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S u m m a r y .  Mechanisms of proton transport were investigated in 
phospholipid bilayer membranes exposed to salicylates and ben- 
zoates. Membranes were formed from diphytanoyl phosphatidyl- 
choline in decane plus chlorodecane (51)% vol/vol). Proton and 
anion conductances (GH and G^) were calculated from the total 
conductances and the H + or A diffusion potentials produced by 
transmembrane H T or A gradients. At low pH salicylate caused 
a GH which was proportional to the square of the total weak acid 
concentration, and GH was maximum when pH = pK. At neutral 
to alkaline pH salicylate caused a GA which was proportional to 
the first power of the salicylate concentration, and Ga was inde- 
pendent of pH. Both Gu and GA were inhibited by phloretin. The 
results suggest that salicylate acts as an HA~_ -type proton carrier 
at low pH and as a lipid-soluble anion at neutral pH. Salicylate 
has been implicated as a causal factor in Reye's syndrome, as 
well as in aspirin poisoning, and salicylate has been reported to 
increase the proton conductance of inner mitochondrial mem- 
branes. The present results suggest that in mitochondria salicy- 
late increases passive proton uptake by a combination of HA 
influx (driven by the concentration gradient) and A efflux 
(driven by the voltage and concentration gradients). Model cal- 
culations suggest that over the range of therapeutic to toxic con- 
centrations, salicylate causes net H + influx sufficient to explain 
the reported "'loose coupling," uncoupling and swelling of mito- 
chondria. The relative ineffectiveness of aspirin and benzoate 
can be explained by their low A permeabilities, whereas the 
ineffectiveness of 2,6-dihydroxybenzoale can be explained by its 
low pK. 

Key W o r d s  sa l i cy la te  - proton transport . phospholipid bi- 
layer membrane - mitochondria . aspirin �9 Reye's syndrome 

Introduction 

Consumption of salicylates (mainly aspirin) in the 
United States is more than 10,000 tons per year, and 
reported cases of salicylate poisoning occur at a 
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rate of about 10,000 per year [9, 37]. Salicylate in- 
gestion is also associated with gastric mucosal in- 
jury [21, 32] and with Reye's syndrome [10, 311, a 
disease characterized by impaired energy metabo- 
lism and mitochondrial swelling, especially in liver 
and brain [2, 16, 35, 40]. During and following its 
absorption from the gastrointestinal tract, aspirin is 
hydrolyzed rapidly ( t l / 2  ~ -  20 rain) to form salicylic 
and acetic acids [9, 21, 32]. Thus, many of the side 
effects, as well as the therapeutic effects, of aspirin 
are due to salicylate and/or salicylic acid [9, 21,37]. 

Previous studies have shown that salicylate 
causes dose-dependent "loose coupling" [16], un- 
coupling [4, 39], and swelling [40] in isolated mito- 
chondria. However, acetylsalicylate (aspirin), ben- 
zoate, and 2,6-dihydroxybenzoate are either 
ineffective or less effective than salicylate [4~ 39, 
40]. The uncoupling caused by salicylate is qualita- 
tively similar to that caused by 2,4-dinitrophenol [4, 
39], suggesting that sa/icylate acts as a "proton 
ionophore" [16]. The reasons for the relative inef- 
fectiveness of the other benzoates and aspirin are 
not clear [4, 39, 40]. 

The objectives of this study were, first, to char- 
acterize the proton and anion conductances caused 
by salicylates and benzoates in phospholipid bilayer 
membranes and, second, to predict the effects of 
salicylates and benzoates on mitochondria. The 
results suggest that at low pH salicylate acts as an 
HA~-type proton carrier, but at neutral pH salicy- 
late behaves as a lipid-soluble anion moving in par- 
allel with salicylic acid, which crosses the mem- 
brane by nonionic diffusion. Collectively, the data 
provide a simple explanation for the mitochondrial 
uncoupling and swelling which occurs in salicylate 
poisoning and possibly also in Reye's syndrome. 
The lesser effectiveness of benzoate and aspirin can 
be explained by their low anionic permeabilities, 
whereas the ineffectiveness of 2,6-dihydroxyben- 
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Fig. 1. Structures of salicylates and benzoates used in this study: 
benzoic acid (pK = 4.1), salicylic acid (pK = 3.0), 3-hydroxy- 
benzoic acid (pK = 4.1), 2,6-dihydroxybenzoic acid (pK = 1.1) 
and acetylsalicylic acid (aspirin) (pK = 3.5). The pK's are from 
[34] 

zoate can be explained by its low pK. A preliminary 
account of this work has been published [14]. 

Materials and Methods 

MATERIALS 

Diphytanoyl phosphatidylcholine was obtained from Avanti Po- 
lar Lipids (Birmingham, AL). Decane (99.9%) was obtained from 
Wiley Organics (Columbus, OH), and 1-chlorodecane (95%) was 
obtained from Aldrich (Milwaukee, W1). Buffers were obtained 
from Research Organics (Cleveland, OH) or Sigma (St. Louis, 
MO). Salicylic acid, benzoic acid, 3-hydroxybenzoic acid, ace- 
tylsalicylic acid (aspirin) and phloretin were obtained from 
Sigma. 2,6-dihydroxybenzoic acid was obtained from Eastman 
Kodak (Rochester, NY). The structures of the salicylates and 
benzoates are shown in Fig. I. 

The decane and chlorodecane were passed through an alu- 
minum oxide column to remove polar impurities. Water was 
deionized and then doubly distilled. In some experiments the 
water was HPLC grade obtained from Burdick and Jackson 
(Muskegon, MI). 

METHODS 

Planar bilayer membranes (1.4 mm 2) were formed from diphyta- 
noyl PC (31 mg/ml or 37 mM) dissolved in n-decane plus 1- 
chlorodecane (50%, vol/vol). Membranes were formed in an 
open chamber designed so that both the front and rear solutions 
could be modified by perfusion and/or injection [13, 38]. The 
front and rear solution volumes were 1.2 ml each, and both solu- 
tions were stirred magnetically. The temperature was 24 + 2~ 

The chlorodecane was added to slightly increase the dielec- 
tric constant of the nonpolar region of the membrane [7, 26]. 
Dilger et al. [7] showed that bilayers containing chlorodecane 
rather than decane have ionic, e.g., C104 and SCN-, permeabili- 

ties similar to those of inner mitochondrial membranes, which 
contain large amounts of integral membrane proteins. Bilayers 
containing 50% chlorodecane solvent have ionic permeabilities 
about an order of magnitude lower than bilayers made with 100%. 
chlorodecane, but the 50% mixture provides better mechanical 
stability [13]. 

Salicylates or benzoates were prepared in concentrated 
stock solutions (0.5-1.0 M) as either free acids in ethanol or 
sodium salts in water. After the membrane was formed and the 
baseline conductance was measured, the salicylates or benzoates 
were injected by microsyringe to give final concentrations rang- 
ing from 0.1 to 30 raM. Aqueous stock solutions of sodium acetyl- 
salicylate deteriorated within several hours, giving artifactually 
high conductances which were probably due to salicylate. How- 
ever, stock solutions of acetylsalicylic acid in 100% ethanol were 
stable for at least a month at 4~ 

The method of measuring proton conductance is described 
elsewhere [11-13]. In brief, the membranes were exposed to 
small (0.3-0.7 unit) pH gradients produced by mixtures of 
weakly acidic and weakly basic buffers, e.g., HEPES plus Tris, 
MES plus Bis-Tris, TAPS plus Bis-Tris propane, etc. In most 
experiments the front and rear solutions contained similar con- 
centrations of all ions except H" and OH-. The H + diffusion 
potential produced by the pH gradient was measured with a high 
impedance electrometer and two calomel-KC1 electrodes. 

The transference number for H + (Tn) was calculated from 
the relation, TH = V/EH, where V is the measured diffusion 
potential and En is the Nernst equilibrium potential for H § The 
H + conductance (Gn) was calculated from the relation, Gn = TH 
G, where G is the total steady-state conductance, measured by 
applying a small voltage pulse across the membrane. 

Anion conductances (GA) were measured by imposing an 
A concentration gradient under conditions of symmetrical and 
well-buffered pH. The A diffusion potential and the total con- 
ductance were measured, and GA was calculated in a manner 
similar to that described for G~. 

Since EH = EOH, it is impossible to distinguish between H + 
and OH conductances without a prior knowledge of the trans- 
port mechanism. However, in this study we will be dealing with 
weak acids which are expected to act as H +, not OH-, carriers. 
For this reason, as well as for convenience, 1 will use the term 
"proton conductance" rather than "proton/hydroxide conduc- 
tance." 

Results 

SALICYLATE-INDUCED CONDUCTANCE 

AS A FUNCTION OF pH 

Figure 2 shows the membrane conductance as a 
function of pH at a constant total salicylate ([A ] § 
[HA]) of  2 raM. When pH was near pK, the conduc- 
tance was maximum and the membrane behaved as 
a pH electrode, giving H + diffusion potentials of 56 
to 59 mV per pH unit. At neutral to alkaline pH the 
conductance was lower and independent of pH, and 
the membrane behaved as a salicylate electrode, 
giving A-  diffusion potentials of  50 to 56 mV per 10- 
fold concentration gradient. "Background"  con- 
ductances due to Na +, C1- and buffer ions corn- 
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Fig. 2. Membrane conductance (G) as a function of pH at a 
constant total salicylate of 2.0 raM. Solutions were buffered with 
HCI (pH 0.9-1,7), glycine plus HCI or citric acid (pH 2.4-3.0),/3- 
alanine plus HCI or gluconic acid (pH 3.0-4.1), citric acid plus 
NaOH (pH 4.1-4.7), MES plus Bis-Tris (pH 6.1-6.8), HEPES 
plus Tris (pH 7.4-8.2) and TAPS plus Bis-Tris propane (pH 8.6- 
9.2). Total buffer concentrations ranged from 100 to 240 mM 
(except for HCI at pH 1.3-1.7), and ionic strengths ranged from 
0.04 to 0.12. Each point represents a single membrane 
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Fig. 3. Proton conductance (Gx) and salicylate conductance 
(GA) as a function of total salicylate concentration at constant 
pH. At pH 3.0 the buffer was 120 mM glycine plus 60 mM citric 
acid or 100 mM/3-alanine plus 80 mM HCI. At pH 7.8 the buffer 
was 80 mM HEPES plus 80 mM Tris. The dashed line is GA 
"corrected" for surface charge as described in the text. Vertical 
bars indicate the standard deviations of 3-5 membranes 

prised <5% of the total conductance at pH 1 to 5 
and <15% of the total conductance at pH 6 to 9. 

SALICYLATE CONCENTRATION DEPENDENCE 
OF GH AND GA 

Figure 3 shows Gn and GA as functions of the sal- 
icylate concentration at constant pH. At pH 3.0, 
when G = GH, the conductance was proportional to 
the second power of the salicylate concentration, 
giving a slope of 2.0 on the double-log plot. Similar 
results were obtained at pH's 1.3, 2.5 and 3.6 (data 
not shown). At pH 7.8, when G -~ GA, the conduc- 
tance was proportional to the first power of the sal- 
icylate concentration at low concentrations, but GA 
tended to "saturate" at high concentrations. 

McLaughlin [25] showed that salicylate adsorbs 
to neutral (phosphatidylcholine or phosphatidyl- 
ethanolamine) bilayers at pH 7, producing negative 
surface potentials which increase from 0 to 100 mV 
as the salicylate concentration increases from 1 to 
120 raM. Thus, I used his estimates of surface po- 
tential to "correct"  the salicylate conductances 
over the range of 1 to 30 mM from the relation, 

G'A = GA e x p ( - F q U R T )  (1) 

where G~ is the "corrected" conductance, �9 is the 
surface potential and R, T and F have their usual 
meanings. The calculated G~ (dashed line in Fig. 3) 
has a slope of 1.0, suggesting that the saturation of 
GA at high concentrations is due to salicylate ad- 
sorption to the membrane. 

CONDUCTANCES AND PERMEABILITIES 

OF BENZOATES AND SALICYLATES 

The Table compares the conductances caused by 
salicylate, benzoate, aspirin, 3-hydroxybenzoate 
and 2,6-dihydroxybenzoate. Benzoate, aspirin and 
3-hydroxybenzoate were much less effective than 
salicylate, and 2,6-dihydroxybenzoate was much 
more effective than salicylate in producing GH and 
GA. None of the weak acids produced significant 
GH at pH 7.8. 

The salicylate permeability coefficient (PA) was 
estimated from the relation, 

PA = GART/F2[A -] (2) 

which yields a value of about 7 • 10 -8 cm sec -~ at 1 
m s  salicylate. At higher salicylate concentrations 
PA decreased due to the sublinear relationship be- 
tween GA and [A-] (Fig. 3). For comparison, the 
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Table. Proton and anion conductances (Gn and GA) caused by salicylates and benzoates in phospho- 
lipid bilayer membranes ~ (the total concentration of each weak acid was 2.0 mM) 

Weak acid pK b GH when pH = pK GA when pH = 7.8 
(nS cm -2) (nS cm -z) 

Salicylic 3.0 9,300 -+ 1,200 480 + 112 
Benzoic 4.1 18 + 8 11 ___ 4 
Acetylsalicylic 3.5 16 -+ 9 9 • 5 
3-Hydroxybenzoic 4.1 < 1 < 1 
2,6-Dihydroxybenzoic 1.1 >500,000 4,500 • 800 

Membrane-forming solution contained diphytanoyl phosphatidylcholine (31 mg/ml) in decane plus 
chlorodecane (50%, vol/vol). 
b pK's are from Serjeant and Dempsey [34]. 
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Fig. 4. Inhibition of salicylate-induced GH and GA by phloretin. 
The total salicylate concentration ([A-] + [HA]) was 2.0 raM, 
and the solutions were buffered as described in the legend of Fig. 
3. Phloretin (in ethanol) was injected either before or after mem- 
brane formation. Error bars indicate standard deviations of 2-4 
membranes 

permeability coefficient of salicylic acid (PHA) is 
about 0.7 cm sec -j [15], seven orders of magnitude 
higher than PA- 

INHIBITION OF GH AND GA BY PHLORETIN 

Phloretin inhibited the salicylate-induced GH and 
GA, causing about 90% inhibition at 20/xg phloretin 
(Fig. 4). The primary effect of phloretin on bilayers 
is to decrease the membrane dipole potential, thus 
increasing cation conductance and decreasing anion 
conductance [1, 30]. Thus, the inhibition of both GH 
a n d  GA by phloretin suggests that both H + and A- 
transport are rate limited by the translocation of an 
anion. Phloretin also inhibits the conductances 
caused by other weak acids, e.g., 2,4-diuitrophenol 

[30], CCCP (carbonylcyanide m-chlorophenylhy- 
drazone) [!, 30] and long-chain fatty acids [13]. 

CONDUCTANCE-VOLTAGE RELATIONSHIPS 

Figure 5 shows the salicylate-induced conductance 
as a function of voltage for several different pH 
values. The conductances were normalized by tak- 
ing the ratio of the conductance at voltage, V, to the 
conductance at 40 inV. Then Gv/G4o was plotted 
against membrane voltage. The results were com- 
pared to the predictions of a trapezoidal energy- 
barrier model, i.e., 

Gv/G4o = b sinh(u/2)/sinh(bu/2) (3) 

where b is the fraction of the membrane spanned by 
the minor base of the trapezoid and u = FV/RT 
[17, 181. 

At pH 1.8 to 3.8, when G = GH, the conduc- 
tance-voltage curves were superlinear, falling in the 
range of b = 0.6 to 0.7, similar to some other weak 
acid proton carriers [3, 20]. However, at pH 6.4 to 
7.8, when G = Ga, the conductance was nearly 
constant up to at least 120 mV. Unfortunately, at 
pH > 7 salicylate caused the membranes to rupture 
at < 140 inV. Nevertheless, the data suggest that GA 
is less voltage sensitive than Gu. 

Discussion 

MECHANISMS OF H + AND A -  CONDUCTANCES 
CAUSED BY SALICYLATES AND BENZOATES 

Exposure of phospholipid bilayers to salicylate and 
salicylic acid at low pH causes a large increase in 
Gu, and GH is maximum when pH is near pK (Fig. 
2). G~. shows a quadratic dependence upon the total 
salicylate concentration (Fig. 3), and Gu is inhibited 
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Fig. 5. Voltage dependence of salicylate-induced conductance at 
several pH values. Total salicylate concentrations ranged from 
0.6 to 6 mM, and the solutions wre buffered as described in the 
legend of  Fig. 2. The solid lines were calculated from gq. (3), 
where b is the fraction of the membrane spanned by the minor 
base of the trapezoidal energy barrier. Each point is the average 
of  measurements  from 2-3 membranes.  A few data points have 
been shifted slightly to prevent overlap 

tional to [A-] (Fig. 3) and inhibited by phloretin 
(Fig. 4). 

The ability of salicylate to produce G~ and GA is 
orders of magnitude greater than benzoate and aspi- 
rin (Table). Usually the addition of a hydroxyl 
group to a molecule decreases its membrane perme- 
ability due to the formation of additional hydrogen 
bonds with water, e.g., 3-hydroxybenzoate com- 
pared to benzoate (Table) [19]. However, in salic- 
ylate the location of the hydroxyl adjacent to the 
carboxyl group permits the formation of an internal 
hydrogen bond [29] which delocalizes the negative 
charge, reduces the pK from 4.1 to 3.0, and in- 
creases Ga by about 40-fotd (Table). In 2,6-dihy- 
droxybenzoate each hydroxyl group forms an inter- 
nal hydrogen bond with an adjacent carboxyl 
oxygen [29], thus creating a "super-salicylate" 
which has a pK 2 units lower and a GA 10-fold 
higher than salicylate (Table). In acetylsalicylate 
the internal hydrogen bond is absent and GA is low, 
about the same as benzoate (Table). Thus, the per- 
meabilities of the salicylates and benzoates are de- 
termined by both the nature and location of the sub- 
stituent groups on the benzene ring. 

E F F E C T S  OF SAL1CYLATES AND BENZOATES 

ON M I T O C H O N D R I A  

by phloretin (Fig. 4). At neutral to alkaline pH the 
membranes are A- rather than H + selective, but GA 
is lower than Gn, and GA is independent of pH (Fig. 
2). Finally, GA is proportional to the first power of 
the salicylate concentration (Fig. 3) and is inhibited 
by phloretin (Fig. 4). 

The characteristics of GH are those expected for 
an HA2-type proton carrier, as exemplified previ- 
ously by 2,4-dinitrophenol and several other weak 
acid "protonophores" [8, 22, 24, 26]. According to 
the HA2 model, reviewed by McLaughlin and 
Dilger [26], the rate limiting step in H + transport is 
the translocation of an anionic dimer, HA2, formed 
by a combination of A and HA on or near the 
membrane surface. The HA2 model provides a sim- 
ple explanation for the maximum GH when pH = 
pK (Fig. 2) and the quadratic dependence of GH on 
total salicylate concentration (Fig. 3). The inhibi- 
tion of GH by phloretin (Fig. 4) and the voltage de- 
pendence of GH (Fig. 5) are also consistent with the 
HA2 model. The slight shift of the maximum G~ to 
the acid side of the pK (Fig. 2) can be explained by 
the titration of the phosphate groups at pH < 3 [36]. 

The characteristics of GA a r e  also consistent 
with the HA,5 model, because when pH >> pK the 
only significant charge carrier is salicylate, a 
slightly lipid-soluble anion. Thus, Ga is lower than 
Gu (Fig. 2), independent of pH (Fig. 2), propor- 

Salicylate acts as an uncoupler of oxidative phos- 
phorylation [4, 16, 391 and causes rapid swelling of 
isolated mitochondria [40]. The ability of salicylate 
to cause mitochondrial uncoupling and/or swelling 
can explain some of the symptoms of salicylate poi- 
soning [4, 9, 40], gastric mucosal injury [21] and 
Reye's syndrome, a "mitochondrial disease" char- 
acterized by impaired energy metabolism and swol- 
len mitochondria [2, 16, 35, 40]. Benzoate, aspirin, 
3-hydroxybenzoate and 2,6-dihydroxybenzoate are 
either less effective or ineffective in causing mito- 
chondrial uncoupling or swelling [4, 39, 40]. 

Figure 6 shows a model for salicylate-induced 
uncoupling and swelling in mitochondria. The 
present results suggest that salicylate causes A- 
conductance but not H + conductance at pH 7 to 8. 
However, the salicylic acid (HA) permeability is so 
high (0.7 cm sec J) [15] that HA rapidly equilibrates 
across the inner mitochondrial membrane even at 
pH 7.4 ~. Salicylate accumulates in the matrix due to 

If salicylate transport occurs primarily by HA diffusion 
and follows first-order kinetics, then the half time (tv2) for salicy- 
late turnover in mitochondria will be less than 0.1 sec, as esti- 
mated from the relation, tr/,_ ~ 0 . 6 9 3 V / A P ~ ,  where V / A  is the 
ratio of  matrix volume to inner membrane surface area (approx. 
10 6 cm) [33] and P, is the total salicylate permeability (approxi- 
mately 10 5 cm sec ~). i.e., Pua multiplied by the fraction of  HA 
at pH 7.4. 
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Fig. 6. Model for salicylate-induced uncoupling and swelling in 
mitochondria. Net H + uptake results from HA influx (driven by 
the [HA_] gradient) and A efflux (driven by the voltage a0d [A- ]  
gradients). Thus, the electrochemical H + gradient (protonmotive 
force) decreases, resulting in " loose coupl ing" at 0.5-1.0 mM 
salicylate [16] and complete uncoupling at 2-4 mM salicylate [4, 
39]. Values of  pH ~ pH i, and V are those reported by Haas et al. 
[16] for isolated mitochondria exposed to 1 mM salicylate under 
state-4 conditions.  In the absence  of salicylate the pH i and V 
were about 8. ! and - 157 mV [16]. Osmot ic  swelling (due to NaCl 
uptake) occurs  at >1.6  mM salicylate [40]. One-way HA fluxes 
were calculated from: JHA = PHA[HA], a s suming  PHA = 0.7 cm 
sec -I [15]. The net efflux of A-  was calculated from: JA = GAV/ 
F, a s suming  Ga = 600 nS cm '- (Fig. 3) and a linear current /  
voltage relation at pH 7.4-8.1 (Fig. 5). The  approximately equal 
bidirectional arrows for HA indicate near  equilibrium conditions.  
The unequal  arrows for A-  indicate that salicylate is far from 
equilibrium. Thus ,  salicylate efflux is the rate-limiting step in net  
H + uptake 

the more alkaline pH, but salicylate is also driven 
out by the negative voltage and the [A-] gradient. 
Thus, the overall result is a net H + influx that is rate 
limited by A- efflux across the inner mitochondrial 
membrane. 

In Fig. 6 the values shown for pH ~ pH i and V 
are those reported by Haas et al. [16] for state-4 
mitochondria exposed to 1 mM salicylate. In addi- 
tion to partially depolarizing the membrane, I mM 
salicylate causes a twofold increase in state-4 oxy- 
gen consumption and a fourfold increase in " H  + 
conductance ''2, thus decreasing the efficiency of 

2 The " H  + conduc tance"  defined by Haas  et al. [16] (see 
also refs. 27 and 28) is the state-4 rate of  oxygen consumpt ion  
divided by the protonmotive force. For  rat liver mitochondria  the 
control (salicylate-free) value was about 10 nmol H + (rag pro- 
tein) -I sec ~ volt ~ [16], which corresponds  to a specific conduc-  
tance of about  0.5 ~S cm --~ [27]. The " H  + conduc tance"  mea- 
sured by all these  workers includes both electroneutral and 
"e lec t rogenic"  H + uptake. Thus ,  the model shown in Fig. 6 is 
consis tent  with the reported " increase  in H + conduc tance"  
caused by salicylate [16], even though the model shows no H + 
conductance  per se. 

ATP production, a condition described as "loose 
coupling" [16]. Higher salicylate concentrations 
cause complete uncoupling of oxidative phosphor- 
ylation [4, 39]. Previously, McLaughlin and Dilger 
[26] described the "minimal uncoupling concentra- 
tion" of a proton ionophore to be that producing 
about a twofold increase in state-4 respiration and a 
net H + uptake of about 0.4 pmol cm 2 sec-~, in 
reasonable agreement with Haas et al. [16] as well 
as with the calculated net H + flux shown in Fig. 6. 
For comparison, therapeutic concentrations of free 
(unbound) salicylate in plasma usually range from 
0.1 to 0.7 mM (total serum salicylate about 1.0 to 2.5 
raM) [5, 9, 40]. In salicylate poisoning the plasma 
concentrations usually range from 3 to 8 mM [2, 5, 
9, 321. 

Salicylate also causes rapid osmotic swelling of 
isolated mitochondria [40]. This probably results 
from both the net H + uptake, which promotes H+/ 
Na + exchange, and the depolarization of the mem- 
brane, which promotes net CI- uptake [6]. Swelling 
and uncoupling do not occur with benzoate [4, 39, 
40], apparently because GA is too low (Table) to 
allow significant H + uptake via the mechanism 
shown in Fig. 6. Alternatively, the benzoic acid 
(HA) permeability might be too low to allow signifi- 
cant HA influx. However, this alternative is ruled 
out by the PItA o f  0 . 5  c m  s e c  - l  [38] ,  combined with 
the pK of 4.1, from which we predict that benzoic 
acid will equilibrate with mitochondria even faster 
than salicylic acid. Thus, the ineffectiveness of ben- 
zoate as both a swelling agent [40] and an uncoupler 
[4, 39] is due to its low PA rather than its low P H A .  

The relative ineffectiveness of aspirin [39] may have 
the same explanation (Table), although PHA has not 
been measured. 

The ineffectiveness of 2,6-dihydroxybenzoate 
probably has a different explanation. Although GA 

produced by 2,6-dihydroxybenzoate is 10-fold 
higher than GA produced by salicylate (Table), the 
pK is almost 2 units lower, which means that the 
HA concentration will be almost 100-fold lower at 
pH 7.4. Based on its partition coefficient into or- 
ganic solvents [23], we expect the PHA of 2,6-di- 
hyroxybenzoic acid to be similar to that of salicylic 
acid. Thus, under the conditions shown in Fig. 6, 
2,6-dihydroxybenzoic acid has a predicted HA in- 
flux of about 0.1 pmol cm -2 sec -1, consistent with 
the observation that 2,6-dihydroxybenzoate is 
about 10% as effective as salicylate in uncoupling 
mitochondria [4]. A similar argument was invoked 
by McLaughlin and Dilger [26] to explain why pi- 
crate (2,4,6-trinitrophenolate) does not uncouple 
mitochondria. 

In conclusion, salicylate behaves as an HA2- 
type proton carrier at low pH and as a lipid-soluble 
anion at neutral to alkaline pH. The salicylate con- 
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ductance, operating in parallel with salicylic acid 
diffusion, can explain the concentration-dependent 
loose coupling, uncoupling and swelling caused by 
salicylate in mitochondria. The relative ineffective- 
ness of benzoate and aspirin can be explained by 
their low A permeabilities, and the ineffectiveness 
of 2,6-dihydroxybenzoate can be explained by its 
low pK. Since ingested aspirin breaks down rapidly 
to form salicylic acid, the results of this study 
should help to clarify the mechanisms of aspirin 
toxicity in humans. 

This research was supported by National Institutes of Health 
grant GM 28844. 
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