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A liquid chromatography-
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precursors and products in
various biological samples
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Adenine nucleotides (AN) are ubiquitous metabolites that regulate cellular

energy metabolism and modulate cell communication and inflammation. To

understand how disturbances in AN balance arise and affect cellular function,

robust quantification techniques for these metabolites are crucial. However, due

to their hydrophilicity, simultaneous quantification of AN across various

biological samples has been challenging. Here we present a hydrophilic

interaction high-performance liquid chromatography-tandem mass

spectrometry (HPLC-MS/MS) based method for the quantification of 26

adenosine nucleotides and precursors as well as metabolic products of

nicotinamide adenine dinucleotide (NAD) in plasma, liver, and adipose tissue

samples as well as cell culture supernatants and cells. Method validation was

performed with regard to linearity, accuracy, precision, matrix effects, and

carryover. Finally, analysis of cell culture supernatants derived from intestinal

organoids and RAW 264.7 cells illustrates that the here described method is a

reliable and easy-to-use tool to quantify AN and opens up new avenues to

understand the role of AN generation and breakdown for cellular functions.
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1 Introduction

Adenine nucleotides (AN) are present in all living cells. They

are crucial for metabolic processes where they serve as cofactors

during energy transfer reactions. The adenosine nucleotides

adenosine 5′-monophosphate (AMP), adenosine 5′- diphosphate

(ADP), and adenosine 5′-triphosphate (ATP) contain one, two, or

three high-energy phosphates whose hydrolysis fuels endergonic

metabolic processes. Nicotinamide adenine dinucleotide (NAD) is

an important cofactor for cellular redox reactions and protons

derived by its reduced form nicotinamide adenine dinucleotide

(NAD) + hydrogen (H), NADH, drive respiration and ATP

synthesis. Together, these molecules are considered to reflect the

energy status of a cell. NAD may be synthesized de novo from

tryptophan via the kynurenine pathway or be derived from the

salvage pathway via NAM and NMN (1). Besides their function in

energy metabolism, AN and NAD metabolites are also involved in

cellular communication. While they are known as intracellular

second messengers, such as 3’,5’-cyclic adenosine monophosphate

(cAMP) or the pyridine dinucleotide nicotinic acid adenine

dinucleotide phosphate (NAADP), they are also found

extracellularly where they modulate cell to cell communication.

Of note, the release of extracellular ATP is present in plants, fungi,

bacteria, insects, and mammals and controls various biological

processes (2). In the context of tissue damage and inflammation,

ATP release has been described as a stress or danger signal of dying

cells (3) to attract phagocytes or to provide co-stimulatory signals

for T-cells (4). Extracellular ATP but also ADP and AMP bind to

and signal through inotropic P2XR and metabotropic P2YR

receptors, which is referred to as purinergic signaling (5). In the

extracellular space, ADP and AMP are derived from ATP

degradation mediated by the ectonucleotidases CD39 and ENPP.

AMP may also be derived from ADP-ribose resulting from CD38-

mediated degradation of NAD. AMP is further converted to

adenosine by CD73. Contrary to ATP, adenosine is considered to

counteract inflammation and signals via the anti-inflammatory P1

receptors (6). Adenosine signaling may be terminated by cellular

uptake of adenosine by equilibrative nucleoside transporters

(ENTs) (7) or its degradation to inosine by adenosine

deaminase (ADA).

Despite their related metabolic roles and their convertibility, the

combined analysis of adenosine nucleotides, NAD metabolites, and

their substrates and breakdown products is challenging. First, the

main reason for this is the extreme hydrophilicity of adenosine

nucleotides and in particular ATP, resulting in weak retention on

reversed-phase (RP) high-performance liquid chromatography

(HPLC) columns and subsequent poor separation and peak shape

(8). Nevertheless, there are methods quantifying nucleotides by RP-

HPLC mass spectrometry (MS) (9, 10) but these methods are

limited in the amount of analytes or focus on compound

identification rather than on absolute quantification. To

circumvent this issue, methods using ion-pairing RP-HPLC

coupled to electrospray (ESI)- MS have been introduced (11–14).

Another approach is based on hydrophilic interaction liquid

chromatography (HILIC). Due to their great capacity to retain

polar analytes, the hydrophilic stationary phases used in HILIC
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offer great retention and separation of polar metabolites and HILIC

has been employed for the analysis of NAD metabolites (15) but

also nucleobases, nucleosides, and nucleotides (16–18). Hence, this

chromatographic approach could be well suited for a method

aiming to combine the quantification of these molecules. Second,

extraction conditions are demanding as well. For instance, while

organic extraction of NAD+ and NADH works well (19, 20), these

procedures have been shown to render poor yields for breakdown

products of ATP such as adenosine and inosine (20). Overall, a

method for the combined analysis of adenosine nucleotides, NAD

metabolites, and their substrates and breakdown products has to

overcome these issues. Besides these technical challenges, most of

the methods published analyze these metabolites in human plasma

(10) or liver tissue (13). Given the recent advances in human 3D

tissue culture models and organoid technologies, especially with

regard to personalized medicine (21), analytical methods aiming to

quantify intracellular and extracellular AN metabolites should be

additionally validated in cells and in cell culture supernatants.

We developed a LC-MS/MS method based on HILIC-HPLC for

the quantification of 26 AN and NAD metabolites which was

validated in liver, adipose tissue, plasma, and cell culture

supernatants and partly in cells. Applying the method to cell

culture supernatants, we showed that the method detects

extracellular breakdown of ATP by intestinal organoids and rapid

changes in ATP release of macrophages after inflammatory stimuli.
2 Materials and equipment

Table 1 gives an overview of chemicals, material, and

equipment used.
3 Methods

3.1 Reference standard solutions

Standard stock solutions of the pure substances were prepared

individually on ice in a concentration of 1 mg/mL in MS-grade

water. An 80 mM multistandard solution was prepared from the

individual standards, which was diluted in acetonitrile into 13

standard levels with concentrations between 0.002 and 20 mM for

calibration. In addition, an internal standard (IS) C13 NAM with a

concentration of 200 mM was prepared in acetonitrile and used for

quantification. The internal standard was also added to each of the

13 standard levels at a final concentration of 10 mM. The individual

standards were stored at -20°C and thawed as needed. The

multistandard solution and the standard levels were prepared

shortly before analysis.
3.2 Instrumental setup

All HPLC-MS/MS analyses were performed on a triple

quadrupole mass spectrometer (QTRAP 5500; SCIEX) coupled to

an ultra-high pressure liquid chromatography system (Nexera X2;
frontiersin.org
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TABLE 1 List of materials and equipment including vendors.

Chemicals

Reference Standards Vendor

Adenosine Sigma-Aldrich

AMP Sigma-Aldrich

ADP Sigma-Aldrich

ATP Sigma-Aldrich

2’desoxyATP Sigma-Aldrich

ADPR Sigma-Aldrich

cADPR Sigma-Aldrich

2’desoxyADPR Axxora

cAMP Sigma-Aldrich

cGMP Sigma-Aldrich

NAM Sigma-Aldrich

NAD Sigma-Aldrich

Reference Standards Vendor

NADH Sigma-Aldrich

2’NAD Axxora

NADP Sigma-Aldrich

NADPH Sigma-Aldrich

NAADP Sigma-Aldrich

NR Sigma-Aldrich

NMN Sigma-Aldrich

NAMN Sigma-Aldrich

NaADN Sigma-Aldrich

Inosine Sigma-Aldrich

Uridine Sigma-Aldrich

Hypoxanthine Sigma-Aldrich

Tryptophan Sigma-Aldrich

Kynurenine Sigma-Aldrich

Kynurenic acid Sigma-Aldrich

Quinolinic acid Tocris

Hypoxanthine Sigma-Aldrich

C13 NAM Sigma-Aldrich

HPLC solvents Vendor

Water, MS-grade Supelco

Acetonitrile, MS-grade Supelco

Ammonium acetate Sigma-Aldrich

Eluent A 20 mM ammonium acetate in
MS grade water pH 9.8

Eluent B 100% acetonitrile

(Continued)
F
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TABLE 1 Continued

Chemicals

Sample extraction Vendor

Physiological Control Plasma Sciex

Safety reaction tubes 1.5ml/2ml Eppendorf

LPS stimulation in RAW264.7 cells Vendor

12-well Cell culture plates Sarstedt

RAW 264.7 macrophages Merck

RPMI medium Thermo Fisher

Fetal bovine serum Thermo Fisher

Penicillin-Streptomycin Thermo Fisher

LPS Sigma-Aldrich

Human Intestinal Organoids Vendor

24-well Cell culture plates Greiner

70µM cell strainer Falcon

Human Intestinal Organoids Vendor

EDTA/DTT Gibco

Basement Membrane Extract Bio-Techne

Primocin® InvivoGen

Y-27632 StemCell

DMEM/F12 Thermo Fisher

GlutaMAX Thermo Fisher

HEPES Thermo Fisher

penicillin/streptomycin Sigma-Aldrich

TrypLE Life Technologies

flat bottom 96-well plate Sarstedt

PBS Thermo Fisher

ATP Sigma-Aldrich

Organoid Expansion medium
(EM):

Vendor

component final concen-
tration

DMEM/F12 + 1%
vGlutaMAX

70% (v/v) Thermo Fisher

B27 supplement 1x Thermo Fisher

N2 supplement 1x Thermo Fisher

murineEGF 50 ng/ml Pepro-Tech

N-acetyl-L-cysteine 1.25 mM Sigma-Aldrich

[Leu15]-Gastrin 10 nM Sigma-Aldrich

Nicotinamide 10 nM Sigma-Aldrich

SB202190 10 µM Sigma-Aldrich

A83-01 500 nM Tocris

(Continued)
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Shimadzu). The HPLC column Luna® 3 mm NH2 100 Å 150 mm x

2 mmwas used for analyte separation. The instrument was operated

with the Analyst Software (AB Sciex).
3.2.1 Mass spectrometry
3.2.1.1 Ion source parameters and MS parameters
of analytes

The mass spectrometer was operated using Analyst software 1.7

(SCIEX) The used mass spectrometer was equipped with an ESI

source. All measurements were carried out in negative ionization

mode at 500°C with an ion spray voltage of -4500V. Collision gas

was set to medium, ion source gas 1 and 2 were set to 40 and 20

respectively and curtain gas was set to 20. Optimized MS

parameters including MRM transitions for every analyte are given

in Table 2.

3.2.2 HPLC conditions
The HPLC system was equipped with a degasser unit, a binary

pump, and a cooled autosampler. The autosampler temperature was

set to 15°C for all measurements. The flow rate was set to 0.25 mL/

min and the total run time was 30 min. Eluent A contained 20 mM

ammonium acetate in MS-grade water (pH 9.8) and solvent B

contained 100% acetonitrile. The gradient is portrayed in Table 3.
Frontiers in Immunology 04
3.3 Sample extraction

For extraction, 10 ml of liquid samples such as plasma and cell

culture supernatant or 5 mg of solid tissue samples such as liver and

adipose tissue were transferred to ice-cooled 1.5 ml or stainless steel

bead-containing 2 ml reaction tubes respectively. 10 ml of ice-cooled
200 mM C13 NAM (IS) and 180 ml (for liquid samples) or 190 mL
(for solid samples) of cold acetonitrile/water ((80/20); (v/v)) were

then added to the samples. For homogenization, liquid samples

were vortexed at the highest level for 1 min and tissue samples were

homogenized using a Tissue Lyzer for 3 min at 20 Hz. This was

followed by incubation on ice for 10 min and centrifugation at 4°C

and 16,000 x g for 10 min. For the measurement, the supernatant

was then carefully removed with a pipette and transferred to a glass

vial with an insert, which was finally tightly closed with a crimped

cap. The extracts were measured immediately after extraction and

then stored at -20°C.
3.4 Method validation

Validation of the method regarding calibration curve and range,

linearity, matrix effects, accuracy and precision, and carryover, was

performed according to accepted guidelines (22).
3.4.1 Calibration curve, calibration range
To assess the calibration range, the 80 µM multi-Standard

solution containing commercially available reference standards

(prepared according to 3.1.) was diluted into 13 different

calibration levels ranging from 0.002 µM to 20 µM and each level

contained 10 mM IS for quantitation purposes. Calibration curves

were obtained from 5 independent analytical run sequences which

were measured over several days and designed by injecting the

calibration levels individually in ascending order followed by blank

samples to avoid carry-over after the highest calibration level. The

limit of detection (LOD) was determined by the cut-off approach.

For this purpose, the analyte signal area had to be 3 times higher

than the analyte signal of a blank sample. The lowest limit of

quantitation (LLOQ) was set as the lowest standard of calibration.

Furthermore, the peak at the LLOQ had to be reproducible,

identifiable, and discrete. The calibration range was described as

the range between LLOQ and the upper limit of quantification

(ULOQ), which was set to the highest reference standard (20 µM if

not stated otherwise). Obtained analyte/internal standard peak-area

ratios were plotted against concentrations (µM) and linear

regression analysis was performed for two different concentration

ranges. The values for LOD, LLOQ, concentration ranges, slope,

intercept, and correlation coefficient are given in Table 4.
3.4.2 Linearity
Linearity was assessed by back-calculation of the calibrators at

different concentration levels. Back-calculated concentrations

together with their accuracy and precision are given in Table 5.
TABLE 1 Continued

Chemicals

Wnt3a Surrogate-Fc
Fusion Protein

0.3 nM ImmunoPrecise Antibodies

Noggin-CM 10% (v/v) home-made

R-spondin-1-CM 20% (v/v) home-made

Rho k inhibitor 10 µM StemCell

Primocin® 100 µg/ml InvivoGen

Devices Vendor

General Vendor

Centrifuges Eppendorf, Thermofisher

Tissue Lyser TissueLyser; QIAGEN by Retsch

Analytical Lab Balance Sartorius

HPLC-MS/MS Vendor

Glass vial Phenomenex

HPLC-MS/MS Vendor

Crimp cap LABSOLUTE®

HPLC column Luna® 3µm NH2 100 Å
150 mm x 2 mm

Phenomenex (#00F-4377-B0)

UHPLC system Nexera X2 Shimadzu

Triple quadrupole mass spectrometer
QTRAP 5500

Sciex

Analyst 1.7 software Sciex
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3.4.3 Matrix effects
Matrix effects were evaluated in the matrices of liver tissue,

adipose tissue, plasma, cell culture supernatant, and cells by

standard addition. Matrix samples were extracted according to

the protocol described in 3.3. and supernatants were pooled to
Frontiers in Immunology 05
create a representative matrix extract. Standard addition was

performed for each concentration by adding standard solutions in

13 concentrations ranging between 0.002 mM and 20 mM.

Additionally, blank samples (without standard addition and IS,

n=3) and zero samples (without standard addition but with IS, n=3)
TABLE 2 MRM method with mass transitions and MS parameters for every analyte.

Q1 [Da] Q3 [Da] ID DP [V] EP [V] CE [V] CXP [V] RT [min]

489.975 79.100 dATP -125 -10 -116 -13 19.20

266.105 134.100 Adenosine -135 -10 -28 -15 3.77

425.980 79.000 ADP -100 -10 -80 -11 16.66

346.064 78.900 AMP -110 -10 -70 -9 13.39

505.953 79.000 ATP -150 -10 -96 -9 19.16

539.969 78.900 cADPR -200 -10 -130 -9 12.17

328.048 134.000 cAMP -105 -10 -34 -15 8.43

344.043 78.900 cGMP -120 -10 -76 -11 10.46

742.934 620.000 NAADP -195 -10 -26 -23 16.97

662.059 540.000 NAD -40 -10 -22 -19 9.71

664.050 79.000 NADH -150 -10 -128 -9 12.54

743.005 621.000 NADP -90 -10 -26 -21 15.27

744.993 78.900 NADPH -260 -10 -130 -11 17.75

243.070 42.000 Uridine -40 -10 -44 -15 3.99

134.909 91.900 Hypoxanthine -95 -10 -22 -11 6.23

266.976 134.800 Inosine -105 -10 -28 -13 6.51

127.055 43.100 C13 NAM -95 -10 -36 -21 2.48

120.976 42.000 NAM -100 -10 -20 -7 2.48

646.022 524.000 dNAD -90 -10 -22 -19 9.45

187.906 144.000 Kynurenic acid -45 -10 -22 -17 7.75

206.912 189.900 Kynurenine -40 -10 -12 -17 5.13

664.032 541.000 NaADN -10 -10 -24 -21 12.11

333.936 289.900 NAMN -35 -10 -14 -13 12.12

332.954 210.900 NMN -35 -10 -12 -9 9.86

165.900 122.000 Quinolinic acid -40 -10 -14 -13 13.10

202.948 116.000 Tryptophan -70 -10 -22 -13 5.43

253.110 121.000 NR -60 -10 -14 -13 5.04
fr
TABLE 3 HPLC gradient.

Time [min] Eluent A [%] Eluent B [%] Flow rate [mL/min]

0.00 20 80 0.25

17.00 100 0 0.25

25.00 100 0 0.25

25.10 20 80 0.25

30.00 20 80 0.25
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were prepared and analyzed to rule out matrix effects and to

determine the endogenous analyte concentration of the sample.

Obtained analyte/internal standard peak-area ratios were plotted

against concentrations (µM) and linear regression analysis was

performed for two different concentration ranges. Values for the

slope, intercept, and correlation coefficient and the back-calculated

concentrations are given in Supplementary Tables 2-6.

3.4.4 Accuracy and precision
Accuracy and precision were determined in both calibration

samples as well as in all matrix-containing samples (liver, adipose

tissue, plasma, cell culture supernatant, cells). Accuracy was
Frontiers in Immunology 06
reported as relative error percentages (RE%) of the analyte

concentrations. Precision was expressed as relative standard

deviation (RSD) in %. RE% and RSD were calculated using the

formulas given below, where SD is the standard deviation.

RE% =
(measured concentration  − actual concentration)

actual concentration

� 100

RSD% =
SD

Mean
� 100
TABLE 4 Calibration curve parameters with limit of detection (LOD), the lower limit of qauntification (LOQ), calibration ranges, slope, and intercept (i)
of the linear regression equation, and correlation coefficient (R2) Hypoxanthine; KA, Kynurenic acid; QA, Quinolinic acid.

analyte
LOD
(µM)

LLOQ
(µM)

Carryover
(%)

Parameter linear regression

low range high range

range
(µM)

slope i R2 range
(µM)

Slope i R2

dATP <0.002 0.002 3623 0.002-0.1 0.0174 0.0001 0.9808 0.002-20 0.0201 -0.0066 0.9592

Adenosine <0.002 0.002 29 0.002-0.1 0.9047 0.0014 0.9959 0.002-20 0.9004 -0.0239 0.9992

ADP 0.002 0.01 1451 0.01-2 0.0915 0.0042 0.9934 0.01-20 0.0935 -0.0216 0.9804

AMP 0.002 0.006 975 0.006-0.2 0.0980 0.0085 0.9770 0.006-20 0.1568 -0.0080 0.9987

ATP <0.002 0.002 1836 0.002-0.1 0.0820 0.0013 0.9905 0.002-6 0.0416 0.0134 0.9101

cADPR 0.002 0.01 1173 0.01-0.6 0.0824 0.0004 0.9996 0.01-10 0.0.0810 -0.0079 0.9463

cAMP 0.006 0.006 0 0.006-0.2 1.0198 -0.0027 0.9882 0.006-20 0.9273 -0.0384 0.9991

cGMP 0.002 0.006 0 0.006-0.2 0.3923 0.0017 0.9987 0.006-20 0.4643 -0.0203 0.9989

NAADP 0.02 0.02 1430 0.02-1 0.0129 -0.0002 0.9988 0.02-10 0.0074 0.0023 0.9849

NAD 0.002 0.01 1308 0.01-0.6 0.1145 -0.0021 0.9953 0.01-10 0.0870 0.0026 0.9758

NADH 0.02 0.02 93 0.02-1 0.0704 -0.0023 0.9981 0.02-20 0.0505 -0.0019 0.9894

NADP 0.01 0.06 1402 0.06-2 0.0105 -0.0003 0.9995 0.06-10 0.0060 0.0024 0.9820

NADPH 0.2 0.6 0 0.6-10 0.0003 0.0006 0.9026 0.6-20 0.0005 0.0000 0.9524

Uridine 0.002 0.01 0 0.01-0.6 0.5203 0.0087 0.9929 0.01-20 0.4703 0.0078 0.9995

HX 0.06 0.06 63 0.06-2 0.7544 0.0378 0.9983 0.06-20 0.6794 0.0688 0.9993

Inosine <0.002 0.002 0 0.002-0.1 1.4342 0.0056 0.9957 0.002-20 1.4729 0.0009 0.9997

NAM 0.06 0.06 47 0.06-2 0.1700 -0.0055 0.9975 0.06-20 0.1615 0.0027 0.9998

dNAD 0.002 0.02 607 0.02-1 0.0242 -0.0004 0.9972 0.02-20 0.0271 -0.0111 0.9708

KA 0.01 0.01 0 0.01-0.6 1.0502 -0.0182 0.9941 0.01-20 0.7399 0.0281 0.9990

Kynurenine 0.002 0.002 0 0.002-0.1 0.5446 0.0000 0.9982 0.002-20 0.5324 -0.0307 0.9983

NaADN 0.02 0.02 835 0.02-1 0.0077 -0.0001 0.9993 0.02-20 0.0081 -0.0030 0.9750

NAMN 0.06 0.1 1724 0.1-6 0.0602 0.0010 0.9984 0.1-20 0.0630 -0.0036 0.9997

NMN 0.2 0.2 0 0.2-10 0.0034 -0.0004 0.9916 0.2-20 0.0038 -0.0013 0.9954

QA 0.1 0.2 251 0.2-10 0.1598 -0.0177 0.9998 0.2-20 0.1638 -0.0278 0.9998

Tryptophan 0.01 0.01 0 0.01-0.6 0.5282 -0.0018 0.9984 0.01-20 0.4604 0.0006 0.9996

NR 0.01 0.01 0 0.01-0.6 0.2967 -0.0085 0.9921 0.01-20 0.3639 -0.0534 0.9980
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TABLE 5 Linearity given as back-calculated concentration (BCC), precision given as relative standard deviation (RSD), and accuracy given as relative
error percentages (RE%) at indicated concentrations from the calibration curve (n.d. = no data).

Analyte 0.06µM 0.6µM 1µM 10µM

low range low range low range high range

BCC RSD(%) RE(%) BCC RSD(%) RE(%) BCC RSD(%) RE(%) BCC RSD(%) RE(%)

dATP 0.0629 12.29 4.77 0.6991 9.62 16.52 1.0740 24.77 -7.40 7.7292 11.69 22.71

Adenosine 0.0555 17.57 7.54 0.6436 10.60 7.27 1.0002 6.24 -0.02 9.7966 4.65 2.03

ADP 0.0735 23.01 22.51 0.5543 11.42 7.61 0.9011 5.40 9.89 8.8769 12.41 11.23

AMP 0.0558 38.43 6.99 0.6388 3.11 -6.47 1.0135 9.43 -1.35 9.6666 13.19 3.33

ATP 0.0562 26.16 6.34 0.6017 8.72 -0.29 0.9699 5.09 3.01 10.1891 11.89 -1.89

cADPR 0.0648 20.71 8.04 0.5171 10.12 13.82 1.1758 29.73 -17.58 9.9077 9.36 0.92

cAMP 0.0605 8.14 0.75 0.6045 10.27 7.49 1.0051 4.72 -0.51 11.0086 6.96 -10.09

cGMP 0.0648 10.79 7.95 0.7720 9.18 -28.67 1.1559 15.78 -15.59 9.9664 21.27 0.34

NAADP 0.0689 24.71 14.88 0.6944 13.22 15.73 1.0003 24.53 -0.03 10.0046 25.24 -0.05

NAD 0.5673 3.84 5.44 0.6084 6.90 1.40 0.9507 16.78 4.93 10.6782 14.55 -6.78

NADH 0.0495 19.40 17.45 0.5897 37.49 1.71 0.9926 22.85 0.74 9.2610 24.62 7.39

NADP 0.0653 27.30 8.87 0.6596 11.06 9.34 1.1406 14.99 -14.06 9.9485 25.14 0.51

NADPH n.d. n.d. n.d. 0.8935 21.18 -48.92 1.8008 33.00 -80.08 8.3612 32.28 16.39

Uridine 0.0474 12.56 21.03 0.5958 14.94 0.70 0.9495 7.92 5.05 9.7914 3.23 2.09

Hypoxanthine 0.0299 50.11 83.98 0.6534 36.98 8.71 1.0668 25.55 -6.68 11.2922 21.24 -12.92

Inosine 0.0620 5.12 -3.38 0.7362 9.28 -22.70 1.1645 5.53 -16.45 11.4089 1.61 -14.09

NAM 0.0875 14.01 45.78 0.5691 5.61 5.16 1.0025 17.12 -0.25 10.2238 4.50 -2.24

dNAD 0.0489 26.31 18.45 0.6375 10.75 6.24 0.9802 15.47 1.98 8.1850 10.83 18.15

Kynurenic acid 0.0500 21.23 16.66 0.6026 12.23 0.44 0.9621 8.33 3.79 9.6103 44.78 3.90

Kynurenine 0.0571 10.11 4.82 0.5776 6.10 3.74 0.9712 7.32 2.88 9.4417 11.12 5.58

NaADN 0.0619 21.63 3.11 0.6056 12.90 0.93 1.0233 9.77 -2.33 8.3330 5.25 16.67

NAMN n.d n.d. n.d. 0.6027 13.42 -0.46 1.0287 6.57 -2.87 9.8820 10.46 1.18

NMN n.d n.d. n.d. 0.6611 16.77 -10.18 1.1636 17.75 -16.36 9.5914 9.44 4.09

Quinolinic acid n.d n.d. n.d. 0.7270 12.27 -21.16 1.1248 3.75 -12.48 11.1299 19.31 -11.30

Tryptophan 0.0586 19.69 2.38 0.6054 6.17 -0.91 0.9179 10.84 8.21 9.7069 19.91 2.93

NR 0.0497 14.57 17.13 0.6216 11.84 3.60 1.0309 15.94 -3.09 9.6241 11.16 3.76

Hiefner et al. 10.3389/fimmu.2023.1250762
All matrix samples were extracted according to the protocol

described in 3.3. and the supernatants were pooled to create a

representative matrix extract. The analyte concentrations to

evaluate accuracy and precision were low (0.06 µM or 0.1 µM),

moderate (0.6 µM, 1 µM, and 2 µM), and high (10 µM) and are

given in Table 5 or Supplementary Tables 2-6.

3.4.5 Carryover
Carryover was assessed for each analyte during method validation

by injecting numeral blank samples after the highest standard

calibration level. Carryover was calculated by dividing the area of

each analyte in the blank sample by the area of the same analyte in the

LLOQ calibration level. The result is given as % of LLOQ.
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3.5 Method application

3.5.1 LPS stimulated ATP release in
RAW264.7 cells

Raw 264.7 cells were seeded overnight at a concentration of 5 x

105 cells per well in a 12-well plate in 10% FBS containing RPMI.

Confluent cells were treated with LPS (10 µg/ml) or control and 20 µl

supernatant was taken 5 and 10 minutes after treatment from each

well. The aliquots were immediately snap-frozen in liquid nitrogen

and stored on dry ice during the course of the experiment. All

samples were stored at -80°C until sample extraction. Sample

preparation was performed as described in 3.3. and the samples

were analyzed by HPLC-MS/MS. ATP concentration was determined
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at 5 and 10 min after treatment for every well and ATP release/

degradation was given as D ATP (c[ATP]10min – c[ATP]5min) in nM.

3.5.2 ATP stimulation of intestinal organoids
3.5.2.1 Generation and culturing of human
intestinal organoids

Human intestinal tissues were collected upon surgical

procedures and intestinal tissue removal in the context of tumor

resection or (re)construction of ileostomy at University Medical

Centre Hamburg-Eppendorf (UKE) (Hamburg, Germany) after

written informed consent of the donors (adults) or their legal

guardians (children). The study to collect and analyze intestinal

samples was approved by the ethics committee of the medical

association of the Freie und Hansestadt Hamburg (Ärztekammer

Hamburg). Human intestinal organoids were generated and

cultured as described before (23–25). In short, the muscular layer

and attached fat were removed and the remaining mucosal layer

was cut into small pieces<0.5 cm2. The tissue was incubated for 20

minutes at 4°C on a shaker in a mixture of EDTA/DTT to isolate

intestinal stem cells. Cells were filtered through a 70 µm cell strainer

and centrifuged (10 minutes, 500 g, 4°C). Cells were resuspended in

ice-cold Basement Membrane Extract (BME) and seeded in a pre-

warmed 24-well plate. Expansion medium (EM) with 100 µg/ml

Primocin® and 10 µM Rho k inhibitor Y-27632 was added and

changed every 2-3 days. After 10-14 days organoids were generated

and subsequently passaged as follows: organoids were washed with

ice-cold AD+++ (Advanced Dulbecco´s Modified Eagle´s Medium

(DMEM)/F12 containing 1% GlutaMAX,10 nM HEPES and 1%

penicillin/streptomycin) and disrupted mechanically through

pipetting up and down. Disrupted organoids were resuspended in

BME and seeded and cultured as described above.

3.5.2.2 Stimulation of human intestinal
organoids with ATP

To obtain a single-cell suspension, organoids were twice

incubated with TrypLE for 7 minutes at 37°C while vigorously

pipetting up and down multiple times. The single epithelial cells

were resuspended in ice-cold BME and seeded in a flat bottom 96-

well plate containing 2500 cells in on drop of 7,5 µl BME. 150 µl EM

with Y-27632 per well was added and changed every 2 days. At day 4

after seeding, organoids were stimulated with PBS (control) and 10

µM ATP (Sigma-Aldrich) in EM and from there on consecutively

restimulated every two days until day 12. For the here presented

experiments, supernatants were collected after 48 h incubation on day

8, snap-frozen in liquid nitrogen, and kept at -80°C until further

analysis. Sample extraction was performed as described in 3.3. and

samples were analyzed by HPLC-MS/MS. The concentration of ATP,

ADP, AMP, adenosine, inosine, and hypoxanthine was calculated

and is given as D concentration (ctreated – cPBS) in µM.
3.6 Data processing and analysis

Data analysis of the MS raw data was performed using SCIEX

OS software to generate quantitation reports containing peak areas.

Quantification was done manually with Microsoft Excel. Linear
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regression of the standard calibration curve was used to quantitate

accurate concentrations that reflect the analytical run performance.

Prior to quantitation, all analyte areas were normalized against the

area of the IS C13 NAM. Calibration levels for quantitation were

adapted to low or high concentration ranges when needed. A

minimum of 6 points per calibration curve was required for

analyte concentration calculation.
3.7 Statistical analyses

Statistical analyses were conducted using GraphPad Prism 9

software. Data are shown as mean ± SEM if not indicated otherwise.

Two-tailed, independent Student’s t-test was employed to compare

differences between groups. Differences were considered significant

at a probability level (p) of 0.05.
4 Results

4.1 HPLC-MS analysis

In order to detect and quantify AN and their metabolites after

chromatographic separation by MS, the optimal MS parameters of

the ESI source had to be established. While AN and NAD

metabolites have been detected in negative, mixed (15), and

positive ionization modes (9) depending on the chromatography

used (13), in our hands, employing ESI in negative ionization mode

rendered the most intense product ions for AN after their direct

infusion into the ESI source (data not shown). Optimization of the

different MS parameters was accomplished by means of the auto

tuning mode provided by the Analyst 1.7. software. The optimized

parameters of the multiple reaction monitoring (MRM) methods

and all MS parameters are given in Table 2. AN have low retention

on conventional RP-phases and their separation by RP-HPLC

might render poor peak shapes (13). In order to increase

retention and achieve better chromatographic separation and thus

avoid inaccurate annotation of peaks, we employed HILIC-HPLC

for the analysis of AN and NAD metabolites and breakdown

products. In a first attempt, using the gradient illustrated in

Supplementary Table 1A, clear separation of most analytes

including ATP, ADP, AMP, NAD, and NADH was achieved.

However, the peak shape was rather poor (Supplementary

Figure 1A). By increasing the buffer concentration (to 20 mM)

and the flow rate (to 0.25ml/min) and by using a slightly modified

solvent gradient (Table 3), not only was total run time reduced but

also a clear separation of analytes as well as improved peak shapes

were achieved (Figure 1A; Supplementary Figures 1B-D).
4.2 Calibration curve, limit of
quantification, carry over, linearity,
accuracy and precision

In order to reliably quantify AN, NAD metabolites, and their

building and breakdown products, external calibration and
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validation of the method are required. For this purpose, first, a

calibration curve containing 13 calibrators ranging from 0.002 µM-

20 µM was run. LOD, LLOQ, and the concentration ranges and

parameters of the linear regression (slope and intercept) and

carryover were determined for each analyte and are presented in

Table 4. Representative calibration curves for ATP, ADP, AMP,

Adenosine, NAD, and NADH are shown in Figures 1B–G. In the

given concentration ranges, R2 was ≥0.98 for > 80% of the analytes,

indicating good linear regression. Carryover varied strongly

between analytes. Of note, in line with the EMA criteria (22), no

or few carryover (<20% of LLOQ) was detected for cAMP, cGMP,

hypoxanthine, inosine, kynurenic acid, kynurenine, NADPH,

NMN, NR, quinolinic acid, and tryptophan. On the contrary,

much more carryover was detected for the AN. According to

their hydrophilicity, carryover gradually increased from
Frontiers in Immunology 09
Adenosine (29% of LLOQ) to AMP, ADP, and finally, ATP

displaying a carryover of 1836% of LLOQ, indicating a very

strong retention to the column.

The linearity of the method was determined by back-

calculation. Back-calculated concentrations as well as accuracy

and precision are presented in Table 5. In line with the EMA

guidelines, accuracy given as RE % was below 15% for >85% of

analytes at 0.06 µM and 10 µM and for roughly 80% of analytes at

0.6 µM and 1µM. Importantly, with the exception of NADH (at 0.06

µM) and ADP (at 0.06 µM), accuracy was below 15% for ATP, ADP,

AMP, adenosine, NAD, and NADH at all concentrations.

Additionally, as illustrated in Figures 2A–F, inter-day

repeatability was acceptable for ATP, ADP, AMP, adenosine,

NAD, and NADH. In particular, for these analytes, with the

exception of NADH (at 1µM and 10 µM) and NAD (at 1µM)
B C D

E F G

A

FIGURE 1

Chromatogram and baseline calibration. (A) Exemplary chromatogram of a 2 µM multistandard solution with 1 NAM; 2 13C NAM; 3 Adenosine; 4
Uridine; 5 NR; 6 Kynurenine; 7 Tryptophan; 8 Hypoxanthin; 9 Inosine; 10 Kynurenic acid; 11 cAMP; 12 dNAD; 13 NAD; 14 NMN; 15 cGMP; 16 NAMN;
17 NaADN; 18 cADPR; 19 NADH; 20 Quinolinic acid; 21 AMP; 22 NADP; 23 ADP; 24 NAADP; 25 NADPH; 26 ATP; 27 dATP. (B) linear regression of the
ATP calibration curve (n=5), (C) linear regression of the ADP calibration curve (n=5), (D) linear regression of the AMP calibration curve (n=5), (E) linear
regression of the adenosine calibration curve (n=5), (F) linear regression of the NAD calibration curve (n=5), (G) linear regression of the NADH
calibration curve (n=5) with white circles show individual values and black circles show mean.
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precision given as RSD% was below 15% at 1 µM and 10 µM and

thus in line with the EMA criteria. Moreover, precision was below

20% for 70% of all analytes at 0.06 µM and below 15% for roughly

>70% of all analytes at 1 µM and 10 µM, overall, indicating that the

method is prec i se and accura te over the ind ica ted

concentration ranges.
4.3 Matrix effects

To evaluate matrix effects, linearity responses were studied in

matrix samples after standard addition. Matrices consisted of liver,

adipose tissue, plasma, cell culture supernatant, and cells. As

depicted in Figure 3, the calibration curves of ATP, ADP, AMP,

adenosine, NAD, and NADH in the matrix-containing samples

were still linear. Obtained correlation coefficients of the linear

regression (R2) were greater than 98% for 98% of analytes in

supernatant, plasma, and adipose tissue, and for 96% in liver and

cells (Supplementary Tables 2-6). Back-calculation of added

concentrations was performed and back-calculated concentrations

are presented in Supplementary Tables 2-6 alongside calculated

values for accuracy (as RE%) and precision (as RSD%). While in cell

samples, where especially precision exceeded the EMA-tolerated

15% deviation in some analytes at 1 µM and 10 µM, accuracy and

precision values obtained from the supernatant were within 15%

variation for 98% of analytes at all added concentrations. Similarly,

the accuracy and precision values obtained in plasma, liver, and

adipose tissue samples were below 15% variation at all
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concentrations and thus fulfilled the EMA criteria for method

validation. Moreover, inter-day repeatability was assessed in

matrix-spiked samples and is given exemplary in Supplementary

Figure 2 for ATP, ADO, AMP, adenosine, NAD, and NDH, also

indicating good precision.
4.4 Method application

In order to demonstrate the applicability of the developed

method, we performed two in-vitro studies, where we quantified

ATP as well as ATP and its degradation products ADP, AMP,

adenosine, inosine, and hypoxanthine in cell culture supernatants

derived from RAW264.7 cells and intestinal organoids respectively.

First, in order to introduce an inflammatory environment,

RAW264.7 cells were treated with LPS (10 µg/ml) and

supernatant samples were collected 5 and 10 min after

incubation. Concentrations of ATP were subsequently analyzed in

the supernatants. Compared to the control-treated cells, where the

concentration of ATP decreased by roughly 5 nM from 5 to 10

minutes after treatment, the concentration of ATP increased by 4.5

nM in the LPS-treated cells (Figure 4A), indicating ATP release. Of

note, the changes in ATP levels were significantly different between

the control- and LPS-treated cells.

Second, intestinal organoids were treated for 48 h with 10 µM

ATP or PBS. After 48 h, concentrations of ATP and its degradation

products ADP, AMP, adenosine, and inosine as well as hypoxanthine

were quantified. As shown in Figure 4B, in the supernatants of 10 µM
B C

D E F

A

FIGURE 2

Repeatability. To illustrate repeatability, individual areas and their mean± SEM were plotted at indicated concentration levels for (A) ATP, (B) ADP, (C)
AMP, (D) adenosine, (E) NAD, and (F) NADH (n=4-5).
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ATP-treated organoids, changes in ATP, ADP, AMP, and adenosine

concentrations compared to the PBS-treated cells were very low

(ATP: -0.124 µM, ADP: 0.019 µM, AMP: 0.405 µM, and adenosine:

0.165 µM). However, the concentration of the final ATP degradation

products inosine and further hypoxanthine increased by 8.28 µM and

11.34 µM respectively, indicating that ATP was rapidly degraded into

inosine and hypoxanthine.
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5 Discussion

AN are central metabolites for the regulation of energy

metabolism and are involved in cell-to-cell communication as

well as intracellular signaling. During inflammatory processes,

their rapid generation and breakdown critically affect their

function. To understand these processes, an accurate and reliable
BA

FIGURE 4

Method application. (A) RAW 264.7 cells were treated with LPS (n=7) or control (n=4) and ATP was quantified in the supernatant 5 and 10 minutes
after stimulation. Changes in ATP levels are depicted. (B) Intestinal organoids were treated with 10 µM ATP and 48 h later, supernatants were
collected for AN quantification. Changes in concentrations of ATP, ADP, AMP, adenosine, inosine, and hypoxanthine as well as the sum of ATP, ADP,
AMP adenosine, and inosine (total) versus PBS-treated cells are depicted (n=2-3). Dates are shown as mean+ SEM. * indicates p<0.05.
B C

D E F

A

FIGURE 3

Matrix calibration. Matrix samples of liver, adipose tissue (rpWAT), supernatant, plasma, and cells were spiked with standard solutions of known
concentrations. Obtained individual areas of analyte/area against the added concentration were plotted and linear regression was performed for (A)
ATP, (B) ADP, (C) AMP, (D) adenosine, (E) NAD, and (F) NADH (n=2).
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quantification of AN is required. Previously, luciferase-based

methods enabled the rapid, sensitive, and reliable determination

of ATP levels but were restricted to one metabolite only (26, 27).

While gas chromatography-MS/MS-based techniques have been

published for the analysis of the kynurenine pathway and provided

great sensitivity, sample preparation involved laborious

derivatization (28). Further, ATP and its breakdown products

have been quantified using HPLC and fluorescence detection (29).

Here, the quantification relies on the retention time only, and thus,

a drawback of this approach is the potential interference between

metabolites due to undesired sample degradation. This can be

overcome by the application of MS/MS methods and indeed a

number of LC-MS/MS-based approaches for the analysis of AN or

NAD metabolites and their breakdown products exist. However,

these methods are either limited in the coverage of analytes (9), rely

on complicated extraction procedures using solid phase extraction

(9), or are restricted with regard to the validated matrix (13, 14).

Here, we present a LC-MS/MS-based method for the accurate

quantification of adenosine nucleotides and NAD metabolites

(either synthesized from tryptophan via the kynurenine pathway

or generated via the salvage pathway) in various biological samples.

Our method stands out for the broad spectrum of metabolites, the

fast and simple sample cleanup, specific mass transitions for each

compound, and a great number of validated matrices. In order to

meet the chromatographic challenge of not only the number of

analytes but also their hydrophilicity, an amino phase and HILIC-

HPLC was employed as described by Bustamante et al. (15). To

further improve chromatographic separation and peak shape, buffer

concentrations were increased to 20 mM which caused higher

polarity of the buffer and therefore lowered retention times of the

polar analytes such as ATP. This relationship of buffer

concentration and nucleotide retention on the stationary phase in

a HILIC approach was already described by Padivitage et al. (30). In

addition, using HILIC has also other advantages compared to other

chromatography approaches. First, HILIC columns require reduced

column maintenance compared to porous graphitic carbon

stationary phases which have been previously used for nucleotide

analysis (31). Further, by employing HILIC, one can avoid the use

of ion-pair reagents such as dibutylammonium acetate (13).

Using the here described optimized LC approach, our method

was validated according to the accepted EMA guidelines (22).

Over the indicated concentration ranges, the linearity, accuracy,

and precision varied less than 15% for more than 80% of the

studied analytes. In addition, the accuracy and precision fulfilled

the EMA criteria for the matrices of liver, adipose tissue, plasma,

and cell culture supernatant, indicating a valid and reliable

method. For cells, the method is only partly validated, as EMA

criteria were met for some analytes. Generally, our method might

be expanded in order to investigate other matrices such as urine or

cerebrospinal fluid, which have already been studied by other

published methods (32, 33). Of note, these matrices should be

validated and especially, their suitability regarding analyte

stability needs to be assessed. For instance, in saliva, possible

challenges might involve the rapid degradation of ATP and other
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AN by ectonucleotidases (34). Nevertheless, to our knowledge,

validation for this many different matrices is a unique feature of

our method and thus advantageous compared to existing

methods. Furthermore, the high number of matrices suggests

the great applicability of the method across various tissues and

for a broad spectrum of scientific questions. As required by the

EMA, the carryover rates were assessed but yielded partly

disappointing results. The very hydrophilic compounds, ATP

and ADP, especially showed extremely high carryover. Of note,

in line with the EMA guideline (22), when carryover seems

unavoidable, as in our case for AN, one should keep in mind to

not randomize study samples upon designing analysis batches and

to build measures in order to prevent carryover to study samples.

This can be achieved by the injection of several blank samples

after samples and calibrators with expected high concentrations

or by rinsing approaches. Ultimately, we demonstrated that the

method can be applied across tissues for various biologically

relevant questions.

Besides the evaluation of ATP levels in plasma or liver tissue to

evaluate energy status (13), the quantification of extracellular ATP

and its degradation products may be of the utmost interest when

studying inflammatory processes, as ATP is released upon stress

responses (6). By applying our method, we show that ATP is rapidly

released from RAW 264.7 cells upon LPS stimulation. Using a

luciferase assay, Sakaki et al. (35) described a similar increase in

ATP levels in LPS-stimulated THP-1 cells. Moreover, we also

showed that intestinal organoids are able to break down

exogenous ATP in the supernatant within 48 h into mainly

inosine and further hypoxanthine. Of note, the added exogenous

amount of 10 µM was roughly recovered as the sum of all

degradation products (ATP, ADP, AMP, adenosine, and inosine

=total) with a concentration of 9.1 µM and the final product

hypoxanthine with a concentration of 11.34 µM, underlining the

reliability of the method.

Although we provided examples of the applicability of the

method for real samples, users might consider the potential

limitations of our method. First, even though we did a thorough

validation across various tissues, endogenous concentrations for

some of the metabolites are really low in some tissues (e.g.

concentration of NAM or kynurenic acid are at the low

nanomolar ranges in plasma based on HMDB), and thus at the

lower limits of quantification. Additionally, for different cell types

and adipose tissues, the endogenous concentration of metabolites is

currently unknown and may therefore be below our quantification

limit. Hence, other techniques with higher sensitivity e.g. GC-MS

might be more suitable for their analysis. For instance, while the

LOD of quinolinic acid was 100 nM in our method, a GC-based

analysis was able to detect 1 nM (28). Theoretically, low

endogenous levels of analytes might be increased by simply using

more material for extraction and concentration of the analytes.

However, as the stability of AN is a huge issue, sample preparation

that includes sample concentration might result in unwanted

degradation and inaccurate results. Of note, due to the poor

stability of analytes, care should be taken regarding sample
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handling (e.g. immediate quenching and/or cooling) in order to

prevent degradation. As already discussed, another problem is the

hydrophilicity of the analytes. Their strong retention to the column

causes significant carryover which has to be considered when

designing sample batches.

Altogether, we developed and validated a HILIC-LC-MS/MS-

based method for the quantification of adenine nucleotides as well

as NAD metabolites in liver, adipose tissue, plasma, cell culture

supernatants, and cells. We demonstrated that our method can

detect rapid changes in the nM to µM range in ATP as well as its

degradation products in sophisticated in vitro models. Our method

offers a powerful tool to quantify AN across various biological

samples and may help to improve the understanding of AN

generation and breakdown for cellular functions.
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