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Abstract

The paper provides an account of how the hormetic dose response has emerged in recent years as a serious dose-response model in

toxicology and risk assessment after decades of extreme marginalization. In addition to providing the toxicological basis of this dose-

response revival, the paper reexamines the concept of a default dose model in toxicology and risk assessment and makes the argument that

the hormetic model satisfies criteria (e.g., generalizability, frequency, application to risk assessment endpoints, false positive/negative

potential, requirements for hazard assessment, reliability of estimating risks, capacity for validation of risk estimates, public health

implications of risk estimates) for such a default model better than its chief competitors, the threshold and linear at low dose models. The

selection of the hormetic model as the default model in risk assessment for noncarcinogens and specifically for carcinogens would have a

profound impact on the practice of risk assessment and its societal implications.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

Within the past 2 years, there has been a considerable

interest in the topic of hormesis, a dose-response phe-

nomenon characterized by a low-dose stimulation and a

high-dose inhibition (Calabrese and Baldwin, 2002). This

phenomenon is typically seen as an inverted U-shaped or a J-

shaped dose–response relationship depending on the end-

point measured (Fig. 1). This interest has become manifest

not only in the popular media (e.g., Discover—December,

2002; Fortune—June, 2003; Scientific American—October,

2003, London Times—October, 2003; Forbes—December

2003; Boston Globe—December, 2003; Wall Street Jour-

nal—December 2003), but also in the highly visible scien-

tific publications such as Nature (February 13, 2003) and

Science (October 17, 2003), and the more focused publica-

tions within the fields of toxicology and pharmacology (e.g.,

Toxicological Sciences, Human and Experimental Toxicolo-

gy, Toxicology Letters, Annual Reviews of Pharmacology and

Toxicology, European Journal of Molecular Biology, etc.).
0041-008X/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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The question of why the topic of hormesis has achieved

such widespread attention quite recently is of interest be-

cause the concept of biphasic dose–response relationships

emerged well over a century ago in the 1880s (Schulz, 1887)

although the term hormesis was coined about 60 years ago

by researchers at the University of Idaho (Southam and

Ehrlich, 1943) (see reviews by Calabrese and Baldwin,

2000a, 2000b, 2000c, 2000d, 2000e on the history of the

dose response in chemical toxicology and radiation biology).

In fact, ever since its initial discovery by Schulz in the mid-

1880s, the concept of hormesis has had a difficult time

getting established within the legitimate scientific hierarchy

in large part as a result of its early and close association with

the medical practice of homeopathy (Bellavite et al., 1997,

1997a), as well as the long-standing interest of the toxicol-

ogy community and regulatory agencies in high-dose effects

and the modest nature of the low-dose stimulatory hormetic

response, thereby making it more difficult to establish and

replicate than high-dose toxicity effects.

The current principal motivation that provided the incen-

tive to reassess the hormetic hypothesis has been the conser-

vative approach for regulating exposure to carcinogens by

agencies such as EPA. The adoption of a ‘‘linear at low dose’’



Fig. 1. (A) The most common form of the hormetic dose– response curve

depicting low-dose stimulatory and high-dose inhibitory responses, the h-
or inverted U-shaped curve. Endpoints displaying this curve include

growth, fecundity, and longevity. (B) The hormetic dose– response curve

depicting low-dose reduction and high-dose enhancement of adverse

effects. Endpoints displaying this curve include carcinogenesis, mutagen-

esis, and disease incidence.
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assumption, that is, the linear no threshold (LNT) model, to

estimate cancer risks has had such a large impact on the field

of risk assessment and the costs to implement exposure

standards and clean up actions that U.S. industry began to

explore the hormetic hypothesis in the mid-1980s in an

inquisitive but not a fully engaged serious manner. The

critical early elements motivating this reevaluation can be

more or less traced to the influence of a 1981 book on Ionizing

Radiation and Hormesis by Thomas Luckey and a confer-

ence inspired by the Luckey book on Radiation Hormesis in

1985 held in Oakland, CA, under the leadership of the late Dr.

Leonard Sagan of the Electric Power Research Institute

(EPRI). Spin-off activities from this conference eventually

lead to a systematic and detailed evaluation of the hormesis

hypothesis via activities of BELLE (Biological Effects of

Low Level Exposures—http://www.belleonline.com).

Over the course of this literature assessment activity,

nearly 6000 dose–response relationships consistent with the

hormesis hypothesis have been obtained from the peer-

reviewed literature which satisfied a priori evaluative crite-

ria (i.e., strength of study design, magnitude of stimulation,

statistical significance, and reproducibility of findings) to

varying degrees. As a result of this activity, a relational

retrieval database was created; several articles describing

quantitative features of the hormetic response and its poten-

tial for generalizability were also published (Calabrese and

Baldwin, 1997, 1997a, 1998; Calabrese et al., 1999).
Quantitative features of the hormetic dose response

An assessment of the hormesis database has revealed

important information concerning the nature of the dose
response in the low-dose zone, that is, at doses below the

traditional No Observed Adverse Effects Level (NOAEL)

that has been often regarded as a quasi-toxicological thresh-

old. The assessment of the quantitative features of the dose

response revealed that the hormetic stimulation is generally

quite modest. About 80% of the maximum stimulatory

responses have been less than twice the control value with

the maximum stimulation being approximately 30–60%

greater than the control response in most cases. We have

come to hypothesize that large stimulatory responses that

exceed something on the order of 4- to 5-fold most likely

represent phenomena that may be different than hormesis.

The hormetic response is contiguous with the traditional

dose–response relationship in the toxicological literature,

becoming manifested immediately below the toxicological

NOAEL. The stimulatory range of hormesis effects appears

to be more variable than the amplitude of the hormetic

response. This stimulatory response typically extends over

a dose range of 20-fold or less immediately below the

NOAEL. In fact, the majority of stimulatory responses

(approximately 60%) have been less than 10-fold. However,

about 8% of the stimulatory ranges have exceeded a dose

range of 100, although nearly half of these (4%) are greater

than 1000-fold. Among the endpoints (i.e., growth, metabolic

endpoints, reproduction, and survival) with at least 250 dose

responses in the database, immune responses stood out as

displaying by far the greatest proportion (23%) of stimulatory

responses exceeding 1000-fold, whereas others were V 4%.

The modest stimulatory responses present significant

challenges in studying hormesis because it is difficult to

differentiate hormetic responses from those of background

variability. As a result, it has been common to reject the

hormesis hypothesis due to concerns of background vari-

ability along with a modest response assessed within the

context of inadequate study designs (e.g., inadequate num-

ber of doses, improper dose spacing below the NOAEL,

lack of statistical power, and no consideration for multiple

temporal samplings) and lack of replication of the experi-

mental findings. It is precisely for these reasons why our

criteria for judging the likelihood of hormetic responses

impose rigorous requirements for study design, statistical

significance, and replication of findings.

The continuity of the hormetic dose response with the

traditional toxicological dose response is perhaps its critical

feature, providing a predictable component of the dose–

response relationship, starting immediately below the

NOAEL. The predictability of the qualitative and quantita-

tive features of the dose response has important theoretical

and practical implications for the field of risk assessment

that may consider both beneficial and harmful effects as

well as for clinical medicine as physicians consider placing

a patient either in or out of the hormetic zone. The

variability in range of the hormesis zone has implications

for study design, including the total number of doses and

dose spacing employed. The modest stimulatory response

also suggests some measure of biological significance for

 http:\\www.belleonline.com 


E.J. Calabrese / Toxicology and Applied Pharmacology 197 (2004) 125–136 127
numerous applications. That is, a 30–60% increase may be

important in some areas but not necessarily others.

The use of the above evaluative criteria has been impor-

tant in establishing the scientific foundations of the hormetic

dose response. The net result has transformed the hormesis

hypothesis from its past uncertain, and, at times, shunned

status, to one of considerably enhanced credibility. That is,

hormetic dose responses satisfying a priori objective criteria

are now recognized as having been published by hundreds

of independent research groups over the past century and in

a broad variety of journals in the toxicological and biomed-

ical subdisciplines passing hundreds of peer review pro-

cesses. Based on an assessment of these findings, it is no

longer reasonable or credible to deny the biological reality

of the hormesis phenomenon.

The hormesis database has also established that the

hormetic response occurs in a broad variety of plant and

animal models, with no apparent restriction to endpoint

measured as well as chemical class and physical agent

tested. This perspective is viewed as especially significant

because it establishes a broad-based biological and chemical

agent generalizibility of the hormesis concept.
Frequency of hormesis in the toxicological literature

Despite the growing recognition of the hormetic phenom-

enon, the issue of the significance of hormesis is a different

and more sophisticated question. Although there are numer-

ous examples of hormesis in the toxicological and pharma-

cological literature and that this phenomenon is broadly seen

within a wide range of biological models, endpoints, and

agents, the question of the frequency of hormesis in the

literature is not answered by these observations. That is,

although it was possible to conclude that hormesis existed

and generalizable, the present data did not reveal whether it

occurred in 1%, 50%, or 80% of possible cases, an issue of

concern, especially for regulatory agencies, such as EPA. If

hormesis occurs in less than 1% of properly designed studies,

then it could be recognized as real but dealt with as an

exception to the rule. If, however, it occurred, for example, in

greater than 20% of properly designed studies, then it may be

considered as part of the rule.

The frequency question was addressed with the creation

of an entirely new (i.e., Hormesis Database II—Frequency)

database which included a priori entry criteria as well as a

priori evaluative criteria. With both numerator and denom-

inator, the frequency of hormesis in the toxicological

literature could be estimated. Based on this second hormesis

database, the frequency of hormesis in the toxicological

literature was estimated at approximately 40% (Calabrese

and Baldwin, 2001). This represented a significant advance

because it provided a legitimate estimate of the frequency of

hormesis within the toxicological literature. Because the

criteria are rigorous, the actual frequency was probably

higher than this value.
This ‘‘frequency’’ hormesis database was further ex-

ploited to assess which dose-response model is more fre-

quent in the toxicological literature, that is, the traditional

threshold model, which has been nearly universally accept-

ed, or the hormesis model. The threshold model assumes

that responses of doses below the NOAEL should not be

significantly affected by treatment doses. That is, below

NOAEL doses are generally accepted as being below the

effect ‘‘threshold.’’ If this were the case, then the responses

to such doses should randomly vary on either side of the

control value. However, when the nearly 1800 responses to

below NOAEL doses from nearly 700 dose– response

relationships in the Hormesis Database II–Frequency were

evaluated, the majority displayed values greater than the

controls, a collective response highly consistent with the

hormetic hypothesis (Calabrese and Baldwin, 2003). Thus,

not only was an estimate of the frequency of hormesis in the

toxicological literature obtained but that under head-to-head

comparison conditions the hormetic model clearly out-

performed the threshold model. This observation leads to

the conclusion that the hormetic dose-response model is

more frequent than the long-accepted universal standard, the

threshold model, in appropriately designed toxicological

studies.

This surprising finding leads to the question of how

could the toxicological community have missed the basic

reality of the hormetic dose response in favor of the

threshold model because the dose–response relationship is

so basic to toxicology. Although there are numerous possi-

ble factors affecting the historical rejection of the hormetic

model (Calabrese and Baldwin, 2000a, 2000b, 2000c,

2000d, 2000e), the principal scientific factors affecting its

rejection by the toxicological community lie in the fact that

the scientific discipline of toxicology has long been focused

on assessing high doses, with the goal of trying to define the

NOAEL and LOAEL in traditional hazard assessment pro-

tocols. This high-dose toxicological world was also embed-

ded into experimental protocols that used very few doses,

that is, most studies had a control group and only two or

three doses. With such a limited number of doses and with

the focus on generating NOAELs and LOAELs, it is not

unexpected that 98% of the nearly 21000 toxicological

studies assessed in the creation of the second hormesis

database were unable to satisfy the study’s data entry criteria

due to inadequate study designs (Calabrese and Baldwin,

2001). Another reason why the toxicological community

failed to adequately recognize the hormesis hypothesis is

that the NOAEL often displays a low level of toxicity

although the response is not statistically significantly dif-

ferent than the control. This is also the case for some doses

immediately below the NOAEL dose (Calabrese and Bald-

win, 2003).

This combination of factors (e.g., focus on high doses,

inadequate study designs, residual toxicity in the NOAEL

and adjacent lower dosages, etc.) has contributed to the

major error of the toxicological community over the past
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century that the most basic dose-response model is the

threshold model and not the hormetic model. This continu-

ing ‘mistake’ has been truly of historic proportions affecting

the most basic toxicological concepts, teaching curricula

from elementary to graduate school, and risk assessment

methods that have provided the scientific basis of regulatory

actions and societal risk communication.
Mechanistic foundations

The next challenge that the hormetic dose-response

model hypothesis had to confront was the issue of mecha-

nism. In modern toxicology, there has been a strong ten-

dency to worship at the altar of mechanism. This strong

focus on mechanism, indeed, has critical advantages includ-

ing the capacity to generate better biologically based hy-

potheses, which are much more likely to yield greater

explanatory and predictive insights. Based on discussions

with leading toxicologists, it became evident that in order

for hormesis to achieve a central status, it was necessary to

adequately address the issue of mechanism. Although the

current primary focus concerned toxicologically based hor-

metic responses, very little toxicological mechanism re-

search dealt specifically with accounting for changes or

switches in the dose–response relationship. In contrast,

there has been considerable research in the pharmacological

literature on dose–concentration response relationships in

which switches in the dose response had been explicitly

assessed and with considerable success. Our research has

revealed several dozen receptor systems (e.g., adenosine,

adrenergic, bradykinin, cholecystokinin, corticosterone, do-

pamine, endothelin, epidermal growth factor, estrogen, 5-

HT, human chorionic gonadotropin, nitric oxide, prolactin,

numerous opioids, prostaglandin, somatostatin, testosterone,

etc.) in which hormetic-like dose–response relationships

had been reliably reported and where mechanisms have

been determined to at least the level of the receptor and

often to considerably greater levels of biological complexity

(Calabrese and Baldwin, 2001a, 2003a, 2003b). In such

research, it was common for investigators to deconstruct and

reconstruct their dose responses via the use of various

synthetic agonists and antagonists specific to the above

receptor systems that confirmed the underlying mechanistic

basis of the hormetic dose–response relationship.

Hormetic-like biphasic dose–response relationships act-

ing via receptor-based mechanisms were typically explained

from having two receptor subtypes with markedly different

agonist affinities which lead to either a stimulatory or

inhibitory pathway. At low concentrations, the receptor

subtype with the greatest affinity would display its response.

The receptor subtype with the lower affinity for the agonist

would also have the higher capacity, that is, more receptors.

At higher concentrations, the receptor subtype with the

lower affinity and higher capacity would become more

dominant. As a result of the combined presence of both
receptor subtypes, it is possible to both demonstrate and

explain in mechanistic terms hormetic-like biphasic dose–

response relationships. Although the above explanation

describes a common and general form by which biphasic

dose–response relationships take place, there are a variety

of permutations with different levels of complexity and

interactions by which such responses occur.

One of the basic findings that has emerged from the

mechanism-based research is that there is no single hor-

metic mechanism. In fact, there are numerous ways in

which biological systems can manifest hormetic-like bi-

phasic dose–response relationships. What is seen among

the array of hormetic mechanisms is a general commonal-

ity in the quantitative features of the hormetic dose

response. This modest amplitude of the stimulatory re-

sponse suggests that hormetic responses operate within a

mechanism framework that is designed to conserve resour-

ces. Such a limited, yet efficient, use of resources is also

consistent with the hypothesis that hormesis often appears

as modest overcompensation to a disruption in homeostasis

and may represent a broad biological strategy although

specific mechanisms unique for each system are simply

biological tactics. The overcompensation hypothesis has a

long history, being first reported as early as 1897 by

Townsend and then later supported by Branham (1929),

Hoektoen-Spelling (1920), Smith (1935), Taliaferro and

Taliaferro (1951), and Warren (1945). More recently,

Calabrese (2001) greatly expanded the list of examples

of dose-response studies supportive of the overcompensa-

tion hormesis hypothesis. An assessment of these experi-

ments indicates the need for a large number of doses and

also a possible repeat measure or temporal component to

assess the overcompensation dose-response phenomenon.

Multiple dose/temporal experiments which provide the best

theoretical understanding of hormesis as an overcompen-

sation to a disruption on homeostasis have been assessed

in only a small proportion (i.e., approximately 500) of the

overall database.

The cause of variability in the width (e.g., approximately

5 to >1000-fold) of the stimulatory response of hormetic

dose–response relationships is not well studied. However,

preliminary assessment of our data suggests that the width

of the stimulatory response may be accounted for, at least in

part, by heterogeneity of the study population and the

relative proportions of various subgroups that comprise

the study subpopulations.

Because the hormetic dose-response model is highly

generalizable according to biological model, endpoint mea-

sured and agent tested and to be far more common than the

threshold dose response in head-to-head comparisons using

a priori entry and evaluative criteria, and can be validated in

experimental settings, a critical feature lacking in LNT

model, the issue may be raised as to whether the hormetic

model could replace the threshold and linear models as

defaults for estimating acceptable exposures of noncarcino-

gens and carcinogens, respectively.
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What is a default dose-response model

A default model is typically viewed as a dose-response

model selected by various regulatory agencies for routine use

in deriving acceptable exposures to toxic substances either of

a noncarcinogenic or carcinogenic nature in the absence of

convincing evidence to the contrary. In the United States, the

EPA, which has broad-based regulatory authority for expo-

sure to toxic substances, utilizes the threshold dose-response

model for the assessment of exposures to noncarcinogenic

agents and the linear at low doses multistage model to

estimate risk from exposure to carcinogenic agents. There

is a social value component in the decision-making process

with a tendency of default models to estimate higher risks at

lower doses, thereby leading to more conservative exposure

standards than competitive models, that is, an erring on the

side of safety. Nonetheless, acceptance of default models

assumes that they would display some combination of

superior overall theoretical foundation and experimental or

empirical data to support its selection. The next section

assesses the basis of the selection of current default dose-

response models, that is, the threshold and linear at low dose

model approaches for noncarcinogens and carcinogens,

respectively.
Acceptance of the threshold dose-response model

The underpinnings of the threshold dose-response

model are historically derived from the concept of the

tolerance dose (see Kathren, 1996, for a review of this

issue). In the initial decades following the discovery of

radiation, it became generally accepted that a certain

specific dosage of radiation can be sustained by various

tissues without an adverse effect. This perspective lead to

the concept of the tolerance dose, the level of radiation to

which a person could be continuously exposed without

demonstrable harm. The tolerance dose idea provided the

basis for the first statement of a dose limit in the field of

radiation. More specifically, the tolerance dose was based

on a fraction of the erythema dose, that is, the dose

required to produce a perceptible reddening of the skin

(Mutscheller, 1925). According to Kathren (1996), the

tolerance dose was clearly a threshold which was consis-

tent with ‘‘the idea of recovery (or repair) from any

subclinical acute effects with denial of the possibility of

long term low level effects’’. Various international groups,

such as the International X-Ray and Radium Protection

Committee (1928), the forerunner of the International

Commission of Radiological Protection (ICRP), and the

U.S. Advisory Committee on X-Ray and Radium Protec-

tion (1929), the predecessor of the National Council on

Radiation Protection and Measurements (NCRP), utilized

the tolerance dose (i.e., threshold dose-response model

concept) as the underlying basis of their exposure stand-

ards from the mid-1920s to the mid-1940s (Kathren,
1996). The tolerance dose, which was built upon the

threshold dose-response model, was, therefore, a well-

established concept that was fully integrated into interna-

tional health decision-making actions. Of particular im-

portance to the acceptance of the tolerance concept/

threshold dose-response model was that it satisfied the

requirement to protect workers, patients, and the general

public from harm and that such conclusions were consis-

tent with their observational experiences.

The threshold dose response in chemical toxicology

has its origin in both community health standards such as

with drinking water standards for agents such as lead that

can be traced to at least as early as 1849 in England

(Gueneau de Mussy, 1849, as cited in Wanklyn and

Chapman, 1884), but principally with early attempts to

protect worker health to a growing number of agents

during the early and middle decades of the 20th century

(Calabrese, 1978; Cook, 1945). Pharmacology and drug

safety were also supportive of the threshold model, with it

being endorsed within leading texts of the 1930s such as

the highly influential Handbook of Pharmacology by A.J.

Clark. Regardless of their different histories, the radiation

health, chemical toxicology, and drug pharmacology

domains relatively independently honed in on the thresh-

old dose-response model to guide governmental and

national/international advisory groups to protect human

health.

The issue of carcinogen risk assessment did not emerge

until later in both the chemical and radiation domains. The

principal conceptual impetus that lead to the development

of the linear dose-response model was the striking findings

of Muller in 1927 which indicated that mutation rate in

irradiated fruit flies appeared to proceed without a threshold

and that the mutagenic effect of radiation is cumulative

over a lifetime. These findings earned Muller the Nobel

Prize nearly 20 years later (1946). These earlier intellectual

seeds planted by the Muller research generated interest in

the application of the linear non-threshold model for

somatic genetic effects. The shift from the tolerance dose

model to the linear non-threshold model was more of a

revolution in thinking than gradual evolution once the

thought galvanized interest. In fact, in 1954, the NCRP

published its recommendations of permissible dose from

external sources of radiation (NCRP, 1954) with the British

following suit in 1955. These reports replaced the tolerance

concept/threshold model with the idea of a maximum

permissible dose (MPD) which suggested the notion of

acceptable, rather than no risk. Thus, the linear model,

which almost 30 years before had been born in the fruit fly

research of Muller dealing with mutagenicity, was trans-

formed into practical reality. By 1958, the UN incorporated

such thinking into its radiation health framework along

with the U.S. Federal Radiation Council in 1959 (see

Kathren, 1996). These views were further reinforced in

U.S. congressional hearings in 1959. Thus, within a 5-year

period, a dose-response revolution leading to acceptance of
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the linear no-threshold (LNT) model had been achieved at

highly influential levels.

By the early 1970s, the U.S. National Academy of

Sciences (BEIR I) offered cancer risk assessment estimates

for radiation based on linear extrapolation, implying that

there was no threshold in the low-dose zone. Paralleling

these efforts with radioactivity, the NAS (1977) Safe Drink-

ing Water Committee (SDWC), under a charge from the

1974 Safe Drinking Water Act, recommended the use of

linear at low dose modeling for chemical carcinogens, a

practice that has been employed ever since. The NAS

(1977) essentially adopted the views of NAS BEIR I

Committee (1972) against the existence of thresholds. They

then made the extension from radiation to chemical carci-

nogenesis by stating that because ‘‘many carcinogenic

agents act like radiation in producing mutations, chromo-

somal aberrations, and cell killing, we see this as an

additional argument against the likelihood of thresholds in

the dose–response curve of these agents’’. These conclu-

sions were viewed as consistent with studies in mammals

where the induction of various genetic alterations and

tumors appeared linear with low-LET radiation up to about

50–100 rad (Barendsen, 1975; Brown, 1976). These per-

spectives were then integrated into a population-based

framework in which the assumed biological reality of

human heterogeneity in response to toxic substances pre-

sided, leading to difficulty in establishing a single threshold

for a large and biologically diverse population. These views

became easily reconciled and merged with theoretical quan-

titative theories of carcinogenesis in the early 1950s such as

those from Iversen and Arley (1950) in which single normal

cells were proposed to have some probability of being

transformed to cancer cells with the rate of transformation

being a linear function of the amount of carcinogen. This

conceptual framework became the basis of the one-hit

model of carcinogenesis. Later refinements in such model-

ing were offered by Armitage and Doll (1954, 1961) and

later by Crump et al. (1976) and would lead to the linear at

low dose default model of estimating cancer risks.

In contrast to the threshold dose-response model in

which the responses seemed to coincide with human expe-

rience and therefore readily believable, the LNT model for

carcinogens inevitably requires extensive extrapolation from

high to low dose. That is, the findings are typically

extrapolated from an observable response of 10–50% as

seen in animal model bioassays to risks of one in a million

or so in the human population. In such activities, it is not

uncommon to require extrapolation over four to six orders

of magnitude of dose.

In contrast to the generally accepted threshold dose-

response model, there is no convincing evidence that the

LNT model accurately predicts cancer risks at low doses

and that even its theoretical foundation is not convincing

especially in light of current molecular understandings of

adaptive mechanisms even in subgroups at increased risk at

low dosages. Furthermore, the LNT model is not able to be
adequately tested in chronic bioassays even below the very

high risk of < 1/100 due to the limitations in resources.

Moreover, the use of over 24000 mice in the famous ED01

study could not resolve risks below 1 in 100, hence the

name ED01 (Staffa and Mehlman, 1980). Consequently,

even if risks were to be observed as linear down to a risk of

1/100 or somewhat less, it may not remain so if the dosage

were further decreased. This leads to the logical conclusion

that it would not be possible to prove which model was

more likely correct by experimental studies. Given this

situation, we are left with the current status, that is,

historical strengths of the threshold model govern how

noncarcinogens are assessed, although a conservative pro-

tectionist public health philosophy as seen via use of a linear

at low dose model governs the cancer risk assessment

domain.
Criteria in the selection of a default dose-response model

Although prior articulation of what should constitute the

criteria of a default dose-response model in risk assessment

is generally quite limited (see Calabrese and Baldwin,

1998), the above historical recapitulation suggests that the

threshold and linear default models have been selected

without systematic evaluation. Nonetheless, it would appear

that selection of a default risk assessment model should

address the following eight concerns.

Generalizability according to biological model, endpoints

measured and range of chemical classes and physical

agents

The capacity for generalizability is probably the most

significant consideration for a default model because it

provides the broadest and most reliable framework to base

predictions on. The findings for hormesis have been eval-

uated in detail and are based on thousands of dose–response

relationships that have satisfied evaluation criteria as noted

above.

Frequency of model responses in the toxicological literature

The frequency issue has been difficult to resolve be-

cause individual experiments in toxicology have such few

doses that it is generally not possible to differentiate

threshold from linear models especially in the area of

carcinogenicity where low-dose extrapolation modeling

predominates. The data from the same experiments are

often consistent with both linear and threshold models. In

contrast, research findings on the frequency of hormetic

dose responses in the toxicological literature (Calabrese

and Baldwin, 2001, 2003) provide a significant challenge

to the threshold and linear models because such data

indicate that hormetic models are indeed more frequent

than even the common threshold model, that such hormetic
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findings conform to rigorous statistical criteria and are

visually confirmed.

As noted above, to estimate the frequency of hormetic

dose response within the toxicological literature, a specific

database was created (i.e., Hormesis Database II–Frequen-

cy). Three journals (i.e., Bulletin of Environmental Con-

tamination and Toxicology, Environmental Pollution, and

Life Sciences) were evaluated which published many

articles addressing ecologically and human oriented toxi-

cology, thereby likely assuring the capacity for broad

generalization. On the other hand, such findings are limited

in their capacity to address specific endpoint hormetic

frequencies such as those dealing with immune function,

mutagenicity, teratogenicity, tumorigenicity, and others,

although numerous examples of these endpoints are includ-

ed in both hormesis databases (Calabrese and Baldwin,

2001a). Forty percent of the dose responses that satisfied

the entry criteria also satisfied the evaluative criteria (Cal-

abrese and Baldwin, 2001a). This 40% estimate could

possibly change to as low as 25% or to as high as 75%

depending on the degree of rigor built into the evaluation

criteria.

The principal point is that hormetic findings are common

in the peer-reviewed literature, independent of the journal

published, the decade of the research, or the model, end-

point, or chemical class assessed. These findings suggested

that the hormetic dose response model is a general phe-

nomenon in the toxicological literature. Hormetic dose

responses, therefore, should not be considered as exceptions

to the rule or ‘‘paradoxical’’ phenomena. The principal

reason for not observing hormetic dose–response relation-

ships more often is usually due to many possible factors

including the nature of the study design (e.g., the number of

doses, dose spacing, and the lack of a temporal component),

the background incidence of the endpoint selected for

measurement as well as statistical power issues.

When this initial investigation by Calabrese and Baldwin

(2001) estimated the frequency of hormetic dose response, it

did not address other toxicological dose-response model

frequencies. However, as noted above, a follow-up investi-

gation assessed the occurrence of the hormetic vs. threshold

model in the toxicological literature using the ‘‘hormesis

frequency’’ database (Calabrese and Baldwin, 2003). The

distribution of the responses of doses less than the NOAEL

were not randomly distributed above and below control

values as predicted by threshold model, but were non-

randomly distributed in a manner highly consistent with

the hormetic model. These two types of evaluation provide

complementary perspectives on the occurrence of the hor-

metic and threshold models in the toxicological literature

with the hormetic model clearly outperforming the thresh-

old. These findings are very relevant to the issue of the

selection of a default dose-response model for regulatory

agencies such as EPA because the data were taken directly

from three toxicologically oriented journals and the agents

studied would be those generally viewed as environmental
contaminants, many of which are currently regulated by

EPA.

Application of dose-response model for endpoints of

relevance to risk assessment

Endpoints used in risk assessment have often related to

organ specific toxicities, tumor formation, behavioral alter-

ations, respiratory irritation, and decrements in respiratory

performance, and others. If the control disease incidences

were low, it would not be possible to discern hormetic

effects and the threshold model would likely predominate.

This would be the case in chronic bioassays where the

control disease incidence may be historically quite low for

numerous tissues. Choice of animal model, therefore, can be

a critical factor affecting the selection of the default model

depending on their background disease incidence. The

limitation in the capacity to demonstrate hormesis in a

biological model with low background disease incidence

does not have to be a barrier for accepting the hormetic

model as generally applicable if hormesis could be reliably

demonstrated for that same endpoint in other biological

models with a high background incidence for that endpoint.

Capacity for false positive and negative estimates of

dose-response model

In 2001, Calabrese and Baldwin reported estimates of

absolute and relative false positive and negative values with

respect to hormesis dose-response frequency. The estimates

of false negatives and positives had low absolute values but

were nearly 3-fold greater for false negatives than the false

positives (9.7% vs. 3.5%). These findings suggest a rela-

tively low net preference for false negative responses,

thereby slightly underestimating the hormetic frequency

rate. Given the low absolute false negative and positive

rates, estimates of hormetic frequency appear stable.

How dose-response models impact hazard assessment study

requirements

The traditional hazard assessment method (i.e., animal

model, study design features such as sample size, number of

doses, dose spacing, duration, and endpoints measured, etc.)

is designed to provide information using a limited number

of doses to estimate LOAELs and NOAELs to obtain RfDs

for noncarcinogens or to model carcinogen responses at low

doses. This hazard assessment information could be used by

the hormetic default as with the other competitive models to

provide risk estimates. Thus, it is not necessary to alter

current hazard assessment practices to accommodate the

hormetic default. This would only be necessary if it were

desired to validate the hormetic model estimates in the sub-

NOAEL region of the dose response.

The hormetic dose-response model is based on a large

quantity of data that defines the quantitative nature of the
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hormetic stimulatory response. These data provide the

foundation to make toxicologically based predictions in

the hormetic zone. Most ‘‘government mandated’’ hazard

assessment study designs are not adequate to assess horm-

esis due to insufficient numbers of dosages and a general

lack of a temporal component to the study. It is also not

generally cost and time efficient to require major changes in

the current hazard assessment protocol to attempt to answer

the question of whether hormesis occurs in every assay.

Based on the quantity and high quality of the data on

hormetic dose responses, their quantitative dose-response

features, and broad generalizability, acceptable predictions

of biological responses below the NOAEL within the

context of a default model framework can be made, and,

if necessary, experimentally validated as noted above. Based

on the data available, these predictions are expected to be

superior to those offered by other competitive models (e.g.,

linear, threshold).

Reliability of estimating risk with the proposed

dose-response model

No significant technical challenges exist in the applica-

tion of methods of estimating possible risks and acceptable

exposures based on the hormetic dose-response model for

noncarcinogens and carcinogens. Several papers (Calabrese,

1996; Gaylor, 1998) have addressed how the hormesis

concept could be applied to the derivation of reference dose

values for noncarcinogens utilizing the traditional UF meth-

odology by federal agencies such as EPA. Calabrese and

Baldwin (1998) also explored how the concept of hormesis

has the potential to affect NOAEL derivation especially in

the benchmark dose (BMD) method. Sielken and Stevenson

(1998) have provided guidance concerning how adoption of

the hormesis concept could alter biostatistical modeling of

low-dose cancer risks (Table 1).
Table 1

Implications of hormesis for quantitative risk assessment

Dose– response models need greater flexibility to fit the observed

shape of the dose– response data; such models should not be

constructed to be forced to always be linearly decreasing at low doses.

Hazard assessment evaluations need to incorporate greater opportunity

to identify the hormetic portion of the dose– response relationship.

New dose metrics should be used that incorporate age or time

dependence on the dose level rather than a lifetime average daily

dose or its analog for a shorter time period.

Low-dose risk characterization should include the likelihood of beneficial

effects and the likelihood that a dose level has reasonable certainty of

no appreciable adverse health effects.

Exposure assessments should fully characterize the distribution of actual

doses from exposure rather than just upper bounds.

Uncertainty characterizations should include both upper and lower bounds.

Risk should be characterized in terms of the net effect of a dose on health

instead of a single dose’s effect on a single disease endpoint

(i.e., total mortality rather than a specific type of fatal disease).

Note. Adapted from Sielken and Stevenson (1998).
Capacity to validate estimates of risk

The hormetic dose-response model provides data in the

observable range without reliance on the need for extrapo-

lation procedures. This is a very important feature of the

hormetic dose response because the hormetic curve has been

demonstrable within the context of routine experimental

studies.

Public health implications of risk assessment estimates

The hormetic model was more common than the

threshold model in our assessment, suggesting that the

hormetic model may occur 2.5 times more frequently than

the threshold model. This raises the question of what are

the implications of acceptance of the hormetic model over

the threshold model when dealing with noncarcinogens.

The first question one would have to resolve is whether the

response below the NOAEL (i.e., hormetic stimulation) was

considered beneficial, neutral effect, or adverse. If the

response were considered potentially adverse, then there

may be a need to derive a new ‘‘NOAEL’’ at the start of the

hormetic zone. There are many situations in which the

below NOAEL hormetic response could conceivably be

harmful. These may include but not be limited to organ

proliferation such as an increase in the prostate size result-

ing in reduced urine flow rate, immune alterations such as

synthesis of auto-antibodies, endocrine alterations, and

tumor cell or infectious agent proliferation. If such possi-

bilities existed, the hormetic model could offer a distinct

advantage over the under-predictive threshold model in

protecting public health. With respect to possible neutral

responses, the interpretation of the significance of the

hormetic response could be made from the nature of the

endpoint and a magnitude of the change. In such a case, it is

possible that the traditional NOAEL would still be retained.

If the sub-NOAEL response were likely to be beneficial,

then the risk manager could be presented with a set of more

complicated options that could consider balancing benefits

vs. risks for various population subgroups (see Calabrese,

1996, and Gaylor, 1998, for a discussion of this issue).

Regardless of the final disposition in these three hypothet-

ical situations, the hormetic model offers considerably more

insight and options than the traditional threshold model

while starting from a considerably stronger toxicological

foundation.

The hormesis dose-response model default concept, at

least superficially, may appear to be more challenging for

carcinogens than noncarcinogens. This is likely to be the

case because of the heightened concern that society and

regulatory agencies have with the cancer endpoint. Sug-

gesting modifications in how carcinogens are assessed and

regulated may not only be a data-driven process but also

affected by less objective criteria that relate to societal

customs and complex belief systems. In addition, data

supporting the hormesis hypothesis that directly relates to
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the process of carcinogenesis is much more limited than

that available for noncarcinogenic endpoints. In fact, only

3–4% of the dose–response relationships satisfying the a

priori criteria permitting entry into the Hormesis Data-

base—I reflect mutational and cancer endpoints. In abso-

lute terms, the number of such dose–response relationships

is about approximately 250, a sizeable number although it

is a very small percentage of the total entries into the

database.

There has been a substantial research effort by Japanese

investigators over the past decade that has specifically

incorporated the concept of hormesis in the assessment of

chemically induced liver cancer in the male F344 rat, a

standard rodent model used by the U.S. National Toxicol-

ogy Program in their chronic bioassay program. This

activity has included evaluation of many tumor promoters

such as phenobarbital and complete carcinogens such as

DDT and has established the hormesis phenomenon in that

model. In addition, these investigators have also undertaken

substantial mechanism-related research to account for the

U-shaped/hormetic findings of their investigations. This

work is particularly noteworthy because it has demonstrat-

ed that the hormetic phenomenon could be reliably repli-

cated, mechanistically explained, and then predictively

applied to other agents and experimental settings which

likewise demonstrate the hormetic dose response for end-

points which are part of the process of carcinogenesis

including foci and tumor formation (Kinoshita et al.,

2003; Kitano et al., 1998; Masuda et al., 2001; Sukata et

al., 2002; Tsuda et al., 2003).

Of particular interest is that well-conducted chronic

bioassays also demonstrate hormetic response for cancers

in multiple organs including the lung (Nesnow et al., 1994;

O’Gara et al., 1965; Prahalad et al., 1997), mammary gland

(Broerse et al., 1987; Kociba et al., 1978), ovary (Ito et al.,

1992), bone (White et al., 1993, 1994), pancreas (Hajri and

Damge, 1998), thyroid (NTP, 1982), bladder (Downs and

Frankowski, 1982), testes (Waalkes et al., 1988), and

hematological (Maisin et al., 1988) system including leu-

kemias. In the case of lung tumors, hormetic dose

responses have been demonstrated for well-known carci-

nogens including some of the PAHs (Nesnow et al., 1994;

Prahalad et al., 1997) and radiation (Ullrich and Storer,

1979). In particular, radiation studies have stood out

because of the many animals employed in the various

individual treatment groups, which at times exceeded

several thousand (Ullrich and Storer, 1979). That is, the

statistical power in such studies far exceeds what is

typically seen in the normally viewed as substantial NTP

chronic bioassays. However, hormetic responses to my

knowledge have yet to be demonstrated for many organs/

organ systems including the brain, colon, and skin, areas of

key human interest. This lack of evidence of an hormetic

response does not mean that hormetic responses do not

occur with such tissues. Hormetic responses have been

reported in these tissues although they have yet to show
the hormetic response for endpoints that are essential

components of the process of carcinogenesis.

A review of cancer-related studies with evidence of

hormesis indicates that in the majority of cases, the inves-

tigators did not consider the possibility of an hormetic

response in the design of the study. In fact, this is also case

with investigations of noncarcinogenic endpoints demon-

strating hormesis as well. This general lack of consideration

in the design of the experiments has important implications

for the capacity to assess hormetic dose responses.

In addition to the tumor/cancer endpoint studies, there

have been a substantial number of investigations dealing

with mutagens which suggest an hormetic response. The

type of agents demonstrating such responses is quite diverse

and includes environmental contaminants (e.g., cigarette

smoke—Bonassi et al., 2003; DL-menthol—Kiffe et al.,

2003; aniline—Sicardi et al., 1991; lignin derivatives—

Mikulasova and Kosikova, 2003; butylated hydroxyani-

sole—Oh et al., 2001) and possible therapeutic agents

(e.g., VM-26, VP16-213, and platin, Singh and Gupta,

1983).

Of particular interest with respect to hormesis and cancer

is the recognition that hormetic effects are widely seen for a

very broad range of immune endpoints, many of which may

have important implications for the process of carcinogen-

esis (Calabrese, 2004). Furthermore, several investigations

indicate that very low level exposures to radiation can be

used in both preventive and therapeutic settings to minimize

the metastasis of normally very aggressive injected lung

tumor cells into experimental animals (Hashimoto et al.,

1999; Sakamoto et al., 1997).

The general findings indicate that U-shaped dose–re-

sponse relationships are common with respect to mutational

events and cancer incidence. Most tumor types display U-

shaped dose–response relationships in some, but not nec-

essarily the majority, of studies. Although this situation

would seem perplexing, it is actually what would be

expected if one were to assume that there is likely to be

some degree of variability among organs with respect to

their susceptibility to injury and their capacity to repair such

damage (Kojima et al., 1997, 1998a, 1998b). That is, it is

likely that each organ system will display a unique dose–

response relationship. However, the reality of the cancer

bioassay is that because it is imposed on all tissues simul-

taneously, one would predict a diverse array of organ-

specific dose responses. In addition, each organ will have

a different background tumor incidence, which will affect

the capacity to assess hormetic responses.
Final perspectives

The quantitative features of the dose–response relation-

ships for endpoints inherent in the process of carcinogenesis

and displaying evidence consistent with the hormesis hy-

pothesis are similar to noncarcinogenic endpoints also
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showing evidence of hormesis (Calabrese and Baldwin,

2001a, editors). This is the case with respect to the ampli-

tude and the width of the hormetic response and its

relationship to the NOAEL. Such consistency in the nature

of noncarcinogenic and carcinogenic dose responses dis-

playing hormesis represents an important and useful obser-

vation, suggesting a similar underlying biological strategy in

the organism’s response to the chemical/physical stressor

agents under study. Furthermore, this general dose-response

feature consistency with respect to hormesis between non-

carcinogens and carcinogens suggests that adoption of an

hormetic model with respect to interpreting the dose re-

sponse in the low-dose zone may provide a toxicologically

based means for harmonizing risk assessment procedures for

noncarcinogens and carcinogens, a reconciliation which to

date has not been achieved even after substantial efforts

(Bogdanffy et al., 2001; Calabrese and Baldwin, 2001).

The striking consistencies in the features of the dose

response across biological models, endpoints, and chemical/

physical agents strongly support the generalizable nature of

the hormesis concept but also suggests that the key com-

ponent for understanding the dose response is the organism

and the population sample under study more so than the

agent under study. For regardless of the agent, the dose-

response features remain very similar.

Based on the above summary of information, a concep-

tual case can be made for the adoption of hormesis as the

default model for risk assessment and the possible harmo-

nization of noncarcinogen and carcinogen risk assessment

via use of the hormetic perspective. It represents a data-

driven challenge to the current evaluative schemes to assess

risks. Although the preponderance of evidence supports the

consideration of hormesis as the default dose-response

model for all types of endpoints including the present

characterization of carcinogens and noncarcinogens, the

current set of risk assessment procedures used by regulatory

agencies, at the very least, should explicitly and compre-

hensively address the biological reality of hormetic dose–

response relationships and recognize their capacity to en-

hance biological/toxicological understandings of dose–re-

sponse relationships, something that has yet to be

undertaken at the national and international levels.
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Abstract

This article provides the first extensive documentation of mechanisms of hormetic dose/
concentration responses. The mechanisms selected were principally those mediated via
receptor and/or cell signaling pathways. Mechanisms are reported for greater than 100 agents
affecting nearly 400 dose/concentration responses from a wide range of chemical classes,
affecting a broad range of cell types and endpoints. Regardless of the model (i.e. in vitro or
in vivo), inducing agent, endpoint, or receptor/cell signaling pathway mediated mechanism, the
quantitative features of the hormetic dose/concentration responses are similar, suggesting that
the magnitude of the response is a measure of biological plasticity, within a broad range of
biological contexts. These findings represent an important advance in the understanding of the
hormetic dose/concentration response, its generalizability and potential biomedical applica-
tions, including drug discovery/efficacy assessment and the risk assessment process.
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Introduction

The hormetic dose/concentration response has become the

object of considerable investigation across the broad range of

biological/biomedical disciplines concerned with dose/con-

centration response relationships (Calabrese, 2008; Calabrese

& Baldwin, 2002; Mattson, 2008). This is supported by the

observation that citations of the terms hormesis or hormetic in

the peer-reviewed scientific literature have markedly

increased over the past two decades (Figure 1). During this

period evidence emerged that hormesis is highly generaliz-

able, independent of biological model, endpoint measured,

inducing agent and level of biological organization (e.g. cell,

organ, organism). Furthermore, in direct comparison with

other leading dose/concentration response models (e.g.

threshold and LNT), the hormetic model demonstrated far
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more accurate predictions of low dose/concentration

responses in multiple comparisons involving a wide range

of biological models, endpoints, and inducing agents

(Calabrese & Baldwin, 2001a; Calabrese et al., 2006, 2008,

2010). Despite these advances in the assessment of hormetic

dose/concentration responses, there has been a need to better

clarify the mechanistic foundations of the hormetic dose/

concentration response. In 1977, Szabadi proposed that

hormetic-like biphasic dose/concentration responses could

occur by a single agonist, acting via two receptor subtypes

that mediated/activated opposing stimulatory and inhibitory

pathways. Stimulation is often mediated by receptors with

high affinity for the agonist but with low capacity (i.e.

relatively few receptors). In contrast, the inhibitory response

typically occurs via receptors with lower agonist affinity

while having greater receptor capacity. The proposal and

documentation of Szabadi (1977) was supported and widely

extended (Accomazzo et al., 2002; Alfonzo et al., 1998;

Jarv, 1995; Jarv et al., 1995; Rovati & Nicosia, 1994).

In complementary fashion Stebbing (1982, 1998, 2011;

Stebbing et al., 1984) suggested that hormetic dose/concen-

tration responses represented a cybernetic feedback process

that resulted in a modest overcompensation/net stimulatory

response at low doses. The perspective of Stebbing was

foreshadowed by earlier research by Townsend (1897),

Branham (1929) and others which emphasized that overcom-

pensation stimulation was a key component for understanding

biphasic dose/concentration responses. The findings of

Stebbing were subsequently supported by extensive docu-

mentation (Calabrese, 2001). Despite these conceptual and

documented mechanistic developments, research on the

hormesis concept continued to display a general lack of

identifiable molecular targets such as receptors and/or

signaling pathways, by which hormetic dose/concentration

responses may be mediated.

The present article provides the first extensive evaluation

of hormetic dose/concentration responses based on their

mediation by cellular receptors and/or cell signaling path-

ways. The dose/concentration responses selected for evalu-

ation are based upon the entry and evaluative criteria of the

Hormesis Dose Response Database (Calabrese & Blain, 2005,

2009, 2011). The article provides evidence for hormetic

mechanisms from several hundred dose/concentration-

responses, using more than 100 agents (Tables 1 and 2),

including endogenous agonists, drugs, industrial chemical

agents and ionizing radiation, tested in a wide range of

experimental models and affecting a large number of highly

diversified biological endpoints. All experimental dose/con-

centration responses with identified hormetic mechanisms are

given in Supplemental Data 1 (receptor mediated) and

Supplemental Data 2 (cell signaling mediated).

Receptor-mediated and cell signaling-mediated
hormetic mechanisms

The conceptual formation of a receptor-based mechanism

for hormetic-like biphasic dose/concentration response

Table 1.Agents that displayed hormetic dose/concentration response
relationships mediated via a specific identified receptor.

Endogenous agonists
17b-estradiol
2-methoxyestradiol
a-thrombin
Advanced Glycation End-Products (AGE)
Allopregnanolone
Angiotensin II
CCK-8
b-Amyloid
Corticosteroid
Endothelin-1 and 3
Gonadotropin Releasing Hormone
Growth Hormone
Histamine
Hydrogen peroxide
IL-1B
IL-8
L-arginine
Lysophosphatidic acid
Marinobufagenin
Nitric Oxide
Noradrenaline
Ouabain
Oxytocin
Platelet activating factor (PAF)
Progesterone
Serotonin
Spermine
Sphingosine-1-Phosphate
Taurodeoxycholic acid
TGF-B
Thrombospondin-1 (TSP-1)
TNF
Drugs/toxins/natural products
Biochanin A
Buprenorphine
Daidzein
Dexamethasone
Genistein
Lambda-Cyhalothrin
Licorice-extracts-DMSO/EtOAc
MNNG
Nicotine
Opiate Agonists
Organochlorine Insecticides
Panxadiol glycoside
Phenylephrine
Pyrethroids
R(þ)-WIN 55212-2
Simvastatin
Tributyl Tin
Xylazine
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Figure 1. Citations of hormesis/hormetic in Web of Knowledge
database.
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relationships by Szabadi (1977) set the stage for hormetic

dose/concentration-response mechanistic advances that began

in the 1980’s and that have continued with increasing activity

to the present. In the decade following Szabadi (1977),

numerous receptors were identified that mediated biphasic

dose/concentration responses (Calabrese & Baldwin, 2001a,

2001b). These examples displayed dose/concentration

response relationships that conformed to the quantitative

features of the hormetic dose/concentration response.

During the decades of the 1980s and 1990s advances

occurred with respect to the development of antagonists for

many receptors which were then used to evaluate whether

hormetic dose/concentration-response mechanisms may be

receptor based and/or mediated. While the synthesis, assess-

ment and application of receptor antagonists for biphasic

dose/concentration response mechanism evaluation became

progressively stronger during the decade of the 1990’s,

similar developments occurred for cell signaling pathway

mechanisms, except initially delayed by almost a decade.

Figure 2 illustrates the occurrence by year of receptor-based

and cell signaling-based pathway mechanisms of hormetic

dose/concentration responses and the rapid development of

the cell signaling pathway findings in recent years.

Criteria to evaluate the occurrence of
receptor-mediated hormetic mechanisms

While full understandings of dose/concentration-dependent

transition mechanisms remain to be achieved, considerable

mechanistic knowledge has been developed for a large

number of hormetic dose/concentration responses. In the

present assessment three a priori entry criteria needed to be

satisfied for receptor mechanism evaluation: 1) a reproducible

biphasic dose/concentration response with quantitative fea-

tures of an hormetic dose/concentration response; 2) the dose/

concentration response stimulation had to be hypothesized

to be mediated by a specific receptor; and 3) this hypothesis

needed to be tested and demonstrated by a specific antagonist

for this receptor.

With respect to evaluation criteria that defined a mech-

anism, the minimum criteria required the testing of an

antagonist against at least one agonist concentration in the

stimulatory (i.e. hormetic) zone. If the stimulatory response

was blocked by the receptor antagonist then it was

concluded that the hormetic stimulation was mediated via

this receptor. The available studies displayed antagonist/

agonist interactions ranging from one agonist concentration

tested to having all agonist concentrations in the stimulatory

zone tested. In addition, inhibitory agonist dose(s)/concen-

tration(s) were tested against the same and/or other receptor

antagonist; the results of the assessment of inhibitory agonist

dose/concentration did not affect a judgment on the presence

or absence of an hormetic mechanism. In contrast with the

low dose/concentration stimulation, high dose/concentration

inhibition was not consistently evaluated with a receptor

antagonist in the published papers. However, there are

numerous cases in which such testing did occur, leading to

an assessment of mechanism in the stimulatory and inhibi-

tory zones. When such high dose/concentration testing was

performed, the number of agonist doses/concentrations

Table 2. Agents that displayed hormetic dose/concentration response
relationships mediated via a specific cell signaling mechanism.

Endogenous agents
Adenosine
Angiotensin II
Aracadonic Acid Metabolite-15d-PGJ2
Atrial Natriuretic Peptide
CCK-8
Epidermal Growth Factor
Epinephrine
ERK-2/p38/JNK
Estradiol-B
Hepatocyte Growth Factor
Hydrogen Peroxide
Hydrogen Sulfide
IFN-B
Leptin
LPS
Lysophosphatidic Acid
Lysophosphatidylcholine
Met-enkephalin
N-acetylcyteine (NAC)
Netin-1
Peptides, PACAP-27,28
Platelet Lysate
Prostaglandin E2
S100B
Serotonin
Somatostatin
TNF-a
Vitamin D3
Drugs/Toxins/Natural Products
17-AAG (17-allylamino-17-demethoxygeldanamycin)
Ac-SDKP
Arsenic
Atorvastatin
Auranofin
Azathioprine
Azide
B-Lapachone
Bisphenol A
Cadmium
Curcumin
Dehydroepiandrosterone (DHEA)
DNP-HAS/SIP
Ethanol
Ethanolamine
Fluoxetine
Fluvastin
Gamma Rays
Genistein
HMGb1
Jojoba Liquid Wax
Ligustilide (Z)
M6434
Menadione
Methamphetamine
Minocycline
Morphine
Naringin
Neoeriocitrin
Ouabain
Pentoxifylline
PDBu-12,13-Dibutyrate
Peroxynitrite
Phenazine
Phorbol ester (PMA)
Resveratrol
X-Rays
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tested ranged from only one dose/concentration tested to

all doses/concentrations tested. These different experimen-

tal strategies lead to the occurrence of several mechanistic

hypotheses concerning hormetic dose/concentration

responses.

Characterization of receptor-mediated hormetic
mechanisms that address stimulatory and inhibitory
responses

Hormetic dose/concentration response mechanistic
assessment #1

This occurs when the receptor antagonist blocks low dose/

concentration stimulation and the high dose/concentration

inhibition. In such situations both the stimulatory and the

inhibitory responses are mediated by the same receptor

(Figure 3A).

Hormetic dose/concentration response mechanistic
assessment #2

This occurs when the receptor antagonist blocks the low dose/

concentration stimulation but not the high dose/concentration

inhibition. Furthermore, a second and distinct receptor-

mediated mechanism not involving the agonist receptor

mediating the low dose/concentration stimulation has been

identified that mediates the high dose/concentration inhibi-

tory response. In such circumstances the biphasic

dose/concentration response is mediated by two separate

mechanisms (Figure 3B).

Hormetic dose/concentration response mechanistic
assessment #3

This occurs when the receptor antagonist blocks the low dose/

concentration stimulation but not the high dose/concentration

inhibition. In these situations the stimulatory response at

low doses/concentrations is mediated by the agonist receptor,

but the dose/concentration inhibition mechanism is unknown

(Figure 3C).

Criteria to evaluate cell signaling-mediated hormetic
mechanisms that address stimulatory and inhibitory
responses

There is a complex and integrative array of signal transduc-

tion pathways that mediate hormetic stimulatory responses.

Figure 4 provides a partial description of these pathways, their

relationship to the cell membrane, membrane receptors,

and partial sets of inter-connections among these signaling

pathways. The experimental approach employed for the

assessment of hormesis via cell signaling follows the same

strategy as with receptor mediated mechanisms including the

same entry and evaluative criteria. Pathway inhibitors

(Grande & Lopez-Novoa, 2008) are used to assess whether

the hormetic stimulation is mediated by specific cell signaling

Figure 2. Receptor mechanism/cell signaling
mechanism reported in scientific literature by
year.

0

10

20

30

40

50

60

70

80

90

100

%
 C

on
tr

ol

Year –(Duration)

Receptor Mechanism

Cell Signaling Mechanism

Year Duration Cell
Signaling
Mechanism(%)

Cummulative
Average

Cummulative
Average

Receptor
Mechanism(%)

2011-2012 11/88
(12.5)

99.999.94/92 (4.3)

2006-2010 42/88
(47.7)

67.595.121/92
(22.8)

2001-2005 18/88
(20.5)

39.872.826/92
(28.3)

1996-2000 12/88
(14.8)

19.344.126/92
(28.3)

1991-1995 3/88
(3.4)

4.516.310/92
(10.8)

1985-1990 1/88
(1.1)

1.15.45/92 (5.4)

DOI: 10.3109/10408444.2013.808172 Hormetic mechanisms 583



pathways. If blockage of a specific cell signaling pathway

prevents the hormetic stimulation this is evidence that the

hormetic dose/concentration response is mediated by this

signaling pathway. Some experiments assess multiple

signaling pathways; this can be used to assess the relative

significance of each pathway and their possible interactions

involved in the hormetic stimulation. As with receptor

mediated hormetic responses, inhibitory agonist doses/con-

centrations were tested against the same signaling pathway(s)

inhibitors.

There are three types of hormetic dose/concentration

response mechanisms for signaling pathways that follow the

same scheme for receptor mediated mechanisms. These are

based on whether the same pathway affects both stimulation

and inhibition, only stimulation or whether there are distinct

mechanisms for stimulation and inhibition.

For some of the dose/concentration-responses demonstrat-

ing the hormetic response unique alternative mechanisms

have been determined that are not mediated by either receptor

or signaling pathways. These examples are addressed

separately.

Hormetic mechanism findings

There is a broad range of agents for which hormetic

mechanisms have been determined using the present criteria.

Agents acting via receptor mediated processes are given in

Table 1 and those acting via cell signaling pathways are given

in Table 2. Only a small number of agents (i.e. 17b-estradiol,

angiotensin II, CCK-8, hydrogen peroxide, lysophosphatidic

acid, and TNF) have mechanistic determinations for both

receptor and signaling pathways based on the entry and

evaluative criteria applied in this assessment.

Some extensively studied agents have hormetic mechan-

isms determined in a broad range of cell types and for diverse

endpoints. For example, estrogen has hormetic mechanisms

established in six experimental systems for cancer cell

proliferation, in four non-cancer cell types for cell prolifer-

ation, and for seven other endpoints (Table 3). Multiple

hormetic mechanisms for various cell types and endpoints

have also been reported for agents such as histamine, nicotine,

glucocorticoid, adrenergic pathway agents, nitric oxide,

among others (Table 3).

Multiple study designs have been used in the experimental

assessment of hormetic mechanisms for receptor and cell

signaling pathway mediation (Table 4-first two columns on

left). While each of these designs can lead to a decision on

hormetic mechanisms, the broad range and diversity of the

experimental features affects the capacity to derive mechan-

istic insights of hormetic dose/concentration responses.

For example, there is considerable variation with respect to

the number of agonist doses/concentrations tested against

receptor antagonists at stimulatory and/or inhibitory doses/

concentrations.

Approximately 50% of the dose/concentration-responses

with receptor mediated and cell signaling pathway mediated

mechanisms have only the low dose/concentration stimulation

agonist tested (Table 4). In these dose/concentration

responses the high dose/concentration affected a marked

inhibitory response but there was no testing for a possible

mechanism for the high dose/concentration response (e.g.

inhibition). The second most commonly assessed response for

mechanisms were those dose/concentration responses for

which there was both a low dose/concentration stimulation

(A)

(B)

(C)

Mechanism #1
e

Re
sp

on
s

Normalized Control Mechanism #1
Group Response Line

Dose

Mechanism #1

e
Re

sp
on

s

Mechanism #2
Normalized Control Group
Response Line

Dose

Mechanism #1

e
Re

sp
on

s

Mechanism
UnknownNormalized Control 

Group Response Line

Dose

Figure 3. (A) Receptor-Mediated/Cell Signaling Pathway Mediated
Hormetic Response. Mechanistic Assessment #1: Receptor antagonist
(or cell signaling pathway inhibitor) blocks low (#) dose/concentration
stimulation and high (") dose/concentration inhibition. (B) Receptor-
Mediated/Cell Signaling Pathway Mediated Hormetic Response.
Mechanistic Assessment #2: Receptor antagonist blocks (or cell
signaling pathway inhibitor) the low (#) dose/concentration stimulation
but not the high (") dose/concentration inhibition. A second mechanism
has been identified that mediates the high (") dose/concentration
response. Low dose/concentration stimulation is blocked by receptor
antagonist (or cell signaling pathway inhibitor) but high dose/concen-
tration inhibition is blocked by different mechanism. (C) Receptor-
Mediated/Cell Signaling Pathway Mediated Hormetic Response.
Mechanistic Assessment #3: Receptor antagonist (or cell signaling
pathway inhibitor) blocks low (#) dose/concentration stimulation but not
high dose/concentration inhibition. The inhibitory mechanism is not
known.
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and a high dose/concentration inhibition and for which there

was at least one agonist dose/concentration in the stimulatory

and inhibitory zones tested against an antagonist. These two

combined groups comprise about 63% of the dose/concentra-

tion responses for both the receptor and cell signaling

pathways. The third most common dose/concentration

response tested for the receptor mediated mechanism

(13.3%) and fourth most common for the cell signaling

pathway mechanism (10.5%) had a dose/concentration

response with both low dose/concentration stimulation and

high dose/concentration inhibition and with the entire set of

agonist doses/concentrations tested against antagonists.

There were some dose/concentration responses in which

the high agonist dose/concentration did not display evidence

of a high dose/concentration inhibition but only a return to

control group values at the highest dose(s)/concentration(s)

tested. This may have occurred due to an inadequate dose/

concentration range tested at the high end or because no

toxicity/inhibition was induced. Within this grouping some

dose/concentration responses were tested for all agonist

doses/concentrations while the entire range of agonist doses/

concentrations was not tested for others. These dose/concen-

tration responses together comprise about 10–18% of the

dose/concentration responses in the receptor and cell signal-

ing pathway groups. Finally, approximately 6–8% of the

biphasic dose/concentration responses were alternative mech-

anisms without a receptor or cell signaling pathway for the

hormetic stimulation. Table 5 summarizes the occurrence

of cell signaling pathway mediated mechanisms and the

relationship between the integrated endpoints measured and

underlying cell signaling responses.

Specific hormetic mechanisms

Receptor-based hormetic mechanism #1

Numerous examples exist in which both low dose/concentra-

tion stimulation and high dose/concentration inhibitory effects

were mediated via the same receptor (i.e. Mechanism #1;

Figure 5). For example, corticosterone-induced prolactin

production and inhibition in MTT/SM cells (Yokoyama

et al., 2008; Figure 5.1) was blocked via the antagonist

mifepristone. The biphasic (stimulation and inhibition) dose/

concentration responses of dexamethasome (DEX) on the

growth of neuroepithelial tumor cells were blocked via the

glucocorticoid antagonist RU38486 (Kawamura et al., 1998;

Figure 5.2). The biphasic effects of estradiol on the expression

of the NOS isoform in N-SH-cell extracts (Xia & Krukoff,

2004; Figure 5.3) was blocked by ICI 182,780. The use of a

single receptor to mediate both the stimulatory and inhibitory

effects of the biphasic/hormetic dose/concentration response

Figure 4. Signal transduction pathways. (Source: commons.wikimedia.org, file in public domain).
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Table 3. Agents displaying hormesis for which there is a well-defined mechanistic basis.

Agonist agents
inducing hormesis Hormetic endpoint Experimental model

Estrogen Cancer cell proliferation –Prostate (LNCaP)
–Colon (MC-26)
–Pituitary (GH3)
–Breast (MCF-7, others)
–Intestine (CaCo)
–Capillary sprouting in in vitro tumor angiogenesis model

Estrogen Non-cancer cell proliferation –Vascular smooth muscle
–Endothelial cells
–Bone marrow cells
–Adipocytes

Estrogen Other endpoints –Bone cell metabolism
–-ALP expression
–-Calcium uptake
–Nitric oxide synthase expression
–Macrophage induction/release of nitric oxide, TNF-a, VEGF
–Transposin-1 regulation
–Spontaneous cytokine secretion in healthy post menopausal
women
–Nodules in osteoprogenitor cells

Histamine Multiple endpoints
(see experimental model column)

–Fibroblast – Multiple Models
–-Proliferation
–-Migration
–Thymidine uptake into normal lung fibroblasts
–Progesterone production by MA-10 cells (murine Leydig
cells)
–Testosterone production from Leydig cells/macrophages

Nicotine Cell proliferation –Osteoblast Proliferation
–-Human, primary
–Endothelial cell proliferation

Glucocorticoids Cell Proliferation, Prolactin
production-MTT/SM cells

–Neuroepithelial tumor (human) cell growth – dexamethazone
–Keratocyte proliferation (human)
–estrogen-induced mammotrophic tumor
–Neuronal mitochondrial function – oxidation parameters
–MCF-7 cells

Adrenergic pathway agents Cell Proliferation, Renin release – rat
juxtaglomeralar cells/noradrenaline,

Na/K pump activity – human mesenteric
arteries/ouabain marinobufagenin

–Rat thymocyte proliferation/xylazine
–Rat spleen cell proliferation/xylazine
– -Thymidine incorporation in fibroblast DNA/phenylephrine
in neonatal foreskin
–

Thrombospondin-1 Cell Migration –Endothelial cells (BAEC, HUVEC, Endo742)

Thrombin Receptor (PAR-1) Cell Proliferation –Murine melanoma cell proliferation (B16F10)
–Human colon adenocarcinoma cell proliferation (HCT8 cells)

Progesterone Cell Proliferation –Normal human ovarian epithelial cell proliferation
–Human ovarian tumor cells (OVCA 420 cells) proliferation

Opioids Cell Proliferation, Myelin basic
protein levels

–Mouse lymphocyte proliferation
–Sprague-Dawley rat

Oxytocin Infarct Size/Myocardial Infarction;
Learning/Memory Retention

–Male Sprague-Dawley rats;
– Male Swiss mice

Cannabinoids Neuronal Viability Cultured Sprague-Dawley neurons

Platelet-Derived Growth Factor Cell Proliferation Prostate stromal cell

PAF cAMP Production; Production of
TNF-a – IL-1

– Guinea pigs;
– Rat alveolar macrophage

Gonadotropin-Releasing Hormone (GnRH) GnRH mRNA Levels; Synthesis
of mRNA

– Ovarian cancer cell OVCAR-3
– GnRH receptor in HOSE cells

CCK-8 Cell Proliferation –Pancreatic tumor cells

IL-1B Cell Proliferation Human pancreatic islet

TNF Intracellular Ca2þ Cardiomyocytes

TGFB Cell Proliferation; Cell Migration –Mouse osteoclast-like cells
–Epithelial cells (EC-6 cells – normal rat intestinal cells)

Nitric oxide Migration; Cell Proliferation – IPEC-J2 cells

(continued )
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Agonist agents
inducing hormesis Hormetic endpoint Experimental model

–Retinal microvascular endothelial cells (RMEC)
–Human bronchial epithelial cells
–Immortalized human bronchial epithelial cell line
–Murine macrophages
–Endothelial cells (BAEC/HUVEC)

5-HT Cell Proliferation –Cultured heart cells
–Vascular endothelial cells of dogs

NMDA Receptor Agonist Survival Neurons of fetal rats

Endothelin-3 Migration Rabbit neutrophils

IL-8 JAK3 Activity Human neutrophils

Panaxadiol glycoside Neuronal Differentiation Neuronal stem cells (mouse neural stem cells)

Angiotensin II Migration Human aortic smooth muscle cells

Growth Hormone Lipogenesis Primary rat adipocytes

Sphingosine-1-phosphate (SPP) Chemotaxis –Human embryonic kidney cell (HEK 293)

LPA (lysophosphatidic acid) RNA/Protein Synthesis Cardiac fibroblast

Advanced Glycation Endproducts Cell Proliferation Mesangial cell (young Wistar rats)

Amyloid b1 Long Term Protentiation/B-Amylase Mouse hippocampus

Ouabain Cell Proliferation; Na/K Pump Activity –Human mesentary arteries
–rat vascular smooth muscle

Biochanin A Cell Proliferation T47D cells

Daidzein Adipocyte Activity –Osteoprogenitor cells

–-K5483 cells

Genistein Cell Proliferation CaCo 2B Be cells

Genistein ALP Activity K5483 cells

Buprenorphine Myelin Basic Protein Levels Sprague-Dawley rat

Dexamethasone Naþ-Kþ-ATPase Activity Bovine corneal endothelial cells

Phenylephrine Cell Proliferation Neonatal foreskin

Simvastatin Cell Proliferation Retinal microvascular endothelial cells

Xylazine Cell Proliferation Spleen cells

Lambda-Cyhalothrin (LCT) Cell Proliferation MCF-7

MNNG Chemotaxis Rabbit peritoneal neutrophils

Organochlorine Insecticides Cell Proliferation MCF-7 cells

Other Chemicals: Pyrethroids Cell Proliferation MCF-7 cells
Receptor: Estrogen

Table 4. Dose/concentration response features (i.e. stimulation/inhibition) for receptor and cell signaling mediated responses and mechanism
assessment.

% of Total
Receptor Mediated

% of Cell
Signal Mediated

Average Receptor/Cell
Signal Mediated Values

Low dose/concentration stimulation (LDS) – high dose/concentration response
(HDR) does not go below control value – entire dose/concentration range
assessed

5 (5.0) 0 (0) 5 (2.7)

LDS – HDR does not go below control value – entire dose/concentration range
not tested

11 (10.9) 18 (21.7) 29 (15.8)

LDS – HDR goes below control value – entire dose/concentration range tested 14 (13.8) 4 (4.8) 18 (9.8)
LDS – HDR goes below control value – only low stimulatory dose(s)/

concentration(s) tested
45 (44.5) 50 (60.2) 95 (51.6)

LDS – HDR goes below control value – both low and high dose(s)/
concentration(s) tested

18 (17.8) 8 (9.6) 26 (14.1)

LDS – HDR goes below control value – only high dose(s)/concentration(s) tested 1 (1.0) 0 (0) 1 (0.5)
Alternative Mechanisms (non-receptor/non-signaling pathways) 7 (6.9) 3 (3.6) 10 (5.4)
Totals 101 (99.9) 83 (99.9) 184 (99.9)
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has also been reported for thrombospondin-1 (TSP-1;

Figure 5.4; Motegi et al., 2008); CCK-8 (Figure 5.5; Hajri

& Damge, 1998); advanced glycation end products (AGE;

Figures 5.6, 5.7; Geoffroy et al., 2004); TNFa (Figure 5.8;

Amadou et al., 2002); phenylephrine (Figure 5.9; Sterin-

Borda et al., 2007); lysophosphatidic acid (LPA; Figure 5.10;

Chen et al., 2006); and gonadotropin-releasing hormone

(Figures 5.11, 5.12; Kang et al., 2000a,b).

Figure 5. Receptor Mediated Mechanism – Mechanism #1. Examples of hormetic dose/concentration responses with a receptor-mediated mechanism.
Stimulatory and inhibitory responses are mediated by the same receptor. Each hormetic response in this Figure indicates (Y) where the agonist was
tested against an antagonist. The (Y) designation also indicates the response (%) for that agonist/antagonist interaction. For a more detailed explanation
for the receptor mediated mechanism refer to Supplemental Data 1 for all graphs in Figure 5.
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Receptor-based hormetic mechanism #2

Noradrenaline induced low dose/concentration stimulation

was blocked via a b-adrenoreceptor antagonist while its high

concentration inhibitory response was blocked by an

a-adrenoreceptor antagonist (Figure 6). This biphasic

dose/concentration response was therefore mediated by dif-

ferent receptor subtypes (Figure 6.1; Takagi et al., 1992). A

similar case is seen for endothelin-3 where the biphasic

chemotactic migration was mediated by two receptor

Figure 5. Continued.
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subtypes. Receptor subtype ETA mediated the stimulatory

effect while receptor subtype ETB mediated the high dose/

concentration inhibitory effect (Elferink & De Koster, 1995).

In the case of histamine both the low and high dose/

concentration effects were reversed by antagonists. The low

dose/concentration stimulation was blocked by an H2 antag-

onist whereas an H1 antagonist blocked the high dose/

concentration inhibition (i.e. progesterone production by MA

cells; Mondillo et al., 2005; Figure 6.2); this was also the case

for testosterone production from testicular macrophages

(Khan & Rai, 2007; Figure 6.3).

Receptor-based hormetic mechanism #3

Nitric oxide biphasically affected the proliferation of endo-

thelial cells. The low concentration NO-induced proliferation

stimulation was blocked by a receptor antagonist (e.g.

specific inhibitor of cGC, ODC) but not the high dose/

concentration inhibitory response (Isenberg et al., 2005). It

was hypothesized that the NO may affect the inhibitory

response via the activation of p53 or MKP-1 expression

(Figure 7.1).

Selected other examples of receptor mediated
hormetic responses via mechanism #3

Nicotine has multiple hormetic dose/concentration responses

mediated by a receptor-based mechanism (Cucina et al., 2000;

Rothem et al., 2009; Villablanca, 1998; Walker et al., 2001).

The responses with two osteoblast cell types showed a modest

maximum stimulatory response of 25–50% (Rothem et al.,

2009; Walker et al., 2001). Two maximum stimulatory

responses for endothelial cells were similar, being 150–

175% (Villablanca, 1998). The inhibitory responses were a

function of how extensive the upper range of doses/concen-

trations was tested. Several experiments explored a very broad

upper dose/concentration range in which the high doses/

concentrations were very inhibitory, with responses510% of

the control group values. Receptor antagonists were used for

testing against agonist responses in an optimized response

concentration within the stimulatory zone. In each case tested,

the low dose/concentration stimulatory response was blocked,

thus confirming that the stimulatory response was mediated

by the nicotine receptor. In two dose/concentration response

studies (Rothem et al., 2009; Villablanca, 1998) the receptor

Figure 6. Receptor Mediated Mechanism – Mechanism #2. Examples of hormetic dose/concentration response with a receptor mediated mechanism.
The stimulatory and inhibitory responses are mediated by different, but identified, receptors. Each hormetic response in this Figure indicates (Y) where
the agonist was tested against an antagonist. The (Y) designation also indicates the response (%) for that agonist/antagonist interaction. For a more
detailed explanation for the receptor mediated mechanism refer to Supplemental Data 1 for all graphs in Figure 6.

592 E. J. Calabrese Crit Rev Toxicol, 2013; 43(7): 580–607



Figure 7. Receptor Mediated Mechanism – Mechanism #3. Examples of hormesis: Dose/concentration response with a receptor mediated mechanism
for the low dose/concentration stimulation. However, this receptor did not mediate the inhibitory response. Each hormetic response in this Figure
indicates (Y) where the agonist was tested against an antagonist. The (Y) designation also indicates the response (%) for that agonist/antagonist
interaction. For a more detailed explanation for the receptor mediated mechanism refer to Supplemental Data 1 for all graphs in Figure 7.
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agonist was also inhibitory at high dose/concentration. In both

of these dose/concentration responses the use of the receptor

antagonist failed to reverse the inhibitory effect, indicating

that a different mechanism was affecting the high dose/

concentration response for these two specific dose/concen-

tration responses (Figures 7.2, 7.3).

Other receptor antagonists blocked the low dose/con-

centration stimulation but failed to block the high dose/

Figure 7. Continued.
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concentration inhibition induced by the agonist. This is

seen with estrogen for MC26 Cells (Figure 7.4; Xu &

Thomas, 1995); with genistein in Caco2BBE cells (a colon

cancer cell line; Figure 7.5; Chen & Donovan, 2004);

for daidzein in KS483 cells (Figure 7.6; Dang &

Lowik, 2004); for genistein in KS483 cells (Figures 7.7,

7.8; Dang et al., 2003); and for xylazine in rat spleen

cells (Figure 7.9; Cupic et al., 2001); and for a-thrombin

with CG rat glioma cells (Figure 7.10; Schafberg et al.,

1997).

Antagonist-mediated enhancement of inhibitory
responses

In contrast to the above cases of failure of the antagonist to

affect the high dose/concentration inhibition, Dang and Lowik

(2004; Figure 7.6) demonstrated a situation in which the

antagonist enhanced the high dose/concentration inhibitory

effect in a consistent fashion for diadzen but not for genistein

using the same cellular model (Figure 7.8). Chen and

Donovan (2004) also demonstrated a consistent enhancement

of the high concentration inhibitory effect with genistein in

the CaCa2BBe cell model. Similar mechanistic responses

were reported for ouabain (Figure 9A) Bagrov & Fedorova

(1998) and xylazine (Figure 9B; Colic et al., 2000).

Cell signaling mediated mechanisms of hormetic
dose/concentration responses

Numerous examples of cell signaling based mechanisms for

hormetic dose/concentration responses have been reported.

Nearly 95% of the approximately 200 examples

(Supplemental Data 2) addressed only the low dose/

concentration stimulatory mechanism. In the case of

receptor-mediated hormetic dose/concentration response

mediated mechanisms, approximately 25% of the nearly

200 examples addressed both the low dose/concentration

stimulation and high dose/concentration inhibition mechan-

isms. There is no obvious explanation why this dichotomy

exists in mechanism assessment between receptor and cell

signaling pathway mediated hormetic dose/concentration

responses. Examples of cell signaling pathway mediated

hormetic dose/concentration responses for which both

stimulatory and inhibitory responses are shown in

Figure 8, in accordance with the scheme employed for

receptor mediated mechanisms (i.e. mechanism type #’s 1-3

as explained above).

Section summary

These collective findings describe some of the receptor and

cell signaling pathway mediated mechanistic complexities

underlying hormetic dose/concentration responses and their

adaptive strategies for a large number of agents. Biphasic

dose/concentration responses can be mediated by a single

receptor for both the low dose/concentration stimulatory and

high dose/concentration inhibitory effects or both dose/

concentration-related effects (stimulatory and inhibitory)

can be mediated by different subtypes of the same receptor

or may not share the same receptor or a receptor of the same

receptor family. Despite these differences in mechanistic

strategies the quantifiable features of the dose/concentration

responses are similar, suggesting a similar functional and

adaptive strategy.

Magnitude of stimulatory response: a comparison of
cell signaling phosphorylation versus integrated
cellular hormetic dose/concentration responses (e.g.
cell proliferation, cell migration)

The hormetic dose/concentration response involves biological

endpoints that are highly integrated. These endpoints included

cell proliferation, wound healing, immune function, repro-

ductive performance, among others. The hormetic dose/

concentration response is characterized by a modest stimu-

lation in the low dose/concentration zone. Yet, these highly

integrated responses are dependent upon the activation of

cellular receptors and cell signaling cascades.

In the present data set, 51 hormetic dose/concentration

responses provided quantitative comparisons of the magnitude

of the integrative responses with associated cell signaling

phosphorylated proteins such as pERK1/2 and pAKT

(Table 5). These cases of integrative cellular responses (e.g.

cell proliferation) yielded a median response of 138.5%.

In contrast, the cell signaling median response was 224%.

On average, the cell signaling response exceeded the integra-

tive responses by about 60%. Two of the signaling responses

were unusually high, being 15.0-fold greater than the control in

the T47D breast tumor cell line and 11.5-fold greater than the

control in the kidney ADPKD genetic disease model (Table 5).

Evaluation of hormetic mechanisms by cell type and
endpoint

Cell proliferation

Normal cells

Hormetic mechanisms have been reported in numerous cell

types, such as smooth muscle, endothelial, breast, keratocytes,

fibroblasts, bone cells, kidney, retinal epithelial cells and

others for cell proliferation endpoints in normal (i.e. non-

cancer) cells. Within some of the general cell types just listed

there are multiple specific types of cells for which hormetic

mechanisms were reported. For example, there are six

different types of endothelial and smooth muscles cells for

which hormetic response mechanisms are presented. The

mechanisms were assessed via receptor antagonists and/or

cell signaling pathway inhibitors. Despite the wide range of

study hypotheses, methods and research strategies, several

consistent patterns have emerged with respect to hormetic

mechanisms and cell signaling pathways for the cell prolif-

eration endpoint. There is a consistency in pathway mediated

hormetic responses within a general cell type (e.g. endothelial

cells), independent of the agonist. Second, there is a similar,

but not as consistent pattern of mechanism mediated pathways

across the broad range of cell types. That is, most cell types

utilize the MAPK/ERK1/2 cell signaling pathway to affect the

hormetic dose response for cell proliferation, revealing a

general mechanistic consistency. A cell type not involving the

ERK1/2 for cell proliferation was the V79 Chinese hamster

lung fibroblast cell which utilized the MAPK p38 pathway

(Kim et al., 2001). The ERK1/2 pathway can display
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differential linkage with other cell signaling pathways,

depending on the cell type. Several cell types, including

intestine (Mantha & Jumarie, 2010) and endothelial (Kung

et al., 2008) employ an ERK1/2-p38/and/or JNK linkage to

affect hormetic dose responses. In the case of Mantha &

Jumarie (2010), ERK1/2-p38 was involved in mediating the

hormetic response for cell proliferation of intestine cells, with

JNK being absent. In contrast to the intestine cell model used

Figure 8. Examples of cell signaling mechanisms of hormetic dose/concentration responses. Each hormetic response in this Figure indicates (Y) where
the agonist was tested against a cell signaling pathway inhibitor. The (Y) designation also indicates the response (%) for that agonist/antagonist
interaction. For a more detailed explanation for the receptor mediated mechanism refer to Supplemental Data 2 for all graphs in Figure 8.
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Figure 8. Continued.
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by Mantha & Jumarie (2010), human embryonic lung and

kidney cells displayed an ERK1/2-JNK pathway linkage with

p38 involvement being absent (Hao et al., 2009). These

findings reveal a common general cell signaling pathway

mediating the hormetic cell proliferation response in a wide

range of normal cell types.

Tumor cells

Hormetic mechanisms were demonstrated in 14 different

tumor cells affecting a broad range of tumor types, including

pancreatic, prostate, colon, esophageal, testicular, breast,

neural and leukemia. In the majority of cases the receptor

that mediated the low dose cell proliferation stimulation

response was identified, including estrogen, CCK, gluco-

corticoid, PKC and PKA. In contrast to research with normal

cells, there were fewer examples of studies published on

hormetic responses and cell signaling pathways in tumor cell

lines even though there is a substantial literature on hormetic

responses for a very broad range of tumor cells (Calabrese,

2005a). In several cases investigators identified an essential

cell signaling pathway as well as the receptor (e.g. genistein

exposure activated the estrogen receptor and the PI3K

pathway within a prostate tumor cell model (PC3 cells; El

Touny & Banerjee, 2009); hydrogen peroxide activated PKC

and ERK1/2 within a prostate tumor cell model (Du-145 cells;

Wartenberg et al., 1999). While MAPK-ERK1/2 was essential

for peptide induced neuroblastoma (Lelievre et al., 1998), it

had no involvement with the effects of BHA on hormetic

responses in testicular cells (Bouskine et al., 2009). In

contrast to the capacity to derive some measure of general

hormetic cell signaling mechanism for normal cells and cell

proliferation, the findings are too limited at present to do so

for tumor cells.

Cell migration

Fourteen cell types displayed hormetic mechanisms for cell

migration. These cells represent a wide range of cell types,

including various tumor cell lines, immune cells, nerve,

intestinal, kidney and retinal cells from multiple species. Of

the numerous mechanism studies for cell migration endpoints,

mechanisms were only clarified for low dose/concentration

stimulatory responses.

The mechanistic evaluation for cell migration included an

assessment of specific receptors or specific cell signaling

pathways. Multiple receptors (e.g. TGF-B, EGF, PDCF, PP-y

and H4) were shown to mediate the low concentration

stimulatory responses. Cell signaling pathways were observed

to mediate the low concentration cell migration stimulatory

responses. For example, cell signaling pathways mediated cell

migration stimulatory responses with JNK for OVCAR-3 cells

(Cheung et al., 2006), P13K/AKT for HUVEC (Kook et al.,

2003) and p38 for rat aortic smooth muscle (Zhou et al., 2009).

The quantitative features of the hormetic response for cell

migration typically displays stimulatory responses several

fold greater than the typical hormetic dose response

(Calabrese, 2005b). This was also the case in the examples

reported in the present article. Whether these differences in

the amplitude of the stimulation are unique to the cell types,

endpoints or the experimental methodology remains to be

clarified.

In contrast to findings with non-cancer cells for the cell

proliferation endpoint, involvement of ERK1/2 as mediating

the hormetic dose response was not a common feature of cell

migration. This was observed with the rat aortic smooth

muscle (Zhou et al., 2009), ovarian tumor cells (Cheung et al.,

2006), eosinophils (Kobayashi et al., 2005), microglia

(Bianchi et al., 2011) as well as RPE (Hollborn et al., 2010).

Other endpoints

Numerous hormetic dose responses have endpoints other than

cell proliferation and cell migration which are mediated by

receptor and/or cell signaling pathways. Table 6 provides

examples in which specific hormetic dose responses are

mediated by pERK1/2, p38, p13K, and their interactions.

(A) (B)

Figure 9. Examples of hormesis where the antagonist for the receptor blocked the low dose/concentration stimulation but enhanced the inhibitory
response. Each hormetic response in this Figure indicates (Y) where the agonist was tested against an antagonist. The (Y) designation also indicates the
response (%) for that agonist/antagonist interaction.
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It also provides information on situations in which there is an

absence of pathway involvement.

Dose–response assessment

The upper end of the dose response relationship has been

differentially assessed for hormetic dose responses, depending

on the number of concentrations tested, their spacing and

whether receptor/cell signaling pathways were evaluated.

Many dose response relationships display steep inhibitory

responses such as with 5-HT (Pakala & Benedict, 1998;

Figure 10). This specific dose response also assessed the

concentration response below the initiation of the stimulatory

response, that is, the entire dose response continuum. Other

investigators have broadly assessed the response continuum

(Dang & Lowik, 2004; Puzzo et al., 2008; Wang et al., 2005,

2011). In contrast, the study of Hsu et al. (1999) characterized

the upper end of the dose response in a comprehensive fashion

while having four concentrations in the low dose stimulatory

zone with two concentrations being assessed for receptor

mediation by an antagonist. Despite this extensive effort by

Hsu et al. (1999) it is not known what the extent of the

stimulatory range is (Figure 11).

In-vivo mechanism research

While the strong majority of the hormetic mechanism studies

are performed within an in vitro system, some experiments

employed whole animals (Boccia et al., 1998; Duranski et al.,

2005; Homayoun et al., 2002; Houshmand et al., 2009;

Kawabata et al., 1994; Kelly et al., 2010; Kim et al., 2008;

Ogura et al., 2009; Rogers & Eastell, 2011). For example,

Houshmand et al. (2009) showed that a preconditioning

treatment of oxytocin protected against IR induced myocardial

damage in male Sprague-Dawley rats. The protective effect of

the oxytocin was blocked by an oxytocin antagonist (Figure

12). A similar finding was reported by Kelly et al. (2010) that

pretreatment with ethanelamine decreased infarct size in an

hormetic fashion (Figure 13). The protection disappeared in

cardiomyoctes when using STAT-3 deficient mice and in mice

treated with a JAK-STAT-3 inhibitor. Kawabata et al. (1994)

reported that L-arginine induced a biphasic nociception dose

response in male mice. The administration of the NOS inhibitor

L-NAME blocked both the stimulatory and inhibitory

responses (Figure 14).

Discussion

This article represents the first extensive documentation of

hormetic dose/concentration response mechanisms. The strat-

egy was developed to document hormetic stimulatory

responses that were mediated via receptor and/or cell

signaling pathways and to require that the stimulatory

responses be blocked by the use of either receptor antagonists

or specific cell signaling pathway blockers. Evidence is

presented of several hundred hormetic dose/concentration

Table 6. Selected hormetic mechanisms for multiple endpoints.

Reference

ERK1/2 Pathway Mediated Hormetic Response
Estrogen-induced leptin expression on placental cells Gambino et al., 2010
Peroxynitrite-induced O2 generation from human PMN Lee et al., 2000
HMGb1-induced viability of 3T3 cells Ranzato et al., 2010

p38 Pathway Mediated Hormetic Response
Fluvastin-induced angiogenesis with endothelial and fibroblast co-cultures Uruno et al., 2008
Vitamin D3 effect on p38 MAPKinase phosphorylation in intestinal cells in male adults Wistar rats Pardo et al., 2006

Stroke Models
Methamphetamine neuroprotection-rat hippocampus – P13K/Akt Rau et al., 2011
Z-ligustilide cell survival-PC12 cells – P13K/Akt Qi et al., 2012

Multiple Pathway Compounds
HX/XO on DNA synthesis of Rat T-1 cells – ERK1/2, P12K and mTOR Duleba et al., 2004
Jocoba Liquid Wax – scratch wound tests – mTOR & P13K; ERK1/2 and p38 involved to lesser degree Ranzato et al., 2011

Stimulatory and Inhibitory Pathways
5-HT effect on mammary epithelial resistance in MCF 10 cells – PKC mediated stimulation; p38 mediated inhibition Pai and Horseman, 2008
CCK induced Akt phosphorylation in rat pancreatic acini – P13K mediated stimulation; PLC mediated inhibition Berna et al., 2009

Other Pathways
Morphine – PTZ-seizure – NO Homayoun et al., 2002
TNF – transcient electronically stimulated cardiomyocytes – PLA2 Amadou et al., 2002
Ethanolamine – protect cardiac tissue from damage – JAK-STAT-3 Kelly et al., 2010

Other Endpoints
Resveratrol – HO-1 promotor activity aortic smooth muscle (human): Receptor-NF-kB;

Pathway-I�ba a phosphorylation (ERK1/2, JNK, & p38 – shown not to be involved)
Juan et al., 2005

Vitamin D3 – effect on p38 MAKinase; Pathways-phosphorylation in intestinal cells of male adults Wistar rats;
p38 a/b blocked (SB203530 inhibitor); PKA cSrc inhibitor blocked p38 phosphorylation

Pardo et al., 2006

PDBu/Phorbol ester – effect on renal cortex NaþKþ-ATpase in the rat – PKC Beltowski et al., 2004
Platelet lysate – effect on cell viability in C2Cl2 mouse myoblasts – p38 and P13K pathways needed;

ERK1/2 shown not to be involved
Ranzato et al., 2009b

LPS – wound repair on human primary muco carcinoma cells – tyrosine kinase phosphorlyation Koff et al., 2006
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responses for which the molecular mechanism has been

demonstrated as being mediated via a specific receptor or one

or more cell signaling pathways. The range of biological

models, endpoints and inducing agents for which mechanisms

have been demonstrated is quite broad, indicating that the

findings are generalizable.

Of particular interest is that considerable evidence

demonstrated that cells showing a hormetic dose response

for cell proliferation mediate this via the MAPK-ERK1/2 cell

signaling pathway. This was the case for 14 different cell

types, with the only exception being V79 cells in which p38

was essential whereas ERK1/2 involvement was absent.

In contrast, when similar cell types display hormetic

dose responses for cell migration, the hormetic response is

typically mediated via a different cell signaling pathway such

as p38 (e.g. rat aortic smooth muscle) and/or JNK [ovarian

tumor cell lines (Cheung et al., 2006), and microglia (Bianchi

et al., 2011)].

The experiments included in this assessment appear

to be representative of the large body of hormetic

Figure 10. Effects of serotonin on the proliferation of vascular aortic
endothelial cells of dogs (Source: Pakala & Benedict, 1998).

Figure 11. Effects of biochanin A on cell proliferation in T-47D human
breast carcinoma cells (Source: Hsu et al., 1999).

Figure 12. Effects of pre-conditioning doses of oxytocin on infarct size
on cardiac ischemia/reperfusion injury in male Sprague-Dawley rats
(Source: Houshmand et al., 2009).

Effects of Ethanolamine on Cardiac Damage During
Ischaemia/ Reperfusion Injury Using the Isolated Heart Model

Figure 13. Effects of ethanolamine on cardiac damage during ischaemia/
reperfusion injury (Source: Kelly et al., 2010).

Figure 14. Effects of L-arginine on formalin-induced nociception during
phase 2 (10–30 seconds after formalin injection to right paw) of male dd4
mice (Source: Kawabata et al., 1994).
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dose/concentration responses in multiple databases

(Calabrese & Blain, 2005, 2009, 2011). For example, the

numerous studies comprising the multiple hormetic dose/

concentration response databases revealed that the maximum

response is commonly in the 30–60% range greater than the

control is similar to that reported here for both receptor and

cell signaling mediated mechanisms.

The overall findings indicate that the quantitative features

of the hormetic dose/concentration response are independent

of mechanism, regardless of which cell type receptor or cell

signaling pathways are involved, and their possible inter-

actions. This observation is significant since it indicates the

maximum therapeutic and/or undesirable effects that could

be induced by a chemical, drug or ionizing radiation in the

below threshold zone. This observation also suggests that the

high consistency of the maximum stimulation of hormetic

dose/concentration responses may be a measure of the

plasticity across biological systems and different levels

of biological organization (cell, organ, and organism;

Calabrese & Mattson, 2011).

Mechanistic applications

Within this section five examples of mechanism application

are briefly summarized. They deal with 1) the concept of

developmental hormetic mechanisms, 2) a comparison

between normal and diabetic animal models and hormetic

responses, 3) how the same agonist acts via differing receptor

subgroups to produce the same or opposing effects, 4) the

concept of a molecular switching mechanism that accounts for

the occurrence of the low dose/concentration stimulating

processes in human breast cancer cells and 5) how the same

agonist produces two different types of hormetic effects

(i.e. cell proliferation and cell migration).

Developmental hormetic mechanisms

The same agent (e.g. cadmium) induced low dose/concentra-

tion stimulation in two different but closely related cell types

(human embryonic kidney cells and human embryonic lung

fibroblasts) via the ERK1/2 pathway and in the same optimal

stimulatory dose/concentration range (see Supplemental Data

2, figures on pages 38 and 54; Hao et al., 2009; Jiang et al.,

2009). The JNK pathway was also involved in the low dose/

concentration stimulatory responses in both cell types. The

ERK1/2 pathway was not implicated in the high dose/

concentration related inhibitory responses. While p38 path-

way inhibitors had no effect on the high dose/concentration

inhibitory response in the human embryonic kidney cells,

these p38 inhibitors blocked the inhibitory response of the

human embryonic lung fibroblast cells, a finding that suggests

a differential developmental pattern that mediates the mech-

anistic diversity of the hormetic-biphasic dose/concentration

responses in such human embryonic cells.

High risk groups and hormetic mechanism: Normal
versus diabetic

The mechanistic assessment revealed a differential response

pattern between normal and diabetic (STZ-induced) rats (see

Supplemental Data 1, Figure on page14; Kuntz et al., 2002).

In the case of non-diabetic male Wistar rats, cholecystokinin

octapeptide (CCK-8) biphasically affected DNA synthesis in

cultured pancreatic acini. The low dose/concentration stimu-

lation was blocked by the CCK-8 antagonist L364,718. In

contrast to the non-diabetic rat, diabetic (STZ-induced) rats

displayed only a dose/concentration-dependent increase with

no biphasic response. Follow up experiments revealed that the

monotonic dose/concentration response in the diabetic rat was

mediated by a single class of low affinity CCK1 receptors. In

contrast, there were two classes of CCK-8 binding sites (high

and low affinity) in non-diabetic rats. These findings dem-

onstrate a mechanistic process by which an hormetic dose/

concentration response can be mediated or lost.

Agonist activity via differing receptor subgroups

The endogenous agonist histamine affects a number of

biphasic dose/concentration response relationships via the

use of two receptor subtypes (H1 and H2). In general, findings

revealed that the low dose/concentration stimulatory response

was blocked by the H2 antagonist for the production of

testosterone (see Supplemental Data 1, figure on page 31;

Khan & Rai, 2007) and progesterone (see Supplemental Data

1, figures on pages 34 and 35; Mondillo et al., 2005) and

fibroblast proliferation during normal wound healing (see

Supplemental Data 1, figure on page 32; Kupietzky & Levi-

Schaffer, 1996). H2 antagonists had no effect on the high dose/

concentration inhibitory responses. In contrast, the H1 antag-

onists act in the reverse manner, blocking the high dose/

concentration inhibition while having no effect on the low

dose/concentration stimulation. A variation in this receptor

mediated mechanism pattern was reported by Leonardi et al.

(1999; see Supplemental Data 1, figure on page 33) in which

both H1 and H2 agonists blocked histamine induced VKC-

derived fibroblast proliferation. However, only the H2 antag-

onists blocked VKC-fibroblast migration. The observation that

two receptor subtypes, using the same agonist, mediate the

same stimulatory response is important. This indicates that

despite the presence of an additional activity the quantitative

features of the hormetic dose/concentration response remain

the same.

Hormesis via a molecular switching mechanism

The molecular mechanism for an b-estradiol (E2b)-induced

biphasic dose/concentration-response for ER (estrogen

receptor)-negative cancer cell models (MDA-MB-231,

MDA-MB-436) was evaluated by Zhang et al. (2012; see

Supplemental Data 2, figure on page 63). The ER-negative

breast cancer cells displayed a modified ER when compared

to ER-positive breast cancer cells. That is, the estrogen

receptor in the ER-negative breast cancer cells is expressed on

the cell surface and lacks both AF1 and AF2 domains. Zhang

et al. (2012) discovered the presence of an on/off switch for

ER activation. The molecular switching process involved the

phosphorylation of a specific amino acid (Src-YS27) of the

modified ER, a process that inactivates Src. Of considerable

importance is that the E2b at 1 nM but not at 5 mM,

phosphorylated MAPK/ERK, thereby modulating the Src/

EGFR/STAT5 pathways/activity. Knockdown of the ER
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variant prevents the biphasic estrogen signal in the MDA-MB-

231/MDA-MB-436 ER-negative breast cancer cells. Thus, in

these ER-negative cell models Src functions as a molecular

switch for the biphasic estrogen signal which is concentration-

dependent.

With the exception of the paper by Zhang et al. (2012)

hormetic biological switching mechanisms were not

addressed in the papers cited here. However, the collective

data suggest the existence of several possible hormetic

biological switching mechanisms, based on observations

that hormetic responses can be mediated by a single receptor,

�2 receptor subtypes, �2 different receptors, and a receptor–

non-receptor interaction mediated mechanism. For example,

cases where the low dose stimulation and the high dose

inhibition are mediated by the same receptor reveals an auto-

regulatory switch function. Examples that support this

interpretation follow hormesis receptor mechanism #1

(Figure 3A). In other cases the interaction of two receptor

sub-types mediates the biphasic dose/concentration response

and follow hormesis receptor mechanisms 2 and 3 (Figures

3B and 3C). Similar biphasic dose/concentration responses

that are mediated by the occupancy of a single receptor have

been reported (Quirk & Funder, 1988; Quirk et al., 1986a,

1998b) for highly specific glucocorticoids. These authors

suggested the existence of both turn on and turn off acceptor

sites in the nucleus that could serve as a switching device for

gene activation. Each of these types of mechanisms operate

within a regulatory context with likely concentration-

dependent switching processes, some of which maybe

mediated by enzymatic tags involving reversible protein

phosphorylation (Buchwald et al., 2001). Recent further

support for the concept that hormetic dose response signaling

mechanisms are dependent on different agonist concentration

gradients (Calabrese & Baldwin, 2001c) have been reported

by Nalesso et al. (2011). These researchers found that the Wnt

signaling pathway is dependent on the concentration gradients

of Wnt ligands which affect critical tissue patterning during

embryogenesis (Kestler & Kühl, 2011).

Cell proliferation versus cell migration

There is a growing general recognition that cell proliferation

requires ERK1/2 activation (Sharma et al., 2003). This has

been demonstrated in the present article with numerous

agonists with a broad range of cell types [e.g. LPA – aorta

vascular smooth muscle of the NZ White rabbit (Faustino

et al., 2007); epinephrine – mouse embryonic stem cells

(Kim et al., 2008); curcumin – mouse multipotent neural

progenitor cells (Kim et al., 2008); ionizing radiation – rat

mesenchymal stem cells (Liang et al., 2011); neoeriocitrin –

osteoblastic MC3T3-C1 cells (Li et al., 2011); cadmium –

CaCo2 cells (Mantha & Jamarie, 2010); DHEA – bovine

aortic endothelial cells (Liu et al., 2008)]. Cell migration has

commonly been reported to be dependent of the activation of

p38 (Hedges et al., 1999; Iijima et al., 2002; Matsumoto et al.,

1999; Tangkijvanich et al., 2002) [e.g. HMGB1 – 3T3 cells

(Ranzato et al., 2010); PL – C2CL2 mouse myoblast (Ranzato

et al., 2009b); LPA – rat arotic smooth muscle cells (Zhou

et al., 2009)]. Sharma et al. (2003) proposed a model by

which the same event (e.g. injury) leads to the activation of

two parallel signaling pathways with one leading to cell

proliferation and the other to cell migration. The two

pathways integratively interact to achieve an optimized

wound healing response (Figure 15), a prediction that was

observed in a number of examples of the present article as

noted above.

Figure 15. Schematic representation of activation of corneal epithelial wound healing by MAPK. Injury induces the release of growth factors (HGF and
KGF) that activate their receptors and induce the coordinated activation and cross-talk between ERK1/2 and p38. Blockade of either signaling cascade
at the level of MEK (MAPK-K) or p38 activates the other kinase. These two pathways act together to achieve optimal healing response. Upstream
regulation of these kinases has not been defined in this model (Source: Sharma et al., 2003).
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The interaction of these pathways can be complex and

different across cell types (Sharma et al., 2003). For example,

blocking the ERK1/2 pathway can trigger the up-regulation of

p38. The reverse situation can also be the case, showing

communication between the MAP kinases. Various permuta-

tions of such receptor cross talk may exist in different cell

types, such as one-way cross talk, inhibitory cross talk and

other possibilities. Thus, even though there is the general

scheme for pathways mediating specific endpoints such as

cell proliferation, cell migration and wound healing, there can

be considerable variation in their dose optimality and

temporal expression.

Final perspectives

The documentation and assessment of the current extensive

set of hormetic mechanisms represents a significant and

continuing progression to better understand hormetic dose/

concentration responses and their biomedical and toxicology

significance. Approximately 20 years ago it was uncertain

whether hormetic dose/concentration responses were repro-

ducible or merely an occasional paradoxical dose/concentra-

tion response of unknown biological significance. However, it

has now been extensively and reproducibly shown that

hormetic dose/concentration responses are common and

broadly generalizable, being independent of biological

model, endpoint, inducing agent, and level of biological

organization and with broad clinical application. Of further

significance is that the hormetic dose/concentration response

was also found to better predict responses in the low dose/

concentration zone than with the threshold or LNT models in

multiple, independent and extensive databases using a priori

entry and evaluative criteria (Calabrese & Baldwin, 2001b;

Calabrese & Blain, 2011). The current article addresses the

long standing need to better demonstrate the mechanistic

foundations of hormetic dose/concentration responses and to

integrate these findings within the framework of molecular

biology. Nonetheless, despite the considerable advances in the

clarification of receptor and/or cell signaling mediating

pathways mediated hormetic mechanisms, additional focused

mechanism research is needed to account for the quantitative

features of the hormetic dose responses and how these

features could be modulated within a biological switching

context that is dose/concentration dependent.

Declaration of interest

This effort has been supported by awards from the Richard

Lounsbery Foundation and the ExxonMobil Foundation over

a number of years. Further support was sponsored by the Air

Force Office of Scientific Research, Air Force Material

Command, USAF, under grant number FA9550-07-1-0248.

The U.S. Government is authorized to reproduce and

distribute for governmental purposes notwithstanding any

copyright notation thereon. The views and conclusions

contained herein are those of the authors and should not be

interpreted as necessarily representing the official policies or

endorsement, either expressed or implied, of the Air Force

Office of Scientific Research or the U.S. Government. The

author has sole responsibility for the writing and content of

the article.

References

Accomazzo MR, Cattaneo S, Nicosia S, Rovati GE. (2002). Bell-shaped
curves for prostaglandin-induced modulation of adenylate cyclase:
two mutually opposing effects. Eur J Pharmacol, 454, 107–14.

Alfonzo MJ, de Becemberg IL, de Villaroel SS, et al. (1998). Two
opposite signal transducing mechanisms regulate a G-protein-coupled
guanylyl cyclase. Arch Biochem Biophys, 350, 19–25.

Amadou A, Nawrocki A, Best-Belpomme M, et al. (2002). Arachidonic
acid mediates dual effect of TNF-alpha on Ca2þ transients and
contraction of adult rat cardiomyocytes. Amer J Physiol Cell Physiol,
282, C1339–47.

Aydemir-Koksoy A, Abramowitz J, Allen JC. (2001). Ouabain-induced
signaling and vascular smooth muscle cell. J Biol Chem, 276,
46605–11.

Bagrov AY, Fedorova OV. (1998). Effects of two putative endogenous
digitalis-like factors, marinobufagenin and ouabain, on the Naþ, Kþ-
pump in human mesenteric arteries. J Hypertens, 16, 1953–8.

Barca O, Devesa-Peleteiro P, Seoane M, et al. (2010). Bimodal effect of
interferon-b on astrocyte proliferation and survival: importance of
nuclear factor-KB. J Neuroimmunol, 226, 73–80.

Beltowski J, Marciniak A, Jamroz-Wisniewska A, et al. (2004).
Bidirectional regulation of renal cortical Naþ, Kþ-ATPase by protein
kinase C. Acta Biochimica Polonica, 51, 757–72.

Berna MJ, Tapia JA, Sancho V, et al. (2009). Gastrointestinal growth
factors and hormones have divergent effects on Akt activation. Cell
Signaling, 21, 622–38.

Bianchi R, Kastrisianaki E, Giambanco I, Donato R. (2011). S100B
protein stimulates microglia migration via RAGE-dependent up-
regulation of chemokine expression and release. J Biol Chem, 286,
7214–26.

Boccia MM, Kopf SR, Baratti CM. (1998). Effects of a single
administration of oxytocin or vasopressin and their interactions with
two selective receptor antagonists on memory storage in mice.
Neurobiol Learn Mem, 69, 136–46.

Bouskine A, Nebout M, Brucker-Davis F, et al. (2009). Low doses of
bisphenol A promote human seminoma cell proliferation by activating
PKA and PKG via a membrane G-protein-coupled estrogen receptor.
Environ Health Perspect, 117, 1053–8.

Branham SE. (1929). The effects of certain chemical compounds upon
the course of gas production by Baker’s yeast. J Bacteriol, 18, 247–84.

Buchwald G, Hostinova E, Rudolph MG, et al. (2001). Conformational
switch and role of phosphorylation in PAK activation. Mol Cell Biol,
21, 5179–89.

Cai W-J, Wang M-J, Moore PK, et al. (2007). The novel proangiogenic
effect of hydrogen sulfide is dependent on Akt phosphorylation.
Cardiovasc Res, 76, 29–40.

Calabrese EJ. (2008). Hormesis: Why it is important to toxicology and
toxicologists. Environ Toxicol Chem, 27, 1451–74.

Calabrese EJ. (2005a). Cancer biology and hormesis: human tumor cell
lines commonly display hormetic (biphasic) dose responses. Crit Rev
Toxicol, 35, 1–120.

Calabrese EJ. (2005b). Hormetic dose-response relationship in immun-
ology: occurrence, quantitative features of the dose response, mech-
anistic foundations, and clinical implications. Crit Rev Toxicol, 35,
89–295.

Calabrese EJ. (2001). Overcompensation stimulation: a mechanism for
hormetic effects. Crit Rev Toxicol, 31, 425–70.

Calabrese EJ, Baldwin, LA. (2002). Defining hormesis. Hum Exper
Toxicol, 21, 91–7.

Calabrese EJ, Baldwin LA. (2001a). The frequency of U-shaped dose
responses in the toxicological literature. Toxicol Sci, 62, 330–8.

Calabrese EJ, Baldwin LA. (2001b). Hormesis: U-shaped dose responses
and their centrality in toxicology. TiPS, 22, 285–91.

Calabrese EJ, Baldwin, LA. (2001c). Agonist concentration gradients as
a generalizable regulatory implementation strategy. Crit Rev Toxicol,
31, 471–4.

Calabrese EJ, Blain R. (2005). The occurrence of hormetic dose response
in the toxicological literature, the hormesis database: an overview.
Toxicol Appl Pharmacol, 202, 289–301.

Calabrese EJ, Blain RB. (2009). Hormesis and plant biology. Environ
Poll, 157, 42–8.

Calabrese EJ, Blain RB. (2011). The hormesis database: the occurrence
of hormetic dose responses in the toxicological literature. Reg Toxicol
Pharmacol, 61, 73–81.

DOI: 10.3109/10408444.2013.808172 Hormetic mechanisms 603



Calabrese EJ, Mattson MP. (2011). Hormesis provides a generalized
quantitative estimate of biological plasticity. J Cell Commun Signal,
5, 25–38.

Calabrese EJ, Staudenmayer JW, Stanek III EJ, Hoffmann GR.
(2006). Hormesis outperforms threshold model in National Cancer
Institute antitumor drug screening database. Toxicol Sci, 94,
368–78.

Calabrese EJ, Stanek III EJ, Nascarella MA, Hoffmann GR. (2008).
Hormesis predicts low-dose responses better than threshold models.
Intern J Toxicol, 27, 369–78.

Calabrese EJ, Hoffmann GR, Stanek EJ, Nascarella MA. (2010).
Hormesis in high-throughput screening of antibacterial compounds
in E. coli. Hum Exper Toxicol, 29, 667–77.

Chen J, Han Y, Zhu W, et al. (2006). Specific receptor subtype mediation
of LPA-induced dual effects in cardiac fibroblasts. FEBS Letters, 580,
4737–45.

Chen A-C, Donovan SM. (2004). Genistein at a concentration present in
soy infant formula inhibits caco-2BBe cell proliferation by causing
G2/M cell cycle arrest. J Nutr, 134, 1303–8.

Cheung LWT, Leung PCK, Wong AST. (2006). Gonadotropin-releasing
hormone promotes ovarian cancer cell invasiveness through c-Jun
NH2-terminal kinase-mediated activation of matrix metalloproteinase
(MMP)-2 and MMP-9. Cancer Res, 66, 10902–10.

Chueh S-C, Guh J-H, Chen J, et al. (2001). Dual effects of ouabain on the
regulation of proliferation and apoptosis in human prostatic smooth
muscle cells. J Urology, 166, 347–53.

Colic M, Cupic V, Pavicic L, et al. (2000). Xylazine, and alpha2-
adrenergic agonist, modulates proliferation of rat thymocytes in vivo
and in vitro. Meth Find Exp Clin Pharmacol, 22, 557–62.

Cucina A, Sapienza P, Corvino V, et al. (2000). Nicotine-induced smooth
muscle cell proliferation is mediated through bFGF and TGF-b1.
Surgery, 127, 316–22.

Cupic V, Colic M, Pavicic L, et al. (2001). Immunomodulatory effect of
xylazine, and alpha2 adrenergic agonist, on rat spleen cells in culture.
J Neuroimmunol, 113, 19–29.

Dang ZC, Lowik CWGM. (2004). The balance between concurrent
activation of ERs and PPARs determines daidzein-induced osteogen-
esis and adipogenesis. J Bone Min Res, 19, 853–61.

Dang Z-C, Audino V, Papapoulos SE, et al. (2003). Peroxisome
proliferator-activated receptor Y (PPAR-y) as a molecular target for
the soy phytoestrogen genistein. J Biol Chem, 278, 962–7.

Duranski MR, Greer JJM, Dejam A, et al. (2005). Cytoprotective effects
of nitrite during in vivo ischemia-reperfusion of the heart and liver.
J Clin Invest, 115, 1232–40.

Duleba AJ, Foyouzi N, Karaca M, et al. (2004). Proliferation of ovarian
theca-interstitial cells is modulated by antioxidants and oxidative
stress. Hum Reprod, 19, 1519–24.

Elferink JGR, De Koster BM. (1995). Stimulation and inhibition of
neutrophil chemotaxis by endothelin-2. J Cardio Pharmacol, 26,
S142–4.

El Touny LH, Banerjee PP. (2009). Identification of a biphasic role for
genistein in the regulation of prostate cancer growth and metastasis.
Cancer Res, 69, 3695–703.

Faustino RS, Stronger LNW, Richard MN, et al. (2007). RanGAP-
mediated nuclear protein import in vascular smooth muscle cells
is augmented by lysophosphatidylcholine. Mol Pharmacol, 71,
438–45.

Gambino YP, Maymo JL, Perez-Perez A, et al. (2010). 17Beta-estradiol
enhances leptin expression in human placental cells through genomic
and nongenomic actions. Biol Reprod, 83, 42–51.

Geoffroy K, Wiernsperger N, Lagarde M, El Bawab S. (2004). Biomodal
effect of advanced glycation end product on mesangial cell prolifer-
ation is mediated by neutral ceramidase regulation and endogenous
sphingolipids. J Biol Chem, 279, 34343–52.

Grande MT, Lopez-Novoa JM. (2008). Therapeutical relevance of MAP-
kinase inhibitors in renal diseases: current knowledge and future
clinical perspectives. Cur Med Chem, 15, 2054–70.

Hao C, Hao W, Wei X, et al. (2009). The role of MAPK in the biphasic
dose-response phenomenon induced by cadmium and mercury in
HEK293 cells. Toxicol in Vitro, 23, 660–6.

Hajri A, Damge C. (1998). Effects of cholecystokinin octapeptide on a
pancreatic acinar carcinoma in the rat. Pharm Res, 15, 1767–74.

Hedges JC, Dechert MA, Yamboliev IA, et al. (1999). A role for p
38(MAPK)/HSP27 pathway in smooth muscle cell migration. J Biol
Chem, 274, 24211–19.

Hollborn M, Wiedemann P, Bringmann A, Kohen L. (2010).
Chemotactic and cytotoxic effects of minocycline on human retinal
pigment epithelial cells. Invest Ophthalmol Vis Sci, 51, 2721–9.

Homayoun H, Khavandgar S, Namiranian K, et al. (2002). The role of
nitric oxide in anticonvulsant and proconvulsant effects of morphine
in mice. Epil Res, 48, 33–41.

Houshmand F, Faghihi M, Zahediasi S. (2009). Biphasic protective effect
of oxytocin on cardiac ischemia/reperfusion injury in anaesthetized
rats. Peptides, 30, 2301–8.

Hsu J-T, Hsu W-L, Ying C. (1999). Dietary phytoestrogen regulates
estrogen receptor gene expression in human mammary carcinoma
cells. Nutr Res, 19, 1447–57.

Iijima K, Yoshizumi M, Hashimoto M, et al. (2002). Red wine
polyphenols inhibit vascular smooth muscle cell migration through
two distinct signaling pathways. Circulation, 105, 2404–10.

Isenberg JS, Ridnour LA, Perruccio EM, et al. (2005). Thrombospondin-
1 inhibits endothelial cell responses to nitric oxide in a cGMP-
dependent manner. PNAS, 102, 13141–6.

Jarv J. (1995). A model of nonexclusive binding of agonist
and antagonist on G-protein coupled receptors. J Theor Biol, 175,
577–82.

Jarv J, Hautala R, Akerman KEO. (1995). Dual effect of muscarinic
receptor agonists on CA2þ mobilization in SH-SY5Y neuroblastoma
cells. Eur J Pharmacol-Mol Pharmacol, 291, 43–50.

Jiang G, Duan W, Xu L, et al. (2009). Biphasic effect of cadmium on cell
proliferation in human embryo lung fibroblast cells and its molecular
mechanism. Toxicol in Vitro, 23, 973–8.

Juan S-H, Cheng T-H, Lin H-C, et al. (2005). Mechanism of
concentration-dependent induction of heme oxygenase-1 by resvera-
trol in human aortic smooth muscle cells. Biochem Pharmacol, 69,
41–8.

Kang S, Cheng KW, Nathwani PS, et al. (2000a). Autocrine role of
gonadotropin-releasing hormone and its receptor in ovarian cancer
cell growth. Endocrine, 13, 297–304.

Kang S, Shoi K-C, Cheng KW, et al. (2000b). Role of gonadotropin-
releasing hormone as an autocrine growth factor in human ovarian
surface epithelium. Endocrinology, 141, 72–80.

Kawabata A, Manabe S, Manabe Y, Takagi H. (1994). Effect of topical
administration of L-arginine on formalin-induced nociception in the
mouse: a dual role of peripherally formed NO in pain modulation.
Brit J Pharm, 112, 547–50.

Kawamura A, Tamaki N, Kokunai T. (1998). Effects of dexamethasone
on cell proliferation of neuroepithelial tumor cell lines. Neurol Med
Chir (Tokyo), 38, 633–40.

Kelly RF, Lamont KT, Somers S, et al. (2010). Ethanolamine is a novel
STAT-3 dependent cardioprotective agent. Basic Res Cardiol, 105,
763–70.

Kestler HA, Kuhl M. (2011). Generating a Wnt switch: It’s all about the
right dosage. J Cell Biol, 193, 431–3.

Khan UW, Rai U. (2007). Differential effects of histamine on Leydig
cell and testicular macrophage activities in wall lizards: precise role of
H1/H2 receptor subtypes. J Endocrinol, 194, 441–8.

Kim MO, Na SI, Lee MY, et al. (2008). Epinephrine increases DNA
synthesis via ERK1/2s through cAMP, Ca2þ/PKC, and P13K/Akt
signaling pathways in mouse embryonic stem cells. J Cell Biochem,
104, 1407–20.

Kim BY, Han MJ, Chung AS. (2001). Effects of reactive oxygen species
on proliferation of Chinese hamster lung fibroblast (V79) cells. Free
Rad Biol Med, 30, 686–98.

Kobayashi Y, Ueki S, Mahemuti G, et al. (2005). Physiological levels of
15-deoxy-d12,14-prostaglandin J2 prime eotaxin-induced chemotaxis
on human eosinophils through peroxisome proliferator-activated
receptor-g legation. J Immunol, 175, 5744–50.

Koff JL, Shao MXG, Kim S, et al. (2006). Pseudomonas
Lipopolysaccharide accelerates wound repair via activation of a
novel epithelial cell signaling cascade. J Immunol, 177, 8693-700.

Kook H, Itoh H, Choi BS, et al. (2003). Physiological concentration of
atrial natriuretic peptide induces endothelial regeneration in vitro.
Amer J Physiol Heart Cir Physiol, 284, H1388–97.

Kung H-N, Yang M-J, Chang C-F, et al. (2008). In vitro and in vivo
wound healing-promoting activities of beta-lapachone. Amer J Physiol
Cell Physiol, 295, C931–43.

Kuntz E, Pinget M, Damge C. (2002). Effects of cholecystokinin
octapeptide on the exocrine pancreas in a new rat model of type 2
diabetes. Eur J Pharmacol, 448, 253–61.

604 E. J. Calabrese Crit Rev Toxicol, 2013; 43(7): 580–607



Kupietzky A, Levi-Schaffer F. (1996). The role of mast cell-derived
histamine in the closure of an in vitro wound. Inflamm Res, 45,
176–80.

Lee C-I, Miura K, Liu X, Zweier JL. (2000). Biphasic regulation of
leukocyte superoxide generation by nitric oxide and peroxynitrite. J
Biol Chem, 275, 38965–72.

Lelievre V, Pineau N, Du J, et al. (1998). Differential effects of peptide
histidine isoleucine (PHI) and related peptides on stimulation and
suppression of neuroblastoma cell prolfieration. J Biol Chem, 273,
19685–690.

Leonardi A, Radice M, Fregona IA, et al. (1999). Histamine effects on
conjunctival fibroblasts from patients with vernal conjuctivitis. Exp
Eye Res, 68, 739–46.

Li L, Zeng Z, Cai G. (2011). Comparison of neoeriocitrin and naringin
on proliferation and osteogenic differentiation in MC3T3-E1.
Phytomedicine, 18, 985–9.

Liang X, So YH, Cui J, et al. (2011). The low-dose ionizing radiation
stimulates cell proliferation via activation of the MAPK/ERK pathway
in rat cultured mesenchymal stem cells. J Rad Res, 52, 380–6.

Liu Y, Hock JM, Sullivan C, et al. (2010). Activation of the p38 MAPK/
Akt/ERk/1/2 signal pathways is required for the protein stabilization
of CDC6 and cyclin D1 in low-dose arsenite-induced cell prolifer-
ation. J Cell Biochem, 111, 1546–55.

Liu D, Iruthayanathan M, Homan LL, et al. (2008).
Dehydroepiandrosterone stimulates endothelial proliferation and
angiogenesis through extracellular signal-regulated kinase -mediated
mechanisms. Endocrinology, 149, 889–98.

Mantha M, Jumarie C. (2010). Cadmium-induced hormetic effect in
differentiated Caco-2 cells: ERK and p38 activation without cell
proliferation stimulation. J Cell Physiol, 224, 250–61.

Matsumoto T, Yokote K, Tamura K, et al. (1999). Platelet-derived
growth factor activates p38 mitogen-activated protein kinase through a
Ras-dependent pathway that is important for actin reorganization and
cell migration. J Biol Chem, 274, 13954–60.

Mattson MP. (2008). Hormesis defined. Age Res Rev, 7, 1–7.
Mondillo C, Patrignani Z, Reche C, et al. (2005). Dual role of histamine

in modulation of Leydig cell steroidogenesis via HRH1 and HRH2
receptor subtypes. Biol Repro, 73, 899–907.

Motegi K, Harada K, Ohe G, et al. (2008). Differential involvement of
TGF-B1 in mediating the motogenic effects of TSP-1 on endothelial
cells, fibroblasts and oral tumour cells. Exper Cell Res, 314, 2323–33.

Nalesso G, Sherwood J, Bertrand J, et al. (2011). WNT-3A modulates
articular chondrocyte phenotype by activating both canonical and
noncanonical pathways. J Cell Biol, 193, 551–64.

Nguyen A-N T, Wallace DP, Blanco G. (2007). Ouabain binds with high
affinity to the Na,K-ATPase in human polycystic kidney cells and
induces extracellular signal-regulated kinase activation and cell
proliferation. J Am Soc Nephrol, 18, 46–57.

Ogura K, Magae J, Kawakami Y, Koana T. (2009). Reduction in
mutation frequency by very low-dose gamma irradiation of
Drosophila melanogaster germ cells. Rad Res, 171, 1–8.

Pai VP, Horseman ND. (2008). Biphasic regulation of mammary
epithelial resistance by serotonin through activation of multiple
pathways. J Biol Chem, 283, 30901–10.

Pakala R, Benedict CR. (1998). Effect of serotonin and thromboxane A2
on edothelial cell proliferation: Effect of specific receptor antagonists.
J Lab Clin Med, 131, 527–37.

Pardo VG, Boland R, de Boland AR. (2006). 1a,25(OD)2-vitamin D3
stimulates intestinal cell p38 MAPK activity and icnreases c-fos
expression. Intern J Biochem Cell Biol, 38, 1181–90.

Pellegrino D, Tota B, Randall DJ. (2005). Adenosine/nitric oxide
crosstalk in the branchial circulation of Squalus acanthias and
Anguilla anguilla. Comp Biochem Physiol Part A, 142, 198–204.

Puzzo D, Privitera L, Leznik E, et al. (2008). Picomolar amyloid-b
positively modulates synaptic plasticity and memory inhippocampus.
J Neurosci, 28, 14537–45.

Qi H, Han Y, Rong J. (2012). Potential roles of P13K/Akt and Nrf2-
Keap1 pathways in regulating hormesis of X-ligustilide in PC12 cells
against oxygen and glucose deprivation. Neuropharmacology, 62,
1659–70.

Quirk SJ, Funder JW. (1988). Steroid receptors, and the generation of
closely coupled/biphasic dose-response curves. J Steroid Biochem, 30,
9–15.

Quirk SJ, Gannell JE, Fullerton MJ, Funder JW. (1986a). Specificity and
mechanism of biphasic action of glucocorticoids on a-lactalbumin

production by rat mammary gland explants. Endocrinology, 118,
909–14.

Quirk SJ, Gannell JE, Fullerton MJ, Funder JW. (1986b). Mechanisms of
biphasic action of clucocorticoids on a-lactalbumin production by rat
mammary gland explants. J Steroid Biochem, 24, 413–16.

Ranzato E, Balbo V, Boccafoschi F, et al. (2009b). Scratch wound
closure of C2C12 mouse myoblasts is enhanced by human platelet
lysate. Cell Biol Intern, 33, 911–17.

Ranzato E, Boccafoschi F, Mazzucco L, et al. (2010). Role of ERK1/2 in
platelet lysate-driven endothelial cell repair. J Cell Biochem, 110,
783–93.

Ranzato E, Martinotti S, Burlando B. (2011). Wound healing
properties of jojoba liquid wax: an in vitro study. J Ethnopharm,
134, 443–9.

Ranzato E, Patrone M, Pedrazzi M, Burlando B. (2009a). HMGb1
promotes scratch wound closure of HaCaT keratinocytes via ERK1/2
activation. Mol Cell Biochem, 332, 199–205.

Rau TF, Kothiwal A, Zhang L, et al. (2011). Low dose methampheta-
mine mediates neuroprotection through a P13K-AKT pathway.
Neuropharmacology, 61, 677–86.

Rogers A, Eastell R. (2001). The effect of 17b-estradiol on production of
cytokines in cultures of peripheral blood. Bone, 29, 30–4.

Rothem DE, Rothem L, Soudry M, et al. (2009). Nicotine modulates
bone metabolism-associated gene expression in osteoblast cells.
J Bone Miner Metab, 27, 555–61.

Rovati GE, Nicosia S. (1994). An alternative model for bell-shaped
concentration-response curves – reply. TiPS, 15, 321–2.

Schafberg H, Nowak G, Kaufmann R. (1997). Thormbin has a biomodal
effect on glioma cell growth. Brit J Cancer, 76, 1592–5.

Sharma G-D, He J, Bazan H.E.P. (2003). p38 and ERK1/2 coordinate
cellular migration and proliferation in epithelial wound healing. J Biol
Chem, 278, 21989–97.

Stebbing ARD. (1982). Hormesis – the stimulation of growth by low-
levels of inhibitors. Sci Total Environ, 22, 213–34.

Stebbing ARD. (1998). A theory for growth hormesis. Mut Res, 403,
249–58.

Stebbing ARD. (2011). A cybernetic view of biological growth. The
Maia hypothesis. New York, New York: Cambridge University Press.

Stebbing ARD, Norton JP, Brinsley MD. (1984). Dynamics of growth-
control in a marine yeast subjected to perturbation. J Gen Microbiol,
130, 1799–808.

Sterin-Borda L, Furlan C, Orman B, Borda E. (2007). Differential
regulation on human skin fibroblast by alpha1 (a1) adrenergic receptor
subtypes. Biochem Pharmacol, 74, 1401–12.

Szabadi E. (1977). Model of 2 functionally antagonistic receptor
populations activated by same agonist. J Theor Biol, 69, 101–12.

Takagi M, Atarashi K, Matsuoka H, Sugimoto T. (1992). A biphasic
effect of noradrenaline on renin release from rat juxtaglomerular cells
in vitro is mediated by a1- and b-adrenoceptors. J Endocrinology, 132,
133–40.

Tangkijvanich P, Santiskulvong C, Melton AC, et al. (2002). P38 MAP
kinase mediates platelet-derived growth factor-stimulated migration of
hepatic myofibroblasts. J Cell Physiol, 191, 351–61.

Tian J, Li X, Liang M, et al. (2009). Changes in sodium pump expression
dictate the effects of ouabain on cell growth. J Biol Chem, 284,
14921–9.

Townsend CO. (1897). The correlation of growth under the influence of
injuries. Ann Botany, 11, 509–32.

Uruno A, Sugawara A, Kudo M, et al. (2008). Stimulatory effects of low-
dose 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor
fluvastatin on hepatocyte growth factor-induced angiogenesis:
involvement of p38 mitogen-activated protein kinase. Hypertens
Res, 31, 2085–96.

Villablanca AC. (1998). Nicotine stimulates DNA synthesis and
proliferation in vascular endothelial cells in vitro. J Appl Physiol,
84, 2089–98.

Walker LM, Preston MR, Magnay JL, et al. (2001). Nicotine regulation
of c-fos and osteopontin expression in human-derived osteoblast-like
cells and human trabecular bone organ culture. Bone, 28, 603–8.

Wang G, Krishnamurthy K, Tangpisuthipongsa D. (2011). Protection of
murine neural progenitor cells by the Hsp90 inhibitor 17-allylamino-
17-demethoxygeldanamycin (17-AAG) in the low nanomolar concen-
tration range. J Neurochem, 117, 703–11.

Wang JM, Johnston PB, Ball BG, Brinton RD. (2005). The neurosteroid
allopregnanolone promotes proliferation of rodent and human neural

DOI: 10.3109/10408444.2013.808172 Hormetic mechanisms 605



progenitor cells and regulates cell-cycle gene and protein expression.
J Neurosci, 25, 4706–18.

Wang W, Reeves WB, Ramesh G. (2009). Netrin-1 increases prolifer-
ation and migration of renal proximal tubular epithelial cells via the
UNC5B receptor. Am J Physiol Renal Physiol, 296, F723–9.

Wang X, Clubbs EA, Bomser JA. (2006). Genistein modulates prostate
epithelial cell proliferation via estrogen- and extracellular signal-
regulated kinase-dependent pathways. J Nutr Biochem, 17, 204–10.

Wartenberg M, Diedershagen H, Hescheler J, Sauer H. (1999). Growth
stimulation versus induction of cell quiescence by hydrogen peroxide
in prostate tumor spheroids is encoded by the duration of the Ca2þ
response. J Biol Chem, 274, 27759–67.

Xia Y Krukoff TL. (2004). Estrogen induces nitric oxide production via
activation of constitutive nitric oxide synthases in human neuroblast-
oma cells. Endorcrinology, 145, 4550–7.

Xu X, Thomas ML. (1995). Biphasic actions of estrogen on colon cancer
cell growth: possible mediation by high- and low-affinity estrogen
binding sites. Endocrine, 3, 661–5.

Yokoyama K, Hayashi M, Mogi C, et al. (2008). Dose-dependent
effects of a glucocorticoid on protein production. Endocrine, 55,
405–14.

Zhang X-T, Ding L, Kang L-G, Wang Z-Y. (2012). Involvement
of ER-alpha36, Src, EGFR and STAT5 in the biphasic estro-
gen signaling of ER-negative breast cancer cells. Oncol Rep, 27,
2057–65.

Zang Y, Odwin-DaCosta S, Yager JD. (2009). Effects of cadmium on
estrogen receptor mediated signaling and estrogen induced DNA
synthesis in T47D human breast cancer cells. Toxicol Lett, 184,
134–38.

Zheng Y, Horita S, Hara C, et al. (2003). Biphasic regulation of renal
proximal bicarbonate absorption by luminal AT1A receptor. J Amer
Soc Nephrol, 14, 1116–22.

Zhou Z-B, Niu J-P, Zhang Z-J. (2009). Receptor-mediated vascular
smooth muscle migration induced by LPA involves p38 mitogen-
activated protein kinase pathway activation. Int J Mol Sci, 10,
3194–208.

606 E. J. Calabrese Crit Rev Toxicol, 2013; 43(7): 580–607



Copyright of Critical Reviews in Toxicology is the property of Taylor & Francis Ltd and its
content may not be copied or emailed to multiple sites or posted to a listserv without the
copyright holder's express written permission. However, users may print, download, or email
articles for individual use.



1451

Environmental Toxicology and Chemistry, Vol. 27, No. 7, pp. 1451–1474, 2008
� 2008 SETAC

Printed in the USA
0730-7268/08 $12.00 � .00

Critical Review

HORMESIS: WHY IT IS IMPORTANT TO TOXICOLOGY AND TOXICOLOGISTS

EDWARD J. CALABRESE
Department of Public Health, Environmental Health Sciences, Morrill I, N344, University of Massachusetts,

Amherst, Massachusetts 01003, USA

(Received 11 October 2007; Accepted 24 January 2008)

Abstract—This article provides a comprehensive review of hormesis, a dose–response concept that is characterized by a low-dose
stimulation and a high-dose inhibition. The article traces the historical foundations of hormesis, its quantitative features and
mechanistic foundations, and its risk assessment implications. The article indicates that the hormetic dose response is the most
fundamental dose response, significantly outcompeting other leading dose–response models in large-scale, head-to-head evaluations.
The hormetic dose response is highly generalizable, being independent of biological model, endpoint measured, chemical class,
and interindividual variability. Hormesis also provides a framework for the study and assessment of chemical mixtures, incorporating
the concept of additivity and synergism. Because the hormetic biphasic dose response represents a general pattern of biological
responsiveness, it is expected that it will become progressively more significant within toxicological evaluation and risk assessment
practices as well as have numerous biomedical applications.

Keywords—Hormesis Biphasic U-shaped J-shaped Dose response

INTRODUCTION

The present paper provides a comprehensive review of hor-
mesis, a dose–response model that has come to be more broad-
ly and consistently observed as toxicologists and pharmacol-
ogists direct their efforts to explore possible responses in the
low-dose range. The investigation of low-dose effects has be-
gun to transform toxicology from a discipline dominated by
high doses to one that explores toxic mechanisms and under-
lying adaptive responses. In doing so, this new toxicology is
revealing biological processes and mechanisms that become
manifest only at low dose and/or are obscured by the traditional
high-dose paradigm that has been dominant for so long in the
field. So significant have these research advances in the low-
dose domain become that they can alter how hazard assess-
ments are conducted, risk assessments are practiced, drugs are
designed and tested, and patient doses are optimized.

The present paper is organized by the framing of several
dozen questions that follow a progressive sequence, each with
a referenced-based, documented response. The series of ques-
tions and responses are designed to lead to the final question
that also is the title of this article. The interested reader also
may find the following major reviews of interest [1–5]. To
provide an integrative summary of the subsequent sections,
Appendices 1 through 3 list the key principles underlying hor-
mesis (Appendix 1), the observations that support these prin-
ciples (Appendix 2), and the implications of the hormetic prin-
ciples for toxicology/risk assessment and clinical practice (Ap-
pendix 3).

WHAT IS HORMESIS?

Hormesis is a biphasic dose–response phenomenon char-
acterized by a low-dose stimulation and a high-dose inhibition
[1,6,7]. Hormesis is a special type of biphasic dose–response
relationship that has well-defined, quantitative features, in-
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cluding the magnitude and the width of the stimulatory zone
and the relationship of the stimulatory zone to the traditional
toxicological threshold (no-observed-adverse-effect level)
and, in certain features, its equivalent called the zero equivalent
point (Fig. 1). The hormetic dose response also must be seen
within a temporal context—that is, as a dose–time–response
relationship. The reason for incorporating a temporal feature
in hormesis is that it also may be described as a modest over-
compensation response following an initial disruption in ho-
meostasis—that is, a type of rebound effect (Fig. 2). The hor-
metic dose response therefore represents the effects of a re-
parative process that slightly or modestly overshoots the orig-
inal homeostatic set point, resulting in the low-dose
stimulatory response [8,9]. Figure 3 provides a representative
selection of hormetic dose responses, reflecting its occurrence
across a broad range of biological models, endpoints, and
chemical agents.

The assessment of the dose response therefore is a dynamic
process. Whereas harmful agents may induce toxicity in af-
fected biological systems, the organism or biological system
is not a passive entity but, rather, will respond to damage
signals with a coordinated series of temporally mediated repair
processes. This dynamic aspect of toxicological assessment
requires the inclusion of not only a broad range of doses but
also a series of temporal evaluations (i.e., repeat measures).
Only by assessing the dose–response process over time can
an accurate assessment of the dose–response relationship be
determined, within which the hormetic dose response is best
revealed. Toxicological assessments that include either too few
doses, too high doses, inadequate dose spacing, or only one
time point for evaluation are not capable of accurately as-
sessing the nature of the dose–response relationship.

Hormesis therefore is more than simply a dose–response
relationship or a dose–time–response relationship but, rather,
a quantitative manifestation of a reparative process that is
adaptive in nature. The modest nature of the low-dose stim-
ulation reflects the capacity of the biological system to allocate
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Fig. 1. Dose–response curve depicting the quantitative feature of hor-
mesis [10].

Fig. 2. Hormetic dose–time–response relationship: Modest overcom-
pensation following a disruption in homeostasis (for review, see
[8,167]).

biological resources in a highly efficient manner during the
reparative process. That is, if the goal is to reestablish the
homeostatic condition, it would make little sense to induce an
overcompensation stimulation in the several-fold or more
range, because that would be wasteful of biological resources.
However, it would be important to reestablish homeostasis as
efficiently as possible after injury. Thus, the overcompensation
stimulation is modest, being only in the percentage (not fold)
zone, with a maximum usually being only approximately 30
to 60% greater than that seen in the controls [7,10]. Whereas

this modest overcompensation response has been highly con-
served in an evolutionary sense, it often makes it difficult for
toxicologists to assess hormesis, because it may be hard to
detect, especially when study designs have too few doses,
limited statistical power, and only one time point. Thus, the
study of hormesis places greater resource and time demands
on investigators.

WHO DISCOVERED HORMESIS?

It is widely believed that Hugo Schulz, a professor of phar-
macology at the University of Greifswald in northern Ger-
many, discovered the concept of hormesis during the middle
portion of the 1880s. The results of the discovery were pub-
lished in the late 1880s in several papers [11,12] that assessed
the effects of various disinfectants on the metabolism of yeast.
In his investigations, Schulz reported that numerous toxic
agents stimulated the release of carbon dioxide at low con-
centrations while being inhibitory at higher doses. In an au-
tobiographic statement on the occasion of his 70th birthday,
Schulz recounted the moment of the discovery (see Crump
[13], English translation of the 1923 statement of Schulz):

Since it could be foreseen that experiments on fermentation and
putrescence in an institute of pathology would offer particularly
good prospects for vigorous growth, I occupied myself as well as
possible, in accordance with the state of our knowledge at the
time, with this area. Sometimes, when working with substances
that needed to be examined for their effectiveness in comparison
to the inducers of yeast fermentation, initially working together
with my assistant, Gottfried Hoffmann, I found in formic acid and
also in other substances the marvelous occurrence that if I got
below their indifference point, i.e., if, for example, I worked with
less formic acid than was required in order to halt the appearance
of its antifermentive property, that all at once the carbon dioxide
production became distinctly higher than in the controls processed
without the formic acid addition. I first thought, as is obvious, that
there had been some kind of experimental or observation error.
But the appearance of the overproduction continually repeated
itself under the same conditions. First I did not know how to deal
with it, and in any event at that time still did not realize that I
had experimentally proved the first theorem of Arndt’s funda-
mental law of biology.

It was quite obvious that the low-dose stimulation was com-
pletely unexpected, forcing Schulz and his assistant to repeat
their experiments until they were satisfied that the phenomenon
was reproducible.

Whereas this research was the key discovery of Schulz and
the papers that set the concept of hormesis in motion, it was
Schulz’s proclamation that his findings provided the explan-
atory principle of the medical practice of homeopathy—and
his long-term and highly visible commitment to this perspec-
tive—that raised Schulz to the level of historical figure and
creator of the hormesis concept. In fact, a recent paper by
Henschler [14] indicated that the earliest discoverer of the
hormetic concept may have been the famous scientist Rudolph
L.K. Verchow, based on work published in 1854. It was
Schulz’s linkage of this concept to the controversial medical
practice of homeopathy that made him well known, but be-
cause of political/ideological perspectives, this also created
enormous difficulties for this fledgling dose–response theory
to get a fair scientific hearing within the confines of traditional
medicine and its subsequent spin-off disciples, such as phar-
macology and toxicology and even, far later, risk assessment.
Surprisingly, despite his controversial standing in the bio-
medical sciences, Hugo Schulz was nominated in 1931 for the
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Nobel Prize based on his original 1887/1888 publications
(http://www.nobelprize.org/medicine). Schulz died a year later.

WHEN WAS THE TERM HORMESIS CREATED?

The term hormesis was first published in the open literature
in 1943 by Chester Southam, a graduate student in forestry at
the University of Idaho, and John Ehrlich, the advisor of Sou-
tham [15]. The paper assessed the effects of extracts from the
red cider plant on the metabolism of multiple fungal species,
showing a low-dose stimulation and a high-dose inhibition
(Fig. 4). Whereas 1943 is the official date for the creation of
the term hormesis, a more careful look reveals that Southam
actually first employed the term in his 1941 undergraduate
thesis. In this thesis, Southam acknowledged the occurrence
of biphasic dose responses in bacterial studies but did not cite
any references. A copy of this undergraduate thesis has been
obtained and is now available online (http://www.
dose-response.org).

Many terms have been—and currently are being—used for
what appears to be the dose–response relationship, which is
called hormesis. Some of these terms include biphasic, non-
monotonic, bell-shaped, U-shaped, inverted U-shaped,
J-shaped, overshoot, rebound effect, bitonic, functional antag-
onism, preconditioning, and adaptive response. Other terms
have been used that indicate this phenomenon has been con-
sidered to be the equivalent of a biological law. This is seen
with the terms Yerkes-Dodson law [16], Hueppe’s Rule [17],
and the Arndt-Schulz law [18–20], named after the original
formulators of the concept.

The use of such a variety of terms for the same or closely
related dose–response phenomena may seem to be unusual.
Often, however, these terms are specific to a given biological
subdiscipline. For example, the Yerkes-Dodson law is em-
ployed exclusively in the area of psychology [21]. Overshoot
and rebound effects typically are used in disciplines in which
initial toxicity because of dose treatment is expected. These
terms can be seen in the areas of cancer chemotherapy [22]
and animal herbivory [23], in which responses to damage are
the key biological endpoints measured. Functional antagonism
is used almost exclusively in the field of pharmacology [24].
Some terms are employed more generally, such as
U-shaped, but nonetheless are used extensively in some dis-
ciplines, such as epidemiology [25–28].

The use of many terms for the same concept is principally
the result of the high degree of disciplinary specialization and
inadequate communication between the subdisciplines. Thus,
terminological divergence and concept confusion on the nature
of the dose response is, in large part, a result of the overly
domineering tendency toward specialization within the bio-
logical sciences [29].

IS HORMESIS THE BEST TERM?

Hormesis may be the most appropriate term because of its
long history in the published literature [15] and its more than
800 citations in the Web of Science� (http://www.
thomsonscientific.com/) as of 2007. In addition, hormesis rep-
resents a very specific type of biphasic dose–response rela-
tionship with quantifiable dose–response features that are high-
ly generalizable, are specific temporal features, and have a
definitive relationship to the toxicological threshold—features
generally lacking in other possible terms. The issue of bio-
logical stress terminology is now recognized as a serious one
within the biological and biomedical sciences. Recent efforts

have been made to establish a common terminology for stress-
related dose–response relationships [29] that are capable of
integrating diverse interdisciplinary perspectives on the nature
of the dose response in the low-dose zone (Fig. 5).

DOES HORMESIS IMPLY A BENEFICIAL RESPONSE?

In 2002, Calabrese and Baldwin [30] published a paper
entitled ‘‘Defining hormesis’’ in which they argued that hor-
mesis is a dose–response relationship with specific quantitative
and temporal characteristics. It was further argued that the
concept of benefit or harm should be decoupled from that
definition. To fail to do so has the potential of politicizing the
scientific evaluation of the dose–response relationship, espe-
cially in the area of risk assessment [31–33]. Calabrese and
Baldwin also recognized that benefit or harm had the distinct
potential to be seen from specific points of view. For example,
in a highly heterogeneous population with considerable inter-
individual variation, a beneficial dose for one subgroup may
be a harmful dose for another subgroup (Fig. 6). In addition,
it is now known that low doses of antiviral, antibacterial, and
antitumor drugs (Fig. 7) [2] can enhance the growth of these
potentially harmful agents (i.e., viruses), cells, and organisms
while possibly harming the human patient receiving the drug.
In such cases, a low concentration of these agents may be
hormetic for the disease-causing organisms but harmful to peo-
ple. In many assessments of immune responses, it was deter-
mined that approximately 80% of the reported hormetic re-
sponses that were assessed with respect to clinical implications
were thought to be beneficial to humans (Appendix 4). This
suggested, however, that approximately 20% of the hormetic-
like low-dose stimulatory responses may be potentially ad-
verse [3]. Most antianxiety drugs at low doses display hormetic
dose–response relationships, thereby showing beneficial re-
sponses to animal models (Fig. 8) and human subjects. Some
antianxiety drugs enhance anxiety in the low-dose stimulatory
zone while decreasing anxiety at higher inhibitory doses. In
these two cases, the hormetic stimulation is either decreasing
or increasing anxiety, depending on the agent and the animal
model [34]. Thus, the concepts of beneficial or harmful are
important to apply to dose–response relationships and need to
be seen within a broad biological, clinical, and societal context.
The dose–response relationship itself, however, should be seen
in a manner that is distinct from these necessary and yet sub-
sequent applications.

DEFINING THE QUANTITATIVE FEATURES OF THE
HORMETIC DOSE RESPONSE

When the hormesis database was created in the mid-1990s,
only a limited understanding existed regarding what, if any,
general quantitative features of the hormetic dose response
might exist [7]. The hormesis database, however, included in-
formation concerning the maximum stimulation, the width of
the stimulatory response, and the width or distance from the
peak of the stimulatory response to the estimated zero equiv-
alent point [7]. Based on the analysis of thousands of dose–
response relationships with evidence of hormesis, it became
clear that the maximum stimulatory response of hormetic dose
responses was modest—usually not exceeding the control val-
ue by more than twofold. In fact, the maximum stimulatory
response generally was only approximately 30 to 60% greater
than the control value (Fig. 1) [10]. This was the case re-
gardless of the biological model studied, the endpoint mea-
sured, and the chemical or physical agent tested. The maximum
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Fig. 3. Multiple hormetic responses [168–184]. Asterisks denote statistical significance ( p � 0.05).
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Fig. 3. Continued.
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Fig. 4. Percentage of normal growth on malt agar containing various
concentrations of western red-cedar heartwood extract on selected
fungal species [15].

Fig. 6. Hormesis and differential susceptibility.

Fig. 5. Summary of biological stress terminology. Preconditioning, adaptive response, and autoprotection represent examples of what is described
here as conditioning hormesis. Advantages include the following: Standardized terminology provides information regarding the presence or
absence of a conditioning dose, whether it is before or after the more massive challenge, and the nature of the stressor agents. This terminology
would establish a consistent and understandable framework across the spectrum of biological disciplines concerning dose–response and stress–
response relationships [29].

stimulatory response has become the most distinguishing char-
acteristic of the hormetic dose–response relationship. In con-
trast to the maximum stimulatory response, the width of the
stimulation has been more variable. The vast majority of the
widths of the stimulation are less than 100-fold, but approx-
imately 2% of the dose responses in the database have a stim-
ulatory width that exceeds 1,000-fold (Fig. 9). The reasons for
the variability in the width of the stimulatory zone are un-
certain. It is quite likely, however, that the more homogenous
the sample population, the less variable the width of the stim-
ulation range.

DOES THE MAGNITUDE OF HORMETIC
STIMULATION VARY?

Approximately 10 to 20% of the dose responses in the
hormesis database have maximum stimulatory responses that

approach or exceed by twofold that reported in the control
group. It is not clear if this is normal variation, measurement
error, species-specific responses, or some other factor. It is
possible that such higher-than-expected stimulatory responses
might represent a breakdown in the regulatory control pro-
cedures that control biological resource allocation. This might
be expected to occur in aged members of the population. How-
ever, these suggestions have yet to be studied.

Based on the above discussion, the question must be raised
as to how biphasic dose responses would be classified if a 5-
to 10-fold stimulation existed in the low-dose range and in-
hibition at the highest dose. Would this more extreme example
of a low-dose stimulation still be considered an example of
hormesis? This question has no clear answer. The vast majority
of biphasic dose responses do not show such a large stimu-
latory response. Because this is the case, it would be necessary
first to assess the reproducibility of the observation (i.e.,
whether the control group was aberrantly low). There may
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Fig. 7. Effect on prostate cancer cell (MLL) growth [2,184].

Fig. 9. Dose–response curves indicating the relative distribution of
stimulatory dose ranges. The shaded area represents the maximum
stimulatory response range, which typically is 130 to 160% of the
control value.

Fig. 8. Anxiolytic effect of dextrorotatory levorotatory–tetrahydro-
palmatine (DL-THP), a naturally occurring alkaloid, on Institute of
Cancer Research (ICR) mice of both sexes in the elevated plus-maze
test. An asterisk indicates a significant difference from the control (p
� 0.05) [21,185].

well be a set of biphasic dose responses, however, with mark-
edly different quantitative features that has not yet been in-
vestigated.

CAN A MODEST STIMULATORY RESPONSE BE
CONSIDERED A REAL HORMETIC EFFECT?

If a response were quite modest—that is, less than 10%
greater than the control—the findings would have to be as-
sessed in well-designed studies with excellent statistical power
and be properly replicated. Nonetheless, the fact that an in-
crease is quite modest should not be grounds for assuming it
is simply background variation and lacking in biological or
even economic significance. For example, a very small but
consistent increase in body weight for farm animals, such as
poultry, could have very notable economic impacts [35].

IS A U-SHAPED DOSE RESPONSE WITHOUT
TOXICITY/INHIBITION A HORMETIC DOSE RESPONSE?

In theory, a dose response that shows only a low-dose stim-
ulation without a high-dose inhibition (i.e., a pure U-shaped
dose response) does not satisfy the quantitative features of a
hormetic dose response. Because, however, possible limita-

tions in study designs include an inadequate number of doses,
variability concerns, heterogeneity of the subjects tested, need
for replication, and temporal components, it can be difficult
to conclude with confidence that a purely U-shaped dose re-
sponse, with no toxicity/inhibition at higher doses, exists. Fur-
thermore, it is possible that a broad family of hormetic-like
dose responses with various modifications in the quantitative
features of the dose response may exist. If such were the case,
then one could consider the need for testing, detection, clas-
sification, and assessment for the respective biological impli-
cations for the range of possible U-shaped dose–response re-
lationships.

WHAT IS THE DIFFERENCE BETWEEN DIRECT
STIMULATION AND OVERCOMPENSATION HORMESIS?

Whereas hormesis has been defined as a dose–response
relationship that is characterized by a low-dose stimulation
and a higher-dose inhibition within the context of an over-
compensation framework, considerable data indicate that bi-
phasic dose responses may occur within a direct stimulation
experimental framework. Under most circumstances in the
published literature dealing with dose–response relationships,
it is not possible to distinguish between a hormetic-like dose
response that has resulted from an overcompensation or a di-
rect stimulation. This is because approximately 75% of the
studies that demonstrate hormesis have only included mea-
surements at one time point [10]. For the vast majority of the
thousands of examples of hormesis in the published literature,
no judgment therefore can be rendered on which specific type
of hormesis is present. Nonetheless, enough evidence exists
to document that both overcompensation and direct stimulation
types of hormesis exist. These quantitative features may be
similar because they are carrying out biological functions with-
in similar plasticity constraints, thereby leading to quantita-
tively comparable quantitative features of the dose response.

DOES A BIOLOGICAL SYSTEM HAVE TO BE
STRESSED/DAMAGED TO EXHIBIT HORMESIS?

If direct stimulation hormesis is induced [30], then the an-
swer is no. Although speculative, it may be possible that a
hormesis-inducing agent could bypass a toxicity mechanism
and act at a downstream mechanism to induce a hormetic
response. This represents a therapeutic possibility yet to be
demonstrated.

WHAT ARE THE SURVIVAL ADVANTAGES
OF HORMESIS?

At least four major features of the hormetic response would
enhance survival of the individual. These include direct benefit
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Fig. 10. Effects of ouabain on proliferation [44].

by endogenous and/or exogenous agents, including endoge-
nous and synthetic agonists. Recognition of these beneficial
effects have led to numerous pharmaceutical applications (e.g.,
anxiolytic, antiseizure, and memory drugs) based on the hor-
metic dose response, enhanced resource allocation efficiency,
functioning as a conditioning stimulus to either protect against
damage from a subsequent life-threatening exposure (precon-
ditioning hormesis) or to enhance protection/repair following
a life-threatening exposure (postconditioning hormesis), and
reducing the occurrence of possible endogenous agonist side
effects and to increase the optimal dose–response range of
endogenous agonists.

Direct benefit

Numerous examples of a dose-induced improvement exist
within the context of a hormetic dose–response relationship.
Some examples include memory enhancement, anxiety reduc-
tion, seizure threshold increase, bone strengthening, tumor re-
duction, and protection against agonists inducing neuronal dis-
eases, such as Alzheimer’s, Parkinson’s, and others.

Resource allocation

In the case of resource allocation, it was mentioned pre-
viously that the goal of tissue repair would be to reestablish
homeostasis as soon as possible following damage. In this case,
it would be an advantage to ensure that reestablishment of
homeostasis was ensured by only slightly overshooting the
mark. This would provide a quick, timely, and full repair with
little misallocation of biological resources. Overshooting the
mark by several-fold or more would reflect inefficient control
over resource allocation and, eventually, place the individual
at enhanced risk.

Conditioning

In the case of protection from injury, a previous low-dose
exposure may induce an adaptive response that remains active
for multiple days to, possibly, more than a week, thereby pro-
viding protection against a subsequent life-threatening expo-
sure to a massive dose and accelerating tissue repair processes
[21,29]. Such adapting doses permit the organism to continue
to be mobile within highly heterogeneous environments. Be-
cause the length of protection is for a limited time period, it
also permits flexibility and control of the allocation of re-
sources needed to sustain the enhanced protection. A similar
but less well-studied process exists if the massive exposure
occurs before the conditioning doses (i.e., postconditioning).
In this postconditioning dose framework, a low dose received
after the massive injury induces repair processes that result in
a protective response of a magnitude similar to that seen with
preconditioning exposure [36–40].

Side effects

In the case of endogenous agonists, it has been proposed
that side effects occur far less frequently with partial agonists/
partial antagonists as compared to full agonists [41]. The
U-shaped dose response also provides a broader concentration
range within which the agent may act, thereby enhancing a
functional capacity with reduced risk of side effects. Because
side effects of agents that act via receptor-based mechanism
can be highly debilitating, their elimination/prevention can
have considerable survival advantage [41].

IS THERE A HORMESIS GENE AND BIOMARKER?

It is highly unlikely that one specific type of hormesis gene
accounts for the wide range of specific hormetic effects re-
ported. This is because hormetic effects occur in essentially
all plant, microbial, and animal species, affecting many hun-
dreds of endpoints in numerous cell types and tissues, involv-
ing many hundreds of genes for each endpoint. The hormetic
response represents a very basic and general strategy that oc-
curs in all types of cells and tissues using a wide variety of
integrative mechanisms.

IS HORMESIS EXPECTED TO OCCUR IN ESSENTIALLY
ALL PLANT AND ANIMAL SPECIES?

This is likely to be the case, because the current hormesis
data set of nearly 8,000 dose responses indicates that hormetic
dose responses occur in several hundred plant species as well
as in numerous microorganism and animal species [1,10,42].
Given this type of broad diversity of hormetic responses and
the fact that hormesis serves a series of strong survival inter-
ests, it is likely to be a universal or near-universal phenomenon.

ARE THERE INTERSPECIES DIFFERENCES IN
HORMETIC RESPONSES?

Ouabain is a cardiotonic agent initially found in the ripe
seeds of the African plants Strophanthus gratus and Aco-
kanthera ouabaio. Ouabain is well known for its capacity to
inhibit the enzyme Na�/K�-dependent adenosine triphospha-
tase (Na�/K�-ATPase) sodium pump, a feature that was ex-
ploited clinically in the treatment of congestive heart failure.
During the early 1990s, ouabain also was reported to be an
endogenous hormone, being synthesized in the adrenal glands,
hypothalamus, and heart, with production being increased un-
der oxygen deficiency.

Ouabain has long been exploited for its inhibitory effects
at high doses, but it only recently has been recognized that at
low concentrations, ouabain has the opposite effect—that is,
stimulation of Na�/K�-ATPase [43]. This observation has been
generalized and applied in a hormetic dose–response evalua-
tion. In that study, Abramowitz et al. [44] compared the
growth-promoting effects of ouabain in cultured cells from
vascular smooth muscle cells from the rat, dog, and human.
Following a 5-d incubation, ouabain induced a biphasic dose
response in the vascular smooth muscle cells of each species.
As seen in Figure 10, the human and dog cells were quanti-
tatively similar in responsiveness while being approximately
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1,000-fold more sensitive than the rat cells. Despite the greater
sensitivity of the human and dog cells, the quantitative features
of the dose responses were similar. It is of interest that those
findings were fully consistent with those of earlier investi-
gations indicating a three-orders-of-magnitude difference in
the affinities of the sodium-pump A1 subunit of Na�/K�-
ATPase for ouabain in the rat as compared with that for the
human and dog A1 subunits [45]. Such observations support
the hypothesis the ouabain-induced proliferative effects prob-
ably are mediated by its binding to the A1 subunit of the
sodium pump.

The low-dose stimulatory response therefore most likely
was initiated by a drug interaction with the sodium pump, as
reflected by the respective affinities of the steroid for the pump-
based protein A1 subunit, yet at concentrations that did not
affect cytoplasmic ion levels. The basis of the interspecies
difference was directly related to the well-known difference
in affinity between rat and other mammalian species for oua-
bain and the A1 subunit of Na�/K�-ATPase. Whereas this in-
terspecies comparison displays profound quantitative differ-
ences in ouabain potency between the rat and the dog/human
models, the magnitude and width of the stimulatory responses
were similar. This type of responsiveness would be expected,
being consistent with the vast range of findings in the hormesis
database [10].

The value of the above research with ouabain is that its
underlying mechanistic foundations are well defined within
the three experimental models, permitting insights regarding
the reasons for the occurrence of the interspecies variation in
potency. The mechanism-based research did not, however, pro-
vide insight concerning the quantitative features of the dose
response (i.e., maximum stimulation and width of the stimu-
latory response). Other possible interspecies comparisons
would be expected to potentially differ principally with respect
to potency of the inducing agent but not with respect to the
quantitative features of the hormetic dose response, especially
with respect to the maximum stimulatory response, which
would be independent of biological model.

Hormetic dose responses generally are believed to be in-
dependent of biological model, which suggests that the find-
ings should be reliably extrapolated to other similar species/
strains given similar testing protocols. Whereas there may be
marked differences in inherent toxic susceptibilities among
species, the expectation would still be that the hormetic dose
response would occur across species/strains. The example se-
lected above illustrates that the human and dog models were
1,000-fold more sensitive than the rat model, yet all three
models demonstrated hormesis, with similar quantitative fea-
tures of the dose response. Nonetheless, despite this general
predictive framework, it is important to acknowledge that few
papers have made a strong effort to assess hormetic dose re-
sponses across a broad range of species or strains using similar
experimental frameworks [46,47]. The studies cited above,
however, have been supportive of the capacity to generalize
the hormetic response.

ARE ALL AGENTS EXPECTED TO BE HORMETIC?

According to Stebbing [48,49], the key factor in the hor-
mesis concept is not the chemical but, rather, the organism. In
other words, the hormetic response is found in the organism’s
overcompensation to a disruption in homeostasis. If this is the
case, then any agent that can disrupt homeostasis (i.e., cause
toxicity) would be expected to induce a hormetic response to

the damage induced. Calabrese et al. [46] recently explored
this question using the U.S. National Cancer Institute Yeast
Anti-Cancer Drug Screen database, which contains 2,189
chemical agents that were tested on 13 strains of yeast over
five concentrations within a replicated study framework. That
study established a priori entry criteria that included the dem-
onstration of high concentration toxicity (i.e., decreased
growth by at least 20%), an estimated benchmark dose or
estimated toxicological threshold (e.g., 2.5, 5.0, or 10.0), and
two or three concentrations below the benchmark dose for
evaluation. Approximately 12,000 dose responses satisfied
these entry criteria. These findings indicate that all 12,000 dose
responses demonstrated evidence consistent with the hormetic
dose response and supportive of the theoretical statements of
Stebbing [48]. This is a new finding with potentially significant
implications for chemical testing and risk assessment.

The Stebbing theory does not infer that all chemicals will
be hormetic for all endpoints. It does, however, imply that
biological systems respond in a hormetic manner to signals
that indicate stress, toxicity, or disruptions in homeostasis.

ARE THERE CHEMICAL STRUCTURAL DETERMINANTS
OF HORMESIS?

The above answer suggests that all chemicals have the ca-
pacity to induce a hormetic response in some experimental
settings, but clear structural specificity exists in the induction
of hormetic-like biphasic dose responses for specific endpoints
and experimental conditions. This has been exploited in the
pharmaceutical industry in search of biphasic dose responses
that may lead to new drugs to reduce anxiety [50–52]. Many
examples exist of agents that will differentially induce a
U-shaped dose response to optimize a memory response using
structure–activity relationship methods [53,54]. It therefore is
necessary to place the above statement of Stebbing—namely,
that all chemicals can induce hormesis—within a broader con-
text. In these later cases, the U-shaped dose responses often
appear to be acting via a specific receptor-mediated mecha-
nism, providing an example of direct stimulation hormesis.
The inhibition at the higher doses could result from a variety
of mechanisms, including receptor desensitization, toxicity, or
other factors.

ARE U-SHAPED DOSE RESPONSES FOR VITAMINS AND
MINERALS EXAMPLES OF HORMESIS?

Various researchers have used the U-shaped dose responses
for vitamins and minerals as examples of hormesis [55], but
this is not recommended. The U-shaped dose responses in these
instances represent organismal responses to nutrient deficits,
optima, and excessive exposures. Hormesis studies usually
have concerned agents that are not nutrients. In theory, how-
ever, if a nutrient were administered in excessive doses, caus-
ing a disruption in homeostasis, then it would be expected to
induce a hormetic response. This would generate a different
dose response than shown in the deficient optima/excessive
dose response addressed in the above question (Fig. 11).

WHY DID THE CONCEPT OF HORMESIS BECOME
ASSOCIATED WITH HOMEOPATHY?

The concept of hormesis became associated with home-
opathy because Hugo Schulz thought that his findings that low
doses of chemical disinfectants biphasically affected the me-
tabolism of yeasts provided the scientific explanatory principle
of homeopathy, an idea he actively promoted for nearly the
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Fig. 11. Hypothetical hormetic dose–response relationship for a nutrient.

next 50 years. In addition, the field of homeopathy embraced
the findings of Schulz, and thereby, the association was cre-
ated. It is important, however, to understand how Schulz came
to link his work with homeopathy.

According to his autobiography, Schulz became interested
in how homeopathic medications may work [13]. During his
first few years at the University of Greifswald in the early
1880s, Schulz became interested in the effect of a homeopathic
remedy for the treatment of gastrointestinal enteritis. Schulz
was convinced that the remedy was effective, but he wanted
to understand why. In 1882, Robert Koch’s laboratory iden-
tified the bacterial organism that was the cause of the disorder.
Schulz exposed such cultured bacteria to the homeopathic
preparation, expecting it to kill the microbes. To his surprise,
the homeopathic treatment had no effect, even at progressively
higher doses. Schulz concluded that the homeopathic treatment
did not directly affect the harmful bacteria. Because he be-
lieved that the treatment was successful in a clinical setting,
however, he developed the hypothesis that the drug enhanced
the adaptive capacity of the body to fight off the infection
rather than directly killing the bacteria. With this as his general
hypothesis, he concluded, when he subsequently observed that
low doses of chemical disinfectants stimulated the metabolism
of yeasts at low doses while being harmful at higher doses
[11,12], that this must be how homeopathic remedies work.
He believed that these findings could be widely generalized
and argued that his work provided the theoretical foundations
of homeopathy.

IS HORMESIS MECHANISTICALLY ASSOCIATED
WITH HOMEOPATHY?

Recently, it has been proposed that homeopathy has the
potential to be evaluated within the context of postconditioning
hormesis [29]. This conclusion is based on the research of van
Wijk and Wiegant [36], who published an experimental model
designed to place homeopathy within a rigorous and mecha-
nistically oriented biomedical framework. Using a liver tumor
cell line, these investigators set forth to create a model that
would mimic how patients might be treated within a homeo-
pathic context. In this case, liver cells initially were admin-
istered a low heat stress that was shown to induce a family of
heat shock proteins. This preconditioning treatment offered
partial protection against a more massive exposure to heat

stress. The cells were then administered various metals and
other agents/physical stressors that also have the capacity to
induce heat shock proteins, but not at the low concentrations
tested. This exposure to the low levels of metals and physical
stress was after the massive heat administration. In this ex-
perimental setting, the below-threshold doses of these agents/
physical stressors enhanced the induction of the heat shock
proteins and reduced the toxicity and lethality of the massive
heat treatment. These findings suggested that this homeopathic
evaluation model would be suitable for study within the frame-
work of postconditioning hormesis [29]. Whereas this research
was undertaken during the 1990s and did show methodological
promise along with encouraging findings, it has not been ex-
tended by other investigators. Nonetheless, this experimental
framework was created by a group of highly experienced re-
searchers in the area of heat shock proteins and could offer
direction to future researchers. The lack of research suggests
the existence of intellectual and cultural impediments that re-
searchers encounter even if they attempt to test homeopathic
hypotheses within a appropriate biomedical framework. It is
hoped that eventually, the scientific questions raised by the
work of van Wijk and colleagues [36] will attract others to
build on their findings.

WHY DID THE CONCEPT OF HORMESIS FAIL TO
BECOME ACCEPTED BY THE SCIENTIFIC COMMUNITY?

Several reasons explain why the hormetic dose–response
concept was not accepted within the scientific community. A
major reason was that Hugo Schulz made a profound strategic
error when he aligned his new findings so strongly with ho-
meopathy, setting it on an unfortunate and unnecessary col-
lision course with the traditional medical establishment and
its scientific leadership. Because of unfair characterization of
his work, Schulz’s findings became associated with extreme,
high-dilutionist elements of the homeopathic medical practice.

Some of the most senior and accomplished pharmacologists
of this era used their positions, power, and publications to
ensure that the hormesis concept would not be widely accepted.
Most notably was A.J. Clark, a leading pharmacologist in the
United Kingdom during the 1920s until his death in 1941 and
whose articles [56] and textbooks [57,58] excoriated Schulz,
his theories, and homeopathy in a manner that made it difficult
to separate them. Casting considerable influence on the field



Hormesis and toxicology Environ. Toxicol. Chem. 27, 2008 1461

for several decades via his textbooks, Clark played a significant
role in suppressing the hormesis concept [42,59–61].

A key feature with intellectual control is that it can soon
be expanded to institutional control. For example, Clark and
his colleagues also became the cofounders of the British Phar-
macology Society, influencing and directing research, advice
to the government, as well as journal development and direc-
tion [42]. These activities also influenced the thinking of the
next several generations of scientists. Of further importance
was that the British Pharmacology Society had a significant
impact of the development of pharmacology and other bio-
medical sciences throughout Europe and the United States.

Toxicology—especially human-oriented toxicology—
emerged directly from pharmacology. In fact, the creators of
the toxicology profession in the United States during the mid-
dle decades of the 20th century were principally pharmacol-
ogists transitioning into toxicologists. This perspective is fur-
ther reinforced by the fact that the original journal of the U.S.
Society of Toxicology (SOT), which was established first in
1960, was called Toxicology and Applied Pharmacology.

Another significant impediment for the hormetic concept
was that when the first biostatistics model (i.e., probit) was
applied to toxicology in the mid-1930s by Bliss [62], Gaddum,
and Fisher (along with the assistance of Clark), it was designed
to constrain all responses through the origin even if the data
were J-shaped. This procedure became institutionalized and is
still employed in risk assessment by the U.S. Environmental
Protection Agency (U.S. EPA). During this time, toxicology
became a high-dose/few-doses discipline, making it nearly in-
capable of providing the experimental framework to observe,
assess, and study possible hormetic dose–response hypotheses.
Thus, the hormesis concept was losing the battle for acceptance
and credibility on many fronts: Medically, statistically, and
academically; in professional societies, textbook content, re-
search funding, and regulatory applications; and in the edu-
cation and training of the next generation of biological/bio-
medical scientists.

To make matters even more difficult for the acceptance of
hormesis, its evaluation requires considerable rigor with re-
spect to study design, statistical power, and need for study
replication. Hormesis, therefore, is not easily studied, being
more expensive and time-consuming than traditional high-dose
studies. Thus, hormesis became a scientific concept that was
ridiculed and marginalized by accomplished and influential
pharmacologists. In some cases, it was discounted by leading
biostatisticians and eliminated from funding consideration by
traditionally trained biomedical scientists in influential posi-
tions/roles. It may be difficult to accept that a legitimate sci-
entific hypothesis could be purposely and successfully sup-
pressed in the most open of countries, but this was the case
with hormesis.

The rebirth of the hormesis concept came about almost
entirely because of the extreme risk assessment policies of the
U.S. EPA with respect to cancer endpoints. The development
of acceptable risks in the one-in-a-million range over a normal
human lifetime based on animal model studies that could never
be validated became very economically burdensome in the
early 1980s, and they remain so today. This stimulated affected
parties to explore other means to challenge linearity at low-
dose modeling. The obvious choice was to support the thresh-
old dose–response model, both because there seemed to be
much support for it and because little reason existed to think
that carcinogens would not act via thresholds as well. In actual

comparisons between threshold and linear models in specific
dose–response studies, however, it became nearly impossible
to distinguish the two types of dose responses given the limited
number of doses in standard toxicity experiments. In such
cases, the U.S. EPA would always default to the prediction
with the greatest risk. Therefore, the analysis was quite clear:
The linear model could not be challenged successfully by the
threshold model. The alternative strategy was to explore the
long-discredited hormesis model. This situation began to force
scientists to take a new look at an old theory. The hormesis
story involves far more than a challenge to linearity models
used by regulatory agencies, but ironically, the conservative
stance of the U.S. EPA on cancer risk assessment is what gave
new life to the hormesis concept.

DID RESEARCHERS OBSERVE HORMESIS INDEPENDENT
OF HOMEOPATHY IN THE EARLY 20TH CENTURY?

During the early 1900s, numerous reports of biphasic dose
responses appeared in the literature by investigators research-
ing the effects of various chemical agents on plants [63–68],
bacteria [17,69–76], yeast [77], and fungi [78,79] (for review,
see Calabrese and Baldwin [80]). Of particular note, these
investigators presented their results in a typical scientific in-
vestigator fashion, not relating it to homeopathy or other med-
ical treatment theory but, rather, simply as a new set of sci-
entific findings.

Despite the occurrence of hormetic-like dose responses us-
ing various biological models by different leading researchers
in the early decades of the 20th century, the concept of a low-
dose stimulatory response was always hard to prove, requiring
more resources, time, and need for replication. Nonetheless,
despite its lack of capacity to become a central concept in
toxicology, researchers continued reporting hormetic-like ef-
fects in the literature, yet it was not until later in the 20th
century that serious efforts were made to assimilate this in-
formation and to evaluate claims of hormesis in a substantive
and objective manner [1,48,49,81–84].

DO ALL ENDPOINTS DISPLAY HORMESIS?

Based on the above answer, it is believed that all organisms
may display hormesis in response to a disruption in homeo-
stasis. Furthermore, it is known that hundreds of endpoints
have been shown to be stimulated in a hormetic manner [10],
depending on the biological model and the chemical tested.
Thus, it appears from a practical perspective that most, if not
all, endpoints have the capacity to display hormesis.

A broad range of endpoints has demonstrated hormetic dose
responses. What endpoints are measured are directly related
to the goals of the research team. Endpoints that typically show
hormesis, however, are those that represent integrative bio-
logical responses, some of which are related to resource al-
location. Such endpoints could include growth, viability, cog-
nition, longevity, and coordinated immune responses, such as
cell migration to affected areas. It is not clear which quanti-
tative features of the responses interact in such a manner as
to affect the reaction of the molecular vector that is the in-
tegrated biological response called the hormetic dose–response
relationship [85].

A critical factor affecting endpoint selection nonetheless is
the biological model studied. In the case of hormesis, its proper
study requires numerous doses, repeated measures, and ade-
quate statistical power and replication. To minimize costs,
these factors have led to a large proportion of the early findings
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being obtained with inexpensive and more manageable bio-
logical models. These have included the use of plants, bacteria,
yeasts, and fungi [80,84]. In the case of plants, it has been
common to assess possible hormetic effects with endpoints
such as overall growth, fruit yield, disease resistance, and other
endpoints of agricultural application. In the microbial area, the
principal focus for hormetic response evaluation initially con-
cerned colony proliferation. Over the past two decades, a major
shift to the use of cell culture and, more recently, to the ap-
plication of high-throughput studies has provided efficient and
inexpensive means to assess hormetic dose responses. The cell
culture research has been important for a broad range of bi-
ological models, from microbial to a broad spectrum of human
cell lines. Recent rodent toxicity studies demonstrate hormesis
for a broad range of endpoints, including disease incidence,
tumor formation, and reproductive endpoints, such as fecun-
dity. During the past several decades in the pharmacological
area, hormesis also has been demonstrated for a broad range
of performance endpoints, such as memory, anxiety reduction,
pain modulation, seizure modulation, and reduction in the on-
set of symptoms from diseases such as Alzheimer’s Parkin-
son’s, and others.

Some disease endpoints cannot be assessed directly within
a hormesis evaluative framework if the model has a very low
background disease incidence. For example, if the incidence
of liver disease is less than 1% in the controls, it will be
practically impossible to evaluate whether a low dose of a
hormetically acting agent would reduce the disease incidence
further. In this case, liver disease may be an effective endpoint
for a chronic study in which disease incidence in the control
group increases over time. This strategy would not likely be
effective in a short-term study with young animals. This sit-
uation is not unlike that which occurs with the testing of cancer
incidence in animal models. From a historical perspective, it
was an advantage for regulatory agencies to adopt the use of
animal models with a low background incidence of cancer.
This permitted the use of a smaller number of animals to detect
significant increases in tumor incidence compared with studies
using biological models with higher background tumor inci-
dence. Selecting animals with lower tumor incidence, however,
also tended to prevent one from being able to detect hormesis.
Thus, the capacity to detect a significant increase in tumor
incidence with a small sample size and to detect a hormetic
effect for the same endpoint have been in conflict with each
other. This issue needs to be addressed explicitly as new strat-
egies are employed in hazard assessment for the detection of
responses across the broad dose–response continuum rather
than following current protocol, which ignores potential hor-
metic effects.

HOW DOES HORMESIS RELATE TO THE
MIXTURE TOXICOLOGY?

Hormesis principally deals with biological performance—
that is, the response of biological systems below the toxic
threshold. Above the toxic threshold, the shape of the dose
response is similar for the threshold and hormetic dose–re-
sponse models. A number of studies have explored chemical
interactions within a hormetic framework. In most cases,
chemical interactions such as synergy and potentiation have
been reported. Responses were within the modest increase lim-
its of the hormetic stimulatory response. In other words,
whether or not synergy existed, the maximum stimulation was
30 to 60% greater than the control response range. To achieve

such modest increases, the dosage of a drug/chemical can be
markedly reduced if synergy or potentiation occurs within a
hormetic context. The hormetic type of synergy therefore has
far less to do with the magnitude of the response than with
the amount of drug/chemical to achieve this hormetic maxi-
mum. This has been reported with respect to memory [86–
88], epileptic seizure threshold [89], and plant growth [90],
among other endpoints. Therefore, the concept of synergy at
the hormetic end of the dose–response relationship is a dif-
ferent type of biological process than synergy at the upper end
of the dose response for toxic endpoints. Hormetic synergy
means achieving the maximum potential (i.e., 30–60% above
controls) with a diminished combined dosage. The hormetic
synergy concept is one that deals with biological performance,
such as cognition, exercise, anxiety modulation, hair growth,
and other goals. It is not the traditional type of toxicological
synergy, in which the output is principally on the magnitude
of the toxic response. This new type of biological synergy has
profound implications for the pharmaceutical industry that is
focused on enhancing performance outcomes.

DO HORMETIC RESPONSES OCCUR IN BOTH ACUTE
AND CHRONIC STUDIES?

Hormesis has been reported to occur in experimental stud-
ies, independent of study duration and life span of the species.
This is seen in studies where the responses are of short-term
occurrence, such as a 12-h change in proliferation rate of yeast
[46], or with the enhancement of life span in rodents [91,92]
as measured over several years. An agent could, however,
induce hormesis in the first part of an experiment but toxicity
in a longer-term exposure if the agent (e.g., cadmium, which
has a long biological half-life) were to accumulate and tran-
sition to a toxic concentration in the target organ. Thus, the
occurrence of hormesis is highly dependent on the pharma-
cokinetics of the agent in the biological model. The impact of
pharmacokinetics has even been reported during the course of
a single administration [93]. For example, morphine, a well-
known analgesic, acts as a hypergesic (i.e., increasing the mag-
nitude of pain responses) at very low doses. In studies with
rats, it has been shown that soon after morphine administration,
the pain threshold decreases; later, as the dose to the target
organ increases, the pain threshold increases only to decrease
again as the dose to the target organ decreases, all occurring
in a matter of hours [93].

IS THERE A RELATIONSHIP BETWEEN THE ADAPTIVE
RESPONSE IN TOXICOLOGY AND HORMESIS?

The adaptive response in toxicology was given this name
in 1978 by Schendel et al. [94], following the 1977 paper of
Samson and Cairns [95], which indicated that a low dose of
a mutagen protected against the mutagenic effects of a more
massive exposure to the same agent. The low-dose exposure
induced an error-free DNA repair process that was effective
over a defined dose range. From this beginning, the concept
of adaptive response was confirmed, expanded, and general-
ized beyond bacteria and mutagens to be inclusive of a very
wide range of biological models, endpoints, and chemicals. A
key feature relates to the exposure sequence, with a previous
low dose inducing a complex array of adaptive responses to
protect the system against a subsequent and more massive
exposure to the same or a related agent. It also was recognized
that the duration over which the protection lasted was of a
limited nature—that is, from several days to approximately 10
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Fig. 12. Effect of hydrogen peroxide on cell viability of Saccharo-
myces cerevisciae strain R253 [96].

to 14 d at most. Nearly forgotten in this assessment was that
the adapting or conditioning dose had an optimal range. This
dose–response range displayed the quantitative features of the
hormetic dose response (Fig. 12) [96]. Thus, the adaptive re-
sponse phenomenon represents a specific type of hormesis that
Calabrese et al. [29] refer to as the preconditioning hormesis.

IS IT HEALTHY TO BE CONTINUOUSLY STRESSED IN A
HORMETIC SENSE?

One can be stressed daily via caloric restriction, intermittent
food ingestion, exercise, and other ways and, thereby, induce
hormetic mechanisms that prevent disease processes and en-
hance health outcomes [97]. It appears that to optimize health,
biological systems need to be routinely stressed, with the quan-
titative and temporal features of that stress response conform-
ing to the hormetic dose response. This question also may pose
the challenge of assessing whether agents can turn on down-
stream hormetic mechanisms while bypassing toxicity. In fact,
this would be a long-term research goal with very significant
biopharmaceutical and public health implications.

DOES HORMESIS OCCUR INDEPENDENT OF AGE?

Most research in rodent models concerning hormesis has
been performed with relatively young adults, but published
research with very young animals also has demonstrated the
occurrence of hormesis. There have been reports in which
hormetic responses were age dependent, occurring only after
adulthood was reached [98]. However, whereas it appears that
hormesis can occur in different age groups, this is not an area
that has been systematically assessed.

DOES HORMESIS OCCUR IN BOTH SEXES?

Considerable data demonstrate that hormetic effects occur
in both sexes [10]. The quantitative features of the dose re-
sponse also are similar between males and females, including
the maximum stimulatory response, width of the stimulation,
and relationship of the maximum stimulation to the toxic
threshold.

DOES HORMESIS OCCUR IN HEALTHY AND
DISEASED STATES?

This area has not been addressed in a detailed fashion. It
is not possible to offer any data-based generalizations regard-
ing this topic.

DOES HORMESIS OCCUR IN INDIVIDUALS FROM LEAST
TO MOST SUSCEPTIBLE?

This issue was addressed by Calabrese and Baldwin [98],
who reported that hormesis and its quantitative features oc-
curred largely independent of susceptibility to toxic agents.
The more susceptible subjects simply displayed their hormetic
dose responses downshifted to the left. In such cases, the sus-
ceptibility to the agent in question was not related to the hor-
mesis response. In some cases, the hormetic response was
absent in the susceptible subgroups, and this may have been
a factor in the observed increased susceptibility.

WHAT IS THE MECHANISM OF HORMESIS?

No single mechanism accounts for the general occurrence
of hormetic dose responses. This would not be expected, be-
cause hormesis likely occurs in most, if not all, plant, micro-
bial, and animal species; in essentially all tissues and organs;
across a broad spectrum of endpoints; and independent of
chemical and physical stressor agents. The constraining of
hormetic responses at a maximum of 30 to 60% greater than
controls, however, regardless of model, endpoint, and agent,
suggests a common and highly conserved strategy that remains
to be elucidated.

HAS HORMESIS EVER BEEN
MECHANISTICALLY EXPLAINED?

A large number of specific hormetic dose responses have
been explained mechanistically in some level of detail, often
to the level of receptor and, in some instances, to steps farther
downstream [4,85]. For the past 30 years, mechanistic expla-
nations have been offered for biphasic dose–response rela-
tionships [24]. The general biological strategy to achieve a
biphasic dose response has been to use two receptor subtypes
that bind to the same agonist, one leading to a stimulatory or
inhibitory pathway. In this case, the agonist would have dif-
ferential affinity for both receptor subtypes, along with dif-
ferential receptor capacity (i.e., number of receptors). In gen-
eral, the agonist may bind one receptor subtype with far greater
efficiency than it does the other receptor, thus activating its
pathway at low doses. If the receptor with less binding affinity
has greater capacity than the other receptor, however, then at
higher doses, it would become dominant and induce the in-
hibitory response. If this relationship were plotted, it would
appear as a hormetic-like biphasic dose response. This type
of scheme has been demonstrated repeatedly in various re-
ceptor families. It is believed to be very generalizable, and it
has been applied to numerous biological agents/systems, such
as prostaglandins [99], estrogens [100], androgens [101], ad-
renergics [102], adenosine [103], 5-hydroxytryptamine [104],
dopamine [105], opiates [106], amyloid �-peptide [107], pep-
tides [108], apoptosis [109], and cell migration/chemotaxia
[110].

IS A SINGLE MECHANISM REQUIRED FOR A BIPHASIC
DOSE RESPONSE TO BE CALLED HORMESIS?

No requirement exists for a single mechanism to account
for the hormetic biphasic dose–response relationship. In fact,
over the past several decades in the field of pharmacology,
biphasic dose responses typically have been explained by two
or more interacting mechanisms, as noted in the answer in the
previous section.
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Fig. 13. Incidence of bladder tumor adjusted for time in ED01 me-
gamouse study [1,121].

HOW MANY CHEMICALS HAVE HORMETIC
MECHANISMS DESCRIBED BASED ON DATA?

As noted above, numerous agents have had their hormetic
dose response assessed in detailed mechanism-oriented stud-
ies. Many of these findings have been identified and sum-
marized in reviews [2,3].

WHY DO MANY TOXICOLOGISTS BELIEVE NO
MECHANISTIC EXPLANATION FOR HORMESIS EXISTS?

Even though recognition of the hormetic dose response is
growing in the field of toxicology, it is commonly stated, even
among supporters of hormesis, that little mechanistic under-
standing regarding this phenomenon exists. In fact, a recent
book by Rodricks [111] makes precisely this point. Strong
evidence is available to dispute this conclusion. Rodricks is
far from alone in this belief, however, because toxicologically
based mechanistic explanations for the hormetic dose response
have been of limited value. On this point, Rodricks and others
would be correct. Toxicological mechanism research has not
been designed to account for dose-dependent changes in the
dose–response relationship. This has been a strong focus in
the pharmacological sciences, however, and therein are pro-
vided numerous examples of mechanistic explanations that
account for the occurrence of hormetic dose responses. In es-
sence, the field of toxicology has been far behind the field of
pharmacology when it comes to providing mechanisms that
account for hormetic biphasic dose–response relationships.

DO GENOTOXIC CARCINOGENS ACT HORMETICALLY?

This has long been a contentious issue. The U.S. govern-
ment attempted to answer the question regarding the nature of
the dose response in the low-dose zone for the model genotoxic
carcinogen, 2-acetylaminofluorene (2-AAF), in the largest-
ever rodent cancer bioassay during the late 1970s, in which
more than 24,000 animals were tested [112–114]. This was
such a highly significant event that the SOT created an in-
dependent group of 14 experts to separately analyze the find-
ings, with the SOT devoting nearly an entire issue of one of
its journals to this expert group’s assessment [91]. In this 1981
report, it was determined that 2-AAF induced cancer in the
bladder and liver at high doses, as was expected. In the case
of the bladder cancer, the results indicated a clear and signif-
icant J-shaped dose–response relationship (Fig. 13), a finding
that was emphasized by the authors of the SOT report.

The authors of the SOT report never mentioned the term
hormesis, but they were insistent that the risk of bladder cancer
was decreased in the below-threshold zone, the dose response
being clearly consistent with the hormetic dose response. The
findings of the J-shaped dose response occurred in each of the
six rooms housing the animals during the study, thereby pro-
viding a type of built-in experimental replication. With respect
to the liver cancer, the number of doses was insufficient to
resolve the nature of the dose response.

The 2-AAF study, now referred as the megamouse study
or the ED01 study, was resource intensive and may never be
undertaken again with rodents. In this one-of-a-kind study,
however, using a model carcinogen and involving enormous
previous planning to ensure adequate testing, the hormetic dose
response for the bladder cancer response was a definitive find-
ing. Despite the strong conclusion of the SOT expert panel, it
is interesting to note that several years later, when the SOT
distributed a slide set on toxicology for teachers, the shape of
the dose response for carcinogens was shown to be linear—a
conclusion that was clearly in conflict with the findings of its
own panel of 14 experts regarding the bladder cancer endpoint.

DO EPIGENETIC CARCINOGENS ACT HORMETICALLY?

This question has been investigated in considerable detail
by Japanese investigators using a variety of epigenetic car-
cinogens [115–119]. In general, these investigators reported
that when studied over a very broad dosage range, the re-
sponses at high dosages increase the occurrence of tumors and/
or liver foci formation, which is an excellent predictive marker
for liver tumor development. As the dosage was progressively
lowered, however, the opposite response occurred, and the risk
of developing either liver cancer or foci significantly dipped
below that of the control group (Fig. 14). These studies were
very strongly designed with respect to concerns about the num-
ber of doses, proper dose spacing, and statistical power. In
addition, considerable attention was directed toward assessing
the underlying mechanisms that could account for the en-
hanced cancer risk at high dosages and the reduced cancer
risks below threshold dosages in the hormetic dose–response
range. The quantitative features of the dose responses in the
series of papers published by the Japanese investigators gen-
erally were consistent with those reported within the hormesis
database [115,116,119,120]. In contrast to the lack of mention
by the SOT expert panel in 1981 [121] of the term hormesis
for the responses of 2-AAF in terms of bladder cancer inci-
dence, the Japanese investigators viewed their findings as be-
ing manifestations of hormetic dose response. Based on this
extensive set of experiments and publications, it can be rea-
sonably concluded that some epigenetic carcinogens act in a
hormetic fashion in rigorously designed rodent carcinogen bio-
assays.

DO TUMOR PROMOTERS ACT HORMETICALLY?

Some tumor promoters or their metabolites that act via the
inhibition of cell-to-cell communication have been reported to
enhance such activity at lower doses, showing the biphasic
dose–response features of hormesis [122–125]. These data sug-
gest that promoters may have the potential to reduce tumor
promotion at lower doses while enhancing the process of car-
cinogenesis at higher doses. For example, the benzene metab-
olite hydroquinone biphasically affected cell-to-cell commu-
nication in IARG1 cells [123]. Hormetic-like enhancement of
cell-to-cell communication also was reported for menedione
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Fig. 14. Effect of DDT on number of glutathione-S-transferase P-
positive foci in F344 rat livers in bioassays assessing different but
slightly overlapping doses of carcinogen. Note that as the dose de-
creases, the J-shaped dose–response curve becomes evident. Also,
note the difference in scale between the two graphs [1,119]. Asterisks
denote statistical significance.

Fig. 15. Gap junction intercellular communication (GJIC) levels in
BPNi cells exposed for 1 h [123].

Fig. 16. Effects of retinoic acid on dye transfer in IAR 203 cells [125].

and H2O2 (Fig. 15) [123] as well as for retinoic acid (Fig. 16)
[124].

WHY DID REGULATORY AGENCIES INITIALLY ASSUME
THAT CHEMICALS AND RADIATION ACT VIA A

THRESHOLD DOSE–RESPONSE MODEL?

The threshold dose response became established in the
1930s based on earlier supportive data [126,127] and following
development of the probit model constraining of responses to
approach control data in an asymptotic manner using the max-
imum likelihood estimate [42]. This model was then quickly
applied to numerous biological fields via numerous publica-
tions by Bliss [62,128–136]. The rapid acceptance of the
threshold model came at the expense of the Arndt-Schulz law
(i.e., hormesis) alternative. The threshold model had the au-
thority of the leading pharmacologists in Europe, as lead by
A.J. Clark, and the support of the leading biostatisticians, such
as R.A. Fisher. The hormesis model had been discredited by
Clark through his linking it with the high-dilutionist elements
of homeopathy. The path became clear in such circumstances
for the regulatory scientists in the United States to reject hor-

mesis and accept the threshold model, especially because most
of these decision makers were graduates of traditional medical
schools trained in pharmacology. Within a very short period
of time, the perspectives embraced by Clark and his colleagues
became institutionalized.

WHEN AND WHY DID REGULATORY AGENCIES
CONCLUDE THAT CARCINOGENS MAY ACT VIA A

LINEAR FASHION AT LOW DOSE?

Regulatory agencies concerned with the health effects of
radiation were influenced by the research of Muller during the
late 1920s and 1930s [137,138] that suggested radiation may
induce mutations in a linear fashion. This led to an erosion of
confidence in the threshold dose–response model that had been
used to assess radiation-induced injury. By the mid-1950s,
national and international radiation advisory committees de-
cided that radiation cancer risks should be seen as stochastic
events [139], leading to rejection of the threshold model for
cancer and adoption of a linear-at-low-dose model prediction
strategy for assessing cancer risks [140–142]. With respect to
chemical assessment, nothing definitive occurred until the U.S.
Congress passed the Safe Drinking Water Act in 1974, re-
quiring that the U.S. EPA authorize the National Academy of
Sciences (NAS) to create a Safe Drinking Water Committee
to advise on how to assess toxic substances in drinking water.
In 1977, the NAS published its long-awaited book Drinking
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Water and Health, which contained the recommendation to
accept linearity at low doses as the means of estimating risks
from carcinogens. The NAS committee did no original thinking
during this process but, rather, accepted the strategy of nearly
20 years earlier for assessing radiation-induced cancer risks.
The U.S. EPA quickly followed the recommendations of the
NAS and started down the path of applying linearity at low
doses to a large number of chemicals that had been shown to
be carcinogenic in animal models using the few-doses/high-
doses testing scheme. It is important to note that the discovery
of the adaptive response to chemical mutagens by Samson and
Cairns [95] was submitted to Nature in December 1976 and
accepted in March 1977. The book Drinking Water and Health
did not cite this paper; however, one could only imagine what
the course of cancer risk assessment might have been if the
NAS Safe Drinking Water Committee had been made aware
of these findings in time to affect its linear-at-low-dose rec-
ommendations, which were to be challenged by the adaptive
response model.

ARE STUDY DESIGNS USED BY REGULATORY
AGENCIES CAPABLE OF ASSESSING HORMESIS?

Study designs that do not include an adequate number of
doses below the toxicological no-observed-adverse-effect lev-
el are incapable of observing hormetic dose responses. No
reasonable likelihood exists, therefore, that current regulatory
requirements for hazard assessment will detect possible hor-
metic dose responses by design, but only by accident. In ad-
dition to study design, it is necessary to take into account the
background disease incidence of the control group. If the con-
trol group has a very low disease incidence for endpoints of
interest, then there will be little capacity to observe possible
hormetic effects. In general, biological models selected by
regulatory agencies have a low susceptibility to infectious dis-
eases as well as a low background incidence for the disease
of interest. The desire for the low background incidence of
chronic disease was a reasonable goal, because it would reduce
the sample sizes needed to demonstrate a treatment-related
significant response. It also, however, would make it impos-
sible to study hormetic dose–response relationships, as noted
above.

SHOULD HORMESIS BE THE DEFAULT MODEL IN
RISK ASSESSMENT?

The basis for how a default risk assessment model should
be selected needs careful consideration with broad scientific
discussion. Numerous issues need to be considered, including,
among others, the biological plausibility of the models; the
capacity of the models to be validated; the strategy for hazard
assessment, including study design and statistical power con-
siderations; the relationship of biological mechanism to bio-
statistical model selection; and the capacity to extrapolate
model findings to general population data. In the case of the
U.S. EPA, influential working groups [143] have indicated that
the purpose of a risk assessment is to provide estimates of
exposure that predict toxicologically based dose–response re-
lationships. Their process assesses the occurrence of toxic ef-
fects and their underlying modes of action. While acknowl-
edging that adaptive responses can occur, they state that the
adaptive response area is outside their focus. Therefore, the
U.S. EPA does not assess the entire dose–response continuum,
only that portion that starts at the point of demonstrable in-
creases in adverse effects.

The U.S. EPA position is remarkable in that it acknowl-
edges not only the possibility and, indeed, the likelihood of
adaptive responses but also its clear intention not to consider
such responses in their evaluation. Knowledge regarding the
shape of the dose response across the entire dose–response
continuum can have important public health implications. For
example, if a J-shaped dose response occurred in which risk
was reduced by approximately 50% below background cancer
incidence, the U.S. EPA would not consider whether and how
this could be used for society’s benefit. It simply would not
approach this, even in a theoretical sense.

The U.S. EPA also continues to use a default model for
carcinogens in risk assessment that cannot be validated. That
is, the low level of estimated risks (e.g., �1/1,000) simply
cannot be realistically assessed in an experimental framework.
The decision to use a practically unvalidated model by regu-
latory agencies is based on the prevailing public health pro-
tectionist philosophy that less is always better whenever ex-
posure to chemical and physical stressor agents/toxic substanc-
es are concerned. It should be pointed out that hormetic dose
responses can be readily tested, assessed for their accuracy,
and validated or rejected. Acceptance of linear-at-low-dose
modeling, however, has provided regulators with the option of
using hazard assessment protocols with very few high doses,
simply because it is very easy to model linear relationships
across two to four doses that are in the above-threshold re-
sponse domain.

An important aspect of default model selection is whether
this model offers accurate predictions in the low-dose zone.
To date, two major head-to-head comparisons of the threshold
and hormesis models have been conducted [46,144,145]. Not
only did the hormesis model far outperform the threshold mod-
el, but more importantly, the threshold dose–response model
performed extremely poorly. The tests were not designed for
hormesis to do well and its challenger to do poorly. It simply
appears that the threshold model does not describe biological
reality well for doses below the toxicological threshold, where-
as the hormesis model does a far better job. The question
therefore is not so much why the U.S. EPA does not accept
the hormesis model but, rather, why it stands behind models
that clearly perform poorly in predicting responses in the low-
dose exposure zone.

MODE OF ACTION VERSUS MECHANISM OF ACTION
FOR CARCINOGEN RISK ASSESSMENT AND HORMESIS

In 1996, the U.S. EPA established the requirement/goal for
having a mode of action to guide risk assessment model se-
lection [146]. The mode-of-action concept is far from a com-
plete or even substantial understanding of a mechanism of
action. For example, an agent may be positive in a genotoxic
study but also carcinogenic. The U.S. EPA can simply deter-
mine the mode of action to be via its mutagenic activities, yet
with little insight regarding its specific mechanism. The iden-
tification of mode of action was deemed to be an important
decision point, because it could affect whether a threshold or
a linear-at-low-dose model could be employed in the risk as-
sessment process. What the mode of action is determined to
be is critically important, because it classifies the agent into
a risk assessment process box of either threshold or linear.

In the case of hormesis, there often has been a demand to
know what the mechanism of action is before hormesis can
be accepted and used in the risk assessment process. It is ironic
that for hormesis, a demand exists for the mechanism of action
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to be known whereas the U.S. EPA only requires a mode of
action to justify its selection of either a threshold or a linear-
at-low-dose model. In the case of hormesis, numerous and
well-known modes of action exist. Would a mode of action
for hormesis be satisfied if it were receptor mediated? Would
it be necessary to identify the specific receptors that are ac-
tivated and inhibited? Would it be necessary to identify mech-
anisms farther downstream before the hormesis mode of action
would be satisfied? If the U.S. EPA can use mutagenicity as
a mode of action, then it would seem that a receptor-mediated
mode of action would be equally general. With respect to
hormesis, the quantitative features of the dose response are
the same regardless of the mode of action or even with a
theoretical mechanism of action. This suggests that the U.S.
EPA requirement of a mode of action for model selection for
hormesis has no theoretical foundation.

WHEN WAS THE HORMESIS CONCEPT FIRST USED IN
REGULATORY PROCESSES?

The findings that low levels of arsenic and lead not only
would not inhibit but would actually enhance plant growth was
presented in a major regulatory hearing in California (USA)
in 1912 during an evaluation of a major smelter facility [147].
The research was authorized by the state regulatory process
and was conducted at the University of California (Berkeley,
CA, USA) by a well-regarded researcher (i.e., Charles Lipman)
who was to become Dean at that institution [147–152].

ARE BACKGROUND EXPOSURES TO IONIZING
RADIATION ABOVE, WITHIN, OR BELOW THE

HORMETIC ZONE?

Luckey [153] frequently has stated that the environment in
which humans now reside is far below the hormesis zone for
ionizing radiation, because there has been substantial decay
of radionuclides over billions of years. In the case of other
agents, this has not been addressed. Luckey cited studies with
10 different organisms in which a reduction in ionizing ra-
diation below normal background level led to adverse effects
on various parameters, such as growth and viability. Whether
this also is the case with humans remains to be assessed.

WHY IS IT DIFFICULT TO PROVE HORMESIS?

The assessment of hormesis demands that toxicologists em-
ploy stronger study designs, along with greater statistical pow-
er, than they commonly have done. It also requires a more
careful set of preliminary studies to initially estimate the no-
observed-effect level/no-observed-adverse-effect level so that
doses can be spaced properly both above and below the es-
timated toxic threshold. Because the maximum response is
likely to be modest, careful consideration must be given to
sample size to employ adequate statistical power. This also
requires that the investigators have a very good understanding
of the background variation within the control group. De-
pending on the endpoints to be measured, it also may be critical
to incorporate repeat sampling or measurements over time.
This would provide the opportunity to identify initial toxicity
and possible compensatory responses. If hormetic effects are
observed, they will be of a modest magnitude and, usually,
will require adequate replication of the findings. The above
research scheme is not really difficult, but it requires more
resources and time to confidently define the nature of the dose
response in the low-dose zone.

IS ABSOLUTE PROOF OF HORMESIS POSSIBLE?

There does not appear to be a means to prove, in an absolute
sense, that hormesis has occurred in a specific case. Firm,
statistically based conclusions, however, can be drawn that
hormesis has occurred if the studies are well designed, with
adequate numbers of doses, proper dose spacing, and sufficient
statistical power and replication of findings. If the mechanism
for the low-dose stimulation is receptor mediated, then it may
be possible to further strengthen the case by the use of synthetic
agonists and antagonists to deconstruct and reconstruct the
dose response.

WHY IS THE MAXIMUM STIMULATION MODEST?

The reason that the maximum hormetic stimulation is con-
sistently modest in magnitude has never been an objective of
detailed evaluation. Within the past few years, however, the
suggestion has been raised as to whether the term ceiling effect
in pharmacology for the maximum response of a pharmaco-
logical dose response may represent the maximum stimulation
as seen in the hormesis database [41]. A careful consideration
of how the concept of ceiling effect has been used in phar-
macology suggested that these two diverse sets of observations
may be addressing the same concept—that is, the maximum
of the hormetic dose response.

Whereas the ceiling effect concept now is widely used, no
attempt has been made to assess why its magnitude is modest.
As noted above, the magnitude of the stimulation is similar
across cell types, agonists, and biological models, independent
of the proportion of receptors. It appears that the maximum
stimulatory response may reflect a response potential that is
constrained by the plasticity of the biological system, which
appears to be highly generalizable based on the thousands of
dose responses within the hormesis database.

DOES HORMESIS SUGGEST THAT BIOLOGICAL
SYSTEMS IMPROVE PERFORMANCE BY ONLY

30 TO 60%?

Ten years ago, an answer of yes would have seemed to be
an obviously incorrect response. Now, having viewed many
thousands of hormetic dose responses [10], the answer would
appear to be a very firm yes. The implications of these ob-
servations are profound, because they place limits on what
pharmaceutical companies expect to achieve at the maximum
response with a drug treatment. It also will inform the strategy
of biostatisticians designing studies, by knowing in advance
that a possible treatment effect will not exceed approximately
30 to 60% compared with the controls. From a more philo-
sophical and futurist perspective, it would seem to be possible
that the biological limitations of the ceiling effect might be
able to be engineered around, genetically altered, or biologi-
cally manipulated to achieve several- to many-fold increases
in performance rather than the low percentage increases built
into the hormetic perspective. It is not clear, however, what
this might mean biologically if such highly conserved limi-
tations were bypassed. This, therefore, is an important question
to be considered.

HOW DID THE DOSE–RESPONSE CONCEPT DEVELOP
WITHIN PHARMACOLOGY?

The concept of dose response in pharmacology had a num-
ber of independent formulations during the early decades of
the 20th century. The credit, however, goes to Clark [57] and
his efforts in the area of quantitative pharmacology to place
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the dose response on solid theoretical, biomathematical, and
population-based foundations. His textbooks, which were up-
dated and republished over a 40-year period, profoundly in-
fluenced two generations of pharmacologists and toxicologists
in the middle decades of the 20th century. Clark’s work clearly
established the primacy of the threshold dose–response model
and facilitated the incorporation of the probit model into bio-
assays in numerous biological disciplines. The textbooks of
Clark also severely criticized the concept of hormesis and the
work of Hugo Schulz, significantly affecting the impact of this
dose–response concept throughout the remainder of the 20th
century.

HOW DID THE HORMESIS CONCEPT DEVELOP
WITHIN PHARMACOLOGY?

Whereas the term hormesis has not been widely used in
the field of pharmacology, the area of biphasic dose responses
became recognized in the late 1970s based on a large number
of independent reports in the pharmacological literature. These
observations were assessed by Szabadi [24] and integrated into
a mechanistically based dose–response theory that involved
the activities of opposing receptor subtypes that differentially
bound to the same agonist. This theoretical framework was
repeatedly verified and expanded over the next three decades
[154–156]. The relationship of this mechanistically derived
model is that the quantitative features of the dose response are
similar to those seen within the hormesis database.

IS THE POSSIBILITY OF CHANGING BIOLOGICAL SET
POINTS AFFECTED BY THE CEILING EFFECT?

A biological set point in dose–response terms may be
thought of as the ceiling effect. Now, if this ceiling effect
could be considered as the new control group or new baseline,
could the ceiling or set point be raised again? If this were the
case, it would create a wide range of biomedical possibilities.
For example, if a drug could increase memory in patients with
Alzheimer’s disease by 30%, could this then be built on and
added to, thereby improving performance markedly rather than
marginally. Many other possibilities could be raised. Some
investigators have attempted to alter set points, especially with
respect to drug addiction [157]. In such cases, the set points
have been increased, but very modestly and still within the
constraints of the quantitative features of the hormetic dose
response. Thus, at present, it does not appear that changing
biological set points has been—or is likely to be—easily
achieved.

ARE ANY PHARMACEUTICAL AGENTS BASED
ON HORMESIS?

Numerous agents currently employed by the pharmaceutical
industry act via hormetic mechanisms, displaying hormetic
dose responses. In the historical development of these drugs,
however, none was said to have acted via a hormetic dose
response. It has been demonstrated that numerous antianxiety
drugs act via a hormetic-like biphasic dose–response relation-
ship, yet this has not been presented within a context of hor-
mesis until recently [41]. This also is the case for seizure drugs,
pain medication, and numerous other clinical pharmacological
applications. Drugs commonly act via a hormetic dose re-
sponse; however, the term has yet to be used in this area.

HOW DOES HORMESIS RELATE TO THE CONCEPT
OF TOLERANCE?

Tolerance represents an adaptation of biological systems
following prolonged exposures to agents of concern. In the
process of tolerance development, a dose that induced biolog-
ical effects at low doses eventually cannot induce that effect
under the same experimental conditions. A higher dose is re-
quired to induce the same effect in the tolerant subject. The
relationship of tolerance to hormesis has been extensively ex-
plored in the case of ethanol consumption in multiple mouse
strains. In this case, ethanol exposures have been reliably
shown to induce a low-dose stimulation of locomotion and a
higher-dose inhibition. As a general rule, however, a chronic
tolerance develops only to the higher-dose inhibitory effects
of ethanol, not to the low-dose stimulatory effects [158–161].
Consequently, at least as far as the effects of ethanol in multiple
mouse models are concerned, the hormetic response was in-
dependent of the development of tolerance. It remains to be
assessed, however, whether this specific relationship of hor-
mesis to tolerance can be extended to other models, endpoints,
and agents.

ENDOCRINE DISRUPTORS AND HORMESIS:
WHAT IS THE RELATIONSHIP?

Estrogenic endocrine-disrupting chemicals (i.e., xenoestro-
gens) often induce an inverted U-shaped dose response, based
on a low-dose stimulation. The inverted U-shaped dose re-
sponse of endocrine-disrupting agents displays the same quan-
titative features as do those described for hormetic dose re-
sponses. Because hormesis is defined as a dose–response phe-
nomenon characterized by a low-dose stimulation and a high-
dose inhibition, xenoestrogens inducing such biphasic dose
responses clearly would be considered examples of hormesis.
Calabrese and Baldwin [30] indicated that hormetic dose re-
sponses may occur as an overcompensation to a disruption in
homeostasis or as a direct stimulatory response. The quanti-
tative features of the overcompensation or direct stimulatory
pathways are indistinguishable. They also are difficult to dif-
ferentiate in a practical sense, because most toxicological ex-
periments do not conduct dose–time–response examinations,
the time component being critical for assessing the overcom-
pensation phenomenon. It also was emphasized that the def-
inition of hormesis should be decoupled from whether the
response would be considered beneficial, harmful, or unknown.
Thus, it is believed that xenoestrogens can be effectively eval-
uated within a hormetic context. This has been disputed by
Weltje et al. [162], who argue xenoestrogens most likely would
induce effects that would not be considered beneficial and that
do not seem to display overcompensation responses. It should
be noted that xenoestrogens could act in a potentially harmful
manner on one tissue while being beneficial within another.
For example, in the case of bisphenol A, the possibility exists
that it could increase prostate size at a low dose, a response
that might be considered nonbeneficial, but that it may enhance
neuroprotection [163] in a similar biphasic dose–response
manner, also via an estrogen receptor–related mechanism. The
key point is that hormetic-like biphasic dose responses pre-
dominate within numerous biological systems, with the quan-
titative features being remarkable similar and their biological
and biomedical interpretations often being challenging.

Numerous agents that display hormetic-like biphasic dose
responses that are not xenoestrogens can have a potentially
adverse effect as a result of the low-dose stimulation, thereby
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making the xenoestrogens not unique in this regard. For ex-
ample, some agents have been reported to increase anxiety at
low doses while decreasing anxiety at higher doses [164].
Calabrese [2] reported that a sizable proportion of antitumor
agents stimulate the proliferation of human tumor cells at low
doses while killing these cells as the dose increases. Some
agents that act biphasically on the immune system cause harm-
ful effects (e.g., lupus, tuberculin sensitivity, enhancement of
viral infectivity and autoantibody formation) in the low-dose
stimulatory zone [3]. Certain cardiac glycosides, such as oua-
bain, enhance the proliferation of smooth muscle cells com-
prising the prostate gland, with the possibility of obstructing
urine flow and of doing so in a manner consistent with the
hormetic dose response [165]. The statin drug family [166] is
known for its capacity to enhance capillary formation and,
thereby, possibly increase cancer risks in affected tissues.
These are examples that illustrate that endocrine disruptors are
not unique in their capacity to induce potentially harmful ef-
fects within the low-dose stimulatory domain of the hormetic-
like biphasic dose response. This is a commonly observed
consequence, each with unique mechanisms but all following
the some dose–response pattern, the same quantitative features
of the dose response, and all being constrained by the plasticity
limits imposed on their respective systems. By providing a
broadly encompassing intellectual framework for biphasic
dose–response evaluation, including those of endocrine dis-
ruption, it is expected that the hormetic dose response provides
an effective vehicle for concept integration and interdisciplin-
ary terminological consistency without restricting the appli-
cation of this information for use in the biomedical sciences
and in risk assessment practices.

WHY IS HORMESIS IMPORTANT TO TOXICOLOGY
AND TOXICOLOGISTS?

Hormesis is important to toxicology, because the central
pillar of this field is the dose–response relationship. Data over
the past decade have indicated that the field of toxicology made
a crucial error regarding its most fundamental and central fea-
ture—that is, the dose response. The field of toxicology made
the assumption that the threshold model was reliable because
thresholds were readily apparent. The threshold dose–response
model also predicted that responses to doses below the toxic
threshold would vary randomly on either side of the control
group’s value. Even though below-threshold doses define most
exposures, the threshold model response assumption was not
assessed formally until 2001. At that time, Calabrese and Bald-
win [145] first established that the threshold dose–response
model poorly predicted responses below the threshold whereas
the hormesis model did so with high efficiency, findings that
have since been refined and extended [46,144]. The failure to
adequately understand the nature of the dose response in the
low-dose zone by the toxicology and regulatory communities
has led to hazard assessment protocols and risk assessment
practices that are based on a faulty understanding of the dose–
response relationship in the critical low-dose range. The fact
that current default dose–response models have been shown
repeatedly to poorly predict responses in the low-dose zone
continues to be an error of considerable scientific, public
health, and economic significance.

Why did this happen? As recounted above, the issues are
complex and interwoven, but the answer may be distilled to
a few leading contenders: The long and hostile battle between
traditional medicine and homeopathy; the linkage of Schulz’s

findings to homeopathy; the need for traditional medicine to
defeat its opponent at all costs, even if the opponent’s data
are solid; the establishment of political, institutional, and fi-
nancial control over the development of the field, including
its funding and research directions, thereby further margin-
alizing its opposition; establishing statistical procedures that
deny the existence of the opposing theory and employ some
of the most prestigious and accomplished scientists in the pro-
cess; insidiously censoring scientific ideas and information
from subsequent generations of scientists in free and open
societies; and convincing the public that this scientific system
is acting in their best interests. On top of all this, the opposing
theory—namely, that of hormesis—also was very difficult to
prove, requiring far more resources and time, always appearing
to be a marginal response, and being easily confused with
background variation if not studied rigorously. In the end, it
was easy to suppress hormesis.

Toxicology has been a discipline that is supposed to inform
decision makers about the nature of the dose response across
the entire dose–response continuum. It did the easy stuff
well—that is, identifying and describing toxicity at high doses.
Once that easy problem was solved, toxicology struggled and
failed with the issue of our time—namely, the nature of the
dose response in the low-dose zone. The hormesis concept is
applying the proverbial smelling salts to the field of toxicology
and risk assessment. It appears that it may be getting a response
from the fallen giants, but at this stage, it is not certain that
the field of toxicology will be able to right itself, establish
more accurate toxicological bearings, and thereby, better serve
the interests of society.
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APPENDIX 2
Major hormetic dose–response observations

Most commonly observed dose–response relationship.
Distinctive quantitative features, making it a unique biphasic dose–

response relationship.
Most unique feature is the modest magnitude of the stimulatory re-

sponse, usually less than twice the control values.
The low-dose stimulation can occur via a direct stimulation or via

an overcompensation to a disruption of homeostasis.
Hormetic dose responses may be seen as an adaptive response that

ensures tissue repair in an efficient manner and protects against
damage from subsequent and more massive exposures.

Hormetic dose responses are highly generalizable, being indepen-
dent of biological model, end point measured, and chemical
class.

Numerous specific mechanisms have been reported to account for
hormetic dose responses.

APPENDIX 1
Hormetic principles

Low/modest stress induces pro-survival responses.
The quantitative features of the hormetic dose response are similar

across species and individuals and independent of differential
susceptibility and agent potency.

The magnitude of the stimulatory response is constrained by and
defines the plasticity of the biological system.

Hormetic responses occur at multiple levels of biological organiza-
tion, such as the cellular, organ, individual, and population lev-
els.

Downstream processes integrate responses from multiple indepen-
dent stressor agents/excitatory stimuli to yield an integrated dose
response (i.e., molecular vector) reflecting the hormetic dose re-
sponse.

Hormetic responses reflect both a general response to environmen-
tally induced stress/damage as well as some elements of chemi-
cal structure specificity for end point induction.
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APPENDIX 3
Implication of hormesis for toxicology/risk assessment and clinical

practices/pharmaceutical companies

Toxicology/risk assessment
Changes strategy for hazard assessment, altering animal model,

end point selection, and study design, including number of
doses, dose range, and number of subjects per dose.

Alters biostatistical modeling to predict estimates of response be-
low control background disease incidence.

Differentiates dose optima (i.e., benefits) for normal- and high-
risk segments of the population.

Creates evaluative framework to assess benefits or harm below
traditional toxicological threshold.

Creates new framework for quantitatively altering the magnitude
of uncertainty factors in the risk assessment process.

Clinical practices/pharmaceutical companies
Drug performance expectation will be constrained by the quanti-

tative features of the hormetic dose response.
Drugs that are designed to act at high doses may have hormetic

effects at low doses, with possible undesirable effects (e.g., tu-
mor cell proliferation).

Modification of biological set points will be constrained by the
quantitative features of the hormetic dose response.

Clinical trials need to recognize interindividual variation in the
hormetic dose response.

Clinical trials need to be designed to take into account the quan-
titative features of the hormetic dose response.

APPENDIX 4
Biomedical/clinical applications of immune-related hormetic effects

Agent Clinically favorable effect

Whole-body radiographs Reduce tumor metastasis
Radiographs Enhanced antibody titer
Tucaresol Human immunodeficiency virus treat-

ment
Numerous bryostatins Antileukemic agents
Opioids Tumor reductions
Cytokine modulation Acute respiratory disease
N-acetylcysteine Treatment of respiratory disease
Isoprinosine Treatment of respiratory disease
Cystamine Liver/kidney disease conditions
Osbeckia extract Liver disease conditions
Methimozole Graves’ disease
Fungicide Decreased fish disease
Estradiol Bacterial/viral disease reduction
Corticosteroid Bacterial/viral disease reduction
Indomethacin Bacterial/viral disease reduction
Antirheumatic drugs Bacterial/viral disease reduction
Alcohol Bacterial/viral disease reductionq
Coumarin Bacterial/viral disease reduction and

antitumor effects
Levemisol Bacterial/viral disease reduction
Chlorpromazine Bacterial/viral disease reduction
Opioids Bacterial/viral disease reduction
Allicin Tumor reduction
Retinoic acid Treating leukemia patients
Resveratrol Antitumor effects

Agent Clinically unfavorable effect
Procainamide Lupus
Antirheumatoid agents Tuberclin sensitivity
Cocaine Enhance viral infectivity
Hydrazine Autoantibody formation
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Abstract—This paper assesses how medicine adopted the threshold dose–response to evaluate health effects of drugs and chemicals
throughout the 20th century to the present. Homeopathy first adopted the biphasic dose–response, making it an explanatory principle.
Medicine used its influence to discredit the biphasic dose–response model to harm homeopathy and to promote its alternative, the
threshold dose–response. However, it failed to validate the capacity of its model to make accurate predictions in the low-dose zone.
Recent attempts to validate the threshold dose–response indicate that it poorly predicts responses below the threshold. The long
marginalized biphasic/hormetic dose–response model made accurate predictions in these validation studies. The failure to accept the
possibility of the hormetic-biphasic dose–response during toxicology’s dose–response concept formative period, while adopting the
threshold model, and later the linear no-threshold model for carcinogens, led toxicology to adopt a hazard assessment process that
involved testing only a few very high doses. This created the framework that toxicology was a discipline that only studied harmful
responses, ignoring the possibility of benefit at low doses by the induction of adaptive mechanisms. Toxicology needs to assess the entire
dose–response continuum, incorporating both harmful and beneficial effects into the risk assessment process. Environ. Toxicol. Chem.
2011;30:2658–2673. # 2011 SETAC
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INTRODUCTION

To claim that the scientific discipline of medicine got the
dose–response wrong and with this error damaged our health,
environment, and economy sounds wrong, irresponsible, and
unfair to such a dignified and life-serving profession. This
accusation seems right off the pages of an attention-grabbing
national tabloid one may often see while waiting in line to pay
for groceries, rather than an academic appraisal. The problem is
that the accusation has a compelling and detailed historical
record, a record that has taken more than two decades to unravel
and reconstruct. This story is a historical detective adventure,
initially set in northern Germany in the modestly sized aca-
demic city of Greifswald during the latter decades of the 19th
century, later transforming into an international affair, reaching
the highest levels of government in the United States and in
multiple European countries, with documentation of its con-
tinuing international presence in the control of legislation,
major governmental programs, university curricula, as well
as the lives of citizens and their health judgments [1–3].

Although many articles and book chapters have been written
on the history of toxicology and pharmacology, the perspective
offered here is unique. The present paper contends that the most
fundamental principle of toxicology and pharmacology, the
dose–response relationship, arose out of a dispute between
two intense professional rival organizations—traditional med-
icine and homeopathy. It will be shown that homeopathy was
the first of the two organizations to claim that what they
believed was the most fundamental nature of the dose–response:
asserting it to be the biphasic dose–response, later to be called
hormesis. Having lost the benefit of first discovery or procla-

mation, traditional medicine led a powerful, prolonged, and
unrelenting attack on this dose–response concept and its for-
mulator, Hugo Schulz (1853–1932), all in an effort to discredit
the model (which Schulz called a law) and their medical
opponent, homeopathy. In time, leaders within traditional med-
icine then proposed their dose–response alternative (the thresh-
old dose–response model) and used their influence to get it
established at all levels of scientific society, including govern-
ment regulatory agencies, academic institutions, the chemical
and pharmaceutical industries, and professional societies. As
will be seen, they were amazingly successful, but at a very high
cost, for in their quest for victory over homeopathy, they failed
to validate their dose–response model in the critical low-dose
zone, where most human exposures to drugs and chemicals
occur.

The claim

Modern medicine is the parent of pharmacology, which
begat toxicology, which then produced risk assessment and
risk communication, all products of the 20th century. The fields
of pharmacology and its then nascent offspring, toxicology,
adopted the threshold dose–response model in the 1930s, con-
vincing governmental regulatory agencies to incorporate it into
all subsequent regulations for chemicals and drugs. The leaders
of these disciplines, both in and out of government, never
attempted to validate this model for accurate predictions, where
people live, that is, in the low-dose zone, below the toxico-
logical threshold, nor were they asked to do so by generations of
legislative leaders and their scientific advisors. At the core of
this issue is the denial by these medically dominated fields of the
very existence of an alternative dose–response model, called
hormesis, from a rival medical concept/organization called
homeopathy.

The hormesis concept has long been marginalized in multi-
ple reinforcing ways by the scientific and medical communities.
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This may be inferred by its long exclusion from the leading
textbooks of medicine, pharmacology, and toxicology and, as a
consequence, its lack of presence in academic curricula and the
classroom. Professional societies have likewise denied horm-
esis a presence at their annual and regional meetings, thereby
preventing professional attendees from getting the opportunity
to learn about this concept and to observe research presentations
on the topic. Of further significance is that the hormesis concept
has long been excluded from governmental grant funding
processes, a tactic that would ensure an untenured professor
academic failure if he or she pursued a possible hormetic area of
research interest. The hormesis concept also has been excluded
from affecting the development of environmental and medically
related legislation, which develop broad-reaching policies,
direct the flow of money and resources, and influence a vast
array of human behaviors. In effect, modern medicine and its
pharmacological and toxicological offspring incorporated an
unproven and nonvalidated dose–response model, called the
threshold dose–response, into its profession, made it their gold
standard (default) model, while purposefully and severely
marginalizing its opponent’s model (hormesis), letting it func-
tion as a historical artifact of a discredited medical practice and
thus giving the hormesis concept the equivalent of a profes-
sional death sentence.

These medically related fields passed on the threshold dose–
response model and its hazard assessment testing and risk
assessment schemes to ever newer generations of pharmacol-
ogists, toxicologists, risk assessors, and risk communicators.
These scientists, physicians, and social scientists knew little of
their history and even less of the dose–response machinations
by their medical grandparents. They too were unaware that they
had been professionally misled and manipulated with the firm
expectation that they would do the same to their students as was
done to them. This concept orchestration and data censoring by
traditional medicine and its disciplinary descendants would
occur, and continue to occur, in ostensibly free societies, where
people, including the scientific community, were led to believe
that they were in control of what to accept or not. They were,
however, unaware that political, economic, and pervasive insti-
tutional (medicine, academic, governmental regulatory agen-
cies) forces converged to suppress the hormesis concept while
promoting an alternative or rival model, the threshold dose–
response. Now let us examine what this claim is based on.

The medical rivalry—its unintended consequences

It is now the second decade of the 21st century. While the
mid-19th century seems quite distant from today, history has a
long reach. Consider race relations in the United States. The
United States is still feeling the effects of a Constitution in
which Blacks were considered three-fifths of a person for census
information and Congressional representation. The U.S. Civil
War from 1861 to 1865 was a national trauma beyond com-
prehension. Even a century later, the country was still trying to
figure out how to ensure that African Americans would have
equal access to education, jobs, health care, housing, restau-
rants, and other social and professional venues. History is
important; it has deep and entangling roots that often impact
the present and future in ways that may not be obvious, but
nonetheless are real, powerful, and controlling.

Pharmacology and toxicology had their roots in what we
now call traditional medicine. Traditional medicine emerged
from what is generally referred to as the era of heroic medicine,
when physicians of the 18th and 19th centuries often treated
patients rather harshly with blood drawings, bloodsucking

leaches, and highly toxic agents such as arsenic and mercury,
while often conning patients into purchasing and ingesting
elixirs that could have caused harm. As many may know, the
death of George Washington in 1799 was probably accelerated
by repeated and extensive blood drawings to cure him of what
is now thought to have been a bacterial infection (www.
eyewitnesstohistory.com/washington.htm). Furthermore, the
only daughter of John Adams, the second president of the
fledging United States, underwent surgery for breast cancer
without an anesthetic (www.shsu.edu/�pin_www/T@S/2002/
NabbyAdamsEssay.html). It was pretty clear that in the days of
heroic medicine, one was fortunate to endure and survive a host
of what could only be called barbaric treatments. This statement
does not even consider the effects on family members who
watched and had to deal with suffering directly related to such
heroic medicine practices. Thoughtful physicians of the day
often recognized that they were far from being healers but often
were the equivalent of an unwilling but necessary torturer. One
of these conscience-riddled physicians of the late 18th century
who just could not ‘‘take it anymore’’ was Samuel Hahnemann
(1755–1843), a very bright German, who sought and created an
alternative to the practice of torturous heroic medicine [4–6].

Hahnemann challenged the establishment by creating the
medical practice of homeopathy, an action somewhat akin to the
earlier machinations of Martin Luther when he posted his
Ninety-Five Theses in 1517, which eventually led to the
creation of the first Protestant church. Let us put it this way:
Martin Luther’s challenge did not go over well with the Pope
and his bishops; the actions of Hahnemann created a similar set
of enemies, only his were in medicine, not theology. In both
cases, the stakes were high. On the plane of idealism, Hahne-
mann’s fight was about life and death in this world, whereas in
the case of the church, it was about death and life in the next. In
the world of pragmatism, this intense competition was also
about power, politics, influence, money and, of course, control.
In addition, Hahnemann was not easy to like. Brilliant though he
probably was, he offered an equal dose of bitter and arrogant
invective that simply fueled the conflict, creating a long line of
personal enemies just awaiting their time for payback. Few
attempts were made at compromise. Whether homeopathy
cured patients really was not the issue, at least at the time of
Hahnemann, and in fact, has nothing to do with the premise
of the present paper. The scheme worked out by Hahnemann of
using extremely dilute doses of plant-derived extracts as home-
opathic drugs was at least not very likely to injure his patients.
In this dimension, homeopathy was probably superior to heroic
medicine. It did not torture its patients or speed them along to an
early grave, and it may even have provided a healing boost if
only via a placebo effect. Indeed, homeopathy was winning the
hearts and minds of many adults in Europe and the United
States, and, of course, gaining an ever-greater market share
[5,7].

The battle between homeopathy and traditional medicine has
been longstanding [5,7], the stuff of bitter internecine hostil-
ities, much like warring political parties, opposing churches, or
even the heated family feud, in which ghastly homicides can
occur. The battles could be intense. It was about which pro-
fession was going to win in this most important aspect of life. As
with the U.S. civil war, the traditional medicine–homeopathy
conflict also has had a long reach that is as intriguing as it is
important. It will now be shown how its outcome has pro-
foundly affected the development of toxicology and pharma-
cology, the testing and safety of drugs and chemicals, the risk
assessment process, the risk communication message, as well as
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the entire range of environmental health exposure standards
for all environmental (e.g., air, water, food, soil, consumer
products) media.

Schulz’s mistake: Biphasic dose–response to homeopathy

In February 1884, the physician and pharmacologist Hugo
Schulz first presented evidence of the biphasic dose–response
(to be called hormesis in 1943 by Southam and Ehrlich [8]),
based on experiments assessing the effects of disinfectants on
yeast metabolism, at a meeting of the Greifswald Medical
Association (http://www.Medizin.uni-greifswald.de/medverein/
Geschichte.htm) and subsequently published his findings
[9,10]. The low-dose stimulatory response was a surprising
observation of which Schulz was initially skeptical. However,
repeated successful replication experiments led him to be
confident that the observed biphasic dose–response was highly
reproducible and extended to a wide range of chemical dis-
infectants ([11]; translation of the Schulz, 1923 autobiography,
[12]).

Schulz used these findings to explain a striking series of
clinical observations by Bloedau in 1884 ([13]; cited in Schulz
[14]), in which a homeopathic preparation (veratrine) was used
to successfully treat gastroenteritis. Schulz was so intrigued
with these clinical findings that he tested whether such a
preparation would directly kill the recently isolated causal
bacterium of this disease. However, his experiments indicated
that the veratrine was unable to do so, regardless of the dose
applied [14]. Although these experimental findings could have
led Schulz to conclude that the homeopathic preparation was
not an effective treatment of gastroenteritis, they did not. In fact,
Schulz hypothesized that the homeopathic treatment was effec-
tive but that its mechanism was not directly bactericidal but via
the induction of an adaptive response in the patient to resist the
infection. After conversations with his colleague Rudolph
Arndt, Schulz linked this adaptation hypothesis with his bipha-
sic dose–response observations in the yeast. He then proposed
that the low-dose stimulation represented an adaptive process
and that this was how low but measurable doses (i.e., not an
ultra low, extremely high dilution dose below Avogadro’s
number) of homeopathic preparations worked. At this point,
Schulz came to believe that he had discovered the explanatory
principle of homeopathy, later naming it the Arndt-Schulz Law.

Schulz’s gift to homeopathy directly led it to become the first
of the medical professions to stake a claim on the nature of the
dose–response, especially in the low-dose zone. When seen
through the lens of history, homeopathy scooped traditional
medicine on the key issue of the dose–response and its potential
for drug development and patient treatment.

The scooping of traditional medicine on the nature of the
dose–response was no small accomplishment for the underdog
homeopathy, beating it to the punch on the critical pillar of their
profession. Whether anyone at the time truly appreciated the
significance of this achievement is not clear. However, the fact
that Schulz quickly became an object of vicious criticism and
professional ridicule by his medical colleagues suggests that the
leaders of the traditional medicine movement understood only
too well what was at stake [12]. In his autobiography, Schulz
[11] recounted in a striking way how he incurred professional
ostracism by his traditional medical colleagues, indicating how
he was viewed with suspicion because of his research on
homeopathy. He also became the object of a derisive writing
campaign that referred to him as the Greifswald Homeopath.
These changes in professional relationships occurred soon after
his 1885 publication [14] that proposed a low-dose adaptive

response mechanism for the homeopathic preparation veratrine,
in effect excluding him from their group. So polarized was the
relationship between traditional medicine and homeopathy
that Schulz remained an outsider and the object of continuing
criticism and judgmental actions for his entire nearly 50-year
academic career. In fact, on the occasion of Schulz’s retirement,
Martius-Rostock [15] reflected on his long and conflicted
career, lamenting ‘‘What law did Hugo Schulz break that makes
him deserving of the boycott exercised by his scientific peers?’’
He additionally criticized those who distorted Schulz’s image
‘‘through incomprehensible, idle talk.’’ Schulz’s biphasic dose–
response and its meaning would soon be challenged and deni-
grated on multiple levels, and he and his supportive colleagues,
such as the eminent August Beir (the father of spinal anesthesia)
(1861–1949) [16], along with it.

The dose–response ‘‘take back’’ by the medical profession
was led by Alfred J. Clark (1885–1941), a professor of phar-
macology at the University of Edinburgh, who occupied the
most coveted academic position in pharmacology in Europe.
Clark had worked his way up through the ranks, with professor-
ships in South Africa (1918–1920), London (1920–1926), and
Edinburgh (1926–1941). Along the way, he established himself
as an expert in quantitative pharmacology. He was able to
combine excellent mathematical skills with his training in
medicine and pharmacology and was clearly smarter and more
focused than even a normally gifted contemporary physician
and pharmacological researcher. His unique combination of
skills and drive gave him a clear edge on his peers and enemies.
Clark also was a meticulous researcher with a flair for writing.
He applied his prodigious skills to the shaping of the field. By
virtue of his highly successful textbooks [17–20], he taught
pharmacologists and toxicologists for approximately a half
century, well after his untimely death in 1941 [21,22]. In the
foreword to the book Towards Understanding Receptors,
Robinson [23] referred to the 1937 text by Clark as the ‘‘now
classic monograph on General Pharmacology, a book that had
great influence on a number of individuals.’’ Clark not only used
these textbooks to teach pharmacology and toxicology, but also
as a vehicle to emasculate homeopathy, Hahnemann, Schulz,
and his Arndt-Schulz Law, that is, the hormesis concept
(Appendix 1).

The new medicine man: The threshold model

The threshold dose–response model became medicine’s
alternative to the biphasic dose–response of homeopathy and
Schulz. This model would become the driver for therapeutic
medicine for the rest of the century and beyond. How Clark
achieved his historical milestone of dose–response control is
now described. Clark was a first-rate scholar. His textbooks
were thorough, detailed, and second to none, at least for his era
and the next generation. This was no small accomplishment,
and he had the admiration of many. He never left a scientific
stone unturned, so to speak. This high level of detailed pro-
fessionalism brought him to the leadership of his field, along
with a likeable, highly principled personality. It also made him
the ideal scientific candidate to attack and discredit homeopathy
and Schulz. Thus, the fact that Clark failed to present, discuss,
and at least try to refute the substantial body of research that
supported Schulz’s dose–response model, especially when
it had been broadly reported, in excellent journals and by
scientists of high visibility and accomplishment [24], is highly
surprising. Not that Clark did not have a sense for the scientific
literature or how to obtain and analyze it—his textbooks and
other writings amply illustrate that he was among the best when
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it came to digging out information from even the most obscure
sources and integrating apparently disparate information into
plausible biomedical theory.

Evidence to support this conclusion may be seen in Clark’s
selective use of references to refute Schulz. For example, his
influential text entitled The Mode of Action of Drugs on Cells
[18], citing Dannenberg [25], argued that Schulz’s low-dose
stimulatory responses in yeast were attributable to background
variation/experimental error, not real treatment effects. Based
on these findings and interpretations, Clark then dismissed both
the plausibility and the biological significance of the Arndt-
Schulz Law. What Clark [18] did not mention was much more
significant. First, he failed to show that the doses used in the
Dannenberg [25] study were far below those known to cause
stimulatory responses in the earlier yeast studies; the highest
doses were some 10-fold to 20-fold below the lowest doses
associated with such stimulation. Also not mentioned was that
the Dannenberg [25] study assessed responses at only a single
time point, thereby eliminating the possibility of observing
an overcompensation stimulatory response. Clark [18] also
neglected to cite studies that supported the Schulz findings,
including a recent detailed investigation by Branham [26],
which was published in the highly visible Journal of Bacteri-
ology. This study was specifically designed to replicate and
extend the research of Schulz on the effects of chemical
disinfectants on yeast metabolism. Branham [26] tested a
similar broad spectrum of agents as used by Schulz (not simply
three as reported by Dannenberg [25]), incorporated a detailed
dose time component, and assessed responses over a very
broad dose range that included doses both above and below
the toxicity threshold. Her findings strikingly supported the
observations of Schulz, clearly documenting the low-dose
stimulation and high-dose inhibition, while revealing that the
stimulatory responses resulted from an overcompensation to
an initial disruption in homeostasis (that is, toxicity). A dose-
dependent toxicity occurred at the first time point, followed by
the overcompensation stimulatory effect. The stimulatory
effects were also 40 to 80% greater than the control group
response. The study of Dannenberg [25], which Clark [18] so
highly relied on, was therefore clearly not designed to fairly test
the Schulz hypothesis, whereas the Branham [26] study was.

My colleague Linda Baldwin and I further documented this
type of scientific misrepresentation in five publications, detail-
ing the historical foundations of hormesis in the biological and
biomedical literature, occupying an entire issue of the journal
Human and Experimental Toxicology [27–31]. Although con-
siderable support was shown for the hormesis concept in the
early decades of the 20th century in chemical toxicology,
pharmacology, and radiation biology, these findings were
also neglected by Clark. The hormetic-biphasic findings were
broadly generalizable, often substantial research contributions,
and readily obtainable, even without electronic databases. The
failure of Clark to recognize and address these studies support-
ing the hormesis/biphasic dose–response perspective was very
damaging to Schulz, adversely affecting the acceptance and
utility of his body of work, including his dose–response con-
cept, the Arndt-Schulz Law, as well as the development
of pharmacology, toxicology, environmental health, and risk
assessment.

As a result, many academicians and researchers in the fields
of pharmacology and toxicology succumbed to an appeal to
authority. For if Clark could not find support for the biphasic
dose–response—he of such high regard, the leading professor
of pharmacology among a bevy of other outstanding professors,

an influential governmental advisor, the masterful researcher
and textbook writer, a person with a reputation for being
objective, fair-minded, comprehensive, and totally professio-
nal—then the support for Schulz’s model could not have been
convincing. In effect, the fields of pharmacology and toxicology
allowed Clark to do their thinking on this critical issue.

Clark was a man of great accomplishment and continues to
be held in high regard. The University of Edinburgh has a
distinguished chair in his name, and graduate fellowships in his
honor are awarded by the British Pharmacological Society.
These recognitions and honors are not given out lightly or
often; they are earned. Nonetheless, despite these honors, Clark
failed the scientific community on the most critical and far-
reaching concept, the nature of the dose–response.

The threshold dose–response: Historical foundations

The threshold model was not unreasonable; it seemed con-
sistent with much published data and was a concept that
resonated with personal experience and common sense. In fact,
this may have been why Schulz initially doubted his biphasic
dose–response observations when first they appeared in his
experiments with yeast. The threshold dose–response concept
is believed to have been originally put forward by the legendary
French biologist Claude Bernard (1813–1878) [32] within the
context of the excretion of glucose. Others extended this con-
cept to the excretion of additional pharmacological/physiolog-
ical agents such as chloride, urea, and other metabolic products
[33–38]. The threshold perspective was then placed within a
more general context by Cushny (1866–1926) [39], who devel-
oped a simple formula-based model to describe the threshold
response. Clark [40] also had some experience in the study of
dose–responses, observing a biological threshold for acetylcho-
line that required approximately 20,000 molecules acting via
receptors to produce an initial effect on a heart cell (e.g.,
isotonic contraction). Clark had been a professor working in
Cushny’s department and twice replaced him as Department
Chair (at the University of London, 1920, and then at Edinburgh,
after Cushny’s death in 1926) [41,42]. Such research on the
threshold concept was further extended in the laboratory of the
Nobel Prize winner and British pharmacologist Charles Scott
Sherrington, by Russell Aitken and his advisor J.G. Priestley
[33]. Although the research of Aitken [33], Cushny [39], and
others was in the pharmacological domain, support was also
offered in the toxicological [43–45], radiation/occupational
health [46–48], and immunological [49] areas for the general-
izing of the threshold dose–response concept. Thresholds were
also widely observed in numerous other scientific domains,
ranging from the behavioral to the physical sciences, supporting
a broad and integrative general scientific concept [50]. No
need was felt to consider the Schulz alternative dose–response
concept.

The anatomy of a scientific takeover

Just how did the threshold dose–response concept get estab-
lished?

Step 1: Challenge the alternative model

Clark’s various publications on the quantitative features of
pharmacology and toxicology had both a devastating and last-
ing impact on Schulz and the hormetic dose–response. So too
did his attempts to reach the broader biomedical community, in
highly respected journals, such as the British Medical Journal
[51]. In this journal and in other writings, he lumped homeo-
pathy with numerous garden-variety versions of medical witch-
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craft. In this process, he was broadly successful in creating a
repeated focus on homeopathy, that is, his real target, emphasiz-
ing its high dilution aspects, calling it quackery and then
associating Schulz and his work with it. Clark’s mistake was
that Schulz did not adhere to the high dilution school of
homeopathy [12,52], the only segment of homeopathy that
Clark addressed. The written contemporary record was clear
that Schulz did not support high-dilution homeopathy in theory
or practice. High-dilution homeopathy refers to homeopathic
practices in which the dose of a therapeutic agent is diluted to
such an extent that there are likely no molecules of agent in the
medical treatment. The fact that Schulz offered an explanatory
principle for homeopathy based on his biphasic adaptive dose–
response while rejecting homeopathy’s high dilution features
made him both a leader and controversial figure in the homeo-
pathy domain. These points were clearly documented while he
was alive and broadly expressed in his obituaries in the homeo-
pathic and traditional medicine literature. For example, Paul
Wels, an eminent radiation biologist (Schulz died on July 13,
1932) presented a remembrance lecture on Schulz at a meeting
of the GreifswaldMedical Society on November 5, 1932. In this
presentation, entitled ‘‘The Life Time Work of Hugo Schulz’’,
which was published in 1933 [53] in a leading pharmacology
journal, Wels stated that ‘‘Schulz gave the dosage question
its entitled place while homeopathy made it laughable.’’ By
unfairly linking Schulz to high-dilution homeopathy, Clark
sought to undercut his credibility so he would not be taken
seriously by the scientific community.

So strong was the leadership of Clark in the domain of
preserving the integrity of traditional medicine via his attacks
on its opponents like homeopathy and Schulz that this very
point was emphasized in eulogies after his own death and were
summarized by his physician–psychiatrist son, David Clark
(1920–2009), in an insightful biography. That is, he was
remembered positively by even Nobel Prize recipients (e.g.,
Sir Henry Dale, 1936 recipient of the Nobel Prize for biology
and medicine) for his key role in the rapid downturn of
homeopathy and other forms of quackery [41].

Step 2: Propose your model, get it accepted

The period of concept consolidation involved extensive
support for the threshold model in the numerous publications
by Clark and his contemporaries. This served as a basis to
establish the necessary peer-review–based credibility for the
threshold model. Given his mathematical background, Clark
recognized the value of integrating his dose–response concept
within a biostatistical framework using the newly developed
probit dose–response model of two of his colleagues in the early
to mid-1930s [54,55]. This mathematical model was derived
independently by John Henry Gaddum (1900–1965), another
extremely gifted quantitative pharmacologist, and Chester Bliss
(1899–1979), an itinerant, yet highly productive, biostatistician
who was befriended by Clark at a critical time in his career. As
we shall see, Bliss repaid Clark many times over for his
professional and personal support. The probit dose–response
model then received a major endorsement and a key provision,
both provided by the world-renowned and later to be knighted
Ronald A. Fisher (1890–1962). Fisher added a procedure to the
model called the maximum likelihood estimate as an appendix
to the key 1935 paper of Bliss [54]. The monotonic features of
the probit model were employed to constrain predicted
responses to asymptotically approach the control value at
low doses while never being permitted to transition below
the control as would occur in the hormetic-biphasic dose–

response model of Schulz. The significance of such a biostat-
istical manipulation was that it denied the existence of the
hormetic dose–response. Dips in the response below the control
surely did occur. However, this was assumed to be only
attributable to response variability. It was not real in the sense
that the findings were reproducible; thus, the best estimate could
never be below the control group. The hormesis idea was not
only marginalized; it was not considered to have biological
credibility. This was the unmistakable take-home message from
the intellectual biomedical leadership of that critical concept-
defining era.

Step 3: Make your model the standard procedure

This intellectual fusion of the best, brightest, and the most
influential biomedical leaders of the day successfully consoli-
dated the threshold dose–response concept into the mainstream
of pharmacology and toxicology. Because Clark was also part
of the broader elite that created the British Pharmacological
Society in 1929, this provided him with ready access to and
acceptance by essentially all professors of pharmacology within
the entire UK system and their extended pharmacological
families in other countries, including the United States, and
their journal publication vehicles. This was especially true for
the United States, because most serious graduate students
viewed a European graduate education experience during this
period as a key to obtaining an excellent education, establishing
a broad network of professional contacts, and a subsequent
position at a leading U.S. academic institution [56]. This was
commonly the case for many disciplines, including chemistry,
microbiology, botany, and, of course, pharmacology.

The highly positive view of British pharmacological aca-
demic elites made acceptance of the Clark perspective on the
dose–response even more efficient internationally. Clark’s goal
of establishing his model yielded rapid success. He had the
concept, the textbooks, and the network with its coordinated
activities and influence, with no competition or credible oppo-
sition.

Success with his pharmacological colleagues, as important
as that was, however, was not enough. Numerous other bio-
logical subdisciplines had to be educated on the nature of the
dose–response, so that medicine could assert dominance of its
model in all of biology and the biomedical sciences. This next
phase of concept integration was under the per-view of Clark’s
colleague, Chester Bliss, who wrote a series of publications for
the most prominent journals of biological disciplines concerned
with dose–response relationships, such as microbiology, ento-
mology, food science, radiation biology, and others [57–62].
These publications, which describe the nature of the dose–
response at low dose as well as how to quantitatively assess,
interpret, and apply such findings, further ensured the broad
acceptance of Clark’s perspective. In effect, Bliss sent different
versions of the same conceptual paper to many biological
subdisciplines, but tailored to the readership of each area. In
his writings, Bliss established the term threshold dose, defined
it, provided various means to estimate it, and integrated it into
the mass-action formula used by Clark [18,57], leaving no room
for confusion, debate, or compromise. Bliss was absolutely
tireless in getting the dose–response message out, ensuring that
it influenced the educational process of most students being
professionally trained in the biological sciences, later to become
the leaders of academia and governmental agencies. Bliss was
inspired to continue this educational process during the years
before and after the death of Clark. Although Bliss has never
been seen as a major player in the course of mid-20th century
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science, he nonetheless may well have had the greatest impact
for enhancing the implementation of Clark’s dose–response
perspectives (at the expense of hormesis) into graduate training
during the last half of the 20th century. Without Chester Bliss,
the potency slope for the acceptance of Clark’s dose–response
concept would have been much flatter.

Lasting legacy

The biostatistical constraining of the dose–response to
approach the control value only asymptotically became a major
factor in the regulation of exposures to carcinogens. In the early
1940s, the U.S. National Cancer Institute showed how this
would be implemented for a chemical carcinogen. In a study
in which the data demonstrated support for an hormetic dose–
response relationship for a carcinogenic polycyclic aromatic
hydrocarbon, the investigators determined that this agent could
not possibly display a risk of disease below that of the control
group [63]. They then followed the constraining monotonicity
of the probit model, eliminating the possibility of a hormetic
dose–response. This constraining concept was later to become
policy in the Food and Drug Administration (FDA) and the U.S.
Environmental Protection Agency (U.S. EPA) for carcinogen
risk assessment and remains so today.

In the early 1950s, one of the famous and most endearing
forefathers of U.S. regulatory toxicology, the late Arnold
Lehmann (1900–1979), created the framework for the use of
safety factors, also called uncertainty factors. This safety factor
procedure was easily understood, implemented, and copied by
all regulatory agencies in the United States and worldwide.

What Lehmann accomplished was significant. He gave the
regulatory world the safety factor. It was based on the assump-
tion of a threshold dose–response model, compliments of A.J.
Clark, on whose textbooks Lehmann had been reared academ-
ically. In retrospect, Lehman and his colleagues, following the
example of Clark, failed to validate the threshold dose–response
model at this most critical juncture of regulatory science
history, thereby contributing to toxicology’s failure of due
diligence.

Linearity wins a seat at the risk assessment table

As much as the threshold model dominated the second half
of the 20th century, it had its detractors in the biomedical
community. These detractors were not those considered on the
fringe, the so-called quacks from the long since defeated and
marginalized homeopathy community. They were a fledgling
group of brilliant geneticists focused on mutations, led by an
insightful, but sometimes hard to fathom, academic and later
Nobel Prize winner by the name of Hermann Muller (1890–
1967). After training with the future Nobel Prize winner Tho-
mas Hunt Morgan (1866–1945) at Columbia University in the
1910s, life took on added intensity for Muller in the mid-late
1920s in his quest to establish that ionizing radiation could
cause mutations. Through a series of intriguing experiments at
the University of Texas at Austin, Muller uncovered one of the
geneticists’ holy grails: X-rays could cause mutations in the
gonads of male fruit flies [64]. The surprising aspect of Muller’s
publication was that it contained no data. In fact, the publication
was an oddity, amounting to a detailed discussion of unreported
data. The article in Science aroused debate and confusion,
leading former advisor Thomas Hunt Morgan to proclaim,
‘‘Now he’s done it. He’s hung himself’’ [65]. Lacking methods
and data made Muller’s Science paper suspect. The suspense
ended whenMuller presented the actual data behind the paper at
the Fifth International Genetics Conference in Berlin later that

year and subsequently published in the conference proceedings
[66]. It took 19 years for Muller’s dream of a Nobel Prize to
come true. However, by 1946 the world was frightened by the
bomb, its unique capacity for massive devastation, and its
potential to cause all sorts of genetic diseases in future gen-
erations. Thus, on December 12, 1946 Muller ([67]; http://www.
nobelprize.org/nobel_prizes/medicine/laureates/1946/muller-
lecture.html) was awarded the Nobel Prize and in his acceptance
speech gave further credibility to the field of genetics, while
rallying his geneticist colleagues to the belief that only they
could save the world from the harmful effects of ionizing
radiation [68].

The National Academy of Sciences

The leaders of the genetics community feared that radio-
active fallout from atmospheric atomic bomb testing had the
potential to threaten the health of future generations of humans,
in the United States and elsewhere, by causing mutations in
reproductive cells. Working through various national and inter-
national committees, they tried to convince the more medically
trained committee members that there was no safe dose of
ionizing radiation. They argued that radiation would act in a
linear fashion and that the risks were inescapable no matter how
low the exposure. The geneticists were united in arguing that
radiation-induced birth defects would increase significantly
because of the atmospheric testing of atomic bombs. While
they were on the losing side of a number of key national and
international advisory committee recommendations, they won
the big one [68]. That is, things changed in 1956 during the
deliberations of the BEAR I (Biological Effects of Atomic
Radiation) committee of the U.S. National Academy of Scien-
ces. With the committee finally selected in their favor, the
geneticists pushed their agenda through with a recommendation
that a linearity at low dose assumption be adopted for estimating
reproductive risks in humans from exposure to ionizing radi-
ation. Their argument was not based on data that could
adequately address this question, far from it, but rather on an
unproven dose–response hypothesis set within a context of
societal fear and perceived global responsibility. This unified
group of geneticists believed that only they had the necessary
insights into the mutational effects of radiation; it was their
solemn responsibility to protect future generations. They there-
fore pushed this agenda forward based on a protectionist
philosophy, such as today’s precautionary principle concept
that their ideological offspring promote, even though it lacked
the scientific basis to make their case.

Muller had a strong interest in the nature of the dose–
response for radiation-induced mutation. Soon after he had
observed that X-rays could cause mutations in reproductive
cells, he directed studies to determine the shape of the radiation-
induced dose–response curve. Muller guided two researchers,
Clarence P. Oliver (1898–1991), later to became a professor of
genetics at the University of Minnesota and later still at the
University of Texas at Austin and Fred B. Hanson (1886–1945),
later to become the associate director of the Natural Sciences
Division of The Rockefeller Foundation, in his laboratory, to
better address whether the mutational dose–response was linear.
Similar research was also initiated by a number of other
investigators in the immediate aftermath of Muller’s seminal
findings. However, the results that emerged did not experimen-
tally resolve the issue of the shape of the mutagenicity dose–
response [48]. In fact, the lowest dose tested was still strikingly
high, being 275 rads, a truly massive dose to the fruit fly’s
gonads. This dose was comparable to receiving well over
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1,000 chest X-rays in 3.5min! In addition, most of the published
attempts to demonstrate linearity during this time period failed
to do so, giving further support to the threshold dose–response
concept. Despite very limited data, a lack of overall consistent
findings, and the fact that low doses were never even remotely
assessed, Muller nevertheless inexplicably developed a very
firm, although incorrect, public conviction that mutation fre-
quency is directly proportional to the dosage absorbed, with no
evidence of a threshold dosage below which the treatment is too
dilute to work [65].

Based on the findings of Oliver and Hansen, which supported
an X-ray–induced linearity interpretation even though their
exposures were grossly excessive, Muller soon showed his
inclination to extrapolate X-ray–induced mutation findings in
a linear manner. In what may well have been the very first such
effort in foreshadowing the future field of risk assessment, he
tried to estimate the background spontaneous mutation rate in
fruit flies from ionizing radiation using the linearity method.
When his predictions were wrong by approximately 1,300-fold
[69], Muller was forced to reassess the significance of back-
ground radiation, yet his flirtation with the linearity at a low-
dose relationship would remain.

According to Carlson [65], Muller displayed this same belief
nearly a decade later in his report to the Medical Research
Council of Great Britain. In this report Muller [70] suggested
that no exposure to ionizing radiation existed below which
mutations could not occur. Therefore, regardless of how
much the dose may be attenuated as a result of its dilution in
environmental media, ionizing radiation posed a mutagenic
risk.

That Muller continued to strongly adhere to this public belief
in the linearity hypothesis may be seen in his acceptance speech
for the Nobel Prize in December of 1946, which affirmed that
Oliver, Hanson, and Temofeeff had shown that the frequency of
gene mutations is definitely proportional to dose, despite the
extremely high cumulative doses and dose rates used. If one
doubted his definitive position on linearity, he then cited
the research of former student Ray-Chaudhuri [71,72] which,
according toMuller [67], leaves ‘‘no escape from the conclusion
that there is no threshold.’’ Muller’s unequivocal Nobel Prize
Lecture conclusion apparently was not shared by Ernst Caspari.
In a letter to Curt Stern, Caspari stated that the difficulty with the
Ray-Chaudhuri [73] data involved confusion over the appro-
priateness of the control group and that the experimental error
was quite large. The Ray-Chaudhuri study was of very modest
size, failed to include numerous important methodological
details, failed to include critical data on lethal clusters, the
sterility and fertility of the females, sex ratios, and the age of the
males, among others. Of further note is that he changed to a
different fruit fly strain halfway through his study without
explanation. This new strain had a control group mutation rate
of only one third of the previous strain, yet the data of both
strains were combined with the author claiming there were no
differences between the strains. Despite these and other mis-
givings, the Ray-Chaudhuri research lowered the dose rate to
0.01 rad/min for a continuous exposure of 43,200min (30 d).
The result was a cumulative dose to the fruit flies of 400 rads, an
exposure that was approximately one fifth that which demon-
strated approximately five times as much damage. Such findings
supported the linearity interpretation. However, the 400-rads/
30-day exposure to the flies would exceed human background
rates (cosmic radiation and local gamma radiation) by many
thousandfold. Less than two years after Muller asserted the no
escape phrase, data from Caspari and Stern [74] suggested that

linearity was not observed in the fruit flies at the lowest dose
rate yet tested.

That the Caspari and Stern [74] findings directly challenged
the linearity assertions was especially interesting because
Muller was a paid consultant to Curt Stern on this project,
even supplying the fruit flies [68]. In fact, Stern had sent a draft
of the Caspari and Stern manuscript to Muller. In a letter to
Stern, dated November 12, 1946 (a month before his December
12, 1946 Nobel Prize Lecture), Muller acknowledged the data
challenging his linearity perspective, their potential signifi-
cance, and the urgent need to replicate the study [75]. Despite
his knowledge of these data, which were far more substantial,
much better documented, and used approximately one sixth the
dose rate of the Ray-Chaudhuri experiments, Muller delivered
his linearity pronouncement as if it were unassailable; his real
message should have been that more study was needed to
resolve this issue [76].

A key question then was how the findings of Caspari and
Stern [74] could be marginalized without adversely affecting
the careers and reputations of these two well-known geneticists.
This would also have to be done within a framework that did not
expose Muller’s Stockholm deception. This was achieved in a
two-step process [77].

The first involved making the discussion of the Caspari and
Stern manuscript somehow disavow their findings without
finding fault with the data. Caspari and Stern [74], with the
encouragement of Muller [75], achieved this goal by arguing
that their threshold supporting data could not be accepted until it
was determined why their findings differed from that reported in
Spencer and Stern [78]. This study also assessed the effects of
ionizing radiation on the frequency of sex-linked recessive
lethal mutations in the germ cells of fruit flies. However, it
was a study with numerous important differences from that of
Caspari and Stern [74]. For example, the Spencer study treated
the flies with X-rays, not gamma rays, gave their cumulative
dose (50 rads) acutely, that is, over only 2min, whereas the
same cumulative dose required constant exposure for 21 d for
Caspari. The diets used by the two studies were totally different,
markedly affecting the percent sterility and other reproductive
parameters. In all, at least 20 significant differences between the
studies made them impossible to compare directly, making the
demands of their discussion unrealistic and foolish even to
propose. Yet Caspari and Stern [74] demanded that the scientific
community not accept their findings until they determined why
the two studies reported differing mutation rates. They did not
apply that constraint to the Spencer and Stern study. In his
January 14, 1947 letter to Stern [79], Muller indicated that it
would be acceptable to publish the Caspari paper because now
so many qualifying statements appeared (i.e., ‘‘cautions’’); this
was most likely because it would not hurt the linearity case [75].
Because Stern was then the editor-in-chief of Genetics, their
manuscript would get published even with its inappropriate and
misdirected discussion.

The next step was to complete the replication study. This
chore was given to a new master’s student by the name of Delta
Emma Uphoff. The problem was that Uphoff was new to
Drosophila research, lacking the experience and expertise of
Spencer and Caspari, both of whom were exceptionally talented
and experienced, being the equal of Stern himself. In her
replication of Caspari, the control group was aberrantly low.
This resulted in Uphoff and Stern rejecting their findings, saying
they were uninterpretable [80]. In fact, in a very unusual course
of action, Stern apparently forced Uphoff to note in the dis-
cussion that part of the problemmay have been bias on behalf of
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the ‘‘experimenter’’ (Delta Uphoff, presumably). A second
experiment by Uphoff also displayed an aberrantly low control
group, again making the findings useless. The third and final
experiment seemed to work, because they reported that a dose
of radiation that was double that used by Caspari had induced
a significant increase in the germ cell mutation rate. This led
to the summarized publication of all the findings, including
those of Spencer and Caspari in a brief (slightly more than one
page) technical note in Science. In this paper, Uphoff and Stern
[80] concluded that no dose existed below which radiation
could not induce a mutation, a major conclusion, in a major
journal, by an eminent geneticist, the editor of the most influen-
tial genetics journal. This conclusion would carry considerable
weight.

Of particular concern is that these authors failed to point out
that their significant mutational findings in their third and final
experiment gave evidence of being aberrantly high, being
nearly threefold greater than would have been predicted even
by a linear model. Of considerable importance is that Uphoff
and Stern [80] promised to provide the scientific community
with the documentation to support their conclusions but they
never did. Thus, Uphoff and Stern [80] provided three new
experiments, each with aberrant findings and none of the
promised documentation. Despite these critical flaws, accept-
ance of the Uphoff and Stern [80] perspective was rapid and
widespread, as reflected in historical perspectives by leaders in
the mutagenicity field [81,82]. The conclusions of the Stern
research team were especially highlighted in the profoundly
influential publication by future Nobel laureate E.B. Lewis [83]
when he made his case for ionizing radiation linearity to be
extended to cancer induction as well. According to Neel [81],
this linearity conclusion even landed Stern a term (1950–1953)
on the Advisory Committee to the Division of Biology and
Medicine of the Atomic Energy Commission during a critical
period in which health policy relating to radiation research
was being formulated, all setting the stage for the BEAR I
Committee.

Although the genetics community accepted Uphoff and
Stern’s [80] undocumented conclusion of linearity for ionizing
radiation–induced germ cell mutation in the fruit fly, they were
also focused on newly undertaken research at the University of
Rochester by Donald Charles and at the Oak Ridge National
Laboratory by William Russell with the mouse model. The case
of the University of Rochester mouse studies had important
problems, mostly centering around Charles, who frustrated his
colleagues by providing only unofficial draft assessments that
he continued to revise but failed to finalize [68]. The best that
Charles did was to publish a 3.5-page partial summary, lacking
any presentation of research methods, of his extensive radia-
tion mouse studies in the journal Radiology in 1950 [84].
Unfortunately, Charles died of leukemia in 1955, never publish-
ing any further account during the critical lead up to the
BEAR I Committee activities. In 1961 some former colleagues
attempted to summarize the study results, but only in a very
limited fashion [85].

In the case of the mega-mouse type studies of Russell, they
too were unable to provide significant scientific insight during
the years leading up to the recommendations of the BEAR I
committee. During this pre-1956 period, Russell’s experimental
studies dealt with high doses, with the lowest dose being 300
rads. In fact, the Atomic Energy Commission Special Ad Hoc
Advisory Committee on Genetics had recommended that he
lower the dose to 150 and even 75 rads. According to Jolly [68],
Russell was determined not to go lower than 150 rads because of

the insensitivity of his model. The committee further stressed
the need to push in the direction of lower doses, perhaps with
other more sensitive models, to determine whether the nature of
the radiation-induced mutation dose–response was linear or
threshold. According to Jolly [68], even though the genetics
community knew that no convincing direct evidence existed of
linearity at low dose for radiation-induced mutation at this time,
they nevertheless were committed to the perspective that the
mutagenic effects of ionizing radiation were linear, cumulative,
and deleterious. This was the genetics community mind-set as
led by Muller and his colleagues as the BEAR I committee
began their historic deliberations (November 1955 to June
1956). It was also a mind-set that, according to James Crow
[86], a member of the BEAR I Committee, was guided by
principles that were ‘‘mostly from Drosophila research.’’

What Muller really believed on the dose–response issue may
be gleaned from a 1949 letter to Robley Evans (1907–1995), an
MIT professor critical of the low-dose linearity hypothesis.
Muller stated that ‘‘many of the quantities are only very roughly
known even for Drosophila, and we are admittedly extrapolat-
ing, it is all we can do in our present state of ignorance and we
must meanwhile remain on the safe side’’ [65].

While the genetics community was consolidating its belief in
linearity at low dose for the radiation-inducedmutation concept,
dissenters arose strong enough to resist the group perspective.
For example, Willard Ralph Singleton (1900–1982) (trained by
L. J. Stadler [1896–1954] at the University of Missouri), at the
Brookhaven National Laboratory, was an outspoken critic of the
linearity at low-dose mutagenicity hypothesis. His research
revealed a nonlinear relationship between mutation rate and
dose rate, with disproportionate increases in mutations occur-
ring as the dose increased and nonmutagenic responses at lower
doses, thereby challenging the belief in linearity at low dose
[87–89]. During the deliberation period of the BEAR I com-
mittee, The New York Times (April 17, 1955) published an
article that provided the opportunity to challenge the emerging
linearity at low dose consensus for germ cell mutagenicity. In
that article Singleton stated: ‘‘there is probably a safe level of
radiation below which no genetic changes occur.’’ Jolly [68]
noted that even though Singleton was a well-accomplished
genetics researcher, his findings and interpretations were, for
the most part, ignored because they were in conflict with the
emerging and soon-to-be-dominant linearity paradigm.

The significant uncertainty of the nature of the mutagenicity
dose–response in the low dose zone and the uncertainty of
extrapolating results from fruit flies to humans had little impact
on Muller and his geneticist colleagues. Their linear dose–
response recommendation received the authority of the National
Academy of Sciences, and the United States was on its way to
rejecting the threshold dose–response in favor of the linearity at
low dose model for the assessment of radiation-induced repro-
ductive damage. Within approximately a year’s time, the focus
shifted to somatic effects and the National Committee for
Radiation Protection, following the recommendation of E.B.
Lewis (1918–2004), one of Muller’s geneticist colleagues and
former student of C.P. Oliver, pushed through the first-ever
formal recommendation that radiation-induced cancer also be
assumed to act via linearity at low doses. Again, the data did not
support the case for a cancer linearity argument. In fact, the case
that Lewis [83] had made was considered laughable (see Table
2, page 212 of Calabrese [3]), not even requiring a response by
opposing leaders in the field [90]. However, which person/idea
wins is often determined by who is in power, as seen in the
garnering of influential editorial support from Grahame P.
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DuShane (1910–1963), the editor-in-chief of Science [91],
along with major favorable stories in Life magazine (June
10, 1957) and other powerful outlets. Within a few years,
multiple national and international advisory committees copied
the lead of the National Committee for Radiation Protection,
and their low-dose linearity recommendation soon became
national policy and remains so even today [48].

The action of BEAR I was a major moment in U.S. regu-
latory history that was quietly achieved, yet with stupendous
consequences. It became the official dogma of U.S. regulatory
agencies.

The issue of linearity at low dose for radiation-induced
cancer was occurring during the later part of the 1950s. Ironi-
cally, the Delaney Amendment to the 1958 Food Additives
Amendment in the U.S. became law on April 26, 1958 (http://
en.wikipedia.org/wiki/Delaney_clause). It stated ‘‘no additive
shall be deemed to be safe if it is found to induce cancer when
ingested by man or animal, or it is found, after tests which are
appropriate for the evaluation of the safety of food additives, to
induce cancer in man or animal.’’ This Delaney clause was later
inserted into the Color Additives Amendment of 1960, follow-
ing the Thanksgiving cranberry crisis of 1959 due to the
presence of the herbicide aminotriabole, an animal carcinogen,
in cranberries [92,93]. Despite their parallelism in time, there
was no apparent interaction between the development of a
linearity at low dose methodology for radiation-induced cancer
and the science and political framework employed to support
the decision to prevent adding carcinogens to food.

During this period, James Delaney (1901–1987), a member
of the House of Representatives from the state of New York,
began to interact with Dr. Wilhelm Hueper, a National Cancer
Institute scientist, and a leading expert on environmental and
industrial carcinogens. Hueper offered a very strong protection-
ist philosophy to Delaney along with powerful credentials,
thereby allowing Delaney to proceed. Because scientists were
unable to define what a safe level of exposure to carcinogens
may be, along with not understanding their mechanisms of
action, Delaney asserted that no risk was worth taking with
respect to chemical carcinogens, and that chemicals did not
have rights.

In the case of radiation, a different concept of risk evolved
that related to permissible risk that could be estimated with the
linear model. The Delaney amendment, inspired by the strong
views of Hueper, was to lead to the prevention of possible
exposures. The Food and Drug Administration would later
modify the Delaney amendment to address the concept of a
de minimis risk, so that carcinogens could be added to the food
supply if they were estimated to have a risk less than a certain
value (for example, one in a million/lifetime), following a
linearity at low dose model. Thus, in time, the radiation and
food additive risk perspectives converged. Committee 17 of the
Environmental Mutagen Society attempted to have the Delaney
Amendment generalized to include chemical mutagens in the
early 1970s, but failed to achieve this goal, falling back to the
earlier guidance of the 1956 BEAR I committee that assessed
genetic risks within the context of a doubling dose framework
that was still consistent with the linearity at low dose model
[94,95].

National Academy of Sciences–Safe Drinking Water Committee

Nearly 20 years later, the first National Academy of Sciences
(NAS) Safe Drinking Water Committee (SDWC) [96] adopted
the linear at low dose risk assessment compromise of the late
1950s, somewhat updated, and applied it to chemical carcino-

gens. Their actions make as little sense today as they should
have in 1977. The NAS SDWC failed to provide an adequate
evaluation and set of recommendations on this risk assess-
ment issue. In their document, eight guiding principles for
the support of low-dose linearity for cancer risk assessment
were discerned. Within approximately two decades, six were
shown to be untenable, another impossible to study practically,
and the eighth had yet to be demonstrated [48] (see Table 4,
page 217 in Calabrese [48]) (Appendix 2). Their highly precau-
tionary oriented recommendation was presented to the U.S.
EPA in the 1977 publication entitled Drinking Water and
Health. Their eight principles (ie, assumptions) had emerged
from a new generation of unified geneticists of the early 1970s
as summarized in published comments during a high-level
genotoxicity conference chaired by Alexander Hollaender
(1898–1986) with the proceedings in Environmental Health
Perspectives (see the detailed set of comments after the Ernst
Freese (1925–1990) paper [97]; these comments present the
views of multiple genetic toxicologists concerning mutation and
dose–response).

Further confounding this faux pas was another apparent miss
by the NAS SDWC. While the Committee was drafting their
rubber stamp-like statement on chemical carcinogens and lin-
earity at low doses, other researchers had published a major new
finding that could have redirected the committee on the dose–
response issue for carcinogens. A March 1977 paper in Nature
by Samson and Cairns [98] revealed for the first time that a low
dose of a chemical mutagen induced an adaptive response that
led to protection against a subsequent and more massive
exposure to that same mutagen. The paper ushered in the field
of adaptive response and its widespread generality. If this paper
had been read by the committee or its staff, it might have
changed the course of cancer risk assessment for chemical
carcinogens. However, the Nature paper was never cited in
Drinking Water and Health.

Not surprisingly, the U.S. EPA accepted the linearity at low
dose recommendation of the Committee and applied it to
trihalomethanes (chloroform and related agents) by 1979 and
then to a subsequent very long list of other chemical carcino-
gens for the rest of the century to the present. Life in the world
of cancer risk assessment has not been the same since. Thus,
even though a plethora of new studies have been published
challenging the linearity at low dose perspective for cancer, the
die was cast based upon an anemic, at best, assessment of
the NAS SDWC, an assessment that missed one of the more
significant and relevant new findings.

The NAS brings together some of the best and the most
experienced professionals in a no conflict of interest manner in
which biases are attempted to be balanced. This is the way it is
described in writing, giving assurances of objectivity and
scientific integrity to Congress, the scientific community, the
media, and the public. However, two NAS committees failed on
the most critical questions of the past half century. The first
failure (the BEAR I committee) came from the geneticist
community that introduced ideology into risk assessment. What
this committee achieved was a dramatic failure of process,
demonstrating that its ends justified the means, setting an
unacceptable precedent. In the case of the next generation of
NAS experts, the Safe Drinking Water Committee simply
became enveloped by the ideologically oriented perspectives
of their geneticist and biostatistical colleagues. It was a com-
mittee that accepted a series of assumptions without proposing
how to validate the dose–response model they promoted into
long-standing regulatory influence.
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All we are saying. . . is give validation a chance

While the threshold model was being restricted to the
assessment of only noncancer endpoints, the FDA decided to
determine the nature of the dose–response in the low dose zone
for genotoxic carcinogens. To achieve this goal, the FDA
undertook the largest rodent study ever, using some 24,000
female mice (BALB/c strain), the so-called mega-mouse/ED01
study. A single carcinogen was tested, 2 acetylaminofluorene
(2-AAF), known to be a mutagen and to cause tumors at
multiple sites in different animal models, but especially in
the bladder and liver of females of this mouse strain.

It was thought that much would hinge on the findings of this
study, including whether the United States would base its
carcinogen risk assessment methods on using a linear at low
dose model or an alternative. So substantial were the scientific
and societal implications that the U.S. Society of Toxicology
created a 14-member expert panel to provide an assessment.
Their analysis led to the publication of nearly an entire issue of
the Society’s journal, Fundamental and Applied Toxicology
[99]. What they found surprised everyone. The dose-time-
response was strikingly hormetic for the bladder cancer end-
point, occurring in each of the six different rooms housing the
animals. In effect all six replications of the study agreed. The
formal writeup by the expert Society of Toxicology panel
strongly emphasized the J-shaped dose–response with benefi-
cial effects at low doses as seen in their quoted comments from
page 77: ‘‘The most striking aspect. . .is the reduction in prob-
ability of bladder cancer from control to doses 30, 35, and
45 ppm. This reduction occurs in all six rooms and is statisti-
cally significant. . . the ED01 study provides more than evidence
of a ‘threshold.’ It provides statistically significant evidence
how low doses of a carcinogen are beneficial’’ [99]. Thus, in the
largest rodent cancer study ever undertaken, the data revealed a
hormetic response. Despite these striking findings, the U.S.
regulatory agencies failed to modify their approaches to carci-
nogen risk assessment policy and practice.

The foray of U.S. regulatory agencies into dose–response
model validation for carcinogen responses using a standard
rodent experimental model did not confirm the linearity at low
dose hypothesis for bladder cancer nor even the threshold
dose–response model. Huge amounts of money were spent,
expectations were high, and in the end the federal agencies
would not follow the data. The process was expensive,
prolonged, and traumatic, all factors that would probably
prevent any similar bureaucratic risk taking in the foreseeable
future.

Failure of the threshold dose–response model

In the course of developing a methodology to assess the
possible validation or limitations of the hormesis model, the
question arose as to whether the threshold dose–response model
had ever been validated. The general assumption was that it
must have been validated, because it was now nearly 70 years
since this model had been accepted and integrated into the
lexicon of mainstream pharmacology and toxicology. Search
we did, using every conceivable database and spectrum of
relevant search terms and their combinations, along with the
assistance of science librarians trained to uncover difficult-to-
find entities. We simply could not find any attempt that had ever
been published to assess the capacity of the threshold dose–
response to make accurate predictions in the low dose zone, that
is, below the threshold. Having reached the proverbial dead-
end, we undertook our own attempt to validate the capacity of

the threshold dose–response model to make accurate predic-
tions in the low dose zone.

The validation study of the threshold dose–response was
initially undertaken from a data set created from the pharma-
cological and toxicological literature using rigorous a priori
entry and evaluative criteria. These criteria were applied to all
the published studies in three journals (Environmental Pollu-
tion, Bulletin of Environmental Contamination and Toxicology,
and Life Sciences) from the time of their inception in the mid
1960s to the present. The threshold dose–response model
predicts that responses below the threshold should vary or
bounce in a quantitatively similar fashion on either side of
the control, just like random noise in a system. If the threshold
model is dominant, then the ratio of responses above and below
the control value should be very close to 1. The surprise was that
the ratio did not approach 1; it exceeded this value by approx-
imately 250%, a frequency that is far beyond any reasonable
probability. The threshold model was not able to account for the
findings in the below threshold zone. However, the responses
below the threshold did display a consistent pattern, very
closely paralleling the hormesis model [100,101].

This study had two major conclusions. The first indicated
that the threshold dose–response model failed to make accurate
predictions in the below threshold zone. The data set was inten-
tionally very general, including data from plants, microbes,
invertebrates and vertebrates, and from a wide range of bio-
logical endpoints and chemical agents, thereby enhancing the
significance of the findings. Second, the validation study
strongly supported an hormetic interpretation, findings that
were consistent with the thousands of hormetic dose–responses
that had been previously assessed based on a priori evaluative
criteria.

This new study was especially important because the rules of
the game applied equally to the threshold and hormetic models.
The hormetic model could no longer be ignored. These were
findings as important as they were unexpected.

Publicity follows hormesis

The validation data were important because they challenged
a 70-year-old dose–response tradition. Our manuscript [100]
was submitted to the journal Toxicological Sciences, the main
journal of the U.S. Society of Toxicology, and made it success-
fully through their typically thorough peer-review process.
Soon the toxicological world would learn that the threshold
model was not as good as they had long been taught, whereas
the hormetic model had performed far better than they might
have imagined. In fact, we thought that this paper was one that
had the potential to alter the toxicological landscape.

At approximately the time that Toxicological Sciences
accepted our manuscript, I received a letter from the editor-
in-chief of Nature with an invitation to write an article on
hormesis. This publication in Nature provided a significant
boost for the hormesis concept [102]. The key decision was
its placement in the journal’s media package, a position of high
visibility. Soon we were inundated with calls for interviews
from leading publications and other media outlets all over the
world. Articles on hormesis quickly appeared in TheWall Street
Journal [103], Forbes [104], Fortune [105], Discover [106],
Scientific American [107], Science News [108], Insight [109],
Reason Online [110],U.S. News andWorld Report [111], and in
major stories in large daily newspapers like The London Times
Online [112], St. Louis Post-Dispatch [113], Boston Globe
[114], The Baltimore Sun [115], and others. Of further note
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was that Science [116] published a four-page story on hormesis.
Hormesis had finally arrived and with a big splash.

As a result of the Toxicological Sciences and Nature papers,
interest in the hormesis concept was on a marked upswing.
Round two of the validation tests would also take place in the
journal Toxicological Sciences, using a large National Cancer
Institute public database (57,000 dose–responses) that assessed
the effects of nearly 2,200 potential anti-tumor drugs on 13
different strains of yeast, 12 of which had a different genetic
error similar to some found in human cancers. Following the
same basic plan as before, the dose–responses were put through
a rigorous set of a priori entry and evaluative criteria and
multiple statistical evaluations [117]. Regardless of the statis-
tical analysis strategy, the findings once again strongly sup-
ported a hormetic interpretation whereas the threshold dose–
response model performed extremely poorly, in effect, failing
the test. Round three in the validation series was a study using
yet a different approach; this time an Escherichia coli strain was
tested in over 2,100 different potential antibiotics within an
experimental replication framework. The results were the same,
good job of predicting below threshold results for the hormetic
dose–response model, but a poor job for the threshold model
[118].

The threshold dose–response had now failed a third major
challenge, strongly undercutting the scientific status of the U.S.
EPA and FDA’s default model used to establish most health
standards. How many times would the threshold model have to
be shown to be inadequate before regulatory agencies would
reconsider their continuing acceptance of it as their gold stand-
ard, that is, the default model?

Linearity model performance: Noncancer endpoints

Of potential importance in the head-to-head comparisons
between the threshold and hormetic dose–response models was
that the predictive capacity of the linear at low dose model was
also tested. It was not the main focus of the studies, because the
endpoints were noncancer. However, in each of the extensive
validation studies, the linear at low dose model was a failure,
just like the threshold dose–response model. These observations
challenge the general predictive utility of a linear at low dose
model. Despite these findings, a recent NAS committee has
proposed [119] generalizing the linearity at low dose model to
all endpoints. Although this position was principally hypo-
thetical, our data demonstrate that it fails to predict accurately
in the low dose zone, even more than the threshold model.

Big pharma-enhancing biological performance and hormesis

In contrast to governmental regulatory agencies, which can
be affected by ideological perspectives, businesses follow data
that lead to profit. The early decades of the 20th century
witnessed pharmaceutical companies racing to discover agents
that would destroy major disease- causing microbes. The late
1940s likewise revealed the birth of cancer chemotherapy with
its massive expansion in the following decades. Although
killing cancer cells and harmful organisms has been a major
pharmaceutical preoccupation, the 1970s ushered in a new
initiative for this industry, one that concerns enhancing bio-
logical performance, all kinds of performance. These include,
but are not limited to, improving memory, strengthening bone,
enhancing sexual performance, growing more hair, faster and
stronger wound healing, reducing anxiety, and reducing the
risks of seizures. In each of these cases, the increased perform-
ance was attributable to the hormetic dose–response, all with
copious supportive pharmacological studies [120]. The phar-

maceutical industry and their regulatory oversight agency, the
FDA, are at the core of these discoveries and their implemen-
tation within society. Not once, however, has the industry or the
FDA credited or linked such successes to hormesis.

Pharmaceutically oriented scientists have called these per-
formance-enhancing drug–induced dose–responses by a wide
range of names, including biphasic, diphasic, parabolic, bitonic,
bell-shaped, U-shaped, J-shaped, inverted U, low dose stim-
ulation, pre-conditioning and several others, but not hormesis.
In this process, the research community has failed to recognize
that these biphasic dose–responses, which affect so many
different types of biological endpoints, display the same quan-
titative features. These responses are not a haphazard grouping
of dose–response entities that exhibit such remarkable similar-
ity by chance. In fact, the quantitative features of the hormetic
dose–response are the same regardless of the biological system
studied, whether at the cell, organ, or individual level, the
endpoint measured, or the chemical inducing the effect.
It displays remarkable generality. Of considerable potential
importance is that the hormetic dose–response likely provides
a quantitative index of the limits of biological plasticity for each
of these drug-induced performance enhancing effects [121]. In
so doing, the hormesis concept reveals the magnitude of drug-
induced responses that pharmaceutical companies can expect in
human populations, and whether developing their product
further would be profitable. This knowledge can be a key
determinant in designing preclinical and clinical studies and
could have a major impact on the assessment of clinical
efficacy. The industry has unfortunately failed to adequately
appreciate that hormesis is a broadly integrative and central
biological principle that can revolutionize the drug develop-
ment process. Nonetheless, in its own way, this industry has
embraced the hormesis concept, in principle, in practice, and in
fact. They have yet to embrace it by name. The failure of the
pharmaceutical industry to use the term hormesis reflects its
origin in traditional medicine and the long-standing conflict
with homeopathy. This conflict has now come full circle. The
dose–response explanatory principle of Schulz, so strongly
rejected by the medical community nearly a century ago,
underlies much of the success of the modern pharmaceutical
industry in an ironic twist of scientific fate and promises to be
even more significant in the future.

Final perspectives

The nature of the dose–response and its underlying mech-
anisms will remain toxicology’s raison d’etre. The central issue
of toxicology has quickly transformed into that of a low dose
paradigm to reflect the societal concerns in which most people
live. The capacity to investigate low doses has been revolu-
tionized with respect to profound advances in chemical anal-
ysis, which has been directly linked to experimental systems for
in vitro studies in which large numbers of concentrations of
chemicals can be studied. In fact, the resurgence of interest in
hormesis is being driven by such technical improvements, with
a focus on assessing the biological effects of chemical and
physical agents at low doses. Although high dose toxicology is
not yet a historical remnant, and may never fully be so, the
present and future of toxicology are in the low dose domain.
This powerful development will drive the field for the foresee-
able future and places hormesis directly at the forefront.

During the entire decade of the 1980s, only 10 to 15 citations
per year could be found of the terms hormesis or hormetic in the
vast Web of Science database. In 2010 alone, the number of
citations exceeded 3,200, a sign of growing acceptance and

2668 Environ. Toxicol. Chem. 30, 2011 E.J. Calabrese



progressive integration within the scientific community and its
research foundations. Its success and influence emerge from its
broad generality across biological models, endpoints measured,
and chemical and physical stressor agents along with its poten-
tial biomedical significance and reproducibility.

The hormesis concept has become integrated into a growing
number of highly influential textbooks [122–124], and its usage
by biomedical scientists has expanded worldwide. Five mono-
graphs on hormesis have also been published within the past
few years [125–129]. Hormesis has also become a central
concept in the areas of aging and biogerontology as well as
becoming a foundation for pharmaceutical agents designed to
improve biological performance, especially in the areas of
anxiety reduction, memory enhancement, stroke damage pre-
vention, bone strengthening, wound healing, skin care, the
numerous domains of pre- and post-conditioning and other
areas. These developments point to expansive growth, enhanced
clinical significance, and biomedical centrality.

While this brief summary strongly suggests that the future
will be hormesis-oriented and central to the biomedical com-
munity, several identifiable institutional factors preserve the
dose–response status quo. Each is regulatory-agency oriented
and reflects specific manifestations of the historical dose–
response strategy of traditional medicine during the mid dec-
ades of the 20th century, as detailed earlier. These dose–
response impediments include the following: research funding
by governmental regulatory agencies is likely to ignore horm-
esis, the fear that hormesis will weaken environmental exposure
standards, the default model in risk assessment is a vehicle for
conservative risk estimates, and the U.S. EPA’s definition of
a risk assessment denies the capacity to incorporate health
benefits.

Research funding by governmental regulatory agencies

Federal funding agencies control the direction of much
research in the United States and elsewhere, including who
and what gets funded, as well as the language and culture of
research. This process directly affects what ideas and data get
published, read, and believed. Broadly diversified funding
sources both within and outside of government are an important
means to broaden research goals and directions as well as to
enhance the likelihood that valid research ideas, including
those dealing with hormetic hypotheses, are not minimized
or excluded because of historical, structural, or ideological
biases. For example, because the U.S. EPA definition of a risk
assessment explicitly excludes the concept of a beneficial or
adaptive response, it suggests that the Agency would fail to
prioritize and therefore be less likely or even fail to fund
hormetic hypotheses relating to such beneficial responses
(See Responses excluded in U.S. EPA risk assessment). A
certain proportion of regulatory agency research funding should
be made independent of regulatory agency control via the use
of external panels to enhance the objectivity of the granting
process, from the development of the research priorities to the
awarding of the specific grants.

Fear that hormesis will weaken exposure standards

Although the hormetic stimulatory response has the capacity
to induce both beneficial and adverse health effects depending
on the specific biological context [130], various authors have
incorrectly truncated this definition to only include a beneficial
effect. This has led to the further position that the hormesis
concept will undercut many of the environmental gains that
have been made over the past four decades, eventually resulting

in weakened environmental health standards. In fact, the oppo-
site is likely to be the case. An hormesis-guided risk assessment
process provides decision-makers with the most complete dose–
response information on the biological/toxicological effects
of the agent tested, especially in the low dose zone. By long
ignoring the hormetic/biphasic dose–response, the biomedical
community and regulatory agencies failed to discern the occur-
rence of endocrine disruption effects at doses below the tradi-
tional toxicological threshold [120]. In a similar fashion,
oncologists have also long missed the capacity of numerous
anti-tumor drugs to enhance the proliferation of tumor cells in
patients because of their longstanding belief in threshold dose–
response model predictions [131]. Thus, by incorporating the
hormesis concept into the risk assessment framework, including
the design of the bioassay, risk estimates would be more
confidently based regardless of whether the hormetic hypothesis
was supported by the data, and whether low-dose stimulatory
responses were harmful or beneficial.

The default model in risk assessment

An important issue for regulatory agencies such as the U.S.
EPA is what dose–response model is selected as the default in
risk assessment. A default dose–response model is usually
selected when insufficient data are available in the standard
bioassay to convincingly identify the best-fitting dose–response
model. This situation occurs nearly all the time in practice.
In these cases, the agency will routinely default to the most
conservative model. This situation creates a self-fulfilling
prophesy of model selection because the poorly designed stand-
ard chronic bioassay (that is, too few and too high doses) does
not permit one to distinguish in a statistical manner amongst the
dose–response models. As noted, several large-scale dose–
response validation studies have indicated that the threshold
and linear at low dose models do not make reliably accurate
predictions in the low dose zone, whereas the hormetic model
does. Also, in many thousands of other studies the dose–
responses fail to reflect threshold or linear responses while
conforming to the hormetic model. Yet these poorly performing
dose–response models are guaranteed to win the default model
contest for regulated chemicals because of the design limita-
tions of the standard chronic bioassay. The U.S. EPA therefore
uses a chronic bioassay that inevitably leads to the selection of a
default model that fails in validation studies! Therein lies the
self-fulfilling highly conservative risk assessment prophecy of
the status quo, which regulatory agencies have failed to correct.

Responses excluded in U.S. EPA risk assessment

The U.S. EPA [132] risk assessment goal is to prevent
pollutant-induced harm while not considering possible health
benefits (i.e. ‘‘as the purpose of a risk assessment is to identify
risk [harm, adverse effects, etc.], effects that appear to be
adaptive, non-adverse or beneficial may not be mentioned’’).
This goal creates a framework in which the hormetic dose–
response could be ignored. For example, this suggests that the
EPA would consider possible harm related to an hormetic/
biphasic dose–response, but not if benefits occurred. The
U.S. EPA could accept data showing a low dose hormetic
stimulation leading to adverse health effects (e.g., increased
prostate gland size [120] or significant acceleration in a devel-
opmental process such as the onset of puberty [133,134]). In
contrast, the U.S. EPA would ignore the hormetic response
when it resulted in a reduction in a population-based risk
(reduction in tumor incidence).
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This discussion illustrates that the U.S. EPA concept of risk
is too limited, because two types of risks are present (risk of
harm and risk of losing a benefit). Both need to be considered
when providing an integrated public health assessment. This
position was strongly supported in a recent survey of the
membership of the U.S. Society of Toxicology and the Society
of Risk Analysis in which 68% advocated for the incorporation
of health benefits into the risk assessment process [135].

The U.S. EPA risk assessment policy statement is also
inconsistent with community-based programs for fluoride.
Fluoride risk assessments have historically centered on pre-
venting harm at high doses while being flexible enough to
ensure the existence of community-based drinking water
fluoridation programs at lower doses, that is, a beneficial
response.

Another conflict of this policy occurs when an agent displays
a beneficial effect for one segment of the population at a dose
that would be harmful to another population-based subgroup
(for example, a high-risk group). In similar situations, the same
agent may display a beneficial effect with the high-risk group at
a low dose, while having no measurable biological effect on the
normal segment of the population at this dose. This general set
of conditions/possibilities would be expected to be a common
occurrence.

The above series of policy-based inconsistencies indicate
that the U.S. EPA risk assessment policy guidance document is
problematic by failing to consider interindividual variability
(different stakeholder groups) in a hormesis-based risk assess-
ment process. Therefore, the benefits and risks to each of these
groups would have to be considered, quantified, made explicit
in the assessment process, and then integrated within a com-
prehensive negotiation or risk management decision. Although
this more comprehensive methodology presents new challenges
for agencies such as the U.S. EPA and individual states, it also
reflects emerging biological realities that must be dealt with and
managed, all with the goal of estimating an optimized popu-
lation-based response.

The 2004 U.S. EPA risk assessment guidance document
[132] fails to integrate the health assessment needs of society.
Its limited definition of a risk assessment creates a significant
gap in the assessment of human health, leaving an institutional
blind spot. This flawed U.S. EPA strategy will lead to inad-
equate population-based health assessments and wasteful allo-
cation of resources. I suggest a revision to the U.S. EPA
definition of a risk assessment to one that estimates the net
population-based toxicity incidence at each level of incremental
exposure.

How will this dose–response debate turn out? The area of the
biological effects of low dose exposures will proceed at an
expanding pace independent of the regulatory agencies. This
will have a transforming impact on understanding of the nature
of the dose–response in the low dose zone and its underlying
mechanisms as well as a plethora of new public health and
biomedical implications. The real issue is to what extent
regulatory agencies will embrace such research and incorporate
its findings within their risk assessment paradigms. Unless
such changes occur within regulatory agencies, society might
see an interesting, though troubling, dichotomy in which the
world of pharmaceuticals and health care products become
based to an ever greater extent on the hormesis concept,
improving the quality of our lives, while environmental regu-
latory agencies cling to an anachronistic belief/policy that their
mission is only to prevent harm and not to optimize public
health.
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High dilution scheme of Hahnemann lacking credibility – page 24
‘‘Hahnemann, for example, claimed that drugs at the 30th potency produced reliable effects, and actions produced by similar dilutions are still occasionally

described (e.g. Konig, 1927). A homeopathic potency means a dilution of hundredfold, and hence the 30th potency corresponds to a concentration of 1 part in
1060. This works out at about one molecule in a sphere with a circumference equal to the orbit of Venus. Such results may be either believed or disbelieved, but
their acceptance involves discarding the fundamental laws of chemistry and physics.’’

‘‘Other results have been published which are almost equally improbable.’’

Associates Schulz with homeopathy – page 195
‘‘In 1885 Rudolf Arndt put forward the suggestion that if a weak stimulus excites an organism, then any drug in sufficiently weak dose ought to do this also. This

suggestion was developed by Schulz, who had a leaning to homeopathy.’’

Challenges the biological significance of the Arndt-Schulz Law – pages 195-196
‘‘. . .many pharmacologists have pointed out that it (Arndt-Schulz Law) expresses no general truth. It is interesting to note that no trace of evidence in support of

such a law can be found in the majority of drugs.’’

The Arndt-Schulz Law probably confused with experimental errors – page 196
‘‘As in the case of potential actions, evidence in favor of this law can easily be obtained from experimental errors.’’

Appendix 1A. Quotes relating to homeopathy and the Arndt-Schulz Law [18].
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Appendix 1B. More quotes on homeopathy and the Arndt-Schulz Law [19].

Challenges mechanistic understanding of the Arndt-Schulz Law effects – page 215
‘‘. . .laws have been enunciated which merely state that certain phenomena frequently occur, without providing any explanation or their occurrence. The Arndt-

Schulz Law. . .(is) (an) example of this type. . .’’

Arndt-Schulz Law is usually discredited when carefully assessed – page 204
‘‘Arndt-Schulz Law. This law states that any drug which causes stimulation at low concentrations will cause inhibition at high concentrations. This law is in

accordance with homeopathic doctrines and hence has maintained a certain popularity. The law is true in so far that nearly all drugs if given in sufficiently high
dosage or concentration will produce injury or death in living cells.’’

‘‘The chief objection to the law is that it is obviously untrue in the case of most drugs that have been studied carefully.’’
‘‘Many of the effects which appear to support this law have found simple explanations. . .’’

Arndt-Schulz Law was related to vitalism – page 30/example 1
‘‘Diphasic actions of drugs on tissues are frequently observed, and their occurrence led to the postulation of the Arndt-Schulz Law, which states that drugs which

paralyze at high concentrations stimulate at low concentrations. It is true that such effects are often observed but there is no necessity to postulate any
mysterious (emphasis added) property of living tissues because similar effects are frequently observed with enzyme systems.’’

Arndt-Schulz Law was related to vitalism – page 30/example 2
‘‘This peculiar effect is mentioned here because it is the simplest example known to the writer of a reaction following the ‘‘Arndt-Schulz Law’’. In this case a high

concentration of oxygen prevents the formation of HbCO but if hemoglobin is exposed to a low concentration of carbonmonoxide, then a low concentration of
oxygenmay increase the formation of HbCO. Hence oxygenmay be said to stimulate in low concentrations and to inhibit in high concentrations. This diphasic
action can be explained on physico-chemical grounds and although our present knowledge is inadequate to explain most of the diphasic actions met with in
more complex systems, yet there seems no reason to consider them as peculiarly mysterious (emphasis added).’’

Challenges high dilution proposal of Hahnemann and homeopathy – page 26
‘‘. . .Hahnemann claimed that drugs produced effects when given in the 30th potency. . .in the case of a drug with a molecular weight of 100, (this) corresponds to

1 molecule in about 100,000 liters. It is obvious that (when) a sample of a few c.c. of such a mixture is taken, the odds against the presence in the sample of a
single molecule of the drug are at least a million to one. Hence the claims of the homeopathist conflict more immediately with the laws of mathematics, physics
and chemistry than with the biological sciences. It does not appear necessary for pharmacologists to discuss the evidence adduced by the homeopathists until
the latter have succeeded in convincing the physicists that they have demonstrated the existence of a new form of subdivision of matter. It may be mentioned
that the existence of such recognized subdivisions of the atom as electrons, etc. does not help the homeopathic claims in a significant manner because, to
explain the results of Hahnemann, it is necessary to assume that a molecule can be divided into millions of sub-units.’’

Appendix 2. National Academy of Sciences Safe Drinking Water Committee (1977) low dose linearity guiding principles: no longer tenable three decades
later [48].

Only one or two changes in a cell could transform it and this could lead to cancer. Not tenable
Human population heterogeneity was a factor, and some peoplemay be at greater risk. Such heterogeneity leads to the

conclusion that there was no population-based threshold.
Impossible to practically study

A transformed cell will be irreversibly propagated. Not tenable
If the mechanism involved mutation, there would be no threshold; in fact, if there were no information on mechanism

and cancer occurred, mutation should be assumed.
Not tenable

It is necessary to assume that a single molecule or a few molecules can cause a mutation. Therefore, linearity at low
dose can be assumed.

Not tenable

There is also the assumption that the exposure would be directly additive to background, if acting via the same
mechanism. This would also support the linearity conclusion.

Generally not shown

Available mutagenicity data with radiation indicated that it was linear at relatively low doses. Not tenable
Since chemical carcinogens act like ionizing radiation, low dose linearity should also be assumed to be the case for

such chemicals.
Not tenable
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A B S T R A C T

This paper proposes that generic cancer risk assessments be based on the integration of the Linear Non-
Threshold (LNT) and hormetic dose–responses since optimal hormetic beneficial responses are estimated
to occur at the dose associated with a 10−4 risk level based on the use of a LNT model as applied to animal
cancer studies. The adoption of the 10−4 risk estimate provides a theoretical and practical integration of
two competing risk assessment models whose predictions cannot be validated in human population studies
or with standard chronic animal bioassay data. This model-integration reveals both substantial protec-
tion of the population from cancer effects (i.e. functional utility of the LNT model) while offering the
possibility of significant reductions in cancer incidence should the hormetic dose–response model pre-
dictions be correct. The dose yielding the 10−4 cancer risk therefore yields the optimized toxicologically
based “regulatory sweet spot”.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The assessment of cancer risks from exposure to ionizing radi-
ation and chemical carcinogens by regulatory agencies worldwide
is typically performed via the use of linear at low dose modeling.
The linear non-threshold (LNT) approach for cancer risk assess-
ment was first proposed for cancer risk assessment by the U.S.
National Committee for Radiation Protection and Measurement
(NCRPM) in 1958, following the recommendation of the U.S. Na-
tional Academy of Sciences (NAS) Biological Effects of Atomic
Radiation (BEAR) I Genetics Panel to switch from a threshold to a
linear model for assessing genomic risk from ionizing radiation in
1956 (Jolly, 2003; Whitemore, 1986).

The LNT approach was later adopted by regulatory agencies start-
ing in the late 1970s assessing risks for chemical carcinogens in all
media (e.g. air, water, food and soil) (National Academy of Sciences
(NAS), 1977). The initial transition from the threshold to the LNT
approach in the mid 1950s was made prior to the discovery of DNA
repair, adaptive responses with chemical mutagens and ionizing ra-
diation, apoptosis, pre-conditioning and the resurgence of the
hormetic concept, all of which could affect the shape of the dose

response in the low-dose zone. The clarification of different mecha-
nisms of action for carcinogens has encouraged the development
of cancer risk assessment methods that incorporate knowledge of
species specificity and threshold. These approaches are often em-
ployed by the U.S. EPA and FDA and most European authorities for
non-genotoxic carcinogens (Page et al., 1997; Whysner and Williams,
1992; Williams, 2001; Williams et al., 2012).

These developments have challenged the theoretical and mech-
anistic basis of the LNT, along with the recognition that
epidemiological methods are in effect not capable of detecting risks
below twice the normal background (Taubes, 1995). Furthermore,
the massive mega-mouse study that used 24,000 animals was only
able to estimate risk at the 1% level (ED01 study) (Bruce et al., 1981).
Similar limitations were reported for a cancer bioassay study with
>40,000 trout (Bailey et al., 2009). These methodological limita-
tions along with the more recent developmental insights on the
plethora of adaptive mechanisms that act at low doses have re-
vealed limitations of the LNT model.

2. Developments

The dose–response model that has been shown to have biolog-
ical plausibility, especially in the low dose zone, is hormesis, a
biphasic dose–response. Current interest in hormesis can be traced
back to the research of Thomas Luckey on radiation hormesis (Luckey,
1980) and on chemical hormesis by Tony Stebbing (Stebbing, 1982).
These researchers stimulated the electric power utilities of Japan
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and the U.S. to conduct the first hormesis conference in August, 1985.
These three events reactivated interest in the hormesis concept.

Since the initial hormesis conference mentioned here, multi-
ple books have been published on hormesis (Calabrese, 1992, 1994;
Costantini, 2014; Elliott, 2008; Luckey, 1992; Mattson and Calabrese,
2010; Rattan and LeBourg, 2014; Sanders, 2010; Stebbing, 2011).
Also, many chapters on hormesis in toxicology and pharmacology
texts have been produced; hormesis has been the focus of more than
a dozen conferences; multiple symposia at major society meet-
ings have addressed hormesis. It is the subject of more than 2000
scientific publications in peer-reviewed journals, and the object of
more than 30,000 citations in the Web of Science/Knowledge. Ex-
tensive documentations of hormetic dose responses have been
summarized from a large and continuously updated database
(Calabrese and Blain, 2005, 2009, 2011).

The hormetic dose–response was also found to make more ac-
curate predictions than the LNT or threshold dose–response models
in head-to-head comparisons using large, independent data sets
(Calabrese and Baldwin, 2003; Calabrese et al., 2006, 2008). De-
tailed mechanisms of 400 hormetic dose responses have recently
been summarized (Calabrese, 2013). Additionally, the hormetic dose
response therefore has been demonstrated to be highly generaliz-
able, being independent of biological model (i.e., phylogenetically
diverse – from bacteria to humans; in vitro and in vivo), level of bi-
ological organization (i.e., cell, organ and organism), endpoint,
inducing agent and mechanism.

3. Objective – Integration

Based on these features, it has been proposed that the hormetic
dose–response should become the default model for risk assess-
ment for both carcinogens and non-carcinogens. The hormesis
database provides strong evidence that dose–response relation-
ships for carcinogens (e.g., DDT, dioxin, multiple PAHs, ionizing
radiation) and non-carcinogens typically display hormetic dose re-
sponse patterns with similar quantitative features. While this line
of argument has been made (Calabrese, 2004), this is not the purpose
of this paper. The present paper proposes a “practical” and straight-
forward harmonization of both the LNT and hormetic models for
cancer risk assessment. As is customary in such convergences,
common ground is sought by various entities (e.g., regulatory agen-
cies and regulated industries), while differences are still recognized
and will remain unresolved for now.

We see the following reasons why integration of both models
would be beneficial. First, if hormesis describes low-dose expo-
sure impacts of chemicals/ionizing radiation more accurately than
the LNT-model does, then the regulatory authorities should apply
the best that the toxicological sciences have to offer. The hormetic
dose response requires rigorous study designs in order to be prop-
erly evaluated, with large numbers of doses, with proper dose
spacing, and often within a dose–time framework. When such data
are available, the hormetic dose response has far outperformed the
threshold and linearity dose response model for accuracy in esti-
mating low dose effects (Calabrese and Baldwin, 2003; Calabrese
et al., 2006, 2008).

Second, considering the developments in analytical chemistry,
increasingly lower levels of chemicals can be detected. We have
entered the realm of atto- (part per quintillion; 10−18) and zeptomoles
(part per sextillion; 10−21) of detectable analytes (Pagnotti et al.,
2011). Consequently, the unspoken ‘logic’ of the LNT-model infers
that a ‘clean bill of health’ can never be truly given (Hanekamp et al.,
2012). The technology-driven stringency of regulation in the context
of the LNT-model can be attenuated with the aid of the biphasic
dose–response model. As a result, regulatory expenditures will be
reduced along with benefit optimization (Keeney, 1997).

Third, the biphasic dose–response model underscores the ben-
eficial adaptability of organisms’ responses to chemical exposure,
whereby regulation that expresses the functional integration of both
the LNT and hormetic models is better able to address society’s fears
of carcinogen exposure.

4. Integration – Roadmap

How then do we envision this integration, that is, the harmo-
nization of the hormesis and LNT dose response models for cancer
risk assessment? The reconciliation of these two divergent models
can surprisingly be made in a direct and uncomplicated fashion.

1) The key aspect of the hormesis/LNT convergence is that when
risks are based on chronic animal bioassay studies, the optimal
protective effects (i.e., reduction in tumor incidence for the
affected below the control group) is predicted to occur at the
same dose at which the LNT predicts 10−4 risk.

2) To achieve this value, the hormetic-based approach would first
estimate a 1% response from the animal bioassay via a BMD-
type methodology. When this derived-dose is divided by factor
of 100, it yields slightly less than a risk of 10−4. This was shown
to be the case for ten highly diverse data sets by Gaylor (1989).
The hormetic risk assessment methodology of Calabrese and
Cook (2005), which is optimized at the same dose that the
LNT estimates a 10−4 risk level, predicts benefit while the LNT
estimates enhanced cancer risk.

3) We propose that cancer risk assessment adopt an accept-
able risk of 10−4 using the LNT model since this dose would
also yield the optimal hormesis dose response benefit. This
dose is the so-called regulatory “sweet-spot” that provides
substantial protection against theoretical low dose risks that
are far below the detection of even the most demanding epi-
demiological and toxicological studies/methods, while
including benefits predicted by the hormetic dose response
model (Fig. 1). This approach would also have the signifi-
cant societal benefit of affecting a profound reduction in costs
(i.e., financial and predicted adverse health), markedly af-
fecting cost/benefit analyses.

4) In a population of one million people, the 10−4 risk predicts
100 people (i.e., 106 people × 10−4 risk = 100) affected with an
organ-specific cancer (e.g., lung, kidney, bladder, etc.) by some
deleterious agent that is added to the background for cancer
of that organ (Fig. 1). Assuming a 25% tumor background
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Background (12,500 bladder tumors)

Fig. 1. Functional integration of hormesis and LNT for carcinogen risk assessment;
derivation of the optimal regulatory strategy.
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incidence, 250,000 of the one million people would be pre-
dicted to develop tumors. If the organ in question was
responsible for 5% (e.g., bladder) of the above 25% (i.e., 250,000
people), it would represent 12,500 of the 250,000 people with
cancer (i.e., 0.25 × 0.05 = 0.0125) (0.0125 × 106 = 12,500). Many
organ-specific tumors, including the bladder, affect about 3.5
to 6.0% of the tumor occurrence (National Cancer Institute
(NCI), 2014), thus the use of 5% for an organ like the bladder
would be a reasonable expectation. Organs affecting a notably
higher proportion of people (e.g., about 16–18% per cancer
type) are those cancers of the lung, breast and prostate. The
100 newly affected people with chemically induced bladder
cancer are then randomly distributed among the entire pop-
ulation of one million. This suggests that 25% of the 100 will
already be in the process of developing a background tumor,
with about 5% of those already targeted for a “spontane-
ous” bladder tumor (0.25 × 0.05 = 1.25%). The net result of
background (i.e. spontaneous) and tumor-induction via a
chemical carcinogen at 10−4 is 12,500 (“background”) plus 100
new chemically induced cases (i.e., 12,500 + 100 = 12,600)
minus 1 due to spontaneous and induced bladder tumors in
the same individuals. This would yield a total of 12,599 in-
dividuals with bladder cancer. The hormetic benefit is likely
to affect both background and induced tumor incidence, re-
ducing their incidence by roughly 25% (Calabrese and Blain,
2011), lowering the predicted total number of affected people
(12,500) by about 3150. There can be other situations in which
the chemical may affect multiple organs with different tumor
backgrounds and induced tumor incidence, affecting the
nature and complexity of the assessment. For example, in the
case of dioxin, it was shown in the Kociba et al. study (Kociba
et al., 1978) that has been widely used for cancer risk as-
sessment that hormetic effects appear to occur in multiple
organs (i.e., Females: liver, ovary, uterus, cervix/vagina,
mammary, pituitary and adrenal; Males: liver, pulmonary, pi-
tuitary, pancreas and adrenal). In such cases it may be possible
to select that dose which displays the lowest overall tumor
incidence for risk assessment purposes. In theory, this type
of situation may be predicted to have a greater beneficial effect
than described for the bladder cancer. However, it would not
be unexpected for the optimal effect to vary by organ. Using
a financial metaphor, the convergence of the LNT/10−4 risk and
hormesis methodologies permits the protection of one’s “prin-
ciple” (i.e., impossible to detect chemically-induced increase
in cancer risk) while adding considerable benefit (i.e., large
reduction in cancer risk for those affected organs). This com-
promise strikes an optimized balance in which there is a very
low theoretical risk increase and a very high theoretical
benefit. Choosing a 10−6 acceptable risk would reduce 99 of
the 100 theoretically affected people while eliminating the
possible hormetic benefit. This type of strategy would prevent
the possibility of beneficial effects, which could be substantial.

5) The example presented above addresses the risk of a single
complete carcinogen. However, humans live in a highly
complex environment involving exposure to a vast array of
complete carcinogens, tumor promoters, chemoprotective
chemicals and physical agents, all superimposed on dynamic
metabolic processes, numerous adaptive mechanisms and
complex exposure dynamics. Predicting cancer incidence of
complex mixtures from experimental and epidemiological
studies is problematic, if not impossible. A very limited, sim-
plified and yet mechanistically oriented approach to assess
complex carcinogenic mixtures is the toxic equivalent factor
(TEF) that assumes additive processes that act identically (e.g.
same receptor) for similarly grouped agents (e.g. dioxins, PAHs
and PCBs). The TEF concept was integrated within a LNT per-

spective. Epidemiological evaluations of complex mixtures
reveal the failure of predictions of animal studies to predict
human responses. For example, a cup of coffee contains >1000
chemicals of which approximately 30 have been tested for
cancer. Of these the majority were carcinogenic in standard
rodent model testing. Each cup of coffee contains >10 mg of
rodent carcinogens, with American adults drinking three cups
per day (Ames and Gold, 2000; Gold et al., 1992). The situ-
ation gets more complex as more carcinogens are added via
the roasting process. However, despite such exposures to
natural and roasted process-related carcinogens, compre-
hensive epidemiological studies reveal neutral or beneficial
effects from lifetime coffee drinking depending on the organ
(Bohn et al., 2014; Crippa et al., 2014). Thirty-two occupa-
tional epidemiological studies (i.e. case–control – 19 studies;
cohort – 13 studies) of gasoline exposure which is a highly
complex and variable mixture of >500 saturated/unsaturated
hydrocarbons revealed no pattern or clear association between
gasoline and any cancer (Keenan et al., 2010). Furthermore,
dose responses of complex mixtures [e.g. petroleum (Laughlin
et al., 1981), waste-water treatment effluents (De Nicola et al.,
2004; Mendoza-Figueroa, 1973; Walsh et al., 1982), complex
organochlorine mixtures (Aube et al., 2011)] over a broad dose
response often conform to an hormetic dose response. These
findings support the conclusion that complex mixtures can
induce hormetic dose responses and can be evaluated within
the framework proposed here.

6) An important implication of model uncertainty is that it has
the potential to undermine and challenge the use of LNT in
toxic tort litigation cases. The acknowledgement of substan-
tial and unresolved uncertainty in risk assessment may
preclude causation judgments with low dose exposures. In
fact, the use of LNT in toxic tort cases in the United States has
been successfully challenged in numerous litigations
affecting ionizing radiation, asbestos as well as chemical car-
cinogens, principally due to its lack of validation capacity,
inconsistency with published findings and the recognition of
substantial adaptive mechanisms that undermine an LNT in-
terpretation (Milward v. Acuity Specialty Products Groups, Inc,
2013; Sutera v. Perrier Group of America Inc, 1997; Whiting
v. Boston Edison Co, 1995).

5. Discussion

The search for public health common ground via the integra-
tion of opposing risk assessment models is a new approach in the
process of risk assessment harmonization. It permits the strengths
of opposing perspectives to be incorporated into a unified risk as-
sessment approach. It is recognized that estimates of low risk is a
speculative activity, especially when the data are derived from high
dose toxicology studies and that there is no current practical way
around this limitation. The present recommendation is viewed as
substantially conservative, creating the opportunity to benefit from
the induction of adaptive responses while recognizing and incor-
porating model uncertainty into the risk assessment process. We
believe that this is a sound foundation upon which to base envi-
ronmental public health policy.

The precautionary principle, which is at the core of modern gov-
ernmental environmental health policies, is founded on a
toxicological assumption that lower is always safer/better and that
zero exposure, especially for carcinogens, is the goal [maximum con-
taminant level goal (MCLg)] as seen for EPA drinking water standards.
The precautionary principle was strongly influenced during its for-
mative development by belief in LNT predictions. Harmonizing of
the LNT and hormesis dose response models can provide a vehicle
not only for cancer risk assessment but also a novel means, along

139E.J. Calabrese et al./Food and Chemical Toxicology 81 (2015) 137–140



with a more biologically based foundation, to guide a broad range
of precautionary principle applications.
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In 2005 we published an assessment of dose responses that satisfied a priori evaluative criteria for inclu-
sion within the relational retrieval hormesis database (Calabrese and Blain, 2005). The database included
information on study characteristics (e.g., biological model, gender, age and other relevant aspects, num-
ber of doses, dose distribution/range, quantitative features of the dose response, temporal features/repeat
measures, and physical/chemical properties of the agents). The 2005 article covered information for
about 5000 dose responses; the present article has been expanded to cover approximately 9000 dose
responses. This assessment extends and strengthens the conclusion of the 2005 paper that the hormesis
concept is broadly generalizable, being independent of biological model, endpoint measured and chem-
ical class/physical agent. It also confirmed the definable quantitative features of hormetic dose responses
in which the strong majority of dose responses display maximum stimulation less than twice that of the
control group and a stimulatory width that is within approximately 10–20-fold of the estimated toxico-
logical or pharmacological threshold. The remarkable consistency of the quantitative features of the hor-
metic dose response suggests that hormesis may provide an estimate of biological plasticity that is
broadly generalized across plant, microbial and animal (invertebrate and vertebrate) models.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Hormesis is a dose–response phenomenon in which opposite
effects are observed at low, compared to high, doses for the same
measured parameter. This will result in either an inverted U-
shaped or a J-shaped dose–response curve. The concept of horme-
sis has received considerable interest in the toxicological, pharma-
cological and general biomedical areas over the past 10–15 years
(Calabrese, 2008; Calabrese and Baldwin, 2001a, 2003b). For exam-
ple, in the entire decade of the 1980s the Web of Science database
reported about 10–15 citations per year for the terms hormesis or
hormetic. However, in 2010 alone the number of citations was
3269 with publications in over 100 journals covering a broad range
of biomedical disciplines. In 1997 Calabrese and Baldwin (1997a)
reported on the creation of a relational retrieval hormesis database
along with a priori entry criteria and numerous study parameters
on which data would be entered. In 2005, Calabrese and Blain pub-
lished the results of a detailed assessment of the database which
contained nearly 5000 dose responses (Calabrese and Blain,
2005). The findings indicated that hormetic dose responses were
observed in a broad range of biological models (i.e., from plant to
human), occurring over a diverse set of biological endpoints and
ll rights reserved.

. Calabrese).
across a wide range of chemical classes. The analysis also revealed
that the stimulation in the low-dose zone was typically modest
with the maximum stimulation being generally 30–60%. The
overall findings were important since they demonstrated that hor-
metic dose responses were reproducible and broadly generalized.
Several related publications extended these findings, providing a
frequency estimate of hormesis within the toxicological and phar-
macological literature (Calabrese and Baldwin, 2001b, 2003a; Cala-
brese et al., 2006, 2008). These studies also revealed that the
hormetic dose response was far more common than the threshold
and linear dose response models in direct comparisons using the
same a priori entry and evaluative criteria. The present paper
extends the 2005 study of Calabrese and Blain by presenting an up-
dated analysis of the hormesis database that has approximately
9000 dose responses. The updated analysis strengthens the basic
findings of the original paper (Calabrese and Blain, 2005) with re-
spect to the conclusion that hormesis is highly generalized with no
apparent restriction to biological model, endpoint, or chemical
classes.
1.1. Database entry criteria

The hormesis database was created using a specific set of a pri-
ori criteria designed to:

http://dx.doi.org/10.1016/j.yrtph.2011.06.003
mailto:edwardc@schoolph.umass.edu
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(1) identify probable cases of hormesis,
(2) assess the quantitative features of the hormetic dose

response, and
(3) assess the generalizability of the hormetic phenomenon

according to biological model, endpoint, and chemical class
and physical stressor agents.

The hormesis database inclusion criteria have been previously
published (Calabrese and Blain, 2005) and will only be discussed
briefly. They include: (1) a minimum of 10% stimulation (i.e., in-
verted U-shaped dose response) or a 3% depression of response
(i.e., J-shaped dose response). (2) If the 10% or 3% selection criteria
were not satisfied, a dose response could have been entered into
the database if the response achieved statistical significance in
hypothesis testing. (3) The study had to employ an adequate con-
current control for comparison. As a general rule, dose responses
that satisfied the above three criteria, satisfied hypothesis testing
requirement, and provided the most detailed assessment of re-
sponse both above (toxic zone) and below (hormetic stimulatory
zone) the threshold were prioritized for selection into the data-
base. Such dose responses offered the best opportunity to provide
more detailed quantitative assessment of the broader dose re-
sponse continuum, as well as a more robust assessment of overall
dose responses.
1.2. Database scoring methodology

Each dose response entered into the hormesis database was
scored according to Calabrese and Baldwin (1997a,b) and Calabrese
and Blain (2005) in which numerical values were awarded based
on the quality of the study design, response magnitude, statistical
analysis, and reproducibility of the response in order to evaluate
Table 1
Summary of criteria with assigned point values used in the quantitative evaluation of hor

Doses below ZEP (n) Point value

Study design criteria
1 1
2 2
3 3
4 4

>5 5

Doses statistically significant (n) Point value

Response criteria
1 2
2 4
3 8

>4 16

Inverted U-shaped curve J-shaped curve

Magnitude of response (percentage control value)

>110% 6 125% 697% P 92%

>125% 6 150% <92% P 84%
>150% 6 200% <84% P 68%
>200% 6 400% <68% P 5%
>400% <5%

Total point range

Summary of total point ranges
1–2
>2–8
>8–12
>12–16
>16–20
>20

a The point value is multiplied by the number of experimental doses falling within t
exhibiting stimulatory responses within the 125–150% range with the curve approaching
the total number of points would be: 3 � 1 = 3 (Doses below the ZEP; study design c
significant); 3 � 1 = 3 (magnitude of response), for a total of 11 points. The 11 points w
the capacity of an experiment for demonstrating hormesis (i.e.,
strength of evidence). Points were awarded for (1) the number of
doses below the zero equivalent point (ZEP; location where re-
sponse crosses the control value), (2) estimation of a ZEP (i.e., curve
crosses the control value or was such that the curve would esti-
mate where it would cross the threshold), (3) the number of statis-
tically significant responses below the ZEP, (4) the magnitude
(percent of control value) of the stimulatory response, and (5)
reproducibility of the data by other studies with data provided
(in other publications or within the same publication). The points
are summed and the evidence of hormesis is awarded as indicated
in Table 1.

This scoring methodology rewarded studies that explicitly con-
sidered below zero equivalent point (ZEP) or NO(A)EL doses in
their study designs with the balance of the points being skewed
in favor of response over design. While only a single point is
awarded for dose responses that identify or could estimate a ZEP,
the points for response progressively increase from one for a min-
imal entry starting at 10% (or 3%) up to four points for 400% (or 0%)
of the control. Because increases of 400% or greater than the con-
trol may represent a different phenomenon than hormesis, the
points were arbitrarily capped at four for responses 400% of the
control or greater. Statistical significance was also emphasized in
the scoring since hypothesis testing considers the sample size, var-
iability, and magnitude of response in a reliable and nonbiased
manner.
1.3. Description of the database

The hormesis database contains 2527 citations with 8962
dose responses (i.e., endpoints). The articles have been obtained
mainly through extensive searches through numerous journals,
mesis.

ZEP determined/estimated Point value

Yes 1
No 0
– –
– –
– –

Reproducibility Point value

Yes 3
No 0
– –
– –

Point valuea

0.5

1
2
3
4

Hormesis evidence category

No–low
Low
Low–moderate
Moderate
Moderate–high
High

he corresponding percentage range. For example, if an experiment has three doses
the ZEP and two of the responses achieve statistical significance and one does not,

riteria); 1 (estimated ZEP; study design criteria); 4 (response criteria, statistically
ould achieve the categorization of hormesis evidence of ‘‘low–moderate’’.



Table 2
Articles in the hormesis database by year of publication.

Publication year Number of articles Percent of total (2527)

<1930 39 1.5
1930–1939 30 1
1940–1949 45 2
1950–1959 95 4
1960–1969 158 6
1970–1979 429 17
1980–1989 505 20
1990–1999 706 28
2000–2010 520 20.5
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cross-referencing journal citations, MEDLINE, Web of Science and
other database searches using multiple words such as hormesis,
hormetic stimulation, inverted U-shaped, J-shaped, biphasic, bell-
shaped, and others. The articles have occurred in a diverse array
of journal publications (nearly 500 different journals), although
several books (51 citations), theses and dissertations are in-
cluded. Information on the citation, chemical, biological model,
study duration, treatment, endpoint, and dose–response curve
are entered into the database (see Calabrese and Blain, 2005
for specific entry fields). Queries can be conducted using any
of the fields. The query system was employed to yield the
descriptive assessments offered in this article.
1.4. General

The database is arranged so that each citation is associated with
studies (i.e., experiments). Data on gender and different species are
considered separate studies as are different variations in study de-
sign. Each study may have examined several endpoints (e.g., body
weight, survival). Each endpoint has a dose response associated
with it. Any search performed with the database provides the num-
ber and percent of total for citations, studies, and endpoints. The
database includes experimental findings from 1899 to the present
Table 3
Most prevalent chemical classes and physical agents in the hormesis database.

Chemical class/physical agents

Inorganics (including elements and metals)
Radiation/radionuclides
Organics
Organophosphate/pesticides/herbicides/fungicides
Hormones/amino acids/fatty acids/enzymes/protein/neurotransmitters/neuropeptides
Alcohols/phenols
Carboxylic acids
Heterocyclic compounds
Chlorinated hydrocarbons/halogenated hydrocarbons/chlorinated furanone
Organometals
Nitrate/nitrile/nitro compounds/nitrofurans/nitrosamines/nitroso compounds/nitroso
Hydrocarbons/PAHs/aromatic hydrocarbons
Amides/amines/imides/imines
Antibiotics/antifungals/antivirals/antiprotozoals/antiseptics
PCB/PBB
Antineoplasics
Azo compounds/azo dyes/ azoic dye fragment/dye intermediates
Plant extracts/alkaloids/alkaloid derivatives/pyrrolizines alkaloids
Dioxins
Flavanols/Flavones/flavanones/flavonoids
Carbamates
Polymer/polyamine/polynucleotide/polysaccaride
Aldehydes
Ester/ethers
Mycotoxins
Sulfonic acids
Miscellaneousa

a Miscellaneous chemical class refers to complex chemicals or chemicals that could n
(Table 2). However, the majority (85%) of the articles in the data-
base were published after 1970.

Reproducibility was difficult to implement because of the
uncertainty over what constitutes a bona fide case. It was decided
that reproducibility should only be claimed in cases where the fol-
low-up study was essentially identical to the original study. This
would explain why only nine citations (with a total of 15 re-
sponses) were determined to be reproducible between publica-
tions. Reproducibility reported within the same article occurred
with 258 dose responses in 133 different articles. However, a dose
response is only considered reproducible when the article provided
the results of the separate experiments. Cases where data were
combined and reported as averages or where the study author
claimed that the results were reproducible and only the results
from a representative study were provided were not considered
reproducible in the database due to lack of data for confirmation.
2. Study design considerations

2.1. Agent

Nearly 2000 different agents from approximately 245 different
chemical classes have been entered into the database, about twice
as many as reported in 2005. While 81% (i.e., 7216) of the 8962
dose responses entered into the database used a chemical agent,
19% (i.e., 1746) employed radiation or radioactive material. Table
3 provides the chemical classes and physical agents with the great-
est frequency in the database. Calabrese and Blain (2004) have
examined the hormetic response of metals in greater detail
elsewhere.
2.2. Model

In the 2005 publication, plants and animals were equally repre-
sented in the database. However, in the last 5 years more animal
studies have been entered with animal models predominating
Number of dose responses % of total (8962)

1717 19
1746 19
5499 62

573 6
/peptides/steroids 425 5

410 5
349 4
233 3
202 2
171 2

ureas 163 2
152 2
143 2
132 1.5
102 1

89 1
89 1
79 1
73 1
67 1
59 1
55 1
47 0.5
42 0.5
38 0.4
35 0.4

631 7

ot be placed in a specific chemical class.



Table 4
Experimental models by year of publication and test system.

Year of publication Experimental model

Animal Plant Bacteria

Total In vitro In vivo Total In vitro In vivo Total In vitro In vivo

Before 1970 323 (7%)a 104 (32%)b 219 (68%) 981 (31%) 350 (36%) 631 (64%) 151 (19%) 142 (94%) 9 (6%)c

1970–1979 604 (12%) 252 (42%) 352 (58%) 912 (29%) 150 (16%) 762 (84%) 78 (10%) 78 (100%) –
1980–1989 1119 (23%) 568 (51%) 551 (49%) 451 (14%) 131 (29%) 320 (71%) 352 (44%) 352 (100%) –
1990–1999 1639 (34%) 763 (47%) 876 (53%) 452 (46%) 139 (31%) 313 (69%) 91 (11%) 88 (97%) 3 (3%)
2000–2010 1183 (24%) 823 (70%) 360 (30%) 370 (12%) 103 (28%) 267 (72%) 134 (17%) 132 (99%) 2 (1%)
Total 4868 (10%) 2510 (52%) 2358 (48%) 3166 (100%) 873 (28%) 2293 (72%) 806 (100%) 792 (98%) 14 (2%)

a Number in parentheses is the percent of the total row (e.g., 323/4868 = 7%).
b Number in parentheses is the percent for that year group (e.g., 104/323 = 32%).
c Bacteria experiments were considered in vivo when the bacteria was injected into a host (e.g., rat).
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the database (54% animals as compared to 35% plants). Rats (1085
dose responses) and mice (1218 dose responses) followed by hu-
mans (794 dose responses) are the most commonly used animal
models, which is similar to that observed in 2005. Although no par-
ticular plant species predominates wheat was the most common
(188 dose responses). In addition, fungi (167 dose responses), algae
(219 dose responses), and yeast (110 dose responses) were also
broadly represented. Ninety-four (4%) of the citations compared
the effects of an agent on a certain endpoint across different ages.
The conclusion remains that hormesis occurs in all different devel-
opmental and age related stages.

Most of the dose responses in the database (i.e., 5889) either did
not specify the gender studied or gender does not apply to the
model (e.g., plants or cell lines). Males (2196 dose responses) and
females (1804 dose responses) were used in approximately the
same number of studies. Because males and females were used to-
gether in some in vivo studies but the results were not separated
by sex, the total number of dose responses by sex will not equal
the total number of dose responses in the database because the
study will be counted under both male and female results. If re-
sults were separated by sex, they are reported as separate studies.
The sexes were compared in 128 (5%) of the citations in the
database.

2.3. Test system

In contrast to the 2005 publication, where in vivo experiments
predominated, there are similar amounts of dose responses in the
database conducted in vivo (4698; 52%) and in vitro (4284; 48%) in
the present analysis. This may be due to the increase in animal
studies conducted in vitro (Table 4). Animal models were con-
ducted at a similar rate in vivo and in vitro, while plants were con-
ducted more often in vivo (Table 4). Study durations varied greatly
(i.e., from a few minutes to a few years) because of differences be-
tween in vivo and in vitro studies. Even in vivo studies can vary
greatly from a single injection or a few seconds of radiation to a
lifetime of repeated exposures. Because of the variety of methods
employed, the type of control used also varied greatly; however,
the control used was an adequate control to study the effect.

2.4. Time course

Because hormesis may be related to an adaptive response, it may
only be observed at certain times after or during exposure. Studies
that examine an effect over different time periods demonstrate that
in many cases, the hormetic effect is observed only at certain time
points, while in other cases the hormetic effect is consistent over
the time points measured. There are 1324 dose responses in the
database that examined an endpoint at more than a single time
point. Only one of the repeated measurements is entered into the
database. While 36% of the 1324 dose responses only had two mea-
surements, 64% of the 1324 endpoints had three or more measure-
ments obtained.
2.5. Hypothesis testing

A dose response was considered to have hypothesis testing if
the study authors provided statistical results comparing the treat-
ment group to the control. While only 45% of the dose responses
had hypothesis testing that fit the criteria of the database, there
were instances where statistical analysis was performed but the
study authors did not provide comparisons between treatment
and control. Mutagenicity studies have often used a twice above
control value as an indication of a positive effect instead of hypoth-
esis testing. However, mutagenicity studies had a similar use of
hypothesis (47%; i.e., 422 of 892 dose responses) testing as the gen-
eral database (45%). Table 5 demonstrates an increase in hypothe-
sis testing after 1970 compared to before 1970 with the greatest
use of hypothesis testing occurring in more recent years.
2.6. Transgenerational

The database includes 168 dose responses from studies that
examined transgenerational effects. Each generation fitting the cri-
teria is entered into the database as a separate study. There were
45 citations that examined generations indicating that more than
one generation from a citation had a hormetic effect. Sometimes
studies examined the transgenerational effects, but only reported
results for the second generation and not the generation exposed.
Therefore, the number of generations is considered only one in the
database. This occurred in 5% of the dose responses, however, the
majority (83%) of the studies examined two generations.
2.7. Subjects

The number of dose responses in which subjects were pre-
sented for inclusion in the database is 5576 (62% of the dose re-
sponses) (Table 6). Because some of the dose responses include a
different number of subjects for different doses (e.g., controls had
twice as many subjects or the endpoint was only measured in sur-
vivors and each group had a different number), the total (i.e., 5915)
will not be equal to the number of dose responses (i.e., 5576) that
included the number of subjects. The number of subjects was con-
sidered the number that the study authors provided in the tables
or figures and could include the number of experiments, the num-
ber of cultures, or the number of individuals. Table 6 demonstrates
that there are only slightly more in vivo studies than in vitro stud-
ies, but that in vivo studies were more likely to have >10 subjects
per group.



Table 5
The number of dose responses with hypothesis testing by publication year.

Publication year Number of dose responses Number with hypothesis testing Percent of yearly total

Before 1970 1470 212 14
1970–1979 1625 690 43
1980–1989 1950 729 37
1990–1999 2213 1308 59
2000–2010 1704 1136 67
Total 8962 4075 45

Table 6
Number of subjects per treatment group.

Number of subjects per treatment group Number of dose responses In vitro In vivo

610 3632 (61%)a 2165 (60%)b 1467 (40%)
11–50 1483 (25%) 297 (20%) 1186 (80%)
51–100 355 (6%) 74 (21%) 281 (79%)
101–1000 371 (10%) 68 (18%) 303 (82%)
>1000 74 (1%) 22 (30%) 52 (70%)
Total 5915 (100%) 2626 (44%) 3289 (56%)

a Number in parentheses is the percent of the total row (e.g., 3632/5915 = 61%).
bNumber in parentheses is the percent for that number of subjects grouping (e.g., 2165/3632 = 60%).

Table 7
The number of dose responses by endpoint.

Endpoint type Number of dose responses Percent of total dose–response relationships (8962) Plants (3166) Animals (4868) Bacteria (806)

Growth 3353 37 2197 (69%)a 922 (19%) 186 (23%)
Metabolicb 1996 22 598 (19%) 1157 (24%) 199 (25%)
Mutagenicc 892 10 51 (2%) 498 (10%) 342 (42%)
Immune response 581 6.5 – 581 (12%) –
Survival 568 6 60 (2%) 415 (8.5%) 74 (9%)
Reproductiond 534 6 179 (6%) 342 (7%) 4 (0.5%)
Neurological 285 3 0 (0%) 285 (6%) 0 (0%)
Behaviorale 266 3 – 265 (5%) –
Cancer 161 2 – 161 (3%) –
Longevity 152 2 1 (0.03%) 148 (3%) 1 (0.1%)
Diseasef 68 0.8 60 (2%) 8 (0.2%) –
Damageg 61 0.7 19 (0.6%) 42 (0.9%) –
Developmentalh 45 0.5 1 (0.03%) 44 (0.9%) –

a Number in parentheses is the percent of the total for that specific model (e.g., 2197/3166 = 69%).
b Examples: DNA repair, enzyme activity, hormone levels, ROS production, ATP response, oxygen uptake, or urine volume.
c Examples: number of revertants, micronucleus frequency, incidence of bent humeral bristles, chromosome aberrations, drug resistance, or DNA integrity.
d Examples: fecundity, hatching rate, eggs/female, number of young, number of resorptions, seed germination, or number of flowers.
e Examples: distance travelled, flinches/min, number of bites, rearings, or head dips, or number of correct choices.
f Disease in plants refers to rot or spoilage of fruit, diseased plants, or number of weeds; disease in animals refers to infection (e.g., kidney infection) or parasites.
g Damage in plants refers to disintegrating roots, decay, number of holes caused by insects or oxidation; damage in animals refers to cell rounding, ALT or LDH release,

lesions, lipid peroxidation, or hyperplasia.
h Examples: adult eclosing rate or malformations.
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2.8. Endpoints

The dose–response relationships are divided into two different
sections for endpoint (endpoint type – e.g., growth; and endpoint
parameter – e.g., body weight). Thirteen endpoint types were se-
lected for generalized search capacity (Table 7). Since the 2005
publication, a neuroscience endpoint was added and the database
was re-evaluated by endpoint parameter to add the neurological
endpoint type. Although growth was the endpoint type associated
with the most dose responses, there were numerous dose re-
sponses in each of the endpoint types. In addition, studies may
examine multiple endpoint parameters that predict the same or
closely related process (e.g., cell proliferation), but it is estimated
via a different endpoint parameter (e.g., DNA synthesis, tritiated
thymidine uptake, cell numbers, etc.) and each that meets the cri-
teria is listed as a separate endpoint within the study. As is ex-
pected, the endpoint type measured the most frequently in
plants was growth and mutagenic was the most frequently studied
endpoint in bacteria. Animals had a more uniform distribution by
endpoint type.

2.9. Hormetic curve

The majority of the dose–response relationships were inverted
U curves (82%). Table 8 describes the width of the 5668 dose
responses in which a range could be determined. The majority of
the dose responses displayed a stimulatory response range less
than 10-fold wide. However, the response range could be highly
variable with a low percentage (7%) displaying a stimulatory range
that exceeded 1000-fold. There was only a slight variation in the
stimulatory range between the models with bacteria having a
greater proportion of the dose responses having a stimulatory
range between 10- and 100-fold (Table 8). Although stimulatory
ranges of P1000-fold occurred at the lowest frequency for all
endpoints, this range occurred at a greater frequency in neurolog-
ical and immune responses than the other endpoints (Table 9). The



Table 8
Width of stimulation range by model.

Width (-fold) Number of dose–response relationships Number in plants Number in animals Number in bacteria

P1 < 10 2450 (43)a 922 (54%)b 1290 (48%) 197 (35%)
P10 < 100 2054 (36) 572 (34%) 572 (21%) 233 (42%)
P100 < 1000 760 (13) 149 (9%) 484 (18%) 113 (20%)
P1000 404 (7) 58 (3%) 326 (12%) 18 (3%)
Total 5668c 1701 (100%) 2672 (100%) 561 (100%)

a The number in parentheses is the % of total dose–response relationships.
b The number in parentheses is the % of total for that model.
c The value of 5668 differs from the total number dose–response relationships (i.e., 8962) because calculation of the range was not possible for all dose responses for

various reasons (e.g., data presentation precludes exact determination of range).

Table 9
Width of stimulatory range by endpoint.

Endpoint type Number of dose responses with ranges available Width of the stimulatory range

P1 < 10 P10 < 100 P100 < 1000 P1000

Growth 1971 1074 (54%)a 587 (30%) 201 (10%) 109 (6%)
Metabolic 1213 455 (38%) 435 (36%) 208 (17%) 115 9%)
Mutagenic 755 173 (23%) 402 (53%) 145 (19%) 35 (5%)
Immune response 304 100 (33%) 118 (39%) 51 (17%) 35 (11%)
Survival 465 277 (60%) 149 (32%) 32 (7%) 7 (2%)
Reproduction 313 163 (52%) 116 (37%) 24 (8%) 10 (3%)
Neurological 202 68 (34%) 58 (29%) 42 (21%) 34 (17%)
Behavioral 166 52 (31%) 82 (49%) 24 (14%) 8 (5%)
Cancer 75 18 (24%) 43 (57%) 9 (12%) 5 (7%)
Longevity 84 43 (51%) 36 (43%) 5 (6%) 0 (0%)
Disease 9 1 (11%) 5 (56%) 2 (22%) 1 (11%)
Damage 35 11 (31%) 16 (46%) 4 (11%) 4 (11%)
Developmental 37 15 (41%) 7 (19%) 13 (35%) 2 (5%)

a Number in parentheses is the percent of the total for that specific endpoint (e.g., 1074/1971 = 54%).
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higher frequency of mutagenic endpoints with a stimulatory re-
sponse between 10- and 100-fold supports the finding that bacte-
ria were more likely to have a stimulatory range between 10- and
100-fold. Although the majority of dose responses had a stimula-
tory range less than 10-fold, there were some endpoint types
(i.e., mutagenic, immune response, behavioral, cancer, disease,
and damage) that had a greater frequency of dose responses with
stimulatory ranges between 10- and 100-fold.

The relative proportions of maximum stimulatory responses for
J-shaped curves were more evenly distributed than in inverted U-
shaped curves (Table 10). The maximum stimulatory response
range in inverted U-shaped curves was between 110% and 150%
of the control; 79% of the dose responses had a maximum stimula-
tory response less than 200% of the control regardless of model or
endpoint (Tables 10–12). The majority of J-shaped curves had a
maximum stimulatory response between 50% and 100% of the con-
trol (Table 10). While this range is maintained regardless of the
model employed (Table 10), certain endpoints had a greater ten-
dency to have % of control values 650% of the control (i.e., immune
response, disease, and developmental) while other endpoints (i.e.,
survival and cancer) were more evenly distributed across the max-
imum stimulatory response ranges (Table 11).

Information on the distance from the maximum stimulatory
response and the dose where the curve would cross the zero equiv-
alence point (i.e., response equal to control; ZEP) is provided in
Table 13. To calculate the point, the curve must have peaked and
crossed the control value again. This occurred in 5331 (59%) of
the dose responses. In the majority (62%) of cases the maximum
stimulatory response is within a factor of five from the ZEP, which
occurs regardless of biological model used (Table 13) or endpoint
examined (Table 14). In plants, the majority of the dose responses
are in vivo regardless of the distance from the maximum stimula-
tory response and the ZEP. In animals, however, as the distance
between the maximum stimulatory response and the ZEP in-
creased, the more likely the study was to be in vitro (Table 13).
2.10. Strength of evidence

Calabrese and Baldwin (1997a,b) provided a numerical scoring
system to determine the strength of evidence for assessing to what
extent the dose response was consistent with the hormetic dose–
response model, which is described above in the scoring method-
ology section. Table 15 indicates that the majority of the responses
(57%) had low evidence of hormesis. After entering nearly 9000
dose responses, this is more likely a limitation of the scoring sys-
tem than in the quality of the dose responses. Although there are
some dose responses with only one or two doses in the hormetic
region, Table 16 indicates that there are as many curves with three,
four, or five doses in the hormetic range. The low evidence results
are due to a limited maximum stimulatory response in the pre-
dominantly inverted U-shaped curves and the lack of hypothesis
testing in approximately 50% of the dose responses. In plants, the
studies were generally conducted in vitro and this did not change
with the number of doses below the ZEP. In animals, however, the
in vivo studies were more likely to have fewer doses below the ZEP.
As the number of doses below the ZEP increased, more of the ani-
mal studies were found to be in vitro (Table 16).
3. Discussion

Since the publication in 2005 3400 new dose responses have
been added to the database, approximately 40% of the database
(Calabrese and Blain, 2005). Despite the substantial entry enlarge-
ment of the database the quantitative aspects of the hormetic
curve (i.e., maximum stimulatory response, stimulatory range,



Table 10
Maximum stimulatory response by model.

Maximum stimulatory response (% control) Number of dose–response relationships Number in plants Number in animals Number in bacteria

J-shaped curve
6100 > 75 583 (37%)a 47 (26%)b 314 (30%) 219 (64%)
675 > 50 526 (33%) 63 (35%) 372 (35%) 91 (27%)
650 > 25 277 (18%) 32 (18%) 224 (21%) 21 (6%)
625 193 (12%) 40 (22%) 144 (14%) 9 (3%)
Total 1579 (100%) 182 (100%) 1054 (100%) 340 (100%)

Inverted U-shaped curve
P100 < 110 42 (0.6%) 11 (0.4%) 30 (0.8%) 1 (0.2%)
P110 < 150 4379 (59%) 1913 (64%) 2147 (56%) 253 (54%)
P150 < 200 1443 (20%) 572 (19%) 754 (20%) 98 (21%)
P200 < 500 1191 (16%) 397 (13%) 694 (18%) 73 (16%)
P500 < 1000 190 (3%) 62 (2%) 102 (3%) 22 (5%)
P1000 138 (2%) 29 (1%) 87 (2%) 19 (4%)
Total 7383 (100%) 2984 (100%) 3814 (100%) 466 (100%)

a The number in parentheses is the % of total dose–response relationships.
b The number in parentheses is the % of total for that model.

Table 11
Maximum stimulatory response in a J-shaped curve by endpoint.

Endpoint type Number of dose responses with ranges available Maximum stimulatory response

6100 > 75% of control 675 > 50% of control 650 > 25% of control 625% of control

Growth 42 13 (31%)a 13 (31%) 6 (14%) 10 (24%)
Metabolic 157 66 (42%) 60 (38%) 25 (16%) 6 (1%)
Mutagenic 830 406 (49%) 284 (34%) 93 (19%) 47 (6%)
Immune response 44 8 (18%) 6 (14%) 14 (32%) 16 (36%)
Survival 43 7 (16%) 9 (21%) 16 (37%) 11 (26%)
Reproduction 55 17 (31%) 19 (35%) 13 (24%) 6 (11%)
Behavioral 81 10 (12%) 44 (54%) 18 (22%) 9 (11%)
Cancer 153 33 (22%) 45 (29%) 42 (27%) 33 (22%)
Disease 67 2 (3%) 12 (18%) 17 (25%) 36 (54%)
Damage 48 6 (12.5%) 21 (44%) 15 (31%) 6 (12.5%)
Developmental 37 8 (22%) 5 (13.5%) 11 (30%) 13 (35%)

a Number in parentheses is the percent of the total for that specific endpoint.

Table 12
Maximum stimulatory response in an inverted U-shaped curve by endpoint.

Endpoint type Number of dose
responses with ranges available

Maximum stimulatory response

P100 < 110%
of control

P110 < 150%
of control

P150 < 200%
of control

P200 < 500%
of control

P500 < 1000%
of control

P1000%
of control

Growth 3311 25 (0.8%)a 2175 (66%) 588 (18%) 423 (13%) 68 (2%) 32 (1%)
Metabolic 1839 5 (0.3%) 895 (49%) 395 (21%) 399 (22%) 79 (4%) 66 (4%)
Immune response 537 1 (0.2%) 272 (51%) 145 (27%) 100 (19%) 11 (2%) 8 (1%)
Survival 525 2 (0.4%) 397 (76%) 72 (14%) 45 (9%) 6 (1%) 3 (0.6%)
Reproduction 479 0 (0%) 292 (61%) 81 (17%) 76 (16%) 11 (2%) 19 (4%)
Neurological 265 0 (0%) 143 (54%) 67 (25%) 41 (15%) 9 (3%) 5 (2%)
Behavioral 185 0 (0%) 69 (37%) 41 (22%) 68 (37%) 5 (3%) 2 (1%)
Longevity 150 7 (5%) 82 (55%) 39 (26%) 22 (15%) 0 (0%) 0 (0%)
Mutagenic 62 1 (2%) 36 (58%) 10 (16%) 12 (19%) 1 (2%) 2 (4%)

a Number in parentheses is the percent of the total for that specific endpoint.
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number of doses below the ZEP, etc.) have remained consistent.
The data, in general, reveal that the literature basis is both quite
extensive and broadly distributed across the range of biologically
based sub-disciplines that utilize dose–response relationships. Pre-
viously it had been concluded that studies with more doses/con-
centrations resulted from the use of less expensive biological
models such as plants. While this may have been true in earlier
years when in vitro cell lines were hard to maintain and obtain,
the shorter duration and ease of study designs have lead to more
use of in vitro models, which in the database have more often been
animal models. Although it is not clear whether the increase in
in vitro animal models entered in the database is an artifact of sub-
ject interest, it is noted that there were more endpoints using
in vitro animal models that demonstrate hormesis published in
the last 10 years than any other time point.

The point system was developed along with the database in
order to provide a framework to assess whether hormesis was a
viable toxicological hypothesis. Although the point system has lim-
itations, the database has provided the opportunity to assess the
quantitative features of the dose–response curve. As was noted
in the 2005 publication, the majority of the inverted U-shaped
curves are 110–150% of the control with nearly 80% of the maxi-
mum responses less than 2-fold greater than the control. There-
fore, the stimulatory responses, mainly in inverted U-shaped



Table 14
Distance to the maximum stimulatory response to the ZEP by endpoint.

Endpoint type Number of dose responses with distance available Distance from maximum stimulatory response to the ZEP

P1 < 5 P5 < 10 P10 < 100 P100

Growth 1832 1167 (64%)a 308 (17%) 252 (14%) 105 (6%)
Metabolic 1128 621 (55%) 205 (18%) 232 (21%) 70 (6%)
Mutagenic 731 475 (65%) 107 (15%) 122 (17%) 27 (4%)
Immune response 323 157 (49%) 49 (15%) 64 (20%) 53 (16%)
Neurological 193 91 (47%) 37 (19%) 48 (25%) 17 (9%)
Survival 439 323 (74%) 61 (14%) 46 (10%) 9 (2%)
Reproduction 296 208 (70%) 43 (15%) 0 (0%) 13 (3%)
Behavioral 151 105 (70%) 25 (17%) 17 (11%) 4 (3%)
Cancer 78 60 (77%) 7 (9%) 9 (12%) 2 (3%)
Damage 36 28 (78%) 4 (11%) 3 (8%) 1 (3%)
Developmental 36 27 (75%) 5 (14%) 2 (6%) 2 (6%)
Longevity 82 64 (78%) 9 (11%) 8 (10%) 1 (1%)

a Number in parentheses is the percent of the total for that specific endpoint.

Table 15
Evidence of hormesis as used in the hormesis databasea.

Evidence of hormesis Number of dose–response relationships Percent of total dose–response relationships (8962)

High 859 10
Moderate–high 403 4
Moderate 907 10
Low–moderate 1616 18
Low 5137 57
No–low 40 0.4

a For a description of the quantitative methodology used to derive evidence of hormesis see Calabrese and Baldwin (1997a) and/or Table 1.

Table 13
Distance from the maximum stimulatory response to the ZEPa by model.

Distance
(-fold)

Number of dose–response
relationships

Number in
plants

In vitro studies
in plants

In vivo studies
in plants

Number in
animals

In vitro studies in
animals

In vivo studies in
animals

Number in
bacteria

P1 < 5 3331 (62%)b 1065 (69%)c 757 308 1905 (60%) 923 982 307 (58%)
P5 < 10 862 (16%) 257 (17%) 166 91 492 (16%) 191 301 99 (19%)
P10 < 100 837 (16%) 175 (11%) 98 77 543 (17%) 213 330 103 (19%)
P100 304 (6%) 57 (4%) 37 20 222 (12%) 65 157 21 (4%)
Total 5331 (100%)d 1554

(100%)
1058 496 3162 (100%) 1392 1770 530 (100%)

a ZEP = zero equivalent point (i.e., the highest dose showing a response equal to the control response).
b The number in parentheses is the % of total dose–response relationships.
c The number in parentheses is the % of total for that model.
d The value of 5331 differs from the total number of dose–response relationships (i.e., 8962) because calculation of the distance was not possible for all dose responses for

various reasons (e.g., data presentation precludes exact determination of ZEP).

Table 16
The number of doses below the ZEP.

Number
of doses

Number of dose responses (% of the
8962 dose responses)

Number of dose
responses in plants

In vitro plant
studies

In vivo plant
studies

Number of dose
responses in animals

In vitro
animals
studies

In vivo
animal
studies

1 1417 (16%) 472 142 330 804 362 442
2 1946 (22%) 697 198 499 1045 483 562
3 1975 (22%) 722 181 541 1056 513 543
4 1439 (16%) 491 132 359 805 433 372
5 979 (11%) 349 90 259 520 267 253

6+ 1206 (13%) 435 130 305 638 452 186
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curves, observed in the hormesis database still exhibit a modest
magnitude and width in the majority of the cases. These features
are biologically significant since they occur across biological mod-
els, endpoints, and chemical class/physical agent.

Although the majority of the dose responses in the database dis-
played low evidence of hormesis, the findings reflect both the
strength of the data supporting hormesis as well as the evaluative
criteria applied to the study design and response data and their eval-
uation (e.g., statistical analysis). The hormesis–frequency database
(Calabrese and Baldwin, 2001b) provides an absolute judgment on
whether the evaluative criteria of hormesis were satisfied or not. If
such criteria were satisfied, then hormesis was judged as present.
In contrast, the hormesis database, which is the subject of the
present paper, makes no absolute judgment on the existence of
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hormesis; instead, it applied different evaluative criteria, which re-
sult in dose responses being characterized according to the degree to
which they are consistent with the hormetic–biphasic dose re-
sponse. Given that these databases were constructed for different
purposes and used different evaluative criteria, it is important to
note that when all 245 dose–responses that satisfied the evaluative
criteria (i.e., hormesis) in the hormesis–frequency database were as-
sessed using the scoring system employed on the dose responses in
the hormesis database, the distribution of the ranked scores were
similar (Calabrese and Blain, 2005). This is significant since it was
our strong general impression before conducting this inter database
comparison that the entry criteria of the hormesis–frequency data-
base (Calabrese and Baldwin, 2001b) was considerably more strin-
gent than the hormesis database, but this is not the case.

The overall findings indicate that the quantitative features of
the hormetic dose response are consistent across biological model
and endpoint. These observations suggest that this feature has
been highly conserved within an evolutionary context. It also sug-
gests that the hormetic dose response may provide a quantitative
estimate of biological plasticity that is broadly generalizable
(Calabrese and Mattson, 2011; Calabrese, 2010).
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Evidence is presented which supports the conclusion that the hormetic dose–response model is the most common and fundamental
in the biological and biomedical sciences, being highly generalizable across biological model, endpoint measured and chemical class
and physical agent. The paper provides a broad spectrum of applications of the hormesis concept for clinical medicine including
anxiety, seizure, memory, stroke, cancer chemotherapy, dermatological processes such as hair growth, osteoporosis, ocular diseases,
including retinal detachment, statin effects on cardiovascular function and tumour development, benign prostate enlargement, male
sexual behaviours/dysfunctions, and prion diseases.

Introduction

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

The hormetic
dose–response relationship

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

The hormetic dose–response may be reliably described
as a being a stimulation in the low dose zone, followed by
an inhibitory response at higher doses. The magnitude of
the stimulatory response at maximum is typically modest,
being only about 30–60% above that of the control
response (Figure 1). The strong majority of stimulatory
responses are less than twice the control value. This is the
most distinguishing characteristic of the hormetic dose–
response, being its most consistent and reliable feature.
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The width of the stimulatory response is typically within
100-fold of the zero equivalent point, that is, the dose
where the response changes from stimulation to inhibi-
tion, (i.e. the threshold value). In a small proportion (i.e.
<2%) of the hormetic dose responses analyzed to date, a
very broad stimulatory dose–response range has been
noted, exceeding 1000-fold. The implications of having a
wide stimulatory zone may be clinically significant. For
example, the stimulatory zone defines the therapeutic
window. It may also define an adverse effect window, as in
the case when low doses of anti-tumour drugs stimulate
tumour growth [3]. It is also important to recognize that
the hormetic stimulatory zone is graphically contiguous
with the pharmacologic/toxicologic threshold. This indi-
cates that there is the distinct possibility of a desired thera-
peutic dose being a toxic dose to some individuals due to
extensive interindividual variation.

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

percent viability that exceeded the original control value
by approximately 20–50%.

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

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

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

Hormesis and interindividual
variation

A principal concern in assessing the effects of drugs on
humans is that of inter-individual variation. Numerous
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Figure 1
Dose–response curve showing the quantitative features of hormesis
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factors are known that contribute to such variation, includ-
ing age, familial background, gender, nutritional status, the
presence of pre-existing disease, amongst other factors.
Using the hormesis database we subsequently identified
a substantial number of experimental settings in which
hormesis had been studied in individuals or closely related
strains of organisms which differed in susceptibility to
toxic agents. In these evaluations we compared responses
where the range in susceptibility varied from less than 10
fold to well in excess of 100 fold [10]. Of particular note was
that the hormetic response was generally independent of
susceptibility, with hormetic responses occurring in sub-
jects ranging from high to low susceptibility. Likewise, the
quantitative features of the hormetic dose–response are
independent of susceptibility. In about 20% of the cases,
it appeared that the lack of an hormetic response in a
susceptibile strain or subgroup was related to its increased
risk.These observations have important implications in the
development of treatment strategies for patients.

Drug interactions

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

Medical implications of hormesis

Anxiolytic drugs
The animal model testing of anti-anxiety drugs became
extensive in the 1980s [14–18] with progressive method-
ological advances continuing to the present. In the screen-
ing of potential drugs the goal has been to reduce anxiety
in the mouse or rat model in specific experimental set-
tings. While there are many ways in which this problem
has been studied, the basic strategy is to assess whether

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

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

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

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

Anti-seizure drugs
Another example where hormetic biphasic dose–response
relationships have played an important role in drug discov-
ery concerns anti-seizure medications. As in the case of
anxiolytic agents, seizure drugs also undergo a screening
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process to eliminate the poorer performing agents and to
identify those with clinical potential. One way that this is
achieved is to induce seizures in animal models with stan-
dard seizure-inducing agents [e.g. pilocarpine, flurothyl-
(hexafluorodiethyl) ether,kainic acid,and pentylenetetrazol
(PTZ)]. When this is done the researcher determines the
dose required to induce a certain frequency of seizure
events within a specific period of time. Drugs thought to
have good potential as anti-seizure agents would be those
that demonstrate the capacity to increase significantly the
threshold dose of the model drug that causes seizures.
That is, if the threshold dose for inducing seizures in the
animal model is 100 mg kg-1, then a potential anti-seizure
drug would make it more difficult for that model drug to
induce the seizure response, that is, requiring even higher
doses (i.e. increasing the response threshold).

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

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

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

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

this drug, with its very short half-life, requiring up to five
doses per day for most subjects.

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

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

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

In a recent assessment Calabrese [3] provided substan-
tial documentation that low doses of anti-tumour agents
commonly enhanced the proliferation of the human
tumour cells, in a manner that was fully consistent with
the hormetic dose–response relationship. These hormetic
dose–responses were occurring for most types of tumour
cells, independent of organ. That is, Calabrese [3] reported
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hormetic dose–responses in 138 in vitro cell lines, and
32 primary human types induced by over 120 agents
with nearly 50 being endogenous agonists while others
involved the effects of various drugs, phytochemicals,
and environmental contaminants.

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

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

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

The hormetic concentration–response observations in
the human tumour cell lines in the peer-reviewed litera-
ture is mirrored in the US NCI anti-tumour agent data-
bases. There are two databases that we have studied in
some depth, the human tumour cell line database which is

comprised of at least 60 different tumour cell lines repre-
senting tumour types from many areas of general clinical
significance. The second database is comprised of 13
strains of yeast that have genetic defects relating to DNA
repair and cell cycle control.

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

Stroke and traumatic brain injuries

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

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

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

Since the U-shaped dose–response is commonly
observed in these chemoprevention studies such as dis-
cussed above, it needs to be anticipated better and

explored in order to enhance the success of getting new
and effective therapeutic agents through the testing and
evaluation process.

Benign prostate
hyperplasia/cardiac glycosides

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

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

The quantitative features of the biphasic dose–
response of cardiac glycosides indicate that they are
fully consistent with the hormetic dose–response model.
Figure 6 provides a description of the dose–response fea-
tures of various cardiac glycosides in a range of biological
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models adjusted to the same scale for comparison pur-
poses [83]. In each case the magnitude of the low dose
stimulation is modest, with the maximum stimulation
typically being in the 30–60% range above the controls.
The width of the stimulatory response was also generally
consistent across specific agents and biological models
and usually less than 100-fold, again consistent with the
hormetic dose–response.

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

Studies with HeLa cells by Ramirez-Ortega et al. [87]
revealed that four digitalis compounds biphasically
affected cell proliferation, again in a manner consistent
with the hormetic dose–response. In this case, the concen-
tration ranges over which the stimulatory response range
occurred were very broad and remain to be clarified. That
is, the stimulatory response range was greater than 1000-
fold, and could be within a concentration range approach-
ing that of endogenous cardiac glycosides. While the

biphasic dose–response was reported for four digitalis-like
compounds it was not seen for digitalis when tested
over similar concentrations due to its greater toxicity.
Of particular mechanistic importance was the fact that
the low dose stimulation occurred even in the presence of
ethyacynic acid, a nonsteroidal inhibitor of Na+/K+-ATPase,
thereby suggesting that the stimulation is independent of
the sodium pump. Finally, even though the authors did not
address the clinical implications of these findings it would
appear that a broad range of digitalis compounds have the
capacity to enhance cellular proliferation in numerous cell
types including human tumour cell lines over a concentra-
tion range that encompasses the therapeutic zone as well
as for possible normal background states.

Statins: CVD and cancer

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

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

The biphasic dose–response was independently con-
firmed about 2 months later by Urbich et al. [92] who had
submitted their paper for publication consideration more
than 2 months prior to the Weis et al. group. However,
their paper was not accepted for publication until about 3
months after the Weis et al. paper. Using human umbilical
vein endothelial cells (HUVECs) these authors also reported
that ATR biphasically affected endothelial cell migration
and tube formation. Similar findings were subsequently
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Comparison of the effect of ouabain on hormetic dose–responses in
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reported by Katsumoto et al. [93] with HMVECs for multiple
endpoints including cell migration, chemotaxis, cell prolif-
eration, trypan blue exclusion and others. Cooke [94], a
co-author of the Weis et al. [91] paper, suggested that these
findings indicate that statins may also enhance cardiovas-
cular functioning by promoting angiogenesis in ischaemic
limbs,that is, facilitating the remodeling of vessels toward a
more normal and healthier condition. However, at higher
doses these same agents display anti-angiogenic effects
that are mediated by blocking L-mevolonate metabolism,
reducing the synthesis of G-protein subunits. This process
leads to an increase in apoptosis.The data of Weis et al. [91]
and the other supportive findings noted above were strik-
ing, suggesting that statins could have ‘puzzling’ effects on
angiogenesis – that is, proangiogenic effects at low thera-
peutic doses but angiostatic effects at higher doses [95].

Statin concentrations can broadly vary in the serum of
patients, from a low of about 0.002 to a high of approxi-
mately 0.1 mmol l-1. The low concentration stimulation for
endothelial cell parameters ranges from less than 0.001 to
about 0.01 mmol l-1. Above 0.1 mmol l-1 high concentration
effects start to become evident. The low concentration
stimulatory effects (i.e. pro-migration, pro-angiogenic) of
ATR were associated with phosphatidylinositol 3-kinase-
AKT-pathway activation with phosphorylation of AKT
and endothelial NO synthase (eNOS) at Ser 1177. Thus, the
issue of whether statin concentrations are pro- or anti-
angiogenic began to be raised and debated.However, from
the available data it appears that the therapeutic concen-
tration for lowering cholesterol concentrations spans the
pro- and anti-angiogenic concentration continuum.

Proceeding along a separate intellectual track research-
ers interested in inhibitors of angiogenesis had not
focused on the statins, which were principally seen as

inhibitors of cholesterol synthesis. These researchers, fol-
lowing the lead of Folkman [96], identified a series of
possible agents starting with interferon a (1980),plasmino-
gen factor (1982) and some related hydrolyzed protein
fragments,collagenderivedendostatinandotherendogen-
ous agents, acting via a range of possible mechanisms,
that inhibit angiogenesis. In the case of endothelial migra-
tion and other endpoints related to capillary develop-
ment,such agents often displayed biphasic dose–response
relationships. Furthermore, when tested in cancer bioas-
says, these anti-angiogenic agents generally displayed a
U-shaped dose–response relationship [97]. In fact, even
when tests failed to produce the expected U-shaped dose–
response in cancer bioassays, as in the case of Eisterer et al.
[98], it was most likely due to the treatment being at the
high end of the U-shaped dose–response.

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

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

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

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

0

50

100

150

200

250

300

350

400

0

Statins

%
 C

o
nt

ro
l

0.005 mM 0.01 mM 0.05 mM 0.5 mM

Figure 7
Effects of statins on human endothelial cells [91]. CEV EC Proliferation,
( ); ATV EC Migration, ( ); CEV Apoptosis, ( ); CEV Tube
Length, ( ); ATV Tube Length, ( )

E. J. Calabrese

602 / 66:5 / Br J Clin Pharmacol



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

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

Skin

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

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

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

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

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

Minoxidil and human keratinocytes

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

The quantitative findings of the in vitro investigations
of Boyera et al. [117] are remarkably consistent across the

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

Bone

Bisphosphonates
Osteoporosis is a major public health issue for ageing
women. In the US alone nearly 10 million women over 50
years of age have osteoporosis with nearly double that
many being at risk because they have low bone mass [119].
Bisphosphonates can prevent bone resorption and there-
fore have been employed in the treatment of osteoporosis.
Bisphosphonates are synthetic analogues of pyrophos-
phate where a carbon atom replaces the oxygen at the
center of the pyrophosphate. This chemical substitution
results in the bisphosphonate becoming resistant to
hydrolysis. It permits two additional side chains (R1, R2) of
potential variable structure. The R1 side chain contains
an hydroxyl moiety leading to high affinity for calcium
crystals and bone mineral. The chemical differences at R2

have been exploited for the development of bone anti-
resorptive potency [120, 121]. Despite their successful
chemical applications, mechanistic understanding of
bisphosphonates has emphasized their direct inhibitory
effects on mature osteoclasts [122, 123]. However, in addi-
tion to the inhibitory effects on osteoclastic bone resorp-
tion, Giuliani et al. [124] explored whether the chemical
effectiveness of these agents may result from a direct effect
on osteoblasts, thereby representing an alternative target
for bisphosphonate-induced beneficial effects on the bone
formation process. In their investigation Giuliani et al. [124]
evaluated potential effects of etidronate and alendronate
on the formation of early and late osteoblastic cell precur-
sors by measuring the number of colony-forming units for
fibroblasts (CFU-F) and colony-forming units for osteo-
blasts (CFU-OB) in murine and human bone marrow cul-
tures. Using aspirates from the femurs of three-month old
Swiss-Webster female mice, 10 to 12 treatment concentra-
tions over nine orders of magnitude were employed along
with controls. In the mouse marrow cultures, etidronate
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(10-5–10-9 mol l-1) enhanced the formation of CFU-F by
50–100% more than the controls. The alendronate treat-
ment displayed a biphasic effect with stimulation occur-
ring below 10-7 M with inhibitory responses occurring at
higher concentrations.The maximum stimulatory response
was 78% greater than controls. In the case of CFU-OB
(i.e. mineralized nodule formation) both compounds dis-
played biphasic concentration responses with stimulation
occurring at low, inhibition at higher concentrations. A
comparable concentration–response relationship was also
reported for CFU-OB in human bone marrow cells follow-
ing alendronate treatment. The two lowest concentrations
of alendronate which were effective in the formation of the
early osteoblast precursors in this in vitro study were gen-
erally equivalent to those doses (5–10 mg day-1) employed
to treat patients with osteoporosis [125, 126].

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

The mechanisms by these agents enhance the forma-
tion of early and late osteoblast precursors suggest an
involvement with basic fibroblast growth factor (bFGF-a)
[124]. The production of bFGF-a, a powerful mitogen for
mesenchymal cells, increased by 50% with alendronate
treatment over the same concentration range (10-8–
10-12 mol l-1) capable of stimulating osteoblastogenesis in
vitro (Figure 10) [127]. bFGF-a stimulates the proliferation
of CFU-F and the formation of mineralization nodules in
both animal and human cultures [128–132].These findings
suggest that bisphosphonates are most likely affecting an
increase in the number of mesenchymal bone marrow cells

committed to the osteoblast phenotype. Thus, the overall
effectiveness of these compounds may represent a benefi-
cial influence of osteoblast precursors to complement the
previously recognized high dose inhibitory effect on osteo-
blastic bone resorption.

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

Of relevance to the above assessment of
bisphosphonate-induced biphasic dose–responses is that
the molecular mechanism of the biphosphonates differ
between their two structure subgroups, that is, those with
single substrates (e.g. H, OH, Cl, CH5) and lacking nitroge-
nation, and those with common substituents being
a hydroxyl group together with a nitrogen-containing
aliphate side chain or heterocyclic rings. Non-nitrogen
compounds such as etidronate appear to form cytotoxic
ATP-analogues following interactions. The nitrogen-based
compounds inhibit farneyl diphosphosphate synthase, an
enzyme of the mevalonate pathway, thereby reducing the
prenylation of small GTP-binding proteins needed for
normal cell function and survival. However, despite such
marked differences in mechanism both groups biphasi-
cally induced osteoblast proliferation, suggesting other
mechanisms that are shared [120].

A further possible mechanism by which nitrogen con-
taining bisphosphonates may prevent bone resorption is
via an anti-angiogenesis process as reported by Wood et al.
[135] with the drug zolerdronic acid (ZOL) using multiple
endpoints. These authors noted the osteoclastic bone
resorption depends upon efficient vascularization of the
haemangiogenic endothelials cells. The Wood et al. [135]
study also reported a biphasic effect of biphosphonates
[e.g. ZOL, pamidronate (PAM)] on endothelial cell adhesion
consistent with the quantitative features of the hormetic
dose–response, thereby suggesting a more complex and
integrative biological response.
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Effects of alendronate on CFU-F formation in murine bone marrow cells
[124]
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Statins
In 1999 Mundy et al. [136] were the first to report that a
number of statins, in particular simvastatin and lovastatin,
stimulated bone formation following a subcutaneous
injection over the murine calvaria. This same treatment
enhanced the expression of BMP-2 mRNA in osteoblasts.
Since these findings were confirmed and extended to
bone diseases, such as osteoporosis [137, 138], Yazawa
et al. [139] explored whether statins could affect the regen-
eration of periodontal cells that affect hard tissue regen-
eration. Using human periodontal pigment (PDL) cells
these investigators observed the capacity of simvastatin to
biphasically enhance the proliferation of PDL cells (24 h
after treatment) in vitro as well as alkaline phosphatase
(ALP) activity (7 days after treatment). Since the effects of
simvastatin on ALP activity were prevented by mevalonate,
it suggested that these effects were caused by the inhibi-
tion of the mevalonate pathway. Other published findings
supported the earlier observations of the capacity of sim-
vastatin to affect bone formation. That is, osteoblast differ-
entiation and mineralization in MC3T3-E1 osteoblasts and
bone marrow cells (in vitro) were induced by simvastatin
[140–142].

From a clinical perspective simvastatin is taken orally
in 5, 10, 20, 40 or 80 mg tablets, with 20–100 mg tablets
yielding maximum plasma concentrations in the range of
4.4 ¥ 10-8-3.0 ¥ 10-7 M [143]. According to Yazawa et al.
[139] the optimal in vitro concentration appeared to corre-
late with the 20 mg tablet dose, although it is difficult to
relate in vitro concentrations with dose to target tissue.

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

Ocular diseases and cell
proliferation

The successful treatment of intraocular proliferative dis-
eases, such as proliferative vitreopathy (PVR), progres-
sive traumatic traction retinal detachment (PTTRD) and
intraocular neovascularization remain problematic despite
notable advances in intraocular microsurgery in the direct
handling of vitreoretinal tissues.This is due to the excessive
accumulation of fibrous vascular tissue within the eye.
Surgical treatment alone has also had limitations in the
treatment of a range of other disorders characterized
by progressive conjunctival or extraocular cicatrization
including ocular pemphigoid (i.e. blisters), restrictive motil-
ity syndromes, and aphakic (lack of a natural lens) or
neovascular glaucoma filtration surgery. According to
Blumenkranz et al. [144], the central underlying feature
that is common to these apparently unrelated clinical
disorders is the rapid and uncontrolled proliferation of

non-neoplastic cells within or about the eye. In such
ocular-related proliferative disorders, the cells may be of
diverse origin, including the retinal pigment epithelium,
astroglia, macrophages, vascular endothelium, myoblasts,
myofibroblasts, or fibroblasts. Nonetheless, the induced
damage is generally accepted as being due to fibrocellular
proliferation, active contraction of cellular membranes,
and the formation and cross-linkage of newly formed col-
lagen by fibroblasts and myofibroblasts.Such observations
suggested that non-toxic pharmacological agents that
inhibit the growth of rapidly proliferating cells may have
value in the treatment of such diseases. Such reasoning led
to a substantial series of cell culture investigations to find
appropriate drugs which would be able to inhibit the pro-
liferative response while not being toxic to ocular tissue.
Other notable considerations included the toxicity of
carrier solvents as well as the pharmacokinetics of the
agent that might affect the periodicity of re-treatment.

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

An evaluation was undertaken of such agents in which
a broad concentration range was assessed, including con-
centrations below the proliferation inhibition threshold.
This evaluation revealed that hormetic-like biphasic dose–
responses commonly occur and that these responses were
independent of the chemical agent and the biological
system employed. The maximum stimulatory responses
were modest, generally being only 30–60% greater than
the control value. However, there was considerable varia-
tion in the width of the stimulatory concentration range.
For example, in the case of DEX, Blumenkranz et al.
[144] reported a low concentration stimulatory response
across greater than five orders of magnitude whereas the
fluoridated pyrimidines displayed a stimulatory response
of approximately only 10-fold [148]. The causes of such
inherent variability in the width of low dose stimulatory
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response have not been addressed. The occurrence of
inter-individual variation in low dose proliferative stimula-
tory responses of cultured retinal pigment epithelium pro-
liferation was reported in by Yang & Cousins [149]. They
noted that concentrations that were stimulatory for one
individual might be inhibitory for another.

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

Male sexual behaviour

Considerable pharmaceutical interest has been directed
toward improving aspects of male sexual behaviour, with
particular emphasis on erectile dysfunction (ED). Despite
the rapid commercialization of products over the past

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

The receptor systems that have been assessed most
extensively with respect to detailed dose–response evalu-
ation and male sexual behaviour have been dopamine
[157–167], a2-adrenoceptor antagonists [152–154, 168–
171], and serotonin [151, 172–179]. Each has a unique
data base and scientific foundation that reflects investi-
gator goals and research strategies. For example, in the
case dopamine there has been extensive investigation of
the dopamine agonist apomorphine, its metabolites, and
other agonists. Considerable attention has been directed
to clarification of the receptor subtype(s) that mediated
the enhanced male sexual performance. Thus, extensive
research has involved agonists and antagonists for re-
ceptor subtypes D1–D5 [164]. Similarly, there has been
considerable research dealing with receptor interactions
and the implications that specific agonists often display
differential affinities for multiple receptors, each poten-
tially affecting the sexual behaviour endpoint of interest.
The case of dopamine has been generally similar for
other receptor systems.

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

interactions and signal convergences, the dose–response
features have continued to reflect that of the hormetic-like
biphasic dose–response.

Even though essentially all papers with evidence of a
biphasic dose–response relationship for a male sexual
behaviour have acknowledged their occurrence, very few
such papers have provided even speculative hypotheses
that might account for such common and reproducible
observations. Several have been provided in areas such as
with dopamine [159] and a2-adrenoceptor antagonists
[152] but even these were put forth as speculative. Most of
the detailed focus was directed to trying to clarify pathway
involvement. In addition to the above major research
areas, there have been reports published using botanically
derived agents [180] which also have commonly displayed
the hormetic-like biphasic dose–response relationships.

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

The dose–response features have generally conformed
to that of the hormetic dose–response model with respect
to the maximum stimulatory response and the width of
the stimulatory range.However, in the case of spontaneous
penile erection it is not uncommon to observe a four-fold
increase in erections. While this is nearly double what
might be expected, it may be an artifact of the use of a
spontaneous rat model in which the control response rate
is very low. There were also interspecies differences in the
width of the stimulatory responses. For example, research
assessing the effects of yohimbine in the rat model indi-
cated that the width of the stimulatory response was very
narrow, implying that this was due to its non-selective
a2-adrenoceptor agonist binding [170]. However, research
with the beagle dog model for ejaculatory endpoints
revealed a considerably greater width of the stimulatory
response which exceeded 30-fold [154].

Prion diseases, protein folding and
hormetic dose–responses

Prion diseases have been shown to occur via both inher-
ited and infectious processes, with infectious human prion
diseases comprising only about 1% despite their notoriety
[183]. Considerable evidence now exists which indicates
that prions are comprised of a misfolded prion protein
(PrP) isoform (PrPSc) of a glycolipid-anchored host protein
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(PrPC). While prions lack nucleic acid, their diversity is
related to the conformation of PrPSc [184].

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

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

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

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

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

Discussion

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

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

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

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

integrated within the education and training of current
and future biomedical scientists and to improve the design
and conduct of studies affecting drug discovery and safety
evaluation as well as providing a sound dose–response
framework in the refining or fine-tuning of drug doses for
patients in clinical settings.
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BELLE Article

Hormesis is central to toxicology,
pharmacology and risk assessment

Edward J Calabrese

Abstract
This paper summarizes numerous conceptual and experimental advances over the past two decades in
the study of hormesis. Hormesis is now generally accepted as a real and reproducible biological phenom-
enon, being highly generalized and independent of biological model, endpoint measured and chemical
class/physical stressor. The quantitative features of the hormetic dose response are generally highly con-
sistent, regardless of the model and mechanism, and represent a quantitative index of biological plasticity
at multiple levels of biological organization. The hormetic dose-response model has been demonstrated
to make far more accurate predictions of responses in low dose zones than either the threshold or linear
at low dose models. Numerous therapeutic agents widely used by humans are based on the hormetic
dose response and its low dose stimulatory characteristics. It is expected that as low dose responses
come to dominate toxicological research that risk assessment practices will incorporate hormetic
concepts in the standard setting process.

Keywords
hormesis, hormetic, biphasic, U-shaped, adaptive response, inverted U-shaped

Introduction

This paper discusses insights that have been gained

as a result of assessing the concept of hormesis

since approximately 1990. Of the two dozen new

findings and ideas that will be discussed in this

paper, essentially all were unexpected. Of particu-

lar surprise was that prolonged and detailed assess-

ment of the nature of the dose response, especially

in the low dose zone, would provide important and

basic conceptual insights that have relevance to all

biological systems. Thus, while the plan was to

assess hormesis, the journey has yielded far more

than was anticipated. Each discovery/insight is

briefly described and referenced. It is hoped that

the reader will be intrigued by the range of biolo-

gical insights that studying the hormesis concept

has revealed. Furthermore, this paper will provide

a useful and concise summary of the current status

of hormesis-related research as well as insights into

possible future developments.

Critical failure of public health
regulatory agencies to validate the
threshold dose-response model in the
20th century

The threshold dose-response model is fundamental to

all aspects of biology that use dose-response relation-

ships. This model has been central to toxicology,

pharmacology and public health regulatory agencies

since the 1930s, affecting chemical/drug safety eva-

luations, modern risk assessment practices and public

health exposure standards. The study and application

Department of Public Health, Environmental Health Sciences
Division, University of Massachusetts, Amherst, MA, USA

Corresponding author:
Edward J Calabrese, Department of Public Health, Environmental
Health Sciences Division, Morrill I, N344, University of
Massachusetts, Amherst, MA, USA.
Email: edwardc@schoolph.umass.edu

Human and Experimental Toxicology
29(4) 249–261

ª The Author(s) 2010
Reprints and permission:

sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0960327109363973

het.sagepub.com

 at UNIV MASSACHUSETTS AMHERST on April 1, 2010 http://het.sagepub.comDownloaded from 

http://het.sagepub.com


of the threshold dose-response model is therefore

central to the fields of toxicology, pharmacology and

risk assessment.1-3

This centrality of the threshold dose-response

model within the biomedical sciences and public

health regulatory agencies has lead to the assumption

that this dose-response model has been studied in

detail, scientifically vetted and validated, and can be

reliably assumed to provide accurate estimates of bio-

logical responses especially in the low dose zone (i.e.

below toxicological and pharmacological thresholds).

In the course of our assessment of hormetic dose-

response relationships, the question was raised as to

whether the threshold dose response was formally

assessed for its capacity to predict below threshold

responses. While there was the general belief that it

must have been, given the importance of this question

and the universal acceptance of this model within the

scientific and regulatory communities, our compre-

hensive attempts to find research that had addressed

this issue uniformly failed. Yet, this failure was very

unsettling, for how could the biomedical community

have built an entire toxicological and drug testing and

regulatory framework upon a dose-response model

that had not been validated? This seemed to be

implausible and therefore could not possibly be true.

It most likely meant that our comprehensive attempts

were not really ‘comprehensive’ and that we must

have been missing the obvious. Yet, renewed attempts

with differing search strategies to ferret out the scien-

tific vetting of the threshold dose-response model

continued to fail to yield any relevant publications.

Eventually a disturbing conclusion was reached, that

is, the principal dose-response model upon which

chemical and drug toxicity testing has been based had

never been validated, but simply accepted as true,

being passed down with authoritative conclusionary

statements from textbook to textbook, from professor

to student, from regulatory agencies to citizens, across

generations of scientists, creating an illusion of

knowledge and informed guidance.

This situation led to two avenues of further inquiry.

The first was the need to develop an historical recon-

struction of the threshold dose-response concept that

would have lead to how this ‘blind’ acceptance with-

out validation and vetting occurred (see ref 4 for a

detailed assessment). The second critical issue was

the need to test predictions of the threshold dose-

response model in large data sets using a priori entry

and evaluative criteria.5-9 That is, we would conduct

our own vetting of the threshold dose-response model

to make accurate predictions of responses below

the threshold. These studies have documented that

the threshold dose response very poorly predicts

responses below the estimated threshold, a perfor-

mance that was broadly generalizable. This failure

of the threshold model to make accurate predictions

of responses below the threshold in the above pub-

lished data was also consistent with the publication

of a large number of studies within the hormesis data-

base10,11 that are supportive of the hormesis dose

response and not the threshold model.

These findings point to a critical and ongoing fail-

ure of the scientific and regulatory communities to

properly validate models, especially ones that are

directly used to affect public health and medical prac-

tices. The societal costs of the failure to vet and vali-

date the threshold dose-response model for the past 75

years are unknown. However, one must ask how it

was possible for U.S. federal agencies such as the

EPA, FDA, ATSDR, NIEHS, NIOSH, OSHA and

others to never conduct or fund studies that would

have addressed this question. The same question may

be asked of private sector funding of toxicological and

pharmaceutical research and why this question has

never been addressed.

It should be noted that the FDA did recognize the

need to validate linearity at low dose predictions in

the mid-1970s, with the mega-mouse testing of the

carcinogen 2-AAF. However, this effort revealed that

risks lower than 1/100 were not practically achievable

for carcinogens within chronic animal bioassays. The

failure of the study to adequately test linearity at low

dose modeling, despite the use of enormous resources

(e.g. 24,000 animals), lead to a continued reliance on

non-validated models for risk assessment of chemical

carcinogens. An important irony was that a detailed

analysis of the FDA/2-AAF study by an expert panel

of the US Society of Toxicology revealed an unequi-

vocal hormetic dose response for bladder cancer, with

risks decreasing below the control group at low

doses.12

Hormesis: it is real and common

When the BELLE Advisory Committee was first

organizing, there was no generally accepted position

on what was the status of hormesis within the scien-

tific community. However, there were considerable

questions over whether it was a real, reproducible

phenomenon. Its status within the scientific commu-

nity in the late 1980s and early 1990s was marginal
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at best. In fact, from 1945–1989, the Web of Science

reports only 159 cumulative citations using the terms

hormesis or hormetic, all appearing from 1982

onward. The hormesis concept had therefore been

explored only to a very limited degree through the

1980s. In contrast, in the year 2009 alone, the number

reached 2460. So, the question maybe asked as to how

hormesis emerged from an uncertain and margina-

lized concept to one that became accepted as real?

The key initial activity derived from a desire of the

Texas Institute for Advanced Chemical Technologies

(TIACT) based at Texas A&M University to

determine whether hormesis was real or not. More

specially, Dr Paul Deisler, a board member of TIACT,

wanted TIACT to fund a study to answer this question.

His idea led to a grant being given to the University of

Massachusetts in 1995. It was the TIACT funding that

lead us to create objective evaluative criteria to assess

the existence of hormetic dose responses and to the

conclusion that hormesis was not only a real and repro-

ducible phenomenon but that is was likely to be very

general, being independent of biological model, end-

point measured and chemical class/physical stressor

agent.13 This research has continued to the present with

a progressively expanding database of findings of

hormetic dose responses.10,11 Specialized studies have

been published on numerous receptor systems,14-22

chemotherapeutic agents,23 ethanol,24 inorganic

agents,25 immune responses,26 human tumor cell

lines,27 numerous neuroscience endpoints,28-41 plant

biology11 amongst others. These findings have added

more support to the conclusion that the hormetic dose

response is highly generalizable with broad-based

applications.

Development of a frequency of
hormesis

Even though the above discussed research indicated

that hormesis was real and a very general phenom-

enon, it did not provide a measure of the frequency

of hormesis in the toxicological and/or pharmacologi-

cal literature. Estimating the frequency of hormesis

was considered to be of importance for regulatory

agencies. For example, different strategies or policies

could be developed if the hormetic frequency was

<5% versus >40%. Thus, just knowing that hormesis

was a real biological phenomenon was insufficient.

This lead to an evaluation of nearly 21,000 articles

in three toxicology and/or pharmacology journals

from their inception to the most recent, assessing all

articles with a priori entry and evaluative criteria. It

is interesting to note that only 2% of the dose

responses satisfied the entry criteria but of those that

did, nearly 40% satisfied the evaluative criteria for

hormesis.5 Thus, for the first time, there was docu-

mentation of a frequency of hormesis within the pub-

lished literature.

Comparing the threshold, linearity at
low dose and hormesis models: which is
most frequent?

In general, our research has focused on comparing the

hormetic dose response with the threshold dose

response for frequency. This is because the endpoints

that had been studied in the most appropriate manner

(i.e. strongest study designs) have involved non-cancer

endpoints. This fact has lead to giving the linear model

less emphasis in our publications. In these compari-

sons, the most striking observation is that the thresh-

old dose-response model consistently performs very

poorly. This has been shown in multiple studies using

a wide range of biological models, endpoints and

agents.5-9 In contrast, the hormetic model has per-

formed very well in these same head-to-head compar-

isons. However, recently there has been the proposal

that all agents may induce their toxic effects via a lin-

ear, non-threshold manner.42 In our studies that are

cited above in this section, it was found that the linear

at low dose model, like the threshold dose-response

model, performed very poorly in our evaluations,

thereby not supporting this new attempt to generalize

the linear model.

Defining hormesis

In a broad reading of the general or popularized arti-

cles on hormesis, it has often been defined as a low

dose beneficial response to a stressor agent. However,

Calabrese and Baldwin43 proposed that the dose

response definition of hormesis be decoupled from a

decision on whether the response was beneficial or

not. This was done because it had become obvious

to us that the low dose hormetic stimulation could

be either beneficial or harmful, depending on the sit-

uation. For example, an antibiotic such as streptomy-

cin may stimulate the proliferation of harmful bacteria

in an animal while killing the bacteria at higher doses.

Thus, at low doses, the streptomycin would be helping

the bacteria but harmful to the patient while the

reverse would be the case at higher doses. A chemical
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may be seen to display an enhancement of longevity

at low doses but decreasing longevity at higher doses.

However, whether the increase in longevity for the

individual would be beneficial for the species may not

be true. Thus, the decision on whether the low dose

hormetic response is beneficial or not can be complex

and not necessarily immediately obvious.

Quantitative features of the hormetic
dose response

When we initiated research on hormetic dose

responses, we did not provide overriding consider-

ation to the quantitative features of the dose response.

Our thinking was far more qualitative at the early

stages of development, that is, was there a low dose

stimulation and was it reproducible. However, once

data emerged on several thousand hormetic dose

responses that were assessed for various dose-

response parameters, it became clear that the most

consistent quantitative feature of the hormetic dose

response was the magnitude of the stimulatory

response. Rarely was it greater than twice the control

group. In general, the maximum stimulation for hor-

metic responses appears to be 30%–60% greater than

control group.44 This feature was consistent across

biological models, endpoints and agents tested. This

was an important observation since it clarified why

hormesis could be difficult to document. That is, since

the maximum stimulation was modest, it would

require the use of rigorous study designs along with

considerable statistical power.

With respect to the width of the stimulatory response,

this was generally modest as well, typically being about

a factor of 10. However, in about 2% of the cases, the

width of the stimulatory zone was quite wide, exceeding

a factor of 1000.3 These observations have considerable

toxicological and clinical implications as one considers

the therapeutic zone or zones of exposure to avoid.

Another feature of the hormetic dose response

curve is that it was always adjacent to the threshold

response. This characteristic would make the upper

boundary of the hormetic response very predictable,

a factor that could be of considerable value to those

involved with risk assessment and therapeutics.

Is there a single mechanism for
hormesis?

This has been a common question raised at various

conferences held on the topic of hormesis. When one

considers that the hormesis phenomenon is extremely

general, being independent of biological model, end-

point, and chemical class, it quickly becomes clear

that a single proximate mechanism is not possible to

account for the diversity of hormetic dose responses.

However, there appears to be a common overall strat-

egy of resource allocation within all biological sys-

tems, regardless of endpoint measured. The hormetic

dose response may quantify how the system allocates

resources. This is reflected in the observation that the

maximum stimulatory response is typically limited to

only 30%–60% greater than the control group.

General hormetic mechanisms: direct
stimulation and overcompensation
stimulation

Another issue that was not considered in the early

evaluative stages of the hormesis concept was

whether it occurred via a direct stimulation or via

compensatory response. However, this would become

an important consideration as will be seen below. My

first research experience introduced me to the concept

of hormesis, but I was unaware of the term or its tem-

poral qualities. I observed that a synthetic growth

inhibitor consistently induced a biphasic dose

response for growth in Peppermint with a low dose

stimulation and a high dose inhibition.45 Although

plant growth was measured weekly, the results of

greatest interest were those at the end of the study,

which was typically about 6 weeks. More than two

decades later, I read several papers by Tony Stebbing

on hormesis that emphasized the importance of the

dose-time response in assessing hormesis.46 He

indicated that initially there would be a disruption in

homeostasis (i.e. toxicity), followed by an overcom-

pensatory response that would be seen as a stimula-

tion. This encouraged me to go back to my original

laboratory notebooks, re-analyzing the data in the

manner suggested by Stebbing. When this was

completed, Stebbing’s prediction was confirmed.

That is, during the initial weeks of the study, there was

a dose-dependent decrease in growth followed by

the overcompensation growth stimulation.47 This

re-assessment was possible because the study design

employed many doses and a repeated measures com-

ponent. The majority of experiments do not include

both components, thereby preventing a detailed

dose-time response. In the hormesis database,10,11

about 20% of experiments have a dose-time relation-

ship. These experiments have been important in
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clarifying that hormetic dose responses may occur via

the overcompensation stimulation mechanism.

However, we also observed that there were numerous

reliable examples in which hormetic dose responses

occurred as a result of a direct stimulation, with no

initial disruption in homeostasis.

These observations were interesting because they

indicated that hormesis could occur by two different

modes of action. Despite this clear difference in

mechanism, the quantitative features of hormetic dose

responses were the same for the direct and the over-

compensation stimulation types of hormesis. Since

most studies demonstrating hormesis do not contain

a time component, one is not able to know whether the

particular case of hormesis is direct stimulation or

overcompensation. The question was raised (and will

be addressed later) as to why these two types of

hormesis would also display the same quantitative

features of the dose-response relationship even

though they were affected via different mechanisms.

An hormetic mechanism strategy

A wide range of drugs has been found to reduce anxi-

ety in rodents by activating one of a variety of specific

receptor pathways. Regardless of the drug used and

the pathway activated, the quantitative features of the

dose responses are similar. Another interesting feature

is that the co-administration of anti-anxiety drugs that

act via different mechanisms (i.e. activate different

receptor pathways leading to the decrease in anxiety),

regardless of drug potency, have their combined

responses limited by the constraints of the hormetic

maxima (i.e. plasticity constraints). This suggests that

there is a downstream integration of multiple path-

ways, each of which can facilitate a reduction in anxi-

ety. This downstream integration/conversion suggests

a type of carousel model in with the resulting molecu-

lar product, that is, the dose response (e.g. analogous

to the speed of the carousel) being similar.

High risk groups

The issue of high risk groups and how they are

protected by environmental health standards is an

important public health consideration. In 2001, we

were challenged by Lave48 to explore this issue since

our earlier publications of hormesis had been directed

to other questions. In a 2002 paper, Calabrese and

Baldwin49 reported that hormetic dose responses were

found to be generally independent of inherent sus-

ceptibility. The principal finding was that those at

increased risk have their dose response shifted to the

left, showing hormesis and toxicity at lower doses

than the so-called normal segment of the population.

However, in some cases, the susceptible segment of

the population is at high risk precisely because it lacks

the adaptive hormetic mechanism. Furthermore, the

quantitative features of the dose response for those

at increased risk are similar to the normal segment

of the population. The knowledge of hormesis and

differential susceptibility is important for those

involved in setting environmental and occupational

exposure standards as well as for the pharmaceutical

industry, which may target the hormetic stimulation

when defining the therapeutic zone or when the hor-

metic zone needs to be avoided due to toxicity

concerns.

Toxicological/pharmacological potency

Agents can widely differ in their potency for produc-

ing the same endpoint. Such differences could exceed

several orders of magnitude. However, despite such

differences in potency, there is no difference amongst

these agents with respect to the quantitative features

of the hormetic dose response nor other qualities of

the hormetic response.3 This is an important concept

since a very potent agent will display the same quan-

titative features of the hormetic dose response as a

weak agent, but doing so at a far lower dose.

Mixtures and hormesis

Mixtures have not been extensively studied within an

hormetic context. However, there are sufficient data

published that permits one to make some tentative

general conclusions on how they are handled within

an hormetic framework.50 Particularly insightful have

been the studies of Flood and his colleagues51-54 con-

cerning the effects of drugs on memory in rodents.

These investigators have consistently shown a com-

plex dose-response relationship. Most importantly,

the maximum extent to which they could increase

memory was constrained by the so-called 30%–60%
stimulation rule. This was the case regardless of

whether one or multiple agents were administered.

If two or more memory-enhancing drugs were admi-

nistered, there could be an additive or greater than

additive relationship, but this would have to occur at

a very low dose, where the response was some dis-

tance below the 30%–60% physiological performance

cap. As the response approaches the maximum, the

nature of the interaction would change from greater
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than to less than additive. In effect, the nature of the

hormetic interaction is principally seen at the level

of dose rather than response. These findings indicate

that the stimulatory response will be limited to the

30%–60% zone but that it may be possible to achieve

this response level with a considerably lower dose due

to the chemical interaction. Flood indicated that this

would reduce the likelihood of experiencing adverse

side effects. The concept of mixture responses within

an hormetic dose response context is considerably dif-

ferent than that which is typically studied within a

toxicological framework. The hormetic interaction

has important response constraints, whereas this is not

the case for standard toxicity endpoints at doses

greater than the threshold.

Hormesis: a quantitative index of
biological plasticity

The most striking feature of hormesis is that the

stimulatory response is consistently modest with

the maximum response about 30%–60% greater than

the control value. Since this is the case regardless of

mechanism, endpoint and model, pharmacological

potency, for mixture responses and for chemical class,

it strongly suggests that this response describes the

plasticity of biological systems at multiple levels of

organization ranging from the cell to the organ to the

organism.55,56 The findings indicate that this biologi-

cal response is highly conserved as it is seen from

organisms ranging from bacteria to man as well as

in plants. These findings have important implications

for clinical therapeutics as well as all dimensions of

biological performance.

Preconditioning is a manifestation of
hormesis

The term preconditioning entered the medical lexicon

in 1986 when Murry et al.57 reported that a brief

occlusion of the coronary artery of dogs 1 day prior

to inducing a major myocardial infarction reduced

cardiac damage by about 80% as compared to the con-

trol group in which only the myocardial infarction

was induced. These findings initiated a cascade of

research, which was generalized well beyond the car-

diac system, yielding similar protective findings.

While most of these studies used only one or two

types of exposures making it impossible to assess an

hormetic explanation, a number of studies have teased

out the dose response of the conditioning agent/

exposure regiment.58,59 In these studies, the conditioning

agent displays an hormetic biphasic dose response, with

similar quantitative features of hormesis. The findings

clearly indicate that there is an exposure optima with the

protection dropping off on either side. If the precondi-

tioning exposure is too high, then it could further

enhance the toxicity of the subsequent toxic or harmful

exposure/treatment.

Hormesis and the 21st century

In an earlier question/answer, it was noted that the

vast majority of papers reporting hormetic dose

responses are recent, occurring since the year 2000.

One major reason for this is that in the mid-1980s,

there was a major shift toward the use of cell culture

and the study of cell lines. The use of cell cultures

often has employed 96 cell plates that allow for the

assessment of 7–11 concentrations in each experi-

ment. This is 2–3 times more treatment groups than

the typical in vivo rodent assay. This was what the

hormesis concept required in order to increase the

likelihood of it being observed. In 2007, the US

National Academy of Sciences (NAS)60 published a

book concerning toxicity testing for the 21st century.

Amongst their far reaching recommendations was the

eventual elimination of the chronic bioassay and its

replacement with well-validated in vitro studies using

various human cell lines. If these recommendations

are followed it suggests that hormetic dose responses

will be a central feature of 21st century toxicological

findings60 as in vitro studies will often employ a

larger number of treatment groups across a broader

concentration range than would occur with a tradi-

tional in vivo toxicological study.

Hormesis and biological performance

The hormetic low dose stimulatory response repre-

sents a new concept in toxicology and pharmacology,

being a measure of biological performance. This is

seen with respect to endpoints such as plant growth,

strengthening bones, improving memory, decreasing

anxiety, increasing seizure thresholds, growing hair,

attracting neutrophils to sites of infection, decreasing

mutation rate and tumor formation and many other

responses. The dose response therefore has two

response components, that is, the above the threshold

response and the below the threshold response. The

above threshold response is generally unrestrained

as seen with high dose toxicology in which evidence

of tissue damage or mutational effects or other toxic
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endpoints can increase by several hundred or even a

thousand or more fold. While there are often pharma-

cokinetic limits on the induction of toxicity, toxic

responses are generally very progressive and have the

potential to massively increase. This is not the case

with responses below the threshold where the hor-

metic stimulation becomes manifest.

Drug benefit limitations

When a new and improved drug reaches the market,

there maybe the assumption that it will produce a

greater benefit than older competitive drugs. It will

grow more hair, reduce anxiety better, make stronger

bones and boost memory. The hormesis concept indi-

cates that this is not necessarily the case. Hormesis

imparts a limit on how much gain there is in the bio-

logical system. Many hundreds of endpoints display

the same approximate level of modest maximum gain,

that is, only in the 30%–60% range. Even the vastly

more potent drugs will not increase the performance.

They simply give the same performance, but at a

lower dose. The gain in the system is limited by the

constraints imposed by plasticity.

Is hormesis related to homeopathy?

In earlier writings, I have separated hormesis from

homeopathy. I even went so far as to say that homeop-

athy was the equivalent of a scarlet letter on the fore-

head of hormesis.61 The lay public and even many in

the medical profession often confusedly merged the

concepts. Hugo Schulz discovered the basic concept

of hormesis in the mid-1880s in experiments asses-

sing the effects of disinfectants on the metabolism

of yeast. Through a type of convoluted logic, Schulz

came to believe that he had discovered the explana-

tory principle of homeopathy. In fact, the studies of

Schulz had nothing to do with the concept of

homeopathy. However, biomedical investigators in

The Netherlands62,63 have tried to explicitly design

studies that might link the two concepts via what is

now called postconditioning hormesis.64 These inves-

tigators demonstrated that low doses of heat or chem-

ical toxin when given after a stress (i.e., disease

process simulation) can amplify the initial response

to stress in a hormetic-like fashion. While this

research was experimental rather than clinical, it pro-

vides a framework for further study. Given legitimate

criticisms of the ultra dilutionist wing of homeopathy,

it must be emphasized that this research of Van Wijk

deals with exposure to stressor agents that can be

readily measured and is fully capable of being

evaluated within normal biomedical experimental

protocols. Unfortunately, this research was published

during the mid-to-late 1990s and has not been contin-

ued. Nonetheless, this new experimental framework

provides a conceptual vehicle to facilitate the evalua-

tion of some homeopathic treatment strategies within

an hormetic context.

Hormesis and harmful effects

When I first started to assess hormetic dose responses,

little thought was given to the possibility that harmful

effects would occur. Most attention was given to

whether hormesis was a real, reproducible phenom-

enon. However, it eventually emerged that the low

dose stimulatory hormetic responses could at times

lead to undesirable effects. For example, low doses

of antibiotics were shown to occur as early as the

mid-1940s by FDA researchers to stimulate the prolif-

eration of harmful bacteria. In vivo studies with low

doses of penicillin as well as streptomycin enhanced

mortality in mice given an LD50 dose of a deadly bac-

terial strain while preventing death at higher

doses.65,66 This remains a potentially very significant

area of public health research.

Low doses of numerous agents, including anti-

tumor drugs, have been shown to enhance the prolif-

eration of tumor cells.27 These findings suggest that

under certain conditions, the administration of anti-

tumor drugs to cancer patients may enhance the

proliferation of the tumor cells. This is particularly the

case for drugs with a long biological half-life. Some

anti-tumor drugs used for the treatment of humans,

such as the drug suramin, not only display the hor-

metic biphasic dose response with multiple tumor cell

types but also have a rather prolonged period of resi-

dence within the human body, taking nearly 2 months

to clear.67 In such cases, there would be a prolonged

period of time during which the drug would be present

at very low concentrations. Whether these concentra-

tions would be optimized to enhance tumor cell pro-

liferation is an important question to resolve. The

fact that anti-tumor agents can stimulate tumor cell

proliferation at low doses within an hormetic context

has generally not been widely appreciated by the

cancer treatment community that emphasizes the

high-dose killing portion of the dose-response curve.

This concept has been generalized to other areas of

cancer treatment, including brain tumors. For exam-

ple, anti-inflammatory agents such as dexamethesone
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have been shown to enhance the proliferation of

human neuroepithelial brain cancer cells in vitro dis-

playing an hormetic dose response.68-71 Such findings

generated considerable concern amongst brain sur-

geons who commonly used anti-inflammatory agents

in the management of their patients’ pain.

Another potential adverse effect caused by the low

dose hormetic stimulation may include the enlarge-

ment of the prostate gland due to the proliferation of

smooth muscles following exposure to cardiac

glycosides.72,73 The magnitude of stimulation, which

is about 20%–40%, is likely to have clinical implica-

tions in some patients with respect to affecting urina-

tion. The condition known as Dupuyteren’s

Contracture is also likely due to the overproduction

of fibroblasts induced by low doses of reactive

oxygen, with the response following an hormetic

dose-response relationship.74

A number of immune diseases have also been

related to the occurrence of a low dose stimulatory

response. While a detailed assessment of hormetic

responses of the immune system suggested that most

would be beneficial, in about 20% of the cases, the

low dose stimulatory response could lead to harmful

effects, such as certain autoimmune responses includ-

ing lupus75 and tuberculin hypersensitivity.76

Hormesis in drug discovery,
development and in the clinical trial

Drug discovery, development and clinical trial effi-

ciency could be significantly enhanced if they were

guided by principles derived from an understanding

of the concept of hormesis. This is the case for drugs

designed to kill harmful agents. For example, in

screening of agents that may be very effective at kill-

ing bacteria, fungi, viruses, yeasts and tumor cells, it

would also be important to know whether these agents

might be effective stimulating the proliferation of

these organisms. It would also be important to know

the biological half life of the drug in humans. Ideally,

the drug should be effective in killing the harmful

agent, have a low capacity to induce cell proliferation

at low doses and have a short biological half-life.

Nascarella and Calabrese77 have recently demon-

strated that there is an inverse relationship between

the capacity to kill yeast cells that are models of

human tumor cells and the capacity to induce an hor-

metic dose response. This makes it even more impor-

tant to be guided by hormetic principles in the

selection of anti-tumor cells. It would be important

to know whether this concept could be generalized

to the case for harmful bacteria, yeasts and viruses.

The concept of hormesis is central to drug develop-

ment when the goal of the research is to determine

whether the drug can increase human performance

(e.g. memory enhancement, bone strengthening). The

quantitative features of hormesis will determine

the magnitude of the enhanced performance as well

as the width of the therapeutic zone. However, it is

also doubtful that researchers in these areas are

acquainted with the hormesis term, its concept and

implications. Of particular concern is how the hor-

metic concept can guide and affect response expecta-

tions, study design and statistical power features of

both preclinical studies and clinical trials.

Is the hormetic response more
dependent on the organism or the
inducing agent?

The question has often been asked as to whether all

chemicals can induce hormesis or conversely is the

key determinant of the hormetic response the organ-

ism. Since all chemicals can induce toxicity, depend-

ing on the dose, and hormesis may occur as an

overcompensation to a disruption in homeostasis,

hormesis would be expected to occur for all agents

depending on the experimental context. On the other

hand, this is not likely to be the case for agents that

induce hormesis via a direct stimulation since these

agents are typically going to occur via a receptor-

mediated pathway activation process.

Chemical structure and hormesis

The chemical structural determinants of hormesis is a

generally unexplored area of investigation. Nonethe-

less, several groups have reported that structural

factors can be determinants of whether an hormetic

response will occur or not. This has been intensely

studied in the area of anxiotytic drug development.

In these investigations, researchers have systemati-

cally assessed the presence or absence of an hormetic

dose response for each of a large number of highly

related chemicals, differing by a single molecular

characteristic in a long series of agents. These inves-

tigations demonstrated that the hormetic biphasic

dose response was reproducibly inducible, but it was

highly dependent on certain structural characteristics.

These hormetic dose responses have the potential to

be predicted via SAR methods.78-80
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Hormesis and avoiding side effects

Hormesis is a biphasic dose response that often results

from the actions of partial agonists and partial

antagonists. Part agonists/antagonists are extremely

common, being seen in most, if not all, receptor sys-

tems. The use of partial agonists/antagonists will

diminish the likelihood of adverse effects while creat-

ing a broader dose response range over which the

response would occur.78-80 These two features are

extremely important for the survival of the individual.

One can imagine the survival implications of individ-

uals affected by adverse side effects, ranging from

headaches to dizziness, to seeing double, amongst

others. A major factor, therefore, in evolutionary

success is to minimize undesirable side effects of

endogenous agonists. As one can see, with the modern

pharmaceutical world, this is not an easy task.

However, this could be another critical dimension of

hormesis within an evolutionary context.

The hormetic pharmacy

Numerous adaptational-based beneficial responses

conform to the hormetic dose response. These

responses have the capacity to protect vital organs

such as the heart, lungs and brain from a host of dama-

ging stresses/conditions. The hormetic response is

also manifested via accelerated healing in various

experimental systems.81 Hormetic responses are also

seen with cognitive improvement, in slowing down

the onset of various aging processes and in a plethora

of neurodegenerative diseases, as well as in reducing

susceptibility to a broad spectrum of infectious dis-

eases.29 Hormesis is also seen in the strengthening

of bone, reducing the risks of osteoporosis as well

as in treating male sexual dysfunctions and with the

capacity to grow hair.82 Research is now being

focused on the next generation of pharmaceuticals

called hormetic mimetics. These are endogenous or

exogenous agents that activate hormetic adaptively

beneficial receptor pathways. It is expected that these

agents will be translated into life-enhancing pharma-

ceuticals.83 In short, hormetic effects are a central

feature of the modern and future pharmacy.

Is science self-correcting and if so, how
effective is it?

One of the major revelations of hormetic dose

responses is that the scientific community was quick

to accept the threshold dose-response model and

to incorporate it into the entire spectrum of govern-

mental hazard assessment evaluations and in the risk

assessment process. The research and regulatory

communities accepted its intellectual framework

without validating whether this model could accu-

rately predict responses in the low-dose zone. Since

homeopathy and what we now call ‘traditional’ med-

icine have been engaged in a bitter conflict for nearly

2 centuries, the hormetic dose-response concept

became collateral damage in this social, economic

and medical battle.4 This failure to vet the threshold

model was largely a consequence of the conflict

between homeopathy and traditional medicine. The

field of pharmacology, being an important dimension

of traditional medicine, aggressively attacked the

writings of Hugo Schulz who had proposed that the

hormetic biphasic dose response provided the expla-

natory principle of homeopathy. Since toxicology

emerged from pharmacology, it adopted the dose

response perspective of its parent, without much

self-initiated investigation. The entire experimental,

evaluatory, regulatory and teaching aspects of toxi-

cology came to adopt this 1930s mantra of the dose

response. The system surprisingly was never critical

of its assumptions about the threshold dose response

but always found ways to marginalize the hormesis

concept. This is even the situation today, especially

as manifested by directions of grant programs that

control many professional activities. Furthermore,

governmental regulatory agencies continue to find the

hormetic dose response extremely challenging and

threatening, even though it should help them perform

their jobs of serving the public considerably better.

Of particular concern is that the research commu-

nity, especially in the toxicology domain, can have

their intellectual climate directed by regulatory

agency toxicology needs. Thus, those persons who

control grant funding will largely control the creative

directions of the research community. In this way, the

non-critical acceptance of the threshold dose-

response model has been perpetuated through several

generations of pharmacologists and toxicologists,

who have simply accepted the assumptions of the

handed down threshold dose-response model as being

correct. The results of such toxicological intellectual

indoctrination have led to the present state of affairs.

While progress is being made on changing this per-

spective, there are also strong governmental institu-

tional controls over how one should think about the

dose response and the ability to discuss and assess it

openly. This leads back to the question, is science self
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correcting? Under normal situation, science is

efficiently self-correcting with the best ideas eventu-

ally emerging. However, when regulatory agencies

control the intellectual agenda and funding, the self-

correcting nature of science is undermined as we had

seen over the past nearly 80 years when it comes to

the critical issue of the dose response.

Discussion

In the late 1980s, there was strong interest in

determining whether hormesis was a real biological

phenomenon or simply a statistical anomaly. Even

the first conference on radiation hormesis in 1985

(see Health Physics, 1987 vol. 52, issue 5 for the

peer-reviewed conference proceedings) failed to

resolve the issue as reflected in a subsequent debate

on the topic in the journal Science in 1989 by two

of the conference leaders.84,85 However, the opportu-

nity to more systematically assess the hormetic

hypothesis dramatically improved with the creation

of the hormesis database,10,11,13 which has collected

and assessed over 8000 examples of dose responses

displaying evidence of hormetic dose responses. The

database permitted an assessment of questions relat-

ing to reproducibility of findings, generalizability

across biological models, endpoints and chemical

classes, as well as the quantitative features of dose

responses and temporal nature of the hormetic

response. These initial efforts helped to firmly estab-

lish that hormetic responses occurred, were reproduci-

ble and not uncommon. Despite this advance, there

were other questions, especially those relating to the

frequency of hormesis in the toxicological literature

and the mechanism or family of mechanisms that

could account for hormetic dose responses. With

respect to the frequency of hormesis, this was to

require the creation of a new hormesis database, one

that had a priori entry as well as evaluative criteria.

This effort, which involved a separate evaluation of

nearly 21,000 articles, revealed the first frequency

of hormesis within the toxicological/pharmacological

literature, with a value of nearly 40%.5 Furthermore,

there was considerable evidence in the pharmacologi-

cal literature to account for mechanisms by which

direct-acting hormetic dose responses occurred using

agonist gradients via receptor subunits to activate

stimulatory or inhibitory pathways.5

One of the key general observations was that the

quantitative features of the hormetic dose response

were the same, regardless of the biological system, the

endpoint that was measured or the agent that induced

it. This was a striking general observation that applied

to stimulation of tumor cell proliferation, memory

enhancement, immune cell stimulation, plant growth,

decreases in anxiety and the broad range of other end-

points reported. These quantitative features of the

dose response would occur whether the stimulatory

response was of a direct or overcompensatory nature.

This suggested strongly that the quantitative features

of the hormetic dose response were so widespread and

general that it may in fact be a quantitative estimate of

biological plasticity independent of species.

While the initial emphasis behind the hormetic

reappraisal was environmental risk assessment, the

data now indicate that this concept is far more gen-

eral, impacting any aspect of biology concerned with

dose-response relationships. This makes the hormesis

concept central to molecular biology as well as phar-

macology, toxicology86 and risk assessment.87-89
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