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Abstract

The aims of this study were to investigate changes in energy balance-associated metabo-
lites associated with radiotherapy in patients with breast cancer, and to relate these changes
to the clinical and pathological response-to-treatment. We studied 151 women with breast
cancer who received radiotherapy following surgical excision of the tumor. Blood was
obtained before and after the irradiation procedure. The control group was composed of 44
healthy women with a similar age distribution to that of the patients. We analyzed the con-
centrations of metabolites involved in glycolysis, citric acid cycle and amino acid metabolism
using targeted quantitative metabolomics. Post-surgery, pre-radiotherapy, patients had
major alterations in the serum concentrations of products of glycolysis, citric acid cycle and
amino acid metabolism. The strongest alterations were decreases in serine, leucine and iso-
leucine concentrations. Alterations in metabolite levels were partially, or totally, reversed
after irradiation; the concentrations of serine, leucine and isoleucine approached equiva-
lence to those of the control group. Estrogen receptor-positive patients were those with
lower concentrations, while triple negative patients had higher concentrations of these
amino acids. The normalization of the amino acids serine, leucine and isoleucine concentra-
tions could be clinically relevant because the normalization of these energy-balance metab-
olites would suggest that residual micro-metastatic disease had been effectively diminished
by the radiotherapy, and may be an indicator of its efficacy.

Introduction

Breast cancer (BC) is the most frequent type of cancer, and the leading cause of death in
women worldwide [1]. To date, the treatment of choice for BC has been surgery followed by
loco-regional radiotherapy (RT). In addition, most patients receive adjuvant hormone therapy
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and/or chemotherapy. The reason for these treatments is to eradicate residual micro-meta-
static disease [2]. RT is an effective treatment of BC. However, cancer is heterogeneous, and
the sensitivity of patients to treatment is variable. In BC, the efficacy of RT depends on the
molecular classification of tumors based on the expression of certain antigens by tumor cells.
Some patients with less sensitive phenotypes may require more aggressive oncotherapy with
real possibilities of damaging normal tissue adjacent to the cancer target [3]. In many cases,
radiation injury could significantly affect patient comfort and effectiveness of the treatment.
The metabolic response to RT is largely unknown and this may be clinically relevant consider-
ing that recent studies highlight the importance of energy metabolism during oncogenesis. As
such, planning and monitoring of RT would be facilitated if the effects of this therapy on
tumor cells and the patients’ metabolism were better understood. The new techniques of meta-
bolomics have reinvigorated the hypothesis (formulated in the 1950s by Otto Warburg) that
cancer is, fundamentally, a metabolic disease [4]. However, there is a paucity of studies of the
metabolome of humans exposed to radiation. Radiation-related changes in small metabolite
components of blood are under-researched topics, despite their potential relevance in clinical
practice.

The aim of our study was to investigate the changes produced by RT on energy metabolism
in patients with BC. Correlating these changes with the clinical and pathological characteristics
of patients and tumors would provide an insight into the effectiveness (response to treatment)
of the RT.

Methods

Participants

We included 151 women (mean age: 55 years, range: 27-85) diagnosed as having BC. They
were attending the Department of Radiation Oncology of our Hospital following surgery for
the extirpation of the tumor. All patients had a Karnofsky Index >70 and were classified as 0
or 1 on the Eastern Cooperative Oncology Group scale [5]. The exclusion criteria were having
previously received RT at the same anatomical site, or to be pregnant or breastfeeding. In the
present study, 17 patients received adjuvant chemotherapy post-surgery, 54 patients received
adjuvant hormone therapy post-surgery, and 60 received both treatments. The adjuvant che-
motherapy treatment duration was for about 4 to 5 months, and concluded 1 to 2 months
before RT commencement. The adjuvant hormone treatment commenced 1 to 2 months post-
surgery and, usually, was administered simultaneously with RT. The radiation schedule was
normofractionated RT (50 Gy at 2 Gy/day on the affected breast and 16 Gy at 2 Gy/day on the
tumor bed for 5 days/week). Alternatively, hypofractionated RT was administered at 40 Gy at
2.67 Gy/day for 5 days/week [6, 7]. Some patients received irradiation of regional lymph nodes
according to risk factor status [8, 9]. During RT, a weekly acute toxicity assessment was per-
formed using the criteria of the Radiation Therapy Oncology Group and the European Orga-
nization for Research and Treatment of Cancer [10]. All patients signed a written informed
consent according to the declaration of Helsinki. The study was approved by the Ethics Com-
mittee (Institutional Review Board) of the Hospital Universitari de Sant Joan (project code: 14/
2017).

Biological samples

Prior to irradiation, and one month following the conclusion of the scheduled RT, blood sam-
ples were obtained from the patients. Sera were obtained via centrifugation (2,500 x g, 10 min,
4°C) and stored at —80°C until batched-processed for targeted quantitative metabolomics anal-
yses. The control group was composed of 44 serum samples stored at -80°C in our Biological
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Sample Bank, and had been obtained from healthy women (mean age: 44 years, range: 27-53)
participating in a population-based study conducted in our geographical area. They were
ostensibly healthy individuals with no clinical or analytical evidence of infectious disease, renal
insufficiency, hepatic damage, neoplasia, oligophrenia, or dementia. A detailed description of
this population has been published recently [11].

Metabolomic analysis of serum samples

We analyzed the concentrations of metabolites involved in glycolysis, citric acid cycle and
amino acid metabolism using gas chromatography coupled to quadrupole time-of-flight mass
spectrometry with an electron impact source (GC-EI-QTOF-MS), as we have described previ-
ously [12]. Analyses were performed with a 7890A gas chromatograph coupled, with an elec-
tron impact source, to a 7200 quadrupole time-of-flight mass spectrometer equipped with a
7693 autosampler module and a J&W Scientific HP-5MS column (J&W Scientific HP-5MS
column, 30 m x 0.25 mm, 0.25 um, Agilent Technologies, Santa Clara, CA, USA). Calibration
curves were obtained for each metabolite by plotting standard concentrations as a function of
the peak area. Recovery of each metabolite was calculated, and ranged between 83% and 99%.

Molecular classification of tumors

Tumor biopsies were analyzed in the Pathology Laboratory of our Hospital, and classified as
follows: The Her2 subtype had a positive expression of human epidermal growth factor recep-
tor 2. The luminal A subtype had positive expression of hormone receptors (estrogens and/or
progesterone) and was Her2 negative. The luminal B subtype was positive for the hormone
and Her2 receptors, while the triple negative subtype was negative for hormone receptors and
Her2.

Statistical analysis

Data were imported into the MetaboAnalyst 3.0 software package (Mc Gill University, Mon-
treal, Quebec, Canada) for multivariate analysis of pattern recognition, including the unsuper-
vised principal component analysis (PCA) and the supervised partial least squares
discriminant analysis (PLSDA). The relative magnitude of observed changes was evaluated
using the variable importance in projection (VIP) score [13]. All the other statistical calcula-
tions were performed with the statistical package for social sciences (SPSS 22.0, Chicago, IL,
USA). Differences between any two groups were assessed with Student’s ¢-test. Pearson corre-
lation coefficient was used to evaluate the degree of association between variables. The diag-
nostic accuracy of the measured biochemical variables was assessed by receiver operating
characteristic (ROC) curves. This analysis represents plots of all the sensitivity/specificity pairs
resulting from varying decision thresholds. Sensitivity is the proportion of subjects correctly
identified as having a specific disease. Specificity is the proportion of subjects correctly identi-
fied as not having a specific disease. False positive rate is calculated as 1-specificity. The area
under the curve (AUC) and 95% confidence interval (CI) was calculated. The AUC represents
the ability of the test to correctly classify patients according to the investigated alteration. The
values of AUC can range between 1 (perfect test) and 0.5 (worthless test) [14].

Results
Clinical characteristics of the BC patients

The main clinical variables are shown in Table 1. Patients attending the Department of Radia-
tion Oncology had already undergone surgery for the tumors which, in the majority of cases,
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Table 1. Clinical characteristics of the breast cancer patients, treated tumors and surgical procedures.

Variable Characteristics*
Age 55 (14)
Smoking 10.6
Alcohol habit (> 20g/day) 2.0
Arterial hypertension 12.8
Diabetes 33
Dyslipidemia 14.1
Chronic obstructive pulmonary disease 1.6
Ischemic heart disease 1.6
Hyperthyroidism 4.6
Menopause state:

Premenopausal 27.1
Perimenopausal 13.9
Postmenopausal 58.9
Use of oral contraceptives 56.3
Tumor size (TNM system):

T1 60.9
T2 32.0
T3 6.7
T4 1.3
Nodes (TNM system):

NO 64.6
N1 28.0
N2 6.0
N3 1.3
Metastasis (TNM system):

MO 96.0
M1 4.0
Pathological anatomy of the tumor:

Ductal carcinoma in situ 7.9
Lobular carcinoma in situ 0.7
Invasive ductal carcinoma 79.5
Invasive lobular carcinoma 1.3
Papillar carcinoma 6.6
Others 4.0
Estrogen receptors:

Negative 15.3
Positive 84.7
Progesterone receptors:

Negative 313
Positive 68.7
Her2 receptor in tumor biopsy:

Negative 81.3
Positive 16.7
Tumor molecular classification:

Luminal A 34.9
Luminal B 36.9

(Continued)
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Table 1. (Continued)

Variable Characteristics*
Her2 positive 16.8
Triple negative 11.4
Adjuvant chemotherapy 59.7
Adjuvant hormone therapy 85.3
Neoadjuvant chemotherapy 24.7

*Results are shown in frequencies except for age, which is shown as mean and standard deviation (in parenthesis)

https://doi.org/10.1371/journal.pone.0207474.t001

were relatively small, without metastasis, with positive estrogen and progesterone receptors
and classified, mainly, as luminal A or B. The most common pathological diagnosis was that of
invasive ductal carcinoma.

Metabolite alterations with RT in BC patients

The individual values of the metabolites analyzed in patients and controls are shown in S1
Table. Before RT, patients had major alterations in the serum concentrations of metabolites
involved in glycolysis, citric acid cycle and amino acid metabolism. Parameters having the
strongest decreases pre-RT were serine, valine, leucine, isoleucine, succinate, o-ketoglutarate,
glutamate and malonyl coenzyme A. The parameters having the strongest increases were pyru-
vate, aspartate and aconitate. Notably, most of these alterations were completely or partially
reversed following RT (Table 2 and Fig 1). The treatment normalized (or almost normalized)
the serum concentrations of lactate, alanine, valine, leucine, isoleucine, proline, malonyl coen-
zyme A, glycine, succinate, serine and ketoglutarate. However, RT was associated with further
increases in the levels of pyruvate, fumarate, malate, citrate and glutamine, and did not modify
the pre-RT levels of hydroxybutyrate, oxaloacetate, aspartate, glutamate, and aconitate. The
score plot of the PCA analysis showed that the control women and the BC patients pre-treat-
ment were, clearly, two distinct populations with little overlap, and that RT produced changes
in metabolite levels that tended towards the control group values (Fig 2). To identify the most
important metabolites related to changes produced by RT, we derived the VIP score. The score
is a measure of the variable’s degree-of-alteration associated with the disease i.e. a higher VIP
score is considered more relevant in classification. The VIP analysis identified serine, leucine
and isoleucine as the most relevant metabolites (Fig 3). Further, the diagnostic accuracy of
these amino acids in discriminating between the control women and the BC patients pre-RT
was very high, with AUC’s approaching unity (Fig 4).

Adjuvant hormone therapy was associated with mild changes in serum glycine concentra-
tions post-RT (Table 3). Additionally, adjuvant chemotherapy was associated with mild
changes in lactate, oxaloacetate and glutamine concentrations post-RT (Table 4). PCA analysis
score plots showed a high degree of overlapping in the serum levels of metabolites in BC
patients segregated with respect to whether they had received adjuvant hormone therapy, che-
motherapy, or both (Fig 5). Correlations between the different metabolites are shown in Fig 6.
The strongest positive associations with RT were with the amino acids.

Relationships between selected amino acids and the patients’ characteristics

We assessed whether the concentrations of the most severely altered metabolites (the amino
acids serine, leucine and isoleucine) were related to the characteristics of the tumors, or the
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Table 2. Results of the selected biochemical variables in control women (n = 50) and in breast cancer (BC) patients (n = 150) pre- and post-radiotherapy (RT).
Results are shown as means and SD (in parenthesis).

Variable

Pyruvate (uM)
Lactate (uM)

Control
Group

23.81 (12.07)
559.46 (62.55)

BC
Pre-RT

58.20 (19.60) ©
466.14 (58.37) ©

BC
Post-RT

74.65 (28.61) ©F
54827 (112.71) f

Alanine (uM) 199.99 (66.81) 148.97 (50.60) © 211.01 (82.59) f
Hydroxybutyrate (uM) 24.18 (18.07) 22.20 (22.68) 24.72 (21.92)
Valine (uM) 121.68 (45.37) 69.32(23.38) © 125.03 (72.95) f
Leucine (uM) 68.23 (26.03) 28.85(11.04) € 59.95 (38.09) f
Isoleucine (uM) 32.77 (15.91) 10.81 (5.41) € 25.09 (18.97) *F
Proline (uM) 93.37 (29.73) 42.99 (19.43) © 78.44 (52.87)
Malonyl Coenzyme A (uM) 1.60 (0.31) 1.08 (0.33) © 1.38 (0.43) *f
Glycine (uM) 135.40 (43.91) 78.12 (27.65) © 106.46 (40.34) >
Succinate (uM) 13.79 (4.20) 8.54 (1.97) 11.14 (2.82) °f
Fumarate (M) 0.37 (0.17) 0.34 (0.17) 0.51 (0.27) >
Serine (uM) 56.51 (20.88) 14.98 (14.23) © 35.71 (30.43)
Oxaloacetate (M) 26.56 (7.32) 31.62 (13.16) * 3591 (11.72) ©
Malate (uM) 1.58 (0.76) 1.54 (0.87) 2.14 (1.10) *¢
Aspartate (uM) 2.07 (0.91) 14.96 (4.95) © 16.01 (6.42) ¢
Ketoglutarate (uM) 7.48 (9.45) 3.44 (1.62) € 4.30 (2.04) ¢
Glutamate (uM) 135.47 (45.77) 47.60 (22.25) © 51.48 (22.75) €
Aconitate (uM) 0.12 (0.05) 0.69 (0.62) © 0.55 (0.32) ed
Citrate (uM) 33.13 (5.86) 43.61(8.78) © 54.07 (13.19) of
Glutamine (uM) 36.73 (8.32) 51.50 (12.43) © 68.15 (22.57) °f
P <0.05

bp<o.01

P < 0.001, with respect to the control group

4p<0.05

¢ P <0.01

fP < 0.001, with respect to values Pre-RT.

https://doi.org/10.1371/journal.pone.0207474.t1002

toxicological response of the patients. We found that serum concentrations of leucine and iso-
leucine post-RT were significantly lower in estrogen-receptor-positive patients than in estro-
gen-receptor-negative patients and higher in triple-negative patients relative to luminal and
Her2 subgroups (Fig 7). We did not find any significant associations between the serum con-
centrations of these metabolites and any other tumor characteristic, or to toxicological
response (52 Table).

Discussion

To the best of our knowledge there have been no published data on changes in energy metabo-
lism in BC post-RT. The present findings highlight striking alterations in the serum concentra-
tions of metabolites in BC patients post-surgery; the RT being associated with modifications of
these levels such that there was a trend towards levels associated with the healthy (control)
women. One of the questions that arise from these data is whether this improvement depends
on RT per se or is influenced by the concomitant treatment with chemotherapy or hormone
therapy that many of our patients had had. Our results indicate that the effects of these adju-
vant treatments are quite small, which leads us to believe that the apparent normalization of
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Fig 1. Alterations in the glycolytic pathway, citric acid cycle, and amino acid pathways in breast cancer patients, relative to control
women pre- (A) and post-radiation therapy (B). Variables that increased are shown in red while those that decreased are shown in blue. The
intensity of the color estimates the magnitude of change.

https://doi.org/10.1371/journal.pone.0207474.9001
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Fig 2. Principal component analysis (PCA) scores. Plots of serum samples from control women (green) and breast cancer patients pre- (red) and post-
radiation therapy (blue); ART = after radiotherapy; BRT = before radiotherapy.

https://doi.org/10.1371/journal.pone.0207474.9002
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Fig 3. Variable importance in projection (VIP) scores of the partial least squares discriminant analysis (PLSDA). The most relevant metabolite changes
with treatment were those of serine, leucine and isoleucine; ART = after radiotherapy; BRT: before radiotherapy.

https://doi.org/10.1371/journal.pone.0207474.9003

the metabolic profile is due to the RT. Another possibility is that metabolite levels tend to nor-
malize due, simply, to the passage of time post-surgery, and not as a direct action of the RT.
This hypothesis cannot be realistically ruled out, since a group of BC patients not receiving RT
could not be studied for obvious ethical reasons. However, recent studies also showed effects
of RT on the metabolism of experimental animals and patients with various other types of can-
cer. Indeed, in accord with the results obtained in the present investigation, RT has been
shown to increase the fecal content of a-ketobutyrate, valine, isoleucine, and alanine in cervi-
cal cancer patients [15]. RT also influenced the serum concentrations of 28 metabolites in
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Table 3. Results of the selected metabolites in breast cancer patients post-radiotherapy (RT), and segregated with

respect to whether or not they received adjuvant hormone therapy. Results are shown as means and SD (in

parenthesis).
Variable Metabolite concentrations post-RT

Hormone therapy NO Hormone therapy YES
Pyruvate (uM) 84.26 (32.25) 72.42 (27.48)

Lactate (uM)

578.60 (111.08)

541.46 (112.91)

Alanine (uM)

231.06 (92.05)

206.97 (80.33)

Hydroxybutyrate (uM) 20.11 (15.72) 25.91 (23.10)
Valine (M) 141.59 (75.31) 121.49 (72.50)
Leucine (uM) 68.97 (41.21) 58.07 (37.34)
Isoleucine (uM) 29.93 (21.50) 24.08 (18.33)
Proline (uM) 90.23 (59.08) 76.01 (51.43)
Malonyl Coenzyme A (uM) 1.50 (0.39) 1.36 (0.43)
Glycine (uM) 122.82 (38.32) 103.04 (40.01) *
Succinate (uM) 11.62 (3.01) 11.04 (2.79)
Fumarate (uM) 0.62(0.33) 0.48 (0.24)
Serine (uM) 39.31 (31.19) 35.03 (30.44)
Oxaloacetate (uM) 36.41 (14.08) 35.70 (11.20)
Malate (uM) 2.59 (1.46) 2.02 (0.97)
Aspartate (M) 16.10 (7.14) 15.98 (6.30)
Ketoglutarate (M) 4.78 (2.72) 4.17 (1.84)
Glutamate (uM) 44.84 (24.13) 52.98 (22.38)
Aconitate (uM) 0.50 (0.34) 0.56 (0.31)
Citrate (uM) 57.44 (14.41) 53.38 (12.90)
Glutamine (uM) 75.01 (23.31) 66.83 (22.30)

*P <0.05

https://doi.org/10.1371/journal.pone.0207474.t1003

PLOS ONE | https://doi.org/10.1371/journal.pone.0207474 November 16, 2018

10/16


https://doi.org/10.1371/journal.pone.0207474.g004
https://doi.org/10.1371/journal.pone.0207474.t003
https://doi.org/10.1371/journal.pone.0207474

O PLOS | one

Energy metabolism and radiotherapy

Table 4. Results of the selected metabolites in breast cancer patients post-radiotherapy (RT), and segregated with respect to whether or not they received adjuvant

chemotherapy. Results are shown as means and SD (in parenthesis).

Variable Metabolite concentrations post-RT

Chemotherapy NO Chemotherapy YES
Pyruvate (uM) 79.61 (26.09) 70.70 (30.23)
Lactate (uM) 570.20 (115.75) 530.86 (108.52) *
Alanine (uM) 215.12 (83.98) 208.37 (82.23)
Hydroxybutyrate (uM) 23.71 (18.25) 25.72 (24.67)
Valine (uM) 127.93 (72.22) 123.07 (74.32)
Leucine (uM) 60.27 (37.35) 59.95 (39.06)
Isoleucine (uM) 25.97 (19.64) 14.54 (18.61)
Proline (uM) 79.66 (53.78) 77.85 (52.71)
Malonyl Coenzyme A (uM) 1.43 (0.44) 1.35(0.42)
Glycine (uM) 107.55 (41.41) 106.23 (39.72)
Succinate (uM) 11.35(2.83) 10.98 (2.84)
Fumarate (uM) 0.51 (0.27) 0.49 (0.26)
Serine (uM) 35.69 (31.44) 35.94 (29.96)
Oxaloacetate (uM) 33.59 (10.41) 37.67 (12.47) *
Malate (uM) 2.10 (1.01) 2.14 (1.16)
Aspartate (uM) 16.51 (6.95) 15.56 (5.98)
Ketoglutarate (uM) 4.34 (1.86) 4.24 (2.17)
Glutamate (uM) 54.01 (21.88) 49.44 (23.54)
Aconitate (uM) 0.51 (0.29) 0.57 (0.34)
Citrate (uM) 55.51 (10.99) 52.96 (14.82)
Glutamine (uM) 73.26 (21.02) 63.87 (23.19) *
*P<0.05

https://doi.org/10.1371/journal.pone.0207474.t004
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patients with glyoma [16], increased the hepatic glutamine concentrations [17], and signifi-
cantly modified the saliva metabolome [18] in mice. Taken together, these data suggest that
RT does, indeed, influence metabolism in cancer patients.

The partial normalization of energy metabolism after RT may have positive effects on the
clinical evolution of patients, given the implications of alterations in the levels of various
metabolites with cancer development and its associated complications. Various studies have
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shown that the availability of circulating amino acids is often reduced in cancer patients [19,
20]. A major finding of the present study is the important decrease in the circulating levels of
serine, leucine and isoleucine pre-RT. This could be interpreted as an enhanced cellular
demand for these metabolites. The metabolism of most cancers relies on the use of aerobic gly-
colysis and glutamine catabolism to support cancer cell growth [21-23]. Glutamine is taken-
up by cancer cells, and is involved in the replenishment of the mitochondrial citric acid carbon
pool, which is required for the synthesis of lipids, proteins, and nucleic acids. The high
demand for glutamine leads to an increased uptake by the tumor cells of serine and branched-
chain amino acids (BCAA), including leucine and isoleucine. These amino acids provide an
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important source for the biosynthesis of glutamine and its metabolite derivative, glutamate.
The increased demand on glutamine would explain the reduced serum concentrations of ser-
ine and BCAA in actively replicating tumor cells.

One of the most important consequences of cancer is cachexia. This is a major contributing
cause of mortality in up to 50% of patients with severe cancer [24]. Cachexia is characterized
by adipose and skeletal muscle tissue loss. This reduces the quality of life and the efficacy of
many chemotherapeutic interventions. The mechanisms involved in the development and
progression of cachexia are complex, but alterations in BCAA metabolism play a fundamental
role. Under normal conditions, BCAA oxidation in skeletal muscle provides approximately
7% of the energy needs, but under highly catabolic circumstances such as cancer cachexia, the
contribution can be as high as 20% [25]. In this context, the finding that the circulating levels
of BCAA are reduced in BC patients (even several weeks after surgery), and that this alteration
may be reversed by RT may have special clinical relevance.

We found an association between the expression of estrogen receptors by the tumors and
the concentrations of leucine and isoleucine post-RT. Patients with positive estrogen receptors
had lower levels and triple-negative patients had higher levels of these two BCAAs. The rela-
tionships between the molecular subtypes of BC and energy metabolism have not been well
characterized, to date. Patients with triple-negative BC have been reported to exhibit higher
levels of glycolysis and higher expression of the glucose transporter protein [26], together with
lower levels of glutamine and higher levels of glutamate [27]. We did not find any significant
differences in the serum concentrations of metabolites pre-RT with respect to the molecular
classification of tumors. However, of note is that we did find differences in their serum con-
centrations post-RT, indicating significant differences in the metabolic response to treatment.
Explanations for this finding cannot be derived from the present investigation. However, our
observation may open new lines of enquiry that, potentially, could be useful in better under-
standing the differences between tumor subtypes and, hence, therapy selection.

Conclusion

The results of the present study showed that the serum concentrations of products of glycolysis,
citric acid cyclic and amino acid metabolism are considerably altered in women with BC, even
several weeks post-surgery, and that RT is associated with a partial rectification of these alter-
ations. The normalization of serine and BCAA concentrations is of considerable note since these
amino acids are crucial in energy metabolism and the metabolic consequences of cancer. Our
report represents an early application of metabolomics in the study of breast cancer and the conse-
quences of treatment such as radiotherapy. Further investigation on a wider series of patients and
in women pre- and post-surgery, is needed to increase our knowledge of the metabolic alterations
associated with this disease, and the efficacy of the treatments available for tumor control.
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