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ABSTRACT

Breast cancer (BC) is the most common malignant tumor in women and the leading cause of
cancer deaths worldwide. This work was conducted to estimate the roles of oxidative stress,
vitamin B12, homocysteine (HCY), and DNA methylation in BC disease progression. Sixty BC
patients (age range 33-80 years) and 30 healthy controls were recruited for this study. Patients
with BC were split to group 1 consisted of stage II BC women (low level), and group 2
consisted of patients in stages III and IV (high level). Malondialdehyde (MDA), glutathione
peroxidase 3 (GPX3), HCY, and vitamin B12 levels in the study groups were measured. Also,
the 5-methylcytosine (5mC) global DNA methylation levels were evaluated. The results
showed a significant increase in HCY, and MDA in BC patients compared to healthy controls,
with evident increases observed in those with advanced-stage BC (stages III and IV). They
were accompanied by significantly reduced levels of 5mC, with a positive correlation between
5mC and the different stages of BC. Also, patients in advanced stages and those with a poor
prognosis were exposed to low levels of vitamin B12 and GPX3 (except for the patients in
stage IV, which showed increased GPX3 levels). The findings of this study suggest that the
differences in global DNA methylation levels at the various phases may be used as a risk
factor for developing BC, which indicates the involvement of GPX3 and HCY in BC
progression.

INTRODUCTION

The most frequent malignant tumor and the primary reason for cancer-related deaths in
women globally is breast cancer (BC). It is anticipated that around 2.26 million new
cases of BC in women will be diagnosed globally by 2020, with roughly 685,000 women
dying because of the disease [1]. However, the architecture of BC is extremely
complicated, and transcriptional problems and gene dysregulation can manifest on
many different levels. Breast cancer also appears to have genetic and epigenetic
characteristics [2]. Oxidative stress is the result of absence the balance between reactive
oxygen species (ROS) generation and clearance [3]. An increase in ROS production, a
reduction in antioxidants that reduce ROS, or a combination of both might result in
excess ROS. Lipid peroxidation is a process in which excess ROS assaults and damages
membrane lipids containing polyunsaturated fatty acids or phospholipids with carbon-
carbon double bonds [4].

Malondialdehyde (MDA) is a three-carbon dialdehyde that is highly reactive and is
formed because of peroxidation of polyunsaturated fatty acids and arachidonic acid
metabolism [5]. Due to its strong cytotoxicity, MDA is also regarded to be a tumor
promoter and co-carcinogen [6]. The oxidative stress level can be assessed by
measuring the production the levels of MDA. According to earlier research [7], MDA is
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employed as a marker in cancer. As a result, cells possess a balance system to neutralize
too much ROS. This system is known as an antioxidant system, and it includes both
enzyme-based antioxidants such as superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidases (GPXs), as well as non-enzyme-based antioxidants that work
together to reduce the oxidative state [8]. The primary mechanism defense against
oxidative stress is GPX3, which is also essential in maintaining cellular redox
homeostasis. By converting organic peroxides and hydrogen peroxide (H202) into water
and the appropriate alcohols, GPX3 protects cells from oxidative stress damage through
an enzymatic mechanism [9]. The toxic amino acid homocysteine (HCY), which
contains sulfur and has no protein, is a byproduct of the interconversion of the two
amino acids cysteine and methionine. There are two ways to metabolize homocysteine:
re-methylation and trans-sulfuration [10]. Methionine is the source of HCY in the
human body. Homocysteine is transformed into cysteine via the trans-sulfuration
process when methionine levels are excessive. Homocysteine is re-methylated to
methionine in the presence of a negative methionine balance; this reaction necessitates
the cofactors methionine synthase and vitamin B12 [11].

Numerous reports suggest DNA methylation plays a master key in the development of
tumor. A methyl donor, which is mainly produced by metabolism of one-carbon, is
necessary for DNA methylation [12]. All methylation reactions that take place in living
organisms are thought to use S-adenosylmethionine (SAM) as their primary methyl
donor [13]. It can change DNA cytosine methylation and disrupt the methionine cycle
by lowering intracellular SAM levels. One-carbon metabolism (OCM) is influenced by
several substances, including homocysteine, methionine, folate (vitamin B9), vitamin B6,
and vitamin B12. These components interact with one another in a different
biochemical metabolic process. Via the intermediate impact of these molecules, one-
carbon groups are transported to maintain DNA methylation, manage gene structure,
and provide a basic material for different biological activities [14]. Additionally, OCM
is an active operation in which reduce or increase of one component can disrupt DNA
methylation and integrity of genomic. Therefore, by changing how epigenetic
modifications are made, how tumor suppressor and oncogene genes are balanced, and
how malignant transformation is triggered [15]. The frequent modification of DNA
methylation in cancer is well known. In human cells, DNA methyl transferase enzymes
(DNMTs) function primarily in the context of cytosine-guanine dinucleotides (CpG) to
add a methyl group to the cytosine base at position 5 (5-methylcytosine; 5mC) [16].

This study was aimed at determining the correlation between oxidative stress, vitamin
B12, homocysteine, and DNA methylation and BC risk to evaluate their role in BC
disease progression.

MATERIALS AND METHODS
Study groups

Sixty breast cancer patients were randomly chosen from among the 90 Iraqi women
who participated in the study, which was conducted at the Oncology Teaching
Hospital, Medical City, and Baghdad, Iraq. The research was conducted between
November 2020 and April 2021. The age of breast cancer patients ranges from 33-80
years. Additionally, 30 healthy women whose ages ranged from 32 to 75 years old were
involved in this study. Patients with BC included in this study were divided into two
groups: Group 1 was made up of stage II breast cancer patients (low level), whereas
Group 2 was made up of stage Il and IV patients (high level).
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Collection of blood samples

The venous blood samples were drawn from positive BC patients at the time of
diagnosis and five ml of disposable syringes were using in the sitting position. Each
subject had a vein puncture to obtain 5 ml of blood. Three milliliters of blood were
progressively forced into disposable serum tubes containing separating gel, while the
remaining 2 ml were put into ethylene diamine tetraacetic acid (EDTA) tubes. The
serum was then kept at -20°C for subsequent use after the blood in the gel tubes had
been allowed to coagulate at room temperature for 15 min. The blood in the EDTA
tubes was subsequently used for DNA extraction and was kept at -20°C until use.

Ethical clearance

The ethical committee of the department of biology at the College of Science at the
University of Bagdad, Baghdad, Iraq, gave their stamp of approval to this work. The
authorization with the reference number CSEC/1120/0082 was obtained on November
15, 2020.

Quantitative measurements of biomarkers, homocysteine, and vitamin B12 in serum
samples

The quantitative measurements of biomarkers (MDA and GPX3), HCY, and vit. B12 in
samples of human serum were performed using (ELISA) kit (Sun Long Biotech, China),
following the manufacturer’s instructions. Before use, all reagents and samples were
thawed and brought to room temperature. Then, 50 pl of standards (S1, S2, S3, S4, and
S5) were added to wells of a 600 ml wash buffer, leaving one well empty to act as a
blank control. The microtiter plate was mixed, covered, and kept there for half an hour
at 37 °C. After 40 ul of sample dilution buffer and 10 pl of serum samples were added.
The solution in all wells was discarded, and the washing solution was added to each
well to wash it five times. After adding 50 pl of (Horseradish peroxidase) HRP-
conjugate reagent to each well, mixing it, and covering the plate, the plate was
incubated at 37°C for 30 minutes before being removed and washed five times as before.
Following this, 50 ul of each chromogen solution was added to each well in the dark,
gently mixed, and followed by 15 minutes of incubation at °C. The reaction was
stopped by pouring the stop solution (50 ul) to each well, which caused the wells to
become yellow. This caused the reaction to be complete. A spectrophotometric
microplate reader set to a wavelength of 450 nm was used to determine the absorbance
of the sample (ELISA reader, Mindray, India). The concentration was derived from the
standard curve, which was used in the calculation.

DNA extraction

The DNA was extracted from the whole blood samples for both BC patients and control
groups by using the gSYNC™ DNA Extraction Kit (Geneaid, Taiwan). The presence
and purity of extracted DNA were confirmed using a Nanodrop spectrophotometer
(Thermo, USA), which calculates DNA concentration (ng/pl) and examines DNA purity
by measuring the absorbance at (260/280 nm). Staining DNA with ethidium bromide
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after running it on 1% agarose gels at 80 V for 30 minutes revealed any damage to the
DNA.

Global DNA methylation procedure

Following the manufacturer's instructions, the MethylFlashTM methylated DNA
quantification Kit (Epigentek, USA) was used to measure the total 5-methylcytosine
(6bmC) content in DNA extracted from blood samples. For each sample, 100 ng of
genomic DNA was used in the assay. To begin, a standard curve was created for a
methylated polynucleotide serving as a positive control that contained 50% of 5mC.
This curve was created by employing the five concentrations illustrated in Figure 1.
Following the addition of the standard DNA and the sample DNA in their
corresponding wells. Absorbance was measured using an ELISA reader at 450 nm. The
standard curve as obtained by linear regression is shown in Figure 1, and the formula
below was used to compute the proportion of 5mC in the entire DNA.

Sample OD — Negative control 0D
Slope x 2 =

5—mC (ng) =

5 —mC Amount (ng)
5—mC%= s X 100%
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Figure 1. Standard curve for determining methylation of DNA as determined by the immunoassay.
Diagrammatic representation of the linear connection between the quantity of 5-methylcytosine and its
absorbance.

Statistical analysis

Statistical analysis was performed by using the statistical package for the social sciences
(SPSS) version 23. The result was stated as Mean + SEM. Statistical comparison between
groups was analyzed using an analysis of variance (ANOVA), and a p<0.05 was
considered significant [17].

RESULTS
Oxidative stress biomarker levels in low and high stages of breast cancer

According to the statistical analysis, MDA levels were significantly (p<0.001) higher in
breast cancer patients than in the control group. As shown in Figure 2, the results of the
current study showed a highly significant (p<0.001) increased level of MDA in patients
of BC with low stage compared to the control group. Furthermore, a highly significant
(p<0.001) increased level of MDA was observed in patients of BC with high stage
compared to patients with a low stage and the control group. The levels of GPX3 in the
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control group and breast cancer patients did not differ significantly. A significant
(p<0.05) reduction was observed when comparing low-stage breast cancer patients to
high-stage. Also, the results showed significantly (p<0.05) reduction in the level of
GPX3 in low-stage breast cancer patients comparing to control groups. Meanwhile,

there was no significant difference (p<0.05) in the GPX3 level in breast cancer patients at
the high-level stage and control group (Figure 3).
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Figure 2. Levels of malondialdehyde (MDA) in the blood of breast cancer patients and control subjects; A)
MDA level in breast cancer patients compared to the control, B) MDA level in the early (low-level) and
advanced (high-level) individuals with breast cancer in comparison to those who served as controls, ** Refers

to significance at p<0.001, Values represent the mean + SEM. Low level consisted of patients in stage II, High
level consisted of patients in stages IIl and IV.
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Figure 3. Levels of glutathione peroxidase (GPX3) in the blood of breast cancer patients and healthy control
subjects; A) GPX3 level in breast cancer patients compared to the control, B) GPX3 level in the early (low-level)
and advanced (high-level) in breast cancer patients compared to the control. * Refers to significance at p<0.05,

Values represent the mean + SEM. Low level consisted of patients in stage II, High level consisted of patients
in stages Il and IV.
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Serum vitamin B12 and homocysteine levels in breast cancer patients

Homocysteine levels of BC patients significantly (p<0.001) increased when compared to
the control group. As shown in Figure 4, there was also evidence of a highly significant
rise (p<0.001) in patients at the high-level stage compared to patients at the low-level
stage and control groups, as well as a significant increase (p<0.05) in the level of HCY in
patients at the low-level stage compared to control. Patients with breast cancer had
significantly (p<0.001) lower vitamin B12 levels compared to the control group. In
addition, the number of patients who were in the high-level stage dropped significantly
(p<0.001) when compared to the low-level stage and the control group. Figure 5
demonstrates that in comparison to the control group, vitamin B12 levels in patients
who were at the low-level stage dropped by a statistically significant amount (p<0.001).
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Figure 4. Levels of homocysteine (HCY) in the blood of breast cancer patients and healthy control subjects; A)
HCY level in breast cancer patients compared to the control, B) HCY level in the early (low-level) and

advanced (high-level) in breast cancer patients compared to the control. * Refers to significance at p <0.05, **

Refers to significance at p<0.001, Values represent the mean + SEM. Low level consisted of patients in stage II,
High level consisted of patients in stages III and IV.
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Figure 5. Levels of vitamin B12 in the blood of breast cancer patients and healthy control subjects; A) Vitamin
B12 level in breast cancer patients compared to the control, B) Vitamin B12 level in the early (low-level) and

advanced (high-level) in breast cancer patients compared to the control. ** Refers to significance at p <0.001,

Values represent the mean + SEM. Low level consisted of patients in stage II, High level consisted of patients
in stages Il and IV.
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Comparison of serum biomarkers in different stages of breast cancer

Blood MDA levels were significantly (p<0.001) higher in stage IV breast cancer patients
compared to stage II and III patients. Serum MDA levels were significantly (p<0.001)
higher in stage III breast cancer patients compared to stage II patients. Glutathione
peroxidase was found to be significantly (p<0.001) higher in stage IV patients compared
to stage II and III patients, but not significantly (p>0.05) different between patients in
stages II and IIl. HCY levels were significantly (p<0.001) higher in stage IV breast
cancer patients than in stage II and III patients. In addition, there was an increase that
might be considered statistically significant (p<0.001) between phases II and III. The
levels of vitamin B12 in individuals with stage IV breast cancer were shown to be
statistically substantially (p<0.001) lower when compared to those with stages II and III
of the disease. According to Table 1, there were no statistically significant differences
(p>0.05) between individuals diagnosed with breast cancer at stages II and III

Table 1. Serum levels of MDA, GPX3, HCY, and vitamin B12 in stages of breast cancer groups.

Cancer stage

Parameter Stage II Stage I1I Stage IV p-value
MDA (ng/ml) 206.51+9.76¢ 267.48:8.51b 357.59+20.68a 0.001
GPX3 (pmol/ml) 24.84+1.18b 23.3+1.61b 53.5+4.38a 0.001
HCY (umol/L) 5.637+0.23¢ 7.386:0.22b 11.493£0.91a 0.001
Vitamin 12 (pg./ml) 4.669+0.24a 3.783+0.10a 1.439:0.166b 0.001

Different alphabets refer to significant differences (p<0.001) within-stage comparison, and similar alphabets refer to

non-significant differences within-stage comparison, Data are presented as mean + SEM.

Global changes in 5-methylcytosine contents in breast cancer patients

Compared to the control group, there was a highly significant (p<0.001) reduction in
5mC levels in breast cancer patients. The patients with low levels of the disease showed
a slightly significant (p<0.05) decrease in 5mC levels compared to the control group. In
addition, Figure 6 displays a highly significant (p<0.001) lower level of 5mC in breast
cancer patients at the high-level stage compared to those at the low-level stage and
control.
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Figure 6. Changes in the global contents of 5-methylcytosine (5mC) in breast cancer patients, including: A)
the level of 5mC in breast cancer patients compared to the control group, and B) the level of 5mC in early
(low-level) and advanced (high-level) breast cancer patients compared to the control group. * Refers to
significance at p<0.05, ** Refers to significance at p<0.001, Values represent the mean * SEM. Low level
consisted of patients in stage II, High level consisted of patients in stages IIl and IV.
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Comparison of global 5-methylcytosine in different stages of breast cancer patients

The level of 5mC decreased significantly (p<0.01) in stage IV (Nol2) breast cancer
patients compared to stage Il patients (No.30). However, no significant differences
(p>0.05) between stage IV and III (No.18) breast cancer patients were observed. Also,
there was a significant (p<0.01) decrease in the 5mC level in stage III patients compared
to stage II patients (Table 2).

Table 2. Comparison of global 5-methylcytosine (5mC) in different stages of breast cancer.

Breast cancer stage
Parameter p-value
Stage II Stage III Stage IV

5mC 1.23+0.09a 0.89+0.13b 0.74+0.13b 0.019*

Different alphabets refer to significant differences (p<0.01) within-stage comparison, and similar alphabets refer to

non-significant differences within-stage comparison, Data are presented as mean + SEM.

DISCUSSION

Breast cancer is one of the most public diseases among middle-aged and older women
worldwide. Due to the increasing number the patients of breast cancer and their
generally young age, breast cancer therapy and prognosis are receiving increased
attention. Appropriate biomarkers aid in the prediction of prognosis and the selection
of the best treatment for each patient [18, 19]. The results also indicated there was a
highly significant rise in the level of MDA in patients with breast cancer in the high-
level stage compared to patients in the low-level stage and control group. Also, a
significantly higher increase in the level of MDA in patients with breast cancer in the
low-level stage compared to control group was observed. This observation agrees with
the findings of Baskaran et al. [20], who noted a highly significant degree of lipid
peroxidation in breast cancer patients compared to controls. The results additionally
demonstrated that patients in advanced stages of the disease and those with a bad
prognosis were subjected to high levels of oxidative stress. The majority of ROS are
produced by tumor cells, and surgical excision of malignant cells has been shown to
reduce excessive MDA levels [21].

Additionally, a correlation between tumor growth and MDA serum levels, and rising
MDA levels in the blood may signal the advancement of a tumor as it is shown by
recent a study [22]. The results of the present study on the GPX3 status in cancer
patients revealed that both patients with stage II and stage III breast cancer had
somewhat lower levels of GPX3. In contrast to those with stage II and stage III breast
cancer, an unexpectedly increased GPX3 in patients with stage IV breast cancer during
the same period was observed. Glutathione peroxidases are at the forefront of cellular
redox balance maintenance and oxidative stress defense [23]. Diverse antioxidant
defense mechanisms are essential for regulating the formation of free radicals. By
disrupting the pro-oxidant/antioxidant equilibrium, increased free radical production,
inactivation of antioxidant enzymes, or excessive antioxidant intake all lead to
oxidative damage [24]. Therefore, the lower levels of GPX3 in stages II and III may be
explained by increased utilization to scavenge lipid peroxides and sequestration by
tumor cells [25]. On the other hand, women with late-stage breast cancer had a
dramatic elevation of GPX3 (stage IV). These results support previous research that
demonstrated higher GPX3 expression is linked to ovarian cancer, is more common in
tumors that are farther along in their development and is linked to poor patient
survival [26]. The outcomes of this study are in line with Jardim et al. that showed the
elevated GPX3 expression in breast cancer was linked with shorter overall survival time
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breast cancer patients as well as poor response to certain treatment [27]. Enhanced
antioxidant enzyme activity is an adaptive response to free radical (ROS)-induced cell
damage. Additionally, elevated ROS levels may activate signaling pathways that
ultimately result in the production of GPX3 mRNA. The overexpression of GPX3 may
detoxify hydrogen peroxides, toxins, and carcinogens [28]. It is observed that between
early-stage (I/Il) and late-stage (III/IV)/recurrent individuals, there was a significant
difference in GPX3 levels [29], indicating that GPX3 could be used as a biomarker of
disease progression.

During the breakdown of ingested proteins, HCY, a mediate sulfur-containing amino
acid, is created from methionine. The levels of Plasma HCY are influenced by dietary
nutrients such as vit. B12, B6 and folic acid, and others [30]. Akilzhanova et al. similarly
reported an increase in HCY levels in breast cancer patients in their study. According
to [31], who established a correlation between high plasma HCY levels and an
increased risk of breast cancer, high plasma HCY levels may be a metabolic breast
cancer risk factor. As a cofactor for various enzymes involved in the metabolism of
HCY, vitamin B12 is necessary for the conversion of HCY to methionine [32]. Therefore,
HCY breakdown would be hindered by vitamin B12 shortage, as shown in this study,
and lower activity of the implicated metabolic enzymes, resulting in a buildup of
intracellular HCY, rapid excretion into the circulation, and finally a rise in its level [33].
It has been proven that breast carcinogenesis is promoted by vitamin B12 deficiency,
which increases HCY synthesis. However, the molecular signaling pathways
underlying HCY-mediated mammary cancer remain unclear.

Vitamin B12 deficiency induced HCY-mediated tumor growth in Mouse mammary
tumor virus (MMTV-ErbB2) transgenic mice by activating ErbB2/MAPK/PI3K/Akt
signaling pathway. S-adenosylmethionine (SAM) activity for DNA methylation and
gene regulation can be negatively impacted by vitamin B12 deficiency, which in turn
increases the risk of breast cancer [34]. Additionally, it was discovered in this study that
patients with late-stage breast cancer had significantly higher HCY levels than healthy
individuals. These results are in line with other researchers who discovered
considerably higher HCY in individuals whose breast cancer had spread through
metastasis in advanced stages [35]. Homocysteine oxidative damage to cells, pro-
oxidant activity, and an increase in free radicals and hydrogen peroxide are potential
associations between elevated HCY levels and cancer [36].

Furthermore, earlier research has shown that HCY produces S-adenosylhomocysteine
intracellular accumulation and promotes estrogen oxidative metabolites (catechol
estrogens) [37]. A lot of anomalies in DNA methylation in cancer are responsible for
altered gene expression, including the inactivation of tumor suppressor genes by
hypermethylation and the triggering of pro-metastatic genes by hypomethylation [38].
Tumor cells exhibit two types of abnormal DNA methylation: both hypermethylation of
CpG islands in promoter regions and hypomethylation of DNA throughout the whole
of the cell are seen. Repetitive sequences show global DNA hypomethylation in cancer
cells, but specific CpG islands near the promoters of tumor suppressor genes have been
shown to have hypermethylation in cancer cells [39]. The extent of DNA
hypomethylation across the entire genome is estimated by the sum of 5-mC in
dinucleotide CpG sites. Most 5-mC sites are found in repetitive DNA sequences, which
account for more than 50% of the human genome. In healthy tissue, these repetitive
DNA sequences are heavily methylated; studies have shown that cancer cells exhibit
global DNA hypomethylation in repetitive sequences while exhibiting
hypermethylation at specific CpG islands in the promoters of tumor suppressor genes
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[40]. By counting the total number of 5-mC in dinucleotide CpG sites, the amount of
genome-wide DNA hypomethylation can be calculated.

Over 50% of the human genome is made up of repetitive DNA sequences, which also
make up most 5-mC sites and are heavily methylated in healthy tissue. In contrast,
hypomethylation of these sequences significantly contributes to global DNA
hypomethylation in cancer [40]. Hypomethylation in repetitive elements can cause
genomic instability and reactivation of transposable element expression, whereas
hypomethylation in gene bodies can disrupt alternative splicing [41]. Patients with
stage IV breast cancer showed a significant reduction in the level of 5mC. This result
supported the findings of Pasha et al., who discovered that methylation levels were
significantly lower in advanced tumor stages in breast cancer patients than in stages I
and II [42]. It was found in 75% of individuals with benign conditions and 96% of those
with breast cancer, indicating that it might be utilized to detect tumorigenesis even
before a physical breast examination. By activating the production of pro-metastatic
genes including heparanase, MMP2 (encoding matrix metalloproteinase 2), and uPA
(encoding urokinase plasminogen activator), DNA demethylation plays a critical role in
cancer [43]. Demethylation may play a causal role in cancer metastasis since
demethylating drugs increase the invasiveness of non-metastatic breast cancer cells [44].
DNA methylation is a reversible process, it has been demonstrated that reversing the
un-methylation of breast cancer and liver cancer cell lines decreases the capacity of
these cells to invade or metastasize [45].

CONCLUSION

The findings of the study reveal that there is a significant increase in MDA in patients
of breast cancer compared to healthy subjects, with clear improvements shown in those
with advanced-stage breast cancer. They were accompanied by significantly reduced
levels in GPX3 levels (except for the patients in stage IV). Furthermore, a significantly
increase in the HCY levels of breast cancer patients in advanced stages as compared to
healthy subjects. Additionally, the patients in advanced stages of breast cancer and
those with a poor prognosis experienced low levels of vitamin B12 and 5mC. These
findings suggest that involvement of GPX3 and HCY in progression of BC, with the
possibility of using variations in global DNA methylation levels at different stages as a
risk factor for BC.
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