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Abstract: Many environmental stressors elicit biphasic effects from single cells. Such cellular
hormesis may be interpreted in terms of (a) the superimposition of simple biochemical processes or (b)
the non-specific behaviour of the cell. The latter approach is emphasized in this article and identified
with the universal cell response (UCR); however, the importance of identifying molecular-level
concomitants of the UCR is also acknowledged. One difficulty is that when the dose of ligand is very
low, mass-action assumptions become invalid and reliable analysis of receptor-ligand interactions
requires knowledge of the binding mechanism; this difficulty is discussed. The UCR (cellular
hormesis) and its possible underlying mechanisms are considered in the framework of a general
scheme of cell life, which logically implies cellular homeostasis or homeorhesis. This framework may
be particularly helpful for elucidating and perhaps quantifying conditioning hormesis (adaptation to
stressors). The findings of studies on the UCR cannot be extrapolated unequivocally to hormesis in
whole organisms or populations and cellular-level hormesis cannot be inferred from whole-organism
hormesis. Nevertheless, it has been argued that a better understanding of the underlying cellular

mechanisms, i.e., of the UCR, may facilitate the analysis of whole-organism and population data.
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INTRODUCTION

Failure to establish a credible mechanistic
explanation of hormesis may partly explain why the
scientific community remained sceptical about the
phenomenon for so long, though there were other
contributing  factors such as confusion with
homeopathy!'™. However, the reality and generality of
hormesis have now been established beyond reasonable
doubt, thanks largely to (a) detailed evaluations of large
bodies of information'®” and (b) compelling evidence
that standard statistical analyses of epidemiological,
toxicological and pharmacological data on human and
other populations can mislead (e.g.*""). Moreover,
mechanistic explanations have been suggested during
the past few years (e.g.”'"'?). Nevertheless, the
search for better understanding continues.

Hormesis is an operational term denoting a non-
linear dose-effect relationship: agents that cause a
negative effect at high doses may have a positive effect
at low ones and low doses may be protective or
conditioning. However, the meanings of the term and
its various near-synonyms have been obscured b;/
inconsistent and confusing usage. A recent study!”
suggested a simplified system of terminology to clarify
the field and the recommendations of'"*! are followed
here. Briefly: (1) X hormesis denotes the biphasic (beta-
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curve) effect of a physiological, chemical or physical
(e.g. radiation) stressor, X. (2) Prior exposure to a low
dose of X protects many systems against a larger dose
of the same or similar stressor; this phenomenon is
dubbed X conditioning hormesis. Thus, X conditioning
hormesis denotes an adaptive or protective effect by the
stressor X. (3) The toxicity of a high stressor dose is
sometimes ameliorated by subsequent exposure to a
low dose of the same stressor. This type of phenomenon
is dubbed X postexposure conditioning hormesis"".

Such nomenclature is necessary because hormesis
has been reported in various guises and under various
names in almost every biological and biomedical
discipline. The effects of a very wide range of physical
and chemical stressors are related biphasically to dose
and such relationships are qualitatively independent of
the stressor agent, the endpoint measured and the
system under investigation"*. In much of the general
discussion that follows, however, the X term will be
omitted; the three (putatively related) types of
phenomenon will be denoted simply by hormesis,
conditioning hormesis and postexposure conditioning
hormesis.

In the past, the field has (understandably) been
dominated by toxicology and the resulting emphasis on
biphasic dose-response relationships in populations
may have diverted the attention of some researchers
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from physiological or cell-biological studies'", yet

similar relationships are observed at the cell level, e.g.
in respect of proliferation, differentiation and
transformation. How should they be interpreted? The
increasing and decreasing parts of a biphasic curve
quantifying the cellular response to a stressor may
reflect a single underlying mechanism. Alternatively,
hormesis may suggest an aggregate of many different
intracellular processes that summate to increasing and
decreasing effects at different stressor doses. The latter
alternative has been lucidly discussed, for example, by
Connolly and Lutz'"”. The former proposal - that
general rather than specific mechanisms explain why
cells of many different types show qualitatively similar
effects (biphasic or B-curves''®) when challenged with
numerous different stimuli is philosophically
problematic: it seems contrary to the character of
modern mainstream cell-biological research, which
focuses on molecular details. This has led some authors
to question the possibility of a general mechanism!"’.
Others (e.g.[w’m) hold that such a mechanism is
probable, even inevitable for homeodynamic systems.
Indeed, there seems to be a widespread expectation, or
at least a hope, that a general mechanistic account of
hormesis will also explain conditioning hormesis and
perhaps also postexposure conditioning hormesis. Much
of the present article will be devoted to this debate and
its implications.

There is a related question: how - if at all - can
biphasic dose-effect curves obtained from cell studies
be related to those obtained from studies of
multicellular organisms or of populations? Some brief
remarks on this important issue will be added at the end
of the article.

Analysis of low-dose response data entails
mathematical and statistical difficulties at both the cell
and population levels. These difficulties have been
discussed in the literature (e.g.**'"'"!) but they are not
always considered when possible instances (or
mechanisms) of hormesis are explored. This article
therefore begins with a brief survey of the data
interpretation problem.

Receptor-ligand binding at low concentrations:

Exogenous chemical agents are commonly presumed to
interact with their biological target molecules in
accordance with the law of mass action. However,
when the dissociation constant is very low and the
ligand concentration is at least one order of magnitude
lower, the continuum assumption implicit in the law of
mass action becomes invalid and a stochastic approach
to receptor-ligand binding is required"™'™. The
coefficient of variation of ligand binding depends
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crucially on the reaction scheme assumed"'®': in general,
cooperative binding leads to greater variances than non-
cooperative binding. Moreover, the variance increases
more or less exponentially with decreasing ligand
concentration; this is important because a number of
ligands have biological effects at femtomolar or
attomolar levels!"*?**!'. These findings show that (a)
statistical analyses of low-dose effects may be invalid if
they are based on mass-action assumptions - indeed,
linear extrapolation of dose-effect data to low
concentrations is misguided in principle - and (b) the
binding mechanism must be known before the data can
be interpreted. Low-concentration binding kinetics do
not specifically predict hormesis, but they show that
mathematical analyses such as those presented in''®
need to be taken into account if data from cell studies
are to be interpreted soundly.

When populations of organisms (e.g. humans) are
investigated, as in epidemiological and risk-assessment
studies, these difficulties of data interpretation at the
cellular level are compounded and straightforward
statistical approaches may give rise to serious errors.
The problems inherent in analyzing such data have been
much discussed; two illustrative publicationslg'9J are
mentioned here. Cedergreen et al.”® reviewed a number
of statistical modelling approaches to population data
and identified weaknesses in many of them. They
proposed a new approach, the delta method (with freely
available software) and demonstrated its applicability to
crop growth and plant toxicological data, in several
cases identifying hormetic effects that had not been
apparent previously. May and Bigelow®' recommended
the use of various statistical approaches, including
ordinal reparameterization, fractional polynomials and
splines, to any given body of population data in order to
distinguish U- or J-shaped curves from linear
relationships. They emphasized that the exposure
variable is generally not uniformly distributed and
individual differences in effect are likely.

The overall inference from such investigations is
that low-dose data from both population studies and
cell-biological experiments need to be interpreted with
great caution, otherwise genuinely non-linear effects
may be overlooked. The techniques described in the
references cited above, notablylg’g'm, are likely to be
particularly useful, but they are not alone; in Stebbing’s
method for extracting growth-control system output, for
example, the errors grow with each step so the raw data
must be of high quality (errors <5%)"". However,
statistical issues will not be considered further in this
article; it will be assumed that unequivocally biphasic
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effects to wide ranges of stimuli are commonplace
among cells, organisms and populations.

THE GENERAL AND THE SPECIFIC:
HORMESIS AT THE CELLULAR LEVEL

The focus in this section will be on cellular
hormesis, the biphasic effects of stressors on naive
cells; i.e., it will be assumed that the cells have not been
conditioned by pre-exposure to low (or high) doses.
Conditioning hormesis will be discussed later.

Connolly and Lutz!"' reasoned that any stressor
agent is likely to have multiple effects on a cell and
superimposition of these effects may yield a biphasic
aggregate. According to these authors, many non-
monotonic dose-effect curves can potentially be
explained in this way, so there is no basis for assuming
that hormesis is underpinned by a single universal
mechanism. One of their proposals, following the
model proposed by Szabadi'®, involved two receptors
with different affinities for the same ligand and
opposing effects on cell physiology (Fig. 1); this could
indeed explain certain apparent instances of hormesis,
and the authors cited illustrative examples from the
literature. Another proposal involved gene transcription
induced by a dimeric receptor with one endogenous and
one xenobiotic ligand: homodimers were
transcriptionally active but mixed-ligand receptor
complexes were not, so the transcription rate responded
biphasically to the dose of xenobiotic.
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Fig. 1: Biphasic effect of a ligand with two different
receptor types
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Three comments must be made. First, the two
aforementioned proposals are different in kind: one
(potentially) entails an immediate effect of the ligand
on cell behaviour, but the other entails a delayed effect
because of the time required for de novo protein
synthesis after initiation of transcription via receptor
occupancy. This distinction will be further explored
below. Second, the authors explicitly assumed that the
law of mass action continues to apply as the ligand
concentration tends towards zero, but this is not the
case!"®. The main argument of'"®! may not be seriously
undermined by the fallacy, but issues such as the
cooperativity of ligand binding need to be considered in
relation to the examples cited. Third, although the
search for molecular mechanisms underpinning any
observed cell-biological event or process is considered
an epistemological imperative, it behoves us not to
focus so intensively on the minutiae of the explanens
that we lose sight of the richness of the explicandum.
Excessive attention to the parts might vitiate our
understanding of the whole.

This caveat gains force when the general effects of
external stimuli on cells are considered. In some cases,
hormesis appears to result from wide-ranging
intracellular changes rather than specific biochemical
events; the influence of mild stress (e.g. heat stress) on
ageing is an example!”?*. Such stimuli, indeed a
number of external stressors, have quite non-specific
effects on protein glycation and oxidation and perhaps
on the proteome as a whole™*. To explicate such
cases in terms of specific molecular processes would
seem otiose. A different approach is needed.

More than half a century ago, Nasonov and his
colleagues investigated the universal cell response
(UCR). They showed" that in cells of many different
types from many different organisms, a wide variety of
stressors (heat, mechanical stress, hydrostatic pressure,
electric currents, general anaesthetics, altered pH and
tonicity of the medium, heavy metal ions, hypoxia and
sound irradiation) induce a standard array of changes in
the turbidity, viscosity and biopotentials of cytoplasm
and nucleoplasm, vital dye binding and resistance to the
noxious stimulus. The UCR is biphasic. Low-intensity
stimuli usually evoke decreases in turbidity, viscosity
and vital dye binding, with concomitant increases in
membrane potential and resistance to the harmful agent.
The same stimuli at higher intensities have the opposite
effects; also, the intracellular pH falls and electrolyte
uptake increases. All these changes occur
simultaneously at a given stimulus intensity, suggesting
a single underlying mechanism, a final common
pathway for the various intracellular processes initiated
by the diverse stimuli. Mechanisms such as those
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[22] [15]

proposed by Szabadi*“' and by Connolly and Lutz
may conceivably lead to, or participate in, such a final
common pathway.

It has been suggested that hormesis at the cell level
is a manifestation of, or is identical to, the UCRP!'3,
This is the position adopted in the present article.

HORMESIS AND THE UNIVERSAL CELL
RESPONSE

Matveev'™! proposed that the hydrophobic phase
volume of the cell initially decreases as the stimulus
intensity rises from zero, then increases to far above the
control or resting value as the stimulus intensity rises
further. These changes in hydrophobic phase volume
would account for the simultaneous changes in cell
properties characteristic of the UCR. This proposal is
corroborated by the fact that lipophilic xenobiotics such
as valinomycin bind to a wide range of intracellular
proteins®® and that general anaesthetics with very
different molecular structures act in more or less
identical ways, binding to the hydrophobic domains of

proteins and altering their structures***!. Matveev’s
account of the UCR has been related to
microrheological changes in the cytoplasm and

nucleoplasm and to advances in understanding of the
role of heat shock proteins in cellular effects of
stress”'!. There is indirect experimental support for a
general cell-biological model of this kind"***"".

Another account, which on the face of it differs
from that in"®"**!, has been proposed by Eidus"'*"*,
Eidus initially studied X-irradiation of mouse and
Chinese hamster cells, including thymocytes, in vivo
and in culture, measuring changes in (e.g.,) dry mass
and loss of ability to form granules from neutral red
dye®!. These changes, which depended biphasically
on the stressor dose, were convenient surrogates for the
UCR, which he described as a defensive reaction
identical to cellular hormesis. He subsequently
extended his findings and his argument to chemical
hormesis'*’!. Essentially, Eidus attributes the UCR (and
ipso facto hormesis) to changes in
compartmentalization resulting from alterations in the
barrier functions of the plasma and intracellular
membranes””>. These alterations change the local
concentration gradients of some 250 different low
molecular mass solutes, which inhibit a wide range of
enzymes non-specifically; they also change the
accessibility of the enzymes to these solutes. A low
stressor dose changes the state of the plasma membrane
lipid and allows inhibitory solutes to leak out of the
cell, leading to increased enzyme activities. It also
increases the intracellular pH by some 0.3-0.4 units,
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causing several genes to become transcriptionally
active. Higher doses of the stressor destroy the
intracellular solute gradients by impairing the barrier
functions of the internal membranes, so there is
widespread enzyme inhibition; the cell dies if the
gradients are not restored to normal. Thus, low stressor
doses increase various cell activities, including
proliferation, but high doses have the opposite effect.
Developments of Eidus’s view of hormesis and the
UCR have included a novel interpretation of
apoptosis*!l,

An interesting feature of this account is the
emphasis on alkalinization of the cell, which is known
to occur in association with many cellular functions
including substratum adhesion and fertilization.
Intracellular pH is also increased by stimulatory
hormones, lectins and growth factors, and as mentioned
earlier, high stressor doses have the opposite effect -
they acidify the cell. Few workers in the field seem to
have considered the possible relationship between
intracellular pH and hormesis.

HORMESIS AND THE UCR VIEWED
IN TERMS OF THE LIVING
STATE OF THE CELL

It is helpful to relate these proposals to the
functional organization of the cell as a whole. An
outline scheme of the living state at the cell level* is
reproduced in Fig. 2. Although this scheme does not in
itself  suggest new experimental approaches, it
provides a conceptual framework within which
different models of cellular hormesis, i.e. the UCR, can
be interrelated.
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Fig. 2: Scheme of the living state of a cell
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According to this scheme, (a) the cell’s internal
state, (b) the responses to external stimuli and (c) the
pattern of gene expression at any moment are
reciprocally interdependent. Each of (a), (b) and (c) is
determined by the other two. The internal state
comprises all the cell’s components and structures, all
its metabolic activities and the totality of its transport
processes (across and through membranes and through
the interstices of the cytoplasm and organelles) at that
moment. These three aspects of internal state are also
reciprocally interdependent. Because changes in gene
expression pattern or in the processing of extracellular
stimuli or signals entail time-lags, this view of the cell
implies that both homeostasis (the maintenance of a
current state) and homeorhesis  (progressive,
programmed changes in state such as cell proliferation,
differentiation or apoptosis) entail oscillations about the
current state, or about the rate of change of state!**.
(Waddington’s term homeorhesis was adopted in this
context by Stebbing'*’'; it denotes a stable pathway of
change.) The time-lag involved in gene expression,
mentioned during the earlier discussion of'">*?, may
be fundamental to our understanding of
conditioning hormesis.

A low-intensity insult to the cell perturbs some
aspect of the internal state. In all recent discussions of
the UCR, this aspect is considered to be structure: the
organization of the cytoskeleton and/or cytomatrix">'*?
or the barrier functions of plasma and intracellular
membranes”®?. Perturbations of both these kinds are
likely to coincide, and the remainder of the internal
state will also be affected almost simultaneously.
Because the internal state is self-stabilizing by virtue of
the reciprocal interdependence of its aspects or
components'*?, the perturbation will tend to be
opposed. As Fig. 2 suggests, there will be consequent
though less immediate changes in the pattern of gene
expression and the processing of environmental signals.

CONDITIONING HORMESIS AT
THE CELL LEVEL

These changes in gene expression and perhaps in
the processing of signals, may constitute the basis for
conditioning hormesis at the cell level (Fig. 3).
Intuitively, conditioning hormesis may be pictured as a
shift of the biphasic dose-effect curve to the right
(cf.“gj), so that the effect becomes maximal at a higher
stressor dose. Because of the difficulty of data
interpretation at low doses, this simple representation of
the phenomenon does not provide a reliable
experimental method for quantifying the effect of
conditioning (pre-exposure). A potentially more
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Fig. 3: A general scheme for conditioning hormesis

satisfactory experimental approach to quantification
will be discussed in the next section.

The main function of the UCR (i.e. cellular
hormesis) is considered to be evolutionary™: it
maintains the integrity of the genome in the face of
environmental challenges, unless the challenge is too
strong for the cell’s defences. This view recalls Selye’s
account of the general adaptation syndrome in response
to stress***!, albeit at the cellular level. (A high-
intensity insult overwhelms the capacity of the internal
state for self-correction and alters signal processing and
the gene expression pattern, (a) directly and (b)
indirectly via the transformed internal state. This results
in the negative effects of high stressor doses.) The
adaptive or defensive character of the UCR could
depend primarily on (plasma) membrane barrier

function™ or on cytomechanics and heat-shock
[31]

proteins” ', or, of course, on both mechanisms, which
are presumably  concurrent and complementary
(cf. Fig. 2).

Although it is helpful to explore conditioning
hormesis in these general terms, the search for
molecular mechanisms must remain paramount. One
example of a molecular mechanism that could apply in
some instances'” is the repair of DNA adducts formed
by exogenous carcinogens. Doses of a carcinogen
sufficient to induce endogenous repair processes, but
too low to be significantly cytopathogenic, could
thereby protect against subsequent higher doses.
Moreover, because the repair processes are non-
specific, such low-dose exposure could diminish
background DNA damage and therefore have a
generally beneficial effect on the cell. Another proposal
in'" could explain the biphasic effect of mutagens on
the cell cycle (retardation at low doses and acceleration
of high doses). Many other types of mechanism are also
possible!>*®l:  Examples include the non-specific
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detoxifying effects of inducible cytochrome Pys
isoforms, the general outcomes of heat shock protein
production®! and the effects of FOXO transcription
factors on such characteristics as life-span'*”). An
interesting challenge in the field is to relate these
various mechanisms to the proposed primary events in
the UCR after exposure to low doses of stressors and to
the secondary changes in a cell’s internal state that
herald alterations in gene expression.

ADAPTATION OF THE GROWTH CONTROL
MECHANISM: GENERAL IMPLICATIONS
FOR CONDITIONING HORMESIS

A likely consequence of, or concomitant of,
conditioning hormesis in proliferating cells is an
increased mitotic rate, which could lead to altered
(accelerated) growth of a multicellular organism. This
is broadly consistent with the aforementioned general
scheme of cell life™” (Fig. 2) and is fundamental to a
well-established and widely-discussed explanation of
hormesis!'*' 143484 I these and other publications,
Stebbing proposed that hormesis is a consequence of
non-specific adaptive (homeostatic) effects. He did not
mention the UCR, though it is interesting to recall that
Nasonov and his School characterized the UCR as
adaptive more than 50 years ago; they considered it to
be an activation of defence mechanisms leading to
overcompensation””’. Stebbing focused exclusively on
the rate-sensitive mechanism of growth control and the
capacity of this mechanism to adapt to sustained levels
of an environmental stressor. Most of his experimental
work was performed on marine coelenterates and
yeasts.

Several other authors have also considered
hormesis to be a consequence or manifestation of
homeostasis (e.g."">*)), though homeorhesis has been
less widely discussed. Both homeostasis and
homeorhesis depend on non-specific correcting
responses to perturbations involving feedback loops,
which entail time-lags. Therefore, as outlined above,
homeostasis involves oscillations of the state of the cell
or organism about its norm, perhaps accompanied by a
slight resetting of this norm after a perturbation.
Similarly, homeorhesis involves oscillations and
possible resetting in the wake of a perturbation: the
normal or preferred rate of change of a variable such as
the frequency of cell division may be altered.

Stebbing developed this argument in more detail
and applied it to experimental data from growing or
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proliferating systems, as follows. The specific growth
rate of an organism is measured as frequently as the
precision of the data allows: if N is the initial number of
organisms or cells examined, the specific growth rate is
(I/N)(dN/dt). It is measured at zero perturbation (no
stressor load) to provide a control value and then at
increasing stressor loads. Each value obtained is
expressed as a fraction or percentage of the control
value™*!. When these normalized specific growth
rates are plotted against time, the expected oscillations
become apparent. At low stressor loads, the oscillations
are gradually damped and are succeeded after a number
of cell cycles by a sustained increase (continued
growth). At high stressor loads, they yield to a
sustained decrease (the cell or organism death rate
exceeds the proliferation or growth rate). Crucially, the
specific growth rate becomes less sensitive to a stressor
agent if the system is pre-exposed to that agent for a
sufficiently long period®: the system adapts and
resistance is increased. This approach therefore enables
the experimenter to quantify conditioning hormesis in
proliferating systems.

Of course, conditioning hormesis is also observed
in circumstances under which cells are not proliferating,
or their proliferation is not a relevant factor. However,
Stebbing’s analytical approach can presumably be
generalized. For example, rates of differentiation of a
cell type could be measured in control and stressor-
perturbed cultures or model organisms. Also, modern
cell-biological techniques should make it possible to
evaluate changes in UCR-related variables (e.g.
cytoplasmic viscosity, pH, turbidity), or in heat-shock
protein production, membrane permeation rates, DNA
adduct formation, etc. over short time-courses. If the
chosen variable is denoted by V and its control
(unperturbed) value by V*, a plot of (1/V*)(dV/dt)
against time would be expected to reveal oscillations of
the kind reported by Stebbing™**' and predicted in'**.
If plots of the mean value of (1/V*)(dV/dt) against
stressor dose were obtained from naive cells and from
cells pre-exposed to a low stressor loads, they could
serve to quantify any instance of conditioning hormesis,
as in***! (Fig. 4). Such studies would help to elucidate
the relationship between conditioning hormesis, the
UCR and homeostasis’/homeorhesis; in other words,
confirm the generality of the adaptive response to
stressors. In doing so, they may contribute to
elucidating the mechanistic basis of the UCR (hormesis
at the cellular level).
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Fig. 4: A possible approach to quantifying an instance
of conditioning hormesis

POSTEXPOSURE CONDITIONING
HORMESIS

In the present state of knowledge, there is no
obvious way of explicating cases in which the toxic
effect of a stressor is ameliorated by subsequent
exposure to a low dose of the same stressor.
Postexposure conditioning hormesis does not appear to
be accommodated by any of the accounts of cell-level
processes surveyed in this article. Two questions need
to be answered before further progress can be made on
this matter. First, is postexposure conditioning
hormesis, like hormesis and conditioning hormesis,
observed in response to a very wide range of stressor
types in numerous different biological systems, or is its
occurrence more restricted? Unless the phenomenon is
general, attempts to connect it mechanistically with the
processes discussed in the foregoing sections may be
futile. Second, is it observed at the cell level? To date,
no publications seem to have addressed this second
question. It may conceivably occur only at the whole-
body level in multicellular organisms such as humans.

RELATING HORMESIS AT THE WHOLE-
ORGANISM AND POPULATION LEVELS TO
HORMESIS AT THE CELL LEVEL (THE UCR)

If there were consensus agreement about a
mechanism or mechanisms explaining hormesis at the
cell level, could this explanation be extrapolated to the
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whole-body level? Stebbing’s rate-sensitive growth

control mechanism has been identified in both
unicellular  organisms  (marine  yeasts!'”)  and
multicellular  organisms (coelenterates[48]). More

generally, such extrapolation might be justified if a
drug or other stressor were known to elicit just one type
of effect from a single target cell type, though even in
such simple cases the reasoning could mislead.
However, if the stressor could affect more than one type
of target cell and evoke effects at different doses,
extrapolation would be less straightforward. It has been
shown that even closely-related cell types can differ in
the effects of a stressor such as a carcinogen™'
Moreover, the inverse argument would certainly be
invalid: cell-level hormesis cannot be inferred from
whole-organism hormesis. It could, for instance, be
explained by opposite but linear effects of two different
target cell types to different doses of the same agent, or,
as the following example illustrates, by contradictory
effects at the target-cell and whole-body levels.

Acute, non-fatal carbon monoxide (CO) poisoning
causes lesions resembling deep venous thrombi and is
reported to lead to pulmonary embolism”®*". The
aetiology of deep venous thrombosis is now known to
involve hypoxia-induced necrosis of the inner
(parietalis) endothelium of the venous valve cusps,
under conditions of alternating pulsatile and non-
pulsatile venous blood flow; leukocyte infiltration of
the necrotic cusp induces platelet recruitment and
thrombus formation may be initiated™. Because CO in
the circulation effectively causes hypoxaemia and
therefore aggravates any tendency towards endothelial
hypoxia, the likelihood of thromboembolism increases
with increasing blood CO concentration until a fatal
level is reached. However, linear extrapolation to very
low CO doses would be seriously misleading. CO
inhaled in minute doses, or produced endogenously by
type I haem oxygenase, suppresses hypoxia-induced
fibrinogenesis, probably by activating soluble guanylate
cyclase in the vascular endothelial cells and thus
preventing the hypoxic stimulation of plasminogen
activator inhibitor-1°", This has led to the suggestion
that very-low-dose CO may have therapeutic value in
cases of vascular ischaemia or hypoxaemia and, inter
alia, in preventing thromboembolism'®”’,

Thus, the relationship between non-fatal CO
toxicity and venous thromboembolism would appear to
be a classic though unacknowledged example of
hormesis, but it does not admit of extrapolation to the
cellular level. The alleged protective low-dose effect
certainly involves a molecular effect in a specific target
cell type (vascular endothelial cells), but the toxic
higher-dose effect involves whole-body changes in
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blood oxygenation, increasing the likelihood of
hypoxaemia in the venous valve pockets™. This
counter-example illustrates the danger of assuming that
all instances of whole-body hormesis can be explained
at the cellular level.

For many toxins such as carcinogens, threshold
doses can be identified for individual organisms; the
dose-effect relationships are markedly sigmoidal. The
absence of (carcinogenic or other) effect by
subthreshold doses is not readily explained, though
epigenetic rather than genotoxic mechanisms have been
proposed® and it may be possible to relate these to the
UCR. However, the pitfalls inherent in inferring cell-
level effects from whole-body data indicate that such
proposals require careful scrutiny, as the foregoing
discussion of carbon monoxide and venous thrombosis
illustrates.

Inter-individual differences in genetic
predisposition and lifestyle or environment confer
differences in threshold dose for any stressor”®!,
Therefore, irrespective of the mode of action of the
stressor, no threshold dose can be defined for an
experimental group or sampled population. Differences
in individual susceptibility to toxins determine the
dose-effect relationship and this has implications for
decisions about exposure limits'®. The problem is
exacerbated because, in reality, human and other
populations are exposed to combinations of
environmental stressors that may act synergistically or
antagonistically. Nevertheless, detailed investigations
of this practical issue have shown that an understanding
of the mechanism of action of each stressor agent
involved is of great value for data analysis'®’. This
implies that the elucidation of hormesis at the cellular
or single-cell organism level (i.e. the UCR) is likely to
yield practical benefits in toxicological,
epidemiological and environmental studies,
reservations about the extrapolation of cell-biological
data notwithstanding.

CONCLUSIONS

Although the effects of low doses of stressors on
cells require careful interpretation, taking account for
example of the mechanism of receptor-ligand binding,
biphasic dose-effect relationships to a wide range of
stressors are common to all cell types examined. In
some cases at least, these relationships may be
explained by the superimposition of simple biochemical
processes that are presumed, individually, to be linearly
related to dose. More generally, however, they seem to
require explanation in terms of the non-specific
Universal Cell Response (UCR). The various simple
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biochemical processes may be considered to lead to a
final common pathway that is integral to the UCR.

Recently, two mechanistic accounts of the UCR
have been proposed and have been explicitly related to
hormesis. These two accounts appear complementary
when viewed in terms of a general scheme of cell life
and this perspective leads naturally to an understanding
of conditioning hormesis. One well-studied example of
conditioning hormesis, the adaptation of growth control
mechanisms to a stressor, draws explicit attention to the
general character of cellular homeostasis and
homeorhesis. It leads to a method for quantifying
conditioning hormesis that may be generalizable and
could prove valuable in further investigations of the
UCR.

Hormesis at the cell level is therefore a well
established phenomenon and current research seems
likely to elucidate the mechanism(s) involved. Such
research will not directly explicate hormesis at the
whole-organism or population levels, but knowledge of
mechanisms may nevertheless be valuable for the
analysis and interpretation of individual and population
data.
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