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Prodrugs, Soft Drugs and Targeted Drugs

Prodrugs are inactive (less active) drug analogs
with better pharmacokinetic properties (e.g. oral
bioavailability, BBB penetration).

Soft drugs (antedrugs) are drugs that are
readily degraded to inactive analogs, e.g. to
prevent or reduce systemic activity.

Targeted drugs are drugs or prodrugs which
exert their biological action only in certain cells
or organs (e.g. omeprazole, aciclovir).
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Why Prodrugs ?
Drug is not (sufficiently) bioavailable
(most prodrug concepts)

Drug does not permeate the blood-brain barrier
(dopamine, GABA)

Drug has poor properties (solubility, taste)

Drug has no (sufficient) chemical stability
(active principles of acetylsalicylic acid,
iIsoniazid, omeprazole, clopidogrel)

Drug has no (sufficient) organ or cell specificity
(sulfamethoxazole, capecitabine, aciclovir)
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Liberation: Better Soluble Drug Derivatives

M &

Me_  N—CH,SO; Na* O 0
o N
Me"\?\;&\o N_@' OPOZ™ 2Na*
H

Metamizole O Fosphenytoin
(e.g. Novalgin®)

HN O
£ Ou o
N PO3 N 2+
F Fosfluconazole Fosamprenavir
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Liberation: A Prodrug with Enhanced Solubility

IP1 504 (Infinity), soluble
hydroquinone prodrug,
solubility 250 mg/mL,

active metabolite: stable at pH =3
17-AAG (a geldamycin
derivative), inhibits the chaperon J.Geetal., J. Med. Chem.

Hsp90, solubility about 50 pg/mL 49, 4604-4615 (2006)




Hugo Kubinyi, www.kubinyi.de

s

Chloral Hydrate, a Prodrug of Chloroform ?

cl Cl /OH metabolic C|;|
cl—H +— ciI—-cH > cl—cH,0H

Cl OH Cl OH reduction Cl
chloroform chloral hydrate trichloroethanol

Urethane, a Prodrug of Ethanol ?

urethane,R =-CH,CH,

H O
X T
R
H.N” ~O isopentylcarbamate, O=<N £t
H

2
R =-CH,CH,CH(CH
2CH,CH(CH,), @) barbitone
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@CHZO-GIUC
OH

salicin ,
a pro-prodrug

hydrolysis,
oxidation

C(COOH
OH

salicylic acid

Willow tree — Roots in Water — Feet in Water - Common Cold
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Aspirin®, a Prodrug?
(Felix Hoffmann, 1897)

COOH ©:COOH
OCOCH,
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Prodrugs: Esters

Bern
H,C CH,
\\\\H

N-CH, _
clofibrate, R = Et
heroin clofibric acid, R=H

chloramphenicol, R=H
/©)<{ (very bitter taste)
CHCl, tasteless prodrug

R = CO(CH,),,CH,
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Prodrugs: Lactones
H,C

HMG-CoA HsC
HO COOH reductase Ho={~ COOH
O — OH
SCoenzym A mevalonic \L
HMG-CoA acid w
H 0 cholesterol
HO= H
0 O HO-EE:COOH
’ : _ E OH
CH, R active metabolite
lovastatin
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The Serendipitous Discovery of the Pill
Birch
reduction
E—
enol ether
cleavage
Mestranol © Norethynodrel
metabolic gastric (Enovid, Searle)
cleavage juice
OH OH

A

HO

Ethinylestradiol Norethindrone

Source: J. Sutcliffe and N. Duin, A History of Medicine, Barnes &
Noble Books, New York, 1992, p. 149; W. Sneader, Drug Prototypes
and their Expolitation, Wiley, Chichester, 1996, p. 313 and 330-331
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Prodrugs: Amides and Azo Compounds
OH O
blood brain
O progablde barrier GABA
NH,
i

sulfamldochrysmdme metabolic
n I n
("prontosil rubrum™") degradation

H,N —@— SONH,  cf. H2N—®—COOH

sulfanilamide, an antimetabolite of p-aminobenzoic acid
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Prodrugs of Amidines ©
Melagatran (AstraZeneca), one z
of the first thrombin inhibitors with  gEto H N
some oral bioavailability, K; =2 nM \[]/\H/\/ o
Ximelagatran (H 376/95) is a double o
prodrug (approved, later withdrawn):

ester group (cleaved by esterases)

amidoxime (reduced by NADH-

cytochrome b5 reductase + CYP 2A6)

H,N” “N-OH
COOEt ) )
Dabigatran etexilate

NH (Pradaxa®, Pradax®;
2 Boehringer Ingelheim)

\
U N—COO-nHex

thrombin inhibitor for blood clot prevention; approved in
Europe and Canada, FDA approval expected in 2010
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Other Prodrugs: Cyclization, Reduction

H.N N NH
H H H ’ \|\||// \Ir\||/ ’
N N< N CH; bioactivation
You¥ oYy I x
H.C CH
cl NH NH CH, cl 3 3
proguanil cycloguanil
9
.S , .S
H,C O sulindac H,C O
| CH, bioactivation | CH,
O ——
F CH,COOH F CH,COOH
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Avoidance of Side Effects

N ~OR R = H, Castanospermine; antiviral agent,
causes osmotic diarrhea by inhibition
=Y~ "OH of intestinal sucrase

HO H R = CO(CH,),CHj,, Celgosivir
prodrug without side effect

L —
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Avoidance of Abuse

H R = H, Dextroamphetamine, abuse by nasal
R’N or intravenous application
I\E/Ie R =Lys prodrug with oral activity;

poor (<5%) nasal bioavailability, less
than 10% dextroamphetamine released
following i.v. application in rats.

A. Cho, Annu. Rep. Med. Chem. 41, 395-407 (2006)
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Nitrites, Nitrates and other NO Donors

)\/\ONO o H ONO, metabolic NO release

enhances cGMP

Isoamyl nitrite o by stimulation of
1844, Balard rRo H guanylate cyclase -
acute application in
ONO, Nitroglycerin Isosorbide nitrates coronary heart disease
ONO,  soprero, 1847 R =NO,, prodrug of

ONO, R =H (2x more active)

o) selective NO release
/©/ \Q\l OPC-67683 by bacterial enzyme
CE.O Kills replicating and
° \©\ N/E——NO2 non-replicating (!)
CE.O (OMN )=N Mycobacterium
3 <0 tuberculosis cells
(0) (clinical phase II)
N/X_ _ _
mN NO, R. Singh et al., Science 322,
(0)

PA-824 1392-1395 (2008)
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A ,Hybrid Drug” is indeed a Prodrug

L —

0 Q/\ONOZ “NO-ASA”, strongly inhibits colon
cancer growth in vitro and in vivo
o) (J. L. Williams et al., BBRC 313,
784-788 (2004)); however, cGMP

0o levels are not increased.
O)\ 1) metabolic ester

the linker is the prodrug

cleavage
l 2) 1,6-elimination

of‘b )Ol\ ] /©/\CI

Kj about 10 times more active against
o colon cancer cells (N. Hulsman et al.,

highly toxic, reacts with J. Med. Chem. 50, 2424-2431 (2007);
nucleophiles, e.g. GSH M. Wijtmans, personal communication

of the active agent:
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Phenacetin, a Pro-Prodrug

phenacetin O

tOX|f|cat|on L
Hy e
HO. JL © activation © =
P450 OEt CH CHO
O paracetamol
(acetaminophen;
N—hydroxy— active metabolite)
and quinone
metabolites phenetidine
(hepato- and (methemoglobin

nephrotoxic) formation)

toxification OFEt

Hugo Kubinyi, www.kubinyi.de

o Mode of Action of Acetaminophen

arachidonic acid O

5§

fatty acid amido

p-amino-
paacetanol . Ghena l Pirlse (AN

/©/ E. D. Hogestétt et al.,
J. Biol. Chem. 280,
31405-31412 (2005)

N-arachidonoyl phenolamine, a potent TRPV1 (transient
receptor potential vanilloid 1, vanilloid receptor) agonist,
PECg,=7.80 (about 16 nM), binds also to the cannabinoid CB,
receptor and inhibits cellular anandamide uptake.
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Clopidogrel, Mode of Action

hydrolysis
f (85%, deactivation)
oxidation COOM
ivati e
(15%, activation) = Plavix®, Iscover®

\ / | N (Sanofi-Aventis, BMS)
S worldwide net sales
cl 2005: about 6 bio US-$

CYP 3A4 l _ o _
COOMe active metabolite, irreversibly

reacts in the liver with platelet
Hooc/n /:© P2Y,, (ADP) receptors
S activation by CYP2C19
unstable, highly reactive (absent in 30% Caucasians)

J.-M. Pereillo et al., Drug Metab. Dispos. 30, 1288-1295 (2002);
E. J. Topol, Nature Rev. Drug Discov. 8, 259 (2009);
cf. P. M. Dansette et al., Chem. Res. Toxicol. 22, 369-373 (2009)
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Alternatives to Clopidogrel

f no hydrolysis Prasugrel (Eli Lilly and

hydrolysis and Daiichi Sankyo), clinically
S-oxidation 10-15x more effective than

clopidogrel (Europe, 2009;
\, 04(/\”:) NDA pending)
Nature Rev. Drug Discov.

8, 449-450(2009)

/\ |
F & N Ticagrelor (AstraZeneca),
Ho N=n OH reversibe platelet ADP
OH receptor antagonist
(in late phase Il studies)
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Mode of Action of Isoniazid

Ox NH-NH, Sy _NH, o o
/ S Z —
N N"Et N N

Isoniazid and its analogs
considered to be prodrugs of antimetabolites of nicotinic acid

R
N
NH-NH, =
8\5 8] CONH, CONH,
KatG N/ Isoniazid

mode of action

Z. Ma et al., Comprehensive Med. Chem II, Vol. 7, pp. 699-730 (2007)
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Soft Drugs: Metabolically Lablle Esters

OH
d N+(CH
o ANHER, 0 I NH-iPr
10
N ONH(CHY),
Succinylcholine, an Esmolol, a soft R-blocker; ester

acetylcholine analog;
ester clevage produces
inactive choline

cleavage produces weakly active acid

R =CH,OH Atropin

Articaine, a soft R=COOR ester bioisoster,
local anesthetic cleavage yields inactive acid
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Organ- and Cell-Specific Drug Delivery

Organ Specificity, mediated by

- physicochemical properties (lipophilicity)
- transporters (uptake, efflux)
- metabolism only or preferentially in target organ

Cell Specificity, mediated by
- cellular metabolism
- intracellular degradation
Other mechanisms of organ-specific action

- local application (eye, skin, lung, spinal cord)
- antibody conjugates

target localisation

target type (e.g. microorganism targets)
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Lipophilicity and Blood-Brain Barrier
Polar Compounds Lipophilic Compounds
Intermediate
Lipophilicity

e, O

amphetamine
3 (speed)

.~

epinephrine CH

CH,

ephedrine H
HO NH N.
o e
HO 0 CH,

dopamine MDMA (Ecstasy, XTC)
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Avoidance of CNS Side Effects

o% _OH
0 -
T

X HBr

Me
n-Butyl

_-OH

Scopolamine, (-)-Hyoscine

muscarinic AChR antagonist
with varying oral bioavailability
but good dermal absorption

dermal patch against travel
sickness
toxic CNS side effects
abuse as “truth drug”

N-Butyl-scopolamine
hydrobromide, Buscopan®

smooth muscle spasmolytic,
orally bioavailable,
almost no CNS side effects
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Organ-Specific Delivery:
Parkinson‘s Disease

caused by degeneration
of dopamine-producing
cells in Substantia nigra ion channel

Ca2+

presynaptic
nerve cell

M
metabolites

postsynaptic
nerve cell

inactive «—— e '

L —

L-dopa
dopa
decarboxylase
é * dopamine presynaptic
storage membrane
—\\q vesicals
AO ee ~ dopamine
transporter

synaptic gap

postsynaptic
membrane

dopamine receptor
with G-protein complex

S
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A Rational Therapy of Parkinson‘s Disease

healthy sick

ACh 0 -+
dopamine + =

Therapy

ACh ¥ or
dopamine A

oral L-DOPA,
peripheral DOPA
decarboxylase
blocker, central
MAO blocker

Problems
dopamine is not bio-
available, peripheral
side effects, MAO
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Integrated Optimisation of Drug Therapy
Dopamine Substitution in Parkinson‘s Disease

HO NH, periphery
mom dOpam'ne
HO
i HO N
L-dopa as dopamine prodrug CH,OH
HO

l . benserazide
brain

:©/\/ +> inactive metabolites
. @N \—c CH
dopamine CH (R)-(-)-selegiline
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A Most Elegant Pro-Prodrug Concept

o oral absorption by

active transport
HOMH COOH (dipeptide transporte:)
HO H,C NH, peptide cleavage

in the liver
a-Methyldopa-Phe
0 BBB penetration by q NH
HO oH active transport HO 2
(amino acid transporter) CH
HO H,C NH, > HO 3

decarboxylatio_n
and hydroxylation a-Methylnorepinephrine
a-Methyldopa (a2-agonist, “false
neurotransmitter”)

M. Hu et al., Pharm. Res. 6, 66-70 (1989)
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Avoidance of CNS Effects by Active Efflux
Terfenadine, R = CH4
lipophilic H; antagonist O OH
(no sedative side effect, N
due to active elimination O R
by drug transporter) OH CH

CH, °
Fexofenadine, R = COOH ’
active terfenadine metabolite

Cl

Loperamide
antidiarrhoicum N OH

(opiate agonist without CON(Me),
CNS activity)
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Organ-Specific Formation of Toxic Metabolites

C.:HS C.:H3
N N
enzymatic
Z OX|dat|0n
R

Pethidine, R = COOEt
MPPP, R = OCOEt MPTP toxic metabolites

1-methyl-4-phenyl-4-propionyloxy-piperidine (MPPP)
corresponds to pethidine but a “leaving group”
results. Consumption of impure material leads to
severe Parkinson symptoms, followed by early
death. MPTP is a “prodrug” of permanently charged
cytototoxic metabolites. The MAO inhibitor selegilin
prevents this oxidation.
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Brain Targeting of Drugs

periphery blood brain barrier brain

HH O HH O

] X=drug e e ] X-drug

N neutral, N However,

) lipophilic )
CH, pop CH3 Q
; ; ; \J
o l metabolic actlvatloni/ o x?
Ny~ "X-drug - : (ﬁ)‘\x-drug
E\lj)‘\charged, | z

+ +N -
) polar form ) \L metabolic
CH, i CH, cleavage

fast free

elimination drug
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Fast Onset but Long Duration of Action

o]
OJ\N/MG bambuterol
Me (for the treatment of asthma;
o concentrates in lung tissue
Me\,}IJ\O H/tBU and is metabolized there)
Me OH

irreversible inhibition
by serine carbamoylation

cleavage by butyrylcholinesterase

OH
terbutaline (B, agonist)
HO N D. S. Sitar, Clin. Pharmacokin.
OH 31, 246-256 (1996)
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Soft Drugs: Corticosteroid Esters

SCH.F fluticasone propionate
HO 1 OCOCH,CH, (Flonase; Advair, GSK)

mMe (inhalation; topically active
in asthma treatment)

l first pass (99%)

(inactive metabolite)

2

R. E. Pearce et al., Drug Metab. Dispos. 34, 1035-1040 (2006)
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(topically and
systemically active)

formation

(topically active, but systemically
(topically and inactive, due to rapid hydrolysis
systemically inactive) after dermal absorption)
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Targeted Drugs: Eye-specific Prodrugs
OH 4 {):\

CH,
RO N s N

Dipivefrine, R = COC(CH;); Oxime ether, X = N-OCH;

T

l Ketone, X= O
Epinephrine, R=H il
Timolol, X=H, OH

Dipivefrine is 20x faster metabolized in the eye than

in the periphery. The timolol prodrug is only metabolized
in the eye. Both prodrugs are used for the therapy of
glaucoma.
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Kidney-Selective Vasodilation
y-glutamyl-dopa

y-glutamyl
o K transpeptidase
HOOC
Y\)LNH L-amino acid

NH decarboxylase

2 COOH
HO NH,
:@/\/
OH HO dopamine

y-glutamyl derivatives of amino acids and peptides
accumulate in the kidney, where they undergo
selective metabolic activation

OH

C. G. Wermuth, The Practice of Medicinal Chemistry,
3rd Edition, Elsevier/Academic Press, New York 2008, p. 729;
S. D.J. Magnan et al., J. Med. Chem. 25, 1018-1021 (1982)
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Kidney-Selective Release of the Antiinfective
Sulfonamide Sulfamethoxazole

2) y-glutamyl
( transpeptidase NH,
COOH

Me
— Og’/s\NH
0= S\ )N acylamino N™
acid deacylase o
z Me
N J
(0] both enzymes are present in
Me high concentration in the kidney

C. G. Wermuth, The Practice of Medicinal Chemistry,
3rd Edition, Elsevier/Academic Press, New York 2008, p. 729-730;
M. Orlowski et al., J. Pharmacol. Exp. Ther. 212, 167-172 (1979)
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Colon-Selective Delivery of Corticosteroids
in Inflammatory Bowel Disease

R = H, Dexamethasone
oral dose almost exclusively
absorbed in the intestine,
only about 1% reach the cecum

R = glucose, Dexamethasone-
21B-D-glucoside
cleaved by the colonic
microflora, about 60% of the
free steroid reach the cecum

C. G. Wermuth, The Practice of Medicinal Chemistry,
3rd Edition, Elsevier/Academic Press, New York 2008, p. 730;
D. R. Friend and G. W. Chang, J. Med. Chem. 28, 51-57 (1985)
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Antiviral Prodrugs are Trojan Horses

o) Me_-Me
N N
HN ) HN o
O ALY U LY Y T,
HN" N N H.N N o

2 I/ OH 2 N
cour oL Lo
aciclovir valaciclovir,

a pro-prodrug
1) monophosphorylation by
viral thymidine kinase

_ 0 DNA _p_olymera_se
2) phosphorylation N inhibition (chain
H)N\ Y by cellular kinase H)N\ B termination)
N S
H,N" °N T/ oP ——> HN NN O-P-P-P
o’

Lo
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Antiviral Prodrugs are Trojan Horses

NéIN) )& monophosphorylatlon
\

by viral thymidine kinase
HZNJ\\N N OAC hydronS|s )\

aldehyde :
. — triphosphat
AcO oxidase riphosphate
.~ HO (active form; DNA
famciclovir penciclovir chain termination)
75% bioavailability 4% bioavailability
(0]
HN Me
intracellular

OH phosphorylation triphosphate

o (inhibits reverse transcriptase;
inactive against incorporated
viruses)

Z|dovud|ne (3'-azido,2',3'-didesoxy-thymidine, AZT)
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Tumor CeII -Specific Trojan Horses

O
JJ\ ~~_Me capecitabine
HN™ O o
HN F orally active prodrug, tumour-specific E
| activation by a cascade of enzymes: HN
PN A
o Me 1) carboxypeptidase cleavage (liver) o N

2) cytidine deaminase (liver, tumours)

3) thymidine phosphorylase (tumours) 5-fluorouracil

HO OH
0 0
F = 5-F-2'-desoxy-
HN | HN | uridylate

F o™ A
HN | OH O" N O-P-P-P
J\ —> O )
O N 7

(thymidylate
synthase
5-fluorouracil OH OH inhibitor)
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Omeprazole: A Cell-Specific Anti-Ulcer Agent

1966: Local anesthetics reduce
H gastric secretion (Hassle)

/\/O\n/'\'\/\o/ 1966-1972: First lead
1972-1979: New lead pyridyl-

O . .
acetamide (from screening
of antiviral compounds)

S Z | Active analogs; metabolite
HN \N with higher antisecretory

2 activity

N SaSy, NYS N
NH
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Omeprazole Analog: Toxic or not Toxic?

T

Me,

— Picoprazole, 1976
MeOOC )
° N\ /_Q preclinical candidate
s N
\
Me N @) _
H breeding dog
Fabian
Tox study:

i O i

picoprazole group placebo group

e af//éﬂ &
2 uf
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Drug Actlvatlon in AC|d Producmg Cells -
The Serendipitous Discovery of a Targeted Drug

CH, CH,

omeprazole 2~ OMe _~.OMe

| +10

N N

R T ©: \VN\ CHy
—= MeO N

J@[ > ) H

MeO H O 1 OH

CH,
N +y \ ATPase SH
S>—N OMe \ N \ OMe
MeO N — MeO
H CH,
S

/
ATPase —S

L o RS S BTN
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Omeprazole Actlvatlon in AC|d Producmg Cells

A

kidney stomach
[ Distribution of

radio-labelled
omeprazole,
one minute after
i.v. injection, rat

sixteen hours
afteri.v.
injection, rat

courtesy of Dr. K. Andersson, AstraZeneca, Sweden
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Transition State Mimics and Their Prodrugs

H,N_OH O
2 N .
'\l'\)\JE y  hypothetical | HN | N\> HNY N\>
SyC N transition § N I\\N N
HO state N
sugar
o ug HO o
) adenosine i
HO OH adenosine deaminase inosine HO OH
H OH _ H OH
N active N
N/ agent HN
\> ’ >
— HO\K—;
pentostatln nebularine
Ki=25pM HO OH Ki:0'3 pM HO OH
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T
Nebularine and Zebularine are Target-Specific
Prodr
od 1gs H M 3,4-dihydro-
Néj zebularine HN?j zebularine
J\ | K;=0.0012 nM O)\N K;=30,000 nM
07 N Y
Ribose Ribose
Z 2+ ot
Glu-104 n , Glu.104 ) /Zn
N N
0\ S H \ o
Cys-129 \\ H H Cys-129
)\ \HN>j
~N ~ /)\
NH"" Rlbose NH-+0" "N
| Ictu I Ribose lctt
Ala-103 Ala-103

S. Xiang et al., Biochemistry 34, 4516-4523 (1995)
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