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validation of a fast and robust method for the simultaneous analysis of choline and phos-
phocholine in human plasma.

Methods: Choline and phosphocholine quantification in human plasma was obtained using a
hydrophilic interaction liquid chromatography-tandem mass spectrometry technique. Assay
performance parameters were evaluated using EMA guidelines.

Results: Calibration curve ranged from 0.60 to 38.40 pmol/L (R? = 0.999) and 0.08-5.43 pmol/L
(R? = 0.998) for choline and phosphocholine, respectively. The Limit Of Detection of the method
was 0.06 pmol/L for choline and 0.04 pmol/L for phosphocholine. The coefficient of variation
range for intra-assay precision is 2.2-4.1 % (choline) and 3.2-15 % (phosphocholine), and the
inter-assay precision range is < 1-6.5 % (choline) and 6.2-20 % (phosphocholine). The accuracy
of the method was below the +20 % benchmarks at all the metabolites concentration levels. In-
house plasma pool of apparently healthy adults was tested, and a mean concentration of 15.97
pmol/L for Choline and 0.34 pmol/L for Phosphocholine was quantified.

Conclusions: The developed method shows good reliability in quantifying Choline and Phos-
phocholine in human plasma for clinical purposes.

1. Introduction

Choline (Cho) is an essential nutrient which plays important role in modulating gene expression, cell membrane signaling [1], lipid
transport and metabolism [2], methyl-group metabolism [3], and brain development throughout the fetal period [4].

An alteration of choline metabolism is often found in neoplastic disease since the growth of tumor cells requires a remodulation of
energy metabolism to support uncontrolled replication (for an extended discussion on choline metabolism see reviews [5,6]). The
upregulated choline metabolic pathway characterized by increased phosphocholine (PCho) has been suggested to be one of the
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hallmarks of oncogenesis and tumor progression [7]. Despite the great complexity of the biochemical mechanisms underlying this
disease, several studies have revealed that some tumors such as breast [6], brain [7], lung [8], colon [9,10], prostate and ovary tumors
[11] had in common the altered concentration of phosphocholine (PCho) and total choline (Cho)-containing compounds related to
healthy tissue. In addition, some prospective studies have found a relationship between levels of choline [8,9]and/or its derivatives
[10] in the onset of neoplastic disease. These findings suggest that the altered choline metabolism at the cellular level may reflect or be
a consequence of a host metabolic disorder already present prior to the development of the cancer disease. Choline is water-soluble due
to his positive charge, and it is easily diffusible in the extracellular space. Cho is actively transported into the cell, and his cellular
uptake mechanism includes Na + -dependent high affinity transport, Na + -independent low-affinity mechanism and low affinity
facilitated diffusion [11,12].

Anyhow, increased plasma levels of choline and phosphocholine could be markers of the onset or progression of oncological
disease, and their measurement could be a useful tool to assist early diagnosis [13].

Currently, different analytical method of choline detection in human plasma are available by nuclear magnetic resonance (NMR)
[14], enzymatic assays based on choline oxidation by choline oxidase [15], and HPLC-MS [16-19].

Nevertheless, there are only few methods developed for the quantitative measurement of both Cho and PCho, in the same analytical
run.

Cho and PCho are small polar metabolites with a positively charged moiety (a quaternary amine). The hydrophilic interaction
liquid chromatography (HILIC) can be a suitable separation method. HILIC columns are known to have great performances on small
and highly polar molecule in different matrices, such as food [20], water, human biofluids and human tissue extracts [21,22] and
provide higher retention of polar analytes compared to Reversed-Phase Liquid Chromatography (RPLC). HILIC is based on the
organic-rich mobile phase and the water enriched layer partially immobilized on the stationary phase partition equilibrium. Highly
polar metabolites are mainly solubilized into the water layer and strongly retained on the column as they have strong electrostatic
interaction and hydrogen bonds with the stationary phase [23].

Considering the growing interest in studying the role of Cho and PCho in the onset and progression of tumor pathology, in this study
we describe the development and validation of a fast and robust method for the simultaneous analysis of the two cholines in human
plasma using HILIC separation coupled to MS/MS technique.

2. Method and materials
2.1. Chemicals and reagents

Choline chloride, phosphocholine chloride calcium salt standards and deuterated internal standards Choline chloride (trimethyl-
d9), phosphocholine-d9 chloride calcium salt (tetrahydrate) were purchased from Spectra 2000 s.r.l. (Roma, Italy), ammonium bi-
carbonate (NH4HCO3), Acetonitrile (ACN) and methanol (MeOH) UHPLC grade were purchased from Carlo Erba (Milano, Italy).
Bidistilled water was obtained by PureLab Ultra system from ELGA LabWater (High Wycombe, United Kingdom).

2.2. Solutions preparation

Stock solutions of deuterated internal standards (I.S.) choline-d9 and phosphocholine-d9 were prepared in a concentration of 8.8
mmol/L and 5.2 mmol/L by dissolving the compounds in methanol:water (50:50 v/v).
The protein precipitation solution consisted of MeOH/ACN 1:1 (v/v) to which the LS. of choline-d9 and phosphocholine-d9 were
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Fig. 1. Scheme of valve connection of HPLC-MS system. Valve A connects pump A to the Divert valve (blue line); Valve B drives the mobile phase
managed by the pump B to the chromatographic column (green line); Divert valve guides the flux from pump A and B into the mass spectrometer
(purple line) or to the waste.
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added to obtain a concentration of 1.10 pmol/L and 0.13 pmol/L, respectively.

Calibration solutions were made from the stock solutions of analytes and I.S. The standard curve was obtained by serial dilution of a
solution containing 38.40 pmol/L of choline and 5.43 pmol/L of phosphocholine.

Once prepared, all solutions were stored at —20 °C until analysis.

2.3. Equipment and HPLC-MS/MS conditions

The analysis was performed with HPLC-MS/MS technique in Selected Reaction Monitoring (SRM) mode, using the mass spec-
trometer triple quadrupole Quantiva from Thermo Scientific (Massachussetts, USA) coupled with LC Transcend Thermo Scientific
(Massachussetts, USA), including an autosampler, two quaternary pumps (Fig. 1S) and column oven. The chromatographic separation
was performed with the HILIC column Atlantis premiere BEH Z-HILIC 2.1 x 100 mm 2.5 pm FIT from Waters (Massachusetts, USA).
The column temperature was set at 30 °C. The flow rate of the eluting pump (pump B) connected to the valve B was 0.45 mL/min with
mobile phase A (NH4HCO3 10 mM pH 8.5) and phase B (Acetonitrile/Methanol 90:10 v/v). The gradient consisted of 20 % solvent A
and 80 % solvent B for 0-4.02 min, followed by a step of 50 % solvent A and 50 % solvent B held to 10.68 min in isocratic mode. Then,
initial conditions were established through a linear gradient from 10.68 to 11.68 min and then kept constant for 3 min to re-equilibrate
the column. The washing pump (pump A) was connected to Valve A held a 100 % of phase C (ACN/MeOH/Acetone 60:30:10 v/v) with
a flow rate of 0.4 mL/min in the range 10.68-13.68 min. The divert valve, initially in 1-2position, was switched in 1-6 position at
11.68 min (Table 1S and Fig. 1). At 13.68 min it was switched back to 1-2 position till the end of run (Fig. 2). The total run time of
analysis was 14.68 min.

Mass detection was performed using a heated electrospray ionization (H-ESI) in positive mode under the following condition: HESI
spray voltage 3.3 kV, sheat, auxiliary and sweep gases were set to 40, 15 and 0 arbitrary units respectively. lon transfer tube tem-
perature was set to 333 °C and vaporizer temperature to 317 °C. Selected Reaction Monitoring (SRM) were run for the analytes most
abundant fragment 184 — 125 m/z transition for phosphocholine (collision energy 19.7 V), 193 — 125 m/z for phosphocholine-d9
(21.1 V), 104 — 60.1 m/z for choline (18.1 V), 113 — 69 m/z for choline-d9 (20.1 V) as shown in Table 1. Meanwhile, 184 —
86.2 m/z (collision energy 18.7 V) and 104 — 45.2 m/z (collision energy 21.96 V) were used for quality identification of PCho and Cho,
respectively. Internal standard peak area was used for area normalization to monitor system performance throughout analysis. Data
processing was conducted by using Excalibur software from Thermo Scientific (Milan, Italy).

2.4. Sample preparation

In-house pooled plasma was constituted using leftovers of anonymised plasma samples obtained from volunteers at overnight
fasting who, in any case, expressed written consent for its use. Pool plasma samples were aliquoted and stored at —20 °C.

2.5. Analytical procedure

Plasma aliquots were thawed at room temperature. Protein precipitation was achieved by adding 1600 pL of cold precipitation
solution containing I.S. to 400 pl of plasma sample and centrifuging at 3000 rpm at 4 °C for 15 min. The supernatant was transferred
into a polypropylene tube and then dried with vacuum centrifuge. Finally, dried extracts were reconstituted with 100 pL of ACN/H20
(1:1 v/v). ACN/H20 (1:1 v/v) was also used as blank sample. Five pl of both plasma samples and blank samples were injected into the
chromatographic system.

2.6. Validation procedure

The reliability and the acceptability of the analytical method was verified through a partial validation. According to European
Medicine Agency (EMA) Guidelines [24], Limit of Detection (LOD), Limit of Quantification (LOQ), linearity, accuracy, specificity,
inter-day precision and intra-day precision were tested.

2.6.1. Linearity
Linearity was evaluated by standards compound dilution. Seven serial 1:2 dilution in water were prepared to obtain a series of

Table 1

Mass spectrometer parameters set for SRM detection mode.
Analyte Parent ion (m/z) Product ion (m/z) Collision Energy (V) RF Lens (V)
Choline * 104.1 45.2 21.96 47
Choline # 104.1 60.1 18.1 47
Choline - d9 113.1 69.2 20.1 48
Phosphocholine * 184.1 86.2 18.7 57
Phosphocholine # 184.1 125 19.7 57
Phosphocholine - d9 193.1 125 21.1 58

# The resulting peak is used for quantification purposes. * The resulting peak is used for quality purpose.
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Fig. 2. Flow rate of pump A (blue line) and pump B (red line), where T1 and T2 represents the moment of the switch of the divert valve (from 1 to 2
to 1-6 position at 11.68 min, and from 1 to 6 to 1-2 at 13.68 min).

solutions with a concentration range from 5.43 pmol/L to 0.08 pmol/L of phosphocholine, and from 38.40 pmol/L to 0.60 pmol/L of
choline. Each diluted standard was analyzed in three days, preparing different stock solution each day. Calibration curves were fitted
by a linear model of the median standard concentration, and linearity was evaluated by the coefficient of determination R2.

2.6.2. Limit of Detection and limit of quantification
LOD and LOQ were evaluated through the analysis of three blank samples performed on three consecutive days, for a total of 9
samples tested. Their values were calculated as follows:

LOD = BLK %3S LOQ = BLK 10, %108

where BLK ;¢ is the mean concentration of the nine (three for each analytical session) blank injections and S is the standard deviation
of the blank concentration.

2.6.3. Accuracy and specificity

The accuracy and specificity of the method were evaluated through repeated measurements of Cho and PCho at different levels as
specified in the EMA Guidelines. LLOQ (lower limit of quantification), low, medium and high concentrations were obtained by spiking
plasma with 0, 1.92, 7.68, 23.04 pmol/L of Cho standard solution and 0, 0.27, 1.09, 3.26 pmol/L of standard Cho standard of PCho.
Choline and phosphocholine standards were mixed into the samples after the addition of protein precipitation solvent and before
centrifugation. Each level was tested in triplicate each day for three consecutive days. Method accuracy was calculated as the recovery
percentage of the spiked Cho and PCho in plasma sample as prepared in paragraph 2.5. The recovery was calculated with the following
formula

%Recovery =Cy / (Co + Cyp ) ¥100

where Cy is the average cholines concentration detected in the spiked plasma analyzed in triplicate for three days, Cy is the average
concentration of the plasma sample (LLOQ) analyzed in triplicate for three days, and Cgpy is the spiked concentration. These values
were also used to evaluate selectivity.

Furthermore, the discrimination of Cho and PCho from interferents that are present in the matrix will be evaluated by examinating
the chromatograms. Peaks in sample chromatogram whose retention times differ from the ones detected in standard chromatogram
have been inspected.

2.6.4. Precision

Method precision was evaluated in terms of coefficient of variation percentage for both intra-day and inter-day of estimated
concentration at high, medium, low, and LLOQ.

For both Cho and PCho, a variance components analysis was applied to estimate total peak areas variability associated with the day
of sampling (inter-day) and the replication over each sample (intra-day). Coefficients of Variation (CV) were determined for the intra-
day and inter-day variability by means of the PROC GLM procedure of SAS®, Version 9.4 [25].

3. Results

Fig. 3a shows a typical LC-MS chromatogram of Cho and PCho standards dissolved in aqueous matrices. The peaks detection was
obtained monitoring the fragmentation of 184 — 125 and 104 — 60 in SRM mode. The retention times (RT) were 5.6 min for PCho (red
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line) and 5.74 min for Cho (black line). Similarly, Fig. 3b shows a chromatogram obtained by the analysis of a pooled human plasma
sample, in which the fragment previously described are monitored.

3.1. Method validation

3.1.1. Linearity

The calibration curve range was defined according to choline and phosphocholine concentration in human plasma as reported by
Guasch-Ferré and co-workers [26]. The linear model showed an average R? coefficient of 0.998 for Cho and 0.999 for PCho, showing
excellent linearity within the physiological range of the analytes (Fig. 4).
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Fig. 3. (a) Cho and PCho aqueous standard 0.27 pmol/L chromatogram. The analytes are detected trough the monitoring by SRM mode of 104
(black line) and 184 (red line) m/z respectively; (b) 104 (black line) and 184 (red line) m/z SRM chromatogram in a pooled human plasma sample.
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3.1.2. Limit of Detection and limit of quantification

The established instrumental setting allows to achieve a LOD of 0.06 pmol/L and 0.04 pmol/L for Cho and PCho respectively, and a
LOQ of 0.19 pmol/L and 0.11 pmol/L for Cho and PCho respectively. These parameters fully satisfied the requirements of detectability
of the physiological concentrations of the two cholines.

3.1.3. Accuracy and specificity

The results of accuracy evaluated in terms of recovery percentage of spiked Cho and PCho are shown in Table 2. The spiked choline
recovery percentage ranged from 97.0 % to 99.8 % for Cho and 84.7 % and 96.0 % for PCho, meeting the requirements of the EMA
Guidelines both for accuracy and specificity [24]. Specificity was evaluated through the examination of the sample chromatogram. As
shown in Fig. 3, the retention time of Cho and PCho in plasma corresponds to that of aqueous matrix standards. Moreover, in our
plasma pool we observed the presence of other peaks originated by the same SRM of cholines, namely, RT 0.65, 2.2 and 3.69 min
(Fig. 3b). These peaks were identified as phosphatidylcholine (RT 0.65 min), glycerophosphocholine (RT 3.69 min) (Fig. 1S), while the
peak at 2.2 min was not identified.

3.1.4. Precision
Results of variance components analysis are shown in Table 2. Intra-day CV is stable for all the concentration levels. Nevertheless, it
is lower than the 15 % benchmark. Intra-day CV ranged between 2.2 % and 4.1 % for Cho and between of 3.2 % and 15 % for PCho.
As concerns inter-day precision, the CV lies below the 15 % benchmark ranged from a minimum value of <1 % and 6.5 % for Cho.
CV for PCho is 20 %.

3.1.5. Concentration values in human plasma
The plasma tested in this analysis was a pool of ten volunteers. The average circulating value was 15.97 pmol/L for choline and
0.34 pmol/L for phosphocholine (Table 2). These values were obtained from the aliquots of non-spiked plasma pools.

4. Discussion

This paper described a fast and robust analytical method to quantify choline and phosphocholine in human plasma by LC-MS/MS.

Although the described method presents an analytical pipeline similar to others in the literature [26,27], it reports interesting
innovative aspects. The first is related to the performance of the new generation HILIC zwitterionic column capable of returning
excellent analytical resolution of the two Chos under study. The other aspect concerns the strategy adopted to intensify the cleaning of
the column, thus allowing the quality of the chromatographic peak to be increased and the sample carry-over effects (,i.e. the residual
sample left over from a previous injection) to be reduced.

4.1. Instrumentation setting

4.1.1. HPLC system

Before using a zwitterionic HILIC column, the C18 column Atlantis C18 AX 2.5 pm 2.1 x 100mm MPFIT (Waters, Massachusetts
USA) was tested. By using a gradient mobile phase composed of ammonium bicarbonate buffer at pH 7 (phase A) and acetronitrile
(phase B) Cho and PCho eluted within 1 min (data not shown). Starting the gradient with a higher percentage of water did not improve
the resolution. Increasing acetonitrile in mobile phase broadened the peaks without improving the peak separation. On the contrary,
the Atlantis premiere BEH Z-HILIC column performed well thanks to its zwitterionic nature which allows polar analytes to strongly
interact with the stationary phase. Mobile phase composition, pH and ionic force were carefully tuned. In HILIC columns, aqueous and
organic solvents must be miscible in order to guarantee that the partition equilibrium is established. Analytes which bear pH
dependent moieties are strongly influenced by mobile phase pH [21]. Cho and PCho had a pH-independent positive charged qua-
ternary amine, and a hydroxyl and phosphate group respectively, which are pH dependent. Cho has a pka = 13.97 [28] and PCho has
pka = 1.15 [28]. Several pH solutions were tested within pH range which allowed the ion form of the analytes to be kept unchanged
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Fig. 4. (a) PCho calibration curves expressed in pmol/L vs Normalized area ratio; (b) Cho calibration curves expressed in pmol/L vs Normalized
area ratio.
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Table 2
Choline and phosphocholine assay precision, accuracy, LOD and LOQ measured in a pool of human plasma.
Spiked standard (pmol/ Mean concentration” (umol/ Intra-day CV Inter-day CV Accuracy LOD (pmol/ LOQ (pmol/
L) L) (%) (%) (%) L) L)
Cho 0 15.97 4.1 6.5 - 0.06 0.19
1.92 17.36 4.1 <1 99.8
7.68 23.30 2.2 3.5 98.5
23.04 38.94 2.7 2.8 97.0
PCho O 0.34 3.2 8.5 - 0.04 0.11
0.27 0.52 10.3 20.0 84.7
1.09 1.23 15.0 12.9 86.5
3.26 3.46 4.4 6.2 96.0

# Three-days triplicate average concentration of Cho and PCho in human plasma sample.

and according to the manifacturer’s the column suggested pH range. The tested mobile phase and pH were ammonium formate buffer
20 mM pH 3.8 which is often described in literature [29,30], ammonium acetate buffer pH 6.5, and ammoniumhydroxybicarbonate 10
mM pH 7.6 and 8.5 (Fig. S2). Although the use of low pH mobile phase for the separation of Cho and PCho is reported in several articles
[29-31], in our experience PCho peak tailing issues emerged by using acidic mobile phase. This may be due to the phosphate group
interacting with the metallic components of the instrument [32,33]. In particular, phosphate groups can be absorbed on stainless steel
surfaces of the injection system, the column and the mass spectrometer ESI probe, especially when surfaces are scratched or corroded.
Tailing was limited by run multiple needle washes, as described in paragraph 2.3. It has been reported that phosphoric acid, phosphate
buffer or etheylenediaminetetraacetic acid (EDTA) may suppress this interaction. However their use in mass spectrometry may pro-
voke loss of sensitivity, ion source contamination, ion suppression, and ESI probe clogging due to salts formation [32,34]. Using basic
mobile phase can be beneficial in preventing this interaction without a negative impact on the mass spectrometer performance. In our
experience, PCho peak shape improved by using a 8.5 pH bulffer.

4.2. Validation procedure

To our knowledge, this is the first study which providing analytical validation of the simultaneous detection of choline and
phosphocholine in human plasma by HPLC-MS. The HPLC-MS based assay exhibited good accuracy and precision, in accordance with
EMA Guidelines [24].

Initially, phosphocholine carryover effect affected the tests to determine the LOD and LOQ values in terms of high signal noise ratio
in the blank samples (data not shown). We hypothesize that the phosphate group interacts with metal component on HPLC-MS sys-
tems, as previously reported [32]. In this method cleaning steps of the column and of the ESI probe are run simultaneously with
different solutions. Unlike common HPLC-MS systems provided by a single pump, the system described allows us to use two separate
quaternary pumps (Fig. 1). In this way, pump A is able to dispense aggressive solvent mixtures appropriate for the ESI probe cleaning
avoiding column degradation or long re-equilibration times.

Specificity of the method is tested by inspecting the Selected Reaction Monitoring (SRM) chromatogram for Cho and PCho. In
addition to the peak detected in the standard chromatogram, in plasma samples other peaks are detected as reported in section 3.1.3 It
is known that various endogenous molecules, such as the abundant class of phospholipids, could fragment at the HESI source level,
losing their headgroups [35,36], and giving rise to fragments that could correspond to Cho and PCho ones. These fragments may lead
to multiple peaks at 104 and 184 m/z, which can hardly be distinguished from those originated by choline and phosphorcholine
standards. Nevertheless, different retention times may separate and resolve the selected analyte from interferents.

More specifically the peak eluted at 0.65 min is probably due to phosphatidylcholine in-source fragmentation, whose major
fragment is the phosphocholine ion with m/z 184 [37]. This hypothesis is confirmed by the early elution on the top of the column. In
fact, phosphatidylcholines are not well retained by HILIC column due to their high hydrophobicity. Furthermore, the abundant peak
observed is consistent with the high concentrations of these substances in the blood, as described by Quell and co-workers [38]. The
peak detected at 3.69 min both in Cho and PCho (Fig. 1S a) is identified as Glycerophosphocholine (GPC) as the most intense peak
registered in full scan mode is 258 m/z and its fragmentation pattern (60, 86, 99, 104, 124, 166 and 184 m/z, collision energy 30 V)
(Fig. 1S b) coincides to the GPC fragmentation pattern available in Human Metabolome Database [39].

GPC exhibits a mild in-source fragmentation as 104 and 184 peaks are detected at 3.69 min. There is no identification hypothesis
for the peak detected at 2.20 min.

In repeatability and recovery tests, different standard quantities of Cho and PCho are added to plasma samples. PCho recovery is
strongly dependent from the procedure adopted, as reported in Table 2S and Fig. 3S. Interestingly, the standard spiking step is crucial.
In particular, recovery improves when the protein precipitation solvent is added before the standard phosphocholine spiking. We
hypothesize that in plasma an appreciable enzymatic activity capable of degrading PCho persists. Further studies regarding phos-
phocoline interactions with plasma metabolites are needed. Thus, in order to avoid inaccurate determination, sample treatment must
be performed following strict standardized procedures which must take into account the sampling and sample handling steps.

The levels of Cho and Pcho detected in our unspiked plasma pools of apparently healthy volunteers, (15.97 pmol/L for choline and
0.34 pmol/L for phosphocholine), are substantially aligned with those in the literature. Guasch-Ferré et al. [28], using a LC/MS method
for the simultaneous measurement of the 2 cholines in 751 subjects, found mean circulating values of 23.17 pmol/L for Cho and 0.59



G. Guerra et al. Heliyon 9 (2023) e21921

pmol/L for PCho.

While the measurement of PCho in human plasma by HPLC-MS are scarce [26], there are several works that report the values of
circulating Cho concentrations in healthy subjects, measured with different techniques. For example, Nitter et al. [13] analyzing
choline concentration in citrate plasma of 2323 healthy subjects by LC/MS method, found Cho ranged from 6.2 to 14.2 pmol/L. This
range was consistent with that found by Garcia et al. [20], measuring Cho in 541 EDTA plasma sample with the NMR technique
(9.0-13.1 pmol/). Otherwise, Cho values measured with a 60 plasma-heparin samples chemiluminescent assay fell within a wider
range (1.4-34.4 pmol/L) than the aforementioned methods.

5. Conclusion

In this paper a fast and robust target analytical method was validated to simultaneously quantify choline and phosphocholine in
human plasma by LC-MS/MS.

The use of innovative HPLC-columns such as HILIC, particularly suitable for small and highly polar molecules, has made possible an
effective separation and consequently the quantification of the two cholines. An additional analytical step that contributes to the
accuracy of the method, consists in intensive cleaning of the mass spectrometer which increases peak quality and reduces carryover
effects. These technical strategies allowed us to obtain a fast and effective method particularly suitable for the study of the two cholines
in the clinical setting.

Declarations

All participants/patients (or their proxies/legal guardians) provided informed consent to participate in the study.
Funding

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.
Data availability statement

Data will be made available on request.
CRediT authorship contribution statement

Giulia Guerra: Writing — original draft, Validation, Methodology, Investigation, Formal analysis. Francesco Segrado: Writing —
review & editing, Validation, Resources. Patrizia Pasanisi: Writing — review & editing. Eleonora Bruno: Writing — review & editing.
Salvatore Lopez: Conceptualization. Francesco Raspagliesi: Conceptualization. Michela Bianchi: Validation. Elisabetta Ventur-
elli: Writing — review & editing, Visualization, Supervision.
Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgment

An acknowledgment went to NuMe Lab (Nutrition and Metabolomic Laboratory) of IRCCS Institute of Cancer of Milan, Italy and to
Mr. Cavalleri Adalberto for the support in the planning and the execution of the analysis.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e21921.

References

[1] E. Brailoiu, S. Chakraborty, G.C. Brailoiu, P. Zhao, J.L. Barr, M.A. Ilies, E.M. Unterwald, M.E. Abood, C.W. Taylor, Choline is an intracellular messenger linking
extracellular stimuli to IP3-evoked Ca2+ signals through sigma-1 receptors, Cell Rep. 26 (2019) 330-337.e4, https://doi.org/10.1016/j.celrep.2018.12.051.

[2] M. Jin, T. Pan, D.R. Tocher, M.B. Betancor, O. Monroig, Y. Shen, T. Zhu, P. Sun, L. Jiao, Q. Zhou, Dietary choline supplementation attenuated high-fat diet-
induced inflammation through regulation of lipid metabolism and suppression of NFkB activation in juvenile black seabream (Acanthopagrus schlegelii),
J. Nutr. Sci. 8 (2019) 38, https://doi.org/10.1017/jns.2019.34.

[3] T.L. Chandler, H.M. White, Choline and methionine differentially alter methyl carbon metabolism in bovine neonatal hepatocytes, PLoS One 12 (2017),
0171080, https://doi.org/10.1371/journal.pone.0171080.


https://doi.org/10.1016/j.heliyon.2023.e21921
https://doi.org/10.1016/j.celrep.2018.12.051
https://doi.org/10.1017/jns.2019.34
https://doi.org/10.1371/journal.pone.0171080

G. Guerra et al. Heliyon 9 (2023) e21921

[4]
[5]
[6]
[71

[8]

[9]

[10]

[11]
[12]
[13]
[14]

[15]

[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

O.A. Ojiakor, R.J. Rylett, Modulation of sodium-coupled choline transporter CHT function in health and disease, Neurochem. Int. 140 (2020), 104810, https://
doi.org/10.1016/j.neuint.2020.104810.

W. Bernhard, C.F. Poets, A.R. Franz, Choline and choline-related nutrients in regular and preterm infant growth, Eur. J. Nutr. 58 (2019) 931-945, https://doi.
org/10.1007/500394-018-1834-7.

M. Bagnoli, A. Granata, R. Nicoletti, B. Krishnamachary, Z.M. Bhujwalla, R. Canese, F. Podo, S. Canevari, E. Iorio, D. Mezzanzanica, Choline metabolism
alteration: a focus on ovarian cancer, Front. Oncol. 6 (2016), https://doi.org/10.3389/fonc.2016.00153.

G. Eliyahu, T. Kreizman, H. Degani, Phosphocholine as a biomarker of breast cancer: molecular and biochemical studies, Int. J. Cancer 120 (2007) 1721-1730,
https://doi.org/10.1002/ijc.22293.

M. Nitter, B. Norgard, S. de Vogel, S.J.P.M. Eussen, K. Meyer, A. Ulvik, P.M. Ueland, O. Nygard, S.E. Vollset, T. Bjgrge, A. Tjgnneland, L. Hansen, M. Boutron-
Ruault, A. Racine, V. Cottet, R. Kaaks, T. Kiihn, A. Trichopoulou, C. Bamia, A. Naska, S. Grioni, D. Palli, S. Panico, R. Tumino, P. Vineis, H.B. Bueno-de-Mesquita,
H. van Kranen, P.H. Peeters, E. Weiderpass, M. Dorronsoro, P. Jakszyn, M. Sanchez, M. Argiielles, J.M. Huerta, A. Barricarte, M. Johansson, I. Ljuslinder,

K. Khaw, N. Wareham, H. Freisling, T. Duarte-Salles, M. Stepien, M.J. Gunter, E. Riboli, Plasma methionine, choline, betaine, and dimethylglycine in relation to
colorectal cancer risk in the European Prospective Investigation into Cancer and Nutrition (EPIC), Ann. Oncol. 25 (2014) 1609-1615, https://doi.org/10.1093/
annonc/mdul85.

S. Bae, C.M. Ulrich, M.L. Neuhouser, O. Malysheva, L.B. Bailey, L. Xiao, E.C. Brown, K.L. Cushing-Haugen, Y. Zheng, T.-Y.D. Cheng, J.W. Miller, R. Green, D.
S. Lane, S.A.A. Beresford, M.A. Caudill, Plasma choline metabolites and colorectal cancer risk in the women'’s health initiative observational study, Cancer Res.
74 (2014) 7442-7452, https://doi.org/10.1158/0008-5472.CAN-14-1835.

S. de Vogel, A. Ulvik, K. Meyer, P.M. Ueland, O. Nygéard, S.E. Vollset, G.S. Tell, J.F. Gregory, S. Tretli, T. Bjgrge, Sarcosine and other metabolites along the
choline oxidation pathway in relation to prostate cancer—a large nested case-control study within the JANUS cohort in Norway, Int. J. Cancer 134 (2014)
197-206, https://doi.org/10.1002/ijc.28347.

V. Michel, Z. Yuan, S. Ramsubir, M. Bakovic, Choline transport for phospholipid synthesis, Exp. Biol. Med. 231 (2006) 490-504, https://doi.org/10.1177/
153537020623100503.

P.R. Lockman, D.D. Allen, The transport of choline, Drug Dev. Ind. Pharm. 28 (2002) 749-771, https://doi.org/10.1081/DDC-120005622.

S.H. Zeisel, K.A. Da Costa, Choline: an essential nutrient for public health, Nutr. Rev. 67 (2009) 615-623, https://doi.org/10.1111/j.1753-4887.2009.00246.x.
E. Garcia, I. Shalaurova, S.P. Matyus, J. Wolak-Dinsmore, D.N. Oskardmay, M.A. Connelly, Quantification of choline in serum and plasma using a clinical
nuclear magnetic resonance analyzer, Clin. Chim. Acta 524 (2022) 106-112, https://doi.org/10.1016/j.cca.2021.11.031.

R. Ohkawa, M. Kurano, N. Sakai, T. Kishimoto, T. Nojiri, K. Igarashi, S. Hosogaya, Y. Ozaki, T. Dohi, K. Miyauchi, H. Daida, J. Aoki, S. Okubo, H. Ikeda,

M. Tozuka, Y. Yatomi, Measurement of plasma choline in acute coronary syndrome: importance of suitable sampling conditions for this assay, Sci. Rep. 8
(2018), https://doi.org/10.1038/s41598-018-23009-x.

B. Yue, E. Pattison, W.L. Roberts, A.L. Rockwood, O. Danne, C. Lueders, M. Mockel, Choline in whole blood and plasma: sample preparation and stability, Clin.
Chem. 54 (2008) 590-593, https://doi.org/10.1373/clinchem.2007.094201.

A.J. Ocque, J.R. Stubbs, T.D. Nolin, Development and validation of a simple UHPLC-MS/MS method for the simultaneous determination of trimethylamine N-
oxide, choline, and betaine in human plasma and urine, J. Pharm. Biomed. Anal. 109 (2015) 128-135, https://doi.org/10.1016/].jpba.2015.02.040.

W. Bernhard, M. Raith, A. Shunova, S. Lorenz, K. Bockmann, M. Minarski, C.F. Poets, A.R. Franz, Choline kinetics in neonatal liver, brain and lung—lessons from
a rodent model for neonatal care, Nutrients 14 (2022) 720, https://doi.org/10.3390/nu14030720.

W. Bernhard, C.J. Pynn, A. Jaworski, G.A. Rau, J.M. Hohlfeld, J. Freihorst, C.F. Poets, D. Stoll, A.D. Postle, Mass spectrometric analysis of surfactant metabolism
in human volunteers using deuteriated choline, Am. J. Respir. Crit. Care Med. 170 (2004) 54-58, https://doi.org/10.1164/rccm.200401-0890C.

A. Shunova, K.A. Bockmann, M. Minarski, A.R. Franz, C. Wiechers, C.F. Poets, W. Bernhard, Choline content of term and preterm infant formulae compared to
expressed breast milk—how do we justify the discrepancies? Nutrients 12 (2020) 3815, https://doi.org/10.3390/nul12123815.

B. Buszewski, S. Noga, Hydrophilic interaction liquid chromatography (HILIC)—a powerful separation technique, Anal. Bioanal. Chem. 402 (2012) 231-247,
https://doi.org/10.1007/500216-011-5308-5.

H. Koc, M.-H. Mar, A. Ranasinghe, J.A. Swenberg, S.H. Zeisel, Quantitation of choline and its metabolites in tissues and foods by liquid chromatography/
electrospray ionization-isotope dilution mass spectrometry, Anal. Chem. 74 (2002) 4734-4740, https://doi.org/10.1021/ac025624x.

G. Greco, T. Letzel, Main interactions and influences of the chromatographic parameters in HILIC separations, J. Chromatogr. Sci. 51 (2013) 684-693, https://
doi.org/10.1093/chromsci/bmt015.

Committee for Medicinal Products for Human Use (CHMP), EMA Guideline on Bioanalytical Method Validation, 2011.

F. Segrado, A. Cavalleri, A. Cantalupi, L. Mariani, S. Dagnino, V. Krogh, E. Venturelli, C. Agnoli, A software-assisted untargeted liquid chromatography-mass
spectrometry method for lipidomic profiling of human plasma samples, Int. J. Biol. Markers 37 (2022) 368-376, https://doi.org/10.1177/
03936155221132291.

M. Guasch-Ferré, F.B. Hu, M. Ruiz-Canela, M. Bulld, E. Toledo, D.D. Wang, D. Corella, E. Gomez-Gracia, M. Fiol, R. Estruch, J. Lapetra, M. Fitd, F. Ards, L. Serra-
Majem, E. Ros, C. Dennis, L. Liang, C.B. Clish, M.A. Martinez-Gonzalez, J. Salas-Salvadd, Plasma metabolites from choline pathway and risk of cardiovascular
disease in the PREDIMED (prevention with mediterranean diet) study, J. Am. Heart Assoc. 6 (2017), https://doi.org/10.1161/JAHA.117.006524.

W. Bernhard, M. Raith, R. Kunze, V. Koch, M. Heni, C. Maas, H. Abele, C.F. Poets, A.R. Franz, Choline concentrations are lower in postnatal plasma of preterm
infants than in cord plasma, Eur. J. Nutr. 54 (2015) 733-741, https://doi.org/10.1007/500394-014-0751-7.

H. Iwamoto, R.D. Blakely, L.J. De Felice, Na +, Cl — , and pH dependence of the human choline transporter (hCHT) in Xenopus oocytes: the proton inactivation
hypothesis of hCHT in synaptic vesicles, J. Neurosci. 26 (2006) 9851-9859, https://doi.org/10.1523/JNEUROSCIL.1862-06.2006.

S.H. Kirsch, W. Herrmann, Y. Rabagny, R. Obeid, Quantification of acetylcholine, choline, betaine, and dimethylglycine in human plasma and urine using stable-
isotope dilution ultra performance liquid chromatography-tandem mass spectrometry, J. Chromatogr. B. 878 (2010) 3338-3344, https://doi.org/10.1016/j.
jchromb.2010.10.016.

A.M. Wiedeman, R.A. Dyer, T.J. Green, Z. Xu, S.I. Barr, S.M. Innis, D.D. Kitts, Variations in plasma choline and metabolite concentrations in healthy adults, Clin.
Biochem. 60 (2018) 77-83, https://doi.org/10.1016/j.clinbiochem.2018.08.002.

A K. Sarkar, D. Ghosh, D. Haldar, P. Sarkar, B. Gupta, S.G. Dastidar, T.K. Pal, A rapid LC-ESI-MS/MS method for the quantitation of choline, an active metabolite
of citicoline: application to in vivo pharmacokinetic and bioequivalence study in Indian healthy male volunteers, J. Pharm. Biomed. Anal. 71 (2012) 144-147,
https://doi.org/10.1016/j.jpba.2012.07.003.

J.C. Heaton, D. V Mccalley, Some Factors that Can Lead to Poor Peak Shape in Hydrophilic Interaction Chromatography, and Possibilities for Their Remediation,
n.d.

L. Arroug, M. Elaatmani, A. Zegzouti, M. Aitbabram, Low-grade phosphate tailings beneficiation via organic acid leaching: process optimization and kinetic
studies, Minerals 11 (2021), https://doi.org/10.3390/min11050492.

Y. Asakawa, N. Tokida, C. Ozawa, M. Ishiba, O. Tagaya, N. Asakawa, Suppression effects of carbonate on the interaction between stainless steel and phosphate
groups of phosphate compounds in high-performance liquid chromatography and electrospray ionization mass spectrometry, J. Chromatogr. A 1198-1199
(2008) 80-86, https://doi.org/10.1016/j.chroma.2008.05.015.

Y. Otoki, S. Kato, F. Kimura, K. Furukawa, S. Yamashita, H. Arai, T. Miyazawa, K. Nakagawa, Accurate quantitation of choline and ethanolamine plasmalogen
molecular species in human plasma by liquid chromatography-tandem mass spectrometry, J. Pharm. Biomed. Anal. 134 (2017) 77-85, https://doi.org/
10.1016/j.jpba.2016.11.019.

O.L. Knittelfelder, B.P. Weberhofer, T.O. Eichmann, S.D. Kohlwein, G.N. Rechberger, A versatile ultra-high performance LC-MS method for lipid profiling,

J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 951-952 (2014) 119-128, https://doi.org/10.1016/j.jchromb.2014.01.011.


https://doi.org/10.1016/j.neuint.2020.104810
https://doi.org/10.1016/j.neuint.2020.104810
https://doi.org/10.1007/s00394-018-1834-7
https://doi.org/10.1007/s00394-018-1834-7
https://doi.org/10.3389/fonc.2016.00153
https://doi.org/10.1002/ijc.22293
https://doi.org/10.1093/annonc/mdu185
https://doi.org/10.1093/annonc/mdu185
https://doi.org/10.1158/0008-5472.CAN-14-1835
https://doi.org/10.1002/ijc.28347
https://doi.org/10.1177/153537020623100503
https://doi.org/10.1177/153537020623100503
https://doi.org/10.1081/DDC-120005622
https://doi.org/10.1111/j.1753-4887.2009.00246.x
https://doi.org/10.1016/j.cca.2021.11.031
https://doi.org/10.1038/s41598-018-23009-x
https://doi.org/10.1373/clinchem.2007.094201
https://doi.org/10.1016/j.jpba.2015.02.040
https://doi.org/10.3390/nu14030720
https://doi.org/10.1164/rccm.200401-089OC
https://doi.org/10.3390/nu12123815
https://doi.org/10.1007/s00216-011-5308-5
https://doi.org/10.1021/ac025624x
https://doi.org/10.1093/chromsci/bmt015
https://doi.org/10.1093/chromsci/bmt015
http://refhub.elsevier.com/S2405-8440(23)09129-6/sref24
https://doi.org/10.1177/03936155221132291
https://doi.org/10.1177/03936155221132291
https://doi.org/10.1161/JAHA.117.006524
https://doi.org/10.1007/s00394-014-0751-7
https://doi.org/10.1523/JNEUROSCI.1862-06.2006
https://doi.org/10.1016/j.jchromb.2010.10.016
https://doi.org/10.1016/j.jchromb.2010.10.016
https://doi.org/10.1016/j.clinbiochem.2018.08.002
https://doi.org/10.1016/j.jpba.2012.07.003
https://doi.org/10.3390/min11050492
https://doi.org/10.1016/j.chroma.2008.05.015
https://doi.org/10.1016/j.jpba.2016.11.019
https://doi.org/10.1016/j.jpba.2016.11.019
https://doi.org/10.1016/j.jchromb.2014.01.011

G. Guerra et al. Heliyon 9 (2023) e21921

[37] F.-F. Hsu, J. Turk, Electrospray ionization/tandem quadrupole mass spectrometric studies on phosphatidylcholines: the fragmentation processes, J. Am. Soc.
Mass Spectrom. 14 (2003) 352-363, https://doi.org/10.1016/51044-0305(03)00064-3.

[38] J.D. Quell, W. Rémisch-Margl, M. Haid, J. Krumsiek, T. Skurk, A. Halama, N. Stephan, J. Adamski, H. Hauner, D. Mook-Kanamori, R.P. Mohney, H. Daniel,
K. Suhre, G. Kastenmiiller, Characterization of bulk phosphatidylcholine compositions in human plasma using side-chain resolving lipidomics, Metabolites 9
(2019) 109, https://doi.org/10.3390/metabo9060109.

[39] Showing metabocard for Glycerophosphocholine (HMDB0000086), (n.d.). https://hmdb.ca/metabolites/HMDB0000086 (accessed May 3, 2023).

10


https://doi.org/10.1016/S1044-0305(03)00064-3
https://doi.org/10.3390/metabo9060109
https://hmdb.ca/metabolites/HMDB0000086

	Circulating choline and phosphocholine measurement by a hydrophilic interaction liquid chromatography–tandem mass spectrometry
	1 Introduction
	2 Method and materials
	2.1 Chemicals and reagents
	2.2 Solutions preparation
	2.3 Equipment and HPLC–MS/MS conditions
	2.4 Sample preparation
	2.5 Analytical procedure
	2.6 Validation procedure
	2.6.1 Linearity
	2.6.2 Limit of Detection and limit of quantification
	2.6.3 Accuracy and specificity
	2.6.4 Precision


	3 Results
	3.1 Method validation
	3.1.1 Linearity
	3.1.2 Limit of Detection and limit of quantification
	3.1.3 Accuracy and specificity
	3.1.4 Precision
	3.1.5 Concentration values in human plasma


	4 Discussion
	4.1 Instrumentation setting
	4.1.1 HPLC system

	4.2 Validation procedure

	5 Conclusion
	Declarations
	Funding
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Appendix A Supplementary data
	References


