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Abstract

Lipidic prodrugs, also called drug—lipid conjugates, have the drug covalently bound to a lipid moiety, such as a fatty acid, a diglyceride
or a phosphoglyceride. Drug—lipid conjugates have been prepared in order to take advantage of the metabolic pathways of lipid
biochemistry, allowing organs to be targeted or delivery problems to be overcome. Endogenous proteins taking up fatty acids from the
blood stream can be targeted to deliver the drug to the heart or liver. For glycerides, the major advantage is the modification of the
pharmacokinetic behavior of the drug. In this case, one or two fatty acids of a triglyceride are replaced by a carboxylic drug. Lipid
conjugates exhibit some physico—chemical and absorption characteristics similar to those of natura lipids. Non-steroidal, anti-
inflammatory drugs such as acetylsalicylic acid, indomethacin, naproxen and ibuprofen were linked covaently to glycerides to reduce
their ulcerogenicity. Mimicking the absorption process of dietary fats, lipid conjugates have also been used to target the lymphatic route
(e.g., L-Dopa, melphalan, chlorambucil and GABA). Based on their lipophilicity and resemblance to lipids in biological membranes, lipid
conjugates of phenytoin were prepared to increase intestinal absorption, whereas glycerides or modified glycerides of L-Dopa, glycine,
GABA, thiorphan and N-benzyloxycarbonylglycine were designed to promote brain penetration. In phospholipid conjugates, antivira and
antineoplasic nucleosides were attached to the phosphate moiety. After presenting the biochemical pathways of lipids, the review
discusses the advantages and drawbacks of lipidic prodrugs, keeping in mind the potential pharmacological activity of the fatty acid itself.
O 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

As proposed by Albert (1958), a prodrug is defined as
an inactive pharmacological derivative of an active parent
compound, which undergoes a spontaneous or enzymatic
transformation resulting in the release of the free drug. The
prodrug approach aims at modifying the physico—chemical
properties of a drug by covalently attaching a transport
moiety, thus improving its access to pharmacological
targets (Fig. 1). Prodrugs have been designed for several
purposes, e.g., to overcome pharmaceutical and/or phar-
macological problems such as incomplete absorption, poor
systemic bioavailability, too rapid absorption or too rapid
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excretion, toxicity, poor site-specificity, as well as formu-
lations problems (Testa, 1995; Friis and Bundgaard, 1996;
Testa and Caldwell, 1996). The characteristics of a pro-
drug are (a) a covalent linkage between the drug and the
transport moiety, (b) in vivo cleavage of this bond, (c) lack
of intrinsic activity, (d) lack of toxicity and (€) optimal
kinetics of release to ensure effective drug levels at the site
of action (Wermuth et a., 1996).

Lipidic prodrugs are chemical entities with two distinct
parts: a drug covalently bound to a lipid moiety, i.e, a
fatty acid, a glyceride or a phospholipid (Fig. 2). In this
review, we describe the different lipid prodrugs prepared
so far and examine whether these lipid prodrugs merit
further consideration. After presenting the pathways of
lipid biochemistry, the aim of this review is to focus on the
advantages and drawbacks of a lipidic prodrug approach in
terms of drug delivery and pharmacology. Three different
lipid carriers are presented: fatty acids, glycerides and
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Fig. 1. lllustration of the lipidic prodrug approach. A drug which is not able to cross biological membranes might be covalently coupled to alipid carrier
used as a transient transport moiety. The drug—lipid conjugate crosses the membranes to release after biotransormation the drug in the cell.

Lipidic prodrugs
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Fig. 2. Types of lipidic carriers: fatty acids, glycerides and phospholipids.
In the case of fatty acids, the drug is attached directly to the carboxylate
or to a modified w-atom. Drug—glycerides conjugates are represented here
by a 1,3-diglyceride where the drug is in position-2. Phopholipid prodrugs
consist either in drugs linked to the phosphate group or to the glycerol
backbone, in this case, the drug replaces a fatty acid.

phospholipids. The chemistry and the procedures to pre-
pare drug glycerides and phospholipids conjugates can be
found elsewhere (Lambert et al., 19953).

2. Absorption and biochemical fate of lipids

Drug-lipid conjugates have been prepared in order to
take advantage of the metabolic pathways of lipids (Fig.
3), assuming that this approach may allow organ targeting
and/or control of drug delivery problems. To understand
the potential benefit of a lipid prodrug approach, we
present a brief but essential summary of the metabolic
pathways of the lipids of interest, i.e., fatty acids, tri-
glycerides and phospholipids. Also, according to these
pathways and to the enzymes involved, a tentative follow-
up of these various lipids is presented (Fig. 4) either after
oral administration (the natural route for dietary lipids) or
after parenteral administration.

Triglycerides are the major constituents of dietary fats.
Their absorption involves hydrolysis by lipases to mono-
glycerides and free fatty acids. Several lipases are present
in the gastrointestinal tract. Lingual lipase is secreted by
the lingual serous glands of the tongue in mammals. A
second lipase was described in the stomach, but it was
unclear for a long time whether this lipase is of gastric
origin or is simply a swallowed lingual lipase. The cloning
(Bodmer et a., 1987) and crystallization (Canaan et d.,
1999) of the human gastric lipase (EC 3.1.1.3) solved the
controversy. The lingual and gastric lipases belong to the
group of pre-duodena lipases, which are acidic lipases
stable and active at low pH (Carriere et d., 1998). Even if
the contribution of these two lipases to the hydrolysis of
the dietary fats is low, they produce an amount of
monoglycerides and fatty acids sufficient for effective
emulsification, preparing the intestinal hydrolysis of lipids.
Most triglycerides reach the duodenum as an emulsion of
droplets of smal diameter (<0.5 wM). Three enzymes
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Fig. 3. Metabolic pathways of lipids. Most of dietary triglycerides (TG) are degraded by pancreatic lipase to give 2-monoglycerides which are
subsequently re-esterified in the enterocytes. De novo triglycerides reach the blood as chilomycrons (CM), there the lipoprotein lipase (LPL) hydrolyses
them in free fatty acids (FFA) and glycerol. Free fatty acids are taken up by different tissues, e.g., liver, adipocytes and extra-hepatic tissues such as
muscles and heart. Liver and adipocytes may use the free fatty acids for the de novo synthesis of triglycerides secreted in the blood as very low density
lipoproteins (VLDL) but as other tissues, they may aso catabolize them for energy production.

participate in the intestinal catabolism of lipids: pancreatic
lipase, phospholipase A2 and a nonspecific esterase.

The pancreatic lipases are the most important enzymes
degrading triglycerides. Their activity requires the pres-
ence of a cofactor called colipase and the presence of bile
salts (van Tilbeurgh et al., 1999). The pancresatic lipases
represent distinct lipases with different sequence homology
and catalytic properties (Carriere et al., 1998); they
hydrolyze esters specifically at positions-1 and -3 of the
glycerol backbone. Hydrolysis in position-2 is very slow
and occurs after chemical or enzymatic isomerization. This
“resistance’’ to hydrolysis in position-2 has been used in
prodrug design. Indeed, most lipidic prodrugs have the
drug attached at position-2 by an ester bond if the drug
bears a carboxylic acid, or via a spacer if other functions
are present.

After being released by lipases, monoglycerides and
fatty acids enter the enterocytes, but their further fate
depends of the nature of the remaining fatty acid. The
short-chain fatty acids (<C,,) pass through the cells into
the blood without re-esterification, where they subsequent-
ly circulate after binding to serum albumin. The medium-
chain (C,,—C,,) acids are mainly oxidized. Their plasma

concentrations are very low and little re-esterification
occurs. Long-chain fatty acids (>C,,) are used for the
re-esterification of monoglycerides into triglycerides. The
de novo triglycerides are then incorporated into chylomic-
rons and are excreted into the lymph. The latter is
transported via the thoracic duct before entering the
circulation, thus bypassing the liver. Chylomicrons are
made mainly of triglycerides (70-90%), phospholipids
(4-8%), esterified cholesterol (4%), free cholesterol (3%)
and proteins (2%). In plasma, triglycerides are hydrolyzed
by the lipoprotein lipase into fatty acids and glycerol with
a half-life of about 20 min.

Four main organs participate to the metabolism of lipids
(Fig. 3). The small intestine, as described above, has an
essential role in their absorption. The key organ is the
liver, which synthesizes lipids, uses them for energy
through B-oxidation, and to synthesize fatty acids and
glycerides. The adipose tissue to a small extent is also able
to perform these reactions. Its influence on global lipid
metabolism was largely underestimated, but is now better
recognized. In extra-hepatic and extra-adipose tissues,
glycerides and fatty acids are used for energy production,
e.g., in muscles and heart.
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Fig. 4. Metabalic fate of triglycerides, 1-drug diglycerides and 2-drug diglycerides after oral administration. Natural triglycerides are cleaved by pancrestic
lipase in positions-1 and -3 to give the 2-monoglycerides. In the enterocytes, if the remaining fatty acid chain is superior to C,,, re-esterification occurs and
triglycerides reach the lymph. Drugs coupled to diglycerides in position-1 are cleaved by pancreatic lipase and released in the enterocytes. Drugs attached
in position-2 reach the lymph as 2-drug pseudomonoglyceride, no re-esterification occurs. D=drug, FA=fatty acid residue.

3. The use of fatty acids in prodrug design

A variety of fatty acid prodrugs have been prepared and
examined. Fatty acids have been used to couple drugs (a)
directly to the carboxylate group or (b) to the modified
w-position in order to keep the free carboxylate (Fig. 2).

3.1. Prodrugs where the drug is attached to the
carboxylate of the fatty acid.

A first approach has been to couple a drug containing an
alcohol or an amino function with the fatty acid, yielding
an ester or an amide (Alvarez and Stella, 1989; Geurts et
al., 1998; Takayama et a., 1998). As a result, the
lipophilicity of the prodrug compared to the drug is
dramatically increased. The prodrug is expected to have a
different pharmacokinetic profile, for example a long
lasting effect. This approach has been successfully applied
to neuroleptics using mid- to long-chain fatty acids.
Flupentixol decanoate, for instance, is marketed as Fluan-
xol Depot” (Jorgensen et al., 1982) and prepared for
intramuscular administration dissolved in a vegetal oil.
However, these prodrugs do not take advantage of fatty
acid biochemistry since they do not bear the free car-
boxylate essential for binding to the fatty acid binding site

of albumin or for recognition by the fatty acid binding
protein, a transporter present in cellular membranes.

3.2, Prodrugs having the drug attached to the w-
position of a modified fatty acid

Imaging techniques such as position emission tomog-
raphy and gamma cameras use fatty acids as tissue markers
for the heart (Keriel et al., 1990). Using [*'C]-labeled fatty
acids, these techniques monitor the uptake of fatty acids by
tissues (Tamaki et al., 1995) to probe myocardial fatty acid
metabolism (Beckurts et a., 1985). An alternative is to
label fatty acid analogues with radioactive iodine atoms. In
this case, the fatty acid must be modified in the w-position,
where iodine reporter groups have been introduced, e.g.,
[16-"?*1]-iodohexadecenoic acid (Bontemps et al., 1985)
and iodophenylpentadecanoate (Reske, 1985) while keep-
ing the free carboxylate to mimic the fatty acid structure.

In order to investigate new tools for selective drug
delivery to a convenient site or even to a specific cellular
compartment, we have used a similar approach to deliver
drugs or contrast agents to hepatocytes (Gallez et al., 1993;
Charbon et al., 1996), taking advantage of the fact that
fatty acids present a high affinity for liver tissues. The
efficient cellular uptake of fatty acids follows the dissocia-
tion of their complex with serum abumin and their
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interaction and uptake by the fatty acid binding protein
(FABP,,,), a transporter located at the sinusoidal pole of
hepatocytes. Once inside the cells, the fatty acids are
bound to the cytosolic fatty acid binding protein (FABPC).

Using a tritiated benzoyl residue bound by an amide
bond to aminododecanoic acid as model of a fatty acid
prodrug, we studied its uptake in isolated hepatocytes,
focusing on the asialoglycoprotein receptor, as a second
transporter.  This protein  recognizes endogenous
neoglycoproteins and macromolecules bearing polygalac-
tose residues (e.g., galactosylated albumin). Since fatty
acids can bind to galactosylated albumin, we compared the
fate of the fatty acid prodrug conjugated either to native
albumin or to galactosylated albumin (Fig. 5). Native
albumin can deliver the fatty acid prodrug to the cytosol,
whereas the modified albumin can be taken up by endo-
cytosis into lysosomes. No significant difference was
observed in the binding properties of the fatty acid prodrug
to albumin or galactosylated albumin and the fate of the
fatty acid prodrug was the same in the two cases. Incorpo-
ration into hepatocytes was essentially dependent on the
FABPR,,, transport system when the fatty acid prodrug was
bound to albumin or to galactosylated albumin. The uptake
was inhibited by phloretin, an inhibitor of sodium depen-
dent transport, and was increased when less prodrug was
bound. Moreover, the carrier system did not influence the
intracellular fate of the fatty acid prodrug and, the radioac-
tivity was recovered mostly in the cytosol and microsomes.
Finally, the tritiated benzoyl residue was released in part
from the prodrug indicating a cleavage of the amide bond.
Even if this study failed to obtain different subcellular
localizations by means of a mixed prodrug-carrier system,
the derivatization of fatty acids with some hindered groups
in the w-position maintained recognition by the FABP,,,
transporter. The fatty acid prodrug approach described here

thus seems to preserve some properties of fatty acids,
namely binding to cytoplasmic FABP, binding to albumin
a the site of natural fatty acids, recognition and uptake
through FABR,,, system, p-oxidation, and accumulation
into liver and heart.

4. The use of a triglyceride for a prodrug approach
4.1. Introduction

The triglyceride prodrug approach aims to take advan-
tage of the metabolic fate of triglycerides to improve some
drawbacks of the drug. It isfirst a pancreatic lipase driven
drug delivery but it offers much more, having new
physico—chemical properties and a different fate following
breakdown and activation. Drugs bearing a carboxylate
function are good candidates for coupling to a diglyceride
via an ester bond. Drugs without this function may be also
coupled to the glyceride via a spacer such as succinic acid.
However, this spacer may influence the release of the drug.

Numerous objectives have been pursued with this
approach, as classified here to present its advantages and
limitations. Following the historical development of these
prodrugs, we examine here four different objectives: (1)
enteral delivery of the drug attached to the glyceride, (2)
targeting to the lymphatic system of drugs attached to
glycerides, (3) central nervous system targeting and (4)
liver targeting.

Recent evidence indicates that metabolic coupling to a
lipid can be achieved for xenobiotic carboxylic acids,
which may be incorporated into glycerides in vitro and in
vivo (Fears, 1985; Dodds, 1991, 1995; Mayer et al., 1994).
Thus, 4-phenoxybenzoic acid was rapidly esterified to
form pseudoglycerides found in the liver and adipose

i H_/\/\/\/\/\/COOH
N

Gal Gal Gal
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Fig. 5. Targeting of drug to the hepatocytes by fatty acids. Influence of the carrier (albumin or galactosylated albumin) on the fate of the fatty acids and
their analogues. BSA =bovine serum albumin; Gal BSA =poly-galactosylated bovine serum albumin; ASGPr=asialoglycoprotein receptor; FABPm=fatty

acid binding protein.



S20 D.M. Lambert / European Journal of Pharmaceutical Sciences 11 Suppl. 2 (2000) S15-S27

tissue of rats (Moorhouse et al., 1991; Haselden et al.,
1998a,b). Non-steroidal anti-inflammatory drugs (NSAIDs)
such as ibuprofen or fenprofen (Dodds et al., 1995) have
been shown to be incorporated into triglycerides in vitro by
rat liver slices or adipocytes. However, these data are too
fragmentary to conclude that the triglyceride prodrug
approach is just a copy of what Mother Nature does. Are
these endogenous lipid conjugates pharmacologically ac-
tive effect or toxic? What is their kinetics and storage?
These questions remain open and merit further attention to
delineate the usefulness of the glyceride prodrug approach.

4.2 Enteral delivery of the drug attached to a glyceride:
a lipase driven process

The first studies dealing with glycerides in which a fatty
acid was replaced by a drug date from the late 1970s. At
that time, reduction of the gastrointestinal side-effects of
NSAIDs was aready a major concern. Taking into account
that the lipases present in the mouth and stomach are not
very efficient, acetylsdlicylic acid was coupled to a
glyceride to reduce its gastric concentrations and, thus,
to reduce gastric irritation. Acetylsalicylic acid was
directly connected via an ester bond to the diglyceride
backbone. Investigating a series of 1,3-diacyl-2-
acetylsalicylateglycerides with varying length of the fatty
acid chain (C,—C;), Peris et a. (1979) and Carter et al.
(1980) showed that these prodrugs retained the potency of
aspirin but elicited less gastric damage. It was postulated
that like natural triglycerides, only a negligible fraction of
the modified glyceride underwent breakdown to release the
free drug in the stomach. This was confirmed (Kumar and
Billimora, 1978) using a radiolabeled aspirin derivative,
1,3-dipalmitoyl - 2-(2' -acetoxy-[““C] carboxybenzoy!)-gly-
cerol. The modified glyceride was found to be stable in the
stomach, but to hydrolyze in the small intestine to give the
corresponding 2-aspirin-glycerol which was absorbed to
yield therapeutic concentrations of aspirin in the plasma.
Around 20% went to the lymph as 2-aspirin-triglyceride.

This prodrug approach was applied to several other
NSAIDs (Fig. 6), namely a cyclic derivative of aspirin
(Paris et al., 1980a), indomethacin (Paris et al., 1980b),
ketoprofen, diclofenac, ibuprofen, desmethylnaproxen and
naproxen (Paris and Cimon, 1982; Cullen, 1984). In these
studies, the authors defined a ** therapeutic index’” ex
pressed as the ratio between the ulcerogenic dose (UD.)
and the effective dose (ED ;). The therapeutic index of the
modified glycerides compared to the parent drug increased
from three-fold for indomethacin to 80-fold for aspirin. It
has been assumed that in the case of aspirin the direct local
ulcerogenic action of the drug was suppressed while the
systemic effect of the inhibition of cyclooxygenase was not
affected. Hence, this prodrug approach was not fully
successful for anti-inflammatory drugs with pronounced
gastric side-effects due to cyclooxygenase inhibition.

Most of these examples concern modified glycerides

COCH3 CHjy COOH
COOH A
N
|
o]

Aspirin
Indomethacin
COOH
Ketoprofen Tbuprofen

l l [ COOH
O
: COOH CH30

R = CH; Naproxene
R= H Desmethylnaproxene

Aclofenac

Fig. 6. Examples of drugs conjugated to diglycerides for enteral delivery
of the drugs.

where the anti-inflammatory drug replaced a fatty acid
chain in position-2. However, as the aim of this approach
was to reduce the release of the free drug in the stomach,
cleavage by pancreatic lipase was not critical. Paris and
Cimon (1982) synthesized a glyceride with indomethacin
in position-1, the two remaining alcohol functions of the
glycerol being esterified by decanoyl residues. This pro-
drug was found to be six times less active than the
corresponding analogue in position-2. An additional prob-
lem with 1-monosubstituted pseudoglycerides is their
preparation which requires the synthesis of unstable 1,2-
diglycerides.

A peptide drug was also coupled to a diglyceride in an
attempt to reduce its enzymatic degradation in the intestine
(Délie et al., 1994). The pentapeptide renin inhibitor lva
Phe-Nle-Sta-Ala-Sta-acetyl was attached to 1,3-dipal-
mitoylglycerol. After digestion by pancredtic lipase, the
cleaved prodrug was as effective in inhibiting renin than
the peptide itself. Pseudoglyceride formation protected the
peptide from degradation by gastric and intestinal fluids
and by o-chymotrypsin in vitro, supporting the use of
glycerolipidic prodrugs for the oral administration of
peptides.

4.3 Targeting to the lymphatic system of drugs attached
to glycerides

Another use of the glyceride prodrug approach is to
target the lymphatic route (Fig. 7). If the fatty acid chains
are long enough, the structural similarity between pseu-
doglycerides and natural triglycerides will alow the pro-
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Fig. 7. Lymph targeting of drugs conjugated to diglycerides. On the l€ft, are presented the drugs escaping from first pass metabolism (L-Dopa, bupranolol
and niclosamide) and on the right, the drugs which target lymphatic disorders (chlorambucil, melphalan, closantel, GABA and niclosamide).

drug to bypass the liver by absorption via the lymphatic
system and, thus, to avoid fist-pass metabolism. With this
objective, triglycerides were prepared from a pha-blockers
(Mantelli et al., 1985) or L-Dopa (Garzon-Aburbeh et a.,
1986). In addition to a reduced first-pass metabolism,
triglycerides have been used to target the lymphatic system
itself for the treatment of lymphatic cancers or lymphatic
filiariosis with melphalan (Deverre et a., 1992a; Loiseau
et a., 1994), chlorambucil (Garzon-Aburbeh et al., 1983;
Loiseau et a., 1994, 1997), closantel (Loiseau et a., 1997)
and GABA (Deverre et al., 1989, 1992b). The amino acid
GABA, better known as a mgor inhibitory neurotrans-
mitter in mammals, represents a therapeutic agent in
infection by Molinema dessetae, the pathogen responsible
for lymphatic filiariosis. GABA itself showed antifilarial
effects in vitro but a macrofilaricidal action in vivo was
only observed after intraperitoneal injection of very high
doses. The diglyceride prodrug of GABA, despite en-
couraging in vitro results (Deverre et a., 1989), was not
found active in vivo after intraperitoneal or oral adminis-
tration (Deverre et al., 1992b). In a recent study (Loiseau
et a., 1997), new closantel and chlorambucil prodrugs
expected to accumulate in the lymphatic system were
prepared and evaluated on the filaria Molinema dessetae. A
delayed effect and a decreased toxicity were observed with
closantel prodrugs compared to the parent compound. The
most active prodrug by the oral route was 1,3-dipalmitoyl-

2-succinyl-glycerol-closantel. Chlorambucil prodrugs were
only active in vitro (Loiseau et a., 1997).

In order to bypass the liver and to promote lymphatic
transport, the antihelmintic agent niclosamide, which is
very effective against infective larvae in vitro but not after
oral administration, was conjugated to diglycerides includ-
ing amide bio-isostere glycerides (el Kihel et al., 1994).
The diamide prodrug 1,3-dihexadecanamido-2-[4-chloro(2-
chloro-4-nitroanilinocarbonyl ) phenyloxycar-
bonylpropanoyloxy] propane exhibited enhanced stability to
gastrointestinal enzymes, a delayed action and oral activity
against with Molinema dessetae infective larvae.

In these studies, few authors have analyzed lymph
concentrations. Kumar and Billimora (1978) showed that
approximately 20% of the total amount of an orally
administered aspirin-glyceride reached the lymphatic sys-
tem. Garzon-Aburbeh et al. (1983, 1986), studying 1,3-
dipamitoylpseudo-glycerides  containing 1-Dopa or
chlorambucil, observed an increase in lymph concentra-
tions from 0.2 and 3% for the parent drugs up to 20 and
26% for the triglyceride derivatives, respectively. Com-
pared to the parent drug under the same conditions, a 40-
to 60-fold increase in lymphatic concentrations was ob-
served for a dipamitoylpseudoglyceride of melphalan
(Loiseau et a., 1994), an alkylating agent similar to
chlorambucil. The plasma concentration of melphalan was
two-fold higher than that observed after administration of
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the free drug. A minor lymphotropism was observed in the
case of a 2-nicotinic or 2-naproxen diglyceride, while the
lymph incorporation for the monoglyceride was quite high
(Sugihara et a., 1988a,b; Sugihara and Furuuchi, 1988).

In our laboratory, we investigated the influence of the
fatty acid chain length on the lymphatic absorption of
chlorambucil pseudoglycerides (unpublished results). A
fatty acid chain length longer than 14 carbon atoms was
found necessary for lymphotropism. The degree of unsatu-
ration of the fatty acids (linoleoyl, linolenoyl, oleyl) was
not a determining factor.

4.4. Central nervous system targeting of drugs attached
to the glycerides

The use of glycerides to increase the brain penetration of
drugs began with a report by Jacob et a. (1985) who
synthesized GABA-glycerides. A dramatic increase in the
brain penetration of GABA was observed and the
diglyceride reached the brain easily with a penetration
index (brain penetration index BPI=the ratio between
cerebral and hepatic concentrationsx 100) 127 times higher
than the parent compound. The introduction of unsaturated
fatty acid chains was found to be favorable for activity,
despite a lower lipophilicity (Jacob et al., 1987). No
mechanistic explanation was offered to support this ob-
servation. Using an elegant design, the same group evalu-
ated a glyceride prodrug approach to deliver simultaneous-
ly GABA and vigabatrin (y-vinylIGABA), an inhibitor of
GABA transaminase (Jacob et a., 1990). An asymmetri-
cally disubstituted pseudoglyceride was synthesized with
the three hydroxyl functions esterified by linolenoic acid,

HaN_~~_~COCH
GABA NH;

H NH2
COOH
HO

L-Dopa

H
@__/o\"/ N<_~COOH
o

N-benzyloxycarbonylglycine

GABA and v-vinyl-GABA, yielding a double prodrug. The
activity of this pseudoglyceride was some 300 times
greater than that of the GABA transaminase inhibitor.

A L-Dopa diglyceride was aso prepared to improve the
central effects of the drug (Garzon-Aburbeh et al., 1986).
Here too, increased brain levels were observed. In contrast
to GABA, L-Dopa easily penetrates the CNS by an active
process, using the L-neutral amino acid carrier system at
the blood—brain barrier. In this case, the increased brain
concentration could be attributed, at least partialy, to a
peripheral metabolic protection of the drug. A similar
approach was followed for lipidic conjugates of the
NSAID niflumic acid. The dipalmitoylglyceride prodrugs
were prepared and found more active than niflumic acid in
an experimental brain edema model (el Kihel et al., 1996).

Phenytoin, awidely used antiepileptic drug, suffers from
erratic resorption in patients. It is in fact poorly soluble in
water and organic solvents. Many pseudoglycerides con-
taining phenytoin have been prepared to increase its ora
availability. Phenytoin enters the brain probably by passive
diffusion. The drug is also a good model compound,
lacking a carboxylate handle. Different approaches were
investigated including spacers or a retro-carboxyl linkage
(Scriba, 1993a, 1994, 1999; Fig. 8). Lipid conjugates
including 2-phenytoin-succinyl pseudoglycerides and retro-
lipid mimics are degraded by pancreatic lipase, like natural
glycerides (Scriba, 1993b). The pharmacological evalua
tion of these conjugates revealed an anticonvulsant effect
similar to that of phenytoin (Scriba et a., 19953). More-
over, the anticonvulsant activity of the pseudolipids corre-
lated with the lipase-mediated release of phenytoin. An
improved pharmacokinetic profile was often observed,

CgH
COOCH }_ COOH
Vigabatrin CaHy Valproate
COOH
HN NH
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Fig. 8. Centra nervous system-targeting of drugs coupled to diglycerides or modified diglycerides.
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suggesting the interest of this approach for poorly absorbed
drugs (Scriba et a., 1995b,c; Scriba and Lambert, 1997).

Another approach used in our laboratory to enhance
brain penetration has been to synthesize amide bio-isostere
pseudoglycerides (Mergen et a., 1991a; Poupaert and
Lambert, 1992; Fig. 9). The 1,3-diaminopropan-2-ol back-
bone was acylated first by fatty acid residues in position-1
and 3 giving amides bio-isosteres of diglycerides. The drug
was then attached to the remaining alcohol function by an
ester bond. The rationale here was to retain the triglyceride
structure, keeping in mind that amides exhibit an increased
resistance to chemical and enzymatic hydrolysis. Valproate
(Mergen et a., 1991b), the enkephalinase inhibitor
acetylthiorphan (Lambert et al., 1993a, 1995b) and N-
benzyloxycarbonylglycine (Mergen et al., 1991b, Lambert
et al., 1996) were attached in the 2-position (Fig. 9). These
bio-isosteric pseudoglycerides showed increased pharma
cological activity. Non-natural side chains were aso
incorporated, eg., 1,3-dicyclicdiamidopropan-2-ol, and
exhibited intrinsic additional activity (Lambert et d.,
1993h).

The case of N-benzyloxycarbonylglycine illustrates the
potential of CNS targeting of amide bio-isosteres. This
compound is a prodrug of glycine (Lambert et a., 1995¢)
displaying modest anticonvulsant activity after parenteral
administration in mice (Lambert et al., 1994). It was
incorporated both in amide bio-isosteres pseudoglycerides
and in classical pseudoglycerides. In these prodrugs, both
the amino group and the carboxylate were masked by a
lipophilic residue, a benzyloxycarbonyl protecting group
and a lipid moiety, respectively (Lambert, 1995d). Amide
bio-isosteres and classical pseudoglycerides were found to
be more active than the parent compound, but the amide

Blood Brain
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Fig. 9. Amide bio-isosteres of diglycerides as a central nervous system-
targeting system.

bio-isosteres displayed higher and longer activity com-
pared to the corresponding esters (Lambert et al., 1996).
Deprotected glycine pseudoglycerides exhibited an inter-
mediary activity.

4.5. Liver targeting of drugs attached to a glyceride to
the liver

The glyceride approach has been used in medical
imaging to target the liver with contrast agents either for
nuclear medicine or for magnetic resonance imaging.
Pseudoglycerides containing w-(3-amino-2,4,6-tri-
iodophenyl)alkanoic acids (Weichert et al., 1986ab;
Schwendner et al., 1992; Bakan et al., 1996, 2000;
Longino et a., 1996) or tetramethyl-pyrrolidinoxyle res-
idues (Gallez et al., 1992) have been synthesized as
potential hepatographic agents for medical imaging to
visualize hepatic tumors. These studies evaluated the
possibility of utilizing the fate of natura lipids, i.e., the
uptake and subsequent metabolism of triglycerides associ-
ated with lipoproteins by the liver.

5. The use of phospholipids in a prodrug approach

As presented in Fig. 1, two classes of phospholipid
prodrugs can be distinguished. In most cases, the drug is
bound to the phosphate group, but recently the first
phospholipid prodrug with a fatty acid moiety replaced by
a drug was reported (Kurz and Scriba, 2000). The phos-
pholipid approach has been applied to nucleoside agents,
with the nucleoside linked to a monophosphate diacylglyc-
erol, to a diphosphate diacylglycerol or to a triphosphate
diacylglycerol. Most of the nucleosides so incorporated
have antiviral or antineoplastic activity (Fig. 10), but they
have poor absorption and poor pharmacokinetic behavior.

These include 5-fluorouracil, 5-fluoridine, 1-B-p-arabino-
furanosylcytosine (ara-C), 1-B-p-arabinofuranosyluracil,
neplanocin A, 3-azido-3'-deoxythimidine (AZT), 2',3'-
dideoxycytidiine and 2’',3'-dideoxythymidine (for a re-
view, Lambert et al., 19953).

Cytidine and 2'-deoxycytidine diphosphate diacylglyc-
erols are naturally occurring liponucleotides which are
precursors in the biosynthesis of phosphoglycerides such
as phosphatidylinositol and phosphatidylglycerophosphate.
All these reactions proceed with the concomitant release of
cytidine 5-monophosphate or deoxycytidine 5’-monophos-
phate (van den Bosch, 1974). Thus, liponucleotides con-
taining antineoplastic and antiviral nucleosides and nu-
cleoside analogues have been designed with the objective
of using these specific metabolic pathways to achieve the
intracellular release of the nucleoside drug as the 5'-
monophosphate, bypassing the first of the three phos-
phorylation steps. In fact, it has been demonstrated for
araC and some antiviral dideoxy nucleosides that their
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diphosphate diacylglycerols and triphosphate dia
clyglycerols are substrates of phosphoglyceride synthe-
sizing enzymes releasing the nucleoside monophosphates
in the process (van Wijk et al., 1992; Hostetler et al.,
1993). High lymphatic levels of fluorouridine monophos-
phate diacylglycerols were seen after oral administration of
fluorouridine monophosphate dimyristoylglycerol to rats,
suggesting these compounds to be substrates of phos-
pholipid-metabolizing enzymes in the gastrointestinal tract
(Seka et al., 1993).

The use of ara-C in various types of cancer is hampered
by its rapid metabolism transforming it into the bio-
logically ineffective 1-phospho-p-arabinofuranosyluracil.
Phospholipid prodrugs of ara-C showed increased metabol-
ic stability and higher activity against various cancer cell
lines and leukemias, including kinase deficient cells (Mat-
sushita et al., 1981). Correct configuration of the phos-
pholipid is required for activity; the L-isomer of araC
diphosphate dipalmitoylglycerol, which has the same con-
figuration as the naturally occurring liponucleotides, ex-
hibited a greater antineoplastic activity than the racemic
mixture (Hong et al., 1984, 1988).

A comparison of the mono-, di- and triphosphate
dimyristoylglycerol conjugates of AZT showed that their
antiviral activity increased in the order monophosphate<
triphosphate<<diphosphate (van Wijk et al., 1994). Com-
pared to the parent drug, acyclovir diphosphate dimyris-
toylglycerol showed considerable activity against the thy-
midine kinase-deficient DM21 strain and other acyclovir-
resistant strains of the herpes simplex virus (Hostetler et
al., 1993).

The second group of phospholipid prodrugs have one or
two fatty acids replaced by a drug. Kurtz and Scriba
(2000) very recently described the synthesis of valproate-
or ibuprofen-containing phospholipids. The drug—phos-

pholipid conjugates exhibited the same surface properties
and aggregation behavior as the natural phospholipids.
Upon incubation with porcine phospholipase A2, only the
drug-phospholipids conjugates with a fatty acid in the sn-2
position were recognized and degraded by the enzyme
(Kurz and Scriba, 2000).

6. Conclusion

We conclude this review by discussing whether lipidic
prodrugs are true prodrugs. Among the criteria presented in
the introduction, several have been met, but one question
remains wide open, namely, is the lipidic pro-moiety
devoid of pharmacological activity or toxicity? This indeed
is far from certain, since lipids are increasingly implicated
in pharmacology and biochemistry. Some examples are
mentioned here just to aert the reader to potential effects
of lipidic pro-moieties. Thus, it is known that fatty acids
can modulate ion channels. Recent papers describe some
new endogenous lipids in great details. Oleamide, a sleep
inducer, seems to act at least partially at the serotonin
receptor. Palmitoylethanolamide (Lambert and Di Marzo,
1999), an endogenous compound with analgesic and anti-
inflammatory properties, has been described as an endo-
cannabinoid, i.e.,, an endogenous compound acting at
cannabinoid receptors. This compound has now entered
clinical trials as an analgesic and anti-inflammatory agent,
but its precise mechanism of action is till debated. Other
endocannabinoids are aso lipids, e.g., anandamide (ara
chidonoylethanolamide)  and  2-arachidonoylglycerol
(Bisogno et al., 1999), the endogenous ligands of the
cannabinoid receptors which show some selectivity for the
central CB,  cannabinoid  receptors.  2-Arach-
idonoylglycerol is in fact closely related to the glyceride
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used as prodrugs, and if used as a drug carrier might have
effects on its own. Tributyrate, a prodrug of butyric acid, is
another example of a very active lipid (Chen and Breit-
man, 1994), now in phase | trials for patients with solid
tumors (Conley et a., 1998).

Besides the potential intrinsic effects of the lipidic
moieties, the lipidic approach seems to offer advantages.
For instance, after oral administration of glyceride pro-
drugs, the reduction of the first pass effect together with a
delayed and long-lasting effect due to the pancreatic lipase
driven-enteral delivery may improve the pharmacokinetic
profile of the drug. Some questions remain open regarding
the metabolic fate of these lipidic prodrugs. Further studies
are needed in two directions: First, to assess the potential
for organ-targeting, it is essential to trace simultaneously
the fate of both the drug and the lipid pro-moiety. This
may be carried out by a double labeling technique, but the
synthesis of such labeled prodrugs has not yet been
achieved. Second, these lipidic entities need a formulation
compatible with a convenient mode of administration.
Some drug delivery problems may be solved using a
lipidic prodrug approach but like for other prodrug sys-
tems, an adequate choice of both the drug and the lipid
congtituting the lipidic prodrug is essential.
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