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Impact of Pharmaceuticals on the Environment: Risk 
Assessment Using QSAR Modeling Approach

Supratik Kar, Kunal Roy, and Jerzy Leszczynski

Abstract

An extensive use of pharmaceuticals and the widespread practices of their erroneous disposal measures have 
made these products contaminants of emerging concern (CEC). Especially, active pharmaceutical ingredi-
ents (APIs) are ubiquitously detected in surface water and soil, mainly in the aquatic compartment, where 
they do affect the living systems. Unfortunately, there is a huge gap in the availability of ecotoxicological 
data on pharmaceuticals’ environmental behavior and ecotoxicity which force EMEA (European Medicines 
Agency) to release guidelines for their risk assessment. In silico modeling approaches are vital tools to 
exploit the existing information to rapidly emphasize the potentially most hazardous and toxic pharmaceu-
ticals and prioritize the most environmentally hazardous ones for focusing further on their experimental 
studies. The quantitative structure–activity relationship (QSAR) models are capable of predicting missing 
properties for toxic end-points required to prioritize existing, or newly synthesized chemicals for their 
potential hazard. This chapter reviews the information regarding occurrence and impact of pharmaceuti-
cals and their metabolites in the environment along with their persistence, environmental fate, risk assess-
ment, and risk management. A bird’s eye view about the necessity of in silico methods for fate prediction 
of pharmaceuticals in the environment as well as existing successful models regarding ecotoxicity of phar-
maceuticals are discussed. Available toxicity endpoints, ecotoxicity databases, and expert systems frequently 
used for ecotoxicity predictions of pharmaceuticals are also reported. The overall discussion justifies the 
requirement to build up additional in silico models for quick prediction of ecotoxicity of pharmaceuticals 
economically, without or involving only limited animal testing.

Key words APIs, Ecotoxicity, CEC, In silico, Pharmaceuticals, QSAR, Risk assessment, Risk manage-
ment, Waste management

1 Introduction

Pharmaceuticals are one of the indispensable products with unques-
tionable benefits to human health and lifestyle. Regrettably, due to 
overuse of pharmaceuticals together with their improper disposal, 
unwanted residues of active pharmaceutical ingredients (APIs) 
have been found in different compartments of environment since 
1970 [1, 2]. Pharmaceuticals are deliberately designed to have an 
explicit mechanism of action (MOA) and exercise an effect on 
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 specific organs, tissues, or cells in living systems and many of them 
are persistent in the body [3]. Thus, pharmaceuticals and their 
unaltered metabolites can affect humans as well as animals when 
entered into the environment by diverse sources and routes. Also 
the MOA designed for human could be different for another type 
of species and even potentially “safe” drugs could have serious 
effects on them from biological ladder. This feature makes pharma-
ceuticals unique from other chemicals and this is the one and only 
reason to assess the potential acute and chronic effects of pharma-
ceuticals in diverse environmental compartments. It is quite obvi-
ous that the toxicity of pharmaceuticals on organisms in aquatic 
and nonaquatic environment is due to their long persistent and 
bioaccumulative nature [4]. One of the notable effects is the 
increased resistance of infectious microorganisms to numerous 
antibiotics due to the overuse of pharmaceuticals in humans and 
pet animals [5].

The ridiculously excess use of pharmaceutical products was 
well reported [5, 6] showing significant negative consequences for 
environment and individual health system in the last decades [6, 7]. 
Thus, increasing levels of detected and measured medicine residues 
in the environment make pharmaceuticals as Contaminants of 
Emerging Concern (CEC) [8, 9]. Around 600 APIs or their 
metabolites and transformation products have been found in the 
environment, specifically in surface water and sewage effluent as 
well as in ground water and in the soil samples for more than 71 
countries all over the world [7, 10]. More than 200 APIs from 
therapeutic classes of painkillers, vascular drugs, antibiotics, and 
antidepressants are identified in aquatic and terrestrial compart-
ments in concentration ranging from few ng/L to 1000 μg/L 
[11]. Majority of APIs are partially degraded or treated in waste 
water treatment plants (WWTPs) and finally discharged in the 
aquatic environment [12], leading to a ubiquitous and uninter-
rupted contamination [13]. A good amount of contaminants are 
released through improper disposals and excretion through feces 
and urines into the sewage system [14]. Other significant sources 
of pharmaceuticals are hospitals and industries, whose effluents 
are loaded with very high concentration of APIs and their metabo-
lites [15].

One of the frequently used pharmaceutical classes is antibiotics 
which are poorly metabolized after ingestion, providing a fraction 
from 25% to 75% which may leave the bodies in an unchanged 
form after consumption [16]. Under nationwide study of “emerg-
ing pollutants” in 139 rivers in 30 states of the USA, the US 
Geological Survey (USGS) detected biologically active compounds 
of diverse therapeutic classes [17]. The cardiovascular drug pro-
pranolol and antiepileptic drugs like carbamazepine and clofibrate 
have been reported in sewage treatment plants [18, 19]. Commonly 
used beta blockers (e.g., Metoprolol around 1.54 μg/L) and 
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beta- sympathomimetics, estrogens (e.g., 17β-estradiol equal to 
0.013 μg/L) [20], analgesic and anti-inflammatory drugs (e.g., 
Diclofenac up to 1.2 μg/L) [21], lipid lowering agents (e.g., clo-
fibrinic acid up to 0.2 μg/L) [22], and antiepileptic drugs (e.g., 
Carbamazepine up to 2.1 μg/L) [21] were detected in major river 
water. Interestingly, there is strong evidence of nonprescription 
drugs like cotinine, caffeine, and acetaminophenone in samples of 
potable water in Atlanta, Georgia [23]. Gemfibrozil and carbam-
azepine were detected in drinking waters in ten cities in Canada by 
Tauber [24]. Under sex hormones, estrogens have been detected 
in plasticizers and preservatives, while 17α-ethinylestradiol (EE2), 
an active component of contraceptive pills, has been identified in 
groundwater and tap water samples [25].

The European Medicines Evaluation Agency (EMEA) and the 
Food and Drug Administration (FDA) of USA (US FDA) intro-
duced risk assessment guidelines due to continuous detection of 
human and veterinary pharmaceuticals and their residues into the 
environment. The EMEA guidelines for the assessment of poten-
tial environmental risks were released in 2006 [26]. According to 
the US FDA guidelines, applicants have to present an environmen-
tal assessment report when the probable concentration of the API 
in the aquatic environment is ≥1 μg/L [27]. Previously, the FDA 
Center for Drug Evaluation and Research (CDER) issued a guid-
ance document ‘Guidance for Industry for the Submission of an 
Environmental Assessment in Human drug Application and 
Supplements’ in 1995 [28]. Due to the emerging concern of their 
hazards, directive 2004/27/EC [29, 30] for human medicine and 
directive 2004/28/EC [31] for veterinary medicine required an 
Environmental Risk Assessment for marketing authorization of 
new pharmaceuticals products. The European Union Directive 
2013/39/EU [32] included two pharmaceuticals (diclofenac and 
17-alpha-ethynilestradiol (EE2)) and a natural hormone (17-beta- 
estradiol (E2)) in a first watch list of ten substances for the European 
Union monitoring of water. Furthermore, the watch list was 
amended in 2015 with directive 2015/495/EU [33], and three 
macrolide antibiotics (azithromycin, clarithromycin, and erythro-
mycin), an additional natural hormone (estrone E1), a UV filter 
(octinoxate), and an antioxidant used as a food additive (butylated 
hydroxytoluene) were included [34].

The usage of pharmaceuticals is so extensive, and it is expected 
to intensify due to ageing of population in Europe and the USA, 
that the risk assessment requires a huge number of experimental 
data ensuing high costs, high time demand, and animal testing for 
in vivo testing. Regrettably, the number of available experimental 
data is very limited. The available data are also limited to specific 
species and assessed for particular environment compartment. In 
absence of sufficient experimental data, quantitative structure–
activity/toxicity relationship (QSAR/QSTR) approach represents 
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a convincing substitute to predict the possible hazards, from their 
chemical structure information [35]. Thus, to fill the data gaps, 
government and nongovernment regulatory authorities suggest 
the use of in silico methods for prediction of the physicochemical 
properties, toxicological activity, distribution, fate, etc. of pharma-
ceuticals along with their effects on environment and living sys-
tems much before they enter into market for usage. Therefore, 
usage of QSAR as one of the nonexperimental methods is note-
worthy in order to lessen time, animal usage and cost involvement 
in toxicity prediction of pharmaceuticals [36, 37]. Persistent and 
Bioaccumulative (PB) behavior of pharmaceuticals was studied by 
Howard and Muir [38] employing QSAR models. More than 
1200 pharmaceuticals were screened and prioritized for overall 
Persistence, Bioaccumulation and Toxicity (PBT) potential using 
the Insubria PBT Index and the US-EPA PBT Profiler by Sangion 
and Gramatica [39]. The European Union Commission’s Scientific 
Committee on Toxicity, Ecotoxicity and Environment (CSTEE) 
had recommended the use of QSAR models for screening purposes 
of pharmaceutical ingredients [40]. In recent times, a good num-
ber of software or expert systems are available for ecotoxicity pre-
diction. A widely used online modeling tool to predict ecotoxicity 
of chemicals by QSAR is ECOSAR [41, 42].

Although few QSAR studies have been performed to fill the 
data gap in ecotoxicity of pharmaceuticals [43–46], there is a sig-
nificant lack of knowledge about the environmental fate of a huge 
number of pharmaceuticals and their metabolites. Thus, genera-
tion of in silico models for pharmaceuticals’ ecotoxicity is the need 
of hour. This chapter intends to provide information regarding 
occurrence of pharmaceuticals and their residues in the environ-
ment, their persistence, environmental fate, and toxicity along with 
application of QSAR models and expert systems to predict risk and 
fate properties of pharmaceuticals. Concise ideas about commonly 
used endpoints or test batteries, available databases and expert sys-
tems employed for swift ecotoxicity predictions of pharmaceuticals 
are discussed.

2 Ecotoxicity of Pharmaceuticals: A General Overview

To understand the ecotoxicity of pharmaceuticals, the first step is 
to identify their sources and entry routes into the environment. 
Major sources and familiar pathways for environmental pollution 
of pharmaceuticals are illustrated below.

 (a) Household disposal: Due to lack or improper instructions 
about medication disposal, in many cases expired and unused 
medicines are dumped through the toilet or via waste bins, 
before being transferred to landfill sites as terrestrial  ecosystem 

2.1 Source and Entry 
Routes
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hazards. According to a study, unused medication were found 
due to modification of drugs by the doctor (48.9%), or self- 
discontinuation (25.8%), and the study identified that the 
common approach of disposal was throwing unused drugs in 
the trash (76.5%) or flushing them down the drain (11.2%) 
[47].

 (b) Industrial waste: One of the major sources of API, in-process 
and quality control failed final materials are generated from 
pharmaceutical industries. Though industries are following 
the Good Manufacturing Practices (GMP), still a large num-
ber of evidence is there for significant pharmaceutical emis-
sions from industries. Concentrations up to several mg/L of 
pharmaceutical wastes have been identified in effluents for 
single compounds, specifically in Asian countries [48].

 (c) Hospital influent and effluent: Hospital influents and efflu-
ents are another noteworthy source according to several 
researches and it is proved that the eradication of the pharma-
ceuticals is partial. According to a study, 16 pharmaceuticals 
including antiepileptics and anti-inflammatories were detected 
in the hospital waste water [49].

 (d) Continuous introduction of diagnostic compounds: Iodinated 
X-ray contrast media like iomeprol, iohexol, and iopromide 
are generally employed as diagnostic tools for capturing 
detailed X-ray images of soft tissues and thereafter eliminated 
without appropriate treatment which helps in persistence of 
these wastes for a long period of time in the ecosystem [50].

 (e) Human excreta: APIs as well as their metabolites are excreted 
through the human excreta which is another imperative source 
of pharmaceutical waste. The complexity of risk assessment is 
increased manifold as the risk of metabolites is entirely dissimi-
lar from the API.

 (f) Aquaculture: Sewage treatment plant (STP) sludge is rou-
tinely used as fertilizer in agriculture. Along with that, antibi-
otics have been also employed in aquaculture primarily for 
therapeutic purposes and as prophylactic agents (erythromy-
cin, oxytetracycline, premix, sarafloxacin, sulfonamides) 
according to Food and Agriculture Organization (FAO) [51].

 (g) Manure, animal husbandry, and veterinary medicine: Urine 
and feces of animals in addition to direct application of veteri-
nary medication in aqua farming leads to soil contamination 
besides contaminating both the surrounding surface and 
groundwater during rain [52].

 (h) Plant agriculture: Antibiotics like streptomycin with oxytet-
racycline are very commonly employed in plant agriculture in 
controlling bacterial diseases of flower and fruits. They are 
principally used for apple, pear, and related fruit trees for 
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 controlling fire blight caused by Erwinia amylovora. Studies 
have suggested that antibiotics applied to plants account for 
<0.5% of total antibiotic use in the USA [53].

We have demonstrated most common and significant sources, 
routes and fate of pharmaceuticals in Fig. 1.

Pharmaceuticals are frequently employed in healthcare, farming, 
and aquaculture nowadays. The defined daily doses (DDDs) of 
consumed drugs can be found in the European Surveillance of 
Antimicrobial Consumption (ESAC) homepage [54]. A hefty 
number of research covering evidence of pharmaceuticals in water 
bodies, sewage and effluent treatment plant, manure, soil, and air 
dust have been performed. Pharmaceuticals are multicomponent 
mixtures rather than isolated pure substances, which will either be 
transformed by physical and chemical means and/or subsequently 
biotransformed by microorganisms. Therefore, multi-component 
mixtures are the primary concerning issue for the ecotoxicity 
assessment. Another point of concern is that majority of molecules 
can be neutral, cationic, anionic, or zwitterionic which makes the 
risk assessment study trickier. Thus, pharmaceuticals are evaluated 
for their acute toxicity by standard tests following the guidelines of 
Organisation for Economic Co-operation and Development 
(OECD), US EPA, International Organization for Standardization 

2.2 Occurrence 
and Effects

Fig. 1 Sources, routes and fate of pharmaceuticals in different compartments of environment
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(ISO) employing standard laboratory endpoints like zooplankton, 
algae, and other invertebrates and fish. The most toxic and concern-
ing classes were antibiotics, antibacterials, analgesics, cardiovascular 
drugs, antidepressants, and antipsychotics.

● Antibiotics: Quinolones (mostly ciprofloxacin) have been 
identified in the hospital effluent up to a low μg/L range while 
β-lactams like carbapenems, monobactams, penicillins, cepha-
losporins, and β-lactamase inhibitors were detected in the 
lower μg/L range in hospital effluent as well as in the influent 
of a municipal STP [55]. Antibiotics like tetracycline, oxytetra-
cycline, chlortetracycline, sarafloxacin, and cyclosporine A are 
largely found in the ecosystem and the most concerning issue 
is they have quite slow biodegradability in soil. Chlortetracycline 
and tetracycline were detected in ten out of 12 soil samples by 
Hamscher et al. [56]. As antibiotics have the ability to affect 
the microorganisms in sewage systems and WWTP, the inhibi-
tion of wastewater bacteria may critically influence degradation 
and nitrification process of organic matter [57]. Carucci [58] 
et al. reported noteworthy inhibition of the nitrification 
showed by lincomycin. Ciprofloxacin was identified to be 
active against Vibrio fisheri at a concentration of 5 mg/L [59]. 
Processes like transcription and translation are largely affected 
by macrolides, tetracyclines, lincosamides, P-aminoglycosides, 
and pleuromutilins for plants. Not only this, metabolic path-
ways like folate biosynthesis, fatty acid biosynthesis, and chlo-
roplast replication are influenced by sulfonamides, triclosan, 
and fluoroquinolones, respectively [60]. Along with water 
bodies, microorganism and plants, antibiotics have the ability 
to affect the degradation of organic matter of soils and sedi-
ments to a large extent. A transitory effect on sulfate reduction 
was also identified when antibiotics were present in sediment 
[61]. Chloramphenicol was banned for food-producing ani-
mals within the USA and the EU in 1994 as it generated severe 
hazardous effects including myelosuppression to farmers [62]. 
In present times, the most significant effect is the surfacing of 
resistance due to improper and uncontrolled usage of antibiot-
ics as medicine for human and animals as well as animal hus-
bandry. The most well-known examples are methicillin-resistant 
Staphylococcus aureus (MRSA), vancomycin-resistant entero-
cocci (VRE), and multiresistant pseudomonads [63].

● Blood lipid lowering agents: Proliferation of peroxisomes in 
rodent liver is caused by fibrates and statins which have the 
ability to suppress synthesis of the juvenile hormone in insects. 
Additionally, they produce damaging effect to protozoan 
 parasites, inhibiting growth and development. Zebrafish 
(Danio rerio) and amphibians can be highly affected by fibrates 
when present even at micromolar concentrations [3]. Quinn 
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et al. [64] categorized bezafibrate as damaging for nontarget 
organisms with EC50 concentration between 10 and 100 mg/L 
and gemfibrozil as toxic with EC50 concentration between 1 
and 10 mg/L. Fibrates have been evaluated by usual toxicity 
assays and the following no-observed-effect-concentration 
(NOEC) was detected for clofibric acid in C. dubia is NOEC 
(7 days) = 640 μg/L, for the rotifer B. Calyciflorus is NOEC 
(2 days) = 246 μg/L, and in early life stages of zebrafish is 
NOEC (10 days) = 70 mg/L [65]. Clofibrate is harmful to 
aquatic organisms with LC50 values of 7.7–39.7 mg/L. The 
most sensitive organism toward clofibrate is the fish Gambusia 
holbrooki [LC50 (96 h) = 7.7 mg/L]. Misra et al. [66] reported 
that clofibrate has no effect on in vitro growth of T. bruceii but 
reduces the incidence of P. berghei and the invasiveness as well 
as development of Acanthomoeba culbertsoni in exposed mam-
malian hosts.

● Analgesics and nonsteroidal anti-inflammatory drugs 
(NSAIDs): NSAIDs have been detected in higher concentra-
tions especially in surface water, ranging between 0.4 ng/L 
and 15 μg/L. Among NSAIDs, paracetamol, diclofenac, and 
ibuprofen are the most quantitatively found [67]. Cleuvers 
[68] checked that acute toxicities of NSAIDs were moderately 
low with concentration (EC50) attained in Daphnia in the 
range from 68 to 166 mg/L and from 72 to 626 mg/L in case 
of algae. Observed EC50 values for chronic toxicity are 
23.8 mg/L, 23.6 mg/L, and 38.2 mg/L for diclofenac, ibu-
profen, and naproxen, respectively in surface water. The 
NASIDs can reach in the environment with concentrations up 
to >1 μg/L due to their extensive usage and required pharma-
cokinetic and pharmacodynamic properties. Among NSAIDs, 
diclofenac has the highest acute toxicity with the effective con-
centrations below 100 mg/L and frequently detected in waste-
water at a median concentration of 0.81 μg/L, whereas the 
maximal concentration in wastewater and surface water is up to 
2 μg/L [69]. Acetylsalicylic acid affected reproduction in D. 
longispina and D. magna at concentrations of 1.8 mg/L [69]. 
Another frequently prescribed NSAID is paracetamol which is 
present in surface waters with concentration of 78.17 μg/L 
and within the range of 20 ng/L to 4.3 μg/L in STP effluents. 
The detected concentrations are higher than the stipulated no- 
effect concentration (PNEC) of 9.2 μg/L [3].

● Beta-blockers: Propranolol showed the highest acute toxicity 
and log Kow supporting the fact that it is one of the strongest 
membrane stabilizers among the examined beta-blockers by 
Huggett et al. [70]. The NOEC and lowest-observed-effect- 
concentration (LOEC) of propranolol affecting reproduction 
in C. dubia were 125 and 250 μg/L. In case of H. azteca, 
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reproduction affected after 27 days of exposure in at 100 μg/L 
[70]. In aquatic compartment, propranolol negatively affects 
survival, swimming behavior, and phototaxis of free-living 
aquatic stages of trematodes. Fathead minnows exposed to 
atenolol throughout embryo–larval growth showed LOEC 
and NOEC values for growth rate of 10 mg/L and 3.2 mg/L, 
respectively [3]. With 48-h exposure to propranolol, LC50 val-
ues of 1.6 mg/L, 29.8 mg/L, and 0.8 mg/L were obtained 
for D. magna, H. azteca, and C. dubia respectively, while acute 
exposure to nadolol did not affect the survival of the inverte-
brates [3]. Encystment of the protozoan Entamoeba invadens 
was inhibited in the presence of metoprolol [71].

● Anticancer drugs: These are one of the most toxic therapeutic 
classes, designed to kill the cancer cells. They possess geno-
toxic, mutagenic, carcinogenic, teratogenic, and fetotoxic 
properties. One of the interesting points is that 14–53% of the 
drugs can be excreted in unaltered form through urine and 
feces, making them lethal for aquatic, soil organisms as well as 
for living systems and ecosystems [72]. Methotrexate has been 
reported to show acute effects in the ciliate Tetrahymena pyri-
formis with an EC50 of 45 mg/L and teratogenicity for fish 
embryos with an EC50 of 85 mg/L after 48 h of exposure in 
both cases [73]. Cyclophosphamide and methotrexate demon-
strated immunosuppressant property to cause a proliferation in 
disease incidence and intensity in host–parasite systems [74]. 
Highly proliferative species like the ciliate Tetrahymena pyrifor-
mis showed acute toxicity to methotrexate with concentration 
of EC50 (48 h) = 45 mg/L [75]. Surprisingly, Methotrexate 
has no or little effect on definite protozoans like Babesia bovis, 
Toxoplasma gondii, and Leishmania tropica, as these organisms 
have dissimilar mechanisms of drug metabolism [76]. Again, 
cyclophosphamide emerges to have a minute effect on them. 
Development and growth of helminths in mammalian and bird 
hosts were destructively effected by cyclophosphamide and 
methotrexate. Abnormal teratogenicity was observed in fish 
embryos at higher concentrations of methotrexate [EC50 
(48 h) = 85 mg/L] [76].

● CNS affecting drugs: Fluoxetine, a serotonin reuptake inhib-
itor (SSRI), is one of the acute toxic pharmaceuticals with tox-
icity ranging from EC50 (48 h, alga) = 0.024 mg/L to LC50 
(48 h) = 2 mg/L [18]. Sertraline demonstrated highly toxic 
response to rainbow trout (LC50 of 0.38 mg/L) at a 96-h 
exposure [77]. SSRIs showed growth inhibitions for algae and 
chronic toxicity tests confirmed they were sensitive with NOEC 
values below 1 mg/L [78]. On the contrary, organism like C. 
vulgaris was identified to be the least sensitive species for all 
SSRIs tested. Fluvoxamine showed a rise to the highest EC50 
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values for all algae species tested with concentration range 
between 3563 and 10,208 μg/L. Nitrazepam, benzodiaze-
pines, and diazepam were recognized to amplify the number of 
microfilariae of Setavia cervi liberated from the lungs into the 
peripheral blood circulation in rats [79]. Caffeine was identi-
fied to stimulate the growth of P. falciparum and P. gallina-
ceum, while the mood stabilizer valproic acid and the 
antipsychotic haloperidol efficiently inhibited the in vitro 
growth of T. gondii [80]. Antiepileptics like carbamazepine 
and diazepam were categorized as potentially harmful to 
aquatic organisms as majority of the acute toxicity data was 
below 100 mg/L [65].

● Sex hormones: These are one of the significant therapeutic 
classes emerged as the most serious aquatic environmental haz-
ards due to their widespread use as human contraceptives. A 
synthetic estrogen named Ethinylestradiol (EE2) is generally 
found in oral contraceptive pills with evident estrogenic effects 
in fish. The EE2 concentrations below 1 ng/L creates striking 
effects in fertilization process, egg production and decreased 
expression of secondary male sex characteristics to fathead 
minnows. Lifelong contact of zebrafish to EE2 (with concen-
tration of 5 ng/L) has led to reproductive failure due to the 
nonexistence of secondary male sex characteristics [81]. 
Exposure to 17β-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 testosterone 
[82]. Estradiol increased the vulnerability of cyprinids to 
hemoflagellates by the repression of lymphocyte proliferation 
[83]. Hydrocortisone can increase the intensity of ectoparasitic 
infections in fish at reasonably high concentrations. The 
detected concentrations of estrogenic products are typically 
below 50 ng/L in the effluent of STP and WWTP. On the 
contrary, high concentrations of 17α-estradiol and estriol 
(about 180 ng/L and 590 ng/L, respectively) were found in 
the USA [84].

● Antiparasitic compounds: Antiparasitic compounds dora-
mectin and ivermectin, with concentration of 0.112 mg/kg 
and 1.85 mg/kg, respectively were detected in dung of a farm-
house in the UK [85]. Interestingly, the concentrations of 
these drugs in soil were noticeably lower up to 0.046 mg/kg 
for the same farm [85]. Grønvold et al. [86] found that fen-
bendazole and ivermectin affect the endurance of the nema-
tode Pristionchus maupasi at concentrations of 10–20 mg/kg 
and higher than 3 mg/kg, respectively. Svendsen et al. [87] 
reported that fenbendazole and ivermectin did not affect 
earthworms; however, the disappearance in dung was affected 
by the avermectin but not by the fenbendazole. Sun et al. [88] 
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detected avermectin B1A in soil with the compost worm Eisenia 
fetida at a concentration of 17.1 mg/kg (LC50).

● Antivirals: The emergence of Relenzas (zanamivir) and 
Tamiflu, neuraminidase inhibitors, in the USA began after the 
influenza pandemic (H1N1) in 2009 [89]. Tamiflu overpow-
ered Relenza due to its relative ease of administration. Tamiflu, 
a prodrug form, is converted to the active molecule oseltamivir 
carboxylate (OC) in the liver. Generally, 80% of an oral dose of 
Tamiflu is excreted as OC through urine and the remaining 
fractions are excreted as oseltamivir ethylester-phosphate (OP) 
in the feces. Thus, both the API and its active metabolite ulti-
mately are projected to attain a mean of 2–12 mg/L in WWTPs 
during moderate and severe pandemics, respectively [89]. The 
OC concentrations ranging from 293 to 480 ng/L have been 
reported in river waters charged with WWTP effluents during 
the 2009 pandemic [90].

The definition of medical waste according to EPA is “all waste 
materials generated at health care facilities, such as hospitals, clin-
ics, physicians’ offices, dental practices, blood banks, and veteri-
nary hospitals/clinics, as well as medical research facilities and 
laboratories.” Among the medical waste, pharmaceutical waste is 
the most prominent and perilous ones. The USA has spent around 
$2.5 billion for the disposal of medical waste in 2012. Interestingly, 
with annual growth of 4.8%, by 2017, the increased cost is expected 
to $3.2 billion [91]. For instance, just hospitals in the USA pro-
duce more than 5.9 million tons of waste annually. Therefore, one 
can imagine the level of hazardous intensity generated by medical 
waste all over the world as all healthcare activities considered to 
humans generated medical wastes. The danger increased to mani-
fold by mishandling or improper disposal of these medical wastes. 
Therefore, persons engaged to proper risk assessment and manage-
ment must be aware with types of medical wastes especially phar-
maceutical ones along with different approaches to treat them 
efficiently to minimize the hazards to environment and living sys-
tems. A typical list of pharmaceutical hazardous waste with few 
examples is illustrated in Fig. 2 and most commonly employed 
treatment for pharmaceutical as well as medical waste to avoid high 
risk of ecotoxicity is reported in Fig. 3.

3 Environmental Risk Assessment of Pharmaceuticals

Risk assessment is the process of assessing the concentration, 
occurrence, and level of environment and human exposure of a 
pharmaceutical product [92]. The key aim of environmental risk 
assessment (ERA) should be risk mitigation and risk management. 
The conclusion of the ERA report should be based on scientific 

2.3 Pharmaceutical 
Hazardous Wastes 
and Their Treatment
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Fig. 2 Types of pharmaceutical hazardous wastes with few examples [Color of the boxes for the medical waste 
represents the color of the waste container]

Fig. 3 Different ways of treatment for medical wastes to avoid high risk of ecotoxicity
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reasoning supported by adequate ecotoxicity studies. 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) agreements.

The most commonly employed risk assessment approaches of 
pharmaceuticals and their metabolites in various environment 
compartments are discussed below [93].

The first and foremost step for risk assessment is the identification 
of source and occurrence of hazards which supports the intensity 
of risk of a pharmaceutical. Majority of scientists highly relied on 
in vivo data, but due to huge deficiency of reasonable data for 
majority of pharmaceuticals related to specific species and definite 
environment compartment, greater effort should be offered on the 
efficient usage of in vitro assays and in silico analysis, as well as the 
use of computational techniques in systems biology [94].

Detection of threshold dose of the toxic effect is imperative for 
scientific risk assessment of any hazards. Dose-response informa-
tion over a wide range of test concentrations should be performed 
through quantitative high throughput screening (q-HTS). 
Additionally, sensitive assays should be able to detect toxicity at 
very low doses or below environmental levels experienced by living 
organisms. There should be sufficient scope available to extrapo-
late adversarial responses and to assess critical concentrations data 
employing statistical approaches [95].

Major drawbacks of risk assessment are low-dose toxicity and lack 
of interspecies extrapolation data. In some cases, regulatory 
authorities and government organizations have implemented in 
silico models and expert systems as alternatives to deal with these 
problems. In vitro to in vivo extrapolation and physiologically 
based pharmacokinetic (PBPK) models are agreeable to sensitivity, 
variability, and uncertainty analysis using conventional tools [96].

The final phase of the ecological risk assessment is the risk charac-
terization which integrates the analyses from the exposure and eco-
logical effects characterization along with the doubts, hypothesis, 
strengths and limitations of the analyses. The risk characterization 
has two major components: risk estimation and risk description. 
Again, risk estimation compares integrated exposure and effects 
data in context of Levels of Concern (LOCs) and states the poten-
tial for risk [97].

3.1 Risk Assessment 
Approaches

3.1.1 Hazard 
Identification

3.1.2 Dose-
Response 
Assessment

3.1.3 Dose and Species  
Extrapolation

3.1.4 Risk 
Characterization
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The EPA uses a deterministic approach or the risk quotient (RQ) 
to evaluate toxicity to environmental exposure which is calculated 
by dividing a point estimate of exposure by a point estimate of 
effects. Calculation of RQ are based upon ecological effects data, 
hazards use data, fate and transport data, and estimates of exposure 
to the hazards. Thus, the estimated environmental concentration 
(EEC) is compared to an effect level, such as an LC50 (the concen-
tration where 50% of the organisms die.)

RQ = Exposure/Toxicity

The risk assessment model considers the safety issues and RQ of 
individual pharmaceutical products. The most common approaches 
are offered in the guidance for environmental assessments for reg-
ulatory drug approvals by the US FDA [28] or by the European 
Medicines Agency (EMA) [26]. It is important to evaluate expo-
sure of any pharmaceutical by the following ways previous to model 
a toxicological study [98]:

 (a) For modeling purpose, the exposure is assessed in the form of 
occurrence or the environmental concentration to which the 
biological system is exposed along with the duration and fre-
quency being not on the concentrations to which individual 
living system is exposed. Exposure is also dependent on many 
miscellaneous factors such as sorption effects, metabolism, 
transformation processes, and fate.

 (b) The life cycle of any organism must be taken into account for 
understanding the effect of pharmaceuticals on them.

 (c) The MOA of pharmaceuticals needs to be determined to 
depict each step of molecular and functional effects.

 (d) Proper understanding of the pathways and target sites of phar-
maceuticals in the biological system.

 (e) The bioavailability and toxicokinetic properties of the pharma-
ceutical need to be studied.

 (f) Complete pharmacokinetic and pharmacodynamic informa-
tion are required to understand the absorption, distribution, 
metabolism, excretion, and toxicity pattern.

 (g) The hazard generated from inherent toxicity of the pharma-
ceuticals according to their chemical properties is needed to be 
studied.

The most important steps for risk assessment and management 
process are reported in Fig. 4.

3.1.5 Deterministic 
Approach and  Calculation 
of Risk Quotients

3.2 Environmental 
Risk Assessment 
Modeling 
of Pharmaceuticals
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4 Environmental Risk Management of Pharmaceuticals

The risk management can be defined as follows: “the process of 
identifying, evaluating, selecting, 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” [99]. 
The process of risk management caused by pharmaceuticals 
hazards must be balanced with cost benefit and practical to 
implement.

Pharmaceuticals are one of the must have emergency products which 
cannot be stopped for use but the possible risks of them related to 
environmental can be managed by executing apposite preventative 
measure and safeguard. A set of guidelines has been set by the EMEA 
in 2006 as safety measures for risk management:

 1. Initial assessment of risk for individual products,

 2. Each pharmaceutical package should have appropriate product 
labeling and summary product characteristics (SPC),

 3. Educated patients about the possible toxicity toward humans 
as well as environment through Package leaflet (PL),

 4. Safe and appropriate storage as well as disposal of pharmaceuti-
cal products,

4.1 Accomplishment 
of Preventive 
Measures

Fig. 4 Reasons for ecotoxicity study along with steps for risk assessment and risk management due to phar-
maceuticals hazards
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To reduce the input of pharmaceutical products and their metabo-
lites, the following steps can be employed effectively.

Awareness and training about occurrence and effect of individual 
pharmaceutical products along with their corresponding effects 
toward environment is the most crucial step. In addition, knowl-
edge about disposal process of diverse types of pharmaceutical 
hazards is the first step to reduce the input of those hazards 
into the ecosystem. The awareness need to be spread among 
the shareholders, stakeholders and community using the pharma-
ceuticals, including patients, doctors and nurses, and pharmacists. 
The most important role need to be played by industries as they 
are the major source of pharmaceutical hazards and many of them 
are APIs when they are released into the environment without 
adequate waste treatment. In addition, each raw material, in pro-
cess molecules and API should consist of material safety data sheets 
(MSDSs) intended to provide workers and emergency personnel 
with process for handling that product safely with information like: 
physical data, toxicity and health hazards, first aid, reactivity, stor-
age, disposal, protective equipment, and spill-handling procedures. 
People related to risk management should possess information 
about the drug flows from the diverse sources of households, 
industries, hospitals and pharmacy [100].

Most of the risk management procedures can be controlled with 
improvement of sewage treatment. Implication of sophisticated 
and enhanced waste water as well as sewage treatment can diminish 
the hormonal effects to living systems, ecotoxicity and pathogenic 
effects of the effluent to manifold. Recently, advanced effluent sew-
age treatment has been practiced comprehensively and performed 
employing photochemical oxidation, filtration, and adsorption 
processes [101].

The final approach is the knowledge of green and sustainable phar-
macy which supports environmentally benign compounds which 
after coming into the contact with environment will be degraded 
with minimum hazardous effects in no time [100]. In the present 
scenario, it is the least practiced methods, but in long term of sus-
tainability, it is the need of hour.

Furthermore, possible measures, roles and action to reduce 
the ecotoxicity imposed through pharmaceutical hazards by 
diverse stakeholders are addressed in Table 1 for improved 
understanding.

4.2 Minimizing 
the Input of 
Pharmaceutical 
Hazards into the 
Environment

4.2.1 Awareness 
and Training

4.2.2 High-End 
and Advanced Sewage 
Treatment

4.2.3 Green and Viable 
Pharmacy
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Table 1
Roles of different stakeholders to reduce the pharmaceutical induces ecotoxicity

Stakeholders Possible measures, roles and action

Doctors • Prescribed only required medicine.
• Awareness about their hazardous properties.

Pharmacist • Awareness and information about usage and disposal to patients.
• Take back system of unused medicine if possible.

Patients • Improvement of compliance and proper disposal.
• Consumption of medicine only if prescribed by a doctor.

Hospitals • Amalgamation of the delivering pharmacy/wholesaler about the 
handling of expired medicaments.

• Proper implementation of rules and regulation by hospital authorities 
for the disposal of pharmaceuticals and other medicaments.

Industries • Periodical report of environmental assessment related data of individual 
pharmaceuticals along with raw materials, in process ingredients.

• Complete information about analytical methods and results.
• Proper packaging and labeling with proper uses, storage and disposal.
• Improved drug delivery systems so that smaller doses are needed.
• Environment friendly packaging with extended shelf life of packing 

material.

Drinking water • Extended monitoring of water for hospital, industry and pathological 
centers.

• Advanced treatment of water
• Suitable approach to complete or up to acceptable limit removal of 

waste.

Waste water treatment • Tertiary treatment methods such as ozonation, activated carbon 
adsorption, or nanofiltration.

• Separate and careful piping between waste water and rain water.

Authorities • Instigation and back up of communication between all stakeholders.
• Implementation of threshold limits for each pharmaceuticals and other 

medicaments for different environmental compartments.

Policies and regulations • Annexation of every APIs and formulation product in environmental 
legislation.

• Updated regulation for the management of out dated and new as well as 
existing medicaments.

Green pharmacy • Fast and trouble free degradability of pharmaceutical products and 
supplements.

• Improvement of synthesis and renewable feedstock for preparation of 
environment friendly pharmaceuticals.
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5 Global Regulatory Bodies Concerning Pharmaceuticals Hazard and Risk 
Quantification

Increasing exposure of pharmaceutical wastes in the environment 
is an affair of anxiety and a hot topic worldwide. The risk of 
 pharmaceutical hazards are directly related to the environment and 
indirectly related to human health to a great extent. There is a 
strong need to predict physicochemical properties, environmental 
fate, effects of pharmaceuticals and their metabolites, as concerned 
experimental data for different compartments of the environment 
are absent for huge number of pharmaceuticals till today. A good 
number of government regulatory authorities related to environ-
ment safety consider in silico approaches like structure–activity 
relationship (SAR) and QSAR to predict the hazardous effect and 
fate of untested and newly introduced pharmaceuticals as fast as 
possible with economical way using less animal testing [26, 28, 
102–106]. To predict the human health or environmental hazards 

Table 2
A list of endpoints for modeling purpose under OECD and areas where QSAR models can be employed

Endpoints for modeling under OECD Areas where QSAR models can be used

• Physical-chemical properties: Boiling point, 
melting point, vapor pressure, octanol–water 
partition coefficient, organic carbon–water partition 
coefficient and water solubility

• Ecological effects on endpoints: long-term toxicity, 
acute Daphnia toxicity, Acute fish toxicity, terrestrial 
toxicity, algal-toxicity, marine organism toxicity, 
microorganism toxicity in sewage treatment plant

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

▪ Human health effects: Acute oral, acute inhalation, 
eye irritation, acute dermal, skin sensitization, skin 
irritation, repeated dose toxicity, reproductive 
toxicity, genotoxicity, systemic toxicity, 
developmental toxicity, mutagenicity, carcinogenicity, 
etc.

• Prioritization of existing pharmaceuticals 
for toxicity to environment

• Classification and labeling of new 
pharmaceuticals

• Risk assessment of new and existing 
pharmaceuticals

• Guiding experimental design of regulatory 
tests or testing strategies

• Providing mechanistic information
• Filling up the large data gaps
• Building a proper database of each 

pharmaceutical to different species 
regarding ecotoxicity

• Development of expert systems for each 
therapeutic class for diverse compartments 
of the environment

• Construction of efficient interspecies 
models to extrapolate data from one 
species to another species when data of a 
specific species is missing
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Table 3
Global regulatory agencies which deal with the environmental risk assessment and risk management 
of pharmaceuticals

Regulatory 
agencies Objective Responsibility and method of risk assessment

AEA (Australian 
Environment 
Agency)

Advises clients on the 
environmental hazards and 
potential risks associated 
with the production, use 
and disposal of chemicals. 
AEA is a member of the 
Society of Ecotoxicology 
and Chemistry (SETAC)

AEA has undertaken reports for the Department 
of Sustainability, Environment, Water, 
Population and Communities (DSEWPaC), 
particularly with respect to their environmental 
assessments performed on new and existing 
agricultural and veterinary chemicals for the 
Australian Pesticides and Veterinary Medicine 
Authority (APVMA), and industrial chemicals 
for the National Industrial Chemicals 
Notification and Assessment Scheme 
(NICNAS).

CDER (Center for 
drug evaluation 
and research)

CDER reviews New Drug 
Applications to ensure that 
the drugs are safe and 
effective. Its primary 
objective is to ensure that all 
prescription and over-the- 
counter (OTC) medications 
are safe and effective when 
used as directed.

An assessment of risk to the environment is 
required for manufacture, use and distribution of 
human drugs under the National Environment 
Policy Act of 1969 and an environmental 
assessment procedure was developed by the US 
Food and Drug Administration (US FDA) as a 
part of the registration procedure for new human 
pharmaceutical drugs. Additionally, in 1995, the 
FDA-CDER issued a new guidance for the 
Submission of an Environmental Assessment in 
Human drugs. In 1997 the FDA implemented a 
Note for Guidance paper in which all drugs 
entering the aquatic compartment at levels below 
1 μg/L Predicted Environmental Concentration 
(PECEFFLUENT) were exempted from a detailed 
risk assessment.

due to exposure of pharmaceuticals, in silico models are utilized by 
the OECD and the developed models are organized as searchable 
databases which are intended for providing risk assessment and 
management resources. The models are good sources as screening 
tools for pharmaceutical databases when there is missing of 
chemical- specific data for establishing priorities for risk assessment 
and for evaluating issues of potential concern [102]. Commonly 

(continued)
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Table 3
(continued)

Regulatory 
agencies Objective Responsibility and method of risk assessment

EMEA (European 
agency for the 
evaluation of 
medicinal 
products)

EMEA exhibits the scope and 
legal basis for risk assessment 
of pharmaceuticals and 
outlines the general 
considerations and the 
recommended stepwise 
procedure for their risk 
assessment. The guideline 
considers the specific features 
of pharmaceuticals, e.g., the 
use of available 
pharmacological information. 
Previously environmental risk 
assessments performed mainly 
on acute ecotoxicity data, but 
in recent time EMEA draft 
has proposed to include 
pharmacokinetic and 
pharmacodynamic data for 
environmental risk assessment.

Environmental risk assessment is divided into 
three phases:

(a) Phase I: Pre-screening and estimation of 
exposure based on the drug only, irrespective 
of its route of administration, pharmaceutical 
form, metabolism and excretion

(b) Phase II Tier A: Screening and initial 
prediction of risk where all relevant data should 
be taken into account, e.g., data on physical- 
chemical properties, primary and secondary 
pharmacodynamics, toxicology, metabolism, 
excretion, degradability, and persistence of the 
drug substance and/or relevant metabolites

(c) Phase II Tier B: Extended and substance and 
compartment-specific risk assessment. 
Information from the refined data set is 
available comprising information on route(s) 
of excretion; and qualitative and quantitative 
information on excreted compounds, and 
possibly additional long-term toxicity data

EU-CSTEE 
(European 
Union 
Commission’s 
scientific 
committee on 
toxicity, 
ecotoxicity and 
environment)

The CSTEE has identified the 
need for a proactive 
approach in obtaining data 
on the environmental effects 
of pharmaceuticals. Thus, it 
is recognized that a 
prioritization procedure 
needs to be developed for 
environmental risk 
assessment of 
pharmaceuticals, and that 
this should follow the 
general scheme for chemicals 
described in the White Paper 
for future EU chemicals 
policy i.e., REACH 
guideline.

QSAR is the first step in gaining more general 
knowledge on the risk assessment issue as an 
alternative to nonanimal method. In contrast 
to the amount of analytical data, information 
about the ecotoxicological effects of drug 
residues is scrubby. To create a broader basis 
for the evaluation of the ecotoxicological 
relevance of pharmaceutical compounds, 
proper documentation of their effects and the 
reason are identified and documented.

(continued)
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Table 3
(continued)

Regulatory 
agencies Objective Responsibility and method of risk assessment

MHLW (Ministry 
of Health, 
Labour and 
Welfare of Japan)

The MHLW constructed a 
research group to build up a 
concept on the regulation of 
pharmaceuticals for 
environmental safety in 
2007. The regulation system 
is similar to that of general 
chemicals in Japan and the 
Guideline by EMEA. The 
main function of this group 
is to establish a risk-benefit 
analysis committee for the 
pharmaceuticals which have 
a high risk for environmental 
organisms and to human 
health.

The risk assessment is judged by the PEC/
PNEC (Predicted Environmental 
Concentration/Predicted No Effect 
Concentration) ratio or ΣPECi/PNECi. In 
addition, the Organization for Pharmaceutical 
Safety and Research (OPSR) conducted 
compliance reviews on application data. This 
was followed by the integration of the 
aforementioned Evaluation Center, OPSR, 
and part of the Medical Devices Center to 
form a new independent administrative 
organization, the Pharmaceutical and Medical 
Devices Agency (PMDA). The MHLW and 
PMDA handle a wide range of activities from 
clinical studies to approval reviews, reviews 
throughout post-marketing stage, and 
pharmaceutical safety measures.

NICNAS 
(National 
Industrial 
Chemicals 
Notification and 
Assessment 
Scheme)

NICNAS was established in 
July 1990 under the 
Industrial Chemicals 
(Notification and 
Assessment) Act 1989 by 
Australian Government 
Department of Health. A 
range of state, territory and 
Commonwealth government 
agencies share regulatory 
responsibility for chemical 
safety in Australia, with each 
chemical being regulated 
according to its use, whether 
as a pharmaceuticals, 
veterinary medicine, 
pesticide, food additive or 
industrial chemical.

The major responsibility of NICNAS are:
• Assessing new industrial chemicals for human 

health and/or environmental effects
• Maintaining the Australian Inventory of 

Chemical Substances (AICS)
• Circulation of information on the human 

health and environmental impacts of chemicals 
and recommending on their safe use

• Registering new industrial chemicals

(continued)

Impact of Pharmaceuticals on the Environment: Risk Assessment Using QSAR Modeling…



416

Table 3
(continued)

Regulatory 
agencies Objective Responsibility and method of risk assessment

REACH 
(Registration, 
Evaluation, 
Authorisation 
and Restriction 
of Chemicals)

Aims to improve the 
protection of human health 
and the environment 
through the better and 
earlier identification of the 
intrinsic properties of 
chemical substances.

“No data no market”: the REACH Regulation 
places responsibility on industry to manage 
the risks from chemicals and to provide safety 
information on the substances. Manufacturers 
and importers of substances have a general 
obligation to submit a registration to the 
European Chemicals Agency for each 
substance manufactured or imported in 
quantities of 1 tonne or more per year per 
company

SECIS (Swedish 
Environmental 
Classification  
and Information 
System for 
pharmaceuticals)

An authorized regulatory body 
which was initiated in 2005 
by the Swedish Association 
for the Pharmaceutical 
Industry. The rationale of 
the classification system is to 
offer the public and health 
care sectors with 
environmental information 
about all active 
pharmaceutical ingredients 
(API) on the Swedish 
market up to now.

To improve risk management decision making, 
sufficient knowledge about environmental 
exposures and effects in nontarget species for 
all relevant pharmaceutical substances is 
needed. Within SECIS, the pharmaceutical 
companies provide environmental data and 
classify their products according to predefined 
criteria and a guidance document. The 
guidance document is developed for the 
purposes of SECIS, but it is based on the 
European Medicines Agency (EMA) guideline 
for environmental risk assessment of 
pharmaceuticals and the European Commission 
Technical Guidance Document (TGD).

UBA (Federal 
Environment 
Agency)

The German Medicines Act 
provides that the UBA is 
responsible for the 
environmental risk 
assessment. The UBA 
started assessing the 
environmental impact of 
veterinary and human 
pharmaceuticals in an 
authorization routine in 
1998 and 2003, respectively.

The UBA already assessed around 180 veterinary 
and around 240 human pharmaceutical 
formulations. Filtering concepts established 
between UBA and the authorization agency 
responsible for veterinary medicines focused 
the ERA on antibiotics, parasiticidal 
substances and analgesics. Cytostatic 
medicines, hormones and contrast agents 
dominated the human medicine dossiers 
assessed by UBA.

VICH 
(International 
Cooperation on 
Harmonization 
of Technical 
Requirements 
for Registration 
of Veterinary 
Medicinal 
Products)

VICH is a trilateral (EU–
Japan–USA) program aimed 
at harmonizing technical 
requirements for veterinary 
product registration was 
officially launched in April 
1996. The initiative to begin 
the harmonization process 
came about in 1983 when 
the first International 
Technical Consultation on 
Veterinary Drug Registration 
(ITCVDR) was held.

Veterinary medicinal products (VMPs) are 
regulated for environment safety as described 
in Environmental Impact Assessment for 
VMPs; Phase I in 2000 and Phase II in 2004.
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Fig. 5 Areas of risk assessment and modeling for ecotoxicity prediction as stated to the OECD

Fig. 6 Category of information included in predicting health and environmental effects according to the OECD 
guidelines
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Fig. 7 Most common in silico tools for the prediction of pharmaceuticals ecotoxicity

used endpoints for ecotoxicity modeling and areas where QSAR 
models can be employed for risk prediction are reported in Table 2. 
Regulatory bodies responsible for the risk identification, assess-
ment and management of pharmaceuticals ecotoxicity across the 
globe are listed in Table 3. Areas for risk assessment and grouping 
of information for risk prediction of human health and environment 
according to OECD’s guidelines are illustrated in Figs. 5 and 6, 
respectively.

6 In Silico Modeling in Ecotoxicity of Pharmaceuticals

Computational methods intend to harmonize in vitro and in vivo 
toxicity tests to potentially curtail the necessity for animal testing, 
reduce the cost and time of experiments, and improve toxicity pre-
diction and safety assessment. Additionally, computational 
approaches have an exclusive benefit of being competent to approxi-
mate chemicals for its toxicity even before they are synthesized 
[102]. With increasing concern about the ecotoxicity and human 
health, the storage, distribution and release of pharmaceuticals after 
their usage to the environment are controlled and regulated at vari-
ous levels by governments and regulatory bodies. Applications of 
assortment of in silico tools are very much constructive option to 
provide sufficient information in a regulatory decision making 
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context in the absence of experimental data [102]. Most commonly 
employed predictive in silico tools are depicted in Fig. 7.

Among the available in silico predictive models for ecotoxicity, 
majority of the models are generated employing QSAR techniques, 
for toxicity prediction some time termed as quantitative structure–
toxicity relationship (QSTR). Along with the typical QSAR/QSTR 
models, toxicophore or structural alerts, read-across, chemical ana-
logue, trend analysis and docking approaches are employed in 
many successful prediction researches. The QSTR approach 
attempts to correlate structural/molecular properties (x1, x2, …, 
xn) with toxicity response (Y), for a set of molecules by means 
of statistical methods [107], generating simple mathematical 
relationship as follows:

 Y f x x xn= ¼( )1 2,,, ,,, ,,,  (1)

The major objective of QSAR/QSTR modeling is to examine and 
recognize the influential factors for the measured activity/toxicity 
for a particular system, to have an insight of the mechanism and 
behavior of the studied system. This strategy generates a mathe-
matical model which joins experimental measures with a set of 
chemical descriptors determined from the molecular structure for 
the studied compounds. The constructed model should possess 
good predictive abilities in order to predict the studied response 
for untested or future compounds. The factors leading the events 
in a biological system are depicted by a multitude of physicochemi-
cal descriptors [107]. From its initial days, the QSAR approach has 
come a long way. Along with the time, new and modified methods, 
algorithms and dimensions (1D to 7D) have been applied in QSAR 
studies are discussed elsewhere [36, 37]. Goodness-of-fit and 
 prediction quality is two most important features for an acceptable 
and reliable QSAR model. The predictive quality of the QSAR 
model is checked through different validation statistics and met-
rics. Thus, validation of QSAR models is the major step along with 
defining the applicability domain for the prediction of untested 
and future compounds [108, 109].

● The 3Rs concept signifies “Reduction,” “Replacement,” and 
“Refinement” regarding animal experimentation in scientific 
experiments. “Reduction” defines to the lessening the number 
of animals used to get precise results, “Replacement” corre-
sponds to the implication of nonliving resources to substitute 
conscious living higher animals, and “Refinement” suggests 
turn down the severity or cruelty of inhuman methodologies 
applied to the experimental animals [110]. Thus to set up the 
3Rs concept, in silico techniques are one of the best options 
available. The European Centre for the Validation of  Alternative 

6.1 Why In Silico 
Models Required?
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Methods (ECVAM) was established in the year 1991 that 
agrees with the principle of 3Rs.

● The ban of animal experimentation by regulatory agencies and 
government organizations initiated the need of molecular 
modeling approach [111]. 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. 
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 nonanimal tests [112].

● Regulatory decision making through SARs and QSARs models 
for predicting aquatic toxicity, physicochemical parameters and 
environmental fate properties.

● Filling data gaps for ecotoxicity due to pharmaceuticals haz-
ards as acceptable toxicity data of pharmaceuticals to environ-
ment and human health is <5% [113]. In silico prediction has 
the proficiency to help out in the prioritization of pharmaceu-
ticals for testing, and for predicting ecotoxicity to allow for 
classification. Computer models are a reliable source for toxic-
ity predictions as they can be used as one of the significant 
sources for filling the missing data of ecotoxicity.

● Understanding the real mechanism of action for each pharma-
ceutical for specific endpoints and environment compartment 
system. For many modeling approaches, it may be assumed 
that molecules fitting the similar QSAR models are acting by 
the same MOA [114].

● Cost and time saving are two major reasons for the use of in 
silico approaches. Even a simple ecotoxicological assay may 
cost several thousand dollars. On the contrary, early toxicity 
prediction can save a good amount of time and money [115]. 
A schematic representation is provided in Fig. 8 showing the 
requirement of in silico modeling evaluating pharmaceuticals 
ecotoxicity.

7 Successful In Silico Models for Ecotoxicity Prediction of Pharmaceuticals

Sanderson et al. [116] provided a baseline to fill the screening data 
regarding API environmental toxicity utilizing the US EPA generic 
aquatic QSAR model ECOSAR for screening of more than 2800 
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Fig. 8 The need of in silico modeling assessing the impact of pharmaceuticals 
ecotoxicity

pharmaceuticals and. The model can be successfully used to pre-
dict both acute and chronic aquatic toxicity. In another work, toxic 
potential of mixtures of the β-blockers and related metabolites are 
modeled for the phytotoxicity endpoint by Escher et al. [117]. For 
performing the modeling, they assumed two conditions; first, the 
metabolites lose their definite response and act as baseline toxi-
cants and second, the metabolites expose the identical specific 
MOA like their parent drug. The authors accounted experimen-
tally determined liposome–water partition ratios at pH 7 as inde-
pendent variable for correlating with the response variable to make 
the QSAR analysis more reliable.

Sanderson and Thomsen [118] overestimated the toxicity for 
70% of the 59 pharmaceuticals and more than 94% underestimated 
toxicity predictions by less than a factor of ten for the remaining 
30% pharmaceuticals by ECOSAR v3.20. The authors have 
reported correlation coefficients ranging from 0.73 to 0.76 
between all the modeled Log EC50 and Log Kow. The slopes of the 
Log EC50-Log Kow regression based on measured data from the 
US National Oceanic and Atmospheric Administration (NOAA) 
database for both fish and daphnia equal to −0.86 which suggested 
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a narcotic MOA. In another study, acute toxicity was predicted 
(>92%) employing a QSAR model developed by Sanderson and 
Thomsen [45] suggesting a narcotic MOA of 275 pharmaceuti-
cals. Their analysis suggested 68% of the pharmaceuticals have a 
nonspecific MOA based on model prediction error. The authors 
have also compared the measured effect data to the predicted effect 
concentrations utilizing ECOSAR regarding the predictability of 
ecotoxicity of pharmaceuticals and accurate hazard categorization 
relative to Global Harmonized System (GHS). Pharmaceuticals 
were predicted employing the model resulting in 71% algae, 74% 
daphnia, and 83% fish datasets that could be compared.

One of the first interspecies QSAR models for 77 pharmaceu-
ticals’ ecotoxicity was reported by Kar and Roy [119] for Daphnia 
magna and fish endpoints. Analyzing the interspecies models, the 
authors have reported that the keto group and the  (aasC) 
fragment are predominantly accountable for higher toxicity of 
pharmaceuticals to D. magna. On the contrary, along with the 
keto group, structural fragments like X=C=X, R–C(=X)–X, and R–
C≡X are principally responsible for fish toxicity. The interspecies 
models were also employed to predict fish toxicities of 59 pharma-
ceuticals and Daphnia toxicities of 30 pharmaceuticals when 
Daphnia and fish toxicity data were present, respectively.

Christen et al. [120] developed VirtualTox Lab [121] for the 
prediction of pharmaceuticals’ effect in the aquatic system. The 
study guides to the conclusion that the MOA perception is most 
suitable for the classification of highly active compounds (HC). 
The authors also reported that modification could be performed 
by balancing this concept utilizing the QSAR model (VirtualTox 
Lab), whereas the fish plasma model appeared to be less appropri-
ate due to the requisite of environmental concentration above 
10 ng/L for the identification of a risk. The Virtual-ToxLab can 
support the MOA concept and can be advantageous to distinguish 
surplus targets of the pharmaceutical to assess the ecotoxicity.

Das et al. [122] reported interesting interspecies correlation 
models using rodent toxicity as dependent variable and fish, daph-
nia and algae toxicity data as independent variables separately for 
194 pharmaceuticals. All interspecies extrapolation QSAR models 
were generated using multiple statistical tools. Explaining the 
models, the authors concluded that heteroatom count and charge 
distribution were noteworthy parameters of the rodent toxicity 
along with the atom level logP contributions of various structural 
fragments and a mixture of extended topochemical atom (ETA) 
indices reflecting electronic information and branching pattern of 
molecules. The authors also concluded that atom level logP contri-
butions of dissimilar fragments, charge distribution, shape and 
ETA parameters were imperative in describing the daphnia and fish 
toxicities in the interspecies correlation models with algae toxicity. 
Interestingly, the toxicity of pharmaceuticals to rodents bears 
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minimum interspecies correlation with other mentioned nonverte-
brate and vertebrate toxicity endpoints.

De García et al. [123] performed the environmental risk assess-
ment of 26 pharmaceuticals and personal care products (PPCPs) 
based on the ecotoxicity data tested through bioluminescence and 
respirometry assays. This was followed by classification and label-
ing of pharmaceuticals by the GHS using the US EPA ecological 
structure–activity relationship (ECOSAR™). The risk impact of 
these pharmaceuticals in WWTPs and in the aquatic environment 
was predicted following the criteria of the EMA. According to 
their two ecotoxicity tests, 65.4% of the PPCPs showed prominent 
toxicity to aquatic organisms. Pharmaceuticals like 
1,4- benzoquinone, ciprofloxacin, acetaminophen, clofibrate, clar-
ithromycin, omeprazole, ibuprofen, triclosan, and parabens 
showed risk threat for aquatic environments and/or for activated 
sludge of WWTPs according to the performed analysis.

Sangion and Gramatica proposed [39] a screening approach to 
evaluate the potential PBT of around 1200 pharmaceuticals 
employing two different QSAR models. The authors applied the 
Insubria-PBT-Index, a Multiple Linear Regression (MLR) QSAR 
model based on simple molecular descriptors, implemented in 
QSARINS software. An agreement of 86% was reported between 
the two models and a priority list of 35 pharmaceuticals, high-
lighted as potential PBTs by consensus, was suggested for addi-
tional experimental validation. The models can be useful in the 
hazard assessment, performing preliminary screening and prioriti-
zation of pharmaceuticals, mainly associated with the potential 
PBT behavior of the prioritized pharmaceuticals.

Externally validated QSAR models, specific to predict acute 
toxicity of APIs in three aquatic trophic levels endpoints, i.e., algae, 
Daphnia and two species of fish were developed using the 
QSARINS software by Sangion and Gramatica [124]. The devel-
oped MLR-ordinary least squares (MLR-OLS) models were devel-
oped with theoretical molecular descriptors computed through 
PaDEL-Descriptor software. The selections of descriptors was per-
formed by Genetic Algorithm (GA). The generated models were 
employed further to predict acute toxicity for a large set of APIs 
without experimental data by Principal Component Analysis 
(PCA). Further, a trend was set by the combination of toxicities for 
all the studied organisms and the trend is termed as Aquatic 
Toxicity Index (ATI) which allowed the raking of pharmaceuticals 
according to their potential toxicity upon the complete aquatic 
environment. Not only that, the accuracy of the models was com-
pared with the accuracy of the frequently used software ECOSAR, 
and the authors concluded that their models showed better 
performances.

Sangion and Gramatica [125] proposed quantitative activity- 
activity relationship (QAAR) models, implemented in QSARINS 
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by theoretical molecular descriptors to enhance the quality and 
predictivity of the interspecies relationships between toxicity 
toward Daphnia magna and two fish species, Pimephales promelas 
and Oncorhynchus mykiss. The authors claimed that the developed 
invertebrate-fish interspecies models could reduce the composite 
experimental tests on upper trophic organisms and reduce animal 
experiments. They also illustrated that the Daphnia could serve as 
a surrogate for fish toxicity and the fish-fish intercorrelations could 
be used for evaluating toxicological data when sufficient informa-
tion is unavailable.

Successful in silico models, especially QSAR models on eco-
toxicity of pharmaceuticals were discussed in this section. There is 
no doubt that reported number of models is quite low compared 
to that of chemical toxicity models. One of the main reasons for 
this is the limited experimental data on ecotoxicity of pharmaceu-
ticals. One has to understand that it is impossible to study toxicity 
of each pharmaceutical in different species in diverse compart-
ments. Thus, QSAR models will provide the predicted values when 
experimental data are absent for specific pharmaceutical. On the 
other point, making of more interspecies models is the need of 
time to extrapolate toxicity data from one species to another.

8 Endpoints

To generate ecotoxicity data of pharmaceuticals, they should be 
assayed employing specific endpoints which are sometime called as 
test batteries. The evaluated data are rich source of information for 
making ecotoxicity database as well as for making in silico models 
and expert systems. Thus a clear understanding is essential about 
the ecotoxicity endpoints as they are important to make in silico 
models as well as for deeper understanding about the mode of 
toxicity of a specific drug for a definite endpoint. With extensive 
literature survey, we have enlisted most frequently employed end-
points by the scientist community in Table 4.

9 Databases

The first condition to develop a reliable, accurate, and reproduc-
ible in silico model is to use good quality ecotoxicological data of 
pharmaceuticals and their metabolites in diverse environmental 
compartments with different concentration. A significant number 
of toxicity databases toward environment are accessible to public 
and the numbers are increasing with time. Although according to 
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Table 4
Toxicity endpoints for the modeling of pharmaceuticals ecotoxicity

Endpoints Species Depiction Implication

Algae  Chlorella vulgaris
Chlorella pyrenoidosa

Unicellular fresh-water 
green microalgae 
comprises a major part 
of phytoplankton

Study the toxic action of organic 
compounds

Pseudokirchneriella 
subcapitata 
(Selenastrum 
capricornutum)

One of the prime 
producers of the 
aquatic ecosystem and 
ideal test organisms 
for toxicological 
studies.

Ecotoxicity is measured by growth 
rate inhibition of green algae P. 
subcapitata

Scenedesmus obliquus Common cosmopolitan 
green algae, often 
occurring as almost a 
pure culture in fresh 
water plankton.

Ability to grow in industrial 
wastewaters of different origins 
showing good adaptation ability 
and versatile microalgae as toxicity 
test endpoint

Scenedesmus 
vacuolatus

Green algae of the 
Chlorophyceae. 
Colonial and 
nonmotile in nature.

Employed in the prediction of 
photoinduced toxicity of polycyclic 
aromatic hydrocarbons and ionic 
liquids (ILs)

Bacterium Escherichia coli A Gram-negative, 
facultative anaerobic, 
rod-shaped bacterium 
of the genus 
Escherichia.

E. coli is used as a model organism in 
ecotoxicity modeling studies. For 
example, it is used to test 
cytotoxicity of metal oxide 
nanoparticles

Vibrio fischeri, Vibrio 
natriegens

Gram-negative rod- 
shaped bacterium 
having bioluminescent 
properties and found 
predominantly in 
symbiosis with various 
marine animals

Employed in the research of 
microbial bioluminescence, 
quorum sensing along with 
ecotoxicity testing for diverse 
range of organic chemicals and 
pharmaceuticals

Bacillus A genus of gram- 
positive, rod-shaped 
bacteria and member 
of the phylum 
Firmicutes

Chlorophenol toxicity is tested on 
bacillus species.

Pseudomonas 
fluorescens

P. fluorescens has versatile 
metabolism. Generally 
found in the soil and 
in water.

Can be employed for modeling of 
antibiotics toxicity and resistance 
studies

(continued)
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Table 4
(continued)

Endpoints Species Depiction Implication

Crustaceans Daphnia magna, 
Daphnia pulex, 
Daphnia ambigua, 
Daphnia melanica

Small planktonic 
crustacean and one of 
the small aquatic 
crustaceans commonly 
called water fleas. 
Most commonly 
employed species is D. 
magna.

Invertebrate species in aquatic food 
webs has been used as a 
representative test species for 
ecotoxicological evaluation of 
diverse organic chemicals using 
immobilization test

Thamnocephalus 
platyurus

A family of crustaceans 
with wide distribution 
including Western 
Australia and 
Southern Africa.

24 h toxicity test employed for 
screening of pure compounds, 
effluents, sediments, surface and 
ground waters, wastewaters, and 
biotoxins

Duckweed Lemna minor One form of aquatic 
vascular plant 
(duckweed) known as 
thallus, which floats 
on the surface of the 
water.

Used in modeling of phytotoxicity of 
ILs and growth inhibition test of 
duckweeds

Lemna gibba Used in testing the phytotoxicity of 
pesticides and other environmental 
chemicals to higher plants.

Enzyme Acetylcholinesterase Catalyzes the hydrolysis 
of acetylcholinesters 
with a relative 
specificity for 
acetylcholine in 
autonomic nervous 
system function.

Enzyme inhibition data of the 
acetylcholinesterase from 
Electrophorus electricus, the AMP 
deaminase and the antioxidant 
enzyme system of mouse liver are 
important for toxicity prediction

Fish Channel Catfish 
Ovary (CCO)

CCO is the cell line of 
choice for the 
propagation and 
diagnosis of Channel 
Catfish Virus (CCV).

Standard for diagnosing Channel 
Catfish Virus Disease (CCVD) in 
farm reared Channel Catfish. 
Prediction of ILs has also been 
performed

Zebrafish (Danio 
rerio)

A tropical freshwater fish 
belonging to the 
family Cyprinidae

Standardized under the OECD and 
employed to test chemicals and 
pharmaceuticals

Fathead minnow 
(Pimephales 
promelas)

Pimephales promelas is 
the EPA 
recommended 
vertebrate species for 
freshwater chronic 
toxicity tests.

Studied to examine the effects of 
waste materials on the aquatic life. 
Effects induced by progestins are 
largely studied employing fathead 
minnow.

(continued)
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Endpoints Species Depiction Implication

Mammalian 
cells

Human keratinocyte 
cell line (HaCaT)

HaCaT cells are a 
spontaneously 
immortalized, human 
keratinocyte line.

Used for studies of skin biology and 
cytotoxicity assessment of metal 
oxide

CaCo-2 Heterogeneous human 
epithelial colorectal 
adenocarcinoma cells.

Permeability coefficients across the 
cellular membranes of Caco-2 cells 
are generally employed for 
modeling

HeLa A prototypical cells of 
the human epithelium 
used in scientific 
research.

Derived from cervical cancer cells 
and largely employed for 
anticancer activity

Prostate cancer cell 
line (PC3)

A human prostate cancer 
cell lines

Used in modeling of prostate cancer 
inhibitors

Human malignant 
melanoma (Fem-X)

Derived from a lymph 
node metastasis of a 
melanoma patient

Modeling of anticancer drugs.

HT-29 A human colorectal 
adenocarcinoma cell 
line with epithelial 
morphology

Sensitive to the chemotherapeutic 
drugs used in standard treatment 
for colorectal cancer

Rat cell line—IPC-81 Promyelotic leukemia rat 
cell line IPC-81

Employed in cytotoxicity assays of 
ILs

Protozoa Tetrahymena 
thermophila

Tetrahymena 
pyriformis

Free-living unicellular 
ciliated protozoa

Commonly employed endpoint for 
the assessment of the 
environmental toxicity

Tadpoles Bufo vulgaris 
formosus, Rana 
japonica

Larvae of the frogs, 
typical amphibious 
animals bridging the 
gap between aquatic 
and terrestrial animals.

Regularly implicated for toxicity 
testing purposes and risk 
assessments, have been 
recommended by the EU-TGD.

Yeast Saccharomyces 
cerevisiae

Eukaryotic model 
organism, small in 
size, reproduction 
time quick and 
economic.

Important species for modeling of 
metal oxide nanoparticles

Table 4
(continued)

Impact of Pharmaceuticals on the Environment: Risk Assessment Using QSAR Modeling…



428

Ta
bl

e 
5

Re
pr

es
en

ta
tiv

e 
lis

t o
f p

ub
lic

ly
 a

va
ila

bl
e 

da
ta

ba
se

s 
re

la
te

d 
to

 th
e 

en
vi

ro
nm

en
ta

l t
ox

ic
ity

 d
ue

 to
 p

ha
rm

ac
eu

tic
al

s

Da
ta

ba
se

Co
un

tr
y/

or
ga

ni
za

tio
ns

 in
 c

ha
rg

e
W

eb
si

te

A
C

T
oR

U
S 

E
PA

 N
at

io
na

l C
en

te
r 

fo
r 

C
om

pu
ta

tio
na

l T
ox

ic
ol

og
y

ht
tp

:/
/

ac
to

r.e
pa

.g
ov

/
ac

to
r/

fa
ce

s/
A

C
T

oR
H

om
e.

js
p

B
D

SM
U

ni
ve

rs
ity

 o
f L

ou
is

vi
lle

ht
tp

:/
/

sy
st

em
sa

na
ly

si
s.

lo
ui

sv
ill

e.
ed

u/

C
al

/
E

PA
St

at
e 

of
 C

al
ifo

rn
ia

 E
PA

ht
tp

:/
/

w
w

w
.o

eh
ha

.c
a.

go
v/

ri
sk

/
C

he
m

ic
al

D
B

/
in

de
x.

as
p

C
C

R
IS

 (
C

he
m

ic
al

 
ca

rc
in

og
en

es
is

 
re

se
ar

ch
 

in
fo

rm
at

io
n 

sy
st

em
)

U
S 

N
at

io
na

l L
ib

ra
ry

 o
f M

ed
ic

in
e 

(N
L

M
)

ht
tp

:/
/

to
xn

et
.n

lm
.n

ih
.g

ov
/

cg
i-

bi
n/

si
s/

ht
m

lg
en

?C
C

R
IS

C
PD

B
 (

C
ar

ci
no

ge
ni

c 
po

te
nc

y 
da

ta
ba

se
)

U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
, B

er
ke

le
y

ht
tp

:/
/

po
te

nc
y.

be
rk

el
ey

.e
du

/

D
an

is
h 

(Q
)S

A
R

D
an

is
h 

E
PA

ht
tp

:/
/

ec
bQ

ST
R

.jr
c.

ec
.e

ur
op

a.
eu

/

D
E

M
E

T
R

A
E

C
-f

un
de

d 
pr

oj
ec

t
ht

tp
:/

/
w

w
w

.d
em

et
ra

-t
ox

.n
et

/

D
ev

T
ox

G
er

m
an

 in
du

st
ry

 a
nd

 g
ov

er
nm

en
t

ht
tp

:/
/

w
w

w
.d

ev
to

x.
or

g

D
SS

T
ox

 (
D

is
tr

ib
ut

ed
 

St
ru

ct
ur

e-
 

Se
ar

ch
ab

le
 T

ox
ic

ity
 

da
ta

ba
se

)

N
at

io
na

l C
en

te
r 

fo
r 

C
om

pu
ta

tio
na

l T
ox

ic
ol

og
y,

 U
S 

E
PA

ht
tp

:/
/

w
w

w
.e

pa
.g

ov
/

nc
ct

/
ds

st
ox

/
in

de
x.

ht
m

l

E
C

O
T

O
X

U
S 

E
PA

ht
tp

:/
/

cf
pu

b.
ep

a.
go

v/
ec

ot
ox

/

E
SI

S 
(E

ur
op

ea
n 

C
he

m
ic

al
 

Su
bs

ta
nc

es
 

In
fo

rm
at

io
n 

sy
st

em
)

Jo
in

t 
R

es
ea

rc
h 

C
en

tr
e 

of
 t

he
 E

ur
op

ea
n 

C
om

m
is

si
on

ht
tp

:/
/

ec
b.

jr
c.

ec
.e

ur
op

a.
eu

/
es

is
/

Supratik Kar et al.

http://actor.epa.gov/actor/faces/ACToRHome.jsp
http://systemsanalysis.louisville.edu/
http://www.oehha.ca.gov/risk/ChemicalDB/index.asp
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?CCRIS
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?CCRIS
http://potency.berkeley.edu/
http://ecbqsar.jrc.ec.europa.eu/
http://www.demetra-tox.net/
http://www.devtox.org
http://www.epa.gov/ncct/dsstox/index.html
http://cfpub.epa.gov/ecotox/
http://ecb.jrc.ec.europa.eu/esis/


429

E
X

T
O

X
N

E
T

 (
T

he
 

E
X

te
ns

io
n 

T
O

X
ic

ol
og

y 
N

E
T

w
or

k)

C
oo

pe
ra

tiv
e 

ef
fo

rt
 o

f U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
-D

av
is

, O
re

go
n 

St
at

e 
U

ni
ve

rs
ity

, M
ic

hi
ga

n 
St

at
e 

U
ni

ve
rs

ity
, C

or
ne

ll 
U

ni
ve

rs
ity

, a
nd

 t
he

 
U

ni
ve

rs
ity

 o
f I

da
ho

ht
tp

:/
/

ex
to

xn
et

.o
rs

t.
ed

u/
gh

in
de

x.
ht

m
l

FD
A

 P
oi

so
no

us
 P

la
nt

 
D

at
ab

as
e

U
S 

FD
A

 a
nd

 C
en

te
r 

fo
r 

Fo
od

 S
af

et
y 

an
d 

A
pp

lie
d 

N
ut

ri
tio

n 
(C

FS
A

N
)

ht
tp

:/
/

w
w

w
.a

cc
es

sd
at

a.
fd

a.
go

v/
sc

ri
pt

s/
pl

an
to

x/
in

de
x.

cf
m

G
A

C
 (

G
en

et
ic

 
A

lte
ra

tio
ns

 in
 

C
an

ce
r)

U
S 

N
at

io
na

l I
ns

tit
ut

es
 o

f H
ea

lth
 (

N
IH

) 
an

d 
N

at
io

na
l I

ns
tit

ut
e 

of
 

E
nv

ir
on

m
en

ta
l H

ea
lth

 S
ci

en
ce

s 
(N

IE
H

S)
ht

tp
:/

/
w

w
w

.n
ie

hs
.n

ih
.g

ov
/

re
se

ar
ch

/
re

so
ur

ce
s/

da
ta

ba
se

s/
ga

c/
in

de
x.

cf
m

G
en

e-
T

ox
U

S 
N

L
M

ht
tp

:/
/

to
xn

et
.n

lm
.n

ih
.g

ov
/

cg
i-

bi
n/

si
s/

ht
m

lg
en

?G
E

N
E

T
O

X

H
E

R
A

 (
H

um
an

 a
nd

 
E

nv
ir

on
m

en
ta

l R
is

k 
A

ss
es

sm
en

t)

A
.I

.S
.E

., 
th

e 
in

te
rn

at
io

na
l A

ss
oc

ia
tio

n 
fo

r 
So

ap
s,

 D
et

er
ge

nt
s 

an
d 

M
ai

nt
en

an
ce

 P
ro

du
ct

s 
of

fic
ia

l r
ep

re
se

nt
at

iv
e 

bo
dy

 o
f i

nd
us

tr
ie

s 
in

 
E

ur
op

e.

ht
tp

:/
/

w
w

w
.h

er
ap

ro
je

ct
.c

om
/

R
is

kA
ss

es
sm

en
t.

cf
m

H
ou

se
ho

ld
 P

ro
du

ct
s 

D
at

ab
as

e
U

S 
D

ep
ar

tm
en

t 
of

 H
ea

lth
 a

nd
 H

um
an

 S
er

vi
ce

s 
(D

H
H

S)
ht

tp
:/

/
ho

us
eh

ol
dp

ro
du

ct
s.

nl
m

.n
ih

.g
ov

/

IA
R

C
 M

on
og

ra
ph

 
(I

nt
er

na
tio

na
l 

A
ge

nc
y 

fo
r 

R
es

ea
rc

h 
on

 C
an

ce
r 

M
on

og
ra

ph
)

W
or

ld
 H

ea
lth

 O
rg

an
iz

at
io

n
ht

tp
:/

/
m

on
og

ra
ph

s.
ia

rc
.fr

/

IR
IS

 (
In

te
gr

at
ed

 R
is

k 
In

fo
rm

at
io

n 
Sy

st
em

)

N
at

io
na

l C
en

te
r 

fo
r 

E
nv

ir
on

m
en

ta
l A

ss
es

sm
en

t 
(N

C
E

A
) 

an
d 

U
S 

E
PA

ht
tp

:/
/

cf
pu

b.
ep

a.
go

v/
nc

ea
/

ir
is

/
in

de
x.

cf
m

IS
SC

A
N

Is
tit

ut
o 

Su
pe

ri
or

e 
di

 S
an

ità
, I

ta
ly

,
ht

tp
:/

/
w

w
w

.is
s.

it/
am

pp
/

da
ti/

co
nt

.
ph

p?
id

=2
33

&
la

ng
=1

&
tip

o=
7

(c
on

tin
ue

d)

Impact of Pharmaceuticals on the Environment: Risk Assessment Using QSAR Modeling…

http://extoxnet.orst.edu/ghindex.html
http://www.accessdata.fda.gov/scripts/plantox/index.cfm
http://www.accessdata.fda.gov/scripts/plantox/index.cfm
http://www.niehs.nih.gov/research/resources/databases/gac/index.cfm
http://www.niehs.nih.gov/research/resources/databases/gac/index.cfm
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?GENETOX
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?GENETOX
http://www.heraproject.com/RiskAssessment.cfm
http://householdproducts.nlm.nih.gov/
http://monographs.iarc.fr/
http://cfpub.epa.gov/ncea/iris/index.cfm
http://www.iss.it/ampp/dati/cont.php?id=233&lang=1&tipo=7
http://www.iss.it/ampp/dati/cont.php?id=233&lang=1&tipo=7


430

Ta
bl

e 
5

(c
on

tin
ue

d)

IT
E

R
 (

In
te

rn
at

io
na

l 
T

ox
ic

ity
 E

st
im

at
es

 
fo

r 
R

is
k)

T
E

R
A

 (
T

ox
ic

ity
 E

xc
el

le
nc

e 
fo

r 
R

is
k 

A
ss

es
sm

en
t)

ht
tp

:/
/

w
w

w
.t

er
a.

or
g/

ite
r/

IU
C

L
ID

 
(I

nt
er

na
tio

na
l 

U
ni

fo
rm

 C
he

m
ic

aL
 

In
fo

rm
at

io
n 

D
at

ab
as

e)

O
E

C
D

, E
U

 B
io

ci
de

s 
an

d 
E

U
 R

E
A

C
H

ht
tp

:/
/

iu
cl

id
.e

ch
a.

eu
ro

pa
.e

u/

JE
C

D
B

Ja
pa

ne
se

 M
in

is
tr

y 
of

 H
ea

lth
, L

ab
ou

r 
an

d 
W

el
fa

re
ht

tp
:/

/
dr

a4
.n

ih
s.

go
.jp

/
m

hl
w

_d
at

a/
js

p/
Se

ar
ch

Pa
ge

E
N

G
.js

p

JR
C

 Q
ST

R
 D

at
ab

as
e

E
ur

op
ea

n 
C

om
m

is
si

on
, J

oi
nt

 R
es

ea
rc

h 
C

en
tr

e’
s

ht
tp

:/
/

ec
b.

jr
c.

ec
.e

ur
op

a.
eu

/
Q

ST
R

/
ba

ck
gr

ou
nd

/

K
A

T
E

 (
K

A
sh

in
ho

u 
T

oo
l f

or
 

E
co

to
xi

ci
ty

)

Ja
pa

ne
se

 N
at

io
na

l I
ns

tit
ut

e 
fo

r 
E

nv
ir

on
m

en
ta

l S
tu

di
es

 (
N

IE
S)

, 
M

in
is

tr
y 

of
 t

he
 E

nv
ir

on
m

en
t 

(M
oE

),
 G

ov
er

nm
en

t 
of

 J
ap

an
ht

tp
:/

/
ka

te
.n

ie
s.

go
.jp

M
R

L
 (

M
in

im
al

 R
is

k 
L

ev
el

s)
U

S 
D

H
H

S 
an

d 
A

ge
nc

y 
fo

r 
T

ox
ic

 S
ub

st
an

ce
s 

an
d 

D
is

ea
se

 R
eg

is
tr

y
ht

tp
:/

/
w

w
w

.a
ts

dr
.c

dc
.g

ov
/

m
rl

s/
in

de
x.

ht
m

l

N
PI

C
N

at
io

na
l P

es
tic

id
e 

In
fo

rm
at

io
n 

C
en

te
r 

th
ro

ug
h 

O
re

go
n 

St
at

e 
U

ni
ve

rs
ity

 a
nd

 U
S 

E
PA

16
6.

1 
ht

tp
:/

/
np

ic
.o

rs
t.

ed
u/

N
T

P 
(N

at
io

na
l 

T
ox

ic
ol

og
y 

Pr
og

ra
m

)

U
S 

N
IH

/
N

IE
H

S
ht

tp
:/

/
nt

p.
ni

eh
s.

ni
h.

go
v/

PA
N

 P
es

tic
id

e
Pe

st
ic

id
e 

A
ct

io
n 

N
et

w
or

k,
 N

or
th

 A
m

er
ic

a
ht

tp
:/

/
w

w
w

.p
es

tic
id

ei
nf

o.
or

g/

Pe
st

ic
id

e 
D

at
ab

as
e

T
oy

oh
as

hi
 U

ni
ve

rs
ity

 o
f T

ec
hn

ol
og

y,
 J

ap
an

ht
tp

:/
/

ch
ro

m
.t

ut
m

s.
tu

t.
ac

.jp
/

JI
N

N
O

/
PE

SD
A

T
A

/
00

al
ph

ab
et

.h
tm

l

Da
ta

ba
se

Co
un

tr
y/

or
ga

ni
za

tio
ns

 in
 c

ha
rg

e
W

eb
si

te

Supratik Kar et al.

http://www.tera.org/iter/
http://iuclid.echa.europa.eu/
http://dra4.nihs.go.jp/mhlw_data/jsp/SearchPageENG.jsp
http://dra4.nihs.go.jp/mhlw_data/jsp/SearchPageENG.jsp
http://ecb.jrc.ec.europa.eu/qsar/background/
http://kate.nies.go.jp
http://www.atsdr.cdc.gov/mrls/index.html
http://npic.orst.edu/
http://ntp.niehs.nih.gov/
http://www.pesticideinfo.org/
http://chrom.tutms.tut.ac.jp/JINNO/PESDATA/00alphabet.html
http://chrom.tutms.tut.ac.jp/JINNO/PESDATA/00alphabet.html


431

R
IT

A
 (

R
eg

is
tr

y 
of

 
In

du
st

ri
al

 
T

ox
ic

ol
og

y 
A

ni
m

al
-d

at
a)

Fr
au

nh
of

er
 I

ns
tit

ut
e 

of
 T

ox
ic

ol
og

y 
an

d 
E

xp
er

im
en

ta
l M

ed
ic

in
e 

(I
T

E
M

) 
H

an
no

ve
r

ht
tp

:/
/

w
w

w
.it

em
.fr

au
nh

of
er

.d
e/

re
ni

/
pu

bl
ic

/
ri

ta
/

in
de

x.
ph

p

T
E

X
T

R
A

T
O

X
T

he
 U

ni
ve

rs
ity

 o
f T

en
ne

ss
ee

 I
ns

tit
ut

e 
of

 A
gr

ic
ul

tu
re

ht
tp

:/
/

w
w

w
.v

et
.u

tk
.e

du
/

T
E

T
R

A
T

O
X

/
in

de
x.

ph
p

T
O

X
N

E
T

U
S 

N
at

io
na

l L
ib

ra
ry

 o
f M

ed
ic

in
e 

(N
L

M
)

ht
tp

:/
/

to
xn

et
.n

lm
.n

ih
.g

ov
/

T
ox

R
ef

D
B

U
S 

E
PA

ht
tp

:/
/

w
w

w
.e

pa
.g

ov
/

nc
ct

/
to

xr
ef

db
/

T
ox

tr
ee

E
ur

op
ea

n 
C

om
m

is
si

on
, J

oi
nt

 R
es

ea
rc

h 
C

en
tr

e
ht

tp
:/

/
ec

b.
jr

c.
ec

.e
ur

op
a.

eu
/

Q
ST

R
/

Q
ST

R
-t

oo
ls

/
in

de
x.

ph
p?

c=
T

O
X

T
R

E
E

T
SC

A
T

S 
(T

ox
ic

 
Su

bs
ta

nc
es

 C
on

tr
ol

 
A

ct
 T

es
t 

Su
bm

is
si

on
s)

U
S 

E
PA

ht
tp

s:
/

/
to

xp
la

ne
t.

co
m

/
ts

ca
ts

/

U
SG

S
U

S 
G

eo
lo

gi
ca

l S
ur

ve
y

ht
tp

:/
/

13
7.

22
7.

23
1.

90
/

da
ta

/
ac

ut
e/

ac
ut

e.
ht

m
l

 1
97

.1
 W

ik
iP

ha
rm

a
Sw

ed
is

h 
re

se
ar

ch
 p

ro
gr

am
m

e 
M

is
tr

aP
ha

rm
a

w
w

w
.w

ik
ip

ha
rm

a.
or

g

Impact of Pharmaceuticals on the Environment: Risk Assessment Using QSAR Modeling…

http://www.item.fraunhofer.de/reni/public/rita/index.php
http://www.item.fraunhofer.de/reni/public/rita/index.php
http://www.vet.utk.edu/TETRATOX/index.php
http://toxnet.nlm.nih.gov/
http://www.epa.gov/ncct/toxrefdb/
http://ecb.jrc.ec.europa.eu/qsar/qsar-tools/index.php?c=TOXTREE
http://ecb.jrc.ec.europa.eu/qsar/qsar-tools/index.php?c=TOXTREE
https://toxplanet.com/tscats/
http://137.227.231.90/data/acute/acute.html
http://www.wikipharma.org


432

the seriousness of threat of hazard assessment, the available data-
bases are countable with hand in respect to pharmaceuticals library. 
As the in silico models are need of the hour, so there must be 
expansion and transparency of ecotoxicity database regarding 
pharmaceuticals hazard and these must be accessible to the public 
at no cost. Publicly accessible toxicity databases describing envi-
ronmental and human health hazards due to pharmaceuticals 
implicated in risk assessment, management and hazard character-
ization is illustrated in Table 5.

10 Software

Expert systems are expedient option for toxicity prediction over 
the traditional QSAR models as they permit ecotoxicity prediction 
with the input of structure of pharmaceuticals only by selecting 
endpoints and environment compartment. For speedy and eco-
nomical prediction as well as to make risk management guidelines, 
regulatory authorities and industries are largely employing expert 
systems. To prioritize the ecotoxicity assessment of pharmaceuti-
cals, the major aim is to distinguish between toxicologically active 
and inactive molecules. Again, as multiple mechanisms can lead to 
similar effects, therefore this complexity needs high quality predic-
tive tools which are capable of differentiating diverse regions in the 
activity space. Expert systems can handle wide structural and 
mechanistic complexity regions compare to the local models. We 
have tried to summarize open access and commercially available 
expert systems to predict pharmaceuticals ecotoxicity in Table 6.

11 Future Avenues

As the situation is very alarming already, there must be apposite 
future plans to tackle the ecotoxicity threat due to pharmaceuti-
cals. Therefore, a set of plans must be addressed and followed for 
efficient risk assessment along with quick risk management in dif-
ferent compartments of environment which are again directly 
related to human health.

 (a) Along with pharmaceuticals used by humans, veterinary phar-
maceuticals need to be monitored carefully.

 (b) The packaging system should be biodegradable and eco- 
friendly to minimize the packaging related hazards.

 (c) Dose of drugs should be small and drugs must be ineffective 
after expiry date to some extent considering its biological 
response.

 (d) Green chemistry principles should be followed for risk man-
agement of pharmaceuticals for quick and nuisance free 
degradability after its usage. In this perspective, advancement 

Supratik Kar et al.
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of synthesis and renewable feedstock are crucial issues for 
preparation of environment friendly pharmaceuticals 
[100]. Thus, “benign by design” criteria can be practiced 
which asking for easy degradability after application. This 
can lead to economic rewards in the long run and will fit 
into green pharmacy [126]. Only thing needed to remem-
ber is that pharmaceuticals should not lose its therapeutic 
action due to the introduction of green chemistry.

 (e) The toxicity of metabolites and mixtures of pharmaceuti-
cals needs to be addressed more carefully as majority of 
drugs are combinations of two or more API and some of 
them are prodrugs in nature.

 (f) There is significant deficiency of data on the effects of 
long- term exposure in nontarget organisms, as well as how 
an uninterrupted exposure may affect a population is not 
explored till today.

 (g) Pharmaceuticals’ ecotoxicity databases need to be organized 
and classified in terms of endpoints, assay concentrations, 
environment compartments with different experimental 
conditions.

 (h) The expert system should be more equipped with applica-
bility domain, conformal prediction and uncertainty issue 
for reliable prediction.

12 Conclusion

The vibrant characteristic of pharmaceuticals is that they have 
explicit mode of action and they are designed to exert specific 
response to biological system which differentiate them from 
other organic chemicals. Thus, once they are released into the 
environment in an altered form or in their real form, they affect 
the living organism of diverse compartments of environment 
which is the sufficient reason to monitor and assess the poten-
tial effects of pharmaceuticals to environment. Assessment of 
occurrence level of pharmaceuticals in diverse compartments is 
necessary as the observed amount highly varies from one com-
partment to another which makes the situation complex for 
environmentalists. On the other hand, most of the interactions 
between pharmaceuticals and natural stressors of aquatic and 
terrestrial communities are unexplained till date. Thus to eval-
uate the risk of waste hazards pose to wildlife, it has been rec-
ommended to utilize the toxicity data derived from mammals 
during the production stages of pharmaceuticals which may be 
helpful for future prediction. To quantify the ecotoxic concen-
tration threshold of any pharmaceutical, calculation of the risk 

Impact of Pharmaceuticals on the Environment: Risk Assessment Using QSAR Modeling…
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quotient (RQ) is very important. The RQ expresses the ratio 
between the predicted concentration in the environment (PEC) 
and the concentration at which no effect is expected (PNEC) [21].

The present chapter reviews the most common routes, sources 
and occurrence of pharmaceutical hazards along with their fate and 
effects in different environments. Apart from studies on individual 
pharmaceuticals, the need of risk assessment and management of 
their metabolites and mixture of pharmaceuticals are discussed. 
The role of government authorities and different policies regulated 
regarding identification of risk assessment and management must 
be implemented in a proper way with right direction. Conversely, 
insufficient ecotoxicity data related to a definite class of pharma-
ceuticals has slowed down the computational modeling to some 
point. So, properly documented database is the need of the hour 
for environmentalists. On the contrary, though a good number of 
in silico models, especially QSAR models are reported for toxicity 
prediction of chemicals hazards, but a few successful models exist 
for pharmaceutical hazards. Thus, ample number of models should 
be generated to get the ecotoxicity data for pharmaceuticals for 
diverse endpoints and environmental compartments. Expert sys-
tems have the ability to make fast and reliable predictions with a 
single click of mouse, which urges to develop more expert systems 
for a set of endpoints. There is no doubt that in silico methods can-
not completely substitute experimental approaches, but they can 
be integrated for better understanding and quantification of phar-
maceuticals’ ecotoxicity.
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