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Abstract 

Xenobiotics, which include a wide range of environmental pollutants, food additives, drugs, and 
carcinogens, are foreign chemical entities that enter the human body and may accumulate, leading to 
toxic effects. Phase I and phase II metabolic responses are among the detoxification procedures that 
are necessary to lessen these negative consequences. This review highlights the pivotal role of 
carboxylesterases (CES), enzymes involved in the hydrolysis of ester, amide, and thioester bonds in 
xenobiotics, in the metabolism and detoxification of these substances. We discuss the structural and 
functional properties of CES, their tissue distribution, and the implications of their activity in drug 
metabolism and environmental toxin clearance. In the context of cheminformatics, we explore how 
computational models can assist in predicting CES activity, understanding substrate specificity, and 
designing drug molecules or inhibitors that modulate CES activity. The information presented here 
provides valuable insights into both pharmacological applications and environmental health 
assessments. 
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INTRODUCTION 

Xenobiotics refer to chemical agents foreign to the normal metabolic pathways of an organism. 
Ingestion, inhalation, and skin absorption are some of the ways that these substances—which include 
pesticides, food additives, hydrocarbons, environmental contaminants, and medications—enter the 
body. The body’s natural defense mechanisms, including detoxification, aim to render these substances 
less toxic and facilitate their excretion. 

 
The metabolism of xenobiotics involves a series of biochemical processes that modify these 

substances to increase their water solubility, thus enabling their elimination. Usually, this procedure 
consists of phase I and phase II processes, in which phase I uses oxidation, reduction, or hydrolysis to 
introduce or unwind new functional groups. Phase II involves the conjugation of these metabolites to 
hydrophilic groups, enhancing their solubility for easier excretion. 

 

Carboxylesterases (CES), members of the serine 
hydrolase superfamily, play a crucial role in the 
detoxification of xenobiotics, especially in the 
hydrolysis of ester and amide linkages. These 
enzymes are found in many different organs, 
including the brain, gastrointestinal system, and 
liver. They catalyze the hydrolysis of ester and 
amide bonds, producing less toxic metabolites that 
are easier to excrete. The roles of CES in drug 
metabolism and environmental toxin detoxification 
make them vital in both pharmacology and 
environmental health. 
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Xenobiotic Metabolism and Carboxylesterase Activity 

Xenobiotics are primarily metabolized in the liver, which acts as the central hub for 

biotransformation. The metabolic process is divided into three phases (Table 1): 

• Phase I involves the modification of xenobiotics by enzymes like cytochrome P450, which 

introduces functional groups to increase polarity. 

• Phase II involves the conjugation of the modified compounds to polar groups such as glucuronic 

acid, sulfate, or glutathione. 

• Phase III encompasses the transport of these conjugated metabolites out of the cell for excretion.  

 

Carboxylesterases are involved in Phase I reactions and play a significant role in hydrolyzing ester 

and amide bonds of xenobiotics. This hydrolysis results in the formation of more water-soluble 

compounds, which are then conjugated in Phase II for further elimination from the body. 

 

In addition to their detoxification function, CES can activate prodrugs, thus playing a dual role in 

pharmacological processes. For example, the drug irinotecan, used in cancer treatment, requires CES to 

hydrolyze it into its active metabolite, SN-38. The specificity of CES towards various substrates, such 

as drugs, pesticides, and environmental pollutants, is essential for predicting the metabolic fate of these 

compounds [1–13]. 

 
CHEMINFORMATICS AND THE ROLE OF CARBOXYLESTERASES 

The integration of computational tools and cheminformatics methods can significantly enhance our 

understanding of CES function in xenobiotic metabolism. By employing molecular docking studies, 

quantitative structure-activity relationship (QSAR) models, and enzyme-ligand binding simulations, 

researchers can predict the interactions between CES and various substrates. These computational 

approaches enable the identification of key active site residues responsible for substrate specificity and 

the development of inhibitors or modulators of CES activity Xenobiotics must be eliminated from the 

body, which can be done in one of two ways: either by excreting the medication in its intact, 

unmetabolized form or by metabolic biotransformation followed by excretion. Although the kidneys do 

the majority of excretion, other organ systems are also involved. In a similar vein, although the liver is 

the main location for biotransformation, extrahepatic metabolism occurs in a number of organ systems 

and impacts numerous medications.  

 

Table 1. Reactions and enzymes involved in Biotransformation process:  

Metabolic reactions 

Phase I Phase II Phase III 

• Oxidation with 

cytochrome P450 

(most common) 

• Reduction 

• Hydrolysis 

• Methylation 

• Glucuronidation (most common) 

• Acetylation 

• Sulfation 

• Conjugation with glutathione 

• Conjugation with amino acids (glycine, taurine, and 

glutamic acid) 

• ATP-binding cassette 

(ABC) 

• Solute carrier (SLC) 

transporters 

Enzymes involved 

Phase I Phase II Phase III 

 • Glutathione S-transferases (GSTs), glutamate cysteine 

ligase (GCL or γ-glutamylcysteine synthetase), uridine 5′-

diphospho-glucuronosyltransferase (UDP), UDP-

glucuronosyltransferases (UGTs), sulfotransferases, and 

nicotinamide adenine dinucleotide phosphate-

oxidase:quinone oxidoreductase (NQO) 

 



 

International Journal of Cheminformatics 

Volume 2, Issue 2 

 

 

© STM Journals 2024. All Rights Reserved 11  
 

Drug removal can involve a great deal of complexity because of the numerous organ systems and the 

range of metabolic changes that occur. While hydrophobic medications undergo biotransformation prior 
to excretion, hydrophilic pharmaceuticals are usually eliminated immediately by the kidneys. 

Biotransformation has two functions in this case: it detoxifies the exogenous chemicals and makes them 
more hydrophilic so that the kidneys can eliminate them [13]. 

 

In the large intestine, poorly absorbed xenobiotics are exposed to the gut microbial metabolizing 

niche after passing through the small intestine. When released into the bloodstream, metabolites are 

either eliminated by the kidneys or returned to the gut via the biliary duct. Either excretion in the stool 

or reabsorption in the small intestine are these metabolites' ultimate fates [11].  

 

Carboxylesterase’s and their Existence in Human Body 

The multigene group of enzymes known as carboxylesterases, or carboxylic-ester hydrolase, is 
widely distributed throughout the body of mammals and catalyzes the hydrolysis of esters, amides, 

thioesters, and carbamates. Widely distributed throughout the body, carboxylesterases (CESs) are most 
abundant in the liver, gastrointestinal tract, brain, and potentially blood. It has long been demonstrated 

that CES plays a part in detoxicating a range of medications and environmental pollutants [14]. It has 
been demonstrated that CES in the gut, liver, and other tissues play a major part in the hydrolytic 

detoxication of several medications. Furthermore, it has been demonstrated that CES are effective 
hydrolytic catalysts for several physiologically significant substances, including lipid and steroid esters 

[15]. Over the past ten years, two major carboxylesterases in the human body—CES1 and CES2—have 
been identified and extensively researched. The metabolism of several endogenous esters, medications 

containing esters, and environmental toxins depends heavily on these two enzymes [16]. Essential 
members of the serine hydrolase superfamily, mammalian carboxylesterases (CES, E.C. 3.1.1.1) are 

found in the lumen of the endoplasmic reticulum in a variety of tissues [17–19]. As their name suggests, 

CES catalyze the conversion of numerous structurally varied substrates that contain amides or ester into 
the appropriate carboxylic acid and alcohol. Indeed, CES plays important roles in both endobiotic 

metabolism and the activation and/or detoxification of xenobiotics by hydrolyzing ester, thioester, 
amide, and carbamate bonds in a broad range of endo- and xenobiotic substances [19–21]. Although 

human carboxylesterase 1 (CES1) and human carboxylesterase 2 (CES2) are the two isoenzymes that 
have been investigated the most in relation to xenobiotic metabolism, three CES have been found in the 

human body [22–24]. Both CES1 and CES2 are essential for the metabolism of a wide range of ester 
xenobiotics, including environmental toxicants like pyrethroids and several ester medications including 

oseltamivir, clopidogrel, irinotecan, and capecitabine [25–29]. Important physiological roles in 
maintaining lipid homeostasis are played by these two enzymes, which are also known to metabolize 

endogenous lipids, such as triacylglycerols, cholesteryl esters, and others [30–34]. 
 

The carboxylesterase enzymes used in the studies reported in the previous studies were obtained 
mainly from the liver of animals that contained the greatest activity of CES. While hepatic enzymes 

from animals have provided a convenient source of a model enzyme, differences in substrate specificity 
have prompted researchers to use the human enzyme directly. To provide a direct supply of the enzyme 

from human sources, carboxylesterase (human esterase D) has been recently cloned and sequenced, and 

its specific role in detoxication has begun to be examined. 
 

Numerous research conducted in the last 20 years have shed light on the functions of CES in 
xenobiotic metabolism and metabolic disorders [30]. Finding CES modulators to control lipid 

metabolism or boost the efficacy of ester medications has garnered a lot of attention due to the crucial 
functions that CES plays in both endogenous and xenobiotic metabolism [35–40]. 

 
The relevance and latest developments in the identification of CES modulators are discussed in this 

study, along with the structural and catalytic characteristics of CES, tissue distribution, biological 
functions, substrate specificities, and inhibitor profiles of the two main CES. Pharmacologists will find 

it highly useful to investigate the connection between CES and human illnesses or to validate CES's 
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role in xenobiotic metabolism. Additionally, it will help medicinal chemists create more powerful CES 

inhibitors or inducers or create optimal pro-drugs that can be activated by a specific CES isoform in the 
human body. 

 
Function of carboxylesterases in xenobiotic metabolism 

Exposure to lipophilic xenobiotics can result in their accumulation in cells and tissues at 
concentrations that elicit toxic effects. Toxicities may arise from the interaction of these compounds 

with cellular receptors, signal-transduction pathways, or, if the xenobiotic is chemically reactive, 
following covalent modification of cellular macromolecules [41] Organisms have adapted several 

defense strategies to reduce the degree of toxicity following xenobiotic exposures. These include the 
expression of enzymes that metabolize lipophilic xenobiotics to water-soluble metabolites that can be 

cleared from the body [42]. Carboxylesterases are broadly distributed in nature and commonly originate 

in mammalian liver. Many participate in first phase of metabolism of xenobiotics such as toxins or 
medication; as a result carboxylates are then conjugated by other enzymes to increase solubility and 

ultimately excreted[43, 58].  
 

Carboxylesterases (E.C. 3.1.1.1; CEs) have been identified in organisms ranging from bacteria to 
man and are thought to be responsible for the detoxification of xenobiotics CES catalyze the hydrolysis 

of ester, thioester, and also time to time amide bonds during the process of metabolism of xenobiotics 
and endogenous chemicals [44]. Generally, formation of more polar readily excreted products by 

hydrolysis of lipophilic esters to carboxylic acids constitutes a detoxication process. While many animal 
and nonspecific human carboxylesterases have been reported in the literature, few highly substrate-

selective human liver carboxylesterases have been described. In animals, carboxylesterases are widely 
circulated in different tissues. The large amount of CES in various animal tissues in part compensates 

for the relatively low specific activity of the enzyme [45]. 
 

Detoxication studies with xenobiotics have not yet been entirely examined with the purified human 
EsD. Most of the EsD data for humans have been inferred from studies utilizing human serum or 

analogous carboxylesterases isolated from rats or other mammals. Human esterase D (EsD, 
carboxylesterase, aliesterase, EC 3.1.1.1) is one of several nonspecific esterases identified in human 

tissue that contribute to the hydrolytic detoxication or metabolism of xenobiotics, drugs, and 

enviromental chemicals [46]. Like other human esterases (paraoxonase/arylesterase, sterol esterase, and 
carboxyl ester lipase), the physiological function of EsD is not well understood. EsD is, however, 

distinguishable from other esterases by its specificity for the hydrolysis of 4-methylumbelliferyl ester. 
The location of the catalytic amino acid residues at the bottom of a long active site gap seems somewhat 

counterintuitive for an enzyme that can metabolize substrates having diverse chemical structures. If the 
sole purpose of CEs is to detoxify xenobiotics, then it might be predicted that the residues responsible 

for hydrolysis would be much more readily available, perhaps on the outside of the protein [47]. 
 

Esterified chemicals are found in many pharmaceuticals, illegal narcotics, and environmental 
toxicants. Pyrethroid insecticides, phthalate esters, chemotherapeutic prodrugs (like irinotecan), and 

drugs like cocaine and heroin are a few examples. These compounds are cleared (or bioactivated in the 
case of irinotecan) from the body in part by the action of CEs [48]. There are varieties of toxic 

compounds which are detoxified by carboxylesterases as given in Table 2. 
 

Some xenobiotic metabolism has been shown in earlier research. Here, we employ pyrethroid 
insecticides as an example, which are particularly significant due to their widespread usage in public 

health procedures [48] and agriculture [49]. The restricted use of organophosphate (OP) insecticides 

will lead to an increase in the use of pyrethroids in agricultural activities. Human exposure to these 
substances will therefore undoubtedly rise in the near future. Inhibition experiments have previously 

shown the significance of esterases in the detoxification of pyrethroids. For instance, pyrethroid trans-
esterase activity was observed when mice were given OP pesticides prior to dosage. This consequently 

made the pyrethroid more poisonous in vivo. This outcome gave clear proof of the critical role 

https://en.wikipedia.org/wiki/Drug_metabolism#Phase_I_.E2.80.93_modification
https://en.wikipedia.org/wiki/Xenobiotics
https://en.wikipedia.org/wiki/Conjugation_(biochemistry)
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hydrolytic metabolism plays in pyrethroid detoxification. In-depth research has been done on how 

rodent and human hepatic microsomes process pyrethroids. The small intestine, for example, also has 
relatively high CE concentrations in humans and rats, which may help with pyrethroid metabolism. Few 

studies have been conducted on these tissues in relation to pyrethroid metabolism. According to 
findings, these chemicals' bioavailability may be severely restricted by intestinal CEs' metabolism of 

them. Purified human and rodent CEs' pyrethroid substrate preferences show some intriguing 
differences. Several type II pyrethroids, which differ from type I compounds by having an alcohol 

moiety with a cyano functionality, hCE1 hydrolyzed pyrethroids far more quickly than rat Hydrolase A 
did. Since oxidation is the main metabolic pathway in rat liver, hydrolysis appears to be the predominant 

metabolic process that clears the type II chemical deltamethrin in human liver [18]. Trans-permethrin 
and bioresmethrin, on the other hand, were digested by rat and human CEs at comparable rates. 

 

There is evidence of interindividual variance in hepatic hydrolytic activity in the human population. 
When tested with esterified substrates (para-nitrophenyl valerate, trans-permethrin, and bioresmethrin), 
individual human liver microsomal samples were found to have different degrees of hydrolytic activity. 
In contrast, the concentrations of hCE1 protein remained impressively constant (1.3-fold variation, CV 
percent =9%) when they were present in the same microsomal samples.  

 
As a result, CE activity in human liver microsomes does not seem to be well predicted by the sheer 

abundance of hCE1 and hCE2. Since many medicinal medications and environmental toxins are 
processed by these enzymes, it will be crucial to describe the variables that result in changed CE activity 
in human liver microsomes. However, hCE1 accounts for the majority of the esterolytic activity in 
human liver microsomes and its average level is almost 50 times higher than hCE2 in the pooled samples 
of human liver microsomes [23]. Preincubation of human liver microsomes with a particular hCE1 
inhibitor can suppress 80% of its hydrolytic activity toward pyrethroid substrates, providing evidence 
in favour of this. 

 
Additionally, prodrugs that are selectively triggered by CES can be designed using cheminformatics, 

increasing the effectiveness of medication therapy while reducing side effects. For example, by 

modifying the structure of drugs to incorporate ester linkages, researchers can develop prodrugs that 
are activated by CES enzymes, such as CES1 and CES2, which are abundant in liver and gut tissues. 

 
Function of Carboxylesterases in Xenobiotic Detoxification 

Carboxylesterases play a critical role in the detoxification of xenobiotics by hydrolyzing ester, amide, 
and thioester linkages in a variety of substrates. These enzymes are involved in the detoxification of 

pharmaceuticals, environmental toxins, and even natural compounds like lipid esters and steroid 
hormones. 

 

Table 2. Some toxic compounds are detoxified by human carboxylesterases. 

S.N. Toxic compounds Carboxylesterase source Reference 

1. Herbicides  Human liver, skin, plasma [50, 49] 

2. Pyrethroid  Adult rat [51, 50] 

3. Cocaine  Purified from human liver [52] 

4. Nicotinic acid esterase  Human plasma  [53] 

5. Procaine  Purified from human liver, intestinal mucosa [54] 

6. Aspirin  Purified from human liver, intestinal mucosa [54] 

7. Clofibrate  Purified from human liver, intestinal mucosa [54] 

8. Meperidine  Human liver [55] 

9. Acrylates  Mouse nasal mucosa [56] 

10. Vantin  Purified from human liver, intestinal mucosa [57] 



 

 

Role of Carboxylesterases in Xenobiotic Metabolism and Detoxification                               Chaudhary and
 
Saharan 

 

 

© STM Journals 2024. All Rights Reserved 14  
 

The hydrolysis of pyrethroid insecticides, commonly used in agriculture, provides a clear example of 

CES’s role in xenobiotic metabolism. The liver and small intestine are primary sites of pyrethroid 
metabolism, where CES enzymes hydrolyze these lipophilic compounds to more water-soluble 

products, facilitating their excretion [58, 59]. 

 

Through their role in the hydrolysis of xenobiotics, CES not only mitigate the toxicity of these 

compounds but also contribute to maintaining physiological balance by regulating lipid metabolism and 

modulating drug activity. 

 

CONCLUSION 

Carboxylesterases are vital enzymes that aid in xenobiotic metabolism and detoxification. Their 

ability to hydrolyze ester and amide bonds in a variety of substrates, including environmental pollutants, 

pharmaceuticals, and natural compounds, positions them as key players in both drug metabolism and 

environmental health. The integration of cheminformatics approaches can aid in predicting CES-

substrate interactions, optimizing drug design, and understanding the metabolic pathways of 

xenobiotics. As we continue to explore CES modulators and their roles in human diseases, these insights 

can lead to the development of more effective therapies and environmental interventions. 
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