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Abstract: Phenolic lipids were isolated from rye grains, cashew nutshell liquid (CNSL) 

from Anacardium occidentale, and fruit bodies of Merrulius tremellosus, and their effects 

on the electric eel acetylcholinesterase activity and conformation were studied. The 

observed effect distinctly depended on the chemical structure of the phenolic lipids that 

were available for interaction with the enzyme. All of the tested compounds reduced the 

activity of acetylcholinesterase. The degree of inhibition varied, showing a correlation with 

changes in the conformation of the enzyme tested by the intrinsic fluorescence of the Trp 

residues of the protein. 
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1. Introduction 

The phenolic lipids are a heterogeneous group of natural lipids, including simple phenols, 

polyphenols and their derivatives. A certain sub-population of single-ring phenolic lipids are 

specifically found in certain plants and these contain a catechol, resorcinol or hydroquinone moiety 

alk(en)ylated by a multicarbon chain [1]. Phenolic lipids were reported to have antiparasitic, 

anticancer, antifungal, antimicrobial and antioxidant effects. Their various biological activities suggest 

their involvement in regulating the metabolism at the cellular and organism levels [2]. 
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Anacardic acids, cardols, cardanols and methylcardols (Figure 1a) are the main non-isoprenoid 

phenolic lipid components of cashew nutshell liquid (CNSL). Anacardic acid has been used to generate 

other potentially bioactive compounds (salicylate macrolactones) [3]. Resorcinolic lipids (ARs,  

Figure 1b) are present in many higher plants, but also in bacteria, fungi, algae and mosses [1]. They are 

most common in the bran of cereal grains [4]. When present in the diet, alkylresorcinols have been 

found to be absorbed not only by rats and pigs [5], but also by humans [6–8], and they are transported 

via the lymphatic system and carried in association with erythrocyte membranes and lipoproteins in the 

blood [8–10]. Merulinic acid (Figure 1c) from Merulius tremellosus seems to be one of the most 

biologically active phenolic lipids [2,11]. 

Figure 1. The structures of the studied compounds. (a) Resorcinolic and alkylphenolic 

lipids from Anacardium occidentale. (b) Resorcinolic lipids from rye grain (C15:0 and 

C25:0 as an example). (c) Merulinic acid from Merulius tremellosus. 

 

 

(a) (b) 

 

(c) 

Acetylcholine (ACh) is a universal cell molecule found in all plants and animals and it plays a role 

in neuronal and non-neuronal signaling [12]. It is also widely accepted to have a role in non-neuronal 

tissue, including tumors [13,14], in hematocytopoietic disorders [15], and in regulation of the immune 

function [16]. After each nerve transmission, ACh is inactivated through enzymatic degradation 

mediated by cholinesterases. It was hypothesized that the cognitive loss associated with Alzheimer’s 

disease (AD) is related to a reduction in the acetylcholine levels and a central cholinergic deficit. Thus, 

increasing the amount of ACh using acetylcholinesterase inhibitors might enhance cognitive function 

in AD patients [17,18]. 

Acetylcholinesterase (AChE) is a conservative enzyme encoded by a single gene. It is a product of 

alternative splicing and therefore, can be bound to the membrane via a glycosyl-phosphatidylinositol 

anchor positioned in the exoplasmic leaflet of the membrane (erythrocyte AChE) or PRIMA peptide 

(synaptic AChE) or soluble in water (e.g., “read through” AChE). Each form has identical catalytic 

properties regardless of the place of appearance [19]. The well-known AChE inhibitors, such as 

Tacrin, Donepezil, Rivastigmin, Galantamine, Huperzine, Physo- and Eptastigmine, inhibit enzyme 

activity through interaction with the protein part of the enzyme [20]. In previous studies [11,21], we 
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observed a decrease in the activity of GPI-anchored erythrocyte AChE in the presence of phenolic 

lipids. Later studies on GPI-deprived AChE did not allow a precise determination as to whether the 

inhibition occurs as a result of phenolic lipid interactions with the protein part of the enzyme or 

through modulation of the membrane properties [22]. The aim of this study was to determine if 

phenolic lipids might interact directly with the protein part of AChE and if this affects the activity  

of this enzyme. 

2. Materials and Methods 

2.1. Chemicals 

Electric eel AChE (>1000 U/mg protein), acetylthiocholine iodide and DTNB  

(5,5-dithiobis(2-nitro)-benzoic acid) were purchased from Sigma-Aldrich, Poznan, Poland. AChE 

solution was received at a concentration of 1.5 mg/mL and was diluted 1500 times (for the estimation 

of AChE activity) or 75 times (for Trp fluorescence tests). 

Homologues of the phenolic lipids, resorcinolic lipids and merulinic acid were isolated 

chromatographically according to procedures described previously (respectively in [23–25]). The 

purity of the tested compounds was assessed by HPLC and was above 98%. All of the lipids were used 

as methanolic solutions. 

The remaining chemicals were of the best available purity and obtained from CHEMPUR (Piekary 

Slaskie, Poland). 

2.2. Estimation of AChE Activity 

AChE activity was assayed using the method described by Ellman [26]. Briefly, acetylthiocholine is 

used as the substrate, and the product, thiocholine, as the indicator of enzymatic activity after its 

reaction with DTNB to form a yellow anion, 5-thio-2-nitrobenzoic acid. First, 20 μL of AChE and 

DTNB with Na2CO3 (to final concentrations of 320 and 450 μM, respectively) were added to 3 mL of 

0.1 M Na2HPO4/NaH2PO4 (pH 8.0). Microliter amounts (less than 50 μL) of the investigated 

compounds (concentration range from 8 to 94 μM) were then added. After 5 min of pre-incubation, 

acetylcholine iodide was added to a final concentration of 0.476 μM. 

The progress of acetylthiocholine iodide hydrolysis was recorded spectrophotometrically with a 

Shimadzu UV-2401 PC (Shimadzu Co., Kyoto, Japan), UV–VIS Recording Spectrophotometer at  

37 °C. Changes in the absorbance of the samples at 412 nm were recorded continuously for 10 min. 

The rate of the reaction (V) was calculated as follows:  

   
      

          
 [mol/L/min] (1) 

where ΔA is the increase in absorbance of the sample over 1 min at 37 °C. 

The enzyme activity modulated by the studied compounds was calculated as a percentage of the 

control reaction. The influence of the solvent and lipids was considered in the control and in  

blank samples. 
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2.3. Estimation of the Effect of Phenolic Lipids on Intrinsic Fluorescence of Trp Residues of AChE 

Alterations in the microenvironment of the Trp of the peptide upon interactions with the tested 

compounds were monitored as described previously [27]. Small amounts (less than 50 μL) of phenolic 

lipids in methanolic solution (in the range of 20–213 μM) were added to 2 mL of the reaction mixture 

containing 0.1 M Na2HPO4/NaH2PO4 (pH 8.0) and 25 μL of AChE with continuous stirring, and 

maintained at 24 °C. After 10 min of equilibration, Trp fluorescence spectra were measured with  

a Varian Cary Eclipse spectrofluorometer (Varian, Mulgrave, Victoria, Australia). The tryptophan 

residues were excited at 295 nm and emission spectra were recorded from 300 to 400 nm. Spectra were 

corrected for the contribution of light scattering in the presence of the tested lipids. 

3. Results 

Alkylphenolic (cardanol and anacardic acid) and resorcinolic lipids (cardol and methylcardol) from 

cashew nutshell liquid (CNSL) (Figure 1a), alkylresorcinols from rye grain (Figure 1b) and merulinic 

acid from Merulius tremellosus (Figure 1c) were tested for their in vitro inhibitory activity on AChE 

from Electrophorus electricus. The results are expressed as graphs (Figure 2a–c respectively).  

A decreased activity of AChE was observed in the presence of all of the tested phenolic lipids in the 

experimental media. The most effective decrease was observed after the addition of phenolic lipids 

from A. occidentale: anacardic acid, cardol and alkylphenol inhibited the enzyme activity almost 

completely. Resorcinolic lipids from rye bran demonstrated AChE activity inhibition that was related 

to the length of the alkyl chain present in the molecule. The increase in the number of carbon atoms in 

the chain caused a greater inhibition of the enzyme, but it never exceeded 70%. Merulinic acid caused 

AChE inhibition by max. 40%. 

The most effective inhibitors of AChE are the CNSL-derived lipids, which exhibit IC50 (the 

inhibitor concentration causing 50% inhibition) of similar values. The IC50 values of rye bran lipids are 

ten times higher (Table 1). 

Changes in the Trp emission of the investigated proteins in the presence of phenolic lipids depended 

on the chemical structures of compound applied. The more evident conformational modification was 

observed after treatment with alkylphenol (the value of F/F0 is three times greater, Figure 3a), AR 25:0 

(the value of F/F0 is 2.5 times greater) and AR 19:0 (the value of F/F0 is 2 times higher, Figure 3b). 

The value of F/F0 decreases by about 80% after the addition of anacardic and merulinic acids  

(Figure 3a,c respectively). The change in fluorescence of Trp residues are smaller for the other lipids 

tested. No significant statistical differences were observed in fluorescence maxima position during our 

experiments. 
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Figure 2. Inhibitory effect of phenolic lipids on acetylcholine (AChE) from E. electricus. 

(a) Phenolic resorcinolic and alkylphenolic lipids from A. occidentale. (b) Resorcinolic 

lipids from rye grain. (c) Merulinic acid from M. tremellosus. Data are given as  

means ± SD of three individual determinations, each performed in triplicate. 

  

(a) (b) 

 

(c) 

Table 1. AChE inhibition (IC50 values, μM) of phenolic lipids. 

Studied Compound IC50 ± SD [μM] 

Cardol 3.5 ± 0.2 

Methylcardol 5 ± 0.41 

Alkylphenol 4 ± 0.24 

Anacardic acid 3 ± 0.24 

AR 15:0 >94 

AR 19:0 77 ± 1.25 

AR 21:0 44 ± 0.47 

AR 25:0 44 ± 4.24 

Merulinic acid >94 

4. Discussion 

The characteristics parameters of Trp fluorescence are sensitive to changes in the microenvironment 

of this amino acid side chain, such as those caused by alterations in peptide conformation during 

interactions with ligands. It is known that the fluorescence intensity of Trp residues is strongly affected 

by the characteristics of its environment, such as dielectric constant. Lowering the polarity of the 

environment (and dielectric constant at the same time) causes a decrease in the fluorescence intensity 

of Trp residues [28,29]. The decrease in fluorescence intensity may be due both to changes in protein 

conformation (and changes in Trp residues exposure to an aqueous solution) as well as the direct 

quenching of fluorescence by the added ligands [30]. 
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The tested compounds that do not have a polar charged part of the molecule (ARs from rye bran, 

alkylphenol and cardol from CNSL) cause an increase in the value of F/F0. By contrast, the lipids with 

a polar part of the carboxyl group (anacardic and merulinic acids) cause a decrease in the value of F/F0. 

The presence of methyl residues at the 1,3-dihydroxybenzene ring (methylcardol) does not alter the 

conformation of the protein. 

Figure 3. Interaction of E. electricus AChE with phenolic lipids. The graphs show the ratio 

of the fluorescence emission intensity at 310 nm of AChE versus lipid concentration.  

(a) Resorcinolic and alkylphenolic lipids from A. occidentale. (b) Resorcinolic lipids from 

rye grain. (c) Merulinic acid from M. tremellosus. F0 and F are the fluorescence intensity in 

the absence and in the presence of phenolic lipids, respectively. Data are given as  

means ± SD of three individual determinations, each performed in triplicate. 

  

(a) (b) 

 

(c) 

The results suggest that in the case of molecules with a side chain of the same length (lipids from 

CNSL), the effect depends on the chemical structure of the polar parts of the molecule. On the other 

hand, in the case of ARs from rye bran, which have the same polar head, the effect is dependent on the 

length of the side chain. The change in the value of F/F0 becomes more significant with the increase in 

the number of carbon atoms in the side chain of the lipid molecule. This means that the mechanism of 

interactions of phenolic lipids with AChE is more complex, with the enzyme probably affecting both 

polar and non-polar parts of the lipid molecules. 

There is a correlation between the observed changes in the value of AChE inhibition and value of 

F/F0 after addition of phenolic lipids to the reaction medium. Lipids that cause a change in the 

conformation of the enzyme also inhibit its activity. The exceptions are methylcardol and AR 15:0, 

which do not cause changes in the fluorescence of Trp residues even though they inhibit the activity of 

the enzyme in the ranges of 50%–70% and 20%, respectively. Earlier studies have indicated several 
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major domains within the protein: a catalytic active site composed of two sub-sites, the aromatic  

gorge in which the catalytic active site lies, and a peripheral anionic site, distinct from the catalytic 

active site [31]. The active site is composed of two sub-sites: the esteratic sub-site which contains the 

catalytic triad, and the anionic sub-site that accommodates the positive quaternary pole of 

acetylcholine. The esteratic sub-site contains the catalytic machinery of the enzyme: a catalytic triad of 

Ser200, His440, and Glu327. The anionic sub-site is defined by Trp84, Phe330, and Phe331. Its role is 

to orient the charged part of the substrate that enters the active centre. This role is the main function of 

the Trp84 residue [31]. The peripheral anionic site contains Trp286, and is able to bind to many 

different types of ligands, and by doing so affects the conformation of the active centre. This site 

exhibits flexibility which accommodates many distinct ligands, and also implies their conformational 

mobility [32]. No shift on the band maximum was observed, which may suggests that the mechanism 

of the Trp residues quenching is complex (simultaneous quenching by direct interaction and possible 

modification of the conformation) [30]. 

5. Conclusions 

It has been suggested that phenolic lipids alter the activity of GPI-anchored erythrocyte AChE by 

changing the physicochemical properties of the phospholipid bilayer. Our experiments use AChE from 

E. electricus as a model and indicated that the phenolic lipids may also interact directly with the 

protein part of this enzyme. Our results suggest that the effect of phenolic lipids on GPI-anchored 

erythrocyte AChE is probably more complicated and dependent on a direct interaction of lipid 

molecules with the protein part of the enzyme and on changes in the physicochemical properties of the 

phospholipid bilayer. 
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