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Abstract: The objective of the “Explanatory Dictionary of Key Terms in Toxicology” is to
give full explanations of the meaning and usage of toxicological terms chosen for their im-
portance and complexity with regard to the merging of chemistry into toxicology. This re-
quires a full description of the underlying concepts, going beyond a normal dictionary defi-
nition. Often linguistic barriers lead to problems in obtaining a common understanding of
terminology at an international level and between disciplines. The explanatory comments
should help to break down such barriers. This dictionary is a follow-up and continuation of
part I published in 2007. It consists of a collection of terms chosen from the IUPAC
“Glossary of Terms Used in Toxicology”. These terms are organized under 19 main headings.
The authors hope that this explanatory dictionary will be helpful to chemists, pharma -
cologists, toxicologists, risk assessors, regulators, medical practitioners, regulatory authori-
ties, and everyone with an interest in the application of chemistry to solving toxicological
problems. It should be of particular value to those involved in risk assessment and manage-
ment.
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INTRODUCTION

Within the framework of the IUPAC Division, Chemistry and Human Health, and its Subcommittee on
Toxicology and Risk Assessment, this paper is part of a larger project to develop a reasonably compre-
hensive “Explanatory Dictionary of Terms Used in Toxicology” [1], which in turn is part of ongoing ac-
tivities related to toxicology education. Following the preparation of the “Glossary of Terms Used in
Toxicology”, the Working Group came to the conclusion that further explanation of selected terms was
needed for the reader to understand fully the concepts underlying the definitions. The often-unstated
 assumptions that are part of the concepts are explained in order to help communication between toxi-
cologists, chemists, and members of other related disciplines.

Toxicology has grown rapidly over recent years and has been incorporated in ever-stronger laws
designed to ensure safe production, use, and disposal of chemicals. Like many IUPAC bodies, the
Chemistry and Human Health Division is concerned to promote worldwide “regulation, standardiza-
tion, or codification” in relevant areas of chemistry. In this context, lack of understanding of the termi-
nology used in toxicology has been a problem for chemists who must implement measures for the safe
use of chemicals.

This explanatory dictionary is compiled for all those who now find themselves requiring knowl-
edge of toxicology, especially in communicating with regulators, to whom they must provide appropri-
ate information, and with downstream users, whose use of chemicals they must guide. Special attention
has been paid to the usage of toxicological terms in regulatory guidance documents.

The terms included in this explanatory dictionary have been chosen with regard to their frequent
use in the current literature and their use in areas that have recently developed rapidly, such as epi -
genetics (Section 8). The compilers have also included explanations of terms known to cause confusion
even among experienced toxicologists. Such terms are especially difficult for the newcomer to toxicol-
ogy.

The explanations have been compiled to show the relation of terms to each other and also to clar-
ify apparently contradictory usages. All entries are introduced by the IUPAC-approved definitions from
the “Gold Book” [2] or from the IUPAC “Glossary of Terms Used in Toxicology, 2nd ed.” [3]. Where
neither of these sources had appropriate definitions, reference was made to the most recent version of
the Online Oxford English Dictionary [4]. Where differences in usage exist between related disciplines,
these are pointed out in the relevant text. Commonly used abbreviations, acronyms, and initialisms are
listed in Annex 1. This is designed to be a self-explanatory document and only a few key references are
given in the text. However, Annex 2 provides a list of further reading for those who wish to learn more
of any topic. 

We are grateful to all those who have contributed to this explanatory dictionary with constructive
criticism and who have suggested modifications for its improvement. Their valuable comments have
been incorporated, and their names are listed on page xx. There will still be flaws, but we hope that the
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final version will be sufficiently close to achieving the original objectives to justify the very widespread
support that we have received.
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Society of Chemistry in reviewing and constructively criticizing the text is also gratefully acknowl-
edged.

1. AEROBIC AND ANAEROBIC

IUPAC definitions

aerobic
Requiring dioxygen.

anaerobic
antonym aerobic
Not requiring dioxygen.

Explanatory comment

The term “aerobic” refers to the requirement of an organism for dioxygen (O2), and therefore is based
on metabolism. A description of our current knowledge of metabolism can be found in any good bio-
chemistry textbook. One that is also accessible through the Internet is Boyer’s Concepts in Biochemistry
[5]. Central to understanding aerobic metabolism is understanding the mechanism that higher organ-
isms use to generate adenosine triphosphate (ATP) in the process of respiration. Respiration, in turn,
refers to the oxidation of fuel molecules with O2 (with the exceptions noted below) as the ultimate elec-
tron acceptor and the derived energy stored in the terminal phosphate bond of ATP (oxidative phos-
phorylation). The breakdown of fuel molecules to yield metabolic energy in the absence of O2 is re-
ferred to as anaerobic metabolism, and is considered to be the antonym of aerobic metabolism. Here, a
fuel molecule (very frequently glucose) is split into two moieties in a process called “fermentation”.
One moiety then oxidizes the other, and the energy released by the reaction is used for generating ATP.
In higher organisms, this is typified by glycolysis, which produces ATP under conditions of relative O2
limitation, but also serves as an entry point to oxidative metabolism by providing pyruvate [2-oxo-
propanoate] to the tricarboxylic acid (TCA) cycle.

Many cells can perform aerobic metabolism when O2 is present but survive by anaerobic metab-
olism when it is not. These are called “facultative anaerobic cells”. Cells that survive only by anaero-
bic metabolism, i.e., cells that do not have the capacity to utilize O2 as an oxidant and for whom O2 is
therefore toxic, are called “obligate anaerobes”.

Biochemistry of aerobic metabolism
In the mitochondria of cells of higher animals, including humans, a cyclic series of enzyme reactions is
central to the production of reducing equivalents for respiration. This is known variously as the TCA
cycle, Krebs cycle, or citric acid cycle (Fig. 1). Various nutrients (carbohydrates, amino acids, and fatty
acids) are metabolized by distinct pathways to generate 2-carbon acetate units that are coupled to coen-
zyme A (CoA). The resultant acetyl CoA reacts with the 4-carbon substrate oxaloacetic acid [2-oxobu-
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tanedioic acid] to produce the 6-carbon citrate [2-hydroxypropane-1,2,3-tricarboxylic acid]. Sequential
enzymatic conversion of citrate to isocitrate [1-hydroxypropane-1,2,3-tricarboxylic acid] via cis-aconi-
tate [cis-prop-1-ene-1,2,3-tricarboxylic acid] provides the substrate for isocitrate dehydrogenase, which
converts isocitrate to 2-ketoglutarate [2-oxopentanedioic acid] with loss of CO2. Loss of a second mol-
ecule of CO2 converts 2-ketoglutarate to the 4-carbon succinate [butanedioic acid]. Oxaloacetate is re-
generated from succinate via the intermediates fumarate [(2E)-but-2-enedioic acid] and malate
 [2-hydroxybutanedioic acid], to begin the cycle again. One turn of the cycle releases eight H atoms.
These provide four pairs of electrons, which are recovered by the reduction of three molecules of
nicotin amide adenine dinucleotide (NAD) to three molecules of NADH2, and reduction of one mole-
cule of flavin adenine dinucleotide (FAD) to FADH2. If the source of acetyl CoA is carbo hydrate, two
additional H atoms are released during conversion of pyruvate to acetate with production of an addi-
tional NADH2. The electrons from NADH2 and FADH2 are passed down a reduction potential gradient
known as the electron transport chain, consisting of a series of quinone- and cytochrome-containing
proteins. These serve to split the electron pairs derived from NADH2 or FADH2 using the quinone/semi-
quinone and Fe3+/Fe2+ redox couples, and achieve the stepwise 4-electron reduction of O2 to 2H2O.
Reduction of one molecule of O2 to 2H2O by 2NADH2 is coupled in the electron transport chain to the
production of six molecules of ATP from ADP. This process is called “oxidative phosphorylation”. ATP
production is coupled to electron transfer at three sites in the electron transport chain where the drop in
potential is large enough to pump a pair of protons outward across the mitochondrial membrane, creat-
ing an electrochemical gradient or protonmotive force. Their return through a proton channel in an
ATPase provides the energy to reverse the ATPase activity and act as ATP synthase. Toxic substances
that allow the electron transport chain to continue with the reduction of O2, but prevent the formation
of ATP and dissipate the energy as heat instead, are called “uncoupling agents”. Examples include
2,4-dinitrophenol (DNP), carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP; [N'-[4-(tri-
fluoromethoxy)phenyl]carbonohydrazonoyl dicyanide]), and carbonyl cyanide m-chloro phenyl hydra-
zone (CCCP; [carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone]).
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Operation of the electron transport chain is one of the major sources of production of reactive
oxygen species (ROS) in respiring cells. Increased flux of glucose through glycolysis and ultimately of
the resulting pyruvate through the TCA cycle feeds an abundance of NADH2 into the electron transport
chain, and experimental hyperglycemia leads to an increase in ROS that are thought to account for many
of the chronic changes in diabetes. Overexpression of the uncoupling agent uncoupling protein-1
(UCP-1) dissipates the trans-mitochondrial membrane proton gradient required for operation of ATP
synthase, and decreases many of the biochemical changes associated with the microvascular complica-
tions of diabetes.

Glycolysis and fermentation
As noted above, cells that survive in the absence of O2 break down a nutrient molecule into fragments
in a process called “fermentation”. One fragment then serves as the electron acceptor in the oxidation
of another, and this oxidation is coupled to the formation of ATP. The most important nutrient for anaer-
obic metabolism is glucose. Because fermentation results in incomplete breakdown, whereas respira-
tion degrades glucose to CO2 and H2O, the amount of energy released in respiration is much greater.
Early life evolved under anaerobic conditions, but when O2 became available in the environment, some
organisms adapted to its use. Because of the greater efficiency of respiration, organisms today that can
use either respiration or fermentation generally prefer respiration when O2 is available. Yeast and bac-
teria can be classified according to their fermentation products of glucose. For example, some break
down glucose to ethanol and CO2, others to ethanol and acetic acid, yet others to acetone or butanol.
The fermentation of glucose to pyruvate is called “glycolysis” (Fig. 2). This is the form of anaerobic
metabolism that occurs in higher animals.

Glycolysis follows a regulated enzymatic pathway simpler than that of respiration. Overall, 6-car-
bon glucose is split into two 3-carbon molecules of lactic acid [2-hydroxypropanoic acid], which does
not represent a redox reaction. However, before cleavage, glucose undergoes sequential phosphoryla-
tion and isomerization reactions and then is converted by aldolase into the two 3-carbon moieties, di-
hydroxyacetone phosphate and glyceraldehyde-3-phosphate. Glyceraldehyde-3-phosphate undergoes a
multistep conversion to pyruvate, which then acts as the electron acceptor for oxidation of additional
glyceraldehyde-3-phosphate, itself being reduced to lactate by lactate dehydrogenase. The oxidation of
glyceraldehyde-3-phosphate by pyruvate is coupled to the generation of two molecules of ATP from
ADP. Because dihydroxyacetone phosphate and glyceraldehyde-3-phosphate are interconvertible by the
enzyme triose phosphate isomerase, both 3-carbon fragments of glucose are ultimately converted into
pyruvate. Two ATP molecules are required for the initial hexose phosphorylation reactions, and the sub-
sequent 3-carbon moieties yield two ATPs each, for a net production of two ATPs per glucose. The fate
of pyruvate depends on the metabolic context of the cell (Fig. 2). In anaerobic glycolysis, it is converted
to lactate. In alcoholic fermentation, it is converted to ethanol with release of CO2. Under aerobic con-
ditions, it is decarboxylated and coupled to CoA with the release of CO2 and generation of NADH from
NAD+. The resultant acetyl CoA enters the TCA cycle via reaction with oxaloacetate, while the NADH
ultimately transfers its electrons to O2 through the mitochondrial electron transport chain.

Physiological considerations
In an aerobic cell, lactate is further oxidized to CO2 and H2O, and pyruvate is shuttled into the TCA
cycle. Human cells can survive varying periods of anoxia depending on their glucose or glycogen
stores, and their complement of glycolytic enzymes. The availability of O2 can also affect the pattern
of drug metabolism. Whereas Phase I metabolism in the mammalian liver and other drug-metabolizing
organs is typified by oxidation carried out by enzymes such as the cytochrome P450 and flavin-con-
taining monooxygenases, monoamine oxidase, and peroxidases, reductive Phase I metabolism in other
situations involves enzymes such as reduced cytochrome P450 and NADPH-cytochrome P450 reduc-
tase.
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Skeletal muscle has a high capacity for anaerobic metabolism, allowing prolonged periods of ex-
ercise. During exertion, the quantity of glucose metabolized in glycolysis may exceed the capacity of
the oxygen supply to support mitochondrial reoxidation of NADH. Under these circumstances, a debt

M. NORDBERG et al.

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 3, pp. 679–751, 2010

684

Fig. 2 Glycolysis refers to the conversion of glucose into pyruvate with the generation of a net 2 ATP. The point
where a 6-carbon structure is cleaved into two 3-carbon structures is indicated. The fate of pyruvate depends on the
metabolic preference of the cell. In an aerobic environment where O2 supports oxidative phosphorylation, pyruvate
generates acetyl CoA that is diverted into the TCA cycle. In alcoholic fermentation, decarboxylation of pyruvate
forms acetaldehyde that is converted to ethanol. Under anaerobic conditions, generation of ATP can continue for a
time with the build-up of lactate.



of lactic acid is built up from conversion of pyruvate. This lactic acid must be metabolized during re-
covery. Some is oxidized in muscle, while some diffuses out of the muscle cell and is converted to glu-
cose in the liver or oxidized in heart and other tissues. In contrast to skeletal muscle, cardiac muscle is
abundant in mitochondria and requires a constant supply of O2. It has limited capacity for anaerobic
metabolism, oxidizing its own pyruvate as well as oxidizing lactate released from other tissues. The en-
zyme lactate dehydrogenase, which catalyzes the interconversion of lactate and pyruvate, is a critical
determinant of this difference between cardiac and skeletal muscle. The tetrameric enzyme is made up
of any combination of the isoenzyme subunits H (abundant in heart) and M (abundant in muscle). The
H subunit operates much more effectively with lactate as a substrate, compared to pyruvate, and is in-
hibited by high concentrations of pyruvate. Thus, in tissue rich in H subunits, such as heart, pyruvate is
preferentially utilized by reactions other than that catalyzed by lactate dehydrogenase, and the oxida-
tion of lactate to pyruvate is facilitated. The M subunit is not inhibited by pyruvate, and converts pyru-
vate to lactate when means of oxidizing NADH and pyruvate are compromised.

Microbiology
The grouping of bacteria according to the effects of O2 on their metabolism and growth is important for
their isolation and identification, as well as for understanding pathogenesis. One classification distin-
guishes among the following:

• Obligate aerobes that require O2 and lack capacity for significant fermentation. Examples include
the tubercle bacillus and some spore-forming bacilli.

• Obligate anaerobes that grow only in the absence of O2. While O2 inhibits some of the enzymes
required by these organisms for fermentation, it is also lethal to many. This is largely due to the
lethal effect of superoxide in organisms lacking superoxide dismutase. Examples include
Clostridia and Propionobacter.

• Aerotolerant anaerobes, which grow in the presence or absence of O2, but retain fermentative me-
tabolism in both circumstances. These include most lactic acid bacteria.

• Facultative organisms, which grow in the presence or absence of O2, usually preferring the more
efficient aerobic metabolism when O2 is present. These include enterobacteria and many yeasts.

While animal physiologists think of respiration as requiring O2, microbiologists distinguish fer-
mentation from respiration by determining whether the ultimate electron acceptor is organic (fermen-
tation) or inorganic (respiration). Although most respiring bacteria use O2 as the acceptor, anaerobic
respirers exist and include those that use nitrate (denitrifiers), sulfate (Desulfovibrio), or carbon diox-
ide (methane bacteria and some Clostridium sp.) as alternative oxidizing agents.

Anaerobic infections are caused by anaerobic bacteria and occur in low O2 environments such as
deep wounds and internal organs. They are frequently of mixed bacterial species and are characterized
by abscess formation, foul-smelling exudates, and necrotic tissue destruction. Anaerobes normally col-
onize bodily regions of low O2 exposure, including the mouth (dental infections are commonly anaer-
obic), the gastrointestinal tract, and the vagina (a danger in septic abortion). They cause infection when
normal tissue barriers are damaged by injury, including surgical procedures. They are also found in soil
and decaying vegetation. Common diseases caused by anaerobic Clostridium bacteria are gas gangrene
(C. perfringens), tetanus (C. tetani), botulism (C. botulinum), and pseudomembranous colitis (C. diffi-
cile). Because their growth is limited by O2, infectious colonies are generally slow-growing and there-
fore difficult to treat.
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2. APOPTOSIS AND OTHER MODES OF CELL DEATH

IUPAC definitions

apopto/sis n., /tic adj.
Active process of programmed cell death, requiring metabolic energy, often characterized by fragmen-
tation of DNA, and cell deletion without associated inflammation.

necro/sis n., /tic adj.
Sum of morphological changes resulting from cell death by lysis and/or enzymatic degradation, usually
accompanied by inflammation and affecting groups of cells in a tissue. 

Explanatory comment

A number of years ago, it was recognized that cells may die by means other than a simple irreversible
response to injury, ultimately leading to membrane rupture (i.e., necrosis), such as hepatic necrosis in-
duced by trichloromethane or acute tubular necrosis in the kidney caused by mercury. The alternative
appeared to follow a sequential program of events leading to a systematic disassembly of the cell with-
out the release of proteolytic and proinflammatory contents. The process was termed apoptosis (Gr. apo,
from ptosis, to fall; hence, falling off) by Andrew H. Wyllie in 1972. There is no consensus as to
whether the “a” is long or soft, or the second “p” silent, and several pronunciations are in common use.

Apoptosis
In contrast to necrosis, occurring in response to acute injury such as hypoxia or exposure to toxic sub-
stances, apoptosis is considered to occur in physiological circumstances such as atrophy or at certain
stages of development, or in selected pathological circumstances. It is now also known to play a key
role in balancing a stable cell population in a tissue in a triad of stem cell differentiation, cell prolifer-
ation, and apoptotic cell loss. For many years, the recognition of apoptosis was by visual criteria.
Apoptosis involves individual cells undergoing shrinkage and formation of apoptotic bodies, whereas
in necrosis groups of cells are involved in swelling and tissue disruption. Phagocytosis of apoptotic bod-
ies is in contrast to the inflammation and subsequent regeneration or fibrosis consequent upon necrosis.
In apoptosis, organelles generally remain intact, whereas necrosis is characterized by swelling of the
mitochondria and endoplasmic reticulum. Especially, characteristic changes are seen in the nucleus,
where condensation of chromatin in apoptosis is accompanied by internucleosomal breaks (karyor-
rhexis) and a characteristic pattern of bands of multiples of approximately 200 base pairs on agarose
gel electrophoresis (“DNA laddering”). In contrast, random DNA breaks precede loss of DNA (karyol-
ysis) in necrosis.

Subsequently, a family of proteases was discovered that was responsible for the controlled cleav-
age of a variety of substrates during the apoptotic program. These have in common an active center cys-
teine thiolate that cleaves at aspartic residues. Called “caspases” (for Cysteine ASPartate proteASES),
these include upstream initiator caspases that cleave and activate downstream effector caspases, which
in turn cleave other protein substrates. About 14 caspases are currently known in humans, and for a time
caspase activation was a hallmark of apoptosis.

As more biochemical detail emerged, two biochemical pathways to apoptosis were distinguished,
termed “extrinsic” and “intrinsic”. The extrinsic pathway responds to extracellular triggers such as
tumor necrosis factor α and Fas ligand, which acts at so-called death-ligand receptors to activate cas-
pase-8. The intrinsic pathway is mediated by destabilization of the mitochondrial membrane to release
cytochrome c, which acts with caspase-9 to form the apoptosome. The pathways converge at the effec-
tor caspase-3. Both caspase-8 and the apoptosome cleave procaspase-3 to active caspase-3.
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DNA damage is one trigger of the intrinsic pathway, with the tumor suppressor p53 mediating the
signal between DNA damage and mitochondrial destabilization. The Bcl-2 proteins are a family of pro-
teins that act at the mitochondrial membrane to either stabilize (anti-apoptotic, e.g., Bcl-2, Bcl-XL) or
destabilize (pro-apoptotic, e.g., Bax, Bak) the mitochondrial membrane. A key determinant of apopto-
sis is the balance in expression between pro- and anti-apoptotic Bcl-2 family proteins. Caspase-8 can
cleave the Bcl-like protein Bid to a truncated form, tBid, which is pro-apoptotic, thus providing cross-
talk between the extrinsic and mitochondrial-mediated (intrinsic) pathways.

Necrosis
Necrosis itself spans a range from disorganized destruction of the cell to a more highly organized or
programmed necrosis. While it may arise as a result of a metabolic catastrophe, it may also progress
through steps that involve signaling pathways, the active suppression of caspase activity and other apop-
totic signals, and even require ATP. In 1999, Lemasters introduced the term “necrapoptosis” to refer to
a state bridged between necrosis and apoptosis. This was an important recognition that cell death could
not be described adequately by two discrete terms. It also placed an important focus on bioenergetics
in cell death and survival, as explained further below.

Early in the Third Millennium, we began to view cell death as a spectrum of mechanisms from
apoptosis to necrosis. It was recognized that some cells that looked as if they were dying in apoptosis
were not activating caspases, and thus the term “caspase-independent apoptosis” was introduced. It is
still not precisely clear to what mechanism(s) this refers. One approach entertained for a short time was
to refer to cell death as apoptosis, apoptosis-like, necrosis-like, or necrosis. The term “late apoptosis”
has been used, implying perhaps a bridging state between late apoptosis-like and early necrosis-like
death, but these terms lack mechanistic meaning.

Necrapoptosis
Necrapoptosis was considered to represent a state where the cell was poised between states of adequate
energy and energy depletion. Its historical significance lies in this recognition of the role of bio -
energetics in determining the pattern of cell death. However, we can now speak of ATP-independent
apoptosis and ATP-dependent necrosis. Thus, while many processes of classical apoptosis (caspase
cleavage, apoptosome formation, various translocation events) are ATP-dependent, ATP depletion can
also trigger apoptosis. On the other hand, circumstances have been described where necrotic death can-
not proceed without ATP hydrolysis to maintain expression of certain ion channels to allow transmem-
brane ion fluxes. It is also now established that ATP depletion, leading to increased ADP/ATP ratios,
and ultimately increased concentration of AMP (adenosine monophosphate), activates AMP kinase.
AMP kinase inhibits the target-of-rapamycin (TOR) protein, thus favoring death by autophagy. These
bioenergetic events are not clearly understood at present.

Autophagy
Before we come to a contemporary, though surely to be short-lived classification of cell death, we
should also consider the concept of autophagy. Upon nutrient deprivation, cells have the capacity to se-
quester their own contents in vacuoles, digest the contents, and survive for a limited time by adaptive
autodigestion to maintain ATP levels. Of course, this can also become a mechanism of cell death.
Interestingly, pan-caspase inhibition alone is sufficient to divert some cells to autophagy, suggesting a
role of caspases in survival, and inhibition of autophagy (e.g., by disruption of Atg genes) can initiate
apoptosis. Autophagy is now known to be under the control of at least 31 genes, referred to as
Atg1–Atg31.
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Classification of cell death mechanisms
One fairly satisfactory contemporary classification of cell death mechanisms derives from terminology
related to neuronal cell death, and considers five distinct alternatives on a biochemical basis.

1. Apoptosis. Type I cell death or nuclear cell death. Morphological hallmarks of apoptosis, with or
without caspase activation. This is subdivided into caspase-dependent and -independent apopto-
sis.

2. Autophagy. Type II cell death. Non-apoptotic and characterized by autophagic vacuoles, ulti-
mately fusing with lysosomes to degrade vacuolar contents.

3. Programmed necrosis. Type III programmed cell death. Also called “parapoptosis”, or “cytosolic
death”. Vacuolization, but no lysosomal involvement.

4. Non-apoptotic, non-caspase-dependent death with nuclear shrinkage, dependent upon PARP
(poly-ADP ribose polymerase) activation, PAR polymer accumulation, and AIF (apoptosis-in-
ducing factor) release from mitochondria. It has been called “Parthanatos”, and may be neuronal-
specific.

5. A distinct Ca2+-dependent mode of cell death—programmed, in that it is mediated by regulated
activation of cathepsins and calpains, and is suppressed by calreticulin.

One of the most interesting challenges posed by this classification is to discern a mechanism for
caspase-independent apoptosis that is distinctly apoptotic, yet also distinct from the other four mecha-
nisms. Details of mechanisms 4 and 5 will be fascinating to learn.

3. BIOACCESSIBILITY AND BIOAVAILABILITY

IUPAC definitions

bioaccessibility
Potential for a substance to come in contact with a living organism and then interact with it. This may
lead to absorption.

Note: A substance trapped inside an insoluble particle is not bioaccessible although sub-
stances on the surface of the same particle are accessible and may also be bioavailable.
Bioaccessibility, like bioavailability, is a function of both chemical speciation and bio-
logical properties. Even surface-bound substances may not be accessible to organisms
that require the substances to be in solution.

bioavailability (general)
biological availability
physiological availability

Extent of absorption of a substance by a living organism compared to a standard system.

bioavailability (in toxico- or pharmacokinetics)
Ratio of the systemic exposure from extravascular (ev) exposure to that following intravenous (iv) ex-
posure as described by the equation

F = Aev Div/Biv Dev

where F (fraction of dose absorbed) is a measure of the bioavailability, A and B are the areas under the
(plasma) concentration vs. time curve following extravascular and intravenous administration respec-
tively, and Dev and Div are the administered extravascular and intravenous doses.
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Explanatory comment (see also Ecotoxicology)

Substances are biologically available if they can be taken up by living cells and organisms and can in-
teract with “target” molecules, including those on the cell surface. Thus, in the strictest sense of the
term, it describes availability at the ultimate receptors. Measurement of the amount reaching the recep-
tors is usually not possible. Hence, surrogate measurements are normally used. For humans, these may
be levels found in blood or plasma. For plants, tissue concentrations may be used. For unicells such as
protozoa and bacteria, the cell content may be appropriate.

Substances that are not bioavailable may still cause physical damage or may alter the bioavail-
ability of other substances. Bioavailability of any element depends upon its chemical speciation (see
Section 17), but for many elements the determinants are poorly understood. Whereas bioavailability of
many small organic molecules (i.e., carbon species) can often be predicted or explained on the basis of
their physicochemical properties, the bioavailability of chemical species of other elements is, in gen-
eral, difficult to predict.

Before bioavailability becomes relevant, substances must be accessible to the living organism at
risk. An extreme case would be where a substance occurs in a part of the globe where life is impossi-
ble. In such circumstances, the substance is not accessible to any life form. The cases that require care-
ful consideration are those where living organisms occur, but where essential nutrients or toxicants are
locked into physical or chemical compartments which inhibit or prevent contact with the living organ-
isms. In such cases, bioaccessibility becomes the limiting factor that determines the possibility of ex-
posure and resultant adequate nutrition or potential toxicity. This is particularly true in relation to sub-
stances contained in soils, sediments, and other particulate matter. For particles, bioaccessibility
requires consideration of the physical nature of the particle, of the distribution of substances of concern,
and particularly of whether they occur on the surface of the particles or not. Wherever a substance oc-
curs in a particle, the chemical speciation of both the substance of concern and of the matrix and sur-
face of the particle influences both accessibility and availability of the substance (see below). Figure 3
illustrates these considerations in the context of a unicellular organism living in an aqueous medium.
More complex diagrams may be developed from this for multicellular organisms and other environ-
ments. Environmental factors may restrict or facilitate accessibility, as may many aspects of the biol-
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Fig. 3 Schematic representation of the relationships between an extracellular substance, S, and the uptake of the
substance by living cells.



ogy of the organism, from behavior, through physiology to fundamental molecular properties of recep-
tors.

Determinants of bioaccessibility and bioavailability
Metallic elements in non-ionic and uncombined form are mostly not bioaccessible or bioavailable.
Mercury vapor is a notable exception. Mercury vaporizes under normal environmental conditions and
dissolves in cell membranes because the vapor is lipid-soluble. In the case of mercury, the cationic
forms, dimercury(2+) and mercury(2+) ions (commonly referred to in toxicology as mercurous and mer-
curic ions), are much less able to pass into or through biological membranes. On the other hand, mer-
cury(2+) chloride exists in seawater in a unionized lipid-soluble form which can be absorbed readily by
living organisms. Further, mercury(2+) chloride can be converted by various organisms to methyl -
mercury chloride which is readily absorbed by living organisms because of its lipid solubility and which
is sufficiently stable to bioaccumulate and biomagnify in food webs. 

In general, metallic elements that form hydrated ions readily upon solution in water are accessi-
ble to living cells through this medium. Elements that form insoluble precipitates in water may not be
bioaccessible except to organisms that can solubilize them after phagocytosis or some similar activity.
Apart from this, in general, the hydrolysis of metallic elements in water in the presence of O2 deter-
mines the bioavailability of the elements. For example, iron is found in natural aerobic waters in very
small amounts because the redox potential restricts it to the Fe3+ state that precipitates as insoluble FeIII

hydroxide. Thus, iron cannot be found in natural aerobic waters as a soluble divalent cation, e.g., Fe2+,
or as a soluble anion such as tetraoxidoferrate(VI), FeO4

2–. Hydrated ions may be bioaccessible but
may not be bioavailable if there is no mechanism for their uptake. Absence of an uptake mechanism
may reflect the size of the hydrated ion. Thus, knowledge of relevant chemical speciation and the up-
take mechanisms applicable to the organisms at risk is essential for any risk assessment of exposure to
metallic elements. It should also be noted that metallic elements are not always bioavailable as hydrated
cations. For example, chromium is bioavailable largely as the anion chromate. Unfortunately, the
bioavailable form is often given in the scientific literature as Cr6+, and this has led to some confusion.

A substance may be complexed by inorganic and organic ligands, or adsorbed onto or bound
within particles. The bioavailability of complexed ions varies with the nature of the complex. For ex-
ample, aluminum complexed with citrate is more easily absorbed from solution than aluminum com-
plexed with hydroxide, and is therefore more bioavailable. The absorption and bioavailability of many
divalent ions is reduced by complexation with phytic acid but may be enhanced by complexation with
some chelating agents such as ethylenediaminetetraacetic acid (EDTA)1. Often aqueous complexes
exist in an equilibrium state that may fluctuate considerably with environmental conditions. Such con-
ditions may change quite rapidly, sometimes with dramatic consequences for the affected ecosystem.

In addition to being affected by complexation, metallic elements and ions derived from them can
cycle between oxidation states of varying bioavailability, e.g., iron(2+) ions are generally more bioavail-
able than iron(3+) ions. Complexation and redox cycling are often associated with large differences in
reactivity, kinetic lability, solubility, and volatility because of resultant changes in chemical speciation.
Thus, timing of exposure in relation to environmental conditions is an important factor to consider. In
particular, chemical changes resulting from the contrasting effects of photosynthesis in the daytime
(oxygen release, carbon dioxide fixation, increase in pH) and respiration at night (carbon dioxide re-
lease, oxygen uptake, decrease in pH) can cause major differences in water chemistry and hence in
bioaccessibility and availability of both nutrients and toxicants.

In the simplest consideration of bioavailability, uptake into cells may be driven by diffusion or an-
other form of electrochemical gradient. The concentration-of-substance or the charge that drives uptake
through the plasma membrane will each be those in the vicinity of the membrane. Both may be de-
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pendent upon biotransformation and/or localization within cells or cell compartments. Uptake is also
affected by components of the exposure medium, such as the presence of similar chemical species that
may compete for uptake sites. Bioavailability of an organic compound is often determined by its pres-
ence in solution in a surrounding aqueous medium and is dependent upon its hydrophobicity (lipo -
philicity). For ionizable organics, hydrophobicity is dependent on pH. For example, organic acids be-
come un-ionized, and thus more hydrophobic, at acid pH. It should be noted that dependence of total
uptake simply on the aqueous concentration of the dissolved organic molecules of concern ceases to
apply if the concentration of dissolved organics is kept constant by continuing dissolution from a large
fraction sorbed to particulate matter. In such circumstances, uptake is continuous, perhaps at a slow rate,
and large amounts of such organics may accumulate in exposed organisms with passage of time. Thus,
time becomes the main determinant of total uptake.

Whatever the biologically available form of a substance in solution, it may be derived from other
chemical species, and the thermodynamic equilibrium for production of an available solute or the rate
of its release from a bound form may be the limiting factor for its uptake by living cells, i.e., transfer
from the external medium to a biological receptor on or in the cell. Knowing which chemical species
determine the rate and amount of uptake of a substance of concern by living organisms is essential for
risk assessment. Thus, in order to determine the relevant chemical species for risk assessment of a sub-
stance, three questions must be answered:

1. What is the mechanism of uptake of each chemical species of the substance?
2. Which chemical species determine(s) the rate of uptake and excretion of the substance by the

cell?
3. How do chemical species interact in the uptake and excretion processes? Interactions may occur

outside the organism, where species may interact directly or compete for transport sites, or inside,
where they may compete for binding sites that regulate transport systems.

Bioaccessibility and bioavailability in relation to particulate matter
Any substance must come in contact with a living organism before it can interact with it and be ab-
sorbed. Thus, a substance trapped inside an insoluble particle is not bioaccessible although substances
on the surface of the same particle may be bioaccessible. Bioaccessible substances are not necessarily
bioavailable. Substances on the surface of particles may be accessible to some organisms following
phagocytosis but may not be accessible to organisms which require the substances to be in aqueous so-
lution or which lack appropriate surface receptors. Thus, bioaccessibility, like bioavailability, is a func-
tion of both chemical speciation and biological properties.

In some cases, bioaccessibility will be the limiting factor which determines whether a substance
is or is not toxic. This is particularly important in relation to substances in soils, sediments, aerosols,
and other particulate matter to which humans may be exposed.

Bioaccessibility and bioavailability through a food chain
Organisms can be placed in a chain of dependence, known as a food chain, with several different trophic
levels (levels at which organisms feed). Such a chain (Fig. 4) starts with plants or other primary pro-
ducers absorbing light, carbon, and other nutrients, and passing nutrients and organic molecules with
their inherent chemical energy to higher trophic levels of herbivores and carnivores. Each trophic level
produces waste material as excretory products and dead matter, and carbon dioxide from respiration.
Decomposer organisms such as bacteria and fungi break down the waste products, releasing nutrients
back to the environment where they are available for re-use. Thus, nutrients cycle between organisms
and the environment. This is part of the general biogeochemical cycle that applies to all the elements
used by living organisms. Integrity of biogeochemical cycles must be maintained in order to ensure con-
tinuing biological productivity.
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Food chain bioaccessibility and bioavailability varies between elements depending upon the en-
vironmental chemical species, the chemical species produced by the organisms involved, how they are
stored, and the sinks for different chemical species in the environment. Thus, Hg(II) sulfate, which is
water-insoluble, tends to stay wherever it enters the environment. On the other hand, methylmercury
chloride, which is chemically stable and lipid soluble, is readily taken up by living organisms and passes
from prey to predator until the ultimate predators in a food chain accumulate it to high levels, a process
known as biomagnification. It is usually assumed that proportions of chemical species remain roughly
constant in different compartments but this may not be true, especially in the aquatic environment. The
aquatic environment is affected by changes from photosynthesis to respiration from day to night, with
resultant changes in carbonates and pH. It is also affected by intermittent pollution incidents, or, in es-
tuaries, by tidal flow, with resultant fluctuations in salinity and sediment disturbance.

Some organisms accumulate certain elements and compounds from the environment (bioconcen-
tration, e.g., metals in plant tissues), and from their prey (bioaccumulation, e.g., dioxins in predatory
organisms), causing them to have very high body loads relative to outside concentrations. Because of
losses of organic matter owing to respiration, each successive trophic level in a predator–prey relation-
ship usually has a lower biomass, defined as the mass of living material in a given area at one time, or
a lower productivity than the levels below it. The body concentration of bioaccumulated substances
passed up the food chain can therefore increase through the process of biomagnification, sometimes re-
sulting in toxic doses to organisms higher up the chain.

All ecosystems have two types of food chain—the grazing food chain based directly on plant
photo synthesis within the system, and the detritus food chain based on consumption of organic detritus
by detritivores (organisms feeding on detritus) that are eaten by carnivores. Normally, the detritus chain
is based on the waste products of the system’s own resident organisms. An estuarine ecosystem differs
from most others in its great reliance on imported waste from other systems.
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Fig. 4 A simple food web.



Bioaccessibility and bioavailability through a food web
A food web is a more holistic concept than a food chain. A simplified soil food web is given in Fig. 5.
Even with such a simple web, there can be a complex pattern of flow of energy, carbon, nutrients, and
toxicants based on the feeding preferences of different species, as indicated by the lines on the diagram.
These feeding preferences determine bioaccessibility of toxicants that may be found in only a few
species. In such cases, bioaccessibility depends on the feeding preferences of predators on these
species. For any given habitat, there is a degree of stability such that the same assemblages of species
are present in the food web in successive years, with the same dominant and rare species. Similarly, the
same flow pathways remain important while others are less significant.

Bioavailability, routes of exposure, and absorption in humans
Bioavailability to humans varies with routes of exposure. This is discussed under the heading
“Absorption” in part I of this explanatory dictionary [1].

4. BIOLOGICAL MONITORING (BIOMONITORING)

IUPAC definition

biological monitoring
biological assessment of exposure
biomonitoring

Continuous or repeated measurement of any naturally occurring or synthetic chemical, including
potentially toxic substances or their metabolites or biochemical effects in tissues, secreta, excreta, ex-
pired air, or any combination of these in order to evaluate occupational or environmental exposure and
health risk by comparison with appropriate reference values based on knowledge of the probable rela-
tionship between ambient exposure and resultant adverse health effects.
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Fig. 5 Soil food web. A food web showing trophic levels and relations between soil, organic matter,
microorganisms, plants, insects, etc., birds and mammals.



Explanatory comment

Because of the uncertainties involved in estimating environmental exposures, i.e., external exposure
through an environmental medium and the resultant internal dose, there is an increasing trend toward
assessing exposures of living organisms to chemicals in their environment by biomonitoring. This es-
sentially refers to the analytical process of measuring the concentration of substances or their metabo-
lites in blood, urine, breast milk, hair, and other biological samples taken from exposed organisms.
Biomonitoring should, in theory, be a better measure of exposure than analysis of environmental media
since it relates to the internal dose produced by external exposure of the organism being studied.
However, this relationship is affected by many environmental and physiological factors. Interpreting
biomonitoring data is, therefore, often difficult unless there is clear evidence that such factors can be ig-
nored.

Conventional environmental exposure scenarios often use “worst case” assumptions. They have
been designed to provide estimates of maximum possible external exposure which can be allowed while
still protecting the organisms at risk from harm. Thus, such assessments are likely to overestimate ac-
tual exposures. Biomonitoring provides values that are a direct measure of the dose resulting from an
individual’s integrated exposures from multiple pathways and sources. However, biomonitoring cannot
identify specific sources or pathways of exposure or the relative contributions from multiple sources.

Objectives of biomonitoring
Biomonitoring studies are used for the following purposes: 

• to determine which chemicals are taken up by living organisms and at what concentrations;
• to determine the prevalence of organisms with exposures likely to cause toxicity;
• to establish reference concentrations;
• to assess the effectiveness of attempts to reduce exposure;
• to compare exposure levels in different groups;
• to track trends in exposure over time; and 
• to set priorities for research.

Achieving these objectives is facilitated by the maintenance of specimen banks under appropriate
conditions to prevent deterioration of samples. Specimens must be well documented and defined pre-
cisely in relation to their origin and to all factors that might affect interpretation of relevant data. This
will permit re-investigation of specimens as analytical techniques improve and new substances of con-
cern are identified.

Biomonitoring data may be used to determine whether individuals or a population are at an in-
creased risk of experiencing adverse health effects associated with an exposure to a specific substance.
Criteria for the evaluation of biomonitoring data in this context have mostly been developed for expo-
sures in the workplace. In the United States, the American Conference of Governmental Industrial
Hygienists (ACGIH) [6] began developing biomonitoring-based reference values known as biological
exposure indices (BEIs) in the early 1980s. The ACGIH defines the BEIs as representing the levels of
determinants that are most likely to be observed in specimens collected from a healthy worker exposed
to chemicals following inhalation exposure at the threshold limit value (TLV). The Deutsche
Forschungsgemeinschaft (DFG) in Germany [7] has also developed biological monitoring reference
values called “biological tolerance values” (BATs), and the World Health Organization (WHO) [8] has
established similar values which they call biomonitoring action levels (BALs). BEIs, BATs, and BALs
all refer specifically to occupationally exposed populations and exposures in occupational scenarios
only.

For the general population, health-based screening levels for biomonitoring data exist for very
few substances (exceptions being lead, mercury, arsenic, cadmium, and ethanol). At present, almost all
regulatory health-based toxicity screening criteria are based on an estimated intake level (mg/kg body
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mass/day) or a concentration in an environmental medium (air, water, soil, etc.) that corresponds to
what is regarded by an expert group as an acceptable level of intake.

Analytical aspects of biomonitoring
The first paper on biomonitoring was published in 1927 [9] and presented the analysis of lead in the
urine of exposed workers as a means of diagnosing lead-induced occupational disease. A well-designed
sampling program and accurate chemical analysis are essential for correct interpretation of the analyti-
cal results obtained. Although analytical techniques have developed with time, analytical quality is a
major concern for all biological monitoring programs, and trustworthy external quality control must be
established before any program starts. Analyses should be performed by an accredited laboratory.

Biomonitoring of occupational exposure to chemical substances differs from normal clinical
chemistry analyses in the dependence of the measured concentration of the chemical on toxicokinetics
and exposure patterns. At work, the exposure is generally assumed to occur for a workshift period of
8 hours daily and may be limited to only short periods of time within the working hours. These as-
sumptions vary with different regulatory authorities and must be known for biomonitoring data to be in-
terpreted properly. Some chemicals or their metabolites have a very short half-life in the body, espe-
cially in blood, and thus the concentration drops very rapidly immediately after the exposure. Thus, the
concentration measured may reflect the time lapse between exposure and sample collection more than
it reflects the original maximum concentration following exposure. This may lead to a distorted as-
sessment of the exposure—and thus of the risk involved. The conclusion could even be that there was
no exposure although exposure may have occurred, but, by the time the sample was collected, all of the
substance of concern had disappeared from the blood.

Use of biomarkers in biomonitoring
Biomarkers are discussed in Part I of this explanatory dictionary [1]. Biomarkers of exposure may be
used to identify exposed individuals or groups. This depends on comparing the results with established
reference levels, or with biomonitoring action limits, if these have been defined. A biomarker level that
occurs at a concentration above a reference level indicates that the individual monitored has been ex-
posed to a greater extent than the reference population but is not of itself a measure of ill health.
However, it is a warning of a possible health hazard that requires further investigation. Biomarkers of
exposure take no account of inter (or intra)-individual differences in the toxicodynamics of the chemi-
cal. Such differences may be identified by biomarkers of effect, bearing in mind that specificity of the
relationship of the effect to the exposure of concern must be clearly established.

Biomarkers do not differentiate between sources of exposure, and in order to decrease the risk
from the chemical that is monitored, it may be necessary to consider (and to analyze) separately whether
the exposure occurred at work or at home. Biomarkers of exposure in humans usually reflect the amount
of the chemical in the systemic circulation, and models have been developed to predict concentrations
in other compartments in the body from such data. However, a major difficulty in the interpretation of
biomonitoring data from humans relates to the concentration and effects of substances at the site of
entry, e.g., effects on the lungs after exposure to particulates containing metallic elements such as
nickel. Concentrations of nickel ions in the urine or the blood may reflect the concentrations in, or the
health risks to, the lungs after exposure to such particles, but only inadequately since the nickel com-
pounds most associated with lung cancers are largely insoluble. Nor do they indicate the exact chemi-
cal speciation of nickel in the lungs, which must be known to assess the risk of cancer developing since
the risk varies hugely with the nickel species, nickel salts posing little if any risk, dependent, of course,
on exposure concentration.

Biomarkers of effect have the intrinsic advantages over biomarkers of exposure in that they re-
flect differences in individual sensitivity to the chemical. Thus, e.g., in exposure to cadmium, assess-
ment of excretion of low-molecular-mass proteins in urine may be used to identify individuals who are
exceptionally sensitive, and who develop adverse health effects at levels of exposure at which individ-
uals with normal sensitivity remain healthy. However, cadmium-related renal toxicity is a well-estab-
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lished example where such an advantage can be achieved. For cadmium-related renal toxicity, an in-
creasing number of proteins and enzymes and expression of mRNA for a few proteins (e.g., metalloth-
ionein) have been identified to serve as biomarkers of effect and also to identify vulnerable groups in
the population.

In regard to biomarkers of effect, the availability of highly sensitive analytical methods has pro-
vided insight into the formation, persistence, and repair of DNA adducts induced by a large number of
chemicals. By understanding the molecular dose of such adducts in different cells and tissues, we have
learned the metabolism and mode of action of a range of substances across species. In addition to DNA
adducts, similar information has been obtained from studies of protein adducts and related chemical
metabolites in urine and plasma. For example, much research has been conducted on the molecular
dosimetry of aflatoxin in rats and humans, with measurements of DNA adducts, protein adducts, and
urinary excretion of both adducts and metabolites. The earlier literature was reviewed by Busby and
Wogan [10]. Aflatoxin B1 (AFB1) forms adducts at the N-7 position of guanine. These adducts can
depurinate and be excreted in the urine, but they also form the ring-opened formamidopyrimidine
(FAPY) adduct, which is persistent and mutagenic [11] and therefore carcinogenic. 

Chemical speciation in biomonitoring
If we ignore carbon and its derivatives, routine biomonitoring of all other elements has in the past been
almost entirely dependent on the analysis of the total content of the element as a biomarker, without any
consideration of the different chemical species in which the element may be present. For some ele-
ments, this straightforward approach may be sufficient. It is probably applicable where the key effect
of the element on health is caused by its most common ionic form in aqueous media and the dose–re-
sponse relationship between the total element concentration and any beneficial or adverse health effect
is known. Thus, a reliable prediction of long-term health effects may generally be made from total lead
in blood or total cadmium in blood or urine. However, if we are dealing with exposure to tetraethyllead
in air or to methylmercury in the diet, total elemental analysis will be seriously misleading for any
health risk assessment. Any error will be compounded if there is concomitant exposure to different
chemical species of the same element by different routes and under different circumstances (e.g., ex-
posure to inorganic arsenic species in the workplace and organic forms in the diet).

Toxicity is dependent on chemical speciation as much as on the organism at risk. Thus, chemical
speciation analysis is essential for biomonitoring, whether of human beings or any other biological
species. Chemical speciation analysis requires the development of three different approaches:

1. fractionation analysis (e.g., to separate organic and inorganic forms of arsenic);
2. speciation analysis, to precisely define individual chemical species;
3. analysis of the distribution of different species in tissues and organs (e.g., mercury in plasma,

blood cells, and urine; chromate in erythrocytes and plasma).

If only the total concentration of an element is measured, exposure indices used for comparisons
to assess health risks should relate this to defined chemical species to which the population has been
exposed, and which have been characterized for their dose–response relationships to the health effect
or effects of concern. At present, such exposure indices are difficult to find, and they will need to be de-
veloped for most common elements.

Biomonitoring equivalents (BEs)
Most existing chemical risk assessment procedures rely on external exposure measurements to set ex-
posure guidance values such as reference doses or tolerable daily intakes. However, based on metabo-
lism and kinetics of the substance concerned, attempts have been made to establish what have been
called biological monitoring guidance values, referring to internal concentrations in humans, deduced
for blood or urine samples. For example, human, Health Guidance Values have been defined by the UK
Health and Safety Executive (HSE) as levels of a substance or its metabolites in blood, or urine that is
not associated with any adverse health effects [12]. Another type of biological monitoring guidance
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value defined by HSE is called a “benchmark value”. This type of value is set when it would not be ap-
propriate to set a Health Guidance Value—for example, for substances that can cause cancer. The
benchmark value is based on a survey of workplaces that are considered to have good control of expo-
sure to the substance, and it is the value found in 9 out of 10 samples in those workplaces. This type of
guidance value can give no direct guide to the risk of ill-health. The benchmark guidance value just
gives an indication of how well exposure is being controlled, and should be used as a trigger for further
investigation. A similar approach has been adopted by the ACGIH, which has established a series of
recommended reference values for biomonitoring called the “biological exposure indices” (BEIs) [6].
BEIs are defined as reference values intended as guidelines for the evaluation of potential health haz-
ards in the practice of industrial hygiene. BEIs represent the levels of determinants that are most likely
to be observed in specimens collected from a healthy worker who has been exposed to chemicals to the
same extent as a worker with inhalation exposure to the TLV.

At present, only a few reference values are available to interpret the increasing amount of avail-
able human biomonitoring data. To solve this problem, the basic concept of BEs for the general popu-
lation, i.e., biomonitored blood or urine concentrations of chemicals corresponding to existing exposure
guidance values, was introduced by Hays et al. [13], integrating toxicokinetic data with existing chem-
ical risk assessments to provide such reference values.

Some of the methods that can be used to develop BEs and reviewed by Hays et al. [14] are as fol-
lows:

• extrapolation from occupationally derived biomarker levels such as the BEIs set by the ACGIH
[6];

• human PK (pharmacokinetic) studies and one-compartment steady-state models;
• multicompartment and PBPK (physiologically based pharmacokinetic modeling) models; and
• animal PK studies.

In general, the methods focus on blood as the medium of interest, although similar approaches
can be used to convert to BEs for use with other sampled media. Interpretation of data for each medium
requires consideration of issues specific to that medium. For example, urine is frequently sampled for
metabolites from exposures to a wide range of drugs and chemicals, and appropriate methods for stan-
dardization of urinary output volumes must be considered.

A Biomonitoring Equivalents Expert Workshop was held in 2007 and resulted in the production
of detailed guidelines for the derivation of BEs which were published in 2008 [13].

Ethical questions related to biomonitoring
The following questions should be considered in relation to any proposed biomonitoring project.

• Is biological monitoring justified by the predicted outcome(s)?
• Can the monitoring procedure cause any harm to participants?
• Have participants been fully and appropriately informed about the aim and methods of the bio-

monitoring program and the proposed use of any information gathered during the study?
• If the data indicate potential health problems for the participants in future, how should they be in-

formed? 
• Have the participants given informed assent or consent and been given the right to withdraw sub-

sequently if they have any doubts?
• Are there possible health implications for any group to which the participant belongs?
• Are there systems in place for communication of results to participants?
• Will participants have access to their own data, and have they been informed about relevant data

protection including who has the right to know or not to know?
• If the data have commercial value, who will benefit from this?
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Conclusions
Further development of biomonitoring will depend upon the following factors:

• further development of inexpensive monitoring methods that make possible adequate biomoni-
toring of substances with a short half-life in the body; 

• derivation of exposure biomarker guidance values for defined elemental species which are seri-
ous risk factors;

• identification of fully validated biomarkers of effect;
• validation and application to effect-monitoring of the -omic technologies (see Section 9);
• validation of the appropriateness of media and markers to be measured in proposed biomonitor-

ing studies;
• insistence on quality control at all stages of biomonitoring, especially relating to possible con-

tamination of samples during collection;
• improved definition of the stability (or lack thereof) of within-subject biomarkers to relevant ex-

posures over time (especially in relation to the often unstated assumption that one measurement
adequately reflects likely exposure during a critical period);

• improved definition of between-subject variability in biomarkers and body burden after appar-
ently similar exposures;

• improved understanding of differences in the toxicokinetics of specific subgroups (e.g., relating
to age and sex);

• continuing development of the knowledge base relating to species differences in toxicokinetics
and toxicodynamics.

5. CARCINOGENICITY

IUPAC definition

carcinogenicity
Ability of an agent to induce malignant neoplasms, and thus cancer.

Amended from [3]

Explanatory comment 

Cancer is a general term for a group of diseases characterized by the presence of dedifferentiated cells
with a tendency to uncontrolled growth and invasion of other tissues. Uncontrolled growth of cells pro-
duces a swelling or a lump, usually referred to as a tumor. Tumors that grow slowly, are non-invasive,
and are encapsulated, are said to be benign, while tumors releasing invasive cells are said to be malig-
nant.

Tumors may be described as “neoplasms”. Neoplasms are the result of neoplasia, new cell divi-
sion leading to abnormal arrangement of cells that may result in the production of either benign or ma-
lignant tumors. However, some neoplasias do not result in tumors (e.g., neoplasias of cells in the blood
system). Neoplasia must not be confused with hyperplasia, excessive multiplication of normal cells in
the normal tissue arrangement.

Carcinogens, agents that cause cancer, may be chemical, physical, or biological. Some of them
are organ-selective in their action (e.g., 1,2-dimethylhydrazine has been associated particularly with
colon cancer in rats). Chemical agents may be so-called ultimate carcinogens, active without metabo-
lism, or procarcinogens (proximate carcinogens), which must be metabolized into carcinogenic deriva-
tives. Physical agents include ionizing radiation (which may be produced by the decay of radionuclides)
and UV light. Biological agents include some types of bacteria and viruses. In general, anything that
can cause chronic irritation and inflammation has the potential to be carcinogenic. Such agents include
insoluble particulates. This property may not be absolutely dependent on the chemical nature of the par-
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ticulates but may be, at least partly, a result of the physicochemical properties of surfaces. This may ex-
plain why chemically dissimilar particulates such as asbestos and crystalline silica can cause lung can-
cer.

Carcinogens as toxicants
Carcinogenicity is not related in any simple way to acute toxicity. Seldom does a single exposure to a
potential carcinogen, even in a very large dose, cause cancer. Chronic exposure is usually required.
Removal from exposure may permit recovery (e.g., repair of damage to DNA that could otherwise lead
to cancer).

Mechanism of carcinogenesis
Carcinogenesis is a multistage process, involving a minimum of three stages: initiation, promotion, and
malignant conversion as seen in Fig. 6. Initiation is the first stage in which a single somatic cell under-
goes nonlethal, but heritable mutation. Unlike its neighbors, the initiated cell can escape cell regulatory
mechanisms restricting cell division.

Promotion, the second stage, occurs when the initiated cell is exposed to a tumor promoter, a sub-
stance that causes initiated cells to undergo clonal expansion. The signal to expand clonally may be the
result of a direct effect of the tumor promoter on the initiated cell or of an indirect effect on the adja-
cent cells altering their interaction with the initiated cell. Tumor initiation and promotion together pro-
duce a relatively benign clonal expansion. An example of a promoter is the drug phenobarbital, which
promotes liver tumors.

Malignant conversion is the third stage of carcinogenesis. This process is generally slow, occurs
over a long time, and is affected greatly by agents that alter growth rates (e.g., hormones, growth fac-
tors, vitamin A, and the retinoids, vitamin D, folate, and calcium). It is thought to be caused by repeated
rounds of division and further chromosome damage, in addition to that responsible for initiation.
Progression to malignancy is probably the most complex of the three stages. Both acquired genetic and
phenotypic changes occur, and cell division becomes rapid. Retinoids affect this stage, as do other in-
hibitors of growth (e.g., polyamine synthesis inhibitors) and antioxidants. As the tumor progresses, sen-
sitivity to dietary compounds, inhibitors of growth, and enhancers of differentiation gradually disap-
pears until the tumor becomes autonomous and controllable only by drastic intervention.
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Genotoxic and non-genotoxic (“epigenetic”—see “Epigenetics” below) carcinogens
Genotoxic carcinogens are agents which either directly or indirectly through their metabolites act di-
rectly on the DNA of cells. Genetic change (mutation) results either from chemical modification of the
nucleotide sequence, from the introduction of errors when the DNA is transcribed, or from numerical
or structural chromosomal changes during mitosis. 

There is postulated to be no threshold dose for genotoxic effects. In other words, it is assumed
that even one molecule of a genotoxic carcinogen may react with DNA to cause a mutation that may
lead to cancer.

Non-genotoxic (epigenetic) carcinogens do not modify the DNA nucleotide sequence, causing
mutations, but act by other mechanisms, e.g., switching on cell division, enzyme stimulation or inhibi-
tion (which may modify DNA by adding to it, e.g., methyl groups), immuno-modulation, hormone bal-
ance changes, or a combination of these effects. (See Section 8 for a discussion of epigenetics).
Subsequent to these changes, mutations may occur, reinforcing the malignant properties of resultant
tumor cells. A threshold has been demonstrated for such non-genotoxic epigenetic effects. Ultimately,
epigenetic mechanisms lead to the formation of malignant cells that contain mutations. However, the
initial events in the process are not caused by mutation, and this is why a threshold is observed.
Epigenetic agents operate largely as promoters of cancer and usually require high and sustained expo-
sures. For example, dietary fat can act as an enhancer of cancer induction at about 40 % of total calo-
ries available, probably by enhancing availability of fat-soluble primary carcinogens. The effects of epi-
genetic agents, unlike those of genotoxic agents, are generally reversible. Accordingly, distinction
between these two types of carcinogens is critical for informed risk assessment.

An important example of an epigenetic mechanism of carcinogenicity that has had consequences
for carcinogenicity classification is peroxisome proliferation, recently reviewed by Melnick, Thayer,
and Bucher [15]. Peroxisomes are subcellular structures that contain several oxidase enzymes. Agents
that cause increases in their numbers are called “peroxisome proliferators”. Many peroxisome prolifer-
ators are rodent carcinogens, and the mode of action proposed for rodent liver tumor induction by per-
oxisome proliferators involves activation of the peroxisome proliferator-activated receptor (PPARα),
which results in altered transcription rates of genes that regulate cell proliferation and apoptosis.
However, this hypothesis has not been tested, with experimental studies demonstrating consistent in-
creases in liver tumor incidence as a direct function of the time-dependent induction of cell prolifera-
tion and suppression of apoptosis in rats and mice treated with peroxisome proliferators. A further prob-
lem with the hypothesis is that increases in cell proliferation are generally only a transient response that
returns to control levels within about 2–4 weeks after initiation of continuous exposure, whereas tumor
induction requires chronic exposure for most peroxisome proliferators. Peroxisome proliferation per se
does not appear to be a causal event in liver carcinogenesis. 

In spite of the above observations, there has been a general acceptance of the hypothesis that
bis(2-ethylhexyl) phthalate (BEHP), also commonly abbreviated DEHP, induces liver tumors in rats and
mice by a non-DNA-reactive mechanism involving peroxisome proliferation. This mechanism is con-
sidered not to be relevant to humans because peroxisome proliferation has not been documented either
in human hepatocyte cultures exposed to BEHP or in the liver of exposed non-human primates.
Consequently, the International Agency for Research on Cancer (IARC) downgraded the classification
of BEHP from “possibly” to “not classifiable as to its carcinogenicity to humans” [16]. Altered ex-
pression of cell growth and apoptosis genes by BEHP has not been demonstrated to be dependent on
PPARα activation. In fact, the mechanism of tumor induction by BEHP is not known.

Available mechanistic data do not support the hypothesis that liver tumor induction in rats and
mice occurs by a mechanism involving peroxisome proliferation that is not relevant to humans. A re-
cent study has shown that dietary administration of BEHP induces liver tumors in mice lacking a func-
tional PPARα gene [17]. This finding emphasizes the need to test mechanistic hypotheses that, if relied
on, might lead to erroneous cancer risk classifications and inadequately protective public health deci-
sions.

M. NORDBERG et al.
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Carcinogenicity testing
The operational definition of a carcinogen is an agent having the ability to cause

• an increased incidence of tumors over the incidence observed in controls;
• an occurrence of tumors earlier than seen in controls;
• the development of tumor types different from those normally seen; and
• an increased multiplicity of tumors in individual animals.

The conduct of carcinogenicity studies is very expensive in that 

• large numbers of animals are required;
• the duration should be almost the life-span of the animal (18 months for mice, 24 months for rats);
• animals need to be euthanized at intervals, with particular attention being paid at necropsy to the

morphological examination of tumors and the histological identification of cell hyperplasia, pre-
neoplastic nodules, and whether tumors are benign or malignant.

Since carcinogenesis is a multistep process occurring over a prolonged period of time and pro-
gressing through a number of stages, only a few rodent carcinogenicity studies permit the study of
mechanisms of action. The end-point(s) of these studies is to consider one or more of the criteria set out
above for a carcinogen without considering how and why the agent acts as it does.

Purely mechanistic studies can be conducted in vivo using special substrains of rodents having a
predisposition toward developing high incidences of specific tumor types. These susceptible substrains
of mice and/or rats are already compromised genetically toward certain types of tumors (pulmonary,
dermal, hepatic, breast, etc.), and chemical exposure for 90–120 days frequently causes an increased in-
cidence and/or earlier appearance of tumors than seen in control animals of the substrain (these latter
having a higher incidence than seen in other strains). Most “normal” rodent strains will show a
1.0–5.0 % incidence rate of tumors in the untreated state. The special substrains mentioned above may
have a “normal” control incidence rate of 30 % that, following treatment with an appropriate carcino-
gen, may be as high as 60–90 %.

The International Agency for Research on Cancer (IARC)
Identifying carcinogens is essential for their regulation and for reduction of the incidence of cancer in
populations at risk. This is the main activity of IARC. IARC convenes expert groups which assess the
available evidence and, on the basis of this evidence, produces a classification of suspected carcinogens
[18]. The evidence is subsequently published with the rationale of the classification in IARC
Monographs [19].

6. ECOTOXICOLOGY

IUPAC definition

ecotoxicology
Study of the toxic effects of chemical and physical agents on all living organisms, especially on popu-
lations and communities within defined ecosystems; it includes transfer pathways of these agents and
their interactions with the environment.

Explanatory comment 

Toxicology originated as a science concerned mainly with the effects of toxicants on humans.
Ecotoxicology was developed from toxicology in the late 20th century, following the realization that
pollution of the natural environment was having effects on other organisms, and that consequential ef-
fects were threatening human welfare.

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 3, pp. 679–751, 2010

Explanatory dictionary of key terms in toxicology 701



Ecotoxicology can be considered at three levels. Firstly, there is direct toxicity to an individual
species; human toxicology is an example of this. Secondly, there are toxic effects on inter-relationships
between species, e.g., the effect of excess nutrients in causing eutrophication, algal blooms, release of
toxins, and subsequent anoxia in affected waters. Finally, there is accumulation of toxicants by indi-
vidual organisms and their movement between organisms and species through predator–prey relation-
ships that result in biomagnification, e.g., the transfer of persistent organic pollutants (POPs) like
organo chlorines from water to birds of prey, adversely affecting both their reproduction and tolerance
of stress with a resultant decline in numbers. Underlying these considerations is the movement of po-
tentially toxic substances through the natural environment and their physicochemical transformations in
the different environmental media. 

Ecotoxicology incorporates basic concepts of ecology, allowing the observed toxic effects to be
interpreted, predicted, and prevented. Furthermore, ecotoxicology encompasses knowledge both of how
organisms interact in nature with each other (the biotic environment) and of the physical and chemical
aspects of the environment (the abiotic environment). In this, ecotoxicology differs from human toxi-
cology that concentrates on effects of substances on individuals. Even when human populations are
considered through epidemiology, the aim is normally to obtain knowledge of cause and effect to pro-
tect individuals at risk. In contrast, ecotoxicology is used to protect populations, species, and commu-
nities.

Ecosystems
There are many environmental conditions that must be satisfied for life on Earth to be possible but,
quantitatively, there are two major requirements that all organisms have in order to sustain life. The first
is a supply of carbon to form the organic molecules of which organisms are composed. The second is
a supply of energy for the chemical reactions that keep the organisms alive and particularly for the
biosynthetic processes that maintain their structure and function. Carbon is freely available in the envi-
ronment as carbon dioxide in the air, as various inorganic forms, including carbonate and bicarbonate,
and as organic carbon. With regard to organic carbon, organisms can be divided into two major groups,
heterotrophs and autotrophs. Heterotrophs are organisms with a requirement for presynthesized organic
molecules. Animals, fungi, and most bacteria are heterotrophs. Autotrophs are organisms that are inde-
pendent of outside sources for organic food materials and manufacture their own organic material from
inorganic sources. Green plants are autotrophs that use light energy to trap carbon and convert it to com-
plex organic derivatives.

It is clear that toxicity to autotrophs must have an adverse effect on the heterotrophs that depend
upon them, simply by depriving them of nutrition. On the other hand, some autotrophs (e.g., some
algae) synthesize and release toxins. If such algae flourish, any heterotrophs that can eat them safely
will grow in numbers while others may be eliminated by the toxins released. Hence, differential sensi-
tivity to toxicants may result in changes in species balance that may destabilize an ecosystem. Such con-
siderations of differential species sensitivity to environmental factors and of species interdependence
are characteristic of ecotoxicology.

Energy and carbon
The number of autotroph species is relatively small, but they are essential components of ecosystems
because they make the organic compounds on which all living organisms depend. The majority of auto -
trophs are green plants. Fixation takes place by photosynthesis. The fundamental chemistry of this can
be represented simply as follows:

6CO2 + 6H2O + hν → C6H12O6 + 6O2

Photosynthesis is countered by respiration, which may also be represented thus:

C6H12O6 + 6O2 → 6CO2 + 6H2O + E

where E is chemical energy available for use in the cell.

M. NORDBERG et al.
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The energy released by respiration (a catabolic reaction and part of catabolism) is used for biosyn-
thesis of components of the organism (anabolism) and for other life processes.

Only autotrophs make new organic matter, while all organisms use or consume it. Fixation of car-
bon by autotrophs is called “primary production”. Subsequent incorporation of already-existing organic
matter into heterotrophs is called “secondary production”. Thus, primary production by autotrophs must
be sufficient to meet the needs of both autotrophs and heterotrophs. In a balanced ecosystem, there is a
balance between production and catabolism. This means that total respiration should be balanced by
photosynthesis in order to maintain the optimum carbon dioxide level in the atmosphere. It appears that,
at the time of writing, this balance is no longer being maintained and that carbon dioxide is building up
in the atmosphere and contributing to global warming. Cutting carbon dioxide production will help to
correct this, but attention must also be paid to maintaining autotrophs and their photosynthetic activity.

Other nutrients
In addition to energy and carbon, living organisms need at least 20 different elements in appropriate
chemical species, either for physiological processes, biochemical reactions, or because they are com-
ponents of particular compounds, e.g., nitrogen in proteins, iron in hemoglobin, magnesium in chloro-
phyll, etc. Plants absorb most elements, other than carbon, oxygen, and nitrogen in air, in selected
chemical species from water, sediments, and soil. Appropriate chemical species of these elements are
absorbed by heterotrophs in their diet. This is an important consideration in assessing bioavailability.

Some elements, e.g., nitrogen and phosphorus (principally as nitrates and phosphates, respec-
tively), may occur in low concentrations in the environment compared with the amounts needed. Thus,
availability of nitrogen and phosphorus may limit plant growth and primary production. If amounts of
nitrate and phosphate are increased by their use as fertilizers in intensive farming, plant growth in-
creases. Runoff of an excess of these nutrients into natural waters causes algal blooms that may release
toxins. When they die, the algae are degraded by microorganisms, often aerobically with depletion of
oxygen that leads to anoxic conditions that kill fish.

Many elements may be at low environmental concentrations of bioavailable chemical species.
However, this is not a problem if they are needed biologically only in small amounts. On the other hand,
all elements that are essential for life may be toxic when bioavailable in relatively large quantities. Since
bioavailability depends upon chemical speciation, analysis of total elemental concentration may give a
false impression of both bioavailability and potential toxicity.

Environmental gradients
Any habitat has its own set of environmental conditions to which an organism must be tolerant if it is
to occur there. Different species have different tolerances to physical and chemical environmental fac-
tors (abiotic factors), e.g., temperature, rainfall, or soil nutrient status. The range of abiotic factors tol-
erated along a gradient of such factors can be considered as the fundamental (theoretical) niche of the
species. In practice, species usually occupy a narrower range of conditions than this—the realized
niche. They do not occur at the extremities of the theoretical range because interactions with other or-
ganisms (biotic interactions) inhibit them. For example, a species will be best adapted to the environ-
ment near to the middle of its tolerance range. Toward the extremities of the tolerance range, the species
will be under stress. It will not compete successfully there with better-adapted species, which are sur-
viving near the middle of their tolerance ranges.

Ecosystems
An ecosystem consists of all the organisms in a particular place or habitat, their inter-relationships
with each other in terms of nutrients, carbon, and energy flows, and in terms of biotic determinants of
community composition, such as competition between species, the physical habitat, and the abiotic
factors associated with it. These factors also play a role in determining community composition and
in determining primary and hence secondary production. Ecosystems can be quantified in terms of the
fluxes of carbon, energy, and nutrients, and the productivities of each trophic level. These properties
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can be quantitatively modeled using computers to enable predictions to be made about ecosystem per-
formance.

The most important property of ecosystems is their “dynamic stability”—their capacity to remain
broadly the same over time in species composition and abundance, and in the magnitudes of processes,
despite environmental variations. Although the climate fluctuates from year to year, the structure of an
ecosystem tends to be stable within limits, and should be sustainable if the climatic fluctuations con-
tinue within their established limits. Any long period of global warming or cooling will cause continu-
ing change until a new stable climatic situation is attained. One characteristic of dynamic stability is the
maintenance over time of mean population sizes. In many insects, reproduction occurs every year and
the life span is one year or less. There can be fluctuations of several orders of magnitude in population
size over several years but they fluctuate around a mean value. This may result from density-dependent
factors, i.e., environmental factors whose intensity or effect depends on the population density. For ex-
ample, at high density food may run short, giving a population crash, while at low density the abun-
dance of food may allow population size to increase, thus fluctuating about a mean over a period of
years.

Ecosystem stability is not rigid. Systems change naturally. For example, on a short time scale,
winter and summer aspects of a community in a temperate climate are very different. On a longer time
scale, there is ecological succession where one community naturally replaces another on an area of land
or water, usually as a result of the modification of the habitat conditions by the organisms that are re-
placed so that the habitat is no longer suitable for their own survival. Thus, survivability is the basis of
natural selection of species appropriate to the habitat conditions and hence of the evolution of species.
This is generally explained on the basis of what has been called r/k selection theory. The terms r and k
are derived from the Verhulst equation of population dynamics [20]:

where r is the growth rate of the population (N), and k is the carrying capacity of its local environmen-
tal setting. Typically, r-selected species exploit empty niches and produce many offspring, each of
which has a relatively low probability of surviving to adulthood. Organisms with r-selected traits range
from bacteria and diatoms, through insects and weeds, to various cephalopods and mammals, especially
small rodents. In contrast, k-selected species are strong competitors in crowded niches, and invest more
heavily in fewer offspring, each of which has a relatively high probability of surviving to adulthood.
Organisms with k-selected traits include large organisms such as elephants, humans, and whales, but
smaller organisms, such as Arctic terns, may also use this “strategy” successfully. In the scientific lit-
erature, r-selected species are occasionally referred to as “opportunistic”, while k-selected species may
be described as “climax” or “equilibrium” species.

From the above considerations, it may be seen that mature stable ecosystems must be character-
ized by a preponderance of k-strategists—the species that succeed by having a very precise adaptation
to their environment. Earlier stages in a succession may have a greater proportion of r-strategists, the
opportunists—organisms with wide environmental tolerance that do not survive so well in stable habi-
tats when competing with more precisely adapted k-species. In stressful environments, caused either by
human intervention or by naturally harsh conditions, tolerance to abiotic factors becomes a greater de-
terminant of community composition than biotic interactions, and r-strategists predominate.

The above description of the concept of an ecosystem stresses the ability of such systems to re-
main stable within limits in various ways. Loss of this stability may be the most serious effect of po-
tential toxicants on ecosystems at risk. Loss of stability may be associated with a temporary increase in
species numbers and diversity. Thus, the common assumption that high species numbers and diversity
are characteristic of a healthy ecosystem may not always be true. Thus, management of ecosystems to
maintain species balance may be more important than seeking to increase biodiversity.

M. NORDBERG et al.
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Objective of ecotoxicology
The objective of ecotoxicology is to define the concentration of chemicals at which organisms in the
environment will be affected and to suggest how this concentration can be avoided in the environment
by appropriate management. To study the possibility that a chemical is toxic, ecotoxicologists usually
start with single species tests and progress to more tests on higher ecological levels. This process is re-
ferred to as the “tiered testing”. As testing takes in more of the complexity of ecological relationships,
the resulting data become more relevant. However, it takes much more time and resources to get these
data and thus only those substances used in very large amounts are tested at the highest tier, chronic
testing in a model ecosystem.

For a population to flourish in its environment, individuals must survive to a size and age suffi-
cient to permit reproduction. Effects of exposure to a potential environmental contaminant on survival,
growth, and reproduction are, therefore, the main concern of ecotoxicologists. In general, for organics,
structure–activity relationship (SAR) information will be considered before proceeding to tiered toxic-
ity testing. Subsequently, the resultant toxicity data will be combined with environmental fate data in
order to provide a basis for deciding what, if any, regulation and management is required. This process
is called “environmental risk assessment”.

Environmental risk assessment
The first step in environmental risk assessment is the calculation of the predicted environmental con-
centration (PEC). In calculating this, both short-term exposures, such as accidental spillage, which may
result in high concentrations in the environment for a relatively short time, and long-term exposures that
are the result of continuing discharges, resulting in continuous and perhaps increasing environmental
exposure, must be considered. Exposure assessment requires knowledge of the biodegradation profile
of the substances entering the environment and the extent to which they may be removed by wastewater
treatment.

The second step in environmental risk assessment is calculation of the predicted no-effect con-
centration (PNEC). This is the concentration that is believed to cause no adverse effect to organisms in
the environment at risk. This concentration is calculated from toxicity tests on species relevant to each
environmental compartment. For the aqueous environment, indicator species are typically a freshwater
fish, a freshwater invertebrate, and freshwater green algae. For sediments and soils, they are sediment-
dwelling organisms, earthworms, and terrestrial plants. For air, the indicator species might be birds or
insects of importance such as bees.

The PEC/PNEC ratio is used as an indicator of risk and is called the “risk quotient” (RQ) or “risk
index” (RI). A substance is judged to be environmentally acceptable if the PNEC is higher than the
PEC, i.e., if this value is less than 1 (PNEC > PEC). A simple environmental risk assessment may be
completed in a few weeks or months, but comprehensive assessments for substances produced in large
amounts may take years to complete. Even after an environmental risk assessment is completed, espe-
cially for High-Production-Volume (HPV) chemicals, it may be decided to monitor the concentrations
of substances of concern to confirm the accuracy of the PNECs and PECs.

7. ENDOCRINE MODIFICATION

IUPAC definition

endocrine disruptor
endocrine modifier

Exogenous chemical that alters function(s) of the endocrine system and consequently causes ad-
verse health effects in an intact organism, its progeny or subpopulations.
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Explanatory comment 

In 1962, Rachel Carson pointed out in her book Silent Spring [21] that synthetic chemicals, such as
tetrachlorodibenzodioxins (TCDDs), dichlorodiphenyltrichloroethane2 (DDT), and polychlorinated
biphenyls (PCBs), were affecting the fertility, reproductive success, and behavior of wild animals. This
implied that there was interference with their endocrine systems.

Evidence for similar human health problems came from the work of Herbst, Ulfelder, and
Poskanzer [22], who observed that treatment of women during the 1950s and 1960s with diethylstil -
bestrol3 (DES), a synthetic estrogen agonist, had resulted in a marked increase in vaginal cancer among
their daughters. This was supported by further studies by other workers, and these led to a book enti-
tled Estrogens in the Environment edited by John McLachlan [23]. It may be noted that the effects of
DES may be an example of the epigenetic effects described in Section 8.

In 1993, Richard Sharpe in the United Kingdom and Nils Skakkebaek in Denmark reported epi-
demiological studies apparently showing decreasing sperm count and sperm motility among men who
were born after World War II in Denmark and Scotland. In a hypothesis paper in the Lancet [24], they
advanced the hypothesis that environmental chemicals could be a cause for this decline in male fertil-
ity. Since then, increased rates of testicular cancer, undescended testes, and hypospadias have been at-
tributed to endocrine disruption by synthetic environmental agents. Other examples of endocrine dis-
ruption (or modification) may be decreasing age at menarche, decreasing male-to-female sex ratio at
birth, and various congenital malformations. The ultimate result could be a reduction in reproductive
potential. It has been suggested that the observed increased incidence of neurobehavioral disorders and
cancer of organs under hormonal influence may also be a consequence of exposure to endocrine-dis-
rupting chemicals. Even the current increasing incidence of obesity has been suggested to result from
the ability of some endocrine disruptor (ED) substances to trigger fat-cell activity. However, the epi-
demiological data for effects of EDs have been questioned and no environmental ED has been clearly
identified as a cause of possible effects.

Endocrine disruption in wildlife
In 1991, an interdisciplinary conference considered the proposition that synthetic chemicals released
into the environment could affect endocrine systems and alter the reproduction, development, and phys-
iology of wildlife and humans. During the conference, the terms “endocrine disruption” and “endocrine
disruptor” were coined. The proceedings of the conference were published as a book, Chemically-
Induced Alterations in Sexual Development: The Wildlife/Human Connection [25]. The conclusions
were that some environmental chemicals, described as “endocrine disruptors”, may act as hormone ag-
onists or antagonists, or may interfere with hormone synthesis, and thus disrupt endocrine networks in
animals and humans. It was postulated that embryonic and young organisms might be particularly sen-
sitive to such disruptions. This includes adolescent organisms during sexual maturation, a process
which depends on the correct levels and timing of hormone production. Thus, exposing the embryo,
fetus, or even the maturing child or adult, to EDs at biologically significant doses could potentially
cause many diseases, ranging from cancer or physical malformations to immunological and neurologi-
cal disorders and infertility.

Compared with humans, there is much more evidence that wildlife has been affected adversely
by exposures to EDs, starting with the evidence of poor reproduction of DDT- and PCB-contaminated
birds, cited by Rachel Carson, and caused by eggshell thinning and abnormal behavior. Subsequently,
there has been evidence of feminization of alligators exposed to DDT and dicofol4 in contaminated lake
water, and of feminization of fish exposed to human female hormones and residues from hormonal
drugs. Even more striking was the imposex (i.e., development of sex organs characteristic of the other
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sex) effect of tributyltin oxide on dog whelks, causing females to develop male genital apparatus, mak-
ing them sterile after exposure to concentrations barely detectable in seawater.

The strength of the evidence for endocrine disruption in wildlife may reflect the fact that many
studies have been conducted in areas where the levels of environmental chemicals are high (e.g., where
there are point source discharges, such as occur in the Great Lakes and the Baltic Sea). These studies
have mostly concentrated on animals inhabiting aquatic ecosystems, which bioaccumulate certain EDs.
In contrast with human studies, it has also been possible to experiment with the animal species of con-
cern under both laboratory and field conditions. However, there are problems in determining the full
range of potential effects of EDs on wildlife because of the large number of potential target species, dif-
ferences in physiological mechanisms, and lack of detailed knowledge of endocrine function in many
species.

Chemical structure of endocrine disruptors
The chemical structure of potential EDs varies enormously. Examples of such chemicals are synthetic
and natural hormones, plant estrogens, some pesticides, some POPs, bisphenol A5, various metal
species, and certain phthalate esters. Both phthalates and bisphenol A are HPV chemicals. In general,
these substances have estrogenic effects, although some phthalates studied are anti-androgenic and
some may have anti-thyroid action [26]. Polybrominated diphenyl ethers (PBDEs) that are used as
flame retardants have also been reported to interfere with thyroid metabolism. 

Bisphenol A is of particular concern because it is a structural analog of DES. It is widely used as
an antioxidant in plastics and as an inhibitor in polymerization of polyvinyl chlorides. Bisphenol A has
been associated with developmental toxicity, carcinogenic effects, and possibly neurotoxicity, in addi-
tion to its estrogenic effect. It is found in plastic tubes and syringes and in pacifiers for babies. It leaches
from plastic bottles. Some countries have banned selling baby products that might contain bisphenol A
because of its perceived potential to cause harm to children.

EDs may affect the gonadal-pituitary axis and modify the metabolism and/or synthesis of estra-
diol6 and testosterone7. Examples are the reductase inhibitors that block production of dihydro -
testosterone. Such inhibitors are used as drugs, but are also found in herbs such as saw palmetto. Several
chemicals are estrogen mimics that bind to the high-affinity estrogen-binding protein called the estro-
gen receptor (ER). These chemicals include drugs, natural products, and manufactured chemicals. It has
been postulated that such estrogen mimics may be involved in causing breast cancer, uterine cancer, and
developmental defects. There is also concern about herbal remedies that are marketed for “female” and
“male” health. These preparations are physiologically active and modify the target endocrine system. 

Substituted phenols such as bisphenol A, discussed above, and the longer chain nonyl- and
octylphenols are widespread in the environment, but it should be emphasized that they are many times
weaker than the active human hormone estradiol in standard assays. Several derivatives of the pesticides
DDT and methoxychlor8 are active as estrogens and/or anti-androgens through mechanisms that involve
the respective estrogen or androgen receptors. Some natural products, such as genistein9 from soy, ex-
hibit remarkable estrogenic activity.

Conclusions
ED research has tended to focus on compounds that persist and bioaccumulate in exposed organisms.
Considering the variations in the endocrine system during development and aging, and in response to
environmental conditions, there is a need to pay more attention to the consequences of timing, fre-
quency, and duration of exposure to potential ED substances. It must also be noted that there is a wide
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range of possible mechanisms for endocrine disruption depending on the substances involved and the
animal species that is exposed. Endocrine disruption itself is not a precisely defined toxicological end-
point, and subsidiary end-points must be identified. These may range from interaction with molecular
receptors up to the level of physiological or anatomical changes. While EDs have been recognized to
be of particular concern in the regulatory context, no experimental strategy to identify them has been
generally agreed upon and validated.

Whether the substances defined as EDs are indeed a serious threat to the environment or public
health is not clear. Many of the human diseases and disorders predicted to increase as a result of low
environmental exposure to EDs have not yet done so. However, the ED hypothesis has drawn attention
to the challenge of understanding the complexity of hormone action. Many studies are underway on
breast cancer, endometriosis, testicular cancer, and other plausible end-points, but it must be remem-
bered that these illnesses may have multiple causes and may be influenced by individual life styles and
habits. Thus, the idea that endocrine disruption in humans is caused by environmental chemicals is still
a hypothesis requiring more evidence before it can be considered proven.

8. EPIGENETICS

IUPAC definition

epigen/esis n., -etic adj.
Phenotypic change in an organism brought about by alteration in the expression of genetic information
without any change in the genomic sequence itself.

Note: Common examples include changes in nucleotide base methylation and changes in hi-
stone acetylation. Changes of this type may become heritable.

Explanatory comment

Until recently, it has been dogma that gene expression is dependent on the primary DNA sequence (the
genetic code), with regulation of gene transcription being determined by transcription factors or re-
pressors whose transcription is in turn regulated in a tissue-dependent series of feedback mechanisms.
In this paradigm, inherited genetic diseases arise from alterations in the primary DNA sequences that
give rise to one or more proteins with consequently altered amino acid sequences. Epigenetics ac-
knowledges that numerous factors outside the DNA sequence can affect the pattern of gene expression,
that these alter phenotype and may cause disease, and that they can be heritable. 

In earlier usage, epigenetics referred to any change in phenotype that was not accounted for
specifically by changes in DNA sequence. In cancer biology, for instance, carcinogens that induce spe-
cific DNA mutations are considered to have no threshold effect for induction of cancer, whereas other
(i.e., epigenetic) exposures may have a level below which excess cancers are not produced. Thus, car-
cinogens are sometimes divided into genotoxic and epigenetic carcinogens. Mechanisms of epigenetic
changes in cancer can include silencing of tumor-suppressor genes, activation of oncogenes, and defects
in DNA repair. They can also include effects of substances with broad actions that modify the immune
or endocrine systems. It has been practice to distinguish cancer initiators from promoters, and promot-
ers have been considered to exemplify epigenetic mechanisms. These considerations would lead to a
very broad definition of epigenetics. Today, the term is acquiring the more specific meaning of changes
in DNA or histone structure, other than base sequence changes, that alter gene expression.

The human chromosome does not consist of elongated pieces of naked DNA awaiting the tran-
scriptional machinery, but rather of DNA coiled and packed in a highly organized manner, notably by
interactions with various proteins known as histones. The winding of DNA around successive multi-
meric histone structures gives rise to a “beads-on-a-string” type of structure. Each individual his-
tone/DNA “bead” is referred to as a nucleosome and the “string” is chromatin. To be transcribed, a
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given DNA sequence must partially unwind or dissociate from the histone core. A higher level of struc-
ture is determined by interactions among nucleosomes that may give rise to tighter or looser regions of
chromatin packing along the chromosome, or expose regions between nucleosomal or chromatin do-
mains to binding of repressor proteins that influence structure and transcription of extended regions of
chromatin. In general, a more open chromatin structure, referred to as “euchromatin”, is active (more
conducive to gene expression) while more condensed regions called “heterochromatin” are silent (sup-
pressing expression). From steric arguments, it is logical that accessibility to the transcriptional ma-
chinery depends both on loosening of the heterochromatin structure and unwinding of DNA within the
nucleosome. Chemical modifications of both DNA and histones influence the degree of compaction and
winding/unwinding.

Various modifications of histones are documented, including acetylation, methylation, and phos-
phorylation. Ubiquitination also occurs and targets the histone protein for degradation by the protea-
some. It has been proposed that the pattern of N-terminal modifications of histones represents a new
kind of genetic code that determines gene expression by changing histone conformation. The enzymol-
ogy of histone acetylation is widely studied. The extent of acetylation depends on the balance of activ-
ity between histone acetylases and histone deacetylase. Acetylation of lysine residues in the N-termini
of histones H3 and H4 masks positive charges that otherwise interact with acidic residues in H2 his-
tones of adjacent nucleosomes. This leads to a more open chromatin structure and favors gene expres-
sion. The histone acetylase/deacetylase system is of great importance in toxicology and is visited again
in the discussion of mutagenicity (see Section 11).

The major epigenetic chemical modification of DNA is methylation. Most important is the rela-
tive hyper- or hypomethylation of position 5' of cytosine in CpG dinucleotides that tend to cluster in
promoter regions of genes. The degree of methylation of a stretch of DNA is generally inversely corre-
lated with its degree of expression. Increased methyl-CpG content is associated with increased hetero -
chromatin formation. That hypermethylation tends to occur in promoter regions suggests it may inter-
fere with transcription factor binding, and there is evidence that some transcriptional repressors bind
with increased affinity to methylated CpG sequences. However, it is not yet clear whether methylation
of DNA is directly responsible for suppression of transcription or whether it acts in conjunction with
histone tagging or through influencing nucleosomal structure. Furthermore, there is evidence that DNA
methylation and histone deacetylation may be linked. A protein MECP2 has been identified that binds
to methylated CpG sequences and recruits histone deacetylase, amplifying the transcriptional suppres-
sion. This a very rapidly growing field. There is a complex interplay among the histone markers, DNA
methylation, the polycomb group of proteins and the transcriptional machinery. There are different lev-
els of silencing where DNA methylation is one step and the recruitment of the polycomb group of pro-
teins to the methylated sequences results in more permanent repression of the gene expression.

DNA methylation participates in other aspects of epigenetic control. Imprinted genes are those
in which one allele (either the maternal or paternal) is effectively silenced in early development, and
this usually involves hypermethylation of the silent allele. In addition, certain DNA sequences called
transposons are prone to self-cloning themselves into other regions of the chromosome, where they
may  either disable or hyperactivate a target gene. Methylation tends to suppress the mobility of trans-
posons.

The dogma that only DNA that ultimately codes for a protein represents a gene has also been
upset by the demonstration of numerous RNA-only genes. (Some purists who prefer to reserve the word
“gene” for a DNA sequence that is expressed as protein also prefer the term “transcriptional unit” for
any DNA sequence that is actively transcribed.) These are genes that encode RNA which is not trans-
lated, but affects the expression of other genes nevertheless. Numerous examples are known where the
complementary strand is transcribed as an antisense RNA that blocks translation of its sense partner.
Other genes code short hairpin RNAs that silence other genes through RNA interference. The involve-
ment of untranslated RNA sequences in epigenetic phenomena is an active area of investigation.
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Various definitions have indicated that the epigenetic phenomenon must persist for at least one
generation, or be heritable. However, if heritability is taken as part of the definition of epigenetics in
current usage, then it is necessary to demonstrate inheritance in the F3 generation. This is because an
exposure that affected (injured) the F1 daughter in utero, for example, could also affect her eggs and
thus have a direct but not heritable affect on the F2 generation. Thus, true demonstration of heritability
is not always easy to achieve. When it occurs, it is reminiscent of Lamarckianism, the once discredited
view that characteristics acquired from environmental exposures during an individual’s lifetime could
be passed on to progeny. It should be pointed out that epigenetic markers can be inherited during mi-
totic division, but various definitions have suggested that epigenetic phenomena must be transferred to
the next generation as well.

How are these patterns of chemical modification passed on from cell to cell or generation to gen-
eration independent of the genetic code? The answers are complex and not well understood. 

An early example was the inheritance of the trait callipyge (Gr., beautiful buttocks) in sheep de-
veloping advantageous hindquarters. A decade of experimentation revealed the unusual inheritance pat-
tern of this trait is due to a conserved protein-coding gene and RNA-only genes on the same chromo-
some, that are transcriptionally regulated epigenetically in response to a G-to-A base change in a region
of “junk DNA” 30 000 bases away from the nearest known gene. Loss of imprinting (e.g., of the in-
sulin-like growth factor IGF2) has been associated with some sporadic cases of colon cancer and sev-
eral rare genetic diseases. Identical twins discordant for development of the Beckwith–Wiedemann syn-
drome were found to differ with respect to imprinting on a region of chromosome 11, the affected twin
having failed to imprint.

Epigenetic phenomena are beginning to take a prominent place in toxicology. Their involvement
in nickel and arsenic toxicity are good examples. Although divalent nickel cations are at best weakly
mutagenic, nickel compounds have been classified by IARC as human carcinogens, and there is mount-
ing evidence that any such carcinogenic effects may be through heritable changes in DNA methylation
and/or histone acetylation. In the nucleus, Ni2+ competes with Mg2+ and binds selectively to hetero -
chromatin, probably through specific interactions with various histone sites. Resulting decondensation
and damage to heterochromatin correlates with morphologic transformation. Damage includes herita-
ble chromosome deletions and hypermethylation of a senescence gene on the X-chromosome. Silencing
of the tumor suppressor gene p16 has also been demonstrated, following exposure to various nickel
compounds.

A unique epigenetic mechanism is also suggested for toxicity of carcinogenic arsenic compounds.
Inorganic arsenic in trivalent and pentavalent states is detoxified through mechanisms that involve for-
mation of methylated derivatives. The methyl donor is S-adenosyl methionine, the same donor involved
in DNA methylation. Exposure to some arsenicals leads to depletion of S-adenosyl methionine, and
consequently to global DNA hypomethylation. One idea is that hypomethylation of protooncogenes
may lead to their overexpression and ultimately to cell transformation. This also illustrates the point that
both DNA hyper- and hypomethylation may lead to cancer, depending on whether the targets are pro-
or anticarcinogenic genes.

The above examples reflect a recent focus on toxicological aspects of epigenetics relating to can-
cer. The idea that cancer can be explained by single or multiple mutational hits on genes that stimulate
or inhibit proliferation is being reconsidered. Clearly, heritable effects that affect gene expression give
rise to at least some cancers, independent of any alterations in the DNA sequence of the gene itself, and
this adds a new layer of complexity to our attempts to understand malignant transformation. However,
because these epigenetic phenomena involve dynamic chemical modifications to the genome that may
switch on or off during the life of the cell, they present potentially more tractable targets for therapeu-
tic intervention than changes in the primary DNA sequence itself.

Finally, it should be noted that the term “epigenomics” has come into prominent use. This refers
to the study of the epigenetic factors in illness or susceptibility using a genomics approach (see
Section 9). While the term “epigenetics” refers to changes resulting from one or more individual genes,
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epigenomics refers to a more global analysis of epigenetic effects across the genome. Thus, it relies on
techniques that give a genome-wide picture of epigenetic phenomena, for instance, using high-through-
put microarray technology. Currently, these approaches are best developed for DNA methylation, and
for histone modifications using DNA cross-linking followed by chromatin immunoprecipitation and
micro array (ChIP-on-chip) analysis. Epigenetic control of stem cell differentiation and organ develop-
ment may underlie a broad spectrum of disease. Initially, studies are concentrating on cancer and aging.
There is now considerable hope that insight into major psychiatric illnesses like schizophrenia and bi -
polar disorder will be found through epigenomics research.

9. GENOMICS, PROTEOMICS, AND RELATED TERMS

IUPAC definitions

genomics
1. Science of using DNA- and RNA-based technologies to demonstrate alterations in gene expres-

sion.
2. (in toxicology) Method providing information on the consequences for gene expression of inter-

actions of the organism with environmental stress, xenobiotics, etc.

proteomics
Global analysis of gene expression using a variety of techniques to identify and characterize proteins.

Note: It can be used to study changes caused by exposure to chemicals and to determine if
changes in mRNA expression correlate with changes in protein expression: the analysis
may also show changes in post-translational modification, which cannot be distin-
guished by mRNA analysis alone.

Explanatory comment

The publication of the first drafts of the complete human genome in the journals Nature and Science in
2001 [27,28] heralded a new age in biology, and a proliferation of terminology—some good and some
bad—that accompanied the new way of thinking. It is now believed that we can know the complete set
of genes for a given organism—its genome. If that is so, presumably it should be possible to know its
complete set of proteins, carbohydrates, metal-binding species, and even all the possible phenotypic
traits expressed by the organism with the same certainty. Some of the methods and successes of ge-
nomics and proteomics will be discussed here. Problematic issues relating to other comprehensive
“-omics” will be reviewed at the end of this section.

The human genome project, promulgated in the 1990s, finished ahead of schedule and revealed
that the human species has fewer genes than expected. While prior estimates had ranged to upwards of
100000, we now know that about 25000 DNA sequences code for the proteins that contribute to our
phenotype. This number does not correlate well with what we understand as biological complexity. We
have fewer coding genes than the rice plant, and the minute worm, Caenorhabditis elegans, has more
than the fly Drosophila melanogaster. However, we have come to realize that the total picture of an or-
ganism includes genes that code only for RNA that is not translated into protein, and a host of other epi-
genetic phenomena (see Section 8). It is clear that cataloguing the set of coding DNA genes for a given
species is a long way from understanding the complete phenotype of that species, but nevertheless pro-
vides a wealth of information to approach the biology and pathology of the species. With the draft
human genome behind us, other genomes that have been tackled early on include those of model or-
ganisms for biological research (Drosophila, C. elegans, Arabidopsis thaliana, Danio rerio, the mouse,
and various yeasts) and those of agricultural significance, including rice and maize. These successes
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have evolved hand in hand with technologies for large-scale sequencing and bioinformatic techniques
for sorting, assimilating, and storing sequence data.

Activities referred to as “genomics” today include not only the automated pursuit of more (and
more complete) genome sequences, but the use of surveying techniques for gene expression under var-
ious circumstances. These survey approaches commonly include microarray technology, where nucleic
acid sequences, typically either primary DNA sequences or complementary cDNA sequences are im-
mobilized on a support. In practice, several thousand sequences from an organism are now immobilized
on a patch of a glass microscope slide. Total RNA being translated by a given cell or tissue preparation
is tagged for detection, usually with fluorophores, and then hybridized against the target array and de-
tected by scanning laser fluorometry. Quantitation of the fluorescent signal on each spot gives a snap-
shot of the expression of genes in the cell or tissue at the moment it was harvested. An exciting appli-
cation of these genomic and proteomic approaches is the possibility of high through-put screening of
substances for a mechanistic understanding of toxic effects that could bypass the need for animal stud-
ies. Additionally, the full range of toxic potential of a substance could be gained from a few animals,
without sacrificing individual animals for specific end-points.

Three considerations are worth mentioning in the interpretation of such experiments.

1. Description of the experiment. It was recognized early in the microarray era that replication of ex-
periments between laboratories was necessary to validate results that are so prone to artifact, and
this requires careful description of the experimental protocol. An international consortium of
journal editors devised the “minimum information about a microarray experiment” (MIAME)
protocol that should be provided in order to contribute the results of a microarray analysis to the
literature. The protocol requires details of (a) experimental design, (b) array design, (c) sample
selection, (d) hybridization protocol, (e) image analysis, and (f) normalization and controls for
comparison. It is optimistic to think that this information will be sufficient to consolidate data
among many laboratories, but it is a starting point.

2. Statistical analysis. Because there are many levels of potential analytical variability, there is much
discussion of how many replicates of a microarray experiment should be performed and how sta-
tistical validity should be determined. Costs still frequently limit the number of replicates, at least
in the academic research laboratory. Normalization of the signal intensity is a necessary precur-
sor to meaningful analysis, and data processing through available routines such as “significance
analysis of microarrays” (SAM) and nonlinear regression by the LOESS or LOWESS (locally
weighted scatterplot smoothing) method is mandatory to minimize artifact.

3. Data management. Because one microarray experiment can potentially generate meaningful data
on the expression of thousands of genes, data management is a consideration. It is the rule, rather
than the exception, that a well-considered microarray experiment provides a research laboratory
with enough information to fuel months or years of ancillary confirmation and intriguing follow-
up.

Another powerful aspect of genomics is phylogenetic analysis. This uses analysis of gene se-
quences to study and establish evolutionary relationships between and among organisms. Gene trees are
built up, sometimes referred to as “cladistics” (from Gr. clados, a branch, referring to descent from a
single ancestor). The end-product from cladistic analysis is a phylogenetic tree that represents the evo-
lutionary proximity of organisms based on similarities in the sequences of one or more genes.

Proteomics is the next logical step after definition of the genome. One attempts to identify all the
proteins expressed by the genome, and while in principle this might be achieved by in silico (computer-
based) translation of all the genes, this is not useful because we still cannot predict cell- and tissue-spe-
cific controls on transcription, mechanisms of alternative splicing, or epigenetic controls on gene ex-
pression/modification. Therefore, we need to measure the protein complement expressed at a given time
in a given cell or tissue to understand the manifestation of the genome in a given state of health, dis-
ease, or an environmental situation. The standard approach here is two-dimensional electrophoresis fol-
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lowed by mass spectrometry. After careful isolation of all proteins in a sample, in the presence of broad
inhibitors of proteases, phosphatases, and other degradative enzymes as the desired result dictates, the
solubilized protein sample is first separated by isoelectric focusing on an ampholine gradient, which
separates proteins based upon their isoelectric points. This partially separated mixture is then subjected
to electrophoresis in the second dimension on a polyacrylamide gel, based on differences in size and
charge. Individual proteins are recognized nonquantitatively and nonspecifically, by stains based on
Coomassie blue dye or much more sensitive silver staining. This approach is currently able to resolve
a few thousand proteins in a sample. Spots are then cut from the gel, eluted, and subjected to analysis
by mass spectrometric techniques.

The genome is well defined. The proteome is approachable by current methods. After this, we
must exercise linguistic restraint. There is a trend to classify other collections of molecules as if in a
complete descriptive context, and thus emerge terms like “kinome” (the set of expressed kinases), “gly-
come” (the complement of synthesized carbohydrates), and “metallome” (sometimes meant to refer to
the set of expressed metalloproteins). For example, surveys of the kinome depend on immunoblotting
techniques and thus are governed by the availability, specificity, and affinity of antibodies. They are in-
complete and nonquantitative; the practice is without guidance, and the nomenclature is imprecise. The
origins of the term “genome” are not helpful in constructing terms to describe these other sets of mol-
ecules. It is an amalgamation of gene (from Gr. genea, generation or race) and chromosome (again Gr.
chroma, color and soma, body, based on the staining properties observed by the early cell biologists).
By loose analogy, various -ome and -omics words come into the language. IUPAC has also defined
inter actome, phenome, and transcriptome (see [3]). While they may serve some scientific purpose, they
can also be problematic. As an example, the term “metallome” has been used to describe the set of mo-
lecular metal-binding species in a given organism. But should this refer to metal-binding proteins
(a subset of the proteome), or to all metal-binding species, even including metal salts that may form
with available counterions? This is a problem of speciation, not of comprehensive description. The con-
cept has even been further subdivided in coining terms such as “zincome” and “selenome”, to refer to
the species that bind zinc or selenium. This practice seems to be both scientifically distorting and
 etymologically unfounded, and should surely be discouraged. Even the more accepted terms
“metabolomics” and “metabonomics” are a case in point. Ambiguity in definition belies the fact that no
complete set of metabolites can be defined in the same way that a genome can be sequenced, as these
will depend on individual differences in enzyme activities, environmental exposures to xenobiotics, etc.
However, it should be noted that some biologists consider metabolomics to be the study of the collec-
tion of metabolites themselves, and take metabonomics to describe the study of the metabolic changes
that cells undergo in response to stressors. The term “epigenomics” has a special status, and is dealt with
in Section 8.

10. IMMUNOTOXICITY, IMMUNOSUPPRESSION, AND HYPERSENSITIVITY 

IUPAC definitions

hypersensitivity
State in which an individual reacts with allergic effects following exposure to a certain substance (al-
lergen) after having been exposed previously to the same substance.

Note: Most common chemical-induced allergies are type I (IgE-mediated) or type IV (cell-
mediated) hypersensitivity.
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immunosuppression
Reduction in the functional capacity of the immune response; may be due to

• inhibition of the normal response of the immune system to an antigen
• prevention, by chemical or biological means, of the production of an antibody to an antigen by

inhibition of the processes of transcription, translation, or formation of tertiary structure.

immunotoxicity
Ability of a physical, chemical, or biological agent to induce adverse effects in the immune system.

Explanatory comment 

There are many possible toxic effects on the immune system, and in a broad sense they may be classi-
fied as either immunosuppression or unwanted immune activation. In broadest terms, immunosuppres-
sion leads to a deficit in the immune response to microbial pathogens and transformed cells, whereas
inappropriate activation is associated with allergy, hypersensitivity, and autoimmunity. The immune
system plays a key part in protecting us from infectious disease by attacking and destroying infectious
organisms and potentially harmful macromolecules. It also monitors our own cells and attacks and de-
stroys many of those that become transformed to potentially cancerous progeny. This host resistance to
infectious agents and neoplasms depends on the presence of immunocompetent cells that may be stim-
ulated to proliferate in the presence of antigenic substances.

The immune system depends for its efficient function on the intrinsic cooperation of various cells,
which is strongly dependent upon the biological actions of soluble mediating molecules such as im-
munoglobulins, hormones, growth factors, and cytokines acting through membrane receptors. Any sub-
stance that affects these interactions can cause agent- or species-specific damage that, in many cases,
causes immunosuppression (resulting in, e.g., decreased resistance to infectious agents and develop-
ment of tumors). Immunosuppression may be either systemic, or occur at the local level (e.g., in lungs
or skin). As noted above, an inappropriate increase in the immune response can also occur, leading to
hypersensitivity, as exemplified by respiratory tract allergy or allergic contact dermatitis (ACD).
Furthermore, some substances can cause the development of autoimmune diseases.

Diseases associated with abnormal immune function, including common infectious diseases and
asthma, are more prevalent at younger ages. Several factors may explain this increased susceptibility,
including functional immaturity of the immune system and age-related differences in metabolism.
Although not yet conclusively demonstrated, it is generally believed that the immature immune system
is more susceptible to xenobiotics than the fully mature system, and that the effects of immunotoxicant
exposure in the very young may be particularly persistent. This contrasts with effects observed follow-
ing exposure in adults, which generally occur at higher doses and do not persist for long after exposure
ends. Experimental animal studies show that harmful effects on the developing immune system may be
qualitative (e.g., affecting the developing immune system without affecting the adult immune system)
or quantitative (e.g., affecting the developing immune system at lower doses than in adults). Immune
maturation may simply be delayed by xenobiotic exposure and may recover to normal adult levels over
time. However, if exposure interferes with a critical step in the maturation process, lifelong defects in
immune function may follow. These defects may be expressed as immunosuppression or as dysregula-
tion of the immune system, resulting in decreased resistance to infection or development of a functional
phenotype that is associated with allergies and asthma. Experimental evidence indicates that develop-
ment can be hindered or delayed to such an extent that certain effector mechanisms either are absent or
do not function properly for essentially the lifetime of the individual as has been reported following ex-
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posure to DES10 or TCDDs. In humans, the clinical effects of immunotoxicant exposure during devel-
opment may be expressed immediately or later in life, presenting as either increased infectious or neo-
plastic diseases, or as increased incidences (or severity) of allergic or autoimmune disease.

The complexity of the immune system results in there being many potential target sites and patho-
logical consequences of toxicity. The strategies devised by immunotoxicologists working in safety as-
sessment have all applied a tiered panel of assays in order to identify immunosuppressive and immuno -
stimulatory agents in laboratory animals. These testing strategies include measurement of one or more
of the following: altered lymphoid organ weights and histology; changes in the cells of lymphoid tis-
sue, peripheral blood leukocytes, and/or bone marrow; impairment of cell function at effector or regu-
lator level; and altered susceptibility to challenge with infectious agents or tumor cells. With respect to
clinical evaluation and research on human responses for immunoactivation, the lymphocyte transfor-
mation (proliferation) test performed on peripheral blood lymphocytes, cytokine profiling of blood or
serum, and analysis of lymphocyte subpopulations by flow cytometry are of greatest current interest.

Assessment of immunotoxicity
Many factors must be considered in evaluating the potential of an environmental agent or drug to in-
fluence adversely the immune system of experimental animals and humans. As for assessment of any
type of toxicity, these of course include selection of appropriate animal models and exposure variables,
an understanding of the biological relevance of the end-points being measured, use of validated meas-
ures, and quality assurance. The experimental conditions should take into account the potential route
and level of human exposure and any available information on toxicodynamics and toxicokinetics. The
doses and sample sizes should be selected so as to generate clear dose–response curves, needed for the
determination of no-observed-adverse-effect (NOAEL) or no-observed-effect levels (NOEL). Testing
must be continually refined to allow better prediction of conditions that may lead to disease. In addi-
tion, techniques should be developed that will help to identify mechanisms of action; these may include
methods for in vitro examination of local immune responses (such as in the skin, lung, and intestines),
and techniques of molecular biology and the study of genetically modified animals. These obvious cri-
teria require special attention in assessing immunotoxicity, where appropriate measurements and end-
points are not always clearly agreed upon.

Unfortunately, detection of immune changes after exposure to potentially immunotoxic sub-
stances is much more difficult in humans than in experimental animals. Testing possibilities are limited,
levels of exposure to the agent (i.e., dose) are often difficult to establish, and the immune status of pop-
ulations is extremely heterogeneous. Age, race, sex, pregnancy, acute stress and the ability to cope with
stress, coexistent disease and infections, nutritional status, tobacco smoke, and medications may all
contribute to this heterogeneity. This heterogeneity renders less effective some of the clinical tests men-
tioned above.

Since most of our knowledge regarding human toxicity of environmental chemicals comes from
epidemiological studies, epidemiological study design for such investigations must be appropriate if we
are to reach correct conclusions. The most common design used in studies of immunotoxicity is the
cross-sectional study, in which exposure status and disease status are measured at one time or over a
short period. The immune function of “exposed” subjects is then compared with that of a comparable
group of “unexposed” individuals. Because many of the immune changes seen in humans after expo-
sure to a chemical may be sporadic and subtle, recently exposed populations must be studied and sen-
sitive tests must be used for assessing the immune system. Conclusions about immunotoxic effects
should be based on changes not in a single parameter but in the immune profile of an individual or pop-
ulation.
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Examples of immunotoxicants
Examples of environmental and industrial chemicals reported to be immunotoxicants in humans are as-
bestos, benzene, and halogenated aromatic hydrocarbons, including TCDD (often incorrectly referred
to just as dioxin) and PCBs, that give rise to immunosuppression. TCDD and PCBs are widespread en-
vironmental pollutants which are resistant to biodegradation and have lipophilic properties facilitating
bioaccumulation in, e.g., fish, and thus in humans who eat the fish. Other economically important chem-
icals known to be powerful hypersensitizers are the isocyanates. In studies of the toxicity of metallic el-
ements, a dose–response relationship is sometimes seen showing stimulation of some immune functions
at low doses while high doses cause immunosuppression. Nickel and chromium ions cause hypersensi-
tivity reactions (see below) and dermatitis in humans. Beryllium is another metal with hypersensitizing
and immunotoxic properties. 

Hypersensitivity
When exposed to an antigen, the body may produce antibodies specific to that antigen. These antibod-
ies may provide immunity against later exposures to the antigen. Under some physiological conditions,
or in people with defective immune systems, an excessive immune reaction may occur that can cause
cell and tissue damage. Histamines released from mast cells following such damage can cause dilation
of small blood vessels, tissue inflammation, and constriction of the bronchi of the lungs. The result may
be anaphylaxis, an immediate, sometimes fatal, hypersensitivity reaction to some substances including
macromolecules occurring in the diet, notably to some found in peanuts. In humans, the clinical signs
and symptoms of anaphylaxis include reaction of the skin with itching, erythema, and urticaria; reac-
tion of the upper respiratory tract with edema of the larynx; reaction of the lower respiratory tract with
dyspnea, wheezing, and cough; reaction of the gastrointestinal tract with abdominal cramps, nausea,
vomiting, and diarrhea; and reaction of the cardiovascular system with hypotension and shock.
Individuals undergoing anaphylactic reactions may develop any one, a combination, or all of the signs
and symptoms. Anaphylaxis may be fatal within minutes, or fatality may occur days or weeks after the
reaction. Death is a result of the damage suffered as a result of the decrease in blood pressure follow-
ing extreme dilation of the blood vessels.

Serum sickness is a similar but milder hypersensitivity to serum proteins or drugs that occurs sev-
eral weeks after injection of foreign material. Delayed reaction hypersensitivity occurs when lympho-
cytes react to certain antigens. The lymphocytes slowly infiltrate an area, such as skin exposed to poi-
son ivy toxin, and cause local inflammation reactions which may be followed (or accompanied by)
tissue damage. Anaphylaxis, serum sickness, and delayed sensitivity may occur in otherwise normal,
individuals as well as those inclined to allergies. Individuals with allergic, or atopic, hypersensitivity
form antibodies that react with antigens to cause local tissue damage and such symptoms as hives, hay
fever, and asthma. Antihistamines are drugs that prevent histamine from acting on blood vessels, bron-
chioles, and other organs. Acute reactions, such as anaphylaxis, are treated by giving epinephrine and
other sympathomimetic drugs to support the blood circulation. Steroids such as cortisone are also given
to suppress inflammation and depress the immune system. In some cases, hypersensitized individuals
receive injections of gradually increasing quantities of the antigenic material to which they are sensi-
tive, in order to build tolerance and avoid or lessen their hypersensitivity to that particular substance.

Briefly, hypersensitivity has been classified into four types by Gell and Coombs [30] as shown in
Table 1.
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Table 1 Gell and Coombs classification of types of hypersensitivity.

Type Alternative name Related health problems Mediators

1 Allergy Atopy IgE
Anaphylaxis
Asthma

2 Cytotoxic, antibody-dependent Erythroblastosis fetalis IgM
Goodpasture’s syndrome IgG
Autoimmune hemolytic anemia Complement

3 Immune complex disease Serum sickness IgG
Arthus reaction Complement
Systemic lupus erythematosus (SLE)

4 Cell-mediated Delayed hypersensitivity Lymphocytes
Contact dermatitis
Hypersensitivity in tuberculosis
Chronic transplant rejection

Autoimmunity
Autoimmunity is a condition in which the immune system fails to differentiate self-antigens from for-
eign antigens and begins to attack self-tissues. In effect, the body generates an immune response against
itself. An autoimmune reaction results in inflammation and in tissue damage. Some of the more com-
mon autoimmune disorders are rheumatoid arthritis, systemic lupus erythematosus, and vasculitis. It is
also possible that some glomerulonephritides, Addison’s disease, mixed connective tissue disease,
polymyositis, Sjögren’s syndrome, and progressive systemic sclerosis, have autoimmune components.
It is likely that some cases of infertility may be explained by autoimmunity. Some common multi -
factorial diseases have an autoimmune component, and Type I diabetes is an important example.
Common antigens in generalized autoimmunity are the nuclear antigen recognized by the antinuclear
antibody that is important in the diagnosis of systemic lupus erythematosus, and the antimitochondrial
antibody elevated in primary biliary cirrhosis. Some autoimmune diseases are poorly understood but
may, in certain circumstances, be a consequence of exposure to a toxic substance or substances. For ex-
ample, hemolytic anemia has been linked to an autoimmune response affecting the red cells following
exposure to the pesticide dieldrin.

Skin sensitivity
ACD is a major cause of minor discomfort to people. It is also the most tested form of immunotoxicity
and is largely a preventable disease. Prevention of the effects can be achieved by correct identification
of skin sensitizers, characterization of their potency, understanding human skin exposure, and applica-
tion of good risk assessment and management strategies.

Skin sensitization is caused by haptens that often behave as electrophiles and can react with skin
proteins, altering them so that the immune system recognizes them as “foreign” [30]. This leads to pro-
liferation of lymphocytes which recognize the substance and/or the altered protein which it produces.
Subsequent contact with the substance can then cause an enhanced effect on the skin, producing red-
ness, swelling, itching, etc. Substances that do this are called skin sensitizers. People who are suffi-
ciently exposed may develop the sensitized state called “contact allergy”; once they have acquired that
state, further exposure can lead to the development of ACD.

For assessing the risk of developing ACD from exposure to a given substance, it is important to
know the relative potency of an identified chemical allergen, to understand how people are exposed to
it, and to integrate this information into the risk assessment. Having done this, one can formulate a plan
for management and reduction of the risk. For consumers, this may mean voluntary or regulatory im-
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position of concentration limits in products, often with suitable labeling. Control of occupational expo-
sure may involve both an equivalent of the consumer limit process and a greater emphasis on control-
ling skin exposure, if necessary, by the use of personal protective equipment.

Multiple chemical sensitivity (MCS)
MCS is essentially an adverse reaction of susceptible persons to a large number of chemicals. When ex-
posed to the relevant chemicals, people with MCS react with symptoms such as nausea, headache,
dizziness, fatigue, impaired memory, rash, and respiratory difficulty. Many household and industrial
chemicals, including cleaning products, tobacco smoke, perfumes, inks, and pesticides, have been men-
tioned as triggers for MCS. It can be argued that immunotoxicity provides a mechanism for some of the
observed symptoms but there is no conclusive evidence of this.

Most toxicologists and physicians do not regard MCS as a legitimate medical syndrome, arguing
that the depression that frequently accompanies it is an indication that the symptoms are psychosomatic.
Further, descriptions of the syndrome are largely anecdotal and difficult to verify scientifically. It is also
true the imprecisely defined syndrome is easily misused as a diagnosis, leading to a large number of
worker’s compensation cases involving MCS. Nevertheless, many putative sufferers do seem to improve
when they eliminate contact with the chemicals suspected of triggering their condition; in extreme
cases, this seems to require confinement to specially treated living quarters.

Testing for respiratory and skin irritation and sensitization
Asthma and related respiratory sensitization problems cannot yet be predicted from animal tests.
However, they are important when dealing with workplace exposure to chemicals and food allergies.
Skin and eye irritation and skin sensitization tests are a general requirement for chemicals marketed in
consumer goods. These are conducted using SAR and animal predictive testing. The Draize test (and
modifications thereof) are still used for skin and eye irritancy, as in vitro models are under development.
Skin sensitization is usually undertaken using animal predictive studies conducted in Guinea pig and
mouse. These (formerly principally the Guinea pig maximization test and the Buehler assay, now more
often the mouse local lymph node assay) are key tests when examining the immunotoxicity of chemi-
cals and are normally required before chemicals can be marketed. 

11. MUTAGENICITY

IUPAC definition

mutagenicity
Ability of a physical, chemical, or biological agent to induce (or generate) heritable changes (mutations)
in the genotype in a cell as a consequence of alterations or loss of genes or chromosomes (or parts
thereof).

Explanatory comment 

Our heritable information consists of DNA base sequences, or genes, that code for proteins and are
arranged end-to-end with much intervening non-coding DNA. The linear arrangement of genes and
non-coding DNA constitutes a chromosome, and in humans the genetic information of the nucleus is
packaged into 23 pairs of chromosomes plus the X and Y sex chromosomes. In addition, mitochon drial
DNA sequences encode information that is processed within the mitochondria, and may also be subject
to mutation. The nuclear chromosomes are coated with various proteins including histones and an ad-
ditional amount of non-histone proteins that help package them into complex tertiary structures. This is
discussed further in Section 8. When an alteration in the readable sequence of a gene occurs, changes
in the transcript of the gene will occur and an abnormal, generally malfunctioning result, or the protein
may even be absent. Such changes, called “mutations”, drive evolution, but beneficial mutations are
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negligible in number compared to mutations that harm the organism. In addition to changes in sequence,
whole segments of genes or even sections of chromosomes may be deleted or rearranged, and these
changes are also referred to as mutations, although the term “clastogenic” is used to refer to the subset
of mutations that result from chromosomal breaks and rearrangements. In contrast, changes in gene ex-
pression that do not result from changes in sequence are called “epigenetic”. Mutagens that lead to can-
cer are called “carcinogens” (see Section 5); those that cause birth defects or malformations in the off-
spring are referred to as “teratogens” (see Section 15).

Mutations can arise spontaneously from errors in DNA replication or DNA repair. However, many
are caused by agents that increase the frequency of mutations by interacting with, or chemically modi-
fying DNA, and these agents are referred to as mutagens. Many mutagens are chemical substances, but
ionizing and ultraviolet radiation can also alter DNA structure physically (e.g., by inducing thymine
dimer formation that interferes with transcription), and is also considered a mutagen. Some chemical
mutagens intercalate with DNA, thus interfering with the fidelity of transcription. These are generally
planar hydrophobic structures such as acridine orange [N,N,N',N'-tetramethylacridine-3,6-diamine] or
ethidium bromide [3,8-diamino-5-ethyl-6-phenylphenanthridinium bromide] that fit in the major or
minor groove of the DNA helix (intercalation). The anticancer drug cisplatin [cis-diamminedichlorido-
platinum(II)] is an inorganic compound that intercalates with DNA. Alkylating agents, on the other
hand, form covalent adducts with DNA bases that result in faulty transcription. Commonly, a site of at-
tack of monoalkylation is the 7-N of guanine. Dialkylating agents can cause DNA strand cross-linking
through this site. Alkylating agents include many anticancer agents such as nitrogen mustards (cyclo -
phosphamide [N,N-bis(2-chloroethyl)-1,3,2-oxazaphosphinan-2-amine 2-oxide], chlorambucil
[N,N-bis(2-chloroethyl)-1,3,2-oxazaphosphinan-2-amine 2-oxide]), alkyl sulfonates (busulfan [butane-
1,4-diyl dimethanesulfonate]), and nitrosoureas. Base substitution in RNA or DNA with analogs such
as halogenated pyrimidines, and base deamination with nitrous acid, are further examples of actions of
mutagens. Some substances require activation within the cell, e.g., by cytochrome P450, before they be-
come mutagenic. An example here is the activation of benzo[a]pyrene to its epoxide by CYP1A1.

Several different types of mutations are well documented. A change in one base pair may result
in a new triplet codon that codes for a different amino acid in the final protein, giving rise to a dys-
functional protein product. This is a missense mutation. A nonsense mutation occurs when the single
base-pair change results in a stop codon and a truncated product. One or more base pairs may be in-
serted into (insertion mutation) or deleted from (deletion mutation) the DNA sequence, resulting again
in a different or absent protein product. If the insertion or deletion is not a multiple of three base pairs,
the reading frame of codons will be changed, and this is called a “frameshift mutation”. Duplication oc-
curs when a DNA sequence is erroneously copied more than once during chromosomal replication.
Duplications of genes such as myc and Flt3 are often associated with a poor prognosis in cancer pa-
tients. If multiple copies of a gene result, this may result in the overexpression of the encoded protein.
Expansion refers to a sequence of DNA that is replicated multiple times within a gene. For example,
the sequence GAA in the first intron of the FRDA gene encoding frataxin has been found to be repeated
up to 1700 times in patients with Friedreich’s ataxia.

Heritability refers to the passing on of a DNA sequence from a cell to its daughters, and, if they
give rise to gametes, to the progeny of these gametes. Thus, a mutation that becomes embedded in the
germ line is passed on from one generation to the next, in either an autosomal or X-linked manner in
humans, depending on whether or not the mutation is carried on one of the sex chromosomes. If a muta -
gen causes an alteration in DNA sequence of a non-germ line cell, division of that cell in an organism
may result in dysfunctional or neoplastic tissue. It is now well recognized that mutations in mitochon-
drial genes may also be inherited.

Testing for the mutagenic potential of a substance is often carried out with the Ames test. Here,
several strains of Salmonella typhimurium are used. These strains have been rendered deficient in his-
tidine synthesis through both deletion and frameshift mutations in the genes involved in histidine
biosynthesis. After exposure to a substance, the occurrence of S. typhimurium colonies growing on his-
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tidine-deficient medium is an indication of the ability of the substance to have produced reversing or
counteracting mutations of one or more of the different types. Rat liver microsomes may be included to
allow for the possible requirement for bioactivation before the substance becomes mutagenic. This test
is very sensitive, but it is also recognized as not necessarily predictive for eukaryotes. Further, the sen-
sitivity of the Ames test is improved by using Salmonella strains deficient in DNA repair mechanisms,
which at the same time potentially exaggerates the mutagenicity of test substances. Tests with whole
animals, such as the Legator test, have been mentioned briefly under the heading “Acute and Chronic”
in Part I of this explanatory dictionary [1]. They may be more realistic, in that host factors may also
modify the mutagenic potential of a substance, but end-points are less well defined and the high
throughput feature of a screening test is lost. It should be stated, however, that for most chemicals a suf-
ficient demonstration of a lack of genotoxic potential (in the absence of a carcinogenicity assay) re-
quires three tests: bacterial mutation (Ames test), in vitro mammalian cell chromosomal damage
(chromo some aberration) assay, and in vivo point mutation test in mammalian cells (or, more recently,
in vitro micronucleus assay). The Ames test alone is insufficient.

12. NANOPARTICLES AND ULTRAFINE PARTICLES

IUPAC definitions

nanoparticle
Microscopic particle whose size is measured in nanometers, often restricted to so-called nanosized par-
ticles (NSPs; <100 nm in aerodynamic diameter), also called ultrafine particles.

ultrafine particle
Particle in air of aerodynamic diameter <0.1 μm.

Note: The fraction of the air particulates referred to as ultrafines is often referred to as the
PM0.1 fraction.

Explanatory comment 

The term “nanotechnology” was introduced in 1974 by Norio Taniguchi [31] to describe new technol-
ogy for designing semiconductors on an atom-by-atom or molecule-by-molecule basis. In essence,
nano technology deals with formation and usage of small structures that have useful properties and can
be manipulated at the atomic or molecular level.

The term “nanoparticles” originated in relation to nanotechnology to describe the synthetic parti-
cles that make it possible. Nanoparticles are increasingly used in body lotion, facial creams, and sun
screen protection; in food stuffs; and in a great variety of other products used by humans. Previously,
the term “ultrafine particles” was applied to particles in this size range of <100 nm in aerodynamic
 diameter, referring to naturally formed particles found in the air. In some contexts, a nanoparticle is de-
fined as a particle with at least one dimension of 100 nm or less. If this usage is adopted, nanoparticles
and ultrafine particles differ in concept in that the former is defined by structural property and the lat-
ter by an operational measurement. However, it is difficult to see any toxicological value in distin-
guishing between nanoparticles and ultrafine particles on this basis or on the basis that one group is syn-
thetic and the other natural. This situation mirrors the distinction commonly made between natural and
synthetic chemicals, a distinction that has limited toxicological significance.

Ultrafine particles (and nanoparticles) can be absorbed in the lungs, mostly from the alveoli. The
uptake in an organism of particles via the lungs reflects the balance between deposition and clearance.
Deposition results from the impaction of large particles and the sedimentation and diffusion of small
particles. Total deposition is a measure of all the particles deposited. For particles of aerodynamic di-
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ameter of about 3 μm, deposition is found to be approximately 50 %. Larger particles are deposited in
the upper respiratory tract, while smaller particles deposit in the lower airways and alveoli. Clearance
of larger particles from the bronchial tree is by mucociliary transport into the pharynx. This typically
takes about 24 h from the time of deposition to clearance, but depends on the status of the mucociliary
clearance. Transport of smaller particles by macrophages from the alveoli may take much longer.

A large percentage of ultrafine (and nano-) particles are exhaled, i.e., are breathed out again, al-
though a significant number of inhaled particles are deposited in the respiratory tract. In addition, there
is evidence of uptake of these very small particles into the skin and the olfactory system, as well as
through the gut wall following ingestion. Uptake through the skin may require special attention because
of the large surface area available for absorption. Uptake through the olfactory mucosa may be followed
by transport through nerves of the olfactory system into the brain. There are medical uses of nano -
particles that may entail injection of nanoparticles.

Chemistry of nanoparticles
The term “nanoparticles”, as mentioned above, has been applied particularly to man-made ultrafine par-
ticles containing, e.g., titanium oxide, zinc oxide, silica, and carbon. Sometimes these are called “engi-
neered nanoparticles”, implying nanoparticles manufactured to have definite properties or a definite
composition. The surface properties of nanoparticles are likely to be important in determining their tox-
icity. New and improved techniques will be required to characterize them and consequently their toxi-
cologically significant properties.

There has been particular concern about nanotubes that consist of graphene sheets which form
single- (SWNT) or multi-walled (MWNT) nanotubes. The single-walled carbon nanotubes (SWCNTs)
have unique properties, are stiffer than diamonds, and are estimated to be 10 times stronger than steel.
In the preparation of carbon nanotubes (CNTs) metals, amorphous carbon, and other compounds are
used. Nanotubes may include catalytically active metals like nickel and iron. Both nickel and iron cat-
alyze oxidative reactions. Ultrafine particles (and nanoparticles) can adsorb lipopolysaccharides and
cause pro-inflammatory effects. Contamination of gold nanoparticles with lipopolysaccharides can in-
terfere with the immune system.

Risk assessment of nanoparticles
Respirable nanoparticles may be more toxic than larger particles of equivalent mass and of the same
composition. Thus, characterizing the exposure to such particles involves more than simply analyzing
the content of molecules or elements. It is unclear to what extent macrophages can phagocytose differ-
ent kinds of ultrafine or nanoparticles of different types, sizes, and shapes. Nanoparticles have been re-
ported to contribute to development of coronary heart disease, but again the harm of specific nano -
particles has not been well characterized. Asbestos fibers represent naturally occurring ultrafine
particles of well-established toxicity and carcinogenicity. Their length and diameter are crucial to their
toxic effects, and similar defined dimensions may determine the toxicity of nanoparticles. It may be that
the surface area of nanoparticles is the best measure of dose, but the lesson learned from the extensive
characterization of the health effects of asbestos fibers is that the three-dimensional shape of nano -
particles will likely affect their toxicity.

Whether nanoparticles can generally cause cancer remains to be established. Some metal com-
pounds that are used for making nanoparticles, e.g., titanium oxide, have been classified as potential
human carcinogens, and nanoparticles incorporating such metallic elements will require further careful
assessment from the regulatory point of use.

Further considerations
The study of the toxic effects caused to living systems, particularly human beings, by exposure to
nanoparticles brings together chemistry, bioengineering, and toxicology to predict harmful effects
which may occur as exposures of humans and their environment increase. The aim of nanotoxicology
is to define the steps required to avoid such effects. There is an immediate problem in defining appro-
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priate units of dose and exposure. Mass or substance measurement is not appropriate since it does not
correlate in any simple way to the number of particles or their surface area, both of which are likely to
be important factors in biological interactions. Surface shape is also important in any interaction of par-
ticulates with living cells and tissues. Such interaction involves surface chemistry and electric charge,
and so these become further considerations in nanotoxicology. After interaction with the body surface,
wherever this may occur, further reactions will be affected by the structure of the nanoparticles, in-
cluding such physical characteristics as crystallinity and porosity. Put another way, after the initial inter -
action, distribution of nanoparticles in the body of an organism will be a function of both the surface
characteristics of the particles and the surface characteristics of different parts of the body. In addition,
a critical size may exist beyond which the movement of nanoparticles is restricted. Thus, dose–effect
and dose–response studies may need to be stratified according to defined particle characteristics in-
cluding mass, number, size, shape, surface area, crystallinity, and, if known, mechanism of action.

The above factors have not yet been well characterized. There will surely be characteristics of
nanoparticles that will target them to specific organs, tissues, and cells; these remain to be elucidated.
The presence of components such as metals present in nanotubes may determine their health effects. An
increased risk of cardiopulmonary diseases associated with nanoparticle exposure requires special at-
tention, if it is not to become a serious problem. This raises questions about the ethical justification of
experiments that have been carried out with volunteers to study the effects of ultrafine particles and that
have demonstrated harmful effects, even if apparently minor.

Conclusions
Although there may be common risks associated with all exposures to nanoparticles, each type of
nanoparticle must be treated individually for the assessment of health risks. Traditional toxicological
testing is, in general, inappropriate when carrying out risk assessments for nanoparticles. The general
properties of nanoparticles as a group require the design and validation of a set of special toxicity tests
for adequate risk assessment. Nanoparticles designed for drug delivery or as food components should
be given particular attention in this regard.

13. PERSISTENCE

IUPAC definition

persistence
Attribute of a substance that describes the length of time that the substance remains in a particular en-
vironment before it is physically removed or chemically or biologically transformed.

Explanatory comment 

This section will concentrate on substances that have the potential to be either water- or fat-soluble or
may become so as a result of chemical reactions in the environment or of biotransformation by living
organisms. Persistence is also associated with insoluble particulates (usually dusts, e.g., silica, or
fibers, e.g., asbestos) which may have adverse effects following deposition in the lung and inadequate
removal by lung clearance mechanisms. Such particulates may also cause harm following reactions
with the gut and, if small enough (see Section 12), with other organs after absorption into the body. In
nonmammalian organisms, they may interact with gills and body or cell surfaces to produce adverse
effects. They may be phagocytosed with consequences for both prey and predators. They may trap
 nutrients, restricting their bioavailability. They may act as catalysts for reactions which may be bio-
logically harmful or beneficial. To consider these possibilities properly requires a book and is not pos-
sible further here.

Persistence of potentially water- or fat-soluble substances reflects the ability of such substances
to remain in an environment unchanged, or changed to another potentially toxic form, for a long period
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of time, sometimes for many years. The longer a substance persists, the greater the potential for expo-
sure of humans and other organisms, and for bioaccumulation to toxic concentrations. The persistence
of a substance is usually measured or estimated as a half-life in air, water, soil, and/or sediment. The
persistence of a substance in air is important because, once in the atmosphere, it may travel global dis-
tances from its original point of release. Persistence in air is a property of volatile POPs. POPs have
been defined as organic chemicals that are stable in the environment, are liable to long-range transport,
may bioaccumulate in human and animal tissue, and may have significant impacts on both human
health and the environment. Such chemicals are resistant to hydrolysis and to breakdown by the action
of ultraviolet light and oxygen.

It is important to distinguish between persistence in a single medium and overall environmental
persistence. Persistence in an individual medium is controlled by transport of the substance to other
media, as well as by transformation to other chemical species. Together, these factors determine the res-
idence time in the medium. Persistence in the environment as a whole is a distinct concept. The envi-
ronment behaves as a web of interconnected media, and any substance released to the environment will
become distributed in these media in accordance with its intrinsic reactivity and physicochemical prop-
erties.

Multimedia mass balance models are the most convenient means for determining the overall en-
vironmental persistence from information on sources and loadings, chemical properties and transfor-
mation processes, and inter-media partitioning [32]. It is important to note that these models reflect an
equilibrium or steady-state situation within a defined geographic space (which is why these models are
sometimes referred to as box models). On the global scale, an equilibrium situation will never be
reached and a steady-state situation is not likely.

Multimedia mass balance models may be subdivided into three categories on the basis of the level
of complexity addressed:

Level I Predicts the equilibrium distribution of a fixed quantity of conserved chemical, in a closed
environment at equilibrium, with no degrading reactions, no advective processes, and no
inter-media transport processes (e.g., no wet deposition, or sedimentation).

Level II Predicts the result of continuous discharge of a substance at a constant rate into the total en-
vironmental system until steady-state and equilibrium conditions are reached at which the
input and output rates are equal. Loss of the substance is assumed to occur by degradation
reactions and by advection. Inter-media transport processes (e.g., wet deposition, or sedi-
mentation) are not quantified.

Level III Predicts the result of a chemical being continuously discharged at constant rates independ-
ently into each environmental medium such as air, water, and soil, until it achieves a steady
state in which input and output rates are equal. Loss is assumed to be by degradation reac-
tions and advection. Unlike the Level II model, occurrence of equilibria among media is not
assumed and, in general, each medium is at a different fugacity. A mass balance applies not
only to the system as a whole, but also to each compartment. Rates of inter-media transport
are calculated using so-called D values introduced by Donald Mackay [32] to derive ex-
pressions for transport between media (e.g., evaporation) or for transformation (e.g.,
biodegradation). D values are expressed in mol/h Pa and contain information on mass trans-
fer coefficients, areas, deposition and resuspension rates, diffusion rates, and soil runoff
rates. When a substance present in a phase is subject to a number of transport and transfor-
mation processes, each has its own D value and the relative importance of each process is
made clear by the magnitude of the D value (see [32]). Note that, unlike the assumptions in
Level II models, inputs to each medium in Level III models are assumed to occur inde-
pendently. In Level II, only the total input into the whole system is considered.
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An estimate of overall environmental persistence may be obtained using a Level III Mackay fu-
gacity model [32] for a standardized set of environmental conditions in which net advection and sedi-
ment burial are ignored. The purpose of such a model is to provide the user with a measure of overall
environmental persistence based on chemical reactivity only. This may be useful in making decisions
for the purpose of pollution prevention because ultimately, on a global scale, there is no advective re-
moval. If advective loss is included, the residence time is reduced and may give a misleading impres-
sion of a short persistence. Advective losses merely relocate the chemical; they do not destroy it.

It is important to note the difference between residence time and half-life in each environmental
medium when interpreting the overall persistence. The half-life is a measure of how fast a chemical is
eliminated from each environmental medium by chemical transformation or degradation. The residence
time in each medium includes the half-life, but it also takes into account transport into and out of that
medium. The residence time may, therefore, be substantially different from the media-specific half-life
for some chemicals.

Bioaccessibility, bioavailability, bioaccumulation, bioconcentration, and biomagnification
These terms are discussed in other Sections of this document but must be referred to here because of
their central importance in relation to the consequences of persistence of POPs and similar substances.
POPs, if they are bioaccessible, have the physicochemical properties, notably lipid solubility and oc-
tanol/water partition coefficient (see “Absorption” in Part 1 of this explanatory dictionary [1]), required
to be readily bioavailable. The same properties facilitate uptake by living organisms (bioaccumulation
and bioconcentration) and, consequently, biomagnification through food webs, to potentially toxic lev-
els in predators.

Toxicity
Toxicity is a function of the concentration of the chemical and the duration of exposure. Because per-
sistent and bioaccumulative chemicals are long-lasting substances that can build up in the food chain to
high levels, they have a higher potential to express toxicity and to be harmful to humans and the eco -
system.

Media
There are four major environmental compartments in which a chemical may be found: air, water, soil,
and sediment. Air is also referred to as the atmosphere or atmospheric compartment. The atmospheric
compartment includes the area closest to the Earth’s surface (the troposphere) and beyond (the strato-
sphere). Water refers to surface water, and includes oceans, rivers, lakes, and ponds. This definition does
not include aquifers found below the Earth’s surface (groundwater).

Soil refers to the topmost layer (the first few inches) of the Earth’s surface that is not covered by
water. Soil includes all the material near the surface that differs from the underlying rock material.
Sediment is the particulate matter found under surface water. Usually, soil is found to be aerobic (oxy-
genated) and sediment is anaerobic (free of oxygen). However, soil can become anaerobic and sediment
may be aerated following dredging. This can have a profound effect on persistence of substances.

Half-life
Half-life is the length of time it takes for the concentration of a substance to be reduced by one-half rel-
ative to its initial level, assuming first-order decay kinetics. It is a useful approximation to consider
“complete removal” as taking approximately six half-lives, i.e., 1/26 = 1/64 of the amount of substance
remains. This may be quite misleading for highly toxic substances. Laboratory-based half-lives for any
given substance are generally related only to reactivity in a given defined medium under one or a few
sets of defined conditions. Laboratory studies may also fail to replicate the microbial potential for
biodegradation of an environment at risk.
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Percentage in each medium
Once a substance is released into the environment, it may move from one environmental compartment
to another. For example, volatile substances deposited on land will move into the air. Some substances
such as DDT11 or dichlorodiphenyldichloroethylene12 (DDE) enter the air as vapor in hot climates and
then condense in the cold air of the Arctic and Antarctic, or in the snow at the top of high mountains.
Water-soluble substances will end up in rivers and the sea. The expected distribution of a substance in
air, water, soil, and sediment is expressed as the estimated percentage in each medium relative to the
total amount in the environment. The amount in each medium at steady state may be calculated using
the Mackay fugacity models available freely from the web site of the Canadian Environmental
Modeling Centre [33].

14. PHARMACOGENETICS AND TOXICOGENETICS

IUPAC definitions

pharmacogenetics
Study of the influence of hereditary factors on the effects of drugs on individual organisms.

After [3]

toxicogenetics 
Study of the influence of hereditary factors on the effects of potentially toxic substances on individual
organisms.

Explanatory comment 

The term “pharmacogenetics” acknowledges the role of genetic factors in pharmacology, especially in
drug metabolism. In the 1950s, it was recognized that certain individuals (about 1 in 3500 Caucasians)
had an impaired ability to hydrolyze the muscle relaxant succinylcholine, leading to prolonged muscle
paralysis after anesthesia. This was shown to be due to a genetic variant of the phase I enzyme, bu-
tyrylcholinesterase, and thus was pharmacogenetics born. Other examples soon followed. One of the
best-known examples of genetic diversity of drug metabolism is variation in isoforms of the phase II
enzyme N-acetyltransferase that affects the rate at which certain drugs such as hydralazine13, isoni-
azid14, and procainamide15 are acetylated. Based on differences in the half-lives of these drugs, the pop-
ulation is divided into “slow acetylators” and “fast acetylators”. Another example is provided by thio -
purine methyltransferase, which metabolizes 6-mercaptopurine [6-sulfanylpurine]16 and
azathioprine17, drugs used in treating leukemia. In thiopurine methyltransferase deficiency, metabolism
by alternative pathways produces a metabolite that is toxic to the bone marrow and potentially leads to
bone marrow suppression. In most affected people, this deficiency results from one of three variant al-
leles. One in 300 people have two variant alleles and need only 6–10 % of the standard dose of the drug.
They are at risk of developing severe bone marrow suppression.

The cytochrome P450 enzymes are an extremely important group in phase I metabolism, and their
genetics have been widely studied. One of the best examples is CYP2D6. Many drugs as diverse as
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11IUPAC name: 1-chloro-4-[2,2,2-trichloro-1-(4-chlorophenyl)ethyl]benzene
12IUPAC name: 1-chloro-4-[2,2-dichloro-1-(4-chlorophenyl)ethenyl]benzene
13IUPAC name: 1-hydrazinophthalazine
14IUPAC name: pyridine-4-carbohydrazide
15IUPAC name: 4-amino-N-[2-(diethylamino)ethyl]benzamide
16IUPAC name: 1,7-dihydro-6H-purine-6-thione
17IUPAC name: 6-[(1-methyl-4-nitro-1H-imidazol-5-yl)sulfanyl]-7H-purine



codeine18, metoprolol19, and dextromethorphan20 are metabolized by CYP2D6. Five to ten percent of
Caucasians show decreased metabolism of the antihypertensive debrisoquin, with increased ratios of
parent drug to 4-hydroxydebrisoquin in the urine as a consequence of genetic variation in the CYP2D6
gene that leads to a less active or inactive cytochrome. They have an exaggerated response to debriso-
quin21, resulting in hypotension. Bearing in mind the large number of drugs metabolized by CYP2D6,
such patients are classed as “poor metabolizers”. On the other hand, some people have multiple copies
of the CYP2D6 gene. They have an inadequate response to standard doses of drugs metabolized by
CYP2D6, and are termed “extensive metabolizers”. Relatively infrequent in Northern Europe, the oc-
currence of multiple copies of the CYP2D6 gene is as high as 29 % in East African populations.

Allelic variants are now known that affect virtually all classes of drugs. These not only affect me-
tabolizing enzymes, but drug targets, and transporters that determine absorption, distribution, and ex-
cretion of drugs. Single nucleotide polymorphisms (SNPs) are defined as allelic variants with a fre-
quency of greater than 1 %. There are approximately 10 million SNPs in the human genome.
Association studies linking genotype with drug–response phenotype are now being considered on a
broad scale. Drug efficacy is, of course, affected by metabolism, and it is hoped that by understanding
individual differences in metabolic profiles, therapy can be targeted more effectively to the individual.
Adverse and idiosyncratic drug reactions, too, often result from genetic variation in drug metabolism.

Extending the discussion beyond drugs, the toxicity of any substance often depends on its dispo-
sition and metabolism, and hence on genetic variations in the responsible carriers, transporters, and en-
zymes. In the past, occupational exposure to benzidine occurred, and slow acetylators were at greater
risk of developing benzidine-related cancer of the bladder. Polymorphisms in CYP1A1 (aromatic
hydro carbon hydroxylase) are associated with variable risk of cancer caused by polyaromatic hydro-
carbons. The glutathione-S-transferase allele GSTM1 has been associated with lung cancer, e.g., in ex-
posure to cigarette smoke, and skin cancer caused by arsenic in drinking water. NAT1 and NAT2 alle-
les of N-acetyltransferase are involved in metabolizing aromatic and heterocyclic aromatic amines, and
have been associated with lung cancer in smokers and also colorectal cancer.

The terms “pharmacogenomics” and “toxicogenomics” refer to the study of the genome as it re-
lates to pharmacology and toxicology. That is, they refer to the application of the science of genomics
to understanding differences in toxicity and drug metabolism. It is noted, however, that in common
usage a clear distinction between, for example, toxicogenetics and toxicogenomics is not always made.
Apart from understanding individual susceptibilities, the techniques of toxicogenomics promise new
mechanistic insights into mechanisms of toxicity. Using microarrays to study gene expression at the
RNA level can reveal early changes that precede clinical or gross histopathological changes. This in turn
could lead to the development of early biomarkers of toxic injury. With more prolonged exposure, adap-
tive changes may be expected in clusters of genes that represent signatures characteristic of certain path-
ways of toxicity. An interesting newer application of toxicogenomics is to assessing validity of extrap-
olation from test organisms to humans. The genomic sequences of humans and, for example, mice are
compared and conserved regions identified. These are used to construct microarrays of orthologous*
genes for the two species. Measurement of gene expression against these microarrays in both species
following exposure to a toxic substance allows assessment of conserved toxicological end-points at a
molecular level.

M. NORDBERG et al.

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 3, pp. 679–751, 2010

726

18IUPAC name: 3-methoxy-17-methyl-7,8-didehydro-4,5α-epoxymorphinan-6α-ol
19IUPAC name: 3-[4-(2-methoxyethyl)phenoxy]-1-(propan-2-ylamino)propan-2-ol
20IUPAC name: 3-methoxy-17-methylmorphinan
21IUPAC name: 3,4-dihydroisoquinoline-2(1H)-carboximidamide
*“Orthologous” is a term applied to genes (in different genomes) that are derived from a common ancestral sequence
(homologous) by phylogenetic descent. It may also be applied to proteins or other gene products encoded by such genes. A
closely related term is “paralogous”, which is applied to genes or nucleotide sequences within a single genome that arose from a
single ancestral sequence by duplication and subsequently evolved independently. Again, this term may be applied to proteins or
other gene products encoded by such a gene, or by the same gene in different individuals



Finally, it will be realized that there are ethical issues in determining individual differences in sus-
ceptibility to toxic substances. For example, if an individual had an increased susceptibility to a toxic
effect from an exposure likely to occur in a particular workplace, the employer might decide to limit
employment, independently of the worker’s acceptance of the risk.

15. REPRODUCTIVE TOXICITY

IUPAC definitions

reproductive toxicant
Substance or preparation that produces non-heritable adverse effects on male and female reproductive
function or capacity and on resultant progeny.

reproductive toxicity
Ability of a physical, chemical, or biological agent to induce adverse effects in the reproductive system.

reproductive toxicology
Study of the non-heritable adverse effects of substances on male and female reproductive function or
capacity and on resultant progeny.

Explanatory comment (See also Sections 7 and 18)

For purposes of classifying toxicities, the known induction of genetically based heritable effects in the
offspring is considered under the heading of “Mutagenicity” (see Section 11) since it is generally con-
sidered appropriate to include such effects under the separate hazard class of germ-cell mutagenicity.
This leaves the classification of reproductive toxicity to cover two groups of effects as in the Globally
Harmonized System of Classification and Labelling of Chemicals (GHS) [34] and as proposed as work-
ing definitions in IPCS/EHC Document No. 225, Principles for Evaluating Health Risks to
Reproduction Associated with Exposure to Chemicals [35]. The groups of effects covered are

1. adverse effects on sexual function and fertility and
2. adverse effects on development of the offspring.

Adverse effects on sexual function and fertility may include, but not be limited to, alterations to
the female and male reproductive system, adverse effects on onset of puberty, gamete production and
transport, reproductive cycle normality, sexual behavior, fertility, parturition, pregnancy outcomes, pre-
mature reproductive senescence, or modifications in other functions that are dependent on the integrity
of the reproductive systems. Adverse effects on development, taken in the widest sense, includes any
effect which interferes with normal development of the conceptus, either before or after birth, and re-
sulting from exposure of either parent prior to conception, or exposure of the developing offspring dur-
ing prenatal development, or postnatally, up to the time of sexual maturation. However, classification
under the heading of developmental toxicity is primarily intended to provide a hazard warning for preg-
nant women and for men and women of reproductive capacity. Thus, for regulatory classification, de-
velopmental toxicity means adverse effects induced during pregnancy, or as a result of parental expo-
sure. The major manifestations of developmental toxicity include (a) death of the developing organism,
(b) structural abnormality, (c) altered growth, and (d) functional deficiency.

Some reproductive toxic effects cannot be clearly assigned to either impairment of sexual func-
tion and fertility or to developmental toxicity. Nevertheless, substances with these effects would still be
classified as reproductive toxicants. Adverse effects on or via lactation are also included in reproduc-
tive toxicity, but for regulatory classification, such effects are treated separately. This is because it is de-
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sirable to be able to classify chemicals specifically for an adverse effect on lactation so that a specific
hazard warning about this effect can be provided for lactating mothers.

Thus, from the above considerations, reproductive toxicants are classified into categories as fol-
lows:

CATEGORY 1: Known or presumed human reproductive toxicant. This category includes sub-
stances that are known to have produced an adverse effect on sexual function and
fertility or on development in humans or for which there is evidence from animal
studies, possibly supplemented with other information, to provide a strong pre-
sumption that the substance has the capacity to interfere with reproduction in hu-
mans. For regulatory purposes, a substance can be further distinguished on the
basis of whether the evidence for classification is primarily from human data
(Category 1A) or from animal data (Category 1B).

CATEGORY 1A: Known human reproductive toxicant. Placing a substance in this category is
based largely on evidence from humans.

CATEGORY 1B: Presumed human reproductive toxicant. The placing of the substance in this cat-
egory is based largely on evidence from experimental animals. Data from animal
studies should provide clear evidence of an adverse effect on sexual function and
fertility or on development in the absence of other toxic effects, or, if occurring
together with other toxic effects, the adverse effect on reproduction is considered
not to be a secondary nonspecific consequence of these other toxic effects.
However, when there is mechanistic information that raises doubt about the rel-
evance of the effect for humans, classification in Category 2 may be more ap-
propriate.

CATEGORY 2: Suspected human reproductive toxicant. This category includes substances for
which there is some evidence from humans or experimental animals, possibly
supplemented with other information, of an adverse effect on sexual function and
fertility or on development, in the absence of other toxic effects, or, if occurring
together with other toxic effects, the adverse effect on reproduction is considered
not to be a secondary nonspecific consequence of the other toxic effects, and
where the evidence is not sufficiently convincing to place the substance in
Category 1. For instance, deficiencies in the study may make the quality of evi-
dence less convincing, and, in view of this, Category 2 could be the more appro-
priate classification.

Effects on or through lactation
Effects on or through lactation are a separate toxicity classification. Substances that are absorbed by
women and have been shown to interfere with lactation, or that may be present (including metabolites)
in breast milk in amounts sufficient to cause concern for the health of a breastfed child, may be classi-
fied to indicate this. Classification can be assigned on the basis of the following:

• absorption, metabolism, distribution, and excretion studies that would indicate the likelihood the
substance would be present in potentially toxic levels in breast milk; and/or

• results of one or two generation studies in animals which provide clear evidence of adverse effect
in the offspring due to transfer in the milk or adverse effect on the quality of the milk; and/or

• human evidence indicating a hazard to babies during the lactation period.

Interpreting the available data on reproductive toxicity
Classification as a reproductive or developmental toxicant should be used for chemicals which have an
intrinsic, specific property to produce an adverse effect on reproduction or development, and not if such
an effect is produced solely as a nonspecific secondary consequence of other toxic effects. In assessing
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toxic effects on developing offspring, it is important to consider the possible influence of maternal tox-
icity.

For human evidence to justify Category 1A classification, there must be reliable evidence of an
adverse effect on reproduction in humans. Evidence used for classification should be from well-con-
ducted epidemiological studies which include the use of appropriate controls, balanced assessment, and
due consideration of bias or confounding factors. Less rigorous data from studies in humans should be
supplemented with adequate data from studies in experimental animals and classification in Category
1B should be considered.

In some reproductive toxicity studies on experimental animals, the only effects recorded may be
considered to be of low or minimal toxicological significance and classification may not be justified.
These include, e.g., small changes in semen parameters or in the incidence of spontaneous defects in
the fetus, small changes in the proportions of common fetal variants such as are observed in skeletal ex-
aminations or in fetal weights, and small differences in postnatal developmental assessments.

Data from animal studies should provide clear evidence of specific reproductive toxicity in the
absence of other, systemic, toxic effects. However, if developmental toxicity occurs together with other
toxic effects in the dam, the potential influence of the generalized adverse effects should be assessed.
The preferred approach is to consider adverse effects in the embryo or fetus first, and then to evaluate
maternal toxicity, along with any other factors, which are likely to influence these effects.
Developmental effects that are observed at maternally toxic doses should not be automatically dis-
counted. Discounting developmental effects that are observed at maternally toxic doses can only be
done on a case-by-case basis once a causal relationship is established or disproved.

If appropriate information is available, it is important to try to determine whether developmental
toxicity is due to a specific maternally mediated mechanism or to a nonspecific secondary mechanism,
such as maternal stress and the disruption of homeostasis. Generally, the presence of maternal toxicity
should not be used to negate findings of embryo or fetal effects, unless it can be clearly demonstrated
that the effects are secondary nonspecific effects. This is especially the case when the effects in the off-
spring are significant, e.g., irreversible effects such as structural malformations. In some situations, it is
reasonable to assume that reproductive toxicity is due to a secondary consequence of maternal toxicity
and discount the effects, e.g., if the chemical is so toxic that dams fail to thrive, they are incapable of
nursing pups, or they are prostrate or dying.

Fertility
Fertility includes aspects of spermatogenesis and oogenesis. Fecundity, fertility, and “sperm quality”
are distinct parameters that are not equivalent and are frequently confused. Sperm count and sperm
quality do not necessarily predict whether conception will take place for a given couple. A “fertile cou-
ple” has conceived at least one child. Fecundity is the ability of a couple to conceive a child and is often
evaluated by the time necessary to achieve pregnancy [time to pregnancy (TTP)].

Infertility may be thought of as a negative outcome. A couple that is infertile is unable to have
children within a specific time frame. Therefore, the epidemiological measurement of reduced fertility
or fecundity is indirect and is accomplished by comparing birth rates or time intervals between births
or pregnancies. This may be done by several methods, including the standardized birth ratio (SBR; also
referred to as the standardized fertility ratio) and the TTP. In these evaluations, the couple’s joint abil-
ity to produce children is estimated. The SBR compares the number of births observed with those ex-
pected based on the person-years of observation, preferably stratified by factors such as time period,
age, race, marital status, parity, and contraceptive use. The SBR is analogous to the standardized mor-
tality ratio, a measure frequently used in studies of occupational cohorts, and has similar limitations in
interpretation. The SBR is obviously less sensitive in identifying an effect than semen analyses.

“Time to pregnancy” is also a useful tool and has clearly demonstrated a difference in fecundity
among smokers and nonsmokers. Analysis of the time between recognized pregnancies or live births is

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 3, pp. 679–751, 2010

Explanatory dictionary of key terms in toxicology 729



a more recent approach to indirect measurement of fertility. Because the time between births increases
with increasing parity, comparisons within birth order (parity) are more appropriate.

A specific effect that may reduce fertility is damage to sperm chromatin. This is assessed by the
sperm chromatin structure assay (SCSA), first described by Evenson et al. (1980) [36]. SCSA is a flow
cytometric technique which identifies the spermatozoa with abnormal chromatin packaging, defined by
susceptibility to acid denaturation in situ. Acridine orange staining is used, after a low pH challenge, to
distinguish between denatured (red fluorescence = single-stranded) and native (green fluorescence =
double-stranded) DNA regions in sperm chromatin, the former being a result of DNA breaks and/or of
changes in protamine quantity and composition and/or of an insufficient level of disulfide groups. The
level of DNA breaks is conveniently expressed by the DNA fragmentation index (DFI), which is the
ratio of red to total (red plus green) fluorescence intensities in the flow cytometric analysis. In two in-
dependent studies, DFI levels >30 ± 12 were incompatible with fertility in vivo of otherwise normal
sperm.

In reproductive toxicology, it is important to be aware of factors such as the genotype of the fetus
and possible interactions between genes and the environment. Most knowledge is based on animal data
from laboratory animals. The differences in reproductive toxicity between species are exemplified by
the consequences of exposure to the drug thalidomide22. Humans and monkeys are very sensitive to the
effects of thalidomide while mice and rats are not. Thus, tests on mice and rats indicated that thalido-
mide had low toxicity and failed to identify its toxic effects on the fetus. The ability to cause gross struc-
tural (anatomical) malformations in the developing embryo or fetus exemplified by the effects of
thalidomide is called teratogenicity. Teratogenicity is discussed in Section 18.

By the time metabolic pathways and excretion are fully developed in the newborn, the probabil-
ity of adverse effects may decrease for some toxicants and increase for others. The kidney does not have
full function before delivery and is not fully functional during the immediate postnatal period. This
leads to limited excretion of potential toxicants via the urine. Metabolism and excretion of some po-
tentially toxic substances like caffeine23, for example, is very limited in the fetus. An example of the
consequences of deficient metabolism in the fetus is the gray baby syndrome seen in newborn infants.
In 1959, this syndrome was reported in association with the use of the antibiotic chloramphenicol24.
Infants developed abdominal distension, vomiting, cyanosis, cardiovascular collapse, irregular respira-
tion, and subsequent death shortly after therapy with chloramphenicol was started. Pharmacokinetic
studies in the neonate showed accumulation of chloramphenicol in plasma due to poor drug metabo-
lism. In other cases, when bioactivation of xenobiotics can take place to form active metabolites, toxi-
city may also be increased.

It is very important to be aware of differences between individuals and between species. Studies
combining molecular biology with classical epidemiological approaches have demonstrated the exis-
tence of allelic variants for developmentally important genes that may enhance the susceptibility of the
embryo. For example, the association between heavy maternal cigarette smoking (>10 cigarettes/day)
and cleft lip and/or palate in the offspring is marginally significant until an allelic variant for tumor
growth factor (TGF) is considered. The combination of smoking and the uncommon variant for the gene
raises the odds ratio to a highly significant level. With regard to species variation, endocrine disruption
and subsequent reproductive toxicity have been identified as an effect of environmental chemicals, such
as DDT and PCBs, that can cause feminizing effects in the population (see Section 7).

Historically, reproductive toxicity in relation to development has concentrated on the effects of
exposure of females. However, it is now clear that exposure of males to certain agents can adversely af-
fect their offspring and cause infertility and cancer. The hazards associated with exposure to ionizing
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22IUPAC name: 3,4-dihydroisoquinoline-2(1H)-carboximidamide
23IUPAC name: 1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione
24IUPAC name: 2,2-dichloro-N-[(1R,2R)-2-hydroxy-1-(hydroxymethyl)-2-(4-nitrophenyl)ethyl]acetamide



radiation have been recognized for nearly a century, and there is evidence for harmful effects of pater-
nal exposure from X-ray studies in mice, resulting in heritable tumors. In humans, smoking fathers ap-
pear to give rise to tumors in the F1 generation, i.e., the first filial generation produced by two parents.
Cyclophosphamide25, buta-1,3-diene, and urethane26 have been tested in rodents and, after exposure of
males only, each compound produced an adverse effect in F1 male offspring.

In order to protect the public from the harmful effects of reproductive toxicants, labeling must in-
clude appropriate warnings. Directives have already been published by the European Union covering
about 70 CMR (carcinogenic, mutagenic, and reprotoxic) substances. Recent changes to the cosmetics
laws in some countries have banned the use of CMR substances in cosmetics. There is continuing revi-
sion of CMR classification because of the international movement, promoted by the United Nations, to-
wards a GHS [34].

16. RISK ASSESSMENT, RISK MANAGEMENT, AND SAFETY

IUPAC definitions

risk assessment
Identification and quantification of the risk resulting from a specific use or occurrence of a chemical or
physical agent, taking into account possible harmful effects on individuals or populations exposed to
the agent in the amount and manner proposed and all the possible routes of exposure.

Note: Quantification ideally requires the establishment of dose–effect and dose–response re-
lationships in likely target individuals and populations.

risk assessment management process
Global term for the whole process from hazard identification to risk management.

risk management
Decision-making process involving considerations of political, social, economic, and engineering fac-
tors with relevant risk assessments relating to a potential hazard so as to develop, analyze, and compare
regulatory options and to select the optimal regulatory response for safety from that hazard.

Note: Essentially risk management is the combination of three steps: risk evaluation; emission
and exposure control; risk monitoring.

safety
Reciprocal of risk: practical certainty that injury will not result from a hazard under defined conditions.

Note 1: Safety of a drug or other substance in the context of human health: the extent to which
a substance may be used in the amount necessary for the intended therapeutic purpose
with a minimum risk of adverse health effects.

Note 2: Safety (toxicological): The high probability that injury will not result from exposure to
a substance under defined conditions of quantity and manner of use, ideally controlled
to minimize exposure.
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Explanatory comment

Risk assessment, risk management, and risk communication, combined as a process for controlling sit-
uations where an organism, system or subpopulation could be exposed to a hazard, has been defined as
“risk analysis” by the International Programme on Chemical Safety (IPCS) and the Organization for
Economic Cooperation and Development (OECD) [37], following the precedent of the Joint Expert
Committee on Food Additives (JECFA) of the World Health Organization (WHO). This use of the term
“analysis” must be deprecated as the process is actually one of integration and not analysis. By con-
ventional usage, “analysis” refers to “the resolution or breaking up of anything complex into its various
simple elements”, as defined in the current Oxford English Dictionary [38]. There is no precedent for
the perverse usage in the OECD/JECFA definition, which tends to confuse rather than to clarify
thought.

The concept of risk has already been discussed in Part 1 of this explanatory dictionary [1]. Here
the concern is with the provision of safety, i.e., the reduction of risk to an acceptable level.
“Acceptability” of risk varies from person to person and is, therefore, subjective, but risk assessment,
as defined, should be objective. Thereafter, risk management should aim to reduce risk to levels ac-
ceptable to those at risk. This raises issues of risk communication which are outside the remit of this
explanatory dictionary since they involve consideration of public relations and the related psychologi-
cal issues which vary as much as the groups at risk. Each group at risk has a different perception of risk,
often dependent upon deeply rooted fundamental ideas, which are not open to debate, and must be ac-
commodated for effective communication of risk and how it can be minimized.

Since all substances are toxic at a high enough dose, there is none for which one can guarantee
absolute chemical safety, i.e., no risk of harm. Thus, the aim of chemical safety management is to re-
duce the risk associated with defined chemical processes to an acceptable minimum. This requires con-
sideration of intrinsic hazard and the probability of exposure at a level that may be high enough to cause
harm under defined conditions; in other words, risk assessment. Risk assessment is followed by man-
agement of the risk situation to minimize risk and therefore to optimize safety.

Risk to be considered for risk management purposes should include known quantifiable risks;
known, but not quantifiable risks (which may be identifiable by testing); and unknown risks (which are
identifiable only once the chemical is in use, i.e., through risk monitoring). Risk monitoring is an es-
sential part of risk management. An example of risk monitoring is pharmacovigilance, another is ob-
servational environmental monitoring.

Risk assessment
There are four steps in risk assessment:

1. Hazard identification. Identify agents responsible for potential harmful effects, collect informa-
tion on their physicochemical and harmful properties, on the group(s) of people or other living
organisms liable to exposure, and on the exposure circumstances (e.g., environmental conditions);

2. Risk characterization. Identify potential effects of possible exposures and quantify dose–effect
and dose–response relationships;

3. Exposure assessment. Quantify exposure, by measurement or biological monitoring if it is already
occurring or by predictive modeling if it is not;

4. Risk estimation. Quantify risk in the exposed group, making clear any assumptions involved.
Ideally, this should give a statistically based measure of probability of harm to the defined group
under the defined circumstances. Often this is not possible and a risk quotient is calculated which
is related to probability of harm but only as a rough approximation.

Risk management
Following risk assessment, risk management is the process of deciding how to reduce to a practicable
minimum the risk assessed. Again, various stages have been defined for this process:
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1. Risk evaluation. Comparison of risks resulting from different actions and their probable conse-
quences. This includes comparison of costs and benefits. These comparisons are used to decide
what might be an acceptable risk level, bearing in mind any irreducible level of risk that may al-
ready exist;

2. Exposure control. Actions required to keep exposure below the level associated with unaccept-
able risk. Normally, this will be an exposure level that causes no risk, but for mutagens and car-
cinogens a risk of 1 in a million is generally regarded as acceptable.

3. Risk monitoring. Observation, assessment, measurement to determine how effective the actions
taken to control exposure have been. This may include biomonitoring;

4. Risk management evaluation and improved exposure control. There is always an element of risk
associated with failure of control for which accident (emergency) planning should be in place. If
previous actions have not been as effective as expected, further actions must be taken to reduce
exposure. Then stage 3 is repeated and so on until exposure control, and thus safety, is acceptable.
Risk management is concerned with the consequences of risk evaluation. If risks are evaluated as
broadly acceptable, no further management action may be needed. However, management may be
required to reduce tolerable risks to a level at which they are broadly acceptable. Even if it is not
possible to do this, risks should always be reduced as far as is reasonably practicable.

Risk management is a combination of prevention (or minimization) of exposure to a potentially
harmful amount or concentration of a chemical and prevention (or minimization) of any consequences
(ill health and/or pollution). These objectives are often achieved by one or more of the following ap-
proaches:

• Substitution [favored in the European Risk Evaluation, Authorization and Restriction of
CHemicals (REACH) Regulation]. Substitution of a substance by a less hazardous alternative or
use of an alternative, less risky process, would seem to be an obvious way to reduce risk, but such
a change may reduce one risk at the cost of increasing another. For example, chlorofluorocarbons,
which attack the ozone layer but are of low toxicity to humans, were replaced as a refrigerant by
ammonia that is highly toxic to humans and has injured people following accidental releases.
DDT, which is of low toxicity to humans but poisons birds of prey after biomagnification, was re-
placed as an insecticide by organophosphates, which are highly toxic to humans. Now, DDT is
being used again, with more care than before, since it is the most effective insecticide against
Anopheles mosquitoes which were spreading malaria, killing millions of people. Fire retardants
with a potential for human toxicity may be substituted by less-effective fire retardants because of
fears of human toxicity, and this may result in more fires, with accompanying mortality. These
are a few examples of problems in substituting one substance by another that is apparently less
hazardous. Perhaps the biggest problem in looking for a substitute for a given substance is that
substances for which toxicity data are not fully available will always appear to be safer than those
that have been thoroughly investigated. Often, assurance that there is “no evidence of toxicity”
simply means that available data are minimal and approximate to “no evidence” at all on which
to make an informed judgment. It should be remembered that “absence of evidence” is not “evi-
dence of absence”;

• Change of process. Changing the process may prevent or reduce exposure and/or minimize emis-
sions. Change may involve improving process containment or improving ventilation, and/or sec-
ondary containment, e.g., collecting a substance before it is vented or discharged, perhaps by
means of suitable filters, followed by reclamation and/or recycling. In some circumstances, dilu-
tion may permit hazardous waste material to be safely discharged to an appropriate receiving en-
vironment where it can be degraded without harm;

• Use of personal protective equipment. This is the least favored approach to reducing risk. Ideally,
any exposure occurring during the use of a substance should be lower than that which can harm
humans or their environment. Any process that requires wearing protective equipment, clothing,
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gloves, or footwear is intrinsically of high risk. Care must always be taken to ensure that the
equipment, clothing, etc., are appropriate and functioning properly.

As a general principle, substitution is preferred to change of process, which is preferred to use of
protective equipment. Measurements of concentrations of substances in the immediate environment,
where the chemical is used, and health and ecological monitoring are necessary to ensure that controls
are adequate. Biomonitoring (see above) may also be used, but invasive biomonitoring is generally not
welcomed by people, and may itself cause undue stress to workers. 

Risk management must include measures to ensure safety (and pollution) awareness among those
at risk, especially members of the general public. Such awareness is dependent on public perceptions,
as already mentioned. There are prejudices to be overcome, e.g., that manmade chemicals are more
toxic than those that occur naturally, or that one cannot have too much of a substance that is essential
to health, such as a vitamin or even water. Perhaps the greatest prejudice is that hazardous substances
should be avoided on the basis of the “precautionary principle”. Since every substance is hazardous at
some exposure level, this prejudice is, in essence, suicidal. Thus, risk management demands public ed-
ucation to ensure that every person at risk understands the rationale of regulatory requirements and thus
implements them in an appropriate manner.

17. SPECIATION: CHEMICAL AND BIOLOGICAL

IUPAC definitions

speciation (in chemistry)
Distribution of an element among defined chemical species in a system.

speciation (in biology)
1. Systematic classification of groups of organisms of common ancestry that are able to reproduce

only among themselves, and that are usually geographically distinct.
2. Segregation of living organisms into groups that are able to reproduce only among themselves,

and that are usually geographically distinct.

species (in biology)
In biological systematics, group of organisms of common ancestry that are able to reproduce only
among themselves, and that are usually geographically distinct.

species (in chemistry)
Specific form of an element defined as to isotopic composition, electronic or oxidation state, and/or
complex or molecular structure.

Explanatory comment 

Speciation has two distinct meanings, one in chemistry [39] and one in biology. Chemists speak of dis-
tinct species of an element referring to different chemical forms, whereas biologists use the term as de-
rived from species as genetically distinct but closely related organisms. IUPAC has provided a defini-
tion of chemical species, and also recognizes the meaning of species in biology.

A. Speciation in chemistry
The terms “species” and “speciation” have become widely used in the chemical and toxicological liter-
ature, and it is now well established that the occurrence of an element in different compounds and forms
is crucial to understanding the environmental and occupational toxicity of that element. A number of
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definitions of chemical speciation can be found in the literature. In the past, the term “speciation” has
been used to refer to “reaction specificity” (rarely); in geochemistry and environmental chemistry, to
changes taking place during natural cycles of an element (species transformation); to the analytical ac-
tivity of measuring the distribution of an element among species in a sample (speciation analysis); and
to the distribution itself of an element among different species in a sample (species distribution). After
a series of International Symposia on Speciation of Elements in Toxicology and in Environmental and
Biological Sciences, the organizers formulated the definition “Speciation is the occurrence of an ele-
ment in separate, identifiable forms (i.e., chemical, physical, or morphological state)”. The aim was to
include determinants of reactivity, and produced a definition that goes well beyond speciation in a
chemical sense and would include different phases of a pure substance, and even different-sized parti-
cles of a single compound. This selection of definitions illustrates the circularity in defining a species
in terms of an entity, form, or compound and indicates the lack of prior consensus in use of the term
“speciation”. To attempt to harmonize the field and offer at least partial solutions to the ambiguities
present in some of the earlier definitions, IUPAC formulated and adopted the definitions cited above.

Fundamental to these concepts is the meaning of the term (chemical) “species”. A chemical
species is a specific form of an element that can be defined as distinct on several levels. Thus, at the
lowest level, two distinct species may differ only in their isotopic composition. In terms of human health
and risk assessment, though, some structural aspects of speciation are more important than others. For
instance, of much greater importance in toxicology than isotopic composition are differences in elec-
tronic or oxidation state. Also critical for understanding toxicity are differences in the molecular struc-
tures and complexes in which the element participates. Macromolecular species are excluded from the
definition unless a macromolecular ligand is specifically defined. For example, a metal ion bound to
two isoforms of a protein with defined amino acid sequences could be considered two species, but an
ion bound to a polyelectrolyte such as humic acid or heparin would not be defined in terms of multiple
species, representing individual molecules in the heterogeneous and polydisperse population. In this
case, it is advisable to refer to a fraction. “Fractionation” can be defined as the process of classification
of an element according to physical (e.g., size, solubility) or chemical (e.g., bonding, reactivity) prop-
erties. In this context, “speciation” is defined as the distribution of an element among defined chemical
“species” in a system, and “speciation analysis” is the analytical activity of identifying and/or measur-
ing the quantities of one or more individual chemical species in a sample.

Some examples of the importance to toxicology of speciation at the level of oxidation state, in-
organic and organic complex formation, and organometallic compounds are illustrative. The greatly dif-
fering toxicities of CrIII (nontoxic at usual exposures in the cation [Cr(H2O)6OH]2+) and CrVI in chro-
mate [tetraoxidochromate(4–)] (CrVIO4)2– (a carcinogen) result because the anion (CrVIO4)2– is taken
up more readily by cells through anion transporters, and subsequently CrVI releases electrons during its
intracellular reduction to CrIII. On the other hand, AsIII in arsenite [trioxidoarsenate(3–)] is more toxic
than AsV in arsenate [tetraoxidoarsenate(3–)], in part due to its greater ability to bind thiols in the lower
oxidation state. Oxidation of Hg0 vapor to Hg2+ by intracellular enzymes (e.g., in erythrocytes, neu-
rons) causes the mercury(2+) ion to become trapped in cells. Compounds of FeII and FeIII differ in their
solubilities and have distinct transporter systems to get in and out of cells. Good examples of the im-
portance of inorganic complexation are the various nickel compounds, which differ greatly in their car-
cinogenicity. For example, Ni3S2 is a potent carcinogen in rats, but amorphous NiS is not. Nickel salts
are immune sensitizers, and the species of nickel can affect the physical form and thus the route of ef-
fective bioavailability. For example, nickel tetracarbonyl is a gas that is readily inhaled and absorbed
from the lungs. Complexation of metals with organic ligands can affect their availability for cell uptake
and for excretion from the body. Organometallic compounds in general are lipophilic, and one conse-
quence of this is an ability to penetrate the blood–brain barrier. Thus, whereas HgII salts are peripheral
neurotoxicants, alkylmercurials are potent central nervous system (CNS) toxicants, as are many other
alkylmetallics such as those of lead and tin.

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 3, pp. 679–751, 2010

Explanatory dictionary of key terms in toxicology 735



Strictly speaking, whenever an element is present in different states according to isotopic com-
position, electronic or oxidation state, and/or complex or molecular structure, it must be regarded as oc-
curring in different species. In practice, however, usage will depend on the relevance of the species dif-
ferences for our understanding of the system under study. One would not generally describe a living
organism or define an organic reaction mechanism by carbon speciation. Nevertheless, a pair of
stereoisomers are certainly distinct species, with different biochemical properties [e.g., only (S)-amino
acids and (R)-sugars are used by living organisms], and if each formed a chelation complex with a metal
ion, these would be referred to as distinct species of the metal. Further, while the definition of species
is general, in practice it is used mainly in the context of metallic and metalloid elements. Usage of spe-
ciation terminology also depends on our ability to distinguish the various species analytically. This
practical analytical consideration governs whether different species should be grouped together or
measured separately. Separate measurement implies minimum lifetimes and thermodynamic stabilities
to allow detection, the values of which will change with developments in instrumentation.

B. Speciation in biology
In the taxonomic subdivision of organisms, species is the lowest level of distinction. It is an uncapital-
ized subdivision of genus, and refers to organisms that are so closely related genetically that they suc-
cessfully breed among themselves and generally not with other species; thus, they carry on the genetic
lineage. As the definition underscores, this close genetic similarity arises from common ancestry.
Geographic isolation allows for the development of distinct species that subsequently become unable to
interbreed with others. Indeed, the variety of unique species Charles Darwin encountered on his voyage
to the geographically isolated Galapagos Islands was fundamental to the development of evolutionary
theory.

Speciation, then, refers to the processes by which new species arise through evolution. While
these now include deliberate laboratory manipulations and interventions such as animal husbandry and
genetic modification of crops, natural speciation is worthy of discussion. There are generally consid-
ered to be four mechanisms of natural speciation, defined according to the degree and nature of geo-
graphic separation of the population undergoing speciation (the “speciating population”): these are al-
lopatric, peripatric, parapatric, and sympatric.

1. Allopatric speciation occurs when a large population has been isolated by geographic barriers. If
the barriers break down, allopatric species are found to have evolved so as to be unable to inter-
breed with other populations of what was originally the same species. They then constitute a new
species.

2. Parapatric speciation refers to the evolution of two divergent species when geographic isolation
is incomplete, there is some contact, but genetic separation still occurs because the heterozygote
is not favored by the prevailing environmental conditions.

3. Peripatric speciation occurs when small populations are isolated for various idiosyncratic reasons
and stop breeding with the main population. They evolve in niches.

4. Sympatric speciation allows for species divergence without geographic separation. For example,
groups of insects may start to feed on two different plant species growing in the same location,
and eventually the different feeding groups become genetically distinct. A subtlety here is when
different groups or races coexist but exploit different niches for behavioral reasons. This has been
referred to as “heteropatric speciation”.

Two other terms should be mentioned. “Cladagenesis” refers to the branching of a new species
when the founding one continues to exist. A “clade” is a group of organisms descending from a com-
mon ancestor. “Anagenesis” is the evolution of one species into another without divergence of the
phylo genetic tree and with loss of the founder species.

While some see evolution as a gradual process, Stephen Jay Gould and others have proposed a
theory of “punctuated equilibrium” that proposes most species are stable throughout most of their geo-
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logical history, and evolve in “bursts”. Catastrophes and other stochastic events could account for these
bursts, of which there is evidence in the paleontological record. However, isolation of small groups from
the large gene pool is viewed as a primary event in allowing rapid selection of favorable characteristics.
The debate between “punctuationalism” and “gradualism” remains one of the more interesting discus-
sions in the field of biological speciation.

18. TERATOGENICITY

IUPAC definition

teratogenicity
Ability to cause the production of non-heritable structural malformations or defects in offspring.

After [3].

Explanatory comment 

Teratogenicity may be regarded as a special form of embryotoxicity or developmental toxicity.
Unfortunately, the OECD Test Guidelines [40] state that “Developmental toxicology was formerly often
referred to as teratology”. This statement is misleading since the term “developmental toxicology” cov-
ers toxicity to the embryo and fetus in the widest sense. The distinctive definition of “teratology” is re-
quired in order to concentrate attention on a special type of toxicity which requires a mechanism that
affects the embryo and interferes with organogenesis producing congenital malformations, i.e., irre-
versible functional or morphological defects present at birth. Malformations caused by exposures after
birth are to be regarded separately as postnatal developmental disturbances. Typical teratogenic agents
and the effects that they cause in humans are:

alkylating agents degeneration of the embryonic disc and intrauterine death
androgenic hormones adrenal hyperplasia, virilization of the female genitalia
chlorobiphenyls dark-brown staining of the skin, exophthalmos
diethylstilbestrol27 virilization of the female fetus
lithium cardiovascular defects
retinoic acid28 multiple CNS and cardiac malformations, thymic aplasia
thalidomide29 limb malformations, phocomelia, ear defects, etc.
valproic acid30 neural tube defects, heart defects

Prevalence
Although there are many figures quoted for the prevalence of major congenital malformations, these
figures are greatly dependent on the population studied, the point at which the data is collected after
birth, and the classification of congenital defect (e.g., minor, major, cosmetic). Most sources use the fig-
ure of 3 % prevalence rate for major congenital malformations recognized at birth, and another 3 % rate
for major congenital malformations unrecognized during the neonatal period. This combined 6 % rate
does not include mental and physical growth retardation, or minor congenital malformations such as
hydro cele, angiomas, hernias, and nevi which have not been regarded as serious enough for medical
treatment. Of course, not all malformations can be attributed to drug use during gestation. The cause of
approximately 40 % of malformations is unknown. About 12–25 % of these congenital malformations
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are purely genetic defects. Down’s syndrome is the most common of this group. Another 20 % are due
to interactions between hereditary factors and environmental factors, the latter of which are largely un-
known. Environmental factors alone, such as maternal disease or infection, chemicals, and drugs, ac-
count for between 5 and 9 % of the malformations. This category includes infections such as rubella
(German measles), cytomegalovirus, and Toxoplasma gondii (a protozoan) as definitive teratogens. It
also includes maternal diseases such as diabetes and seizure disorders. Rubella infection is the most
well-known of the viral infectious teratogens. Maternal rubella can result in a group of defects, includ-
ing heart disease, cataracts, and deafness, known as fetal rubella syndrome. Diabetes is the most com-
mon chronic disease causing teratogenesis. Congenital malformations due to strictly environmental fac-
tors are estimated to occur in 0.1–0.2 % of all live births. However, it is possible that accidental high
exposures may lead to a much higher local incidence. Only a small portion of congenital malformations
are due to drugs acting as teratogens.

Teratogenicity
Changes in embryonic tissues can be produced by chemicals at concentrations far below those causing
target organ toxicity in adults. Further, teratogenic effects may occur in embryonic organs different from
the target organs showing toxicity in adults. Possible effects in the offspring at birth or in the postnatal
development period include embryo lethality (death); mild-to-severe dysmorphogenesis in one or more
organ systems, resulting in structural malformations or physiological and biochemical dysfunction; and
psychological, behavioral, and cognitive deficits. Substances causing such effects are called teratogens.
Teratogens are a major concern to the public, industry, and regulatory agencies because of the low lev-
els required to cause damage. Unfortunately, many material safety data sheets (MSDS) (see Section 19)
do not include much information on this increasingly recognized form of toxicity.

Timing is of the utmost importance in teratogenic studies, because exposure must occur during
the period of organogenesis. Organogenesis occurs for different organs at different times after the im-
plantation of the fertilized ovum. In other words, there are different windows of sensitivity for the dif-
ferent organs. In humans, organogenesis occurs in the first 8 weeks of pregnancy. Frequently, the pe-
riod of chemical susceptibility is only a few days, with exposures before or after this time showing no
effect upon a particular developing target organ, but perhaps causing adverse effects at another site.
When using surrogate animal models to test teratogenicity, timing of administration is critical because
of the shorter gestation time (e.g., 21 days in mice and rats and 32 days in rabbits, as compared to
36 weeks in humans) and a corresponding reduction in the periods of organogenesis, often of only a few
hours duration for certain organs. Because the sensitive stages of differentiation and development of
embryos to the teratogenic effects of chemicals are often short in duration, the incidence of observable
teratogenic effects of a given chemical may be rare in the potentially exposed population, as the com-
bination of effective exposure and sensitive embryonic developmental stage may be a rare occurrence.
This is a challenge both for the laboratory scientist and the epidemiologist trying to identify teratogens
in order to regulate them.

Mechanisms of teratogenicity are not well understood and are probably of many different kinds,
ranging from inactivation of key enzymes to small changes in hormonal balance at key stages in devel-
opment. Oxidative stress and ROS have been implicated in some teratogenic processes. Most recently,
attention has focused on the developing knowledge of epigenetics (see Section 8) and inhibitions of hi-
stone acetylase or DNA methylation have been suggested as possible causes of teratogenic change.

Teratogenicity testing is routinely conducted in two species, a rodent (e.g., mouse or rat) and a
nonrodent (usually the rabbit), and involves the daily administration of a range of three appropriate dose
levels to different groups of timed-pregnant animals throughout the established period of organo genesis
(e.g., days 6–15 for mice and rats or days 6–18 for rabbits). The animals are killed 24 h prior to the cal-
culated day of parturition (day 20 for mice and rats, day 31 for rabbits) and undergo a complete
necropsy. The number of live and dead fetuses is determined, and the uterine muscle is examined for
re-absorptive sites (small scars) indicative of early embryonic deaths. Each fetus is weighed, the sex is
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determined, and each is examined for external abnormalities (e.g., missing digits, limbs, tail; or eye, ear,
or cranial anomalies) prior to dissection to detect internal malformations (e.g., heart, lungs, intestinal
tract, gonads). Whole fetuses are fixed in special fluids for histological examination of neural structures
and for the detection of skeletal anomalies.

While the brain and peripheral nervous tissue begin to develop early in organogenesis, there is
also considerable postnatal development that can be affected by prenatal exposure to potentially toxic
agents, causing overt but subtle behavioral and cognitive deficits that cannot be detected by morpho-
logical examination of the brain. The possibility of such effects has resulted in modifications of the test-
ing protocols, with some treated animals being allowed to give birth and to rear their young for 6 weeks
after parturition (with or without continuous treatment of the dams). At 6 weeks of age, the young an-
imals are examined by a battery of testing protocols designed to assess behavioral and cognitive devel-
opment.

Test protocols
There are two distinct sets of test protocols for reproductive toxicity including teratogenicity, one to be
found in the OECD set of test guidelines, applied to industrial chemicals, and one established by the
International Conference on Harmonization of Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH). When interpreting data, it is important to know which of these
has been used to obtain the data.

19. TOXICITY CLASSIFICATION, LABELING, AND MATERIAL SAFETY DATA SHEETS

IUPAC definitions

toxicity
1. Capacity to cause injury to a living organism defined with reference to the quantity of substance

administered or absorbed, the way in which the substance is administered and distributed in time
(single or repeated doses), the type and severity of injury, the time needed to produce the injury,
the nature of the organism(s) affected, and other relevant conditions.

2. Adverse effects of a substance on a living organism defined as in 1.
3. Measure of incompatibility of a substance with life: This quantity may be expressed as the recip-

rocal of the absolute value of median lethal dose (1/LD50) or concentration (1/LC50).

safety data sheet
Single page giving toxicological and other safety advice, usually associated with a particular prepara-
tion, substance, process, use pattern, or exposure scenario.

Explanatory comment

Introduction: Toxicity classification and labeling
Most countries have legislation requiring that all chemicals should have a clear label to indicate their
identity, hazardous properties, and safety precautions. The label should draw attention to the inherent
danger to persons handling or using the chemical. Symbols and pictograms have been established for
various hazard categories. These symbols or pictograms are an integral part of the label and give an im-
mediate idea of the types of hazard that the substance or the preparation may cause.

As already mentioned above, there is a move to establish a Globally Harmonized System of clas-
sification and labeling of chemicals (GHS) for toxicity classification and labeling. At the World Summit
on Sustainable Development (Johannesburg, South Africa) in August–September 2002, governments
adopted the Johannesburg Plan of Implementation, which “encourages countries to implement the new
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globally harmonized system for the classification and labelling of chemicals as soon as possible with a
view to having the system fully operational by 2008” (para. 23c) [41]. Several countries have already
implemented this system fully.

It should be noted that classification and labeling for supply of chemicals may be different from
that for transport of chemicals. Classification and labeling for transport is dealt with by United Nations
organizations, while that for supply is regulated at European Union level for the component nations and
at national level otherwise.

Risk and safety phrases
There is an increasing international use of standard risk and safety phrases on labels [42]. In the course
of time, some phrases have been removed as improved phrases are introduced. Thus, there are some
gaps in the numbering.

It should be emphasized that the so-called “risk phrases” are really “hazard phrases” since they
give no indication of the probability of harm. Accurate determination of the probability of harm asso-
ciated with defined circumstances is the key to risk assessment (see Section 16), and is dependent on
the probability of exposure and resultant harm. If there is no exposure to a hazard, there is no risk.
Examples of the so-called risk phrases (R) relating to toxicity are:

R 20 harmful by inhalation
R 21 harmful in contact with skin
R 22 harmful if swallowed
R 23 toxic by inhalation
R 24 toxic in contact with skin
R 25 toxic if swallowed
R 26 very toxic by inhalation 
R 27 very toxic in contact with skin 
R 28 very toxic if swallowed 

These may be used in combinations, e.g., R 20/21/22. “Harmful” is the lowest level of toxicity
classification. It implies that a large or continuing exposure is required in order to produce any harmful
effect. “Toxic” or “very toxic” implies that a small exposure can cause harm fairly quickly. Thus, sub-
stances labeled “toxic” or “very toxic” must be handled with great care. Substances labeled “harmful”
must also be handled with care but there is less risk of any effects following a small exposure.

The standard safety phrases (S) give advice on the precautions necessary in handling chemicals.
In effect, these phrases describe how to reduce the risk in handling the substances to which they apply.
Such precautions do not, of course, reduce the intrinsic hazards of the relevant substances. For exam-
ple:

S 1 Keep locked up.
S 2 Keep out of the reach of children.
S 3 Keep in a cool place.
S 7 Keep container tightly closed
S 9 Keep in a well-ventilated place
S 14 Keep away from (incompatible materials to be indicated by the manufacturer).
S 49 Keep only in the original container

As with the risk phrases, these are often used in combinations.
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Labeling requirements
In general, a label must clearly show:

1. trade name
2. name and the address, including telephone number, of the manufacturer, the importer, or the dis-

tributor
3. chemical name of the substance (in the case of a preparation, the chemical names of the hazardous

components)
4. danger symbols
5. risk phrases (R-phrases)
6. safety phrases (S-phrases)
7. quantity of the contents of the package or container

Labels should be in the national, official language(s) of the country where the substance is to be used.
A label should show the chemical names of substances present that are the most serious hazards.

In some cases, the list of names may be quite long; for example, all cancer-causing substances in a
preparation must be identified and the corresponding R- and S-phrases must be given on the label.

If the preparation contains one or more of the substances requiring the following R-phrases, both
the name of the corresponding substance(s) and the R-phrase should be mentioned in the label: R39,
R40, R42, R43, R42/43, R45, R46, R47, R48, R49, R60, R61, R62, R63, R64. As a general rule, a max-
imum of four R-phrases and four S-phrases should suffice to describe the risks and formulate the most
appropriate safety advice.

Symbols showing the most serious hazards should be chosen where more than one danger sym-
bol has to be assigned. As a general rule, a maximum of two danger symbols are used.

The explanation of the letter symbols appearing in the attached lists are given below. Each letter
symbol refers to a danger symbol or pictogram (Fig. 7):
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Letter symbol Explanation

E Explosive This symbol with the word “explosive” 
denotes a substance which may explode 
under the effect of a flame or if subjected to 
shocks or friction.

O Oxidizing The symbol with the word “oxidizing” refers 
to a substance which releases excessive heat 
when it reacts with other substances, 
particularly with flammable substances.

F Highly flammable This symbol with the words “highly 
flammable” denotes a substance which may 
become hot and finally catch fire in contact 
with air at ambient temperature, or is a solid 
and may readily catch fire after brief contact 
with the source of ignition, and which 
continues to burn or to be consumed by 
chemical reaction after removal of the 
source of ignition. If it is a gas, it may burn in 
air at normal pressure. If it is a liquid, it 
would catch fire with slight warming 
and exposure to a flame. In contact with 
water or damp air, the substance may release 
highly flammable gases in dangerous 
quantities.

F+ Extremely flammable The same flammable symbol as above with 
words “extremely flammable” denotes, e.g., a 
liquid which would boil at body temperature 
and would catch fire if vapors are exposed 
to a flame.

T Toxic The symbol with skull and crossed bones 
with the word “toxic” denotes a highly 
hazardous substance.

T+ Very toxic The same symbol as above with the words 
“very toxic” is used to label a substance, 
which, if inhaled or ingested or, if it 
penetrates the skin, may involve extremely 
serious immediate or long-term health risks 
and even death.

C Corrosive The symbol with the word “corrosive” will be 
found on a label of a substance which may 
destroy living tissues on contact with them.
Severe burns may result from splashes of 
such substance.
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Xn Harmful (less than T) The symbol with word “harmful” denotes 
substances which may cause health hazards 
less than toxic. It could refer to other types 
of risks, e.g., to allergic reactions.

Xi Irritant (less than C) The same symbol as above with the word 
“irritant”.

When more than one danger symbol is used:

• obligation to apply symbol T or T+ will make symbols C, Xn, and Xi optional;
• obligation to apply symbol C will make symbols Xn and Xi optional; and
• obligation to apply symbol E will make symbols F and O optional.

If a preparation is classified both harmful (Xn) and irritant (Xi), it will be labeled Xn, and the ir-
ritant properties should be pointed out with appropriate R-phrases. The total amount of the substance
in the preparation must be considered in choosing the danger symbols, R- and S-phrases.

Generally, no account needs to be taken of substances if they are present in the following
amounts, unless another lower limit has been specifically given:

less than 0.1 % mass fraction for substances classified as very toxic T+, or toxic T

less than 1 % for substances classified as harmful Xn, corrosive C, irritant Xi

Any pictorial symbol indicating danger is drawn in black, and the background color should be or-
ange.

The dimensions of the label are specified as follows:

Capacity of the package Minimum dimensions (mm)

Not exceeding 3 l 52 × 74 
More than 3 l but not exceeding 50 l 74 × 105
More than 50 l but not exceeding 500 l 105 × 148
More than 500 l 148 × 210

Note: Each danger symbol must cover at least 1/10 of the surface area of the label. The min-
imum size of the danger symbol shall not be less than 10 × 10 mm.

The Material Safety Data Sheet (MSDS)
Increasingly, there is also a requirement that manufacturers and suppliers provide an MSDS, now often
referred to only as an SDS, with all the relevant hazard and safety information available. The term
MSDS is slightly misleading since each MSDS may run to several pages. The MSDS backs up the in-
formation that must be provided on the label attached to any container of a substance and is required by
law in North America and the European Union. Similar laws are gradually being implemented world-
wide as a result of the development of international agreement on a GHS of chemicals management.
The MSDS must be kept on file, available to both workers and management, in the workplace at all
times. However, as will be seen below, the usefulness of the MSDS is limited and its limitations must
be appreciated if it is to be interpreted properly to guide safety precautions.

A standardized format is used in the preparation of an MSDS [43]. Unfortunately, the informa-
tion provided on some MSDSs is not validated or checked and must be considered critically before any
use is made of it. However, international chemical safety cards, IPCS-validated versions of MSDSs, are
available on the IPCS Chemical Safety Information from Intergovernmental Organizations (INCHEM)
web site [44] with similar information for pure substances. In addition, there are also concise inter -
national chemical assessment documents (CICADs), which are short booklets produced by IPCS to
summarize the key information required by industrial managements to protect their workforces. These
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documents also may be downloaded from the INCHEM web site. CICADs contain copies of the rele-
vant international chemical safety cards.

Example list of the components of an MSDS, with annotations 

Note: This list is based on U.S. regulations. Other countries, such as those of the European
Union, have similar but slightly different requirements. Guidance on the preparation of
SDSs for the GHS can be found at the following web site <http://www.unece.org/
trans/danger/publi/ghs/ghs_rev02/02files_e.html>.

I. Identity information 
IDENTITY OF THE PRODUCT: Identification of the substance by manufacturer, common name and
synonyms, product code(s), chemical formula, chemical class classification (e.g., alcohol, etc.), ship-
ping name (for national and international recognition).

EMERGENCY TELEPHONE NUMBER: Must be included, but it does not need to be toll free. 
TELEPHONE NUMBER FOR INFORMATION: May be the same as above for small compa-

nies.
NAME OF THE MANUFACTURER OR IMPORTER: Be sure that this name is exactly the same

as the name of the manufacturer listed on the product label. Small manufacturers sometimes send out
MSDSs from the manufacturer of the raw materials they mixed to make the product or that they repack-
aged. This should not be the case. 

ADDRESS OF THE MANUFACTURER: Be sure this address is complete: street or box, town,
state, and postcode (zip).

DATE PREPARED: MSDSs prepared more than three years ago are acceptable in the United
States, but an attempt should be made to get an updated version. Three-year-old MSDSs are invalid in
Canada. 

SIGNATURE OF THE PREPARER (OPTIONAL). 

II. Hazardous ingredients
List of ingredients with common names and synonyms, Chemical Abstracts Service (CAS) numbers,
concentrations, legal exposure limits, American Conference of Government Industrial Hygienists
(ACGIH) TLVs, and source of information. Toxic chemicals comprising more than 1 % of the product
by weight must be listed. Cancer-causing chemicals that comprise 0.1 % of the product must also be
listed. If exposure to amounts even smaller than the required 1.0 or 0.1 % is known to be hazardous, the
manufacturer also must list these ingredients. In practice, however, such hazardous ingredients often go
unlisted. For example, trace amounts of extremely toxic TCDD and PCBs in many pigments usually are
not reported.

TRADE SECRET EXEMPTIONS: Information on the identity of hazardous ingredients can be
withheld by the manufacturer if they are trade secrets. The MSDS should state by whose authority (usu-
ally the competent health department) the product’s identity can be withheld. Trade secret products
should be avoided whenever possible since it is very difficult and time-consuming for medical person-
nel to get this data if there is an accident or illness. Even then, the medical person must withhold from
the victim the name of the chemical that caused his (her) problem.

III. Physical data 
Physical state and appearance; odor and odor threshold (level at which it would be detected in the nasal
passages); the specific gravity; the vapor pressure (an index of the volatility at a specified temperature,
usually at 20 °C); the vapor density—lighter or heavier than air; the evaporation rate relative to a refer-
ence chemical; boiling point; freezing point; the pH, if applicable (acidic, neutral, or basic in nature—
identifying corrosiveness); and lastly, the oil/water partition coefficient (lg Kow).

M. NORDBERG et al.

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 3, pp. 679–751, 2010

744



Note: Without knowing anything about the biological properties of the chemical, the physical
properties permit the reader to make educated guesses concerning whether or not the
agent will pose a health hazard by inhalation or by dermal contact, where the highest
concentrations might be in a room following spillage (e.g., near the floor if it is much
heavier than air), etc.

IV. Fire and explosion hazard 
Mobility of the vapor; the flash point, flammable limits, auto-ignition temperature; explosion data—
upper and lower explosive (flammable) limits (UELs, LELs) in air; percent by volume in air as well as
mechanism(s) of initiating an explosion. In addition, extinguishing media are given as well as the po-
tentially hazardous combustion products.

Note: This information is essential to fire-fighting and rescue personnel.

V. Reactivity data
Stability, incompatibility (materials to avoid), conditions to avoid, hazardous decomposition products,
hazardous polymerization, etc.

Note: It may be necessary to obtain MSDSs for decomposition products if they are likely to
be formed during storage or use of the primary material.

VI. Health hazard data
Primary route of exposure (dermal, oral, ocular, inhalation), over-exposure effects (irritation, sensitiza-
tion) for acute and chronic effects, special toxicity (mutagenicity) teratogenicity, carcinogenicity, re-
productive/fertility. Emergency and first aid procedures.

Note 1: Effects may differ widely depending on the route of exposure. Often the respiratory
route is the most harmful, but certain substances such as phenol penetrate skin rapidly.
In the workplace, oral exposure is often neglected, but carelessness can make it a sig-
nificant source of harm.

Note 2: Sensitization leading to dermatitis or respiratory problems may result from low levels
of exposure that do not themselves cause obvious immediate toxicity. Sensitization ef-
fects to humans may not be identified in animal studies and should always be consid-
ered possible and guarded against.

Note 3: Mutagenicity, teratogenicity, carcinogenicity, and reproductive toxicity require extreme
caution in handling substances that have such properties. If possible, such substances
should not be used and suitable substitutes identified. This requires careful risk assess-
ment, as poorly characterized substitutes may appear safer because of ignorance of their
potentially harmful properties. Further, different risks will require some comparative
evaluation. Thus, a low-potency carcinogen that is an effective fire retardant may be
preferable to a noncarcinogenic alternative that is less effective in preventing fires.

VII. Precautions for safe handling and use 
STEPS TO BE TAKEN IF MATERIAL IS RELEASED OR SPILLED: 

The MSDS should list preferred methods for spill control (e.g. chemical sorbents, Fuller’s earth,
etc.) and protective equipment (respirators, gloves, emergency ventilation, etc.) needed to keep workers
safe during clean-up of large spills or accidents.

Note: Read carefully before use of any substance and be sure you can dispose of it safely and
without harming your local environment.

WASTE DISPOSAL METHOD: Unless the material can be rendered completely innocuous, the
MSDSs can only tell users to dispose of the material in accordance with the existing regulations.
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Disposal has become an extraordinarily complex problem and cannot be addressed in a few lines on an
MSDS. Substances that pose severe environmental threats or whose release (spills) must be reported
should be identified here. 

VIII. Control measures
RESPIRATORY PROTECTION (SPECIFIC TYPE): If needed during normal use, a good MSDS ex-
plains precisely what type of respirator is proper. Even the cartridge type for air-purifying respirators
should be specified. 

VENTILATION: If needed during normal use, a good MSDS specifies the type of ventilation sys-
tem that provides proper protection. This includes recommendations about the use of general (mechan-
ical) ventilation, local exhaust (which captures the contaminants at their source), or any special venti-
lation system that might be needed. 

PROTECTIVE GLOVES: Good MSDSs list the specific type of glove material needed (rubber,
nitrile, etc.) and other glove attributes such as length and thickness. Workers should know that some sol-
vents penetrate gloves without changing the glove’s appearance. Often such solvents are perceived only
as perspiration. Good MSDSs indicate which gloves will resist penetration by the product. When in
doubt, contact the technical department of your glove supplier. 

EYE PROTECTION: Good MSDSs list precisely what type of goggles or glasses are needed by
their ANSI Z87.1 standard classification. The MSDS at least should indicate whether vented or un-
vented chemicals splash goggles, impact goggles, or other specific types are needed. 

OTHER PROTECTIVE CLOTHING OR EQUIPMENT: Aprons, boots, face shields, or eye wash
stations should be listed here if needed. 

WORK/HYGIENIC PRACTICES: Practices such as proper daily clean-up methods and equip-
ment after normal use should be detailed here. 

Note: Make sure that you are prepared for any emergency before you use a chemical. Have all
the appropriate equipment and any neutralizing materials readily available.

IX. Special precautions 
Handling, shipping, and storage precautions, special warnings; regulatory information—national and/or
international; appropriate telephone numbers to contact expertise in cases of difficulties with a product.

Note: This information should be checked carefully, especially if your use of the chemical is
out of the ordinary.

X. Regulatory information
DOT class number, departmental response numbers, government numbers, e.g., USA-TSCA, USA-
RCRA, CERCLA status.

Note: These regulatory values are useful for tracking information in official databases.

MEMBERSHIP OF SPONSORING BODIES

Membership of the Chemistry and Human Health Division Committee for the period 2008–2009 was
as follows:

President: D. M. Templeton (Canada); Secretary: M. S. Chorghade (USA); Past President: P. W.
Erhardt (USA); Titular Members: O. Andersen (Denmark); X. Fuentes-Arderiu (Spain); M. N.
Liebman (USA); M. Nordberg (Sweden); F. Pontet (France); F. Sanz (Spain); G. Tarzia; Associate
Members: J. H. Duffus (UK); J. Fischer (Hungary); H. P. A. Illing (UK); Y. C. Martin (USA);
H. Timmerman (Netherlands); National Representatives: S. O. Bachurin (Russia); G. Becher
(Norway); R. Cornelis (Belgium); S.-Y. Han (Korea); J. Iqbal (India); K. Mattila (Finland); G. Mloston
(Poland); T. Nagano (Japan); P. T. Nedkov (Bulgaria); Z.-J. Yao (China). 

M. NORDBERG et al.

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 3, pp. 679–751, 2010

746



REFERENCES

1. M. Nordberg, J. H. Duffus, D. M. Templeton. Pure Appl. Chem. 79, 1583 (2007).
<http://media.iupac.org/publications/pac/2007/pdf/7909x1583.pdf>

2. IUPAC. Compendium of Chemical Terminology, 2nd ed. (the “Gold Book”), compiled by A. D.
McNaught and A. Wilkinson, Blackwell Science, Oxford (1997). XML on-line corrected version:
<http://goldbook.iupac.org> (2006–) created by M. Nic, J. Jirat, B. Kosata; updates compiled by
A. Jenkins.

3. J. H. Duffus, M. Nordberg, D. M. Templeton. Pure Appl. Chem. 79, 1153 (2007).
doi:10.1351/pac200779071153

4. Online Oxford English Dictionary (2008). <http://www.oed.com/> 
5. R. F. Boyer. Concepts in Biochemistry, 3rd ed., John Wiley, Hoboken (2006).
6. American Conference of Governmental Industrial Hygienists (ACGIH) (2008).

<http://www.acgih.org/home.htm> 
7. Deutsche Forschungs Gemeinschaft (DFG) (2008). <http://www.dfg.de/en/dfg_profile/structure/

statutory_bodies/senate/senate_commissions_and_committees/investigation_health_hazards/
index.html> 

8. A. Aitio. Clin. Chem. 40, 1385 (1994). <http://www.clinchem.org/cgi/reprint/40/7/1385.pdf>.
9. C. Badham, H. B. Taylor. Studies in Industrial Hygiene, No. 7, Joint Volumes of Papers Presented

to the Legislative Council and Legislative Assembly, New South Wales, Vol. 1, 1st Session of the
28th Parliament, 1927, p. 52. Cited in: B. Penrose, Occupational Lead Poisoning in Battery
Workers: the Failure to Apply the Precautionary Principle, Labour History, May 2003, available
at: <http://www.historycooperative.org/journals/lab/84/penrose.html>

10. W. F. J. Busby, G. N. Wogan. “Aflatoxins”, in Chemical Carcinogens, C. Searle (Ed.), p. 945,
American Chemical Society, Washington, DC (1984).

11. M. E. Smela, M. L. Hamm, P. T. Henderson, C. M. Harris, T. M. Harris, J. M. Essigmann. Proc.
Natl. Acad. Sci. USA 99, 6655 (2002).

12. Health and Safety Executive. Workplace Exposure Limits: Containing the List of Workplace
Exposure Limits for use with the Control of Substances Hazardous to Health Regulations 2002
(as amended), HSE Books, London (2005).

13. S. M. Hays, R. A. Becker, H. W. Leung, L. L. Aylward, D. W. Pyatt. Regul. Toxicol. Pharmacol.
47, 96 (2007).

14. S. M. Hays, L. L. Aylward, J. S. LaKind. Regul. Toxicol. Pharmacol. 51, S4 (2008).
15. R. Melnick, K. A. Thayer, J. R. Bucher. Environ. Health Perspect. 116, 130 (2008).
16. International Agency for Research on Cancer. IARC Monogr. Eval. Carcinog. Risks Hum. 77, 41

(2000).
17. Y. Ito, O. Yamanoshita, N. Asaeda, Y. Tagawa, C. H. Lee, T. Aoyama, G. Ichihara, K. Furuhashi,

M. Kamijima, F. J. Gonzalez, T. Nakajima. J. Occup. Health 49, 172 (2007).
18. International Agency for Research on Cancer. Classification of Carcinogenicity, World Health

Organization, Geneva (2008). <http://monographs.iarc.fr/ENG/Classification/index.php> 
19. International Agency for Research on Cancer. Specific Monographs, World Health Organization,

Geneva (2008). <http://monographs.iarc.fr/ENG/Monographs/PDFs/index.php> 
20. P. F. Verhulst. Corresp. Math. Phys. 10, 113 (1838).
21. R. Carson. Silent Spring, Boston University Press, Boston (1962).
22. A. Herbst, H. Ulfelder, D. Poskanzer. N. Engl. J. Med. 284, 878 (1971).
23. J. A. McLachlan (Ed.). Estrogens in the Environment, Elsevier, New York (1979).
24. R. M. Sharpe, N. E. Skakkebaek. Lancet 341, 1392 (1993).
25. T. Colborn, C. Clement (Eds.). Chemically-Induced Alterations in Sexual and Functional

Development: The Wildlife/Human Connection, Princeton Scientific, Princeton, NJ (1992).
26. S. Sathyanarayana. Curr. Probl. Pediatr. Adolesc. Health Care 38, 34 (2008).

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 3, pp. 679–751, 2010

Explanatory dictionary of key terms in toxicology 747



27. International Human Genome Sequencing Consortium. Nature 409, 860 (2001).
28. International Human Genome Sequencing Consortium. Science 291, 1145 (2001).
29. P. G. H. Gell, R. R. A. Coombs (Eds.). Clinical Aspects of Immunology, 1st ed., Blackwell, Oxford

(1963).
30. D. A. Basketter. Br. J. Dermatol. 159, 267 (2008).
31. N. Taniguchi. Proc. Intl. Conf. Prod. London, Part II, British Society of Precision Engineering

(1974).
32. D. Mackay. Multimedia Environmental Models: The Fugacity Approach, 2nd ed., CRC Press,

Boca Raton (2001).
33. Canadian Environmental Modeling Centre (2008). <http://www.trentu.ca/academic/aminss/

envmodel/models/models.html> 
34. Globally Harmonized System of Classification and Labelling of Chemicals (GHS) (2008).

<http://www.unece.org/trans/danger/publi/ghs/ghs_rev02/02files_e.html>
35. IPCS. Principles for Evaluating Health Risks To Reproduction Associated With Exposure To

Chemicals, EHC 225, World Health Organization, Geneva (2001).
36. D. P. Evenson, Z. Darzynkiewicz, M. R. Melamed. Science 210, 1131 (1980).
37. IPCS. IPCS Risk Assessment Terminology, Part 1: IPCS/OECD Key Generic Terms used in

Chemical Hazard/Risk Assessment: Part 2: IPCS Glossary of Key Exposure Assessment
Terminology: Harmonization Project Document No. 1, World Health Organization, Geneva
(2004).

38. Online Oxford English Dictionary (2008). <http://dictionary.oed.com/entrance.dtl> 
39. D. M. Templeton, F. Ariese, R. Cornelis, L.-G. Danielsson, H. Muntau, H. P. van Leeuwen,

R. Lobinski. Pure Appl. Chem. 72, 1453 (2000). 
40. OECD. Guidelines for the Testing of Chemicals (2008). <http://www.oecd.org/document/

22/0,3343,en_2649_34377_1916054_1_1_1_1,00.html>
41. World Summit on Sustainable Development (Johannesburg, South Africa) 2002:

<http://www.un.org/jsummit/html/documents/summit_docs.html>
42. Health and Safety Executive (UK). List of symbols, abbreviations, risk and safety phrases (2008).

<http://www.hse.gov.uk/chip/phrases.htm>
43. MSDSonline. Where to find an MSDS on the web (2008). <http://www.ilpi.com/msds/>
44. International Programme on Chemical Safety (IPCS) INCHEM (Chemical Safety Information

from Intergovernmental Organizations) (2008). <http://www.inchem.org/>

Republication or reproduction of this report or its storage and/or dissemination by electronic means is permitted without the
need for formal IUPAC permission on condition that an acknowledgment, with full reference to the source, along with use of the
copyright symbol ©, the name IUPAC, and the year of publication, are prominently visible. Publication of a translation into
another language is subject to the additional condition of prior approval from the relevant IUPAC National Adhering
Organization.

M. NORDBERG et al.

© 2010, IUPAC Pure Appl. Chem., Vol. 82, No. 3, pp. 679–751, 2010

748



ANNEX 1: ABBREVIATIONS, ACRONYMS, AND INITIALISMS 

ACD allergic contact dermatitis
ACGIH American Conference of Governmental Industrial Hygienists
ADME absorption, distribution, metabolism, and excretion
AIF apoptosis-inducing factor 
AMP adenosine monophosphate 
ATP adenosine triphosphate
BAL biomonitoring action level
BAT biological tolerance value
BE biomonitoring equivalent
BEI biological exposure index
BMC benchmark concentration
BMCL confidence limit for BMC
BMD benchmark dose
BMDL lower confidence limit for BMD
BMDS benchmark dose at a given standard deviation
BMR benchmark response, basal metabolic rate 
CAS Chemical Abstracts Service
CICAD Concise International Chemical Assessment Document
CMR carcinogenic, mutagenic, and reprotox
CNS central nervous system 
CNT carbon nanotube
CPS&Q Consumer Products Safety and Quality Unit (formerly ECB)
DDE dichlorodiphenyldichloroethylene
DDT dichlorodiphenyltrichloroethane
DES diethylstilbestrol  
DFG Deutsche Forschungsgemeinschaft 
DFI DNA fragmentation index
DNA deoxyribonucleic acid
EEA European Environmental Agency
EC effective concentration
ECHA European Chemicals Agency
ECB European Chemicals Bureau (now CPS&Q Unit)
EDx effective dose for a biological effect in x % of the individuals in the test population
ED endocrine disruptor
ER estrogen receptor
FAD flavin adenine dinucleotide
FADH2 flavin adenine dinucleotide (reduced)
GFR glomerular filtration rate
GHS globally harmonized system of classification and labeling of chemicals
HPV high production volume
HQ hazard quotient
HSE UK Health and Safety Executive
IAEA International Atomic Energy Agency
IARC International Agency for Research on Cancer
ICH International Conference on Harmonization (of Technical Requirements for

Registration of Pharmaceuticals for Human Use)
INCHEM IPCS Chemical Safety Information from Intergovernmental Organizations 
IPCS International Programme on Chemical Safety
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IUPAC International Union of Pure and Applied Chemistry
JECFA Joint Expert Committee on Food Additives
LC50 median concentration lethal to 50 % of a test population
LD50 median dose lethal to 50 % of a test population
LEDx lowest effective dose for a biological effect in x % of the individuals in the test pop-

ulation
LEL lower explosive (flammable) limits 
LOAEL lowest-observed-adverse-effect level
LOWESS locally weighted scatterplot smoothing
MCS multiple chemical sensitivity
MSDS material safety data sheet 
MFO mixed function oxidase
MIAME minimum information about a microarray experiment 
MWNT multi-walled nanotube
NAD nicotinamide adenine dinucleotide
NADH2 nicotinamide adenine dinucleotide (reduced)
NADP nicotinamide adenine dinucleotide phosphate
NADPH nicotinamide adenine dinucleotide phosphate (reduced)
NAG N-acetyl-D-glycosaminidase
NAS National Academy of Science
NOAEL no-observed-adverse-effect level
NOEL no-observed-effect level
NSP nanosized particle
OECD Organization for Economic Cooperation and Development 
PBDE polybrominated diphenyl ether
PBPK physiologically based pharmacokinetic modeling
PBPD physiologically based pharmacodynamic modeling
PBTK physiologically based toxicokinetic modeling
PCB polychlorinated biphenyl
PEC predicted environmental concentration
PEL permissible exposure limit
PIP persistent inorganic pollutant
PK pharmacokinetic
PNEC predicted no-effect concentration
POP persistent organic pollutant
QSAR quantitative structure–activity relationship
QSMR quantitative structure–metabolism relationship
REACH Registration, Evaluation, Authorization, and Restriction of Chemicals
RfC reference concentration
RfD reference dose
RI risk index
ROS reactive oxygen species
RQ risk quotient
SAM significance analysis of microarray
SAR structure–activity relationship, specific (standard) absorption rate
SBR standardized birth ratio 
SCSA sperm chromatin structure assay 
SD standard deviation
SDS safety data sheet
SMR structure–metabolism relationship
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SMR standard mortality ratio
SE standard error
SNP single nucleotide polymorphism
SWCNT single-walled carbon nanotube
SWNT single-walled nanotube
TCA tricarboxylic acid
TCDD tetrachlorodibenzodioxin
TEF toxicity equivalency factor
TEQ toxicity equivalent
TGF tumor growth factor
TLV threshold limit value 
TOR target-of-rapamycin
TTP time to pregnancy
UDP uridine diphosphate
UEL upper explosive (flammable) limit
USEPA United States Environment Protection Agency
USFDA United States Food and Drug Agency
WHO World Health Organization
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