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Abstract
Gabapentin (GBP) is a widely prescribed antiepileptic and analgesic drug that has increasingly 

been detected in wastewater and surface water due to its incomplete metabolism and the fact 
that it is not efficiently removed by conventional wastewater treatment plants (WWTPs). 
Its persistence in the aquatic environment has raised concerns due to its possible impact on aquatic 
organisms. Typical environmental concentrations of GBP range from tens to hundreds of ng/l, 
with maximums of several µg/l near WWTP effluents. While GBP is not acutely toxic at these 
amounts, sublethal effects have been observed in aquatic species, particularly in the zebrafish 
(Danio rerio), common carp (Cyprinus carpio) and the daphnids (Daphnia magna). Reported 
impacts include disrupted cardiovascular development, oxidative stress, apoptosis, altered gene 
expression related to immunity and neurodevelopment, and metabolic disturbances. In zebrafish 
embryos, concentrations of GBP as low as 0.1 µg/l have been associated with enzymatic changes 
and vascular impairment. Efforts to mitigate the environmental impact of GBP include exploring 
advanced processing methods for removing GBP from wastewater, such as ozonisation. However, 
transformation products such as GBP-L may exhibit greater persistence and toxicity than the 
parent compound. Therefore, further research is urgently needed to understand the fate of GBP 
in the environment and to develop effective strategies for its removal and risk management. This 
comprehensive review highlights the dual significance of gabapentin, emphasising its therapeutic 
potential and the need to address its environmental implications for sustainable healthcare and 
ecological management.

Antiepileptics, Danio rerio, fish, aquatic environment

Gabapentin (GBP), also known as neurotin or 1-(aminomethyl)cycloheaxaneacetic  
(Macdonald and Kelly 1995; Mao and Chen 2000; Gilron and Flatters 2006; NCBI 
2024), was first synthesized in 1977 (Gilron and Flatters 2006; Yasaei et al. 2024), 
and was clinically developed as a structural analogue of the inhibitory neurotransmitter 
γ-aminobutyric acid (GABA), with GABA-mimetic effects and the ability to cross the 
blood-brain barrier (Di Cesare et al. 2023); moreover, GBP was approved for use as an 
antiepileptic drug (AED) in the United States for the first time in 1993 (NCBI 2024) by the 
FDA (Yassaei et al. 2024).

This drug is primarily intended for the treatment of epilepsy and peripheral neuropathic 
pain. Off-label, however, GBP is used in bipolar disorder and as prophylaxis for restless 
leg syndrome (Gilron and Flatters 2006; Abou-Khalil 2019; Brewer et al. 2022) 
or migraine (Magnus 1999; Mathew et al. 2001). However, the mechanism of action 
of GBP is still not fully understood. Several sources have reported that it acts as a 
selective blocker of voltage-gated calcium channels. In addition, GBP reduces exocytosis 
and neurotransmitter release from presynaptic terminals (Quintero 2017). In contrast, 
Eroglu et al. (2009) and Bauer et al. (2010) reported that GBP reduces excitatory synapse 
formation through action on the α2-δ1 subunit of calcium channels (Quintero 2017). 
In addition, complementary research by Marais et al. (2001) suggested that GBP has 
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a specific affinity for the α2-δ1 subunit, less affinity for the α2-δ2 subunit, and no affinity 
for the α2-δ3 subunit (Quintero 2017). However, some researchers still report that the 
mechanism of action of GBP is not yet fully understood, which adds to its complexity 
(Sills 2006; Dal Bello et al. 2020; Di Cesare et al. 2023). 

Pharmacokinetic and metabolism studies of GBP were performed in rats and dogs after 
intravenous and intragastric administration of a single dose of [14C]-GBP (Prakash 2014). 
Vollmer et al. (1986) have reported that no biotransformation of GBP occurrs in humans. 
In rats, biotransformation is only slight. However, the remarkable formation of N-methyl-
gabapentin has been observed in dogs. Radulovic et al. (1995) reported similar results 
and described the metabolism of GBP in monkeys. Except for that, in dogs, the metabolism 
of GBP in mice, rats, and monkeys was minimal (< 5%). In all species, GBP was almost 
exclusively excreted via the kidneys. Based on these studies, GBP was not metabolised and 
did not affect the induction or inhibition of liver metabolism. There was no plasma protein 
binding. Gabapentin has not been associated with drug-drug interactions. The elimination 
half-life in humans is between 5 and 6 h. After oral administration, the renal elimination 
rate was found to be ~80%. Lower doses and less frequent dosing may be used in patients 
with renal insufficiency (Prakash 2014). After administration, GBP is excreted from the 
human body and is completely unmetabolised (McLean 1994; Gallimore and Gidal 
2010; Dal Bello et al. 2020).

Since wastewater treatment plants (WWTPs) are not completely effective at removing 
GBP, some bioactive molecules of GBP may be released unchanged into the environment 
(Dal Bello et al. 2020). WWTPs thus play a key role in controlling environmental 
contamination. Pollutants and micropollutants are removed from wastewater using 
traditional chemical, physical, and biological processes combined with advanced oxidation 
processes such as semiconductor-mediated photocatalysis (Dal Bello et al. 2020).

This review aimed to assess the potential environmental impact of GBP due to its 
overuse and nonprescription use in human and veterinary practice, focusing on its effects 
on the aquatic environment and organisms living in this habitat. This study included the 
assessment of factors such as the presence of the medicinal product in water and its toxicity 
to aquatic organisms. 

General information on classification, uses, prescription, and side effects

Generally, there are several ways to categorise AEDs. The three most common 
classifications of AEDs are described. The first approach is to divide them into groups 
from a historical perspective, i.e., into so-called ‘old’ (Bialer 2006; Schmidt 2007) 
and ‘new’ AEDs (Duncan 2002). The ‘old’ (or also established) (Brodie and Dichter 
1997; White 1999; Sander 2004; Lee and Dworetzky 2010) or essential (Corrales-
Hernández et al. 2023) AEDs refer to drugs developed before 1993. This group is mainly 
represented by four substances: phenobarbital, phenytoin, carbamazepine, and valproate 
(Lee and Dworetzky 2010). However, these drugs have little or no effect on seizures 
in approximately one-third of patients, and some of them also have troublesome side 
effects, such as diplopia, nausea, psychomotor slowing, or hair loss (St. Louis 2009). 
The second group is represented by so-called ‘new’ antiepileptic drugs (Duncan 2002; 
Hirsch et al. 2003), which include substances such as GBP, pregabalin, lamotrigine, 
vigabatrin, levetiracetam, brivaracetam and others. While older drugs act against seizures 
primarily by blocking neuronal sodium channels (phenytoin and carbamazepine) or by 
increasing GABAergic inhibition (phenobarbital and valproate), some of the newer drugs 
have different mechanisms of action (Nakken and Brodtkorb 2020). By inhibiting 
the degradation of GABA, vigabatrin increases GABAergic inhibition at synapses. 
In the presynaptic boutons of neurons, levetiracetam and brivaracetam bind to the synaptic 



233

vesicle protein SV2A, altering neurotransmitter release. Perampanel blocks the glutamate 
receptor α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, while lacosamide 
enhances the slow inactivation of sodium channels. Gabapentin, pregabalin, and, to some 
extent, zonisamide act as calcium channel blockers. However, several of the new drugs are 
minor structural modifications of older representatives (oxcarbazepine, eslicarbazepine, 
pregabalin, and brivaracetam). Like their predecessors, these new drugs treat symptoms 
only by preventing seizures and do not affect epilepsy itself (Kobayashi et al. 2020; 
Nakken and Brodtkorb 2020).

The second approach to determining how AEDs can be classifed is based on their 
mechanism of action (Davies 1995), which divides anticonvulsants into the following 
four groups: (1) modulating voltage-gated sodium, calcium or potassium channels 
(phenytoin, carbamazepine, lamotrigine, and valproate); (2) altering GABAergic 
inhibition via actions at GABAA receptors or GABA synthesis, reuptake or degradation 
(benzodiazepines, barbiturates, and tiagabine); (3) reducing synaptic excitation via actions 
at ionotropic glutamate receptors (phenobarbital and topiramate); and (4) modulating 
neurotransmitter release via presynaptic mechanisms, most importantly glutamate release 
(lamotrigine and felbamate) (Porter et al. 2012; Söderpalm 2012; Van Liefferinge 
et al. 2013). However, several of the above drugs fall into more than one or all categories 
(e.g., phenobarbital, topiramate, and valproate), and it is often unclear which is most 
important for a particular drug effect (Rogawski and Porter 1990; Söderpalm 2012). 
However, gabapentin does not fit neatly into these traditional categories. Its primary 
mechanism of action involves binding to the α2δ subunit of voltage-gated calcium channels, 
thereby reducing the presynaptic release of excitatory neurotransmitters such as glutamate 
and norepinephrine (Van Liefferinge et al. 2013). It is therefore generally classified 
as a calcium channel modulator, distinct from classical AEDs that target sodium channels 
or GABA receptors.

Third, AEDs can be classified according to their chemical structure using the Anatomical 
Therapeutic Chemical Classification of Drugs (ATC-classification), which defines 
the international system for classifying drugs that are maintained by the World Health 
Organisation Collaborating Centre for Drug Statistics Methodology (2023).

Gabapentin is a low-potency antiepileptic drug with a structure very similar to that 
of GABA; in fact, GBP was developed as a lipophilic, blood-brain barrier-permeable 
form of GABA. However, the drug does not interact with GABA systems. Gabapentin 
and pregabalin (collectively called ‘gabapentinoids’) have variable activities against tonic 
seizures in chemoconvulsive models (Söderpalm 2012).

According to the ATC classification, GBP, together with pregabalin, was recently removed 
from the group of patients receiving antiepileptics to the group receiving analgesics. 
This happened during the 51st Meeting of the World Health Organisation International 
Working Group for Drug Statistics Methodology in Geneva in 2022. This revision of the 
classification of the gabapentinoids was discussed earlier at the 46th meeting of the Working 
Group. Gabapentin and pregabalin were classified as N03AX agents or other antiepileptics, 
whereas mirogabalin, which is used for neuropathic pain, was classified as an N02BG, 
as other analgesics and antipyretics. Members considered that the main therapeutic use 
of GBP and pregabalin in recent years has been for the treatment of neuropathic pain. 
At the 51st meeting, the Working Group decided to create a new 4th-level ATC, N02BF 
Gabapentinoids, and to amend the classification of GBP, pregabalin, and mirogabalin 
(World Health Organisation 2022).

The analgesic effects of GBP were discovered in the mid-1990s, but its exact mode 
of action is still discussed. It was originally thought to act as an analogue of the 
inhibitory neurotransmitter GABA, where it readily crosses the blood-brain barrier and 
precisely imitates the effects of GABA. However, GBP does not bind to GABA receptors 
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(Gilron and Flatters 2006; Herrmann et al. 2015). The analgesic effects are attributed 
to binding to the α2δ subunit of voltage-dependent calcium channels (Nicholson 2000), 
reducing the release of excitatory neurotransmitters such as noradrenaline and dopamine. 
Moreover, the inhibition of glutamate synthesis, increased serotonin levels, and competition 
with membrane L-amino acid transport are often implicated.

Apart from epilepsy and neuropathic pain, it is often used in bipolar disorder and as 
prophylaxis for restless legs syndrome (Gilron and Flatters 2006; Abou-Khalil 2019; 
Brewer et al. 2022) or migraine (Magnus 1999; Mathew et al. 2001). The official 
PubChem website of the National Center for Biotechnology Information (NCBI) states that 
GBP is approved for the treatment of postherpetic neuralgia in adults and the adjunctive 
treatment of partial-onset seizures, with or without secondary generalisation, in patients 
aged 3 years and older in the U.S. In Europe, GBP is indicated as adjunctive therapy for 
the treatment of partial-onset seizures with or without secondary generalisation in patients 
6 years of age and older and as monotherapy in patients 12 years of age and older. It is 
also used in adults to treat various types of peripheral neuropathic pain, such as painful 
diabetic neuropathy. Its popularity in medicine is related to its distinct advantages over 
other AEDs, such as a relatively benign side effect profile, a broad therapeutic index, and 
a lack of significant metabolism, making it unlikely to be involved in pharmacokinetic drug 
interactions (NCBI 2024).

The adverse side effects of GBP tend to be related to the central nervous system. These 
conditions are mild to moderate in severity and occur mainly in the first 2–3 weeks 
of treatment (McLean 1995; Somerville et al. 2015). Morris (1999) and Magnus 
(1999) list the most common adverse reactions as drowsiness, dizziness, and ataxia. Weight 
gain has sometimes been reported with higher doses of GBP, and paediatric reports cite 
marked behavioural changes, including hyperactivity, irritability, and agitation.

The increasing use of gabapentinoids (including GBP and pregabalin) in various 
countries has raised concerns in recent studies. Chan et al. (2023) reported the consumption 
of gabapentinoids in 65 countries and regions from 2008 to 2018. This longitudinal trend 
study assessed global trends in gabapentinoid consumption using pharmaceutical sales data 
from 65 countries and regions worldwide. The multinational average annual percentage 
change in gabapentinoid consumption was +17.20%. It increased from 4.17 defined 
daily doses per ten thousand inhabitants per day (DDD/TID) in 2008 to 18.26 DDD/TID 
in 2018. The highest average annual increase in consumption was observed in North 
Africa, followed by East Asia, Eastern Europe, and Central Asia. High-income countries 
(e.g., Bahrain, Canada, Norway, Saudi Arabia, United States) had the highest gabapentinoid 
consumption rate in 2018 (39.92 DDD/TID). This number was more than six times greater 
than that in lower-middle-income countries, e.g., Cambodia, Kenya, Nepal, and Vietnam 
(6.11 DDD/TID). In 2018, the pooled gabapentinoid consumption was highest in North 
America (124.62 DDD/TID; 95% CI, 95.77 to 162.16), followed by Oceania (68.88 DDD/
TID; 95% CI, 37.14 to 127.72), and Northern Europe (54.66 DDD/TID; 95% CI, 38.59 to 
77.43). Gabapentinoid consumption was lowest in Central Asia (1.05 DDD/TID; 95% CI, 
1.04 to 1.05) (Chan et al. 2023).

Gabapentin in veterinary practice

The veterinary use of GBP has increased dramatically in recent years, likely because  
of its use as an oral analgesic alternative to nonsteroidal anti-inflammatory drugs and 
because of the lack of evidence for the analgesic effects of tramadol in some species, 
especially dogs (Reader et al. 2021). Gabapentin was originally used off-label as an 
analgesic (Reader et al. 2021) and an antiepileptic in dogs and cats, but it is now more 
commonly used to treat chronic and neuropathic pain in companion animals, despite the 
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lack of evidence for its efficacy and the lack of correspondence between neuropathic 
pain conditions in humans and animals (Di Cesare et al. 2023). However, in dogs, GBP 
has shown beneficial effects in the treatment of epilepsy (Govendir et al. 2005; Platt 
et al. 2006). In this case, GBP is used in combination with commonly used AEDs such 
as phenobarbitone and/or potassium bromide. Govendir et al. (2005) reported that the 
short half-life of GBP has advantages in terms of seizure control, but the current high cost 
of GBP may preclude its use in large dogs. Moreover, mild side effects, such as ataxia and 
sedation, may be observed in dogs but are not severe enough to require discontinuation 
(Platt et al. 2006). In addition to its use in treating epilepsy, GBP is also used in dogs to 
treat chronic and neuropathic pain (Ruel et al. 2020; Di Cesare et al. 2023) and anxiety 
(Bleuer-Elsner et al. 2021; Meneses et al. 2021; Di Cesare et al. 2023). In cats, this 
technique has shown efficacy in the management of post-ovariohysterectomy pain and 
anxiety (Di Cesare et al. 2023). Several studies on anxiety, which has recently become 
an increasingly discussed problem in dogs and cats, have evaluated the use of GBP in cats 
(van Haaften et al. 2017; Pankratz et al. 2018; Hudec and Griffin 2020; Meneses 
et al. 2021) but not in dogs. In horses, GBP has been used as an analgesic to treat chronic 
pain (conditions that are associated with neuropathic and chronic pain include laminitis, 
arthritis, idiopathic head shaking, and navicular syndrome), but the results are variable 
and suggest that further studies are needed (Di Cesare et al. 2023). Davis et al. (2007) 
treated a 24-year-old, 732 kg pregnant Belgian draft horse mare that presented symptoms 
of neuropathy and intractable pain. Shortly after starting GBP treatment, the mare appeared 
well and had no further signs of pain. The mare subsequently gave birth to a healthy 
foal. This was the first use of GBP in horses. In chronic pain, GBP was ineffective as 
a monotherapy for chronic lameness and did not improve subjective or objective measures 
of lameness in horses with chronic thoracic musculoskeletal pain when used alone, but did 
reduce pain when combined with firocoxib. Moreover, it has been shown to have no adverse 
effects, i.e., cardiovascular, sedative, or behavioural effects or changes in physiological 
or biochemical variables, on healthy horses (Di Cesare et al. 2023).

Occurrence of gabapentin in aquatic environments

As mentioned in the introduction, unmetabolised GBP enters wastewater and, 
consequently, surface water (Dal Bello 2020). Numerous studies have confirmed 
the widespread presence of GBP in aquatic environments across different countries. 
Concentrations of GBP in influent wastewater have been reported to range from a few 
micrograms per litre (µg/l) (e.g. 13.2 ± 3.3 µg/l; Gurke et al. 2015) to 54 µg/l (Vymazal 
et al. 2017), while effluent concentrations can vary significantly depending on the 
wastewater treatment technology used. Some studies have reported values as low as 2.6 µg/l 
(Kasprzyk-Hordern et al. 2009). Surface water concentrations range from tens to 
hundreds of nanograms per litre (ng/l). For example, concentrations of 304 ng/l of GBP 
were found in Korean rivers and 180 ng/l in drinking water (Ra et al. 2020), while 
concentrations of up to 353 ng/l were reported in Czech rivers (Ferencik et al. 2022). 
An overview of GBP concentrations in various matrices is provided in Table 1. The data 
presented illustrate variability in environmental GBP levels and removal efficiencies.

The efficiency of GBP removal in conventional WWTPs varies greatly depending 
on treatment design and operational conditions. Activated sludge systems tend to show 
higher removal rates (up to 84%; Kasprzyk-Hordern et al. 2009) compared to trickling 
filters or constructed wetlands, where removal can be below 15% (Vymazal et al. 2017). 
Nevertheless, removal efficiency is influenced by several factors such as hydraulic retention 
time, temperature, microbial composition, and presence of heterotrophic degraders 
(Margot et al. 2016).
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A further concern is the formation of transformation products during water treatment. 
Ra et al. (2020) documented the transformation of GBP into 1-cyanocyclohexyl acetic 
acid (GBP-nitrile) under chlorination. While its acute toxicity is considered low, the long-
term ecological impacts and potential for bioaccumulation are not yet fully understood. 
Similarly, other oxidative processes (e.g., ozonation) may yield unknown intermediates 
that could persist or exert toxic effects.

Advanced treatment technologies, including ozonation, activated carbon adsorption, 
and membrane filtration, have been tested for GBP removal. Goswami et al. (2019) 
demonstrated that ozonation at 0.9 mg/l removed 88% of GBP after 20 min, reaching nearly 
100% after 45 min. Margot et al. (2013) reported that conventional treatment yielded 
only 9.2% removal, whereas the addition of powdered activated carbon and ultrafiltration 
increased removal to 11.8%, and ozonation up to 38%. Reverse osmosis and biologically 
activated carbon systems may offer additional removal efficiency but remain costly for 
widespread implementation.

Despite these efforts, the frequency of GBP detection remains high. It was found 
in 88% of wastewater samples (Writer et al. 2013) and in over 90% of samples from Czech 
constructed wetlands (Vymazal et al. 2017). Concentrations in surface waters vary from 
40 ng/l in Lake Constance (Goswami et al. 2019) to over 350 ng/l in areas downstream 
of urban centres (Ferencik et al. 2022). In Korea, GBP was detected in river water 
at 304 ng/l and even in drinking water at 180 ng/l (Ra et al. 2020), confirming its persistence 
and mobility through water treatment chains.

In summary, GBP is an environmentally persistent compound whose removal via 
conventional wastewater treatment is inconsistent and often incomplete. Its transformation 
into secondary metabolites, some with unknown toxicological profiles, further complicates 
environmental risk assessments. Future studies should prioritise the long-term fate and 
ecotoxicity of both parent and transformation compounds, as well as optimise removal 
strategies that are both effective and economically feasible.

Table 1. Overview of reported gabapentin (GBP) concentrations in wastewater and surface waters across different 
geographic regions.

			   GBP	
Study / Year	 Location / Matrix	 Type	 concentration	 Notes
			   (µg/l)
Gurke et al. (2015)	 Germany / WWTP	 Influent / Effluent	 13.20 ± 3.30 / 	 High load entering WWTP
			   12.10 ± 2.60
Kasprzyk-Hordern 	 UK / Rivers Taff & Ely	 Surface water	 0.10-0.97 	 Upstream-downstream
et al. (2008)				    WWTP gradient
Kasprzyk-Hordern 	 UK / Coslech WWTP	 Influent  /Effluent	 17.90 / 2.60 	 Trickling filter treatment
et al. (2009)
Writer et al. (2013)	 USA / WWTP & surface water	 Sludge / pond	 0.56-1.20 ± 0.94	 88% detection frequency
Vymazal et al. (2017)	 CZ / Constructed wetlands	 Influent	 8.01-54.00	 Removal efficiency ~14%
Ferencik et al. (2022)	 CZ / Elbe River basin	 Surface water	 0.08-0.35	 Varies with proximity to
				    urban sources
Ra et al. (2020)	 Korea / River & drinking water	 Effluent / drinking	 1.29 / 0.18	 GBP-nitrile formation noted
Goswami et al. (2019)	 Germany / Lake Constance	 Surface water	 0.04	 Used to test ozonation
				    efficiency

Concentrations are presented as means or ranges, with units in µg/l as reported in the original studies. 
WWTP – Waste water treatment plant; UK – United Kingdom of Great Britain and Northern Ireland; 
USA – United States of America; CZ – Czech Republic
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Effects of gabapentin on aquatic organisms
In addition to the proven teratogenicity of GBP in mice, evaluating the effect of GBP 

on aquatic organisms is important due to its persistence in the aquatic environment. 
Although acute toxicity data suggest low immediate lethality, there is increasing evidence 
that it can induce subtle yet significant sublethal effects in a variety of aquatic species, 
even at concentrations relevant to the environment. In a recent review, Salahinejad et al. 
(2023) summarised the known effects of various antiepileptic drugs, including gabapentin, 
on teleost fish. Their analysis revealed consistent effects, including oxidative stress, 
locomotion disruption, behavioural alterations and endocrine interference, particularly 
with chronic exposure. These mechanisms may impact the fitness of individuals and, in the 
long term, the dynamics of fish populations in exposed communities.

Li et al. (2018) reported the effect of GBP on the early development of zebrafish 
(Danio rerio) and its antioxidant system. Acute toxicity tests revealed that the 50% 
lethal concentration of GBP at 96 h post fertilisation (hpf) was 59.9 g/l. The presence 
of malformations such as haemagglutination and pericardial oedema was noted. Compared 
to that in the control group, the heartbeat rate was significantly higher (P < 0.05) 
at concentrations exceeding 50 mg/l, and the swimming frequency was increased after 
exposure to a concentration of 100 mg/l (P < 0.05). In addition, embryonic development 
was negatively affected, as demonstrated by a significantly reduced body length. Exposure 
to GBP at concentrations exceeding 50 mg/l resulted in organ malformation and abnormal 
movements. Although no significant effects on embryonic development were observed 
at environmentally relevant concentrations (0.1 and 10 μg/l), further investigation of the 
antioxidant system confirmed that severe internal oxidant damage occurred. The results 
showed increased activity of catalase, lactate dehydrogenase, glutathione S-transferase, 
and glutathione, as well as increased amounts of hydroxyl radicals. Among the biomarkers, 
catalase was the most sensitive at assessing the effect of GBP, as it exhibited a significant 
increase in activity even at very low exposure concentrations (0.1 μg/l) (Li et al. 2018).

Similarly, He et al. (2019) studied the effect of GBP on embryos of zebrafish. 
In the test, specimens were exposed to environmental concentrations of 0.1 and 10 μg/l. 
To determine the underlying mechanisms involved, transcriptomic profiling via deep 
sequencing was performed. The embryos were exposed to GBP from 12 to 96 hpf. The 
results of gene ontology analysis and the Kyoto Encyclopaedia of Genes and Genomes 
pathway analysis illustrated that many differentially expressed genes were involved 
in the antioxidant, immune, and nervous systems. Moreover, reduced acetylcholinesterase 
activity, lysozyme activity, and reduced C-reactive protein contents were observed 
at the end of exposure, which correlated with the transcriptomic data. Thus, this study 
demonstrated that GBP simultaneously affects various vital developmental functions 
in the early developmental stage of zebrafish, even at environmentally relevant 
concentrations (He et al. 2019).

In addition to the above study, He et al. (2024) conducted an extension study in which 
zebrafish embryos were exposed to GBP at environmentally relevant concentrations 
(0, 0.1, 10 and 1000 μg/l) to assess its effect on the cardiovascular system during the 
early life stages of zebrafish. GBP exposure was found to increase heart rate and blood 
flow. Vascular development was also affected, with a significant decrease in vessel width 
observed at concentrations of 10 μg/l and above. At the same time, GBP exposure led to 
abnormal vessel development by inhibiting the expression of relevant genes (flk1, vegfr-3, 
gata1, vegfα and vegfr-2). Furthermore, GBP at a concentration of 0.1 μg/l increased 
reactive oxygen species and antioxidant enzyme levels. However, these adverse effects 
were reversible with the antioxidant N-acetyl-L-cysteine, which highlights the key role 
of oxidative damage in GBP-induced vascular toxicity (He et al. 2024).



238

A year later, He et al. (2025a) investigated the effects of GBP (at concentrations of 0.1, 10 
and 1000 μg/l) on the visual development of zebrafish. Behavioural tests revealed that 
exposure to GBP increased light sensitivity, as demonstrated by a notable rise in total 
travel distance (TTD) across all exposure groups compared to the control groups. Groups 
exposed to concentrations of 1 μg/l and 1,000 μg/l showed increases in TTD of 41% and 
37%, respectively (P < 0.05). Apoptotic tests revealed dose-dependent retinal cell death, 
with fluorescence intensity increasing by 15% at 1,000 μg/l (P < 0.05). The results of this 
study demonstrate, among other things, that GBP disrupts vision development in zebrafish 
through retinal apoptosis and thyroid hormone dysregulation, thereby highlighting the 
ecological risks posed by pharmaceutical pollutants. Gabapentin exposure increased 
light-induced locomotor activity, suggesting increased sensitivity to light due to retinal 
apoptosis. Even at concentrations as low as 1 µg/l, exposure to GBP led to a significant 
reduction in the optokinetic response to different colours, likely due to changes in 
retinal thickness associated with thyroid dysfunction. These effects were consistent with 
changes in gene expression related to apoptosis, thyroid function and retinal development 
(He et al. 2025b).

Similar results were obtained by Blahova et al. (2025), who investigated the 
sublethal effects of GBP on the common carp (Cyprinus carpio). Following exposure to 
environmentally relevant concentrations, they reported altered antioxidant and biochemical 
responses, supporting the hypothesis that oxidative imbalance is a key mechanism of GBP 
toxicity in aquatic vertebrates (Blahova et al. 2025)

Henry et al. (2022) demonstrated the use of a specially developed high-performance 
multidimensional battery of behavioural tests on zebrafish larvae at 5 dpf. The automated 
battery consisted of established tests of spontaneous swimming, simulated predator 
response, photomotor response of larvae, and a new thermotaxis test. This system was 
used to characterise environmentally relevant concentrations of new pharmaceutical 
micropollutants, including gabapentin at a concentration of 400 ng/l. In this study, it was 
found that GBP affects photomotor responses in larval stages of fish (Henry et al. 2022).

O’Rourke et al. (2023a) recently conducted a pilot study in which they investigated the 
effect of GBP on daphnids as a model species with significant characteristics for ecology 
and ecotoxicology. By combining multiple endpoints, such as mortality, biochemical 
(enzyme activity), and holistic (metabolomic) data, distinct patterns of biological responses 
were identified. In this study, changes in metabolic enzymes such as phosphatases and 
lipase, as well as the detoxification enzyme glutathione-S-transferase, were recorded after 
acute exposure to GBP at a concentration of 50 mg/l. Daphnids less than 24 h old were 
cultured until they reached 4 days of age and were subsequently exposed to the relevant 
pharmaceuticals and concentrations for 24 h. As a result, GBP does not affect mortality. 
Nevertheless, concerning the metabolomics data, it was found that, compared with those 
in the controls, the metabolic phenotypes of daphnids exposed to gabapentin, a freely water-
soluble drug, significantly changed. Nicotinamide and thiamine were found to be decreased 
in daphnids treated with GBP. Overall, based on the significantly affected metabolites, 
water-soluble drugs (including GBP) significantly dysregulate the metabolic pathways 
of daphnids related to energy and carbohydrate metabolism, amino acid metabolism, purine 
metabolism, and pyrimidine metabolism (O’Rourke et al. 2023a).

O’Rourke et al. (2023b) assessed the effects of GBP on daphnids by monitoring 
physiological markers such as enzyme activities combined with metabolic disturbances. 
The physiological marker activity of phosphatase, lipase, peptidase, β-galactosidase, 
lactate dehydrogenase, glutathione S-transferase, and glutathione reductase was assessed. 
Targeted liquid chromatography-tandem mass spectrometry analysis was also performed 
to assess metabolic changes. This analysis focused on glycolysis, the pentose phosphate 
pathway, and tricarboxylic acid cycle intermediates. In the end, GBP was responsible for 
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most of the differences in the contents of metabolites, and these changes were associated 
with changes in the activities of several enzymes, such as decreasing acid phosphatase 
activities and increasing lipase, lactate dehydrogenase, and glutathione-S-transferase 
activity. For glycolysis, glucose-6-phosphate was decreased in GBP experiments, but 
a shift towards the pentose phosphate pathway was observed in exposures, as deduced from 
the increase in ribulose-5-phosphate and ribose-5-phosphate (O’Rourke et al. 2023b).

While the majority of studies to date have centred on fish and invertebrates, Salahinejad 
et al. (2023) also emphasised the potential impact of antiepileptic compounds, including 
GBP, on primary producers. These include oxidative stress, inhibited growth and altered 
pigment composition in algal and cyanobacterial species. However, direct evidence for the 
impact of GBP remains limited, and further research is needed to assess its ecotoxicological 
effects on the fundamental components of aquatic ecosystems (Salahinejad et al. 2023).

Notably, none of these studies have addressed the potential toxicity of GBP degradation 
products. This is a cause for concern, given that many wastewater treatment plants are 
now adopting advanced treatment technologies such as ozonation or UV irradiation, which 
can generate transformation products with unknown biological effects. For example, Pohl 
et al. (2020) demonstrated that ozonation of carbamazepine (another antiepileptic drug) led 
to the formation of transformation products that were equally or more toxic to zebrafish 
embryos. This highlights the need to evaluate whether similar GBP degradation products 
might pose additional ecological risks (Pohl et al. 2020).

In summary, GBP is not acutely toxic to aquatic organisms at concentrations currently 
detected in surface waters. However, it can affect antioxidant defence mechanisms, 
immune function, neurodevelopment and central metabolism at environmentally relevant 
concentrations. These findings highlight the importance of considering sublethal endpoints and 
long-term ecological effects in future risk assessments of GBP and related pharmaceuticals.

Conclusion

Gabapentin is a widely used therapeutic agent. Its increasing use in human and veterinary 
medicine has raised environmental concerns due to its excretion in an unmetabolised form, 
and its incomplete removal by conventional wastewater treatment processes. Although 
GBP exhibits low acute toxicity to aquatic organisms, numerous studies have demonstrated 
sublethal effects, particularly at environmentally relevant concentrations in the ng/l to 
µg/l range. These include oxidative stress, altered gene expression, cardiovascular and 
developmental toxicity, and disruption of neuroimmune functions in species such as 
zebrafish and daphnids. Gabapentin has also been shown to interfere with metabolic 
pathways and induce apoptosis, highlighting its potential to affect individual fitness and 
population-level processes. While some WWTPs achieve partial removal of GBP, treatment 
efficiency varies significantly, and advanced processes such as ozonation can produce 
transformation products whose ecological risks are largely unknown. Importantly, the 
toxicological profiles of these by-products, such as GBP-lactam and GBP-nitrile, require 
further investigation. In light of the growing body of evidence regarding the biological 
effects of GBPs, there is an urgent need for enhanced monitoring, targeted ecotoxicological 
studies and more efficient removal technologies. This review emphasises the dual role 
of GBP as a valuable pharmaceutical and an emerging environmental contaminant, calling 
for integrated management approaches that address its environmental footprint while 
maintaining its therapeutic utility.
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