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Abstract

The ecotoxicity of the nonsteroidal anti-inflammatory drugs (NSAIDs) diclofenac, ibuprofen, naproxen, and acetylsalicylic acid
(ASA) has been evaluated using acute Daphnia and algal tests. Toxicities were relatively low, with half-maximal effective
concentration (ECsg) values obtained using Daphnia in the range from 68 to 166 mgL~! and from 72 to 626 mg L~ in the algal test.
Acute effects of these substances seem to be quite improbable. The quantitative structure—activity relationships (QSAR) approach
showed that all substances act by nonpolar narcosis; thus, the higher the n-octanol/water partitioning coefficient (log K,y) of the
substances, the higher is their toxicity. Mixture toxicity of the compounds could be accurately predicted using the concept of
concentration addition. Toxicity of the mixture was considerable, even at concentrations at which the single substances showed no
or only very slight effects, with some deviations in the Daphnia test, which could be explained by incompatibility of the very steep
dose-response curves and the probit analysis of the data. Because pharmaceuticals in the aquatic environment occur usually as

mixtures, an accurate prediction of the mixture toxicity is indispensable for environmental risk assessment.
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1. Introduction

During the last several years many studies have shown
pharmaceutical compounds to be present in measurable
concentrations in the aquatic environment (Kiimmerer,
2001; Daughton and Jones-Lepp, 2001; Daughton and
Ternes, 1999; Heberer, 2002; Halling-Serensen et al.,
1998). Among the detected substances, nonsteroidal
anti-inflammatory drugs (NSAIDs), including com-
pounds used as analgesics, belong to one of the most
important groups of pharmaceuticals worldwide, with
an estimated annual production of several kilotons. In
Germany, for example, 87.5 million prescriptions for
these substances were written in 2001, with a transaction
volume of ~€1130 million (Schwabe and Paffrath,
2001). Additionally, some of these drugs are purchased
without prescription, so that actual consumption is
certainly even higher. As a result of this high application
amount as well as the drugs’ pharmacokinetics (half-life,
urinary and fecal excretion, metabolism, etc.), analgesics
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and anti-inflammatory drugs can reach detectable
concentrations in the environment. Stumpf et al.
(1996) identified diclofenac (<1.59 pgL™"), ibuprofen
(<3.35pgL™"), and ASA (1.51pugL™") in sewage, and
lower concentrations (0.01-0.5 pg L™") in river water. In
very low doses (1-6ngL™"), diclofenac and ibuprofen
could be detected even in drinking water. Ternes (1998;
Ternes et al., 1998) reported concentrations of diclofe-
nac, ibuprofen, naproxen, ASA, and other compounds,
some >1pgL~" in wastewater treatment plants and
again in lower concentrations in surface waters. In
Germany, diclofenac and ibuprofen, consumed in
quantities of ~75 and 180tons per year, respectively
(Ternes, 2001), have been particularly recognized as
important contaminants of the water cycle. In a screen-
ing-study of waters in Berlin, Germany, Heberer et al.
(1998) found that among the most prevalent NSAIDs
were diclofenac, ibuprofen, and propyphenazon. In
long-term monitoring investigations of sewage and
surface water samples, diclofenac was identified as one
of the most important pharmaceutically active com-
pounds present in the water cycle (Heberer et al., 2002).
It was found in groundwater samples (Heberer et al.,
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1997; Sacher et al., 2001) and sporadically even in
raw or treated drinking water (Heberer et al., 2001a).
Additional findings of diclofenac and ibuprofen have
been reported, for example, from Swiss lakes and rivers
(Buser et al., 1998, 1999), from Brazil (Stumpf et al.,
1999), Spain (Farre et al., 2001), Greece (Heberer et al.,
2001a), and the United States (Heberer et al., 2001b).

In contrast to this large amount of analytical data,
studies assessing the possible ecotoxicological effects of
detected drug residues are sparse (Webb, 2001), and
only very few contain data about mixture toxicity
(Cleuvers, 2002, 2003). These studies are very important
because drug residues found in the aquatic environment
usually occur as mixtures, not as single contaminants.
Therefore, scientific assessment of risk to the aquatic
environment should definitely consider this complex
exposure situation. For this purpose, ecotoxicologists
use concepts originally developed by pharmacologists in
the first half of the 20th century (Loewe and Muischnek,
1926; Bliss, 1939) to predict the toxicity of mixtures. In
the present study, the concept of concentration addition
(Altenburger et al., 2000; Faust et al., 2001) was applied.
Concentration addition is based on the idea of a similar
action of single compounds, which means in a strict
sense that single substances should show the same
specific interaction with a molecular target site in the
observed test organism (Pdch, 1993). However, it has
been shown that the concept of concentration addition
is also applicable to nonreactive, nonionized organic
chemicals, which show no specific mode of action but
whose toxicity toward aquatic species is governed by
hydrophobicity (Deneer et al., 1988; Van Loon et al.,
1997). The nonspecific mode of action of such com-
pounds is called narcosis or baseline toxicity (Van
Leeuwen et al., 1992; Verhaar et al., 1992). The potency
of a chemical to induce narcosis is entirely dependent on
its hydrophobicity, generally expressed by its log Koy

Mathematically, the concept of concentration addi-
tion for a mixture of n substances is described by
(Berenbaum, 1985)

n ci
; EC Xi ’ ( )

where ¢; represents the individual concentrations of the
single substances present in a mixture with a total effect
of x%, and EC x; are those concentrations of the single
substances that would alone cause the same effect x as
observed for the mixture. According to Eq. (1), the
effect of the mixture remains constant when one
component is replaced by an equal fraction of an
equally effective concentration of another. As an
important point, concentration addition means that
substances applied at less than their individual “no
observable effect concentrations” (NOECs) can never-
theless contribute to the total mixture effect.

The aim of this study was to create a broader basis for
evaluating the ecotoxicological relevance and mode of
action of mixtures of pharmaceutical compounds. For
that purpose, the selected NSAIDs were applied in
biotests with the green alga Desmodesmus subspicatus
(Chodat) Hegewald et Schmidt and the water flea
Daphnia magna Strauss.

2. Materials and methods
2.1. Test substances

Acetylsalicylic acid (2-(acetyloxy)benzoic acid; CAS
No. 50-78-2) and the sodium salts of diclofenac (2-[(2,6-
dichlorophenyl)amino]benzeneacetic acid; CAS No.
15307-79-6), ibuprofen (z-methyl-4-[isobutyl]phenylace-
tic acid; CAS No. 31121-93-4), and naproxen ((S)-6-
methoxy-o-methyl-2-naphtaleneacetic acid; CAS No.
26159-34-2) were supplied in analytical grade by
Sigma-Aldrich (Taufkirchen, Germany). In tests with
single compounds, substances were applied in six
concentrations (1, 3.2, 10, 32, 100, and 320mgL*1).
For assessing mixture toxicity, a quarter of the calcu-
lated effect concentrations (ECs/4, ECo/4, ECy/4,
ECs0/4, and ECgo/4) of each substance was used. If the
substances follow the concept of concentration addition,
according to Eq. (1) the combination effect of the
mixtures should add up to a total effect of ~5%,
10%, 20%, 50%, and 80%, respectively.

2.2. Daphnia acute immobilization tests

Daphnia tests were conducted following the European
Guideline (Commission of the European Communities,
1992) using the water flea D. magna.

Daphnids were bred in ADaM, a culture medium
imitating natural freshwater (Kliittgen et al., 1994).
Experiments were conducted at temperatures of
20+1°C and photoperiods of 16h light/8h dark
(~20pEs 'm™2). As controls, 20 daphnids younger
than 24 h were used, and each treatment was subdivided
in four replicates, each containing 5 daphnids. Culture
volume was 50 mL. Immobility (the endpoint for effect
calculation) was observed after 24 and 48 h.

2.3. Algal growth inhibition tests

Algae tests were conducted following the European
Guideline (Commission of the European Communities,
1993). I used the planktonic chlorococcale green alga D.
subspicatus (formerly Scenedesmus subspicatus Chodat,
SAG 86.81=UTEX 2594), obtained from the SAG-
Sammlung von Algenkulturen at the University of
Gottingen, Germany. Initial cell densities were adjusted
at 10%cellsmL ™" using a calibration curve of chlorophyll
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fluorescence (excitation at 460 nm; emission at 685nm)
versus cell number and appropriate dilution of pre-
culture. The culture medium was prepared according to
the protocol using deionized water and analytical-grade
chemicals. Algae were incubated at 23+2°C under
continuous white light (120 uEs™ ' m~2) and were kept
in suspension by continuous shaking (~ 80 rpm). Results
were quantified in terms of average growth rates
calculated from cell numbers based on measurements
of chlorophyll fluorescence.

2.4. Analysis of the mode of action

To determine the mode of action of the observed
substances, I used QSAR (Verhaar et al., 1992; Lipnick,
1995; Schiiirmann and Markert, 1998) for nonpolar
narcotic chemicals proposed for D. magna (Verhaar
et al., 1995) (Eq. (2)) and for the chlorophyte Pseudo-
kirchneriella subcapitata (Van Leeuwen et al., 1992)
(Eq. (3)), whose sensitivity is seen to be comparable to
D. subspicatus (Blanck et al., 1984). If the ECsy of
the tested substances is as high as or even higher
than predicted by the equations, the compounds are

considered to show no specific mode of action, but to act
by narcosis only

Log ECs[molL™'] = —0.95log Ko — 1.32, (2)

Log ECs)[mol L") = — 1.00log Koy, — 1.23. (3)

2.5. Statistical evaluation

All calculations were conducted using the software
ToxRat (ToxRat Solutions, Aachen, Germany). EC,
values were computed using probit analysis (dose—
response fitting: normal sigmoid, maximum-likelihood
regression). NOECs were determined using Dunnett’s
multiple z-test procedure; o = 0.05, one-sided smaller.

3. Results
3.1. Single-compound toxicity
Tables 1 and 2 show the individual-effect concentra-

tions and 95% confidence limits of the applied substances
in the algal growth inhibition test and the acute Daphnia

Table 1

Effect concentrations and 95% confidence limits of the drugs tested in the algal test

Substance ECs (mgL™) EC, (mgL™h) EC, (mgL™") ECso (mgL™h) ECg (mgL™")

Diclofenac 442 49.2 56.1 71.9 92.2
(35.7-50.5) (41.2-55.2) (48.8-61.9) (65.5-79.1) (83.4-106.4)

Ibuprofen 72.9 102.7 155.5 342.2 753.2
(26.1-121.8) (44.1-159.2) (82.4-222.9) (242.4-471.5) (537.6-1323.2)

Naproxen 266.0 321.5 404.3 625.5 967.5
n.d. n.d. n.d. n.d. n.d.

ASA 86.4 90.6 95.8 106.7 118.9
(74.2-90.8) (81.6-93.7) (91.6-97.3) (104.4-114.3) (112.1-142.5)

n.d.: Not determinable

Table 2
Effect concentrations and 95% confidence limits of the drugs tested in the acute Daphnia test
Substance ECs (mgL™) EC, (mgL™h) EC, (mgL™") ECsy (mgL™h) ECg (mgL™")
Diclofenac 10.0 15.2 25.5 68.0 181.3
n.d. n.d. n.d. n.d. n.d.
Ibuprofen 58.4 66.0 76.4 101.2 134.1
(43.9-77.7) (51.7-84.1) (62.9-92.9) (89.2-114.9) (117.0-153.6)
Naproxen 26.2 39.5 64.8 166.3 426.6
(11.4-60.5) (20.2-77.4) (39.9-105.3) (130.5-211.9) (274.5-663.0)
ASA 38.1 45.9 57.4 88.1 135.2
(25.4-57.1) (32.9-63.9) (44.6-73.9) (72.8-106.6) (100.4-182.1)

n.d.: Not determinable
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test, respectively. The EU Directive 93/67/EEC (Commis-
sion of the European Communities, 1996) classifies
substances according to the lowest measured ECs, value
in different risk classes. An ECsp <1 mg L~ would entail
the classification, “‘very toxic to aquatic organisms’’; from
1 through 10mgL ™" “toxic to aquatic organisms”, and
from 11 through 100mgL~" "harmful to aquatic organ-
isms”. Substances with an ECsy>100mg L~ would not
be classified. On the basis of this scheme, the acute
toxicity of all tested substances is relatively low. Only
diclofenac, with ECs, values of 68.0mgL~' in the
Daphnia test and 71.9mgL~" in the algal test, and
ASA with an ECsy of 88.1mgL~" in the Daphnia test
would be classified as potentially harmful to aquatic
organisms. The lowest NOEC was 32mgL~" (ibuprofen
and ASA in the algal test, naproxen in the Daphnia test;
see Tables 4 and 5), and the lowest EC;o was 15.2mgL ™"
(diclofenac in the Daphnia test; see Table 5).

3.2. Mode of action and mixture toxicity

The high ECs, values obtained imply that no specific
mode of action is responsible for the toxic effects on

Table 3
Measured ECs, values in comparison to those predicted in agreement
with the log K, of the observed substances

Substance LogKow ECso (mmolL™")

Predicted for narcosis Measured

Daphnia Algae Daphnia  Algae

Diclofenac 44 3.16x 1073 234x 1073 0.21 0.23
Ibuprofen 35 0.023 0.019 0.46 1.57
Naproxen 33 0.035 0.030 0.66 2.48
ASA 1.2 3.47 3.72 0.49 0.59
Salicylic acid 2.3 0.31 0.30 — —

daphnids and algae. This is confirmed by a simple
QSAR approach using Egs. (2) and (3), respectively. All
measured ECs, values are as high as or even higher than
those predicted by the QSARs for narcosis, with the
exception of that for ASA (Table 3).

3.3. Mixture toxicity

Drug concentrations applied in the mixtures are
shown in Tables 4 and 5 in comparison to their
individual NOECs for the Daphnia and the algal tests,
respectively. In the algal test, mixture toxicity of the
NSAIDs could be accurately predicted using the concept
of concentration addition (Fig. 1). The situation for the
Daphnia test differed somewhat (Fig. 2). The first three
treatments (ECs, ECyy, and EC,j) showed no effect at

100
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Fig. 1. Measured mixture toxicity of the NSAIDs tested as obtained in
the algal growth inhibition test in comparison to the individual
toxicities of the single compounds and the mixture toxicity predicted
by the concept of concentration addition.

Table 4

Concentrations of the tested drugs applied in the mixture in the algal test in comparison to the individual NOECs of the single compounds
Substance ECs/4 (mgL™") ECio/4 (mgL™") ECy/4 (mgL™") ECso/4 (mgL™") ECgo/4 (mgL™") NOEC (mgL™")
Diclofenac 11.1 12.3 14.0 18.0 23.1 50

Ibuprofen 18.2 25.7 38.9 85.6 188.3 32

Naproxen 66.5 80.4 101.1 156.4 241.9 100

ASA 21.6 22.6 24.0 26.7 29.7 32

Table 5

Concentrations of the tested drugs applied in the mixture in the acute Daphnia test in comparison to the individual NOECs of the single compounds
Substance ECs/4 (mgL™") EC /4 (mgL™") ECa/4 (mgL™") ECso/4 (mgL™") ECgo/4 (mgL™") NOEC (mgL™")
Diclofenac 2.5 3.8 6.4 17.0 45.3 45

Ibuprofen 14.6 16.5 19.1 253 335 75

Naproxen 6.6 9.9 16.2 41.6 106.7 32

ASA 9.5 11.5 144 22.0 338 75
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Fig. 2. Measured mixture toxicity of the NSAIDs tested as obtained in
the acute Daphnia test in comparison to the individual toxicities of the
single compounds and the mixture toxicity predicted by the concept of
concentration addition.

all, whereas mixture toxicity at the ECso and the ECg
doses were as high or even higher than that predicted by
concentration addition.

4. Discussion

In most cases, individual ECsy values of the tested
compounds were >100mgL~". Therefore, based on the
scheme used in the European Union, only diclofenac
and ASA would be classified as potentially harmful to
aquatic organisms. Regarding an effect threshold, the
lowest NOEC was 32mgL~', which is 10,000- to
100,000-fold higher than the highest detected concentra-
tion of that compound in the aquatic environment. In
fact, the EC, approach is generally more sensitive for
detecting low effects; this is because, on the one hand,
NOEC is dependent on actually selected test concentra-
tions, and on the other hand, to compute the NOEC
each treatment was separately compared to the control.
In contrast, using an EC, approach, all data points are
used to determine effect concentrations. However, even
the lowest measured EC;, (diclofenac, 15.2mgL™" in
the Daphnia test) is ~10,000-fold higher than concen-
trations detected in the field. Thus, with respect to the
results obtained with daphnids and algae, acute effects
of these substances are very unlikely. If we keep in mind
that the tested substances are pharmaceuticals, strong
acute effects caused by a specific mechanism may
actually not be expected, because such an acute toxicity
would surely diminish the pharmaceutical benefit of the
compound.

Therefore, considering the situation in the field with
mostly very low concentrations of pharmaceuticals, we
must assume that generally chronic effects are more

likely than acute effects, and there may be other species
that are more sensitive to these contaminants. For
example, an earlier study (Cleuvers, 2003) indicated that
the ECsy values of tested NSAIDs obtained using the
duckweed Lemna minor were 5- to 10-fold lower than
those obtained using the acute Daphnia or algal test. For
that reason it was proposed to conduct Lemna tests
routinely in addition to other standard tests (Cleuvers
and Ratte, 2002). Additionally, it may be useful to use
additional benthic organisms, like freshwater gastro-
pods or oligochaetes, to improve the environmental risk
assessment.

All drugs tested in this study are NSAIDs and are
considered to have the same mode of action in humans.
They inhibit the cyclooxygenases, the key enzymes
catalyzing prostaglandin biosynthesis, which is partially
involved in the genesis of pain and inflammation (Vane
and Botting, 1998; Vane, 1971). This inhibition is
responsible for the analgesic and anti-inflammatory
effect of the NSAIDs. Among the other functions of
prostaglandins is their ability to cause contractions or
atony of muscles in different organs, with effects on
blood pressure and circulation. In addition, some
prostaglandins act to protect cells in the gastrointestinal
tract, and their inhibition by NSAIDs with the
possibility of internal bleeding is one of the most
important side effects of these pharmaceuticals. Several
publications have reported on the occurrence of
prostaglandins in nonmammalian vertebrates (Bundy,
1985; Nomura, 1988) such as fish, amphibians, and
birds, as well as in invertebrates such as corals, sponges,
coelenterates, mollusks, crustaceans, insects, and in
marine algae and higher plants, where they are
considered to carry out different functions, for example,
in defense mechanisms of plants. Unfortunately, no
literature is available about the occurrence of prosta-
glandins in daphnids or freshwater algae, so that it is
unclear whether the test species used in this study could
serve as a model for a specific effect of NSAIDs.
Therefore, additional biotests with vertebrates like fish
could be a useful tool to assess environmental risk. The
high measured ECs, values imply that no specific mode
of action is responsible for the toxic effects found in
daphnids and algae. This is confirmed by QSAR, using
Egs. (2) and (3), respectively. One problem is that the
log Koy values of ibuprofen sodium and naproxen
sodium are not available in the literature. To allow a
comparison of the toxicity of the drugs using as a
baseline their log Koy, I used the log K, values of the
pure substances, not of the sodium salts; these are
indicated in Table 3. Of course, this leads to slightly
different predictions of toxicity, but because of the high
ECso values the QSAR will in any case show that the
substances are not more toxic than predicted for
nonpolar narcosis. In fact, Table 3 shows that all
measured ECsqy values are equal to or even higher than
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predicted by the QSARs for narcosis, with the exception
of that for ASA. However, as a pro-drug, ASA is easily
degraded by deacetylation into its more active form
salicylic acid (Heberer, 2002), which has a higher
log K. On the basis of that information, the measured
ECs is now higher than predicted, meaning that ASA
also acts nonspecifically by narcosis.

For our results, an important point to consider is that
all the drugs we tested are carboxylic acids. As a result
of the pH in the biotests (7.5-8.5), as well as generally in
the field, the substances will dissociate to a great extend
to their polar form, reducing their bioavailability.
Another significant influence is the hydrophobicity of
the compounds, which directly affects the bioconcentra-
tion factor (BCF). Predictably, the higher the log Koy,
the higher the toxicity of the substances. Again, the only
exception is ASA, which, in comparison to the other
compounds, is somewhat more toxic than expected. The
reason for this deviation may be that, in addition to its
degradation into salicylic acid, and in contrast to the
other compounds, ASA has a considerable influence on
pH, an additional unfavorable influence on the test
organisms. The lower the pH, the higher the bioavail-
ability of ASA.

In the algal test, due to the narcotic nature of
action, the mixture toxicity of the NSAIDs could be
accurately predicted using the concept of concentration
addition on all effect concentrations from ECs to ECyg.
This is consistent with the earlier finding that concen-
tration addition is a valid concept for nonreactive,
nonspecific compounds (Deneer et al., 1988; Van Loon
et al., 1997). However, in the Daphnia test, the first three
treatments showed no effect at all, whereas mixture
toxicity at the ECsy and the ECgy doses were as high as
or even higher than predicted by concentration addition.
An explanation is that, because of the very steep dose—
response curves of the single substances, the probit
analysis overestimates the effect caused by low doses
of the test substances we used. The consequence is that
the mixture concentrations were too low to yield the
expected effect. Therefore, additional studies with
substances showing steep dose-response curves should
preferably use a nonlinear regression method, for
example, a four-parameter logistic fit, to calculate the
EC, values.

After comparing concentrations used in the mixtures
to the individual NOECs of the single substances, it
seems obvious that considerable combination effects
could also occur if some or even all substances were
applied in concentrations below their NOEC. This
implies that the use of individual NOECs is not
applicable when assessing the environmental risk of
mixtures. Furthermore, more data about chronic effects,
for example, on daphnids, fish, and benthic macro-
invertebrates, are indispensable to estimate the environ-
mental risk of pharmaceutical compounds.
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