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The aims of this study were to determine the effect of ethyl docosahexaenoate (DHA-EE) on cyclosporine
A (CsA) bioavailability, while also examining the effect of DHA-EE on CsA when DHA-EE was incorporated
into a microemulsion formulation as an oil ingredient. The oral co-administration of DHA-EE and CsA
increased the blood CsA concentration in a dose-dependent manner, and the AUC and C,,.x both increased
by about 2-fold with 100 mg/kg DHA-EE. The microemulsion formulation of CsA consisted of Tween-20,
ethanol, water, and DHA-EE (53.3/6.5/35.9/3.3 w/w%) (namely DHA-ME) was transparent and stable with
an average particle size of 50 nm, which was similar to that of the control formulation incorporating vita-
min E instead of DHA-EE (namely VE-ME). The permeabilities of CsA from DHA-ME, VE-ME and Neoral®
formulations across an artificial membrane were not significantly different. The Cy,.x and AUCy_.. of CsA
in rats administered DHA-ME significantly increased by approximately 2-fold in comparison to that of
VE-ME. The relative oral bioavailability (F,) of DHA-ME in comparison to Neoral® was determined to
be 114%, while the F, of VE-ME was only 60%. It was, therefore, suggested that the use of DHA-EE as
an oil excipient may be promising for the development of a microemulsion formulation of CsA with an
improved oral bioavailability.
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1. Introduction

Cyclosporine A (CsA) is a potent immunosuppressive agent that
has been used to prevent allograft rejection in organ transplanta-
tion. It is known that CsA oral bioavailability is low due to its poor
absorption, which is related to its low solubility in the gut lumen
and the extensive first-pass metabolism in both the liver and gut
by cytochrome P-450 3A4 (CYP3A4) and P-glycoprotein (P-gp)-
mediated drug efflux [1].

Self-microemulsion emulsifying drug delivery systems
(SMEDDS) are the isotropic mixtures of oils, surfactants, and/or
co-surfactant and hydrophilic solvent that can produce micro-
emulsions with a particle size less than 100 nm when exposed to
an aqueous environment in the gastrointestinal (GI) tract and re-
sult in the improvement of the oral bioavailability of highly lipo-
philic compounds such as CsA, ritonavir and saquinavir [2].
Recently, a novel SMEDDS formulation of CsA, marketed as Neor-
al®, was developed and is now widely used because of its superior
pharmacokinetics properties, i.e., increased CsA oral bioavailability
and less variability in comparison to the original CsA formulation,
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Sandimmune® [3]. However, this formulation contains a high con-
centration of a surfactant, polyoxyethylated castor oil (Cremophor
EL®) (approximately 38 w/w%), which is known to exert some ad-
verse effects, such as hypersensitivity, nephrotoxic and anaphylac-
toid reactions [4,5]. Thus, extensive efforts have thus been devoted
to design and develop a cremophore-free microemulsion formula-
tion [6-8].

Docosahexaenoic acid (DHA) (22:6 »-3) is a polyunsaturated
fatty acid (PUFA) present in fish oil. Various biologically beneficial
effects of DHA have been investigated [9]. In addition, previous
studies have also reported that DHA inhibited the metabolic reac-
tions catalyzed by the CYP3A enzyme in vitro, while also enhancing
the oral bioavailability of CsA (dissolved in corn oil), saquinavir and
midazolam in rats by inhibiting their pre-systemic intestinal
metabolism due to CYP3A but not by affecting P-gp activity [10-
13].

The ethyl ester form of DHA (DHA-EE) was recently approved by
the US Food and Drug Administration [14] as a composition of drug
named Lovaza™ (Reliant Pharmaceuticals, Inc., USA) for the treat-
ment of hypertriglyceridemia. However, the effects of DHA-EE on
the oral drug bioavailability of drugs have not yet been clarified.
In this study, we therefore determined the effect of DHA-EE on
CsA bioavailability. Subsequently, we examined whether DHA-EE
is effective as an oral bioavailability enhancer of CsA when incor-
porated into a microemulsion as an oil ingredient.
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2. Materials and methods
2.1. Chemicals

Ethyl docosahexaenoate (DHA-EE), cholesterol, L-o--phosphati-
dylcholine, L-o-phosphatidylethanol, L-a-phosphatidylserine, and
phosphatidylinositol were obtained from Sigma-Aldrich Chemical
(St. Louis, MO, USA), and a pre-concentrate CsA microemulsion
(Neoral®) was purchased from Novartis Pharmaceutical Com-
pany, Tokyo, Japan. The compound 1,7-octadiene was obtained
from the Johnson Matthey Company (MA, USA). Ethanol and
(2)-a-tocopheral acetate (vitamin E) were obtained from Wako
Pure Chemical Industries (Osaka, Japan). Polyoxyethylene sorbitan
monolaurate (Tween-20) was purchased from MP Biomedicals, Inc.
(Ohio, USA). Saline was obtained from Otsuka Pharmaceutical
Factory Inc. (Tokushima, Japan). All other chemicals and solvents
were of analytical grades.

2.2. Methods

2.2.1. Preparation of the CsA microemulsion formulations

In order to determine the effect of DHA-EE in a microemulsion
formulation of CsA, as a lipid excipient, the type and amount of
surfactant, co-solvent and water were kept constant, while two
types of oils, DHA-EE vs. vitamin E (as a control), were compared.
Ternary phase diagrams, with three corners of a triangle represent-
ing three components of system including the surfactant, aqueous
and oil ingredients, which consisted of Tween-20, distilled water
and DHA-EE or vitamin E, respectively, were constructed to iden-
tify the microemulsion regions.

Preliminary experiments to determine the optimal concentra-
tion and phase volume of each composition, which produced the
most transparent and stable microemulsion, were evaluated. Two
CsA microemulsion formulations were formulated by employing
the same amounts of Tween-20, ethanol and water, while either
DHA-EE or vitamin E was used as an oil ingredient in the formula-
tion of DHA-ME or VE-ME, respectively. The phase volume of
the CsA microemulsion compositions were selected as shown in
Table 1.

To prepare the above-mentioned microemulsions, CsA was dis-
solved with ethanol and then mixed with either DHA-EE or vitamin
E. In order to prevent the occurrence of an oxidation reaction
caused by DHA-EE, 0.5 (w/w%) of vitamin E was added to DHA-
ME. Next, the mixtures were mixed with Tween-20, agitated at
room temperature for 5 min and followed by the addition of dis-
tilled water. The resultant mixtures were gently stirred with a
magnetic stirrer for 2 h at room temperature to achieve a state of
equilibrium.

2.2.2. Physicochemical properties of CsA microemulsions
2.2.2.1. Visual observations. Each of CsA microemulsion formulation
(DHA-ME or VE-ME) was introduced into 10 ml of water in a glass

Table 1
Compositions and phase volume (w/w%) for preparing the cyclosporine A (CsA)
microemulsion formulations.

Ingredients Phase volume (w/w%)
DHA-ME VE-ME

CsA 1.0 1.0
Tween-20 53.3 533
Ethanol 6.5 6.5
DHA-EE 2.8 -
Vitamin E 0.5 33
Water 35.9 35.9

tube at room temperature, and then the contents were gently stir-
red by shaking. The equilibrated samples were assessed for clarity
and transparency by visual inspection.

2.2.2.2. Particle size of CsA microemulsions. The CsA microemulsion
formulations were diluted 10-fold by distilled water. The average
particle size of each CsA microemulsion formulation was measured
in duplicate by using a laser nanoparticle size analyzer (SALD-
7100, Shimadzu, Kyoto, Japan).

2.2.2.3. Solubility of CsA in microemulsions. The solubility of the CsA
in microemulsions was determined according to a method re-
ported by Jiko et al. [15] with some modifications. Briefly, an exces-
sive amount of CsA was introduced into 2ml of each
microemulsion formulation and the mixture was shaken well for
5 min on a vortex mixture at 25 °C. The samples were centrifuged
at 20,000g for 20 min. Thereafter, aliquots of supernatant were ta-
ken and appropriately diluted with saline before the amount of CsA
was quantified by a fluorescent polarization immunoassay (FPIA)
as described later.

2.2.3. Permeability of CsA from DHA-ME, VE-ME formulations and
Neoral® across the artificial membrane

A diffusion experiment was carried out using polyvinylidene
fluoride (PVDF) membranes with a 0.45-pum pore size (Amersham,
GE Healthcare, Buckinghamshire, England). After the PVDF mem-
brane was pretreated with methanol for 1 min and was washed
with 50-mM phosphate buffer (pH 6.0) for 5 min, it was dried at
room temperature for about 1 h and mounted between the donor
and acceptor diffusion compartments. The effective area of the
membrane was 0.78 cm? The membrane was soaked with 15 pl
of ice-cold phospholipids solution that contained a mixture of
0.8 w/w% of L-o-phosphatidylcholine, 0.8 w/w% of L-o-phosphati-
dylethanol, 0.2 w/w% of phosphatidylserine, 0.2 w/w% of phospha-
tidylinositol, 1 w/w% of cholesterol and 97 w/w% of 1,7-otadiene
[16] to mimic enterocytes phospholipids. Two milliliters of 1 mg/
ml CsA from DHA-ME, VE-ME or Neoral® dissolved in 50-mM phos-
phate buffer (pH 6.0) was added to the donor compartment,
whereas 1,200 pl of 50 mM phosphate buffer (pH 6.0) was added
to the acceptor compartment in which rat plasma (50%) was added
to generate a sink condition. After 30, 60, 90 and 120 min, 300 pl of
the solution was collected from the acceptor side and an equal vol-
ume was added immediately. The diffused amount of CsA in the
sample was determined by a fluorescent polarization immunoas-
say (FPIA) as described later. The rate of passive diffusion of CsA
from each microemulsion was calculated from the slope of the dif-
fused amount of CsA vs. time profile.

2.2.4. Pharmacokinetics and bioavailability of CsA in rats

2.2.4.1. Animals and surgery. In vivo experiments were performed
using male Wistar rats (Nihon Ikagaku Doubutsu, Saitama, Japan)
weighing from 200 to 220 g, according to the guidelines for Animal
Experimentation in the Faculty of Pharmaceutical Sciences, Showa
University. The rats were acclimatized to environmental control (a
temperature-controlled facility with a 12-h light/dark cycle) for at
least one week. The rats were fasted for approximately 12 h with
water given ad libitum. The femoral artery was cannulated with
polyethylene tubing (SP-31, Natsume Seisakusho, Tokyo, Japan)
to facilitate blood sampling under light ether anesthesia. After
the operation, each cannulated rat was kept in a Bolman cage
and the experiment was performed following recovery from
anesthesia.

2.2.4.2. Effect of DHA-EE on the pharmacokinetics of CsA (dissolved in
oil formulation) in rats. Either DHA-EE (25 or 100 mg/kg, dissolved
in cornoil) or corn oil (as a control) was orally pre-administered
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10 min before 5 mg/kg CsA (dissolved in corn oil) was orally
administered into the rat. Blood samples (about 150 pl) were col-
lected from the cannulated femoral artery at 1, 2, 3, 4, 6, 9, 12
and 24 h into plastic tubes containing EDTA, thoroughly mixed,
and then stored at 4 °C until analysis. An equivalent volume of sal-
ine was replaced through the femoral artery.

2.2.4.3. Pharmacokinetics and bioavailability of CsA administered as
DHA-ME, VE-ME and Neoral® formulations in rats. DHA-ME and
VE-ME were freshly prepared as mentioned earlier. Each micro-
emulsion (Neoral®, DHA-ME or VE-ME formulation) was dissolved
in distilled water to obtain the CsA concentration of 3.5 mg/ml, and
then it was administered orally to rats (3.5 mg/kg) using a dispos-
able plastic syringe, followed by the administration of 2 ml of
water. Thereafter, blood samples (150 pul) were collected from the
cannulated femoral artery into plastic tubes containing EDTA at
0.5, 1, 1.5, 2, 3, 4, 6,9 and 24 h, thoroughly mixed, and stored at
4 °C until analysis. An equivalent volume of saline was replaced
through the femoral artery.

2.2.4.4. Pharmacokinetic analysis. The pharmacokinetic parameters
of CsA in rats, i.e., total clearance (CL/F), elimination half-life
(Ty)2), the volume of distribution (Vys/F), the maximum blood con-
centration (Cpax), time to reach Cpax (Tmax), and the areas under the
whole blood concentration-time curve from zero to infinity
(AUCy_..) were estimated by a non-compartmental analysis using
a computer program, WinNonlin® (version 5.2, Pharsight Corpora-
tion, North Carolina, USA). The relative bioavailability (F,) was cal-
culated using the following equation:

AUCO—@o(test)
Fi(%) = —+——x100 1
r( 0) AUCO—oo(Neoral) ( )
where AUCo_.(Neoral) IS the AUCy_, after the oral administration of
Neoral®, while AUCo_.test) represents that of DHA-ME or VE-ME
formulation.

2.2.5. Quantification of CsA

The CsA concentrations in the samples from the in vivo and
in vitro experiments were assayed by a monoclonal antibody fluo-
rescence polarization immunoassay (FPIA) in a TDXFLx Analyzer®
(Abbott Japan Co. Ltd., Tokyo, Japan) using a TDX cyclosporin-
SP-Dinapack® kit (Abbott Japan Co. Ltd.), which employs the
monoclonal antibody raised against CsA. The assay system was
properly calibrated in the range of 50-1500 ng/ml and was
routinely evaluated using the quality control samples provided
by the manufacturer.

2.2.6. Statistical analysis

The data are expressed as the mean + standard error of the
mean (SEM). Statistical significance was assessed using one-way
anova followed by Dunnet’s test for the individual differences.
The difference was considered to be statistically significant if the
probability value was less than 0.05 (P < 0.05).

3. Results

3.1. Characteristics and physicochemical properties of the CsA
microemulsions

The ternary phase diagrams of a system containing Tween-20,
distilled water and DHA-EE for DHA-ME or vitamin E for VE-ME
are illustrated in Fig. 1A and B, respectively. The DHA-ME and
VE-ME formulations were clear and transparent after being diluted
in water. They were physically stable at room temperature, with-
out the occurrence of phase separation, throughout the study.

A

WAVAY

WWM

10 20 30 40 50 60 70 80 90
Tween-20

Tween-20

Fig. 1. The ternary phase diagram of the CsA microemulsion system containing
Tween-20, distilled water and DHA-EE for DHA-ME (A) or vitamin E for VE-ME (B)
as surfactant, water and oil system, respectively. The shaded areas in the phase
diagram A and B represent clear and transparent microemulsions. The formulations
of DHA-ME and VE-ME microemulsions are indicated in (A) and (B), respectively.

DHA-EE and VE-ME formulations produced comparable mean
particle sizes (54.6 £13.5 and 52.7 + 17.7 nm, respectively) that
were in the range of a microemulsion (10-150 nm), and the solubil-
ities of CsA from DHA-ME and VE-ME were not significantly differ-
ent from each other (16.3 £ 4.3 and 12.7 £ 2.8 mg/ml, respectively).

3.2. Permeability of CsA from DHA-ME, VE-ME and Neoral®
formulations across the artificial membrane

The rates of permeation of CsA across the artificial membrane
(PVDF) from DHA-ME, VE-ME and Neoral® formulations were
determined to be 5.8+0.4, 6.0£0.1 and 6.3 +1.8 ng/ml/min,
respectively; however, the results were not significantly different.

3.3. Effect of DHA-EE on the pharmacokinetics of CsA (dissolved in oil
formulation) in the rats

Fig. 2 shows the blood concentrations of the orally administered
CsA in rats in combination with or without the oral co-administra-
tion of 25 mg/kg or 100 mg/kg DHA-EE. The pharmacokinetic



250 V. Hirunpanich, H. Sato/European Journal of Pharmaceutics and Biopharmaceutics 73 (2009) 247-252

2100
—a— Control

1800 —O— With DHA - EE 100 mg/kg

1500 —/~ With DHA - EE 25 mg/kg
1200 -
900

600

Blood CsA concentration (ng/ml)

300

T T T T T 1
3 6 9 12 15 18 21 24

Time (hr)

Fig. 2. The effect of the orally administered DHA-EE on blood CsA concentrations
after the oral administration of CsA (5 mg/kg dissolved in corn oil) to the rats. The
rats were orally administered 5 mg/kg CsA without (control) or with 25 mg/kg or
100 mg/kg DHA-EE. Each symbol with bar represents the mean + SEM (n = 4).

parameters obtained by a non-compartmental analysis are sum-
marized in Table 2. When CsA was co-administered with DHA-EE,
the blood concentrations of CsA increased in a dose-dependent
manner with DHA-EE. In the groups of rats administered with
100 mg/kg DHA-EE, the values of AUCy_4n and AUCq_,, of CsA
markedly increased by about 1.4-fold and 1.8-fold, respectively,
in comparison to that of the control group (P < 0.05). In addition,
CL;ot/F significantly decreased by approximately 2-fold (P < 0.05).
The maximum concentration (Cpax) increased by approximately
2-fold, but the difference was not significant. On the other hand,
DHA-EE caused no significant changes in Ty, Vass/F and Trax.

3.4. Pharmacokinetics and bioavailability of CsA in rats

Fig. 3 shows the blood concentration-time profiles of CsA after
the oral administration of the microemulsions containing CsA, i.e.,
DHA-ME, VE-ME and Neoral®, in rats. The pharmacokinetic param-
eters of CsA are presented in Table 3. The Cy,x and AUCy_., ob-
tained from DHA-ME were markedly enhanced by about 2-fold in
comparison to VE-ME (P < 0.01). The CL,/F of CsA administered
as DHA-ME and Neoral® significantly decreased in comparison to
VE-ME (P < 0.01 and P < 0.05, respectively). In addition, no signifi-
cant difference was seen in the T,,.x of CsA after the oral adminis-
trations of DHA-ME and VE-ME, but it was significantly longer than
that of Neoral® (P < 0.05). However, T;;» was not significantly dif-

Table 2
Pharmacokinetic parameters of cyclosporine A (CsA) after oral administration in rats.

Parameters Control 100 mg/kg DHA- 25 mg/kg DHA-
(CsA) EE + CsA EE + CsA
AUC(_»4 1 (mg/l x h) 9.59 +1.88 17.6 +1.98" 14.2 +1.30
AUCy_., (mg/l x h) 10.7 £2.16 20.2+2.65 15.8+1.60
Tyj2 (h) 6.15+0.42 6.68+0.70 6.17 £0.56
CL¢ot/F (1/h/kg) 0.52 +0.09 0.26 +£0.03" 0.33 £0.03
Vass/F (1/kg) 4.51+0.65 2.43+0.19 2.84+0.21
e (1) 7.00 £1.22 7.50+0.87 6.25+1.03
Crmax (pg/ml) 0.93+0.18 1.82 £0.36 1.27 £0.11

The rats were orally administered 5 mg/kg of CsA (dissolved in corn oil) without
(control) or with either 25 mg/kg or 100 mg/kg DHA-EE. The pharmacokinetic
parameters of CsA were calculated as described in the Materials and Methods
section. Each value is expressed as the mean + SEM (n =4).

" The asterisks indicate a statistically significant difference at P < 0.05 in comparison
to the control group.
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(CsA microemulsion incorporating vitamin E)
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Fig. 3. The blood CsA concentration-time profiles in the rats after the oral
administration of 3.5 mg/kg of CsA from DHA-ME, VE-ME and Neoral® formulations.
One-way anova followed by Dunnet’s test for individual differences was performed,
and statistically significant differences P < 0.05 and P < 0.01 from the control group
(VE-ME formulation) are shown by the asterisks (x) and (*x), respectively. The
symbol and vertical bar represent the mean and standard error of the mean (SEM)
(n=5). In some cases, the SEM fell within the circle.

Table 3
Pharmacokinetic parameters of cyclosporine A (CsA) administered as microemulsions
of DHA-ME, VE-ME and Neoral® in rats.

Parameters VE-ME DHA-ME Neoral®
AUC,_.. (mg/l x h) 6.93 +0.33 13.07+0.80 11.49 £ 1.59"
T2 (h) 7.05 +0.49 6.28 £ 0.76 6.94 +0.39
CLeot/F (1/h/kg) 0.509  0.025 0272 £0175™ 0.335 £ 0.057"
Vass/F (1/kg) 5.13+0.25 243+025" 3.48 +0.82
) 2.70+0.30 2.30+0.30 1.70+0.20
Cmax (pg/ml) 0.73 £ 0.08 137 £0.03" 1224010
F (%) 60 114 -

F, (relative bioavailability) = AUCq_y(test) /AUCo_sNeoraly X 100

The rats were orally administered 3.5 mg/kg of CsA from DHA-ME, VE-ME and Neor-
al®. The pharmacokinetic parameters of CsA were calculated as described in the
Materials and Methods section. Each value is expressed as the mean + SEM from five
rats.

" The asterisks indicate a statistically significant difference at P < 0.05, respectively,
in comparison to the control group, VE-ME.

" The asterisks indicate a statistically significant difference at P < 0.01, respectively,
in comparison to the control group, VE-ME.

ferent among the three groups. The relative oral bioavailability
(F;) of CsA obtained from DHA-ME, in comparison to AUCq_,, of
Neoral®, was calculated to be 114%, which was higher than that
of the control group, VE-ME, which showed F, to be about 60%.

4. Discussion

We previously demonstrated that DHA inhibits the CYP3A
activity in vitro and enhanced the oral bioavailability of CsA in rats
[10]. Moreover, in the present study, we confirmed that the ethyl
ester form of DHA (DHA-EE) also significantly enhanced the bio-
availability of CsA. This finding led us to develop a novel micro-
emulsion formulation of CsA, incorporating DHA-EE, while
hoping that DHA-EE is able to act not only as an oil excipient but
also as a bioavailability enhancer for CsA.

According to the biopharmaceutics classification system (BCS),
CsA is classified as Class II because its aqueous solubility is very
low (27.67 pg/ml at 25°C) [17]. The correlation of intestinal
absorption with solubility is likely to be an important factor for
Class II drugs [18,19]. When preparing the microemulsion of CsA,
Tween-20, a non-ionic surfactant, was chosen because it was re-
ported to extensively support CsA solubility [20]. Moreover,
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Tween-20 is safe and commonly used in pharmaceutical
formulations [2]. Therefore, in this study, DHA-ME and VE-ME for-
mulations consisting of Tween-20 dramatically increased the CsA
solubility by about 578- and 434-fold, respectively.

Ethanol was used as a co-solvent for the preparation of micro-
emulsions which thus enables the dissolution of CsA in the lipid
base [21]. The effects of different lipids in SMEDDS on the oral bio-
availability of CsA have previously been studied [22]. Vitamin E, a
lipid-soluble vitamin, has been practically used as an oil ingredient
in several SMEDDS including Neoral® [21], and there has so far
been no report on its effects regarding the CYP 3A and/or P-gp
activity [23]; therefore, vitamin E was chosen as a negative control
to compare it with the bioavailability-enhancing effect of DHA-EE
on CsA in this study.

The structure of the microemulsion was assigned based on the
hydrophile-lipophile balance (HLB) of the surfactants. Both
(DHA-ME and VE-ME) microemulsion formulations developed in
this study contained Tween-20, which has an HLB value of 16.7,
thus suggesting that they were considered to be oil in water
(O/W) microemulsions [21]. The area of microemulsion determined
from the ternary phase diagrams of DHA-ME and VE-ME formula-
tions, as shown in Fig. 1A and B, respectively, were similar, thus
indicating that both microemulsion formulations were comparable.

Several physicochemical characteristics of microemulsions have
been reported to influence drug bioavailability from SMEDDS such
as particle size, solubility and permeability [21]. According to the
similar characteristics of DHA-ME and VE-ME with regard to their
particle size, solubility and permeability, the difference in the oil
ingredients was considered to be the cause of pharmacokinetic dif-
ferences between these microemulsions. From the in vivo pharma-
cokinetics results, Cyax, AUCo_., and relative bioavailability (F,) of
CsA administered as DHA-ME were markedly higher than those
of VE-ME, even though these two microemulsions contained the
same excipients except for the oil ingredient. We therefore con-
cluded that DHA-EE may be a crucial factor which can thus affect
the differences in CsA absorption obtained from DHA-ME and VE-
ME formulations.

The intestinal permeability of CsA has been reported to be lim-
ited by intestinal P-gp, which is an efflux pump on the enterocytes
membrane [18,19]. The effect of DHA-EE on the P-gp activity was
not directly determined in the present study. However, the P-gp
activity should not be affected by DHA-EE, based on the fact that
DHA did not affect the P-gp activity in vitro [10,11,24]. From our
in vivo study, Tmax of CsA from rats administered with Neoral®
was significantly shorter than that of DHA-ME and VE-ME, thus
indicating that the rate of absorption/permeability of CsA from
Neoral® was higher than that of DHA-ME and VE-ME. It could be
presumed that the superior permeability of CsA from Neoral®
was because of the high amount of Cremophore EL®, which has
been previously shown to be a strong permeability enhancer for
CsA due to P-gp inhibition [18].

The drug bioavailability from SMEDDS can be enhanced by sev-
eral mechanisms such as reduced enteric metabolism and efflux
pump activity [21]. The intestinal first-pass metabolism mediated
by CYP3A has been shown to be clinically important for CsA [25].
In this study, it was interesting to note that when DHA-EE was
incorporated into the microemulsion formulation, the Cy.x and
AUCy_,, of CsA obtained from DHA-ME significantly increased,
while the CL;/F decreased by about 2-fold in comparison to the
control formulation, VE-ME, although their T;;; were almost the
same, thus suggesting that DHA-EE did not affect the hepatic
metabolism of CsA. These results are in consistent with the finding
of an in vivo study where we observed the enhancing effect of
DHA-EE on the blood concentration of CsA when it was adminis-
tered as a corn oil formulation and on the increased pharmacoki-
netic parameters of AUCq_., and Cp,ax by about 2-fold.

Due to the size similarity among the three microemulsions, the
present results cannot definitively confirm the effect of particle
size on the CsA release. However, the microemulsion formulation
of CsA in a smaller particle size has been reported to show a greater
ability to release CsA from the carrier [8,26], thus suggesting a cor-
relation between the particle size and the rate of drug release.

Recently, Aspenstrom-Fagerlund et al. [27] reported that DHA
increased the paracellular absorption of hydrophilic compounds
in an experimental model of human absorptive enterocytes. How-
ever, the rate of permeation of CsA obtained from DHA-ME was not
significantly different from that of the VE-ME and Neoral®, thus
suggesting that the membrane penetration of CsA itself may not
be influenced by DHA-EE due to the highly lipophilic nature of CsA.

The toxic effects of DHA-EE have not yet been observed.
Busnach et al. [28] reported that the use of fish oil as a vehicle for
CsA can decrease CsA-induced hypertension, decrease CsA-induced
nephrotoxicity and enhance the immunosuppressive effect of CsA.
Moreover, DHA has been shown to protect the intestinal mucosa
from damage by such drugs as methotrexate in vivo [29]. These
observations indicate that DHA can, therefore, be a good candidate
to be used as a lipid ingredient in drug delivery systems to promote
the oral absorption of CsA and to decrease the toxicity of CsA.

Although DHA-EE employed as an oil ingredient in the micro-
emulsion exhibited an enhancing effect on the bioavailability of
CsA, its relative bioavailability (F,) in comparison to Neoral® was
close to unity. This result may be due to the fact that Neoral® al-
ready contains a P-gp inhibitor, Cremophore EL®. However, various
toxicities of Cremophore EL® may limit its clinical use. Since the
safety of DHA-EE has already been confirmed as a food supplement
and as a pharmaceutical product and its beneficial effects on the
CsA side effects have been reported, we therefore developed a no-
vel microemulsion formulation incorporating DHA-EE as a bio-
availability-enhancing oil ingredient.

A number of studies have so far been conducted to increase
the poor absorption of water-insoluble drugs using the co-
administration of P-gp and/or CYP3A inhibitors. However, the
co-administration of pharmacologically active drugs (e.g.,
ketoconazole) as a bioavailability enhancer may not be easily
justified in clinical settings. Moreover, variable lag-times associ-
ated with the intake of multiple formulations by patients may also
cause a variable rate/extent of drug absorption. Therefore, the use
of DHA-EE in the microemulsion formulations with a water-
insoluble drug can be recognized as a ‘combined’ medicine with
no lag-time of administration.

Because of the characteristics of microemulsion, the DHA-ME
formulation exhibited a superior performance, i.e., the rapid
absorption of CsA where the T,.x of DHA-ME is shorter than that
of the co-administrations of CsA with DHA-EE 25 and 100 mg/kg
by about three times (Tables 2 and 3). In contrast, AUCy_.. and
CLiot/F were comparable between the DHA-ME formulation and
co-administration of CsA and 100 mg/kg DHA-EE. The amount of
DHA-EE necessary to increase the blood CsA levels, however,
was much less with the microemulsion than with the co-
administration by approximately 10 times, thus indicating that
the DHA-EE effect would be more pronounced when DHA-EE and
CsA co-existed in the microemulsion formulation and thereby
exhibited a synchronized exposure to the intestinal epithelial cells.

5. Conclusions

The present investigation developed a novel microemulsion for-
mulation of DHA-EE as an oil ingredient and demonstrated that
DHA-ME exhibited a higher bioavailability of CsA in comparison
to the control microemulsion, possibly due to the inhibition of
pre-systemic gut metabolism. Since DHA exhibited inhibitory
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effects on CYP3A activity in vitro and in vivo for CYP3A substrates,
i.e.,, CsA, testosterone, midazolam, saquinavir [10-13], it was,
therefore, suggested that DHA-EE might be a potentially useful
general bioavailability enhancer agent for CYP3A substrates when
they are employed either as a separate additive or as an excipient
of microemulsions.
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