
Lipids and lipophilic excipients can have significant 
and beneficial effects on the absorption and exposure 
of co-administered lipophilic drugs. Typically, these 
effects have been documented as a result of empirical 
investigations of the performance of pharmaceutical 
formulations, and a rational basis for lipid and lipophilic 
excipient selection remains elusive. The corresponding 
poor prediction of in vivo performance has therefore 
limited the widespread adoption of lipid-based strategies 
for enhancing drug exposure. In terms of drug dis-
covery and development, however, there is a prescient 
requirement for the identification of robust and effective 
means of enhancing the bioavailability of poorly water-
soluble drugs. This is especially the case when potent, 
but highly lipophilic, drug candidates arise from com-
plex chemical scaffolds and multiple high-throughput 
activity screens1.

There are three primary mechanisms by which 
lipids and lipophilic excipients affect drug absorption, 
bioavailability and disposition after oral administra-
tion. These are the alteration of the composition and 
character of the intestinal milieu, the recruitment of 
intestinal lymphatic drug transport, and the interaction 
with enterocyte-based transport processes (FIG. 1). Here 
we discuss and evaluate the opportunities associated 
with each scenario.

Intestinal drug solubilization

With few exceptions, molecular dispersion of a drug is 
a prerequisite for its absorption across biological mem-
branes. After oral administration, this dictates that the 
drug must first dissolve within the gastrointestinal (GI) 
tract before partitioning into and then across the entero-
cyte. The absorption of poorly water-soluble drugs can 
be limited by the dissolution rate and the extent to which 
the drug dissolves. The thermodynamic principles 
governing drug solubilization indicate that improved 
solubility is favoured by reduced intermolecular forces in 
the solid state and enhanced solute–solvent interactions 
in the bulk solution. Strategies to improve drug solubility 
by the alteration of solid-state properties include identifi-
cation of advantageous polymorphs, hydrates or salts. The 
rate of drug dissolution can be enhanced through judi-
cious manipulation of particle size and the generation of, 
for example, solid dispersion formulations. The primary 
mechanisms by which lipid-based drug formulations 
enhance drug solubilization within the GI tract are by 
presentation as a solubilized formulation (thereby avoid-
ing solid-state limitations) and by induced changes to the 
character of the GI environment such that solute–solvent 
interactions and drug solubility are enhanced.

The nature of the GI fluids and their associated 
solubilization capacity can be regarded as the combined 
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Enterocyte
The absorptive cells lining the 

small intestine.

Dissolution rate
The rate at which a solute 

(for example, a drug) dissolves 

in a solvent.

Polymorphs
A specific crystalline form 

of a compound (for example, 

a drug) that exhibits 

polymorphism, that is the 

ability to crystallize in 

different forms.
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Abstract | Highly potent, but poorly water-soluble, drug candidates are common 

outcomes of contemporary drug discovery programmes and present a number of 

challenges to drug development — most notably, the issue of reduced systemic exposure 

after oral administration. However, it is increasingly apparent that formulations 

containing natural and/or synthetic lipids present a viable means for enhancing the oral 

bioavailability of some poorly water-soluble, highly lipophilic drugs. This Review details 

the mechanisms by which lipids and lipidic excipients affect the oral absorption of 

lipophilic drugs and provides a perspective on the possible future applications of lipid-

based delivery systems. Particular emphasis has been placed on the capacity of lipids to 

enhance drug solubilization in the intestinal milieu, recruit intestinal lymphatic drug 

transport (and thereby reduce first-pass drug metabolism) and alter enterocyte-based 

drug transport and disposition.

R E V I E W S

NATURE REVIEWS | DRUG DISCOVERY  VOLUME 6 | MARCH 2007 | 231

© 2007 Nature Publishing Group 

 



Systemic
and general 
circulation

Liver

Portal 
vein

Lymph

a

b

c
D D

M

Small
intestine

D

D

D

D

D

Mixed micelle

Vesicle

Micelle

Solid dispersion
A solid-dose formulation that 

comprises a molecular mixture 

of a drug and a highly 

water-soluble excipient 

(commonly polyethylene glycol 

or polyvinylpyrrolidone).

Post-prandial
After a meal.

Post-prandial response 
The physiological response 

that occurs after ingestion 

of a meal (in particular, a fatty 

meal) including delayed gastric 

emptying, release of bile and 

pancreatic secretions, and 

alterations in gastrointestinal 

motility and secretions.

effects of the intrinsic aqueous solubility of the drug, 
the enhancements in solubility resulting from the pres-
ence of endogenous solubilizing components, and the 
enhancements in solubility resulting from the presence 
of exogenous components (that is, formulation-derived). 
It is self-evident that certain exogenous components 
might be expected to lead to changes in the nature of 
the GI fluids and enhance drug solubilization. Typical 
examples of such components include surfactants, 
co-solvents and complexation agents. However, formu-
lation- or food-derived lipids can influence GI solubi-
lization through an increase in solubilization capacity 
attributable to the lipid itself and through stimulation 
of physiological processes, which lead to the enhanced 
secretion of endogenous biliary-derived solubiliz-
ing components such as bile salts and phospholipids. 
Examples of experimental values of bile salt and phos-
pholipid concentrations in fasted and post-prandial 
human intestine are given in TABLES 1,2, respectively. 
The solubilization capacity of the GI tract is therefore 
determined by the interaction of exogenous lipids with 
the GI environment, the physiological changes that the 
lipid component stimulates and the combined involve-
ment of both exogenous and endogenous components 
in the colloidal species that support enhanced drug 
solubilization. Cognizance of the events induced and 

stimulated by the presence of lipids in the GI tract is 
therefore essential to an understanding of the role of 
lipids as formulation excipients.

Lipids and the GI environment

Much of the knowledge base describing the digestion 
and absorption of lipids, and the resulting effect on GI 
physiology, has been derived from the study of post-
prandial events. Unfortunately, these observations have 
largely been extrapolated to estimate the likely effect 
of formulation-related lipids on GI function — despite 
pharmaceutically relevant volumes of formulation lipid 
being typically less than 2–3 g. Persson et al. recently sug-
gested that a post-prandial response is stimulated, at least 
in part, by as little as 7 g of lipid2 and studies have shown 
similar drug absorption patterns after administration of 
2–10 g of formulated lipid when compared with post-
prandial administration3–5. Although the mechanisms 
that underlie the ability of lipid-based formulations to 
enhance bioavailability to post-prandial levels are com-
plex, these data suggest that lipid-based formulations 
have the capacity to at least partially stimulate the ‘lipid-
sensing’ mechanisms that promote the physiological 
changes that can assist drug absorption. Future studies 
will be required to evaluate the lipid-dose dependency 
of such induced physiological changes.

The absorption of lipophilic drugs from lipid-based 
formulations is determined by the patterns of disper-
sion, digestion and solubilization of formulation-derived 
lipid and co-administered drug in the GI tract (FIG. 2). 
After oral administration, the presence of lipid in the 
GI tract leads to secretion of gastric lipase from the 
chief cells lining the gastric mucosa6,7 and secretion 
of pancreatic lipase and co-lipase from the pancreas8. 
Gastric lipase initiates lipid digestion in the stomach, 
which results in the partial digestion of triglyceride 
to diglyceride and fatty acid9,10. Although gastric lipo-
lysis is a minor contributor to the overall lipid diges-
tion process, it has been suggested to be responsible 
for up to 25% of acyl chain hydrolysis11,12, indicating 
that some gastric processing of lipidic formulations 
is likely. The magnitude of any effect will depend 
on the residence time of the formulation within the 
stomach and its dispersion properties and intrinsic 
susceptibility to digestion. Lipids are crudely emulsi-
fied in the stomach, and subsequently enter the small 
intestine where quantitative digestion of triglyceride 
is completed by pancreatic lipase at the oil–water 
interface13. The presence of lipids and lipid-digestion 
products in the GI tract stimulates secretion of bile into 
the small intestine from the gall bladder. The compo-
nents of bile14 provide a vehicle for the solubilization 
of the poorly water-soluble fatty acid, monoglyceride 
and diglyceride products of lipid digestion, which 
are incorporated into a series of colloidal structures 
(FIG. 2). The presence of lipid and the resulting diges-
tion products in the small intestine also slows the rate 
of delivery of material from the stomach, presumably 
to enable the more effective digestion and absorption 
of lipids in the upper GI tract. The specific mechanisms 
by which lipids reduce gastric emptying are not clear 

Figure 1 | Potential effect of lipids and lipidic excipients on drug absorption. Lipids 

can affect drug absorption in three ways: by enhancing drug (D) solubilization in the 

intestinal milieu through alterations to the composition and character of the colloidal 

environment — for example, vesicles, mixed micelles and micelles (a); by interacting 

with enterocyte-based transport and metabolic processes, thereby potentially 

changing drug uptake, efflux, disposition and the formation of metabolites (M) within the 

enterocyte (b); or by altering the pathway (portal vein versus intestinal lymphatic 

system) of drug transport to the systemic circulation — which in turn can reduce 

first-pass drug metabolism as intestinal lymph travels directly to the systemic 

circulation without first passing through the liver (c). Cellular junctions are represented 

by green ovals, and a representative transport protein is depicted by a blue oval.
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Bile
A fluid secreted from 

hepatocytes in the liver and 

stored in the gall bladder 

before release into the small 

intestine. The primary 

constituents of bile are water, 

bile salt, cholesterol, 

phospholipid, bicarbonate, bile 

pigments and organic wastes. 

Bile salt, cholesterol and 

phospholipid are co-secreted 

in bile in the form of mixed 

micellar complexes in a molar 

ratio of approximately 16:4:1.

Critical micelle concentration
The minimum concentration 

of a surfactant in a bulk 

solution that leads to 

spontaneous formation of 

surfactant micelles. Also, the 

concentration of free surfactant 

in solution that is in equilibrium 

with surfactants in a micellar 

(aggregated) form.

and competing factors such as osmolality, calorific 
volume and pH are also likely to mediate changes to the 
gastric-emptying patterns15–17. A number of secondary 
biochemical mediators such as cholecystokinin17,18, 
chylous lymph and apolipoprotein A-IV (REFS 19–21) 
have also been implicated in lipid-induced effects on 
satiety and gastric motility. Although the biochemical 
mechanism by which lipids affect GI motility remains 
the subject of debate, most studies suggest that the initial 
stimulatory event is the presence of lipid in the small 
intestine and that long-chain (rather than medium-chain) 
fatty acids seem to be most effective17,22–24. 

A further barrier to the effective uptake of lipids 
from the intestinal lumen into enterocytes is diffusion 
across the unstirred water layer, which separates the bulk 
fluid phase of the small intestine lumen from the brush 
border membrane of enterocytes25,26 (BOX 1). Solubilization 
of fatty acids and monoglycerides (and lipophilic drugs) 
in micellar and mixed-micellar structures, however, can 
greatly enhance the mass transport of molecules across 
the unstirred water layer, thereby enhancing lipid and 
drug absorption.

The colloidal structures formed during the digestion 
of lipids provide a series of enduring lipophilic phases 
within which lipophilic drugs might reside during GI 
transit, thereby preventing precipitation and enhancing 
absorption of the drugs. The nature of the colloidal species 
formed by the intercalation of formulation components 
and their digestion products with endogenous biliary-
secreted bile salt, phospholipid and cholesterol species 
is therefore a crucial determinant of the corresponding 
patterns of drug solubilization and drug absorption and 
is described in detail below.

Exogenous and endogenous solubilizing species

Under fasted conditions, the solubilizing species present 
in the intestinal contents comprise low concentrations 
of bile salt, phospholipid and cholesterol derived from 
fasted biliary output2,27–29. In the presence of phospholi-
pid, bile salt concentrations remain above the critical 

micelle concentration; however, the nature and size of 
the colloidal structures present are dependent on the 
proportions of each of the included components30,31. 

Nevertheless, in the absence of exogenous lipids the 
solubilization capacity of the fasted small intestine remains 
low and is correlated with total bile salt concentrations 
rather than reflecting the structure of the individual 
colloidal species present32,33.

Conversely, following addition of lipids that are 
representative of the digestion products of exogenously 
derived (from formulation or food) lipids, the drug 
solubilization capacity increases significantly and is 
dependent on the nature of the digestion products (in 
terms of fatty-acid chain length) and the characteristics 
of the colloidal structures that they form. For example, 
the digestion products of medium-chain triglycerides 
(C8–12 fatty acids and monoglycerides) are amphiphilic 
and readily combine with endogenous bile salt, phos-
pholipid and cholesterol to provide highly dispersed, 
optically clear dispersions (even at high (~150 mM) 
lipid loads). The drug solubilization capacity of these 
composite colloidal species can be up to 50-fold higher 
than that of endogenous bile salt, phospholipid and cho-
lesterol species30. However the solubilization capacity 
is dependent on lipid concentration, and the solubil-
ity of a range of poorly water-soluble drugs has been 
shown to be enhanced by less than threefold at lower 
(<25 mM) exogenous lipid levels30,34. By contrast, the 
phase behaviour and solubilization characteristics of 
the species formed on intercalation of the digestion 
products of long-chain triglyceride (which comprises 
primarily C18 lipids) vary significantly when compared to 
medium-chain triglycerides34 (BOX 2). C18 fatty acids and 
monoglycerides are considerably less polar than their 
C8 or C12 equivalents and turbid systems that contain 
larger (~100 nm) vesicular species are evident even at 
low (>2.5 mM) lipid concentrations. Importantly, these 
vesicular species provide for significantly enhanced 
drug solubilization capacities. For example, in the pres-
ence of 8.75 mM long-chain fatty acids and 4.4 mM 
long-chain monoglycerides (approximately the same 
mass per mass quantities of lipid that led to a less than a 
threefold improvement in solubilization capacity for the 
medium-chain lipids) solubilization enhancements of up 
to 20-fold are apparent30,34. These solubilization differ-
ences, which are based on lipid content, are particularly 
significant in the context of the likely luminal concen-
tration of lipid obtained after oral administration of a 
lipid-based formulation. For example, assuming a lumi-
nal volume of 200 ml, a lipid dose of 750 mg long-chain 
triglyceride and complete digestion, the maximal luminal 
concentrations of fatty acid and monoglyceride (solu-
bilized in micelles) post-digestion are approximately 
8.5 mM and 4.2 mM, respectively.

Assessment of lipid-based formulations 

The realization that the performance of lipid-based 
formulations is affected by digestion and the incorpora-
tion of exogenous digestion products into endogenous 
micellar species has led to the increasingly widespread 
use of lipid digestion models for in vitro assessment of 
lipid-based formulations27,35–38,243 (FIG. 3). Dynamic lipo-
lysis experiments have enhanced the understanding of 
the changes to solubilization capacity that might occur 

Table 1 | Fasting intestinal bile salt and phospholipid concentrations 

Fasted bile salt 
concentration (mM)

Fasted phospholid 
concentration (mM)

Sample 
location

Refs

2 ± 0.2 (mean ± SD, n = 3) 0.2 ± 0.07 Jejenum 28

2.82 (pooled, n = 12) NR Duodenum 208

2.0 ± 1.9 (mean ± SD, n = 9) NR Jejenum 209

2.9 ± 2.9 (mean ± SD, n = 37) NR Jejenum 211

5.9 ± 1.8 (mean ± SE, n = 7) NR Duodenum 210

5.3 ± 4.7* (mean ± SD, n = 16) NR Jejenum 213

4.4 ± 1.8* (mean ± SD, n = 20) NR Jejenum 214

6.4 ± 1.3‡ (mean ± SE, n = 7) NR Duodenum 215

*Concentrations estimated from graphical representations. ‡Concentrations attained during 
periods preceding a migrating motor complex. NR, not reported.

R E V I E W S

NATURE REVIEWS | DRUG DISCOVERY  VOLUME 6 | MARCH 2007 | 233

© 2007 Nature Publishing Group 

 



First-pass metabolism
Drugs administered orally are 

typically taken up into the 

enterocytes lining the upper 

small intestine and transported 

by the mesenteric vessels to 

the hepatic portal vein and 

then to the liver before reaching 

the systemic circulation. 

First-pass metabolism refers 

to the metabolism of a drug 

within the liver and enterocytes 

before the drug first reaches 

the systemic circulation.

on digestion of both lipids and surfactants that are com-
monly included in lipid-based formulations. These data 
have shown, for example, that drug solubilization in the 
presence of digesting medium-chain lipids is most effi-
cient at high lipid loads36, but is significantly reduced as 
the mass of exogenous lipid in the digest is decreased33, 
and that digestion of certain surfactants might lead to 
significant decreases in solubilization capacity for some 
formulations39. By contrast, in the presence of long-chain 
triglycerides, effective drug solubilization is often possible 
even at low lipid concentrations35. These data suggest 
that in certain circumstances the use of medium-chain 
lipids in lipid-based formulations (even in the presence 
of surfactant) can lead to drug precipitation, and there-
fore reduced absorption, as a result of luminal digestion 
of the formulation lipid3,35,38,40.

Although the data from our laboratories (and others), 
which describe trends in solubilization and oral bioavail-
ability for highly lipophilic drugs such as halofantrine, 
cinnarizine33 and cyclosporine41, suggest the relative ben-
efits of long-chain rather than medium-chain lipids33,36,38, 
these effects are drug specific. There are also reports 
of enhanced oral bioavailability after administration 
in medium-chain rather than long-chain lipid-based 
vehicles for drugs such as progesterone and penclome-
dine37,42. However, even in the case of progesterone, a 
correlation between the solubilization profiles observed 
during in vitro lipolysis and oral bioavailability was still 
evident. Therefore, although preferential solubilization 
will be dictated by the physicochemical properties of 
individual drugs and their specific interactions with 
solubilizing colloidal structures, in vitro lipid digestion 
models seem to provide useful initial guidance with 
respect to formulation design.

An additional feature to consider when comparing 
in vitro solubilization and in vivo bioavailability data, 
and in particular the impact of medium-chain or long-
chain lipids, are the differential effects of these lipids 
on intestinal lymphatic transport37,43. These aspects are 
described later in more detail. However, it is important 
to note that medium-chain lipids are poor stimulators 
of intestinal lymphatic transport. If lymphatic transport 
of a drug is likely to provide a significant advantage in 
terms of bioavailability (for example, where hepatic first-

pass metabolism is significant), it is therefore imprudent 
to attempt a correlation between solubilization and drug 
bioavailability.

In recent years, there has been increasing interest in 
the use of formulations that comprise combinations of 
natural lipids with surfactants, co-surfactants and co-solvents 
(see BOX 3 for details). There have been two drivers for 
investigating these more complex systems. First, the solu-
bility of poorly water-soluble drugs in triglyceride lipids 
(and in particular long-chain triglycerides) is often low, 
thereby limiting the drug loading capacity of solution-
based formulations. By contrast, drug solubility in 
amphiphilic surfactant and co-solvent systems is typically 
higher and this affords a strategy for increasing the maxi-
mum unit dose. Second, several studies have suggested 
that highly dispersed formulations — and in particular 
those that self emulsify on contact with GI fluids to pro-
vide submicron sized particles (‘self-microemulsifying’ 
formulations) — provide for enhanced bioavailability 
(reviewed in REFS 44,45). Although a detailed description 
of these formulation approaches is beyond the scope of 
this current discussion, the basic principles that dictate 
formulation performance in terms of GI solubilization 
remain unchanged. Therefore, regardless of the physical 

Table 2 | Summary of literature values for post-prandial concentrations of bile salt and phospholipid in the human small intestine

Fed bile salt 
concentration (mM)

Fed phospholipid 
concentration (mM)

Time post-
prandial 

Meal Sample 
location

Refs

8 ± 0.1 
(mean ± SD, n = 3)

3 ± 0.3 20–60 min after 
start of perfusion

NuTRIflex nutritional drink containing 7.2 g 
lipid perfused into jejunum over 90 min

Jejenum 28

11.8 
(pooled, n = 12)

4.31 
(pooled, n = 12)

1 h 500 ml of Ensure Plus Duodenum 208

10.1 ± 4.2 
(mean ± SE, n = 7)

6.3 ± 1.0 1 h 70 g olive oil, 1 egg, 1 egg white and 70 g 
sucrose in 400 ml water

Duodenum 210

14.5 ± 8.8 
(mean ± SD, n =5)

4.8 ± 1.8 1–2 h 50 g olive oil, 1 egg, 2.14 g NaCl (0.09 M) and 
20 g sucrose in 400 ml water

Duodenum 212

14.7 ± 8.0 
(mean ± SD, n = 16)

NR 0.5 h 15 g maize oil, 30 g skimmed milk powder, 
35 g glucose in 200 ml water

Jejenum 213

15.8 ± 5.6*
(mean ± SD, n = 5)

NR 0.5–1 h Meal supplemented with long-chain 
triglyceride, 48% carbohydrate, 36% fat, 
16% protein, total 400 Kcal

Jejenum 214

6.8 ± 1.72*
 (mean ± SD, n = 5)

NR 0.5–1 h Meal supplemented with medium-chain 
triglyceride, 48% carbohydrate, 36% fat, 
16% protein, total 400 Kcal

Jejenum 214

16.2 ± 1.5
(mean ± SE, n = 13)

NR 0–0.5 h 30 g corn oil, 25 g Hyperprotidine water 
to 400 g

Jejenum 216

14.5 ± 9.4
5.2 ± 2.3
(mean ± SD, n = 12)

NR 0.5 h
1 h

NR Duodenum 217

*Concentrations estimated from graphical representations. NR, Not reported.
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form of the lipidic formulation that is introduced into the 
GI tract, or indeed the form it takes on initial dispersion 
in the GI fluids, the key issue is whether precipitation 
of a co-formulated drug is prevented as the formulation 
interacts with the GI environment. These interactions 
include the potential ability of lipids or other excipients 
to stimulate secretion of biliary lipids and alter gastric 
transit, the potentially significant changes to formulation 
properties that might occur on digestion and interaction 
with the bile salt, phospholipid and cholesterol micellar 

species in the GI tract, and the formation of a series 
of solubilizing lipidic microenvironments (emulsified, 
micellar, liquid crystalline or vesicular) derived from 
endogenous and exogenous sources.

As the initial physicochemical and colloidal proper-
ties of a lipidic formulation might be expected to persist 
for only a limited period in vivo, it is the colloidal species 
that form after interaction of the formulation with the GI 
environment that are the actual ‘carriers’ or solubilizing 
species for co-formulated poorly water-soluble drugs. 

Figure 2 | Lipid digestion and drug solubilization in the small intestine. Following ingestion, the digestion of 

exogenous dietary triglyceride (TG) and formulation TG is initiated in the stomach by gastric lipase. The stomach 

further contributes to lipid processing by mechanical mixing (propulsion, grinding and retropulsion), which when 

combined with the presence of the amphiphilic products of initial lipid digestion (diglyceride and fatty acid) facilitates 

formation of a crude emulsion (lipid digestion by lingual lipase in the mouth might precede gastric digestion; however, 

pharmaceutical formulations are typically encapsulated so that their contents are released in the stomach after 

ingestion). In the small intestine, pancreatic lipase together with its cofactor co-lipase203 completes the breakdown of 

TG to diglyceride, monoglyceride and fatty acid. Pancreatic lipase acts primarily at the sn-1 and sn-3 positions of TG to 

produce 2-monoglyceride and free fatty acid203,204. The chemical digestion of formulation- or biliary-derived 

phospholipid (PL) also occurs in the small intestine in which pancreatic phospholipase A
2
 hydrolyses a single fatty-acid 

molecule from the sn-2 position of PL to yield lysophosphatidylcholine and fatty acid205,206. The presence of exogenous 

lipids in the small intestine also stimulates secretion of endogenous biliary lipids, including bile salt (BS), PL and 

cholesterol from the gall bladder. In the presence of raised BS concentrations, the products of lipid digestion 

(monoglyceride, fatty acid and lysophospholipid) are subsequently incorporated into a series of colloidal structures, 

including multilamellar and unilamellar vesicles, mixed micelles and micelles. Together these species significantly 

expand the solubilization capacity of the small intestine for lipid digestion products and drugs (D). The oil droplet in the 

intestine is stylistically represented in different colours to indicate undigested TG in the core (orange) and digested 

products such as fatty acid (blue) and monoglyceride (green) on the surface of the droplet.
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Lipoproteins
Colloidal particles synthesized 

in the liver and small intestine 

that consist of a hydrophobic 

core (containing triglyceride 

and cholesteryl esters) and a 

hydrophilic surface (containing 

phospholipids, cholesterol and 

apolipoproteins). Lipoproteins 

facilitate the transport of lipids 

and lipophilic substances 

around the body.

Applying this premise, complex formulations that contain 
lipids, surfactants and co-solvents can also be assessed 
using in vitro lipolysis to provide an indication of per-
formance, and this could gauge utility more robustly 
when compared with the historical metrics of solubility 
and particle size. Indeed recent data from our laboratories 
suggest that product performance is poorly related to the 
initial particle size of a dispersed formulation and instead 
is correlated more with the patterns of solubilization 
obtained after dispersion and digestion of the formula-
tion in simulated intestinal fluid3,46. Parenthetically, it is 
self-evident that where an excipient effect on transporter 

function is suspected, and where permeability rather than 
solubility limits bioavailability, then measures of in vitro 
solubilization would be expected to poorly reflect trends 
in in vivo bioavailability.

Intestinal lymphatic drug transport

The intestinal lymphatic system (BOX 4) is a unique, high-
capacity drug transport pathway, which has the potential 
to enhance the exposure of co-administered lipophilic 
drugs. Currently, only a few drugs that are in clinical 
use are substantially transported to the systemic circula-
tion by the intestinal lymphatic system following oral 
administration in their approved dosage form. However, 
the trend towards the identification of more potent and 
often more lipophilic development candidates is increas-
ingly suggesting the progression of molecules with 
physicochemical characteristics that are more amenable 
to access to the intestinal lymphatic system. The key to 
exploiting the systemic exposure and drug delivery 
advantages associated with lymphatic transport are 
the prudent design of lipid-based formulations and the 
selection of relevant drug candidates. These advances are 
predicated on a better understanding of enterocyte biol-
ogy and the mechanisms involved in the lymph–portal 
partitioning of lipophilic drugs during passage across the 
enterocyte. These aspects are discussed below.

After absorption into the enterocyte, lipid digestion 
products either diffuse directly across the cell and enter the 
portal vein, which leads to access to the systemic circulation 
by the liver, or are trafficked intracellularly to the endo-
plasmic reticulum (ER) where they are re-synthesized to 
triglycerides25. Re-synthesized triglycerides subsequently 
constitute a core lipid component of intestinal lipoproteins. 
Intestinal lipoproteins are large colloidal particles that 
consist of a hydrophobic core (which contains primarily 
triglyceride and cholesterol ester) and a more hydrophilic 
surface (which contains primarily phospholipid, free 
cholesterol and apolipoproteins, including apolipoprotein 
A-IV (REF. 21), B-48 (REFS 47,48), C-II, C-III (REFS 49–51) 
and E (REFS 52,53)). The main lipoproteins secreted by the 
enterocyte are chylomicrons and very low-density lipopro-
teins (VLDL). Lipoproteins assembled in the ER and Golgi 
subsequently fuse with the basolateral cell membrane of 
the enterocyte before release into the interstitial space. 
Following exocytosis from the enterocyte, the impermea-
bility of the vascular endothelium to large colloidal parti-
cles combined with the large inter-endothelial gaps present 
in the lymphatic endothelium preferentially direct lymph 
lipoproteins towards selective uptake by the intestinal 
lymphatic system rather than the blood capillaries.

Similarly, drugs can be transported to the systemic 
circulation by either the portal vein or the intestinal lym-
phatic system following oral delivery (FIG. 4). Most low 
molecular mass drugs are absorbed through the portal 
vein as the rate of fluid flow in portal blood is approxi-
mately 500-fold higher than that of intestinal lymph. 
However, the lymphatic system can be a significant absorp-
tion pathway for highly lipophilic drugs. Although the 
exact mechanism(s) by which lipophilic drugs access 
the intestinal lymphatics is not completely understood, it 
is thought to involve drug association with lipoproteins 

Box 1 | The unstirred water layer as a barrier to lipid and drug absorption

The brush border (apical) membrane of enterocytes (see figure) is separated from the 
bulk fluid phase of the small intestine lumen by an unstirred water layer (UWL)26. 
The UWL mixes poorly with the bulk fluid phase and together with intestinal mucus 
forms an acidic microclimate (represented by H+ ions on the diagram) adjacent to the 
brush border membrane. It is believed that the Na+/H+ and Cl–/HCO3– exchange 
transporters contribute to this acidic microclimate26. Solute molecules in the bulk 
phase of the intestinal lumen must cross the UWL to gain access to the brush border 
membrane. This represents a major diffusional barrier for lipids and lipophilic molecules 
as their solubility in aqueous media is extremely low. As such, free fatty-acid (FA), 
monoglyceride (MG) and lipophilic molecules, such as lipophilic drugs (represented by D 
on the diagram), diffuse slowly across the UWL. However, micellar solubilization of FA, 
MG and lipophilic molecules greatly enhances their solubility in the UWL and, despite 
the slower diffusion rate of micelles across the UWL relative to single molecules (owing 
to size), micellar solubilization greatly enhances the mass transport of FA, MG218 and 
lipophilic molecules219 across the UWL. In the small intestine, micelles are not believed 
to be absorbed intact across the brush border membrane220,221. However, vesicular-
mediated uptake of fatty acids has recently been demonstrated in HepG2 (human 
Caucasian hepatocyte carcinoma) cells, adipocytes and human microvascular 
endothelial cells222–224,245, and such a mechanism can not, as yet, be entirely refuted for 
the small intestine. Several possible mechanisms for FA, MG and lipophilic drug uptake 
across the brush border membrane26,218 are depicted in the figure below. FA, MG and 
lipophilic molecules may dissociate from the mixed micellar phase before partitioning 
into the enterocyte and in the case of FA it has been suggested that the acidic 
microclimate might facilitate micellar dissociation225,226. Free FA, MG and lipophilic drug 
molecules can then be absorbed across the apical membrane by passive diffusive 
diffusion or carrier-mediated transport. Free FA and drug molecules might also be 
effluxed back into the intestinal lumen by an efflux transporter. Alternatively, transfer 
from micelles to the brush border membrane may occur directly by a collisional 
mechanism (which could be facilitated by a carrier) or micelles might undergo 
vesicular-mediated uptake and this process could be initiated by the micelle binding to 
a transport protein on the apical membrane. Aspects of passive and carrier-mediated 
fatty-acid uptake are described further in the main text of the Review.
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during transport through the enterocyte as lymphati-
cally transported compounds such as DDT (dichlorodi-
phenyltrichloroethane)54, aryl and alkyl hydrocarbons55 
and halofantrine56 are transported in lymph within the 
apolar lipid core of lymph lipoproteins.

Charman et al. previously suggested that significant 
access to the intestinal lymphatic system will only occur 
for lipophilic drugs with adequate metabolic stability, 

with log D
7.4

 values greater than 5 and with solubilities in 
excess of 50 mg per g in long-chain triglyceride lipid57. 
Most drugs that are absorbed by the intestinal lymphatic 
system also demonstrate enhanced bioavailability when 
administered post-prandially. The nominal requirement 
for a high log D arises from consideration of the differ-
ence between portal vein blood and mesenteric lymph 
flow (500:1 volume per volume) and the realization that 
typically only 1% of lymph fluid is made up of lipid. 
Simplistically, the lipid flow to blood flow ratio is there-
fore of the order of 50,000:1 and drugs might be expected 
to require at least a 50,000-fold higher affinity for lymph 
lipid rather than blood to support substantive lymphatic 
transport (that is, log D > 4.7). The requirement for high 
drug solubility in long-chain triglyceride (> 50 mg per g) 
reflects the expectation that the majority of lymphati-
cally transported drugs are solubilized within the apolar 
lipid core of lipoproteins.

Consistent with these guiding criteria, various highly 
lipophilic drugs and xenobiotics have been shown to be 
transported to varying degrees by the intestinal lymph 
following oral administration, including moxidectin58, 
halofantrine43,59,60, mepitiostane61–63, testosterone deriva-
tives64, MK-386 (a 5α-reductase inhibitor)65, penclomed-
ine42, naftifine66, probucol67, cyclosporine68, ontazolast69, 
CI-976 (REF. 70), fat-soluble vitamins and their deriva-
tives, retinoids71, lycopene72, DDT and analogues54,57, 
benzopyrene, and PCBs (polychlorinated biphenyls)57.

Implications of lymphatic drug transport

The unique anatomy and physiology of the intestinal 
lymphatic system provides a number of drug transport 
advantages when compared with portal blood trans-
port. First, drugs that enter the mesenteric lymph are 
directly transported to the systemic circulation without 
first passing through the liver. As such, augmentation 
of drug uptake into the lymph system reduces the 
opportunity for hepatic first-pass metabolism and 
might therefore be a useful mechanism to enhance the 
bioavailability of drugs (for example, testosterone64 
(BOX 5)) in which significant hepatic first-pass metabo-
lism is a limitation to (or in some cases precludes) oral 
bioavailability59,64. A recent study has also suggested 
that partition into the developing lipoprotein assem-
bly pathways within the enterocyte might result in a 
reduction in enterocyte-based metabolism73.

Drug access to the intestinal lymphatics might also 
alter systemic distribution patterns43,70 and potentially 
toxicity and efficacy profiles. For example, B and T lym-
phocytes are transported around the body primarily by the 
lymphatic system and drugs that enhance or inhibit 
the immune system might therefore be more effective 
when absorbed by the intestinal lymph. The lymphatic 
system also has an important role in the dissemina-
tion of tumour metastases and acts as a reservoir for 
the human immunodeficiency virus (HIV)74 — with 
recent evidence suggesting that HIV replication occurs 
largely in gut-associated lymphoid tissue75. It is possible 
therefore that increasing the concentration of anti-HIV 
and anticancer compounds in the mesenteric lymph 
might improve therapy.

Box 2 | Phase changes during the digestion of lipid-based formulations

It has been recognized for some time that digesting (food-derived) lipids display 
complex phase behaviour in aqueous fluids212,227,228. More recently, pseudo-tertiary 
phase diagrams have also been used to characterize and map the potential post-
digestion phase behaviour of selected formulation lipids30. Examination of the changes 
in phase behaviour that occur as a function of lipid dilution in a model intestinal fluid 
provide information as to the phase changes that might be expected to occur as the 
products of digestion of formulation-derived lipids — such as, diglyceride (DG), 
monoglyceride (MG)  and fatty acid — are formed on the surface of a lipid droplet and are 
diluted by, or incorporate, small quantities of intestinal fluid (see diagram). At a fatty acid:
monoglyceride ratio of 2:1 (the expected stoichiometric ratio produced from the 
digestion of triglyceride (TG)), liquid crystalline phases dominate under conditions of low 
dilution and might, therefore, be expected to be present on the surface of a digesting 
lipid droplet. A lamellar (Lα) phase is evident in the presence of medium-chain lipid 
digestion products (C8 and C12), whereas a more viscous cubic (C) phase has been 
identified (in coexistence with a colloidal liquid (L1) phase) in long-chain lipid-containing 
systems (C18:1). Further dilution of these liquid crystalline phases results in a phase change 
to an L1 system, which comprises large (and probably multilamellar) vesicular colloidal 
species. On further dilution the properties of the L1 phase increasingly mirror the 
colloidal composition of pure, simulated intestinal fluid (that is, coexisting mixed 
micelles and unilamellar vesicles). However, the vesicular species persist at lower lipid 
concentrations in the long-chain lipid system and more effectively retain drug 
solubilization capacity when compared with the medium-chain systems. Importantly, 
this highly dilute L1 phase is most likely to reflect closely the environment immediately 
adjacent to the absorptive surface of the enterocyte. Differences in phase-transition 
behaviour (that is, Lα to L1 or C to L1), the solubilization capacity of the phases formed 
and the potential effect of amphiphilic formulation components, including surfactant and 
co-solvents, on the nature of these species will probably dictate the patterns of 
solubilization (and eventual absorption) of poorly water-soluble drugs following 
digestion of lipidic formulations in vivo.
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Drugs in which a significant proportion of the dose 
is transported by the lymphatic system typically exhibit 
lymphatic drug concentrations two to three orders of 
magnitude higher than the corresponding plasma con-
centration, a situation that reflects a combination of 
limited drug distribution out of lymph, and a propensity 
for highly lipophilic lymphatic transport candidates to 
have large systemic volumes of distribution. Although 
the attainment of high lymphatic drug concentrations 
might provide therapeutic benefits, it is also apparent 
that elevated lymphatic drug concentrations and altered 
systemic disposition can also raise a number of safety 
implications. So, increased drug concentrations in the 
lymphatics have the potential to drive local (lymphatic) 
toxicity, and the delivery of high concentrations of lipo-
protein-associated drug to the systemic circulation by 
the jugular vein (the main point of entry of lymph into the 
systemic circulation) could result in altered patterns 
of systemic exposure when compared to the absorption of 
non-lipoprotein-associated drug by the portal blood. 
This is important if formulation changes that occur dur-
ing the course of a drug development programme (such 
as changes between lipid-free and lipidic formulations) 
might be expected to lead to significant changes to the 
route of delivery (portal versus lymphatic) to the sys-
temic circulation. This is further complicated by the fact 
that the clinical development team might be essentially 
blind to the fact that changes to drug disposition and 
drug transport route have occurred, as overall systemic 
(plasma or serum) exposure is commonly the only quan-
tifiable pharmacokinetic endpoint during clinical trial.

Models of intestinal lymphatic drug transport

Direct evaluation of intestinal lymphatic transport in 
humans is not practical owing to the non-reversible nature 
of the invasive surgery required to access the lymph, and 
the frailty of the lymphatic duct itself. Consequently, vari-
ous animal models have been developed to estimate the 
likely intestinal lymphatic drug transport in humans76–80. 
These models rely on the collection of the lymph flowing 
from the intestine by the insertion of a cannula into either 
the mesenteric or thoracic lymph duct. The most common 
model for lymphatic transport studies is the rat and there 
are a wealth of historical transport data available. However, 
there are a number of methodological variations associated 
with the published data, including differences in the site of 
cannulation (mesenteric or thoracic lymph duct), animal 
treatment before and after surgery (fasting, pre-feeding 
lipid and length of recovery period) and the conscious 
state of the animal (conscious or anaesthetized), which 
complicate the direct comparison of data that arise from 
different models and experimental conditions76. More 
recently, a thoracic lymph-duct cannulated dog model has 
also been described59,79, which offers an alternative method 
for estimating the likely lymphatic transport of lipophilic 
drugs in humans. In particular, it allows oral administra-
tion of clinically relevant full-sized human dose forms in 
representative fed and fasted states. The GI tract, gastric 
transit profile and biliary secretion patterns of the dog 
also reflect the human situation better when compared 
with the rat (in which bile is continuously secreted into the 

Figure 3 | Lipid digestion models for in vitro assessment of lipidic formulations. 
Lipid digestion models are being increasingly used as tools to facilitate improved 

in vitro evaluation of lipid-based drug delivery systems. Although the experimental 

details of these models differ slightly between laboratories, the basic principles of 

operation are similar. a | The models are built around a temperature-controlled (37°C) 

vessel that contains digestion buffer, bile salt (BS) and phospholipid (PL) (to represent 

a model intestinal fluid) into which lipid-based formulations are introduced, and 

digestion is initiated by the addition of pancreatic lipase and co-lipase. The onset of 

lipid digestion results in the liberation of fatty acid (FA), which in turn causes a 

transient drop in pH. b | The drop in pH is quantified by a pH electrode that is coupled 

to a pH-stat meter controller and autoburette, which together automatically titrate 

the liberated FA by the addition of an equimolar quantity of NaOH. This maintains the 

pH at a set point (thereby allowing the pH-sensitive process of digestion to continue) 

and facilitates indirect quantification of the extent of digestion (by quantification of 

the rate of NaOH addition and assumption of a stoichiometric reaction between FA 

and NaOH). c | Throughout the digestion process, samples can be taken and 

ultracentrifuged to separate the digest into a poorly dispersed oil phase, a highly 

dispersed aqueous phase and a precipitated pellet phase. Quantification of the mass 

of drug that is subsequently trafficked through to the highly dispersed aqueous phase 

and which does not precipitate provides an indication of the proclivity of the 

formulation with respect to in vivo precipitation and therefore a mechanism to 

(at least) rank-order the likely in vivo performance of a series of lipidic formulations. 

DG, diglyceride; MG, monoglyceride; TG, triglyceride.
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intestine). The pig might also provide an alternative to the 
dog as a suitable larger animal model76,244. Recently, a less 
invasive in vivo approach to the estimation of intestinal 
lymphatic drug transport has been described in which the 
systemic exposure of the drug is assessed after adminis-
tration in the presence and absence of Pluronic-L81 or 

colchicine81. Pluronic-L81 and colchicine block intestinal 
chylomicron flow into the lymph and therefore inhibit 
lymphatic drug transport. This approach has the advan-
tage of not requiring the surgical interventions inher-
ent in lymph-duct cannulation; however, the broader 
implications of blocking chylomicron flow and intestinal 
lipid processing on overall drug exposure (and indirectly, 
lymphatic transport) have yet to be studied in detail.

An alternative approach to the use of animal models 
for the assessment of intestinal lymphatic transport is 
the use of cultured intestinal epithelial cells. In the drug 
development field, Caco-2 cells are well known as a high-
throughput screen for the assessment of intestinal drug 
permeability, but this cell line is also used in lipid bio-
chemistry to examine aspects of intracellular lipoprotein 
assembly82. Recently, Caco-2 cells have also been used 
to examine the influence of lipids and lipid-formulation 
excipients on drug incorporation into lipoproteins and 
the initial data are encouraging83–85. Although cultured 
cell models show considerable promise as a means for 
assessing the intracellular processing of lipids and drugs, 
and the potential impact of different excipients on this 
process, the predictive capacity of Caco-2 cells in esti-
mating the extent of in vivo intestinal lymphatic drug 
transport has yet to be demonstrated.

Enhancing lymphatic drug transport

Post-prandial state. Drug transport by the intestinal lym-
phatic system is significantly enhanced by co-administration 
with food. This reflects enhanced drug absorption into 
the enterocyte (owing to enhanced luminal solubiliza-
tion) and the fact that a fatty meal substantially enhances 
intestinal lipoprotein assembly and therefore drug access 
to the intestinal lymphatic system. Changes to lymphatic 
drug transport following post-prandial administration 
can be dramatic. For example, the lymphatic transport 
of halofantrine increased from 1.3% to 53.9% of the 
administered dose when administered as a lipid-free 
solid dispersion to fed and fasted dogs, respectively59. 
In this study, the corresponding mass of lymphatic 
triglyceride recovered over 10 hours reflected the dif-
ferences in lymphatic drug transport and was 32.6 g 
for fed dogs compared with just 0.5 g in fasted dogs. 
These types of studies in dogs (post-prandial studies are 
typically not possible in rodent models) therefore pro-
vide an indication of the maximal extent of lymphatic 
transport, and as such could be used as an initial indica-
tor of the potential importance of lymphatic transport.

Lipid-based formulations. As lymphatic lipid and drug 
transport are closely related, lymphatic drug transport 
was historically believed to be marginal except when 
lymph lipid flux was increased by the administration 
of large quantities of lipid (such as those contained 
in a high fat meal). However, a recent study in fasted 
dogs has shown that administration of a single capsule 
of long-chain lipid can stimulate significant lymphatic 
transport of halofantrine (27% of the dose) after oral 
administration86. Interestingly, the mass of triglyceride 
recovered in the lymph over the 10 hours also suggested 
that administration of a small amount of exogenously 

Box 3 | Key formulation philosophies for lipids and lipophilic excipients

The choice of specific formulation components to provide optimal pharmaceutical and 
biopharmaceutical properties is drug specific and will depend on drug dose (potency) 
and the physicochemical properties of the compound concerned. A number of key 
principles, however, are apparent and should guide excipient selection.

Pharmaceutical properties
Solvent capacity. Molecularly dispersed formulations are typically preferred, whether 
dispersible, non-dispersible or destined for self-emulsification, and regardless of 
whether the dispersion is a solid (for example, a solid dispersion) or (more commonly) 
a liquid filled into hard or soft gelatin capsules. The solvent capacity of the formulation 
components is therefore a significant determinant of utility.

Impurity profiling. Lipidic formulations are often complex, in particular those that 
contain surfactants that are statistical mixtures of reaction products. Impurity profiling 
is therefore a crucial aspect of product quality. The presence of residual fatty acid in the 
formulation might be particularly important.

Solid-state properties. Lipid-based formulations can be solids, liquids or semi-solids. 
Although all can provide benefit in specific situations, interconversion from one 
physical form to another on storage leads to stability concerns in terms of both drug 
and excipient crystallinity and dissolution rate. Therefore, formulations for which 
components are ‘all in’ solution or ‘all out’ (that is, solid) simplify pharmaceutical 
aspects of product development.

In vivo solubilization properties
Maintenance of drug solubilization on dispersion. Lipid-based formulations should 
retain the drug in a solubilized state on initial dispersion in the gastrointestinal 
content and mixing with endogenous solubilizing species, including bile salts and 
phospholipids. This suggests that excipients with appreciable water solubility or water 
miscibility, in particular co-solvents, might constitute a risk to drug precipitation as 
their ability to maintain solubilization capacity on dilution is limited. However, the 
kinetics of drug precipitation are key and in some circumstances it might be possible to 
maintain the drug in a supersaturated state, after dilution of a co-solvent, for a period 
sufficient to support drug absorption.

Maintenance of drug solubilization on digestion. After dispersion, gastric and 
pancreatic lipase and co-lipase act at the surface of a lipid droplet to digest glycerides 
and potentially lipidic excipients, such as surfactants with susceptible (primarily fatty-
acid ester) groups. The process of digestion can increase or decrease (which seems to 
be more common) the capacity of exogenous components to solubilize the drug, 
whether alone or in combination with endogenous bile salt or phospholipid. In this 
regard, the effect of digestion on drug solubilization is not readily predictable, although 
a growing body of evidence suggests that long-chain glycerides are less susceptible to 
loss of solubilization capacity on digestion, particularly for highly lipophilic drugs. 
Under these circumstances, in vitro models of lipid digestion provide useful tools for 
examining the generalized effects of digestion on formulation solubilization 
capacity (FIG. 3).

Biochemical properties
Potential for transporter and metabolism inhibition. Increasing evidence suggests the 
possibility of excipient (including lipid) effects on transporter function and metabolism 
within the enterocyte. In circumstances for which enterocyte-based metabolism or 
efflux provide a significant limitation to in vivo exposure, certain lipidic vehicles might 
therefore provide for increases in exposure beyond that expected by appreciation of 
solubilization benefits alone.

Stimulation of lymphatic transport. For highly lipophilic drugs, which exhibit an 
intrinsic capacity for intestinal lymphatic transport, judicious choice of formulation 
excipients (in particular the inclusion of a source of long-chain lipid) will enhance the 
proportion of the dose that is transported to the systemic circulation by the lymph, 
and could provide benefits in terms of reduced first-pass metabolism.
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Box 4 | The lymphatic system

The lymphatic system is a network of vessels (lymphatics), nodes and lymphoid tissues 
distributed throughout the body that typically shadows the architecture of the 
vascular system. Lymph is the fluid carried within the lymphatic system. The main 
physiological function of the lymphatic system is to maintain the body’s fluid balance 
by returning excess fluid, proteins and waste products from the interstitial tissue to 
the blood circulation. Therefore, the lymphatic system is a one-way transport system 
from the interstitial tissue to the blood. The lymphatic system is also an essential 
component of the body’s immunological defence system and interconnecting nodes 
and aggregates of lymphoid tissue within the lymphatic system disseminate and 
organize immune responsive cells. This Review describes specifically the intestinal 
(mesenteric) lymphatic system, which is responsible for the transport of absorbed 
dietary lipids (in the form of colloidal lipoproteins) and certain highly lipophilic 
compounds (for example, lipid-soluble vitamins and drugs) from the absorptive cells 
of the small intestine to the systemic circulation. Anatomically, the intestinal or 
mesenteric lymph drains into the cisterna chyli and is returned to the systemic 
circulation by the thoracic duct. Importantly, at least in terms of drug absorption and 
bioavailability, the mesenteric and thoracic lymph does not pass through the liver 
before entering the systemic circulation. This provides a route for drug transport that 
avoids the potential complications associated with the hepatic first-pass metabolism.

derived lipid (from the formulation) was able to sup-
port substantial lymphatic transport in the fasted state by 
recruiting endogenous lipid transport into the lymph.

Co-administration with lipids has been widely inves-
tigated as a means to enhance the lymphatic transport 
of highly lipophilic drugs. The basic premise underlying 
the use of these systems is that co-administration with 
lipids facilitates both the overall intestinal absorption 

of lipophilic drugs (by enhancing drug dissolution and 
solubilization in the intestinal milieu) and the extent of 
lymphatic drug transport (by stimulating lipoprotein for-
mation and intestinal lymphatic lipid flux). The potential 
utility of lipids to enhance bioavailability and lymphatic 
transport can be assessed by considering lipid-chain 
length, lipid class, degree of saturation and degree of dis-
persion; these aspects have been reviewed previously87,88.

In summary, fatty acids with chain lengths of 14 and 
above are primarily transported into intestinal lymph 
(although as much as 40% of a dose of long-chain fatty 
acid might be recovered in the portal blood in the form 
of triglyceride89,90) and shorter-chain fatty acids, which 
are more water soluble, more commonly diffuse across 
the enterocyte and are absorbed by the portal blood91–93. 
Predictably, therefore, the use of long-chain fatty acids 
has been shown to significantly increase drug transport 
into the lymph43. In general, monounsaturated and 
polyunsaturated fatty acids also promote lymphatic lipid 
transport more readily and produce larger lipoproteins 
when compared with saturated fatty acids94–100.

In terms of lipid class (for example, fatty acid, 
monoglyceride, diglyceride, triglyceride or phospholipid), 
many studies have examined the effect of administering 
either fatty acid or triglyceride on the rate and extent 
of lymphatic drug transport60,63,101,102. In general, fatty 
acids are absorbed from the intestinal lumen without 
modification whereas triglyceride is first hydrolysed in 
the intestinal lumen before absorption. As such, there 
might be a time-lag associated with lymphatic transport 
from triglyceride vehicles. Other than glycerides, phos-
pholipids and their digestion products have been shown 
to enhance the lymphatic uptake of halofantrine103 
and α-tocopherol104 and could provide an avenue to 
enhanced lymphatic drug transport.

Lipid-based formulations with physical characteristics 
that are representative of the final stages of lipid digestion 
(for example, mixed micellar systems that contain lipid 
digestion products such as fatty acids and monoglyc-
erides) rather than crude emulsions or lipid solutions 
have been shown to promote the lymphatic transport of 
lipophilic drugs such as halofantrine105, CI-976 (REF. 70), 
mepitiostane63, cyclosporine106, D-α-tocopherol acetate107, 
retinol, and retinyl palmitate108. The effect of the degree 
of dispersion of the formulation on lymphatic transport, 
however, is generally most evident after intraduodenal 
administration to anaesthetized animals in which gastric 
processing and intestinal mixing can be reduced60,105. 
In conscious animals the effect of formulation dispersion 
on drug absorption and lymphatic transport is less clear.

Lipidic prodrugs. Lipidic prodrugs comprise drugs that 
are covalently bound to a lipid moiety such as a fatty 
acid, diglyceride or phosphoglyceride, which is sub-
sequently cleaved following uptake into the systemic 
circulation to liberate the parent drug109. In the case of 
glyceride or phospholipid-based prodrugs these systems 
are designed to mimic, and intercalate into, the glyceride 
or phospholipid re-synthetic pathways within the ente-
rocyte. Lymph-directing prodrug strategies have been 
reviewed previously109,110.

Figure 4 | Lipid and drug transport by the mesenteric lymph or portal blood 
following oral delivery. Following uptake into the enterocytes, lipid digestion products, 

for example fatty acid (FA) and monoglyceride (MG), can be re-synthesized to 

triglyceride (TG) in the smooth endoplasmic reticulum and subsequently assembled into 

TG-rich lipoproteins (LPs). LPs are exocytosed from the enterocyte into the lamina 

propria where the tight junctions between adjacent vascular endothelial cells and the 

presence of an underlying basement membrane preclude easy access to the blood 

capillaries. Instead, LPs preferentially access the lymphatics where adjacent endothelial 

cells overlap, which results in the formation of large inter-endothelial junctions with 

significantly enhanced permeability for colloidal species such as LPs. After absorption, 

drug molecules can also access the systemic circulation through uptake into either the 

portal vein or mesenteric lymphatic system. In most cases, drugs are transported to 

the systemic circulation by the portal vein as the rate of fluid flow in the portal vein is 

higher than that of the mesenteric lymph. However, for highly lipophilic drugs (typically 

with log P > 5 and solubility > 50 mg in long-chain TG lipid) partitioning into developing 

LPs in the enterocyte provides a preferential access mechanism to the intestinal lymph. 

Cellular junctions are depicted by green ovals. GI, gastrointestinal. 
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Lipids and changes to enterocyte biology

The potential for lipids and lipidic excipients to interact 
with lipid and drug transport pathways into and across 
the enterocyte has emerged as a growing area of inter-
est61,85,103,111–113. In particular, lipids and lipidic excipients 
seem to interact with and potentially inhibit the activity 
of lipid (and drug) transporters present on the apical 
(and possibly basolateral) membrane, regulate the 
expression of lipid-binding (and drug-binding) proteins 
within the cytosol, and effect considerable change to the 
intracellular pooling of lipids within the enterocytes.

Apical membrane lipid transporters. The products of 
lipid digestion are absorbed across the apical membrane 
into the enterocyte by active114,115 and passive transport116 
(FIG. 5). Uptake is believed to be largely carrier-dependent 
at low lipid concentrations and primarily passive at 
higher fatty-acid concentrations115. A number of potential 
apical membrane fatty-acid transporters have been iden-
tified, including CD36 and the fatty-acid transporter 
(FAT)117–119, plasma membrane fatty-acid-binding protein 
(FABPpm)114,120, fatty-acid transport protein 4 (FATP4)121, 
scavenger receptor BI122, GP330 (also known as low-
density lipoprotein-related protein 2)123 and caveolin124. 
Similarly, apical membrane transporters for monoglyceride 
have been described125–127. A number of transport proteins 
have also been implicated in cholesterol uptake across 
the enterocyte plasma membrane, including scavenger 
receptor BI122,128, caveolin124, CD36 and FAT117, and NPC1L1 
(Niemann–Pick disease, type C1, gene-like 1)129,130. 
The quantitative importance of these transporters in the 
overall process of intestinal lipid absorption has yet to be 
fully elucidated.

Few studies have addressed the role of these endogenous 
lipid transporters in the passage of lipophilic drugs 
across the apical membrane. In light of the more clearly 
demonstrated role of apical membrane transporters for 
amino acids and oligopeptides131, monosaccharides132, 
organic cations133, organic anions134, and bile acids135 in 
the transport of drugs, which resemble their endogenous 
ligands136,137, it is possible that lipid transporters might 
provide a similar functionality. However, it is also important 

to remain cognizant of the inherently high passive perme-
ability of the majority of the highly lipophilic drugs that are 
likely candidates for formulation in lipidic dose forms.

Apical membrane efflux transporters. In addition to 
facilitating passage of compounds across the apical 
membrane into the enterocyte, an increasing number of 
transport proteins have been identified that efflux mate-
rial back into the intestinal lumen following absorption. 
These transporters most commonly belong to the ATP-
binding cassette (ABC) superfamily of proteins, which, 
as a wider group, comprise membrane transporters, 
ion channels and receptors138. Transporters that have 
been more frequently implicated in the intestinal efflux 
of drugs and lipid molecules include the multidrug 
resistance (MDR) transporter family, multidrug resist-
ance-associated protein (MRP) transporter family and 
breast cancer resistance protein (BCRP from the ABCG2 
gene)139,140.

Perhaps the most widely studied is P-glycoprotein 
(P-gp; also called MDR1 or ABCB1), which was the first 
of the ABC transporters to be identified. P-gp is well 
established as a mediator of drug efflux across the apical 
membrane of enterocytes and can therefore act as a barrier 
to the oral absorption of P-gp substrates. P-gp is able to 
bind and transport a broad range of drug substrates 
but shows some preference for lipophilic cations. P-gp 
and other ABC transporters have also been implicated 
in plasma membrane lipid transport and/or intestinal 
lipoprotein formation83,141,142. This revelation follows the 
discovery that MDR2 is the primary transporter of phos-
pholipid into bile143 and that cholesterol exsorption from 
enterocytes occurs in association with ABCA1 (REF. 144), 
ABCG5 and ABCG8  (REF. 145). It has been postulated that 
P-gp, in addition to potentially reducing drug absorption 
through apical membrane efflux, might also enhance 
intestinal lymphatic drug transport by influencing intes-
tinal lipoprotein formation and secretion83. However, the 
exact role of P-gp and the ABC transporters in lymphatic 
lipid and drug transport remains to be confirmed.

Cytosolic lipid-binding proteins. After absorption across 
the apical membrane, lipid digestion products can cross 
the enterocyte by diffusion around the apical and baso-
lateral membranes or can diffuse across the cytosol 
either alone or through association with intracellular 
lipid-binding proteins (iLBPs)146. Cytosolic lipid-binding 
proteins in the small intestine include intestine and 
liver fatty-acid-binding protein (L-FABP)144,146–148, sterol 
carrier proteins (SCP)149,150, retinol and retinoic-acid-
binding proteins151, and ileal bile-acid-binding protein 
(I-BABP)148. It has been suggested that lipid-binding 
proteins might facilitate the diffusion of lipids across 
enterocytes152 and/or act as cytosolic storage ‘sinks’ for 
excess, and potentially toxic, quantities of free fatty-
acid and exogenous substances153. However, it is still 
unclear which of these processes predominates in vivo 
and whether different binding proteins perform either 
or both of these functions. In terms of the capacity of 
binding proteins to influence lipophilic drug absorp-
tion, we have recently shown that some lipophilic drugs 

Box 5 | Case study: testosterone

Orally administered testosterone is ineffective in the treatment of male androgen 
deficiency syndromes owing to almost complete pre-systemic metabolism in the 
enterocyte and liver. By contrast, testosterone undecanoate, the lipophilic 
undecanoate ester of testosterone, exhibits androgenic activity after oral 
administration in humans64. Administration of testosterone undecanoate, rather than 
testosterone, provides systemic exposure that is sufficient to provide androgenic 
activity because testosterone undecanoate is transported to the systemic circulation 
by the intestinal lymphatic system (rather than the portal vein) and thereby avoids 
first-pass hepatic metabolism. Testosterone (and the active metabolite 
5α-dihydrotestosterone) are formed from testosterone undecanoate after systemic 
hydrolysis. Although lymphatic transport cannot be examined directly in humans, 
in dogs more than 80% of the systemically available testosterone that results from 
administration of testosterone undecanoate has been shown to result from systemic 
hydrolysis of lymphatically transported testosterone undecanoate64. Administration 
of the lipophilic ester prodrug of testosterone therefore facilitates the oral 
administration of testosterone, which would otherwise be prevented by the complete 
first-pass metabolism.
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bind to intestinal fatty-acid-binding protein in vitro112, 
and that drugs with molecular structures most similar 
to the endogenous ligand (fatty acid) seem to bind with 
highest affinity. The affinity of lipophilic drugs for other 
lipid-binding proteins and the relevance of these pro-
cesses to drug passage across the enterocyte cytosol, and 
ultimately oral lipophilic drug absorption, are currently 
under examination. At the very least, however, cytosolic 
lipid-binding proteins are likely to alter the intracellular 
disposition of lipophilic drugs indirectly through their 
effect on intestinal lipid absorption and pooling within 
the enterocyte154.

Lipids and drug transport proteins

The potential for lipidic excipients to attenuate the activity 
of efflux proteins such as P-gp has generated consider-
able recent interest155,156. Although several ethoxylated 
lipids and surfactants have been shown to inhibit drug 
efflux by P-gp in vitro157–169, few studies have managed to 
conclusively assign an enhancement of drug absorption 
in vivo to a formulation-related effect on the functionality 
of P-gp170. One exception is a recent study that described 
an inhibitory effect of tocopheryl polyethylene glycol 
1,000 succinate (TPGS) on the efflux of talinolol by P-gp 
in vitro and subsequently showed an enhancement in the 
oral bioavailability of talinolol in humans171. The poten-
tially multi-faceted effect of surfactants on drug absorp-
tion, however, adds complexity to the assessment of the 
likely effects of solubilizing excipients on membrane 
transport processes. So, delineation of the contributions 

to enhanced drug absorption that result from changes to 
drug solubilization in the intestinal milieu and modula-
tion of efflux transporter activity in vivo are complex. 
Also, even in vitro the inevitable reduction in thermo-
dynamic activity that the inclusion of a solubilizing 
species in a transport buffer effects requires careful data 
interpretation166,172. In terms of lymphatic drug transport, 
the situation is complicated further as recent studies have 
suggested that certain lipophilic surfactants could inhibit 
P-gp and simultaneously increase drug absorption and 
reduce intestinal lipoprotein secretion. Under these cir-
cumstances the net effect on lymphatic drug transport 
is difficult to predict83,84.

In addition to the potential effect of lipidic excipients 
(primarily surfactants) on P-gp-mediated efflux, Benet 
and co-workers have recently suggested that high-fat 
meals could inhibit P-gp173 and studies by Konishi et al. 
have shown increased accumulation of a P-gp drug 
substrate in Caco-2 cells on incubation of the cells with 
monoglyceride174,175. However, the potential for direct 
inhibition of P-gp by food-related components remains 
controversial and requires a more complete mechanistic 
explanation. Interestingly, high-fat meals also stimulate 
the release of biliary lipids and these studies are there-
fore consistent with others that suggest that intestinal 
fluids, which contain bile salt and phospholipid, inhibit 
P-gp-mediated drug efflux176. This raises the intriguing 
possibility that dietary or formulation lipids might be 
capable of affecting oral drug absorption by direct effects 
on drug efflux transporters, and also by an indirect effect 
on transporter activity mediated by biliary secretion.

The levels of expression of apical membrane lipid 
transporters177,178, cytosolic lipid-binding proteins148,179 
and ABC efflux transporters138 are dynamically regulated 
both by endogenous and by exogenous ligands, which 
include drugs, formulation and dietary components 
such as lipids. This may be regulated at both the tran-
scriptional or post-transcriptional level. However, one 
pathway of particular interest is that of ligand interac-
tion with one or more of the family of nuclear hormone 
receptors (NHRs). NHRs have generated considerable 
interest recently in the pharmaceutical sciences with the 
realization of their role in the regulation of detoxification 
systems, such as cytochrome P450 metabolic enzymes 
and P-gp180. However, NHRs may also be important in 
the context of lipid and lipophilic drug absorption, as 
they regulate, in response to lipids, the transcription of 
proteins involved in lipid trafficking and metabolism 
(BOX 6). In particular, FABPs in the small intestine are 
upregulated at the transcriptional level by chronic expo-
sure to increased quantities of dietary lipids117,147,179,181–183 
through lipid interaction with an NHR complex184. 
By contrast, L-FABP levels are reduced following pres-
entation of a chronic low-fat diet to rats147. The effects 
of acute changes to FABP expression have been studied 
in less detail154,181,185. However, even small, formula-
tion-relevant lipid doses seem to be able to acutely 
(within hours) upregulate the expression of I-FABP and 
L-FABP in the small intestine of rats154. As FABPs have 
been shown to bind to non-endogenous ligands, and in 
normal usage few formulations are administered as a 

Box 6 | Nuclear hormone receptors and lipid transport protein expression

The nuclear hormone receptors are a family of regulatory proteins, which include the 
classic endocrine receptors that mediate the actions of steroid hormones, thyroid 
hormones and fat-soluble vitamins (A and D)229. They also include the more recently 
discovered orphan nuclear receptors230,231, some of which function as lipid sensors that 
regulate the expression of proteins involved in lipid metabolism and transport184. 
These orphan nuclear receptors (and some known ligands) include: the peroxisome 
proliferator-activated receptor (PPAR) for fatty acids232; liver X receptor (LXR) for 
oxysterols233,234; farnesoid X receptor (FXR) for bile acids234; steroid and xenobiotic 
receptor (SXR) and pregnane xenobiotic receptor (PXR) for steroids and xenobiotics235; 
and constitutive androstane receptor (CAR) for xenobiotics236. PPARα, PPARδ and PPARγ 
are of particular interest in intestinal lipid and drug absorption as they control the 
expression of a number of proteins, including fatty-acid-binding proteins (FABPs), which 
are involved in lipid and potentially drug transport and metabolism232. Specifically, 
PPARα is believed to function as a global regulator of fatty-acid metabolism and 
catabolism. Ligands for PPARα include indomethacin, LTD4 antagonists (for example, 
LY171993), and fibrate drugs (GW2331, clofibric acid and fenofibrate). Natural ligands 
for PPARα include fatty acid (both medium-chain and long-chain unsaturated) and 
eicosanoids and their metabolites. PPARγ has a role in adipogenesis, cell differentiation, 
insulin sensitization, atherosclerosis and cancer, and as such the antidiabetic 
thiazolidinedione drugs — for example, rosiglitazone (Avandia; GlaxoSmithKline) — 
are strong ligands for this receptor232. The ligands for PPARγ also include indomethacin, 
LTD4 antagonists and fibrates (although the fibrates are weaker ligands for PPARγ than 
for PPARα), and natural ligands for PPARγ include arachidonic acid metabolites, fatty 
acid and triterpenoids. PPARδ has a less well understood function237–239 and ligands 
include essential long-chain fatty acids, iloprost, carbaprostacyclin and some fibrates. 
PPARδ agonists seem to induce liver fatty-acid-binding protein (L-FABP) in the small 
intestine whereas PPARα seems to regulate L-FABP expression in the liver182. 
It is interesting to speculate that as these ligands — which activate these regulatory 
proteins — influence the expression of genes involved in lymphatic lipid transport, 
they could also affect the efficiency of lymphatic drug transport.
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single dose therapy, this study raises the possibility that 
dietary lipids and lipid-based formulations might alter 
lipophilic drug absorption and intracellular disposition 
through alterations to expression levels of lipid-binding 
and transport proteins within the enterocyte.

Lipid trafficking in the enterocyte

FIGURE 5 depicts the known pathways of lipid absorption 
and pooling within the enterocyte. Orally administered 
exogenous lipids enter the enterocyte through the apical 
membrane, whereas endogenous lipids can access the 
enterocyte through either the apical or basolateral mem-
branes186,187. Apically sourced endogenous lipids include 
those in bile and lipids derived from desquamated 
enterocytes. Basolaterally sourced endogenous lipids 
include fatty acid and chylomicron remnants taken up 
from the intestinal blood supply186,188. Endogenous lipids 
can also be synthesized de novo in the enterocytes187. Of 
these potential sources of endogenous lipid, apically 
sourced, biliary-derived lipids are the main contributor 

to lymphatic lipid transport (~50% in the fasted state in 
rats) and bile diversion substantially reduces fasted and 
post-prandial lymphatic lipid transport189–191.

Following uptake into the enterocyte, apically sourced 
exogenous and endogenous lipids either diffuse across 
the cytosol and enter the portal vein, or migrate to the 
ER where re-synthesis to tryglyceride occurs. Exogenous 
monoglyceride and fatty acid are primarily re-synthesized 
to triglyceride by the monoglyceride pathway, which 
consists of a group of enzymes (triglyceride synthetase) 
present on the surface of the smooth ER (SER)192–195. A 
second pathway for triglyceride synthesis, the α-glycerol-
3-phosphate (G3P) pathway193,195 is believed to be 
located on the rough ER (RER) rather than the SER195. 
The contribution of the monoglyceride and G3P path-
ways to triglyceride synthesis depends on the supply 
of monoglyceride and fatty acid. During digestion 
and absorption of a significant quantity of exogenous 
triglyceride (for example, post-prandially), in which 
monoglyceride is present in high concentrations, the 
G3P pathway is inhibited and monoglyceride is primarily 
(80%) converted to triglyceride by the monoglyceride 
pathway193,195. Triglyceride synthesized by the monogly-
ceride pathway crosses the SER membrane196,197 and is 
subsequently assembled into lipoproteins (see BOX 7 
for details). By contrast, in the absence of a reasonable 
quantity of monoglyceride (such as in the fasted state 
or following fatty-acid administration alone) the G3P 
pathway located on the RER membrane is the main 
pathway of triglyceride synthesis25,195. A small propor-
tion of the triglyceride produced by the G3P pathway 
is incorporated into the lipoprotein assembly process in 
the RER and provides a source of lymphatic triglycer-
ide in the fasted state. However, the majority enters a 
cytoplasmic pool of triglyceride droplets25,195,198.

Basolaterally sourced endogenous lipids taken up 
from the intestinal blood supply also enter the cytoplas-
mic lipid pool. These cytoplasmic lipid droplets (which 
are not protected by a surrounding membrane) are dif-
fusely distributed across the enterocyte cytoplasm and 
are continuously hydrolysed to monoglyceride and fatty 
acid195,198,199 by cytosolic lipase200. Once hydrolysed, some 
of these lipids can be re-synthesized to triglyceride by the 
monoglyceride pathway and incorporated into lipopro-
tein assembly pathways in the SER198,199. The majority 
of the lipids in the cytoplasmic lipid pool, however, are 
transported from the enterocyte to the systemic cir-
culation by the portal vein as either free fatty acid or 
triglyceride and the pool has therefore been referred to 
as the portal lipid precursor pool103 or mucosal storage 
pool199,201. By contrast, lipids within the enterocyte, 
which enter lipoprotein assembly pathways through 
the ER and Golgi and are destined for transport by the 
lymph, can be referred to as the lymph lipid precursor 
pool or chylomicron precursor pool201. Owing to the 
close relationship between the biosynthetic pathways 
of the lipids in the portal and lymph lipid precursor 
pools, the size and dynamics of these pools are inter-
related. For example, Nevin et al. have shown that the 
size of the portal lipid precursor pool is inversely propor-
tional to the efficiency of lymphatic lipid transport201.

Figure 5 | Pathways of lipid absorption and pooling within the enterocyte. Following 

uptake across the apical membrane of the enterocyte, the products of gastrointestinal 

(GI) lumen lipid digestion — monoglyceride (MG) and fatty acid (FA) — can either 

diffuse across the enterocyte and enter the portal vein blood89 or be re-synthesized 

to triglyceride (TG) by either the 2-monoglyceride (2-MG) pathway associated with 

the smooth endoplasmic reticulum (SER) or the α-glycerol-3 phosphate (G3P) pathway 

associated with the rough endoplasmic reticulum (RER)193,195. TG formed by these 

pathways typically enters the ER lumen and is assembled into lipoproteins (LPs; 

represented by orange circles). LPs are then transported to the Golgi, exocytosed from 

the enterocyte and taken up into the intestinal lymphatic system207. As lipid contained 

within the lipoprotein assembly pathways and the Golgi is destined for transport to the 

systemic circulation by the intestinal lymphatic system, this pool of lipids is referred to as 

the lymph lipid precursor pool (dashed blue line)103,199. A cytosolic pool of lipids is also 

located within the enterocyte103,199. This lipid pool comprises excess TG formed by the 

G3P pathway198 and endogenous lipids taken up from the intestinal blood supply in the 

form of either FA or chylomicron (CM) remnants186,188. The cytosolic lipids are subject to 

hydrolysis by cytosolic lipase200 and the digestion products formed can be re-circulated 

into TG assembly pathways195. However, the majority of lipids from this pool exit the 

enterocyte in the form of TG or free FA and are taken up into portal vein blood103,199. 

The pool of lipids that is transported from the enterocyte by the portal vein is therefore 

referred to as the portal lipid precursor pool (dashed red line)103,199. Recent evidence 

suggests that the trafficking and pooling of lipids within the enterocyte have a 

significant influence on the intracellular disposition of lipophilic drugs103.
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Exogenous lipids and enterocyte lipid pools

In the fasted state, only a small quantity of lipid is 
found in the portal and lymph lipid precursor pools201. 
Ingestion of formulation or dietary lipid, however, 
alters the composition, size and turnover rate of both 
lipid pools103,201,202, and, therefore, the intracellular dis-
position of highly lipophilic drugs that have intrinsically 
high affinity for intracellular lipid domains. Although 
research into the effect of altered lipid-pooling profiles 
on intracellular drug disposition is in its infancy, we 
have recently shown in lymph-cannulated rats that the 
mass, turnover rate and composition (endogenous or 
exogenous) of lipids in the lymph lipid precursor pool 
dramatically alters the uptake of a model lymphatically 
transported drug (halofantrine) into the lymph lipid 
precursor pool, and subsequently alters the rate and 
extent of lymphatic drug transport103. In particular, fol-
lowing administration of high lipid doses, exogenous 
fatty acids were the primary drivers of lymphatic drug 
transport, whereas following administration of lower 
lipid doses, the lymph lipid precursor pool and lymph 
contained primarily endogenous fatty acid. Consistent 
with a previous study, recruitment of biliary-derived 
endogenous fatty acid into the lymph led to an enhance-
ment of lymphatic drug transport, whereas recruitment 
of an alternative source of endogenous fatty acids into 
the lymph (presumably basolaterally sourced fatty acid 
from the intestinal blood supply) did not support lym-
phatic drug transport113. Interestingly, in both studies 
lysophosphatidylcholine was able to expand the lymph 
lipid precursor pool and significantly enhance lymphatic 
drug transport when administered with high lipid dose 
formulations. Lysophosphatidylcholine might therefore 
be a useful excipient to facilitate enhanced lymphatic 
uptake of lipophilic drugs.

Changes to intracellular drug disposition, and in 
particular access to the lymph lipid precursor pool, 
that occur as a result of administration of exogenous 
(formulation- or food-related) lipid are therefore 
expected to profoundly influence the extent of lymphatic 

drug transport. A recent study has also suggested that 
changes to the nature of intracellular lipid pools and 
intracellular drug partitioning might alter the suscep-
tibility of a drug to an enterocyte-based metabolism73. 
Clearly, the intracellular trafficking and pooling of lipids 
are complex and highly regulated processes. Although 
early studies suggest that small, formulation-sized lipid 
doses might alter the intracellular pooling of lipids, 
and therefore affect intracellular drug disposition, 
further research is required to define how important 
these changes are in the context of the overall absorp-
tion, bioavailability and lymph–portal partitioning of 
lipophilic drugs.

Summary and perspectives

In the future, highly lipophilic, poorly water-soluble 
drug candidates will remain common outcomes of drug 
discovery programmes in spite of the vigorous applica-
tion of contemporary lead optimization programmes. 
Although such candidates will probably have excellent 
in vitro potency and biological selectivity, exposure 
after oral administration is expected to remain limited 
by poor dissolution and solubilization. Lipid-based 
drug delivery systems offer one approach to enhance 
the absorption of this class of drug candidate. However, 
an improved understanding of the formulation and 
biopharmaceutical complexities of these molecules is 
required to drive the rapid completion of successful 
development programmes.

Central to the potential utility of lipid-based for-
mulations as a means to enhance the bioavailability of 
a drug candidate is the lipophilicity of the drug candi-
date itself. In this regard, traditional lead optimization 
programmes are typically directed towards the design 
of biologically active and selective candidates with 
sufficient lipophilicity to provide adequate membrane 
permeability, absorption and distribution, while retain-
ing reasonable aqueous solubility. In many instances, 
however, the binding energetics of putative biological 
targets and receptors drives candidate design towards 
an iterative endpoint of relatively hydrophobic drug 
candidates in which aqueous solubility characteristics 
are optimized but remain poor. The recognition that 
lipid-based dose formulations can provide acceptable 
oral bioavailability for even extremely poorly water-
soluble drugs is encouraging, but needs to be tempered 
by the realization that many such compounds have low 
solubility in lipids, thereby limiting the dose that could 
be dissolved in a unit formulation. Therefore, during 
lead optimization it might be useful to explore more 
lipophilic (as opposed to simply hydrophobic) candi-
dates as this could confer greater intrinsic potency and 
provide higher lipid solubility (and therefore enable the 
use of lipid-based formulations to provide enhanced 
exposure). This strategy further enhances the capacity 
to explore the structure–activity relationships of relevant 
scaffolds and could provide unique avenues of protection 
for the intellectual property base surrounding the drug 
discovery programme. Conversely, potentially negative 
aspects of more lipophilic drug candidates include the 
potential for increased drug metabolism (although this 

Box 7 | Models of VLDL and CM assembly

Two models have been suggested to explain very low-density lipoprotein (VLDL) 
and chylomicron (CM) assembly pathways in the enterocyte. In the first model for 
assembly of VLDL and CM (the independent model), it has been proposed that the 
formation of intestinal VLDL and CM occurs by two independent pathways190,240. 
Therefore, assembly of the smaller VLDL particles occurs constitutively, whereas CM 
assembly is induced in the post-prandial state. In the second or sequential assembly 
model241,246 lipoproteins are believed to be synthesized by three discrete and 
independent steps: assembly of primordial lipoproteins by association of 
apolipoprotein B-48 with phospholipid and neutral lipids from the rough endoplasmic 
reticulum (RER) membrane, and subsequent transfer to the RER lumen in a process 
facilitated by microsomal triglyceride transport protein (MTP)196,197; synthesis of 
triglyceride-rich droplets in the smooth endoplasmic reticulum (SER) — the size of 
which increases in the post-prandial state; and ‘core expansion’ in which the 
primordial lipoprotein fuses with the triglyceride droplets at the junction of the SER 
and RER, which leads to the formation of a ‘nascent lipoprotein’. After assembly in 
the endoplasmic reticulum, lipoproteins are transported to the Golgi apparatus, 
exocytosed from the enterocyte and taken up into the lymph. Further addition 
of exogenous lipid and glycosylation of apolipoproteins can occur in the Golgi242.
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can be readily screened in vitro), the reliance on ‘atypical’ 
lipid-based formulations during preclinical and clinical 
development with the allied possibility that oral bio-
availability becomes highly formulation-dependent, 
and an overall increase in the complexity (perceived 
or otherwise) of the drug development programme. 
Nonetheless, in situations in which exploration of 
hydrophilic functional groups on a lead scaffold leads to 

crucial losses in potency or selectivity, an understand-
ing of the potential utility of lipidic formulations to 
enhance and regulate the absorption of highly lipophilic 
drugs (in conjunction with an awareness of the effect of 
formulation components on transporter functionality, 
intracellular drug disposition and lymphatic trans-
port) may offer a means of addressing these otherwise 
intractable developmental issues.
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