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Abstract: The endocannabinoid system, known for its regulatory role in various physiological 
processes, relies on the activities of several hydrolytic enzymes, such as fatty acid amide hydrolase 
(FAAH), N-acylethanolamine-hydrolyzing acid amidase (NAAA), monoacylglycerol lipase 
(MAGL), and α/β-hydrolase domains 6 (ABHD6) and 12 (ABHD12), to maintain homeostasis. 
Accurate measurement of these enzymes’ activities is crucial for understanding their function and 
for the development of potential therapeutic agents. Fluorometric assays, which offer high 
sensitivity, specificity, and real-time monitoring capabilities, have become essential tools in 
enzymatic studies. This review provides a comprehensive overview of the principles behind these 
assays, the various substrates and fluorophores used, and advances in assay techniques used not 
only for the determination of the kinetic mechanisms of enzyme reactions but also for setting up 
kinetic assays for the high-throughput screening of each critical enzyme involved in 
endocannabinoid degradation. Through this comprehensive review, we aim to highlight the 
strengths and limitations of current fluorometric assays and suggest future directions for improving 
the measurement of enzyme activity in the endocannabinoid system. 

Keywords: fluorescent assay; endocannabinoid hydrolytic enzymes; high-throughput screening; 
monoacylglycerol lipase; fatty acid amide hydrolase; N-acylethanolamine-hydrolyzing acid amidase 
 

1. Introduction 
Endocannabinoids (ECs) are a class of lipid signaling molecules, isolated from brain 

and peripheral tissues, that structurally can be described as the amides, esters, and ethers 
of long-chain polyunsaturated fatty acids. Anandamide (N-arachidonoylethanolamine; 
AEA) and 2-arachidonoylglycerol (2-AG), the first ECs discovered and, consequently, the 
best studied, are the main endogenous agonists of cannabinoid receptors (CBs) and mimic 
the pharmacological effects of Δ-9-tetrahydrocannabinol. Both AEA and 2-AG are often 
found together, but their individual levels vary between species, tissues, developmental 
stages, and pathophysiological conditions [1]. In addition to AEA, ethanolamides of 
various long-chain fatty acids, N-acylethanolamines (NAEs; i.e., N-
palmitoylethanolamine (PEA), N-oleoylethanolamine (OEA), and oleamide (OA)), are also 
present in the body. NAEs with derivatives of saturated and monounsaturated fatty acids 
are much more abundant than anandamide. NAEs, apart from AEA, have no or very low 
affinity for cannabinoid receptors, and their biological activity is mediated by G protein 
receptors (GPRs) such as GPR12, GRP10, GPR119, and GPR55, ion channels such as 
Transient Receptor Potential Vanilloid 1 (TPRV1), or nuclear receptors such as Peroxisome 
Proliferator-Activated Receptors (PPARs) [2]. The roles of ECs and NAEs in physiological 
and pathological processes have been extensively studied, revealing the expression of the 
endocannabinoid system (ECS) quite ubiquitously in the body [3]. As examples, ECs and 
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cannabinoids are involved in metabolism and nutrition [4,5] the gut microbiome [6], and 
neuropathic, chronic [7], pancreatic [8,9], and orthopedic [10–13] pain.  

ECs and NAEs are produced as a consequence of different biological stimuli, as 
intracellular calcium increases, and are released from neurons to act paracrinally or 
autocrinally [14]. These signaling molecules, indeed, cannot be stored in intracellular 
vesicles and released as classical neurotransmitters and neuropeptides due to their ability 
to cross cell membranes. Following their release, the signaling function of the ECs is 
terminated by a two-step inactivation process that consists of uptake mediated by a 
specific reuptake protein [15] and subsequent intracellular hydrolysis to free the fatty 
acids and ethanolamine or glycerol by either fatty acid amide hydrolase (FAAH) [16] or 
monoacylglycerol lipase (MAGL) [17] or by other enzymes, such as N-acylethanolamine-
hydrolyzing acid amidase (NAAA) or α/β-hydrolase domains 6 and 12 (ABHD6 and 
ABHD12), in vivo. The association of the ECS and its dysregulation with physiological 
and pathological processes prompted researchers to study more and more sensible 
methods to assess ECs and NAEs [18–21] based on the availability of pure standards 
[22,23]. On the other hand, the in-depth study of EC and NAE metabolisms paved the way 
to promote the main components of the ECS as pharmacological targets [24,25]. The 
enzymes involved in EC metabolism, indeed, are emerging as very important regulators 
of ECS activity at peripheral and neuronal levels. Synthetic and degradative enzymes of 
ECs and NAEs offer intriguing opportunities for targeted drug development, considering 
the numerous biological functions of these lipid signaling molecules in animal tissues [26–
29]. The manipulation of endogenous cannabinoid signaling through the inhibition of 
hydrolytic enzymes is an attractive approach to elicit the desirable effects of ECS activation 
while avoiding the negative effects of global EC receptor stimulation. The inhibition of 
these enzymes would be expected to elevate the endogenous concentrations of all its 
substrates and, consequently, prolong and potentiate their biological effects. While the 
roles of enzymes involved in EC and NAE biosynthesis, such as N-acyltransacylase (NAT) 
and N-acylphosphatidylethanolamide-phospholipase D (NAPE-PLD), or membrane 
transport, where anandamide membrane transporter (AMT) seems to be clear, the roles 
of enzymes involved in their degradation, as FAAH, NAAA, and MAGL, and in 
controlling EC and NAE cellular activities seem more critical. Otherwise, evidence of the 
therapeutic potential of EC hydrolytic enzyme inhibitors in combating a variety of human 
diseases through the bidirectional manipulation of ECs, eicosanoids, other eicosanoid 
pathways, and other lipid signaling pathways has also been extensively produced [30–34]. 
The measurement of hydrolytic enzyme activity in physio-pathological conditions will 
largely contribute both to develop selective inhibitors, which are useful for the creation of 
novel therapeutic drugs, and to better understand their involvement in 
pathophysiological processes. With this intent, numerous probes and methods based on 
different techniques comprising radio tracing [35,36], immunohistochemistry [37,38], 
fluorescence [39–41], and mass analysis [42] have been developed to explore the 
possibility of studying enzyme localization or activity.  

The significant interest of the scientific community in this field has resulted in 
numerous publications predominantly concentrating on enzyme localization. This focus 
has made it challenging to readily identify high-throughput screening (HTS) or activity 
assay methods that are useful for drug development. For this reason, this review will 
provide a detailed overview of the current knowledge regarding the monitoring of 
enzyme activities involved in EC degradation using fluorometric methods. The methods 
and probes used for determining the kinetic mechanisms of enzyme reactions, as well as 
for configuring kinetic assays for HTS, have been considered. 

2. Enzymes Involved in Endocannabinoid Hydrolysis  
AEA is mainly hydrolyzed by FAAH, while 2-AG is mainly hydrolyzed by MAGL 

and FAAH. In addition to these two principal enzymes, NAAA and, more recently, a 
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second FAAH (FAAH-2) as well as two other serine hydrolases, ABHD6 and ABHD12 
[43], have been reported to participate in the degradation of several ECs. 

2.1. MAGL 
Monoacilglycerol lipase (MAGL EC3.1.1.23, acylglycerol lipase), belongs to the α/β-

hydrolase domain (ABHD) family of serine hydrolases, containing a classical Ser-His-Asp 
catalytic triad [44,45]. It is a soluble enzyme associated with membranes [17,46]. MAGL 
catalyzes a reaction that uses water molecules to break down 2-AG into glycerol and 
arachidonic acid [47]. The enzyme is found both in the brain and in peripheral tissues such 
as the kidney, ovary, testis, adrenal gland, adipose tissue, and heart [47], where it 
preferentially hydrolyzes monoacylglycerols to glycerol and the corresponding fatty acid, 
in particular the endocannabinoid 2-AG [48]. It has been demonstrated by 
pharmacological inactivation or genetic silencing that MAGL is responsible for 80% of 2-
AG hydrolysis in many tissues, including the brain. The remaining 20% of hydrolysis of 
2-AG is due to the serine hydrolases ABHD6 and ABHD12 (Figure 1) [43,49]. 

 
Figure 1. (Up) Structures of 2-arachidonoylglycerol (2-AG) and the hydrolysis products; (down) 
proposed orientations of 2-AG hydrolysis enzymes (ABHD6, ABHD12, and MAGL) [50]. 

Several studies measuring the rate of hydrolysis report the impact of the length and 
degree of unsaturation of the substrate acyl chain. MAGL efficiently hydrolyzes substrates 
with various acyl chain lengths (from C8:0 to C18:0) and different numbers of double 
bonds (C18:1, C18:2; and C20:4). The degree of unsaturation was reported to have a certain 
impact, with a preference for arachidonoylglycerol compared to palmitoylglycerol and, in 
general, for unsaturated compared to saturated substrates [51]. Consequently, the 
selective inactivation of MAGL could be a useful pharmacological tool for different 
pathological conditions due to its major role in 2-AG degradation. ECs, even 2-AG, are 
involved in inflammation, as they are physiologically produced in response to injury with 
the aim of decreasing pro-inflammatory mediators. Elevated levels of 2-AG have been 
observed in various neuropathologies characterized by inflammatory involvement, 
including multiple sclerosis, Parkinson’s disease, and Alzheimer’s disease.  

Moreover, inhibiting MAGL not only promotes an increase in 2-AG, which is 
beneficial for its anti-inflammatory function, but also induces a reduction in free 
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arachidonic acid (AA) levels, thereby preventing the activation of the eicosanoid pathway 
[52]. In addition, in 2010, by controlling fatty acid release from lipid stores, Nomura and 
coworkers revealed the involvement of MAGL in cancer cell migration, proliferation, and 
tumor growth as a precursor of tumorigenic lipid messengers. MAGL is indeed up-
regulated in cancers such as ovarian, breast, and melanoma, and its inhibition leads to 
reduced cell invasiveness and tumorigenicity [53].  

2.2. ABHD6 and ABHD12 
The α/β-hydrolase enzymes belong to a family of newly discovered enzymes that 

degrade ECs. The first evidence that MAGL hydrolyzes 2-AG was provided by Muccioli 
et al. in the mouse microglial cell line BV-2, which does not express MAGL mRNA but 
efficiently hydrolyzes 2-AG [54]. While MAGL has been structurally and functionally an-
alyzed, ABHD6 and ABHD12 remain poorly characterized at the molecular level. Both are 
membrane proteins, and it is postulated that the catalytic domain of ABHD6 faces the 
cytoplasm, whereas ABHD12 seems to be a transmembrane glycoprotein with its active 
site facing the extracellular space [55]. 

2.2.1. ABHD6 
ABHD6, an integral membrane protein that is ubiquitously expressed [56,57], is a 

serine hydrolase with 337 amino acids (38 kDa) with a catalytic triad composed of Ser148-
sp278-His306. In vitro experiments demonstrated that ABHD6, like MAGL, is much more 
active on 2-monoglycerides comprising medium to long and saturated acyl chains. These 
two enzymes can therefore handle different MAGs due to their availability in the cell cy-
toplasm [58]. ABHD6 is an important enzyme involved in many physiological and patho-
logical states, not only in the central nervous system but also in peripheral tissues [50,59]. 
Accordingly, ABHD6 has been implicated in the modulation of various (patho)physiolog-
ical processes, including metabolic syndrome [57], inflammation [60], insulin secretion 
[61], obesity [62], adipose browning and brown adipose activation [62], cancer [63], and 
neurological diseases, making it a promising therapeutic target to treat several diseases 
[50]. 

2.2.2. ABHD12 
ABHD12, known as ABHD12 or 2-arachidonoylglycerol hydrolase, is a single-pass 

integral membrane glycoprotein of 398 residues (45 kDa). ABHD12 is ubiquitously ex-
pressed in the body but has the highest expression in the brain [64], where it is responsible 
for about 9% of 2-AG hydrolysis [43]. To date, 2-AG is the only recognized substrate for 
ABHD12, even if studies performing a fluorescent glycerol assay demonstrated ABHD12’s 
preference for the 1 (3)-monoglycerides of arachidonic acid and polyunsaturated chains 
in respect to saturated (C20:4 > C18:2 > C14:0) [58]. Moreover, ABHD12, which has an 
active site facing the extracellular space, has been proposed as a suitable guardian of the 
extracellular signaling pool of 2-AG. 

2.3. FAAH 
Fatty acid amide hydrolase (FAAH, oleamide hydrolase, anandamide amidohydro-

lase; EC 3.5.1.99) is the main actor in the degradation of AEA and NAEs including PEA, 
OEA, the sleep-inducing lipid OA [16], and N-acyl taurines (NATs), agonists of the tran-
sient receptor potential (TRP) family of calcium channels [65]. FAAH not only hydrolyzes 
AEA to arachidonic acid and ethanolamine but also 2-AG, and it is widely distributed 
throughout the body and has been localized in the intracellular space associated with the 
membrane (Figure 2). Human FAAH mRNA has been found in the pancreas, kidney, 
brain, and skeletal muscles, while smaller amounts have been found in the placenta and 
liver.  
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Figure 2. Localizations of AEA-hydrolyzing enzymes (FAAH and NAAA). 

FAAH is a membrane-bound enzyme that belongs to the family of amidase proteins. 
FAAH’s active site possesses an unusual serine–serine–lysine (Ser217-Ser241-Lys142) cat-
alytic triad that is characteristic of the amidase signature class of enzymes. This “amidase 
signature” region is common to more than 100 amidases, most of which are bacterial and 
fungal in origin [66], and is different from the typical Ser-His-Asp catalytic triad utilized 
by most of the other serine hydrolases. FAAH appears to play a major role in regulating 
the amplitude and duration of fatty acid amide signals in vivo [67], suggesting its potential 
as a significant modulating enzyme for a number of neurobehavioral processes in mam-
mals, including pain, sleep, feeding, and locomotor activity. An FAAH activity blockade 
also leads to very high endogenous levels of fatty acid amides in the nervous system [68] 
and peripheral tissues [69], resulting in analgesic [68], anxiolytic [68], and anti-inflamma-
tory [69] effects without showing the undesirable side effects linked to direct cannabinoid 
receptor agonists on motility, cognition, or body temperature [68,70]. These findings sug-
gest that FAAH may represent an attractive therapeutic target for the treatment of pain, 
inflammation, and numerous central nervous system (CNS) disorders. 

2.4. NAAA 
The primary route for breaking down NAEs into free fatty acids and ethanolamine 

involves their hydrolysis, which has been mostly attributed to FAAH. However, an addi-
tional enzyme found in lysosomes, referred to NAAA, has demonstrated capability in cat-
alyzing the same reactions (Figure 2). NAAA, a lysosomal glycoprotein abundantly ex-
pressed in macrophages, is not a member of the serine hydrolase family; instead, it oper-
ates as an N-terminal nucleophilic hydrolase (Ntn), specifically as an N-terminal cysteine 
hydrolase within the choloylglycine hydrolase family, which is characterized by the abil-
ity to cleave non-peptide amides [71,72]. Despite its functional similarity with FAAH, 
NAAA shares no homology with this enzyme, but it is much more similar to acid cerami-
dase (AC), the lysosomal enzyme responsible for the hydrolysis of ceramide to sphingo-
sine and free fatty acid, showing 33–34% identity similarity with it. Consistent with its 
lysosomal localization, NAAA is active at an acidic pH (pH 4.5), a condition necessary for 
its conversion to the shorter active form by proteolysis from the zymogen [73,71]. NAAA 
exhibits its highest activity towards PEA [73], an important regulator of energy balance, 
pain, and inflammation, and was recently suggested as a contributor to the control of re-
ward-related behaviors. Since the actions of PEA are terminated via enzyme-mediated 
hydrolysis, which is catalyzed by NAAA, this enzyme could be a promising therapeutic 



Int. J. Mol. Sci. 2024, 25, 7693 6 of 28 
 

 

target [74,75], for example, in modulating inflammatory responses. However, unlike 
FAAH and MAGL, there is a notable absence of direct structural information available on 
this enzyme. 

3. Fluorescence-Based Assay for Biological Applications 
In recent years, enzyme-activated fluorescent probe-based assays are probably the 

most widely used detection method in drug screening and disease diagnosis due to their 
capability of being applicable for HTS experiments. This widespread use is largely due to 
their high sensitivity, good tolerance to interference, fast signaling speed, high versatility, 
and simplicity. Moreover, the non-destructive way of tracking or analyzing targets and 
diverse selection of fluorophores that excite and emit across a broad spectrum of wave-
lengths make them the first choice in enzymology research [76,77].  

Fluorescence-based detection techniques enable miniaturization, flexible assay de-
sign, ease of use, and simultaneous monitoring of multiple events. These assays are di-
vided into two types based on the fluorescent signals collected: those detecting total fluo-
rescence intensity [78], polarization [79], resonance energy transfer [80], lifetime [81], and 
time-resolved fluorescence [82] and those detecting fluorescence from single molecules, 
like fluorescence correlation spectroscopy [83] and intensity distribution analysis [84]. En-
zyme-activated fluorescent probes are widely used to characterize bioactive enzymes due 
to their high sensitivity, non-invasive monitoring, and real-time sampling capabilities [85–
87]. This technique has also been extensively used for enzyme activity measurement for 
the advantages of simplicity, selectivity/sensitivity, and noninvasive detection when used 
for cell imaging [76,88–90]. 

Fluorescence-based assays require reactions that either lead to the formation of a flu-
orescent product from a non-fluorescent substrate or vice versa. Fluorescent probes are 
usually composed of two or three components (Figure 3): (i) a signal or fluorophore moi-
ety; (ii) a recognition or labeling moiety; and (iii) an appropriate linker to connect the two 
moieties. The recognition motifs (tag) structurally resemble the enzyme substrates in or-
der to drag the probe to the active site of the enzyme and are non- or weakly fluorescent 
until some event occurs, such as enzymatic cleavage.  

 
Figure 3. General structure and mechanism. (Up) Substrate-based probes; (down) substrate-based 
probes containing self-immolate linker. 
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For these studies, the design of the probe is a key step of the process. Not only does 
the recognition moiety have to be like the enzyme substrate to reach its active site, but also 
the bond between it and the fluorescent dye must be efficiently cleaved by the enzyme. 
Moreover, a careful selection of the fluorescent molecule is important too due to the cor-
rect balance of two fundamental requirements: a good affinity with the enzyme and a fast 
release. Potential fluorophores could indeed perfectly fit with the catalytic site of the en-
zyme but not lead to the release of the fluorescent dye. Fluorescence enzyme assays are 
generally more sensitive than spectrophotometric assays but can be affected by impurities 
and the instability of fluorescent compounds in light, requiring careful handling. They can 
also be designed in various formats based on experimental needs. 

4. Fluorescence-Based Assays Used to Screen and Characterize Crucial Enzymes  
Involved in EC Hydrolysis 

Enzyme assays can be used for a variety of purposes, including the localization of an 
enzyme to prove its expression in a distinct specimen, like an organism or a tissue, or the 
investigation of specific enzyme activities and kinetics as well as the study of enzyme 
modulators. Enzyme activity is the rate of enzyme reaction, generally expressed in units 
(U), of a substrate converted (or product formed) per time unit per milligram of enzyme 
under a given set of conditions (substrate, concentration, solvent, buffer, and tempera-
ture). According to the currently valid SI system, the concentration should be in mol/L 
and the time unit in seconds. All the enzymatic in vitro reactions include a substrate that 
is consumed and converted into a product, whose time-dependent formation is analyzed 
and quantified. The most popular assays are those that produce a spectrophotometric sig-
nal and use simple reagents, in particular chromogenic or fluorogenic substrates. In recent 
years, fluorimetric techniques have gained significant relevance when compared to 
UV/Vis spectrophotometry techniques due to the following: 

• They are more sensitive; 
• Reaction kinetics can be monitored continuously; 
• They require a relatively low amount of enzyme, usually between 0.005 and 0.5 

mg/mL; 
• They require a relatively low amount of substrate, usually between 0.0025 and 

0.25 mM; 
• They allow for the use of different buffers under different reaction conditions; 
• They allow for micro-assay analysis, as they not only utilize a fluorometer (for 

one sample at a time) but also enable the use of a microplate reader with fluori-
metric detection for the quantification of multiple samples simultaneously. 

 
Considering the different applications of fluorescence in the study of the EC hydro-

lytic enzymes and the extensive literature on the subject, this review is not intended to 
cover such an enormous scope of fluorescence-based applications. Instead, it will focus on 
enzyme-activated fluorescent probes for the evaluation of EC and NAE hydrolysis. 

However, fluorescence-based assays are not without limitations, which deserve care-
ful consideration. A significant disadvantage of fluorescence-based assays is background 
interference due to impurities in the samples or the autofluorescence of biomolecules, 
such as in the case of experiments with cells, which can obscure the signal of interest. This 
requires meticulous sample preparation and control experiments to distinguish real sig-
nals from noise. Achieving accurate quantitative measurements can be challenging in flu-
orescence assays. Factors such as photobleaching of fluorophores, variations in the excita-
tion light intensity, and non-linear fluorescence responses complicate the calibration and 
quantification process. Careful standardization and calibration procedures are required 
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to ensure reliable quantitative data. Fluorophores are susceptible to photobleaching, 
where prolonged exposure to excitation light leads to an irreversible loss of fluorescence 
signal. This imposes constraints on the assay duration and necessitates careful control of 
light exposure to maintain signal integrity throughout the experiment. Also, environmen-
tal factors such as the pH, temperature, and solvent polarity can influence signals, altering 
fluorophore properties and affecting assay reproducibility and reliability. Rigorous envi-
ronmental control and validation procedures are essential to minimize these effects. Flu-
orescence assays are typically limited in their ability to multiplex the simultaneous meas-
ure of multiple analytes in the same sample due to spectral overlap between different 
fluorophores, which can interfere with signal detection and quantification. Strategies such 
as the use of different wavelengths or time-resolved fluorescence techniques are used to 
overcome these limitations. 

4.1. MAGL  
MAGL is the main enzyme responsible for the hydrolysis of 2-AG. The predominant 

assay methods for screening and characterizing MAGL activity modulators involve meas-
uring the breakdown products of radiolabeled MAGL substrates [17,45] or detecting the 
release of arachidonic acid resulting from 2-AG hydrolysis using high-performance liquid 
chromatography (HPLC) coupled with UV [91] or mass spectrometric detection [92]. 
These methods are highly sensitive and accurate, using, de facto, the endogenous sub-
strate as the probe but, on the other hand, require the use of radioactive labeled com-
pounds and purification and extraction procedures coupled with the use of expensive in-
strumentation and are not particularly amenable for HTS [17,93,94]. In this scenario, an 
alternative approach based on the evaluation of the rate of MAGL-catalyzed hydrolysis of 
p-nitrophenyl alkyl esters by the UV monitoring of the release of p-nitrophenol was pro-
posed by Miccioli in 2008 [95]. Taking advantage of these features, several fluorogenic 
probes have been finalized for the detection of MAGL, which are based on the different 
emission properties before and after the deacylation of fluorophores. Several research at-
tempts have focused on developing reliable, straightforward, cost-effective, and sensitive 
as well as high-throughput assays for investigating the activity of MAGL. Among these, 
small-molecule substrate probes based on coumarin and resorufin fluorescent dyes have 
been synthesized and evaluated. 

Starting from the large application of maleimides, which react rapidly and specifi-
cally with thiols to give addition products under mild conditions, fluorescent maleimides 
for the study of protein structure were first designed and synthesized by Kanaoka [96]. 
This maleimide-based fluorescent probe found wide applications in the study of protein 
structural and micro-environmental properties, micro-assays for glutathione S-transfer-
ase, and as derivatization agent for the HPLC analysis of thiol compounds. Casida et al. 
[97] reported the synthesis of a thioester analog of the endocannabinoid 2-AG, S-arachi-
donoyl-2-thioglycerol (2-ATG), in an eight- or nine-step procedure with a yield of 25%. 
This substrate was reacted with methyl maleimido-benzochromenecarboxylate (MMBC) 
[98] for fluorescent assays of human recombinant MAGL lipase (hMAGL) and human 
brain membrane MAGL hydrolase activity. 2-ATG was found to be an excellent substrate 
for hMAGL and a suitable probe for microplate assays measuring 2-thioglycerol (2-TG) 
liberation by the reaction with MMBC and the formation of a fluorescent derivative (Fig-
ure 4).  
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Figure 4. MAGL-responsive fluorescent probe methyl maleimido-benzochromene carboxylate 
(MMBC). 

The method proposed by Casida [97] has seen limited utilization due to the involve-
ment of two enzymes, leading researchers to focus on methods employing a single en-
zyme. Wang et al. developed a 7-hydroxycoumarinyl-arachidonate (7-HCA) by substitut-
ing the glycerol moiety of 2-AG with a fluorescent coumarin derivative [99] (Figure 5).  

 
Figure 5. MAGL-responsive fluorescent probe 7-hydroxycoumarinyl-arachidonate (7-HCA). 

As shown in Figure 5, MAGL selectively cleaves the ester bond of 7-HCA to generate 
AA and form the corresponding highly fluorescent 7-hydroxylcoumarin (7-HC). The re-
lease of 7-HC is monitored continuously using a fluorimeter. MAGL protein catalyzed the 
hydrolysis of 7-HCA with an apparent Km of 9.8 mM and Vmax of 1.7 mmoles min−1 mg 
protein−1, and the assay was reproducible (Z’ 0.7 ÷ 0.9). To reach this method performance, 
several experiments were performed varying the reaction conditions, pH, DMSO and bo-
vine serum albumin (BSA) concentrations, and the 7-HC auto hydrolysis or the presence 
of denaturized MAGL. The same method was also applied in a patent (US2009311723A1: 
Fluorescence-based assay for monoacylglycerol lipase compatible with inhibitor screen-
ing) that provides reagents, kits, and methods for assaying MAGL activity and for identi-
fying compounds that modulate MAGL activity. The enzyme used in the patent was a 
recombinant MAGL, expressed in E. coli. The recombinant MAGL can be used in any as-
say, such as fluorescence MAGL assays and other screens for agents that modulate MAGL 
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activity, and can be included in the mixture at a concentration in the range of 1 ng to 10 
ng per 50 µL of total volume of mixture.  

MAGL also catalyzes the hydrolysis of other ester-linked compounds such as 7-hy-
droxycoumarinyl-γ-linolenate (7-HCL) and 7-hydroxycoumarinyl-6-heptenoate (7-HCH) 
(Figure 6). 7-amino-4-methylcoumarin amide (AAMCA), a FAAH substrate [100] that has 
an amide link, was not a substrate for MAGL. 

 
Figure 6. Structures of MAGL-responsive probes 7-hydroxycoumarinyl-arachidonate (7-HCA), 7-
hydroxycoumarinyl-γ-linolenate (7-HCL), 7-hydroxycoumarinyl-6-heptenoate (7-HCH), and non-
responsive arachidonyl 7-amino-4-methylcoumarin amide (AAMCA). 

In 2010, Savinainen et al. [101] improved and further developed the Wang method, a 
rapid and versatile HTS assay for MAGL inhibitors. Re-examining the original report [99], 
the highest MAGL activity was detected at pH 9.0–10.0, although the MAGL assays were 
routinely conducted in a neutral pH range (pH 7–7.4). In addition, it is known that 7-HC 
is fully deprotonated and, thus, maximally fluorescent at an alkaline pH [102]. Determin-
ing the fluorescence of 7-HC over the pH range of 7.4–9.0, the authors observed, as ex-
pected, that the fluorescence of 7-HC increased in parallel with an increasing pH. There-
fore, they clarified whether the high MAGL activity observed under alkaline conditions 
reflected this phenomenon. Furthermore, in contrast to conventional MAGL assays, BSA 
is not compatible with the fluorescent assay using 7-HCA, because BSA dose- and time-
dependently enhanced the fluorescence signal even in the absence of MAGL. 

Finally, the authors suggest that instead of using just one single, high concentration 
of inhibitor in dilution-based experiments to evaluate the reversibility of the inhibition, as 
is common practice, a wider concentration range is more suitable to completely character-
ize the behavior of inhibitors. In 2012, the Clemente group [103] reported the results of 
their study in which five different 4-methylcoumarin and coumarin-based acyl substrates 
with various aliphatic chain lengths were explored as 2-AG mimics in MAGL activity as-
says (Figure 7). Before testing enzymatic hydrolysis, the solubility of the substrate was 
measured, and as expected, the solubility decreased as a function of increasing the ali-
phatic chain length. The authors demonstrated that MAGL effectively hydrolyzes the pro-
posed coumarin-based substrates with aliphatic chains of varying lengths. Lastly, all sub-
sequent kinetic tests used 4-methylcoumarin butyrate due to its greater solubility. 
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Figure 7. MAGL-responsive fluorescent probe: 4-methylcoumarin and coumarin-based acyl-sub-
strates with various aliphatic chain lengths. 

The research conducted by Lauria et al. [104] resulted in the successful synthesis of a 
fluorogenic substrate probe at a long wavelength featuring a resorufin fluorophore (Fig-
ure 8, compound 1g). This probe exhibited significant sensitivity for MAGL, making it 
applicable for MAGL screening assays and the identification of potential MAGL inhibi-
tors. Subsequently, the same research group [105], with a view to finding a suitable sub-
strate for HTS experiments readily accessible, stable in water solution, and with a low rate 
of spontaneous hydrolysis, synthesized eleven novel potential substrates. These newly 
synthesized esters of fluorescent resorufin encompass various classes of acyl chains, in-
cluding linear chains such as acetate (1a), butyrate (1b), octanoate (1c), dodecanoate (1d), 
icosanoate (1e), and oleate (1f) as well as branched chains like 2-methylhexanoate (1h), 2-
ethylhexanoate (1i), and 2-butyloctanoate (1j) alongside aromatic chains like benzoate (1k) 
(Figure 8). Furthermore, the authors conducted investigations on the substrate specificity 
of MAGL based on the acyl chain variations, determining the kinetic constants. The dif-
ferences in substrate interaction with the MAGL active site were also analyzed using struc-
tural in-silico techniques. 

 
Figure 8. MAGL-responsive fluorescent probes: 7-hydroxyresorufynil esters: acetate (1a), butyrate 
(1b), octanoate (1c), dodecanoate (1d), icosanoate (1e), oleate (1f), arachidonate (1g), 2-methylhexa-
noate (1h), 2-ethylhexanoate (1i) 2-butyloctanoate (1j), and benzoate (1k). For clarity, only the com-
pounds cited directly in the text and figure have been numbered. 
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The best substrate for the HTS method was identified as 7-hydroxyresorufinyl oc-
tanoate (1c). Among the compounds tested, 1c exhibited the highest rate of hydrolysis and 
displayed the most favorable Km and Vmax values. In silico docking studies revealed fa-
vorable interactions between 1c and the MAGL active site. Furthermore, compound 1c can 
be easily prepared on both milligram and gram scales and demonstrates high stability in 
solution, as evidenced by its low rate of spontaneous hydrolysis. The authors validated 
the proposed probe 1c using the well-known MAGL inhibitors URB602 and MAFP under 
the same established assay conditions. 

Later, the same research team presented, in 2021 [106], an interesting study on the 
development of a straightforward assay, taking advantage of the light production from 
the reaction of luciferase with firefly luciferase. They presented the synthesis of the new 
bioluminescent probe arachidonoyl-luciferin and the development of a new two-step HTS 
method for the analysis of MAGL (Figure 9). The method revealed to be a powerful tool 
for ECS modulation research due to both the selectivity of the probe and the use of an 
engineered thermostable luciferase (PLG2) with a specific light-emitting enhanced activity 
(λmax = 559 nm) [107]. The new bioassay for MAGL activity offers significant advantages, 
including high sensitivity and rapidity, making it suitable for applications where the 
availability of biological samples is limited. 

 
Figure 9. Bioluminescence reactions of the bioluminescence probe for MAGL, arachidonoyl lucif-
erin. 

In 2020, a patent (1. WO2021058443-Fluorescent probes for monoacylglycerol lipase 
(MAGL)) reported a very wide range of fluorogenic probes for MAGL (Figure 10) mostly 
used to investigate the localizations, structures, dynamics, and functions of proteins in 
living cells. 

 
Figure 10. General design of fluorescent probe for MAGL. L is a linker; R1 is a fluorescent label; R2, 
R3, and R4 are each independently selected from hydrogen, halogen, C1-C6-alkyl, halo-C1-C6-alkyl, 
C1-C6-alkoxy, and halo-C1-C6-alkoxy; and X and Y are both CH; X and Y taken together form a 
double bond (C=C). 
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Deng et al. [108] developed a new fluorogenic probe for monitoring the activity of 
MAGL, 6-hydroxy-2-naphthaldehyde-arachidonate (AA-HNA) (Figure 11), and devel-
oped an AA-HNA-based fluorescence assay to rapidly identify MAGL inhibitors. This as-
say was also suitable for the other 2-AG hydrolases, ABHD6 and ABHD12. The assay was 
used to successfully analyze a focused library containing 320 natural organic compounds. 

 
Figure 11. Fluorescence turn-on responses of 6-hydroxy-2-naphthaldehyde-arachidonate (AA-
HNA) on 2-AG hydrolases (MAGL, ABHD6, and ABHD12). 

Recently, Jiang et al. proposed the probe fluorophosphatetramethyl rhodamine (FP-
TAMRA), which has large applicability in the detection of serine hydrolases, including 
MAGL, FAAH, and ABHD6 [109]. FP-TAMRA, by an enzyme-coupled reaction, is able to 
detect the glycerol-3-phosphate (GPO) produced after 2-AG hydrolysis. The author de-
scribed the application of the method to assess new MAGL inhibitors (Figure 12). 

 
Figure 12. GK = glycerol kinase; GPO = glycerol-3-phosphate. 

4.2. ABHD6 and ABHD12 
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Few fluorometric methods have been applied to ABHD6 and ABHD12, probably be-
cause these enzymes remain even less characterized and studied than MAGL. In 2016, 
Savinainen’s group reported [110] a sensitive fluorescence-based method for the assess-
ment of ABHD6 activity, which was then validated for the three 2-AG hydrolases, MAGL, 
ABHD6, and ABHD12, using the human recombinant enzymes produced in HEK293 cells. 
The proposed method is based on the principle of detecting enzyme activity by coupling 
a primary enzyme reaction with one or more secondary enzyme reactions to generate a 
measurable product, in this case resorufin. The operating mechanism of the coupled en-
zyme system for detecting ABHD6 activity involves the catalysis of 1(3)-AG hydrolysis by 
ABHD6, resulting in the production of equimolar amounts of AA and glycerol. Within 
this system, glycerol undergoes conversion to glycerol-1-phosphate (G-1-P) in the pres-
ence of ATP, facilitated by glycerol kinase (GK). Subsequently, glycerol 3-phosphate oxi-
dase (GPO) catalyzes the oxidation of G-1-P, generating H2O2, which, in conjunction with 
horseradish peroxidase (HRP), transforms Amplifu™ Red (Thermo Fisher Scientific, Wal-
tham, Massachusetts, US) into the fluorescent product resorufin (Figure 13). The fluores-
cence of resorufin (λex 530 nm; λem 590 nm) is then continuously monitored to track the 
enzymatic kinetics. The Amplex™ Red Hydrogen Peroxide/Peroxidase Assay kit (Thermo 
Fisher Scientific, Waltham, Massachusetts, US) features a highly sensitive one-step assay 
utilizing Amplex™ Red reagent (10-acetyl-3,7-dihydroxyphenoxazine) for the detection 
of H2O2 or peroxidase activity. When paired with horseradish peroxidase (HRP), Am-
plex™ Red reagent enables the identification of H2O2 released from biological samples 
such as cells or produced in enzyme-coupled reactions (Figure 13). The technique exhibits 
remarkable sensitivity, capable of detecting picomolar amounts of glycerol and necessi-
tates merely a small amount of lysate (0.3 µg protein/well) prepared from HEK293 cells 
transiently expressing ABHD6. The same method has been applied and described for 
ABHD12 [111]. 

 
Figure 13. Fluorescence multi-enzymatic method proposed by Savinainen for MAGL, ABHD6, and 
ABHD12 activity evaluations. 1_ Catalysis of 1(3)-AG hydrolysis by ABHD; 2_ glycerol conversion 
to glycerol-1-phosphate (G-1-P) in presence of ATP performed by glycerol kinase (GK); 3_ oxidation 
of G-1-P catalyzed by glycerol 3-phosphate oxidase (GPO), generating H2O2; 4_ reaction of Am-
plifu™ Red with H2O2 catalyzed by horseradish peroxidase (HRP to form fluorescent resorufin. 
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The only other method for the analysis of ABHD6 and ABHD12 activities employs, 
as the fluorogenic probe, 7-hydroxy-2-naphthaldehyde-arachidonate (AA-HNA), previ-
ously described for MAGL (Figure 11) [108]. 

4.3. FAAH  
Fatty acid amide hydrolase (FAAH), a member of the serine hydrolase superfamily, 

plays a crucial role in the hydrolysis and inactivation of biologically active amides, includ-
ing endogenous AEA, OEA, and PEA. The traditional assay procedures used to screen 
and characterize FAAH detection utilize radiolabeled ligands to measure substrate hy-
drolysis and either TLC or HPLC as the purification step, processes that are both expen-
sive, time consuming [112–115], and are not particularly amenable for HTS. Other assays 
monitor the release of AA from AEA by using HPLC coupled with a UV detector [116]. 
Even in this case, these methods use expensive instrumentation and are not suitable for 
HTS, requiring lipid extraction and purification. The first colorimetric method proposed 
for FAAH was based on its ability of hydrolyzing OA to produce ammonia that is then 
detected and quantified by a second enzymatic process, an NADH/NAD+-coupled en-
zyme reaction [117]. Its application is limited by its sensitivity and the complexity of using 
a second enzyme (e.g., L-glutamate dehydrogenase). With respect to these methods, fluo-
rogenic probes have drawn considerable attention because of their major simplicity and 
higher sensitivity. Ramarao et al. [100] proposed the first fluorogenic substrate for FAAH 
and set up a simple approach for rapid fluorescence detection utilizing arachidonyl 7-
amino, 4-methyl coumarin amide (AAMCA). The non-fluorescent AAMCA, AA linked to 
coumarin by the amide bond, is specifically hydrolyzed by FAAH to produce AA and the 
highly fluorescent 7- amino, 4-methyl coumarin (AMC) (λex = 355 nm, λem = 460 nm, Figure 
14) that can be readily detected using a fluorometer.  

 
Figure 14. FAAH-responsive fluorescent probe: (a) AAMCA = arachidonyl 7-amino, 4-methyl cou-
marin amide; (b) decanoyl aminomethyl coumarin. AA = arachidonic acid. 

In 2006, Wang et al. [118] adapted the assay developed by Ramarao et al. [100] to an HTS 
format and screened a large library of small organic compounds, identifying a number 
of novel FAAH inhibitors. To obtain an HTS method, the author assessed different reac-
tion conditions such as substrate concentrations, reaction times, and enzyme amounts. 
Microsomes expressing FAAH, prepared from Chinese hamster ovary DukX/A2 cells 
instead of the purified enzyme, were used. The obtained data demonstrated that this 
fluorescent assay was sufficiently robust, efficient, and low cost for the screening and 
identification of FAAH inhibitory molecules. Similarly, Kage et al. [119] designed a new 
fluorogenic FAAH probe by substituting the AA with decanoic acid and validated it in 
the same experimental conditions described for AAMCA (Figure 14). The reason that 
prompted the authors to make this change is that AAMCA suffers from low solubility 
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and stability due to the longer hydrocarbon chain and potentially labile cis olefins. 
Huang et al. [120] described the development of a class of pyridine derivatives as fluo-
rescent probes for FAAH, with 3- or 5-aminopyridines substituted (Figure 15), and de-
vised a novel, simple, and highly sensitive fluorescent assay for FAAH activity.  

 
Figure 15. Structures of fluorescent reporters and substrates [120]. 

This assay relies on detecting the fluorescence emitted by a substituted 3- or 5-ami-
nopyridine after amide hydrolysis. According to the authors, substituted aminopyridines 
possess many advantages such as a higher fluorescence, better aqueous solubility, and 
smaller size. Furthermore, the nitrogen situated on the pyridine ring might act as an elec-
tron donor or be potentially engaged in hydrogen bonding, thereby aiding in the hydrol-
ysis of substrates by amide hydrolases. The novel fluorescent assays set up using as sub-
strate aminopyridines were at least 50 times better than those previously published in the 
literature, either fluorescent or colorimetric assays. Moreover, the assessment of the pro-
posed probes on human liver microsomes allowed for the discovery of at least one new 
amide hydrolase for long-chain fatty acid amides expressed by the microsomes, stimulat-
ing further research in this field. 

FAAH substrates initially contained AA, producing potent ligands such as N-(4-ni-
trophenyl)arachidonylamide (AA-pNA) [121], N-(4-methylcoumarin)arachidonylamide 
(AA-AMC) [100,118], and N-(6-methoxypyridin-3-yl)arachidonylamide (AA-MAP) [120]. 
These ligands, however, showed problems related to their relatively low water solubility 
and reduced stability due to the extended hydrocarbon chain (C20) and potentially labile 
cis double bonds, respectively [119,120]. Dato et al. [122] proposed N-decanoyl-substi-
tuted 5-amino-2-methoxypyridine (D-MAP, Figure 16) as a new amide substrate to over-
come the long and polyunsaturated acyl chain-stability problems. The choice of decanoic 
acid chain was based on the demonstrated ability of FAAH to also hydrolyze medium 
chain amides, with the best performance using decanoic derivatives [121]. Moreover, the 
5-amino-2-methoxypyridine (MAP) fluorophore was selected instead of 7-amino-4-
methylcoumarin (AMC) due to its superior sensitivity and water solubility [120]. The au-
thors also characterized their probe in comparison to the literature-known substrates N-
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(6-methoxypyridin-3-yl)octanamide (Oc-MAP) [120], N-(4-nitrophenyl)decanamide (D-
pNA) [115], and N-(4-nitrophenyl)octanamide (Oc-pNA) [115] with respect to the aqueous 
solubility and substrate properties. As expected, D-MAP demonstrated major affinity to-
ward FAAH (eight-fold higher specificity constant than Oc-MAP) and increased aqueous 
solubility if compared to the respective p-nitroaniline derivatives (D-pNA and Oc-pNA). 
Moreover, the high sensitivity of the D-MAP assay allows for the use of very low enzyme 
amounts (1 µg ml−1) if compared with previous methods. 

 
Figure 16. Structures of p-nitroaniline (R-pNA), 5-amino-2-methoxypyridine (R-MAP), and 7-
amino-4-methylcoumarin (R-AMC) containing substrates of FAAH. D = decanoyl; Oc = octanoyl. 

Foster and al. [123] proposed a novel approach to the design of FAAH fluorogenic 
probes, maintaining the integrity of the amide part of the enzyme natural substrate and 
introducing the fluorophore in place of the acyl chain. With this intent, four new ethano-
lamides of pyrenylalkanoic acids, characterized by a different distance between the 
pyrenyl and amide groups, have been synthesized and evaluated as FAAH probes (Figure 
17). HPLC coupled with a fluorescence detector to evaluate pyrene release was then used 
to determine FAAH, avoiding further sample cleanup. Triton X-100 was added to the as-
say buffer due to the low water solubility of the probes. From the proposed compounds, 
butan- and exan-amides showed the best performances, while octanoic and decanoic de-
rivatives were not hydrolyzed by FAAH. 

 
Figure 17. Structures of putative pyrenyl-containing substrates of FAAH. n = 3 N-(2-hydroxyethyl)-
4-pyren-1-ylbutanamide; n = 5 N-(2-hydroxyethyl)-4-pyren-1-ylhexanamide; n = 7 N-(2-hydroxy-
ethyl)-4-pyren-1-yloctanamide; n = 11 N-(2-hydroxyethyl)-4-pyren-1-yldodecanamide. 

In a recent study, Tian X. et al. [124] developed a new probe, named THPO, with the 
aim of monitoring endogenous FAAH. In this case, the AA, even if characterized by the 
stability and water-solubility problems described before, was introduced as a specific 
recognition moiety for FAAH (Figure 18). 7-amino-3H-phenoxazin-3-one (AHPO), a long-
wavelength fluorescent probe, was then chosen as the fluorescent dye due the need of a 
red-shifted emitting fluorophore aiming to reduce noise and interfering signals linked to 
cells experiments. THPO offers several advantages: firstly, its metabolite AHPO not only 
emits light in the red spectrum (λex/λem = 550/592 nm) but also boasts a high fluorescence 
quantum yield. Secondly, THPO demonstrates remarkable specificity and sensitivity to-
wards FAAH among a range of hydrolases. Thirdly, THPO can be utilized for monitoring 
and imaging FAAH in living cells. In summary, THPO has the potential to be a valuable 
tool for swiftly assessing the FAAH activity in complex systems and for establishing a 
visual HTS method for FAAH inhibitors. 
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Figure 18. FAAH-responsive fluorescent probe THPO: (THPO = arachidonic acid derivative of 7-
amino-3H-phenoxazin-3-one (AHPO). 

More recently, Tian M. et al. [86], aiming at developing a visual HTS method that 
would allow for the real-time detection and imaging of the FAAH activity in living cells 
or complex bio-systems, designed a highly selective and sensitive FAAH-activated near-
infrared (NIR) fluorescent probe. According to the authors of the study, NIR fluorescent 
probes are preferable owing to the reduced background absorbance of the activation 
wavelength and the significantly reduced interference and absorption of the emission 
wavelength. Enzyme-activated fluorescent probe DAND (Figure 19) was designed and 
synthesized based on the catalytic characteristics of FAAH by introducing decanoic acid 
as the specific recognition moiety in the fluorophore of 7-amino-9,9-dimethylacridin-
2(9H)-one (DAN). DAND was also successfully used for the real-time imaging of FAAH 
in living cells. 

 
Figure 19. FAAH-responsive fluorescent probe DAND: DAND = decanoic acid derivative of 7-
amino-9,9-dimethylacridin-2(9H)-one (DAN). 

In 2024, Casasampere et al. [125] reported the functional characterization of coumarin 
1-deoxydihydroceramide, RBM1-151, as a new substrate of amidases, including FAAH 
and NAAA (Figure 20).  
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Figure 20. Scheme of production of 7-hydroxyl coumarin (7-HC) from RBM1-151 by amide hydrol-
ysis and further in situ oxidation and β-elimination. In the box are the original compounds that 
inspired RBM1-151: RBM5-177 and RBM14-C12. 

The original compounds that inspired RBM1-151, RBM5-177 and RBM14-C12, were 
developed as novel fluorogenic sensors for the determination of sphingosine-1-phosphate 
liase activity in cell lysates [126]. The method is based on the evaluation of the fluorescent 
7-hydroxyl coumarin (7-HC) released from the aldehyde, resulting from amidase cleavage 
of the substrate, by in situ oxidation and β-elimination. RBM1-151 is not hydrolyzed by 
any other ceramidase, but it is deamidated by FAAH and NAAA. By combining the fluo-
rogenic amidase substrate RBM1-151, the authors have developed a system to monitor 
AC, FAAH, and NAAA not only in intact cells but also for HTS methods for the three 
enzymes. 

4.4. NAAA  
In addition to FAAH, another NAE-hydrolyzing amidohydrolase active only at an 

acidic pH was identified, NAAA, characterized by an optimal pH around 5 and the pref-
erence of PEA, an anti-inflammatory mediator, to other NAEs. Among the hydrolytic en-
zymes of the ECS, NAAA is the least studied to date, and there are only few suitable HTS 
assay methods for determining its activity. The assay procedures used to screen and char-
acterize NAAA activity employ either radioactive products [71,74,127] or mass spectrom-
etry [128]. These testing methods are expensive and poorly suited to HTS. The fluoromet-
ric methods used for NAAA are the same as those used for FAAH but adapted to the 
conditions for the enzyme. In 2012, West et al. [129] developed the fluorogenic PEA analog 
of AAMCA, N-(4-methyl coumarin) palmitamide (PAMCA, Figure 21), which is hydro-
lyzed to fluorescent 7-amino-4-methyl coumarin (AMC) and palmitic acid by NAAA at 
pH 4.5. The assay procedure is analogous to that used in the fluorescence-based assays for 
FAAH and MAGL and is performed on the protein extract of HEK293 cells expressing 
human recombinant NAAA (hNAAA). The same method has been applied by Vago and 
coworkers on the isolated hNAAA [29]. 
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Figure 21. NAAA-responsive fluorescent probe N-(4-methyl coumarin) palmitamide (PAMCA). 

Yang et al. [130] reported a fluorometric measurement of NAAA activity, similar to 
that previously reported with PAMCA as the fluorogenic probe [129,131] with slight mod-
ifications, used to evaluate the inhibitory potency of natural products. In 2024, Casasam-
pere et al. [125] reported the use of a coumarin derivative, RBM1-151, as a novel substrate 
of amidases, including NAAA, as mentioned above. 

5. Application of Fluorescent Probes in Living Cells 
To date, despite an in-depth analysis of the current literature, only few methods have 

been proposed for the evaluation of the activity of the ECS hydrolytic enzymes in living 
cells. Starting from the aforementioned probes, THAPO (Figure 18), thanks to its high se-
lectivity together with a good cell permeability and bio-compatibility, displayed the abil-
ity to detect FAAH activity in neural SHSY-5Y living cells, showing a consistent reduction 
of the fluorescence signal in the presence of a selective inhibitor (URB597) [124]. In addi-
tion, the NIR fluorescent probe DAND (Figure 19) has been also proposed for the detec-
tion of FAAH activity in living cells. The authors firstly explored the selectivity of DAND, 
comparing the fluorescence signal in the presence of FAAH with that produced by other 
metabolic enzymes comprising lipases and hydrolases. In a second step, the effects of se-
lective inhibitors, URB597 for FAAH and other inhibitors specific for the hydrolases and 
lipases assessed, on the fluorescence signal were evaluated, revealing a decrease in fluo-
rescence only in the presence of URB597. Lastly, DAND signal stability in the presence of 
common endogenous substances such as amino acids, myristic acid, and glucose or ions 
was evaluated. Once established, the high selectivity and good stability of the probe in 
complex bio-matrices, with the fluorescence signal produced in BV2, C6, and U251 living 
glial cells, was evaluated in the presence or absence of URB597, demonstrating a decrease 
in fluorescence production in the presence of the selective inhibitor [132]. Even the probe 
RBM1-151 (Figure 20), proposed by Casasampere and coworkers for the detection of lipid 
amidases, allowed for the determination of the activity of acid ceramidase, FAAH, and 
NAAA in intact cells if used in combination with selective inhibitors. The proposed fluo-
rescence method has the advantage to highlight the modulation of the activities of these 
three enzymes in response to large-scale experiments, in HTS format (96-well plate) with 
a single substrate. Unfortunately, the requirement of an additional oxidative step, per-
formed with sodium periodate, after umbelliferon release to obtain the fluorescence signal 
limits its use in living cells [125]. 

In addition, a novel NIR two-photon ratiometric, fluorescent probe named CANP 
(Figure 22), based on a naphthylvynylpyridine monofluorophore released from CANP by 
the enzymatic cleavage of the amide bound, has been recently proposed for FAAH activity 
imaging in live neurons. The probe was completely characterized and validated on the 
recombinant enzyme in the presence or absence of the inhibitor URB597. Furthermore, its 
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cytotoxicity and biocompatibility were assessed on neurons. A first experiment of co-lo-
calization confirmed the accumulation of the CANP signal in the cytosol where FAAH is 
active, then a probe was used to image the dynamics of endogenous FAAH levels and 
activity in response to different stimuli or in the presence of URB597 [133].  

 
Figure 22. Structure of probes used for enzyme activity evaluation in living cells. 

A new fluorescent probe to evaluate MAGL activity in living cells has been also re-
cently proposed. From a small library of monosubstituted and unsymmetrical disubsti-
tuted tetrazines, the tetrazine 10c (Figure 22) displayed a favorable combination of kinet-
ics, small size, and hydrophilicity and was selected for experiments in living cells. This 
new probe, in combination with the TCO-TAMRA labeling system, allowed for the label-
ing of active MAGL in human brain pericytes [134].  

Very recently, Mohammad et al. presented luciferin derivatives, such as D-luciferin 
methyl ester and CycLuc1 amide (Figure 22), to “illuminate the activity of multiple serine 
hydrolases” in living cells [135]. The authors validated the proposed probes for MAGL 
activity detection on prostate cancer (PC3) and glioma (U87) cells transfected with firefly 
luciferase. For FAAH validation, instead, HEK293 cells overexpressing the enzyme and 
expressing luciferase were used. The inability of the probes to evaluate the ABHD6 activ-
ity was also demonstrated. However, the poor selectivity of the proposed probes limits its 
application in living cells expressing comparable amounts of the different target enzymes.  

Despite reports in the literature of an increasing number of probes used for the de-
velopment of HTS methods assessing ECS hydrolytic enzyme activities in the presence or 
absence of inhibitors, only a few of them enable the evaluation of these enzyme activities 
in living cells. Moreover, most of the proposed methods cannot be used for time-course 
or continuous analysis due to the multiple steps required for fluorescence detection, such 
as oxidation, protein extraction, or electron microscopy application. 

6. Advantages and Disadvantages 
Enzyme-activated fluorescent probes are likely the most extensively utilized detec-

tion method in enzymatic drug screening and disease diagnosis, primarily because they 
are suitable for HTS and provide great performance and flexibility. The high sensitivities 
of these methods, which are 100 to 1000 times greater than that of absorption photometry, 
are especially useful in studies where only small amounts of samples are available and 
permits the incubation of enzymes in dilute solutions under conditions where the kinetics 
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and the influence of inhibitors or activators are often studied with more validity. The in-
cubation time is short, and the monitoring of the product over time is continuous; the 
measurement is directly in the reaction medium, and a high number of samples and rep-
licates are processed simultaneously (96 wells/plate). Finally, disposable materials such as 
pipette tips and microplates are readily available, allowing plate set-up and measurement 
to be completed in less than one hour. Furthermore, the automatic calculation of the ac-
tivity rates in relative units of fluorescence/min facilitates the interpretation of the results. 
Due to the absence of a detection reagent requirement, fluorescence-based assays exhibit 
high stability, enabling batch processing of plates as well as the capability for plates to be 
read multiple times. 

In contrast, although fluorescence-based assays offer powerful tools for biochemical 
and biomedical research, one must be aware of their limitations. As described before, auto-
bio-fluorescence, photobleaching, or environmental factors can interfere with the anal-
yses. Moreover, different fluorophores emit distinct wavelengths of light, enabling re-
searchers to employ fluorescence assays for multiplexing and the simultaneous measure-
ment of multiple targets on a single plate.  

Addressing these challenges through improved experimental protocols, advanced 
instrumentation, and alternative assay designs will further enhance the utility and relia-
bility of fluorescence-based techniques in scientific investigations. 

Future studies on endocannabinoid hydrolytic enzymes should prioritize elucidating 
their substrate specificity across different physiological contexts. Investigating the kinetics 
of enzyme-catalyzed hydrolysis and their modulation by endogenous and exogenous fac-
tors will enhance our understanding of their regulatory mechanisms. Furthermore, ex-
ploring the structural basis of enzyme–substrate interactions and identifying novel inhib-
itors or activators could uncover therapeutic strategies for manipulating the endocanna-
binoid system in various health conditions. 
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