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This study explores the metabolic differences between human and murine plasma in addition to differences
between murine subcutaneous and visceral white adipose tissue. A quantitative and semi-quantitative
targeted method was developed and validated for this purpose. The quantitative method includes
tryptophan and its metabolites in addition to tyrosine, phenylalanine, taurine, B vitamins, neopterin,
cystathionine and hypoxanthine. While the semi-quantitative method includes; 3-indoleacetic acid, 5-
hydroxyindoleacetic acid, acetylcholine, asymmetric dimethylarginine, citrulline and methionine. Sample
preparation was based on protein precipitation, while quantification was conducted using ultrahigh-
performance liquid chromatography coupled to a quadrupole Orbitrap tandem mass spectrometer with
electrospray ionization in the parallel reaction monitoring (PRM) mode. The low limit of quantification for
all metabolites ranged from 1 to 200 ng mL™%. Matrix effects and recoveries for stable isotope labelled
internal standards were evaluated, with most having a coefficient of variation (CV) of less than 15%.
Results showed that a majority of the analytes passed both the intra- and interday precision and
accuracy criteria. The comparative analysis of human and murine plasma metabolites reveals species-
specific variations within the tryptophan metabolic pathway. Notably, murine plasma generally exhibits
elevated concentrations of most compounds in this pathway, with the exceptions of kynurenine and
quinolinic acid. Moreover, the investigation uncovers noteworthy metabolic disparities between murine
visceral and subcutaneous white adipose tissues, with the subcutaneous tissue demonstrating

significantly higher concentrations of tryptophan, phenylalanine, tyrosine, and serotonin. The findings
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Accepted 22nd January 2024 also show that even a semi-quantitative method can provide comparable results to quantitative methods

from other studies and be effective for assessing metabolites in a complex sample. Overall, this study
provides a robust platform to compare human and murine metabolism, providing a valuable insight to
rsc.li/methods future investigations.
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1 Introduction which is primarily expressed in the liver. TDO can also be

present in other cell types like neurons.** Additionally,
Tryptophan (Trp) is an essential amino acid and has distinctive ~a smaller portion of kynurenine is produced by indole amine
molecular properties. It is the only amino acid with two rings in ~ dioxygenase (IDO) enzyme, which is present in various parts of
its side-chain.! Trp is degraded into three major pathways; the the body.® Increasing levels of inflammatory signals, such as
kynurenine, serotonin and indole as illustrated in the ESI interleukins, can activate the IDO enzyme, whereas stress
Fig. S1.1> In humans, kynurenine is primarily synthesized hormones like cortisol can activate the TDO enzyme.” Kynur-
endogenously from tryptophan. The liver is primarily respon- enine levels are thus affected by our dietary intake of trypto-
sible for the production of kynurenine under physiological phan, TDO and IDO activity, stress hormones and inflammatory
conditions through tryptophan 2,3-dioxygenase (TDO) enzyme, signals. Kynurenine has two main pathways: ie. to form
kynurenic acid by the enzyme kynurenine aminotransferase
(KAT) or to form 3-hydroxyanthranilic acid by kynureninase and
or/kynurenine 3-monooxygenase (KMO).*? The kynurenine
"The ME/CFS Collaborative Research Centre at Uppsala University, Sweden pathway plays a c_ritical rOl_e in the developmenF of neurological
f Blectronic  supplementary  information (ESI) available. See  DOI: disorders, including Alzheimer's disease,” Parkinson's disease'®
https://doi.org/10.1039/d3ay01959d and major depression," as it affects the nervous system and
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energy metabolism through its downstream metabolites. This
makes the pathway a crucial target for treatment.>

Tryptophan that escape hepatic degradation can traverse the
blood-brain barrier and undergo hydroxylation, yielding 5-
hydroxytryptophan which transforms into serotonin via decar-
boxylation catalyzed by aromatic r-amino acid decarboxylase.*
Serotonin is best known as a key neurotransmitter responsible
for regulating mood and producing melatonin, a hormone that
helps control sleep patterns.” The indole pathway is a key part
of tryptophan metabolism that involves the conversion of
tryptophan into indole by gut bacteria. This produces
substances like 3-hydroxy indole acetic acid, which has anti-
inflammatory effects.*

The measurement of analytes beyond tryptophan metabo-
lites is essential for gaining a comprehensive understanding of
the complex biochemical pathways. For example, tyrosine and
phenylalanine compete with tryptophan for transport across the
blood-brain barrier. High levels of tyrosine and phenylalanine
limit tryptophan's entry, decreasing its availability for serotonin
synthesis. Measuring all three amino acid concentrations can
thus help us assess metabolic competition.** Also, adequate
levels of B-vitamins, such as riboflavin (B2) and pyridoxal
phosphate (PLP), are crucial for their role as essential coen-
zymes in the metabolic process of tryptophan. Similarly,
assessing the levels of hypoxanthine and neopterin can provide
insights into oxidative stress and activation of the kynurenine
pathway, which have been linked to inflammation and various
diseases such as cancer and autoimmune disorders.*

Metabolomic analysis utilizes mass spectrometry tech-
niques, often combined with chromatography, to effectively
reduce sample complexity and minimize ion suppression. This
study employed liquid chromatography and quadrupole Orbi-
trap tandem MS in parallel reaction monitoring (PRM) mode.
Our method enables the simultaneous monitoring of multiple
precursor and product ion transitions with high resolution and
mass accuracy, offering flexibility in selecting fragment ion
transitions after data acquisition.*

This study offers a solution to the challenges encountered in
analyzing multiple analytes in human and murine tissue
samples. These challenges arise from variations in the sample
matrix, polarity, ionization effects, and endogenous levels,
which hinder the full understanding of tryptophan metabolism.
The current techniques are limited in their ability to measure
only a small number of metabolites. For instance, a study
conducted by Silva et al utilized three different detection
methods to examine eight tryptophan-related compounds in
human and murine plasma.” This novel combination of ana-
lytes and unique application in the samples opens up new
possibilities for a comprehensive understanding of tryptophan
metabolism.

The aim of this research is to develop and validate a novel
quantitative and semi-quantitative analytical method that
utilizes liquid chromatography coupled to high resolution mass
spectrometry (LC-HRMS) to accurately analyse more than 20
tryptophan metabolites and related compounds, as shown in
the ESI Fig. S2,1 in both human and murine tissue. The devel-
opment of this method will facilitate future investigations into
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the relationship between these compounds and various physi-
ological and pathological processes. Furthermore, it is of major
importance to be able to compare results from animal models
with clinical human samples, and thus facilitate further inves-
tigations of novel biomarkers and interventions. Our method is
rapid with simple sample preparation, making it a valuable tool
for investigating tryptophan metabolism across different
species. However, some compounds did not meet the validation
criteria and will require further adjustment.

2 Materials and methods
2.1 Chemicals

Purified deionized water with 18 MQ cm conductivity was ob-
tained using a Milli-Q water purification system (Millipore-
Bedford, MA, USA). Whenever feasible, the analyte standards
as shown in the ESI Table S1{ were purchased from two
different sources in order to allow independent preparation of
calibration and quality control samples. Merck Life Science AB
(Solna, Sweden) was the provider of the aforementioned stan-
dards except for quinolinic acid from Tocris Bioscience (Bristol,
UK), dopamine hydrochloride and pantothenic acid calcium
from the European Pharmacopoeia Reference Standard, sero-
tonin and 5-hydroxytryptophan hydrochloride from Alfa Aesar,
melatonin from Cayman Chemicals (Michigan, USA), and
riboflavin from Supelco, while cyanocobalamin was sourced
from Cerilliant. The vendor for stable isotope labeled internal
standards as shown in the ESI Table S11 was Alsachim (Illkirch
Graffenstaden, France), except for phenylalanine-[*H;], thia-
mine-["*C;], pyridoxine-[*H;], biotin-[*H,], folate-["*Cs,"’N] and
cyanocobalamin-[**C,] were purchased from Merck. Cambridge
isotopes was the supplier of cystathionine-[*H,], tyrosine-[*H,],
and dopamine-[’H,], while Supelco provided nicotinamide-
[**Ce]. Neopterin-[**C;] was acquired from Toronto Research
Chemicals (Ontario, Canada) and serotonin-[’H,] hydrochloride
from Cayman Chemicals. Lastly, methanol (LC/MS grade) and
acetonitrile (LC/MS grade) were purchased from Fisher Scien-
tific (Goteborg, Sweden), along with formic acid (LC/MS grade),
ammonia solution 25%, and dimethyl sulfoxide (DMSO) from
Merck Life Science AB (Solna, Sweden).

2.2 Calibration, quality controls and internal standard
solutions

Standard stock solutions 1 mg mL™' of picolinic acid, 3-
hydroxyanthranilic acid, anthranilic acid, nicotinamide,
phenylalanine, melatonin, serotonin, pantothenic acid, biotin,
and cyanocobalamin were prepared in 100% methanol. Qui-
nolinic acid, kynurenine, tryptophan, and 5-hydroxytryptophan
were dissolved in a mixture of 50% acetonitrile and 50% water.
3-Hydroxykynurenine was prepared in a solution of 50% MeOH
and 50% water with 0.1% formic acid. Xanthurenic acid,
kynurenic acid, neopterin, and tyrosine were dissolved in
0.25 M NH,OH. Pyridoxal 5"-phosphate, hypoxanthine, taurine,
and cystathionine were dissolved in Milli-Q water. Dopamine-
hydrochloride, riboflavin, and folate were dissolved in DMSO.
These standard stock solutions were prepared in duplicate and
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pooled into three groups (A, B and C) to create calibration and
quality control solutions, as outlined in the ESI Table S2.} Stock
solution A had the lowest concentration of the analyzed
compounds, while stock B had an intermediate concentration;
these two stocks were both diluted in methanol while stock C
had the most concentrated level of analytes and was also diluted
in methanol. Stock C was used for serial dilutions to prepare the
calibration standards at eight different levels and quality
control (QC) solutions at four levels; LLOQ, low, medium and
high concentration levels for each targeted analyte as in the ESI
Table S3.1 Methanol was used for preparing all solutions. The
final concentration for each analyte of the calibration and QC
standards can be seen in the ESI Table S4.7

2.2.1 Preparation of stable isotope-labeled stock solutions
(SILIS). Stock solutions 1 mg mL ™" of picolinic acid-’H,], tryp-
tophan-"*Cy;-"°N,], anthranilic acid-[**Cg], nicotinamide-**C],
phenylalanine*H;], melatonin-[>H,], serotonin-[’H,] hydro-
chloride, theobromine, biotin-[*H,] were prepared in methanol.
While, cyanocobalamin-["*C,] was purchased as a stock of 1 pg
mL ™" in methanol. Quinolinic acid-{"*C,,"*N], 3-hydroxykynur-
enine{"*Cq], 3-hydroxyanthranilic acid{"*Cs], neopterin{"*Cs],
dopamine-[’H,] hydrochloride and folate{"*Cs,"’N] were dis-
solved in DMSO. Kynurenine-[**C¢] and tryptophan-*C;,"°N,]
were dissolved in 50% acetonitrile in water. Xanthurenic acid-
[**Ce], kynurenic acid{*Hs] and tyrosine-[*H,] were dissolved in
0.25 M NH,OH. The internal standard (IS) working solution was
created by combining the required concentration of the internal
standard and adjusting the final volume with methanol, as out-
lined in the ESI Table S5.}

2.3 Biological samples

2.3.1 Human plasma. For this study, 24 presumed healthy
donors (13 female, 11 male) with a mean age of 35 + 15 years old
provided plasma. All samples were collected between 9 and 11
a.m., following a 12 hour fast, except for three participants who
were not fasting. Verbal and written consent were obtained
from each donor, and the study was approved by the Ethical
Review Agency (Dnr 2021-02859).

2.3.2 Murine samples. Left-over untreated control samples
from a mouse model study conducted at Karolinska Institute
(K1) was generously donated to our study by professor Jorge
Ruas group. Twelve male HSA-Cre mice (1-2.5 months old) had
been sacrificed by cervical dislocation and dissected for the
collection of various samples. EDTA plasma, visceral and
subcutaneous white adipose tissue were offered to our study.
The samples were placed in individual Eppendorf tubes and
stored at —80 °C for analysis. All animal experiments were
conducted in accordance with local and international guide-
lines and approved by the local Ethics Committee.

2.4 Sample preparation

2.4.1 EDTA plasma. Human and murine plasma samples
were thawed and vortexed briefly at 4 °C. An aliquot 75 pL of each
sample, a calibration standard, a quality control and a blank
were transferred to an Eppendorf tube followed by 25 uL of
internal standard working solution as described in the ESI Table
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S5.7 Protein precipitation was carried out by the addition of cold
methanol 375 pL together with 25 L of 0.1% formic acid. The
mixture was vortexed for 15 seconds at 1600 rpm and kept at
—20 °C for 30 minutes. Afterwards, the samples were centrifuged
at 10 000 x g for 10 min at 4 °C and the supernatant 425 pL was
collected and concentrated using nitrogen stream supplied by
TurboVap (Biotage, Uppsala, Sweden) at the flow rate of 1.2
mL min~ " at 25 °C. After this, the dry residues were reconstituted
in 100 uL of 0.1% formic acid in water and vortexed for 15 s at
1600 rpm. At last, the samples were centrifuged for 10 min at 10
000 x g at 4 °C to obtain the clear extract and the supernatant
was transferred to amber LC vials for LC-HRMS analysis.

2.4.2 White adipose tissue. The frozen white adipose tissue
from mice, both visceral and subcutaneous, was prepared
similarly to plasma, with the exception of the weighing and
homogenization steps. First, the tissue was weighed while still
frozen, then transferred to an Eppendorf tube. Subsequently, 25
uL of internal standard working solution and 25 pL of 0.1%
formic acid were added. Finally, 375 pL of cold methanol was
added and the samples were homogenized in a FastPrep® (MP
Biomedicals) at a speed of 6 m s~ for 90 seconds.

2.5 LC-HRMS analysis

Analyses were conducted with a Waters Acquity UHPLC
(Waters™) coupled to a high-resolution Q Exactive™ hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Scientific™).
The LC column used was a Waters™ HSS T3 (1.8 um: 2.1 x 100
mm) and the column oven temperature was set at 30 °C. The
mobile phase consisted of Milli-Q water with 0.6% HCOOH
(100:0.6%, v/v) (mobile phase A), and methanol with 0.6%
HCOOH (100:0.6%, v/v) (mobile phase B) were delivered as
a gradient at a flow rate of 300 pL. min~", with a sample injection
of 5 puL. The gradient was as follows: 1-10% B (0.0-4.0 min), 10-
90% B (4.0-7.0 min), hold at 90% B (7.0-8.0 min), 90-1% B (8.0-
8.1 min) followed by equilibration of the column at 1% B (8.1-
9.0 min). The heated electrospray ionization (HESI) probe
parameters were as follows: sheath gas flow rate, 40 units;
auxiliary gas unit flow rate, 15 units; sweep gas flow rate, 2 units;
capillary temperature, 360 °C; auxiliary gas heater temperature,
400 °C; spray voltage, 4.00 kV; and S lens, RF level 60. Parallel
reaction monitoring (PRM) with an inclusion list, as seen in the
ESI Table S1,T was utilized for mass spectrometry detection with
a 1 m/z isolation window in positive electrospray ionization
mode (ESI+) and acquired at a resolving power of 17 500 FWHM
(full width half maximum) at m/z 200. The automatic gain
control (AGC) was set at 2 x 10> and the injection time was set
to 50 ms. Tune interface software (Tune v2.9, Thermo Scientific)
was used for tuning and optimizing the analytes and Xcalibur®
software (Version 4.1, Thermo Scientific) was used for data
acquisition and processing by integrating selected product ion
chromatographic peak area to calculate the metabolites
concentration.

2.6 Method validation

The guidelines from the European Medicines Agency (EMA) on
bioanalytical method validation were followed when carrying

This journal is © The Royal Society of Chemistry 2024
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out the method validation. This guideline was released on July
21, 2011 and is titled “Guideline on bioanalytical method vali-
dation EMEA/CHMP/EWP/192217/2009”.

2.6.1 Linearity and lower limit of quantification (LLOQ). To
assess linearity, calibration curves were prepared utilizing eight
standard solutions made from methanol, as matrix-matched
material was unavailable. The linearity range was determined
by examining samples from six people and reported figures
from the literature. The peak area response ratios (analyte peak
area/IS peak area) were calculated and plotted against their
corresponding nominal concentrations. Linear regression was
employed, with (1/x%) used as a weighting factor. The linearity
was deemed satisfactory if the regression factor was higher than
0.995. The lower limit of quantification was determined by
preparing a separate standard solution at the same level of the
first calibration point.

2.6.2 Accuracy and precision. Accuracy and precision of the
analysis of QC samples at LLOQ, low, medium, and high
concentration levels were determined to ensure the accuracy
and reproducibility of the measurements. This was accom-
plished by calculating the % bias (calculated concentration —
nominal concentration/nominal concentration) x 100 for
accuracy estimation and the percent coefficient of variation
(CV% = (standard deviation/mean) x 100) for precision. To
ensure that the parameter levels of accuracy and precision
between and within days were acceptable, 67% of all QCs (50%
at each level) had to be within 15% (LLOQ 20%) of their
nominal concentration.”® This criterion was repeated on three
independent days, with precision requirements of less than
20% for LLOQ and <15% for higher levels and accuracy
requirements of within +£15% (up to 20% accepted for LLOQ).

2.6.3 Carry-over. In order to determine the analyte carry
over, a solvent blank was injected three times after the highest
calibration point on three consecutive days.

2.6.4 Matrix effect. The ionization efficiency of SILIS was
evaluated by spiking it into human plasma samples after
protein precipitation (six individuals x four replicates). In
addition, SILIS was also spiked into a pure MeOH solution (six
replicates). The matrix factor (MF) was calculated using the
peak area of SILIS spiked into plasma divided by the peak area
of SILIS spiked into the pure solution.

2.6.5 Recovery. To evaluate the accuracy of the extraction
process of endogenous metabolites, SILIS were added to human
plasma (six individuals x four replicates), and to the samples of
visceral and subcutaneous white adipose tissue from six mice.
The recovery was calculated by dividing the peak area of SILIS in
the matrix after extraction by the peak area of SILIS in the matrix
before extraction.

2.7 Semi-quantification analysis

A semi-quantitative analysis of six analytes was performed in
human plasma (n = 24) and murine plasma (n = 6) to estimate
their concentrations using an internal standard of close reten-
tion time. The formulae, RF = peak area/concentration and C
suspect concentration = peak area suspect compound/RF

similar compound,” were utilized to estimate the
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concentration of 3-indoleacetic acid using melatonin-[*H,] as
IS, 5-hydroxyindoleacetic acid using kynurenine-["*C¢]. Acetyl-
choline, asymmetric dimethylarginine and citrulline using
thiamine{"*C;]. Lastly methionine using quinolinic acid-
[**C4,"°N]. The mzCloud database was used for mass transitions
selections and appropriate collision energies for the monitored
parent ions as shown in the ESI Table S6.}

3 Results and discussion

Method development involved testing various solvents for
protein precipitation, including methanol, methanol with
water and 0.1% formic acid, and acetonitrile. Reconstitution
solvents such as a mixture of methanol and water (1:9) and
0.1% formic acid in water were also compared. Our findings
indicated that using methanol with 0.1% formic acid and
reconstituting with 0.1% formic acid in water yielded slightly
higher concentrations, although not significantly different
from other solvent combinations. During our testing, we also
encountered issues with double peaks for pyridoxine, pyri-
doxal phosphate, neopterin, hypoxanthine, and dopamine
when using 0.1% formic acid in both mobile phases A and B.
To address this problem, we increased the concentration of
formic acid to 0.6% in both mobile phases A and B. This
adjustment successfully resolved the issue and produced one
peak in the chromatogram as shown in ESI Fig. S3.1 Imple-
menting high resolution in the measurement of complex
samples, such as plasma and adipose tissue, is essential for
accurate analysis and interpretation of results. The Orbitrap
analyzer's high resolution allows for the separation of metab-
olite peaks in complex samples, reducing potential interfer-
ences and enhancing the accuracy of quantification. The LC-
HRMS method developed in this study used retention times
of precursor ions and at least one fragment ion to accurately
measure metabolite levels as in the ESI Table S1.1 The method
was found to be effective in quickly analyzing 29 metabolites
and estimate the concentration of six compounds in just 10
minutes. However, further adjustments are needed for some of
the compounds as summarized in the ESI Table S7.t

3.1 Method validation

3.1.1 Linearity and low limit of quantification (LLOQ). The
linearity of the calibration curves is presented in the ESI Table
S8t and the low limit of quantification (LLOQ) values are
summarized in the ESI Table S4.1 Each calibration curve con-
sisted of a minimum of five calibration points and most of the
analytes showed a correlation coefficient > 0.99, with the
exception of 3-hydroxykynurenine, anthranilic acid, xanthur-
enic acid, kynurenic acid, biotin, nicotinamide, neopterin,
cystathionine, 5-hydroxytryptophan, pyridoxal 5-phosphate,
and hypoxanthine. This could be attributed to the possibility
that these analytes were eluted at the same time, or that there
were issues with their solubility during the experiment. The
lowest correlation coefficient was 0.944 for neopterin. The
LLOQ ranged from 1 to 200 ng mL ™", with the lowest LLOQ of 1
ng mL ™" obtained for pyridoxine. Some compounds prepared at
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LLOQ lower than 1 ng mL ™" did not meet the validation criteria
and were not included in the analysis.

3.1.2 Accuracy and precision. The results of the intra- and
interday precision and accuracy of the assay are presented in the
ESI Table S9.7 In total nine out of 22 analytes passed both the
intra- and interday precision and accuracy criteria for 67% of
QCs (50% at each level) were within 15% (LLOQ 20%). The nine
analytes were: hydroxyanthranilic acid, hydroxykynurenine,
hydroxytryptophan, kynurenine, pantothenic acid, phenylala-
nine, pyridoxine, tryptophan and tyrosine. Other nine analytes
out of the 22 passed the intra-and interday precision and
accuracy at different QC's levels as shown next: cystathionine
passed at LLOQ, QCM and QCH. Riboflavin passed at QCL,
QCM and QCH. Biotin, hypoxanthine, nicotinamide and qui-
nolinic acid passed at QCM and QCH. Xanthurenic acid passed
at QCL and QCM. Kynurenic acid and serotonin passed only at
QCL. The rest four analytes out of the 22 did not pass the intra-
nor the interday precision and accuracy criteria at any QC's
level. Those compounds were: anthranilic acid, melatonin,
neopterin and pyridoxal phosphate. The interday precision
determinations represented by CV (%) ranged from 0.001% for
phenylalanine at LLOQ level to 12.7% for pyridoxal phosphate
at LLOQ level. The interday accuracy determinations repre-
sented by bias (%) ranged from 0.004% for hypoxanthine at
QCH to 11.2% for cystathionine at QCH.

3.1.3 Carry-over. All target metabolites demonstrated
minimal carryover (<10%) for most metabolites except for;
nicotinamide, xanthurenic acid and anthranilic acid that
showed carry-over criteria (>15%).

3.1.4 Matrix effect. A barplot was produced as shown in ESI
Fig. S47 to illustrate the level of ion suppression/enhancement
of each SILIS from human plasma (6 individuals x 4 repli-
cates), murine subcutaneous and visceral white adipose tissue
(n = 6 for each). The mean matrix factor ranged from 2.2%,
13.4%, and 15.4% for cystathionine-[*H,] in plasma, murine
subcutaneous and visceral white adipose tissue, respectively,
which was found to be suppressed due to elution at the dead
time, to 164.6%, 173.8%, and 268.3% for serotonin-[*H,],
serotonin-[*H,], and theobromine, in plasma, murine subcuta-
neous, and visceral white adipose tissue, respectively, which
were found to be enhanced. Error bars indicating the CV% for
each SILIS were included, with all values lower than 15%, except
for tyrosine-[*H,] (24%) and theobromine (44%) in plasma,
cystathionine-?’H,] (27.2%) in subcutaneous white adipose
tissue, 3-hydroxykynurenine-["*Cg] (15.1%) and serotonin-[*H,]
(46.6%) in visceral white adipose tissue.

3.1.5 Recovery. The evaluation of 18 SILIS in human
plasma as shown in ESI Fig. S57 revealed that their mean
recoveries ranged from 50% (tyrosine-[*H;]) to 141% (serotonin-
[*H,4]) with all recoveries above 100%, except for tyrosine-*H]
and theobromine (50% and 99% respectively). A low plasma
recovery was also reported by J. Marcos et al., which reported
a recovery of 72% for tyrosine in plasma.> Most had a CV% of
less than 15%, except for cystathionine-[*H,] (31%). In murine
visceral white adipose tissue, the mean recoveries ranged from
41% (tyrosine-[*H,]) to 267% (quinolinic acid{'*C,,">N]), with
all recoveries above 100%, except for tyrosine-[?Hs], biotin-[*H,],
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serotonin-[*H,], pyridoxine-[*H;] and phenylalanine-[*Hs] (41%,
87%, 97%, 99%, 99% respectively). Most had a CV% of less than
15%, except for nicotinamide-[*Cg], tyrosine-[*H,], quinolinic
acid-[**C,,"°N], biotin-[*H,], melatonin{*H,] and anthranilic
acid-[**Cq] (15%, 19%, 21%, 21%, 31%, 58% respectively). In
murine subcutaneous white adipose tissue, the mean recoveries
ranged from 47% (tyrosine-[*H,]) to 186% (neopterin-[">Cs]),
with all recoveries above 100%, except for tyrosine-[*H,], sero-
tonin-{*H,], biotin?H,], phenylalanine[>’H;] and kynurenic
acid-[*Hs] (47%, 77%, 90%, 93%, 96% respectively). Most had
a CV% of less than 15%, except for 3-hydroxykynurenine-["*C],
phenylalanine-[*’Hs], kynurenic acid-[*H;], cystathionine-[*H,],
nicotinamide-['*Cq],  pyridoxine-[*H;],  quinolinic  acid-
[**Cy4, " N], tryptophan-[**C,4,">N,], xanthurenic acid-{"*Cs] and
neopterin'3Cs] (15%, 16%, 16%, 16%, 18%, 20%, 22%, 22%,
26%, 33% respectively).

3.2 Application of the method to biological samples

3.2.1 Quantitative analysis of murine samples. Tryptophan
has been shown to affect adipogenesis, fat storage, thermo-
genesis and other metabolic processes so analysis of tryptophan
metabolites can help to identify biochemical pathways associ-
ated with obesity and diabetes.*® Subcutaneous and visceral
white adipose tissues are known to have distinct metabolic roles
e.g. a build-up of visceral adipose tissues is associated with
insulin resistance and metabolic diseases, whereas excess
accumulation of subcutaneous adipose tissues is thought to be
protective.” A study of Ogura et al. suggests that tryptophan,
phenylalanine, tyrosine and serotonin are present at higher
concentrations in subcutaneous adipose tissue than in visceral
white adipose tissue.*® This finding was confirmed in the
current study as shown in ESI Fig. S6,7 though the level of
phenylalanine exceeded the linear range of our method and was
thus excluded from the calculation since the method had not
been validated for dilution integrity.

Comparative analysis of murine and human plasma revealed
that the concentrations of most of the compounds quantified
were higher in murine plasma as shown in Fig. 1, except for
kynurenine and quinolinic acid, with the median concentration
of most analytes in murine plasma ranging from 4 ng mL ™"
(biotin) to 16 020 ng mL™" (tryptophan). The comparison of
tryptophan metabolites in mice and humans revealed an
opposite trend; the levels of plasma serotonin in mice were
found to be higher than those of kynurenine, whereas the
opposite was observed in humans. This disparity can be
attributed to the varying tryptophan metabolism and enzyme
activities in the kynurenine pathway among different species,
particularly in the central nervous system. For example, rats
have lower IDO1 induction in response to immune stimulation
compared to mice, while gerbils are more similar to humans in
their increase of quinolinic acid levels during inflammation.>
These differences revealed the necessity to select the right
species when studying the physiological and pathological
effects of kynurenine pathway activity.

In our study, we measured the levels of (phenylalanine,
pantothenic acid, tyrosine, 3-hydroxyanthranilic acid,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The median concentrations of the aromatic amino acids; tryptophan and its metabolites, tyrosine and phenylalanine. In addition to B
vitamins (biotin, pantothenic acid, pyridoxal 5'-phosphate and riboflavin) and the oxidation marker hypoxanthine were determined in ng mLtin
human (n = 24) and murine (n = 6) plasma from healthy controls. Comparing the concentration of analytes in murine and human plasma, the
results showed that most compounds were higher in murine plasma. The only two exceptions were kynurenine and quinolinic acid. The analyte
concentration in murine plasma ranged from 4 ng mL™? (biotin) to 16 020 ng mL~? (tryptophan). Nicotinamide and serotonin had median values
above ULOQ, while melatonin and hypoxanthine were not detected and thus omitted from the boxplot results.

kynurenic acid, and xanthurenic acid). The median concentra-
tions of these analytes ranged from 5 to 8675 ng mL ™', with
some values exceeding the upper limit of quantification (ULOQ)
and thus being excluded from the calculation with the excep-
tion of 3-hydroxyanthranilic acid, which fell below LLOQ.
Nicotinamide and serotonin had median values above ULOQ,
while melatonin and hypoxanthine, were not detected and
therefore excluded from the boxplot results. Our observed high
levels of murine serotonin are consistent with previous research
by Rubio et al.*

3.2.2 Quantitative analysis of human samples. Comparing
the results of our study to other published findings was rather
tedious since various factors, such as sample source (plasma or
serum), fasting status, sample preparation and analytical
methods, as well as demographic information of the control

This journal is © The Royal Society of Chemistry 2024

group can introduce a degree of variance and make comparison
challenging. To further illustrate the results of our study, values
were plotted in relation to other published LC-MS and LC-
fluorescence methods, as seen in ESI Fig. S7.1 The analysis of
24 human plasma samples revealed that biotin, riboflavin and
3-hydroxy anthranilic acid had the lowest concentrations (0.35,
3.01 and 3.71 ng mL™"), respectively. While tryptophan, tyro-
sine, and phenylalanine had the highest concentrations (12 221,
11985, and 8361 ng mL™ '), respectively. Our study found that
biotin levels were much lower than another study with an
average of 22.8 ng mL™" for 2 out of 20 participants.?® Our
riboflavin result of 3.01 ng mL ™" was similar to those reported
from 4-9 ng mL~'.2*?® Moreover, our result for 3-hydroxy
anthranilic acid concentration was 5.2 ng mL ™', which was
consistent with a study conducted using Q-Exactive method in

Anal. Methods, 2024, 16, 1074-1082 | 1079


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ay01959d

Open Access Article. Published on 29 January 2024. Downloaded on 4/4/2026 4:06:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analytical Methods

Thiamine-[33C;]
[M+H]*= 269.1296

View Article Online

Paper

NL: 4.35E4
o m/2= 147,0572-147,0586 MS F: FTMS + p
/Nt L ESI Full ms2 269.1296@hcd20.00
NP S, S oH [50.0000-295.0000] Sampled8

NL: 1.65E6

[M+H] *= 150.05833

1.0
10 Citrulline j\ [} m/z= 159,0756-159,0772 MS F: FTMS + p
ESI Full ms2 176.1030@hcd30.00
+H] = HNT N OH
L [M+H]*=176.10297 : H (50.0000-200.0000] Sample48
NH;
NL: 2.14€6
11 Acetylcholine o) | m/2= 87,0437-87,0445 M F: FTMS + p ESI
+= + Full ms2 146.1176@hcd50.00
L [M+H] = 146.11756 )]\O/\/N\ [50.0000-165.0000] Sample48
NL: 2.48€5
- . NH o - -
1.2 Asymmetric dimethylarginine L 'E“S/‘lel1:‘50173;11‘:;;7@1:("::02:“”5 P
+= . X
[M+H] *=203.15025 T N OH [50.0000-225.0000] Sampled8
NH,
Nott Q
1.9 Methionine s
- OH

+N]
[M+H] += 173.07834

21 Quinolinic acid-[3C

I

NL: 4.03€5

m/z= 99,0482-99,0492 MS F: FTMS + p ESI
Full ms2 173.0783@hcd60.00
[50.0000-195.0000] Sample48

5-hydroxyindoleacetic acid
[M+H] *= 192.06552

NL: 3.16E5
m/2= 146,0593-146,0607 MS F: FTMS + p
ESI Full ms2 192.0655@hcd50.00
[50.0000-215.0000] Sample48

Kynurenine-[13Cg]
[M+H] *= 215.17736

47 N M/Z
[ ESIF
o [50.00

NL: 1.18E6

NL: 2.77€5
m/z= 178,1157-178,1175 MS F: FTMS + p

W
by
1 Melatonin-d4 N V 7.0
00 o ES1 Full ms2 237.1536@hcd40.00
50 [M+H] *=237.15356 My \ (50.0000-260.0000] Sample4s
o 56 NL: 8.48E6
. . 74 m/2= 130,0644-130,0658 MS F: FTMS + p
100 3-indoleacetic acid { o ES1 Full ms2 176.0706@hcd50.00
50 [M+H] *= 176.07061 N (50.0000-200.0000] Sample48
N \
0 U T T T T T T T T T T T T T T T 1
0.0 05 1.0 15 2.0 25 30 35 4.0 45 5.0 55 6.0 65 7.0 75 8.0

Time (min)

Fig. 2 An extracted ion chromatogram, of the semi quantification analysis, was generated for thiamine-[**C3] which was used as an internal
standard (IS) to estimate the concentrations of citrulline, acetylcholine, and asymmetric dimethylarginine, which all elute at a similar retention
time (RF similar compound). Additionally, quinolinic acid-[**C,4,'°N] was used as an IS for methionine, kynurenine-[**C¢] as an IS for 5-
hydroxyindoleacetic acid, and melatonin-[?H,] as an IS for 3-indoleacetic acid. The concentration estimation of these analytes was performed

peak area

using the equations: RF = ————
concentration

214 healthy control subjects.” The levels of tryptophan and
tyrosine in our study were comparable to those found in other
studies'®?***** as displayed in ESI Fig. S8.f Tryptophan, tyro-
sine and phenylalanine, are used to produce neurotransmitters
such as serotonin, dopamine, norepinephrine and GABA which
contribute to physical and emotional wellbeing.** Regarding the
serotonin pathway, our method wasn't sensitive enough to
measure melatonin and matrix effect might hinder the detec-
tion of 5 hydroxytryptophan in plasma. According to other
studies, 5 hydroxytryptophan was found ranging from 0.9 to
10.9 ng mL " (ref. 29-34) and melatonin was found at 0.007 ng
mL~" with 102 participants.®® Our value for serotonin 17.1 ng
mL " was within the 1.8-103 ng mL™" range reported in other
studies.**® Ultimately, it appears that using platelets are
a superior marker of serotonin levels than plasma, as they
reflect long-term serotonin activity and are not impacted by
dietary intake. Siliconized glassware and plastic ware should be
used to improve accuracy in serotonin measurement.*’

A range of tryptophan metabolites reported from previous
studies included anthranilic acid 0.5-13.4 ng mL '>*® 3
hydroxyanthranilic acid 3.2-10.7 ng mL~",*>* kynurenic acid
1.9-14 ng mL™'*>*® 3-hydroxykynurenine 1.9-47 ng mL~ '3
xanthurenic acid 1.2-68.1 ng mL™",>>*® nicotinamide 21.1-147.3
ng mL~",?** quinolinic acid 39-180 ng mL™",** kynurenine
43.7-1790 ng mL ™" **%¢ and picolinic acid 3.2-49.4 ng mL~*.>%%

1080 | Anal. Methods, 2024, 16, 1074-1082

and C suspect concentration =

peak area of suspect compound
RF similar compound

Using our method, it was observed that the isomers picolinic
acid and niacin were unable to be differentiated through
chromatography. Others have achieved to separate those
compounds through the addition of 0.5% formic acid and 1 mM
ammonium formate.*®

3.2.3 Semi quantitative analysis. Semi-quantitative analysis
is a cost-effective way to assess the relative abundance of
metabolites in a sample, as it is less time-consuming and more
affordable than full quantitative methods. To assess six analytes
in human plasma (n = 24) and murine plasma (n = 6), our semi-
quantitative method was used as an initial step as shown in
Fig. 2, and the results of human plasma as plotted in the ESI
Fig. S9,7 were then compared to those from other studies that
used quantitative methods. Comparative studies, however, were
not available for murine plasma. For 5-hydroxyindoleacetic acid
and 3-indoleacetic acid, our method measured a concentration
of 62.8 and 100.8 ng mL ™" respectively, compared to 7.8 and
181.6 ng mL; n = 100, reported by Chen et al** We reported
a higher concentration of citrulline (8827.7 ng mL ™' compared to
6562.5 ng mL; n = 15),* asymmetric dimethylarginine (1102.6
compared to 135.5 ng mL; n = 15),% acetylcholine (4973.2 ng
mL "' compared to 0.456 ng mL; n = 30),* and methionine
(4143.3 compared to 3605.8 ng mL '; n = 13).*? Our results for
acetylcholine were particularly high compared to those of other
studies, suggesting that an alternative internal standard should

This journal is © The Royal Society of Chemistry 2024
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be evaluated or that an external calibration curve should be used
for quantitative results. Overall, our semi-quantitative results for
3-indoleacetic acid, methionine and citrulline were comparable
to those of other studies; nevertheless, caution is advised when
interpreting concentrations measured using semi-quantitative
methods. Those analytes can however be used for the assess-
ment of e.g. gastrointestinal functions.

There are several potential explanations for why certain ana-
lytes may have failed to pass in the study. One possible reason
could be the instability of these analytes to various environ-
mental factors, such as light, heat, and acidity. For example,
compounds like folic acid and cyanocobalamin may be prone to
degradation in these conditions. Additionally, the combined
effects of low ionization efficiency, matrix effects, and low
concentration may have made it difficult to accurately detect and
quantify other compounds listed in the ESI Table S7.} In order to
address these issues, it is important to continue developing and
exploring alternative LC gradient and sample preparation
methods to mitigate the likelihood of analyte degradation.

4 Conclusions

In this study we present a fast and simple methodology for the
investigation of tryptophan metabolism, applied in human
plasma as well as murine plasma and adipose tissue. We want
to highlight the importance of understanding the differences in
tryptophan metabolism among species and tissues, as well as
the need to consider species-specific differences when studying
human pathological conditions as compared with animal
models. Also, we provide valuable data for the need of future
developments of standardized methodologies for accurate
quantification of tryptophan metabolites and B vitamins. This
study reveals that tryptophan metabolites vary widely across
studies and can be influenced by different factors such as study
population, sample preparation and types of analyzers used.
Our high resolution mass spectrometric method for quantifying
tryptophan metabolites and B vitamins in human and murine
tissues offers a practical and effective option for use in clinical
settings. In addition, our semi-quantitative technique allows for
accurate identification of metabolites in a sample, with results
similar to quantitative methods for some analytes.
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