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Abstract

Antimicrobial resistance (AMR) is a complex global health issue and will push twenty-four million people into extreme poverty

by 2030, risking the sustainable development goals (SDGs) 2, 3, 6, 9, 12, and 17 if not addressed immediately. Humans, animals,

and the environment are the reservoirs that contribute and allowAMR to propagate in interconnected ecosystems. The emergence

of antibiotic-resistant bacteria and antibiotic-resistant genes in the water environment has become an important environmental

health issue. One of the major influencers from environment sector is the pharmaceutical industry which is growing globally to

meet the ever-increasing demand of antibiotics, especially in low- and middle-income countries. The pharmaceutical effluent has

a mix of large concentrations of antibiotics and antibiotic resistance genes, and these sites act as hotspots for environmental

contamination and the spread of AMR. Inadequate treatment of the effluent and its irresponsible disposal leads to unprecedented

antibiotic contamination in the environment and their persistent presence in the environment significantly modulates the bacterial

genomes’ expression that is responsible for increase and spread of AMR. However, not much interventions are suggested in the

National Action Plan developed on AMR by many countries. There are no regulations across the globe till date for the level of

antibiotic residues in pharmaceutical effluent for the growing pharmaceutical industry. This review put together the work done

showing several detrimental effects of the antimicrobial residues in the pharmaceutical effluent which leads to rise in develop-

ment of AMR. The environment risk approach and need to have indicators to measure environment risk is a way forward for all

countries engage in antibiotic manufacturing. Overall, efforts to address the problem are isolated and fragmented. Policymakers,

regulators, manufacturers, researchers, civil society, and the community need to collaborate so that antibiotics are produced

sustainably and continue to stay effective in treating bacterial infections.
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Introduction

Antibiotics are modern-daymiracle medicines that have saved

lives since the discovery of penicillin in the twentieth century.

Effective antibiotics are the cornerstone of modern-day

medicine-enabling organ transplants, surgical prophylaxis,

protecting newborn lives from sepsis, and warding off infec-

tions during cancer chemotherapy. Unfortunately, the exces-

sive and indiscriminate use of antibiotics in the globally inter-

connected ecosystems has led to enormous rise in antimicro-

bial resistance (AMR). The concern has been recognized

among the top ten public health threats by the World Health

Organization (WHO 2020). AMR is defined as the microor-

ganisms’ ability to resist the therapeutic agents used to treat

them, exposure to which transforms them into “superbugs,”

and thus makes antimicrobials ineffective in the treatment of

infectious diseases caused by such superbugs (Gandra and

Kotwani 2019). It is a complex global health issue with an

immense impact on the economy and development. It imposes

a substantial burden on the global economy—by 2050, ap-

proximately four hundred forty-four million people would
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be affected (O'Neill 2016) due to the inability to treat the

infections. A 2017 World Bank study projected that AMR

would be responsible for decreasing global Gross Domestic

Product (GDP) by 1.1 and 3.8 percentage points between

2017 and 2050 (Jonas Olga et al. 2017). Ninety of the 244

indicators for Sustainable Development Goals (SDGs) are rel-

evant for AMR (IACG 2018), with 6 SDGs being of particular

relevance (SDG 2, 3, 6, 9, 12, and 17).

In interconnected ecosystems, human, animal (including

food safety), and environment sectors are the key to the de-

velopment and transmission of AMR. Their involvement is

essential to slow its spread as suggested by the U.N.

Tripartite (WHO, FAO (Food and Agriculture Organization

of the United Nations), and the OIE (Office International des

Epizooties, World Organization for Animal Health (OIE)).

The Global Action Plan (GAP) on AMR (2015) addresses

AMR in the one health paradigm. Following the GAP, most

countries have developed their National Action Plan (NAP)

on AMR by 2017 as promised in the World Health Assembly

2015. However, a stark limitation in the GAP-AMR is the

limited direction provided in addressing AMR in the environ-

ment sector. Therefore, in most of the NAP-AMR, the role of

environmental sector and activities for the environment sector,

especially treatment and disposing of the effluents containing

antibiotic residue, is not stressed. With greater recognition of

the environmental aspects of AMR, the United Nations

Environment Program (UNEP) in 2018 joined this collabora-

tion which is now called the “Tripartite Plus” (FAO, OIE,

WHO, UNEP) (Tripartite Plus Recent Update and

Memorandum of Understanding on Antimicrobial

Resistance 2018) and aimed to address AMR holistically.

Hence, the present review article was synthesized to impress

upon the policymakers and other stakeholders involved in

operationalizing and prioritizing the activities of NAP-AMR

across the globe the importance of environment sector, espe-

cially the effluent discharge from pharmaceutical industry

manufacturing antibiotics.

Inappropriate use of antibiotics in humans (in hospitals,

communities) and animals (including livestock, poultry, aqua-

culture) and the utilization of animal waste from antibiotic fed

animals, like poultry as manure or fertilizer in fields, also act

as a source of introducing antibiotics and antibiotic-resistant

genes (ARGs) in the soil and water bodies (Meersche et al.

2020) which are part of the environment. The evident sources

contributing to AMR’s environmental role include agricultur-

al and poultry farms, effluents from pharmaceutical industries

and healthcare facilities, and expired or unused antibiotics

disposed of by household and community (Khurana and

Sinha 2019).There are numerous scientific studies that dem-

onstrate the presence of antibiotic-resistant bacteria and the

presence of antibiotic residues and resistance genes in the

environment (Kumar and Kotwani 2017; Tamhankar and

Lundborg 2019; Singer et al. 2016). However, there is a

paucity of studies that address ways to tackle this problem in

the environment (Franco et al. 2009; Larsson et al. 2018).

The much growing pharmaceutical industry particularly

has a critical role as it acts as a reservoir for antibiotics and

antibiotic resistance genes (ARGs) in the environment within

the one health paradigm (Fig. 1).While it is critical to improve

access to much-needed antibiotics for treating infections for

humans and animals, antibiotic residue containing pharma-

ceutical effluent also contributes to AMR development.

In this context, the current review was done with the aim to

synthesize and put together the work done till recently to bring

attention of policymakers and regulators to have regulations

for effluent discharge from pharmaceutical industry to curb

the development of AMR. The broad areas covered in this

review article are as follows: (1) characterize the AMR chal-

lenge due to the pharmaceutical effluent discharge from anti-

biotic manufacturing industries, (2) discuss the adverse effects

of antibiotic residues on the ecosystem, (3) need to have indi-

cators to measure environment risk, and (4) the current initia-

tives taken by stakeholders to address the antibiotic residues

from manufacturing units to curb the role of pharmaceutical

effluent in decreasing AMR.

Pharmaceutical industry effluent
contributions to AMR in the environment

The ever-increasing demand for life-saving antibiotics has led

to large-scale manufacturing to improve access to antibiotics,

especially in low- and middle-income countries (LMICs).

LMICs, like Bangladesh, Brazil, India, Malaysia, Nigeria,

Thailand, Philippines, and Vietnam (WHO 2011; Babatunde

et al. 2014; Rader and Langer 2018), have strengthened and

expanded their manufacturing capacities. The pharmaceutical

industry is expected to be worth USD 1.57 trillion by 2023.

The pharmaceutical market for the Asia Pacific region is ex-

pected to be the second largest (24.07%) by 2023 (Global

Pharmaceuticals Industry Analysis and Trends 2019).

Broadly, the pharmaceutical industry comprises of (i) ac-

tive pharmaceutical ingredient (API) manufacturing units that

manufacture the raw material or an intermediate for the anti-

biotic and (ii) formulations or finished pharmaceutical product

(FPP) manufacturing units that combine the active ingredient

to produce a final pharmaceutical product (Nahar 2020). Over

the past three decades, India and China have emerged as the

source of APIs for the pharmaceutical sector. While China is

the principal supplier of APIs, India has established itself as

the hub for processing the APIs into finished pharmaceutical

products or formulations (Arnum 2013; Gandra et al. 2017).

The increase in antibiotic manufacturing capacity has

caused a consequent rise in the industry’s pharmaceutical ef-

fluent. The effluents generated from both types of antibiotic

manufacturing units (API and FPP) contain antibiotic
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residues. Still, significantly higher amounts of residues are

expected in the effluent from the API manufacturing units.

Since the effluent from pharmaceutical manufacturing sites

(especially API manufacturing plants) contain a concentrated

amount of API and intermediates in the effluent, these sites act

as hotspots for environmental contamination and the spread of

AMR. The pharmaceutical effluent is a cocktail of the highest

concentrations of antibiotics and antibiotic resistance genes

(ARGs) detected in the environment (Larsson 2014;

Bengtsson-Palme and Larsson 2016) when compared to dis-

charges from agriculture sources, sewage and other human

sources. Moreover, treating the effluent at source in the phar-

maceutical plant itself is a feasible and economically viable

solution to address AMR in the environment from pharma

manufacturing.

With a half-life of a few hours to a hundred days, antibi-

otics persist in the environment (Ji et al. 2010), and in fact, can

be described as a persistent organic contaminant due to fre-

quent and extensive use of antibiotics and uninterrupted emis-

sions (Hamscher et al. 2002). When discharged from the plant

effluents into the environment, antimicrobial residues have

several detrimental effects on the environment microbiome

at different concentration levels. Even at subinhibitory con-

centrations, the susceptible bacterial cells continue growing at

a reduced growth rate and antibiotics act as signal molecules,

shifting bacterial gene expression and gene transfer, virulence,

biofilm formation and quorum sensing, and the modulation of

gene activity. The lowest antibiotic level that drives the

selection of a resistant mutant over the wild type cells is de-

termined as the Minimal Selective Concentration (MSC),

which is usually estimated to range between 1/4 and 1/230

of the minimum inhibitory concentration (MIC) values(

Bengtsson-Palme and Larsson 2016; Gullberg et al.

2011).MSC is a more sensitive metric to reflect the selective

pressures at lower antibiotic concentrations than MICs

(Sandegren 2014) but difficult to measure since the composi-

tion and structure of the bacterial community and the antibi-

otic residues differ significantly in environmental and labora-

tory settings.

Long-term exposure of environmental bacterial strains to

low concentrations of antibiotics significantly modulates the

bacterial genomes' expression. Studies have found that the

sub-inhibitory concentrations of antimicrobials induce the

bacterial SOS repair system, increasing the frequency of ge-

nome mutation, overexpression of certain genes, gene transfer

and creation of mobile genetic elements which include those

responsible for antimicrobial resistance (Couce and Blazquez

2009; Blázquez et al. 2012). Exposure to sub-inhibitory doses

of erythromycin, sulfamethoxazole, or roxithromycin results

in biofilm formation in P. aeruginosa strains (Bruchmann et al.

2013). A survey (1999-2018) of sub-inhibitory concentrations

of antibiotics in environmental samples reported that the en-

vironmental concentrations of antibiotics in many samples fall

into the MSC range and are likely to influence bacterial ecol-

ogy and trigger the selection of antibiotic resistant bacterial

cells (Chow et al. 2021).

Fig. 1 The interconnection between the Pharmaceutical industry, environment, humans and animals
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Studies have confirmed antibiotic residues in effluents, mu-

nicipal wastewaters, surface waters, and groundwater around

the pharmaceutical manufacturing sites (Deschamps et al.

2012; Tong et al. 2020). A few studies showing presence of

huge quantities of antibiotics in surface water, drinking water,

pharmaceutical effluent and in the effluent of wastewater

treatment plant is presented in Table 1. Several studies

(Verlicchi et al. 2012; Rizzo et al. 2013; Xu et al. 2015) have

indicated that wastewater treatment plants can be critical

sources for releasing antibiotic-resistant bacteria (ARBs) into

the environment and can be catastrophic if treated inadequate-

ly, a common occurrence in LMICs. .Recent studies have

shown that the environment polluted with waste from antibi-

otic manufacturing units could be an important antibiotic re-

sistance reservoir (Bengtsson-Palme et al. 2014). Studies have

identified that the untreated effluent discharge from API or

FPP units can lead to the emergence of hotspots unless these

are adequately assessed and controlled by the industry.

Studies conducted in Bangladesh, India, Indonesia, and

Thailand have reported antibiotic residues in aquatic water

and fish (Impens et al. 2003; Swapna et al. 2012; Bakar

et al. 2013). Reports on the presence of APIs in water from

pharmaceutical industries in the European Union (Cardoso

et al. 2014), the USA (Phillips et al. 2010), India, and else-

where indicate that concentrations have reached higher levels

when wastewater discharges are not sufficiently treated by the

industries (Larsson et al. 2007; Larsson 2014).

A study conducted in 7 European countries (Portugal,

Spain, Ireland, Cyprus, Germany, Finland, and Norway) de-

tected 17 antibiotics, i.e., ciprofloxacin, ofloxacin,

enrofloxacin, orbifloxacin (Fluroquinoloes class of drugs are

used to treat gram harmful abdominal infections, pyelonephri-

tis, and as second-line treatment for typhoid fever as resistance

is increasing); azithromycin, clarithromycin (Macrolides class

of drugs used to treat typhoid, Rickettsial infections),

sulfapyridine (used for skin infections); sulfamethoxazole,

trimethoprim (used in the treatment of typhoid; pneumonia

and diarrhea); nalidixic acid (used to treat urinary tract infec-

tions (UTIs)), pipemidic acid, oxolinic acid, cefalexin (antibi-

otic prophylaxis before surgeries, diabetic foot ), clindamycin

(Clostridium difficile infections, skin and soft tissue infec-

tions, Pneumocystis carinii infections); metronidazole (diar-

rheas and UTIs), ampicillin (for Acinetobacter spp., suscepti-

ble typhoid strains, pre-surgery prophylaxis); and tetracycline

(used to treat infections of the skin, urinary tract and sexually

transmitted diseases), in the final effluent of wastewater treat-

ment plant (Rodriguez-Mozaz et al. 2020). A similar study

conducted in Vietnam detected higher concentrations of sul-

fonamides and quinolones class of antibiotics in the effluent of

pharmaceutical plants (Thai et al. 2018). Other studies from

Korea (Sim et al. 2011), Taiwan (Lin et al. 2008; Lin and Tsai

2009), and Pakistan (Khan et al. 2013) also substantiated the

presence of high concentrations of APIs in the manufacturing

discharges. Furthermore, some reports identified few pharma-

ceutical companies, including formulation units, in the USA

(Phillips et al. 2010) and Europe (Norwegian Environment

Agency 2005; Babic et al. 2007) as a source of antibiotic

pollution, with significant concentrations of APIs in treated

effluents reaching milligram per liter.

In 2008, a manufacturing unit in China was ordered to

suspend activities and install an appropriate waste treatment

plant after reports that the factory had furtively disposed off its

waste in a 50-ha pit. Additionally, the effluent was being

discharged through irrigation trenches connecting to the

Yellow River (Shanghai Daily 2012). Another study in

China indicated that the levels of oxytetracycline, from a

manufacturing unit that apparently treated its waste, were still

significant (Li et al. 2008). An analysis conducted in 2016

(Pharma Compass 2016, a trade publication) identified two

critical dangers in China’s antibiotic supply chain—first, the

threat of antibiotic resistance from pharma effluents and sec-

ond, the lack of compliance with Good Manufacturing

Practices (GMP).

Propagation of resistance
through the environment

The environment plays a crucial role in the emergence and

transmission of AMR determinants and pathogenic bacteria.

The pharmaceutical effluent is released into the environment

via soil or water (Rees 2020), further establishing soil and the

aquatic environment as reservoirs for antibiotic residues and

vectors for resistance genes (UNEP 2017).

Resistance to antibiotics can be disseminated through ver-

tical gene transfer (VGT; i.e., parent to next-generation) as

well as by horizontal gene transfer (HGT; i.e., the transference

of genetic material, such as ARGs, from cell to cell). HGT can

occur between live bacterial cells (conjugation): via a bacteri-

ophage (transduction) or through absorption of extracellular

DNA (transformation) within the cell (Vikesland et al. 2019).

Both HGT and VGT are known to coexist in the natural en-

vironment (Li et al. 2019).

Selection and propagation of antibiotic-resistant genes

(ARGs) in the environment are aided by the presence of not

just antimicrobials (including antibiotics) but also the pres-

ence of heavy metals, biocides (disinfectants), and other nat-

ural chemicals and xenobiotics such as solvents like toluene

which gives rise to antibiotic-resistant bacteria (ARB). Cross-

resistance and co-resistance to each of these hazards lead to

co-selection of genes (Singer et al. 2016), promote the sharing

of antibiotic-resistant genes (ARGs), mobile genetic elements

(MGEs), plasmids, and virulence factors mediated through

horizontal transfer (Fletcher 2015) with other bacteria present

in the environment (Larsson et al. 2007; Kraemer et al. 2019).

The MGEs carry the genes that encode antibiotic resistance
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and are present in a wide variety of bacterial population. The

cross phylogenetic boundaries are characteristic of HGT. The

presence of diverse MGEs carrying antibiotic resistance genes

makes HGT the main cause of spreading antibiotic resistance

in the environment (Huijbers et al. 2015).

The selective resistance potential of bacteria varies between

different species and different pharmaceutical compounds

(Larsson et al. 2018). The ARBs carrying a newly evolved

ARGs can subsequently spread between patients epidemically

(López-Causapé et al. 2013); examples of bacteria of human

health relevance include vancomycin-resistant Enterococci

(VRE), methicillin-resistant Staphylococcus aureus

(MRSA), extended-spectrum beta-lactamase enzymes

(ESBLs) producing E. coli , Carbapenem-resistant

Table 1 Studies on presence of antibiotics in surface water, drinking water, pharmaceutical effluent, and in the effluent of wastewater treatment plant

Class of antibiotics Type of antibiotic Origin and concentration References

β-Lactams Lincomycin Surface water 248.9 ng/L (Calamari et al. 2003)

Amoxicillin Raw water 1500ng/L (Mahmood et al. 2019)

Aminoglycosides Gentamicin Sewage plant export 1300 ng/L (Loffler and Ternes 2003)

Macrolides Erythromycin-H2O Surface water 1700 ng/L (Kolpin et al. 2002)

Azithromycin Wastewater treatment plant effluent 1577.3 ng/L (Rodriguez-Mozaz et al. 2020)

Clarithromycin Surface water 260 ng/L (Hirsch et al. 1999)

Wastewater treatment plant effluent 346.8 ng/L (Rodriguez-Mozaz et al. 2020)

Roxithromycin Surface water 560 ng/L (Hirsch et al. 1999)

Quinolones Ciprofloxacin Sewage plant export 260 ng/L (Kostich et al. 2014)

Surface water 185 ng/L (Bai et al. 2014)

Pharma Effluent 28 X 106–31 X 106 ng/l (Larsson et al. 2007)

Wastewater treatment plant effluent 1435.5 ng/L (Rodriguez-Mozaz et al. 2020)

Raw water 1270 ng/L (Mahmood et al. 2019)

Norfloxacin Surface water 208 ng/L (Xu et al. 2007)

Pond 152.31 ng/L (Chen et al. 2018)

Pharma Effluent39 X 104–42 X 104 ng/L (Larsson et al. 2007)

Ofloxacin Surface water 89 ng/L (Xu et al. 2007)

Sewage plant export 210 ng/L (Guerra et al. 2014)

Pond 15.98 ng/L (Chen et al. 2018)

Pharma Effluent15 X 104–16 X 104 ng/L (Larsson et al. 2007)

Wastewater treatment plant effluent 613 ng/L (Rodriguez-Mozaz et al. 2020)

Enrofloxacin Livestock farm export 680 ng/L (Andrieu et al. 2015)

Underground water 3 ng/L (Tong et al. 2009)

Levofloxacin Raw water 414ng/L (Mahmood et al. 2019)

Sulfonamides Sulfamethoxazole Surface water 1900 ng/L (Kolpin et al. 2002)

Underground water 470 ng/L (Hirsch et al. 1999)

Wastewater treatment plant effluent 220.9 ng/L (Rodriguez-Mozaz et al. 2020)

Sulfamethizole Surface water 130 ng/L (Kolpin et al. 2002)

Sulfamethazine Surface water 4660 ng/L (Wei et al. 2011)

Underground water 160 ng/L (Hirsch et al. 1999)

Sulfadoxine Surface water 460 ng/L (Wei et al. 2011)

Sulfamonomethoxine Pond 21.92 ng/L (Chen et al. 2018)

Sulfaphenazole Pond 147.95 ng/L (Chen et al. 2018)

Sulfapyridine Wastewater treatment plant effluent 583.6 ng/L (Rodriguez-Mozaz et al. 2020)

Tetracyclines Tetracycline Underground water 3.8 ng/L (Tong et al. 2009)

Oxytetracycline Surface water 340 ng/L (Kolpin et al. 2002)

Chlortetracycline Surface water 690 ng/L (Kolpin et al. 2002)
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Enterobacteriacae (CRE) (Vikesland et al. 2019), and multi-

resistant Pseudomonads (Pareek et al. 2015). These resistant

bacteria are the key contributors to the increasing burden of

healthcare-associated infections (HAIs): infections that are ac-

quired while receiving treatment for medical or surgical con-

ditions in a healthcare setting. Some of the common

healthcare-associated infections include catheter-related uri-

nary tract infections, bloodstream infections related to intra-

venous cannulas and other devices, postoperative wound in-

fections, and ventilator-associated pneumonia. Carbapenem-

resistant Enterobacteriacae can cause resistant urinary tract

infections, bloodstream infections, and ventilator-associated

pneumonia and intra-abdominal abscesses which have a

50% mortality rate even in a developed country setting like

the USA (CDC 2019a, b). ESBL E. coli causes urinary tract

infections and severe infections in the blood stream and cen-

tral nervous system. SinceE. coli is a common colonizer of the

normal gut microbiota, increasing prevalence of ESBL-

producing strains is particularly worrisome (Brolund 2014).

MRSA infections are commonly seen in the elderly, those

admitted in ICUs, having extended stay in a healthcare facil-

ity, or undergoing an invasive medical procedure. MRSAs

lead to infections of the skin and invasive disease in the pres-

ence of indwelling devices (intravascular lines, urinary cathe-

ter, endotracheal or tracheostomy tube, gastrostomy feeding

tube) (Best Practice Guidelines Nova Scotia 2012). VRE in-

fections are estimated to cause 54,500 infections among hos-

pitalized patients and 5400 estimated deaths in the USA (CDC

AR Threats 2019). Persons at risk include those who have

been previously treated with antibiotics, including vancomy-

cin, for long duration, those hospitalized or undergoing any

surgical procedures, or having a medical device in situ, and

those with weakened immune systems, such as patients in

intensive care units, or in cancer or transplant wards.

Thus, with improved life expectancy and human survival,

the need to control HAIs and ensure successful treatment out-

comes in healthcare without any resistant microbial infections

makes it imperative to consider the environment a high-

interest factor to study the evolution and dissemination of

antibiotic resistance.

Impacts of antibiotic residues
on the ecosystem

Evolutionary effect on the microbial population

Antibiotic pollution impacts the evolutionary dynamics of the

microbial population leading to a heterogeneous phenotypic

response to antibiotics. The occurrence of antibiotic residues

in the microbial ecosystem may lead to genetic or mutational

alterations in normally sensitive bacteria. This allows the bac-

teria to survive and grow further as ARB that carry ARGs

(Martinez 2009).Antibiotic exposure to the microbial commu-

nity influences the developmental characteristics of the mi-

crobes in multiple ways such as genome reconstruction main-

ly in the mobile genetic elements (MGEs) of the microbes,

physiology of the microbiome, and triggering expression of a

shock-response system in the microbes (Martínez 2017).

Diverse bacterial populations present different degrees of re-

sistance to antibiotics due to altered gene expression or critical

physiological traits under the exerted selective pressure

(Sanchez-Romero and Casadesus 2013). Bacterial popula-

tions exposed to low concentrations of antibiotics can lead

to bacterial lineages with increased phenotypic and genotypic

diversity through the activation of an intrinsic survival re-

sponse. It results in an increased mutation rate throughout

the genome (Foster 2007), and via the direct mutagenic effect

on the DNA (Andersson and Hughes 2014). MIC is the min-

imum concentration of an antibiotic that can completely in-

hibit the growth of a bacterial strain after an incubation period

of 24 h. In many instances, environmental concentrations

close to, or exceeding, the MICs of certain antibiotics have

been measured in site linked to pollution from pharmaceutical

production facilities (Larsson 2014) even though concentra-

tions below the MICs can select for resistant bacteria

(Andersson and Hughes 2012).

A study reported that most of the antibiotics either bind

directly to the transcription factor or via other regulatory

mechanisms such as riboswitches and quorum sensing alter-

ing the gene expression of various genes (Goh et al. 2002;

Davies et al. 2006) and resulting in elevated phenotypic var-

iability and in some cases increased virulence (Kraemer et al.

2019). Similarly, other studies have found structural alter-

ations in the microbial community due to the presence of

antibiotics in soil. This results in loss of biomass and a reduc-

tion in microbial activity including nitrification, denitrifica-

tion, and respiration (Westergaard et al. 2001; Cycon et al.

2019). Moreover, antibiotics can also affect the enzymatic

activity of the bacteria, including dehydrogenases, phospha-

tases, and ureases, which are considered important indicators

of soil activity (Cycon et al. 2019). Thus, this consequently

brings loss of key microbial taxonomy that is critical for eco-

logical roles.

Adverse effects on the non-microbial population in
the ecosystem

The implication of antibiotic pollution is not limited to the

microbial population only. It is been shown that low concen-

trations of streptomycin and erythromycin impact the survival

and behaviors of micro-invertebrates such as Daphnia magna

(Flaherty and Dodson 2005) and Artemia under in vitro con-

ditions (Migliore et al. 1997).

Strong implications can be even seen in the aquatic ecosys-

tem where the animals are chronically exposed to antibiotic
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pollutants (Liu et al. 2018). Adverse effects of the presence of

antibiotics in the aquatic environment, especially on fish have

been reported (Corcoran et al. 2010). One of the effects seen

was the suppression of the fish immune system by the pres-

ence of tetracycline (0.1–50 μg/L) in the environment

(Grondel et al. 1985). A study has demonstrated that the

sub-inhibitory concentrations of macrolides induces malfor-

mation of the yolk sac edema, uninflated swim bladder, and

influences the movement frequency of the embryo in

zebrafish (Danio rerio)(Wang et al. 2014). Similarly,

norfloxacin and sulfamethoxazole at a concentration of

200μg/L have also been reported to have an adverse effect

on the growth and reproduction rate of zebrafish (Danio rerio)

(Yan et al. 2016). Antibiotics such as fluoroquinolones and

tetracyclines can also affect the development and behavior,

potentially via altering the expression of multiples genes in

zebrafish (Danio rerio) (Zhang et al. 2016).

In addition to affecting the microbial population and the

aquatic ecosystem, antibiotic pollution even has a negative

impact on vertebrates such as amphibians, reptiles, birds,

and mammals. It leads to growth inhibition, disordered loco-

motion behavior, cytotoxicity, and teratogenesis (Liu et al.

2018). A study conducted on Xenopus tropicalis found that

the antibiotic residue in the environment is lethal to the am-

phibians. The study showed that exposure of tetracycline re-

sulted in decreased body length, pericardial edema, and other

malformations (Liu et al. 2018).

Adverse effects on the human health

Varying levels of antibiotics that have been found in surface

and waste water (between 0.01 and 1.0 μg/L) allow for inter-

actions between environmental bacteria and contaminating

bacteria from sewage and wastewater treatment plants and

are the potential medium for transfer of novel antibiotic resis-

tance mechanisms from environmental bacteria to human and

animal commensals or pathogens (or vice versa) (Aslan et al.

2018; Manaia et al. 2016). Presence of antibiotics in drinking

water may persist for months and many are not completely

removable by traditional disinfection technologies in drinking

water treatment (Ben et al. 2019). Key classes of antibiotics

that have been found in drinking water include quinolones,

chloramphenicols, sulfonamides, and macrolides appeared

with ciprofloxacin exhibiting the highest detected concentra-

tion up to 679.7 ng/L (Wang et al. 2010). Many studies show-

ing presence of various classes of antibiotics present in surface

water, drinking water, pharmaceutical effluent, and in the ef-

fluent of wastewater treatment plant are tabulated in Table 1.

Wastewater treatment plants (WWTPs) have a key role in

the spread of antibiotic resistance (Bouki et al. 2013; Rizzo

et al. 2013) by allowing bacteria from different environments

and sources to interact and exchange genes and are major

sources of ARB and ARGs that are released into the

environment (Alexander et al. 2020; Karkman et al. 2017).

The risk of transfer of ARGs to pathogens increases in envi-

ronments with a high fecal load and associated fecal bacteria

(Huijbers et al. 2019).

The antibiotic residues in the environment create selection

pressure on the environmental microbiome, generating envi-

ronmental ARB and ARGs which can be transferred to

humans (Forsberg et al. 2012; Manaia 2017). Environmental

ARGs can be transmitted to humans by either pathogenic

ARB or human commensal ARB, both of which have the

ability to colonize and proliferate in human body (Li et al.

2015; Manaia 2017; Vaz-Moreira et al. 2014). While com-

mensal bacteria are otherwise not harmful, acquisition of

ARGs from the environment enables them to transfer the vir-

ulent genes to human microbiota (Serwecinska 2020). The

pathogenic ARBs could potentially penetrate into tissues and

cause acute immune reaction and infectious disease (Ben et al.

2019). Among the Gram-negative bacteria, Pseudomonas,

Acinetobacter, and Enterobacteriacae have been prioritized

by the WHO as bacteria for which there is an urgent need to

develop new effective drugs. CRE, VRE, MRSA, and ESBL

E. coli as described in the earlier section (propagation of re-

sistance) are responsible for the rise in HAIs and have been

identified as the priorities for action by the WHO and the

Centre for Disease Control and prevention (CDC), USA.

Gaps in knowledge exist for the role of the environment in

transmission of resistance in these bacteria because only a few

studies have confirmed the presence of ESBL, MRSA, and

VRE producers in the environment. However, even their pres-

ence in the environment is alarming as they can act as a res-

ervoir of such resistance and such genes can be transferred

into human pathogens (Czekalski et al. 2015; Chen et al.

2015, 2017; Zielinski et al. 2020).

Environment risk assessment approach: need
for indicators to measure progress

Considering the negative impacts of antibiotic residues in the

environment, the need to assess the environmental risk be-

comes necessary. This requires both science and policy inputs.

At present, there is a lack of consensual scientific benchmark

and surveillance indicators among all stakeholders to measure

progress on the one hand and a lack of cohesive partnership at

policy level to establish progress in addressing the role of

pharma effluent on AMR in the environment.

Globally, neither the WHO, which lays out the standards

for Good Manufacturing Practices (GMP) for pharmaceutical

manufacturing, nor the national regulatory authorities have

established legal regulatory requirements for antibiotic emis-

sion control at pharma manufacturing sites (though India has

released draft norms). Moreover, pharmaceutical (including

antibiotic) manufacturing production and supply chain
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(guided by intentions to decrease costs and maximize profits)

is scattered across the globe for different manufacturing steps

and is messy with the involvement of several agencies (Topp

et al. 2018). There is lack of transparency which hinders the

establishment of benchmarks for each step and fix responsi-

bility on a particular actor in one stage.

The environmental risk assessment process for a specific

pharmaceutical compound is complex due to the inadequate

availability of data. It depends on overall usage, its

persistence, fate, transport, and eco-toxicity of the compound

in the environment. The environmental risk can be determined

by the minimum inhibitory concentration (MIC), predicted

environmental concentration (PEC), and predicted no-effect

concentration (PNEC) for antibiotics (Peake et al. 2016).

MIC, as defined earlier, is estimated in clinically relevant

bacteria, and few bacterial indicators such as Acinetobacter,

Burkholderia, Stenotrophomonas, Neisseria, Enterococcus,

Staphylococcus, Streptococcus, and Haemophilus have been

suggested to assess MICs of antibiotics (Patel 2017). The

MICs are well documented in the database of the European

Committee on Antimicrobial Susceptibility Testing

(EUCAST 2013). The PEC value is the concentration of

chemical compound present in the environment. It is based

on modelling and data derived from known environmental

factors such as the ability of the compound to be degraded

(persistence), the ability of the compound to penetrate into the

biological membranes and accumulate inside the flora and

fauna (transport), and the ability for organisms in the environ-

ment to metabolize and detoxify the pharmaceutical, nullify-

ing any detrimental effects arising from the bioaccumulation

of the pharmaceutical (Peake et al. 2016). The PNEC value is

the concentration of pharmaceuticals at which it does not exert

any adverse pharmacological effect on any organism.

Bengtsson-Palme et al in 2016 suggested a methodology

for deriving PNECs by extrapolating the MIC data from the

EUCAST database and included an additional safety factor to

derive PNECs for antimicrobial resistance (Bengtsson-Palme

and Larsson 2016). These values are derived using eco-

toxicity testing data. A PEC to PNEC ratio of < 1 implies no

significant risk associated with the environmental presence of

the pharmaceutical. A ratio ≥ 1 suggests that further charac-

terization of environmental risk or management of the phar-

maceutical is necessary (Peake et al. 2016). This data can be

used as a comprehensive reference by the industry and the

regulating bodies for formulating standards.

The pharma industry has come up with target (PNEC

values) for more than 100 antibiotics to be used as a bench-

mark for self-evaluation. Efforts are needed so that pharma

companies can be incentivized to establish better production

systems that are sustainable, document antibiotic pollution

control efforts, and provide incentives such as tax subsidies

for exchangeable products tax subsidy (Bengtsson-Palme

et al. 2018). Industry can also be encouraged to leverage

technology of pollution control in procurement processes,

and in benchmarking schemes for drug companies (Access

to Medicines Foundation 2017; Bengtsson-Palme et al. 2018).

Stakeholders efforts to address antibiotic
residues in pharmaceutical effluent

Addressing the contribution of the pharmaceutical industry to

AMR requires key stakeholders to work together. This in-

cludes the policymakers, national regulators, pharmaceutical

industry, researchers and academics, civil society, U.N. orga-

nizations, and trade organizations.

At the global level, the U.N. informal Interagency Task

Team on Sustainable Procurement in the Health Sector

(SPHS 2020) was established in May 2012 in Copenhagen,

Denmark, for effectively engaging with suppliers and manu-

facturers to promote environmentally and socially responsible

procurement of health commodities to save lives sustainably

and protect the planet (United Nations (U.N.) Interagency

Task Team on Sustainable Procurement in the Health

Sector 2020).

As part of the Good Manufacturing Practices (GMPs), the

WHO has drafted standards for the antibiotic manufacturing

pharmaceutical industries and the inspectors from regulatory

authorities for all member states (WHO 2019) to include en-

vironmental risk of AMR from the pharma effluent. Since

resistant microbes do not respect borders, globally national

regulatory authorities (NRA) and U.N. bodies need to ensure

uniform global regulatory standards to address the role of

pharmaceutical effluent in propagating AMR.

Assessing the environmental impact of a pharmaceutical

product is challenging as the manufacturing supply chain is

complex with various stages of production outsourced to sup-

pliers in diversely regulated markets. Regulations in the USA

and European Union (E.U.) primarily focus on drug safety

through the GMP but do not currently oblige companies to

put in place environmental safeguards when producing their

drugs. Currently, there is no legally binding national or inter-

national environmental legislation or directives for pharma-

ceutical companies on how to treat and dispose of their wastes

in an environmentally friendly way (Turner 2020). Moreover,

there are no statutory GMP regulations for active pharmaceu-

tical ingredients in either the E.U. or the USA. However,

many countries are taking an active role and formulating

guidelines for pharmaceutical effluent treatment with regard

to the antibiotic residue.

Among the high-income countries (HICs), the European

Union (E.U.) has recently formulated a tailored risk assess-

ment for medicinal products including antibiotics (EMA

2018). Under this tailored risk assessment for each medicinal

product, both a risk assessment and a specific hazard assess-

ment for persistent bio-accumulative and toxic (PBT)
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properties are required at the time of licensure. The risk as-

sessment can be done in phases, and the PBT assessment

identifies the intrinsic properties of the active substance which

have long-term risk on the environment. Particularly for anti-

biotics, an additional targeted effect assessment should be

performed for the aquatic compartment. Further, the tailored

risk assessment for antibiotics focuses on the effects of anti-

biotics on lower trophic levels including bacteria, algae, and

aquatic invertebrates as they are sensitive for antibiotics

(EMA2018). Among LMICs, India is the first country to have

prepared draft regulatory standards for the pharmaceutical in-

dustry. The Ministry of Environment Forest and Climate

Change (MoEFCC) through its technical arm, the Central

Pollution Control Board (CPCB), has drafted standards for

PNEC values for antibiotic residue in industrial effluents

(Leo 2020; Ministry of Environment, Forest, and Climate

change 2020). The draft standards released in January 2020

specify limits of effluents released from pharmaceutical

manufacturing plants though the recommendation still needs

to be notified as a law. In China, the government encourages

its pharmaceutical industry and promotes zero discharge of

pharmaceuticals into the environment though there are no

standards for antibiotics residue levels in the discharged

effluent.

Within the pharma industry too, there is greater recognition of

the need for action leading to two key initiatives—The

Pharmaceutical Supply Chain Initiative (PSCI) and the Industry

Declaration and Antibiotic Manufacturing Framework as part of

Roadmap onAMR. In 2016, some of the leading pharmaceutical

companies signed the Antibiotic Manufacturing Framework as

part of the Roadmap on AMR led by the AMR Industry

Alliance. The roadmap was adopted at the United Nations

High-Level Meeting on AMR in 2016 at the World Economic

Forum in Davos. This framework aims to ensure adequate con-

trol of effluent emissions from the manufacturing units (AMR

Industry Alliance 2018). Among the measures proposed was

calculating the amount of API discharge by the industries into

the environment, called the predicted-no-effect concentration

(PNEC) or antibiotic concentrations below which there are no

adverse effects on the environment and the risk of developing

resistance is minimal (Lee and Choi 2019). These values are

expected to be protective of ecological species and incorporate

assessment factors consistent with standard environmental risk

methodologies (Brandt et al. 2015).

Besides these efforts at the global level, national gov-

ernments, and industry, civil society groups have also

taken a lead to address the issue. The Access to

Medicine Foundation aims to improve access on the med-

icines and produces the AMR Benchmark report. This

assesses the pharma companies engaged in Research &

Development, managing the waste generated from the

manufacturing process, ensuring appropriate access and

stewardship where the potential and responsibility to

restrict AMR is high. Benchmarking recognizes the

company’s positive endeavors towards AMR which may

inspire other companies to join (Antimicrobial Resistance

Benchmark Report 2020).

Another initiative is the Responsible Antibiotic

Manufacturer’s Platform (RAMP): a global collaborative fo-

rum bringing together responsible procurers, regulators, and

companies to co-create the business-case for sustainably pro-

duced antibiotics (SIWI 2020). The initiative aims to make

sustainable manufacturing the norm for the whole antibiotics

industry and has initiated pilot projects.

Conclusion

The discovery of antibiotics was a revolutionary milestone in the

field of medical science to treat infections and improve human

life expectancy and living conditions. However, inappropriate

use of antibiotics has led to sharp increase in antimicrobial resis-

tance. AMR is a threat to global public health and the economy

with significant implications on the successful treatment of infec-

tions in humans and animals. The spread of ARB and of ARGs,

if left unchecked, could make antibiotics ineffective with devas-

tating consequences on human and veterinary healthcare systems

(WHO 2020). AMR is a cross-cutting public health issue

encompassing the interface between humans, animals, and the

environment and this is known as one-health involvement.

Taking one-health approach, the WHO has prepared GAP-

AMR and many countries (mainly LMICs) have developed their

NAP-AMR aligning it with GAP. However, the involvement,

recognition, and interventions for environmental sector are not as

prominent as human or animal sector. Moreover, one of the

important and growing factors is the discharge of antibiotics from

pharmaceuticalmanufacturing plantswhich propagates antibiotic

resistance and contaminates the ecological environment, emerg-

ing as an area of concern. Several studies highlight that bacteria

in the environment acquire resistance through horizontal and

vertical gene transfer, making the environment both a source

and a reservoir for AMR. Tackling the discharge of pharmaceu-

tical waste containing a concentrated amount of antibiotics at

source in the pharmaceutical plants will be valuable to address

the environmental burden of AMR in the ecosystem. Moreover,

the lack of specific standardized methods and standards for

treating the antibiotic effluent and the lack of awareness about

the industrial contribution toAMR is one of the root causes of the

rampant emergence of AMR in the environment. So far, there

have been limited and fragmented approaches from the stake-

holders to address the problem, and robust initiatives are the

urgently required. Since many countries are revising their

NAP-AMR or will be doing the same in the near future, it will

be good if more activities and interventions targeted for environ-

ment reservoir of AMR and for effluent discharge are included.

Sustainable antibiotics manufacturing can be adopted to reduce
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the release of antibiotics to the environment to the levels that,

according to the best available knowledge, do not trigger AMR.

Policymakers, regulators, manufacturers, researchers, civil soci-

ety, and the community need to collaborate so that antibiotics are

produced sustainably and continue to stay effective in treating

bacterial infections. In true sense, a multi-sectoral and multi-

dimensional “One Health” approach needs to be adopted by

the leading organizations in the world and in the countries to

curb AMR.
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