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ABSTRACT

Irradiated blood is a new type of blood product used to prevent transfusion-associated graft-versus-host
disease. However, the effects of irradiation on the metabolism of plasma, red blood cells (RBCs), and
peripheral blood mononuclear cells (PBMCs) are largely unknown. We developed a workflow for testing
metabolic changes in whole blood to determine the impact of irradiation by chemical isotope label-
ing liquid chromatography-mass spectrometry (CIL LC-MS). Blood parameters, PBMC proliferation and
apoptosis were examined before and after irradiation. Next, the amine/phenol metabolites in the blood
components were assayed by '>C- and'3C-dansylation labeling LC-MS. We identified 1654, 1730, and
1666 peak pairs in plasma, RBCs, and PBMCs, respectively. We screened out 367, 177, and 219 significant
metabolites in plasma, RBCs, and PBMCs, respectively, by principle component analyses, volcano plots,
and Venn plots. Metabolic pathway analyses showed that irradiation modulated taurine and hypotau-
rine metabolism in plasma and purine metabolism in RBCs and PBMCs. Changes in potential biomarkers,
including an increase in hypoxanthine level and a decrease in adenine level, may be related to the dys-
function of DNA synthesis in PBMCs. The decreased AMP level in RBCs may interfere with RBC storage
lesions. Our research provides a more comprehensive perspective on blood metabolism associated with

irradiation.

Crown Copyright © 2021 Published by Elsevier B.V. All rights reserved.
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1. Introduction

Blood and blood component transfusions are common practices
in clinical care. Irradiated blood is a new type of blood product,
consisting of irradiated whole blood or its components [1]. Gamma
or X-irradiation at a dose of 25-50 Gy is recommended [2].

Irradiated blood is mainly used to prevent transfusion-
associated graft-versus-host disease (TA-GVHD). TA-GVHD is an
uncommon but fatal transfusion complication with a survival rate <
10 %, which affects the skin, bone marrow, liver, and gastrointesti-
nal tract within 1-2 weeks of transfusion [3,4]. TA-GVHD occurs
in immunocompromised patients, immunocompetent individuals,
and in the presence of non-histocompatibility between recipient
and donor [5]. Under these conditions, cytotoxic CD8* T lympho-
cytes are activated by foreign human leukocyte antigens, resulting
in the activation of helper CD4* T lymphocytes, inducing lympho-
cytes to engraft, proliferate, and attack the host [6]. Lymphocytes
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account for around 70 %-90 % of human peripheral blood mononu-
clear cells (PBMCs) [7]. Irradiation of blood can damage nuclear
DNA of lymphocytes or indirectly inhibit their proliferation [8].

Based on previous reports and the guidelines of the Ameri-
can Association of Blood Banks, blood should be irradiated within
14 days of collection and the storage period of irradiated blood
should not exceed 14 days [9,10]. At present, irradiated blood
products commonly used in clinical practice include whole blood,
suspended red blood cells, and apheresis platelets. Red blood cells
(RBCs), plasma, and PBMCs are present in blood products, such
as whole blood and suspended RBCs, and their metabolism may
be influenced by irradiation. In the field of transfusion medicine,
metabolomics studies have mainly concentrated on descriptive
correlative associations and testing simple aspects, such as the
metabolism of potassium and ATP [11]. However, few metabolic
studies have systematically and quantitatively discussed the effects
of irradiation on the metabolism of RBCs, PBMCs, and plasma.

Metabolomics is a comprehensive and systematic study of small
molecule (< 1000 Da) metabolites in biological samples or organs
[12,13]. Liquid chromatography-mass spectrometry (LC-MS) is a
commonly used method in metabolomics because of its high sen-
sitivity and specificity [14,15]. The purpose of metabolomics is
to study changes in the dynamic state of metabolites in the pro-
cess of metabolism. To increase the detection rate, quantitative
accuracy, and coverage of metabolites, high-performance chemical
isotope labeling (CIL) LC-MS has been used [16,17]. This technique
involves the labeling of metabolites in two samples to be compared
using differential isotope markers, followed by LC-MS analysis [18].
With appropriate design of labeling reagents, CIL LC-MS can sub-
stantially improve the detectability of a class of metabolites, and
improve the separation efficiency of LC and the sensitivity of MS
[19]. For example, metabolites containing amines/phenols can be
profiled by LC-MS with labeling by 12C/'3C-dansylation (Dns) [20].
Compared with traditional LC-MS, CIL LC-MS can generate more
accurate and stable relative quantitative results [21,22].

We assayed the proliferation and apoptosis of irradiated and
non-irradiated PBMCs by CCK-8 viability assay after phytohemag-
glutinin (PHA) stimulation and by flow cytometry. We also
quantified metabolites in plasma, RBCs, and PBMCs from irra-
diated and non-irradiated whole blood by '2C/'3C-Dns labeling
LC-MS. We assessed the levels of metabolites and changes in
metabolic pathways, as well as the underlying mechanisms. The
use of 12C/13C-Dns labeling LC-MS enabled quantification and fur-
ther understanding of the effects of irradiation on blood cells and
plasma metabolites.

2. Material and methods
2.1. Study design

We obtained whole blood from 22 donors (22-35 years old)
consisting of 10 males and 12 females. All donors met the whole
blood and component donor selection requirements of the People’s
Republic of China.

Each donation of whole blood underwent routine blood tests
and was split into two bags on the day of collection (day 0). One
of each pair of bags was irradiated on the first day after collec-
tion (day 1) at a dose of 25 Gy using a Gamma-Ray Irradiator
(CIF Medical, HK II, Beijing, China); the control group comprised
all non-irradiated second bags of the pairs. We performed rou-
tine blood tests on all samples after irradiation. Each bag of blood
was tested for serum potassium and RBC adenosine triphosphate
(ATP) content to confirm the quality of samples before and after
irradiation. Potassium was assayed using an automated analyzer
(Olympus AU 640; Olympus Europe, Hamburg, Germany). ATP
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was detected by CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, Madison, WI, USA) and the luminescence was deter-
mined using a luminometer (GloMax96; Promega). We isolated
RBCs, plasma, and PBMCs from whole blood and extracted metabo-
lites. PBMC proliferation and apoptosis were evaluated by CCK-8
assays and flow cytometry, respectively. The study was approved
by the Ethics Committee of The First Affiliated Hospital, Zhejiang
University School of Medicine, Zhejiang, China.

2.2. Isolation of plasma and metabolite extraction

Samples were centrifuged for 10 min at 800 x g (Microfuge
22R centrifuge; Beckman Coulter; Brea, CA, USA) to stratify blood.
Plasma (90 pL) was aspirated from the top layer of each sam-
ple and a threefold volume of methanol precooled to —20 °C was
added (Fisher Chemical, Waltham, MA, USA). Insoluble proteins
were pelleted by centrifugation (30 min at4°Cand 15,000 rpm) and
supernatants were collected and dried in a refrigerated CentriVap
concentrator system (Labconco, Kansas City, MO, USA).

2.3. Isolation of RBCs and metabolite extraction

RBCs (500 L) were extracted from the specimens, washed twice
in 2 mL of phosphate-buffered saline (PBS) (Servicebio, Wuhan,
China), and centrifuged for 10 min at 2500 x g; the supernatant
was discarded. Next, 60 L of RBCs was extracted with 540 L of
lysis buffer (methanol:acetonitrile:water, 5:3:2, v/v; Fisher Chem-
ical) [23]. The mixture was vortex-mixed at 2500 rpm for 1 min
and transferred to an ice bath for 1 min; this mixing and ice bath
incubation protocol was performed five times. The samples were
centrifuged for 30 min at 15,000 x g at 4 °C and the supernatants
were collected and dried down as described above.

2.4. Isolation of PBMCs and metabolite extraction

Blood was diluted 1:1 with PBS before placement on a layer of
Ficoll (GE Healthcare, Stockholm, Sweden), and centrifuged at 2000
rpm for 20 min. White flocculent PBMC layers were separated. Next,
1 mL of methanol:water mixture (1:1, v/v, —20 °C, Fisher Chemical)
was added to the PBMCs, which were transferred to 1.5 mL cen-
trifuge tubes (Thermo Scientific) and centrifuged for 4 min at 1200
rpm at 4 °C. A 900-p.L aliquot of the supernatant was removed and
stored for later use. Next, 0.5 mL of glass beads (Biospec Products
Inc., Bartlesville, OK, USA) 1.0 mm in diameter were added to the
pellet, which was oscillated at 2500 rpm on a Touch Mixer Model
232 (Fisher Scientific, USA) for 1 min and transferred to an ice bath
for a further 1 min, this mixing and ice bath incubation protocol
was performed 10 times. Next, 900 L of supernatant was added,
followed by centrifugation for 30 min at 16,000 x g [24]. Finally, the
supernatants were collected and dried down as described above.

2.5. Dansylation labeling and LC-MS

Dried metabolites were dissolved in ultrapure water (Sigma-
Aldrich, St. Louis, MO, USA) for 12C/13C-Dns labeling. We used
light-chain '2C-dansyl chloride (Sigma-Aldrich, St. Louis, MO, USA)
to label individual samples and heavy-chain 13C-dansyl chloride
to label pooled samples. The pooled samples were generated by
mixing individual samples at equimolar concentrations.

Metabolites (25 pL) were mixed with 12.5 pL of sodium car-
bonate/sodium bicarbonate buffer (0.5 M, pH 9.5; Sigma-Aldrich)
and 12.5 pL of acetonitrile (Sigma-Aldrich). Next, 25 wL of 12C-
dansyl chloride or 13C-dansyl chloride (20 mg/mL; Sigma-Aldrich)
was added and the mixture was vortex-mixed for 10-15s. The reac-
tion mixture was placed in a 40 °C water bath for 1 h. NaOH (5 p.L,



X.Lu,X.Zhu,D. Chenetal.

250 mM; Sigma-Aldrich) was added, incubated for 10 min, and the
reaction was neutralized by adding 25 p.L of formic acid.

The 12C/13C-Dns mixture was centrifuged at 15,294 x g for 10
min and subjected to LC-MS. The labeled sample was analyzed
using an UltiMate 3000 UHPLC system (Thermo Scientific) com-
bined with an Impact II quadrupole time-of-flight (QTOF) mass
spectrometer (Bruker, Billerica, MA, USA). A reverse-phase column
(ACQUITY UPLC BEH Cyg column, 2.1 mm x15 cm, 1.7 um particle
size; Waters Corporation, Milford, MA, USA) was used to separate
the Dns-labeled metabolites. Mobile phase A (MPA) was 0.1 % (v/v)
formic acid (FA) in water, and mobile phase B (MPB) was 0.1 % (v/v)
FA in acetonitrile (ACN). The gradient profile for metabolite sepa-
ration was: t =0 min, 25 % B; t =10 min, 99 % B; t =13 min, 99 % B;
t =13.1 min, 25 % B; and t =16 min, 25 % B. The flow rate was 0.4
mL/min, and the column temperature was maintained at 40 °C. All
mass spectra were collected in positive ion mode at an acquisition
rate of 1 Hz. The individual samples were arranged in a random
sequence during LC-MS analysis. The quality control (QC) mixture
was prepared by mixing the 12C- and 3C-labeled pooled samples
at an equivalent total metabolite amount. Throughout data acqui-
sition, a QC run was conducted after every 20 samples to monitor
instrument performance.

2.6. PBMC proliferation assay

Isolated PBMCs were stimulated with PHA (Absin Bioscience,
Inc., Shanghai, China) for 3 days at 37 °C in a 5% CO; incubator
(HERA-Cell® 150; Thermo Fisher Scientific). PHA at 5 wg/mL was
added to a 96-well plate (1-2 x 10° cells/well) containing 1640
Roswell Park Memorial Institute (RPMI) medium (Life Technologies
Corporation, NY, USA) and 10 % fetal bovine serum (FBS); the blank
group didn’t add cells. The cells were observed under an electron
microscope (Eclipse TS100; Nikon, Tokyo, Japan). After 3 days, CCK-
8 reagent (BD Biosciences, Franklin Lakes, NJ, USA) at 10 p.L/well
was added to the 96-well plate, followed by incubation for 4 h. The
absorbance at 450 nm was determined using a microplate reader.
The experiment was performed in triplicate [25].

Inhibition of proliferation (%)

B [OD (irradiated group) — OD ( blank group)]
[OD (control group) — OD (blank group)]

=1 x 100%

2.7. PBMC apoptosis assay

An Annexin V 633 Apoptosis Detection Kit (BD Biosciences) was
used to assess apoptosis of PBMCs. PBMCs were resuspended in 1x
Annexin V binding solution to 1 x 106/mL. Next, Annexin V-633
binding compound (5 L) was added to 100 mL of cell suspension,
followed by 5 L of propidium iodide (PI). After incubation at room
temperature in the dark for 15 min, 400 L of Annexin V bind-
ing solution was added and the samples were subjected to flow
cytometry (BeamCyte-1026; Beamdiag, Changzhou, China) within
1h.

2.8. Data analyses

IsoMS software is used for analyzing large amounts of raw data
generated by LC-MS through peak pair intensity ratio; it creates
a file that includes retention times and accurate mass information
[26]. Metabolites without detectable peaks can be filled in using
zero-fill software [27]. IsoMS-Quant was used to determine the
chromatography peak-intensity ratio [18].

Our approach of using accurate mass and retention time
searches against the dansyl standard library for metabolite iden-
tification was described previously [28]. Briefly, the retention time
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of LC-MS runs was corrected or normalized using a set of 25 dansyl-
labeled standards with a retention time (RT) of approximately 1-2
min covering the entire RT window of the LC separation. The same
set of standards was used for normalizing a dansyl-labeled stan-
dard metabolite during the construction of the dansyl library. Using
this approach, the normalized RT of an unknown metabolite can
be directly compared with library standards to identify a possi-
ble match. In addition, we compared the RT with the predicted
retention time of each dansyl-labeled compound in the HMDB com-
pound library. Among the list of mass-matched metabolites, their
retention times were different and therefore we could find a unique
identification based on mass and RT.

Unsupervised principal component analysis (PCA) was per-
formed using SIMCA-P* 12.0 software (Umetrics, Umea, Sweden)
to examine the data quality (e.g., to identify outliers). Then univari-
ate analysis (i.e., volcano plot) was used to analyze the differential
metabolites.

Differential metabolites were selected based on the paired t-
test and fold change (FC) determined by SPSS (ver. 21.0; IBM Corp.,
Armonk, NY, USA). Statistical significance was accepted at p < 0.05
and FC > 1.2. Differential metabolic pathways were analyzed by
metaboAnalyst ver. 3.0. Flow cytometry data were analyzed using
Flow Jo software (ver. 10.6.2; Tree Star, Inc., Ashland, OR, USA).

3. Results
3.1. Changes in blood parameters after irradiation

The routine blood parameters of the donors are shown in
Supplementary Table S1. We classified leukocytes as neutrophils,
lymphocytes, monocytes, eosinophils, and basophils. In females,
the proportion of monocytes increased and the number of lympho-
cytes decreased; in males, the decreases in count and proportion
of granulocytes were accompanied by increases in the number of
white blood cells and the proportions of lymphocytes and mono-
cytes. Moreover, the hematocrit and mean corpuscular volume
were increased in males. The serum potassium level and RBC ATP
level did not change significantly before and after blood irradiation,
suggesting that irradiation did not significantly alter the quality of
blood (Supplementary Fig. S1).

3.2. Effects of irradiation on the proliferation and apoptosis of
PBMCs

PHA stimulation triggers the transformation of dormant lym-
phocytes into lymphoblasts, resulting in increased DNA synthesis,
cell size, and cytoplasm (Fig. 1A). Lymphocyte enrichment was
obvious in the control group, but was reduced in the irradi-
ated group. CCK-8 can be combined with succinic dehydrogenase
in the mitochondria of cells with proliferation activity to form
water-soluble formazans, which show maximum absorbance at a
wavelength of 450 nm. The proliferation viability of PBMCs in the
irradiated group was 49.28 %, compared with the control group
(Fig. 1B). The PBMCs in the irradiated group showed 50.72 % inhi-
bition of proliferation, compared with the control group.

The apoptosis rates of PBMCs are shown in Fig. 1C. The Q3 quad-
rant shows early apoptotic cells (Annexin V* and PI~), and the Q2
quadrant shows late apoptotic cells (Annexin V* and PI*). In addi-
tion, the rates of damage in the control and irradiated groups caused
by experimental treatments in the Q2 quadrant were 1.1 % and 2.1
%, respectively, indicating good quality of collected PBMCs. The apo-
ptosis rates of PBMCs were 13.31 % and 7.57 % in the irradiated and
control groups, respectively (Fig. 1D).
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Fig. 1. Proliferation and apoptosis of PBMCs. (A) Lymphocytes transformed into lymphoblasts, characterized by increased DNA synthesis, cell volume, and cytoplasm after
stimulation with PHA (arrow). (B) PBMC proliferation activity in the control and irradiated groups. (C) Apoptosis and necrosis were assayed using Annexin V/PI fluorescence.
(D) PBMC apoptosis in the control and irradiated groups. Data are means + SDs; *p < 0.05, **p < 0.01.

3.3. Metabolomics analysis of irradiated blood

Amine- and phenol-containing metabolites play major roles in
metabolic pathways. The workflow shown in Fig. 2 indicates the
process of CIL LC-MS analysis. Sample size was standardized for
the mixtures of 12C-labeled single samples and !3C-labeled mixed
samples; 2437, 2508, and 2493 peak pairs were detected in plasma,
RBCs, and PBMCs, respectively.

3.3.1. Metabolomics analysis of plasma

Of the 1654 peak pairs detected, 303 were in the Dns standard
library and 1351 were in the HMDB library (Supplementary Table
S2).The agglomeration of QC samples in PCA plot indicated that the
LC-MS method had good stability and repeatability (Fig. 3A). And
Fig. 3A shows that there was an outlier in the control group. After
taking this outlier out, we used the univariate analysis (i.e., volcano
plot) to select the significantly changed metabolites. To screen for
differential metabolites, paired t-test and FC values were used to
compare changes in peak pairs. We chose peak pair intensity, which
satisfied the requirement for p < 0.05 and FC > 1.2. Volcano plots
were used to filter differential peak pairs as indicated by red color
in the graph. The levels of 367 peak pairs differed markedly, regard-
less of sex (Fig. 3B). We also used the volcano plots to determine the
significantly changed metabolites between the females and males.

233 and 279 peak pairs showed significant changes in females and
males, respectively (Supplementary Fig. S2A, B). Detailed results of
peak pair comparisons are presented in a Venn diagram in Supple-
mentary Fig. S2C.

12 significant metabolites were identified using the Dns stan-
dard library (Supplementary Table S3). MetaboAnalyst ver. 3.0 was
used to conduct metabolic pathway analyses of these 12 metabo-
lites. Supplementary Fig. S2D presents an overview of pathway
analysis according to the pathway impact value and p-values.
Taurine and hypotaurine metabolism was the pathway most sig-
nificantly affected by irradiation in plasma, and hypotaurine was a
potential biomarker of metabolism (Fig. 3C); the details of metabo-
lites that were significantly changed are listed in Supplementary
Table S4. The metabolic pathways in plasma are listed in Supple-
mentary Table S5.

3.3.2. Metabolomics analysis of RBCs

A total of 275 peak pairs were detected in the Dns standard
library and 1455 in the HMDB library, such that the total number
was 1730 for RBCs (Supplementary Table S6). In the PCA score plot,
QC samples clustered together and there was no obvious outlier in
the analysis of metabolites for RBCs (Fig. 4A).

Significant peak pairs in RBCs are shown as a volcano plot (FC
> 1.2, p < 0.05) in Fig. 4B. Results of peak pair comparisons are



X.Lu,X.Zhu,D. Chenetal.

Gamma ray irradiation —» i

Journal of Pharmaceutical and Biomedical Analysis 204 (2021) 114247

:

Blood components isolation

Cell proliferation viability

@
and apoptosis test —> % m

PBMCs RBCs Plasma Plasma RBCs

"

Cell proliferation viability
and apoptosis test

/IN
T v

PBMCs

g

Cell metabolite extraction

DNS labeling

B3C-labeled pooled samples

12C-labeled individule samples %

LC-MS

Irradiation-related biomarkers and pathway

Fig. 2. Schematic of the overall workflow.

o
A B C £ 37 - ** wmm Control group
= == Irradiated group
&
40 —_~ B
- & 2 2-
& 20 20 2
< — =
=) 1 o=
< 0 T Il Control _-|
han / . S 14
= / MIrradiated a1
= ~ Hqc =
= 40 E;
-60 5 o

-60 -40 -20 0 20 40
£[1](20.1%)

log,(fold change)

female  male

Hypotaurine

Fig. 3. Metabolome profiling of plasma. (A) PCA score plot for plasma peak pairs in the control and irradiated groups. (B) Volcano plots of irradiation-induced changes. Red,
significant peak pairs (FC > 1.2, p < 0.05). (C) Peak pair intensity ratios of significant metabolites in males and females. Data are means =+ SDs; **p < 0.01. (For interpretation
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presented in a Venn diagram in Fig. 4C. The levels of 177 peak pairs
changed regardless of sex, and the levels of 134 and 176 changed
in females and males (Supplementary Fig. S3A, B), respectively.

3.3.3. Metabolomics analysis of PBMCs

For PBMCs, 324 peak pairs were detected in the Dns standard
library and 1342 pairs were inferred in the HMDB library (Sup-
plementary Table S7). In the PCA score plot, the tight clustering

of QC samples indicated high credibility and we found no obvi-
ous outlier to exclude in the analysis of metabolites for PBMCs
(Fig. 4D).

The details of Venn diagram are shown in Supplementary Table
S8.The levels of 219 peak pairs were altered by irradiation (Fig. 4E).
The levels of 156 and 323 peak pairs changed markedly in females
and males, respectively (Supplementary Fig. S3C, D). Significant
peak pairs are shown in a Venn diagram in Fig. 4F.
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3.3.4. Biomarker selection and pathway analyses of RBCs and
PBMCs

16 metabolites with differences in RBCs were detected in
the standard library, and 39 metabolites were inferred by the
zero-reaction library of HMDB (Supplementary Tables S9, 10).
Among the differential metabolites in PBMCs, 21 were present
in the standard library and 23 were identified in the zero-
reaction library of HMDB (Supplementary Tables S11, 12). These
metabolites were analyzed using MetaboAnalyst ver.3.0 to identify
differential metabolic pathways in RBCs and PBMCs (Fig. 5A, B).
Significant metabolic pathways of RBCs included aminoacyl-tRNA
biosynthesis and purine metabolism. In contrast, the differen-
tial metabolic pathways in PBMCs were related to tryptophan
and purine metabolism. Irradiation altered 11 and 20 metabolic
pathways in RBCs and PBMCs, respectively (Supplementary Table
S5). We identified the significant metabolites involved in the
final pathway, then evaluated them according to sex (Fig. 5C,
D). Fig. 6 presents a schematic illustration of the final pathway
analysis results of changes in purine metabolism that occurred
in both RBCs and PBMCs. 5-Aminoimidazole-4-carboxamide-
1-B-p-ribofuranoside (AICAR), 5-aminoimidazole-4-carboxamide,
phosphoribosyl formamidocarboxamide, inosine monophosphate
(IMP), adenosine monophosphate (AMP), hypoxanthine, and ino-
sine were decreased in RBCs. Adenine and deoxyguanosine
diphosphate (dGDP) were decreased in PBMCs, while inosine and
hypoxanthine were increased. The details of significant metabolites
are listed in Table 1. The alterations of these metabolites seemed to
be related to irradiation, and they may include potential biomark-
ers.

4. Discussion

In this study, we evaluated the effects of irradiation on plasma,
RBC, and PBMC metabolism. The quality of blood after irradiation

was confirmed by routine blood test and measurement of serum
potassium and RBC ATP levels. Proliferation activity and apoptosis
of PBMCs were examined by CCK-8 viability assay and flow cytom-
etry. The results showed that 1654 of 2437 peak pairs (67.87 %) in
plasma, 1730 of 2508 (68.98 %) in RBCs, and 1666 of 2493 (66.83 %)
in PBMCs were present in the Dns standard library and HMDB. The
detection of amine/phenol-containing metabolites after irradiation
implied that 12C/13C-dansylation labeling LC-MS provides com-
prehensive coverage. Unsupervised PCA score plot is sensitive to
outliers and noise [29]. Therefore, PCA plot was used in this study to
verify the stability of 12C/13C-dansylation labeling LC-MS method
and find outliers. We found an outlier in the analysis of plasma,
so this set of data has been excluded in the subsequent search for
differential metabolites in plasma. The final results suggested that
irradiation altered metabolism in plasma, RBCs, and PBMCs. The
differential metabolites were compared between gender, and the
outcome indicated that the variation trend was almost the same
between males and females. We next investigated the metabolic
pathways related to metabolites that showed differences in levels;
the results suggested that purine metabolism was altered in RBCs
and PBMCs, while taurine and hypotaurine metabolism was altered
in plasma.

CCK-8 test without PHA stimulation was performed to deter-
mine the viability of PBMCs in both control and irradiated groups.
The results showed that there were no significant differences in
PBMC viability before and after irradiation (data not shown). How-
ever, after stimulation of PBMCs with PHA, an exogenous agglutinin
that promotes proliferation by binding to mitogen receptors on the
lymphocyte cell membrane [25], we found that PBMC proliferation
was significantly decreased by irradiation. Moreover, Annexin V-PI
staining showed that irradiation promoted apoptosis of PBMCs. The
observations indicated that irradiation does not immediately alter
the viability of PBMCs, but changes their proliferation and apoptosis
characteristics. These effects may be related to radiation-induced
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Fig. 5. Metabolic pathway and irradiation-related biomarker analyses of RBCs and PBMCs. Overview of pathway analyses for significant metabolites in (A) RBCs and (B)
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Fig. 6. Schematic of purine metabolism. Purine metabolism was affected in RBCs and PBMCs. Blue and red boxes, metabolites that were significantly decreased in RBCs and
PBMCs, respectively, after irradiation. Yellow box, metabolites that decreased in RBCs but increased in PBMCs after irradiation. Green box, metabolites not detected by CIL
LC-MS. Solid lines indicate direct conversion between metabolites. Dashed lines indicated that some unrelated intermediate steps have been omitted. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 1
Metabolites of RBCs and PBMCs showing significant changes following irradiation.
No Normalized RT(s)  mz.light mz_heavy  Neutral Mass (Da) Intensity nCharge nTag Dns HMDB Categories
791 548.7 833.1669  837.18 366.0576 59,459 1 2 Phosphoribosyl for-
mamidocarboxamide
1553 9479 815.1548 819.1696  348.0454 8614 1 2 IMP
876 591.3 407.5904  409.597 347.0641 53614.90 2 2 AMP RBCs
784 544.7 370.0975 372.1038  136.0392 67547.33 1 1 Hypoxanthine
773 538.7 403.0901 405.0969  338.0635 12451.47 2 2 AICAR
1487 918 297.0859  299.0925  126.0551 6648.4 2 2 5-Aminoimidazole-4-
carboxamide
1520 937.1 368.0992 370.1058  268.0817 11004.25 2 2 Inosine
730 624.6 369.1131  371.119 135.0548 142960.73 1 1 Adenine
747 632.6 370.0973 372.1034  136.039 83706.33 1 1 Hypoxanthine PBMCs
402 4471 661.088 663.0942  427.0297 8932.57 1 1 dGDP
1329 936.2 368.0992 370.1058  268.0818 514049.35 2 2 Inosine

Abbreviation: AICAR, 5-aminoimidazole-4-carboxamide-1-f3-p-ribofuranoside; IMP, inosine monophosphate; AMP, adenosine monophosphate; dGDP, deoxyguanosine
diphosphate; PBMCs, peripheral blood mononuclear cells; RBCs, red blood cells; RT, retention time.

damage of DNA in PBMCs. Radiation has direct and indirect effects
on DNA: the direct effects are physical and chemical changes in
DNA, while the indirect effects are free radical-induced oxidative
damage, such as base modification, depolymerization, and chain

fracture [30]. Damage to nuclear DNA leads to inhibition of lym-
phocyte proliferation. The immune system is sensitive to radiation,
which induces lymphocyte apoptosis, disrupts cytokine synthesis,
and inhibits antibody production.
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Irradiation affected purine metabolism in PBMCs. Purine
metabolism includes de novo synthesis and the salvage pathway.
De novo purine synthesis involves phosphoribosyl pyrophosphate
(PRPP) and simple substrates, such as phosphate ribose, amino
acids, and CO,. Inosinic acid is generated and transformed into AMP
and guanosine monophosphate (GMP).

Cell division mandates vigorous DNA synthesis, in the mean
while nucleotide reductase system activity is strong and more
nucleotide compounds are produced. However, the levels of
nucleotide compounds, such as guanosine diphosphate (GDP) and
adenine, were decreased after irradiation (Fig. 6). The purinergic
salvage pathway alone cannot provide sufficient purine ana-
logues for lymphocyte proliferation [31]. Decreases in the levels
of nucleotide analogues arrest T lymphocytes in the G phase of
the cell cycle; they also suppress responses to immune signals,
phagocytosis, production of lymphocyte factors, and lymphocyte
maturation [32]. Irradiation interferes with purine metabolism.
Adenine is a component of nucleic acids and a coenzyme involved
in the synthesis of DNA and RNA; it is used therapeutically to pro-
mote the generation of white blood cells [33]. After irradiation,
the adenine content decreased, accompanied by a decrease in the
adenine-mediated promotion of leukocyte proliferation. Bases can
be deamidated by ionizing radiation, resulting in base mismatch
during transcription and replication [34]. Hypoxanthine is a prod-
uct of spontaneous deamination of adenine, which is structurally
similar to guanine. Adenine may be converted into hypoxanthine to
pair with cytosine [35], which could explain the increased hypox-
anthine content in PBMCs associated with irradiation. Therefore,
after irradiation of blood, the DNA replication capacity of PBMCs is
decreased, which reduces the proliferation of PBMCs and acceler-
ates apoptosis, finally reducing the possibility of TA-GVHD.

Irradiation at a dose of 25 Gy did not markedly affect the
activity or function of RBCs. There were no significant changes
in pH or hemoglobin content between the irradiated and con-
trol groups during storage [36]. However, with increasing storage
time, irradiation could aggravate the storage lesions of RBCs [37].
Irradiation exacerbates some elements of RBC storage lesions. For
example, irradiation promotes hemolysis of RBCs and increases
the potassium ion content of plasma [10]. Recent untargeted
metabolic research showed that irradiation altered arachidonic
acid metabolism in RBCs [38]. Dysfunction of 8-isoprostane, a dif-
ferential metabolite in this pathway, may cause the RBC membrane
to harden and lose its ability to deform. As shown in Fig. 6, AMP
production in RBCs was decreased by irradiation. AMP, which con-
sists of the nucleobase adenine, the sugar ribose, and a phosphate
group, is converted into adenosine diphosphate and then into ATP,
which is a signaling molecule in purine metabolism that mediates
energy exchange [39]. Our results showed that the effects of irradi-
ation on erythrocyte ATP level were not clinically significant [40].
The ratio of AMP to ATP presumably decreases after irradiation.
An increase in AMP/ATP content enhances cellular repair ability
[41]. Taken together, the results indicated that, although irradiation
has minimal effect on RBCs, it may influence their preservation in
storage due to the decrease in AMP content.

Taurine and hypotaurine metabolism in plasma was affected
by irradiation. Irradiation significantly increased the hypotaurine
content in both males and females. Irradiation damages the RBC
membranes and reduces antioxidant activity in these cells [42].
Hypotaurine acts as an antioxidant by scavenging hydroxyl radicals
[43] to repair irradiation-induced damage. Hypotaurine is also the
precursor of taurine [44], and both are concentrated in leukocytes.
Taurine increases the number of leukocytes [45] and its metabolism
ismodulated by stress [46]. Hypotaurine may show a compensatory
increase when the proliferation of PBMCs is inhibited by irradiation.

This study had several limitations. We did not examine the
dynamic changes in metabolism in irradiated blood during storage.
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Moreover, further studies with larger sample sizes are required to
verify the results. There were no significant differences in the lev-
els of potassium and ATP before and after irradiation, indicating
that the quality of blood was not significantly altered by irradi-
ation. The total number of RBCs and hemoglobin level were not
significantly altered after irradiation. White blood cells and lym-
phocytes, as well as the proportions of lymphocytes and monocytes,
were decreased by irradiation; however, they remained within the
respective normal ranges. The apoptosis of PBMCs was increased
and their proliferation was inhibited. Changes in the contents of
adenine and hypoxanthine as components of purine metabolism
in PBMCs may have inhibited DNA synthesis and thus inhibited
the proliferation of these cells. These results indicated that irradi-
ation prevented TA-GVHD, but had minimal effects on plasma and
RBCs. Increased levels of hypotaurine in plasma may repair radia-
tion damage. However, the decrease in AMP level in RBCs suggests
that irradiation would influence the quality of these cells during
storage, and therefore the addition of AMP should be considered
to preserve RBCs during storage. We suggest that irradiation of
blood should be promoted in clinical practice, and that it should
be transfused earlier after irradiation.

5. Conclusions

In conclusion, a 12C/13C-dansylation labeling LC-MS metabolic
detecting technique was used to investigate the effects of irradia-
tion on metabolism in blood components. Irradiation had marked
effects on the metabolism of blood components, particularly lym-
phocyte proliferation and apoptosis, as well as the preservation of
RBCs. Taurine and hypotaurine metabolism in plasma and purine
metabolism in PBMCs and RBCs were affected by irradiation. The
significant metabolites were adenine and hypoxanthine in PBMCs,
AMP in RBCs, and hypotaurine in plasma. Our research provided a
comprehensive overview of metabolic changes after blood irradia-
tion, and provided a basis for further studies to optimize the use of
irradiated blood in clinical settings.
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