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Evidence is presented which supports the conclusion that the hormetic dose-response model is the most common and fundamental
in the biological and biomedical sciences, being highly generalizable across biological model, endpoint measured and chemical class
and physical agent.The paper provides a broad spectrum of applications of the hormesis concept for clinical medicine including
anxiety, seizure, memory, stroke, cancer chemotherapy, dermatological processes such as hair growth, osteoporosis, ocular diseases,
including retinal detachment, statin effects on cardiovascular function and tumour development, benign prostate enlargement, male

sexual behaviours/dysfunctions, and prion diseases.

Introduction

The following paper will make the case that the hormesis
conceptisthe most fundamental dose-responsein the bio-
medical and toxicological sciences. Over the past decade
there has been a remarkable surgence of interest in horme-
sis as a result of more significance being given to low dose
effects and the use of more powerful study designs which
have permitted the detection of the hormetic biphasic dose
response in the low dose zone.This paper will establish the
occurrence of hormesis within the biomedical literature, its
quantitative features, mechanistic foundations, and appli-
cations to the field of clinical pharmacology. The hormetic
dose-response challenges long-standing beliefs about the
nature of the dose-response in alow dose zone and has the
potential to affect significantly the design of pre-clinical
studies and clinical trials as well as strategies for optimal
patient dosing in the treatment of numerous diseases.
A detailed historical assessment of how and why the
hormetic dose response became marginalized in the bio-
medical literature was published by Calabrese in 2005 [1].

The hormetic
dose-response relationship

We created an hormesis database for articles published in
the peer-reviewed literature using a priori evaluative crite-
ria in order to assess more systematically and objectively
this concept. The criteria take into account the strength of
the study design features,magnitude of the low dose stimu-
lation, statistical significance and reproducibility of the find-
ings.To date there are approximately 8000 dose-responses
within this relational retrieval database. A detailed descrip-
tion of the database was published in 2005 [2].

The hormetic dose-response may be reliably described
as a being a stimulation in the low dose zone, followed by
an inhibitory response at higher doses. The magnitude of
the stimulatory response at maximum is typically modest,
being only about 30-60% above that of the control
response (Figure 1). The strong majority of stimulatory
responses are less than twice the control value. This is the
most distinguishing characteristic of the hormetic dose-
response, being its most consistent and reliable feature.
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Figure 1

Dose-response curve showing the quantitative features of hormesis

The width of the stimulatory response is typically within
100-fold of the zero equivalent point, that is, the dose
where the response changes from stimulation to inhibi-
tion, (i.e. the threshold value). In a small proportion (i.e.
<2%) of the hormetic dose responses analyzed to date, a
very broad stimulatory dose-response range has been
noted, exceeding 1000-fold. The implications of having a
wide stimulatory zone may be clinically significant. For
example, the stimulatory zone defines the therapeutic
window. It may also define an adverse effect window, as in
the case when low doses of anti-tumour drugs stimulate
tumour growth [3]. It is also important to recognize that
the hormetic stimulatory zone is graphically contiguous
with the pharmacologic/toxicologic threshold. This indi-
cates that there is the distinct possibility of a desired thera-
peutic dose being a toxic dose to some individuals due to
extensive interindividual variation.

The hormetic dose-response can occur (i) as a direct
stimulatory response, (i) after an initial disruption in
homeostasis followed by the modest overcompensation
response, or (iii) as a response to an ‘adapting’ or ‘pre-
conditioning’ dose that is followed by a more massive chal-
lenging dose. The relationship of hormesis to the adaptive
response was explored by Davies et al.[4] who defined the
optimal condition for a transient hydrogen peroxide adap-
tation as measured by cell viability in the yeast model S.
carerviase.In a critical first step, the authors determined the
effect of hydrogen peroxide employing up to nine concen-
trations and a variety of cell densities. Of particular note
was the observation of an hormetic-like biphasic dose-
response in which low hydrogen peroxide concentrations
(=0.4 mm) enhanced cell colony growth by approximately
30%. The hydrogen peroxide-induced toxicity started to
occur between 0.5 and 0.8 mM. Based on these findings an
adapting or preconditioning dose was selected to be one
in the low dose stimulatory/hormetic zone. The yeast
cell that received the adapting dose in the hormetic zone
followed by the challenging (i.e. cell killing) dose not only
showed the adaptive response but also displayed a
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percent viability that exceeded the original control value
by approximately 20-50%.

Since the quantitative features of hormetic dose-
responses are similar regardless of the biological model,
gender, endpoint measured and inducing agent as well as
whether it occurs via direct or overcompensation stimula-
tion, it suggests that such features maybe a quantitative
index of the plasticity of biological systems. If this is the
case, it would have important implications for the field of
clinical pharmacology by placing biological constraints on
the magnitude of the increase in performance one could
expect from drug treatments.

Since the hormetic effect is one that is highly generaliz-
able across biological models, it suggests that this response
strategy has been highly selected for, indicating that the
hormetic dose-response is adaptive in nature. This is par-
ticularly seen in the context of adaptive/preconditioning
responses where a prior exposure to a low dose of a toxic
agent or stressful condition up-regulates adaptive mecha-
nisms that protect against subsequent exposures to similar
toxic agents or stressor conditions.The duration over which
such protection occurs will vary according to the biological
model and endpoint. However, it usually does not extend
beyond about a 10-14 day period [5].

Since hormetic dose-responses are highly generaliz-
able, occurring in essentially all species of plants, microbes,
invertebrates and vertebrates, in all organ systems, and for
a large number of endpoints, there is a generalized mecha-
nistic strategy but no single mechanism. The 1977 paper
by Szabadi [6] suggests one such general strategy which
may account for numerous cases of hormetic-like biphasic
dose-response relationships. In this case, a single agonist
may bind to two receptor subtypes, with one activating a
stimulatory pathway while the other activates an inhibi-
tory one. The receptor subtype with the greatest agonist
affinity would typically have the fewer receptors (i.e. lower
capacity) and its pathway activation effects dominate at
lower doses. Conversely, the second receptor subtype
would have lower agonist affinity, greater capacity (i.e.
more receptors) and become dominant at higher concen-
trations. This generalized scheme of Szabadi [6] has been
supported [7-9] over the past three decades and is able to
account for numerous cases of direct stimulation hormetic
dose-response relationships. It may also be directly appli-
cable to situations in environmental toxicology in which
the toxin induces dose-dependent changes in the concen-
trations of various endogenous agonists, a situation which
is known to commonly occur. In such cases one would
readily expect the occurrence of an hormetic-like biphasic
dose-response relationship.

Hormesis and interindividual
variation

A principal concern in assessing the effects of drugs on
humans is that of inter-individual variation. Numerous
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factors are known that contribute to such variation, includ-
ing age, familial background, gender, nutritional status, the
presence of pre-existing disease, amongst other factors.
Using the hormesis database we subsequently identified
a substantial number of experimental settings in which
hormesis had been studied in individuals or closely related
strains of organisms which differed in susceptibility to
toxic agents. In these evaluations we compared responses
where the range in susceptibility varied from less than 10
fold to well in excess of 100 fold [10]. Of particular note was
that the hormetic response was generally independent of
susceptibility, with hormetic responses occurring in sub-
jects ranging from high to low susceptibility. Likewise, the
quantitative features of the hormetic dose-response are
independent of susceptibility. In about 20% of the cases,
it appeared that the lack of an hormetic response in a
susceptibile strain or subgroup was related to its increased
risk. These observations have important implications in the
development of treatment strategies for patients.

Drug interactions

Hormesis contributes a new dimension to the concept of
chemical interactions. Hormetic dose-responses describe
that portion of the dose-response that relates to perfor-
mance, that is, the portion of the dose-response immedi-
ately below the threshold.This is in contrast to the portion
of the dose-response above the threshold, the location
where most examples are drawn for illustration purposes
to demonstrate the potential magnitude of toxic interac-
tive effects [11]. The magnitude of the hormetic dose-
response interaction will also be constrained by the
bounds of biological plasticity. The magnitude of the
hormetic interaction will also be only 30-60% greater than
the control value.The interaction is principally seen within
the context of the reduction in dose that is necessary to
achieve a strong interaction response. This was described
in considerable detail in several papers by Flood et al.
[12, 13] dealing with memory. These authors recognized
that one of the important implications of these findings
was that this would reduce the likelihood of adverse
effects because of the very low doses of drugs needed to
achieve the therapeutic effect.

Medical implications of hormesis

Anxiolytic drugs

The animal model testing of anti-anxiety drugs became
extensive in the 1980s [14-18] with progressive method-
ological advances continuing to the present.In the screen-
ing of potential drugs the goal has been to reduce anxiety
in the mouse or rat model in specific experimental set-
tings. While there are many ways in which this problem
has been studied, the basic strategy is to assess whether
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the drug treatment can result in the mouse and/or rat
performing specific behaviours that they would normally
resist or not be inclined to do.In rodent experiments it can
be trying to get the animals to spend more time in lighted
as compared with dark areas.The possible anxiolytic agent
may be tested in a maze like apparatus in which there is
choice between entering and exploring a dark or a lighted
alley. If the drug increases the time spent in the lighted
alley or the number of entries into the lighted alley per unit
time then the drug would be judged as anxiolytic. There
are more than a dozen commonly employed anxiolytic
tests (e.g. elevated plus maze test, hole board test, light-
dark test, social interaction test, four plates test, open-field
test, staircase test, conflict test, forced swimming test, tail
suspension test) for screening drugs using animal models
that address a wide range of behaviours that would be
indicative of anxiety, relating to dark and lightness, social
interactions, social conflicts,and a variety of other aversion
behaviours, all directed toward slightly different manifes-
tations of anxiety. While the basic premise is to determine
if the drug can make the animal do that which is uncom-
fortable, each test is unique, providing an evaluation of
somewhat different behaviors.

The most common dose-response relationship seen
for the broad spectrum of anxiolytic drug screening tests
is the hormetic model (see [11,211]for areview), regardless
of the chemical class, strain of the animal model or gender
tested [19].Therefore, anti-anxiety drugs regardless of their
class will generally not increase the so-called ‘anti-anxiety’
response (i.e. decreased anxiety) by more than about
30-60% at the optimal dose.There can be large differences
in the potency of anxiolytic drugs, sometimes differing over
several orders of magnitude of dose. However, the general
quantitative features of the hormetic dose-response are
the same regardless of the potency of the agent (Figure 2).

Anxiolytic drugs have been shown to act through a
wide range of receptors (e.g. 5-HT, dopamine, adenosine,
GABA, NMDA) that mediate the response, thereby reduc-
ing anxiety via a variety of proximate mechanisms. Despite
the fact that these drugs reduce anxiety by different proxi-
mate mechanisms they still show the same hormetic dose-
response relationship, with the same quantitative features.

The hormetic dose response therefore is an important
feature by which anxiolytic drugs act, being the basis for
why the drug was selected for clinical evaluation, as well as
being independent of animal model, gender, potency, and
mechanism of action. This is a powerful set of parameters
that converge around the hormetic dose-response rela-
tionship making it a central concept in the discovery and
assessment of anxiolytic drugs.

Anti-seizure drugs

Another example where hormetic biphasic dose-response
relationships have played an important role in drug discov-
ery concerns anti-seizure medications. As in the case of
anxiolytic agents, seizure drugs also undergo a screening
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Figure 2

Anxiolytic effect of dI-THP, a naturally occurring alkaloid, on ICR mice of
both sexes in the elevated plus-maze test. *Significantly different from
controls at P = 0.05 [207]. % Open arm entries, (—4—); % Time in open
arm (-l

process to eliminate the poorer performing agents and to
identify those with clinical potential. One way that this is
achieved is to induce seizures in animal models with stan-
dard seizure-inducing agents [e.g. pilocarpine, flurothyl-
(hexafluorodiethyl) ether, kainicacid,and pentylenetetrazol
(PTZ)]. When this is done the researcher determines the
dose required to induce a certain frequency of seizure
events within a specific period of time. Drugs thought to
have good potential as anti-seizure agents would be those
that demonstrate the capacity to increase significantly the
threshold dose of the model drug that causes seizures.
That is, if the threshold dose for inducing seizures in the
animal model is 100 mg kg™, then a potential anti-seizure
drug would make it more difficult for that model drug to
induce the seizure response, that is, requiring even higher
doses (i.e.increasing the response threshold).

The hormesis concept directly relates to how anti-
seizure agents are detected in the above screening
process. In the course of evaluating anti-seizure agents
investigators typically assess the agent across a broad
range of doses. In such evaluations anti-seizure agents at
low doses increase the seizure threshold of the model
seizure-inducing drug while at higher doses the anti-
seizure drug typically enhances the occurrence of seizures
by lowering the threshold of response. In Figure 3 mor-
phine induced an hormetic-like biphasic dose-response
on the PTZ-induced seizure threshold.Note that the thresh-
old dose for the PTZ induced seizures increased by approxi-
mately 25%. In essence, these anti-seizure drugs follow the
pattern of the hormetic biphasic dose-response relation-
ship (see [11, 212] for a review). The extent to which the
threshold increases also conforms to the quantitative fea-

Hormesis and medicine BJCP

150 -

125

100 ¢

% Control

Morphine (mg kg™')

Figure 3

Effect of different doses of morphine on PTZ-induced seizure threshold.
*Significantly different from controls at P < 0.05 [208]

tures of the hormetic dose-response, usually increasing at
maximum only within the 30-60% zone above the control.

Learning and memory enhancement

The first major efforts to explore whether drugs could
enhance learning in animal models were undertaken at the
University of California at Berkeley in the Department of
Psychology during the 1960s.While these efforts extended
earlier preliminary investigations at the University of
Chicago and elsewhere, the Berkeley group created a new
research direction that lead to the development of valu-
able drugs in the treatment of cognitive disabilities as seen
with Alzheimer’s (AD) and related diseases of ageing. In
fact, the initial breakthrough was undertaken by then two
graduate students (James McGaugh and Lewis Petrino-
vitch), who hypothesized that memory was related to the
concentrations of acetylcholine released by the neurons.
With this guiding framework these students tried to deter-
mine why some mice were bright (i.e. smart) and others
were dull (i.e. not so smart). To test this hypothesis they
administered a drug over a broad dose range to the bright
and dull mice that would prevent the normal breakdown
(i.e. hydrolysis) of the acetylcholine.The agent used to slow
down the normal breakdown of acetylcholine was physos-
tigmine, a natural constituent of the Calabar bean, with a
long history of use in medicine, especially known to cause
contraction of the pupils. The treatment was expected to
make the dull mice brighter and the bright mice even
brighter, but only up to a point, that is, when the dose
exceeded a hypothetical optimal zone, triggering a decline
in performance. Both the dulls and brights exhibited
the characteristic U-shaped dose-response relationship
(Figure 4), thereby confirming the study hypothesis. The
manuscript based on these findings was rejected with the
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Median trials to criterion for maze bright and maze dull groups [209].
Brights, (- - ); Dulls, (——)

stated reason that it was well known that chemical inter-
vention could only decrease learning and memory, not
enhance it. The two students persevered, publishing their
paper several years later, opening up a new era in the psy-
chology and pharmacology of learning and memory
research.

The work of McGaugh and Petrinovitch propelled an
intellectual revolution in the neurobehavioural sciences
for understanding of memory and the exploration of
therapies for those with cognitive dysfunctions. The idea
that one could improve learning by inhibiting the break-
down of acetylcholine was important as it established an
intellectual platform for subsequent research.This was also
occurring at a time when organophosphate and carbam-
ate insecticides were being developed as agents to kill
insects, with both groups of chemicals inhibiting the
enzyme that hydrolyzed acetylcholine. In fact, in some of
the subsequent research it was shown that administration
of some of these agents appeared to increase learning and
memory in the rodent models. While it has never been
seriously proposed that such pesticides could be used to
boost memory in people, much work was undertaken with
physostigmine in clinical settings [20-50]. During this
period of little more than 15 years there were about 20 AD
clinical studies published involving several hundred
individuals. The findings consistently noted a modest (i.e.
10-30% range, generally) improvement in various types
of memory. Despite the capacity of physostigmine to
enhance memory performance, it was generally accepted
that the modest increases did not offer enough change to
provide dramatic or often even practical improvements in
patients’ lives, although there were some reports where
greater degree of independent living was seen. This is
especially the case given the pharmacokinetic features of
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this drug, with its very short half-life, requiring up to five
doses per day for most subjects.

While these agents pointed the way for future research,
there was the need for second and third generation
agents, all with markedly improved pharmacokinetics pro-
foundly lowering risks of side effects. Amongst those drugs
extensively evaluated in this regard have been tacrine
[13], heptylphosphostigmine [51], huperizine A [52, 53],
arecoline [12] and gastigmine [54], all being based on an
anti-ACHE concept following the premise that McGraugh
and Petrinovich employed with physostigmine. The dose-
response relationship for each drug was repeatedly dem-
onstrated to be a U-shaped in multiple animal models
much like that seen in Figure 4. Such findings lead to
the general conclusion that the therapeutic window for
such drugs in the treatment of AD patients followed the
U-shaped dose-response that was causally linked to the
percent of ACHE inhibition. However, more recent investi-
gations have revealed that the neuroprotection is likely
to involve multiple mechanisms, either in addition to
ACHE inhibition or independent of it. Regardless of the
underlying mechanistic explanation and how it may differ
amongst protective agents, the quantitative features of
the dose-response remain similar (see [213] for a review).

Four (i.e. Aricept, Cognex, Exelon and Razadyne) of the
five drugs that have been approved for the treatment of AD
by the US FDA are based on the inhibition of ACHE and
demonstrate the hormetic dose-response, with the low
dose stimulation being key to the increased memory
improvement. The fifth approved drug, memantine, an
NMDA antagonist, also acts via an hormetic-like inverted
U-shaped dose response relationship [55]. Yet it is also
important to recognize that the constraints of the hormetic
dose-response indicates that the expected increase in per-
formance is likely to be modest at best, observations con-
firmed with substantial clinical experience.

Anti-tumour drugs

A major goal of anti-tumour drug screening is to find
agents that are effective in killing a broad range of tumour
cell types. Those who focus on such concentration
responses are typically estimating responses at the high
end of the concentration-response relationship, then
trying to determine the mechanism by which the killing
occurred. While acknowledging the critical importance of
this perspective, our interests with respect to hormesis are
different, that is, focusing on the low concentration end of
this relationship, that is, the zone starting immediately
below the toxic threshold.

In a recent assessment Calabrese [3] provided substan-
tial documentation that low doses of anti-tumour agents
commonly enhanced the proliferation of the human
tumour cells, in a manner that was fully consistent with
the hormetic dose-response relationship. These hormetic
dose-responses were occurring for most types of tumour
cells, independent of organ.That is, Calabrese [3] reported



hormetic dose-responses in 138 in vitro cell lines, and
32 primary human types induced by over 120 agents
with nearly 50 being endogenous agonists while others
involved the effects of various drugs, phytochemicals,
and environmental contaminants.

While many of the researchers did not focus on the low
dose stimulatory responses provided in their tables and
figures, choosing to address only the higher concentration
effects, others not only noted these findings but
attempted to account for them in follow up mechanistic
studies. In some instances there was a stronger interest in
the clinical implications of such findings, suggesting that
the low dose stimulation of human tumour cell prolifera-
tion could be potentially problematic for patients who
have been treated with chemotherapeutic agents. A case
in which the implications of low-dose stimulation of
tumour cell growth has been extensively assessed is that of
dexamethasone and neuroepithelial tumours. Dexametha-
sone has long been employed to prevent swelling
in the brain after removal of a brain tumour [56, 57].
While this treatment is important in the management of
such patients, a number of in vitro experimental studies
using dexamethasone have consistently demonstrated
that specific types of neuroepithelial tumours proliferate
with dose-response features consistent with the 30-60%
maximum stimulatory response. This low-dose enhanced
response required the presence of a glucocorticoid recep-
tor. Lacking such a receptor prevents the dexamethasone
induced low-dose stimulatory response [58, 59].

Upon the publication of a paper by Kawamura et al.
[60] assessing this type of biphasic response, the journal
editor invited expert commentaries from other leading
neuroepithelial surgical researchers on the implications of
treating surgical brain tumour patients with dexametha-
sone [61-65]. Despite concerns raised by the experimental
data and the expert commentaries, it was not clear what the
tumour growth implications would be following surgery.
No attempts have been published providing quantitative
modeling of various possible clinical scenarios.

If tumour cells remain after treatment these data
suggest the possibility that some chemotherapeutic
agents could promote tumour growth once the concentra-
tion of agent entered into the low dose stimulatory zone.
This would be a particular concern for agents (e.g. suramin)
(Figure 5) with a very long half-life [66], while being less of
a problem for agents with very short half-lives. As with
other examples of hormetic dose-responses, the magni-
tude of the enhanced proliferation was typically in the
30-60% range at maximum. What implications this might
have for tumour growth over a longer time period has not
been assessed.

The hormetic concentration-response observations in
the human tumour cell lines in the peer-reviewed litera-
ture is mirrored in the US NCI anti-tumour agent data-
bases. There are two databases that we have studied in
some depth, the human tumour cell line database which is
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Effect of suramin on human breast cancer cells in vitro [66]. ZR/HERc
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comprised of at least 60 different tumour cell lines repre-
senting tumour types from many areas of general clinical
significance. The second database is comprised of 13
strains of yeast that have genetic defects relating to DNA
repair and cell cycle control.

We have published a detailed analysis of the yeast
data set that contains over 56 000 concentration-response
studies [67]. This evaluation tested whether the hormetic
or the threshold dose-response model best predicted
the responses of the chemicals in the low dose zone.
These analyses revealed that the threshold dose-response
model poorly predicted responses at low concentrations.
On the other hand, the hormetic dose response model
performed very well, accurately predicting low concen-
tration responses. The findings suggested that clinical
oncologists need to become more cognizant of the possi-
bility that treatments designed to kill tumour cells or sup-
press their proliferation in patients may have the capacity
to enhance tumour growths when the drug eventually
reaches a low (i.e. stimulatory) concentration in the body,
in the days after the chemotherapy is administered.

Stroke and traumatic brain injuries

Given their potentially debilitating consequences strokes
are a major public health concern. Considerable research
has been devoted to enhance the understanding of the
causes of strokes within the population in order to reduce
their frequency and severity. Familial history, high blood
pressure that is ineffectively treated, smoking, and exces-
sive stress are some of the known risk factors affecting
stroke.

These concerns have led numerous researchers to
assess possible treatments of stroke with a wide range of
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animal models. Such studies, which typically involve the
induction of one of a variety of specific types of stroke
that occur with substantial frequency within humans, have
often yielded findings of encouraging neuroprotection,
only to fail once the agents were subjected to clinical trials,
yielding a very low successful transition to the market-
place. There has been considerable discussion about why
there has been such a disconnect between successful pre-
clinical studies and failures of a large number of clinical
trials. Amongst the many reasons for such failures in the
stroke area include concerns over the validity of animal
models to predict human responses in a sufficiently reli-
able manner, inadequately designed clinical trials, espe-
cially factors such as the entry criteria for patients may lack
the necessary precision for proper comparisons, the prac-
tical problems of long delays between the onset of stroke
symptoms and therapy, amongst other factors. A factor
that has often gone unnoticed is the dose-response rela-
tionship of the therapeutic agent. In fact, as in many other
medical conditions, the shape of the dose-response of the
treatment can often take that of a U-shape, that is, showing
characteristics of an hormetic dose-response. However,
this type of dose-response is not usually seriously consid-
ered as far as the clinical trial is concerned. Since the
biomedical and clinical domains have been so long domi-
nated by the assumed sigmoidal nature of the dose-
response, investigators have often assumed that the
response for a drug may be enhanced by pushing the dose
ever higher, up to a point when the response tends to
flatten out [68].

Despite the fact that U-shaped dose-responses have
been reported in stroke related preclinical investigations
this information had never been integratively summarized,
until recently [69]. U-shaped dose-responses have been
reported for nearly thirty different agents in the treatment
of stroke related brain damage [70, 71] and in studies
directed to blunt traumatic brain injury [72, 73], both
of which share similar common damage-inducing mecha-
nisms. Different drugs that have been successfully
employed in these studies are usually selected based upon
a certain hypothesized mechanism by which stroke or
traumatic damage is mediated. If the drug can turn off the
damage mechanism switch or turn on a repair mechanism
switch that could alleviate the damage then protection
would be observed. Since there are many stages in the
process leading to final tissue damage, intervention at
separate and key points in this scheme would prevent sig-
nificant damage from occurring. That is in fact what has
occurred in these studies. Many experimental plans have
worked well, leading to damage reduction, and essentially
all displayed the same type of hormetic dose response
regardless of where in the disease process the intervention
occurred.

Since the U-shaped dose-response is commonly
observed in these chemoprevention studies such as dis-
cussed above, it needs to be anticipated better and
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explored in order to enhance the success of getting new
and effective therapeutic agents through the testing and
evaluation process.

Benign prostate
hyperplasia/cardiac glycosides

The use of digitalis in the treatment of congestive heart
disease has been one of considerable historical interest
with its first reporting in 1775, being credited to the British
physician William Withering [74-76]. Over time it was
determined that cardiac glycosides, such as digitalis, most
likely acted by blocking the sodium pump (i.e. Na*/K*-
ATPase) at dosages that are achieved in vitro or intrave-
nously. Biomedical understandings of the dose-response
for these agents on the sodium pump and their broader
range of effects started to become considerably more
complex in the mid 1970s. At this time investigators
reported that cardiac glycosides affected the sodium
pump biphasically, that is, stimulating activity at low con-
centrations while being inhibitory at higher concentra-
tions [77]. These initial findings revealed the existence of
high and low affinity binding sites, with the high affinity
sites having only 3% of the capacity of the low affinity one.
The binding of agents, such as ouabain, to both high and
low-affinity sites has been linked to the sodium pump
and/or functionally distinct Na*/K* pumps and proposed to
account for its biphasic dose-response activities, findings
that have been subsequently reinforced [78, 79].

Of particular interest is that cardiac glycosides were
also reported to enhance proliferation of a broad range of
cell types in a biphasic fashion, starting in the mid 1970s
forimmune cells [80,81].The range of biphasically affected
cell types includes smooth muscles from the canine saphe-
geous vein [82], smooth muscle from the human umbilical
vein [83], smooth muscle from the adult prostate of sub-
jects with benign prostate hyperplasia (BPH) [84], smooth
muscle from a rat cell line (A7r5) which was selected for
study due to a specific protein component of the sodium
pump [83], mature human red blood cells which were
selected for study due to membrane properties [85], rat
renal epithelial cells [86] as well as HelLa cells which were
selected for study due to their unique sensitivity to digi-
talis induced toxicity [87]. These diverse experimental
studies have centered in large part on the development of
improved understandings of the sodium pump and its
capacity to function in ways that may not involve the well
established ionic shift, suggesting a multiplicity of func-
tions for the sodium pump, including diverse message sig-
nalling with broadly expanding clinical implications.

The quantitative features of the biphasic dose-
response of cardiac glycosides indicate that they are
fully consistent with the hormetic dose-response model.
Figure 6 provides a description of the dose-response fea-
tures of various cardiac glycosides in a range of biological
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Comparison of the effect of ouabain on hormetic dose-responses in
three biological models [83]. Canine (CYSMC), (—¢—); Human (HUVSMQ),
(-1 ); Rat (A7r5), (-- &)

models adjusted to the same scale for comparison pur-
poses [83]. In each case the magnitude of the low dose
stimulation is modest, with the maximum stimulation
typically being in the 30-60% range above the controls.
The width of the stimulatory response was also generally
consistent across specific agents and biological models
and usually less than 100-fold, again consistent with the
hormetic dose-response.

Several of the above studies have obvious implications
for clinical pharmacology.ln 2001 Chueh et al.[84] reported
that concentrations of ouabain in the therapeutic zone for
cardiac glycosides enhanced cell proliferation of smooth
muscle from the prostate gland of subjects with BPH. The
magnitude of the increase was modest, approaching only
about 20% above control values. However, these authors
indicated that even such modest increases could have
important clinical implications since such smooth muscle
comprises about 40% of the area density of BPH tissues.
Several reports have indicated that a small increase in pros-
tate size significantly affects clinical symptoms in patients
with BPH. In a similar fashion, a modest reduction in pros-
tate volume of only about 30% has been repeatedly dem-
onstrated to improve markedly clinical symptoms [88, 89].
Thus, the hormetic biphasic dose-response that was
reported in these in vitro investigations is suggestive of
possible clinical implications.

Studies with Hela cells by Ramirez-Ortega et al. [87]
revealed that four digitalis compounds biphasically
affected cell proliferation, again in a manner consistent
with the hormetic dose-response. In this case, the concen-
tration ranges over which the stimulatory response range
occurred were very broad and remain to be clarified. That
is, the stimulatory response range was greater than 1000-
fold, and could be within a concentration range approach-
ing that of endogenous cardiac glycosides. While the
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biphasic dose-response was reported for four digitalis-like
compounds it was not seen for digitalis when tested
over similar concentrations due to its greater toxicity.
Of particular mechanistic importance was the fact that
the low dose stimulation occurred even in the presence of
ethyacynic acid, a nonsteroidal inhibitor of Na*/K*-ATPase,
thereby suggesting that the stimulation is independent of
the sodium pump.Finally, even though the authors did not
address the clinical implications of these findings it would
appear that a broad range of digitalis compounds have the
capacity to enhance cellular proliferation in numerous cell
types including human tumour cell lines over a concentra-
tion range that encompasses the therapeutic zone as well
as for possible normal background states.

Statins: CVD and cancer

Statins have become important drugs in the prevention of
cardiovascular disease.They are also considered potentially
significant in the treatment of numerous types of solid
tumours and for other diseases (e.g. diabetic retinopathy
and macular degeneration) that depend on capillary
development.Some investigators suggest potential clinical
application for statins in the treatment of AD, osteoporosis
[90] and other diseases. A converging conceptual frame-
work that is emerging on the effects of statins in this broad
range of tissues and endpoints is that they often display
an hormetic-like biphasic dose-response relationship, a
response that was unexpected, initially overlooked, but
now a factor for optimizing patient treatment strategies.

The idea that statins may act via biphasic dose-
responses emerged with the publication in 2002 by Weis
et al.[91].Using primary human adult dermal microvascular
endothelial cells (HMVECs) and an immortalized human
dermal microvascular endothelial cell line (HMEC-1), these
authors demonstrated that cerivastatin (CEV) biphasically
affected endothelial cell (EC) proliferation, migration, and
apoptosis (Figure 7).They also demonstrated that CEV/ATR
(atorvastatin) significantly reduced lung tumour growth
at high doses, a response probably related to a marked
decrease in tumor capillary development. The low dose
stimulatory response was consistent with their hypothesis
that HMG-CoA reductase inhibition would enhance endo-
thelial processes involved in angiogenesis and could
reverse impairments associated with cardiovascular
disease.

The biphasic dose-response was independently con-
firmed about 2 months later by Urbich et al. [92] who had
submitted their paper for publication consideration more
than 2 months prior to the Weis et al. group. However,
their paper was not accepted for publication until about 3
months after the Weis et al. paper. Using human umbilical
vein endothelial cells (HUVECs) these authors also reported
that ATR biphasically affected endothelial cell migration
and tube formation. Similar findings were subsequently

Br | Clin Pharmacol / 66:5 / 601



BJCP E.J. Calabrese

400 -
350
300
250

200

% Control

150 |-

100 &

50

o | | | |
0 0.005 um 0.01 um 0.05 pum 0.5 um

Statins

Figure 7

Effects of statins on human endothelial cells [91]. CEV EC Proliferation,
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reported by Katsumoto et al.[93] with HMVECs for multiple
endpoints including cell migration, chemotaxis, cell prolif-
eration, trypan blue exclusion and others. Cooke [94], a
co-author of the Weis et al.[91] paper, suggested that these
findings indicate that statins may also enhance cardiovas-
cular functioning by promoting angiogenesis in ischaemic
limbs, that is, facilitating the remodeling of vessels toward a
more normal and healthier condition. However, at higher
doses these same agents display anti-angiogenic effects
that are mediated by blocking L-mevolonate metabolism,
reducing the synthesis of G-protein subunits. This process
leads to an increase in apoptosis.The data of Weis et al.[91]
and the other supportive findings noted above were strik-
ing, suggesting that statins could have ‘puzzling’ effects on
angiogenesis — that is, proangiogenic effects at low thera-
peutic doses but angiostatic effects at higher doses [95].
Statin concentrations can broadly vary in the serum of
patients, from a low of about 0.002 to a high of approxi-
mately 0.1 umol I"". The low concentration stimulation for
endothelial cell parameters ranges from less than 0.001 to
about 0.01 umol I'. Above 0.1 umol I high concentration
effects start to become evident. The low concentration
stimulatory effects (i.e. pro-migration, pro-angiogenic) of
ATR were associated with phosphatidylinositol 3-kinase-
AKT-pathway activation with phosphorylation of AKT
and endothelial NO synthase (eNOS) at Ser 1177.Thus, the
issue of whether statin concentrations are pro- or anti-
angiogenic began to be raised and debated.However,from
the available data it appears that the therapeutic concen-
tration for lowering cholesterol concentrations spans the
pro- and anti-angiogenic concentration continuum.
Proceeding along a separate intellectual track research-
ers interested in inhibitors of angiogenesis had not
focused on the statins, which were principally seen as
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inhibitors of cholesterol synthesis. These researchers, fol-
lowing the lead of Folkman [96], identified a series of
possible agents starting with interferon o (1980), plasmino-
gen factor (1982) and some related hydrolyzed protein
fragments,collagen derived endostatinand otherendogen-
ous agents, acting via a range of possible mechanisms,
that inhibit angiogenesis. In the case of endothelial migra-
tion and other endpoints related to capillary develop-
ment, such agents often displayed biphasic dose-response
relationships. Furthermore, when tested in cancer bioas-
says, these anti-angiogenic agents generally displayed a
U-shaped dose-response relationship [97]. In fact, even
when tests failed to produce the expected U-shaped dose-
response in cancer bioassays, as in the case of Eisterer et al.
[98], it was most likely due to the treatment being at the
high end of the U-shaped dose-response.

The mechanisms by which these U-shaped dose-
responses occur has been generally viewed as ‘unclear’
[99],’uncertain’[100], or ‘still to be elucidated’[101].Various
possible mechanistic explanations have been suggested
including the induction of receptor dimerization that
could lead to biphasic effects or the induction of multiple
signaling pathways that display an integrated U-shaped
dose-response.

A complementary and/or alternative perspective on
anti-angiogenic agents has been developed by Jain and
colleagues [102] based on the proposal that normalization
of tumour vasculature can mediate anti-angiogenic cancer
therapy. This group has shown that tumour vasculature is
very different from normal tissue. That is, tumorous vascu-
lar tissue can be very irregular with respect to bifurcation
and the sizing of the bifurcating vessels.Vessel walls can be
very tight or very leaky or intermediate. Pressure gradients
within the vessels are also highly variable. The blood flow
can also be very irregular with flow going in back and forth
directions, or simply being stagnant. The oxygen concen-
trations are also usually very low, that is, hypoxic, with high
acidity being common. This condition reduces the effi-
ciency of immune cells to attack the tumour while enhanc-
ing the capacity of tumour tissue to metastasize.

Jain and colleagues [102] reduced the cancer angiogen-
esis capacity by using an antibody against VEGF, a promo-
tional signal molecule abundantin most solid tumours.This
treatment caused some of the aberrant tumor vessels to be
‘punned’ away. This treatment also affected a remodeling
of the remaining tumour vessels toward a more normal
state,becoming less leaky, dilated and tortuous.There were
also higher concentrations of oxygen in the tissue and
enhanced penetration of chemotherapeutic agents.

The idea of remodeling tumour blood vessels toward a
more normal state seems contrary to the goal of Folkman
[96, 97] to kill the tumours by preventing capillary devel-
opment. The anti-angiogenic drug Avastin increased sur-
vival only in combination with standard chemotherapy,
possibly because it pruned some of the aberrant blood
vessels, remodeling the remaining ones, making them



more susceptible to chemotherapy. Fukumura & Jain [102]
believe that it is important to identify the time period
when the vessels become remodeled in order to deter-
mine the optimum period of chemotherapy.The possibility
exists that anti-angiogenic agent-induced pruning and
remodeling may represent a biphasic dose-response,
related to the findings of Weis et al. [91] and Urbich et al.
[92] and later authors.

In summary, anti-angiogenic agents typically follow a
U-shaped dose-response that displays the quantitative
features of the hormetic dose-response. The U-shaped
dose-response has become a common theme within the
past 5 years of statin research, and is consistent with other
effects of anti-angiogenic agents such as their effects on
bone development [90]. While the mechanisms by which
such hormetic effects occur for each endpoint are likely
to differ, this should be seen as a basic regulatory strategy
by which the biological system balances pro and anti-
angiogenic signals within a framework of the constraints
imposed by system-related biological plasticity.

Skin

UV light causes photo-oxidative reactions that damage the
functional integrity of sub-cellular structures, cells and
tissues, especially in the skin and eye. The mechanism by
which UV induces skin cancer, premature ageing of skin
and various opththalmological diseases such as cataracts
and age-related macular degeneration involve the forma-
tion of reactive oxygen species. Within this context it is
known that low level carotenoid ingestion increases the
risk of cancer, aged-related macular degeneration, cata-
racts and CVD [103-105]. Experimental studies have also
indicated that UV-induced skin damage can be reduced by
carotenoid supplementation [106-109], findings generally
attributed to their antioxidant activities.

Despite their antioxidant properties, carotinoids
also display pro-oxidant effects [110-113] as judged by
biomarkers of lipid per-oxidation. Pro-oxidant effects
have been proposed to account for an enhanced risk of
lung cancer observed in epidemiological studies with
[-carotene. [104, 105, 114]. These studies revealed an inci-
dence of lung cancer that was about 20% greater than
control values when B-carotene was given in high doses
for a prolonged period to those with an enhanced risk of
this disease.

Studies with cultured human skin fibroblasts were
undertaken to explore the capacity of carotenoids (i.e.lyco-
pene, B-carotene, and lutein delivered to cells using lipo-
somes) to show antioxidant and pro-oxidant effects
following exposure to UV [115]. The cells were exposed to
UV light for 20 min that increased MDA values from a back-
ground of 0.4 nmol to about 1.2 nmol. The three caroti-
noids decreased the UV MDA values at low concentrations
while increasing MDA formation as the concentrations

Hormesis and medicine BJCP

200
180 -
160 |-
140
120
100
80
60
40
20

% Control

20
30
60 -
70

| | | | | | |
N ML O OOW;m
eeocee==
(== — B — I — Y — I —

0.00
0
0
0
0
0
|
|
2
3
4
5
6
7
10
30

Incorporated carotenoid
(nmol mg™! cellular protein)

Figure 8

Effects of lycopene, beta-carotene, and lutein on UVB-induced TBARS
formation in human skin fibroblasts [115]. Lycopene, (—ll-); Beta-
carotene, (- -#-); Lutein, (---A--)

increased. While the magnitude of the decrease in MDA
production was similar for each agent, the range of the
protective responses was variable.Even though this was an
in vitro study, the carotinoid concentrations in human
tissues are in the range used in this study (Figure 8).

While each carotinoid displayed the J-shaped dose-
response there are notable differences with respect to the
concentrations of carotinoids where the protection is ini-
tiated, ceases and where toxicity begins. These authors
suggested that there are optimum levels of protection
in vivo, which would like vary by individual.

Minoxidil and human keratinocytes

While attempts to grow hair have had a long history, a
major breakthrough occurred in 1980 when Zappacosta
[116] reported that a systemic anti-hypertensive agent,
minoxidil, enhanced the growth of hair in patients. Over
the next three decades minoxidil emerged as the most
widely used drug for the treatment of androgenetic alope-
cia (AGA). While the mechanism(s) by which minoxidil
increases hair growth remain to be elucidated more fully,
the general emerging perspective suggests that it involves
the restoration of normal keratinocyte proliferation [117,
118] via the regulation of calcium channels by its metabo-
lite minoxidil sulfate. Particularly comprehensive in this
regard have been the studies of Boyera et al.[117] involv-
ing a systematic investigation of the effects of minoxidil on
human keratinocytes from different donors using different
biological sources (i.e. interfollicular keratinocytes, follicu-
lar keratinocytes from microdissected hairs or plucked
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Effect of Minoxidil on normal human keratinocytes [117]. 1st Passage
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hairs), a range of experimental conditions (e.g. high- and
low-calcium medium, with or without serum, high or low
epidermal growth factor concentration) using multiple but
complementary endpoints to assess cellular proliferation
(i.e.mitochondrial dehydrogenase activity, BrdU incorpora-
tion, lysosome content, protein content, lactate dehydro-
genase released, and involucrin expression). Regardless of
the specific experimental conditions assessed, minoxidil
induced biphasic concentration responses with stimula-
tory effects at low (i.e. micro-molar concentration) and
anti-proliferative, pro-differentiative and partial cytotoxic
effects at higher concentrations (i.e. millimolar concentra-
tions). Figure 9 illustrates this general relationship in a
comparison of mitochrondrial dehydrogenase activities
(i.e. biomarker for the number of viable cells) relative to
controls across a range of experimental systems. Similar
qualitative and quantitative concentration relationships
also were reported for BrdU incorporation (i.e. marker of
proliferative cells in S phase), neutral red (i.e. marker for the
number of viable cells) and BioRad protein (i.e. biomarker
for the total number of cells). The high degree of consis-
tency of the concentration-response relationships for
complementary endpoints strongly supported the overall
reliability of the findings.The concentration-response rela-
tionships generally indicated that the maximum stimula-
tory responses regardless of endpoint were modest, being
in the 15-30% range greater than the controls. The stimu-
latory concentration range is also consistent across end-
points and experimental systems, being approximately
10- to 100-fold.

The quantitative findings of the in vitro investigations
of Boyera et al. [117] are remarkably consistent across the
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broad range of experimental protocols and suggest the
possibility of providing mechanistic insight of clinical find-
ings. In fact, the maximum plasma concentrations of
minoxidil with a hair growth promoting dose is approxi-
mately 0.775 uM, a concentration seen to consistently
induce stimulatory cell proliferation responses in the
Boyera et al.[117] study. Therefore, the minoxidil treatment
at low concentrations would be expected to maintain kera-
tinocyte proliferation in conditions such as AGA while con-
conmitantly preventing premature commitment of cells to
differentiative pathways.However, Boyera et al.[117] raised
the possibility that minoxidil may accumulate in some
follicle compartments, such as the hair shaft which has
particularly high concentrations of keratins and melanins.
Such millimolar concentrations of the drug could occur
adjacent to the keratogenic zone, thereby supporting kera-
tinocyte differentiation along with hair shaft thickening.

Bone

Bisphosphonates

Osteoporosis is a major public health issue for ageing
women. In the US alone nearly 10 million women over 50
years of age have osteoporosis with nearly double that
many being at risk because they have low bone mass [119].
Bisphosphonates can prevent bone resorption and there-
fore have been employed in the treatment of osteoporosis.
Bisphosphonates are synthetic analogues of pyrophos-
phate where a carbon atom replaces the oxygen at the
center of the pyrophosphate. This chemical substitution
results in the bisphosphonate becoming resistant to
hydrolysis. It permits two additional side chains (R;, R,) of
potential variable structure. The R; side chain contains
an hydroxyl moiety leading to high affinity for calcium
crystals and bone mineral. The chemical differences at R,
have been exploited for the development of bone anti-
resorptive potency [120, 121]. Despite their successful
chemical applications, mechanistic understanding of
bisphosphonates has emphasized their direct inhibitory
effects on mature osteoclasts [122, 123]. However, in addi-
tion to the inhibitory effects on osteoclastic bone resorp-
tion, Giuliani et al. [124] explored whether the chemical
effectiveness of these agents may result from a direct effect
on osteoblasts, thereby representing an alternative target
for bisphosphonate-induced beneficial effects on the bone
formation process.In their investigation Giuliani et al.[124]
evaluated potential effects of etidronate and alendronate
on the formation of early and late osteoblastic cell precur-
sors by measuring the number of colony-forming units for
fibroblasts (CFU-F) and colony-forming units for osteo-
blasts (CFU-OB) in murine and human bone marrow cul-
tures. Using aspirates from the femurs of three-month old
Swiss-Webster female mice, 10 to 12 treatment concentra-
tions over nine orders of magnitude were employed along
with controls. In the mouse marrow cultures, etidronate
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Effects of alendronate on CFU-F formation in murine bone marrow cells
[124]

(10°-10" mol I") enhanced the formation of CFU-F by
50-100% more than the controls. The alendronate treat-
ment displayed a biphasic effect with stimulation occur-
ring below 107 M with inhibitory responses occurring at
higher concentrations.The maximum stimulatory response
was 78% greater than controls. In the case of CFU-OB
(i.e. mineralized nodule formation) both compounds dis-
played biphasic concentration responses with stimulation
occurring at low, inhibition at higher concentrations. A
comparable concentration-response relationship was also
reported for CFU-OB in human bone marrow cells follow-
ing alendronate treatment.The two lowest concentrations
of alendronate which were effective in the formation of the
early osteoblast precursors in this in vitro study were gen-
erally equivalent to those doses (5-10 mg day ') employed
to treat patients with osteoporosis [125, 126].

In addition to the in vitro testing the authors also
assessed the effects of both agents on CFU-F formation in
young (3 months) and old (18 months) mice. There was
good agreement between the in vitro and in vivo studies
with low doses being stimulatory for both agents and each
age group [124].

The mechanisms by these agents enhance the forma-
tion of early and late osteoblast precursors suggest an
involvement with basic fibroblast growth factor (bFGF-a)
[124]. The production of bFGF-o, a powerful mitogen for
mesenchymal cells, increased by 50% with alendronate
treatment over the same concentration range (107%-
1072 mol I") capable of stimulating osteoblastogenesis in
vitro (Figure 10) [127]. bFGF-o. stimulates the proliferation
of CFU-F and the formation of mineralization nodules in
both animal and human cultures [128-132].These findings
suggest that bisphosphonates are most likely affecting an
increase in the number of mesenchymal bone marrow cells
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committed to the osteoblast phenotype. Thus, the overall
effectiveness of these compounds may represent a benefi-
cial influence of osteoblast precursors to complement the
previously recognized high dose inhibitory effect on osteo-
blastic bone resorption.

Since the ground breaking study of Giuliani et al.[124],
a series of independent investigations have confirmed
their basic conclusions, while generalizing the bisphos-
phonate induced biphasic dose-response on osteoblasts
to a broader array of compounds, experimental models
and endpoints. The quantitative features of the dose-
response were remarkably consistent, including not only
the magnitude and width of the stimulatory response but
also absolute tissue sensitivity. That is, the response range
for the CFU-F and CFU-OB for the female Swiss-Webster
mouse bone marrow cells was generally consistent with
MG-63 human osteoblast [133] and human osteoprote-
gerin production [134]. While the consistency in the quan-
titative features of the hormetic dose-response was not
unexpected, the striking similarities in the absolute
sensitivity across tissues to a range of bisphosphonates
was unexpected and has not been previously discussed.
Furthermore, the stimulatory range over which the
osteoblast-proliferation occurs is extraordinary, being well
over a 10 million-fold, and likely even wider. No mechanis-
tic foundation to account for the broad stimulatory range
has been offered (Figure 10).

Of relevance to the above assessment of
bisphosphonate-induced biphasic dose-responses is that
the molecular mechanism of the biphosphonates differ
between their two structure subgroups, that is, those with
single substrates (e.g. H, OH, Cl, CHs) and lacking nitroge-
nation, and those with common substituents being
a hydroxyl group together with a nitrogen-containing
aliphate side chain or heterocyclic rings. Non-nitrogen
compounds such as etidronate appear to form cytotoxic
ATP-analogues following interactions. The nitrogen-based
compounds inhibit farneyl diphosphosphate synthase, an
enzyme of the mevalonate pathway, thereby reducing the
prenylation of small GTP-binding proteins needed for
normal cell function and survival. However, despite such
marked differences in mechanism both groups biphasi-
cally induced osteoblast proliferation, suggesting other
mechanisms that are shared [120].

A further possible mechanism by which nitrogen con-
taining bisphosphonates may prevent bone resorption is
via an anti-angiogenesis process as reported by Wood et al.
[135] with the drug zolerdronic acid (ZOL) using multiple
endpoints. These authors noted the osteoclastic bone
resorption depends upon efficient vascularization of the
haemangiogenic endothelials cells. The Wood et al. [135]
study also reported a biphasic effect of biphosphonates
[e.g.ZOL, pamidronate (PAM)] on endothelial cell adhesion
consistent with the quantitative features of the hormetic
dose-response, thereby suggesting a more complex and
integrative biological response.
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Statins

In 1999 Mundy et al. [136] were the first to report that a
number of statins, in particular simvastatin and lovastatin,
stimulated bone formation following a subcutaneous
injection over the murine calvaria. This same treatment
enhanced the expression of BMP-2 mRNA in osteoblasts.
Since these findings were confirmed and extended to
bone diseases, such as osteoporosis [137, 138], Yazawa
et al.[139] explored whether statins could affect the regen-
eration of periodontal cells that affect hard tissue regen-
eration. Using human periodontal pigment (PDL) cells
these investigators observed the capacity of simvastatin to
biphasically enhance the proliferation of PDL cells (24 h
after treatment) in vitro as well as alkaline phosphatase
(ALP) activity (7 days after treatment). Since the effects of
simvastatin on ALP activity were prevented by mevalonate,
it suggested that these effects were caused by the inhibi-
tion of the mevalonate pathway. Other published findings
supported the earlier observations of the capacity of sim-
vastatin to affect bone formation.That is, osteoblast differ-
entiation and mineralization in MC3T3-E1 osteoblasts and
bone marrow cells (in vitro) were induced by simvastatin
[140-142].

From a clinical perspective simvastatin is taken orally
in 5,10, 20, 40 or 80 mg tablets, with 20-100 mg tablets
yielding maximum plasma concentrations in the range of
4.4x10°8-3.0x107 M [143]. According to Yazawa etal.
[139] the optimal in vitro concentration appeared to corre-
late with the 20 mg tablet dose, although it is difficult to
relate in vitro concentrations with dose to target tissue.

It is noteworthy that bisphosphonates stimulate the
formation of osteoblasts and possibly do so via the inhibi-
tion of the mevalonate pathway, thus mechanistically
linking bone stimulation in osteoblasts and in human PDL
cells.

Ocular diseases and cell
proliferation

The successful treatment of intraocular proliferative dis-
eases, such as proliferative vitreopathy (PVR), progres-
sive traumatic traction retinal detachment (PTTRD) and
intraocular neovascularization remain problematic despite
notable advances in intraocular microsurgery in the direct
handling of vitreoretinal tissues.This is due to the excessive
accumulation of fibrous vascular tissue within the eye.
Surgical treatment alone has also had limitations in the
treatment of a range of other disorders characterized
by progressive conjunctival or extraocular cicatrization
including ocular pemphigoid (i.e. blisters), restrictive motil-
ity syndromes, and aphakic (lack of a natural lens) or
neovascular glaucoma filtration surgery. According to
Blumenkranz et al. [144], the central underlying feature
that is common to these apparently unrelated clinical
disorders is the rapid and uncontrolled proliferation of
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non-neoplastic cells within or about the eye. In such
ocular-related proliferative disorders, the cells may be of
diverse origin, including the retinal pigment epithelium,
astroglia, macrophages, vascular endothelium, myoblasts,
myofibroblasts, or fibroblasts. Nonetheless, the induced
damage is generally accepted as being due to fibrocellular
proliferation, active contraction of cellular membranes,
and the formation and cross-linkage of newly formed col-
lagen by fibroblasts and myofibroblasts.Such observations
suggested that non-toxic pharmacological agents that
inhibit the growth of rapidly proliferating cells may have
value in the treatment of such diseases. Such reasoning led
to a substantial series of cell culture investigations to find
appropriate drugs which would be able to inhibit the pro-
liferative response while not being toxic to ocular tissue.
Other notable considerations included the toxicity of
carrier solvents as well as the pharmacokinetics of the
agent that might affect the periodicity of re-treatment.

In his 1988 reflective essay, Machemer [145] noted that
he first thought to supplement surgical advances in the
treatment of proliferative vitreopathy with pharmacologi-
cal agents in the early 1980s with a consideration of the
gout medication, colchicine, because of its capacity to be
an inhibitor of mitosis. However, the selection of this agent
for clinical application was problematic since clinical doses
used for gout were far too low to affect cellular prolifera-
tion whereas higher doses were thought to markedly
increase the risk of inducing toxicity in the neural tissue of
the eye. This led to consideration of cancer chemothera-
peutic agents, such as 5FU and daunomycin, since they
were strongly anti-proliferative. While Machemer had con-
cerns about their use due to toxicity, others proceeded
to establish their therapeutic potential. Nonetheless,
Machemer became interested in the possible use of corti-
costeroids since they had been reported to inhibit mitosis
[146, 147] while having a very low likelihood of causing
ocular toxicity. These collective perspectives lead to
follow up investigations with a wide range of steroids,
non-steroidal anti-inflammatory agents, as well as anti-
metabolites and potent biopeptides.

An evaluation was undertaken of such agents in which
a broad concentration range was assessed, including con-
centrations below the proliferation inhibition threshold.
This evaluation revealed that hormetic-like biphasic dose-
responses commonly occur and that these responses were
independent of the chemical agent and the biological
system employed. The maximum stimulatory responses
were modest, generally being only 30-60% greater than
the control value. However, there was considerable varia-
tion in the width of the stimulatory concentration range.
For example, in the case of DEX, Blumenkranz etal.
[144] reported a low concentration stimulatory response
across greater than five orders of magnitude whereas the
fluoridated pyrimidines displayed a stimulatory response
of approximately only 10-fold [148]. The causes of such
inherent variability in the width of low dose stimulatory
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Effects of dexamethasone on cell growth and viability of cultured human
RPE. *Significantly different from controls at P < 0.05 [210]

response have not been addressed. The occurrence of
inter-individual variation in low dose proliferative stimula-
tory responses of cultured retinal pigment epithelium pro-
liferation was reported in by Yang & Cousins [149]. They
noted that concentrations that were stimulatory for one
individual might be inhibitory for another.

The implications of the inter-chemical and inter-
individual variation in low dose stimulatory responses may
have important implications. The ideal pharmacological
agent would inhibit cell proliferation without being toxic
and without being stimulatory in the low concentration
zone. Investigators have yet to address explicitly the bio-
medical implications of a 30-60% stimulatory response
over a certain number of days. Agents such as DEX could
have a highly variable stimulatory zone depending on the
individual and cell type. Even in the case of agents which
have not shown the type of low dose stimulatory response
as reported for DEX or trimicolon, these have not been
typically well studied in the low dose zone. However, there
is considerable evidence that these antimetabolites can be
very effective in enhancing cell proliferation in the low
dose zone [150]. The potential of pharmacological thera-
peutic agents such as DEX (Figure 11) to stimulate cell pro-
liferation in ocular tissue at low doses may be a risk factor
that needs to be considered in the treatment of surgical
patients.

Male sexual behaviour

Considerable pharmaceutical interest has been directed
toward improving aspects of male sexual behaviour, with
particular emphasis on erectile dysfunction (ED). Despite
the rapid commercialization of products over the past
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Effects of yohimbine and idazoxan on erections exhibited by rats in
the reflex test. *Significantly different from controls at P = 0.05 [153].
Yohimbine, (——); Idazoxan, (- 1l--)

250
225
200
175
150
125
100

75

50

25

% Control

0 I 5 10 25 50 100
8-OH-DPAT (ug kg™")

Figure 13

Effects of yohimbine on ejaculation latency of male rhesus monkeys.
*Significantly different from controls at p =< 0.05 [151]

decade, research on endogenous and exogenous agents
that could enhance male sexual performance extends
back to the 1960s. Of particular interest is that essentially
all chemical groups that have been shown to enhance
male sexual performance (e.g. penile erection, ejaculatory
functions) have generally been shown to display hormetic-
like biphasic dose-response relationships [151-156]
(Figures 12 and 13). There are a sizeable number of such
agents affecting various receptor systems, with particular
research interest having been directed to dopamine,
o-adrenergic agents, serotonin, opioids, nitric oxide,
cholinergic agents, histamine, prostaglandin and oxytocin,
amongst others.
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An evaluation of the pharmacological foundations of
each of these general areas of research concerning male
sexual behaviour have typically utilized male rats of mul-
tiple strains with particular emphasis on the use of Wistar
and Sprague-Dawley rats, with dogs being employed as
the second most common animal model.The investigators
have tended to use penile erection as the most commonly
used general endpoint in studies with rats. Penile erection
has generally been studied using the spontaneous erec-
tion model in which drugs are tested for their capacity to
increase the incidence of erections as compared to non-
stimulated male, that is, without the influence of a female.
A relatively low proportion of studies dealing with the
penile erection have used a penile reflex test to estimate
the frequency of erections. Copulatory investigations
have also been common with multiple endpoints being
assessed including mounting behavior, intromissions
and ejaculatory parameters. Particular applications in the
research have been directed to castrated males or other
models of dysfunction. In the case of the dog model the
principal endpoint assessed has been ejaculatory perfor-
mance. Limited studies with large numbers of doses have
been published using non-human primates.

The receptor systems that have been assessed most
extensively with respect to detailed dose-response evalu-
ation and male sexual behaviour have been dopamine
[157-167], o,-adrenoceptor antagonists [152-154, 168-
171], and serotonin [151, 172-179]. Each has a unique
data base and scientific foundation that reflects investi-
gator goals and research strategies. For example, in the
case dopamine there has been extensive investigation of
the dopamine agonist apomorphine, its metabolites, and
other agonists. Considerable attention has been directed
to clarification of the receptor subtype(s) that mediated
the enhanced male sexual performance. Thus, extensive
research has involved agonists and antagonists for re-
ceptor subtypes D1-D5 [164]. Similarly, there has been
considerable research dealing with receptor interactions
and the implications that specific agonists often display
differential affinities for multiple receptors, each poten-
tially affecting the sexual behaviour endpoint of interest.
The case of dopamine has been generally similar for
other receptor systems.

Since this general area of research was initiated in the
1960s there has been a progressive and, at times, rapid
re-assessment of receptor pathways involved in the stimu-
lation of male sexual behaviour. For example, each major
receptor area has displayed a notable increase in the
number of receptor subtypes, sometimes requiring the
reclassification of agonist affinity to a newly discovered
subtype with a consequent re-assessment of the stimula-
tory pathway. Likewise, numerous stimulatory agonists
have been found to have affinities within multiple receptor
systems after the initial findings that classified the agent as
stimulating male sexual behaviour via a specific pathway.
Despite this progressive growth in complexity of pathway
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interactions and signal convergences, the dose-response
features have continued to reflect that of the hormetic-like
biphasic dose-response.

Even though essentially all papers with evidence of a
biphasic dose-response relationship for a male sexual
behaviour have acknowledged their occurrence, very few
such papers have provided even speculative hypotheses
that might account for such common and reproducible
observations. Several have been provided in areas such as
with dopamine [159] and o,-adrenoceptor antagonists
[152] but even these were put forth as speculative. Most of
the detailed focus was directed to trying to clarify pathway
involvement. In addition to the above major research
areas, there have been reports published using botanically
derived agents [180] which also have commonly displayed
the hormetic-like biphasic dose-response relationships.

Of particular current interest have been the phos-
phodiesterase 5 inhibitors, which include the commercial
products of Viagra, Cialis and Levitra. However, perhaps
because of the history of their discoveries which are prin-
cipally within the pharmaceutical industrial setting there
has not been the same type of extensive dose-response
studies to evaluate in the open literature. However, in the
case of sildenafil recent studies have indicated that it dis-
plays hormetic-like biphasic dose-response relationships
for human sperm motility [181] and in animal model
studies concerning memory performance [182].

The dose-response features have generally conformed
to that of the hormetic dose-response model with respect
to the maximum stimulatory response and the width of
the stimulatory range.However, in the case of spontaneous
penile erection it is not uncommon to observe a four-fold
increase in erections. While this is nearly double what
might be expected, it may be an artifact of the use of a
spontaneous rat model in which the control response rate
is very low. There were also interspecies differences in the
width of the stimulatory responses. For example, research
assessing the effects of yohimbine in the rat model indi-
cated that the width of the stimulatory response was very
narrow, implying that this was due to its non-selective
ox-adrenoceptor agonist binding [170]. However, research
with the beagle dog model for ejaculatory endpoints
revealed a considerably greater width of the stimulatory
response which exceeded 30-fold [154].

Prion diseases, protein folding and
hormetic dose-responses

Prion diseases have been shown to occur via both inher-
ited and infectious processes, with infectious human prion
diseases comprising only about 1% despite their notoriety
[183]. Considerable evidence now exists which indicates
that prions are comprised of a misfolded prion protein
(PrP) isoform (PrP*) of a glycolipid-anchored host protein



(PrP%). While prions lack nucleic acid, their diversity is
related to the conformation of PrP* [184].

Prion diseases are progressive neurological disorders
foundinanimalsand humans.While rare, they are invariably
fatal.Prion diseases have been of particular societal concern
since there is the potential for cross species transmission of
the scrapie condition (named from the symptoms of the
condition due to compulsive scraping off of the fleece) from
sheep to cattle where it has produced bovine spongiform
encephalopathy (BSE) [185].Hundreds of thousands of BSE-
affected cattle have been slaughtered in order to prevent
this epidemic in cattle and to protect the human food
supply. As a result of public health concerns with this and
other prion disease conditions, substantial efforts have
been initiated to discover drugs effective in preventing the
onset and/or progression of the disease process.

The normal cellular prion protein PrPc is relatively
susceptible to proteolysis compared with an abnormal
isoform PfP*¢. PrP¢ may be converted to PrP* and this
process is considered a biochemical correlate of agent rep-
lication in cell culture and animals with the prion disease.
According to Rudyk et al.[186, 187], one therapeutic strat-
egy in the treatment of prion diseases is the discovery and
use of agents that slow the replication of the infectious
agent and delay the occurrence of the clinical disease when
administered directly into the brain or peritoneum at or
near the time of infection in the animal model. Using the
non-neuronal scrapie infected mouse cell line model (SMB)
originally cloned from an infected mouse brain [188], these
authors assessed the capacity of Congo red and a number
of its structural analogues to prevent the formation of PrP-
res, a biomarker (protease resistant prion protein) of the
infectious agent in this cell line. Congo red was selected
because of its well recognized affinity for amyloid protein,
its capacity to inhibit the replication of prion agents and
thereby prevent the accumulation of PrP* [186], and its
ability to prolong the survival time of hamsters infected
intraperitoneally with two different strains of scrapie [189].
However, Congo red is limited by its poor capacity to pass
the blood brain barrier and that it is metabolized to benzi-
dine, a human carcinogen.These factors lead to a broader
assessment of structural analogues with improved penetra-
tion of the blood brain barrier and whose metabolites
would be non-carcinogenic. In an initial follow up dose-
response assessment 18 agents were tested including
Congo red using only two concentrations (100 and 1 um).
While the 100 um concentration markedly prevented the
formation of PrP* there was the general observation of an
enhancement of PrP* formation at the 1 UM concentration
by numerous sulphonic acid derivatives of Congo red but
not with the two cases of carboxylate derivatives. The
increase of PrP-res formation ranged from approximately
140% to 225% (relative to a control value of 100%) depend-
ing on the specific analogue tested. In follow-up experi-
ments selected agents were tested over six concentrations
with log concentration spacing. Not only was the low con-
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Effects of Congo red in the SMB cell assay [186]

centration stimulation response confirmed in representa-
tive sulphonic acid derivative compounds, but even Congo
red (Figure 14), which was negative in the preliminary
studies with only the two concentrations (1 and 100 um),
was positive once the bioassay included even lower
concentrations [186].

These dose-response features of Congo red and its sul-
phonic acid derivatives are consistent with the quantita-
tive characteristics of the hormetic dose-response model.
These findings are of medical concern because they raise
the possibility that such potential therapeutic agents may
have the possibility of enhancing the occurrence of the
prion disease within the low concentration range.

The mechanism by which such low concentration
related increases in PrP* may occur have been addressed
to a limited extent. The low concentration stimulatory
response was hypothesized by Rudyk et al. [186] to be
related to an observation by Caspi et al. [190] that Congo
red inhibited new PrP* synthesis and PrP* degradation
in scrapie-infected neuroblastoma cells. Rudyk et al. [186]
also speculated that these compounds, as monomers at
low concentrations, may stimulate PrP* formation due to
binding to PrP¢ at just one site, while at higher concentra-
tions in physiological salt, they may form a supramolecular
ligand, a liquid crystal, which binds PrP*® and/or PrPS,
preventing their interaction [191, 192].

Discussion

The paper asserts that the hormetic dose-response is more
common and fundamental than other dose-response
models, including the long revered threshold model, far
out-competing them in fair head-to-head evaluations. It is
argued further that we are in the midst of a major dose-
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response revolution that has highly significantimplications
for essentially all branches of science that are concerned
with dose-response relationships and adaptive responses.

The last three decades have witnessed growing interdis-
ciplinary evidence of hormetic-biphasic dose-responses
that are characterized by remarkably similar quantitative
features of the dose-response and similar underlying
mechanistic explanatory strategies.ltis the emergence and
integration of these findings from diverse biomedical fields
that has lead to the consolidation of the hormesis dose-
response conceptand motivation to re-discover the histori-
cal foundations of the dose-response [193-197].

The concept of hormesis can also be considered within
a preventive context.Considerable research has associated
beneficial responses from low to moderate levels of exer-
cise with hormetic mechanisms [198-201]. Likewise, the
benefits of caloric restriction [202, 203] or certain fasting
regimes [204, 205] have also been proposed as manifesta-
tions of hormetic effects.These developments are believed
to have the potential to enhance the quality of life within
ageing populations [206].

This paper presented a spectrum of examples in which
hormesis is having or could have an important role in clini-
cal pharmacology.The examples selected are illustrative of
the potential of the hormesis to affect the biomedical sci-
ences and to improve its capacity not only to enhance
human health and performance but also to avoid harm in
patient treatments. A key point is that the concept of
hormetic-biphasic dose-responses is already an important
feature within clinical pharmacology, especially within the
areas of drug discovery for anxiolytic drugs, anti-seizure
drugs, memory, neuroprotection, drug addiction, pain,
and others. In fact, hormetic-biphasic dose-responses are
common to these fields, affect decisions on drug develop-
ment but almost never is the term hormesis used to
describe these versions of the dose-response relationship.
The hormesis concept is also important in areas of clinical
pharmacology in which high doses are important for
killing harmful organisms or tumour cells. In these cases,
there may be health concerns over the potential of
hormetic-biphasic dose responses, such as tumour cell
proliferation or prostate enlargement, at hormetically
acting low concentrations. In these cases as well, the low
dose stimulatory response has not been referred to as a
hormetic dose-response. Yet it is argued that such cases
are manifestations of the hormetic dose-response, reflect-
ing its centrality within the biomedical sciences, its gener-
alizability across biological models, gender and age
groups, endpoints and chemical classes and the important
constraints it imposes on the quantitative features of the
dose-response as an indicator of biological plasticity.
Recently a large number of biomedical scientists have
proposed the use of a common terminology that more
effectively places biphasic dose-responses and stress
responses within a broad hormetic framework [214].
Finally, it is time for the hormetic dose-response to be
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integrated within the education and training of current
and future biomedical scientists and to improve the design
and conduct of studies affecting drug discovery and safety
evaluation as well as providing a sound dose-response
framework in the refining or fine-tuning of drug doses for
patients in clinical settings.
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