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m Abstract The occurrence of U-shaped dose-response relationships (often termed
hormesis) has been documented in numerous biological, toxicological, and pharmaco-
logical investigations. Many of the endpoints studied are of considerable significance
to public health (e.g. body weight, cholesterol levels, ethanol consumption, longevity,
cancer incidence, etc). Despite the fact that U-shaped dose-responses are widely and
independently observed, little attempt has been made to assess this phenomenon in
an integrative manner. This review provides an overview of the historical foundations
of hormesis and a discussion of its definition within a mechanistic framework. The
occurrence, generalizability, and biological significance of U-shaped dose-response
relationships along with the concept of biological optimality are addressed.

INTRODUCTION

In 1943, researchers at the University of Idaho reported that extracts from the red
cedar tree enhanced fungal metabolism at low doses and inhibited at higher doses.
The low-dose stimulation of subinhibitory doses was referred to as “hormesis,”
based on the Greek word meaning “to excite” (72). Over the past six decades, the
term hormesis has become progressively more widespread, especially in the field of
environmental toxicology and radiation biology when describing a dose-response
continuum involving a low-dose stimulation/high-dose inhibition.

Despite this 60-year history of use of the term hormesis, the initial recognition
that the dose-response relationship may be biphasic in nature was actually con-
temporary with the start of the modern experimental investigations, as seen with
the work of Pasteur and Koch in the 1880s. In fact, credit is usually given to Hugo
Schulz, a pharmacologist at the University of Greifswald in northern Germany,

*See related article on page 63: “Hormesis: Implications for Public Health Policy Regarding
Toxicants” by L Lave.
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who reported in 1887 (65) that numerous toxins enhance fungal metabolism at
low but inhibit at higher concentrations.

The findings of Schulz were not controversial nor even greatly appreciated when
first reported. In fact, the principal debate over the nature of the dose-response
during these early years centered around the public health issue of disinfection
and whether the dose-response was based on a unimolecular mechanism leading
to a linear response, or on a more threshold-like response due to interindividual
variability in response to the toxin exposure (17). Nonetheless, the mundane work
of Schulz became highly controversial, sparking more than a century of debate
on the nature of the dose-response relationship, that is, whether the fundamental
shape of the dose-response is linear, threshold, or biphasic (e.g. U/J shaped).

Although this issue is ostensibly scientific in nature, it soon became politicized
by Schulz, who saw his findings as providing the underlying scientific framework
for the medical practice of homeopathy. Following his microbiological findings
of a low-dose stimulation/high-dose inhibition, Schulz became interested in an
1884 report (see 35) indicating that highly dilute solutions of the drug veratrine
were used successfully to treat salmonellosis. Because the bacteria causing this
disease had just been identified, Schulz and a colleague assessed whether the
veratrine would destroy the microbe in culture. However, even at very high doses,
the drug had no effect on the disease-causing bacteria. In addition, the veratrine
at high doses caused symptoms of gastroenteritis in humans, symptoms similar
to salmonellosis. Based on these observations, Schulz concluded that the drug
must be acting via a nontoxic mechanism that restores the adaptive capacity of the
body. He also concluded that the findings were consistent with the homeopathic
“law of similars.” When this work became known by homeopathic physicians,
Schulz became the object of intense attention. In a visit by Rudolph Arndt, a
homeopathic physician, Schulz linked his original microbial investigations to the
veratrine study and drew the conclusion that the fundamental dose-response was
biphasic and that this could account for the homeopathic treatment response. This
phenomenon became known as the Arndt-Schulz law, thereby providing a basis
for the controversial assessment of hormesis.

Nearly 60 years after Schulz’s initial discovery, Southam & Ehrlich (72), un-
aware of the work of Schulz and of the Arndt-Schulz law, made a similar observa-
tion and called it hormesis. Thus, hormesis has been the stepchild of controversy
as well as the object of one of the most important toxicological and public health
debates: defining the nature of the dose-response relationship.

Despite the controversial relationship of the Arndt-Schulz law to the medical
practices of homeopathy, a long history of legitimate research in the area of chem-
ical and radiation toxicology provides support for the phenomenon of low-dose
stimulation/high-dose inhibition. In the chemical domain, considerable research
in the early decades of the twentieth century established support for this perspec-
tive using plants, fungi, and bacteria. The relationship of plant research to the
Arndt-Schulz law originates within a wide range of field and laboratory investiga-
tions. The principal areas where support for this perspective emerged included the
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following: (a) the estimation of toxicity thresholds similar to what is currently de-
fined within the context of a hazard assessmémthe evaluation of how plants re-
spond to physical and chemical stressor agents of a limited natutiee@bility to
differentiate essential nutrient functions from the capacity of nonnutritive agents to
enhance growth and other metabolic functions; afdungicidal and insecticidal
treatments with a direct stimulatory impact on plant growth separate from their
pesticidal actions. The concept that low doses of toxins may be stimulatory to
bacteria was first reported in 1896 by Ferdinand Hueppe (44), agérof Robert

Koch. In fact, as a result of his very strong reputation in the field of bacteriology
and his promotion of the concept that low doses of toxic substances stimulate bio-
logical processes, this phenomenon became known as Hueppe’s rule (as well as the
Arndt-Schulz Law). Numerous papers (23, 26, 27,43, 46, 55, 87, 88) and disserta-
tions (41, 42) in bacteriology were published that were generally highly supportive
ofthe hormetic hypothesis and the Arndt-Schulz law. By the 1930s, numerous lead-
ing botany and microbiology textbooks in the United States devoted considerable
attention to this phenomenon and recognized it as a legitimate and central aspect
of their respective fields. Similar activities were also occurring in the field of radia-
tion biology, especially with respect to plant biology, insect responses, and immune
stimulation. The principal point is that the concept of biphasic dose-responses was
broad based, often reported in diverse biological models with similar quantitative
descriptive characteristics.

Despite this impressive start to the development and early maturing of hormesis
as a widely recognized phenomenon, it soon became the object of considerable
criticism in both the chemical and radiation domains. In the chemical area, the
Arndt-Schulz law was attacked by the prominent pharmacologist AJ Clark in his
legendary textHandbook of Pharmacolodgil9). His attack appeared principally
motivated by the close linkage of the Arndt-Schulz law to homeopathy and the
unjustified generalizations offered by Schulz and his followers. This was highly
unfortunate because the legitimate criticism of Clark was entangled with an inad-
equate evaluation of the impressive database supporting the concept of hormesis.
During the 1930s, similar criticism was directed at radiation hormesis by lead-
ing experts, again in response to extravagant agricultural and medical claims.
Like Clark’s, this criticism amounted to throwing the baby out with the bath wa-
ter and a rapid marginalization of the concept ensued, leading to its exclusion
from major toxicological and pharmacological texts and from major governmen-
tal funding programs. [For a detailed documenting of the history of chemical and
radiation hormesis and why they became marginalized, see Calabrese & Baldwin
(12-16).]

Even though hormesis was marginalized from the mainstream of toxicological
and pharmacological research, evidence supporting it has continued to be published
in highly regarded journals. Despite such findings, the area of hormesis has not
received the type of critical scientific evaluation needed to assess it as a possible le-
gitimate area of inquiry. In fact, it has become an area often frequented by scientists
with ideological perspectives, thereby impeding the proper evaluation of hormesis.
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DEFINITION OF HORMESIS

Dose-response relationships that display an inverted U- or U-shaped curve depend
on the endpoint measured and have typically been viewed as examples of hormesis
(Figure 1). As seen in Figurealthe U-shaped response would reflect a decrease
in the incidence of an adverse response such as disease/injury at low dose and an
increase at higher dose. In Figutte fthe inverted U-shaped response may enhance
growth, longevity, etc, at low but reduce it at higher doses. Thus, the occurrence of
the U- orinverted U-shaped response is areflection of the endpoint measured within
the context of a single concept. Because U- and inverted U-shaped dose-response
curves display similar descriptive features with respect to maximum stimulatory
response, range of stimulation response, and relationship of maximum stimulation
to the toxic threshold, it has been assumed that the underlying biological features of
such responses are likely similar. Although this logic has been useful in developing
categorical descriptions of dose-response phenomena, it is not mechanistically
meaningful.

The principal historical issue affecting the acceptance of the Arndt-Schulz law
(i.e. low-dose stimulation/high-dose inhibition) was whether it represented a di-
rect stimulatory response or an overcompensation stimulatory response following
an initial, and usually minor, injury (i.e. disruption in homeostasis). In fact, some
argued that if the stimulation was not a direct one, it should be seen as a rejection
of the Arndt-Schulz law. For example, although Manfried Fraenkel (see 34) argued
that small doses can stimulate by a direct biopositive action, G Holzknecht and
F Pordes denied the possibility of a direct stimulatory response without simulta-
neous damage (see 34). This confusion over whether the stimulatory response of
the Arndt-Schulz law was a direct one or only a response to damage became an
importantissue that several decades later was still highly visible (68, 69). Such dis-
putes remained active and continued to affect acceptance of the Arndt-Schulz law
because it was not clear, even to experts and advocates, exactly what constituted
an Arndt-Schulz law stimulation (i.e. direct or indirect).

During the 1940s, the lack of understanding of the biology inherent in the Arndt-
Schulz law continued to be a critical factor in its rejection in the field of radiation
health. For example, the highly prestigious Shields Warren (84) continued to pro-
mote the concept of Holzknecht and Pordes (see 34) by stating “the assumption
that small doses of X-ray or radium radiation are stimulatory (the Arndt-Schulz
‘law’) is invalid. The slight evidences of proliferative activity offered as evidence
by the proponents of this hypothesis are in fact only reparative responses to the
injury that has been done.” Recognition of reparative overcompensation due to
radiation-induced damage was proposed in 1920 by Hektoen (38), head of Pathol-
ogy at the University of Chicago, with respect to antibody production, and by
Pohle (61), Koga (51), Teneff & Stoppani (79), and Schurer (66) for enhancement
of reticuloendothelial activity. The key element in this assessment was the incor-
poration of an adequate temporal component in the study design. For example,
in the case of Schurer (66), phagocytosis was inhibited during thel ihitiafter
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exposure to X-rays; howevery8 h after treatment, this condition had yielded to

one of enhanced phagocytic activity. These findings, indicating an overcompen-
sation response to an initial toxic insult, have been supported in later reports by
Bloom & Jacobson (5), Dunlop (24), and Taliaferro & Taliaferro (78). Radiation-
induced reparative responses were also comparable to the responses reported by
Smith (68) for ultraviolet-induced fungal mycelium growth. That is, enhanced
growth was observed only after damage and it was necessary to include a repeat
measures design to properly describe this phenomenon.

It is ironic that nearly 60 years later, the definition of hormesis most promi-
nently articulated is that of an overcompensation stimulation response following
a disruption in homeostasis (77). This is the very concept that was recognized as
being most consistent with the available data in the 1920s and 1940s and yet was
dismissed because it was not a “direct” stimulation. It thus appears that Warren
and others who rejected the Arndt-Schulz law derived a proper scientific concept
but marginalized its role to the point of irrelevancy.

The rejection of the Arndt-Schulz law by prominent individuals over the obser-
vation that the stimulatory response was merely a response to damage rather than
a direct stimulatory effect was perhaps the critical judgmental factor in marginal-
izing the hormesis concept. In fact, these dismissing individuals neglected to hy-
pothesize that the process they were marginalizing was a basic feature of the
toxicologic dose-response curve observed in plant and animal models without
regard to whether the damage was induced by chemicals or radiation. The fact
that the “stimulation” (i.e. overcompensation) was modest, consistently distanced
(i.e. three- to sixfold) from the traditional No Observed Adverse Effect Level
(NOAEL) (i.e. toxic threshold), and with a modest overall range of about one or-
der of magnitude supported the fact that this response was likely due to a limited
induction of damage. Rather than offering a refinement of a hypothesis (i.e. the
Arndt-Schulz law) to incorporate an appropriate temporal experimental feature in
the study design and to recognize the possible or likely role of an overcompen-
sation reparative response to account for the quantitative aspects of the low-dose
stimulatory response, the astonishing collective conclusion was to reject the Arndt-
Schulz law and the hormesis concept. It is important to note that in 1929, Branham
replicated the original Schulz findings with an added temporal component (7).
These findings not only replicated the original low-dose stimulation/high-dose in-
hibition, more important they showed that the stimulation recovered only after
an initial inhibitory response. If Warren (84) had been aware of the Branham (7)
paper, itis possible the Arndt-Schulz law could have readily incorporated a revised
overcompensation stimulation response concept.

Based on the above discussion, therefore, hormesis represents an overcompen-
sation to a disruption in homeostasis. This concept is consistent with the limited
nature of the magnitude and range of the stimulatory response and their relation-
ship to the traditional toxic threshold. This definition indicates that in order for
hormesis to be properly assessed, it is necessary to define the NOAEL/Lowest
Observed Adverse Effect Level (LOAEL), to have adequate numbers of properly
spaced doses below the NOAEL, and to incorporate a proper temporal framework
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within the study design. In practice, however, it is unusual for toxicological studies

to have an adequate number of doses, proper dose spacing, a temporal component,
and appropriate endpoint selection. In fact, in the overwhelming number of cases
where the so-called hormetic curve is present, the data reflect the response of
only a single time point. In such cases, researchers often assume that the hormesis
hypothesis is satisfied.

Even though the overcompensation hypothesis has compelling theoretical fea-
tures and sufficient data to support it (12, 77), the vast majority of data used to
support the hormetic hypothesis, as noted above, lacks the critical temporal in-
formation. Thus, it is not certain whether studies lacking a temporal component
were derived from a direct stimulation or from an overcompensation stimulation
response that has permeated and sustained the original controversy.

Despite the long-standing definitional problem of hormesis, considerable re-
ceptor-based pharmacological data accumulated over the past two decades have
indicated that endogenous and synthetic agonists can directly stimulate biological
responses over one dose range while inhibiting in another dose range. Inthese cases,
there is convincing evidence that hormetic-appearing curves consistent with the
direct stimulation hypothesis exist.

Although this would support the position that both direct and overcompensation
stimulation can occur, it is critical to recognize that the overriding tendency of
physiological systems is to reestablish homeostasis. Regardless of whether the
mechanism of direct or overcompensation stimulation occurs, the response must
ultimately fit into the reestablishment of homeostasis context. In the case of the
overcompensation stimulation, it reflects the response to the initial disruption in
homeostasis via an inhibitory response. In contrast, the direct stimulation could
reflect the hormetic curve characteristics at two temporal points and in opposite
directions. That is, the initial direct stimulation/inhibition may occur and represent
an early disruption in homeostasis. It would be expected that homeostasis would be
reestablished so that an overcompensation stimulation would subsequently occur
(Figure 2). Itis interesting to note that in the study of direct stimulation—appearing
hormetic-like dose-responses, there are few studies where temporal features have
been employed. Itis ironic that investigations of both direct and overcompensation
stimulation responses focus on a temporally driven dose-response of interest and
generally ignore the critical temporal perspective that is necessary to study the
hormetic response.

We believe that hormesis is an overcompensation to a disruption in homeostasis
and should be bound by that temporally based restrictive definition. Hormesis is,
therefore, a subtype of a broad array of biphasic dose-response relationships that,
although displaying some similar descriptive as a direct stimulatory response with
hormetic features, operate on a different mechanistic plane and are not part of the
same biological process.

This restrictive overcompensation stimulation definition of hormesis offers nu-
merous advantages over the lumping together of vast numbers of dose-response
curves with similar features. lgf defines its role in the biological systenb) ©f-
fers an experimental strategy for evaluatian) lihks the hormetic response to the
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broad toxicologically based dose-response continuum, enabling it to have direct
application to the risk assessment paradigm, afds(readily evaluated within

a homeostatic adaptive and evolutionary context. Within this context, the actual
hormetic mechanism would relate to the specific biological system(s) undergoing
the disruption in homeostasis, including which agonist receptor systems and their
message systems were affected. Despite this restrictive definition of hormesis and
its exclusion of the hormesis-like direct stimulation phenomenon, we recognize the
existence of the direct stimulatory phenomenon and its widespread occurrence, es-
pecially in the pharmacology literature. However, the direct stimulatory response
with biphasic features similar to the current definition of hormesis needs to be
viewed as a different phenomenon.

The biological and public health implications of whether the low-dose stim-
ulation is either a direct one or the result of an overcompensation response to a
disruption in homeostasis remains to be explored. However, there are abundant
examples in the toxicological and pharmacological literature indicating that over-
compensation stimulation, which is observed during multidose and time interval
study designs, is generally of amodest hature, usually maximally seen at 30%—60%
greater than the control, with rare exceptions approaching twofold (11, 17). In ad-
dition, the range of the stimulatory response would usually be limited to a factor of
10, or 20 at the most, and always contiguous with a toxic response at higher doses.
With respect to a direct stimulatory response, it is possible that the magnitude and
range of the response could be much greater than that seen with the overcompensa-
tion stimulation response. There is also no requirement that the direct stimulatory
response phenomenon be related to or contiguous with a toxic response at higher
doses. In addition, the latter point is significant because it lacks the capacity to
relate low-dose stimulatory responses to the NOAEL, which is a critical judg-
mentfor many risk assessment activities traditionally dealing with noncarcinogens.
Consequently, it is possible that significant biological and public health implica-
tions could exist depending on whether the phenomenon represented a direct or an
overcompensation response. For these reasons, it becomes critical for researchers
to incorporate adequate dosing, proper spacing of doses, and temporal components
within study designs in order to differentiate between direct and overcompensa-
tion stimulation mechanisms. Clearly, further research will be necessary to clarify
these possible distinctions.

PUBLICATIONS WITH U-SHAPED DOSE-RESPONSES

During the past decade there has been increased recognition of U-shaped dose-
responses (often called hormetic responses) in numerous biological systems. Al-
though several significant reviews have documented the occurrence of U-shaped
dose-responses in biological and toxicological systems (9, 10,17, 18, 22), such
responses have also been commonly seen in numerous pharmacological investi-
gations (8) as well as for endpoints of considerable public health significance,
including body weight and longevity (1-3, 20, 30, 36, 40, 48, 62, 63, 80-83, 89),
cholesterol and longevity (28, 47), alcohol consumption and cardiovascular disease
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incidence (33,49,50,52,54,56), and exercise intensity/duration and immune
responsive disease resistance (6, 29, 39, 53,57, 71). The occurrences of U-shaped
dose-responses are thus widely and independently observed phenomena. Yet, de-
spite the widespread nature of their occurrence, little attempt has been made
to assess U-shaped dose-responses as integrative phenomena. Instead they are
regarded as a string of apparently reproducible, but biologically unrelated, re-
sponses. Because U-shaped dose-responses have been reported as being indepen
dent of biological model, endpoint measured, and chemical class/physical stressor
(9,10,17), they may be legitimately considered a broadly generalizable phe-
nomenon. However, this suggests that the widespread occurrence of these U-shaped
dose-responses are in fact examples of biological optimization processes with a
causal linkage to the broad concept of hormesis.

HORMESIS DATABASE

A comprehensive effort has been undertaken to identify articles demonstrating
chemical hormesis (9, 10, 17). The definition of hormesis used in this research has
been low-dose stimulation followed by higher-dose inhibition, although as noted
above, this definition cannot differentiate direct from overcompensation stimu-
lation. Nearly 6000 potentially relevant articles were retrieved from computer
searches utilizing various key word descriptors and extensive cross-referencing.
Evidence of chemical hormesis was judged to have occurred in approximately 1000
of the 6000 studies evaluated based on a priori evaluation criteria that included
study design features (e.g. number of doses below NOAEL, dose response, statisti-
cal analysis, and reproducibility of results) that were integrated into a quantitative
weighting scheme for numerical evaluation.

In general, the hormetic dose-response range is usually within a ten- to twenty-
fold range. Stimulatory effects, however, have been reported over dosage ranges of
two or more orders of magnitude, as well as over a more narrow range of dosages
depending on the agent, endpoint, and model assessed (10). The magnitude of
stimulatory responses has been observed as high as severalfold, but the majority of
low-dose stimulations are 30%—-60% greater than the controls. The distance from
the maximum stimulatory response to the NOAEL is difficult to discern because
it is a function of the number of doses employed, their variability in response, and
the estimated value of the NOAEL. Nonetheless, the distance between the maxi-
mum stimulatory response and the estimated NOAEL is typically observed in the
three- to sixfold range (i.e. the NOAEL is about three- to sixfold greater than the
maximum stimulatory response).

Dose-response relationships conforming to the hormetic curve are affected
by (@) the magnitude of the low-dose stimulatory responbg tlfe number of
doses establishing the reliability to the hormetic cureg s(atistical power, and
(d) the reproducibility of the findings. The capacity to evaluate conformity to the
hormetic curve ideally requires the establishment of an endpoint-specific LOAEL
and NOAEL with multiple doses within two orders of magnitude immediately
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below the NOAEL. This suggests that in order to be an appropriate study for
the evaluation of hormesis, an experiment would be expected to have equal to
or greater than four doses distributed in a highly specific manner below the NOAEL.
Therefore, highly restrictive study design requirements must be satisfied in order
to adequately assess hormesis.

Evidence of hormesis was assessed by comparing the summation of point val-
ues to point ranges established for six evidence categories: high, moderate-high,
moderate, low-moderate, low, and no-low. Because of the emphasis on rigorous
study design and statistical analysis criteridg0% of the experiments received
total scores within the low evidence category, whereas 15%—-20% were ranked in
the high and moderate-high categories. These results reflect the scheme'’s strengths
in that it rewards studies witha) statistically significant databj multiple doses
within the hormetic zone (i.e. below the high NOAEL), arg) & high magni-
tude of stimulatory response. Overall, the current findings are consistent with
the more qualitative judgment that chemical hormesis appears to be a widely oc-
curring phenomenon with respect to biological model, endpoint, and chemical
class.

GENERALIZABILITY OF HORMESIS

Although the occurrence of hormetic responses is firmly established, the principal
guestion is how generalizable it is. The issue of generalizability, developed in
detail elsewhere (8), is based on several complementary lines of evidence.

1. Hormesis is directly linked to the concept of homeostasis. This suggests
possible involvement in a vast array of biological responses. To the extent
that biological systems display a limited, temporally based
overcompensation after a disruption in homeostasis, the phenomenon of
hormesis would occur. Numerous examples indicating overcompensation
stimulation involve a wide range of biological responses and further
support the broad generalizability of the hormesis concept (8). In addition,
the magnitude of the overcompensation response in these examples closely
follows the 30%—-60% maximum range reported for examples comprising
the hormesis database.

2. All receptor systems assessed to date (adenosine, adrenergic, bradykinin,
cholescytokinin, corticosterone, dopamine, endothelin, estrogen, excitory
amino acids, nitric oxide, numerous neuropeptides, opiates, prostaglandin,
serotonin, testosterone) display biphasic dose-response relationships with
identifiable mechanisms regulated by agonist concentration gradients. This
integrates the hormetic response with universal implementable
mechanisms to account for U-shaped responses for essentially all types of
responses and represents a strong argument that most, if not all, biological
endpoints are likely to display hormetic responses under specific
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physiologic conditions. These findings are also consistent with the broad
range of overcompensation responses.

3. Although the prediction of near universality of hormetic responses is not
achieved in practice (i.e. it is not observed in all or even the majority of
cases), it is nevertheless seen frequently and is reproducible. Preliminary
findings with over 700 dose-response relationships satisfying a priori study
design criteria for assessing the possible occurrence of hormesis reveal that
the hormetic response reliably occurred in nearly 50% of the studies. The
reasons it is not seen more often has been previously discussed (17) but
may result from inadequate study design, lack of temporal features, and
selection of endpoints that do not lend themselves to hormetic assessment
(e.g. use of endpoints where the disease incidence is negligible). It is also
possible, and even likely, that some biological systems will not display an
overcompensation response due to other biological reasons, although this
possibility requires further evaluation. Although these represent research
guestions, we believe that the overcompensation stimulation response is
broadly generalizable, is probably universal, and represents an
evolutionary strategy to select biological optimization responses.

Within the framework of natural selection, hormesis would be a particular
manifestation of the concept of biological adaptation to environmental stressors.
However, there was no effort to place the concept of hormesis within an evolution-
ary context until the work by Stebbing (73-76) and, more recently, Parsons (60)
and Hart & Frame (37). According to Stebbing (75), hormesis evolved from the
well-founded and highly generalizable framework of Selye (67) concerning stress
and how biological systems respond to stress, including the well-known “general
adaptation syndrome.”

By linking the work of Selye to hormesis, Stebbing (75) theorized that natural se-
lection processes favor generalized, rather than specific, responses to successfully
deal with environmental changes and stressor conditions. Within this evolutionary
paradigm, highly diverse exogenous stressors would need to be counteracted in
a general way rather than by the development of a strategy of specific responses
to offset the toxic effects of each stressor agent. Such a generalized counteractive
responsiveness would result in organisms preadapted to respond effectively to any
stressor condition (e.g. change in temperature or salinity) and/or toxic substance
(e.g. heavy metals, organic contaminants, toxic metabolites). Stebbing (75) then
applied the concept of regulation of nonspecific adaptive responses to environ-
mental stressor agents to the concept of individual and ecological (e.g. population
based) homeostasis. This application of nonspecific adaptive responses to assist in
the maintenance of homeostasis links this to the most basic of biological processes
(e.g. thermoregulation, osmoregulation, tissue repair, reproductive processes, etc.)
via negative-feedback control responses. Furthermore, such control systems re-
spond to alterations in homeostatic processes via actions that do not discriminate
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between the different agents that initiated or caused the changes/disruptions. Such
control systems would display nonspecific responses, counteracting the actions
of a broad range of exogenous stressor conditions, involving exposure to toxic
substances or changes in environmental conditions.

Relating homeostasis to stress within a toxicological context was the key con-
ceptual framework for developing an understanding of dose-response relationships.
The term load was used to describe the effects of exogenous stressor agents on
the control of homeostatic processes. Imposition of any load forces the system
to work harder and adds a metabolic cost to counteract the load and therefore to
maintain health. Toxicity, within this conceptual model, occurs when the home-
ostatic capacity is unable to adequately respond because of an overload on the
system. By the early 1960s, Frenster (31, 32) proposed the concept of load toler-
ance of numerous homeostatically controlled processes as a quantitative measure
of an individual's health. The principal feature of Frenster's model is that health
is concerned not only with being able to successfully deal with normal loads, but
also with being able to counteract the effects of stressors that would impose an
alteration or disruption to the homeostatic process. Thus, Stebbing (75) seized on
the concept of counteractive capacity as an index of health and related it to the
concept of dose-response in toxicology.

Using this concept of counteractive capacity with dose-time response assess-
ment, Stebbing noted that low levels of various stressor agents (e.g. copper),
inducing a minimal disruption in homeostasis in hydra colony growth, resulted
in an overcorrection (i.e. increase in colony size). Such an overcorrection will
eventually be reduced with the goal of reestablishing colony homeostasis. How-
ever, during the period of overcorrection, such changes would be observed as
an enhancement in performance, which Stebbing (75) argued would be simi-
lar to the Arndt-Schulz law and to the definition of hormesis by Southam &
Ehrlich (72).

They key conceptual development of Parsons (60) and Stebbing (75) is that
low levels of stressor agents that induce a disruption of homeostatic processes
will effect, in the terminology of Stebbing (75), a temporally limited overstim-
ulation or, in the terminology of Parsons (60), a “subsidy,” which both term as
hormesis.

Despite the compelling rationale for an evolutionarily based explanation of
“hormetic” responses, it is unfortunate that the Arndt-Schulz law evolved in close
association with the medical practice of homeopathy (19) and isolated pharma-
cological observations (85) rather than as a necessary component of evolutionary
theory with the concept of adaptation as its underlying biological mechanism.
The role of hormesis should be considered within the context of an evolutionary
natural selection process involving toxicological mechanisms as part of a strat-
egy to enhance survival to low levels of stressor agents. Within this evolutionarily
based framework, hormesis becomes a critical determinant affecting the nature of
dose-response relationships, especially in the area of low or modest disruption of
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homeostatic processes (i.e. toxicity), and therefore it is a central feature in low-dose
risk assessment processes.

During recent decades, underlying mechanisms have emerged concerning how
organisms adapt to environmental insults and/or stressor agents. The roles of
xenobiotic metabolism, synthesis of stress proteins, acute-phase proteins and an-
tioxidant enzymes, DNA-repair strategies, tissue-repair mechanisms, induction of
antioxidant/radical scavenging molecules, and other tissue adaptive strategies in
assisting species in coping with environmentally induced perturbations in their
homeostatic processes have been markedly changed (37). The recognition of such
highly generalizable mechanisms are part of species-specific strategies for counter-
acting a wide range of environmental stressors of a physical, chemical, or microbial
nature.

The induction of the above types of adaptive change is consistent with the con-
cept of Stebbing (75) with respect to generalized responses to a wide range of stres-
sor agents. For example, the acute-phase protein response is qualitatively similar
to the broad spectrum of proteins synthesized in mammalian systems regardless
of the type of damage and causative agent (45). This generalized phenomenon
has also been emphasized for stress proteins, where so many structurally diver-
gent toxic stimuli strikingly lead to an increased expression of the same group of
proteins (45, 86). In fact, it is likely that such responses are linked in higher organ-
isms via activation of the brain-hypothalamic-pituitary-adrenal axis (59), in which
immune-derived factors, released in response to damage or inflammation, signal
hypothalamic corticotropin-releasing hormone neurons to stimulate the pituitary-
adrenal axis. This series of events affects the orchestration of a highly complex, yet
coordinated, series of responses to counteract the effects of inflammation leading
to the reestablishment of homeostasis. As a result of the integration of neurochem-
ical, immune, and behavioral systems, changes in any particular system will initi-
ate adjustments in others. Such an integrative response reveals an overall adaptive
strategy to develop a response to exposure to homeostatically disrupting stressor
agents and provides a mechanistic foundation to account for hormetic responses
in complex and single-celled organisms. This provides a general mechanistically
based theory to explain hormesis as credible within the context of evolutionarily
selected biosynthetic control systems where there is a strong tendency for such
systems to overcorrect for low levels of inhibitor (i.e. toxicant) challenge via a
nonspecific response to homeostatic disruption.

BIOLOGICAL OPTIMIZATION

U-shaped curves have been reported for various biological endpoints, includ-

ing body weight, cholesterol, exercise, ethanol consumption and cardiovascular
disease incidence, stress, and numerous other examples. What, if anything, do
these have in common? In each case, the situation describes a type of biologi-
cal optimization zone of responsiveness, not unlike that seen with dose-response
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relationships for vitamins and minerals. In all cases, either too much or too little
would not achieve the optimized performance.

The U-shaped dose-responses for these endpoints of public health significance
reflect genetically based patterns of behaviors/responses that enhance survival
(i.e. an optimized nature-nurture interface). The concept of optimality is not only
biological/medical, it is also considerably broader and woven into the general
fabric of all biological processes. Seen within this context, it follows that physio-
logical systems and accompanying adaptive responses serve to integrate biological
optimization systems. Thus, hormesis, as a limited overcompensation to a disrup-
tion in homeostasis, may be seen as a type of optimization response sequence
that ensures recovery is achieved in an efficient manner, incorporating a modest
“overcorrection” that not only achieves the needed repair but also provides suf-
ficient biological insurance that protection is available to prevent damage from a
more-massive subsequent exposure for a limited time (several days). This latter
biological response would be a manifestation of the widely demonstrated adap-
tive response seen in chemical and radiation toxicology, where a low prior dose
protects against lethality from a more-massive subsequent exposure (4).

The overcompensation stimulation to limited injury phenomenon (i.e. horme-
sis) is no less a component of biological optimization than the above-mentioned
U-shaped dose-responses. Although this process is generally related to immedi-
ate damage and its repair, other biological optimization responses—although not
responding to immediate damage, as in the case of hormesis—recognize either
physiological stress or other signals that predispose the system to achieve the op-
timal zone within a beneficial zone over a prolonged period, making the hormesis
concept applicable over a broad spectrum of temporal frameworks.

Optimality is now widely seen in biological and social systems (64). Optimal-
ity theory is widely discussed as a component of evolutionary biology (21, 25).
In medicine/public health, the U-shaped dose-response phenomenon has led to
guestioning of long-standing treatment goals that equate to minimization rather
than optimization. This has been highlighted in a recent report by Okumiya et al
(58) and an accompanying editorial (70), which discuss the observation that older
adults with systolic blood pressure less than 125 mmHg had a twofold higher
risk of all-cause mortality compared with subjects with systolic blood pressure of
125-134 mmHg. These findings were not seen as quirks of study design and are
consistent with the growing body of similar findings.

However, the optimization phenomenon extends to other fields, such as psy-
chology, cybernetics, ergonomic, economic, and even perhaps physical systems as
well. When seen in this context, hormesis represents a subset of a much broader
concept.

Asin the case of medicine, which has been guided by principles of minimization
to the possible detriment of some members of the population, the field of envi-
ronmental risk assessment may need to reflect on how its regulatory policies and
standard-setting procedures of minimization correspond to the emerging concept
of optimization as seen through the hormetic concept.
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