ISSN 16714083 Acta Pharmacol Sin % B &SR E4 2002 May: 23 (5),; 423429

http ; //www . chinaphar . com

-4 -

Interaction of multidrug resistance reversal agents with
P-glycoprotein ATPase activity on blood-brain barrier!
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ABSTRACT

AIM: To gain further insights into the mechanism of the
ATP-dependent interaction of P-glycoprotein (P-gp) with
various multidrug resistance ( MDR) reversal agents.
METHODS; Bovine brain capillary endothelial cells
{BCEC) were isolated from cerebral gray matier using
modifications of the mechanical homogenization tech-
nique. Plasma membranes were prepared from BCEC.
The P-gp adenosine triphosphatase ( ATPase) activity of
the isolated BCEC membranes was estimated by
measuring inorganic phosphate liberation. RESULTS.
The basai P-gp ATPase activity was increased by
verapamil { Ver }, vincristne ( VCR ), doxorubicin
{Dox}, tetrandrine (Tet), dauricine {DRC), berbamine
(BBM), and daurisoline {DRS), with respective half-
maximal activity concentrations K, of about 17, 5.9,
41, 2.3, 11, 23, and 22 umol/L. Berberine (BBR)
produced a relatively slight activation.  dl-Tetrahydro-
palmatine ( d-THP) and !-tetrahydropalmatine ( /-THP)
does not alter the basal P-gp ATPase activity.
Cyclosporin A {CsA) inhibited both the basal and the
drug-stimulated ATPase activity of P-gp with high
affinity.  Kinetic analysis indicated a competitive
inhibition of Ver- or VCR-stimulated ATPase activity and
a noncompetitive inhibition of Dox- or Tet-activated
ATPase activity by CsA. Moreover, Dox inhibited Tet-
activated P-gp ATPase activity in a noncompetitive
manner. CONCLUSION. Various MDR reversal
agents could interact with P-gp and alter its ATPase
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activity in different mapners. This is the result of the
broad molecular recognition specificity of P-gp. CsA,
Ver, and VCR could bind P-gp either on overlapping
sites or distant but interacting sites, while CsA, Dox,
and Tet could independently bind P-gp on separated sites
on blood-brain bamier,

INTRODUCTION

P-glycoprotein ( P-gp) is a plasma membrane

glycoprotein that confers multidrug resistance ( MDR)
phenotype by virtue of its ability to exclude a wide range
of chemotherapeutic drugs and other hydrophobic
compounds from cells in an adenosine triphosphate
{ ATP )-dependent mannet) . It is also expressed al
high levels in non-cancerous tissues, such as the
endothelial cells of the blood-brain barrier ( BBB )
capillaries of hurnan as well as animals. P-gp may be
involved in the exclusion of various drugs from the
capillary endothelial ceils, blocking their entry into the
brain®*).
Numerous compounds with no structural analogy or
cammon phammacological properties have been identified,
such as verapamil ( Ver), cyclosporin A {(CsA ),
vincristine (VCR), and doxorubicin (Dox), etc, which
inhibit the function of P-gp, thus reversing MDR in
cultured cells, termed chemosensitisers, P-gp antago-
nists, or MDR reversal agents. Some isoquinoline
alkaloids such as tetrandrine (Tet), dauricine (DRC),
berbamine (BBM), efc, have been reporied also to be
capable of reversing MDR®-8).

P-gp itself exhibits in vitro ATPase activity, the
mechanism of its drug-efflux action and the mechanism of
MDR reversal agents action in the modulation of P-gp
function are not yet well understood. The most widely-
discussed current hypothesis is that P-gp uses energy of
ATP hydrolysis to export drugs from the cell. P-gp in
plasma membranes shows a basal rate of hydrolysis of
ATP, which is stimulated by several fold on addition of
drugs!”’. The aim of this paper was to gain further
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insights imo the mechanism of the ATP-dependent
interaction of P-gp with its various MDR reversal agents
and investigate the binding sites which were involved in
the modulation of P-gp function on BBB.

MATERIALS AND METHODS

Materials Cyclosporin A, ouabain, and sodium
azide were gifts of Dr LIU Xiao-Dong (China Pharma-
ceutical University ). Doxorubicin was a gift of Prof
GUO Qing-Long ( China Pharmaceutical University ).
Isoquinoline alkaloids were kindly donated by Prof HUA
Wei-Yi { China Pharmaceutical University ).
and vincristine were purchased from Sigma Co.

Veraparnil
All
other chemicals were of analytical grade and commercially
available.

Isolation of bovine brain capillaries
brain capillaries were isolated from cerebral gray matter

Bovine

using modifications of the mechanical homogenization
technique of Dallaire ez al'® . Briefly, bovine bruin
cortex was stripped of the pial membrane and minced in
phosphate-bufTered saline (PBS) containing edetic acid 5
mmol/L. pH 7.4. Samples were homogenized with a
tissue homogenizer run at 6000 r/min for 15 5. The
combined homogenates were diluted with PBS and passed
through a 127-.m nylon mesh. Then the filirate was
passed through a 72-pm nylon mesh and washed. The
material retained on top of the 72-um meshes was
obtzined and centrifuged at 1000 x g for 10 min., The
peltet was the brain capillary preparation.  The purity of
the capillary preparation was examined by microscopy and
assaying the relative specific activity of the marker
ensyme v-gluamyleransferase ( v-GTase) for the BBB-
specific endothelial cell. The results showed thar the
preparation was composed of capillury segments with less
than 2 % of comamination cells and enriched 14, 7-fold
in y-GTase specific activity over the brain homogenate.
The capillary preparation was resuspended in 10 volumes
of .1 % (w/v) collagenase [ in PBS and incubated at
37 T for 3 min. The suspension was centrifuged at
1000% g for 10 min at 4 °C and the pellet was washed
twice with PBS. then the brain capillary endothelial cells
(BCEC) were oblained"® .

Preparation of plasma membranes
membranes were prepared from BCEC as previously
described ™' . Tsolated cells were suspended in hypotonic
lysis buffer (in mmol/L; Tris-HC] 10, pH 7.8, KCT10.
MgC), 2, dithiothreitol 1, egtazic acid 1) and allowed to

Plasma

swell tor 20 min at 4 U Swollen cells were Jisrupted

power
{ Sonicator W-225R Heat System [firasonics: and the

by sonication for lis al 20 %  maximum
resulting homogenate was centnifuged  LIO0 > g, 10
min, + T).
30 % sucrose cushion in lysis buffer and centriluged
{7000 x g, 20 min, + C).
interface was removed. diluted twice with lysis buffer,
and sedimented (135 (00 x ¢, The
pellet of total membranes was washed Iwice in lysis buffer

The supernatunt was then layered on a
The laver at the sucrose
15 min, | T,

and finaily resuspended in lysis buffer supplemented with
NuaCH 100
concentration of 2,1 g/L.  The protein concentration was
determined by the Lowry method. with bovine serum
albumin as standard""".

P-gp ATPase activity measurement  The
ATPase activity of the isolated BCEC membranes was

estimated by measuring inorganic  phosphate  libera-
(e

mmol/L al a total membrane  protein

tion
membrane protein, as determined by a modified Lowry
method) were incubated at 37 C in 0.1 mL of a medium
confaining (in mmol/L}: Tris-HCl M {pH 6.81,
dithiothreitol 2, MgCl, 5, ouabain 2 (1o eliminate Na*,
K™ -ATPase activity), egtazic acid 2 { o eliminate Ca’* -
ATPase activity }, sodium azide 5> (1o eliminaw F-E,
ATPase activity) . and the ATPase reaction was started by
the addition of MgATP 5 mmol/L..
(P, ) was measured by u modification of the sensitive

Membrane suspensions  { abont 20 pg of

Inorganic phosphate
colerimetric reaction described previously.  The samples
were supplemented with 0.4 ml of reagent containing
H,80, 2.5 mol/L, 1%
0.014 % uantimony potassiwm tartrate, and 1 mL of
distilled water.
mlL of 1 % ascorbic acid ( freshly prepared ) was added
and the optical density read w 880 nm.  Activity were
calculated from the initial linear rate of P, production and
ATPase activity was estimated by difference obtamed n P,
levels between O min (reaction stopped immediately ) and
30 min incubation periods.

Kinetic analysis' 13)
measuring ATPase activity were fitted to the Michuelis-

ammonium  molybdate,

For the reduction of the complex, 0.2

Data from experiments

Menien eguation by nonlinear least square regression
analysis (Eg 1).  V,,, and K, values with standard
errors were derived from these curves (Tab 17 and K|
values were calculated using the eguition for the
competitive (Eq 2) or noncompetitive { Eq 3} inhibition.
V= Voo CAK+ O {Eq 1)
V=V CA K+ 17K )+ C (Lg2)
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Tab1. Effects of MDR reversal agents on basal P-gp ATPase activity in BCEC membranes. K, and V,,, values were
determined by fitting data to the Michaelis-Menten equation, n=4. xz5s, "P<0.05, P<0.01 vs no drug.

Towl P-gp  Drug-stimu- Total P-gp  Drug-stinmu-
Dy ATPase  lated ATPase  Michaclis-Menten Drugs ATPase  laied ATPase  Michachs-Menten
£ " activity activity equation parameters B 4 activity activity equation parameters
pamol-L / pmol - / pnol pumol- L. umol* 7 pmol *
min g™t min'eg! Kn Vi min''g™! min teg! Ky Vi
No drug 17+ 18 0x19 Berbamine 5 |22 5519
10 210+28° W=7
Vempamil [ [H+22 Iisd 0 p0=x3F 432 Ny B+
25 158+ M9 50 32s=2¢ 211435
3 189 + 33 HE3N 1747 313 £ 101 0 a56+47 20245
10 230+ 3¢ H3+26 100 UI£3X U2
2 8129 164248 150 0l+36¢ 182240
0 342+105° 225251
100 277256° 160+ 35 Daurisoline 5 174+3> 57211
20 1807 63+23 10 213+280  9%=18
20 202+£25 145230 20 297+ 111
Vierisine 1 134+28 177 30 373 A038
2 Mexdl 2040 80 352433 24l
5 171247 M2l 59225 N7 00 636 1x31
0 101£3F  Mz13 N0 o4szE BT
20 AR eA° 9l +22 -
0 16333t 4618 Berberine 5 127+24 1125
B 1942 25 10 136£26 195
20 147 £19 30+ 11 322 W
Doxorubicin = 126+29 913 50 1ede3lt 47223

5
10 133+25 ‘161-5 00 176+200 59=x25
157227 x 250 MI+32 243
VR e E A
00 ll48ifil 311? CsA 0.00 10319 -14+3
500 123+ 62 0.05 78+21 -39+5
0.5 57+15 -39=9 - -
Tewandrine 1 203=41°  86+23 0 21;; et
2.5 265+ 4% 48+29  2.3:0.9 281192 l‘ 30+ ¢ 37:23
30+ —0iE
5 312£31° 1?515_?“ 30 21xg %=l
10 348 £ 40¢ 21+

X0 3064395 1@9£33 d-THP 5 1325 1+3
W oeqr 10724 10 16l -1+
W HT£20 023 - -
Dauriyine 1 148 £ 27 3+t 50 120+ 17 341
25 Ige=3l® 910 00 N2 -6=3
5 o3selg 17£323 0 1125 313
10 296+2x 178219 I-THP 5 12038 +1
0 359+£50° 242+ 10 127+23 106 - -
A 2B 156+ 30 20 123+£30 6+2
W00 OTxs%d @28 50 132%40 15%4
160 124 £31 T3

VeV CARL(1+ /KD + CO+ 1/KY] (Bgd) 1/ V=4 /KD Vi 4 LK {1+ 17K ) Vi 1017 C
{(Eq 3}

Double-reciprocal treatmens: Where V and V,, are the drug-stimulated ATPase

15V =1/ Vg + (K Vi ) 17€ (Bq 1) activity and the maximum velocity, respectively: K and
D V=1 Vg + | K1+ I/K ) Vi ) 1/C - (Eq2) K, are the half-maximal activity concentration { Michuchs
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constant) and inhibition constant, respectively; ¢ and /
are the concenrations of stimulator and  inhibitor,
respectively .

RESULTS

Effects of Ver, VCR, Dox, and CsA on the
basal P-gp ATPase activity We used a plasma
membrane preparation from the BCEC, which constiru-
tively high expressed P-gp.  ‘The plasma membranes
contained 30 % P-gp as percentage of total membrane
protein.  In the presence of three 1onic pump inhibitors,
sodium azide. ouabain, and eglazic acid, the exim
ATPase activity measured for the P-gp-containing
membranes can he attributed to P-gp.  This so-called
hasal ATPase activity, measured in the absence of any
added drug, is about (117 £ 18} gmol -min~' -+ g™!
piotein,  depending  on cell baich and membrane
preparation .,

Ver, VCR, and Dox stimulated P-gp ATPase acti-
vities in a concentration-dependent manner. Al three
drugs displayed biphasic effects, as drug concentration
increased beyond the maximum value of the activities.
then the activity decreased. The same measurements
were made using membranes devoid of P-gp from human
umbilical vein endothetial cells { HUVEC) for checking
the specificity of observed ATPase activily variations. [n
this case, increasing concentrations of any of the tested
molecules do not induce any significant change in the
P-gp independent ATPase activity ( data not shown).

CsA inhibited the P-gp ATPase activity in a
concentration-dependent  manner,  the  concentration
producing 50 % inhibition was (0.23 +0.07) pemol/L.
An almost complete inhibition { <20 % of the control
activity) of the basal ATPase activity was observed with
CsA 5 umol/1..

Fitting the data by nonlinear least square regression
analysis and assuming simple Michaelis-Menten kinetics,
the apparent K, and Vi, values of each test drug were
calculated (Tab 1),

Effects of seven isoquinolines on the basal
P-gp ATPase activity Seven isoquinolines displayed
diverse effects on P-gp ATPase aclivity. Tet, DRC,
BBM, and daurisoline { DRS) markedly induced bell-
shaped concentration dependence curves for the P-gp
ATPase activity stimulation. BBR produced a relatively
slight aciivation, while di-retrahydropalmatine ( &f-THP)
and !-tetrahydropalmatine { I-THP) virtually did not aiter
the basal P-gp ATPase activity.

Effects of CsA on Ver- or VCR-stimulated
P-gp ATPase activity The influcnce of MDR reversal
agents, with diverse structure, on the P-gp ATPase
activity were furiher explored by studying heir combined
effects, ie, the concentration-dependent effect of one of
them on the P-gp ATPase activity due to another one,
The P-gp ATPase activity stimulation curves were shifted
toward higher concentrations by the inital addition of
CsA. A kinetic analysis revealed that in the presence of
CsA .2 and 0.3 panod/L, the appavent K1 Ver) was
increased from (17 £ 7) to (25 =9} and (32 % 12)
pmol/1. respectively and K { VCR) was mcreased from
(3.9+25) 0 (8232} and (10 + 1} pmol/L
tespectively, while the V,, values remained unchanged.
It indicated that CsA inhibited Ver- or V(R-uctivated
P-gp ATPase activitics in a compelitive mamner with a
caleulated inhibition constant K of {(+. 30 £0.18} umol/
L (Fig 1A) or (0.51£0,23) umol/1. LFig 1B).
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Fig 1. Kinetics of the inhibitions of verapamil{A)- and
vincristine{ B)-stimulated P-gp ATPase activity by CsA.
K, K;, and V,,, values were determined by fitting data
to the Michaelis-Menten equation. [ C]: drug
concentration {pmol/L}; [ V]: ATPase activity {pmol
min '+g~' protein). n=4. xts.
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Effects of CsA on Dox- or Tet-stimulated
P-gp ATPase activity In the presence of CsA 0.2
and (.14 pmol/L, P-gp ATPase activity stimulation
curves displayed a progressively decreasing maximal
activation with no noticeable shift for half-maximal
activating concentrations. The kinetic analysis revealed
that in the presence of CsA 0.2 and 0.4 pmol/L, the
apparent K (Dox ) or K, (Tet) was essentially
unchanged, while V. (Dox) was reduced from (80 =
20) 10 (50+14) and (36 % 12) umol*min~}+g~!, V.,
{Tet) was reduced from (284 +92) to { 207+ 83) and
(163 + 51) pmol * min™! + g™", respectively. This
indicated that CsA inhibited Dox- or Tet-stimulated P-gp
ATPase aclivity in a non-competitive manner with a
calculated inhibition constant Kj of (0.35x0.19) pmol/
L (Fig 2A) or (0.51+0.26) pmol/L (Fig 2B),

0351 4
0.30 T @ Control
ot @ CsA 0.2 gmol . Lt

A CsA04 gmol . L

L5 0 0.05 0.1 0.15 0.2
0028 B
0024 - o Control
po20 b M 3402 pmol . L!
A& CsA04 ymol . 171

iy

0.006
0012
0,008
03/01 TR TR
1IC]
Fig 2. Kinetics of inhibitions of the doxorubicin( A )-

and tetrandrine(B)-stimulated P-gp ATPase activity by
CsA. K., K, and Vo, values were determined by
fitting data to the Michaelis-Menten equation. [C]:
drug concentration [pmol/L}); [ V]: ATPase activity
{pmol-min-'-g ! protein). n=4. Tzxs.

Effect of Dox on the Tet-stimulated P-gp
ATPase activity P-gp ATPase activity stimulated by
Tet was measured in the presence and absence of Dox.

Dox 5 and 10 pmol/L reduced Vg { Tet) from (284 +
92) 1o (164 £53) and (115 £42) pmol min '+g ',
respectively, but the K, (Tet) was unchanged. It was
shown that Dox inhibited the Tet-activated P-gp ATPase
activity non-competitively with a calculated K, of (6.8
2.7) pmol/L (Fig 3).

@ Contryl

0.04 (
& Dorxorubicio 5 gmol . 11

0.03F & Doxorubicin 10 gmol . 1.1
= w0
0.01
% ) PR 1 a1 i
-5 0.3 0.5 0 01 0.3 0.5 0.7 0.9 11
1)
Fig 3. Kinetics of inhibition of the tetrandrine-

stimulated P-gp ATPase activity by doxorubicin. K,
K;, and V,,, values were determined by fitting data to
the Michaelis-Menten equation. [ C ]: drug
concentration (pmol/L); [ ¥V]: ATPase activity (pmol:
min~'-g~!protein), n=4. xzs.

Effect of MgATP on P-gp ATPase activity in
the presence or absence of Tet  Since Tel
stimulated P-gp ATPase activity with a very high affinity
according to its calculated K, we examined whether Tet
interfered with ATP binding to P-gp by measuring
ATPase activity at a serial concentrations of MgATP in
the absence and presence of fixed concentration of Tet.
Im absence of Tet, with the increase of MgATP
concentrations, the basal ATPase activity of P-gp showed
Michaelian behavior with a Michaelis constanr K,
(MgATP) of (2.1£0.7) pmol/L and Vi, of (171 =
48) pmol-min~'-g ", In the presence of Tet 5 and 10
umol/L, the K {MgATP) was (2.6+0.9) and (2.4 ¢
0.8) umol/L, respectively and the Vo, (MgATP) was
increased to (463 £ 151) and (509 137) pmol min™"'*
g™', respectively. In this case, Vi, (MgATP) was
markedly increased by Tet, but the apparent K,
(MgATP) was essentially unchanged. It suggested that
P-gp ATPase modulation by Tet could not be attributed to
the effect on ATP binding to P-gp (Fig 4).

DISCUSSION

P-gp is an adenosine in 5'-triphosphate { ATP)-



ISSN 16714083 Acta Phamuawol Sin ¢ B R FH

A0 My 22 (3)
Phn/Fax 86-21 474-2020

« 428 - E-mail apy@ mail . shene. ac. cn
-
—e— (Controf

™ —#— Tetrandrine § izmol . L
g I —a— Tetrgndrine 10 gmol . 1!
=

E

£

2

z

%

¥

x

-4

b~

-

MgATP/mmol - !

Fig 4. Eifect of MgATP on the P-gp ATPase activity in
the presence or absence of tetrandrine. K, ( MgATP)
and V, values were determined by fitting data 1o the
Michaelis-Menten equation. n=4. Xzxs.

dependent drug transporter which pumps out several
anticancer agents from multidrug-resistant tumor cells and
then reduces the intracellular concentration of drgs,
thereby conferring drug resistance. It was also found to
be expressed at the BBB of human as well as animals.
The movement of compounds from the circulating biood
mto brain is strictly regulated by the BCEC, which are
connected to each other by well developed tight junctions
without fenestrations and form a lipoidal membrane
barrier, ie, the BBB. Clearly, an understanding of the
efflux mechanisms would give us much vseful information
regarding drug delivery to the brain'” . P-gp has 12
transmembrane domains contained in two homologous
halves and there are two ATP-binding cassette domains in
each of the halves that catalyse ATP hydrolysis.
However, comparatively little is known about the site{s}
or nature of the molecular interactions between drugs and
P-gp or how drug binding is coupled to ATP hydrolysis to
elicit transport ™!, We have therefore used a sensitive
in vitro P-gp ATPase assay to investigate the mechanism
of P-gp interaction with various compounds,

Since only those compounds that stimulating ATP
hydrolysis are transported by the P-gp'™”), in this paper,
the results suggested that there is more than one type of
interaction with P-gp. There is two classes of MDR
reversal agents interacting with P-gp: one activated
ATPase activity, implying that these drugs were
transported by P-gp and aiso appeared 1o be substrates of
P-gp. such as Ver, VCR, Dox, Tet, DRC, BBM,
DRS. and BBR. erc. The other failed to activate
ATPase activity, including dI-THP and [-THP, virtually

did not alter the basal P-gp ATPase activity. while CsA
interacts with P-gp wath high affinity but fails to elicyt
ATP hydrolysis. These agents may only be able to bind
to P-gp without being cffluxed out of the BCEC

According to the K, given in Tab 1. the rank order
of affinity was CsA > Tet> VCR > DRC > Ver » DRS =
BBM > BBR > Dox. These data consisted with the
potency of their MDR reversing action >, The MDR
reversal agents which interact with P-gp with a higher
affinity and a lighter binding exhibited a greater potency
of P-gp antagonism.

In addition to the well-defined ATP-binding site,
P-gp presents another two types of binding sites, one for
transport ( drug binding site) and one for modulation
(modulator site).  The various reversal agents would be
able to interact with one or both sites. Reversal agents
may block therapeutic drug efflux by acting as
compelitive or non-competitive inhibitors, perhaps by
binding (o similar drug substrate binding sites or fo other
modulator sites which cause atlosteric changes resaliing in
inhibition of therapeutic drug binding or lranspon“"'a].
However, there is litle known about whether various
MDR reversal agents function simitarly as inhibitons of
drug efflux, where and how many binding sites oxist for
reversal agents on P-gp or the possible communication
between them. Our enzymatic data demonstrated that
CsA inhibited Ver- or VCR-simulated P-gp ATPase
activity in a competitive manner. [t indicated that CsA
with Ver or VCR were mutally exclusive for their P-gp
ATPase modulation. The binding sites on P-gp of these
three drugs could be either identical or partiaily overlaping
or distant and subject to negative allosteric heterotrope
interaction. Moreover, our results suggested that Tet
modulate P-gp ATPase without interfering with the
binding of ATP, it seemed that Tet was not acting by
binding to the ATP-binding site in the P-gp membrane
domains. We also have shown that CsA noncompeti-
tively inhibited Dox- or Tet-activated P-gp ATPase
activity and Dox noncompetitively inhibited Tet-activated
P-gp ATPase activity. This indicated that CsA, Dox,
and Tet were non-exclusive for their modulating effects on
P-gp ATPase. We could thus conclude that there are
three different separate sites for CsA, Dox, and Tet on
P-gp, and that each of these drugs can bind o its own
site dependently in the presence of others. This
suggested that at least three modulatory sites exist on P-gp
in the BBB.

In summary. numerous MDR reversal agents with
no structural analogy or common pharmacological pro-
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peries modulated P-gp ATPase in different manner.
There was more than one type of interaction with P-gp
and multisites { more than three) rather than a universal
site involved in the modulation of P-gp function in BBB.
This may be related to the broad molegular recognition
specificity of P-gp.
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