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Abstract: Just recently the problem of pharmaceutical residues in the environment has been emphasized by
OECD. Especially antibiotics are of concern due to their widespread use and diverse modes of actions including
ones that can affect the photosynthetic activity of primary producers and subsequently primary biomass pro-
duction and carbon dioxide fixation. The EU regulatory authority, the European Medicines Agency (EMA), has
therefore proposed to implement a new tailored environmental risk assessment scheme, published in a new draft
guideline 2018. Threshold effect levels to three fixed representative species of green algae and cyanobacteria
will be required. This article reviews and compares the contamination of waters with antibiotics in Switzerland
and Germany and also presents an overview of published effect data on eukaryotic algae and prokaryotic cyano-
bacteria in order to discuss the representativeness of the selected species. Since no full datasets as demanded
by the EMA were publically available yet, the gaps for four antibiotics have been experimentally completed. In
summary the results support the species selection of the EMA published in the revised draft guideline, however

it remains unclear whether diatoms should also be considered.

Keywords: Antibiotics - Environmental Risk Assessment (ERA) - EU regulation - Human pharmaceuticals -
Measured Environmental Concentration (MEC)

R. Arno Wess studied biology, chemistry and
toxicology, contributing to an ecotoxicology
lexicon and entered (eco)toxicological data
in AIDA, an IUCLID database precursor.
His dissertation was a QSAR model devel-
opment at the Goethe University Frankfurt,
Germany. He worked for the pharmaceutical
industry and a start-up developing an ob-
ject-oriented intelligence database for (eco)
toxicological modes of action and since 14
years for GLP-laboratories, starting 11 years ago in a regulatory
consulting team. 2018 he joined IES to focus on market opening
for the pharmaceutical industries. Focussing on ecotoxicology, en-
vironmental fate, and regulatory legislation, his special knowledge
comprises difficult substances and mixtures, computational toxicity
category approaches and read-across. Arno is member of SETAC,
SST, and the Senckenberg Society for Nature Research.

Thomas Schmidt studied biology at the
University of Wiirzburg, Germany, and is
specialized in animal ecology, ecological
botany, pharmaceutical biology and bio-
chemistry. He works as study director in
terrestrial ecotoxicology (non-target arthro-
pods, pollinators, soil organisms, dung or-
ganisms) and aquatic ecotoxicology (sedi-
ment organisms) under GLP since 2002 and
developed advanced statistical skills for de-
termination of NOEC/LOEC and calculation of ECx. In addition,
he is a regulatory expert for environmental risk assessments of

*Correspondence: R. A. Wess, E-mail: a.wess@ies-Itd.ch

human pharmaceuticals and plant protection products and partic-
ipates actively at meetings of SETAC and IOBC since many years.

Stefan Hoger studied biology at the
University of Konstanz, Germany. During
his PhD (2000-2004) he focused on the is-
sues of drinking water treatment of cyano-
bacterial-loaded surface waters and the con-
sequences for human health in Switzerland,
Germany and Australia. After completing
his PhD he coordinated the toxicological
section of the EU project PEPCY (2004—
2006). Since 2007 he is working in the con-
tract research industry in Switzerland. He worked and is working
there as a study director, department head, GLP test facility man-
ager, COO and CEO. His field of expertise covers ecotoxicol-
ogy, toxicology and regulatory know-how. Stefan is member of
SETAC and SCS.

1. Introduction

According to a recent OECD publication,!!l pharmaceutical
residues in freshwater are a challenge that must continuously be
tackled taking advances in our knowledge into account. The re-
port stresses the need for a better understanding of the effects of
pharmaceuticals in the environment, calls for greater international
collaboration and accountability distribution, and suggests policy
actions to prevent and remedy the problem across the pharmaceu-
tical life cycle.

The harmonized structure for registration dossiers of me-
dicinal products (Common Technical Document, CTD) puts the
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Environmental Risk Assessment (ERA) in Module 1.6, which
is a nation-specific chapter. It is not harmonized and national
legislation applies in terms of content and requirements. While
Switzerland has no detailed specific regulation for the content and
data needs, in the European Union (EU) the European Medicines
Agency (EMA) has released a binding guideline,?! which is going
to be adapted to the technical progress.[3!

During the EU ERA for Human Medicinal Products (HMP)[23]
every substance is evaluated using the lowest toxicity threshold
concentration from the first three trophic levels of the food chain.
This concentration is then divided by a safety factor resulting in
the Predicted No-Effect Concentration (PNEC). The Predicted
Environmental Concentration (PEC) is calculated according to
models given in the guidelines[?3! and then divided by the PNEC.
The resulting Risk Quotient (RQ) is thus the PEC/PNEC ratio and
should be <1 to indicate risk control.

Apart from the (cross-) resistance problems, antibiotics — as
designed to target bacteria (sharing a prokaryotic cell structure)
- may harm primary producers, which are represented by mono-
cellular photosynthetically active test organisms according to the
guidelines!23! in the ERA. Antibiotics may particularly affect/
harm the cyanobacteria (Cyanophyta; also called blue-green al-
gae) as well as bacteria of microorganism communities in sewage
sludge, which are essential for the functioning of Waste Water
Treatment Plants (WWTP). Green algae (Chlorophyta) and di-
atoms (Bacillariophyta), although representing eukaryotic cells,
may also be quite sensitive, particularly if bacterial target struc-
tures are present in their organelles that bear similarities to prokar-
yotic cells, i.e. plastids (e.g. the photosynthetically active chloro-
plasts) or mitochondria.

While the (cross-) resistance potential is not yet regulated, the
protection of WWTP is addressed experimentally by the sum end-
point ‘activated sludge respiration inhibition’ in a study compliant
to the OECD Test Guideline (TG) 209, obligatory for ERA in
the EU according to the guideline of EMA.[23] This test is based
on the premise that the whole microorganism community may be
altered by the loss of intoxicated most sensitive species, but can
maintain its function due to the increase of more tolerant ones as
long as the respiration rate remains unchanged.

Given the ecological role of primary producers, i.e. perfor-
mance of photosynthesis and thus production of oxygen, binding
carbon dioxide, and organic matter biosynthesis, their pivotal role
in the biosphere is obvious. These biota, potentially affected by
low concentrations of antibiotics, represent not only the two exist-
ing basic cell types (eukaryotes and prokaryotes) but also a large
number of species. This makes it difficult to select the best repre-
sentative species for the regulatory ERA testing. Accordingly, the
existing EU ERA guidelinel?! prescribes no preferred test species,
but clarifies that for ‘antimicrobials’ a cyanobacterium should be
used.

Since 2006, when the first EU ERA guideline!?! entered into
force, an ERA was required for the registration dossier of all new
HMP or, in case of major changes, also for existing products (so-
called ‘type Il variations’). With the submitted dossiers data be-
came increasingly available to the EU authorities in the meantime.
On this basis, a more comprehensive approach seemed desirable
for antibiotics. Due to the large interspecies differences experi-
enced by the authorities reviewing the submitted dossiers and as
also evidenced in the literature, the EMA guideline draft of 20183
foresees newly two specific cyanobacterial and one green alga
species (as stated in Table 3), while the trophic level of secondary
or tertiary consumers, in ERA generally represented by fish, is not
required any more in the specific case of antibiotics.

The publically available data do not yet comprise full prima-
ry producer datasets in agreement with the new draft guideline.
Nonetheless such an overview would be particularly interesting
when discussing the planned changes of the guideline.l!

The clinical spectrum defined for the medical practice of an-
tibiotic treatments distinguishes between the two major groups of
bacteria, i.e. gram-positive and gram-negative ones, depending on
the structure of their cell envelope and indicated by the outcome
of the gram staining method.5! As cyanobacteria are gram-neg-
ative,[® strong effects of antibiotics clinically recommended for
the treatment of infections caused by gram-negative bacteria seem
likely. Consequently, two out of the three suggested species in the
new tailored assessment approach for antibiotics in the EUP! are
cyanobacteria.

In order to test the appropriateness of the suggestions in the
new guideline, we selected four antibiotics, clinically not recom-
mended for infections usually caused by gram-negative bacteria.
For these antibiotics, indication for testing specific (gram-neg-
ative) cyanobacterial toxicity is not self-evident. Therefore, the
intention was to see whether the new scheme is appropriate also
in such a case.

Using literature data and complementary new test results, we
present four full data sets in agreement with the guideline draft
requirementsi3! to enable a discussion of the new approach. As
an evaluation in this context should consider antibiotics actually
occurring in our environment, this publication also gives an over-
view on the Measured Environmental Concentrations (MEC) of
antibiotics in surface fresh waters of Switzerland and Germany.

In addition effect values on eukaryotic algae and prokaryotic
cyanobacteria were also retrieved from the literature in order to
compare with the species selection of the guideline draft,[3l and
to assess the general risk posed by antibiotics in these countries.

2. Literature Surveys

2.1 Exposure: Measured Environmental
Concentrations (MEC) of Antibiotics in Surface Waters
of Switzerland and Germany

Methods: The occurrence of analytically measured antibiotics
in the aquatic environment of Switzerland (i.e. rivers, lakes) was
surveyed in a semi-quantitative literature research. The keywords
‘antibiotic AND water’, ‘antibiotic AND lake’ and ‘antibiotic
AND river’ in PubMed resulted in nine relevant publications for
Switzerland.[”-151 For comparison purposes ten publications from
Germany were added.l'®-251 Measured concentrations for 16 and
29 antibiotics were retrieved from the Swiss and German studies,
respectively. The data were reported as mean or median values
or as a range of minimum and maximum values resulting in 108
and 149 measured values from three different compartments (sur-
face water of rivers and lakes, but also influents and effluents of
WWTPs) in Switzerland and Germany, respectively (Table 1).

Maximum values were either extracted directly from the re-
spective publication or calculated as mean plus two times the
standard deviation. In addition, the use of the antibiotics as hu-
man and/or veterinary antibiotic is given in Table 1 as defined
according to the list of authorized active substances available
from Swiss Medic for the Federal Office of Public Health of
Switzerland (status: 31 October 2019) and the drug information
data base PharmNet.Bund of the Federal Ministry of Health of
Germany (status: 27 June 2019).

Results: The detected antibiotics are presented in Table 1.
In Switzerland and Germany, seven of the ten most frequently
detected antibiotics were identical, whereas data on norfloxacin
and metronidazole were only available for Switzerland and da-
ta on amoxicillin and doxycycline only for Germany. The most
frequently detected antibiotics (i.e. more than ten times) were
ciprofloxacin, norfloxacin and clarithromycin in Switzerland and
sulfamethoxazole, trimethoprim, clarithromycin, erythromycin
and roxithromycin in Germany. The maximum measured con-
centration of an individual antibiotic substance in Switzerland
was 161 ng/L (norfloxacin), 3500 ng/L (clarithromycin) and
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Table 1. Numbers of analytical detections of antibiotics and their metabolites from surface waters and from influents and effluents of waste water
treatment plants in Switzerland (n = 9 studies) and Germany (n = 10 studies).

No. Germany
Antibiotic use
S = s =
2 E S
1 Sulfamethoxazole hum/vet 9 2 9
2 Trimethoprim hum/vet 6 1 6
3 Clarithromycin hum 4 2 5
4 Erythromycin hum/vet 6 1 4
5 Roxithromycin hum 4 2 5
6  Clindamycin hum/vet 3 2 3
7  Ciprofloxacin hum 2 2 2
8  Amoxicillin hum/vet 1 2 2
9  Azithromycin hum 1 2 2
10 Doxycycline hum/vet 1 2 2
11  Piperacillin hum 1 2 2
12 Ofloxacin hum 1 1 2
13 Sulfadiazine hum/vet 1 0 3
14 Ampicillin hum/vet 1 1 1
15 Chloramphenicol hum/vet 1 0 2
16  Dicloxacillin hum 1 1 1
17  Flucloxacillin hum 1 1 1
18 Mezlocillin hum 1 1 1
19  Oxytetracycline hum/vet 1 1 1
20 Spiramycin hum/vet 1 1 1
21  Sulfadimidine vet 1 1 1
22 Tylosin hum/vet 1 1 1
23 Cefotaxime hum 0 1 1
24 Cefuroxime hum 0 1 1
25 Clindamycin- hum 0 1 1
sulfoxide

26 Levofloxacin hum 0 1 1
27  Penicillin V hum/vet 0 1 1
28  Sulfamethizole hum 0 1 1
29  Vancomycin hum 0 1 1

—_— e = N
—_— = = O

A A UL L LY

(O8]

DD NN W W W W W W W W
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Switzerland
Antibiotic use n
S = =
2% E %

Ciprofloxacin hum 3 1 15 19
Norfloxacin hum 3 1 15 19
Clarithromycin hum 4 2 6 12
Sulfamethoxazole hum 3 2 3 8
Azithromycin hum 3 2 2 7
Trimethoprim hum/vet 3 2 2 7
Roxithromycin hum 0 1 5 6
Clindamycin hum/vet 1 1 2 5
Metronidazole hum/vet 2 1 2 5
Ofloxacin hum 2 1 2 5
Erythromycin hum 1 1 2 4
Sulfadimethoxine vet 1 1 1 3
Sulfamethazine vet 2 0 0 2
(Sulfadimidine)*
Sulfamethoxazole-  hum/vet 1 1 0 2
N4acetyl
Sulfapyridine vet 1 1 0 2
Sulfathiazole vet 2 0 0 2

Substances in italics were not authorized in 2019. *= Sulfamethazine [USP] and Sulfadimidine [INN] are synonyms. hum/vet = human and veterinary

use.

2400 ng/L (clarithromycin) for surface waters, influents and ef-
fluents, respectively, and in Germany 1700 ng/L (erythromycin),
2204 ng/L (sulfamethoxazole) and 8263 ng/L (sulfamethoxazole)
for surface waters, influents and effluents, respectively (Fig. 1).
The reported maximum values for mean or median concentrations
in Switzerland were 14 ng/L (clarithromycin) and 430 ng/L (nor-
floxacin) for surface waters and effluents (no values for influents
available) and in Germany 150 ng/L (erythromycin), 515 ng/L
(sulfamethoxazole) and 2460 ng/L (sulfamethoxazole) for surface
waters, influents and effluents (Fig. 1).

This literature survey points towards three characteristics of
antibiotics in environmental samples: firstly, the variability of
antibiotics is high (ranging from below the limit of detection in
many surface water samples to up to 8263 ng sulfamethoxazole/L
in effluents) and mainly dependent on the location of sampling.

Secondly, the concentrations found in surface water samples
are, as expected, lowest followed by higher concentrations in
WWTP effluents and the highest concentrations in WWTP in-
fluents. It should be noted that some antibiotics were analysed
at higher concentrations in effluents compared to influents (e.g.
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Fig. 1. Analytically determined concentrations of the ten most frequently found antibiotics in surface waters of river / lakes (white symbols), influents
(black symbols) and effluents (grey symbols) of waste water treatment plants in Switzerland (A, n = 93 values from 9 studies) and Germany (B, n = 95
values from 10 studies) with maximum values (A) and mean or median values (0))

sulfamethoxazole, trimethoprim, roxithromycin and clindamycin
in Switzerland; sulfamethoxazole, trimethoprim, clarithromycin,
erythromycin, roxithromycin and clindamycin in Germany). The
reasons for this contradictory picture may be explained by active
pharmaceutical ingredients (APIs) excreted as conjugates and then
undergoing deconjugation in the WWTPs,[20] by the compilation
of values from different studies which cannot be compared direct-
ly, by the special management practices of WWTPs with variable
removal efficiencies due to different hydraulic retention times,[27]
and/or by the lack of removal efficiency of standard WWTPs.

Finally, this survey on detected antibiotics corroborates con-
clusions from studies of other regions[?8-301 that antibiotics are
found in WWTP influents and effluents at concentrations of up to
and beyond 1000 ng/L, which then decrease to concentrations of
1-100 ng/L in surface waters.

2.2 Hazard: Effect Levels of Antibiotics on
Monocellular Primary Producers

Methods: The publicly available literature was screened for
publications on effects of antibiotics on eukaryotic algae and/or
prokaryotic cyanobacteria.31-701 Only those studies were used
which fulfilled the following requirements: study performance
following the OECD TG 201! or a comparable protocol, pres-
entation of No-Observed Effect Concentrations NOEC and/or
10% Effect Concentrations EC, | for growth inhibition, exposure
period of 72 or 96 h, data on at least one representative of eukar-
yotic algae or prokaryotic cyanobacteria.

Results: Overall, 111 endpoint values (either NOEC and/
or EC, ) were retrieved from tests with seven green algal spe-
cies (Raphidocelis subcapitata, Desmodesmus subspicatus, D.

quadricauda, Scenedesmus quadricauda, S. obliquus, Chlorella
vulgaris, Ankistrodesmus fusiformis), three diatom species
(Cyclotella meneghiniana, Navicula pelliculosa, Phaeodactylum
tricornutum) and four cyanobacterial species (Anabaena flos-aq-
uae, A. sp. CPB4337, Synechococcus leopoliensis, Microcystis
aeruginosa).[31:40.48:51.53.55.58,62-65.67]

A pair-wise comparison of NOEC/EC,  of the most sensitive
eukaryotic algal species (green algae or diatoms) and the most
sensitive prokaryotic cyanobacterial species could be performed
for 17 antibiotics (2—14 endpoints per substance) (Table 2).

Cyanobacterial species are more sensitive than eukaryotic
algae for 11 antibiotics (64.7%), and less sensitive for six anti-
biotics (35.3%, clindamycin, levofloxacin, oxytetracycline, met-
ronidazole, tetracycline and trimethoprim).

Regarding the suggestion of the EMA draftl3! to test the spe-
cies R. subcapitata, A. flos-aquae and S. leopoliensis, one of these
three species was found to be indeed the most sensitive tested spe-
cies for 13 of 17 antibiotics (76.5%). For four antibiotics (23.5%),
less frequently tested species were the most sensitive: two cyano-
bacterial species M. aeruginosa (EC, = 0.007 mg enrofloxacin/L)
and Anabaena. sp. CPB4337 (EC, = 0.007 mg erythromycin/L),
one green algal species A. fusiformis (EC, = 0.05 mg oxytetracy-
cline/L) and one diatom species N. pelliculosa (NOEC= 1.20 mg
trimethoprim/L). These values are less than a factor of 10 different
from the endpoint values for the second most sensitive species,
which in all cases correspond to one of the species suggested in
the EMA draft (A. flos-aquae: EC, = 0.019 mg enrofloxacin/L;43!
A. flos-aquae: EC, = 0.03 mg erythromycin/L;581 R. subcapitata:
EC,, = 0.07 mg oxytetracycline/L;!®* R. subcapitata: NOEC =
12.5 mg trimethoprim/LI467).
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Table 2. Comparison of the most sensitive species of monocellular primary producers towards 17 antibiotics.

Antibiotic Number Number of = Most susceptible species Expo- EC, [mg/L] NOEC Litera-
of studies species tested sure [h] [mg/L] ture
Eukaryotic algal species*
Amoxicillin 2 1 Raphidocelis subcapitata 72 >1500 - [48]
Ciprofloxacin 5 4 Scenedesmus obliquus 72 - 0.0250 [63]
Clarithromycin 3 2 Raphidocelis subcapitata 72 0.0070 0.0040 [62]
Clindamycin 1 1 Raphidocelis subcapitata 72 0.00056 0.00029 [67]
Enrofloxacin 7 4 Ankistrodesmus fusiformis 96 0.0300 - [64]
Erythromycin 4 2 Raphidocelis subcapitata 72 0.0360 - [48]
Flucloxacillin 1 1 Raphidocelis subcapitata 72 >95,2 0.9500 [67]
Levofloxacin 1 1 Raphidocelis subcapitata 72 0.9300 - [48]
Lincomycin 7 6 Desmodesmus subspicatus 96 0.0772 - [57]
Linezolid 1 1 Raphidocelis subcapitata 72 0.1800 0.1600 [58]
Metronidazole 6 2 Chlorella sp. 72 2.03 - [31]
Norfloxacin 4 2 Raphidocelis subcapitata 72 - 2.00 [40]
Oxytetracycline 5 3 Ankistrodesmus fusiformis 96 0.0500 - [64]
Sulfamethoxazole 2 1 Raphidocelis subcapitata 72 - 0.5 [40]
Tetracycline 2 1 Raphidocelis subcapitata 72 0.0320 - [48]
Trimethoprim 9 5 Navicula pelliculosa** 96 1.32 1.20 [57]
Tylosin 7 5 Phaeodactylum tricornutum** 96 0.1924 0.2565 [57]
Prokaryotic cyanobacterial species
Amoxicillin 2 2 Anabaena flos-aquae 72 - 0.0040 [58]
Ciprofloxacin 3 2 Anabaena flos-aquae 72 - 0.0026 [58]
Clarithromycin 3 2 Synechococcus leopoliensis 72 - 0.0011 [58]
Clindamycin 3 2 Synechococcus leopoliensis 72 0.00239 0.00029 [67]
Enrofloxacin 5 2 Microcystis aeruginosa 72 0.0070 0.0090 [65]
Erythromycin 2 2 Anabaena sp. CPB4337 72 0.0050 - [48]
Flucloxacillin 3 2 Anabaena flos-aquae 72 0.11 0.03 [67]
Levofloxacin 1 1 Anabaena flos-aquae 72 1.1000 - [53]
Lincomycin 3 2 Synechococcus leopoliensis 96 0.0081 - [57]
Linezolid 3 2 Synechococcus leopoliensis 96 0.0900 0.1000 [67]
Metronidazole 3 2 Synechococcus leopoliensis 72 6.88 1.00 [67]
Norfloxacin 1 1 Anabaena sp. CPB4337 72 1.20 - [48]
Oxytetracycline 1 1 Anabaena flos-aquae 72 1.50 - [50]
Sulfamethoxazole 3 2 Anabaena flos-aquae 72 - 0.1000 [58]
Tetracycline 1 1 Anabaena sp. CPB4337 72 2.50 - [48]
Trimethoprim 5 2 Anabaena flos-aquae 96 18.3 13.6 [57]
Tylosin 2 2 Synechococcus leopoliensis 96 0.0101 0.0082 [57]

The values printed in bold indicate the lowest threshold effect concentration for an antibiotic, which would serve as point of departure for the deriva-
tion of an environmentally safe level. According to the guideline® an EC,  is preferred over a NOEC from the same study. *The original sources may
state “Pseudokirchneriella subcapitata” instead of the meanwhile valid new name Raphidocelis subcapitata. **Diatom.

3. Full Primary Producer Datasets According to the
EMA Draft Guideline

In the course of the master thesis of Loetscher,[¢7! it was in-
tended to compile a small series of primary producer data sets
as required by the EMA-guidelinel®! draft in order to get some
additional evidence of the suitability of the new suggested repre-
sentative species group.

Using a scheme for the so-called ‘calculated antibiotic thera-
py’ (i.e. a therapy in absence of knowledge on the identity of the
pathogenic bacterial species, but supported by experience on the
respective disease patterns)!72! four listed antibiotics clinically not
indicated for any gram-negative bacteria were chosen. Literature
data considered suitable for regulatory environmental assessment
submissions according to applicable study rating schemes!”374I for



188

CHIMIA 2020, 74, No. 3

CHEMISTRY AND THE ENVIRONMENT

two of these antibiotics (clindamycin and linezolid) have been
retrieved from publications. The missing endpoints to complete
the datasets according to the tailored testing scheme of the EMA
guideline draftB! have been determined experimentallyl®”l accord-
ing to the recommended test guideline.”!! For the two remain-
ing antibiotics (flucloxacillin and metronidazole) all required
endpoints have been determined.l”] Table 3 shows the complete
datasets.

4. Discussion

4.1 Risk Assessment on Primary Producers Based on
Observed MEC and Measured Effect Levels

Several caveats regarding the simplifications of the EU ERA
assessment approach(23] for HMP should be taken into account:
firstly, the highly diverse groups of eukaryotic algae and prokary-
otic cyanobacteria are so far only represented by a small number
of tested species. To further assess the suitability of the EMA draft
guideline suggestions, more species should be tested to reduce
uncertainty. Secondly, testing of primary producers should be fo-
cused on reporting EC, -values in order to reflect adequately the
continuously occurring low concentrations of antibiotics in sur-
face waters. And finally, additional studies on effects of antibiotic
mixtures at environmentally relevant concentrations are needed
for the assessment of the ERA of antibiotics.

The model for the PEC calculation used in the guidelines!23!
does not take possible background levels of antibiotics into ac-
count. Other uses apart from the indications(s) of the API as sub-
mitted by the applicant for marketing authorisation as HMP are
disregarded and the same API may e.g. be used also in veterinary

medicine. Accordingly, MECs can generally be used to replace
the estimation of PECs for already marketed APIs and are more
relevant as they integrate over all uses and include also environ-
mental depletion and/or liberation from unstable sinks.

On the basis of the literature review RQs can be established
for six antibiotics. To this end, the maximum MEC was divided
by the derived PNEC for each API. As maximum MEC the high-
er value of either the concentration directly measured in surface
water or the calculated value using the MEC at the WWTP point
of release, which equals the effluent MEC/10 considering the di-
lution as stated in the ERA guidelinel?! and in line with the MECs
presented here, was considered. The PNEC for primary producers
was calculated using the lowest effect threshold on growth rate to
the most sensitive freshwater species from Table 2, whereas an
existing EC, | was preferred over an NOEC from the same study
as suggested by the guideline.31 This value was divided by a safety
factor of 10 in agreement with the ERA guideline™ to derive the
PNEC . sers: The PNECs, MECs and the resulting RQs are

. _pnmary producers
listed in Table 4.

The data show that clarithromycin can pose a local risk to the
primary producer populations in Switzerland and Germany. This
is also the case for erythromycin in Germany. Nonetheless, other
substances being bioactive through the same or a related mode of
action can be able to produce additive or even exponentially in-
creased effects in the environment and are therefore contributing
to the total ecotoxicological burden of polluted biotopes.

The ERA according to the EU guideline focuses on the
point of release (i.e. near the WWTP effluent) and considers
the worst case that 1% of the population uses an API at the same
time. The PEC is intended to represent worst case conditions

Table 3. Threshold toxicity data sets of antibiotics according to the new guideline draft, based on growth rate effects.

Antibiotic
Green algae
Raphidocelis subcapitata
Clindamycin 0.00056!671: ES#20190190
Flucloxacillin SQ5I671; ES#20190122]
Linezolid 0.18!1581**
Metronidazole 1 31671; IES#20190179]

Test species and their 72 h EC,  [mg API/L]

Cyanobacteria
Anabaena flos-aquae

0.010!

0 11[67]; IES#20190123*
.

Synechococcus leopoliensis
0.0029!671; IES#20190121

7 7 [67]; IES#20190124

0.73581

20[67]; TES#20190126

O 34[67]; IES#20190125

6 9[67]; IES#20190127

The internal IES study numbers are given in superscript (after the reference) for easier identification. The values printed in bold indicate the lowest
threshold concentration and thus the most sensitive species. * Based on results of the range-finding test (0.1, 1.0, 10, 100 mg/L and control, in three

replicates).

**The reference states “Pseudokirchneriella subcapitata”, the former name of the species.

Table 4. Calculation of risk quotients (RQ) for seven antibiotics found in Switzerland and Germany.

Antibiotic PNEC [ug/L] Max. MEC surface water [pg/L* RQ
Switzerland Germany Switzerland Germany

Ciprofloxacin 0.26 0.05 0.09 0.19 0.35
Clarithromycin 0.11 0.328 0.26 2.98 2.36
Clindamycin 0.56 0.317 0.09 0.57 0.16
Erythromycin 0.50 0.24 1.7 0.48 34
Norfloxacin 120 0.219 no data 0.002 no data
Sulfamethoxazole 10 0.09 8.24 0.009 0.82

RQs > 1 are printed in bold. *Either directly determined or calculated as effluent/10 according to the guidelines.
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occurring exceptionally only. Consequently, RQ > 1 should oc-
cur only in exceptional cases, e.g. in an epidemic if more than
the guideline default valuel?! of 1% of the population is treated
with an APL

Therefore the data presented here may question whether the
standard safety factor of 10 and/or the generic assumption of 1%
of the population treated may cover all the simplifications appli-
cable in prospective ERAs as a part of the registration dossier
before marketing authorisation. This represents one of the major
challenges in the risk assessment process. A simple way to im-
prove the robustness of risk assessment would be the post-approv-
al comparison of PEC and MEC with the requirement of assess-
ment refinement in case the MEC exceeds the PEC regularly and
significantly (ecopharmacovigilance). The requirement of dossier
update as stated under the REACH - legislation (Regulation (EC)
no. 1907/2006) would be helpful to refine the assessment for cop-
ing with the real situation. To this end, substance monographs
for each problematic API could be compiled e.g. by substance
information exchange fora as required under REACH. In conclu-
sion the ERA process for pharmaceutical APIs still has room for
improvement.

4.2 Justification for the Waiving of Fish Testing
According to the EMA Guideline Draft Scheme for
Antibiotics

For reasons of therapeutic efficacy and low toxicity, target
structures of antibiotics should be specific for the disease-causing
prokaryotes, which means that such targets should be absent in
multicellular animals (metazoa) including vertebrates. Ideally an
adverse outcome pathway (AOP) cannot develop thus resulting in
little toxicity to the eukaryotic cells of humans and domestic an-
imals. The experimentally observed impact caused by antibiotics
is growth reduction, affecting potentially cyano- and other bac-
teria, but also photosynthetically active eukaryotes such as algae
and multicellular plants (metaphyta).[1.76-78

The latter is plausible as the chloroplasts of eukaryotic plant
cells can carry suitable target structures quite similar to the ones
in bacteria, which is one of the basic proofs whereupon the endo-
symbiotic theory is built.[79-80] Genome similarities between plas-
tids, the cell organelles to which also chloroplasts belong, and
cyanobacteria have been confirmed.3!1

Also the mitochondria, cell organelles present in all eukaryot-
ic cells, carry prokaryotic target structures. An antibiotic should
effectively exhibit toxic action against prokaryotic, bacterial cells,
but to be safe it should not interact with any targets present in
humans and domestic animals. It can be expected that antibiotics
with an AOP acting against mitochondria would exhibit intolera-
ble human and domestic animal toxicity and is therefore likely to
be sorted out quite early in the development process of a new APIL.

Humans and domestic animals, being vertebrates, can be as-
sumed to have some similarity to fish in terms of drug targets.
This is supported by findings that >90% of all human drug tar-
gets had orthologues in zebrafish (Danio rerio), while it was 64%
in a water flea (Daphnia pulex) and only 34% in a green alga
(Chlamydomonas reinhardtii).182!

In conclusion one can expect that antibiotics generally show a
low fish toxicity, which also seems to have been confirmed in the
data of the dossiers submitted to the authorities. On this basis, it
seems that fish testing can indeed be left out of the tailored anti-
biotic testing scheme as suggested by the EMA guideline draft.l3!

4.3 Is the new EMA Guideline Protective for Primary
Producers?

The scheme for testing the potential risk of antibiotics to pri-
mary producers in the aquatic environment foreseen by the EMA
guidelinel®! draft is in principle sufficiently protective. In the
majority of the comparisons, cyanobacteria were the most sen-

sitive phylum, and for 5 of the 17 antibiotics green algae showed
a higher sensitivity than cyanobacteria. This is in line with the
assumption that antibiotics tend to be more toxic to cyanobacte-
ria, probably because of their greater similarity to the pathogenic
bacteria targeted by them. Interestingly trimethoprim was found
to be most toxic to a diatom, however not many data for diatoms
are published.

No full data set as foreseen in the guideline updatel3! could
be compiled based on literature data. Therefore new experiments
were performed to provide lacking data points for two antibiotics
(clindamycin and linezolid) and two completely new data sets
for another two antibiotics (flucloxacillin and metronidazole).
In summary four full EMA guidelinel! draft-conform datasets
(Table 3) for antibiotics not primarily active against gram-neg-
ative bacteria and which are therefore not expected to be highly
effective against gram-negative cyanobacteria (Table 3), are now
available. Interestingly each of the three species to be tested ac-
cording to the guideline draft®! represents in at least one of the
tested cases the most sensitive species. Such a finding in a rather
small data set of antibiotics can be seen as a hint that the species
selection made by the authors of the EMA draft guideline is ap-
propriate, especially as the tested antibiotics have been designed
to work against gram-positive bacteria, to which cyanobacteria do
not belong to, and as green algae are typically not most sensitive
to antibiotics. The green algae showed two times the highest sen-
sitivity, however represented by only one of the three test species,
which is a slight overrepresentation. Nonetheless our data do not
support the hypothesis that the clinical spectrum of antibiotics
may justify a differentiation in the environmental safety testing.

Finally the species selection is also strongly supported in the
sense that the genus Synechococcus represents one of the two
most important genera (Prochlorococcus and Synechococcus) for
global primary production.[83]

In view of the significant contribution of waterborne micro-
organisms to the global primary production/®¥ and thus oxygen
production and carbon dioxide fixation,!35! the potential harm of
antibiotic releases is even more undesirable. One critical point in
the draft guideline may be the lack of testing requirements for the
highly diverse group of diatoms, which is characterised by a quite
specific biology and potentially different sensitivity to antibiotics.
Their global importance should not be neglected, as the contri-
bution of all diatoms to the annual 45-50 billion tons of biomass
production in the oceans is calculated to be about 40%, which
means a share of diatoms amounting to about 20% of the global
carbon fixation.[84.86-89]
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