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The gut microbiota profoundly impacts human health by producing metabolites that can act as biomarkers for
disease diagnosis and therapy. However, accurately measuring these metabolites in biomatrices is challenging
due to their low concentrations, high molecular diversity, and interference from matrix components, demanding
advanced and precise analytical methodologies. Hence, an ultra-high-performance liquid chromatography
method coupled to triple quadrupole-tandem mass spectrometry detection, combined with a chemical deriva-
tization procedure, was developed and validated to quantify seven gut metabolites, namely acetic acid, propionic
acid, butyric acid, p-cresol sulfate, 3-indoxyl sulfate, indole-3-acetic acid, and L-tryptophan, in human plasma.
Samples were prepared by protein precipitation with acetonitrile and subsequently derivatized using 3-nitrophe-
nylhydrazine. Chromatographic separation was achieved using a BEH C18 column, with elution performed at a
flow rate of 0.2mLmin"! and in gradient mode using formic acid-water (1:1000, v/v) and formic acid-
acetonitrile (1:1000, v/v) as mobile phase components. The mass spectrometer was operated in negative ioni-
zation mode and data was acquired in selected reaction monitoring. Good linearity was achieved (r2 > 0.997) for
all the target gut metabolites in the evaluated concentration ranges, with low LLOQ values (0.4-8 pM). The
method proved to be accurate (87.0-114 %) and precise (CV < 13.5 %), achieving a score of 65 in the Blue
Applicability Grade Index (BAGI) metric, which confirmed its practicality. The developed method was ultimately
employed to the analysis of plasma samples from children and adults involved in clinical studies, demonstrating
its usefulness in medical research.

1. Introduction (SCFAs) and amino acids (e.g. tryptophan (TRP)) and their derivatives

(such as TRP and tyrosine (TYR) derivatives) are the classes of gut me-

The gut microbiome is a complex and dynamic ecosystem that plays
a critical role in human health and disease [1-3]. Understanding the
mechanisms underlying the gut-host interactions requires a compre-
hensive analysis of the gut-derived metabolites, which are produced by
microorganisms or originated from modifications of host or external
molecules, and can act as biomarkers of the host’s status [4,5]. Despite
recent advances in analytical methods, the measurement of gut metab-
olites in biological fluids is still challenging, due to their low concen-
trations and high molecular diversity [3,6,7]. Short-chain fatty acids

tabolites that have received most attention over the years due to their
role as endogenous biomarkers of the development and progression of
chronic diseases [1-3,5,8,9].

SCFAs are a class of carboxylic acids with a short 2-6 carbon alkyl
chain, produced by microbial fermentation of non-digestible dietary fi-
bers and through the degradation of proteins and amino acids
[1,2,8,10,11]. The most abundant SCFAs in humans are acetic acid (AA),
propionic acid (PA), and butyric acid (BA), which together account for
>95 % of all SCFAs produced in the gut [2,5,8]. These are important
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metabolites that play multiple functions, namely energy source, gut
integrity, metabolism and immune system regulation, anti-
inflammatory and antitumorigenic activity, among others [1,3,10,12].

TRP is an essential amino acid that must be obtained through dietary
sources [2,5]. TRP is used by the body to synthesize proteins and is also a
precursor for several important bioactive metabolites that play key roles
in the organism, including protein synthesis, neurotransmitter synthesis
(e.g., serotonin), hormonal regulation, and immune function [2,4,13].
TRP can be metabolized by several pathways in the body, namely the
kynurenine pathway, the serotonin pathway, and the indole pathway
[2-5].

Through the indole pathway, TRP can be directly converted by in-
testinal microbiome to indole and its derivatives, such as indoxyl sulfate
(INDS) and indole-3-acetic acid (IAA) [3]. These two compounds and p-
cresol sulfate (pCS), that is a derivative of the amino acid TYR, are also
gut-derived metabolites that play an important role in the host status.
Indeed, these metabolites are small molecules that have a low renal
clearance and can accumulate in the organism due to their high affinity
for plasmatic proteins [14,15]. Therefore, an association has been
demonstrated between their plasmatic levels and renal failure, as well as
the progression of chronic kidney disease (CKD) [14,16,17].

Different analytical approaches have been developed for the deter-
mination of the mentioned classes of gut metabolites in biomatrices.
Regarding SCFAs, their determination in biological samples (e.g., blood,
serum, plasma, feces) has been generally performed using gas chroma-
tography (GC) coupled with flame ionization detector (FID) or mass
spectrometry (MS) detectors [3,18], due to their volatility. Additionally,
alternative methodologies based on liquid chromatography (LC) and
capillary electrophoresis (CE) coupled with MS detection have been
developed more recently to improve the limits of detection and quan-
tification achieved with the GC-MS technique [3,12,18,19]. Despite the
advantages associated to LC-MS techniques, the direct analysis of SCFAs
by LC-ESI-MS is challenging, due to the poor ionization and retention in
reversed-phase chromatography, high volatility, high polarity, and low
molecular weight of these compounds [3,12,18,19]. Hence, chemical
derivatization procedures using different reagents (e.g., 3-nitrophenyl-
hydrazine (3-NPH), O-benzylhydroxylamine (O-BHA), aniline and Gir-
ard’s reagent T) have been developed to overcome some of the
difficulties associated with their determination by LC-MS [3,12,18-21].
The implementation of such procedures improves the analytical per-
formance through the increase of the molecular size and the hydro-
phobicity of SCFAs that favors retention in reversed-phase LC systems
and leads to a higher sensitivity and selectivity of MS detection
[3,12,18-21]. In the case of TRP and TYR derivatives, LC-MS methods
are the most commonly applied methodologies for their quantification
in different biomatrices, without the need of implementing additional
procedures before analysis to improve the analytical performance as
referred for SCFAs [3,19,22,23]. Nevertheless, some methodologies
determining simultaneously SCFAs and other gut-derived metabolites
(e.g., IAA and TRP) implemented chemical derivatization to achieve
their concomitant determination [19,24].

Considering the recognized relevance of gut metabolites in the
transition between health and disease, the establishment of analytical
methods that allow the simultaneous measurement of their circulating
levels in blood is of utmost importance. In fact, a snapshot of the host’s
status can be obtained through the assessment of the circulating levels of
these compounds in the body. Consequently, a fast diagnosis and the
definition of the best treatment strategy can be pursued, namely for
metabolic diseases (e.g., obesity and diabetes), cardiovascular diseases
(e.g., atherosclerosis and ischemic heart), gastrointestinal diseases (e.g.,
Crohn’s disease and inflammatory bowel disease), neurological and
psychiatric disorders (e.g., Alzheimer’s disease and depression), and
cancer [2,25,26]. Additionally, these methods can shed light on current
challenges concerning the role of gut microbiota in different parts of the
body, for example the gut-brain axis [27,28]. It should be noted that the
chromatographic methods previously described in the literature only

Journal of Chromatography B 1265 (2025) 124764

focused on the determination of SCFAs or SCFAs combined with TRP and
IAA, with no inclusion of the other indole products (e.g., INDS) and
derivatives from other amino acids (pCS) [19,24,29-31]. Hence, the
main goal of the present work was the development of an ultra-high-
performance liquid chromatography method coupled to triple
quadrupole-tandem mass spectrometry detection (UHPLC-MS/MS) for
the simultaneous determination of seven gut metabolites in human
plasma samples after a rapid and simple protein precipitation procedure
combined with a chemical derivatization step, using 3-NPH as deriva-
tization reagent.

2. Materials and methods
2.1. Chemicals, reagents, and solutions

Ultra-pure water (resistivity >18 MQ cm) used for the preparation of
all the solutions was obtained from an Easy 15 water purification system
(Heal Force, Shanghai, China). Acetic acid (AA), [2H4]—acetic acid (AA-
IS), propionic acid (PA), butyric acid (BA), 3-indoxyl sulfate potassium
salt (INDS), indole-3-acetic acid sodium salt (IAA), and L-tryptophan
(TRP) were purchased from Merck KGaA (Darmstadt, Germany). p-
Cresol sulfate ammonium salt (pCS), [2H4] -p-cresol sulfate ammonium
salt (pCS-IS), [2H6]—pr0pionic acid (PA-IS), and [2H5]—kynurenic acid
(KYNA-IS) were obtained from Alsachim (Illkirch Graffenstaden,
France). [2H4]—3—Indoxyl sulfate (INDS-IS) was acquired from Toronto
Research Chemicals Inc. (Toronto, Canada), through LGC standards.
Acetonitrile (ACN, LiChrosolv LC-MS grade), dimethyl sulfoxide
(DMSO), and formic acid were purchased from Merck KGaA. The
derivatization reagents, 3-nitrophenylhydrazine hydrochloride (3-
NPH), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC) and pyridine (anhydrous, 99.8 %), were also purchased from
Merck KGaA.

Stock solutions of all the target analytes and the internal standards
(IS) (Fig. S1) were prepared separately at different concentrations in
water, ACN, a mixture of ACN and H,O (50:50, v/v), or DMSO
(Table S1), according to their solubility, and stored at —20 °C. A working
solution was prepared in water by mixing all the target analytes to final
concentrations of 10 pM for IAA, 25 pM for PA and BA, 100 pM for INDS
and TRP, 150 pM for AA, and 200 pM for pCS. Subsequently, this
working solution was used for preparing the calibration standards
(Table S2), by dilution in water, and the quality control (QC) samples. A
similar working solution of internal standards was prepared by mixing
all the IS to concentrations of 100 pM for pCS-IS, 125 pM for KYNA-IS,
250 pM for PA-IS and INDS-IS, and 500 pM for AA-IS, yielding final
concentrations in the extract of 10 pM for pCS-IS, 12.5 pM for KYNA-IS,
25 uM for PA-IS and INDS-IS, and 50 pM for AA-IS.

Regarding derivatization solutions, they were prepared daily in a
mixture of ACN and water (50:50, v/v) at concentrations of 200 mM for
3-NPH, 120 mM for EDC, and 6 % (v/v) for pyridine. A mixture of the
three reagents solutions was prepared in a proportion of 1:1:1 (v/v/v)
and used for the derivatization procedure.

2.2. Sample preparation and derivatization procedure

To precipitate proteins, an aliquot of 100 pL of human plasma was
mixed with 10 pL of IS working solution, followed by 290 pL of ACN. The
mixture was vortexed for 1 min, and subsequently centrifuged at 12,100
xg for 10 min at 4 °C. The resulting supernatant was collected and
submitted to the derivatization procedure. The calibration standards, a
zero sample prepared in water (spiked only with IS), and the QC sam-
ples, prepared both in water and in pooled human plasma, were treated
under the same conditions.

For the derivatization procedure, 150 pL of the mixture of derivati-
zation reagents (200 mM of 3-NPH, 120 mM of EDC, and 6 % (v/v) of
pyridine) were added to 100 pL of the supernatant obtained after protein
precipitation. This mixture was then allowed to react at 25 °C in an
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Eppendorf ThermoMixer® C (Hamburg, Germany) for 30 min, protected
from light with aluminium foil. Afterwards, the derivatized extract was
placed in ice for 2 min, subsequently diluted 2x in water and centri-
fuged at 12,100 xg for 5 min, at room temperature. Finally, the super-
natant was transferred into a vial, and a volume of 4 pL was injected into
the UHPLC-MS/MS system for analysis.

2.3. UHPLC-MS/MS conditions

2.3.1. Instrumentation

A Nexera X2 Ultra High-Performance Liquid Chromatograph
(UHPLC) system (Shimadzu Corporation, Kyoto, Japan), equipped with
two LC-30AD pumps, a DGU-20A5R degassing unit, an SIL-30AC auto-
sampler and a CTO-20AC oven, coupled with a LCMS-8040 triple
quadrupole mass spectrometer (Shimadzu Corporation) with an elec-
trospray ionization source (ESI), was used to perform the LC-MS/MS
analysis. The instrument control, all chromatographic data acquisition
and processing were performed using the LabSolutions software version
5.60 SP2 (Shimadzu Corporation).

2.3.2. Chromatographic and mass spectrometric conditions

The chromatographic separation was carried out on a BEH C18
column (2.1 x 100 mm, 1.7 pm particle size) from Waters® (Milford,
USA), using formic acid-water (1:1000, v/v) (solvent A) and formic acid-
ACN (1:1000, v/v) (solvent B) as mobile phase components. The sepa-
ration was achieved by a gradient elution at a flow rate of 0.2 mL min~'.
The LC gradient applied was as follows: 0-0.5 min,15 % B; 0.5-12.5 min,
15-55 % B; 12.5-13.5 min, 55-100 % B; 13.5-15.5 min, 100 % B;
15.5-16.5 min, 100-15 % B; and 16.5-18.5 min, 15 % B. The auto-
sampler was kept at 6 °C, and the column oven was set to 40 °C during
the analysis.

The MS was operated in negative electrospray ionization mode (ESI-
), and the source parameters were as follows: nebulizing gas (N2) flow
rate at 2.9 L min~?, drying gas (No) flow rate at 15.0 L min ~%, des-
olvation line temperature at 300 °C, heat block temperature at 425 °C,
detector voltage at 2.02 kV, collision gas (argon) at 230 kPa. Data was
acquired in selected reaction monitoring (SRM) mode. The SRM tran-
sitions for all the analytes and internal standards are presented in
Table 1, as well as the retention time values, and some optimized MS

Table 1
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operating parameters (collision energies, and Q1 and Q3 Pre-Bias
voltage).

2.3.3. Method validation

The proposed methodology was validated for linearity and dynamic
range, intra- and inter-day accuracy and precision, lower limit of
quantification (LLOQ), and carry-over effects according to European
Medicines Agency (EMA) and International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for Human Use (ICH)
guideline [32]. Moreover, the stability of the derivatized analytes stored
at the autosampler was assessed.

The linearity and working range were assessed by the analysis of
standards, prepared and acquired in triplicate, in three independent
runs, covering the expected physiological concentrations of these me-
tabolites in serum/plasma within the following ranges: 6-150 uM for
AA; 1-25 pM for PA and BA; 8-200 pM for pCS; 4-100 pM for INDS and
TRP; and 0.4-10 puM for IAA (Table S2). The calibration curves were
constructed by plotting the peak area ratio of each analyte with its
corresponding IS (Analyte/IS, Table S1) versus analyte nominal con-
centration of seven standard solutions of each target analyte prepared in
water. Back-calculated concentrations of the calibration standards were
also determined as recommended by the guidelines [32]. Additionally, a
zero sample (only with IS), prepared in water, was included in each
analytical run. The LLOQ was defined as the lowest calibration standard
concentration.

Accuracy and precision (intra- and inter-day) were determined by
assaying QC samples prepared in water and in plasma at four concen-
tration levels (6, 15, 60, and 120 uM for AA; 1, 2.5, 10 and 20 pM for PA
and BA; 8, 20, 80, and 160 uM for pCS; 4, 10, 40, and 80 pM for INDS and
TRP; and 0.4, 1, 4 and 8 pM for IAA). Because the target analytes are
endogenous compounds of plasma, a zero QC sample (plasma spiked
only with the IS, i.e., similar to the zero sample) was also prepared and
analyzed under the same conditions. Accuracy was calculated as the
percentage of the found concentrations versus nominal concentrations,
while precision was expressed as the coefficient of variation (CV). To
assess intra-day precision and accuracy, data from three consecutive
injections (n = 3) of each QC aqueous standard or six consecutive in-
jections (n = 6) of each QC prepared in plasma were used, followed by
interpolation of the values in the calibration curve. Inter-day values

Selected reaction monitoring (SRM) conditions and retention times for the determination of the target analytes and internal standards in plasma samples.

Compound Precursor ion Product ions” Q1 Pre-Bias Collision energy Q3 Pre-Bias Retention time
(m/2) (m/z) W) (eV) (4%] (min)

Acetic acid (AA) 193.90 152.00° 12 15 30 5.22
137.00 12 20 25

Propionic acid (PA) 207.90 137.05° 13 20 25 6.16
164.85 13 13 15

Butyric acid (BA) 222.00 152.05° 14 14 30 7.80
179.10 14 11 19

p-Cresol sulfate (pCS) 187.00 107.05 12 17 30 4.78
79.95 12 20 20

3-Indoxyl sulfate (INDS) 212.00 80.05 14 23 30 3.92
132.05 14 18 25

Indole-3-acetic acid (IAA) 309.00 137.05° 21 22 26 10.06
116.10 21 20 21

L-Tryptophan (TRP) 338.00 136.95° 23 25 26 5.99
209.15 22 19 14

[2H4]-Acetic acid 196.90 137.10° 12 20 25 5.19
46.10 12 35 18

[2He] - Propionic acid 212.90 137.05° 13 17 26 6.10
170.10 13 10 18

[2H,] - p-Cresol sulfate 190.90 111.05 12 20 21 4.77
80.05 12 17 15

[2Hg] - 3-Indoxyl sulfate 215.90 80.05 14 21 30 3.82
136.10 14 17 25

[2H5] — Kynurenic acid 327.80 147.10° 21 25 27 7.82
150.05 21 22 29

2 Ions selected for quantitative analysis written in bold. ® Ions originated by the derivatized target compound.
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were calculated using data from three independent experiments (n = 3).

The potential for carry-over was evaluated by injecting ACN-H20
(50:50, v/v) immediately after analyzing the highest calibration stan-
dard and after completing the analysis of five consecutive samples.

The stability of the derivatized analytes was assayed by analysis of
QC samples prepared in water and in plasma, which were stored in the
autosampler of the LC-MS instrument, at 6 °C, for 24 and 48 h. The
stability was assessed at one concentration level: 15 uM AA; 2.5 pM PA
and BA; 20 pM pCS; 10 pM INDS and TRP; and 1 pM IAA for water; 30
puM AA; 5 uM PA and BA; 40 pM pCS; 20 pM INDS and TRP; and 2 pM IAA
for plasma. The concentration of each analyte after the storage period
was compared to the nominal concentration.

2.3.4. Application to clinical samples

The developed method was applied to plasma samples from five
children (aged between 5 and 10 years old) participating in the M2Child
study and five adults (aged between 18 and 65 years old) participating in
the Microbi-A study. The M2Child study had the main goal of exploring
the microbiota-gut-brain axis in Attention Deficit Hyperactivity Disorder
(ADHD). Besides children with ADHD disorder, healthy children were
included as controls in this study. On the other hand, the Microbi-A
study involved adult participants and aimed at evaluating the relation-
ship between the human microbiome and personality traits. The adults
were all healthy individuals. Overall, the samples analyzed in the pre-
sent work included 3 healthy children, 2 children with ADHD and 5
healthy adults.

The study protocols for M2Child and Microbi-A were approved by
the Ethics Committee for Health of Centro Hospitalar Universitario de Sao
Joao (approval number 318/2020) and the Ethics Committee for Health
of Faculdade de Psicologia e de Ciencias da Educag¢ao da Universidade do
Porto (approval number 2020/12-01b), respectively, and followed the
1964 Helsinki declaration and its later amendments. All participants
were volunteers and written informed consent was obtained from the
participant or from the legal guardian (in the case of children). Blood
was collected by trained nurses and immediately centrifuged at 5000
rpm (3892 xg) for 15 min at 4 °C for plasma separation. Plasma was
immediately frozen and stored at —80 °C until analysis. After thawing,
samples were treated as described in section 2.2. Sample preparation and
derivatization procedure and analyzed by the developed UHPLC-MS/MS
method.

3. Results and discussion
3.1. Development of the UHPLC-MS/MS method

The seven target gut metabolites present different physicochemical
properties, namely hydrophobicity, but all are moderately polar (log P
values between —1.09 (TRP) and 1.71 (IAA), Table S3). On the other
hand, the implemented derivatization procedure leads to chemical
structure modifications by introducing specific functional groups
[33,34]. Consequently, the physicochemical properties of the analytes
are affected, namely solubility, polarity, stability, reactivity, and vola-
tility [33,34]. Regarding the target analytes, it is important to consider
that most of them were derivatized (AA, PA, BA, IAA, TRP) by reaction
with 3-NPH, but two of them (pCS and INDS) did not react, as expected,
with the derivatizing reagent and maintained the original properties
after the derivatization procedure (Fig. S1). One of the main changes
induced by the chemical derivatization procedure was the polarity of the
analytes. In fact, a decrease in polarity was observed for all the deriv-
atized compounds shown by the increment of log P (values between 1.01
(AA) and 2.9 (IAA), Table S3), which were considered for the selection
of the chromatographic conditions (stationary phase, and mobile phase
composition), and for definition of the MS/MS detection parameters for
the derivatized compounds.

Journal of Chromatography B 1265 (2025) 124764

3.1.1. Study of MS detection conditions and fragmentation pathways

MS/MS applications are of crucial importance in the clinical field for
high selectivity and sensitivity analysis [35-37], but also for structure
characterization and elucidation of fragmentation mechanisms [38,39].
In this study, the determination of the optimal SRM transitions for each
gut metabolite was conducted using the scan mode by flow injection
analysis-ESI-MS/MS at a flow rate of 0.2 mL min~. The negative ioni-
zation mode was selected over the positive one since the hydrogens in
the hydrazine moiety of the 3-NPH derivatized compounds are easily
lost, because of their acidic character enhanced by the strong electron-
withdrawing nature of the nitro group (-NO3) on the phenyl ring.
Moreover, the anionic species formed can be stabilized by electron
delocalization across the aromatic system, increasing the stability of the
resulting anion, and further increasing the ionization efficiency in the
negative mode. Since pCS and INDS have low pKa (—2.04 and —1.82),
they are fully deprotonated under physiological pH, not necessarily
requiring derivatization with 3-NPH for analysis under ESI-. Hence, the
negative pseudo-molecular ions [M-H] ™~ were obtained in the Q1 spec-
trum of all analytes (Fig. $2-S9) and were chosen to obtain the product
ion spectra. The fragmentation patterns and formed product ions, in
each case, were examined to analyze and characterize the product ion
chosen for the quantification and to proceed with the selection of the
identification ion (Table 1, Fig. S2-S9). The highest intensity ion was
selected for quantification to maximize sensitivity and improve the
limits of detection, whereas the second most intense ion was selected for
identity confirmation.

Fragmentation of the 3-NPH-derivatized carboxylates, namely AA-
3NPH, PA-3NPH, BA-3NPH, and IAA-3NPH is characterized by the
formation of the 3-nitroaniline anion at m/z 137 (product ion 3, Fig. S2-
S4 and S7). Considering, e.g., compound AA-3NPH, this product ion 3 is
possibly formed by an initial [1,3]-hydrogen shift from the « carbon to
the nitrogen atom leading to the formation of an enolate (Fig. S2B,
structure 2) and subsequent loss of an aziridinone molecule through
enolate rearrangement. The product ion at m/z 152 (Fig. S2, S4 and S7)
is, likewise, a characteristic product ion which is formed through a
[1,3]-hydrogen shift, cleavage of the carbonyl-nitrogen bond and for-
mation of a diazobicyclo derivative that allows, as mentioned previ-
ously, negative charge stabilization due to the presence of the strongly
electron-withdrawing nitro group (Fig. S2B, structure 1) [40]. The
product ion observed at m/z 46 used for, e.g., AA-3NPH-IS (Fig. S2) as an
identification ion could be explained by the formation of nitrite (NO3), a
characteristic fragmentation of nitro-substituted compounds that has
been previously described for aromatic nitro-compounds [41]. The
neutral loss of 43 Da is also common to several of the studied 3-NPH-
derivatized carboxylates, namely PA-3NPH (Fig. S3) and BA-3NPH
(Fig. S4). In the case of PA-3NPH, for example, this fragmentation can
be explained by the elimination of isocyanic acid (HNCO) from product
ion 7, leading to the product ion at m/z 165 (Fig. S3, structure 8).
Confident identification and confirmation of the postulated fragmenta-
tion pathways were achieved by studying the fragmentation data anal-
ysis of isotopically labeled standards, [2H4]—AA—3NPH and [2H6]—PA—
3NPH, that delivered identical and corresponding product ions (Fig. S2
and S3).

The sulfate metabolites pCS and INDS were monitored by the for-
mation of the product ions at m/z 107 and 132, respectively (Fig. S5 and
S6, structures 11 and 14, respectively), consistent with the neutral loss
of 80 Da, and confirming the presence of the sulfate group (-SOs3) in
these molecules. The formation of the product ion at m/z 80 for both
molecules also offers confirmation of the sulfate group [42-44]. The
same fragmentation pattern is observed for the corresponding deuter-
ated counterparts ([2H4]-pCS and [2H4]-INDS) employed as internal
standards, confirming the postulated fragmentation pathways for MS/
MS transitions used for quantification and identity confirmation of these
compounds (Fig. S5 and S6).

Concerning the derivatized indole metabolites, IAA-3NPH and L-
TRP-3NPH (Fig. S7 and S8), the product ion 3 is also observed at m/z
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137 for both compounds and was selected as quantifying SRM transition.
As qualifying ion for compound IAA-3NPH, the indole anion at m/z 116
formed by neutral loss of 193 Da (Fig. S7, structure 17) was chosen. For
L-TRP-3NPH, the product ion 22 (Fig. S8) was considered for identity
confirmation. The aminoethenolate, observed at m/z 209, is probably
obtained after a [1,3] proton transfer leading to structure 21 with the
subsequent loss of the indole stabilized carbene 23, as depicted in
Fig. S8B.

The postulated fragmentation pathways described for the KYNA-
3NPH internal standard (Fig. S9) consider both heterolytic and homo-
lytic cleavages under collision-induced dissociation (CID) conditions.
The fragmentation of deprotonated molecules [M-H] ™ generally com-
plies with the even-electron rule, meaning that the product ions formed
by loss of neutral molecules result in even-electron ions [39,41,45]. This
is the case of the mechanisms suggested for the formation of product
ions at m/z 150 and 122 (Fig. S9, structures 30/32 and 31, respectively).
For the product ion at m/z 150, two different pathways are proposed
considering the deprotonation of the hydrazine moiety in both nitrogen
atoms (structures 26 and 27) resulting from proton transfer of the
initially formed [M-H] . The mechanism devised for structure 27 also
justifies the formation of the product ion at m/z 178, the 3-nitrophenyl
isocyanate 29. Both proposed mechanisms provide the formation of
product ion 31 by losses of neutral molecules Ny or CO. Even-electron
ions produced under ESI conditions can also yield odd-electron ions
by homolytic cleavage under CID conditions [39,41,45]. The proposed
mechanism for product ions at m/z 151 and 147 (Fig. S9B) encompasses
homolytic cleavage leading to distonic hypervalent radical anions 33
and 34 at m/z 151 and 147, respectively. It is important to refer that
these are putative fragmentation mechanisms and confirmation of the
proposed pathways could be achieved by HRMS. Nevertheless, a pre-
vious work considering the gas-phase structural characterization of
neuropeptides Y Y1 receptor antagonists demonstrated that experiments
acquired in QqQ showed a good agreement with those obtained in an

18+

16+

124

Retention time (min)
=
[
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Orbitrap instrument [38].

3.1.2. Selection of chromatographic conditions

Despite the large number of stationary phase chemistries that have
been previously applied for the separation of the target gut metabolites,
reversed-phase C18 columns were the most frequently employed in
combination with gradient elution profiles using mobile phases con-
taining polar (e.g., water) and organic modifiers (e.g., ACN) acidified
with formic acid (e.g., 0.1 %) [3,12,22,46]. Considering this, the sepa-
ration was evaluated in this work using a BEH C18 column and using
formic acid-water (1:1000, v/v) and formic acid-acetonitrile (1:1000, v/
v) as mobile phase components. Furthermore, gradient elution was
employed to achieve an efficient separation of the different analytes,
considering also possible matrix interfering species.

To attain separation in a short period of time, a study of the elution
conditions was performed, which evaluated the influence of gradient
starting time and the percentage of organic solvent at the beginning of
the gradient. Two different gradient starting time values were tested,
namely 5 and 0.5 min (elution conditions 1 (EL1) and elution conditions
2 (EL2), respectively), with 5 % (v/v) of organic content (solvent B) at
the beginning of the gradient. The obtained results (Fig. 1) show that
this parameter had no influence on the separation of most compounds,
except for PA and TRP, which partially overlapped (Table 1). Moreover,
a decrease in the retention time of all target analytes was observed in
EL2. Subsequently, a study of the initial percentage of organic solvent at
the beginning of the gradient was performed, starting the gradient at 0.5
min, and using 5, 10, and 15 % of ACN, corresponding to elution con-
ditions 2 (EL2), 3 (EL3), and 4 (EL4). As depicted in Fig. 1, the content of
organic solvent at the beginning of the gradient only reduced the
retention time of all target analytes but had no effect in their separation.
The close elution of PA and TRP with EL2, EL3 and EL4 conditions did
not affect their accurate determination due to the use of separate
channels for the selected monitoring of each compound. Hence, an

T T
EL1 EL2

o AA
e PA
BA
. e pCS
. e INDS
° |AA
TRP
" H
I I
EL3 EL4

Fig. 1. Effect of the different elution programs tested on the retention time of target analytes. Results obtained from the analysis of a derivatized standard solution
prepared in water containing 100 pM of pCS, INDS and IAA, 500 uM of AA, PA, and BA, and 1000 pM of TRP. Mobile phase components: formic acid-water (1:1000,
v/v) (solvent A) and formic acid-ACN (1:1000, v/v) (solvent B). EL1 (elution conditions 1): gradient starting time at 5 min with 5 % (v/v) of solvent B; EL2 (elution
conditions 2): gradient starting time at 0.5 min with 5 % (v/v) of solvent B; EL3 (elution conditions 3): gradient starting time at 0.5 min with 10 % (v/v) of solvent B;
EL4 (elution conditions 4): gradient starting time at 0.5 min run with 15 % (v/v) of solvent B.
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elution program that starts with 15 % (v/v) of ACN during 0.5 min (EL4)
and increases up to 55 % (v/v) in 12 min, at a flow rate of 0.2 mL min_l,
was selected as the elution program to achieve efficient separation of all
the compounds in a suitable analysis time (18.5 min).

Considering the polarity of the target analytes after the chemical
derivatization procedure, the expected elution order of the analytes was
AA, INDS, pCS, PA, BA, TRP and IAA (Table S3). However, as can be seen
in Fig. 1, the elution profile obtained with the selected chromatographic
conditions (EL4) presented differences in the elution order of the com-
pounds, namely INDS that eluted first than AA, and TRP that eluted
before PA and BA. These differences allowed to conclude that not only
the polarity of the compounds may have affected the elution of the target
analytes, but also other factors may have contributed to the results, such
as solubility and reactivity (type of interactions established between the
analytes and the stationary phase). The most evident example was TRP,
which presented a lower polarity (log P = 2.4) compared to PA (log P =
1.7) and BA (log P = 2.2) but eluted first. IAA was the only compound
that eluted from the reversed-phase column according to its polarity
and, independently of the chemical derivatization, it was always the last
compound to be eluted (Table S3).

3.2. Establishment of the derivatization conditions

A chemical derivatization procedure was implemented in the present
work to allow the simultaneous quantitation of the three groups of gut
metabolites in a single LC-MS/MS run. The use of 3-NPH has been re-
ported previously for the determination of SCFAs and TRP metabolites
in biological samples in combination with other reagents (namely, EDC
as a coupling reagent and pyridine as a catalyst and base), with signif-
icant improvements in the detection limit and chromatographic
behavior of these analytes [19,24]. As referred before, other derivati-
zation reagents, such as aniline, O-benzylhydroxylamine (O-BHA), and
Girard’s reagent T (GT), have been used for the derivatization of
different classes of gut metabolites. Nevertheless, the efficacy of these
methods varies considerably, particularly in the context of SCFA anal-
ysis, when compared to 3-NPH. Aniline reacts with carboxylic acids to
form amide derivatives when it is combined with EDC or other similar
coupling agent [21,47]. Studies comparing the derivatization efficiency
of aniline with 3-NPH showed that it is less efficient [47-49]. Indeed,
derivatization efficiencies ranging from 20 to 100 % can be attained for
aniline derivatives, and high yield variations can be observed between
reactions in solvents and real matrices, which makes this reagent un-
suitable for the derivatization of SCFAs in complex matrices, such as
plasma [47-49]. GT reagent introduces a permanent positive charge
(quaternary ammonium group) to the molecule, significantly improving
ionization efficiency [18,20]. A recent study that applied this reagent
and compared its efficiency with 3-NPH revealed that the sensitivity of
GT-derivatives can been approximately 100 times higher, making this
reagent an appropriate choice for these metabolites particularly when
positive ionization mode is implemented [18,20]. However, GT is less
commonly used for SCFAs than 3-NPH and standard protocols are
lacking or require careful optimization to achieve complete derivatiza-
tion and to prevent potential side reactions [18,20]. In contrast to GT, O-
BHA is one of the most frequently employed derivatization agents for
SCFAs derivatization, along with 3-NPH and, generally, O-BHA de-
rivatives exhibit higher sensitivity in mass spectrometry analysis
[18,21,50]. However, compared to 3-NPH, O-BHA requires a longer
reaction time and has a higher toxicity profile, making 3-NPH a safer
alternative [18,21,50]. Taking all of this into account, a chemical
derivatization reaction using 3-NPH in combination with EDC and
pyridine was selected over the other mentioned reagents (Fig. S10).

To establish the derivatization conditions for the seven analytes,
different parameters that may affect the efficiency of the derivatization
reaction were evaluated, such as reagents concentration, the influence of
pyridine in the reaction yield, and the time and the temperature of the
reaction.
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The effect of reagents concentration and the effect of reaction time
were evaluated simultaneously using individual standards of SCFAs,
since they are the compounds most affected by the derivatization. Three
different concentrations of 3-NPH (200, 100 and 50 mM) and EDC (120,
60 and 50 mM), and three reaction times (10, 30 and 60 min) were
evaluated, using 6 % (v/v) of pyridine, at 25 °C. As shown in Fig. 2,
higher signal intensities of all SCFA derivatives were observed for lower
concentrations of 3-NPH (100 and 50 mM) and EDC (60 and 50 mM).
Nevertheless, even after 60 min of reaction, the signal intensity for all
the SCFAs derivatives continued to increase when these derivatization
conditions were used. Contrary to this, for higher concentrations of both
reagents (200 mM 3-NPH and 120 mM EDC), the signal intensity of the
derivatives was slightly lower compared to the previous conditions, but
the values were stable after 30 min of reaction (Fig. 2). Hence, these last
conditions and a reaction time of 30 min were chosen to perform the
next experiments, towards a faster analytical procedure and a better
method robustness. Moreover, considering the possibility of using an
equipment that allows processing and incubating simultaneously mul-
tiple samples (up to 24), the derivatization throughput might be further
enhanced.

Pyridine is a common reagent used as a catalyst and base in the
derivatization reaction of SCFAs. Despite this, some works referred that
the use of pyridine should be avoided to circumvent the possible
appearance of interferences, namely the background noise that affects
the determination of AA [11,19]. Thus, the possible interference of
pyridine in the derivatization reaction efficiency was evaluated. For this
study, standards containing only SCFAs, and standards prepared with all
the target analytes were derivatized during 30 min using the selected
concentrations of 3-NPH and EDC, without or with 6 % (v/v) of pyridine.
The results obtained for SCFAs did not confirm the results reported in
previous studies [11,19]. In fact, the signal intensities of AA and BA
increased with the use of pyridine in the reaction media. On the other
hand, a decrease in the signal intensity was observed for PA when pyr-
idine was added to the derivatization reaction. The results obtained for
SCFAs standards were in accordance with the results observed for the
standards containing all target analytes. An increase in the recovery
values of AA was observed and high recovery values (>85 %) were
achieved when all the target analytes were present, and pyridine was
used in the derivatization reaction. Furthermore, even though for some
of the analytes higher recovery values were obtained in the absence of
pyridine, the results exhibited higher standard deviations compared to
the values achieved with pyridine, which can be associated with the lack
of pH control in the absence of pyridine. Considering these results,
pyridine at a concentration of 6 % (v/v) was selected for performing the
derivatization reaction in combination with 3-NPH and EDC reagents.

After establishing the concentrations for the different derivatizing
reagents, the influence of using a pre-mixed reagent composite (1:1:1, v/
v/v) or performing the individual and sequential addition of the reagents
in the SCFAs reaction efficiency was assessed. Results (Fig. S11) show
that the derivatization efficiency was not affected by the previous mix-
ing of the reagents, with signal intensities similar to those obtained with
the individual and sequential addition of the reagents. Thus, to simplify
the procedure, a pre-mixed reagent composite was applied to perform
the derivatization reaction.

In previous works, higher temperatures (>37 °C) or long reaction
times (> 60 min) were needed to accomplish the derivatization reaction
and provide satisfactory results using 3-NPH as a derivatizing agent
[21,51]. Despite this, applying these higher temperatures could
contribute to the evaporation and degradation of compounds, especially
SCFAs, which are highly volatile analytes [21,51]. The temperature ef-
fect on the derivatization efficiency using a lower reaction time (30 min)
was assessed. Hence, human plasma supplemented with the analytes
was derivatized at temperatures of 25 and 40 °C, using the reagents
concentrations and time of reaction selected before. The derivatization
efficiency of all gut metabolites, except for IAA, was observed to
decrease when a human plasma sample supplemented with all analytes
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Fig. 2. Effect of the concentration of 3-NPH and EDC reagents, and reaction time on the signal intensity of SCFAs. Results obtained from the analysis of individual
standard solutions of 500 pM of AA, PA and BA prepared in water, after 10, 30 and 60 min of reaction, at room temperature. (A) 200 mM 3-NPH, 120 mM EDC and 6
% (v/v) pyridine; (B) 100 mM 3-NPH, 60 mM EDC and 6 % (v/v) pyridine; (C) 50 mM 3-NPH, 50 mM EDC and 6 % (v/v) pyridine.

was derivatized at a temperature of 40 °C, as shown in Fig. 3. For the
SCFAs, the decrease in derivatization efficiency (Fig. 3) was noteworthy
regarding the signal intensity of the target analytes and the resulting
recovery values obtained. For these metabolites, the decrease can be
explained by their volatility at 40 °C. This loss of analytes would directly
decrease the SCFAs available for derivatization, reducing the yield of the
derivatized product. Similar results were observed for TRP, with a
decrease in the signal intensity. For this compound, the results obtained
could be explained by several conditions, namely, potential thermal
degradation of 3-NPH, increase of side reactions, volatilization of the
solvents, and potential matrix interactions.

As mentioned before, pCS and INDS were not derivatized using the
proposed reaction, and they maintained their original chemical struc-
ture. However, as shown in Fig. 3, the signal of these two analytes
decreased upon the increase of temperature, particularly for pCS. A
decrease in the signal of INDS and pCS at a relatively mild temperature
(40 °C) was somehow surprising, as these compounds are generally
stable at such temperatures. Hence, slight thermal degradation,
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alteration of solvent properties (e.g., solvent evaporation and/or
changes in solubility), and matrix effects associated with the complexity
of plasma samples could be possible explanations of the obtained results.
Considering all the results presented before, that demonstrate the in-
fluence of the increase of temperature on the efficiency of the derivati-
zation reaction in real samples, a temperature of 25 °C was selected for
performing the reaction to maximize the derivatization efficiency, also
not affecting the signal intensity of the two underivatized analytes (pCS
and INDS).

Under the best reaction conditions, comprising 200 mM 3-NPH, 120
mM EDC, 6 % (v/v) pyridine, and 25 °C for 30 min, all target gut me-
tabolites yielded high derivatization efficiency and recovery values in
plasma (>85 %), as well as improved peak shapes in chromatographic
analysis (Fig. 4 and Fig. S12).

3.3. Method validation

Linear regression analysis was employed to establish calibration
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Fig. 3. Influence of the reaction temperature in the signal intensity of analytes for a pooled human plasma sample supplemented with the target analytes (500 pM of

AA, PA and BA; 100 uM of pCS, INDS and IAA; 1000 pM of TRP).
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Fig. 4. Representative chromatograms of a standard solution (standard 4) of the seven gut metabolites (A) and corresponding internal standards (B) prepared in
water. 1: 3-Indoxyl sulfate (INDS); 2: p-Cresol sulfate (pCS); 3: Acetic acid (AA); 4: Propionic acid (PA); 5: Tryptophan (TRP); 6: Butyric acid (BA); 7: Indole-3-acetic
acid (IAA); Internal standards: A: [2H,]-3-Indoxyl sulfate (INDS-IS); B: [2H,]-p-Cresol sulfate (pCS-IS); C: [2H,]-Acetic acid (AA-IS); D: [*He]-Propionic acid (PA-IS);

E: [®Hs]-Kynurenic acid (KYNA-IS).

curves plotted for peak area ratio (target gut metabolite/IS) versus
target gut metabolite concentration, using calibration standards pre-
pared in water and in pooled human plasma. The slopes of the calibra-
tion curves obtained in the two matrices were compared using the
Student’s t-test, which revealed no significant differences (p < 0.05),
indicating no matrix effect from plasma components (Table S4).
Therefore, method validation was carried out using solvent-based
standards and QC samples prepared in water and in plasma. The cali-
bration curves exhibited good linearity for all the analytes over the
evaluated concentration ranges, with determination coefficients > >
0.997 for all the target gut metabolites (Table 2). Furthermore, back-
calculated concentrations presented deviations within +15 % of the
nominal value, meeting the requirements of EMA and ICH guideline

(results not shown) [32]. A visible acetic acid (AA) background signal
was observed while analyzing zero samples prepared in water. This
interference has been frequently reported in previous studies and has
been associated with contamination of different sources, namely the
reagents used in the derivatization procedure (e.g., pyridine), the water
and organic solvents (e.g., ACN) used in the preparation of all the so-
lutions [11,29,52]. Thus, in the impossibility to avoid these sources of
AA and consequently control the background levels, a background
correction was implemented through the analysis of zero samples (n = 3)
in each run and subtraction of the corresponding analytical signal (mean
of the peak area ratio of AA/IS) from all the standards and samples.
The LLOQ values (Table 2) for all the target gut metabolites were in
the range of 0.4-8 uM. As can be observed in Table 2, the LLOQ values

Table 2

Target analytes, internal standard used for each analyte, corresponding linearity, and LLOQ values.
Analyte Internal Standard Linearity LLOQ (pM)

Range (M) Equation r

AA [2H4] -acetic acid 6-150 y = 0.0303x — 0.1459 0.9990 6
PA [®He]-propionic acid 1-25 y = 0.2245x + 0.1813 0.9997 1
BA [®He]-propionic acid 1-25 y = 0.0723x + 0.0894 0.9988 1
pCS [2H,]-p-cresol sulfate 8-200 y = 0.0105x — 0.0037 0.9991 8
INDS [2H4] -3-indoxyl sulfate 4-100 y = 0.0094x — 0.0044 0.9992 4
IAA [*Hs] -kynurenic acid 0.4-10 y = 0.1502x + 0.0093 0.9990 0.4
TRP [2Hs]-kynurenic acid 4-100 y = 0.0256x — 0.0204 0.9983 4

AA, Acetic acid; PA, propionic acid; BA, butyric acid; pCS, p-cresol sulfate; INDS, indoxyl sulfate; IAA, indole-3-acetic acid; TRP, tryptophan; LLOQ, lower limit of

quantification.
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obtained for AA were higher than those obtained for the other SCFAs,
which can be explained by the background levels observed in zero
samples making it difficult to achieve lower LLOQ values for this gut
metabolite. Moreover, INDS and pCS also presented higher LLOQ values
(4 and 8 pM, respectively). However, in this case, these values were
mostly associated with the high levels of these metabolites generally
present in plasma samples rather than method sensitivity.

Accuracy and precision (intra- and inter-day) were assessed for the
two matrices (water and plasma), as depicted in Tables 3 and 4. Four
concentration levels were evaluated, including the LLOQ, within three
times of the LLOQ (low QC), around the geometric mean of the cali-
bration curve range (medium QC), and at least at 75 % of the ULOQ
(high QC). For the QC samples prepared in water (Table 3), the intra-
and inter-day precision and accuracy were in accordance with EMA and
ICH requirements for bioanalytical assay validation [32], with precision
expressed by CV not exceeding 15 % and accuracy ranging from 85 to
115 %. The intra-day precision was <10.3 % and the accuracy ranged
between 87.0 and 114 % of the nominal concentrations of the target gut
metabolites (Table 3). The inter-day determinations yielded precision
values <13.5 % and accuracy values between 94.9 and 107 % (Table 3).

Regarding the intra- and inter-day accuracy and precision of each
analyte determination in QC samples prepared in plasma (Table 4), the
calculated values were also within the recommended limits established
by the guidelines (CV <15 % and + 15 % of the nominal concentration)
[32]. Precision values <7.4 % and accuracy values between 90.9 and
112 % were obtained for the intra-day determinations (Table 4). For the
inter-day determinations, the precision was <9.7 % and the accuracy
ranged between 91.7 and 111 % of the nominal concentrations of the
target analytes (Table 4).

The comparison of the concentrations of derivatized analytes in the
QC prepared in water after 24 and 48 h storage in the autosampler
evidenced that all analytes were stable in these conditions, exhibiting
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values ranging between 87.5 and 113.2 % of the nominal concentrations
after 24 h and between 90.2 and 110.4 % after 48 h (Table S5). The
target analytes also proved to be stable in the plasma matrix after 24 h in
the autosampler at 6 °C, with accuracy values between 93.4 and 102 %
(Table S5). These results demonstrated the adequacy of the 24 h-period
used for processing and analyzing samples, ensuring accurate de-
terminations. Additionally, no carry-over was observed when the sol-
vent mixture ACN-HO (50:50, v/v) was analyzed after a high
concentration calibration standard or each set of samples, indicating
that the residual analytes remaining in the analytical instrument be-
tween injections were negligible.

3.4. Assessment of the method practicality and comparison to other
methods

The practicability of the developed method was evaluated using the
Blue Applicability Grade Index (BAGI), a recently developed metric tool
[53]. This metric tool assesses ten attributes (Fig. 5) associated with the
analytical methodology’s applicability and functionality, permitting to
create an asteroid pictogram with a score in the center of the graph. The
result achieved using the BAGI metric is obtained through the attribu-
tion of four score points (2.5, 5.0, 7.5, and 10) to each attribute, which
correspond to different colors in the pictogram, that is, white, light blue,
blue, or dark blue, respectively. It should be noted that a BAGI score of
25 indicates the lowest method performance and 100 corresponds to the
highest method applicability. Furthermore, for a procedure to be
considered practical, an overall score of at least 60 must be achieved.
The pictogram and the total score (65) obtained for the proposed multi-
analyte UHPLC-MS/MS method is presented in Fig. 5. Based on the total
score obtained (> 60), the newly developed method can be considered
practical and feasible for bioanalytical purposes. The main features
contributing to the applicability and functionality of the new method

Table 3
Intra- and inter-day accuracy and precision of the method for the determination of the target gut metabolites in QC samples prepared in water.
Analyte Nominal concentration (pM) Intra-day Inter-day
Measured concentration Measured concentration
Mean Accuracy cv Mean Accuracy Ccv
(uM) (%) (%) (M) (%) (%)
6 6.7 112 10.3 6.1 101 10.4
AA 15 14.8 98.6 3.3 15.9 106 6.3
60 58.3 97.2 1.5 58.5 97.5 1.4
120 121 101 0.7 119 99.1 1.8
1 0.87 87.0 2.7 0.98 97.8 13.5
PA 2.5 2.6 103 2.3 2.6 104 3.7
10 10.1 101 11 9.9 99.4 1.9
20 19.9 99.4 1.2 19.7 98.6 1.6
1 0.87 87.0 5.6 0.95 94.9 11.8
BA 2.5 2.5 99.4 3.3 2.5 98.7 1.5
10 10.2 103 1.3 10.0 100 3.4
20 20.4 102 0.4 20.2 101 1.0
8 8.1 101 1.7 7.9 98.7 4.2
PGS 20 19.8 99.1 0.6 20.2 101 2.4
80 78.6 98.3 2.2 79.0 98.8 1.0
160 165 103 1.0 161 101 2.1
4 4.6 114 3.0 4.0 101 11.2
INDS 10 10.3 103 4.6 10.3 103 5.8
40 39.4 98.6 2.0 40.0 100 2.3
80 79.8 99.8 0.5 79.9 99.9 1.7
0.4 0.45 114 2.8 0.42 106 12.1
IAA 1 1.0 103 2.9 1.1 107 5.1
4 3.7 93.2 2.2 3.8 95.4 2.3
8 8.2 102 0.1 8.1 101 1.3
4 4.5 114 5.4 4.2 107 12.0
TRP 10 9.6 95.7 0.4 10.1 101 11.2
40 40.7 102 1.5 39.7 99.2 4.0
80 79.2 99.0 0.6 79.8 99.8 0.7

AA, Acetic acid; PA, propionic acid; BA, butyric acid; pCS, p-cresol sulfate; INDS, indoxyl sulfate; IAA, indole-3-acetic acid; TRP, tryptophan; CV, coefficient of

variation.
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Table 4
Intra- and inter-day accuracy and precision of the method for the determination of the target gut metabolites in QC samples prepared in human plasma.
Analyte Nominal concentration (pM) Intra-day Inter-day
Measured concentration Measured concentration
Mean Accuracy cv Mean Accuracy cv
(uM) (%) (%) (uM) (%) (%)
6 6.5 109 7.4 6.7 111 3.3
AA 15 15.2 101 4.6 15.1 101 0.6
60 60.1 100 1.8 60.1 100 0.1
120 116 96.8 0.3 117 97.7 1.2
1 1.0 104 6.5 0.97 97.2 9.7
PA 2.5 2.4 96.4 2.5 2.4 96.9 0.7
10 9.9 99.3 5.4 10.4 104 6.2
20 21.6 108 2.8 21.3 106 2.1
1 1.1 107 6.2 1.0 102 5.6
BA 2.5 2.4 97.8 2.5 2.4 95.3 3.7
10 9.3 92.5 4.8 9.2 91.7 1.3
20 19.7 98.3 0.8 19.8 98.8 0.7
8 9.0 112 3.8 8.5 106 8.1
PGS 20 20.5 103 4.6 20.3 101 1.6
80 80.3 100 1.7 80.6 101 0.5
160 160 100 1.0 159 99.4 1.0
4 4.1 102 2.9 4.1 103 1.7
INDS 10 10.4 104 2.6 10.1 101 4.9
40 40.3 101 1.0 40.2 100 0.5
80 80.1 100 2.2 80.1 100 0.1
0.4 0.39 98.3 6.1 0.39 97.9 0.6
IAA 1 0.91 90.9 2.7 0.93 93.1 3.4
4 3.7 93.1 4.5 3.9 98.4 7.6
8 7.2 90.0 2.7 7.4 92.5 3.8
4 4.0 99.8 3.6 3.9 98.1 2.2
TRP 10 10.2 102 2.7 10.0 100 2.8
40 38.7 96.7 2.5 40.2 100 5.1
80 80.5 101 2.5 79.5 99.4 1.7

AA, Acetic acid; PA, propionic acid; BA, butyric acid; pCS, p-cresol sulfate; INDS, indoxyl sulfate; IAA, indole-3-acetic acid; TRP, tryptophan; CV, coefficient of

variation.

Attribute
1. Type of analysis

3. Analytical technique

5. Sample preparation
6. Samples per hour

7. Reagents & materials
8. Preconcentration

9. Automation degree
10. Amount of sample

2. Multi- or single-element analysis

4. Simultaneous sample preparation |1

Developed UHPLC-QqQ-MS/MS method Score
Quantitative & Confirmatory 10
Multi-element analysis (2-15 compounds) 7.5
LC-MS/MS 25
25
Multi step (Protein precipitation + derivatization) 2.5
2-4 5
Reagents not common in labs (derivatization reagents) 75
No preconcentration 10
Semi-automated with common devices 75
100 pL 10
Total=65

Fig. 5. Evaluation of the multi-analyte UHPLC-QqQ-MS/MS method developed for the determination of gut metabolites in plasma using the BAGI metric tool.

included the implementation of a quantitative and confirmatory analysis
(attribute 1), which allows the identification and subsequent quantifi-
cation of the analyte and can be a significant advantage in bioanalysis
applications. Furthermore, the reduced amount of sample used (100 pL)
(attribute 10), without the need to implement a preconcentration step
(attribute 8), were features that improved the practicality of the pro-
posed methodology and are particularly relevant in the analysis of
biological samples. On the other hand, the main attributes contributing
to decrease the overall score were the use of LC-MS/MS as analytical
technique (attribute 3), and the implementation of a multi-step sample
preparation procedure (attribute 5) that only allows the pre-treatment of
one sample at a time (attribute 4). Considering the last three attributes
mentioned, it is important to note that only attribute 4 could be further
modified to improve the practicality of the method by the application of
sample preparation procedures that allow simultaneous treatment of
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more than one sample, for instance, through the implementation of
protein precipitation in the 96-well format.

Compared to previously reported methods for the determination of
the target gut-metabolites in plasma samples [19,20,24,52], the pro-
posed method offers significant advantages. Firstly, the ability to
simultaneously analyze non-derivatized (pCS and INDS) and derivatized
(SCFAs, IAA, and TRP) metabolites without compromising their analyses
represents an advance over previous methods, allowing the quantifica-
tion of metabolites with different physicochemical properties in a single
run. In fact, pCS and INDS, two relevant intestinal metabolites impli-
cated in the development of several diseases, such as chronic kidney
disease (CKD) and cardiovascular disorders [22,54], are not commonly
analyzed simultaneously with the other target analytes, fostering
research upon their relation in disease progression and microbiome
metabolites. Furthermore, the chemical derivatization procedure
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implemented here presents some advantages compared to previous
methods using the same derivatization reagent (3-NPH). Generally, for
other methods, the temperature and the reaction time were higher than
30 °C and 60 min, respectively [19,20,24,52]. On the other hand, the
proposed method uses a temperature of 25 °C and requires only 30 min
to perform the derivatization reaction, allowing a faster and more stable
reaction, reducing the risk of possible degradation or evaporation of
some metabolites, particularly SCFAs. In fact, in previous works that
analyze only SCFAs, to avoid their evaporation, the reaction has been
carried out at lower temperatures, usually 4 °C, but with an increase in
reaction time that can reach more than 4 h [20,52]. Thus, the proposed
method allows the simultaneous derivatization of different gut metab-
olites by combining reaction conditions that make the process faster and
more efficient. The LLOQ values obtained in the current work were in
the low pM range (< 8 pM for all the analytes), which were in accor-
dance with the previous reports to determine the target analytes in
plasma samples [19,20,24,52].

3.5. Application to clinical samples

The validated UHPLC-MS/MS method was ultimately applied to the
determination of the target gut metabolites content in human plasma
samples obtained from children (samples 1 to 5) and adults (samples 6 to
10) participating in two clinical studies (see section 2.3.4 for more
detail) to evaluate its adequacy for application in clinical samples. Out
of the five children plasma samples, two were retrieved from children
with ADHD (samples 1 and 2) and three were obtained from healthy
children (samples 3, 4 and 5). The five plasma samples obtained from
adults corresponded to healthy individuals (samples 6 to 10). The results
obtained for each sample (n = 2) are presented in Table 5 along with
illustrative chromatograms of two plasma samples, one from a child
(Fig. 6A) and one from an adult individual (Fig. 6B). For confirmatory
analysis of the target analytes in samples, a system based on four iden-
tification points (1 precursor ion and 2 product ions) was applied.

Table 5
Quantification of target gut metabolites in plasma samples collected from chil-
dren and adult individuals participating in clinical studies.

Plasma Gut metabolite concentration (uM)
samples®
AA PA BA pCS INDS T1AA TRP
Sample 1 40.0 1.22 03+ 4.9 + 2.2+ 0.4 + 52 +
+0.2 + 0.1* 0.2% 0.1* 0.1 1
0.03
Sample 2 59.5 1.1+ 0.7 + 115 6+1 0.64 49.6
+ 0.4 0.2 0.1 +1 + 0.01 +0.3
Sample 3 82.1 1.5+ 1.1+ 52.8 5.6 + 1.3+ 50.9
+ 1.3 0.1 0.1 + 0.1 0.4 0.1 + 0.3
Sample 4 39.1 1.06 0.06 59 £ 4.7 + 0.87 57 +
+0.3 + + 1 0.1 + 0.04 1
0.02 0.01*
Sample 5 55.7 55+ 5.0+ 57 £ 3.46 1.2 + 49 +
+ 0.4 0.4 0.1 1 + 0.1 1
0.02
Sample 6 120 23+ 1.6 + 101 14.1 09 + 35+
+1 0.2 0.1 +1 +0.3 0.1 1
Sample 7 64 + 1.7 £ 0.7 + 36.2 7.6 + 1.4+ 42.7
1 0.1 0.1* + 0.4 0.1 0.1 + 0.4
Sample 8 37.1 1.5+ 0.3+ 86 = 7.0 + 6.5 + 64 +
+ 0.4 0.1 0.1* 1 0.4 0.2 1
Sample 9 80.2 1.44 0.28 133 1.2+ 0.32 41 +
+ 0.4 + + +2 0.2* + 2
0.04 0.09* 0.03*
Sample 10 78 £ 22+ 0.3+ 182 6.4 + 1.5+ 31+
2 0.2 0.1* +1 0.1 0.1 1

AA, Acetic acid; PA, propionic acid; BA, butyric acid; pCS, p-cresol sulfate; INDS,
indoxyl sulfate; IAA, indole-3-acetic acid; TRP, tryptophan.

@ Samples were collected from children (sample 1 to 5) and adults (sample 6 to
10). Please see the text for more detail.

* < LLOQ (1 pM for BA; 8 pM for pCS; 4 uM for INDS; 0.4 uM for IAA).
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Qualifier (q) and quantifier (Q) ions relative abundance was determined
in standards prepared in water and in plasma samples, with the
maximum permitted tolerances of +20 % for AA, BA, INDS and IAA as
the g/Q values were > 50 %, + 25 % for TRP because the gq/Q values
belong to the range 20-50 %, and + 50 % for PA and pCS as the q/Q
values were < 10 % [55]. The standards prepared in water presented
mean ion ratio values of 80.0 + 1.7 % for AA, 1.6 + 0.2 % for PA, 51.6
+ 3.4 % for BA, 9.1 + 0.8 % for pCS, 95.4 + 3.3 % for INDS, 84.6 + 5.8
% for IAA, and 38.0 + 1.7 % for TRP (Table S6). In the case of plasma
samples, mean ion ratio values of 80.3 + 2.3 % for AA, 2.0 + 0.2 % for
PA, 47.2 + 3.0 % for BA, 8.9 + 0.7 % for pCS, 87.7 + 7.9 % for INDS,
86.8 £ 4.9 % for IAA, and 40.7 £+ 3.0 % for TRP were obtained
(Table S7). Therefore, these results show that ion ratio values complied
with the tolerance limits in all samples and allowed to confirm the
presence of all the target gut metabolites in the analyzed plasma
samples.

As shown in Table 5, all the target gut metabolites were successfully
detected and quantified in the analyzed plasma samples, except for BA
which was present in quantities below the LLOQ (<1 pM) in seven out of
ten samples. Moreover, sample 1 and sample 9 exhibited pCS, INDS,
and/or IAA levels below the LLOQ (<8, 4 and 0.4 pM, respectively). The
concentrations determined for each analyte were variable, with the
higher concentrations found for AA (37.1-120 pM), pCS (4.9-182 pM),
and TRP (31-64 pM). On the other hand, the lowest concentrations were
observed for PA (1.1-5.5 pM), BA (0.06-5.0 pM), and IAA (0.32-6.5
pM). Additionally, the results indicate that the proposed methodology
was suitable for the quantification of the target analytes across a broad
range of concentrations and was applicable to the analysis of plasma
samples from both pediatric and adult individuals. The comparison of
the results obtained for the two groups of individuals under study
indicated similar concentration levels in children and in adults, for all
the target gut metabolites (Table 5, Fig. 6A and B). Furthermore, the
concentrations found for all the analytes were in accordance with the
values reported in the literature [3,19,30,54,56]. These observations are
illustrated by the results achieved for the three determined SCFAs,
which are the most abundant SCFAs in humans, with predominance of
AA [57,58]. The results obtained were consistent with this observation,
with the higher concentrations (37.1-120 pM) obtained for AA and the
lower and similar concentrations found for PA (1.1-5.5 pM) and BA
(0.06-5.0 pM).

4. Conclusion

A liquid chromatography method coupled with tandem mass spec-
trometry detection was successfully developed and validated for the
simultaneous quantification of seven gut metabolites in human plasma
samples. A chemical derivatization procedure using 3-nitrophenylhy-
drazine hydrochloride that enables highly sensitive detection of the
target analytes, particularly SCFAs, was applied after a simple, rapid and
low-cost sample treatment involving protein precipitation with aceto-
nitrile and the use of reduced sample volumes (100 pL). After studying
the derivatization and UHPLC—MS/MS separative and detection con-
ditions, the proposed method was validated and applied to real samples,
demonstrating to be sensitive, selective, accurate, and precise for the
quantitative analysis of the seven target gut metabolites in human
plasma samples, in a wide concentration range. LLOQ values obtained
for all the analytes were in the lower pM range, being similar or even
lower than values reported in previous studies [3,19,30,54,56]. Addi-
tionally, application of the proposed method to the analysis of clinical
human plasma samples from both children and adults was successfully
achieved. Finally, the method practicability was demonstrated by a
favorable BAGI score of 65, which evidenced the potential of the pro-
posed methodology to be applied in bioanalytical studies.

Moreover, this new analytical method can be regarded as a signifi-
cant advance in the state of the art of gut microbiota studies due to the
simultaneous quantification of different groups of gut metabolites that



S.R. Fernandes et al.

Journal of Chromatography B 1265 (2025) 124764

SRM
110000 2
100000
> 90000+
G 80000
& 70000
30000+ £ 60000
% 50000+
3 40000
2 30000
2 < 20000
2 20000 10000
2 T T T
£ 4.0 45 5.0 55
A % Time (min)
® 10000+ 100000 "
a 90000
< 2 80000
2 70000
£ 60000
0 ‘s 50000
25 35 45 55 6.5 75 85 95 105 115 2 40000
N : 2 30000+
Time (min) < 20000
10000
0 T T T
4.0 45 5.0 55
Time (min)
SRM
2
100000
90000
2 80000
2 70000
£ 60000
30000+ ‘s 50000
35 40000
& 30000
< 20000
2
) 10000
2 20000+
@ T T T
B £ 4.0 45 5.0 5.5
2 Time (min)
32 5
10000 100000+
g 900004
2 80000
4 7 2 70000
1 € (\ £ 60000
0  p—— T T 1 T T T 1 ‘s 50000 3
25 35 45 55 6.5 7.5 8.5 9.5 105 115 5 40000
o
Time (min) 2 30000
< 20000
10000
- T T T
4.0 45 5.0 5.5

Time (min)

Fig. 6. Representative chromatograms of a plasma sample from a child (A) and a plasma sample from an adult individual (B). 1: 3-Indoxyl sulfate (INDS); 2: p-Cresol
sulfate (pCS); 3: Acetic acid (AA); 4: Propionic acid (PA); 5: Tryptophan (TRP); 6: Butyric acid (BA); 7: Indole-3-acetic acid (IAA).

were commonly determined separately, namely SCFAs in combination
with amino acids and their derivatives (e.g., pCS and TRP). Thus, the
application of the proposed method may valuably contribute to a better
understanding of the impact of the gut metabolites in the health-to-
disease transition. Furthermore, the methodology shows the potential
to be adapted and applied to the analysis of other types of biomatrices,
namely non-invasive samples (e.g., urine). With further optimization,
namely in the derivatization and chromatographic procedures, it can be
extended to the analysis of other metabolites, permitting to obtain a
metabolic fingerprint that contributes to a more comprehensive eluci-
dation of gut microbial metabolism and its impact on human health.
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