
A

P
i
t
i
5
d
a
o
o
i
m
C
©

K

1

t
p
s

i
A
i
o
b
i

0
d

Available online at www.sciencedirect.com

International Journal of Pharmaceutics 351 (2008) 133–143

Inhibitory effect of docosahexaenoic acid (DHA) on the intestinal
metabolism of midazolam: In vitro and in vivo studies in rats

V. Hirunpanich b, K. Murakoso a, H. Sato a,∗
a Department of Clinical and Molecular Pharmacokinetics/Pharmacodynamics, Faculty of Pharmaceutical Science,

Showa University, Shinagawa-ku, Tokyo 142-8555, Japan
b Faculty of Pharmacy, Mahasarakham University, Kantharavichai, Mahasarakham 44150, Thailand

Received 5 May 2007; received in revised form 25 August 2007; accepted 19 September 2007
Available online 5 October 2007

bstract

The aim of this study was to evaluate the effects of docosahexaenoic acid (DHA) on the intestinal cytochrome P450 isoenzyme (CYP3A) and
-glycoprotein (P-gp) functions using midazolam and rhodamine-123 as specific substrates of CYP3A and P-gp, respectively. Perfused everted

ntestinal segments from rats were employed to determine the effects of DHA on midazolam metabolism and rhodamine-123 transport. In addition,
he effects of DHA on in vitro midazolam metabolism in rat intestinal microsomes and on midazolam bioavailability in rats were examined. The
ntestinal extraction ratio (ERG) of midazolam was determined to be 0.43 and decreased significantly to 0.12, 0.07, and 0.06 in the presence of
0, 100, and 200 �M DHA, respectively, in a concentration-dependent manner. The results from an in vitro study using rat intestinal microsomes
emonstrated that DHA competitively inhibited the intestinal CYP3A activity with Ki of 15.7 and 27.1 �M for the formations of 1′-OH midazolam
nd 4-OH midazolam, respectively. Moreover, the oral administration of DHA (100 mg/kg) increased the AUC∞, Cmax, and oral bioavailability (F)
f midazolam by about 50% in rats, without affecting the T1/2, Vdss/F, or CLtot/F. In contrast, DHA did not change the serosal-to-mucosal transport
f rhodamine-123 in the perfused everted intestine and oral administration of DHA (100 mg/kg) had no influence on the pharmacokinetics of

ntravenously administered midazolam in rats, thus suggesting that DHA has little effect on the intestinal P-gp activity and hepatic clearance of

idazolam. This study provided the first direct evidence to show that DHA has an inhibitory effect on the intestinal pre-systemic metabolism of a
YP3A substrate and that DHA has little, if any, effect on the P-gp activity in the gut.
2007 Elsevier B.V. All rights reserved.

eywords: Docosahexeanoic acid (DHA); Midazolam; Rhodamine-123; CYP3A; P-glycoprotein (P-gp); Perfused everted intestinal segment
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. Introduction

Both intestinal cytochrome P450 isoenzyme (CYP3A) and

he multidrug efflux pump, MDR or P-glycoprotein (P-gp), are
resent at high levels in the enterocytes at the villus tip of the
mall intestine. They act as a concerted barrier to the absorption

Abbreviations: DHA, docosahexaenoic acid; CYP3A, cytochrome P450
soenzyme; P-gp, P-glycoprotein; ERG, extraction ratio; F, oral bioavailability;
UC∞, areas under the whole blood concentration–time curve from zero to infin-

ty; T1/2, half-life; Tmax, time to maximum plasma concentration; Vdss, volume
f distribution; CLtot, total clearance; Km, Michaelis–Menten constant; Ki, inhi-
ition constant; Vmax, maximum reaction velocity; S, substrate concentration; I,
nhibitor concentration; v, reaction velocity; p.o., per oral; i.v., intravenous.
∗ Corresponding author. Tel.: +81 3 3784 8611; fax: +81 3 5498 1148.

E-mail address: sato-tky@umin.net (H. Sato).
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378-5173/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2007.09.037
f many drugs (Benet et al., 1999). Therefore, a possible strat-
gy to increase the bioavailability of a drug includes the use of
nhibitors for CYP3A and/or P-gp.

Docosahexaenoic acid (DHA) is an essential polyunsatu-
ated, 22-carbon fatty acid, which is taken from food such as fish
nd marine animal oils. DHA is absorbed orally and taken up into
erum phospholipids. DHA may act as an inhibitor in the gut tis-
ue, but not in the liver tissue, because DHA is incorporated into
triglycerides fraction in all fat types and free form of DHA

s almost undetectable in the circulation (FDA, 2004), which
uggests that DHA has little inhibitory effect on the CYP3A
ctivity in the liver. After oral administration, DHA appears in

ach organ (plasma, erythrocyte and the fat body of the orbit,
iver, intestine, skin, brain, heart and muscle) within 0.5 h and
as observed until 24 h with maximum plasma concentrations

Tmax) 2–3 h (Tago and Teshima, 2002).

mailto:sato-tky@umin.net
dx.doi.org/10.1016/j.ijpharm.2007.09.037
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Several studies (Hirunpanich et al., 2005; Hirunpanich and
ato, 2006; Yao et al., 2006) have reported that DHA inhibits
YP3A activity in rat “liver” microsomes in vitro.

A recent study (Hirunpanich et al., 2005; Hirunpanich and
ato, 2006) reported that DHA increased the oral bioavailabil-

ties of cyclosporin (CsA) and saquinavir 2.4- and 3.3-fold,
espectively, in rats, without affecting their hepatic clearances,
hus suggesting these effects to occur via the inhibition of the
re-systemic metabolism of the drugs. However, there is no
irect evidence to show a DHA’s effect on “gut” metabolism
f a CYP3A substrate.

Previously, to determine the possible effect of DHA on P-
p activity, [3H]-CsA transport across the cultured Caco-2 cells
as examined. These cells provide a model for human intesti-
al drug absorption in the presence of P-gp efflux transport
ctivity. The results showed that 100 �M DHA displayed no
nhibitory effect on P-gp (Hirunpanich et al., 2005). However,
ultured Caco-2 cells may not necessarily represent the intesti-
al handling of drugs in rats. Furthermore, Barthe et al. (1999)
eported that there are some disadvantages in using the Caco-2
ystem because it is a static system with small closed recep-
or compartments, which has a very low transport rate, and
xaggerates the paracellular absorption compared with the small
ntestine. In addition, Thummel et al. (1996) suggested that hep-
tic and intestinal CYP3A4 are not coordinately regulated, since
here is no significant correlation between hepatic and intestinal
YP3A activity. Therefore, the lack of direct evidence of the
ffects of DHA on CYP3A and P-gp activities in the intestine
ndicates that is necessary to quantitatively evaluate the effects
f DHA on CYP3A-mediated midazolam metabolism and P-
p-mediated efflux of rhodamine-123 in the small intestine. A
eported by Gandia et al. (2004) reported mucosal-to-serosal
ransport and extraction of a drug can be determined in a time-
ependent manner using an everted segment where the serosal
ide is constantly perfused and mucosal-to-serosal transport
nd extraction of a drug can be determined at the desig-
ated time points. In the present study this model was used
o determine the effects of different DHA concentrations on
YP3A and P-gp activities located in the intact intestinal

issue.
Midazolam, a preoperative anesthetic agent, is a selective

YP3A4 substrate and has been shown to undergo extensive gut
etabolism, while the drug does not show bidirectional trans-

orted by P-gp in the gut (Kim et al., 1999; Polli et al., 2001).
idazolam has often been used as an in vivo CYP3A probe to

nvestigate the intestinal CYP3A-mediated metabolism of drugs
Benet et al., 2004; Paine et al., 1996). Although midazolam
s not commercially available as an oral drug in Japan, it has
een used as an oral drug for anesthetic pre-medication and
nxiety, in both adult and pediatric patients in many countries
ncluding USA and Thailand. A number of studies have reported
nteractions between midazolam and CYP3A-inhibitors such as
larithromycin (Quinney et al., 2007), grapefruit juice (Goho,

001; Kim et al., 2006). Therefore, the effects of DHA on the
n vitro midazolam metabolism in rat intestinal microsomes and
n midazolam bioavailability in rats were also examined in this
tudy.
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. Materials and methods

.1. Materials

cis-4,7,10,13,16,19-Docosahexaenoic acid (DHA) was pur-
hased from Sigma–Aldrich Chemical (St. Louis, MO, USA).

potent P-gp inhibitor, PSC-833, was generously supplied by
ovartis Pharmaceutical Company (Tokyo, Japan). A glucose
easurement kit, midazolam, 1′-OH midazolam, phenacetin,

iazepam, rhodamine-123, and ketoconazole were obtained
rom Wako Pure Chemical Industries (Osaka, Japan). Dul-
ecco’s modified Eagle’s medium supplement with nutrient
ixture F-12 (DMEM/F12) culture medium was purchased from
ibco Trade Mark (Grand Island, NY, USA). All other reagents
sed were of analytical grade.

.2. Perfused everted intestinal segment study

Male Wistar rats (Nihon Ikagaku Doubutsu, Saitama, Japan)
eighing 250–300 g were fasted overnight with free access to
ater prior to conducting the experiments. Experiments with

nimals were performed in accordance with the guidelines for
nimal Experimentation in the Faculty of Pharmaceutical Sci-

nces, Showa University. The perfusion of the everted intestinal
egments was performed as previously reported (Gandia et al.,
004) with some modifications. Briefly, under light ether anes-
hesia, the rats were placed in a supine position on a surgery pad.
he rats were exsanguinated and the entire small intestine was
uickly excised and flushed three times with pre-warmed saline.
n approximately 10 cm section, of the proximal and distal end
f the whole small intestine was removed. CYP3A proteins are
redominantly localized in duodenal or jejunal mucosa of small
ntestine and that the expression P-gp mRNA levels increases
ongitudinally along the intestine with the highest level in the

ucosa of ileum and colon (Benet et al., 1999; Iida et al., 2005;
ivisto et al., 2004). Therefore, in order to determine the CYP3A

ctivity, two 12-cm segments were removed from the duodenal
nd and designated sites 1 and 2, respectively. Another two 6-
m intestinal segments were removed above the distal end of
he ileum and designated as sites 3 and 4, respectively. Silicone
ubes (outer diameter; 0.8 mm, inner diameter; 0.3 mm) were
nserted into the both ends of an everted intestinal segment and
ecured with surgical silk. These silicone tubes were then used
o connect each everted intestinal segment to a peristaltic pump
Masterflex®, Illinois, USA). DMEM/F-12 culture medium was
sed as a perfusion solution and medium in both mucosal and
erosal sides. Next, 15 ml of medium, pre-oxygenated and pre-
ncubated at 37 ◦C, was added into the chamber of mucosal side
here the everted intestinal segment was immersed. The serosal

ide was perfused with medium at a flow rate of 2.0 ml/min for
0 min for stabilization, and the in- and out-flows of the medium
erfusing through the serosal side were mixed in another cham-
er filled with 7.0 ml of the medium. Throughout the experiment,

he chambers of mucosal and serosal sides were maintained at
7 ◦C, and the chamber of mucosal side was continuously bub-
led with a mixture of 5% CO2 and 95%. A simplified diagram
f the everted intestinal perfusion study is illustrated in Fig. 1.
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Fig. 1. A simplified diagram of the perfused everted intestinal segment study. An
everted segment of rat intestine is immersed in the mucosal chamber containing
the perfusion medium in which the testing compounds (i.e. DHA, midazolam,
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hodamine-123) are dissolved. The medium is perfused from the serosal chamber
hrough the everted intestinal segment in the mucosal chamber using a peristaltic
ump with a flow rate of 2 ml/min.

.2.1. Effect of DHA on CYP3A in the perfused everted
ntestinal segment

After 10 min of perfusion of the everted intestinal segments
or 2, midazolam (30 �M as final concentration) was added

nto the mucosal medium with or without DHA (10, 50, 100 and
00 �M) or 10 �M ketoconazole, a potent CYP3A inhibitor. An
liquot (200 �l) of the serosal medium was taken at 30, 60, 90,
nd 120 min and replaced with the same volume of the blank
edium. After centrifugation at 10,000 rpm for 5 min, 70 �l

f each sample was injected into a high performance chro-
atographic (HPLC) system as described later to determine

he concentrations of midazolam and its metabolites. In addi-
ion, after concluding the perfusion, the intestinal segments were
ashed three times with ice-cold 0.9% saline solution, blotted
ry, weight, and kept at −80 ◦C for extraction.

The extraction of midazolam, 1′-OH midazolam and 4-OH
idazolam from the intestinal tissue, was done using a modifica-

ion of the method described by Sawada et al. (2002) with some
odification. The intestinal segments were cut in to the small

ieces and homogenized using a glass homogenizer, then trans-
erred to glass tubes containing 1000 �l 1N NaOH and incubated
or 30 min. After vortexing for 5 min, 3 ml ethyl acetate, and
0 �l internal standard (10 �g/ml diazepam in methanol) were
dded. The tubes were shaken vigorously on a shaker for 20 min
nd centrifuged at 2500 rpm for 5 min and 2000 �l of the upper
rganic layer was transferred to a glass tube and evaporated to
ryness at 50 ◦C. The residue was reconstituted with 200 �l of
he mobile phase, and 70 �l was used for HPLC analysis.

.2.2. Effect of DHA on P-gp activity in the perfused
verted intestinal segment

To determine the effect of DHA on P-gp activity in the gut,

hodamine-123 and PSC-833, a well-known P-gp substrate and
-gp inhibitor (Achira et al., 1999), respectively, were used in the
verted intestinal segment perfusion where the segment sites 3
nd 4 were employed. After the stabilization period, rhodamine-

4
i
2
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23 (5 �M) was added in the absence or presence of DHA (10,
0, 200, and 1000 �M) or PSC-833 (10 �M) into the mucosal
ide chamber. In order to determine the transport of rhodamine-
23 across the everted intestinal segment, an aliquot (200 �l)
f the medium were taken from the serosal side at 0, 10, 30,
5, and 60 min and replaced with the same volume of the blank
edium. After centrifugation for 5 min at 10,000 rpm, 10 �l of

ach sample was injected into the HPLC system for analysis as
escribed later. The time course of the cumulative amounts of
hodamine-123 transported from the mucosal to serosal sides
cross the everted intestinal segments were examined.

DMSO was used as solvent for midazolam, ketoconazole,
HA, and PSC-833 and the final concentrations of DMSO after

ts addition to the mucosal medium were 0.6%, 0.05%, 0.5%
nd 0.1%, respectively.

.3. Preparation of rat intestinal microsomes

Rat intestinal microsomes were prepared using a modifica-
ion of the techniques described by Cotreau et al. (2001). An
ntestinal segment (40 cm from the pyloric region) was excised
uickly under light anesthesia with ether, and flushed twice with
5 ml solution A (1.5 mM KCl, 96 mM NaCl, 8 mM KH2PO4,
.6 mM Na2HPO4, and 27 mM sodium citrate) on an ice-cooled
etri dish. The proximal end of the intestinal segment was then
lamped and filled with 10 ml ice-cold solution B (phosphate
uffer saline (pH 7.4), 5 mM Na2EDTA, and 0.5 mM dithiothre-
tol), clamped at the distal end, shaken gently, and incubated
n ice for 10 min in 10 ml of the same solution. The intestine
as incised longitudinally from the distal end. The intestine and

olution B were mixed 1 min by hand. The cloudy solution was
ollected into a clean centrifuge tube and the remaining intestine
as combined with 10 ml solution B and mixed by hand. This
rocess was repeated three times. The collected solutions were
entrifuged (1500 rpm, for 5 min at 4 ◦C) and the supernatant
as removed and the pellet was washed twice with 15 ml solu-

ion C (5 mM histidine, 0.25 M sucrose, and 0.5 mM Na2EDTA).
he intestinal cells were homogenized in 5 ml solution C in a
lass–telflon homogenizer and kept on ice. The homogenates
ere centrifuged at 20,000 × g for 10 min at 4 ◦C and super-
atant was transferred to a clean centrifuge tube. The pellets
ere centrifuged again at 20,000 × g for 10 min at 4 ◦C. The col-

ected supernatant was combined with 52 mM CaCl2 (0.19 ml of
upernatant), then mixed gently for 5 s, kept on ice for 15 min,
nd centrifuged at 2500 × g for 10 min at 4 ◦C. Finally, micro-
ome pellets were suspended in 0.1 ml of solution D (100 mM
H2PO4, 10 mM Na2EDTA, and 20% glycerol). Microsomal
rotein concentration was quantified using the Bradford assay
1976) with bovine serum albumin as a standard.

.4. Effect of DHA on midazolam metabolism in rat
ntestinal microsomes
The oxidation of midazolam to yield 1′-OH midazolam and
-OH midazolam was used to evaluate the CYP3A activity in the
ntestinal microsomes. Midazolam (0, 5, 10, 50, 100, 150, and
00 �M) was pre-incubated for 5 min in an incubation mixture
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times of the reagents used were as follows: phenacetin (4.2 min);
4-OH midazolam (7.4 min); 1′-OH midazolam (9.6 min); and
midazolam (14.2 min, Fig. 2A) for the mobile phase A and mida-
zolam (7.3 min) and diazepam (10 min) for the mobile phase B

Fig. 2. A representative HPLC chromatogram of midazolam, 1′-OH midazo-
lam, 4-OH midazolam, and phenacetin (internal standard) from the rat intestinal
36 V. Hirunpanich et al. / International Jou

onsisting of 50 mM KH2PO4 (pH 7.6), 5 mM MgCl2, intesti-
al microsomes (final concentration 0.5 mg protein/ml), with or
ithout DHA (5, 10, 20, 50 and 100 �M) dissolved in DMSO

final concentration 0.2%). The metabolic reaction was initi-
ted by the addition of 4.4 mM NADPH (total volume 1 ml) and
ncubating the mixture at 37 ◦C. After 10 min the reaction was
erminated by the addition of 100 �l 1N NaOH. Next, 20 �l of
0 nM phenacetin (in methanol), as an internal standard, and
ml ethyl acetate were added to the resultant mixture. After

he tubes were mixed for 20 min and centrifuged at 3000 rpm
or 10 min, 2 ml of the upper organic layer was transferred to a
lass tube and evaporated to dryness at 40 ◦C for 1 h. The residue
as reconstituted with 200 �l of mobile phase, and 70 �l of each

ample was injected into HPLC system for analysis.

.5. In vivo study using rats

.5.1. Animals and surgery
Male Wistar rats (Nihon Ikagaku Doubutsu, Saitama, Japan)

eighing 240–250 g were acclimatized to environmentally con-
rolled (a temperature-controlled facility with a 12-h light/12-h
ark cycle) for at least 1 week. The rats were fasted for
pproximately 12 h with water given ad libitum. The femoral
rtery was cannulated with polyethylene tubing (SP-31, Nat-
ume Seisakusho, Tokyo, Japan) to facilitate blood sampling
nder light ether anesthesia. Some rats were cannulated at the
emoral vein for intravenous (i.v.) administration. After con-
luding the operation, each cannulated rat was kept in a Bolman
age and the experiment was started following recovery from
nesthesia.

.5.2. Effect of DHA on the pharmacokinetics of
idazolam in rats
The effect of DHA on the pharmacokinetics of midazo-

am was evaluated after midazolam was orally or intravenously
dministered in rats. For oral administration, midazolam was
issolved in physiologic saline at a concentration of 10 mg/ml,
nd 0.1 M hydrochloric acid was used to obtain a pH of 3.3.
HA (100 mg/kg) or olive oil (as a control) was orally pre-

dministered 15 min before the midazolam (10 mg/kg) was
rally administered into the rat. Blood samples (about 250 �l)
ere collected from the cannulated femoral artery at 5, 10, 20,
0, 45, 60, 90, 120, and 150 min. An equivalent volume of saline
as then injected through the femoral artery.
For i.v. administration, midazolam was dissolved in a mix-

ure of 25% ethanol, 25% polyethylene glycol 400, and 50%
ater at a concentration 5 mg/ml. Olive oil with or without DHA

100 mg/kg) was administered orally 2 h before the midazolam
5 mg/kg) was introduced intravenously through a femoral vein
ia the cannula. Blood samples were taken from the femoral
rtery at 5, 10, 30, 60, 90, and 120 min.

All blood samples were collected in heparinized tubes, and
he plasma was obtained by centrifuging the blood samples at

000 rpm for 8 min at 4 ◦C. The extraction of midazolam, 1′-
H midazolam, and 4-OH midazolam in plasma samples were
erformed according to a modification of the method described
y Carrillo et al. (1998). An aliquot (100 �l) plasma samples

m
l
s
t
o

of Pharmaceutics 351 (2008) 133–143

as combined with 10 �l of 10 �g/ml diazepam (in methanol),
ml glycerine buffer (0.75 M, pH 9), and 4 ml ethyl acetate.
he mixture was shaken vigorously for 30 min, centrifuged at
000 rpm for 10 min, and the upper organic layer was transferred
o a glass tube containing 1 ml acetate buffer (0.1 M, pH 4.7).
he tubes were mixed for 20 min and centrifuged at 3000 rpm

or 10 min. After the second extraction, 3 ml of the organic layer
as transferred to a conical glass tube and evaporated to dryness

t 40 ◦C for 1 h. The residue was reconstituted with 180 �l of
obile phase, and 70 �l of each sample was injected into the
PLC system for analysis.

.6. HPLC analysis

.6.1. HPLC analysis of midazolam, 1′-OH midazolam,
nd 4-OH midazolam

Each sample (70 �l) was injected into the HPLC system
omposed of a dual pump (DP-8020, Tosoh, Tokyo, Japan),
UV detector (UV-8020, Tosoh), a column oven (CO-8000,

osoh), a degasser (SD 8022, Tosoh), and a digital recorder
Chromatocorder 21, Tosoh). The reversed-phase column used
as a Cadenza CD-C18, 4.6 mm × 100 mm, 3 �m (Imtakt Co.,
yoto, Japan) equipped with a Nova-Pak® C18 guard column

Waters, Massachusetts, USA). The mobile phase consisted of
mixture of acetonitrile, methanol, and 0.1 M sodium acetate

uffer (pH 4.7) (32:5:63, v/v, for mobile phase A for in vitro and
0:5:55, v/v, for mobile phase B for in vivo experiments) and
as pumped by an isocratic program at a flow rate 1.0 min/ml.
he absorbance wavelength was set at 245 nm. The retention
icrosomes model (A); and a representative HPLC chromatogram of midazo-
am, and diazepam (internal standard) from the plasma samples in the in vivo
tudy in rats model (B). Using the HPLC analytical methods described in the
ext, calibration curves were plotted as the peak area vs. drug concentration and
btain r2 were over 0.99 (n = 6). MDZ represents midazolam.
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Fig. 2B). Ketoconazole (used as an inhibitory positive control)
as not observed to interfere with the assay.

.6.2. HPLC analysis of rhodamine-123
The concentration of rhodamine-123 in the transport medium

as determined using the HPLC system with a fluorescence
etector (FS-8020, Tosoh) as reported previously (Yumoto et
l., 1999) with minor modifications. Briefly, the reversed-phase
olumn used was a Nova-Pak® C18, 4.6 mm × 150 mm (Waters,
assachusetts, USA). The mobile phase was a mixture of ace-

onitrile, 20 mM sodium acetate (pH 4.0) and water with 1.5 mM
riethylamide (50:20:30, v/v) and pumped at a flow rate of
ml/min. Detection was set at wavelength of 485 nm for exci-

ation and 546 nm for emission. PSC-833 (used as an inhibitory
ositive control) was not observed to interfere with the assay.

The calibration curves were prepared each time in a concen-
ration range from 0.1 to 2 �g/ml for midazolam, 0.05–1 �g/ml
or 1′-OH midazolam and 4-OH midazolam and 0.25–2.5 ng/ml
or rhodamine-123, and within- and between-run precision was
elow 5% and 7%, respectively, for each compound. The accu-
acy of the procedure was in the range 0.4–6%. The correlation
oefficients (linearity) were always more than 0.99 and the detec-
ion limits defined as S/N = 3 were 0.05 �g/ml for midazolam,
.01 �g/ml for 1′-OH midazolam, 0.01 �g/ml for 4-OH mida-
olam, and 0.1 ng/ml for rhodamine-123.

.7. Data analysis in the perfused everted intestinal
egment study

.7.1. Extraction ratio of midazolam in the perfused
verted intestinal segment study

Midazolam, 1′-OH midazolam and 4-OH midazolam were
etermined from both the mucosal and serosal chambers at each
ime point. In addition, intracellular 1′-OH midazolam and 4-OH

idazolam were also determined at the final time point to assess
he accurate total amount of metabolites accumulated in the
ntestine tissue. Extraction ratio in the intestine (ERG), a marker
eferring to the extent of metabolism relative to the amount of
rugs which interacted with the enzyme, was calculated by the
ollowing equation (Eq. (1)) (Benet et al., 2004):

RG =
∑

Metabolite(mucosal, serosal, intracellular)∑
Parent(serosal, intracellular) + ∑

Metabolite(mucosal, seros

here “Metabolite (mucosal, serosal, intracellular)” refers to
he amount of 1′-OH midazolam and 4-OH midazolam in the
20 min samples from mucosal side, serosal side and intracellu-
ar cells, respectively, and “Parent (serosal, intracellular cells)”
epresents the amount of midazolam amount in the 120 min
amples in the serosal side and intracellular cells, respectively.

.7.2. Transport of rhodamine-123 in the perfused everted
ntestinal segment study
The transport rate of rhodamine-123 from the mucosal to the
erosal surfaces across the everted intestinal segment was calcu-
ated from the slope of the cumulative amount of rhodamine-123
ransport with time and expressed as a unit of concentra-

e

m
t
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racellular)
(1)

ion/time/length of intestinal segment (pmol/min/6 cm-intestinal
egment).

.8. Data analysis in the rat intestinal microsomes study

The Michaelis–Menten constant (Km), maximum reaction
elocity (Vmax) and inhibition constant (Ki) were calculated
sing a non-linear least-squares regression analysis using the
omputer program, WinNonlin® Professional v.4.01 (version
.0.1, Pharsight Corporation, North Carolina, USA), according
o the following equation (Eq. (2)):

= Vmax[S]

Km(1 + [I]/Ki) + [S]
(2)

here v represents the reaction velocity (pmol/min/mg protein),
nd S and I represent the substrate and inhibitor concentrations
�M), respectively.

.9. Data analysis in the in vivo study in rats

The pharmacokinetic parameters of midazolam in rat, i.e.
otal clearance (CLtot for i.v. dose and CLtot/F for oral dose),
limination half-life (T1/2), volume of distribution (Vdss for
.v. dose and Vdss/F for oral dose), and the areas under the
hole blood concentration–time curve from zero to infinity

AUC∞) were estimated by a non-compartmental analysis using
computer program, WinNonlin® (version 4.0.1, Pharsight Cor-
oration, North Carolina, USA). Oral bioavailability (F) was
etermined using the following equation (Eq. (3)):

(%) = AUCoral

AUCi.v.

× Dosei.v.

Doseoral
× 100 (3)

here AUCoral and AUCi.v. are the AUC after oral and i.v. admin-
strations, respectively.

.10. Statistical analysis

The data are expressed as the mean ± standard error of the
ean (S.E.M.). Comparisons between two groups and among
ore than three groups were performed using Student’s t-

est and one-way analysis of variance (ANOVA) followed by

ennett’s post hoc test, respectively. A difference was consid-
red to be statistically significant if the probability value was
ess than 0.05 (p < 0.05).

. Results

.1. Perfused everted intestinal segment studies

.1.1. Effect of DHA on CYP3A activity in the perfused

verted intestinal segment

The intestinal extraction ratio (ERG) was taken as a surrogate
arker for the functional activity of CYP3A which indicated

he fraction of parent drug that is metabolized as it crosses the
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Fig. 3. The extraction ratio of midazolam in the absence or presence of DHA
or ketoconazole after incubated for 120 min at 37 ◦C in the perfused everted
intestinal segment study. Midazolam (30 �М) with or without DHA (10, 50,
100 and 200 �М) or ketoconazole (10 �М) were applied into the medium
in the mucosal chamber and samples were taken from the serosal medium at
the indicated time points. Midazolam, 1′-OH midazolam, and 4-OH midazolam
concentrations in the intestinal tissue were determined at the last time point of the
incubation. The extraction ratio was calculated according to Eq. (1). One-way
ANOVA with post hoc test was conducted and statistically significant differences
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p < 0.01) from control group were shown by the asterisks (**). Each column
epresents the average of four determinations, and the vertical bar represents the
tandard error of the mean (S.E.M.).

ntestinal epithelial cells (Benet et al., 2004). Fig. 3 shows the
◦
RG of midazolam after incubation for 120 min at 37 C in

he perfused everted intestinal segment. The ERG of midazo-
am was 0.43 ± 0.05 in the control group, but it was extensively
ecreased by approximately 40-fold to a value of 0.008 ± 0.057

ig. 4. The time course of rhodamine-123 transport from the mucosal to serosal
ides across the everted intestinal segment in the absence or presence of DHA
r PSC-833. Rhodamine-123 (5 �М) with or without DHA (10, 50, 200 and
000 �М) or PSC-833 (10 �М) were applied into the medium in the mucosal
hamber and samples were taken from the serosal medium at the designated
ime points. One-way ANOVA with post hoc test was performed and statistically
ignificant differences p < 0.05 and p < 0.01 from control group were shown by
he asterisks (*) and (**), respectively. Each data point is the average of four
eterminations, and the vertical bar represents the standard error of the mean
S.E.M.).
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hen midazolam was co-incubated with 10 �M ketoconazole.
he ERG of midazolam also decreased significantly in the pres-
nce of 50, 100, and 200 �M DHA to 0.12 ± 0.06, 0.07 ± 0.05,
nd 0.06 ± 0.06, respectively (p < 0.01).

.1.2. Effect of DHA on P-gp activities in the perfused
verted intestinal segment

Fig. 4 shows the time courses of the cumulative rhodamine-
23 transport from the mucosal to the serosal sides across the
verted intestinal segment in the absence or presence of DHA
10, 50, 200, and 1000 �M) or PSC-833 (10 �M). The mucosal-
o-serosal transport of rhodamine-123 increased significantly
ith PSC-833, but was not affected by DHA. The transport

ate of rhodamine-123 was calculated from the slope of the
umulative amount of rhodamine-123 transport vs. time curves
Fig. 5). PSC-833 significantly enhanced the intestinal transport
ate of rhodamine-123 compared to the control (74.83 ± 21.7
s. 4.34 ± 0.69 pmol/min/6 cm-intestinal segment, respectively,
< 0.05). However, no differences were observed between the

ransport rates of rhodamine-123 the DHA-treated and con-
rol groups as well, as regardless of the concentrations of
HA.

.2. Effect of DHA on midazolam metabolism in rat
ntestinal microsomes

The ratios of the rate of 1′-OH midazolam and 4-OH midazo-
am formation in DHA-containing tubes/control (without DHA)
ecreased significantly with increasing DHA concentrations,

hus indicating the existence of a concentration-dependent inhi-
ition of midazolam metabolism by DHA. As clearly shown in
ig. 6, the formation rates of both 1′-OH midazolam and 4-OH
idazolam were completely inhibited by 100 �M DHA.

ig. 5. Transport rate of rhodamine-123 from the mucosal to serosal sides across
he everted intestinal segment in the absence or presence of DHA (10, 50, 200
nd 1000 �М) or PSC-833 (10 �М). Transport rates were calculated from the
lope of the cumulative amount of rhodamine-123 transport vs. time curves
shown in Fig. 4). The asterisks (*) indicates a statistically significant difference
p < 0.05) when compared to the control group according to a one-way ANOVA
ith post hoc test. Each column represents the average of four determinations,

nd the vertical bar represents the standard error of the mean (S.E.M.).
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Fig. 6. Ratios of the rate of formation of 1′-OH midazolam (A) and 4-OH midazolam (B) in DHA-containing tubes/control (without DHA). Rat intestinal microsomes
w 0, 100, 150, and 200 �М). The activities of 1′-OH midazolam and 4-OH midazolam
i rotein, respectively. Each data point is the average of three determinations, and the
v
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Table 1
Kinetics parameters of midazolam metabolites formation in rat intestinal
microsomes

Parameters 1′-OH midazolam 4-OH midazolam

Vmax (nmol/min/mg protein) 0.122 ± 0.0057 0.256 ± 0.034
Km (�M) 62.3 ± 8.21 148.05 ± 37.62
DHA Ki (�M) 15.7 27.1

Midazolam (50, 100, and 150 �M) was incubated at 37 ◦C in an incubation
mixture consisting of 50 mM KH2PO4 (pH 7.6), 5 mM MgCl2, intestinal micro-
somes (0.5 mg protein/ml), 4.4 mM NADPH, and DHA (0, 10, 25, 50, 100, and
200 �M) for 10 min. The formations of 1′-OH midazolam and 4-OH midazolam
were determined and the enzyme-kinetic parameters of 1′-OH midazolam and
4-OH midazolam were calculated according to Eq. (2). Data are expressed as
mean ± S.E.M. (n = 3).

F
m
o

ere incubated with midazolam (50 �М) in the absence or presence DHA (10, 5
n absence of DHA were 0.064 ± 0.00138 and 0.090 ± 0.00158 nmol/min/mg p
ertical bar represents the standard error of the mean (S.E.M.).

Fig. 7 shows the Lineweaver–Burk plots for the inhibition
f 1′-OH midazolam and 4-OH midazolam synthesis, respec-
ively, by DHA in rat intestinal microsomes. They demonstrate
hat DHA caused a competitive inhibition of the CYP3A activ-
ty in the intestine, since increasing the DHA concentration did
ot change the intercept of the plot lines on the y-axis (1/Vmax)
ut changed the slope of the lines (apparent Km). The enzyme-
inetic parameters (Vmax, Km, and Ki) of 1′-OH midazolam and
-OH midazolam in rat intestinal microsomes, as calculated by
non-linear least squares regression, are summarized in Table 1.

.3. Effect of DHA on pharmacokinetics of midazolam in
ats
Fig. 8A shows the plasma concentrations of midazolam orally
dministered in rats with or without oral pre-treatment of DHA
100 mg/kg). DHA significantly increased the AUC of mida-

ig. 7. The Lineweaver–Burk plots for the inhibition of 1′-OH midazolam (A) an
icrosomes were incubated with several concentrations of midazolam (50, 100, and 1

f 50 mM KH2PO4 (pH 7.6), 5 mM MgCl2, distilled water, and 0.44 mM NADPH at
d 4-OH midazolam (B) by DHA in rat intestinal microsomes. Rat intestinal
50 �M) and DHA (0 (�), 10 (©), 25 (�), and 50 (�) �M) in buffer consisting
37 ◦C for 10 min. Each point represents the mean of duplicate determinations.
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Fig. 8. Plasma midazolam concentrations vs. time course after oral (A) and intra-
venous (B) administrations in rats with or without pre-dosage of DHA. The doses
of midazolam for oral and i.v. administrations were 10 and 5 mg/kg, respectively.
Pretreatment of rats with DHA was conducted with a dose of 100 mg/kg for 15
and 120 min before the oral (10 mg/kg) or intravenous (5 mg/kg) administrations
of midazolam to rats; control rats received an equal volume of vehicle (olive oil).
Each data point is the average of four to seven determinations, and the vertical
bar represents the standard error of the mean (S.E.M.). In some cases, the S.E.M.
falls within the circle.
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Table 2
Pharmacokinetic parameters of midazolam in rats

Parameters Oral administration (10 mg/kg)

Control (without
DHA) (n = 7)

Pre-administere
DHA (100 mg/k

AUC∞ (�g/ml × min) 48.8 ± 7.55 71.4 ± 5.91*

T1/2 (h) 0.820 ± 0.049 0.748 ± 0.139
CLtot/F, CLtot (ml/min/kg) 244.7 ± 44.8 145.3 ± 12.1
Vdss/F, Vdss (l/kg) 15.87 ± 5.83 9.17 ± 1.74
Tmax (h) 0.309 ± 0.057 0.262 ± 0.034
Cmax (mg/ml) 0.913 ± 0.220 1.378 ± 0.170
F (%) 27.9 43

DHA (100 mg/kg) was pre-administered orally 15 min or 120 min before the oral (10
cokinetic parameters of midazolam were calculated as described in Section 2. Each
significant difference at p < 0.05 when compared to the control group according to a S
of Pharmaceutics 351 (2008) 133–143

olam by about 50%, above that of the control group. The
aximum concentration (Cmax) was enhanced by 43% (Fig. 8A),

ut the differences were not in a significant level. However,
HA caused no significant change in the midazolam elimi-
ation half-life (T1/2), Vdss/F, Tmax, or CLtol/F (Table 2). The
ral bioavailability of midazolam in the DHA-treated group was
bout 53% higher than that in the control group, indicating that
HA enhanced the bioavailability of midazolam.
The oral administration with DHA (100 mg/kg) prior to an

.v. dosage of midazolam had no detectable influence on the
harmacokinetic parameters of midazolam, i.e. the AUC∞, T1/2,
dss, and CL (Table 2) and the plasma midazolam concentrations
ere almost identical in the control and DHA-treated groups

Fig. 8B).

. Discussion

A recent study reported that oral administration of DHA sig-
ificantly increased the oral bioavailabilities of cyclosporine

and saquinavir in rats, without altering their elimination
alf-lives (Hirunpanich et al., 2005; Hirunpanich and Sato,
006). This suggested that DHA could be used to enhance the
ioavailability of drugs with limited availability due to CYP3A-
ediated, intestinal first-pass metabolism. In order to examine

his hypothesis, a perfused everted intestinal segment model
Gandia et al., 2004) was employed. This model has been shown
o have several advantages over the everted intestinal sac model
ecause the serosal compartment has a large volume and con-
tantly perfused as to allow serial sampling of the medium.
egments of the everted rat intestine were incubated at 37 ◦C

n a pre-oxygenated culture containing both glutamine and glu-
ose as substrates to produce ATP for the intestinal mucosa. The
egment continued to show peristaltic contraction for at least
h after excision, which is consistent with the observations of
andia et al. (2004). In addition, the glucose consumption by the

ntestinal segment increased over the course of experiment (data
ot shown), suggesting that tissue viability was maintained.
Both intestinal CYP3A and P-gp have been reported to
educe the intracellular concentrations of their substrates, by
etabolism and by transmembrane efflux, respectively (Benet

t al., 1999). Various reports indicate that regional differences

IV administration (5 mg/kg)

d with
g) (n = 7)

Control (without
DHA) (n = 4)

Pre-administered with
DHA (100 mg/kg) (n = 3)

83.5 ± 4.9 81.5 ± 4.81
0.417 ± 0.064 0.374 ± 0.046
60.6 ± 4.0 61.9 ± 3.64
2.15 ± 0.28 1.99 ± 0.22
ND ND
ND ND
ND ND

mg/kg) or intravenous (5 mg/kg) administration of midazolam to rats. Pharma-
value is expressed as mean ± S.E.M. The asterisks (*) indicates a statistically
tudent t-test. ND: not determined.
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xist in the expression of CYP3A and P-gp along the length of
he small intestine (Benet et al., 1999; Carrillo et al., 1998). Iida
t al. (2005) reported that the expression MDR1 mRNA in the rat
ntestine is concentrated in the ileum and that the localization of
he CYP3A enzyme is mainly observed in the duodenum and the
istal jejunum. This is consistent with kinetic studies reporting
hat the rate of rhodamine-123 transport mediated by P-gp in the
leum is higher than that in the jejunum (Yumoto et al., 1999),
nd that the portions of jejunum and ileum of small intestine
isplay selective expression of CYP3A and P-gp, respectively
Berggren et al., 2003; Johnson et al., 2002). In this study, there-
ore, the isolated jejunum and ileum of rat’s small intestine we
mployed as a source of CYP3A and P-gp, respectively.

To determine the effect of DHA on the bioavailability of
rugs, midazolam was chosen as the CYP3A substrate because
t is extensively metabolized by intestinal CYP3A to form 1′-OH

idazolam and 4-OH midazolam. There is conflicting evidence
oncerning the possibility that midazolam is a substrate of P-gp
Benet et al., 2004; Tolle-Sander et al., 2003). Since midazolam
s a highly permeable drug, the contribution of P-gp efflux may
ot be observed in intact cells or tissues, although its ability to
ctivate P-gp ATPase was demonstrated in an in vitro ATPase
ssay system (Tolle-Sander et al., 2003). In the present study,
he concentrations of 1′-OH midazolam and 4-OH midazolam in
oth the mucosal and serosal environments continued to increase
ver the course of the experiment, indicating that midazolam
etabolism was taking place in this experimental system with

he structure of the intestine. Midazolam, 1′-OH midazolam, and
-OH midazolam concentrations in the intestinal segment were
easured at the last time point to determine the total amount of
etabolites while measuring the extraction ratio of midazolam

hrough the intestinal tissue (ERG).
The ERG of midazolam was determined to be 0.43 ± 0.05,

nd this similar to the results reported in human by Thummel et
l. (1996), Paine et al. (1996) and Lee et al. (1994) who deter-
ined the ERG values of midazolam to be in the range of 0.4–0.5

fter oral administration. The present result is also comparable
o the ERG value of 0.25 ± 0.07 determined in rats (Higashikawa
t al., 1999) using a dose of 0.05 �mol midazolam (which cor-
esponds to 50 �M midazolam injected into the jejunum loop).
HA (10–200 �M) exhibited a concentration-dependent inhibi-

ion of the ERG of midazolam (ranging from 32% to 73%). The
aximum inhibitory effect evoked by DHA was comparable to

he inhibitory effect of 10 �M ketoconazole, a potent inhibitor
f CYP3A.

Previous studies described that high concentrations of mida-
olam lead to a saturation of the hydroxylation reaction and,
herefore, a reduction in the pre-systemic first-pass through the
ntestine and liver (Thummel et al., 1996; Higashikawa et al.,
999; Fisher et al., 1999). Saturation in the formation of midazo-
am into 1′-OH midazolam and 4-OH midazolam in a modified
aco-2 monolayer model occur when the midazolam concen-

ration in the apical layer exceeded 25 and 80 �M, respectively

Fisher et al., 1999). In this study 30 �M of midazolam was
dded into the mucosal (receiver) side which is higher than its
m value (6 �M) in vitro (Kotegawa et al., 2002). However, the

ntracellular concentration of midazolam was found to be only

s
c
c
i

of Pharmaceutics 351 (2008) 133–143 141

bout 0.5 �M which is much lower than Km. The lower con-
entration of midazolam in the intestinal tissue compared to the
xtracellular medium concentration may be the result of intra-
ellular metabolism of the drug by CYP3A, high permeability
f the drug across the tissue, and flow of medium perfusing the
ucosal side of an everted intestinal segment (i.e. sink-effect).
The inhibitory effect of DHA on midazolam metabolism was

lso demonstrated in the in vitro study using rat “intestinal”
icrosomes in contrast to the previous studies (Hirunpanich et

l., 2005; Hirunpanich and Sato, 2006) that employed rat “liver”
icrosomes. DHA decreased the ratio of the formation of both

′-OH midazolam and 4-OH midazolam in a dose-dependent
anner. The calculated Vmax values for 1′-OH and 4-OH mida-

olam formations in the intestinal microsomes were similar
o the previously reported values (0.11 and 0.21 nmol/min/mg
rotein, respectively) but the Km values for 1′-OH and 4-OH
idazolam were higher (6 and 55 �M, respectively) (Kotegawa

t al., 2002). The latter difference may be due to differences in
he preparation of the intestinal microsome, which could alter the
onspecific binding of the drug. This would cause differences in
he unbound fractions of the drug in the incubation mixture, and

m is reported to be influenced by microsomal protein binding
Obach et al., 2006). The Lineweaver–Burk plots clearly indi-
ated that DHA competitively inhibited the formation of 1′-OH
idazolam and 4-OH midazolam with a Ki of 15.7 and 27.1 �M,

espectively. These results are consistent with the observation in
he perfused everted intestinal segments that DHA decreased
he ERG of midazolam. Recently, Yao et al. (2006) reported that
HA has an inhibitory effect not only CYP3A4 with a value Ki
f 34 �M but also CYP1A2, CYP2C9, CYP2C19, CYP2D6, and
YP2E1 in human liver microsomes with Ki values of 41, 2.9,
.7, 122 and 65 �M, respectively. However, CYP3A is the most
revalent (greater than 70%) enzyme involved in oxidative drug
etabolism present in the small intestine, and therefore, the prin-

iple factor in the first-pass metabolism of substrates for the P450
ystem (Benet et al., 1999). In addition, Zhang et al. (1999) found
hat CYP3A4 is the major form of CYP expressed in human
mall intestine enterocytes with minor amounts of CYP2C and
YP1A1. Therefore, the strategy to use DHA as to enhance

he bioavailability of CYP3A substrates may be promising, its
pplication for non-3A CYP isoforms may not be feasible.

The pharmacokinetic parameters for midazolam obtained in
his study without DHA are comparable with a previous study
Kotegawa et al., 2002). A pre-dosing of DHA (100 mg/kg)
arkedly increased the F, Cmax, and AUC of midazolam by

bout 50%, without affecting the elimination half-life (T1/2).
oreover, DHA did not show any effect on the pharmacokinet-

cs of intravenously injected midazolam, thus indicating a lack
f effect on the hepatic clearance of midazolam. Therefore, the
oncentration of DHA in the portal vein of the liver may not have
eached a sufficient level to inhibit the midazolam metabolism
n the liver, after absorption from the intestine.

Oral bioavailability and intestinal drug absorption can be

ignificantly limited by CYP3A and P-gp in the intestine, espe-
ially for dual substrates of CYP3A and P-gp such as sirolimus,
yclosporin A and saquinavir (Benet et al., 1999, 2004). P-gp
s expressed at high levels in the villus tip enterocytes of the
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mall intestine and may work in conjunction with CYP3A to
educe oral bioavailability by actively pumping substrate from
n intracellular location back across the apical plasma mem-
rane (Benet et al., 1999; Thummel et al., 1996). Therefore, the
ffect of DHA on the intestinal absorption of a specific P-gp
ubstrate, rhodamine-123 was examined. The ileum portion of
he intestine was used to negate the regional differences of P-gp
ctivity, considering the highest expression of P-gp mRNA in
he lower part of intestine, especially at ileum (Iida et al., 2005;
umoto et al., 1999). Since no trace of rhodamine metabolites
ere found in the HPLC analysis, the transport of rhodamine was

valuated without consideration of its metabolism. The trans-
ort of rhodamine-123 from the mucosal side to the serosal
ide across the everted intestinal segment increased with time
nd the transport rate was enhanced by approximately 18-fold
hen PSC-833 was added, indicating that P-gp was functioning
roperly in the intestinal segment used, consistent with previous
eports (Achira et al., 1999; Cho et al., 2000). The present study
emonstrated that DHA has little, if any, effect on the intesti-
al P-gp activity, because there was no significant change in the
ransport rate of rhodamine-123 even at a high concentrations
f DHA (1000 �M). These results collectively suggest that P-
p is not involved in the increased bioavailability of midazolam
bserved with the pre-dosing of DHA.

F is the product of the fraction of the administered drug that
s absorbed intact from gastrointestinal lumen (Fa), the fraction
f the absorbed drug that is not metabolized during passage
hrough the gastrointestinal epithelium (Fg), and the fraction of
he absorbed dose delivered to the liver through the portal vein
hat is not subsequently lost during first-pass hepatic metabolism
Fh) (Benet et al., 1999), as given in Eq. (4):

= Fa · Fg · Fh (4)

ur results demonstrated that DHA did not influence P-gp activ-
ty or hepatic metabolism of midazolam; hence, only Fg is the
ominant factor to affect the oral bioavailability of midazolam.
he Fg is defined as one minus the extraction ratio (ERG), as
hown in Eq. (5):

g = 1 − ERG. (5)

ubstituting the data in Fig. 3 into Eq. (5) yielded values of Fg of
idazolam alone and in the presence of DHA (10, 50, 100, and

00 �M) in vitro of 0.57, 0.76, 0.88, 0.93, and 0.94, respectively,
hus indicating that DHA increases the Fg of midazolam by about
3–65%. These results are comparable with the bioavailability-
nhancing effect of DHA for midazolam observed in vivo in rats.
aken together, the present results of both the in vitro and in vivo
xperiments demonstrated that DHA enhanced the midazolam
ioavailability by decreasing the ERG of the drug. In this context,
his study therefore provides direct evidence that demonstrate
HA’s inhibitory effect on the intestinal CYP3A enzyme and
re-systemic intestinal first-pass of a CYP3A substrate, while

revious studies (Hirunpanich et al., 2005; Hirunpanich and
ato, 2006) have only suggested it.

The effects of dietary components on drug bioavailability are
n on-going concern in clinical drug therapy. Much interest has

C

of Pharmaceutics 351 (2008) 133–143

een focused on grapefruit juice and related flavonoids, since
hey increase bioavailabilities of a large number of CYP3A sub-
trates by inactivation of CYP3A, a so-called mechanism-based
nhibition, as well as by inhibiting P-gp activity in the intestine
Hare and Elliott, 2003). These effects may not be restored until
YP3A proteins are newly synthesized. The hepatic clearance
f these substrates remains unchanged. Therefore, their in vivo
ffects may be variable.

Although DHA toxicity was not directly determined in this
tudy, no toxic effects and symptoms have not been observed.
rterburn et al. (2000) reported that docosahexaenoic acid sin-
le cell oil (DHASCO oil) which contains a high concentration
f DHA (about 52%) was safely administered in pregnant rats at
oncentrations up to 1250 mg/kg body weight/day, which repre-
ents about 650 mg/kg body weight/day of DHA. The efficacious
HA doses (50–100 mg/kg) used in the present experiment are
uch less than that reported toxic dose, suggesting the safety of
HA. Our dosage of DHA in rats (100 mg/kg), corresponding

o 6 g/60 kg human subject, is somewhat higher than a typical
herapeutic dose of DHA for human, e.g. 1.5 g/day in the case of
macor® (Bays, 2006) which is a concentrated formulation of
mega-3 PUFAs including DHA and EPA. Therefore, a human
linical study should be further conducted in order to confirm
he possible effects of DHA for CYP3A substrates in clinical
ituations.

In conclusion, this study provided “first direct” evidence
o show that DHA inhibited intestinal drug metabolism by
eversibly interfering with intestinal CYP3A enzymes but not
ith the efflux transporter, P-gp, thus providing a basis for future

linical research to access the potential of DHA as an active
ngredient to enhance the oral bioavailability of drugs which
ave a low bioavailability because of the CYP3A-mediated first-
ass intestinal metabolism.
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