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ARTICLE INFO ABSTRACT

Keywords: The metabolic disorders in the purine degradation pathway have proven to be closely associated with several
Purine intermediates human diseases. However, the etiology is not yet fully understood. Profile assay of purine intermediates and uric
HILIC

acid involved in the metabolic pathway can provide additional insight into the nature and severity of related
diseases. Purine metabolites are endogenous chemicals with high hydrophilicity, polarity, and similar structures,
thus there is a great need for a specific method to quantify them directly in biological fluids with a short running
time. Herein, eight purine degradation pathway metabolites, including xanthine, hypoxanthine, guanine, xan-
thosine, inosine, guanosine, adenosine and uric acid, in human plasma were quantitatively measured using
hydrophilic interaction chromatography-tandem high-resolution mass spectrometry (HILIC-HRMS) in a short
running time of 10 min. The method was systematically validated for specificity, linearity of the calibration
curve, the limit of detection, the limit of quantification, the lower limit of quantification, precision, accuracy,
extraction recovery, matrix effect, and stability. The results showed that the method was linear ®R? > 0.99),
accurate (the intra- and inter-day recoveries of all analytes ranged from 90.0 % to 110.0 %), and precise (the
intra- and inter-day precisions were less than 6.7 % and 8.9 %, respectively) with the lower limits of quantifi-
cation ranging from 3 to 10,000 ng/mL. The extraction recoveries and matrix effects were repeatable and stable.
All the analytes were stable in the autosampler and could be subject to three freeze-thaw cycles. The developed
method was ultimately applied to 100 plasma specimens from healthy individuals. The results showed that the
concentrations of different purine metabolites varied dramatically in plasma specimens. Diet and body mass
index (BMI) were the most significant factors determining purine levels, followed by drinking and sex. Age,
smoking and bedtime showed a very weak correlation with purine metabolism. The findings of the present work
reveal the characteristics of purine metabolism in human plasma under non-pathological conditions. The results
also highlight the factors that can cause changes in purine metabolism, which are useful in developing effective
treatment strategies for metabolic disorders of purines, particularly for those caused by lifestyle factors.

ROC analysis
Purine degradation pathway
Risk factor

1. Introduction nicotinamide adenine dinucleotide (NAD+) plays key roles in glucose
breakdown and energy production [2]. In addition, purines also function
Purines are groups of nitrogenous bases that not only serve as the as intracellular and extracellular signaling molecules that can bind to
fundamental building blocks of deoxyribonucleic acid (DNA) and ribo- cell surface receptors, triggering a chain of events that ultimately affect
nucleic acid (RNA) but also participate in many other important phys- cellular behavior [3].
iological functions [1]. Some purines, such as adenosine triphosphate Most purines can be synthesized endogenously through a salvage
(ATP) and guanosine triphosphate (GTP), are directly involved in pathway that reuses purines from damaged or dying cells [4]. A small
cellular energy supply, while others act as cofactors, for example, portion of them also come from the digestion of food and the
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degradation of RNA and DNA, a de novo synthesis that newly creates
purines [4]. The breakdown of purines follows a catabolic pathway
involving several steps [5], as illustrated in Fig. 1. Ultimately, uric acid
is produced as the final compound, which is then excreted from the body
through urine. It is worth noting that uric acid accounts for approxi-
mately 60 % of a human’s total antioxidant activity and is considered
neuroprotective [2]. However, high levels of serum urate can lead to a
variety of disorders.

It has been widely accepted for a long time that hyperuricemia,
caused by the overproduction of uric acid [6], increases the risks of gout
[6], gouty arthritis [7] obesity [8], adiposity-related non-alcoholic fatty
liver disease (NAFLD) [9,10], type 2 diabetes [11], cardiovascular dis-
ease (CVD) [12,13], neurodegenerative disease [14,15], cancer [16],
and chronic kidney disease (CKD) [17,18]. In these diseases, uric acid
has a strong potential as a therapeutic target. To better understand the
relationship between urine acid levels and purine metabolic malfunction
in human plasma, it is necessary to monitor the concentrations of me-
tabolites involved in the purine pathway.

Numerous chromatographic methods have been reported for the
quantification of most of the metabolites of the purine catabolic
pathway in human tissues and biological fluids. Reversed-phase (RP)
HPLC [19-21] and capillary electrochromatography (CEC) [22,23] with
ultraviolet (UV) detection are used to quantify uric acid, xanthine, hy-
poxanthine, allantoin, guanine, adenine, adenosine, cytidine, or
N6-methyladenosine in human plasma/serum and urine. Although these
methods are low-cost, the number of target analytes and sensitivity are
very limited. With the application of mass spectrometry (MS) as a de-
tector after chromatographic separation, more purines can be detected
with higher sensitivity [24,25]. Unfortunately, purine metabolites are
endogenous compounds with high hydrophilicity, polarity, and similar
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chemical structures, it is a challenging task to quantify simultaneously in
biological fluids. They suffer from poor retention and resolution on the
RP column, leading to interference by the co-eluted matrix. To overcome
this issue, ion-pairing (IP) reagents, such as tetrabutylammonium hy-
droxide (TBAH) [26], diethylamine (DEA) [27], hexafluoro-2-propanol
(HFIP) [27], and tetrabutylammonium hydrogen sulfate (TBAHS)
[28], have been used to improve the retention behaviors and peak
symmetries of purine metabolites in RP LC system. Despite this, the use
of IP reagents can cause ion source contamination and reduce instru-
mental sensitivity due to its low volatility and potentiality of significant
ion suppression [29].

Hydrophilic interaction chromatography (HILIC), a kind of normal-
phase liquid chromatography (NPLC), is considered the most suitable
for separating polar molecules in a wide variety of scientific fields,
including pharmaceutical chemistry, agricultural and food chemistry,
medicinal chemistry, proteomics, metabolomics, and glycomics. This
method is particularly useful for separating biomarkers, amino acids,
purines, nucleosides, nucleotides, carbohydrates, peptides, and proteins
[30]. While some studies have delved into the use of the HILIC tandem
triple quadrupole MS (HILIC-QqQ-MS) for the simultaneous determi-
nation of metabolites in the purine pathway [29-32], there are currently
no reports on the detection of the metabolites in human plasma using
HILIC coupled with high-resolution MS (HRMS). HRMS is considered the
optimal tool for addressing the complexities of mass measurement, with
the ability to measure mass in many decimal places. In contrast, the
conventional MS is supposed to measure nominal mass. HRMS has a
mass accuracy of less than 5 parts per million (ppm), and its mass res-
olution allows for peak discrimination and increased separation. Many
studies have demonstrated that the HRMS instruments showed similar
quantitative performance to QqQ-MS. Importantly, HRMS can be as
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Fig. 1. Simplified scheme of purine degradation pathway. The eight underlined metabolites were quantified in the present study. AMP, adenosine monophosphate;
IMP, inosine monophosphate; XMP, xanthosine monophosphate; GMP, guanosine monophosphate; APRT, adenine phosphoribosyl transferase; HPRT, hypoxanthine-
guanine phosphoribosyl transferase; PNP, purine nucleoside phosphorylase; ADA, adenine deaminase; XDH, xanthine dehydrogenase; GDA, guanine deaminase.
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sensitive and selective in HR-full scan as QqQ-MS in selected reaction
monitoring (SRM) acquisition [33]. HILIC-HRMS can perform excellent
quantitative determinations of polar analytes in biological samples with
increased confidence and accuracy.

In the present study, a simple and efficient HILIC-HRMS method was
developed and validated to simultaneously quantify eight metabolites of
the purine degradation pathway in healthy human plasma. Included
were xanthine, hypoxanthine, guanine, xanthosine, inosine, guanosine,
adenosine, and uric acid. In comparison to QqQ-MS, this method utilized
first-stage MS for quantification without the need to optimize precursor
ion and product ion parameters. Instead, it relied only on the precise
molecular mass of the target analytes for accurate quantification, thus
offering faster analysis. Moreover, since purine metabolism involves a
multifactorial interplay of general state, physical characteristics, and
lifestyle, concentration changes of the eight metabolites with respect to
these factors were also evaluated. The results of this study could provide
further information on metabolic alterations and pathophysiologic
mechanisms involved.

2. Material and methods
2.1. Chemicals and reagents

Reference standards with a purity of > 98 % of xanthine, hypoxan-
thine, guanine, xanthosine, inosine, guanosine, adenosine and uric acid
were purchased from Sigma-Aldrich (St. Louis, Missouri, US). Fig. 1
depicts the chemical structures of these reference compounds. LC-MS
grade acetonitrile (ACN), methanol (MeOH), ammonium formate, and
formic acid were purchased from Merck (Darmstadt, Germany). Anhy-
drous sodium hydroxide (NaOH, > 98 %) was obtained from Sigma-
Aldrich (St. Louis, Missouri, US). Synthetic plasma was purchased
from IPHASE (Suzhou, China) and used as the blank matrix. This syn-
thetic plasma (pH 7.4) contains calcium chloride, sodium chloride, so-
dium sulfate, sodium bicarbonate, dipotassium hydrogen phosphate,
sodium sulfate, and other components. The other reagents were all the
analytical grades. Ultrapure water (18.2 MQ) used for the preparation of
the mobile phases and the standards were purified by a Milli-Q purifi-
cation system (Milford, MA, USA).

2.2. Preparation of standard solutions and quality control samples

The individual standards were weighed separately and dissolved in
0.1 mol/L NaOH to achieve a concentration of 1 mg/mL, except for
guanine (0.1 mg/mL) and uric acid (2 mg/mL). All the stock solutions
were kept at —80°C. Before use, working solutions were prepared freshly
by mixing different volumes of the individual stock solutions and
diluting them with 80 % ACN (v/v). Calibrants and Quality Control
samples (QCs) at low (LQC), medium (MQC), and high (HQC) concen-
trations were prepared by spiking synthetic plasma with working solu-
tions and then pretreating as described in Section 2.3. The calibrants
covered a range of 0.05-10 pg/mL for xanthine; 0.1-10 pg/mL for hy-
poxanthine; 0.005-2 pg/mL for guanine; 0.15-15 pg/mL for xanthosine;
0.01-1 pg/mL for inosine; 0.003-0.1 pg/mL for guanosine; 0.03-3 pg/
mL for adenosine; 10-100 pg/mL for uric acid. The detailed concen-
trations of the calibrants are provided in Table S1 of the Supporting
Information. Moreover, the LQC concentration was three times the
lower limit of quantitation (LLOQ). The MQC and HQC concentrations
were around 30-50 % of the calibration curve range and at least 75 % of
the upper limit of quantitation (ULOQ). The ULOQ represented the
highest concentration on the calibration curve. The concentrations for
the QCs were as follows: xanthine (0.15, 2.4 and 8 pg/mL), hypoxan-
thine (0.3, 5 and 8 pg/mL), guanine (0.015, 0.32 and 1.6 pg/mL), xan-
thosine (0.045, 5 and 12 pg/mL), inosine (0.03, 0.5 and 0.8 pg/mL),
guanosine (0.009, 0.04 and 0.08 pg/mL), adenosine (0.09, 1.2 and
2.4 ng/mL), and uric acid (30, 45 and 90 pg/mL). All solutions were
stored at 4°C prior to use.
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2.3. Sample collection and preparation

Human blood samples were collected from 100 healthy volunteers,
50 males and 50 females with a mean age of 31.7 £ 10.8 years old. All
participants underwent their physical checkups. They did not take any
drugs or nutrition during the research. Shenyang Medical College
approved the protocol of the study (Grant number: SYMC-
20201230-08).

The blood samples were collected using EDTA-K2 test tubes and then
removed to new Eppendorf tubes after centrifugation at 3500 xg for
5 min at 4°C. All samples were stored at —80°C freezer until analysis. For
plasma sample preparation, 100 pL plasma was added to 400 pL ACN for
protein precipitation. After vortex for 1 min and centrifugation at
15,000 xg under 4°C for 10 min, 300 pL the supernatant was evapo-
rated under nitrogen and completely freeze-dried. The dried residue was
then redissolved in 75 pL of 80 % ACN and kept at 4°C for subsequent
UHPLC-HRMS analysis.

Data on general states and lifestyle habits were collected using a self-
administered questionnaire (Fig. S1 in Supporting Information). General
states including age and sex. Lifestyle factors such as smoking, drinking,
diet, and bedtime were considered in the questionnaire. Table S2 in
Supporting Information displays the baseline characteristics of the
participants. The age ranges were split into three groups: 18-25, 26-35,
and 36-45 years. Normal-purine diet (NPD) participants were pre-
scribed to consume a regular purine diet, while the rich-purine diet
(RPD) group was prescribed to consume meats, poultry, seafood, organ
meats, alcohol (including beer), and fructose-rich foods. Participants
were also classified as smokers or nonsmokers based on their smoking
status. Moreover, the participants were asked, “How frequently did you
drink during a week?” One of the following three options could be
selected: never, 1-2 days/week (occasionally), or 3-7 days/week
(often). Bedtime was categorized as normal (before 21:00), late
(21:00-24:00), or night owl (after 24:00).

A digital scale with a precision of 0.1 cm for height measurements
and 0.01 kg for weight measurements was utilized to determine body
mass index (BMI). BMI was calculated as weight divided by height
squared. According to the guidelines set by the National Heart, Lung,
and Blood Institute (NHLBI), individuals with a BMI less than 18.5 kg/
m? were classified as underweight [34]. Normal weight, overweight,
low obesity and medium obesity were defined as BMI falling within the
ranges of 18.5-25, 25-30, 30-35 and 35-40 kg/m?, respectively. Those
with a BMI of 40 kg/m? or greater were considered extremely obesity.

2.4. HILIC-HRMS conditions

The HILIC-UHPLC-HRMS analysis was performed using an UltiMate
3000 series UHPLC system coupled to a Q-Exactive Orbitrap tandem MS
via an electrospray ionization (ESI) interface (ThermoFisher Scientific,
Bremen, Germany). The HILIC Amide Column (3.0 mm x 150 mm, 1.7
pm particle size) was supplied by Qiao’s research group, and its prepa-
ration method is described in reference [35]. The column temperature
was set at 35°C. Elution was performed at 0.4 mL/min using a binary
mobile phase system consisting of A: 5 mmol/L ammonium formate
(adjust pH to 3 with formic acid) in water and B: 5 mmol/L ammonium
formate (adjust pH to 3 with formic acid) in ACN. Adjustment to pH 3
was performed in the aqueous phase before mixing with the organic
solvent. The linear gradient conditions were as follows: 0-3 min, 83 %
B; 3-10 min, 83-73 % B. The injection volume was 5.0 pL.

The HRMS spectrometer was operated in positive ionization mode.
The MS conditions were spray voltage, 4.0 kV; capillary temperature,
320°C; auxiliary gas heating temperature, 320°C; sheath gas pressure,
40 arb; auxiliary gas pressure, 10 arb; sweep gas pressure, 5 arb; S-lens
RF, 55. Ions were monitored by full scan mode in the range of
50-500 m/z. The instrument was calibrated every 24 h. Data were
processed using XcaliburTM software (Version 2.1.1, ThermoFisher
Scientific).
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2.5. Method validation

Method performance was validated in terms of specificity, linearity,
the limit of detection (LOD), the limit of quantification (LOQ), LLOQ,
precision, accuracy, extraction recovery, matrix effect, and stability.

2.5.1. Specificity

The specificity was checked by comparing the retention time (RT)
and HRMS spectra of each analyte in plasma samples with their corre-
sponding standards.

2.5.2. Linearity and sensitivity

Linearity was determined by constructing calibration curves. Cali-
bration curves were established by plotting the peak area of each analyte
against the corresponding concentration of mixed working standard
solutions using a weighted least squares linear regression model (1/¢?).
Each calibration curve was generated by seven concentrations, and three
replicates were performed for each concentration level. The concen-
trations of mixed working standard solutions are listed in Table S1. The
linearity was characterized by the determination coefficient (R>.
Moreover, LOD and LOQ were estimated by diluting mix standards so-
lutions which were able to generate signal-to-noise (S/N) ratios of 3 and
10, respectively. LLOQ was defined as the lowest concentration on the
calibration curve.

2.5.3. Precision, accuracy, and recovery

Intra-day precision was assessed by analyzing six replicates of the
QCs at four spiking levels (LLOQ, LQC, MQC and HQC) within one day (n
= 6). For inter-day precision, six replicates of the QCs were analyzed
thrice per day over three consecutive days (n = 3 x 3). Accuracy was
calculated using the same set of QCs by comparing the measured con-
centrations with their nominal concentrations. The concentration for
each analyte was calculated using the calibration prepared on the same
day. The precision was expressed as the relative standard deviation
(RSD, %). The acceptable criteria of precision and accuracy should be
within +20 % and 80-120 % respectively at the LLOQ. For the other QC
levels, precision should be less than 15 % and accuracy should be in the
range of 85-115 %.

2.5.4. Extraction recovery and matrix effect

Both extraction recovery and matrix effect were measured by using
LQC, MQC and HQC samples. Extraction recovery was estimated by
determining six replicates of QCs before and after extraction (n = 6).
Synthetic plasma was used as the blank biological matrix. The recovery
(%) was the measured concentration divided by the nominal concen-
tration that was spiked into extracted synthetic plasma. For the matrix
effect, the analyte peak area in extracted synthetic plasma was divided
by the peak area in 80 % ACN. Both the extraction recovery and matrix
effect should be consistent with 85-115 %, and the LQC should be
consistent with 80-120 %.

2.5.5. Stability

The stability was performed by analyzing six replicates at LQC and
HQC levels under two conditions: the samples were kept at 4°C in an
autosampler for 24 h and subjected to three freeze-thaw cycles. RE%
was used to evaluate the stability. The acceptable RE% should be within
+15 % and the low-concentration QC samples should not exceed 20 %.

2.6. Statistical analysis

The experimental values were expressed as the mean + standard
deviation (SD). Differences between two groups with normal distribu-
tion were analyzed by one-way ANOVA followed by the Holm-Sidak
method for multiple comparisons using SPSS 25.0 software (Chicago,
IL, USA). Data not normally distributed were analyzed by Kruskal-Wallis
ANOVA on Ranks followed by Dunnet’s test. p < 0.05 was considered a

Journal of Pharmaceutical and Biomedical Analysis 251 (2024) 116451

significant difference. The receiver operating characteristic (ROC) curve
of uric acid was performed by SPSS 25.0 software (Chicago, IL, USA).

3. Results and discussion
3.1. Method development and optimization

A series of tests was performed to achieve better chromatographic
behavior for all eight metabolites. Initially, we investigated the sepa-
ration using an Ultimate XB-C8 column (2.1 mm x 150 mm, 2.7 pm,
Welch, Shanghai, China) and a Boltimate C18 column (2.1 mm X
150 mm, 2.7 pm, Welch, Shanghai, China); however, the results were
not satisfactory. As indicated in Fig. S2A and B (Supporting Informa-
tion), all eight analytes were eluted within the first 2 min. Consequently,
for this study, an HILIC column was chosen. We tested two types of
HILIC columns: the commercialized Ultimate HILIC column (3.0 mm x
150 mm, 3 pm, Welch, Shanghai, China) and the HILIC Amide column
(3.0mm x 150 mm, 1.7 pm) supplied by Qiao’s research group. The
results are displayed in Fig. S2C and D in Supporting Information. The
latter HILIC column demonstrated symmetrical peak shape and satis-
factory separation, apart from xanthosine and inosine, as well as gua-
nosine and uric acid, which could not achieve baseline separation from
each other. Fortunately, HRMS analysis facilitated the distinction of
xanthosine and inosine, as well as guanosine and uric acid, due to the
difference in their molecular weights.

Next, we optimized the mobile phase system. As shown in Fig. S3A
(Supporting Information), all the analytes were eluted within approxi-
mately 5 min using a MeOH-water solvent system. The ACN-water sol-
vent system exhibited weak elution capacity, resulting in more
chromatographic peaks in the chromatogram (Fig. S3B in Supporting
Information). We then focused on optimizing the mobile phase additive.
The addition of ammonium formate significantly enhanced the separa-
tion and signal intensity of the analytes (Fig. S3C in Supporting Infor-
mation). However, we found that the concentration of ammonium
formate and pH value had minimal impact on the separation. Taking
into account reproducibility and common practices in the literature, we
chose a concentration of 5 mmol/L for ammonium formate and adjusted
the pH to 3 with formic acid.

Finally, other eluting parameters, such as elution gradient and flow
rate were optimized, and the best chromatographic separation was
achieved as outlined in Section 2.4. The representative extracted ion
chromatograms (EICs) are displayed in Fig. 2. All eight analytes were
eluted successfully within a short timeframe of 3-8 min. This rapid
elution process not only enhanced experimental efficiency but also
minimized solvent usage and analytical expenses. The analytes were
efficiently separated from each other, demonstrating good selectivity to
distinguish closely related analytes and avoid peak overlap.

3.2. Method validation

The specificity of the developed method was assessed by qualita-
tively comparing the EICs of the eight analytes from both plasma and
mixed standards in 80 % ACN (v/v). As seen in Fig. 2, the RTs of each
analyte in human plasma (Fig. 2B) were well consistent with those in the
standard mixture (Fig. 2A). No significant endogenous interferences
were detected around the RTs of analytes in the samples of human
plasma (Fig. 2B). Further, upon careful examination of the EICs, we did
not find additional ions sharing the same RTs and base peak m/z. These
findings were indicative of good peak purity and provided confidence in
the specificity of the method for the detection and quantification of the
target analytes.

The calibration curve, LODs, LOQs and more detailed information
regarding the eight metabolites are listed in Table 1. Good linearities
over two orders of magnitude were achieved for all analytes with R? in
the range of 0.9931-0.9993. The LOD values ranged from 1 ng/mL to
9 ng/mL, whereas LOQ values were between 2 ng/mL and 30 ng/mL.
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samples. The metabolites are as follows, xanthine (1), hypoxanthine (2), xanthosine (3), inosine (4), adenosine (5), uric acid (6), guanosine (7), guanine (8).
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Table 1

Summary of calibration equation, determination coefficient (R?), linear range, the limit of detection (LOD), the limit of quantification (LOQ), and the lower limit of
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quantitation (LLOQ) of the eight metabolites obtained using the HILIC-HRMS method.

No. Metabolites Calibration equation” R? Linear range (ng/mL) LOD (ng/mL) LOQ (ng/mL) LLOQ (ng/mL)
1 Xanthine ¥y = 4.01x10% + 5.78x10° 0.9945 50-10,000 9 30 50
2 Hypoxanthine ¥y = 1.60x10%x + 3.77x10° 0.9953 100-10,000 4 10 100
3 Guanine ¥y = 1.60x10°x+3.12x10* 0.9931 5-2000 1 2 5
4 Xanthosine ¥y = 9.59%x10% + 8.41x10° 0.9968 150-15,000 8 30 150
5 Inosine y = 8.38x10% + 4.39x10° 0.9967 10-1000 3 10 10
6 Guanosine ¥y =1.63x10% + 2.92x10° 0.9971 3-100 1 3 3
7 Adenosine ¥y = 4.80x10% + 4.85x10* 0.9993 30-3000 3 10 30
8 Uric acid y =1.70x10% + 2.43x10* 0.9982 10,000-100,000 6 20 10,000

 For external calibration, y = peak area of analyte; x = concentration of analyte.

The results indicated that the method was reliable and reproducible for
the determination of metabolites in the purine pathway in human
plasma.

The RSDs of intra-day and inter-day precision results for the detec-
tion of the LLOQ, LQC, MQC and HQC samples were lower than 6.7 %
and 8.9 %, respectively, as presented in Table 2. At the three concen-
tration levels, the intra-day and inter-day accuracy ranged between
90.0 % and 110.0 % (Table 2). Both precision and accuracy were within
acceptable ranges. The extraction recoveries of these metabolites were
measured by determining synthetic plasma with the mixed standards at
low, medium and high concentrations, and protein precipitation resul-
ted in an overall recovery of 91.1-108.7 % (data shown in Table 3).
Meanwhile, the matrix effect results are also presented in Table 3. The
values ranged from 90.9 % to 106.9 %, which proved that the plasma
samples were extracted efficiently by protein precipitation with a minor
matrix effect. The autosampler and freeze-thaw stability of the eight
metabolites were determined, as shown in Table 4. QC samples of two
concentration levels (LQC and HQC) were stable in the autosampler and

samples could undergo three cycles of freezing at —80°C and thawing at
room temperature without affecting the stability of the eight analytes. In
summary, the proposed HILIC-HRMS method was accurate, sensitive,
and repeatable enough for the qualification of the eight target analytes
in human plasma.

3.3. Application to plasma sample assay

The newly developed HILIC-HRMS method was applied to analyze a
total of 100 plasma samples collected from a cohort of healthy in-
dividuals. One of the key challenges encountered in this study involved
selecting an appropriate and inexpensive internal standard with chem-
ical characteristics similar to the seven purines and uric acid. As a result,
the choice was made to employ an external standard calibration method,
which underwent rigorous validation procedures to guarantee the pro-
duction of precise and reliable outcomes. Xanthine, hypoxanthine,
guanine, xanthosine, adenosine and uric acid were successfully detected
and quantified, while in some plasma samples, the concentrations of

Table 2

Accuracy and precision.

Metabolites Level Nominal Intra-day (n = 6) Inter-day (n = 9)
concentration (ug/mL) , N . K .
Concentration measured Accuracy Precision Concentration measured Accuracy Precision
+ SD (ug/mL) (%) (RSD, %) + SD (ug/mL) (%) (RSD, %)
Xanthine LLOQ 0.05 0.047 + 0.003 94.0 4.0 0.045 + 0.003 90.0 6.0
LQC 0.15 0.164 + 0.007 109.3 4.6 0.139 + 0.008 92.7 5.3
MQC 2.4 2.527 £ 0.079 105.3 3.3 2.551 + 0.072 106.3 3.0
HQC 8 7.673 £ 0.324 95.9 4.1 8.584 + 0.280 107.3 3.5
Hypoxanthine  LLOQ 0.1 0.096 + 0.005 96.0 5.0 0.107 + 0.006 107.0 6.0
LQC 0.3 0.328 £+ 0.019 109.3 6.3 0.296 + 0.014 98.7 4.7
MQC 5 4.975 £ 0.190 99.5 3.8 5.410 £ 0.145 108.2 2.9
HQC 8 7.656 + 0.345 95.7 4.3 8.616 + 0.227 107.7 2.8
Guanine LLOQ 0.005 0.0054 + 0.0002 108.0 4.0 0.0046 + 0.0002 92.0 4.0
LQC 0.015 0.016 + 0.001 106.7 6.7 0.014 + 0.001 93.3 6.7
MQC 0.32 0.323 + 0.003 100.9 0.9 0.330 + 0.008 103.1 2.5
HQC 1.6 1.541 £+ 0.057 96.3 3.6 1.534 + 0.061 95.9 3.8
Xanthosine LLOQ 0.15 0.164 + 0.005 109.3 3.3 0.140 + 0.007 93.3 4.7
LQC 0.045 0.042 + 0.002 93.3 4.4 0.049 + 0.004 108.9 8.9
MQC 5 5.205 £ 0.105 104.1 21 4.630 + 0.205 92.6 4.1
HQC 12 11.23 +£ 0.48 93.6 4.0 11.62 + 0.29 96.8 2.4
Inosine LLOQ 0.01 0.0095 =+ 0.0004 100.0 4.0 0.0110 £ 0.0006 110.0 6.0
LQC 0.03 0.028 + 0.001 93.3 3.3 0.032 + 0.001 106.7 3.3
MQC 0.5 0.474 £ 0.024 94.8 4.8 0.498 + 0.019 99.6 3.8
HQC 0.8 0.876 + 0.034 109.5 4.3 0.749 + 0.043 93.6 5.4
Guanosine LLOQ 0.003 0.0028 + 0.0002 93.3 6.7 0.0029 £ 0.0002 96.7 6.7
LQC 0.009 0.0094 + 0.0005 104.4 5.6 0.0093 £ 0.0004 103.3 4.4
MQC 0.04 0.043 + 0.001 107.5 2.5 0.043 + 0.001 107.5 2.5
HQC 0.08 0.083 + 0.004 103.8 5.0 0.085 + 0.003 106.3 3.8
Adenosine LLOQ 0.03 0.029 + 0.001 96.7 3.3 0.032 + 0.001 106.7 3.3
LQC 0.09 0.083 + 0.003 92.2 3.3 0.097 + 0.004 107.8 4.4
MQC 1.2 1.304 4 0.047 108.7 3.9 1.261 + 0.034 105.1 2.8
HQC 2.4 2.323 £ 0.076 96.8 3.2 2.270 £+ 0.088 94.6 3.7
Uric acid LLOQ 10 10.25 + 0.43 102.5 4.3 10.36 - 0.41 103.6 4.1
LQC 30 28.38 £ 1.67 94.6 5.6 31.92 £ 1.08 106.4 3.6
MQC 45 45.76 + 0.91 101.7 2.0 43.79 £ 0.68 97.3 1.5
HQC 90 88.47 £1.62 98.3 1.8 87.03 £1.17 96.7 1.3

# Accuracy = (Concentration measured / Nominal concentration) x 100 %.
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Table 3

Extraction recovery and matrix effect (n = 6).
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Metabolites Level Nominal concentration (ug/mL) Measured concentration + SD (ug/mL) Recovery” mean + SD (%) Matrix effect” mean + SD (%)
Xanthine LQC 0.15 0.163 + 0.006 108.7 £ 4.0 106.8 £ 2.7
MQC 2.4 2.285 + 0.031 95.2+1.3 90.9 + 3.8
HQC 8 8.289 + 0.311 103.6 + 3.9 95.5 + 3.3
Hypoxanthine LQC 0.3 0.283 + 0.009 94.3+3.0 95.8 + 4.2
MQC 5 4.863 £ 0.110 97.3+£22 94.2 + 4.7
HQC 8 8.487 + 0.256 106.1 + 3.2 103.6 + 5.1
Guanine LQC 0.015 0.014 + 0.001 93.3+6.7 103.7 £35
MQC 0.32 0.330 £ 0.013 103.1 + 4.1 101.7 + 4.5
HQC 1.6 1.536 + 0.072 96.0 + 4.5 96.6 + 3.1
Xanthosine LQC 0.045 0.043 + 0.002 95.6 + 4.4 105.6 + 4.1
MQC 5 4.661 + 0.175 93.2+ 3.5 98.7 + 2.8
HQC 12 11.66 + 0.28 97.2 +£2.3 96.6 + 4.6
Inosine LQC 0.03 0.032 + 0.001 106.7 + 3.3 97.4 + 3.7
MQC 0.5 0.494 + 0.019 98.8 + 3.8 96.0 + 4.2
HQC 0.8 0.776 + 0.045 97.0 £ 5.6 104.5 + 4.9
Guanosine LQC 0.009 0.0082 + 0.0006 91.1 £6.7 106.9 + 3.6
MQC 0.04 0.041 + 0.001 102.5 +25 92.7 + 3.8
HQC 0.08 0.079 + 0.003 98.8 + 3.8 106.9 + 4.7
Adenosine LQC 0.09 0.095 + 0.003 105.6 + 3.3 98.5 + 4.1
MQC 1.2 1.164 + 0.041 97.0 + 3.4 103.4 +£3.3
HQC 2.4 2.339 + 0.088 97.5 + 3.7 97.1 +3.3
Uric acid LQC 30 28.22 +1.45 94.1 + 4.8 98.5 + 2.8
MQC 45 44.14 + 1.40 98.1 +£3.1 97.9 + 3.5
HQC 90 88.74 + 2.08 98.6 + 2.3 102.7 + 4.8

@ Recovery (%) = (measured concentration / nominal concentration) x 100 %.

b Matrix effect (%) = (peak area in extracted synthetic plasma / peak area in 80 % ACN) x 100 %.

Table 4

Stability (mean + SD, n = 6).

Metabolites Level Autosampler (24 h) (RE%) Freeze-thaw cycles (RE%)
Xanthine LQC 103.3 + 3.2 93.3 + 3.6
HQC 97.5 + 3.4 104.8 + 3.9
Hypoxanthine LQC 98.4 + 4.4 97.6 + 3.9
HQC 103.6 + 2.7 98.8 + 4.7
Guanine LQC 101.9 + 3.8 101.6 + 3.7
HQC 103.7 £ 2.6 97.7 £ 4.0
Xanthosine LQC 102.5 + 3.5 105.1 + 4.4
HQC 99.4 + 3.2 105.8 + 4.6
Inosine LQC 96.0 + 4.6 96.4 + 3.3
HQC 96.7 + 2.9 105.2 + 4.5
Guanosine LQC 99.1 +3.3 97.3 £ 2.8
HQC 104.2 + 4.0 101.9 + 4.8
Adenosine LQC 103.5 + 3.2 103.3 + 3.1
HQC 104.4 + 2.9 98.5 + 3.3
Uric acid LQC 96.1 + 3.6 102.4 + 4.9
HQC 96.1 + 3.5 102.8 + 3.6

inosine and guanosine were below their LODs. As illustrated in Fig. 3,
concentrations of the eight metabolites displayed a wide range of vari-
ance, with concentrations ranging from 0.076 to 7.749 ug/mL for
xanthine, from 0.179 to 8.251 pug/mL for hypoxanthine, from 0.537 to
12.50 pg/mL for xanthosine, from 0.035 to 2.721 pg/mL for adenosine,
from 0.008 to 1.523 pg/mL for guanine, from <LLOQ to 0.095 pg/mL
for guanosine, from <LLOQ to 0.929 pg/mL for inosine, and from 18.39
to 94.21 pg/mL for uric acid. Among all the metabolites, uric acid was
found to have the highest concentration, followed by xanthine and
xanthosine. Adenosine, hypoxanthine, inosine, and guanine were found
in small amounts, with guanosine having the lowest concentration. The
study concluded that the xanthosine-hypoxanthine-xanthine pathway
was responsible for producing uric acid, as depicted in Fig. 1.

3.4. Comparison analysis of purine metabolite with risk factors

In this study, various factors such as age, sex, BMI, smoking, drink-
ing, diet, and bedtime were analyzed to assess the potential risk factors
associated with purine metabolism. As demonstrated in Fig. 3B, F and H,
no statistically significant associations were found between the

concentrations of xanthine, hypoxanthine, guanine, xanthosine, inosine,
guanosine, adenosine and uric acid in human plasma with sex, smoking
and bedtime (p > 0.05). Besides, many participants assessed in the
present study had higher plasma uric acid levels related to greater BMI
(p < 0.05, Fig. 3D) and rich-purine diet (p < 0.05, Fig. 3E). Significant
associations were also found between xanthine concentrations with
BMI, and between xanthine, xanthosine and adenosine concentrations
with diet (p < 0.05). It was further observed that several purine me-
tabolites such as xanthine, guanine, guanosine and adenosine altered
with age and drinking, although there were no statistically significant
differences in uric acid concentrations observed (Fig. 3C and F). The
results suggested that BMI and diet were the key risk factors associated
with purine metabolism disorder, while age and drinking might also
play a role.

3.5. ROC analysis of uric acid

The ROC analysis of uric acid levels in the plasma is illustrated in
Fig. 4. Our study identified diet and BMI as two of the most significant
risk factors, with an area under curve (AUC) of 0.673 and 0.670,
respectively. This indicates that individuals with poor dietary habits or
higher BMI are at a significantly higher risk of developing abnormal uric
acid concentrations in their plasma. Moreover, we found that drinking,
smoking, and sex were also strong risk factors, with an AUC ranging
from 0.548 to 0.565. On the other hand, age and bedtime were not found
to be risk factors, with an AUC of less than 0.5. Our study identified the
factors that influenced the levels of uric acid in the plasma, ranked in
order of importance as BMI, diet, drinking, sex, smoking, bedtime and
age.

4. Conclusions

We developed a novel and rapid HILIC UHPLC-HRMS method for
simultaneous and accurate quantification of eight purine metabolites
(xanthine, hypoxanthine, guanine, xanthosine, inosine, guanosine,
adenosine, and uric acid) in human plasma samples. The method was
fully validated, which provided good linearity (R? in the range of
0.9931-0.9993), precision (intra- and inter-day RSD in the range of
1.0-6.7 % and 1.3-8.9 %), accuracy (intra- and inter-day RE in the
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Fig. 3. Concentrations of purine metabolites in plasma. (A) Total concentrations of eight metabolites in plasma samples from 100 healthy participants. (B) Dis-
tribution of the metabolites detected in plasma samples from males and females. (C) Distribution of the metabolites detected in plasma samples across different age
ranges. (D) Distribution of the metabolites detected in plasma samples from different BMI groups. (E) Distribution of the metabolites detected in plasma samples from
participants on normal-purine diet (NPD) and rich-purine diet (RPD) participants. (F) Distribution of the metabolites detected in plasma samples from smoking and
non-smoking participants. (G) Distribution of the metabolites detected in plasma samples from different drinking groups. (H) Distribution of the metabolites detected
in plasma samples from different bedtime groups. Data are indicated as mean + standard deviation (SD), * p < 0.05, ** p < 0.01, *** p < 0.001.

range of 92.2-109.5 % and 90.0-110.0 %), and consistency (extraction
recovery between 91.1 % and 108.7 %, matrix effect between 90.9 %
and 106.9 %, and stability in the range of 93.3-105.8 %). Furthermore,
the developed method was successfully applied to monitor the purine
metabolism in plasma samples from 100 healthy individuals. The con-
centrations of different purine metabolites varied dramatically, and the
xanthosine-hypoxanthine—xanthine pathway was responsible for pro-
ducing uric acid. Among the factors, BMI and diet were the key risk
factors associated with purine metabolism disorder, age and drinking
might also play a role, while sex, smoking and bedtime were not found to
be risk factors. In summary, the study provides valuable insights into the
potential risk factors for purine metabolite and can be useful in devel-
oping preventive and therapeutic strategies for purine metabolism dis-
orders although further studies are needed to understand the exact
nature of their association.
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