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Introduction

Rapid and targeted HILIC-MS/MS quantification of
urinary metabolites reveals metabolic alterations in
COVID-19 patients

*ab Anna Edman,?® Christoffer Granvik, €2 ¢ Alicia Lind,%®
b and Annika I. Johansson®f

Ondrej Hodek,
Anna K. Overby,“® Mareike Gutensohn

Urinary metabolites and their concentrations serve as biomarkers for identification of metabolic pathways
that relate to specific diseases; therefore, fast and accurate quantification of the metabolites in urine is
essential in health assessment and diagnosis. As many urinary metabolites are of polar nature, hydrophilic
interaction liquid chromatography (HILIC) has been used over the last several years because it offers
faster and more reproducible analyses compared to traditional techniques such as reversed-phase
chromatography or capillary electrophoresis. In our study, we developed a HILIC method by using
a 3 cm analytical column in connection with tandem mass spectrometry detection for quantification of
10 urinary metabolites including creatinine as the reference for normalization. As all tested metabolites
contain ionizable functional groups, pH of the mobile phase was optimized to achieve baseline
separation of 2 isomeric pairs (1-methyl-4-imidazoleacetic acid/1-methyl-5-imidazoleacetic acid and 1-
methylhistidine/3-methylhistidine) and to obtain overall better separation efficiency resulting in a 7 min
analysis. The developed method was validated in terms of sensitivity, carry-over, linearity, matrix effects,
accuracy, and precision. The metabolite concentrations in healthy subjects determined by the developed
method correspond well with the normal reference values found in the literature. Moreover, the method
was tested on a small cohort of COVID-19 patients, where it enabled identification of differences in
metabolite levels. Thus, the developed method has potential to be used routinely in a diagnostic field for
high-throughput analysis of urine samples.

(tele-MIAA) - serve as stable markers of systemic histamine
turnover and mast cell activation.* In particular, the degrada-
tion metabolite 1-methyl-4-imidazoleacetic acid (tele-MIAA)

Histamine, the most important mediator released from mast
cells, plays a central role in immune regulation, inflammation,
and allergic responses. Dysregulation of histamine release
causes serious and sometimes life-threatening conditions such
as anaphylaxis and mast cell activation syndrome (MCAS).!
Dysregulation of mast cell function and histamine release has
also been suggested to play a role in both acute coronavirus
disease 2019 (COVID-19) and post-COVID conditions.>* Clinical
diagnosis of disorders characterized by histamine release
remains challenging, with serial measurements of serum tryp-
tase considered the gold standard. As histamine is rapidly
metabolized in plasma, its urinary metabolites - such as 1-m-
ethylhistamine (1MH) and 1-methyl-4-imidazoleacetic acid
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accounts for approximately 70-80% of metabolized hista-
mine.® Tele-MIAA is excreted in urine, and urinary analysis
therefore provides a non-invasive means to assess histamine-
related activity. This approach has been used to investigate
inflammatory and immune processes in various conditions,
including viral infections. However, a key limitation of urine-
based diagnostics is that analyte concentrations depend on
several physiological factors, including hydration status,
inflammation, glomerular filtration rate, kidney injury, and
hormonal balance.® Consequently, metabolite concentrations
must be normalized to endogenous reference compounds that
reflect kidney function, such as creatinine or urea.

The urinary metabolites quantified in this study can be
grouped according to their physiological and diagnostic rele-
vance. The first group - the primary focus of this study -
includes histamine metabolism and mast cell activation
markers such as 1-methylhistamine (1MH), tele-MIAA, and 1-
methyl-5-imidazoleacetic acid (pi-MIAA), which reflect hista-
mine turnover and mast cell activity (Fig. 1a). For accurate
quantification, it is essential to chromatographically separate
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the isomeric pair of pi- and tele-MIAA. Tele-MIAA is a well-
established marker of histamine degradation, whereas the
origin and biochemical pathway of its isomer, pi-MIAA, remain
unclear. Pi-MIAA has been detected in several biological
matrices, including urine, cerebrospinal fluid, and plasma,” but
its physiological role and origin are still unknown.? Therefore,
precise separation of these isomers is crucial for correctly
assessing  histamine degradation through tele-MIAA
measurement.

The second group represents markers of muscle protein
turnover, namely 1-methylhistidine (1MHis) and 3-methyl-
histidine (3MHis) (Fig. 1b). 1MHis arises from histidine meth-
ylation via dietary and endogenous processes, while 3MHis is
produced during actin and myosin degradation. Elevated
urinary excretion of 3MHis serves as a sensitive indicator of
skeletal muscle protein catabolism. In inflammatory states,
such as sepsis, it may also reflect changes in renal reabsorption
and filtration functions and has been suggested as a marker of
sepsis-acquired acute kidney injury.*** A third group
comprises metabolites involved in energy metabolism and
methylation—guanidinoacetic acid (GAA), creatine, and creati-
nine (Fig. 1b). Measurement of these metabolites provides
insight into cellular energy metabolism and methylation effi-
ciency, as GAA is methylated to creatine using S-adenosylme-
thionine and creatine serves as a rapid ATP buffer in energy-
demanding tissues. Clinically, their urinary or plasma levels
are used to evaluate disorders of creatine metabolism,
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methylation imbalance, and renal function, and to normalize
urinary metabolite concentrations in metabolomic studies.*>™*”
Finally, nitrogen and purine metabolism markers—urea and
uric acid—represent terminal products of amino acid and
purine catabolism, respectively (Fig. 1b). Urea, the major
nitrogenous end product of amino acid catabolism, serves as an
indicator of nitrogen balance, hepatic urea-cycle activity, and
renal concentrating capacity, and is routinely applied for
normalization and assessment of metabolic load in urinary
metabolomics.” Uric acid, the terminal purine metabolite,
indicates purine turnover, oxidative stress, and renal excretory
function.**°

Together, these metabolites provide complementary insights
into histamine metabolism, protein turnover, energy balance,
nitrogen homeostasis as well as renal filtration and reabsorp-
tion - five physiological domains frequently perturbed during
inflammation, infection, and metabolic stress.

Because the majority of the urine metabolites are small,
polar, and ionic, capillary electrophoresis has traditionally been
used for their quantification, including 1MHis, 3MHis, amino
acids, GAA, creatine, creatinine, uric acid, and various inorganic
ions.?**® However, conventional UV/VIS or CCD detection in
capillary electrophoresis provides limited specificity and sensi-
tivity. Even though the development of liquid chromatography
coupled with mass spectrometry (LC-MS) has greatly improved
analytical coverage, sensitivity, and selectivity for complex
matrices such as urine, the reversed-phase LC still offers poor
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Fig. 1 Histamine metabolism pathways (a) and additional metabolites included in this study (b). Metabolites quantified by the HILIC-MS/MS
method are highlighted. The HNMT pathway was targeted because it reflects systemic mast cell histamine turnover, whereas DAO mainly
mediates intestinal degradation of dietary histamine. DAO, diamine oxidase; HNMT, histamine-N-methyltransferase; MAO-B, monoamine

oxidase B; ALDH, aldehyde dehydrogenase.®°
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retention for small, highly polar compounds. For these analytes,
ion-pair chromatography (IPC) and hydrophilic interaction
liquid chromatography (HILIC) are more suitable alterna-
tives.>?”?* While IPC requires charged reagents that can
suppress ionization and contaminate chromatographic
systems, HILIC allows efficient retention and separation of
polar urinary metabolites such as urea, uric acid, creatinine,
and histamine derivatives.

Several studies have used HILIC for quantifying histamine
and its degradation metabolites in urine® and cerebrospinal
fluid.** However, neither study included both pi- and tele-MIAA,
which may substantially limit interpretation of MIAA quantifi-
cation results.

Baseline separation of pi- and tele-MIAA was achieved in
a study, where an IPC was used, though this method introduced
several drawbacks.*® Ion-pairing chromatography requires
fluorinated carboxylic acids that adsorb onto steel and PEEK
tubing, necessitating extensive cleaning of the LC/MS system.
When operating in negative ESI mode, residual compounds can
produce background ions if not properly removed. Further-
more, IPC methods require long equilibration times, reducing
analytical throughput.

To date, no analytical method has provided simultaneous,
rapid quantification of all these urinary metabolites. Therefore,
in this study we developed, optimized, and validated a hydro-
philic interaction liquid chromatography-tandem mass spec-
trometry (HILIC-MS/MS) method. The method enables precise
quantification of ten clinically relevant urinary metabolites—
urea, creatinine, 1MH, uric acid, pi-MIAA, tele-MIAA, creatine,
GAA, 3MHis, and 1MHis—with baseline separation of isomeric
compounds (1MHis/3MHis and tele-MIAA/pi-MIAA) within
seven minutes (sample-to-sample). This analytical platform was
applied to urine samples from COVID-19 patients, revealing
distinct metabolite profiles in individuals with mild and severe
disease compared to healthy controls.

Material and methods
Chemicals and reagents

LC-MS grade acetonitrile, ammonium formate, and formic acid
were purchased from Sigma-Aldrich (MO, USA). Deionized water
was supplied by MilliQ device from Merck-Millipore (MA, USA).
Analytical standards of 1-methyl-i-histidine (=98.0%), 3-methyl-L-
histidine (=98.0%), 1-methylhistamine (=98.0%), guanidinoacetic
acid (99%), uric acid (=99%), urea (=98.5%), urea-'>N, (99%) were
purchased from Sigma-Aldrich (MO, USA). Creatinine-D3 (98%)
and creatine-D3 (97%) were purchased from Cambridge Isotope
Laboratories (MA, USA). 1-Methyl-i-histidine-D3 and uric acid-">N,
were purchased from MedChemExpress (NJ, USA). 2-(1-Methyl-1H-
imidazol-5-yl)acetic acid (pi-MIAA) was purchased from Bench-
Chem (TX, USA) and 1-methyl-4-imidazoleacetic acid (tele-MIAA)
was purchased from Larodan (Sweden).

LC-MS conditions

The urinary metabolites were separated and quantified by using
an LC-MS/MS system consisting of an Agilent 1290 UPLC

This journal is © The Royal Society of Chemistry 2026
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connected to an Agilent 6495D triple quadrupole (Agilent, CA,
USA). The separation was achieved by injecting 3 pL of a sample
to a BEH amide column (30 x 2.1 mm, 1.7 um, Waters, MA, USA).
The mobile phase consisted of 10 mM ammonium fomate of pH
3.0 (adjusted with formic acid) in (A) water and in (B) acetonitrile/
water 90/10 (v/v). The mobile phase was delivered on column by
a flow rate of 0.6 mL min " with the following gradient: 0.0 min
(99% B), 1.5 min (99% B), 3.0 min (30% B), 4.0 min (30% B),
4.1 min (99% B), 7.0 min (99% B). Column and autosampler were
thermostated at 40 °C and 4 °C, respectively. Analytes were
ionized in an electrospray ion source operated both in positive
and negative modes. The source and gas parameters were set as
follows: ion spray voltage —3.5 kV in negative and +4.0 kV in
positive mode, gas temperature 150 °C, drying gas flow 11
L min~', nebulizer pressure 20 psi, sheath gas temperature
325 °C, sheath gas flow 12 L min™~", fragmentor 166 V.

Multiple reaction monitoring (MRM) transitions of the
urinary metabolites were optimized by using Agilent Mass-
Hunter Optimizer and MRM transitions were monitored in
dynamic MRM mode during an analytical run. The LC-MS data
was processed by using the Agilent MassHunter Qualitative
12.0.430.0 and QQQ quantitative analysis version B.12.0.893.1
(Agilent Technologies Inc., Santa Clara, CA, USA).

Preparation of standard solutions

For optimization and calibration purposes, the analytical stan-
dards were separately dissolved in deionized water to form 5 mg
mL ™" solutions, with exception of uric acid that was dissolved in
1 mM aqueous sodium hydroxide. Afterwards, the stock solu-
tions were diluted to the desired concentration with
acetonitrile/water 80/20 (v/v). All the stock and working solu-
tions were kept at —20 °C.

Sample preparation

The human urine samples used for validation were obtained
from healthy adults with age between 20 and 73 years. The
samples were frozen at —80 °C within 4 hours after sampling;
prior to the analysis they were thawed at room temperature,
vortex mixed, and 10 pL of urine was diluted 150x with 80%
acetonitrile containing the internal standards (1 pM creatine-
D3, 1 uM 1-methyl-histamine-D3, 1 pM 1-methyl-histidine-D3, 1
uM 3-methyl-histidine-D;). For quantification of the most
abundant metabolites - creatinine, urea, uric acid - the 150x
diluted urine was further diluted 40-fold with 80% acetonitrile
containing internal standards of 10 uM creatinine-Dz, 10 pM
urea-'>N,, and 10 uM uric acid-'>N,. Finally, 3 uL of each urine
sample was injected on the analytical column (Fig. S1).

Clinical sample

All urine samples were taken with informed consent of all
participants. Urine samples from patients with mild (n = 10)
and severe (n = 10) COVID-19 were obtained from the
prospective, observational cohort study CoVUm (https://
clinicaltrials.gov identifier: NCT04368013) and used for
further clinical validation of the method. Mild disease was
defined as not requiring respiratory support or supplemental
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oxygen, while severe disease was characterized by the need for
high-flow nasal oxygen, non-invasive, or invasive mechanical
ventilation. Patients were matched by age and sex. The study
was approved by the Swedish Ethical Review Authority, Uppsala
(DNR 2020-01557). Sample preparation was performed as
described above. Concentrations were normalized to urinary
creatinine levels, and differences between groups were analyzed
by Kruskal-Wallis test followed by Dunn's post hoc multiple
comparisons. The p-value of <0.05 was considered significant.

Method validation

The method for quantification of urinary metabolites on BEH
amide column was validated through evaluation of parameters
such as limit of detection (LOD), limit of quantification (LOQ),
carry-over, linearity, matrix effects, accuracy, precision, and
repeatability.

Sensitivity of the method was characterized by the LOD and
LOQ values that were determined as a concentration corre-
sponding to a signal-to-noise ratio (S/N) of 3 and 10, respectively.

Carry-over was assessed in a blank solvent injected on
column after the analysis of the calibration solution of the
highest concentration.

Linearity of the method was evaluated through 16-point
linear regression model yielding the calibration curves con-
structed by using isotopically labelled standards for most
analytes.

Matrix effects were assessed by spiking standard solutions
into the diluted urine samples. The samples were spiked at
three concentration levels — 0.5, 1, and 10 uM. The matrix effects
were assessed based on comparison of the slope of the cali-
bration curve with the slope of the curve constructed from the
spiked samples according to the following equation:

S;Uxmﬂ

where ME represents matrix effect (%), S is a slope of calibration
curve constructed with neat standards, U is a slope of calibration
curve constructed with standards spiked in a pooled urine sample.

Accuracy of quantitation was evaluated through the analysis
of a real sample and the same sample spiked with standard
solution (0.5, 1, and 10 uM standard addition); eventually,
concentration in an original sample was subtracted from the
total concentration in a spiked sample and accuracy was
calculated as [(mean observed concentration)/(spiked concen-
tration)] x 100%.

Precision was calculated as RSD for 6 repeated measure-
ments of a real sample.

Repeatability in peak areas was determined as RSD of
repeated measurements of one of the calibration solutions (1
UM, n = 6).

ME:IOO—(

Results and discussion
Optimization of the LC-MS/MS conditions

Collision energy for each MRM transition of all urinary metab-
olites was optimized through flow injection analysis of a 10 uM
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Fig. 2 Extracted ion chromatograms of the urinary metabolites and
comparison of their retention and separation under different pH of the
mobile phase.

standard solution (Table S1). Four MRM transitions were
selected and tested in the on-column experiments. The two
transitions with the highest signal-to-noise ratio were further
used for analysis of real samples. Chromatographic conditions
for separation of the urinary metabolites on the BEH amide
column were optimized by using 10 mM ammonium formate of 3
different pH values - 3.0, 4.5, and 6.5. The mobile phase A con-
sisted of pure aqueous 10 mM buffer, and the mobile phase B
contained buffer mixed with acetonitrile so that the final solvent
yielded 10 mM ammonium formate in 90% acetonitrile. The pH
of mobile phase affected mainly retention of acidic compounds
containing carboxylic group in their structure, namely tele-MIAA,
pi-MIAA, GAA, 1MHis, and 3MHis. The buffer of pH 3 improved
(i) the S/N through improved peak shapes while maintaining the
same noise level, and (ii) separation for all metabolites, especially
the isomeric 1MHis and 3MHis (Fig. 2).

In contrast with reversed-phase chromatography (RPLC), the
HILIC mode is more susceptible to composition of the sample
diluent. Significant amounts of water in the injected sample
might lead to disturbance of the partitioning between organic
and aqueous phase adsorbed on the stationary phase, thus
resulting in peak splitting or tailing.'®** Therefore, various
percentages of acetonitrile in the injected samples were evalu-
ated in range from 50% up to 90% of acetonitrile in water. The
amount of acetonitrile in an injected sample affected mainly
retention of uric acid, tele-MIAA, and pi-MIAA. By comparing
the FWHM values for all peaks, it became apparent that 80%
and 90% acetonitrile in water provided very similar peak widths
for all compounds (Fig. 3). As too high content of organic
solvent in sample might affect solubility of very polar metabo-
lites, 80% acetonitrile was used as the final diluent.

Method validation

The method showed highest sensitivity for creatinine with LOD
and LOQ of 0.1 nM and 0.7 nM, respectively. On contrary, uric
acid exhibited the lowest sensitivity with LOD and LOQ of

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 The effect of acetonitrile as a sample diluent on the peak
shapes of the urinary metabolites, % of acetonitrile in water (v/v).

200 nM and 500 nM, respectively, as a result of poor ionization
of uric acid.

Carry-over assessment showed that there is no significant
carry-over (less than 0.22%) from samples with high concen-
tration levels of urinary metabolites.
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Linearity of the method was acceptable with coefficients of
determination (R*) higher than 0.995 for the urinary metabo-
lites quantified with isotopically labeled internal standard (IS).
The calibration for tele-MIAA and pi-MIAA showed worse line-
arity - higher than 0.9648 - mainly because of the fact that IS for
these compounds were not available (Table S2).

Matrix effects were evaluated in spiked urine sample. As the
samples were diluted 150x and 6000 x, respectively, the matrix
effects were assessed at the corresponding dilution levels.
Despite the large dilution, matrix effects reached significant
values for most compounds like creatinine, 1-methylhistamine,
tele-MIAA, creatine, and pi-MIAA with exception of 3MHis and
uric acid whose signal was increased through ion enhancement
effect.

Accuracy for all urinary metabolites found in human urine
was in the acceptable range of 100 & 15% at all three spiked
levels. Accuracy for the most abundant metabolites (creatinine,
urea, uric acid) was evaluated only at the highest spiked level
(Table 1).

Precision was in acceptable range not exceeding RSD of 15%.

Targeted analysis of human urine from healthy individuals

In total, 13 samples were analyzed using the described meth-
odology. All tested metabolites were found and quantified in all
samples and their concentrations were normalized to urinary

Table 1 Accuracy and precision evaluated in samples of human urine. Matrix effects measured in spiked urine with matrix effects after

normalization to internal standard in brackets

Accuracy [%]

Metabolite Matrix effect [%] 0.5 UM 1uM 10 uM Precision [%]
1-Methylhistamine 23.2 (6.5) 114.1 112.3 91.0 0.3
Tele-MIAA 17.8 102.8 111.7 98.4 3.4
Pi-MIAA 14.8 94.5 101.9 100.8 1.8
Creatine 15.1 (—0.3) 102.6 101.5 97.8 0.8
Guanidineacetic acid 11.6 90.5 93.3 92.6 0.7
1-Methylhistidine 0.5 (—9.0) 113.5 107.4 111.2 1.4
3-Methylhistidine —19.2 (0.7) 97.7 107.7 101.3 2.7
Urea 0.6 (2.6) — — 98.8 5.5
Uric acid —10.8 (6.0) — — 95.2 1.5
Creatinine 26.6 (9.0) — — 93.4 0.7

Table 2 Concentration of urinary metabolites in normal human urine compared with reference values

Normal concentration in adults per 1 mmol creatinine”

Metabolite Concentration in urine per 1 mmol creatinine” n = 13
1-Methylhistamine 72.1 £ 9.7 nM

Tele-MIAA 1.6 £ 0.3 uM

Pi-MIAA 3.5+ 2.0 uM

Creatine 34.6 + 34.4 uM

Guanidineacetic acid
1-Methylhistidine
3-Methylhistidine

75.1 4+ 21.5 uM
26.9 + 2.9 uM
77.0 + 70.1 pM

Urea 21.1 + 4.3 mM
Uric acid 366.6 + 155.7 uM
Creatinine 10.0 + 3.6 mM

32.0-130.0 nM
1.3-2.3 uM
1.1-8.3 uM
11.3-113 uM
7.7-89.0 uM
2.6-46.1 uM
5.4-69.3 M
6.3-55.0 mM
23.8-543.0 M
0.5-35.0 mM

“ Average concentration + confidence interval at a confidence level « = 0.95. > HMDB database.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Urinary histamine metabolites during acute COVID-19, strati-
fied by initial disease severity in concentrations normalized to 1 mM
creatinine. Data from severe (n = 10) and mild (n = 10) COVID-19
cases, as well as controls (n = 10), are depicted. Dashed horizontal
lines indicate reference ranges for the reported normal concentrations
in adults. P-Values were calculated using the Kruskal—Wallis test fol-
lowed by Dunn's post hoc multiple comparisons test.

creatinine in order to account for variation in the rate of urine
production.®*** The concentrations determined with the devel-
oped method suggest that 1-methylhistamine represents the
least abundant metabolite with an average concentration of
72.1 nM per 1 mmol creatinine, whereas urea and uric acid were
found in the highest concentrations. The concentrations of all
metabolites found by using the developed method correspond
with the reference range of normal concentrations quantified in
healthy adults from the Human Metabolome Database (HMDB)
(Table 2).%

Concentrations of histamine metabolites are shifted in acute
COVID-19 compared to healthy controls

Notably, 1-methylhistamine levels were significantly elevated in
severe COVID-19 cases relative to mild patients, exceeding re-
ported normal adult values (Fig. 4). Accordingly, the down-
stream metabolite of 1-methylhistamine - tele-MIAA - was
significantly elevated in severe cases. On contrary pi-MIAA, the
metabolite of unknown origin decreased in mild and severe
cases compared to controls. Similarly, 3-methylhistidine, crea-
tine, and guanidineacetic acid were lower than the control
group, although without statistical significance. Taken
together, high levels of 1-methylhistamine and tele-MIAA in
severe group indicate elevated histamine activity in acute
COVID-19. While the number of clinical samples were few in
this pilot study, our findings point towards interesting meta-
bolic effects in acute COVID-19.

Conclusions

In this study, a fast and sensitive HILIC-MS/MS method was
developed and validated for quantification of 10 metabolites in
human urine, namely urea, creatinine, uric acid, 1-methyl-

histamine, 1-methyl-4-imidazoleacetic acid, creatine,
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guanidinoacetic acid, 1-methylhistidine, and 3-methylhistidine.
As all quantified metabolites contain ionizable functional
groups, the pH optimization of the buffered mobile phase was
necessary to obtain good separation efficiency, which lead to
baseline separation of isomeric pairs at pH 3.0. Tandem mass
spectrometry in the MRM mode was used for detection, which
enabled high specificity and sensitivity determined as LOQ that
ranged from 0.7 nM for creatinine to 500 nM for uric acid as the
metabolite with lowest sensitivity. The developed method
enables high-throughput analysis of urine samples since it
requires no derivatization step, and the separation is achieved
only in 7 minutes. We applied the method to a small pilot
cohort of acute COVID-19 patients (n = 20). We detected
important differences in compound concentrations from
healthy controls, indicating increased histamine activity and
decrease in creatine synthesis from guanidine acetic acid,
which might have clinical implications in explaining acute
COVID-19 symptomatology.
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