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Fiber-rich foods are commonly consumed as part of dietary management or self-care by patients receiving
long-term cardiometabolic pharmacotherapy. However, their physicochemical interactions with marketed phar-
maceutical products under simulated intestinal conditions remain insufficiently characterized. This study eval-
uated the in vitro adsorption behavior of selected orally administered cardiometabolic drugs in artificial intes-
tinal fluid in the presence of basil seeds or wheat bran. Commercially available products containing calcium
channel blockers, beta-blockers, statins, or angiotensin II receptor blocker-related drugs were crushed and dis-
persed in artificial intestinal fluid, followed by the addition of basil seeds or wheat bran. Residual drug concen-
trations were determined by HPLC, and adsorption profiles were analyzed using pseudo-first-order and pseu-
do-second-order kinetic models. The reduction in residual drug concentration depended on both the drug and
the food material. In the presence of wheat bran, amlodipine and carvedilol showed marked decreases in resid-
ual concentration, with residual rates of 32.9% and 16.6%, respectively, after 3 h. Nifedipine and olmesartan
medoxomil also showed decreased residual concentrations, whereas bisoprolol, rosuvastatin, atorvastatin, and
azilsartan showed only limited changes. The pseudo-second-order model showed better overall agreement with
the adsorption profiles of the selected drugs. These findings provide a basis for further biopharmaceutical evalu-
ation of physicochemical interactions between fiber-rich food materials and orally administered cardiometabol-
ic drugs.
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INTRODUCTION

Noncommunicable diseases (NCDs), particularly cardio-
metabolic conditions such as cardiovascular disease, hyperten-
sion, diabetes, and dyslipidemia, are major public health prob-
lems worldwide.? Their prevention and management require
long-term lifestyle modification together with pharmacother-
apy. Dietary management, including increased dietary fib-
er intake, is widely recommended because dietary fiber con-
tributes to the regulation of blood glucose and lipid levels,
improves bowel habits, and modulates the gut microbiota.>*
Consequently, patients receiving long-term cardiometabolic
pharmacotherapy may also consume fiber-rich foods as part of
dietary management or self-care.

Basil seeds (BS) and wheat bran (WB) are fiber-rich food
materials with distinct physical and compositional character-
istics. After hydration, BS forms a characteristic hydrocol-
loidal gel-like layer containing polysaccharides such as glu-
comannan and (1,4)-xylan.5® In contrast, WB, the outer layer
of the wheat grain, contains abundant dietary fiber compo-

nents, including arabinoxylan, cellulose, and other non-starch
polysaccharides.” Owing to these contrasting characteristics,
BS and WB were selected as fiber-rich food materials with dif-
ferent matrix properties: BS as a hydrated gel-forming materi-
al and WB as a bran-derived insoluble fiber-rich material with
a more exposed solid surface. Previous studies have reported
that BS and WB possess biological properties such as antidi-
abetic, anti-obesity, and antioxidant effects,!10-12 supporting
their potential use as dietary fiber sources.

Food—drug interactions are clinically important because
food intake can alter drug bioavailability, gastrointestinal pro-
cesses, metabolism, or pharmacological effects.!® In the con-
text of cardiometabolic pharmacotherapy, a previous animal
study reported that simultaneous intake of oat bran and atorv-
astatin reduced lipid-lowering efficacy and anti-atherosclerot-
ic effects in LDL receptor-deficient mice.'¥ In addition, die-
tary fibers and related fiber-rich materials have been reported
to interact with orally administered drugs through adsorption
or binding processes.'>-'? Collectively, these findings suggest
that fiber-rich food materials may reduce the measurable resid-
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ual concentrations of certain drugs in gastrointestinal fluids.

However, evidence regarding interactions between com-
mercially available fiber-rich foods and marketed pharma-
ceutical products used to treat cardiometabolic diseases under
simulated intestinal conditions remains limited. In particular,
few studies have investigated whether commercially availa-
ble fiber-rich food materials reduce the residual concentrations
of multiple cardiometabolic drugs in artificial intestinal fluid
using marketed pharmaceutical products rather than pure drug
substances. Therefore, this study aimed to evaluate the in vit-
ro adsorption behavior of selected orally administered cardio-
metabolic drugs in artificial intestinal fluid in the presence of
BS or WB.

MATERIALS AND METHODS

Materials BS and WB, two commercially available fiber-
rich food materials, were purchased from Thai Cereal World
Co., Ltd. (Bangkok, Thailand) and TOMIZ Co., Ltd. (Tokyo,
Japan), respectively. The following orally administered car-
diometabolic drugs were selected: calcium channel block-
ers (amlodipine and nifedipine), beta-blockers (carvedilol and
bisoprolol), statins (rosuvastatin and atorvastatin), and angi-
otensin II receptor blockers or related drugs (azilsartan and
olmesartan medoxomil). Commercially available pharma-
ceutical products were used throughout the study. The prod-
uct names, dosage forms, strengths, manufacturers, single oral
doses, and nominal initial concentrations are summarized in
Table S1.

Artificial intestinal fluid was prepared according to the
protocol for the second fluid used in the disintegration test
described in the Japanese Pharmacopoeia, 18th edition.!'® The
physicochemical properties of the tested drugs, including pK,,
logP, and predicted predominant ionic form at pH 6.8, were
obtained from DrugBank'? and are summarized in Table S2.

HPLC Analysis Drug concentrations were determined by
HPLC. The HPLC system consisted of an LC-10ATVP pump,
CTO-10ASVP column oven, and SPD-10AP UV-Vis detector
(Shimadzu Corp., Kyoto, Japan). HPLC conditions were estab-
lished with reference to the analytical procedures described in
the Japanese Pharmacopoeia, 18th edition, with minor modifi-
cations where necessary.!'® The analytical conditions for each
drug, including the mobile phase and detection wavelength,
are summarized in Table S3. As shown in Fig. S1, the calibra-
tion curves exhibited good linearity over the tested concentra-
tion ranges, with correlation coefficients greater than 0.998 for
all drugs.

In Vitro Adsorption Experiments under Simulated
Intestinal Conditions The nominal initial concentration of
each drug was determined from the corresponding single oral
dose and the volume of artificial intestinal fluid used in the
experiment. Each pharmaceutical product was crushed, and an
amount of powder corresponding to a single oral dose of each
drug was added to 500 mL of artificial intestinal fluid to pre-
pare the test solution. When necessary, methanol was added at
a final concentration of no more than 2% (v/v) to facilitate dis-
solution of the active pharmaceutical ingredient.

Subsequently, 1.0 g of BS or WB was added to the test
solution, and the mixture was stirred at 100 rpm at 37°C. At 1,
5, 10, 30, 60, 90, 120, 150, and 180 min after the addition of
BS or WB, 5-mL aliquots were collected and filtered through a
0.45-um membrane filter. Residual drug concentrations in the
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filtrates were then determined by HPLC. The residual rate and
amount of drug adsorbed were calculated using Eqs. (1) and
(2), respectively:

R,=C/C,* 100 ey
q=WVC,—Cyw 2

where R, is the residual rate (%), ¢ is the amount of drug
adsorbed (mg/g), C, and C, are the drug concentrations at the
initial and each sampling time point (mg/L), respectively, V is
the volume of the solution (L), and W is the weight of BS or
WB (g). All data are presented as the mean + standard error
(n = 3). Data were interpreted descriptively, and no inferential
statistical testing was performed.

In preliminary control experiments, membrane filtration
and stirring without BS or WB did not substantially affect the
determined drug concentrations under the present experimen-
tal conditions.

Adsorption Kinetic Analysis For drugs that showed sub-
stantial decreases in residual concentration, adsorption kinetic
analysis was performed using the pseudo-first-order and pseu-
do-second-order models.22) The adsorption data were fitted to
Egs. (3) and (4), respectively:

In(q,.,—¢)=Ing,.—kt (3)
tq, = 1/(k, % qe,z'alz) + t/qe,(‘ul 4)

where ¢,,,, and g, ,, are the experimentally determined
and calculated amounts of drug adsorbed at equilibrium
(mg/g), respectively; ¢, is the amount of drug adsorbed at time
t (mg/g); t is the contact time (h); and &, and £, are the rate
constants of the pseudo-first-order and pseudo-second-order
models, respectively. The adsorption amount at 180 min was
used as g, for the kinetic analysis.

RESULTS

Residual Drug Concentrations in the Presence of BS and
WB The time profiles of residual drug concentrations in arti-
ficial intestinal fluid in the presence of BS and WB are shown
in Figs. 1 and 2, respectively. After 3 h in the presence of BS,
the residual rates of nifedipine, amlodipine, carvedilol, biso-
prolol, rosuvastatin, atorvastatin, azilsartan, and olmesartan
medoxomil were 84.1%, 74.1%, 77.2%, 89.2%, 91.2%, 89.8%,
90.4%, and 98.1%, respectively. During the experimental peri-
od, the residual concentrations of nifedipine, amlodipine,
and carvedilol decreased, whereas those of bisoprolol, rosu-
vastatin, atorvastatin, azilsartan, and olmesartan medoxomil
showed relatively small changes.

After 3 h in the presence of WB, the residual rates of nifedi-
pine, amlodipine, carvedilol, bisoprolol, rosuvastatin, atorv-
astatin, azilsartan, and olmesartan medoxomil were 77.1%,
32.9%, 16.6%, 87.5%, 91.4%, 90.4%, 92.7%, and 57.5%,
respectively. During the experimental period, the residual con-
centrations of amlodipine and carvedilol decreased markedly.
Nifedipine and olmesartan medoxomil also showed decreased
residual concentrations, whereas bisoprolol, rosuvastatin, ator-
vastatin, and azilsartan showed only limited changes.

Overall, the extent of residual drug concentration reduc-
tion differed between BS and WB. Compared with BS, WB
produced greater reductions in the residual concentrations of
nifedipine, amlodipine, carvedilol, and olmesartan medoxomil.
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Fig. 1. Residual Drug Concentration Profiles in the Presence of BS
Data are presented as the mean < standard error (n = 3). BS, basil seeds.
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Fig. 2. Residual Drug Concentration Profiles in the Presence of WB

Data are presented as the mean + standard error (n = 3). WB, wheat bran.

In contrast, the residual concentrations of bisoprolol, rosuvas-
tatin, atorvastatin, and azilsartan changed only slightly in the
presence of either BS or WB.

Adsorption Kinetic Analysis of Selected Drugs The
time profiles of drug adsorption onto BS and WB are shown in
Fig. S2. Among the tested drugs, nifedipine, amlodipine,
carvedilol, and olmesartan medoxomil showed substantial
adsorption onto at least one of the tested materials. Therefore,

these drugs were selected for adsorption kinetic analysis.

The kinetic parameters are summarized in Table 1. For all
selected drug—food combinations, the pseudo-second-order
model yielded higher coefficients of determination than the
pseudo-first-order model. The R? values for the pseudo-sec-
ond-order model ranged from 0.944 to 0.995 for BS and
from 0.990 to 0.999 for WB, whereas those for the pseudo-
first-order model ranged from 0.112 to 0.823 for BS and from
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Table 1. Kinetic Parameters for the Adsorption of Selected Drugs onto BS and WB

Pseudo-first-order model

Pseudo-second-order model

Food material Drug Gee (M)

k(M) g (mgle) R kx (g/mg/h) G Iy

Nifedipine 1.47 0.65 0.46 0.112 4.65 1.40 0.944

BS Amlodipine 0.82 091 0.43 0.823 12.12 0.81 0.995
Carvedilol 1.33 0.70 0.67 0.628 10.88 1.41 0.993

Nifedipine 2.97 1.11 1.95 0.953 2.38 3.07 0.995

WB Amlodipine 5.38 1.59 3.18 0.943 1.75 5.58 0.999
Carvedilol 6.92 2.03 4.67 0.988 1.41 7.15 0.999

Olmesartan medoxomil 3.30 1.81 3.18 0.869 1.34 3.46 0.990

4., and g, ., indicate the experimentally determined and calculated amounts of drug adsorbed at equilibrium, respectively. The adsorption amount at
180 min was used as g, ,, for the kinetic analysis. k, and £, indicate the rate constants of the pseudo-first-order and pseudo-second-order models, respectively.

BS, basil seeds; WB, wheat bran.

0.869 to 0.988 for WB. In addition, the ¢, ., values obtained
from the pseudo-second-order model were generally close to
the g,,,, values.

Although the pseudo-first-order model also showed moder-
ate to high R? values for several adsorption profiles obtained
with WB, the corresponding ¢, ., values were less consistent
with g, ., than those obtained using the pseudo-second-order
model. Overall, the pseudo-second-order model showed bet-
ter agreement with the adsorption profiles of the selected drugs
under the present experimental conditions.

DISCUSSION

In this study, we evaluated changes in the residual concen-
trations of orally administered cardiometabolic drugs in artifi-
cial intestinal fluid in the presence of BS or WB. The reduction
in residual drug concentration depended on both the drug and
the food material. Amlodipine and carvedilol showed marked
decreases in residual concentration, particularly in the pres-
ence of WB, whereas nifedipine and olmesartan medoxomil
showed moderate decreases. In contrast, bisoprolol, rosuvasta-
tin, atorvastatin, and azilsartan showed only limited changes in
the presence of BS and WB. These findings indicate that fib-
er-rich food materials can reduce the measurable residual con-
centrations of selected cardiometabolic drugs under simulat-
ed intestinal conditions, although the extent of concentration
reduction varies substantially among drug—food combinations.

The observed drug-dependent differences may be partly
associated with the ionization state and hydrophobicity of the
drugs, together with the surface charge characteristics of BS
and WB. The artificial intestinal fluid used in this study had
a pH of 6.8.'» Based on the pH of the artificial intestinal fluid
and the acid—base properties of the tested drugs, amlodipine,
carvedilol, and bisoprolol are likely to exist mainly as cation-
ic species under the present experimental conditions, where-
as rosuvastatin, atorvastatin, and azilsartan are likely to exist
mainly as anionic species (Table S2). In addition, the reported
pH,,. values of BS and WB are approximately 5.6.%22 Because
the pH of the artificial intestinal fluid exceeded these pH,,, val-
ues, the surfaces of BS and WB were likely negatively charged
under the present conditions.

Consequently, electrostatic interactions may partly contrib-
ute to the decreases in the residual concentrations of amlodi-
pine and carvedilol. Previous studies have also reported that
cationic drugs interact with dietary fibers and related adsorbent
materials through ionic interactions.!>'” However, despite
being likely to exist mainly as a cationic species, bisoprolol
showed only limited concentration reduction, suggesting that
cationic charge alone is insufficient to explain the observed

interaction. A previous study reported that carvedilol was more
readily adsorbed than bisoprolol onto polystyrene sulfonate
resin in artificial intestinal fluid, partly because of differenc-
es in hydrophobicity.?? In the present study, nifedipine also
showed reduced residual concentrations despite being large-
ly nonionized under the present pH condition, suggesting that
hydrophobicity or partitioning into food-derived matrices may
also contribute to the observed concentration reduction. How-
ever, these interpretations remain tentative because this study
did not directly evaluate the ionization state, hydrophobic par-
titioning, or molecular-level binding mechanisms of the test-
ed drugs.

The food material also influenced the extent of residu-
al drug concentration reduction. Compared with BS, WB pro-
duced greater reductions in the residual concentrations of
nifedipine, amlodipine, carvedilol, and olmesartan medoxomil.
This difference may be related to the distinct matrix properties
of the two food materials. Hydrated BS forms a hydrocolloidal
gel-like layer,5® whereas WB is a bran-derived insoluble fiber-
rich material with a more exposed solid surface and contains
abundant dietary fiber components, including arabinoxylan,
cellulose, and other non-starch polysaccharides.’?22 These
differences may affect the accessibility of drugs to potential
adsorption sites within the food-derived matrices. In particu-
lar, olmesartan medoxomil showed a decrease in residual con-
centration in the presence of WB but not BS. This behavior
differed from that of azilsartan, although both were included
as angiotensin II receptor blocker-related drugs. Because olm-
esartan medoxomil is an orally administered prodrug, the pre-
sent findings should be interpreted as reflecting the behavior
of the prodrug in artificial intestinal fluid rather than that of its
active metabolite, olmesartan, after absorption.

The adsorption kinetic analysis provided a descriptive char-
acterization of the time-dependent concentration reduction
observed for selected drugs. The pseudo-second-order mod-
el showed better overall agreement with the adsorption pro-
files than the pseudo-first-order model, as indicated by higher
R? values and closer agreement between g, ., and ¢, .. How-
ever, better fitting to the pseudo-second-order model should
not be interpreted as direct evidence of a specific adsorption
mechanism. In adsorption studies, pseudo-second-order fitting
can reflect the overall time-dependent profile of sorption pro-
cesses, but it does not by itself identify the molecular interac-
tion responsible for adsorption. Therefore, the kinetic analysis
should be regarded as a descriptive comparison of adsorption
behavior rather than mechanistic proof.

The use of commercially available pharmaceutical products
is an important feature of this study. Unlike experiments using
pure drug substances, this approach provides an in vitro setting
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in which active pharmaceutical ingredients, formulation excip-
ients, and food-derived materials coexist in artificial intesti-
nal fluid. Therefore, the observed decreases in residual drug
concentrations may reflect physicochemical interactions under
conditions that incorporate formulation components. Howev-
er, this design also means that the contribution of excipients
could not be distinguished from that of the active pharmaceu-
tical ingredients. From a biopharmaceutical perspective, these
findings suggest that interactions between fiber-rich foods and
orally administered cardiometabolic drugs warrant further
evaluation using more physiologically relevant experimental
systems.

This study has several limitations. First, the experiments
were conducted in artificial intestinal fluid under static in vitro
conditions. Therefore, the experimental system did not repro-
duce the dynamic gastrointestinal environment, including gas-
tric-to-intestinal transition, bile salts, digestive enzymes, intes-
tinal motility, transit time, or continuous removal of dissolved
drugs through intestinal absorption. Second, although com-
mercially available pharmaceutical products were used to
incorporate formulation components, this design did not allow
the effects of formulation excipients to be distinguished from
those of the active pharmaceutical ingredients. Third, this
study evaluated residual drug concentrations in filtrates but did
not directly assess dissolution behavior, intestinal permeabil-
ity, systemic exposure, or therapeutic outcomes. Finally, only
two fiber-rich food materials and eight cardiometabolic drugs
were examined. Therefore, the findings should not be gener-
alized to all dietary fiber-containing foods or orally adminis-
tered drugs.

Further studies using biorelevant media, dissolution—per-
meation models, and pharmacokinetic approaches are need-
ed to determine whether the in vitro concentration reductions
observed in this study translate into clinically relevant food—
drug interactions. Nevertheless, the present findings provide
a basis for further biopharmaceutical evaluation of physic-
ochemical interactions between fiber-rich food materials and
orally administered cardiometabolic drugs.
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