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Purpose: In this study, we evaluated the total antioxidant capacity, nitrosative stress, and
protein/DNA oxidation and glycoxidation products in patients with colorectal cancer regard-
ing histopathological parameters associated with the tumour microenvironment, such as
inflammatory infiltration and tumour budding and compare all determined parameters
between tumours located in the right and left side of the colon and normal mucosa.
Patients and Methods: Ferric reducing antioxidant power (FRAP), nitrosative stress
(myeloperoxidase (MPO), nitrogen oxide (NO), peroxynitrite, and nitrotyrosine), protein
oxidation products (protein carbonyls (PC), total thiols, and ischemia modified albumin
(IMA)), protein glycooxidation products (tryptophan, kynurenine, N-formylkynurenine,
dityrosine, Amadori product, advanced glycation end products (AGE)) and 8-hydroxydeox-
yguanosine (8-OHdG) were measured in homogenates from normal and cancerous tissue of
30 patients with colorectal cancer.

Levels of FRAP (p=0.0009), IMA (p=0.0002), kynurenine (p<0.0001),
N-formylkynurenine (p<0.0001), dityrosine (p<0.0001), Amadori products (p=0.0024),
AGE (p<0.0001), MPO (p<0.0001), NO (p<0.0001) and nitrotyrosine (p=0.0011) were
increased, whereas PC (p=0.0004), tryptophan (p<0.0001), 8-OHdG (p<0.0001) and perox-
ynitrite (p=0.0003) were decreased in the left-side tumour compared to the right-side tumour

Results:

and normal mucosa.

Conclusion: Our results showed that colorectal cancer is related with disturbances in
antioxidant defense and increased oxidative and nitrosative damages to proteins and DNA.
These parameters may be useful for evaluation the progression and differentiation of the
tumour location. We also demonstrated that redox indicators may depend on the histological
type of the tumour and may influence tumour invasion depth, presence of lymph node and
distant metastasis, vascular and neural invasion, inflammatory infiltration, and tumour bud-
ding, which are part of the tumour microenvironment.
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Introduction

Cancer is the second most common cause of death globally, responsible for one in
six deaths in 2018." The most common type of cancer is colorectal cancer, which
caused over 1.8 million new cases and about 9555,027 deaths in 2018.%> According
to the GLOBOCAN database, the number of cancer incidence will increase from
18.1 million in 2018 to over 29.5 million in 2040.* Unfavourable statistics regard-
ing the number of deaths are caused by advanced CRC stage when the patient
developed metastases commonly in the liver and the lungs.” Treatment of patients
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diagnosed in stage IV of CRC with surgical resection,
chemotherapy, precision cancer medicines, or immu-
notherapy is often ineffective.” Therefore, understanding
the biology of CRC and the mechanisms involved in the
metastasis process is essential to improve survival rates in
these patients.

In 1990 Bufill observed that CRC pathogenesis differs
between tumours localized in the colon’s left and right
side. Tumours in both locations are characterized by
different molecular characteristics and histology. Right-
side tumours are often sessile serrated adenomas or muci-
nous adenocarcinomas (muc adc), and microsatellite
instability-high (MSI-high) is typical for these tumours.
In contrast, left-side tumours have polypoid morphology
likely to show villous or tubular lesions and adenocarci-
nomas (adc), and show a tendency to have chromosomal
instability-high (CIN-high).>® CIN molecular pathway is
characterized by the inactivation or deletion of oncogenes
and tumour suppressor genes and other mutations (4APC,
TP53, KRAS, NRAS, SMAD4, PIK3CA, FBXW7, and
TCF7L2), whereas defects in the DNA mismatch repair
system (MSH2, MLHI, MSH6, MSH3, PMS2, MLH3, and
Exo2) are typical for MSI pathway.” However, the exact
causes of the differences between left- and right-side can-
cers are not well known.

Oxidative and nitrosative stress are one of the most
important mechanisms responsible for DNA damages.
They are defined as a lack of balance between the genera-
tion and accumulation of reactive oxygen (ROS) and nitro-
gen (RNS) species and the efficiency of enzymatic and
It has
observed that cancer cells that grow in low oxygen envir-

non-enzymatic antioxidant protection.® been
onment have an ability to enhance the production of reac-
tive oxygen and nitrogen species, which is a response to
hypoxia. ROS and RNS may regulate many physiological
processes in low concentrations, but their overproduction
may be an important factor of cell structure damages,
including lipids, cell membranes, proteins, and DNA.’
Moreover, oxidative and nitrosative stress through numer-
ous genetic events (DNA damage and genomic instability)
and alterations in cell signaling, transcription factors, ubi-
quitin/proteasomal/ lysosomal/autophagy-mediated protein
degradation may contribute to impairment of cellular
homeostasis. It may have influence tumour’s microenvir-
onment and its growth.'® In recent years scientists focused
on tumour microenvironment, especially inflammatory

infiltrations, as potential treatment goals.''

Therefore, our study aimed to evaluate the total anti-
oxidant capacity, nitrosative stress, and protein/DNA oxi-
dation and glycoxidation products in colon cancer tissue
compared to normal mucosa and compared to all deter-
mined parameters between left-side, right-side tumours,
and normal mucosa. In our previous paper,'? we demon-
strated that catalase and xanthine oxidase activity were
associated with the intensity of inflammatory infiltration,
whereas the malondialdehyde level was associated with
a number of budding tumours. Nevertheless, still little is
known about CRC progression and metastasis. Therefore,
in this paper, we evaluate novel parameters of nitrosative
stress and protein/DNA oxidation and glycoxidation pro-
ducts in patients with CRC in relation to tumour micro-
environment components, such as vascular or neural
invasion, tumour budding or inflammatory infiltration.

Patients and Methods

The study was approved by the Bioethics Committee of
the Medical University of Bialystok, Poland (permission
number R-1-002/48/2019). After a detailed explanation of
the purpose of our research and the possible risk, all the
qualified patients agreed in writing to participate in the
experiment. The research was performed in accordance
with the Guidelines for Good Clinical Practice and the
Declaration of Helsinki for ethical principles for medical
research involving human subjects.

Patients and Tissue Samples
The study included 30 patients treated surgically due to
colorectal cancer in the 2nd Clinical Department of
General and Gastroenterological Surgery at the Medical
University of Bialystok Clinical Hospital in 2017-2020.
Patients of both sexes without comorbidities who were not
treated with radiotherapy or chemotherapy prior to surgery
were enrolled in the study. The exclusion criteria in
patients with CRC included any systemic or autoimmune
diseases (diabetes, insulin resistance, hypertension, coron-
ary heart disease, rheumatoid arthritis, and psoriasis) as
well as lung, thyroid, liver, kidney, gastrointestinal and
infectious diseases (HCV and HIV infection) and immu-
nity disorders. Additionally, smokers and patients taking
drugs (antibiotics, non-steroidal anti-inflammatory drugs,
glucocorticosteroids, vitamins, and dietary supplements)
for the last three months were excluded from the study.
The time from diagnosing a patient with cancer to the
surgery varied from a minimum of two days to
a maximum of four weeks. The study material was
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collected from all patients during surgical resection of
tumour. Each patient had the following samples taken:
normal mucosa (adjacent non-tumour tissue) and tumour
tissue. Normal mucosa was collected from the correspond-
ing adjacent tissue away from the tumour border (histolo-
gically examined). After resection, the obtained material
was placed in a container with liquid nitrogen and frozen
at —80°C.

Histopathological Analysis

Histopathological diagnosis was established based on hae-
matoxylin and eosin (H+E) staining. It included the fol-
lowing parameters: histological type and the grade of
histological malignancy according to the World Health
Organization guidelines, tumour stage according to the
TNM standard of the
International Cancer Control and tumour inflammatory

classification Union for
infiltration  according  to Jass’s classification
(Figure 1A)."* Tumour budding (TB), poorly differentiated
clusters (PDC), and areas of poorly differentiated compo-
nents (APDC) according to ITBCC recommendations also
have been assessed.'* ITBCC'* defined tumour budding as
a single tumour cell or small clusters (up to 4) of tumour
cells. Tumours with <4 clusters, 5 to 9 budding foci, and
>10 budding foci classified as Bdl (low budding), Bd2
budding), and Bd3 (high budding),
respectively.'* Poorly differentiated clusters (PDC) are

(intermediate

defined as cancer clusters in the stroma composed of 5
cancer cells lacking a gland-like structure.'> Tumours with
<5 clusters, 5 to 9 clusters, and >10 clusters were classified
as G1, G2, and G3. Areas of poorly differentiated compo-
nents (APDC) have been defined with <10 clusters, and
those with >10 clusters were classified as G1 and G2,
respectively. '

The characteristics and details of the study group are
presented in Table 1.

H+E Staining

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 hours. The
specimens were embedded in paraffin at a temperature of
56°C. Paraffin blocks were cut into 4-um-thick sections
with a microtome Microm H340. The obtained sections
were stained with haematoxylin and eosin, and reviewed

Figure | Histological images of colorectal cancer. (A) Colorectal adenocarcinoma
with neural invasion. 50% magnification. (B) Colorectal adenocarcinoma with strong
inflammatory cells infiltration. 100% magnification.

by two independent pathologists under a microscope
Olympus CX22 with 200x and 400x magnification.

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, 20s x 3; UP 400S,
Hielscher, Teltow, Germany), and then centrifuged
(12,000 x g, 20 minutes, 4°C; MPW Med Instruments,
Warsaw, Poland) to collect the supernatant and be imme-
diately assayed.'® In order to prevent sample oxidation and
proteolysis, butylated hydroxytoluene (BHT; 10 uL 0.5 M
BHT in acetonitrile/1 mL PBS) and proteolysis inhibitors

(Complete Mini Roche, France) were added.'’
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Table | Characteristics of the Study Group

Parameter n (%)
Age

<60 5 (16.7%)
>60 25 (83.3%)
Sex

Male 16 (53.3%)
Female 14 (46.7%)
Location

Left-side 14 (46.7%)
Right-side 16 (53.3%)
Tumour’s size

<3cm 5 (16.7%)
>3cm 25 (83.3%)

Table | (Continued).

Parameter n (%)

Tumour budding (TB)

Bdl 13 (43.3%)
Bd2 8 (26.7%)
Bd3 9 (30.0%)
Poorly differentiated clusters (PDC)

Gl 30 (100.0%)
G2 0 (0.0%)
G3 0 (0.0%)
Areas of poorly differentiated components

(APDC)

Gl 30 (100.0%)
G2 0 (0.0%)

Histological type

Adenocarcinoma

25 (83.3%)

Mucinous adenocarcinoma 5 (16.7%)
Depth of tumour invasion (pT)

T2 10 (33.3%)
T3 20 (66.7%)

Lymph node metastasis (pN)
NO
NI+N2

18 (60.0%)
12 (40.0%)

Distant metastasis (pM)

MO 26 (86.7%)
Ml 4 (13.3%)
Stage at diagnosis

| 8 (26.7%)
I 8 (26.7%)
n 10 (33.3%)
v 4 (13.3%)
Vascular invasion

Absent 12 (40.0%)
Present 18 (60.0%)

Neural invasion

Absent 22 (73.3%)

Present 8 (26.7%)

Inflammatory infiltration in the invasive

front

Absent and weak 15 (50.0%)

Moderate and strong 15 (50.0%)

Inflammatory infiltration in the tumour

center

Absent and weak 16 (53.3%)

Moderate and strong 14 (46.7%)
(Continued)

Redox Assays
All reagents (unless otherwise stated) were analytical
grade and purchased from Sigma-Aldrich Niimbrecht
(Germany) or Sigma-Aldrich Saint Louis (MO, USA).
The absorbance/fluorescence was assessed using
Infinite M200 PRO Multimode Microplate Reader (Tecan
Group Ltd., Ménnedorf, Switzerland). The fluorescence
was assessed in 96-well black-bottom microplates. All
determinations were performed in duplicate samples. The
results were standardized to 1 mg of total protein.
According to the manufacturer’s instructions, total protein
content was determined spectrophotometrically (Thermo
Scientific PIERCE BCA Protein Assay; Rockford,
IL, USA).

Total Antioxidant Capacity

The total antioxidant capacity was determined spectropho-
tometrically using FRAP (ferric reducing antioxidant power)
assay based on the reduction of Fe** ions in the form of
a complex with 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ) to Fe*
“ions."® The absorbance was assessed at 593 nm.

Protein Oxidation
The concentration of protein carbonyls (PC) was deter-
mined spectrophotometrically using 2,4-dinitrophenylhy-
drazine (2,4-DNPH)." PC formed a stable complex with
2,4-DNPH and absorbance was assessed at 593 nm.

The concentration of total thiols was determined spec-
trophotometrically using Ellman’s assay.”” The absorbance
was assessed at 593 nm, and the total thiol content was
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calculated from the calibration curve for reduced
glutathione.

The concentration of ischemia-modified albumin
(IMA) was determined spectrophotometrically based on
the measurement of the exogenous cobalt (Co®") binding
facility of the human serum albumin (HSA).?' The absor-

bance was assessed at 470 nm.

Protein Glycoxidation

To evaluate the protein glycoxidation rate, the character-
istic fluorescence at 295/340 nm (tryptophan), 365/480 nm
(kynurenine), 325/434 nm (N-formylkynurenine), and 330/
415 nm (dityrosine) was assessed. Immediately before
determination, tissue samples were diluted in 0.1 M H,
SO, (1:5, v/v).2'? The results were expressed in arbitrary
fluorescence units (AFU)/mg protein.

The Amadori product formation was determined spec-
trophotometrically using nitro blue tetrazolium (NBT)
assay.”> The absorbance was assessed at 525 nm, and an
extinction coefficient of 12,640 cm—1 mol—1 L for mono-
formazan was used.

The formation of advanced glycation end products
(AGE) was determined spectrofluorimetrically. The char-
acteristic fluorescence of pyraline, pentosidine, furyl-
furanyl-imidazole (FFI), and carboxymethyl lysine
(CML) was assessed at 350/440 nm.>* Immediately before
determination, tissue samples were diluted in 0.1 M H,
SO, (1:5, v/v).*!

DNA Oxidation Products

8-OHdG level was determined colorimetrically with com-
mercial ELISA kits (Cayman Chemical, Miami, USA;
USCN Life Science, Wuhan, China, respectively), accord-
ing to the manufacturer’s instructions.

Nitrosative Stress

The activity of myeloperoxidase (MPO) was determined
spectrophotometrically using sulfanilamide, hexadecyltri-
methylammonium, ortho-dianisidine dihydrochloride and
H,0,.%° The absorbance was assessed at 450 nm.

The concentration of total nitric oxide (NO) was deter-
mined spectrophotometrically using sulfanilamide and
N-(1-naphthyl)-ethylenediamine dihydrochloride.*®*” The
absorbance was assessed at 490 nm.

The peroxynitrite concentration was determined spec-
trophotometrically based on peroxynitrite-mediated nitra-
tion resulting in the nitrophenol formation.”® The
absorbance was assessed at 320 nm.

The concentration of S-nitrosothiols was determined
spectrophotometrically using Griess’s assay based on the
reaction with Cu®" ions.?”*° The absorbance was assessed
at 490 nm.

According to the manufacturer’s instructions, the concen-
tration of nitrotyrosine was determined spectrophotometrically
using an ELISA kit (Immundiagnostik AG; Bensheim,
Germany).

Statistical Analysis

Statistical analysis was performed using the GraphPad
Prism (GraphPad Software, La Jolla, USA). The Shapiro—
Wilk test was used to examine the distribution of results. For
a normal distribution, the Student’s #-test was used. In the
case of the lack of normal distribution, the Mann—Whitney
U-test was used. For multiple comparisons, the ANOVA test
was used with Tukey’s post hoc test or the ANOVA
Kruskal-Wallis test followed by the Dunn test. The data
were presented as median (minimum-maximum). The cor-
relations between the measured parameters were analyzed
using Spearman correlation coefficient. Statistical signifi-
cance was established at p < 0.05. The results demonstrated
comparisons of left-side vs right-side tumours vs normal
adjacent mucosa and other statistically significant differ-
ences. All comparisons were presented in the supplementary
material (Tables S1 and S2).

Results

Clinical Characteristics

The study included 30 patients with CRC. Tumour
location was divided into two groups: left-side (des-
cending colon, sigmoid colon, and rectum) and right-
side (caecum, ascending colon, transverse colon).®
Right-side colorectal cancer (RCRC) occurred in
46.7% of patients, whereas left-side (LCRC) in 53.3%
of patients. The tumour differentiation grade in all
patients with colorectal cancer in study group was G2
(moderately differentiated). Twenty-five patients had
adenocarcinoma, whereas five patients had mucinous
adenocarcinoma. About 66% of patients had a pT3
stage of tumour. Forty percent of patients have lymph
node (N1+N2) and 13.3% have distant metastasis (M1).
Sixty percent of patients had a wvascular invasion,
which defines as “tumour present within an endothe-
lial-lined space either surrounded by a rim of muscle or
containing red blood cells”. The majority (73.3%) of
patients had no neural invasion. Neural invasion is
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Figure 2 Total antioxidant capacity (FRAP (A)), DNA (8-OHdG (B)) and protein oxidation products (PC (C), IMA (D) and total thiols (E)) in tumours located in the left-
side and right-side of the colon and normal mucosa. The data are presented as median (minimum - maximum). *p < 0.05, ** p < 0.0, **p < 0.001.
Abbreviations: FRAP, ferric reducing antioxidant power; 8-OHdG, 8-hydroxydeoxyguanosine; PC, protein carbonyls; IMA, ischemia modified albumin.
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described as the presence of tumour cells within the
perineural space or in direct contact with nerve fasci-
cles (Figure 1B).*°

Detailed characteristics of the study groups are sum-
marised in Table 1.

Total Antioxidant Capacity

In order to assess the total antioxidant capacity, we deter-
mined the ferric reducing antioxidant power — FRAP.
FRAP level was significantly higher in colorectal cancer
tissue than normal mucosa (p=0.0032) (Table SI).
Moreover, the FRAP level increased in the left-side
tumour compared to the right-side tumour and normal

mucosa (p=0.0009) (Figure 2 and Table S2).

Protein Oxidation

We measured the concentration of protein oxidation pro-
ducts: protein carbonyls (PC), total thiols, and ischemia
modified albumin (IMA). We demonstrated considerably
higher levels of PC and IMA, whereas total thiol concen-
tration was considerably lower in colorectal cancer tissue
compared to normal mucosa (p<0.0001, p=0.0007,
p<0.0001, respectively) (Table S1). The PC level was
higher in the right-side tumour (p=0.0004) and IMA in
the left-side tumour (p=0.0002) compared to the other
groups (Figure 2 and Table S2). We also observed
a significantly higher total thiol concentration in the right-
side tumour than the left-side (p=0.0222) (Figure 2 and
Table S2). Total thiol concentration was also significantly
higher in mucinous adenocarcinoma than adenocarcinoma
(p=0.0010) (Figure 3 and Table S2). We observed
increased PC concentration in tumour tissue in stage T3
compared to T2 (p=0.0077) (Figure 3 and Table S2). PC
concentration was higher in patients with vascular inva-
sion compared to those without the invasion (p=0.01) and
in patients with moderate and strong inflammatory infiltra-
tion in the tumour center compared to absent and weak
inflammatory infiltration (p=0.0276) (Figures 4 and 5,
Table S2).

Protein Glycoxidation

We also evaluated concentration of tryptophan, kynurenine,
N-formylkynurenine, dityrosine, Amadori product and
AGE, which are
Generally, the fluorescence of these substances (tryptophan,

protein  glycooxidation products.

kynurenine, N-formylkynurenine, dityrosine, Amadori pro-
duct, AGE) was significantly higher in colorectal cancer
tissue in comparison with normal mucosa (p<0.0001,

p<0.0001, p<0.0001, p<0.0001, p=0.0038 and p<0.0001,
respectively) (Table S1). Tryptophan level was considerably
lower in left-side tumour than in control, whereas levels of
kynurenine, N-formylkynurenine, dityrosine, Amadori pro-
duct, and AGE were significantly increased in both left- and
right-side tumour in comparison with control (Figure 6 and
Table S2). AGE concentration was higher in patients with
adenocarcinoma and in patients with distant metastasis
(p=0.046, p=0.02) (Figure 3 and Table S2). In patients
with vascular invasion, tryptophan concentration was
lower, whereas Amadori product and AGE were higher
than in the group without invasion (p=0.0005, p=0.0449,
p=0.0057, respectively) (Figure 4 and Table S2).
Kynurenine, dityrosine and AGE level was higher in the
group of patients with neural invasion (p=0.0259, p=0.038,
p=0.0093, respectively) (Figure 7 and Table S2). We also
observed statistically significant differences in tryptophan
and Amadori product concentration between absent and
weak versus moderate and strong inflammatory infiltration
in the invasive front (p=0.0043, p=0.0386, respectively) as
well as in tryptophan level between absent and weak versus
moderate and strong inflammatory infiltration in the tumour
center (p=0.0476) (Figure 5 and Table S2). Amadori pro-
ducts level was significantly higher (p=0.0095) in patients
with intermediate and high budding than in low budding
(Figure 7 and Table S2).

DNA Oxidation Products

We assessed oxidative stress using products of oxidative
damage to DNA - 8-hydroxydeoxyguanosine (8-OHdG).
There was a statistically significant increase in 8-OHdG
concentration in colorectal cancer tissue compared to the
normal mucosa (p<0.001) (Table S1). Furthermore,
8-OHdG concentration was significantly higher in the
right-side tumour than in left-side (p=0.0099) (Figure 2
and Table S2). 8-OHdG level was lower in patients with
mucinous adenocarcinoma than in those with adenocarci-
noma (p < 0.05) (Figure 3 and Table S2).

Nitrosative Stress

In order to evaluate nitrosative stress, we analysed MPO
activity and concentrations of NO, peroxynitrite, and nitro-
tyrosine. The activity of MPO and concentrations of NO,
peroxynitrite, and nitrotyrosine were considerably higher in
colorectal cancer tissue than in normal mucosa (p<0.0001,
p<0.0001, p<0.0009, p=0.0004, respectively) (Table S1).
The differences in MPO activity as well as NO, peroxynitrite,
and nitrotyrosine concentrations between left-side, right-side
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Figure 3 Comparison of: total thiols (A), AGE (B), MPO (C), nitrotyrosine (D), 8-OHdG (E) activity between adenocarcinoma and mucinous adenocarcinoma; PC
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Figure 9 Heat map of oxidative stress parameters in the tumour tissue.

tumours, and control were also statistically significant
(p<0.0001, p<0.0001, p=0.0003, p=0.0011, respectively)
(Figure 8 and Table S2).

Correlations

All statistically significant correlations between total anti-
oxidant capacity, protein/DNA oxidation, glycoxidation
products, and nitrosative stress parameters are presented
in Figure 9. Interestingly, we observed a positive correla-
tion between dityrosine and FRAP (p=0.042, R=0.374)
(p<0.0001,
R=0.612). We also demonstrated correlations between
MPO and AGE (p=0.05, R=0.358), MPO and
S-nitrosothiols (p=0.040, R=—0.377) and MPO and
N-formylkynurenine (p=0.015, R=0.438). Moreover, sta-

and dityrosine and N-formylkynurenine

tistically significant correlations were found between
kynurenine and tryptophan (p=0.05, R=0.361) and perox-
ynitrite and AGE (p=0.027, R=0.403). Correlations
between oxidative and nitrosative stress parameters and

clinicopathological features have been shown in Figure S1.

Discussion

It is well known that redox imbalance is associated with
malignant transformation. It has been observed that can-
cer cells produce an abundant amount of ROS/RNS and it
may be a consequence of enhanced basal metabolic activ-
ity, mitochondrial dysfunction caused by hypoxia or
mitophagy, uncontrolled cytokine signalling, oncogene
and peroxisome activity, as well as enhanced activity of
lipoxygenase (LOX), cyclooxygenase (COX), NADPH
oxidase (NOX), nitric oxide synthase (NOS), xanthine
oxidoreductase or cytochrome ¢ oxidase.*' If ROS and
RNS overproduction is not counterbalanced by antioxi-
dants, then the oxidative and nitrosative damages to pro-
teins, lipids, and nucleic acids occur®® It has been
confirmed that some of the human cancers, including
ovarian, breast, bladder, prostate, oral, pharyngeal, hepa-
tic and gastric cancers, can generate much more amount
of reactive oxygen and nitrogen species in vitro and have
decreased antioxidant barrier activity as compared with

non-cancerous cells.*?
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Total Antioxidant Capacity

In this paper, we assessed the total antioxidant capacity
reflecting the total content of all antioxidants. Diagnostic
value of this biomarker is higher than the evaluation of
each antioxidant separately. The total antioxidant potential,
also described as “total antiradical activity,” defines the
biological system’s general capability to scavenge oxygen
and nitrogen-free radicals.** In this study, we determined
one of the most common parameters for measuring the
total antioxidant activity — FRAP. FRAP measurement is
based on the reduction reaction of Fe’" to Fe*' in the
presence of antioxidant enzymes, which are reductants
with half-reaction reduction potentials above Fe*'/Fe*".'®
FRAP level mainly depends on the uric acid level (about
60%) as well as other antioxidants with low molecular
weight-like vitamin C (15%), a-tocopherol (5%), protein
(10%), and bilirubin (5%), respectively.'® In this study, we
demonstrated significantly higher FRAP level in tumour
than non-tumour tissue, which may be the adaptative
response for intensive ROS/RNS production by cancer
cells. FRAP level was also increased in right-sided
tumours compared to left-side. The differences in FRAP
level may be caused by different molecular pathways
involved in cancer development located in both sides of
the colon, tumour size and malignancy grade. The right-
side tumour is usually larger and characterized by higher
malignancy grade than left-side tumour.

Protein Oxidation Products

Disturbances in ROS and RNS production and efficiency
of antioxidant barrier lead to oxidative damage to proteins,
lipids, and DNA bases. Proteins are the basic elements of
the cell. Therefore, they are the main goal of action of
oxygen-free radicals.”® Oxidative damage to proteins
including nitration of aromatic amino acid, oxidation of
thiol groups, or breaking of polypeptide chains with simul-
taneous formation of cross-links may be considered as
biomarkers of oxidative stress intensity.*® In this paper,
we observed an increased level of oxidative protein mod-
ifications (protein carbonyls, IMA, total thiols) and gly-
coxidation (kynurenine, N-formylkynurenine, dityrosine,
Amadori product, AGE) in colorectal cancer tissue com-
pared to healthy colon tissue. The most widely used bio-
markers for the measurement of protein oxidation are
protein carbonyls. PC are formed when ROS and RNS
attack the amino acid side chains of arginine, cysteine,
histidine, proline, threonine or lysine, in the presence of

metal ions — Fe**, Cu?’, etc.’” PC may also be generated
in “secondary protein carbonylation,” in which compounds
having reactive carbonyl groups (lipids, carbohydrates)
bind to amino acid side chains (primarily on cysteine,
histidine and lysine residues).*® Protein carbonyls belong
to the group of irreversible protein oxidative modifica-
tions, and their accumulation is often observed in the
course of different diseases, eg, rheumatoid arthritis, mus-
cular dystrophy, Alzheimer’s disease, or respiratory dis-
tress syndrome,®® as well as in some types of cancers —
Hodgkin’s lymphoma,*® bladder,*' prostate** and breast
cancer.” In our work, we showed a considerably higher
level of PC in colon cancer tissue than normal mucosa,
which confirms that the accumulation of damaged proteins
may be associated with malignant transformation. PC level
was also higher in tumours in the T3 stage compared to
T2. On the basis of our observations, we may conclude
that the accumulation of protein carbonyls increases with
tumour invasion depth (pT) and, consequently, cancer
progression. Indeed, pT is one of the basic diagnostic
parameters used to assess cancer advancement. The other
tumour advancement indicators are vascular and neural
invasion. In our paper, PC level was increased in patients
with a vascular invasion than in those without an invasion.
It also confirms that PC concentration increases with CRC
progression and therefore, total carbonyls may be
a potential biomarker of CRC advancement. We also
demonstrated a higher PC level in tumour with
a moderate and strong inflammatory infiltration than can-
cer without/weak infiltration. It has been observed that
a cascade of inflammatory cells such as neutrophils adher-
ing to cell vasculature may disrupt their barrier. This
facilitates for inflammatory cells to infiltrate the interstitial
space and result in the release of oxidants and proteases
responsible for tissue injury, remodeling, and dysplasia
development. ROS, RNS, and cytokines, eg, TNF-a acti-
vate nuclear factor kappa-B (NF«kB), which prompts the
expression of genes taking part in cell apoptosis, prolifera-
tion, and carcinogenesis> and also stimulates the produc-
tion of proinflammatory cytokines.** The effect of
inflammatory response is overproduction of reactive oxy-
gen and nitrogen species, which may directly or indirectly
cause oxidative cell damage.*> The other products of pro-
tein oxidation are total thiols and IMA. In this work, we
observed a higher concentration of IMA in tumour than
total thiols
decreased in cancerous tissue compared with normal

non-tumour tissue, whereas level was

mucosa. Thiols are organic compounds containing the
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sulphydryl groups belonging to the antioxidant barrier and
Therefore, the
decreased level of thiol groups can be associated with

prevent cells from oxidative stress.

lower serum antioxidant power.

Protein Glycooxidation Products

Aromatic amino acids are very sensitive to oxidative
damage, as confirmed by the results of our study. We
demonstrated quenching of tryptophan fluorescence and
an increase level of protein glycoxidation products (kynur-
enine, N-formylkynurenine, dityrosine, Amadori products,
and AGE) in colorectal cancer tissue in comparison with
normal mucosa. The difference in tryptophan fluorescence
between cancerous and non-cancerous tissue indicates the
rapid catabolism of tryptophan in tumours, with a possible
accumulation of subsequent products -
N-formylkynurenine and kynurenine.*® It has been
observed that colorectal cancer cells are characterized by
higher metabolic rate of tryptophan in comparison with
normal colon cells. The oncogenic transcription factor
MYC mediates in this process and promotes the arylfor-
mamidase — tryptophan metabolizing enzyme and its
importers — SLC1AS and SLC7AS5. As mentioned above,
one of the products of tryptophan metabolism in colon
cancer cells is kynurenine, a biologically active compound
take part in maintaining continuous cell proliferation.
Kynurenine may act as an oncometabolite and via the
activating the transcription factor AhR take part in the
process of regulating growth-promoting genes in cancer
cells.*’ Recent reports indicate that inhibition of kynure-
nine activity may reduce the growth of cancer cells.*’
Interestingly, tryptophan fluorescence was considerably
lower, whereas AGE was higher in tumour on the right-
side than the left-side of the colon. The differences may be
associated with genetic and epigenetic alterations in
tumours. We may conclude that tumour location may
influence the hyperactivation of the catabolic pathway of
tryptophan and the accumulation of its metabolites.
Decreased tryptophan and increased AGE and Amadori
products contents were associated with present vascular
invasion, whereas fluorescence of kynurenine, dityrosine,
and AGE was higher in CRC with present neural invasion
than in absent neural invasion. AGE can rise as a result of
autooxidation of carbohydrates and other glycation inter-
mediates - Amadori product S and Schiff base and bind to
receptors for advanced glycation end products (RAGE).
AGE-RAGE complex promotes the activation of NADPH-
oxidase system leading to ROS formation, which further

contribute to the activation of the NFkB pathway. The
effects of the NFkB activation are following: the over-
expression of growth factors, adhesive molecules and
cytokines as well as enhanced vascular permeability, and
further toxic effects.**** Therefore, it is not surprising that
AGE fluorescence was higher in tumours with vascular
invasion because NFkB stimulates angiogenesis. NFkB
also has been recognized as a significant factor responsible
for the growth and morphology of neural processes in the
developing and mature nervous systems.’® In pancreatic
cancer, inhibition of NFkB was associated with decreased
neural invasion. We may conclude that AGE accumulation
in colon cancer cells affects NFkB activation and, conse-
quently, neural invasion.’’ We observed decreased trypto-
phan fluorescence in the moderate and strong
inflammatory infiltration both in the invasive front and in
the tumour center. Simultaneously, there has been
a significant increase of Amadori products in moderate
and strong inflammatory infiltration in the invasive front
compared to absent and weak and high budding compared
to low and intermediate budding. It is well known that the
accumulation of oxidative protein products lead to chronic
inflammation and increased ROS production.'” Indeed,
Amadori products accumulate and aggregate in cancer
tissue, which indirectly increases NADPH oxidase activity
feedback) NF«xB

expression.”>”> The consequence is inflammatory micro-

and influences (via positive
environment growth that influence tumour development
instability,

growth, and metastatic potential.'* The differences in oxi-

through promoting genetic cell survival,
dized proteins level may also reflect the rate of protein
oxidation and degradation. Oxidatively damaged proteins
are not efficiently removed by proteasomes, leading to
their accumulation and impaired function in colorectal
cancer cells.

DNA Oxidation Products

We also assessed 8-hydroxydeoxyguanosine considered as
a marker of DNA oxidation. 8-hydroxydeoxyguanosine is
the most stable and simultaneously most numerous pro-
duct of oxidative DNA.>* We observed an increased level
of 8-OHdG in right-side tumours suggesting that DNA
repair systems are less effective in the tumour located in
right-side of the colon. Tumours in this localization may
develop as a consequence of microsatellite instability due
to impaired DNA mismatch repair system, which promotes
the accumulation of single nucleotide mutations. It has
been observed that patients with left-side colorectal cancer
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are characterized by a better overall prognosis than
patients with right-side.>

Nitrosative Stress

Cancer cells also produce nitrogen-derived free radicals.
One of them is nitric oxide (NO) — a highly reactive
compound having ability to react with molecular oxygen,
heavy metals and other free radicals. It is generated by
(NOS)
functions.’® NO may behave as a messenger molecule

nitric oxide synthase and has pleiotropic
and mediated in different processes in human body
(macrophage-mediated immunity or neurotransmission.
NO via genotoxic and antiapoptotic mechanisms, inhibi-
tion of host immune response against cancer, induction of
angiogenesis and metastasis, takes part in cancer
progression.”® It has been observed that NO function
may be different in different cancers.”’ For example, in
breast cancer, NO influence tumour blood flow, stimulate
angiogenesis, and, consequently, increases malignancy
grades.”® In gastric cancer, it has been discovered that
NO may be engaged in initiation, progression, and metas-
tasis development.”® Biological effects of NO may be
mediated by the products of its metabolites. Indeed, NO
forms other reactive products in the intracellular environ-
ment, including nitrite or nitrate, S-nitrosothiols, as well as
peroxynitrite. NO also mediates in a reaction called tyro-
sine nitration, leading to 3-nitrotyrosine (3-NT) formation
as a product. The presence of nitrotyrosine in proteins
highlights a high intensity of oxidative protein modifica-
tions that favor pro-oxidant processes.®® So far, the sig-
nificance of NO in colorectal carcinogenesis remains
unexplained. Therefore, we assessed NO level and other
nitrosative stress parameters (peroxynitrite, and nitrotyro-
sine). We observed that they are significantly increased in
colon cancer tissue in comparison with normal mucosa. It
is not surprising because cancer cells respond to hypoxia
by producing increased NO levels. This may cause the
transformation of normal cells into neoplastic cells via
numerous molecular events and cellular damages such as
DNA damage or genome instability modifying tumour
microenvironment or disturbances in cell signalling.*
We also reported the differences in S-nitrosothiols and
nitrotyrosine levels between tumour located on the left
side and on the right side of the colon, indicating that in
right-side tumours NO production and consequently the
formation of its metabolites is increased. NO, peroxynitrite
and nitrotyrosine were also associated with vascular inva-

sion and neural invasion (only NO). It indicates that NO

production and formation of its metabolites is higher in
advanced tumours that infiltrate vessels and nerves
because NO may take part in regulation of cancer cell
adhesion to the vascular endothelium (both negatively or
positively) due to its concentration in cells, tissues, or at
the extracellular space.®’ NO, S-nitrosothiols and nitrotyr-
osine concentration was increased in moderate and strong
inflammatory infiltration compared to absent and weak
infiltration in the invasive front, whereas nitrotyrosine
level was also increased in moderate and strong inflam-
matory infiltration in the tumour center. Nevertheless, it is
not surprising that NO is increased in abundant inflamma-
tory infiltration because inflammatory cells like macro-
phages or neutrophils are sources of NOS — enzymes
responsible for NO production. Recent studies reported
that tumours with coexisted chronic inflammation and
enhanced production of reactive oxygen and nitrogen spe-
cies are characterized by increased susceptibility to DNA
damage and impaired DNA repair.®? In our work, we also
assessed myeloperoxidase, which is released by mono-
cytes or neutrophils and during activation of inflammatory
cells. MPO is delivered into the extracellular space and the
phagosome during neutrophil activation. MPO uses H,0O,
from the neutrophil’s oxidative burst and catalyzes hypo-
chlorous acid production (HOCI) and other oxidizing
species.®*** In our paper, MPO activity was higher in
tumours located on the right-side than on the left-side of
the colon and in adenocarcinoma compared to mucinous
adenocarcinoma. Higher MPO level may suggest that
tumours located in the right side of the colon and adeno-
carcinomas are characterized by a more intense inflamma-
tory infiltration, especially neutrophils infiltration. In
contrast, as observed in a lung carcinogenesis model,
inhibition of MPO activity during the early stages of
cancer reduced the tumour mass by 50%.5>°® These obser-
vations confirm that neutrophils and their constituents play
a crucial role in tumour formation and metastasis.

Conclusions

Colorectal cancer development is related to increased oxi-
dative and nitrosative damages to proteins and DNA as
well as disturbances in antioxidant defense. We demon-
strated differences in nitrosative stress parameters and
products of oxidation and glycoxidation of proteins
between cancerous and non-cancerous tissue and tumours
located in the right and left side of the colon. The assess-
ment of oxidative and nitrosative stress parameters could
be helpful for and

evaluating the progression
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differentiation of the tumour location. We also showed that
redox parameters may depend on histological type of the
tumour and may influence tumour invasion depth, pre-
sence of lymph node and distant metastasis, vascular and
neural invasion, inflammatory infiltration, and tumour bud-
ding, which are part of the tumour microenvironment.
These parameters are considered as an independent
adverse prognostic factors in patients with primary oper-
able colorectal cancer. Therefore, the evaluation of redox
parameters may be valuable in prognosis of patients with
CRC. However, antioxidant supplementation may support
CRC therapies, although this topic requires further
research.

Summarizing, it is also worth to take notice of the
limitations of our investigation. We performed study on
a small group of patients; therefore, further research is
needed to perform on a larger group of colorectal cancer
patients. We analysed only the selected redox parameters
and we cannot fully characterize CRC patients’ oxido-
reductive balance. In the future, it would be interesting
and advisable to evaluate the relationship between the
intensity of oxidative and nitrosative stress and the survi-

val rate of patients with CRC.
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phosphate-buffered saline; BHT, butylated hydroxyto-
luene; TPTZ, 2,4,6-Tri(2-pyridyl)-s-triazine; 2,4-DNPH,
2,4-dinitrophenylhydrazine; HAS, human serum albumin;
NBT, nitro blue tetrazolium; FFI, furyl-furanyl-imidazole;
CML, carboxymethyl lysine; RCRC, right-side colorectal
cancer; LCRC, left-side colorectal cancer; NOX, NADPH
COX, LOX,
NOS, nitric oxide synthase; TNF-o0, tumor necrosis fac-

oxidase; cyclooxygenase; lipoxygenase;
tor-a; NFxB, nuclear factor kappa-B; RAGE, receptors for
advanced glycation end products; 3-NT, 3-nitrotyrosine;

HOCL, hypochlorous acid.
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