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The triglyceride (TG) mimetic prodrug (1,3-dipalmitoyl-2-mycophenoloyl glycerol, 2-MPA-TG) biochemically integrates into intestinal lipid transport and lipoprotein assembly pathways and thereby
promotes the delivery of mycophenolic acid (MPA) into the lymphatic system. As lipoprotein (LP) formation occurs constitutively, even in the fasted state, the current study aimed to determine whether
lymphatic transport of 2-MPA-TG was dependent on coadministered exogenous lipid. In vitro incubation
of the prodrug with rat digestive ﬂuid and in situ intestinal perfusion experiments revealed that hydrolysis and absorption of the prodrug were relatively unaffected by the quantity of lipid in formulations.
In vivo studies in rats, however, showed that the lymphatic transport of TG and 2-MPA-TG was signiﬁcantly higher following administration with higher quantities of lipid and that oleic acid (C18:1) was
more effective in promoting prodrug transport than lipids with higher degrees of unsaturation. The
recovery of 2-MPA-TG and TG in lymph correlated strongly (R2 ¼ 0.99) and more than 97% of the prodrug
was associated with chylomicrons. Inhibition of LP assembly by Pluronic L81 simultaneously inhibited
the lymphatic transport of 2-MPA-TG and TG. In conclusion, although the TG mimetic prodrug effectively
incorporates into TG resynthetic pathways, lipid coadministration is still required to support efﬁcient
lymphatic transport.
© 2016 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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Introduction
Following oral administration, promotion of drug transport to
the systemic circulation via the intestinal lymphatic system, rather
than the portal blood, has the potential to confer several pharmacokinetic and pharmacodynamic advantages. First, lymphatic drug
transport provides a route to enhanced oral bioavailability via
Abbreviations used: ADA, arachidonic acid; BPF, bile and pancreatic ﬂuid; CM,
chylomicron; DGAT, diacylglycerol acyltransferease; FA, fatty acid; G3P, glycerol-3phosphate; LA, linoleic acid; LNA, linolenic acid; LP, lipoprotein; MG, monoglyceride; MPA, mycophenolic acid; OA, oleic acid; PL81, Pluronic L81; TG,
triglyceride; VLDL, very low-density lipoprotein.
* Correspondence to: Natalie L. Trevaskis (Telephone: þ61-99039718; Fax: þ6199039853) and Christopher J. H. Porter (Telephone: þ61-399039649; Fax: þ61399039627).
E-mail addresses: natalie.trevaskis@monash.edu (N.L. Trevaskis), chris.porter@
monash.edu (C.J.H. Porter).

avoidance of hepatic ﬁrst-pass metabolism and/or a reduction in
enterocyte-based metabolism.1-3 Second, the lymphatic system
plays key roles in immune function,4,5 tumor metastasis,6 metabolic syndrome,7 and virus (e.g., HIV) replication,8 suggesting that
targeted delivery of drugs into and through the lymphatics (realizing that delivery into the intestinal lymph will target mainly the
mesenteric and thoracic lymph) may improve drug treatment in a
range of pathologies. Indeed, enhancing lymphatic drug transport
has been shown to improve the efﬁcacy of vaccines,9,10 immunomodulators,11 antitumor,10 and antiviral12 agents.
The majority of small-molecule drugs are absorbed and transported to the systemic circulation via the mesenteric blood capillaries and portal vein following oral delivery. Drug access into the
intestinal lymphatics, however, can be achieved by utilizing lipoproteins (LP) as a delivery chaperone. LP are assembled in enterocytes from both ingested (exogenous) and endogenous lipids and
are preferentially transported from the intestine to the systemic
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circulation via the lymphatics. Selective lymphatic access of LP
occurs, at least in part, because the blood endothelium is relatively
impermeable to large colloidal particles such as LP, whereas the
lymphatic endothelium is more permeable.13,14 Emerging evidence
also suggests that active transport of LP across the lymphatic
endothelium is possible via transcellular routes.15,16 Following oral
absorption, drugs with physicochemical properties that promote
partitioning into developing LP in the enterocyte therefore
concentrate in intestinal LP and in doing so gain access to the
lymphatic system. For molecules that access the lymph in this way,
coadministration with lipids (either from the formulation or diet) is
required to promote LP assembly, and drug molecules must have
high LP afﬁnity [typically high lipophilicitydlog D > 5 at physiologically relevant pH, solubility in long-chain triglyceride (TG) > 50
mg/g1] to promote partitioning into lymph LP. Most drugs, however, are not sufﬁciently lipophilic to enable signiﬁcant lymphatic
transport, as contemporary lead optimization programs commonly
seek to avoid high lipophilicity where possible, in order to promote
aqueous drug solubility and to reduce the risk of nonspeciﬁc offtarget toxicity.
To promote lymphatic access for a broader range of compounds
(i.e., those with medium or low lipophilicity), a TG mimetic prodrug
strategy has been explored in our laboratory and shown to significantly enhance the lymphatic transport of a widely used immunosuppressant, mycophenolic acid (MPA; Fig. 1).17 In these studies,
after intraduodenal administration to rats, only 0.17% of the dose of
(parent) MPA (cLog DpH7.4 0.26) was recovered in the intestinal
lymph, whereas the bioavailability of MPA in the systemic circulation was 39% (because of absorption via the portal blood). In
contrast, administration of 1,3-dipalmitoyl-2-mycophenoloyl glycerol (2-MPA-TG; Fig. 1), a prodrug where MPA is conjugated to the
20 position of a TG backbone, enhanced the lymphatic recovery of
total MPA-related species by 80-fold when compared with
administration of MPA alone. Lymphatic transport of the prodrug
provides potential opportunities to enhance the therapeutic efﬁcacy of MPA, as the principle site of action of MPA is within lymphocytes and lymphocytes are present in much higher
concentration within the lymphatic system than in the general
vascular circulation.18 Previous studies have conﬁrmed that 2-MPATG gains access to the lymph by mimicking the catabolic/anabolic
pathway of dietary TG absorption and transport.19 The ﬁrst step in
this pathway is the luminal hydrolysis of 2-MPA-TG that results in
cleavage of the two fatty acids (FAs) in the sn-1 and sn-3 position of
the glyceride backbone and generation of the monoglyceride (MG)
equivalent of the prodrug (2-MPA-MG; Fig. 1). 2-MPA-MG is subsequently absorbed and re-esteriﬁed with available FA to form TG
derivatives of MPA. In this way, the prodrug catabolic/anabolic
pathway mimics the pathway for constitutive lipid turnover into
lymph in the fasted state (as even in the fasted state, TG resynthesis
occurs, and basal levels of LP turnover through the enterocyte into
lymphatics20) and also for exogenous lipid absorption postprandially or after administration of a lipid-based formulation. As the
mass of prodrug that passes through the enterocyte during
absorption (~1 mg/h in the current study) is lower than typical TG
turnover in the fasted state (~2e3 mg/h21,22), and as the prodrug
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biochemically integrates into lipid resynthetic pathways, the
working hypothesis underpinning the current work was that signiﬁcant lymphatic transport of the prodrug may be possible even in
the absence of coadministered exogenous lipid. This would remove
the potential for food effects and variability in lymphatic transport
with different dosing strategies.
The current study has therefore examined whether coadministered lipid is required to support the resynthesis process, and
whether this is dependent on the type of lipid employed. The role of
LP assembly and lipid coadministration in the lymphatic transport
of 2-MPA-TG was determined via coadministration of 2-MPA-TG
with differing quantities of oleic acid (OA) to mesenteric lymphduct-cannulated rats. Experiments were repeated in the presence
of the chylomicron (CM) assembly inhibitor Pluronic L81 (PL81).
The data suggest that contrary to our initial suggestion, MPA access
to the lymph after administration of 2-MPA-TG is dependent on
lymphatic lipid transport and assembly into CM. In parallel, in vitro
hydrolysis and in situ intestinal perfusion studies were conducted
to conﬁrm that the extent of lymphatic transport in the presence of
varying lipid loads did not reﬂect factors other than LP incorporation, for example, luminal prodrug hydrolysis, absorption, or
resynthesis. An in vivo study using formulations containing longchain FA with different degrees of unsaturation was also conducted
to examine the selectivity of coadministered lipids in promoting
lymphatic transport of the TG mimetic prodrug.
Materials and Methods
Chemicals and Prodrug
Mycophenolic acid (>98%) was purchased from AK Scientiﬁc
(Palo Alto, CA). The TG mimetic prodrug 2-MPA-TG was synthesized
as previously described.17 OA, linoleic acid (LA), linolenic acid
(LNA), arachidonic acid (ADA), and Tween 80 were purchased from
SigmaeAldrich (St. Louis, MO). PL81 was purchased from BASF
(Florham Park, NJ). A922500 was purchased from AdooQ BioScience (Irvine, CA). Sodium hydroxide, hydrochloric acid, and acetonitrile (ACN; for liquid chromatography) were purchased from
Merck Pty. Ltd. (Bayswater, Victoria, Australia). Ultrapure water was
obtained from a Milli-QTM system (EMD Millipore Corporation,
Billerica, MA). All other chemicals were analytical grade or above.
Preparation of Lipid Formulations for In Vitro and In Vivo
Experiments
Lipid-based formulations containing 2-MPA-TG were prepared
as described previously.21 Brieﬂy, approximately 2 mg of 2-MPA-TG,
25 mg Tween 80, and FA (0, 4, or 40 mg of OA; or 40 mg of LA, LNA,
or ADA) were mixed in a glass vial as a lipid phase (for PL81 containing formulations, 2 mg of PL81 was also added to the lipid
phase) and incubated at 37 C for 12e18 h to equilibrate and allow
the prodrug to dissolve. An aqueous phase consisting of 5.6 mL
phosphate-buffered saline (PBS; pH 7.4) was subsequently added to
the glass vial and the formulation emulsiﬁed by ultrasonication
with a Misonix XL 2020 ultrasonic processor (Misonix,

Figure 1. Chemical structures of MPA, 2-MPA-TG, and the hydrolysis product (2-MPA-MG) of 2-MPA-TG with molecular weight and cLog DpH7.4 values calculated using ACD/Labs
Release Software (version 9.12).
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Farmingdale, NY) equipped with a 3.2-mm microprobe tip running
at an amplitude of 240 mm and a frequency of 20 kHz for 2 min at
room temperature. The mass of prodrug solubilized in the formulation was veriﬁed on the day of dosing using HPLC-MS as described
previously.17

At the end of the perfusion, 10 mL of warm saline was used to
ﬂush the intestinal segment and all ﬂushing ﬂuid was collected into
the glass vial. The total ﬂuid volume ﬂushed was measured gravimetrically. Following a 1-min vortex, perfusate samples were taken
for analysis of remaining total MPA-related material by HPLC-MS as
described below.

Animal Care During In Vivo Experiments
All animal experiments were approved by the local 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 SpragueeDawley rats
(280-320 g) were maintained on a standard diet and then fasted
overnight with free access to water prior to experiments. In all
experiments, rats were anaesthetized using a combination of ketamine, xylazine, and acepromazine and placed on a heated pad at
37 C as described previously.17 At the end of experiments, rats were
euthanized via intraperitoneal administration of 100 mg pentobarbitone (Virbac Pty. Ltd., Milperra, New South Wales, Australia).
Impact of Lipid Formulation on Luminal Hydrolysis of 2-MPA-TG and
Intestinal Absorption of Prodrug Derivatives
Luminal Hydrolysis
Rat bile and pancreatic ﬂuid (BPF) was collected from anesthetized rats via a cannula inserted into the common bilepancreatic duct as described previously.17 Approximately 3 mL of
BPF was collected over 2 h and was used fresh (within 1 h) for
in vitro prodrug hydrolysis experiments. The hydrolysis experiments were conducted via incubation (at 37 C) of 0.375 mL of BPF
with 0.625 mL of lipid-free formulations (0 mg OA) or high-lipid
dose formulations (40 mg OA). The volume ratio of BPF to formulation mimicked the ﬂow rate of BPF (~1.5 mL/h) and the infusion
rate of the intraduodenal formulations (2.8 mL/h) during the in vivo
studies (described in the following section). Samples (10 mL) were
taken at 2, 5, 10, 15, 30, 60, 90, 120, and 180 min, and added to 990
mL of ACNewater (4:1, v/v) to stop lipolysis. Samples were then
vortexed for 1 min and centrifuged at 4500g for 5 min to precipitate
proteins prior to analysis. The supernatant (150 mL) was assayed for
residual prodrug, and the products of prodrug hydrolysis including
the MG derivative 2-MPA-MG and free MPA (see Fig. 1), by HPLCMS as described previously.17
Intestinal Absorption
The impact of the quantity of lipid in the formulation on the
efﬁciency of absorption of prodrug derivatives from the GI lumen
into enterocytes was assessed via single-pass in situ perfusion of
the lipid-free (0 mg OA) or the 40 mg OA lipid formulation (as
above) into a rat small intestine segment. The infusion conditions
were similar to those described for the lymphatic transport experiments and the surgical procedures were similar to those
described elsewhere,23 with modiﬁcations. Brieﬂy, a small intestine
segment (~30 cm, starting from 1e2 cm below the pylorus and
before the entry of bile and pancreatic secretions) was cannulated
at the proximal and distal ends with sections of Teﬂon tubing (0.03
in. i.d. proximal/inlet; Upchurch Scientiﬁc, Oak Harbor, Washington; 0.0625 in. i.d. distal/outlet; Shimadzu, Kyoto, Japan). The intestinal contents were initially ﬂushed out with 10 mL of warm
saline. The abdominal cavity was then closed with sutures. The inlet
and outlet cannulas remained exteriorized. 2-MPA-TG formulations
containing 0 or 40 mg OA were infused via the inlet cannula at 2.8
mL/h for 2 h to maintain consistency with the dosing rate during
in vivo lymphatic transport studies. After formulation infusion, saline was infused at 2.8 mL/h for another 1 h. The outﬂowing ﬂuid
was continuously collected into a 20-mL preweighed glass vial.

Lymphatic Transport and Systemic Exposure Studies in Rats
Cannulas were inserted into the duodenum (for formulation
administration and rehydration), mesenteric lymph duct (for
lymph collection), and carotid artery (for blood collection) of
anaesthetized rats as previously described.21 After surgery, rats
were rehydrated for 0.5 h via intraduodenal infusion of normal
saline at 2.8 mL/h.21 The formulations containing different quantities and species of FA ± PL81 or a diacylglycerol acyltransferease
(DGAT) 1 inhibitor (A922500) 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.21 Where indicated, A922500 (2 mg in 50 mL dimethyl
sulfoxide) was added to the lipid formulations (followed by vortexing for 0.5 min) 5 min prior to infusion. Following initiation of
formulation administration, lymph was continuously collected for
8 h into preweighed eppendorf tubes containing 10 mL of 1000 IU/
mL heparin. Collection tubes were changed hourly. After transferring two aliquots (20 mL) of each hourly collected lymph sample
into new eppendorf tubes (which were then stored at 80 C prior
to HPLC-MS analysis), the remaining lymph samples were centrifuged at 2000g for 5 min and the supernatant separated into two
replicates. One replicate was kept at 4 C for less than 24 h prior to
assay for TG content using a commercial enzymatic analysis kit
(TR0100; Sigma-Aldrich). The other replicate was stored at 80 C
prior to separation of the TG-rich CM fraction via ultracentrifugation as described previously24 with slight modiﬁcations. Brieﬂy, 0.4
mL of lymph collected between 2 and 3 h after initiation of
formulation infusion was diluted 10-fold with saline, placed in a
4-mL polyallomer centrifuge tube (Beckman, Brea, California), and
ultracentrifuged at 202,048g at 15 C for 1.5 h in a SW60Ti rotor
(Beckman). The CM fraction ﬂoated to the top of the tube after
ultracentrifugation. The underlying layer (i.e., under the CM supernatant) contained albumin and LP with higher densities, for
example, very low-density lipoprotein (VLDL), LDL, HDL, and other
components in the aqueous phase. This underlying layer was
transferred into a new polypropylene tube. The CM fraction
remaining in the tube was reconstituted with 4 mL of saline. Aliquots (100 mL) of the reconstituted CM, the underlying layer after
ultracentrifugation and the diluted lymph before ultracentrifugation were then analyzed for total 2-MPA-TG derivatives via
HPLC-MS. Blood samples (250 mL) were also collected via the
carotid artery cannula each hour for 8 h following the initiation of
formulation infusion. Plasma was separated via centrifugation at
2000g for 5 min prior to storage at 80 C until HPLC-MS analysis.
Sample Preparation and HPLC-MS Analysis
A variety of prodrug derivatives were present in lymph
following re-esteriﬁcation of 2-MPA-MG in enterocytes. Analysis
of total MPA-related derivatives in lymph and the lymph
fractions collected following ultracentrifugation was therefore
performed using alkaline hydrolysis to liberate MPA from the reesteriﬁed derivatives. Total MPA was subsequently analyzed by
HPLC-MS as described previously.17 In contrast, the only species
present in the systemic circulation after prodrug administration to
lymph-duct-cannulated rats was free MPA. MPA concentrations in
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the plasma samples were therefore measured directly by HPLCMS.17
Intestinal perfusate was also analyzed for remaining 2-MPA-TG
derivatives (predominantly 2-MPA-MG) using the alkaline hydrolysis method to liberate free MPA. Brieﬂy, hydrolysis of potential
glyceride derivatives of MPA in the perfusate was achieved via
addition of 50 mL 0.5 M NaOH in 1:1 (v/v) ethanole water to 10 mL of
perfusate and heating at 80 C for 5 min. Subsequently, 25 mL of 1 M
HCl in water was added to each sample to stop the hydrolysis. After
vortexing for 0.5 min, 1 mL mobile phase [the mobile phase used for
HPLC-MS assay contained 82:18 (v/v) ACN:water with 2 mM
ammonium formate, 0.1% formic acid, and 0.1 mM HCl] was added
followed by vortexing for a further 1 min. The sample was then
centrifuged at 4500g for 5 min, and 150 mL of the supernatant was
analyzed for total concentrations of MPA derivatives using the
HPLC-MS method described in Han et al.17
Data Analysis
Lymphatic Transport Studies
The mass transport of TG and 2-MPA-TG derivatives into lymph
during each 1 h collection period was calculated from the product
of the volume of lymph collected and the measured concentration
in lymph, respectively. The cumulative percentage of total 2-MPATG derivatives in lymph over time was calculated as the mole ratio
of all MPA-related species in lymph relative to the equivalent moles
of prodrug administered, where total MPA-related species in lymph
were quantiﬁed after alkaline hydrolysis of lymph as described
above.
Pharmacokinetic Analysis
The areas under the plasma MPA concentrationetime proﬁles
from zero to designated time intervals (AUC0et) were calculated
using the linear trapezoidal method. The extent of absorption via
the portal vein was estimated via comparison of dose-normalized
AUC0e5 h for MPA following intraduodenal administration of 2MPA-TG to lymph-cannulated animals and intravenous dosing of
MPA to lymph-cannulated animals (data from Ref. 17). Truncated
AUCs (AUC0e5 h) were used to calculate absorption via the portal
vein because of the presence of a second peak in the MPA plasma
concentration versus time proﬁles, likely reﬂecting enterohepatic
recycling of MPA.25,26
Statistical Methods
Statistical differences were determined by ANOVA followed by
Tukey's test for multiple comparisons at a signiﬁcance level of
p ¼ 0.05, using GraphPad Prism for Windows V6.0.0 (GraphPad
Software Inc., San Diego, California).
Results
Impact of Lipid Formulation on Luminal Hydrolysis of 2-MPA-TG and
Intestinal Absorption of Prodrug Derivatives
In vitro hydrolysis and in situ absorption studies were conducted
to examine whether changes to the quantity of lipid in the
formulation signiﬁcantly inﬂuenced the lipolysis of 2-MPA-TG in
the intestinal lumen and/or the subsequent absorption of lipolysis
products (mainly 2-MPA-MG) into enterocytes. Figure 2 shows the
dynamic changes to 2-MPA-TG and hydrolysis product concentrations upon incubation of lipid-free (0 mg OA) formulation with
freshly collected rat BPF. The hydrolysis proﬁles for the lipid-free
formulation were very similar to the proﬁles obtained for a high
lipid dose (40 mg OA) formulation in previous studies.17,19 The
cleavage of the FA chains from the TG prodrug was rapid with only a

Figure 2. In vitro digestion of 2-MPA-TG in a lipid-free (0 mg OA) formulation by rat
BPF. Hydrolysis of the TG prodrug was rapid with only a trace amount of 2-MPA-TG
detected after 2 min. This was consistent with the rapid production of the MG form of
the prodrug, 2-MPA-MG. The concentration of 2-MPA-MG subsequently decreased
slowly and was accompanied by the release of free MPA. Data are shown as mean ± SD
(n ¼ 3).

trace quantity of 2-MPA-TG detected after 2 min. This coincided
with rapid production of the MG form of the prodrug, 2-MPA-MG.
Subsequently, the concentration of 2-MPA-MG decreased slowly
over time and this was accompanied by a corresponding increase in
free MPA in the incubation media over 3 h.
An in situ intestinal perfusion model was employed to probe the
impact of lipid dose on prodrug absorption. Table 1 lists the percentage absorption of total MPA-related materials following singlepass intestinal perfusion of 2-MPA-TG formulations containing
either 40 or 0 mg OA. These data suggest that the prodrug was
reasonably well absorbed from both formulations, with 63.4% and
48.3% of the dose of MPA from the lipid-rich and lipid-free formulations, respectively, being absorbed into small intestine.
Slightly lower (by 24%) absorption was evident after administration
of the low lipid formulation.
The Impact of FA Quantity on Lymphatic Transport and Systemic
Exposure
The lymphatic transport of total prodrug derivatives after
intraduodenal infusion of 2-MPA-TG dispersed in a lipid formulation containing 40 mg OA, 25 mg Tween 80, and 5.6 mL PBS has
been shown previously to be signiﬁcantly greater (13.4% of dose, p <
0.05) than that of MPA after administration of MPA alone (0.17% of
dose).17 In the current study, coadministration of lower quantities
(4 and 0 mg) of OA in the prodrug formulations resulted in significantly lower lymphatic transport of TG (0.54 and 0.45,
respectively) and prodrug derivatives (0.23 and 0.10, respectively) when compared with the high lipid dose (40 mg OA)
formulation (Figs. 3ae3c; Table 2). Lipid coadministration therefore
appears to be a requirement for signiﬁcant lymphatic transport of
the 2-MPA-TG prodrug.
Consistent with previous studies,17,19 only free MPA was present
in the systemic circulation after intraduodenal administration of 2MPA-TG to lymph-cannulated animals, regardless of formulation.
This was evidenced by the fact that the measured concentration of
MPA-related derivatives in plasma were similar regardless of assay
of free MPA alone or total MPA-related derivatives using the
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Table 1
Absorption of Total MPA-Related Derivatives After In Situ Single-Pass Perfusion (over 3 h) of 2-MPA-TG Formulations Containing 0 or 40 mg OA Through an Upper Small
Intestine Segment (~30 cm) in Rats
Absorbed Fraction Measured in Individual Ratsa

Formulation Used for Intestinal Perfusion
Lipid-free formulation (OA 0 mg, n ¼ 5)
High lipid dose formulation (OA 40 mg, n ¼ 5)

38.3%
58.1%

56.7%
62.4%

55.1%
50.5%

41.6%
65.9%

Mean ± SD
50.0%
80.3%

48.3 ± 8.1%b
63.4 ± 12.6%

a
The absorbed fraction (%) was calculated by (Mpre  Mpost)/Mpre  100%, where Mpre was the moles of the prodrug in the original perfusate before perfusion and Mpost was
the moles of prodrug derivatives remained post the single-pass perfusion. Mpost was calculated from the product of the volume of the outﬂowing perfusate and the measured
concentrations of total MPA-related derivatives in the ﬂuid.
b
Statistically signiﬁcant difference (p < 0.05) in rats-administered formulations containing 0 mg OA when compared with formulations containing 40 mg OA.

alkaline hydrolysis method19 (data not shown). In contrast, the
primary MPA-related material in lymph was re-esteriﬁed MPA. Reesteriﬁed MPA was thus transported into lymph, whereas free MPA
liberated from the prodrug in the GI lumen or during absorption
appeared to be transported to the systemic circulation via the
portal vein. It remains possible, however, that 2-MPA-MG or reesteriﬁed derivatives thereof were absorbed into the blood and
rapidly hydrolyzed to MPA such that only MPA was quantiﬁable in
blood.
In lymph-cannulated animals, the systemic exposure of MPA
(AUC0e5 h) was not signiﬁcantly changed by increasing lipid

quantities in the formulations, although the 4-mg OA formulation
showed a trend toward higher MPA plasma concentrations at later
time points and the 0-mg OA formulation seemed to reduce plasma
exposure slightly when compared with administration with 4 or 40
mg OA (Fig. 3d; Table 2). In contrast, coadministration of the
resynthesis inhibitor A922500 with 2-MPA-TG administered in
0 mg OA resulted in a signiﬁcant increase in plasma concentrations
of MPA (AUC0e5h 2.37 vs. 0.64 mgh/mL). This enhanced MPA
exposure in the plasma suggests efﬁcient absorption of the prodrug, even in the absence of OA, but redirection to the blood in the
absence of incorporation into glyceride resynthetic pathways.

Figure 3. Rate of (a) lymphatic transport of TG (mg/h) and (b) total MPA-related derivatives (% of prodrug dose/h), (c) cumulative lymphatic transport of total MPA-related derivatives (% of prodrug dose), and (d) dose-normalized (to 3 mg/kg equivalent dose of MPA) plasma concentrations of free MPA versus time (mg/mL) following intraduodenal infusion
(over 2 h) of 2-MPA-TG formulations to anaesthetized, mesenteric lymph-duct-cannulated rats. Formulations contained 2 mg of 2-MPA-TG dispersed in OA (0, 4, or 40 mg), 25 mg
Tween 80, and 5.6 mL PBS, in the absence or presence of the CM formation inhibitor PL81 (2 mg) or the DGAT-1 inhibitor A922500 (2 mg). Data are presented as mean ± SEM for
n ¼ 3e6 rats. The data for the “OA 40 mg” group (ﬁlled circles) are reproduced from Han et al.17 with permission from Elsevier for comparative purposes.
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Table 2
Summary of Lymphatic Transport of Total MPA-Related Derivatives and TG, Dose-Normalized Plasma Exposure (AUC0e5h) of MPA, and Estimated MPA Absorption into Portal
Blood Following Intraduodenal Infusion (over 2 h) of 2-MPA-TG in Formulations Containing Different Quantities of OA (in the Presence or Absence of 2 mg of the DGAT-1
Inhibitor A922500 or the CM Assembly Inhibitor PL81) to Anaesthetized, Mesenteric Lymph-Duct-Cannulated Rats
Absorption/Transport Parameters

OA 40 mga
(n ¼ 5)

Transport of total MPA derivatives in lymph (% of dose over 8 h)
TG transport in lymph over 8 h (mg, equivalent of triolein)
Dose-normalized plasma AUC0e5h of MPA (mgh/mL)
Estimated portal blood absorptione

13.4
56
1.21
8.3

±
±
±
±

3.8%b
11b
0.65
4.4%

OA 0 mg
(n ¼ 4)
1.3
25
0.64
4.4

±
±
±
±

0.3%
5
0.16
1.1%

OA 0 mg þ A922500
(n ¼ 6)
0.35
23
2.37
16.1

±
±
±
±

0.23%
5 (n ¼ 4)
1.22d
8.3%d

OA 4 mg
(n ¼ 3)
3.1
30
1.82
12.4

±
±
±
±

1.3%
1
0.72
4.9%

OA 40 mg þ PL81
(n ¼ 4)
4.2
41
1.23
8.3

±
±
±
±

1.9%
5c
0.54
3.7%

Doses are normalized to a 3-mg/kg equivalent MPA dose and data are presented as mean ± SD.
a
Data reproduced from a previous study17 with permission.
b
Signiﬁcantly greater (p < 0.05) in rats-administered formulations containing 40 mg OA when compared with formulations containing 0 mg OA, 0 mg OA þ A922500, 4 mg
OA, and 40 mg OA þ PL81.
c
Signiﬁcantly greater (p < 0.05) in rats-administered formulations containing 40 mg OA þ PL81 when compared with formulations containing 0 mg OA or 0 mg OA þ
A922500.
d
Signiﬁcantly greater (p < 0.05) in rats-administered formulations containing 0 mg OA þ A922500 when compared with formulations containing 0 mg OA alone.
e
Percentage of drug dose absorbed into portal blood was estimated as the ratio of dose-normalized (to 3 mg/kg) plasma AUC0e5h of free MPA following intraduodenal
dosing of 2-MPA-TG versus the plasma AUC0e5h following i.v. dosing of MPA (for which the plasma AUC0e5h was 14.7 mgh/mL, as reported previously17). Absolute
bioavailability could not be calculated because of second peaks in the plasma concentration proﬁles as described in the Materials and Methods section.

Prodrug Association with Lipoproteins in the Intestinal Lymph
Chylomicrons, the largest TG-rich LP species, have previously
been shown to play a signiﬁcant role in the lymphatic transport of
lipophilic drugs and vitamins.27,28 In the current studies, association of prodrug derivatives with CM was examined in order to
probe the signiﬁcance of CM in the lymphatic transport of MPA
prodrug derivatives formed within enterocytes. Following ultracentrifugation of intestinal lymph samples collected 2e3 h after
initiation of infusion of the 40-mg OA formulation, 97.6 ± 2.2% (n ¼
4) of total MPA-related materials were recovered in the CM fraction
of lymph.
Coadministration of an inhibitor of CM formatione PL81 (2 mg)
with the 2-MPA-TG prodrug formulation containing 40 mg OA had
no effect on the plasma exposure of MPA (Fig. 3d), but signiﬁcantly
reduced the lymphatic transport of both TG and total 2-MPA-TG
derivatives. The effect was most obvious between 1 and 3 h after
initiation of formulation infusion (Figs. 3ae3c; Table 2). The cumulative lymphatic transport of TG and prodrug derivatives was
0.73 lower (41 vs. 56 mg, p < 0.05) and 0.31 lower (4.2% vs. 13.4%
dose, p < 0.05), respectively, in PL81-dosed rats (Table 2). These
data suggest that CM is a critical carrier for transport of the reesteriﬁed prodrug into the lymph.

The Impact of FA Type on Lymphatic Transport and Systemic
Exposure
To evaluate the impact of lipid type on lymphatic transport of 2MPA-TG, formulations were also coadministered with LA, LNA, and
ADA to provide a comparison to previous data with OA. Coadministration of the same quantity (40 mg) of LA and LNA, as that
employed for OA, resulted in similar lymphatic transport of TG,
whereas coadministration of ADA resulted in signiﬁcantly reduced
(by 46%, p < 0.05) recovery of TG in the lymph (Fig. 4a; Table 3). In
contrast, there were no statistically signiﬁcant differences between
the cumulative (over 8 h) lymphatic transport of prodrug derivatives following coadministration of any of the FA (Table 3). The
peak rate of prodrug transport following coadministration of the
OA formulation (6.2 ± 1.5% dose/h), however, was signiﬁcantly
greater (p < 0.05) when compared with the LA (3.4 ± 0.9% dose/h),
LNA (3.1 ± 0.8% dose/h), and ADA (2.6 ± 1.1% does/h) formulations.
The plasma MPA concentrationetime proﬁles following coadministration of 40 mg of OA, LA, or LNA were almost identical (Fig. 4d;
Table 3). In contrast, coadministration of ADA resulted in a

signiﬁcant increase in plasma concentrations of MPA. The increase
in plasma concentration of MPA after coadministration with ADA
occurred in spite of limited changes to lymphatic transport. As such,
a larger proportion of absorbed MPA was transported into the blood
when compared with the lymph. These changes are consistent with
an alteration in the metabolic fate of the MPA prodrug derivatives,
reducing the efﬁciency of lymphatic transport and increasing the
efﬁciency of MPA liberation into the blood.

Discussion
Previous studies, using intrinsically highly lipophilic drugs
(rather than prodrugs), have shown a positive correlation between
the extent of intestinal lymphatic drug transport and the coadministered lipid dose or the mass of lipid recovered in the intestinal
lymphatics.29-32 In these studies, the increase in lymphatic drug
transport stimulated by the coadministration of higher quantities
of lipid (derived from either formulation or dietary lipids) was
suggested to reﬂect enhanced partitioning of lipophilic compounds
into lymph-directing LP, the secretion of which is stimulated by
lipid coadministration.1,33 For TG mimetic, lymph-directing prodrugs, however, the role of lipid coadministration and LP association in stimulating lymphatic transport has not been explored. In
recent studies, we have shown that the TG mimetic prodrug 2MPA-TG is hydrolyzed in the GI lumen to a MG-equivalent
construct, absorbed and then resynthesized back to the TG derivative. The TG derivative of the prodrug is then incorporated into LP
assembly pathways and transported into lymph.19 Unlike traditional lymphatic transport pathways for lipophilic drugs, this process dictates that the prodrug forms a critical part of the LP via a
metabolic integration process. Under these circumstances, it is not
clear whether exogenous lipid is required to boost LP assembly, or
whether the constitutive turnover of lipids and LP through the
enterocyte, even under fasting conditions, is sufﬁcient to promote
prodrug lymphatic transport. The current study therefore aimed to
evaluate whether the quantities and type of coadministered exogenous lipid inﬂuence prodrug digestion, absorption, resynthesis,
and lymphatic transport; whether resynthesized TG prodrug derivatives associate with LPs; and whether this association is critical
for efﬁcient lymphatic transport. An understanding of the mechanisms by which the TG mimetic prodrugs are transported in lymph
and the importance of coadministered exogenous lipid is critical for
the design of the most appropriate dosing strategies for TG mimetic
prodrugs.
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Figure 4. Rate of (a) lymphatic transport of TG (mg/h) and (b) total MPA-related derivatives (% of prodrug dose/h), (c) cumulative lymphatic transport of total MPA-related derivatives (% of prodrug dose), and (d) dose-normalized (to 3 mg/kg equivalent dose of MPA) plasma concentrations (mg/mL) of free MPA versus time following intraduodenal infusion
(over 2 h) of 2-MPA-TG formulations to anaesthetized, mesenteric lymph-duct-cannulated rats. Formulations contained 2 mg of 2-MPA-TG dispersed in 25 mg Tween 80, 5.6 mL
PBS, and 40 mg of different FA with increasing degree of unsaturationdOA (C18:1), LA (C18:2), LNA (C18:3), and ADA (C20:4) acid. Data are presented as mean ± SEM for n ¼ 3e5
rats. The data for the “OA 40 mg” group (ﬁlled circles) are reproduced from Han et al.17 with permission from Elsevier for comparative purposes.

expected to indirectly inﬂuence the proportion of the administered
dose that is subsequently recovered in lymph.33 In the current
studies, experiments were therefore ﬁrst conducted to explore the
inﬂuence of lipid dose on the events (hydrolysis, absorption, and reesteriﬁcation) that occur prior to LP association in the lymphatic
transport pathway of the TG mimetic prodrug.
Interestingly, luminal hydrolysis, absorption, and resynthesis of
the TG prodrug were relatively insensitive to the quantity of

Lipolysis, Absorption, and Resynthesis of 2-MPA-TG Prior to
Incorporation Into Intestinal LP Are Largely Unaffected by Changes
to Lipid Quantities in the Formulation
In addition to effects on lymphatic transport, previous studies
with small-molecule lipophilic drugs have shown that changes to
the quantity of coadministered lipid may inﬂuence factors such as
intestinal solubilization and the fraction absorbed.34 This might be

Table 3
Summary of Lymphatic Transport of Total MPA-Related Derivatives and TG, Dose-Normalized Plasma Exposure (AUC0e5h) of MPA and Estimated MPA Absorption Into Portal
Blood Following Intraduodenal Infusion (over 2 h) of 2-MPA-TG in Formulations Containing Different FAs to Anaesthetized, Mesenteric Lymph-Duct-Cannulated Rats
Absorption/Transport Parameters

OA 40 mga
(n ¼ 5)

Transport of total MPA derivatives in lymph (% of dose over 8 h)
TG transport in lymph over 8 h (mg, equivalent of triolein)
Dose-normalized plasma AUC0e5h of MPA (mgh/mL)
Estimated portal blood absorptiond

13.4
56
1.21
8.3

±
±
±
±

3.8%
11
0.65
4.4%

LA 40 mg
(n ¼ 4)
8.7
56
1.12
7.6

±
±
±
±

2.9%
10
0.88
6.0%

LNA 40 mg
(n ¼ 3)
7.8
52
1.24
8.4

±
±
±
±

3.1%
7
0.87
5.9%

ADA 40 mg
(n ¼ 3)
7.4
30
2.95
20.0

±
±
±
±

2.4%
8b
0.60c
4.1%c

Doses are normalized to a 3-mg/kg equivalent MPA dose and data are presented as mean ± SD.
a
Data reproduced from a previous study17 with permission.
b
Signiﬁcantly lower (p < 0.05) in rats-administered formulations containing 40 mg ADA when compared with formulations containing 40 mg OA or LA.
c
Signiﬁcantly greater (p < 0.05) in rats-administered formulations containing 40 mg ADA, compared with formulations containing 40 mg OA, LA, or LNA.
d
Percentage of drug dose absorbed into portal blood was estimated as the ratio of dose-normalized (to 3 mg/kg) plasma AUC0e5h of free MPA following intraduodenal
dosing of 2-MPA-TG versus the plasma AUC0e5h following i.v. dosing of MPA (for which the plasma AUC0e5h was 14.7 mgh/mL, reported previously17). Absolute bioavailability
could not be calculated because of second peaks in the plasma concentration proﬁles as described in the Materials and Methods section.
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coadministered lipid. Thus, in vitro hydrolysis of 2-MPA-TG in the
lipid-free (OA 0 mg) formulation (Fig. 2) was consistent with the
data obtained previously for the high lipid (OA 40 mg) formulation.17,19 First, it seems likely, therefore, that the formulation had
little effect on the 2-MPA-TG to 2-MPA-MG transition in the GI
lumen. Second, the intestinal perfusion data (Table 1) suggest that
the absorption of 2-MPA-MG from the OA-free and OA-rich formulations was efﬁcient in both cases. Absorption from the lipid-free
formulation was slightly (24%) lower than that from the high lipid
formulation; however, the fraction absorbed (~50%) over a relatively
short intestine segment (30 cm) suggests that absorption was unlikely to be a major limitation to the bioavailability of the prodrug
from formulations with either high or low lipid loads. Finally, the reesteriﬁcation of 2-MPA-MG back to the TG analog in enterocytes
appeared to occur efﬁciently, regardless of the quantities of lipid in
the coadministered formulation. The latter conclusion was based on
the fact that the prodrug was well absorbed from low and high lipid
dose formulations, plasma levels of free (i.e., nonesteriﬁed) MPA
(particularly at early time points, e.g., 1e3 h) were low regardless of
lipid dose, and that free MPA was the only MPA-related species
present in plasma. In contrast, in the absence of efﬁcient reesteriﬁcation, nonesteriﬁed material (either MPA-MG or liberated
MPA) was expected to be absorbed through the portal blood into the
systemic circulation. Indeed, previous studies19 suggest that a lack
of enterocyte-based resynthesis leads to liberation of free MPA and
increases in MPA exposure in the blood. Consistent with these
suggestions, in the current studies, MPA plasma concentrations
were signiﬁcantly enhanced when a TG resynthesis inhibitor
(A922500) was coadministered with the lipid free formulation
(Fig. 3d). Thus, the data suggest that lipolysis, absorption, and reesteriﬁcation of 2-MPA-TG prior to incorporation into LP are not
markedly affected by changes in the quantities of lipid in the
coadministered formulation, although small increases in total absorption are evident. Instead, the highly signiﬁcant reductions in
lymphatic transport (but small changes in plasma exposure) in the
groups administered no lipid or the low lipid dose (i.e., 4 mg) most
likely reﬂect a reduction in LP incorporation.
The extent of absorption, estimated from loss from the perfusate
in the in situ intestinal perfusion studies, was greater than the sum
of lymphatic drug transport and calculated plasma exposure, in the
bioavailability studies in lymph-cannulated rats. A complete
explanation for these differences in not evident at this stage but may
reﬂect (1) the use of truncated plasma AUCs (0e5 h) of MPA to
calculate plasma exposure in the bioavailability studies because of
enterohepatic recycling at later time points. This underestimates
the extent of portal drug absorption: (2) intestinal or hepatic ﬁrstpass metabolism of MPA in the bioavailability studies. This reduces bioavailability in vivo when compared with fraction absorbed
in the in situ perfusion experiments (where absorption was calculated via loss from the perfusate): (3) effective MPA absorption and
re-esteriﬁcation in enterocytes (resulting in signiﬁcant absorption
in the in situ studies) but accumulation of re-esteriﬁed 2-MPA-TG in
enterocytes over time periods of up to hours (as has been suggested
to occur for dietary TG35,36) without complete transport into either
the portal blood or the lymphatics. The latter speculation is supported by the fact that the TG resynthesis inhibitor A922500
signiﬁcantly increased plasma MPA exposure following coadministration of the 0-mg lipid formulation, suggesting that the MPA may
be temporarily stored in enterocytes in an esteriﬁed form.
Incorporation of Prodrug Derivatives Into CM Is Critical for
Lymphatic Transport
Following administration of 2-MPA-TG in a lipid formulation
containing 40 mg of OA, 13.4% of the MPA dose was recovered in
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mesenteric lymph (Table 2) and the majority of lymphatically
transported MPA was present in lymph as re-esteriﬁed glycerides.17
In the current study, the distribution of MPA-related materials
across intestinal lymph species was examined and more than 97%
of the prodrug derivatives were recovered in the CM fraction of
lymph. This suggests that CMs (the largest LP particles produced in
enterocytes) serve as highly effective carriers and facilitate the
lymphatic transport of re-esteriﬁed 2-MPA-TG from the enterocyte
into the underlying lymphatics. This is consistent with previous
studies where the afﬁnity of highly lipophilic (non-TG mimetic)
compounds for CM has been shown to correlate with lymphatic
drug transport.27,37 The importance of CM in promoting lymphatic
transport of the prodrug derivatives was conﬁrmed here by experiments using PL81, an inhibitor of CM formation.38,39 In these
studies, coadministration of PL81 signiﬁcantly reduced (most
obviously during the 1e3 h postdose period) the lymphatic recovery of prodrug derivatives. This occurred in parallel with inhibition of TG transport into the lymph (Fig. 3; Table 2).
For highly lipophilic drugs (i.e., in contrast to the prodrugs
examined here), the extent of lymphatic drug transport correlates
well with the afﬁnity of drugs for CM and lymphatic drug transport
decreases signiﬁcantly when the quantity of coadministered
TGs (the source of CM) is reduced.27,32 In the case of TG mimetic
prodrugs, which appear to behave similarly to TG with respect
to biotransformation, we initially hypothesized that lymphatic
transport would be relatively insensitive to the quantities of
coadministered lipid. This hypothesis was based on the assumption
that even in the absence of exogenous lipid (when CM production is
limited), TG synthesis and LP assembly continues as endogenous
lipids are transported in lymph in the fasted state in the form of
small LPs of a size consistent with VLDL (30e80 nm in diameter).
Output of these smaller LP in lymph occurs constitutively, including
in the fasted state and is relatively unresponsive to lipid intake.20
The data obtained, however, were not consistent with this hypothesis and the recovery of 2-MPA-TG derivatives in the lymph
was only signiﬁcant when coadministered with a larger quantity of
OA (40 mg). The lymphatic transport of TG and prodrug derivatives
was low in the 4-mg OA or 0-mg OA group. In these groups, smaller
VLDL-sized LP, derived from endogenous lipids, are expected to be
the primary LP that are assembled in enterocytes and transported
in lymph (Fig. 3; Table 2).38 Data following administration of the
different formulations revealed a strong correlation (Fig. 5) between the lymphatic transport of prodrug derivatives and TG. Both
the peak rate (1e2 h post the initiation of formulation infusion;
Fig. 5a) and cumulative quantity (over 8 h; Fig. 5b) of prodrug
output correlated well (R2 ¼ 0.99) with the peak rate of TG output
in lymph (1e2 h). The data suggest that exogenous lipid-induced
CM, rather than smaller LP that are primary synthesized from
endogenous lipids, are the main drivers of lymphatic transport of
re-esteriﬁed 2-MPA-TG. The correlation between cumulative
quantities of prodrug and TG transport (R2 ¼ 0.90; Fig. 5c) was
slightly weaker, and coadministration of PL81 resulted in proportionally lower prodrug recovery when compared with TG transport
over 8 h. This suggests that although PL81 disrupts lymphatic
transport of prodrug and lipid, prodrug transport is more signiﬁcantly reduced. A complete explanation for this anomaly is not clear
at this time, although it is possible that in reducing and delaying
lymphatic lipid transport PL81 shifts the patterns of TG transport
through the enterocyte to later time points, reducing the opportunity for colocalization of CMs and prodrug in the enterocyte
during the period of prodrug absorption.
There are two pathways for TG resynthesis in the enterocyte. In
the fasted state, TG is formed primarily via the glycerol-3-phosphate
(G3P) pathway.40,41 In contrast, in the fed state, TG is assembled from
2-MG and FA via the MG pathway.42,43 Which of these pathways is
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Figure 5. Correlation of 2-MPA-TG versus TG transport in lymph following prodrug administration in formulations containing varying quantities and types of FA. (a) Rate of 2-MPATG transport (% of dose per hour) versus rate of TG transport (mg/h) in lymph between 1 and 2 h after the initiation of formulation infusion (when the peak rate of prodrug transport
appeared). (b) Cumulative 2-MPA-TG transport (% of dose) over 8 h versus rate of TG transport (mg/h) in lymph between 1 and 2 h after the initiation of formulation infusion. (c and
d) Cumulative lymphatic transport 2-MPA-TG (% of dose) and TG (mg) over 8 h after the initiation of formulation infusion. Data are presented as mean ± SEM for n ¼ 3e6 rats. The
data for the “OA 40 mg” group are reproduced from Han et al.17 with permission from Elsevier for comparative purposes.

active in the fasted state after administration of a lipid formulation,
however, is unknown and likely to depend on the quantity of lipid
administered. The G3P pathway is believed to provide the primary
source of TG for VLDL-sized LP assembly in the fasted state, whereas
the 2-MG pathway provides TG to form the core of CM following
ingestion of food.20 The current data are consistent with this
distinction and suggest that incorporation of exogenous MG mimetic
prodrug digestion products into LP assembly pathways requires
integration into the 2-MG pathway that drives CM production and
that this is not activated in the absence of moderate quantities of
exogenous lipid. In contrast, the G3P pathway sources the glycerol
backbone of TG from G3P (and not 2-MG) and transfers activated FAs
to that backbone to form the TG core of VLDL-sized LP. As such,
exogenous MG substrate (such as the MGeprodrug derivatives here)
are more likely to provide the building blocks for TG synthesis via the
2-MG pathway in the fed state.
Speciﬁcity of FA Species in Promoting Lymphatic Transport
Subsequent studies explored the importance of the type of FA
employed, and speciﬁcally the degree of unsaturation of the lipid,
in enhancing the lymphatic transport of 2-MPA-TG. Previous literature suggests differences in lymphatic transport proﬁles of long
chain FA with differing degrees of unsaturation; however, whether
this inﬂuences the transport and metabolism of TG mimetic

prodrugs was unknown prior to the conduct of the current studies.
Here, long-chain FAs (C18e20) with increasing degrees of unsaturation (D from 1 to 4) were employed to reveal different patterns of
metabolism and transport of TG, and the prodrug, after coadministration with the different lipids. The recovery of TG in the
mesenteric lymph was reduced and delayed after coadministration
with lipids with increasing degrees of unsaturation (Fig. 4a).
However, statistical differences were only attained for the ADA
group. This trend is consistent with previous studies that have
demonstrated delayed lymphatic transport of polyunsaturated
lipids when compared with lipids with lower degrees of unsaturation (e.g., palmitic acid, OA, and LA).44,45 Unlike the strong correlation between lymphatic transport of prodrug and TG following
administration of differing quantities of OA (Figs. 5aec), the
lymphatic transport of prodrug-related materials was less well
correlated with TG recovery after coadministration of different
lipids (Fig. 5d). This correlation remained poor even when correlating TG and prodrug transport over early time points (when CM
output appears to be the most important driver of prodrug
lymphatic transport) (data not shown). An explanation for these
data is not clear at this stage but may reﬂect differences in the efﬁciency of incorporation of prodrug derivatives resynthesized with
different FA into CM enriched with different lipids. For example,
prodrugs resynthesized with LA may be less able to incorporate
into CM than those resynthesized with OA.

S. Han et al. / Journal of Pharmaceutical Sciences 105 (2016) 786e796

The plasma MPA concentrationetime proﬁles obtained for OA-,
LA-, and LNA-dosed rats were almost identical (and low), suggesting efﬁcient enterocyte-based re-esteriﬁcation of 2-MPA-MG
(Fig. 4d; Table 3). In contrast, coadministration of ADA led to an
increase in MPA redirection into the portal blood (Fig. 4d; Table 3;
2.7-fold higher blood vs. lymph transport). This suggests a different
metabolic fate of the prodrug or prodrug derivatives in the presence of the highly unsaturated FA, such that a larger proportion of
nonlymphatically transported MPA derivatives were hydrolyzed to
release free MPA. Although increased blood transport of MPA occurs on both administration of ADA and after coadministration of
the DGAT-1 inhibitor A922500 (Figs. 3d and 4d), it seems likely that
the mechanisms driving the increase of MPA in the blood is
different in each case. Thus, after coadministration of A922500, reesteriﬁcation of prodrug derivatives is blocked, resulting in almost
completely abolished lymphatic transport of MPA glycerides and an
immediate increase in free MPA release into portal blood, presumably because of hydrolysis of 2-MPA-MG (and/or diglyceride
derivatives). In contrast, in the presence of ADA, MPA derivatives
were presumably re-esteriﬁed relatively efﬁciently as they were
transported into the lymph in proportion to the (albeit low) levels
of TG transport (Fig. 5d). Instead it seems more likely that the lower
efﬁciency of lymphatic transport of re-esteriﬁed ADA reduced the
capacity to support lymphatic prodrug transport and therefore a
proportion of the re-esteriﬁed prodrug derivatives remained in
enterocytes for longer periods, increasing availability for hydrolysis
to release MPA. This suggestion is also supported by the delayed
and sustained release of MPA into plasma after coadministration
with ADA (Fig. 4d). The alternative scenario where coadministration of ADA simply reduces re-esteriﬁcation of 2-MPA-MG would
be expected to have resulted in rapid release of MPA from 2-MPAMG over similar timescales to that seen in the presence of A922500
(Fig. 3d). It is also possible that coadministration with ADA resulted
in changes to MPA absorption via changes to drug solubilization, or
that ADA may have resulted in changes to lipid or drug metabolism.
Conclusions
The lymphatic transport of 2-MPA-TG is dependent on prodrug
integration into 2-MG resynthetic pathways and is enhanced by
coadministration with moderate quantities of exogenous lipids that
promote CM assembly. Constitutive assembly of TG from endogenous lipids in the fasted state and turnover of endogenous lipids
into the lymph as VLDL-sized LP appears less able to support signiﬁcant lymphatic transport of 2-MPA-TG. Even though 2-MPA-TG
is likely to be incorporated into the TG-rich core of developing LPs,
coadministration with exogenous lipid is therefore required to
maximally stimulate lymphatic transport. Furthermore, monounsaturated lipids such as OA appear to more effectively support
prodrug lymphatic transport than polyunsaturated lipids, at least at
the higher lipid doses where lymph transport is most effective. CM
assembly and secretion was the primary lipid-dependent step in
lymphatic transport as lipolysis, absorption, and resynthesis of
prodrug derivatives were largely unaffected by lipid load. The data
suggest that coadministration with food or with an appropriate
lipid-based formulation that promotes CM assembly may be
required to maximally stimulate the lymphatic transport of TG
mimetic prodrugs.
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