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Abstract

This article tells the story of hormesis from its conceptual and experimental

origins, its dismissal by the scientific and medical communities in the first half

of the 20th century, and its rediscovery over the past several decades to be a

fundamental evolutionary adaptive strategy. The upregulation of hormetic

adaptive mechanisms has the capacity to decelerate the onset and reduce the

severity of a broad spectrum of common age-related health, behavioral, and

performance decrements and debilitating diseases, thereby significantly

enhancing the human health span. Incorporation of hormetic-based lifestyle

options within the human population would have profoundly positive impacts

on the public health, significantly reducing health care costs.
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1 | INTRODUCTION

The concept of hormesis has had a rather tumultuous
history, starting with its birth in the 1880s in the labora-
tory of Hugo Schulz at the University of Greifswald in
northern Germany. By accident, Schulz had stumbled
upon the biphasic dose response in experiments studying
the effects of a set of chemically diverse, well-known dis-
infectants on the metabolism of yeasts.1–3 To his surprise,
Schulz observed that each of his dozen agents enhanced
metabolism and survival at low concentrations, eventu-
ally becoming toxic at higher concentrations. Schulz was
so surprised by these findings that he thought he must
have introduced some type of methodological flaw into
the experiments without being aware what he did wrong.
He was quite concerned that he had biased the study,
which then led to the unexpected, yet highly consistent,
stimulation at the lower concentrations. He therefore did
the expected and replicated his experiment numerous

times, critically trying to figure how he or his assistant
had introduced undetected bias. However, he could not
find the presumptive flaw, while at the same time devel-
oping a substantial set of experimental replications with
the complete set of disinfectant agents. Schulz was there-
fore eventually faced with the obvious conclusion that
the biphasic dose response that he had repeatedly
observed was indeed real, reproducible, and to some
extent suggesting features of generality.

2 | HORMESIS AND
TRADITIONAL MEDICINE

The young Schulz soon linked up with a senior academic
colleague, Rudolph Arndt, in an attempt to develop an
integrative understanding of the yeast data and to shed
light on newly published clinical findings in the homeo-
pathic literature.4 The two discussed a new paper
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showing that a homeopathic preparation from the plant-
derived veratrine effectively treated gastroenteritis in a
small number of patients. Schulz had been aware of the
study, and was so intrigued by its findings that he
obtained a culture of the causative agent from the labora-
tory of Robert Koch. He then tested whether the vera-
trine was able to kill the microbes. To his surprise and
disappointment, Schulz found that the veratrine was
unable to do so, regardless of the dose. Despite this fail-
ure to find the means by which the veratrine seemed to
cure these patients, Schulz did not express doubt in the
clinical conclusion. He simply could not explain why his
experiments with the veratrine failed to kill the causative
agent at any dose, as well as, why the medication seemed
to work effectively in these human patients at the low
dose reported.

In light of these laboratory versus clinical inconsis-
tencies, Schulz and Arndt integrated the body of available
information and created a theoretical answer to the
above scientific conundrum. The answer was based on
their newly minted hormesis dose–response concept.*
They hypothesized that the homeopathic preparation was
effective in treating gastroenteritis, but this clinical suc-
cess was not due to killing the microbe. Rather, they
explained that the apparent therapeutic success was the
result of the veratrine treatment upregulating the adap-
tive capacity of the individual to resist or fight off the
infection. This was the reason why the veratrine was
unable to kill the disease-causing microbe in the culture-
based experiments of Schulz. Schulz and Arndt used the
low-dose stimulation data with the yeast as the basis for
enhancing the adaptive response. Schulz and Arndt
therefore integrated these data with the above interpreta-
tion to make sense of the biphasic dose response, creating
the concept of hormesis, where a low-dose stimulation
induced the capacity of biological systems to resist envi-
ronmental stresses but not so at higher doses where it
might actually do some harm. They claimed that it was
via the low-dose stimulation and its biphasic dose
responses that homeopathic medications and most other
pharmaceutical agents worked.

This generalization became controversial right from
the start, claiming that they had now provided the long-
awaited explanatory principle of the disputed medical
practice of homeopathy. This claim would quickly result
in turning their medical school colleagues harshly against
them and rejecting the biphasic dose–response hypothe-
sis. The issue would become personal, economic, scien-
tific, and would remain contentious throughout Schulz'
life to the present time.

In retrospect, one might wonder what the future of
hormesis may have been had if Schulz and Arndt had not
linked the yeast findings to homeopathy since there was

no apparent advantage in doing so, especially for a young
academic. Schulz's yeast data could easily have remained
an interesting set of biphasic dose responses to be
extended to other models and agents, in search of its gen-
erality, quantitative features, mechanisms, biological,
and medical applications, and other characteristics. How-
ever, the decision to link these observations and, in a real
sense, Schulz's academic future to homeopathy, would
have major consequences for his career and “his”
biphasic dose response, both of which would be firmly
opposed and marginalized by what became known as tra-
ditional medicine, a major opponent. The consequences
of this decision would also have been impossible to deter-
mine, but likely impacted many fields of biology and
medicine, preventing and/or delaying the discovery of
new medications, and a plethora of spin-off scientific
questions and opportunities. As a result of the long and
disputatious relationship between traditional medicine
and the practice of homeopathy, the medical community
never gave the biphasic dose–response model the oppor-
tunity to be heard, funded, studied, and applied. Rather,
it would adopt the threshold dose response as its own
dose–response model for widespread therapeutic and bio-
medical purposes. The failure of homeopathy to thrive
during the time of Schulz's medical career may be
inferred by the fact that in 1900 there were 23 schools of
homeopathy in the United States and by 1923, the year
Schulz retired, there were but three.2,3 To link your first
major laboratory discovery to a sinking medical practice
(i.e., homeopathy) simply proved disastrous in many
respects for Schulz, creating major impediments for the
biphasic dose–response concept throughout the remain-
der of the 20th century to the present.

Despite its marginalized start, the biphasic dose
response was not a one-time phenomenon but was
reported on widely in the contemporary biological litera-
ture during Schulz's career, especially in the areas of
microbiology, plant biology, and entomology, the object
of numerous doctoral dissertations, and subsequent
follow-up research for both chemical agents and ionizing
radiation. In fact, Ferdinand Hueppe, the protégé of
Robert Koch, replicated and extended Schulz's research
in bacterial systems, asserting that Schulz's findings had
considerable scientific merit and should not be dismissed
even though Schulz had linked them with homeopathy.

Despite many instances of scientists reporting
biphasic dose responses in the scientific literature during
the professional lifetime of Schulz (1853–1932) (see Ref-
erences 7–11), the hormesis concept found difficulty in
acquiring a solid research foundation. In many instances
the expectation of research progress often became sty-
mied or not sustained as most of the investigators who
published robust studies showing biphasic dose responses
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typically left the area of research for either academic or
governmental administration or other research posi-
tions.12 For example, in 1929, Sarah Branham13 at the
University of Rochester replicated the findings of Schulz
within a modern microbiology laboratory setting. Bran-
ham's work clarified not only the biphasic dose response
of Schulz, but also that the stimulation invariably
occurred as an overcompensation to a disruption of
homeostasis or toxicity. However, Branham was soon rec-
ruited into the U.S. government to find a cure for Menin-
gitis, a major public health crisis at that time. Other
professional opportunities redirected the emerging pool
of hormesis researchers, having a profoundly important
impact on research leadership and continuity. These col-
lective events contributed to the failure to create a
focused research society that could reinforce professional
goals and advocate their needs and views to the broader
scientific community.

Hormesis as a concept also failed to thrive for reasons
other than the lack of sustained scientific leadership.
From a scientific perspective, it is important to recognize
that it can be difficult to demonstrate the occurrence of
hormesis. A principal reason for this difficulty is that the
maximum hormetic stimulation is typically modest,
being only about 30–60% greater than the control group
at its maxima/optima, a perspective that only emerged
with the development of the hormesis database.14–17 To
demonstrate the reliability of a modest stimulatory
response requires robust study designs, with an adequate
dose strategy, especially in the low-dose zone, below that
of the estimated threshold. This also indicates that it is
important to have identified the likely zone of the thresh-
old response, via preliminary experimentation, thus
requiring well planned preliminary experiments prior to
focusing on the likely hormetic zone in later experiments
(especially when directed to study biological mechanisms
of low-dose responses). Furthermore, the occurrence of
initial hormetic findings is also just the next step and typ-
ically would require substantial replication to ensure that
any observed low-dose stimulation was not due to back-
ground variation/chance. In fact, on a personal note,
when I (Calabrese) first encountered hormesis in my
research on the effects of a synthetic inhibitor on the
growth of peppermint, my advisor required that I con-
duct a large number of replication experiments that had
a broad series of nuanced study-design features to test
the reliability of the hormetic hypothesis. These various
experiments would approach nearly 40 separate studies,
all designed to replicate and explain an initial unexpected
suggestive hormetic dose response. There are consider-
able published studies nowadays that consider replication
of the trials over time (repetition) by following same or
changed experimental protocols/exposure methodologies,

some of which including several thousand individual
research subjects (Appendix S1). Thus, the study of hor-
mesis not only requires much proof, but in the end, offers
far more scientific understanding than the more limited,
higher-dose, standard toxicology studies. These methodo-
logical low-dose stimulatory response challenges that
confront those researching in the area of hormesis were
generally not appreciated at that time.

Making the acceptance of hormesis even more diffi-
cult during the early decades of the 20th century were
misunderstandings of the hormesis concept by scientific
leaders. For example, a leading U.S. radiation researcher,
Shields Warren is a case in point. Warren acknowledged
the biological phenomenon of overcompensation stimula-
tion but denied both its linkage to hormesis as well as its
biological significance.9 Further challenges affecting the
acceptance of hormesis during this period were
the sustained emphasis to ridicule Schulz. Not only
would these tactics derail the career of Schulz, but also
sent a chilling message to others interested in scientific
questions related to the low-dose responses. Highlighted
attacks were noted by influential leaders in the British
pharmacological community linking Schulz' findings to
medical quackery. This is clearly seen in the publications
of Alfred J. Clark,2,3 whose multiple and highly influen-
tial textbooks on pharmacology and toxicology unfairly
targeted Schulz and the biphasic dose response in a man-
ner that clearly deviated from his normal scholarly and
objective assessments.

3 | THE BEGINNING OF THE
MODERN ERA

A shift in the scientific fortunes of hormesis appeared in
the 1970s, providing a necessary break from the past
nearly 100 years of intellectual, scientific, and adminis-
trative challenges, and institutionalized suppressive tac-
tics and strategies. The intellectual shifting occurred
independently by three experienced scientists, who
observed unexpected, biphasic dose responses in their
research: in the areas of (i) radiation by Thomas Luckey
at the University of Missouri, (ii) toxicology by Tony
Stebbing at the Plymouth Marine Research Station (UK),
and (iii) pharmacology by Elemer Szabadi at the Univer-
sity of Liverpool; each of these scientists were on their
own, following their version of unexpected laboratory
observations. In these three areas, efforts were made to
extend original laboratory findings and to summarize
and integrate the published literature on hormetic dose
responses. Like Schulz, these researchers knew they had
observed something that did not match their expectation
and they tried to figure out why. In the areas of radiation
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and toxicology, the term hormesis was adopted by
Luckey and Stebbing. In the case of pharmacology, a
mechanistic framework was created that could account
for the occurrence of biphasic dose responses across mul-
tiple receptor systems.18 However, the term hormesis was
not used in this case, perhaps due to its long-standing
marginalization resulting from the historical hostility of
leaders in the British pharmacological community
toward the biphasic dose–response model and its linkage
with homeopathy.

The influence of Luckey was such that his 1980
book,19 Ionizing Radiation and Hormesis, provided key
inspiration for the first conference on hormesis, which
occurred in October, 1985, in Oakland, California.
Luckey's book prompted Sadao Hattori of the Japanese
Electric Power Research Institute (EPRI) to contact Leon-
ard Sagan, the Medical Director of the U.S. EPRI, con-
cerning whether it was possible that Luckey was correct,
that LNT was an inappropriate model and should be rep-
laced by hormesis. As Hattori20 would later write: “If
radiation hormesis exists, our daily activities in radiation
management have been extremely erroneous.” Luckey's
perspective challenged the widely adopted regulatory
agency use of the LNT model for cancer risk assessment
for ionizing radiation. An answer to Hattori's question
would require a rigorous and multiple stage process. One
early step in this process according to Hattori was the
conference on radiation hormesis that Sagan directed.
The conference brought together a wide range of perspec-
tives, including the views of Luckey, Stebbing, and other
leaders, resulting in the publication of peer-reviewed pro-
ceedings in the journal Health Physics. However, even
though this first conference was stimulated by the 1980
book by Luckey, one of the little-known stories is that
the paper he presented at the conference was not
accepted for publication by the guest editors (Luckey,
personal communication).

A key development in the history of hormesis was a
1989 commentary debate in the journal Science by Sagan
and the well-known radiation geneticist Sheldon Wolf,
entitled “Radiation Hormesis: Point, Counterpoint”.21,22

These papers caught my (Calabrese) attention, leading
me to contact Sagan, to arrange a 2-day meeting at the
University of Massachusetts in the first week of May,
1990. This would be a meeting of high-level scientists
from various federal agencies, industry, and academia. Its
goal was to develop a long-term focus on the topic of hor-
mesis. What emerged was the creation of a University-
based entity called BELLE (Biological Effects of Low
Level Exposures) that would direct a broad focus on the
nature of the dose response in the low-dose zone.
The BELLE initiative would provide a key leadership ele-
ment, creating focus, direction, and visibility for the

concept of hormesis via publications, conferences, and
research. The BELLE perspective on hormesis was broad
in scope, inclusive of chemicals, pharmaceuticals, and
physical stressors (e.g., ionizing and non-ionizing radia-
tion), their biological, biomedical, medical, and regula-
tory dimensions.

Even though the publications of Luckey and Stebbing
had made the hormesis concept and term more visible,
these efforts were not readily translated into scientific
research impact as there was no notable increase in the
number of citations of the terms hormesis or hormetic in
the Web of Science database since their publication.
Throughout the decade of the 1980s there were only
about 10–12 citations per year of these terms, even with
the inclusion of the proceedings of the radiation hormesis
conference in 1987. Thus, as the decade of the 1990s com-
menced, the concept of the biphasic dose response and
its relationship to the term hormesis was but an
extremely faint signal within the scientific and medical
communities. In fact, citations of the major Stebbing's23

review (now reaching nearly 700) in the Web of Science
database substantially increased only after it became
highlighted by initiatives after the 1990 hormesis start-up
and the subsequent activities of BELLE that promoted
it. More specifically, in the entire decade of the 1980s,
this paper by Stebbing was cited only 37 times, whereas
in the decade from 2011 to 2020 it was cited 534 times in
the Web of Science, some 30–40 years after publication.

Not only did Luckey's and Stebbing's major syntheses
fail to impact the scientific literature during the decade of
the 1980s, but these papers also had little impact on the
attitudes of the scientific, medical, and regulatory com-
munities, and general public on hormesis. For example,
there still remained considerable confusion over the defi-
nition of hormesis, its frequency in the literature, its gen-
erality and whether hormesis was an evolutionary
expectation, and even the old historical question of
whether and how hormesis was linked to homeopathy.

Making progress particularly challenging in the area
of toxicology has been the fact that the governmental reg-
ulatory community has always been strongly opposed to
hormesis since this concept challenges the scientific
foundations of regulatory agency dose–response concepts
and their applications for both cancer and non-cancer
risk assessment. When one's scientific studies strongly
support a concept (i.e., hormesis) that is opposed by pow-
erful governmental entities (e.g., EPA) that control regu-
lations for industry and influence grant funding to
academia, then they face institutional strategic and tacti-
cal challenges designed to undercut progress and mean-
ingful impact.

The major controversy within the risk-assessment
community would be over cancer risk assessment and
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the use of the LNT model and its potential for being
undermined by hormesis. In this regard, the hormesis
concept would be strongly resisted by those in the areas
of radiation and chemical risk assessment. In fact, one
could readily see tension in the published literature on
the cancer risk assessment issue and hormesis. This may
be highlighted in a striking, yet bizarre manner, by
Luckey24 in the Health Physics Society Newsletter when he
entitled an article “EPA is a Carcinogen”. This unusual
expression reflected Luckey's frustration with not being
taken seriously by the regulatory community, along with
their unwillingness to engage in what he believed was a
fair and objective scientific evaluation of what is the
nature of the dose response in the low-dose zone. The
failure of regulatory agencies, such as EPA, to engage this
issue with scientific interest and integrity may seem
rather odd since EPA is in the business of dose response
and applying it for risk assessment and other purposes.
Yet, a detailed history of the nature of the dose response
and how it became adopted by regulatory agencies,
including EPA, reflects anything but a scholarly, detailed,
and honest evaluation.2,12,25–30 Its history was molded
and shaped by radiation geneticists during the 1950s Cold
War period with intense fear and lack of knowledge of
the effects of ionizing radiation, especially at low doses.
This history has now been exposed to have been one that
was driven by strong bias, considerable ignorance, and
deliberate dishonesty, with the apparent intention of try-
ing to save humanity from perceived harmful effects of
low-dose radiation.28–30 However, overstatement of low-
dose radiation risks was often a matter of course in order
to ensure continued grant funding for high-dose effects
research. Long hidden letters have surfaced between
leaders of the NAS BEAR 1 Genetics Panel explicitly
endorsing this exaggerated risk strategy to ensure robust
funding.31 Thus, while critics of industry typically claim
that it is necessary to follow the money trail, similar
behavior can exist in the academic community that is
essentially entirely dependent on government grants that
support the mission of that agency. Yet, very rarely, if
ever, does one see criticism of researchers that intention-
ally overstate risks in order to generate “income” to help
ensure career advancement and/or ideological success.

It was during this 1980s period of Luckey's frustration
that regulatory agencies were flexing their legislative and
legal muscle that imposed massive costs on the regulated
community. Industry had challenged the actions of EPA
in the courts but invariably lost, backing the threshold
model in regulatory and toxic tort legal confrontations
versus the LNT model.28 Following a long string of
defeats, some in industry considered the possibility that
the hormesis concept may offer a challenge to EPA and
other regulatory agencies in the area of cancer risk

assessment, even though there was insufficient general
understanding of hormesis at that time and what it
meant for the process of cancer and noncarcinogen risk
assessment. However, the rather tepid interest of industry
for hormesis may have been due to their recognition of
possible challenges and complexities that hormesis might
bring to the risk-assessment equation, creating the oppor-
tunity for more conservative and expensive exposure
standards for agents showing undesirable effects below
the traditional threshold in some cases.

The rationale behind the use of the hormetic model
in a challenge to the LNT was that the threshold
model was nearly impossible to differentiate statistically
from LNT based on limited experimental data. For exam-
ple, most chronic animal studies employed only two or
three doses, with none in the low-dose zone. Biostatistical
analyses could not differentiate between the models with
inadequate/limited data. In such cases, the EPA would
always default to the more protective or conservative
model, meaning that industry was always on the losing
side, adding to their continuing frustration in dealing
with the regulatory community. The EPA policies and
procedures seemed stacked against them in their legal/
regulatory confrontations. In fact, this was really at the
heart of the 1985 radiation conference that Leonard
Sagan directed, even though that conference was mostly
centered on conceptual scientific aspects of hormesis.
Nonetheless, the regulatory overtures at that first hor-
mesis conference were clear and the direction obvious.
However, despite some early flirtations with the concept
of hormesis, the historical record finds that industry
never had the courage to back the hormesis concept,
being reluctant to fund research on the topic and to
mount regulatory challenges based upon it. When sup-
port was present, it was limited, indirect, and rarely, if
ever, within a regulatory context. In many ways, the
chemical, mining, and the electric utility industries in
the United States simply acquiesced to the LNT concept
of the regulatory agencies, and eventually became com-
fortable with it. In retrospect, industry seemed content as
long as their competitors in the marketplace were treated
in a similar manner by the regulatory agencies, even if
EPA was scientifically incorrect. This course of action
also was strongly reinforced by the fact that they did not
want to experience negative publicity from often hostile
media, if they supported a dose–response concept that
challenged LNT and even suggested that low doses of
toxic agents and ionizing radiation could induce adaptive
responses that might enhance some public health out-
comes. Thus, the early interest in the hormesis area by
some major industrial entities in the United States and
elsewhere was quickly withdrawn from any potential reg-
ulatory interest.
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The EPA, in fact, had made hormesis moot when they
created their risk-assessment policy and practices to
ignore the occurrence of induced adaptive responses.32,33

This is reflected in the quoted statement below.33

Quotation from US EPA document: “Does
any change seen in animals indicate there
will be a problem for humans? -
(Section 4.1.3; p. 53) It is generally accepted
that there can be numerous changes to the
recipient organism (the animal under study)
following exposure to a chemical, some of
which may be beneficial, adaptive, early
manifestations on a continuum to toxicity,
overtly toxic, or several of these in combina-
tion. Unless there are data to indicate other-
wise, a change that is considered adverse
(i.e., associated with toxicity) is assumed to
indicate a problem for humans. It is recog-
nized that a diversity of opinion exists
regarding what is 'adverse' versus 'adaptive',
both within EPA and in the general scientific
community. At present, there is no agency-
wide guidance from which all health asses-
sors can draw when making a judgment
about adversity. Therefore, various experts
may have differing opinions on what consti-
tutes an adverse effect for some changes.
Moreover, as the purpose of a risk assess-
ment is to identify risk (harm, adverse effect,
etc.), effects that appear to be adaptive, non-
adverse, or beneficial may not be
mentioned.”

Just like the medical community of the 1920s, the
U.S. EPA decided that hormesis was not relevant as far as
their policies and practices were concerned.33 This action
of the EPA was highly contested, with those opposed
attempting to show it to be a flawed scientific and public
health policy. However, supporting scientific arguments
appeared to have no ostensible impact on the agency.

While it was thought that the big breakthrough for
hormesis was going to be via support from the chemical
and electric utility industries, this would prove to be a
mirage. While major industries within the private sector
probably supported the concept of hormesis and wanted
to strongly resist the conservative LNT position of EPA,
they simply backed away and fell in line with the
demands of the regulatory agencies. Their scientific and
legal battles with EPA have been many, and continuing,
but were never on key fundamental dose–response con-
cepts. They have mostly been content to watch the hor-
mesis scientific story unfold within the scientific

literature as growing numbers of mostly academic
researchers began to add more pieces to a massive scien-
tific jigsaw puzzle that in 2021 has a lot more pieces than
could have been imaged at the time of the first hormesis
conference. Thus, over time, the hormesis concept has
been driven far more by a desire for scientific knowledge
by laboratory academic scientists worldwide rather than
the narrow and self-serving regulatory policy interests of
industry. The knowledge of hormesis is growing quickly
because it is helping to generate information to biological
and biomedical questions that have broad applications
and implications.

4 | HORMESIS GAINS GROUND IN
THE SCIENTIFIC DOMAIN

A major development occurred in the late 1990s with
some initial funding to BELLE from the Texas A&M Uni-
versity Institute for Advanced Chemical Technologies
and the U.S. NRC. The funding source from Texas A&M
was unusual, but was driven by a member of the Board
of Directors who wanted to know whether hormesis was
real or not. When I (Calabrese) was contacted by Charles
Holland, the Institute Director, I was invited to this cam-
pus to meet the Board and present my idea for a study. I
told the Board members that if hormesis were real, then
it had to be adaptive in nature, a product of natural selec-
tion. This evolutionary-based phenomenon should be
seen in all forms of biological life, from plants and
microbes to humans. Thus, the generality of the hormesis
concept and its evolutionary foundations would be its
principal scientific strength. I would construct a massive
hormesis database that would reflect this intellectual and
scientific framework. However, the Board members had
a different idea. They wanted the project to focus only on
human data, keying into only a few examples, and
exploring them in great depth. I told the Board that this
was not a good idea for a first type of study and would be
easily criticized by opponents on the basis that we had
cherry-picked the examples to fit a preconceived bias. I
told them that I would not do such a study as it would be
wasting their money and my time. They told me that they
were the ones with the money and it would be their way
or nothing. So, we agreed to disagree and I flew back to
Massachusetts without funding. However, about 1 month
later, I received a telephone call from Dr. Holland telling
me that they would now fund my version of the project,
but that I would have to make yet another trip to Texas
A&M University to work out the administrative details.
The funding from the NRC occurred because Dr. Myron
Pollycove, an advisor to the NRC, became aware of the
Texas A&M program on chemical hormesis and wanted a
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similar project for radiation. This is how initial hormesis
major funding occurred and why it was equally focused
on chemicals and radiation.

The hormesis database was created to overcome the
weaknesses of the earlier hormesis publications that did
not base their efforts on objective criteria that were
applied rigorously in the same manner to all studies.15,16

The goal was to be so “objective” that it would not make
any difference who evaluated the studies. Subjectivity
had to be excluded from the hormesis evaluation. The
criteria were repeatedly tested and shown to be highly
reliable. Within several years there were 6,000 legitimate
hormesis dose response entries into the database, all
meeting very rigorous criteria. The approach was broad-
based, including all classes of chemicals and chemothera-
peutic agents, including endogenous as well as physical
agents. The scale of effort was substantial, including any
area in the biological sciences, without taxonomic and
endpoint limitations.

The findings were substantial and general. It was
shown that all classes of toxic agents were capable of
inducing hormesis. The hormetic responses were inde-
pendent of biological model, cell type, inducing agent,
and endpoint measured. It was later shown that the
quantitative features of the hormetic dose response were
also independent of mechanism, that is, it did not make
any difference whether the response was receptor-
mediated or not, or what specific receptor(s) were
involved, nor which cell signaling pathways were active.
This complex web of signal detection and transmittal and
endpoint formation were all playing by biological rules of
a process called hormesis. These agents therefore
included the vast range of heavy metals, a broad range of
chemical classes, pharmaceuticals from the broad spec-
trum of functional classifications as well as all conceiv-
able physical stressors with particular focus being placed
on ionizing and nonionizing radiation studies. Further-
more, the generalization for hormesis also extended to
other types of stress, such as osmotic, salinity, turbidity,
and even the pruning of plants, as often seen in grazing
practices of animals. It did not make any difference. Hor-
mesis dose responses were very common in the area of
immunology,34 tumor cell biology,35 the broad spectrum
of the neurosciences,36–38 including anxiolytic agents,39

anti-seizure drugs,40 Alzheimer's Disease agents,41 treat-
ments for stroke42 and traumatic brain injury,42 and
numerous other conditions.43

Of particular significance is that quantitative features
of these vast observations of highly diverse hormetic dose
responses were unexpected in their consistency. The data
revealed that the maximum hormetic stimulation was
quite modest, rarely greater than twice the control group
value, with most of the maximum stimulatory responses

being only 30–60% greater than the control.15,16 However,
the entry criteria permitted up to 400% stimulation. The
initial entry criteria for the hormetic dose response
reflected therefore a limited and, to some extent, incor-
rect understanding of hormesis.

An explanation would be forthcoming. It came from
an unexpected angle. In about mid-1998, I (Calabrese)
decided to reread the Stebbing papers again. This time I
made the connection between his findings and my earlier
work with the effects of the synthetic growth retardant
on the growth of peppermint.44 The Stebbing papers
suggested that hormesis occurs via a cybernetic feedback
process, such that it should be demonstrated within the
context of an overcompensation stimulation. That is, the
synthetic inhibitor should have induced initial toxicity in
the peppermint plants over weeks 1 and 2, and then the
compensatory growth would occur thereafter, with
the overcompensation stimulation becoming progres-
sively more evident. I dug out my now 30-year-old data
notebooks, and checked out the tabulated data. Sure
enough, Stebbing was correct; it was all there to be seen.
Somehow, I had missed this most significant point in the
earlier assessment and published only the data of the last
week of the study. Thus, in 1999, I published the
reanalysis of the original data, making the case that hor-
mesis represented an overcompensation to a disruption
on homeostasis, adopting the view of Stebbing.45 These
findings led to an extensive documentation of overcom-
pensation stimulation hormesis within the peer-reviewed
literature,46 confirming its conformity to the 30–60% hor-
mesis maxima rule.15,16

There was an issue, however, with the completeness
of the overcompensation stimulation perspective. The
problem was that a large proportion of the hormesis data-
base did not include a dose–time component, but only a
dose response, meaning that only a response at one time
point was reported. Careful evaluations revealed that
numerous examples of hormesis in the new database
occurred quickly, with no evidence of a disruption of
homeostasis and an overcompensation stimulation.
These were examples of hormesis that occurred via a
direct stimulation. Thus, hormesis could occur via two
processes, direct stimulation and by an overcompensation
stimulation mechanism. While these findings were
diverse, they had a dominating commonality. That is, the
quantitative features of the hormetic dose response were
very similar; this was the case regardless of whether it
was due to direct stimulation or an overcompensation
process. What did this mean?

These findings indicated that the modest 30–60%
maximum stimulation was a common feature of the hor-
mesis dose response regardless of mechanism, biological
model, inducing agent, endpoint measured, age, health
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status, and cell type. This was a general finding, one with
evolutionary, biological, and biomedical implications.
The effort therefore to create an objective hormesis data-
base had provided an unintended insight. These findings
suggested that the response maximum of the hormetic
dose response was highly generalizable, providing the
first quantitative estimate of a fundamental type of bio-
logical plasticity.47 Plasticity is a central concept in biol-
ogy but had never been placed within a general,
comprehensive, and quantitative context as had been
provided by information retrieved from the hormesis
dose–response database. In a further analysis, it was
shown that hormetic responses could be scaled within a
framework of an allometric analysis. From an evolution-
ary perspective, this strongly suggested that hormesis was
a fundamental property of life. Numerous fundamental
traits such as relative organ size and multiple circulatory
and renal system functions conform to allometric predic-
tions. This analysis therefore revealed that hormesis was
another of these fundamental, highly-conserved, evolu-
tionary functions. This also raised the question as to how
did the field of biology miss a fundamental concept.

The study of hormesis was also extending biological
fields to new domains that were formerly even more con-
troversial than hormesis, but now there were new intel-
lectual convergences. For example, over the past 15 years
there has been substantial interest in the capacity to
induce transgenerational effects via epigenetic mecha-
nisms. The range of evolutionary and public health impli-
cations that are associated with these observations was
developing at a very rapid pace. A significant area of
transgenerational research involves the occurrence
of hormetic dose responses across a broad range of bio-
logical models and inducing agents. Such developments
in the area of transgenerational biology can now take
advantage of what has been learned in the area of non-
transgenerational biology.

In addition to these new insights concerning hormesis
and evolution, its relationship to biological plasticity and
allometric scaling, there emerged important implications
for experimental model selection, study design, including
the number of doses, their spacing, sample size, and sta-
tistical power issues. For example, in the area of cancer
studies, animal models with low tumor backgrounds
have been commonly used for statistical reasons as it
could limit the number of animals needed to detect statis-
tically significant responses. However, the hormesis
dose–response model suggested that at low doses most, if
not all, carcinogens would affect a reduction in tumor
incidence below control values. This suggested that the
ideal animal model may display some level of back-
ground tumor incidence so that it could be determined
whether there was an hormesis effect showing an

antitumor effect at low doses. The hormesis concept also
suggested the use of a higher number of animals in the
low-dose zone for statistical reasons since the response
was expected to be modest. There was also the need for a
greater number of doses than just the three very high
doses that the National Toxicology Program (NTP) pro-
gram uses. In fact, the premise of chronic studies that
used relatively high fractions of the maximum tolerated
dose (MTD) is not likely to provide meaningful informa-
tion concerning the nature of the dose response in the
low-dose zone. The generality of the hormesis concept
also challenged the risk-assessment validity of past stud-
ies by the U.S. government and their ongoing programs.
The perspective that emerged was that most regulatory
agencies, worldwide, were still under the grip of the now
recognized as seriously-flawed and historically-corrupt
LNT model.

These challenging perspectives became immediately
obvious to those in the toxicology and risk-assessment
community. The implications of these findings and how
they could affect government risk-assessment practices,
methods, and standard setting became discussed in
numerous articles, including highly visibly coverage in
Nature48 and Science,49,50 and the general press.51 While
hormesis had been a growing curious anomaly in the toxi-
cological and pharmacological literature, it was now seen
in a far more interesting and serious light. These develop-
ments lead to serious, and at times, ideological debates on
many aspects of the concept of hormesis, ranging from
evolutionary perspectives, to human and ecological risk.
This interested some opposed to current risk-assessment
practices, such as the use of the LNT model while creating
concerns in others that there may be relaxations in some
environmental regulations. Despite the contentiousness of
the topic, the widespread attention on hormesis by articles
in Nature, Science, and other high-profile publication
venues encouraged new researchers and perspectives
enhancing this area (Table 1).

5 | TERMINOLOGY AND
HORMESIS: WHAT IS IN A NAME?

A significant issue during this developmental period of
hormesis concept maturation is terminology, that is,
what to call the wide range of biphasic dose responses. In
the area of dose response, the concept of biphasic dose
response evolved different terms in different scientific
disciplines for what seems to be the same biological phe-
nomenon. Biphasic dose responses have been called by at
least 30 terms in the scientific literature: Arndt–Schulz
law, Hueppe's rule, Yerkes–Dodson law, adaptive
response, biphasic, bimodal, biostimulation, non-
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monotonic, hormesis, hormetic, hormoligosis,
mitohormesis, para-hormesis, sarcohormesis, adaptogen,
priming, bell-shaped, U-shaped, inverted U-shaped, J-
shaped, overshoot phenomenon, rebound effect, bitonic,
adaptive homeostasis, eustress, acquired resilience,
acquired resistance, functional antagonism,
preconditioning, repeated bout effect, radiopraxis, low-
dose stimulation, recovery growth, overcompensation
growth, conditioning medicine, and probably a few
others. The use of such a wide range of terms from an
equally wide range of biological and biomedical disci-
plines makes it very difficult to identify the occurrence of
hormesis in the literature and its significance.

The use of discipline-specific terms for the biphasic
dose response has considerable value due to its capacity
to identify a concept and focus research on the topic.
However, in the case of the biphasic dose response, it
became evident that the quantitative features of the dose
response for these terms, regardless of disciple, were
quite similar, not significantly different. Thus, the use of
differing discipline/specific names was in some important
ways slowing scientific progress. None of the specific
research areas seemed to be aware that their specific dose
response displayed the same qualitative and quantitative
patterns as many other biological subdisciplines, regard-
less of biological model, endpoint, inducing agent, and
mechanism. Thus, the use of a new term that could serve
as a type of concept umbrella function was needed.

During the development of the hormetic dose
response database, it was found that about 80% of the
papers that satisfied the entry criteria for the hormesis
database could not have been identified via the use of the
terms hormesis or hormetic in leading scientific data-
bases (e.g., Pub Med, Web of Science). This was recog-
nized as a problem for the study of the dose response in
the low-dose zone since it would take extraordinary
efforts to identify most of the relevant published litera-
ture. Since many areas of biology converged on the
nature of the dose response in the low-dose zone, this led
to several attempts to offer a unifying concept using the
term hormesis. One example was the publication of a
comprehensive paper, now cited nearly 500 times in the
Web of Science, that proposed a unified stress terminol-
ogy based upon the term hormesis.52 The paper has had
the unifying function, bringing together diverse fields of
dose–response research to better understand and use the
hormesis term.

In my (Calabrese) experience, the selection of the
term hormesis emerged from discussions over several
years within the BELLE advisory committee. While vari-
ous terms were debated and could have been favored, the
hormesis term most likely emerged because the BELLE
advisory committee was comprised of about equal num-
bers of chemical toxicologists and radiation health scien-
tists. They were influenced by Luckey and Stebbing, both
of whom adopted the term hormesis. Thus, a general
working consensus grew around the continuation of their
language usage. Due to the series of conferences and
other leadership activities orchestrated by BELLE, in
which the term hormesis was featured, it became the
dominate term used in this area. Despite this history, it is
recognized that various people favor the use of other
terms. Nonetheless, the concept of hormesis is a general
one, and the field needs a general term, one that incorpo-
rates all types of biphasic dose responses that conform to
the quantitative features of the “hormetic” dose

TABLE 1 Hormetic principles

Hormesis is often a manifestation of biological leveraging in
which stress or slight to moderate damage is experienced in
the evolutionary-based expectation that it will induce a
compensatory response sufficient to yield a net benefit that
more than covers the biological costs of the initial low-to-
moderate damage.

Low/modest stress/damage observed in hormetic dose
responses induces prosurvival responses.

Hormesis dose responses represent an adaptive response within
a defined time window that ensures tissue repair in an
efficient and timely manner and protects against damage
from subsequent and more massive exposures.

Hormetic dose responses are also integrated within
developmental and operational processes effective in non-
stress biology. For example, hormetic activities affect the
occurrence of vital processes on the spectrum of biological
curvatures such as capillary, eye, and bone (e.g., head of
femur) formation.

The quantitative features of the hormetic dose response are
similar across species and individuals and independent of
differential susceptibility, endpoint measured, agent potency,
and mechanism.

The magnitude of the hormetic stimulatory response is
constrained by and quantitatively characterizes the plasticity
of the biological system.

Hormetic responses are integrated such that they occur at
multiple levels of biological organization, for example, the
cell, organ, individual, and population.

Downstream processes integrate responses from multiple
independent stressor agents/excitatory stimuli affecting
multiple receptors and cell signaling pathways to yield an
integrated dose response (i.e., molecular vector) reflecting the
hormetic dose response.

Hormetic responses reflect a general response to
environmentally induced stress/damage, a pattern of
response for routine constitutive functions, and elements of
chemical structure specificity for endpoint induction.

Source: Data from Reference 6.
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response.16 This means that hormesis does not fit a single
functional definition. Hormesis could be adaptive or mal-
adaptive, employ diverse mechanisms, or be direct or
overcompensation stimulations. Despite this striking bio-
logical diversity, what unites and integrates these phe-
nomena are the quantitative features of the dose
response, that is, a similar dose–response strategy. Thus,
the hormesis term provides a broad umbrella under
which a diverse set of subfamily biphasic dose responses
exists.

6 | CHALLENGES: FILLING IN
KEY SCIENTIFIC GAPS

While hormesis was found to commonly occur and dis-
play broad generality, there was still considerable uncer-
tainty concerning its frequency in the toxicological
literature and its mechanism(s) of action. An answer to
this initial question was given in several papers by Cal-
abrese and Baldwin48,53,54 who created a new hormesis
database that was specifically designed to answer the fre-
quency question, requiring both a priori entry and evalu-
ative criteria. In a study that evaluated over 21,000
articles in three major toxicology/pharmacology journals,
an hormetic frequency was determined to be 37%. The
criteria were considered quite rigorous, suggesting that
the actual frequency of hormetic dose responses was
likely to be considerably higher. Subsequent studies
supported these earlier findings using a more targeted
NCI database, suggesting an hormetic frequency exceed-
ing 50%.55 These findings were important since they dem-
onstrated that hormetic responses were common.

These findings raised a key historical question con-
cerning whether and when did the scientific community
evaluate the capacity for the threshold dose–response
model to accurately predict responses below the toxico-
logical or pharmacological threshold. However, a careful
search of the literature failed to reveal that any such
efforts had ever been made or published. Thus, entire
regulatory programs had been created in dozens of coun-
tries under the assumption that the threshold dose
response made accurate predictions in the low-dose zone,
that is, below the estimated threshold. A fair-minded
comparison was made across the threshold, LNT, and
hormesis models using the same data set and objective
criteria to assess which model most accurately predicted
responses in the low-dose zone. The results indicated that
the hormetic dose–response model performed the best of
the three, by far, outcompeting the threshold model by
2.5-fold with the LNT model coming in a distant last, dis-
playing poor predictive potential. These findings were
significant since they demonstrated that essentially all

government risk-assessment programs of toxic agents
were based on inadequate scientific foundations, using
assumptions/beliefs that had never been tested and now
that they were tested in a fair head-to-head testing
failed.55

During the early 2000s, the principal remaining scien-
tific objection to the use and acceptance of the hormetic
dose response was its apparent lack of mechanism. At a
conference on hormesis and its scientific foundations in
2000, an editor of a leading toxicology journal addressed
the audience by saying that “in the field of toxicology we
worship at the altar of mechanism. Until papers about
hormesis included reliable information on mechanism
they will not be published in my journal.” This was a
clear message and standard that would next have to
be met.

There were many questions about what the editor
meant and also the question of whether there was a sin-
gle hormetic mechanism. It had always seemed to me
(Calabrese) that this could not be correct, since hormesis
was observed in so many biological models, induced by
many different agents, and affects so many differing end-
points. How much evidence of mechanism was going to
be needed to satisfy the remaining critics?

The issue of hormetic mechanism took advantage of
new developments in the area of cell signaling pathways.
In a concerted effort to document the occurrence of hor-
metic mechanisms, a comprehensive paper on the topic
was published in 2013 documenting mechanisms at the
level of receptor and cell signaling pathway for approxi-
mately 400 highly diverse hormetic dose responses.56 By
the early years of the 2010 decade, a very high proportion
of papers providing dose–response evidence of hormesis
were now providing receptor and pathway analyses. The
2013 paper provided a substantive answer to the provoca-
tive challenge of the journal editor. With that paper the
mechanism challenge was answered, removing the most
significant structural issue confronting hormesis.

7 | FOOD SCIENCE DISCOVERS
HORMESIS: BUILDING RESILIENCE
AND ENHANCING PUBLIC HEALTH

What would prove to be a fundamental advance for the
hormesis concept would come from the biomedical com-
munity and their interest in slowing down the onset of age-
related processes and diseases, especially those in the area
of neurodegenerative conditions. This research traces its
origins to the early 1930s, when it was first shown that
restricted diets (i.e., eating less food/day) had the potential
to extend life in rodent models. The key publication
starting this new direction was that of McCay et al.57 who
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reported that significant restriction of food intake markedly
extended lifespan in rats compared with ad libitum fed
controls. These striking findings were replicated on numer-
ous occasions with other animal models and a spectrum of
modified dietary protocols.58 One common finding is seen
in the report of Yu et al.59 that extended lifespan from
24 to 36 months when employing a 60% reduced food
intake. This enhanced lifespan occurred if the dietary
restriction was initiated in early adult life. These life-
extending effects of dietary restriction also improved many
critical aspects of the “health span”, delaying the onset and
severity of numerous age-related diseases, including kidney
disease, diabetes and neurodegenerative conditions, cancer,
and inherited autoimmune conditions. The dietary intake-
restriction approach came to be understood as an antiaging
response of caloric restriction since it represents a reduc-
tion in energy utilization. While this research direction
moved forward slowly over the next several decades, the
breath and consistency of the findings indicated that the
best way to enhance health span and extend life in an inte-
grative and significant way was via some version of caloric
restriction.60,61

The first time the hormesis concept was identified as
providing a possible mechanism for the life-extending
effects of caloric restriction was by the highly-
experienced nutrition researcher Edward Masoro,62 when
he first saw a causal link between the benefits of caloric
restriction and the hormesis dose–response concepts.
This occurred when he began to interpret the health ben-
efits associated with caloric restriction within an hor-
metic framework, going back to evidence presented at
the first hormesis conference citing the Furst63 and Cal-
abrese et al.64 references. In a parallel fashion to the
nutrition-caloric restriction research of Masoro were
extensive research efforts led by Ron Hart, director of the
U.S. FDA's National Center for Toxicological Research,
on the benefits of caloric restriction that showed striking
protection against induced inflammation in many tissues
and preventing the occurrence of many diseases as well
as enhancing the fidelity of DNA repair. It also reduced
adverse effects of numerous chemical toxins in experi-
mental models raising profoundly important questions
about the role of diet and how the chronic bioassay
should be designed/conducted for use in cancer risk
assessment. These findings converged very closely in time
with those of Masoro,65–68 in which both research teams
independently came to the conclusion that caloric
restriction-induced health benefits were a manifestation
of hormesis.60,69,70

Despite the positive health benefits associated with
caloric restriction in animal model studies, such enthusi-
asm became tempered based on anticipated difficulties in
implementing a 30–40% caloric restriction program as a

population-based public health strategy.71 The challenge
to implement a caloric restriction strategy created the
need for a new plan of action. It led to the idea that calo-
ric restriction mimetics needed to be researched, identi-
fied, and evaluated, resulting in a process that could
achieve long-term benefits, without adverse side effects.
What emerged from this challenge was the discovery of
sirtuin-activating compounds.71 These would include var-
ious plant polyphenols, including resveratrol, which
moved to the top of the candidate agents, quickly gaining
attention. Resveratrol is a strong antioxidant, which dis-
plays chemopreventive effects, at least in part, via the
activation of sirtuins. The caloric restriction mimetic
effects of resveratrol were first reported in yeast, reveal-
ing activation of Sir2.72 Resveratrol was soon shown to
act principally via hormetic dose responses on numerous
systems, including showing protection against cardiovas-
cular diseases, gastric lesions, ischemic stroke,
Alzheimer's disease, osteoporosis, and other conditions.72

The hormetic dose–response concept therefore received a
major boost by caloric restriction and mimetic response
research findings, which consistently were set within a
plethora of hormetic dose responses.

These developments were supported by highly signifi-
cant epidemiological studies in the late 1970s of Seventh-
Day Adventists73 and Mormons,74 which showed striking
decreases in a broad range of cancers and other diseases
that could be principally traced to lifestyle and diet. The
studies of Enstrom were then conceptually merged with
the long-term Framingham study that revealed diets
with food combinations, such as wine, fish, dark choco-
late, fruits, vegetables, garlic, and almonds were highly
protective, being associated with decreases in cardiovas-
cular effects by about 75%.75 The U.S. epidemiological
studies resonated strongly with European research within
the Mediterranean basin showing that diets based princi-
pally on grains, olive oil, legumes, fruit, fresh vegetables,
nuts, and fish, all showed similar health benefit trends.
In fact, it is with the integration of diet-based historical
developments of the 20th century involving dietary
restriction, caloric restriction, caloric restriction
mimetics, intermittent fasting, resveratrol, and other
polyphenols that the scientific paths of hormesis and food
science would converge, leading to a sustained new direc-
tion of hormesis-based health promotional research over
the past decade. The biomedical literature now comprises
vast experimental findings on hormetic effects with a
broad spectrum of plant-derived agents that induce che-
mopreventive effects in multiple systems in a similar
manner as resveratrol.72 All the major dietary supple-
ments such as curcumin,76 Ginkgo biloba,77 ginseng,78

green tea extracts,79 olive based products,80 ferulic acid,81

luteolin,82 rosmarinic acid,83 garlic,84 and numerous
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other agents have been shown to commonly display hor-
metic dose responses in multiple cellular systems, affect-
ing a wide range of important public health endpoints.

8 | BUILDING RESILIENCE:
CONDITIONING BIOLOGY AND
MEDICINE

Hormetic effects were not only shown to be general,
but also occurred in experiments showing direct and
overcompensation stimulation responses or in experi-
mental frameworks involving pre and postconditioning.
Preconditioning refers to situations where a low prior
dose of a stressor agent or condition in an optimal dose
range activates adaptive mechanisms that protect biologi-
cal systems from a subsequent toxic dose of harmful
agents or life-threatening challenges. The area has a long
history in the biological sciences, now extending back
nearly 100 years. In 2016, Calabrese85,86 published an
integrated synthesis of the area, showing that hormetic
dose responses were commonly reported in
preconditioning studies if there was a sufficient number
of preconditioning doses that permitted an assessment of
a dose–response relationship. It was therefore shown that
preconditioning was simply another manifestation of
hormesis, showing the same quantitative features of the
hormetic dose response. The area of preconditioning has
long been useful in plant biology where the term priming
is commonly employed similar to the field of therapeutics
where the term conditioning medicine has acquired
prominent status. However, regardless of terminology
used by the specific sub-biological disciplines, the dose
responses from these areas follow these same hormetic
biphasic quantitative patterns. The public health and
therapeutic strategies that are used in the area of food sci-
ence and nutrition and conditioning medicine are there-
fore based on the same hormetic dose–response concept.

9 | SEARCH FOR THE COMMON
HORMETIC MECHANISM

The fact that hormesis is generalizable, with responses
being independent of biological model, cell type, inducing
agent, endpoint measured, receptor type, and pathways
mediating the response and testing protocol
(preconditioning, postconditioning, and lack of condition-
ing), created the impression that it was unlikely that there
would be a common, integrated hormesis mechanism,
even if not universal.87–89 Thus, the possibility of a com-
mon mechanistic theme for hormesis has not been seen as
a realistic possibility or serious research question. However,

over the past several years what seemed impossible began
to change with the emergence of common strategies to
confront adverse effects associated with oxidative stress-
induced inflammatory processes. This research effort
resulted in Calabrese and Kozumbo90 proposing a general-
ized mechanism for hormetic dose responses based on the
redox-activated transcription factor (TF), Nrf2, and its
upregulation of an integrative system of endogenous anti-
oxidant and anti-inflammatory adaptive responses. Nrf2
may be activated by a vast range of stressors (e.g., exercise,
caloric restriction/intermittent fasting, wound/damage
stimuli), exposures to synthetic, natural/endogenous
chemicals, nonionizing (e.g., low-level light) and ionizing
radiation, and to low-to-moderate stress from aging pro-
cesses, among others. Nrf2 engages in crosstalk with other
TFs, which further integrate and improve the effectiveness
of adaptive metabolic strategies that produce acquired resil-
ience. This adaptive mechanism centered on Nrf2 conver-
gence can account for a substantial proportion of the
generality and ubiquity of hormetic dose responses and
supports the fundamental hormetic characteristic of
protecting biological systems. The Nrf2-based adaptive
strategy is evolutionarily conserved, allometrically
described, and quantitatively constrained in response
(i.e., modest stimulatory response), further conserving bio-
logical resources and enhancing metabolic efficiencies. The
idea that Nrf2 may serve as an hormetic mediator not only
provides a regulatory-based evolutionary understanding of
temporally acquired resilience and adaptive homeostasis,
but also causally integrates toxicological and pharmacologi-
cal detoxification processes that are central to ecological
and human risk assessments as well as to the development
of drugs and therapeutics. These findings can also account
for considerable interindividual variation in susceptibility
to toxic substances, the differential effectiveness of numer-
ous therapeutic agents, and the variation in onset and
severity of numerous age-related illnesses, such as type II
diabetes, neurogenic psychological disorders, dermatologi-
cal symptoms, and susceptibility to respiratory diseases and
damage. While there is much more to be learned con-
cerning the generality of the Nrf2 activation mechanisms
and whether and how it may relate to the plethora of hor-
metic dose responses, the present proposal provides sound
and broadly integrative framework for accounting for a
vast range of hormetic dose responses in animal species
and numerous cell types.

10 | WHAT IS THE FUTURE OF
HORMESIS?

The concept of hormesis leads a multidisciplinary dose–
response revolution that is in the process of transforming
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biology, toxicology, risk assessment, public health, and
medicine. The hormesis concept has illustrated the fal-
lacy that one can predict responses at very low doses
based on exposures thousands of fold higher, as is done
in the standard U.S. governmental chronic animal stud-
ies. The hormesis concept has revealed that at low doses
of stress, cells upregulate adaptive mechanisms that pro-
tect against present threats as well as ones that occur over
the next several days to about several weeks depending
on the cell model and experimental conditions. The pre-
clinical studies for major pharmaceutical drug classes,
such as anti-anxiety, seizures, memory, and others, are
highly dominated by hormetic biphasic dose responses.
The pharmaceutical companies routinely identify the
optimal dose within the hormetic zone of preclinical
studies, and then use this dosing in subsequent human
clinical trials. What may be forgotten in this process is
that the human dose is actually based on an hormetic
dose response that was identified in the animal studies.

Even though the scientific road has been uncertain
and shrouded with complex challenges, hormesis has
emerged from the 20th century as a central concept in
biology. It provides the foundation for understanding bio-
logical plasticity, allometric management of biological
resources under constitutive and stressed conditions, fun-
damental strategies for protection against immediate and
future threats, the signaling processes for a broad spec-
trum of pheromones for sexual reproduction, alarm notifi-
cations, and other functions.89,91 The hormesis concept
has profoundly important implications for enhancing
agricultural productivity via multiple strategies and tactics
(e.g., by improving photosynthesis and plant defense,
enhancing photosynthates, and increasing crop yields)
and public health practices as well as improving therapeu-
tic applications (e.g., enhancing wound healing, accelerat-
ing bone fracture repair/reunion, preventing/reversing
hearing loss, slowing the onset of cataracts, preventing/
reversing baldness, preventing heart attacks and strokes
as well as lessening the damage when they do occur, as
well as slowing the onset and reducing the severity of a
broad spectrum of neurodegenerative diseases, such as
Alzheimer's disease, Parkinson's disease, and ALS).92–97

11 | CONCLUSION

The article provides an integrated assessment of the his-
torical foundations of hormesis, from its beginnings in
the early 1880s when Hugo Schulz first observed the
occurrence of the hormetic dose response in yeast to a
current, novel, general, and integrated mechanism for
hormetic dose responses based on Nrf2 activation. The
story of hormesis is important because it is a

fundamental evolutionary-based biological concept that
enhances survival and biological performance across a
wide range of activities via the upregulation of adaptive
responses following exposure to low levels of a vast range
of harmful stressor agents. The hormesis story is also
important because it documents how the scientific com-
munity “missed” this fundamental concept for an entire
century and the rediscovery of hormesis and its role in
biology, public health, and medicine. The story is also
important at the personal level for all readers since hor-
mesis provides the key strategy and tactics to significantly
extend the human health span and average life
expectancy.
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ENDNOTE

* The term hormesis would not be introduced into the scientific lexi-
con for nearly 60 years, being first used by Chester Southam and
John Ehrlich who reported that low concentrations of extracts from
the Red Cedar tree stimulated colony growth of several fungal spe-
cies.5 These researchers were aware of the earlier research of Schulz
and many others but opted for the new descriptor (i.e., “hormesis”)
rather than using the Arndt-Schulz Law or Hueppe's Rule as had
been given by the original investigators.2 Over time the use of terms
such as the Arndt-Schulz Law and Hueppe's Rule simply became
historical artifacts, being replaced by the term hormesis, meaning to
excite from the Greek language. However, it should be noted that
the term Arndt-Schulz Law is still occasionally used on the narrow
area of the biphasic dose–response effects of low-level laser treat-
ments. The reason for this usage is that the original “hormetic” dis-
covery of low-dose laser studies was made in northern Germany
during the Cold War era, and it appears that there remained some
degree of historical provincialism concerning the use of the term.
However, regardless of the specific term employed the concepts are
indistinguishable in a scientific sense.6
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