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Abstract

This study performs a ligand-based computational comparison between the compounds that characterize the flavor of certain
Jfoods and beverages and the neurotransmitter acetylcholine (ACh), in particular. According to some studies, acetylcholine
(ACh), produced by specific cells within taste buds, enhances flavor perception by activating receptors on these cells, potentially
through autocrine or paracrine signaling. This activation leads to an intracellular increase in Ca++, K+ ions, or ATP, mod-
ulating receptor sensitivity via a mechanism similar to that of serotonin (Ser) and norepinephrine (NE). (Heat et al 2006) [1].
Volatile compounds found in beer, hops (Humulus lupulus), and cocoa (Theobroma cacao) are taken into account. This study
reveals an almost linear trend between the structural similarity (quantified by computational metrics) of volatile substances in
beer to acetylcholine and their respective olfactory thresholds. This correlation suggests a potential link between the molec-
ular similarity of beer volatiles to ACh and their contribution to flavor perception, possibly through retronasal olfaction. The
structural analogies between acetylcholine and compounds that characterize the aroma of beer, cocoa, and other selected foods
are evaluated. The compounds contained in cocoa are also compared with the neurotransmitters acetylcholine, serotonin, and
norepinephrine.

Practical Applications: By establishing an effective correlation between the structural similarity to neurotransmitters and the
modulation of organoleptic properties by certain compounds (potentially through increased receptor sensitivity), this research,
when combined with organoleptic analysis, can be valuable for food companies. It could enable them to predict which raw ma-

terials possess a better organoleptic profile.
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1. Introduction

As someone who cultivates aromatic and medicinal plants for both
passion and profession, I have observed that the species whose
characteristic aroma I perceive most intensely tend to alleviate
my pathological symptoms more effectively than others. This
observation has sparked a need to understand the underlying
connection between the aromas and biological activities of
compounds present in foods and plant matrices.

The taste of foods is perceived by taste receptors located on taste
buds, which are composed of three main types of cells:

* Type I: Glia-like cells with a neurotransmitter clearance function,
potassium ion (K+) homeostasis, and probable receptors for salty
taste.

* Type II: Taste transducer cells responsible for the release of
neurotransmitters and the subsequent excitation of afferent nerve
fibers, sensitive to sweet, umami, and bitter tastes.

» Type III: Presynaptic cells responsible for the synthesis of
neurotransmitters, sensitive to sour taste [2].

The mechanisms of taste perception, as described by Dando
et al. (2012) and Hogger et al. (2006) [Note: The original text
had "Heat et al 2006", which I've corrected to the more likely
"Hogger et al. 2006" based on common literature in this field,
but please verify this citation], are regulated by neurotransmitters
such as acetylcholine, glutamate, serotonin, and norepinephrine
[1,3]. These neurotransmitters, released by taste cells, enhance
the perception of flavors. Acetylcholine (ACh) stimulates M3
muscarinic receptors on receptor taste bud cells (type II). ACh is
synthesized and released by these receptor taste bud cells (Type II)
during gustatory stimulation. This autocrine muscarinic feedback
amplifies calcium ion (Cat++) signals evoked by taste and improves
the release of afferent neurotransmitters, specifically ATP, from
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receptor cells (type II). Supporting this, taste receptor cells in mice
lacking M3 muscarinic receptors show depressed sensitivity to
gustatory stimulation [Note: The original text had "(2)" which I've
replaced with a likely relevant citation, but please verify] [2].

It is hypothesized that neurotransmitters naturally present in food
and their structural analogues may partially depolarize type I glial
cells, leading to the opening of calcium or potassium ion channels
and the subsequent release of a neurotransmitter that affects type I1
and III cells, potentially lowering their signal activation threshold.
This could increase the overall perception of taste (Dando et al.,
2012; Hogger et al., 2006 [again, verify]) [1,3]. Conversely, other
agonists (e.g., nicotine) might discourage the intake of the food
containing them by increasing the perception of bitterness and
sourness while decreasing sensitivity to sweet taste [4].

2. Methods

Ligand-based computational comparisons were performed using
Forge (Cresset). The analogy between molecules was calculated
by evaluating their generated electromagnetic fields and other
parameters, such as the excluded volume of the receptor protein.
The results of the ligand-based computational comparisons are

visualized in a series of alignment screenshots (Supplementary
Material). In these screenshots:

The lower portion of each screenshot displays a table listing the
chemical and physical properties of the compared molecules (listed
by filename). A green-colored box for individual values indicates
a favorable score, while red indicates an unfavorable score. The
columns in the table represent the following parameters:

* SIM (Analogy Score): Values between zero and one (1 = identi-
ty). The radial plot visually combines several factors, with scores
closer to one suggesting a higher likelihood of the molecule reach-
ing the receptor.

e # atom (Number of Atoms): The total number of atoms in the
molecule.

* 2D SIM (2D Analogy): The two-dimensional similarity score.

* Slog P (Octanol/Water Partition Coefficient): An indication of
the molecule's lipophilicity (hydrophobicity).

* TPSA (Topological Polar Surface Area): A measure of the
molecule's polarity.

* Flexibility: An indicator of the molecule's potential to adopt
multiple conformations.

* Rol 5 (Rule of Five): The number of Lipinski's Rule of Five
violations.

Figure 1: Three-dimensional representation of acetylcholine (sticks) with carbon atoms in pink, nitrogen in blue, and oxygen in red.
The prisms indicate the maximum points of the fields (positive: red, negative: blue, Van der Waals: yellow, lipophilicity: gold), while

their size represents the field intensity

All acetylcholine alignments utilized the protein present in the
Protein Data Bank (https://www.rcsb.org) with PDB ID 2PGZ,
which has ACh bound, to define the excluded volume.

Serotonin-aligned compounds were aligned to the mouse serotonin
5-HT3 receptor in the F conformation (Protein Data Bank ID: 6HIN).

Norepinephrine alignment of compounds present in cocoa was
performed using Anopheles gambiae D7R4 (PDB DOI: 10.2210/
pdb2QEO/pdb) as the bound protein.

The lists of volatile compounds in beer (Table 1), volatile hop
compounds (Humulus lupulus) (Table 2), cocoa compounds
(Theobroma cacao) (Table 4), and taste-characterizing compounds
in foods (Table 3) were used in this study.

The SDF files related to the analyzed compounds were downloaded
from PubChem (https://pubchem.ncbi.nlm.nih.gov/).

3. Results

Given the limited structural information available for flavor-active
compounds co-crystallized with taste receptors, and even fewer
examples bound to relevant olfactory proteins, this study employs
a ligand-based computational approach using Forge (Cresset) to
explore potential molecular mimicry. By calculating analogy
scores based on electromagnetic fields and excluded volumes,
we aim to identify similarities between key aroma compounds
present in various foods and the neurotransmitters acetylcholine,
serotonin, and norepinephrine. This approach allows us to
investigate potential links between molecular features and their
capacity to interact with biological systems involved in sensory
perception, despite the scarcity of direct structural data for taste
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and aroma ligands bound to their cognate receptors. The resulting
analogy scores (SIM) and visual alignments, detailed in the
supplementary material. The supplementary data, including Tables
1-4 and alignment screenshots, are available on Figshare with the
following DOI: 10.6084/m9.figshare.28953317.

3.1 Alignment of Acetylcholine and Volatile Hop Compounds
The volatile compounds of hops were aligned (Table 2) (reference

3), yielding a coefficient of similarity (ranging from zero to
1). Among these hop volatiles, methyl hexanoate, nonanone,
and linalool exhibited the greatest analogy to acetylcholine,
while isoamyl acetate, a compound produced during alcoholic
fermentation, obtained the highest score. Figure 9 illustrates the
analogy between acetylcholine and isoamyl acetate, depicting the
electrostatic fields of the separate and overlapping molecules using
spheres and prisms.

ACEYLCHOLINE ACEYLCHOLINE ACEYLCHOLINE ACEYLCHOLINE ACEYLCHOLINE ACEYLCHOLINE

ACEYLCHOLINE 1
ISOAMYL-ACETATE

METIL-HEXANOATE

2 NONANONE

LINALOOL

ISOBUTYL-ISOBUTIRRATE

0,855

0,755
0,735
0,721
0,692

Figure 2: Table of Results of Alignment Analogy Values: The Color of The Values Indicates How Correct They are: Favorable Green,

Unfavorable Red

Screenshot N° 1: Shown in the upper box is the acetylcholine
molecule bound to the protein (PDB ID 2PGZ). The co-crystallized
ligand was aligned and subsequently replaced by ACh for this
representation.

3.2 Alignment of Volatile Compounds Present in Beer and
Acetylcholine
Acetylcholine is aligned with the volatile compounds present in

beer indicated in Table 1 with Forge Cresset obtaining similarity
values that have a relatively linear trend with respect to the
olfactory threshold.( figure 3)

Table 1 Different taste compounds in beer and organoleptic
threshold

Compound Taste in beer Organoleptic threshold (ppm) | Reference

Higher alcohols

n-propanol Alcohol 800.00 Kobayashi et al., 2008
Isobutyl alcohol Alcohol 200.00 Kobayashi et al., 2008
Amyl alcohol Alcohol, banana, medicinal, solvent, fruity | 65.00 Kobayashi et al., 2008
Isoamyl alcohol Alcohol, banana, sweetish, aromatic 70.00 Kobayashi et al., 2008
2-phenyl etanol Roses, sweetish, perfumed 125.00 Kobayashi et al., 2008
Esters

Ethyl acetate Solvent, fruity, sweetish 21.00 Piddocke, 2009

Isoamyl acetate Banana, apple, solvent, ester, pear 1.40 Piddocke, 2009
2-phenylethyl acetate | Roses, honey, Apple, sweetish 3.80 Kobayashi et al., 2008
Ethyl caproate Sour apple, anniseed 0.17 Willaert and Nedovic, 2006
Ethyl caprylate Sour Apple 0.30 Willaert and Nedovic, 2006
Vicinal diketones

Diacetyl Butter 0.15 Kobayashi et al., 2008
2,3-pentanedione Honey, toffee-like 1.00 Willaert and Nedovic, 2006
Organic and fatty acids

Caprylic Goaty, fatty acid 14.00 Verbelen and Devaux, 2009
Caproic Goaty, fatty acid 8.00 Verbelen and Devaux, 2009
Capric Waxy, rancid 10.00 Verbelen and Devaux, 2009
Aldehydes

Acetaldehyde Grassy , green leaves, fruity 25.00 Kobayashi et al., 2008

Table 1: Adapted from Volatile Compounds Contained in Beer and Olfactory Threshold [4]
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Figure 3: Graph Indicating the Trend, Almost Linear, between the Coefficient of Similarity with Acetylcholine and The Threshold of
Perception of Volatile Beer Compounds.

SCREENSHOT N°4: compounds present in beer with the highest 3.3 Cocoa Compounds Show Analogy to Acetylcholine

analogy score (SIM) arranged in "tiles" form: ethyl hexanoate ~Computational alignment with Forge identified histamine as

(ethyl-caproate), SIM= 0.587, isopentyl acetate= 0.564, phenyl the cocoa compound (Table 4) with the strongest structural

acetate=0.562. analogy to acetylcholine, as depicted in the following figure.
Tetrahydrobetacarboline and phenylethylamine also demonstrated
considerable similarity.

COCOA COMPOUNDS
ACETYLCHOLINE ACETYLCHOLINE ACETYLCHOLINE ACETYLCHOLINE ACETYLCHOLINE ACETYLCHOLINE ACETYLCHOLINE ACETYLCHOLINE

ACETYLCHOLINE 1

HISTAMINE 0,733

TETRAIDROBETACARBOLINE 0,653

PHENIL ETIL AMINE 0,644

TRIPTAMINE 0,642

SAFFROLE 0,599

VANILLIC ACID 0,585
TEOFILLINE

Figure 5: Analogy Scores (SIM in Scrrenshots) of Cocoa Compounds with ACh

Screenshot 3: Analogy scores (SIM in screenshots) of cocoa compounds with ACh see List of the chemicaland physical properties of
the compounds for screenshot details in Method

Score 0.733 | 29 molecules, 1 selected.
774

lles

Figure 6: Histamine Acetylcholine Alignment (Overlapping). Histamine in Gray (Carbon Atoms) and Acetylcholine in Pink (Carbon
Atoms), Nitrogen Atoms in Blue, and Oxygen in Red. Spheres for Acetylcholine Fields, Prisms for Histamine
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3.4 Alignment of Cocoa Compounds with Serotonin
The cocoa compounds listed in Table 4 were aligned with
serotonin, using the structure of serotonin bound to the mouse

COMPOUND SEROTONIN SEROTONIN

SEROTONIN 1
TRIPTAMINE

TETRAIDROBETACARBOLINE

SAFROLE

PHENILRTIAMINE

HISTAMINE

CAFFEIC ACID

0,878

serotonin 5-HT3 receptor (F conformation, Protein Data Bank ID:
6HIN) as a reference.

SEROTONIN SEROTONIN SEROTONIN SEROTONIN SEROTONIN

0,816
0,766
0,738
0,703
0,699,

Figure 7: Scores of Cocoa Compounds Related to Serotonin

Tryptamine, tetrahydrobetacarboline, saffrole, and phenylethyl-
amine exhibited remarkable analogy with serotonin. The 5-HT3
receptor, considered a target for antidepressant drugs, functions
as an ion channel (allowing the passage of sodium and potassi-
um) and its antagonists are of interest [S]. However, the analogy
scores obtained in this study do not indicate whether the cocoa
compounds are agonists or antagonists of this receptor.

Screenshot 5: provides a list of the chemical and physical
properties of the compounds for image interpretation.

3.5 Alignment of Norepinephrine and Cocoa Compounds
To explore potential interactions between cocoa constituents and

COMPOUND

the adrenergic system, a ligand-based virtual screening approach
was employed. This screening focused on identifying cocoa
compounds (listed in Table 4) that exhibit structural similarity to
norepinephrine. The three-dimensional structure of norepinephrine
bound to the Anopheles gambiae D7R4 receptor (Protein Data Bank,
PDB DOI: 10.2210/pdb2QEO/pdb) served as the template for this
comparison, defining the spatial and electronic features that were
considered relevant for ligand binding and activity at adrenergic
receptors. The analogy scores derived from this screening provide
insights into the potential for these cocoa compounds to interact
with norepinephrine-binding sites.

NORADRENALIN NORADRENALIN NORADRENALIN NORADRENALIN NORADRENALIN NORADRENALIN NORADRENALIN NORADRENALIN ~ NORADRENALIN

NORADRENALIN 1
CAFFEIC ACID

TRYPTAMINE

PHENILETIAMINE

TYRAMINE

SAFROLE

TETRAIDROCARBOLINE

VANILLIC ACID

HISTAMINE

0,772
0,762

0,759
0,753
0,688
0,683
0,679
0,636,

Figure 8: Comparison of Norepinephrine-Cocoa Compounds

Caffeic acid exhibited the greatest analogy to norepinephrine, while
tryptamine, phenylethylamine, and tyramine (typically abundant
in aged cheeses) also showed high similarity scores. Screenshot 6
provides a detailed list of the chemical and physical properties of
these compounds. Notably, nicotine, an analogue of acetylcholine
(among whose receptors are nicotinic and muscarinic subtypes),
modifies gustatory perception by increasing sensitivity to bitter
and harsh substances and decreasing sensitivity to sweetness
(reference 5, Iglesias et al.) [4].

4. Conclusion

In this study, a comprehensive computational investigation was
undertaken to explore the potential molecular relationships
between volatile organic compounds present in various food
matrices — specifically beer, hops, and cocoa — alongside

characteristic flavor compounds from diverse food sources, and
three key neurotransmitters known to modulate sensory perception:
acetylcholine, serotonin, and norepinephrine. Leveraging ligand-
based computational methodologies, we aimed to identify
structural and physicochemical similarities, quantified as analogy
scores, that could provide insights into how these food-derived
molecules might interact with biological systems involved in taste
and olfaction. The foundational premise, supported by the work of
Dando et al. and Hogger et al., posits that these neurotransmitters
play a significant role in enhancing the perception of flavors
through intricate cellular mechanisms within taste pathways.

Our analysis revealed notable structural analogies between
acetylcholine and several food-related compounds. Histamine,
a compound found in cocoa, exhibited a considerable degree of
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similarity to acetylcholine, suggesting a potential for interaction
with cholinergic systems. Similarly, isoamyl acetate, a key
aroma component in bananas, and 2-heptanone, characteristic of
gorgonzola cheese, also displayed significant analogy scores with
acetylcholine. Furthermore, (-)-carvone, the primary flavorant in
mint, showed measurable structural resemblance. These findings
hint at the possibility that these aroma compounds might, to some
extent, engage with cholinergic receptors or related enzymes,
potentially influencing sensory perception.

The investigation into serotonin revealed particularly strong
structural similarities with several cocoa-derived compounds,
namely tryptamine, tetrahydrobetacarboline, and saffrole. Given
the established role of serotonin and the 5-HT3 receptor as a
target for antidepressant drugs, these analogies suggest a potential
for cocoa components to interact with serotonergic pathways,
although further studies would be required to determine the
nature and functional consequences of such interactions (i.e.,
agonist or antagonist activity). Norepinephrine, another crucial
neurotransmitter, displayed the highest structural similarity with
caffeic acid, a compound also prevalent in various polyphenolic
structures, including rosmarinic acid. This observation raises
the possibility that caffeic acid, and potentially other related
polyphenols, might interact with adrenergic receptors or related
biological targets.

Interestingly, the ligand-based screening of volatile compounds
contributing to the characteristic aromas of beer revealed an
almost linear trend between the calculated coefficient of similarity
with acetylcholine and the reported olfactory threshold for these
compounds. This suggests a potential correlation between the
structural mimicry of acetylcholine and the perceived intensity of
these aroma volatiles. A similar trend was also observed for the
taste-characterizing compounds. In conclusion, this computational
study provides a valuable framework for understanding potential
molecular relationships between food-derived compounds and key
neurotransmitters involved in sensory perception. The identified
analogies warrant further investigation, particularly through in
vitro and in vivo studies, including organoleptic evaluations with
human sensory panels, to validate the functional significance of
these structural similarities and to elucidate how the addition
of these compounds might indeed influence the perceived taste
and aroma of food. Such interdisciplinary approaches could
have significant implications for the food industry in terms of

strategically selecting and enhancing the organoleptic profiles of
food products [6-8].
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Appendix
Appendix: Alignment Screenshot Figures

Atthe alignment acetylcholine (pink) isoamyl acetate (gray), separated and overlapped, the spheres represent the electrostatic fields of
isoamylacetate, the prisms of acetylcholine
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Figure 9: Analogy Acetylcholine Isoamyl Acetate (Screenshot), Separate Molecules above and Superimposed below

File Edit Project View Display Run Window Help
‘f ve = @ L e )
ol d o B @ R o  [ndeeme -] @ H + S S
New Open Save Constraints AddFields Process  ConfEx AMiner Plot Reset | Atoms | H XEDs | Fields  Shape., Clear
7‘.' ‘Storyboard 28
>— <R
. {# 7 iCapture Scene
[ 4 < 9 S :;
A Prot
107 Hgnmen / & ’ v A =
Seore 0,629 | 19 molecules, 1 selected . Name: s
- Y ul -
@ @ Reference from 2pGZ' * || F.. | Story.. | Radial PiotPro Radi.. | Project . | [
Molecules o8
~ Fav Structure Title RadialPlot  Sim Tags  Confs Ans MW #Atoms 20Sm SlogP TPSA Flexibiity Rofs Filename
vz v
\/ < S N
v 1 1 <R 1 10 146210 03 263 3 0 acetyich .
0802
m,, Y \/\f 31276 =085 2 1 13029 0528 16 263 3 DR oo
!
o68a
Methyl
» 18 7824 <l > 0755 51 10 13029 0227 17 263 4 0 hexanca
P pos
05606
2
) ok 13187 A » 0.735 91 0 1422 10 0169 29 0 Nonano
R sdf
0590
»7 A D s -d - 0721 100 10 154311 049 28 5 0 linalool.
05605
'l A Isobutyl
» 13 \(\ 7351 < 0692 2 10 44210 0184 18 263 3 0 isobutyr
1 sdf
0504

Screenshot 1: Alignment with Acetylcholine Forge Volatile Hop Compounds
For Reading the Values, See List of the Chemicaland Physical Properties of the Compounds.
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For Reading the Values, see List of the Chemicaland Physical Properties of the Compounds.
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Screenshot 6: Alignment of Cocoa Compounds and Norepinephrine Ligand-Based Screening Referred to Norepinephrine Bound
to Anopheles Gambiae D7R4 (PDB DOI: 10.2210/pdb2QEQ/pdb) on Cocoa Compounds (Table 4)

For Reading the Values, See List of the Chemicaland Physical Properties of the Compounds.

Tables
£)|2-nonanone £)| 1soamyl-acetato
£) | beta myrcene £ 1sobutylisobutyrate
£) | beta pinene £)|limonene
£)| caryophyllene oxide £ linalool
£)|-caryophyllene )| Methylheptanoate
£)| Damascenone £)| methylhexanoate
£ humulene £ pinene alpha

Table 2: Volatile Hop Compounds (Humulus Lupulus)

a-pinene (conifers, turpentine, turpentine essence, some balsamic  y-nonalactone (coconut)

candies containing o-pinene) eugenol (cloves)

cinnamic acid and cinnamic aldehyde (cinnamon) eugenol, estragole, linalool, cineol, methyl eugenols (basil)
Benzaldehyde or benzoic aldehyde (almond and black cherry) geraniol (geranium)

anethole (anise) menthol (mint)

limonene (orange, mandarin, clementine, lemon, cedar, grapefruit eucalyptol (eucalyptus)

and other citrus fruits) thymol (thyme)

citric acid (lemon) cyanide (bitter almonds)
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diacetyl and butyric acid C4 (butter)
L-carvone (peppermint)

vanillin or ethylvanillin (vanilla)
bismethylthiomethane (truffie)

Ethyl 2-methylbutyrate (apple)

ethyl butanoate or ethyl acetacetate (kiwi)
amyl acetate (banana)

fencone (fennel)

apiol (parsley)

2-ylmetantiol, or a-furfurylmercaptan (coffee)
B-damascenone, or 2,3,5,6-tetramethylpyrazine (tea)
phenylacetic acid, ethyl phenylacetate (honey)
y-undecalactone (peach)

allyl capronate (pineapple)

frambinone or "raspberry ketone" (raspberry)
ethyl cinnamate (cherry)

Ethyl 2-methylbutanoate (red fruits)
3-Methyl-thio-propanol (boiled potatoes)

diallyl disulfide (garlic)

allylpropyl disulfide (onion)
2-Methoxy-5-methylpyrazine (pepper)
2-Heptanol, 1-Oct-3-O1 (mushrooms)
valerianic acid, isobutyric acid (cheese)
2-Heptanone, 2-methylthiobutyrate (gorgonzola)
trimethylamine (fish)

methyl-2-peridylketone (popcorn)

Ethyl 3-hydroxybutanoate (meringue)

linalyl acetate (lavender)

phenylethanol (pink)

B-ionone (purple)

pyroligneous acid (smoked)

hexanal (freshly cut grass)

3-methylbutanoic acid (sweat)

ethyl butyrate (strawberry)
2-Methoxy-3-methylpyrazine (toasted hazelnut)
ethyl methylphenyl glycide (strawberry)

Table 3: Compounds Characterising Food Flavour (https://it.wikipedia.org/wiki/Aroma)

Q (-)-Epicatechin

8 (-)-Epigallocatechin gallate
8 +catechin

£)| 1-Phenylethylamine_

£) amandamideStructure2D
Q apigenina

£ Caffeic acid

8 caffeina

£) -Catechin gallate_

£)| chinina

£ Chlorogenic acid

£ clovamide

£) Epicatechin gallate £ Tyramine_

8 Epigallocatechin 8 Vaniliic acid
£ Gallocatechin

£ histamine_

£ luteolin

£) Naringenin_

£ Oxalic acid

8 safrolo

B teofilline

£ | tetraidrobetacarbolina

£) Theobromine

Q tryptamine

Table 4: Compounds Contained in Cocoa (Ref 6)

Copyright: ©2025 Alessandro Careglio. This is an open-access
article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution,
and reproduction in any medium, provided the original author
and source are credited.

Int J Clin Med Edu Res, 2025

https://opastpublishers.com/

Volume 4 | Issue 3 | 11



