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Abstract—Two chloride/bicarbonate antiport mechanisms are involved in the regulation of cytosolic
pH (pH)) in Vero cells, namely Na*-dependent chloride/bicarbonate antiport to normalize pH; after
acidification of the cytosol, and Na*-independent Cl~/HCOj exchange to regulate pH; back to normal
after alkalinization of the cytosol. We have tested the effects of the non-steroidal anti-inflammatory
drugs acetylsalicylic acid (aspirin), salicylic acid, indomethacin and piroxicam on chloride/bicarbonate
exchange and on chloride self exchange in Vero cells. All these drugs were found to inhibit both the
Na*-independent and the Na*-linked chloride/bicarbonate antiport in a dose dependent manner. The
Na*-independent chloride /bicarbonate antiport was inhibited by lower doses of the drugs than the Na*-
linked antiport. The ability of the drugs to inhibit chloride self exchange did not vary much with varying
external pH, indicating that the inhibitory effect is due to the anionic form of the drugs. Inhibition
occurred immediately upon addition of the drugs, and it was rapidly reversible, indicating that the
inhibitory effect is due to direct interaction of the drugs with chloride/bicarbonate antiport, and not to
inhibition of prostaglandin synthesis. The relevance of our findings to the clinical effects of the drugs is
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discussed.

A number of investigations indicate that non-ster-
oidal anti-inflammatory drugs (NSAIDs)?} interfere
with ion transport across cell membranes. Thus, all
aspirin-like drugs may interfere with the absorption
of salt by the kidneys [1-4], they may cause pH
disturbances in tissues and blood [5, 6], partly due
to inhibition of Cl7/HCOj3 exchange by cap-
nophorin (band III) in erythrocytes [7-10}, and they
may give rise to ulcers in the gastric mucosa. The
latter effect could be due to inhibition of transport
of bicarbonate across plasma membrane of mucosal
cells {11-13].

We have recently shown that two bicarbonate/
chloride exchange mechanisms participate in the
regulation of pH in the cytosol of Vero cells and
several other nucleated mammalian cell lines [14-
16]. One of these mechanisms is sodium dependent
while the other is sodium independent. The Na*-
dependent exchange brings Na* and HCO3 into the
cells in exchange with - Cl7, probably as
NaCOj /Cl~ exchange. Due to the inwardly directed
Na* gradient, HCO3 is transported into the cytosol
where it reacts with protons, and the pH; therefore
increases. Thus, the Na*-dependent chloride/bicar-
bonate antiport regulates pH back to normal after

* Correspondence to: Dr Tor Inge Tennessen, Dept. of
Biochemistry, The Norwegian Radium Hospital, N-0310
Oslo 3, Norway.

T Abbreviations: NSAIDs, non-steroidal anti-inflam-
matory drugs; BCECF, (2',7'-bis(carboxyethyl)-5,6-
carboxyfluorescein); MES, 2-(N-morpholino ethane)sul-
fonic acid; HEPES, N-2-hydroxyethyl piperazine-N’-2-
ethane sulfonic acid; Tris, Tris (hydroxy methyl)amino
ethane; DIDS, 4,4’-diisothiocyano-2,2'-stilbene disulfonic
acid; pH;, cytosolic pH; pH,, extracellular pH.

acidification of the cytosol. The Na*-independent
Cl=/HCOj3 exchange is involved in the nor-
malization of the cytosolic pH after alkalinization.
The gradients of C1~ and HCOjJ existing under nor-
mal conditions are such that extracellular Cl™ is
exchanged with cytosolic HCO73, and this antiport
therefore tends to reduce the pH; [14]. The activity
of the sodium independent antiport is regulated by
the cytosolic pH. In the majority of cell lines tested
the rate of C1~/HCO3 exchange increases strongly
when the intracellular pH is increased over a narrow
range around neutrality [17-19]. In bicarbonate-con-
taining buffers, the steady state pH; in Vero cells
appears to be the result of a balance between the
alkalinizing activity of the Na*-dependent
CI"HCOj exchange the the acidifying activity of
the Na*-independent C1~/HCOj antiport [14, 15].

To our knowledge there has been no studies on
the effect of NSAIDs on the two Cl-/HCOj anti-
ports in nucleated mammalian cells. As the monkey
kidney cell, Vero, possess both Na*-dependent and
Na*-independent chloride/bicarbonate antiport, this
cell line is a useful model to study the influence of
drugs on these mechanisms. It has earlier been shown
that salicylate inhibits chloride transport by band III
in erythrocytes [7]. The chloride/bicarbonate anti-
port in Vero cells differs from that in erythrocytes in
many respects [14, 15, 17~19]. In the first place the
rate of HCO3 /Cl~ antiport in Vero cells is increased
approximately 10-fold when the internal pH is
increased over a narrow range around neutrality,
whereas this is not the case in erythrocytes. Fur-
thermore, the capacity for antiport is much lower in
Vero cells than in erythrocytes. Finally, whereas in
erythrocytes the main anion antiport activity is due
to HCOj3 /C1~ exchange, in Vero cells there is also
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Table 1. Composition of buffers used

Buffer

Composition

Mannitol

260 mM mannitol, 2.5 mM Ca(OH),, 20 mM HEPES

adjusted to the indicated pH with MES or Tris.

K-gluconate

140 mM K-gluconate, 2.5 mM Ca (OH),, 20 mM

HEPES adjusted to the indicated pH with MES or

Tris.
KCl

140 mM KCl, 2.5 mM Ca(OH),, 20 mM HEPES

adjusted to the indicated pH with MES or Tris.

Choline chloride

140 mM choline chloride, 2.5 mM Ca(OH),, 20 mM

HEPES adjusted to the indicated pH with MES or

Tris.
PBS
{ phosphate buffered
saline)

{40 mM NaCl, 10 mM Na-phosphate, pH7.4.

a Na*-linked bicarbonate/chloride exchange mech-
anism [14, 15]. We therefore decided to test the
effect of salicylate and other NSAIDs on chioride/
bicarbonate antiport in the kidney derived Vero cells
by measuring pH; changes and relevant ion fluxes
under different conditions.

MATERIALS AND METHODS

Materials. H?*Cl (sp. act. 15.7 uCi/mg Cl) was
obtained from the Radiochemical Centre {Amer-
sham, U.K.). BCECF (2',7'-bis(carboxyethyl)-5,6-
carboxyfluorescein} was from Molecular Probes
(Eugene, OR). Bumetanide was a generous gift from
Leo Pharmaceuticals (Oslo, Norway). 2-(N-mor-
pholino ethane)sulfonic acid (MES), N-2-hydroxy-
ethyl piperazine-N'-2-ethane sulfonic acid (HEPES),
Tris (hydroxy methyl) amino ethane (Tris), 4,4'-
diisothiocyano-2.2'-stilbene disulfonic acid (DIDS),
indomethacin, piroxicam, and nigericin were
obtained from Sigma Chemical Co. (St Louis, MO).
Acetylsalicylic acid was obtained from Bayer (Basel.
Switzerland). Salicylic acid was from Merck (Darm-
stadt, F.R.G.). Amiloride was generously given to
us by Merck, Sharp & Dohme (Drammen, Norway).

Buffers. HEPES medium: Minimal Essential
Medium where the bicarbonate was replaced by
20 mM HEPES. The composition of the other buffers
used is found in Table 1.

Cells. Vero cells (from African green monkey
kidney) were kept as monolayer cultures in Minimal
Essential Medium with 10% (v/v) fetal calf serum in
an atmosphere containing 5% CO,. The day before
the experiment the cells were seeded into 24-well
disposable trays or on coverslips placed in the bottom
of Petri dishes at a density of 0.5-2 x 10° cells/em?.

Measurement of uptake of *CI™. Cells in 24-well
disposable trays were treated as indicated in legends
to figures. Then the cells were washed twice with ice-
cold Cl -free buffer. Subsequently, the cells were
incubated in the buffers indicated containing
0.17 uCi H?Cl and with or without additions as
indicated. After the indicated periods of time the
cells were washed twice with ice-cold PBS, and 0.3 m!
of 5% (w/v) trichloroacetic acid was added per well.
The cell-associated radioactivity extracted with tri-
chloroacetic acid was measured.

Measurement of bicarbonate-linked Na‘* uptake.
Cells in 24-well disposable trays were preincubated
as indicated. The cells were washed three times with
ice cold choline chloride buffer, and incubated with
22NaClin choline chloride buffer, pH 7.4, containing
10mM choline bicarbonate. Then 0.3ml liquid
paraffin (Merck) was added to each well to prevent
escape of CO,, and the cells were incubated at 37°.
After increasing periods of time, the paraffin and
the buffer were removed by suction, each well was
washed three times with ice-cold PBS, and then
0.3 ml of 5% (w/v) trichloroacetic acid was added.
The radioactivity associated with the cells was
measured.

Measurement of pH in the cytosol. Intracellular
pH (pH;) was measured with the pH dependent
fluorescent probe BCECF as earlier described [14].
For this purpose cells were grown to confluence on
1 x 3¢cm glass coverslips. Before the experiment,
the coverslip was transferred to serum-free HEPES
medium with 5 M BCECF and incubated at 37° for
30 min. Then the coverslip with the cells was washed
to remove the extracellular dye and placed in a
cuvette at an angle of 30° to the excitation source.
Buffers were changed by perfusion. Fluorescence
was measured with a Perkin-Elmer LS-5 fluor-
escence spectrometer equipped with a thermostatic
block to maintain the temperature at 37°. Band
widths of 5 nm were used. The spectra were digitized
and stored by a Perkin-Elmer 3600 data station. To
calibrate the measurements the cytosolic pH was
equilibrated with the extracellular pH by treating the
cells with 10 uM nigericin in the presence of 140 mM
KCl {20}.

RESULTS

Effect of salicylate on the rate of *°Cl™ uptake

We have earlier presented evidence that “°Cl™
uptake by anion antiport measured as *°Cl™/Cl™ self-
exchange reflects the activity of the Na*-inde-
pendent Cl1™/HCOj3 exchanger [14,15]. In these
experiments the uptake of *°Cl~ by antiport is
measured in a buffer, pH 7.0, osmotically balanced
with mannitol to avoid co-transport with Na* and
K*, and containing 0.5mM of **Cl~. Under these
conditions Vero cells accumulate 3¢Cl™ 5-10 times
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Fig. 1. Effect of salicylic acid and acetic acid on uptake of
CI=. Vero cells in 24-well disposable trays were pre-
incubated for 20 min in HEPES medium at 37°, pH 8.0 (A),
or pH 6.0 (B, C). Then the medium was removed and the
cells were washed twice with ice-cold mannitol buffer.
Subsequently 0.3 mi/well of mannitol buffer (A, B) or K-
gluconate buffer (C) at 37°, pH 7.0, containing 0.17 uCi/
ml of H**Cl and the inhibitors indicated was added. After
the indicated periods of time the buffer was removed and
the cells were washed twice with ice cold PBS. Finally,
0.3 ml/well of 5% (w/v) trichloroacetic acid was added to
extract *°C1™ from the cells, and the extracted radioactivity
was measured. The additions were: (@), none; (A}, 2mM
saticylic acid; (V), 2 mM acetic acid. The error bars rep-
resent SD in four experiments. Where no error bars are
shown, the SD is less than the size of the symbol.

more rapidly at cytosolic pH 7.4 than at 6.7. The
cells accumulate radioactivity to a concentration 5~
10-fold higher than that in the surrounding buffer
and the accumulation of 3Ct~ is dependent upon the
presence of intracellular C1™. The uptake is strongly
inhibited by DIDS, which is a potent inhibitor of
chloride/bicarbonate antiport. This strongly indi-
cates that the uptake of **Cl™ is driven by the outward
directed chloride gradient, as C1”/Cl~ self-exchange.

In the first set of experiments Vero cells were
preincubated in HEPES medium, pH 8.0 or 6.0, for
20 min. The initial uptake of *Cl~ was much faster
in cells preincubated at pH 8.0 (Fig. 1A) than in cells
preincubated at pH 6.0 (Fig. 1B). Measurement of
the internal pH by the fluorescent probe BCECF
showed that in cells preincubated at pH8.0 and
pH 6.0 the internal pH was 7.4 and 6.7, respectively
(data not shown).

it should be noted that at the high pH; (Fig. 1A},
the uptake rapidly levelled off and then the amount
of 3C1~ associated with the cells started to decline.
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This is apparently due to the high Cl™ permeability
induced at high pH, [15, 19].

In the presence of 2mM salicylate the chloride
uptake was strongly inhibited both when the antiport
was in the high activity state (Fig. 1A) and in the
low activity state (Fig. 1B).

Salicylic acid is a membrane permeant weak acid
{(pK,3.9) that dissociate intracellularly and may
acidify the cytosol {21]. Because the uptake of *5Cl~
is critically dependent upon pH; [14, 15, 18, 19], the
possibility was considered that the reduced uptake
of *¥ClI™ in the presence of salicylic acid could be due
to reduction in pH; caused by the weak acid, and
not to a direct action on the chloride/bicarbonate
antiport. pH; in cells incubated at pH7.0 in the
presence of 2 mM salicylic acid was less than 0.05 pH
unit lower than in the absence of the drug (data not
shown). However, even this slight decrease of pH;
could reduce the **Cl~ uptake. We therefore tested
if a similar acidification of the cytosol by acetic acid
inhibited *Cl™ uptake to the same extent as salicylic
acid. Experiments with BCECF-loaded cells showed
that addition of 10 mM acetic acid caused essentially
the same acidification as 10 mM salicylic acid (data
not shown). The data in Fig. 1B show that addition
of 2mM acetic acid did not decrease the uptake of
36Cl~ when the antiport was in the low activity state.
In cells preincubated at pH 8.0, there was a slight
inhibition of *¢Cl~ uptake in the presence of 2 mM
acetic acid (Fig. 1A), but much less than in the
presence of 2 mM salicylic acid. It may therefore be
concluded that the strong inhibition of chloride/
bicarbonate antiport by salicylic acid is not an effect
due to acidification of the cytosol.

To test if the inhibition of 3°Cl™ uptake caused by
the drugs could be related to a possible change in
the membrane potential in the presence of drugs,
the uptake of %Cl™ was measured in K-gluconate
buffer which strongly reduces the membrane poten-
tial by abolishing the K* diffusion potential [22].
The uptake of **Cl~ was somewhat lower than in
mannitol-balanced buffer, probably due to the inhi-
biting effect of gluconate on chloride uptake [23].
The extent of inhibition by the drugs was, however,
essentially the same indicating that the inhibition is
not due to a change in the membrane potential (Fig.
10).

The possibility was considered that the decreased
uptake of **Cl™ in the presence of drugs could be
due to an increased CI~ efflux and as a consequence
of this a decreased driving force for 3¢Cl™ uptake.
Control experiments showed that the salicylic acid
and other NSAIDs did not increase the rate of CI™
efflux, but on the contrary strongly inhibited the
efflux of *Cl~ into a chloride-free buffer (data not
shown).

Effect of other anti-inflammatory analigesics on the
uptake of 3Cl™ under different ionic conditions

To study if also anti-inflammatory drugs other than
salicylic acid inhibit chloride/bicarbonate antiport in
nucleated cells, we tested indomethacin, piroxicam
and acetylsalicylic acid for their ability to inhibit
36Cl~ uptake. Indomethacin is, like salicylic acid, a
carboxylic acid (pK,4.1), whereas piroxicam con-
tains an enolic acid group (pK, 6.3). For each drug
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Fig. 2. Effect of indomethacin, piroxicam and acetylsalicylic
acid on **Cl~ uptake by chloride/bicarbonate antiport.
Experimental conditions as described in Fig. 1. The cells
were preincubated for 20 min in HEPES medium at 37°,
pH8.0 (A, C, E), or pH6.0 (B, D. F). In A and B the
additions were: (@), none; (¥), 2 uM indomethacin; (H),
20 uM indomethacin: (A ), 200 uM indomethacin. In C and
D the additions were: (@), none; (V), 2 uM piroxicam;
(M), 20 uM piroxicam; (A), 200 uM piroxicam. In E and
F the additions were: (@). none; (V¥), 20 uM acetylsalicylic
acid; (W), 200 uM acetylsalicylic acid; (A), 2 mM acetyl-
salicylic acid.

two different sets of experiments were carried out.
The cells were preincubated for 20 min either at
pH 8.0 or pH6.0, and the uptake of *°CI~ was
measured in mannitol balanced buffer at pH 7.0 in
the absence or presence of drugs.

We found that there was a dose dependent inhi-
bition of *¢Cl~ uptake in the presence of indo-
methacin, piroxicam and acetylsalicylic acid, both
when the antiporter was in the high activity (Fig. 2A,
C and E) and in the low activity state (Fig. 2B, D
and F). Indomethacin was found to be the most
potent inhibitor. Thus at 20 uM it reduced the uptake
rate of *°Cl™ to approximately half the control value
(Fig. 2A and B). In the case of piroxicam (Fig. 2C
and D) and acetylsalicylic acid (Fig. 2E and F)
200 uM and 1-2 mM, respectively, was required to
obtain the same extent of inhibition.
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Fig. 3. Lineweaver-Burk plot. Vero cells in 24-well dispos-
able trays were incubated for 20 min in HEPES medium,
pH 6.0, in the absence of salicylic acid. The uptake of
0.64 uCi/ml of 3*Cl~ was measured after 3 min in mannitol
buffer with increasing amount of unlabelled chloride in the
absence and presence of 2 mM salicylic acid. The additions
were: (O), none; (@), 2 mM salicylic acid. The error bars
represent SD in three experiments. Where no error bars
are shown, the SD is less than the size of the symbol. V =

Cl ions/cell/sec.

One interesting observation in Fig. 2B, D and F,
is that the inhibition of the antiporter in the low
activity state was most pronounced in the first 10 min
of the experiment. Then, in spite of the drug being
present, the rate of chloride uptake started to
increase, suggesting that the antiporter was regulated
to a state of higher activity [24].

To investigate if the inhibition of chloride uptake
by the drugs was due to competition with chloride at
the transport site, uptake of **Cl~ was measured
in buffers containing increasing concentrations of
unlabeled chloride, and the data were plotted accord-
ing to Lineweaver and Burk. The results depicted in
Fig. 3 showed that the drugs strongly increased the
apparent K,,, whereas V,,, was not substantially
altered. Thus, in cells not treated with the drugs, K,,,
was 8 mM, and in cells treated with 2 mM salicylic
acid the apparent K,,, was 40-50 mM (Fig. 3). Similar
results were found with 200 uM indomethacin
(apparent K,,>60mM) and 200uM piroxicam
(apparent K,, 35-40 mM) (data not shown). This
indicates that the inhibition was mainly competitive.

Effect of external pH on the inhibitory effect of anti-
inflammatory analgesics on **Cl™ uptake

Since the anti-inflammatory drugs are weak acids,
the concentration of protonated drug decreases
strongly when the pH in the buffer is increased from
6 to 8, whereas the concentration of the anionic
form does not change much. To investigate if the
magnitude of inhibition changed with variations in
the amount of protonated drug, we altered the exter-
nal pH. For this purpose we measured the uptake of
3CI~ in mannitol buffer at different pH values (Fig.
4). The mannitol buffer does not contain permeant
ions to exchange with H* or OH™. Therefore the
cells are not able to increase their pH; to a large
extent if the external pH is higher than the internal
pH. However, if pH,, is lower than pH; the internal
pH may decrease due to efflux of Na* in exchange
with H*. To prevent this, the uptake of *Cl~ was
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Fig. 4. Effect of external pH on the ability of indomethacin
and piroxicam to reduce the rate of **C1~ uptake. Vero cells
in 24-well disposable trays were preincubated in HEPES
medium, pH 7.4, at 37° for 25 min without drugs. The
uptake of *Cl” was then measured for 2 min in mannitol
buffer containing 1 mM amiloride at 20° and the pH indi-
cated on the abscissa in the absence or presence of indo-
methacin or piroxicam. The amount of cell-associated
radioactivity in samples incubated in the presence of anti-
inflammatory drugs is presented as per cent of that obtained
in cells incubated without other drugs than amiloride. The
uptake of *Cl™ in control samples were 800 counts/min at
pH 6.0, 1650 counts/min at pH 7.0 and 750 counts/min at
pH 8.0. (W), 20 uM indomethacin; (O), 200 uM piroxicam.

measured in the presence of 1 mM amiloride which
inhibit Na*/H* exchange. Under these conditions
the internal pH changed very slowly in response to
alterations in the external pH. Therefore, the effect
of variations in the external pH could be studied
without much change in the internal pH, at least
during the first 3 min of the experiments. In the
absence of anti-inflammatory drugs the uptake of
36C1~ was higher at pH,, 7.0 than both at pH, 8.0 and
at pH,, 6.0. However, as shown in Fig. 3, the relative
inhibition by indomethacin and piroxicam measured
as percent of the uptake in cells not exposed to the
drugs was essentially the same at the different pH,
values, indicating that the charged form of the drug
is most important for the inhibitory effect.

Reversibility of the inhibitory effect

To test if the inhibitory effect of the anti-inflam-
matory drugs is reversible, cells were incubated in
mannito! buffer in the presence of drugs at room
temperature and then quickly washed with ice-cold
mannitol buffer. Then the uptake of 3°Cl~ was
measured in the absence or presence of drugs. Figure
5 shows that piroxicam did not inhibit chloride/
bicarbonate antiport unless it was present during the
uptake of 3C1~, indicating that the inhibitory effect
of this drug is quickly reversible. In the absence of
unlabelled chloride the inhibitory effect of indo-
methacin was not completely reversible. However,
when 5 mM unlabelled chloride was present during
the uptake of 3°Cl™, the inhibition by indomethacin
was almost eliminated (data not shown). The finding
that the inhibitory effect is reversible indicates that
it is not due to a toxic effect of the drugs on the cells.

Eéffect of non-steroidal anti-inflammatory drugs on
3C1™ efflux
To test if the drugs also inhibited chloride/bicar-
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Fig. 5. Reversibility of the inhibitory effect of piroxicam
and indomethacin on **Cl™ uptake. Vero cells in 24-well
disposable trays were preincubated in HEPES medium,
pH 6.0, for 20 min. Then the cells were washed twice with
ice-cold mannitol buffer and incubated for 3 min in man-
nitol buffer, pH 7.0, at room temperature in the absence
or presence of drugs as indicated. Subsequently, the cells
were washed three times with ice-cold mannitol buffer,
transferred to mannitol buffer, pH 7.0, containing 0.17 uCi
3C1~ and drugs as indicated. After incubation at 37° for
the indicated periods of time, the amount of radioactivity
associated with the cells was measured. The additions were:
(@), none; (V), 200 uM piroxicam only during prein-
cubation; (A), 20uM indomethacin only during pre-
incubation; (V¥), 200uM piroxicam throughout
experiment; (A), 20 uM indomethacin throughout exper-
iment.

bonate antiport at high chloride concentrations we
measured the efflux rate of 3°Cl™ into buffers con-
taining 140 mM C1~. Under these conditions more
than 90% of 3%Cl~ effiux is DIDS-inhibitable and
dependent on external chloride indicating that the
efflux is through anion antiport in exchange with
external C1™. The data in Fig. 6 show that the efflux
was inhibited in a dose dependent manner by the
drugs. It may therefore be concluded that the anti-
inflammatory drugs tested inhibit both chloride
uptake and chloride efflux by antiport.

Effect of anti-inflammatory analgesic drugs on bicar-
bonate dependent Na* uptake

We have earlier shown that in Vero cells Na* is
transported by Na*/H* exchange [1, 13, 6], Na*-
dependent chloride/bicarbonate antiport [15, 18]
andNa* K*,CI™ cotransport (our unpublished data).
Furthermore, sodium cotransport is involved in the
uptake of sugars and amino acids.

To measure bicarbonate-dependent Na* uptake,
we therefore used buffers without amino acids,
sugars and potassium. Furthermore the buffers con-
tained amiloride to inhibit the Na*/H* exchanger
and ouabain to inhibit the Na*/K*"-ATPase. We
have earlier shown that under these conditions the
Z2Na* uptake is strongly dependent upon the pres-
ence of bicarbonate, and the uptake is inhibited by
DIDS. Furthermore, intracellular chloride is nec-
essary for uptake [15].

As shown in Fig. 7, the anti-inflammatory anal-
gesic drugs inhibited the bicarbonate dependent
uptake of 2?Na*. Both 200 uM piroxicam, 200 uM
indomethacin and 2 mM salicylic acid had an inhibi-
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Fig. 6. Effect of NSAIDs on **Cl~ efflux. Vero cells were
preincubated in HEPES medium, pH 6.0, for 20 min at 37°.
Then the cells were washed twice with mannitol buffer,
pH 7.0, and incubated with the same buffer containing
0.17 uCi/mi *CI” for 15 min at 37°. The cells were then
transferred to KCl buffer, pH 7.0, at 24°. Drugs were
present in the efflux buffer as indicated. The radioactivity
associated with the cells was measured after increasing
periods of time. The additions were: A: (@), none; (O),
0.2 mM salicylic acid; (V), 2mM salicylic acid. B: (@),
none; (00), 0.2 mM acetylsalicylic acid; (V), 2 mM acetyl-
salicylic acid. C: (@), none; (O), 20 uM piroxicam; (V),
200 uM piroxicam. D: (@), none; (1), 20 uM indometh-
acin; (V), 200 uM indomethacin.

tory effect, whereas one tenth of those doses were
without effect.

To investigate if the Na*-independent or the Na*-
linked antiport was more sensitive to the inhibition
by drugs, the uptake of *?Na® and *CI”™ were
measured under the same conditions in the absence
and presence of drugs. As shown in Table 2, the
uptake of 3*Cl~ was more strongly inhibited than the
uptake of ??Na™. Thus, the different anti-inflam-
matory analgesic drugs inhibit the two chloride/
bicarbonate antiport systems to different extents.

Effect of anti-inflammatory analgesics on Na*-inde-
pendent and Na*-dependent bicarbonate linked
changes of pH;

The two bicarbonate dependent pH regulating
mechanisms can be studied independently by meas-
uring pH; under appropriate conditions. The activity
of the Na*-linked bicarbonate transport can be
measured as bicarbonate dependent increase in pH,
in Na*-containing buffers after acidification of the
cytosol. When the pH; is lowered, in Vero cells the
activity of the Na*-independent antiportis decreased
to such a low level that it does not interfere with
measurements of the activity of the Na*-dependent
process [14]. When the cytosol is acidified, H*-
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Fig. 7. Effect of NSAIDs on bicarbonate dependent **Na*
uptake. Vero cells in 24-well disposable trays were incu-
bated in HEPES medium, pH 6.0, for 20 min at 37°. Then
the medium was removed and 0.3ml/well of choline
chioride buffer with 10 mM choline bicarbonate, pH 7.3,
and containing 1.0 uCi/ml **NaCl and drugs as indicated
was added. Then the uptake of *Na* was measured as
described in Materials and Methods. The additions were:
A: (@), none; ({0), 0.2 mM salicylic acid; {(V), 2 mM sali-
cylic acid. B: (@), none; (0}, 0.2 mM acetylsalicylic acid;
{V), 2mM acetylsalicylic acid. C: (@), none; ({J), 20 uM
piroxicam; (V), 200 uM piroxicam. D: (@), none; (O),
20 uM indomethacin; (V), 200 uM indomethacin.

extrusion also occurs by the Na*/H™ exchanger, but
this can be inhibited by amiloride [14].

Table 2. Effect of indomethacin and piroxicam on the Na”-
independent (*C1™) and the Na*-linked (**Na*) chloride/
bicarbonate antiport

36Cl~ ZZNa+
% of control
Indomethacin 20 uM 55x=7 94+ 8
Indomethacin 200 uM 13x4 52+9
Piroxicam 20 uM 69 + 11 95+ 8
Piroxicam 200 uM 39+11 64 + 12

Vero cells in 24-well disposable trays were preincabated
in HEPES medium, pH 6.0, for 20 min. Then the cells were
washed twice with ice-cold mannitol buffer, transferred to
mannitol buffer, pH 7.0, containing either 0.17 uCi **Cl~
without HCO3 or 0.4 uCi/ml Na* with 10 mm HCOj7,
and drugs as indicated. One mM amiloride was present to
inhibit Na*/H"* exchange, and 50 uM ouabain was added
to prevent extrusion of Na* by the Na*, K*, ATPase.
Liquid paraffin was added to prevent escape of CO,. After
incubation at 37° for 3 min, the amount of radioactivity
associated with the cells was measured. The results are
expressed as per cent of radioactivity + SD associated with
cells not treated with indomethacin or piroxicam. The data
are based on six measurements.
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Fig. 8. Effect of indomethacin and salicylic acid on the
regulation of pH; in cells given an acid load. Vero cells
loaded with BCECF as described in Materials and Methods
were incubated in HEPES medium, pH 7.0, containing
15 mM NH,CI for S min. Then the cells were washed three
times with HEPES medium, pH 7.0, and 10 mM choline
bicarbonate was added in the same buffer with and without
drugs as indicated. Amiloride was present together with
indomethacin and salicylic acid. The fluorescence was rec-
orded and calibrated as described in Materials and
Methods.

In the experiments in Fig. 8, an acid load was
applied by using the ammonium prepulse technique
as described earlier [14]. The data in Fig. 8 show that
in the absence of inhibitors, normal pH; was restored
within 5 min. The regulation was partially inhibited
by amiloride, whereas the combination of amiloride
and DIDS strongly inhibited the regulation. The
interesting observation in Fig. 8 is that also 200 uM
indomethacin and 2 mM salicylic acid substantially
inhibited the increase in pH; after acidification in
the presence of amiloride. 20 uM indomethacin and
0.2 mM salicylic acid was without effect. The data
indicate that the pHj-regulation by the Na*-linked
chloride/bicarbonate antiport is inhibited by the
drugs.

We have earlier shown that at alkaline pH,
removal of extracellular chloride induces a rapid
increase in the pH; due to Na*-independent influx of
bicarbonate driven by the outward directed chloride
gradient [14]. To investigate if the non-steroidal anti-
inflammatory drugs inhibit this increase in pH;,
BCECF-loaded cells were preincubated in a buffer
containing 140 mM KCl, pH 7.6, and 10 mM choline-
HCO73 and then transferred to a K-gluconate buffer
with the same pH and the same concentration of
bicarbonate. The K-gluconate buffer did not contain
Na* to avoid interference from the Na*-linked anti-
port.

The result in Fig. 9, show that the pH; increased
from 7.2 to 7.6 upon transfer to chloride-free buffer.
As expected, the increase was blocked by 0.1 mM
DIDS. The new observation is that also in the pres-
ence of 20 uM indomethacin or 200 uM piroxicam
the increase in pH; was considerably reduced. Alto-
gether, the data indicate that the drugs here tested
inhibit the pH; regulation both by Na*-dependent
and Na*-independent C1~ /HCOj; exchange.
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Fig. 9. Effect of piroxicam and indomethacin on the alka-
linization induced by removal of extraceliular chloride.
Vero cells loaded with BCECF were incubated for 15 min
at 37° in KCl buffer, pH 7.6, containing 10 mM choline
bicarbonate. Subsequently, the cells were transferred to K-
gluconate buffer, pH 7.6, containing 10 mM choline bicar-
bonate. When indicated, 200 uM piroxicam or 20 uM indo-
methacin were also present. The fluorescence was recorded
and calibrated as described in Materials and Methods.

DISCUSSION

The mechanism of inhibition

The main observation presented here is that the
four anti-inflammatory analgesic drugs tested all
inhibit both Na*-linked and Na*-independent
chloride/bicarbonate antiport in Vero cells. Other
authors have found that the anti-inflammatory drugs
acetylsalicylic acid and niflumic acid inhibit the
activity of band III in erythrocytes [7,8)]. To our
knowledge, there has been no studies on the effect
of anti-inflammatory analgesic drugs on the two
Cl~/HCOj3 antiports in nucleated mammalian cells.
Structurally, the drugs here tested are anionic lipo-
philic compounds, and in this respect they resemble
other inhibitors of chloride/bicarbonate antiport
[25, 26].

One common mechanism of action for acetyl-
salicylic acid, indomethacin and piroxicam is the
selective inhibition of prostaglandin synthesis from
the precursor arachidonic acid [27,28]. We do not
think that this is the mechanism for the inhibition
of chloride/bicarbonate antiport described in this
paper. In the first place, inhibition of prostaglandin
synthesis requires several minutes to affect cellular
functions, because the prostaglandins already
present must first be broken down. We found that
preincubation with the drugs was not necessary to
inhibit anion antiport. Secondly, the effect on
chloride/bicarbonate antiport was rapidly reversible.
If synthesis of prostaglandins were involved in res-
toration of the activity of the antiport, the inhibitory
effect of the anti-inflammatory drugs should last for
several minutes after the drugs were removed.
Thirdly, we have earlier measured the inhibitory
effect on prostaglandin synthesis by these drugs,
and found that acetylsalicylic acid, piroxicam and
indomethacin inhibited the synthesis, whereas sali-
cylic acid exhibited no inhibitory effect [24]. The
ability of the drugs to inhibit prostaglandin synthesis
does not correlate with their capability to inhibit the
two chloride/bicarbonate antiports as salicylic acid
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is a more efficient inhibitor than acetylsalicylic acid.
Finally, as discussed in another paper [24], prosta-
glandins inhibit rather than stimulate the Na™-inde-
pendent C1™ /HCOj3 exchange.

The ability of the drugs to inhibit Cl~/HCOj3
exchange did not vary strongly with the external pH.
Thus, the relative inhibitory effect of the drugs was
almost constant between pH, 6.0 and 8.0. The con-
centration of the anionic form of the drugs is not
very different at pH 6.0 and at pH 8.0. Only in the
case of piroxicam is the anionic form approximately
twice as high at pH 8.0 as at pH 6.0. In contrast to
this, the concentration of the protonated form of
the compound is approximately 100 times higher at
pH 6.0 than at pH 8.0. The finding that almost the
same inhibition was obtained at the two pH values
therefore indicates that the inhibition of *Cl™ uptake
is due to the anionic form of the drugs.

The anti-inflammatory analgesic drugs inhibit the
Na*-dependent and the Na*-independent chloride/
bicarbonate antiports to different extents. In
general, higher concentrations were needed to
inhibit the Na*-linked antiport (measured as bicar-
bonate dependent uptake of **Na*) than to inhibit
the Na*-independent antiport (measured as *Cl~
uptake). This is in accordance with previous findings
from this laboratory that various anion transport
inhibitors inhibit the two kinds of antiport to dif-
ferent extent [29].

The action of NSAIDs on the activity of chloride/
bicarbonate antiports are complicated. In addition
to the inhibitory effect described in the present
paper, we have found that preincubation with the
drugs will under most circumstances activate the
Na*-independent antiport and inhibit the Na®-
dependent antiport [24]. The latter effects seem to
require lower doses of the drugs under physiological
ionic conditions than the direct inhibitory effects
described in this paper.

Clinical relevance of the inhibition

To exert an anti-inflammatory effect in the tissues,
the concentrations of the drugs are probably in the
range 2 to 20 M for indomethacin and piroxicam
and 1 to 2 mM for salicylic acid [5]. In our experi-
ments 20 uM of piroxicam had only a slight inhibitory
effect on both chloride/bicarbonate antiports when
the inhibition was measured at physiological con-
centrations of anions (see Figs 6 and 8). Twenty
uM indomethacin considerably inhibited the Na*-
independent antiport, whereas the Na*-linked anti-
port was not inhibited. On the other hand, 1-2 mM
salicylic acid substantially inhibited both chloride/
bicarbonate antiports. Thus, at anti-inflammatory
concentrations of the drugs, piroxicam hardly affects
chloride/bicarbonate antiport, whereas salicylic acid
and probably also indomethacin is likely to inhibit
C17/HCOj3 exchange.

Concentrations of all these drugs definitely high
enough to inhibit anion transport are achieved in the
body in a number of cases. Thus, after peroral intake
of the drugs, 10-50 times higher concentrations than
those mentioned above are regularly found in the
upper gastrointestinal tract [5, 30, 31]. Interestingly,
apical secretion of bicarbonate by gastric mucosa
cells is partly mediated by C1”/HCOj3 exchange
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[5, 11, 12]. Bicarbonate secretion is required to pro-
tect the cells against the luminal acid, and inhibition
of chloride/bicarbonate antiport would therefore
make the cells more susceptible to damage by the
gastric acid. As such damage probably gives rise to
peptic ulcers, it is interesting to note that a common
side effect of the drugs here tested, is indeed upper
gastrointestinal ulceration.

Overdose of the drugs here studied. and par-
ticularly of acetylsalicylic acid, is a common clinical
problem, and in such situations tissue concentrations
of the metabolite salicylic acid do reach con-
centrations of a few millimolar [6,32], i.e. high
enough to inhibit chloride/bicarbonate antiport. In
fact, inhibition of Cl”/HCO; exchange mediated
by the band I1I glycoprotein in erythrocytes is known
to occur in salicylate-intoxicated patients [7-10].
HCOj7 /Ci™ exchange is a rate limiting step in the
transport of CO, from the periphery to the lungs {7-
10]. Inhibition of this antiport will cause an increased
CO, tension in the peripheral tissues as well as in the
respiratory centre. This will result in a compensatory
hyperventilation which is indeed found in patients
moderately intoxicated with salicylate [5, 7-10, 32].
More severe inhibition of chloride/bicarbonate antt-
port in the erythrocytes is expected to cause acidosis
because of accumulation of carbonic acid in the
tissues. It is therefore likely that inhibition of Na™-
independent chloride/bicarbonate exchange in red
blood cells is involved in the acid-base disturbances
in patients with aspirin poisoning.

Chloride/bicarbonate antiport is probably also
necessary for effective excretion of acid by the kid-
neys [33]. CI7/HCOj; antiport is believed to take
place at the basolateral side of the tubules to com-
pensate for H™ excreted in the urine [33]. Inhibition
of CI"/HCOj3 antiport will therefore reduce the
ability of the kidneys to excrete acid and to reabsorb
HCO7 from the filtrate in the kidneys. Interestingly,
increased urinary excretion of bicarbonate is regu-
larly found in aspirin intoxicated patients [3, 6, 32].

Recently data have been presented indicating that
a fraction of the active NaCl transport in the proximal
convoluted tubule occurs via parallel Na*/H* and
Cl™ /HCO73 exchangers [34]. In accordance with
this, intoxication with aspirin which inhibits chloride/
bicarbonate antiport results in reduced Na* and CI™
absorption by the kidneys. This may induce a loss
of salt that may exaggerate the dehydration that
regularly occurs in intoxicated patients [S, 6, 32].
Altogether it may be concluded that inhibition of
chloride/bicarbonate antiport may be involved in
several of the clinical effects of the non-steroidal
anti-inflammatory drugs here studied.
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