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Abstract—Tenidap [5-chloro-2,3-dihydro-3-(hydroxy-2-thienylmethylene)-2-oxo-1H-indole-1-carboxamide], a
novel antirheumatic agent, produces a rapid and sustained intracellular acidification when applied to cells in
culture. To investigate the mechanism by which this change in ionic homeostasis is achieved, the acidification
activities of structural analogs of tenidap were determined, and the movements of ['*Cltenidap into and out of
cells were explored. The acidification activity of tenidap was enhanced by lowering extracellular pH, suggesting
that the free acid species was required for this process. Consistent with this requirement, a non-acidic analog of
tenidap did not produce a change in intracellular pH (pHi). In contrast, multihalogenated derivatives of tenidap
produced greater changes in pHi than did tenidap, and one analog produced a transient acidification from which
the cell recovered; this recovery, however, was blocked by an inhibitor of the Na’/H* antiporter. Fibroblasts
incubated with [**C]tenidap achieved within 5 min a level of cell-associated drug that remained constant during
longer incubations. Simultaneous addition of the electrogenic ionophore valinomycin or the P-glycoprotein
inhibitor 4-(3.4-dihydro-6,7-dimethoxy-2(1H)-isoquinolinyl)-N-[2-(3,4-dimethoxyphenyl)ethyl]-6,7-dimethoxy-
2-quinazolinamine (CP-100,356) caused a time- and concentration-dependent increase in the level of cell-
associated ['“C]tenidap; other agents tested did not promote this enhanced cellular accumulation. ['*C]Tenidap
accumulated by fibroblasts in the presence of CP-100,356 subsequently was released when these cells were
placed in a tenidap- and CP-100,356-free medium. Importantly, several agents that are known to inhibit anion
transport processes, including o-cyano-p-(1-phenylindol-3-yl) acrylate, 5-nitro-2(3-phenylpropylamino)-ben-
zoic acid, and meclofenamic acid, inhibited efflux of ['“Cltenidap. In contrast, ethacrynic acid and 4,4’-di-
isothiocyanatostilbene-2,2’-disulfonic acid did not impair the efflux process. Likewise, tenidap analogs that
produced a sustained intracellular acidification blocked the efflux of ['*Cltenidap, but non-acidifying species did
not. These data suggest that movements of tenidap into and/or out of cells is a facilitated process subject to
pharmacological intervention. Together, the structural selectivity of the acidification response and the evidence
of facilitated transport suggest that the pHi modulating activity of tenidap is dependent on its unique physico-
chemical properties. Due to the dependence of these physicochemical properties on environmental and cellular
conditions, in vivo expression of the acidification activity is likely to occur only within restricted environments

that favor this tenidap-induced process.
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§ Abbreviations: NSAIDs, non-steroidal antiinflammatory
drugs; pHi, intracellular pH; DIDS, 4,4'-diisothiocyanatostil-
bene-2,2'-disulfonic acid; PMNs, human neutrophils; HBSS,
Hanks’ Balanced Salt Solution; aMEM, «-Minimal Essen-
tial Medium; FBS, fetal bovine serum; CCCP, carbonyl cya-
nide m-chlorophenylhydrazone; DNP, dinitrophenol; NPPB,
5-nitro-2(3-phenylpropylamino)-benzoic acid; BCECF, 2',7'-
bis-(2-carboxyethyl)-5-(and -6)-carboxyfluorescein; UKS099,
a-cyano-B-(1-phenylindol-3-y1) acrylate; tenidap, 5-chloro-2,
3-dihydro-3-(hydroxy-2-thienylmethylene)-2-oxo-1H-indole-
1-car-boxamide; CP-72,133, 6-chloro-5-fluoro-2,3-dihydro-3-
(hydroxy-2-thienylmethylene)-2-oxo-1H-indole-1-carboxam-
ide; CP-100,829, 6-chloro-5-fluoro-2,3-dihydro-3-[hydroxy-(4-
chloro-2-thienyl)methylene]-2-oxo-1H-indole- 1-carboxamide;
CP-236,492, 6-chloro-2,3-dihydro-3-methyl-3-(2-thienylcar-
bonyl)-2-oxo-1H-indole-1-carboxamide; CP-64,912, N-(4-chlo-
rophenyl)-2,3-dihydro-3-[hydroxy-(4-fluorophenylmethyl)me-
thylene}-2-oxo-1H-indole-1-carboxamide; and CP-100,356,
4-(3,4-dihydro-6,7-dimethoxy-2(1H)-isoquinolinyl)-N-[2-(3,4-
dimethoxyphenyl)ethyl]-6,7-dimethoxy-2-quinazolinamine.

Low molecular weight organic drugs often need to pen-
etrate the plasma membrane of a cell to gain access to
their molecular targets. NSAIDs§, for example, must
enter a cell to interact with cyclooxygenases, their pri-
mary therapeutic targets [1]. Likewise, many anti-cancer
drugs enter a cell prior to elicitation of their cytotoxic
activity [2]. Movement across the plasma membrane
may occur as a result of a passive diffusion process
dependent on the lipophilicity, charge, and concentration
of the drug. Increasingly, however, examples of facili-
tated drug transport processes are being reported. Kidney
cells, for example, contain a well known p-aminohippu-
ric acid transporter that facilitates transport of many dif-
ferent organic anions [3], and a probenecid-inhibitable
organic anion transporter has been described in murine
peritoneal macrophages [4]. Acquisition of drug resis-
tance during chemotherapy can be mediated, in part, by
induction of P-glycoproteins, which facilitate clearance
of neutral and/or basic drugs from the cytoplasm [5].
Likewise, methotrexate transport into and out of cells
appears to be a carrier-mediated process [6, 7]. Thus,
influx and/or efflux of select organic molecules can oc-
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cur via transporters that exist within cell membranes, but
in many cases the identity of the physiologically relevant
substrate for these transporters is unknown.

Tenidap is an antirheumatic agent that has demon-
strated a novel therapeutic profile in clinical trials in
patients with rheumatoid arthritis (Fig. 1) [8-10]. The
efficacy of tenidap is characterized by a reduction in
standard clinical endpoints (e.g. a decline in the number
of swollen joints) as well as a reduction in several bio-
chemical endpoints indicative of cytokine modulation
(e.g. lowering plasma levels of the acute phase protein
C-reactive protein) [11, 12]. Although tenidap is a potent
inhibitor of cyclooxygenase [13], changes in many of the
altered clinical parameters are inconsistent with
tenidap’s therapeutic activity being derived solely from
cyclooxygenase inhibition [12). Indeed, in vitro studies
indicate that tenidap possesses activities not shared with
reference NSAIDs [14-17]. A most unusual and novel
feature that seems to be responsible for many of the in
vitro activities of tenidap is its ability to reversibly lower
pHi. This pHi-lowering activity is rapid in onset, is sus-
tained as long as tenidap remains present within the me-
dium, and is associated with effects on anion transport
processes [18, 19]). These tenidap-induced changes in
ionic homeostasis, in turn, can alter inflammatory cyto-
kine production and function in vitro [19, 20] and may
account for the cytokine modulatory activity observed in
vivo [11, 12]. In contrast to tenidap, the antirheumatic
agents chloroquine and hydroxchloroquine are reported
to raise pH within cytosolic compartments [21]. Modu-
lation of pHi, therefore, may represent a new and im-
portant therapeutic target.

The mechanism by which tenidap lowers pHi is un-
known. Intracellular pH is maintained through the con-
certed action of Na’/H* antiporters, CI7HCO,™ ex-
changers, and other channels and/or transporters that ex-
ist within the plasma membrane of eucaryotic cells [22].
We demonstrated previously that the intracellular acid-
ification induced in vitro by tenidap does not result from
inhibition of the Na*/H" antiporter [18]. On the other
hand, tenidap inhibited CI/HCO,~ exchange in human
neutrophils, but inhibition of this exchanger by other
agents did not necessarily lower pHi. DIDS, for exam-
ple, inhibits CI”/HCO;~ exchange without acutely low-
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Fig. 1. Chemical structures of tenidap and its analogs.
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ering pHi [19]. The effect of tenidap on pHi, therefore,
cannot result solely from its inhibition of this anion
transporter. Most NSAIDs do not produce a sustained
pHi-lowering response, indicating that the activity of
tenidap is not dependent on cyclooxygenase inhibition
[18]. Tonophores, such as nigericin, can lower pHi [23,
24], but tenidap does not dissipate the low pH within
lysosomes, indicating that it does not function as a pro-
tonophore in intact cells [18]. Likewise, weak organic
acids (such as propionic acid) can promote intracellular
acidification, but the acidification induced by these
agents is not maintained and occurs at concentrations
much higher than those observed with tenidap [18, 22,
25]. To cause a sustained lower pHi, therefore, tenidap
must either affect an unidentified component of the pHi
regulatory apparatus or directly alter pHi as a result of
novel physicochemical features. Data presented in this
report identify important structural elements of tenidap
that affect acidification activity and demonstrate that
tenidap’s movements across the cell membrane occur via
a facilitated process. These results provide a basis for a
hypothesis that links the acidification activity of tenidap
to its unique physicochemical properties.

MATERIALS AND METHODS

Cells and reagents

PMNs were obtained from the blood of normal vol-
unteers by Ficoll-Hypaque centrifugation [26]. PMNs
recovered from the gradient were washed twice with
HBSS, then were subjected to one round of hypotonic
lysis to remove contaminating red blood cells, and sub-
sequently were washed with HBSS. Human fibroblasts
(GMO03652B) were obtained from the Human Genetic
Mutant Cell Repository (Camden, NJ) and were main-
tained in ¢MEM supplemented with 100 units/mL pen-
icillin, 100 pg/mL streptomycin sulfate, and 10% FBS;
fibroblasts employed in these studies were utilized prior
to their 20th passage. Mouse L-cells were grown as
monolayers and were maintained in aMEM, medium
and RBL2H3 cells were maintained in RPMI 1640 me-
dium; both media were supplemented with penicillin/
streptomycin and 10% FBS.

Agents used in these studies that were synthesized at
Pfizer Central Research included tenidap, UK5099, CP-
72,133, CP-100,829, CP-236,492, CP-64,912, and CP-
100,356. Agents obtained from commercial sources in-
cluded valinomycin, nigericin, monensin, A23187,
CCCP, DIDS, ethacrynic acid, DNP, probenecid, cyclo-
heximide, verapamil, and vincristine from Sigma (St.
Louis, MO), and meclofenamate and NPPB from Bio-
mol (Plymouth Meeting, PA).

Intracellular pH measurements

PMNs (5 x 107 cells) were collected by centrifugation
and suspended in 2 mL of modified Dulbecco’s medium
(20 mM HEPES, pH 7.2, 137 mM Nac(l, 0.5 mM MgCl,,
1.5 mM KH,PO,, 2.7 mM KCl, 0.9 mM CaCl,, 5 mM
glucose, 5 mM NaHCO,, 1% FBS). To this suspension,
6 uL of a 1 mg/mL solution (in DMSO) of BCECF
acetoxymethyl ester (Molecular Probes, Portland, OR)
was added, and the cell suspension was incubated at 37°
for 10 min. This suspension was diluted with 48 mL of
cold modified Dulbecco’s medium, and the cells were
collected by centrifugation, then suspended in 1 mL of
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modified Dulbecco’'s medium, and stored on ice.
RBL2H3 and L-cells were loaded with BCECF in a sim-
ilar protocol. Human fibroblasts were seeded into 3.5-cm
dishes at a density of 2.5 x 10° cells'mL in 2 mL of
medium; each dish contained two glass coverslips de-
signed to fit into a spectrofluorometer cuvette. After 5
days of growth, an individual coverslip containing a con-
fluent monolayer of fibroblasts was rinsed twice with
modified Dulbecco’s medium, then placed in 2 mL of
modified Dulbecco’s medium that contained 6 pL of 1
mg/mL BCECF acetoxymethyl ester, and incubated for
10 min at 37°. Next, the coverslip was rinsed three times
with modified Dulbecco’s medium.

0.1-mL sample of a BCECF-loaded PMN, RBL2H3,
or L-cell suspension (5 x 10° cells) was added to 1.4 mL
of modified Dulbecco’s medium in a cuvette within a
model 8000 SLM/Aminco spectrofluorometer. Alterna-
tively, a coverslip containing BCECF-loaded fibroblasts
was positioned in the cuvette with 3 mL of modified
Dulbecco’s medium. Fluorescence was recorded at a sin-
gle excitation (500 nm) and emission (525 nm) wave-
length. At appropriate times, a test agent was introduced
into the cuvette by injection of a concentrated stock so-
lution; the spectrofluorometer cuvette contained a mag-
netic stir bar to facilitate mixing. Measurements that
employed PMNs were performed at 37°; fibroblast and
RBL2H3 cell studies were performed at 20° to minimize
dye leakage.

["*C]Tenidap partitioning

Monolayers of mcuse L-cells or human fibroblasts in
3.5-cm tissue culture: dishes were incubated in 1 mL of
oMEM, 1% FBS that contained 34 uM unlabeled
tenidap and 16 pM [**Cl]tenidap (52.4 mCi/mmol);
where indicated, a test agent also was added to the me-
dium. Cells were incubated at 37° for the indicated time
periods after which the dishes were placed on ice, media
were removed, and the cells were washed three times
with 2 mL of cold aMEM, 20 mM HEPES, pH 7.2, 1%
FBS. Washed cell monolayers then were extracted with
I mL of 25 mM HEPES, pH 7, 150 mM NaCl, 1% Triton
X-100, 1 pg/mL leupeptin, 1 pg/mL pepstatin, 0.1 mM
phenylmethylsulfonyl fluoride, and aliquots of these cell
lysates were transferred to scintillation vials for deter-
mination of their radioactivity content. ['*C]Tenidap
was labeled in the benzene ring and was prepared at
Pfizer.

For efflux studies, the medium from cells loaded with
[*“C]tenidap was discarded, and 1 mL of aMEM, 1%
FBS was added immediately to the monolayers and they
were incubated at 37° for 5-30 min. Where indicated,
the chase medium also contained a test agent. At the end
of this incubation, cells were harvested, and the cell-
associated radioactivity was determined as described
above. Test agents were prepared as concentrated stock
solutions in DMSO and diluted into medium such that
the final DMSO concentration did not exceed 0.2%; val-
inomycin was prepared as a 10 mM stock in ethanol.

All experiments reported were performed multiple
times with comparatle results; within an individual ex-
periment, the number of replicate samples is indicated in
the figure legends. Fluorescence tracings shown repre-
sent individual runs, every condition was repeated at
least twice.
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RESULTS

Effect of extracellular pH on the acidification response
of tenidap

When tenidap was introduced into the medium sur-
rounding BCECF-loaded human neutrophils, a rapid and
sustained decrease in the fluorescence intensity was ob-
served; this decrease is indicative of a lower cytoplasmic
pH (Fig. 2A). Weak acids, such as propionic acid, are
known to lower pHi by diffusion of the conjugate acid
species across the plasma membrane and subsequent dis-
sociation within the cytosol [22]. Unlike the tenidap-
induced pH change, however, the acidification induced
by propionic acid is not sustained [18, 22]. Tenidap also
is a weak organic acid as a result of the dissociation of
the enol proton (Fig. 1); its pK,, is estimated to be 3*,
Assuming that the acidification induced by tenidap re-
quires entry of its conjugate acid, then lowering extra-
cellular pH should enhance the acidification response by
causing a higher percentage of tenidap within the me-
dium to exist as the protonated membrane-permeant spe-
cies. Indeed, decreasing the pH of the medium surround-
ing BCECF-loaded RBL2H3 cells resulted in an en-
hanced initial reduction in the tenidap-induced
fluorescence quenching (Table 1). Thus, at an extracel-
lular pH of 8, 50 uM tenidap caused an 11% decrease in
BCECEF fluorescence intensity. At an extracellular pH of
5.1, on the other hand, the same concentration of tenidap
caused a 43% decline in fluorescence intensity. At pH
7.2, the change in pHi promoted by 50 puM tenidap was
estimated to correspond to an absolute change of 0.1
units [18].

Influence of structural features on the acidification
response of tenidap

The enhanced acidification observed at lower extra-
cellular pH suggested that the conjugate acid form of
tenidap entered the cell and mediated the pHi change.
Additional evidence that the acidic proton of tenidap was
involved in this response was obtained by analyzing the
pHi-altering activity of a non-acidic analog, CP-236,492
(Fig. 1). Placement of a methyl group at the 3 position of
the oxindole ring prevents enolization of the ketone and
renders the molecule non-acidic; in all other respects,
CP-236,492 is identical to tenidap. This compound pro-
duced no significant change in pHi when applied to
BCECF-loaded human PMNs (Fig. 2C). Therefore, the
initial cytoplasmic acidification observed in the presence
of tenidap appears to result from entry of the conjugate
acid and its subsequent dissociation within the cytosol to
liberate a proton and the tenidap anion.

Halogenation of tenidap improved its acidification ac-
tivity. Thus, CP-72,133 and CP-100,829, which possess
2 and 3 halogen atoms, respectively (Fig. 1), produced
greater acidifications than did tenidap (Fig. 2, D and E).
With both analogs, their potency was not significantly
different from that of tenidap, but the extent of acidifi-
cation was greater at concentrations above 50 uM as the
degree of halogenation increased (Fig. 3). The extent of

* The pK, of tenidap was determined by a reversed-phase
HPLC method, and log P values were determined based on
partitioning between octanol and aqueous 50 mM sodium
monobasic phosphate buffer at pH 4.9; Dr. E. Fiese (Pfizer
Central Research), unpublished data. Cited with permission.
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Fig. 2. Comparison of tenidap analogs as intracellular acidifiers. BCECF-loaded PMNs were treated with 50 uM concentrations of
tenidap (A), CP-64,912 (B), CP-236,492 (C), CP-72,133 (D), CP-100,829 (E), and CP-64,912 plus 20 pM 5-N,N-diethylamiloride
to inhibit the Na*/H* antiporter (F); the test agents were introduced at 120 sec. At 600 sec, the cuvette chamber was opened and
0.02 mL of 20% Triton X-100 was added to lyse the cells and equilibrate the BCECF probe to the pH of the medium. In the absence
of 5-N,N-diethylamiloride, the CP-64,912-treated cells were visibly swollen in appearance, but in the presence of this agent a
normal morphology was maintained after CP-64,912 exposure. The absolute decline in fluorescence intensity (as a percentage of
the initial resting intensity) was 9.4, 17, 22, and 1.4% for tenidap, CP-72,133, CP-100,829, and CP-236,492, respectively.

acidification appeared to approach a plateau value at the
higher concentrations of all three agents, but this value
differed (Fig. 3). The pHi change induced by both CP-
72,133 and CP-100,829 was rapid in onset and sustained
(Fig. 2).

Importantly, not all tenidap analogs produced a sus-

tained acidification. CP-64,912, where the thiophene
ring of tenidap is replaced with a fluorophenylmethyl
group and the free carboxamide nitrogen group (at po-
sition No. 1) of tenidap is substituted with a 4-chlorophe-
nyl group (Fig. 1), produced a rapid acidification when
applied to BCECF-loaded human PMNs, but the acidi-
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Table 1. Effect of extracellular pH on the pHi-lowering activity

of tenidap
% Decrease in

Extracellular pH BCECF fluorescence
8 10.6

7.6 10.9

72 15.3

6.8 16.6

6.4 21.2

6.0 29

5.6 34

5.1 43

BCECF-loaded RBL2H3 cells were suspended within a cu-
vette of a spectroflucrometer in a Dulbecco’s buffer containing
1% FBS at the indicated pH; the medium was buffered with 20
mM HEPES (pH values of 8 to 6.8) or 20 mM MES (pH values
6.4 to 5.1). Tenidap (50 pM) subsequently was introduced, and
the resulting initial change in fluorescence intensity was deter-
mined and is indicated as a percentage of the fluorescence in-
tensity immediately prior to the addition of tenidap. A decrease
in fluorescence intensity is indicative of an intracellular acidi-
fication. Only the immediate change in fluorescence intensity
observed after tenidap addition was monitored in this experi-
ment because lowering extracellular pH also reduced pHi inde-
pendently of tenidap but on a slower time scale.

fied state was not maintained (Fig. 2B). Within several
minutes of its additicn, the fluorescence intensity of the
CP-64,912-treated cells increased and achieved a level
greater than that observed in the untreated cells. The
CP-64,912-induced pHi change, however, was sustained
if an inhibitor of the Na*/H* antiporter, 5-N,N-diethy-
lamiloride [27], was included within the cell suspension
(Fig. 2F). PMNs treated with CP-64,912, therefore, dem-
onstrated only a transient pHi reduction in the absence of
a Na*/H™ antiport inhibitor.

Effect of other agents on ['*C]tenidap accumulation

To explore whether the cellular partitioning of tenidap
was sensitive to pharmacological intervention, cells were

CP-100,829

CP-72,133
30 b
=T /'/f—ﬁ.div

40

% Decline in RFU (Max)

100 200
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Fig. 3. Comparison of the concentration—response profiles of

tenidap, CP-72,133, and CP-100,829 as intracellular acidifiers.

BCECF-loaded mouse l_-cells were treated with the indicated

concentration of test agent, and the maximum decline in relative

fluorescence units (RFU') that occurred during the initial 8 min

of treatment is indicated as a percentage of the initial resting
intensity.
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exposed to [**Cltenidap in the presence of various ef-
fector agents; fibroblasts were employed for these stud-
ies because their adherence to culture plates facilitated
washing procedures necessary to remove non-cell-asso-
ciated ligand, and they previously were shown to display
an acidification response when treated with tenidap [18].
In the absence of an additional effector, the level of
cell-associated ['“C]tenidap reached an apparent steady
state within 5 min after which no further increase oc-
curred (Fig. 4). Addition of the electrogenic ionophore
valinomycin caused a concentration- and time-depen-
dent increase in the level of mouse L-cell-associated
tenidap (Fig. 4); valinomycin is expected to hyperpolar-
ize the membrane potential as a result of its movement of
K* out of the cell down its concentration gradient [23].
Valinomycin also dramatically stimulated ['*C]tenidap
accumulation by human fibroblasts (Table 2). Nigericin,
an electroneutral K*/H™ exchanging ionophore, in-
creased mouse L-cell-associated tenidap 3-fold and mo-
nensin, an electroneutral Na*/H* exchanger, produced a
1.6-fold increase (Table 2). Nigericin and monensin also
enhanced accumulation slightly by human fibroblasts
(Table 2). The Ca** ionophore A23187 and the proto-
nophore CCCP did not affect the level of ['*C]tenidap
(Table 2); the latter agent is expected to uncouple mito-
chondria, an activity shared with valinomycin [23].
Likewise, the mitochondrial uncoupler DNP did not af-
fect tenidap accumulation, nor did the protein synthesis
inhibitor cycloheximide (Table 2). Ionophores are
known to affect P-glycoprotein activity [28]; therefore,
three additional inhibitors of P-glycoprotein function
were analyzed for their effects on tenidap accumulation.
Two classical inhibitors of P-glycoprotein activity, ve-
rapamil and vincristine [5], did not enhance tenidap’s
accumulation. In contrast, in the presence of the diami-
noquinazoline P-glycoprotein inhibitor CP-100,356 [29],
the level of cell-associated tenidap approached that ob-
served with valinomycin (Table 2). The differential ef-
fect of these three agents suggests that CP-100,356 acted
to alter tenidap’s cellular partitioning independently of

60000

E Control

30000 |- 0 +10 uM Valinomycin

- +25 uM Valinomycin

40000

30000

20000

Cell-Associated cpm

10000

Incubation Time (Min)

Fig. 4. Effect of valinomycin on cell-associated tenidap. Mouse
L-cells were incubated for the indicated time with '“C-labeled
tenidap (50 uM) in the presence or absence of 10 or 25 M
valinomycin. Cell-associated radioactivity (average of duplicate
wells) is indicated as a function of time of treatment.
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Table 2. Identification of agents that affect the cellular accu-
mulation of tenidap

Cell-associated ['“C]tenidap
(% of control)

Concentration Human

Test agent (uM) L-cells fibroblasts
Valinomycin 25 748 1760
Nigericin 25 316 146
Monensin 20 NT* 187
25 164 NT
A23187 25 107 NT
CCCP 25 97 NT
DNP 25 99 NT
500 NT 103
Cycloheximide 25 100 NT
Probenecid 250 81 120
2000 NT 100
Verapamil 100 NT 75
1000 66 NT
Vincristine 250 NT 124
CP-100,356 25 560 1560

Mouse L-cells or normal human fibroblasts were incubated
with 50 pM ['*Cltenidap in 1 mL of cMEM, 20 mM HEPES,
"pH 7.2, 1% FBS and the indicated effector molecule. After a
60-min incubation at 37°, the dishes were placed on ice and the
monolayers were rinsed immediately with cold medium to re-
move non-cell-associated tenidap. Washed monolayers subse-
quently were solubilized by detergent extraction, and aliquots of
the cell extracts were analyzed by liquid scintillation counting.
Each condition was performed in duplicate, and the average
value is indicated relative to a matched control (tenidap alone).
Data were compiled from a number of separate experiments;
control values (tenidap alone) for mouse L-cells ranged from
1860 to 2740 cpm and for human fibroblasts from 830 to 3000
cpm. Between experiments, no adjustment for cell number dif-
ferences or for specific activity differences between lots of
[**Cltenidap were applied.
* NT = not tested.

P-glycoprotein activity. Unlike  valinomycin,
CP-100,356 did not promote 3°Rb* efflux from mouse
L-cells preloaded with this K™ analog, suggesting that it
is not a potassium ionophore (data not shown).
CP-100,356, however, caused a cytoplasmic acidifica-
tion (data not shown); the mechanism by which this
non-acidic compound caused a change in pHi is not
known but P-glycoprotein function has been associated
with changes in pHi [30, 31].

Identification of agents that inhibit the efflux
of tenidap

Agents that promote an increase in the cellular accu-
mulation of tenidap may do so by stimulating influx of
the drug and/or by inhibiting its efflux. Loss of cell-
associated ['“Cltenidap, therefore, was measured as a
means to investigate whether the efflux mechanism was
sensitive to pharmacological intervention. Cells loaded
with tenidap in the presence of 10 uM valinomycin ac-
cumulated 4-fold greater amounts of radioactivity than
did cells maintained in the absence of this ionophore
(Fig. 5). The majority of ['“*Cltenidap accumulated by
L-cells in the absence of valinomycin was released into
the medium within 5 min of suspension in tenidap-free
medium (Fig. 5). ['*C]Tenidap accumulated in the pres-
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ence of valinomycin, however, was released only slowly
(Fig. 5). Removal of valinomycin from the chase me-
dium caused a slightly greater rate of tenidap efflux, but
the majority of the radiolabel still remained cell-associ-
ated after 30 min of chase (Fig. 5). Non-reversibility of
the valinomycin effect is consistent with previous stud-
ies indicating that this hydrophobic ionophore is not
readily displaced from biological membranes [32] and
that the release of tenidap from cells is impaired by
valinomycin.

In contrast, ['“Cltenidap was released from cells that
were loaded in the presence of CP-100,356. L-cells ac-
cumulated approximately 8-fold more ['*Cltenidap in
the presence of 25 pM CP-100,356 than in its absence
(Fig. 5). Efflux of radiolabeled tenidap from non-CP-
100,356-treated cells again was a rapid process (Fig. 5).
Importantly, efflux of ['*Cltenidap from cells that were
loaded in the presence of CP-100,356 also was a rapid
process, and the majority of the accumulated tenidap was
externalized within 5 min of chase (Fig. 5). Cells that
were loaded with tenidap in the presence of CP-100,356
and then chased in the continued presence of this agent,
on the other hand, retained a significant amount of the
radiolabel after 5 min of chase and >30 min was required
for these cells to release the bulk of their [**C]tenidap
(Fig. 5). These data suggest, therefore, that the enhanced
tenidap accumulation observed in the presence of CP-
100,356 is due, in part, to inhibition of the efflux of
tenidap from the cell.

Based on this reversible accumulation, an efflux assay
was developed to assess whether agents known to affect
various transport processes influenced the exit of tenidap
from cells. Fibroblasts were loaded with ['*C]tenidap in
the presence of CP-100,356 after which they were
chased in tenidap- and CP-100,356-free medium supple-
mented with a potential effector molecule. Since tenidap
was shown previously to inhibit anion transport pro-
cesses [18, 19], several known anion transport inhibitors
were assessed as inhibitors of tenidap’s efflux. The stil-
bene derivative DIDS did not affect the efflux (Fig. 6).
On the other hand, UK5099 impaired ['*C]tenidap efflux
from normal human fibroblasts (Fig. 6). Cells chased in
the presence of UK5099 retained >50% of the initial
(**C)-labeled tenidap after a 12-min chase compared
with <15% retained by cells in the absence of this agent
(Fig. 6). Likewise, meclofenamate and NPPB, but not
ethacrynic acid, caused retention of ['*C]tenidap (Table
3). All of these agents are reported to inhibit various
anion transport processes [33-37]. The P-glycoprotein
inhibitor verapamil did not inhibit the efflux of tenidap
from fibroblasts, nor did the monovalent cation iono-
phores monensin and nigericin or the protonophore
CCCP (Table 3).

The ability of tenidap analogs to inhibit ['*CJtenidap
efflux also was analyzed. Concentrations of 50 and 100
uM CP-100,829 were equally effective at inhibiting
[*“Cltenidap efflux (Fig. 7). In the presence of 50 uM
CP-100,829, release of a small amount of cell-associated
['“Cltenidap was observed within the first 6 min of
chase after which the level of cell-associated radioactiv-
ity remained relatively constant (Fig. 7). CP-72,133 and
unlabeled tenidap also blocked [**Cltenidap efflux; 100
UM tenidap was more effective than 50 pM (Fig. 7). In
contrast, CP-236,492 and CP-64,912 did not produce
significant inhibition of ['*Cltenidap efflux (Fig. 7). The
ability of these oxindoles to inhibit cellular efflux of
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Fig. 5. Inhibition of tenidap’s cellular dissociation by valinomycin and CP-100,356. Mouse L-cells were loaded with ['*Cltenidap

for 60 min in the presence of 10 puM valinomycin (A) or 25 uM CP-100,356 (B) after which they were washed to remove

non-cell-associated radioactivity and suspended in fresh tenidap-free medium in the absence or presence of valinomycin or

CP-100,356. Following incubation at 37° for the indicated time, the cells were harvested and cell-associated radioactivity was
determined; each data point is the average of duplicate determinations,

["Cltenidap, therefore, correlated with their ability to
produce a sustained cytoplasmic acidification in human
PMNs (Fig. 2).

Effect of valinomycin on the acidification response
aof tenidap

Valinomycin on its own did not produce a significant
change in pHi (data not shown). Cells that were pre-
treated with valinomycin, however, demonstrated a
greater tenidap-induced acidification response than did
non-valinomycin-treated cells (Table 4). Valinomycin
did not increase the potency of tenidap as concentrations
in excess of 10 uM still were required to promote a
significant change in pHi (data not shown). Rather, the
potassium ioncphore increased the efficacy of the acid-
ification response, as evidenced by the greater degree of’
BCECF quenching obtained with 50 uM tenidap. Val-
inomycin is expected to hyperpolarize the membrane
potential as a result of a net movement of K* out of the
cell (23, 32]. To test the hypothesis that the extent of

tenidap’s acidification was dependent on the membrane
potential, cells were exposed to tenidap in a depolarizing
(high potassium) medium, Under these conditions
tenidap still produced a rapid and sustained cytoplasmic
acidification, although the magnitude of the tenidap-in-
duced fluorescence quenching in high K* medium was
reduced slightly relative to that observed in normal
NaCl-containing medium (Table 4). Changes in mem-
brane potential, therefore, may affect the magnitude of
the acidification response, but tenidap produced a sus-
tained acidification even under conditions where the
membrane potential was minimized. The ability to alter
the acidification response indicates that the magnitude of
the pHi change is not fixed and is dependent on the
physiclogical state of the cell.

DISCUSSION

The cytoplasmic acidification induced by tenidap is
rapid in onset, sustained, and reversible [18], and does
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Fig. 6. Inhibition of ['*CJtenidap efflux by UK5099 but not by DIDS. Human fibroblasts were incubated with 50 pM [*“Cltenidap

for 60 min in the presence (+) or absence (—) of 25 uM CP-100,356. After loading, these cells either were harvested immediately

(0 min chase) or incubated for 12 min at 37° in the presence of the indicated effector agent prior to harvesting; no CP-100,356 or

tenidap was present during the chase. The level of cell-associated radioactivity is indicated (average of duplicate determinations)
as a function of the treatment.

not appear to result from an effect on key components of
a cell’s pHi regulatory apparatus; Na*/H™ antiport activ-
ity is not blocked by tenidap [18), and inhibition of
CI"/HCO,~ exchange by tenidap is not sufficient to pro-
duce the pHi change. The tenidap-induced intracellular
pH change, however, is influenced by extracellular pH,
and analogs possessing larger membrane partition coef-
ficients produce greater acidifications. In addition, ex-
port of tenidap from cells appears to be facilitated by
membrane-bound transporters. Based on these observa-
tions, therefore, it seems likely that the ability of tenidap
to promote a sustained cytoplasmic acidification results

Table 3. Search for inhibitors of the efflux of tenidap

Concentration Cell-associated ['*C]

Test agent M) tenidap vs control
Experiment 1
Nigericin 25 0.94
Monensin 20 1.1
Verapamil 100 1.4
Experiment 2
CCCP 20 1.0
Ethacrynic acid 50 1.1
Meclofenamate 50 2.5
Experiment 3
NPPB S50 28

Human fibroblasts were loaded with ['*Cltenidap for 60 min
in the presence of 25 pM CP-100,356. These cells then were
placed in tenidap- and CP-100,356-free medium that contained
the indicated effector molecule. After a 5-min incubation at 37°,
cell-associated radioactivity was determined; the level of cell-
associated cpm observed in the presence of an effector was
normalized to that associated with matched control cells (main-
tained in the absence of this agent) after the same efflux period.
Control cpm values for cell-associated radioactivity in experi-
ments 1, 2, and 3 were 5460, 3860, and 580, respectively. Each
condition was performed in duplicate, and the average value
was utilized in the calculation.

from its physicochemical properties rather than a direct
effect on a component of the pHi regulatory apparatus.

A close structural analog of tenidap that contains a
methyl substituent at the 3-position of the oxindole ring
(CP-236,492) does not possess an acidic proton, and this
compound did not produce a change in pHi. The inac-
tivity of CP-236,492 indicates that a dissociable proton
is a key element to the acidification response of tenidap.
Likewise, lowering the pH of the medium favored the
tenidap-induced intracellular acidification response. As
medium pH is decreased, formation of the free acid form
of tenidap, the likely membrane permeant species, will
increase. Thus, this dependence on medium pH further
suggests that the free acid species of tenidap is important
in the acidification response. Exposure of cells to a weak
acid such as propionic acid also leads to a cytoplasmic
acidification. The neutral free acid species (HA) is
thought to enter the cytoplasm where it dissociates to an
anion (A”) and a H™, resulting in a rapid fall in pHi [22].
The change in pHi subsequently slows as the concentra-
tion of HA inside the cell equals its concentration extra-
cellularly. The acidified state, however, generally is not
maintained as acid extrusion systems are activated; in
many cells activation of the Na*/H* antiporter at the
lower cytosolic pHi values removes acid equivalents in
exchange for extracellular Na* [25, 38]. Export of the
anion determines the ultimate level of intracellular pHi
change. When A~ is impermeant and not transportable,
such as the propionate anion, pHi returns to its initial
value. However, when A~ is exportable, the new steady-
state pHi value will be less than the initial value. The
weak acid CO,, for example, produces a sustained lower
pHi in salamander renal proximal tubule cells because
after entry it is converted to HCO,;™ + H" and the HCO,™
anion subsequently is exported at a rate that matches the
acid extrusion mechanism of the cell [22].

At concentrations of tenidap that lowered neutrophil
pHi, this type of simple ‘‘weak acid”’ effect cannot ad-
equately account for the observed sustained acidifica-
tion. The internal buffering capacity of human neutro-
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Fig. 7. Inhibition of ['*C]tenidap efflux by acidifying oxindoles.
Human fibroblasts were loaded with ['*C]tenidap in the pres-
ence of 25 pM CP-100,356 for 60 min, (A) Cells were washed
and suspended in fresh medium containing a 50 or 100 uM
concentration of the indicated oxindole after which they were
incubated at 37° for 5 min and cell-associated radioactivity was
determined. Each data point is the average of duplicate deter-
minations. (B) Time course of ['*Cltenidap efflux in the ab-
sence (control) or presence of 50 uM CP-100,829; each point is
the mean of three separate determinations. In this experiment,
after the 60-min loading with ['“Cltenidap, 5% of the total input
radioactivity was cell-associated.

phils is estimated to be 27-50 mM/pH unit [38, 39].
Thus, a 10 mM concentration of propionic acid is re-
quired to produce a pHi change of 0.1 to 0.2 units in
these cells [38]. In contrast, 50 uM concentrations of
extracellular tenidap and several of its analogs produced
a 0.1 unit change in pHi. These agents are stronger acids
than propionic acid and possess pK, values near 3.0
(compared with a pK, of 4.7 for propionic acid). Based
on the volume of a neutrophil (3.6 x 107'® mL [39]) and
the internal buffering capacity noted above, a cytosolic
pH change of 0.1 units can be estimated to require 0.9 to
1.65 x 1072 mmol of H* equivalents/cell; this is likely
to be an overestimate since cytoplasm does not occupy
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Table 4. Effect of valinomycin on the acidification response of

tenidap
% Decrease in
Condition N intensity
50 uM Tenidap 5 16.6£3.5
50 uM Tenidap following 3 27+1.1

valinomycin pretreatment
50 uM Tenidap in 2 13
depolarizing medium

BCECF-loaded human fibroblasts (on coverslips) were
treated with 50 pM tenidap in modified Dulbecco’s medium or
in a depolarizing medium composed of 20 mM HEPES, pH 7.2,
0.9 mM CaCl,, 1.5 mM KH,PO,, 0.5 mM MgCl,, 140 mM
KCl, 5 mM glucose, 5 mM NaHCO,, and 1% FBS. The change
in relative fluorescence intensity (as a percentage of the initial
fluorescence intensity) that occurred after 6.5 min (at 20°) of
tenidap exposure is indicated. The number (N) of individual
determinations also is indicated. Valinomycin-pretreated cells
were incubated for 50-60 min with 20 uM valinomycin in
oOMEM medium containing 1% FBS prior to loading with
BCECF; valinomycin was maintained in the medium during
tenidap treatment. A similar enhancement in tenidap’s acidifi-
cation activity was observed when BCECF-loaded fibroblasts
were exposed to valinomycin just prior to tenidap. Standard
deviation of the mean is indicated where appropriate.

the entire volume of a neutrophil. In our standard pHi-
lowering assay, 5 x 10° cells were employed and, there-
fore, a total of approximately 8 nmol of acid equivalents
would be required to produce a uniform 0.1 unit reduc-
tion of pHi. At a concentration of 50 uM, the total num-
ber of tenidap equivalents added extracellularly was 75
nmol. Thus, the amount of tenidap added was sufficient
to provide the acid equivalents required to produce a pHi
change of the magnitude observed experimentally, but
by comparison to the behavior of propionic acid the
extracellular concentration did not appear sufficient to
drive entry of the acid equivalents into the cells.
Tenidap, however, possesses distinct physicochemical
features that may allow this acidification to occur.
First, tenidap is a lipophilic acid. Based on partition-
ing between octanol and water, the partition coefficient
of tenidap was determined to be 8931, resulting in a log
P value of 3.95*. This partition coefficient is >4000-fold
that of propionic acid, which is reported to be 2.09 (log
P =0.32) [40]. Thus, any free acid species of tenidap that
exists at a given extracellular pH will preferentially par-
tition into the cell membrane. Once in the membrane, an
equilibrium will be established between tenidap in the
membrane and that in the cytosol; the force driving the
cellular association is the high energy required to solvate
the non-ionized free acid species. Attachment of addi-
tional halogen atoms to the tenidap core structure en-
hanced its acidification activity. Analogs possessing 2 or
3 halogen atoms, CP-72,133 and CP-100,829, respec-
tively, produced larger pHi changes than did tenidap.
Halogenation is expected to increase the lipophilicity of
the molecule and, in turn, to favor the membrane parti-
tioning of the conjugate acid; log P values for CP-72,133
and CP-100,829 were determined to be 4.1 and 5.6, re-
spectively*. Thus, the driving force provided by a high

* The pK, of tenidap was determined by a reversed-phase
HPLC method, and log P values were determined based on
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membrane partition coefficient may help to explain how
concentrations of tenidap below those of less lipophilic
weak acids (such as propionate) achieve intracellular
concentrations sufficient to produce a cytoplasmic pH
change.

A second feature that distinguishes tenidap from a
simple weak acid is that tenidap’s export is not the result
of a simple passive process. Evidence indicating that the
movements of tenidap into and/or out of cells are facil-
itated was obtained by examining the behavior of
[*“Cltenidap. In the presence of valinomycin, the net
accumulation of tenidap by fibroblasts was increased
greatly. The location within the cell where this radiola-
beled tenidap accumulated is unknown. Tenidap that was
accumulated in the presence of valinomycin remained
cell-associated when these cells subsequently were
placed in a tenidap-free medium. Valinomycin, there-
fore, increased the level of cell-associated tenidap and
prevented its efflux, indicating that tenidap’s entry and/
or exit from a cell is not a simple passive process. The
mechanism by which valinomycin acted to promote this
accumulation is unknown. In the presence of the iono-
phore, accumulation of ['“C]tenidap increased in mag-
nitude >7-fold but less than a 2-fold increase in pHi-
lowering activity occurred. The enhanced tenidap accu-
mulation by valinomycin-treated cells required treatment
times in excess of 5 min, whereas the valinomycin effect
on tenidap’s pHi-lowering activity was observed imme-
diately after ionophore addition. As a result of its rapid
hyperpolarization of the membrane potential, valinomy-
cin may favor entry of acid equivalents, thus accounting
for the enhanced acidification response. On the other
hand, hyperpolarization may stimulate a slower accumu-
lation of the tenidap anion by impairing a voltage-de-
pendent export mechanism or by promoting sequestra-
tion of tenidap within an intracellular organelle. Alter-
natively, valinomycin is expected to impair
mitochondrial function as a result of its ionophoretic
activity [32], resulting in a time-dependent depletion of
cytosolic ATP. If an ATP-dependent (either direct or
indirect) membrane transporter is involved in export of
the tenidap anion, then the effect of valinomycin on the
cellular accumulation of tenidap may result from mito-
chondrial dysfunction. The inability of two other mito-
chondrial uncouplers (DNP and CCCP) to cause a sim-
ilar accumulation of ['*Cltenidap, however, suggests
that disruption of mitochondrial function is not sufficient
to promote this accumulation.

CP-100,356 also increased levels of cell-associated
tenidap. Unlike valinomycin, this agent did not possess
potassium ionophoretic activity but it did lower intracel-
lular pH; it is unknown whether CP-100,356 caused a
change in the membrane potential or affected intracellu-
lar ATP levels. The increased tenidap accumulation ob-
served in the presence of CP-100,356 did not correlate
with an effect on P-glycoprotein function because other
P-glycoprotein inhibitors (verapamil and vincristine) did
not produce a similar response. CP-100,356 inhibited
efflux of [**Cltenidap, indicating that this agent affected
tenidap’s release from cells; current data do not allow
determination of whether CP-100,356 also affected

partitioning between octanol and aqueous 50 mM sodium
monobasic phosphate buffer at pH 4.9; Dr. E. Fiese (Pfizer
Central Research), unpublished data. Cited with permission.
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tenidap’s entry. Importantly, tenidap and structural ana-
logs that promoted a sustained cytoplasmic acidification
also were found to inhibit ['“Cltenidap efflux, suggest-
ing that these oxindoles competed for a common cellular
target involved in the transport mechanism. In addition,
structurally distinct agents that lowered pHi and inhib-
ited anion transport (e.g. UK5099 and meclofenamic
acid) blocked [“‘C]tenidap release. Two non-acidifying
anion transport inhibitors, ethacrynic acid and DIDS, on
the other hand, did not inhibit ['*Cltenidap efflux. Thus,
agents that blocked the efflux of tenidap shared an abil-
ity to lower pHi. Lowering pHi, however, was not in
itself sufficient to impair ['“Cltenidap efflux; CCCP and
nigericin are expected to cause a cytoplasmic acidifica-
tion due to their ionophoretic activities, yet these two
agents did not impede the efflux of tenidap from cells.
Perhaps, therefore, agents that impaired tenidap’s efflux
entered the cell and competed for binding to a trans-
porter; the identity of this transporter(s) remains un-
known.

This postulated role for a membrane transporter in
tenidap’s acidification response is supported by previous
observations concerning several structurally dissimilar
agents that also alter pHi. Members of the fenamate
family of NSAIDs are reported to interact with chloride
channels and CI'/HCO,~ exchangers [33, 37, 41] and,
like tenidap, fenamates can lower intracellular pH [19].
Similarly, UK5099 lowers intracellular pH and inhibits
several types of anion transporters [18, 35, 42]; this
agent is an analog of a-cyano-4-hydroxycinnamate and
is a weak acid. Thus, these agents share an ability to
produce a sustained intracellular acidification at micro-
molar concentrations and to inhibit various anion trans-
port processes. Fenamates also are expected to possess
high membrane partition coefficients; the estimated log
P value for meclofenamate, for example, is 5.26.* The
log P value of UK5099 is unknown. In contrast, DIDS
inhibits anion transport processes but does not produce a
rapid change in pHi. Importantly, DIDS is impermeant
and does not readily enter a cell [43]. Therefore, the
sustained cytoplasmic acidification produced by tenidap
may result not from inhibition of an anion transporter,
but rather from tenidap’s entry into a cell as a conjugate
acid followed by the facilitated efflux of its anion via an
anion transporter; as a substrate, tenidap may impair the
transporter’s normal function. Facilitated efflux of
tenidap’s anion may result in its rapid recycling to the
medium where it enters the pool of extracellular anions
and, by mass action, promotes formation of additional
membrane permeant free acid. This “‘recycling’’ action
thus may provide an additional driving force to over-
come the internal buffering capacity of the cell and a
mechanism for sustaining the acidification response.

The ability of tenidap to maintain a sustained intra-
cellular acidification is not shared by other weak organic
acids [18] and is not displayed by all of its analogs.
CP-64,912, for example, produced an initial acidifica-
tion from which neutrophils recovered; this recovery,
which achieved a final value greater than the resting pH,

* Calculated log P value for meclofenamate was determined
using Pomona Med Chem Project software for partitioning of
the neutral carboxylic acid between n-octanol and water; Dr.
Chris Lipinski (Pfizer Central Research), unpublished data.
Cited with permission.
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appeared to be mediated via a Na*/H* antiporter since it
was blocked by 5-N,N-diethylamiloride. Likewise,
tenidap’s cellular partitioning is not characteristic of all
weak organic acids. The antitumor agent N-(4-meth-
ylphenylsulfonyl)-N’-(4-chlorophenyljurea, for exam-
ple, is reported to accumulate within adenocarcinoma
cells [44, 45], but its accumulation is not sensitive to the
same effectors as tenidap. Thus, valinomycin did not
increase cell-associated levels of N-(4-methylphenylsul-
fonyl)-N’-(4-chlorophenyl)urea, while nigericin de-
creased accumulation of this agent [46]). Therefore, al-
though both tenidap and N-(4-methylphenylsulfonyl)-
N’-(4-chlorophenyl)urea are weak organic acids, their
association with cells in culture is modulated by distinct
agents. This differential behavior is consistent with the
notion that the cellular entry and/or exit of tenidap is not
a simple passive process.

Despite uncertainty as to the identity of the transport-
er(s) involved in tenidap’s efflux, the data provide evi-
dence with which to propose a model for tenidap’s acid-
ification activity (Fig. 8). In this model, the net effect of
tenidap is dependent upon three key physicochemical
parameters: (1) pK,,, (2) partition coefficient of the free
acid species (log P), and (3) the affinity of the anion for
an anion transporter. The ability of tenidap to display its
pH-lowering activity in vivo will depend on the local
environment within which a cell is exposed to this agent.
Levels of tenidap in patients achieve peak plasma con-

Na*

3 Physicochemical Par $ that Inft
an Acid's Ability to Lower pHi:

@ pKa of the Acid

@ Partition Coefficient of the Acid (log P)

@ Affinlty of the Anlon for an Anion Transporter

Fig. 8. Model to explain the acidification activity of tenidap.
First, the conjugate acid of tenidap enters a cell via diffusion
(Step 2); the abundance of the protonated species is determined
by the pK, of the acid (Step 1). In the cell, an equilibrium is
reestablished between the protonated and unprotonated forms.
The Na*/H* antiporter functions in an attempt to counteract the
resulting acid load. The tenidap anion, however, is exported
from the cell via an anion transporter (Step 3). Unlike the case
with impermeant anions (such as propionate), export of the
tenidap anion prevents its buildup intracellularly, which, in
turn, permits additional influx of tenidap’s conjugate acid. This
“‘recycling’’ action sustains the acidified state of the cell in the
face of regulatory elements (such as the Na*/H* antiporter)
working to restore the original pHi and the internal buffering
capzcity of the cytosol.
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centrations of 60 pM [9-11]; the avid binding of tenidap
to serum proteins, however, reduces the effective free
concentration to levels that will not support the pH-low-
ering activity. At local tissue sites, however, extracellu-
lar pH can become acidic; for example, inflammatory
effusions from rheumatoid arthritis patients [46], the
pericellular environment of a chondrocyte [47], and the
lumenal content of the proximal tubule [48] all are re-
ported to possess acidic pH values. Moreover, cells may
change their membrane potential and/or intracellular pH
during different states of activation [49, 50]. Likewise,
binding of tenidap to serum proteins is affected by en-
vironmental factors including the concentration of fatty
acids that compete for albumin binding sites and the
types of counter ions present.* Therefore, local “‘privi-
leged’’ environments may favor the pH-lowering activ-
ity by increasing the free concentration of tenidap, by
increasing the amount of the membrane permeant con-
jugate acid through acidification, and, based on analogy
to a valinomycin-treated cell, by changing the physio-
logical state of the cell to enhance the acidification re-
sponse.

Acknowledgements—The authors are especially grateful to Drs.
Chris Lipinski and Gene Fiese (Pfizer Central Research) for
their helpful discussions concerning the physicochemical prop-
erties of tenidap, and to Dr. Shama Kajiji (Pfizer Central Re-
search) for sharing her observations regarding CP-100,356.
Also, special thanks to Drs. Walter Boron and Peter Aronson
(Yale University) for sharing their unpublished tenidap data and
for their helpful discussions concerning tenidap’s activities.

REFERENCES

1. Kujubu DA, Reddy ST, Fletcher BS and Herschman HR,
Expression of the protein product of the prostaglandin syn-
thase-2/TIS10 gene in mitogen-stimulated Swiss 3T3 cells.
J Biol Chem 268: 5425-5430, 1993.

2. Zwelling LA, Anderson T and Kohn KW, DNA-protein
and DNA interstrand cross-linking by cis- and trans-plati-
num(ll) diamminedichloride in L1210 mouse leukemia
cells and relation to cytotoxicity. Cancer Res 39: 365-369,
1979.

3. Ullrich KJ, Specificity of transporters for ‘organic anions’
and ‘organic cations’ in the kidney. Biochim Biophys Acta
1197: 45-62, 1994.

4. Steinberg TH, Newman AS, Swanson JA and Silverstein
SC, Macrophages possess probenecid-inhibitable organic
anion transporters that remove fluorescent dyes from the
cytoplasmic matrix. J Cell Biol 105: 2695-2702, 1987.

5. Endicott JA and Ling V, The biochemistry of P-glycopro-
tein-mediated multidrug resistance. Annu Rev Biochem 58:
137-171, 1989.

6. Henderson GB and Tsuji JM, Methotrexate efflux in L1210
cells. J Biol Chem 262: 13571-13578, 1987.

7. Henderson GB and Hughes TR, Altered expression of uni-
directional extrusion routes for methotrexate and cholate in
an efflux variant of L1210 cells. Biochim Biophys Acta
1152: 91-98, 1993.

8. Kraska AR, Wilhelm FE, Kirby DS, Loose LD, Ting N,
Shanahan WR and Weiner ES, Tenidap vs. piroxicam plus
hydroxychloroquine in rheumatoid arthritis: A 24-week in-
terim analysis. Arthritis Rheum 36 (Suppl 9): S111, 1993,

9. Leeming MRG, A double-blind randomized comparison of
tenidap versus auranofin plus diclofenac in early rheuma-
toid arthritis (RA). Arthritis Rheum 36 (Suppl 9): S111,
1993.

* Lipinski C and Gabel CA, manuscript in preparation.



1432

10.

11.

12.

13.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Wylie G, A 24 week study of tenidap vs. diclofenac in
rheumatoid arthritis. Rev Esp Reumatol 20: 306-310, 1993.
Loose LD, Sipe JD and Bartle L, Modulation of acute phase
proteins by tenidap. Br J Rheumatol 31 (Suppl 1): 175,
1992.

Littman BH, Drury CE and Stewart CR, Acute phase pro-
teins and plasma IL-6 in patients with rheumatoid arthritis:
Effects of tenidap and piroxicam in a 12 week double blind
crossover study. Arthritis Rheum 36 (Suppl 9): S112, 1993,
Moilanen E, Alanko J, Asmawi MZ and Vapaatalo H, CP-
66,248, a new anti-inflammatory agent, is a potent inhibitor
of leukotriene B, and prostanoid synthesis in human poly-
morphonuclear leukocytes in vitro. Eicosanoids 1: 35-39,
1988.

. Sipe JD, Bartle LM and Loose LD, Modification of proin-

flammatory cytokine production by the antirheumatic
agents tenidap and naproxen. J Immunol 148: 480-434,
1992.

. Pelletier J-P, McCollum R, Dibattista J, Loose LD, Cloutier

J-M and Martel-Pelletier J, Regulation of human normal
and osteoarthritic chondrocyte interleukin-1 receptor by an-
tirheumatic drugs. Arthritis Rheum 11: 1517-1527, 1993.

. Otterness IG, Bliven ML, Downs JT, Natoli EJ and Hanson

DC, Inhibition of interleukin 1 synthesis by tenidap: A new
drug for arthritis. Cytokine 3: 277-283, 1991.

. Conklyn MJ, Kadin SB and Showell HI, Inhibition of IgE-

mediated N-acetylglucosaminidase and serotonin release
from rat basophilic leukemia cells (RBL-2H3) by tenidap:
A novel anti-inflammatory agent. Int Arch Allergy App!
Immunol 91: 369-373, 1990.

. McNiff PA, Svensson L, Pazoles CJ and Gabel CA,

Tenidap modulates cytoplasmic pH and inhibits anion
transport in vitro. 1. Mechanism and evidence of functional
significance. J Immunol 153: 2180-2193, 1994,

. Laliberte R, Perregaux D, Svensson L, Pazoles CJ and Ga-

bet CA, Tenidap modulates cytoplasmic pH and inhibits
anion transport in vitro. I1. Inhibition of IL-1B production
from ATP-treated monocytes and macrophages. J Immunol
153: 2168-2179, 1994.

MCcNiff PA, Laliberte R, Svensson L, Pazoles CJ and Gabel
CA, Inhibition of cytokine activation processes in vitro by
tenidap, a novel anti-inflammatory agent. Cytokine 7: 196—
208, 1995.

Fox RI and Kang H-I, Mechanism of action of antimalarial
drugs: Inhibition of antigen processing and presentation.
Lupus 2: S9-S12, 1993.

Boron WF, Transport of H" and of ionic weak acids and
bases. J Membr Biol 72: 1-16, 1983.

Pressman BC, Biological applications of ionophores. Annu
Rev Biochem 45: 501-530, 1976.

Perregaux D and Gabel CA, Interleukin-1f maturation and
release in response to ATP and nigericin. J Biol Chem 269:
15195-15203, 1994.

Grinstein S and Furuya W, Amiloride sensitive Na*/H*
exchange in human neutrophils: Mechanism of activation
by chemotactic factors. Biochem Biophys Res Commun
122: 755-762, 1984.

Ferrante A and Thong YH, A rapid one-step procedure for
purification of mononuclear and polymorphonuclear leuko-
cytes from human blood using a modification of the Hy-
paque-Ficoll technique. J Immunol Methods 24: 389-393,
1978.

Simchowitz L and Crago EJ, Inhibition of chemotactic fac-
tor-activated Na*/H* exchange in human neutrophils by
analogues of amiloride: Structure—activity relationships in
the amiloride series. Mol Pharmacol 30: 112-120, 1986.
Borrel MN, Pereira E, Fiallo M and Garnier-Suillerot A,
Mobile ionophores are a novel class of P-glycoprotein in-
hibitors. Eur J Biochem 223: 125-133, 1994.

Kajiji S, Dreslin JA, Grizzuti K and Gros P, Structurally
distinct MDR modulators show specific patterns of reversal
against P-glycoproteins bearing unique mutations at
serine®¥°*!, Biochemistry 33: 5041-5048, 1994,

30.

31

32

33.

34,

3s.

36.

37.

38.

39.

41.

42.

43.

45,

47.

49.

50.

P. McNIFF, R. P. ROBINSON and C. A. GABEL

Thiebaut R, Currier SJ, Whitaker J, Haugland RP, Gottes-
man MM, Pastan I and Willingham MC, Activity of the
multidrug transporter results in alkalinization of the cyto-
sol: Measurement of cytosolic pH by microinjection of a
pH-sensitive dye. J Histochem Cytochem 38: 685-690,
1990.

Simon S, Roy D and Schindler M, Intraceliular pH and the
control of multidrug resistance. Proc Natl Acad Sci USA
91: 1128-1132, 1993.

Reed PW, lonphores. Methods Enzymol LV: 435-454,
1979.

Cousin J-L and Motais R, Inhibition of anion transport in
the red blood cell by anionic amphiphilic compounds. II.
Chemical properties of the flufenamate-binding site on the
Band 3 protein. Biochim Biophys Acta 687: 156-164, 1982.
Landry EW, Reitman M, Cragoe EJ and Al-Awqati Q,
Epithelial chloride channel: Development of inhibitory
ligands. J Gen Physiol 90: 779-798, 1987.

Simchowitz L. and Davis AO, Intracellular pH recovery
from alkalinization. J Gen Physiol 96: 1037-1059, 1990.

Cabantchik ZI and Greger R, Chemical probes for anion
transporters of mammalian cell membranes. Am J Physiol
262: C803-C827, 1992.

Hogg RC, Wang Q and Large WA, Action of niflumic acid
on evoked and spontaneous calcium-activated chloride and
potassium currents in smooth muscle cells from rabbit por-
tal vein. Br J Pharmacol 112: 977-984, 1994.

Grinstein S and Furuya W, Characterization of the
amiloride-sensitive Na*/H* antiport of human neutrophils.
Am J Physiol 250: C283-C291, 1986.

Simchowitz L and Roos A, Regulation of intracellular pH
in human neutrophils. J Gen Physiol 85: 443-470, 1985.

. Freese E, Levin BC, Pearce R, Sreevalsan T, Kaufman JJ,

Koski WS and Semo NM, Correlation between the growth
inhibitory effects, partition coefficients and teratogenic ef-
fects of lipophilic acids. Teratology 20: 413-440, 1979.
Falke JJ and Chan SI, Molecular mechanisms of Band 3
inhibitors. 3. Translocation inhibitors. Biochemistry 25:
7899-7906, 1986.

Halestrap AP, The mitochondrial pyruvate carrier: Kinetics
and specificity for substrates and inhibitors. Biochem J
148: 85-96, 1975.

Barzilay M and Cabantchik ZI, Anion transport in red
blood cells. Site and sidedness of inhibition by high-affinity
reversible binding probes. Membr Biochem 2: 297-322,
1979.

. Houghton PJ, Bailey FC, Houghton JA, Murti KG, How-

bert JJ and Grindey GB, Evidence for mitochondrial local-
ization of N-(4-methylphenylsulfonyl)-N’-(4-chloropheny-
lurea in human colon adenocarcinoma cells. Cancer Res
50: 664-668, 1990.

Houghton PJ, Bailey FC, Germain GS, Grindey GB, How-
bert JJ and Houghton JA, Studies on the cellular pharma-
cology of N-(4-methylphenylsulfonyl)-N'-(4-chlorophe-
nol)-urea. Biochem Pharmacol 39: 1187-1192, 1990.

. Treuhaft PS and McCarty DJ, Synovial pH, lactate, oxygen,

and carbon dioxide partial pressures in various joint dis-
cases, Arthritis Rheum 24: 701-705, 1971.

Dingle JT and Knight CG, The role of chondrocyte micro-
environment in the degradation of cartilage matrix. In: De-
generative Joints (Eds. Verbruggen G and Veys EM), Vol.
2, pp. 69-83. Elsevier Science Publishers, The Netherlands,
1985.

. Aronson PS, Mechanisms of active H* secretion in the

proximal tubule. Am J Physiol 245: F647-F659, 1983.
Lazzari KG, Proto P and Simon ER, Neutrophil hyperpo-
larization in response to a chemotactic peptide. J Biol Chem
265: 10959-10967, 1990.

Vallance SJ, Downes CP, Cragoe EJ and Whetton AD,
Granulocyte-macrophage colony-stimulating factor can
stimulate macrophage proliferation via persistent activation
of Na*/H* antiport. Biochem J 265: 359-364, 1990.



