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Intestinal lymphatic transport has been shown to be an absorptive pathway following oral administration of
lipids and an increasing number of lipophilic drugs, which once absorbed, diffuse across the intestinal
enterocyte and while in transit associate with secretable enterocyte lipoproteins. The chylomicron-associated
drug is then secreted from the enterocyte into the lymphatic circulation, rather than the portal circulation,
thus avoiding the metabolically-active liver, but still ultimately returning to the systemic circulation. Because
of this parallel and potentially alternative absorptive pathway, first-pass metabolism can be reduced while
increasing lymphatic drug exposure, which opens the potential for novel therapeutic modalities and allows
the implementation of lipid-based drug delivery systems. This review discusses the physiological features of
the lymphatics, enterocyte uptake and metabolism, links between drug transport and lipid digestion/re-
acylation, experimental model (in vivo, in vitro, and in silico) of lymphatic transport, and the design of lipid- or
prodrug-based drug delivery systems for enhancing lymphatic drug transport.
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1. Introduction

Drug discovery programs in the pharmaceutical industry have
continued to generate increasingly potent drugs that then enter the
development pipeline. However, with increasing drug potency has
often come decreasing ease of design of the drug delivery systems for
convenient oral administration due to the generally undesirable
increases in molecular weight, lipophilicity, log octanol/water
partition coefficients (log P), and decreases in water solubility. Orally
administered drugs generally enter the systemic circulation by having
sequentially transited intestinal epithelial cells called enterocytes,
entered the portal circulation, and then been exposed to the
metabolically-active liver. However, for some highly lipophilic drugs
having a log PN5 and a long-chain triglyceride (TG) solubility N50mg/g
[1], entry into the portal circulation is reduced relative to the entry
into the lymphatic circulation. During transit across the enterocyte,
highly lipophilic drugs will associate with secretable enterocyte
lipoproteins, specifically chylomicrons. A chylomicron-associated
drug is then secreted into the mesenteric lymphatic circulation,
rather than the portal circulation that leads directly to the metabol-
ically-active liver, to ultimately join and mix with blood in the
systemic circulation [2]. Therefore, having drugs that are lymphati-
cally- rather than portally-transported avoids first-pass metabolism
by the liver which in turn increases drug concentration in lymph ducts
and nodes, which can be the site of therapeutic drug action [2]. With
those therapeutic benefits inmind and the fact that drugs increasingly
have physicochemical characteristics suitable for lymphatic transport,
it is important to understand the factors that affect lymphatic drug
transport. This review will discuss structural and physiological
features of the lymphatics, enterocyte uptake and metabolism, links
between drug transport and lipid digestion/re-acylation pathway,
experimental models of lymphatic transport, and the design of lipid-
or prodrug-based drug delivery systems for enhancing lymphatic drug
transport.

2. Overview of intestinal lymphatic drug transport

The lymphatic system exists in all parts of the body except the
central nervous system. The major parts of the system are the bone
marrow, spleen, thymus gland, lymph nodes/nodules, and the tonsils.
Other organs, including the heart, lungs, intestines, liver, and skin also
contain lymphatic tissue. This system ultimately is responsible for the
transport of lymph, which is a watery clear fluid. Throughout the
body, lymph distributes lymphocyte immune cells and various other
immune-related factors. The lymphocyte immune cells are function-
ally important as they protect the body against antigens that invade/
attack the body such as viruses and/or bacteria. While the lymphatic
system can be thought of as an important drainage system that
actually collects drainage fluid from cells and tissues to later return
the fluid back to the circulating blood pool. Therefore, an acceptable
definition of lymph is the fluid and protein that has been filtered and
extracted/squeezed out of the blood (i.e. blood plasma). The role of
the lymphatic system in fat absorption and transport is also a major
functional component of the lymphatic system. In order to appreciate
the importance of this function, a generalized understanding of the
lymphatic system anatomy is needed.

The ducts of the lymphatic systems interconnect the lymph organs
that include the bone marrow, lymph nodes, spleen, as well as the
thymusgland. Lymphwithin theducts to transport lymphocyte immune
cells such as B-lymphocytes (B-cells) and T-lymphocytes (T-cells) that
originate from precursor cells in the bone marrow. From there, B-cells
mature in the bone marrow while T-cells mature in the thymus gland
after having moved through lymphatic ducts. With respect to the
intestinal absorption and transport of lipids, the ducts of the lymphatic
system that interconnected lymph organs, are also fairly important in
providing transportation for proteins, fats, and other substances in
lymph. Transport typically begins with blind-ended vessels found in
tissues (termed lymph capillaries) create a capillary system in which
lymph is drained. These lymph capillaries are highly permeable and are
not pressurized allowing the lymph fluid to drain easily from the tissue
into the lymph capillaries. Therefore, lymph vessels form a network
throughout the body and overall this lymphatic system functions in a
unidirectional manner in which lymph is drained from the tissue and is
returned to the systemic blood where the subclavian blood vessels and
the thoracic lymph duct join and their contents mix just prior to entry
into the heart.

2.1. Role and relevance of the gastrointestinal lymphatic transport system

The intestinal lymphatic system is a pathway through which fat-
soluble vitamins,food-derived lipids (a typical Western diet has 90 to
100 g per day [3]), and water-insoluble peptide-like molecules can be
transported into systemic circulation. Drug transported via the
intestinal lymphatic system can bypass the liver and thus avoid
hepatic first-pass metabolism. To stay within the scope of this paper,
the mechanisms by which drugs enter the intestinal lymph following
oral administration are complex, but are simplified as follows. Firstly,
the typical intestinal tract is richly supplied with both blood and
lymph because the lamina propia that surrounds the enterocytes is in
close proximity blood and lymph vessels. After being absorbed and
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transiting across the enterocytes, two potential scenarios can occur.
One situation is where drugs prefer entry into blood capillaries and
the other where entry into the lymph capillaries is favored. The
former pathway, in which absorbed drugs are transported into portal
blood, is the more common mechanism because of the high rate of
fluid flow in the portal blood as compared to that of the intestinal
lymph (500-fold higher for the portal blood) [2]. Large/highmolecular
weight drugs have limited or are unable to diffuse across the blood
capillaries; thus, will utilize the more permeable lymphatic capillaries
for absorption. Upon entry into the enterocyte, lipoproteins are critical
as theywill bind tomacromolecules to aid in the entryprocessand,more
importantly, to facilitate movement across the enterocyte. Since the
physical size of the lipoproteins varies, this subsequently limits whether
there is diffusion across the vascular endothelium. Furthermore, the
lipoprotein size limits that diffusion and the remaining unobstructed
diffusion across the lymphatic capillary results in the preferential access
of lipoproteins along with the drug to the lymphatics (Fig. 1).

The intestinal lymphatic drug transport exhibits a number of
advantages over the oral absorption via the portal blood. For instance,
drugs that are transported via the intestinal lymphatic system enter the
systemic circulation without first passing through the liver. This is very
advantageous for drugs that are highly metabolized on first pass
through the liver, since it will increase oral bioavailability [2]. It has also
beenobserved that because intestinal lymphatic transportwill affect the
local exposure to the lymphatics and ultimately the systemic exposure,
it is possible to obtain different toxicological profiles [2]. Intestinal
lymphatic transport has also been reported to be more effective for
immunomodulatory and chemotherapeutic drugs since the lymphatic
system is the primary route for metastasis of solid tumors and the
transport pathway for T andB lymphocytes [4–7]. Furthermore, recently
it has been suggested that the development, sequestration, and spread
of the human immunodeficiency virus (HIV), hepatitis B and C virus,
morbillivirus, canine distemper virus, and severe acute respiratory
syndrome (SARS) associated coronavirus in association with lympho-
cytes present in the lymphand lymphoid tissue [8–14]. Therefore, lipidic
prodrugs of didanosine, an antiviral that target AIDS, have been
developed to enhance its lymphatic delivery [15].

2.2. Digestion and absorption of lipids

Because the digestion and absorption of lipids is linked to intestinal
drug transport, the process of digestion and absorption or lipids will be
Fig. 1. Drug absorption via the intestinal lymphatic system and portal vein. FA
Reproduced from Trevaskis et al. [2] with permission.
reviewed. However, we recommend the reader consider other excellent
reports that cover these processes in detail [16–22]. The process of
digesting food-derived lipids (predominantly in the form of triglycer-
ides) starts in the stomach where pre-duodenal lingual (mouth cavity)
and gastric acid lipase (gastric mucosa) that hydrolyze triglycerides to
diglycerides and fatty acids [23–25]. After the initial hydrolysis action of
the acid lipase, the resulting by-products and remaining solid material
migrate down the stomachwhere it passes to the pyloric antrum. At the
pyloric antrum, gastric chyme is released and in combination with t
peristaltic movements results in the emulsification of food-derived
triglycerides as they empty into the duodenum [8,18]. The presence of
the lipid in the duodenum stimulates the secretion of pancreatic fluids
and bile (bile salts and bile lipids). The biliary lipids (phospholipid and
cholesterol) adhere to the surface of the emulsion forming a colloidal-
like stable emulsion with smaller droplet size (higher surface area) that
allows a better action of pancreatic lipase that allows the hydrolysis of
triglycerides to 2-monoacylglycerol and two fatty acids molecules from
each triglyceride [26–30].

Phospholipids and cholesterol also get digested in the intestine.
Phospholipid digestion occurs in the small intestine because gastric
lipase is incapable of digesting phospholipids. The phospholipid that is
mainly found in bile is phosphatidylcholine and is in mixed micelles
with cholesterol and bile salts. Once bile is released in the small
intestine, phosphatidylcholine is hydrolyzed by phospholipase A2 to
fatty acids and lysophosphatidylcholine [31,32]. Cholesteryl esters get
hydrolyzed by cholesterol esterase in the small intestine to free
cholesterol [3,33]. Cholesterol esterase activity is enhanced by the
presence of trihydroxy bile salts such as sodium cholate, but also allows
for the self-aggregation of the enzyme into a polymeric form [34].

The digestion products released from the triglyceride droplets in the
colloidal emulsion form liquid crystalline structures that when
combined with sufficient concentrations of bile salts produce uni-
lamellar and miltilamellar vesicles [35,36]. Accordingly, the post-
prandial intestinal lumen (having higher bile salts due to higher bile
release) has a greater presence of unilamellar andmiltilamellar vesicles.
The lipid digestion products contained in amixed bile salt-phospholipid
micellar phase first need to be dissociated from this phase in order to be
absorbed and pass into the enterocyte [37–39]. It has been reported that
the enterocyte surface might be in proximity to a low pH region that
allows for a change in the colloidal structure leading to release and
apical absorptionof lipiddigestionproducts [37,40–42]. The transport of
lipid digestion products across the apical membrane of the enterocyte
= fatty acid, MG = monoglyceride, TG = triglyceride, LP = lipoprotein.
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has been reported to occur via passive transport and via active transport
using specific membrane-bound carrier proteins. The passive transport
predominates when the luminal lipid concentrations are high aswill be
the case post-prandially [43–45]. Themembrane-bound carrier proteins
involved in fatty acid uptake involve the microvillus membrane fatty
acid binding protein and the fatty acid transporter [44,46–48].

Once the lipid has been absorbed into the enterocyte, its chain
length determines its subsequent intracellular processing. Short- and
medium-chain lipids (Cb12) generally diffuse across the enterocyte,
while long-chain lipids (C≥12) generally migrate to the endoplasmic
reticulumwhere they get re-acylated and assembled into lipoproteins
before secretion into the mesenteric lymph [49–52]. The re-acylation
process of fatty acids and monoglycerides to triglycerides in the
endoplasmic reticulum has been reported to be involved with two
cytosolic fatty acid binding proteins (I-FABP and L-FABP) [20,43,53–
59]. Furthermore, the re-acylation process appears to occur via two
possible pathways. One pathway involves a two-step sequential direct
acylation of 2-monoacylglycerol to triglyceride [18,60] and accounts
for the main pathway of production for triglycerides destined for
chylomicrons [18,59]. The second and minor pathway is the
phospatidic acid pathway or glycerol-3-phosphate that involves the
sequential acylation of endogenous glycerol-3-phosphate with three
molecules of activated fatty acid [18,59,61], which accounts for the
production of triglycerides mainly destined for very low density
lipoprotein (VLDL) [62–65]. The sequential steps in digestion of lipids
and their absorption via the portal blood or the mesenteric lymph are
represented in Fig. 2.
Fig. 2. Schematic diagram describing the sequential steps in the digestion
Reproduced from Porter and Charman [241] with permission.
2.3. Lipoprotein assembly

Because of the somewhat narrow focus of this review, we will only
briefly review lipoprotein assembly. However, we direct the interested
reader to a number of recent reviews that contain detailed information
on this topic [16,61,63,66,67]. Chylomicrons and VLDL are the primary
lipoproteins secreted by the intestine. The chylomicrons appear to be
the predominant lipoprotein under post-prandial conditions (higher
lipid loads), while VLDL appears to be the predominant lipoprotein
under pre-prandial conditions (low lipid loads) [64]. Furthermore, it has
been reported that the assembly of intestinal chylomicrons and VLDL
occur by two separate independent pathways [16,18,68–76].

The first step in lipoprotein assembly involves the synthesis of apo-B
in the rough endoplasmic reticulum to associate with phospholipid
derived from the endoplasmic reticulum membrane. Neutral triglycer-
ide lipids are then added to the apo-B phospholipid complex forming a
primordial lipoprotein that is released into the lumen of the endoplas-
mic reticulum[63,66]. The sizeof this primordial lipoproteindependson
the length of the apo-B polypeptide [77,78]. The next step is the
formation of large triglyceride-rich lipid droplets in the smooth
endoplasmic reticulum, which is independent of apo-B and is most
prevalent during luminal lipid challenge (post-prandially). The last step
involves the fusion of primordial lipoprotein assembled in the rough
endoplasmic reticulum with the triglyceride-rich lipid droplets formed
in the smooth endoplasmic reticulum, a process called core expansion,
whichmost likely occurs at the junction between the rough and smooth
endoplasmic reticulum [63]. If apo-B were not to be present, lipid
of lipids and absorption via de portal blood and intestinal lymphatics.

image of Fig.�2


Fig. 3. Cumulative lymphatic transport of halofantrine (Hf) (percentage of administered
dose, mean±SE) in thoracic lymph duct-cannulated dogs after fasted administration
(open symbols, n=3) or post-prandial administration (closed symbols, n=4) of
100 mg halofantrine (free base).
Reproduced from Khoo et al. [94] with permission.
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dropletswould accumulate in the enterocyte [79,80]. The factor thatwill
determine if a chylomicron or a VLDL is produced resides in the amount
of lipid added to the primordial lipoprotein during core expansion [63].

2.4. Pre- and post-prandial lymphatic transport

The amount of available food-derived lipids for formation of lipo-
proteinsand intestinal lymphaticdrug transport significantly increases, as
expected, after food consumption. However, substantial amounts of
endogenous lipid (as free fatty acid attached to phospholipid and
triglyceride) are available in the enterocytes under fasting condi-
tions [81–84]. It hasbeendescribed that endogenous fatty acids canaccess
the enterocytes from both the apical (luminal) and basolateral sides
[81,85]. Endogenous fatty acids accessing the apical side are derived from
either desquamated enterocytes or from bile that deposits fatty acids
necessary for phospholipid transport [81,86]. Endogenous fatty acids
accessing thebasolateral sidearederived fromtheuptakeof chylomicrons
and fatty acid present in any remaining intestinal blood supply [81,87].
However, recently a de novo synthesis route has been presented as a
plausible source of endogenous fatty acids in the enterocyte [65,81,82,85].

Under fasting conditions, the main contribution of endogenous fatty
acids is from bile [71,81,88,89], followed by a minor contribution from
enterocyte desquamation [81,82], and a minimal contribution from de
novo synthesiswithin the enterocyte [81,82,85]. Bile plays a critical role in
solubilization and intestinal absorption of lipophilic drugs and food-
derived lipids by the formation of transient mixed micelles of bile salts
andphospholipids [3,81,90].Once in theenterocyte, the endogenous fatty
acids re-esterify to triglycerides and then self-assemble into lipoproteins.

The effect of food on systemic exposure of co-administered drug has
been reported for a variety of drugs. For instance, the transport of
testosterone undecanoate (a highly lipophilic prodrug of testosterone)
to systemic exposure of testosterone was studied in the greyhound dog
after post-prandial administration. It was determined that testosterone
undecanoate prodrug was transported lymphatically intact, but only
hydrolyzed to testosterone once it is in systemic circulation [91]. In
humans, testosterone undecanoate exhibits a higher systemic exposure
to testosterone than testosterone given to fed subjects and that
exposure to testosterone and prodrug were higher in fed subjects
compared to fasted subjects [92,93]. This increase in post-prandial
systemic exposure was correlated with enhanced lymphatic transport
and increased luminal solubilization of testosterone undecanoate [2].
Another instance of the effect of food was shown in the lymphatic
transport of halofantrine (free base) in the pre- and post-prandial state
that was assessed in the dog. The results showed that the cumulative
post-prandial lymphatic transport of halofantrine is 54% of the
administered dose, while pre-prandially the cumulative lymphatic
transport equals to only 1.3% of the administered dose [94] as show in
Fig. 3. When the hydrochloride salt of halofantrine was administered to
the dogs, a similar 47.3% cumulative post-prandial lymphatic transport
was achieved [95]. Thiswould indicate that halofantrine converted from
thehydrochloride salt (poorly lipid soluble) to the freebase (highly lipid
soluble) before absorption into the enterocyte [59]. This conversionwas
reported to be favored by gastrointestinal pH that would allow the free
base to associate with lipid digestion products that would be
incorporated into chylomicrons during lipoprotein assembly [59].

The VLDLs are the only lipoproteins produced during fasting by the
small intestine [65,69,96], while after a meal the small intestine mainly
produces chylomicrons [69,97]. The difference between VLDL and
chylomicrons reside in their size (30–80 nm diameter for VLDL, and 75–
1200 nmfor chylomicrons) and their Svedbergflotation (Sf) rate (20–400
for VLDL, andmore than 400 for chylomicrons) [98]. The type of fatty acid
infused intraduodenally also determines the output and transport of VLDL
and chylomicrons indicating that both are produced via different
pathways. For instance, when palmitate is infused there are increases in
VLDL transport, but no changes in its output, while chylomicron output
increases when linoleate and oleate are infused [65]. These differences
have been well documented to be due to the presence of different
pathways for assembly of VLDL and chylomicrons [68,70,72–76].

2.5. Clinical disorders of intestinal lymphatic transport

Becauseboth apoB-100 (secretedby the liver) andapoB-48 (secreted
by the small intestine) are encoded by the same gene [99–103], it is
possible that genetic disorders affecting apo B synthesis or chylomicrons
and VLDL formation can alter intestinal lymphatic transport.

For instance, abetalipoproteinemia or Bassen–Kornzweig syn-
drome is a rare genetic disorder in which there is a complete failure
of the liver and gut to produce triglyceride-rich lipoproteins,
chylomicrons and VLDL [99,104]. Although it was originally believed
that it was caused by an apo B synthesis deficiency, it was later
confirmed that it is caused by a mutation of the microsomal
triglyceride transfer protein gene [101,105–107].

Anderson's disease or chylomicron retention disorder is another
rare, hereditary hypocholesterolemic syndrome characterized by the
absence of chylomicrons in the intercellular space although there are
observable chylomicrons in the enterocytes [108,109]. The underlying
mechanism for Anderson's disease is not fully understood yet as
patients don't have a defect in the genes involved with apoprotein
synthesis or microsomal triglyceride transfer protein [110]. However,
it has been described that Anderson's disease might be caused by a
post-Golgi cargo-specific secretion defect [106], and recently it has
been reported that it might be linked to a SARA2 gene mutation [111].

Because lymph nodes undergo hyperplasia as a response to most of
disease processes [112], histological changes can occur leading to an
increase in lymphaticflowrate, local perfusion, andcapillarypermeability
[113]. Furthermore, because the lymphatic system is the primary route
for metastasis of solid tumors [4–7] it is possible that complete
obstruction of lymphatic pathways may occur, which would lead to a
slower lymph flow that can ultimately cause lymphedema or lymphatic
insufficiency [114,115]. However, metastasis usually leads to the
appearance of lymphomas of the gut, which constitute a large proportion
of human tumors that are usually inoperable [116–118]. Furthermore, a
decreased lymph return has been described to occur due to lymphatic

image of Fig.�3
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hypoplasia or aplasia or also called primary lymphedema, while the
obliteration of lymph nodes and trunks has been described as secondary
lymphedema [119]. Other disturbances in lymph angiogenesis have been
reportedmore recently as lymphedema-angiodysplasia syndromes [120].

2.6. Animal models

Animal models have been employed to study lymphatic drug
transport by cannulation of the intestinal lymphatic duct for direct
measurement of drug concentrations [2,121]. Because this type of
cannulation requires an irreversible surgery, intestinal lymphatic drug
transport is not studied directly in this way in humans. The most
commonly used model is the rat [121], but other large species such as
dogs [94,122,123], pigs [121,124], sheep [125,126] have also been
used.

As mentioned above, an approach to studying lymphatic drug
transport is to use lymph duct-cannulated animal models, which
allow the complete collection of lymph flowing through the cannula.
Having collected all of the lymph allows for an accurate estimate of
the total extent of lymphatic drug transport [2,127]. Another
approach is to use a lymphatic-venous shunt that allows collection
of lymph through a longer period of time and at fixed time points to
assess concentration-time profiles. However, the latter approach
might have limited applicability due to the low lymph flow rate the
limited sample volumes obtained [127]. Recently, an indirect
pharmacological approach has been described utilizing intestinal
chylomicron flow inhibitors Pluronic-L81 and colchicine [128]. For
this approach, the systemic drug exposure is compared in the
presence and absence of co-administered Pluronic-L81 or colchicine
to indirectly assess the impact of intestinal lymphatic drug transport
in the oral bioavailability [128]. This approach is advantageous
because it doesn't require a lymph duct-cannulation. However, the
impact of blocking chylomicron flow in lipid processing and synthesis
has to be fully characterized. For instance, Pluronic-L81 lowers plasma
VLDL and low-density lipoprotein cholesterol and reduces lipid and
apoprotein secretion [129]. Nonetheless, employing cannulae is still
the most common approach in the small and large animal models.

2.6.1. Small animal models
The rat is the most common small animal species utilized due to

ease of handling and low space requirements to house them. Most of
the studies have been performed in anesthetized rats, but conscious
restrained and unrestrained models have been also described [121].

The unconscious (anesthetized) rat model has been used in various
studies [130–135] with various degrees of modification in the site of
cannulation, lymph fistulation, feeding and rehydration pre- and post-
operative procedures, and dosing [121]. The model is well described
elsewhere [131]. Briefly, a triple-cannulation of the carotid artery
(systemic blood collection), the mesenteric lymph duct (intestinal
lymph collection), and the duodenum (administration of rehydration
solution) is performed [121]. However, it can also include a fourth
cannula in the jugular vein if intravenous administration is required
[121]. The mesenteric lymph cannula allows the collection of all the
lymphdraining to theduodenumand, consequently, the total amount of
drug transported lymphatically can be calculated. The systemic blood
collected from the carotid artery allows the calculation of systemic
plasma exposure that can be interpreted as the absorption of drug via
the portal blood. This is advantageous because it allows the assessment
of portal blood absorption contribution to bioavailability by comparing
the plasma exposure of orally administered drug to rats that are lymph
duct-cannulated rats with the plasma exposure of intravenously
administered drug rats that are not lymph duct-cannulated rats [121].
As expectedwith any animalmodel that employs cannulation, themost
common complication can be cannula occlusion that is typically greater
with animals allowed to move freely. This occlusion can also be
attributed to the differences in gastric motility and emptying [132] and
lymph flow rate between an unconscious anesthetized (0.1–0.6 mL/h)
and a conscious un-anesthetized rat (1–3 mL/h) [136]. Depending on
the lymph volume or the sampling robustness, the experiment may
require long periods of anesthesia (up to or longer than 24 h). This can
produce significant logistical concerns in maintaining and monitoring
animals under anesthesia for that long, but also can produce significant
increases in mortality [121].

In the conscious restrained rat model, animals are allowed to
recover from surgical anesthesia before being placed in a harness or
restraining cage [133,135,137]. This model only requires of 2 cannulae
(in the jugular vein for systemic blood collection, and in the
mesenteric lymph duct for intestinal lymph collection). The intra-
duodenal cannula is not required as a rehydrating saline solution is
administered intravenously through the jugular vein cannula.
Compounds can be administered intravenously because the rat is
restrained. The lymph and jugular vein cannulae are advanced under
the skin and externalized out from the dorsal (back of the neck) skin
so they can be connected to a swivel for continuous sampling
[121,137]. Even though this model offers advantages (normal lymph
flow rate, gastric emptying, and lipid digestion because in a conscious
rat) over the unconscious rat model, physical restraint can affect the
lymph flow rate, gastrointestinal functioning, and produce venous
return [137]. Because of these possible complications, a conscious un-
restrained model has also been developed [121,138] that allows
intravenous and oral administration of compounds with continuous
lymph collection over 12 h and systemic blood collection over 30 h
[121]. The surgical procedures include a triple cannula in the
mesenteric lymph duct (for lymph collection), in the carotid artery
(for systemic blood collection), and in the duodenum (for overnight
rehydration). In order to assess oral bioavailability, non- cannulated
rats (no mesenteric lymph duct-cannula) can be included as well as
another orally administered group of rats that maintain the other two
cannulae (in the carotid artery and in the duodenum). A third group of
intravenously administered rats (via a jugular vein cannula) can be
included to assess absolute bioavailability, having systemic blood
collected via a carotid artery cannula and administration of a
rehydrating solution via an intraduodenal cannula [121].

These three rat models (unconscious, conscious restrained and
conscious un-restrained) employ surgical procedures that are
performed with non-fasted animals because it is easier to visualize
the mesenteric lymph duct. However, the animals are fasted during
the post-operative recovery period to allow lymph and triglyceride
levels to return to fasting basal levels before dosing [121]. The surgical
methodology for the cannulations and post-operative recovery care in
rats has been well described elsewhere [121].

Despite beingwidelyused, the rat has some considerable limitations.
For instance, the rat has a continuous rather than intermittent flow of
bile into the intestine like humans, rendering the rat less clinically-
relevant than the dog and pig, which have a more similar biliary
secretion, transit profile, and gastrointestinal tract to humans [2].
Additionally, the rat is not a suitable model to assess post-prandial
lymphatic transport since it is not possible to train the rat to eat on
command, the rat diet has significantly lower amounts of lipid than
human (about 5% in rat and up to 20% in human) [59], and the rat has no
gallbladder and thus has no pulsatile post-prandial release of bile.
Furthermore, unlike the rat, a large species such as thepig, sheep, or dog,
allows the administration of more clinically-relevant doses and
formulations and are amenable to studies with monitored/controlled
fasted and fed conditions [2,59,121].
2.6.2. Large animal models
Because of the reported limitations of the rat models, larges species

such as dogs [94,122,123,139,140], pigs [124,141–143], and sheep
[125,126,144,145] have been described to improve the assessment of
lymphatic drug transport.
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2.6.2.1. Dog models. The dog is widely used as the large animalmodel to
study lymphatic drug transport because of the similarities in gastroin-
testinalphysiologywithhumansandbecause it is feasible to assesspost-
prandial lymphatic transport [94,121–123,139,140,146]. The dogmodel
was originally implemented by cannulating the thoracic duct either
using a T-shaped silicone rubber cannula [147,148] or a double-lumen
cannula [149]. However, these cannulae require continuous infusion of
heparanized saline to prevent clotting and a surgical thoracotomy to
access the thoracic duct, but this surgical procedure usually produces
longer post-operative recovery periods [121].

To prevent the need for surgical thoracotomy, another model was
employed by inserting a cannula into a ligated and isolated segment of
the external jugular vein above and below the entry of the thoracic
duct into the vein [137,140,150,151], which allows chronic collection
of lymph. Because this surgical procedure is difficult, there is a high
incidence of pneurothorax and obstruction of the venous return at the
caval bifurcation [121].

A triple-cannulated dog model was implemented to collect lymph
via a cannula in the thoracic duct, to collect blood via a cannula in the
hepatic portal vein and venous blood via the jugular vein [94,121]. This
model has also been implemented to allow collection of venous blood
via a cannula in the cephalic vein, and assessment of lymphatic drug
transport and first past metabolism via collection of lymph and blood
from cannulae in the thoracic lymph duct and the hepatic portal vein,
respectively [59,94,132,133,152]. The surgical methodology for the
cannulations and post-operative recovery care in dogs has been well
described elsewhere [121]. Even though the dog is the most commonly
employed large animal model, the pig and the sheep have also been
reported to be suitable models, but also have their limitations.

2.6.2.2. Pig models. The pig exhibits many similarities in its gastroin-
testinal tract compared to humans; for this reason an anesthetized
[124,141] and conscious pig model [142,143] have been developed to
assess the absorption and lymphatic transport of drugs. The anesthe-
tized pig model involves the oral administration of the lipophilic dye
Sudan black to improve the visualization of the mesenteric lymph duct
before cannulation. It also permits simultaneous sampling of thehepatic
portal blood and systemic blood [124,141]. One disadvantage of this
model is that it doesn't allow for the cumulative assessment of
lymphatic transport as it only allows for periodic sampling instead of
a continuous collection. This limitationmost likely accounts forwhy this
model has not been widely employed [121].

The conscious pig model involves the use of an external thoracic
duct-venous shunt that allows the return of the thoracic lymph to the
systemic circulation [142,143]. This model has been employed to the
assessment of lymphatic transport of proteins, but similar to the
anesthetized model, it doesn't permit for the cumulative assessment
of lymphatic transport as it only allows for periodic sampling instead
of continuous sampling [121,143].

2.6.2.3. Sheep models. A conscious model has been described for the
assessment of lymphatic transport of proteins administered subcuta-
neously in sheep [144,145]. Lymph is collected directly from a cannula
located in the thoracic lymph duct. However, because the differences in
physiology and complexity between sheep (ruminant) and human
(monogastric) are significant, application of this model is limited [121].

2.7. In vitro models

The widely utilized intestinal permeability model using Caco-2 cells
has been applied to assess intracellular lipoprotein assembly
[61,63,153–156] as well as to determine the effect of lipids and lipidic
excipients on drug association with lipoproteins during lymphatic
transport [157–160]. It has also applied to assess the genetic expression
and post-translational modification of apolipoproteins [161], and as a
model to assess the assembly of chylomicrons and VLDLs [153,162].
However, it has to be acknowledged that Caco-2 cells differ from
enterocytes in multiple ways and that the data generated using this
model shouldbe interpretedwith caution. Themain difference is Caco-2
cells are derived from cancerous cells of the human colon rather than
fromhealthyenteric cells fromthe small intestine. Thatdifference surely
results in different activated biochemical pathways. In addition, Caco-2
cells synthesize apo B-48 and apo B-100, while enterocytes only
synthesize apo B-48 [3]. Furthermore, the pathway for formation of
triglycerides and chylomicron synthesis differ between cells, while
enterocytes use the monoglyceride pathway and mainly produce
chylomicrons during fat absorption, the Caco-2 cells employ the
glycerol-3-phosphate pathway [163] and produce various lipoproteins,
but chylomicrons not being the major lipoprotein produced [3].

Another in vitromodel that has been described is based on the good
correlation between the degree of intestinal lymphatic drug transport
and the degree of ex vivo association of the drug with chylomicrons
obtained from plasma. This correlation was significantly better than the
correlation of intestinal lymphatic drug transport with the log P or
triglyceride solubility of the drug [164]. However, this model has not
been widely adapted. More recently, biorelevant test media such as
Fasted State Simulated Intestinal Fluid (FaSSIF) and Fed State Simulated
Intestinal Fluid (FeSSIF)havebeenemployed to assess drug release from
lipid based delivery systems [165–168]. However, as described in
Section 2.2 (Digestion and absorption of lipids), lipid-based delivery
systems will follow an emulsification process in the gastrointestinal
tract caused by different lipolytic enzymes to release the drug and be
able to pack it into chylomicrons for entry into the lymphatic system.
Therefore, an in vitromodel should take in account lipolysis.

A lipolysis model has been described to predict in vivo absorption
by assessing the release of drug from lipid-based drug delivery
systems and by assessing whether drug precipitates following lipolyis
[169]. The main purpose of a lipid-based drug delivery system is to
increase oral bioavailability by preventing precipitation of a poorly
water-soluble drug in the gastrointestinal fluids. However, in order for
the drug to be absorbed by the enterocyte, the lipid-based delivery
system needs to keep drug solubilized following a lipolysis process.
Thus, design of a lipid-based delivery system needs to account for its
performance in vivo after lipolysis to ensure that the drug remains
solubilized and does not precipitate. Failure to take this in account
leads to the success or failure of a delivery system to improve drug
absorption [169]. It is here where the in vitro lipolysis model becomes
useful to assess the suitability of a lipid-based delivery system and to
predict how it would behave in vivo.

This in vitro lipolysismodel basically accounts for fivemain variables
that occur in vivo: 1) lipolysis is dynamicmodel that releases a hydroxyl
anion (OH−) for each liberated free fatty acid [169], 2) lipolysis requires
the presence of counterions such as calcium (Ca2+) to control the
process rate [168,170], 3) lipolysis is regulated by the presence of
hydrolytic enzymes, 4) lipolysis occurs at regular body temperature, and
5) upon lipolysis completion, digested fractions will either be in or not
be in solution,which determineswhether fractional componentswould
be absorbed. The experimental set-up of themodel accounts for each of
the in vivo variables by, respectively: 1) having the pH continuously
measured, to determine hydroxyl anion release as a measure of the
extent of lipolysis, and held constant by anautoburette that titrateswith
base [169], 2) ensuring calcium is present in a constantly-stirred
lipolysis medium also composed of digestion buffer, bile salts and
phosphatidylcholine [169], 3) adding bio-relevant levels of pancreatic
lipase and co-lipase to initiate lipolysis [171,172], and adding 4-
bromobenzene-4-boronic acid (BBBA) to terminate lipolysis [62,65],
4) maintaining temperature at 37 °C by water bath [169], and 5)
ultracentrifuging the medium to obtain a 3-phase separation: an
aqueous phase containing bile salts, fatty acids and monoglycerol; a
lipid phase containing undigested triglycerides and diglycerides; and a
precipitate (sediment) containing un-dissolved fatty acids [64]. Each of
these phases can then be analyzed for drug content. Because the
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dissolution of drug in the intestinal fluid is required for drug absorption,
the drug solubilized in the aqueous phase of the experimental medium
will be generally available for absorptionwhile the drug in the sediment
would not be available for absorption in vivo[169]. Furthermore, this
model allows the simulation of fasted and fed state conditions by using
different concentrations of bile salts and lecithin in the experimental
medium. For instance, fasted state conditionswill be simulated by 5 mM
cholates and 1.25 mM lecithin, while the fed state conditions will be
simulated with 20 mM cholates and 5 mM lecithin [173,174]. More
theoretical background and technical details can be found elsewhere
[169,175].
2.8. In silico models

As described in Section 2.6 on animal models, some models employ
surgery andhave a post-surgery recovery period that can be stressful for
the animal, which could ultimately affect the physiology of the
gastrointestinal tract [176]. Thus, in silico models would be desirable
to provide a simple computational approach to predict intestinal
lymphatic transport. The need for these models came from inadequate
correlations between in vivo studies and empirically-determined in vitro
measurementsof solubility. Based on in vivo studies itwasobserved that
lipophilicity [177] and triglyceride solubility [1] correlatedwellwith the
extent of lymphatic transport. For instance, it was proposed that drugs
with log P valuesN5 and triglyceride solubilityN50 mg/mLwould have a
significant lymphatic transport [1]. However, compounds like penclo-
medine (log P=5.48 and triglyceride solubility=175 mg/mL) [178]
and the lipophilic lipid regulator CI-976 (log P=5.83 and triglyceride
solubilityN100 mg/mL) [179] were reported to have low lymphatic
transport [176]. Therefore, it can be observed that the lipophilicity and
triglyceride solubility correlation with lymphatic transport was not
completely adequate and that a more adequate predictive model
needed to be implemented.

The initial work to develop an in silicomodel for intestinal lymphatic
transport was based on successful models for passive absorption [180–
182]. More recently a quantitative relationship between molecular
structure and the degree of intestinal lymphatic drug of lipophilic
compounds co-administered with a long-chain triglyceride vehicle was
examined using the computer program VolSurf [176]. For this, various
drugs were selected using literature values of intestinal lymphatic drug
transport.Molecular descriptors were calculated using VolSurf software
[183,184] based on the 3D molecular structures rendered using Sybyl
molecular modeling system (Tripos Inc.), and their log P values were
estimated using the online version of logKow [185]. To assess the
similarity between the experimental and estimated lymphatic trans-
port, partial least squares and projection to latent structures (PLS) were
determined using the software Simca-P [186]. Further statistical
analysis included the variable influence on projection (VIP) values and
the cross-validated correlation coefficient (Q2) [176]. The PLS analysis
reported that intestinal lymphatic transport of a drug can be estimated
based on nine descriptors: globularity, hydrophilic surface size, local
interaction minima, fraction of hydrophilic surface area, hydrophilic-
lipophilic ratio of the molecule, unbalance between the center of mass
and the center of thehydrophilic regions of themolecule, andunbalance
between the center ofmass and thecenterof the lipophilic regionsof the
molecule [176,183,184]. It was observed that this computational model
was significantly better than the correlation of intestinal lymphatic drug
transport with the empirically-determined log P and/or triglyceride
solubility of a drug [176,177].

Even though this model was successful in predicting lymphatic
drug transport, it has not been validated, and it has been described by
the authors as an initial model [176]. Therefore, it can be appreciated
that in terms of in silicomodels for intestinal lymphatic drug transport
this area is at a very early stage and more studies are warranted.
However, it has to be acknowledged that different in vitro and in silico
models have been widely applied to assess intestinal drug absorption,
drug dissolution, and drug solubility [167,187,188].

3. Metabolic enzymes and transporters involved in intestinal
lymphatic drug transport

3.1. First-pass metabolism involvement

The lymphatics absorption pathway offer a unique advantage over
drug absorbed via portal blood following oral administration in that
hepatic first-pass metabolism can be evaded to some extent. Drug
metabolism usually involves a variety of enzymes, which by definition
(from a biochemical perspective) improves the ability (acting as a
catalyst) to biotransform a substrate drug to a metabolite by lowering
the required activation energy for this reaction. Two categories of
drug metabolism are well recognized today; phase I and phase II
metabolism.

3.1.1. Phases I and II metabolism
Phase I enzymes can catalyze a wide array of chemical reactions.

However, a common theme apparent for all Phase I enzyme reactions
is that final products are usually modified to contain a functional
group like a hydroxyl, an amine or a carboxylic acid [189]. Phase II
metabolism, which does not necessarily require phase I metabolism to
precede beforehand, can further modify functional groups by
glucuronidation, glycosidation, sulfation, methylation, acetylation,
glutathione conjugation, amino acid conjugation, fatty acid conjuga-
tion and condensation. The majority of research in the area of Phase I
and II metabolism has focused on cytochrome P450 (CYPs) and UDP-
glucuronosyltransferases (UGTs) proteins. UGT-catalyzed glucuroni-
dation reactions are responsible for 35% of all drugs metabolized by
phase II enzymes [190]. The human UGTs are a superfamily of
enzymes that metabolize via conjugation a variety of endogenous
substrates that include bile acids, fat-soluble vitamins, and drugs
[191,192]. UGTs are found bound to the internal membrane and face
the luminal side of the endoplasmic reticulum [192]. This specific
configuration allows these enzymes to have direct access to
metabolites formed by phase I reactions.

As previously described, drugs transported through the intestinal
lymphatic system are protected from first-pass hepatic metabolism
because the mesenteric lymph, unlike the portal blood, empties into
the systemic circulation without first passing through the liver
[91,94]. This is significant for drugs with high pre-systemic clearance
like testosterone that has an extremely limited oral bioavailability
[193,194]. However, the highly lipophilic prodrug of testosterone,
testosterone undecanoate, is orally bioavailable because it enters (as
well as its active metabolite 5α-dihydrotestosterone) the systemic
compartment via the intestinal lymph [91,92,195]. However, an
enterocyte-based first-pass metabolism has been described.

3.1.2. Enterocyte-based first pass metabolism
The impact of lymphatic drug transport on enterocyte-based first-

pass metabolism has been well described in the literature [2]. Briefly,
whenbenzo(α)pyrenewas orally co-administeredwith lipid to kilfish,
the lipid was transported into the lymph as lipoporotein but benzo(α)
pyrene only dispersed through the enterocyte without association
with lipid or lipoproteins. This was attributed to the formation of a
more hydrophilic metabolite of benzo(α)pyrene in the smooth
endoplasmic reticulum, causing its ready absorption into the systemic
compartment via the portal circulation instead of via the lymphatic
circulation [196,197]. Similarly, when halofantrine was orally admin-
istered to lymph duct-cannulated rats a lower transport rate into the
lymph was observed for the drug when compared to fatty acids
administered to control groups [2]. Apparently halofantrine was
removed from the lymph precursor pool in the enterocyte through
CYP3A4 metabolism of halofantrine to desbutylhalofantrine, which
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caused the differences in transport rate [2]. Furthermore, co-
administration of an appreciable amount of lipid either as food-
derived lipid by being fed a fatty meal or as a direct lipid dose
diminishes enterocyte metabolism because of the sequestration of
drug into larger lipid droplets that reduce the accessibility of drugs
such as benzo(α)pyrene [196] and halofantrine [2] to metabolizing
enzymes located in the surface of the smooth endoplasmic reticulum
[198–200].

3.2. Transporters of lipids and drugs

Although only a few reported drugs are transported via the
intestinal lymphatic system, the intestinal lymphatic system could be
utilized as a transport pathway for lipophilic drugs. In order to fully
benefit from lymphatic drug transport, much work is required to gain
further knowledge about how enterocytes contribute the separation
of lipophilic drug transport into lymph versus portal circulation.

3.2.1. Lipid transporters
While lipid transport-proteins have been identified on enterocyte

membranes (both apical and basolateral membranes), families of
intracellular lipid binding proteins also exist and together facilitate
the entry (absorption) and movement across (intracellular transport)
of endogenous lipids and lipids from diet (exogenous) [201,202].
Typically lipids can enter the enterocytes via passive diffusion or
active transport. In addition to this, apical transporters have also been
identified to facilitate this absorption process [47,203]. For example,
NPC1L1 has been identified as a lipid transporter protein [204,205].
Furthermore, it is of interest to mention that proteins have also been
shown to be transferred across the apical membrane of enterocytes by
transporters that are less well defined.

Several ATP-binding cassette (ABC) transporters have been
implicated in lipid uptake across plasma membranes and intracellular
lipid trafficking [206–209]. ABC transporters may therefore be
involved in intestinal lipid absorption, although the role of only a
few of these transporters has been demonstrated. For example, P-
glycoprotein (P-gp) is believed to influence intestinal lipoprotein
formation [157,208] and it has been suggested that P-gp facilitates the
absorption and intracellular trafficking of cholesterol, although the
evidence for this is still circumstantial [210]. Additionally, ABCA1
appears to facilitate absorption of cholesterol across the basolateral
membrane of enterocytes to plasma ApoA-1, which enhances the
formation of nascent high density lipoprotein [209–211], ABCG5 and
ABCG8 are thought to reduce excess intestinal cholesterol and sterol
absorption by facilitating efflux from enterocytes [209,210,212].
Table 1 summarizes the different predominant ATP-binding cassette
(ABC) transporters and metabolic enzyme families, modulating lipid
excipients/surfactants and associated known drugs that have been
reported to be involved in intestinal lymphatic transport.

3.2.2. Drug transporters
Upon crossing the apical side of the intestinal lumen, a drug can be

metabolized (phase I or phase II; described in detail in the above
Table 1
Predominant ATP-binding cassette (ABC) transporters and metabolic enzyme families rep
excipients/surfactants and associated known drugs.

Transporter Lipid excipients/surfactants Metabolis

P-gp Polyoxyl 35 castor oil (e.g., Cremophor) CYP3A
P-gp PEG-15-hydroxystearate (e.g., Solutol HS-15) CYP3A
P-gp Polysorbates (Tween 80, Tween 20) CYP3A
P-gp Polymers (Pluronic block copolymers) CYP3A
P-gp Sucrose esters (Sucrose monolaurate) No metab
P-gp Medium chain glycerol and PEG esters (e.g., Labrasol) No metab
MRP2 1-monopalmitin, 1-monoolein and 1-monostearin No metab
sections of this review). These metabolites, as well as the parent drug,
can be actively transported across the basal membrane of the intestine
into the blood or efflux back out into the intestinal lumen. Therefore,
these processes of active transport are facilitated by many types of
major active transport proteins such as P-gp (which belongs to the
multidrug resistance-type), multidrug resistance-associated proteins
(MRPs), and other organic anion transporters which together play a
major role in governing the overall bioavailability of foods, drugs and
other xenobiotics.

3.2.2.1. P-glycoprotein (P-gp). Upon discovery of cytotoxic drugs that
can destroy cancer cells, researchers also discovered that drug
resistance (for multiple drugs) can impede the effects of these
drugs. P-gp was the first active transporter protein to have been
discovered. Today, we know that P-gp, and other more recently
identified protein(s) act as efflux pumps with a broad specificity for a
variety of substrates. P-gp is a member of a large diverse family (over
50 members) of ATP-binding cassette (ABC) efflux proteins. Sub-
strates for P-gp are typically lipophilic and cationic. As previously
mentioned, a large number of compounds are substrates/inhibitors
for P-gp and include anticancer agents, antibiotics, antivirals, calcium
channel blockers, immunosuppressive agents and plant chemicals
usually found in normal diet [213]. The nature of P-gp is to limit the
absorption of certain compounds by effluxing compounds from the
enterocytes back into the lumen, thus limiting their bioavailabilities.
Data from both in vitro and in vivo studies using human intestinal
epithelial cell lines [214] and P-gp-knockout mice [215], respectively,
show that the disruption of P-gp activity would lead to some
potentially hazardous problems with regard to drug disposition.
Because the typical substrates of P-gp are lipophilic, it is expected that
P-gp plays a role in the lymphatic transport of drugs; however, direct
evidence has not been reported yet.

3.2.2.2. Multidrug-resistance associated proteins (MRPs). MRPs were
discovered much later than P-gp. In general, MRP1 through MRP9 are
the only currently known MRPs; however, MRP7-9 has recently been
discovered, but relatively little information exist currently with
regard to both function and expression patterns. The substrates for
MRPs are different with regard to each individual isoform as well as
their respective localization. However, the general mechanistic
function of MRPs is currently believed to be the elimination of
compounds from the cell via efflux. Studies have shown that this class
of transporters can confer resistance to cytotoxic drugs such as
vincristine [216] and peptides [217], heavy metal anions [218] as well
as endogenous metabolites such as bilirubin glucuronides [219].
Because of the diversity of substrates that MRPs handle, it would be
expected that MRPs play a role in the lymphatic transport of drugs;
however, direct evidence has not been reported yet.

3.3. Coupling efflux transporters with metabolic enzymes

In early research focusing on cytochrome P450s, it was thought
that the rate and the overall extent of metabolism were the
orted to be involved in intestinal lymphatic transport and known modulating lipid

m Examples of drugs associated with CYP3A and P-gp transport

Cyclosporine
Ketoconazole
Lovastatin
Ritonavir
Tamoxifen
Amiodarone
Saquinavir
Carbamezapine

olism reported
olism reported
olism reported
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predominant factors in the overall disposition of drugs that were
subject to biotransformation [220]. As research progressed, we begin
to understand that an intricate relationship exists between Phase I
metabolic enzymes with efflux transporters such as P-gp [221]. This
interplay, in which not only a single metabolic enzyme and/or
transporter but a relationship/communication between at least 2
proteins (i.e., one metabolic enzyme and one transporter), is an area
of active research [221].

To help understand the mechanics of coupling, one could imagine
a traditional one-two punch scenario in which a compound enters the
enterocyte, quickly gets metabolized (Phase I or Phase II or both), and
then is immediately taken up by efflux transporters and efflux back
across the intestinal lumen. However, this is rather a simplified one-
twomechanism that was observed and reported. Current findings and
literature data suggest that the mechanism(s) by which metabolic
enzymes interact with efflux transporters, theway in whichmetabolic
enzymes interact with each other as well as efflux transporters (or
transporters in general), and their connection to each other are highly
complex and is not as simple as a one-two process. As an example, the
“double jeopardy” theory was proposed by Benet and coworkers
[222,223], where the substrate is assumed to be absorbed at the apical
membrane and is met by CYPs. This substrate is subjected to
metabolism and thus is termed as ‘prosecuted’ for the first time by
CYPs. With respect to efflux, P-gp is assumed to take the parent
compound and transport it via efflux back into the intestinal lumen
and unmetabolized parent drug can pass through the other side
(basolateral) of the membrane and thus has reach either portal- or
lymphatic-capillaries. But if the intact parent drug returns to the
intestinal lumen via efflux, it can be absorbed one more time at the
apical side of the membrane (further down the intestinal tract) and
thus is subjected to metabolism again. This repeated ‘prosecution’
thus gives the term “Double Jeopardy” to this theory. Consequentially,
a disruption of P-gp activity would result in less repeated chance of
exposure time for the substrate in question at the apical membrane.
This would lead to more substrate inside the intestine (i.e., increase in
absorption) and thus could potentially increase the bioavailability of
both the substrate and/or its metabolite in the systemic circulation.
On the other hand, if CYPs activity was disrupted, the amount of
metabolite would decrease severely and thus perhaps allowing more
substrate to reach systemic circulation intact. A schematic represen-
tation of the double jeopardy theory is presented in Fig. 4.

4. Lipid-based formulation and lipidic prodrug approaches to
enhance intestinal lymphatic transport

4.1. Rationale of lipid-based formulations

Lipophilic drugs have poor water-solubility and consequently tend
to have low and variable absorption following oral administration. The
absorption of lipophilic drugs into intestinal lymphatic and portal
LuminaLumina

Efflux

Fig. 4. Schematic representation of the double jeopardy theory. Substrates are represented b
circulation following oral administration is often increased by post-
prandial effects that result from co-administration with food. The
increased drug absorption with food has been attributed to multiple
effects of food-derived lipids, particularly the long-chain triglyceride
lipids, by decreasing the rate of gastric emptying, stimulating the
secretion of biliary lipids, increasing the rate of lipolysis, increasing the
drug-to-intestinal membrane contact, increasing the drug dissolution
rate and solubilization by having altered the composition of intestinal
fluids, increasing the formation of triglyceride-rich chylomicrons
through the lipid digestion/re-acylation pathway [152,169,224–230].
The glyceride-rich chylomicrons are believed to allow lymphatically-
transported drugs partition into and be transported along with chylo-
microns into the intestinal lymphatics [164,231]. It is that preferential
association of the administered lipophilic drug with lipid digestion/
re-acylation pathway that results in the secretion of drug-containing
lipoproteins into the intestinal lymphatics [232]. Thus, a common
formulation approach to achieving either post- or para-prandial effects
seen with food-derived lipids is to replace food- for formulation-derived
lipids. Using combinations of lipid(s), surfactant(s), and/or co-solvent(s),
the expanded ability to improve oral absorption by additional mecha-
nisms than those already mentioned for food-derived lipid include
protection from luminal drug degradation, enhanced membrane
permeability and decreased hepatic first-pass metabolism [225]. To
optimize lymphaticdrug transport, the candidatedrugand its lipid-based
formulation need to be rationally paired.
4.2. Candidate drugs for lipid-based formulations

Because the quantity of luminal and cellular lipid is generally not
limiting when drug is co-administered with either food- or formu-
lation-derived lipids, it is often the solubility of the administered drug
or its dissolution in triglyceride that is limiting to the lymphatic
transport of lipophilic drugs. Knowing that drug needs to partition
into triglyceride-rich chylomicrons, having a candidate drug with a
high solubility in triglyceride should take primacy in selecting
candidate drugs. Charman et al. have suggested that the amount of
a candidate drug that may be transported by intestinal lymphatics is
the product of the quantity of lipid transported in the lymph in the
form of chylomicrons and the amount of drug per chylomicron [130].
Recognizing the concentration of drug per chylomicron is influenced
by the partition coefficient and triglyceride solubility of the drug
[233], Charman et al. proposed that drug candidate for lymphatic
transport have a log PN5 and a triglyceride solubility N50 mg/mL [1].
However, a combined high log P and high triglyceride solubility does
not necessarily result in lymphatic transport [233]. As was mentioned
earlier, penclomedine, an experimental cytotoxic agent with log P of
5.48 and a triglyceride solubility of 175 mg/mL, was poorly trans-
ported in the intestinal lymph, ~3% of the dose [178]. Similarly, Hauss
et al. [179] reported very low levels, b1% dose, of lymphatic transport
Serosa

Enzyme

y triangles whereas products of enzymes or metabolites are represented by pentagons.

image of Fig.�4


933J.A. Yáñez et al. / Advanced Drug Delivery Reviews 63 (2011) 923–942
using CI-976, a lipophilic lipid regulator with a log P of 5.83 and a
triglyceride solubility of N100 mg/mL [233].

4.3. Lipid-based formulations

4.3.1. Classification of lipid-based formulations
The co-administration of drug with formulation-derived lipids is

perhaps the most studied and successful approach to increasing
lymphatic drug transport. Lipid-based formulations can be solutions,
suspensions and self-emulsifying formulations containing liquid or
semi-solid triglycerides, mixed mono- and diglycerides, surfactants,
either alone or as mixtures, all in possible combinations with
hydrophilic co-solvents [175]. With that variety and in an effort to
standardize the description of lipid-based formulations, Pouton et al.
devised the Lipid Formulation Classification System (LFCS) which has
recently been published in its most updated version [234–236]
(Table 2). Although this system is not solely directed to formulating
for lymphatically-transported drugs, it does encompass those formu-
lations suitable for those types of drugs. The LFCS conveys the
characteristics and the potential limitation of the various types of
formulation in achieving small particle sizes and how prone the drug
is to precipitating with intestinal fluid dilution and with formulation-
derived lipid digestion. The precipitation of lymphatically-transported
drugs, which already require lipid-based formulations to dissolve, will
not easily or at all be re-dissolved upon precipitation.

Briefly, Type 1 systems contain solely lipid components, typically
mixtures of glycerides, having little to no solubility in water. These
systems require lipid digestion to facilitate the formation of the colloidal
dispersion of the lipids, lipid digestion products, and lipophilic drug in
the intestines by bile salt-phospholipid mixed micelles [234]. These
systems are ideally suited for lymphatically-transported drugs that have
high triglyceride solubility. Type 2 systems contain lipids, polar lipids
and water insoluble surfactants. These systems will vary in their
digestibility, but still can enhance lipophilic drug bioavailability by
achieving a smallerdispersion thancanbeachievedwithType1 systems
[234]. Type 3 systems can stably self-emulsify and disperse quickly to
form fine dispersions owing to appreciable amounts of surfactant.
However, if that dispersion proceeds too quickly, these systems can as
quickly lose solvent capacity upon dilution in intestinal fluids resulting
in drug precipitation. Type 4 systems are pure surfactants ormixtures of
surfactants and co-solvents. These systems are not reported as having
beenused for lymphatically-transported drugs because of the likelihood
of lipophilic drug precipitation [235]. Earlywork on using these systems
were recently reviewed [237].

As examplesof theType3 system, alsoknowsa self-emulsifyingdrug
delivery systems (SEDDS), which form fine oil-in-water emulsions or
even microemulsions (SMEDDS) when exposed to aqueous media
under conditions of gentle agitation [238,239]. The commercially
available formulation of cyclosporine (Neoral™), is a microemulsion
preconcentrate with improved oral bioavailability and reduced inter-
and intra-subject variability compared to the original crude emulsion
product, Sandimmune™ [233]. Similar lipid-based formulations of the
HIV protease inhibitors, saquinavir, ritonavir and amprenavir, have also
Table 2
The lipid formulation classification system: characteristic features, advantages and disadva
Porter [236] with permission.

Formulation type Materials Characteristics

Type I Oils without surfactants (e.g. tri-, di-
and monoglycerides)

Non-dispersing, requires
digestion

Type II Oils and water-insoluble surfactants SEDDS formed without w
soluble components

Type III Oils, surfactants, cosolvents (both water-
insoluble and water-soluble excipients)

SEDDS/SMEDDS formed w
water-soluble componen

Type IV Water-soluble surfactants and cosolvents
(no oils)

Formulation disperses ty
to form a micellar solutio
reached themarket [233]. The advantages of these formulations include
their ease of production, enhanced solvent capacity, increased stability,
and the potential to administer the final product as oral soft gelatin
capsules [233,234]. In addition, SEDDS typically produce emulsionswith
a particle size between 1000 and 300 nm, while SMEDDS form
transparent microemulsions with a particle size of less than 100 nm
[238]. These properties have been suggested to make SEDDS and
SMEDDS a good formulation alternative for oral delivery of lipophilic
drugs [238].

As an example, the impact of lipid-based formulation type on in
vitro dispersion and digestion properties and the relationship to oral
bioavailability, using danazol as a model lipophilic poorly water-
soluble drug has been studied [226]. Three lipid-based danazol
formulations were assessed: solution of a long-chain triglyceride
(LCT-solution), SMEDDS based on long-chain (C18) lipids (LC-
SMEDDS) and medium-chain (C8–C10) lipids (MC-SMEDDS) were
administered to fasted dogs and compared with a micronized danazol
formulation either co-administered with food or fasted. The LCT-
solution and LC-SMEDDS formulations significantly enhanced the oral
bioavailability of danazol when compared to fasted administration of
the powder formulation. The MC-SMEDDS resulted in little enhance-
ment in danazol bioavailability. In support of the in vivo findings, in
vitro digestion of the MC-SMEDDS formulation resulted in significant
drug precipitation when compared with the LC-SMEDDS formulation.

4.4. Altering lipids in formulation to increase lymphatic transport

The potential utility of lipids to enhance bioavailability and
lymphatic transport has generally been assessed by considering
structural features of the lipid (chain length, lipid class, and degrees of
saturation). However, consideration of the amount of formulated lipid
administered, digestibility of the lipid and the extent of dispersion
should also be considered. These points have been briefly reviewed
here, but further details appear in previous reviews [1,233,240,241].

4.4.1. Structural features of lipids
The performance of a lipid-based formulation to increase absorption

of lymphatically-transported drug is based on a particular combination
of formulation and drug. However, from a review of the literature some
general comments can be made structural features of lipids favoring
lymphatic drug transport. Lymphatically-transported drugs will tend to
have higher and achieve peak concentrations quicker when formulated
in lipids that require minimal digestion prior to entering the lipid
digestion/re-acylation pathway. Accordingly, fatty acids can be used in
place of triglycerides and phospholipids because they have no need for
pre-absorptive hydrolysis [1,240,242,243]. In addition, lymphatic drug
transport is increased using monounsaturated and polyunsaturated
fatty acids, in part because of larger lipoproteins than when using
saturated fatty acids [175,233,244]. With each increase in the degree of
fatty acid unsaturation, the lag-time to a significant increase in the
chylomicron concentration was reduced compared to control [244].
Cheema et al. hypothesized that the difference on the onset of
chylomicron synthesis probably reflects a more rapid rate of absorption
ntages of the four essential types of lipid formulations. Reproduced from Pouton and

Advantages Disadvantages

GRAS status; simple; excellent
capsule compatibility

Formulation has poor solvent capacity
unless drug is highly lipophilic

ater- Unlike to lose solvent capacity on
dispersion

Turbid o/w dispersion (particle size
0.25–2 μm)

ith
ts

Clear or almost clear dispersion;
drug absorption without digestion

Possible loss of solvent capacity on
dispersion; less easily digested

pically
n

Formulation has good solvent
capacity for many drugs

Likely loss of solvent capacity on
dispersion; may not be digestible
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with increasing fatty acid unsaturation. Additionally, the greater the
degree of unsaturation of the fatty acid, the lower themelting point, the
greater the fluidity at 37 °C and the less hydrophobic the molecule, all
factors facilitating absorption [244]. Finally, lymphatic drug transport is
generally enhanced by lipid formulations based on long (C18) chain
lipids as opposed to medium-chain (C8–10) and short-chain (C4) lipids
[152,175,233,242]. Fatty acids with chain lengths of 14 and above are
primarily transported into intestinal lymph and shorter-chain fatty
acids are primarily transported into portal blood [175].

4.4.2. Formulated-lipid digestibility
The process of digestion, especially the rate of digestion relative to

transit time of the formulated drug at absorption site, can increase or
decrease the capacity of formulation-derived lipid to solubilize
lipophilic drug. In understanding how digesting formulation-derived
lipids can maintain drug in solution in intestinal fluids, one needs to
understand the interactions between the drug, digesting formulated-
lipid, and the end product of formulated-lipid digestion: the lipid-rich,
bile salt-phospholipidmixedmicelle. Lipolytic products of lipids in lipid-
based formulations are generated by being exposed to intestinal fluids
containing lipases and bile salts secreted from the pancreas and the gall
bladder, respectively. During lipolysis, multi-lamellar, liquid crystalline
intermediate phases, having greater polarity than initial formulated-
lipid, build up on the surface of degrading lipid droplets [245]. Despite
differences in polarity, a hydrophobic continuum exists going from the
surface of dispersed and degrading lipid droplets to the interior that
contains the intermediate product phases [245]. That continuum allows
lipophilic drug to remain solubilized by allowing drug migration in the
dispersed and degrading lipid droplets. The liquid crystalline phases are
continuously being broken down by the action of bile salt micelles,
leading to the formation of the end product of formulated-lipid
digestion, the lipid-rich, bile salt-phospholipid mixed micelles. In
these mixed micelles, the drug solubility is proportional to the bile
salt concentration and there is an increase in lipophilic drug solubility
with increase in log Pof drugs and aminimumof log Pof≥4 to remain in
solution [245]. Consequently, lymphatically-transported lipophilic drug,
which has already been defined as having a logPN5, is expected to
remain in solution whether in the administered and digesting
formulation-derived lipid droplets or in the end product, mixed bile
salt-phospholipid micelles, which provide a strong solubilizing envi-
ronment for lipophilic drugs [245]. The mixed micelles provide the
source of freely diffusible drug for enterocyte uptake at the intestinal
wall. Solubilization of drug in mixed micellar phase of bile salts and
lipolytic digestion products increases their luminal solubility by orders-
of-magnitude as well as facilitating their passage through the unstirred
layer thereby enhancing the quantitative aspects of absorption [231].
Hydrophilic surfactants can inhibit significantly the lipolysis of the
triglyceride component. During a screening exercise, it has been
identified that Cremophor RH40, a commonly used hydrophilic
ethoxylated triglyceride surfactant, completely inhibited lipolyis of
MCT oil for a 90 min period in vitro, when the oil and surfactant were
present in equal mass [245]. The addition of a third component, a
lipophilic surfactant, in some cases caused recovery of lipolyis [245].

4.4.3. Dispersed state of the vehicle
It may not be concluded that low particle size inevitable leads to

better bioavailability because the performance of lipid-based delivery
systems is governed by their fate in the gastrointestinal tract rather
than by the particle size on initial dispersion [246]. In general,
dispersed formulations are typically preferred, whether dispersible,
non-dispersible or self-emulsifying [175,233]. It is reasonable to
expect that the rate at which a lipophilic drug diffuses from the
dispersed oil phase into aqueous intestinal fluids is governed by its
solution in mixed micelles and the rate at which these structures are
formed by lipolysis [245]. Since the latter is an interfacial process, the
rate of lipolysis is itself dependent on the size of the emulsion particles
[245]. Therefore, if it is necessary to maximize the rate of drug
partitioning into aqueous intestinal fluids, and hence the absorption
rate, the formulation should be highly dispersible [245]. Accordingly,
to maximize lymphatically-absorbed lipophilic drug the lipid-based
formulation should be prepared as mixed micellar system, but if not
possible as crude emulsion, and if still not possible, a lipid solution.

4.4.4. Administered lipid amount
Drug transport via the intestinal lymphatics is generally enhanced

by an increase in lipid amount [122,175,240]. It was shown in the rat
that following administration of cholesterol undecanoate in oleic acid
resulted in a significant lag time that was seen with administering
500 μL but not 200 μL of lipid vehicle. This was likely the result of
prolonged gastric emptying that resulted from the large lipid load
provided at the higher dose volume [242]. However, the amount of co-
administered lipid has to be limited to ensure their proper digestion in
the intestinal lumen prior to enterocyte uptake [164].

It has been reported that the dose volume, and thus dose amount,
of particular lipids had no significant effect on the intestinal lymphatic
transport of benzo(a)pyrene (50 μmol and 500 μmol of olive oil; [1]
and DDT 50 μL and 200 μL of various lipids); [247]. Although therewas
no effect of dose volume on cumulative lymphatic transport of
dichlorodiphenyltrichloroethane (DDT), the concentration of DDT per
chylomicron was proportionally higher when administered with
50 μL compared to 200 μL of lipid vehicle. This suggests that
chylomicron-mediated transport had became saturated by the finite
solubility of the drug in the triglyceride core of the chylomicron [247].
Like the last study, the in vivo study of lipid effects on lymphatically-
transported drugs has generally been done in the rat and using widely
varying and sometimes excessive lipid volumes (50 μL to 1 mL; [240]).
Using the lower volume of 50 μL, the equivalent dose in human based
on body weight-adjustments, is 10 mL lipid. However, lipid-based
formulations given to humans typically have dose volumes of only a
few milliliters.

Although the administered lipids are excessive to rats, fortunately,
the effects of lipids are often relevant to human because effects in
human can be seen at low lipid amounts. The influence of oral
administration of three lipid-based formulations and a negative control
formulation on gastric emptying and biliary secretion was evaluated in
human subjects using gamma scintigraphy, ultrasonography, and
duodenal aspiration [229]. It was shown that as little as 2 g of long-
chain lipid lowered gastric emptying, stimulated gall bladder contrac-
tion and elevated intestinal bile salts, phospholipid and cholesterol
levels. Similar changes were not observed when a similar quantity of
medium-chain lipidwas administered. Therefore, thequantities of long-
chain lipid that might be administered in a pharmaceutical formulation
could be expected to stimulate gall bladder contraction and elevated
intestinal levels of bile salt and phospholipid [229].

4.5. Lipidic prodrugs

4.5.1. Rationale
Lipidic prodrugs are comprised of drugs covalently bound to lipids

such as a fatty acid, monoglyceride, diglyceride, or phosphoglyceride.
The rationale to use lipidic prodrugs to increase lymphatic transport
has been previously reviewed [232,241,248,249]. In an attempt to
ensure increased log P and triglyceride solubility of the parent drug
into glyceride-rich chylomicrons, albeit in covalent-association as a
prodrug, chemists have synthesized prodrugs that increase the
lipophilicity of the prodrug compared to parent drug using simple
esters with long-chain fatty acids. However, this approach has had
limited success due to ubiquitous esterases and some peptidases that
are present in most organs of the body, but are particularly active in
the intestinal tract, intestinal cells, and the liver, and are capable of
cleaving ester prodrugs [248].
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Consequently, there is high probability that an ester prodrug would
lose its enzyme-labile chemical functionality well in advance other
transiting from intestinal fluids to associating with enterocyte-derived
chylomicronsor still further in transit to the lymphatics. Byhaving failed
to remain intact, thenet effect is nobetter thanhad theparent drugbeen
administered in the first place provided the parent drug ismetabolically
stable and not a substrate to an efflux transporter. Nevertheless, ester/
ether linkages have been used to increase lipophilicity of testosterone,
fat soluble vitamins A and C, and non-steroidal anti-inflammatory drugs
(NSAIDS) [1,135,241,248,250–252].

4.5.2. Triglyceride digestion/re-acylation pathway
In an effort to get a prodrug to participate in the lipid digestion/

biochemistry pathway, three different lipid carriers are generally
used: fatty acids, glycerides and phospholipids (Fig. 5) [228,253,254].
Since triglycerides themselves are not absorbed intact, pancreatic
lipase driven drug delivery by metabolism at the 1- and 3-positions
initially produces the symmetric 2-monoglyceride and two fatty acids.
When fatty acid substituents are placed at the 1- and 3-positions and
drug placed at the 2-position, it is then possible to generate a drug-
attached pseudo-glyceride. Lipases rapidly hydrolyze esters at
positions-1 and -3 of the glycerol backbone, but only very slow at
position-2. Therefore, most lipidic prodrugs have the drug attached at
position-2 by either an ester bond if the drug bears a carboxylic group
or by a spacer if other functions are present [249]. After being released
by lipases from the glycerol backbone, monoglycerides and fatty acids
Fig. 5. Types of lipidic carriers: fatty acids, glycerides andphospholipids. In the case of fatty
acids, the drug is attached directly to the carboxylate or to a modified ω-atom. Drug-
glycerides conjugates are represented here by a 1,3-diglyceride where the drug is in
position-2. Phospholipid prodrugs consist either in drugs linked to the phosphate group or
to the glycerol backbone, in this case, the drug replaces a fatty acid.
Reproduced from Lambert DM [249] with permission.
enter enterocytes. Only the long-chain fatty acid (CN12) are re-
esterified into triglycerides by the addition of the activated fatty acids
in the 1 and 3 positions [241,249].

As examples, the monoglyceride prodrugs of the NSAIDS naproxen
and acetaminophen were synthesized to both reduce adverse side
effects that include stomach ulceration, bleeding and perforation, and
to increase oral bioavailability [255,256]. The oral administration of a
1-monoglyceride ester of naproxen did not result in increased
recovery of total prodrug and drug recovered in the lymph relative
to administration of just the parent drug. However, the intestinal
lymphatic transport rate of naproxen was increased by approximately
10-fold (2.7 to 28.3% dose) when dosed as the n-alkyl chain introduced
between the 1- or 2-position of glycerol backbone and drug.
Acetaminophen, was similarly increased (0.8 to 13.8% dose [255]).
Unexpectedly, the intestinal lymphatic transport of triglyceride de-
rivatives with the drugs combined directly with the 2-position of
glycerol were low in comparison with the mono-glyceride prodrugs.
Although the authors did not give a reason for the differences, it is
possible that the selection of palmitic acid, which is a saturated fatty
acid, is a less favorable for increasing lymphatic transport of triglycerides
than a poly-unsaturated fatty acid.

Khan et al. have taken a diglyceride prodrug approach in a set of
prodrugs of diclofenac, ibuprofen, and mefenamic acid [250–252].
Prodrugs were synthesized having dipalmitate and stearate glyceride
derivative at the 1- and 3-positions on the glycerol backbone, with
parent drug at the 2-position of the backbone. All of the prodrugs
were resistant or showed less hydrolysis under pH conditions that
might be considered relevant to gastric conditions (pH≤5). However,
facile release of the parent drug was observed under pH conditions
that might be considered relevant to intestinal conditions (pH 7.4).
Peak plasma concentrations for parent drug were higher and delayed
in prodrug-dosed than parent drug-dosed rats. All prodrugs showed
less frequent and severe gastric ulcers compared to parent drug. The
prodrugs showed better anti-inflammatory activity compared to the
parent drug and analgesic activity comparable to the parent drug.
Taken together, these studies show that prodrugs are a way to both
increase bioavailability and decrease the gastrointestinal side effects
of NSAIDS.

4.5.3. Phospholipid digestion/re-acylation product pathway
The concept of phospholipid prodrugs to help circumvent pre-

systemic clearance follows from the biochemistry of normal phospho-
lipids in the body. Phospholipids are hydrolyzed in the small intestine to
lyso-phospholipid, which after absorption into the enterocyte can enter
a re-acylationpathwaysimilar to the re-acylationpathwayof glycerides.
Rather than be incorporated into the glyceride-rich chylomicrons, the
reacylated phospholipid is associated with and stabilizes at the surface
of the chylomicron. There have been a few reported examples where
phospholipid prodrug and the released parent drug have been directly
shown to be lymphatically-transported.

In an early example of the phospholipid prodrug approach, Sakai et
al. synthesized dipalmitoyl phospholipid prodrug of the antitumor
agent fluorouridine [241,254]. A prodrug approach was needed
because fluorouridine, as a small polar drug, would not be expected
to be lymphatically-transported to both expose cancer cell-rich lymph
nodes and minimize systemic exposure and resulting toxicity. The
prodrug, dipalmitoylphosphatidylfluorouridine (DPPF), was orally
dosed to rats and the extent that DPPF it and its two metabolites,
fluorouridine (FUR) and fluorourcacil (5-FU), were lymphatically-
transported was assessed. Lymph and blood concentrations of DPPF,
FUR, and 5-FU were all low, but DPPF lymph concentrations were 30-
fold higher than in blood, demonstrating the prodrug lymphotropism
of DPPF. In contrast to the low blood and lymph concentrations of
DPPF, high levels of DPPF congeners, different in only with respect to
the position 2-acyl groups were measured, but were higher in the
lymph than blood. The congeners were shown to be 1-palmitoyl-2-
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arachidonyl-phosphatidylfluorouridine (PAPF) and 1-palmitoyl-2-
lineoyl-phosphatidyl-fluorouridine (PLPF). Because the only differ-
ence between DPPF and the congeners were the 2-acyl groups, the
data suggests that DPPF had been digested and re-acylated prior to
being incorporated onto chylomicrons and secreted in the lymph.
Given sufficient time, the authors expected the congeners to be
further hydrolyzed in the lymphatics resulting in release of phos-
phate-derivatized drug, which is the active form [254].

Dahan et al. have recently studied the use of a phosphatidylcholine
esteric prodrug of the antiepileptic drug valproic acid [227]. As the
prodrug (DP-VPA), valproic acid was directly conjugated to the
phospholipid at the sn-2 position andwas thus susceptible to enzymatic
cleavage by phospholipase A2 (PLA2). However, administration of the
prodrug to mice either homozygously-defective for PLA2 gene
(C57BL/6) or having the normal gene (BALB/c) [257] showed no
differences in DP-VPA plasma exposure. The stability was further
confirmed by the absence of any in vitro DP-VPA degradation in serum
and low (4.8%) degradation by bee venom PLA2. When DP-VPA was
administered to fasted rats dissolved in a long-chain triglyceride (LCT;
C12) versus a medium-chain triglyceride (MCT; C6–10) the plasma
exposure was increased 3-fold and time to achieve peak concentrations
in plasmawas2-fold delayed. The authors suggested the significant food
effect could have resulted from improved dissolution and solubilization
of the drug in intestinal fluids, as well as intestinal lymphatic transport.
The combined observations of a food effect and increased absorption
following administration of LCT, known to simulate chylomicron
production, support the notion of intestinal lymphatic transport.
When the lymphatic transport was evaluated in mesenteric lymph
duct cannulated freely moving rats it was shown that 60% of the
absorbed DP-VPA was associated with lymphatic transport. These
results confirm the lymphatic transport of DP-VPA at least in dogs [258].

4.6. Excipient effects on metabolism and transporters

In the developing lipid-based formulations, ideally the excipient
would enhance drug solubility and stability, but would be pharma-
cologically inert. However, increasing evidence suggests that excip-
ients can have effects on drug metabolism and interactions with
cellular transporters. Research has shown the inhibitory abilities of
surfactants on the regulation, expression, and functional capacity of
various CYP isoforms. More specifically, polyoxyethylated/pegylated
surfactants such as Cremophor [259–261], PEG-15-hydroxystearate
[260], polysorbates (e.g., Tween 80, Tween 20) [262] as well as
polymers [263] have all been identified as inhibitors of CYP3A
isozymes. Inhibition, in this case, is apparent in expression (molecular
level) and/or intrinsic metabolic activity (functional capacity).
Accordingly, surfactants should not necessarily be considered inert
in that they may significantly alter drug metabolism.

Excipients used in lipid-based formulations have been found to
interrupt/modulate efflux transporter protein activities. While CYPs can
be inhibited/modulated via certain lipid-based excipients, these and
other excipients can simultaneously affect both CYP isoform (typically
CYP3As) as well as efflux transporters (i.e., P-gp). Excipients have been
found tomodulate efflux transporters such as P-gp at all levels including
enzyme/protein alteration (e.g., disruption in drug binding) regulation/
expression (i.e., amount of protein expressed/present) and functionality/
functional capacity (i.e., intrinsic activity rate).

An example of a lipid excipient that modulates with specific effects
on the expression of efflux transporters (i.e., P-gp) is seen with
Peceol® and Gelucrie® [264]. Using Caco-2 cell monolayers, it was
demonstrated that a significant decrease in P-gp efflux activity likely
due to a decrease in expression. However, it is not clear that the
observed decrease in P-gp efflux can be solely attributed to a decrease
in expression. In another example, a non-ionic detergents (e.g., Triton
X-100) have been shown to prevent drug binding and thus modulate
the functional capacity of P-gp [265]. However, while this is true for
the mechanism of modulation, expression is also impacted due to the
sequential down regulation of P-gp. Another example of the differ-
ences inmodulation caused by different excipients can be seen in fatty
acid ester surfactants (e.g., Cremophor EL) [265]. For this excipient, P-gp
activity/expression wasmodulated due to an alteration in drug binding
likely caused by mutations in transmembrane domains (which are
critical for proper docking of the substrate for efflux). In addition to this,
polymers suchasPluronic P85blockcopolymerhave alsobeen shown to
inhibit P-gp [266]. However, anadditional aspectofmodulationwasalso
observed in Caco-2 monolayers experiments as permeability (apical to
basolateral) was increased.

As mentioned earlier, efflux transporter proteins such as P-gp and
MRP2 share many similarities with respect to function (broad
substrate overlaps), localization (at the apical side of enterocytes)
and tissue distribution (expression patterns) [267]. Therefore, it is
not surprising that lipid excipients can also have an effect on
MRP2 transporters. Jia et al. recently demonstrated that 1-monoolein,
1-monopalmitin or 1-monostearin treated caco-2 cells inhibited efflux
by MRP2 [268]. Furthermore, treatment using 1-monoolein was
observed to cause a non-specific down-regulation of MRP2 expression
[268].

4.6.1. Excipient effect on coupling
As was previously mentioned, enzymes (i.e., CYP3As) and efflux

transporters (i.e., P-gp) are intricately related (i.e., coupling).
Therefore, it is very plausible that when we effect/modulate CYP3As,
for example, that we will be able to directly and/or indirectly measure
a decrease in efflux. In several published studies, lipid excipients
found in SEDDS/SMEDDS have been able to inhibit both metabolism
and efflux [269,270]. A recent study in which an aspect of coupling
(e.g., presystemic metabolism) are investigated can be found in which
compounds such as halofantrine are co-administered with lipids, lipid
excipients and/or metabolism inhibitors (e.g., ketoconazole for CYP3A
inhibition) [271]. However, it is worthwhile to note by inhibiting
metabolism, it is plausible that an increase in functional capacity (i.e.,
increase in intrinsic rate of activity) followed with an increase in
expression can compensate for the elimination of the compound in
question. Therefore, inhibition of metabolism only might not translate
into an observable (i.e., in vivo effect) effect. It is critical to design in
vitro studies (or any other studies) that aim to investigate coupling to
target many components of the coupling machinery.

5. Pharmacokinetics

Lymphatic drug transport has been reported to be a contributor in
the oral bioavailability in various lipophilic drugs and xenobiotics after
oral administration such as: dexabinol [272], moxidectin [123],
halofantrine [94,122], mepitiostane [243,273], testosterone derivatives
[91], penclomedine [178], naftifine [274], probucol [275], cyclosporine
[276], ontazolast [277], retinoids and fat soluble vitamins [278],
lycopene, DDT and analogs [247,279], benzopyrene, polychlorinated
biphenyls (PCBs) [280], and various lipophilic drugs [232,248,258]. Also
a very small number of hydrophilic drugs such as salicylic acid, isozianid
and caffeine are recovered in small quantities in lymph after oral
administration [279].

For instance, in the case of DDT [281], halofantrine [152] and the
lipophilic lipid regulator CI-976 [179] there was a discrepancy
between the oral bioavailability of cannulated rats (sum of lymph
concentrations and systemic blood concentrations) and non-cannu-
lated rats (systemic blood concentration). Cannulated rats exhibited
higher bioavailability, indicating a lack of mass balance in total
absorption. This discrepancy could be the result of changes in
clearance due to either drug accumulation into the adipose tissue
[179], pre-systemic clearance of the drug in the lymph or lymphoid
tissues, or the clearance of chylomicron-bound drug being increased
upon entry into the systemic circulation [152]. However, the exact



Table 3
Summary of drugs that have been reported to present different degrees of intestinal lymphatic transport.

Compound Log P Formulation and feeding status Species Percentage (%) of absorbed
dose in lymph

Reference

Δ4-androstan-17-β-methoxycyclopentyl ether (Δ4-AE) 6.6 Long chain triglyceride Rat 96.77 Ichihashi et al. [177]
2α,3α-epithio-5α-androstan-17-one (KEP) 3 Long chain triglyceride Rat 7.98 Ichihashi et al. [177]
5α-androst-2-en-17-one (KO) 4.6 Long chain triglyceride Rat 6.49 Ichihashi et al. [177]
CI-976 5.8 Long chain triglyceride Rat 43 Hauss et al. [179]
CI-976 5.83 Triglyceride emulsion Rat b1 Hauss et al. [179]
Cyclosporin A 2.99 Micellar solution Rat ~2 Takada et al. [283]
Cyclosporin A 2.99 Long chain triglyceride Rat 2.16 Ueda et al. [276]
Dehydrotestosterone-17β-methoxycyclopentyl ether (DHTE) 5.4 Long chain triglyceride Rat 28.35 Ichihashi et al. [177]
Dichlorodiphenyltrichloroethane (DDT) 6.19 Triglyceride emulsion Rat 15 Myers and Stella [178]
Epitiostanol 4.4 Long chain triglyceride Rat 4.53 Ichihashi et al. [284]
Etretinate 7.8 Long chain triglyceride Rat 25.71 Nankervis et al. [278]
Halofantrine 8.5 Emulsion Rat 12 Porter et al. [133]
Halofantrine 8.5 Micellar Rat 18 Porter et al. [133]
Halofantrine 8.5 Triglyceride lipid Rat 17 Porter et al. [132]
Halofantrine 8.5 Micellar Rat 20 Porter et al. [132]
Halofantrine 8.5 Long chain triglyceride Rat 16 Caliph et al. [152]
Halofantrine 8.5 Fasted Dog 1.3 Khoo et al. [282]
Halofantrine 8.5 Fed Dog 54 Khoo et al. [94]
Halofantrine (hydrochloride salt) 8.5 Fatty acid/monoglycerol solution Rat ~5 Porter et al. [132]
Halofantrine (hydrochloride salt) 8.5 Fed Dog 44 Khoo et al. [282]
Hexachlorobenzene (HCB) 6.53 Triglyceride emulsion Rat ~3 Myers and Stella [178]
Isotretinoin 6.8 Long chain triglyceride Rat 1.99 Nankervis et al. [278]
Lu28-179 8 Triglyceride emulsion Rat 4.5 Neilson et al. [285]
Mepitiostane (prodrug of Epitiostanol) 6.06 Triglyceride Rat 41 Ichihashi et al. [243]
Mepitiostane (prodrug of Epitiostanol) 6 Long chain triglyceride Rat 92.59 Ichihashi et al. [284]
Mepitiostaneolefin 5.1 Long chain triglyceride Rat 97.67 Ichihashi et al. [177]
MK-386 8.6 Triglyceride Rat 0.1 Kwei et al. [286]
MK-386 8 Long chain triglyceride Rat 1.67 Kwei et al. [286]
Ontazolast 4 Triglyceride emulsion Rat 1.25 Hauss et al. [277]
Ontazolast 4 SEEDS Rat 0.7 Hauss et al. [277]
Ontazolast 4 Long chain triglyceride Rat 69.6 Hauss et al. [179]
p,p-DDT 6.2 Long chain triglyceride Rat 51.6 O'Driscoll et al. [281]
Penclomedine 5.48 Triglyceride emulsion Rat ~3 Myers and Stella [178]
Progesterone 3.9 Long chain triglyceride Rat 0.82 Ichihashi et al. [177]
Temarotene 8.7 Long chain triglyceride Rat 45.67 Nankervis et al. [278]
Testosterone 3.3 Long chain triglyceride Rat 0.11 Ichihashi et al. [177]
Testosterone-17-β-methoxycyclopentyl ether 6.2 Long chain triglyceride Rat 12.48 Ichihashi et al. [177]
Vitamin D3 7.9 Triglyceride emulsion Rat 19.2 Liu et al. [287]
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mechanism by which these changes in oral bioavailability occurred
still needs to be elucidated.

In the case of human growth hormone following subcutaneous
administration in sheep, a discrepancy was observed between the
fraction of administered dose collected from the peripheral lymph
(61.7%) via the efferent duct of the popliteal lymph node, and the 8.6%
collected from the central lymph collected via the thoracic duct [144].
This discrepancy in cumulative lymphatic transport could not be
explained by enzymatic degradation of human growth hormone
between the efferent popliteal node and the thoracic lymph duct
[233]. Thus, the exact mechanism is to still to be elucidated.

It has to be acknowledged that for a drug with very low bioavail-
ability, the occurrence of lymphatic transport even to the extent of less
than 1% of the administered dose can significantly affect the cumulative
plasma exposure [179]. Furthermore, it has been recommended that if a
drug is to be pharmacologically targeted to the lymphatic system, the
degree of lymphatic transport should be expressed as concentration of
drug in lymph rather than using the percentage of the administered
dose, especially when there are differences in oral bioavailability be-
tween cannulated and non-cannulated animals [94,282]. Table 3 sum-
marizes the drugs that have been reported to present different degrees
of intestinal lymphatic transport.

6. Concluding remarks and future perspectives

The increasing development of highly lipophilic drugs coupled
with the increasing interest in understanding the mechanisms by
which drugs access the lymph is cause for a newly found interest in
intestinal lymphatic drug transport. It is been recognized as a suitable
alternative to enhance bioavailability and systemic exposure of high
liver first-pass metabolized drugs as it initially gains access the
systemic circulation without passing through the liver. Multiple
formulation approaches are been developed to enhance the lymphatic
transport of drugs, but also to have a better understanding at the
cellular level of the digestion, uptake, intracellular metabolism, and
packaging of food-derived lipids and drugs into chylomicrons, their
intestinal lymphatic drug transport process and enterocyte metabo-
lism, and how they are impacted by the co-administration of various
formulation-derived lipids and excipients. Further studies are war-
ranted to address these issues but also to identify novel applications
for this process.
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