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Abstract-Tenidap [5-chloro-2,3-dihydro-3-(hydroxy-2-thienylmethylene)-2-oxo-lH-indole-l-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 [‘%J]tenidap 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 [‘%Z]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 [“%Z]tenidap; other agents tested did not promote this enhanced cellular accumulation. [‘%Z]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 proi:esses, including a-cyano-fi-( I-phenylindol-3-yl) acrylate, 5-nitro-2(3-phenylpropylamino)-ben- 
zoic acid, and meclofenamic acid, inhibited efflux of [‘%J]tenidap. 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 [‘%Y]tenidap, 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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5 Abbreviations: N!iAIDs, 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, a-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; UK5099, 
a-cyano-p-(1-phenylindol-3-yl) acrylate; tenidap, 5-chloro-2, 
3-dihydro-3-(hydroxy-2-thienylmethylene)-2-oxo-l~-indole- 
I-car-boxamide; CP-72,133, 6-chloro-5-fluoro-2.3-dihydro-3- 
(hydroxy-2-thienylmethylene)-2-oxo-lH-indole-l-carboxam- 
ide; CP-100,829, 6-chloro-5-fluoro-2,3-dihydro-3-[hydroxy-(4- 
chIoro-2-thienyl)methylene]-2-oxo-lH-indole-l-carboxamide; 
CP-236,492, 6-chloro-2,3-dihydro-3-methyl-3-(2-thienylcar- 
bonyl)-2-oxo-1%indole-1-carboxamide; CP-64,912, N-(Cchlo- 
rophenyI)-2,3-dihydro-3-[hydroxy-(4-fluorophenylmethyl)me- 
thylenel-2-oxo-lti-indole-1-carboxamide; and CP-100,356, 
4-(3,4-dihydro-6,7-dinlethoxy-2(l~-isoq 
dimethoxyphenyl)ethyl]-6,7-dimethoxy-2-quin~olinamine. 

Low molecular weight organic drugs often need to pen- 
etrate the plasma membrane of a cell to gain access to 
their molecular targets. NSAIDQ, for example, must 
enter a cell to interact with cyclooxygenases, their pri- 
mary therapeutic targets [ 11. 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, 71. 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) [g-lo]. 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, 121. Although tenidap is a potent 
inhibitor of cyclooxygenase [ 131, changes in many of the 
altered clinical parameters are inconsistent with 
tenidap’s therapeutic activity being derived solely from 
cyclooxygenase inhibition [ 121. Indeed, in vitro studies 
indicate that tenidap possesses activities not shared with 
reference NSAIDs [14-171. 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, 191. These tenidap-induced changes in 
ionic homeostasis, in turn, can alter inflammatory cyto- 
kine production and function in vitro [19, 201 and may 
account for the cytokine modulatory activity observed in 
viva [ 11, 121. 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, Cl-/HCO,- 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 Cl-/HCO,- exchange in human 
neutrophils, but inhibition of this exchanger by other 
agents did not necessarily lower pHi. DIDS, for exam- 
ple, inhibits Cl-/HCO,- exchange without acutely low- 
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Fig. 1. Chemical structures of tenidap and its analogs. 

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 
[IS]. Ionophores, such as nigericin, can lower pHi [23, 
241, 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, 
251. 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 
(GM03652B) were obtained from the Human Genetic 
Mutant Cell Repository (Camden, NJ) and were main- 
tained in aMEM 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 RPM1 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, A23 187, 
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 10’ cells) were collected by centrifugation 
and suspended in 2 mL of modified Dulbecco’s medium 
(20 mM HEPES, pH 7.2,137 mM NaCl, 0.5 mM Mg&, 
1.5 mM KH,PO,, 2.7 mM KCI, 0.9 mM CaCI,, 5 mM 
glucose, 5 mM NaHCO,, 1% FBS). To this suspension, 
6 pL 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 3.5cm 
dishes at a density Iof 2.5 x lo5 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’:; medium, then placed in 2 mL of 
modified Dulbecco’s medium that contained 6 pL of 1 
mg/mL BCECF aceloxymethyl ester, and incubated for 
10 min at 37”. Next, the coverslip was rinsed three times 
with modified Dulbecco’s medium. 

O.l-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. Altema- 
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. 

[‘4C]Tenidap partitioning 

Monolayers of mouse L-cells or human fibroblasts in 
3.5-cm tissue culture dishes were incubated in 1 mL of 
aMEM, 1% FBS that contained 34 pM unlabeled 
tenidap and 16 pM [14C]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 
1 mL of 25 mM HEPES, pH 7,150 mM NaCl, 1% Triton 
X-100, 1 pg/mL leupeptin, 1 ug/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. [14C]Tenidap 
was labeled in the benzene ring and was prepared at 
Pfizer. 

For efflux studies, the medium from cells loaded with 
[‘4C]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 comparable 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. 

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 [ 18,221. 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 @I tenidap caused an 11% decrease in 
BCECF 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 @f tenidap was 
estimated to correspond to an absolute change of 0.1 
units [18]. 

Influence of structural features on the acidi’cation 
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 p& 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 pM 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 @I 5-NJv’-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,Wdiethylatniloride, 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 tained acidification. CP-64,912, where the thiophene 
higher concentrations of all three agents, but this value ring of tenidap is replaced with a fluorophenylmethyl 
differed (Fig. 3). The pHi change induced by both CP- group and the free carboxamide nitrogen group (at po- 
72,133 and CP- 100,829 was rapid in onset and sustained sition No. 1) of tenidap is substituted with a Cchlorophe- 
(Fig. 2). nyl group (Fig. l), produced a rapid acidification when 

Importantly, not all tenidap analogs produced a sus- 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 

Extracellular pH 
% Decrease in 

BCECF fluorescence 

8 10.6 
7.6 10.9 
7.2 15.3 
6.8 16.6 
6.4 21.2 
6.0 29 
5.6 34 
5.1 43 

BCECF-loaded RBL’ZH3 cells were suspended within a cu- 
vette of a spectrofluorometer 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 @I) 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 intensit:y is indicative of an intracellular acidi- 
fication. Only the imml:diate 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. 

Bed state was not maintained (Fig. 2B). Within several 
minutes of its addition, 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, %V,&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 [‘4C]tenidap accumulation 

To explore whether the cellular partitioning of tenidap 
was sensitive to pharmacological intervention, cells were 
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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 (RFL.1) that occurred during the initial 8 min 
of treatment is indicated as a percentage of the initial resting 
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Fig. 4. Effect of valinomycin on cell-associated tenidap. Mouse 
L-cells were incubated for the indicated time with “C-labeled 
tenidap (50 PM) in the presence or absence of 10 or 25 ph4 
valinomycin. Cell-associated radioactivity (average of duplicate 

intensity. wells) is indicated as a function of time of treatment. 

exposed to [14C]tenidap 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 [ 181. 
In the absence of an additional effector, the level of 
cell-associated [14C]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 hypexpolar- 
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 [14C]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 .Bfold 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 [14C]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 [S], 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 
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Table 2. Identification of agents that affect the cellular accu- 
mulation of tenidap 

Cell-associated [14C]tenidap 
(% of control) 

Test agent 
Concentration 

(ILM) L-cells 
Human 

fibroblasts 

Valinomycin 
Nigericin 
Monensin 

A23187 
CCCP 
DNP 

Cycloheximide 
Probenecid 

Verapamil 

Vincristine 
CP-100,356 

25 748 1760 
25 316 146 
20 NT* 187 
25 164 NT 
25 107 NT 
25 97 NT 
25 99 NT 

500 NT 103 
25 100 NT 

250 81 120 
2000 NT 100 

100 NT 75 
1000 66 NT 
250 NT 124 
25 560 1560 

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. 

Mouse L-cells or normal human fibroblasts were incubated 
with 50 @I [t4C]tenidap in 1 mL of aMEM, 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 
[‘4C]tenidap were applied. 

In contrast, [‘4C]tenidap was released from cells that 
were loaded in the presence of CP-100,356. L-cells ac- 
cumulated approximately &fold more [14C]tenidap 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 [14C]tenidap 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 [14C]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. 

* NT = not tested. 

P-glycoprotein activity. Unlike valinomycin, 
CP-100,356 did not promote s6Rb+ 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, 311. 

Identification of agents that inhibit the eff2u.x 
of tenidap 

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 [14C]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, 191, 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 [i4C]tenidap efflux 
from normal human fibroblasts (Fig. 6). Cells chased in 
the presence of UK5099 retained >50% of the initial 
[14C]-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 [ i4C]tenidap (Table 
3). All of these agents are reported to inhibit various 
anion transport processes [33-371. 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). 

Agents that promote an increase in the cellular accu- The ability of tenidap analogs to inhibit [i4C]tenidap 
mulation of tenidap may do so by stimulating influx of efflux also was analyzed. Concentrations of 50 and 100 
the drug and/or by inhibiting its efflux. Loss of cell- pM CP-100,829 were equally effective at inhibiting 
associated [‘4C]tenidap, therefore, was measured as a [14C]tenidap efflux (Fig. 7). In the presence of 50 pM 
means to investigate whether the efflux mechanism was CP-100,829, release of a small amount of cell-associated 
sensitive to pharmacological intervention. Cells loaded [‘4C]tenidap was observed within the first 6 min of 
with tenidap in the presence of 10 pM valinomycin ac- chase after which the level of cell-associated radioactiv- 
cumulated 4-fold greater amounts of radioactivity than ity remained relatively constant (Fig. 7). CP-72,133 and 
did cells maintained in the absence of this ionophore unlabeled tenidap also blocked [14C]tenidap efflux; 100 
(Fig. 5). The majority of [‘4C]tenidap accumulated by pM tenidap was more effective than 50 pM (Fig. 7). In 
L-cells in the absence of valinomycin was released into contrast, CP-236,492 and CP-64,912 did not produce 
the medium within 5 min of suspension in tenidap-free significant inhibition of [‘4C]tenidap efflux (Fig. 7). The 
medium (Fig. 5). [i4C]Tenidap accumulated in the pres- 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 [‘4C]tcnidap 
for 60 min in the presence of 10 pM valinomycin (A) or 25 ~.LM 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 37O for the indicated time, the cells were harvested and cell-associated radioactivity was 

determined; each data point is the average of duplicate determinations. 

[‘4C]tenidap, therefore, correlated with their ability to 
produce a sustained I:ytoplasmic acidification in human 
PMNs (Fig_ 2). 

E#ecl elf vulinomych on the acidification response 
of teniahp 

Valinomycin on its own did not produce a significant 
change in pHi (data not shown). Cells that were pre- 
treated with vafinomycin, 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 concentxations 
in excess of 10 fl still were required to promote a 
significant change in pHi (data not shown). Rather, the 
potassium ionophore increased the efficacy of the acid- 
ification response, as evidenced by the greater degree of 
BCECF quenching obtained with 50 w tenidap. Val- 
inomycin is expected to hyperpolarize the membrane 
potential as a result of a net movement af K’ out of the 
cell [23, 321. To test the hypothesis that the extent of 

anidap’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 tcnidap-in- 
duced fluorescence quenching in high K’ medium was 
reduced slightly relative to that observed in normal 
NaCI-containing medium (Table 4). Changes in mem- 
brane potential, therefore, may affect the magnitude of 
the acid$ication 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 
physiological state of the cell. 

DISCUSSION 

The cytoplasmic acidification induced by tenidap is 
rapid in onset, sustained, and reversible [ 181, and does 
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Effector 
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Chase Pre3ent 
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50 PM UK5099 12 + I 

.-- 
100 PM UK5099 12 + 

None 12 + I 
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lOdO zodoo 

Cell-Associated cpm 

Fig. 6. Inhibition of [‘%Z]tenidap efflux by UK5099 but not by DID8 Human tibroblasts were incubated with 50 @4 [14C]tenidap 
for 60 min in the presence (+) or absence (-) of 25 pM 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 [ 181. and inhibition of 
Cl-/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 

Test agent 

Experiment 1 
Nigericin 
Monensin 
Verapamil 

Experiment 2 
CCCP 
Ethacrynic acid 
Meclofenamate 

Experiment 3 
NPPB 

Concentration Cell-associated [“YJ] 

(PM) tenidap vs control 

25 0.94 
20 1.1 

100 1.4 

20 1.0 
50 1.1 
50 2.5 

2.8 

Human fibroblasts were loaded with [‘?Z]tenidap for 60 min 
in the presence of 25 p.M 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 I, 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, 381. 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 [‘?~]tenidap efflux by acidifying oxindoles. 
Human fibroblasts wete loaded with [14C]tenidap in the pres- 
ence of 25 p&l CP-100,356 for 60 min. (A) Cells were washed 
and suspended in fres:h medium containing a 50 or 100 p.M 
concentration of the indicated oxindole after which they were 
incubated at 37” for 5 rnin and cell-associated radioactivity was 
determined. Each data point is the average of duplicate deter- 
minations. (B) Time course of [‘vltenidap efflux in the ab- 
sence (control) or presence of 50 pM CP-100,829; each point is 
the mean of three separate determinations. In this experiment, 
after the 60-min loading: with [14C]tenidap, 5% of the total input 

radioactivity was cell-associated. 

phils is estimated to be 27-50 mM/pH unit [38, 391. 
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 pM 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 n’eutrophil (3.6 x lo-” 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 lo-” mmol of H+ equivalents/cell; this is likely 
to be an overestimate since cytoplasm does not occupy 

Table 4. Effect of valinomycin on the acidification response of 
tenidap 

Condition 

50 pM Tenidap 
50 p.M Tenidap following 

valinomycin pretreatment 

% Decrease in 
N intensity 

5 16.6 f 3.5 
3 27 f 1.1 

50 pM Tenidap in 
depolarizing medium 

2 13 

BCECF-loaded human fibroblasts (on coverslips) were 
treated with 50 @I tenidap in modified Dulbecco’s medium or 
in a depolarizing medium composed of 20 mM HEPES, pH 7.2, 
0.9 mM CaCI,, 1.5 mM KH,PO,, 0.5 mM MgCI,, 140 mM 
KCI, 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 @I valinomycin in 
aMEM 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 lo6 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 FM, 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 >4OOO-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 
[14C]tenidap. 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 [i4C]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- 
tin 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 [14C]tenidap, 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 [ 14C]tenidap, 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. 

tenidap’s entry. Importantly, tenidap and structural ana- 
logs that promoted a sustained cytoplasmic acidification 
also were found to inhibit [14C]tenidap 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 [i4C]tenidap release. Two non-acidifying 
anion transport inhibitors, ethacrynic acid and DIDS, on 
the other hand, did not inhibit [14C]tenidap 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 [14C]tenidap 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 Cl-/HCO,- exchangers [33, 37, 411 and, 
like tenidap, fenamates can lower intracellular pH [ 191. 
Similarly, UK5099 lowers intracellular pH and inhibits 
several types of anion transporters [18, 35, 421; 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 [ 181 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&diethylamiloride. Likewise, 
tenidap’s cellular partitioning is not characteristic of all 
weak organic acids. The antitumor agent IV-(Cmeth- 
ylphenylsulfonyl)~N-(4chlorophenyl)urea, for exam- 
ple, is reported to accumulate within adenocarcinoma 
cells 144,451, but its accumulation is not sensitive to the 
same effecters as tenidap. Thus, valinomycin did not 
increase cell-associated levels of N-(4metbylphenylsul- 
fonyl)-W-(4_chlorophenyl)urea, while nigericin de- 
creased accumulation of this agent [46]. Therefore, al- 
though both tenidap and Iv’-(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 viva will depend on the local 
environment within which a cell is exposed to this agent. 
Levels of tenidap in patients achieve peak plasma con- 

3 Phyelcochamlcel Peremetere that Influence 
en Acid’s Ability to Lower pHi: 

pKe of the Acid 

Partition Cot~fficient of the Acid (log P) 

Alfinlty of the Anlon for en Anlon Treneporter 

Fig. 8. Model to explain the acidification activity of tenidap. 
First, the conjugate acisd 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 

capacity of the cytosol. 

centrations of 60 pM [9-l 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, 501. 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 petmeant 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. 
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