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Abstract

This paper describes evidence establishing that ultra-low doses of diverse chemical agents at
concentrations from 10718 to 10724 M (e.g., approaching and/or less than 1 atom or molecule of a
substance/cell based on Avogadro’s constant - 6.022 x 1023/mole) are capable of engaging
receptor and intracellular signaling systems to elicit reproducible effects in a variety of species,
from unicellular organisms to humans. Multiple experimental studies have shown that only one or
very few molecules are needed to activate a cell and/or entire organism via cascade(s) of
amplification mechanisms and processes. For example, ultra-low dose ligand exposure was able to
activate both an individual cell, and ~3,000-25,000 neighboring cells on average, by about 50%.
Such activation of cells and whole organisms typically displayed hormetic-biphasic dose
responses. These findings indicate that numerous, diverse phylogenetic systems have evolved
highly sensitive detection and signaling mechanisms to enhance survival functions, such as
defense against infectious agents, responses to diverse types of pheromone communications (e.g.,
alarm, sexual attraction), and development of several types of cellular protection/resilience
processes. This suggests that ultra-low dose effects may be far more common than have been
recognized to date. We posit that such findings have important implications for evolutionary
theory, ecological and systems biology, and clinical medicine.
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1. INTRODUCTION

Phylogentically, cellular and organismal signaling mechanisms have evolved to maximize
dose/concentration-response relationships. The effect(s) of concentration ranges of different
agents (ligands and environmental factors) are varied, with most receptor-based and
enzymatic patterns operating in the 1076 to 107 M or 1074 to 10~ M concentration ranges,
respectively (i.e., as based on relative dissociation constants). Low doses have generally
been considered to be concentrations of a biologically active agent at the site of action that
are one or more orders of magnitude lower than the equilibrium dissociation constant [1].
However, there is now evidence of cellular and organismal signaling processes that
commonly function at far lower concentrations (viz., in the 10718 to 10724 M range).
Fortifying and extending these observations are findings of significant biological
amplification mechanisms in which a single molecule can activate transcellular signaling via
wave-like bystander communication processes affecting up to tens of thousands of
neighboring cells. In light of such findings, this paper identifies five areas of ultra-low dose
biology (10718-10724 M), namely macrophage activation, unicellular receptor signaling,
fullerene biology, highly diverse invertebrate pheromone endpoints, and multiple receptor
signaling pathways and endpoints in mammalian models. Ultra-low dose effects in these
biological systems will be described and addressed in contexts of the quantitative features of
both dose response patterns/outcomes, and mechanistic functions.

2. IMMUNE ACTIVATION: Phagocytosis

Macrophages play an important role in innate immunity, acting as initial defense against
microbial threats by engaging multi-faceted phagocytosis, cytotoxic and inflammatory
molecular mechanisms. Various types and magnitudes of stress may significantly affect (i.e.,
increase and/or decrease) macrophage phagocytotic capacity. Many of these changes in
macrophage responsivity are meditated by changes in levels of circulating and local tissue
catecholamines.
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Alterations of macrophage activity became the focus of considerable interest based on initial
observations indicating that disruption of hibernation in the Wall lizard invariably led to
rapid death due to bacterial infection. This suggested that the stress of disrupted hibernation
likely elevated catecholamine (CA) levels, thereby suppressing macrophage phagocytic
response, leading to increased susceptibility to — and ultimately death from - microbial
infection. Experiments with the Wall lizard investigated the effects of several CAs [(i.e.,
dopamine (DA), norepinephrine (NE) and epinephrine (E)] across a wide range of
concentrations (1071° to 10> M) on macrophage phagocytotic function. For each CA
ligand, a biphasic concentration gradient was demonstrated, with maximal stimulation of
phagocytosis occurring at the lowest concentration tested (10715 M), with stimulation
ranging between 160% to 180%, as compared to the 100% control group. At higher CA
concentrations, a progressive decrease in response occurred. Low concentrations of NE- and
E-induced stimulation were blocked by pre-administration of R-adrenergic antagonists. As to
be expected, DA acts through DA-(type 1 and 2) receptors, but also via R-adrenoceptor-
dependent mechanisms, as demonstrated by the partial blocking effect(s) of R-adrenergic
antagonists. Putative receptor cross-talk processes (e.g., engaging yoked second-messenger
pathways) may be operative in mediating the differential CA-induced macrophage
function(s). Supporting this hypothesis are demonstrations that CAMP-induced activation of
R-adrenoreceptor-linked cyclase was essential for macrophage phagocytosis. Thus, blocking
the NE/E receptor prevented engagement of adenylase cyclase-mediated cCAMP activity.

Subsequent studies of effects of cAMP-mediated activation of phagocytosis evaluated effects
over a 10718 to 1072 M concentration range, and demonstrated a biphasic concentration-
relationship with ~50% stimulation at the lowest concentration assessed (Figure 1). It was
hypothesized that at low concentrations, CAMP stimulated protein synthesis induces
enhanced phagocytotic activity. This speculation was supported using the transcription and
translation inhibitors actinomycin D and cycloheximide, respectively. Both agents prevented
cAMP-induced stimulation of macrophage phagocytosis at low concentrations; however,
they failed to attenuate phagocytic induction at higher concentrations. Of note is that cCAMP
stimulation at 10718 M occurred with only 120 molecules per 400,000 cells, a ratio of one
molecule per ~3,300 cells, thus, revealing a significant amplification effect. The low
concentration stimulatory responses were mediated by a genomic pathway, while the higher
concentration effects were mediated by a non-genomic pathway [2].

3. UNICELLULAR ACTIVATION: Tetrahymena

During the 1970s, it was first reported that the unicellular organism, Tetrahymena, was
capable of binding a number of the endogenous ligands of higher animal species [3, 4].
Further research revealed that 7etrafiymena exhibited signal transduction processes similar
to mammals [5, 6], and these observations led to a series of studies assessing the sensitivity
of Tetrahymena receptors and ligand production. These investigations showed biological
effects for multiple endpoints could be produced in Tetrahymena at ligand concentrations of
10721 M, of serotonin (5-hydroxytryptamine; 5HT) and insulin on tissue histamine content
[7-9].
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4. FULLERENES

Fulleronols represent specific allotropic forms of carbon, being nanosized polyhydroxylated
water-soluble derivatives of fullerenes. Cellular and enzymatic assays have been used to
evaluate general toxicity responses under oxidative stress, using solutions of organic or
inorganic oxidizers (1,4-benzoquinones or potassium ferricyanide, respectively). An
enzymatic bioassay can also assess the oxidative toxicity (OXT) of solutions. The OXT
enzymatic assay describes the redox features of toxic agents, whereas the general toxicity
(GT) assay integrates the net toxic effects on the system. As well, luminous marine bacteria
and bacterial enzymes have been used to assess the anti-oxidant properties of several
fulleronols. The GT assay measures the maximum bioluminescence intensity while the OXT
employs specific kinetic parameter values for the induction bioluminescence period.

The GT bioassay showed biological effects for selected fulleronols at concentration ranges
aslowas 1 x 10720 to 1 x 10721 M [10]. Veoikov and Yablonskaya [11] reported that
hydrated fullerenes enhanced luciferase activity by ~75% at 10723 M (Figure 2). These
findings demonstrated that the hydrated fullerene, C60, displayed an antioxidant effect
within highly diluted solutions in bacterial-based assays. Specifically, C60 (10719 M)
exhibited a pronounced stabilizing effect on luciferase that prevented loss of its activity for
prolonged periods at room temperature.

Important in the aforementioned example is that the dose response features followed a
hormetic pattern, with enhanced biological activity induced by low concentrations of agents.
An underlying mechanism for these hormetic effects at such highly diluted concentrations
was suggested to involve the aqueous envelope surrounding C60 that is negatively charged,
and likely to possess electron density capacity. Thus, the agents tested may have direct free
radical scavenging activity and effect(s). C60 effects have additionally been reported to
induce hormetic responses in cultures of human fetal lung fibroblasts [12, 13].

5. SYNTHETIC TRIPEPTIDES: Mud-crab Pumping Pheromones

There is considerable research demonstrating that mud-crabs produce a pheromone that is
released from hatching eggs, which stimulates larval release via a stereotypical pumping
process that lyses egg membranes and extrudes the larvae from the mother’s body. The
search for the native ligand led to (1) observations that pheromones can be produced by
enzymatic degradation of egg membranes via serine proteases; and (2) subsequent testing of
synthetic tripeptide pheromone on mud-crab larval pumping function. These studies
generally investigated the number of released larvae and/or the percentage of ovigerous
crabs that display a pumping response to different concentrations of test agents when placed
in 40 mL of seawater. Pheromone mimics produced hormetic-biphasic concentration
responses for both endpoints [14]. Of particular interest is that five synthetic tripeptides were
examined over concentrations as low as 10722 M. In these assays, typical hormetic patterns
were shown, with stimulatory responses being evoked by ligand concentrations ranging from
10722 M to 10716 M. Since the lowest concentration tested (i.e., 10722 M) still displayed a
40% stimulatory response, a concentration threshold was not established [15] (Figure 3). At
the lowest concentration tested (10722 M), it was calculated that 24 molecules were present
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in the 40 mL of seawater at the start of testing. Ten mud crabs were consecutively tested in
the 40 mL seawater solution prior to using a new test solution. This suggests that at the
lowest concentration tested, ultra-low levels (e.g., only one-to-several molecules per crab) of
ligand were capable of activating the pumping function response.

6. G PROTEIN-COUPLED RECEPTORS (GPCR): Low-dose Effects of
Relaxin and Other Agents

Halls and Cooper [16] reported that the binding of relaxin to its receptor activates assembly
of a large signaling complex, and in the process, amplifies relaxin signaling such that far
fewer relaxin molecules [i.e., ~attomolar (10718 M) concentrations] are required to evoke a
functional response in key target tissues. Relaxin receptors are a (sub)class of four closely
related G protein-coupled receptors (GCPR). GPCR efficiency is increased by the formation
of signalosomes which are receptor-linked protein complexes that enhance the preferential
activation of downstream targets. Sub-picomolar concentrations of peptide act to engage the
complex to couple the relaxin receptor to CAMP to evoke amplified intracellular signaling
mechanisms. Halls and Cooper [16] conceptualized the relaxin-GCPR-signalosome process
based on observations that circulating relaxin activates organs, such as the heart, in which it
is not produced, and circulating concentrations of relaxin were lower than those shown to be
effective with other signaling systems.

Civciristov and Halls [17] generalized these observations, noting that such high sensitivity,
while fairly common, has been generally overlooked in scientific (and biomedical
translational) research, despite over 35 papers showing GCPR responses to ultra-low
concentrations of ligands. The biological activities in these reports were typically in the
10-1% to 10718 M range, with several as low as 10719 to 10721 M, and all showing hormetic
dose response patterns [18-23].

Civciristov et al. [24] noted that two GPCRs, the Bo-adrenergic receptor (B,AR) and the
muscarinic acetylcholine Mj receptor (M3R) were activated at femtomolar (fM) (1071° M)
concentrations of particular ligands. Based on mathematical modeling, it was predicted that
1 fM of ligand can activate approximately 40% of cells in a preparation within a temporal
interval of five (5) minutes, as a result of activation by two possible receptor binding events.
Receptor activation at low concentrations qualitatively differs from that at higher
concentrations, having both spatially and temporally distinct patterns of intercellular
signaling, and a distinct response pattern at the cellular level [24]. It was shown that similar
forms of highly efficient and amplified signaling would demand an activation rate constant
(Kacp) that is of sufficient magnitude to affect a response by one or two binding events per
cell. Further, it was demonstrated that binding of CHO-K1 cells with 1018 M concentration
of thrombin ligand enhanced the production of cAMP. Civciristov et al. [24] incubated
30,000 cells in 200 L at a concentration of 10718 M (~120 molecules per 200 L), yielding
approximately 1 molecule/250 cells. As well, it was shown that CHO-K1 cells were
responsive to 10720 M thrombin concentrations (i.e., an estimated one molecule per 25,000
cells).
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DISCUSSION

Herein we provide evidence for the induction of reproducible biological responses in
multiple biological systems at ligand concentrations from 10718 M to 10724 M. These
findings elucidate the capacity of a number of biological systems to display extraordinary
sensitivity to ultra-low concentrations of ligand. Until quite recently, this capacity of cells
(and to some extent organ systems and whole organisms) to possess and engage functional
ultra-low level detection and signaling mechanisms that affect a broad spectrum of
biological processes has been poorly recognized and acknowledged. Findings such as those
presented in this paper reveal these capabilities to occur across phylogenetic species, from
unicellular to mammalian organisms. Yet, these extremely sensitive detection, signaling and
amplification mechanisms, activities and effects in microbial, plant, and animal domains,
and their constitutive and/or adaptive functions are only coming to light and being identified
as the foci of basic and translational research.

Civciristov and Halls [17] hypothesized that some ultra-low dose effects may occur via
preassembly of signaling proteins within the receptor complex, which occupies only a
limited spatial domain of the plasma membrane. Such structures may account for how some
ligand-receptor binding effects occur at concentrations that are orders of magnitude below
the receptor Kgy. It is possible that protein interactions within the complex induce and/or
mediate allosteric changes of the ligand binding region of certain (GPC) receptors, creating
an open-type configuration that exhibits enhanced affinity for the ligand. Indeed, such
changes have been shown to increase binding affinity by greater than 15,000-fold [25].
Civcirostov and Halls [17] further speculated that since ultra-sensitive binding complexes
are likely to have restricted domains within the plasma membrane, this area might become
receptor enriched, creating a “ligand sink”, increasing affinity, and creating a signaling
activity hot spot.

While the number of molecules capable of interacting directly with cells in the 10718 to
10724 M range is extremely small, experimental evidence indicates a biological
amplification process that is integrated within a “bystander-broadcasting effects” system.
For example, a ratio of one cAMP molecule/3,300 macrophages statistically increased the
average phagocytic response by 50%. A similar bystander amplification broadcasting effect
was reported by Offen [26] in the neuroprotective actions of two vasoactive intestinal
peptide (VIP) derived peptides on PC12 cells, in a Parkinson’s disease model system. The
concentration for both agents at 10718 M (600 molecules/one mL) enhanced the survival of
300,000 PC 12 cells by 50% to 60%; an amplification response of ~ 5,000 fold. Sowa et al.
[27] demonstrated the capacity of morphine to reduce macrophage phagocytosis at 10720 M
by 8.5%, affecting ~3,500 cells/molecule (NB: a value similar to that reported for
phagocytosis induced by cAMP). These examples of apparent activation of several thousand
cells by a single molecule represent an important conceptual development in furthering
understanding of (the ubiquity and potency of hormesis.

These examples provide the lowest doses/concentrations tested to date, without evidence of
a threshold, thereby suggesting the possibility that similar effects may occur at even greater
cell to molecule ratios (e.g., increases in biological activity of /n7 vitro conditions tested
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involved 300,000 to 1,000,000 cells/6-120 molecules). Several examples of broadcasting
effects were assessed in whole organisms (viz., activation of abdominal pumping in the
pregnant mud-crab at 10722 M of synthetic peptide, in which significant effects were
induced by an estimated 2-3 molecules per crab [15]). Similar heightened sensitivity was
reported in the green algae, Wo/vox, which displays both sexual and asexual reproduction. In
1973, Pall [28] reported sexual induction as a function of hormone concentration. Based on
studies with Vo/vox carteri, it was determined that only two molecules of hormone are
required to make the gonidium form a sexual rather than an asexual embryo.

We posit that such ultra-sensitive signaling may be of evolutionary significance — and
importance - as a common and highly generalized survival strategy. This is strengthened by
the work of Civciristov et al. [24] in citing 35 established examples of ultra-sensitive
detection/signaling in a variety of biological systems. We speculate that ligand ultra-
sensitivity may be important to establishing (cellular and organismal) responsivity to various
environmental niches and conditions, whereby ultra-low dose sensitivities may enable
hormetic signal amplification in relatively “noisy” environments, thereby creating more
resilient phenotype(s) that are more allostatically capable, and adaptable [29].

The effects elicited by very low concentrations of ligand(s) are biologically diverse, and
include immune responses, such as macrophage phagocytosis [2]; hormonal functions (e.g.,
in Tetrahymena [8]); pressor effects in the renal vasculature [18]; pheromonotropic and
melanotropic receptor effects in insect species [20]; sex signaling in algae [28]; several
enzyme activities [12]; cAMP production [24], and mud crab pheromone pumping factor
[15]. The diverse range of endpoints affected by ultra-low concentrations characteristically
occurs in the <3,300-25,000 cells/molecule range, indicating that activated cells can exhibit
a broadcasting function to engage a large number of other cells in a contained environment
of a 1 mL (precluding assessment of the spatial distance or volume in which the activities
and effects may occur).

Hormetic patterns of dose response were commonly observed in these investigations of
ultra-low dose effects. Thus, the generality of the hormetic dose response occurs across
biological models, endpoint(s) measured, inducing agent(s), level of biological organization,
and concentration range(s) studied [30]. Many adaptive hormetic responses in various
animal models and cell types, and affecting diverse endpoints have recently been shown to
be mediated via activation of Nrf2 [31]. How the hormetic-like effects reported with ultra-
low doses relates to other, identified hormetic mechanisms remains uncertain, and therefore
requires further research — and an openness to scientific self-critique, and paradigmatic
revision [32, 33].

Hence, we opine that the findings presented herein afford viable possibilities for new
exploratory horizons of biomedical research [34]. These include the role of ultra-low doses
in cellular and whole animal biology, as well as investigation(s) of how such low doses
affect intercellular biological broadcast communication to induce and/or mediate a host of
survival functions [29]. This represents an opportunity for an interdisciplinary approach that
can employ emerging technologies (of assessment, and site-specific and ultra-low dose
administration of ligands and other trophic factors) to engage hormetic mechanisms to elicit
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(biologically, clinically, and environmentally) valid and valuable endpoints. Our ongoing
work remains committed to such enterprise.
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Figure 1.

Effects of cAMP on phagocytosis of splenic macrophages (modified from: Roy and Rai [2])
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Figure 2.
Effects of hydrated fullerene (HyFn C60) on luciferase activity (modified from: Veoikov and

Yablonskaya [11])
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Figure 3.

Effects of five gly-x-arg tripeptides on abdominal pumping of egg-bearing mud-crabs
(modified from: Rittschoff et al. [14])
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