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Buprenorphine (BUP) is a potent opioid analgesic that is widely used for severe pain
management and opioid replacement therapy. The oral bioavailability of BUP, however, is
significantly limited by first-pass metabolism. Previous studies have shown that triglyceride
(TG) mimetic prodrugs of the steroid hormone testosterone circumvent first-pass
metabolism by directing drug transport through the intestinal lymphatics, bypassing
the liver. The current study expanded this prodrug strategy to BUP. Here different self-
immolative (SI) linkers were evaluated to conjugate BUP to the 2 position of the TG
backbone via the phenol group on BUP. The SI linkers were designed to promote drug
release in plasma. Lipolysis of the prodrug in the intestinal tract was examined via
incubation with simulated intestinal fluid (SIF), and potential for parent drug liberation in
the systemic circulation was evaluated via incubation in rat plasma. Lymphatic transport
and bioavailability studies were subsequently conducted in mesenteric lymph duct or
carotid artery-cannulated rats, respectively. TG prodrug derivatives were efficiently
transported into the lymphatics (up to 45% of the dose in anaesthetised rats, vs. less
than 0.1% for BUP). Incorporation of the SI linkers facilitated BUP release from the
prodrugs in the plasma and in concert with high lymphatic transport led to a marked
enhancement in oral bioavailability (up to 22-fold) compared to BUP alone. These data
suggest the potential to develop an orally bioavailable BUP product which may have
advantages with respect to patient preference when compared to current sublingual,
transdermal patch or parenteral formulations.

Keywords: lymphatic transport, prodrug, triglyceride mimetic, buprenorphine, first-pass metabolism, oral
bioavailability, opioid analgesics

INTRODUCTION

Buprenorphine (BUP, Figure 1) is a potent µ-opioid receptor partial agonist that is widely used for
pain management and opioid replacement therapy (Johnson et al., 2005; Coe et al., 2019; Hale et al.,
2021). Owing to high affinity for the µ-opioid receptor and slow receptor dissociation, BUP has a
long duration of action, and may be used as a replacement for a number of widely used opioid
analgesics, including fentanyl, oxycodone and morphine (Mercadante et al., 2009; Daitch et al., 2014;
Prommer 2015). One of the main advantages of BUP is lower respiratory depression compared to
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FIGURE 1 | Panel (A) Structure of BUP, TG prodrugs and MG forms of the prodrugs (i.e., the lipolysis products after the removal of the fatty acids in the sn-1 and
sn-3 positions from the prodrugs). Panel (B) General schematic to show the proposed mechanisms of release of drug from prodrug in plasma for both SI and non-SI
containing prodrugs. The dashed lines and arrows indicate the expected mechanisms for BUP release from the MG or acid forms of the prodrugs and the numbers
indicate the expected order of transition. Panel (C) Structures of the acid forms of the prodrugs (i.e., the intermediate products after cleavage from the MG in
plasma and before breakdown of the acid form to generate BUP).
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fentanyl and morphine (Kress 2009). BUP has also been
suggested to have a better gastrointestinal safety profile, e.g.,
less nausea compared to fentanyl and morphine (Wolff et al.,
2012), and potentially less constipation compared to morphine
(Likar et al., 2006; Prommer 2015).

In common with opioid analgesics including fentanyl, first-
pass metabolism of BUP is extensive, limiting oral bioavailability
and dictating the need for alternate delivery approaches. BUP is
completely absorbed across the gut wall, but the oral
bioavailability (BA) is limited (to less than 10%) by intestinal
and hepatic first-pass metabolism, predominantly via two
pathways in humans (Taylor et al., 2013) (Figure 2): 1) phase
I metabolism via N-dealkylation of BUP (primarily by CYP3A4)
to generate norbuprenorphine, followed by phase II metabolism
(glucuronidation) of the phenol group in norbuprenorphine to
generate norbuprenorphine glucuronide and 2) direct Phase II
conjugation of the phenol group in BUP to generate
buprenorphine glucuronide. The low oral bioavailability of
BUP increases the risk of highly variable pharmacokinetics
since drugs with low bioavailability are often subject to high
inter-individual differences, drug-drug interactions (Fihlman
et al., 2018), and food effects (Maharao et al., 2017)), and may
also increase safety risks, since norbuprenorphine shows 10 fold
higher respiratory depression than BUP (Strang et al., 2018).

Due to low oral bioavailability, BUP is marketed primarily as
mucosal (sublingual/buccal), transdermal (patch), or injectable
(e.g., intravenous/intramuscular/implant) formulations.
Compared to injectables, non-injectable formulations offer
better convenience for clinical use, however mucosal
formulations have been documented to cause dental health
concerns, potentially due to pH change in the oral cavity
(Suzuki et al., 2013; Grisham et al., 2019) and transdermal
patches cause skin irritation in 25–45% of patients (Prommer
2015; Serpell et al., 2016). Sublingual BUP is also commonly used
as a substitute for stronger opioids such as heroin, followed by a
tapering strategy to allow withdrawal. Sublingual doses, however,
present a practical problem for this approach since patients can
hold the dose in their mouth, leave the administering pharmacy
and then remove and divert to illicit supply. The ability to develop
an oral (swallowable) BUP product with high bioavailability
would therefore address a range of important unmet clinical
needs. In an attempt to enhance BUP oral bioavailability,
previous studies have administered BUP with dietary

components (e.g., ginger extracts (Joshi et al., 2017; Maharao
et al., 2017)) and generally regarded as safe (GRAS) compounds
(e.g., silybin (Joshi et al., 2017; Maharao et al., 2017)) in order to
inhibit first-pass phase I and phase II metabolism. Some studies
have shown bioavailability enhancement (Joshi et al., 2017),
however these effects were moderate (absolute oral
bioavailability <10%) and likely to be variable, therefore
alternative approaches are required.

Re-directing drug transport from the intestine through the
intestinal lymphatic system, rather than the portal blood,
provides a means to improve the oral bioavailability of drugs
that have high hepatic first-pass metabolism (Trevaskis et al.,
2008; Yanez et al., 2011; Bala et al., 2016; Hu et al., 2016; Franco
et al., 2020). In contrast to the mesenteric venous network that
collects the blood from the intestine into the portal vein before
passing through the liver, the intestinal lymphatics drain into the
thoracic duct and empty directly into the systemic blood via the
major veins in the neck. Drug transport via the intestinal lymphatics
can be promoted by drug association with intestinal lipoproteins,
particularly chylomicrons (CM), during transport across the
enterocyte. This is because intestinal lipoproteins are relatively
large (up to 1 µm in diameter) and as such do not readily pass
across the continuous blood vascular endothelium, but instead
preferentially traverse the more permeable lymphatic endothelial
barrier (Zhang et al., 2018; Cifarelli and Eichmann 2019). Drug
association with intestinal lipoproteins, and thus lymphatic
transport, may occur spontaneously for highly lipophilic drug
molecules (typically those with log Ds > 5 and TG solubilities
>50mg/g (Charman and Stella 1986; Porter and Charman 2001;
Trevaskis et al., 2008)). For most drugs that do not exhibit such high
lipophilicity, however, lipoprotein association and intestinal
lymphatic transport is usually low.

To enhance lipoprotein association for less lipophilic drugs,
lipophilic prodrugs can be employed. A clinically successful
example of this approach is testosterone undecanoate, an
aliphatic ester prodrug of testosterone (TST), a compound
with very high first pass metabolism. The conjugation of TST
to a C11 straight chain fatty acid (FA) to form testosterone
undecanoate greatly enhances the lipophilicity of the parent
compound thereby enhancing lipoprotein association,
lymphatic transport and oral bioavailability (Tauber et al.,
1986a; Tauber et al., 1986b). This product, however, results in
only ~5% oral bioavailability for TST, potentially reflecting both

FIGURE 2 | The main metabolism pathway and metabolites of BUP, including norbuprenorphine, norbuprenorphine glucuronide, and buprenorphine glucuronide.
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inefficient association of the aliphatic ester prodrug with CM, low
lymphatic transport and potentially incomplete release of TST
from the prodrug in the systemic circulation (Tauber, Schroder,
Dusterberg and Matthes 1986b; Shackleford et al., 2003).

Drug-TG conjugates (rather than drug-FA conjugates) offer
an alternate platform to promote intestinal lymphatic transport
(Porter and Charman 2001; Irby et al., 2017; Markovic et al., 2019;
Elz et al., 2022). A limited number of studies have described
simple TG mimetics previously and these have shown moderate
benefit (Amory et al., 2003; Wang et al., 2021). One of the
limitations of this approach, is the need for differential
stability in the gut and the systemic blood (Scriba 1995;
Amory et al., 2003; Hu et al., 2016). Thus, the prodrug must
integrate into typical digestive processes in the intestine, being
transformed from a drug-TG into a drug-monoglyceride (MG)
and this drug-MG intermediate must be stable enough to allow
absorption and integration into TG re-esterification processes in
the enterocyte. This in turn promotes incorporation of the re-
esterified prodrug into CM assembly processes alongside
endogenous TG. After transport through the lymph into the
systemic blood, this process must then be reversed and drug
released from the re-esterified material in order to exert
pharmacologic activity.

Previous studies in our laboratory have shown for TST that
this can be achieved using appropriately designed self-immolative
(SI) linkers to fine tune the stability profiles both pre- and post-
absorption (Hu et al., 2016). This resulted in increases in oral
bioavailability for TST that were an order of magnitude higher
than that achieved with TST undecanoate. In the current study,
therefore, we applied similar design concepts to BUP, realising
that the conjugation point in BUP (phenol) is different to the
group employed previously for TST and the molecular weight of
BUP is higher than that of the molecules employed previously,
raising questions as to whether the additional molecular weight
imparted by the pro-moiety may limit intestinal permeability and
absorption. As shown in Figure 1A, here the BUP phenol was
conjugated to a TG backbone via a range of different linkers.
BUP-C4-TG contained a four-carbon straight chain spacer; BUP-
C5bMe-TGwas designed to improve intestinal stability due to the
steric effects of the beta substituted methyl group and BUP-CE-
C4-TG, BUP-TML-C4-TG and BUP-TML-C5bMe-TG were
designed to enhance plasma release via the incorporation of a
SI group. In this case both SI groups were expected to self-
immolate via cyclisation (Figure 1B). The CE (cyclising ester) SI
group is a relatively simple aliphatic chain designed to cyclise to

form a 6 membered ring. The TML (tri-methyl lock) group is
designed to also promote cyclisation and for the methyl
substituents to promote that process thereby potentially
increasing the release of BUP after entry into the systemic
circulation. The prodrugs were first evaluated in vitro via
incubation with simulated intestinal fluid (SIF) to map
lipolysis from the TG derivative to the corresponding MG
derivative (Figure 1A) and to subsequently examine the
stability of the MG derivative in the intestine. Studies were
also conducted with the intact TG prodrug in the presence of
plasma to simulate conversion of the re-esterified prodrug to
parent drug or to the intermediate “acid” form (where the drug
remains attached to the SI group and linker) in the blood
(Figures 1B,C). Animal studies were then conducted to
examine the extent of lymphatic transport and oral
bioavailability of BUP after administration of the prodrug.
The work aims to 1) define whether the general trends seen
previously with TG-mimetic prodrugs of TST are also seen in a
molecule where conjugation is via a phenol, 2) examine the
impact of the increase in molecular weight of BUP on the
absorption and lymphatic transport of the TG-mimetic
prodrugs and 3) evaluate the utility of a cyclising ester self
immolative group.

MATERIALS AND METHODS

Chemicals, Synthesis of BUP Prodrugs, and
Formulation Preparation
The buprenorphine (BUP) prodrugs were synthesised from BUP
(Tasmanian Alkaloids, Tasmania, Australia) as described in the
Supplementary Material. Oleic acid, Tween 80, lipoprotein
lipase, and porcine pancreatin were purchased from Sigma-
Aldrich, MO, United States. Acetonitrile for liquid
chromatography was purchased from Merck Pty Limited, VIC,
Australia. Ultrapure water was obtained from a Milli-Q™ system
(Millipore, MA, United States). All other chemicals were analytical
grade or above. Lipid-based formulations of the prodrugs or BUP
for in vivo studies were assembled as described previously (Han
et al., 2014) using ultrasonication. Formulations for each animal in
the lymphatic transport studies contained 50 µg of prodrug or
parent BUP, 40 mg oleic acid, 25 mg Tween 80 and 5.6 ml
phosphate buffered saline (PBS, pH 7.4). Formulations for each
animal in the oral bioavailability studies contained 50 µg of
prodrug or 20 µg of parent BUP, 40 mg oleic acid, 25 mg

TABLE 1 | Molecular weight (MW) and cLogP values of BUP, prodrugs, and expected MG-like intermediates generated upon hydrolysis by digestive fluid in the GI lumen.
Data were calculated OSIRIS Datawarrior (Version 5.5.0).

MW of TG prodrug cLogP of TG prodrug MW of MG intermediate cLogP of MG
intermediate

Parent BUP 468 4.3 NA NA
BUP-C4-TG 1119 17.3 642 3.6
BUP-C5bMe-TG 1147 18.0 670 4.3
BUP-CE-C4-TG 1219 18.2 742 4.0
BUP-TML-C4-TG 1323 20.7 846 7.0
BUP-TML-C5bMe-TG 1351 21.4 874 7.7
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Tween 80 and 2 ml PBS. The IV formulation was a solution of
20 μg/ml BUP in PBS (10 µg in 0.5 ml for each animal).

In Vitro Digestion of Prodrugs by Porcine
Pancreatin
To study the hydrolysis of TG prodrugs in the intestinal lumen,
in vitro digestion of BUP prodrugs was performed via incubation
with pancreatic lipase (1,000 IU/ml) as described previously (Hu
et al., 2016). Briefly, the lipase solution was prepared by
dispersion of porcine pancreatin (10,000 IU/ml) in a lipolysis
buffer (pH 6.5) containing tris-maleate (2 mM), CaCl2 (1.4 mM)
and NaCl (150 mM), followed by centrifugation at 2,000 g for
15 min at 5°C to provide the lipase solution as the supernatant. To
start the hydrolysis, 100 µl of the lipase solution was added to a
mixture of 20 µl of prodrug solution (0.1 mg/ml dissolved in
acetonitrile) and 900 µl of simulated intestinal micellar solution
(3 mM of sodium taurodeoxycholate and 0.75 mM of
phosphatidylcholine dispersed in lipolysis buffer). The solution
was incubated at 37°C. Samples (20 µl) of the incubation solution
were taken at 0, 5, 10, 15, 30, 60, 90, 120 and 180 min post
incubation and added to 180 µl of acetonitrile to stop lipolysis.
The mixture was vortexed and centrifuged at 4,500 g for 5 min to
precipitate proteins prior to analysis. The supernatant was
analysed by HPLC-MS/MS for the potential products
(Figure 1) of prodrug hydrolysis as described in the
Supplementary Material. These were the MG form (where the
fatty acids are hydrolysed in the sn-1 and sn-3 position of the
prodrug), the “acid” form (where the drug-linker-COOH is
cleaved from the glyceride backbone) and BUP.

In Vitro Incubation of Prodrugs With LPL
Supplemented Plasma
To probe the release of BUP from the TG prodrugs in the
systemic circulation, BUP prodrugs were incubated with rat
plasma supplemented with lipoprotein lipase (LPL, 200 IU/ml)
as previously described (Hu et al., 2016). LPL is a key enzyme
required for the hydrolysis of lipoprotein associated TG in the
systemic circulation and is therefore expected to be a key
contributor to lipolysis of the re-esterified BUP TG construct
in plasma, largely via liberation of FAs in the sn-1 and the sn-3
position of the TG-mimetic prodrug, prior to drug release from
the sn-2 position via esterase hydrolysis. LPL is active in plasma
but is tethered to the luminal surface of vascular endothelial cells
under physiological conditions (Bensadoun 1991). In the
current in vitro studies, rat plasma was therefore
supplemented with LPL to better reflect the in vivo situation.
To start hydrolysis, 10 µl of LPL solution (10,000 IU/ml) was
added to a mixture of 10 µl of prodrug solution (0.1 mg/ml
dissolved in acetonitrile) and 500 µl of blank Sprague Dawley rat
plasma. The solution was incubated at 37°C. Samples (20 µl) of
the incubation solution were taken at 0, 5, 15, 30, 60, 90, 120 and
180 min post incubation and added to 180 µl of ACN to stop
lipolysis. The mixture was vortexed and centrifuged at 4,500 g
for 5 min to precipitate proteins prior to analysis. The
supernatant was analysed by HPLC-MS/MS for the potential

products (e.g., MG form, acid form, and BUP) of prodrug
hydrolysis (see Supplementary Material).

Animal Care During In Vivo Experiments
All animal experiments were approved by theMonash Institute of
Pharmaceutical Sciences animal ethics committee and were
conducted in accordance with the Australian and
New Zealand Council for the Care of Animals in Research
and Teaching guidelines. Male Sprague-Dawley rats
(270–320 g) were maintained on a standard diet and fasted
overnight with free access to water prior to experiments. In
experiments where surgical anaesthesia was required (i.e., for
the cannulation of the carotid artery, jugular vein, and mesenteric
lymph duct), rats were anaesthetised using a combination of
ketamine, xylazine and acepromazine and placed on a heated pad
at 37°C as described previously (Johnson et al., 2003). At the end
of experiments rats were euthanised via intraperitoneal, intra-
arterial or intravenous (when an indwelling cannula was present)
administration of 100 mg pentobarbitone.

Lymphatic Transport Studies
Lymphatic transport studies were conducted as previously
described (Han et al., 2014) using a rat model with cannulas
inserted into the duodenum (for formulation administration and
rehydration) and mesenteric lymph duct (for lymph collection)
(Trevaskis et al., 2015). Post-surgery, rats were re-hydrated for
0.5 h via intraduodenal infusion of normal saline at 2.8 ml/h and
the animals remained anaesthetized throughout the experimental
period. The lipid formulations were then infused into the
duodenum at a rate of 2.8 ml/h for 2 h, after which the
infusion was changed back to 2.8 ml/h normal saline for the
remainder of the experiment. Lymph was continuously collected
for up to 6 h following initiation of formulation administration
into pre-weighed Eppendorf tubes containing 10 µl of 1,000 IU/
ml heparin, and the collection tubes were changed hourly.
Aliquots (20 µl) of each hourly collected lymph sample were
immediately transferred into new Eppendorf tubes and stored at
–20°C prior to analysis. The mass transport of BUP or prodrugs
into lymph during each 1 hour collection period was calculated
from the product of the volume of lymph collected and the
measured concentration in lymph, respectively. The cumulative
percentage of lymphatic transport over time was calculated as the
mole ratio of all BUP-related species in lymph relative to the
equivalent moles of drug or prodrug administered, where BUP or
total BUP-related species in lymph following administration of
TG mimetic prodrugs were quantified as described under “Data
analysis” and in the Supplementary Material.

Bioavailability Studies
The systemic exposure of BUP was examined after oral
administration of BUP or BUP prodrugs in carotid artery
cannulated conscious rats (for the group of animals that
received BUP intravenously (IV), the jugular vein was also
cannulated for IV infusion). After surgery and recovery, the
rats were housed in Culex Automated Blood Sampler systems
(BASi, West Lafayette, Indian, United States) with free movement
as described previously (Mannila et al., 2012). After drug
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administration via bolus oral gavage or IV infusion (over 5 min),
blood samples (150 µl) were taken from the carotid artery cannula
5 min prior to administration and up to 24 h post-dosing and
centrifuged at 4,500 g for 5 min to separate plasma. During the
blood sample collection period the rats had free access to water at
all times but remained fasted for a further 8 h following drug
administration. Plasma samples were stored at −20°C prior to
analysis for BUP as described in the Supplementary Material.
The area under the plasma concentration-time curves from zero
to designated time intervals (AUC0-t) were calculated using the
linear trapezoidal method. The oral bioavailability of BUP was
estimated via comparison of dose normalised AUC0–6h following
oral dosing of BUP or TG prodrugs with the AUC0-inf following
IV infusion of BUP (AUC0-inf was calculated via the addition of
Ct/k to AUC0-t, where Ct is the last observed quantifiable
concentration and k is the terminal phase elimination rate
constant). Truncated AUCs (AUC0–6h) were used for the oral
pharmacokinetic studies due to the presence of a second peak in
the BUP plasma concentration versus time profile, most likely
reflecting enterohepatic recycling (Ohtani et al., 1994).

Data Analysis
Hydrolysis of prodrugs in SIF and plasma: Percent BUP
generation was calculated as the ratio of the molar
concentration of BUP produced during incubation relative to
the molar concentration of prodrug at the initiation of the
incubation. Absolute quantification of the hydrolysis products,
i.e., MG derivatives and BUP-linker-COOH forms (“acid” forms)

was not attempted due to lack of authentic standards. Instead, the
profiles for these species were plotted based on the peak areas
obtained from HPLC-MS. To illustrate changes to the relative
concentration of MG derivatives, the highest peak area (typically
at the first sampling time point, i.e., 5 min) was nominally set as
100% (Figures 3, 5) on the basis that previous studies suggest that
lipolysis is rapid and complete. To illustrate changes to the BUP-
linker-acid forms, the relative changes were plotted as the peak
areas on the right-hand Y axis in Figures 3 and 5.

Statistical methods: Statistical differences were determined by
ANOVA followed by Dunnett’s test for multiple comparisons at a
significance level of p = 0.05, using GraphPad Prism forWindows
V9.0.1 (GraphPad Software Inc., CA, United States).

RESULTS

Hydrolysis of BUP Prodrugs in SIF
As shown in Figure 3, the hydrolysis of TG prodrugs in SIF
(containing porcine pancreatin) rapidly produced species with
molecular weights consistent with that of the corresponding MG
forms of the prodrugs (i.e., BUP-C4-MG, BUP-CE-C4-MG,
BUP-TML-C4-MG, BUP-TML-C5bMe-MG, and BUP-C5bMe-
MG, Figure 1). Subsequently, the stability of the MG
intermediates differed significantly between groups. The
concentrations of BUP-C4-MG and BUP-CE-C4-MG
decreased rapidly over time such that only trace quantities
were detected after 30 min incubation (Figures 3A,B). This

FIGURE 3 | GI stability profiles of BUP prodrugs. Data are shown as % mass change (Mean ± SEM, n = 3) for MG-like forms and parent BUP, or as arbitrary peak
area for BUP-linker acid forms, upon in vitro incubation of BUP-C4-TG (A), BUP-CE-C4-TG-TG (B), BUP-TML-C4-TG (C), BUP-TML-C5bMe-TG (D), and BUP-
C5bMe-TG (E), with simulated intestinal fluid (SIF) containing porcine pancreatin.
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was accompanied by increases in the concentration of released
BUP to more than 80% over 3 h, with a transient presence of
BUP-CE-C4-acid form. In contrast, the concentrations of theMG
intermediates for BUP-TML-C4-TG, BUP-TML-C5b-TG and
BUP-C5bMe-TG decreased more slowly over time (Figures
3C–E). BUP-TML-C5bMe-MG was particularly stable and the
majority (>80%) remained at the end of the 3 h incubation period
(Figure 3D). Degradation of the MG intermediates of the latter
three prodrugs was also accompanied by increases in BUP-linker-
acid forms and released BUP, but the production of BUP
(quantified against authentic standards) was lower compared
to BUP-C4-TG and BUP-CE-C4-TG.

Lymphatic Transport and Bioavailability
The lymphatic transport of BUP after administration of the
parent drug was extremely low, and only 0.058% of the
administered dose (Figure 4). In contrast, following
administration of all the prodrugs, the lymphatic transport of
BUP related derivatives was increased (>10% of the
administered dose, Figure 4). The cumulative % dose of BUP
transported into the mesenteric lymph over 6 h was 12.9% for
BUP-C4-TG, 20.4% for BUP-CE-C4-TG, 10.8% for BUP-TML-
C4-TG, 44.7% for BUP-TML-C5bMe-TG and 45.6% for BUP-
C5bMe-TG. The latter two prodrugs demonstrated statistically
significant differences (p < 0.01) when compared to BUP
group).

Liberation of BUP from Prodrugs in Plasma
To evaluate the potential for the re-esterified prodrugs to liberate
BUP in the systemic circulation after transport through the
lymphatics, the prodrugs were incubated with plasma in vitro.
Similar to the hydrolysis profiles in pancreatin containing SIF,
incubation of TG prodrugs with LPL supplemented rat plasma
rapidly produced species with molecular weights consistent with
that of the corresponding MG forms of the prodrugs.
Subsequently, the concentration changes of the MG forms in
plasma, however, differed from the profiles in the SIF incubation.
In the plasma, BUP-C4-MG (Figure 5A), BUP-TML-C4-MG
(Figure 5C), BUP-TML-C5bMe-MG (Figure 5D) and BUP-
C5bMe-MG (Figure 5E) decreased over time and this
coincided with increases in the concentration of released BUP
(>50% over 3 h). However, no BUP-linker-acid forms were
detected. Only in the case of BUP-CE-C4-MG, was the
presence of BUP-CE-C4-acid transiently detected (Figure 5B).
The rates of MG degradation in plasma (apparent half-lives
between 15 and 60 min) appeared to be less differentiated
across the prodrugs, compared to their degradation profiles in
SIF hydrolysis (where apparent half-lives ranged from <10 min to
>>3 h). Pleasingly, BUP release from the two TML-linker
containing prodrugs, i.e., TML-C4 and TML-C5bMe, was
much more facile in plasma (with 53 and 67% BUP released
over 3 h, Figures 5C,D) compared to hydrolysis in SIF over the
same period (28 and 18%, respectively, Figures 3C,D,
respectively). The data suggest the potential to strike the
correct balance between intestinal stability and plasma
instability/release.

Bioavailability Studies
Pharmacokinetic studies were conducted in conscious rats.
Figure 6 and Table 2 show the dose-normalised BUP plasma
concentration profiles and pharmacokinetic parameters
following oral or IV administration of BUP or prodrugs. In all
four animals that received an oral bolus dose of BUP by gavage,
plasma concentrations reached a peak rapidly (15 min) post-dose,
however, oral bioavailability was low (3.7% compared to IV),
realising that truncated AUCs were employed and so this may not
accurately reflect absolute bioavailability. The three SI containing
prodrugs (but not BUP-C4-TG or BUP-C5bMe-TG) statistically
significantly (p < 0.05) enhanced the plasma AUC0–6h of BUP, by
12–22 fold compared to oral administration of parent BUP. BUP-
TML-C4-TG and BUP-CE-C4-TG provided for moderate
increases in BUP exposure (12 and 14 fold, respectively), and
the self-immolative linkers (TML-C4 and CE-C4) appeared to
slightly (but statistically insignificantly) improve the plasma AUC
of BUP compared to BUP-C4-TG. BUP-C5b-Me-TG produced
the smallest AUC improvement (6.6 fold, not statistically
significant compared to BUP alone), in spite of the fact that
the lymphatic transport of BUP-C5bMe-TG was the highest
among all prodrugs. In contrast, the TML self-immolative
group (in BUP-TML-C5βMe-TG) dramatically enhanced
systemic exposure of BUP (22 fold) resulting in similar
exposure to that obtained after IV administration (83% BA)
(Figure 6B).

FIGURE 4 | Cumulative lymphatic transport of total BUP related
derivatives (% of administered dose) versus time in anaesthetised, mesenteric
lymph duct cannulated rats following intraduodenal infusion of formulations
from 0 to 2 h. Formulations contained 50 µg of BUP or prodrugs,
dispersed in 40 mg oleic acid, 25 mg Tween 80 and 5.6 ml PBS. Data are
presented as Mean ± SEMwhen n = 3 or 4 (as labelled for individual groups) or
as Mean ± Range in the case of BUP-C5bMe-TG when n = 2. * indicates
statistically significantly higher lymphatic transport of BUP-C5bMe-TG and
BUP-TML-C5bMe-TG compared to parent BUP (p < 0.01).
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FIGURE 5 | In vitro prodrug conversion profile. Data (Mean ± SEM, n = 3) are shown as%mass change of MG-like forms and parent BUP, or as peak area for BUP-
linker-acid forms, upon in vitro incubation of BUP-C4-TG (A), BUP-CE-C4-TG-TG (B), BUP-TML-C4-TG (C), BUP-TML-C5bMe-TG (D), and BUP-C5bMe-TG (E) with
rat plasma supplemented with lipoprotein lipase (LPL).

FIGURE 6 | Dose-normalised BUP plasma concentrations following oral gavage (A) or intravenous infusion over 5 min (B) of formulations to conscious, carotid
artery cannulated rats (the data for oral BUP and oral BUP-TML-C5bMe-TG are replicated in Panel B for comparison to IV dosing). Oral formulations contained 20 µg of
BUP or 50 µg of BUP prodrugs dispersed in 40 mg oleic acid, 25 mg Tween 80 and 2 ml PBS. The IV formulation contained 10 µg of BUP dissolved in 0.5 ml PBS.
Doses are normalized to a 0.06 mg/kg equivalent dose of BUP. Data are presented as Mean ± SEM (n = 3–6, as labelled for individual groups). The embedded bar
chart in (A) shows the plasma AUC values (AUC0-inf for IV BUP, and AUC0–6h for other groups), and * indicates the value is statistically significantly higher than oral BUP
group (p < 0.05).
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4 DISCUSSION

First pass metabolism in the liver is a barrier to effective oral
delivery for a range of drugs and drug candidates. We and others
have previously shown that TG mimetic prodrugs are able to re-
direct drug transport into the intestinal lymphatic system after
oral administration (Garzonaburbeh et al., 1983; Sugihara et al.,
1988; Amory et al., 2003; Han et al., 2014; Cao et al., 2021) and
that this provides an effective means to circumvent the liver and

limit first pass reductions to bioavailability (Hu et al., 2016).
Previous studies have described methods to produce these
prodrugs by enabling drug conjugation to a TG backbone via
carboxylic acids (Garzonaburbeh et al., 1983; Sugihara et al., 1988;
Han et al., 2014), alcohols (Amory et al., 2003; Hu et al., 2016) and
most recently sulfonamides (Cao et al., 2021). In the current study
we extend these studies to BUP, where conjugation occurs via a
phenol and where the MW of the parent BUP (468 Da) is larger
than previous examples, and thus where addition of a pro-moiety
pushes molecular weight beyond typical rule-of-5 boundaries
(~642–874 Da). Furthermore, a new SI linker (cyclising ester) has
also been explored. The data suggest that the TG-mimetic
prodrug technology, in combination with appropriate self
immolative (SI) linkers, can be effectively applied to BUP to
provide for significant lymphatic transport and robust oral
bioavailability. The main findings from the study are
discussed below.

The GI Stability of the BUP Prodrug is an
Important Determinant of Lymph Transport
All five TG prodrugs of BUP underwent almost instantaneous
lipolysis (within minutes) to generate corresponding BUP-MG
equivalents upon contact with pancreatin-containing SIF
(Figure 3). This is consistent with previous observations on
the lipolysis of other TG mimetic compounds of structurally
unrelated drugs such as mycophenolic acid (Han et al., 2014)
and testosterone (Hu et al., 2016). The data confirms that
intestinal digestive enzymes (most likely pancreatic lipase)
are able to identify the TG scaffold and cleave the FA
molecules at sn-1 and sn-3 position regardless of the
presence of a drug molecule rather than a FA at the sn-2
position. This suggests that the chemical space that can be
tolerated by adjacent lipolysis enzymes is potentially large
and that a relatively wide range of parent drug and linker
chemistries may be compatible with the TG template without
impairing the capacity of the initial lipolysis step. This is
important, since this step is a likely prerequisite for
downstream events and previous studies have shown that
inhibiting lipolysis results in poor absorption of a TG
prodrug of MPA (Han et al., 2015).

TABLE 2 | Summary of PK parameters following oral gavage or IV infusion of formulations to conscious, carotid artery cannulated rats. Doses are normalized to a 0.06 mg/kg
equivalent dose of BUP. Data are presented as Mean ± SEM.

IV BUP
(n = 4)

Oral BUP
(n = 4)

BUP-C4-TG
(n = 3)

BUP-C5bMe-TG
(n = 4)

BUP-CE-C4-TG
(n = 6)

BUP-TML-C4-
TG (n = 4)

BUP-TML-C5bMe-
TG (n = 3)

Dose (µg) 10 20 50 50 50 50 50
AUC (nM × h) (0-inf for IV; 0–6 h
for other groups)

60.7 ± 5.8a 2.27 ± 0.44 20.6 ± 1.3 14.9 ± 2.3 31.2 ± 5.4a 26.7 ± 5.0a 50.1 ± 3.3a

Cmax (nM) 215 ± 44a 1.73 ± 0.23 11.4 ± 1.2 5.88 ± 1.5 17.3 ± 5.2 16.4 ± 3.2 25.5 ± 4.1
Tmax (h) 0.08 ± 0.00 0.25 ± 0.00 1.17 ± 0.17 1.88 ± 0.75b 1.33 ± 0.21 1.00 ± 0.00 1.33 ± 0.17
BAc (% of IV) 100% 3.7% 34% 25% 51% 44% 83%
Fold increase of oral BA N/A 1 9.1 6.6 14 12 22

aSignificantly higher AUC or Cmax than oral BUP (p < 0.05).
bSignificantly longer Tmax compared to oral BUP (p < 0.05).
cBioavailability (BA) was estimated as the ratio of dose-normalised plasma AUC0–6h of BUP following oral dosing of BUP or BUP prodrugs versus the plasma AUC0-inf obtained following IV
dosing of BUP, where accurate absolute bioavailability could not be calculated due to second peaks (enterohepatic recycling) in the plasma concentration profiles in oral groups.

FIGURE 7 | Comparison of lymphatic transport and GI lumen stability of
BUP prodrugs, where GI lumen stability of the MG intermediates is
categorized as low (apparent half-life < 10 min) and high (apparent half-life >
1 h). GI stability ranking, rather than exact half-lives are used for x-axis
because the rapid degradation of BUP-C4-MG and BUP-CE-C4-MG
prevents accurate calculation of half-lives.
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After cleavage of the two FAs from the prodrug, the MG
equivalents of the five constructs showed very different stability
profiles, and this likely contributed to the differences seen in
lymphatic transport of the prodrugs (Figure 7). BUP-C4-MG and
BUP-CE-C4-MG degraded very rapidly releasing BUP in SIF
(>50% BUP liberated within 10–15 min), suggesting that these
linkers are highly labile in the presence of GI luminal digestive
enzymes. The in vitroGI stability data is consistent with the lower
lymphatic transport of these two prodrugs (12.9–20.4%), and is
also consistent with previous observations for TST prodrugs
where similarly unstable TST-C5-TG and TST-ASI-C5-TG
prodrugs showed lower lymphatic transport than more stable
prodrugs. In contrast, BUP-TML-C4-MG was more stable in
simulated GI fluids (more than half of the MG intermediate
remained after 2 h). This likely reflects steric hindrance of enzyme
access imparted by the bulky TML structure, preventing the
degradation of the MG intermediates in the GI lumen. In spite
of improved GI stability, however the lymphatic transport of
BUP-TML-C4-TG was only moderate (10.8%), suggesting
perhaps, that the bulky TML may also impair transfer to the
site of re-esterification or reduce enzyme recognition for TG re-
synthesis in the enterocyte (thereby limiting CM incorporation).

In order to better stabilise the MG intermediates, a substituted
C5bMe linker was employed. Previous studies with testosterone
suggest that the addition of a methyl substituent on the beta
carbon has the potential to stabilize the MG derivative to GI
hydrolysis, but not to limit subsequent re-esterification (Hu et al.,
2016). Consistent with these previous studies the C5bMe linker
prolonged apparent half-life in SIF, from less than 10 min (in the
case of BUP-C4-MG) to more than 1 h (in the case of BUP-
C5bMe-MG). The increase in GI stability was also reflected in a
significant increase in lymphatic transport of BUP-C5bMe-TG
(~45% dose). Similar to the trends observed for BUP-TML-C4-
MG, addition of the TML self immolative to the C5bMe linker to
form BUP-TML-C5bMe resulted in enhanced GI stability and
more than 80% of BUP-TML-C5bMe-MG remained intact after
3 h of digestion in SIF. Unlike BUP-TML-C4-TG, however, the
lymphatic transport of BUP-TML-C5bMe-TG was high (~45%).
One potential explanation for this apparently anomalous result is
that the extra -CH (CH3)- in the TML-C5bMe linker may help to
restore TG re-esterification capacity by changing transport or
partitioning in the endoplasmic reticulum or by pushing the TML
ring structure further away from the glyceride backbone,
increasing access of the monoacylglycerol and diacylglycerol
acyl transferases required for TG re-esterification (Shi and
Cheng 2009).

Release of BUP from the Re-Esterified
Prodrug Controls Active Drug Availability in
the Systemic Circulation
Release of BUP from the re-esterified BUP-TG prodrugs is
required to allow BUP to exert its pharmacological activity.
This is expected to occur in two steps. The first is cleavage of
the two FA molecules in the sn-1 and sn-3 positions to reveal the
MG equivalents, a reaction equivalent to lipolysis in the GI
lumen, except that in the plasma this is mediated by

lipoprotein lipase (LPL) rather than pancreatic lipase in the
intestine. LPL is tethered to the vascular capillary endothelium
in vivo and is responsible for the hydrolysis of dietary TG
contained in circulating lipoproteins (Mead et al., 2002;
Merkel et al., 2002). After the initial lipolysis of the TG
prodrugs, the second step is parent BUP release from the MG
derivative in a process likely driven by non-specific
carboxylesterases (carboxylic ester hydrolases).

The first step (TG to MG hydrolysis) appears to be a
prerequisite for the second step (parent drug release). This is
based on previous (unpublished) observations on MPA and TST
prodrugs that 1) in vitro incubation of TG prodrugs (with long
chain FAs at the sn-1 and sn-3 position) with blank plasma does
not result in generation of MG intermediates or liberation of
parent drugs; and 2) in vivo studies reveal that inhibition of LPL
(by IV infusion of the lipase inhibitor orlistat) blocks the release
of drug from TG prodrugs after IV administration. In contrast,
enhanced release of tethered LPL into the circulation by IV
infusion of heparin accelerates TG prodrug hydrolysis and
release of parent drug. That said, whilst hydrolysis of the TG
prodrug to the MG derivative is critical, it does not appear to be a
significant limitation as it occurs rapidly under physiological
conditions, presumably reflecting the natural abundance of
LPL, that is required to liberate large quantities of FA from
circulating post prandial CMs (the in vivo half-life of CMs is in
the range of minutes (Park et al., 2001)).

The second step (i.e., drug release from the MG derivative),
however, appears to be both critical and potentially limiting for
systemic exposure (bioavailability) of active drug. Previous
studies with MPA and TST suggest that parent drug release is

FIGURE 8 | Comparison between oral bioavailability and lymphatic
transport of the BUP prodrugs.
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dependent on the nature of the drug (and the functional group on
the parent molecule that is used for prodrug conjugation). For
example, MPA prodrugs conjugated via a carboxylic acid (Han
et al., 2015) appear to provide more facile release compared to
TST prodrugs conjugated via a secondary alcohol (Hu et al.,
2016). In the current study, where BUP is conjugated to the TG
backbone via a phenol, all prodrugs released BUP well upon
incubation with LPL supplemented plasma (>50% over 3 h). This
is in contrast to previous data with TST-C5-TG and TST-C5bMe-
TG where release of TST under the same conditions was very low
(Hu et al., 2016). The more complete in vitro BUP release from
BUP-C4-TG and BUP-C5bMe-TG suggests that phenol
containing prodrugs may provide for enhanced drug release in
plasma, at least when compared to secondary alcohols such as
TST, although more data is required to support this
generalization. In vitro BUP release from even relatively
simple C4 and C5bMe linkers was generally good, and
addition of the CE and TML self immolative groups promoted
drug release further such that in vitro BUP release from BUP-
TML-C5bMe-TG (67%) and BUP-CE-C4-TG (75%) was slightly
(but statistically significantly) higher compared to the non-SI
analogues (BUP-C5bMe-TG (54%) and BUP-C4-TG (50%),
respectively).

Interestingly, although the benefit of the SI linkers was
relatively moderate in vitro, these differences were magnified
in vivo, at least for the C5 linkers. Thus, BUP-C5bMe-TG and
BUP-TML-C5bMe-TG showed similarly high lymphatic
transport (~45%), and the in vitro release of BUP in plasma
was only slightly higher for the TML prodrug (67 vs. 54% BUP
liberation), however, the oral BUP bioavailability from the TML
C5bMe prodrug (83%) was more than 3-fold higher than the
C5bMe prodrug (25%). These data suggest that the in vitro
plasma release assay may not capture all the potential
mechanisms of drug release in vivo. As a screening tool,
however, and realizing that it under predicts in vivo release
and is therefore conservative, it is probably fit for purpose.
The advantage provided by the SI group was less apparent for
the C4 prodrugs where the TML and CE derivatives did not
display a clear advantage over the simple C4 linker in terms of
bioavailability improvements. This likely reflects the inherently
good release of BUP from all these constructs, such that plasma
BUP exposure is instead limited by the relatively low lymphatic
transport of the C4 variants (in turn a function of the lower GI
stability of the C4 linker without the bMe “protection” in the C5
prodrugs). A correlation plot showing lymphatic transport versus
bioavailability for all prodrugs (Figure 8), provides clarity of these
issues and shows good correlation (R2 = 0.91) for all except BUP-
C5bMe-TG which had poorer release. The data suggest that for
most of the prodrugs examined the extent of lymphatic transport
was driving in vivo exposure. For BUP-C5bMe-TG, however, in
vivo drug release was presumably limiting such that the addition
of the TML linker was required to boost plasma release. In
contrast for the C4 variants that lacked the bMe protecting
group, GI stability was the dominant limitation reducing the
extent of lymphatic transport.

Notably, the oral “bioavailability” of BUP after administration
of BUP-TML-C5bMe-TG was extremely high (83%). This is not

consistent with the fact that the extent of lymphatic transport was
only 45% and the oral bioavailability of BUP alone is very low. As
such bioavailability increases are expected to stem from increases
in lymphatic transport. There are a number of potential
explanations for this. Firstly, the pharmacokinetics of BUP are
known to be non-linear (where unusually clearance and volume
of distribution are higher at increasing dose). As such differences
in the shape of the plasma profiles after oral and IV
administration, and in particular high initial concentrations
after IV administration, may lead to higher clearance and
volume of distribution (and thus lower AUC) following IV
administration, and over estimation of oral bioavailability
(Gopal et al., 2002). In contrast, the bioavailability calculation
employed here utilized truncated AUC data after oral
administration due to enterohepatic recirculation, and this
might be expected to lead to under (rather than over)
estimation of BA. It also remains possible, that patterns of
enterohepatic recycling may be different after oral and IV
administration and this may complicate bioavailability
estimates more generally. The clearance and volume of
distribution of BUP after IV administration in an aqueous
solution may also be different to that obtained after drainage
of lymph containing re-esterified BUP-TML-C5b-TG into the
systemic circulation and subsequent liberation of BUP. Finally,
the extent of lymphatic transport was measured in anaesthetized
rats in order to increase the success rate of the complex lymph
cannulation surgery. It is therefore possible that anaesthesia
underestimates the extent of lymphatic transport, although
previous studies with other compounds (non-prodrugs)
suggest that this is limited when using highly dispersed lipid-
based formulations (Porter et al., 1996a; Porter et al., 1996b).
There is therefore some uncertainty around absolute
quantification of bioavailability. However, the same measure
was used for all prodrugs and the relative trends are
consistent. We are therefore confident that advantages in
exposure are apparent after administration of the TG-mimetic
prodrugs relative to BUP alone.

BUP Prodrugs with Relatively High
Molecular Weight Are Well Absorbed
One concern when embarking on this program to develop TG-
mimetic prodrugs of BUP was the relatively high MW of BUP
(468 Da). The TG-mimetic prodrug strategy does not add very
significant molecular weight via the pro-moiety since the FA
chains are removed in situ prior to absorption and then
reattached in the enterocyte post-absorption. Nonetheless the
linker and the glycerol backbone does add some mass and the
MW of the MG intermediates (i.e., the species that are absorbed)
ranged from 642 (C4-MG) to 874 (TML-C5bMe-MG). These are
outside the typical rule-of-5 space andmight therefore potentially
limit intestinal permeability and bioavailability. In contrast,
however, both lymphatic transport and bioavailability of BUP
were high after administration of BUP-TML-C5bMe-TG and the
Tmax was quite short (1.3 h) suggesting efficient absorption of
even the largest MG construct. Whether the lipophilicity of the
MG derivative or the similarity in structure to endogenous MG
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plays a role in enhancing intestinal permeability is unknown at
this stage (although there is limited evidence for the presence of
functional MG uptake transporters in the small intestine) (Storch
et al., 2008; Abumrad and Davidson 2012). Future studies will
concentrate on expanding this work to a broader range of drugs
and TG templates to better define the design criteria and limits for
TG-mimetic prodrugs.

CONCLUSION AND PERSPECTIVES

The development of safe and effective analgesics has been an area
of increasing research interest in the past few years in order to
improve options available for the management of acute and
chronic pain. Efforts to improve the design of analgesics have
focused on 1) fundamental opioid receptor biology including
exploration of biased activation of GPCR receptors to provide
effective analgesia whilst reducing addiction potential (Manglik
et al., 2016); 2) medicinal chemistry approaches to modify
existing potent opioid molecules to provide safer analogues,
e.g., from BUP to BU08028, which has reduced abuse liability
in primates (Ding et al., 2016); and 3) formulation and co-dosing
approaches to enhance the bioavailability of opioid analgesics
(including BUP) at the same time as reducing abuse potential.
The current study demonstrates the potential for a TG mimetic
prodrug strategy to avoid the first-pass metabolism of BUP and
markedly enhanced the oral bioavailability of BUP from 3.7% to
up to ~83% (realising the caveats around the accuracy of BA
estimation). This greatly increases the potential to develop an
orally administered BUP product for clinical use. In addition to
the convenience brought about by oral administration, the
prodrug approach may contribute to safer opioid use by
reducing abuse potential when BUP is used as an analgesic
and for opioid replacement therapy (as documented in the
FDA’s guideline on Abuse-Deterrent Opioids (Abuse-
Deterrent Opioids—Evaluation and Labeling 2015)). This
suggestion is based on the realisation that firstly it is difficult
to extract the BUP prodrug from an oral lipid formulation to
allow eg IV injection and secondly that the need for conversion of
the prodrug to parent BUP in the systemic circulation is likely to
limit Cmax and therefore the attainment of high peak
concentrations.

The current work also provides insight into the design of
lymph-directing prodrugs more generally. This should have
application not only in enhancing oral BA via reductions in
first pass metabolism (as exemplified in the current study) but
also in the use of oral lymph directing glyceride prodrugs to
facilitate targeted drug delivery to enhance treatment of diseases
with possible lymphatic involvement such as HIV, cancer, organ
failure, inflammatory and metabolic disease. Examples of the
latter include 1) delivery of the antiviral lopinavir to HIV
reservoirs in the mesenteric lymphatic system (Qin et al.,
2021); 2) delivery of the anticancer agent docetaxel to specific
tumor tissues, with reduced gastrointestinal toxicity (Tian et al.,
2019); 3) delivery of a lymph directing prodrug of the
immunomodulator mycophenolic acid to the mesenteric
lymph nodes to enhance GI immunomodulation in an OVA-

stimulated lymphocyte proliferation model (Kochappan et al.,
2021); 4) delivery of a lymph directed prodrug of the NSAID
celecoxib to the mesenteric lymphatics and the adipose tissue
surrounding the lymphatics to improve insulin resistance in
obese high-fat-diet fed animals (Cao et al., 2021) and the
delivery of TG analogues of the natural antioxidant
pterostilbene to adipose tissues (Mattarei et al., 2017) and 5)
delivery of lipase inhibitors to the mesenteric lymphatics to
neutralise pancreatic lipases, that are released into the
lymphatics in acute and critical illness (Lee et al., 2021).
Ongoing studies in our laboratories and others are exploring a
range of approaches to enhance drug delivery and efficacy via the
use of lymph-directing strategies.
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