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ABSTRACT

Pharmaceutically active compounds (PhACs) are used in human and animal
medicine as therapeutics and in agriculture as growth-enhancing agents. They are
discharged directly to the environment following animal excretion, or indirectly via
wastewater treatment plants following human use. This thesis evaluates the current
theory and practice of environmental impact assessment of PhACs: specifically, the
process and methods to assess bioaccumulation, environmental persistence and risk
management strategies, and the value of acute and chronic toxicity tests. PhACs impact
the environment to a degree determined not only by their actual concentration, but also
by the ways we define and characterize impact, risk assessment and environment. In
turn, these definitions evolve according to socially constructed values. By
acknowledging the inherent uncertainty and value-laden nature of risk assessment, I
assert that the precautionary principle and the integrated risk assessment approaches

should direct further research and policy development.
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CHAPTER 1: BASIC CONCEPTS

Overview

Pharmaceutically active compounds (PhAC) are chemicals that have been
specifically designed to treat or alter animal physiological conditions (Cunningham,
2004). PhACs are used primarily in human and veterinary applications as either
medication or growth enhancing/pesticidal substances (Daughton and Termes, 1999).
Following excretion, these chemicals, or their metabolites may find their way to the
aquatic environment. PhACs have been detected in soils, sediments and surface and
ground water (Halling-Sorenson et al., 1998; Heberer, 2002). Some of these products
enter the environment via direct application at fish farms, others via excretion from
animals following agricultural therapeutic and prophylactic use, and/or liquid manure
application. Yet others may enter via sewage treatment plant effluent discharge after
human therapeutic use (Hamscher et al., 2004). In the receiving environment, these
contaminants may sorb to suspended particles, soil and sediments, remain in the aquatic
phase or sequester to the organic-lipid compartment and enter the food chain via
biomagnification (Kiimmerer, 2004). Acute effects attributed directly to pharmaceutical
contamination of the environment have been largely limited to the feminization of some
fish exposed to natural and xenobiotic endocrine disruptors (Ayscough, 2000). Chronic
effects as a result of exposure of aquatic animals to these and other human
pharmaceuticals have also been reported (Ayscough et al., 2000; Cleuvers, 2004).

However, chronic effects associated with PhAC are difficult to detect, evaluate and



manage under the current risk assessment process which is based on acute toxicity testing
and high (acute) action limits. Efforts to include chronic, multi-route, multi-chemical
exposure in the risk assessment process are reflected in the advent of toxicogenomics and
in-silico modelling. Originating from an acknowledgement of the inherent uncertainty
and value-laden nature of risk assessment, the precautionary principle (and later the
integrated risk assessment system), provides a direction for further research and policy
development. A number of mitigation strategies have been advanced, including
remedial, end-of-pipe and preventative, manufacturer-user controls. However, successful
mitigation of environmental PhACs requires a more integrated approach to both the

research and policy aspects of this issue.

Specific Attributes of Pharmaceuticals

Pharmaceutical compounds constitute one of a myriad of chemical classes
discharged into the environment. Is there any reason to study drug residues more
intensely than any of the other type of contaminants? The weight of evidence currently

suggests that pharmaceutical substances are of special concern for four reasons:

1. PhAC can cause chronic toxicity even at low concentrations

Pharmaceutical compounds and/or their residues have been detected in the
environment in concentrations in the nano- to low microgram range (Halling-Sorensen et
al, 1998; Daughton and Ternes, 1999; Heberer, 2002; Kiimmerer pp7, 2004). In the vast
majority of cases, these amounts are orders of magnitude below those shown to induce
acute toxicity. However, current evidence suggests that for some agents, these

concentrations are sufficient to elicit chronic effects (Velagaleti, 1997; Bendz et al.,



2005). For example, Ferrari et al. (2003) reported 7-day reproduction inhibition on
ceriodaphnids associated with environmentally relevant concentrations of the
antiepileptic drug, carbamazepine. Similarly, Foran (2004) showed that Japanese
medaka (fish) exposed to ng/L levels of another psychoactive drug, fluoxetine, exhibited
increased rates of developmental abnormalities and altered levels of plasma estradiol.
Detecting chronic effects is notoriously more difficult than detecting acute toxicity and
requires focussed and intense (and more expensive) exploration (Ruden, 2005). Unless
specifically investigated, the effects of pharmaceutical compounds on exposed wildlife
could easily be overlooked, or confused with ‘natural population variation’ (Daughton

and Ternes, 1999; Bound and Voulvoulis, 2004).

2. PhAC are globally distributed

As pharmaceutical compounds are used in every reach of human habitation, their
release into the environment is equally ubiquitous (Halling-Sorensen et al., 1998; Kolpin
et al., 2002; Sanderson et al., 2004). Thus, the effects of drugs and their metabolites may
be expected even in pristine and sheltered environments such as national parks (Daughton
and Ternes, 1999). Areas at highest risk are highly populated, highly industrialized and
highly agriculturalized watersheds where the effects of pharmaceutical residues and other
compounds present in municipal wastewater can combine with the effects of other
traditional pollutants (Isidori et al., 2004). The results of a 1998 study of the genotoxic
potential, expressed in B(a)P equivalents, of Montreal area municipal wastewater
treatment plant (WWTP) effluents support this assertion. The authors concluded that
discharges form WWTPs servicing large municipalities were more genotoxic than those

receiving inputs from some commercial activities (textile and mining industries) (White



and Rasmussen, 1998). In fact, the authors stated that “over 85% of the genotoxic inputs

into the St. Lawrence river at Montreal are non-industrial in origin”.

As most pharmaceutical compounds are targeted to specific receptors, and the
lowest effective dose is generally used, one might conclude that they are manufactured in
relatively low amounts. To some extent, this suggestion may be true, but it is dependent
on one’s frame of reference and comparison standard. A number of measurernents place
pharmaceuticals’ manufacturing volumes at quantities rivalling those for some
agrochemicals (Daughton and Ternes, 1999; Jones et al., 2002). For example, Stan and
Heberer (1997) reported that the volume of prescribed pharmaceuticals per annum in
Germany is of the same order of magnitude as agricultural pesticides applied in that
country. Similarly, the 200 tonnes of antibiotics applied annually as veterinary
therapeutic and growth promoting agents in Denmark are equivalent to the 185 tonnes of
insecticides used in that country annually (Bound and Voulvoulis, 2004). The
relationship between PhAC and pesticides seems to be reflected in the actual measured
concentrations of each class of contaminants in the WWTP effluent as well. Comoretto
and Chiron (2005) concluded that the pesticide and pharmaceutical loads in WWTPs are
comparable, with ratios ranging from 0.2 to 0.7 for three sites in southern Italy. The
authors calculated that under specific conditions such as low rainfall, the pharmaceutical
load exceeded that of pesticides, at least for one of the sample sites (Comoretto and

Chiron, 2005).

3. PhAC are associated with many, and often unexpected side effects

The well-known incidents with thalidomide and diethylstilbestrol (DES) are good

examples of the potential for severe and unexpected side effects of pharmaceuticals.



DES, originally prescribed to prevent miscarriage, is now recognized for its ability to
enhance tumour formation in female offspring whose mothers received it during
pregnancy (Herbst et al., 1971; Stillman, 1982; Schechter et al., 2005). Thalidomide,
originally prescribed as an antiemetic during pregnancy, was later found to have
teratogenic effects (Schardein, 1993; Ostraff et al., 2000). It is often difficult to identify
these side effects even on the target species — and pharmaceutical developers actively
search for them. Adverse effects in non-target organisms are even more difficult to
predict. Nevertheless, numerous researchers have reported such findings. For example,
at environmentally relevant concentrations, the human lipid regulator gemfibrozil has
been shown to reduce testosterone levels in the goldfish Carassius auratus (Mimeault et
al., 2005). Likewise, a series of seven antibiotics including metronidazole, erythromycin,
oxytetracycline and clarithromycin have shown toxicity against non-target algae, rotifers,
microcrustaceans and fish at either environmental or fish therapeutic concentrations

(Cavas, 2005; Isidori, 2004).

4. PhAC are designed specifically to alter some biological function

Pharmaceuticals are biologically active compounds that have been designed or
serendipitously discovered to alter biological systems including those in humans,
mammals and other vertebrates (Cleuvers, 2003; van der Ven et al., 2004; Sanderson et
al., 2004a; Sanderson et al., 2004b; Issidori et al., 2004; Halling-Sorensen et al., 1998).
Uptake, distribution and effect of pharmaceuticals within the target organism depends
upon their ability to cross biological membranes and remain chemically stable long
enough to meet their therapeutic target Thus, pharmaceuticals resemble other intensely

regulated environmental pollutants such as pesticides and herbicides (Sanderson, 2004;



Cleuvers, 2003; van der Ven et al., 2004), and the argument that pharmaceutical
contamination of the environment is innocuous needs to be re-evaluated (Drillia et al.,

2005; Daughton and Ternes, 1999).

Pharmaceuticals: Basic Concepts of Toxicity Testing

Toxicity testing is used to determine the effect/s of substance/s on target
organism/s. It can be performed on various organisms, organs, tissues, cells or even
molecules. Potential effects can be observed over various time spans, ranging from
seconds to years. Single or multiple exposures can be employed, with high, low or
intermediate doses on individuals at various stages of development. Endpoints may
range from death or severe illness to subtle changes in immunological competence,
energy consumption and reproductive success. Toxicity tests can be classified according
to effects on various organs, effects at various stages of development and effects of
varying time and dose of exposure. This discussion will focus on the latter. Varying the
time and dose of exposure essentially leads to the design of acute versus chronic toxicity
testing (DiPasquale and Hayes, 2001; Wilson et al., 2001). Because the data is obtained
from such tests used to formulate management strategies, there is considerable debate
concerning the type, quality and relevance of toxicity testing, and its applicability to

policy decisions (see chapter 3).

Acute toxicity testing

One definition of acute toxicity is “the adverse changes occurring immediately or
a short time following a single or short period of exposure to a substance or substances”

(Rhodes, 2000). To elucidate the effects of acute toxicity, several standard testing



methods have been designed. These tests aim to define the “intrinsic toxicity of a
chemical, assess the susceptible species, identify the target organs of toxicity, and
provide information for risk assessment and/or dose levels for future studies” (Ballantyne
et al., 1995). For those chemicals where no other toxicology data is available, the results
of acute testing are used to set standards for classification, labelling and transportation, as

well as for safety and monitoring.

A common endpoint of acute toxicity testing is the LDs; the dose that is lethal to
50% of test organisms. Variations on the LDs; include the LCy, EDy, MIC and
NOAEL/C defined, respectively, as the concentration lethal to x percent of respondents,
the effective dose for x% of respondents, the minimum inhibitory concentration, and the
no-observed-adverse-effect-level/concentration. Acute toxicity values are usually given
in conjunction with additional information concerning the length of exposure and the type
of organism tested. For example, bacitracin, an antibiotic often used as a livestock
growth promoter, has a 24hr LCsy of 126 mg/L on the aquatic invertebrate Daphnia
magna, and a 48hr LCs of 30 mg/L (Brambilla, 1994, Migliore et al., 1997). Another
example is the antiparasitic agent ivermectin. It has a 96-hr LCs in Salmo gairdneri
(Rainbow trout) of 3.0 mg/I. and a NOEC (No Observed Effect Concentration) at 48 hr of

0.9 mg/L (Halley et al, 1989).

Acute toxicity testing is performed over a relatively short period of time, often
between 24 and 96 hours, and has pathologically gross, easily identifiable endpoints such
as severe illness and death. It is a preferred test for many environmental policy analysts

and a benchmark of regulatory toxicology (Daughton, 1999). Acute toxicity testing is



also readily amenable to the development of substance-specific dose response curves.

These are described in more detail in the following section.

Linear Dose-response or Dose-effect Relationships

Several textbooks (Zakrezewski, 2002; Hayes, 2001; Ballantyne et al., 2000) offer
comprehensive coverage of all aspects of dose-response relationships. The following is a
summary of the points most relevant to the environmental toxicology of pharmaceutical

compounds.

Dose-response relationships are based on the intrinsic variability of response both
within an individual and within a population. In general, as the amount of material given
to an individual or a group increases, so does the magnitude of the response or the
number of individuals responding (Ballantyne et al., 1995 pp11). These connections are
usually presented visually as a dose-response or dose-effect curve. If the effects
investigated relate dose to the severity of response in an individual or population, the
result is as dose-effect curve. If they relate dose to the proportion of subjects showing a
specific, pre-determined effect, the result is a dose-response curve (Rhodes, 2000). Dose-
response/effect curves can be presented in various forms that yield different types of
information. Through a series of mathematical manipulations, a linear function relating
dose and response can be obtained (Figure 1). Generally, biological responses to a range
of doses tend to be skewed such that individuals showing resistance do so over a larger
range of doses than do individuals showing sensitivity (Figure 1a) (DiPaswuale and
Hayes, 2001). For example, expressing the dose as log dose will transform the skewed
distribution into a normal distribution (Figure 1b), while expressing frequency of

response as cumulative percentage will further transform the results into the well-known



sigmoidal response curve (Figure 1c). A significant value on this graph is the dose
corresponding to 50% response. If the measured effect were mortality, that value would
denote the LDsp and would describe the average response to the test chemical. This
graph also shows the existence of hyper- and hypo-susceptible groups at the lower and
upper ends of the curve respectively. In the context of environmental toxicology, this
means that the hypersensitive individuals within a species and the hypersensitive species
within an ecosystem may be at higher risk of injury. Lastly, the range of doses eliciting
an effect is represented by the slope of the curve, i.e., a steep curve denotes a narrow
effective range, and a flat slope indicates a much wider range. For chemicals with a

steep slope, a very small change in dose can result in a large change in response.

A

Response (%)

Cummulative %
Response
Response (Probit
Transformation)

Log 10 Dose

Figure 1: Dose-Response Curves: Representation of mathematical transformation

from a typically non-normal response distribution (A) to normalized (B and
C) linear function (D).




Transforming the percentile cumulative response on the y axis into probits
(normal equivalent deviant ranges), and maintaining the log;o dose on the x axis will
convert the normally distributed sigmoid response into a linear function (Figure 1d)
(Bliss, 1935, 1940, 1941 for the development and refinement of the probit model).
Probit transformations are performed because linear functions are more amenable to
statistical calculations such as median values and confidence intervals and because
probits allow for the examination of data over a larger range of values (Ballantyne etal.,

2000).

There is an important relationship between median effect values (EDsg, LCso,
LDsy, etc) and the slope of the dosage-response/effect curves. First, the median values
reflect the point of highest statistical confidence in the results, as the confidence intervals
at this point are narrowest (Rhodes, 2000). Median values are often reported and used for
regulatory purposes, but they are not meant as stand-alone parameters; they should be
reported with confidence intervals and slope values (DiPasquale and Hayes, 2001).
Second, any effects indicated by median values are heavily influenced by the slope of the
dose-response curve. For example, consider the four chemicals in Figure 2. Chemicals
A and C have the same LDs, values, but different slopes. Thus, while both chemicals
induce similar median toxicity, chemical A is much more toxic at lower doses relative to
chemical C. Another implication is that chemical C may have a narrower range of safety

or rapid onset of action and faster absorption (Ballantyne et al., 2004).
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O%LRequnse.‘

Response - Probits

Figure 2: Relationship between slope and LDsy. Chemicals with similar slopes (D
and B) can have very different LDsq values. Chemicals with similar LDsq
values, can have dissimilar slopes (C and A).

For example, while investigating the mixture effects of three B-blockers, Cleuvers
found that at doses below ECj3q, the measured effects exceeded the predicted effects by
36%. He attributed this discrepancy to the sharp dose-response slope of one of the drugs,
propranolol (Cleuvers et al., 2005). (Further discussed in the section Handling Mixtures

at the end of this chapter.)

Non-linear Dose-Response Relationships

The behaviour of many chemicals may be studied using the general principles of
dose-response relationships explained above. However, there are some exceptions. One
of these is the case where the sigmoid curve does follow a normal distribution but there is
a higher-than-normal incidence of effects in the hyperreactive zone (small proportion of
the population responding to very low dosages). This situation is indicative of a genetic
variant in a proportion of the population, causing the enhanced sensitivity (Ballantyne et
al., 1995). In terms of the low environmental concentrations expected for pharmaceutical

contaminants, these populations would be expected to be the first to show effects.
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Another exception to the sigmoidal response is the case of hormesis in which
biphasic or U-shaped dose-response curves are obtained. Although the concept has only
recently been debated in mainstream environmental toxicology, some authors claim that
these relationships are actually the rule and that the sigmoid curve is the exception
(Calabrese, 2005b). Hormesis is defined as “an adaptive response characterized by
biphasic dose responses of generally similar quantitative features with respect to
amplitude and range of the stimulatory response that are either directly induced or the
result of compensatory biological processes following an initial disruption of
homeostasis” (Calabrese and Baldwin, 2002). At very low doses, hormesis results in a
mild (30 — 60%), usually stimulatory effect relative to controls. When represented
graphically, this phenomenon results in U- or inverted U-shaped graphs (Figure 3). The
direction of the curve is dictated by the endpoints measured. For example, U-shaped
graphs occur when the measured endpoints include mutation rates, birth defects and
cancer incidence and inverted U-shaped graphs occur when growth rate, fecundity and

longevity are measured (Calabrese, 2005a; Calabrese, 2005b; Beck et al., 2001).

A critical feature of hormesis is that it is only apparent at doses below NOAEL —
with higher dose responses being indistinguishable from the traditional sigmoid
relationships (Calabrese, 2005b). The hormetic response is believed to represent a repair
overcompensation following a minor disruption in homeostasis (Beck et al, 2001). For
example, a minor chemical insult induces a generalized repair response in the affected
organism. To ensure adequate clearance, the response is slightly overcompensating.
However, as the dosage (and the damage) increases, the intrinsic repair capacity

decreases, eventually equalling the level of damage. This is the zero-equivalent-point
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(ZEP) or the NOAEL. Above this level the more familiar ‘frank toxicity” occurs (Beck et

al., 2001).

Response

B

Figure 3: Hormesis graph showing the typical U-shaped (sometimes referred to as J-
shaped) curve (A) or the inverted U-shaped curve (B). NOAEL = No
Observed Adverse Effect Level; ZEP = Zero Effect Level

Another critical attribute of hormesis is that the process does not necessarily
imply beneficial effects (Calabrese, 2005b; Chapman, 2002). For example, while retinoic
acid has been shown to suppress the development of some epithelial tumours (at
therapeutic doses), lower doses actually encourage cell proliferation (Bentel, et al., 1995;
Hurnanen, 1997). This point merits repetition as even the mildest connotation of
innocuousness at low doses can be misleading (Thayer, 2005). In human medicine,
biphasic responses have been observed for antibiotic, antiviral and non-steroidal anti-
inflammatory drugs (Bentel, et al., 1995; Hurnanen, 1997; Calabrese and Baldwin, 2001).
In environmental toxicology, biphasic dose-response curves have been reported or

suspected for estrogenic effluents and xenoestrogens acting on snails’ reproductive output
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and for 17a-ethinylestradiol acting on fathead minnows’ egg production level (Jobling et
al., 2004). The paucity of published biphasic dose-response curves for environmental
contaminants may be interpreted as indicative of a paucity of biphasic relationships.
However, many authors suggest that non-sigmoidal dose-responses are not unusual but
that few investigators employ an appropriate design of dose-response experiments that
would identify hormesis (Cleuvers, 2005; Daughton, 2004; Calabrese, 2005a; Calabrese,
2005b). For example, experiments may be performed at an inappropriate number,
spacing or range of doses and/or temporal measurements relative to endpoints or endpoint

selection may be unsuitable for detecting hormetic effects (Beck et al., 2001).

In a series of recently published articles, Edward Calabrese and colleagues make a
strong case for the inclusion of hormesis as the default assumption for toxicity testing
(Calabrese, 2005a; Calabrese 2005b; Calabrese and Blain, 2005; Calabrese and Baldwin,
2001). In the context of pharmaceutical contamination, it is important to note that
hormesis functions in the same range of concentrations as those found for pharmaceutical
compounds in the environment, i.e., 3 to 5 orders of magnitude below the NOAEL
(Calabrese, 2005b). This fact may make hormesis especially relevant to the toxicological
evaluation of pharmaceutical contaminants. However, the application of hormetic
concepts to environmental contamination with PhACs must be implemented with caution
so that in setting minimum acceptable contaminant levels, regulators do not anticipate
unfounded hormetic effects (thereby setting dangerously high limits of exposure). These
issues and concerns have been addressed in detail by Thayer et al., (2005). Furthermore,
hormesis is inherently difficult and very expensive to establish because the effects are

very mild and the endpoints not easy to establish (Calabrese, 2005a; Calabrese, 2005b).
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Regardless of the eventual approach to hormesis, Calabrese and others refer to a virtual
‘paradigm shift’ in the way scientists handle low-dose effects to reflect the U-shaped

dose response curves (Calabrese, 2005a).

Repeated Exposure and Chronic Toxicity Testing

Repeated exposure studies (performed over up to 10% of an animal’s lifespan)
and chronic toxicity studies (performed over 2 years for small laboratory animals), both
use repeated, sub-acute exposure levels. Repeated exposure studies investigate the
effects of a compound’s accumulation over a period of time and/or its possible latency
periods (Ballantyne et al., 1995). Chronic toxicity is particularly relevant to aquatic
contamination, as organisms have the potential to undergo life-long exposure (Daughton
and Ternes, 1999; Weigel et al., 2002). Chronic toxicity testing is usually more
demanding in terms of time, effort and financial commitments than acute testing.
Changes in energy consumption, reproductive success, immune function, tumour
formation and behaviour can be monitored. These subtle endpoints may also be more
difficult to establish and interpret than those for acute exposure. For example, in a 90 day
reproductive study of the effects of dietary exposure of male rats to 173-estradiol, some
of the endpoints chosen for study were decreases in epididymal weight and sperm
number in the F1 (Cook et al., 1998). The length of time required for the experiment, the
constant attention and work associated with this set-up and the significant technical

requirements add to the difficulty of this experiment.
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Scientific Approaches to Eco-Toxicological Assessments of
Pharmaceuticals

Compared to the wealth of toxicological information available for products such
as pesticides and persistent organic pollutants (POPs), information pertaining to the
environmental toxicology of pharmaceutical products is relatively scarce (Jones et al.,
2002; Sanderson et al., 2004a; Lange and Dietrich, 2002; van der Ven et al., 2004). In
fact, the open peer-reviewed literature and ecotoxicological databases contain data for
less than 1% of pharmaceuticals (Sanderson et al., 2004a). It was not until the 1990s that
two events coincided and raised awareness of pharmaceutical contamination of the
environment: advances in technological capabilities that allowed the quantification of low
concentrations of pharmaceuticals in aquatic systems, and publication of a number of
comprehensive reviews which documented the presence of these contaminants in various
bodies of water (Velagaleti, 1997; Halling-Sorenson et al., 1998; Daughton and Ternes
1999). In subsequent years, scientists began to investigate the toxicity of pharmaceutical
compounds to non-target organisms and to collect information for environmental risk
assessments. Their efforts resulted in a series of environmental risk assessments
performed for specific drugs or drug classes; for example antibiotics (Andreozzi et al,
2004; Jones et al., 2002), psychoactive drugs (Cunningham et al., 2004) and lipid
regulators (Emblidge and De Lorenzo, 2005). The effect of mixtures of a limited number
of pharmaceutical compounds has also been assessed (Cleuvers, 2005) as has the effect of
some municipal sewage treatment plants (STP) effluent on some species of fish, mussels,
algae and aquatic invertebrates (Porter and Janz, 2003; Quinn et al., 2004). From a
regulatory standpoint, the result of all this research is that many jurisdictions (Canada,

United States, European Union, Australia) now require various levels of environmental
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impact assessments for new pharmaceuticals seeking market approval (Straub, 2002;

Sanderson et al., 2004a; Schwab, 2005).

Adequacy of Toxicity Testing and Risk Assessment Information

Although the assessment approach varies between Canada, the United States and
the European Union, the information required is similar: pharmaceuticals are assessed for
ecotoxicity based on their measured and predicted acute toxicities to non-target
organisms, and their chemical and physical properties as these relate to environmental
persistence, bioaccumulation and biomagnification (Daughton and Ternes, 1999; Straub,
2002). For example, the European Union uses a tiered assessment system based on the
ratio of the predicted environmental concentration (PEC) to the predicted no-effect
concentration (PNEC). The PNEC is an experimentally determined value based on
standard acute toxicity tests to i.e., algae, Daphnia magna and fish (Straub, 2002;
Sanderson et al., 2004b). However, these tests evaluate the effects of individual
substances on individual species (e.g., Daphnia magna, zebrafish (Danio rerio), African
clawed frog (Xenopus laevis) or fat head minnow (Pimephales promelas)), often
overlooking mixture or multi-species effects (Lange and Dietrich, 2002). Also often
overlooked in these tests is the potential chronic and generational toxicity associated with
low-dose, continual exposure (Daughton, 2004). Similar concerns have been advanced
regarding information for the chemical’s physical and chemical properties. For example,
the models used to determine basic chemical properties (such as partitioning
coefficients), are based on laboratory information obtained from structurally unrelated
compounds such as neutral industrial chemicals and pesticides (Cunningham, 2004). For

these reasons, the appropriateness of current assessment practices and data for
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pharmaceutical ERAs has been questioned (Daughton, 2004; Lange and Dietrich, 2002).
Responding to such criticisms, researchers are starting to incorporate some changes into

the data gathering/assessment systems. Some of these changes are outlined below.

Changes on the Horizon
Assessing the validity of models employed to determine chemical properties

Environmental persistence, partitioning preferences (as denoted by individual
partition coefficient values, log P) and toxicity data are used in various predictive
mathematical models. The two models “ranked best overall” (Moore et al., 2003) QSAR
(Quantitative Structure-Activity Relationship) and ECOSAR (Ecological Structure-
Activity Relationship) use measurements of acute toxicity, log P, solubility and predicted
environmental persistence amongst a multitude of other physico-chemical properties of
the contaminant and the receiving environments (Sanderson et al., 2004a; Sanderson et
al., 2004b). These models attempt to integrate a wide range of information, but some of
the numerical values used have been developed for chemicals quite unlike
pharmaceutical substances (Cunningham, 2004). For example, many relationships
describing chemicals’ partitioning preferences have been modelled on smaller, neutral
and highly hydrophobic molecules (Lyman et al., 1990). Some large (cyclosporine for
example, has a molecular weight of 1203), ionisable molecules would not follow the
expected mechanism of sorption to organic matter by hydrophobic partitioning as it
discounts the more complex ionic and ion-pairing mechanisms of this molecule
(Cunningham, 2004). Similarly, some authors are questioning the methods used to
characterise drug sorption to soil particles (Tolls, 2001; Diaz-Cruz 2003). They point out

that sorption is driven by a number of different mechanisms -~ surface adsorption to
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minerals, ion exchange, complex formation, etc. — and that exclusive reliance on
hydrophobic interaction for risk assessment purposes is misguided (Diaz-Cruz, 2003).
Some (Monforts, 2005) even suggest that cut-off values on sorption properties (used for
assessing and categorizing environmental persistence) are not warranted. Pharmaceutical
substances are sufficiently variable in their sorption behaviour to justify a re-evaluation
of the models employed. For example, Scheytt et al. (2005) found that hydrophobic
sorption is the main sorption process for carbamazepine but that ionic interactions are
more important for the sorption of diclofenac and ibuprofen. For the specific case of
veterinary pharmaceuticals, Montforts (2005) suggests that the screening and mechanistic
models required for pesticide registration may be more appropriate for determining the

distribution of PhAC in soil.

Alternatives to animal toxicity tests

Acute toxicity testing has traditionally relied heavily on the use of laboratory
animals. Escalating public pressures for humane animal treatment and for reducing
animal testing has led scientists to look for alternatives to tests relying on in-vivo studies.
Consequently, improved in-vitro and in-silico models continue to be refined and to find
scientific and regulatory acceptance (Bhogal et al., 2005). These approaches are based
on Russel and Burch’s (1959) proposed 3Rs of humane animal treatment — replacement,
reduction and refinement, with the contemporary addition of a fourth R — responsibility
for the safety of the products tested (Gad, 2000). The alternative systems available range
from relatively simple in-vitro subcellular fractions and tissue slices to the more complex
3D organotypic cultures such as EPISKIN™ or EpiDerm™ (see Bhogal, 2005 for a

review of current in-vitro systems). The information obtained from such models can be
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used in conjunction with information derived via the so-called ‘omics’ and computer

modelling technologies in a manner depicted in Figure 4.

‘Omic’ technologies include genomic, proteomic and metabolism profiling approaches to
determining toxicity. These are based on the premise that toxicological events change the
protein composition, structure and function of the affected cell in a detectable way
(Bhogal et al., 2005). Gene expression profiles at either the transcriptional or the
translational level, of individuals exposed to new chemicals are compared to those of
individuals exposed to known toxicants. Analysis of these results should provide
information for identifying the mechanism of toxic action as well as biomarkers for
individual variation in susceptibility, exposure and effect (Bhogal et al., 2005). Figure 4
depicts the intimate relationship between the traditional and new in-vitro testing/in-silico
applications. The ‘omics’ technologies operate on a structure-toxicity axis extrapolating
effects of new chemicals based on those of known chemicals much in the same way that
some in silico approaches do. For example, QSARs extrapolate properties of new
chemicals based on the properties of known chemicals. QSARs and modelling
techniques will be further discussed in chapter 2, and the simplicity of the integration
between toxicity assessments will be revisited in chapter 3 as an example of an epistemic

value.
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Figure 4: A scheme for integrated toxicity testing. Adapted from Bhogal et al., 2005

X = substance not required to undergo further testing/evaluation.

" TOPKAT and HazardExpert are two of the commonly used expert systems (computer models which can
predict the most relevant types of toxicity based on available data). Each program predicts various
endpoints of toxicity. For example, TOPKAT (http://www.accelrys.com) predicts carcinogenicity,
mutagenicity, developmental toxicity, skin sensitization, eye irritancy, biodegradability, acute toxicity and
chronic toxicity. HazardExpert (http://www.compudrug.com) can predict bioaccumulation,
immunotoxicity and neurotoxicty among other endpoints. CloePK and PK-Sim are two of the commonly
used models for predicting biokinetic properties. For example, Cloe-PK (http://www.cyprotex.com) can
predict potential exposure, GI absorption, plasma, tissue and organ concentrations, renal excretion and
hepatic metabolism.

? Tissue slices such as liver or kidney or cultures of hepatocytes for incorporating metabolizing enzymes
and metabolic screening

3 Examples of in-vitro (or refined in-vivo) methods validated or accepted for regulatory use.

* For further information on the abilities, advantages and disadvantages of using new technologies for
assessing toxicity in-vitro and in-silico see Bhogal et al., 2005

21



Test Substance
%
L Y
bxisting Physicochemical
Information g properiies

——
IN—

waw Computational modeling Human data
X g QSARs and expert systems 4 biomarkers
(1. HazardExpert, TOPRKAT epidemiology

Cloe PK and PR-Sin exposure

§
« v k3 L
In-vitro cytotoxicily

High-throughput screening

N e ERIOMIE, proteomic and
Metabonomic analyses
:i
Xt Metabolism screening e
{Tigsue shices, cell cultures)’

v
X g larget organ or system Loxicity €
{Genotoxicity, goute lethal potency
and munoclonal antibody production or
Cell wansformation, Ecotoxicity and

Endocrine Disraption festing?™”
|

Hazard Data §

X & Preliminary risk assessment
sereendprioritize for continued testing

!
A

In-vivo testing

;
Hazard '{'}zmg

X e Turther rish assessment
]

v

Risk management

22



Toxicogenomics describes the application of omic technologies to toxicology.
For example, recent work combined Gene Chip ™ technology with chemical profiling and
traditional toxicological exposure assessments to characterize the molecular responses of
fish exposed to STP effluent (van Aggelen et al., 2005). They found changes in the
regulation of genes of effluent-exposed fish (including up-regulation of the VTG gene —
an indicator of estrogenic exposure). Further, chemical profiling analysis will enable
them to detect changes associated with a suite of pharmaceuticals including estrogens,
sterols, and non-steroidal anti-inflammatory drugs (NSAIDs) (van Aggelen et al., 2005).
In a more generalized manner, toxicogenomics can provide a wealth of mechanistic
information on cellular and molecular responses to chemical stressors. For example,
Moggs (2005) reviewed different toxicogenomics approaches used to acquire mechanistic
data for molecular responses to xenoestrogens. These include rodent uterotrophic
response profiling (i.e., gene ontology and pathway mapping of E2-responsive gene
functions and phenotypic anchoring of gene expression changes during E-2 induced
uterine growth (Moggs et al., 2004; Moggs, 2005)) or analysis of diethylstilbestrol (DES)
induced carcinogenesis (Huang et al., 2005). The new data on molecular responses to
xenoestrogens will impact hazard and risk assessment most likely by facilitating the

development of short- and long-term exposure biomarkers (Moggs, 2005).

Integrated Assessments

As will become apparent throughout this paper, predicting, assessing and
monitoring the effects of xenobiotic contaminants on non-target organisms is a
multifaceted endeavour. The ultimate effect of a substance on an exposed organism

depends not only on the contaminant’s physical and chemical properties, but also on
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those of the receiving environment, the overall status of the organism and the extent of
exposure to other stressors. Figure 5 is a diagrammatic representation of the interactions
that lead to the generation of a response in a species. The concept is equally applicable to

a subgroup of a species, or to one individual.

Stressors

density dependence
disease predation

habitat loss ———» §BECIES <«———— exploitation

food chain / \ environmental

effects factors (temp., salinity)

toxicant stress

1

Responses

Figure 5: Biologic interaction for the development of a response. Adapted from van
der Oost et al., 2003

Predictions of effects based on chemical-specific, physico-chemical and dose-
response interactions integrate some of the aspects of response depicted in Figure 5.
However, as Power and McCarty (1997) point out, the current paradigm does not
correctly account for a majority of potential stressors experienced by animals in their
natural environments. This view is mirrored also by Olden (2004) in his assessment of
the current ‘simplistic’ models used in our understanding of toxicology. He continues his
argument by suggesting that the integration of toxicogenomics with conventional

techniques may provide a better approximation of natural systems. The integration
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between various assessment systems discussed above may address some of these
concerns. The current process is ‘simplistic’ and accounts only for stress from toxicants.
However, the in-vivo — in-vitro — in-silico integration may also account for environmental
factors and food-chain effects. Furthermore, the more general integrated risk assessments
discussed in chapter 3 could integrate stress from the other areas depicted in Figure 5
such as exploitation, disease, habitat loss and predation, and may even extend to consider

human-animal welfare interactions.

Handling Mixtures

Terms such as synergism and potentiation may be applied to the effects elicited
by a mixture of two or more chemicals. Both of these terms imply at least additive
effects, but these effects are part of a larger spectrum of interactions possible within
chemical mixtures. The effects of mixtures have been classified Ballantyne (1995) as

follows;

e independent effects — toxicity exerted independent of each other, both quantitatively
and qualitatively

e antagonistic effects — toxicity of each interferes with the other and reduces the
toxicity of one or more components.

e additive effects — toxicity of chemicals with similar qualitative action, produce a
response which is quantitatively equal to the sum of the effects produced by the
individual constituents

® potentiating effects — one substance (often of low toxicity) enhances the toxicity of
another; resulting in higher than expected toxicity

e synergistic effects — two materials administered simultaneously result in toxicity
greater than that expected from either each one alone, or both additively.

Mixture effects would be expected to be significant when contaminants are at
exceedingly low concentrations in a multi-media, multi-chemical environment, as with

pharmaceutical contaminants.
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Selected Properties of Simple and Complex Mixtures

Researchers distinguish between simple mixtures, which contain less than 10
compounds, all with available toxicity data, and complex mixtures, which have a larger
number of constituents, some without readily available toxicity data (Groten et al., 2001).
According to most literature, including US EPA procedures (US EPA 2000), complex
mixtures are evaluated based on either the ‘mixture toxicity data’ or, when such
information is not available, on the data of a ‘sufficiently similar mixture’ (US EPA
2000). This method is often used to evaluate the effects of well-characterized mixtures
such as diesel fuels, polychlorinated biphenols and natural flavourings (Groten et al.,
2001; Monosson, 2005). A variation on this theme is the practice of whole effluent
testing, which evaluates the effects of treatment plant effluents on organisms living in

impacted areas (Folmar, 1996; Harries, 1997; Porter 2003).

All other means of calculating mixture effects are designed for simple mixtures.
Within this category, researchers distinguish between mixtures exhibiting some level of
interaction and those exhibiting zero interaction, where interaction is defined as the
deviation from results expected on the basis of “additive interactions of the individual
mixture components” (Silva et al., 2002). The concept of ‘deviation from expectations’
1s important as those expectations are the sole basis of differentiation between various
types of responses (i.e. synergism and potentiation). This idea has been discussed at

length by Kortemkamp and Altenberger (1999).

Simple mixtures exhibiting interaction — those showing synergistic or antagonistic
effects — are evaluated using the method of interaction-based hazard index. This method

assumes cumulative and interactive effects. Interaction-based hazard index used alone on
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in combination with the weight-of-evidence approach (which involves an understanding
of routes, timing, duration of exposure, binary mixture kinetics, etc.) incorporates toxicity
data from binary mixture testing (Groten et al., 2001; Monosson, 2005). Synergistic
relationships between pharmaceutical contaminants have been reported or suspected in
several studies (Halling —Sorensen et al., 1998; Routledge et al., 1998; Jones et al., 2002;
Cleuvers, 2003). For example, several groups have evaluated the inhibitory effects on
bacterial growth of anti-neoplastic, 5-fluorouracil and several antibiotics including p-

lactams, cephalosporins and norfloxacin (Ueda et al., 1983; Gieringer et al., 1986).

Simple — No Interaction Mixtures

Simple mixtures not exhibiting interaction are studied using one of three models:
dose addition or effect summation, response addition or independent joint action and

concentration addition (Silva, et al., 2002; Monosson, 2005).

Dose addition / effect summation

This method is based on the expectation that the net effect of a mixture is the
arithmetic sum of the effects of its components (Silva, 2002). This approach applies to
chemicals exhibiting a similar mode of action with similar endpoints. It assumes that
individual potencies can be ‘normalized’, in such a way as to be expressed relative to an
index chemical (Monosson, 2005). The toxic equivalency factor (TEF), the relative
potency factor (FPF) and the hazard index (HI) are different means of expressing results
of mixture toxicity based on effect summation (discussed in Monosson, 2005). A serious
limitation of dose addition models is that they are only applicable to those chemicals with

a linear dose-response curve (Payne et al., 2000; Kortenkamp and Altenburger, 1998).



However, many pharmaceuticals do not necessarily show this dose-response relationship
(Kortenkamp and Alterburger, 1999; Rajapakse, 2002). Consequently, calculations based

on dose addition/effect summation tend to underestimate the total effects.

Response addition / independent joint action

This approach is used with chemicals that act on independent subsystems of an
organism and have different end-points (Silva, 2002; Monosson, 2005). Consequently,
there is an assumption of no interaction between the effects of the chemicals in the
mixture. Response addition is preferably applied to chemicals that are present in low, but
not sub-NOEL concentrations. In fact, a major assumption of this model is that
chemicals present in sub-NOEL concentrations do not contribute to the overall toxicity of
the mixture (Silva, 2002). This view is being challenged as evidence of chronic exposure
to sub-NOEL chemicals shows adverse environmental‘ effects (Rajapakse, 2002; Silva,
2002). To date, response addition has primarily been applied (or accepted) to the

estimation of risk associated with chemical carcinogens (Monosson, 2005).

Concentration addition

Similar to dose addition, concentration addition applies to chemicals with a
similar mode of action having similar end-points. It assumes that the same effects can be
produced by replacing one constituent with another and that each component of the
mixture contributes to the final toxicity in proportion to its concentration (Payne, 2000).
Unlike the response addition model, concentration addition recognises each chemical’s
effect on the final toxicity, even if the chemical’s concentration is below the zero-effect

level (Payne et al., 2000; Faust et al., 2001). Concentration addition can be used to
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evaluate a more accurate TEF for chemicals with sigmoidal dose-response curves (Safe,
1990) and is currently the preferred means of evaluating overall mixture effects (Payne et

al., 2000; Faust et al., 2001; Silva et al., 2002; Cleuvers, 2004).

For estrogens and some common environmental xenoestrogens (bisphenol A, 4-
nonylphenol, 4-octylphenol, o,p -DDT — synthetic chemicals mimicking the action of
estrogens), concentration addition was used to demonstrate two key concepts: low
concentration does not imply low risk, and low potency does not imply low risk. It has
been suggested that since most xenoestrogens are present in quantities well below their
individual NOECs, they would present little or no risk to exposed organisms (Safe,
1995). However, several studies have shown conclusively that combinations of
xenoestrogens do produce effects even at individual concentrations below the NOEC
(Kortenkamp and Altenburger, 1999; Payne et al., 2000; Silva et al., 2002; Rajapakse, et
al., 2002). Tt has also been suggested that since many xenoestrogens are orders of
magnitude less potent than endogenous estrogens (Cargouet et al., 2004), the former will
pose comparatively no harm to the environment (Safe, 1995). This view has also been
refuted. Using CA, Rajapakse et al., (2002) showed that combinations of xenoestrogens
at below NOEC can modulate the action of the more potent natural steroid hormone, 17p-

estradiol.

Cumulative mixture effects are not restricted to endocrine-disrupting compounds.
Effects greater than predicted from individual drug toxicities have been observed for
binary mixtures of diclofenac/ibuprofen and clofibric acid/carbamazepine in Daphnia
tests (Cleuvers, 2003). Mixtures of 3 cardiovascular B-blockers (atenolol, metoprolol and

propranolol), showed a markedly increased toxicity to Daphnia compared to individual
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effects (Cleuvers, 2004), as did mixtures of 4 nonsteroidal anti-inflammatory drugs
(NSAID) (Cleuvers, 2005). Using the model of concentration addition, Cleuvers
concluded that, for both of these studie, the effects were at least additive. The use of
concentration addition (CA) in this case is intriguing, as in the test animals these drugs do
not share a similar mode of action (as they do in humans, and as would be required for
the conventional application of CA), but rather act by non-specific narcosis (Cleuvers,
2004; Cleuvers, 2005). These results corroborate earlier findings that CA can be applied
to chemicals that produce toxicity via narcosis (van Loon et al., 1997; Deneer et al.,

1988).

Narcosis describes non-specific, non-receptor mediated, anaesthetic-type toxicity,
thought to function by a disruption of the hydrophobic interactions in the cell membrane
(Ren, 2002; Schultz et al., 2003). The narcosis mechanism of action has been observed
in various aquatic species exposed to environmentally-relevant concentrations of
pharmaceuticals (Cleuvers, 2004; Cleuvers, 2005). Several mechanistic theories for
narcosis exist; one proposal is that chemicals accumulating at the lipid bylayer interface
increase lateral pressure within it thereby changing the ratio between open and closed ion
channels (Cantor, 1997; Schultz et al., 2003). Several classes of narcoses have been
described; the two most prominent ones being polar and non-polar. Non-polar narcotics
are usually inert compounds such as halogenated gaseous anaesthetics, for which log Ky
relationships demonstrate baseline toxicity such that the chemical’s toxicity is never less
than that predicted by the log P-based models. Polar narcotics include aromatic
compounds with strong electron-donating constituents whose potency exceeds that

estimated on the basis of their log P values (Schultz et al., 2003; Ren, 2002). For
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example, phenols and anilines are polar narcotics, while pharmaceuticals such as
ibuprofen and naproxen demonstrate non-polar narcosis in non-target organisms (Ren,
2002; Cleuvers, 2004). The type and applicability of narcosis to observed effects in
wildlife is an area of avid research as it provides a basis for the determination of
mechanistic information (Borgert, 2004). Mechanistic data is incorporated in both in-
vivo/in-silico modelling and in structure-activity systems in order to predict toxicity

(Olden, 2004; Cunningham, 2004).

Cleuvers suggests that many pharmaceuticals (non-steroidal anti-inflammatory
and cardiovascular drugs) can produce narcosis even if they act on specific targets in
humans (Cleuvers, 2004; Cleuvers, 2005). The application of concentration addition to
chemicals not sharing a common mode of action accounts for the effects of substances
present in concentrations below their NOECs without any apparent drawback in the
model’s predictive powers. For that reason, it is gaining in acceptance over other means

of modelling mixture effects.

Aspects of bio-transformation of pharmaceuticals

Most pharmaceuticals undergo some level of metabolic transformation in the
target organism, at least for some fraction of the administered dose although the extent of
metabolism can vary widely. For example, the psychoactive drug carbamazepine
undergoes substantial metabolic transformation, while the anaesthetic drug propofol
resists metabolic degradation and is excreted largely as the parent compound (Kiimmerer,
2004). Generally, metabolic processes increase a chemical’s water solubility thereby
facilitating its excretion and minimizing potential toxicity (Vermeulen, 1996). This

situation is depicted in pathways 3 and 4 in Figure 6. Occasionally, the opposite is true,
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where the molecule actually becomes more hydrophobic and excretion is delayed. For
example, metabolism of sulphonamides via acetylation decreases their solubility causing
them to accumulate in the kidney tubules (Ballantyne, 1995). This situation is
represented by pathway l‘A in Figure 6. Lastly, metabolic activation to more reactive or
toxic compounds is also possible (pathways 2 and 6C). The anti-neoplastics
cyclophosphamide and ifosfamide undergo metabolic activation leading to the formation
of isophosphoramid mustard and acrolein (Christensen, 1998; Sanderson et al., 2004a).
Compared to the parent compounds both of these products have considerably increased
cytotoxicity thereby accounting for their anti-neoplastic activity (Sanderson et al.,

2004a).

Foreign Substance

! lz 3 l4
Toxic Stable
reactive metabolite
metabolite
Y
A 4
Macro- Stable metabolite
molecule
adduct
A l B C
 / v
Toxic Effect Excretion

Figure 6: Xenobiotic transformation within the body. Adapted from Bimbrell, 1991

(1) direct toxic effect (A); (2) metabolic activation to a toxic product; (3) formation of a stable metabolite
which may cause a toxic effect (C); (4) detoxification via the formation of a stable metabolite and
subsequent excretion (note that the foreign compound may be excreted directly. However, that situation
does not involve any transformation, thus it is not included in the diagram). The reactive metabolite formed
by bioactivation (2) may cause a toxic effect (B) through reaction with critical targets (5) or be detoxified
through reaction with a protective agent (6). Adapted from Timbrell (1991), slightly modified.
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Types of Pharmaceutical Biotransformation Reactions

Phase I and II reactions are metabolic processes whose major purpose is to
facilitate the excretion of xenobiotics, particularly hydrophobic xenobiotics (Zakrzewski,
2002). This often involves transforming the chemical from its hydrophobic form to

successively more hydrophilic structures.

The primary purpose of phase I reactions is to unmask or add reactive functional
groups, primarily but not exclusively via hydroxylation (Goeptar eta 1., 1995). The

overall reaction of phase I is depicted below (R is the substrate).
RH + O, + H, — ROH + H,O

Phase I reactions are mediated by a group of enzymes known as the mixed-
function oxidase (MFO) system which includes the cytochrome P450 heme proteins (cyt
P450) and NADPH cytochrome P450 reductase (Stegeman et al., 1992; von der Qost et
al., 2003). In animals, the primary site of phase [ metabolism is the liver, therefore,
assessment of hepatocyte function is commonly used in environmental monitoring,
Furthermore, as the MFO system is inducible and has therefore shown considerable
environmental sensitivity (Sijm and Opperhuizen, 1989), it has been investigated as a

biomarker for contamination of aquatic systems (reviewed in Goksoyr and Forlin, 1992).

In phase II reactions, the xenobiotic or its product of phase I metabolism is
covalently bound to an endogenous polar molecule such as a sugar or amino acid, in a
process called conjugation. This is catalyzed most often via glycosyltransferases,
sulfotransferases, glutathione S-transferases and acetyl- and aminoacetyltransferases
(Timbrell, 1991; van der Oost, 2003). The primary purpose of conjugation is to further

increase the water solubility of the xenobiotic. It occurs when the target chemical
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contains an available functional group, usually -OH, -COOH, -NH; or -SH (Cunningham,
2004). The compound is conjugated to an endogenous ligand, usually a sugar or an
amino acid. (Lech and Vodicnik, 1985). Perhaps owing to the ready availability of
sugars in the body, a common drug conjugate is glucuronide, involving the condensation
of the target moiety with D-glucuronic acid (Cunningham, 2004). Several types of drugs
undergo primarily glucuronide transformation including phenols, carboxylic acids,
amines and steroids (Ballie et al., 2002; Cunningham, 2004). Phase II are not necessarily
permanent; reversal to the original structure has been observed in a process called de-
conjugation (Arcand-Hoy, 1998) and is often catalyzed by microorganisms. De-
conjugation is relevant to PhAC contamination in that it provides a means by which the

un-altered parent compound is made bio-available (further discussed in Chapter 2).

Phase 111 reactions function primarily in the efflux of conjugates, but can also act
as a first line of defence against xenobiotics (hence, they are also known as Phase 0
reactions) by preventing their intracellular accumulation (Luedeking and Koehler, 2004).
They are mediated by ‘transporter proteins including P-glycoprotein (P-gp), multidrug
resistance-related protein (MRP) and the lung resistance protein (LRP) which is the major
vault protein (MVP) (Luedeking and Koehler, 2004). This transporter system (including
the above-mentioned proteins) was first identified in cancer cells recalcitrant to multi-
drug therapy and later observed in various marine invertebrates (Edicott and Ling, 1998;
McFadzen et al, 2000), including sponges 7. aurantium (Kurelec, 1992) G. cydonium and
V. aerophoba, mussels (Kurelec and Pivevi, 1991), snails (Kurelec, 1995), and clams
(Waldmann et al, 1995). The transporter mechanism is known as the multi-xenobiotic

resistance system (MXR) (Euphemia and Epel, 2000). This detoxification system has
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been identified in normal cell lines as well, including human liver, kidney, intestine and
pregnant uterus cells (Bard, 2000) and in trout epidermal cells (Shuilleabhain et al.,
2005). The MXR system is inducible by various environmental contaminants, thus the
expression of the MXR protein may function as a very sensitive indicator of exposure
(Bard, 2000). However, the system can be easily overloaded by fairly innocuous
environmental chemicals (for example, synthetic musks used as fragrances in cosmetics
and household products) allowing for intracellular accumulation of other potentially
harmful xenobiotics (Kurelec, 1997; Smital et al., 2004). Studies on various
agrochemicals, pesticides, fragrances and pharmaceuticals have shown that these
substances can be potential inhibitors of the MXR system (Lanning et al., 1996; Lanning
et al., 1997; Luckenback et al., 2004). MXR inhibitors are typically referred to as
chemosensitisers and include ATPase inhibitors (Sharom, 1997), some pesticides, e.g.
pentachlorophenol (Kurelec et al., 1998), and some household and pharmaceutical
products (Smital et al., 2004). For example, as selective inhibitors of Pgp in fresh water
mussels (Dpolymorpha and C. fluminea), the PhAC cyclosporine and saturosporin reduce
the active efflux of metabolites from cells leading to the intracellular accumulation of
potentially toxic compounds (both endogenous such as cellular waste products and

exogenous such as cyclosporine and saturopsporin) (Lange and Dietrich, 2002).

Owing to its ability to prevent xenobiotic accumulation within the cell, the MXR
system has important implications for many aspects of toxicity evaluation, e.g., exposure
assessment, uptake, bioavailability/bioaccumulation, internal dose determinations and
synergism (Smital and Kurelec, 1998). Kurelec (1997) suggested that MXR induction

could be an indicator of exposure. However, MXR induction has been shown to be a
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non-specific mechanism. P-gp, an MXR effector protein, was activated in the presence
of compounds that are not its known substrates, or in the presence of non-specific
physical stressors such as high temperatures (Eufemia and Epel, 1999). These authors
concluded that (a) P-gp may be a useful indicator of a general response to cellular
stressors and that (b) P-gp induction is not substrate-specific and thus can only be used to
assess a general response to stress. Their results were corroborated several years later
when another study found that MXR activity could be used as a general stress indicator in

bivalve populations of Dreissena polymorpha (Pain and Parant, 2003).

There is sufficient data to conclude that the MXR system is protective against
environmental factors (natural and anthropogenic) in aquatic organisms. Furthermore,
the data also indicates that the MXR system can be inhibited by natural and synthetic
stressors (Smital et al., 2004). However, further work is needed to evaluate the effects of
PhAC on the MXR system, particularly to identify whether mixtures of PhAC show
toxicity greater than expected due to MXR inhibition. Likewise, the consequences of
MXR inhibition at the population and ecosystem level have not yet been evaluated

(Smital et al., 2004).

Biotransformation of Pharmaceuticals

Drug metabolism within the target organism is important in the context of
environmental contamination with pharmaceutical substances for several reasons. First,
the type and amount of metabolic transformation controls the amount of drug excreted as
parent compound into the environment. For example, it was calculated that 5 - 35% of
the administered anti-cancer drug cyclophosphamide (CP) and 20% of ifosomide are

excreted as un-metabolized parent compounds (Cohen et al., 1971; Kummerer, 1997).
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Excretion of un-metabolized penicillin V is estimated to average 25% (Cole et al., 1973)
while the anaesthetic propofol is almost entirely (90%) excreted as parent compound

(Guitton et al, 1997).

Second, metabolic transformation of pharmaceutical products does not necessarily
equate to a reduction of toxicity. This fact highlights the inadequacy of investigating the
fate and effects of the parent chemicals only (Cunningham, 2004). For example,
clofibrate (a widely used lipid regulator) is not detectable in the environment, but its
active metabolite clofibric acid is one of the most common pharmaceutical contaminants
(Emblidge and DeLorenzo, 2005). The statement that that clofibrate does not reach the

environment is technically true, but it is also misleading.

Third, the results of detoxification may be reversed by microbial action either in
the human colon or in the sewage treatment plant. This process is called de-conjugation
and is apparent in the detection of biologically active pharmaceuticals in sewage effluent
and in the receiving environments (Sumpter, 1998; Temes et al., 1998). For example, the
frequent detection of carbamazepine in surface waters has been attributed in part to de-
conjugation of metabolites (Ternes, 1998). Ninety-eight percent of administered
carbamazepine is excreted as active metabolites but parent CBZ continues to be detected
in surface water in quantities that could only be attained if de-conjugation was occurring
(Jiemba et al., 2005; Ferrari et al., 2003). Another convincing example is that of
estrogens. Studies show that more than 80% of administered dose of estrogens (E1, E2
and EE2) undergoes urinary excretion as conjugated products (Arcand-Hoy, 1998).
However, de-conjugation has been shown to occur both in the human colon and in

sewage treatment plants (Desbrow et al., 1996).

37



The exact pathways that drugs follow in the environment and the potential effects
associated with the movement of PhAC through various ecosystems will be discussed in

Chapter. 2.
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CHAPTER 2:
SOURCES, FATE AND EFFECTS
OF SELECTED PHARMACEUTICALS

Sources of Pharmaceuticals in the Environment

Pharmaceutical residues enter the environment via one of three sources:
intentional or accidental discharges at drug manufacturing plants, discharges of
veterinary and agricultural pharmaceuticals after therapeutic and/or commercial use and
discharges of human pharmaceuticals most often via sewage effluent. The latter two
sources and the possible pathways to various compartments of the aquatic environment

are depicted in Figure 7.
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Figure 7: Sources and pathways of pharmaceuticals in the environment

Re-printed from Toxicology Letters 131:5-17 Occurrence, fate, and removal of pharmaceutical residues
in the aquatic environment: a review of recent research data, with permission from Elsevier.
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Contamination from manufacturing plants

Manufacturing plants are associated with a relatively low rate of environmental
contamination as their releases tend to be localized and controlled. Local environmental
regulations usually prevent any intentional release of contaminated material into the
environment. When accidents do occur, introduction of contaminants into the
surrounding environment is usually a point release and attempts at remediation are
generally prompt and effective (Daughton and Ternes, 1999). Consequently, these

discharge events will not be discussed further here.

Contamination from agricultural use

Agricultural pharmaceuticals are used as growth promoters in livestock
production, cocciostatics in poultry production, feed additives in fish farms, veterinary
therapeutic agents, or as pesticides (Halling-Sorensen et al., 1998). These substances
comprise several classes of antibiotics and heavy metal-hormone cocktails.
Agropharmaceuticals are used extensively, constituting some 40% of the 22,680 tonnes
total annual US antibiotic production (Levy, 1998; Nawaz et al., 2001). Similar annual
distribution of antibiotics occurs in the European Union, with some 4,700 tonnes being
administered to animals and 8,500 tonnes to humans (Sanderson, et al., 2004b).
Antibiotics are used extensively in the animal husbandry industry as they provide
immediate commercial benefits. For example, the prophylactic use of antibiotics
minimizes losses to disease and contamination allowing for high density farming
practices (McEwen et al., 2002; Barza, 202). Further, the practice results in quicker
weight gain, reducing the time required for housing and feeding the animals (swine) by

an average of 5 days (Hayes et al., 2002; Hayes and Jensen, 2001).
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Concerns associated with agricultural pharmaceuticals

Pharmaceuticals applied in the farming industry enter the environment when they
are excreted in the urine and faeces of animals or as constituents of animal manure
fertilizers (Koschorreck et al., 2002). In either case, the antibiotics pass directly from the
animal to the environment, without possible transformation into less active metabolites in
the sewage treatment plant. Biodegradation within the animal may occur but, not for all
substances. It has been estimated that 30% - 90% of the administered antibiotic dose
enters the environment unaltered (Rang and Dale, 1991; Halling-Sorenson, 1998). The
total antimicrobial concentration in swine manure storage lagoons in the USA for
example, frequently approaches 1 mg/L (Campagnolo et al., 2002). Similarly, the actual
concentrations of some drugs in soils exposed to manure can be considerable: the level of
tetracycline in the top 20 cm of soil fertilized with liquid animal manure was

approximately 200 pg/kg (Hamscher et al., 2002).

A second source of concern with the agricultural use of pharmaceuticals is the
development of antibiotic resistance (ABR). Resistance develops via three mechanisms:
(1) continuous exposure of humans to antibiotic residues in food products, (2) transfer of
resistance genes between animal and human microbial flora, and (3) transfer of resistance
genes within the ecosystem via direct contamination and foodchain relationships (Klein,
1998; Teuber, 1999). Antibiotic resistance is the ability of a microorganism to resist the
effects of antibiotics targeted to its control. Consequently, therapeutic agents
traditionally used to control these (often pathogenic) organisms become ineffective
against them. This phenomenon is the microbes’ normal defence mechanism against

inhospitable environmental conditions (Schwartz et al., 2003). However, when
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antibiotics are over- or mis-used, resistance can escalate to levels well above those
expected to occur naturally. The statistics in support of such a phenomenon are
convincing: in 1987, less than 5% of Streptococcus pneumoniae isolates were resistant to
penicillin. By 1997, that figure had increased to 44% (Hellinger, 2000). Less than 5% of
Staphylococcus aureus isolates were resistant to methicillin between 1975 and 1982. By
1991, 29% were methicillin-resistant (Panhho et al, 1992). The incidence of vancomycin
resistant enterococci rose from less than 0.5% in 1989 to a staggering 30-50% in 1998
(Hellinger, 2000). Scientists continue to establish the connection between antibiotic
growth promoters (AGPs) and the development of human and veterinary bacterial
resistance (Teuber, 1999; Kelly, 2004; ARAD - Health Canada, 2004). For example, a
1995 report by the American Society for Microbiology concluded that “due to increased
drug resistance in animal pathogens and changes in food production practices, there is a
growing threat to food, the food industry and hence the US economy” (American Society
for Microbiology, 1995). Similarly, in 1997, the World Health Organization formulated
the impacts of antimicrobials used in food production. The main threats were: a) an
increase in bacterial resistance in animals and transfer of resistance to humans, b) an
increase in human infections caused by resistant bacteria, c) a high potential for
therapeutic failures in animals and humans and d) a largely increased resistance of
specific animal bacteria on farms (WHO, 1997). Antibiotic resistance surveillance
programs in the United Kingdom (MAFF, 1998), Denmark (Teuber, 1999), France
(Teuber, 1999) and Denmark (Dermot, 2003) continue to provide evidence that
agricultural antimicrobials contribute to the development and perpetuation of

antimicrobial resistance. Whether the use of antimicrobials as growth promoters is the
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major cause of bacterial resistance or merely a contributing factor will be revisited in

chapter 3.

Resistance genes have been identified in both effluent and environmental
samples. A 2003 German study on antibacterial resistance in WWTP effluent and
potable water found that hospital effluent contained vancomycin-resistance (VR) and
methicillin-resistance (MR) genes from enterococci and staphylococci respectively as
well as Enterobacteriaceae B-lactam-hydrolysing genes (Schwartz et al., 2003). The
authors were able to culture VR enterococci and the B-laétam-hydrolysing
Enterobacteriaceae from all municipal WWTP effluents sampled and found their
resistance genes in the two potable water samples as well. (It is notable that although the
resistance genes were amplified from potable water biofilms, the Enterobacteriaceae
organisms themselves were not. This suggests that simple bacterial testing may not
detect bacterial resistance, as these genes would have been part of a viable but non-

cultivable species (Schwartz et al., 2003)).

Contamination from sewage treatment and solid waste disposal plants

The two principal sources of active human pharmaceuticals to the STP effluent
are (1) used and unused, legal and illicit drugs from residential users, and (2) used and
unused drugs and their metabolites from clients of hospitals, clinics and other medical

facilities (Daughton and Temes, 1999).

The concern with the direct disposal of unused drugs into the sewer system is that
these substances enter the treatment plant in their fully potent form, having bypassed

potential biotransformation within the body. While some pharmacies provide their
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clients with the option of returning unused drugs (Government of British Columbia, 1997

http://www.env.gov.be.ca/epd/epdpa/ips/meds/reports/meds1998.html), some 35% of US

clients choose to dispose of expired or no longer necessary drugs at home (Kuspis and
Krenzelok, 1996). In fact, there is evidence that vast quantities (the authors do not
specify exact amounts) of prescription and non-prescription drugs are distributed, but

never consumed (Bosch, 1998; Daughton and Ternes, 1999).

A myriad of drugs including analgesics, stimulants, NSAIDs, carbamazepine
(CBZ), artorvastatin, gemfibroxil and EE2 have been identified in sewage effluent in the
range of ng/L to ug/L (Kiimmerer 2001; Metcalfe et al., 2003). These concentrations are
found in the treated effluent despite various levels of treatment, suggesting that
traditional microbial degradation-coagulation/flocculation treatment does not provide
sufficient protection against contamination (Stuer-Lauridsen et al., 2000; Ternes et al.,
2003; Bound and Voulvoulis, 2004). Table 1 lists levels of selected pharmaceutical
compounds in domestic sewage treatment influent and effluent and in various

environmental compartments.
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Table 1: Concentrations of selected pharmaceuticals in various compartments
Name of Compartment Conc.! Comment Reference
pharmaceutical | or matrix (ng/L)
substance
Antibiotics
Sulfamethoxazole Effluent 0.24 Median, 8 Canadian Miao et al.,
STPs” in 2003 2004
Surface waters 0.008 4 Ontario rivers Metcalfe et al.,
2004
Surface waters 1.9-2.0 max. concentration Kolpin et al.,
2002 and Hirsch
etal.,, 1999
Tetracycline Effluent 0.151 Median, 8 Canadian Miao et al.,
STPs in 2003 2004
Surface waters 0.016 1 Ontario river Metcalfe et al.,
2004
Liquid manure 66000 Mean; n=181 Winckler and
from pigs/calves Grafe, 2001
Farmed soil under 310 Mean; n=60 Hamscher et al.,
conventional Conventional fertilization | 2002
fertilization with liquid manure
Oxytetracycline Effluent Nd Median, 8 Canadian Miao et al.,
STPs in 2003 2004
Surface waters Nd 4 Ontario rivers Metcalfe et al.,
2004
Clarithromycin Eflfuent 0.087 Median, 8 Canadian Miao et al.,
STPs in 2003 2004
Surface waters 0.009 4 Ontario rivers Metcalfe et al.,
respectively 2004
Ciprofloxacin Effluent 0.118 Median, 8 Canadian Miao et al.,
STPs in 5 cities in 2003 2004
Surface waters 0.011 4 rivers in Ontario in Metcalfe et al.,
2003 2004
Lincomycin Surface waters 0.73 19% of surveyed US Kolpin et al.,
streams — Maximum 2002
concentration
ipid Regulators
Clofibric acid Influent 0.46 Berlin STP Heberer, 2002
Effluent 0.48 Berlin STP
Ground water 7.3 Germany
Drinking water 4.0 Germany Metcalfe et al.,
Effluent 0.03 Canadian STPs between | 2004
1999-2002
Surface waters 0.015 Ontario rivers
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Name of Compartment Conc.! Comment Reference
pharmaceutical or matrix (ng/L)
substance
Gemfibrozil Influent 0.71 Kallby STP, Germany Bendz et al.,
Effluent 0.18 2005
Effluent 0.071 Mean, Canadian STP Gagne et al.,
Effluent 0.043 and Median and Maximum 2005
2.174 respectively; Canadian Metcalfe et al.,
STPs between 1999-2002 | 2004
Surface waters 0.012 and Median and Maximum
0.112 respectively; Canadian
STPs between 1999-2002
Psychoactive Drugs
Carbamazepine Effluent 0.107 and Median and maximum Metcalfe et al.,
2.30 concentration in 5 2004
Canadian STPs
Surface waters 0.02 and Median and maximum
0.65 respectively in 4 Ontario
Tivers
Fluoxetine Effluent 0.05 Canadian STPs Metcalfe et al.,
2004
Surface waters 0.013 Ontario rivers
Analgesic and Non-Steroidal Anti-Inflammatory Drugs
Diclofenac Influent 3.02 Berlin STP Heberer, 2002
Effluent 2.51 Berlin STP
Surface water 0.0062 Berlin STP
Effluent 0.359 Median, 5 Ontario STPs Weigel et al.,
2002
Surface waters 0.026 Median, 4 Ontario rivers
Metcalfe et
al.,2004
Ibuprophen Influent 3.59 Kallby STP, Germany Bendz et al.,
Effluent 0.15 2005
Effluent 0.786 Mean, Canadian STP (Gagne et al.,
2005
Surface waters 0.064 Median, 4 Ontario rivers | Metcalfe etal,
2004
Carboxy-Ibuprophen | Influent 10.75 Kallby STP, Germany Bendz et al,,
Effluent 0.43 2005
Naproxen Influent 3.65 Kallby STP, Germany Bendz et al.,
Effluent 0.25 2005
Eftluent 0.27 Mean, Canadian STP Gagne et al,,
2005
Surface waters 0.094 Median, 4 Ontario Rivers | Metcalfe etal,

2004

Hormone Regulators

17B-estradiol

Influent 0.0156 Mean for II, IIT and Servos et al.,

Effluent 0.0018 lagoon Canadian 2005
Municipal Plants

Surface waters 0.00083 Acushnet River estuarine | Zuo et al., 2005
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Name of Compartment | Conc. Comment Reference
pharmaceutical or matrix (ng/L)
substance
seawater, Eastern USA
Estrone Influent 0.0490 Mean for II, IIT and Servos et al.,
Effluent 0.0170 lagoon Canadian 2005
Municipal Plants
Surface waters 0.002 Acushnet River estuarine | Zuo et al., 2005
seawater, Eastern USA
17a-Ethynyl estradiol | Surface waters 0.00467 Acushnet River estuarine | Servos et al,,

seawater, Eastern USA 2005

Anti-neoplastic drugs

Ifosfamide (anti- Hospital effluent 0.109 Median values Kummerer et
neoplastic) Communal influent | 0.0085 al., 1997
Communal effluent | 0.0093

Other pharmaceuticals of interest

Triclosan Surface waters 123 Maximum concentration | Kolpin etal.,
(antimicrobial in US streams 2002
disinfectant)

! Concentration

? Sewage Treatment Plant

Almost all of the documented cases of adverse effects associated with exposure to
pharmacologically-active substances have occurred in animals that either reside in or feed
on aquatic environments. Guillette et al. (1994) reported endocrine disruption in
alligators in Florida, and Bortone and Davis (1994) have reported similar endocrine
effects in fish in the USA. Purdom et al. (1994), Harries et al. (1997), and Jones et al.
(2004) documented similar effects in fish in British sewage lagoons and rivers. The well-
researched incidents of eggshell thinning in nesting birds are evidence of endocrine
disruption in organisms feeding on exposed animals such as fish (Peakall and Lincer,
1996, Lundholm, 1997). These observations support the generally held belief that the
aquatic environment is the ultimate sink for both synthetic and natural chemicals

(Sumpter, 1998; Fent et al., 2005).

The actual concentration of pharmaceuticals in various media depend on several

factors: (1) rates and pattern of use, (2) physical and chemical properties of the receiving
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environment (3) physical and chemical properties of the contaminant(s), and (4)
processes in and operating conditions of the treatment plant (Byrns, 2001; Daughton and

Ternes, 1998).

Fate of PhACs in the Environment
Treatment plant: process and operating conditions

In a sewage treatment plant (STP), two processes affect the subsequent
distribution of pharmaceutical contaminants: adsorption/absorption and bio-degradation

(Fent et al., 2005). Both processes are discussed in more detail below.

Adsorption results in sequestration of pharmaceutical contaminants either via
colloidal-facilitated transport as suspended particulates or via de-position to sewage
sludge (Bendz et al., 2005). Adsorption correlates directly with hydrophobic and
electrostatic interactions between the pharmaceutical and particulates/micro-organisms
and, to a more limited extent, with plant operating conditions such as pH and hydraulic
retention time (Fent et al., 2005). For example, polar pharmaceuticals such as
ibuprophen, naproxen, diclofenac and indomethacin (with pK, values from 4.9 to 4.1),
occur mainly as dissolved ions in the aqueous phase and show little tendency to sorb to
sludge (Fent et al., 2005). Similar behaviour has been observed for bezafibrate,
gemfibrozil and ifosfamide (Kummerer et al., 1997; Buser et al., 1998). Altematively,
basic, non-polar drugs such as fluoroquinolone antibiotics or steroid hormones (with log
Kow values exceeding 3 — 3.5) are removed from the STP plant primarily via adsorption
to sludge (Byrns, 2001; Golet et al., 2003; Ternes et al., 2003; Fent et al., 2005). Further

degradation while bound to sludge is not a significant biotransformation process for these
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compounds (Huang et al., 2001; Ternes et al., 2003). The process of coagulation and/or
flocculation in secondary treatment may succeed in removing contaminants from the free
water, but it does not necessarily reduce the potential environmental hazard posed by
those contaminants. The highly organic sludge component is then landfilled in a solid
waste disposal (SWD) facility. Subsequent leaching into the aquatic environment can
and does occur. For example, Ahel and Jelicic (1999) reported concentrations of the
analgesic prophyphenazone of 3.7 — 60 pg/L in samples of leachate from a municipal

landfill site.

Biodegradation mediated by microbial action is one of the two means of
biotransformation in the treatment plant (the other being photo-degradation, discussed in
a separate section) (Daughton and Ternes, 1999). Biodegradation is the primary process
for eliminating dissolved substances. Bio-degradation occurs aerobically during
activated sludge treatment and anaerobically during digestion (Fent et al., 2005). It is
dependent on factors associated with the environment (temperature and pH), the
microbial community, the chemical properties of the target compound and the operating
conditions of the plant. For example, as pH decreases, adsorption for many polar,
dissolved NSAID may increase thereby reducing their potential for bio-degradation (Fent
et al., 2005). Bio-degradation rates have also been correlated to hydraulic retention times
(HRT): for example, diclofenac was significantly transformed only when residence time
exceeded 8 days (Kruzinger et al., 2004). In contrast, HRT had no effect on the extent of

degradation of other drugs, particularly carbamazepine (Metcalfe et al, 2003D).

Microbial activity is sensitive to a number of variables including physical and

chemical environmental conditions and the presence or absence of agents toxic to
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microorganisms. Environmental conditions affect the rate of microbial degradation of
contaminants by affecting the type and rate of bacterial metabolic activity. Municipal
sewage effluents often contain relatively high concentrations of antibiotics and
disinfectants. For example, the mean concentration of antibiotics in municipal treatment
plants can reach 50 pg/L (Kiimmerer, 2001). The concentration of the disinfectant
benzochloride was measured in hospital effluent at 6 mg/L, and that of quaternary
ammonia compounds in municipal sewage at 0.05 — 0.1 mg/L (Kiimmerer, 2001). These
classes of compounds are specifically designed to inhibit the growth of microorganisms.
In this case, microbial inhibition can lead to a decrease in the operating specifications of
the treatment plant and subsequent decrease in treatment efficiency (Servos et al., 2005).
Furthermore, many antibiotics (B-lactams, for example) employ the bacteriostatic rather
than the bacteriocidal effects on target microbes. The effect of bacteriostasis on the STP

microflora has not been studied (Kummerer, 2004a; Kummerer, 2004b).

Lastly, the process of chemical and ultraviolet oxidation, comprising tertiary
treatment in most facilities, is designed for the removal of pathogens rather than that of a
toxicological hazard such as PhACs (Daughton and Ternes, 1999; Auriol et al., 2005). In
fact, it may have the opposite effect in that some oxidized products may show increased
toxicity. For example, both naproxen and carbamazepine form oxidation products that
have toxicities equal to or higher than those of the parent compounds (Isidori et al.,
2005). Similarly, clofibric acid often present in environmental samples is an active

metabolite of clofibrate, etofibrate and etofyllinclofibrate used as blood lipid regulators.
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Removal Efficiencies

A common approach to tracing environmental transport of drugs is to measure
their influent and effluent concentrations. This approach has not been standardised so
results vary widely according to construction and treatment technology, HRT, season and
weather conditions, and measurement techniques (Stumpf et al., 1999; Carballa et al.,
2005). Generally, removal rates range from 7% for the antiepileptic carbamazepine to
96% for the beta-blocker propranolol, with most removal efficiencies of PhACs
averaging 60% (Ternes, 1998; Clara, 2004). For the plants investigated by Ternes in
1998, an average of 40% of the pharmaceutical load reached the environment directly via
effluent discharge. In general, secondary treatment was more efficient removing 51 —
99% of studied pharmaceuticals, while primary treatment eliminated only 0 — 44%
(Ternes and Hirsch, 2000). Even tertiary treatment did not guarantee adequate hazard
neutralization. In a study measuring pharmaceutical concentrations under ice cover,
incomplete removal during (I11") treatment, absence of photo- and microbial degradation
and lack of dilution potential, led to mean concentrations of ibuprofen, naproxen and
gemfibrozil ranging from 2129 to 5893 ng/L (in the summer, these concentrations do not

exceed 68 ng/L) (Donald and Sverko, 2005).

Measuring influent and effluent contaminant concentrations even under
standardised conditions can be somewhat misleading. First, pharmaceuticals may be
removed from the effluent, but removal is often to the sludge component (via adsorption,
as discussed above). For example, in laboratory-scale experiments, Kummerer et al.,
(2000) was able to recover 78% of the ‘removed’ ciprofloxacin from the sludge

component (the model STP removed 65% of the influent amount from the system, while
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allowing 35% to pass through). Second, the degradation products are not considered.
These products may include equally hazardous lower molecular weight compounds or
biotransformation conjugates, which may subsequently be de-conjugated and released as
the parent compound (Reddersen et al., 2002). For example, Bendz and his co-workers
(2005) suggest that the high concentrations of carbamazepine and gemfibrozil
consistently detected in their study are due to the deconjugation of the glucuronide
metabolites. Conclusions made regarding removal in the absence of information
pertaining to the type and fate of degradation products may offer a false sense of security

by underestimating the potential risk.

Quite aside from all the variables affecting the environmental residence of drugs,
some compounds are intrinsically difficult to degrade. For example, the anti-cancer
agents ifosfamide, cyclophosphamide, epirubicin hydrochloride, treosulfane,
mitozantrone were not degraded in laboratory tests (Kummerer, 1997), nor were the
contrast agents diatrizoate, iopamidol and iopromide (Temes and Hirsch, 2002).
Quinolones, nitroimidazoles and sulphonamides are also included in this category (Al
Ahmad et al., 1999). In fact, (in similar environmental conditions) sulphonamides were
degraded even less than pentachlorophenol — a persistent and toxic pesticide (Ingerslev
and Halling-Sorrensen, 2000). For this reason, some authors believe that some
pharmaceutical compounds may undergo negligible degradation in conventional sewage
treatment systems (Kummerer, 2001; Jones et al., 2002). When various rates of
adsorption, incomplete mineralization and degradation to more toxic by-products are

considered, it becomes evident that biodegradation of pharmaceuticals to environmentally
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benign compounds is the exception rather than the rule (White and Rasmusen, 1998;

Stuer-Lauridsen et al., 2000).

Landfills and Solid Waste Disposal Facilities

Municipal facilities contain household solid waste as well as some commercial
residues including sludge from local wastewater treatment plants. The two major sources
of pharmaceuticals to the disposal site are the household and the treatment plant sludge
disposal (Metzger, 2004). As discussed above, pharmaceuticals tend to accumulate and
concentrate in the sludge compartment, so land filling the sludge may supersede
household disposal as a main source of drugs to the landfill site. Although a direct
comparison of measured concentrations of drugs in leachate is difficult (as the few
available studies do not correct for rainfall dilution events), most authors report PhAC
concentrations in the pg to the low mg per liter (Metzger, 2004). For example,
Breidenich (2003) found clofibric acid, ibuprofen and carbamazepine in the leachate of

five disposal facilities in Germany in concentrations of 10, 9.5 and 5.2 ng/L respectively.

Physical and Chemical Attributes of the Contaminant

It is convenient to refer to the group of pharmaceutically active contaminants as
‘pharmaceuticals’ and to regard them as a quasi-homogenous class of chemicals. This
tendency is reminiscent of the use of ‘dioxins’ or ‘polyaromatic hydrocarbons — PAHs’
to refer to chemicals often differentiated only by the number, type or position of chemical
substitutions (Kummerer, 2004a; Kummerer, 2004b). However, pharmaceuticals are
grouped together not because of some chemical similarity, but because of their clinical

use which depends on their ability to interact with biological systems. As such,
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pharmaceuticals come in a wide variety of molecular weights, structures, polarities,
activities and salt forms (Kiimmerer, 2004a). The lack of homogeneity amongst
pharmaceuticals may explain the confusion regarding some basic attributes of these
compounds. They have been variously referred to as ‘mostly lipophilic with a low
biodegradability” (Christensen, 1998), “poorly soluble in water with a high partition and
adsorption coefficient” (Velagaleti, 1997) or “usually lipophilic and often with a low
biodegradability” (van der Ven et al., 2004). Others see most pharmaceuticals as “polar”
(Miao et al., 2002; Koutsouba et al., 2003), as “polar, non-biodegradable” (Bendz et al.,
2005), as “water-soluble and biodegradable” (Beausse, 2004) or as compounds with “low
lipophilicity whose log K, values typically do not exceed 3.5 (Jjemba, 2005). In fact,
pharmaceutical compounds cén be hydrophilic or lipophilic, biodegradable or persistent,
polar or non-polar. The applicability of these terms to drugs in general, depends more on
the frame of reference of each product and on the point of view of the speaker, than on
any measurable, intrinsic quality of pharmaceuticals as a class of chemicals. One
approach to understand the fate of these compounds in the environment is to study them
through various lenses: persistence, hydrophobicity, bioavailability, bioconcentration and

biomagnification.

Environmental Persistence

The persistence of a chemical in the environment is determined by the substance’s
photo-stability, rate of biotransformation, binding and adsorption capabilities, and extent
of transport within the aquatic or terrestrial spheres (Diaz-Cruz, 2003). Consequently,
environmental persistence is closely connected to the compound’s intrinsic properties,

including its chemical stability and partitioning preferences. This connection has often
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led to the observation that hydrophobic chemicals tend also to be highly persistent. One
view was that since most pharmaceuticals are hydrophilic and biodegradable (Schwab et
al., 2005), sustained environmental persistence of PhACs should not be of concern.
However, new paradigms of environmental persistence are becoming accepted within the
scientific community. These views integrate factors other than hydrophobic pértitioning
in the definition of persistence. Firstly, not all drugs are readily degradable: the
environmental half-life of clofibric acid, the main metabolite of the blood lipid regulator
clofibrate, is 21 years (Diaz-Cruz, 2003). Secondly, pharmaceuticals are continuously
discharged into the environment, creating what some authors call ‘pseudo-persistence’, so
that even hydrophilic and biodegradable drugs can act as persistent pollutants (Daughton,
2004; Bendz et al., 2005). Thirdly, as discussed above, the transformation products may
be equally or even more hazardous to the environment. For the remainder of this thesis, 1
will use the term environmental persistence as I have defined it here inclusive of all of the

above-mentioned factors.

Hydrophobicity and octanol-to-water coefficients

From the Greek hydros meaning water, and phobos meaning fear, the term
hydrophobe is applied to a molecule that is repelled by water. The Oxford dictionary
states that hydrophobic or lipophilic species “tend to be electrically neutral and non-
polar, thus preferring other neutral and non-polar solvents or molecular environments”.
Hydrophobicity is measured in terms of octanol-to-water distribution or partition
coefficients. The value of these parameters influences other important eco-toxicological
attributes of contaminants including bioavailability, bioconcentration and

biomagnification.



The octanol/water distribution coefficient (D, ) is the ratio of the concentration of
a compound in n-octanol (lipid surrogate) and water when the two are in equilibrium. As
noted by Cunningham (2004), the D,,, measures a chemical’s ability to partition into
lipids, sorb to particulates and biomass and distribute among various environmental
compartments — all critical factors in determining its environmental fate (van der Oost,
2003). Thus, chemicals with D,,, < 1 are unlikely to sorb to organic particulates and bio-
concentrate, and those with D,,, > 1 are likely to show significant organic sorption and
bio concentration (Cunningham, 2004). When the distribution coefficient is corrected for
ionization so only the non-ionized portion of the chemical is considered, the term
partition coefficient (K,,) is used. The ionization-corrected log D, becomes the more
familiar log K,w, a value now starting to be represented as log P (Cunningham, 2004;
Cleuvers, 2005). Considering that many pharmaceuticals occur as ionized species (e.g.,
the NSAIDs), log Dow may be a better indication of the degree of solubility than log P, as
it accounts for both ionized and neutral species (Cunningham, 2004). However, log Ko
or log P remains the value of choice for many environmental studies. Log P values often
serve as a screening tool indicative of bioavailability and persistence. For example,
pharmaceuticals with log P values of 1.72 or greater were associated with higher
bioavailability in clinical settings (Kasim et al., 2004) owing to their enhanced ability to
cross biological membranes. In fact, the critical value for significant environinental
bicaccumulation potential is currently accepted at log P values equal to or greater than 3
(Sanderson et al., 2004a). The regulatory implications of this cut-off are further

discussed in chapter 3.
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Bioavailability

Environmental bioavailability is defined in terms of the fraction of contaminant in
soil and water available for potential uptake in an organism’s tissues during life-long
exposure (Belfroid et al., 1996). It is expected that the contaminant concentration in fish
be connected to that in water, as predicted by log P modelling. When deviations occur,
they can be connected to variations in bioavailability, suggesting potentially site-specific
differences in bioaccumulation patterns (Kristensen and Tyle, 1991; Van der Oost et al.,
1996). Bioavailability is partially determined by the compound’s sorption kinetics,
mobility within various environmental compartments and degradability, which in turn
depend on its physico-chemical properties including sorption coefficient (Kg), charge
transfer, H-bonding and hydrophobic forces (Dorado and Almendros, 2001; Jjemba,
2005). Bioavailability is also influenced by particle size, amount of organic matter,
residence time, and clay, moisture, oil and metal content in the immediate environment
(Belfroid et al, 1996). Inasmuch as bioavailability influences exposure of non-target
organisms to pharmaceutical compounds, it is an important variable in assessing risk.
Generally, substances with low polarities and high log P values tend to sorb onto soil
particles (Beausse, 2004). Steroid estrogens, with log P values between 2.5 and 5 are a
good example: sediments appear to be reservoirs for natural and synthetic estrogens

(Petrovic, 2001).

Bioconcentration

Bioconcentration is the uptake of contaminants from water via the gills or skin. It
is often expressed in terms of the bioconcentration factor (BCF) which is the ratio

between the concentration of a chemical in the organism and that in water at equilibrium
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(Opperhizen, 1991). The concentration of pharmaceuticals in water is primarily driven
by the molecule’s partitioning preferences (log P), and controls the rate of uptake of the
chemical from the water into the organism. Generally, the rate of uptake will be higher
for more hydrophilic substances (Gobas et al., 1993) and lower for more hydrophobic
substances. However, the rate of uptake of hydrophobic substances increases as the lipid

content of the biological membranes increases (Spacie and Hamelink, 1982).

Some investigators have suggested that the potential for bioconcentration of
pharmaceuticals in fish is low as ionic, water-soluble chemicals are metabolized and do
not show appreciable accumulation (Schwab et al., 2005). These authors classified all
PhACs as ionic, water-soluble chemicals. However, evidence to the contrary exists based
on the fact that not all PhACs are water-soluble and the fact that high water solubility
does not preclude bioaccumulation. Lai et al. (2002) reported significant
bioconcentration of 1783-ethynylestradiol (EE2) in fish, later supported by corroborating
results from Cargouet et al. (2003). The BCF for the anti-inflammatory drug diclofenac
was calculated at between 12 and 2700 in various tissues of rainbow trout (Schwaiger et
al., 2004). For the lipid regulator gemfibrozil, BCF values were 500 and 92 in goldfish

plasma for low and high treatment concentrations, respectively (Mimeault, et al., 2005)

Biomagnification

Biomagnification, the uptake of contaminants via food exposure, is the ratio
between contaminant intake and its rate of clearance from the organism (Sijm et al.,

1992). It is often expressed in terms of a biomagnification factor (BMF) defined as

BMF = FF(EF/kB)
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where Fr is the amount of food transported through the intestines per gram of fish per
day, Er is the efficiency of uptake of the chemical from food and kg is the depuration

rate constant (van der Oost et al., 2003).

Biomagnification can be explained in terms of fugacity (Gobas et al., 1988).
Fugacity denotes a chemical’s tendency to escape from its current phase and represent the
driving force for passive transport of chemicals between different phases that have
different fugacity capacities (Clark et al, 1988; van der Oost, 2002). Field and laboratory
experiments performed in the 1990s showed the critical relationship between the amount
of digestion and absorption of food, and the BMF and dietary uptake efficiency: as food
digestion increased and food volume decreased due to gastrointestinal absorption, the
chemical fugacity increased by a factor of 5 — 8 (Gobas et al., 1993; Gobas et al., 1999).
Biomagnification may play a major role in the transport of chemicals with slow release
from sediments via uptake by benthic organisms and subsequent predation by larger
animals (Farrington, 1991). Furthermore, the larger fish may feel the effects of
biomagnification more than smaller ones as relative gill ventilation volumes decrease
with size while feeding rates remain constant (Opperhuizen, 1991). When
biomagnification becomes a major route of exposure, site-specific eco-system variations
(community make-up, micro-geography, stream conditions, diet etc) also become

important factors controlling bioaccumulation (Van der Oost et al, 1996a).

Physical and Chemical Attributes of the Receiving Environment

Effluent discharge is essentially a point source contaminant in the receiving
stream. Therefore, the stream’s physical and chemical attributes play an important role in

determining the transport and fate contaminants (Hemond and Fechner, 1994). The
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following is a synopsis of the stream properties most important for the fate of

pharmaceutical compounds.

Stream size

An issue of paramount importance pertaining to stream size is its ability to dilute
the effluent plume. In general, a large dilution factor is preferable as it will effectively
reduce the overall concentration of contaminants in the stream (Daughton and Ternes,
1999). Large dilution factors are often achievable, but are by no means guaranteed even
at the same wastewater treatment facility. Periods of drought lead to low dilution, as
would discharges into small stream systems. For example, in the United Kingdom and
many other highly-populated areas, effluent recharge may constitute 50% to 90% of total
flow volume (Sumpter, 1998; Routledge et al.; 1998; Jones, 2002). In Canada, water
volume to Wascana Creek, SK is 100% effluent during the winter months for 63 km from
the plant (Donald and Sverko, 2005). The river’s dilution capacity is an important
variable in assessing total toxic potential of discharged effluents. A highly toxic effluent
discharged in a large reservoir may be less harmful to the resident organisms than a
mildly toxic effluent discharged in a very small creek (White and Rasmussen, 1998).
Even though the effects of dilution on the potency of discharged effluent seem self-
evident, experimental evidence to prove them does exist. For example, a 1996 study
showed that negative effects on male fish caged downstream of effluent discharge points
decreased with distance from the output source (Harries et al., 1996). Similarly, Vethaak
et al. (2005) noted that fish in large waters (Rhine River) suffered less from the negative

impacts of estrogen contamination than those in smaller waters (the Meuse River).
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Particle size

Suspended particle size, depends to some degree on the stream-bed composition,
micro-geography and stream velocity (Hemond and Fechner 1994). However, particle
size (and type) is also an important determinant of the ultimate fate of contaminants. For
example, studies show that hydrophobic contaminants tend to aggregate on particles with
a high organic content (Belfroid et al., 1996; van der Oost, 2002), a predictable behaviour
based on partitioning preferences and fugacity. Furthermore it has been suggested that
“organisms preferentially ingest smaller particles” (van der Oost, 2002). For example, it
has been shown that blue mussels (Mytilus trossulus) can increase its organic matter
uptake by 20% by selectively feeding on smaller particles (MacDonald and Ward, 1994,
Arifin and Bendell-Young, 1997). Based on surface area to volume ratios for the load of
contaminants on the particles, preferential ingestion of the smaller particles leads to
increased contaminant uptake. If the organism were able to digest the material or to
otherwise alter the gastrointestinal fugacity relationships between the particle and the

contaminant, the overall chemical body burden would be increased (van der Oost, 2002).

pH and temperature

pH has a profound influence on the stability, polarity and ionization state of many
pharmaceuticals (Cunningham, 2004) and therefore on their subsequent solubility and
bioavailability. For example, Scheytt et al. (2005) found divergent calculated and
measured k. values (organic carbon partitioning coefficient, very similar to kg, the
octanol/water partitioning coefficient) for diclofenac and ibuprofen. They concluded that
since these compounds are negatively charged weak acids, partitioning behaviours could

not be estimated based solely on the K,y values. Such estimations must also take into
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account the chemicals’ ionic character (Scheytt et al., 2005). As discussed in an earlier
section, this result supports the contention that D, values should be used instead of log P

in modelling the environmental behaviour of pharmaceuticals (Cunningham, 2004).

As the solubility of a chemical changes so does its bioavailability and
consequently its potential toxicity. This phenomenon was described by Cleuvers in 2004.
He found that the acute toxicity of acetylsalicylic acid (ASA) to Daphnia was higher than
expected based on ASA’s log K, value. Cleuvers suggested that the increased toxicity
was due to the pH-lowering effects of ASA and its derivative salicylic acid which
increased the solubility and bioavailability of ASA, and consequently its toxic effects

(Cleuvers, 2004).

Suspended Solids and Turbidity

The principal physical degradation process for pharmaceutical contaminants in
the environment is photo-degradation. This process depends on the chemical
characteristics, intensity of solar irradiation, and the presence of photo-sensitizers and/or
light-blocking agents (Fent et al., 2005). In general, human drugs are sensitive to
photolysis. Direct and indirect photodegradation has been shown to be the main removal
process for diclofenac (Buser et al., 1998), sulfamethoxazole, ofloxacin and propranolol
(Andreozzi et al., 2003), as well as for clofibric acid and carbamazepine (Andreozzi et al,
2003). Nitrates and humic acids may act as photo-sensitizers by generating hydroxyl
radicals and singlet oxygen (Fent et al., 2005). In contrast, some pharmaceuticals,
tetracycline, for example, can act as light-scattering agents, thereby decreasing photo-

degradation (Brain et al., 2005).
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The effect of seasonal variation on the environmental persistence of some drugs is
exemplified by results obtained by Donald and Sverko (2005). They found that
concentrations of some drugs including ibuprofen and naproxen (both highly dependent
on photolysis for environmental elimination) varied by two orders of magnitude between
summer and winter: mean concentrations of naproxen were 66 and 3988 ng/L. in summer
and winter, respectively. The study was performed in Regina, Saskatchewan, where
during the winter months volatilization and photodegradation are reduced due to ice
cover, and microbial degradation is slowed due to zero or sub-zero temperatures (Donald

and Sverko, 2005).

Predicting the Environmental Fate of Pharmaceutical Contaminants

A large volume of work has been dedicated to the development of accurate
predictive models of the environmental and subsequent biological effects of
pharmaceutical residues. These efforts occur at the interface between biology, chemistry,
statistics and chemo- and bio-informatics (Cronin, 2004). An earlier section on basic
concepts of toxicity testing provided some detail on the biological aspects involved in
predicting environmental behaviour of drugs. The preceding two sections focussed on
the chemistry. The following section will examine some of the prediction and modelling

aspects of determining drug behaviour in the environment.

The fate and transport of contaminants can be followed by instituting a mass
balance relationship where the input and output rates are equated (Pollard and Davidson,
2001). Terms for storage (to account for lake phosphorus for example), advection and
diffusion (e.g. accounting for riverine/free product flow and bottom sediments),

dispersion (e.g. air quality modelling) and exposure, amongst a myriad of others can be
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added to create more accurate predictions (Pollard and Davidson, 2001; see also Mackay,
1992 and Schoor, 1996 for details on modelling). For pharmaceuticals in the
environment, these models can be roughly divided into fugacity modeling and

quantitative structure activity relationship (QSAR) analysis.

Fugacity-based models

Fugacity-based multimedia fate models are often used as screening tools to
predict the fate of chemical contaminants within various environmental compartments.
They aim to establish a general environmental behaviour profile for the modelled
substance. They can be relatively simple (Level I fugacity models where fugacities in all
compartments are equal and constant) or more complex (Level II where reactions and
advection are considered, and Level III where chemical equilibrium is not assumed and
inter-compartment fugacities are not equal). For example, Khan and Ongerth modelled
the behaviour of 50 pharmaceutical compounds in various compartments of Australian
wastewater treatment plants (2004). Their (Level I1I) model accounted for national
dispensing and ingestion rates, excretion and metabolic transformation rates,
deconjugation and photo- and bio-transformation within the treatment plant, and loss to

sludge and air. Figure 8 depicts their model.
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Figure 8: Level III fugacity model for pharmaceuticals in Australian STPs

Reprinted from Chemosphere 54:355-36, Khan and Ongerth, Modelling of pharmaceutical residues in
Australian sewage by quantities of use and fugacity calculations, with permission from Elsevier.

The Level III fugacity-based model employs a non-equilibrium steady-state
multimedia mass balance approach to determine ultimate contaminant concentrations in
each of its four compartments — air, water, soil and sediments. It assumes equilibrium
within but not between the four compartments. Level III modelling includes parameters
for advective and diffusive transport and some degradation processes. It requires data
describing environmental characteristics, emission rates, degradation rates and physico-
chemical properties of the contaminant. The model computes concentrations in each of
the four compartments as well as overall environmental persistence and associated
transport, advective flow and degradation rates (Mackay and Paterson, 1991; Zukowska

et al., 2005). A possible source of concern with fugacity-based modelling is its apparent
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reliance on single-parameter linear free energy relationships (SP-LFERs — an analysis
tool) to predict phase (air, water, land, sediments) partitioning. It has been noted in both
toxicology and chemistry, that no single parameter can accurately reflect the complex
molecular interactions that determine phase distribution of chemicals (Goss and
Schwarzenbach, 2001). (Recall the discussion on integrated modelling and data analysis
from chapter 1). Consequently, the original level Il model has been modified to include
a poly-parameter analysis, thereby increasing its predictive powers and decreasing its
reliance purely on hydrophobic interactions of neutral molecules (Breivik and Wania,
2003). The poly-parameter linear free energy relationships (PP-LFER) analysis is
characterized by five equations depicting chemical and phase partitioning parameters (see
Zukowska et al., 2005 for further details), thereby increasing the model’s predictive

powers (Zukowska et al., 2005).

Such a modified Level III analysis was recently applied to polar pharmaceuticals
by Zukowska et al. (2005). This group found that many pharmaceuticals were not
significantly transported amongst the various compartments but remained in the media
into which they were emitted. For example, the results for testosterone and progesterone
depicted in Figure 9 indicate that these substances remain predominantly in the aqueous

compartment.
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Figure 9: Output of Level 111 fugacity modelling.

Reprinted from Science of the Total Environment 359:177-187, Zukowska and Breivik, Evaluating the
environmental fate of pharmaceuticals using a level III model based on poly-parameter linear free energy
relationships, with permission from Elsevier.
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Quantitative structure-activity relationships — QSARs

Quantitative structure-activity relationship (QSAR) modelling is a computer-
aided toxicological prediction method based on the concept that a compound’s biological
activity can be inferred from the molecular structure and/or properties of similar
compounds with known biological activity (Cronin, 2004; Schultz, 2003). A number of
textbooks and review articles have been published on the subject of QSARs in general
(Ford et al., 1996; Holtje and Sippl, 2001) and envirénmental QSARs in particular
(Turner et al., 1987; Hermens and Verhaar, 1996). The purpose of QSARs is to relate
molecular structures to consequent biological activities, existing on the so-called
structure-property-toxicity axis — as introduced in chapter 1. This concept was expressed
as early as 1869 by Crum-Brown and Fraser who stated that a change in the chemical
‘constitution’ of a molecule will be reflected in a change in its biological activity (Schultz
et al., 2003). QSARs operate on the assumptions that (1) the structure of a molecule
contains all elements responsible for its physical, chemical and biological properties (2)
the chemical can be represented by numerical descriptors (i.e. physical, chemical and/or
structural properties) (3) structurally similar compounds share similar mechanistic
elements (i.e. rate-determining steps and free energy requirements for activity) and (4)
differences in reaction rates will result in measurable differences in activity and/or

potency (Schultz et al., 2003).

The three major elements of QSARs are the toxicity data, the descriptor data and
the statistical method linking the two sets of information (i.e., regression analysis for
quantitative results or pattern recognition for qualitative results) (Schultz and Netzeva,

2004). As is the case with other modelling techniques, QSARs are severely limited by
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the nature and quality of data used in their development. Ideally, a good model should
include data on a large number and variety of structurally-related molecules. Information
on polar, ionisable compounds with large molecular structures should also be included.
The model should use a wide range of toxic potency information (i.e. activity over a large
range of doses, perhaps even at sub NOAEL levels — i.e. biphasic toxicity) and it should

allow for a mechanistic interpretation of the results (Schultz et al., 2003).

Mechanistic interpretation reflects the assumption that similar physical and
chemical properties result in a similar mechanism of biological action. Consistent with
this approach, toxicity can be classified as non-covalent narcosis, covalent narcosis via
interactions with biological molecules, or receptor-mediated toxicity, as discussed in
chapter 1 (Schultz et al., 2003). Current parameters used in the determination of
structure-activity relationships are derived based on the 2-dimentional structure of
molecules. However, toxic effects occur in a 3-dimentional environment, where the
mechanisms of actions are heavily dependent on the correct 3-D molecular structure. For
this reason, properties-based models (QPARs) may be used in conjunction with structure-
based evaluations, as the former encompass more information relevant to interaction with
target molecules, e.g. electron distribution, ionization constants, binding properties and

energy values (Schultz et al., 2003).

Environmental QSARs are also based on the relationship between chemical
structures, and type/potency of toxic action. Their specific approach involves
determining (1) the limits of chemical variation consistent with a particular effect and (2)
the manner in which the structure-potency relationship occurs (Schultz et al., 2003).

Structure/property-activity relationships (QSARs or QPARs) have been applied to a

69



variety of situations ranging from the general (substance persistence, soil sorption,
bioaccumulation) to the specific (benzene response or estrogen receptor binding) (Cronin
and Livingstone, 2004). For example, using environmental QSAR, Sanderson et al.
(2003 and 2004) screened the toxicity of some pharmaceuticals to various aquatic
animals. They found that the overall susceptibility to environmental pharmaceuticals was
daphnids > fish > algae (2004). However, due to the complexity of pharmaceutical
chemicals and the complexity of their interaction with environmental and biological
systems, current QSARs or QPARs, even when used in conjunction with expert systems
can only serve screening or prioritizing purposes (Kiimmerer, 2004b). As outlined in
chapter 1, these models can also be used in assessing toxicity, thereby decreasing reliance

on in-vivo testing.

Environmental Concentrations and Effects of Selected Pharmaceuticals

Antibiotics

Main concerns: antibiotic resistance and sewage treatment plant operation

Despite the fact that many antibiotics are natural products or derivatives of natural
products, they are considered environmental contaminants for two reasons: first, for their
potential to elicit toxic effects in aquatic and terrestrial organisms, and second, for their
ability to increase selection pressure for antibiotic-resistant strains of bacteria (Daughton
and Ternes, 1999). The European Union and Switzerland have estimated the 1997
production of antibiotics for human and animal therapeutic use to be 5.46 million
kilograms and 5.04 million kilograms for animal growth promotion. It is further

estimated that 30-90% of administered dose enters the aquatic environment unaltered by
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physiological processes within the target organism (Rang and Dale, 1991; Halling-

Sorenson, 1998).

The environmental distribution of antibiotics varies widely as it depends on
frequency and type of use. Areas in close proximity to fish or livestock farming
operations, hospitals effluent discharge points or agricultural terrain enriched by manure
fertilizer show the greatest accumulation of antibiotic residues. For example, macrolides,
sulphamides and quinolones were detected in sewage effluent in Germany in
concentrations up to the low pg/L (Hirsch et al., 1999 and Andreozzi et al, 2003). Swiss
primary and tertiary effluent wastewater contained 249 and 45 ng/L quinolones
respectively (Golet et al., 2001), while concentrations of lincomycin, erythromycin and
clarithromycin in the range of 10 -~ 100 ng/L were detected in Italian rivers (Castiglioni et
al., 2004; Calamari et al., 2003). Similar results were reported for Canadian
domestic/municipal effluent and surface waters. For example, maximum effluent
concentrations of clarithromycin, sulfamethoxazole and tetracycline were detected in the
range of 536 to 977 ng/L (median 80 to 240 ng/L), and surface water concentrations of

the same drugs ranged from 16 to 99 ng/L (Miao et al., 2004; Metcalfe et al., 2004).

Predictably, the main toxic effects occur against bacteria, fungi and algae, with
effects on higher trophic levels occurring at concentrations 2 to 3 orders of magnitude
higher (Wollenberger, et al., 2000). In general, acute effects on higher trophic levels are
rare. Chronic or reproductive effects have been detected against some non-target bacteria
in surface waters. Thomulka et al., (1993) determined that toxic effects of novobiocin,
tetracycline, chloramphenicol, ampicillin and streptomycin on the reproduction of Vibrio

harveyi could be detected at environmentally relevant concentrations. This is not
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surprising as one would expect an antibacterial compound to be toxic to bacteria. The
intent of the research was to show that non-target organisms can be affected by
pharmaceutical substances. Further, the ecological significance of these effects is their
potential for altering the natural selection process in favour of antibiotic-resistant
organisms. Subsequent effects on higher trophic levels could theoretically occur as a
result of an altered microbial ecosystem. However, the effects of antibiotics on local
ecological systems via changes in microbial selection pressures have not been

investigated.

Consequently, the overall relevance of the few studies showing some level of
toxicity in some non-target bacteria has not been explicitly investigated (Carlsson et al.,
2005). Natural selection pressures on microorganisms and potential local ecosystem
changes notwithstanding, how do we value some species of soil bacteria and fungi
against the benefits of antibiotic use for human and economic health? Currently, there is
no study investigating environmental antibiotic levels to changes in local ecology via
increased selection pressures on microbial communities. However, some studies do show
that increased selection pressures on non-target bacteria as a result of ambient antibiotic
levels do have an effect in sewage treatment plants. For example, studies on model
sewage treatment systems show that alteration in microbial populations occurred in
response to the addition of antibiotics in concentrations similar to those expected in
hospital effluents (Kummerer et al., 2000; Al-Ahmad et al., 1999). Within this new
frame of reference, environmental antibiotic contaminants can be evaluated against the

benefits to human and economic health.
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The presence of antibiotics in effluent may act as a selection pressure to incrase
the growth and spread of antibiotic-resistant strains. Antibiotic-resistant microorganisms
have been detected in a variety of media, ranging from surface water to soil to sediments.
For example, resistance to kanamycin and neomycin was reported in bacterial species in
some South Carolina streams (Leff et al., 1993). Resistance to erythromycin,
tobramycin, chloramphenicol and tetracycline was detected near slaughterhouse effluent
(Attrassi et al, 1993). Resistance to antibiotics used in fish farms was commonly reported
(Samuelsen et al., 1992; Sandaa et al., 1992; Nygaard et al., 1992). These findings are
consistent with reports of high environmental persistence (virtual, as defined by
continued introduction into the environment (Daughton, 2004) or traditional, via high
octanol:water partitioning coefficients) for many antibiotics. For example,
oxytetracycline, an antibiotic used in fish farms, has been found in concentrations of 0.1
to 4.9 mg/kg dry sediment (Jacobsen and Berglind, 1988), with an estimated half-life of
300 days (Hektoen et al, 1995). Although bacterial resistance to anti-microbial agents is
a natural phenomenon (Kiimmerer, 2004), it remains an issue of concern for both

environmental protection and public health officials.

Lipid regulators, psychoactive and anti-inflammatory drugs

Lipid regulators

Main concerns: environmental resilience and potential bio-concentration

The most widely reported pharmaceutical contaminant of surface and ground
water is clofibric acid (Dautghton and Ternes, 1999). Clofibric acid is a major metabolite
of etofibrate, etofyllinclofibrate and clofibrate — a class of blood lipid-regulating drugs

that are used extensively (Stumpf et al., 1999). Although the exact mechanism of action
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has not been identified, these drugs lower serum lipid levels by reducing the triglyceride-
rich very low-density lipoprotein fraction (Gilman et al., 1990). In 1992, 30 tons
(combined volume of all three drugs) were dispensed in Germany (Stan and Heberer,
1997). These high rates of use are associated with high rates of environmental discharge.
For example, a Kansas City, Missouri STP measured the annual clofibric acid loading at
2.1 kg (Hignite and Azarnoff, 1977). Environmental concentrations range over 4 orders
of magnitude, from 0.002 — 0.550 pg/L in the North Sea and some Swiss lakes (Buser et
al., 1998), to 0.01 pg/L in areas of the Mississippi River and Lake Pontchartrain (Dunne,
2000), to 0.270 pg/L in some German tap water (Heberer, 2002a; Heberer, 2002b), and to
1.6 ng/L in many German STP effluents (Boyd et al., 2003). Raw and finished potable
water from an Ontario river had a median clofibric acid concentration of 0.5 and 0.4

ug/L, respectively (Servos et al., 2005).

No acute effects of clofibric acid at environmentally-relevant concentrations have
been identified in studies on algae, crustaceans and fish (Emblidge and DeLorenzo, 2005
and Nunes et al, 2004). However, chronic and mixture effects cannot be ruled. Clofibric
acid remains a contaminant of interest because it has shown strong environmental
persistence with an environmental half life of t;, = 21 years (Buser et al.,1998; Daughton

and Ternes, 1999).

Gemfibrozil is another widely-used fibrate lipid regulator prescribed to control
plasma triglycerides and cholesterol. Its environmental concentrations are similar to
those of clofibric acid, with the exception that it does not reach detectable concentrations
in finished drinking water (Servos et al., 2004a). Mimeault et al. (2005) showed that 1)

gemfibrozil can act as an endocrine disruptor (decreasing testosterone levels by 50%
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following 14-day exposure to 1.5 pg/L gemfibrozil) in the goldfish Carassius auratus,
and 2) gemfibrozil bio-concentrates in the plasma, with a BCF of 500. These results add
further impetus for continued monitoring and research gemfibrozil, clofibric acid and

fibrates in general.

Psycho-active drugs

Main concerns: Environmental persistence, low intrinsic degradability and

potential endocrine synergism.

These are a group of drugs used as anticonvulsants (e.g. carbamazepine) or as
mood regulators (e.g. fluoxentine (Prozac) and paroxetine (Paxil)). These drugs are used

in relatively high volumes and are environmentally recalcitrant.

Carbamazepine (CBZ) is a cyclic compound metabolized primarily to the active
CBZ-10,11 epoxide and various glucuronides (Ferrari, 2003; Jos et al., 2003).
Carbamazepine has been measured in STP effluent at maximum concentrations of 6.3
ug/L, in surface waters at 1.1ug/L and in potable water at 0.03 pg/L (Terenes, 1998;
Heberer 2002a). Only 3% of the administered dose is excreted as parent conmpound;
nevertheless, it is consistently reported as one of the contaminant pharmaceuticals in
aquatic environments (Ternes, 1998; Andreozzi et al., 2002). Some researchers suggest
that its environmental persistence is due to the high rates of use, low rates of removal
during sewage treatment (= 7%), and de-conjugation either in the treatment plant or in the
environment (Terenes, 1998; Heberer, 2002a and b; Jones et al., 2002). Corroborating
the high rates discharge into surface waters, a 2005 study estimated that 2.0 kg CBZ are

discharged into surface water every week by Berlin-Ruhleben area sewage treatment
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plants (the plants service approximately 1,000,000 residents and 12,060 hospital beds); a

value which translates to annual discharges of 105 kg (Heberer and Feldmann, 2005).

At low concentrations, carbamazepine has not been shown to cause any acute
effects in Daphnia magna, Chlorella vulgaris var viridis (algae), Allium cepa (bulbs of
onion), Vibrio fischeri (bacterium), Vero monkey kidney cells (mammalian cells) and
RTG-2 cells derived from Oncohrhynchus mykiss (rainbow trout gonad cells) (Jos et al.,
2003). It has a 7-day NOEC on the crustacean Ceriodaphnia dubia of 25ug/L, a value
that approaches those seen in some environmental samples. A risk assessment for CBZ
did indicate a hazard quotient >1 which suggests that there is a possibility of aquatic

harm if STP effluent is discharged without adequate dilution (Ferrari et al., 2003).

Fluoxetine and paroxetine belong to a class of pharmaceuticals known as selective
serotonin re-uptake inhibitors (SSRI). They are used extensively in the treatment of
affective disorders such as depression, compulsive behaviour and eating/personality
disorders (Brooks et al., 2003a). They are usually metabolized by the cytochrome P450
system to the active norfluoxentine, and less than 10% is excreted as unchanged
compound (Heimke and Hartter, 2000). Fluoxentine has been measured at 0.32 and 0.54
ng/L in effluent (Weston et al., 2001) and 0.012 pg/L in surface waters (Kolpin et al,

2002).

SSRIs in general, and fluoxetine in particular, have been identified as the most
potent inducers of spawning in male bivalves, with effective concentrations as low as
0.318 pg/L (Fong, 1998). Other studies found increased developmental abnormalities
and altered estradiol levels in female Japanese Medaka fish following chronic, 4-week

exposure to 0.1 and 0.5 pg/L fluoxentine (Weston et al., 2003; Brooks et al, 2003a).

76



Thus, SSRIs remain a class of pharmaceuticals of interest because of their significant

reproductive effects at environmentally relevant concentrations.

Non-Steroidal Anti-Inflammatory and Analgesic Drugs

Main concerns: High volumes of use.

Non-steroidal anti-inflammatory (NSAI) and analgesic drugs are used primarily
as painkillers. These include acetaminophen (paracetamol), acetylsalicylic acid

(Aspirin), diclofenac, ibuprofen (Advil) and naproxen.

Naproxen is a water-soluble NSAI drug but it is still considered to be
environmentally persistent due to its constant input (Isidori et al., 2005). The daily
loading to municipal wastewater treatment plants has been estimated in the order of
grams (Tixier et al., 2003). It has been detected in surface water in Canada and
Switzerland in concentrations ranging from 0.02 to 2.6 pg/L (Tixier et al., 2003; Boyd et
al., 2003). Naproxen is active principally against primary consumers with acute ECsq’s in
standard bioassays for Brachionus calyciflorus (a rotifer) and Ceriodaphnia dubia (a
crustacean) of 260 and 620 ng/L respectively (Isidori et al., 2005). Furthermore,
naproxen is genotoxic to the bacterium Escherichia coli (primary DNA damage in the
SOS chromotest), and Salmonella typhimurium (point mutations on the Ames test)
(Isidori et al., 2005). Chronic exposure to low pg/L concentrations of the drug’s photo-
degradation products caused greater growth inhibition in cultures of C. dubia than the

parent compound (Issidori et al., 2005).

Combined sales of two other NSAIDs, acetaminophen and acetylsalicylic acid

(ASA) in Europe are estimated at greater than 500 tonnes per year. These translate to
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median surface water concentrations of 0.22 ng/L ASA and maximum effluent
concentrations of 6.0 ug/L acetaminophen (Ternes et al., 1998; Jones et al., 2002). Rapid
photo- and bio-degradation for both products is thought to explain the low concentrations
in the environment (compared to expected amounts based on production volumes). This
fact is corroborated by Ternes (1998) who detected concentrations of ASA metabolites up

to 54 pg/L in effluent.

The NSAID diclofenac is regarded as the most important pharmaceutical
contaminant of water (Heberer, 2002b). Based on German usage rates of 75 tonnes per
year and llo g P values near 3.0, diclofenac is considered potentially bio-accumulative
(Carlsson et al., 2005). It has been reported in average concentrations of 3.02 and 2.51
ng/L in German influent and effluent respectively (Heberer, 2002b). At concentrations
of 1pg/L, diclofenac has a bioconcentration factor in liver of 2732 (Schwaiger, et al.,
2004). BCF is concentration-dependent, decreasing as the ambient concentration
increases, indicative of almost complete tissue saturation at higher concentrations

(Schwaiger et al., 2004).

Recent evidence indicates that diclofenac has serious environmental iniplications.
Several species of vultures in India have been killed following ingestion of livestock
remains that contained significant levels of diclofenac. In this case, exposure by-passed
the aquatic environment, but non-target species were impacted due to environrnental
(terrestrial) contamination. The route of exposure notwithstanding, diclofenac may be
the first pharmaceutical to cause apparently acute ecological damage following normal
usage (used as directed, not because of accidental spills). In 2004 Oaks et al. reported on

the high death rate among three species of vultures in India and Pakistan. Further

78



investigations found that mortality was associated with renal failure and visceral gout,
and that these correlated positively with plasma diclofenac residues (Oaks et al., 2004).
Diclofenac had recently become an agricultural pharmaceutical in these countries. As
scavenging birds whose primary subsistence is dead domestic livestock, the vultures fed
on diclofenac-treated animals, thus accumulating dangerous levels of the drug in their
systems (over the period of 36 - 58 hours). The authors showed that environmental
concentrations of diclofenac were sufficient to induce the observed effects. Diclofenac
residues were officially implicated as the cause of population decline in the three species

of vultures in those countries (Oaks et al., 2004).

No other acute effects at environmental concentrations have been reported for
diclofenac. However, chronic, 28-day exposure to 1 ng/L diclofenac caused cytological
alterations (lesions) in the liver, kidneys and gills of rainbow trout (Triebskorn et al.,
2004). With the exception of the direct toxicity to vultures, the ecological impact of

environmental NSAID contamination remains unknown (Carlsson, 2005).

Endocrine disruptors

Main coneerns: endocrine modulation at environmentally-relevant

concentrations, and persistence in sewage-sludge and aquatic environment.

Endocrine disruptors in general, and pharmaceutical endocrine disruptors in
particular, have been studied extensively due to their effects on the endocrine and
reproductive systems. Comprehensive reviews on environmental endocrine disruption
have been published elsewhere (see Mills and Chichester, 2005). The goal of this section

is to identify the main concerns posed by endocrine disruption in the context of
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pharmaceutical contaminants (often, but not exclusively in wastewater). Endocrine
disruption by natural estrogens has been most well-characterized, but it can be effectively
induced by both non-estrogen endocrine disrupting chemicals and xeno-estrogens. It
should be noted that although pharmaceutical estrogens and environmental xeno-
estrogens are comprised of very different types and classes of chemicals, their activity on
biological systems is interrelated: for example, xenoestrogens at environmentally-
relevant concentrations can modulate the activity of endogenous estrogens (Rajapakse et

al., 2002).

An endocrine disruptor has been defined by the European Commission (1996) as
“an exogenous substance or a mixture, that alters function(s) of the endocrine system and
consequently causes adverse health effects in an intact organism, its progeny or
(sub)populations”. This group of chemicals includes various types of pesticides and their
degradation products such as DDT and DDE, surfactants and plasticizers such as
alkylphenol ethoxylates, and phytoestrogens such as genistein (Willingham and Crews,
1999; Miles-Richardson et al., 1999; Bennetau-Pelissero et al., 2001). With the
exception of the naturally-occurring phytoestrogens, these compounds are sometimes
referred to as xeno-estrogens and are frequently detected in sewage effluents and in some
receiving environments (Sharpe et al., 1995). Pharmaceutical endocrine disruptors
include the natural and synthetic estrogens estrone (E1), estradiol (E2) and 17a-
ethinylestradiol (EE2). These and a number of other steroidal estrogens are used in
considerable volumes as they form the active ingredients in contraceptive pills, hormone
replacement treatments, some cancer treatments (tamoxifen and diethylstilbestrol) and

some agricultural growth-promoters (Arcand-Hoy, 1998; Bell, 2004). The total volume
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of estrogens used annually in the United States in the early 1990s was estimated at 2352

kg (Arcand-Hoy, 1998).

El, E2 and EE2 are all steroidal estrogens with log P values ranging from 3.0 to
5.0 (Petrovic, 2001). They are excreted in urine as water-soluble conjugates, but de-
conjugation to the original parent compound has been observed (Snyder, 1999; Arcand-
Hoy, 1998). It is currently assumed that de-conjugation (via -glucuronidase and
arylsulfatase) occurs not only in the receiving environment, but also in the STP (Temes et
al., 1999; Nasu, 2000; Andersen, 2003). While wastewater treatment plants have shown
removal rates from effluent of between 70 and 98%, the fate of the degradation products
or the estrogenic content of resulting sewage sludge has not been simultaneously reported
in those studies (Johnson et al, 2001; Andersen et al, 2003). Based on their log P values,
sorption to organic particles and sediments would be a likely process (Kuster et al.,
2004). In fact, leachate from solid waste disposal facilities has been linked to altered
endocrine responses in fish inhabiting otherwise pristine environments (Noacksson, 2001;
see section on leachate toxicity). Moreover, pharmaceutical estrogens are regarded as the
major source of estrogenicity even in aquatic matrices such as sewage treatment plant

effluents (Desbrow et al., 1998; Snyder, 2003; Aemni et al., 2004).

Environmental concentrations of estrogens are in the low ng/L level with
concentrations in various matrices averaging 0.5 to 7 ng/L (Desbrow et al., 1998; Larsson
et al., 1999; Ternes et al., 1999). Several studies report a potency gradient of endocrine
disruption where xenoestrogens > natural estrogens > and synthetic estrogens. For
example, the potency of EE2 (a synthetic estrogen) was 10 to 50 times higher than E2

and E1 (both natural estrogens) in in-vivo studies (Segner et al., 2003 and Thorpe et al.,
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2003). Similarly, endocrine disruption (as measured by estrogen receptor-mediated gene
transcription responses) occurred only at xenoestrogen levels 1000 to 100,000 times

higher than the natural estradiol (E2) (Massaad and Barouki, 1999; Witorsch 2002).

Table 2 is a summary of some of the effects reported for very low concentrations
of natural, synthetic and xeno-estrogens. Note that chronic, reproductive and sub-lethal
effects such as increased vitellogenin production occur at concentrations well within the
range reported in various environmental compartments. Vitellogenin (VTG) is an
estrogen-dependent egg protein precursor, normally synthesised in the liver of female
oviparous vertebrates. VTG levels increase sharply during oocyte development (Wallace,
1985; Specker and Sullivan, 1994). When detected in unusually high concentrations in
male fish, VTG is considered to be a sensitive biomarker of estrogenic contamination
(Folmar et al., 1996, Sumpter and Jobling, 1995). For example, VTG induction occurred
at EE2 concentrations of only 0.1 ng/LL (Purdom et al., 1994), normal sexual development
and differentiation in fish was affected by exposures to only 0.1 to 0.15 ng/L EE2, and
fertilization success and embryo viability of adults exposed to 1 — 10 ng/L EE2 was
reduced (Hill and Janz, 2003). Furthermore, it has been shown that exposure to ng/L
concentrations of the vastly less potent xenoestrogens can modulate the effects of the

endogenous estrogens (Rajapakse et al., 2002; Wozniak et al., 2005).
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The ecological relevance of some indicators of endocrine activity is still under
investigation. For example, it is not clear whether vitellogenin induction is an indicator
of exposure (van der Oost, 2003) or of effect (Daughton and Ternes, 1998). The
physiologicai relevance of elevated levels of VTG has also been called into question,
with some authors suggesting that increased levels may lead to liver, kidney and gill
damage (Folmar et al., 1996). Others, believe that since VTG levels return to normal
following depuration, and that no further consequences can be attributed to the initial
VTG elevation. In order to address these questions, some studies attempted to establish a
link between low-level estrogen exposure and community or population effects. For
example, life-long exposure of zebrafish (Darnio rerio) to 5 ng/L EE2 caused a 56%
reduction in fecundity and complete population failure in the F, generation (Nash et al.,
2004). Interestingly, in the same study, a 40-day exposure of mature adults tc the same
concentration had no measurable effects. This particular study corroborated not only a
potential link between estrogenic exposure and population welfare, but also the
importance of exposure timing (i.e., developing organisms are more susceptible to EE2

than adults).

A recent review of evidence by Mills and Chichester (2005) examined the
currently available data on endocrine disruption in fish. They concluded that while
laboratory studies indicate that potential harm exists, the environmental evidence is less
convincing. This may reflect the (expected) lack of acute effects and the difficulty of
identifying long-term, sub-lethal, chronic effects. The actual link between routine
exposure to EDC and population effects remains an “open challenge” (Mills and

Chichester, 2005). It should be noted, however, that many of the studies were conducted
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according to the current paradigm of risk assessment (single-chemical, acute-toxicity,
conservative burden of proof) which can mask the effects of mixtures via multi-
generational and multi-route exposures. This would be particularly true given the known

interactions between xenoestrogens and natural or pharmaceutical estrogens.

Environmental Endocrine Disruption in Humans?

Aside from effects on the ecological viability of aquatic populations, there are
several studies that have investigated the human health risk posed by continued EDC
contamination of the environment (OECD 1989; CSTEE, 1999; Mendes, 2002). The
intense research efforts are fuelled by observations, allegations and/or hypotheses that
have correlated various human diseases with an increased exposure to environmental
EDCs. These include reduced human sperm quality (Sharp and Skakkebaek, 1993;
Carlesn et al., 1992; Paulsen et al., 1996), testicular, prostate and breast cancer (Mendes,
2002; Coleman et al., 1993), cryptorchidism (un-descended testes) and hypospadia
(urethral meatus displacement) (Jensen et al., 1995), endometriosis (Hill, 1992), sex-ratio
and thyroid/neuro-endocrine alterations (Koopman-Esseboom et al., 1994; Mendes,
2002). Furthermore, Saradha and Mathur (2006) suggest that environmental
contaminants induce the formation of reactive oxygen species facilitating the
development of defective sperm function and male infertility. With the exception of
diethylstilbestrol (DES), all of the chemicals investigated in the above studies were of
industrial origin. A recent assessment of the published literature on the in-utero exposure
to endocrine disruptors and subsequent male reproductive health concluded in that the
currently available evidence was not sufficient to either support or reject the hypothesis

that “environmental estrogens contribute to an increase in male reproductive disorders”
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(Vidaeff and Sever, 2005). However, as Waring and Harris conclude (2005) the best
answer to the question: “Are EDs a risk to humans?” is, ““.. . EDs affect all phyla studied
to date”. Hence, there is room for more research. One direction may include integrating
the human health and ecological aspects of this issue as discussed in chapter 3. For
example, it has been shown that chronic exposure to very low concentrations of xeno-
estrogens can modulate the activities of endogenous estrogens in wildlife. Can the same
relationship exist in humans? Can chronic exposure to very low concentrations of
estrogen (natural or synthetic) increase or decrease the activities of endogenous estrogens

in humans? If so, with what effects?

Anti-neoplastic drugs

Main concerns: environmentally persistent, frequently genotoxic

These agents include cyclophosphamide, ifosamide and 5-fluoro-uracil.
Compared to other pharmaceuticals, their production volumes are relatively low. For
example, annual German prescription rates of ifosamide and cyclophosphamide were
estimated at only 200-400 kg (Kummerer and Al-Ahmed, 2001). Based on usage rates,
the predicted concentration of anti-neoplastics in hospital effluent is 5 -50 ug/l, in
municipal effluent 5 ng/L, and in surface waters less than 1 ng/L (Kummerer and Al-
Ahmed, 2001). Based on estimated volumes and predicted environmental concentrations,
these pharmaceuticals are unlikely to cause significant environmental harm. However,
they remain chemicals of concern for two reasons: first, they often have carcinogenic,
mutagenic or embryotoxic properties (Skov et al., 1990; Kummerer, 2001), and second,
they are recalcitrant to conventional sewage treatment methods (Steger-Hartmann et al.,

1997). For example, ifosamide is neither degraded nor eliminated (to sludge) during the
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treatment process (Kummerer et al., 1997). No further studies on the ecological effects

of anti-neoplastic drugs have been conducted.

Cardiac drugs (beta-blockers)

B-blockers are a group of pharmaceuticals used in the treatment of cardiovascular
disease and include propranolol, bisoprolol and metoprolol (Fent et al., 2005). These
drugs are prescribed fairly extensively, with annual German rates of use varying between
100 and 250 tons (Schwabe and Paffrath, 2004). Surface water concentrations (in
Germany), range from 0.59pg/L for propranolol to 2.9pg/L for bisoprolol, with similar
concentrations being detected in STP effluents (Ternes, 1998). Chronic exposure to
relatively low doses (125 and 250 pg/L) of propranolol has been linked to cardiovascular
and reproductive effects in the crustacean Ceriodaphnia dubia (Huggett et al., 2002). In
fish, the number of released eggs was reduced following 4-week exposure to 0.5 pg/L
propranolol but not to 50 or 100pg/L, indicating perhaps a bimodal dose-response curve
for this endpoint (Huggett et al., 2002). When applied in combination of 3 or more, some
B-blockers show considerably increased toxicity with effects elicited at doses which
would not induce measurable effects following individual exposure (Cleuvers, 2005; see

section on CA)

Mixtures of various pharmaceuticals

Main concerns: effects measurable at individual environmental concentrations

Very few studies investigated the effects of mixtures of pharmaceutical
compounds on aquatic organisms. Cleuvers conducted two studies on the effects of a

mixture of B-blockers on D. magna, D. subspicatus and L. minor (Cleuvers, 2005) and
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NSAI drugs on D. magna (Cleuvers, 2004). Both studies concluded that mixture effects

were higher than the sum of single effects.

A study performed by Flaherty and Dodson on Daphnia magna (2005), found that
a 6-day exposure to 36pg/L fluoxentine and 100 pg/L clofibric acid (no effect when
individually administered) resulted in 62.5% mortality compared to 10% mortality in the
experimental controls. When the clofibric acid concentration was reduced to 10 pg/L,
they detected a 19% increase in developmental abnormalities, whereas none were

observed in the control group.

Exposure to a mixture of antibiotics — 10 pg/L each erythromycin, triclosan and
trimethoprim, resulted in decreased sex ratio in D. magna (Flaherty and Dodson, 2004).
The link between antibiotic exposure and sex determination is thought to be inheritable,
sex-regulating microbes of the genus Wolbachia, present in Daphnia (Weeks et al., 2002,
Flaherty and Dodson, 2004). Flaherty and Dodson also concluded that the effects of
mixtures are not always predictable from the effects of single compounds. Furthermore,
their results indicate that the timing and duration of exposure can affect the severity and

type of effects.

Effects of Effluent and Solid Waste Disposal run-off

With very few exceptions, these effects have been associated with the
estrogenicity of the effluent/leachate manifesting as endocrine disruption. In the early
1980s, casual observation of hermaphrodism in male fish (roach) living in two settlement
lagoons in the United Kingdom prompted further investigations on the safety of sewage

effluent to the aquatic environment. In 1994, a landmark paper was published, which
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stated that “estrogenic substances are present in the effluent of STWs. ... {the data}
indisputably demonstrates the nationwide distribution of estrogens in the STW
effluents...” (Purdom et al., 1994). Further field surveys of 8 British rivers, sampled
above and below sewage treatment facilities corroborated these earlier results (Jobling et
al., 1998): a large proportion of the fish sampled were intersex as defined by the
simultaneous presence of both male and female gonadal characteristics. The incidence of
hermaphrodism ranged from 4% at the control sites to 100% in two roach populations
living downstream of large STPs (Stumpter, 1998). Correspondingly, high VTG levels
were associated with hermaphrodism suggesting that perhaps both effects were caused by
the same factor, i.e., STP effluent (Stumpter, 1998). Jobling and her colleagues showed
that wild fish populations in many UK rivers are exposed to high levels of estrogenic
chemicals. Subsequent research in England and the United States confirmed their
findings (Harries et al., 1999; USEPA, 2002). Furthermore, field studies with trout
(Oncorhynchus mykiss), wild cyprinid roach (Putilus rutilus) and flounder (Platichthys
flessus) show that estrogenicity was only marginally affected by dilution and that
deleterious reproductive consequences persisted downstream from STP discharge sites
(Jobling et al., 1998; Auriol, et al., 2005). Effects similar to those detected in fish have
been observed in the mollusc Potamopyrgus antipodarum, suggesting that this organism
may be suitable as a bio-indicator of and model for monitoring environmental

estrogenicity (Jobling et al., 2004).

There are continuing reports of endocrine disruption associated with chronic
exposure to waste water treatment effluent. For example, chronic exposure (112 days) of

the freshwater zebra mussel Dreissena polymorpha to tertiary treatment effluent during
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gametogenesis resulted in 1) increases in vitellin-like proteins, 2) cholesterol (parent
compound for sex hormones) doubling and 3) large increases in the intestinal tissue
between the seminiferous tubules of gonad (Quinn et al., 2004). Similarly, another recent
study established cytotoxic and oxidative properties of primary treated effluent to fish

hepatocytes (Gagne et al., 2005).

Leachate toxicity

One of the most common methods for disposing of solid waste is to land-fill it in
designated sites (McKerlie et al., 2005). Some of these sites are designed with protective
barriers and leachate collection systems but in many cases these measures are not
implemented (Noacksson et al, 2001). Consequently, materials leach directly into the
soil and eventually make their way to the aquatic environments. Aside from receiving
residential and commercial solid waste, these facilities also collect sewage sludge from

local sewage treatment plants (Velagaleti, 1997).

Leachate toxicity has been minimally investigated (Noaksson et al., 2001). One
exception is a series of studies conducted in Sweden starting in the late 1990s. Casual
observations of excessive illness and open lesions in roach living in Lake Molnbyggen,
Sweden prompted a number of investigations into possible causes. The lake is located in
a pristine area, free of contaminating industrial or residential activities, but receives an
average of 18000m’ of domestic land-fill leachate annually (Noacksson et al., 2001).
Studies published in subsequent years confirmed serious deleterious effects not only on
the resident roach (Rutilus rutilus), but also on local perch (Perca fluviatilis), pike and
burot (Noacksson et al., 2001; Noacksson et al., 2003a; Noacksson et al., 2004). The

most dramatic effects were fin erosion and open sores, increased hepatic enzyme
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activities, severely decreased female gonado-somatic index (GSI - by 80%; male GSI
decrease by 36%), and high incidence of sexual immaturity in females (Noacksson, 2001;
Noacksson, 2003a). Further investigation into the causes and mechanisms of the
observed effects led to the following conclusions: 1) the effects could not be correlated
with either the presence of traditional contaminants (PAH, PCBs, etc) in the effluent or to
confounding factors such as lake temperature, pH or food availability, 2) there was a
substantial energy cost and impaired hormonal control associated with chronic exposure
to leachate in these fish, and 3) the majority of female perch were in severe reproductive
failure, thereby impacting population levels (Noacksson et al., 2001; Noacksson etal.,

2005).

Table 3 shows some of the effects reported for selected pharmaceutical
compounds. With the exception of hormone endocrine disruptors (detailed in table 2),
most of the pharmaceuticals listed induce acute effects at concentrations well in excess of

environmental concentrations
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Table 3: Effects of selected pharmaceutical compounds
Chemical Name Species Endpoint measured Concentration Reference
(experimental)
(ng/L)
Antibiotics
Penicillin — Microcystis Growth ECs, 3.7 Holten Lotzhoft
Amoxycillin aeruginosa etal., 1999
(cyanobacteria)
Oncorhynchus Hepatocyte cytotoxicity | > 182700 Laville et al.,
mykiss 24 hr. ECs 2004
(rainbow trout)
Lemna gibba Wet weight, > 1000 Brain et al.,
(duckweed) chlorophyll a/b 2004
7d LOEC
Bacitracin Daphnia magna 48 hr. LCs, 30500 Brambilla etal.,
(water flea) 1994
Chlorotetracycline | Selenastrum 72 hECs, 3100 Halling-
capricornutum Sorensen, 2000
(cyanobacteria)
Microcystis 7d ECs, 50 Halling-
aeruginosa Sorensen, 2000
(cyanobacteria)
Ciprofloxacin Activated sludge ECso 610 Halling-
bacteria Sorensen, 2000
Daphnia magna 48h NOEC 60000 Halling-
(water flea) Sorensen, 2000
Lemna gibba Wet weight 698 Brain et al.,
(duckweed) 7d ECs 2004
Erythromycin Salvelinus 96h LCs 410000 Marking et al.,
namaycush (lake 1998
trout)
Lemna gibba Wet weight >1000 Brain et al.,
(duckweed) 7d LOEC 2004
Metronidazole Daphnia magna 48h LOEC >1000mg/L Wollenberger et
(water flea) al., 2000
Selenastrum 72h EC,, 19900 Lanzky and
capricornutum Halling-
(cyanobacteria) Sorensen, 1997
Daphnia magna Reproduction 250000 Wollenberger et
(water flea) 21d NOEC al., 2000
Oxytetracycline Microcystis Growth 207 Holten Lutzhoft
aeruginosa ECs etal., 1999
(cyanobacteria)
Panaeus vannamei | 24h LCs, 160 US EPA (2001)
(white shrimp)
Selenastrum Growth 4500 Holten Luzhoft
capricornutum ECs, etal., 1999
(cyanobacteria)
Daphnia magna Reproduction 46200 Wollenberger et
(water flea) 21d ECs, al., 2000
Streptomycin Microcystis MIC 300 Harrass et al.,
aeruginos 1985
(cyanobacteria)
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Chemical Name Species Endpoint measured Concentration Reference
(experimental)
(ng/L)
Microcystis 7d ECs, 7 Halling-
aeruginosa Sorensen, 2000
(cyanobacteria)
Lipid Regulators
Clofibrate Daphnia magna 24h ECs, 28200 Kopf, 1995
(water flea)
Daphnia magna Reproduction 8.4 Koph, 1995
(water flea) 21d ECy,
Clofibric acid Brachydanio rerio | 48h LCs 8600 Henschel, et al.,
— embryos 1997
(zebrafish)
Danio rerio — Mortality 7000 Ferrari et al,,
embryos 10d NOEC 2004
(zebrafish)
Gemfibrozil Carassius auratus 1) Plasma parameters 1500 Mimeault et al.,
(goldfish) and 2) Plasma 2005
testosterone level | by
50% - 14d exposure
Psycho-active drugs
Carbamazepine Brachionus Reproduction 48h 377 Ferrari et al.,
(antiepileptic) calyciflorus NOEC 2004
(rotifer)
Daphnia magna 48h LCs > 1380 FFerrari etal.,
(water flea) 2003
Oncorhynchus Cell function 111790 Jos et al., 2003
mykiss (rainbow 48 h ECs,
trout)
Synechococcus Growth 33600 Ferrari et al.,
leopolensis 96h ECsy 2003
(cyanobacteria)
Ceriodaphnia Reproduction 25 Ferrari et al.,
dubia (water flea) 7d NOEC 2004
Danio rerio — Mortality 25000 Farrari et al.,
embryo (zebrafish) | 10d NOEC 2004
Fluoxetine (SSRI) Ceriodaphnia 48h LCsp 234 Brooks et al.,
dubia (water flea) 2003
Oncorhynchus Hepatocyte 1545 Laville et al.,
mykiss (rainbow cytotoxicity 2004
trout) 24h ECsq
Pimephales 48h LCsq 705 Brooks et al.,
promelas — eggs 2003
(fathead minnow)
Sphaerium 4h LOEC 1550 Fong et al.,
striatinum 1998
(fingernail clam)
Analgesic and Non-Steroidal Anti-Inflammatory Drugs
Acetaminophen Daphnia magna Swimming ability 48h | 9200 Kuhn et al.,
(water flea) EC;s 1989
Streptocephalus 24h LCsq 29600
probiscideus (fairy
shrimp)
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Chemical Name Species Endpoint measured Concentration Reference
(experimental)
(pg/L)

Acetylsalicylic acid | Desmodesmus NOEC 3200 Cleuvers, 2003
subspicatus (green
algae)

Diclofenac Oncorhynchus Hepatocyte cytotoxicity | 6042 Laville et al.,
mykiss (rainbow 24h ECs, 2004
trout)

Daphnia magna Immobility 68000 Cleuvers 2004
(water flea) 48h ECs,

Danio rerio — Mortality 4000 Ferrari et al.,
embryo (zebrafish) | 10d NOEC 2004

Ibuprofen Lepomis 96h LCs 7100 leported in
macrochirus Webb, 2001
(bluegill sunfish)

Naproxen Oncorhynchus 96h LC;s, 690000 Rodriquez et
mykiss (rainbow al., 1992
trout)

Estrogens and Hormone Regulators

17a- Cyprinodon NOEC and 0.0002 and Zillioux etal.,

ethinylestradiol variegatua LOEC 0.002 2001
(sheephead fibrosis of the testis
minnow)

Cyprinodon NOEC - hatching 0.02 Zillioux etal.,
variegatua success 2001
(sheephead

minnow)

Marisa NOEC and LOEC 0.001and Schulte-
cornuarietis Superfemales 0.01 QOehlmann etal.,
(prosobranch snail) 2004

Marisa LOEC 0.001 Schulte-
cornuarietis Reduced fecundity Oechlmann etal.,
(prosobranch snail) 2004

Estradiol Oryzias latipes LOEC - all female fish | 0.01 Nimrod and
Medaka (post- 30d exposure Benson 1998
hatch stage)

Estradiol Oryzias latipes LOEC — males with 0.0293 Kang et al,,
Medaka testis-ova, reduce male 2002
(reproducing GSI, reduced egg
adults) production

21d esposure

Estradiol Oryzias latipes LOEC 10% males and | 0.01 Metcalfe et al.,
Medaka (post- 100% males with testis- 2001
hatch stage) ova 0.1
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Chemical Name Species | 'l Endpoint measured I Concentration l Reference
(experimental)
‘. l . (ng/L) .l
[ Ethinylestradiol | Pimephales | LOEC all fish wjth 0.004 Lange et al.,
promelas ‘ female gonads (0% 2001
Fathead minnow fertile)
egg to adult) and
(cee ‘ LOEC severe phjysical | 0.016
, deformities \ !
._305d exposure
| Pimephales | LOEC increaséd egg ' | 0.0001 | Jobling et al.,
promelas { _production 2003
Fathead minnow
(developing
L females L
. ) Oncorhynchus ToTT oL A TV o
Ethinylestradiol mykiis 4 ﬁgé%%ﬁ% 0.002 1996
—_— ' Rainbow trout
(developing males) . 3wk exposure : _
. Danio rerio {, LOEC delayed "1 0.00167 ' Segner et al.,
Zebrafish | maturation, altered 2003
' (egg to adult) mating behaviour, |
‘ ‘ egg production and
| fertilization
| 1. 75d exposure. . __ ‘ | .
' Danio rerio |, TOEC altered sck 0.001 Orn et al,, 2003
Zebrafish [ ration
20-60 days post- I 40d exposure
hatch ,
- 1 LOEC delayed male 0.006 Robinson et al.,
Sand goby maturation, inhibited 2003
(juvenile to male sex behaviour,
reproducing adults) | reduced egg production
) o |, and fertilization L N
Estriol Oryzias latipes | TOEC altered sex ratio | 0.01 Metcalfe etal,
‘ Medaka (post- 2001

hatch)
|

~Risk Management Strategies

Source Control — manufacturing and distributing

Drug design and use

In a 2003 monograph entitled, Cradle-to-Cradle Stewardship of Drugs for

Minimizing Their Environmental Disposition While Promoting Human Health, Daughton

suggested several means of improving drug design, delivery, marketing and dispensing
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with the aim of reducing the overall loading of pharmaceutical products in the
environment. Daughton suggests that “new drug design and formulations should factor
in new considerations for ‘environmental friendliness’ or ‘environmental proclivity’”
(Daughton, 2003b). Such considerations would improve the drug’s biodegradability and
photolysis abilities, while increasing its physiologic sorption, metabolism and excretion
characteristics. Further, the author advocates the introduction of a ‘greener’ treatment
approach, including using ‘nature emulating’ drugs such as piscidins, and bacteriophages
as well as a more extensive use of alternative medicines and medical practices. Lastly,
Daughton suggested lowering the prescription rates, use “lower-than-established dosing”,
individualize both drug therapy (compounders) and drug delivery methods, extend expiry
dates and implement stricter controls on current drug dispensing systems (Daughton,
2003a and 2003b). These approaches mirror similar movements to ‘greener’ alternatives
advanced in other industries e.g., Green Technology, Responsible Care Initiatives
(developed in Canada and later exported to the EU (Brandt, 2002)), Green Chemistry (US
EPA, 1991) and Eco-Efficiency and Cleaner Production (Larsen et al., 2004). However,

none of these have the potential to directly (and perhaps negatively) affect individual

human health status.

Daughton suggests some very interesting and valid solutions to the issue of
pharmaceutical contamination of the aquatic environment. However, he does not address
the social, economic and health (both private and public) implications of this approach.
For instance,

e the suggested changes in the drug manufacturing process come with a hefty

financial price tag. In the face of continual charitable drives to raise money

for research on various diseases, justifying increased monetary inputs for the
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development of drugs that are not only efficacious but also envircnmentally-
friendly may not be an easy task. In addition, improvements in the
degradability of some drugs may not be possible without reductions in clinical

efficacy.

e altering the delivery, dosage or type of treatment requires an initial financial

input and a continued potential health risk.

e waste reduction efforts occur already as a design feature of a number of
physiologically and economically viable medicines. For instance, most drug
manufacturers aim to develop a product that will maximize the desired effect
while minimizing side effects, using a most economical route of production

and delivery.

Labouring towards a ‘greener’ pharmacy is commendable, but in the face of
financial and ethical constraints, it remains a challenge. Nevertheless, some researchers
anticipate its benefits. For example, a system for the environmental classification of
pharmaceutical compounds has already been proposed in Sweden. It is intended to offer
patients and physicians environmentally-friendly alternatives for various medications

Larsen et al., 2004; Wennmalm, 2003).

Distribution

Distributors such as pharmacies could also be involved in the environmental
control of PhACs. For instance, outlet stores may carry leaflets or pamphlets detailing
responsible stewardship of the products they sell. This is one of the precautionary
measures suggested in the EU guidance documents for new pharmaceuticals (EMEA,

2005 http://www.emea.eu.int/htms/human/qrd/qrdplt/24530905¢en.pdf). However, such a

program has not yet been implemented either in Europe or in North America.

Environmental information may also be included in technical documents such as the
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Physician’s Desk Reference. For example, in 2002, the Canadian Pharmacists
Association released a pamphlet offering tips on appropriate drug disposal strategies,

stating that disposing of drugs in the sewage system is “not good for the environment”.

British Columbia instituted the voluntary (1996) and than mandatory (1997)
EnviRx package as part of the Post-Consumer Residual Stewardship Program Regulation.
In 2001, the program was re-named the Medications Return Program (MRP)
(Government of British Columbia, 1997). Most British Columbia pharmacies (85% -
90%) belong to the MRP. The program is administered by the Post-Consumer
Pharmaceutical Stewardship Association (PCPSA). According to the PCPSA, in 2004,
15,503 kg of medicines were diverted from municipal landfill/’sewage treatment plants
(PCPSA, 2006). The company contracted by the British Columbia MRP, Residuals
Management Group of Surrey, ships the collected pharmaceuticals to Cristallo
Engineering Technologies in Alberta for incineration

(http://www.medicationsreturn.ca/british columbia en.php).

In addition to environmental protection, Daughton (2003b) noted the benefits of
implementing a medicine return program. These include to ability to identify patient
non-compliance and primary users of this system, isolate factors contributing to patient
non-compliance and design a better drug dispensing system to avoid non-compliance.
For example, the Alberta Pharmaceutical Society has used the data collected under its
drug return project to find that the geriatric population was most likely to use the service.
This observation led to the prescription of smaller, ‘trial” doses which eliminated a large
percent of drug returns. This reduced not only the volume of medications slated for

disposal, but also reduced a general waste of medication and packaging materials
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(Daughton, 2003b). Data on the effect of this approach on the health and comfort of the

affected patients was not forthcoming in the article.

Precauntionary Measures

Attempts at controlling pharmaceutical environmental contamination are actually
legislated in some jurisdictions under the title, ‘Precautionary Measures’. These are a
direct result of the ‘precedence-for-patient-benefit’ principle which states that the goal of
environmental risk assessments for pharmaceuticals is never to deny product

“‘

licensing/registration, but to identify the need for precautionary measures. “Clearly,
when evaluating pharmaceuticals, the health benefits to humans must take precedence
over any environmental problems... instead it might be better to try to regulate the
pathways by which pharmaceuticals enter the environment...” (Jones et al., 2002). To
this end, the new EU directives for pharmaceutical products include restricted use,
additional environmental monitoring and/or product labelling (Straub, 2002). For
example one such label suggested in the European Union guidelines reads: “Unused
preparations or old preparations should be returned to pharmacies. Old preparations

should not be disposed of via wastewater or the municipal drainage system. These

measures will reduce pollution of the environment” (EMEA 2005).

Another precautionary measure suggested in the EU is some variation of use
restrictions, for example, a drug that is available only by administration in the hospital.
This would entail differential collection and in-house pre-treatment of the excreted drug
and its metabolites in order to ensure that the amount and version of the drug reaching the
environment poses a minimum of risk to its inhabitants. Factors other than

environmental concerns should also be considered such that neither the health system nor

100



the patients incur an undue financial burden as a consequence of measures to restrict
PhAC release into the environment. For example, who will support the immediate
consequences (financial and social) associated with a hospital stay based only on the need
to restrict the distribution of PhnACs? Moreover, can such a hospital-use-only measure be
reconciled with sewer-use by-laws (e.g., such as the ones in Toronto, discussed in the
section on Pollution Prevention Programmes) which limit the amount of chemicals that

can be discharged by hospitals.

Source Control — post-patient
Effluent design and volume reduction

The premise of these approaches is that advanced treatment options may actually
be financially viable if applied to é low volume of effluent. Considering that less than 1%
of household wastewater (urine) contains most of the nutrients and PhAC residues,
specifically designed effluent can be evaluated as a solution to environmental
contamination with PhACs (Larsen et al., 2004). Designed effluent would have a
composition that is optimal for specific treatment/disposal, and would primarily be
achieved via source separation (i.e., urine separation involving consumers’ cooperation)
or source control (manufacturers and distributors) (Larsen et al., 2004). Proponents of
effluent design point out that this approach offers a double benefit: first, specialized and
often more expensive treatments could be applied. Second, if this technique were
implemented in several large institutions (e.g., hospitals, retirement communities, etc.), a
measurable percentage of recalcitrant PhACs would be diverted from sewage treatment
plants (Henze, 1997; Giger et al., 2003). However, the wide implementation of these

systems is challenging, because of the necessity to overcome initial capital investment,
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public acceptance and compliance and technological hurdles (Larsen et al., 2004). The
public would need to accept the need for and adapt to the in-house urine separation
systems. This requires both a financial (replacing household appliances/infrastructures
such as toilets and pipes) and a lifestyle commitment. Although the intention was to treat
the resulting concentrated effluent with specialized wastewater treatment systems, this is
not always the case. For example, in a pilot study performed in Lund, Sweden, the
collected, untreated human urine was applied as liquid fertilizer for wheat crops for
human consumption (Berndtsson, 2006). This was a good example of a policy which did
not integrate the entire spectrum of environmental effects, concentrating instead only on

reduction of nutrient inputs (ammonia N) to the sewage treatment plant.

Assuming that the differential collection toilets already in use, such as ‘NoMix’

or Novaquatis (Novaquatis, 2005 http://www.novaquatis.ch/english/NOVAS _e.html)

encounter no further technical hurdles, and assuming that the concentrated resulting
effluent is actually treated prior to its environmental release, public and regulatory

acceptance, compliance, and support for such systems must be developed.

Effluent recycling

In most municipalities, wastewater and wastewater effluent are used for a)
meeting non-potable water demand, b) irrigation of various crops, and c) injection into
local aquifers. These applications for treated effluent can have consequences similar to
those of direct discharge into waterways, as PhAC residues in the effluent are not
removed. For this reason, the practice of effluent recycling needs to evaluated in a

manner similar to the evaluation of direct discharges.
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Table 4 shows a number of such projects operating around the world. In most

instances, reclaimed wastewater effluent is used for projects requiring non-potable water.

In the UK, the local authorities used sewage effluent for irrigating golf courses, parks,

road verges and for commercial purposes such as car washes, cooling and fish farming

(Angelakis and Bontaux, 2001). These applications ensure that no direct hurnan exposure

to PhACs occurs via the food chain, but they do not mitigate introduction of PhACs into

the environment.

Table 4: Type and location of Water Reuse around the World
Type of Re-use Location Comments Reference

Irrigation France Various crops, used for > 100 Angelakis, 2001

yrs. — various treatment stds.

Irrigation Italy Used for >100 yrs. — various Angelakis, 2001

treatment stds., some untreated.

Irrigation Canada -~ | Treated effluent used in > 60 Agriculture and
SK, MB projects to irrigate agricultural | Agri-Food Canada'
and AB land.

Maintain ecosystems England Also indirect potable water Angelakis, 2001

reuse via river abstractions

Commercial reuse in France, Treated to various standards. Angelakis, 2001

carwashes, etc. England

Groundwater recharge to | US - Reverse osmosis project Canada Mortgage

maintain seawater California | entitled Water Factory 21 — and Housing

intrusion barrier advanced treatment, good Corporation®
results

Indirect potable water Florida A number of similar projects Canada Mortgage

reuse are listed here. and Housing

Corporation”
Indirect potable water California | Tertiary treated and diluted Orange County
reuse effluent injected into aquifer Project

Coordinators’

SK = Saskatchewan; MB = Manitoba; AB = Alberta
1: http://www.agr.gc.ca/pfra/csidc/csidpub5 e.htm

2: http://www.cmhc-schl.gc.ca/en/inpr/su/waco/inpoware/index.cfm

3: http://www, gwrsystem.com/
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Irrigation with treated and sometimes untreated effluent is an old practice. In
areas around Paris and in some rural Italian fields, it has been practiced for more than 100
years (Angelakis, 2001). In Canada, Manitoba, Saskatchewan and Alberta operate more
than 60 projects which irrigate a total of 5700 ha with treated effluent (Agriculture and

Agri-food Canada, 2004, http://www.agr.gc.ca/pfra/cside/csidpub5_e.htm ).

In certain parts of the world, treated effluent is used to maintain a fresh water
barrier against saltwater intrusion into coastal aquifers (Orange County, CA), or to
replenish aquifer resources (Colorado, California) (Groundwater Replenishment System,

2004 http://www.gwrsystem.cont/ ). There are currently no national or international

guidelines addressing the standards to which such effluent should be treated. However,
local governing bodies such as the State of California Department of Health Services
(DHS) do set some very stringent limits on what can be injected into their aquifers. Since
testing for each biological and chemical contaminant is not a feasible option, the DHS
used a multi-barrier approach. That is, the effluent undergoes a series of advanced
treatment, none of which on its own would be sufficient, but which together are

considered to offer a sufficient level of safety (Asano and Cotruvo, 2004).

Although water/effluent recycling has been used successfully as discussed above,
some issues remain yet unaddressed. First, water recycling is a highly emotionally
charged issue (Schafer and Bedder, 2006). It must challenge the inherent fear of ‘toilet-
to-tap’ recycling, particularly exposure to pathogens or potentially toxic chemicals
present in the effluent, including PhACs (Daughton, 2004). Reports (founded or
unfounded) of endocrine disruption and chronic exposure to carcinogenic chemicals via

drinking water have become more common and heighten the public’s awareness of this
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issue (Schafer and Bedder, 2006). Second, legal and ethical issues such as the request for
due diligence in the justice system and/or who the clients of recycled water would be
have not been addressed. Because effluent re-cycling means re-cycling of PhAC
residues, uncertainties relating to the evaluation of harm must be addressed and
estimated. This will only come about as a result of further scientific research.

Ultimately, the level of protection desired and the relative importance of possible impacts
are political decisions founded on value judgements (Schafer and Bedder, 2006).
Currently, there is no common basis or platform provided in the literature to support the
simultaneous assessment of both scientific and political issues. Uncertainties, values, and
policy with regard to pharmaceutical contamination of the environment will be further

discussed in Chapter 3.

End-of-pipe Control
Infrastructure up-grades

Large-scale infrastructure upgrades are usually costly projects whose benefits are
weighed against the priorities set by the community they serve (Daughton and Ternes,
1999). Where a community deems it feasible to implement such projects, these could
include primary, secondary, tertiary, advanced intermediary or membrane filtration
approaches. How each of these affects the level of PhACs will be considered in the

following sections.

Advanced intermediary systems

Figure 11 is a diagram of the newly upgraded advanced primary treatment process

employed in the Harbour Solutions Project in Halifax, NS. This system combines the
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addition of a flocculant and UV disinfection to the existing primary system, yielding a

“cleaner effluent” to be discharged into the harbour.

Raw
Sewage
L. l
Screens
> Greet Primary uv .| Treated
Removal [4 7| Sedimentation ”| disinfection "] Sewage

A

Sludge Beneficial
Treatment Product

Flocculant

A 4

Figure 10: Advanced primary treatment system used in the Halifax Harbour
Project. Adapted from
(http://www.region.halifax.ns.ca/harboursol/primary_treatment.html)

This advanced primary treatment system is an improvement for Halifax’s highly
contaminated harbour. However, it should be noted that the addition of a flocculant will
increase the removal of PhACs to the sludge component. Furthermore, while the
ultraviolet radiation decreases the amounts of disinfection chemicals required, it may

increase oxidation by-products as discussed in a previous section.

Ultimately, implementation of such advanced, intermediary treatment systems

would have to be evaluated against the specific needs of the community they serve.
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Ozonation and advanced oxidation

Ozonation is a method of water disinfection where the effluent is treated with 10
to 20 mg/L ozone. Oxidation is a method of water treatment where recalcitrant organics
in the effluent such as PhACs are oxidized, usually with some combination of iron or
manganese oxides, hydrogen peroxide, ozone and ultraviolet radiation (Balcioglu, 2003).
Ozonation increases the number of functional groups and the molecule’s polarity, while
oxidation increases the molecule’s reactivity by enhancing the formation of hydroxyl
groups (Ternes et al., 2003). This induces a structural change in the molecule, thereby
altering its intended mode of action. For example, hydroxylated estrogens lose their
affinity for the estrogen receptors, while hydroxylated antibiotics are deemed unlikely to
promote the development of antibiotic resistant strains (Ternes et al., 2003). However, as
discussed in an earlier section on the fate of PhACs, oxidation can lead to the formation
of toxic by-products. For example, carbamazepine, a persistent but comparatively
innocuous contaminant is oxidized via a series of acridine intermediates (Vogna et al.,
2004). Acridine is part of a class of established air and water pollutants with proven
mutagenic and carcinogenic activity (Vogna et al., 2004). In this case, oxidation without
complete mineralization of carbamazepine may enhance its toxicity. This situation is not
unlike that encountered with chemical disinfection by-products of non-PhAC organics

such as trihalomethanes.

Table 5 is a summary of some published treatment efficiencies of PhACs. It is
noteworthy that the terms ‘eliminated’ and ‘removed’ are not explicitly defined, because
as stated above, disappearance of the parent compound does not necessarily mean that the

hazard is eliminated.
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Table 5: Removal efficiency of selected PhACs by various oxidation treatments.
Treatment | Substance studied Results Reference
Ozonation Antibiotics <LOQ Temes, 2003
5-10mg/L CBZ <LOQ
HHCB 93% elimination™
Lipid regulators 50-62% elimination*
Natural estrogens <LOQ
X-ray contrast 13% removal*
media
03/H,0,/UV | Paracetamol 30-40% mineralization Andreozzi et al.,
(analgesic) 2003
05/ UV X-ray contrast 36% removal* Ternes, 2003
media
H,0,/ UV Carbamazepine “effective removal via acridine | Vogna et al.,
intermediates” 2004
MnOs3 17 a- 81.7 % elimination* (at very Rudder et al.,
ethynylestradiol high [EE2]) ' 2004

<LOQ = below limit of quantification
* authors did not define ‘elimination’ and ‘removal’ in terms of removal of the parent
compound or elimination of the environmental hazard.

Advanced oxidative treatments are generally effective in reducing the level of
several PhACs as shown in Table 5. In particular, antibiotics, estrogens and musk
fragrances are successfully removed by oxidation (Ternes et al., 2003; Balcioglu, 2003).
Although some of these treatments display high potential for removing PhACs from
effluent their large scale implementation may still need to be scientifically and financially
evaluated. For example, the estimated cost for ozone treatment in a large installation is
approximately 0.04 €/m’ and that for ozone/UV treatment is 0.05 €/m’ (approximately
0.06 and 0.07 Canadian dollars respectively) (Ternes et al., 2003). Applying this to
hospital effluent may be feasible, depending on who is paying, but to a plant servicing
some half a million or more residents may be too high. For example, the cost to the
Anacis Island WTP in Vancouver’s Lower Mainland, servicing some 740,000 residents

would be the cost of treatment, 0.07 $/m’ applied to average daily throughput of 600,000
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m’/day. This equates to $42,000/day or an annual cost of approximately $15.3 million

(Monitoring Results for Operating Certificate http://www.gvrd.bc.ca/sewerage/ WWTP-

reports/Annacis%200C%20Data February2006.pdf; Anacis Island WWTP

http://www.gvrd.bc.ca/sewerage/annacis.htm).

Membrane filtration processes

Microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis
(RO) are all examples of treatment options for conventionally treated effluents prior to
their reintroduction into the environment. These are post-disinfection treatments, often
used where a more cost-effective conventional approach is not feasible. Usually,
applications of these techniques include desalination for the production of potable water
or finishing effluent treatment for aquifer recharge or other forms of environmental
release. Depending on set-up parameters, MF removes particulate matter including
bacteria, but not dissolved contaminants whereas UF removes some organics and viruses.
NF successfully rejects organics and hardness (inorganic salts) entirely, and RO rejects
almost all particulate and dissolved organics, inorganics and microbes, including PhACs
(Schafer et al., 2001; Drewes et al., 2003). For example, Nghiem et al. (2004) found that
NF and RO both effectively rejected | the natural hormones estrone and estradiol. In
general, membrane filtration systems (NF, UF and RO) reject substances based initially
on hydrophobic adsorption and once equilibrium has been achieved, on molecular size
and electrostatic charge (Nghiem and Schafer, 2006; Kimura et al., 2004). For example,
a study of 52 PhACs and personal care products concluded that more polar compounds
pass through NF and UF membranes more frequently than less polar compounds,

indicating the importance of hydrophobic adsorption (Yoon et al., 2006). However,
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under operational equilibrium conditions, the distinction between substance polarity
fades. At this point the type of membrane (NF having smaller pores than UF) becomes
relevant, indicating that molecular size becomes the dominant rejection criterion (Yoon et
al., 2006). Finally, the price associated with the NF and RO is considered by many to be

uneconomic due to capital, energy and maintenance costs (Schafer, 2001).

In affluent areas experiencing water shortages such as California, membrane
filtration followed by reverse osmosis has been used for some time (Water Factory 21 —

California http://www.ocwd.com/_html/wf21.htm). In other parts of the world, RO has

been used to desalinate seawater. For instance, all of Kuwait’s fresh water needs are met
by desalinating saltwater. Consequently, there is a fair amount of published information
pertaining to the efficiency and cost/energy benefit of these treatments (Kimura, et al.,
2003; Parameshwaran et al., 2001; Drewes et al., 2003 and Schafer et al., 2001). The

resulting quality of effluent is comparable to that of fresh water, but costs are elevated.

Pollution Prevention Programmes

The concept of pollution prevention (P2) is consistent with the new environmental
management paradigm, which advocates prevention, precaution and reduction of
potentially harmful environmental behaviours. P2 programmes have been successfully
implemented in Australia, the United Kingdom, the United States and Canada (Allen,
2005; Tudor et al., 2005). In Canada, they are defined as “the use of processes, practices,
materials, products or energy, which avoid or minimize the creation of pollutants and
wastes, at the source” (Ratnaparkhe and Sertic, 2005). P2 programmes are required
under some local waste-management or sewer system use by-laws, for example,

Toronto’s Sewer Use By-law 457-2000. Submission of a P2 plan in accordance with
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local regulation is mandatory, but its implementation cannot be enforced under current
municipal laws (Ratnaparkhe and Sertic, 2005). However, voluntary compliance has
been reported, especially in the health-care sector. Specific examples are presented

below.

Because P2 planning requirements are included into local sewer use by-laws,
discharge limits can be set and enforced directly at the point-of-discharge into municipal
systems. This approach applies greater compliance pressure to ‘producers’ of
contaminating waste (Allen, 2005). None of the current literature addresses the potential
conflict between such policies and prevailing social values when the waste ‘producers’
are hospitals. For example, what happens when the producers are mandated 1o handle
contaminating products as would be the case when restricted use precautionary measures
are applied to pharmaceutical products? How would a hospital reconcile its commitment
to provide care and medicines to its patients and its requirements under sewer-use-bylaws
to reduce discharge levels of the very same medicines? This situation has not yet

occurred but the policies for its implementation are in place.

In the health care sector, P2 compliance options include process or equipment
modification, product and/or chemical substitution or elimination, loss prevention and
housekeeping, waste segregation and effluent design and closed-loop recycling (Allen,
2005). Expected benefits of P2 implementation are reduced operating costs and reduced
risk of liability, enhanced public image and potential contributions to public and

environmental health (Ratnaparkhe and Sertic, 2005).

Pollution prevention is aimed specifically at institutional care facilities or directed

living communities such as retirement subdivisions. Healthcare waste management
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(including P2) has been investigated around the world, in the USA (Lee et al., 2004), The
Netherlands (Dijkema et al., 2000), Finland (Ponka et al., 1996) and India (Patil and
Shekdar, 2001), and is primarily driven by high costs associated with waste disposal.
Some estimates place the saving attributed to waste reduction programmes at 40 to 70%
(Health Care Without Harm, 2001). Medical waste is complex, potentially posing
pathogenic, chemical and physical risks to the environment. Typical hospital waste
generation occurs not only in clinical patient-care areas (tissue, fluids, pathogenic human
waste products, etc.) but also in dietary, laboratory, pharmacy, imaging and
administrative departments (Tudor et al., 2005). In the context of this thesis,
pharmaceutical, disinfectant and plastics emissions are the major chemicals of concern —
with disinfectants and plastics identified as ‘subject pollutants’ in the Canadian approach
to P2 programmes (Ratnaparkhe and Sertic, 2005; Allen, 2005; McKerlie et al., 2005). It
should be noted that the ‘subject pollutant” designation is dynamic. It can (and did)
change in order to reflect current societal concerns or new scientific evidence (Allen,
2005; Ratnaparkhe and Sertic, 2005). Specifically, nonylphenol and its ethoxylates have
been designated as toxic under the Canadian Environmental Protection Act and placed in
the Schedule 1 — Toxic Substances List (CEPA — Toxic Substances, 2005

http://www.ec.gc.ca/CEPARegistry/subs list/Toxicupdate.cfm). However, no

pharmaceutical compounds have yet been placed on either the CEPA Toxic Substances

List or the “subject pollutant” lists discussed above.

Several institutions in Ontario have been cited as “P2 success stories” by the
Canadian government (Government of Canada, 2005

www.ec.ge.ca'nopp/doc/fact/en/health.cfm). Toronto’s Hospital for Sick Children (HSC)
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saved $0.6 million from its waste management budget by reducing its biomedical waste
in laboratory and patient care areas by 35%. Reductions in biomedical waste of 21%
were recorded at the Cambridge Memorial Hospital, ON, presumably with accompanying
financial benefits for the institution. Published, peer-reviewed literature on the exact
methods for the achievements of these results is not available. However, one approach
has been to implement a re-definition of key terms such as ‘biomedical waste’. For
example, in 1993, by redefining ‘biomedical waste’ as newly mandated by the Ministry
of the Environment, the HSC achieved a 35% reduction in biomedical volumes in one of
their new patient care centres (CCPPa, 2006

http://www.c2p2online.com/documents/SickChildrenHospital.pdf).

HSC and the Centre for Addiction and Mental Health (CAMH) in Toronto, and
York Central Hospital, in Richmond Hill applied P2 programs to the reduction of the
subject pollutants nonylphenols and nonylphenol ethoxylates (NP and NPE) found in
detergents and disinfectants (Allen, 2005). A P2 plan was implemented and the Centre
achieved a 98% reduction in the use of NP and NPE within 2 years. This was 4 years and
23% ahead of the target 75% reduction within 6 years (Allen, 2005), thereby prompting
Environment Canada’s ‘success story’ designation. These remarkable P2 achievements
were accomplished primarily via product substitution and/or elimination. For detergents
and disinfectants used in patient-care areas including floors, furniture, washrooms and
bathtubs, some facilities have developed a substitution protocol. This was a four-step
approach implemented at HSC and it was based on: 1) identifying and inventorying
products containing toxic compounds, 2) implementing a Green Procurement Policy

(adding this clause to the hospital policies and requesting a list of alternatives from
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suppliers), 3) evaluating product alternatives based on information provided by the
product supplier/distributor, and 4) conducting trials on the recommended products prior
to full implementation (CCPP, 2006b

http://www.c2p2online.com/documents/SickKidsCaseStudy.pdf). The HSC used this

approach to substitute their routine housekeeping detergent with a hydrogen peroxide one
(personal communication, Director of Hospital Support Services, 2006). Similarly, the
CAMH employed the efforts of the chemical suppliers in identifying “environmentally
safer and less toxic alternatives for immediate substitution”. The implementation of this
option was facilitated by cross-departmental communication and “for the most part, the
identified products were capable of offering equivalent or greater performance and only
minor cost differences were noted” (Allen, 2005). York Central Hospital in Richmond
Hill replaced their conventional housekeeping detergents/disinfectants with a water-based
Advanced Cleaning Techniques (ACT) system in 1999 (Scarlatto, 2002). The
replacement protocol resembled the four-step approach applied at Toronto’s HSC. The
‘scientific information’ provided by the distributor in support of equivalent efficiency of
the ACT system (and cited by the hospital as the scientific basis for the substitution) is
not publicly available. Following personal communication with the ACT system
distributor, I obtained a copy of the document used to support the efficiency of the ACT
(Ekholm, 1998). It is a report of work conducted in 1998 by a group of largely hospital
employees at the University Hospital in Lund, Sweden. The report “accounts for
methods of establishing a quality level for the daily cleaning of wards and clinics at
University Hospital in Lund Conventional cleaning methods are described and compared

with a new low chemical cleaning method” (Ekholm, 1998). However, its conclusions do
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not seem to be supported by the actual experiments performed. Nor do the conclusions
(such as they are) unequivocally support the cleaning efficiency of the ACT system. In
addition, ‘efficiency’ is not actually defined at any point during the study. Similarly, the
quality of the ‘bacteria audit” follow-up studies was below that required for a scientific
evaluation of the results. Iobtained a copy of the ‘bacteria audits’ performed by the ACT
distributor but I could not draw any conclusions, as the document was incomplete and
poorly labelled. Nevertheless, the success of this story is related in Sanitation Canada
(Scarlatto, 2002), and on the Canadian Centre for Pollution Prevention’s website

(httn://www.c2p2online.com/main.php3?session=&section=88 &doc id=174).

Unfortunately, there is currently no published data documenting effects (if any)
on patient care outcomes as a result of substituting cleaning and disinfecting products
(e.g., the incidence of nosocomial or post-operative infections, and their causes). Nor is
there an abundance of data objectively comparing the performance of various detergents.
The lack of data may arise because, at least in this case, success was defined in terms of
cost-savings to the institution, (and/or possibly reductions in the institutional discharge in
particular waste streams) rather than the length-of-stay outcomes, incidence of
nosocomial infections or other considerations (for a detailed discussion of this concept
see Stein, 2001). The importance of framing the research question is highlighted by this
study, as 1s the necessity to clearly define the goals and ensure stakeholders agreement

with them (see discussions on values, goals and stakeholders in Chapter 3).

To establish best practices to reduce PhAC levels in the waste streams of health
care and other institutions, not only should rigorous scientific practices be employed, but

the benefit to one sector (the environment, health) must be measured against benefit to
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another sector (public health, public values, economics). All of the options considered
must be evaluated by an independent body from this multi-factorial standpoint, perhaps

using techniques such as integrated risk assessments (see Chapter 3).
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CHAPTER 3:
ASSESSING THE ASSESSMENTS

The information contained in formal risk assessments forms the basis of a
regulatory framework aimed at protecting the environment, including humans, from the
potentially harmful effects of the chemical studied. The first part of this chapter will
discuss the principles and practices of environmental risk assessments as applied to
pharmaceuticals. The second part will examine some of the issues faced by researchers
and regulators in managing information supplied by risk assessors. The chapter will
conclude with an evaluation of the science, the concerns, and the management of

pharmaceutical contamination of the environment.

Risk assessment: principles and practices

Ecological risk assessment (ERA) is “the practice of determining the nature and
likelihood of the effects of human actions on animals, plants, and the environment”
(Jones, 2004). It consists of two crucial elements: the data specific to the particular
assessment and the underlying principles/assumptions used to interpret and analyze the

data (Ruden, 2005).

Data Gathering

Chapter 2 summarized the type of information required for a risk assessment (i.e.,
the occurrence and concentrations of pharmaceuticals in water, dose-response and

exposure measurements of various compounds on laboratory and wild animals, effects of
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environmental pharmaceuticals on animals, etc.). This information is compiled into the
four ERA phases listed below. Their exact definition varies according to the type of
assessment, but the overall representation is retained. Comprehensive discussions of the
assessment process, theory and practice are available in most toxicology texts (for

example, see Ballantyne et al., 2000).

The first phase is hazard identification or problem formulation. During this stage
substance-specific information such as chemical and/or toxicological properties is
gathered and an investigative plan is determined. The second stage is the exposure-
effects assessment or dose-response assessment. This stage demonstrates the relationship
between administered dose and resulting effects (Ruden, 2005). The third stage,
exposure assessment, forms a link between the actual or expected exposure rates and
potential effects on the target species (humans, fishes, ecosystems). The final stage is
risk characterization, where the information from the previous three stages is assimilated
and integrated (Jones et al., 2004) into some likelihood (expressed as numerical
probabilities) that an effect will occur at a given exposure rate. For example, in the
European system, this likelihood of effects is determined by the ratio of predicted
environmental concentration (PEC) to the predicted no effect concentration (PNEC),
where the ERA continues to the next tier if the ratio is greater than 1. Similarly, in the
U.S. system, the expected introductory concentration (EIC), or the maximum expected
environmental concentration (MEEC, which is either the EIC or the expected
environmental concentration (EEC), whichever is greater) is compared to acute or
chronic LCs figures depending on the tier level. For example, if the LCsyto MEEC ratio

is greater than or equal to 10 and no other effects are observed, the assessment is ended.
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This information is then presented to risk managers and incorporated into an overall risk
management strategy aimed at reducing the identified risk to levels acceptable to the

society (Stern and Fineberg, 1996).

Examples of Risk Assessment Systems

The requirement for a detailed risk assessment for all new pharmaceuticals
entering the market was introduced in the U.S. risk assessment system in 1998. The
European Union followed suit in 2001. The lack of information associated with the
environmental risk of pharmaceuticals has delayed the PhACs ERA process in Canada.
Regulatory efforts in this country have focussed on specific groups of substances such as
mercury, nonylphenol and its ethoxylates and antibiotics (CEPA — Toxic Substances,

2005 http://www.ec.gc.ca/CEPARegistry/subs_list/Toxicupdate.cfm; Holtz, 2006).

Regulation of the pharmaceutical contamination of the environment may be considered
within Environment Canada via the Canadian Environmental Protection Act in its Toxic
Substances Lists, and within the Department of Fisheries and Oceans via the Fisheries
Act. However, pharmaceuticals are excluded from the Environmental Protection Act
(personal communication, Dr. F. Gobas, April, 2006), and regulation under the Fisheries

Act would be possible only if pharmaceuticals were considered substances deleterious to

fish or fish habitat (section 36b http://laws.justice.gc.ca/en/F-14/240479.html). Lastly,

environmental regulation of PhAC may also occur under the auspices of Health Canada,
as this department is currently developing a framework for the environmental risk
assessment of new pharmaceuticals regulated under the Food and Drug Act (Olejniczak

and Spindler, 2004).
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Figures 11 and 12 denote the decision making process for environmental risk
assessment of pharmaceuticals in the European Union and the United States, respectively.
The European and U.S. ecological risk assessment protocols have been evaluated in
several comprehensive reviews (Bound and Voulvoulis, 2004; Olejniczak and Spindler,
2004). Highlights of the benefits and drawback of each system for the aquatic

environment will be presented below.

The European and U.S. systems share a number of characteristics. First, they are
both tiered assessments in which the ERA only continues to the next tier if risk cannot be
excluded. Second, they both include an assessment of the active pharmaceutical
ingredient with some mention of metabolites and transformation products (an
improvement over previous ERA protocols) (Bound and Voulvoulis, 2004). Third, the
assessment is performed in the context of precedence for patient benefit. Even in cases of
clear negative environmental impact, precautionary measures may be required but
registration/licensing will not be denied at the expense of human health. The concept of
precedence for patient benefit is important as it has great implications for risk
management. Fourth, the two systems rely heavily on single chemical - single dose -
acute response testing. The lack of attention devoted to potential mixture effects, effects
related to specific mode of action, or chronic and long term subtle effects as discussed in
previous chapters is also reflected at the regulatory level (Daughton, 2004; Bound and
Voulvoulis, 2004). This incomplete approach is nonetheless consistent with the current
risk assessment paradigm in which acute testing of a single chemical predominates (this
topic will re-occur throughout the rest of the chapter). Fifth, partitioning coefficients

(log P) form the basis for a decision point in both systems, e.g., if log P > 3.0/3.5,

120



proceed to tier 3. Thus, the numerical value of log P determines the type of assessment to
be completed. This is another reason why so many researchers feel that the
determination of log P values should be performed under conditions appropriate for
pharmaceuticals. Lastly, both systems allow for “special circumstance” cases where an
ERA is performed even if expected environmental concentrations are below the trigger
value. For example, the expected environmental concentration for the estrogen EE2 is
below that required to trigger a phase 1I assessment, but the log Ko, value for EE2 is >3

thereby pushing the assessment process into phase II (Knacker et al., 2005).

121



Pharmaceutical of interest

¥

v

Phase 1
Exposure Assessment/Estimation

PEC calculatton - —» PEC < 0.01 pg/l —» STOP
{includes Hexible trigger Hmnsy A
/
/
PEC>0.01 pg/l (or unusual attributes)

/ PECIPNEC < |
Phase I1A /
Risk Screening
Simple PNEC caleulations
Acute base set, physical properties. fate and effects
Stwndard assessment factor of 100

Phase 1B

Refine Data
Chronic toxicity tests, bicaccumulation study, microorganism specific
tests, PEC revision, assessment factor may decrease with additional
tests.

i

v

Refer to CPMP for safety measures

Figure 11: Decision-making process to determine the ecological risk of pharmaceutical
substances under the European Union. PEC = Predicted Environmental
Concentration; PNEC = Predicted No Effects Concentration; CPMP
Committee for Proprietary Medicinal Products, part of the EMEA. Adapted
from Bound and Voulvoulis, 2004.
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Figure 12: Decision-making process to determine the ecological risk of pharmaceutical
substances in the United States system. EIC = Expected Introductory
Concentration; MEEC = Maximum Expected Environmental Concentration;
CDER = Centre for Drug Evaluation and Research; CBER = Centre for
Biologics Evaluation and Research. Adapted from Bound and Voulvoulis,
2004
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Despite the similarities, the two models vary in several important respects. First,
the European model sets a trigger value for the predicted environmental concentration
(PEC) which is 10 times lower than in the American model. While the European figure
of 0.01 ug/L has been criticised as lacking “scientific rigour”, the American cut-off value
may underestimate the total burden to the environment and fail to require an ERA when
predicted inputs are not in the expected ranges (Bound and Voulvoulis, 2004). This
number was obtained from the U.S. Food and Drug Administration and was
recommended by a the Centre for Drug Evaluation and Research (CDER). It was based
on the evaluation of some 60 compounds showing “no observable adverse effects”
(NOAE) at concentrations below 1pg/L at the point of entry which, assuming a 10-fold
dilution results in a 0.1 pg/L value in surface water (Bound and Voulvoulis, 2004).
Whether the 60 compounds are representative of the multitude of pharmaceuticals under
investigation, or the NOAE levels are sufficiently protective of the environment, or the
10X dilution factor is reasonably applicable is questionable, but the process is sometimes
defended as having scientific rigour (Straub, 2002; CSTEE, 2001). A 0.1 ng/L surface
concentration corresponds to annual sales of individual drugs of 40 — 50 tonnes,
quantities not achieved in the American market with any regularity (Kummerer, 2001).
Furthermore, this 0.1 pg/L limit can be used to obtain environmental “category
exclusion” status on some dmgé, necessitating no further environmental assessment.
These numbers imply that most drugs sold in lower quantities would be exempt from
ERA requirement, and largely, this is true. The assessment protocol makes allowances
for special circumstances such as known toxicity, known effects at lower than 0.1 pg/L

concentrations or high K. Moreover, there is no requirement to confirm the predicted
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environmental concentration (PEC) post-marketing (Jones et al., 2004), and sometimes
discrepancies can be considerable. For example, Calamari et al., (2003) showed that the
difference between the predicted and the measured environmental concentrations of the
lincomycin varied by up to two orders of magnitude. Furthermore, when combining
similar active ingredients from several drugs (i.e. NSAIDs), the threshold value may be
exceeded; but an ERA would not be triggered. These situations are not addressed in the

US system.

Similar criticisms have been levelled at the European assessment protocol. For
example, the published (Danish ERA) PEC for ciprofloxacin of <0.01 pg/L would not
have triggered a phase II assessment. However, an assessment was performed by
Halling-Sorensen et al. (2000) and a risk quotient well above 1 was determined,
indicating a potential environmental hazard. Furthermore, some pharmaceuticals are
considered “acutely hazardous in any concentrations” by one agency and relatively
harmless by another. For example, the U.S. Resource Conservation and Recovery Act of
1976, considers epinephrine, nicotine, nitroglycerine and warfarin acutely hazardous (P-
list) and diethylstilbestrol, mitomycin and cyclophosphamide as less toxic but still of
concern (U-list). The substances on both of these lists are not used in sufficiently high
amounts to warrant an environmental assessment, but nevertheless, are considered as

hazardous waste at the moment of disposal (Daughton 2003).

The second area of divergence between the U.S. and European ERAs is the stage
at which the PEC becomes a decision point. The EMEA protocol starts by calculating the
expected environmental concentration for each new pharmaceutical and the assessment

continues if this concentration exceeds 0.01pg/L in surface waters. In contrast, in the
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U.S. system, some pharmaceuticals are automatically exempt from the ERA process. If
the drug’s physical and chemical properties as well as its environmental depletion
mechanisms indicate rapid disintegration, no further testing is required (Bound and
Voulvoulis, 2004). The EIC is calculated as a second step, and if it exceeds 0.1 g/l
(which equates to manufacturing levels greater than 40 — 50 tonnes/year), further
assessment of log P values is required. Thus, the definition and method of determination
of chemical and physical properties (e.g. log P), play a critical role in triggering a risk

assessment in the U.S. system.

Risk Assessment for Veterinary Medicines

Veterinary medicinal products (VMP) are of concern because they are used in
large quantities especially as growth promoters and are usually excreted with raw sewage
which is prone to surface leaching or directly enters receiving waters. In Germany, some

veterinary drugs are used in excess of 50 tons per year (Koschorreck et al., 2002).

Perhaps because of the volumes used and the lack of sewage treatment, VMPs are
more stringently controlled than human pharmaceuticals. Prior to obtaining marketing
authorization, new veterinary medicines must undergo a review of their efficacy, quality,
and safety to both human and environmental health (EC, 2001). Mitigation measures to
minimize environmental impacts are also applied to agro-pharmaceuticals. These include
limits on access to medicated livestock, limits of location of treatment and formalized

collection of used dips and other medicated formulations. (Koschorreck et al., 2002).

Agro-pharmaceuticals used primarily for growth promotion are undergoing even
stricter controls. In 2001, the European Union issued a total ban on antibiotic growth

promoters in animal feed in response to concerns over increasing rates of antibiotic
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resistance (Sanderson et al., 2004). The USFDA withdrew approval for the use of
Enrofloxacin as a growth promoter in poultry in response to similar concerns (Sanderson
et al., 2004). However, the US government (and presumably the Canadian government)
does not support a total withdrawal or ban of antibiotic growth promoters as they do not
feel that there is enough conclusive evidence to justify these actions (Sanderson et al.,
2004). Health Canada’s Veterinary Drugs Directorate (VDD) in conjunction with the
Pest Management Regulatory Agency are responsible for approving the use of
agricultural antimicrobials in Canada. Currently, these organizations are involved in
conducting several data gathering and resistance surveillance projects, with the goal of

using the data for subsequent policy formulation (Health Canada, 2006a http;//www.hc-

sc.gc.ca/dhp-mps/vet/fag/faq amr-ram e.html). Health Canada’s VDD has stated that it

“will continue its public involvement and consultation efforts to work within government

2

with multi-stakeholder groups, and with national and international partners to move

forward on this issue” (Health Canada, 2006b http://www.hc-sc.ge.ca/dhp-

mps/vet/antimicrob/index e.html).

The difference between the U.S. and European regulatory approaches to antibiotic
growth promoters arises from the fact that the European agencies have enacted the
precautionary principle into law, thereby allowing a contributing cause (and not
exclusively the sole cause) of increasing antibiotic resistance to justify regulatory action
(Sanderson, 2004). In the U.S., the regulatory agencies require that antibiotic resistance
is exclusively linked to AGP in livestock. This approach to decision making (discussed
in a later section) is rooted on concepts of weight-of-evidence and scientific proof and

their respective definitions. The environmental assessment and management of
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pharmaceutical compounds rests to a large degree on the paradigm used for analysis. For
this reason, the following section will examine the current approaches to assessment and

their implications for management of environmental pharmaceuticals.

The Weight of Evidence and Scientific Proof in Risk Assessment

Scientific proofis often demanded in support of policies involving change from
the status quo because change is associated with financial or opportunity costs for some
portion of society (Oreskes, 2004). As explained in a later section, information must
meet a certain standard to be included in the ‘scientific corpus’. Very often, multiple
lines of evidence converge and a picture of the most accurate interpretation at the time
emerges. This is the weight-of-evidence approach. It provides a consensus based on a
process of inquiry and evaluation, and is a flexible and dynamic system allowing for
constant revision (Oreskes, 2004). Indisputable ‘truths’ or unequivocal proofs are
beyond the limits and intentions of science (Carter, 2000). They are social constructions
or interpretations sometimes based on sound and credible science. However, such
‘indisputable truths’ can often lend credibility to policies and so are in great demand, but
no amount of scientific evidence can result in policy. Policy is the result of a political
decision ideally informed by credible science (Pal, 2001). But science itself cannot be
objective or value-free, it cannot produce an un-arguable ‘truth’ (Cortner, 2000; Cullen,
1990). For further discussions of the status of scientific knowledge or the weight-of-

evidence approach, see the writings of Brewer (1983) or Schneider and Ingram (1997).

In particular, the science of risk assessment is inherently subjective as it has to
address conflicting needs and values (Richardson, 2005). These values are often held by

opposing stakeholders, transforming the environmental assessment process in either the
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stage for the mediation of competing interests, or the input for resolving value-based
issues (Daniels and Walker, 1996; Healey, 1997 pp74; Forester, 2000). In other words,
various stakeholders may use the process and the results of risk assessment as evidence in
support of their particular, value-based point of view. A competing point of view
advanced by Elling (2004) advocates the complete separation of the political process
from scientific risk assessment. As it will be shown, however, values cannot be
extricated from risk assessment, i.e., environmental assessment remains socially
contextualized (Richardson, 2005). The question, “Do pharmaceutically active
compounds have an ecological impact?” can be answered using scientific concepts and
tools, but the extent and nature of subsequent regulatory action is a social policy question
answerable in the context of our collective socio-economic values. In an article entitled
“Science and public policy: what’s proof got to do with it?”, Naomi Oreskes (2004)
examined the aims and limitations of scientifically-based information and explained the
connections between scientific proof and the resulting public policy. She concluded that,
in issues of environment and health, “there is no need to wait for proof, no need to
demand it and no basis to expect it”. For example, those who continually dernand
unequivocal, logically indisputable scientific evidence, become ‘recalcitrant actors’ on
the social stage (Oreskes, 2004). Those refusing to amend farming practices to reduce
the need for prophylactic antibiotic growth promoters could certainly fill that role. This
line of reasoning brings into sharp focus the need to define the quantity and quality of
evidence needed to provide a sound scientific basis for policy formation (see for example,
Armelagos et al., 2005; Mayumi and Giampietro, 2005; Allio et al., 2005). The answer

to this question may well be a socio-political one.
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Principles and Assumptions

The process of assessing risk is based on the acquisition, interpretation and
analysis of scientific data (Bridges and Bridges, 2004). As discussed above, this data
pertains to the physical and chemical properties of substances, to their actual, potential
and predicted effects at various doses and routes of exposure, and to their intrinsic
toxicities. Despite concentrated efforts of researchers to provide such information, there
remain large data gaps. For example, the chronic effects of substances remain largely un-
investigated, as do effects on various species or effects of vartous mixtures of substances.
To address this lack of information, a number of principles and assumptions must be
employed (Wandall, 2004). For example, the view that risk assessment should be based
on acute toxicology data is such a principle. The concept that lack of acute effects
equates to the absence of harm to a target organism is one such assumption. The
assumptions required to fill the data gaps can be influenced by values, thereby
introducing biases in the scientific process of risk assessment. These principles and
assumptions, in turn provide the basis for the currently acceptable but always dynamic
understanding of “scientific rigour” as discussed above. When these principles and
assumptions are numerical they are often referred to as uncertainty or safety factors
(Beck et al., 2001). These factors are often just arbitrary conventions, such as a factor of

10 applied when high-dose to low-dose extrapolation is necessary (Beck et al., 2001).

Although this system to address data gaps is very much still in use, it is not
exactly based on the ‘absolute scientific proof” approach often in demand. In fact, it has
been asserted that uncertainty assessment (and decision making) is entirely outside the

scientific field (Aven and Kristensen, 2005). Others have taken this suggestion even
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farther, stating that “all environmental science is inherently biased by subjective opinions
and values” and therefore outside the realm of the natural sciences (Huesemann, 2002).
The extent to which environmental risk assessment should be considered a science is not
the focus of this thesis. However, it is important to note that risk assessment does contain
an element of subjectivity driven by non-epistemic social values. This social dimension
may be reflected in defining and framing hypotheses, choosing methodology or selecting
analysis criteria (Brewer, 1983). For example, the issue of pharmaceutical contamination
of the environment could be framed as an environmental problem because various
ecosystems may sustain damage. However, it could also be framed as a human health
problem because the public is concerned with antibiotic resistance, endocrine disruption
or ingestion of carcinogenic anti-neoplastics via drinking water. The choice of reference
frames is socially constructed and directly influences the subsequent development of
policy. The converse is also true. Similar arguments apply to the choice of assessment
methodology or analysis criteria. If there are no observable acute effects in toxicity tests
of environmental concentrations of tetracycline, why incur the costs of changing farming
practices? As long as the current sewage treatment facﬂities remove 80 to 98% of the
target endocrine disruptors, why investigate their concentration in sewage sludge, or
introduce any mitigating measures? Hence, both the derivation and acquisition of data

and its interpretation and analysis are necessarily value and policy driven (Ruden, 2005).

Socrates, Kuhn and Post-Normal Science

Why concern ourselves with the views of philosophers on the problem of
pharmaceuticals in the environment? Because knowing that pharmaceuticals occur in our

environment is just an abstract piece of information. We need to critically examine this
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information and for that we need some of the tools developed by philosophers. Further,
we need to assess the relevance of environmental pharmaceutical contamination to the
human-ecological system, and for that, we need to know the context in which we place
this issue. This knowledge cannot be acquired exclusively by quantitative analysis. For
example, what does it mean if the risk from pharmaceutical contamination of the

environment has been quantified to (hypothetically) 1 in 25007

The purpose of the data presented in the preceding two chapters was to highlight
successes and deficiencies of the current approach to the issue of pharmaceutical
contamination of the environment. Understanding these issues will facilitate a rational
approach to decision making, and perhaps to the introduction of rationally-founded
mitigation strategies. In the words of one author, “quantitative analysis is essentially
worthless if it is not translated into effective policy” (Anderson, 1988). However,
effective policy cannot be carried out in the absence of a clear understanding of the
stakes, stakéholders, goals and underlying assumptions involved (Pal, 2001). For this
reason, a comprehensive assessment of the risk posed by environmental pharmaceuticals
necessitates a clear understanding of the epistemological foundations of risk assessment
and science. Socrates stated that “scientists are those that know about their own
ignorance” (Giampietro, 2006). In the context of risk assessment, a clear understanding
of the extent to which risk assessment 1s a scientific endeavour is required. What is

meant by ‘scientific’, is itself under debate.

Current literature distinguishes between Normal and Post-Normal Science. The
concept of Normal Science was introduced by Kuhn in 1962 in response to a fierce

debate over the goals and stakes in science. He defined Normal Science as “research
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firmly based upon one or more past scientific achievements, achievements that some
particular scientific community acknowledges for a time as supplying the foundation for
its further practice” (Kuhn, 1962). The ‘science’ in science-based risk assessment usually
refers to this understanding of science. Its connotations include objectivity, repeatability
and accuracy. Many proponents of normal science believe that it is possible to define, in
absolute terms ‘good’ and ‘bad’ for consumers, citizens and society. Furthermore, they
believe that they can know such a definition and that its attributes will not change later in
time. Lastly, they believe that issues of uncertainty and/or ignorance can be resolved by
more and/or better research. For example, this view predominated in the design of the
‘consensual style’ environmental risk assessment process practiced in Europe until the
end of the 20™ century (see the section on environmental risk assessments and value
judgements below). This view is still apparent in the delineation of absolute limits of
exposure to various chemicals set either by Health Canada or Environment Canada

(http://www.hc-sc.gc.ca/ewh-semt/pubs/air/exposure-exposition/index_e.html). Lastly,

the strong demand by some groups for incontestable evidence in support of one point of

view or another, may be rooted in this view of science.

The concept of Post-Normal Science describes fields of science in which
“uncontested legitimization of a substantive problem structuring” cannot be achieved
(Giampietro et al., 2006). It emphasizes system uncertainty and decision stakes within
the scientific enterprise, thereby challenging “centuries of conventional wisdom for
science, in which uncertainty was tamed, ignorance suppressed, and the supposedly
value-free character of science proclaimed as a great value” (Ravetz and Funtowicz,

1999). This concept introduces the notion that “ignorance about the future is
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unavoidable” and that concepts such as health, quality of life or sustainability cannot be
substantively defined (Giampietro et al., 2006). More precisely, Post-Normal Science
applies to situations where “typically facts are uncertain, values in dispute, stakes high,
and decisions urgent” (Ravetz, 1999). The following pages will show that risk
assessment meets all of the above four criteria and can thus be categorized as a post-

normal science.

Risk assessment as a Post-Normal Science

Facts are uncertain

The occurrence, concentration and effects of pharmaceutical contaminants in the
environment are poorly understood. This lack of information is often referred to as data
gaps. Data gaps occur for several reasons, but the most relevant one is that it is
impossible to provide unequivocal data for every chemical, every chemical combination
and every specific situation (Jones et al., 2004). Furthermore, it is comparatively easier
to prove that some effect exists than that it does not (Vainio and Tomatis, 1985; Ruden,
2005). This phenomenon is related to the factors involved in achieving statistical
relevance such as the magnitude of the effect sought, the level of biological variability in
the system, the size of the study group and the statistical significance that is desired. For
example, Weinberg (1972) estimated that a study would need 8,000,000,000 mice in
order to detect an increased mutation rate of 0.5% (at the 95% confidence level)
following a particular X-ray dosage. In epidemiology, a rule of thumb is that only effects
greater than 10% can be reliably detected (Ruden, 2005). Chronic and sub-chronic
studies on the evolutionary fitness of organisms and/or ecosystems are clearly

investigating effects below the 10% limit. Hormetic and bimodal effects at very low
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doses such as those associated with estrone (E1) and 17a-ethinylestradiol (EE2) are also
below that limit. In fact, the effects of pharmaceutical contaminants in the environment
are generally believed to be below the 10% limit and therefore are difficult to interpret by
statistical analysis. The uncertainty factors used to handle the information gaps further

decrease the reliability of the data.

Values are in dispute
Environmental Risk Assessment and Value Judgements

To some researchers, the introduction of value judgements into the arena of
environmental risk assessment may seem inappropriate. However, to some philosophers
of science the suggestion that risk assessment and even science itself is value-free is
inappropriate (Hokstad and Steiro, 2006; Aven and Kristensen, 2005; Wandall, 2004).
For example, decades of debate over the nature of risk has resulted in the advancement of
at least 26 definitions of ‘risk’, almost all of which include value-based wording (loss,
adverse effects, threat, opportunity, something-different-to-different people) (Macgill and
Siu, 2005). In environmental science, Huesemann (2002) identifies at least three types of
biases or values: personal, institutional and socio-cultural. The selection of chemicals,
methodology for assessment in terms of chronic or acute testing and definition of effects

are all subjective choices based, in his opinion, on socio-cultural biases.

The concept of value judgements in the science of environmental toxicology has
been recognised in law in the European Community’s guidance documents on risk
assessment (EMEA, 2005). The recognition of value judgements was initially linked to
the need for greater transparency in ERA procedures. These documents not only offer a

greater transparency of the assessment process but also lay out the qualifications of the
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‘scientific experts’ whose opinions form the basis of management policies (Petry et al.,
2005). The traditional risk assessment protocol introduced in Europe in 1842 is described
by Lofstedt (2004) as the ‘consensual style’. It provided a stage for regulators, industry
and trade unions to formulate regulatory decisions in complete secrecy (Petry et al,
2005). Following a number of regulatory scandals in the early 1990 (tainted blood in
France, BSE in England and dioxins in Belgium), a new ‘participatory-transparent’
system was introduced (Lofstedt, 2004; Petry et al., 2005). This new system features
greater public and stakeholder participation, transparency in terms of regulatory
strategies, focus on regulatory impact analysis, and greater use of the precautionary
principle (EMEA, 2005; Petry et al., 2005). These features are highlighted in the newly-
released guidelines for environmental risk assessment of pharmaceuticals (EMEA, 2005).
Furthermore, in an effort to address issues of trust (or lack thereof) associated with
scientific evidence, the guidelines also delineate exactly what qualifies as expertise, and
who qualifies as an expert (Dietrich et al., 2005). This attempt to move the scientist to an
unbiased position could be enhanced by a deliberate disclosure of the assumptions and
values applicable to each environmental risk assessment. Workers in this field have

1dentified two types of values which often influence the scientific sphere.

Types of values

A value is “a characteristic in virtue of which something is considered valuable”
and we attach value to things we consider “positive and desirable; that it is worth making
an effort to realise or to achieve [...] usually considered as opposed to ‘fact’” (Wandall,

2004). Following this definition, Wandall (2004) has identified two types of values:
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epistemic, highly dependent on the aim to be achieved, and non-epistemic, highly

dependent on personal preferences.

Epistemic values can be universally agreed upon, as they rely heavily on the
ultimate goal to be reached. As long as the interested parties can agree on the goal to be
achieved, they can usually agree on the system of values to be used (Wandall, 2004). For
example, the choice of acute toxicity testing of a given compound can be seen as an
epistemic value if the explicit and sole goal is to detect acute effects (Wandall, 2004). It
could also be seen as a non-epistemic value, a value driven by socio-cultural preferences
(Huesemann, 2002), when the results are used to indicate the risk from sub-chronic
exposure. In other words, epistemic values can become non-epistemic when the goal

changes. Moreover, the goal can change depending on how it is framed.

Examples of epistemic values in science include coherence with accepted
hypotheses, simplicity, explanatory power, fruitfulness (ability to expand the scientific
knowledge base), conservative burden of proof and the decision to include or reject a test
hypothesis in the ‘scientific corpus’ (set of statements considered true) (Wandall, 2004).
Values can be injected into the factual basis of risk assessment. For example, risk
assessment incorporates high levels of uncertainty arising from data gaps. We really do
not know what effect will a water concentration of 4 ng/L E1 have on the resident fish
populations when the ambient water temperature is 1.5°C above seasonal average. We
know equally little about the sub-chronic effect of 0.4 ng/LL CBZ on that population of
fish. To address these problems, risk assessors rely on established assumptions; the
choice to use a particular assumption and incorporate it into an assessment is a value

judgement (Wandall, 2004), a judgement similar to the one other scientists make in
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incorporating a new piece of evidence into the ‘scientific corpus’ (Ruden, 2005).
Alternatively, non-epistemic values can be attached to the type and topic of research and
to the type of standard methods to be applied. The choice of research topic may be
restricted based on personal or social values, and the type of methods may be restricted
based on practical or ethical values. For example, it is hardly justifiable to conduct an
experiment requiring 8,000,000,000 mice (Weinberg, 1972), and hardly practical to
conduct a chronic toxicity and carcinogenicity experiment costing an average of
1,000,000 € (Ruden, 2005). It is equally impractical to experimentally investigate every
combination of pharmaceuticals in the aquatic environment (Huesemann, 2005).
Furthermore, the drive to finding alternatives to in-vivo testing systems discussed in
chapter 2 is fuelled in part by the ethical considerations of using mammals and fish for

toxicity testing (Garthoff, 2005).

In general, risk assessment shares the values suggested above. That is, epistemic
values are typically applied in the science-based field of risk evaluation and assessment.
For example, new information is still evaluated for coherence with previously accepted
hypotheses, for simplicity and for predictive power. The detailed protocol for performing
toxicity studies (regardless of the subsequent use of the results) is based on the scientific
method and is consistent with GLP (Good Laboratory Practice) guidelines (Ballantyne et
al., 2000 ch. 1,2, 15, 21). Lastly, the conservative burden of proofis still applied in most
areas. However, those epistemic values may need revision in order to reflect the
divergent goals of science and risk assessment. Furthermore, risk assessment necessarily
incorporates non-epistemic values as well, so far as it is defined as an expression of

“uncertainty about the world seen through the eyes of the assessor and based on some
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background information and knowledge” (Aven and Kristensen, 2005) or a “concept
referring to human actions or events leading to consequences affecting what we humans

value” (Hokstad and Steiro, 2006).

If the conclusion can be drawn that science, including that of risk assessment is
not value-free, than the moral may be that scientists can and should choose (or at least
state) those values which most strongly influence their work very carefully (Wandall,
2004). It is suggested that those epistemic values explained above should continue to
influence the scientific approach to risk assessment. And it is reasonable to expect that
scientists demand those values which influence their work to be rationally justifiable

(Wandall, 2004). For risk assessors, these values may still be in dispute.

The decisions are urgent

Risk assessment decisions must be delivered in a timely manner. While other
scientists may defer a decision until sufficient evidence accumulates to form a
‘scientifically sound’ conclusion, risk assessors must decide within weeks to months.
That means that even in the absence of conclusive evidence, a substance must be treated
as if it were toxic or non-toxic, depending, ultimately on assumptions, values and policy

(Ruden, 2005).

A central condition in the definition of epistemic values is that they serve a well-
defined, unanimously agreed-upon goal. If risk assessment is science-based, should it not
follow that its values would be similar to those of other branches of science? Yes, to a
large degree, but not entirely. The one difference identifiable in this context is the fact

that science and risk assessment have somewhat divergent goals (Wandall, 2004). In
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order to avoid accepting a false hypothesis, most scientists value a conservative burden of
proof. However, for risk assessors, it is equally important to avoid rejecting a true
hypothesis — that is, to avoid concluding that a substance is harmless when in fact it is not
(Tallacchini, 2005; Wandall, 2004). A conservative burden of proof, while avoiding false
positives, necessarily increases the frequency of false negatives (Wandall, 2004). The
statistical tests used in scientific risk assessment reflect the conservative burden of proof
most often in the confidence intervals. While a high confidence limit is an assurance that
probably accidental correlations will not be accepted (type I or false positives), it is also
an indication that probably real correlation may have been rejected (type 1I error or false
negatives) (Ravetz, 2004). Both the manufacturers of new chenﬁicals and the proponents
of minimal environmental damage must follow the same scientific approaches discussed
above. However, under a conservative burden of proof, it is easy to show that there are
no immediate, observable effects, and much more difficult to show that minor, delayed
and obscure effects may occur. In some cases, demanding incontestable proofin a
system designed to protect against over-sensitivity, may give “aid and assistance” to
polluters until it is unequivocally proven that their actions are harmful (Ravetz, 2004).
For example, until recently, it was considered safe to treat livestock with antibiotic
growth promoters (AGP). Ibelieve that the development of antibiotic resistance
associated with the indiscriminate use of these agents was overlooked partly because the
conservative burden of proof approach required more data. So the practice of feeding
antibiotics to animals continues until either scientists accumulate sufficient proof to show
it is harmful or regulators reverse the conservative burden of proof. (Currently, there is

not sufficient hard evidence of the harms posed by antibiotic growth promoters to justify
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their withdrawal from the market, but some jurisdictions (the EU) have reversed the
burden of proof so antibiotic growth promoters have been banned) Sanderson et al.,
(2004) may be thinking along similar lines when they assert that the EU ban on antibiotic
growth promoters is a reflection of legalized precaution enshrined in the European

environmental system.

This analysis leads to the conclusion that in risk assessment, the aims of reliability
and accuracy could be achieved in a timely fashion by reducing the burden-of-proof

requirement. However, this necessitates the introduction of the precautionary principle.

Precautionary Principle

The precautionary principle (PP) was introduced in the 1992 Rio Declaration on
Environment and Development. It states that to “protect the environment; the
precautionary approach shall be widely applied by States according to their capabilities.
Where there are threats of serious or irreversible damage, lack of full scientific certainty
shall not be used as a reason for postponing cost-effective measures to prevent
environmental degradation” (Rio Declaration, 1992

http.//www.un.org/cyberschoolbus/peace/earthsummit.htm). The PP has two major

components: 1) policy should be initiated when the scientific evidence indicating “likely
and substantial” harm is “limited but plausible and credible”, and 2) the burden of proof
should be reversed, to indicate the absence of risk rather than its presence (Grandjean et

al., 2004). On the basis of these tenets, the precautionary principle has been defined in a
number of ways (see Sandin, 1999) but all definitions reflect the concepts of anticipatory
action and acknowledgment of uncertainty (Tickner and Geiser, 2004). For example, the

US refusal to ban AGPs is based on a regulatory framework that aims to identify the
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quantifiable cause (scientifically challenging), not merely a cause of bacterial resistance
(Sanderson et al., 2004). Thus, the conservative burden of proof approach used in the US
system makes is difficult to either acknowledge uncertainty or take anticipatory action,
hence, AGPs are still in production. In Canada, the Precautionary Principle is
acknowledged in the 1999 Canadian Environmental Protection Act (CEPA) and the 1995
Oceans Act, but there are no set criteria for triggering or implementing it

(http://www.ceass-acee.gc.ca/015/0002/0007/7 e.htm).

The debate on the Precautionary Principle continues roughly along geographic
boundaries, with the PPs virtues being espoused in the European Union, and its
limitations being highlighted in the United States. Proponents of the PP suggest that it
provides a framework to address persistent issues in toxicology. These issues include a)
the definition and applicability of the threshold concept to carcinogenicity, b) the
uncertainties related to the mode of action, variable and long term exposures, and effects
methodologies (acute vs. chronic toxicity testing) and c) the effects of new classes of
pollutants singly or in combination (Vineis, 2005; Grandjean, 2005). Opponents of PP
decry what they see as lack of scientific rigour. They point out that the implementation
of the principle can be paralyzing, as it sets no guidelines for the minimum level of
suspicion required to implement it. This, in itself, is a value-driven criticism as it rests on
the assumption that a minimum level can/should exist. In addition, the PP is criticized
because risks are often evaluated independent of associated benefits (Vineis, 2005).
Further, critics claim that the PP responds to and nourishes the public’s irrational fears.
This direction of argument rests on Hans Jonas’ view of the ‘heuristics of fear’ which

states that in the face of scientific uncertainty, the “prophecy of doom” supersedes the
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“prediction of hope” (Hans Jonas, 1985; Tallacchini, 2005). This is an interesting
approach as it shifts the value system in environmental science from an epistemic to a

cultural/psychological one (Tallacchini, 2005).

Evaluation of risk and benefits has been incorporated into new approaches to risk
assessment discussed earlier. This issue is expanded upon in the section on integrated
risk assessment below. In an article entitled “7The precautionary principle stimulus for
solutions- and alternatives-based environmental policy”, Tickner and Geiser (2004)
discuss the advent of alternatives assessment as part of a new paradigm of environmental
policy rooted in solutions rather than in problems. This is the foundation of the pollution
prevention approach to the management of pharmaceutical contamination discussed in

chapter 2.

The precautionary principle continues to be the focus of intense debate involving
arguments such as the ones listed above. However, the PP is also a political principle
which “considers certain risks inconsistent with the high level of protection chosen for
the [European] Community...an eminently political responsibility” (CEC, 2000). This
political principle has not been fully adopted in the United States and Canada.
Consequently, the debate on the merits and drawbacks of this approach, of the danger
posed by each contaminant drug, and of the methodology used to study it are consistent
with the prevailing view of environmental management. The disagreement may not
necessarily be about the specific risk posed by pharmaceuticals to the system, but rather

about the political and social meaning attached to that risk.

On an even more fundamental level, these views address the contract between

science and governance. This topic has been treated in elaborate detail elsewhere (see for
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example, Nowotny et al., 2001, and Liberatore and Funtowicz, 2003). It has also been a

recurring theme throughout this chapter — what are we willing to do with the information,
even if we do not understand it completely? In essence, the contract attempts to reconcile
the intrinsic incompleteness of science with the need to make immediate policy decisions

(Tallacchini 2005).

Assuming that the PP approach is implemented in some form, there is
disagreement about the stage at which it should be applied during an ERA (Wandall,
2004). Does it belong in initial stages (problem formulation/data gathering), the later
stages (analysis and risk characterization), or does it belong entirely in the field of risk
management and policy? If policies are informed by the results of risk assessments,
those assessments must be performed from the same platform. That is, they must have
the same common denominator so policies acceptable to all stakeholders can be
formulated. In other words, the value systems that underlie risk management must be
reflected to some degree in the risk assessment phase in order to allow the transfer of
scientific information between the two areas (Suter I et al., 2005). This suggests that
precaution must be applied early in the risk assessment process as the outcomes are often
irreversible (Wandall, 2004). For example, if a substance is assessed as non-toxic, but
further use/research proves it to be toxic, the effects cannot be reversed. Some of the
effects may be mitigated, but the damage to the affected individuals cannot easily be
eliminated. The false negatives (type II errors), cannot be reversed at the later stages (the
substance either is or is not toxic; further research can only affect our future decisions,
not those made in the past). Precaution in the risk management phase is simply too late

(Wandall, 2004). Consider the example of diclofenac use in India (Oaks et al., 2004).
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Although efforts could be mounted to restock the vulture populations to pre-diclofenac
use levels, the individual vultures that died cannot be brought back. Those efforts do not

negate the occurrence of a type II error.

In conclusion, the PP promotes the application of scientific knowledge while
acknowledging the value-laden dimension of science. It does so by increasing the

legitimacy and objectivity of shared decisions (Tallacchini, 2005).

The relationship between risk assessment and risk management

Examining the environmental risk assessments available in the published
literature, one finds that many of these assessments do not include a discussion of values,
costs, benefits or contextual settings associated with their results. Indeed, there is a
traditional divide between the fields of risk assessment and risk management, and
questions of values or contextual settings usually fall on the side of the risk managers or
policy makers (Pal, 2001). However, there is another view which finds common ground
between the two fields. This view is expressed pictorially in the diagram below, and
places the last stage of risk assessment within both the risk manager’s and risk assessor’s

domain.
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Figure 13: Overlap of risk assessment and risk management via the fourth step in the
assessment process, risk characterization. Revised from Montague, 2005

How much do risk assessors directly influence risk managers? The current

protocol for conducting risk assessments offers useful data that informs regulators and
decision makers. However, this same system can, at times, offer conflicting and
incomplete information. Montague (2004) observed that risk assessors, in the normal
course of their work, often:

@ Evaluate one single option in the absence of alternatives
Evaluate effects borne by others, often without their informed consent

® Do not assess the benefits/or lack of thereof to those bearing the cost

@ Constrain decisions to science-based knowledge, excluding other rnion-
epistemic information (historical, ethical or personal preferences), thereby

reducing public participation

® May facilitate the development of a false sense of security by a) providing a
numerical result which often has the connotation of “sound science”, and b)

producing a statement originating from ‘professional, expert’ investigation.
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Montague may be thinking along the same lines as the proponents of the new
integrated framework for health and ecological risk assessment in raising concerns about
the lack of alternatives or the cost and benefits to those who bear the potential hazard (i.e.
Tickner and Geiser, 2004; Suter II et al., 3003; Suter II et al, 2005). These concepts will

be discussed in the next section.

Montague’s contention is that risk assessors bear responsibility for the policy
implications of their work (Montague, 2005). This view is reminiscent of Grandjean’s
assertion that it is the responsibility of toxicologists to accurately translate science into
policy protective of human health (Grandjean, 2005). Even in the absence of complete
data, should risk assessors still be expected to take responsibility for their results?
Montague and others would argue that the answer is yes, in the same way that a public
health official would have the ethical responsibility to protect the public from harm
(Montague, 2005; Grandjean, 2003). This responsibility is even more difficult to accept
when the products of risk assessors are misused or used out of context (for further
discussion on this topic see Grandjean, 2005; Melnick, 2001; Crump, 1996 and Gori,
1996; Ong and Glantz, 2001 and Chalmers, 1990; Chan et al, 2004 and Markowitz and
Rosner, 2002 and Greenberg, 2003; Axelson et al., 2003). A possible solution to this
issue is to apply the ‘doctrine of the duty-to-warn’ (Montague, 2005), which requires a
clear warning conveying the nature of potential harm and steps required for minimizing it
(Falkof, 1995). This refers to the duty to warn about the risk assessment document (i.e.
no observable acute effects does not mean no harm), not about the difficulties

encountered by assessors in developing it.
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Implicit in the preceding discussion is the fact that toxicology in general, and
environmental toxicology in particular, are non-precautionary. The first two chapters of
this thesis address the approach to toxicological information gathering and processing.
Table 6 summarizes the factors that bias toxicology towards Type II errors. Many
authors assess their studies for protection against type I errors (false positives), not
against type Il errors (false negatives) which would be an approach more protective of
consumers (Sanderson and Petersen, 2002; Hornbaker and Cullen, 2003; Sanderson et al.,
2004). This is why the argument has been made that precaution (i.e. minimizing type II
errors) should be incorporated in the risk-assessment stage and not be reserved for the
risk-management phase (Wandall, 2004). The existence of these problems is seen by
Grandjean (2005) as evidence that “toxicology has failed the purpose of science in
society by striving to reach only the limited goals of solving simplified riddles and in
recognizing, rather than exploring uncertainty”. This is a rather strong criticism, but it
highlights one of the themes of this work: continued scientific investigation of
pharmaceutical compounds as environmental contaminants will not necessarily result in
clear and incontestable policies. Such policies are informed and supported by that
evaluation, but require a broader approach where pharmaceutical contamination is placed
in a human - ecological context (Doll, 2002; Sanderson et al., 2004). That context is the

subject of the next section.
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Table 6: Scientific features that may bias toxicology toward missing a true
association (false negative) (revised from Grandjean, 2004)

Toxicological studies in general

Low statistical power

Use of 5% probability level (conservative burden of proof)

Use of 20% probability level to minimize risk of type Il error

Vigilance against false alarms (from both researchers and outside interests)

Epidemiological studies of toxicants

Inappropriate control group (difficult to replicate exact experimental conditions)

Exposure misclassification

Inadequate follow-up of exposed subjects (cases lost to follow-up, follow-up too short)

Experimental toxicology

Exposure to single substances (no mixtures of stressors or of substances)

Limited number of dose levels

Exposure duration less than lifetime

Standard effect measures (may overlook some effects, particularly sub-acute ones)

Inbred strains to limit genetic variability (extrapolation creates additional uncertainty)

Integrated human health and ecological risk assessments

Integrated risk assessment (IRA) has its roots in the traditional approach to human
health and ecological risk assessment strategies (HHRA and ERA, respectively). The
previous approach maintained a clear separation between the two types of risk
assessments, thereby perpetuating distinct terminology, methodology and data analysis
(Bridges, 2003; Bridges and Bridges, 2004). It made it difficult for individuals from

outside the field to understand and use the assessment information. Consequently, a new
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framework for integrated human health and ecological risk assessment has been
developed, jointly by the World Health Organization’s International Program on
Chemical Safety, the United States Environmental Protection Agency and the
Organization for Economic Cooperation and Development (WHO 2001; Suter et al.,
2003). These agencies have defined IRA as the “assessment of risks to human and non-
human receptors from chemical, physical and biological agents. It includes assessments
that predict the effects of proposed actions and those that estimate the ongoing effects of
past actions at particular places and assessments of risks from hazardous agents
independent of location. Finally, integration extends across all phases of the assessment
process from the planning of the assessment to the decision making” (WHO, 2001).
IRAs aim specifically at 1) improving the efficiency of information exchange between
risk assessors and risk managers, and 2) providing a complete and coherent basis for the
decision making process (Sutter et al., 2005). These aims should ultimately be met by 1)
decreasing reliance on single-chemical/single-dose assessments, 2) increasing analysis of
multi-chemical, multimedia, multi-route and multi-species exposures (Sekizawa and
Tanabe, 2005), and 3) defining and identifying the commonalities between risk
assessment and risk management. Further, the integration paradigm must be assimilated
into all phases of risk assessment, starting with the problem formulation stage and
continuing through the dose and exposure assessment, data analysis and risk
characterization stages (Sekizawa and Tanabe, 2005). For example, an integrated risk
assessment for endocrine disrupting compounds (EDC) would acknowledge that sewage
effluent is just one of the potential sources of EDC in the environment (other sources

could include industrial/agricultural contamination and natural phytoestrogens).
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Subsequent calculations of concentrations, effects and/or interactions would be
performed within this new paradigm. This approach would address the multi-chemical,
multi-exposure and multi-media conditions. Duplication of time, effort and resources
would be avoided by cross-reading of information from both human and ecclogical
studies. This type of information sharing may be particularly relevant to decipher the
mode of action of various EDCs (Bridges and Bridges, 2004). For example, in the early
years of DDT use, it was widely thought that its main effects on humans were on the
developing nervous system (IPCS, 1979). Later, ecological studies noted hormone-base
effects in seagulls, particularly egg-shell thinning (IPCS, 1989). It is now thought that
both humans and wildlife may show effects arising from common mechanisrms of action
and common routes of exposure (Sekizawa and Tanabe, 2005). Further benefits of the
IRA approach include the development of better testing systems and of a common basis
for comparing and therefore valuing human and animal risks (Bridges and Bridges,
2004). For example, in a study evaluating endocrine disrupting effects of some
organochlorine compounds, comparing body burdens and tissue distnibution during the
exposure assessment stage presents a more integrated result. These measurements
account for multiple routes of exposure (Sekizawa and Tanabe, 2005). Similarly, Gurjar
and Mohan (2003) conducted an integrated risk analysis of the acute risks associated with
accidental release of a hazardous substance. Their case study includes variables not
usually associated with ERAs, such as background risk and individual risk factors (Gurjar
and Mohan, 2003). The analysis is intentionally simplified as the intention of the study
was to show how IRA can be applied. However, IRAs will face some difficult technical

challenges (e.g. harmonization of terminology and assessment methodology, cross-
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species interpolation, etc) as well as financial challenges (Bridges and Bridges, 2004).
Several extensive reviews of the IRA process have been published (see for example Suter

IT et al., 2003a; Munns et al., 2003; Sutter II et al., 2003b and Suter II et al., 2003c).

The concept of integration between human health and ecological data is
particularly relevant to the issue of pharmaceutical compounds in the environment,
because the data available are predominantly related to human health effects. However,
by the same token, the ecological data now being acquired can expand the limits of
knowledge on the effects of pharmaceuticals both on humans and other animal species.

This approach would complement but not replace classical research.

It is also notable that the trend towards an integrated risk assessment paradigm is
consistent with a larger movement in the field of risk assessment theory aimed at
integrating the conventional risk assessment process with social determinants of
ecological health (Rapport and Singh, 2005). The contemporary EcoHealth framework
for conducting State of the Environment reports (SOER) employed in Canada,
exemplifies the wider applications of integrated environmental evaluation. This
framework rests on the original Pressure-Stress-Response model, first introduced in 1979
by Statistics Canada and later widely adopted by the OECD (Forget and Lebel, 2001).
This model acknowledges the insufficiency of market-based environmental management
strategies and allows for a greater interdependence between the human and ecological
systems (Rapport and Singh, 2005). It advances the concept of integrated environment
and human health evaluation of environmental issues and promotes the accommodation
of both anthropocentric and ecocentric needs (Rapport and Sing, 2005). Lastly, it

provides a platform from which policies may be evaluated for the unintended
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consequences of ‘sub¥optima1’ decisions, for example, the introduction of restricted-use
risk management measures for environmentally hazardous human pharmaceuticals. I
believe that such policies could have negative consequences not only on human health
and the health care system, but also on the prevailing social system of beliefs which
values equity of access to health opportunities (Health Canada Act, 1985). The two
social values — access to health care and environmental protection are in obvious conflict
in this case. The means to resolving this conflict is a social question, but the governing
value system must be acknowledged. An IRA may provide a platform or basis upon

which such conflicts may be resolved.

Integration is part of a larger scientific movement aimed at converging
independent lines of inquiry (Kerkhotf, 2005). This movement was analyzed by Gibbons
et al. in 1994 who proposed the distinctions between Mode-1 (traditional, independent)
and Mode-2 (integrative) sciences. Echoes of this line of reasoning appear in a book by
Nowotny and colleagues dealing with ‘segregated’ and ‘integrated’ means of scientific
discovery (Notowtny et al., 2001) and in Ziman’s work on ‘post-academic’ science
(Ziman, 2000). All of these authors contend that the integrated approach is better suited

to address a field of study which is necessarily value-driven.

Integrated risk assessment: framework and example

Several recent articles explain in some detail the technical aspects of IRAs (see
for example, Vethaak et al., 2005; Bridges and Bridges, 2004; Munns et al., 2003). The
need for integration of information is consistent with the issues advanced in the first two
chapters relating to the heavy reliance on single chemical testing, lack of sub-chronic and

chronic toxicity studies and outdated definitions of hydrophobicity and environmental
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persistence. This implies that those assessments, valuable as they are in providing sets of
reproducible data, do not extend to analysing risk management options or to
contextualizing those options. The second aim of an IRA may fill this gap; that of
devising a common framework upon which the interests of various stakeholders could be
balanced. Figure 14 provides an example of such an assessment proposed by Sekizawa
and colleagues in 2003. This IRA approach addresses some of the issues discussed in
this thesis: 1) it examines multiple sources and multiple media, 2) it considers different
levels on the food web 3) it identifies effects on multiple levels of biological organization
following acute, chronic and repeated exposure, and 4) it accounts for varying social and
economic values. However, the cost of implementing this system is considerable, and
cost is in fact, the main problem associated with the implementation of the IRA (Bridges
and Bridges, 2004). Others include others include agreement on common exposure

models and identification of causality and a common weight-of-evidence framework.
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Figure 14: Conceptual integrated risk assessment approach for exposure/effects of
humans and some marine animals to tributyltin and triphenyltin compounds.
Revised from Sekizawa et al., 2003

An inclusive framework for the analysis of risk in environmental toxicology

confers some benefits to the resulting analysis. These include:

better information exchange between involved parties (scientists, legislators,

public) leading to more comprehensive understanding of factual information

pertaining to concentrations, doses, receptors, effects, mechanisms of action,

etc.

155



appropriate inputs to decision making bodies by providing common scenarios
and assumptions (the same value-driven assumptions from an earlier section)
so that risks and benefits can be compared without the need for arbitrary
extrapolation. This would allow assessors and managers to agree on the
extent/size of the system to be evaluated and would prevent the introduction

of short-sighted policies (Suter II et al., 2005).

assessment of environmentally-mediated effects not exclusively on human
health, but on human welfare. These include psychological, social and/or
economic costs/benefits associated with the pollution of a given area. This
concepts are not addressed by human health risk assessors because they have
only indirect impacts on clinical aspects of human health, and are also not
addressed by environmental risk assessors as they do not impact directly on
the environment (for a more detailed discussion of this point see Stephen and

Ribble, 2001; DiGiulio and Benson, 2002 and Suter II et al., 2005).

assessment of the interactive nature of many environmental risks therefore
allowing for simultaneous evaluation of alternatives (Bridges and Bridges,
2005). Particularly, variance and uncertainty can be presented in the same
terms for all endpoints studied, and spatial, temporal and biological
organization scales can be standardized to suit the particular study system
(Sutter et al., 2005). (For example, one would study chronic effects at the
organism level for EE2 exposure, not just acute, enzymatic or hormonal
concentration effects. The acute (or enzymatic) observations would be
performed as part of the study, but could not necessarily stand alone. This

addresses the temporal and biological organization scales).

understanding the needs of decision makers and stakeholders simultaneously,
and identify modes of interaction between the risk assessors, managers and

stakeholders appropriate to the social context.

decreased duplication of research thereby reducing waste of time, money,

effort, etc.
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e opportunity for risk assessors to move freely across the entire spectrum of
biological organization, from the molecular effects to the effects on
community survival and even beyond to the effects on human welfare (Suter

et al., 2005).

Contextual placing of pharmaceutical contaminants
Despite the forgoing, there is virtually no literature placing the problem of
pharmaceutical contamination of the environment in a larger, social and economic
context. Consider the following:
e all of the numerical risk factors and potential hazard evaluations to date
include large levels of uncertainty.

e where is the transition between the environmental impact and the impact on
human health? On human welfare? How are those impacts measured? What

kinds of values do we attach to each of those impacts?

e if we decide to manage this problem so we avert a (real or perceived) crisis
(assuming we can define what constitutes a crisis), what will out guiding
principles be? Precedence for patient benefit? Precedence for all patients and
for all benefits? Will our management plan consider economic benefits? For
whom — the care facilities? The farming industry? The pharmaceutical

industry? The building developers and municipalities?

These questions only marginally qualify as issues in formal risk management;
they have more in common with the socio-economic sciences. Yet, it appears that
toxicologists have a responsibility to ensure that their work is translated into appropriate
policy (Grandjean, 2005) or at least to facilitate that transition. In that case, it may be
within the realm of environmental risk assessors to initiate cross-discipline collaboration
(with other scientists, risk managers, public) in presenting their results. That

collaboration can occur within framework for IRA presented above, or it can take the

157



form of charts and tables such as the ones presented below. It must, however, include the
efforts of scientists other than environmental risk assessors, especially in the areas of
economic analysis and numerical harmonization of the risk factors. This may facilitate
comparisons between varying and often conflicting cost, benefits and/or values. (Note
that these tables are presented as the end result of detailed risk analysis so the derivation

of the costs and benefits is based on available scientific, social and economic data.
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Table 7: Sample evaluation of proposed mitigation strategies to address the use of
antibiotics as growth promoters in the animal farming industry’,
GOALS CRITERIA Alternatives considered
Both the goals and Evaluate each (Any number of these may be considered)
th(ta)lr ([i)rtlorlt).' m:st altern:ttll\l’esbased MAINTAIN Restricted Ban &
¢ce errinln ¢ n(;' d thf ns CURRENT use ** educate
separately consideratio LEVEL/TYPE OF
USE
Protect Human Impact on human - Mild + +
Health health
Protect Impact on the health
Environmental of populations of - Mild + +
Health aquatic organisms
Efficient Use of Impacts on Multi- - - +
Fiscal Resources ministries*
Equitable distribution | Impacts on Farmers + but anticipated - +/- - initially
of cost but + over
long
tem***
Impacts on the + - -
Pharmaceutical
Industry
Impacts on Tax - +/- +
Payers
Impacts on - - S il
Consumers

" This table is based qualitative analysis which can draw on quantitative data (this particular table is not
based on quantitative data). The purpose of this table is to illustrate some of the variables which should be
considered in conducting IRA. It can incorporate the results of modelling and of quantitative research.

* refers to the financial impact on all affected ministries including the Ministry of Health, Ministry of the
Environment, Ministry of Agriculture and Agri-Food, Ministry of Economic Development and the Ministry
of Finance.

** for example, may not use within a certain distance of streams, creeks or rivers, or of the water table.
There are many options for restricting the use of AGP; each of which would have to be stated and evaluated
separately.

*** as the costs become externalized across society, with integrated changes not only within the animal
husbandry industry but also within society (e.g., integrating legal and consumer policies). This approach
would work in a manner similar to the ban on the use of DDT in North America (the farming industry is
still viable, even under the ban).

***%* this is a + in the same way that DDT-free products are positives for consumers. As the industry and
society adjusts to AGP-free practices, there will be a net positive effect. (However, it is likely that AGPs
will be replaced with another product. The safety of the replacement product should also be evaluated).

+ benefit

- cost or drawback

+/- refers to the overall neutral effect as benefits would be equal to drawbacks.
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Table 8: Sample evaluation of proposed mitigation strategies to address the use of
hormones for birth control and hormone replacement therapies'.

GOALS CRITERIA Alternatives Considered
MAINTAIN Label as | Restrict | p2
CURRENT env. tox to with
USE & hospital | low
educate use limits
Protect/promote Impacts on human +++ +++ _d e
Human Health health
Impacts on social ++ ++ _d e
values
Protect Impacts on aquatic L __a ++ Mild+
Environmental organisms
Health Subsequent impacts 7 ? _ _f
on human
health/economics
Efficient Use of Impacts on Multi- +++ + L _
Fiscal Resources | ministry* finances
Equitable* Impacts on various +g +g _ L
distribution of facilities (hospital,
cost nursing home)
Impacts on the Drug | +++ +c L _
Industry
Impacts on Tax ++ ++ _ +
Payers/ STP
operators
Impacts on +++ ++ __d L
Consumers/
Patients

" This table is based qualitative analysis which can draw on quantitative data (this particular table is not
based on quantitative data). The purpose of this table is to illustrate some of the variables which should be
considered in conducting IRA. It can incorporate the results of modelling and of quantitative research

a This alternative would lead to only minimal reductions in overall input volumes.

b currently there is no conclusive evidence suggesting negative impacts on human health cornected to the
use of estrogens for birth control and hormone replacement therapy. Future research may show otherwise.
¢ Drug companies would shoulder the financial responsibility for their products under life cycle
stewardship initiatives, thus mild-+.

d Unequal access. What about residential patients? Private financing of hospital stay.

e Care facilities may restrict use to meet targets.

f Benefit of clean water may be outweighed by health limitations due to lack of these medications.

g These facilities may be required to respect hormone discharge limits potentially imposed on them under
pollution prevention legislation.

* refers to the financial impact on all affected ministries including the Ministry of Health, Ministry of the
Environment, Ministry of Agriculture and Agri-Food, Ministry of Economic Development and the Ministry
of Finance. +++ strong benefits + mild benefits  --- strong drawbacks or opposition

- mild drawbacks or opposition.
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Summarizing issues related to pharmaceuticals in the environment

Ample research has been conducted to establish the fact that pharmaceutical

residues enter the environment on a continuous basis following normal use. Further,

more research indicates that effects at various levels of biological organization can be

attributed to many of the medicinal substances isolated in environmental waters. Many

other effects are circumstantially connected to those contaminants. Workers in this field

studied the fate of pharmaceutical products in the sewage system and in the environment,

modelled their distribution in the aqueous, terrestrial and bio-spheres and evaluated the

strengths and weaknesses of the outputs. Lastly, scientists have identified knowledge

gaps and needs for yet further research. Current consensus suggests that:

the likelihood of imminent acute negative impacts on the aquatic environment

from pharmaceutical residues is low to negligible

the likelihood of chronic negative impacts on the aquatic environment from

pharmaceutical residues is higher compared to the acute impacts

the likelihood of negative impacts on aquatic populations from pharmaceutical
contaminants is under investigation, with preliminary results indicating that

population impacts are possible

the likelihood and extent of negative impacts on population and ecosystem
stress resilience associated with environmental pharmaceutical contamination

remains un-investigated.

current sewage treatment systems are largely inadequate for removing the
environmental hazard associated with pharmaceutical substances in the

environment. Advanced systems fare better but are vastly more expensive.

alternative mitigation strategies exist, but no clear approach has yet emerged
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Data gaps will be addressed by changes in research approaches to reflect the

fact that:

O

assessment of the physical and chemical properties of drug
residues must be adjusted to account for chemicals diverging from

the character of those on which the models are based

environmental persistence needs to account for continuous

introduction resulting in a de-facto increased persistence

mixtures of chemicals and mixtures of stressors should be assessed

as opposed to individual chemicals and/or stressors

toxicity testing should be chosen so as to reflect the actual and

expected mode of action, timing of effects and range of doses.

the ‘omics’ approach can be further refined and applied to the

analysis and modelling of environmental pharmaceuticals.

The foundation of risk assessment is currently under revision. The complexity of

issues occurring at the intersection between environmental and human welfare is

recognized with more and more regularity. This acknowledgement has prompted a re-

definition of the goals of risk assessment in such a way as to include:

a precautionary approach based on anticipatory and preventative action. This

is why pharmaceutical contamination of the environment is studied with such

intensity. There is no crisis, yet But there is no reason to wait for a crisis in

order to implement remedial measures.

an integrative approach based on alternative assessment, information sharing

and commonality of action platforms. Pharmaceuticals are products designed

specifically for immediate human health benefits (agro-pharmaceuticals

notwithstanding). A cost associated with those benefits is potential harm to

the environment which in turn threatens the long-term human welfare. A
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comprehensive cost-benefit analysis must be integrative across scientific and

socio-economic disciplines.
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