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a b s t r a c t

The presence of ethanol in gastrointestinal (GI) fluids may increase the solubility of poorly water-soluble
drugs. This suggests that intake of ethanol with such compounds could result in increased drug ab-
sorption in the stomach and duodenum because of the greater concentration gradient present. To test
this hypothesis, in vitro dissolution of 2 poorly soluble compounds (indomethacin and felodipine) was
studied in simulated GI rat fluids in the presence or absence of ethanol. Results were used to predict
plasma exposure of the compounds using the software PK-Sim. Finally, in vivo plasma exposure in rats
was investigated after oral dosing followed by immediate administration of water or ethanol. Despite
increased solubility in GI fluids in the presence of ethanol, simulations predicted a negligible effect on
absorption. This was confirmed in the rat study where oral intake of indomethacin or felodipine with
ethanol did not increase in vivo plasma exposure. A possible explanation for the lack of an effect may be
that dilution, absorption, and transfer of ethanol upon arrival in the stomach resulted in intragastric and
intraduodenal ethanol concentrations that did not reach the levels required to affect local solubility.
© 2019 The Authors. Published by Elsevier Inc. on behalf of the American Pharmacists Association®. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
Introduction

The concomitant intake of ethanol has been shown to affect the
bioavailability of several commercially available drug products.1

Ethanol in the gastrointestinal (GI) tract can result in the prema-
ture disintegration of modified-release dosage forms, referred to as
“dose dumping,” leading to (1) rapid drug dissolution, (2) an
increased rate of drug absorption, and (3) higher plasma concen-
trations. In the case of Pallodone XL™, a once-daily formulation of
hydromorphone hydrochloride, the potential for ethanol-induced
dose dumping even prompted market withdrawal.1,2

Alternatively, ethanol in the GI tract may affect absorption by
increasingdrugdissolutionandsolubility inGIfluids, becauseethanol
max, maximum plasma con-
te simulated intestinal fluid;
intestinal; rFaSSIF, rat fasted
ubility; tmax, time to reach
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can act as a cosolvent.Wehave previously shown that the presence of
20% ethanol in simulated human gastric and intestinal fluids signifi-
cantly increased the apparent solubility (Sapp) of poorlywater-soluble
compounds; moreover, in silico simulations based on these solubility
measurements predicted increased plasma concentrations of non-
ionizable lipophilic compounds.3,4 Similarly, increased solubility has
been observed when lipophilic drugs are taken together with meals
rich in lipids. For the latter, higher plasma concentration have been
reached because of the enhanced drug solubility in the GI tract.5,6

Despite the fact that increased bioavailability can have serious
and negative consequences (especially for compounds with a nar-
row therapeutic window), limited systematic studies are available
on the in vivo effects of ethanol. In addition to performing in vitro
dissolution studies and in silico absorption simulations, we evalu-
ated the in vivo effect of ethanol as a cosolvent on the intestinal
absorption of lipophilic drugs in rats. Felodipine was used as the
model drug for which an effect of ethanol was expected. The sol-
ubility of felodipine in human gastric and intestinal simulated
fluids has previously been reported to increase 14- and 1.9-fold in
the presence of 20% v/v ethanol, which could enhance absorp-
tion.3,4 Indomethacin was used as a control drug. Although the
solubility of indomethacin in gastric and intestinal simulated fluids
rmacists Association®. This is an open access article under the CC BY-NC-ND license

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Janneke.keemink@farmaci.uu.se
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xphs.2018.12.006&domain=pdf
www.sciencedirect.com/science/journal/00223549
http://www.jpharmsci.org
https://doi.org/10.1016/j.xphs.2018.12.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.xphs.2018.12.006


Table 1
Physicochemical Parameters4 and Unbound Fractions in Plasma15,16 Used for In Silico
Absorption Simulations

Drug-Specific Parameters Indomethacin Felodipine

logP 3.5 4.8
logD2.5 3.5 4.8
logD6.5 1.5 4.8
MW (Da) 357.8 384.3
pKa 3.91 NA
fu, plasma 0.10 0.01

NA, not applicable.
Lipophilicity is expressed as logP, log D at pH 2.5(logD2.5), and log D at pH 6.5
(LogD6.5); MW molecular weight; pKa dissociation constant; fu,plasma, fraction un-
bound in plasma.
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increased 13- and 3.5-fold in the presence of 20% v/v ethanol,3,4

a negligible effect on indomethacin absorption was expected in
humans.4 The reason for this may be that indomethacin (pKa 3.91)
gets ionized at the pH of the small intestine, which results in a
solubility that allows the maximum dose (100 mg) to become
completely dissolved already in the absence of ethanol. Indeed, the
dose number for indomethacin (considering solubility in fasted
state simulated intestinal fluids [FaSSIF]) was <1.4,7 This means that
at the pH of the small intestine, indomethacin performs as a bio-
pharmaceutics classification system class I compound with high
solubility and high permeability.

To exclude processes other than dissolution and solubility, we
evaluated the effect of ethanol on oral absorption of felodipine and
indomethacin from both drug solutions and suspensions.

Materials and Methods

Materials

Methylcellulose United States Pharmacopeia grade, sodium
hydroxide, monobasic sodium phosphate monohydrate, sodium
chloride, warfarin, and formic acid were purchased from Sigma-
Aldrich (St. Louis, MO). PEG400 was from Fluka (Buchs,
Switzerland), ethanol (96%) fromDeDanske Spritfabrikker (Aalborg,
Denmark), and acetonitrile from VWR (Stockholm, Sweden). Felo-
dipine was a kind gift from AstraZeneca (Cambridge, UK). Indo-
methacin was obtained from Hawkins, Inc. Pharmaceutical Group
(Roseville, MN). FaSSIF/fasted state simulated gastric fluid (FaSSGF)
powder was purchased from biorelevant.com (London, UK).

Preparation of Formulations

The intravenous formulations were prepared by dissolving the
compound in pure ethanol and adding isotonic saline to the ethanol
solution to produce a concentration of totally 20% (v/v) ethanol so-
lution. pH was adjusted to 7.0 and the solutionwas filtrated through
a sterile 0.22-mm filter before use. Oral solutions of felodipine and
indomethacin were prepared by weighing the compounds and
subsequently adding PEG400 to a final concentration of 3.3 mg/mL.
After overnight stirring, compounds were completely dissolved.
Aqueous suspensions containing 33.3 mg/mL of felodipine or indo-
methacin were prepared by mixing the compounds with a 0.5% (w/
v) methylcellulose solution. The compounds were used as supplied
with no further processing other than stirring on a magnetic stirrer.

Particle Size of Suspensions

The particle size of the suspensions was measured by laser
diffraction using the Fraunhofer theory on a HELOS from Sympatec
GmbH (Clausthal-Zellerfeld, Germany). The suspensions were
diluted in purified water immediately before the measurements.
The particle size of the indomethacin suspension for D10, D50, and
D90 was 12.1 mm, 58.8 mm, and 83.8 mm, respectively, and for the
felodipine suspension, 1.5 mm, 11.9 mm, and 39.4 mm, respectively.
These particle sizes are expected to result in incomplete absorption
in the absence of ethanol.8,9

In Vitro Dissolution

The shake flask method was used to determine (1) Sapp of
indomethacin and felodipine in rat FaSSIF (rFaSSIF) in the absence
or presence of 20% ethanol and (2) dissolution of indomethacin and
felodipine solutions and suspension in the rat stomach in the
absence or presence of 20% ethanol. rFaSSIF was a modification of
FaSSIF-V1 containing higher levels of lecithin (5.25 mM) and
taurocholate (21 mM). These higher concentrations resemble
phospholipid and bile salt concentrations in intestinal fluids of rats
which are relatively high as compared to humans. This is due to that
rats lack a gall bladder and continuously secrete bile into the du-
odenum, while humans secrete bile from the gall bladder in much
lower volumes dependent on food intake.10-12 FaSSGFwas prepared
as described before.4 The pH was adjusted to 2.5 to resemble the
level in the stomach of a fasted rat.13

To determine apparent solubility, an excess of crystalline com-
pound was added to 1 mL rFaSSIF or 1 mL rFaSSIF containing 20% of
ethanol. After 24 h on a shaker (300 rpm) at 37�C, test tubes were
centrifuged (2300 � g at 37�C for 10 min). The supernatant was
diluted in mobile phase before HPLC-UV analysis.

In order to determine felodipine and indomethacin dissolution
in the stomach of a rat, formulations were added to FaSSGF in a
ratio relevant for the in vivo situation in fasted rats where gut water
represents 1.8% of the total body weight.14 Therefore, 16.7 mL of the
formulations was added per mL of FaSSGF, except for the indo-
methacin suspension, for which 33.3 mL was added per mL FaSSGF.
Vials were incubated on a shaker (300 rpm) at 37�C for 30 min, the
gastric-emptying time in fasted rats,13 before samples were
centrifuged (2300 � g at 37�C for 10 min) to separate the dissolved
and the solid phase. Both phases were diluted in mobile phase
before HPLC-UV analysis.

HPLC-UV Analysis

HPLC analysis was conducted using an HPLC (Agilent Technol-
ogies 1290 Infinity) with a Zorbax Eclipse XDB-C18 column (4.6 �
100 mm) at 40�C. The injection volume was 20 mL. For the analysis
of indomethacin, a mobile phase consisting of 0.1% formic acid in
acetonitrile:0.1% formic acid in water 70:30 (v/v) and an isocratic
flow rate of 1 mL/min were used. UV absorbance of indomethacin
was monitored at a wavelength of 320 nm. The mobile phase used
to analyze felodipine consisted of acetonitrile:sodium acetate
buffer (pH 5) 80:20 (v/v) and was used at an isocratic flow rate of 1
mL/min. UV absorbance of felodipine was monitored at a wave-
length of 360 nm. The retention times were 1.94 min for indo-
methacin and 1.84 min for felodipine.

In Silico Absorption Simulations

The potential impact on plasma exposure of an increase in solu-
bility caused by administration of ethanol was investigated by phys-
iologically based pharmacokinetic modeling using the software PK-
Sim (v.7.3.0) included in the Open System Pharmacology Suite
(https://github.com/Open-Systems-Pharmacology/Suite/releases/
tag/v7.3.0). All simulations were performed using default values of
the “rat” as specified in the software, if not stated otherwise. Drug-
specific values applied for physicochemical parameters,4 fraction
unbound in plasma,15,16 and solubility values are summarized in

http://biorelevant.com
https://github.com/Open-Systems-Pharmacology/Suite/releases/tag/v7.3.0
https://github.com/Open-Systems-Pharmacology/Suite/releases/tag/v7.3.0


Table 2
Effect of 20% of Ethanol on Apparent Solubility in Gastrointestinal Fluids of Rats

Drug-Specific Parameters Apparent Solubility (mg/mL)

Indomethacin Felodipine

FaSSGF4 1.7 ± 0.26 2.3 ± 0.46

FaSSGF20% ethanol
4 22.5 ± 0.56 33.1 ± 3.46

rFaSSIF 933 ± 51 191 ± 21
rFaSSIF20% ethanol 1775 ± 172 264 ± 5
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Tables 1 and 2. The first step of the modeling strategy was to identify
drug disposition. Plasma-concentration time profiles after intrave-
nous administration and the administration of oral water solution,
assuming no precipitation after administration, was used to identify
distribution (tissue distribution calculation method and logP), gut
wall permeability, and unspecific metabolic elimination, in liver and
also in the gut wall for felodipine. Intestinal solubility was then
identified in each small intestinal segment using observed plasma
concentration-time profiles after oral administration of water sus-
pension and applying identified disposition parameters and gastric
and colonic solubility according to buffer solubility at specified
luminal pH. This identificationwas performed under the assumption
that solubility was the major contributor of regional differences in
absorption rate. Impact of maximum predicted effect of concomitant
administration of ethanol was then simulated by multiplying gastric
and duodenal solubility by the increase in solubility observed in vitro,
that is, FaSSGF with or without ethanol and rFaSSIF with or without
ethanol. The simulated ethanol effect was assessed as percental in-
crease in maximum concentration (Cmax) and area under the curve
(AUC) from the simulated plasma concentration profiles.
In Vivo Protocol

The animal experiments were performed at Lundbeck (Copen-
hagen, Denmark) and Janssen (Beerse, Belgium). The protocol used
for the in vivo studies was approved by the institutional animal
ethics committees and were in accordancewith Danish and Belgian
law regulating experiments on animals, with EC directive 2010/63/
EU and the NIH guidelines on animal welfare. Male Sprague-
Dawley rats weighing 221-345 g on the day of the experiments
were purchased from Charles River (Erkrath, Germany) and accli-
matized with access to standard food and water ad libitum for at
least 1 week before entering the experiment. Food was removed
between 16-20 h before and 4 h after dosing. Water was available
ad libitum at all times. The rats were randomly assigned to groups
receiving the different treatments, with 5-6 animals per group.

For intravenous administration, 1 mg/kg compound was injec-
ted into the tail vain at 5 mL/kg. Rats were administered with an
oral solution or suspension of felodipine or indomethacin by oral
gavage. Solutions were dosed at 0.3 mL/kg to obtain a dose of 1 mg/
kg. Suspensions of felodipine and indomethacin were dosed with
0.3 or 0.6mL/kg, respectively, to equal a dose of 10 or 20mg/kg. The
doses of the solutions were based on the solubility of the com-
pounds in the vehicles. High doses were selected for the suspension
studies because they needed to result in a solubility-limited ab-
sorption in order to observe a potential ethanol effect. Compound
administration was followed by an administration of 5 mL/kg of (1)
deionized water (0% ethanol) or (2) 20% ethanol in deionized water.
The dose of ethanol administered in the current rat study (0.2 mL/
kg) is closely related to ethanol intake upon consumption of a
standard glass of beer (0.19 mL/kg), wine (0.16 mL/kg), or whisky
(0.23 mL/kg) by an adult weighing 70 kg.17

Blood samples (200 mL) were obtained by individual tail vein
puncture and collected into plasma collection tubes containing
dipotassium EDTA. Samples were taken between 5 min and 24 h
postdose. The tubes were immediately centrifuged for 10 min at
3200 � g to obtain plasma which was stored at �80�C until further
analysis. The animals were euthanized after the experiments.

Plasma Sample Preparation and Ultra Performance Liquid
ChromatographyeTandem Mass Spectrometry Analysis

Plasma samples (50 mL) were extracted with 150 mL acetonitrile
spiked with 50 nMwarfarin as internal standard and centrifuged at
2465� g at 4�C for 20min. Plasma concentrationswere determined
by analyzing the supernatants using a Water Xevo TQ MS with
electrospray ionization coupled to an Acquity UPLC system (Waters,
Milford, MA). AWaters BEH C18 2.1 � 50 mm (1.7-mm) columnwas
used for chromatographic separation. The mobile phase consisted
of 5% acetonitrile and 0.1% formic acid inwater (solvent A) and 0.1%
formic acid in acetonitrile (solvent B). Gradient elution at a constant
flow rate of 0.5 mL/minwas performed as follows: 95% A decreased
linearly to 10% from 0.5 to 1.2 min, followed by a constant flow of
10% A for 0.4min and a linear increase back to 95% A at 1.7 min until
the end of the run (2 min). The injection volume was 10 mL. The
column oven and auto sampler tray temperature were set at 60�C
and 10�C, respectively. The mass spectrometer was operated in the
positive electrospray mode for indomethacin and felodipine and in
negative mode for warfarin. The retention times of indomethacin,
felodipine, and internal standard warfarin were 1:46, 1:56, and
1:42 min, respectively. Precursor-product ion pairs followed were:
m/z 358/ 139 (collision energy 20 V) for indomethacin, m/z
385/278 (collision energy 25 V) for felodipine, and m/z 309/163
(collision energy 22 V) for warfarin. Data acquisition and peak
integration were performed with MassLynx software (Waters).

Data Analysis

Data are presented as mean values with standard deviation.
Cmax and time to reachmaximumplasma concentration (tmax) were
determined directly from the plasma concentration-time profiles.
The AUC0-24h values were calculated using the linear trapezoidal
method. Plasma concentrations below the limit of quantitation
were set equal to zero. Accurate determination of the terminal
elimination rate constant and AUC0-∞ was not possible because
insufficient data points were collected during the elimination
phase, and after 24 h, plasma concentrations of felodipine were
typically below the quantification limit.

Statistical analysis was performed with GraphPad Prism 7
(GraphPad Software). Student t-tests (for means) and Mann-
Whitney tests (for medians) were used to evaluate differences
between values obtained in the control condition (0% ethanol) and
the 20% (v/v) ethanol condition. p values lower than 0.05 were
considered statistically significant.

Results

Ethanol Effects on In Vitro Dissolution in Simulated GI Fluids of
Fasted Rats

The apparent solubility of indomethacin and felodipine in
FaSSGF has been determined previously4 and was relatively low
compared to values obtained in rFaSSIF (Table 2). The presence of
ethanol significantly increased solubility of both model compounds
in both fluids. Indomethacin solubility increased 13- and 1.9-fold
when FaSSGF and rFaSSIF were supplemented with 20% of
ethanol. The presence of the same proportion of ethanol increased
felodipine solubility 14-fold in FaSSGF and 1.4-fold in rFaSSIF.

In vitro dissolution of the indomethacin and felodipine solutions
and suspensions in the stomach during 30min, the gastric residence



Table 3
In Vitro Dissolution of Indomethacin and Felodipine Solutions and Suspensions
Expected in a Fasted Rat Stomach

Formulation Ethanol Compound Dissolved (%)

Indomethacin Felodipine

Solution 0% 10.6 ± 1.8 26.8 ± 4.6
20% 96.9 ± 3.8 95.1 ± 1.5

Suspension 0% 0.35 ± 0.17 0.35 ± 0.21
20% 1.16 ± 0.10 4.11 ± 0.01

Figure 2. Plasma concentration profiles for felodipine after administration of oral
suspensions with water (blue line) or 20% ethanol (red line) simulated in PK-Sim.
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time in fasted rats,13 is depicted in Table 3. Almost all indomethacin
that was added as a solution remained in solution in the presence of
20% of ethanol whereas most of the compound precipitated in the
absence of ethanol and only 10.6% ± 1.8% was dissolved after a
30 min incubation. Only small fractions of indomethacin suspension
were expected to dissolve in a rat stomach but the presence of
ethanol increased this fraction 4.2-fold (1.16% vs. 0.35%). Similar re-
sults were observed for dissolution studies with felodipine. Most of
the compound added in solution was expected to precipitate in the
absence of ethanol with only 26.8% of felodipine in solution after
30min. The presence of 20% of ethanol increased this value to 95.1%.
A small fraction of the felodipine suspension dissolved in the
absence of ethanol (0.35%). However, the presence of 20% of ethanol
increased this value to 4.11%, a 14.4-fold increase.
Ethanol Effects on Simulated Absorption

Total plasma clearance and volume of distributionwere identified
to 0.48 mL/min/kg and 0.2 L/kg for indomethacin and 60 mL/min/kg
and36L/kg for felodipine. Fraction absorbedafteroral administration
of a solution was estimated to 1 for both drugs while the estimated
oral bioavailability was 100% and 25% for indomethacin and felodi-
pine, respectively. For indomethacin, apparent intestinal solubility
was identified to700mg/mL in theduodenumand lower ileumand<1
mg/mL in all other small intestinal segments. Apparent intestinal
solubility was identified to 180 mg/mL in duodenum, <10 mg/mL in
jejunum, and 10-20 mg/mL in ileum for felodipine. The maximum
estimated increase in Cmax and AUC by ethanol coadministration,
applying the fold increase in gastric and duodenal solubility given by
in vitro measurements, was simulated to 30% and 21% for indo-
methacin and 36% and 26% for felodipine. Simulated plasma
concentration-time profiles after oral administration of suspension
without and with ethanol are displayed in Figures 1 and 2.
Ethanol Effects on In Vivo Exposure in Fasted Rats

The plasma concentration-time profiles determined following
administration of indomethacin are shown in Figure 3, and the
corresponding pharmacokinetic parameters are summarized in
Figure 1. Plasma concentration profiles for indomethacin after administration of oral
suspensions with water (blue line) or 20% ethanol (red line) simulated in PK-Sim.
Table 4. Statistical analysis was performed to compare the same
formulation, that is, solutions or suspensions, followed by imme-
diate administration of water or ethanol. For rats receiving indo-
methacin in solution, statistical tests showed a significantly higher
value forCmax in theabsenceof ethanol (4963±1138ng/mL) than for
those that had 20% of ethanol administered (3558 ± 966; p ¼ 0.03).
No significant differences were observed between the AUC0-24h and
tmax of this solution administered with water and ethanol. Phar-
macokinetic parameters were similar when suspensions of indo-
methacinwere administeredwithwater or 20%of ethanol. Although
not significant, tmax values for indomethacin solutions and suspen-
sions tended to increase when ethanol was administered. The
AUC0-24h was corrected for the administered dose (AUC0-24h/D) to
allow comparison between these solutions and suspensions. No
statistically significant differences were observed between the
Figure 3. Mean plasma concentration-time profiles (±SD) for indomethacin after
administration of (a) oral solutions or (b) oral suspensions. The formulations were
administered with water (blue line) or 20% ethanol (red line).



Table 4
Summary of Pharmacokinetic Parameters for Indomethacin After Administration of Solutions and Suspensions With Water (0% Ethanol) or Ethanol (20%)

Formulation Ethanol Administered Sample Size Cmax (ng/mL)a tmax (h)b AUC0-24h ((ng/mL)h)a AUC0-24h/D (h/mL)a

Solutionc 0% 6 4963 ± 1138 1.00 (0.25-1.00) 34,552 ± 6721 0.11 ± 0.02
20% 6 3558 ± 966e 0.50 (0.25-6.00) 39,026 ± 5355 0.12 ± 0.01

Suspensiond 0% 5 29,667 ± 7723 4.00 (0.50-7.00) 413,753 ± 75,084 0.09 ± 0.01
20% 6 30,830 ± 17,577 4.00 (4.00-8.00) 571,582 ± 349,456 0.11 ± 0.05

a Mean ± SD.
b Median (range).
c 1 mg/kg.
d 10 mg/kg.
e p < 0.05 compared to 0% ethanol.
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2 formulations (i.e., solutions and suspensions) containing indo-
methacin, irrespective of the presence of ethanol.

Figure 4 shows the plasma concentration-time profiles after
administration of felodipine with water or ethanol. Pharmacoki-
netic parameters determined based on these profiles are presented
in Table 5. No differences were detected between parameters
determined following administration of felodipine solutions and
suspensions with or without ethanol. The AUC0-24h/D was signifi-
cantly lower upon administration of felodipine suspensions than
after administration of felodipine solutions.
Figure 4. Mean plasma concentration-time profiles (±SD) for felodipine after admin-
istration of (a) oral solutions or (b) oral suspensions. The formulations were admin-
istered with water (blue line) and 20% ethanol (red line).
Discussion

This study evaluated the effect of ethanol as a cosolvent on the
intestinal absorption of indomethacin and felodipine in rats. The
indomethacin results corroborated the expectations: no increase in
indomethacin absorption was observed with subsequent intake of
ethanol in vivo. Although significant precipitation of the indo-
methacin solution and incomplete dissolution of the indomethacin
suspension were predicted to occur in the stomach of the rats
(Table 3), the acidic compound is expected to dissolve completely in
the small intestine (due to ionization), followed by rapid absorp-
tion. The preclinical dose number (PDo) supports this proposed
mechanism. The PDo was calculated by dividing the dose (mg/kg)
by the compound solubility in rFaSSIF (mg/mL) to obtain the vol-
ume of rFaSSIF required to fully dissolve the dose.18 In the absence
of ethanol, PDo values were 1 and 21 mL/kg for the indomethacin
solution and suspension, respectively, lower than the expected gut
volume after administration of the formulation with water (23 mL/
kg).14 In addition, AUC0-24h/D for solutions and suspensions of
indomethacin is comparable, indicating that dissolution and solu-
bility do not limit absorption (Table 4).

In contrast, AUC0-24h/D of felodipine was higher following
administration of solutions than suspensions, indicating a disso-
lution- or solubility-limited absorption of this dose of the com-
pound in the rat intestine (Table 5). This is supported by the PDo
values for felodipine suspensions in the absence (52 mL/kg) or
presence (38 mL/kg) of ethanol. Although the PDo decreased
considerably in the presence of ethanol, in vivo dissolution and
solubility of felodipine seemed unaffected by ethanol, as simulta-
neous intake of felodipine suspensions with ethanol did not alter
the exposure of this drug in plasma.

Physiologically based pharmacokinetic simulations were con-
ducted to estimate the maximum effect on plasma exposure based
on solubility measurements (Table 2); other potential effects of
ethanol were not considered in the simulations. The simulations
predicted a small ethanol effect, ~20%-30% in Cmax and AUC, for
both felodipine and indomethacin. This effect was not observed
in vivo, which either can be due to an absence of in vivo effects or
that this level of difference is too small to be discriminated given
the variability in the in vivo data. In all, simulations support the
observations that the effects of ethanol on gastric and intestinal
solubility is negligible for the in vivo exposure of felodipine and
indomethacin in rats. A possible explanation for the lack of an
ethanol effect on felodipine absorption in vivo could be that dilu-
tion, absorption, and transfer of ethanol upon arrival to the stomach
resulted in ethanol concentrations too low to affect local solubility
in the GI tract. The presence of 5% (v/v) of ethanol had negligible
effects on felodipine solubility.3 Assuming that the total amount of
fluid in the GI tract of fasted rats is approximately 1.8% of total body
weight,14 the GI tract of the rats used in the present study contained
4.0-6.3 mL of fluid. Administration of a drug solution (0.07-0.10 mL)
or suspension (0.07-0.21mL) and an ethanol solution (1.11-1.72mL)
would therefore result in a substantial dilution of the ethanol.
Gastric absorption of ethanol is, however, limited (~5%/30 min) due
to the relatively small surface of the gastric epithelium.19-21 A
disappearance of 75% of ethanol from the stomach within 30min of
ingestion, despite the low absorption rate, indicates a rapid transfer
of ethanol to the duodenum.20 Once in the duodenum, ethanol
(which is a small, neutral molecule) is rapidly absorbed through
passive diffusion.21,22



Table 5
Summary of Pharmacokinetic Parameters for Felodipine After Administration of Solutions and Suspensions With Water (0% Ethanol) or Ethanol (20%)

Formulation Ethanol Administered Sample Size Cmax (ng/mL)a tmax (h)b AUC0-24h ((ng/mL)h)a AUC0-24h/D (h/mL)a

Solutionc 0% 6 36.18 ± 18.57 0.50 (0.25-1.00) 81.41 ± 32.93 2.63 � 10�4 ± 1.04 � 10�4

20% 6 69.69 ± 59.98 0.25 (0.25-0.50) 101.19 ± 67.79 3.17 � 10�4 ± 2.15 � 10�4

Suspensiond 0% 6 51.09 ± 21.83 0.50 (0.25-0.50) 143.16 ± 132.39 4.62 � 10�5 ± 4.15 � 10�5

20% 6 47.41 ± 17.76 0.50 (0.25-2.00) 160.15 ± 86.60 5.27 � 10�5 ± 2.87 � 10�5

a Mean ± SD.
b Median (range).
c 1 mg/kg.
d 20 mg/kg, AUC0-24h/D suspension is significantly lower than AUC0-24h/D solution.
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In addition to affecting GI solubility, ethanol has been associated
with a number of physiological processes in the GI tract that are of
importance for drug absorption and the resulting plasma concen-
tration profile. Ethanol at 4%-40% has been shown to delay gastric
emptying, partly due to pylorospasms.20,22,23 This effect can ac-
count for the tendency for higher tmax values after administering
formulations of indomethacin with ethanol. Delayed gastric
emptying results in a slower, more continuous transfer of drug
solutions and suspensions from the stomach to the duodenum,
which could explain the significantly lower Cmax value determined
for the indomethacin solution administered with 20% ethanol.

Physiological effects in the GI tract in the presence of ethanol
can also affect permeability. In the stomach, ethanol can enhance
the blood flow in the gastric mucosa, which increases the sink
conditions in the serosal compartment and thus the permeability.24

In the intestine, increased absorption in the presence of ethanol
(18% v/v) could occur as a result of higher mucosal and microvas-
cular permeability.25 It is doubtful that these effects manifested in
the present study for 2 reasons: (1) the majority of drug absorption
occurs in the intestine,20 which limits the effect of an increased
gastric blood flow on plasma exposure; and (2) due to dilution,
absorption, and transfer of ethanol, it is unlikely that concentra-
tions of 18% (v/v) were reached in the GI tract.

To date, no data are available regarding effects of ethanol on
dissolution and solubility of poorly soluble drugs in the GI tract of
humans. In silico simulations, based on apparent solubility data in
simulatedGIfluidscontaining20%ofethanol, predictedan increase in
in vivo exposure of nonionized lipophilic compounds.4 However, a
recent study by Rubbens et al.17 reported ethanol concentrations in
gastric and duodenal fluids that were much lower than the 20% used
in the in silico simulations.4,17 The consumption of beer, wine, or
whisky, with ethanol contents of 5.2%, 11.0%, and 40.0%, respectively,
resulted in ethanol concentrations of maximum4.1%-11.4% and 2.0%-
5.9% in the stomach and duodenum. Moreover, those concentrations
rapidly declined, resulting in less than 0.05% ethanol in both stomach
and duodenal fluids after 2 h. The authors explained the low ethanol
concentration by dilution, absorption, and transfer of ethanol upon
arrival in the stomach. Dilution in the human stomach is highly
dependent on the volume of the beverage ingested. The fasted state
stomach of humans typically contains 50 mL fluid or less.26 Con-
sumption of 500 mL of beer, 200 mL of wine, or 80 mL of whisky
would thus result in1.10-,1.25-, or 1.63-folddilutions of ethanol in the
human stomach.17 In humans,10%-20% of orally ingested ethanol has
been reported to be absorbed in the stomach,19,27 whereas ethanol
transfer from the stomach to the duodenum is rapid. In some cases,
ethanol tmax determined in the duodenumof healthy volunteers was
even lower than in the stomach, indicating an instantaneous transfer
of ethanol to the intestine.17

This studyaimed at evaluating the absorption effect of GI ethanol
concentrations on poorly water-soluble compounds in general.
However, despite dilution, absorption, and transfer of ethanol in the
human GI tract, ethanol effects on the extent of absorption of com-
mercial felodipine formulations are unlikely to occur in humans.
Felodipine is marketed as an extended-release formulation making
use of amorphous felodipine (Plendil) which already results in
complete absorption in the absence of the cosolvent.4,15,28 In addi-
tion, when changing from amorphous to micronized felodipine,
maintaining the exact composition of Plendil, absorption was
complete. However, in comparison, crude, nonmicronized felodi-
pine formulated in the Plendil composition resulted in significantly
lower absorption (personal communication, AstraZeneca). Hence,
also in humans, felodipine shows dissolution rateelimited absorp-
tion and is in need of enabling formulation strategies (e.g.,
amorphization) to be completely absorbed.

Despite the absence of a clear effect of ethanol on drug ab-
sorption in rats and the low probability of these effects to occur in
humans, it is important to emphasize that many drugs can interact
with ethanol on a pharmacodynamic and pharmacokinetic level.
On a pharmacodynamic level, ethanol can enhance effects of, for
example, antipsychotics and antidepressants, as both ethanol and
these compounds reduce the activity of the central nervous sys-
tem.29 In addition, ethanol can increase the effect of some antihy-
pertensive drugs, because ethanol causes vasodilation.29 The
pharmacokinetic profile can be affected by dose dumping, as
mentioned before.1,19 However, most ethanol-drug interactions at
the pharmacokinetic level result from interference with metabo-
lizing enzymes. Ethanol is both a substrate and inducer of cyto-
chrome P450 (CYP) 2E1, and a substrate of alcohol dehydrogenase,
and it can therefore interact with drugs that are substrates, in-
ducers, or inhibitors of these enzymes.29 The therapeutic effect of
disulfiram, a compound used to treat chronic alcoholism, is based
on such an enzyme interaction.30 In our study, enzyme interactions
were avoided by the careful selection of model compounds that are
metabolized instead by CYP2C (indomethacin) and CYP3A
(felodipine).31,32

Conclusion

The concomitant intake of ethanol (dosed as 20% v/v) with
felodipine or indomethacin solutions and suspensions did not in-
crease the in vivo plasma exposure of these compounds in fasted
rats. Dilution, absorption, and transfer of ethanol from the stomach
and intestine could result in ethanol concentrations that did not
reach levels required to affect local solubility in the GI tract. In
contrast with our hypothesis, increased bioavailability, due to
increasing drug dissolution and solubility in GI fluids in rats, is
unlikely to occur. The literature suggests the same situation for
humans where intragastric and intraduodenal concentrations (1)
are expected to be relatively low as compared to ingested ethanol
concentrations and (2) rapidly decline. This most likely results in GI
ethanol concentrations that are too low to affect local solubility.17

Acknowledgments

We thank Dr. Bertil Abrahamsson (AstraZeneca R&D M€olndal)
for the discussion around pharmacokinetics of formulated



J. Keemink et al. / Journal of Pharmaceutical Sciences 108 (2019) 1765-1771 1771
felodipine and absorption of marketed products of this compound.
This work has received support from the Swedish Research Council
Grant 2014-3309.

References

1. D’Souza S, Mayock S, Salt A. A review of in vivo and in vitro aspects of alcohol-
induced dose dumping. AAPS Open. 2017;3(1):5.

2. Walden M, Nicholls FA, Smith KJ, Tucker GT. The effect of ethanol on the release
of opioids from oral prolonged-release preparations. Drug Dev Ind Pharm.
2007;33(10):1101-1111.

3. Fagerberg JH, Al-Tikriti Y, Ragnarsson G, Bergstr€om CAS. Ethanol effects on
apparent solubility of poorly soluble drugs in simulated intestinal fluid. Mol
Pharm. 2012;9(7):1942-1952.

4. Fagerberg JH, Sj€ogren E, Bergstr€om CAS. Concomitant intake of alcohol
may increase the absorption of poorly soluble drugs. Eur J Pharm Sci.
2015;67:12-20.

5. Custodio JM, Wu C-Y, Benet LZ. Predicting drug disposition, absorption/elimi-
nation/transporter interplay and the role of food on drug absorption. Adv Drug
Deliv Rev. 2008;60(6):717-733.

6. Persson EM, Gustafsson A-S, Carlsson AS, et al. The effects of food on the
dissolution of poorly soluble drugs in human and in model small intestinal
fluids. Pharm Res. 2005;22(12):2141-2151.

7. Fagerberg JH, Tsinman O, Sun N, Tsinman K, Avdeef A, Bergstr€om CAS. Disso-
lution rate and apparent solubility of poorly soluble drugs in biorelevant
dissolution media. Mol Pharm. 2010;7(5):1419-1430.

8. Scholz A, Abrahamsson B, Diebold SM, et al. Influence of hydrodynamics and
particle size on the absorption of felodipine in labradors. Pharm Res.
2002;19(1):42-46.

9. Kim JY, Ku YS. Enhanced absorption of indomethacin after oral or rectal
administration of a self-emulsifying system containing indomethacin to rats.
Int J Pharm. 2000;194(1):81-89.

10. Bergstr€om CAS, Holm R, Jørgensen SA, et al. Early pharmaceutical profiling to
predict oral drug absorption: current status and unmet needs. Eur J Pharm Sci.
2014;57:173-199.

11. Kararli TT. Comparison of the gastrointestinal anatomy, physiology, and
biochemistry of humans and commonly used laboratory animals. Biopharm
Drug Dispos. 1995;16(5):351-380.

12. Berghausen J, Seiler FH, Gobeau N, Faller B. Simulated rat intestinal fluid im-
proves oral exposure prediction for poorly soluble compounds over a wide
dose range. ADMET DMPK. 2016;4(1):35.

13. Poulakos L, Kent TH. Gastric emptying and small intestinal propulsion in fed
and fasted rats. Gastroenterology. 1973;64(5):962-967.

14. McConnell EL, Basit AW, Murdan S. Measurements of rat and mouse gastro-
intestinal pH, fluid and lymphoid tissue, and implications for in-vivo experi-
ments. J Pharm Pharmacol. 2008;60(1):63-70.
15. Edgar B, Hoffmann K-J, Lundborg P, RegÅrdh C-G, R€onn O, Weidolf L. Ab-
sorption, distribution and elimination of felodipine in man. Drugs.
1985;29(Supplement 2):9-15.

16. Hvidberg E, Lausen HH, Jansen JA. Indomethacin: plasma concentrations and
protein binding in man. Eur J Clin Pharmacol. 1972;4(2):119-124.

17. Rubbens J, Brouwers J, Wolfs K, Adams E, Tack J, Augustijns P. Ethanol con-
centrations in the human gastrointestinal tract after intake of alcoholic bev-
erages. Eur J Pharm Sci. 2016;86:91-95.

18. Wuelfing WP, Daublain P, Kesisoglou F, Templeton A, McGregor C. Preclinical
dose number and its application in understanding drug absorption risk and
formulation design for preclinical species. Mol Pharm. 2015;12(4):1031-1039.

19. Lennern€as H. Ethanol-drug absorption interaction: potential for a significant
effect on the plasma pharmacokinetics of ethanol vulnerable formulations. Mol
Pharm. 2009;6(5):1429-1440.

20. Levitt MD, Furne J, DeMaster E. First-pass metabolism of ethanol is negligible in
rat gastric mucosa. Alcohol Clin Exp Res. 1997;21(2):293-297.

21. Shultz J, Weiner H, Westcott J. Retardation of ethanol absorption by food in the
stomach. J Stud Alcohol. 1980;41(9):861-870.

22. Holt S. Observations on the relation between alcohol absorption and the rate of
gastric emptying. Can Med Assoc J. 1981;124(3):267-277, 297.

23. Franke A, Teyssen S, Harder H, Singer MV. Effect of ethanol and some alcoholic
beverages on gastric emptying in humans. Scand J Gastroenterol. 2004;39(7):
638-644.

24. Magnussen MP. The effect of ethanol on the gastrointestinal absorption of
drugs in the rat. Acta Pharmacol Toxicol (Copenh). 1968;26(2):130-144.

25. Lav€o B, Colombel JF, Knutsson L, H€allgren R. Acute exposure of small intestine
to ethanol induces mucosal leakage and prostaglandin E2 synthesis. Gastro-
enterology. 1992;102(2):468-473.

26. Koziolek M, Grimm M, Schneider F, et al. Navigating the human gastrointes-
tinal tract for oral drug delivery: uncharted waters and new frontiers. Adv Drug
Deliv Rev. 2016;101:75-88.

27. Levitt MD, Levitt DG. The critical role of the rate of ethanol absorption in the
interpretation of studies purporting to demonstrate gastric metabolism of
ethanol. J Pharmacol Exp Ther. 1994;269(1):297-304.

28. Wingstrand K, Abrahamsson B, Edgar B. Bioavailability from felodipine
extended-release tablets with different dissolution properties. Int J Pharm.
1990;60(2):151-156.

29. Chan L-N, Anderson GD. Pharmacokinetic and pharmacodynamic drug in-
teractions with ethanol (alcohol). Clin Pharmacokinet. 2014;53(12):1115-1136.

30. Garbutt JC, West SL, Carey TS, Lohr KN, Crews FT. Pharmacological treatment of
alcohol dependence: a review of the evidence. JAMA. 1999;281(14):1318-1325.

31. Nakajima M, Inoue T, Shimada N, Tokudome S, Yamamoto T, Kuroiwa Y. Cy-
tochrome P450 2C9 catalyzes indomethacin O-demethylation in human liver
microsomes. Drug Metab Dispos. 1998;26(3):261-266.

32. Surya Sandeep M, Sridhar V, Puneeth Y, Ravindra Babu P, Naveen Babu K.
Enhanced oral bioavailability of felodipine by naringenin in Wistar rats and
inhibition of P-glycoprotein in everted rat gut sacs in vitro. Drug Dev Ind Pharm.
2014;40(10):1371-1377.

http://refhub.elsevier.com/S0022-3549(18)30802-5/sref1
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref1
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref2
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref2
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref2
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref3
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref3
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref3
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref3
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref4
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref4
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref4
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref4
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref4
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref5
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref5
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref5
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref6
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref6
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref6
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref7
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref7
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref7
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref7
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref8
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref8
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref8
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref9
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref9
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref9
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref10
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref10
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref10
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref10
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref10
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref11
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref11
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref11
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref12
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref12
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref12
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref13
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref13
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref14
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref14
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref14
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref15
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref15
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref15
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref15
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref16
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref16
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref17
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref17
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref17
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref18
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref18
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref18
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref19
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref19
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref19
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref19
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref20
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref20
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref21
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref21
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref22
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref22
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref23
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref23
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref23
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref24
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref24
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref25
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref25
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref25
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref25
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref25
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref26
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref26
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref26
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref27
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref27
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref27
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref28
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref28
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref28
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref29
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref29
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref30
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref30
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref31
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref31
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref31
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref32
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref32
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref32
http://refhub.elsevier.com/S0022-3549(18)30802-5/sref32

	Does the Intake of Ethanol Affect Oral Absorption of Poorly Soluble Drugs?
	Introduction
	Materials and Methods
	Materials
	Preparation of Formulations
	Particle Size of Suspensions
	In Vitro Dissolution
	HPLC-UV Analysis
	In Silico Absorption Simulations
	In Vivo Protocol
	Plasma Sample Preparation and Ultra Performance Liquid Chromatography–Tandem Mass Spectrometry Analysis
	Data Analysis

	Results
	Ethanol Effects on In Vitro Dissolution in Simulated GI Fluids of Fasted Rats
	Ethanol Effects on Simulated Absorption
	Ethanol Effects on In Vivo Exposure in Fasted Rats

	Discussion
	Conclusion
	Acknowledgments
	References


