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SUMMARY: The cellular effects of fluoride (as F– from NaF) on Na+ and K+ transport
across the rat erythrocyte membrane were investigated using 22Na as a tracer and
nonradioactive Rb+ as a K+ congener. Exposure of rat erythrocytes to 20 mM NaF for
30–120 min considerably diminished (by 68%) Rb+ influx into the cells, comparable
to the inhibitory action of 1 mM ouabain. F induced a modest accumulation of cellular
Na+ and a loss of cellular K+ significantly greater than the effects produced by
ouabain. Removal of Ca2+ from the standard medium resulted in a significant
decrease of F-induced Na+ accumulation and 22Na uptake and almost completely
suppressed F-induced loss of K+. Treatment with 1 mM amiloride and 0.2 mM
bumetanide inhibited the F-induced Na+ influx by 70% and 20%, respectively,
suggesting an involvement of amiloride-sensitive pathways (Na+/H+ exchanger or
Na+ channels) and Na-K-2Cl– cotransport. Addition of 50 µM Al3+ (activator of G-
proteins) into incubation medium did not affect the F-induced alterations of both Na+

influx and intracellular Na+ and K+ content. Treatment of the cells with 1 mM quinine
or 1 mM Co2+ (blockers of Ca2+ transport), 1 mM amiloride, or 5 µM KN-93 (inhibitor
of Ca2+/calmodulin-dependent protein kinases) produced substantial inhibition of F-
induced Na+ accumulation by 40–48% and K+ loss by 16–30%. These findings
suggest that the observed changes in activity of a number of enzymes and
intracellular Ca+ concentration may mediate many of the early events involved in the
response of rat erythrocytes to inorganic F.

Keywords: Erythrocyte membrane; Fluoride and ion transport; Intracellular Ca2+ concentration; 
K+ and Na+ transport; Protein phosphatases; Rat erythrocytes.

INTRODUCTION

Fluoride ion (F) is known for its exceptional biological activity and diverse
effects on the living organisms. The ability of F to alter the activity of many cell
enzymes and to affect various metabolic pathways, thereby causing cytotoxic
effects, is well established.1-4 F is also implicated in the transport of inorganic
cations across the cell plasma membrane due to both the direct blockade of
transport ATPases5-7 and/or the inhibition of activity of protein phosphatases.8-12

Many of the cellular effects of F can be attributed to its ability to form
fluoroaluminates AlF3-5 that can activate G proteins,13,14 which, in turn, results in
modification of the cellular concentrations of the secondary messengers involved
in the regulation of ion transport across the plasma membrane. In a number of cell
types, F has been shown to enhance an intracellular concentration of Ca2+

([Ca2+]i)15-18 that might have a substantial influence on the membrane transport of
Na+ and K+. 

Red blood cells (erythrocytes) are convenient for elucidation of the cellular
mechanisms underlying F action. It is well documented that exposure of human
erythrocytes to F results in decrease of the cell ATP concentration and active
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extrusion of Na+ as well as considerable loss of cellular K+.19-21 In the studies on
red blood cells of several other species, including rats, F has been used as an
activator of G-proteins and as inhibitor of protein phosphatases.9,10,12,22-24 The
aim of the present work was to conduct a detailed investigation of the influence of
F on Na+ and K+ transport across the rat erythrocyte membrane and intracellular
homeostasis of monovalent cations. 

MATERIALS AND METHODS

Experimental animals: Eight-to-twelve-week-old male Wistar rats weighting
150–200 g were used for the experiments. Rats were housed in a temperature-
controlled room at 20–23ºC under a 12-hr light/dark cycle with free access to the
standard rat chow and tap water nominally free of F. All the experimental
procedures were performed in accordance with the Russian Federation laws
relating to experiments on laboratory animals. Seven animals were used for each
series of experiments.

At the end the study periods, the rats were anesthetized with a lethal dose of
ether, and blood from the carotid artery was collected into heparinized tubes
containing cold washing solution of the following composition: 140 mM NaCl, 4
mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 10 mM Tris-HCl (pH 7.4 at 5ºC). The
blood was immediately centrifuged (3000 g at 5ºC for 5 min), plasma and the
upper cell layer were discarded, and the erythrocytes were washed three times
with the same solution. The resulting erythrocytes were re-suspended in a standard
incubation medium to final hematocrit of 20–30%. The standard incubation
medium contained 140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM
Tris-HCl, and 10 mM glucose (pH 7.4 at 37ºC). Ca2+-free medium contained all
listed salts except CaCl2 and was added with 0.1 mM EDTA-Na2.

Rb+ influx: All determination experiments were conducted at 37ºC. The
erythrocytes were incubated in the standard media containing 4 mM RbCl in place
of 4 mM KCl. Next, 20 mM NaF or 1 mM ouabain (final concentrations), singly or
in combination, was added to the incubation media. The samples of the cell
suspension were aspirated after 30, 60, or 120 min of incubation for measurement
of intracellular Na+, K+, and Rb+.

Cell ion composition: Red blood cells (RBCs) were washed with cold solution
containing 110 mM MgCl2 and 10 mM Tris-HCl (pH 7.4 at 4ºC), then lysed in
distilled water. Na+ and K+ concentrations in the cell lysates were measured with a
Flapho-40 flame photometer (Carl Zeiss, Germany). Rb+ concentration was
determined using SHIMADZU Atomic Absorbance Spectrophotometer AA-6800.

22Na uptake: Unidirectional Na+ influxes were measured using 22Na as a tracer
for 60 min when the isotope influx was linear as shown previously.32 Aliquots
(100 µL) of the cell suspension were added to the tubes (final hematocrit of 2–3%)
containing 1 mL of the standard incubation medium and testing reagents. Then
22Na was added to the test tubes (final activity ~3 µCi/mL) and its uptake for 60
min was determined. After incubation, 1 mL of the cell suspension was injected
into 10 mL of cold MgCl2-Tris-HCl solution. Aliquots of supernatant were taken
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to determine radioactivity of the medium. The erythrocytes were washed twice
with the same solution, lysed with 5% trichloracetic acid, and aliquots of the
lysates were taken for counting. Radioactivity of incubation medium and cell
lysates was measured using a beta-counter 1209 RACKBETA (“LKB”, Wallac).
Na+ influx was calculated as 

where ARBC and Am are the radioactivity of 1 mL cells and 1 mL medium, respec-
tively, CNa is the Na+ medium concentration (ΟM/mL), and t is the incubation time
(hr).

Chemicals: All reagents, buffers, and salts were analytical grade and purchased
from Sigma (St. Louis, MO, USA) or MP Biomedicals (Irvine, CA, USA). Stock
solutions of amiloride, bumetanide, and ouabain were dissolved in DMSO
(dimethylsulfoxide). The same volumes of DMSO were added to the control
samples. Stock solution of NaF (500 ΟM) was prepared on distilled water. 22Na
was obtained from ISOTOP (Sankt-Petersburg, Russia).

Statistical analysis: All data were processed by SigmaPlot software package
version 6.0 (Jandel Scientific). Statistical differences of the measured variables
were assessed using Student’s t test for paired data. Results are mean values with
standard errors (± SE). P values less than 0.05 were considered significant.

RESULTS 

Effect of F on Rb+ influx into rat erythrocytes: Since F is known to influence the
active transport of monovalent cations across cell membranes, its effect has been
compared to that of ouabain, a selective inhibitor of Na+-K+-ATPase. Figure 1
shows that the intracellular accumulation of Rb+ as a substitute for K+ is
considerably diminished in the presence of ouabain or F as compared to control
value. The inhibitory effect of F was found to be somewhat lower, yet statistically
significant, compared to that of ouabain. Rb+ influx in the presence of a
combination of these agents did not differ from that in the presence of ouabain
alone (1.46 ± 0.11 vs 1.45 ± 0.08 mM/L/hr).

Effect of F on cellular Na+ and K+ content in rat erythrocytes: Intracellular
concentrations of Na+ increased in the presence of both ouabain and F as
compared to control (Figure 2), reaching statistically significant values 60 and 120
min after incubation. F produced substantially greater alterations in the Na+

content as compared to ouabain. On the other hand, intracellular K+ concentration
diminished during incubation of the rat erythrocytes with ouabain or F (Figure 3),
although a statistically significant decrease of K+ concentration was observed only
after 120 min of incubation with ouabain. An addition of F induced a more
pronounced effect on the cellular K+ content as compared to ouabain, with K+

concentration being gradually decreased in the presence of F within 60 and 120
min. As can be seen from Figures 2 and 3, treatment of the rat erythrocytes with
combination of F and ouabain did not cause any additional effect on the content of
intracellular cations as compared to F alone. Intracellular concentrations of

 JNa =
ARBC.CNa

Am.t



Research report
Fluoride 41(1)28–39
January-March 2008

Diverse effects of fluoride on Na+ and K+ transport
across the rat erythrocyte membrane

Agalakova, Gusev

3131
monovalent cations in the control cells remained unchanged over the entire period
of incubation. 
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Figure 1. Effect of F on Rb+ influx into rat erythrocytes. Intracellular Rb+ content 
was determined as described in Materials and Methods. Values are means ± SE 
for 7 experiments.
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Figure 2. Effect of F on the cellular Na+ content. Values are means ± 
SE for 7 experiments. *p<0.01, †p<0.001 as compared to controls. 
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Role of Ca2+ in the effects of F on intracellular Na+ and K+ contents: The
exposure of rat erythrocytes to F or ouabain in a Ca2+-free medium for 2 hr also
resulted in statistically significant accumulation of Na+ and loss of K+ (Table).
Accumulation of Na+ in the presence of ouabain was substantially lower than the
changes in Na+ content induced by F or combinations of F and ouabain. However,
both agents individually or in their combination induced small identical losses of
K+ from the rat erythrocytes.

In the next series of experiments, the content of monovalent cations was studied
in the cells exposed to F for 60 and 120 min in the standard and Ca2+-free media
simultaneously. After removal of Ca2+ from the incubation medium, F-induced
accumulation of Na+ in erythrocytes was three times less than that observed in the
standard medium (Figure 4). Intracellular K+ concentration did not vary between
the control and F-treated cells during 60 min of incubation in a Ca2+-free medium
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Figure 3. Effect of F on intracellular K+ concentration. Values are means ± SE 
for 7 experiments. *p<0.01, †p<0.001 vs controls.

Table. Effects of F and ouabain on the content of Na+ and K+ (mM/L) in rat erythrocytes 
incubated in Ca2+-free medium for 2 hr 

 
Cation 

          

  
Control 

 
Ouabain 

1 mM 

 
Fluoride 
20 mM 

 
Ouabain + 
Fluoride 

Sodium 6.31 ± 0.18 10.6 ± 0.33* 11.8 ± 0.26* 11.6 ± 0.46* 
Potassium 95.3 ± 0.9 91.4 ± 1.1* 90.7 ± 2.7* 87.7 ± 3.8* 

Average values ± SE for 7 experiments are presented. *p<0.01 as compared to control. 
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(Figure 5), but statistically significant decrease of erythrocyte K+ content was
observed after 120 min. In the standard medium, however, an exposure of the cells
to F caused a substantial loss of intracellular K+. The removal of Ca2+ from the
medium in the absence of F did not influence the erythrocyte Na+ and K+ contents
during 2 hr of incubation. 
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Figure 4. Effect of F on the content of Na+ in rat erythrocytes incubated in the standard and 
Ca2+-free media. White columns = controls; hatched columns = 20 mM F. Values are means 
± SE for 7 experiments. *p<0.001 vs controls.
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Figure 5. Effect of F on K+ concentration in the rat erythrocytes incubated in the standard and 
Ca2+-free media. White columns = controls; hatched columns = 20 mM F. Values are means 
± SE for 7 experiments. *p<0.02, †p<0.002 vs controls.
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As part of further tests, the rat erythrocytes were treated with F in combination
with the inhibitors of various ion transport systems (quinine, Co2+, amiloride), an
inhibitor of Ca2+/calmodulin-dependent kinase KN-93, or with Al3+ (activator of
G-proteins) (Figure 6). The changes in intracellular Na+ and K+ concentrations
upon combined addition of F and Al3+ did not differ from those induced by F. A
40–50% decrease in Na+ accumulation was observed in F-treated cells in the
presence of quinine, Co2+, amiloride, or KN-93. These substances also diminished
the cellular F-induced K+ loss, but to a lesser extent (16–30%) than Na+

accumulation. 

Effect of F on Na+ influx in the rat erythrocytes: Exposure of the cells to F
resulted in significant activation of 22Na uptake by erythrocytes incubated in both
standard and Ca2+-free media (Figure 7). In a Ca2+-free medium, however, F-
induced Na+ influx was substantially diminished as compared to that in normal
medium (p < 0.001). The removal of Ca2+ from the control medium had no
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Figure 6. Effect of Al3+ and Co2+ ions, quinine, amiloride, and KN-93 on the F-induced 
accumulation of Na+ and loss of K+. Rat RBCs were incubated for 2 hr in the standard medium 
in the absence and in the presence of 20 mM NaF alone or in combination with 50 µM AlCl3, 
1 mM CoCl2, 1 mM quinine, 1 mM amiloride, 5 µM KN-93. Values are means ± SE for 7 
experiments. *p<0.05, †p<0.02 as compared to controls.
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influence on Na+ influx into rat erythrocytes. Preincubation of the cells for 60 min
did not cause any effect on the Na+ influx in erythrocytes. On the other hand, the
stimulatory effect of F was substantially intensified after 60 min preincubation of
the cells in standard medium.   

An addition of the G-proteins activator Al3+ to the incubation medium did not
affect the Na+ influx in erythrocytes (Figure 8).
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Figure 7. Effect of F on 22Na uptake by the rat erythrocytes incubated in parallel in the 
standard and Ca2+-free media. 22Na was added at zero time (1-hr incubation) or after 
1-hr preincubation with 20 mM F (2-hr incubation) and its uptake for 1 hr was 
determined as described in Materials and methods. Values are means ± SE for 7 
experiments. *p<0.001 as compared to controls.
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Figure 8. Effect of G-proteins activator (Al3+) and Na+ transport inhibitors (amiloride, 
bumetanide) on the F-induced Na22 uptake. Rat RBCs were incubated in the standard medium 
containing 20 mM NaF solely or in combination with 50 µM Al3+, 1 mM amiloride, or 0.2 mM 
bumetanide. 22Na uptake for 1 hr was determined without (1-hr incubation) or with 1-hr 
preincubation (2-hr incubation). Values are means ± SE for 7 experiments. *p<0.01, †p<0.02, 
‡p<0.001 as compared to controls.
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Treatment of the cells with amiloride for 60 and 120 min produced a statistically
significant decrease of the F-induced Na+ influx. In the presence of bumetanide, a
significant decrease of Na+ influx in the cells was observed only after 120 min
treatment

DISCUSSION 

The results of this study illustrate the diverse and complex effects F has on Na+

and K+ transport across the rat erythrocyte membrane. As seen here, F exerts a
pronounced inhibitory impact on the Na+-K+-pump activity similar to that of
ouabain (Figure 1). One of the possible mechanisms of F action is a suppression of
energy exchange via well-known inhibition of glycolysis—the main energy source
for active ions transport in mammalian erythrocytes. The ability of F to decrease
the cell ATP concentration and 22Na efflux has been demonstrated for human
erythrocytes.20,21 The hypothesis of an indirect effect of F on the rat erythrocyte
Na+-K+-pump activity via suppression of energy exchange is confirmed by our
earlier findings on the nucleated erythrocytes of frog, in which the energy supply
for ion transport was provided solely by an oxidative phosphorylation - alternate
pathway to produce ATP.11 Treatment of the frog erythrocytes with 5 mM F did
not affect an active transport of Rb+ in the cells.25 Besides, there are also data on
the direct inhibitory influence of F on the activity of Na+-K+-ATPase.5,7

Although F and ouabain exert a similar effect on Rb+ influx (Figure 1), the F-
induced alterations in the cellular Na+ and K+ content are considerably greater
than that induced by ouabain (Figures 2 and 3), suggesting that the influence of F
is not limited by inhibition of the Na+-K+-pump. Apparently, F induces some
additional effects on intracellular ion homeostasis dependent on the presence of
Ca2+ in the medium. The F-induced accumulation of Na+ in the cells is only
partially diminished upon removal of Ca2+ from the incubation medium. The
Ca2+-independent alteration of Na+ transport is most likely associated with a well-
known capacity of F to suppress the activity of protein phosphatases.26-28 This
conclusion is confirmed by our recent work24 establishing the similar stimulation
of Na+ influx into rat erythrocytes by F and selective inhibitors of types PP1 and
PP2A protein phosphatases. Inhibition of the F-induced activation of Na+ influx
into rat erythrocytes by amiloride and bumetanide (Figure 8) indicates that F
affects Na+/H+ exchange and/or Na+ channels, as well as Na-K-2Cl cotransport.
Such Ca2+-independent activation of Na+ transport through Na+/H+ exchange and
Na-K-2Cl cotransport has been demonstrated in different cell types including
erythrocytes.8-10,29-31 In rat erythrocytes, these transport pathways are known to
be stimulated under hyperosmotic shrinkage.23,32 Evidently the erythrocytes
shrink under the influence of F since the loss of cellular K+ (and therefore, water)
is not compensated by accumulation of Na+ in the cells (Figures 2 and 3). Thus,
alongside with an activation of Na+ transport via inhibition of protein
phosphatases, F can also enhance Na+ influx into erythrocytes indirectly as a result
of their shrinkage. The latter mechanism is Ca2+-dependent and developed to
considerable extent during the second hour of incubation (Figure 7).
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In contrast to accumulation of Na+ in the rat erythrocytes, loss of the cellular K+

was completely dependent on the presence of Ca2+ in the incubation medium
(Figure 5). F is able to increase the intracellular Ca2+ concentration ([Ca2+

i]) in
cell of various types.15-18 Such effects of F on Ca2+ homeostasis in many cases
can be attributed to the activation of G-proteins due to formation of its complexes
with Al3+ rather than the action of F itself.13,14,33,34 In the present work, however,
we failed to find the evidence for involvement of G-proteins in the homeostasis of
monovalent cations in rat erythrocytes. Our results agree with the data of Orlov
and co-authors35,36 who did not observe that Al3+ affects the activation of Na+ and
K+ transport by F in rat erythrocytes.

Significant loss of K+ by the cells under F exposure can also be explained by the
increase of [Ca2+]i, causing the opening of K+ channels.37,38 There is much
evidence that F increases [Ca2+]i in a variety of cell types due to stimulation of
Ca2+ influx39,40 or inhibition of Ca2+-ATPase activity.6,41 Moreover, an increase
of both [Ca2+]i and F might influence ion transport through the cell membrane
owing to alteration in the activity of protein phosphatases and protein kinases.8-
12,42 The decrease of F-induced Na+ accumulation and K+ loss in the presence of 1
mM Co2+ probably indicates the suppression of Ca2+ influx in the cells (Figure 6).
An addition of Co2+ to the incubation medium is known to inhibit Ca2+ influx in
rat and human erythrocytes.43 Partial suppression of the F-induced Na+

accumulation and K+ loss (Figure 6) under influence of KN-93 indicates an
involvement of Ca2+/CaM-dependent protein kinase II (CaMKII) in the
mechanism of F action. It is known, for example, that CaMKII participates in the
activation of K+ channels in rat endothelial cells under hypoxia.44

The nature of F-induced K+ transport from the rat erythrocytes remains unclear.
Quinine, an inhibitor of K+ channels known to virtually completely suppress the
activity of the Ca2+ activated K+ channels in erythrocytes,38,45 caused only a 16%
decrease of the K+ loss in the presence of F (Figure 6). On the other hand,
application of amiloride induced a 30% reduction of the F-induced K+ loss (Figure
6). Amiloride is widely used for the inhibition of different Na+ transport pathways,
but there are also data on its capacity to block certain types of K+ channels.46,47 

In conclusion, we found that F almost completely blocked the Na+-K+-pump,
possibly due to the suppression of energy supply. Inhibition of protein
phosphatases may cause an activation of Na+ influx via an amiloride-sensitive
pathway and to a lesser extent via Na-K-2Cl cotransport. These effects of F do not
depend on the presence of Ca2+ in the incubation medium and are accompanied by
relatively slow accumulation of Na+ and loss of K+. An additional stimulation of
Na+ influx in the cells in the presence of Ca2+ in the medium appears to be
coupled with the decrease of cell volume due to loss of the cellular K+. Substantial
efflux of K+ from the rat erythrocytes, observed only in the presence of Ca2+ in
medium, is probably provided by the opening of Ca2+-activated K+ channels. 
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