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Abstract: The role of induction chemotherapy (iCHT) in locally advanced head and neck squamous
cell carcinoma (LA-HNSCC) is still to be established due to high toxicity and variable response
rates. The aim of this retrospective study is to use NMR-based serum metabolomics to predict
the response rates to iCHT from the pretreatment samples. The studied group consisted of 46 LA-
HNSCC patients treated with iCHT. The response to the treatment was evaluated by the clinical,
fiberoptic, and radiological examinations made before and after iCHT. The proton nuclear magnetic
resonance (1H NMR) serum spectra of the samples collected before iCHT were acquired with a
400 MHz spectrometer and were analyzed using multivariate and univariate statistical methods. A
significant multivariate model was obtained only for the male patients. The treatment-responsive men
with >75% primary tumor regression after iCHT showed pretreatment elevated levels of isoleucine,
alanine, glycine, tyrosine, N-acetylcysteine, and the lipid compounds, as well as decreased levels of
acetate, glutamate, formate, and ketone bodies compared to those who did not respond (regression of
the primary tumor <75%). The results indicate that the nutritional status, capacity of the immune
system, and the efficiency of metabolism related to protein synthesis may be prognostic factors for the
response to induction chemotherapy in male HNSCC patients. However, larger studies are required
that would validate the findings and could contribute to the development of more personalized
treatment protocols for HNSCC patients.

Keywords: head and neck cancer; induction chemotherapy; NMR; blood serum metabolomics;
treatment prediction; personalized medicine

1. Introduction

Organ preservation is the crucial goal of head and neck squamous cell carcinoma
(HNSCC) treatment, with radio- (RT) or concurrent chemoradiotherapy (cCHRT) being
the gold standard treatment modalities. However, in the advanced stages of the disease
(locally advanced HNSCC, LA-HNSCC), RT and cCHRT may be inappropriate due to the
large tumor volume and expected toxicity of high-volume radiotherapy. In such cases,
a debulking or downstaging strategy is proposed before RT/cCHRT and is most often
achieved by induction chemotherapy (iCHT) [1,2]. iCHT is beneficial for LA-HNSCC
patients with multiple involved nodes or large-volume nodal disease [3]; however, it is
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not only burdened with relatively high toxicity [4-6], but also its effectiveness still needs
improvement [7-9]. The complete clinical response (CCR, disappearance of target lesions)
and partial response (PR, a reduction of at least 30% in the sum of the longest diameter
of target lesions) to iCHT are observed in around 30 and 60% of LA-HNSCC patients,
respectively, while in the remaining 30% of patients, the disease is stable or progressive. A
partial response (PR) usually reaches up to or is slightly more than 60%, while the rest of
the patients treated with iCHT have a progressive (PD, an increase of at least 20% in the
sum of the longest diameter of the target lesions) or stable disease (SD, not eligible for PR
or PD) [7-9]. Despite extensive research, the source of this variable individual response
to iCHT in terms of tumor control and treatment-induced toxicity remains unknown,
highlighting the strong need for new strategies to personalize treatment. The search for
predictive biomarkers correlated with treatment response and/or toxicity is ongoing, but
so far, none of them have even been tested in a clinical setting [10]. Early prediction of
the treatment outcome or its toxicity may be highly beneficial for those who are at risk
of developing severe toxicities or treatment failure—a different treatment strategy may
be applied to these patients, avoiding unnecessary pain and/or increasing the chance
of a better outcome. Reduced responsiveness of squamous cancer cells can arise from
genetic, epigenetic, and microenvironmental factors. The most well-known mechanisms
are drug inactivation, reduced intracellular drug accumulation, drug target alteration,
activation of compensatory pathways for cell survival, regulation of DNA repair and
cell death, tumor plasticity, and regulation of tumor microenvironments. As revealed
in the meta-analysis of several randomized trials that examined iCHT-specific regimens,
namely, TPF (docetaxel, cisplatin, and fluorouracil) versus PF (cisplatin plus fluorouracil),
the results are inconclusive. In the case of the TPF regimen, a significant reduction in
progression, locoregional failure, and distant failure were observed as compared to PF,
while direct comparisons of induction chemotherapy regimens followed by chemotherapy
versus chemotherapy alone in unresectable disease have not shown a significant difference
in overall survival [11].

This preliminary research is consistent with the concept of personalized medicine—using
1H NMR spectroscopy, we analyzed the pretreatment metabolic profile of blood serum as a
potential predictive biomarker of iCHT response. According to a recent literature review,
NMR-based metabolomics has not yet been used for this purpose [10]; however, the results
we previously obtained in a similar group of patients indicate that the NMR-detectable
blood serum metabolites may have a predictive value in assessing the response to iCHT.
As revealed from our previous study [12], the iCHT-induced increase in the blood serum
lipids correlates significantly with the clinically and radiologically measured primary
tumor shrinkage due to iCHT. This observation was exclusive to the male patients. This is
especially important because men are at twofold to fourfold higher risk than women for
developing HNSCC [13].

The aim of this study is to check whether the degree of radiological and clinical regres-
sion of the primary tumor and the stage of lymph node advancement can be concluded
based on the metabolic profile obtained from the blood serum samples taken before iCHT.

2. Results

The detailed baseline characteristics of the patients under investigation are presented
in Table 1.
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Table 1. Characteristics of the study group.
Study Group Males Females
Responders Non-Responders Responders Non-Responders Responders Non-Responders
Patients 27 19 19 10 8 9
Age (median) 57 54.5 58 58.5 52.5 53
Age (range) 22-71 40-73 22-65 51-73 34-71 40-60
Primary tumor site
Oropharynx 13 5 9 4 5 0
Nasopharynx 4 7 2 3 2 4
Hypopharynx 3 6 3 2 0 4
Larynx 6 2 5 1 1 1
T stage T stage T stage
c y c y c y c y ¢ y ¢ y
0 0 11 0 0 0 10 0 0 0 1 0 0
1 2 11 3 11 1 7 2 6 0 5 1 4
2 9 4 3 5 7 2 2 3 2 2 1 2
3 9 0 7 1 7 0 3 0 2 0 4 1
4 6 0 7 3 3 0 3 1 4 0 3 2
N stage N stage N stage
c y c y c y c y c y c y
0 1 9 2 8 0 7 0 4 1 3 2 3
1 3 4 4 4 2 2 2 3 1 2 2 1
2a 0 2 5 4 2 1 3 1 3 1 2 3
2b 10 5 5 3 4 5 3 2 1 0 1 1
2¢ 9 5 3 2 5 3 1 1 1 2 2 1
3 8 0 1 0 6 0 1 0 1 0 0 0
TNM stage TNM stage TNM stage
c y c y c y c y c y c y
0 0 3 0 0 0 3 0 0 0 0 0 0
I 0 7 0 6 0 5 0 4 0 3 0 1
I 0 0 0 3 0 0 0 1 0 0 0 2
I 2 5 4 4 1 2 1 2 1 3 3 2
IVa 18 10 15 8 13 7 19 4 6 2 6 4
IVb 6 0 1 0 5 1 0 0 1 0 0 0

2.1. Primary Tumor Regression Based on the Volumetric Measurements

In the study group, the median of the percentage of the primary tumor regression
assessed by radiological imaging was 82.6% (ranged between 0 and 100%) as well as 90.6%
(ranged between 12.5 and 100%) and 71.8% (ranged between 0 and 100%) for men and
women, respectively. The difference between men and women is statistically significant
(p = 0.037, MWU test). The prefix modifiers “c” and “y” describe the pre- (“c”) and
post-iCHT (“y”) stages.

The patients were divided into two groups—the responders (the patients who benefit
from iCHT) and the non-responders (those who do not benefit from iCHT)—based on the
radiological regression of the primary tumor. Due to the small size of the study group,
attempts to distinguish the responders from the non-responders based on the pretreatment
metabolic profiles were performed for various primary tumor regression cut-off points,
e.g., the median for each subgroup. A receiver operating characteristic (ROC) analysis was
applied to select the optimal models possible and to discard the suboptimal ones. The best
results (Figure 1) were obtained for a regression cut-off point of 75%, and this value was
used in this work. Thus, the responders’ group involved patients who had at least a 75%
radiological regression of the primary tumor after the iCHT, whereas in the non-responders,
the radiological regression of the primary tumor was <75% after iCHT.

Figure 2 shows the OPLS-DA results distinguishing the responders and the non-
responders based on the pretreatment NMR blood serum metabolites. The summary of
the OPLS-DA analysis is presented in Table 2. The results are presented for the study
group (Figure 2a,b) as well as for the male (Figure 2¢,d) and female (Figure 2e,f) groups
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separately. A decent separation with very few mixing samples is observed in the OPLS-DA
score plots (Figure 2a,c,e); however, only the model built on the male group achieved a
minimal statistical strength according to the OPLS-DA rules, i.e., Q2 > 0.3 and cv-ANOVA
p-value < 0.05 (Table 2). Figure 2b,d,f shows the corresponding s-plots. The s-plots are
used to visualize the intensity (horizontal direction) and reliability (vertical direction) of a
biomarker. However, because the variables are UV-scaled, the information about intensity is
lost, and only the reliability can be assessed from the s-plots. The metabolites with p(corr) > 0.3
(vertical direction) were selected as important for classification and are bolded in Table 2. The
results of permutation testing of the OPLS-DA models is presented in Figure 3.
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Figure 1. The ROC curves for the OPLS-DA models presented in Figure 2 and Table 2 show the true
positive rate (TPR) against the false positive rate (FPR) for (a) the study group (the total area under the
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TPR was calculated based on the OPLS-DA misclassification tables.
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curve, AUC = 0.84), (b) the male group (AUC = 0.95), and (c) the female group (AUC = 0.83). The red
and blue curves denote TPR for the responders (>75) and non-responders (<75), respectively. The

Figure 2. The results from the OPLS-DA analysis discriminating the iCHT responders from non-
responders (the score plots: (a,c,e)) based on the pretreatment blood serum metabolites (the s-plots:
(b,d,f)) for the study group (a,b), males (c,d), and females (e,f). The numbering of the metabolites on
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the s-plots corresponds with the numbering in Table 2: 1—isoleucine 0.95 ppm; 2—isoleucine
1.02 ppm; 3—alanine; 4—glycine; 5—tyrosine; 6—N-acetylcysteine; 7—lipids 0.9 ppm; 8—lipids
1.3 ppm; 9—lipids 5.3 ppm; 10—acetate; 11—glutamate; 12—3-hydroxybutyrate 4.21 ppm;
13—3-hydroxybutyrate 1.23 ppm; 14—formate; 15—acetone; 16—acetoacetate. The results take into
account the resonance signals of the functional groups of a given metabolite at different chemical shifts,
e.g., isoleucine at 0.95 and 1.02 ppm, lipids at 0.9, 1.3 and 5.3 ppm, as well as 3-hydroxyisobutyrate at
1.23 and 4.21 ppm.

Table 2. The results from the OPLS-DA and statistical analyses.

OPLS-DA Model Diagnostics

Study Group Males Females
Predictive R2X R2Y Q2 R2X R2Y Q2 R2X R2Y Q2
component 0.29 0.30 0.20 0.19 0.59 0.37 0.33 0.33 0.12
Orthogonal component R2X(0) RoX(o) R2X(0)
- 0.23 :
cv-ANOVA p 0.008 0.02 0.42
List of the important metabolites from the OPLS-DA model
Name p(corr)  p-value Median FC  p(corr)  p-value Median FC  p(corr)  p-value  Median FC
Metabolites increased in responders
1 Isoleucine 0.95 ppm 0.77 0.03 1.09 0.56 0.04 1.30 0.48 0.90 0.91
2 Isoleucine 1.02 ppm 0.76 0.01 1.20 0.52 0.04 1.25 0.50 0.47 1.10
3 Alanine 0.57 0.01 1.23 0.55 0.05 1.28 0.38 0.09 1.26
4 Glycine 0.11 0.07 1.14 0.38 0.04 1.27 0.40 0.13 1.11
5 Tyrosine 0.62 0.02 1.19 0.53 0.07 1.23 0.52 0.1 1.14
6 N-acetylcysteine 0.30 0.01 1.13 0.54 0.01 1.13 0.39 0.42 111
7 O%I;igfn 0.44 0.15 1.05 0.36 0.02 112
8 1?%}‘3; 0.52 0.17 1.06 0.36 0.07 113
9 5%%;; 0.46 0.17 1.02 0.36 0.02 1.09
10 Acetate 0.53 0.16 1.26
14 Formate 0.66 0.96 1.08
Metabolites decreased in responders

10 Acetate —0.26 0.79 0.95 —0.57 0.28 0.85
11 Glutamate —0.66 0.24 091 —0.30 0.81 0.98 —0.76 0.42 0.68
12 3-hydroxybutyrate 4.21 —0.72 - 0.92 —0.33 0.15 0.97 —0.80 0.06 0.66
13 3-hydroxybutyrate 1.23 —0.66 0.10 0.67 —0.23 0.58 091 —0.76 0.27 0.55
14 Formate -0.23 0.18 0.96 —0.56 0.20 0.95
15 Acetone —0.38 0.95 1.01 —0.28 0.77 1.02 —0.51 0.96 1.02
16 Acetoacetate —0.52 0.33 0.85 -0.25 0.84 1.01 —0.63 0.53 1.02
7 Oglggfn —0.61 0.60 0.99
8 1?;;?; —041 089 1.03
9 5%};1;; —0.56 0.81 0.96

Legend: The results take into account the resonance signals of the functional groups of a given metabolite
at different chemical shifts, e.g., isoleucine at 0.95 and 1.02 ppm, lipids at 0.9, 1.3, and 5.3 ppm, as well as
3-hydroxybutyrate at 1.23 and 4.21 ppm. The p(corr) values > 0.3 and p-values < 0.05 thresholds are bolded.
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Figure 3. The results of permutation testing of the OPLS-DA models discriminating the responders
from non-responders in the study group (a), males (b), and females (c). The number of permutations
was set to twice the sample size.
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2.2. Complete Clinical Response (CCR) of the Primary Tumor and Complete Nodal
Response (CNR)

In the study group, only three male patients achieved both CCR (yT = 0) and CNR
(yN = 0) after iCHT. A total of 11 patients (10 males and 1 woman) achieved CCR only, and
17 patients (11 men and 6 women) achieved only CNR.

Two types of multivariate analyses were used in the CCR and CNR prediction trial:
two-class OPLS-DA models distinguishing the patients with CCR (yT = 0) and CNR (yN = 0)
from those without a complete regression (yT and yN > 0), and the regression PLS models
correlating the yT and yN values with the individual metabolic levels. The analyses were
performed for the entire group and by gender. Again, the best results were obtained for
the male group, but this time, none of the multivariate models reached the significance
threshold, and therefore, the summary of these results was omitted.

2.3. Metabolic Pathway Analysis

The low-molecular-weight metabolites listed in Table 2 were subjected to pathway
analysis. The analysis revealed only one significantly enriched metabolic pathway (Holm-
adjusted p-value < 0.05), the glyoxylate and dicarboxylate metabolism. There are 32 metabo-
lites in total involved in this pathway; four of them were identified as important for dis-
criminating the responders and non-responders: glycine, formate, acetate, and glutamate.

3. Discussion

In the present study, the pretreatment blood serum samples were used to distinguish
the iCHT responders vs. non-responders. Two approaches were tested based on a per-
centage of radiological regression of the primary tumor and complete clinical regression
(yT=0and/or yN = 0), respectively. The second approach yielded no statistically significant
results. The division into the responders and non-responders (based on the radiological
regression) was conducted by optimizing the ROC curve; finally, the cut-off point of 75%
was chosen. The gold standard for assessing the treatment response in solid tumors is the
so-called RECIST (response evaluation criteria in solid tumors) scale [14]. According to
RECIST, a partial response is defined as at least a 30% decrease in the sum of the diameters
of the target lesions, taking as reference the baseline sum diameters, while a complete
response means a disappearance of all target lesions [14]; there is nothing in between in
RECIST. A recent literature review on predictive biomarkers for the response of iCHT in
HNSCC reveals that the RECIST guidelines are not strictly followed, and different cut-off
points for the response are often chosen [10]. In general, patients with a tumor volume
decrease of around 70% are the responders [10]; thus, the cut-off point chosen in this study
seems justified.

As revealed from our previous studies, a molecular response to iCHT is gender-
dependent. A common feature is an increase in the lipid signals after iCHT, but in the
male group, an additional decrease in the glucose, alanine, and N-acetylglycoprotein
(NAG, the NMR-detectable inflammatory marker) signals is observed [12]. However, most
importantly, we have shown that, in men, the increase in the lipid signals and decrease
in NAG after iCHT correlates with a clinical and radiological regression of the primary
tumor [12], whereas no such correlation has been observed in women [12].

The present study yields similar results in terms of sex differences. This is visible
in the parameters determining the quality of the OPLS-DA models, where the highest
Q2 value = 0.36 (predictive ability of the model) and the cv-ANOVA p-value = 0.03 are
observed for the male group. The OPLS-DA model involving the female data is not statisti-
cally significant (cv-ANOVA p = 0.42 and Q2 = 0.12), while that built on the entire group
has a cv-ANOVA p < 0.05, but Q2 is below 0.3—the value taken as the lower threshold.

The succeeding discussion will, thus, focus on the metabolic profiles and their statisti-
cally significant features characterizing the response to iCHT. In the pretreatment samples
from the male responders, the lipid signals from the methylene (-CH2-CH2-CH2-) and
methyl (CH3-CH2-) groups at 1.3 and 0.9 ppm, respectively, and from the protons from the
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unsaturated fatty acid moieties (-CH=CH-) at 5.3 ppm, N-acetylcysteine, tyrosine, glycine,
alanine, and isoleucine are increased, whereas those of acetate, glutamate, formate, and
3HB are lower than in the non-responders.

The above results indicate that the lipid profile of the blood serum is not only sensitive
to chemotherapy, but it may also have a predictive value for the treatment’s effective-
ness [15]. Although research on the impact of chemotherapy on the lipid profile has been
conducted for many years [16,17], due to the complex feedback loops of the mechanisms
regulating lipid homeostasis in cancer and during its treatment, the role of the lipid changes
still remains virtually unknown [18]. Resolving these relationships may be crucial for the
effective personalization of chemotherapy-based treatment, and this is also indicated by
our research.

The metabolites that enable statistical identification of the male responders and non-
responders are those involved in protein synthesis and degradation, i.e., alanine, glycine,
glutamate, and isoleucine. Alanine is synthesized in the skeletal muscle from oxidation of
the branched-chain amino acids (BCAAs: isoleucine, leucine, and valine) and transported
to the liver, where it is catalyzed by alanine aminotransferase [19]. Alanine is also one of the
major substrates for gluconeogenesis during glucose deficiency [19], while isoleucine stim-
ulates glucose uptake in the skeletal muscle and depresses gluconeogenesis in the liver [20].
In patients with muscular dystrophies, the alanine levels were found to be reduced [21]. It
was further noted that hepatic alanine catabolism, driven by chronic glucocorticoid and
glucagon signaling, promotes hyperglycemia and skeletal muscle atrophy [22]. Glycine, an
important inhibitory transmitter, among its other functions, is essential for protein synthesis
and muscle growth [23,24].

We observed higher levels of glutamate—an intermediate of the TCA cycle—in the
non-responders. Under normal conditions, the blood glutamate levels are maintained
in a steady state, and a normal diet prevents significant fluctuations [25]. The literature
data indicate that blood glutamate plays an important role in peripheral organs [26]. As
revealed from the studies of the rate of glutamate uptake in various peripheral tissues and
organs after intravascular injection of [14C]-Glu, the skeletal muscles contain the body’s
largest storage pool of glutamate, accounting for approximately 59% of the total storage
amount [27]. Glutamate is also found in the liver and kidneys, but when released by the
liver, it is taken up by the muscles in the post-absorptive state and in a state of starvation in
overweight people [28].

Based on the above, it can be assumed that the reduced levels of isoleucine, alanine, and
glycine in the non-responders reflect their poorer muscular and/or nutritional (isoleucine
is an essential amino acid, and glycine is not synthesized by humans to a sufficient extent)
conditions compared to the responders. We tried to confirm this assumption by comparing
the BMI (though this parameter does not reflect lean body mass well) as well as the albumin
and prealbumin values in both groups: while the medians for all three parameters were
higher in the responders, the difference, however, was not statistically significant.

The non-responders show lower levels of tyrosine as well as elevated acetate, 3HB, and,
although with p(corr) < 0.3, acetone and AceAce. 3HB, AceAce, and acetone are the ketone
bodies, usually elevated in blood in a carbohydrate-deficient state, and malnutrition [29]—
the conditions that are prevalent in HNSCC patients [30]. Acetate is a fatty acid, structurally
similar to the ketone bodies, and as the latter is the end product of fatty acid oxidation in the
liver during fasting conditions, it is mainly utilized in the heart, skeletal muscle, and brown
adipose tissue, acting as a nutrient deprivation and stress-indicator and as a substrate for
protein and metabolite acetylation reactions [31]. Acetate is also a signaling and regulatory
metabolite involved in inflammatory and stress responses and cancer metabolism [32].
The changes characteristic of malnutrition are not statistically significant, and the albumin
values, although low, are within the reference range. However, considering that this is
accompanied by disturbances in the amino acids related to the maintenance of the muscle
tissue, the hypothesis of a worse nutritional status of the non-responders vs. responders
should not be rejected.
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Tyrosine is directly involved in protein phosphorylation and indirectly (through
dopamine and catecholamines) in the regulation of immune response and neurotransmis-
sion [33,34]. Dopamine is required for numerous brain functions, whereas catecholamines
are associated with the fight-or-flight response and prepare the body to deal with environ-
mental stress [34]. Protein phosphorylation is important in cellular regulatory mechanisms
such as protein synthesis, cell division and growth, and signal transduction [35]. Tyrosine
phosphorylation activates, inter alia, p53 protein [35,36], which is presumably related to
the response to chemotherapy, although it remains to be elucidated [10]. Tyrosine can
be obtained from food or generated (in the liver) from phenylalanine through pheny-
lalanine hydroxylase; its deficiency is strongly involved in the mechanisms of unipolar
depression [37].

In our study, the non-responders showed elevated formate compared to the respon-
ders. Formate is an intermediate metabolite in one-carbon metabolism. It is produced from
serine or glycine (this may be an additional factor contributing to the reduced glycine level
in the non-responders) in the folate-dependent production process and folate-independent
process from the oxidation of formaldehyde [38]. An increase in blood formate is observed
in vitamin B12 deficiency, which, in turn, may be involved in head and neck carcinogenesis,
as revealed by the study of Raval et al. [39]. Furthermore, an increased formate concentra-
tion within the tumor microenvironment can promote metastases [40], and such an increase
was previously observed in rectal and esophageal cancer tissues [38].

Finally, the non-responders show lower NAC, N-acetyl derivative of the amino acid
L-cysteine. NAC is a conditionally essential metabolite with relatively stable concentra-
tions under healthy conditions [41]. It has been postulated that NAC promotes slow and
sustained sulfane sulfur and hydrogen sulfide production, resulting in several cytoprotec-
tive effects, including stimulation of mitochondrial bioenergetics, modulation of protein
function, as well as, which is especially important in HNSCC treatment, protection against
irreversible oxidative damage and an increase in oxidant scavenging capacity [42]. The
vast majority of available publications indicate the potentially protective effect of NAC in
anticancer treatment and its ability to inhibit cancer cell proliferation, but there are also
reports indicating no clinical translation of NAC [43,44]. Although NAC does not appear
to affect overall survival in HNSCC [45], its higher concentrations may have a protective
effect on the toxicity of chemo- and radiochemotherapy [46,47]. The assumption that the
responders can better suppress oxidative stress is also supported by the increased glycine
levels in this group. In addition to protein synthesis (discussed above), glycine, like NAC,
has anti-oxidant properties [24,48,49].

The results of the metabolic pathway analysis revealed a significant enrichment of
glyoxylate and dicarboxylate metabolism. Glyoxylate and dicarboxylate metabolism are
associated with obesity, type 2 diabetes, and atherosclerosis cardiovascular disease [50].
Very recent findings identify it as the specific pathway and biomarker of oral squamous cell
carcinoma cells in response to cisplatin [51] and the poor prognosis of HNSCC patients [52].
Although our research was conducted on a small group, the results obtained are supported
by the available literature reports and may be an impulse to conduct further research using
metabolomics based on NMR spectroscopy, which is a cheap, non-invasive, non-destructive,
and highly repeatable research method.

Limitations of the Study

This study was conducted on a quite small and gender-heterogeneous group, where
women were underrepresented (29 men and 17 women). The difference in the statistical
significance between males and females presumably results from the differences in the
gender-specific sample sizes. On the other hand, the results obtained here are consistent
with those obtained in a similar group of patients where we examined the molecular
response to iCHT [12]. In our previous study, we identified a blood serum metabolic
signature correlated with a radiological and clinical regression of the primary tumor, and
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this correlation was statistically significant only in male patients [12]. The biggest limitation
related to the small group size is the lack of an external test set.

4. Materials and Methods
4.1. Characteristics of the Patient Group

The retrospective study was approved by the Ethics Committee and informed written
consent was obtained from the participants. The studied group consisted of 46 LA-HNSCC
patients, 29 men, and 17 women, all Caucasians, between 22 and 73 years (median 56 years).
All patients were treated with radical intent in the 1st Radiation and Clinical Oncology
Department of Maria Sklodowska-Curie National Research Institute of Oncology, Gliwice
Branch, Poland. All were pathologically confirmed with squamous cell carcinoma accord-
ing to the third edition WHO scale. Forty patients had clinical stage IV, six patients had
stage III, according to the seventh edition of the American Joint Committee on Cancer
(AJCC), with poor prognostic factors such as heavy smoking and/or heavy-drinking abuse,
long-term diagnostic procedures, tumor fragmentation during excision biopsy, difficulties
with histopathology diagnosis (2 or more excision biopsies), and rapid progression during
diagnostic procedures. The patients aged 22 years or older with primary tumors of the
oropharynx, hypopharynx, nasopharynx, and larynx were included for analysis. The
patients had biopsy-proven squamous cell carcinoma in the primary and/or cervical lymph
nodes. All participants had a performance status of less than 2 according to the ZUBROD
WHO scale, good nutritional status, and were inoperable or suitable for organ preservation
strategy. Exclusion criteria were the following: distant metastases, squamous cell carci-
noma of the nose, sinus, ear, skin, thyroid, salivary, patients with a previous secondary
malignancy, performance status greater than or equal to 2 (ZUBROD WHO scale), and no
permission for chemotherapy. Due to the high risk of distant failure, multiple involved
nodes, a large volume of the primary tumor, and a large volume of nodal disease, patients
received iCHT prior to RT or cCHRT (downstaging procedure improving RT planning).

iCHT was realized with one of the following protocols:

(@) Three cycles of TPF administered every 21 days (docetaxel, 75 mg/m? followed by
cisplatin 100 mg/m? on day 1, and 5-fluorouracil 1000 mg/m? per day, administered
as a continuous 24-h infusion for 4 days) followed by chemoradiotherapy delivered
as a sequential therapy—20 patients.

(b) Four cycles of TPF administered every 21 days (docetaxel 75 mg/m? of body-surface
area, followed by cisplatin 75 mg/m? on day 1, and 5-fluorouracil 750 mg/m? per
day, administered as a continuous 24-h infusion for 4 days) followed by radiotherapy
as a sequential therapy—1 patient.

(c) Three cycles of cisplatin plus 5-fluorouracil (PF) administered every 21 days (cisplatin
100 mg/m? on day 1, 5-fluorouracil 1000 mg/m? as a continuous 24-h infusion for
4 days) followed by chemoradiotherapy with cisplatin delivered as a sequential
therapy—23 patients.

(d) Three cycles of paclitaxel and carboplatin (PC) administered every 21 days (175 mg/m?)
and carboplatin at a dose calculated using the Calvert formula area under the curve of
5 followed by chemoradiotherapy with carboplatin delivered as a sequential therapy—
2 patients.

The detailed patients’ characteristics are presented in Table 1.

4.2. Assessment of Treatment Response to Induction Chemotherapy

The method for assessing the responses to iCHT is described in detail in our previous
publication [12]. Briefly, the TNM Classification of Malignant Tumors v.7 was used before
and after iCHT as a globally recognized standard for classifying the extent of cancer spread
(T: tumor; N: regional involved lymph nodes; and M: distant metastasis). The prefix modi-
fiers and “y” were applied to describe the pre- and post-iCHT stages. In addition, the

primary lesions in the head and neck were measured in the images (computed tomography,
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CT; magnetic resonance, MR; and positron emission tomography—computed tomography,
PET—CT) taken before (pre-iCHT) and after induction chemotherapy (post-iCHT) in the
radiology department of the Maria Sklodowska-Curie National Research Institute of Oncol-
ogy. All volumetric measurements were performed by a qualified radiologist using the “MR
Segmentation” tool, which is available with Siemens Healthcare syngo.via software, version
VB20A (Siemens Healthcare, Berlin, Germany). The lesion volume was calculated and
measured in cubic centimeters. The percentage of tumor regression was calculated using
the following formula: 100 — (post-iCHT tumor volume) * 100/ (preCHT tumor volume).

4.3. Blood Serum Samples Collection and Preparation for NMR Spectroscopy

The peripheral venous blood samples were collected before (pre-iCHT) the first cycle
of iCHT. The blood samples were incubated for 30 min at room temperature and then
centrifuged (1000 g, 10 min) to remove a clot and stored frozen at —80 °C. On the day
of the NMR measurements, the serum samples were thawed in two steps (at 4 °C and
at room temperature) and mixed with phosphate buffer (pH 7.4) containing D20 and
trimethylsilylpropanoic acid (TSP), used as an internal reference. The aliquots of 600 pL of
the solution were transferred into 5 mm Wilmad WG-1235-7 NMR tubes (Wilmad Labg]lass,
Vineland, NJ, USA) and kept at 4 °C until the NMR analysis.

4.4. NMR Measurement Protocol

The same measurement protocol was applied as in our previous metabolomic stud-
ies [12]. The 1H NMR spectra were acquired on a Bruker 400 MHz Avance III spectrometer
(Bruker BioSpin, Ettlingen, Germany) equipped with a 5 mm PABBI probe. The quality con-
trol tests (shim quality, resolution, and water suppression tests) were routinely performed
at the beginning of every measurement day, while the acquisition parameters’ optimization
(the NMR probe tuning and matching, shimming, determination of the transmitter offset
value for the water pulse presaturation, and 90° pulse adjustments) were always adjusted
for each sample. The parameters obtained from the quality control tests, as well as the
transmitter offset values and the 90° pulse, were compared with the reference parameters
for our spectrometer and/or with the archived parameters from previous days and months
to make sure that the spectrometer was operating stably.

The receiver gain was set to 90.5 and the temperature to 310 K for all experiments. Four
different 1H NMR spectra—NOESY (1D nuclear Overhauser enhancement spectroscopy),
CPMG (Carr-Purcell-Meiboom-Gill), diffusion edited (DIFF), and J-resolved (JRES)—were
acquired for each serum sample. The pulse sequence parameters are given in the Supple-
mentary Material (Table S1).

4.5. NMR Spectra Post-Processing and Metabolite Quantification

The 1D spectra were processed with a line broadening of 0.3 Hz and automatically
phase corrected (in TopSpin 3.1pl7 software from Bruker BioSpin, Ettlingen, Germany),
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 4.0.2 software (Bruker
BioSpin, Ettlingen, Germany). The spectrum region of water (5.15-4.38 ppm, d = 0.77 ppm)
was removed from the analysis in order to prevent variations in each sample. No normal-
ization was applied.

4.6. Metabolite Identification and Quantification

The identification of the metabolites was carried out based on the comparisons with
the reference compounds library (in Chenomx NMR Suite 9.0 Professional (Chenomx Inc.,
Edmonton, AB, Canada)), as well as on the multiplicity and scalar couplings information ex-
tracted from the 2D JRES spectra, and using the information from the Human Metabolome
Database (http://www.hmdb.ca/ accessed on 6 May 2024) and the available literature.

The low-molecular-weight metabolites were quantified based on the 1D-positive
projections of the JRES spectra. The diffusion-edited spectra were used for quantification of
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the lipid signals. The integrals were measured in the spectral regions defined individually
for each metabolite using the “sum all points in region” method in AMIX 4.0.2 (Bruker
BioSpin, Ettlingen, Germany) software.

4.7. Data Analysis

Due to the small number of samples, the analyses were performed on the quantified
metabolites instead of full NMR spectra. The multivariate modeling was conducted using
SIMCA v.17 (Sartorius Stedim Data Analytics, Umed, Sweden) software. Orthogonal partial
least squares discriminant analysis (OPLS-DA) was used for class discrimination. In this
study, two-class models were used, distinguishing the classes defined as responders and
non-responders. A detailed description of these classes is provided in Section 2.1. The
quantified NMR metabolites were scaled to unit-variance (UV scaling) because of the
large differences in the metabolite integrals. The OPLS-DA models were created using
7-fold cross-validation (4 observations were excluded from the model and were used as
a validation group; the process was repeated 7 times with different observations used
for each iteration). The univariate statistical analyses were carried out using Statistica
12 software (StatSoft, Hamburg, Germany). The significance threshold was set at 0.05. The
Mann-Whitney U (MWU) test (continuous variables) and x? Chi-squared test (categorical
variables) were used to check whether the differences observed between the groups were
statistically significant.

The identification of metabolic pathways in which the identified metabolites are
involved was performed using MetaboAnalys 6.0 (available at http:/ /www.metaboanalyst.
ca accessed on 1 July 2024). The enrichment method was set to Fisher’s exact test, and the
topology measure was set to relative-betweenness centrality. The significance threshold for
pathway enrichment was set at 0.05 (Holm-adjusted value).

4.8. Validation of the Multivariate Models and Receiver Operating Characteristics

The statistical significance of the estimated predictive power of the OPLS-DA models
was tested internally in SIMCA v.17 software using permutation testing with the num-
ber of permutations doubling the number of the observations in a model (92, 58, and
34 permutations for the study group, males and females, respectively) and ANOVA of the
cross-validated residuals (cv-ANOVA). The permutation testing is based on a comparison
of the actual model to the number of parallel models based on a fit to randomly reordered
class membership in the dataset. The R2Y and Q2 for the permuted models should always
be lower than for the actual model [52]. The cv-ANOVA diagnostic formally compares
the fit of two models to the same data by the size of their residuals—it tests whether
the OPLS-DA model has significantly lower cross-validated predictive residuals than just
the variation around the global average [53]. Finally, the significance of the identified
metabolites is assessed with the univariate MWU test.

The true positive classification rates (TPR) for the ROC curves were calculated based
on the OPLS-DA misclassification tables. Each ROC plot (Figure 1) presents TPR for the
responders (>75) and non-responders (<75), respectively.

5. Conclusions

This retrospective metabolomics study shows that a serum 1H NMR spectroscopy can
potentially be a useful tool for predicting the response to iCHT in HNSCC.

A number of metabolites distinguishing the male responders from the non-responders
have been identified. These are serum lipids, amino acids involved in protein synthesis
and degradation (glycine, glutamate, alanine, and isoleucine), ketone bodies (indicators
of nutritional status), formate (metabolite correlated with vitamin B12 deficiency), and
N-acetylcysteine (which, together with glycine, is involved in protection against oxidative
damage and increasing the ability to scavenge oxidants).

While the relationship between the lipid compounds and chemotherapy is still unclear,
other results indicate that the nutritional status, the capacity of the immune system, and
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the efficiency of metabolism related to protein synthesis may be prognostic factors for the
response to induction chemotherapy in males with HNSCC.

These preliminary results need to be evaluated in a larger group with an external
test set.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25147555/s1, Table S1. The characteristics of the acquired
spectra as well as the pulse sequence parameters.

Author Contributions: Conceptualization, L.B. and A.B.; methodology, L.B., A.S. and A.B.; validation,
L.B., M.S. and K.S; formal analysis, L.B.; investigation, £.B., A.S., M.C. and A.B.; resources, M.C.,].D.].
and ].M.-K.; data curation, M.C.; writing—original draft preparation, L.B. and M.S.; visualization,
L.B.; supervision, M.S. and K.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted according to the guidelines
of the Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Com-
mittee) of the Maria Sklodowska-Curie National Research Institute of Oncology (protocol code
DO/DGP/493/4/06/1/2016/G and date of approval 26 January 2016).

Informed Consent Statement: Written informed consent has been obtained from the patients to
publish this paper.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

Fayette, J.; Fontaine-Delaruelle, C.; Ambrun, A.; Daveau, C.; Poupart, M.; Ramade, A.; Zrounba, P.; Neidhart, E.M.; Péron,
J.; Diallo, A.; et al. Neoadjuvant modified TPF (docetaxel, cisplatin, fluorouracil) for patients unfit to standard TPF in locally
advanced head and neck squamous cell carcinoma: A study of 48 patients. Oncotarget 2016, 7, 37297-37304. [CrossRef] [PubMed]
Haddad, R.I; Posner, M.; Hitt, R.; Cohen, E.E.W.; Schulten, J.; Lefebvre, ].L.; Vermorken, J.B. Induction chemotherapy in locally
advanced squamous cell carcinoma of the head and neck: Role, controversy, and future directions. Ann. Oncol. 2018, 29, 1130-1140.
[CrossRef] [PubMed]

Cohen, E.E.; Karrison, T.G.; Kocherginsky, M.; Mueller, J.; Egan, R.; Huang, C.H.; Brockstein, B.E.; Agulnik, M.B.; Mittal, B.B.;
Yunus, E; et al. Phase III randomized trial of induction chemotherapy in patients with N2 or N3 locally advanced head and neck
cancer. J. Clin. Oncol. 2014, 32, 2735-2743. [CrossRef] [PubMed]

Albers, A .E.; Grabow, R.; Qian, X.; Jumah, M.D.; Hofmann, V.M.; Krannich, A.; Pecher, G. Efficacy and toxicity of docetaxel
combination chemotherapy for advanced squamous cell cancer of the head and neck. Mol. Clin. Oncol. 2017, 7, 151-157.
[CrossRef] [PubMed]

Rapidis, A ; Sarlis, N.; Lefebvre, J.L.; Kies, M. Docetaxel in the treatment of squamous cell carcinoma of the head and neck. Ther.
Clin. Risk Manag. 2008, 4, 865-886. [CrossRef] [PubMed]

Jin, T.; Qin, W.F; Jiang, F; Jin, Q.E; Wei, Q.C,; Jia, Y.S.; Sun, X.N.; Li, W.F,; Chen, X.Z. Cisplatin and Fluorouracil Induction
Chemotherapy With or Without Docetaxel in Locoregionally Advanced Nasopharyngeal Carcinoma. Transl. Oncol. 2019, 12,
633-639. [CrossRef] [PubMed]

Peng, H.; Chen, L.; Zhang, Y.; Li, W.E;; Mao, Y.P; Liu, X.; Zhang, F; Guo, R; Liu, L.Z,; Tian, L.; et al. The Tumour Response to
Induction Chemotherapy has Prognostic Value for Long-Term Survival Outcomes after Intensity-Modulated Radiation Therapy
in Nasopharyngeal Carcinoma. Sci. Rep. 2016, 6, 24835. [CrossRef]

Hsieh, C.Y,; Lein, M.Y,; Yang, S.N.; Wang, Y.C.; Lin, Y.J.; Lin, C.Y.,; Hua, C.H.; Tsai, M.H.; Lin, C.C. Dose-dense TPF induction
chemotherapy for locally advanced head and neck cancer: A phase II study. BMC Cancer 2020, 20, 832. [CrossRef] [PubMed]
Driessen, C.M.; de Boer, J.P.; Gelderblom, H.; Rasch, C.R.; de Jong, M.A_; Verbist, B.M.; Melchers, W.J.G.; Tesselaar, M.E.T.; van
der Graaf, W.T.A.; Kaanders, ].H.A.M.; et al. Induction chemotherapy with docetaxel/cisplatin/5-fluorouracil followed by
randomization to two cisplatin-based concomitant chemoradiotherapy schedules in patients with locally advanced head and
neck cancer (CONDOR study) (Dutch Head and Neck Society 08-01): A randomized phase II study. Eur. J. Cancer. 2016, 52, 77-84.
[CrossRef]

Boguszewicz, L. Predictive Biomarkers for Response and Toxicity of Induction Chemotherapy in Head and Neck Cancers. Front.
Oncol. 2022, 12,900903. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms25147555/s1
https://www.mdpi.com/article/10.3390/ijms25147555/s1
https://doi.org/10.18632/oncotarget.8934
https://www.ncbi.nlm.nih.gov/pubmed/27119503
https://doi.org/10.1093/annonc/mdy102
https://www.ncbi.nlm.nih.gov/pubmed/29635316
https://doi.org/10.1200/JCO.2013.54.6309
https://www.ncbi.nlm.nih.gov/pubmed/25049329
https://doi.org/10.3892/mco.2017.1281
https://www.ncbi.nlm.nih.gov/pubmed/28685095
https://doi.org/10.2147/TCRM.S3133
https://www.ncbi.nlm.nih.gov/pubmed/19209269
https://doi.org/10.1016/j.tranon.2019.01.002
https://www.ncbi.nlm.nih.gov/pubmed/30797141
https://doi.org/10.1038/srep24835
https://doi.org/10.1186/s12885-020-07347-6
https://www.ncbi.nlm.nih.gov/pubmed/32873270
https://doi.org/10.1016/j.ejca.2015.09.024
https://doi.org/10.3389/fonc.2022.900903

Int. J. Mol. Sci. 2024, 25, 7555 15 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35.
36.

37.

Melder, K.L.; Geltzeiler, M. Induction Chemotherapy for Locoregionally Advanced Sinonasal Squamous Cell Carcinoma and
Sinonasal Undifferentiated Carcinoma: A Comprehensive Review. Cancers 2023, 15, 3798. [CrossRef] [PubMed]

Boguszewicz, L.; Bieleri, A.; Jarczewski, J.D.; Ciszek, M.; Skorupa, A.; Sktadowski, K.; Sokét, M. Molecular response to induction
chemotherapy and its correlation with treatment outcome in head and neck cancer patients by means of NMR-based metabolomics.
BMC Cancer 2021, 21, 410. [CrossRef]

Johnson, D.E.; Burtness, B.; Leemans, C.R.; Lui, VW.Y,; Bauman, J.E.; Grandis, ].R. Head and neck squamous cell carcinoma. Nat.
Rev. Dis. Primers. 2020, 6,92, Erratum in: Nat. Rev. Dis. Primers. 2023, 9, 4.. [CrossRef] [PubMed]

Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.; Mooney,
M.; et al. New Response Evaluation Criteria in Solid Tumours: Revised RECIST Guideline (Version 1.1). Eur. J. Cancer. 2009, 45,
228-247. [CrossRef]

Zhou, ].C; Guo, J.E; Teng, R.Y.; Wang, Q.C.; Wang, ].; Wei, Q.; Li, Z.D.; Shen, ].G.; Wang, L.B. New utility of an old marker: Serum
low-density lipoprotein predicts histopathological response of neoadjuvant chemotherapy in locally advanced gastric cancer.
Onco. Targets Ther. 2016, 9, 5041-5047. [CrossRef] [PubMed]

Alexopoulos, C.G.; Pournaras, S.; Vaslamatzis, M.; Avgerinos, A.; Raptis, S. Changes in serum lipids and lipoproteins in cancer
patients during chemotherapy. Cancer Chemother. Pharmacol. 1992, 30, 412-416. [CrossRef] [PubMed]

Stathopoulos, G.P; Stergiou, G.S.; Perrea-Kostarelis, D.N.; Dontas, I.A.; Karamanos, B.G.; Karayiannacos, P.E. Influence of
5-fluorouracil on serum lipids. Acta Oncol. 1995, 34, 253-256. [CrossRef] [PubMed]

Bhatnagar, R.; Dixit, N.M.; Yang, E.H.; Sallam, T. Cancer therapy’s impact on lipid metabolism: Mechanisms and future avenues.
Front. Cardiovasc. Med. 2022, 9,925816. [CrossRef] [PubMed]

Sarabhai, T.; Roden, M. Hungry for your alanine: When liver depends on muscle proteolysis. J. Clin. Invest. 2019, 129, 4563-4566.
[CrossRef]

Yoshizawa, F. New therapeutic strategy for amino acid medicine: Notable functions of branched chain amino acids as biological
regulators. . Pharmacol. Sci. 2012, 118, 149-155. [CrossRef]

Srivastava, N.K.; Mukherjee, S.; Mishra, V.N. Metabolic Disturbance in Patients with Muscular Dystrophy and Reflection of
Altered Enzyme Activity in Dystrophic Muscle: One Critical View. |. Biomed. Res. Environ. Sci. 2020, 1, 393-403. [CrossRef]
Okun, J.G; Rusu, PM.; Chan, A.Y,; Wu, Y.; Yap, Y.W.; Sharkie, T.; Schumacher, J.; Schmidt, K.V.; Roberts-Thomson, K.M.; Russell,
R.D,; et al. Liver alanine catabolism promotes skeletal muscle atrophy and hyperglycaemia in type 2 diabetes. Nat. Metab. 2021, 3,
394-409. [CrossRef] [PubMed]

Gheller, B.; Blum, J.; Thalacker-Mercer, A. Serine and Glycine Are Essential for Human Muscle Progenitor Cell P Roliferation
(P08-063-19). Curr. Dev. Nutr. 2019, 3 (Suppl. S1), nzz044.P08-063-19. [CrossRef]

Wang, W.; Wu, Z,; Lin, G.; Hu, S.; Wang, B.; Dai, Z.; Wu, G. Glycine stimulates protein synthesis and inhibits oxidative stress in
pig small intestinal epithelial cells. . Nutr. 2014, 144, 1540-1548. [CrossRef] [PubMed]

Zlotnik, A.; Sinelnikov, I.; Gruenbaum, B.F.; Gruenbaum, S.E.; Dubilet, M.; Dubilet, E.; Leibowitz, A.; Ohayon, S.; Regev, A.;
Boyko, M.; et al. Effect of glutamate and blood glutamate scavengers oxaloacetate and pyruvate on neurological outcome and
pathohistology of the hippocampus after traumatic brain injury in rats. Anesthesiology 2012, 116, 73-83. [CrossRef] [PubMed]
Bai, W.; Zhou, Y.G. Homeostasis of the Intraparenchymal-Blood Glutamate Concentration Gradient: Maintenance, Imbalance,
and Regulation. Front. Mol. Neurosci. 2017, 10, 400. [CrossRef] [PubMed]

Klin, Y.; Zlotnik, A.; Boyko, M.; Ohayon, S.; Shapira, Y.; Teichberg, V.I. Distribution of radiolabeled 1-glutamate and d-aspartate
from blood into peripheral tissues in naive rats: Significance for brain neuroprotection. Biochem. Biophys. Res. Commun. 2010, 399,
694-698. [CrossRef]

Cynober, L. Metabolism of Dietary Glutamate in Adults. Ann. Nutr. Metab. 2018, 73 (Suppl. S5), 5-14. [CrossRef] [PubMed]
Anderson, J.C.; Mattar, S.G.; Greenway, F.L.; Lindquist, R.J. Measuring ketone bodies for the monitoring of pathologic and
therapeutic ketosis. Obes. Sci. Pract. 2021, 7, 646-656. [CrossRef] [PubMed]

Kubrak, C.; Martin, L.; Gramlich, L.; Scrimger, R.; Jha, N.; Debenham, B.; Chua, N.; Walker, J.; Baracos, V.E. Prevalence and
prognostic significance of malnutrition in patients with cancers of the head and neck. Clin. Nutr. 2020, 39, 901-909. [CrossRef]
Moffett, ].R.; Puthillathu, N.; Vengilote, R.; Jaworski, D.M.; Namboodiri, A.M. Acetate Revisited: A Key Biomolecule at the Nexus
of Metabolism, Epigenetics and Oncogenesis-Part 1: Acetyl-CoA, Acetogenesis and Acyl-CoA Short-Chain Synthetases. Front.
Physiol. 2020, 11, 580167. [CrossRef]

Moffett, ].R.; Puthillathu, N.; Vengilote, R.; Jaworski, D.M.; Namboodiri, A.M. Acetate Revisited: A Key Biomolecule at the Nexus
of Metabolism, Epigenetics, and Oncogenesis—Part 2: Acetate and ACSS2 in Health and Disease. Front. Physiol. 2020, 11, 580171.
[CrossRef] [PubMed]

Wu, G. Amino acids: Metabolism, functions, and nutrition. Amino Acids 2009, 37, 1-17. [CrossRef] [PubMed]

Chandel, N.S. Amino Acid Metabolism. Cold Spring Harb. Perspect. Biol. 2021, 13, a040584. [CrossRef] [PubMed]

Ardito, F; Giuliani, M.; Perrone, D.; Troiano, G.; Lo Muzio, L. The crucial role of protein phosphorylation in cell signaling and its
use as targeted therapy (Review). Int. J. Mol. Med. 2017, 40, 271-280. [CrossRef] [PubMed]

Yogosawa, S.; Yoshida, K. Tumor suppressive role for kinases phosphorylating p53 in DNA damage-induced apoptosis. Cancer
Sci. 2018, 109, 3376-3382. [CrossRef] [PubMed]

McLean, A.; Rubinsztein, J.S.; Robbins, T.W.; Sahakian, B.]. The effects of tyrosine depletion in normal healthy volunteers:
Implications for unipolar depression. Psychopharmacology 2004, 171, 286—297. [CrossRef]


https://doi.org/10.3390/cancers15153798
https://www.ncbi.nlm.nih.gov/pubmed/37568614
https://doi.org/10.1186/s12885-021-08137-4
https://doi.org/10.1038/s41572-020-00224-3
https://www.ncbi.nlm.nih.gov/pubmed/33243986
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.2147/OTT.S97061
https://www.ncbi.nlm.nih.gov/pubmed/27574445
https://doi.org/10.1007/BF00689971
https://www.ncbi.nlm.nih.gov/pubmed/1505080
https://doi.org/10.3109/02841869509093964
https://www.ncbi.nlm.nih.gov/pubmed/7718265
https://doi.org/10.3389/fcvm.2022.925816
https://www.ncbi.nlm.nih.gov/pubmed/36017084
https://doi.org/10.1172/JCI131931
https://doi.org/10.1254/jphs.11R05FM
https://doi.org/10.37871/jbres1171
https://doi.org/10.1038/s42255-021-00369-9
https://www.ncbi.nlm.nih.gov/pubmed/33758419
https://doi.org/10.1093/cdn/nzz044.P08-063-19
https://doi.org/10.3945/jn.114.194001
https://www.ncbi.nlm.nih.gov/pubmed/25122646
https://doi.org/10.1097/ALN.0b013e31823d7731
https://www.ncbi.nlm.nih.gov/pubmed/22129535
https://doi.org/10.3389/fnmol.2017.00400
https://www.ncbi.nlm.nih.gov/pubmed/29259540
https://doi.org/10.1016/j.bbrc.2010.07.144
https://doi.org/10.1159/000494776
https://www.ncbi.nlm.nih.gov/pubmed/30508813
https://doi.org/10.1002/osp4.516
https://www.ncbi.nlm.nih.gov/pubmed/34631141
https://doi.org/10.1016/j.clnu.2019.03.030
https://doi.org/10.3389/fphys.2020.580167
https://doi.org/10.3389/fphys.2020.580171
https://www.ncbi.nlm.nih.gov/pubmed/33304273
https://doi.org/10.1007/s00726-009-0269-0
https://www.ncbi.nlm.nih.gov/pubmed/19301095
https://doi.org/10.1101/cshperspect.a040584
https://www.ncbi.nlm.nih.gov/pubmed/33795250
https://doi.org/10.3892/ijmm.2017.3036
https://www.ncbi.nlm.nih.gov/pubmed/28656226
https://doi.org/10.1111/cas.13792
https://www.ncbi.nlm.nih.gov/pubmed/30191640
https://doi.org/10.1007/s00213-003-1586-8

Int. J. Mol. Sci. 2024, 25, 7555 16 of 16

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Brosnan, M.E.; Brosnan, ].T. Formate: The Neglected Member of One-Carbon Metabolism. Annu. Rev. Nutr. 2016, 36, 369-388.
[CrossRef]

Raval, G.N.; Sainger, R.N.; Rawal, R M.; Patel, ].B.; Patel, B.P; Jha, EP.; Patel, D.D.; Patel, P.S. Vitamin B(12) and Folate Status in
Head and Neck Cancer. Asian Pac. ]. Cancer Prev. 2002, 3, 155-162.

Delbrouck, C.; Kiweler, N.; Chen, O.; Pozdeev, V.I.; Haase, L.; Neises, L.; Oudin, A.; Fouquier d"Hérouél, A.; Shen, R.; Schlicker, L.;
et al. Formate promotes invasion and metastasis in reliance on lipid metabolism. Cell Rep. 2023, 42, 113034. [CrossRef]

Liu, YM,; Liu, Y;; Lu, C;; Jia, ].Y,; Liu, G.Y.; Weng, L.P.; Wang, ].Y,; Li, G.X.; Wang, W.; Li, S.J.; et al. Relative bioavailability of
generic and branded acetylcysteine effervescent tablets: A single-dose, open-label, randomized-sequence, two-period crossover
study in fasting healthy Chinese male volunteers. Clin. Ther. 2010, 32, 2097-2105. [CrossRef]

Pedre, B.; Barayeu, U.; Ezerina, D.; Dick, T.P. The mechanism of action of N-acetylcysteine (NAC): The emerging role of H2S and
sulfane sulfur species. Pharmacol. Ther. 2021, 228, 107916. [CrossRef] [PubMed]

Tendrio, M.C.D.S,; Graciliano, N.G.; Moura, F.A.; Oliveira, A.C.M.; Goulart, M.O.F. N-Acetylcysteine (NAC): Impacts on Human
Health. Antioxidants 2021, 10, 967. [CrossRef]

Radomska-Lesnniewska, D.M.; Skopinski, P. N-acetylcysteine as an anti-oxidant and anti-inflammatory drug and its some clinical
applications. Centr. Eur. |. Immunol. 2012, 37, 57-66.

van Zandwijk, N.; Dalesio, O.; Pastorino, U.; de Vries, N.; van Tinteren, H. EUROSCAN, a randomized trial of vitamin A
and N-acetylcysteine in patients with head and neck cancer or lung cancer. For the EUropean Organization for Research and
Treatment of Cancer Head and Neck and Lung Cancer Cooperative Groups. J. Natl. Cancer Inst. 2000, 92, 977-986. [CrossRef]
Yoo, ].; Hamilton, S.J.; Angel, D.; Fung, K.; Franklin, J.; Parnes, L.S.; Lewis, D.; Venkatesan, V.; Winquist, E. Cisplatin otoprotection
using transtympanic L-N-acetylcysteine: A pilot randomized study in head and neck cancer patients. Laryngoscope 2014, 124,
E87-E94. [CrossRef] [PubMed]

Sio, T.T.; Blanchard, M.].; Novotny, PJ.; Patel, S.H.; Rwigema, ].M.; Pederson, L.D.; McGee, L.A.; Gamez, M.E.; Seeger, G.R,;
Martenson, J.A.; et al. N-Acetylcysteine Rinse for Thick Secretion and Mucositis of Head and Neck Chemoradiotherapy (Alliance
MC13C2): A Double-Blind Randomized Clinical Trial. Mayo Clin. Proc. 2019, 94, 1814-1824. [CrossRef] [PubMed]

Wang, Z.; Zhang, |.; Chen, L.; Li, J.; Zhang, H.; Guo, X. Glycine Suppresses AGE/RAGE Signaling Pathway and Subsequent
Oxidative Stress by Restoring Glo1 Function in the Aorta of Diabetic Rats and in HUVECs. Oxid. Med. Cell Longev. 2019, 2019,
4628962. [CrossRef] [PubMed]

Diaz-Flores, M.; Cruz, M.; Duran-Reyes, G.; Munguia-Miranda, C.; Loza-Rodriguez, H.; Pulido-Casas, E.; Torres-Ramirez, N.;
Gaja-Rodriguez, O.; Kumate, J.; Baiza-Gutman, L.A; et al. Oral supplementation with glycine reduces oxidative stress in patients
with metabolic syndrome, improving their systolic blood pressure. Can. J. Physiol. Pharmacol. 2013, 91, 855-860. [CrossRef]
Proffitt, C.; Bidkhori, G.; Lee, S.; Tebani, A.; Mardinoglu, A.; Uhlen, M.; Moyes, D.L.; Shoaie, S. Genome-scale metabolic modelling
of the human gut microbiome reveals changes in the glyoxylate and dicarboxylate metabolism in metabolic disorders. iScience
2022, 25, 104513. [CrossRef]

Chen, X,; Kuang, S.; He, Y; Li, H.; Yi, C.; Li, Y.; Wang, C.; Chen, G.; Chen, S.; Yu, D. The Differential Metabolic Response of Oral
Squamous Cell Carcinoma Cells and Normal Oral Epithelial Cells to Cisplatin Exposure. Metabolites 2022, 12, 389. [CrossRef]
Jiang, M.; Gu, X.; Xu, Y.; Wang, J. Metabolism-associated molecular classification and prognosis signature of head and neck
squamous cell carcinoma. Heliyon 2024, 10, e27587. [CrossRef] [PubMed]

Eriksson, I; Johansson, E.; Kettaneh-Wold, N.; Wold, S. Multi- and Megavariate Data Analysis. Principles and Applications; Umetrics
Academy: Umed, Sweden, 2001; 533p, ISBN 91-973730-1-X.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1146/annurev-nutr-071715-050738
https://doi.org/10.1016/j.celrep.2023.113034
https://doi.org/10.1016/j.clinthera.2010.11.001
https://doi.org/10.1016/j.pharmthera.2021.107916
https://www.ncbi.nlm.nih.gov/pubmed/34171332
https://doi.org/10.3390/antiox10060967
https://doi.org/10.1093/jnci/92.12.977
https://doi.org/10.1002/lary.24360
https://www.ncbi.nlm.nih.gov/pubmed/23946126
https://doi.org/10.1016/j.mayocp.2019.03.031
https://www.ncbi.nlm.nih.gov/pubmed/31405750
https://doi.org/10.1155/2019/4628962
https://www.ncbi.nlm.nih.gov/pubmed/30944692
https://doi.org/10.1139/cjpp-2012-0341
https://doi.org/10.1016/j.isci.2022.104513
https://doi.org/10.3390/metabo12050389
https://doi.org/10.1016/j.heliyon.2024.e27587
https://www.ncbi.nlm.nih.gov/pubmed/38501009

	Introduction 
	Results 
	Primary Tumor Regression Based on the Volumetric Measurements 
	Complete Clinical Response (CCR) of the Primary Tumor and Complete Nodal Response (CNR) 
	Metabolic Pathway Analysis 

	Discussion 
	Materials and Methods 
	Characteristics of the Patient Group 
	Assessment of Treatment Response to Induction Chemotherapy 
	Blood Serum Samples Collection and Preparation for NMR Spectroscopy 
	NMR Measurement Protocol 
	NMR Spectra Post-Processing and Metabolite Quantification 
	Metabolite Identification and Quantification 
	Data Analysis 
	Validation of the Multivariate Models and Receiver Operating Characteristics 

	Conclusions 
	References

