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Łukasz Boguszewicz 1,* , Agata Bieleń 2, Mateusz Ciszek 1, Jacek Wendykier 3, Krzysztof Szczepanik 4,
Agnieszka Skorupa 1, Jolanta Mrochem-Kwarciak 5, Krzysztof Składowski 2 and Maria Sokół 1

����������
�������

Citation: Boguszewicz, Ł.; Bieleń, A.;

Ciszek, M.; Wendykier, J.; Szczepanik,

K.; Skorupa, A.; Mrochem-Kwarciak,

J.; Składowski, K.; Sokół, M.

NMR-Based Metabolomics in

Investigation of the Radiation

Induced Changes in Blood Serum of

Head and Neck Cancer Patients and

Its Correlation with the Tissue

Volumes Exposed to the Particulate

Doses. Int. J. Mol. Sci. 2021, 22, 6310.

https://doi.org/10.3390/

ijms22126310

Academic Editor: Susan Costantini

Received: 5 May 2021

Accepted: 8 June 2021

Published: 11 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Medical Physics, Maria Sklodowska-Curie National Research Institute of Oncology,
Gliwice Branch, 44-102 Gliwice, Poland; mateusz.ciszek@io.gliwice.pl (M.C.);
agnieszka.skorupa@io.gliwice.pl (A.S.); maria.sokol@io.gliwice.pl (M.S.)

2 1st Radiation and Clinical Oncology Department, Maria Sklodowska-Curie National Research Institute of
Oncology, Gliwice Branch, 44-102 Gliwice, Poland; agata.bielen@io.gliwice.pl (A.B.);
krzysztof.skladowski@io.gliwice.pl (K.S.)

3 Radiotherapy Planning Department, Maria Sklodowska-Curie National Research Institute of Oncology,
Gliwice Branch, 44-102 Gliwice, Poland; jacek.wendykier@io.gliwice.pl

4 Radiotherapy Department, Maria Sklodowska-Curie National Research Institute of Oncology, Gliwice Branch,
44-102 Gliwice, Poland; krzysztof.szczepanik@io.gliwice.pl

5 Analytics and Clinical Biochemistry Department, Maria Sklodowska-Curie National Research Institute of
Oncology, Gliwice Branch, 44-102 Gliwice, Poland; jolanta.mrochem-kwarciak@io.gliwice.pl

* Correspondence: lukasz.boguszewicz@io.gliwice.pl

Abstract: In the present study, we analyze the nuclear magnetic resonance (NMR) blood serum
metabolic profiles of 106 head and neck squamous cell carcinoma (HNSCC) patients during radio (RT)
and concurrent radio-chemotherapy (CHRT). Four different fractionation schemes were compared.
The blood samples were collected weekly, from the day before the treatment until the last week
of CHRT/RT. The NMR spectra were acquired on A Bruker 400 MHz spectrometer at 310 K and
analyzed using multivariate methods. Seven metabolites were found significantly to be altered solely
by radiotherapy: N-acetyl-glycoprotein (NAG), N-acetylcysteine, glycerol, glycolate and the lipids at
0.9, 1.3 and 3.2 ppm. The NMR results were correlated with the tissue volumes receiving a particular
dose of radiation. The influence of the irradiated volume on the metabolic profile is weak and mainly
limited to sparse correlations with the inflammatory markers, creatinine and the lymphocyte count
in RT and the branched-chain amino-acids in CHRT. This is probably due to the optimal planning
and delivery of radiotherapy improving sparing of the surrounding normal tissues and minimizing
the differences between the patients (caused by the tumor location and size).

Keywords: metabolomics; cancer; radiotherapy; toxicity; NMR

1. Introduction

The anatomical sub-sites and the morphological sub-varieties of head and neck squa-
mous cell carcinomas (HNSCC) have different biology, patterns of spread, and treatment
requirements [1]. Their therapeutic irradiation remains a challenge for the radiation oncol-
ogists and the survival rates for locally advanced HNSCC are still poor [2].

Over the last few decades there has been a tremendous development in radiation ther-
apy (RT) associated with the introduction of advanced dose-delivery techniques, including
intensity-modulated radiation therapy (IMRT) [3]. In parallel, various altered fractionation
strategies, e.g., hyper-fractionation, accelerated fractionation, and hypo-fractionation have
been introduced and demonstrated improvements in overall and progression-free survival
when compared with conventional fractionation radiotherapy [4].

Int. J. Mol. Sci. 2021, 22, 6310. https://doi.org/10.3390/ijms22126310 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-9460-837X
https://orcid.org/0000-0003-1611-8241
https://doi.org/10.3390/ijms22126310
https://doi.org/10.3390/ijms22126310
https://doi.org/10.3390/ijms22126310
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22126310
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22126310?type=check_update&version=2


Int. J. Mol. Sci. 2021, 22, 6310 2 of 21

Treatment intensification by applying RT alone or in combination with chemotherapy
(CHRT), has improved the survival of the patients with HNSCC, but factors like large
irradiated volumes, use of chemotherapy, bilateral radiation and dose intensification
may increase the toxicity even with advanced techniques [5–7]. The significant problems
associated with a high toxicity as well as the resistance to current treatments highlight an
urgent need for more effective therapies, alongside clinically relevant biomarkers to stratify
patients and improve the treatment outcomes [8].

The RT induced toxicity in HNSCC, also in a predictive perspective, is being exten-
sively studied at clinical [9–11] as well as metabolic [12,13] and proteomic levels [14–16]. In
our previous works we identified the preliminary candidates for the toxicity biomarkers in
the sera of the HNSCC patients using NMR-based metabolomics. The metabolites involved
in the inflammatory processes, energy metabolism and disturbed membrane metabolism
were found to be significantly correlated with acute radiation-associated toxicity [12], while
a marked increase in the concentration of the ketone bodies was found to be a strong
predictor of cachexia [13].

Very recent studies on radiation biodosimetry report that it is possible to distinguish
the metabolic changes in blood and urine due to a partial- and total-body irradiation of
animals and humans [17,18]. However, in case of tumors of a similar stage and location, e.g.,
in the locally advanced head and neck cancers, the irradiated volumes differ only slightly.
Therefore, it may be much more difficult to observe the metabolic changes correlated with
the size of the irradiated area.

The study is based on the hypotheses that the alterations in the blood serum metabolic
profiles reflect the injury to the tumor and normal tissue during the radio- or chemora-
diotherapy of the HNSCC patients and that these effects can be distinguished via an
NMR-based metabolomics as well as that the metabolic response is proportional to the
irradiated volume, even within a particular treatment scheme. The metabolic response to
the therapy is analyzed and correlated in a week to week manner with the tissue volumes
receiving a particular dose of radiation. The aim of the study is to descriptively character-
ize the metabolic response to anti-cancer treatment which may aid in understanding of
the background of the cancer molecular mechanism, acute radiation-associated toxicity
intensification in some patients as well as being able to contribute to a more personalized
approach to the treatment.

2. Materials and Methods
2.1. Characteristics of the Patients Groups

The retrospective study was approved by the Ethics Committee and the informed
written consent of the participants was obtained. The studied group consisted of 106
HNSCC patients, 79 men and 27 women, all Caucasians, aged between 41 and 79 years and
treated in the 1st Radiation and Clinical Oncology Department of Maria Sklodowska-Curie
National Research Institute of Oncology, Gliwice Branch, Poland. All patients were treated
with radical intent with radiotherapy (RT) or concurrent radio-chemotherapy (CHRT) using
four fractionation techniques [12]:

• CONV (conventional fractionation): 2 Gy per fraction, 35 fractions, the total dose
70 Gy, delivered once-a-day and 5-days-a-week with a weekend break, for 7 weeks;
55 patients treated with a concurrent CHRT, 7 patients treated with RT only;

• CAIR (continuous accelerated irradiation): 1.8 Gy per fraction, 40 fractions, the total
dose 72 Gy, delivered once-a-day and 7-days-a-week, for 6 weeks; 22 patients.

• Manchester scheme (accelerated hypofractionated irradiation): 3 Gy per fraction,
17 fractions, the total dose 51 Gy, delivered once-a-day and 5-days-a-week with a
weekend break, for 3.5 weeks; 19 patients.

• SIB (accelerated irradiation with simultaneous integrated boost): 2.2 Gy per fraction
to the total dose 66 Gy for gross tumor volume (PTV1), 2.0 Gy per fraction to the
total dose 60 Gy for gross tumor volume plus anatomical margins (PTV2), 1.8 Gy per
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fraction to the total dose 54 Gy for elective fields (PTV3), all in 30 fractions, delivered
once-a-day and 5-days-a-week with a weekend break, for 6 weeks; 3 patients.

The detailed patients’ characteristics are presented in Table S1 (Supplementary Materials).

2.2. Volumes Receiving a Particular Dose of Irradiation

The volumes receiving the following doses: 5, 10, 15, 20, 25, 30, 40, 50, 60 and
70 Gy, were calculated with the Varian treatment planning system Eclipse v.16 using the
“Convert Isodose Level to Structure” functionality. The volumes of the obtained structures
were calculated using “Measure Volume” option. The distribution of the isodoses in the
irradiated target depended on the tumor size and location, a method of normalization
of the distribution, protection of critical organs as well as preferences of the planning
medical physicist.

2.3. Serum Samples Collection

The overnight fasting blood samples from the peripheral vein were collected weekly,
starting from the day before the treatment and stopping within the last week of the
RT/CHRT completion, resulting in a total number of 738 blood samples. The samples
were incubated for 30 min at room temperature and then centrifuged (1000× g, 10 min) to
remove the clot, and stored frozen at −80 ◦C until the NMR measurements were performed.

2.4. Sample Preparation for NMR Spectroscopy

The serum samples were thawed in two steps (at 4 ◦C and at room temperature) and
mixed with a phosphate buffer (pH 7.4) containing D2O and TSP. The aliquots of 600 µL of
the solution were transferred into 5 mm Wilmad WG-1235-7 NMR tubes (Wilmad Labglass,
Vineland, NJ, USA) and kept at 4 ◦C until the NMR analysis.

2.5. Measurement Protocol

The same measurement protocol as in our previous metabolomic studies [12,13] was
applied. The 1H NMR spectra were acquired on a Bruker 400 MHz Avance III spectrometer
(Bruker Biospin, Rheinstetten, Germany) equipped with a 5 mm PABBI probe. The quality
control tests were performed at every measurement day. The NMR probe tuning and
matching, shimming, determination of the transmitter offset value for the water pulse
presaturation and 90◦ pulse adjustments were always made for each sample. The receiver
gain was set to 90.5 and the temperature to 310 K for all the experiments. For each serum
sample, four 1H NMR spectra were acquired with different pulse sequences: Nuclear
Overhauser Effect SpectroscopY (NOESY), Carr–Purcell–Meiboom–Gill (CPMG), diffusion
edited (DIFF) and J-resolved (JRES). The characteristics of the spectra as well as the pulse
sequence parameters are given in the Supplementary Materials (Table S2) .

2.6. Spectra Post-Processing

All 1D spectra were processed with a line broadening of 0.3 Hz and automatically
phase corrected (in Topspin software from Bruker Biospin), referenced to the methyl doublet
of alanine at 1.5 ppm and bucketed over the region 9.0–0.5 ppm with the bucket width set to
0.002 ppm using AMIX software (Bruker Biospin). The water signal region (5.15–4.38 ppm,
d = 0.77 ppm) was excluded, as the water residual signal after suppression is not of interest
and often interferes with the signals from other metabolites. No normalization was applied.
This is the standard processing protocol used in our metabolomic lab [12,13].

2.7. Metabolite Identification

The metabolite identification was performed based on the comparisons with the refer-
ence compounds library (in Chenomx NMR Suite Professional (Chenomx Inc., Edmonton,
AB, Canada)) using the CPMG spectra, as well as on the basis of the multiplicity and scalar
couplings information extracted from the 2D JRES spectra, and using the information from
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the Human Metabolome Database (http://www.hmdb.ca/ accessed on 6 June 2021) and
available literature.

2.8. Metabolite Quantification

The low molecular weight metabolites were quantified based on the 1D positive pro-
jections of the JRES spectra. The diffusion edited spectra were used for quantification of
the lipid signals. The integrals were measured in the spectral regions defined individu-
ally for each metabolite using “the sum all points in region” method in AMIX (Bruker
Biospin) software.

2.9. Data Analysis and the Validation of the Multivariate Model

The multivariate analyses were performed on the 1D positive projections of the JRES
spectra using SIMCA-P+ (Umetrics, v. 15) software. The NMR variables were Pareto
scaled. Orthogonal partial least squares discriminant analysis (OPLS-DA) was used for
class discrimination. The OPLS-DA models were assessed using permutation testing
and ANOVA of the cross-validated residuals (cv-ANOVA). The detailed description and
interpretation of the OPLS-DA plots is available in [12]. The univariate statistical analyses,
e.g., the Spearman’s correlation, were carried out using Statistica software (Statsoft, v. 12).

3. Results
3.1. Differences in Volumes Receiving Particular Dose of Irradiation

The RT fractionation strategies were compared taking into account the volumes
receiving the same dose. Figure 1 shows the box-plot of the volumes receiving from 5
to 70 Gy for the applied RT techniques. It is clearly seen that the volumes receiving a
particular dose are distinctly smaller for the patients treated with the Manchester technique.
The statistical significance of the observed difference was confirmed using the Kruskal–
Wallis ANOVA tests with p-value < 0.05. There were no significant differences between
the remaining RT techniques, except the volumes receiving 50 and 70 Gy, which were
significantly larger in the CAIR technique when compared to CONV.

Figure 1. The box and whisker plot comparison of the volumes (in cm3) receiving a particular
radiation dose: from 5 to 70 Gy in SIB, CONV and CAIR fractionated radiotherapy (RT); and from 5
to 50 Gy in Manchester fractionated RT.

http://www.hmdb.ca/
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3.2. Blood Serum Metabolic Profile vs. Radiation Therapy

In order to eliminate a possible influence of the differences in the volumes receiving
a particular RT dose as well as of those in the fraction dose, the following analyses were
performed, separately for the patients treated with:

• Concurrent CHRT (CONV RT fractionation with one to three cycles of CHT adminis-
tered at weeks 0, 3 and 6 during RT),

• RT with CAIR/CONV/SIB fractionation,
• RT with Manchester fractionation.

Two types of OLS-DA analyses were performed for each of the three studied groups:

• Type I—the metabolic profiles were compared in a weekly increment in RT (e.g.,
week-0 vs. week-1, week-1 vs. week-2, etc.).

• Type II—the changes in the blood serum during RT were compared to week-0 (e.g.,
week-0 vs. week-1, week-0 vs. week-2, etc.).

The OPLS-DA method was not able to deliver significant models differentiating the
metabolic changes between the adjacent weeks (Type I analyses) as well as significant
models showing early response to RT (up to the second week) except CHRT where all the
Type II OPLS-DA models were significant. The results below show only the statistically
important models.

3.2.1. Concurrent CHRT

Figure 2 shows the OPLS-DA score plots differentiating week-0 from the consecutive
weeks of the CHRT treatment, the x-scale (predictive direction t [1]) is the same for all
the plots. As the treatment progresses, there is a visible improvement in the separation
of the particular groups. The corresponding s-line plots, based on which the important
metabolites have been identified, are available in the Supplementary Materials (Figure S1).
The highest number of the significantly treatment-altered metabolites was identified by the
OPLS-DA model separating the weeks 0 and 4. The summary of the OPLS-DA analyses
with the models’ diagnostic parameters as well as a complete list of the metabolites that
are significantly disturbed throughout the treatment (week-1 to week-7) compared to
the baseline (week-0) levels are provided in Table 1. The initial (week-1) response to the
treatment is manifested by the simultaneously increased levels of the branched-chain
amino acids (BCAAs: leucine, valine and isoleucine), N-acetyl-glycoprotein (NAG), N-
acetylcysteine, glutamine, creatinine and tyrosine as well as the decreased lipid signals
at 3.2 ppm and the deformations (decrease) of the downfield part of the resonance at
0.9 ppm. The lipid band at 0.9 ppm derives from the terminal CH3 groups of fatty acids,
triglycerides and phospholipids as well as from the cholesterol methyls [19,20]. Thus, the
changes in its shape and intensity indicate the variation in the mutual contributions of the
individual components. Week-2 brings about a normalization of the observed changes,
except the decrease in the lipids at 3.2 and 0.9 ppm. However, by week 3, a part of the
initial treatment-induced alterations recurs and persists throughout the further treatment,
i.e., the increases in NAG and N-acetylcysteine. Furthermore, the levels of glycerol and
glycolate are observed to increase. The temporarily elevated amino acids are BCAAs and
glutamine (increase at week-4), the lipid resonance at 1.3 ppm (increase in the upfield part
of the band at weeks 6 and 7), whereas betaine (week 7), glucose (week 6) and methanol
(weeks 3, 5 and 7) become temporarily reduced at the indicated time points.
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Figure 2. OPLS-DA scores plots differentiating week-0 from the consecutive weeks of radio-
chemotherapy (CHRT), the x-scale (predictive direction t [1]) is the same for all plots. Week-0
vs. week-1 (a), week-2 (b), week-3 (c), week-4 (d), week-5 (e), week-6 (f) and week-7 (g).
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Table 1. Results from the OPLS-DA analysis of the blood serum metabolic profile changes occurring during concurrent
chemoradiotherapy (CHRT).

Weeks of CHRT Treatment 0 vs. 1 0 vs. 2 0 vs. 3 0 vs. 4 0 vs. 5 0 vs. 6 0 vs. 7

OPLS-DA Model Quality Parameters

R2X 0.05 0.05 0.1 0.06 0.06 0.06 0.06
R2 0.49 0.54 0.5 0.61 0.7 0.69 0.71
Q2 0.33 0.35 0.34 0.54 0.56 0.61 0.63

Number of orthogonal components
2 2 2 2 3 2 2

Cumulative R2X of orthogonal components
R2X(o) 0.66 0.59 0.57 0.6 0.67 0.59 0.59

Metabolites increased during radiotherapy
ppm p(corr) p(corr) p(corr) p(corr) p(corr) p(corr) p(corr)

Isoleucine 0.95 0.4 0.4

Leucine 0.977
0.56 0.35
0.64 0.41
0.56 0.41

Valine 1.005
0.7 0.49

0.62 0.46
Isoleucine 1.02 0.59 0.51

Valine 1.055
0.48 0.42
0.54 0.4

Lipids
1.3 >0.4 >0.45 >0.5Low ppm slope

NAG 2.057 0.43 0.4 0.6 0.43 0.53 0.59
N-acetylcysteine 2.089 0.53 0.38 0.58 0.41 0.47 0.53

Glutamine 2.14–2.17 >0.45 >0.38
Creatinine 3.05 0.45

Glycine 3.57 0.54 0.6 0.57 0.6 0.52

Glycerol 3.6
0.52 0.58 0.54 0.6 0.6
0.48 0.6 0.58 0.63 0.63

Valine 3.62 0.54

Glycerol 3.68

0.4 0.5 0.52 0.6
0.36 0.4 0.47 0.15 0.49
0.55 0.7 0.52 0.47 0.65
0.56 0.57 0.58 0.59

Glycolate 3.96 0.66 0.72 0.66 0.64 0.65
Tyrosine 6.92 0.44
Tyrosine 7.21 0.4

Metabolites decreased radiotherapy
Lipids Low ppm slope 0.9 >0.4 >0.4 >0.6 >0.65 >0.65 >0.71 >0.73

Alanine 1.45 0.37 0.51
Lipids

3.2 >0.45 >0.5 >0.6 >0.65 >0.67 >0.67 >0.64Low ppm slope
Betaine 3.28 0.39

Methanol 3.38 0.41 0.5 0.43
Glucose 5.2 0.36

3.2.2. Radiotherapy with CAIR/CONV/SIB Fractionation

Figure 3 shows the OPLS-DA score plots differentiating week-0 from weeks 3–6 (the
models differentiating the remaining weeks were insignificant) of RT with CAIR/CONV/SIB
fractionation. The presented plots show a decent class separation; the corresponding s-line
plots, based on which the important metabolites have been identified, are available in
the Supplementary Materials (Figure S2). Table 2 summarizes the OPLS-DA results. The
metabolic response to RT is similar throughout the treatment, with the highest number of
altered metabolites at week 6, exhibiting an increase in NAG, N-acetylcysteine, glycerol,
glycolate and a decrease in alanine, creatinine, betaine, the lipids at 1.3, 3.2 and 5.3 ppm as
well as a decrease in the upfield part of the lipid band at 0.9 ppm.
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Figure 3. OPLS-DA score plots differentiating week-0 from the consecutive weeks of radiotherapy
(RT) with CAIR/CONV/SIB fractionation. Week-0 vs. week-3 (a), week-4 (b), week-5 (c) and week-6
(d). The models differentiating the remaining weeks from week 0 were not significant.

3.2.3. Radiotherapy with Manchester Fractionation

Figure 4 shows the OPLS-DA scores plots differentiating week-0 from week-3 and
week-4 (the models differentiating week-1 and week-2 from week-0 were not significant) of
RT with Manchester fractionation. The classes are separated clearly and the corresponding
s-line plots (based on which the important metabolites have been identified) are available
in the Supplementary Materials (Figure S3). The summary of the OPLS-DA analyses is
presented in Table 3. The metabolic response to RT in week-3 and week-4 comprises the
increases in NAG, N-acetylcysteine, glycerol and glycolate as well as a reduction in the
lipids at 1.3 ppm and the lipids contributing to the upfield part of the bands at 0.9 and
3.2 ppm. Furthermore, at week-4 the levels of glutamine and lysine are higher compared
to week-0.
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Table 2. Results from the OPLS-DA analysis of the blood serum metabolic profile changes occurring during radiotherapy of
the patients receiving CAIR/CONV/SIB fractionated radiotherapy (RT).

Weeks of CAIR/CONV/SIB Treatment 0 vs. 3 0 vs. 4 0 vs. 5 0 vs. 6

OPLS-DA Model Quality Parameters

R2X 0.145 0.062 0.07 0.09
R2 0.56 0.63 0.66 0.7
Q2 0.29 0.48 0.43 0.56

Number of orthogonal components
2 2 2 2

Cumulative R2X of orthogonal components
R2X(o) 0.51 0.59 0.59 0.57

Metabolites increased during RT
ppm p(corr) p(corr) p(corr) p(corr)

NAG 2.057 0.31 0.43 0.58 0.38
N-acetylcysteine 2.089 0.32 0.43 0.57 0.37

Glycerol 3.6
0.39 0.51 0.6 0.56
0.37 0.48 0.63 0.49

Glycerol 3.68

0.31 0.48 0.51 0.48
0.3 0.44 0.41 0.41

0.43 0.58 0.58 0.58
0.49 0.51 0.65 0.57

Glycolate 3.96 0.48 0.62 0.74 0.58
Metabolites decreased during RT

Lipids Low ppm slope 0.9 >0.45 >0.5 >0.47 >0.62
Lipids 1.3 >0.44 0.34 0.34

Alanine 1.45 0.46
Creatinine 3.05 0.44 0.45 0.57

Lipids Low ppm slope 3.2 >0.5 0.54 >0.49 >0.62
Betaine 3.28 0.44 0.33
Lipids 5.3 >0.4 >0.35

Figure 4. OPLS-DA scores plots differentiating week-0 from the week-3 (a) and week-4 (b) of
radiotherapy (RT) with Manchester fractionation. The models differentiating week-0 from week-1
and week-2 were not significant.
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Table 3. Results from the OPLS-DA analysis of the blood serum metabolic profile changes occurring
during radiotherapy of the patients receiving Manchester fractionated radiotherapy (RT).

Weeks of Manchester Treatment 0 vs. 3 0 vs. 4

OPLS-DA Model Quality Parameters

R2X 0.07 0.1
R2 0.75 0.79
Q2 0.57 0.63

Number of orthogonal components
3 2

Cumulative R2X of orthogonal components
R2X(o) 0.77 0.7

Metabolites increased during RT
ppm p(corr) p(corr)

Lysine 1.7 0.48
NAG 2.057 0.39 0.4

N-acetylcysteine 2.089 0.44 0.43
Glutamine 2.14–2.17 0.39

Lysine 3.02 0.45

Glycerol 3.6
0.61 0.5
0.62 0.53

Glycerol 3.68

0.54 0.45
0.54 0.47
0.58 0.51
0.63 0.51

Glycolate 3.96 0.69 0.57
Metabolites decreased during RT

Lipids Low ppm slope 0.9 >0.35 >0.57
Lipids 1.3 >0.32 >0.34

Lipids Low ppm slope 3.2 >0.43 >0.6

3.2.4. Irradiated Volume Impact on the Metabolic Profile

The Spearman’s rank correlation coefficients (R) were calculated to examine the
relationship between the intensities of the twenty important metabolites (Tables 1–3) and
the irradiated volumes. The analyses were performed separately for each week of the
treatment. In addition, the correlations were also assessed for five laboratory parameters,
often analyzed during RT, i.e., c-reactive protein (CRP), lymphocyte count, monocyte
count, absolute neutrophil count and the prealbumin levels (PreALB). Only the significant
(with the threshold set at p < 0.05 and R ≥ 0.30) results are presented. Figures 5–7 show
the Spearman’s correlation heat maps obtained for CHRT (Figure 5), CAIR/CONV/SIB
radiotherapy (Figure 6) and radiotherapy with Manchester fractionation (Figure 7). The
patterns of the significant correlations obtained for the studied treatment modalities differ
and, although the significant correlations are observed for 16 (out of 20 identified in the
OPLS-DA analyses) metabolites, the overall number of significantly correlated changes in
the treatment course is relatively small and show high variability, even within a particular
treatment modality. The most frequent correlations between the blood serum metabolites
and the irradiated volumes involve the branched chain amino-acids (BCAA: isoleucine,
leucine, valine), creatinine, NAG and lipids (in Manchester fractionation). Moreover, for
the analyzed clinical parameters, the correlations with the irradiated volumes are mostly
observed for CRP and the lymphocyte count.
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Figure 5. Heat map of the Spearman’s correlations between the blood serum metabolites and the
irradiated volumes receiving a particular dose during concurrent chemoradiotherapy.
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Figure 6. Heat map of the Spearman’s correlations between the blood serum metabolites and the
irradiated volumes receiving a particular dose during CAIR/CONV/SIB fractionated radiotherapy.
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Figure 7. Heat map of the Spearman’s correlations between the blood serum metabolites and the
irradiated volumes receiving a particular dose during Manchester fractionated radiotherapy.

In concurrent chemoradiotherapy (Table 1 and Figure 5), from the metabolites el-
evated during the treatment, only the increase in BCAAs is positively correlated with
the irradiated volume. Such a correlation is also observed for creatinine; however, this
metabolite was significantly increased only when comparing week-0 and week-1 of the
treatment. Surprisingly, NAG (NMR marker of inflammation) shows almost no correlation
with the irradiated volume, contrary to CRP. None of the metabolites decreasing during
the treatment were found to correlate with the irradiated volume.

The increase in BCAAs is also positively correlated with the irradiated volume in
CAIR/CONV/SIB radiotherapy (Figure 6); however, this elevation is not significant
(Table 2). In turn, the increase in the NAG signal during the RT course (and in CRP dur-
ing the first two weeks of RT) shows a significant positive correlation with the volumes
receiving 60 and 70 Gy (Figure 6). Among the metabolites decreasing during the treatment,
creatinine and lipids show a sparse negative correlation with the irradiated volume. A
marked negative correlation is observed between the lymphocyte count and the volumes
receiving from 5 to 60 Gy (weeks 4, 5 and 6) (Figure 6).

The correlations heat map for Manchester fractionated RT (Figure 7) shows a pat-
tern, which does not correspond well with the OPLS-DA analyses (Table 3). The distinct
negative correlations between glutamine, glycine, the lipid signals at 3.2 ppm and the
volumes receiving from 5 to 40 Gy are observed after week-1 of RT. However, none of
these metabolites are significantly changed at the early stage of the treatment (Table 3). At
week-4 the lipid signals positively correlate with the volumes receiving from 10 to 40 Gy
(the lipids at 1.3 ppm), from 20 to 40 Gy (the lipids at 0.9 ppm) and from 30 to 40 Gy (the
lipids at 5.3 ppm). This is in contrast to the results from OPLS-DA, where the lipid signals
(except the lipids at 5.3 ppm) are decreased due to RT.
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4. Discussion

Radiation-induced tissue injury is a major dose-limiting toxicity in head and neck
cancer patients. The incidence of such events increases with the dose and the irradiated
volume. In the present study, we focused on the HNSCC patients treated with RT or CHRT
and analyzed the changes in their serum metabolic profiles in relation to the irradiated
volume in the head and neck area. For the purpose of the present study, 10 volumes
receiving the doses of 5, 10, 15, 20, 25, 30, 40, 50, 60 and 70 Gy, were calculated for
each patient using the treatment planning system (for the Manchester fractionation only
eight volumes were obtained as the maximum dose was 51 Gy). As seen in Figure 1
the volumes receiving a particular dose are similar for CONV, CAIR and SIB RT, but for
Manchester fractionation they are significantly smaller. In the group treated according
to the Manchester schedule there were only the patients with low stage (T1N0M0 and
T2N0M0) larynx cancers, and thus with very small malignant lesions. In order to exclude
the potential biasing factors, the analyses for the patients treated with CHRT, Manchester
fractionation and with CAIR/CONV/SIB fractionation were performed separately.

In our previous study [13] we observed the intense signals of the ketone bodies (3-
hydroxybutyrate, acetoacetate and acetone) in the NMR spectra of the HNSCC patients
developing cachexia during RT/CHRT. These signals (except acetone) are not normally
detected in the blood serum, while in case of malnutrition and cachexia they may dominate
the NMR spectra [13]. Thus, the spectral regions corresponding to these signals were
excluded from the analyses in order to detect mainly the changes due to radiotherapy.

Regardless of the applied RT fractionation, the OPLS-DA method was not able to
find the metabolic features distinctive for the early therapy stages as well as the features
separating the consecutive treatment weeks (the statistically significant differences were
observed only for the OPLS-DA model differentiating week-0 and week-1 of CHRT). There
are patient- and blood collection procedure-related groups of the reasons responsible for
these difficulties. In the patient-related group, the inter-individual differences in radio-
sensitivity, being due to various endogenous and exogenous factors, are of importance.
Thus, the response to ionizing radiation is individual and variable, being influenced by age,
smoking, diabetes, collagen vascular disease, genotype [21] and the drugs taken [22], which
in consequence weakens the power of the statistical tests [13]. In turn, the other group
includes the causes related mainly to the inaccuracies in the blood sampling procedure.
The weekly schedule of the blood collecting was not always followed precisely (due to
the difficulties resulting from a daily hospital work); when the intervals between the
blood sampling time-points were too long (2–4 days), such samples were excluded from
the analysis, to minimize this variability, or assigned to the previous or following week.
Moreover, it cannot be excluded that the weekly interval may be too short to observe a
significant systemic metabolic response to irradiation. This supposition finds additional
support in the subsequent analyses, where the consecutive weeks of the treatment were
compared to week-0. In case of radiotherapy alone (Tables 2 and 3 and Figures 3 and 4) no
significant differences were found until comparing week-0 with week-3. The OPLS-DA
models differentiating week-0 from week-1 and week-2 in CHRT were significant, but the
observed metabolic alterations may be influenced by or due to chemotherapy, which was
administered at weeks 0, 3 and 6.

Of the 20 metabolites identified by the OPLS-DA models as important for the dis-
crimination between the respective weeks of the treatment and week-0 (Tables 1–3), only
seven are important in all treatment groups (CHRT, CAIR/SIB/CONV and Manchester):
NAG, N-acetylcysteine, glycerol, glycolate and the lipids at 0.9, 1.3 and 3.2 ppm. Figure S4
(Supplementary Materials) shows a summary of the OPLS-DA analyses; the features com-
mon to the particular treatment methods are color-coded. The lipid signals are from the
CH2 and CH3 groups of cholesterol and cholesteryl ester (0.9 ppm), the fatty acyl–(CH2)n
chains (the line centered at 1.3 ppm) and the (CH3)3 sphingomyelin head groups (a singlet
at approximately 3.2 ppm).
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The NAG signal (centered at approximately 2.06 ppm) is chemically nonspecific in
origin, coming from the N-acetyl methyl group resonances from a subset of mobile N-
acetylglucosamine (GlcNAc) residues on the glycan branches of abundant glycoproteins.
It was called by Otvos et al. as GlycA (glycoprotein acetylation) [23]. Recently, the
simultaneous measurement of up to three signals associated to glycoproteins, such as
GlycB (concentration of acetyl groups of N-acetylneuraminic acid) and GlycF (concentration
of acetyl groups of N-acetyl-sugars unbonded to proteins) has been proposed, beyond
GlycA, to improve accuracy and potency to this biomarker [24]. Actually, this biomarker
works even better than C-reactive protein, a widely used classic inflammatory biomarker.
NAGs, mainly N-acetylglucosamine and N-acetylneuramic acid, are acute phase proteins
with anti-inflammatory properties and are expressed more during inflammation and
immune responses [25,26]. When studying the head and neck cancer treatment toxicity,
NAG was observed to increase during RT/CHRT [13] and this increase was correlated
with acute radiation-associated toxicity [12] and significantly positively correlated with
CRP. However, both these markers are claimed to capture the different aspects of the
inflammatory response [27], as their half-lives differ [28].

The effect of RT on inflammation and the immune response is dictated by the radiation
type, dose, dose rate, intensity/fractionation, delivery method, field size, and the total
cumulative dose. It initiates and influences the inflammatory/immune system in the
tumor microenvironment and modulates immune cell populations [29]. N-acetylcysteine
(N-acetyl derivative of the amino acid L-cysteine) is well known from being involved in
antioxidant and anti-inflammatory (through inhibiting the proinflammatory cytokines)
processes [30–32]. N-acetylcysteine is synthesized endogenously [33], as well as being
widely used as a medication or a dietary supplement [30]. We may hypothesize that the
observed increase in the blood serum levels of N-acetylcysteine during RT is, similarly
to NAG, related to the inflammation processes. Glycerol is the important component of
phospholipids and triglycerides and is released into the bloodstream (together with the
ketone bodies) during fasting [34,35]. Anticancer treatment in the head and neck area often
leads to temporal, yet significant, pain, xerostomia, dysphagia and dysgeusia. These side
effects result in a prolonged fasting and a rapid weight loss in HNSCC patients during
RT/CHRT [13]. Thus, the increase in the glycerol signal, though much less intense than
of the signals of the ketone bodies (removed from the spectra for the sake of improving
the visibility of the minor changes), presumably results from the fasting and ketosis. In
fact, in the studied group glycerol shows a significant positive correlation with the ketone
bodies signals with the R values of 0.5, 0.45 and 0.44 for 3-hydroxybutyrate, acetoacetate
and acetone, respectively.

There is no well-established evidence in the literature on the direct connection between
the glycolate blood levels and RT. The glycolate concentration in the cells is regulated,
inter alia, by glyoxal metabolism via the glyoxalase system, frequently being overlooked in
cancer research [36]. Its enzymes, the glyoxalase I (Glo1) and glyoxalase II (Glo2), are glu-
tathione (GSH)-dependent. Glo1 catalyzes the GSH-dependent removal of the endogenous
reactive dicarbonyl metabolite, methylglyoxal, formed mainly as a side product of anaero-
bic glycolysis [37]. Glo2 catalyzes the conversion of S-d-lactoylglutathione to d-lactate and
reforms GSH consumed in the Glo1-catalysed reaction step [38]. Since both are involved
in antioxidative defense, RT-induced influence on the functioning of this system may be
of importance from the point of view of the therapy effectiveness. Glo1 was found to be
increased in erythrocytes of the patients following radiotherapy for larynx cancers [39]. On
the other hand, an inhibition of Glo1 was observed in the irradiated breast cancer cells [40].
Furthermore, an increase in glyoxylate (a metabolite produced through the oxidation of
glycolate [38]) was observed in the urine of the irradiated rats with the chromatographic
methods for metabolomics [41]. Thus, it may be speculated that the increased levels of
glycolate observed by us from week-3 until the end of RT correspond to the mentioned
processes. Obviously, such supposition requires further investigation and implementation
of additional metabolomic tools.
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In contrast to glycolate, the effects of ionization radiation on the serum lipids are
well documented in various types of cancer, like prostate [42], breast [43] and head and
neck [13,44] cancers, and are explained in terms of the tumor response to the treatment as
well as choline-related signaling.

In CHRT as well as in CAIR/CONV/SIB radiotherapy at the final stage of the treat-
ment (week-5 and week-6), we observed a significant reduction in alanine (one of the major
substrates for gluconeogenesis) (Tables 1 and 2). A decrease in the alanine signal was
found to correlate with weight loss in the HNSCC patients undergoing RT/CHRT [13],
and the lowered post-RT alanine signals were observed in the patients with high acute
radiation-associated toxicity [12]. The homogeneous group of the patients with low stage
larynx cancers and very small irradiated volumes (Figure 1) treated with Manchester RT
(Table S1) presents a weaker acute radiation-associated toxicity compared to the CHRT
and CAIR/CONV/SIB groups and a significant weight loss in this group is rarely ob-
served [13]. A better status of the Manchester group in comparison to the remaining groups
(Tables 1 and 2) is further confirmed by the betaine stability (Table 3), as this metabolite
is proved to show radio-protective properties [45]. Betaine is derived endogenously from
the oxidation of choline (or exogenously from the dietary sources) [46]. Thus, its reduction
in the plasma or serum could be related to the impaired choline oxidation in mitochon-
dria [47].

In CAIR/CONV/SIB radiotherapy a decrease in creatinine was also observed (Table 2).
In our previous study, we connected the decrease in the creatinine levels with an altered
energy metabolism and/or lower muscle mass in the patients with high acute radiation-
associated toxicity [9]. That is why no significant changes in creatinine are observed in
case of the patients treated with Manchester RT, revealing a better overall status than the
remaining patients. The reason why a decrease in the creatinine levels is not evident in
CHRT may be the use of cisplatin-based chemotherapy—this drug is nephrotoxic and tends
to increase the creatinine levels [48].

We identified seven metabolites significantly altered exclusively in CHRT (Figure S4):
isoleucine, leucine and valine, as well as glycine, tyrosine, methanol and glucose. Thus,
these metabolites seem to be a biomarker primarily of the chemotherapy effects. In the
CHRT schedule, chemotherapy was administered at weeks 0, 3 and 6 (depending on
how many cycles were scheduled for a patient). One week after the administration of
the first and the second cycle of chemotherapy, we observed a short-term increase in the
blood serum branched-chain amino acids (isoleucine, leucine and valine) (Table 1). It is
claimed that after administration of cisplatin the BCAA levels in the blood/serum could
be reduced due to the nephrotoxicity of the drug [49]. The increased contribution of the
plasma BCAAs to the biomass in the tumors relying on the BCAA metabolism for growth
is also expected to reduce the systemic BCAA levels [50]. In turn, their elevations are
reported in some cancers with the decreased utilization of the circulating BCAAs, which is
due to the increased tissue protein breakdown [51]. Such observations were confirmed in
the animal studies [52]. Furthermore, Cobo-Dols et al. [53] (using laboratory amino acid
analyzer) showed a significant increase in 17 of 27 different blood serum amino acids after
the first cycle of cisplatin-based chemotherapy treatment for lung or head and neck cancers.
Additionally, they reported increases in other amino acids, like alanine, glutamine, glycine
and tyrosine [53]. In our study these amino acids are also increased in the CHRT group
(except alanine, which is decreased) (Table 1). It should be noted that the tissue levels
of the branched chain amino acids measured with HR MAS 1H NMR were detected as
higher in both HNSCC and lymph-node metastatic tissues than in the normal tissue [54],
which implies also the higher levels of BCAAs in the blood. Unfortunately, apart from ours
there are no NMR studies dealing with the serum levels of BCAAs in this cancer. One also
should bear in mind that some amino acids, e.g., glycine, are involved in cytoprotection
and regulated cell death, and thus they may be useful in the therapy monitoring [55]. From
the cited papers a general conclusion emerges that the amino acids are a valuable marker
of the increased protein turnover, but there is still not a definitive explanation of such
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processes. In HNSCC the amino acids-related metabolic signature may be used to explain
the metabolic profile modification after CHT/CHRT and in therapy monitoring.

Finally, we analyzed the statistically important metabolites in terms of their correlation
with the volumes receiving a particular dose of radiation. To the best of our knowledge this
is the first metabolomic study of such an effect with regard to a particular RT modality—
which means that the alterations in the metabolic profiles are analyzed for the homogenous
groups of patients treated with the same modality.

Two different effects can be analyzed based on the selected irradiated volumes. The
volume receiving 70 Gy (or 50 Gy in Manchester RT) corresponds approximately to the
planning treatment volume (PTV); thus, it reflects the primary tumor size plus margin. The
metabolic alterations showing a significant correlation with this volume reflect the tumor
metabolic response to the treatment. As the dose decreases, the irradiated volume depends
less and less on the size of the primary tumor and the observed metabolic effects reflect
mainly the irradiation of normal tissue.

Although the correlations are sparse and only in few cases the R value is > 0.5, some
preliminary conclusions can be drawn. The most frequent correlations with the volume
receiving the maximum dose are observed in BCAAs (CHRT and CAIR/CONV/SIB) and,
to a lesser extent, in NAG/CRP (CAIR/CONV/SIB) (Figures 4 and 5). The alterations in
the BCAA signals are also correlated with the volumes receiving lower doses of radiation
(Figures 4–6). Thus, this is probably a common metabolic response of the primary tumor
and the normal tissue to irradiation. There are also some discrepancies in the correlations
of the inflammatory markers (NAG and CRP). Though, as mentioned earlier, a significant
positive correlation between NAG and CRP can be observed [12], both markers presumably
reflect different aspects of the inflammatory response [27,28]. In CHRT CRP shows a
significant correlation with the volume of the irradiated normal tissue (Figure 4). In
CAIR/CONV/SIB radiotherapy NAG and CRP correlate only with the volumes receiving
higher (50–70 Gy) doses (Figure 5), while no correlation was observed in Manchester RT
(Figure 6). Though the mechanism of glycation in human disease is not yet fully understood,
NAG (or GlycA) is more and more often recognized as better at reflecting the degree of
systemic inflammation than CRP, since it integrates more inflammatory pathways. It is also
claimed to be a more stable marker, of a lower intra-individual variability than CRP—its
levels are similar in both serum and plasma samples, in fasting and non-fasting states, and
also after a short or long-term storage [56].

Similar dependencies on the modality are observed for the lymphocyte count. Lym-
phocytes are sensitive to irradiation [57] and this is reflected in the lower lymphocyte count
during CHRT and CAIR/CONS/SIB than during hypo-fractionated Manchester RT (51 Gy
in 17 fractions). Although, the only significant negative correlation with the irradiated
volume was observed during the last three weeks of CAIR/SIB/CONV radiotherapy (for
the volumes receiving from 5 to 60 Gy) (Figure 5). In Manchester radiotherapy the strong
negative correlations of the irradiated volumes with the levels of glutamine, glycine and
lipids (at 3.2 ppm) are observed in week-1 (Figure 6). However, OPLS-DA shows no
significant metabolic alterations due to RT in the first two weeks for this treatment modality
(Table 3). In spite of the thorough search of the data, nothing has been found to explain
these correlations, both in terms of the methodological flaws and the biological explanation.
More unexpected correlations were observed at week-4, where the lipid signals (at 0.9, 1.3
and 5.3 ppm) were positively correlated with the volumes irradiated with the doses in the
range of 10–40 Gy. Although the overall lipid signals in the Manchester method decreased
during the course of RT, the patients with the larger irradiated areas did indeed experience
a slight increase in the lipid levels in the last week of the treatment. Many factors may be
responsible for the increased serum lipids, e.g., diabetes, infections, cardiovascular diseases,
but in this particular case we were not able to identify any of such connections with the
patients’ clinical data.
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Based on the presented results, the size of the irradiated volume (within a par-
ticular treatment modality) has a minor impact on the observed changes of the blood
serum metabolites.

In summary, the blood serum metabolic profiles of the HNSCC patients are signifi-
cantly affected by the anticancer radio- or chemoradiotherapy. The observed metabolic
alterations intensify with the progression of the therapy, but the changes are too slow to
be markedly visible at the weekly intervals. However, the comparison of the consecutive
blood serum metabolic profiles with the baseline profile detected for the sample, taken
immediately before the therapy, provides the significant metabolic markers of the response
to therapy. In case of chemoradiotherapy, it was possible to distinguish a separate response
pattern characteristic to chemotherapy. These metabolic changes were observed one week
after administration of the first and the second cycle of CHT. Some of the observed dis-
turbances in the metabolic profiles were correlated with the irradiated volumes; however,
these correlations were weak or at best moderate. This may indicate that for such locations
of the tumor, as in case of HNSCC and within a given radiotherapy modality, the differ-
ences in the irradiated volumes are too small to exert an effect on the overall metabolic
response to radiotherapy.

5. Conclusions

NMR-based metabolomics was successfully employed in the studies of the “real-
time” metabolic response to radio- and chemoradiotherapy of head and neck cancers.
The changes in the metabolic profile of the blood serum were identified as corresponding
to the systemic and tumor-related responses to the therapy: inflammation, disturbed
glyoxalase system, altered energy metabolism as well as altered lipid profile and choline-
related signaling. The metabolites associated with a secondary response, i.e., dysphagia
and weight loss, have also been identified. The disturbances in amino acids metabolism
(especially in BCAAs) are supposed to be characteristic for chemotherapy.

The blood serum metabolic profile seems to be slightly dependent on the irradiated
volume, and such dependence is mainly limited to the inflammatory markers (positively
correlated) and lymphocytes (negatively correlated with the irradiated volume).

The presented metabolomic approach gives insight into the systemic response to the
anticancer treatment, with a possible distinction of the response of the normal tissue and
the tumor.
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on the Concentration of Plasma Lipids in Elderly Prostate Cancer Patients. Am. J. Mens Health 2019, 13, 1557988319846328.
[CrossRef] [PubMed]

43. Shaikh, S.; Channa, N.A.; Talpur, F.N.; Younis, M.; Tabassum, N. Radiotherapy improves serum fatty acids and lipid profile in
breast cancer. Lipids Health Dis. 2017, 16, 92. [CrossRef] [PubMed]

44. Jelonek, K.; Pietrowska, M.; Ros, M.; Zagdanski, A.; Suchwalko, A.; Polanska, J.; Marczyk, M.; Rutkowski, T.; Skladowski, K.;
Clench, M.R.; et al. Radiation-induced changes in serum lipidome of head and neck cancer patients. Int. J. Mol. Sci. 2014, 15,
6609–6624. [CrossRef] [PubMed]

45. Miousse, I.R.; Tobacyk, J.; Melnyk, S.; James, S.J.; Cheema, A.K.; Boerma, M.; Hauer-Jensen, M.; Koturbash, I. One-carbon
metabolism and ionizing radiation: A multifaceted interaction. Biomol. Concepts 2017, 8, 83–92. [CrossRef]

46. Melse-Boonstra, A.; Holm, P.I.; Ueland, P.M.; Olthof, M.; Clarke, R.; Verhoef, P. Betaine concentration as a determinant of fasting
total homocysteine concentrations and the effect of folic acid supplementation on betaine concentrations. Am. J. Clin. Nutr. 2005,
81, 1378–1382. [CrossRef]

47. Ueland, P.M. Choline and betaine in health and disease. J. Inherit. Metab. Dis. 2011, 34, 3–15. [CrossRef]
48. Almanric, K.; Marceau, N.; Cantin, A.; Bertin, É. Risk Factors for Nephrotoxicity Associated with Cisplatin. Can. J. Hosp. Pharm.

2017, 70, 99–106. [CrossRef]
49. Zhang, P.; Li, W.; Chen, J.; Li, R.; Zhang, Z.; Huang, Y.; Xu, F. Branched-Chain Amino Acids as Predictors for Individual

Differences of Cisplatin Nephrotoxicity in Rats: A Pharmacometabonomics Study. J. Proteome Res. 2017, 16, 1753–1762. [CrossRef]

http://doi.org/10.1373/clinchem.2014.232918
http://www.ncbi.nlm.nih.gov/pubmed/25779987
http://doi.org/10.1016/j.sbi.2020.09.009
http://doi.org/10.1016/0014-5793(87)80168-0
http://doi.org/10.1016/S0009-8981(98)00166-1
http://doi.org/10.1111/dom.13481
http://doi.org/10.1186/s12967-017-1321-6
http://doi.org/10.1007/s00335-018-9777-0
http://doi.org/10.3390/molecules23123305
http://doi.org/10.1007/s00011-011-0323-8
http://doi.org/10.3109/00365513.2012.734859
http://doi.org/10.1002/bdd.2510120504
http://www.ncbi.nlm.nih.gov/pubmed/1878531
http://doi.org/10.2527/jas1981.52175x
http://www.ncbi.nlm.nih.gov/pubmed/7240041
http://doi.org/10.1152/ajpendo.2001.281.5.E998
http://doi.org/10.1016/j.ab.2011.10.041
http://doi.org/10.1016/j.semcancer.2017.05.006
http://doi.org/10.1016/0098-2997(93)90002-U
http://doi.org/10.1038/bjc.2014.280
http://doi.org/10.1667/RR2437.1
http://doi.org/10.1177/1557988319846328
http://www.ncbi.nlm.nih.gov/pubmed/31023130
http://doi.org/10.1186/s12944-017-0481-y
http://www.ncbi.nlm.nih.gov/pubmed/28521812
http://doi.org/10.3390/ijms15046609
http://www.ncbi.nlm.nih.gov/pubmed/24747595
http://doi.org/10.1515/bmc-2017-0003
http://doi.org/10.1093/ajcn/81.6.1378
http://doi.org/10.1007/s10545-010-9088-4
http://doi.org/10.4212/cjhp.v70i2.1641
http://doi.org/10.1021/acs.jproteome.7b00014


Int. J. Mol. Sci. 2021, 22, 6310 21 of 21

50. Mayers, J.R.; Wu, C.; Clish, C.B.; Kraft, P.; Torrence, M.E.; Fiske, B.P.; Yuan, C.; Bao, Y.; Townsend, M.K.; Tworoger, S.S.; et al.
Elevation of circulating branched-chain amino acids is an early event in human pancreatic adenocarcinoma development. Nat.
Med. 2014, 20, 1193–1198. [CrossRef]

51. Mayers, J.R.; Torrence, M.E.; Danai, L.V.; Papagiannakopoulos, T.; Davidson, S.M.; Bauer, M.R.; Lau, A.N.; Ji, B.W.; Dixit, P.D.;
Hosios, A.M.; et al. Tissue of origin dictates branched-chain amino acid metabolism in mutant Kras-driven cancers. Science 2016,
353, 1161–1165. [CrossRef]

52. Pin, F.; Barreto, R.; Couch, M.E.; Bonetto, A.; O’Connell, T.M. Cachexia induced by cancer and chemotherapy yield distinct
perturbations to energy metabolism. J. Cachexia Sarcopenia Muscle 2019, 10, 140–154. [CrossRef]

53. Cobo-Dols, M.; Pérez-Miranda, E.; Gil-Calle, S.; Alés-Díaz, I.; Villar-Chamorro, E.; Montesa-Pino, A.; Alcaide Garcia, J.; Carabante-
Ocón, F.; Benavides-Orgaz, M. Changes in the serum amino acids concentrations after first cycle as a factor predictive of tumor
response to chemotherapy. Oncología 2005, 28, 21–28. Available online: http://scielo.isciii.es/scielo.php?script=sci_arttext&pid=
S0378-48352005000700003&lng=en&tlng=en (accessed on 2 December 2020). [CrossRef]

54. Somashekar, B.S.; Kamarajan, P.; Danciu, T.; Kapila, Y.L.; Chinnaiyan, A.M.; Rajendiran, T.M.; Ramamoorthy, A. Magic angle
spinning NMR-based metabolic profiling of head and neck squamous cell carcinoma tissues. J. Proteome Res. 2011, 10, 5232–5241.
[CrossRef] [PubMed]

55. Weinberg, J.M.; Bienholz, A.; Venkatachalam, M.A. The role of glycine in regulated cell death. Cell Mol. Life Sci. 2016, 73,
2285–2308. [CrossRef] [PubMed]

56. Fuertes-Martín, R.; Taverner, D.; Vallvé, J.-C.; Paredes, S.; Masana, L.; Correig Blanchar, X.; Amigó Grau, N. Characterization of
1H NMR Plasma Glycoproteins as a New Strategy To Identify Inflammatory Patterns in Rheumatoid Arthritis. J. Proteome Res.
2018, 17, 3730–3739. [CrossRef]

57. Wirsdörfer, F.; Jendrossek, V. The Role of Lymphocytes in Radiotherapy-Induced Adverse Late Effects in the Lung. Front. Immunol.
2016, 7, 591. [CrossRef]

http://doi.org/10.1038/nm.3686
http://doi.org/10.1126/science.aaf5171
http://doi.org/10.1002/jcsm.12360
http://scielo.isciii.es/scielo.php?script=sci_arttext&pid=S0378-48352005000700003&lng=en&tlng=en
http://scielo.isciii.es/scielo.php?script=sci_arttext&pid=S0378-48352005000700003&lng=en&tlng=en
http://doi.org/10.4321/S0378-48352005000700003
http://doi.org/10.1021/pr200800w
http://www.ncbi.nlm.nih.gov/pubmed/21961579
http://doi.org/10.1007/s00018-016-2201-6
http://www.ncbi.nlm.nih.gov/pubmed/27066896
http://doi.org/10.1021/acs.jproteome.8b00411
http://doi.org/10.3389/fimmu.2016.00591

	Introduction 
	Materials and Methods 
	Characteristics of the Patients Groups 
	Volumes Receiving a Particular Dose of Irradiation 
	Serum Samples Collection 
	Sample Preparation for NMR Spectroscopy 
	Measurement Protocol 
	Spectra Post-Processing 
	Metabolite Identification 
	Metabolite Quantification 
	Data Analysis and the Validation of the Multivariate Model 

	Results 
	Differences in Volumes Receiving Particular Dose of Irradiation 
	Blood Serum Metabolic Profile vs. Radiation Therapy 
	Concurrent CHRT 
	Radiotherapy with CAIR/CONV/SIB Fractionation 
	Radiotherapy with Manchester Fractionation 
	Irradiated Volume Impact on the Metabolic Profile 


	Discussion 
	Conclusions 
	References

