Pharmaceutical Pollutants and Microbial Communities in Freshwater Vs Marine Ecosystems


Introduction – Increased use of pharmaceutical products results in the release of large quantities of these compounds into the environment. This has become a serious concern, especially in the aquatic ecosystem. Wastewater treatment plant, sewage discharge, improper disposal of medicines, agricultural runoff, livestock production and hospital wastes are the major sources of these compounds in the river and oceans. Antibiotics, NSAIDs (non-steroidal anti-inflammatory drugs), and psychotropic drugs are the most commonly detected pharmaceutical products in the aquatic ecosystem. Microorganisms play an important role in nutrient cycling, primary production and breakdown of organic matter in aquatic ecosystems. Pharmaceuticals in the aquatic ecosystems affect the health of the ecosystem. 
Method – This review compares the effects of pollutants on freshwater and marine microbial communities and shows how they respond differently. It also compares the impact of different types of pharmaceuticals on freshwater and marine microbial communities.
Results – The Presence of pharmaceuticals in the aquatic ecosystem reduces microbial diversity and disrupts the functioning of microbial communities, which leads to an imbalance in nutrient cycling, primary productivity and often the development of antibiotic resistance. However, the impact of pharmaceuticals is slightly different on freshwater and marine microbial communities. Interestingly, freshwater microbial communities experience more serious impacts. They often lose species that are important to the functioning of the ecosystem. On the other hand, marine microbial communities are generally more resilient because they are more diverse and have developed different adaptive strategies. 
Discussion -The increasing presence of pharmaceutical pollutants in aquatic environments poses a significant threat to ecosystem health. These compounds can alter microbial diversity and disrupt their functional activities. Freshwater microbial communities tend to exhibit lower stability, whereas marine communities are relatively more resilient due to differences in environmental conditions, higher microbial diversity, and adaptive mechanisms. Future research should focus on developing effective strategies for the removal of pharmaceutical contaminants to reduce their impact on aquatic ecosystems and minimize the risk of water contamination.
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1. Introduction: 
Pharmaceutical pollutants (PPs) are the chemical substances that humans use to stay healthy, as well as the products used in agriculture or medicines given to animals on farms for their growth or to fight diseases. These include prescription medications, over-the-counter drugs, and veterinary medicines.[1]
As the world’s population increases, people are using more and more medicines and personal care products day by day which improve our quality of life. After metabolism, their metabolites are excreted and enter sewage systems, where they can be stored in sludge or released into surface waters, and can cause harmful effects on nature. [2,3]
These pose a growing threat to global aquatic ecosystems, primarily originating from human and veterinary medications and improper disposal. Standard wastewater treatment plants often fail to eliminate these contaminants, resulting in the presence of various pharmaceuticals – such as antibiotics, antidepressants, hormones, and anti-inflammatory drugs- in rivers, lakes, and marine water. [4] 
Microbial communities play a crucial role as energy sources within food webs and are fundamental components of global energy matter cycles. By breaking down organic material, microorganisms release inorganic substances that are utilized by primary producers. [5]
If they do not perform their functions, the energy and nutrient cycles of the ecosystem will be disrupted. Additionally, they also serve as an excellent indicator of the health status of an ecosystem, and play a crucial role in the self-purification of aquatic ecosystems, helping to remove certain organic and inorganic substances as well as pharmaceutical impurities. [6]
Microbial biofilms are groups of microbes that stick together and are surrounded by a protective slimy layer that they produce themselves. Biofilms are tough and can help microbes survive in harsh environments. [7]
Disrupting the biofilm community can harm important microbial activities which are unique and cannot be replaced by other organisms. [8]
 Pharmaceuticals that end up in the environment can disrupt microbial communities, causing drops in energy and oxygen levels in freshwater ecosystems and disturbs the overall health of the ecosystems. [9,10]
Many studies have examined pharmaceutical pollutants in water, but most of them focus only one type of ecosystem, without providing a comparative perspective between freshwater and marine water systems. There is a lack of studies that clearly measure how microbial communities respond, adapt, and affect over time in these environments. Also, a few studies have explored how pharmaceuticals affect microbial activities like nutrient cycling, biofilm formation and development of antibiotic resistance. 
The aim of this review is to summarize current knowledge, and to critically evaluate and compare the impacts of various groups of pharmaceuticals commonly detected in aquatic environments on microbial communities naturally occurring microbial communities in both marine and freshwater habitats. Special attention is given to various sublethal effects on microbial community functioning, including change in biomass, species composition, antibiotic resistance. Furthermore, this study highlights existing research gaps, particularly the lack of quantitative comparative analyses and long-term assessments of pharmaceutical-induced changes in aquatic microbial ecosystems.  

Figure 1. Conceptual diagram illustrating the sources, distribution, and ecological consequences of pharmaceutical pollutants in freshwater and marine ecosystems, highlighting microbial community alterations and ecosystem-level imbalances.[image: ]

2. Methodology:
In this review, the focus is on understanding how pharmaceuticals affect microbial communities mainly in terms of their diversity and ecological functions. Studies that only examine single microorganism grown under laboratory condition were not included and the studies that focus only on wastewater treatment plant sludge were excluded also so that the review remains focused on natural aquatic ecosystems. The review mainly covers major types of pharmaceutical pollutants such as antibiotics, non-steroidal anti-inflammatory drugs (NSAIDs) and psychotropic drugs while personal care products are not included to maintain a clear and specific scope. Individual pharmaceutical compounds and their effects are considered. For better understanding and comparison impact of different pollutants are divided into two parts for freshwater and marine ecosystem separately.
To collect the literature for this review, a comprehensive search of scientific publications was carried out using available academic databases such as PubMed, Google Scholar, Science Direct, Scopus and web of science, along with peer-reviewed journals from publishers such as frontiers. Various combinations of keywords were used, including “pharmaceutical pollutants”, “aquatic ecosystems”, “microbial communities”, “freshwater”, “marine environment”, “biofilms” and “antibiotic resistance” along with specific classes of compounds such as “antibiotics”, “NSAIDs”, and “psychotropic drugs”. This approach helped to ensure a broad yet relevant selection of literature. The articles were then screened based on their relevance to main focus of this review, with particular emphasis on studies investigating the effects of pharmaceutical pollutants on microbial communities at the ecosystem level. Priority was given to peer-reviewed and recent studies to ensure that the most current scientific information was included.  
3. Sources of pharmaceutical pollutants in the environment:
The widespread use of pharmaceuticals in humans and veterinary medicine, and their presence, is becoming a growing concern in the aquatic environment. They enter the environment as pollutants in different ways, such as discharge from wastewater treatment plants or private septic systems, leaching from landfills, and discharge from hospitals. Veterinary pharmaceuticals enter runoff water when intensive livestock farming is used on agricultural land and by aquaculture. This discharge into the aquatic environment can cause adverse effects on nontarget aquatic organisms.[11]
3.1 Sewage discharge:
Most of pharmaceuticals are introduced to the aquatic ecosystem through the sewage treatment system and can reach levels of μg l to l. [12]
When people or animals take medication, only of the active ingredients is used by our body. The remaining portion is excreted through urine or faeces and can end up in the environment. [13]
Human excretion is the primary way pharmaceuticals enter wastewater treatment plants through domestic sewage. These substances get into the sewage system through toilets, sinks, and drains in households and other places. [14]
Residential and hospital sewage contribute to the introduction of those compounds into municipal waste streams, and the disposal of unused or expired medications. [15] 
Heavy rainfall in urban areas can lead to combined sewer overflows (CSOs), which release untreated mixtures of domestic sewage and stormwater, often contaminated with pharmaceuticals, into water bodies. [16]
Medicines given to farm animals and pets, like antibiotics and other substances, can be passed out in their waste and end up in the sewage. [17]
3.2 Hospital, Clinical, and Pharmaceutical Industry Wastewater:
The hospital generates wastewater during various treatment processes, including surgeries, laboratories, wards, laundries, and kitchens. It has been observed that the water from hospital discharge contains 4 to 150 times more micropollutants than regular household water discharge. [18]
Healthcare facilities are significant sources of concentrated pharmaceutical mixtures, such as antibiotics, anti-inflammatories, antidiabetics, and imaging agents. These substances are released into the environment through effluent discharges, posing serious risks to public health and ecosystems. [19] 
Pharmaceutical manufacturing plants release significant amounts of various pharmaceutical residues directly into aquatic environments, especially where industrial pre-treatment measures are inadequate. [20] 
Improper handling, storage, and accidental spills in industry settings can also exacerbate this problem. [21] 
The environment and public health are significantly affected by pharmaceutical effluents, particularly in areas near pharmaceutical industrial zones. Untreated or partially treated waste released by these industries is contaminating drinking water sources. Many types of medicines, such as painkillers, antidepressants, contraceptives, antibiotics, analgesics, hormones and other medicines, have been detected in water ranging from milligrams(mg) to micrograms(μg) per litre of water. Although these amounts may seem minute, they are highly toxic to humans, animals, and aquatic life. [22]
3.3 Household Waste and Improper Disposal:   
Improper disposal of medicines can significantly contribute to non-point sources, particularly in areas without organised take-back or disposal programs. [23]
Humans excrete residues of both consumed and unconsumed pharmaceuticals, which enter household sewage. Improper disposal can also lead these substances to bypass waste management systems and contaminate the water environment directly. [24] 
Improper disposal of pharmaceutical agents significantly contributes to pollution through various pathways. Flushing medications down toilets and sinks, throwing them in trash bins, or discarding them in landfills with inadequate safeguards can lead to these substances reaching aquatic systems either directly or indirectly. For instance, common household disposal practices often result in active pharmaceutical ingredients (APIs) leaching from landfills into groundwater or being carried into surface waters by rain or melting snow. [25] 
3.4 Sewage processing plant: 
Wastewater treatment plants play a key role in cleaning the water before it is released into rivers, lakes and other water bodies. But some medicines and their by-products can still pass through these systems and make their way into the environment. [26]
The wastewater discharged from wastewater treatment plants into the water bodies often contains traces of medicines, such as antibiotics, anti-inflammatory drugs, painkillers, antidepressants, heart medications and cholesterol-lowering agents. [27]
Wastewater treatment facilities are recognised as the main point source of pharmaceuticals entering natural water bodies. Conventional treatment processes often only partially remove these pharmaceuticals, leading to continuous, low-level discharges into rivers, lakes, and coastal areas. [28] 
3.5 Agricultural Activities and Livestock Runoff:
Agricultural runoff can be a major source of pharmaceuticals, including hormones and antibiotics, entering freshwater ecosystems. [29] 
Veterinary pharmaceuticals, including antibiotics and hormones, are commonly given to livestock and aquaculture species. One significant way these substances enter the environment is through manure application on agricultural fields, where runoff can carry residues into surface water and groundwater. Additionally, in some regions, treated or untreated wastewater is used for agricultural irrigation, leading to the direct transfer of pharmaceutical contaminants into the soil. [30] 
Pharmaceutical and personal care products are frequently found in farm soils with concentrations ranging from very low to quite high. These compounds can remain in the soil for a long time and may leach into rivers, lakes, groundwater, or even get absorbed by crops. This not only adds to environmental pollution but also poses a risk to human health. [31]
Direct excretion of pharmaceuticals by grazing or confined animals, along with leaching from fields treated with animal waste, further contributes to this issue. [32] 

Table 1: sources of pharmaceutical pollutants
	Source of pharmaceuticals
	Contribution to pollution

	Sewage discharge 
	Human and animal excretion releases unmetabolized drugs into sewage, and domestic sewage carries pharmaceuticals into water.

	Hospital & pharmaceutical industry wastewater
	High concentrations of drugs (antibiotics, hormones, analgesics) are discharged through hospital effluents and manufacturing waste.

	Household waste & improper disposal
	Flushing medicines, landfill leaching, and poor disposal practices allow drugs to enter water, soil, and groundwater.

	Sewage treatment plants (STPs/WWTPs)
	Conventional treatment fails to fully remove pharmaceuticals, leading to continuous low-level discharge into aquatic systems

	Agricultural activities & livestock runoff
	Veterinary drugs and hormones from manure, runoff, irrigation, and animal excretion contaminate soil and surface waters



4. Importance of studying microbial communities in aquatic ecosystems: 
The aquatic ecosystem provides a habitat for communities of organisms that depend on one another and their environment. This ecosystem is broadly categorised into two types: marine ecosystems and freshwater ecosystems.[33] 
Microbial communities are essential components of aquatic ecosystems, widely distributed and involved in various biogeochemical processes.[34] 
It also plays an important role in nutrient cycling, the nutrition of the cultured animals, oxygen production, digestion, water quality, disease control with the introduction of live useful microorganisms, and reduces the environmental impact of the effluent by natural mechanisms through Biofilters, Biofilms, and the Bioremediation process.[35] 
Biofilms are group of microorganisms that form three-dimensional structure, held together by extracellular polymeric substances (EPS) and can grow on different surfaces.[36]
Freshwater biofilms contain algae, cyanobacteria, bacteria, protozoa, and fungi. These are the main primary producers in streams. [37]
5. Different types of pharmaceutical pollutants and their impact on the aquatic ecosystem:
Medicines are very important for keeping healthy both humans and animals. There are many types of medicines such as antibiotics, pain relieving, and anti-inflammatory drugs, medicines for diabetes, medicines for allergy, heart and mental health conditions. since infectious diseases are common antibiotics are widely used. As a result, leftover antibiotics and their residue often enter the environment and become a major source of pharmaceutical pollution. [38]
These pollutants strongly affect microbial communities by changing their structure, activity, composition, and ability to form biofilms. Because of these changes, the natural balances of nutrient in surface water, soil, and marine water can be disturbed.[39]
The main types of pharmaceutical pollutants are – 
5.1 Antibiotics: 
Antibiotics are medicines made from living organisms that can kill harmful microbes or stop them from growing.[40]
Their global consumption has increased by about 65% from 2000 to 2015, and it may rise even further up to 200% by 2030. [41]
A portion of antibiotics metabolized in the bodies of human and animals. However, most of them are not fully changed and are released from the body through urine and faeces. [42]
These molecules enter wastewater primarily as main compounds or metabolites from the effluents of hospitals, pharmaceutical companies, wastewater treatment plants (WWTPs), aquaculture, and livestock farms. The low removal efficiency of WWTPs has resulted in significant amounts of antibiotics being transferred to surface water, groundwater, and even drinking water. Marine environments are the main areas where antibiotics accumulate.[43]
As a result, high levels of antibiotics have been detected in surface water, groundwater, sediments, and even in living organisms around the world made these compounds significant environmental pollutants.[44]
The levels of these pollutants, in rivers that flow through urban and rural areas are increasing due to the discharge of sewage into these water sources.[45]
While lakes have significant potential for long-term antibiotic storage, information regarding antibiotic contamination in these bodies of water is considerably less prevalent than in rivers. The discharge of effluents from human and aquaculture activities raises the concentrations of these pollutants in lakes.[46]
Antibiotics can be categorised into various groups based on their chemical structure and function, including beta-lactams (BLs), fluoroquinolones (FQs), macrolides (MLs), sulfonamides (SFs), and tetracyclines (TCs).[47]
A study in xinjiang, china detected 31 antibiotics in surface water and groundwater. Total concentration ranged from 17.37-84.09 ng/l in surface water and 16.38-277.41 ng/l in groundwater. Norfloxacin, ciprofloxacin, and pefloxacin were the most common.[48]
Antibiotics like fluroquinolones and sulfonamides can affect natural processes nitrification and denitrification in water. As a result, harmful greenhouse gases such as nitrite and nitrogen oxide accumulate in water. [49]
5.1.1 Effect of antibiotics on freshwater microbial communities:
Antibiotic residues released into the environment can affect bacteria even when present in very small amounts. These low levels may not kill the bacteria, but they put pressure on them to survive. As a result, bacteria that can resist the antibiotics continue to grow, while others are eliminated. Over time, this process leads to the development and spread of antibiotic-resistant bacteria in soil and water. This is a serious concern because these resistant bacteria can move through the environment and may eventually affect human and animal health.[50]
Freshwater microbial communities, particularly diatoms are highly sensitive to antibiotics. A case study on freshwater biofilms exposed to two different sulfonamide antibiotics (sulfamethazine and sulfamethoxazole) at 500 and 5,000 ng/L showed increase in diatoms death at about twice the normal rate, and sulfamethazine also caused deformities. These findings suggest that even low level of sulfonamides is harmful for microbial communities and can disrupt ecosystem stability. [51]
Antibiotic mixtures can further intensify these effects. Scientists studied the effect of mixture of three commonly used antibiotics – tetracycline, imipenem, and levofloxacin on aquatic bacterial communities from European lake. These antibiotics were tested at concentrations of 12.5 μg/L and 125 μg/L and observed that the number of bacteria dropped by about 75%. This happened at both low and high concentration showing that reduction was not dependent on the concentration. Some changes in bacterial behaviour were also observed, with antibiotics bacteria formed mixed groups and small single strain cluster. This suggests grouping help them resist antibiotics. [52]
Even at low concentrations, antibiotics can alter microbial community. On exposure to levofloxacin and tetracycline prokaryotic microbial communities showed sensitivity  whereas no significant changes were observed in eukaryotes. The observed changes in the composition of prokaryotic biofilm demonstrates that even low doses of these antibiotics can disrupt development and generate phenotypic and genotypic variation which in turn may cause spread of antibiotic resistance. [53] 
Fluoroquinolones and sulfonamides in water bodies can disturb natural nitrogen-cycling processes such as nitrification and denitrification. These disturbances may lead to the accumulation of nitrite and nitrogen oxides in aquatic environments. Since nitrogen oxides act as greenhouse gases, their accumulation can contribute to environmental pollution and climate-related problem. For example, Sulfamethazine is found to increase N2O production by stopping its conversion into N2 gas. A study shows that increased concentration of sulfamethoxazole reduced denitrification rates by 96%, leading to higher N2O released. [54,55]
In addition, antibiotics can affect microbial metabolism and primary productivity. exposure of river biofilms to ofloxacin at different concentrations (0.1, 1, 2, and 5 mg/l) decreased the concentration of chlorophyl-a by 31.4% and chlorophyll-b by 36.8% after 4 days. This observation shows reduced photosynthetic activity at high antibiotic concentration. [56]
some antibiotics can affect the biofilm metabolism and enzyme activity. A study by paumelle et al. (2021) showed that sulfamethoxazole and sulfamethazine (5 μg/L) decreased microbial biomass and increase in in β-glucosidase activity likely as a stress response. [57]
5.1.2 Effect of antibiotics on marine microbial communities:
Antibiotic residues in the ocean can spread antibiotic-resistance genes among the microbes. This makes bacteria more tolerant to the medicines and harder to kill. These residues can also harm the environment. These contaminants can also enter the human food chain through the consumption of contaminated seafood such as fish and shellfish, posing potential health risks [58]. 
Studies have shown that common antibiotics like sulfonamides, fluoroquinolones, macrolides, and tetracyclines are widely found in seawater sediments, and marine organisms.[59]
In addition, salinity plays an important role in the solubility of antibiotics in seawater. When salinity increases antibiotics become less soluble and clump together into larger particles. These larger [particles are harder to break down for microbes and hence they can persist longer in the environment.[60]
 As marine environments are less studied, are becoming important source of antibiotic resistance genes (ARGs). Researchers studied bacteria from costal (30 m depth) and deeper offshore waters (600 m) identified around 31 types of ARGs were present in offshore region. some important resistance genes (such as blaEFM-1, catB2, and mexK) were common. These genes help bacteria resist strong antibiotics such as chloramphenicol, carbapenems and were found in bacteria like staphylococcus and pseudomonas which could be a concern if they spread through seafood. The presence of mobile genetic elements (MGEs) and ARGs suggest that these genes can easily transfer between marine bacteria, especially in offshore areas.[61]
Experimental studies further demonstrate that antibiotic can reduce microbial diversity in marine sediments. For example, exposure of norfloxacin (1, 10, and 20 μg/g dry weight) on sediment microbes, collected from Shantou Bay estuary (China) showed lower microbial diversity than normal in all groups. [62]
Antibiotics significantly affect marine ecosystem functioning. Microalgae and cyanobacteria form the base of the marine food web and play a key role in O2 production and carbon fixation are highly sensitive to antibiotic exposure. Antibiotics can interfere with basic cell function, slowing growth, and lowering biomass. They can also decrease the chlorophyll levels and damage photosynthesis by affecting photosystem II, which decreases overall productivity in marine environments. [63]
Antibiotics not just kill microbes directly they also change the structure of microbial community. Change in number of different microbes cause shift in community balance and destabilizes the ecosystem because different microbes perform different functions. For example, some bacteria are responsible for nitrification and denitrification hence contribute to nitrogen cycling. If antibiotics reduce these important microbes, there is a reduction in the nutrient cycling and ultimately reduced marine productivity. [64]
Overall, the loss of microbial diversity and functional imbalance weakens energy flow in marine ecosystem. Some sensitive microbes can be killed while resistant one may dominate on exposure to antibiotics. Since many sensitive microbes are important for photosynthesis, their loss reduces the energy production and disrupts the energy flow. [65] 
Overall, these findings show that antibiotics in water can promote the development of antibiotic resistance by allowing resistant microbes to survive and spread. This reduces microbial diversity and increases the presence of resistance genes, which can transfer between species and potentially reach humans through water or seafood. In addition, antibiotics disrupt important ecosystem processes. They affect microbial activities involved in nutrient cycling, especially nitrogen cycling, and can reduce photosynthesis in biofilms. These changes can lower overall ecosystem productivity and disturb aquatic food webs.
5.2 NSAIDs:
Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely used to reduce pain and inflammation in humans and animals. Common NSAIDs such as ibuprofen, diclofenac, ketoprofen, and naproxen are widely used and play an important role in modern healthcare. [66]
Although they are very helpful in medical treatment but frequent and long-term use of NSAIDs has become a growing environmental concern, especially because these drugs can enter water bodies and negatively affect aquatic ecosystems.[67]
Non-steroidal anti-inflammatory drugs (NSAIDs) often enter rivers and other water bodies because wastewater treatment plants cannot completely remove these medicines. As a result, they stay in the water and keep circulating in the environment, where they can harm living organisms and may also create risk for public health. [68]
Studies have reported the concentration of NSAIDs in surface waters varies from ng/L to μg/L levels in different regions. highlighting their high usage and persistence in aquatic environment. [69]
5.2.1 Effect of NSAIDs on freshwater microbial communities:
NSAIDs can affect freshwater microbial communities by including cellular stress, damaging their genetic material and changing the normal activity of organisms. when these compounds are exposed to sunlight, they may undergo photodegradation and form some more toxic by product.[70]
NSAIDs can change freshwater microbial communities. The observation on exposure to compounds like diclofenac and ibuprofen showed increase in total no of bacteria but the diversity decreased, meaning some bacteria were survived and grew better (proteobacteria) while other groups of bacteria like Bacteroidetes, actinobacteria were reduced, especially with diclofenac. [71]
In addition, NSAIDs can influence microbial resistance and adaptive mechanism. These compounds may enhance bacterial tolerance to certain antibiotics, including beta-lactams, and fluoroquinolones. This effect may occur because NSAIDs influence bacterial efflux pump (remove toxic substances from the cell) and alter membrane permeability making it easier for bacteria to survive in exposure to antibiotic. Research has also reported that elevated concentrations of NSAIDs for example diclofenac, ibuprofen, and aspirin can significantly modify the structure and diversity of microbial communities. [72]
Pollutant induced community tolerance (PICT) means that a group of microorganisms become able to survive in polluted conditions but their community changes. For example, periphyton and biofilms found downstream of wastewater treatment plants can become tolerant to drugs like ibuprofen and diclofenac. Ever after survival they usually have fewer types of organisms and their normal activity changes. This means they gain tolerance to pollutants but loose some of their natural activity and diversity. [73]
NSAIDs pollution can disturb key ecosystem processes in freshwater systems. It can slow down the breakdown of organic waste, change the way by which microbes respire and growth on biofilms, hence reduce their activity. These pollutants can also affect nitrogen removal by reducing the number of important bacteria such as nitrifying and denitrifying bacteria because of the disturbance and imbalance of their microbial community. [74]
Microbial communities exposed to NSAIDs can undergo structural shift. Some bacteria that are able to break down drugs like diclofenac and ibuprofen grow more, while others decrease. This indicates that some microbes can use these compounds as a food source, overall balance of the community get disturbed. [75]
5.2.2 Effect of NSAIDs on marine microbial communities:
Exposure to wastewater containing NSAIDs can alter microbial communities living in coastal and estuarine areas, especially in biofilms and near shore waters, where Tolerant bacteria become more common.[76]
These can also affect important ecosystem functions. Experiments on rock/epilithic biofilms and coastal microcosms report decreased gross primary production and altered respiration rates after exposure to pharmaceuticals (including NSAIDs), likely because algal components or key bacterial groups are affected. When biofilm activity is reduced, carbon cycling slows down and availability of energy for higher trophic level may change.[77]
Marine microorganisms can also degrade NSAIDs. For example, certain marine bacterium (Pseudoalteromonas) can break down ibuprofen through a two-step process. First, it releases reactive molecule that partially degrade the drug outside the cell. Then, enzymes inside the cell further help to break it into harmless products. This research shows that marine microbes can remove pollutants like ibuprofen using a combined chemical and biological process. [78] 
Sediments act as important sites for accumulation and transformation of NSAIDs. Study by k. swaicka et al (2022) examined the behaviour of diclofenac in seawater and sediments. The result showed that diclofenac in seawater is partly removed (~31.5%) in sediments due to microbial activity. Since marine sediments play a key role in processes like nitrification and denitrification, prolonged exposure to diclofenac can alter the structure of microbial communities and reduce their efficiency. [79]
NSAIDs can undergo transformation through sunlight. Diclofenac changes into new chemicals in seawater when exposed to sunlight and microbes. These new products are often more toxic and last longer than the original drug. They can damage marine microbes by causing stress and harming their cell membranes, which reduces their activity and changes the microbial community. [80]
NSAIDs can change microbial communities by reducing diversity and favouring tolerant species, leading to imbalance. Over time, microbes may adapt (PICT), but this often reduces their efficiency. NSAIDs also disrupt key processes like decomposition, respiration, and nutrient cycling, and can form more toxic by-products under sunlight.
5.3 Psychotropic drugs:
Psychotropic drugs are widely used to treat mental health problems in humans. However, because of their chemical nature, these drugs and their active by-products are not easily removed by wastewater treatment plants. As a result, they often remain in water bodies and can be found in aquatic organisms. Even in small amounts, these substances may cause harmful effects in organisms that are not meant to be exposed to them.[81]
These drugs can also change important processes in microbial communities, such as respiration, nutrient cycling, antioxidant defence and some metabolism related genes and transport. As a result, normal ecosystem functions can be disturbed. [82]
For example, studies on antidepressant drug Fluoxetine shows that these drugs can significantly affect aquatic ecosystems, including microbial communities. Exposure to the drug altered bacterial communities and reduced overall ecosystem functioning at higher concentration. The study found reduced primary productivity and changes in algal and microbial community composition, indicating that microbial driven processes such as organic matter decomposition can be disrupted. [83]
5.3.1 Effect of psychotropic drugs on freshwater microbial communities:
Presence of psychotropic pharmaceuticals in freshwater system can change the microbial community composition. For example, exposure of a medicine called diphenhydramine on stream water increases the number of Pseudomonas bacteria but decreases Flavobacterium. In the same way, antidepressant medicines such as sertraline and fluoxetine can disturb the natural balance between algae and cyanobacteria. This imbalance can reduce overall biodiversity. Studying these effects helps us understand how human activities are affecting natural ecosystems, some medicines can affect natural processes like photosynthesis in water bodies. For example, fluoxetine, which is a common antidepressant, has been found to reduce primary production in biofilms (communities of microorganisms attached to surfaces in water). Certain antidepressants called SSRIs can also decrease chlorophyll-a levels, which means there is less algal growth. These results show that medicines used by people may also have unwanted effects on aquatic ecosystems. [84]
Sertraline hydrochloride (Ser-HCl), a commonly used antidepressant has shown to alter composition of aquatic microbial communities. For the study scientists used meta-transcriptomics to understand the effect on microbial functions in freshwater microcosms.15 days exposure to 50 μg/L Ser-HCl resulted in strong inhibition of important microbial pathways, including Key function such as energy metabolism, membrane transport, and genetic information processing. Overall, the study shows that Ser-HCl not only changes community structure but also affects their function [85]
When microbes in water are exposed to drugs like caffeine, diphenhydramine their normal activity influenced. New biofilms are more sensitive to these chemicals, and the total amount of microbes may decrease or grow more slowly. Sometimes, certain microbes become more active because they can break down these drugs and use them as food, which changes the balance of species in the community. These drugs can also affect how microbial genes work, especially those related to energy production and metabolism.[86]
5.3.2 Effect of psychotropic on marine microbial communities:
Psychotropic pharmaceuticals can also influence marine microbial community even at environmentally relevant concentration. For instance, exposure to fluoxetine has been shown to alter microbial community composition. This includes change in microbial metabolic activity, including shifts in bacterial assemblages and reduction in ecosystem functional process like organic matter degradation and respiration in costal ecosystems. [87]
These processes are critical components of marine carbon cycling, which is largely regulated by microbial activity in marine systems. Disruption to microbial metabolism may therefore have broader implications for carbon flux and energy transfer in marine ecosystem. [88,89]
In addition, fluoxetine shows antimicrobial and antibiofilm effects. It may also increase the effectiveness of some antibiotics against certain bacteria, showing interaction of psychotropic drugs with microbial community. [90]
Antidepressants like fluoxetine and sertraline can reduce primary productivity and disturb microbial balance, especially between algae and cyanobacteria. In marine environments, they can also affect carbon cycling and energy flow. Their antimicrobial and antibiofilm effects further alter microbial interactions and reduce community stability.
6. Comparison of the impact of pharmaceuticals on marine and freshwater ecosystems: 
Pharmaceutical pollutants affect microbial communities in both freshwater and marine ecosystems, but their impacts differ due to environmental conditions and ecosystem characteristics.
In freshwater systems, the effects are usually more immediate and stronger. This is because these environments are often closer to pollution sources such as wastewater treatment plants, hospitals, and agricultural runoff. As a result, higher concentrations of antibiotics, NSAIDs, and psychotropic drugs are commonly detected. These pollutants can rapidly reduce microbial diversity, alter community structure, and strongly promote antibiotic resistance. Freshwater microbes are also highly sensitive to changes in nutrient cycling, especially nitrogen transformation processes like nitrification and denitrification, which are often disrupted by pharmaceutical exposure.
In contrast, marine ecosystems generally experience more diluted concentrations of these pollutants due to the large volume of water. However, their impacts are still significant and often more complex. Marine microbial communities play a crucial role in global biogeochemical cycles, particularly carbon cycling. Even small disturbances caused by pharmaceuticals can affect primary productivity, organic matter degradation, and carbon flux. Psychotropic drugs, in particular, have shown notable effects in marine systems by altering microbial metabolism and interactions between organisms such as algae and cyanobacteria.
Another key difference lies in exposure patterns. Freshwater systems often face continuous and localized pollution, leading to chronic stress and rapid microbial adaptation, including the development of resistance. Marine environments, on the other hand, experience more diffuse and long-term exposure, which can lead to slow but widespread ecological changes over larger area.
7. Environmental concerns:
The use of medicines in our daily life is increasing and due to this more drugs are entering rivers and lakes. These medicines reach water bodies through wastewater treatment plants, hospital waste and water runoff from farms. Many medicines are designed to be stable and work properly in the body. Because of this they remain in water for long time. This long-term presence of medicines in water can harm ecosystems and is a serious environmental concern.[91]
Even a very small amount of medicines in water can harm aquatic life. Fish and other small aquatic organisms may behave differently, experience problems in reproduction or in hormonal systems. Algae and biofilms which are very important for maintaining healthy water ecosystems, may also grow less and carry out less photosynthesis when exposed to these chemicals. This highlights the serious challenge of protecting water bodies and the organisms that depend on them.[92]
One of the major environmental problems today is the disturbance of microbial communities. These microbes are very important because they help in nutrient cycling, primary production, and breakdown of organic matters in ecosystems. When pharmaceuticals enter water bodies, can disturb the natural balance of these microorganisms. This makes ecosystem less stable and less healthy. Antibiotic in water promotes the growth of antibiotic-resistant bacteria. It shows that pollution in the environment is closely related to the problem of antimicrobial resistance in humans and animals. [93]
Medicines and antibiotic resistance genes found in drinking water and seafood. This may create hidden health risks for people. Water bodies also help resistant bacteria spread more easily. So, it is very important to improve wastewater treatment, regularly check water quality, and work together worldwide to reduce these risks.[94]
8. Methods to minimize impact: 
To prevent the pollution by active pharmaceutical compounds (APC) proper planning is required. Proper monitoring, risk assessment and control measures should be part of environmental plan. Reducing unnecessary antibiotic use, improving wastewater treatment, strengthening regulations, and conducting long term monitoring can help to reduce environmental risk. Key practices that can be implemented to minimize the dangers:
Using fewer antibiotics in farming helps to reduce helps to reduce antibiotic-resistant genes and bacteria in water bodies. When animals are kept in clean conditions, given proper food, and not overcrowded there is a less chance of getting sick and hence farmers do not need to use antibiotics as much. [95]
Advanced wastewater treatment should be used before releasing water into the environment. Normal wastewater treatment plants cannot completely remove pharmaceuticals. Some advanced treatment technologies are activated carbon, membrane filtration, and ozonization can remove harmful substances. [96]
Regular monitoring of water, soil, sediments is important to check for pharmaceutical contaminants. Testing the environment helps us understand how contamination is present and its spreading. Advanced methods such as liquid chromatography-mass spectroscopy (lc-Ms) and gas chromatography-mass spectrometry (GC-MS) are used to detect contaminants in the environment. [97]
The green pharmacy initiative aims to make medicines in a way that is safer for the environment. It mainly focuses on reducing pollutants during the production, use and disposal of medicines. It encourages the use of safer chemicals, less energy, and natural or renewable materials. It also uses modern methods, such as using enzymes or biological processes to produce medicines with fewer toxic byproducts. [98]
9. Limitations of the study:
[bookmark: _GoBack]This review has several limitations that should be considered. First, it is based on previously published studies, which vary in experimental design, environmental conditions, and methods, making direct comparisons difficult. Second, more studies are available for freshwater ecosystems than marine systems, which may lead to bias in the comparison. Third, many studies focus on short-term experiments and may not reflect long-term environmental effects. In addition, most research is conducted under laboratory conditions rather than natural environments, which limits real-world applicability. Another limitation is that pharmaceuticals are often studied individually, even though they occur as mixtures in nature. Finally, most studies are from specific regions, which reduces the global relevance of the findings.
10. Conclusion:
Medicines and pharmaceutical chemicals that enter to the rivers, lakes, and oceans can affect the plants animals and microbes living there. In freshwater systems these chemicals enter through sewage, wastewater, and agricultural runoff. This can reduce diversity of microbes, disturbs nutrient cycling in aquatic environment and make bacteria more resistant to antibiotics. In the oceans pollutants are diluted but coastal areas can show changes in microbial communities and activity. Freshwater organisms generally react quickly and strongly to the pollutants while marine organisms show slower but wider effects. Both type of water system carries drug residues and resistant microbes. So, it is important to carefully monitoring and management to protect aquatic life and maintain healthy ecosystem. 

11.  Future research directions:
Future research should focus on addressing the gaps identified in this review to better understand the impact of pharmaceutical pollutants on aquatic microbial communities. More long-term and field-based studies are needed to evaluate chronic effects in both freshwater and marine environments. Increased research on marine systems is important for balanced comparisons. Studies should also examine the combined effects of multiple pharmaceuticals, as they occur together in natural environments. In addition, improving wastewater treatment methods is essential to reduce pharmaceutical contamination. More attention should be given to emerging pollutants like psychotropic drugs (e.g., fluoxetine). Finally, interdisciplinary research will be important for predicting long-term impacts and supporting effective environmental management.
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