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N-acyl amides (NAAs) are a structurally and functionally diverse group of endogenous cell signalling
molecules, known for regulating several physiological responses in the body. Resent research has
accumulated evidence for gut microbiome-derived NAAs that could influence the host physiology via
gut-brain signalling. In the field of metabolomics, liquid chromatography-mass spectrometry represents
the most extensively utilized analysis method. However, it has not been as widely applied in faecal
analysis, which is the optimal biological sample matrix when investigating gut microbiome-derived
metabolites, such as NAAs. The aims of this thesis were to chemically synthesize two NAA standards,
histamine-C5:0 and Arg-C18:0, and to detect NAAs from human faecal samples using targeted mass
spectrometric analysis.

Successful synthesis of histamine-C5:0 and Arg-C18:0 was confirmed with liquid chromatography-
tandem mass spectrometry (LC-MS/MS) and nuclear magnetic resonance spectroscopy. The newly
synthesized NAAs together with NAA standard mixtures provided by a collaborator were used as
qualitative standards in faecal analysis. NAA profiling was conducted using a newly developed targeted
LC-MS/MS method, with high selectivity based on retention time as well as predefined precursor ion
and fragment ion spectrum matching.

In this study 32 NAAs were identified in human faecal samples with targeted LC-MS/MS. While there
were no statistically significant differences in the relative abundances of NAAs between the sexes, these
results demonstrated the utility of synthetic NAA standards together with optimized targeted LC-
MS/MS method in detection of microbiome-derived NAAs in faecal samples, which have remained
underexplored due to their biological complexity.

Key words: chemical synthesis, gut microbiome, liquid chromatography, mass spectrometry, N-acyl
amides, nuclear magnetic resonance spectroscopy
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1 Introduction

1.1 N-acyl amides

N-acyl amides (NAAs) are a group of endogenous cell signalling molecules that regulate
numerous physiological responses in the body, particularly in the brain and central nervous
system (CNS) (Waluk et al., 2014). This group consists of structurally and functionally diverse
compounds that can bind to different receptors and, as a result, induce different biological

responses.

Endocannabinoid system (ECS) is a neuro- and immunomodulator system that has an important
role in maintaining the immune system homeostasis (Osafo et al., 2021). The ECS is comprised
of endogenous signalling molecules, endocannabinoids, their receptors and enzymes involved
in the pathways. Endocannabinoids have two main cell surface proteins that they interact with,
cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2), which are G-protein coupled
receptors (GPCRs) (Devane et al., 1988; Iannotti et al., 2016; Munro et al., 1993; Osafo et al.,
2021). The classical endocannabinoids that bind to these receptors are 2-arachidonyl-glyserol
(2-AG) and N-arachidonoyl ethanolamine (AEA) (Iannotti et al., 2016). However, other
endocannabinoid-related lipid mediators, such as NAAs, have been discovered that induce
cannabimimetic effects. These compounds are similar in structure and metabolism to known

endocannabinoids, but they do not typically bind as strongly to the main cannabinoid receptors.

Interest in NAAs as endogenous signalling mediators grew after the discovery of AEA (Devane
et al.,, 1992), which led to the discovery and identification of new possible endogenous
compounds (Waluk et al., 2014). However, the knowledge on many NAAs is still lacking. Their
biological functions and receptors are often unknown and the chemistry behind their
biosynthesis and degradation is not fully resolved. All NAAs share the same common
substructure R1-CO-NH-R2, and they can be divided into different subcategories by their R1
and R2 structures (Fig. 1).
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Figure 1. The basic structure of N-acyl amides. R1 represents an acyl tail and R2 amine group.
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1.1.1 Primary fatty acid amides

Primary fatty acid amides (PFAMs) have the simplest structure from all the subclasses of
NAAs, consisting of a fatty acid linked to a primary amine via an amide bond (Divito & Cascio,
2013). Structural diversity within this group arises from the acyl tail that can vary in length and
unsaturation. PFAMs are most known for their sleep-inducing properties. Oleamide, the most
extensively studied long-chain PFAM, has also been shown to regulate several other
mammalian biological functions, including memory, anti-inflammation and hunger (Akanmu
et al., 2007; Martinez-Gonzalez et al., 2004; Moon et al., 2018; Waluk et al., 2014). These
biological functions are induced via oleamide binding to targets, such as CB1 and serotonin
receptors, in the brain and CNS (Akanmu et al., 2007; Leggett et al., 2004; Thomas et al., 1997).
Oleamide was first identified from a biological source, human plasma samples, in 1989 among
other PFAMs that were palmitamide, palmitoleamide, elaidamide, and linoleamide (Arafat et
al., 1989). In 1995 oleamide was isolated from the cerebrospinal fluid (CSF) of sleep-deprived
cats, and it was shown to induce physiological sleep when injected to rats (Cravatt et al., 1995).
This discovery fuelled the interest in PFAMs in biological systems and more compounds were

subsequently identified from mammalian CSF and serum (Waluk et al., 2014).
1.1.2 N-acyl amino acids

N-acyl amino acids (NAAAs) are important subclass of NAAs that contribute to many
physiological processes especially in the CNS (Waluk et al., 2014). Their basic structure
consists of a fatty acid and an amino acid that are linked together via an amino bond. Naturally
occurring NAAAs were first identified in mammalian brains in 2001 (Huang et al., 2001). The
most notable NAAA identified from this study was N-arachidonoylglycine (NAGly) that was
further characterized in detail. As an oxidative metabolite of AEA, NAGly differs structurally
by the incorporation of an oxygen atom through oxidation of the ethanolamine moiety
(McHugh, Wager-Miller, et al., 2012). in vivo and in vitro studies have shown that NAGly can
also be enzymatically constructed from arachidonic acid and glycine (Bradshaw et al., 2009).
Additionally, AEA and NAGly share the same degradation enzyme: fatty acid amide hydrolase
(FAAH) to which NAGly was shown to exhibit higher inhibition potency than AEA (Huang et
al., 2001). It has been hypothesized that the analgesic and anti-inflammatory effects of NAGly
could be partly due to its ability to inhibit FAAH, therefore increasing the levels of
endocannabinoids (Grazia Cascio et al., 2004). However, Grazia Cascio et al. (2004) discovered

that the FAAH inhibition by NAGly is species-dependent and varies between different tissue



and cell types. It was shown in this study that NAGly is a competent inhibitor of FAAH in rats
but not in humans, while N-arachidonoyl-isoleucine (NAlle) was more competent inhibitor of
FAAH in humans when compared to rats. This finding suggests that NAlle could increase AEA

levels in humans in the same manner as NAGly does in rats, by inhibiting AEA degradation.

Despite the structural similarity between AEA and NAGly, it seems that NAGly does not
interact with same receptors or transporters as AEA, suggesting that it functions through
different molecular and cellular pathways (Huang et al., 2001). NAGly is generally distributed
throughout the mammalian tissues which implies that it could have a role in several biological
functions. It has been suggested that NAGly operates through GPR18, GPR55 and GPR92
receptors (Console-Bram et al., 2017; McHugh et al., 2010; Oh et al., 2008). Still, it is important
to notice that NAGly can induce other effectors in a GPCR independent manner (Bondarenko
etal., 2013; Lu et al., 2013). Its physiological functions are not yet fully characterized but it is
known to have analgesic properties and a part in regulation of pain perception (Huang et al.,
2001). To this date multiple other NAAAs have been identified and they have been shown to
participate in regulation of pain (Huang et al., 2001), anti-inflammation (Burstein et al., 2007),
selective inhibition of cancer cell proliferation (Burstein & Salmonsen, 2008), vasodilation
(Parmar & Ho, 2010), cell migration (McHugh, Page, et al., 2012; McHugh, Wager-Miller, et
al., 2012) and calcium ion mobilization (Kohno et al., 2006).

1.1.3 N-acyl dopamines

N-acyl dopamines (NADs) belong to the subgroup of N-acyl neurotransmitters, which also
encompasses other fatty acid—conjugated neurotransmitters, such as histamine and serotonin
(Cristino et al., 2020; Mannochio-Russo et al., 2025). They are known for expressing anti-
inflammatory and immunomodulatory effects (Navarrete et al., 2010; Sancho et al., 2004). The
structure of NADs consists of a fatty acid linked to dopamine via its amino group. These
compounds function as agonists to cannabinoid receptors CB1 and CB2 as well as for the
transient receptor potential vanilloid type 1 (TRPV1) (Bisogno et al., 2000; Chu et al., 2003).
The main identified endogenous TRPV1 ligands are N-arachidonoyl dopamine (NADA) and
N-oleoyl dopamine (OLDA) (Chu et al., 2003). TRPV1 has an important role in initiating pain
signals and it is predominantly expressed in unmyelinated C-fibre neurons with limited
expression in thinly myelinated nerve fibres (Caterina et al., 2000; Kaufman et al., 1982;
Kobayashi et al., 2005). The activation of TRPV1 by NADs has been shown to influence pain
signalling in inflammatory pain (De Petrocellis et al., 2004; Spicarova & Palecek, 2009).



However, NADs can also produce anti-inflammatory effects in a receptor-independent manner
(Navarrete et al., 2010; Sancho et al., 2004). For example, NADA has been reported to inhibit
the activation of transcription factors NFxB, NFAT, and AP-1, which are known for inducing
inflammation (Sancho et al., 2004). While NADA acts as an agonist for both TRPV1 and CBI1
receptors, regulating body temperature and pain perception, OLDA is a strong TRPV1 agonist,
whereas its affinity for CB1 is only modest (Bisogno et al., 2000; Chu et al., 2003).
Nevertheless, OLDA still mediates similar biological functions to NADA (Chu et al., 2003).
Both compounds have been shown to inhibit early and late events in human T-cell activation
(Sancho et al., 2004). These findings together suggest that N-acyl dopamines can offer potential

neuroprotective effects by modulating different cellular pathways in inflammation.
1.1.4 N-acylethanolamines

N-acylethanolamines (NAEs) are a class of NAAs that consists of ethanolamine linked to a
fatty acid via an amide bond (Waluk et al., 2014). Their acyl groups can be unsaturated,
saturated or polysaturated which defines their signalling function (Mock et al., 2023). AEA, the
first identified endogenous cannabinoid by Devane et al. (1992), remains by far as the most
studied endocannabinoid (Scherma et al., 2019). However, despite AEAs popularity among
research, rat studies have shown that it only represents under 10 % of all the NAEs in the brain
(Cadas et al., 1997; Fontana et al., 1995). The most abundant NAE measured in the mammalian
brain is N-palmitoylethanolamine (PEA). Over time, more NAEs have been identified including
N-stearoylethanolamine (SEA), N-oleoylethanolamine (OEA), N-linoleoylethanolamine
(LEA) and N-docosahexaenoylethanolamine (DHEA) (Mock et al., 2023). NAEs have diverse
biological functions that have been shown to regulate inflammation (Dalle Carbonare et al.,
2008), appetite (Williams & Kirkham, 1999), anxiety (Kathuria et al., 2003), neurotransmission
(Ameri et al., 1999; Musella et al., 2017), fertility (Liu et al., 2002; Rossato et al., 2005), and
stress (Hill et al., 2009). Generally, NAEs have been considered to be anti-inflammatory
modulators that exhibit their functions through different GPCRs, ion channels, and nuclear

receptors (Mock et al., 2023).

As the most studied NAE, AEA is known for regulating multiple biological processes, including
pain perception (Calignano et al., 1998; Walker et al., 1999), anxiety (Kathuria et al., 2003),
and appetite (Williams & Kirkham, 1999). Its effects are mediated mostly through receptors
found in the CNS and the brain (Waluk et al., 2014). “Anandamide”, the common name

dedicated to AEA, is derived from the Sanskrit word “ananda”, meaning bliss (Mock et al.,



2023), illustrating its role in promoting anxiolytic, analgesic and antidepressant effects through
CBI signalling in the brain (Gobbi et al., 2005; Hohmann et al., 2005; Kathuria et al., 2003).
AEA has been shown to exhibit significantly stronger affinity for the CB1 receptor when
compared with the other main cannabinoid receptor, CB2 receptor (Lin et al., 1998). Additional
receptors AEA can bind to are TRPV1, transient receptor potential of melastatin type 8
(TPRMS), peroxisome proliferator-activated receptor alpha (PPAR-a) and gamma (PPAR-y)
(Bouaboula et al., 2005; De Petrocellis et al., 2007; Sun et al., 2007; Zygmunt et al., 1999).

PEA was first discovered in 1957 from soybean lecithin, and its anti-inflammatory properties
were noted from the very beginning (Kuehl et al., 1957). Later, PEA has been shown to facilitate
neuroprotective, analgesic, anorectic and anti-epileptic effects (Lambert et al., 2001; Rodriguez
de Fonseca et al., 2001; Skaper et al., 1996). Neuroprotective properties were observed in
different disease models, such as Parkinson’s and Alzheimer’s disease, when PEA was given
exogenously (Esposito et al., 2012; Scuderi et al., 2018). PEA is also known to accumulate to
the brain or spinal cord following injury and to exert its neuroprotective functions through
activating PPAR-a (Franklin et al., 2003; Li et al., 2021; Lo Verme et al., 2005). Both PEA and
OEA have been shown to bind to GRP119 (Overton et al., 2006). However, OEA displays
clearly a higher affinity to this receptor, which functions as a fat sensor in the gut (Hansen et
al., 2012). OEA is most known for regulating feeding behaviour through activation of PPAR-a
(Fu et al., 2003), to which it has the strongest affinity out of all the other NAEs (Artmann et al.,
2008). Research has shown that during starvation intestinal OEA levels decrease significantly,
while AEA levels increase in contrast, indicating a complementary regulation system (Gomez
et al., 2002; Rodriguez de Fonseca et al., 2001). Fonseca et al. (2001) found that refeeding the
starved mice significantly increased the OEA levels in the small intestine. These findings
support the idea, that OEA is a satiety factor, that gets released during food intake. Moreover,
it has been found that short- and long-term high fat diets decrease OEA levels in rat jejunum,
suggesting that this phenomenon could be the reason for lower satiety and hyperphagia

observed in obesity (Artmann et al., 2008; Igarashi et al., 2015).

As many of the NAEs exhibit anti-inflammatory properties, it has been proposed that several
of them could potentially have neuroprotective roles (Kleberg et al., 2014). NAE signalling in
brain has been shown to play a part in functions such as inflammation, memory formation and
stress (Campolongo et al., 2009; Dlugos et al., 2012; Sayd et al., 2015). Consequently,
dysregulated NAE levels are implemented in neurological disorders, however, whether they

distribute to the severity of the disease or have a protective role remains unclear (Centonze et
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al., 2007; Marchioni et al., 2018; Pisani et al., 2010). For example, it has been suggested that
AEA itself does not induce disease progression, instead it could act as a neuroprotective agent
through CB1 and CB2 activation (Chiurchiu et al., 2018; Gowran et al., 2011). When
investigating these compounds, it is important to consider that NAEs can be distributed
differently across various tissue types (Mock et al., 2023). This is demonstrated by LEA, which
is the most abundant NAE in the gut but significantly diminished in the brain. Thus, it is
important to consider the whole NAE profile rather than focusing solely on the limited subset

of NAEs when analysing lipidomic measurements.
1.2 Endocannabinoid system

In the 1960s, A9-tetrahydrocannabinol was discovered as the main psychoactive component in
Cannabis Sativa (Gaoni & Mechoulam, 1964), a plant that has been used as a traditional
medicine over a thousand years (Osafo et al., 2021). The corresponding receptors, CB1 and
CB2, were identified in the 1990s leading to the discovery of endogenous ligands, AEA and 2-
AG, that were given the name “endocannabinoids” (Cristino et al., 2020; Matsuda et al., 1990;
Munro et al., 1993). Soon after their identification, it became clear that endocannabinoids and
their receptors are important signalling molecules, part of a larger system that came to be known
as the ECS. Today, the ECS is known for its vital role in regulating processes necessary for
normal physiological function of the body, especially for its role in the immune system (Osafo
etal., 2021). Consequently, it also has a major role in various pathological conditions. The ECS
is traditionally described as endogenous lipid signalling system comprising two receptors, CB1
and CB2, their endogenous ligands, AEA and 2-AG, and the enzymes involved in their
biosynthesis and degradation (Lian et al., 2022). However, recent findings suggest that this
classification is too limited, as new bioactive molecules and receptors are discovered interacting
with the ECS. As aresult, the term ECS was expanded to also encompass the congeners of AEA
and 2-AG, NAAs and their metabolites, as well as their associated bioactive enzymes and
receptors (Simard et al., 2022). This makes the ECS an even more complex network of
numerous overlapping pathways and metabolic processes, thereby complicating its research

and understanding.
1.2.1 Endocannabinoid receptors

The ECS, as previously discussed, consists of numerous lipid mediators including various

subgroups of NAAs. These compounds exert their properties through different receptors, which
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have been shown to exhibit substrate promiscuity among ECS mediators (Cristino et al., 2020).
The classical endocannabinoid receptors, CB1 and CB2, are often associated with similar
biological functions (Iannotti et al., 2016), although their protein sequences share only 44 %
homology (Munro et al., 1993). As members of the large family of GPCRs, both receptors
consist of seven transmembrane domains that are linked together by three intracellular and three
extracellular loops, featuring an intracellular C-terminal tail and an extracellular N-terminal tail
(Iannotti et al., 2016). These two GPCRs primarily couple with inhibitory G-proteins (Lu &
Mackie, 2021), and they modify gene expression in the cell by inhibiting adenylyl cyclase and
protein kinase A, while inducing mitogen-activated protein kinase (De Pol & Kolla, 2021).
Additionally, they can inhibit specific voltage-sensitive calcium channels, stimulate inwardly
rectifying potassium channels and recruit beta-arrestins (Lu & Mackie, 2021), which are

proteins known for regulating GPCR signalling (Kee et al., 2024).

CBI1 is the most abundant GPCR in the mammalian brain and it is widespread across the CNS
and peripheral nervous system (Herkenham et al., 1990; Turu & Hunyady, 2010). Its role in
maintaining homeostasis is highlighted by its expression in nearly all mammalian tissues and
organs. It has been shown that CB1 receptors are predominantly located presynaptically in both
excitatory and inhibitory neurons within CNS (Katona & Freund, 2008; Matyas et al., 2008).
However, they can also be expressed postsynaptically in the CNS (Rodriguez et al., 2001), as
well as in non-neuronal cells in the brain, where they promote neurotransmitter release
(Navarrete & Araque, 2008; Stella, 2010). CB1 receptors have also been shown to be expressed
on the enteric nerves in the submucosal and myenteric plexuses in the small intestine, with
especially high abundance in the nerve fibres in lamina propria (Cuddihey et al., 2022). The
localization of CB1 receptors in the enteric nervous system (ENS) could be an indication for
their important role in the regulation of gastrointestinal (GI) functions. In addition to existing
as a homodimer, CB1 can heterodimerize with other GPCRs, such as D2 dopamine and opioid
receptors, enhancing its already wide signalling potential (Przybyla & Watts, 2010; Rozenfeld
et al., 2012). Both, CB1 and CB2 signalling, can be further regulated by positive and negative
allosteric modulators, adding to the complexity of ECS (Nguyen et al., 2017).

Unlike CB1, CB2 is expressed at low levels in the brain, predominantly in the microglia, with
some expression detected also in astrocytes and neurons (Grabon et al., 2024). However, CB2
is expressed in most immune cells (Graham et al., 2010). Its activation has been shown to reduce
the release of pro-inflammatory cytokines and lymphangiogenic factors in human lung

macrophages (Staiano et al., 2016). CB2 receptors are expressed in peripheral organs, that have
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a part in immune response, for example in the spleen, thymus and tonsils (Gali¢gue et al., 1995).
It was reported that the amount of CB2 mRNA in spleen and tonsils was equivalent to the
amount of CB1 mRNA in the CNS. Overtime CB2 has been recognized as an important immune
modulator which responses depend on the immune cells and properties of inflammatory
responses (Bala et al., 2024). When activated these receptors inhibit the production of
inflammatory mediators and they can mediate immune cell migration by altering chemotaxis,
which affects the severity and the duration of inflammation. Alongside the main and most
studied endocannabinoid receptors, other putative receptors have been discovered, which
exhibit endocannabinoid-like receptor activity (Lian et al., 2022). TRPV1, PPARs, GPR1S,
GPR55 and GPR119, are all receptors considered to be a part of the ECS.

TRPV1 belongs to a group of ion channel receptors, and it is expressed widely across several
central and peripheral organs (Alawi & Keeble, 2010). Although, it is a non-selective cation
channel, it shows a preference for calcium (Owsianik et al., 2006). TRPV1 can be activated by
several factors, including exogenous compounds like capsaicin and endogenous ligands called
endovanilloids, which for instance include AEA and other NAEs (Darré & Domene, 2015; De
Petrocellis et al., 2001; Movahed et al., 2005). Additionally, other chemical and physical
stimuli, such as low pH and high temperatures, have been shown to activate TRPV1 channels
(Tominaga et al., 1998). TRPV1 activation is commonly associated with pain transmission and
neurogenic inflammation (Julius, 2013). It is also shown to play a role in neuronal
overexcitability, synaptic plasticity and neurotoxicity (Bennion et al., 2011; lannotti et al.,
2014; Shen et al., 2025). TRPV1 is expressed throughout the CNS (Martins et al., 2014), but it
is also found abundantly in C-type sensory nerve fibres in dorsal root ganglia (Kobayashi et al.,
2005). Its expression is not limited to neural sites as it extends to non-neural cells and tissues
(Kudsi et al., 2022). In sensory neurons TRPV1 channels have a role in combining various
sensory inputs to modify and transmit pain signalling (Caterina et al., 2000). In central neurons,
these channels are located pre- and post-synaptically, contributing to the regulation of synaptic
signalling strength (Bennion et al., 2011). Notably, this regulation influences processes such as
pain, anxiety and depression, typically producing effects opposite to those of CB1 receptors

(Iannotti et al., 2016).

The nuclear hormone receptor family of PPARs comprises three isoforms, PPAR-a, PPAR-f/6
and PPAR-y, which function by forming heterodimers with the retinoid X receptor (O’Sullivan,
2016). These heterodimers influence gene expression by binding to PPAR response elements

in the DNA. Genes regulated by PPARs are known to act in the regulation of inflammation,
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metabolism, energy homeostasis and cell differentiation. PPARs can be activated by various
endo- and exogenous ligands that differ in their chemical structure. The endogenous ligands of
PPARs include fatty-acids, endocannabinoids and endocannabinoid-like mediators (Lian et al.,
2022). PPAR-a is activated by several NAEs, among endocannabinoid-like mediators OEA and
LEA have been shown to be the most effective (Artmann et al., 2008). The a-isoform is highly
expressed in the GI tract, liver and brown adipose tissue, where it controls lipid metabolism
(Lian et al., 2022). As a strong PPAR-a agonist, OEA has been shown to decrease obesity and
induce satiety through activation of this receptor isoform (Fu et al., 2003). Additionally, PPAR-
a and PPAR-y are expressed in the brain where they induce neuroprotective and anti-
inflammatory effects during acute and chronic neuroinflammation (Cristino et al., 2020).
PPAR-y isoforms are highly expressed in the adipose tissue, where they regulate differentiation
of adipocytes and maintain glucose and lipid homeostasis (Lian et al., 2022). AEA has been
shown to be potent PPAR-y ligand, while some evidence also suggests that NADA, PEA and
OEA could activate PPAR-y (O’Sullivan, 2016). There is also evidence that some
endocannabinoid degradation metabolites are PPAR activators. For example, even though AEA

does not bind to PPAR-/9, its derivative metabolite arachidonic acid does (Yu et al., 2014).

GPR18, GPR55, and GPR119 have emerged as candidate receptors within the ECS (Lian et al.,
2022). GPR55 is mainly expressed in the CNS, pancreas and liver, and is linked to biological
processes, such as energy metabolism and inflammation (Jin et al., 2024). Although L-o-
lysophosphatidylinositol is considered GRP55s endogenous ligand, the receptor can be
activated by endocannabinoids (Lian et al., 2022). GRP119 is expressed in various organs,
where it has been shown to influence multiple biological processes, including inflammation,
appetite, along with glucose and lipid metabolism (Jin et al., 2024). Among ECS mediators,
OEA has been identified as an endogenous ligand of GRP119, regulating secretion of incretin
in the GI tract and insulin in pancreas (Lian et al., 2022). GRP18 has only recently been
regarded as a putative cannabinoid receptor for its interactions with other synthetic, endo- and
exogenous cannabinoids. From NAAs, NAGly, has been demonstrated as a natural ligand of
GRP18 (Kohno et al., 2006). This receptor has been found to be abundant in various human
tissues, including the hypothalamus, GI tract and white adipose tissue. Additionally, GRP18 is
highly expressed in immune cells, where it influences their proliferation, migration and

infiltration and has a role in mediating anti-inflammatory responses (Lian et al., 2022).
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1.2.2 Endocannabinoid metabolism

With numerous key players ECS consists of diverse metabolism networks, including different
biosynthesis and degradation pathways. Some of these routes have been described in great detail
while others are yet to be discovered. The biosynthesis of AEA and other NAEs fall under the
more well studied pathways in the ECS. NAE biosynthesis can proceed through four different
routes, which all have the same common precursor, N-arachidonoyl-phosphatidylethanolamine
(NAPE) (Simard et al., 2022). The most straightforward pathway is catalysed by NAPE-
specific phospholipase D (NAPE-PLD), which hydrolyses the NAPE releasing a NAE in one
step reaction (Tsuboi et al., 2018). The other three alternative pathways have multiple
catalysation reactions independent of NAPE-PLD (Simard et al., 2022). The importance of
NAPE-PLD dependant pathway in NAE biosynthesis was shown in Leishman et al. (2016)
study, in which NAPE-PLD knockout mice had significantly reduced NAE levels when
compared to the wild type. Additionally, they also measured the changes of other NAA levels,
which were affected by the deletion of NAPE-PLD. These findings together demonstrate that
NAPE-PLD influences the wider ECS and its impact is not limited to the NAEs only.

NAEs are degraded into free fatty acids and ethanolamine through hydrolysis (Tsuboi et al.,
2018). This reaction can be catalysed by FAAH, FAAH-2 or N-acylethanolamine acid amidase
(Simard et al., 2022). In 1996, FAAH was molecularly characterised and proposed as a general
degradative enzyme for fatty acid amide family of signalling molecules (Cravatt et al., 1996).
This idea was supported by in vivo experiments, using both mice treated with FAAH inhibitors
and FAAH knockout mice, which showed impaired fatty acid amide degradation activity and
accumulation of NAEs (Cravatt et al., 2001). FAAH-2, sharing 20 % sequence identity with
FAAH, was discovered in 2006 (Wei et al., 2006). Despite low sequence identity, both of these
enzymes belong to the amidase signature enzyme family and contain the serine-serine-lysine
catalytic triad as well as other catalytically important residues, which are essential for amide
bond hydrolysis. Interestingly, FAAH-2 is found in primates but not in murids, unlike FAAH,
which is well-conserved in mammalians. FAAH-2 favours monounsaturated NAAs, such as
oleamide and OEA, while having low selectivity for AEA, which has polyunsaturated acyl tail.
N-acylethanolamine acid amidase is a lysosomal enzyme that doesn’t share sequence identity
with FAAH (Tsuboi et al., 2018). However, it can hydrolyse AEA and other NAEs at acidic
pH, especially PEA which it shows significantly higher activity (Ueda et al., 2001).
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1.2.3 Endocannabinoid system and the gastrointestinal tract

Interest in the physiological role of ECS in the GI tract has increased in the recent years, driven
by the discoveries revealing that its components do localize and exert their functions in this
system (Lian et al., 2022). CB1 has been well established in the ENS where it regulates
processes such as GI motility and intestinal permeability (Sharkey & Wiley, 2016). Cuddihey
et al. (2022) demonstrated that CB1 can restore gut barrier integrity after it has been disturbed
by high fat diet. The CB2 receptor has been also identified in the ENS as well as in immune
and epithelial cells in GI tract (Sharkey & Wiley, 2016). This receptor has been shown to exhibit
anti-inflammatory properties that restore gut function after inflammatory stress (Mathison et
al., 2004). Furthermore, both cannabinoid receptors and endocannabinoids have been shown to
impact human GI tract function in a manner that indicates their possible immunomodulatory
and protective roles (Wright et al., 2005). In addition to the main cannabinoid receptors, the GI
tract also expresses other receptors belonging to the ECS (Lian et al., 2022). These receptors
have been shown to influence a variety of functions in GI tract, including energy homeostasis

and inflammation.

Recent studies have provided evidence that the ECS signalling in the GI tract is not limited to
local regulation but also affects the CNS through the gut-brain axis (Berland et al., 2022;
Chevalier et al., 2020; Dohnalova et al., 2022). The gut-brain axis is considered to consist of
humoral and neural networks that connect the two systems (Storr & Sharkey, 2007). ECS
signalling between the gut and brain is largely mediated through the vagus nerve. Berland et al.
(2022) demonstrated that vagus-mediated CB1 signalling is essential for binge eating
behaviours in mice. They observed that peripherally restricted CB1 antagonists reduced binge
eating consumption in mice and that vagal integrity was essential for this effect to take place,
since the same reduction was not observed in mice with impaired vagal nerve. While providing
evidence for the crucial role in disordered eating, this finding suggests that the ECS gut-brain

transmission may also influence feeding behaviour more broadly.

Gut microbiome has been shown to influence the gut-brain communication as well, adding
further complexity to the investigated system (Chevalier et al., 2020; Dohnalova et al., 2022).
The human gut microbiome has been estimated to consist of approximately 100 trillion bacterial
cells that form a mutually beneficial ecosystem with the host (Cani et al., 2016). This mutual
relationship provides the host with additional metabolic and genetic capacity. Consequently,

around 10% of the hosts intestinal transcriptome is considered to be regulated by the microbiota.
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The gut microbiota can modulate the mood and behaviour, as demonstrated in studies focusing
on depressive-like behaviours and exercise motivation in mice (Chevalier et al., 2020;
Dohnalova et al., 2022). Chevalier et al. (2020) found that faecal microbiota transplantation
from mouse models of depression to germ-free mice induced depressive-like behaviours in the
recipients. Additionally, they observed that the change in behaviours was reversible by both
administration of endocannabinoid precursor, arachidonic acid, and Lactobacillus plantarum
strain. Dohnalova et al. (2022) reported microbiome-dependent gut-brain pathway that employs
NAAs to regulate the motivation for exercise. In their study they found that depletion of gut
microbiota with antibiotics led to significant loss of running distance in mice, which was also
observed as impaired striatal dopamine response. The most potent metabolites from the
microbiome to activate dorsal root ganglion neurons were identified as NAAs. Intestinal caecal
samples showed that OEA levels were significantly reduced in mice treated with antibiotics and
that the OEA abundance correlated positively with the running distance. Furthermore, they
demonstrated that mice lacking large fraction of spinal and vagal afferent neurons that express
TRPV1 were similarly impaired in exercise as the mice treated with antibiotics. Notably, this
effect was not further emphasized by antibiotic treatment. These findings together suggests that
microbiome produces intestinal NAAs, that activate sensory neurons which relay the signal to
the brain, leading to enhanced physical endurance via increased dopamine signalling. Overall,
the research presented here indicates the existence of a complex intertwining system, where
vagus mediated gut-brain signalling is affected by metabolites produced by the gut microbiota
such as NAAs. The mechanisms that drive these interactions need to be further investigated to
better understand the role of each component and the effects on microbial and host metabolism

and physiology.
1.3 Mass spectrometric analysis of N-acyl amides from biological matrices

As the interest in compounds belonging to the ECS has grown over the years, the development
of methods targeting their analysis from biological matrices has advanced as well (Marchioni
et al., 2018). Liquid chromatography-tandem mass spectrometry (LC-MS/MS) has become the
standard approach for its high sensitivity and selectivity, as well as for its compatibility with
the physicochemical properties of endocannabinoids and related compounds. Techniques based
on liquid chromatography coupled with mass spectrometry (LC-MS) aim to separate and
identify the analytes from the samples (Gross, 2017). The separation is a consequent of different
compounds in liquid mobile phase interacting with the stationary phase material of the

chromatographic column in different affinities causing them to elute in different times. The
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time that it takes for a compound to travel through the column is referred to as its retention time,
which remains reproducible while the chromatographic conditions stay unchanged. After the
chromatographic separation, the analytes are directed into a mass spectrometer for the detection.
In mass spectrometry (MS), the aim is to generate ions from the analytes and to separate and
detect them based on their mass-to-charge ratio (m/z). Tandem mass spectrometry (MS/MS)
acquires two consecutive levels of m/z analysis, MS1 and MS2. The first level, MS1, produces
precursor ions and selects them by their m/z values to be further analysed. Selected precursor
ions are then fragmented once again, producing product ions that can be detected in MS2. Each
level in MS/MS adds to the selectivity of the analysis by monitoring specific ions, thus reducing
interference from matrix components. Therefore, MS/MS is ideal for analysis of compounds
that exist only in trace amounts in samples. Indeed, sub-trace levels of endogenous compounds,
such as endocannabinoids, in biological samples and their low chemical stability are known to
make their detection challenging (Marchioni et al., 2018). Additionally, biological samples may
contain other endogenous compounds that can co-elute with the target analytes disturbing and
impairing the quality of the analysis. In metabolomics studies the quality of the samples,
especially sample collection and preparation methods, significantly influence the data obtained
from the analysis (Eshawu et al., 2025). Therefore, thoroughly optimized sample preparation

method is crucial for reproducible and robust data.
1.3.1 Sample preparation

The aim of metabolomics sample preparation is to preserve the target analytes as they were at
the moment of sample collection to maintain biological accuracy throughout the analysis
(Eshawu et al., 2025). As metabolites are known to be afflicted by pH, temperature, enzymes
and sample processing time, ensuring proper collection and preparation methods is critical
when handling biological samples. To avoid degradation and transformation of target

metabolites, fast collection combined with on-spot freezing and —80 °C storing is the standard

practice.

Besides metabolites, biological samples are abundant in various other biomolecules, salts and
inorganic compounds, which makes them highly complex matrices (Niu et al., 2018). These
interfering molecules can cause ion suppression or enhancement in MS analysis, which distorts
the detected signal compromising analytical reliability (Eshawu et al., 2025). Therefore,
biological samples require preparation methods that eliminate the disruptive compounds while

preserving the target analytes. Protein precipitation with organic solvent and filtration are the
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most common methods used in LC-MS analysis to remove proteins, particulates and microbial
contaminants from the samples. Protein precipitation is especially favourable method when the
target compounds are vulnerable to heath and changes in pH (Niu et al., 2018). The organic
solvent causes the protein denaturation and aggregation, separating them from the analytes
dissolved into the liquid phase. Despite being non-selective method, protein precipitation has
become routine practise since it is simple and fast to conduct, plus it requires minimal

equipment.
1.3.2 Liquid chromatography-tandem mass spectrometry

LC-MS techniques have been well established in the field of metabolomics due to the
conveniency they bring to the analysis process (Eshawu et al., 2025). The capability to analyse
thermolabile, polar and non-polar analytes without derivatization provides a platform to
investigate a wide range of compounds. Furthermore, LC-MS/MS specifically has become the
standard technique for detecting endocannabinoids from biological samples (Marchioni et al.,
2018). This can be attributed to its high throughput capability combined with its enhanced
selectivity and sensitivity. Reverse phase columns with C18 stationary phase are commonly
employed when separating endocannabinoid-like compounds due to their lipophilic
characteristics (Zoerner et al., 2011). The elution system for these nonpolar compounds can be
either gradient or isocratic, with mobile phase consisting of organic and aqueous solvents with
additives (Marchioni et al., 2018). Formic acid is often used as an additive at low concentrations
(Zoerner et al., 2011), as it promotes positive ion formation of basic compounds during MS
analysis (Marchioni et al., 2018). Standard isocratic elution for endocannabinoid separation
uses a methanol-water mobile phase, with methanol accounting for 85-90 % (Zoerner et al.,
2011). The percentage of organic solvent, such as acetonitrile or methanol, is increased during
gradient elution. Its proportion in the mobile phase is increased typically from 10—65 % up to
90—-100 %. A recent systematic review of targeted LC-MS/MS methods found that electrospray
ionization (ESI) in positive mode is the most commonly used ionization method for
endocannabinoids and NAEs (Amir Hamzah et al., 2025). ESI is considered a soft ionization
technique that generates gas phase ions with minimal fragmentation from the analytes dissolved
in the liquid mobile phase (Gross, 2017). Overall, the systematic review concluded that the LC-
MS/MS methods for the analysis of these compounds were relatively consistent between
different biological matrices (Amir Hamzah et al., 2025). Moreover, they emphasized that the

differences in methods mainly stemmed from sample preparation protocols.
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1.3.3 Faecal sample analysis

Analysing biofluids offers valuable information about the physiological environment that
surrounds them as well as the tissue that they are produced in (Karu et al., 2018). To investigate
complexity of intertwined GI tract-microbiome biosystem, faecal matter has risen as an
advantageous biospecimen in metabolic analysis. While LC-MS represents the most
extensively utilized method in metabolomics analysis, it has not been as widely applied in faecal
analysis (Deda et al., 2015). Moreover, the methods for sample collection and preparation are
lacking in standardization (Karu et al., 2018). The absence of standard protocols is aggravated
by the heightened vulnerability of faecal analysis to differences in methodologies. Unlike other
biofluids, faeces are a semi-solid biological matrix that consists of both endogenous and

exogenous matter which complicates the establishment of routine processes.

Gut microbiome together with GI tract shape the diverse compound profile of faecal matter
through processes such as ingestion, digestion, and absorption (Karu et al., 2018). Typically,
faeces are composed of 63—85 % water, while bacterial biomass accounts for the most of the
dry weight (25-54%). The remainder consists of undigested dietary residues, shed colonic
epithelial cells, macromolecules, and lastly metabolites which make up the faccal metabolome.
Post-collection faecal samples are sensitive to alterations in metabolite profile due to microbial
fermentation, that can be accelerated by external factors, such as temperature changes and
aerobic conditions. Therefore, sample preparation protocol must be replicable, short, and able
to extract all of the metabolites as they were at the point of collection (Deda et al., 2015). Most
commonly the samples are frozen after collection to avoid deterioration. Sample preparation
steps for the LC-MS analysis typically involve dilution into an organic solvent, such as
methanol, followed by centrifugation to remove proteins and precipitants, and filtration to
prevent column blockage. The high sensitivity of LC-MS instruments offers wide metabolite
coverage, detecting thousands of signals in faecal samples. However, this leads to an immense
amount of data that requires careful processing and interpretation to identify the true
metabolites from the co-eluting compounds, without confusing different isotopes, adducts and
fragment ions as separate metabolites (Karu et al., 2018). Developing targeted LC-MS/MS
methodologies represent a promising approach for identification of specific metabolites in
faeces. Targeted multiple reaction monitoring (MRM) analysis provides higher sensitivity and
broader detection range than the untargeted analysis. MRM analysis tracks the transitions of
multiple predefined precursor ions and their corresponding product ions within a single analysis

cycle to acquire more reliable data from the chosen analytes, while in turn sacrificing the
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detection of non-target ions (Gross, 2017). To develop a reliable and robust MRM method
requires availability of well-characterized reference standards and time-consuming
optimization of the chromatographic separation, MRM channels and MS conditions (Karu et
al., 2018). Even with a well-optimized method, the interpretation of the analysis results can still
be rather complicated (Deda et al., 2015). Metabolites in faecal samples can originate from the
host or microbial metabolism, or they can be produced via co-metabolism. Furthermore, these
metabolites are engaged in a constant dynamic interplay between the GI tract and the gut
microbiota. As a consequence, faeces represent a biospecimen with vast and unique metabolic

information, deserving of further investigation.
1.4 Microbiome-derived N-acyl amides

Gentry et al. (2024) demonstrated the advantage of reverse metabolomics for the annotation of
NAAs in large untargeted metabolomics datasets. The reverse metabolomics approach they
introduced searches public untargeted MS/MS data to see if specific fragment spectra can be
found and identified. To obtain the MS/MS fragment spectra for NAAs they used combinatorial
synthesis to link together 46 fatty acyl chlorides with 32 amines. Over 60,000 spectral matches
were made with the created NAA library when searching through 25,463 datafiles. Most of the
matches came from animal databases, especially from human and mice. The NAAs were
predominantly detected in faecal, caecum and skin samples. Additionally, they detected variety
of NAAs from microbial datasets. Another recent metabolomics focused study discovered 777
previously undocumented NAAs from public LC-MS/MS untargeted datasets (Mannochio-
Russo et al., 2025). 18% of these compounds were derived from short-chain fatty acids and
were present in the GI tract as well as other organs in humans and rodents. In their study,
Mannochio-Russo et al. (2025) hypothesised that these NAAs could be partially produced by
the microbiota. Evidence for this claim was gathered from public datasets as well as human gut
bacteria cultures, which showed that these microbes can produce NAAs, if both amine head and
lipid tail groups are available as substrates. Antibiotic use, diet, and health conditions were also
shown to affect the NAA levels. These findings align with an earlier study, where Cohen et al.
(2017) observed that human gut microbiota produces NAAs which interact with GPCRs, such
as GPR119. Their findings revealed that NAA synthase genes are particularly enriched in
human gut microbes and that the NAAs they produce are structurally similar to the endogenous

GPCR ligands.
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Over the years, NAAs have gained attention due to their established roles as endogenous lipid
signalling molecules, participating in essential biological pathways (Bradshaw & Walker, 2005;
Waluk et al., 2014). However, the recent research has accumulated strong evidence for gut
microbiota-derived NAAs, that can potentially influence the host physiology (Cohen et al.,
2017; Dohnalova et al., 2022; Mannochio-Russo et al., 2025). In particular, Gentry et al. (2024)
and Mannochio-Russo et al. (2025) revealed the large-scale information within untargeted
metabolomics data providing extensive insights into NAAs. Out of over 1,400 synthesized
NAAs, a third were detected from the public metabolomics datasets, highlighting both the vast
size and structural diversity of the NAA family. Understanding the complexity and function of
NAAs is crucial, as many of these compounds are an essential part of the signalling pathways
and biological processes. Therefore, further research is required to uncover their potential in

human physiology, including gut microbiome, GI tract and ECS.

1.5 Aims of the thesis

To chemically synthesize two NAAs, Arg-C18:0 and histamine-C5:0, and utilize them as
qualitive standards in targeted scheduled MRM (sMRM) analysis.

To detect NAAs from human faecal samples using the targeted SMRM analysis.
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2 Materials and methods

2.1 Chemical reagents

Synthesis reagents, L-arginine > 98 %, histamine > 97 %, valeric acid > 99 %, stearic acid >
98.5 %, ethyl chloroformate > 98 %, triethylamine > 99%, and sodium hydroxide 99—100 %,
were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Tetrahydrofuran > 99.9 % was
from VWR Chemicals (United Kingdom).

Synthetic NAA standards were provided by Dorrestein Lab, University of California (Gentry
et al., 2024). The standards were mixtures of compounds produced by the conjugation of 46

fatty acid chlorides with 31 amines, resulting in total of 1,426 NAAs.

Internal standards (IS), Arachidonoyl ethanolamide d8 (AEA-dS), Alpha-linolenoyl
ethanolamide d4 (aLEA-d4), Oleoyl ethanolamide d4 (OEA-d4) and Stearoyl ethanolamide d3
(SEA-d3), were purchased from Cayman Chemical Company (Michigan, USA) or Sigma-
Aldrich (Saint Louis, Missouri, USA).

Ultrapure methanol (MeOH) > 99.9 %, ultrapure acetonitrile (ACN) >99.9 %, 2-propanol (IPA)
> 99.9 %, and ultrapure water, were from Honeywell Riedel-de Haén™ (Charlotte, NC, USA).
Formic acid > 99 %, was from VWR Chemicals (United Kingdom).

2.2 Synthesis of histamine-C5:0 and arginine-C18:0

Combinatorial reactions protocol for N-acyl amides by Gentry et al. (2024) was modified and
applied to synthesize histamine-C5:0 and Arg-C18:0. Activation solutions for the fatty acids
were prepared by mixing 1 ml of tetrahydrofuran with 0.1 mmol of fatty acid, 0.15 mmol of
ethyl chloroformate and 0.14 mmol of triethylamine. The mixtures were put on a shaker for 30
min at room temperature. 0.1 mmol of each amine was dissolved in separate vials containing 1
ml of 0.1 M NaOH and combined with the corresponding fatty acid solution. Both mixtures
were shaken in room temperature for 1-2 hours. 3:50,000 (v/v) dilutions were prepared in
ACN/H20 (30/70, v/v) and they were filtered through 0.20 um Minisart RC 15 single use
syringe filters (Startorius Stedim biotech GmbH, Gottingen, Germany).

2.3 Faecal samples

Faecal samples (n=40) from cohort consisting of 5.5-year-olds, with equal representation of

both sexes were provided by FinnBrain. The samples were homogenized prior to sample
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preparation. Pooled quality control (QC) sample was prepared by adding 20 ul of each sample
together.

2.4 Sample preparation

Internal standard (IS) solvent consisting of 25 ppb AEA-dS, 25 ppb aLEA-d4, 100 ppb OEA-
d4 and 100 ppb SEA-d3 was prepared in MeOH/ACN (5:1, v/v) with 0.1 % FA.

Samples for targeted SMRM LC-MS/MS were prepared by adding 120 pl of homogenized
faecal samples and synthetized NA A dilutions each to 600 pl of IS solvent, vortexed and filtered
through a protein precipitation filter plate (Merck, Darmstadt, Germany). Blanks consisting of
MeOH and blanks consisting of IS solvent were treated the same as the samples. Filtrates were
collected into total recovery glass vials. Additional blanks consisting of 600 ul of IS solvent
were prepared without the filtration step into the glass vials. Samples were dried under a stream
of nitrogen at 40 °C and resuspended into solvent mixture consisting of 70 % MeOH/ACN (5:1,
v/v) and 30 % of 0.1 % FA in water. Standard NAA mixtures spiked with IS solvent were
evaporated under a stream of nitrogen at 35 °C and resuspended into the same solvent mixture
as the samples, resulting in 1:10 dilutions of the original standard mixtures provided by

Dorrestein.
2.5 Nuclear magnetic resonance spectroscopy

The non-diluted synthesis mixtures were dried under a stream of nitrogen at 35 °C. The dried
Arg-C18:0 sample was dissolved into 700 pl 99.80 % Methanol D4 (Eurisotop, Saint-Aubin,
France) and + 200 pl 99.80 % Chloroform D + 0.03 % TMS (Eurisotop, Saint-Aubin, France)
v/v. The dried histamine-C5:0 sample was dissolved into 700 pul Methanol D4. Nuclear
Magnetic Resonance (NMR) analysis was performed with AV500Cryo (Bruker BioSpin,
Ettlingen, Germany), featuring Bruker 500 MHz magnet and liquid nitrogen cooled CryoProbe.

2.6 Liquid chromatography conditions

The ultra-performance liquid chromatography (UPLC) instrument utilized was ACQUITY
premier system (Waters, MA, USA). Reverse-phase liquid chromatography was accomplished
by using Phenomenex Kinetex 1.7 um 100 x 2.1 mm XB-C18 100 A column with Phenomenex
SecurityGuard ULTRA Cartridge pre-column that were held at 40 °C. Mobile phase A, 0.1 %
FA in water, and mobile phase B, MeOH/ACN (5:1, v/v), were used as the eluents and the flow

rate was 0.4 ml/min. Gradient elution conditions for the run are presented in the Table 1.
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Injection volume was 10 pl and the autosampler was set at 15 °C, wash solvent consisted of 0.1

% FA in HO/ACN/IPA (3:5:2 v/v) and the post-injection wash time was 8 s.

Table 1. Gradient elution conditions for the ultra-performance liquid chromatography.

The table presents mobile-phase gradient of aqueous (%A) and organic (%B) solvent ratios as a function

of time.

Time (min) %A %B
0 95 5
12.92 15 85
13.92 0 100
17.42 0 100
17.62 95 5
21 95 5

2.7 Untargeted mass spectrometry settings

Mass spectrometric detection was conducted on a ZenoTOF 7600 (Sciex, Framingham, MA,
USA) with an electrospray ion (ESI) source and collision-induced dissociation (CID)
fragmentation. Scan type was time-of-flight (TOF) on a positive mode, with IDA acquisition.
Temperature was set on 300 °C and the pressure of ion source gas 1 and 2 were 50 psi and 70
psi, respectively. Spray voltage was 5500 V, scan range was set at 50-600 m/z, collision energy
(CE) was 35 V and declustering potential was 80 V. Sciex ESI positive calibration solution

X500B was used for the calibration of the mass scale.
2.8 Targeted mass spectrometry settings

sMRM method was utilized in targeted mass spectrometric analysis on ZenoTOF 7600 with an
ESI source and CID fragmentation. Retention time windows were set + 12 s around the expected
retention time for each compound (Table Al). The scan range was set from 50 m/z to the
targeted NAAs precursor m/z and the CE was set at 25 or 35 for each compound (Table Al).

Other parameters were same as in untargeted analysis.
29 Data processing

Data processing was conducted with Sciex OS software (Framingham, MA, USA). Features

were annotated using the retention times as well as precursor and fragment ion m/z values of
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standard NAA mixtures and in-house synthesized NAAs (Table. Al). Precursor ion mass error
limit was set at £ 10 ppm for the peak to be considered valid. 3:1 signal to noise ratio was

applied in determination of peaks.
2.10 Statistics

Data representing relative abundances of NAAs between sexes was visualized with boxplots
generated in R version 4.5.2 (R Core Team, 2025) using ggplot2 package (Wickham H, 2016).
The Mann-Whitney U test was used to evaluate differences between sexes, with a p-value below

0.05 considered significant.
2.11 Artificial intelligence

Artificial intelligence was not used in the thesis.
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3.1 Chemical synthesis of histamine-C5:0 and arginine-C18:0

Combinatorial reaction strategy utilized by Gentry et al. (2024) was modified and implemented

to synthetize two in-house NAA standards, histamine-C5:0 and Arg-C18:0, separately (Fig. 2).

Histamine-C5:0 belongs to the subgroup of N-acyl neurotransmitters and consists of a

histamine conjugated to valeric acid. Histamine-C5:0 represents the smaller side of NAAs while

Arg-C18:0 represents the opposite, with arginine bind to the 18-carbon long stearic acid.

Besides the differences in acyl tail lengths, the amide head groups differ from each other in

their chemical properties. Histamine is a polar molecule, consisting of an aromatic imidazole

ring connected to an ethylamine, whereas arginine is a highly basic compound with positively

charged guanidinium group.
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NH,
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Figure 2. Chemical synthesis reaction schemes of A) histamine-C5:0 and B) Arg-C18:0. TEA stands for
triethylamine and EtOCOCI for ethyl chloroformate. Tetrahydrofuran was used as reaction medium.
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3.1.1 Mass spectrometry analysis

To verify that the syntheses were successful, the reaction mixes were analysed with LC-
MS/MS. The in-house standards were compared with a synthetic NAA standard mixture from
Dorrestein Lab (University of California). This particular mixture contained the target NAAs,
as well as over 400 other NAAs since their synthesis was performed simultaneously in a single
combinatorial reaction mixture. The identification of the newly synthesized NAAs was based

on retention time and ion fragment profile matching.

Extracted ion chromatogram (XIC) of the in-house histamine-C5:0 at m/z 196.14 obtained with
LC-MS analysis showed peak splitting, with more intense peak at 0.554 min and smaller peak
at 1.266, the mass errors for them were 0.2 and -0.2 ppm respectively (Fig. 3). However, both
peaks were also observed in the standard mixture, with mass errors of 0.3 ppm for the first and
0.7 ppm for the second peak. Additionally, all of the peaks presented nearly identical
fragmentation profile, with most intense matching ion fragments at m/z 95.0601 and 112.086
(Fig. Al). The in-house histamine-C5:0 had significantly higher intensity in the first peak
compared to the one from NAA standard mixture, while the signals from the second peaks were
similar between the two. The retention times were also comparable, with minor differences in
the peak shapes, resulting in slight variation in the measured times. The exact fragments were
further annotated using Sciex OS software, utilizing a mol-file that contained the structure of
the histamine-C5:0 (Fig. 4). The software’s integrated fragment ion prediction tool generated
theoretical fragment ions from the imported mol-file and matched them to the MS/MS spectra
based on the m/z values. There was no precursor ion detected in the fragment profile. The most
intense fragments contained the imidazole ring and part of the carbon chain from the amine

head group. The less intense ion at m/z 57.0694 corresponds to the acyl tail fragment.
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Figure 3. XICs of in-house (blue) and standard mixture (pink) histamine-C5:0 at m/z 196.14 obtained
with LC-MS analysis. Reverse-phase C18 column (Phenomenex Kinetex 1.7 um 100 x 2.1 mm XB-C18
100 A column with Phenomenex SecurityGuard ULTRA Cartige pre-column) was used in UPLC

separation.
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Figure 4. Positive-ion ESI-MS/MS spectrum of in-house synthesized histamine-C5:0 obtained from LC-
MS/MS analysis at 1.268 min. The mass range was set at m/z 50-600, precursor ion was 196.1 Da and
CE was 35 V. The structures of the fragment ions were annotated using Sciex OS software.
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XIC obtained at m/z 441.38 with LC-MS analysis of the in-house Arg-C18:0 showed a clear
peak at 12.261 min with -1.9 ppm mass error (Fig. 5). XIC from the Dorrestein standards
mixture showed a more intense peak at 12.291 with -0.9 ppm mass error, but with additional
peaks that were observed at 11.851, 13.444 and 13.952 min, with mass errors of 16.2, -26.9 and
-26.7 ppm, respectively. Arg-C18:0 ion fragmentation profile matched with the Dorrestein
standard mixture, with the most intense signal corresponding to the m/z of the precursor ion
(Fig. Al). Standard mixture exhibited overall more intense fragment peaks than the in-house
synthetized product. The fragments were structurally annotated using Sciex OS software’s
fragment ion prediction tool, utilizing mol-files that contained the structure of the Arg-C18:0
(Fig. 6). The most intense peak was confirmed as the intact precursor ion. The other peaks were
significantly less intense, with the larger fragments containing the intact 18-carbon acyl tail

which the smaller fragments lacked.
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Figure 5. XIC of in-house (blue) and standard mixture (pink) Arg-C18:0 at m/z 441.38 obtained with LC-
MS analysis. Reverse-phase C18 column (Phenomenex Kinetex 1.7 ym 100 x 2.1 mm XB-C18 100 A
column with Phenomenex SecurityGuard ULTRA Cartige pre-column) was used in UPLC separation.
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Figure 6. Positive-ion ESI-MS/MS spectrum of in-house synthetized Arg-C18:0 obtained from LC-
MS/MS analysis at 12.235 min. The mass range was set at m/z 50-600, the precursor ion was 441.4
Da and the collision energy (CE) was 35 V. The structures of the fragment ions were annotated using
Sciex OS software.

3.1.2 Nuclear resonance spectroscopy analysis

To further confirm the structures of the synthesized compounds, NMR spectroscopy analysis
was conducted. "H NMR spectra was obtained to characterize the hydrogen environments in
the molecules (Figs. 7 and 8), while the exact structures were confirmed with 2D NMR
correlation spectroscopy (Figs. A2 and A3). Despite deviations in the "H NMR spectra from
the expected proton integrations the overall pattern was correct for both of the compounds. 2D
NMR correlation spectroscopy analysis verified the identification of both histamine-C5:0 and
Arg-C18:0 and that there were no other isomers present. Additional peaks were detected in both
synthetized standards, indicating the presence of impurities. Solvent peaks for methanol-d4
were observed approximately at their expected positions 3.31 and 4.78 ppm. Chloroform-d peak

was shifted by about 0.5 ppm higher from the expected 7.24 ppm (Fig. 8).
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3.2 Method validation with quality control samples

To investigate whether the newly synthesized standards could be used in the developed targeted
sMRM analysis, pooled QC samples prepared from aliquots of the main faecal samples were
first analysed. Targeted sSsMRM analysis was set to identify each NAA by specific precursor to
product ion transition in a limited retention time window. To verify the reliability of the in-
house standards, they were compared against the Dorrestein NAA standard mixtures. The
retention times matched between the two standards with both of the targeted NAAs (Fig. 9).
Although the standards had similar peak shapes, Dorrestein standards were significantly more
intense. Precursor mass errors did not exceed + 1.1 ppm and fragment mass errors were within
+ 4 ppm. The histamine-C5:0 peak detected in the QC closely resembled the shape of the
standard peaks with lower intensity and a minor shift in the retention time. The QC histamine-
C5:0 peak had mass error of 8.0 ppm and fragment error of -4.8 ppm. Arg-C18:0 peak detected
from the QC exhibited irregular and wide shape in comparison to the standards, with precursor
mass error of -6.1 ppm and fragment mass error of -0.9 ppm. The peak intensity was low but
still detectable, exceeding the 3:1 signal to noise ratio, which was defined as the minimum

threshold for reliable detection.

A total of 48 NAAs were targeted with the developed sMRM method with the Dorrestein
standard mixtures. 33 NAAs were detected in the QC samples with precursor mass error within
+ 10 ppm (Table A2). The detection included NAA isomers with different retention times which

are separated from each other in the tables A1 and A2.
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Figure 9. sMRM LC-MS/MS detection of A) histamine-C5:0 and B) Arg-C18:0 from in-house synthesized
NAAs, Dorrestein NAA standard mixture and pooled QC faecal samples prepared from aliquots of the
main samples.

3.3 N-acyl amide detection with targeted mass spectrometry in faecal

samples

The developed SMRM method was applied in detection of the 48 NAAs (Table A1) in 40 human
faecal samples, with cohort consisting of 5.5-year-olds with equal representation of both sexes.
One sample was excluded from the analysis due to consistent and significant outlier values

expressed across several NAAs.

Out of the 48 targeted NAAs, 32 were detected (Fig. 10). NAAs identified from the samples
were verified with in-house and Dorrestein standards (Fig. 10). The most detected NAAs were

tyrosine, lysine and leucine conjugates. Histamine conjugates were detected approximately in
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half of the samples. Histamine-C5:0 was the most detected histamine conjugate. Arginines
coupled with short chain fatty acids were detected significantly better than the long chained.

Amylamine, ornithine, and putrescine conjugates were not detected.
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Figure 10. NAA detection frequencies (%) in human faecal samples of 5.5-year-olds obtained with
targeted sMRM method. Detection frequency describes the percentage of samples NAA was detected.
Out of 40 samples one was excluded due to significant outlier values across several NAAs.

29 of the NAAs detected in faecal samples were also detected earlier in the pooled QC samples
(Fig. 11). His-C7:0, histamine-C6:0 and Lys-C18:1 2, were only detected in the original faecal
samples whereas Arg-C8:0, Arg-C18:0, Phe-C18:0 and putrescine-C18:2, were only detected
in the QC samples. Neither analysis detected any of the amylamine or ornithine conjugates.
Additionally, Arg-C18:2, GABA-C20:0 and Leu-C19:0 as well as isomers of Lys-C16:1 and
Thr-C22:3 went undetected in both analyses.

75

VAL-C18:0
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Figure 11. Venn diagram presenting NAAs detected in pooled QC and faecal samples, with the

intersection displaying NAAs detected in both.

Out of the 32 detected NAAs, 27 were detected more than three times in each sex. The relative

abundances of these 27 NAAs were visualized in boxplots to compare distributions between

sexes (Fig. 12). Relative abundances were normalized with the internal standard aLEA-d4 to

allow comparison across samples. Leu-C18:1 showed the highest relative abundance among

other NAAs, followed by Lys-C16:0 2. The least abundant NAA was GABA-C17:0.

Statistically significant differences in NAA abundances between sexes were not found.
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Figure 12. Boxplot comparison of NAAs detected from faecal samples between sexes. The Mann—
Whitney U test showed no statistically significant differences between the groups (p > 0.05). Relative
abundances were normalized using internal standard aLEA-d4. F: female, M: male.
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4 Discussion

4.1 Evaluation of the newly synthesized N-acyl amide standards

Histamine-C5:0 and Arg-C18:0, were chosen for the chemical synthesis because they had been
identified in biological samples in an earlier reverse metabolomics study (Gentry et al., 2024).
Additionally, the two compounds were chosen for their structural differences. The results show
that the synthesis of both, the short and long chained NAAs, was successful. LC-MS/MS
analysis demonstrated matching chromatographic peaks and fragment ions between the in-
house synthesized and Dorrestein standard mixture NAAs. The ion fragmentation profile of
Arg-C18:0 shows that the CE was not ideal as it resulted in intense precursor peak and only
little fragmentation. Therefore, in future analysis higher CE could be used in fragmentation of
Arg-C18:0. In-house Arg-C18:0 exhibited one well-resolved peak in XIC, whereas in the
Dorrestein standard additional peaks were observed. Difference between the chromatograms is
probably due to the different synthesis strategies. In-house Arg-C18:0 was synthesized with
only its precursors present in the reaction mixture resulting in interference-free chromatogram.
Dorrestein standard mixtures were produced by combinatorial reaction strategy where multiple
precursors react in one reaction mixture producing multiple NAAs. This approach yields
numerous synthetic NAAs simultaneously and fast, but there is a higher possibility for
interfering compounds in the analysis. Each of the standard mixtures utilized in this study
consisted of over 450 detected NAAs, thereby increasing the possibility of detecting different
product NAAs in the same XIC. Histamine-C5:0 XICs were matching between the standards
with peak splitting observed in both of them. The ion fragmentation profiles of each peak were
nearly identical, suggesting that the peaks represented the same compound with no additional
impurities. Due to too high CE, there was no precursor ion detected in the fragment profiles,

indicating that for the future measurements lower CE could be more suitable.

NMR analysis was applied to further confirm that the synthesized NAAs were authentic and
could be used as qualitative standards. The expected chemical shift regions for both of the
NAAs were observed in the '"H NMR spectrums and the correct structures were further verified
with the 2D NMR correlation spectroscopy. However, 'H NMR spectrums of histamine-C5:0
and Arg-C18:0 both showed differences in the proton integration. Some peaks showed higher
than expected integration values which is likely due to unreacted precursors in the non-purified
mixes. For example, the proton integration value of the peak containing the carbons 2—15 in

Arg-C18:0 should have a value of 28 but it shows 35 (Fig. 8). The unreacted precursor, stearic
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acid, exhibits a peak at the same position which could interfere and result in a higher integration
value. Histamine-C5:0 peaks exhibited less variance in the proton integration values, with the
greatest difference in carbon 7 which had 2.55 higher value than expected (Fig. 7). Additional
peaks were observed in spectrums of both compounds. Nevertheless, no other structures were
observed from the spectrums indicating that the synthetic in-house NAAs were reliable to use
as qualitative standards. These results also confirm that the LC-MS peak splitting observed with
histamine-C5:0 (Fig. 3), does not represent two different compounds but is probably due to
chromatographic conditions affecting the elution of histamine-C5:0. The peak splitting could
be due to incomplete retention of the analyte at the column, where a portion of the injected
compound does not interact with the stationary phase adequately, resulting in an early elution
peak. Therefore, the later peak probably represents the actual retention time of histamine-C5:0
under these chromatographic conditions. Similar peak splitting pattern was also observed in
Arg-C4:0 with sMRM LC-MS/MS method, suggesting that the high proportion of aqueous
mobile phase at the start of the gradient could cause this effect specifically in short chained

NAAs (Fig. A4).
4.2 Assessment of sSMRM method validation

The newly developed sMRM LC-MS/MS method was first evaluated with pooled QC faecal
samples to confirm its reliability before further analysis. Targeted detection of histamine-C5:0
and Arg-C18:0 demonstrated that the in-house standards were consistent with the Dorrestein
standards, exhibiting similar peak shape and retention times (Fig. 9). Low mass errors detected
from the standards indicate high mass accuracy of the method and the reliability of the
standards. Signal intensity was lower in both in-house standards when compared to the
Dorrestein standards, but still significantly higher than in the QCs. Signal intensity could be
matched between the standards by adjusting the in-house standard dilutions in the future.
However, both in-house and Dorrestein standards produced adequate signal for qualitative
NAA detection from QC samples with the SMRM method. 33 out of the targeted 48 NAAs were
detected in the QCs. These 48 NA As were chosen specifically because they had been identified
from a prior faecal analysis dataset acquired using untargeted data-dependent acquisition.
Histamine-C5:0 signal from the QC samples were similar to the ones in standards, with lower
intensity and higher mass error (Fig. 9). Arg-C18:0 signal from the QCs also exhibited lower
intensity and higher mass error when compared to the standards. However, the peak displayed
wide and irregular shape which probably resulted in slightly shifted retention time. The higher

mass errors in QC samples were expected due to the biological complexity of the faeces as
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matrix. Matches were considered reliable if the precursor mass error was within + 10 ppm,
signal to noise ratio was at least 3:1 and retention time differences from standard was within
0.18 min. Since Arg-C18:0 met these requirements, it was considered detected in the QC
samples. The initial testing on QC samples demonstrated that the method produced reliable and
consistent results. Therefore, the newly developed method with the standards were deemed

ready for the analysis of the actual faecal samples.

4.3 sMRM-detected faecal N-acyl amides show no sex-related differences in

relative abundances

Total of 40 faecal samples from cohort consisting of 5.5-year-olds, with equal representation
of both sexes, were analysed with the developed sSsMRM method. Out of the 48 targeted NAAs,
32 were detected (Fig. 10). The number of detected NAAs in faecal samples reflect the number
of NAAs detected in QC analysis. However, the analyses had small differences in which NAAs
were detected (Fig. 11). In total, 36 NAAs were detected across both analyses, of which 26
were also reported by Gentry et al. (2024). The most frequently detected NAAs in the faecal
samples consisted of leucine, lysine, tyrosine and serine conjugates. However, these groups also
include NAAs that were not detected in any samples, suggesting that detection frequency is not
directly consequential to the headgroup. Leu-C18:1 was one of the most frequently detected
NAAs as well as the most relatively abundant one (Figs.10 and 12). This finding is consistent
with Gentry et al. (2024) which identified Leu-C18:1 as one of the most frequently detected
NAAs in public untargeted datasets and leucine conjugates especially frequently detected in
faeces. This was also observed for other frequently detected NAAs, such as Lys-C16:0, Tyr-
C16:0 and Phe-C16:0. Each of the NAAs with histamine, histidine and tyrosine amine
headgroups were detected from the faecal samples. Notably, only a few histamine conjugates,
C5:0, C8:0 and C20:4, were detected in the public datasets by Gentry et al. (2024). Thus, the
newly developed sSMRM method was capable of detecting more histamine conjugates than
expected from the reverse metabolomics study. Moreover, these results indicate that the method
could detect both, short and long acyl tail NAAs. Especially with arginine conjugates the short-
chain conjugates were detected more frequently than the long-chain. Among histidine and
histamine conjugates, there were no significant differences between the detection of long- and
short-chain NAAs. Differences in detection frequencies between the NAAs may be influenced
by several factors, including the stability of each compound, processing method as well as the
detection limit of the MS instrument. Subsequent research examining whether different sample

preparation methods influence which NAAs are detected would provide valuable information.
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Additionally, increasing the cohort size could enable the detection of the NAAs unidentified in
this cohort. Therefore, these results are indicative of the microbiome-derived NAA profile of

the 5.5-year-olds.

Relative abundance comparison of the detected NAAs revealed no statistically significant
differences between the sexes. Current research on age- and sex-related differences in faecal
NAAs is limited. However, research on NAE levels in human serum does exist that examines
these differences. For instance, our findings are consistent with an earlier study that detected
NAEs from serum across human lifespan (Amir Hamzah et al., 2023). They found that AEA,
OEA and PEA levels in age group consisting of 5—15-year-olds had minimal or no differences
in the serum concentrations. Their results demonstrated that sex-dimorphism in serum NAE
levels emerged later in life, with males generally exhibiting higher concentrations. Another
study also found that plasma NAE levels were similar between females and males aged 18—78
(Fanelli et al., 2012). Nevertheless, these observations cannot be directly used to confirm the
results obtained in this study. The NAEs detected from the serum represent metabolically
distinct system from the faecal NAA profile, which is altered by the gut microbiome and the GI
tract. Further research is required to determine microbiome-derived NAA profiles across sexes
and age groups. Additionally, larger cohorts should be investigated to confirm the absence of

sex-dependent differences.
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5 Conclusions

NAAs have received a lot of interest as endogenous cell signalling molecules in the last decades.
The relatively new perspective of gut microbiome communicating via self-synthesized NAAs
has emerged alongside it, implying a system where the microbiome could influence its hosts
physiology through gut-brain signalling. To investigate the intricate network of NAA
signalling, influenced both by the host and the microbiome, authentic standards as well as robust
and optimized detection methods are foundational for future research. This thesis aimed to
address these gaps in microbiome-derived NAA research. Chemical synthesis and
characterization of novel NAA standards offered reliable qualitative standards for the LC-
MS/MS analysis. The chemical synthesis plan presented here could be applied to synthesize
more individual NAA standards. Furthermore, developing a purification protocol for the newly
synthesized compounds would allow applying them to quantitative research in the future, which
would provide even more detailed information about the NAA profiles. The developed targeted
LC-MS/MS analysis method identified majority of the NAAs, demonstrating its utility in the
detection in faecal samples, which remain underexplored due to their biological complexity.
Since NAAs are a group with substantial structural diversity, the SMRM method could be
extended to measure even wider NAA profiles in the future. Overall, this approach improves
the detection and understanding of gut microbiome-derived NAAs in human physiology.
Applied to larger cohorts it could uncover how gut microbiome-derived NAA profiles are

shaped by different factors, such as age, lifestyle and diseases.
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Table A1: Targeted mass spectrometry parameters for N-acyl amides

N-acyl amide

Precursor ion

Fragment ion

Retention time

Collision energy

(m/z) (m/z) (min) V)
AEA-d8 356.33990 63.0656 13.75 25
aLEA-d4 326.2992 66.0849 13.20 25
Amylamine-C13:1 | 282.27914 88.1119 13.67 25
Amylamine-C21:0 | 396.41999 130.1218 15.3 35
Arg-C4:0 245.16082 158.0924 0.95 35
Arg-C5:0 259.17647 158.0924 1.59 35
Arg-C8:0 301.22342 116.0700 5.1 35
Arg-C16:0 413.34862 158.0925 11.41 35
Arg-C18:0 441.37992 158.0921 12.29 35
Arg-C18:1 439.36427 158.0925 11.83 35
Arg-Cl18:2 437.34862 158.0921 11.37 35
GABA-C17:0 356.31592 104.0703 14.25 25
GABA-C20:0 398.36287 104.0706 14.77 35
His-C5:0 240.13427 110.0711 1.31 25
His-C7:0 268.16557 110.0700 3.53 25
His-C16:0 394.30642 110.0710 11.95 25
His-C18:1 420.32207 110.0714 12.38 35
Histamine-C4:0 182.12879 95.0599 0.73 25
Histamine-C5:0 196.14444 112.0869 1.21 25
Histamine-C6:0 210.16009 112.0870 2.08 25
Histamine-C16:0 350.31659 112.0871 10.97 25
Histamine-C18:0 378.34789 112.0946 11.84 35
Histamine-C18:1 376.33224 112.0869 11.37 35
Leu-C17:1 382.33157 132.1015 14.35 25
Leu-C18:1 396.34722 132.1018 14.53 25
Leu-C19:0 412.37852 132.1000 14.80 25
Lys-C16:0 1 385.34247 147.1100 11.35 35
Lys-C16:0 2 385.34247 147.1100 13.11 35
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Retention time
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Collision energy

(m/z) (m/z) (min) V)
Lys-Cl16:1 1 383.32682 147.1100 10.76 35
Lys-Cl16:1 2 383.32682 147.1100 12.56 35
Lys-C18:0 1 413.37377 147.1100 12.12 35
Lys-C18:0 2 413.37377 147.1100 13.88 35
Lys-C18:1 1 411.35812 147.1122 11.80 35
Lys-C18:1 2 411.35812 147.1126 13.48 35
OEA-d4 330.33050 66.0849 14.08 25
Ornithine-C20:1 1 | 425.37377 116.0706 12.60 35
Ornithine-C20:1 2 | 425.37377 116.0706 14.03 35
Phe-C16:0 404.31592 149.0598 14.52 25
Phe-C18:0 432.34722 149.0261 14.74 25
Phe-C18:1 430.33157 149.0599 14.55 25
Putrecine-C15:0 313.32134 296.2941 10.51 25
Putrecine-C18:2 351.33699 334.3104 10.94 35
SEA-d3 331.33980 62.0598 14.35 25
Ser-C15:0 330.26389 88.0388 13.74 25
Ser-C16:0 344.27954 60.0443 14.08 25
Thr-C18:0 386.32649 74.0596 14.60 25
Thr-C22:3 1 436.34214 120.0700 14.10 25
Thr-C22:3 2 436.34214 120.0700 14.28 25
Tyr-C16:0 420.31084 136.0760 14.00 25
Tyr-C17:0 434.32649 136.0759 14.20 25
Tyr-C18:0 448.34214 136.0750 14.38 25
Val-C18:0 384.34722 86.0960 14.43 25
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Detected Undetected
Arg-C16:0 Lys-C16:0 1 Arg-C18:2
Arg-C18:0 Lys-C16:0 2 Histamine-C6:0
Arg-C18:1 Lys-C18:0 1 His-C7:0
Arg-C4:0 Lys-C18:0 2 Amylamine-C13:1
Arg-C5:0 Lys-C18:1 1 Amylamine-C21:0
Arg-C8:0 Phe-C16:0 Putrescine-C15:0
GABA-C17:0 Phe-C18:0 GABA-C20:0
His-C16:0 Phe-C18:1 Leu-C19:0
His-C18:1 Putrescine-C18:2 Lys-Cl6:1 1
His-C5:0 Ser-C15:0 Lys-Cl6:1 2
Histamine-C16:0 Ser-C16:0 Lys-C18:1 2
Histamine-C18:0 Thr-C18:0 Thr-C22:3 1
Histamine-C18:1 Tyr-C16:0 Thr-C22:3 2
Histamine-C4:0 Tyr-C17:0 Ornithine-20:1 1
Histamine-C5:0 Tyr-C18:0 Ornithine-20:1 2
Leu-C17:1 Val-C18:0

Leu-C18:1
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Figure A1: Fragmentation profiles of histamine-C5:0 and arginine-C18:0
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Figure A1. Fragmentation profiles of histamine-C5:0 and Arg-C18:0 compared between in-house (blue)
and standard mixture (pink) obtained with positive-ion ESI-MS/MS. A) Fragmentation profile of
histamine-C5:0 precursor ion 196.1 m/z at 0.563 min (in-house) and 0.552 min (standard mixture). B)
Fragmentation profile of histamine-C5:0 precursor ion 196.1 m/z at 1.247 min (in-house) and 1.268 min
(standard mixture). C) Fragmentation profile of Arg-C18:0 precursor ion 441.3795 m/z at 12.235 min (in-
house) and 12.280 min (standard mixture). The CE used for the fragmentation was 35V.
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Figure A2: 2D NMR correlation spectroscopy of histamine-C5:0

Histamine-C5:0

E
| &
2
| -
— - S
-(J = & gf
< ] @ @ r
j‘ @ 2 - [ s
— =T . .
| L
“; - w o
- @ a L
= = & =
] i : *
- =
o -
B~ L
w
= » = L
= re [
]
T T T T T T T T T T T
8 6 4 2 F2 [ppm]

Figure A2. 2D NMR correlation spectroscopy of histamine-C5:0 in methanol-d4 recorded at 500 MHz.



Figure A3: 2D NMR correlation spectroscopy of arginine-C18:0
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Figure A3. 2D NMR correlation spectroscopy of Arg-C18:0 in methanol-d4 and chloroform-d recorded

at 500 MHz.
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Figure A4: Arginine-C4:0 peak splitting
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Figure A4. XIC of Dorrestein standard mixture Arg-C4:0 at m/z 245.16082 obtained with sMRM LC-
MS/MS analysis. Reverse-phase C18 column (Phenomenex Kinetex 1.7 yum 100 x 2.1 mm XB-C18
100 A column with Phenomenex SecurityGuard ULTRA Cartridge pre-column) was used in UPLC
separation. Precursor ion mass errors were within + 1.0 ppm and fragment mass errors within + 5.0
ppm for both of the peaks.



