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Abstract: HEPES has been widely employed as an organic buffer agent in cell culture medium
as well as uptake and transport experiments in vitro. However, concentrations of HEPES used
in such studies vary from one laboratory to another. In this study, we investigated the effect of
HEPES on the uptake and bidirectional transport of P-gp substrates employing both Caco-2
and MDCK-MDR1 cells. ATP-dependent uptake of glutamic acid was also examined. ATP
production was further quantified applying ATP Determination Kit. An addition of HEPES to the
growth and incubation media significantly altered the uptake and transport of P-gp substrates
in both Caco-2 and MDCK-MDR1 cells. Uptake of P-gp substrates substantially diminished as
the HEPES concentration was raised to 25 mM. Bidirectional (A—B and B—A) transport studies
revealed that permeability ratio of Pagpe—a 10 Pagpa—g in the presence of 25 mM HEPES was
significantly higher than control. The uptake of phenylalanine is an ATP-independent process,
whereas the accumulation of glutamic acid is ATP-dependent. While phenylalanine uptake
remained unchanged, glutamic acid uptake was elevated with the addition of HEPES. Verapamil
is an inhibitor of P-gp mediated uptake; elevation of cyclosporine uptake in the presence of 5
uM verapamil was compromised by the presence of 25 mM HEPES. The results of ATP assay
indicated that HEPES stimulated the production of ATP. This study suggests that the addition
of HEPES in the medium modulated the energy dependent efflux and uptake processes. The
effect of HEPES on P-gp mediated drug efflux and transport may provide some mechanistic
insight into possible reasons for inconsistencies in the results reported from various laboratories.
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culture models. Two different mechanisms, fast and slow
inhibition, were raised. Fast inhibition, related to the presence
of HEPES in the incubation medium, ensues within the first
few minutes and then gradually accelerates. HEPES modifies
the binding site specific for taurine, but not for f-amino acids,
which may be partially explained by similarity in chemical
structures of taurine and HEPES. Slow inhibition, due to the
presence of HEPES in the culture medium, produced the
maximal effect in 2—3 days and was reversible. It was

Introduction

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
has been widely employed as an organic buffer agent within
a pH range of 6.0 to 8.5 in the culture medium and incubation
buffer replacing bicarbonate.’

Several reports*> suggest that HEPES inhibited the uptake
of taurine and -amino acids by primary glial cells, but did
not affect taurine uptake by neuronal cells using in vitro cell
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hypothesized that HEPES modified the concentration of an
intracellular modulator of the taurine transporter and thus
altered the membrane structure and the kinetic parameters
of taurine uptake. Another study” reported the fluorescence-
induced cytotoxicity of 25 mM HEPES in RPMI 1640 culture
medium. This cytotoxicity was mainly caused by H,0O,
generated in the irradiated medium. Yamamoto and Suzuki
reported that HEPES buffer blocked chloride channels in
neurons of Drosophila.’ Lund and Wiggins reported that
HEPES and Tris competitively inhibited the binding of
N-acetylglutamate with carbamoyl-phosphate synthase.®

P-glycoprotein (P-gp) is an apically polarized plasma
membrane protein that belongs to the ATP-binding cassette
(ABC) superfamily.”® This efflux pump has received con-
siderable attention in both drug resistance and delivery since
its discovery in 1976.%'° It acts as an ATP-dependent efflux
pump for a broad range of compounds such as cardiovascular
and antifungal agents, HIV protease inhibitors (PI), steroids,
calcium channel blockers, and cytotoxic drugs. P-gp expres-
sion in the intestine limits oral absorption by active secretion
of absorbing drug molecules back into the lumen.'' Inhibition
of the P-gp activity enhances oral absorption and bioavail-
ability of the anticancer and anti-HIV drugs.'? Caco-2 cell
monolayers are known to express high levels of P-gp and
have been widely employed as an in vitro model for P-gp
mediated drug efflux and transport studies.'®> Another cell
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line, MDCK-MDRI1, has been recommended as an alternative
to Caco-2 for high throughput drug screening.'*

There is a possibility that HEPES may alter efflux activity
of P-gp since HEPES has been widely employed in culture
media and used in incubation buffers. HEPES concentrations
used in incubation buffers vary greatly from laboratory to
laboratory such as 10 mM for the transport of cholic acid
conjugated PL'® nevirapine,'® ranitidine and famotidine,'”
rhodamin 123,18 digoxin19 and saquinavir,zo’21 15 mM for
passively absorbed drugs,>® Xa-inhibitors susceptible to
efflux,?® and substrates for oligopeptide transporter,>* and
25 mM for P-gp and MRP substrates,”> >’ beta-lactam
antibiotic,?® and paclitaxel.”® Some researchers like Wu et
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al.*® added different concentrations of HEPES for different
transporters such as 5 mM for P-gp and 10 mM for
monocarboxylic acid transporter. Several other investigators
used Hanks’ balanced salt solutions (HBSS) without HEPES
to study the transport of P-gp and MRP substrates.'*3!-3?
As HEPES primarily functions as a buffer component, it is
necessary to assess the effect of HEPES on P-gp mediated
efflux process. In this investigation, we have first studied
the effect of HEPES in the incubation buffer on the uptake
of P-gp substrates ([*H]cyclosporin A, [*H]ritonavir, and
[*H]lopinavir) and L-amino acids ([*H]glutamic acid and
[*H]phenylalanine) employing both Caco-2 and MDCK-
MDRI1 cell lines. Then, the bidirectional transepithelial
transport rate of [*H]lopinavir was compared with addition
of 25 mM HEPES to the incubation buffer with that of
control without HEPES added in the buffer. Finally, we
further investigated the influence of the addition of HEPES
into cellular culture growth medium on the ATP production
and uptake of lopinavir applying MDCK-MDRI cells and
ATP measurement assay.

Materials and Methods

[*H]Cyclosporin A (CsA) and [*H]phenylalanine were
obtained from Amersham Biosciences (Piscataway, NJ).
[*H]Ritonavir and [*H]lopinavir were purchased from Moravek
Biochemicals (Brea, CA). [*H]Glutamic acid and [*H]diaz-
epam were procured from PerkinElmer Life Science (Boston,
MA).

Human colon carcinoma derived Caco-2 cell line was
purchased from American Type Culture Collection (ATCC,
Rockville, MD). MDCK-MDRI cells were obtained as a gift
from P. Borst (Netherlands Cancer Institute, Amsterdam, The
Netherlands). Dulbecco modified Eagle medium (DMEM)
and nonessential amino acids were obtained from Gibco
(Invitrogen, Grand Island, NY). Penicillin, streptomycin,
sodium bicarbonate, and HEPES were purchased from Sigma
Chemical Company (St. Louis, MO). Fetal bovine serum
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(FBS), calf serum (CS), and trypsin/EDTA solution were
supplied by Atlanta Biologic and Gibco, respectively.

Uptake studies were conducted with Dulbecco modified
phosphate buffer saline (DPBS), containing 129 mM NaCl,
2.5 mM KCl, 7.4 mM Na,HPO,, 1.3 mM KH,PO,, | mM
CaCl,, 0.7 mM MgSQO,, 5.3 mM glucose at pH 7.4. DPBS
also contained 0 mM, 15 mM, and 25 mM HEPES. These
chemicals were of analytical grade and obtained from Sigma
Chemical Co. (St. Louis, MO). Culture flasks (75 cm? growth
area) and 12-well tissue culture-treated plastic plates were
purchased from MidSci (St. Louis, MO). Polyester Tran-
swells (pore size of 0.4 um and 12 mm diameter) were
procured from Costar (Cambridge, MA).

Cell Culture. Caco-2 cells (passages 25—40) were cul-
tured in DMEM supplemented with 10% FBS (heat inacti-
vated), 1% nonessential amino acids, 100 U/mL penicillin,
100 mg/mL streptomycin, 25 mM HEPES, and 29 mM
sodium bicarbonate at pH 7.4. Cells were grown at 37 °C in
a tissue culture incubator with 5% CO, and 95% air. The
medium was changed every other day until the cells reached
confluence. Cells were plated at a density of 66,000/cm? in
12-well tissue culture-treated plastic plates, incubated at 37
°C in humidified atmosphere of 5% CO, and 95% air, and
allowed to grow for 21—24 days.

MDCK-MDRI cells were grown under culture conditions
similar to Caco-2 cells, with one exception. The culture
medium was supplemented with 10% calf serum (heat
inactivated) instead of FBS. Culture medium was replaced
every other day. Cells were allowed to grow for 3 to 4 days
to reach 80% confluence, and then were plated on to 12-
well tissue culture plates and grown for 6—7 days to reach
confluent before experiments were initiated.

Uptake Experiments. Cell monolayers were washed 3
times with 2 mL of DPBS buffer containing various
concentrations of HEPES, i.e. 0, 15, and 25 mM. With each
washing, plates were incubated at 37 °C for 10 min. Then,
1 mL of drug solution ([*H]cyclosporin A, [*H]ritonavir,
[*H]lopinavir, [*H]glutamic acid, [*H]phenylalanine or [*H]di-
azepam, 0.5 uCi/mL) in DPBS containing HEPES (0, 15,
or 25 mM) was added to each well and incubated at 37 °C
for 30 min. Then cell monolayers were washed 3 times with
ice-cold stop solution (200 mM KCI and 2 mM HEPES) to
terminate uptake followed by overnight lysis with 1 mL 0.1%
(v/v) Triton X-100 in 0.3 N sodium hydroxide at room
temperature. Aliquots (500 uL) from each well were then
transferred to scintillation vials containing 5 mL of scintil-
lation cocktail (Fisher Scientific, Fairlawn, NJ). Samples were
analyzed by a liquid scintillation counter (model LS-6500,
Beckman Instruments, Inc., Fullerton, CA). Amount ac-
cumulated was normalized to the protein content of each
well. Amount of protein in the cell lysate was measured by
a BioRad protein estimation kit (BioRad, Hercules, CA).

Uptake of [*H]Lopinavir into Two Sets of
MDCK-MDR1 Cells Grown under Culture Medium
with or without HEPES. Two sets of cells were seeded
and grown on 12-well plates: one set was supplemented with
culture medium without HEPES (defined as set 1), and the
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other set was supplemented with culture medium containing
20 mM of HEPES (defined as set 2). These 12-well plates
were grown for 6—7 days before experiments were conducted.

Permeation solutions of [*H]lopinavir (0.5 xCi/mL) in
DPBS containing various concentrations (0, 15, 25 mM) of
HEPES were first made. To further study the influence of
P-gp inhibitor, solutions of [*H]lopinavir (0.5 uCi/mL)
containing different concentrations of unlabeled lopinavir (1
uM, 2 uM and 5 uM) in DPBS buffer with 25 mM HEPES
were also prepared. Then, uptake of [*H]lopinavir was
performed following the same procedure as described above.

Bidirectional Transepithelial Transport Experiment.
Permeability of [*H]lopinavir across MDCK-MDR1 cells was
determined in 12-well Transwell plates. Before each experi-
ment, cell monolayers were washed 3 times with DPBS
containing 0 or 25 mM of HEPES at pH 7.4 and 37 °C,
respectively. [*H]Lopinavir solution (0.5 uCi/mL) was
prepared in DPBS containing various levels of HEPES. An
aliquot (0.5 mL) was placed in the upper chamber of a
Transwell plate for A—B transport and 1.5 mL was added
to the lower chamber for B—A transport. The receiver
chamber was filled with DPBS (1.5 mL for A—B and 0.5
mL for B—A transport). Samples (100 4L) were withdrawn
from the receiver chamber at predetermined time points and
replaced with fresh DPBS buffer solution with or without
HEPES to maintain sink conditions. Samples were then
analyzed by scintillation counting. All experiments were
performed at 37 °C.

Data Analysis. Apparent permeability coefficient P (Pa—p
or Pg_,) of lopinavir was calculated according to eq 1:

P=G%x%xé )

dQ/dt is the transport rate, C, is the initial donor
concentration, and A is the surface area of the membrane.
Flux rate (dQ/dt x 1/A) was calculated by plotting amount
of lopinavir transported per unit area as a function of time
and determining the slope of the linear plot by linear
regression.””

ATP Assay. MDCK-MDRI cells were grown on 96-well
tissue culture plates and supplemented with culture medium
containing no HEPES (set 1) and 20 mM of HEPES (set 2).
These plates were grown for 6 to 7 days to reach full
confluence. Lysis solution was added to each set and kept
for 10 h. The lysate from these sets was used for quantitative
determination of ATP using ATP Determination Kit (A22066,
Molecular Probes, Invitrogen). Luminescence was measured
using a 96-well microtiter plate reader (SpectraFluor Plus;
Tecan, Maennedorf, Switzerland). Protein content of each
well was also measured using Bradford Protein dye and
quantified using the same 96-well microtiter plate reader.

Statistical Analysis. All experiments were conducted at
least in triplicate, and results were expressed as mean £ SD.

(33) Sikri, V.; Pal, D.; Jain, R.; Kalyani, D.; Mitra, A. K. Cotransport
of macrolide and fluoroquinolones, a beneficial interaction revers-
ing P-glycoprotein efflux. Am. J. Ther. 2004, 11, 433-442.
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Figure 1. Uptake of [*H]cyclosporin A in DPBS buffer
containing 0 mM, 15 mM, and 25 mM HEPES into
different cell lines. A: Caco-2 cells. B: MDCK-MDR1
cells. Results were expressed as mean + SD, n =4 —
6. *p < 0.05; **p < 0.01 (from control, 0 mM HEPES).

Statistical comparisons of mean values were evaluated by
Student’s #-test using GraphPad InStat version 3.1 (Graph-
Pad). Values of P < 0.05 were considered significant.

Results

Uptake Study with P-gp Substrates. To evaluate the
effect of HEPES on drug uptake and transport, cellular
accumulation of P-gp substrates e.g. cyclosporin A, ritonavir,
lopinavir, and amino acids e.g. glutamic acid, phenylalanine,
was determined. We first examined the effect of various
concentrations of HEPES on cyclosporin A uptake employing
both Caco-2 and MDCK-MDRI cells. Uptake of cyclosporin
A was not statistically different between control and buffers
containing 15 mM HEPES in Caco-2 cells but was signifi-
cantly different in the presence of 25 mM HEPES (Figure
1A). However, a significant difference in cyclosporin A
uptake between control and buffer containing 15 mM HEPES
and 25 mM HEPES was evident in MDCK-MDRI cells
(Figure 1B). A similar pattern was also observed in the
accumulation of [*H]ritonavir and [*H]lopinavir into MDCK-
MDRI cells (Figure 2). In general, addition of 15 or 25 mM
HEPES in the uptake buffer resulted in significant reduction
in the accumulation of all three tested P-gp substrates
including cyclosporin A, ritonavir, and lopinavir into MDCK-
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Figure 2. Uptake of different P-gp substrates into MDCK-
MDR1 cells in DPBS buffer containing 0 mM, 15 mM, and
25 mM HEPES. A: [*H]Ritonavir. B: [*H]Lopinavir. Results
were expressed as mean + SD, n =4 — 8. *p < 0.05; **p
< 0.01 (from control, 0 MM HEPES).

MDRI1 cells. Overall relative uptake of these P-gp substrates
was reduced to 85—92% and 75—80% of the control with
the addition of 15 mM and 25 mM HEPES, respectively.
Bidirectional Transport Study with P-gp Substrate.
Bidirectional transepithelial transport (A—B and B—A) of
[*H]lopinavir was then examined across MDCK-MDRI cells.
Figure 3 depicts the cumulative amount of lopinavir trans-
ported with time. The transport rate of [*H]lopinavir from
apical side to basal side (A—B) across MDCK-MDRI1 cell
monolayers was (.10 pmol/min in control (no HEPES) and
0.076 pmol/min in buffer containing 25 mM HEPES over a
3 h experiment. Therefore, it appears that addition of HEPES
caused a significant decrease (24%) in the absorptive
direction (A—B). Conversely, the transport rate of [*H]lo-
pinavir from the basal to the apical side (B—A) was 0.49
pmol/min for control (no HEPES) and 0.55 pmol/min in the
presence of 25 mM HEPES, indicating an increase (11%)
in the secretory direction (B—A). As summarized in Table
1, the permeability values of [*H]lopinavir in the A—B
direction were 30.2 x 107® cm/s for control and 22.8 x 107°
cm/s for the set with 25 mM HEPES. Such permeability
values in the B—A direction were 148.5 x 107° cm/s and
165.0 x 107® cm/s for control and for the set with 25 mM
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HEPES, respectively. Therefore the permeability ratio was
almost 50% higher with addition of 25 mM HEPES relative
to control indicating an enhancement of P-gp mediated efflux
which is an ATP-dependent process.

Uptake of Amino Acids (Glutamic Acid and
Phenylalanine) in the Presence of HEPES. Effect of
HEPES was further evaluated in relation to amino acid
uptake considering both ATP-dependent and ATP-indepen-
dent processes. Uptake of [*H]glutamic acid into MDCK-
MDRI cells was significantly elevated with the addition of
HEPES. ATP-dependent uptake of [*H]glutamic acid was
elevated by about 30% and 45% over the control in the
presence of 15 mM and 25 mM of HEPES, respectively
(Figure 4A). In contrast, uptake of [*H]phenylalanine, an
ATP-independent process, showed no significant change in
the presence of HEPES (Figure 4B).

Effect of HEPES on Passive Diffusion. We also exam-
ined if HEPES exerts any influence on membrane perme-
ability by altering membrane properties. Uptake of [*H]di-
azepam by MDCK-MDRI1 cells in the absence and presence
of HEPES was performed to evaluate the effect of HEPES
on passive diffusion. Accumulation amount of diazepam in
buffers containing 0, 15, and 25 mM HEPES is 4.41 £ 0.35,
4.54 £ 0.19 and 4.26 + 0.10 fmol/min/mg protein, respec-
tively, indicating no significant difference.

Effect of Verapamil. A substantial lowering in cy-
closporin A uptake in the presence of 25 mM HEPES may
be the result of enhanced P-gp mediated efflux through ATP
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Figure 4. Uptake of different L-amino acids into
MDCK-MDR1 cells in DPBS buffer containing 0 mM, 15
mM, and 25 mM HEPES. A: [*H]Glutamic acid. B:
[®H]Phenylalanine. Results were expressed as mean =+
SD, n = 4-6. *p < 0.05 (from control, 0 mM HEPES).

production. To prove our hypothesis, further experiments
were conducted. A 5 M verapamil was included to verify
ATP involvement. The results (Figure 5) demonstrate that
[*H]cyclosporin A uptake in the presence of 5 uM verapamil
was much higher than that of its respective control without
verapamil. It is interesting to note that addition of 5 uM
verapamil in the buffer containing no HEPES caused
complete inhibition of P-gp ATPase activity leading to
enhanced uptake of cyclosporin A compared to control. This
5 uM verapamil mediated inhibition of P-gp ATPase activity
was incomplete when buffer contained 25 mM HEPES.
Uptake of Lopinavir into MDCK-MDR1 Cells
Grown under Culture Medium with or without
HEPES. To provide further insights of the addition of
HEPES in cellular growth medium on the uptake of P-gp
substrate, cells were grown under different media with no
HEPES (set 1) or with 20 mM HEPES (set 2), and then the
uptake of [*H]lopinavir was measured. Figure 6 demonstrates
the significant effect of HEPES in growth medium. Ac-
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Figure 5. Uptake of [*H]cyclosporin A into Caco-2 cells
in DPBS buffer containing 0 mM, 25 mM HEPES and
with addition of 5 uM of verapamil, respectively. Results
were expressed as mean + SD, n = 4-6. *p < 0.05
(from control, 0 mM HEPES).
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Figure 6. Uptake of [*H]lopinavir in DPBS buffer
containing 0 mM, 15 mM, and 25 mM HEPES into
different sets of MDCK-MDR1 cells. Set 1: cells grown
in culture medium without HEPES. Set 2: cells grown in
culture medium with addition of 20 mM HEPES. Results
were expressed as mean + SD, n = 4-6. *p < 0.05;
**p < 0.01 (set 2 compared with set 1).

cumulation of [*H]lopinavir by set 2 cells was significantly
less than that by set 1 cells at all concentrations of HEPES
tested. The uptake of lopinavir decreased as HEPES con-
centration increased. The difference in lopinavir accumulation
in set 2 cells was more pronounced than that in set 1. Figure
7 depicted the uptake of [*H]lopinavir in the presence of
different concentrations of unlabeled lopinavir (inhibitor) by
the two sets of cells. For each set of cells, cellular
accumulation of [*H]lopinavir was elevated as the concentra-
tion of inhibitor increased. In the presence of lower concen-
trations (1 uM or 2 uM) of unlabeled lopinavir, higher
accumulation of [*H]lopinavir was observed for set 2 cells
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Figure 7. Uptake of [*H]lopinavir in the presence of
different concentrations of unlabeled lopinavir (1 uM, 2
uM and 5 uM) into different sets of MDCK-MDR1 cells.
Set 1: cells grown in culture medium without HEPES.
Set 2: cells grown in culture medium with addition of 20
mM HEPES. Results were expressed as mean + SD, n
= 4-6. **p < 0.01 (set 2 compared with set 1).
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Figure 8. Effect of HEPES on ATP production in
MDCK-MDR1 cells. Set 1: cells grown in culture
medium without HEPES. Set 2: cells grown in culture
medium with addition of 20 mM HEPES. Results were
expressed as mean + SD, n = 4—-6. **p < 0.01 (set 2
compared with set 1, set 1 as control).

compared to set 1 cells. In the presence of higher concentra-
tions (5 uM) of unlabeled lopinavir, such elevation was not
statistically different between these two sets of cells since
P-gp was saturated.

Effect of HEPES on ATP Production. To further expedite
the effect of HEPES on ATP production, MDCK-MDRI cells
were exposed under different culture media containing no
HEPES (set 1) or 20 mM of HEPES (set 2). The production of
ATP was quantitatively detected using ATP Determination Kit.
The results depicted in Figure 8 demonstrate that ATP produc-
tion was 70% elevated with addition of 20 mM of HEPES in
set 2 cells compared to set 1.
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Discussion

Inconsistent or even contradictory results in the literature
on uptake and transport of P-gp substrates in the same cell
types have led to our investigation on the influence of buffer
compositions on drug permeation. For example, different
values of permeability ratio (Pypps—a/Pappa—s) 0f digoxin, such
as 14'* and 43.4," were reported by different research
groups, even though the same cell line was used. It is difficult
to compare the different results caused by various concentra-
tions of HEPES used in the growth medium and transport
buffer, because investigators have used different P-gp
substrates and cell lines. Culture conditions of these cell lines
also varied. It is our hypothesis that HEPES may alter P-gp
mediated drug transport activity. Our results suggest that
HEPES can modulate ATP-dependent transport activity.
Interference of buffer components on drug uptake and
transport studies can cause significant variation in experi-
mental results.

Bicarbonate or CO, is an important component in the
buffer medium and is required for a number of biochemical
reactions. A bicarbonate—CO, buffer provides excellent pH
balance as long as cultures remain in the incubator. But as
soon as the culture is removed from incubator, the bicarbon-
ate containing medium turns alkaline very rapidly due to loss
of CO,. HEPES at concentration around 10 mM to 25 mM
is one of the most commonly added ingredients in biological
buffer systems to maintain pH stability.

In order to systematically investigate the biological effect
of HEPES, the interference of the buffer component on
uptake and transport can be classified into three categories:
interference by altering influx, efflux, or both. Effect of buffer
components on drug influx has been already reported in the
literature. In this report, we describe for the first time the
effect of HEPES on the ATP-dependent carrier mediated drug
uptake and transport. Results presented in this article indicate
that HEPES can alter uptake and transport of P-gp substrates
in both Caco-2 and MDCK-MDRI1 cells. Uptake of cy-
closporin A was not significantly altered in buffers containing
10 mM HEPES compared to the control. However, signifi-
cant differences in the uptake of cyclosporin A, ritonavir
and lopinavir between control and buffers containing 15 and
25 mM HEPES were evident in MDCK-MDRI cells. Uptake
experiments with P-gp substrates clearly demonstrate that
addition of HEPES in the uptake buffer solution results in
reduced influx of P-gp substrates (cyclosporin A, ritonavir
and lopinavir) in a similar fashion (Figures 1 and 2). These
results on uptake of P-gp substrates were consistent in
MDCK-MDRI1 cells. The MDRI1 gene transfected MDCK
cell line expresses high levels of P-gp relative to Caco-2
cells in which expression of P-gp depends on culture
conditions.'*** Uptake of P-gp substrates diminished as

(34) Anderle, P.; Niederer, E.; Rubas, W.; Hilgendorf, C.; Spahn-
Langguth, H.; Wunderli-Allenspach, H.; Merkle, H. P.; Langguth,
P. P-Glycoprotein (P-gp) mediated efflux in Caco-2 cell mono-
layers: the influence of culturing conditions and drug exposure
on P-gp expression levels. J. Pharm. Sci. 1998, 87, 757-762.
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HEPES concentration in buffer ascended. P-gp is an ATP-
dependent efflux transporter with a broad range of substrate
specificity.*2¢ Higher HEPES concentrations in buffer
solution caused higher efflux resulting in lower uptake. Such
reduced uptake of various P-gp substrates in MDCK-MDRI1
cells may suggest an enhanced activity of efflux pump
resulting in diminished drug transport. The elevation in
permeability ratio from 4.9 to 7.2 in the presence of 25 mM
HEPES may indicate stimulation of efflux system (Figure 3
and Table 1). Since uptake experiments were carried out only
for 30 min, this time duration may not be sufficient to cause
higher intracellular P-gp accumulation. Moreover, the activa-
tion of efflux pump requires ATP, so it is not unreasonable
to hypothesize that HEPES may stimulate ATP production/
ATP hydrolysis. To test our hypothesis of ATP involvement
in this process, carrier mediated uptake experiments of
glutamic acid and phenylalanine were performed. Uptake of
glutamic acid is energy dependent,®’ >° whereas phenyla-
lanine uptake is energy independent.*® Uptake of glutamic
acid was facilitated with the addition of HEPES in the uptake
medium (Figure 4A), whereas there was no change in
phenylalanine uptake, an energy-independent process under
similar conditions (Figure 4B). Higher ATP level enhanced
the energy-dependent influx function of amino acid trans-
porter for glutamic acid. Uptake of [*H]phenylalanine in both
apical and basolateral membranes was inhibited by unlabeled
phenylalanine, indicating the presence of neutral amino acid
transporter in MDCK cells.*! Gomes and Soares-da-Silva
have reported the expression of Na'-independent LAT2
(large neutral amino acid transporter) in transfected renal

(35) Sauna, Z. E.; Ambudkar, S. V. Evidence for a requirement for
ATP hydrolysis at two distinct steps during a single turnover of
the catalytic cycle of human P-glycoprotein. Proc. Natl. Acad.
Sci. U.S.A. 2000, 97, 2515-2520.

(36) Shimabuku, A. M.; Nishimoto, T.; Ueda, K.; Komano, T.
P-glycoprotein. ATP hydrolysis by the N-terminal nucleotide-
binding domain. J. Biol. Chem. 1992, 267, 4308-4311.

(37) Atlante, A.; Passarella, S.; Pierro, P.; Di Martino, C.; Quagliariello,
E. The mechanism of proline/glutamate antiport in rat kidney
mitochondria Energy dependence and glutamate-carrier involve-
ment. Eur. J. Biochem. 1996, 241, 171-177.

(38) Maycox, P. R.; Deckwerth, T.; Hell, J. W.; Jahn, R. Glutamate
uptake by brain synaptic vesicles. Energy dependence of transport
and functional reconstitution in proteoliposomes. J. Biol. Chem.
1988, 263, 15423-15428.

(39) Karppinen, A.; Lahdesmaki, P. Uptake of glutamate into synaptic
vesicles: dependence on vesicle treatment, ions, temperature and
energy supply. Cell. Mol. Biol. Incl. Cyto Enzymol. 1979, 25, 195—
202.

(40) Gandhi, M. D.; Pal, D.; Mitra, A. K. Identification and functional
characterization of a Na(+)-independent large neutral amino acid
transporter (LAT2) on ARPE-19 cells. Int. J. Pharm. 2004, 275,
189-200.

(41) Putnam, W. S.; Ramanathan, S.; Pan, L.; Takahashi, L. H.; Benet,
L. Z. Functional characterization of monocarboxylic acid, large
neutral amino acid, bile acid and peptide transporters, and
P-glycoprotein in MDCK and Caco-2 cells. J. Pharm. Sci. 2002,
91, 2622-2635.

cell line.** Transport of phenylalanine by LAT2 is proton
coupled and energy independent,*® which explains why no
change in phenylalanine uptake occurred in the presence of
HEPES in MDCK-MDRI cells. HEPES may be involved,
in some way, with ATP dependent process and thus cause
enhanced uptake of glutamic acid and reduced uptakes of
cyclosporin A, ritonavir and lopinavir.

This hypothesis was further supported by verapamil data
(Figure 5). Addition of verapamil in the buffer containing
no HEPES caused enhanced uptake of cyclosporin A due to
inhibition of P-gp but returned to control value once 25 mM
HEPES was incorporated in the buffer. The primary structure
of P-gp displays two nucleotide binding sites in the cyto-
plasmic domain. The mechanism of P-gp function is incom-
pletely understood. ATPase activity leading to ATP hydrol-
ysis is the main driving force of P-gp activity. When a
xenobiotics agent binds P-gp, it stimulates ATPase activity
and verapamil inhibits such modulator-stimulated P-gp
ATPase activity. Such inhibitory activity of verapamil is also
concentration dependent.*® As we mentioned that addition
of HEPES in the medium leads to higher ATP production.
Addition of 5 uM verapamil in the buffer containing no
HEPES caused complete inhibition of P-gp ATPase activity
leading to enhanced uptake of cyclosporin A compared to
control. This inhibition of P-gp ATPase activity was insuf-
ficient with 5 uM verapamil when 25 mM HEPES incor-
porated in the buffer. As a result, cyclosporin A uptake,
though higher than that in buffer with 25 mM HEPES alone,
was less compared to the respective control with 0 mM
HEPES with 5 uM verapamil. The effect of HEPES in the
growth medium on the uptake of [*H]lopinavir in the absence
and presence of different concentrations of unlabeled lopi-
navir provided further evidence that HEPES stimulated the
function of P-gp (Figure 6 and Figure 7).

The mechanism of HEPES involved in this energy
dependent process is further elucidated by the quantitative
determination of ATP in the cell growth phase. The
luminescence produced is proportional to the amount of ATP
present in the sample. Luminescence production by luciferase
varies depending on buffer composition.** Phosphate buffer
produced 70% inhibition on light output. Light production
was highest when the reaction mixture contained tricine
buffer followed by Tris and glycylglycine. HEPES produced
a moderate effect on this light output by luciferase. Several
mechanisms of ATP-dependent luminescence production by
luciferase have been postulated including structural confor-

(42) Gomes, P.; Soares-da-Silva, P. Na(+)/H(+) exchanger activity
and dopamine D(1)-like receptor function in two opossum kidney
cell clonal sublines. Cell. Physiol. Biochem. 2002, 12, 259-268.

(43) Orlowski, S.; Mir, L. M.; Belehradek, J., Jr.; Garrigos, M. Effects
of steroids and verapamil on P-glycoprotein ATPase activity:
progesterone, desoxycorticosterone, corticosterone and verapamil
are mutually non-exclusive modulators. Biochem. J. 1996, 317,
515-522.

(44) Webster, J. J.; Chang, J. C.; Manley, E. R.; Spivey, H. O.; Leach,
F. R. Buffer effects on ATP analysis by firefly luciferase. Anal.
Biochem. 1980, 106, 7-11.
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mation of luciferase binding domains* and two nucleotide
triphosphate binding sites.*® The kinetics of luciferase*’ has
also been reported. HEPES along with magnesium and
calcium present in the buffer system may influence a cascade
of cellular kinetic events associated with ATP dependent
processes. ATP hydrolysis by ATPase is required for P-gp
mediated efflux. Enhancement of ATP production by HEPES
may result in higher transport of P-gp substrates. The results
of our ATP assay, based on the luminescent property of
firefly luciferase, indicate that ATP production was signifi-
cantly elevated with the addition of HEPES (Figure 8).
Recently, inhibitory effect of HEPES on the taurine uptake
in cultured rat and chicken neural cells has been implicated
due to the structural similarity between taurine and HEPES.
The effect of HEPES on the uptake of $-alanine and leucine

(45) Denburg, J. L.; McElroy, W. D. Anion inhibition of firefly
luciferase. Arch. Biochem. Biophys. 1970, 141, 668-675.

(46) Steghens, J. P.; Min, K. L.; Bernengo, J. C. Firefly luciferase has
two nucleotide binding sites: effect of nucleoside monophosphate
and CoA on the light-emission spectra. Biochem. J. 1998, 336,
109-113.

(47) Lembert, N.; Idahl, L. A. Regulatory effects of ATP and luciferin
on firefly luciferase activity. Biochem. J. 1995, 305, 929-933.
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by chicken and rat neuronal cells was also reported. Slow
inhibition was involved in the uptake of both taurine and
p-alanine possibly due to modulation of membrane fluidity
by HEPES.*” In our present study, no change in the passive
diffusion of diazepam was observed. Therefore, enhancement
of membrane fluidity by HEPES is not a plausible mecha-
nism for reduced uptake of cyclosporin A, ritonavir and
lopinavir across MDCK-MDRI1 monolayers.

Conclusion

Addition of HEPES in the growth medium, uptake and
transport buffer can affect ATP dependent cellular processes.
Results presented in this report suggest that HEPES can alter
ATP dependent influx and efflux processes. Addition of
HEPES enhanced the production of ATP. These results may
also explain the inconsistencies in data available in literature
which may have been caused by differences in the concen-
tration of HEPES used in uptake/transport buffer or media.
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