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Abstract

Biliary excretion of quaternary ammonium compounds is known to be accelerated
by the p-gp transporter-mediated efflux process in the canalicular membrane. Ion
pair formation between quaternary ammonium compounds and the negativelycharged bile salts has been suggested as a possible mechanism in this process. To
verify the significance of this mechanism, clinically used organic ammonium
antihypertensive beta blockers were evaluated. Eight beta blockers with cationic
ammonium moieties in physiological condition were selected and analyzed by LCMS/MS. Apparent partition coefficient (APC) values using octanol/water system
were

determined

with

or

without

the

addition

of

taurocholate(TC)

or

taurodeoxycholate(TDC). Expression of p-gp transporter in the MDCK2/MDR1
cell line was confirmed by using rhodamine 123. Transport study using the beta
blockers was conducted on transwell upon MDCK2/MDR1 cells. The efflux ratio of
each compound with or without bile salt was calculated and compared to determine
whether the ion pair formation affected the p-gp mediated transport. All eight beta
blockers showed a significant increase in the APC values when TDC was added,
implying the formation of ion pairs. In the uptake and transport study for cell line
characterization, rhodamine 123 was taken up less in the MDCK2/MDR1 cell line
compared to that in the MDCK2/wild type cell line, as well as showed efflux ratio
bigger than 2, indicating the expression of p-gp efflux transporter. However,
results of the transport study of all 8 beta blockers did not reveal a difference in
the efflux ratios between control and TDC-added group, suggesting some
differences of beta blockers and the model compounds which need to be considered

before the ion pair theory extension to medicinal agents. Possible causes of our
contradictory results compared to ion pair formation theory of organic cations were
discussed with suggestions of the possible new mechanism of accelerated biliary
excretion of organic cations.

Keywords : beta blocker, ion pair formation, biliary excretion, P-gp transporter,
quaternary ammonium, molecular weight threshold

국문초록

4급 암모늄 이온의 담즙 배설율이 간세포 세관막에 있는 p-gp 트랜스포터에 의한 능동
적 유출 기작에 의하여 촉진됨이 알려져 있다. 4급 암모늄 이온과 음전하를 띠는 담즙산
염 사이의 이온쌍 형성이 이러한 현상의 원인이 되는 메커니즘으로써 제시되어왔다. 이
러한 메커니즘을 보다 넓은 범위에서 확인해보기 위하여, 임상적으로 고혈압 치료제로
활용되는 유기 암모늄 물질인 베타블로커를 이용하여 상기 이론을 검증해보았다. 생체
내 조건에서 암모늄 양이온 구조기를 갖고 있는 여덟가지 베타블로커들을 선별하여,
LC-MS/MS를

이용해

분석을

수행하였다.

담즙산염인

타우로콜레이트(TC,

taurocholate)또는 타우로데옥시콜레이트(TDC, taurodeoxycholate)를 첨가하여 대조군
과 비교함으로써 옥탄올/물 이중계를 이용한 겉보기 분배 계수(APC) 값을 도출하였다.
P-gp의

대표적인

기질인

rhodamine

123을

이용하여,

우리가

실험에

사용한

MDCK2/MDR1 세포계에 p-gp 트랜스포터 과발현 여부를 확인하였다. 이 검증된
MDCK2/MDR1 세포계를 트랜스웰에 씨딩하여 베타블로커들의 트랜스포트 연구를 진행
하였다. 각 물질들의 담즙산염이 있을 경우와 없을 경우 각각의 유출률을 계산하여 비교
함으로써, 이온쌍 형성이 p-gp를 경유한 트랜스포트 과정에 영향을 미치는지 여부를 검
증하였다. 실험 결과, 여덟가지 베타블로커 모두에서 TDC를 첨가하였을 경우, 대조군에
비하여 겉보기 분배 계수값이 유의적으로 증가함을 보여, 이들 베타블로커와 담즙산염이
이온쌍을 형성함을 짐작할 수 있었다. 세포계 규명을 위한 세포 내 흡수 및 트랜스포트
연구에서, rhodamine 123은 MDCK2/WT 세포계에 비하여 우리의 MDCK2/MDR1 세
포계에서 세포 내 흡수가 덜 되었고, 유출률이 2 이상의 값으로 얻어짐으로써, 본 실험
에서 사용한 세포계에 p-gp 트랜스포터가 유의적으로 발현되어 있음을 알 수 있었다.

그러나 트랜스포트 연구 결과, 모든 여덟 개의 베타블로커들이 대조군과 TDC를 첨가한
실험군 간에 유의적인 유출률 차이를 나타내지 않음으로써, 4급 암모늄 이온쌍 형성 이
론을 약물에 확장 적용함에 있어서 기존 이론에 사용된 모델 물질들과 베타블로커들 간
에 고려되어야 하는 차이점들이 존재하는 것으로 보여진다. 기존의 유기 양이온의 이온
쌍 형성 이론에 모순되는 본 실험 결과의 원인에 대한 다양한 논의점들과 함께 유기 양
이온의 담즙 배설 촉진에 관한 새로운 메커니즘의 가능성도 함께 제시해 보았다.

주요어: beta blocker, ion pair formation, biliary excretion, P-gp transporter,
quaternary ammonium, molecular weight threshold
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1. Introduction
It has been widely studied that biliary excreted level of organic cations differs
depending upon molecular weight of each compounds (1,2,3). Representative model
compounds being studied most intensively were TEMA (triethylmethylammonium)
and TBuMA (tributylmethylammonium)(4,5). These two compounds share similar
quaternary ammonium structures, as well as common hepatobiliary transport
process (6). However, they show markedly different biliary excretion profile.
Cumulative biliary excretion amount of TBuMA as a ratio to the amount injected
was 200-fold larger than that of TEMA, while hepatic uptake clearance showed
only minor difference - 0.68ml/min for TEMA and 0.42ml/min for TBuMA (5,7).
Followed studies demonstrated that the major determinant responsible for this
hepatobiliary excretion difference supposed to be an efflux mechanism on the
canalicular membrane (1,8). Also, results from broad screening of organic cation
compounds suggested minimum molecular weight of 200±50 is required for
significant biliary excretion in percentage of administered dose (9,10,11,12).
Papers on ATP-related transport study (1) as well as on p-gp knockout genetic
study (13,14,15) also reported that active transport system via p-gp transporter
is responsible for the prominent variation in biliary excretion of organic cations.
Moreover, biliary excretion of organic cations were examined with cholestyramine
depletion studies (16,17,18). From the result of the study, TDC is known to form
ion pair with organic cation with its molecular weight over 200, becoming better
substrate of p-gp transporter on the canalicular membrane which results in
accelerated biliary excretion (Figure 1).

However, this theory of biliary excretion of organic cation via facilitated efflux of
p-gp transporter on the canalicular membrane has not been clearly evaluated for
the medicinal agents. Therefore, to extend the theory to clinically-meaningful
compounds, eight beta blockers (atenolol, metoprolol, pindolol, and propranolol as
the negative controls; acebutolol, labetalol, nadolol, and timolol as the experimental
compounds) with organic ammonium moieties in physiological condition were
selected and analyzed by LC-MS/MS. The results were dicussed further.

2. Methods and Materials
2.1. Materials
Dulbecco ’ s modified Eagle ’ s medium (DMEM), fetal bovine serum (FBS),
penicillin–streptomycin (PS), and trypsin–EDTA were purchased from Gibco
Laboratories (Grand Island, NY, USA). non-essential amino acid solution, N-2hydroxyethylpiperazine-N ’ -2-ethanesulfonic acid (HEPES), D-glucose, and
dimethyl sulfoxide (DMSO), acebutolol, atenolol, labetalol, metoprolol, nadolol,
pindolol, propranolol, timolol, sodium bicarbonate, hanks’ balanced salt solution
(HBSS), taurodeoxycholate (TDC), taurocholate (TC), n-octanol, rhodamine 123
were purchased from Sigma–Aldrich Co. (St. Louis, MO)

2.2. Determination of Apparent Partition Coefficient (APC) of 8
Beta Blockers in the Presence of TDC

The effect of TDC on the apparent partition coefficient (APC) value of eight beta
blockers between aqueous and organic phases was evaluated. Milli-Q water and
n-octanol were used as the oil and aqueous phases, respectively. Each phase
solvent was presaturated by another by vortexing mixture of milli-q water and noctanol overnight, after which going on stabilization process for an hour.
To 450 µl of presaturated milli-q water, 50 µl of each beta blockers (100 µM)
was added for the control group. For the experimental group, 50 µl of each beta
blockers (100 µM) with 50 µl of TC or TDC (1mM) was added to 400 µl of the
same water phase as control group. 500 µl of presaturated n-octanol was put to
each aqueous phases then being vortexed vigorously for an hour followed by
centrifugation for 5 minutes at 13200 rpm. Collected aliquots from each phase went
on pretreatment procedure before being quantified using LC-MS/MS.

2.3. Characterization of MDCK2/MDR1 Cell Line : Uptake Study
In order to test whether our MDCK2/MDR1 cell line expresses adequate level of
p-gp transporters and whether the transporters act as normally expected,
characterization study of MDCK2/MDR1 cell line was conducted.
Both MDCK2/WT and MDCK2/MDR1 cells were incubated at 37°C in Dulbecco’s
modified

Eagle’s

medium

(DMEM)

mixed

with

antibiotic

penicillin-

streptomycin(PS), L-glutamine, HEPES, non essential animo acids, and fetal
bovine serum(FBS) each for the control group and the experimental group. Cells
were seeded in 12-well plates with concentration of 105 cells/ml. Two days after
seeding, TEER value was measured to determine cell layer resistance. After
washing with phosphate-buffered saline (PBS) and going on preincubation

procedure in prewarmed transport media (TM) at 37°C for 30 minutes, the uptake
of rhodamine 123, a representative substrate of p-gp transporter was initiated by
the addition of rhodamine 123 TM solution (0.5mM, 1mM, 5mM).
After 120 minutes, uptake process was stopped by washing with ice cold PBS.
The rhodamine 123 concentration was measured by fluorometer after lysing the
cells with 500 µl of 1% triton-x for an hour. MDCK2/MDR1 cell line property was
assessed by comparing the rhodamine 123 amount being uptaken between the
control and experimental group.

2.4. Characterization of MDCK2/MDR1 Cell Line : Transport Study
Transport study of rhodamine 123 was also performed using MDCK2/MDR1 cell
for cell line characterization. Both MDCK2/WT and MDCK2/MDR1 cells were
incubated at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) mixed with
antibiotic penicillin-streptomycin(PS), L-glutamine, HEPES, non essential animo
acids, and fetal bovine serum(FBS) each for the control group and the experimental
group. Cells were seeded in apical side of transwell with concentration of 105
cells/ml. After two days, TEER value was evaluated.
For apical to basolateral (A to B) transport of rhodamine 123, Washing with PBS
was performed. After incubation with transport media (TM) for 30 minutes, inserts
were transferred to new 12 well plate filled with 1.5 ml of TM. Transport
procedure is initiated by adding 500 µl of rhodamine 123 solution to the apical side.
Inserts were shifted to nearby well containing 1.5ml of TM every 15 minutes for an
hour.

For evaluation of the basolateral to apical (B to A) transport, PBS was added each
on the apical and basolateral side for washing. After incubation with transport
media (TM) for 30 minutes, inserts were transferred to new 12 well plate filled
with 1.5 ml of rhodamine 123 TM solution. Transport is started by adding 500 µl of
TM to apical side. Solution from apical side was sampled for 300 µl every 15
minutes for an hour, which at the same time being replaced with same volume of
TM.
Amount of rhodamine 123 being transported was measured by LC-MS/MS. Efflux
ratio was calculated using transport rate of both A to B and B to A, then being
compared between the control and experimental group in order to determine the
p-gp expression level of MDRK2/MDR1 cell line.

2.5. P-gp mediated transport study for 8 beta blockers
In order to investigate the effect of TDC on the drug transport via p-gp
transporter on MDCK2/MDR1 cells, transport study of 8 beta blockers was
examined. MDCK2/MDR1 cells were incubated at 37°C in Dulbecco’s modified
Eagle’s medium (DMEM) mixed with antibiotic penicillin-streptomycin(PS), Lglutamine, HEPES, non essential animo acids, and fetal bovine serum(FBS). Cells
were seeded in apical side of transwell with concentration of 105 cells/ml. After
two days, TEER value was evaluated.
For apical to basolateral (A to B) transport, inserts were washed with PBS then
being incubated with transport media (TM) for 30 minutes. Inserts were
transferred to new 12 well plate filled with 1.5 ml of TM. Transport procedure is
initiated by adding 500 µl of each beta blocker solution to the apical side for the

control group. For experimental group, each beta blocker solution with TDC was
added to the apical side. Inserts were shifted to nearby well containing 1.5ml of TM
every 15 minutes for an hour.
For measurement of the basolateral to apical (B to A) transport, inserts were
transferred to new 12 well plate filled with 1.5 ml of each beta blocker TM solution
in control group after being washed with PBS and incubated with TM for 30
minutes. For experimental group, 12 well plate was filled with 1.5ml of each beta
blocker TM solution with TDC added. Transport is started by adding 500 µl of TM
to apical side. Solution from apical side was sampled for 300 µl every 15 minutes
for an hour, which at the same time being replaced with same volume of TM.
Amount of each beta blocker being transported was measured by LC-MS/MS.
Efflux ratio was calculated then compared between the control and experimental
group. In order to judge whether there is significant difference between the two
groups, t-test was performed.

3. Results
3.1. Apparent Partition Coefficient (APC) of 8 beta blockers
The apparent partition coefficient(APC) value of eight beta blockers (acebutolol,
atenolol, labetalol, metoprolol, nadolol, pindolol, propranolol, timolol) was measured
with or without TC or TDC (Table 1, Figure 3). TC was used as negative control
agent, while TDC being used as agent to be tested.

It was expected that octanol to water partition coefficient would increase when
TDC is added after which forms an ion pair with positively-charged beta blockers
which were solubilized in water phase. Ion pairing between drug molecule and TDC
would increase lipophilicity of drug, which leads to partitioning of beta blocker from
water phase to octanol phase.
TC, another bile salt like TDC, also has negative charge, however this compound
has less tendency of ion pair formation with positively-charged beta blockers,
which results in insignificant increase of partition coefficient between octanol and
water. Therefore, it was used as negative control.
Apparent partition coefficients of 8 beta blockers (acebutolol, atenolol, labetalol,
metoprolol, nadolol, pindolol, propranolol, timolol) were evaluated (Figure 2, Table
1).
All 8 beta blockers showed statistically significant difference of apparent partition
coefficient value(p<0.001) compared to control when TDC is added, except
atenolol, which showed statistical difference(p<0.01), still significant though
slightly less than that of other 7 beta blockers. For groups with addition of TC, a
negative control, it was expected to show insignificant difference in apparent
partition coefficient value but some of beta blockers showed the value which is
statistically significant. However, they had still a lot smaller apparent partition
coefficient value than that of groups with TDC, therefore their difference were able
to be ignored compared to the experimental TDC-added group. Herein we focused
on comparison of the value between control group and TDC-added group, based on
confidential difference between TC-added group and TDC-added group.

Based on the results, all 8 chosen beta blockers seemed to form ion pair with TDC
well enough to be used in experiments to evaluate effects of TDC on biliary
excretion of beta blockers via p-gp.

3.2. Characterization of MDCK2/MDR1 cell line : Uptake and
Transport study
The MDCK2/MDR1 cell line we had was tested for its functionality of p-gp on the
cell. Therefore, cell line characterization study was done before in vitro transport
study. Rhodamine 123, a representative substrate of p-gp, was used to evaluate
p-gp amount expressed as well as its level of function. Both uptake study and
transport study were done for cell line characterization.
Uptake study with MDCK-wild type cell line as control while MDCK-p-gp cell
line used as experimental group resulted as shown in Figure 4 and Table 2.
Compared to control group, experimental group using p-gp overexpressed MDCK
cell line showed significant difference of rhodamine 123 amount being absorbed
into the cell. As p-gp transporters were expressed in experimental group,
rhodamine 123, a p-gp substrate, would have been pumped out of the cell, which
resulted in less uptake amount into the cell in the group than control group. As
concentration of rhodamine 123 increased, the amount being uptaken also
increased in both groups.
Transport study resulted as shown in Figure 4 and Table 3. From the slope of the
time-transport amount estimation curve, A to B as well as B to A transport rate
was calculated, after which be divided to obtain efflux ratio value. The efflux ratio

of rhodamine 123 through MDCK2/MDR1 cell line was 3.73 (Table 3). Based on
the fact that the efflux ratio over 2 is ideal for its substrate suitability, our cell line
had appropriate characteristic in terms of its level of expression of p-gp
transporters as well as their functionality. Therefore, this cell line was utilized in
following in vitro transport study.

3.3. P-gp mediated transport study for 8 beta blockers
Transport study was proceeded for 2 groups. For control group, each beta blocker
solution was used while beta blocker solution plus TDC was used for experimental
group. Both A to B and B to A study was done in order to calculate efflux ratio. By
adding TDC to experimental group, it was expected to have higher efflux ratio
value in experimental group by becoming better substrate for p-gp transporter,
therefore being more effluxed from basolateral side to apical side than the control
group. Results of the study were like shown in Figure 5 and Table 4.
All 4 negative controls, which were not p-gp substrate showed insignificant
difference between the control and TDC-added experimental group as expected.
However, the other 4 experimental compounds also did not showed statistically
significant difference between both groups. Among the 4 experimental beta
blockers, nadolol and timolol showed their efflux ratios much smaller than 2, while
acebutolol and labetalol turned out to have efflux ratios over 2. Possible causes for
the results were discussed further.

4. Discussion
APC values of all eight beta blockers showed significant difference between the
control group and the TDC(taurodeoxycholate)-added experimental group. The
results imply that all eight compounds in this study readily form ion pair with bile
salt. In other words, all the compounds seem to be charged positively in aqueous
condition which leads to form ion pair complex with negatively-charged bile salt,
TDC, increasing their lipophilicities.
Based on the ion pair formation theory of organic cations (1,19), p-gp substrate
with organic cationic structure as well as its molecular weight over 200, supposed
to show facilitated efflux via p-gp transporter in condition of TDC existence. From
the transport study using p-gp expressed MDCK2/MDR1 cell line, four negative
control compounds (atenolol, metoprolol, pindolol, propranolol), which were not pgp substrate were expected to show no significant difference in efflux ratio
between control and TDC-added group, while four experimental compounds
(acebutolol, labetalol, nadolol, timolol) do, which were p-gp substrates. That is,
compared to the control group, groups treated with TDC might form lipophilic ion
pair complex, being a better substrate of p-gp, which leads to increased efflux
from basolateral side to apical side, resulting in statistically larger efflux ratio value.
However, TDC addition did not significantly altered the efflux ratio of eight beta
blockers compared to the control group. This means TDC does not lead to
accelerated biliary excretion of the compounds. Based on the results from the APC
study, all eight beta blockers seemed to form ion pair complex with TDC. From the
results of four negative controls, which showed significantly increased APC values

with TDC addition, while insignificant increase in their efflux ratios, we could verify
that increase in biliary excretion via p-gp does not occur if the organic cation
compound is a poor substrate of p-gp though forming an ion pair with TDC well.
That is, whether the compound is a good p-gp substrate is the indispensable factor
for the accelerated biliary excretion via p-gp prior to the fact whether it forms an
ion pair complex with bile salts.
Nevertheless, it has not been expected for the four p-gp substrates of their
insignificant difference in efflux ratio between the control and TDC-added group.
The four p-gp substrates revealed to form ion pair complex well with TDC through
the APC study, but they showed insignificant increase in efflux ratio value. The
results imply that ion pair formation of p-gp substrates, probably with TDC, does
not affect biliary excretion acceleration of beta blockers via p-gp.
In general, efflux ratio a lot bigger than 2, means transport of compounds in
direction of basolateral to apical (B-to-A) is much faster than that of apical to
basolateral (A-to-B) direction, therefore works dominantly (20). On the contrary,
efflux ratio similar to or lower than 2, implies the compound shows insignificant
difference between the transport rate from basolateral to apical (B-to-A) side and
from apical to basolateral (A-to-B) side. That is, the efflux mechanism which
works in basolateral to apical direction, does not play a major role in transport of
compound via cell membrane (20).
Among the four p-gp substrates which showed insignificant difference of efflux
ratio between the control group and TDC-added group, two compounds (nadolol,
timolol) showed efflux ratio lower than 2, while the others (acebutolol, labetalol)
showed that of over 2.

Nadolol, timolol, which showed low efflux ratio, are the substrates of p-gp. Thus,
it is inappropriate to propose that active efflux transport via p-gp does not occur in
transcellular movement of the compounds. However, based on the transport study
showing no significant difference between transport rate of apical to basolateral
(A-to-B) and basolateral to apical (B-to-A) transport in both control and TDCadded group (Figure 5), this active transport via p-gp does not seem to affect
cellular movement of nadolol and timolol dominantly. These results suggest two
following possibilities. First, nadolol and timolol are substrates of p-gp but their
substrate specificities might be low (of which to an unmeaningfully weak level),
which led to their low efflux ratio in both control and TDC-added group. On the
other hand, nadolol and timolol have B-to-A efflux transport via p-gp, however,
the passive transport of the compounds might be equally fast to active transport via
p-gp. Even though the substrate specificity might be increased by adding TDC, the
passive transport of the compounds might also be facilitated because of their
increased lipophilicities by forming an ion pair complex. Therefore, their low efflux
ratio, a representative indication of relative similarity between the rate of A-to-B
transport and B-to-A transport in both control and experimental group, reflected
these equal contributions of transports from both sides.
Acebutolol, labetalol, which showed high efflux ratio, suggested the effect of
efflux transport via p-gp dominates over that of passive transport. Based on their
p-gp substrate specificities as well as active efflux transport which is dominant in
their hepatobiliary excretion pathway, these two compounds most probably seemed
to have great similarity with the model compounds of conventional ion pair
formation theory. However, according to the transport study showing insignificant

difference in efflux ratio between the control and TDC-added group (Figure 5),
there must have been some experimental errors and/or limitations in broadening
the conventional theory for the model compounds to the other similar compounds.
One possible cause for the transport study of its unexpected results might be a
difference in the strength of positively-charged moieties in physiological condition
between the model compounds and the beta blockers examined. All eight beta
blockers in this study have ammonium moiety as the model compounds, which role
as the electron donor in physiological condition, acquiring proton then being
charged positive. However, while the model compounds from the former studies
have molecular structures of quaternary ammonium moiety surrounded by simple
short hydrocarbon chains (1, 2, 20), beta blockers in this study have secondary
ammonium moiety with a lot bigger and complex hydrophobic branches such as
morpholine, naphthalene, indole, benzene, and 2,5-dihydro-1,2,5-thiadiazole
(Figure 2). Therefore, model compounds which has relatively strong positive
charge moiety easily form ion pair complex when they are exposed to negativelycharged TDC. On the contrary, when the beta blockers which have relatively
smaller charged area due to the larger hydrophobic moieties, are exposed to equal
amount of TDC, they less readily form ion pair complex with TDC, which resulted
in insignificant difference in efflux ratio between the control and the TDC-added
group at the transport study.
This assumption, however, has to be discussed further based on the result from
APC study. Figure 3 shows that the APC value of all eight beta blockers revealed
statistically significant difference between the control and TDC-added group. This
means charged beta blockers which initially were in the water phase, moved

significantly more to the octanol phase by their increased lipophilicities when
adding TDC compared to the control group. This strengthened lipophilicity at first,
was thought to be due to the ion pair formation between the beta blocker and TDC,
which removes the hydrophilic positive charge of the compound. However,
contradictory results from the transport study of acebutolol and labetalol, of which
characteristics suit those of the model compounds, as well as relative comparison
of charge strength between the model compounds and our beta blockers suggest
that there must be a factor that have induced the false-positive result of the APC
study.
Then, what made these false-positive results of the APC study? Different from
the conventional APC assay, a unique compound, TDC, was added in water-octanol
bi-phase system in our study. TDC is a representative surfactant in our body
which contains structures of steroid as hydrophilic moiety and amine and sulfonic
acid as hydrophobic moieties. For APC study, an hour of vortexing process was
needed for water-octanol partitioning of each beta blocker and TDC mixture in the
water phase. During this vortexing process, two actions following might have taken
place.
First of all, while vortexing water and octanol phases, TDC, an amphiphilic
compound, might have formed a structure of micelle with themselves (Figure 6a).
In this process, micelles might incorporate the beta blocker inside, and those being
transferred to the octanol phase would break apart in the process of hydrophobic
steroid moiety of TDC repositioning to outward position in octanol environment,
releasing the enclosed beta blocker inside.
Otherwise, during the vortexing process, TDC might contribute to emulsion

formation (Figure 6b). Surfactant activity of TDC can efficiently stabilize the o/w
or w/o emulsion. If w/o emulsion which incorporates beta blocker in its water phase
was formed, this might have contributed to increased amount of beta blockers in
the octanol phase quantified, which is false positive result of the APC study.
Generally, APC experiment using TDC has been widely carried out in studies on
the mechanism of biliary excretion acceleration by forming an ion pair with bile
acid. If micelle and/or emulsion is formed by the surfactant activity of TDC as
discussed above, the conventional trials of APC value analyzation in order to
examine the ion pair formation tendency of the compound being studied with TDC
might be inappropriate method to figure out the characteristic, as false positive
quantification might occur each time analyzing.
Many experimental errors might also have occurred. In physiological condition,
TDC is synthesized from cholesterol in hepatocyte, then being secreted into bile
canaliculus, and reabsorbed from hepatic sinusoidal blood. As a TDC generating
module, which also being continuously recharged by reabsorption from blood, TDC
concentration in hepatocyte is maintained highly in physiological condition.
However, for the transport experiment in our study, we added 50 μM of TDC on
the apical side for A-to-B transport study, while on the basolateral side for Bto-A transport study. This means that we did not presaturate the MDCK2/MDR1
cell with TDC to as high concentration as in hepatocyte before the transport study.
Nevertheless, using TDC levels higher than 100 μM is impossible for the transport
study as high level of TDC can destroy the cell layer totally by surfactant activity
of TDC. Therefore, our experimental method could not sufficiently realize the

actual physiological condition, which might have led to indifferent efflux ratio when
TDC being added compared to the control group without TDC.
Other than all the discussed conjectures of experimental errors as well as
substantial differences between chosen beta blockers and the model compound
such as their ionic strength or mechanism of passive diffusion, the results from the
study are suggesting another possible theory on biliary excretion of quaternary
ammonium compounds via p-gp transporter different from the conventional ion pair
formation theory. Conventional theory insists that ion pair formation of quaternary
ammonium compounds with TDC improves their substrate specificities on p-gp
transporter, which facilitates their efflux transport via p-gp, accelerating biliary
excreted amount. According to the recent studies, there are two substrate binding
sites of p-gp. One locates at the cytosol side, and the other locates inside the lipid
bilayer. If the conventional theory suggesting the cause of facilitated biliary
excretion of organic cations as the ion pair complex itself, which acquires preferred
structure for great substrate specificity was true, it is inexplainable that organic
cation which is not p-gp substrate itself, never acquires substrate specificity of pgp even after forming ion pair complex with TDC. If the structure of ion pair
complex was the reason for the increased efflux transport via p-gp, the organic
cation which readily forms ion pair complex with TDC has to be able to gain
substrate specificity whether the compound itself is a p-gp substrate or not.
However, only the organic cations which are p-gp substrate themselves can obtain
increased substrate specificity by becoming ion pair complex with TDC. Thus,
there seems to be another mechanism other than the conventional theory. Based on
the p-gp substrate binding site in the lipid bilayer, it can be inferred that increased

delivery of the substrate to the phospholipid bilayer might lead to increased binding
of substrate with p-gp substrate binding site inside the bilayer, accelerating active
transport via p-gp. If there is TDC with these positively-charged organic cations,
their stochastic chance of moving toward lipid bilayer increases, because dynamic
equilibrium of negatively-charged TDC into the lipid layer locally makes the layer
negatively-charged, therefore the chance for the positively-charged organic
cations to partitioning into the layer instantaneously increases by charge-charge
interaction. This means that facilitated biliary excretion of quaternary ammonium
compounds via p-gp transporter was possible because of increased partitioning of
the positively-charged p-gp substrates by the effect of TDC which locally makes
the lipid layer negatively-charged, not because of forming ion pair structures of
increased p-gp substrate specificity. To be short, simple increase in partitioning of
the organic cation compounds into the lipid bilayer by adding TDC might be the real
mechanism of increased biliary excretion, regardless of the their p-gp substrate
specificity increases or decreases.

5. Conclusions
APC values indicated all eight beta blockers form ion pair complexes with bile salt.
With p-gp expressed MDCK2/MDR1 cell line, transport study of eight beta
blockers was done. However, all eight beta blockers showed no statistically
significant difference in efflux ratio between control and TDC-added group.
Therefore, further examination seems to be necessary for application of ion pair

formation theory to broad range of organic cations.
Based on former studies, the theory can explain the markedly different biliary
clearance among model quaternary ammonium compounds (such as TEMA vs
TBuMA) despite their similarities in chemical structure and hepatobiliary transport
mechanism (5,7). Eight beta blockers used in this study, also had quaternary
ammonium moieties in physiological condition, but whether they have positivelycharged regions strong enough to form ion pair with bile salt in physiological
condition seems to be doubtful based on the results of our study. Also, there is a
possibility

of

impropriety

in

our

experimental

design

which

might

have

insufficiencies in reproducing the actual physiological condition and some errors
due to surfactant activity of TDC that might have led to false positive results from
the APC study. Also, judging by the fact that for the organic cation which is not pgp substrate itself, its ion pair complex with TDC never creates substrate
specificity of p-gp even after forming an ion pair complex with TDC, another
theory seems to be more plausible for explaining the facilitated biliary excretion of
organic cations via p-gp transporter. That is, simple partitioning facilitation of
organic cation compounds into lipid bilayer by addition of negatively-charged TDC
makes the accelerated efflux transport via p-gp through p-gp substrate binding
domain inside the phospholipid bilayer, resulting in their increased biliary excretion.

References
1. Im-Sook Song, Suk-Jae Chung, Chang-Koo Shim, Different activity of ATP

dependent transport across the canalicular membrane for tributylmethylammonium
and triethylmethylammonium as a potential mechanism of the preferential biliary
excretion for tributylmethylammonium in the rat, Pharm. Research, 16(4) 540-544
(1999)
2. R.D. Hughes, P. Millburn, and R.T. Williams, Molecular weight as a factor in the
excretion of monoquaternary ammonium cations in the rat, guinea pig and rabbit,
Biochem. J. 136:967-978 (1973)
3. R.D. Hughes, P. Millburn, and R.T. Williams, Biliary excretion of some
diquaternary ammonium cations in the rat, guinea pig and rabbit, Biochem. J.
136:979-984 (1973)
4. Moseley RH, Smit H, Van Solkema BGH, Wang W and Meijer DKF, Mechanisms
for the hepatic uptake and biliary excretion of tributylmethylammonium: Studies
with rat liver plasma membrane vesicles, J. Pharmacol. Exp. Ther., 276:561–567
(1996)
5. Neef C and Meijer DKF, Structure-pharmacokinetics relationship of quaternary
ammonium compounds: Correlation of physicochemical and pharmacokinetic
parameters. Naunyn-Schmiedeberg’s Arch. Pharmacol., 328:111–118 (1984)
6. Moseley RH, Jarose SM and Permoad P., Organic cation transport by rat liver
plasma membrane vesicles: Studies with tetraethylammonium., Am. J. Physiol.
263:775–785 (1992)
7. Yong-Hae Han, Suk-Jae Chung, and Chang-Koo Shim, Canalicular membrane
transport is primarily responsible for the difference in hepatobiliary excretion of
triethylmethylammonium and tributylmethylammonium in rats, Drug metabolism and
disposition, vol.27, no. 8, 872-879 (1999)

8. Y.H. Han., Kinetic analysis of hepato-biliary transport of organic cations.,
Thesis, Seoul National University, Korea (1995)
9. Millburn, P., Metabolic Conjugation and Metabolic Hydrolysis, Fishman, W. H.,
ed., Academic Press, New York and London, vol. 2, 1-74, (1970)
10. Kuntzman, R., Tsai, I., Chang, R. &Conney, A. H., Disposition of bretylium in
man and rat, Clin. Pharmacol. Ther. 11, 829-837 (1970)
11. MacGregor, J. T. &Clarkson, T. W., Metabolism and biliary excretion of
phenanthridinium salts—I ☆: Nature of the biliary metabolite, Biochem. Pharmacol.
20, 2833-2846 (1971)
12. Lavy, U. I., Hespe, W. & Meijer, D. K. F., Uptake and excretion of the
quaternary ammonium compound deptropine methiodide in the isolated perfused rat
liver, Naunyn-Schmiedeberg's Arch. Pharmakol. 275, 183-192 (1972)
13. J.W. Smit, B. Weert, A.H. Schinkel, and D.K.F. Meijer., Hepatologous
expression of various P-glycoproteins in polarized epithelial cells induces
directional transport of small (type1) and bulky (type2) cationic drugs, J.
Pharmacol. Exp. Ther. 286:321-327 (1998)
14. J.W. Smit, A.H. Schinkel, M. Muller, B. Weert, and D.K.F. Meijer, Contribution
of the murine mdr1a P-glycoprotein to hepatobiliary and intestinal elimination of
cationic drugs as measured in mice with an mdr1a gene disruption, hepatology
27:1056-1063 (1998)
15. J.W. Smit, A.H. Schinkel, M. Muller, B. Weert, and D.K.F. Meijer, Hepatobiliary
and intestinal clearance of amphiphilic cationic drugs in mice which both mdr1a and
mdr1b genes have been disrupted. Br. J. Pharmacol. 124:416-424 (1998)
16. Song IS, Chung SJ, Shim CK., Contribution of ion pair complexation with bile

salts to biliary excretion of organic cations in rats, Am. J. Physiol. Gastrointest.
Liver Physiol., 281: 515–525 (2001)
17. Song IS, Han YH, Chung SJ, Shim CK., Contribution of ion-pair complexation
with bile salts to the transport of organic cations across the LLC-PK1 cell
monolayers, Pharm. Res.,21: 597–604 (2003)
18. M. K. Choia,b, I. S. Songc, D. D. Kima, S. J. Chunga and C. K. Shim, Decreased
Biliary Excretion of Tributylmethyl Ammonium in Cholestyramine Pretreated Rats
due to Reduced Formation of Ion-Pair Complexes with Hepatic Bile Salts,
Biopharm. Drug Dispos. 28: 485–490 (2007)
19. Neef C, Keulemans KTP, Meijer DKF., Hepatic uptake and biliary excretion of
organic cations, Biochem. Pharmacol., 33: 3977–3990 (1984)
20. Im-Sook Song, Min-Koo Choi, Qing-Ri Jin, Won-Sik Shim, Chang-Koo Shim,
Increased Affinity to Canalicular P-gp via Formation of Lipophilic Ion-Pair
Complexes with Endogenous Bile Salts is Associated with Mw Threshold in
Hepatobiliary Excretion of Quaternary Ammonium Compounds, Pharmaceutical
Research, Vol. 27, No. 5 (2010)

Table 1

Apparent partition coefficient of 8 beta blockers

Apparent Partition Coefficient (APC) (Area/Area)

Control
TC
TDC

Acebutolol

Atenolol

Labetalol

Metoprolol

Nadolol

Pindolol

Propranolol

Timolol

0.122
( ± 0.0191 )
0.194
( ± 0.0430 )
1.39
( ± 0.0357 )

0.186
( ± 0.00576 )
0.183
( ± 0.00203 )
0.408
( ± 0.00384 )

2.33
( ± 0.101 )
4.04
( ± 0.626 )
41.8
( ± 5.10 )

0.127
( ± 0.00919 )
0.203
( ± 0.00448 )
1.06
( ± 0.0492 )

0.0184
( ± 0.00412 )
0.0310
( ± 0.00146 )
0.335
( ± 0.0423 )

0.211
( ± 0.0195 )
0.346
( ± 0.0135 )
1.86
( ± 0.0517 )

0.357
( ± 0.0472 )
2.96
( ± 0.0157 )
54.5
( ± 4.02 )

0.147
( ± 0.0254 )
0.252
( ± 0.0258 )
1.09
( ± 0.0260 )

Table 2

MDCK2/MDR1 cell line characterization : Uptake study

Rhodamine 123 conc.

Uptake rate (pmol/mg/min)

MDCK2-WT
0.5 µM

0.374 ± 0.0330

1 µM

0.759 ± 0.0645

2 µM

2.97 ± 0.0796

MDCK2-MDR1
0.5 µM

0.207 ± 0.0276

1 µM

0.358 ± 0.0439

2 µM

1.40 ± 0.127

Table 3

MDCK2/MDR1 cell line characterization : Transport study

Transport Rate (pmol/hr)
MDCK2-MDR1
A to B

1.31

B to A

4.88

Efflux ratio

3.73

Table 4

Transport study for 8 beta blockers

Transport Rate (pmol/hr)
Acebutolol

Atenolol

Labetalol

Metoprolol

Nadolol

Pindolol

Propranolol

Timolol

A to B

0.763

0.212

1.61

17.6

0.396

10.7

10.2

8.01

B to A

3.49

0.287

20.7

19.1

0.450

9.83

10.4

17.6

Efflux
ratio

4.57

1.35

12.9

1.09

1.14

0.919

1.02

2.20

A to B

0.792

0.207

1.67

17.4

0.412

10.8

9.91

8.35

B to A

3.43

0.287

23.9

19.4

0.666

12.9

15.7

19.0

Efflux
ratio

4.33

1.39

14.3

1.11

1.62

1.19

1.58

2.28

Control

TDC

Sinusoidal membrane

Canalicular membrane

HQ + TDC

HQ

IP
P-gp

OCT1

P-gp
LQ

LQ + TDC

IP

OCT1

Figure 1. Schematic mechanism of former ion pair formation theory on biliary
excretion of quaternary ammonium compounds
Schematic illustration of the mechanism of ion pair formation theory on hepatobiliary excretion of quaternary
ammonium compounds. Thickness of the arrows indicates the transported amount. Dotted arrows show the transport
in forms of quaternary ammonium compounds, while solid arrows indicate the movement as an ion pair complex. HQ:
High molecular weight (MW>200) quaternary ammonium compound, LQ: Low molecular weight (MW<200)
quaternary ammonium compound, IP: ion-pair complexes

Acebutolol ( MW 336.426 g/mol )

Nadolol ( MW 309.401 g/mol )

Atenolol ( MW 266.336 g/mol )

Pindolol ( MW 248.321 g/mol )

Labetalol ( MW 328.406 g/mol )

Propranolol (MW 259.34 g/mol )

Metoprolol ( MW 267.364 g/mol )

Timolol ( MW 316.421 g/mol )

Figure 2. Structures and molecular weights of 8 beta blockers

Figure 3. Apparent partition coefficient of 8 beta blockers
The apparent partition coefficient (APC) of 8 beta blockers in the presence of TC (taurocholate) or TDC
(taurodeoxycholate). Each bar is expressed as the average value of quadruplicate samples. *Statistically different from
the control group (p<0.05). ** p<0.01, *** p<0.001.

(a)

(b)

Figure 4.
(a) MDCK2/MDR1 cell line characterization : Uptake study
(b) MDCK2/MDR1 cell line characterization : Transport study

(a1)

(a2)

Figure 5. P-gp mediated transport study for 8 beta blockers
(a1) Acebutolol (Control)

(a2) Acebutolol (TDC-added)

Transcellular transport experiments with acebutolol in MDCK-Pgp cells. All the studies were performed in triplicate
following the bi-directional method, in which the drug is added to either the apical (for A-to-B transport) or the
basolateral (for B-to-A transport) side of the transwell monolayer. Transported amount of acebutolol was examined
with the acebutolol only (5 µM, for the control group), or with acebutolol (5 µM) in the presence of TDC (50 µM, for
the experimental group). Graphs were shown as the amount of drug transported (pmole) versus the time flows
(minute). Calculated transport rates (pmole/min) as the slope of the graph are indicated above. Comparison of A-to-B
and B-to-A transport rate was shown in included graph demagnified.

(b1)

(b2)

Figure 5. P-gp mediated transport study for 8 beta blockers
(b1) Atenolol (Control) (b2) Atenolol (TDC-added)
Transcellular transport experiments with atenolol in MDCK-Pgp cells. All the studies were performed in triplicate
following the bi-directional method, in which the drug is added to either the apical (for A-to-B transport) or the
basolateral (for B-to-A transport) side of the transwell monolayer. Transported amount of atenolol was examined with
the atenolol only (5 µM, for the control group), or with atenolol (5 µM) in the presence of TDC (50 µM, for the
experimental group). Graphs were shown as the amount of drug transported (pmole) versus the time flows (minute).
Calculated transport rates (pmole/min) as the slope of the graph are indicated above. Comparison of A-to-B and B-toA transport rate was shown in included graph demagnified.

(c1)

(c2)

Figure 5. P-gp mediated transport study for 8 beta blockers
(c1) Labetalol (Control) (c2) Labetalol (TDC-added)
Transcellular transport experiments with labetalol in MDCK-Pgp cells. All the studies were performed in triplicate
following the bi-directional method, in which the drug is added to either the apical (for A-to-B transport) or the
basolateral (for B-to-A transport) side of the transwell monolayer. Transported amount of labetalol was examined with
the labetalol only (5 µM, for the control group), or with labetalol (5 µM) in the presence of TDC (50 µM, for the
experimental group). Graphs were shown as the amount of drug transported (pmole) versus the time flows (minute).
Calculated transport rates (pmole/min) as the slope of the graph are indicated above. Comparison of A-to-B and B-toA transport rate was shown in included graph demagnified.

(d1)

(d2)

Figure 5. P-gp mediated transport study for 8 beta blockers
(d1) Metoprolol (Control) (d2) Metoprolol (TDC-added)
Transcellular transport experiments with metoprolol in MDCK-Pgp cells. All the studies were performed in triplicate
following the bi-directional method, in which the drug is added to either the apical (for A-to-B transport) or the
basolateral (for B-to-A transport) side of the transwell monolayer. Transported amount of metoprolol was examined
with the metoprolol only (5 µM, for the control group), or with metoprolol (5 µM) in the presence of TDC (50 µM, for
the experimental group). Graphs were shown as the amount of drug transported (pmole) versus the time flows
(minute). Calculated transport rates (pmole/min) as the slope of the graph are indicated above. Comparison of A-to-B
and B-to-A transport rate was shown in included graph demagnified.

(e1)

(e2)

Figure 5. P-gp mediated transport study for 8 beta blockers
(e1) Nadolol (Control) (e2) Nadolol (TDC-added)
Transcellular transport experiments with nadolol in MDCK-Pgp cells. All the studies were performed in triplicate
following the bi-directional method, in which the drug is added to either the apical (for A-to-B transport) or the
basolateral (for B-to-A transport) side of the transwell monolayer. Transported amount of nadolol was examined with
the nadolol only (5 µM, for the control group), or with nadolol (5 µM) in the presence of TDC (50 µM, for the
experimental group). Graphs were shown as the amount of drug transported (pmole) versus the time flows (minute).
Calculated transport rates (pmole/min) as the slope of the graph are indicated above. Comparison of A-to-B and B-toA transport rate was shown in included graph demagnified.

(f1)

(f2)

Figure 5. P-gp mediated transport study for 8 beta blockers
(f1) Pindolol (Control) (f2) Pindolol (TDC-added)
Transcellular transport experiments with pindolol in MDCK-Pgp cells. All the studies were performed in triplicate
following the bi-directional method, in which the drug is added to either the apical (for A-to-B transport) or the
basolateral (for B-to-A transport) side of the transwell monolayer. Transported amount of pindolol was examined with
the pindolol only (5 µM, for the control group), or with pindolol (5 µM) in the presence of TDC (50 µM, for the
experimental group). Graphs were shown as the amount of drug transported (pmole) versus the time flows (minute).
Calculated transport rates (pmole/min) as the slope of the graph are indicated above. Comparison of A-to-B and B-toA transport rate was shown in included graph demagnified.

(g1)

(g2)

Figure 5. P-gp mediated transport study for 8 beta blockers
(g1) Propranolol (Control) (g2) Propranolol (TDC-added)
Transcellular transport experiments with propranolol in MDCK-Pgp cells. All the studies were performed in triplicate
following the bi-directional method, in which the drug is added to either the apical (for A-to-B transport) or the
basolateral (for B-to-A transport) side of the transwell monolayer. Transported amount of propranolol was examined
with the propranolol only (5 µM, for the control group), or with propranolol (5 µM) in the presence of TDC (50 µM,
for the experimental group). Graphs were shown as the amount of drug transported (pmole) versus the time flows
(minute). Calculated transport rates (pmole/min) as the slope of the graph are indicated above. Comparison of A-to-B
and B-to-A transport rate was shown in included graph demagnified.

(h1)

(h2)

Figure 5. P-gp mediated transport study for 8 beta blockers
(h1) Timolol (Control) (h2) Timolol (TDC-added)
Transcellular transport experiments with timolol in MDCK-Pgp cells. All the studies were performed in triplicate
following the bi-directional method, in which the drug is added to either the apical (for A-to-B transport) or the
basolateral (for B-to-A transport) side of the transwell monolayer. Transported amount of timolol was examined with
the timolol only (5 µM, for the control group), or with timolol (5 µM) in the presence of TDC (50 µM, for the
experimental group). Graphs were shown as the amount of drug transported (pmole) versus the time flows (minute).
Calculated transport rates (pmole/min) as the slope of the graph are indicated above. Comparison of A-to-B and B-toA transport rate was shown in included graph demagnified.
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