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Developing Insights on the Nature of the Dose-
Response Relationship in the Low Dose Zone:
Hormesis as a Biological Hypothesis

Edward J. Calabrese, Ph.D. and Linda A. Baldwin

Introduction

The concept of hormesis has had a
long and often controversial history. In
fact, there appears to be a lack of general
consensus within the scientific commu-
nity of whether hormesis is a repro-
ducible biclogical phenomenon witch an
underlying evolutionary/genetic founda-
tion or merely an ardface of endpoint
selection and study design limitadons.
However, the hormetic hypothesis is an
importanc issue to resolve since, if true,
broad acceprance of hormesis would
have porentally subscantial implicarions
for the risk assesstent process as well ag
for importane biomedical and therapeu-
tic applications. Consequently; an effor
was made to evaluare hormesis as a bio-
Ingical hypothesis based on a prior study
design, endpoint response, characteriza-
tion, sratistical assessment, and repro-

ducibility of dhe findings.

Development of the Hormesis
Hypothesis

The assumprion that an agent is inac-
tive below the toxicity threshold may not
be an accurate description of whar acru-
ally occurs in cells and whole organisms
at subroxic exposure levels.  For exam-
ple, it has long been known thar ele-
ments such as minerals and vitamins are
toxic at high doses, but essential in lower
amounts. Also, pharmaceutical agents
such as aspirin have an optimal thera-
peutic zone: too high a dose causes toxi-
city, while wo low a dose renders the
drug ineffective.

The hormesis hypothesis states that
most, if not all, chemical and physical
agents, such as radiation, have the capac-
ity to stimulate biological effects ar doses
below the toxicity threshold, while caus-
ing toxiciry ar doses above the threshold.

Such low-dose stimulatory effects have
been referred to as ‘hormetic’ responses
from the Greek word meaning to excire’.
The shape of the dose-response curve
depicting the maxim ‘the dose deter-
mines the poison’ is seen in the high-
dose range of the two graphs in Figure 1.
The hormesis hypathesis (i.e., that doses
below the toxic threshold may be stimu-
latory) yields a different dose-response

relationship. When the response refers

to factors such as growth, longevity,
fecundiey, and weight gain, the curve
displays what is called a ‘b-curve (i.e., a
low-dose stimulacion followed by inhibi-
tion of the stimulated response at higher

doses). However, if the respanse ar low -

doses were o diminish effects such as
mutations, background cancer, or birth-
defecr incidence, the dose-response eurve
would be a ‘U’- or ‘I-shaped curve. In
such cases the low-dose treatment group
would display less damage than the
unexposed conirol group. The phenom-
enon of low-dose seimulatory effects was
first reported in 1888 by Hugo Schulz!
from studies on yeast fermentacion.
These findings were integrared with sim-
ilac observations by Rudolph Arndr in
what became known as the Arnde-Schulz
Law, which stated thar all poisons are
stimulatory in low doses. This so-called
law was believed to be applicable to
mos, if not all, stressor agents, such as
toxic chemicals, medications, and radia-
tion, and to most biological systems.

While the origin of modern-day
hormetic research can be traced back to
the wotl of Schulz over 2 cenrury ago,
other investigators independently report-
ed comparable effects. The well known
bacreriologist, Ferdinand Hueppe, an
associate of the Nobel Laureate Robert
Koch, extended the observations of

.Schulz to bacteria. In fact, this phenom-

enon has also been widely referred ro as
Hueppe’s Rule. The Univessity of

Wisconsin professor Louis Kahlenberg, a
former Ph.D. student of the Nobel
Laureate Wilhelm Ostwald, reported
thar low doses of toxic substances stimu-
lated planc growth within the context of
assessing the biological effecrs of dilure
solutions. In addition, the Nobel
Laureate Charles Richer, at che
_University of Paris, who developed che
concepr of anaphylaxis, also published
extensively on this topie. Early findings
likewise published by well-established
academic  researchers with fungi
{(e.g, B.L. Duggar ‘at Cornell
University/University of Wisconsin;
H.M. Richards at Columbia Universiy)
and bacteria (C.EA. Winslow with a
series of his Ph.D. students at Yale
University), along with numerous other
respected investigators, helped to estab-
lish che generalizable, reproducible and
quantitative narure of the hormetic
response over the early decades of the
20th century. In face, as carly as 1905
the basic description (e.g,, b-curve) of
the hormeric dose-response (as seen in
Figure 1b) was clearly eseablished in the
scientific literature by Rodney True, a
former colleague of Kahlenberg (see * for
a review).

Despite these developments in the
field of low dose hormetic effects
through the early decades of the 20¢h
century the Arnde-Schulz Law became
progressively marginalized from the
1920%s onward.* One reason is thar ic
failed to offer a convineing underlying
mechanism of how the agent induced
the hormetic response. Also, the low-
dose stimulatory effects were often seen
as an artifacr of the study design or nar-
mal variation that ar times disappeared
on further or more rigorous testing. The
hormesis concepe also fell victim to the
historical conflict between homeapathy
and ‘traditional’ medicine since man
homeopaths viewed che Arnde-Schuilz
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Figure 1. (a) General form of U-shaped dose-response curve showing response relative to
a reference level, with a region of apparent improvement (e.g., reduction in dysfunction) as
well as a region of toxic or adverse effects, (b) Reciprocal of the same curve showing a region
of apparent enhancement (e.g., increase above normal level of function) as well as a region

of toxic or adverse effects?

Law as a supporting principle of homeo-
pathic practices. But perhaps the most
compelling explanarion is thar the per-
centage of studies capable of accurately
studying hormesis as a biological
hypothesis has been too few.

Traditional toxicologists have genezal-
ly overlooked the potendial for hormesis,
focusing instead on regularory driven

hazard assessment experimentation,
which emphasizes defining the high-dose
compenent of the dose-response curve,
Consequently, there has been 2 limited
amount of experimentation to assess
responses at doses below the threshold of
toxicicy. In faer, it is probably fair to say
that most toxicologists nor only have

failed to study hormesis, bur have not

even observed bona fide examples of this
phenomenon.

Hormetic Mechanisms

When the imposition of an external
stressor agent (e.g., pollutanc exposure)
challenges the adaptive capacity of a bio-
logical system, the system typically more
than compensates for the initial disrup-
don and/or damage, leading to the net
stimulatory (i.e., hormeric) response.
Thus, hormesis represents an overcom-
pensatdon to an alteration in homeosta-
sis. As the dose progressively increases
the system’s capacity to compensate
becomes overwhelmed, the ‘no observed
adverse effect level’ (i.e., ‘NOAEL) is
exceeded, and evidence of rtoxic effects
becomes manifese via biochemical and
histological rechniques. :

The strongest effort to explain the
mechanism of specific hormetic respons-
es has been made in the area of herhi-
cide-induced  stimulatory  effecrs.
Herbicide researchers have long recog-
nized hormeric responses to such an
extent that they have studied nort only
the molecular basis for the responses, but
also why species differ in responsiveness,
how plant age affects the response, the
impact of minor strucrural changes ro
the molecule and how this impact may
alter the harmetic response.’

The range of hormetic effects such as
increased growth, fecundity, longevity,
and decrensed disease incidence suggests
that these effects are fundamental and
affece thousands of genes. This further
implies thar hormetic mechanisms affect
basic biological processes. Nonetheless,
investigators often direct their artenrion
to mechanisms closely attuned to aspects
through which biological protection may
be mediated. For example, there is sub-
stantial evidence thar very specific alter-
ations in parterns of gene expression in
numerous species occur in response to
roxicant exposures.’ Such responses fall
into one of two classes: (1)} those resule-
ing in an enhanced metabolic capacity
for detoxification of the particular roxi-
cant (e.g., the cyrochrome P-450 pene
family whose products play an essential
role in detoxification of a vast array of
organic contaminants); or (2) those that
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offer more general protection apzinst cel-
lular damage caused by a wide variery of
agents (e.g., heat-shock or stress proteins
whase expression is mediated by a wide
variety of stressors).

The field of molecular biology has
recently provided tools to enhance
understanding of the mechanistic foun-
dations of hormetic dose-response rela-
tionships. OF particular interest is the
‘adaprive response’ phenomenon thac
occurs in both radiation and chemical
toxicity. In general, if a low; and often
nontoxic, exposure to radiation or a toxic
chemical is administered either to cells in
culture or o whole organisms, and is
then followed by a-massive exposure to
the agenr thar would normally seriously
injure or.even kill the cells or organisms,
the preexposed cells ar organisms display
remarlable protection from toxicigy and
tethalicy” This phenomenon has been
intensely studied for over a decade,
resulting in several hundred research
papers providing important insights into
how the prorection occurs, the nature of
the dosing that elicits the response, why
some cells and arganisms differ in their
responsiveness, and the overall generaliz-
ability of the phenomenon® Although
the adaptive-response phenomenon
technically differs from hormesis as
described in this dialogue, the induetion
of molecular adaptive responses at the
low levels used in these experiments may
provide a sound model for how hormer-
ic processes are triggered.

Assessing the Viability of the
Hormetic Hypothesis

Despite the lack of mainstream accep-
tance of hormesis, various groups and
individuals have iried to document the
phenomenon and highlighe its implica-
tions for sociery. Over the years, evi-
dence of hormeric responses has been
reported in peer-reviewed journals, sum-
marized in books, and the subject of
national and internarionsl conferences.
For example, Dr. Thomas Luckey, pro-
fessor emeritus of the University of
Missouri, wrote two books extensively
documenting radiation hormesis.® 10
Investigators in the area of plant biology
published a newsletter from 1970-1981
on the capacity of low doses of radiation

to enhance plant growth and yield."
Independent groups of researchers have
organized international scientific confer-
ences in China, Japan, Russia, and the
United States on chemical and radiarion
hormesis.” Of particular importance
with respect ro the sciendfic dimensions
of hormesis are recent advances concern-
ing adaptive-response mechanisms, such
as induction of detoxification mecha-
nisms, DNA repair, heat-shock protein,
acure-phase protein, and other responses
that have been shown to alter cellular
and organismal responses to toxic sub-
stances.

A research group at the University of
Massachusetes at Amherst, of which the
author is a parr, recently ser forth to
assess the viability of hormesis as a scien-
tific hypothesis." The group nsed as a
guide the operational definition that
hormesis is characrerized by low-dose
stimulation and inhibition at higher
doses, as seen in the 8- and U/]-shaped
dose-response curves discussed above, A
search of various computer databases
yielded over 8,000 studies potenrially
relevant to hormesis. Approximarely
1,500 of these appeared sufficiendy rele-
vant to obtain and carefully assess with
objective criteria to screen our those arti-
cles thar did not present evidence of
hormesis, as well as provide 2 quantira-
tive ranking of agents with respecr to
degree of evidence and documentation
to support a hormetic hypothesis. The
research team developed the following
criteria to derermine whether a swudy
presented evidence of hormesis:

(1} the nature of the study design (e.g.,
the rotal number of doses, the num-
ber of doses below the toxic thresh-
old, the presence of an adequare con-
trol group)

(2) the type of effects the study mea-

sured

{3) the magnitude and statistical signifi- |

cance of the responses and
(4) the capacity of data replicarion,

These criteria were assigned point val-
ues, which were then applied to the stud-
ies. The results provided the basis for
determining whether a given study dis-
played no, low, moderate, or high evi-
dence of hormesis. Using this assess-

ment nearly 500 of the nearly 1,500 arti-
cles the group has reviewed to date have
shown evidence of hormesis to some-
degree.

This assessment has revealed much
about the types of endpoints (i.e.,
effects) thar display hormesis, the kinds
of arganisms and agents used in the stud-
ies, whar may actually be 2 low dose, the
range and magnitnde of hormetic
responses, and how studies shonld be
designed if the investigator’s intent is to
study low-dose phenomena. The find-
ings indicate that low-dose stimulatory
Iesponses are not resericted to any partic-
ular taxonomic group burt are observed
_broadly across the microbial, plan, and
animal kingdoms. Though not unex-
pected, this is highly significant because
it illustrates the broad generalizability of
the hormetic phenomenan. Likewise,
the types of agents shown to cause
hormesis are also withour apparent
restriction, consisting of chemicals of
seemingly all chemical classes and differ-
ent types of physical stressors, including
various kinds of radiation. The range of
biological effects observed with respect
to hormesis is also widespread and
includes growth, longevity, reproduc-
tion, disease incidence, and behavioral
aspects. Thus, with respect to generaliz-
ability to species, agent, and endpoint,
hormesis is potentially far-reaching, as is
evident from the following examples.

Antibiotics are expecred to kill and/or
prevent bacteria from  reproducing,
Srudies have shown, however, thar low
doses of antibiotics such as streptomycin
actually enhance reproduction of cerrain
harmful strins of bacteria at low doses,
while killing these scrains ac higher
doses.*® In fact, administering low doses
of serepromycin can actually enhance the
capacity of the miciobe to kill the host.”
FDA researchers recognized this phe-
nomenon over 50 years ago. It has also
been observed with penicillin and other
andbiorics,

In the area of plant biology, research
shaws that certain agents can stimulate
groweh at low doses, while retarding
growth at higher doses. For example,
numerous herbicides have been shown 1o
induce stimulation of both root and
stem prowth at low levels.”® Of particu-
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far stgnificance is the substandal body of
work dealing with the rriazine herbi-
ecides, which include the agents atrazine
and simizine. Low doses of these agents
have been repeatedly shown in green-
house and field studies ro enhance
growth and yield of various plants in the

absence of competing weeds.” How
these low-level exposures enhance the
growth of economically imporeant plant
varieties has become a major area of
research,

In addition, low doses of inorganic
substances (such as cadmium, fluoride,
and mercury), organic substances
(including 2 wide rnpge of pestcides),
and radiation have been shown to

enhance the fecundity of a variety of

crusraceans,

0,21, 22,

organisms, including
insects, worms, fish, and mammals.?
=3 Thig Iy parricularly relevant to ento-
mologists and others concerned with
insect control. The observation that low
levels of environmental toxins can
enhance reproductive performance runs
counter to the prevailing concept thar a
reproductive toxin is simply thar, and its
capacity to affect the biological system is
merely proportional to dose. In these
instances, the investigators clearly show
the paradoxical influence of dose in
affecting che final outcome of the study.

Finally, a well-studied example of the
J-shaped curve in humans is the relacion-
ship berween ethanol consumption and
the risk of cardiovascular disease,
Numerous reports from the epidemio-
logical literature indieate thar persons
who consume several alcoholic drinks
per day have a demonstrably lower risk
of heart attack than both individuals
who consume excessive amounts of alco-
hol and rthose who abstain from deinking
alcohol.®  Of importance is that the
response seems to have a reasonably solid
underlying mechanistic explanation
.involving the enhancement of the HDL
proteins, the so-called good cholesteral,
which are known to protect against car-
diovascular disease,

Despite the evidence, why does
accepting hormesis remain a stumbling
block for many scientists?  First,
although there are many examples of
hormetic daose-response relationships,
such studies actually consttute 2 very

© Maximum Heébonse :

" . (avarage 130-160% of contral)
[ Fudow oo s

" Distanca to NOAEL
{average 5-fold)

NOAEL

Response

Hormetic Zone
. {average 10- to 20-fold}

Dose

Figure 2. Dose-response curve depicting characteristics of the chemical hormesis zone.
Nate that the magnitude of stimulation is typically 30-60% greater than control values
while the zone of stimulation extends on average approximately over a 10- 10 20-fold

range.®

small percentage of che whole toxicolog-
ical darabase.  For example, abour
500,000 toxicology studies have been
published in the peer-reviewed literature
since 1900 {Index Medicus, Chemical
Abstracts, Biosis). Yet, in order o have a
reasonable chance of obtaining a high
score for evidence of hormesis based on
the group’s evaluation system, a study
must have ar least six toral doses, with at
least three doses in the subtoxic chresh-
old range. Studies so designed are rela-
tively few: only about 1 out of every 500
published studies would sadisfy the dose
condlitions.” ‘Fhis alone is sufficient to
explain why many roxicologists know lit-
tle about the concept of hormesis.

Second, as seen in Figure 2, hormertic
responses have been repeatedly shown to
occur over a limited dosage range and
response magnitude. For example, the
average maximurn stimulatory response
is abour 30 to 60 percent greater than
the control. When responses are seen in
the ‘percentage’ increase zone rather than
in the “fold’ increase zone, the stimula-
tory response may often be interpreted as
normal variabiliry rather than a real stim-
ulation (i.e., a ‘false posidve’ response).
Recognition that hormetic responses are
of a generally modest narure places
greater experimental design demands on
the researchers, since more treatment
groups are needed to define the nature of

the dose-response relationship, especially
in the low-dose zone where the hormeric
response would be expected to occur. In
addirion, the more limited nature of the
response requires thar even more atten-
tion than usual be devored to sample size
and statistical issues. Such constraints
suggest that in experiments designed to
investigate the low-dose area, it is wise 0
use more subjects in the low-dose treat-
ment groups than ar the higher doses,
due to the treatment effects’ limited
magnitude and the variability of
response.

Recent analyses of the developing
hormesis database indicates thar there is
a considerable range in the type of U- or
inverted U-shaped dose-response thar
differ from thar offered in Figure 2.
Such a recognition has lead to our devel-
oping of 2 recent general classification of
U-shaped dose-response. More specifi-
cally, reliable evidence indicates thar the
range of stimulatory response can greatly
exceed 10- o 20-fold while the magni-
tude of stimularory response can at times
approach 10-fold that of controls. In
addition, the srimulatory response ar
times appears to be a compensatory
response to a disruption in homeostasis
or a direcr stimulation. There is clearly
much more to learn about the rnge of
hormetic effects and their diverse under-
lying mechanisms.
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Potential Significance of Hormesis to
Environmeatal and Health Related

Decision Making

What is the potendial significance of
hormesis, especially to federal regulators
and environmental health scientises?
Although it is.too early to say precisely,
the possibilities are ineriguing. Federal
regulatory agencies, using the concept of
threshold responses, have adopted risk
assessment procedures that assume that
noncarcinogenic toxic substances cause
harmful effects above a toxic threshold,
below which no adverse effects are
expected to occur. While the agencies
have focused on-adverse effects, they
have given virtually no considerarion to
whether other biologically significant
effects mighr occur below the so-called
toxic threshold. However, the generaliz-
ability of hormesis to most compounds
suggests that agencies such as EPA, the
FDA, and OSHA should carefully con-
sider applying this concepr to their risk
assessment procedures,

Each agency might have a different
perspective on evaluating che role of
hormesis based on its respective respon-
sibilities. For example, OSHA's occupa-
tional health standards are designed o
permit higher exposure levels than com-
munity exposure standards. EPAs and
the FDA’s risk assessment procedures are
currently designed to protect the public
against the harmful effects of roxic sub-
stances. In fact, the resulmant scandards
are believed to be sufficientdy conserva-
tive 50 as not only to achieve the prorec-
tion goal, bur also to reduce the exposure
below the estimated hormetic dose. If
the agent praduces a significant biologi-
cal response thar is beneficial (such as
longevity) at low doses, and such low-
level exposures are not permitted, these
standards may, in fact, be counterpro-
ducdve.

Thus, all regularory decisions on non-
carcinogenic chemical and physical
agents should, at a minimum, address
how the proposed standard affects possi-
ble hormeric responses. Every exposure
standard should provide a description of
the biological and popularion-based
responses for the entire dose-response
relationship, not just for the higher (e.g.,
greater than the NOAEL) doses, which

has been the standard practice to date,
Regulatory agencies need to provide
information on the complete set of pub-
lic health implications regarding each
exposure standard beyond the benefir of
avoiding potentially harmful exposures.
Moreover, if the scandard, by preventing
low-level exposure to a regulared agen,
has eliminated the atminment of poten-
tially beneficial effects, agencies need to
recognize and justfy this decision in
future srandard-serting activites.

Risk assessment regarding exposure to
carcinogenic agents could also explicitly
address possible hormetic responses,
Federal agencies generally assume that
there is no safe level of exposure to car-
cinogens.. However, the hormesis con-
cept, which is more supportive of the
threshald phenomenon, supgests thac
this is incorrect. In fact, a number of
cancer-related bioassays that cover a
broad dose range and have a modest to
high tumor background incidence in
controls display decreased foci forma-
tion, hyperplasia and/or tumor incidence
at low doses a5 predicted by the hormesis
hypothesis.

InsecthontroI

Several factors contribute to insect
outbreals, including the destruction of
competitive species and the development
of resistance in certain  species.?
Entomologists are seeking to determine
whether low-level exposures to cerrain
insecticides can provide a low-dose phys-
iological sdmulus thar actually enhances
insccr fecundity.  There is a growing
body of evidence that this phenomenon
has contributed to some insect out-
breaks. Such evidence suggests the
necessity of reevaluating the strategies for
pesticide use in insect control and eradi-
cation programs.

Weed Control and PMlant Growth

The potential of low levels of herbi-
cides to enhance phne growth should
also be given serious consideration.

 Hormetic effects may be relevant noc

only to weed control, but to growing
plants for commercial purpases.

Global Warming

A recent study from the Netherlands?
suggests that widespread low-level conta-
mination of soil may enhance the metab-
olism of soil microbes, chereby increasing
the release of carbon dioxide into the
atmosphere. Increased levels of atmos-
pheric carbon dioxide are believed to
conuibute to global warming. The
Netherlands findings have led to the pre-
liminary hypothesis that hormetic
responses thus contribute w factors
enhancing global warming,

Endocrine Disputing Agents

There has been a major debate regard-
ing chemicals that have the potential 10
cause disruprion of the endocrine sys-
tem. Wichin this conrext, it is importanc
to note that a highly diverse set of chem-
ical agents known to cause alterations in
reproductive performance ac high doses
are also known to enhance fecundity ar
lower doges. 2% These ohservations
suggest the need to consider carefully the
issue of dose and underlying mecha-
nisms of biological effects ar high and
low doses, and how these factors may
affect regulacory straregies in dealing
with these agents.

Adaptive Response
In the wake of the Chernobyl nuclear

rezctor aceident, many individuals devel-
oped radiation poisoning from entering
the contaminared facility. The research
on adaprive response®”* suggests that, if
time had permitted, it may have been
wise to have preexposed those individu-
als with a low dose of radiation or some
other stressor agent. While this is specu-
lative to some extent, the foundations for
this type of action are substantial?
Clearly, chis type of emergency proce-
dure should be berer understood in
order to reduce risk from exposure under
similar circumstances,

Condusion

The journey to explain whart chemicals
may be doing to cells and whole organ-
isms at low doses has been a roxicological
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‘road less taken.' Despite the developing
database on chemical and radiation
hormesis and the growing confidence in
the phenomenon as a broadly generaliz-
able hypothesis, hormesis siill suffers
from lack of adequate recognirion within
the scientific and regulatory community.
It is vital, however, for society to better
understand  how hormesis  works.
Recognidon of such a generalizable phe-
nomenon has far-reaching scientific and
sociem] implications with the potential

to affect the:

1) evaluarion of all drugs and chemicals
2) establishment of exposure standards
3) cost of regulatory activities

4) oprimization of scrategies for micro-’

bial, insect, weed and other pest con-
el acrivides;

3) development of more effective thera-
peutic strategies including improved
dosing regimens and temporal treat-
ment sequencing and

6) establishment of optimization strate-
gies for muldi-physiologic system
(e.g., immune, central nervous. sys-
tem, ecc.) funcdoning and other sys-
tem stress modularion.
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