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PARADOXICAL DOSE-RESPONSE EFFECTS OF FLUORIDE

In dealing with concentration or dose-response effects in biological sys-
tems, one usually expects to find fairly regular monotonic changes, espe-
cially at low concentrations of a promoting or an inhibiting reagent. Often-
times, however, competing reactions and/or interfering species produce
anomalous “paradoxical” effects. These occur when the rate of a reaction or
a response at first increases with increasing concentration of a reagent and
then shows a decrease followed again by an increase at still higher concen-
trations. Alternatively, the effect may at first decrease and then increase
with increasing concentrations and then again decrease with further in-
creases in concentration. A stimulatory or beneficial effect of a subinhibitory
concentration of a toxic substance is also known as hormesis.

In many cases a paradoxical effect may go unnoticed or be too small to be
statistically significant, even though it is reproducible. In other cases it is
statistically significant but not readily explained. In still other cases, in view
of what is known about the system, plausible explanations or mechanisms
can be proposed and investigated.

As far back as 1964 special attention was drawn to paradoxical concen-
tration and dose-response effects in biological systems in a first-ever survey1

and also in a review of examples involving fluoride.2 Later research on the
phenomenon, focusing mainly on hormesis aspects, does not appear to have
attracted much interest. No doubt this neglect reflects the general lack of
treatment of the topic in standard textbooks of biochemistry and toxicology,
thereby creating the impression among teachers and students that paradoxi-
cal effects may not be important or may not even exist. In fact, the latter be-
came the focus of a dispute a few years ago in Fluoride.3 Nevertheless, as
discussed below, research reports in this issue and in other recent issues of
Fluoride indicate that both in vitro and in vivo paradoxical dose-response
effects of fluoride are not uncommon.

In an investigation of in vitro effects of fluoride on enzyme activities in
ram semen, Zakrzewska et al (pages 153-160) found that activities of acid
phosphatase (ACP), lactate dehydrogenase (LDH), and γ-glutamyl transfer-
ase (γ-GT-10S) displayed marked decreases with 20-200 µM NaF (0.38-3.8
ppm F), but the activity of aspartate transaminase (AspAT) nearly doubled.
At the much higher concentration of 0.1 M NaF (1900 ppm F) the activity of
ACP increased almost to that of the control without fluoride, whereas the
activity of γ-GT-10S slightly exceeded that of the control. On the other
hand, the activity of LDH, after a nine-fold decrease at 20-200 µM increased
at 0.1 M NaF to nearly 40% above that of the control. Even more striking,
the activity of AspAT nearly doubled at 200 µM NaF but at 0.1 M NaF was
only 35% higher than that of the control. Because of the large number of
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rams (25) that were sampled, these results were all statistically significant (p
≤ 0.05).

An in vivo study by Shivarajashankara et al (pages 197-203) of increased
oxidative stress in brain tissue of fluoride-intoxicated rats revealed that ma-
londialdehyde as a marker of lipid peroxidation was elevated in young rats
exposed to 100 ppm F but not to 30 ppm F in their drinking water for 10
weeks after birth. On the other hand, levels of total glutathione, reduced
glutathione (GSH), and ascorbic acid were more elevated in the rats exposed
to 30 ppm F but were lower in the 100 ppm F group. In the case of ascorbic
acid the level was 15% higher in the 30 ppm F group than in the controls but
was nearly 10% lower in the 100 ppm F group. Moreover, whereas the ac-
tivity of glutathione peroxidase (GSH-Px) and of glutathione S-transferase
(GST) was significantly elevated in both the 30 and 100 ppm F exposed rats,
the elevation of GST activity compared to the controls was much greater in
the 30 ppm F rats (143% higher) than in the 100 ppm F group (21% higher).
In this work, overriding adaptive response mechanisms appeared to be oper-
ating at the higher F intake. Again, these paradoxical effects were also sta-
tistically significant (p < 0.001).

In another in vivo investigation, Mysłiwiec et al (pages 168-175), found
that of 5 and 10 µg of selenium/kg bw/24 hr over a period of 3 months in the
diet of fluoride-intoxicated rats showed similar anomalous effects. For ex-
ample, the enhanced activity of serum alkaline phosphatase was decreased
more by the higher dose of Se, but in the case of γ-glutamyl transferase the
lower dose of Se was significantly more effective in countering the F-
induced activity increase of the enzyme than the higher dose. Likewise, al-
though not statistically significant, the 5 µg level of Se reduced the F-
induced elevation of bilirubin, whereas the 10 µg level caused it to increase
in the same manner seen in the non-F exposed rats. Similarly for the triglyc-
eride and high-density lipoprotein levels, the higher dose of Se was less ef-
fective than the lower dose. As noted by the authors, the greater protective
effect of the smaller dose of Se can be easily offset by the toxic effect of the
higher dose.

And what about other research reports of paradoxical effects in recent is-
sues of Fluoride? Last year Bohatyrewicz4 recorded a higher compressive
bone strength after six weeks in rats drinking water with 8 ppm F than with
0, 30, or 60 ppm F. By contrast, an epidemiological study by Alarcón-
Herrera et al5 of deleterious dental and skeletal effects of well water fluoride
in the Guadiana Valley of Mexico revealed that spontaneous (nontrauma)
bone fractures among adults, which usually reflect decreased bone tensile
strength, were proportionately greater at 6 ppm F in the water than with
lower or higher F concentrations. On the other hand, dental fluorosis, which
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increased in severity with increased levels of F in the water, correlated di-
rectly with bone fracture incidence in both children and adults.

In experiments by Machalinski et al,6 the cloning ability of umbilical cord
blood hematopoietic progenitor CD34+ cells exposed in vitro to 0, 1, 10, and
50 mM NaF indicated a stimulatory (hormetic) effect in 7 of 8 sets of ex-
perimental conditions at 1 mM, but at the higher concentrations colony for-
mation was depressed, especially at the 50 mM level. Although the para-
doxical stimulatory effect was not significant statistically in each experi-
ment, the fact that it occurred in 7 out of 8 sets of conditions indicates that it
was probably real. In a related study on human bone marrow and umbilical
cord blood hematopoietic CD34+ cells, these authors found that early stage
apoptosis was mildly retarded at 1 and 10 mg NaF/L in cell cultures but was
significantly increased at 50 mg NaF/L.7 Again, this appears to be a nonlin-
ear or “paradoxical” concentration effect.

As a final example, Nicolau and Leite,8 in studying in vitro effects of fluo-
ride on human salivary amylase activity, observed a small but not statisti-
cally significant 9% increase in starch hydrolysis on going from 0 mM F to
75 mM NaF followed by a decrease to 92% of the control at 500 mM NaF.
An in vivo experiment with 30-second mouthrinses using 0.05% NaF (11.9
mM) showed a gradually declining initial stimulatory effect on the salivary
amylase for up to an hour. In an earlier in vivo study by Hara and Yu,9 these
amylase activity promoting effects were not observed, although inhibition
could be detected with as little as 50 mM NaF in their experiments, in con-
trast to a higher F level reported by Nicolau and Leite.

In view of the foregoing examples, the existence of paradoxical dose-
response effects of fluoride can hardly be doubted. But how important are
they? What they show is that, under certain circumstances, the inhibitory or
stimulatory impact of fluoride can actually be greater at a lower level of in-
take than at a higher level. An impressive illustration of this fact is seen in
the administration of fluoride as aluminum fluoride to rats. In both a 45-
week study10 and a confirmatory 52-week study,11 the neuronal, cerebrovas-
cular, and nephritic toxicity of AlF3 at 0.5 ppm Al3+ (= 1 ppm F) in the
drinking water was significantly greater than with AlF3 at 5 or 50 ppm Al3+.
Sodium fluoride at equivalent concentrations of 1, 10, and 100 ppm F pro-
duced analogous but qualitatively different changes in the brain and kidneys.
Clearly, like evidence for unanticipated supra-linear (paradoxical) toxic ef-
fects of low-level ionizing radiation,12 these findings have important poten-
tial implications for human health, in this case with respect to the presence
of certain critical levels of aluminum in combination with fluoride.13

Albert W Burgstahler
Editor, Fluoride

Lawrence, Kansas, USA
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