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Abstract
This commentary briefly summarizes the extraordinary resurgence of hormesis within the biological, biomedical, toxicological
and risk assessment domains over the past two decades. It places this resurgence within the context of challenging the scientific
validity of the threshold and linear dose responses. It argues that conducting research on mechanisms that actuate and regulate the
stimulatory response features of hormesis will provide the knowledge needed to develop potentially transformational applications
aimed at protecting and enhancing biological resiliency as well as treating/curing a multitude of diverse medical conditions.

Keywords Hormesis .Hormetic .Thresholddose response .Linear non-thresholddose response .LNT .Biphasicdose response .

Risk assessment

Commentary

Since 1998 our research has challenged the authenticity of the
two prevailing dose-response models, the linear non-threshold
(LNT) and the threshold models, which are used to determine
the safety and health risks of chemicals and ionizing radiation. In
the past 20 years, overwhelming evidence has been produced to
verify the authenticity and ubiquity of a once forgotten, nonlinear
dose-response model known as hormesis (Calabrese 2008;
Calabrese 2016a, b; Calabrese and Baldwin 2001b, 2003a).

To investigate the existence, prevalence and significance of
hormesis, several databases of experimental dose-response stud-
ies were constructed nearly 20 years ago to serve as a reliable tool
for investigating many hormesis-related phenomena (Calabrese
and Baldwin 1997, 2001a, 2003b; Calabrese et al. 1999, 2006;
Nascarella et al. 2009). The fidelity of the databases was
established by the requirement that experimental dose-response
studies in these databases must satisfy strict entry and evaluation
criteria. Such requirements were meant to assure that ample data
would be available to permit rigorous statistical analyses of all

dose responses and therefore could determine, with statistical
significance, if a particular dose-response study complied with
the biphasic stimulatory features indicative of a hormetic re-
sponse. It is worth noting that the selection/evaluation process
is sufficiently stringent so as to underestimate the occurrence of
hormesis in the dose-response literature, giving the process a
conservative bias.

Applying the statistics-based approach, as just described,
our efforts in mining the scientific archives have thus far re-
sulted in over 15,000 experimental studies demonstrating a
varied array of hormetic dose responses (Calabrese and
Blain 2011; Nascarella et al. 2009). Furthermore, these re-
sponses were found to be independent of both the type of
stimulating agent and the species of responding organism.
The quantitative features that now help define and character-
ize a typical hormetic dose response have been elaborated
(Calabrese et al. 2019) and represent another example of the
research utility afforded by the process of mining data from
over a century of archived scientific literature (Calabrese and
Blain 2011). More recently, the hormetic database offered
convincing evidence that two nominally distinct and scientif-
ically valid responses (known as Badaptive responses^ by the
biological research community and the Bpre- and post-
conditioning responses^ by the medical research community)
display features, including dosing ranges, response profiles
and mediating pathways, that are identical to those character-
izing the hormetic response (Calabrese 2016a, b). This
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revelation is especially important because it further authenti-
cates hormesis and, at the same time, unifies under the rubric
of hormesis what were once considered disparate phenomena.
The fact that different terms (e.g., hormetic, adaptive, condi-
tioning, among others) have been used by different re-
searchers from different biological research communities
(e.g., toxicology, biology, medicine) to refer to the same stim-
ulatory response indicates that each research community as-
sumed it was investigating a unique phenomenon of central
importance to its own special research area. However, the
increasing realization that this stimulatory response is of com-
mon rather than of unique importance to many different re-
search communities should inspire the formation of wide-
spread collaborations to further enhance understanding of
the hormetic response.

In addition to our ongoing research on hormesis, a parallel
multi-year effort was also undertaken to clarify the somewhat
obscure historical origins and scientific foundations central to
the LNT model. The result of this detailed and comprehensive
endeavor was both surprising and unsettling. It revealed, for the
first time, a litany of scientific transgressions, ranging from
flawed research to the deceptive actions of preeminent scientists,
aimed at preserving the LNT model at any cost, regardless of its
dogmatic origins (Calabrese 2015, 2017, 2018; Calabrese et al.
2019). Put simply, the scientific foundations of LNTwere found
to be shaky, fraudulent and scientifically invalid. In the past
20 years, an abundant amount of evidence has been generated
that strongly (1) supports the authenticity of hormesis as a valid
and viable alternative to the LNT dose-response model and, at
the same time, (2) invalidates the scientific foundations upon
which the prevailing LNT model resides, thereby invalidating
LNT itself.

As a viable alternative to the two prevailing models, hormesis
has been shown to apply universally to all chemical and physical
agents, including ionizing and non-ionizing forms of radiation.
The LNT and threshold models together dictate that all doses of
any agent will only elicit biological effects ranging somewhere
on a spectrum from toxic to innocuous, but never stimulatory or
beneficial. By contrast, the hormetic model is unique in that
certain low doses of almost any agent will stimulate rather than
inhibit biological organisms. The hormetic stimulation of cells is
generally characterized by low dose-induced profiles of gene
expressions and metabolic pathways that are markedly different,
quantitatively and qualitatively, from those profiles depicting the
inhibitory or toxic effects of high doses of the same agent. The
low-dose stimulatory profiles reflect significant increases in spe-
cific basic cellular functions (e.g., bioenergetics, anabolic and
catabolic reactions, and defense and repair systems) that boost
the overall biological resiliency of an organism (Leak et al.
2018). Since increased biological resiliency is intrinsically linked
to improvements in fitness, healing and survival, hormesis offers
extraordinary opportunity for the creative minds of scientists and
bioengineers to exploit its stimulatory feature for the

development of novel applications beneficial to society
(Calabrese and Agathokleous 2018). The translation of hormetic
applications to society, however, will not serendipitously tran-
spire. It will require research to produce a deeper and broader
fundamental understanding of hormesis and to develop biotech-
nological strategies that can modulate and control important fea-
tures of the stimulatory response (i.e., its initiation, termination,
magnitude and duration). Significant potential benefits may be
derived in the future from the research and development of
hormesis-based applications. For example, such applications
may be used to (1) protect/prevent humans from the toxic effects
of exposures to chemical, radiological and biological agents; (2)
enhance human performance and cognition; (3) develop new
therapeutic strategies, devices and drugs for the treatment of
numerous medical conditions, ranging from inflammatory, infec-
tious and chronic diseases to body wounds and traumatic brain
injuries; and, finally, (4) develop new science-based health risk
assessment guidelines for exposure to toxic agents that could not
only reduce environmental clean-up costs but also improve gen-
eral health via the hormetic induction of biological defense
mechanisms.

Prior to about 1998, the scientific community was barely
aware of hormesis and hence did not recognize its potential as
a viable alternative to the LNT and threshold dose-response
models. In practical terms, this lack of scientific recognition
meant that a stimulatory response induced by any agent at low
dose (i.e., a hormetic response) would be categorically defined
either as toxic by LNT dogma (and to be banned) or as innoc-
uous by the threshold model (and to be ignored). Thus, de-
cades of strict adherence to the two prevailing (and compro-
mised) dose-response models ensured not just that stimulatory
responses to low doses would be completely missed but also
that any opportunity to exploit these hormetic responses for
the development of prospective technological applications
would be lost. By 2018 however, the scientific recognition
of hormesis as a legitimate and alternative dose-response
model has improved considerably and is frankly at an all-

Fig. 1 Hormesis/hormetic citations in the Web of Science by year
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time high. This enhanced recognition by the scientific com-
munity may best be exemplified by the fact that Bhormesis^
had been cited in the scientific research literature (i.e., Web of
Science) only around 200 times in 1998, but more than 10,000
times in 2018, about a 50-fold increase after 20 years (Fig. 1).

While much progress has been made, many questions remain
and need to be answered in order to accelerate both unqualified
acceptance of the hormesismodel and the rate at which beneficial
hormetic applications may be safely translated to society.
Identifying hormetic biomarkers and acquiring knowledge of
common mechanisms and pathways that mediate the hormetic
response and inform its likely association with epigenetic phe-
nomena (Bernal et al. 2013) will be of critical importance to
ensuring the development of future hormesis-based applications.
One intriguing but largely ignored area of special research inter-
est involves characterizing hormetic responses to various forms
of non-ionizing radiation, such as light and radio frequency radi-
ation (Huang et al. 2011; Sannino et al. 2014; Sun et al. 2016),
and then exploiting these responses to develop alternative trans-
formational technologies that may, for example, be used to en-
hance human performance and safely treat a broad spectrum of
diverse medical conditions (Crocetti et al. 2013; Pilla et al. 2011;
Salehpour et al. 2018). Failing to explore the scientifically valid
foundations of hormesis means sacrificing the long-term benefits
of potentially transformational advancements for the immediate
convenience of preserving familiar but flawed LNT dogma.
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