although the compound is well permeable at pH 6–7, Papp strongly decreased 
at pH 8 to values where poor absorption is anticipated. Physicochemical factors 
responsible for this variation of permeability around pH 7.4 were discussed by 
Lowther et al.18 Generally, when compounds with pKa values in the range of 
6–8 (as well as acids with pKa values below 7) are measured in Caco-2 cells at 
a single pH (usually 7.4), the results must be interpreted carefully, and possibly 
call for additional investigations. More recently, we have measured permeability 
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of the angiotensin II antagonist Valsartan with the same system: very poor per-
meability values were found using the standard assay (pH 7.4), whereas in ani-
mal studies the fraction absorbed was 30–40%. The reason is that Valsartan is a 
di-acid with pKa values at 4.7 and 3.9; therefore, it is highly charged at pH 7.4. In 
contrast, permeability pH-profile showed that permeability was becoming sig-
nificant at pH <5, thus allowing for absorption in the upper GI. Artificial model 
membranes are better suited to measure permeability pH-profiles than Caco-2 
monolayers because (1) the latter are difficult to maintain at pH <6.5, and (2) it is 
easier to reduce the unstirred layer thickness with artificial membranes.

solubility-limited absorption (bsc class II)

This is to illustrate how the flux (F = Pe × AC) is influenced by ionization con-
stants, permeability, and dose. The example illustrated in Figure 22.4 is a dibasic 
compound with pKa’s at 7.8 and 3.3. Figure 22.4A shows the solubility pH-pro-
file measured using the pH-metric technique.8 The permeability pH-profile of 
the compound was measured using the artificial membrane technique15 at two 
different concentrations in the donor compartment (Figure 22.4B, C): 0.05 mg/
mL and 0.001 mg/mL (MS detection). Figure 22.4B shows that logPe versus pH 
is bell-shaped with a maximum at pH 6.5. At low pH, the amount of compound 
that reaches the acceptor compartment is limited by a low permeability because 
the compound is largely ionized at pH <7. At pH >7, the flux between donor and 
acceptor compartments is limited by solubility. In fact, Figure 22.4B represents 
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the flux pH-profile rather than the permeability pH-profile. The maximum flux is 
reached at the pH where solubility becomes rate limiting at the concentration in 
the donor compartment (see dotted line in Figure 22.4A). When the experiment 
is repeated at a lower concentration (Figure 22.4C), the compound flux measured 
with the artificial membranes corresponds again to the permeability pH-profile, 
with permeability increasing with a fraction of neutral substance. The plateau of 
Figure 22.4C corresponds to the diffusion limit by the unstirred layers.

the Ionization/affinity/Permeability triad

In some cases, ionic bonds participate in the binding to the receptor or ligand. 
Hence, permeability and binding affinity will be strongly intercorrelated, and 
only a subtle balance between the two parameters will lead to good binding/
selectivity and acceptable absorption. This is illustrated in Figure 22.5 with a 
real example from one of our lead optimization programs. In this series, binding 
was lost when pKa was lower than 7.5 (presumably because the ionic bond was 
destroyed), whereas bioavailability was lost when the pKa was higher than 7.5 
because the fraction of neutral (permeable) species became too small. It is also 
worthy of mention that, in this case, experimental values are better suited than 
calculated values because subtle chemical modifications introduced to modulate 
ionization are not always properly taken into account by the software.

conclusIon and outlook

Physicochemical profiling has changed quite dramatically in the last decade. On 
the one hand, a number of new experimental and theoretical approaches have been 
explored, whereas on the other, considerable information has been generated related 
to the in vivo significance of the parameters measured or calculated. Numerous 
software programs are now available to predict octanol/water partition coefficients, 
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ionization constants, and solubility. Although the two former have probably reached 
maturity, significant improvements are still needed for the latter. Solvents other than 
octanol have been explored (hexane, hexadecane, chloroform, and dichloroethane) 
and have given additional insight into the understanding of the underlying forces gov-
erning drug disposition. Hydrogen-bond potential has emerged as perhaps the most 
critical parameter governing solubility/permeability properties. H-bond acidity and 
basicity can be estimated using software tools such as HYBOT (Raevsky approach) 
or ABSOLV (Abraham approach). As an alternative, the Polar Surface Area, a less 
computer-demanding parameter, was proposed. New experimental concepts have 
emerged, such as dissolution template potentiometric titration for solubility pH-pro-
file measurement, or the use of artificial membranes to measure permeability in the 
microtiterplate format. The most striking development from the end of the millen-
nium is probably the focus on physicochemical screening methods to rapidly assign 
BCS classification to large numbers of compounds, rather than the determination 
of true physicochemical parameters. This trend will probably continue and develop 
due to the pressure on early ADME profiling. New technological developments can 
be anticipated to cope with the increasing number of targets (through proteomics/
genomics approaches) and the increasing number of compounds to characterize. 
Challenges for the next generation of profiling tools will be to reduce the constraints 
on compound requirements for analysis (amounts, purity), whereas the predictive 
value should increase through improved data quality, parameter diversity, and data 
mining.
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23 Drug–Membrane 
Interaction and 
Its Importance for 
Drug Efficacy 

J.K Seydel, E.A. Coats, K. Visser, and M. Wiese

IntroductIon

In this review, the possible role of membranes on drug transport, distribution, accu-
mulation, efficacy, and resistance is discussed.

The interest in drug development, research, and QSAR is especially focused on 
the interaction of ligand (drug) molecules and the proteins of the specific receptor. It 
is widely assumed that the biological activity of drugs (such as tranquilizers, anes-
thetics, β-blockers, antidepressants, etc.) arises as a result of binding to active sites in 
membrane-bound proteins, whereas the lipid background is considered to play a more 
passive role. In the last decade, however, evidence is increasing that we may have 
underestimated the influence of drug–membrane interactions on drug action. These 
membranes do not consist of lipids only but possess polarized phosphate groups and 
neutral, positively or negatively charged head groups, and are highly structured and 
chiral. The consequences of drug–membrane interaction on transport, distribution, 
accumulation, efficacy, and resistance cannot always be explained sufficiently by 
mere partitioning processes, i.e., by log Poctanol/water.

In the case of chemotherapeutics, the interaction of the drug molecules with 
membranes of, for example, bacteria or fungi must be considered additionally. These 
membranes have a much more complex construction than mammalian membranes. 
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In many cases they are asymmetric, as for example, the membrane of Gram-negative 
bacteria.

This membrane is characterized by an outer hydrophilic core rich in polysac-
charides, and a hydrophobic phospholipid bilayer. Therefore, a balance in hydropho-
bic/hydrophilic properties is indicated for an effective inhibitor.

Experimental work on artificial lipid layers or model membranes has demon-
strated that the structural properties of these membranes may be strongly affected 
by the presence of membrane-associated molecules. Some of the possible events that 
can arrive from drug–membrane interaction are summarized in Table 23.1.

Examples of these events will be given during this review. A general model has 
been discussed by Herbette and co-workers.1 Because binding sites of some recep-
tors are embedded in the membrane, drug molecules need to interact favorably with 
membrane components in order to get access to the receptor. In addition to the influ-
ence of the membrane on drug distribution and rate of diffusion, the change induced 
in the organization of the bilayer by drug molecules can affect the conformation of 
membrane-associated receptors, thus modifying agonist–receptor interaction. Alter-
natively, the conformation of the drug may be changed in the membrane, or equilib-
rium between conformers is changed.

How can we measure and quantify drug–membrane interaction? Because of the 
physicochemical properties of phospholipids, they readily form bilayers (artificial 
membranes, liposomes) that can be used to study drug–membrane interaction and 
diffusion. The importance of neutral and charged liposomes for modeling such inter-
actions in various tissues has been shown on numerous examples. Methods to mea-
sure and quantify such interactions are summarized in nuclear magnetic resonance 
(NMR) techniques, differential scanning calorimetry, x-ray diffraction, Ca++-dis-
placement, fluorescence, and many other techniques that are excellent tools that allow 
sensitive determinations of the interaction of drugs with artificial membranes.2

Amphiphilic drugs, in particular, can interact strongly with membranes. A large 
number of drug molecules possess amphiphilic properties for producing a wide vari-
ety of pharmacological effects. These effects may be direct results of interaction 

table 23.1
drug Membrane Interaction

I. Action of the membrane on drug molecules

Diffusion through membranes may become rate limiting

Membrane may completely prevent diffusion to the active site

Solvation of the drug in the membrane may lead to conformational changes of the drug 
molecule

II. Drug action on membrane properties

Drug may change conformation of acyl groups (trans-gauche)

Drug may increase membrane surface

Drug may increase membrane fluidity

Drug may change membrane potential and hydration of head groups

Drug may change membrane fusion
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with proteins embedded in the membrane, or the indirect result of changes induced 
in the organization of the phospholipids. The latter effect can, for example, lead to 
changes in phase transition temperature at which transition from the gel to liquid 
crystalline phase occurs, which is characteristic for each phospholipid. Such drugs 
can displace Ca++ from phospholipid monolayers.3,4

NMR techniques offer even more detailed information. NMR spectra can be 
characterized by the magnetic field at which resonance occurs, depending on the 
surrounding of the nucleus considered, the degree of spin–spin coupling produced 
by neighboring effects, the spin lattice relaxation rate 1/T1, and the spin–spin relax-
ation rate 1/T2, the latter expressed as line width of the resonance signal.

The interaction between drug and phospholipid can change one or several of these 
parameters in a characteristic manner in both the drug and the receptor molecules.

Additional information on molecular conformation can be obtained by using 
the nuclear Overhauser effect (NOE) or transfer NOE, used to measure the distance 
between nuclei.5

These methods allow the changes in membrane organization to be localized and 
quantified, and they also provide information on substructures of the drug molecule 
that are involved in the interaction. Proton and 13C NMR spectra in the presence of 
phospholipids can lead to changes in 1/T1 and 1/T2 relaxation rates. The change in 
1/T2 is related to a decrease in rotational freedom of drug molecules in the presence 
of “receptor”. These changes, expressed as function of the drug–lipid ratio, can be 
used to determine KD values to quantify the degree of interaction. This parameter 
can then be used for the derivation of structure–activity (binding) relationships.6

drug transport

Drug transport may occur by passive diffusion processes through bilayers or pores. 
In the first case, we can expect to describe this by the octanol/water partition coef-
ficient, and in the second case by molecular weight or surface of the drug molecule. 
This has been exemplified by the diffusion-controlled onset of inhibition of E. coli 
cultures by rifampicin derivatives. The delay in onset of inhibition was a function of 
lipophilicity and concentration.7

On a series of sulfonamides, it can be shown that molecular weight becomes the 
rate-limiting step for the inhibitory activity if it becomes larger than 300. The pore 
size of E. coli membranes is about 600 kDa. If the activity is determined against 
whole cell bacteria, the variation in inhibitory activity (MIC) can be described by 
the steric effect of o-substituents and the molecular weight or the surface of the sub-
stituents, respectively.

In contrast, the inhibitory activity of the same sulfonamides against the iso-
lated target enzyme depends solely on the steric effect of the substituents, whereas 
molecular weight is no longer a limiting factor.8

In case of mammalian membranes, it has been shown that the placental transfer 
ratio (TR) of a heterogeneous set of compounds through the placental membrane can 
significantly be described by the octanol/water partition coefficient, i.e., only the 
overall partition coefficient of the molecule in octanol mimics drug transport.9
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 logTR = 0.39 (0.068) log P − 0.478 (0.054) log (0.53 P + l) − 0.03 (0.11)  (23.1)

 n = 20  r = 0.96  s = 0.09  F = 54

If other than bulk effects, as for example hydrogen-binding capacity, are involved 
in the diffusion process, the octanol/water partition coefficient alone is not a suf-
ficient parameter. This is true for the transport across the more complicated blood–
brain barrier. In this case, R.C. Young et al.10 have introduced Δlog P, the difference 
between the partition coefficient in the system octanol/water and cyclohexane–water, 
as a measure of overall hydrogen-binding capacity. A satisfying relation between 
Δlog P and the rate of brain penetration for a heterogeneous series of compounds 
has been found.

drug dIstrIbutIon and accuMulatIon

There is another important aspect of drug–membrane interaction, the distribution or 
accumulation of drug molecules in membranes. When one ligand interacts with two 
different biological samples, one containing the receptor subtype I and the other the 
receptor subtype II, apparent dissociation constants of the ligand-receptor complex 
can be obtained from log dose–response curves. The usual interpretation is that the 
stronger affinity, e.g., at side II, is a consequence of the ligand structure meeting the 
receptor requirements of site II better than of I.

An alternative interpretation, however, is that the ligand is present near site II in 
a greater concentration or in a more suitable conformation and orientation than near 
site I.11 This could be the consequence of a ligand–membrane interaction near the 
membrane-bound receptor. In that case, the membrane requirements of site I and II 
are different.

This can be shown by the partition behavior of dihydropyridine type compounds 
into biological membranes. The partitioning into sarcoplasmic reticulum for some 
derivatives has been determined by Herbette and co-workers and compared with 
partition coefficients obtained for the system octanol/water12 (Table 23.2).

Two facts are becoming immediately obvious:

 1. The partitioning into biological membranes is much stronger as compared 
to the octanol/water system.

 2. The ranking is different.

The first point is of great importance. It means that the concentration within the 
membrane is considerably higher as compared to the surrounding water phase. This 
means that KD values using concentrations in the water phase are certainly not cor-
rect. It is obvious that the partition coefficients do not only depend on the structure of 
the drug molecules but also on the structure and composition of the biological mem-
branes. There are data available from the literature, which strongly support these 
arguments. Validiva and co-workers13 have used a calcium channel reconstituted into 
planar bilayers of different phospholipid constitution. They were able to show that 
the affinity of a positively charged dihydropyridine is increasing by a factor of 10 
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when the ratio of charged-to-uncharged phospholipids was increased by a factor of 
2. As cholesterol is also changing membrane properties and, by this, drug distribu-
tion into membranes, this effect also has to be considered for disease states such as 
hypercholesterolemia.

Scheufler et al.14 have published the partition coefficients using biological mem-
branes for another series of compounds (Table 23.3). The partition coefficients of 
these drugs into biological membranes correlate—as shown in previous tables—
only on a statistically, not highly, significant level with log Poctanol/water. The predic-
tion power is very poor (r2 = 0.27). In contrast, a highly significant correlation is 
obtained if the change in spin–spin relaxation rate (Δ 1/T2) of protons of the ligands 
in the presence of phospholipids is used as a measure of drug–membrane interaction 
(atria/medium AT/M).

 log AT/M = 0.861 (0.33) log 1/T2 + 1.428 (0.34) (23.2)

 n = 5  r2 = 0.96  s = 0.21   r2
cross val. = 0.89  F = 68.8

The predicitive power is on the 90% level using the leave-one-out procedure.
Additional information on the substructure involved in the interaction can be 

obtained by NMR measurements. In the case of verapamil, a clear-cut difference 
in the involvement of substructures can be derived from the NMR measurements. 
In contrast, amiodarone shows the involvement of all substructures of the molecule 
in the drug–lipid interaction. This finding is supported by results from x-ray dif-
fraction measurements showing amiodarone deeply buried into the lipid hydrocar-
bon chain.14,15 Simulation of the binding mode of the energy-minimized structures 
of these two drugs into a complex of four lipid PPC molecules are in agreement 
with the x-ray and NMR studies. A high-binding energy is found for amiodarone 
buried between the hydrocarbon chains, whereas the calculated binding-energy for 

table 23.2
partition coefficients of dihydropyridine-type drugs into biological 
Membranes and into n-octanol

drug
partition coefficient into 
biological Membranesa

partition coefficient into 
octanol/buffer

Bay P 8857 125,000  40

Iodinine 26,000 —

Amlodipine 19,000  30

Nisoldipine 13,000  40

Bay K 8644 11,000 290

Nimodipine 6,300 730

Nifedipine 3,000 —

a The values shown were obtained using sarcoplasmic reticulum, but similar values were obtained with 
cardiac sarcolemmal lipid extracts. The results indicate a primary interaction of the drug with the 
membrane bilayer component of these biological membranes.
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verapamil is significantly larger in the extended conformation where that part of the 
molecule for which no change in 1/T2 has been observed is not interacting with the 
phosphor head group but reaches into the water phase.

An example where even the preferred conformation of the drug molecule is 
changed in lipid environment is N-alkyl substituted benzylamines. These compounds 
produce negative inotropic effects (beating rate and contractile force, guinea-pig 
atria), which increases strongly at chain length larger than 4. We were able to show 
that this nonlinear increase in activity with chain length was due to a change in 
preferred conformation.3,5 Up to a chain length of n-butyl, the extended molecular 
structure exists in the absence and presence of phospholipids. With longer chain 
length, however, a folded conformation is preferred in the presence of lipids.6 Thus, 
the active conformation is created in lipid environment.

Next, some examples are presented where drug–membrane interaction seems to 
be directly related to drug efficacy. Neuroleptics act on the sodium/potassium chan-
nels, which are embedded on phospholipid-containing membranes. In a cooperative 
study with Astra Medica with the aim to reduce animal experiments, the interaction 
of flupirtine derivatives with phospholipid vesicles using NMR technique has been 
analyzed. The interaction was quantified, as discussed before, by the change in 1/T2 
for the methylene protons as a function of increasing phospholipid concentration. 
Linear dependence was observed for a large range of lipid concentrations. The slope 
of such plots was used to characterize the degree of interaction. A highly significant 
correlation between the degree of interaction and the observed in vivo neuroleptic 
effect, measured in the metrazole electroshock test (MES), was observed.6

 log I/I50. MES = 0.722 (0.12) log I/T2 + 3.00 (0.19) (23.2a)

 n = 13  r2 = 0.94  s = 0.086  r2
cross val. = 0.92  F = 178

The increase in interaction was paralleled by an increase in the pharmacological 
effect over a large range of activity. It is also obvious that the correlation obtained 

table 23.3
erythrocyte (e/M) and tissue (t/M) Medium ratios of the drugs in Human 
erythrocytes, rat aortas, and left atria at pH 7.2 and Medium 
concentration 10−6 mol/l

  drugs e/M t/M (aortas) t/M (left atria)

Flunarizine 196 ± 3 682 ± 52 784 ± 155

R 56865 37 ± 2 230 ± 47 402 ± 37

Nitrendipine 18 ± 1 77 ± 2 96 ± 4

Verapamil 6 ± 1 23 ± 2 57 ± 6

Diltiazem 3 ± 0.3 11 ± 0.8 28 ± 2

Lidocaine 1.5 ± 0.5 4.5 ± 1.1 5.0 ± 0.5

Note: The values represent mean ± S.D. (n = 6).
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using octanol/water partition coefficients of the compounds instead of the degree of 
interaction with phospholipids (1/T2) is inferior (r2

c.v. = 0.678).6

 log I/I50. MES = 0.411 (0.134) log k′oct. + 3.482 (0.23) (23.2b)

 n = 13  r2 = 0.79  s = 0.158  r2
cross val. = 0.678  F = 45

Especially, those derivatives bearing a polar substituent at the benzene ring deviate 
from the regression. This indicates again that the octanol/water partition coefficient 
is not a sufficient system if other than bulk effects are involved.

A change in lipophilicity at the ethyl carbamate group of the pyridine ring leads 
to a decrease in activity. Probably, the distribution of hydrophobic surface with 
respect to the cationic center of the flupirtine molecule is of importance. It could 
influence the orientation of the drug molecule in the membrane.

Another example, where the biological effect could be related to the partition-
ing into membranes, is taken from a paper of Choi and Rogers.16 These authors have 
studied the partition behavior of adrenergic compounds using differently charged 
liposomes and also octanol. They found an excellent linear correlation between the 
hypotensive effect (PC25) and the partition coefficient (km2) determined with neutral 
and negatively charged liposomes but not with logPoctanol (r = 0.69).

 PC25 = −2.562 (1.13) logkm2 + 6.33 (23.3)

 n = 5  r2 = 0.94  s = 0.228  r2
cross val. = 0.84  F = 51.6

We have determined the retention time for these derivatives on a phosphatidylserine-
covered column and found the same excellent correlation with the hypotensive effect.

 PC25 = −2.449 (0.79) log krPPC + 3.44 (0.79) (23.4)

 n = 6  r2 = 0.95   s = 0.21  r2
cross val.= 0.91  F = 81.4

An example in which the inflammatory effect is correlated with the broadening of 
the transition peak of DPPC vesicles in the presence of a sulindac metabolite has also 
been published.17 Unlike the active sulfite metabolite—produced in vivo—neither 
sulindac nor the sulfone derivative shows any effect on the sharpness of the transi-
tion peak, and both are pharmacologically inactive. The change in cooperativity of 
the lipid chains seems to be correlated with activity, i.e., important for the function-
ing of anti-inflammatory agents.

drug–MeMbrane InteractIon and drug resIstance

Drug resistance is an increasing problem in the therapy of diseases caused by bac-
teria as well as in tumor therapy. Various mechanisms are responsible for the occur-
rence of drug resistance, for example:
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Mutation or selection under therapy
Change in cell wall of target cells
Overproduction of target enzymes or proteins
Change in conformation of binding site

Again, we would like to discuss two examples with respect to the possible role of 
drug–membrane interactions for resistance—one on resistant bacterial cells, and the 
other on resistant tumor cells.

The first example is on E. coli, highly resistant toward inhibitors of dihydrofolic 
acid reductase (DHFR), of the benzylpyrimidine type. The results are at the same 
time a warning to be careful in interpreting QSAR equations. From QSAR analysis 
of a series of benzylpyrimidines tested against drug-sensitive and drug-resistant E. 
coli, Hansch and co-workers concluded that one can design more effective drugs 
against resistant bacteria and cancer cells by making more lipophilic congeners.18 
We have repeated such studies using resistant and sensitive E. coli and DHFR iso-
lated from such bacteria. The resistant strain used, E. coli RT 500, is a DHFR over-
producer. In whole-cell bacteria, a steady decrease, and in resistant cells, an increase 
in inhibitory activity was noticed with increasing chain length, i.e., lipophilicity. 
Thus far, this is in agreement with the results by Hansch.

The results from the cell-free systems, using DHFR extracted from those two E. 
coli strains, show, however, that there is no change in the conformation of the active 
site. The inhibitory activity toward DHFR derived from sensitive and resistant cells 
follows the same ranking, trimethoprim being about 10 times more effective than the 
other derivatives, with no influence on chain length (Table 23.4).

At first glance, this could support the hypothesis of Hansch that more lipophilic 
derivatives are more easily transported through the cell wall of resistant cells. How-
ever, comparing the dose–response curves, it became obvious that there was a dra-
matic difference, indicating a change in mechanism of action with chain length in 
the case of resistant cells.

This was further supported by the observation that these derivatives show no 
synergism with sulfonamides in the case of resistant strains and acting antagonisti-
cally in combination with trimethoprim.6 The structure–activity relationship found 
for the sensitive strain can be described by Equation 23.5 for the resistant strain by 
Equation 23.6 using the capacity factor logk1 from HPLC experiments on an octanol-
covered reversed-phase column.

 log 1/I50 E. coli sens. = − 0.939 log k′r + 0.121 (log k′r)2 + 296 (23.5)

 n = 7  r = 0.99  s = 0.10  F = 107

 log 1/I50 E. coli res. = − 0.276 log k′r + 1.164 log (0.051 k′ + 1) − 3.02 (23.6)

 n = 9  r = 0.99  s = 0.167  F = 83.9

•
•
•
•
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One can conclude that these benzylpyrimidines are no longer DHFR inhibitors in the 
case of the resistant strain but inhibit bacterial growth by interacting with the mem-
brane of this resistant strain as a detergent, a cationic soap. The resistant strain is not 
only an overproducer of DHFR but also has defects in its membrane. It has partially 
lost its hydrophilic outer core, so that these compounds can partition into lipids and 
may form micelle structures.

Finally, some of our results are presented: the reversal of multidrug resistance in 
tumor and plasmodial cells by amphiphilic drugs. This property was first reported 
for the Ca++-antagonist, verapamil.

In several papers, it is argued that these amphiphilic compounds prevent binding 
of antitumor and antimalarial drugs to a P-glycoprotein, which transports the drug 
out of the cells, thus preventing accumulation of the drug in the infected resistant 
cells.19 The P-glycoprotein is overproduced in several resistant cell types. We remain 
unconvinced of the general applicability of this hypothesis because:

 1. Resistance of very different cells (tumor, bacteria, plasmodia) can be reversed, 
and also in cases where no overproduction of P-glycoprotein is observed.

 2. Amphiphilic drugs with very different structures and conformation can 
reverse multidrug resistance.

Among potential mechanisms under investigation in our laboratories, the ability 
to reverse drug resistance by changes in membrane fluidity (permeability) remains 
most attractive.

Support for this mechanism can be achieved from results obtained from studies 
on tetracycline-resistant E. coli. This resistance was effectively reversed upon addi-
tion of known membrane-active drugs: desipramine and maprotiline.20

table 23.4
Inhibitory activity (I50, μM) of 3-Methoxy-4-alkoxybenzylpyrimidines in 
cell-Free and Whole-cell systems of E. coli atcc (tMp sensitive) and 
E. coli rt 500 (tMp resistant) and the lipophilicity descriptor logk´r

N

N

NH2

CH2

H2N

OCH3

O(CH2)xCH3
I50 (μM)  

cell-Free E. coli
I50 (μM)  

Whole cells E. coli

logk´r    gH3oX atcc 11775 rt 500 atcc  11775 rt 500

Trimethoprim, TMP 0.0018 0.0023 0.97 1147 0.211

GH O1 — — 1.46 1168 0.706

GH O2 0.02 0.017 4.99 885 1.299

GH O3 0.014 0.013 13.43 738.2 1.849

GH O4 0.015 0.015 17.52 163 2.427

GH O5 0.018 0.018 29.20 55.6 3.001

GH O6 0.022 0.021 31.20 18.6 3.575

Brodimoprim 0.0018 0.0011 0.81 118.4 1.382
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For a series of catamphiphilic drugs, the interaction with phospholipids was stud-
ied using NMR relaxation measurements. It was found that the ranking in interaction 
strength for various drugs was similar to the reported ranking in the concentration 
required to reverse chloroquine resistance in plasmodia (Table 23.5).

An interesting example comes from reports comparing reversal of doxorubicin 
resistance in MCF-7 tumor cells by tricyclic drugs related to chloropromazine. Par-
ticularly intriguing was the finding that trans-flupentixol (a neuroleptic drug) was 
about three times more effective in reversal of resistance as compared to the cis-iso-
mer. This suggests stereospecific interaction with some biomolecule. Both flupentixol 
isomers were subjected to NMR-binding studies with the result that trans-flupentixol 
binds more than two times stronger to liposomes of lecithin than the cis-isomer.6

In this respect, it is interesting to note that it has been shown by Aftab et al.21 
that trans-flupentixol is also about three times more potent in the inhibition of pro-
tein kinase C. The latter enzyme needs phosphatidylserine for its activation and is 
responsible for the phosphorylation of the glycoprotein and its drug-pumping activ-
ity. As phosphorylation is in equilibrium with dephosphorylation by phosphatase 1 
and 2A, the inhibition of protein kinase C by the interaction of catamphiphilic drugs 
with the activating phosphatidylserine could be the mechanism as proposed by us. 
It could explain why compounds possessing very deviating structure, but similar 
physicochemical properties, are active in reversal of multidrug resistance.

Before proceeding to make some concluding remarks, it is noteworthy to point 
to the pharmacological effects of lipids themselves, as for instance their platelet 
activation activity, the histamine release by phosphatidylserine, the various effects 
of lysophosphatidylcholine, and last but not least, the anticancer activity of several 
lipid ethers.

table 23.5
reversal of chloroquine resistance with antidepressant drugs

drug

concentration to reverse 
chloroquine resistance to 50% 

West african strain Fcr-3  
(µmol/l)*

concentration to reverse 
chlorphentermine binding to 

the phospholipid  
(µM)

Imipramine 107 0.877

Desipramine 150 0.530

Doxepin 250 1.400

Maprotiline 595 0.270

Verapamil 1300 2.07

Trazodone >1345 >>2.00

* Bitonti, A.J. et al., Reversal of chloroquine resistance in malaria parasite Plasmodium falci-
parum by desipramine, Science, 242, 1301, 1988. With permission.
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conclusIon and suMMary

Some aspects of drug–membrane interaction and its influence on drug transport, 
accumulation, efficacy, and resistance have been discussed. The interactions mani-
fest themselves macroscopically in changes in the physical and thermodynamic 
properties of “pure membranes” or bilayers. As various amounts of foreign mol-
ecules enter the membrane, in particular, the main gel-to-liquid crystalline phase 
transition can be dramatically changed. This may change permeability, cell fusion, 
and cell resistance, and may also lead to changes in conformation of the embedded 
receptor proteins. Furthermore, specific interactions with lipids may lead to drug 
accumulation in membranes, and thus to much larger concentrations at the active 
site, than present in the surrounding water phase. The lipid environment may also 
lead to changes in the preferred conformation of drug molecules. These events are 
directly related to drug efficacy.

The determination of essential molecular criteria for the interaction could be 
used to design new and more selective therapeutics. This excursion in some aspects 
of drug–membrane interaction underlines the importance of lipids and their interac-
tion with drug molecules for our understanding of drug action. This is not really a 
new thought but was formulated in 1884 by THUDICUM:

“Phospholipids are the centre, life and chemical soul of all bioplasm whatsoever, that 
of plants as well as animals.”

For further information and more details on drug–membrane interaction, see 
Reference 22.
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AbstrAct

The acquired immunodeficiency syndrome (AIDS) related to HIV-1 infection is one 
of the most serious threats to human health, and it has been estimated that more 
than 25 million people have died since it was first recognized. In the fight against 
AIDS, first- and second-generation non-nucleoside reverse transcriptase inhibi-
tors (NNRTIs) are now established as part of highly active antiretroviral therapy 
(HAART) for treating HIV infection. However, the efficacy of currently avail-
able NNRTIs, e.g., nevirapine (NVP, Viramune®), delavirdine (DLV, Rescriptor®), 
and efavirenz (EFV, Sustiva®, Stocrin®), is impaired by rapid emergence of drug 
resistance. On the other hand, as patients live longer on HAART therapy and the 
pool of NNRTI-resistant viruses increases, so does the need for the development of 
new NNRTIs with antiviral activity against clinically relevant mutant strains. Our 
research group was recently involved in a multitarget approach to defeat the HIV 
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virus, focusing on the inhibition of HIV-1 reverse transcriptase according to both 
classical and nonclassical approaches.

Here, we will report an efficient methodology for the parallel solution-phase 
synthesis of a series of thiouracils, in turn selectively S-benzylated under microwave 
irradiation to give new S-DABOs. S-DABO derivatives, endowed with subnanomo-
lar anti-HIV-1 activity, were subjected to docking and molecular dynamic studies, 
with the aim of rationalizing their activity both within the wild-type:RT and K103N:
RT nonnucleoside binding pocket (NNBP).

A combinatorial approach led instead to the identification of a new class of com-
pounds (namely 6-vinylpyrimidines) endowed with an unprecedented mechanism of 
action: these compounds are the first NNRTIs competing with the nucleotide sub-
strate. An enzymological and computational study has been conducted to elucidate 
their unique mechanism of action.

IntroductIon

The current therapy against the human immunodeficiency virus type 1 (HIV-1), the 
causative agent of AIDS, is based on four classes of drugs: the nucleoside reverse 
transcriptase inhibitors (NRTIs), the NNRTIs, the protease inhibitors (PIs), and the 
fusion inhibitor enfuvirtide. The United States Food and Drug Administration (FDA) 
has to date approved 22 individual monotherapies to directly treat the HIV infection. 
Initial binding of the virus to host CD4+ cells is blocked by one of these inhibitors, 
and ten of these agents target the viral protease, the key enzyme involved in protein 
maturation and viral assembly. The remaining inhibitors are directed against the 
viral reverse transcriptase (RT) and represent the cornerstone of anti-HIV therapy.1 

Although NRTIs are equally active against HIV-1 and HIV-2 RT, acting at the cata-
lytic site as DNA chain terminators,2 NNRTIs are highly specific for HIV-1 and 
include more than 30 structurally different classes of molecules, such as nevirapine,3 
TIBO,4 BHAP,5 α-APA,6 PETT,7 HEPT,8 TNK-651,9 ITU,10 DATA,11 and DAPY12–14 
(Chart 24.1).

The HIV-1 RT is a multifunctional enzyme, consisting of a p66 and a p51 sub-
units (Figure 24.1), responsible for the conversion of single-stranded RNA viral 
genome into double-stranded DNA. Lacking a biological counterpart in the eukary-
otic systems, RT is an attractive target for development of selective inhibitors.

Studies carried out on crystal structures of different RT/NNRTI complexes sug-
gest that NNRTIs share a common mode of action, binding the RT enzyme at an 
allosteric site corresponding to a hydrophobic pocket in p66, called nonnucleoside 
inhibitor binding pocket (NNIBP). NNIBP is located approximately 10 Å from the 
catalytic site in the p66 subunit, and only a small portion of it is formed by amino 
acid residues belonging to the p51 subunit.9,15–22 During the process of inhibitor bind-
ing, significant conformational changes occur in the orientation of the side chain 
of some residues (particularly Tyr-181 and Tyr-188), leading to the formation of the 
NNIBP to accommodate the inhibitors.

It is evident, from a comparison of the various RT structures, that the NNIBP 
has a very flexible structure, and this characteristic allows the enzyme to accom-
modate structurally diverse inhibitors having different shapes and sizes,23 such as 
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FIgure 24.1  Reverse transcriptase subunits in complex with DNA.
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the approved drugs nevirapine, delavirdine, and, efavirenz, which all bind at a simi-
lar site distal to the active site within RT.15,16,24 Although NNRTIs generally exhibit 
low toxicity and favorable pharmacokinetic properties, it has been observed that the 
rapid replication of HIV and its inherent variability often lead to the generation of 
drug-resistant variants responsible for the clinical NNRTI treatment failure.25,26

Therefore, the development of novel NNRTIs with improved pharmacological, 
pharmacokinetic, and drug resistance profiles is critical for a more successful appli-
cation of NNRTIs in combination therapy.

Among NNRTIs, dihydro-alkoxy-benzyl-oxopyrimidines (DABOs) are an inter-
esting class of compounds active at nanomolar concentration that were first discov-
ered in 199227 (Chart 24.2a) and further developed during the following years into 
S-DABO (Chart 24.2b) and related analogues.

Here, we will describe the microwave-assisted synthesis and biological evaluation 
of a series of S-DABO derivatives characterized by the presence of an arylalkylthio 
substituent of variable length at position 2, a CH3 group at C-5, and a halogenated 
benzyl group at the 6 position.28 Results from in vitro anti-HIV RT assays and anti-
HIV activity in lymphoid cells showed activity values in the nanomolar and sub-
nanomolar range, respectively.

Moreover, with the aim of identifying new lead compounds for the development 
of novel NNRTIs capable of overcoming the effects of resistant mutations, and in 
continuous efforts toward the development of new methodologies for the synthesis 
of pyrimidine and pyrimidinone derivatives, we have set up a simple and efficient 
methodology for the parallel solution-phase synthesis of a small library of pyrimi-
dine derivatives. A preliminary biological screening of these compounds on wild-
type (wt) HIV-1 RT allowed the development of a focused library of derivatives, a 
selection of which (a–e; see Chart 24.3) is described here.29 Enzymological studies 
revealed that such compounds bind the NNIBP of the enzyme but, contrary to the 
NNRTIs reported to date, they inhibit HIV-1 RT by a competitive mechanism with 
the nucleotide substrate.
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chArt 24.2  (a) First disclosed DABO and (b) S-DABOs compounds.
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S-dAbo

Recently, compounds 6 and 7 were identified by us as by-products of cleavage of 
thiopyrimidinones from Wang resin (Chart 24.4).30 Considering their structural sim-
ilarity to known S-DABOs, these compounds were tested as possible NNRTIs and, 
despite their moderate activity (IC50 400 μM), we became interested in investigat-
ing the influence of the arylalkyl moiety on anti-HIV activity because only scat-
tered examples of S-DABOs having this kind of substitution at position 2 had been 
reported in the literature. Therefore, we planned to design a number of S-DABO 
derivatives characterized by the presence of the following:

 1. An arylalkylthio substituent at position 2 that represents the focus of our 
investigations. To expand the SAR of S-DABOs, the substitution pattern on 
the phenyl ring was broadly varied, as well as the length of the alkyl spacer, 
which was increased from one to three carbon atoms.

 2. A 5-methyl group that was kept fixed in all the molecules, as a conforma-
tional constraint with the aim of enhancing the affinity for the enzyme.

 3. A halogenated benzyl group at the 6 position, which was expected to 
improve a putative π-stacking interaction between the electron-deficient 
benzene ring of the ligand and the electron-rich benzene ring of Tyr-188 
located in the allosteric site of the enzyme.31

R = (a) CH3, (b) C2H5, (c) C3H7 Compound d Compound e 
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chArt 24.3  6-Vinylpyrimidine inhibitors a–e.
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chemIstry

In view of a more extensive functionalization of the positions 5 and 6 of the thiopy-
rimidinone scaffold, we devised a simple and efficient methodology for the paral-
lel solution-phase synthesis of thiouracils 8–10 using a Büchi Syncore® synthesizer 
(Scheme 24.1). Potassium ethyl 2-methylmalonate 11 was partitioned into three 
reaction vessels and reacted with three substituted phenylacetyl imidazolides in the 
presence of magnesium dichloride/triethylamin system in acetonitrile, according to 
the Clay procedure,32 to give, after a simple liquid-phase extractive purification, the 
β-keto esters 12–14. Subsequent condensation of 12–14 with thiourea in the presence 
of sodium ethoxide in refluxing ethanol afforded 6-benzyl-2,3-dihydro-5-methyl-2-
thioxopyrimidin-4(1H)-ones (8–10).

Exploitation of this procedure might allow the rapid synthesis of a large number 
of S-DABO derivatives variously substituted at positions 2, 5, and 6 for further SAR 
studies in this class of compounds.

5,6-Disubstituted thiouracils 8–10 were selectively S-benzylated under micro-
wave irradiation with the appropriate substituted benzyl halide in dry DMF in the 
presence or absence of potassium carbonate (method A) (Scheme 24.2).33

Alternatively, 8–10 were S-benzylated using the appropriate benzyl alcohol via 
a microwave-assisted Mitsunobu reaction in the presence of trimethylphosphine and 
diisopropylazodicarboxylate (DIAD) in dry DMF (method B). In both cases, the use 
of microwaves allowed us to obtain, in a few minutes, the desired products in high 
yield and good purity.

Finally, sulfides 18, 20, 25 were oxidized to sulfones 41–43 with m-chloroper-
benzoic acid in dichloromethane at room temperature.34

All the compounds were obtained with more than 95% purity, as shown by 
HPLC-MS analysis (Table 24.1)

results And dIscussIon

Compounds 15–40 and 41–43 constitute a new family of S-DABO characterized 
by the presence of an arylalkylthio substitution at C-2, a methyl group at C-5, and a 
halogenated benzyl group at C-6 of the pyrimidinone nucleus, which were prepared 
in a straightforward fashion by alkylation of three different 6-substituted 2-thioura-
cils (8–10) and subsequent oxidation of the sulfur atom (41–43).
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scheme 24.1  (i) a. MgCl2, Et3N, CH3CN, rt, 360 rpm, 2 h; b. substituted phenylacetic 
acid, N, N-carbonyldiimidazole, rt, 360 rpm, overnight then reflux, 360 rpm, 2 h; c. 13% HCl, 
rt, 360 rpm, 10 min; (ii) thiourea, EtONa, reflux, 360 rpm, overnight.
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The new compounds were evaluated in enzymatic tests for their ability to inhibit 
either wt or mutated RTs as well as on MT-4 cells for cytotoxicity and anti-HIV-
activity, in comparison with nevirapine and efavirenz used as reference drugs. In 
particular, the following mutants were used: K103N and Y181I for enzymatic tests, 
K103N, Y188L, and IRLL98 (bearing the K101Q, Y181C, and G190A mutations 
conferring resistance to nevirapine, delavirdine, and efavirenz) for tests on cell 
lines. The results of these assays for selected compounds are reported in Table 24.2. 
Although previous findings obtained with other S-DABO series highlighted the 
importance for optimal activity of a 2,6-difluorobenzyl substituent at position 6,35 
in our case this type of substitution proved to be less profitable with respect to the 
corresponding 2,6-dichlorobenzyl group. In fact, although compound 20 was highly 
active both in enzymatic and cell tests, showing appreciable activity also against 
IRLL98, compound 34 (i.e., the analogue of compound 20 with 2,6-difluorobenzyl 
group) retained activity only against the wt RT. Moreover, a striking difference in 
activity can be observed between 25 (which displays a full range of activity at low 
concentrations, and is thus one of the most interesting compounds of the series) and 
37, whose activity was limited to wild-type virus and unrelated to RT inhibiting 
properties (see Chart 24.5).

In line with these observations, the presence of a 6-(4-fluorobenzyl) group led to 
the substantially inactive compounds 39 and 40 (data not shown).

On the basis of these results, we kept fixed the 6-(2,6-dichlorobenzyl) substitu-
ent and systematically modified the C-2 position. The 4-hydroxybenzyl group, found 
in our lead compounds 6 and 7 (Chart 24.4) and also present in compound 19, did 
not positively contribute to the antiviral activity. Replacement of the OH group with 
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scheme 24.2  (i) substituted benzyl halide, DMF, MW, 130°C, 5 min (method A) or sub-
stituted benzyl alcohol, trimethylphosphine, DIAD, DMF, MW, 40°C, 10 min (method B); (ii) 
mCPBA; CH2Cl2, rt, 360 rpm, overnight.
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H, F, Cl, Br, iPr, and CN improved the general biological profile (compounds 15–18, 
and 24), with activity ranging from 0.39 to 103 μM in enzymatic tests, and from 
0.11 to 0.83 μM on cells infected with wild-type virus. No interesting activity was 
observed on mutant strains, with the exception of 24, which retained activity on 
clinically relevant mutants at a micromolar or submicromolar concentration. Mov-
ing the substituent (F, Cl, CN) from the para to meta position on the aromatic ring 
did not modify the biological response to the molecules (26–28). On the other hand, 
replacement of the OH group with NO2 led to the very interesting compound 25 (vide 
supra), whereas substitution of the OH group with alkoxy groups gave compounds 
20–22, whose activity was strongly dependent on the length of the alkyl moiety. 
Thus, whereas 21 and 22 (p-ethoxy and p-butoxy group, respectively) were only 

tAble 24.1
chemical and Physical data of compounds 15–43

compound r r1 n
mp  
(°c)

yield  
(%)

method of 
synthesis

15 2,6-diCl H 1 236–237 50 A

16 2,6-diCl 4-F 1 205–206 50 A

17 2,6-diCl 4-Cl 1 214 65 A

18 2,6-diCl 4-Br 1 219 67 A

19 2,6-diCl 4-OH 1 204–206 64 B

20 2,6-diCl 4-OCH 1 197–199 72 A

21 2,6-diCl 4-OCH2CH3 1 218–221 73 B

22 2,6-diCl 4-OBu 1 201–205 79 B

23 2,6-diCl 4-iPr 1 221–223 60 A

24 2,6-diCl 4-CN 1 232–235 78 A

25 2,6-diCl 4-NO2 1 231–232 55 A

26 2,6-diCl 3-F 1 238–239 50 A

27 2,6-diCl 3-Cl 1 232 51 A

28 2,6-diCl 3-CN 1 203 77 A

29 2,6-diCl 2,4-diOCH3 1 217–219 72 B

30 2,6-diCl 3,4-diOCH3 1 195–196 65 B

31 2,6-diCl 3,5-diOCH3 1 246–247 50 A

32 2,6-diCl 4-OCH3 2 182–183 53 B

33 2,6-diCl 4-OCH3 3 180–182 67 B

34 2,6-diF 4-OCH3 1 170–171 52 A

35 2,6-diF 4-iPr 1 179–181 49 A

36 2,6-diF 4-CN 1 247–248 57 A

37 2,6-diF 4-NO2 1 248–250 40 A

38 2,6-diF 3,5-diOCH3 1 228–230 59 A

39 4-F 4-NO2 1 246 56 A

40 4-F 4-OCH3 1 190 63 A

41 2,6-diCl 4-OCH3 1 171–174 71

42 2,6-diCl 4-NO2 1 175–180 55

43 2,6-diCl 4-Br 1 241–244 50
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moderately active on the wt, compound 20 (p-methoxy) was endowed with very sig-
nificant activity in the nanomolar range toward both wild-type and IRLL98 strains, 
as well as with low toxicity (SI > 4600). The simultaneous presence on the aromatic 
ring of more than one methoxy group negatively affected the biological activity. In 
particular, whereas a modest effect on wt RT can still be ascribed to compounds 29 
and 30 (having a substituent at the para position), no interesting activity was demon-
strated by 31 and 38 (R = 3,5-dimethoxyphenyl). Even more detrimental to antiviral 
activity was the presence of a bulky group on the aryl moiety, as for compounds 23 
and 35 (data not shown).

A very marked improvement of the biological profile was obtained by increasing 
the length of the linker connecting the aromatic ring to the sulfur atom. Compounds 
32 and 33 (n = 2 and 3, respectively) proved to be the most interesting among the new 
derivatives. In particular, 32 exhibited anti-HIV activity on cells infected with either 

tAble 24.2
Anti-hIV-1 Activity data of a selection of S-dAbos and of three reference 
compounds

Id50 (μm)a,b ec50 (μm)a,c

compound wt K103n y181I nl4-3 wt Irll98 K103n y188l

20 0.004 102 150 0.007 0.047 4.7 >32

21 2 nad na 0.25 1.9 >58 >58

22 2.8 na na >3.1 34% at 11e >3.1 >3.1

24 103 na na 0.17 1.0 0.10 >60

25 0.009 0.12 0.22 0.79 3.3 11 31%

29 25 na na 1.33 >55 >55 >55

30 1.2 na na 0.20 0.93 10 >55

32 0.026 3.2 1.5 <0.00014 0.00022 0.87 6.9

33 0.037 0.5 0.3 0.00044 0.11 >1.0 >1.0

34 0.007 3.5 na 0.026 0.69 0.69 10

36 0.76 na na 0.052 >65 >65 >65

37 na na na 0.074 >62 >62 >62

41 0.006 10 27 >2.8 >2.8 >2.8 >2.8

42 na na na >53 >53 >53 >53

43 na na na >50 >50 >50 >50

Nevirapine 0.4 8 20 0.052 >7.5 3.9 >7.5

Efavirenz 0.04 0.4 0.1 0.001 0.2 0.057 0.3

AZT 0.003 0.008 0.003 0.003

a Data represent mean values of at least two experiments.
b ID50: Inhibiting dose 50 or needed dose to inhibit 50% of enzyme.
c EC50: Effective concentration 50 or needed concentration to inhibit 50% HIV-induced cell death, evalu-

ated with MTT method in MT-4 cells.
d na: Not active at 400 µM (the highest concentration tested).
e Percentage inhibition of HIV-induced cell death at the reported µM concentration.
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wild-type or pluriresistant virus (IRLL98) at subnanomolar concentrations, together 
with low cytotoxicity (SI > 410000). On the whole, this compound showed an anti-
HIV profile superior to that of nevirapine and comparable to that of efavirenz, thus 
emerging as the most active S-DABO analogue reported thus far. Further lengthen-
ing of the linker led to compound 33, which, though retaining very good anti-HIV 
activity, was endowed with higher cytotoxicity.

Finally, basically inactive compounds (41–43) were obtained by oxidation of the 
sulfur atom. Biological data showed some contradictions between ID50 and EC50 val-
ues for several compounds, probably because cellular tests reflect the interference of 
a compound in viral steps not shown in the pure RT enzymatic tests (i.e., enzymatic 
tests account only for the DNA- and RNA-dependent synthesis inhibition, whereas 
cellular test results represent the inhibition of all viral replication phases). Moreover, 
we cannot exclude that the low cellular activity or the inactivity of some of our com-
pounds could be the consequence of poor adsorption through the T-cell membrane, 
in addition to a poor affinity for the corresponding receptor counterpart.28

moleculAr modelIng cAlculAtIons

To investigate the binding mode of the new RT inhibitors, molecular docking simu-
lations were performed by means of the software Autodock 3.0,35 and the HIV-1 RT/
ligand complexes were minimized with Macromodel 8.536/Maestro.37 Three-dimen-
sional coordinates of the HIV-1 RT/MKC-442 (emivirine) complex (Brookhaven 
Protein Data Bank entry 1RT1) were used as the input structure for docking calcula-
tions. All cocrystallized water molecules were deleted, and all polar hydrogens were 
added using the appropriate tool in the builder module of Maestro. The structures 
of the new S-DABO derivatives were built using Maestro 3D-sketcher and fully 
minimized (Polak-Ribiere conjugate gradient, of 0.05 kJ/Å·mol convergence). Atom 
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chArt 24.5  Structure of compounds 20, 25, 34, and 37.
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charges assigned to compounds during the minimization step were retained for the 
following docking calculation.

For molecular docking purposes, a box of 64 × 50 × 62 points was set that com-
prised all residues constituting the NNRTI binding pocket. Starting structures of 
the selected compounds were randomly defined to obtain totally unbiased results. 
The GA-LS method was used with the default settings while retrieving 100 docked 
conformations from each compound. Results from Autodock calculations were clus-
tered using an RMSD tolerance of 2 Å, and the lowest energy conformer of the most 
populated cluster (the lowest energy cluster in most cases) was selected as the most 
probable binding conformer. HIV-1 RT/ligand complexes were submitted to a full 
minimization of the whole structure to a 0.1 kJ/Å·mol gradient, using Amber force 
field as implemented in the Macromodel software package.

Results showed 20 assuming an orientation very similar to that of the cocrystal-
lized inhibitor (MKC-442, emivirine). In particular, the pyrimidinone ring of 20 was 
superposable to that of MKC-442, allowing for a hydrogen bond contact between its 
NH group at position 3 with the carbonyl moiety of Lys-101 (1.9 Å), suggested to be a 
crucial interaction key for inhibitors belonging to the DABO and S-DABO classes of 
compounds.38 Moreover, the side chains of both Lys-103 and Val-106 were also found 
in close contact with the pyrimidinone nucleus. The extended side chains at position 
2 of both 20 and MKC-442 were lined up in a parallel way and pointed toward 
the solvent accessible surface defined by Pro-225 and Pro-236. In further detail, 
although the sulfur atom of 20 was located at a distance of about 3.7 Å from the 
backbone-NH group of Lys-101, the benzyl moiety was accommodated into a large 
pocket mainly defined by Val-106, Pro-225, Pro-236, and Tyr-318. Good hydropho-
bic interactions were found between the alkyl side chain of Val-106 and the phenyl 
ring of the inhibitor as well as between the terminal methyl group with both Pro-
225 and Pro-236. Finally, the benzyl substituent at position 6 of 20 was embedded 
into an extended hydrophobic region defined by the aromatic side chains of Tyr-181, 
Tyr-188, Phe-227, and Trp-229 as well as by Leu-100 and Leu-234. The major dif-
ference between the experimental and calculated complexes involved the interaction 
between the 6-benzyl side chain of the inhibitors and the side chain of Trp-229. In 
fact, although a T-tilted interaction was shown in the complex with MKC-442, a π–π 
interaction was found in the complex with 20. This was mainly because a significant 
conformational rearrangement occurred within the aromatic cage accommodating 
the substituent at position 6. In fact, the aromatic side chains of Tyr-183, Tyr-188, and 
Trp-229 approached the inhibitor, leading to a structural system in which the indole 
nucleus was sandwiched between the 6-benzyl group of the inhibitor and the phenyl 
ring of Tyr-183 (allowing π–π interactions) and interacted with a T-tilted contact with 
the aromatic moiety of Tyr-188. On the other hand, although Phe-227 retained its 
original position, a rotation of the Tyr-181 side chain occurred that pushed it about 
1.8 Å away from the NNIBP.

Similar results were found for the nitro derivative 25, with a major difference 
involving the benzylthio side chain that was located in a region of space between the 
corresponding side chain of 20 and the N1 side chain of the crystallized inhibitor. In 
particular, owing to a rotation of about 20° around the C2-S bond, the nitro group was 
inserted between Pro-225 and the side chain of Phe-227, and one of its electron-rich 
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oxygen atoms was found at the proper distance (1.6 Å) to make a hydrogen-bond 
contact with the backbone-NH group of Phe-227. Lengthening the benzyl moiety of 
20 to a phenylethyl (32) and phenylpropyl (33) chain led their p-methoxy group to go 
beyond the opening defined by Pro-225 and Pro-236 and, thus, to be exposed to the 
solvent. Moreover, such a shift of the phenyl ring caused the lack of its hydrophobic 
interactions with the side chain of Val-106. The pyrimidinone nucleus of 33 main-
tained an orientation comparable to that of 20, including the hydrogen-bond contact 
with Lys-101 as well as the hydrophobic interactions with a part of the Val-106 side 
chain. Similarly, no substantial difference was found for the location of the benzyl 
substituent at position 6, in comparison to that of 20 and the crystallized inhibitor. 
On the other hand, the 6-benzylpyrimidinone system of 32 underwent a significant 
conformational rearrangement, allowing for a hydrogen-bond contact involving the 
carbonyl oxygen and the backbone-NH group of Lys-101, in addition to the hydrogen-
bond contact between the 3-NH group of the inhibitor and the carbonyl of the same 
amino acid. Moreover, because the benzyl group at position 6 was characterized by 
an alternative orientation into the previously described hydrophobic cage, the profit-
able aromatic–aromatic interaction involving the side chain of Trp-229 was lost. 
In summary, docking calculations suggested that the p-methoxybenzylthio group at 
position 2 of 20 seems to be characterized by the optimal length to fulfill the tunnel, 
which is delimited at the surface of the RT structure by Pro-225 and Pro-236. More-
over, the lower activity of 32 and 33 toward the wt RT, with respect to that of their 
shorter analogue 20, was in part due to reduced hydrophobic interactions mainly 
involving the benzyl substituents at position 2 as well as to unfavorable contacts 
between the terminal methyl substituent and the solvent. In a similar way, analogues 
of 20, bearing at the para position of the 2-benzyl substituent a hydrophobic group 
larger than a methoxy moiety (exceeding the surface of the RT and contacting the 

FIgure 24.2  Schematic representation of the S-DABOs and of their interactions in three 
different RT mutants: Lys-103Asn, Tyr-181Cys, and Tyr-188Leu.

9006_C024.indd   336 2/15/08   1:23:18 PM



The Fight Against AIDS 337

solvent), showed lower activity than 20. In fact, the ethoxy, butoxy, and isopropyl 
derivatives (21, 22, and 23) showed activity in the micromolar range or lower.28

reVerse trAnscrIPtAse mutAnts

However, resistance, which has emerged against all available antiretroviral drugs, 
represents a major challenge in the therapy of HIV infection, and it has become the 
main obstacle in the management of the infection.

Drug resistance can quickly emerge as a result of mutations at one or more loca-
tions in the NNIBP. Common NNRTI resistance mutations include L100I, K103N, 
V106A, Y181C, Y188L, and G190A, which contribute to drug resistance through dif-
ferent mechanisms (See Figure 24.2). The structures of early NNRTIs were described 
as existing in a “butterfly” conformation, in which two chemical side group “wings” 
are attached to a central linker/backbone moiety in a relatively rigid manner. Resis-
tance to these compounds can occur easily by amino acid substitutions that generate 
steric hindrance and prevent binding of the compounds to the NNIBP. For example, 
steric hindrance is created when leucine is substituted for the β-branched isoleu-
cine in the L100I mutation, or if a methyl group is introduced in a G190A mutant. 
Another mechanism of NNRTI resistance involves mutations leading to the loss of 
aromatic amino acids, such as Y181C and Y188L. This results in the loss of hydro-
phobic interactions necessary to stabilize the binding of NNRTIs to the NNIBP. 
A third mechanism of NNRTI resistance involves K103N. This mutation has little 
effect on inhibitor binding. Instead, the asparagine side chain of the K103N mutant 
forms a hydrogen bond with the phenoxyl group of tyrosine located at position Y188 
of the NNIBP as it exists in the unbound state. The result of this interaction is the 
formation of a molecular “gate” that prevents the access of the NNRTI class of drugs 
into the NNIBP. Thus, K103N results in cross-resistance against all three clinically 
approved NNRTIs.39

Among compounds 15–40, 25 and 33 have emerged as the most potent inhibi-
tors against this mutation. From the K103N activity data, it appears that different 
substituents in p-position of benzyl moiety of S-DABOs deeply modify the activity 
against the K103N mutant (see Table 24.1 and Table 24.2): compounds 16, 17, 19, 
and 20, bearing, respectively, an F, Cl, OH, and OCH3 at the para position of aro-
matic ring are inactive, whereas compounds 18 and 20, with, respectively, Br and 
NO2 at the same position showed activity in the low micromolar range.

For compounds 20, 32, and 33, with a p-OCH3 benzylthio side chain, lengthen-
ing of the spacer (from phenylethyl up to phenylpropyl) induces an increase of activ-
ity. However, our docking studies, performed on both wt and K103N mutant with all 
the aforementioned compounds, did not clarify their different activities because the 
binding mode into the NNIBP was essentially the same, and none of the molecules 
interacted with the mutated residue (see as an example compounds 20 and 25 docked 
within the K103N NNBP in Figure 24.3). In agreement with this observation, the 
crystallographic complexes of several inhibitors with wt and K103N mutant RT also 
have revealed comparable binding modes and similar interactions with the enzyme 
in the bound state.40
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Therefore, another approach had to be employed for this mutation, to consider 
both the flexibility of NNIBP and the events that promote the opening of the alloste-
ric pocket and the entry of inhibitors.

To take into account the flexibility of the NNIBP, a study of molecular dynamic 
simulations was performed on both 20:K103N and 25:K103N complexes, starting 
from the conformations obtained by docking studies. The molecular dynamic simu-
lations were performed using the software NAMD,41 with a simulation time of 400 
ps and a time step of 1fs with a water box of 32,970 water molecules. The trajectory 
analysis of the dynamic simulations showed that compound 20 had an electrostatic 
energy of interaction with the protein of −15.59 Kcal/mol, whereas compound 25 
had an electrostatic energy of −32.77 Kcal/mol. These first results are in agreement 
with the biological data because compound 25, with a much more favorable electro-
static energy of interaction compared to compound 20, is about 3 orders of magni-
tude more active than the other.

These results are encouraging enough for us to persist with the design of novel 
inhibitors having a good activity profile against common drug-resistant HIV-1 RT 
strains.

6-VInylPyrImIdInes

Besides S-DABOs, which act as classical noncompetitive NNRTIs, our interest was 
also focused on synthesis and biological evaluation of 6-vinylpyrimidine derivatives, 
whose structure may be related to that of TNK-651 more than to that of any other 
known NNRTIs.42 Enzymological studies revealed that such compounds bind the 
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FIgure 24.3  Docking studies on K103N did not clarify the different activity profiles of 
compounds 20 (shown in stick notation) and 25 (shown in stick notation) on this specific 
mutant. For the sake of clarity, only representative amino acids are shown.
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NNIBP of the enzyme but, contrary to the NNRTIs reported to date, inhibit HIV-1 
RT by a competitive mechanism with the nucleotide substrate. The most potent ana-
logue, 2-methylsulfonyl-4-dimethylamino-6-vinylpyrimidine (a; see Chart 24.3), 
has high activity toward both wt RT and drug-resistant mutants.

To determine the mechanism of inhibition of 6-vinylpyrimidines, they 
were titrated in reverse-transcription assays in vitro in the presence of various 
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FIgure 24.4  (a) Plot of the incorporation rates of wt HIV-1 RT, reporting the variation of 
the reaction rate as a function of the dTTP substrate concentration in the absence or presence 
of increasing amounts of compound a. Curves were fitted to a Briggs–Haldane mechanism. 
Error bars represent ±S.D. of three independent replicates. (b) Variation of the apparent affin-
ity (Km) for the nucleotide substrate as a function of the concentration of a. Km values were 
determined as described in the Supporting Information of Reference 29 from the curves 
shown in panel a. (c) Variations of the apparent affinity (Km; filled symbols) and maximal 
velocity (Vm; open symbols) for dTTP incorporation catalyzed by HIV-1 RT wild-type (tri-
angles) or K103N (squares) as a function of TNK-651 concentration. Data are the means of 
three independent replicates. Bars represent ±S.D. TNK-651 was synthesized following a 
literature procedure; physical and spectroscopic data were consistent with those reported 
(J. Med. Chem., 39, 1589–1600, 1996.)
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concentrations of either the nucleic acid or the nucleotide substrates. As a result, 
inhibition exerted by the tested compounds was sensitive to changes in the nucleo-
tide concentration (Figure 24.4a), resulting in an increase in the apparent Km for 2´-
deoxythymidine-5´-triphosphate (dTTP; Figure 24.4b). On the other hand, no effect 
on RT inhibition was observed when the nucleic acid concentration was varied (data 
not shown). These results clearly indicate that the tested 6-vinylpyrimidines a-e are 
competitive inhibitors of RT with respect to the nucleotide.29 As a comparison, the 
structurally related 1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thymine (HEPT) 
analogue TNK-651 (see Chart 24.6) showed a purely noncompetitive mechanism of 
inhibition with respect to the nucleotide substrate, as shown by the lack of significant 
variations in the apparent Km value for dTTP, both with the RT wt and the K103N 
mutant. In the absence of cocrystals between RT and our compounds, their binding 
site was established by testing their sensitivity to known NNRTI-resistant mutations 
localized in the NNIBP.43-45
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chArt 24.6  Examples of first- and second-generation NNRTIs.

9006_C024.indd   340 2/15/08   1:23:22 PM



The Fight Against AIDS 341

As shown in Table 24.3, inhibitory activity of the tested compounds was strongly 
affected by these mutations, which supports the hypothesis that 6-vinylpyrimidines 
bind to the NNIBP and therefore act as nonclassical competitive inhibitors.

Molecular docking and dynamics simulations were finally performed to investi-
gate the interaction mode of these ligands with the NNIBP (both of wt and mutated 
RT) and to suggest a possible explanation for their unique mechanism of action. 
Compound a was docked into the wt HIV-1 RT NNIBP starting from the x-ray coor-
dinates of the TNK-651:HIV-1 RT complex (PDB code: 1RT2),9 which were chosen 
on the basis of the similarity between compounds a-e and TNK-651. The reliability 
of the docking protocol was tested on the prediction of the binding geometries of the 
reference compound TNK-651 into the NNIBP. As a result, the experimental bind-
ing conformation of the reference drug was successfully reproduced with acceptable 
root-mean square deviation (0.966 Å) of atom coordinates. The energetically pre-
ferred docked conformation of a revealed interactions that may contribute to the sta-
bility of the resulting inhibitor:RT complex. The heterocyclic ring of the ligand was 
found in close contact with Tyr-188, Tyr-181, and Phe-227 (allowing π–π interactions), 
whereas the vinyl group interacted with Tyr-318. Moreover, additional profitable 
hydrophobic contacts between the methyl groups of the amine moiety and Trp-229 
were noted. The very polar sulfone group is oriented toward the water-exposed sur-
face, in proximity to the positive charge of the Lys-101 ammonium group. To shed 
light on the peculiar mechanism of action of the 6-vinylpyrimidines a–e, the progres-
sion of the conformational changes in the side chain of Met-230, Asp-110, Asp-185, 
and Asp-186 (key residues for the polymerization process) was monitored by means 
of molecular dynamics (MD) simulations. In this regard, it was clearly seen that, as 
the simulation progresses, the side chain of Met-230 achieves an extended conforma-
tion. This new conformation could affect the positioning of the growing viral DNA 
(forcing the growing nucleic acid chain to reorient) and the subsequent polymeriza-
tion process. By monitoring the conformational changes of the aspartic acid triad, 
it was interesting to note that, as the simulation progresses, the catalytic site opened 
so that the Asp-185 side chain was gradually shifted 5.59 Å away from its initial 
position (t = 0 in the MD simulation). In case of the b:RT (wt) complex, the catalytic 

tAble 24.3
Inhibitory Activity of 6-Vinylpyrimidines a–e toward wt and mutants 
hIV-1 rt

Ki μm
compound Wild type K103n y181I l100I V179d

a 0.008 3.2 39 0.012 0.015

b 3.5 >400 >400 n.d. n.d.

c >400 >400 >400 n.d. n.d.

d 90 >400 >400 n.d. n.d.

e 325 >400 >400 n.d. n.d.

Note: n.d. = not determined.
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site triad also assumed an open conformation during the MD simulations even if 
this distortion was smaller than that observed for the most active compound (a). In 
fact, the Asp-185 side chain extended only 3.52 Å away from its initial position, and 
this could account for the lower inhibitory activity of b. Whatever their mechanism 
of inhibition, all the known NNRTIs bind the NNIBP. It is therefore reasonable 
to expect that a comparison of the crystal structures of non-ligand-bound HIV-1 
RT with those of HIV-1 RT complexed with common NNRTIs and with the output 
of our MD simulations should yield valuable insights into the peculiar mechanism 
of action of the 6-vinylpyrimidines described here. Superposition analysis shows 
that the binding of common first- and second-generation NNRTIs (TNK-651,9 efa-
virenz,46 nevirapine,47 and R18554512) (Chart 24.6) to the NNIBP determines only 
a major shift of the primer grip (Met-230), whereas the aspartic acid triad does not 
seem to experience substantial modifications compared with the non-ligand-bound 
enzyme. By contrast, it was interesting to note that although the binding of com-
pound a to the NNIBP (a:RT complex at t = 1000 ps) determined only a small change 
to the side chain of Met-230 (white circle on the left in Figure 24.5), a significant and 
peculiar shift was noted for Asp-185 (white circle on the right in Figure 24.5), which 
was shifted far away from the aspartic acid triad (i.e., 7.66 Å away from its position 

Unliganded RT

Asp110Asp186

Asp185

8.33

Met230

Nevirapine:RT

TNK-651:RT

Efavirenz:RT

R185545:RT

1:RT

FIgure 24.5  Superimposition of the structures corresponding to the a:RT complex at t = 
1000 ps, TNK-651:RT complex (PDB code 1RT2), efavirenz:RT complex (PDB code 1IKW), 
nevirapine:RT complex (PDB code 3HVT), R185545:RT complex (PDB code 1SUQ), unli-
gated RT (PDB code 1HMV). Circles evidence conformational rearrangements of Met-230 
and Asp-185 for the a:RT complex in comparison to the other inhibitor:RT complexes. For 
reasons of clarity, only the fundamental residues (Met-230, Asp-110, Asp-185, and Asp-186) 
of unligated RT and RT complexed with reference inhibitors are shown as sticks. Compound 
a bound to the NNIBP is shown as spheres.
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in the TNK-651:RT complex). Furthermore, when the same MD simulation was per-
formed on the non-ligand-bound RT and the RT:TNK-651 complex, no significant 
shift for Asp-185 was observed. On the basis of these observations, it is reasonable 
to argue that the unusual shift of Asp-185 could ultimately be responsible for the 
competitive mechanism of action exerted by the 6-vinylpyrimidines as, when a is 
bound to the allosteric site, the magnesium ions in the catalytic site may lie so apart 
that no phosphodiester bond formation can take place. From a visual inspection of 
the polymerase active site, we moreover speculated that the conformational rear-
rangements responsible for the competitive mechanism of action may originate from 
the disruption of the typical type II geometry of the turn formed by the conserved 
Tyr-Met-Asp-Asp sequence (residues 183–186), which are responsible for the correct 
positioning of the aspartate residues of the catalytic site.48 In fact, it is well known 
that the formation of a hydrogen bond between Gln-182 and Met-184 is required for 
the stabilization of the otherwise-strained type II conformation of this turn in the wt 
RT. In a similar way, the complex RT:TNK-651 retained the Gln182:Met184 hydro-
gen bond and, consequently, displayed the same strained type II geometry of the 
β turn. On the contrary, in the a:RT complex, a conformational rearrangement of the 
turn occurred so that the side chains of Asp-185 and Glu-182 were shifted away from 
their original position. As a consequence, the unfavorable steric interaction between 
the Cb atom of Met-184 and the amide group of Asp-185 disappeared and the hydro-
gen bond between Gln-182 and Met-184 was lost. This result further supports the 
peculiar behavior of compound a, which is able to induce conformational modifi-
cations otherwise not found in complexes between RT and common NNRTIs. In 
summary, the present work reports the identification of a new class of NNRTIs with 
a 6-vinylpyrimidine scaffold found to exhibit a peculiar behavior: contrary to the 
NNRTIs reported to date, enzymological studies reveal that such compounds inhibit 
HIV-1 RT by a competitive mechanism with the nucleotide substrate after binding to 
the NNIBP of the enzyme. To the best of our knowledge, these compounds represent 
the first example of NNRTIs found to exhibit such a behavior.
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