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ABSTRACT KEYWORDS
BN-alkanoyl-5-hydroxytryptamines (C,-5HTs) are serotonin amides that con- Coffee; C,-5HTs; N-acylated
tain saturated or unsaturated alkyl long chains. They can be found in the serotonin; stomach-friendly
waxy layer that covers the coffee bean and are also present in the coffee coffee

brew, one of the most popular beverages in the world. These substances

exhibit relevant biological activities, such as antinociceptive and neuropro-

tective, despite being responsible for the stomach irritation observed in

some individuals after drinking coffee. This review depicts the extraction

and quantification of C,-5HTs in green and roasted coffee beans, and coffee

brew. Additionally, it illustrates the biological activities, synthetic strategies,

and products formed during the roasting of the coffee bean, regarding the

serotonin amides.

Introduction

The coffee plant is a shrub that belongs to the Rubiaceae family, genus Coffea. Only two coffee species
are economically relevant: Robusta coffee (Coffea canephora P.) and Arabica coffee (C. arabica L)'
the latter is responsible for more than 70% of the global market?! The coffee sector generated U$
83 billion and employed 125 million people in 2019, making coffee one of the most valuable
commodities in the world.”!

BI\I—alkanoyl—.’-'a- hydroxytryptamides (C,-5HTs), also known as serotonin amides, are substances
present in coffee beans, more specifically in coffee wax'** During the brewing process C,-5HTs are
extracted from the coffee beans to the brew and become available for human consumption’®® Though
they can induce stomach irritation in sensitive individuals, C,-5HTs present many interesting
biological properties such as anti-
inﬂammatory,[7’8] antinociceptive,
tection against Parkinson’s and Alzheimer’s diseases.

Thus, this work aims to present the serotonin amides found in coffee, their thermal degradation
products, methods of isolation from the bean, quantification in coffee brews, synthetic strategies, and
biological activities.

[9,10) 2] [13

antidepressant,"" anxiolytic,!'?! anticonvulsant,""*! and pro-

[14,15]

BN-aIkanoyI-S- hydroxytryptamides (C,-5HTs) in coffee

A thin layer of lipid material, called wax, covers the coffee bean. This wax corresponds to 0.2-0.3% of
the bean’s total weight and its main component are the C,-5HTs."”!

Coffee contains thirteen different C,-5HTs (Table 1). They consist of a serotonin moiety con-
jugated to a fatty acid through an amide link. PN-arachidoyl-5-hydroxytryptamide (C,o-5HT) is the
most abundant serotonin amide in coffee beans (Fig. 1).14
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Table 1. C-5HTs present in coffee beans, their molecular formulas, molar mass, and reference.

Name Molecular formula Molar mass (g mol™) Reference
BN-araquidoyl-S-hydro:u().r'rryptamil:le (Cyo-5HT) C30Hs0N;0, 470.3872 el
BN- behenoyl —5- hydroxytryptamide (C;5-5HT) C35H54N50, 498.4185 na
B lignoceroyl —5- hydroxytryptamide (Cp4-5HT) C34HsgN;0, 526.4498 nel
BN- stearoyl —5- hydroxytryptamide (C,-5HT) CygHaN,0, 4423559 Bl
BN-hydro»:yaraq uidoyl-5- hydroxytryptamide (Cyo(OH)-5HT) C30HsoN;03 486.3821 nel
BN-hydroxybehenoyl-5- hydroxytryptamide (C55(0H)-5HT) C35H54N505 514.4134 09
B heneicosanoyl —5- hydroxytryptamide (C3;-5HT) C31Hs,N;0, 484.4028 (201
BN- tricosanoyl —5- hydroxytryptamide (C,3-5HT) Cy3Hs56N,0, 512.4341 1201
B palmitoyl —5- hydroxytryptamide (C;5-5HT) Cy6H4oN,0, 414.3246 t
BN - linoleyl —5- hydroxytryptamide (C152-5HT) C,gH40N,0, 438.3246 @
B eicosenoyl —5- hydroxytryptamide (Cyq.1-5HT) C30H4eN,0, 468.3715 t
EN—hydroxyeicosenoyI-S- hydroxytryptamide (C,.,(OH)-5HT) CypHagN, 04 484.3659 el
N-hydroxydocosenoyl-5- hydroxytryptamide (C;5.4(OH)-5HT) C3;HsoN,04 512.3972 [4]

HO
H (0]
N\)k/\/\/\/\/\/\/\/\/\
QT\/
HN

Figure 1. Chemical structure of C5,-5HT, the main serotonin amide found in the coffee bean.

Analogs of C,-5HTs are also present in cocoa, almonds, walnuts, Brazil nuts, and hazelnuts.!®!”]

C,-5HTs in coffee beans
Green coffee beans

Harms and Wuzier pioneered the identification and quantification of C,-5HTs in green coffee
beans.'® The procedure, published in 1968, employed the extraction of ground green coffee
beans with methanol under reduced pressure, followed by purification by column chromatogra-
phy (CC), and separation by circular thin-layer chromatography (TLC) sprayed with Gibbs
reagent. The resulting bands were scraped off and eluted from the adsorbent with benzene.
The quantification was performed through spectrophotometry at 580 nm. The analyzed samples
presented 500-1000 mg kgf1 of total C,-5HTs. C55-5HT, C5,-5HT, and C,4-5HT were character-
ized through UV, IR, and 'H RMN.

Folstar et al. developed a new method to isolate C,-5HTs from whole green coffee beans.
The procedure involved two successive extractions of the beans with chloroform and petro-
leum ether, concentration of the insoluble in petroleum ether fraction with CC, and identifica-
tion through high-performance liquid chromatography (HPLC) equipped with UV-vis detector
(HPLC-UV-Vis).®) This work was the first to describe C,s-5HT. In 1980, Folstar et al. updated
the previous method and introduced new hydroxylated derivatives of C,-5HTs: C,o(OH)-5HT
and C,,(OH)-5HT."*!

To obtain serotonin molecules, Kele e Ohmacht performed alkaline hydrolysis of C,-5HTs in green
coffee wax. The analysis used HPLC-UV-Vis to determine the total amount of serotonin (Table 2).[2”
The authors indicated that C,-5HT's can be a source of serotonin molecules.

Ambient mass spectrometry (MS) techniques have also been used to study C,-5HTs in cotfee beans.
Garrett et al. identified C,s-5HT, Cy-5HT, and C,,-5HT on the surface of intact green coffee beans
using desorption electrospray ionization (DESI-MS) and ambient sonic spray ionization mass spectro-
metry (EASI-MS). Both techniques required no sample preparation and did not employ any solvents.*’)
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Figure 2. Scheme of the methods of isolation and quantification of C,-5HTs from green coffee beans. Methanol (MeOH); column
chromatography (CC); thin-layer chromatography (TLC); chloroform (CH5Cl); PE (petroleum ether); THF (tetrahydrofuran); high-
performance liquid chromatography equipped with UV-vis detector (HPLC-UV-Vis); high-performance liquid chromatography
equipped with fluorescence detector (HPLC -FL); DESI-MS (desorption electrospray ionization); EASI-MS (ambient sonic spray
ionization mass spectrometry).

Tinoco et al. studied the metabolism of C,-5HTs after the fermentation of green coffee beans with
Saccharomyces cerevisiae yeasts (bakery, white and sparkling wines) as starter cultures. The ground
beans were extracted with tetrahydrofuran and analysed using HPLC coupled to a fluorescence
detector (HPLC-FL). The authors observed a reduction of 41% and 29% on the content of C,,-5HT
e Cy,-5HT, respectively, after the fermentation process (Table 2).124]

The methods of isolation and quantification of C,-5HTs of green coffee beans are represented
in Fig. 2.

Roasted coffee beans

Roasting is a crucial step in coffee processing that makes the beans suitable for brewing. The heating
(150-230°C) induces chemical, physical, and structural changes that lead to the formation of sub-
stances responsible for the sensory qualities of the beverage'[zsl Many substances in the green coffee
bean, such as chlorogenic acids and diterpenes, undergo significant transformation during the roasting
process depending on the temperature.?*?”] Thus, many authors have studied the effect of roasting on
C,-5HTs.

Nebesby and Budryn compared two roasting methods, convection, and microwave, on green coffee
beans to understand the effect of coffee roasting on total C,-5HTs content.?®! Green coffee beans
showed the highest amounts of C,-5HTs, followed by microwave roasted coffee and convection
roasted coffee (Table 2). During the convection roasting process, the surface of the coffee beans -
where the wax is found - presents higher temperatures than microwave roasting. Thus, the study
concludes that C,-5HTs are susceptible to thermal degradation and that higher temperatures induce
more degradation.
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Lang and Hoffman evaluated the C,-5HT content in roasted Arabica and Robusta coffee beans
from Colombia and Brazil.*®’ Sample preparation was comprised of extraction with tetrahydrofuran
and purification with solid-phase extraction. The C,-5HTs were quantified and identified employing
HPLC-FL and high-performance liquid chromatography equipped with mass spectrometry (HPLC-
MS). In all samples both C,,-5HT and C,,-5HT were the main amides, representing 85% of total C,
-5HT content. While Robusta coffee presented higher amounts of Cy-5HT, Arabica coffee had more
C5,-5HT. In contrast, the minor C,-5HTs were not strongly influenced by the coffee variety. The
authors also described two new serotonin amides: C,;-5HT and C,5-5HT.

In 2016, Rosa et al employed EASI-MS to investigate C,-5HTs in light, medium, dark, and very
dark roasted coffee beans.'*! The total content of C,-5HTs decreased as the roast degree intensified. In
addition, C,-5HTs were considered markers for light roast coffee beans.

The method of isolation and quantification of C,-5HTs from roasted coffee beans are showed
in Fig. 3.

These results corroborate that C,-5HTs are thermolabile substances that suffer important trans-
formations during the coffee roasting process; furthermore, higher degrees of roasting cause greater
thermolysis.

Viani and Horman were the first to study the thermolysis reaction of C,-5HT using a column
connected to a GC-MS system.**! The experiment heated the sample at 180-230°C for 15 minutes in
a sealed tube. They observed a series of alkylindoles and alkylindanes as degradation products. The
first conclusive work was done by Zham and Speer using a pyrolyzer-GC-MS tandem system to

W
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Figure 3. Scheme of the methods of isolation and quantification of C,-5HTs from roasted coffee beans. Methanol (MeOH); column
chromatography (CC); thin-layer chromatography (TLC); THF (tetrahydrofuran); HPLC-MS (high-performance liquid chromatography
equipped with a mass spectrometry detector); HPLC-FL (high-performance liquid chromatography equipped with fluorescence
detector); EASI-MS (ambient sonic spray ionization mass spectrometry).
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3-ethyl-5-hydroxyindole; [F] Fatty acid; [G] Fatty acid amide; [H] Nitrile).

investigate the pyrolysis of C,5-5HT.""! The pyrolysis temperatures ranged from 358 to 740°C. They
identified 5-hydroxyindole, 3-methyl-5-hydroxyindole, 3-ethyl-5-hydroxyindole, serotonin, octade-
canonitrile, octadecanoic acid, and octadecanoamide as thermal degradation products of Cg-5HT.
The degradation pathway suggested by the authors includes the a-cleavage to serotonin, 5-hydro-
xyindole, 3-methyl-5-hydroxyindole, 3-ethyl-5-hydroxyindole, and the corresponding fatty acid, fatty
acid nitrile, and fatty acid amide. An increase in temperature causes the formation of alkanes and
alkenes (Fig. 4). As the pyrolysis temperatures are higher than those employed during coffee roasting,
the authors heated a small amount of C,5-5HT at 200°C for 15 minutes. After HS-SPME-GC/MS and
GC/MS analysis, the authors observed the same degradation products as for the pyrolysis experiment.
C,,-5HT had similar degradation products.

“Stomach-friendly” coffee beans

Although coffee is one of the most popular beverages in the world, some individuals can experience
symptoms of gastric irritation or heartburn after coffee consumption. 23]

“Stomach-friendly” coffee brews are prepared using dewaxed coffee beans. The dewaxing process
was initially developed to reduce caffeine and chlorogenic acid in coffee, as these substances were
known for causing stomach irritation.**! However, as C,-5HTs are the main component of the coffee
wax their concentration diminishes also.!>*2?!

The coffee wax can be removed through steam and organic solvents. The steaming technique was
developed by Lendrich in 1920 and improved by Darboven in 1997.2>%¢! Similarly, Ludwig Roselius
previously developed the solvent-based decaffeination method,”®”! where the green coffee beans are
steamed and immersed in organic solvents, such as dichloromethane and ethyl acetate. After the
extraction, the beans are steam-treated again to remove the solvent.*® These methods use similar
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procedures mainly employing steam and it must be clarified that decaffeination can also occur only
through contact with different solvents, as well as with hot water, differing from the processes
mentioned above.

Lagana et al. compared the performance of Soxhlet (1,2,3, and 4 hours) and ultrasound (30
minutes), both with methanol, on the extraction of C,-5HTs from green, roasted, decaffeinated, and
dewaxed coffees. The analysis was performed using HPLC-FL.??) There were no significant differences
between the extraction methods studied. Green coffee beans presented the highest amount of C,-5HTs
followed by roasted, dewaxed, and decaffeinated beans (authors do not describe decaffeination nor
dewaxed procedures employed) (Table 2). These results confirm that C,-5HTs are susceptible to
thermal degradation and their content reduces with wax removal or decaffeination. Van der Stegen
observed a similar pattern when analyzing C,-5HTs in green and dewaxed coffee beans. ™

In 2010, Lang et al. used tetrahydrofuran extraction and HPLC-MS to analyze the influence of
steam treatment on the C,-5HT content in Arabica and Robusta roasted coffee beans from Brazil
and Vietnam.!® The most abundant major amides were Cy5-5HT and C,,-5HT. Concerning total
C,-5HT content, Arabica coffee had more amides than Robusta coffee and steamed beans less than
regular ones.

Therefore, the content of C,-5HTs in coffee beans can be reduced through wax removal processes.
However, studies show that the decaffeination process - that employs organic solvents- is the most
efficient one.

Table 2 presents a summary of the extraction and analysis techniques employed in the investigation
of C,-5HTs in coffee beans.

The methods applied in the investigation of C,-5HTs in coffee beans have evolved a lot since
the first one described in 1968. Currently, these substances can be identified using simple
isolation procedures, liquid chromatography, and solvent-free methods, such as DESI-MS and
EASI-MS.

Moreover, the total C,-5HT content in coffee beans decreases with roasting, decaffeination, and
wax removal.

C,-5HTs in coffee brews

Approximately 2.25 billion cups of coffee are consumed daily worldwide and C,-5HTs are biologically
active substances present in this drink.[?*! Thus, the study of these substances on coffee brew is of
great importance for human health.

In 1979, Van der Stegen started the research on C,-5HTs in coffee brews, analyzing filtered and
boiled coffee prepared with regular and dewaxed roasted coffee beans.!”) As expected, the boiled brew
prepared with dewaxed beans had a lower amount of C,-5HT than the one prepared with regular
beans. Independently of the bean used, filtered brews did not present C,-5HTs (Table 3). Similar

Table 3. C,-5HTs content found in different types of coffee brews according to bean treatment.

Reference Type of coffee bean Type of coffee Brew Content (mg L™")
&) Dewaxed Filtered -
Boiled 0.50
Regular Filtered -
Boiled 2.30
(22 Decaffeinated Moka 0.31
Dewaxed 0.56
Regular 1.02
16] Regular Filtered 0.14
Moka 0.99
French Press 3.50
Espresso (machine) 8.41

Espresso (manual) 1.21
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results are observed for other lipophilic substances in coffee. The diterpene cafestol is also found in
lower concentrations in filtered coffee.**~*!! During the brewing process the hot water extracts lipids
from the beans forming an emulsion. Due to the low solubility of the lipid fraction in water these
substances are retained by the filter in filtered coffee preparation, thus this type of brew has low
diterpene content.*!!

Lagana et al. studied the content of C,-5HT in Moka brews prepared with dewaxed, decaffeinated,
and regular coffee beans using solid-phase extraction and HPLC-FL.** The wax removal and
decaffeination provided brews with a lower concentration of C,-5HTs, however, the second treatment
was more efficient (Table 3).

Lang et al. studied C,-5HTs in filtered, French press, Moka, and espresso coffee prepared manually
or with a machine, using HPLC-FL and HPLC-MS.'®) Espresso coffee (machine) had a higher amount
of C,-5HTs, followed by the French press. In contrast to Van der Stegen’s results, ! it was possible to
identify C,-5HTs in filtered coffee (Table 3).

Figure 5 shows a schematic representation of methods applied for the quantification of C,-5HTs on
coffee brews.

Thus, C,-5HTs are extracted from the coffee bean to the brew and become available for
human consumption. The type of bean and the method of preparation used directly influence
the concentration of these substances in the final drink, with the lowest levels found in the

-
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filtered and the highest in espresso coffee. The previous decaffeination or wax removal of the
bean also leads to a reduction of these substances in the beverages, confirming that the
“stomach-friendly” coffees have a lower content of C,-5HTs. The total content of C,-5HT
described in coffee brews by the authors is presented in Table 3.

Synthetic approaches to obtain C,-5HTs

The isolation of C,-5HTs from green coffee beans is a laborious process that uses harmful solvents. It
also provides low yields of a complex mixture, in the order of 0.05-0.1%.!"® C,-5HTs synthesis enables
higher yields, increased scale, and safer methodologies for obtaining these substances.

In 1977, Hubert et al. synthesized the serotonin amides of arachidic (Cyq: 0), behenic (C,5: 0), and
lignoceric (Csyqp) acids through the fatty acid chlorides and 5-benzyloxytryptamine followed by
palladium-catalyzed hydrogenation to obtain the serotonin amides.*? Bezuglov et al. employed
serotonin hydrochloride (5HT - HCI), triethylamine and isobutyl chloroformate providing the arachi-
donic acid serotonin amide (C,g.4-5HT)."** In a second methodology for eicosapentaenoic acid (Cyp.5)
, they used 1,1-carbonyldiimidazole (CDI) on the acid for the formation of the reactive acylated
species, showing that both methodologies stand out for enabling the synthesis of serotonin amides
with polyunsaturated fatty acid chains. Both provide yields between 60 and 70%.

Lang and Hoffmann and Lang et al. used thionyl chloride (SOCI,) and covered amides from C,g to
C,4, obtained in yields that varied between 37-570.16:20]

Ortar et al. synthesized C,-5HTs via carbodiimide using 1-(3-dimethylaminopropyl)-3-ethyl car-
bodiimide (EDC) and 1-hydroxybenzotriazole (HOBt) (Fig. 5).1*! Reddy et al. expanded the scope of
this method while studying the properties of several serotonin amides.*”! Together, the two works
carried out the amidation of chain acids between C,; and Czo.[%] Jai et al. also employed EDC and
HOBt to synthesize C,-5HT obtaining a yield higher than 90%."° Giorno et al. (2021) exploited
a slightly different approach to obtain C;3-5HT using EDC and 4-dimethylaminopyridine (DMAP)
with a yield of 789,141

Amorim et al. also used EDC and DMAP to synthesize C,y-5HT and C,;-5HT on
a mechanochemical reactor (planetary ball mill). Mechanochemistry is a technique that allows the
synthesis of compounds using the energy provided by the shock between the spheres in a ball mill.
These reactions are usually performed in a single step and the absence of solvents. The authors
obtained yvields of 59% and 64% for Cy-5HT and C,,-5HT, respective]y.“gl

Figure 6 shows a schematic representation of the synthetic approaches described.

The synthetic approaches to obtain C,-5HTs have received important contributions since the first
published work. Different scopes of saturated and unsaturated fatty acids were evaluated, safer
methodologies were developed and different amidation pathways were explored. However, there is
still room for improvement with new technologies such as microwave, and ultrasound reactors, flow
chemistry, biocatalysis, and the use of “greener” solvents.

Biological activities related to C,,-5HTs
The role of C,-5HTs in stomach irritation

Fehlau and Netter were the first to make the correlation between C,-5HTS and stomach irritation by
feeding rats with water (control), untreated coffee brew, waxless coffee brew, and pellets enriched
with C,-5HTs.1*”) The total amount of C,-5HTs in the pellets was comparable to untreated coffee.
The interventions lasted 1, 2, 3, 8, 13, and 20 weeks. The animal’s gastric mucosa was analysed, and
the numbers of ulcers counted. The animals fed with the pellets presented more ulcers than the
control group in week 1 and had the same number of lesions as the ones that received the normal
coffee brew after week 8. These results indicate that C,-5HTs had a pro ulcerogenic effect in the
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Figure 6. Scheme of the synthetic approaches to produce C-5HTs (TEA, triethylamine; EDC, 1-(3-dimethylaminopropyl)-3-ethyl
carbodiimide; HOBt, 1-hydroxybenzotriazole (HOBt), and DMAP, 4-dimethylaminopyridine.

gastric mucosa of the animals. However, after week 13, the animals fed with the regular coffee brew
presented the highest number of ulcers, which suggests that other substances in coffee contribute to
this effect.

Weiss et al. used human gastric tumor cells (HGT-1) to study the influence of lyophilized water
extracts from unprocessed and decaffeinated coffee brews on proton secretion.*? The regular drink
extract elevated the intracellular pH more than the decaffeinated one - an increase in intracellular pH
indicates transport of protons to the extracellular medium. A principal component analysis indicated
that a group of substances present in coffee, including C,-5HTs, are responsible for stomach
discomfort. However, the study did not investigate the effect of these substances separately.

Rubach et al. followed Weiss’s study by fractionating a coffee brew with water, ethyl acetate,
chloroform, and pentane.[f’o] HGT-1 cells were treated with each fraction and the effect on the
intracellular pH was observed. The only fraction that caused a reduction in proton secretion was
the aqueous fraction, which had the highest C,-5HTs content. However, in this fraction
N-methylpyridinium (N-MP) was also found. This substance is known for reducing proton secretion.
Besides, only the pentane fraction did not present C,-5HTs.

In 2012, Rubach et al. used the same HGT-1 cells model to investigate the action of chlorogenic
acid, caffeine, C,-5HTs, N-MP, pyrogallol, and catechol standards, individually and combined, on
proton secretion.”! A mixture of C,-5HT was employed (Cs-5HT (2 nM), C,p-5HT (75 nM) and
Cy,-5HT (180 nM) and C,4-5HT (25nM). Among the substances studied, C,-5HTs had the
greatest impact on proton secretion, indicating that these substances favour the reduction of
stomach pH.

Lang et al. also employed HGT-1 cells to study the structure-activity relationship of C,-5HTs and
increased acid secretion.'®! The authors synthesized amides with different sizes of alkyl chains and
degrees of unsaturation (C,s-5HT, Cyg. ;-5HT, Cy3. ,-5HT, and C,,-5HT). The size of the alkyl chain
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had a positive correlation with proton secretion, and the degree of unsaturation had no significant
influence. Also, the mixture of C,-5HTs stimulated more proton secretion than each amide
individually.

Rubach et al. used healthy human volunteers to study the influence of coffee components on
stomach pH."?! 200 mL of two different coffee brews were administered: one prepared from medium
roast coffee beans, and the other from dark roast ones. Both had similar caffeine content but differed in
their concentrations of C,-5HTs, chlorogenic acids, trigonelline, and N-methylpyridinium. The
medium roast brew, with a higher content of C,-5HTs, reduced the stomach pH of the volunteers
more effectively.

The studies show that C,-5HTs are substances capable of inducing the secretion of stomach
protons, causing a consequent reduction in pH in vitro cell models, animals, and humans. Coffee
brews prepared from beans with reduced C,-5HTs content, like “stomach-friendly” and decaffeinated,
had a milder impact on acid secretion.

C,-5HTs in the context of the endocannabinoid system

The endocannabinoid system was discovered in 1988 by Devane et al.™ It consists of cannabinoid
receptors (CB1 and CB2), endocannabinoids (ECs), and enzymes responsible for the synthesis and
degradation of these substances.”* Cannabinoids are capable of interacting with other types of
receptors beyond CBs, such as the vanilloid 1 transient potential receptor (TRVP1).1%"!

Endocannabinoids are endogenous agonists of CBs. The most studied ECs are anandamide
(N-arachidonoylethanolamide) (Fig. 7) and 2-arachidonoylglycerol (2-AG). The key enzyme for EC
metabolism is fatty acid amide hydrolase (FAAH), which degrades anandamide into arachidonic acid
and ethanolamine and 2-AG into arachidonic acid and glycerol. The endocannabinoid system has
become an important pharmacological target for the treatment of several disorders, such as chronic
pain, depression and anxiety, epilepsy, among others.!**

C,,-5HTs and the treatment of pain

Anandamide is an agonist of CB and TRVP1 receptors, both involved in the nociception process.
While CB receptors are related to reduced sensitivity to pain, TRVPI receptors have a pro-analgesic
effect when activated.["**! Selective inhibition of increases the endogenous concentration of ananda-
mide, stimulating both CB and TRVP1 receptors. Therefore, substances that inhibit FAAH and
antagonize the TRVP1 receptor have great potential for the treatment of chronic pain.***")

In 1998 Bisogno et al. found that C,,-5HT can inhibit FAAH (IC50 12 uM) without acting on the
CBI1 receptor in neuroblastoma cells N18TG2.!°!! Arachidonoyl-histamine and arachidonoyl-
dopamine were also tested and showed inferior inhibitory activity than C,-5HT, indicating that the
5-hydroxy-indole nucleus of the serotonin molecule would allow its interaction with the active enzyme
site through hydrogen bonding. The replacement of the arachidonoyl group by eicosapentaenoyl
reduced the potency of the inhibition as well.

Fowler et al. used followed up on the previous study, evaluating the activity of C,p-5HT analogs in
the inhibition of FAAH in rat brain cells in vitro.®”) The removal of the phenolic hydroxyl group of the
serotonin molecule reduced the inhibition of FAAH, confirming the importance of the 5-hydroxy

)

= N~OH
H

Figure 7. Structure of the endocannabinoid anandamide.
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indole group for the stabilization of the enzyme-inhibitor complex. Beyond that, the substitution of
the amide group by an ester group reduced the potency of the inhibition even further. The replace-
ment of the arachidoyl unit by linoleoyl did not affect the amide activity.

Maione et al. demonstrated that C,,-5HT is not only capable of inhibiting FAAH activity, but also
has antagonistic action on the TRPV1 receptor in HEK-293 cells overexpressing the human or the rat
recombinant TRPV 1 receptor, and in vivo, in rats and mice.!'! In the same year, Ortar et al. observed
the same activities for an ﬁN—araquidoyl-S-hydroxytryptamide (AA-5HT) (Cao-A*-5HT) analog both
in vitro and in vivo employing similar models to the previous study.**

Novellis et al. and Costa et al. confirmed the C,y-5HT activities on both CB and TRVP1 receptors
using an in vivo model employing mice.*** The second study showed that the systemic adminis-
tration of Cy-5HT reduced the edema and pain associated with inflammation, while the local
administration had no effect. While the TRVP1 receptor was responsible for the anti-inflammatory
effect, both receptors, TRPV1, and CB1 were involved in the anti-hyperalgesic activity. C,o-5HT did
not induce undesired effects on the animals’ walking ability and body temperature.

In 2016, Malek et al. demonstrated that C,o-5HT indirectly activates the CB2 receptor, using
a neuropathic pain model in rats.®*! The intrathecal administration of the amide increased the pain
threshold for mechanical and thermal stimuli in animals.

Giorno et al. evaluated the antinociceptive activity of C,s-5HT in mice.””) The amide showed
central and peripheral antinociceptive activities that involved the endocannabinoid, opioid, and
serotonergic systems. The authors also observed an anti-hyperalgesic effect; as C 3-5HT decreased
the pain of inflammatory origin, by reducing the animals’ latency time in the model of thermal
hyperalgesia induced by carrageenan. In 2021, the same group used a similar model to investigate the
antinociceptive effect of C,0-5HT and C,,-5HT. Opioidergic, muscarinic, cannabinoid, and serotoni-
nergic pathways are involved in the antinociceptive activity.!*®

In this context, it is possible to observe that C;s-5HT and C,3-5HT, serotonin amides present in
coffee, have antinociceptive activity confirmed by in vitre and in vive models. Their mechanism of
action involves FAAH inhibition and TRVP1 receptor antagonism. Therefore, C,-5HTs have great
potential for the treatment of chronic pain.

C,-5HTs and aspects related to anxiety and depression

The CB and TRPV1 receptors are considered new targets for the development of anxiolytic and
antidepressant drugs. However, activation of the CB1 receptor and TRPV1 channel seems to modulate
emotional responses in opposite ways: the first inhibit anxiety and reduces the response to fear, and
the second promotes anxiety and conditioned fear when activated.°®®”! Hence, the C,o-5HT has great
potential for the treatment of this type of disorder due to its dual capacity of FAAH inhibition and
TRVPI1 antagonism.

Micale et al. evaluated the anxiolytic activity of C,5-5HT in rats, using the elevated plus-maze test,
after its systemic administration.""” The amide reduced animal anxiety more efficiently than selective
FAAH and TRPV1 inhibitors. However, this study does not indicate the site of action of amide in the
central nervous system.

In 2012, John and Currie showed that the anxiolytic action of C,-5HT occurs in the basolateral
intra-amygdala of rats, using the elevated plus-maze test.”®*! The mechanism of action is related to the
increased binding of endocannabinoids to CB1 receptors, due to the inhibition of FAAH, and to the
antagonism of TRPV1 receptors. The systemic administration of C,,-5HT also reduced behavioural
despair in the animals after the forced swim test. Navarria et al. confirmed the previous study results in
a similar work.[®”)

Kirkedal et al. also employed the forced swim test to assess the influence of C,,-5HT on the
depressive behavior of rats.!''! The administration of Cyo-5HT on the animals’ prefrontal
cortex resulted in an antidepressant effect that was partially attenuated by the local blockage
CB1 receptor.
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In 2017, Gobira et al. hypothesized that C,-5HT would reduce the fear response due to greater
activation of the CB1 receptor in the dorsal hippocampus of mice.”””! Both systemic and local
administration inhibited the fear response in the EPM test. The administration of a CB1 antagonist
in the hippocampus inhibited the action of C,,-5HT. Therefore, C,-5HT inhibits the fear response
due to the activation of the CB1 receptor by endocannabinoids in the dorsal hippocampus.

Thus, Cp-5HT reduces anxiety and depression in rodents through action on the basolateral intra-
amygdala and prefrontal cortex, respectively. These results indicate the study of C,-5HTs for the
treatment of disorders is of great relevance.

The anticonvulsant activity of Cyp-5HT
The blockage of anandamide hydrolysis through FAAH inhibition has anticonvulsant effects mediated
by CBI receptors.l”!! However, anandamide also activates TRPV1 receptors that have the opposite
effect.”?! Therefore, the dual-action described for FAAH inhibitor and TRPV1 antagonist C,y-5HT
can be promising for the treatment of seizures.

Vilela et al. tested this hypothesis and used C,-5HT in a rat seizure model in vivo.'*) They
observed that C,-5HT reduced the duration and intensity of seizures and that this effect is related to
the CBI receptor.

C,,-5HTs and neurodegenerative diseases

C,-5HTs analogs have also been studied for their neuroprotective activity against Parkinson’s and
Alzheimer’s diseases.

Lee et al. and Lee et al. conducted studies to access C,y-5HT activity against Parkinson’s
disease.!"™”*! In the first study, transgenic a-Synuclein mice on a diet supplemented with C,o-5HT
showed reduced a-Synuclein phosphorylation and aggregation in the brain due to PP2A methylation.
These biochemical changes were associated with enhanced neural and motor activity. The second
study demonstrated that four-week diet supplementation with C,3-5HT conferred neuroprotection
on mice treated with MPTP through many mechanisms that inveolve anti-inflammatory and anti-
oxidant activities.

Basurto-Islas et al. studied C,o-5HT neuroprotectant activity against Alzheimer’s disease in rats.
Dietary supplementation with C,,-5HT for 6 to 12 months decreased the formation of neurofibrillary
tangles and neuritic plaques, hallmarks of Alzheimer’s disease, due to the demethylation of the protein
phosphatase 2A PP2Ac.

Min et al. evaluated the effect of C,-5HT in learning and memory deficits models induced by
scopolamine in mice.”* Scopolamine is often used as a memory and learning impairment inducer in
experimental Alzheimer s disease models. C4-5HT significantly improved the amnesia of mice in the
behavioral assessment, as well as suppressing oxidative stress by increasing levels of glutathione
peroxidase (GPx), glutathione reductase (GR), or NAD (P) H quinine oxidoreductase-1 (NQO -1)
and reduced level of malonaldehyde (MDA) and decreased the death of neuronal cells in the
hippocampus, with the restoration of BDNF and p-CREB levels.

In 2014, Jin et al. showed the C,-5HTs analogs (C;4-5HT, C15-5HT, Cyg,;-5HT, Cy0-5HT, and Cya6
-5HT) diminished glutamate-related cytotoxicity in HT-22 cells in vitro."”! Glutamate neurotoxicity is
involved in neuronal cell death associated with many neurodegenerative disorders. They were also able
to reduce oxidative stress by decreasing the production of reactive oxygen species (ROS) and increas-
ing glutathione production. The authors suggest that C,-5HTs attenuated glutamate-induced cyto-
toxicity through PI3K/PDK-1/Akt activation and p38 MAPK-dependent Nrf2 signaling in the early
phase, as well as suppression of the MEK/ERK pathway in the late phase.

Hence, C,-5HTs show neuroprotectant activities towards Alzheimer’s and Parkinson’s diseases
in vitro and in vive animal models, mainly by reducing inflammation and oxidative stress in brain cells.

[14]
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Table 4. Biological activities of C,-5HTs.

Bioactivity

Research design

Conclusion

Reference

Stomach irritation
Stomach irritation
Stomach irritation
Stomach irritation
Stomach irritation

Stomach irritation

Antinociception

Antinociception

Antinociception
Antinociception
Antinociception

Antinociception

Antinociception

Antinociception

Antinociception

Anxiolytic

Anxiolytic

Anxiolytic

Antidepressive

Reduced fear response

Anticonvulsant

Neuroprotective

(Parkinsons disease)

Neuroprotective

(Parkinson’s disease)

Neuroprotective

(Alzheimer’s disease)

In vivo (rats)
In vitro (HGT-1 cells)
In vitro (HGT-1 cells)
In vitro (HGT-1 cells)
In vitro (HGT-1 cells)

In vivo (humans)

In vitro (N18TG2 cells)
In vitro (rat brain cells)
In vitro (HEK-293 cells)
In vitro (HEK-293 cells)

and in vivo (mice)
In vive (mice)

In vive (mice)

In vivo (rats)

In vive (mice)

In vive (mice)

In vivo (rats)

In vivo (rats)

In vivo (rats)

In vivo (rats)

In vivo (rats)

In vivo (rats)

In vivo (mice)

In vivo (mice)

In vivo (mice)

C,-5HTs have a pro ulcerogenic effect in the
gastric mucosa.

Coffee brews with higher C,-5HT content elevated
proton secretion.

Cyg-5HT, Cyg4-5HT, Cyg2-5HT, and Cy-5HT
increased acid secretion.

Water fraction of coffee brews high in Cn-5HTs and
N-MP reduced acid secretion.

C,g-5HT, Cy0-5HT, C5,-5HT, and Cy4-5HT increased
acid secretion.

Coffee brew with the highest C,-5HT content
reduced the stomach pH of volunteers more
effectively.

C,0-5HT inhibits FAAH without acting on the CB1
receptor.

C,0-5HT inhibits FAAH without acting on the CB1
receptor. The amide group and 5-hydroxy-
indole moiety are relevant to the inhibition.

C,0-5HT inhibits FAAH and has antagonistic action
on the TRVP1 receptor.

C,0-5HT analog inhibits FAAH and has antagonistic
action on the TRVP1 receptor.

C,0-5HT antinociceptive effect is mediated by
TRVP1 and CB1 receptors.

C,0-5HT antinociceptive effect that is related to
TRVP1 antagonism and CB1 receptor activation.
The TRVP1 receptor is responsible for the anti-
inflammatory effect of C,5-5HT.

C,0-5HT antinociceptive effect that involves CB2
receptor activation.

Cy-5HT has central and peripheral antinociceptive
activities that involve the endocannabinoid,
opioid, and serotonergic systems.

C,0-5HT and C,,-5HT antinociceptive effects are
linked to opioidergic, muscarinic, cannabinoid,
and serotoninergic pathways.

C20-5HT reduced animal anxiety after systemic
administration.

Cy0-5HT anxiolytic activity occurs in the basolateral
intra-amygdala of rats due to indirect activation
of the CB1 receptor and antagonism of TRVP1.

C,0-5HT improves behavioral stress in rats due to
blockade of FAAH and TRPV1

C,0-5HT acts on the CB1 receptor on the animals’
prefrontal cortex producing an antidepressive
effect.

Cy0-5HT inhibits the fear response due to the
activation of the CB1 receptor by
endocannabinoids in the dorsal hippocampus.

C,0-5HT reduced the duration and intensity of
seizures and this effect is related to the CB1
receptor.

C20-5HT reduced a-Synuclein phosphorylation and
aggregation in the brain due to PP2A
methylation

C,0-5HT showed neuroprotection on mice treated
with MPTP through anti-inflammatory and
antioxidant activities.

Cy0-5HT decreased the formation of neurofibrillary
tangles and neuritic plaques due to the
demethylation of the protein phosphatase 2A
PP2Ac.
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Table 4. (Continued).

Bioactivity Research design Conclusion Reference
Neuroprotective In vivo (mice) Cy6-5HT improved amnesia suppressed oxidative 74
(Alzheimer’s disease) stress, and decreased the death of neuronal

cells in the hippocampus, with the restoration
of BDNF and p-CREB levels.
Neuroprotective In vitro (HT-22 cells) C16-5HT, C1-5HT, Cyg:4-5HT, Cyo-5HT, and Cyo 1731
-5HT reduced glutamate-related cytotoxicity
through PI3K/PDK-1/Akt activation and p38
MAPK-dependent Nrf2 signaling in the early
phase, and suppression of the MEK/ERK
pathway in the late phase.
Anti-allergic In vitro (RBL-2H3 cells) Ca0-5HT reduces allergic reaction by inhibition of 7
the FceRl receptor cascade and reduced the IgE-
mediated degranulation of mast cells.
Anti-inflammatory In vitro (RAW 264.17 C52.6-5HT attenuated the LPS induced IL-23-IL17 18
cells) signaling cascade in murine macrophages,
downregulated LPS induced genes involved in
the CD4+ Th17 response.

Anti-inflammatory In vitro (human C,-5HTs inhibited IL-17 and CCL-20; and regulated 1801
peripheral blood IL-1/Th17
mononuclear cells)
Visceral pain and In vivo (mice) Cy0-5HT reduced intestinal contractility via 81
intestinal motility a TRVP1 receptor mechanism and inhibited
colonic motility due to a CB1 mediated
response.
Anti-inflammatory In vivo (mice) and in vitro Cyg-5HT inhibited the production of NO and pro- 7
(RAW 264.7 cells) inflammatory cytokines in vitro and reduced

leukocyte migration into the SAP, protein
extravasation, NO production, and cytokines
levels in vivo.

C,-5HT and inflammatory diseases

Yoo et al. investigated the anti-allergic action of C,y-5HT in IgE-mediated degranulation in RBL-2H3
cells in vitro."”! The results suggested that C,,-5HT can inhibit allergic reaction by direct inhibition of
the FceRI receptor cascade through the suppressing the activation of Syk, Gab2, PI3K, Akt, LAT,
ERK1/2, p38, JNK, PLCy1/2, and PKCS. The amide also inhibited the IgE-mediated degranulation of
mast cells, evidenced by lower levels of TNF-a, PGD,, and LTB, in the cells. This suggests that Cy
-5HT also suppresses allergic inflammation.

Poland et al. showed that PN-docosahexaenoyl-5-hydroxytryptamide (Cyy,6-5HT) has a potent anti-
inflammatory activity as it attenuated the LPS induced IL-23-IL17 signaling cascade in murine
macrophages (RAW 264.17).181 Though Cy,.5-5HT is not found in coffee, its structure resembles other
C,-5HTs. Many studies and clinical trials have shown that the IL-23-1L-17 cascade has great impor-
tance in autoimmune diseases.””®!

Beyond that, Cy,.5-5HT downregulated LPS induced genes, especially those involved in the
CD4+ Th17 response. Hence, low concentrations of Cy,.-5HT lowered the levels of macro-
phage-produced mediators that activate Th1 cells, such as PGE2, IL-6, IL-1p, and IL-23. CD4+
Th17 cells are currently the focus of many studies targeting inflammatory diseases, such as
psoriasis, inflammatory bowel disease, and multiple sclerosis.!”¢~ 7% Cys.6-5HT, also inhibited
RAW 264.7 migration; and decreased chemokines levels (MCP-1 and CCL-20), and the gene
expression of CCL-22 and various metalloproteinases. In 2011, the same group detected
endogenous C,-5HT analogs in swine (ex vivo) and rats (in vive) intestines.”?! They observed
that the level of C,-5HT was related to local serotonin supply was increased. The identity of
the alkyl chain portion varied according to the animals’ diet: the formation of C,;.4-5HT and
Cu0.5-5HT was elevated in mice fed with fish oil.
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Later, Wang et al. identified a series of C,-5HTs in the human colon ex vivo,®] C,6-5HT, C,5-5HT,
Cig. 1-5HT were detected at higher levels than C,5-5HT, and Ci;.6-5HT, Cyo.5-5HT could not be
quantified. The authors tested the amide’s ability to inhibit the release of IL-17 and CCL-20 in human
peripheral blood mononuclear cells stimulated by Concanavalin A (ConA-PBMCs). Cy,.6-5HT was
the best inhibitor of IL-17 and CCL-20; Th17 pro-inflammatory mediators involved in inflammatory
intestinal disorders, such as Crohn’s disease and ulcerative colitis. Thus, Cy56-5HT is a gut-specific
endogenous mediator capable of regulating IL-1/Th17.

In this context, Bashashati et al. studied the effect of C»o-5HT in visceral pain and intestinal motility
in mice."®"! The intracolonic administration of the amide reduced intestinal contractility via a TRVP1
receptor mechanism. C;o-5HT had an inhibitory effect on colonic motility due to a CB1 mediated
response. The authors suggested that this amide has the potential to be employed in the treatment of
irritable bowel syndrome.

Giorno et al. characterized the anti-inflammatory effects of C,3-5HT using a carrageenan-induced
cellular migration in a subcutaneous air pouch model (SAP) in mice and RAW264.7 cells activated
with LPS (in vitro).[*”]

The in vitro assays indicated that C,s-5HT inhibited the production of NO and pro-inflammatory
cytokines, such as IL-1f3. An increase in the levels of IL-10, an immunomodulatory cytokine, was observed.

The animals treated orally with C,s-5HT (0.1, 1, and 10 mg kg ') presented lower leukocyte
migration into the SAP as well less protein extravasation and lower production of nitric oxide
(NO). There was also a reduction in cytokines (TNF-q, IL-1, and IFN- y) levels in the SAP exudates
after treatment with C,3 5HT. There was also increased IL-10 production and accumulation in the
exudate. Hence, C;5-5HT showed potent in vivo and in vitro anti-inflammatory effects.

The biological activities of C,-5HTSs are presented in Table 4.
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