Chapter 12

In Silico Models for Ecotoxicity of Pharmaceuticals
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Abstract

Pharmaceuticals and their active metabolites are one of the significantly emerging environmental toxicants.
The major routes of entry of pharmaceuticals into the environment are industries, hospitals, or direct
disposal of unwanted or expired drugs made by the patient. The most important and distinct features of
pharmaceuticals are that they are deliberately designed to have an explicit mode of action and designed to
exert an effect on humans and other living systems. This distinctive feature makes pharmaceuticals and
their metabolites different from other chemicals, and this necessitates the evaluation of the direct effects of
pharmaceuticals in various environmental compartments as well as to living systems. In this background,
the alarming situation of ecotoxicity of diverse pharmaceuticals have forced government and nongovernment
regulatory authorities to recommend the application of in silico methods to provide quick information
about the risk assessment and fate properties of pharmaceuticals as well as their ecological and indirect
human health effects. This chapter aims to offer information regarding occurrence of pharmaceuticals in
the environment, their persistence, environmental fate, and toxicity as well as application of in silico meth-
ods to provide information about the basic risk management and fate prediction of pharmaceuticals in the
environment. Brief ideas about toxicity endpoints, available ecotoxicity databases, and expert systems
employed for rapid toxicity predictions of ecotoxicity of pharmaceuticals are also discussed.
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1 Introduction

A significant amount of pharmaceuticals and their metabolites have
been found in the various environmental compartments causing
damage to the environment and hazard to the living systems. Due
to an increase in application of human and veterinary medicines
manyfold, pharmaceuticals and their metabolite residues have been
found in rivers, sewage effluents, streams and in surface, ground,
and potable water, creating a big concern for the ecologists [1].
The primary routes of entrance of pharmaceuticals into the
environment are domestic, hospital, and industrial wastes [2].
Pharmaceuticals are excreted in urine or feces as a mixture of
unchanged chemicals and metabolites and enter into the environ-
ment through septic tank and sewage systems [1]. On the other
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hand, ecotoxicity data of pharmaceuticals are available in the litera-
ture for less than 1 % of the drugs, and only a small number of
pharmaceuticals and their residues have been subjected to risk
assessment employing ecotoxicological tests.

Pharmaceuticals are intentionally designed to have a specific
mode of action and exert an effect on specific organs, tissues, cells,
or biomolecules in humans, mammals, or other vertebrates, and
many of them are persistent in the body [3]. As a consequence,
when pharmaceuticals and their unaltered metabolites enter into
the environment by different means, they can affect humans as well
as other living species. There are many drugs whose specific effects
or modes of action are not well known, and they often produce
effects through several modes of action. These distinguished fea-
tures make pharmaceuticals dissimilar from others and this is the
sole reason to assess the potential acute and chronic effects of phar-
maceuticals in diverse environmental compartments. It is quite
apparent that the toxic effects of pharmaceuticals on diverse organ-
isms in aquatic as well as nonaquatic environment are due to their
long persistent and bio-accumulative nature [4]. In view of the
serious issue of pharmaceutical toxicity to the environment, it is
vital to categorize the proper source, occurrence, effects, and fate
of each individual pharmaceutical product as well as to perform the
risk assessment and risk management of ecotoxicological effects of
the pharmaceutical chemicals and their metabolites [1, 2].

Antibiotics are one of the majorly used pharmaceuticals in
human and veterinary medicines. The world consumption of anti-
biotics has risen radically in the last decade, also increasing the
elimination of their metabolites in their original form. Most antibi-
otics are poorly metabolized after ingestion, probably resulting in
a fraction of antibiotics from 25 to 75 % leaving the bodies in an
unaltered form after consumption [5]. Additionally, a high per-
centage of the antibiotics added to the animal feed are excreted in
urine or manure. In some cases, as much as 90 % of the antibiotic
administered orally may pass through the animal unchanged and
excreted in urine and manure. Thereafter, these antibiotics can
enter surface and groundwater and be strongly adsorbed in soils
and are not readily degradable [6]. Vidaver [7] estimates that
53,000 ha of fruit and vegetable plants are sprayed annually with
antibiotics. For example, streptomycin and oxytetracycline are reg-
istered by the US Environment Protection Agency (USEPA) for
use in plant agriculture. Utilization of transgenic plants to produce
inexpensive antibiotics may also be a cause of environmental haz-
ards due to the existence of crop residues, roots, and root exudates
in the soil which can act as a continuous source of residual antibiot-
ics to soil fauna and flora [8].

While pharmaceuticals and their metabolite residues are
detected in rivers, streams, sewage influents and effluents, surface,
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ground, and potable waters [9], it may be noted that the drinking
water treatment methods reduce residues, but they are incapable of
removing the contaminant pharmaceuticals absolutely. According
to a nationwide study of “emerging pollutants” in waters, the US
Geological Survey (USGS) tested for pharmaceuticals in 139 rivers
in 30 states of the USA, detecting diverse therapeutic classes of
biologically active compounds [10]. The cardiovascular drug pro-
pranolol has been reported downstream from the sewage treat-
ment plant [11]. The antiepileptic drugs carbamazepine and
clofibrate are two most persistent pharmaceuticals which have been
detected in the environment [2]. Major detected drugs in rivers
were beta blockers (e.g., metoprolol up to 1.54 pg/l) and beta-
sympathomimetics, estrogens (e.g., 17p-estradiol up to 0.013 pg /1)
[12], analgesic and anti-inflammatory drugs (e.g., Diclofenac up
to 1.2 pg/1) [13], and also antibiotics (e.g., erythromycin up to
1.7 pg/1) [12], as well as lipid-lowering agents (e.g., clofibrinic
acid up to 0.2 pg/1) [14] and antiepileptic drugs (e.g., carbamaze-
pine up to 2.1 pg/1) [13]. Presence of clofibric acid, propylphena-
zone, and diclofenac has been reported in the drinking water of
Berlin in the concentration range of several hundreds of nanograms
per liter [15]. Paracetamol, diclofenac, and carbamazepine were
monitored in drinking water in Southern France [16], and clofibric
acid and diazepams were detected in treated drinking water in
Milan, Italy [17]. Psychoactive and illicit drugs amphetamine,
cocaine and its metabolite benzoylecgonine, morphine,
6-acetylmorphine, 11-nor-9-carboxy-delta-9-tetrahydrocannabi-
nol, methadone and its main metabolite 2-ethylidene-1,5-
dimethyl-3,3-diphenylpyrrolidine have been detected in surface
and waste waters [ 18]. Schultz and Furlong found highest concen-
trations of antidepressant drugs venlafaxine, citalopram, and
bupropion 1000+£400 ng/l, 90+20 ng/l, and 60+40 ng/I1,
respectively, in samples collected downstream from a water recla-
mation plant [19]. The maximum determined concentration of
fluoxetine was 0.099 ng/1 in wastewater treatment plant (WWTD)
effluents in Canada [20].

Nonprescription drugs like caffeine, cotinine, and acetamino-
phenone are found in samples of potable water collected near
Atlanta, Georgia [21]. Tauber detected carbamazepine and gemfi-
brozil in drinking waters in ten cities in Canada that were exam-
ined for a 44-drug subset consisting pharmaceuticals including
sulfonamides, quinolones, tetracyclines, and macrolide antibiotics
[22]. Oraine and Pettigrove identified and quantified ibuprofen
(0.93 pg/1) and ibuprofen methyl ester (4.95 pg/1) in finished
water in alarming quantity [23]. Median concentrations of
0.02 pg/1 and 0.12 pg/1 were reported for ciprofloxacin and nor-
floxacin, respectively, for samples from 139 surface streams across
the USA. Ciprofloxacin in the range 0.7-124.5 pg/1 was found in
wastewater of a Swiss hospital [24]. Hellweger et al. [25] claimed
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that environmental concentrations of tetracycline in surface waters
are usually less than 0.11 mg/1, although higher values of up to
6.8 mg/I have been observed. Estrogens, a sex hormone, have
been detected in plasticizers and preservatives, while
17a-ethinylestradiol (EE2) used as a component of contraceptive
pills has been identified in ground and tap water samples [26].

The presence of human and veterinary pharmaceuticals and
their residues into the environment has impelled the introduction
of different risk assessment guidelines in the European Union by
the European Medicines Evaluation Agency (EMEA) and in the
USA by the Food and Drug Administration (FDA). According to
the European Commission guideline [27], a medicinal product for
human use must be accompanied by environmental risk assessment
data. The EMEA has released a guideline for the assessment of
potential environmental risks in 2006 [28]. According to the US
FDA guidelines for the risk assessments of human drugs, applicants
have to provide an environmental assessment report when the
expected concentration of the active pharmaceuticals in the aquatic
environment is >1 pg/1 [29]. Additionally, the FDA Center for
Drug Evaluation and Research (CDER) issued a guidance docu-
ment “Guidance for Industry for the Submission of an Envivonmental
Assessment in Human Drug Application and Supplements” in 1995
[30]. In case of veterinary medicines, environmental risk assess-
ments have been required in the USA since about 1980 and Europe
since 1997 [31].

The need for a practical approach in gathering data on the
environmental toxic effects of pharmaceuticals has been identified
by the European Union Commission’s scientific committee on
toxicity, ecotoxicity, and environment (CSTEE). The four classes
of special environmental feature-specific concerns, which are ste-
reotypically not evaluated in traditional ecotoxicity testing under
EU directive 1488 /94 [28] are antibiotics [resistance issue ], anti-
neoplastics [mutagenicity], sex hormones [endocrine disruption],
and cardiovascular high potential hazard. Therefore, it is acknowl-
edged that a prioritization technique needs to be developed for
environmental risk assessment of pharmaceuticals, and this should
follow the general scheme for chemicals according to the REACH
guidelines [27], where the implication of in silico methods specifi-
cally the quantitative structure—activity relationship (QSAR)
method is stressed.

In this perspective, to make the information regarding ecotox-
icity of diverse pharmaceuticals available, different government
and nongovernment regulatory authorities are recommending the
application of fast and economical in silico methods for prediction
of the elementary physicochemical and fate properties of pharma-
ceuticals as well as their ecological and direct human health effects
before they reach into market for usage. Computer-aided toxicity
models allow for the effects of pharmaceuticals (physicochemical
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properties, toxicological activity, distribution, fate, etc.) to be eas-
ily predicted. These predictions may be obtained from the knowl-
edge of chemical structure alone, provided that the structure can
be described in two or three dimensions. Employing these meth-
ods, ecotoxicity information on pharmaceuticals may be obtained
without toxicity testing, and/or even before synthesis of the com-
pound. Therefore, use of QSAR as one of the non-experimental
methods is significant in order to lessen time, animal usage and
cost involvement in design, development, and discovery process of
drugs and/or pharmaceuticals.

There is a significant lack of knowledge about the environmen-
tal fate of a huge number of pharmaceuticals and their metabolites.
On the contrary, only a limited number of in silico models have
been developed so far to predict the risk of pharmaceuticals to the
environment. This chapter aims to provide information regarding
occurrence of pharmaceuticals and their residues in the environ-
ment, their persistence, environmental fate, and toxicity as well as
application of in silico methods to predict risk and fate properties
of pharmaceuticals to the environment. Concise ideas about eco-
toxicity endpoints, available ecotoxicity databases and expert sys-
tems employed for rapid ecotoxicity predictions of pharmaceuticals
are discussed in this chapter.

2 Ecotoxicity of Pharmaceuticals: A General Overview

2.1 Source
and Entry Routes

Identification of proper sources and routes of entry of pharmaceu-
ticals into diverse environmental compartments is the first step to
get a proper view of the ecotoxicity problem due to pharmaceuti-
cals. The most obvious and common pathways for environmental
contamination of pharmaceuticals are discussed below.

(a) Urine and feces: Major and most common entry routes for
pharmaceuticals into the environment are via urine and feces of
the patients. Not only active ingredients, but also the metabo-
lites are excreted through the urine and feces as many drugs
are metabolized into hydrophilic compounds for excretion.
The risk of these metabolites is completely different from the
parent drugs in majority of cases which make the risk assess-
ment study more critical one.

(b) Direct exposure of diagnostic compounds: Contrast media like
diatrizoate, iohexol, iomeprol, and iopromide are used as diag-
nostic tools for capturing detailed X-ray images of soft tissues.
lodinated X-ray contrast media are highly hydrophilic
substances which are extensively applied and eliminated without
proper treatment; as a result they persist for a long time in the
environment [32].
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(c)

Houwsehold disposal: Either out-of-date or unwanted medicines
are discarded through the sink/toilet or via waste collection,
before being taken to landfill sites where they appear as terres-
trial ecosystem contaminants. Less than 20 % users had ever
been given instructions about medication dumping by a health
care provider. In a study, causes for possessing unused medica-
tion were found to be due to an alteration of medication by
the doctor (48.9 %), or self-discontinuation (25.8 %) [33].
The most common method of disposal was to throw unused
medicines in the trash (76.5 %) or flush them down the drain
(11.2 %) [33].

Manufacturers: According to the regulation of the Good
Manufacturing Practices (GMP), the active pharmaceutical
emissions during manufacturing have been thought to be
insignificant. But recently it has been found that in Asian
countries concentrations up to several milligrams per liter can
be found in effluents for single compounds [34].

Hospital influent and effluent: Point sources such as hospital
effluents are likely to be another significant source. There are
up to 16 pharmaceuticals including antiepileptics and anti-
inflammatories which were found in the hospital waste water
according to a study [35]. Several studies suggested the exis-
tence of the pharmaceuticals in the effluent and influent of the
sewage treatment plants and it was proved that the elimination
of the pharmaceuticals is partial [35].

Animal husbandry and veterinary medicine: Veterinary medi-
cines and their metabolites are also excreted through urine and
feces. Apart from the potential for direct soil contamination,
there is also the risk of run-off with heavy rain, thus potentially
contaminating both the surrounding surface and groundwa-
ter. Other sources include direct application in aqua farming,
manure run-off, run-off from the application of sewage sludge
and manure on farmland as fertilizers, or, finally, via landfill
leaching [36].

Agquaculture: Sewage Treatment Plant (STP) sludge is habitu-
ally employed as fertilizer on agricultural land which is a rich
source of non-suspected drugs [37]. According to the Food
and Agriculture Organization (FAO), antibiotics have been
utilized in aquaculture primarily for therapeutic purposes and
as prophylactic agents. Antibiotics authorized for use in aqua-
culture are florfenicol, oxytetracycline, sarafloxacin, premix,
erythromycin sulfonamides potentiated with ormethoprim, or
trimethoprim [38].

Plant agriculture: Antibiotics are comprehensively employed
to control bacterial diseases of plants. Streptomycin with oxytet-
racycline to a minor extent is very commonly used antibiotic in
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Fig. 1 Common sources, routes and fate of pharmaceuticals

2.2 Occurrence

plant agriculture in controlling bacterial diseases of tree fruits.
Primary uses are on apple, pear, and related fruit trees for
the control of fire blight caused by Erwinia amylovora.
According to a report, antibiotics applied to plants account for
less than 0.5 % of total antibiotic use in the USA [39]. In
Fig. 1, we have represented different sources, routes, fate of
pharmaceuticals.

Pharmaceuticals are among the most common personal care prod-
ucts in day to day life. Medicines are regularly used in human and
veterinary health care, farming, and aquaculture in the modern era.
Country specific consumption for groups of drugs in defined daily
doses (DDDs) can be found for Europe on the European
Surveillance of Antimicrobial Consumption (ESAC) homepage
[40]. In the last decade, a large number of studies covering occur-
rence of pharmaceuticals in water bodies, sewage treatment plants,
manure, soil, and air dust have been published. The most concern-
ing issue is that under the environmental conditions, these
molecules can be neutral, cationic, anionic, or zwitterionic which
make the risk assessment study of pharmaceuticals more difficult.
In Table 1 we have presented the reported concentrations of
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2.2.1 Waterbodies

2.2.2 Manure and Soil

2.2.3 Air Dust
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diverse pharmaceuticals from various therapeutic classes in differ-
ent samples of different countries and probable ecotoxicity data to
particular toxicological endpoints [3, 41-68].

The presence of pharmaceuticals in the various waterbodies in the
environment has been quite extensively studied by different
research groups. Quinolones (predominantly ciprofloxacin) and
other pharmaceuticals have been detected in the effluent of hospi-
tals up to a low pg/l range. Another study reveals that p-lactams
(including penicillins, cephalosporins, carbapenems, monobactams,
fB-lactamase inhibitors) were detected in the lower pg/I range in
hospital effluent and in the influent of a municipal STP [69].
NSAIDs have the higher concentrations recorded in surface water,
ranging between 0.4 ng/l and 15 pg/1, diclofenac, paracetamol,
and ibuprofen being the most quantitatively found [70]. Drugs
like caffeine with a maximum concentration of 6 pg/l and sulfa-
methoxazole with 1.9 pg/l in the USA, carbamazepine up to
1.3 pg/1 in Germany and in Canada, gemfibrozil up to 790 ng/1,
ranitidine up to 580 ng/l, atenolol with 241 ng/1 in Italy, and
metformin up to 150 ng/1 are detected in surface water [71]. In
the effluent of WWTP and STP, the concentrations of estrogenic
compounds usually are below 50 ng/1, but there are unexpected
high concentrations of estriol and 17a-estradiol (about 590 ng/1
and 180 ng/1 respectively) found in the USA [72].

Antibiotics have been detected in soil in concentrations in the
mg/kg range [73]. Generally, the concentrations of pharmaceuti-
cals detected in the soils are quite low when compared with that of
pharmaceuticals in water resource. According to the literature, the
six most common pharmaceuticals found in soil are the antibacteri-
als (trimethoprim, sulfadiazine, and triclosan), analgesics (ibupro-
fen and diclofenac) and antiepileptic (Carbamazepine). Extensive
studies have detected tetracyclines and sulfonamides in liquid
manure at concentrations of up to 20 and 40 mg/1, respectively.
Antibiotics like virginiamycin, sarafloxacin, tetracycline, oxytetra-
cycline, chlortetracycline, and cyclosporine A have quite slow bio-
degradability in soil. Tylosin disappeared soon after the application
of manure. Hamscher et al. [74] detected tetracycline and chlortet-
racycline in 10 out of 12 soil samples. The highest average concentra-
tion of 86.2 pg/kg (0-10 cm), 198.7 pg/kg (10-20 cm), 171.7 pg/
kg (20-30 c¢m) tetracycline, and 4.6-7.3 pg/kg (in all three sub-
layers) chlortetracycline were found. Carbamazepine is the most
frequent compound detected in soil among five studies [75].

Several comprehensive reports have been published on environ-
mental concentrations of antibiotics in dust originating from a pig-
fattening house [76]. In a large-scale pig production, veterinary
antibiotics are hugely used. This production system is represented
as a considerable source of dust.
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2.3 Effects
2.3.1 Antibiotics

Pharmaceuticals may have potential adverse effects on aquatic and
terrestrial organisms by directly reaching into the environment.
Organisms like bacteria, fungi, and microalgae are primarily
affected as antibiotics are designed to inhibit the microorganisms.
Antibiotics have the potential to affect the microorganisms in sew-
age systems and waste water treatment plant too. The inhibition of
wastewater bacteria may seriously affect organic matter degrada-
tion and nitrification process which is a vital step in wastewater
purification and elimination of toxic ammonia [77]. Lincomycin
showed significant inhibition of the nitrification activity [78].
Ciprofloxacin was found to be active against Vibrio fischeri at a
concentration of 5 mg/1 [79]. Thomulka and McGee [80] have
performed two bioassays to evaluate the toxicity of antibiotics like
novobiocin, chloramphenicol, tetracycline, ampicillin, and strepto-
mycin to Vibrio harveyi, and approximately no toxic effects were
identified after short incubation times where the employed endpoint
was luminescence. Common receptors have been identified in
plants for a number of antibiotics affecting transcription and trans-
lation (tetracyclines, macrolides, lincosamides, aminoglycosides,
and pleuromutilins), metabolic pathways such as folate biosynthe-
sis (sulfonamides), chloroplast replication (fluoroquinolones), and
fatty acid biosynthesis (triclosan) [81].

Antimicrobials can affect the degradation of organic matter in
large extent as well as have effects upon sediment’s microbial com-
munity [82]. Strong inhibitory effects on several bacteria and dim-
inution in the length of the hyphae of lively molds in forest soil
have been observed when antibiotics are added in concentrations
of 10 mg/kg soil. A transitory effect on sulfate reduction was
detected when antibiotics were mixed to sediment [83]. Allergic
risks may arise from the high exposure of antibiotics dust particle
in the air. Tylosin and sulfamethazine, which occurred in 80 % and
65 % of the samples respectively, are drugs with known allergic
potential. Therefore, the high incidence of the asthma disease
occurred among children living on farms. A survey on dust in pig
fattening buildings in Europe exposed an average concentration of
inhalable airborne dust of 2.2 mg/m? [84]. Chloramphenicol is
extensively employed in farming resulting in severe hazardous
effects including myelosuppression to farmers; that is why it was
totally banned for food-producing animals within the EU and the
USA in 1994 [85].

Another important aspect is the emergence of resistance due to
enormous application of antibiotics in human medicine, veterinary
medicine, and animal husbandry. Resistance is one of the most
concerning issue in medical field due to its accumulating and accel-
erating nature. On the contrary, the techniques combating resis-
tance are diminishing in power and number. Antibiotics in
sub-inhibitory concentrations can have an influence on cell



2.3.2 Analgesics

and Nonsteroidal
Anti-inflammatory Drugs
(NSAIDs)
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functions and modify the genetic expression of virulence factors
or the transfer of antibiotic resistance. The most prominent
medical examples are vancomycin-resistant enterococci (VRE),
methicillin-resistant Staphylococcus anrens (MRSA), and multiresis-
tant pseudomonads [86].

Cleuvers [45] evaluated that acute toxicities of NSAIDs were rela-
tively low, with half-maximal effective concentration (ECs) values
obtained using Daphnia in the range from 68 to 166 mg/1 and
from 72 to 626 mg/] in the algal test. With EC;, values of
23.6 mg/l (ibuprofen), 23.8 mg/1 (diclofenac), and 38.2 mg/1
(naproxen), chronic ecotoxicity was somewhat higher, but still the
values are far above the concentrations detected in surface water. A
prominent confirmation of diclofenac residues in dead cattle has
been observed in Pakistan [87]. Only in Germany, in 2002, 93.5
million prescriptions for NSAIDs were made with a transaction
volume of about 1562 million Euros [88]. Due to higher usage
and pharmacokinetic and pharmacodynamic properties, analgesics
and anti-inflammatory drugs can reach considerable (up to
>1 pg/l) concentrations in the environment. Few NSAIDs are
detected in very low doses even in drinking water. Reports sug-
gested the presence a concerning amount of diclofenac and ibu-
profen in Swiss lakes and rivers, as well as in water bodies from the
UK, Spain, Brazil, Greece, and the USA [15].

Diclofenac seems to be the compound having the highest
acute toxicity with the effective concentrations below 100 mg/1
within the class of NSAIDs. Short-term acute toxicity was analyzed
in algae and invertebrates, phytoplankton was found to react more
sensitively [lowest ECso (96 h)=14.5 mg/1] than zooplankton
[lowest ECs (96 h)=22.43 mg/1] [89]. Diclofenac is commonly
found in wastewater at median concentration of 0.81 pg/1 whereas
the maximal concentration in wastewater and surface water is up to
2 pg/1190]. Acetylsalicylic acid affected reproduction in D. magna
and D. longispina at concentrations of 1.8 mg/1 [90]. Water flea
Daphnia magna population growth rate was considerably reduced
for concentrations ranging from 0 to 80 mg/1 due to chronic tox-
icity of ibuprofen. Acute toxicity tests showed that naproxen had
LCsp and EC;s values within the 1-100 mg/1 range for the water
flea Ceriodaphnin dubin, the rotifer Brachionus calyciflorus, and
the fairy shrimp Thammnocephalus platynrus. But the most sensitive
reported species was D. magna for which ECsq values were 30.1 or
50 mg/l. Another most commonly prescribed NSAID is
paracetamol which is present in concentration below to 20 ng/1 to
4.3 pg/1 in STP effluents; in surface waters, the values can reach
78.17 pg/1, which are values higher than the predicted no-effect
concentration (PNEC) of 9.2 pg/1 [3]. Hence, paracetamol might
represent a threat for nontarget organisms.
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2.3.3 Blood Lipid-
Lowering Agents

2.3.4 Beta-blockers

Statins have the capability to subdue synthesis of the juvenile hor-
mone in insects and may also produce detrimental effect to
protozoan parasites, inhibiting growth and development. Reports
suggested that a proliferation of peroxisomes in rodent livers is
caused by fibrates. Embryonic development of nontarget organ-
isms that share these receptors can be stopped by simply inhibiting
cellular differentiation. Fibrates present in the micromolar concen-
tration range are sufficient to cause it in zebrafish ( Danio rerio) and
amphibians [3]. Quinn et al. [91] classified gemfibrozil as toxic
(ECsp between 1 and 10 mg/1) and bezafibrate as harmful for non-
target organisms (ECso between 10 and 100 mg/1).

Clofibrate is classified as harmful to aquatic organisms as it
showed LCj;, values in the range of 7.7-39.7 mg/l. The fish
Gambusia holbrooki [LCso (96 h)=7.7 mg/1] seems to be the most
sensitive organism to acute clofibrate concentrations [92].
Clofibrate has an immunosuppressive action in mammalian hosts,
suppressing the production of IgM but not IgE antibodies, allow-
ing an amplified number of encysted larvae of the nematodes
T. spiralisand Trichinella nelsoni to occur and a decrease in the rate
of exclusion of adult worms from the intestines, although the
effects differed between parasite species and host strain [93].
Fibrates have been assessed by conventional toxicity tests and the
following no-observed-effect-concentration (NOEC) were found
for clofibric acid in C. dubin [NOEC (7 days)=640 pg/1], the
rotifer B. calyciflorus [NOEC (2 days) =246 pg/1], and in early life
stages of zebrafish [NOEC (10 days)=70 mg/1] [94]. Clofibrate
was observed to produce no effect on in vitro growth of T. bruceii
but did reduce the incidence of P. berghei and the invasiveness and
development of Acanthomoeba culbertsoni in exposed mammalian
hosts [95]. Lovastatin hinders the egg production of the trema-
tode S. mansoni and subsequently there is a decline in pathogenic
granulomas typically associated with the eggs in the mammalian
liver [96].

Beta-blockers act by competitive inhibition of beta-adrenergic
receptors which is critical for normal functioning in the sympa-
thetic branch of the vertebrate autonomic nervous system. Among
beta-blockers, propranolol shows the highest acute toxicity and
highest log K., which proves the fact that it is a strong membrane
stabilizer than other examined beta-blockers [97]. Undefined
antagonists such as propranolol may be active in fish as they con-
tain f,-receptors in heart and liver as well as in reproductive tissues
[98]. There is a prominent evidence that propranolol not only has
chronic cardiovascular toxicity, but also has toxic effect on repro-
duction system. The NOEC and lowest-observed-effect-
concentration (LOEC) of propranolol affecting reproduction in
C. dubin were 125 and 250 pg/1, and reproduction was affected
after 27 days of exposure in H. azteca at 100 pg/1[97].
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Beta-blockers may also affect parasite functional biology.
Aqueous exposure of propranolol may negatively affect swim-
ming behavior, survival, and phototaxis of free living aquatic
stages of trematodes. Propranolol may also considerably decrease
the number of Dirofilaria immitis nematode larvae capable of
finishing third-stage molt, and in vitro prevent the growth of the
malaria parasite Plasmodium falciparum [99]. Fathead minnows
exposed to atenolol throughout embryo-larval growth showed
NOEC and LOEC values for growth rate of 3.2 mg/l and
10 mg/1, respectively [3]. At 48-h exposure to propranolol, LCs,
values 0of 29.8, 1.6, and 0.8 mg/1 were obtained for H. azteca, D.
maygna, and C. dubia, respectively, while acute exposure to nado-
lol did not affect the survival of the invertebrates [ 3]. Encystment
of the protozoan Entamoecba invadens was inhibited in the
presence of metoprolol [100].

Antineoplastic drugs are designed to kill the proliferating cells in
cancer. As a consequence, a parallel effect can be expected on nor-
mally growing eukaryotic organisms. It is expected that antineo-
plastic drugs possess mutagenic, genotoxic, teratogenic,
carcinogenic, and fetotoxic properties, and 14-53 % of the admin-
istered drugs can be excreted in unchanged form through urine
[101]. Methotrexate revealed teratogenicity for fish embryos with
an EC;, of 85 mg/1 after 48 h of exposure and acute effects in the
ciliate Tetrahymena pyriformis with an EC;, for 48 h of 45 mg/1
[102]. Due to immunosuppressant property, methotrexate and
cyclophosphamide are reported to cause a proliferation in disease
incidence and intensity in host—parasite systems [103]. Acute tox-
icity of methotrexate is reported on highly proliferative species like
the ciliate Tetrabymena pyriformis [ECso (48 h)=45 mg/1] [104].
On the contrary, cyclophosphamide appears to have a little effect
on them. Methotrexate has been shown to have no or little effect
on certain protozoans including Toxoplasma gondii, Babesia bovis,
and Leishmania tropica, perhaps as they have different mechanisms
of drug metabolism [105]. Development and growth of helminths
in both mammalian and bird hosts were detrimentally effected by
methotrexate and cyclophosphamide. Abnormal teratogenicity
was noticed in fish embryos at higher concentrations [ECs
(48 h)=85 mg/1]. Biomphalaria glabrata, a freshwater snail is
largely affected with the long-term exposure to methotrexate
[106]. Doxorubicin, tamoxifen, and methotrexate have all been
reported as effective parasiticide agents against many protozoan
species [107].

A very limited number of studies on the effects of neurological
agents on host—parasite dynamics have been studied, despite phe-
nothiazine has been used as a parasiticide for long time [108]. The
serotonin re-uptake inhibitor (SSRI) fluoxetine is deceptively the
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2.3.7 Sex Hormones

most acute toxic human pharmaceutical with toxicity ranging from
ECs (48 h, alga)=0.024 mg/1 to LC;, (48 h)=2 mg/1 so far [2].
Sertraline exhibits highly toxic properties to rainbow trout (LCs,
of 0.38 mg/1) at a 96-h exposure [ 109]. SSRIs were also tested on
algae by evaluating the growth inhibition induced. Chronic toxic-
ity tests proved that the organisms were sensitive with NOEC val-
ues below 1 mg/1 [110]. C. vulgaris was shown to be the least
sensitive species for all SSRIs tested. Fluvoxamine provided escala-
tion to the highest EC;, values for all algae species tested
(3563-10,208 pg/1).

Under the category of benzodiazepines, diazepam and nitraz-
epam were identified to increase the number of microfilariae of
Setavia cervi liberated from the lungs into the peripheral blood
circulation in rats [111]. Caffeine was found to stimulate the
growth of Plasmodium gallinaceum and P. fulciparum, while the
antipsychotic haloperidol and the mood stabilizer valproic acid
effectively inhibited the in vitro growth of T. gondii [112].
Diazepam and carbamazepine (antiepileptics) are classified as
potentially detrimental to aquatic organisms as most of the acute
toxicity data are below 100 mg/l. Conventional toxicity studies
showed chronic toxicity of carbamazepine in C. dubia [NOEC
(7 days)=25 pg/l1], in the rotifer B. calyciflorus [NOEC
(2 days)=377 pg/1], and in early life stages of zebrafish [NOEC
(10 days)=25 mg/1] [94]. Carbamazepine is carcinogenic to rats
but does not have mutagenic properties in mammals [113]. It is
also lethal to zebrafish at the 43 pg/1 level and produces sublethal
changes in Daphnia sp. at 92 pg/1 [113]. Growth of D. magna
was inhibited for concentrations of carbamazepine above
12.7 mg/I1, showing acute toxicity at 17.2 mg/1 [113].

Sex hormones are one of the extremely important biologically
active compounds emerged as most serious aquatic environmental
toxicants due to extensive use of human contraceptives. Exposure
of mammalian hosts infected with the blood trematode S. manson:
to contraceptive pills resulted in a noteworthy modification in a
range of liver cell’s ultrastructure and function. Ethinylestradiol
(EE2) is a synthetic estrogen found in oral contraceptive pills with
noticeable estrogenic effects in fish. The life-cycle exposure of fat-
head minnows to EE2 concentrations below 1 ng/1 produced a
noteworthy decline in fertilization success, an increased egg pro-
duction and decreased expression of secondary male sex character-
istics. Life-long exposure of zebrafish to 5 ng/1 to EE2 has led to
reproductive failure due to the nonexistence of secondary male sex
characteristics [63]. Exposure to 17p-estradiol caused an increased
susceptibility to the protozoan T. gondii in mice, while increased
pathology occurred in mammals infected with Leishmania
mexicana amazonensis and exposed to either estradiol or testoster-
one [114]. Estradiol increased the susceptibility of cyprinids to
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hemoflagellates by the suppression of lymphocyte proliferation
[115]. At relatively high concentrations, hydrocortisone can cause
an increase in the intensity of ectoparasitic infections in fish.

A study was performed on farms in the UK and the report
suggested that concentrations of antiparasitic compounds of
0.112 mg/kg (doramectin) to 1.85 (ivermectin) mg/kg in dung
were found. On the contrary, in same place, concentrations of
these drugs in soil were considerably lower up to 0.046 mg/kg
[116]. In a study performed in Slovenia, it was found that high
concentrations of abamectin and doramectin were found in feces
(0.2-0.8 mg/kg and 0.4-1.2 mg/kg, respectively) during the first
20 days after treatment, reaching concentrations of about 0.2 mg/
kg after 70 and 50 days, respectively [117]. Gregnvold et al. [118]
found that ivermectin and fenbendazole affect the survival of the
nematode Pristionchus maupasi at concentrations higher than
3 mg dung/kg (w/w) and 10-20 mg dung/kg, respectively.
Svendsen et al. [119] showed that ivermectin and the fenbenda-
zole did not affect earthworms. However, the disappearance of
dung was affected by the avermectin but not by the fenbendazole.
Avermectin B4 with LC;, value of 17.1 mg/kg in soil was found
with the compost worm Eisenia fetida [120]. Eprinomectin did
not affect survival or biomass of the earthworm species Lumbricus
tervestris in laboratory tests at concentrations up to 0.43 mg/kg
dung (w/w) or 3.3 mg/kg dung [121].

Tamiflu [oseltamivir ethylester-phosphate (OP)] and Relenzas
(zanamivir) belong to a novel class of antiviral drugs under the
neuraminidase inhibitors category. National storing of neuramini-
dase inhibitors in the USA began with the emergence of the 2009
influenza pandemic (HIN1) [122]. Tamiflu tablet largely domi-
nated Relenza (disk inhaler) due to its relative ease of administra-
tion. Tamiflu is a prodrug, which is converted to the active drug
oseltamivir carboxylate (OC) in the liver. About 80 % of an oral
dose of Tamiflu is excreted as OC in the urine and the remaining
portions are excreted as OP in the feces. Therefore, both the par-
ent chemical and its bioactive metabolite eventually are projected
to reach a mean of 2-12 mg/1 in WWTPs during a moderate and
severe pandemic [122]. Current evidences suggested that rivers
receiving WWTP effluent would also be exposed to OC through-
out a pandemic. The OC concentrations between 293 and
480 ng/1 have been recorded in rivers receiving WWTP effluent
during the 2009 pandemic [123].

Pharmaceuticals are identified as multicomponent mixtures rather
than isolated pure substance in diverse environmental compart-
ments. Majority of pharmaceuticals will either be transformed by
physical and chemical means and /or subsequently biotransformed
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2.4 The
Environmental Risk
Assessment

by some organisms. Multicomponent mixtures are the foremost
concerning issue for the ecotoxicity. The following characteristics
also make their joint toxic effects a major issue for hazard and risk
assessment:

1. The toxicity of a mixture has always a synergistic effect than
the effects produced by a single component.

2. A mixture can have a substantial ecotoxicity, even if all compo-
nents exist only in low concentrations that do not aggravate
noteworthy toxic effects if acting separately on the exposed
systems.

A combination of fluoxetine and clofibric acid is lethal for
more than 50 % of a water-flea (Daphnia) population after an
exposure of 6 days, although the individual drugs did not show any
significant effect when present separately at same concentrations
[124]. A substantial swing in sex ratio was perceived after an expo-
sure to a three-component mixture of erythromycin, triclosan, and
trimethoprim. Again, individual components did not elicit signifi-
cant individual effects. These studies are very important to show
that mixture effects have to be taken into consideration to identify
the effects of pharmaceuticals.

Exposure assessment is the procedure of determining or assessing
the intensity, frequency, and extent of environment and human
exposure to an existing pharmaceutical product, or of estimating
theoretical exposure that might rise from the discharge of new
pharmaceuticals into the environment. The concept of “exposo-
mics,” which integrates a top-down and bottom-up approach to
identification of relevant exposure biomarkers, will be an impor-
tant component of future exposure science [125]. The major aims
of environmental risk assessment (ERA) should be risk mitigation
and risk management. In order to alleviate or accept risks, a risk
assessment has to be performed both for products and for activi-
ties followed by generation of report based on the characteristics
of the product, its possible environmental exposure, fate and
effects, and risk extenuation strategies. The inference of the report
should be based on sound scientific reasoning supported by ade-
quate studies. If other applicable data are accessible, they should
also be submitted.

The outline of the registration process and the ERA consist of
European Commission and Council directives and regulations on
registration, European policy, case law, and global (trade) agree-
ments. The decision-making process and the risk models should
elevate the expenses to society in terms of ecotoxicity and financial
loss. Also the assessment method itself should obstruct neither
product development nor timely action to eradicate hazards.
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The most commonly employed approaches for risk assessment are
hazard identification, dose-response assessment, exposure assess-
ment, and risk characterization of pharmaceuticals and its metabo-
lites in various environment compartment [ 126].

The first step for risk assessment is hazard identification which sup-
ports the intensity of risk for a particular product. Although in vitro
test studies provide useful data on the toxicity of environmental
hazards, the majority of scientists rely heavily on the outcome of
animal toxicity tests for hazard identification. As a consequence, a
greater stress should be provided on the implication of in vitro
assays in human cells and QSAR analysis, as well as the use of com-
putational techniques in systems biology [127].

Identification of the threshold dose of the toxic effect of any prod-
uct is very much essential for scientific risk assessment. Dose-
response information over a wide range of test concentrations
should be assessed employing Quantitative high throughput
screening (q-HTS). There should be availability of sensitive assays
capable of detecting toxicity at very low doses or below environ-
mental levels experienced by human populations. Statistical
approaches can be used to estimate yardstick concentrations for
adaptive and adversarial responses and to assess critical concentra-
tions [128]. As discussed in subheading “Hazard Identification”,
the extrapolation techniques will be required to interpret in vitro
test results to in vivo utilizing an appropriate internal tissue dose
metric [129].

The major problems of risk assessment are low-dose and interspe-
cies extrapolation. In silico models and expert systems have sup-
ported such extrapolations, including linear and threshold models
for low-dose extrapolation and body weight or surface area altera-
tions for interspecies extrapolation. New extrapolation complica-
tions are dose extrapolation of molecular and cellular pathway
responses, and extrapolation from the short-term in vitro to longer
term in vivo exposure. In vitro to in vivo extrapolation and physi-
ologically based pharmacokinetic (PBPK) models are amenable
to sensitivity, variability, and uncertainty analysis employing con-
ventional tools [130]. Computational biology systems will back
the application of tools for determining variability and uncertainty
from the pharmacologically based pharmacokinetics (PBPK) infor-
mation as the pathway components imitate more targeted molecu-
lar elements and their interactions [131].

In present scenario, human exposure assessment is made principally
on the measured levels of environmental agents in the human envi-
ronment [132]. In few cases, internal dose measures may also be
calculated using biomonitoring [133] or pharmacokinetic model-
ing [134]. For superior exposure assessment, the focus should be
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Assessment Modeling
of Pharmaceuticals

more on direct measures of critical toxicity pathway agitations in
humans by employing innovative biomonitoring techniques cou-
pled with advanced new high throughput approaches [135].

The risk assessment model consists of the risk assessment process,
including their harmonization and communication with the risk
management process. The risk model interprets the safety issues in
quantities like probabilities, concentrations, dosages, and risk
quotients of each pharmaceutical product. The simplest approaches
to estimating concentrations of a pharmaceutical in diverse
compartments are provided in the guidance for environmental
assessments for regulatory drug approvals by the US FDA [30] or
the EU EMA [28]. In Fig. 2, the risk assessment is harmonized
with risk management process.

Before designing or modeling a toxicological study, it is very
beneficial to assess exposure of any pharmaceutical by the follow-
ing way [136]:

e The exposure is measured in form of the environmental con-
centration (occurrence) to which the biological system is
exposed, the duration and frequency being not on the concen-
trations to which each individual is actually exposed. The actual
exposure is subjected to many other factors such as, the fate,
sorption effects, metabolism and transformation processes.

e The life stage and behavioral patterns should also be taken into
account for any organism or living system.
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Fig. 2 Possible steps for risk assessment and risk management
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e The bioavailability and toxicokinetics of the drug are studied.

e The pathways and target sites in the biological system are
explored.

e The mode of action which depicts steps and processes to
molecular and functional effects is determined.

e As pharmacokinetics and pharmacodynamics can influence the
dose of pharmaceuticals, one has to consider these aspects to
assess the dose which ultimately reaches the environment taking
into account possible absorption, distribution, and elimination
mechanisms.

e The hazard due to the inherent toxicity of the pharmaceutical
according to its chemical properties is also studied.

Risk management is “the process of identifying, evaluating, select-
ing, and implementing actions to reduce risk to human health and
to ecosystems. The goal of risk management is scientifically sound,
cost-effective, integrated actions that reduce or prevent risks while
taking into account social, cultural, ethical, political, and legal
considerations” [137]. For eco-friendly risk management, one
may select a combination of apposite tactics to balance risks, costs
and benefits, taking into account social values and economic
considerations.

The application of pharmaceuticals and their after use toxic effects
cannot be stopped but the probable risk of pharmaceutical prod-
ucts related to environmental can be controlled by implementing
proper precaution and safety measures. The EMEA 2006 guide-
line demonstrates following steps as safety measures for risk
management:

1. Calculation of product risks initially

2. Proper product labeling and summary product characteristics

(SPC)

3. Package leaflet (PL) for each pharmaceutical for patient use to
inform the probable toxic effects

4. Appropriate and safe storage of pharmaceutical product

5. Safe and proper scientific disposal of pharmaceuticals

To diminish the occurrence of pharmaceuticals into the different
compartments of the environment, one has to follow the prin-
ciple of sustainability where the entire life cycle of a pharmaceu-
tical has to be taken into consideration to categorize the
opportunities for risk management. For diminishing the input of
pharmaceuticals into the environment, following steps can
employed effectively [138].
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Training and Awareness

Improved Sewage
Treatment

Green and Sustainable
Pharmacy

The most important step to reduce the occurrence of pharmaceu-
ticals in the environment is proper training and awareness of users
who are the major source points. A proper usage and disposal of
pharmaceutical is the responsibility of the shareholders and people
using the compounds, including patients, doctors and nurses, and
pharmacists. Industrial sectors should have the major role to treat
the failed active pharmaceutical under quality control category
properly before it reach to the environment. Additionally, each
pharmaceutical product should consist of materials safety data
sheet (MSDS) intended to provide workers and emergency person-
nel with procedures for handling or working with that substance in
a safe manner, information such as physical data, toxicity, health
effects, first aid, reactivity, storage, disposal, protective equipment,
and spill-handling procedures. Appropriate and effective risk man-
agement strategies need basic knowledge of entry routes of phar-
maceuticals. Therefore, one has to identify the bulk of drug flows
connected with the diverse sources of pharmaceuticals such as
households, industries, hospitals and pharmacy.

The most technical and extensively considered approach for risk
management is improvement of sewage treatment. Analyzing
Table 1, one can easily identify the presence of threatening amount
of pharmaceutical wastes after sewage and waste water treatment
also. The purpose of advanced and improved sewage and waste
water treatment is to further reduce the ecotoxicity, hormonal
effects and pathogenic effects of the effluent. In recent years,
advanced effluent treatment has been studied extensively. The
advanced treatment of sewage influents and effluents as well as
waste water treatment can be done employing photochemical oxi-
dation processes, filtration, and application of powdered charcoal
and constructed wetlands [139].

The third approach is evolving from the knowledge of green and
sustainable pharmacy which states that substitution of the com-
pound with a more environmentally benign compound [138].
Though this approach is less practiced, in terms of sustainability, it
appears to be the most encouraging one in the long run. The prime
principle of green chemistry is easy and fast degradability of phar-
maceuticals after their application. Understanding of full life cycle
of drugs will lead to a different understanding of the functionality
necessary for a pharmaceutical.

Additionally, other crucial issues like (a) development of
improved drug delivery systems so that lower doses are required;
(b) upgradation of packaging and package sizes to prolong
shelf life and lessen the amount of the product that expires and
rejection of unused products; and (c) changes in prescription and
animal farming practices are substantial options for minimizing or
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1. Prescription considering to envirc tal risk if possible, 2. Prescribed only
required medicine and to have proper awareness about their hazardous properties

1. Awareness and information about usage and disposal to patients, 2. Take back
system of unused medicine if possible.

——{__Patients |

1. Improvement of compliance and proper disposal, 2. Consumption of medicine
only if prescribed by a doctor.

Hospitals

1. Amalgamation of the delivering pharmacy/wholesaler into the handling of
cxplred medicaments, 2. Proper u‘nplcmeutauon of rules and n:gulauon by
ital authorities for the disposal of ph ticals and other medicaments.

1. Periodical report of environmental assessment related data of individual
Pharmaceuticals, 2. Information of analytical methods and results, 3. Proper
packaging and labeling with proper uses, storage and disposal.

Medicines

1. Better drug delivery systems so that smaller doses are needed, 2. improvement
of packaging and package sizes to extend shelf life .
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Waste water 1. Tertiary treatment methods such as ozonation, activated carbon adsorption, or
freatment nanofiltration , 2. Unconnected piping between waste water and rain water.
1. Instigation and back up of ication between al stakeholders,
2. Implementation of threshold limits for each pharmaceutical for different
environmental compartments.
1. Annexation of every APIs and formulation product in environmental
Poﬂd:ﬁomd legislation, 2. Enhancement and updated regulation for the 2 t of out
regucarions dated and new as well as existing medicaments.
Green 1. Fast and trouble free degradability of pharmaceutical, 2. Improvement of
pharmacy synthesis and renewable feedstock for preparation of environment friendly

Fig. 3 Probable actions to be taken for reduction of the occurrence of pharmaceuticals in the environment by

different stakeholders

eliminating emissions to the environment. Potential processes and
measures to decrease the environmental toxicity by carious stake-
holders are addressed in Fig. 3 for a better understanding.

3 Regulatory Agencies for the Risk Assessment and Management of Ecotoxicity

Pharmaceuticals

Immense exposure of pharmaceuticals and their metabolites to the
environment is a matter of concern and a burning global issue at
recent times. The risk effects are not only related with the
environment, it is also directly related to human health to a large
extent. As a consequence, release of these pharmaceutical products,
their risk assessment as well as risk management are controlled and
regulated at local, national and international levels by different
governments and regulatory agencies worldwide. As experimental
data of environmental fate and toxicity of pharmaceuticals are absent
or some time not sufficient, there is a strong urge to predict physical
and chemical properties, environmental fate, ecological effects and
health effects of pharmaceuticals and their metabolites. Several
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government organizations have been applying the approaches of
structure—activity relationship (SAR) and QSAR to develop the pre-
dictions for untested existing as well as newly introduced pharma-
ceuticals. To establish proper identification of environmental
hazards, their risk assessment and fate modeling, SAR and QSAR
approaches along with other predictive in silico tools are employed
by Australian, Canadian, Danish, European, German, Japanese,
Dutch, and US Government organizations [28, 30, 140-144].

QOSAR models can be generated for prediction of the following
ecotoxicity velated properties ov effects:

1. Physicochemical properties
2. Toxic potential and potency

3. Environmental distribution and fate in different compartments
(air, water and soil) of environment

4. Biokinetic processes (absorption, distribution, metabolism,
and excretion) of pharmaceuticals and their metabolites
Areas where QSARs can be applied by governmental regulatory
agencies are as follows:

1. Prioritization of existing pharmaceuticals for toxicity testing to
environment.

2. Classification and labeling of new pharmaceuticals according
to their safe use.

3. Risk assessment of new and existing pharmaceuticals.

4. Guiding experimental design of regulatory tests or testing
strategies.

5. Providing mechanistic information
6. Filling up the large data gaps.

7. Building a proper database of each pharmaceutical to different
species regarding environmental toxicity.

8. Development of expert systems for each therapeutic classes for
different compartments of the environment.

9. Construction of efficient interspecies models to extrapolate
data from one species to another species when data of a par-
ticular species is absent.

Global regulatory authorities and agencies [28, 30, 140-144]
for the risk identification, risk assessment and finally risk manage-
ment of ecotoxicity pharmaceuticals are listed in Table 2.

The most common endpoints associated with various test methods
proposed under Organization for Economic Co-operation and
Development (OECD) are the following ones:

o Physical-chemical properties: Most commonly evaluated prop-
erties are melting point, boiling point, vapor pressure, octa-
nol-water partition coefficient, organic carbon—water partition
coeflicient, and water solubility.
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Ecological effects on endpoints: Acute fish-toxicity, long-term
toxicity, acute Daphnia toxicity, algal toxicity, terrestrial toxicity,
marine organism toxicity, microorganism toxicity in sewage
treatment plant.

Environmental fate: Biodegradation, hydrolysis in water,
atmospheric oxidation, and bioaccumulation;

Human bealth effects: Acute oral, acute dermal, acute inhala-
tion, eye irritation, skin irritation, skin sensitization, repeated
dose toxicity, genotoxicity, reproductive toxicity, developmen-
tal toxicity, systemic toxicity, mutagenicity, carcinogenicity, etc.

OECD’s database on visk assessment models:
In silico models that are employed by the OECD countries to

predict health or environmental hazards, exposure potential, and
probable effects were organized into a searchable database. This
database is intended as an information resource only. The models
are listed by countries and by the property or effect included. The
models can be useful as a screening tool, when there is a lacking of
chemical-specific data, for establishing priorities for chemical
assessment and for identifying issues of potential concern [140].
Areas of assessment and category of information for predicting
human health and environment according to OECD’s guidelines
are represented in Figs. 4 and 5, respectively.

e

Human health

|

Environment

|

| Routes of exposure | | Organism affected | | Compartments

]
Required |
information

metabolites

Pharmaceutical and

Inhalation

ir

Water

Biota
In sewage Multi-media
“— treatment
plant — Sewage
treatment
plant
Potential Dai Risk quotient Predicted .
| dose | consumption (predicted effect concentration Faluly dadtex
concentration/predicted
no-effect concentration)

Fig. 4 Areas of assessment and risk models for predicting human health and environment according to the

OECD database
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Category of information in

risk prediction

|
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|

Physical/chemical Environmental Human health Endooint Model
properties fate properties hazard TGP types
—| Wier | —| Bioconcentration Carcinogenicity Reproduction Qualitative
solubili factor (BCF) | _| | | _l |
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—| Boiling point |

potential (AOP)

Vapor
pressure
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Organic
carbon
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—| Biodegradation |

Neurotoxicity

Reproductive

il

—| Hydrolysis |

Developmental

—I Range |

Point estimate

Percent removal
in waste water

toxicity

Skin irritation

Eye irritation

Systemic
toxicity

Cardio toxicity

Fig. 5 Category of information included in predicting health and environmental effects according to the OECD
guidelines

4

In Silico Modeling of Ecotoxicity Using SAR and QSAR Approaches

The toxic potential of large quantities of industrial chemicals
including pharmaceuticals, cosmetics, pesticides and other syn-
thetic or semisynthetic chemicals is often required to be assessed by
using standard animal models, comprising the basic test protocol
for risk assessments for their approval as a registered product to
launch into the market. With increasing concern about the envi-
ronmental pollution and human health, the manufacture, storage,
distribution, and release of these hazardous substances after their
application to the environment are controlled and regulated at
various levels by different governments and regulatory agencies
worldwide. Applications of analogues, SAR and QSAR of different
pharmaceuticals are also providing useful information in a regula-
tory decision making context in the absence of experimental data
[140]. Most commonly employed predictive in silico tools are
depicted in Fig. 6.

Among the available in silico predictive models for ecotoxicity,
majority of the models are constructed employing QSAR
techniques. Therefore, in this book chapter, a special importance
is given to the discussion of QSAR models. The QSAR approach
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Expert systems

(ASTER, TERA,

QSAR

(Single endpoint
models and
interspecies models)

Predictive in silico Toxicophore
. . s igand- and
tools for ecotoxicity ma;cﬁue_based)

Docking

(Protein-ligand,
protein-protein and
protein-nucleic acid)

Fig. 6 Predictive in silico tools for the prediction of ecotoxicity of pharmaceuticals

attempts to correlate structural /molecular properties with biolog-
ical activities /toxicities, for a set of compounds by means of sta-
tistical methods. As a result, a simple mathematical relationship is

established:

Biological activity or toxicity = £ (chemical structure or property).

Applications of QSAR can be extended to any molecular design
purpose, prediction of different kinds of biological activities and
toxicities, lead compound optimization, classification, diagnosis,
and elucidation of mechanisms of drug action, toxicity prediction
of environmental toxicants (pollutant pharmaceuticals, chemicals,
gas, etc.), and prediction of drug-induced toxicity [145]. The
major objective of structure—activity /toxicity relationship modeling
is to investigate and identity the decisive factors for the measured
activity /toxicity for a particular system, in order to have an insight
of the mechanism and behavior of the studied system. For such a
purpose, the employed strategy is to generate a mathematical
model that connects experimental measures with a set of chemical
descriptors determined from the molecular structure for a set of
compounds. The derived model should have as good predictive
capabilities as possible to predict the studied biological /toxicolog-
ical or physicochemical behavior for new compounds. The factors
governing the events in a biological system are represented by a
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multitude of physicochemical descriptors, which can include
parameters to account for hydrophobicity, electronic properties,
steric effects, and topology, among others [ 145].

With the constant progress of QSAR techniques, many methods,
algorithms, and techniques have been discovered and applied in
QSAR studies. The development of a QSAR model follows five
major steps:

1. Selection of a dataset with series of known response data
2. Calculation of descriptors

3. Splitting of the dataset into training and test sets for model
development and its subsequent validation

4. Construction of models using different chemometric tools,
and

5. Validation of the developed model based on internal and exter-
nal validation statistics

Additionally, the development of 3D-QSAR models includes
two more steps for their successful execution: conformation analysis
of the molecules and their alignment status with respect to the most
active compound. The most important feature for an acceptable
and reliable QSAR model is predictive capability for new set of
compounds. The predictive quality of the developed model is deter-
mined based on different validation statistics. Thus, validation of
QSAR models plays the most crucial role in defining the applicabil-
ity of the QSAR model for the prediction of untested compounds.
Initially, verification of the correlation between chemical features of
the molecules and the biological activity /toxicity was of prime
interest during the development of a QSAR model. Later, the focus
gradually shifted toward the predictive power of the model than
simply unveiling the quantitative relationships [146].

To validate a QSAR model, one has to follow OECD princi-
ples for acceptable predictions in order to make the model as a
reliable screening tool for future toxicity prediction of untested
pharmaceuticals. A meeting of QSAR experts held in Settabal,
Portugal in March 2002 reported guidelines for the validation of
QSAR models for regulatory purposes. The OECD principles were
agreed by OECD member countries, QSAR and regulatory com-
munities at the 37th Joint Meeting of the Chemicals Committee
and Working Party on Chemicals, Pesticides and Biotechnology in
November 2004. These principles are listed here: Principle 1: a
defined endpoint; Principle 2: an unambiguous algorithm; Principle
3: a defined domain of applicability; Principle 4: appropriate mea-
sures of goodness-of fit, robustness, and predictivity; Principle 5: a
mechanistic interpretation, if possible [147]. Different quality
metrics for QSAR models can be categorized into two classes: one
determining the fitting ability of the model while the other analyz-
ing the predictive potential of the developed model [146].
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4.1 Why In Silico
Models Should Be
Developed for
Ecotoxicity Predictions
of Pharmaceuticals?

4.1.1  The 3R Concept

4.1.2 Ban of Animal
Experimentation

The 3R concept represents three words “Reduction,”
“Replacement,” and “Refinement”. The concept brought about
an imperative notification about animal experimentation in the
scientific communities. The word ‘Reduction’ refers to the dimi-
nution in number of animals used to get results of a defined preci-
sion. Next, ‘Replacement’ corresponds to the use of nonliving
resources to replace conscious living higher animals, and
‘Refinement’ means decline in the severity or cruelty of inhuman
methodologies applied to the experimental animals [148]. As a
consequence, to establish the 3R concept, in silico techniques are
one of the front runners.

There are different social as well as governmental organizations
that consider reduction or complete ban of animal experimenta-
tions [149]. Here, we have listed a few of them:

1. The European Centre for the Validation of Alternative Methods
(ECVAM) was established in the year 1991 that agrees the
principle of 3Rs.

2. The European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Procedures.

3. Council Directive 86/609/EEC on the Approximation of
Laws, Regulations and Administrative Provisions of the
Member States Regarding the Protection of Animals Used for
Experimental and Other Scientific Purposes.

4. Johns Hopkins Center for Alternatives to Animal Testing
(CAAT), a US based organization focussing on the reduction
of animal experimentations.

5. The testing ban on the finished cosmetic products applies since
11 September 2004; the testing ban on ingredients or combi-
nation of ingredients applies since 11 March 2009. The mar-
keting ban applies since 11 March 2009 for all human health
effects with the exception of repeated-dose toxicity, reproduc-
tive toxicity, and toxicokinetics. For these specific health
effects, the marketing ban applies since 11 March 2013, irre-
spective of the availability of alternative non-animal tests [ 150].

6. India and Israel have also banned animal testing for cosmetic
products, while the USA has no such ban in place [151].

7. China is the only major market where testing all cosmetics on
animals is required by law, and foreign companies distributing
their products to China must also have them tested on animals.
[152] China has announced that its animal testing require-
ment will be waived for shampoo, perfume, and other so-called
“non-special use cosmetics” manufactured by Chinese compa-
nies after June 2014. “Special use cosmetics,” including hair
regrowth, hair removal, dye and permanent wave products,
antiperspirant, and sunscreen, will continue to warrant manda-
tory animal testing.



4.1.3 Regulatory
Decision Making

4.1.4 Filling Data Gaps

4.1.5 Development
of Understanding
of Biology and Chemistry

4.1.6 Costand Time
Reduction

4.1.7 Identification
of New Toxicological
Problems
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SARs and QSARs are employed to predict aquatic toxicity, physical
or chemical properties, and environmental fate parameters as well
as to predict specific health effects of organic chemicals by
Australian, Canadian, Danish, European, German, Japanese,
Dutch, and US Government organizations.

Acceptable toxicity data of pharmaceuticals to environment and
human health is considerably less than 5 % [153]. Computer-aided
prediction has the competency to assist in the prioritization of
pharmaceuticals for testing, and for predicting specific toxicities to
allow for classification. As the number of reliable models for toxic-
ity predictions is increasing, they can be employed as one of the
major sources for filling the missing data of pharmaceutical toxicity
to ecosystem.

In the modeling of acute toxicological endpoints, much has been
gained regarding mechanisms of action. For many modeling
approaches, it may be assumed that compounds fitting the same
QSAR are acting by the same mechanism of action. This has
allowed workers to define the chemical domain of certain mecha-
nisms. There are countless examples where knowledge of biology
and chemistry has been advanced by modeling in the field of toxi-
cological and fate effects [154].

Toxicity study is very costly in terms of the animals employed for
testing and time taken. Even a simple ecotoxicological assay may
cost several thousand dollars, and a 2-year carcinogenicity assay
may cost several million dollars. Cost is a clear issue to fill the data
gaps for the many new compounds that have not been tested. On
the other hand, prediction of various toxicity endpoints for phar-
maceuticals at an early stage of design can save a large amount of
expenses for such compounds which may be found toxic at a later
stage of drug development program [155].

The development of computational techniques not only allows for
the prediction of the potential risk of pharmaceuticals but also
allows for rational direction to be given to the testing programs.

5 Review of Literature on In Silico Ecotoxicity Modeling of Pharmaceuticals

Kar and Roy [156] have constructed robust quantitative interspecies
toxicity correlation models for Daphnia magna and fish evaluating
the ecotoxicity of structurally diverse 77 pharmaceuticals. They
have demonstrated that the keto group and the \ﬁ (aasC) frag-
ment are principally responsible for higher toxicity of pharmaceu-
ticals to D. magna. On the other hand, for fish toxicity, along with
the keto group, structural fragments like X=C=X, R—C(=X)-X, and
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R-C=X are largely responsible for the toxicity. The interspecies
models were also used to predict fish toxicities of 59 pharmaceuti-
cals (for which Daphnia toxicities were present) and Daphnia tox-
icities of 30 pharmaceuticals (for which fish toxicities were present).
They established that the interspecies correlation study would per-
mit an improved and inclusive risk assessment of pharmaceuticals
for which toxicity data was missing for a particular endpoint.

Das et al. [157] attempted to develop interspecies correlation
models taking rodent toxicity as dependent variable so that any
drug without reported rodent toxicity can be predicted using fish,
daphnia, or algae toxicity data which can be further extrapolated to
human toxicity. Interspecies extrapolation QSAR models were
developed employing multiple validation strategies. Analyzing the
models, the authors concluded that heteroatom atom count and
charge distribution were significant determinants of the rodent
toxicity, and that the atom level log P contributions of various
structural fragments and various extended topochemical atom
(ETA) indices reflecting electronic information and branching pat-
tern of molecules were important determinants for the rodent tox-
icity. In addition, from interspecies aquatic toxicity modeling, it
was established that apart from the algae toxicity, atom level log P
contributions of different fragments, charge distribution, shape,
and ETA parameters were important in describing the daphnia and
fish toxicities in the interspecies correlation models with algae tox-
icity. The toxicity of chemicals to rodents bears minimum interspe-
cies correlation with other mentioned nonvertebrate and vertebrate
toxicity endpoints.

The acute toxicity was predicted (92 %) using a generic quan-
titative structure—toxicity relationship (QSTR) model developed
by Sanderson and Thomsen [158] suggesting a narcotic mecha-
nism of action (MOA) of 275 pharmaceuticals. An analysis of
model prediction error suggests that 68 % of the pharmaceuticals
have a nonspecific MOA. Authors have compared the measured
effect data to the predicted effect concentrations using ECOSAR
regarding the predictability of ecotoxicity of pharmaceuticals and
accurate hazard categorization relative to Global Harmonized
System (GHS). Molecules were predicted using the model result-
ing in 71 % algae, 74 % daphnia, 83 % fish datasets that could be
compared.

Escher et al. [159] constructed QSAR models with the total
toxic potential of mixtures of the p-blockers and related human
metabolites for the phytotoxicity endpoint. They have assumed
two scenarios for this study. In the first scenario, the metabolites
lose their explicit activity and act as baseline toxicants. In the sec-
ond scenario, the metabolites reveal the identical specific mode of
action like their parent drug. p-Blockers are secondary amines and
are, therefore, fully protonated at environmental pH. The authors
accounted for their positive charge in the QSAR analysis and have
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experimentally determined the liposome—water partition ratios at
pH 7 to make QSAR analysis more robust.

Berninger and Brooks [ 160] considered the mammalian Acute
to Therapeutic Ratio (ATR) to predict pharmaceuticals which may
result in comparatively high Acute to Chronic Ration (ACR) in
fish models. The authors identified a statistically significant rela-
tionship between mammalian ATRs and fish ACRs (p<0.001,
77 =0.846). In this model, they only included chronic responses of
fish to pharmaceuticals which appear to have been elicited through
a therapeutic MOA for calculating ACRs and for statistical analysis
of the relationship with mammalian ATRs. Utilizing this approach,
mammalian ATR values can be used for predicting pharmaceuticals
with higher fish ACRs if the chronic response used in ACR calcula-
tion is reasonably linked to the therapeutic MOA of a
pharmaceutical.

Sanderson et al. [161] employed the US EPA generic aquatic
(Q)SAR model ECOSAR to screen more than 2800 pharmaceuti-
cals and provided a baseline to fill the screening data regarding
parent pharmaceuticals environmental toxicity. The model can be
used to predict both acute and chronic aquatic toxicity.

Sanderson and Thomsen [162] overestimated the toxicity for
70 % of the 59 pharmaceuticals by ECOSAR v3.20 which contains
both measured and modeled data. For the remaining 30 % phar-
maceuticals, more than 94 % of the predictions underestimated
toxicity by less than a factor of 10. This is an indication that a nar-
cosis based model is conservative relative to experimental values
around 70 % of the time, thus implying that for at least 70 % of the
Active Pharmaceutical Ingredients (APIs), the acute mode of
action (MOA) can be elucidated by baseline toxicity. The authors
have observed determination coefficients (72) ranging from 0.73 to
0.76 between all the modeled Log ECsy and Log K. The slopes
of the Log ECsp—Log K, regressions based on measured data from
the USA National Oceanic and Atmospheric Administration
(NOAA) database for both fish and daphnia equal -0.86 which
suggest a narcotic MOA.

Lienert et al. [163] assessed the ecotoxicological risk potential
of 42 pharmaceuticals from 22 therapeutic classes, including
metabolites formed in humans. They considered each parent drug
and its metabolites as a mixture of equally acting compounds, and
in case when effect data were missing, they estimated these with
QSAR models. They have collected data on the identity and excre-
tion pathways of human metabolites and, where available, experi-
mental ecotoxicity data (EC/LCsy) from pharmaceutical
compilations and from diverse literature sources. They have com-
piled physicochemical data like structure, molecular weight,
octanol-water partition coefficient K, acidity constant p K, mainly
from the Physical Properties Database (http://www.syrres.com/
esc/physprop.htm). Moreover, they have generated a risk quotient
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(RQuixwre) using simple predictions of drug concentrations in
wastewater which can be wuseful for risk assessment of
pharmaceuticals.

Christen et al. [164] developed VirtualTox Lab [165] to pre-
dict the effects of pharmaceuticals in the aquatic system. The study
leads to the inference that the mode of action perception is most
appropriate for the identification of highly active compounds
(HC). As suggested by the authors, modification can be done by
balancing this concept by the QSAR model (VirtualTox Lab),
whereas the fish plasma model seemed to be less apposite due to
the requirement of environmental concentration above 10 ng/1
for the identification of a risk. The practice of the VirtualTox Lab
will support the mode of action concept and may be beneficial to
recognize surplus targets of the pharmaceutical to assess the
ecotoxicity.

Escher et al. [166] predicted baseline toxicity of the 100 mol-
ecules using established QSARs for algae, daphnia, and fish. The
QSARs were selected from the Technical Guidance Document of
the EU. The logarithm of Dy, (liposome water distribution coet-
ficient) was employed in the model development for baseline toxic-
ity to calculate the toxicity of the compound towards the stated
species.

The environmental risk assessment of 26 pharmaceuticals and
personal care products have been performed by De Garcia et al.
[167] based on the ecotoxicity values generated by biolumines-
cence and respirometry assays. Then the compounds were classi-
fied following the Globally Harmonized System of Classification
and Labelling of Chemicals by predictions using the US EPA eco-
logical structure—activity relationship (ECOSAR™). The real risk
of impact of these pharmaceuticals in wastewater treatment plants
(WWTPs) and in the aquatic environment was predicted according
to the criteria of the European Medicines Agency. According to
their studies, in at least two ecotoxicity tests, 65.4 % of the PPCPs
showed prominent toxicity to aquatic organisms. There study
showed some type of risk for the aquatic environments and /or for
the activated sludge of WWTDPs for pharmaceuticals like acetamin-
ophen, ciprofloxacin, clarithromycin, clofibrate, ibuprofen,
omeprazole, triclosan, parabens, and 1,4-benzoquinone.

Here we have discussed available in silico models on ecotoxic-
ity of pharmaceuticals. Due to the limited availability of the in
silico models on ecotoxicity of pharmaceuticals, there is a need to
develop more in silico models in order to reduce time and cost
involvement as well as reduction of animal usage in getting rele-
vant data and for better and fast risk assessment of pharmaceuticals.
It is not possible to experimentally study toxic effects of each phar-
maceutical in different species. Most active pharmaceutical ingredi-
ents have available rodent toxicity information. As a result, if this
data could be extrapolated or modeled to different other species,
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this would be a noteworthy resource for prioritization of pharma-
ceuticals with regards to diverse environment hazards. However,
very limited papers have been published on interspecies models to
predict environmental toxicity for pharmaceuticals, and there are
relatively few statistical models available to bridge the chronic tox-
icity data information gap [168, 169].

6 Endpoints

Toxicity of a molecule should be assayed on specific toxicity end-
points for the generation of data which are employed commonly to
develop in silico models. This why a clear concept is required about
the endpoints or test batteries as they are employed for the experi-
mental toxicity studies and for understanding the mode of toxicity
with respect to that particular endpoint [110]. We list the most
commonly employed endpoints for this purpose in Table 3.

7 Databases

A good quality of ecotoxicological data of pharmaceuticals and
their metabolites is required for the development of accurate and
reproducible in silico models. A significant number of chemical /
drug/agrochemical /pesticide toxicity databases towards environ-
ment are publicly accessible, and such numbers are growing. But
one cannot deny that the existing databases are very few compared
to drug discovery compound libraries. Recent initiatives requiring
superior use of in silico technologies have called for transparency
and expansion of toxicity database information that is available to
the public at no cost. Table 4 represents publicly available toxicity
databases describing environmental as well as human health effects
of pharmaceuticals useful in risk assessment, risk management,
safety evaluation, and hazard characterization.

8 Expert Systems

Expert systems allow for the direct entry of a structure into soft-
ware followed by the calculation or prediction without the require-
ment to compute descriptors and re-perform the modeling process.
This makes expert system a more convenient option for toxicity
prediction over traditional QSARs. Expert systems have been
frequently employed by regulatory agencies, academia and indus-
tries worldwide for more efficient and fast prediction. The fore-
most criterion of toxicity prediction is to differentiate between
toxicologically active and inactive molecules. Multiple mechanisms
can lead to the identical toxic effect and this intricacy requires the
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accessibility of predictive tools that are able to discriminate mani-
fold regions in the activity space. This necessitates the development
of so-called expert systems, which try to cover broader structural
and activity regions in comparison to the local models. Table 5
summarizes different freely available and commercial expert sys-
tems to predict endpoints related toxicity predictions.

9

Green and Ecological Pharmacy

The role of green chemistry and principles are very important for
risk management of pharmaceuticals. The principles of green
chemistry state that the functionality of a chemical should not only
comprise the properties of a chemical essential for its application,
but also quick and trouble free degradability after its usage.
Improvement of synthesis and renewable feedstock are very impor-
tant issues for preparation of environment friendly pharmaceuti-
cals. Employing these principles and the awareness of green
chemistry to pharmaceuticals are necessary [138]. In this perspec-
tive, a system called “benign by design” can be considered which
means easy degradability after application is considered even before
a pharmaceutical’s synthesis. This approach is not completely new.
For instance, it is a general practice during the development of
pharmaceuticals that adverse side effects are to be taken into con-
sideration. This can also result in economic rewards in the long run
and will fit into green pharmacy [170]. But one has to note that a
pharmaceutical may also lose its specific therapeutic action due to
the structural modification while introducing green chemistry.
However, this approach can be employed at least for the optimized
and new synthesis routes [170]. Again, it is true that finding good
lead compounds is a major task even without considering the envi-
ronment toxicity issue. However, there is no requirement to find a
new lead compound at first. The modification of known lead struc-
tures can be the best option to do. Responding to the green and
justifiable pharmacy challenge may also result in new marketing
opportunities with help of appropriate and scientific research
within industry and academia.

10 Overview and Conclusion

A huge number of reports and publications have been published in
the last decade about the ecotoxicity due to human and veterinary
pharmaceuticals, but it is still too meager to permit us to execute a
systematic and precise risk assessment and appropriate risk man-
agement. There is still a huge need of filling the missing data gaps
in our knowledge. Due to biologically active and persistence nature
of pharmaceuticals, they are one of the most serious threats to



293

In Silico Models for Ecotoxicity of Pharmaceuticals

(ponunuod)

~MVSODA Surdodws pourroyrod oq ued
Jed[e uaa1g pue ‘spruydep ‘ysy o1 sfeonnodewreyd SULLINDOO AJEIUSWUOIIAUD JO JUIUISSISSE
PpIezef] ‘S[ed1Wad JO (WI1-Uo] pue WId-1I10ys [1oq) A1n1xol 93 101paid 01 sYT.SO paseq
-“oyr So1 oy1ads-ssed Jo Jaquunu e SIZIIN YIIYM Y JIH SN Y WO J[qe[reae A[921 ST {VSODT

"UOTRZNISUDS UDYS J0J S1IoTe

$9 SUTLIUOD () ()’ 6 UOISIOA AJ( UL, "S[edIWITD 67 10F eIep TN JD JO 9Seqerep [edLIolsIy st

Sursn ¢ Ul AU YIIM UODEBIOQR[[0d Ul PIdO[aAdp AJ[entur sem AAJ( UI 9seq d8pajmouy

UONEZNISUIS Unys YT, "syurodpud [e21301001X0] Jo 2Fuer opIm & SULIIA0D S1IdE T9E JO SISISUOD
11 ‘sdiysuone[or AIX031—9INIdNIS JO ITPIMOUY YIIM PIILIDd WISAS 119dX0 paseq-a8pajmony|

“wWaIsAs 112dX9 ST I9pun parspisuod are syurodpus sruaSoiesan

10 ‘AP1U301e19] 10§ SII9E [eINIONIS 7 APUIILIND) *9seq 9FPI[MOouy SIT UIIIM PIUTEIUOD

sojdurexa pue so[n.1 SUIUOSELII ‘s1I9[E [eINIONIIS UO Paseq suondipaid 31 soyewr yorgm ‘sioulred
[eLasSnpUl (PIIM UoDeIOqe[[0d Ul pado[oadp ‘waishs 11adxa paseq-o3pamouy] e YTYdd

“A1o1x01 Teauswdopaadp “AprusSeinyy ‘AprusSounted ‘UONLZNOISUS UD[S 101JE]
UONEINUIDUOIO0Iq I8 JYSTVD JOpuUn paidapisuod syutodpus JAL “UONE[SISI] HOVTY U3
105 spepowl YISO doraasp 01 pazesrpap Afesyroads st yorgm 123(oxd papuny D ue SIYYSTVD

“Sunyoe| o1e BIEp

UM 2JBWNISI S[PPOW Y T.SO PUL ‘(WayDHodqg pue YO LODH 9'1) Saseqelep pajerosse 3

Ul J[qR[IBAR UUM ‘S[edIIDD 93212sIp 10J elep Arenb ySiy spraoad o1 ojqefreae 41901y st Y 1SV
wsAs 119dxo paseq A11AnOe—0INIdNIS B puR dseqeiep XO LODH JO uoneiSaur ue st g 1SV

(sdiysuoneroyg

ATAndy—oImidnng

uny ppaimnsids /sd0p /dmsodxo [ev1301009)
/1ddo /03 edommm //:dny AVSODH
- Ma

(o8pomoury

Sunsxo woyy
F9=1e>" qnsxyg g=1ed:dydxopur YSLI JO UOneWsd
/830" payruteseyamar /11y aandNpaq) YTIYAA

(suonemSoyg
01 Surp10doy
sodURISqNG
[Ty
[BESORO
Jo uonenyeAy
po1sIssy
1ndwo)))
/n2:103(01d-TRS9RD MMM //:d1IY AVSAVD

(isra

Jo uonenyeAy

913 10J S[0O],

unyIaise,/sqn g spoiJ JUDWISSISSY )
/powl/r03 edommam //:dny VALSY

ajou Aiojeuejdx3

alsqam waysAs padx3

A191x01099 Jo spuiodpua snoriea 191paid 0} swalsAs 1axa Jo 1si| 819]dwoo v

G ajqeL


http://www.epa.gov/med/Prods_Pubs/aster.htm
http://www.epa.gov/med/Prods_Pubs/aster.htm
http://www.caesar-project.eu/
http://www.lhasalimited.org/index
http://www.lhasalimited.org/index
http://www.epa.gov/oppt/exposure/docs/
http://www.epa.gov/oppt/exposure/docs/

Kunal Roy and Supratik Kar

294

"JOOUED 9SNED S[EDTUWAYD MOT] JO d9Fpajmony Sunerodiodour pue
‘s3110dx0 uewny jo d130] UOISIP 93 Sunprurw ‘sisAfeue (YyS) digsuoneas A1anse 21nionns
Jo sornu op Suid[dde £Aq renualod Sursnes-19oued s151paId d18070dUQ “19dUERD ddNPUT unyd18ojoduo /sqnd
Aewr red1wdyd e e Ariqeqold oy sazenyead Jed weadoad roindwod doaysap e st s180 700U /1s/3ddo /ar03 edommm //:dny

“3ugo1d Teardofoorxo g0 T T T T ST0LS6
PpUe S9UDIeIS AJLIR[IUS ‘JUIWISeURI UONBWIONUT [EIIWAYD MO[[e [[IM Jetd wiope[d  ee76/eFS 6797 U‘€HE€0/€T
V 'SasAeue puan pue YISO ‘ssolde-pear urioyiad pue sa110321ed do[aAdp 03 19N I SMO[[e 3] /IUIWNI0P /SI0Pr20mmm //:diy

“A101X01 dnenbe o1noe J0J spPpow soadsiolur pue fenpiarpur 93 121pa1d o1 pasn st wiroperd
(SHNII,) 1o3e[nuWIg WSOqRIFA 0SS ], YT, ‘PAdO[9AIp U2 2ABY BLIDIDEQ PUE ‘QBAIR]
109SUT ‘UBIILISTLID ‘UBOZOIPAY ‘d[odpel ‘[reus ‘ysy se yons ‘somads sonenbe /1 01 Adrxol ainoe
10J SUOTIR[IIIOD $A15dSIANU] "S[EITUWYD IANIBIIOI (SIUO JUIBAOD) I[QISIIAILIT PUR (SIUO
JUS[EAODUOU) S[EITWIYD SUMIIE I[QISIOADI SUTBWUOP [EDTWIYD-01X01 Jo sadA1 o1 10§ Ad1xol dyd-aremyjos
a1noe Gurppouw 10§ yoroidde doejms-osuodsar o3 sasn YDIYM 21MIJOS [RIDIDWWOD ST SISYO /810 d>w-siseo'mmm //:diag

(spunodwod gOFT [eWWEW SNOSUEB[IISTUW ‘F 6/ SNOW Qg7 T eI ‘71§ Iqqer) AAnruagoreral
VA ur syuedrxol eyuswdoraasp ((spunodwod ¢ze suewny) An1xol [eyuswdopadp
STIA.L/VAA ‘(spunodwod g6 mIswey ‘61 T suewny ‘99 3qqer ‘e 1er ‘[T dsnowr)
syuedrxol [eauswdopaadp ((spunodwod G/ Jo 39serep Arsodwod (sjoyode djozewn eSunjnue
99) A11x01 TeIuswdoaAdp ¢(spunodwiod 9/) SPIOUNIY :SMOJ[O] SE I SISeqeIep I[qR[IeAYy
U] FSYDLMA AQ PaIoyIew AQUSLIND UONEZNISUdS UD[s Surpnpdur syutodpud
ASotooeurreyd pue A50[051X01 JO seITR SNOLIEA SUMDIAO0D SIMPOW ()QT UBYI JIOUT dI I,
“(YsgIm] paI ‘anom moqurer “WHA TS an[q) sa1ads sy [eI9A9S J0J S[PPOW SUTEIUOd FSYOIN
-asuodsar oy 103 J[qisuodsar oq Aewr
1BY] S9INIdNISANS I SOYNUIPI PUE SINII[OW JLIDUIFUOI-UOU JOJ SIINIEJ [EINIINIS D unysionpoid /s1onpoid
S9IEN[BAD PUE SPPOW Y SO SAO[PAIP [YITYM WINSAS [BIDIIWIWIOD PISEq-2FPI[Mouy € ST FSYOIN /wod aseonmnurmmm //:diyg

‘sjudwISey [eIn1dNIs Uo paseq paidipaid Arxol saanonpoidar Aidruagorerdy, /wod gnapndwodrmmm //:diy

OIDOTOONO

X0q[ooy,
uonedrddy

AVS(0) doI0

SANIL 2 SISYO

Od¥FON/ASVON
04 143GXT PAVZVE]

ajou Aiojeuejdx3 aysqam

waysAs padx3

(panunuoa)
G 9|qeL


http://www.compudrug.com/
http://www.multicase.com/products/
http://www.multicase.com/products/
http://www.oasis-lmc.org/software.php
http://www.oasis-lmc.org/software.php
http://www.oecd.org/document/23/0,3343,en_2649_34379_33957015_1_1_1_1,00.html
http://www.oecd.org/document/23/0,3343,en_2649_34379_33957015_1_1_1_1,00.html
http://www.oecd.org/document/23/0,3343,en_2649_34379_33957015_1_1_1_1,00.html
http://www.epa.gov/oppt/sf/pubs/oncologic.htm
http://www.epa.gov/oppt/sf/pubs/oncologic.htm

295

In Silico Models for Ecotoxicity of Pharmaceuticals

(ponunuoo)

e1ep [edrSojorwapido Suisn JUSWSSISSE YSLT PUL JUIUISSISSE YSLI

ur sodueIsqns [edrwayd jo Ajoud Sunios 10y pasn s1ajowrered ‘eIpaw JULIAYJIP UI UOINQLISIP

QI0U) puE $IDUBISQNS [EITWIYD JO UOISSIWD JO UondIpaId ‘vimsodxs pes] Yarm pazdduuod ysu
eay ‘(ISTYT WRIsAS) s1npe ‘UIp[Iyd ‘snidj JO poo[q Ul SUODRIIUIIUOD PEI[ JO UOHIIPAILJ
st £ouatod druaSournied JO JUIUWSSISSE “YSLT UTRWOP-NNW JO JUIWISSISSE 10 [003 € ST Y L
“JUdWISeURW pUE JUIWSSISSE NS [BOLS0[0D9 PUE [EIUIWUOIAUD ‘UBWINY JOJ [1Josn
UOIBWLIONUT SUTeIu0d VY AT, (SOHIN) $92UeIsqNg [ed1uay)) JO S199JJH JIXOT, JO AnsISoy
93 ur paiuasaad Jou are Y I, Ul paureuod spunodwod (g UeYl IO S[edTayd0ITe
09CT ‘sdtpaudl £0F T ‘spunodwod drueSio-uou (8O ‘SIAP 9%¢ ‘siowdjod 78T
S9IMIXTW $GT 10J UONBULIOJUT SUTRIu0d Y], ‘uonippe uy ‘suonediqnd usdo ‘syuswndop
[e2jo SUIpN(OUT BIBP 2INIBII] USIAI0] PUR URISSIY [10q JO SISeq ) U0 paynads pue
POYLIoA ST WAL, PUB TYVS Ul P2I29[[0d UOTBWLIONUT [ "S90UBISQNS [EdTWIYD )0 ST Ueyld

dJ0W J0J $ONSLINIeIRYD ()0 A[rewrxoidde uo uonewoyur oyl SIPNPUI VY H.T, ‘S310dxo W Hq

Jo 98parmouy] pue 2>udLIdx0 Teuosiad oyl Sursn JUISUd 9dUINJUT AZZNJ B UO PIseq ST VY.L

*SOOSLISIDRTRYD UAMOWUN T() S1ewnxoidde 01 pue s[eanuatd Jo pIezey] oY ssasse OF [euassd

uonewLojut o saproid 1 yys Jo uonedrdde oy T, *syS(O) JO Siseq 9 UO sadUeISqNS JO s1jourered

UMOUNUN JO TONENI[ED PUE BIEP JO sISAfeue [eonsnels 10§ paredoid st ppot T s oY T, “amsodxd
SIUOIYD PUE 3INJE JOJ SUONENUIIUOD PUE SISOP IO SIIAPE (219 “ToIem—JOUEID0 JO SIUIDIFI0D
uonnred ‘ssurod Sunjpw pue Suroq “Asusp) sanaadoid [esruatpooisAyd ‘omionms resruayd
:$90ULISqNS ()()SQ 10J SOUSLINDLILYD ()G UBYL 2IOW UO UOHBWLIOJUI 911 SOPNIUI 95eq T TIVS
"s101d1sap Jo uoneindwod Joj surerdord 1andwod se pasn o1e PPOW [ VS PUe 95eq T TIVS

“JUR[NWINS ULINN ‘JUBXE[I ULINN
o1x01 ISTUOJe JU0193503591 “UZ01e1a] ‘OpnruIads ‘stuoFe 101dodda proe prounar Jsiuode
101d9221 Y prounar ‘astuoSeiue 101doda1 proe drounar ‘AstuoSe 101doda1 proe drounar asiuode
101do001-g proe d1ounar stuoSe 101dodo1-0 proe d10UNII OTUISLINW JUIUNEIT] STIPIOSIP
[esnedoudwr ‘QudUILII SIOPIOSIP [EIIF0[02UAT IodURUD AN[IIY) IUL[NWNS ISEIJSULIOJ NS
2UO0IS “IOIIQIUI ISEIRJ[NS JUOLISI “Joje[npow Y4 ‘IstuoSeiue ud8oasd Istuode uagonsd
Quernuwns 9seudSoIPAYIP-g/ T [OIPEIISI OIX0I0AIqUID ‘TOIIQIUUI 3sL[AX0qIeddp VIO
<ronquuur asexdwostodol YN ‘Touqryur SurzA[oIpAy J Iy aserowostodol YN (T ‘T03rqryur
STSOUIUAS YN ‘TOIqIyuT dwAZUD Jredar YN ‘TOIR[edINUT YN ( OTuaSoumnied ‘Toje[iye
‘1oonpur uonioqe dre syurodpus pasordwd oy T, "A3101X01 9ANONPOoIdaT 01 JUeAIAI syutodpud
0§ 1240 $391pa1d 1] “AITATIOE UMOUY [IIM ISOYI O3 SI[NII[OW JO AILTR[TUIIS SISSISSE SV

*SOALY Ul passt| s199139 2andnpoidar ypm spunodwiod ()/£G¢ Jo sisAfeue a3 woy padofassp yorm
sJuaWSe [eINIdNDS JO SISeq A UO $1991J2 2AndNPoIdar s1o1pard YoIam WdIsAS JuIf-uo ue st SISO

(3usuussasse ySLI
[eIUSWUOIIAUD

10§ S[00T) VAL

WYX Xopul /I djudrquuerdst
‘ssp-wSommam //:dny

(Aoj0d1x%07,
[eIUWUOIAUF
103 sdiysuone[oyg
fanoy
nIYsWw yuqramm /:diny  —ormionng) 77y vs

//SSvd/nrospdowqr//:dny SSVd

[y xo1/02d /Soid /310
‘Anstwatd-druesiommm //:dniy

1o101dX0
Kxadoxd sra7150


http://www.organic-chemistry.org/prog/peo/
http://www.organic-chemistry.org/prog/peo/
http://ibmc.p450.ru/PASS/
http://www.ibmh.msk.ru/
http://www.ogm-dss.isprambiente.it/index.xhtml
http://www.ogm-dss.isprambiente.it/index.xhtml

Kunal Roy and Supratik Kar

296

‘sonSoreue U2amIaq
sso1oe-peas Jo uonedrdde oya pue sorroFa1ed spesrurayd jo Juswdoraasp o3 Suntoddns
Aqoa1o13 ‘sTestroyd Jo Surdnoid o1 AeI[IdE] 01 JOPIO UT SIITPUT AILTRTIUITS [ITWIYD

[8I9A3S $9POdUD 1e1) (D) MUY Yd1easdy Iurof Jo wrerfoid reinduwod sdrmos-usdo uy

38T (SOANTH) $9oUeISANG [EITWIYD [eRIWWO)) FUNSIXT

Jo A101u9auT ueadoany 9y uo sadurIsSqNs d1uedIo (0 ZF punore jo soniadoid snoroGuep
Jo uonenead 10y sppow YISO doaasp 01 193(oxd 1ot ur Y ystue( o3 Aq pasn ua2q sey|
yoeordde Suropowr (A101x01 TeI10 3Nde) 067 IVIIJO.L YL eruydeq pue WH 03 AIdIXo0l
J1noe Jurssasse 10§ spPpow YyS(O) 28uer e sosn wexdoxd oy T, 'STIAL/ VI WOy udyel dre
renualod £3101x03 TeIuswdoaAd( “sad1pur [edrSojodol-(01109]9) pue syuswSely [eInidonIsqns
Sursn uonewIouI [ed130[0JIX0] JO saseqeiep SNOdUdF0IY JO IdqUINU 3Ny & WOIJ

padorasdp sppowl YISO ‘ILVIJOL PpUN "WIsAS 119dX0 [RIDISWWOD [ed1SHEIS © ST TWIJO,

'sdnoi8 Sunispe /% Aq paquasop ore surtold Y suonoedr

JUI[RAOD I T, "UOHRIIOJUT [eINIONIS (¢ SUISN WSI[OqeIdW SOTWTW JOJL[NTIS WS[OqeIdu
unys Y T, ‘suro101d upys YIIm $AIOqeIdU JATIDEIT PIILIUIF 911 JO UONDBIANUI pUe
WSIOqeIdW UnYs SUNe[NWIs SUONEULIOJSULL) JO Jaquinu e YSnoIyl sdiysuone[a wsijoqeiaw

21M15NIS PUL AIDIXO] SINIINIS IPOIUI URD YIIYM WIAISAs 119dX9 PLIqAT] © st §S-SHINLL

wyose yiomiau emnou Arezsridoad e Suisn WH 9U3 03 S[EdIWLD J1UeSI0 JO AJIDIX0] 91N

o aandwod 01 werSord Paseq-YIomMIaU [eINU SUOE-PUERIS B PUR IIEMIJOS [RIDIIWWOD © ST I]

HOLVINXO.L=2dyd

Xopul/sj001-Y LSO/ 4LSO
/naedoInana01(-qaa/ /:dny {2109MX0],
(A3ojourday,
paisIssy
1ndwo(y])D
[y Iowpe /o1pnis-A19A03SIp £q uondIPaIg

/s1onpoad /wod shipade/ /:dny ADXQL) LVIJOL

(wrojrerd
eLregng JOJR[NWIS
‘sediog  ‘AoIeIe[Z SY,, AISIoAIUN) WSHOqeIg N

OWT Aq pasdrey  sdwi],) §S-SHAWLL

WO dUl-dseqerIlmmm / /:dny  WHAI-YLSOV44],

ajou Aiojeuejdx3

ajisqam wo)shs padx3

(panunuoa)
G 9|qeL


http://www.terrabase-inc.com/
http://accelrys.com/products/discovery-studio/admet.html
http://accelrys.com/products/discovery-studio/admet.html
http://ecb.jrc.ec.europa.eu/QSTR/QSTR-tools/index.php?c=TOXMATCH
http://ecb.jrc.ec.europa.eu/QSTR/QSTR-tools/index.php?c=TOXMATCH
http://ecb.jrc.ec.europa.eu/QSTR/QSTR-tools/index.php?c=TOXMATCH

In Silico Models for Ecotoxicity of Pharmaceuticals 297

human health and environment stability. Additionally, their specific
modes of action and specific effects on living systems make
pharmaceuticals distinctly different from other chemicals. This
sole feature is sufficient reason to assess the potential effects of
pharmaceuticals in diverse environmental compartments. The
problem is more horrifying as the occurrence level of pharmaceu-
ticals in different environmental compartments is largely varied.
The variations in drug occurrences from country to country and
also within the different regions of a country make the assessment
of pharmaceuticals a troublesome job for the environmental scien-
tist. The interactions between pharmaceuticals and natural stress-
ors of aquatic and terrestrial communities remain to be unexplained.
Along with that, the proper risk assessment of mixtures of pharma-
ceutical products is another area where more introspection is
required in present times.

In this book chapter, the hazardous effects of the most com-
mon therapeutic classes of pharmaceutical to the living ecosystems
and environment are discussed. Furthermore, specific information
on the sources, fate, and effects of pharmaceuticals in the environ-
ment and their possible negative impact on different ecosystems
are explored. There is a lack of sufficient information and scientific
data on effects of long-term exposure to nontarget organisms. It is
also important to assess the presence of pharmaceuticals and their
metabolites and transformation products in several environmental
compartments. One can find only a few reports on the quantitative
effects of pharmaceuticals, but the effects of metabolites are not
sufficiently explored by the scientific community. One has to accept
that the identification of risk assessment and management are not
sufficient if they are not properly implemented in right way. In
these perspectives, the major role should be played by government
authorities and agencies by implementing various guidelines and
rules for the reduction of toxicity of pharmaceuticals to the
environment.

Scarcity of adequate ecotoxicity data related to the diverse
classes of pharmaceuticals and their metabolites has stalled appro-
priate computational modeling and development of expert sys-
tems. As a consequence, there are only a very limited number of
models developed so far for the risk assessment of pharmaceuticals
and their metabolites as well as for the pharmaceutical mixtures.
Hence, a sufficient number of models should be developed to
address the risk assessment and risk management in an efficient way
by minimizing the requirement of time, animal testing and cost.
This will also help in gathering the ecotoxicity data as soon as a
new pharmaceutical product comes to the market. In this perspective,
expert systems are more reliable and results may be easily available
in no time. There is a need of more expert systems for prediction
of toxicity of pharmaceuticals from diverse classes of therapeutic
actions and their metabolites against different endpoints. It is true
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that in silico techniques cannot substitute “wet” experiments but
both of them can be utilized together for a better risk management
of pharmaceuticals in near future.
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