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Abstract

Objectives: One of the main participants in maintaining the
redox balance is glutathione (GSH), the metabolism of which
directly depends on the activity of gamma-glutamyltransferase
(GGT), and the content of amino acids cysteine (Cys), methio-
nine (Met), glutamine (GIn), glutamic acid (Glu), and glycine
(Gly). This work aimed to investigate the relationship between
salivary GGT activity in patients with breast cancer and the
state of redox homeostasis.

Methods: The case-control study included volunteers with
breast cancer (n=660), non-malignant breast pathologies
(n=134), and a control group (n=127). Analysis of GGT activity
and amino acid content in saliva was performed in all patients
strictly before treatment, and in 139 patients, the study was
repeated 4 weeks after surgical treatment. GGT activity was
determined by the Zaits-Persin kinetic method. The concen-
tration of amino acids (Cys, Met, Gln, Glu, and Gly) was
determined using high-performance liquid chromatography.
Results: In breast cancer and fibroadenomas, antioxidant
protection was activated and salivary GGT levels increased
(+5.6 % in fibroadenomas, +11.3% in breast cancer,
p<0.0001). The highest salivary GGT activity was observed
in the luminal hormone-negative breast cancer subgroups
(+19.7 %, p<0.0001). This may indicate the sufficiency of
metabolic resources to activate the antioxidant system in
less aggressive luminal subtypes. In the non-luminal
(+12.4 %, p=0.0054) and TNBC (+17.1%, p<0.0001) sub-
groups, salivary GGT activity was close to normal values.
Probably, in a more aggressive process, with depletion of
biological resources, and more pronounced metabolic
reprogramming of cancer cells, GSH synthesis is sharply
reduced, which is expressed in a change in the amino acid
balance. After surgery, salivary GGT activity decreased
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with the preservation of the residual metabolic pattern of
the corresponding breast cancer phenotype.

Conclusion: The analysis of salivary GGT activity serves as a
valuable tool for elucidating metabolic changes associated
with breast cancer, including its potential application in
post-treatment monitoring.
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ase; amino acids; redox homeostasis

Introduction

Gamma-glutamyltransferase (GGT) performs a variety of
functions in the human body: it participates in maintaining
and regulating the amino acid pool, and protein metabolism,
determines membrane permeability, participates in the
regulation of immune responses at the cellular level, coun-
teracts oxidative stress by breaking down extracellular
glutathione (GSH) and provides cells with amino acids that
are part of GSH [1].

GGT plays a key role in GSH homeostasis as the main
component of antioxidant protection. The enzyme is located
on the outer surface of the plasma membrane of cells and
breaks down extracellular GSH. This releases cysteine (Cys) for
intracellular de novo GSH synthesis [2]. GSH synthesis occurs
in two stages. In the first stage, free Cys binds to glutamic acid
(Glu) under the action of y-glutamylcysteine ligase (yGCL),
resulting in the formation of y-glutamylcysteine. If there is not
enough free Cys during the first stage of GSH synthesis, GSH
synthesis does not occur, since cysteine is present in small
quantities in a physiologically healthy organism. Any patho-
logical process that leads to a decrease in Cys content primarily
affects the synthesis of GSH. Cys deficiency causes its
compensatory synthesis through methionine (Met) [2]. In the
second stage, y-glutamylcysteine binds to glycine (Gly) under
the action of GSH synthetase (GS). Thus, the state of oxidation-
reduction homeostasis can be assessed directly by measuring
GSH or indirectly through the content of certain amino acids
included in its composition and GGT. The amino acids that
directly support GSH metabolism include Cys, Gly, Glu, and
indirectly Met, and glutamine (GIn) [3].

In cancer, GGT is expressed at high levels [4]. GGT
activity influences the rate of cell growth and increases
tumor resistance to chemotherapy [5].
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The study of GGT activity in saliva in breast cancer is
a promising direction since this enzyme is widely used in
clinical practice. Saliva is a preferred biomaterial for pri-
mary diagnostics and continuous monitoring of the patient’s
condition. Saliva contains biochemical enzymes, metabo-
lites, cytokines, and antibodies [6]. Such a wide range of
biochemical components in saliva reflects changes occurring
not only in the oral cavity but also throughout the body as a
whole [7-9]. This makes saliva a promising biological ma-
terial for the diagnosis of diseases, including oncological
ones [10-12].

The aim of this work was to study the activity of GGT in
the saliva of patients with breast cancer as a marker of GSH,
which serves as an indicator of the state of redox homeostasis
in cancer. The state of antioxidant protection in this work was
assessed by the level of GGT and the metabolism of key amino
acids that are directly related to the cycle of GSH synthesis
Cys, Glu, Gly and associated with this cycle GIn, Met.

Materials and Methods
Study design

The study included 921 people, including 660 patients with
breast cancer (age 54.6 + 1.9 years), 134 patients with
fibroadenomas (age 48.7 + 2.2 years), and 127 healthy vol-
unteers (49.3 + 1.5 years). Inclusion criteria were age 30-70
years, histologically confirmed invasive breast carcinoma or
fibroadenoma, and no signs of active infection in the oral
cavity. Saliva samples were collected from all patients before
treatment, and GGT activity was determined. In 139 patients
who received adjuvant chemotherapy after mastectomy,
saliva samples were collected again and GGT activity was
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determined. The interval between the first and second GGT
activity determination was 4 weeks (Figure 1).

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
approved by the Ethics Committee of Omsk State Pedagogical
University (20 March 2024, protocol code 46-04/2). Informed
consent was obtained from all individuals included in this
study, or their legal guardians or wards.

A detailed description of the study group is given in
Table 1.

Collection and storage of saliva samples

Saliva was collected on an empty stomach between 8 and 10
am. to minimize possible circadian changes in saliva
composition. Immediately before saliva collection, volunteers
rinsed their mouths with deionized water. Saliva samples
were collected without any stimulation of its secretion. Sterile
10 mL polypropylene centrifuge tubes were used to collect
saliva samples. Immediately after collection, saliva samples
were centrifuged at 7,000 rpm to remove cellular debris (CLb-
16, Moscow, Russia), and GGT activity was determined. To
determine the salivary amino acid content, a 0.5 mL aliquot
was taken, transferred to Eppendorf tubes, and frozen
at —80 °C until the study was performed.

Determination of GGT activity and amino
acid composition of saliva

GGT activity was determined kinetically using L-gamma-
glutamyl-3-carboxy-4-nitroanilide as a substrate according
to Seitz-Persin using the StatFax 3,300 semi-automatic

Healthy
control
n=127
« Clinical Stage
@ - Lymph node status
before . Subtype
Breast
@ ki CaRCaT - HER2 status
=660 + Estrogen (ER) status
« Progesterone (PR) status
GGT ° D?gree of differentiation (G)
in saliva + Ki-67
after
surgery
(4 weeks)
Breast
Cancer
n=139
Fibro-
adenoma

n=134

Figure 1: Research design.



DE GRUYTER

Table 1: Characteristics of the study group.

Feature Breast cancer
Before surgery, After surgery,
n=660 n=139
Clinical stage
Stage IA + IB 228 (34.5 %) 40 (28.8 %)
Stage IIA + 1IB 272 (41.2 %) 72 (51.8 %)
Stage IIIA + IIIB + IIIC 97 (14.7 %) 27 (19.4 %)
Stage IV 63 (9.6 %) -
Lymph node status
No 404 (61.2 %) 77 (55.4 %)
Nis 256 (38.8 %) 62 (44.6 %)
Subtype
Luminal A-like 234 (35.4 %) 27 (19.4 %)
Luminal B-like (HER2+) 60 (9.1 %) 10 (7.2 %)
Luminal B-like (HER2-) 200 (30.3%) 74 (53.2 %)
HER2-enriched (non-Lum) 44 (6.7 %) 6 (4.3 %)
Triple-negative 122 (18.5 %) 22 (15.9 %)
HER2 status
HER2-negative 556 (84.2 %) 123 (88.5 %)
HER2-positive 104 (15.8 %) 16 (11.5 %)
Estrogen (ER) status
ER-negative 166 (25.2 %) 28 (20.1 %)
ER-positive 494 (74.8 %) 111 (79.9 %)

Progesterone (PR) status

PR-negative
PR-positive

238 (36.1 %)
422 (63.9 %)

43 (30.9 %)
96 (69.1 %)

Degree of differentiation, G

GI+1I 403 (61.1 %) 78 (56.1 %)

GIII 175 (26.5 %) 48 (34.5 %)

No data 82 (12.4 %) 13 (9.4 %)
Ki-67

<20% 272 (41.2%) 40 (28.8 %)

>20% 361 (54.7 %) 97 (69.8 %)

No data 27 (4.1 %) 2(1.4%)

biochemical analyzer (Awareness Technology, Palm City, FL,
USA). High-performance liquid chromatography was used to
determine the concentration of amino acids (Cys, Met, Gln,
Glu, and Gly) using a 1,260 Infinity II chromatograph with
selected reaction monitoring detection on a 6,460 Triple
Quad mass spectrometer (Agilent, Santa Clara, CA, USA). The
internal standard was Alanine-d4 (sc-480386, Santa Cruz
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Biotechnology Inc., Dallas, Texas, USA). At least six samples
of the Amino Acids in Plasma/Urine LC-MS/MS Analysis Kit
(Jasem, Turkey) were used to construct the calibration scale.
Automatic integration of chromatograms was used using
the Quantitative Quant-my-way software (MassHunter
Workstation Quantitative Analysis B.09.00, Agilent, Santa
Clara, CA, USA).

Determining the molecular biological
characteristics of breast cancer

According to the Allred Scoring Guideline [13] and ASCO/CAP
recommendations [14], the expression level of estrogen
receptors (ER), progesterone receptors (PR), and HER2 was
determined and classified into one of four categories (0, 1+,
2+, 3+). HER2 expression values (0) or (1+) were interpreted
as HER2-negative, and (3+) were considered HER2-positive.
In case of an uncertain HER2 expression value (2+), in situ
hybridization (ISH) was performed. For the Ki-67 expression,
the cutoff value was defined as 20% (<20% - low Ki-
67; >20 % — high Ki-67) [15]. Five breast cancer phenotypes
were identified: triple-negative breast cancer (TNBC),
Iuminal A, luminal B HER2(-), luminal B HER2(+), and HER2-
enriched (non-luminal).

Statistical analysis

The Mann-Whitney and Kruskal-Wallis tests were used to
compare the groups using a nonparametric method (Statis-
tica 10.0, StatSoft, Hamburg, Germany). The results are pre-
sented as the median (Me) and interquartile range in the
form of the 25th and 75th percentiles [lower quartile (LQ);
upper quartile (UQ)].

Results

GGT activity in saliva in mammary gland
pathologies and in healthy controls

The salivary GGT activity increased in breast pathologies
compared to the healthy control (+5.6% in
fibroadenomas, +11.3% in breast cancer, p<0.0001)
(Figure 2A). The increase in GGT activity in breast cancer
compared to healthy controls is statistically significant
regardless of stage, degree of differentiation and proliferative
activity (Figure 2B), expression of estrogen and progesterone
receptors, HER2 (Figure 2C) and molecular biological subtype
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(Figure 2D). It was found that the GGT activity in saliva
increased at the first stage (+21.2 %, p<0.0001) compared to the
healthy control, then decreased evenly up to the fourth stage
of breast cancer (+14.0 %, p=0.0059) (Figure 2B). The salivary
GGT activity was higher in the presence of expression of es-
trogen (+4.5 %, p=0.0015) and progesterone (+3.6 %, p=0.0073)
receptors, low proliferative activity Ki-67 (+1.8 %, p=0.0145),
high and moderate tumor differentiation (+7.2 %, p=0.0001)
(Figure 2B and C). The salivary GGT activity in luminal breast
cancer subtypes was higher than in hormone-receptor-
negative subtypes. Thus, the maximum GGT activity was
noted in luminal A (+19.7 %) and luminal B HER2(-) (+18.1 %)
breast cancer, while the minimum was in non-luminal
(+12.4 %) breast cancer. Intermediate values of GGT activity
were noted for TNBC (+17.1 %) (Figure 2D).

Additionally, a comparison of salivary GGT activity
depending on the stage was performed for each phenotype
(Figure 3). For luminal A and B HER2(-) subtypes, GGT
activity decreased uniformly with increasing breast cancer
stage. For all luminal subtypes, GGT activity at stage I was
approximately the same, whereas for TNBC, a significant
increase in GGT activity was observed (Figure 3). For the
non-luminal subtype, the subgroup of patients with stage I
breast cancer included two people, so it was not included in
the calculations. Minimal salivary GGT activity was observed
at common stages of breast cancer in subgroups with HER2-
positive status (Figure 3).

Amino acid content in saliva in mammary
gland pathologies and in healthy controls

It was found that the concentrations of amino acids in saliva
in breast cancer increased for Glu (+31.6 %), Gly (+37.9 %),
and Met (+19.5 %) (Table 2). A decrease in the concentration
of Cys (-39.0 %) and GIn (—45.6 %) was noted. For fibroade-
nomas, an intermediate content of Cys and Glu was shown;
while the content of Met was significantly higher, and GIn
and Gly were lower than for patients with breast cancer.
The content of Cys (+32.7%), Met (+22.2%), and GIn
(+51.8 %) increased with increasing breast cancer stage, while
the content of Glu (-8.1%) and Gly (1.3 %) decreased. With a
decrease in the degree of differentiation of cancer cells, the
content of Cys (-15.1 %), Met (—26.5 %, p=0.0419), Glu (-21.7 %,
p=0.0101), and Gly (-6.9%) decreased, except for Gln
(+52.0 %). With positive expression of estrogen and proges-
terone receptors, the content of Cys and Met increased, and
the level of Gly decreased (Table 3). An ambiguous pattern of
change was observed for Glu and GIn: with positive expres-
sion of estrogen receptors, the concentration of Glu increased,
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and GlIn decreased, while for positive expression of proges-
terone receptors, an inverse relationship was observed. In the
case of positive HER2 expression, only Gln and Gly had a high
content in saliva compared to negative HER2 expression. In
the case of high proliferative activity Ki-67 high compared to
Ki-67 low, a high content in saliva was shown only for GIln
(Table 3).

In luminal A and luminal B HER2(-) subtypes of breast
cancer, there was a decrease in the concentration of amino
acids characteristic of GSH synthesis: Cys, Glu, Gly. In
luminal B HER2(+), non-luminal, and TNBC, the maximum
depletion of the concentration of Cys and Met was observed,
while the increase in the concentration of Gln and Gly in
luminal B HER2(+) and TNBC was at the highest level
compared to other subtypes of breast cancer and normal
values (Table 3).

Changes in GGT activity in saliva after tumor
surgery

After surgical treatment, salivary GGT activity slightly
decreased (-4.8 %), but did not reach the values character-
istic of healthy volunteers. Differences between GGT activity
before and after surgery were statistically significant
(p=0.0017). It is interesting to note that the higher the stage of
breast cancer before surgery, the more significant the
decrease in GGT activity in this group after surgery: for stage
I -1.7 %, for stage II —6.1%, for stage III —7.7 % (Figure 4).
After tumor removal, GGT activity remained elevated for
luminal subtypes of breast cancer, while the maximum
decrease in GGT activity was noted to the level of the control
group for non-luminal breast cancer and below the healthy
control for TNBC.

Discussion

There is increasing evidence of the relationship between
GGT activity, GSH content, and the risk of developing can-
cer, including breast cancer [16-18]. The functions of GSH
are not limited to maintaining the redox balance. GSH
affects cellular signaling, and gene expression, and poten-
tiates the synthesis of eicosanoids [1, 19, 20]. Cancer cells
and their microenvironment are characterized by a viola-
tion of the redox balance due to the activation of oncogenes,
active aerobic glycolysis, and hypoxia. This leads to high
production of reactive oxygen species (ROS) [21]. GSH is
able to directly neutralize ROS and is also a cofactor for the
synthesis of glutathione-S-transferase (GSTs), glutathione
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Figure 2: GGT activity (U/L) in saliva. (A) In breast cancer, FA, and healthy control; (B) GGT activity at different stages, degrees of differentiation, and
proliferative activity; (C) GGT activity at different expression statuses of HER2, ER, and PR receptors; (D) GGT activity in different breast cancer phenotypes.
Note: BC, breast cancer; FA, fibroadenomas; HC, healthy control; St, stage; G, differentiation; GGT, gamma-glutamyltransferase; ER, estrogen; PR,
progesterone; Lum, luminal; TNBC, triple-negative breast cancer. In Figure 2B and C, the differences with the healthy control are statistically significant in
all cases, p<0.0001; p-values are given for comparison of subgroups with each other. In Figure 2D, p-values are given relative to the healthy control.

peroxidase (Gpxs), and glutoredoxin (Grxs) (Figure 5) drugs [23]. Gpxs have eight isoforms, each of which
[22]. GSTs affect cellular signaling, post-translational performs its own separate role in maintaining the redox
modification, and develop resistance to chemotherapeutic balance [24]. With aberrant expression and multiple
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Figure 3: Relative change in GGT activity for different molecular
biological subtypes of breast cancer depending on the tumor stage. Note:
St, stage, Lum, luminal; TNBC, triple-negative breast cancer. The relative
change is calculated as GGT activity in the studied subgroup minus GGT
activity in the healthy control, divided by GGT activity in the healthy
control, %. p-values are given for all cases where differences were found
between the respective subgroups and healthy controls.

polymorphisms of the Gpxs genes, the role of the enzyme
becomes ambiguous and dual [25, 26]. Grxs reduces
hydrocarbonates, peroxiredoxins, and methionine sulfox-
yreductase [27-29]. High levels of GSH in cancer cells and
their microenvironment are also maintained by the
reduction of oxidized glutathione (GSSG). The enzyme
glutathione reductase (GR) catalyzes the conversion of
GSSG to GSH with NADPH [30]. Since cancer cells have an
altered metabolic program, GSH formation occurs at an
accelerated rate. This allows tumor cells to maintain their
viability and evade attacks from the immune system [31].

In this study, we show that salivary GGT activity was
significantly increased in breast cancer and fibroadenomas
compared to healthy volunteers. Interestingly, salivary
GGT activity was closely associated with breast cancer
phenotype.
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In luminal A and B HER2(-) subtypes of breast cancer,
there was a change in the homeostatic balance in the group of
GGT metabolites, Cys, Gly, and Glu, responsible for the syn-
thesis of GSH: the level of Cys decreased, and Gly, Glu
increased. This leads to an increase in the level of GGT in
saliva. The entry of amino acids into the cell occurs due to the
activity of transmembrane amino acid carriers. Each subtype
of breast cancer expresses the transmembrane carrier’s
characteristic of it. In our case, we see compensation for the
lack of Cys due to the active entry of Met into the cell and its
metabolism. Met enters cancer cells of luminal subtypes of
breast cancer via SLC6A14, SLC6A15, SLC7A5, SLC7A7, and
SLC7A8 [32]. Met then converts through intermediate re-
actions into homocysteine, then into cystathionine, which is
eventually formed into cysteine [33]. Low concentrations of
free GIn in saliva in these groups are associated with its active
entry into the cell via transmembrane amino acid carriers in
luminal subtypes of breast cancer: SLC6A14, SLC7A8 [32]. In-
side the cell, GIn is converted into Glu by the enzyme gluta-
minase, which is necessary for the synthesis of GSH [34]. In
addition to GSH synthesis, Glu is necessary for the entry of
cystine (Cys-S-S-Cys) into the cell. Under the influence of
NADPH, the poorly soluble form of cystine is converted into
highly soluble Cys. This exchange of intracellular Glu for
extracellular Cys occurs due to the activity of transmembrane
antiporter carriers SLC1A1, SLC1A2, SLC1A3, SLC1A5, SLCI1AS,
SLC1A7, SLC7A11. It has been shown that antiporters have the
highest expression in luminal subtypes of breast cancer [32].
Gly transporters are expressed to the least extent in luminal
subtypes of breast cancer [32]. Gly enters the second final
stage of the GSH synthesis reaction and also plays a key role in
the synthesis of nucleotide bases [35]. Apparently, the level of
glycine that enters the cell is sufficient for GSH synthesis, but
insufficient for the use of the amino acid in maintaining
proliferative processes, as in other subtypes of breast cancer.
Thus, in luminal A and B HER2(-) subtypes of breast cancer,
an inversely directed, compared to the norm, change in the
content of GGT, Cys, Gly, and Glu is noted, where an increase
in Met and a decrease in Gln are compensatory.

Table 2: Amino acid content in saliva in breast cancer, FA, and healthy controls.

AAs, nmol/L BC, n=660 FA, n=134 HC, n=127 Kruskal-Wallis test; p-Value
Cys 1.33[0.59; 2.63]* 1.58 [1.10; 2.68] 2.18 [1.04; 3.57] 8.241; 0.0012
Met 4.97 [3.38;7.12] 6.61[3.28; 10.4] 4.16 [1.85; 5.30] 6.809; 0.0671
Glu 77.92 [50.94; 102.9] 74.53 [51.77;121.3] 59.18 [44.52; 80.64] 4.323; 0.1151
GIn 238.8 [104.8; 412.8] 180.6 [114.5; 439.6] 438.8 [163.7; 638.4] 4.319; 0.1154
Gly 257.7 [163.7; 378.7] 160.1 [144.9; 206.4] 186.9 [141.7; 305.6] 7.174; 0.0277

BC, breast cancer; FA, fibroadenomas; HC, healthy control; AAs, amino acids; Cys, cysteine; Met, methionine; Glu, glutamic acid; Gln, glutamine; Gly, glycine.
*The results are presented as median and interquartile range.
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Table 3: Amino acid content in saliva depending on the stage, degree of differentiation, expression of estrogen, progesterone, and HER2 receptors, and
the level of proliferative activity Ki-67 in breast cancer.

AAs, nmol/L Cys Met Glu GIn Gly
Clinical stage
StI+1II(1) 1.10 [0.59; 2.30] 4.81[2.76; 7.12] 78.83 [53.85; 102.88] 173.35 [89.42; 371.02] 261.03 [156.97; 384.61]

StII+ 1V (2) 1.46 [0.59; 4.06]
p-value -

5.88[3.77;7.13]
pZ-HC=0'0091

72.42 [47.78; 103.77]
p1-HC=0'0280

263.19 [196.45; 661.24]
P1-HC=0~O1 55

257.70 [177.67; 327.74]

Degree of differentiation, G

GI(1) 1.46 [0.59; 2.31]
GIII (2) 1.2410.59; 3.02]
p-value -

5.93 [3.98; 7.13]
436 [2.96; 6.61]
p1,=0.0419
P1.41c=0.0047

85.19 [62.20; 112.12]
66.70 [47.54; 85.06]
P1.,=0.0101
P1-1c=0.0102

173.26 [89.83; 394.18]
263.42 [125.05; 545.36]
p1-HC=O~0226

265.71[168.41; 394.72]
247.24 [140.85; 322.22]

Estrogen (ER) status

ER () (1) 0.95[0.42; 2.45]
ER (+) (2) 1.56 [0.98; 2.63]
p-value -

4.83[3.26; 6.97]
5.19[3.71; 7.28]
p2-HC=0'0241

76.19 [48.03; 98.87]
79.04 [53.70; 107.55]
pZ-HC=0~O361

255.13 [196.54; 466.36]
136.60 [86.82; 412.79]
P2.4c=0.0248

289.66 [191.08; 358.93]
241.48 [153.58; 379.28]

Progesterone (PR) status

PR (=) (1) 1.05 [0.42; 2.34]
PR (+) (2) 1.35[0.92; 2.75]
p-value _

4.88 [3.20; 7.02]
5.43[3.80; 7.12]
p2-HC=0-0262

79.92 [49.58; 102.88]
76.87 [57.67; 103.88]

222.94 [121.46; 354.78]
275.21 [86.82; 412.79]

267.58 [177.54; 407.94]
241.46 [156.97; 375.01]

HER2 status

HER2(-) (1) 1.56 [0.59; 5.27]
HER2(+) (2) 1.05 [0.59; 2.02]
p-value P2-1c=0.0452

6.14 [3.80; 8.06]
4.49 [2.77; 6.32]
p1,=0.0099
P11c=0.0023

78.56 [49.76; 107.10]
77.23 [57.99; 100.85]

209.79 [89.83; 394.18]
255.13 [238.78; 611.84]
p’I-HC=0'O338

239.10 [145.98; 370.94]
299.30 [218.39; 395.03]
p2-HC=0'0261

Proliferative activity Ki-67

Ki-67 low (1) 1.46 [0.72; 2.26]
Ki-67 high (2) 1.14 [0.59; 2.89]
p-value -

6.18 [4.81; 7.41]
4.62[3.19; 6.79]
P1,=0.0381
P1.41c=0.0025

86.13 [64.98; 117.88]
68.26 [47.54; 89.22]
P1.2=0.0052
P1-1c=0.0052

142.48 [86.41; 459.96]
263.19 [136.60; 375.56]
P11c=0.0234

278.39 [166.92; 394.26]
256.35 [146.93; 352.41]

Molecular biological subtype

Lum A 1.59 [1.35; 2.99]
Lum B(-) 1.67 [0.70; 2.62]
Lum B(+) 1.14 [0.86; 2.26]
Non-Lum 0.95[0.42; 1.91]
TNBC 1.15[0.33; 2.79]

6.96 [5.98; 8.62]
6.21[3.80; 8.81]
4.00 [2.60; 5.79]
5.19[3.82;7.12]
4.91[3.32;7.02]

86.00 [62.60; 122.41]
68.35 [47.83; 106.7]
79.04 [74.36; 102.08]
63.69 [45.50; 102.26]
76.37 [48.03; 98.01]

127.9 [86.8; 507.1]
179.8 [86.0; 354.8]
NA

246.2 [196.4; 256.6]
638.0 [229.9; 2280.6]

232.0 [150.8; 392.3]
225.1[137.0; 320.3]
360.5 [285.0; 526.4]
246.7 [192.7; 306.2]
323.8[146.9; 468.8]

NA, not applicable; AAs, amino acids; Cys, cysteine; Met, methionine; Glu, glutamic acid; GIn, glutamine; Gly, glycine; Lum A, luminal A; Lum B(-), luminal B
HER2-negative; Lum B(+), luminal B HER2-positive; Non-Lum, non-luminal; TNBC, triple-negative breast cancer. The results are presented as median and
interquartile range. Indexes 1 and 2 correspond to the numbers of the compared subgroups, which are given in column 1in brackets. Index HC corresponds

to comparison with healthy control.

Lower levels of Cys, Met, and Glu in saliva were obtained
in luminal B HER2(+) and TNBC compared to luminal A and
luminal B HER2(-) subtypes of breast cancer. These subtypes
of breast cancer have a more aggressive course of the disease
with a high index of proliferative activity. In this regard, the
biological resources of the body are depleted [36]. This is

manifested in a lower content of amino acids and depletion
of the immune system [37]. The low content of Cys, Met, and
Glu in saliva in this case occurs not due to active synthesis of
GSH, but due to maintaining high proliferative activity. Thus,
the activity of GGT in saliva in luminal B HER2(+) and TNBC
islower than in the luminal A subtype of breast cancer, while
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the concentrations of Gly and Gln are at the maximum level.
It is known that cancer cells in TNBC have increased
expression of SLC7A11, which actively transports cystine
(Cys-S-S-Cys) into the cell [32]. Cystine is toxic to the cell due
to its low solubility [38]. Therefore, cancer cells constantly
reduce cystine to Cys with a large expenditure of NADPH.
Thus, the formation of Cys not only affects the synthesis of
GSH but also affects PPP and the synthesis of fatty acids [39].
Met in this case is spent on DNA methylation of actively
dividing cells, and Glu, under the action of glutamate dehy-
drogenase (GDH), is converted into alpha-ketoglutaric acid
(aKGA) and feeds the tricarboxylic acid (TCA) cycle [40]. High
levels of free GIn and Gly indicate reprogramming of cancer
cell metabolism, in which these amino acids must be in
excess to enable active proliferation. It is known that Gln and
Gly transporters are expressed in large quantities in TNBC
and HER2(+) [32]. Gln is the main source of nitrogen, which is
necessary for the synthesis of nucleotide bases [41]. High
levels of Gly can be due to active glycolysis [42, 43]. In
addition, Gly can accumulate during GSH degradation and
failure of de novo GSH synthesis due to Cys deficiency [44]. As
a result, excess Gly is used for the synthesis of nucleotide
bases in highly proliferative cells [45].

In the study, patients with the non-luminal subtype of
breast cancer have the lowest levels of GGT, Cys, and Glu. This
indicates active suppression of antioxidant defense. The Met
concentration in this group of patients was higher than in
luminal B HER2(+) and TNBC, but lower than in the group of
patients with luminal A and luminal B HER2(-) subtypes of
breast cancer. There are several reasons for this change:
replenishment of a deep Cys deficiency, as well as its partic-
ipation in DNA methylation of actively dividing cells. The non-
luminal subtype of breast cancer is a subgroup of HER2(+)
breast cancer, which is characterized by active cell division,
the presence of a tendency for cells to increase the meta-
bolism of fatty acids and glycolysis. As has been shown,
increased metabolism of fatty acids is a distinctive feature of
HER2(+) breast cancer [46, 47]. Cys is involved in the oxidation
of the cell overloaded with fatty acids and cholesterols,
thereby reducing damage to the internal structure of the cell
from ROS [48]. Glu can follow the metabolic pathway of
providing the cell with the necessary intracellular energy for
active division [49]. In the non-luminal subtype of breast
cancer, the GIn level is higher than in the luminal A and
luminal B HER2(-) subtypes, but below normal values. In this
case, Gln is not spent on the formation of Glu and then GSH,
but serves as a source of the necessary amount of nitrogen for
rapidly dividing cells. This is confirmed by the low content of
GGT, Cys, Glu and the high content of Gly. Gly, as is known, in
large quantities is associated with active cell proliferation in
oncological diseases, including breast cancer [50].
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Then, GGT was measured in the same group of patients
4 weeks after surgery. In all groups of molecular biological
subtypes of breast cancer, there was a decrease in the GGT
content. The salivary GGT level was maximally close to
normal values in the group of patients with TNBC and non-
luminal subtypes of breast cancer. In patients with liminal A
and luminal B HER2(-), the content of salivary GGT was at a
level significantly higher than normal. In the luminal B
HER2(+) subtype the decrease in salivary GGT was minimal.
We suggest that 4 weeks is an insufficient period to restore
metabolic balance and homeostatic equilibrium of antioxi-
dant protection. Subgroups where the values are close to
normal actually demonstrate suppressed GSH synthesis
before surgery, as evidenced by a relatively low level of GGT
compared to other subtypes of breast cancer.

The limitations of the study include the fact that we did
not directly measure the GSH content in saliva. It also in-
cludes the fact that repeated determination of GGT activity
was performed only in a portion of patients who subse-
quently received adjuvant chemotherapy. It is necessary to
increase this group and to determine the concentration of
amino acids after surgery in parallel with the GGT analysis.
It is also necessary to analyze GGT activity over a longer
period to understand the trend of its dynamics during
treatment. In addition, the interpretation of the clinical and
biological consequences of the observed patterns is not deep
enough, which can be done after obtaining additional data in
the continuation of the study.

Conclusions

In breast cancer, as in other malignant neoplasms, there is a
violation of the oxidation-reduction balance with the for-
mation of an excess of ROS. GSH plays a key role in main-
taining antioxidant protection. The main enzyme that
directly reflects the activity of GSH metabolism is GGT. The
study showed and proved the informativeness of measuring
salivary GGT in analyzing the state of antioxidant protection
in all breast cancer phenotypes. For a more thorough anal-
ysis of GSH metabolism without direct measurement, we
assessed the change in key Cys, Gly, Clu, and conjugated
amino acids Met, GIn, which are necessary for the synthesis
of GSH. We showed that in breast cancer and fibroadenomas,
there is activation of antioxidant protection and an increase
in the GGT level in saliva compared to normal values. In
patients with luminal A and luminal B HER2(-) subtypes of
breast cancer, the maximum content of GGT in saliva was
shown. In a more aggressive process, with depletion of bio-
logical resources, and more pronounced metabolic reprog-
ramming of cancer cells, GSH synthesis is sharply reduced.
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Thus, salivary GGT activity was slightly higher than normal
values in the non-luminal subtype and TNBC. Changes in the
level of amino acids Cys, Met, Glu, Gln, and Gly were more
pronounced, which is mainly due to the activity of prolifer-
ative processes in these subtypes of breast cancer.

In patients in all breast cancer subgroups, 4 weeks after
surgery, there is a decrease in GGT with preservation of the
residual metabolic pattern of the corresponding breast
cancer phenotypes. It is necessary to assess whether meta-
bolic homeostasis is restored after radical therapy and, if so,
from what time, and what is planned to be done in the
continuation of the study.
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