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Violetta Dymicka-Piekarska 1, Joanna Kamińska 1 , Olga Koper-Lenkiewicz 1 ,
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Abstract: This study is the first to assess redox homeostasis in patients with colorectal cancer (CRC)
in respect to histopathological parameters associated with the tumour microenvironment such as
tumour budding and inflammatory infiltration. Pro-oxidant enzymes (NADPH oxidase (NOX),
xanthine oxidase (XO)), antioxidant barrier (Cu,Zn-superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), glutathione reductase (GR), reduced glutathione (GSH)), redox status
(total antioxidant (TAC)/oxidant status (TOS)) and oxidative damage products (advanced glycation
end products (AGE), advanced oxidation protein products (AOPP), malondialdehyde (MDA) and
8-hydroxydeoxyguanosine (8-OHdG)) were determined in both the normal and cancerous tissue
of 29 CRC patients. The activity of NOX (p < 0.01) and XO (p = 0.01), as well as SOD (p < 0.0001),
CAT (p < 0.0001) and TAC level (p < 0.01) were significantly higher in tumour tissue than in normal
colon mucosa. Oxidative damage products (AGE—p < 0.01, AOPP—p < 0.001, MDA—p < 0.001,
8-OHdG—p < 0.0001) were also higher in cancerous colon tissue. Furthermore, we observed that CAT
(p < 0.05) and XO (p < 0.05) activity depends on the intensity of inflammatory infiltration. Oxidative
stress index (OSI) (p < 0.05) and MDA (p < 0.01) values were significantly higher in patients with tumour
budding (TB) > 5 versus cases with TB < 5. However, OSI level did not differ significantly between
cancer and normal tissue. Our results confirm that CRC is associated with enzymatic/non-enzymatic
redox imbalance and increased oxidative damage to proteins, lipids and DNA. The determination of
these biomarkers could be useful for the evaluation of the tumour progression.
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1. Introduction

Colorectal cancer (CRC) is one of the cancers with the highest dynamics of incidence in the world.
According to GLOBOCAN database from 2018, colorectal cancer was classified as third most common
type of cancer in the world among men and second most frequent one in women. Moreover, CRC
is responsible for 9.2% of all cancer deaths, which places it second in terms of mortality among all
cancers [1]. Despite screening tests, such as colonoscopy and faecal occult blood tests, about 20–25%
of patients have remote metastases when diagnosed with CRC. Around 85% of liver metastases
are diagnosed within one year, 94% within two years, and 97.5% within the first three years after
being diagnosed with primary CRC [2]. In order to improve such unfavourable statistics, it is crucial
to understand the mechanisms involved in CRC carcinogenesis. Indeed, it may facilitate the early
detection of cancer, prevent its progression into an advanced stage, and enable the application of
treatment which would significantly reduce CRC mortality.

In the last two decades, scientists studying carcinogenesis have been focusing on reactive oxygen
species (ROS) and redox balance. Oxidative stress affects the development of cancer by leading to
insensitivity of cancer cells to antiproliferative signals and apoptosis, anchorage-independent cell
growth, and modification of cancer cell invasion and migration through epigenetic and metabolic
mechanisms. ROS also participate in tumour angiogenesis through the release of vascular endothelial
growth factor (VEGF) and angiopoietin [3]. High levels of ROS in cancer cells may result from
enhanced basal metabolic activity, peroxisome activity, increased oncogene expression, mitochondrial
dysfunction (due to hypoxia or mitophagy), cytokine signalling as well as increased activity of NADPH
oxidase (NOX), cyclooxygenases or lipoxygenases which are considered as ROS sources [3]. It has
been discovered that ROS may modulate the tumour microenvironment responsible for increasing
aggressiveness and metastatic dissemination.

In our previous work, we showed that serum catalase (CAT) and plasma malondialdehyde (MDA)
may be potential non-invasive biomarkers indicating tumour invasion depth or the presence of lymph
node metastasis [4]. However, the precise underlying mechanism of oxidative stress in cancer cells and
molecular pathogenesis of CRC remains unknown. Thus, the aim of our study was to evaluate the
redox status, enzymatic and non-enzymatic antioxidants as well as oxidative damage to proteins, lipids
and DNA in tumour tissue compared to normal adjacent mucosa in colorectal cancer patients. We are
also the first to assess the redox parameters in CRC patients in respect to histopathological parameters
associated with the tumour microenvironment, such as tumour budding and inflammatory infiltration.

2. Materials and Methods

This research was approved by the Bioethics Committee of the Medical University of Bialystok,
Poland (permission number R-I-002/48/2019). After a thorough explanation of the purpose of the study
and possible risks, all the qualified patients consented in writing to participate in the experiment. The
study was conducted in accordance with the World Medical Association Declaration of Helsinki for
ethical principles for medical research involving human subjects.

2.1. Patients and Tissue Samples

The study was performed on a group of 29 patients treated surgically for colorectal cancer in
the 2nd Clinical Department of General and Gastroenterological Surgery at the Medical University of
Bialystok Clinical Hospital in the years 2017–2019. The patients were selected based on the following
criteria: patients of both genders without comorbidity who had not been treated with radio- or
chemotherapy before the surgery. The exclusion criteria in patients with CRC included any systemic or
autoimmune diseases (diabetes, insulin resistance, hypertension, coronary heart disease, rheumatoid
arthritis and psoriasis), as well as lung, thyroid, liver, kidney, gastrointestinal and infectious diseases
(HCV and HIV infection) and immunity disorders. Additionally, smokers and patients who had taken
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drugs (antibiotics, non-steroidal anti-inflammatory drugs, glucocorticosteroids, vitamins and dietary
supplements) within the preceding 3 months were excluded from the study.

The time from diagnosing a patient with cancer to their surgery varied from a minimum of two
days to a maximum of four weeks. The study material was collected from all patients during the
surgical resection of the tumour. Each patient had the following samples taken: normal mucosa
(adjacent non-tumour tissue) and tumour tissue. Normal mucosa was collected from the corresponding
adjacent tissue away from the tumour border (histologically examined). After resection, the obtained
material was placed in a container with liquid nitrogen and frozen at −80 ◦C. Part of the tissue was no
frozen and used immediately to determine the activity of pro-oxidant enzymes.

2.2. Histopathological Analysis

Histopathological diagnosis was established based on haematoxylin and eosin (H+E) staining and
included the following parameters: histological type and the grade of histological malignancy according
to the World Health Organization guidelines [5], tumour stage according to the TNM classification
standard of the Union for International Cancer Control [6], tumour inflammatory infiltration according
to Jass’s classification [7] as well as tumour budding (TB), poorly differentiated clusters (PDC), and
areas of poorly differentiated components (APDC) according to Ueno’s classification [8]. Tumour
budding has been defined as the presence of individual cells or small clusters (up to 5) of tumour
cells at the invasive front of cancer (Figure 1A). Tumours without budding foci were described as
0, with <5, 5 to 9, and >10 budding foci and classified as 1, 2, and 3, respectively. Tumours defined
as 0 and 1 were described as low-grade budding, whereas those defined as 2 and 3 were described
as high-grade budding. Poorly differentiated clusters (PDC) were defined as cancer clusters in the
stroma composed of 5 cancer cells and lacking a gland-like structure. Tumours without clusters were
described as 0, with <5, 5 to 9, and >10 clusters were classified as 1, 2, and 3, respectively. Areas of
poorly differentiated components were reported as 0—without clusters, while those with <10 clusters
and those with >10 clusters were classified as 1 and 2, respectively [8].

The characteristics and details of the study group are presented in Table 1.
Each tumour was cut along a line parallel to the longest tumour axis. Thus, 4 to 8 slices containing

cancer cells and the adjacent macroscopically unchanged tissues of 1–1.5 cm in size were collected. The
tissues were fixed in 10% buffered formalin for no longer than 24 h. The specimens were embedded in
paraffin at a temperature of 56 ◦C. Paraffin blocks were cut into 4-µm-thick sections with a microtome
Microm H340. The obtained sections were stained with haematoxylin and eosin, and reviewed by two
independent pathologists under a microscope Olympus CX22 with 200× and 400×magnification.

2.3. Preparation of the Tissues

On the day of biochemical assays, the tissue samples were slowly thawed at 4 ◦C, fragmented,
weighed, and divided into two equal parts each. One of the parts was diluted in ice-cold
phosphate-buffered saline (PBS, 0.02 M, pH 7.4) at a ratio of 1:10 (w/v). Tumour and non-tumour
tissues were homogenized on ice with a glass tissue homogenizer (Omni TH, Omni International,
Kennesaw, GA, USA), sonicated twice (1800 J/sample, 20 s × 3; UP 400S, Hielscher, Teltow, Germany),
and then centrifuged (12,000× g, 20 min, 4 ◦C; MPW Med Instruments, Warsaw, Poland) to collect the
supernatant and to be immediately assayed [9]. In order to prevent sample oxidation and proteolysis,
butylated hydroxytoluene (BHT; 10 µL 0.5 M BHT in acetonitrile/1 mL PBS) and proteolysis inhibitors
(Complete Mini Roche, Mannheim, Germany) were added [10].

2.4. Determination of Redox Markers

All the assays were performed in duplicate samples. The absorbance/florescence was measured
using Infinite M200 PRO Multimode Microplate Reader (Tecan, Männedorf, Switzerland). The results
were standardized to 100 mg of total protein. The content of total protein was estimated colorimetrically at
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562 nm wavelength via the bicinchoninic acid (BCA) method [11]. A commercial kit was used according
to the manufacturer’s instructions (Thermo Scientific PIERCE BCA Protein Assay, Rockford, IL, USA).Cancers 2020, 12, x 6 of 22 

 

 

 

Figure 1. Histological images of colorectal cancer. (A) Colorectal adenocarcinoma with budding foci 
(red arrows). (B) Colorectal adenocarcinoma with strong inflammatory cells infiltration (red arrow). 
H+E staining. 200× magnification. 
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Figure 1. Histological images of colorectal cancer. (A) Colorectal adenocarcinoma with budding foci
(red arrows). (B) Colorectal adenocarcinoma with strong inflammatory cells infiltration (red arrow).
H+E staining. 200×magnification.
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Table 1. Characteristics of the study group (n = 29).

Parameter n (%)

Age
<60 5 (17.2%)
>60 24 (82.8%)

Gender
male 16 (55.2%)

female 13 (44.8%)

Location
sigmoid colon 7 (24.2%)

rectum 8 (27.6%)
cecum 4 (13.8%)

ascending colon 3 (10.3%)
hepatic fold 4 (13.8%)

colon 3 (10.3%)

Tumour size
<3 cm 5 (17.2%)
>3 cm 24 (82.8%)

Histological type
adenocarcinoma 25 (86.2%)

mucinous adenocarcinoma 4 (13.8%)

Depth of tumour invasion (pT)
T1 0 (0.0%)
T2 10 (34.5%)
T3 19 (65.5%)
T4 0 (0.0%)

Lymph node metastasis (pN)
N0 18 (62.1%)

N1+N2 11 (37.9%)

Distant metastasis (pM)
M0 26 (89.7%)
M1 3 (10.3%)

Stage at diagnosis
I 8 (27.6%)
II 7 (24.1%)
III 10 (34.5%)
IV 4 (13.8%)

Vascular invasion
absent 12 (41.4%)
present 17 (58.6%)

Neural invasion
absent 21 (72.4%)
present 8 (27.6%)

Inflammatory infiltration in the invasive front
absent 0 (0.0%)
weak 14 (48.3%)

moderate 11 (37.9%)
strong 4 (13.8%)

Inflammatory infiltration in the tumour centre
absent 1 (34.5%)
weak 15 (51.7%)

moderate 11 (37.9%)
strong 2 (6.9%)
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Table 1. Cont.

Parameter n (%)

Tumour budding (TB)
1 – <5 2 (6.9%)
2 – 5–9 10 (34.5%)
3 – >10 8 (27.6%)

9 (31.0%)

Poorly differentiated clusters (PDC)
1 – <5 0 (0.0%)
2 – 5–9 29 (100.0%)
3 – >10 0 (0.0%)

0 (0.0%)

Areas of poorly differentiated components
(APDC)

0 0 (0.0%)
1 – <10 29 (100.0%)
2 – >10 0 (0.0%)

2.4.1. Pro-Oxidant Enzymes

The activities of pro-oxidant enzymes, NADPH oxidase (NOX) and xanthine oxidase (XO) were
evaluated immediately after sample collection. The freshly harvested tissues were homogenized and
centrifuged and the supernatant obtained was used for determinations. NOX (EC 1.6.3.1) activity was
analysed by the luminescence method using lucigenin as an electron acceptor [12]. One unit of NOX
activity was defined as the amount of the enzyme required to release 1 nmol of superoxide anion
per 1 min. XO (EC 1.17.3.2) activity was estimated using the colorimetric method by measuring the
increase in uric acid absorbance at 290 nm wavelength [13]. One unit of XO activity was defined as the
amount of the enzyme required to release 1 µmol of uric acid per 1 min.

2.4.2. Antioxidant Enzymes and Non-Enzymatic Antioxidants

To study the antioxidant barrier, antioxidant enzymes (catalase (CAT), glutathione peroxidase
(GPx), glutathione reductase (GR), superoxide dismutase-1 (SOD-1)) as well as non-enzymatic
antioxidants (reduced glutathione (GSH)) were evaluated.

CAT (EC 1.11.1.6) activity was analysed using the colorimetric method by measuring the rate of
hydrogen peroxide (H2O2) decomposition at 240 nm wavelength [14]. One unit of CAT activity was
defined as the amount of the enzyme catalysing the decomposition of 1 mmol H2O2 per 1 min. GPx (EC
1.11.1.9) activity was estimated using the colorimetric method by measuring the oxidation of NADPH
(reduced form of nicotinamide adenine dinucleotide phosphate) at 340 nm [15]. One unit of GPx
activity was defined as the amount of the enzyme catalysing the oxidation of 1 mmol NADPH per 1 min.
GR (EC 1.8.1.7) activity was determined using the colorimetric method by measuring the decrease in
NADPH absorbance at 340 nm [16]. One unit of GR activity was defined as the quantity of the enzyme
catalysing the oxidation of 1 µmol NADPH per 1 min. SOD-1 (E.C. 1.15.1.1) activity was evaluated
colorimetrically by measuring the inhibition of adrenaline oxidation at 480 nm wavelength [17]. One
unit of SOD activity was defined as the amount of the enzyme inhibiting adrenaline oxidation by 50%.

Glutathione concentration was determined colorimetrically using the enzymatic reaction with
5,5-dithiobis-(2-nitrobenzoic acid) (DTNB), NADPH, and GR [18]. The reaction results in the formation
of a product that absorbs at 412 nm. The reduced glutathione (GSH) concentration was calculated
from the difference between the concentration of total glutathione and oxidized glutathione (GSSG).
Oxidation/reduction potential (redox state) was calculated based on the formula = [GSH]2/[GSSG] [19].
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2.4.3. Redox Status

To assess the redox status, total antioxidant capacity (TAC), total oxidant status (TOS), and
oxidative stress index (OSI) were evaluated.

TAC level was determined using the colorimetric method by measuring changes in ABTS+

(2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonate) absorbance at 660 nm [20]. TOS level was analysed
using the colorimetric method by measuring the oxidation of ferrous ion to ferric ion in the presence of
oxidants in a sample [21]. OSI was calculated using the formula: OSI = [TOS]/[TAC] × 100% [22].

2.4.4. Oxidative Damage to Proteins, Lipids and Nucleic Acids

Oxidative damage to proteins (advanced glycation end products (AGE), advanced oxidation protein
products (AOPP)), lipids (malondialdehyde (MDA)] and nucleic acids [8-hydroxydeoxyguanosine
(8-OHdG)) was evaluated.

AGE content was estimated using the fluorimetric method by measuring AGE-specific fluorescence
at 350/440 nm wavelength [23]. Immediately prior to the assay, samples were diluted in 0.02 M PBS, pH
7.4 (1:5, v/v). AOPP concentration was determined colorimetrically by measuring iodide ion oxidizing
capacity of the sample at 340 nm [23]. Immediately before the assay, samples were diluted in 0.02 M PBS,
pH 7.4 (1:5, v/v). MDA concentration was analysed colorimetrically at 535 nm using the thiobarbituric
acid reactive substances (TBARS) method and 1,3,3,3-tetraethoxypropane as a standard [24]. The
8-OHdG level was determined colorimetrically with commercial ELISA kits (Cayman Chemical, Miami,
FL, USA; USCN Life Science, Wuhan, China, respectively), according to the manufacturer’s instructions.

2.5. Statistical Analysis

Statistical analysis was performed using the GraphPad Prism (GraphPad Software, La Jolla, CA,
USA). The Shapiro–Wilk test was used to examine the distribution of results. For normal distribution,
the Student’s t-test was used. In the case of the lack of normal distribution, the Mann–Whitney U test
was used. The data are presented as median (minimum–maximum). The correlations between the
measured parameters were analysed using Spearman’s correlation coefficient. Statistical significance
was established at p < 0.05.

The results show only comparisons of tumour vs. normal cancer tissue and other statistically
significant differences. All comparisons are presented in the Tables S1 and S2.

3. Results

3.1. Clinical Characteristics

The study included 29 patients with colorectal cancer. The tumour differentiation grade in all
colorectal cancer patients was G2 (moderately differentiated). Most of the subjects (25 people) had
adenocarcinoma, and four patients had mucinous adenocarcinoma. Over 65% patients had a pT2
stage of tumour which had grown through the muscularis propria and into the subserosa as well as
into tissues surrounding the colon. The percentage of patients without lymph node (N0) and distant
metastasis (M0) was 32.1% and 89.7%, respectively. Meanwhile, 58.6% patients had a venous invasion,
which is defined as “tumour present within an endothelial-lined space either surrounded by a rim
of muscle or containing red blood cells” [25]. The majority of our study group consisted of patients
without neural invasion (72.4%). Neural invasion is defined as presence of tumour cells within the
perineurial space or in direct contact with nerve fascicles [26].

Detailed characteristics of the study groups are summarised in Table 1.

3.2. Pro-Oxidant Enzymes

Determination of NADPH oxidase (NOX) activity in colorectal cancer tissue showed significantly
higher activity of this enzyme compared to the normal mucosa (p < 0.01) (Figure 2A). Similarly,
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xanthine oxidase (XO) activity was higher in tumour than in normal tissue (p = 0.01) (Figure 2 B). NOX
activity was higher in patients with adenocarcinoma than in adenocarcinoma mucinosum (Figure 2C).
Moreover, XO activity was increased in tumour with medium and strong inflammatory infiltration
than in absent and weak (Figure 2D). We also observed significantly higher XO activity in CRC patients
without vascular invasion in comparison to those with vascular invasion (p < 0.05) (Figure 2E).
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Figure 2. Comparison of: NOX (A) and XO (B) activity between colorectal cancer tissue (n = 29) and
normal mucosa (n = 29); NOX activity (C) between adenocarcinoma and mucinous adenocarcinoma;
XO activity (D) depending on the intensity of inflammatory infiltration in the invasive front of the
tumour; XO activity (E) between colorectal tissue with and without vascular invasion. The data are
presented as median (minimum–maximum). Abbreviations: NOX—NADPH oxidase, XO—xanthine
oxidase. * p < 0.05, ** p < 0.01.
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3.3. Antioxidant Defence

We measured the activity of antioxidant Cu,Zn-superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), glutathione reductase (GR), and concentration of a non-enzymatic
antioxidant (reduced glutathione (GSH)) in order to assess the antioxidant barrier. We demonstrated
significantly higher SOD and CAT activities in colorectal cancer tissue compared to normal mucosa
(p < 0.0001, p < 0.0001, respectively) (Figure 3A,B). The activities of GPx and GR were slightly higher
in tumour tissue than in normal tissue, and differences in the activities of the said enzymes were not
statistically significant (Figure 3C,D).
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Figure 3. Comparison of SOD (A), CAT (B), GPx (C) and GR (D) activity between colorectal cancer
tissue (n = 29) and normal mucosa (n = 29). The data are presented as median (minimum–maximum).
Abbreviations: SOD—superoxide dismutase-1, CAT—catalase, GPx—glutathione peroxidase,
GR—glutathione reductase, **** p < 0.0001.

The concentration of reduced glutathione did not differ significantly between tumour tissue and
healthy tissue (Figure 4A). However, the GSSG concentration was significantly higher in the neoplastic
tissue (p < 0.0001) (Figure 4B). The redox potential (GSH/GSSG ratio) in normal tissue did not differ
from cancer tissue (Figure 4C).
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Figure 4. Comparison of GSH (A) and GSSG (B) concentration and redox state (C) between colorectal
cancer tissue (n = 29) and normal mucosa (n = 29). Abbreviations: GSH—reduced glutathione,
GSSG—oxidized glutathione (GSSG). The data are presented as median (minimum–maximum).
**** p < 0.0001.

CAT activity was significantly higher in tumour tissue in patients with adenocarcinoma compared
to those with mucinous adenocarcinoma (p < 0.05) (Figure 5A) as well as in patients with inflammatory
infiltration both in tumour front and tumour centre, assessed as moderate and strong as opposed to
absent and weak (p < 0.05, p < 0.05) (Figure 5B,C).
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Figure 5. Comparison of: CAT activity (A) between adenocarcinoma and mucinous adenocarcinoma;
CAT activity depending on the intensity of inflammatory infiltration in the invasive front (B) and
centre (C) of the tumour. The data are presented as median (minimum–maximum). Abbreviations:
CAT—catalase. * p < 0.05.
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3.4. Total Antioxidant/Oxidant Status

The total antioxidant capacity (TAC) and total oxidant status (TOS) are essential for the assessment
of redox status, but we also calculated oxidative stress index (OSI), which is the ratio of TOS/TAC. TAC
level was significantly higher in the tumour tissue compared to normal mucosa (p < 0.01) (Figure 6A).
In cancerous tissue, TOS and OSI values were at similar levels to the normal tissue (Figure 6B,C).
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3.5. Oxidative Damage to Proteins, Lipids and Nucleic Acids

In order to assess oxidative stress, we used products of oxidative damage to proteins (i.e., advanced
glycation end products (AGE), advanced oxidation protein products (AOPP)), lipids (malondialdehyde
(MDA)] and DNA [8-hydroxydeoxyguanosine (8-OHdG)). There was a statistically significant increase
in AGE (Figure 8A) and AOPP (Figure 8B) contents in colorectal cancer tissue compared to the normal
mucosa (p < 0.01, p < 0.001). Furthermore, MDA (Figure 8C) and 8-OHdG (Figure 8D) concentrations
were significantly higher in the tumour than in normal tissue (p < 0.001, p < 0.0001, respectively)
(Figure 8). AGE concentration was significantly lower in CRC patients without neural invasion than
in those with invasion (p < 0.05) (Figure 9A). AOPP (Figure 9B) and MDA (Figure 9C) levels were
higher in tumour tissue in stage T3 compared to T2 (p < 0.05). Moreover, we observed a statistically
significant increase in MDA concentration in CRC patients with lymph node metastases compared to
subjects without metastases (p < 0.05) (Figure 9D) as well as in CRC patients with tumour budding > 5
compared to tumour budding < 5 (p < 0.001) (Figure 9E). 8-OHdG level was higher in patients with
adenocarcinoma than in those with mucinous adenocarcinoma (p < 0.05) (Figure 9F).
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Figure 8. Comparison of AGE (A), AOPP (B), MDA (C) and 8-OHdG (D) concentration between
colorectal cancer tissue (n = 29) and normal mucosa (n = 29). The data are presented as median
(minimum–maximum). Abbreviations: AGE—advanced glycation end products, AOPP—advanced
oxidation protein products, MDA—malondialdehyde, 8-OHdG—8-hydroxydeoxyguanosine.
** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 9. Comparison: of: AGE concentration between colorectal tissue with and without neural
invasion (A); AOPP (B) and MDA (C) concentration in colorectal tissue between T2 and T3 stage;
MDA concentration between colorectal tissue with and without lymph node metastasis (D) as well as
between low-grade and high-grade budding (E); 8-OHdG concentration (F) between adenocarcinoma
and mucinous adenocarcinoma. The data are presented as median (minimum–maximum).
Abbreviations: AGE—advanced glycation end products, AOPP—advanced oxidation protein products,
MDA—malondialdehyde, 8-OHdG—8-hydroxydeoxyguanosine. * p < 0.05, ** p < 0.01.

3.6. Correlations

All statistically significant correlations are presented in Figure 10. Interestingly, we observed a
positive correlation between NOX and CAT (p < 0.005, R = 0.509), NOX and TAC (p < 0.005, R = 0.504)
and NOX and 8-OHdG (p < 0.005, R = 0.525). We also demonstrated correlation between XO and GR
(p < 0.0001, R = 0.745), XO and TAC (p = 0.001, R = 0.568), and XO and 8-OHdG (p < 0.0001, R = 0.731)
as well as between GPx and GR (p < 0.001, R = 0.582), GPx and TAC (p = 0.009, R = 0.477), and GPx and
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8-OHdG (p = 0.009, R = 0.474). Moreover, statistically significant correlations were found between GR
and TAC (p < 0.0001, R = 0.818), GR and MDA (p < 0.005, R = 0.516), and GR and 8-OHdG (p < 0.001, R
= 0.671). We also observed positive correlations between TAC and MDA (p < 0.0001, R = 0.685) and
TAC and 8-OHdG (p < 0.0001, R = 0.661). TOS value was positively correlated with OSI (p < 0.0001, R
= 0.912). Importantly, we showed a positive correlation between AGE and AOPP (p < 0.001, R = 0.571).
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4. Discussion

In our research, we evaluated selected biomarkers of redox homeostasis in colorectal cancer and
normal adjacent tissues. The presented study is the first to assess antioxidant barrier, redox status, and
oxidative damage in respect of histopathological parameters associated with tumour microenvironment,
such as tumour budding and inflammatory infiltration. We demonstrated differences in chosen
enzymatic and non-enzymatic antioxidants as well as enhanced oxidation of proteins, lipids and DNA
in colorectal cancer tissue compared to normal tissue. Moreover, we observed a link between XO/CAT
activity and inflammatory infiltration in the front and CAT activity in the centre of the tumour as well
as between OSI and MDA and tumour budding, which may suggest the participation of oxidative
stress in the remodelling of tumour stroma. Additionally, we observed significantly higher MDA level
in patients with lymph node metastasis in comparison to those without metastasis.

Oxidative stress may be associated with the development of different systemic diseases such as
obesity [27], diabetes, insulin resistance [10], genetic conditions [28], neurodegenerative disorders [29],
and cardiovascular diseases [30], as well as in some types of cancer, e.g., gastric cancer [31], breast
cancer [32] and melanoma [33]. ROS overproduction together with insufficient antioxidant defence
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lead to oxidative cell damage, which promotes the initiation/progression of cancer. In living organisms,
the main source of ROS is respiratory transport chain generating O2

− [34]. However, apart from
mitochondrial respiration, another source of ROS are pro-oxidant enzymes such as NOX and XO.
NADPH oxidase is a multi-subunit complex generating O2

− and H2O2 [35]. It has been demonstrated
that neutrophils and macrophages produce more ROS (via NOX activity) than vascular smooth muscles
and endothelial cells. However, NOX is also a very important ROS source in cancer cells and it generates
high amounts of pro-inflammatory cytokines. Indeed, increased activity of NOX creates pro-oxidative
environment, thus promoting genomic instability and tissue remodelling in tumour tissues [36]. The
second pro-oxidant enzyme, XO, participates in hypoxanthine and xanthine conversion into uric acid.
As a by-product, XO also generates superoxide radicals and hydrogen peroxide [37]. Additionally, XO
increases HIF-1α expression and activates NF-κB pathway, which promotes inflammation and cancer
progression [38,39]. However, pro-inflammatory cytokines also affect the production of free radicals.
It was shown that IL-1α, IL-1β, IL-6, IL-8 and vascular endothelial growth factor (VEGF) induce the
secondary production of ROS through a positive feedback mechanism (by stimulating NOX and XO
activity) [40]. In our study, we observed enhanced activity of NOX and XO in colon cancer tissue.
Simultaneously, we demonstrated higher NOX activity in adenocarcinoma patients compared to those
with mucinous adenocarcinoma, as well as higher XO activity in moderate and strong inflammatory
infiltration in comparison with absent and weak infiltration. Thus, enhanced activity of pro-oxidant
enzymes may intensify inflammatory processes and lead to malignant transformation. Indeed, these
proteins may induce changes in the phenotype of cancer cells, influencing the processes of their
proliferation and angiogenesis or enabling tumour escape from immune surveillance [36]. Additionally,
studies performed on cell lines showed that the decreased expression of NOX1 inhibits cell division in
vascular smooth muscle [41]. Furthermore, the suppression of NOX5 in Barrett’s adenocarcinoma cells
hinders proliferation and growth potential [41]. Therefore, it is not surprising that NOX overexpression
may influence the rate of cell division.

We also assessed the content of antioxidant enzymes and observed increased activity of CAT
and SOD in tumour tissue compared to normal tissue. This suggests an adaptive response to the
overproduction of intracellular ROS in cancer cells [42]. However, increased SOD activity also leads
to enhanced formation of hydrogen peroxide in colon tissue. This was confirmed by Szatrowski et
al., who demonstrated that CRC is accompanied by the production of a large amount of H2O2 [43].
Nevertheless, hydrogen peroxide can be decomposed by catalase or glutathione peroxidase. Catalase
participates in the conversion of hydrogen peroxide at a high ROS level [44]. While ROS production
is low, GPx reveals a much higher affinity to H2O2. This may be explained by differences in the
Michaelis–Menten constant (Km) of CAT and GPx. The Km for CAT (Km = 2.4 × 10−4 M) is significantly
higher than the Km for GPx (Km = 1 × 10−6 M), which indicates that CAT scavenges H2O2 efficiently
at higher concentrations [45]. Therefore, although we did not directly assess the rate of free radical
production, our results suggest enhanced ROS levels in CRC patients. Simultaneously, we observed
significantly higher CAT activity in patients with adenocarcinoma than in subjects suffering from
mucinous adenocarcinoma. It should be remembered that mucinous adenocarcinoma is commonly
considered a more aggressive type of CRC. CAT activity was also higher in patients with moderate
and strong inflammatory infiltration both in the front of the tumour and in tumour centre than in weak
infiltration. This is not surprising because inflammatory cells such as neutrophils and macrophages
are characterized by enhanced activity of superoxide dismutase, which leads to increased production
of hydrogen peroxide. Pietarinen-Runtti et al. [45] observed that among all inflammatory cells, CAT
activity is the highest in neutrophils. It is suggested that CAT may play a profound role in the proper
phagocytosis during oxidative stress of activated neutrophils.

It is difficult to assess the redox status based solely on the level of individual antioxidants. Therefore,
we evaluated the biomarkers characterizing the resultant antioxidant/oxidant capacity (TAC, TOS, OSI)
in colorectal cancer patients. TAC describes the sum of enzymatic and non-enzymatic antioxidants,
whereas TOS allows for the assessment of all oxidants contained in a sample. OSI (TOS/TAC ratio)
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indicates the relationship between antioxidant mechanisms and oxidant concentrations [46]. In our
work, we observed considerably higher TAC levels in cancerous tissue compared to normal tissue,
whereas TOS and OSI contents did not differ significantly between both groups. This confirms the
previous hypothesis of an antioxidant adaptive response to ROS overproduction in CRC patients,
as also evidenced by the positive correlation between NOX and CAT (p < 0.005, R = 0.509), NOX
and TAC (p < 0.005, R = 0.504) and XO and GR (p < 0.0001, R = 0.745). However, ROS in the colon
may not only originate from the pro-oxidant enzymes, but also diet and gut microflora. Interestingly,
human gut microflora contains up to 500 bacteria species generating oxygen free radicals [4]. To
assess the redox status, we also used the ratio of reduced glutathione (GSH) to oxidized glutathione
(GSSG). The oxido-reductive potential did not differentiate the studied groups, despite the fact that
the GSSG concentration was significantly higher in the cancer tissue. Nevertheless, accumulation of
GSSG in a cell can be cytotoxic. In the long term, GSH reserves may also be exhausted. Since only
patients with G2 grade were involved in our investigation, it is necessary to carry out further studies
on cases with different tumour differentiation grade. Interestingly, OSI level was also increased in
patients with neural invasion compared to those without invasion. Moreover, it was higher in patients
with high-grade budding than five versus cases with low-grade budding. Therefore, OSI may be an
unfavourable prognostic factor because neural invasion is one of the indicators of tumour advancement.
It is well known that high-grade tumour budding is strongly associated with shorter cancer-specific
survival [47]. However, it should be remembered that OSI does not differentiate between tumour
tissue and healthy tissue.

Oxidative stress disrupts cell metabolism through oxidative damage to its components (e.g.,
proteins, lipids and DNA). The most commonly evaluated biomarkers of protein glyco-oxidation
are advanced glycation end products (AGEs) and advanced oxidation protein products (AOPPs).
AOPPs are crosslinked protein adducts formed as a result of the action of chlorinated oxidants
(mainly hypochlorous acid and chloramines) which are generated by myeloperoxidase in activated
neutrophils [48]. It has been observed that AOPPs may act as inflammatory mediators causing the
oxidative ignition of neutrophils, monocytes, and T lymphocytes [48]. AGEs and AOPPs bind to
receptors for advanced glycation end products (RAGE), stimulating intracellular formation of ROS as
well as several transcription factors (e.g., NF-kB, MAP-kinase, NJK and p21RAS) [49]. In this study, both
AGE and AOPP levels were significantly higher in tumour tissue compared to normal colon mucosa. It
is suggested that the accumulation of oxidative protein products is responsible for chronic inflammation
and enhanced production of ROS. Indeed, AOPP and AGE can accumulate and aggregate in cancer tissue,
which enhances NOX activity and stimulates (through positive feedback) NF-kB expression [50]. This
results in the development of an inflammatory microenvironment which contributes to tumour onset by
promoting genetic instability, cell survival, growth and metastatic potential [51]. As this goes beyond the
framework of our study, it is necessary to assess the pro-inflammatory cytokines/chemokines in respect
to histopathological parameters associated with the tumour microenvironment. In our experiment, we
also observed significantly higher AGE level in cancerous tissue in patients with neural invasion. It
is commonly known that neural invasion has been recognized as a poor prognostic factor in several
malignancies. Therefore, increased AGE content (similar to OSI) may be an unfavourable prognostic
factor portending the poor prognosis for patients. Additionally, AOPP level was higher in tumours
penetrating subserosa (T3) than in tumours restricted to the muscularis propria (T2). Consequently,
protein oxidation in colorectal cancer is enhanced with increased depth of tumour invasion.

The most effective indicator and simultaneously the most harmful product of lipid peroxidation
is malondialdehyde. Indeed, MDA is responsible for changes in gene expression, genetic mutations,
molecular heterogeneity as well as impairment of intercellular communication [52]. In this study,
MDA level was lower in tumours penetrating the muscularis propria (T2) than in tumours penetrating
subserosa (T3). Therefore, lipid peroxidation is enhanced with the increase in the depth of
tumour invasion. It is suggested that MDA can act as a carcinogenic agent and promoter of CRC
development/progression [53]. This is also confirmed by higher MDA level in patients with high-grade
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tumour budding as well as in subjects with lymph node metastases. Malondialdehyde can easily pass
from the sites of its formation into remote tissues and form covalent bonds to proteins and nucleic acids.
Therefore, MDA may modify the structure and functional properties of cells. Our results suggest that
MDA cytotoxicity increases with CRC advancement. MDA can participate in malignant transformation
connected with the depth of colon wall invasion, tumour budding and metastasis. However, in our
work, we also assessed 8-hydroxydeoxyguanosine, which is the indicator of oxidative DNA damage.
8-OHdG is the most abundant and stable product of DNA oxidative injury [54]. Interestingly, 8-OHdG
level was significantly higher in cancerous tissue than in normal colon mucosa. Therefore, DNA
damage repair systems are less efficient in CRC patients. It is well known that DNA integrity and
stability are a prerequisite for the proper functioning of cells. Oxidative modifications of nucleic acids
not only initiate the neoplastic process, but also promote the transformation of benign lesions into
malignant ones. They may also increase the metastatic potential.

5. Conclusions

In conclusion, CRC development is associated with enzymatic and non-enzymatic redox imbalance
as well as increased oxidative damage to proteins, lipids and DNA. We also observed differences in
oxidative stress parameters between different stages of CRC advancement. The determination of these
parameters could be useful for the evaluation of the tumour progression. We also showed that redox
indicators may be engaged in inflammatory infiltration and tumour budding. These parameters are
associated with the tumour microenvironment. Moreover, they are considered independent adverse
prognostic factors in patients with primary operable colorectal cancer. Therefore, the assessment of
oxidative stress biomarkers may be useful in CRC patient’s prognosis. However, further studies are
required on a larger group of patients.

It is also important to note certain limitations of our research. We evaluated only the selected
redox biomarkers, so we are not able to fully characterize the oxido-reductive balance of patients with
colorectal cancer. Due to the small amount of research material, we were also unable to assess certain
kinases and transcription factors that participate in progressive cancer growth. In addition, the tumour
differentiation grade in all patients was G2. In the future, it would be interesting and advisable to
assess the relationship between the intensity of oxidative stress and the survival rate of CRC patients.
It is also necessary to perform molecular analyses to explain oxidative stress-related pathways.
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