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After oral administration, first-pass drug metabolism in the
liver limits exposure in the general (systemic) circulation and
is a significant potential barrier to clinical and commercial
success. First-pass metabolism precludes useful oral bioavail-
ability for marketed drugs such as testosterone (TST) and
buprenorphine, and limits the progression of many more
experimental drug candidates. The problems of first-pass
hepatic metabolism may be overcome by re-routing the
pathway of drug absorption from the portal blood to the
intestinal lymph.[1] The intestinal lymph is responsible for the
transport of dietary lipids (primarily triglyceride, TG) from
the small intestine to the systemic circulation and drains from
the gut through the lymphatic ducts directly into the major
veins in the neck (rather than first-passing through the liver).

Dietary TG is digested in the intestine to form diglyceride
and ultimately monoglyceride (MG) and fatty acid (FA).
After absorption into enterocytes, MG and FA are re-
esterified to TG and assembled into lymph lipoproteins
(LP). The size of LP (typically 0.1–1 mm) precludes access to
the blood across the continuous vascular endothelium and

instead promotes specific entry into the more permeable
lymphatic capillaries.[2] LP association thus dictates specific
access to lymph. Drug association with intestinal LP may
occur by partitioning, but this requires very high lipophilicity
(logDs> 5 and TG solubilities> 50 mgg@1),[3] a condition met
by few drug candidates. Alternatively, prodrugs may be
generated that temporarily increase lipophilicity and inte-
grate into intestinal lipid transport pathways to promote
lymph uptake, but ultimately revert to the parent drug.

Herein, we describe the synthesis of lymphotropic pro-
drugs, based on a glyceride template, that mimic the digestion,
re-esterification, and lymphatic transport pathways of dietary
TG (Figure 1). Unlike the majority of small molecule drugs
that are absorbed into the portal blood (Figure 1, 31 ) and
exposed to first pass metabolism in the liver (32 ), TG-mimetic
prodrugs are digested to form a MG-like intermediate (33 ),
absorbed, re-esterified to a TG-derivative (34 ) and biochem-
ically integrated into LP assembly pathways (35 ). LP con-
taining drug-TG derivatives are subsequently transported
through the intestinal lymphatic system (36 ), thereby avoid-
ing first-pass metabolism in the liver. After entry into the
systemic circulation, the re-esterified TG prodrug is hydro-
lyzed by blood- or tissue-resident lipases/esterases (37 ) to
release the free drug.

Simple TG-prodrugs have been described previously, but
have not been effective in enhancing oral bioavailability,
a situation ascribed to poor drug release.[4] The synthetic
approaches described herein were therefore designed to
trigger drug release in the systemic circulation and to further
enhance the utility of TG-based prodrugs by stabilizing drug-
MG intermediates in the GI fluids. TST, an androgenic steroid
hormone that is used to treat androgen deficiency (a
condition present in 1 in 18 men aged 30–79 years[5]), was
employed as a model high first-pass drug. TG-mimetic, rather
than 2-MG mimetic prodrugs were employed due to stability
concerns, in particular the known tendency for acyl group
migration to generate the 1-MG equivalent, as has been
shown previously when the acyl group is FA.[6] The TG
derivative was also expected to be more lipid soluble, assisting
in formulation preparation.

Prodrugs were synthesized by bridging drug and glyceride
moieties with a C5 linker (Scheme 1). A self-immolative (SI)
spacer group was inserted into the linker to promote drug
release in the systemic circulation and an alkyl substitution
was made b to the glyceride ester to sterically hinder
enzymatic lability in the GI tract. After activation, typically
by an enzymatic trigger, SI groups undergo spontaneous
intramolecular reaction resulting in drug release. SI groups
were first described in the prodrug literature[7] and more
recently have been adopted to promote rapid fragmentation
of polymeric species such as dendrimers.[8] Here, two SI
groups (with different release mechanisms: elimination and
cyclization) have been employed to promote drug release and
to explore whether utility is linker-specific. 1,3-Diacylglycerol
1 was first converted to the acid-terminated TG 2 containing
a C5 linker through reaction with glutaric anhydride.[9]

Conjugation with TST was then achieved using standard
ester-bond forming chemistry to give the simple alkyl
glyceride prodrug 4 (TST-C5-TG). To generate prodrugs
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containing an acetal SI (ASI) group (release by elimination),
TST was first transformed into (methylthio)methyl (MTM)
ether 6 using known methods.[10] Activation of MTM ether 6
using sulfuryl chloride, followed by reaction with acid-TG 2
gave prodrug 7 (TST-ASI-C5-TG). To access prodrugs con-
taining an alternative “trimethyl-lock” (TML) SI group
(release by cyclization),[11] acid-TG 2 was coupled with

TML phenol 9,[7c] and the result-
ing product elaborated into acid
10 over three steps. Final cou-
pling with TST then afforded
prodrug 12 (TST-TML-C5-TG).
To promote stability in the GI
tract the same series of reac-
tions were undertaken using 3-
methylglutaryl dichloride as the
C5 linker precursor to provide
the b-methyl-substituted C5
prodrug (TST-C5-bMe-TG 5)
and the equivalent ASI (TST-
ASI-C5-bMe-TG 8) and TML
(TST-TML-C5-bMe-TG 13) SI
group-containing prodrugs.

To investigate prodrug inte-
gration into lipid digestion path-
ways, and to evaluate gastro-
intestinal stability, prodrugs
were incubated with simulated

gastric fluid (SGF, pH 1.2) and with simulated intestinal fluid
(SIF) containing pancreatic enzymes (Figure 2). The prodrugs
were stable in SGF for 3 h (> 95% remaining; Supporting
Information). In contrast, incubation with SIF resulted in
rapid hydrolysis of the fatty acids in the 1’ and 3’ position of
the glycerol backbone to generate the drug-MG lipolysis
product (A suffix in Scheme 1). For the unbranched prodrug

Figure 1. Blood vs. lymph transport pathways following oral drug or prodrug administration (see text for
explanation). SI is self-immolative spacer, L is linker, TG is triglyceride, and MG is monoglyceride.

Scheme 1. Synthetic pathway for TST prodrugs. Conditions: a) for R = H: glutaric anhydride, DMAP, pyridine, THF/CH2Cl2, 39%; b) for R = Me: 3-
methylglutaryl dichloride, pyridine, CH2Cl2, 88%; c) testosterone, EDC*HCl, DMAP, CH2Cl2, 41% for 4, 73% for 5, 44% for 12, 68% for 13 ;
d) MTM-ether 6, SO2Cl2, CH2Cl2, then add to acid 2 or 3 in PhMe, 70% for 7, 65% for 8 ; e) phenol 9, EDC*HCl, DMAP, CH2Cl2 ; f) 10-CSA,
MeOH/CH2Cl2 ; g) PCC, CH2Cl2 ; h) KMnO4, acetone/H2O, 37% over 4 steps from 2 to 10, 55% over 4 steps from 3 to 11.
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4, concentrations of drug-MG 4A rapidly increased and then
decreased over time, following first-order kinetics (R2 = 0.97,
degradation half-life & 46 min). Hydrolysis of 4A was
expected to reduce lymphatic transport because it is a key
substrate for post-absorptive re-esterification. A methyl
substitution was therefore introduced into the C5-linker on
the b-carbon to the glyceride ester to form 5. The design was
chosen to sterically stabilize the labile ester between the drug
and glyceride moiety and to potentially slow the rate of
isomerization in situ that forms the more enzymatically labile
1-MG derivative. The methyl substitution was introduced b

rather than a to the glyceride because both are expected to
inhibit hydrolysis but b substitution allows further separation
from the glycerol backbone, potentially reducing interference
with subsequent re-esterification. b-Methylation (bMe)
almost completely prevented luminal hydrolysis of 5A. Real-
izing the benefit to prodrug utility of enhanced drug release in
the systemic circulation, prodrugs were constructed with SI
groups between TST and the C5 linker. Addition of the ASI
group in 7 led to rapid luminal instability of drug-MG 7A ;
however, the combination of either ASI or TML SI groups
and bMe protection resulted in prodrugs (8 and 13, respec-
tively) with acceptable GI stability of the drug-MG form
(Figure 2).

Subsequent studies explored the impact of bMe protec-
tion and SI insertion on TST release in plasma (Figure 3).
Prodrugs were incubated with rat plasma (supplemented with
lipoprotein lipase (LPL)) at 37 88C and TST release was
quantified over time. Consistent with the suggestion that bMe
may prevent drug release, the plasma stability of 5A (the
drug-MG lipolysis product of 5) was significantly higher than
that of the straight chain analogue 4A, although in neither
case was free TST released. Instead, the final product
appeared to be TST-C5-acid resulting from cleavage of the
ester link to the glyceride backbone. In contrast, addition of
the ASI group in 7 resulted in rapid release of free TST, and
this was evident regardless of the inclusion of the bMe group
in 8. Similar data were evident for the TML prodrug 13,
supporting the effectiveness of both SI groups.

The in vitro data therefore suggest that SI groups are
required to promote drug release in plasma (and that
elimination- and cyclization-mediated SI groups are effec-
tive), but that they may destabilize the prodrug in the GI
lumen. However, bMe substitution attenuates the reduction
in GI instability resulting from SI group insertion, and retains
effective release properties.

The net effect of changes to GI stability and drug release
profiles were subsequently evaluated in vivo, firstly by
exploring the lymphatic transport of the re-esterified prodrug,
and ultimately through evaluation of TST systemic exposure.

Lymphatic transport of parent TST was essentially zero
(Figure 4), reflecting a lack of TSTaffinity for lymph LP. Data
was also generated for the only commercial oral TST product,
testosterone undecanoate (TU, Andriol

U

). TU is a fatty acid
ester of TST, designed to promote lymphatic transport and
increase TST bioavailability. TU is partially successful but is
inefficient (& 4–7 % oral bioavailability in dogs and
humans[12]) and many patients struggle to achieve therapeutic
TST levels with oral TU. Consistent with these suggestions, in
the current study the lymphatic transport of TU was low
(1.9%). In contrast, the simple straight-chain TG-mimetic
prodrug 4 significantly increased lymphatic transport when

Figure 2. Production of MG derivatives of the TG-mimetic prodrugs
upon in vitro incubation with simulated GI fluids containing pancreatic
lipase. Mean (n =3) : SEM.

Figure 3. Production of metabolic intermediates and TST during in vi-
tro incubation of TST prodrugs with plasma supplemented with
lipoprotein lipase (LPL). A–E) %generation of different species versus
time for each prodrug. F) Comparison of %free TST generation across
all prodrugs. Mean (n =3) : SEM.
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compared to TST or TU, and this was increased again by bMe
stabilization in 5. As expected based on the poor luminal
stability of the prodrugs containing the SI groups, lymphatic
transport of 7 was low, but combination of the SI groups and
bMe stabilization resulted in robust lymphatic transport for
both the ASI- and TML-containing prodrugs 8 and 13.

Finally, systemic exposure of TST was explored after oral
administration of TST, TU, and the glyceride-mimetic pro-
drugs to conscious female rats. Plasma TST exposure
(Figure 5) was negligible after oral administration of TST
and elevated slightly by administration of TU or the straight-
chain prodrug 4, although in both cases the increases in
systemic TST were moderate, consistent with previous
studies.[4a] In contrast, the ASI prodrug 7 significantly
enhanced plasma exposure and this was enhanced further
by bMe stabilization of the ASI and TML prodrugs 8 and 13.
Tmax was slightly shorter for the better performing TG
prodrugs when compared to TU, possibly reflecting more
rapid systemic release when compared to TU (< 3 % TST was
released from TU under the conditions employed in
Figure 3).

In conclusion, we demonstrate prodrug strategies that
markedly (10–90 fold) improve the systemic exposure of
drugs such as TST where bioavailability is limited due to
substantial first-pass metabolism. Glyceride-mimetic pro-
drugs integrate drugs into endogenous lymph LP transport
pathways that deliver the drugs directly into the systemic
circulation and avoid first-pass metabolism in the liver. The
twin challenges of GI stability and systemic lability may be
met using a combination of bMe-branched linkers and SI
groups to stabilize against GI hydrolysis and promote
systemic drug release, respectively. This marks a considerable
advance over previous approaches that rely on direct
conjugation[13] or simple alkyl spacers, where GI stability is
reduced and drug release is limited.[4b] The technology is
adaptable to different SI groups and the conjugation chem-
istries may be adjusted for application to drugs with hydroxyl,
amine, thiol, or carboxylic acid functionality. Beyond pro-
moting oral bioavailability, lymphatic drug transport may also

provide advantages for drugs with lymph-resident targets and,
in particular, lymphocyte-related targets[14] because more
than 90 % of the total lymphocyte pool resides within the
lymphatic system and approximately 50 % within the intes-
tinal lymph and lymphoid tissue.[1]

Experimental Section
Materials and prodrug synthesis: See Scheme 1 and the Supporting
Information.

In vitro hydrolysis: See the Supporting Information for details.
Briefly, hydrolysis experiments were conducted by prodrug incuba-
tion (37 88C) with simulated gastric fluid (pH 1.2) or simulated
intestinal fluid containing porcine pancreatin (1000 IUmL) to reflect
events in the GI tract, and with rat plasma supplemented with
lipoprotein lipase (200 IUmL), to evaluate drug release in the
systemic circulation. Samples were analyzed for the products of
prodrug hydrolysis by LC-MS/MS.

In vivo lymphatic transport and pharmacokinetic studies: See the
Supporting Information for details. The mesenteric lymph duct and/or
carotid artery were cannulated as described previously for the
collection of lymph and blood samples.[15] The rats were dosed via
an intraduodenal cannula (for lymphatic transport studies) or oral
gavage (for pharmacokinetic studies) with drug or prodrug. Drug
content in lymph and plasma samples was determined by LC-MS/MS.
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Figure 4. Cumulative lymphatic transport of TST, TU, and TG prodrugs
following intraduodenal infusion to anaesthetised, mesenteric lymph-
duct-cannulated female rats. Mean (n+3) : SEM.

Figure 5. Plasma concentrations (nmolL@1, dose normalized to
2 mgkg@1 equivalent dose of TST) of free TST versus time following
oral administration of TST (4 mg kg@1 dose), TU
(2.5 mg kg@1 equivalent dose of TST), and TG prodrugs
(2 mgkg@1 equivalent dose of TST) formulations to carotid-artery-
cannulated rats. Mean (n+3) : SEM.
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