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ABSTRACT
Purpose: Oral drug development had been hindered by the bioavailability issue

despite vast market popularity. Lipid excipients have shown to enhance
bioavailability of several reformulated hydrophobic oral drugs, yet the underlying
mechanisms of action by lipids are still unclear. One proposed mechanism is that
lipid could facilitate drug uptake by altering the activities of apical membrane
intestinal efflux transporters. Thus, this study aimed to investigate the effects of
specific monoglycerides on the efflux activity and protein expression of multidrug
resistance-associated protein 2 (MRP2) in vitro.

Methods: A preliminary study was first conducted to determine the effect of
Peceol®, a mono- and di-glyceride mixture, on MPR2 efflux activity. Then, the 24hour non-cytotoxic ranges of specific monoglycerides (1-monopalmitin, 1monostearin and 1-monoolein) were determined using MTS and LDH assays in
Caco-2 cells. Then, the effects of chosen monoglycerides on the functional
activity of MRP2 were assessed via rhodamine 123 (Rh123) accumulation and
estradiol 17 3-D-glucuronide (E
1713G) bidirectional transport studies. The dose
2
responses of Rh123 accumulation with each monoglyceride treatment were also
determined. Lastly, Western blotting was used to probe the monoglycerides
effect on MRP2 protein expression.

11

Results: In the preliminary study, significant increase in Rh123 accumulation
and decrease in E
1713G efflux ratio were observed in Peceol® treated cells. The
2
non-cytotoxic concentration ranges for 1-monopalmitin, 1-monostearin and 1monoolein were within 1 mM, 1 mM and 500 pM, respectively. Cells treated with
1 mM 1-monoplamitin, 1 mM 1-monostearin, 500 pM 1-monoolein and 50 pM
MK571

(a

MRP2

inhibitor)

resulted

in significant

increases

in

Rh123

accumulation and decreases in E
17I3G efflux ratio compared to the control
2
(medium treated only). The three monoglycerides did not show Rh123
accumulation in a dose-responsive manner. MRP2 protein expressions in 1monopalmitin and 1-monoolein treated cells were decreased by 19% and 35%,
respectively; however, there was no change of MRP2 protein expression in 1monostearin treated cells.

Conclusions: These findings suggested that 1-monoolein, 1-monostearin and 1monopalmitin could attenuate the activity of MRP2 and possibly other efflux
transporters in Caco-2 cells. The reduction of efflux activity of MRP2 by 1monoolein treatment could be partially explained by the non-specific down
regulation of MRP2 protein expression.
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1.1

Lipid-Based Drug Delivery Systems (LBDDS)

1.1.1 LBDDS in Orally Administered Drugs

A large number of drugs on the market are formulated for oral intake. The
main advantage of oral administration over other routes is that it is usually the
most convenient and economical route (1). However, the major constraint in oral
drug development is the low bioavailability issue, especially for hydrophobic
drugs. Bioavailability is defined as the extent of a therapeutically active drug
reaching the site of action (1). For most oral drugs, they are delivered to their
sites of action through systemic circulation. Some barriers effecting oral drug
bioavailability include drug degradation prior to absorption at the gastro-intestinal
(Cl) tract, poor drug absorption along the Cl tract and drug elimination via
hepatic first-pass metabolism (2). Approximately 40% of all new drug candidates
suffer from low aqueous solubility, partially due to lipophilic groups in these
chemical compounds (3, 4).

Excipients used to be considered as the non-active ingredient in the drug
dosage form, and their traditional role was limited to bind and provide bulk to the
dosage form. However, lipid excipients or lipid based drug delivery system
(LBDDS), which essentially encompassing different forms of natural and
synthetic lipids, offer advantages beyond the boundary of the primary role of
excipients. LBDDS are versatile tools for drug administration because they can
be formulated into many types of preparations, such as solutions, suspensions,
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emulsions, self-emulsifying systems, and micro-emulsions (3). In addition,
LBDDS are usually more stable, cost-effective and less toxic than some other
drug delivery systems (5). For decades, LBDDS were implemented in parenteral
dosage forms as triglyceride emulsions, micellar systems and liposomes (6).
Only in recent years, LBDDS have generated considerable interest by the
pharmaceutical industry to be applied in the oral drug formulation after the
commercial successes of lipid formulated hydrophobic oral drugs, such as
Neoral® (Cyclosporine A), Fortovase® (Saquinavir) and Norvir® (Ritonavir) (7).

For oral drug administration, lipids can be roughly divided into the
digestible and the non-digestible groups in the GI tract (8). The non-digestible
lipids such as mineral oil, when administered, remain in the lumen and can
decrease drug absorption by retaining a fraction of the co-administered drugs (8).
As for the digestible lipids, they are mainly composed of dietary lipids such as
glyceride, fatty acids, phospholipids, cholesterol, and cholesterol esters, as well
as various synthetic derivatives that can be hydrolyzed by lingual, gastric and
pancreatic lipases in the stomach (9, 10). It’s widely documented that ingested
lipids in food enhance the absorption and bioavailability of many hydrophobic oral
drugs (Ii, 12). This project will focus on the role of digestible lipids, in particularly
monoglycerides, in facilitating oral drug absorption across the intestine.

3

1.1.2 Mechanisms of Lipid Enhanced Oral Drug Bioavailability

Although lipid excipients have generated tremendous interest due to their
significant beneficial effects on the absorption of lipophilic oral drugs, the
mechanisms of improved drug bioavailability by lipid excipients are still under
intensive investigation. Thus far, there are several proposed mechanisms aiming
to explain the possible clinical benefits of LBDDS in oral drug applications (3).
The three primary theories that have attracted the most attention for lipid
enhanced bioavailability are the following: alteration of the composition and
character of the intestinal environment of oral drugs (11); bypass of the first pass
hepatic metabolism via the lymphatic system (13, 14); interaction of lipids with
enterocyte-based transporters (15) (Figure 1).
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Figure 1. Potential Mechanisms that Lipids and Lipid Excipients Used in
Improving Oral Drug Bioavailability. Lipids could alter the composition and
character of micro-environment surrounding the drug in the intestine (a); interact
with enterocyte-based transport systems (b); bypass the first pass hepatic
metabolism via the lymphatic system (c). This figure was modified from Porter, C.
et aLas review paper (2).
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The absorption of lipophilic drugs from lipid-based formulations is
determined by their patterns of dispersion and solubilization in the Cl tract in
Figure Ia. After the drug is orally administered, the presence of lipids in the oral
formulation can stimulate the secretion of gastric and pancreatic lipases (16-18).
The presence of lipids and lipid-digestion products in the GI tract also stimulates
bile secretion which facilitating lipophilic drugs to become more dispersed and
incorporated into colloidal structures (19). The absorption of poorly water-soluble
drugs is also often limited by their diffusion rates across the unstirred water layer.
The unstirred water layer is essentially a static aqueous diffusion layer adjacent
to the intestinal membrane. Solubilization of fatty acids and lipophilic drugs in
micellar and mixed-micellar structures greatly enhanced the mass transport
across the unstirred water layer which indirectly improved lipophilic drug
absorption along the GI tract (20, 21).

Subsequent to the dissolution and diffusion along the Cl tract, oral
hydrophobic drugs need to partition across the enterocytes before entering the
systemic circulation via either paracellular or transcellular route. Only small,
hydrophilic and polar molecules are capable of crossing the epithelial monolayer
through the paracellular space (22, 23). The more common transcellular route
allows drugs to enter the enterocytes before passing through the monolayer by
passive diffusion, facilitated diffusion or active transport. There are two main
families of transporters on enterocytes, and they are the solute carrier (SLC)
transporter family and the ATP-binding cassette (ABC) transporter family. SLC
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transporters mostly function as absorptive pumps, which take up substances
from surrounding environment into the cells; on the other hand, ABC transporters
usually act as efflux pumps that exclude substances out of the cells (24-27).
They work concertedly to regulate the absorption of orally administered drugs on
the apical side of the enterocytes. Several studies have pointed out that lipids
could interact and attenuate the activities of transporters on the apical side of
enterocytes, which in turn cause increased bioavailability of some hydrophobic
oral drugs as shown in Figure 1 b (2,15,28-32). Lipid interaction with enterocytes’
transporters will be further investigated in this project.

The gastrointestinal tract is richly supplied with both lymphatic and blood
vessels; hence, materials that are absorbed across the enterocytes can
potentially enter either lymphatic or blood capillaries. Usually, once orally
administered drugs are taken up by the enterocytes, most drugs enter the
hepatic portal blood more rapidly than the mesenteric lymph. This is due to the
fact that the rate of flow of portal blood is about 500-fold higher than that of the
mesenteric lymph (33). A significant amount of oral drugs is extensively altered
and removed from the body by hepatic first-pass metabolism before reaching the
systemic circulation.

Lipids enabled drugs to bypass the hepatic first-pass

metabolism via the intestinal lymphatic transport system (2). Following uptake
into the enterocytes, fatty acids and monoglyceride digestion products are re
synthesized to triglyceride and assembled into colloidal lipoproteins within the
endoplasmic reticulum. These lipoproteins are exocytosed across the basolateral
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membrane of the enterocytes and preferentially access the mesenteric lymph
vessels as their size precludes easy diffusion across the vascular endothelium.
Highly lipophilic drugs (log P> 5 and long chain triglyceride solubility> 50 mg/g)
may therefore access the intestinal lymph via post-absorptive association with
developing lipoproteins in the enterocytes (34). This mechanism is supported by
studies with highly lipophilic drugs, such as halofantrine and amphotericin B (3539). The majority of these lymphatically transported drugs are solubilized within
the apolar lipid core of lymph lipoproteins (2). Hence, this is the other major
mechanism to account for the enhanced bioavailability in lipid-formulated oral
drugs as shown in Figure Ic.

1.2

Biopharmaceutics Classification System (BCS)
Recognizing the importance of drugs’ aqueous solubility and intestinal

permeability, the BCS was first drafted by Amidon et a!. in 1995 and later was
adopted and defined by the Food and Drug Administration (FDA) (40, 41). Within
this scheme, drugs are categorized into four classes according to their solubility
and permeability characteristics: class I drugs have high solubility and high
permeability; class 2 drugs have low solubility and high permeability; class 3
drugs have high solubility and low permeability; class 4 drugs have low solubility
and low permeability (Table 1). A substance is considered highly soluble when
the highest dose is soluble in 250 mL or less of aqueous media over pH 1-7.5 at
37 °C. A substance is considered to be highly permeable when the extent of
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absorption in humans is 90% or more of an administered dose based on a mass
balance determination or in compassion to an intravenous dose.
Table 1. Biopharmaceutics Classification System (BCS). (40, 41)
Class

Permeability

Solubility

I

High

High

II

High

Low

Ill

Low

High

IV

Low

Low

A generalized scheme of interplay between transporters and these four
classes of oral drugs has been proposed by Wu and Benet in 2005 (42). For
class I oral drugs, the transporter effects were minimal; for class 2 oral drugs,
the efflux transporter effects predominate; for class 3 oral drugs, the absorptive
transporter effects predominate; for class 4 oral drugs, both the absorptive and
efflux transporter effects are important. Since most new molecular compounds
developed nowadays have high molecular weights and low water solubility, they
are often classified as class 2 compounds (43, 44). The effect of lipids on efflux
transporters is of particular interest in this project.
Metabolizing enzymes also play an important role in effecting the
bioavailability of these four classes of drugs. The Class I and Class 2
compounds are eliminated primarily via metabolism, whereas Class 3 and Class
4 compounds are primarily eliminated unchanged into the urine and bile.
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Transporter-enzyme interplay in the intestines will be important primarily for
Class 2 compounds that are substrates for CYP3A and Phase 2 conjugation
enzymes. For such compounds, intestinal uptake transporters will generally be
unimportant due to the rapid permeation of the drug molecule into the
enterocytes as a function of their high lipid solubility. That is, absorption of Class
2 compounds is primarily passive and a function of lipophilicity. However, due to
the low solubility of these compounds, there will be little opportunity to saturate
apical efflux transporters and intestinal enzymes such as CYP 3A4 and uridine
diphosphate-glucuronosyltransferases (UGTs). Thus, changes in transporter
expression, and inhibition or induction of efflux transporters will cause changes in
intestinal metabolism of drugs that are substrates for the intestinal metabolic
enzymes. A large number of Class 2 compounds which are substrates for
CYP3A are also substrates of the efflux transporters like P-glycoprotein (43, 44).

1.3

Interaction between Lipids and the Enterocyte-based Transporters

1.3.1 The Small Intestine

The small intestine is part of the GI tract between the stomach and the
large intestine which is responsible for nutrients digestion and absorption into the
body. The small intestine is one of the most important sites for oral drug
absorption that regulates the extent of orally administered drugs reaching the
liver and ultimately the systemic circulation. The small intestine can be further
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divided into three major sections: the duodenum, the jejunum and the ileum,
where digestion occurs mostly in duodenum and absorption takes place in the
jejunum and ileum. The small intestinal wall consists of the serosa, the
muscularis externa, the submucosa and the intestinal mucosa (45). The intestinal
mucosa is considered the gate that controls drug and nutrient absorption. The
surface of the mucosa is the monolayer of columnar epithelial cells which are
often referred to as enterocytes (45). To maximize the surface area for optimal
nutrient absorption, the small intestinal lining is covered with villi and microvilli
(45). Hence, oral drug absorption occurs mostly in the small intestine where the
surface area is the greatest along the GI tract.

1.3.2. Drugs and the Enterocyte

Enterocytes are the mucosal cells in the small intestine, and fully
differentiated polarized enterocytes have anatomically and physiologically
distinctive apical and basolateral sides (45). The apical surface of the
enterocytes is the side that faces the lumen of the intestine; whereas the
basolateral surface of the enterocytes is the side that faces the basal lamina and
the blood vessels (44). Another characteristic of enterocytes is that they form
tight junctions between cells, and the intercellular space is only 0.8 nm in human
jejunum (22). As a result, most oral drugs utilize the transcellular route to cross
the enterocytes (46). After a drug has penetrated into the cytosol of an
enterocyte, it is subject to either efflux by apical membrane ABC efflux
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transporters, for instance, P-glycoprotein (Pgp), multidrug resistance-associated
protein 2 (MRP2) and breast cancer resistance protein (BCRP); or degradation
by intracellular metabolizing enzymes, for example, the cytochrome P450 (GYP),
the

uridine diphosphate—glucuronosyltransferase

(UGT) families

and the

glutathione S-transferase (GST). Enterocytes regulate the absorption of drugs
mainly through these two processes to effectively remove xenobiotics from the
body (10, II). Hence, modulating the activity of apical membrane ABC efflux
transporters has became a popular pursuit by pharmaceutical companies to
enhance the bioavailability of orally administered drugs.

1.3.3

Lipids and Transporters on the Enterocytes

Three types of transporters in the enterocytes have been identified to
interact with lipids so far, and they are the apical membrane lipid transporters,
cytosolic lipid-binding proteins and apical membrane efflux transporters.

The apical membrane lipid transporters are mainly facilitating the uptake
and transport of lipid digestion products, such as fatty acids and monoglycerides,
into the enterocytes via either active or passive processes (47, 48). Some of the
identified apical membrane fatty-acid transporters include CD36 and the fattyacid transporters (FAT) (2).
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The other type of lipid-interacting transporters is the cytosolic lipid-binding
proteins (LBPs). After lipids pass through the apical membrane of the
enterocytes, they can be associated with LBPs which are cytosolic storage sinks
for excess and potentially toxic fatty-acids and exogenous substances. Cytosolic
LBPs are likely to alter the intracellular disposition of lipophilic drugs indirectly
through their effects on intestinal lipid absorption and pooling within enterocytes
(49).

The last major group of transporters linked to lipids is the apical
membrane ABC efflux transporters. Although lipids could be physically pumped
out of cells by ABC efflux transporters, their interaction with ABC transporters is
not limited to them simply being substrates. Lipids have been shown to attenuate
the functional activities of certain apical ABC efflux transporters in the intestine,
which results in less drugs being effluxed back into the GI lumen (2).

1.4

ATP-Binding Cassette (ABC) Transporters

1.4.1 Overview of ABC Transporters

The diversity of apical absorptive transporters in the intestine is
counteracted by the presence of ABC drug efflux transporters that reduce drug
absorption and bioavailability. ABC transporters are the largest superfamily of
transporters in human, and they can be found in all eukaryotes (50). Their
presence and function were initially discovered in many malignant cancer cells
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conferring multidrug resistance properties, with Pgp as the first ABC efflux
transporter identified (50, 51). Their transport activities were powered by energy
harnessed from ATP hydrolysis. Mammalian ABC transporters transport a vast
range of exogenous and endogenous substrates across cell membrane, such as,
lipids, amino acids, small ions, steroids, bile salts and drugs.

The term ABC transporter was first introduced by Higgins in 1992 (27). It
was based on the highly conserved ATP-binding cassette. Currently, there are
49 ABC transporters identified, which are categorized into 7 branches,
designated A through G. The majority of them are energy-dependent, with the
exception of ABCC7, a cystic fibrosis transmembrane conductance regulator (52,
53). Defects in ABC genes can cause inherited disorders like Tangier disease
(ABCAI) (54), Stargardt macular dystrophy (ABCA4) (55), Dubin-Johnson
syndrome (ABCC2) (56), cystic fibrosis (ABCC7) (53),

pseudoxanthoma

elasticum (ABCC6) (57).

The general structural features of ABC transporters have been elucidated
based on the study of its most well-characterized member, the Pgp. The core
function unit of the ABC transporters consists of two hydrophobic membrane
spanning domains (MSD5) which share a high degree of sequence similarity and

two nucleotide binding domains (NBDs) as shown in Figure 2 (51). The
hydrophilic NBDs are located at the cytoplasmic face of the membrane. They
contain Walker A and B motifs which are essential for ATP binding and
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hydrolysis. Motifs are structural elements in a protein containing a small number
of amino acids that are often directly involved in a protein’s function. In addition,
they contain a motif known as the “C” signature that is characteristic of ABC
transporters’ ATPase function with a core sequence of LSGGQ (50, 51). Studies
have shown that Walker A and Walker B are separated by a 90-120 amino acid
long spacer region which extensively hydrogen bond with the attached ATP (58,
59). The ATPs are in a sandwiched position between adjacent Walker A and
ABC signature motif C. A study has shown that the serine residue in each ABC
signature motif is required for the interaction between Walker A and ABC
signature sequence, where the transporter is interacting with the y-phosphate of
ATP (60, 61). Pgp, MRP2 and BCRP are three of the most important apical ABC
efflux transporters that are responsible for the efflux of many xenobiotics and
clinically important drugs on the enterocytes that affect oral drug bioavailability.
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Figure 2. Schematic Structure of a Typical ABC Transporter. The ABC
transporter contains two membrane spanning domains (MSD) and two nucleotide
binding domains (NBD). The NBD of ABC transporters contains the Walker A
and Walker B motifs which are found in all ATP-binding proteins. In addition, an
ABC signature motif, motif C, is also presented. The amino acid sequence above
the signature motif C is the core sequence for this motif. This figure was adapted
from Choudhuri, S’ review paper. (51)
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Predictions of secondary structures of membrane transport proteins are
based on hydropathy analysis (I). However, secondary structures provide little
information on how ABC transporters translocate their substrates. The tertiary
structures of ABC transporters from high resolution X-ray crystallography are
needed with complementary molecular information about the residues involved in
the recognition, association, and dissociation of its substrates to solve the puzzle.

Up till now, there are only a handful of membrane transporters that have
been crystallized, and MsbA is one of them. In 2001, the first complete crystal
structure of an MDR-ABC transporter, MsbA, was determined by x-ray
crystallography at 4.5A resolution (62). MsbA was isolated from E. coil with
homology to human multidrug-resistance efflux transporters. Like other human
ABC transporters, MsbA hydrolyzes ATP to export its substrates. Based on the
elucidated x-ray crystal structure of MsbA, it forms a homodimer consisting of two
six-transmembrane (TM) units with the NBD on the cytoplasmic surface (62). The
Walker A motifs interact with a and f3 phosphates of di- and tri-nucleotides; the
. Thus, it is believed that the dimers are
2
Walker B motifs help to coordinate Mg
central to the ABC transporters’ transport mechanism (62).

Since Pgp was the first ABC transporter identified, much attention and
studies have been done on Pgp to study the general transport mechanism of
ABC transporters. The three most well perceived models are the classical model,
the hydrophobic vacuum cleaner model, and the flippase model (63).

In the
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classical pore model, drugs in the cytosolic compartment are associated with an
ATP transporter and then transported out to the extracellular space through a
channel formed by the ATP transporter (64). According to the hydrophobic
vacuum cleaner model, drugs in the lipid bilayer of the plasma membrane can be
recognized by ABC transporters and thus expelled from cells without actually
entering the cytosol (65-68). As for the flippase model, the substance diffuses
laterally until encountering and binding to a site on the ABC transporter that is in
the inner leaflet of the lipid bilayer. The ABC transporter then flips the substance
from the inner leaflet to the outer leaflet of the plasma membrane using energy
generated from ATP hydrolysis (67). Then the substance can diffuse into the
aqueous phase outside the cell. Flipping of the substance triggers structural re
arrangement of the ABC transporter. The flippase model is the most widely
accepted model and is also supported by X-ray crystallography data (67, 68).

1.4.2 P-glycoprotein (Pgp)

Pgp is a membrane-bound ABC efflux transporter that mediates active
transport, “efflux,” of a wide range of drugs and other xenobiotics out of the cells.
It is sometimes referred to as the multidrug resistance gene product I (MDRI)
because it can confer resistance to a large number of structurally diverse drugs
with different mechanisms of action (65, 66). It is coded by the gene ABCBI. It is
mostly expressed in the intestine, the liver, the kidney, the blood-brain barrier,
and the placenta. Intestinal P-gp is located on the apical side of the epithelial
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cells. Pgp drives the efflux of wide range of substrates against a concentration
gradient and thus reduces their intracellular concentration (68, 69). It contains
two membrane spanning domains (MSD) with 6 TM segments for each domain.
Drug binding sites are located in the membrane spanning regions, especially TM
4, 5, 6 and 10, 11, 12. There are two functionally linked drug binding regions: the
H site and R site. The H-site binds to H33342, whereas the R-site binds to the
rhodamine 123. Drugs binding to the H or R-sites mutually stimulate each other’s
transport (51). Drug efflux by Pgp is blocked by MDR modulators, such as
verapamil (69). Many drug substrates of Pgp are also substrates of drug
metabolizing enzymes, particularly, CYP3A4. The broad and overlapping
substrate specificities of CYP3A4 and MDR1, and their coordinated regulation
and expression in organs such as the liver and the intestine, led to the
hypothesis that these two proteins evolved to protect the host organism from
exposure to environmental or dietary toxins (70, 71)

1.4.3 Multidrug Resistance-Associated Protein 2 (MRP2)
1.43.1

MRPs
In humans, there are 13 proteins in the ABCC family, and of these 13

proteins, there are 9 ABCC members belonging to the MRP family (61). Eight of
those can confer cellular resistance to various anticancer agents by acting as
efflux pumps for a diverse range of lipophilic anions (61). The MRPs can be
classified into two groups based on whether they possess a third (N-terminal)
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MSD. The “large” MRP members possess an additional MSD domain in addition
to the functional core which is composed of two MSD5 and two NBDs.

The

“large” MRP family members include MRPI, MRP2, MRP3, MRP6 and MRP7
(72). The “short” members of the MRP family, such as MRP4, MRP5, MRP8 and
MRP9, only have the functional core of a typical ABC transporter. All large MRP5
are capable of conferring resistance to at least some natural product agents;
whereas, the short MRPs have been characterized by conferring resistance to
nucleoside-based agents as well as transporting cyclic nucleotides (73).
MRPI, MRP2, MRP3 are predicted to have 17 TM regions. The protein
sequence homology between MRPI and 2 is 49%, while the homology between
MRPI and MRP3 is 58%, making MRP3 the closest relative to MRPI. While the
amino acid sequence homology of MRPI and 3 is greater than for MRPI and 2,
the latter two seem to share a greater number of substrates (74).
MRPI was the first protein of this subfamily to confer drug resistance, and
it was initially identified in a human lung cancer cell line (75). MRPI ubiquitously
expresses in the human body and is typically localized to the basolateral
membrane of polarized human cells. MRPI has a broad substrate-specificity,
and its substrates include many conjugated and unconjugated organic anions,
4
and a limited number of cations, such as leucotriene C

,

oxidized glutathione,

doxorubicin, saquinavir (76-79).
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MRP2 is also referred as canalicular MRP (cMRP) or canalicular
multispecific organic anion transporter (cMOAT) because of its ability to extrude
a range of lipophilic anions into the bile (80-82). They are mainly distributed in
the epithelial membrane of the intestine, the canalicular membranes of the liver,
the proximal tubules of the kidney, the blood-brain barrier of the brain and the
syncytiotrophoblast cells of the placenta (83). MRP2 is localized on the apical
side of polarized cells. MRP2 was first cloned from normal rat liver using cDNA
probes corresponding to predicted highly conserved regions of human MRPI.
MRP2 substrates are typically phase II glutathione, glucouronide conjugates,
sulfated conjugates, hydrophobic xenobiotics, steroid, bilirubin and bile salt
conjugates (84, 85).

MRPI and MRP2 share a large number of common

substrates such as vincristine, doxorubicin,

leukotriene C
4 and bilirubin

glucuronides (84, 86-87). Although MRP2 and MRPI transport similar substrates,
they tend to have different substrate affinities; for instance, MRP2 exhibits a
greater preference for the bilirubin glucuronides (87).
MRP3 is largely found on basolateral membranes of polarized cells. MRP3
protein is highly expressed in the adrenal cortex, and its expression is much
lower in liver, kidney, small intestine, pancreas, and colon (88). MRP3 does not
4 and GSH
transport GSH itself and has markedly lower affinity for LTC
conjugates (89). MRP3 shows particularly high affinity for glucuronidated
xenobiotics such as acetaminophen or morphine (90, 91).
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MRP4 and MRP5 also belong to the subfamily C of the ABC-transporter
superfamily. But unlike MRPI-3, MRP4 and MRP5 possess only 12 TM a-helices.
In polarized cells, MRP4 and MRP5 both localize to the basolateral membrane.
MRP4 protein has been detected in human kidney, lung, liver, prostate, brain,
pancreas (92-97). MRP5 protein was detected in smooth muscle cells of the
corpus cavernosum, ureter, urethra, bladder, blood vessels, the genitourinary
tract, cardiomyocytes, and the brain. Both MRP4 and MRP5 transport the
endogenous cyclic nucleotides cAMP and cGMP (98). The endogenous
function(s) of MRP4 and 5 are not yet fully understood.
MRP6 is a poorly characterized but clinical relevant MRP family member.
The exact range of substrates for MRP6 has not yet been determined, but
studies suggested that MRP6 may be involved in the transport of certain
anticancer agents. Mutations in the MRP6 gene can cause pseudoxanthoma
elasticum, an inheritable disorder of the connective tissue involving impaired
visual acuity, skin lesions, and cardiovascular complications (99). High MRP6
mRNA levels were reported in liver and kidney, whereas low expression was
found in a range of other tissues, including lung, intestines, retina, skin, and
vessel walls (100). The human MRP6 encodes a protein of 1503 amino acid
residues which shares 45% identity and 55% similarity with MRPI, its most
closely related MRP homologue (100). The biochemical and physiological
function of MRP6 protein remain unknown.
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The

recently

discovered

MRP7

and

MRP8

proteins

remain

uncharacterized, with respect to either their natural substrates or normal
physiological function including a possible role in drug resistance (101, 102).

1.4.3.2

MRP2
MRP2 has three MSD as shown in Figure 3. Human MRP2 is composed

of 1541 amino acids and the MRP2 gene is found at chromosome position 10q24
(82). There are 32 exons in a MRP2 mRNA transcript (83). A site-directed
mutagenesis study suggested that TM6, TM9, TMI6 and TM17 segments in
human MRP2 could be involved in substrate-binding sites (81). MRP2 contains

two similar but non-identical ligand-binding sites: one binding site for the
substance to be transported and the other binding site for substrate regulating
the binding affinity of the transport site (103). Furthermore, MSDO and LO
domains are crucial for the routing of MRP2 to apical membranes (104).
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Figure 3. Schematic Structure of MRP2. MSD stands for membrane spanning
domain; NBD stands for nucleotide binding domain. This figure was modified
from Kruh, G.D. eta!. (73).
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Defects in MRP2 lead to a genetic disease named Dubin-Johnson
Syndrome (85). Dubin-Johnson syndrome is an autosomal recessive disease
characterized

by conjugated

hyperbilirubinemia.

Human

MRP2

has two

unglycosylated isoforms with molecular masses of 150 kDa and 174 kDa (83).
When MRP2 is N-glycosylated in its mature form, it will have an apparent
molecular mass of about 190 kDa. MRP2 have a similar core structure to that of
MDR, for example Pgp, which has an internally duplicated structure of two
cytosolic nucleotide ATP-binding sites and two putative 6-TM segments.
However, MRP2 has an extra N-terminal MSD containing 5 membrane-spanning
helices compared to the traditional topology of Pgp (105) (Figure 2 & 3).

1.4.4 Breast Cancer Resistance Protein (BCRP)
Similar to MRPI, BCRP, the protein encoded by ABCG2 was first
discovered in multidrug-resistant cell lines. Following the discovery and first
structural evaluations, BCRP was grouped into the G-family of ABC-transporters
together with other half transporters to form multimers to be functional. The
BCRP monomer consists of only one ATP-binding site and 6 transmembrane
regions. The polypeptide length is therefore considerably shorter than any of the
MRPs. BCRP needs to form multimers in order to be functional and transport its
many substrates (106). As BCRP was first identified in drug-resistant cancer cell
lines, it is not surprising that many chemotherapeutic compounds are substrates
of this efflux transporter, such as mitoxantrone, daunorubicin, and doxorubicin
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(106). Many xeno- and endo-biotic BCRP substrates are also transported by
other efflux transporters, especially P-glycoprotein, thus extrapolating BCRP
related in vitro data to the in vivo situation may be difficult. In contrast to MRPI or
2, BCRP does not require GSH for transport and does not transport GSH. BCRP
is expressed in many tissues of importance to drug disposition or organ
compartments, in particularly small intestine, bile canaliculi and blood vessels
(106).

1.5

Interaction of Lipids with ABC Transporters

1.5.1 Peceol® and Efflux transporters
Peceol® is a commercially available product from Gattefossé (Montreal,
Canada) which is often used as a lipid excipient. It is in a liquid form which has
lOOg. As shown
68.7gl
/
an acid value of 0.7lmgKOH/g. It has an iodine value of 2
in Table 2, Peceol® is mainly composed of mono- and di-glycerides. Out of all the
fatty acids attached to the glyceride backbone, oleic acid, linoleic acid, stearic
acid and palmitic acid account for 78%, 12.3%, 2% and 3.5%.
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Table 2. Chemical Composition of Peceol®

Composition

Percentage (%)

Free Glycerol

1.3

Total Monoglycerides

44.3

Total Diglycerides

45.4

Total triglycerides

8.7

Others

0.3

The effect of lipids on apical efflux transporters in the enterocytes was first
identified and studied extensively with Pgp. Several in vivo and in vitro studies
have shown that Peceol® can decrease Pgp protein expression and functional
activities (14-15, 22). In contrast to Pgp, the interaction of lipids with other ABC
transporters in the intestine is frequently overlooked. Therefore, the effect of
lipids on another important apical ABC efflux transporter multidrug resistanceassociated protein 2 (MRP2) will be investigated in this study.

1.5.2 Monoglycerides and Efflux Transporters

The simplest lipids are fatty acids, and more than 100 different fatty acids
that have been identified in various species (107). Most fatty acids have a long
chain of hydrocarbons with a carboxylate group at one end. They have pKa
ranging from 4.5 to 5.0; therefore, they are ionized at physiological pH. Fatty
acids differ from one another in the length of their hydrocarbon tails, the degree
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of unsaturation (the number of carbon-carbon double bonds), and the positions of
the double bonds in the chains (107). Fatty acids without a carbon-carbon double
bond are classified as saturated, whereas those with at least one carbon-carbon
double bond are classified as unsaturated.

Fatty acids are commonly attached to a glycerol backbone in our body
because high concentration of free fatty acids could disrupt cell membranes. A
study by Konishi et at. has shown that monoglycerides could down-regulate the
activity of Pgp (28). The three monoglycerides used in this project are 1monostearin, 1-monopalmitin and 1-monoolein, and their chemical structure and
physical properties were shown in Table 3 (108). All these three fatty acids used
are attached to the glycerol backbone at Cl position. Monostearin, monopalmitin
and monoolein are the three most predominant fatty acid residues in plants and
animal (107).
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Table 3. Chemical Structures and Physical Properties of Monoglycerides.
(108)
Compounds

Fatty
Acid
Chain

Physical
Properties

Structure

0

H

I -monoolein
C18:1

MW: 356.54
mp:35°C.

21 0
C
40
H
4

h
3
‘CH

OH

0
1-monostearin
C18:O
21 0
C
42
H
4

MW: 358.56
mp: 7881 °C

5
(CH
3
CH
1
)
2
OH

0
1-monopalmitin
C16:0
18
C
3
H
4
0
9

1.6

MW: 330.50
mp: 7476°C

3
(CH
3
CH
1
)
2
OH

In vitro Cell Models

1.6.1 Madin-Darby Canine Kidney (MDCK) Cells Transfected with MRP2

MDCK cells are from a dog renal epithelia cell line. It is a common model
for studying cell growth regulation, metabolism, and transport mechanisms in
distal renal epithelia (109, 110). When grown under standard culture conditions,
MDCK cells differentiate into columnar epithelium and form tight junctions in a
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shorter period of time than Caco-2 cells, which is a well established cell line for
studies of intestinal transporters (3 days MDCK vs. 21 days Caco-2 typically)
(111). Therefore, MDCK cells have become an alternative to Caco-2 cells for
permeability measurements. However, the non-human (canine) and nonintestinal (renal) origin of MDCK cells may be considered a disadvantage. Also,
these cells have a low expression level of transporter proteins and a low
metabolic activity (112). In the late 1990s, MDCK cell lines that over-expressing
MRP2 were generated by transfecting human MRP2 genes into MDCK cells, and
the resulting MDCK-MRP2 cell line have been used as models of the intestinal
mucosa (113). A good correlation between the permeation of passively absorbed
drugs in Caco-2 cells and MDCK cells has been reported (111). A study by Tang
et a! has shown that MDCK-MRP2 cells only over-expresses the unglycosylated
form of MRP2, not the fully glycosylated form compared to MRP2 expression
levels in Caco-2 cells (114). As a result, this cell model was not chosen for
purpose of this study.

1.6.2 Caco-2 Cells: An Intestinal Cell Model
The proper reconstitution of a human differentiated epithelial cell
monolayer in vitro allows a better prediction of oral drug absorption in humans.
One of the most popular in vitro systems for intestinal transport studies was the
Caco-2 cell line (115). This model is generally regarded as a “gold-standard” in
vitro model that resembles the small intestine. Caco-2 cells are from human colon
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carcinoma cells of a 72 year-old patient. They express a number of key efflux
ABC transporters mimicking the expression level of these transporters in human
small intestinal epithelial cells (116).

In tissue culture, Caco-2 cells slowly

differentiate into monolayers with differentiated phenotypes, which resemble the
small intestinal villus epithelium (117).
A study by Englund et a!. showed that the expression of transporters in
Caco-2 was closest to the expression pattern in the small intestine. Similarly, an
mRNA expression study compared a number of important ABC efflux
transporters from healthy human jejunum biopsies and Caco-2 cells, and found
that BCRP and MRP2 transcripts were more abundant than MDR1 and other
ABC efflux transporters in the jejunum and Caco-2 cells (118). Transcript levels
of ABC transporters correlated well between jejunum and Caco-2 cells, except
BCRP, which exhibited a 100-fold lower transcript level in Caco-2 cells compared
with jejunum. In addition, the expression level of MRP2 in Caco-2 cells is much
higher than that of Pgp, which suggested the roles of MRP2 in intestinal drug
efflux have been underestimated (116).
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CHAPTER 2
SUMMARY OF RESEARCH PROJECT
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2.1

Overall Objective

The overall objective of this research project is to investigate the effects of
specific monoglycerides (1-monostearin, 1-monoolein and 1-monopalmitin) on
MRP2 activity and protein expression in vitro.
2.2

Hypotheses

2.2.1 Hypothesis I
MRP2 functional activities could be reduced by 24-hour exposure to
specific monoglycerides (1-monostearin, 1-monoolein and 1-monopalmitin) in
Caco-2 cells, a human intestinal cell model.
2.2.2 Hypothesis II
Reduction in MRP2 activity caused by these specific monoglycerides (I
monostearin, 1-monoolein and 1-monopalmitin) could be the result of down
regulation of MRP2 protein expression.
2.3

Specific Aims

2.3.1 Aim I
To determine the 24-hour non-cytotoxic concentration ranges of Peceol®,
1-monostearin, 1-monopalmitin and 1-monoolein in Caco-2 cells.
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2.3.2 Aim II

To conduct a preliminary study on the effects of mono- and di- glycerides
on MRP2 activity and protein expression after Caco-2 cells are exposed to
Peceol® (a mixture of mono- and di- glycerides) for 24 hours.
2.3.3 Aim Ill

To characterize the effects of 1-monostearin, 1-monopalmitin and 1monoolein on MRP2 functional activities after Caco-2 cells are exposed at nontoxic concentrations for 24 hours.
2.3.4 Aim IV
To assess the effects of 1-monostearin, 1-monopalmitin and 1-monoolein
on MRP2 protein expression after Caco-2 cells are exposed at non-toxic
concentrations for 24 hours.
2.4

Rationale

My research project will focus on understanding of the effect of specific
monoglycerides on one of the most abundant apical efflux transporters in the
intestine, MRP2. Many studies have shown that lipid-based drug delivery
systems could attenuate the functional activities of the intestinal ABC efflux
transporters, which in turn, increase drug bioavailability when co-administered
orally with the drug of interest. Most of these studies were focused on Pgp, an
apical-membrane ABC efflux transporter. Several in vivo animal studies have

34

shown that when highly non-soluble drugs like ontazolast and AmpB were
incorporated into Peceol ®, there were significant increases in the bioavailability
of these orally formulated drugs (14, 119). In addition, a number of studies using
natural lipids like castor oil, Peceol ® and monoglycerides have shown to inhibit
Pgp-mediated drug efflux in vitro (15, 28, 46).
In contrast to Pgp, the interaction of lipids with other major intestinal
apical-membrane ABC efflux transporters, for instance MRP2, has received less
attention. MRP2 shares many similarities with Pgp in terms of tissue distribution,
function and localization on polarized cells (83) as shown in Table 2. MRP2 is
mainly located in the gut, liver, kidney, blood-brain barrier and placenta which
overlap with the tissue distribution of Pgp (51). Furthermore, MRP2 is anchored
on the apical side of polarized cells acting as an efflux pump in a similar fashion
as Pgp. In addition, both MRP2 and Pgp transport a wide-spectrum of substrates
(73).
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Table 4. Comparison between Pgp and MRP2 (73).

Transporter Function

Tissue

Cellular

Substrate Specificity

Distribution Location

Pgp/MDRI

Efflux

Intestine,

Neutral and cationic organic

Kidney,

compounds and drugs, such

Liver,

Apical

and paclitaxel.

Placenta,

(ABCBI)

as doxorubicin, daunorubicin

Blood-brain
Barrier

MRP2

(ABCC2)

Efflux

Liver,

Glutathione and other

Kidney,

conjugates, organic anions,

Intestine,

Apical

leukotriene C4. Many

Placenta,

hydrophobic drugs; common

Blood-brain

drug such as methotrexate,

Barrier

doxorubicin, sulfinpyranzone
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Since Peceol

®

is a mixture of mono- and di-glycerides, the effect of

Peceol ® on MRP2 functional activity will be looked at first in specific aim 2 as a
preliminary study before testing the effects of specific monoglycerides on MRP2
activity. However, before proceeding to aims 2 to 4, the cells non-cytotoxic
ranges of all these lipid treatments (Peceol®, mono-stearin, -palmitin and —olein)
need to be determined using two colorimetric assays in aim 1. This step is crucial
to eliminate any effect that might associate with cell death.
In the past, studies of lipid effects on transporters were mostly focused on
the more complicated lipid excipients, which are often composed of a mixture of
long- or medium-chain fatty acids, mono-, di- and tri-glycerides, various types of
surfactants and hydrophilic solvents. However, the effects of the specific
components in those lipid excipients on ABC efflux transporters have not been
adequately assessed. Therefore, the effects of monoglycerides on efflux
transporters’ functional activity, in particularly MRP2, will be investigated using
Rh123 and E
17r3G is an endogenous metabolite of estradiol
2
1713G in aim 3. E
2
belonging to the family of glucuronide conjugates of the estrogen D-ring with
cholestatic properties (120).
Although lipid excipients have been shown to inhibit the functional
activities of ABC efflux transporters, particularly Pgp, the mechanism of action
exerted by these lipids excipients is still unclear. Some theories include
disrupting the cell membrane integrity, depleting available intracellular ATP,
blocking binding sites on the transporters, inhibiting the transporters’ ATPase
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activity, reducing the protein expression of the transporters (105, 121-122). An in
vitro study by Sachs-Barrable et a!. has shown that Peceol® inhibits Pgp protein
expression (105); however, there have been few studies to address whether the
lipid-effect on expression was due to the reduction of protein expression of other
ABC efflux transporters besides Pgp. In aim 4, the effect of monoglycerides on
MRP2 protein expression in Caco-2 cells will be investigated.
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3.1

TISSUE CULTURE

3.1.1 Tissue Culture Reagents
Fetal bovine serum (FBS, USA source), 10 mM MEM non-essential amino
acids solution, 100 mM (4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid
(HEPES) buffer solution,

100 mM sodium

pyruvate solution,

penicillin

streptomycin (contains 10,000 units of penicillin and 10,000 pg of streptomycin
per mL), phosphate-buffered saline (PBS), Hanks’ balanced salt solution (HBSS),
minimum essential medium supplemented with Earle’s salts and L-glutamine with
phenol-red (MEM), Trypsin-EDTA (0.25% Trypsin with EDTA4Na) IX, were
TM Technologies (Grand Island, NY, USA). Caco-2
purchased from Invitrogen
cells (human colon adenocarcinoma cells) were purchased from American Type
Culture Collection (ATCC) (Rockville, MD, USA). 0.4% Trypan blue solution was
purchased from Sigma (St. Louis, MO, USA)
3.1.2 Tissue Culture Equipment
Sterile 5OmL conical tubes, disposable 5 mL, 10 mL and 25 mL serological
pipettes were purchased from Starstedt (Montreal, QB, CA). Angle-vented neck
T-75 flasks, sterile 12-well plates, 48-well plates and 96-well plates were
purchased from Corning Incorporated (Corning, NY, USA). The biological safety
cabinet (Class II, Type A2) used was the Labgard 437 from NuAire (Plymouth,
MN, USA). The Isotemp 228 water bath and Micromaster phase contrast
microscope (100 x magnifications) were purchased from Fisher Scientific, Inc.
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2 water jacketed
(Pittsburgh, PA, USA). The incubator, Forma® series II 3110 CO
incubator, was purchased from Thermo Scientific, Inc. (Marietta, Ohio, USA). The
TM 6R centrifuge was purchased from Beckman Coulter, Inc. (Fullerton,
AlIegra
CA, USA). The Axiovert 25 microscope with I OOx magnification was purchased
from

Carl

Zeiss

(Stockholm,

Sweden).

Hausser

Nageotte

Bright-line

hemacytometer was purchased from Fisher Scientific, Inc (Horsham, PA, USA).
3.1.3 Preparation of Caco-2 Cell Media (Complete MEM)
The media were prepared under sterile condition in a Class II biological
safety cabinet. The surfaces of all reagents taken into the cabinet were cleaned
with 70% ethanol. The complete Caco-2 culture medium was prepared by
supplementing commercially available MEM (Earl’s salts and L-glutamine, 500
mL) with 10% fetal bovine serum (50 mL), 0.1mM MEM non-essential amino
acids solution (5.8 mL), 1mM HEPES buffer solution (5.8 mL), 1mM sodium
pyruvate solution (5.8 mL), 100 U/mL penicillin and 100 pg/mL streptomycin (5.8
mL). The completed MEM medium was stored at 4°C.
3.1.4. Initial Cell Culture from Frozen Caco-2 Cells
The completed MEM medium was warmed up in 37°C water bath for at
least 30 minutes. Frozen Caco-2 cells from ATCC (Passage 18) were shipped in
a 1.2 mL cryovial with traces of DMSO as a cryoprotectant. After receiving the
order, cryovial containing Caco-2 was submersed in a liquid nitrogen tank prior to
use. To establish the culture, one cryovial was took out of the nitrogen tank and
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placed immediately in a 37°C water bath with constant agitation to rapidly thaw
cells for 3 minutes. The vial was wiped with 70% ethanol before opening it in the
cell culture hood. Then, lmL of the thawed cells were transferred to a sterile 75
2 flask filled with I OmL of supplemented warmed MEM medium. The flask was
cm
. On the next day, the
2
incubated at 37 °C in humidified air containing 5% CO
MEM medium in the flask was changed with fresh medium to remove the
cytotoxic DMSO.
3.1.5. Subculture of Caco-2 Cells
The Caco-2 cells were maintained between passages 18 to 59. The
passages used for experiments were from passages of 28 to 59. The doubling
time of Caco-2 cells was 62 hours. Therefore, by monitoring the doubling time of
Caco-2 cells, I determined when the cells were ready to be used for experiments.
The medium was changed every other day. The flask was first washed with
lOmL of pre-warmed sterile PBS. Then the flask was refilled with l5mL of fresh
pre-warmed completed MEM medium. Once the Caco-2 cells reached 90%
confluency in the T-75 flask, the old medium was discarded from the flask and it
was washed with lOmL of pre-warmed sterile PBS. The PBS washing was
discarded afterward. Cells were pre-treated with 7mL of 0.25% trypsin, and then
2 for 5 minutes.
they were incubated at 37 °C in humidified air containing 5% CO
After the incubation time, l3mL of the completed MEM medium was added
immediately afterward to the T-75 flask to inhibit further activity by trypsin which
may damage cells. Then the whole solution with suspended cells was completely
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transferred to a 5OmL conical tube. The cells were pelleted down at 1000
TM 6R centrifuge. The
rotations per minute (rpm) for 8 minutes using Allegra
supernatant was decanted and the cells were re-suspended with MEM medium.
Caco-2 cells were counted using a hemocytometer.
3.1.6 Caco-2 Cell Counting
After the cell suspension had been prepared, 5OpL of the cell suspension
was transferred to a well in a 96-well plate. Then 5OpL of Trypan blue was added
to the well containing the cell suspension. Cell suspension and Trypan blue were
mixed thoroughly by pipetting. The dead or dying cells are stained by Trypan
blue, while viable cells repel the dye and remain non-stained. Subsequently,
5OpL of this mix was pipetted into a cover-slipped chamber of a hemocytometer.
The hemocytometer was placed under a Micromaster phase contrast microscope
at magnification of a lox ocular and a iox objective to count viable cells in all
four quadrants using a hand tally counter. A common convention used to count
cells is that cells touch the lines to the left and top but not the right and bottom of
the square are counted. To count the total number of cells were calculated as
following:
Cells/mL in the counting mix

=

(Total # of cells counted /4) x (1

cells / ml)

Cells/mL in the original cell suspension= (cells/mL in the counting mix) x 2
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3.2

Cytotoxicity Study

3.2.1 Materials in Cytotoxicity Study
CytoTox96 Non-Radioactive Cytotoxicity Assay was purchased from
Promega Corporation (Madison, WI, USA). The MEM medium without phenol red
was purchased from Invitrogen Technologies (Grand Island, NY, USA). The
reason for choosing growth media without phenol red is because the color of
phenol red can interfere with the readings of spectrophotometric assays. The
complete MEM medium was prepared as listed in 3.1.3 except replaced with the
MEM medium without phenol red. All the tissue culture materials listed in 3.1.1.
Peceol® were kindly provided by Gattefossé Inc. (Montreal, QC, CA). The a
monopalmitin, a-monostearin, a-monoolein (purity >99%) and Triton X-100 were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
3.2.2 Equipment in Cytotoxicity Study
Bransonic® 3510 table top sonicator was purchased from Branson
(Cleveland,

Ohio,

USA). Ascent® Multiskan is a microplate photometer

purchased from Thermo Scientific, Inc. (Pittsburgh, PA, USA). All the other
equipment and supplies were listed in 3.1.2. Disposable 25mL reagent reservoirs
were purchased from Thermo Scientific, Inc. (Pittsburgh, PA, USA). Sterile 10cc
syringe with needle was purchased from BD (Franklin Lakes, NJ, USA).
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3.2.3 Preparation of Lipid Treatments
Peceol®, a-monopalmitin, a-monostearin and ci-monoolein were prepared
with the fully supplemented MEM medium containing no phenol red. The
molecular weight of a-monopalmitin, a-monostearin and a-monoolein are 330.51
g/mole, 358.57 g/mole and 356.55 g/mole, respectively. First, a 5mM stock
solution of monostearin and monopalmitin were prepared. Then, both stock
solutions were subjected to sonication at 37 °C using the Bransonic® 3510 table
top sonicator for 30 minutes. Subsequently, the following concentrations of
monostearin and monopalmitin treatments were prepared from the 5 mM stock
solution: 100, 250, 500, 750, 1000, 1250, 1500, 1750 and 2000 iiM. Monoolein
and Peceol® were prepared in a similar fashion to monostearin and monopalmitin
except that 1mM monoolein and 5% v/v Peceol® stock solution were prepared.
The subsequent concentrations prepared from monoolein stock solution were at
100, 250, 500 and 750 pM; the subsequent concentrations prepared from
Peceol® stock solution were at 0.1, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2% v/v.
All the prepared lipid treatments were stored at 4 °C until use.
3.2.4 Seeding 96-well Plates
Pelleted cells were re-suspended and counted in completed MEM media
(with phenol red) as described in sections 3.1.5 and 3.1.6. The reason for
choosing medium with phenol red is to use it as a pH indicator to monitor the
health of tissue culture. Phenol red exhibits a gradual color transition from yellow
to red over the pH range from 6.6 to 8.0. Under normal condition (pH close to 7),
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phenol red added to the growth medium will have a pink-red color. The waste
products produced by the mammalian cells will slowly decrease the pH, gradually
turning the solution orange and then yellow. Therefore, this color change is an
indication that the medium needs to be replaced. The re-suspended Caco-2 cells
were diluted to 200,000 cells per mL, and lOOpL of the diluted stock cell solution
was added to each well in a 96-well plate. Thus, 20,000 Caco-2 cells seeded per
well in a 96-well plate. The medium was changed every other day. When the
cells reached 90% confluency, the lipid-treatments could be added to the wells.
3.2.5 24-hour Cytotoxicity Study (LDH Assay)
The toxicity profile of Caco-2 cells in response to each lipid treatment was
obtained using a commercially available enzymatic assay, The CytoTox® 96 Nonradioactive cytotoxicity assay, which is often referred to as the LDH assay. The
Cr release
LDH assay is a colorimetric alternative enzymatic assay to 51
cytotoxicity assay, with the advantages of being a much simpler and accurate
colorimetric assay for dead and plasma membrane-damaged cells. LDH assay
quantitatively measures lactate dehydrogenase (LDH), a stable cytosolic enzyme,
which is released upon cell lysis. LDH presented in the culture medium (due to
plasma membrane damage) participates in a coupled reaction which converts a
yellow tetrazolium salt, p-iodonitrotetrazolium (INT) into a red, formazan-class
dye which is measured by absorbance at 492 nm (Figure 4). The amount of
formazan is directly proportional to the amount of LDH in the culture, which is in
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turn directly proportional to the number of dead or damaged cells. The amount of
LDH released positively correlates to the number of cell deaths.

LDH
NAD

+

Lactate

-

Pyruvate

+

NADH

Diaphorase
NADH ÷ INT

-

NAD

+

formazan (red)

Figure 4. Schematic chemical reaction of LDH assay.

On the day of the experiment, the lipid treatments prepared were first
sonicated and warmed up using the Bransonic® 3510 table top sonicator at 37°C
for 15 minutes. A 0.1% triton X-100 solution was prepared with the MEM medium
containing no phenol red. The cells were treated with Peceol®at 0, 0.1, 0.25, 0.5,
0.75, 1, 1.25, 1.5, 1.75, 2, 5% v/v; The 1-monostearin and 1-monopalmitin were
both treated at 0, 100, 250, 500, 750, 1000, 1250, 1500, 1750, 2000 and 5000
pM; whereas the 1-monoolein was treated at 0, 100, 250, 500, 750 and 1000 pM.
Each of the four lipid treatments were added in a separate 96 well plate. In
addition, a positive control group with 0.1% Triton X-100 was added onto each
plate. Triton X-1 00 is a potent non-ionic detergent that disrupts cell membrane
which leads to cell death. For each well, 100 pL of each lipid treatment (Peceol®,
1-monoolein, 1-monostearin, 1-monopalmitin) at various concentrations was
added. For each experiment, there were three to six replicates for each
concentration of the lipids. Afterward, the cells were incubated in a humidified
2 for 24 hours.
Forma® incubator at 37°C, 5% CO
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After the cells incubated with the monoglyceride treatment for 24 hours, 25
pL of the medium from each well was transferred to a new 96-well flat-bottomed
plate. Then, 25 pL of the reconstituted substrate mix from the CytoTox96® NonRadioactive Cytotoxicity Assay Kit was transferred to each well of the new 96well plate containing the aliquots. The plate was covered with aluminum foil and
incubated at room temperature for 15 minutes. Stop solution from the
CytoTox96® assay kit was immediately added after the incubation time. Before
any reading was taken, bubbles in the wells were eliminated using a syringe
needle. The absorbance (A) was recorded at 492nm within 1 hour following the
addition of stop solution using an Ascent® Multiskan spectrometer. The
percentage cytotoxicity was determined in the following fashion:
Abackground)

3.3

(Asampie

—

/ ATriton X-100

Cell Viability Studies

3.3.1 Materials in Cell Viability Study
MTS CellTiter 96® AQueous One Solution Cell Proliferation Assay was
purchased from Promega Corporation (Madison, WI, USA). All the other
materials were identical as listed in section 3.2.1.
3.3.2 Equipment in Cell Viability Study
All the equipment used in this experiment were identical as listed in
section 3.2.2.
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3.3.3 24-hour Cell Viability Study (MTS Assay)
To ensure LDH cytotoxicity assay accurately captured the non-cytoxic
range of these lipid treatments, the CellTiter 96® AQueous One Solution assay
(also called MTS assay) was also used to determine cell viability in response to
these lipid treatments (122). The main advantages of CeilTiter 96® AQueous One
Solution cell proliferation assay is that it is more convenient, faster and safer to
use compared to other tetrazolium compounds, such as methylthiazol tetrazolium
(MTT) or p-iodonitrotetrazolium (INT) (123, 124). The CellTiter 96® AQueous Assay
one

solution

contains

both

the

novel

tetrazolium

compound

3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium, inner salt (MTS) and an electron coupling reagent, phenazine
methosulfate (PMS). PMS is used to enhance the chemical stability, which allows
it to be combined with MTS to form a stable solution. The MTS tetrazolium
compound can be bioreduced by metabolically active cells into a colored
formazan product that is soluble in tissue culture medium. This conversion is
accomplished by NADPH or NADH produced by dehydrogenase enzymes from
metabolically active cells. The quantity of formazan product as measured by the
absorbance at 492 nm is directly proportional to the number of living cells in
culture.
Caco-2 cells were seeded and treated with different lipid treatments at
various concentrations in 96-well plates as described in the cytotoxicity study.
After 24-hour treatment, wells were washed with 100 pL PBS (pH 7.4) once. This
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was followed by the addition of lOOpL of CellTiter® 96 AQueous One Solution
Reagent diluted with HBSS (1:5) was each well. The plate was covered with
2 atmosphere for 1 hour. Any
aluminum foil and incubated it at 37 °C in a 5% CO
large bubbles in the wells were popped using a syringe needle, and absorbance
was recorded at 492 nm using an Ascent® Multiskan 96-well plate reader. Triton
X-100, 0.1%, was used as a positive control. Percentage cell viability was

determined from readings in the following fashion: (A Sample
3.4

—

A

Background)

IA

Control

Rh123 Accumulation Study

3.4.1 Materials in Rh 123 Accumulation Study
Rhodamine 123 (Rh123) and 2mgImL BSA protein standard were
purchased from Sigma-Aldrich (St. Louis, MO, USA). MK-571 was purchased
from Alexis Biochemical® (San Diego, CA, USA). All the other tissue culture
materials were listed in section 3.1.1. The BCA Protein Assay Kit was obtained
from Pierce Biotechnology Inc. (Rockford, IL, USA).
3.4.2 Equipment in Rh123 Accumulation Study
The fluorimeter used in the study was a Perseptive Biosystems CytoFluor
4000 (Framingham, MA, USA). The spectrophotometer used was the Multiskan
Ascent from Thermo Scientific, Inc. (Pittsburgh, PA, USA). All the other
equipment used in the study were as listed in section 3.1.2.
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3.4.3 Seeding 48-well Plates
Pelleted cells were re-suspended and counted in supplemented MEM
media (with phenol red) as described in sections 3.1.5 and 3.1.6. The re
suspended Caco-2 cells were diluted to 200,000 cells per mL, and 200 pL of the
diluted stock cell solution was added to each well in a 48-well plate. Thus, 40,000
Caco-2 cells were seeded per well in a 48-well plate. The medium was changed
every other day. When the cells reached 90% confluency, the lipid-treatments
could be added.
3.4.4 Fluorescence Measurement
For Rh123 accumulation study, cells were seeded on 48-well plates as
described

by in section 3.4.3. The following

lipid treatments (Control:

supplemented MEM; Peceol®: 0.1%, 0.25%, 1-monostearin: 500 and 1000 pM; 1monopalmitin: 500 and 1000 pM; 1-monoolein: 500 pM; MK-571: 50 pM) were
prepared

as

described

3.2.2.

Ten

micromolar

Rh123

stock

solution

(supplemented with 10mM HEPES) was prepared. The Rh123 standards were
prepared as shown in Table 5. After the seeded cells reached 90% confluency
(—7 days), 200 l.iL of each lipid treatment was added per well. After 24 hours of
treatment time, cells were washed once with PBS. Then, 200 pL of 10 pM Hanks’
balanced salt solution (HBSS) diluted Rh123 solution was added to each
well. After 2 hours of incubation with Rh123, the uptake was stopped by
aspirating the Rh123/HBSS solution and washing the cells 3 times with ice-cold
PBS. Cells were lysed in 200pL of 0.1% Triton X-100 for 30 minutes at room
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temperature. The cell lysate from each well was transferred into a 1 mL
Eppendorf tube and centrifuge at l6xg to remove the cell debris. Then, a 100 pL
aliquot from each sample was transferred to a new 96-well plate. In the
meantime, Rh123 standard curve was prepared in a 96-well plate as well. The
Rh123 standards were prepared by serial dilutions of 10 pM Rh123 with 0.1%
Triton X-100 ranging from 0 to 5 pM Rh123 (Table 5). The fluorescence in each
sample was measured using a CytoFluor 4000 fluorimeter at excitation and
emission wavelengths of 485 nm and 530 nm, respectively (gains=50, 3 scans
per sample). The standard curve was plotted as Fluorescence vs. [Rh 123] using
Excel® and a linear equation was also generated. Lastly, the total Rh123 content
was calculated by multiplying [Rh123]
=

sample

by the volume of cell lysate (V celnysate

0.2 mL).

Table 5. Dilution Scheme of Rh123 Stock Solution. [Rh123]t
0 =10 pM
Sample

VTrjtonXlOO (pL)

VRhI23 (IJL)

[Rh123] Final (pM)

1

200

lOOpL of Stock

5

2

100

lOOpLofSamplel

2.5

3

100

lOOpLofSampIe2

1.25

4

100

loopLofSample3

0.625

5

100

l00pLofSample4

0.3125

6

100

lOOpLofSample5

0.15625

7

100

lOOpLofSample6

0.078125

8

100

0

0
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3.4.5 Protein Determination

After the fluorescence of each sample was measured, the protein
concentration was determined. The BCA protein assay was used to normalize
the Rh123 fluorescence data. The BCATM protein assay is a detergentcompatible formulation based on bicinchoninic acid (BCA) for the colorimetric
detection and quantitation of total protein. This method combines the well-known
1 by protein in an alkaline medium with the highly
2 to Cu
reduction of Cu
1 by BCA (Figure 5). The first
sensitive and selective colorimetric detection of Cu
step is the chelation of copper with protein in an alkaline environment to form a
blue colored complex. In the second step, BCA reacts with the cuprous cation
) that was formed in step 1. The purple-colored reaction product is formed
1
(Cu
by the chelation of two molecules of BCA with one cuprous ion. The water
soluble BCAlcopper complex is measured at 540nm (Figure 5).

0H

Protein

+

2
Cu

1 +2 BCA
Cu

-

-

1
Cu

2 BCA-Cu Complex

Figure 5. Schematic Reaction Mechanism of BCA Protein Assay

The BCA is not a true end-point method; that is, the final color continues
to develop.

However, following

incubation, the rate of continued color

development is sufficiently slow to allow large numbers of samples to be assayed
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together. The macromolecular structure of protein, the number of peptide bonds
and the presence of four particular amino acids (cysteine, cystine, tryptophan
and tyrosine) are reported to be responsible for color formation with BCA.

For the BCA assay, 25pL cell lysate from each sample was added to a
new 96-well plate. The protein concentrations for all samples were determined
with reference to a protein standard curve, which was prepared by a
commercially available 2.0 mg/mL bovine serum albumin (BSA) protein standard.
The standards were prepared by serial dilution with 0.1% Triton X-100 solution
(Table 6). For each standard, 25 pL was added per well. Three replicates were
A
40 vs.
used at each concentration. The standard curve was prepared by plotting 5
[BSA]. The best-fit line was drawn using Excel® program.

Table 6. Dilution Scheme of BSA Standards. BSA stock

=

2 mg/mL

Volume of Triton X-1 00

Volume of BSA

Final [BSA]

(pL)

(pL)

(pglpL)

1

0

5OpLofBSAStock

2000

2

25

25pL of Sample 1

1000

3

25

25pL of Sample 2

500

4

25

25pL of Sample 3

250

5

25

25pL of Sample 4

125

6

25

0

0

Sample
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The total volume per well for standards and samples was 25 pL. The
BCATM working reagent was prepared by mixing the BCATM Reagent A and
Reagent B in a 50:1 ratio.

Freshly prepared BCATM working reagent (200 pL)

was added to each well and mixed thoroughly on a plate shaker (Multiskan
Ascent® spectrophotometer) for 30 seconds. Then the samples in the 96-well
plate were incubated at room temperature for 30 minutes. The absorbance of
these samples was read at 540 nm using a Multiskan Ascent® spectrophotometer.
The protein concentration for each sample was extrapolated from absorbance
reading

using a linear equation generated by Excel®.

Later, the total

concentration was calculated by multiplying the protein concentration with the
total volume of the cell lysate (0.2 mL).

3.4.6 Relative Rh123 Accumulation
The cellular accumulation of Rh 123 was calculated in pmole and the total
accumulation of Rh123 was obtained by doubling the Rh123 amount within the
aliquot to adjust to the total cell lysate in each sample. The total Rh123
accumulated for each treatment group was normalized with respect to the total
protein content (pmole/pg) as determined by the BCATM assay. Subsequently,
the normalized Rh123 content for each treatment was converted to percentage
compared to the control group.
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3.5

Rh123 Accumulation Dose-Response Study

The Rh123 accumulation dose-response studies were conducted for cells
treated with monopalmitin, monostearin and monoolein for 24 hours. For these
studies, all four lipids were measured within their non-cytotoxic ranges as
determined in sections 3.2 and 3.3.

The detailed procedure for Rh123

accumulation study was described in section 3.4.

3.6

7pG Bidirectional Flux Study
E
1
2

3.6.1 Materials for the Transport Study
Tritium labeled E
1713G was purchased from PerkinElmer, Inc. (Boston,
2
MA, USA). The E
1713G was labeled at the C6 and C7 positions of the estradiol.
2
[] E
H
The specific activity of 3
1713G was 47.1 Ci/mmol packed in 1.OmCi/mL
2
ethanol:water (9:1) solution. CytoScint® scintillation cocktail was purchased from
Fisher Scientific, Inc. (Ottawa, ON, CA). All the other materials were listed in
section 3.1.1. The HBSS solution was buffered with HEPES to pH 7.4.
3.6.2 Equipment for the Transport Study
Costar® 12-well TranswellTM plates with collagen-coated PTFE membrane
inserts (pore size of 0.4 pm, diameter of 1.2 cm) were purchased from Corning
(NY, USA). A transepithelial electrical resistance (TEER) measurement device,
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Millicell-ERS, was purchased from Millipore (Bedford, MA, USA). A liquid
scintillation counter was purchased from Beckman Coulter, Inc. (Mississauga,
ON, CA). All the other equipment for tissue culture were as listed in section 3.1.2.
3.6.3 Seeding and Maintaining Cells on 12-well Transwell® Plates
Caco-2 cells were trypsinized and counted as described in section 3.1.5.
The cells were resuspended with completed MEM medium at a concentration of
6 cells per mL. The first step was to 1.5mL of completed MEM medium
O.6x10
with phenol red was transferred to a new 12-well plate. Next, a number of inserts
(pore size of 0.4 pm, diameter of 1.2 cm) were placed in the 12-well cell culture
plate to pre-wet the inserts for 5 minutes before seeding cells. Subsequently,
0.5mL (—300,000 Caco-2 cells) of the resuspended cell solution was dispensed
on each insert. Thereafter, the plate was incubated in a humidified environment
2 overnight. On the next day, the apical medium in the insert
at 37 °C and 5% CO
was removed and replaced with 0.5 mL of supplemented MEM medium to
remove non-adherent cells and reduce the risk of multilayer formation. The
medium in each well was changed every other day. The medium was first
aspirated from the basolateral side of all wells, and then the medium in the apical
side was carefully and slowly decanted. The aspirated medium was replaced with
fresh complete MEM medium. The cells were maintained for approximately 21
days before use.
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3.6.4 Assessing Caco-2 Monolayer Integrity
TEER values were routinely measured with a Millicell-ERS after replacing
the cell culture medium as well as before and after conducting the transport
experiments. TEER can be used as a way to monitor monolayer development
and evaluate tight junction formation of the cell monolayer. Once the TEER value
2 (around 21 days post-seeding), the cell monolayer would
exceeded 350 flcm
be well-differentiated with the formation of tight junction. Only then, the cells were
ready to be used for bidirectional flux experiments.
3.6.5 Experimental Protocol for Bidirectional Transport Study
The culture medium in the 12-well TranswellTM plate needed to be
changed one day before the bidirectional transport study. The following
treatments (Control completed MEM; Peceol®: 0.25% v/v, 1-monostearin: 1000
pM; 1-monopalmitin: 1000 pM; 1-monoolein: 500 pM; MK-571: 50 pM) were
prepared with complete MEM as described in section 3.1.1. On the day of the
experiment, all treatment solutions and media were pre-warmed to 37 °C. Cells
were washed once with warmed PBS before adding the various treatments in
duplicate. There were 0.5 mL and 1.5 mL of each lipid treatment loaded onto the
apical and basolateral side, respectively. The TranswellTM plate was then stored
2 environment, for 24
in an incubator, providing a humidified, 37 °C and 5% CO
17j3G was prepared with 10mM
2
hours. In the meantime, lOnM radioactive E
HEPES buffered HBSS solution (pH 7.4). After a 24-hour incubation, the TEER
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value in each well was measured. Then cells were washed twice with HBSS
17f3G on the appropriate
2
HEPES solution before loading the radioactive 10 nM E
sides. For the apical-to-basolateral (ab) experiments, the washing solution was
decanted by placing the insert to the edge of the filter support against the edge of
the 12-well plate. Then the insert was moved to a new 12-well plate containing
I .5mL basolateral HBSS-HEPES solution in each well. After all the inserts for the
apical to basolateral experiment were transferred to the new 12-well plate, a
1713G.
2
sample (Co) was taken from the donor solution containing 10 nM E
Immediately, 0.5mL of the donor solution containing 10 nM E
1713G was added to
2
the apical side of each well (t=0). For the basolateral-to-apical (ba) transport
experiments, the washing solution was decanted as described for ab transport
experiments. Then the inserts were transferred to a new 12-well plate containing
1.5 mL basolateral 10 nM E
1713G donor solution. A sample from donor solution
2
in the basolateral compartment was taken as the initial donor chamber
concentration (C
) immediately followed by the addition of 0.5mL HBSS-HEPES
0
solution to the apical side of the inserts (t=0). The lid-covered plate with filter
2 environment for
supports was then incubated at 37°C with a humidified 5% CO
173G standard curve was prepared by serial
2
30 minutes. Meanwhile, an E
dilution of the 10 nM E
1713G stock solution with HBSS-HEPES (0.3125, 0.625,
2
1.25, 2.5, 5, 10 nM). For the absorptive flux (A->B), 750 iL of E
1713G was
2
sampled on the basolateral compartment and replaced with buffered HBSS at 0,
30, 60 and 120 mm; for secretory flux (B->A), 250 pL of E
1713G was sampled on
2
the apical compartment and replaced with buffered HBSS at 0, 30, 60 and 120
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mm. At the end of the experiment, the TEER value in each well was measured
again to ensure the integrity of the monolayer had been maintained throughout
the experiment. For each treatment, duplicate was used.
3.6.6 Scintillation Counting
Liquid scintillation counting is used for the measurement of beta emitting
nuclides, such as, tritium and carbon-14. This technique involves dissolving the
sample containing a radionuclide in a suitable scintillation solution and the use of
a liquid scintillation counter. The solution normally consists of an aromatic
organic solvent containing a fluor and a detergent to make the whole solution
miscible when counting aqueous samples. The energy of the emitted beta
particles is transferred via the solvent to the primary fluor and sometimes to a
secondary fluor, which then emits energy as light photons. These photons are
detected using a photomultiplier. Only a small proportion of the available energy
is liberated as light. The residue is dissipated as vibrational and rotational energy
in the solvent. In this case, liquid scintillation counting was used to measure the
17f3G transported either in the direction from apical to
2
H] E
3
amount of [
basolateral or from basolateral to apical directions. Samples and standards were
placed in 7mL scintillation vials. An aliquot of 5.4 mL CytoScint scintillation
cocktail fluid was added to each vial and then the vial was vigorously mixed on a
desk-top shaker. The samples were placed in a Beckman liquid scintillation
counter. The signal was detected by the counter in disintegrations per minute
(dpm) over three minutes.
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3.6.7 Transport Study Data Analysis
To analyze the data obtained from the study, the standard curve of
173G at different concentrations was plotted. From the equation generated
2
E
1 713G from all
2
from the best-fit line of the standard curve, the concentrations of E
samples were calculated. Then for each treatment group, a kinetic graph of
1713G] (nM) vs. time (second) was plotted. The linear region in the graph was
2
[E
used to calculate the apparent permeability coefficient (Papp).
Papp

=

dQldt [1I(A Co)]

Where dQ/dt is the steady-state flux (in pM Is), A is the surface area of the filter
0 is the initial concentration in the donor chamber at each time
, and C
cm
)
(in 2
interval (in pM). The net efflux ratio was calculated as the quotient of Papp,
Papp

3.7

ba

to

ab•

MRP2 Protein Expression Study

3.7.1 Materials for Western Blotting
Tween-20,

protease inhibitor cocktail,

Phenylmethylsulphonylfluoride

(PMSF), Na-deoxycholate, isopropanol, ethylenediaminetetraacetic acid (EDTA)
and NaCI were obtained from Sigma-Aldrich (St. Louis, MO, USA). MK-571 was
purchased from Alexis Biochemical® (San Diego, CA, USA). The BCATM Protein
Assay Kit was obtained from Pierce Biotechnology Inc. (Rockford, IL, USA). NP
40 was purchased from Roche Applied Science (Laval, QC, CA). 30%
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acrylamide, Laemmli sample buffer (lx), Tris buffered saline (TBS), 2% Bis
solution N, N, N’, N’-Tetra-methyl-ethelenediamine (TEMED), nitrocellulose
membranes were purchased from Bio-Rad (Hercules, CA, USA). High range
molecular weight markers,

anti-MRP2 (M
11l-6),
2

anti-Actin

(1-19)

primary

antibodies and peroxidase-conjugated bovine anti-goat lgG for Western blotting
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Peroxidase-conjugated AffiniPure goat anti-mouse lgG (H+L) was purchased
from Jackson lmmunoResearch Laboratory, Inc. (West Grove, PA, USA). Beta
actin (human) recombinant protein was purchased from ProSci Incorporated
(Poway, CA, USA).
3.7.2 Equipment for Western Blotting
The equipment for electrophoresis, such as the mini analytical protein
electrophoresis cells, electrode apparatus, 1.5mm glass plates, 10-well comb,
and plastic gel cassette were bought from BlO-RAD (San Francisco, CA, USA).
3.7.3 Seeding 6-well Plate for Protein Expression Study
Pelleted cells were re-suspended and counted in complete MEM media
(with phenol red) as described in sections 3.1.5 and 3.1.6. The re-suspended
Caco-2 cells were diluted to 200,000 cells per mL, and 2mL of the diluted stock
cell solution was added to each well in a 6-well plate. Thus, 400,000 Caco-2 cells
were seeded per well in a 6-well plate. On the next day, the medium in all wells
was changed. Afterwards, the medium was changed every other day until the
cells reached 90% confluency (—7 days).
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3.7.4 Sample Preparation
Treatment of 6-well Plate

3.7.4.1

The cells in the 6-well plates were treated with 0.1% and 0.25% Peceol,
500pM monoolein, 500pM and 1000pM monopalmitin, 500pM and 1000pM

monopalmitin. Then the 6-well plates were incubated in an incubator with a
2 environment for 24 hours. After the incubation
humidified, 37°C and 5% CO
period, the medium in each well was aspirated and the whole plate was washed
twice with cold PSB. Then the plates were stored in -80°C freezer untill protein
extraction.
Membrane Protein Extraction

3.7.4.2

During the protein extraction process, the plates were temporarily stored
in an ice-containing bucket to minimize protein degradation. The cell lysing
solution

consisted

of

a

mixture

of

protease

phenylmethanesuiphonyifluoride (PMSF) in
(RIPA)

buffer

(20mM

HEPES

[pH

inhibitor

cocktail

and

rad ioimmunoprecipitation assay
7.0],

150mM

NaCI,

1mM

ethylenediaminetetraacetic acid, 1% NP-40, 1% deoxycholate, 0.1% sodium
dodecyl sulfate) in 1:100 ratios. The cell lysing solution was added into each well
of a 6-well plate. Cell scrapper was used to dislodge cells attached to the plate.
Subsequently, cell lysates were pipetted into I .5mL Eppendorfs and incubated
on ice for 20 minutes. Then they were centrifuged at 12,850xg for 30 minutes at
4°C. After the centrifugation, the supernatant was carefully extracted and the
pellet was discarded.
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Protein Concentration Determination

3. 7.4.3

The protein content in each sample was quantified by BCATM assay as
described in section 3.4.3.4. A BSA standard curve was also prepared at the
same time. The protein assay was used to ensure equal amount of protein
contents

will

be

loaded

to

a

sodium dodecyl sulfate-polyacrylamide

electrophoresis (SDS-PAGE) gel. The protein extracts were stored at -80 °C
before running SDS-PAGE.
3.7.5 Electrophoresis
The glass plates were first cleaned with methanol and distilled water
before placing them in the casting apparatus. The SDS-PAGE gel had two
components to it, resolving and stacking gels. The 7% resolving gel (pH 8.8) was
prepared as follows:
Distilled H20

15.3 mL

I .5M Tris-HCI pH 8.8

7.5 mL

10% (wlv) SDS

300 tL

Acrylamide/Bis-acrylamide (30%I0.8% w/v)

6.9 mL

10% (wlv) ammonium persulfate

150 j.iL

TEMED

15 j.tL

Total Volume

30.165 mL

Once the resolving gel solution was poured between the glass plates,
300pL of isopropanol was added to immediately afterward. After leave the gel to
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solidify for 1 hour, the residual isopropanol was decanted and rinsed away with
distilled water. Then, the residual distilled water was removed using Kimwipes®.
The stacking gel was poured and a 10-well comb inserted. The 4% resolving gel
(pH 6.8) could be prepared as follows:

Distilled H20

9.225 mL

1.5M Tris-HCI pH 6.8

3.75 mL

10% (w/v) SDS

iL
150 1

Acrylamide/Bis-acrylamide (30%/0.8% w/v)

2.01 mL

10% (wlv) ammonium persulfate

75 iL

TEMED

15 iL

Total Volume

l5mL

To prepare the loading sample, 60 tg protein lysate from each sample
was first added to a 1 mL Eppendorf tube. Then, RIPA buffer was added to each
sample so that all samples had a same final volume in the Eppendorl tubes.
Subsequently, an equal volume of Laemmli buffer (with 3-mercaptoethanol) was
added to each adjusted protein lysate in a 1:1 ratio. Twelve micro litres of
molecular marker was added. The gel was separated by electrophoresis with a
7% SDS-PAGE gel at 100 V for 120 minutes. The gel was then transferred to a
nitrocellulose membrane at 0.07 A constant current for 90 minutes. A pre-stained
high range molecular marker was used to identify the MRP2 at 200 kD and

1-

actin at 42 kD.
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3.7.6 Western Blotting
After the proteins were transferred to the nitrocellulose membrane, the
membrane was blocked with 5% non-fat milk (in lx TBS-T) for 2 hours. Mouse
anti-human MRP2 (M
11l-6) primary antibody was added in 1:200 dilution with 5%
2
non-fat milk to detect MRP2; goat anti-human actin (1-19) was added in 1:500
dilution with 5% non-fat milk to detect j3-actin as an internal control. The
membranes were washed 4 times with TBS-Tween (1 % Tween-20). The
membrane was incubated for 90 minutes in a 1:3000 dilution of goat anti-mouse
lgG-HRP and bovine anti-goat lgG-HRP secondary antibodies for MRP2 and

13-

actin, respectively, followed by four washes with TBS-T. Bands were visualized
using ECL Western blotting detection reagent from Amersham Biosciences
(Piscataway, NJ, USA), exposed to an X-Omat film from KodakTM and quantified
with UVP-Labworks software. The optimal range of the densitometer was
determined by using a commercially available beta actin standard.

3.8

Statistical Analysis
One Way Analysis of Variance (ANOVA) was used to analyze the data

sets from cell viability, toxicity, and accumulation and bidirectional transport
studies. The Student’s t-test was used to analyze MRP2 protein expression data.
Statistically significant differences between multiple treatment groups versus
control group were assessed using Tukey post test method with a predetermined
alpha value of 0.05. A difference was considered significant if P value was less
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than 0.05. All statistical analysis was performed using SigmaStat version 3.5
from Systat Inc. Data were expressed as mean ± standard deviation (SD).

67

CHAPTER 4
RESULTS

68

4.1

Toxicity and Viability Studies in Caco-2 Cells

4.1.1 Effects of Peceol® on Toxicity and Viability
To assess the non-cytotoxic range of Peceol® in Caco-2 cells accurately,

two different enzymatic assays were performed to ascertain the data obtained.
LDH is used as an indirect measure of cell membrane integrity, and it is used to
measure the cytotoxicity range when cells were treated with different
concentrations of Peceol®. As shown in Figure 6 A), there was no significant
toxicity associated with Peceol® treatment when its concentration was equal or
less than 1 % v/v compared to the control group. The approximately 15% toxicity
associated with treatments within the non-cytotoxic range (ie.

1 % Peceol®) was

the result of the basal cell turnover. To ensure the accuracy of the data obtained
from the LDH cytotoxicity assay, a MTS assay was used to determine the cell
viability in response to Peceol® treatments. The MTS assay is an indirect
measure of cells’ metabolic activities. As shown in Figure 6 B), the data were in
agreement with what had been observed for toxicity associated with Peceol®
treatment. Cells treated with equal or less than 1 % v/v Peceol® showed no
observable reduction in their viability compared to the control group. However,
there was a drastic decrease in cell viability and a drastic increase in cell toxicity
when the Peceol® concentration was greater than 1%. Therefore, taking toxicity
and viability data together, a conservative estimation of the non-cytotoxic range
would fall within I % v/v Peceol®.
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Figure 6. Effects of Peceol® on Cell Viability and Cytotoxicity in Caco-2
cells. A) The 24-hour toxicity profile of Caco-2 cells treated with Peceol®
measured by LDH assay. The positive control group was the one treated with
0.1% Triton X-100. (n=6; *p.<005 Peceol® treated groups vs. Triton X-100
treated group). B) The 24-hour viability profile of Caco-2 cells treated with
Peceol® measured by MTS assay. The control group was the one treated with
medium alone. Six replicates were used per treatment group in one experiment
(n=6; *p<0.05, Peceol® treatment group vs. the negative control group without
treatment). The values were expressed as mean ± SD.
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4.1.2 Effects of Monoglycerides on Toxicity and Viability
Both LDH and MTS assays were also used to assess the non-cytotoxic
ranges of mono-palmitin, -stearin, -olein in Caco-2 cells. Figure7 shows that
there was neither increased toxicity nor decreased viability associated with 24hour monoolein incubation compared to the control when the concentration was
equal or less than 500 pM. The non-cytotoxic concentration range of cells treated
with monostearin and monopalmitin was within 1000 pM (Figure 8 and 9). In
summary, the cytotoxic profiles generated by LDH and MTS assays for each
monoglyceride were in agreement with each other.
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Figure 7. Effects of Monoolein on Cell Viability and Cytotoxicity in Caco-2
Cells. A) The 24-hour toxicity profile of Caco-2 cells treated with 1-monoolein
measured by LDH assay. The positive control group was the one treated with
0.1% Triton X-100. (n=6; *p.<005 1-monoolein treated groups vs. Triton X-100
treated group). B) The 24-hour viability profile of Caco-2 cells treated with 1monoolein measured by MTS assay. The control group was the one treated with
media alone. Six replicates were used per treatment group in each experiment.
(n=6; *p.<005 treatment group vs. the negative control group without treatment).
Values were expressed as mean ± SD.
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Figure 8. Effects of Monostearin on Cell Viability and Cytotoxicity in Caco-2
Cells. A) The 24-hour toxicity profile of Caco-2 cells treated with 1-monostearin
measured by LDH assay. The positive control group was the one treated with
0.1% Triton X-100. (n=6; *p.<005 1-monostearin treated groups vs. Triton X-100
treated group). B) The 24-hour viability profile of Caco-2 cells treated with 1monostearin measured by MTS assay. The control group was the one treated
with media alone. Six replicates were used per treatment group in each
experiment. (n=6; *p<005 treatment group vs. the negative control group
without treatment). Values were expressed as mean ± SD.
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Figure 9. Effects of Monopalmitin on Cell Viability and Cytotoxicity in Caco
2 cells. A) The 24-hour toxicity profile of Caco-2 cells treated with 1monopalmitin measured by LDH assay. The positive control group was the one
treated with 0.1% Triton X-100. (n=6; *p<005 1-monopalmitin treated groups vs.
Triton X-l 00 treated group). B) The 24-hour viability profile of Caco-2 cells
treated with 1-monopalmitin measured by MTS assay. The control group was the
one treated with media alone. Six replicates were used per treatment group in
each experiment, (n=6; *p.<005 treatment group vs. the negative control group
without treatment). Values were expressed as mean ± SD.

74

4.2

Effects of Peceol® on MRP2 Activity

4.2.1

Effects of Peceol® on Rh123 Accumulation
To determine the relative Rh123 accumulation in Peceol® treated Caco-2

cells, the Rh123 standard curve needs to be plotted as shown in Figure 10. The
equation derived from the best fit line in the standard curve was used to quantify
the amount of Rh123 accumulated in Caco-2 cells after treatment with 0.25% v/v
Peceol®.
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Figure 10. The Rh123 Standard Curve of Fluorescence versus Rh123
Concentration. This is a representative graph from one independent experiment
(n=5). The excitation and emission wavelengths used were 485nm and 530nm,
respectively. [y=645.29x-f23.669, R
0.99791
2
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After the amount of Rh123 in each sample was determined, the amount of
protein in each sample was measured to normalize the Rh 123 accumulation data.
This step was necessary to minimize possible variations derived from the
different number of cells in each well. The BSA standard curve was plotted as
shown in Figure 11. The equation derived from the best fit line in the standard
curve was used to quantify the amount of protein in each well after treatment with
0.25% v/v Peceol®.
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Figure 11. BSA Standard Curve for Protein Determination. The absorbance
was measured at 540nm. This was a representative graph from an independent
=0.9961]
2
experiment. (n=5). [y=0.0006x+0. 1178, R
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After both protein content and Rh123 were determined, the relative Rh123
accumulation was calculated. In Table 7, 0.25% v/v Peceol® treated cells had an
84% increase in the accumulation of Rh123, a non-specific MRP2 substrate,
compared to the negative control. The positive control used in the accumulation
study was 5OpM MK571 which is a specific MRP inhibitor. Following this
treatment, cells had a 112% increase in Rh123 accumulation.
Table 7. 2-hour Accumulation of Rh123 in 24-hour Peceol® and MK-571
treated Caco-2 Cells. The absolute accumulation of Rh 123 in each well was first
normalized with protein content by dividing the amount of Rh123 by protein
content in pmole/pg. The relative Rh123 accumulation with each treatment was
then compared in % with the control group. The negative control group was
treated with medium alone. MK-571, a specific inhibitor of MRP, was used as a
positive control. Data expressed as mean ± SD (n=5, *p.<005 each
monoglyceride group vs. the control; n=3, *p<005 Peceol® and MK-571 vs. the
control). There were three replicates per treatment in one experiment.
Relative Rh123 Accumulation
Treatment Group
Control
0.25% v/v Peceol®
50 pM MK-571

(%)
100 ± 9
184 ± 30 *
212 ± 50 *

4.2.2 Effects of Peceol® on Bi-directional Transport of E
1713G
2
To monitor the transport of E
1713G across Caco-2 cell monolayer, it was
2
crucial to ensure the tight junction of the monolayer maintaining intact throughout
the experiment. One way to estimate the formation of tight junction was using the
,
2
TEER value. As shown in Table 8, all TEER values were higher than 350 fl*cm
and there was no change in TEER values before and after the experiment for all
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treatment groups in either apical to basolateral or basolateral to apical directions.
These data suggested that the Caco-2 cell monolayer had maintained its integrity
during the experiment. In other words, the transport of E
1713G across Caco-2
2
cell monolayer was restricted to the transcellular route.
Table 8. Effects of Peceol® and MK571 on Transepithelial Electrical
Resistance (TEER) Values in Caco-2 Cells. TEER values of Caco-2 cells
monolayer were measured before and after the bi-directional transport of E
17!3G
2
in the A-)B (apical-to-basolateral and B-)A (basolateral-to-apical) directions in
the presence of 0.25% v/v Peceol
TEER

)
2
(Qcm

Treatment Group

A4B
Before

A-)B
After

B-)A
Before

B-A
After

Control

386 ± 12

384 ± 10

390 ± 10

382 ± 14

0.25%v/vPeceol®

379±12

376±11

381±14

379±11

To calculate the efflux ratio or evaluate the rate of transport of E
1713G in
2
either direction, the apparent permeability coefficient (Papp) needs to be
determined as described in 3.6.7. The linear region in the graph was used to
calculate the apparent permeability coefficient (Papp). Papp was calculated using
the equation:
Papp

=

dQ/dt [1/ (A Co)]

One important component in determining Papp is finding the steady-state flux
which could be obtained by plotting [E
1713G] versus time as shown in Figures 12
2
and 13. In both figures, best fit linear lines could be drawn. The steady state flux
is the slope of the best fit line.
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Figure 12. The 2-hour E
Treated Caco-2 Cell Monolayers. A) Apical to basolateral; B) Basolateral to
apical. The plots shown above were representative ones from one independent
experiment (n=6).
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In Figure 14, the Pappab for the E
1713G transport of 0.25% v/v Peceol®
2
6 cm/s, while the Papp,ab for the control group
treated group was (10.6 ± 5.9) x10
was (3.2 ± 1.7) xl 06 cm/s. There was a statistically significant difference in
apparent permeability in the absorptive direction. Yet, there was no significant
difference in Papp,ba between the control and 0.25% v/v Peceol® treated groups
[Control: (31.1 ± 13.9) x1O cm/s; Peceol®: (26.5 ± 18.4) x1O cm/s] (Figure 14).
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Figure 14. Apparent Permeability Coefficients (Papp) for Bi-directional
17G across Peceol® Treated Caco-2 Cell Monolayers. The
2
Transfer of E
control group was treated with medium alone which used as the negative control.
Data were expressed as mean ± SD (n=6, *p<o.o5 Papp, ab for each lipid
treatment vs. Papp, ab for the control; Papp, ba for each lipid treatment vs. Papp,ba for
the control).
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In Table 9, the efflux ratio was calculated for the control and 0.25% v/v
Peceol® treated groups. There was a 4-fold reduction in efflux ratio for Peceol®
treated cells compared to the control.

Table 9. Apparent Permeability Coefficients (Papp) for Bi-directional Transfer
of E
17G across Caco-2 Cell Monolayer in Peceol® Treated Caco-2 Cells.
2
The apparent permeability coefficient (Papp) was calculated with the following
equation: Papp = dQldt [1/(A Co)], where Co the initial E
1713G concentration in
2
),
2
the donor compartment at t=O, A is the surface area of the monolayer (in cm
the
expressed
as
ratio)
is
efflux
(Papp
dQ/dt the drug permeation rate. The net
quotient of Papp(B—*A) to Papp(A*B). The control group was treated with medium
alone and used as the negative control. MK-571, a specific MRP inhibitor, was
used as a positive control. Data expressed as mean ± SD (n=6, ***D<J each
lipid treatment group vs. the control).
.

Treatment Group
Control
0.25% v/v Peceol®

4.3

Efflux Ratio
10.1 ±1.0
2.5 ± 0.6

Effects of Peceol® on MRP2 Protein Expression

The optimal intensity range for densitometer reading was first determined
using commercially available beta actin (Figure 15). For optical density within
2000 to 8000 OD, the amount of proteins can correlate well with the readings.
The MRP2 protein expression was first normalized to the expression of beta actin,
which acted as the house-keeping protein. For each treatment group, its MRP2
protein expression was compared to MRP2 expression from the control group.
When the cells were treated with 0.1% and 0.25% v/v Peceol®, there was 29%
reduction in the MRP2 protein expression treated with 0.25% v/v Peceol® while
no change was observed for 0.1% v/v Peceol® treated cells (Figure 16).
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Figure 15. The Optimal Density Range of Densitometer using Beta Actin as
the Standard. The primary antibody used to probe against 13-actin was goat antihuman 13-actin (1-19). The molecular weight of j3-actin is around 42 kDa. The beta
actin standards were prepared at 2.5, 5, 10, 15 and 20 p per sample. (n=1)
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Figure 16.

The 24-hour Peceol® Effect on MRP2 Protein Expression in

Caco-2 Cells. The primary antibodies used to probe against MRP2 and j3-actin
lll-6) and goat anti-human 13-actin (1-19),
2
were mouse anti-human MRP2 (M
respectively. The molecular weight of MRP2 is around 200kDa; whereas the
molecular weight of 13-actin is around 42kDa. The insert shown was an image of
a representative blot. Lane I was the control group; lane 2 was the cells treated
with 0.1% v/v Peceol®; lane 3 was the cells treated with 0.25% Peceol®. Each bar
value was presented as mean ± SD of MRP2 protein expression normalized by
-actin expression. MRP2 protein expression in treatment groups were compared
with the untreated control group. (n=5, *p<oo5)
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4.4

Effect of Monoglycerides on MRP2 Functional Activity

4.4.1

Rh123 Accumulation Study
To assess the effect of these lipid treatments on MRP2 activity, a non

MRP2 specific fluorescent substance Rh123 was first used. The positive control
used in the accumulation study was 5OpM MK-571, a specific MRP inhibitor. In
Table 10, cells treated with mono-olein, -palmitin and -stearin had 22%, 19% and
23% increases, respectively, while 5OpM MK-571 treatment has resulted in a
81% increase in the accumulation of Rh123 compared to the control.

Table 10. Accumulation of Rh123 in 24-hour Monoglycerides and MK-571
Treated Caco-2 Cells. The accumulation was measured after 2-hour incubation
of the cells with the substrate, Rh123. The absolute accumulation of Rh123 in
each well was first normalized by using protein content divided by the amount of
Rh123 in pmole/pg. The relative Rh123 accumulation with each treatment was
then compared in % with the control group. The negative control group was
treated with medium alone. MK-571, a specific inhibitor of MRP, was used as a
positive control. Data expressed as mean ± SD (n=5, *p<o.05, each
monoglyceride group vs. the control; n=3, *p<005 MK-571 vs. the control).
There were three replicates per treatment in each independent experiment.
Treatment Group
Control
500 pM 1-monoolein
1000 pM I -monopalmitin
1000 pM 1-monostearin
50 pM MK-571

Relative Rh123 Accumulation ( %)
100 ± 9
122 ± 6 *
119 ± 2 *
123 ± 6 *
181 ± 3 *
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4.4.2 Rh123 Dose-Response Study

Following Rh123 accumulation study conducted at a single maximum non
cytotoxic concentration for each monoglyceride, a dose-response study was
performed to determine whether the increase in Rh123 was a gradual process or
not. As seen in Figure 17, Rh123 accumulation was only significant when cells
were treated with 500 pM of monoolein.
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Figure 17. Dose-Response Study of Rh123 Accumulation in Cells Treated
with Monoolein for 24 Hours. The accumulation was measured after 2-hour
incubation of the cells with the substrate, Rh123. The absolute accumulation of
Rh123 in each well was first normalized by using protein content divided by the
amount of Rh123 in pmole/ig. The relative Rh123 accumulation with each
treatment was then compared in % with the control group. Each bar value was
presented as mean ± SD. (n=4, *p.<o05 each monoolein treatment group vs. the
control)
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In Figure 18, Rh123 accumulation was significant when cells were treated
with 750 pM and 1000 pM of monopalmitin. At concentrations less than 750 pM
monopalmitin, there was no difference in Rh123 accumulation.
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Figure 18. Dose-Response Study of Rh123 Accumulation in Cells Treated
with Monopalmitin for 24 Hours. The accumulation was measured after 2-hour
incubation of the cells with the substrate, Rh123. The absolute accumulation of
Rh123 in each well was first normalized by using protein content divided by the
amount of Rh123 in pmole/pg. The relative Rh123 accumulation with each
treatment was then compared in % with the control group. Each bar value was
presented as mean ± SD. (n=4, *p<005 each monopalmitin treatment group vs.
the control)
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In Figure 19, Rh123 accumulation was significant when cells were treated
with 750 pM and 1000 pM of monostearin. At concentrations less than 750 pM
monopalmitin, there was no difference in Rh123 accumulation.
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Figure 19. Dose-Response Study of Rh123 Accumulation in Cells Treated
with Monostearin for 24 Hours. The accumulation was measured after 2-hour
incubation of the cells with the substrate, Rh123. The absolute accumulation of
Rh123 in each well was first normalized by using protein content divided by the
amount of Rh123 in pmole/pg. The relative Rh123 accumulation with each
treatment was then compared in % with the control group. Each bar value was
presented as mean ± SD. (n=4, *p.<005 each monostearin treatment group vs.
the control)
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4.4.3 E1713G Bidirectional Flux Study
To monitor the transport of E
1713G across Caco-2 cell monolayer, the
2
monolayer must maintain its integrity throughout the experiment. As shown in
fl*cm and there was no
,
Table 11, all TEER values were higher than 350 2
change in TEER values before and after the experiment for all treatment groups
(control, monopalmitin, monostearin, monoolein and MK-571) in either apical to
basolateral or basolateral to apical directions.
Table 11. Effects of Monoglycerides (mono-olein, -stearin, -palmitin) and
MK571 on TEER Values in Caco-2 Cells. TEER values of Caco-2 cells
1 7f3G
2
monolayer were measured before and after the bi-directional transport of E
in the A-B and B-)A directions in the presence of medium only, 500 pM
monoolein, 1000 pM monopalmitin, 1000 pM monostearin and 50 pM MK-571.

TEER

)
2
(0cm

Treatment Group

A-)B
Before

A-B
After

B-)A
Before

B-A
After

Control

386± 12

384± 10

390± 10

382± 14

500pM monoolein

386 ± 21

380 ± 24

381 ± 14

374 ± 9

1000pM
monopalmitin

383±10

378±17

381±23

379±21

1000pM monostearin

381 ± 16

382 ± 16

384 ± 15

382 ± 14

5OpM MK-571

380 ± 23

376 ± 22

384 ± 8

379 ± 8

To calculate the Papp, the steady state flux can be found from the slope of
the best fit line in the graph with [E
1713G1 versus time shown in Figure 20-23
2
(monoolein, monostearin, monopalmitin and M K-57 1).
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Figure 20. The 2-hour E
1713G Bi-directional Transport Profiles of 500pM
2
Monoolein Treated Caco-2 Cell Monolayers. (A) Apical to basolateral; B)
Basolateral to apical. The plots shown above were representative ones from one
experiment. (n=6)

90

A

0.12
I
£
T

ylE-05x+0.0052
2 09835
R

0.1
0.08

0

.2

0)

.

0.06
0.04

0.02
2
U)
w

I

2000

0

4000

I

p

6000

8000

Time (second)

B
0.45

S

0.4
0.35

2

0.3

y

6E 05x + 0 0146
R999>

0.25
0.2
0.15
0.1
0.05
o
0

2000

4000

6000

8000

Time (second)
17G Bi-directional Transport Profiles of 1000pM
2
Figure 21. The 2-hour E
Monostearin Treated Caco-2 Cell Monolayers. A) Apical to basolateral; B)

Basolateral to apical. The plots shown above were representative ones from one
experiment. (n=6)
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Figure 23. The 2-hour E
1713G Bi-directional Transport Profiles of 501JM
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MK-571 Treated Caco-2 Cell Monolayers. A) Apical to basolateral; B)
Basolateral to apical. The plots shown above were representative ones from one
experiment. (n=6)
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In Figure 24, Papp,ab (from apical to basolateral side) for the E
1713G
2
transport of 500 pM monoolein,

1000 pM monostearin and

1000 pM

6
monopalmitin treated groups were (3.8 ± 2.1), (5.0 ± 1.8) and (6.1 ± 1.4) x10
cmls, respectively; while the Papp,

ab

for the control and 5OpM MK-571 (a specific

MRPI and MRP2 inhibitor) treated groups were (3.2 ± 1.7) and (3.6 ± 1.4) x1O
cm/s, respectively. The apparent permeabilities in the absorptive direction for 500
pM monoolein, 1000 pM monostearin and 50 pM MK-571 treated groups were
not statistically significant different from the control group (treated with medium
only), with the exception of I 000pM monopalmitin treated group which had its
apparent permeability in the absorptive direction almost doubled compared to the
control. For the basolateral to apical E
1713G transport, 500pM monoolein [Pappba
2
(13.2 ± 4.5) x10cm/s], 1000 pM monostearin [Papp,ba: (11.5 ± 3.6) x10cm/s]
and 50 pM MK571 [Papp,ba

6 cm/si treated groups had
(10.3 ± 3.3)] x10

statistically significant decreases in their apparent permeability coefficients
6 cm/si, with the
compared to the control group [Pappba: (31.1 ± 13.9) x10
6
exception of 1000 pM monopalmitin treated group [Papp,ba: (31.5 ± 14.9) xlO’
cm/s] which showed no change in Papp,ba compared to the control. Thus, the
apparent permeability of transporting

1713G
2
E

in the effluxing direction

(basolateral to apical) was greatly reduced in cells treated with either 500 pM
monoolein, 1000 pM monostearin or 50 pM MK-571; in contrast, the apparent
permeability in the absorptive direction (apical to basolateral) did not change for
any of these three treatments. The only exception observed for the transport of
1713G was the 1000 pM monopalmitin treated group which had an increased
2
E
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apparent permeability from the apical to basolateral direction, while the apparent
permeability in the reverse direction remained unchanged compared to the
control.
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Figure 24. Apparent Permeability Coefficients (Papp) for Bi-directional
17G across Monoglycerides Treated Caco-2 Cell Monolayers.
2
transfer of E
The apparent permeability coefficient (Papp) was calculated with the following
17f3G concentration
2
0 is the initial E
)], where C
0
equation: Papp = dQldt [1!(A C
in the donor compartment at t=0, A is the surface area of the monolayer (in cm2),
dQ/dt is the drug permeation rate. The control group was treated with medium
alone which used as the negative control. MK-571 (50 pM), a specific MRP
inhibitor, was used as a positive control. 0-500, P-1000, S-1000 were the three
monoglyceride treatments which were 500 pM monoolein, 1000 pM
monopalmitin and 1000 pM monostearin, respectively. Data were expressed as
mean ± SD (n=6, *p<005 Papp, ab for each lipid treatment vs. Papp, ab for the
control; Papp, ba for each lipid treatment vs. Papp,ba for the control).
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In Table 12, the efflux ratios for each treatment were tabulated, and all
1000 pM

treatment groups (500 pM monoolein, 1000 pM monostearin,

monopalmitin and 50 pM MK-571) had shown statistically significant reductions in
the efflux of E
1713G, a typical substrate for MRP2, compared to the control group.
2
The rank order from the most significant to the least reduction in efflux ratios was
listed as following: 1000 pM monostearin

>

500 pM monoolein

>

1000 pM

monopalmitin.
Table 12. The Efflux Ratio of Caco-2 Cell Monolayer Treated with
Monoglycerides and MK-571 Treated Caco-2 Cell Monolayer The calculated
efflux ratio was the quotient of Papp,ba over Papp, ab, where Papp,ba was apparent
permeability coefficient from basolateral to apical side, Papp ab was of the
apparent permeability coefficient from the apical to basolateral side. The control
group was treated with medium alone which was used as the negative control.
MK-571, a specific MRP inhibitor, was used as a positive control. Data were
expressed as mean ± SD (n=6, ***P<0 001 each lipid treatment group vs. the
control).
Treatment Group
Control
500 pM monoolein
1000 pM monopalmitin
1000 pM monostearin
50 pM MK-571

Efflux Ratio
10.1 ± 1.0
3.8 ± 1.0
5.6 ± 3.2
2.4 ± 0.5
3.4 ± 0.8
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4.5 Effects of Monoglycerides on MRP2 Protein Expression

The MRP2 protein expression in response to each monoglyceride
treatment was evaluated by Western blotting technique. The relative MRP2
protein content was normalized using j3-actin as the house-keeping protein. As
shown in Figure 25 and 26, there were 35 % and 19 % decrease of the relative
MRP2 protein expression in cells treated with 500 jiM monoolein and 1000 pM
monopalmitin, respectively, as compared to the control group (medium treated
only). However, there was no change in the relative MRP2 protein expression of
cells treated with 1000 pM monostearin compared to the control group (Figure
27).
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Figure 25. The 24-hour 1-Monoolein Effect on MRP2 Protein Expression in
Caco-2 Cells. The primary antibodies used to probe against MRP2 and 13-actin
lll-6) and goat anti-human 13-actin (1-19),
2
were mouse anti-human MRP2 (M
respectively. The molecular weight of MRP2 is around 200kDa; whereas the
molecular weight of 13-actin is around 42kDa. The insert shown was an image of
a representative blot. Each bar value was presented as mean ± SD of MRP2
protein expression normalized by 13-actin expression. MRP2 protein expression in
treatment groups were compared with the untreated control group. (n5,
*p<005)
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Figure 26. The 24-hour 1-Monopalmitin Effect on MRP2 Protein Expression
in Caco-2 Cells. The primary antibodies used to probe against MRP2 and f3111-6) and goat anti-human 13-actin (1-19),
2
actin were mouse anti-human MRP2 (M
respectively. The molecular weight of MRP2 is around 200kDa; whereas the
molecular weight of 13-actin is around 42kDa. The insert shown was an image of
a representative blot. Lane I was the control group; lane 2 and 3 were the cells
treated 500pM of monopalmitin; lane 4 and 5 were the cells treated with 1000pM
of monopalmitin. Each bar value was presented as mean ± SD of MRP2 protein
expression normalized by 13-actin expressionMRP2 protein expression in
treatment groups were compared with the untreated control group. (n=5,
*p<005)
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Figure 27. The 24-hour 1-Monostearin Effect on MRP2 Protein Expression
in Caco-2 Cells. The primary antibodies used to probe against MRP2 and 13111-6) and goat anti-human 13-actin (1-19),
2
actin were mouse anti-human MRP2 (M
MRP2 is around 200 kDa; whereas the
of
respectively. The molecular weight
molecular weight of j3-actin is around 42 kDa. The insert shown was an image of
a representative blot. Each bar value was presented as mean ± SD of MRP2
protein expression normalized by 13-actin expression. Lane I was the control
group; lane 2 was the cells treated 500pM of monostearin; lane 3 was the cells
treated with 1000pM of monostearin. MRP2 protein expression in treatment
groups were compared with the untreated control group. (n=5).
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CHAPTER 5
DISCUSSION
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5.1

Cytotoxicity and Viability Ranges of Peceol® and Monoglycerides

For each lipid treatment, the non-cytotoxic concentration range was first
determined before proceeding to any transporter activity or protein expression
studies to eliminate factors, such as cell necrosis and apoptosis, which could
alter the normal physiology of Caco-2 cells (124, 125). Two different colorimetric
methods were employed to determine the non-cytotoxic ranges for Peceol® and
monoglycerides, which provided some confidence in the accuracy of the results.
The MTS assay is a measure of the mitochondrial respiration; whereas, the LDH
assay is an assessment of the cell membrane integrity (126).

The CellTiter 96® MTS assay used in the study requires a minimum of
1000 cells/well for an accurate determination; on the other hand, the CytoTox
96® LDH assay can detect as few as 150 cells/well under serum-free conditions
(126). Therefore, the LDH assay is a more sensitive assay compared to the MTS
assay. In the CytoTox 96® LDH Assay, formazan concentrations in the medium
are determined by measuring optical absorbance at 492 nm (127). Medium free
of phenol red is necessary to accurately measure the red formazan product in
LDH and MTS assays (126). One major advantage of MTS assay over LDH
assay is that one can monitor cell viabilities at multiple time points instead of one.
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Interestingly, a MTS study conducted by Barta et a!. has shown an
increase in the viability for cells treated with monoglycerides compared with the
control (29). It was reasoned that the MTS assay skewed the results because the
testing compounds were inhibitors of efflux transporters. However, one major
drawback of that MTS study is that phenol-red containing cell medium was used,
which could ultimately account for the large standard deviations to the cell
viabilities data. The LDH assay was also conducted in Barta et afs study which
measured the release of LDH by damaged or nonviable cells into the media (29).
The discrepancies between the MTS and LDH data from that study have shown
the importance of using two colorimetric assays to avoid potential pitfalls.

The non-cytotoxic ranges obtained from both MTS and LDH studies for
each type of monoglyceride were in agreement with each other. The 24-hour
non-cytotoxic

ranges

of

Peceol®,

1-monoolein,

1-monostearin

and

1-

monopalmitin in Caco-2 cells were equal or less than 1% v/v, 500 pM, 1000 pM
and 1000 pM, respectively (Figure 6-9). The toxicity of MK-571 at 50 pM was
also assessed using MTS and LDH assays (data not shown), and there was no
increased toxicity associated with this treatment compared to the control group
after 24 hours.
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5.2

17G Transport Studies
2
Peceol®: Rh123 Accumulation & E

A study conducted by Sachs-Barrable et al. had shown that 24-hour
Peceol® treatment reduced the activity of Pgp (15). Therefore, Peceol®, a mixture
of mono- and di-glycerides, was used in the preliminary study before screening
for the possible effects of specific monoglycerides on MRP2 activity and
expression. The functional activities of MRP2 were assessed by both the
accumulation study and bi-directional transport study.

Rh123 is a well known Pgp substrate, and the Michaelis-Menton constant
(Km) value of Pgp for Rh123 is 13.5 pM (128). Besides Pgp, MRP2 and BCRP

are the two principal apically located efflux transporters in intestinal epithelial
cells. Rh123 is also a substrate for MRPI and MRP2 to a lesser degree (129131). However, Rh123 is not a substrate for the wild-type form of BCRP (132).
Due to the low expression level and the basolateral cellular location of MRPI, the
Rh123 accumulation study was used to assess the functional activities of Pgp
and MRP2 on the apical side.

There was an 84% increase in Rh123 accumulation in 0.25% v/v Peceol®
treated cells (Table 7). Since Rh123 is a non-specific substrate for both Pgp and
MRP2, it is imperative to have a positive control MK571, a specific MRP1 and
50 represents the concentration of a
MRP2 inhibitor, in the study (133). IC
compound that is required for 50% inhibition of a biological process. MK571 has
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50 value of 5.2 pM against the transport of Rh 123 by MRPI and MRP2
an IC
(134). The concentration of MK571 used in the Rh123 accumulation was 50 pM,
50 value. Therefore, there
which was approximately 10 times higher than its IC
should be a complete inhibition of MRP2 in the cells. The data has shown a
112% increase in Rh123 accumulation when Caco-2 cells were treated with 50
pM MK571 (Table 7).

To further assess the vectorial transport of substances by MRP2, E
1713G
2
bidirectional efflux study was conducted. E
1713G is a natural cholestatic
2
metabolite of estradiol which excreted into the bile via cMOAT/MRP2 (12).
17f3G is a well-known substrate for the study of MRP5 (such as MRPI, MRP2,
2
E
MRP3, MRP4 and MRP7). The Michaelis-Menton constants (Kr,) for MRPI,
MRP2 and MRP3 are 1 pM, 7 pM and 27 pM, respectively (1 35-1 38). Km is used
to describe the binding affinity of an enzyme for a substrate. The Km value is
inversely proportional to the binding affinity of the enzyme for that substrate.
17f3G than both MRP2 and
2
Therefore, MRPI has the highest affinity toward E
MRP3. E
1713G has a much lower affinity for other MRPs besides MRPI-3.
2
Despite the high affinity of E
1713G with MRPI, there is a considerably lower
2
expression level of MRPI compared to MRP2 in Caco-2 cells (139). As for MRP3,
it localizes on the basolateral side of Caco-2 cells. In addition, MRP2 relative
expression level was about 4-fold higher than MRP3 (140). Thus, E
1713G could
2
be considered as a relatively specific MRP2 substrate in this study (141,142).
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One major advantage of the bi-directional transport study over the
accumulation study was the polarization and tight junction formation of these
Caco-2 cells, which provided the best possible in vitro simulation of intestinal
epithelial cells. The unchanged TEER values before and after each experiment
ensured that the observed reduced transport activity was not caused by cell
damage, death or monolayer leakage. In Table 11, it had shown that there was
no change in TEER values before and after the experiment which implies that the
transport of compounds was through the transcellular route. The reported TEER
. This variation in TEER values of Caco-2
2
values ranges from 150 to 800 cm
monolayers might be resulted from differences arise from cell types, the number
of post-seeding days, the passage number, the material of the filter support, and
the culture conditions. In Hubatsch et a!. group, their standard TEER value for a
. Cell
2
differentiated and intact cell monolayer was set at 260 ± 65 )cm
2 was discarded (143). The
monolayer that has a TEER value below 165 c2cm
TEER value is highly dependent on the temperature which may explain some of
the erroneously high TER reported in literature (143). When the Caco-2 cells
were initially seeded on the 12-well inserts, the TEER values were all below 100

. Tracking the growth of the cells, the TEER values peaked around 350
2
c2•cm
2 post-seeding on day 18, and the values maintained stable after reaching
c2cm
the plateau.

The interaction between MRP2 and E
17r3G are quite complex and
2
173G can first bind
2
require more than one distinct binding site on MRP2 (144). E
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to a transport site, and then it can bind to an allosteric site that increases its own
transport (144). In Table 9, it has shown that 0.25% v/v Peceol® decreased the
1713G efflux ratio by 4-fold, which suggested a decrease in efflux activity of
2
E
MRP2. However, this decrease in efflux ratio should be interpreted with caution.
In Figure 14, the apparent permeability coefficient in the secretory direction (Papp,
ba)

did not change in 0.25% v/v Peceol® treated group compared to the control;

yet, the apparent permeability coefficient in the absorptive direction (Papp,

ab)

for

the 0.25% v/v Peceol® treated group increased close to 3-fold compared to the
control. Both Papp values have large standard deviations. This could result from
the numerous ingredients within Peceol® exerting opposing forces on the
transport process.

17j3G bi
2
Taking together the data from the Rh123 accumulation and E
directional transport studies, they suggested that Peceol® might attenuate the
efflux activity of MRP2.

5.3

Peceol®: MRP2 Protein Expression
One possible explanation for the decreased MRP2 activity is the reduction

of MRP2 protein expression. A previous study done by Sachs-Barrable ot a!. has
shown that 24-hour 0.25% v/v Peceol® treatment can reduce the protein
expression of Pgp by 62% after seeing the functional activity of Pgp was reduced
(15). In this study, I had seen close to 30% reduction of MRP2 protein expression
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after 24-hour 0.25% v/v Peceol® treatment as shown in Figure 16. This
demonstrated that Peceol® at 0.25% v/v could affect the protein expression of
both Pgp and MRP2.

Peceol® might be able to modulate the expressions of

these two major efflux transporters by either transcriptional or translational
regulation. Transcriptional regulation confers the ability to regulate expression
over a longer period of time; translational regulation enables a more rapid
response to physiological, pharmacological or toxicological stress (145).

5.4

Monoglycerides: Rh123 Accumulation & Dose Response Study
Peceol® was composed of mono- and di-glycerides. Although Peceol® has

shown to reduce Pgp and MRP2 activities, the specific components in Peceol®
that caused this were still under investigation. A study conducted by Konisihi et
a!. had shown monoglycerides (in particularly, monopalmitin) not diglycerides
could reduce Pgp activities (38). Another study published by Barta et a!. has

shown monoolein and monostearin could decrease Pgp activity and protein
expression (29). Therefore, monoolein, monopalmitin and monostearin were
chosen in this study to investigate their effects on MRP2 activity and expression
in Caco-2 cells.

For the accumulation study, Rh123 was used to monitor the changes of
the functional activities of Pgp and MRPs (131, 146-150). Rh123 is a cationic
fluorescent dye that accumulates selectively in the mitochondria of eukaryotic
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cells, and it could be transported by Pgp and MRPs but not BCRP (151,152).
Although studies had shown that both Pgp and MRP could transport Rh123 via
direct bindings, a recent study had indicated that MRPs contributed to a lesser
degree on Rh123 efflux compared to Pgp (153-155). MK571, a MRPI and MRP2
inhibitor was used in this study as a positive control. There was about 20%
increase in Rh123 accumulation for each monoglyceride treatment (Table 10)
which implied that efflux activities of Pgp and MRPs were affected.

The dose response studies conducted for all three monoglycerides had
indicated that they did not accumulate Rh 123 in a dose dependent matter (Figure
17-19). For monostearin and monopalmitin treated studies, there were drastic
increases in Rh123 accumulation when the concentrations were equal or above
750 pM; for monoolein treated cells, there was only a sharp increase in Rh123
accumulation when the comconcentration was at 500 pM.

5.5

Monoglycerides: E
17f3G Bi-directional Transport
2

Vectorial transport is an asymmetrical transport across a monolayer of

polarized cells, and it plays a major role in the intestinal absorption of drugs from
the viewpoint of drug absorption and disposition (1). After screened the effect of
these monoglycerides on Pgp and MRP using Rh123, the bi-directional transport
17f3G as the substrate to assess the transport
2
study was conducted using E
activity of MRP2.
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In the E
1713G bi-directional transport study, it had shown that all three
2
monoglycerides treatments lowered their efflux ratios compared to the control
(Table 12). However, efflux ratios should be interpreted with caution as they
could not indicate which side of the cell membrane was affected by the
treatments. In Figure 24, Caco-2 cells treated with monopalmitin increased the
absorptive (the apical to basolateral) transport while maintained its efflux
transport (basolateral to apical) compared to the control; on the contrary, cells
treated with monoolein and monostearin decreased their secretory transport
without changing their absorptive transport (apical to basolateral) compared to
the control. Therefore, these suggested that there may not be a generalized
mechanism applying to all monoglycerides on how they affecting transporters’
activities.

The unchanged basolateral to apical flux and enhanced apical to
basolateral flux of E
1713G in monopalmitin treated cells suggested that
2
monopalmitin may not affect the functional activities of efflux transporter like
MRP2 on the apical side of the monolayer, instead it may affect apical to

basolateral transport of E
1713G by stimulating uptake activity of absorptive
2
transporters on the apical side in Caco-2 cells.

In recent years, studies had

173G is also the substrate for a major intestinal absorptive
2
shown that E
transporter, organic anion transporting polypeptide (OATP) (156).
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Another possibility that could account for the increased permeability in the
absorptive direction for monopalmitin treated cells was the critical micelle
concentration (CMC) issue. The critical micelle concentration is defined as the
concentration of surfactants above which micelles are spontaneously formed.
Since the CMC for monopalmitin is at 850 pM, the concentration used in the
study (ie. 1000 pM) was greater than its CMC value (157). When concentrations
of monoglycerides are above their CMC values, micelles will form, which facilitate
permeation across the thick unstirred water layer above Caco-2 cells.

As for the other two monoglycerides, the CMC values of monostearin and
monoolein are 610 pM and 820 pM, respectively (157). Since the actual
concentrations of monostearn and monoolein are 1000 pM and 500 pM,
respectively, monoolein is the only monoglyceride has a concentration below its
CMC value. The permeability coefficient in absorptive direction for monolein
treated cells is closest to the control value. As for monostearin, although it didn’t
exhibit a significant difference in its apparent permeability coefficient in the
absorptive direction due to a large standard deviation, its mean value of the
Papp,ab is much higher than that of the control.

For monostearin and monoolein treated cells, the basolateral to apical
transports of E
1713G were reduced while apical to basolateral transports
2
remained unchanged compared to control (Figure 24). Thus, the decrease in
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efflux transport of E
1713G in cells treated with monostearin and monoolein might
2
be partially accounted by the attenuation of the functional activity of MRP2.

Furthermore, it was noticed that monopalmitin has a 16-carbon saturated
acyl chain attached to the glycerol backbone; whereas monostearin and
monoolein have one saturated and another unsaturated 18-carbon acyl chains,
respectively, attached to the glycerol backbone. It was speculated that the chain
lengths of the monoglycerides might play a role in selectively affecting the
functional activities of enterocyte based efflux/uptake transporters.

5.6

Monoglycerides: MRP2 Protein Expression

A possible explanation for the reduced activity of MRP2 upon treatments
of monoglycerides is the observed decrease in MRP2 protein expression. A
study done by Barta et a!. has partially linked the reduction in Pgp activity with

the attenuation of Pgp protein expression when treated with 500 pM of monoolein
and monostearin (29). In this study, I investigated whether attenuation of MRP2
protein expression could be partially accounted for the decrease in MRP2 activity
caused by monoglycerides. Our data had indicated monopalmitin and monoolein
treated cells has shown decreased MRP2 protein expression while monostearin
had shown no change in MRP2 protein expression in Caco-2 cells (Figure 25-27).
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Although monostearin has shown the greatest reduction in MRP2
transport activity, it did not affect the MRP2 protein expression level (Table 12
and Figure 27).

Hence, monostearin must attenuate the functional activity of

MRP2 through other mechanisms. It might act in a similar fashion to the Pluronic
block copolymers on Pgp by either depleting intracellular ATP or inhibiting the
ATPase activity of the efflux transporters (120,158). The reduction in MRP2
activity may also be the result of conformational changes of the efflux
transporters due to monostearin caused changes in membrane fluidity and/or
nonspecific steric hindrance of the drug-binding sites. Monostearin might
accumulate in the cytosolic compartment of Caco-2 cells which directly inhibit the
MRP2-mediated transport.

Monopalmitin treated cells had shown a lesser degree of MRP2 downregulation at a much higher concentration compared to the monoolein treated
cells. Since it mostly affected the apical to basolateral transport, monopalmitin
may not have a significant impact on MRP2 activity.

Although MRP2 protein

expression was downregulated as the result of monopalmitin treatment, the
permeability coefficient in the efflux direction didn’t change (Table 12 and Figure
26). Monopalmitin may have stimulated the activity of other efflux transporters,
such as BCRP, which acts as compensatory mechanism for the reduced number
of MRP2 available.
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For monoolein treated cells, there was a significant reduction in MRP2
protein expression compared to the control. Thus, the down-regulation of MRP2
protein expression by monoolein treatment might be partially accounted for the
17f3G efflux. The monoglycerides had
2
accumulation of Rh123 and reduction of E
already shown to effect the protein expression of another major ABC efflux
transporter, Pgp. A membrane fluidity study by Barta et a!. has shown that
monoglycedie could change membrane fluidity (29). This is not surprising
because that monoolein has an unsaturated fatty acid attached to its glycerol
backbone. Degrees of unsaturation have been previously noted to alter the
packing order of phospholipid bilayers (159). The kink in the hydrocarbon chain
might have an effect on fluidity of the cell membrane.

The decrease in MRP2 protein expression caused by the 24-hour
monoglyceride treatment is believed to occur at the transcriptional level. A study
done by Risovic et al. has shown that the decrease in Pgp protein expression
caused by Peceol was resulted from the downregulation of MDRI gene (14).
Transcriptional regulation confers the ability to regulate expression over a longer
period of time. The MRP2 protein has a half life of 27 hours. Thus, 24-hour
incubation with the monoglyceride could be considered as a prolonged exposure.

This is the first study to our knowledge that has shown a specific
monoglyceride could reduce the activity of MRP2, a major enterocyte efflux
transporter, by down-regulating its protein expression in Caco-2 cells.
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5.7

Limitations

The small intestine is a very dynamic environment; in contrast, Caco-2 cell
model is a relatively static model consisting of one single cell type with a thicker
unstirred water layer than in vivo situation (160). Thus, the exact concentrations
of monoglycerides that the intestinal cells might be exposed to in an in vivo
situation were difficult to assess and correlate with the concentrations used in the
cell studies.

Another major limitation of this study was that there is no specific
substrate for MRP2. However, this concern was partially accounted for by using
two different types of substrates to assess the activity of MRP2.
5.8

Conclusions

In conclusion, these findings suggested that monoolein, monostearin and
monopalmitin could attenuate the efflux activities partially by modulation of
enterocyte-based

efflux transporters,

such

as

MRP2,

in

Caco-2

cells.

Furthermore, the reduction of MRP2 efflux activity in monoolein treated cells
could be partially accounted by the down-regulation of MRP2 protein expression.
5.9

Future Research

Treatment groups used in this study were incubated with these three
monoglyceride for 24 hours. Since many lipid-formulated oral drugs were

115

administered on a relatively long-term basis, the effect of longer exposure of
these monoglycerides in Caco-2 cells could be explored in the future. Some
preliminary studies of cells treated with monoglycerides for 48-hour and 72-hour
had already shown a greater percentage of Rh 123 accumulation than they were
when treated for 24-hour in Caco-2 cells (data not shown).

Results from our lab has pointed out that monoolein could downregulate
Pgp protein expression as well (29). Thus, it was speculated that monoolein
might have some indirect interplays with nuclear receptors at the transcriptional
level to exert a non-specific downregulation on ABC efflux transporters. Recently,
a number of nuclear receptors, such as retinoic acid receptor (RAR), steroidactivated receptor (SXR), farnesoid receptor (FXR), and cónstitutive androstane
receptor (CAR) have been implicated in the transcriptional control of transport
proteins (161-163). A number of studies have shown these nuclear receptors
could exert global transcriptional control over MRP2 and Pgp in response to
rifampin treatment (164, 165). Therefore, the effect of monoglycerides on protein
expression of nuclear receptors should also be pursued.

Since this project was conducted using a cell-based model, the effects of
these monoglycerides on ABC efflux transporters in enterocytes need to be
determined in a more physiologically relevant system, for instance, an MRP2
knock-out mouse model.
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The mRNA levels of MRP2 and other major efflux transporters as well as
some nuclear receptors could be determined to assess the effects of
monoglycerides at the transcriptional level. If lipids or lipid excipients indeed
influence efflux transporters’ expressions, pharmaceutical industry and the
regulatory agencies need to address the concerns in drug formulation
development.

Although Rh123 was not a specific substrate, the relative expression level
of MRP2 comparing to other ABC transporters in Caco-2 cells makes it
somewhat reflective of the efflux activity of MRP2. The four majorly ABC
transporters expressed in Caco-2 cells are MRP2, BCRP, MRP3 and Pgp. MRP2
relative expression level was about 2-fold higher than BCRP and 4-fold higher
than MRP3 and Pgp (140). Since Rh123 is not a substrate for BCRP in Caco-2
cells, the increase in accumulation of Rh123 at least could partially contribute to
the attenuation of the MRP2 activity.
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