antioxidants m\py

Article

Oxidative Stress Markers Are Associated with a Poor Prognosis
in Patients with Pancreatic Cancer
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deaths in the world, although it is expected to rank second in the coming years, behind lung cancer.
The low survival rate is due to the asymptomatic course of the early stages, which in many cases
leads to metastases when becoming evident in advanced stages. In this context, molecular pathology
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survival-associated biomarkers in pancreatic cancer, offering new gates for clinical management.
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deaths [3]. In any case, the figures are increasing, and it is expected that by 2030 it will
be the second-leading cause of cancer-related death in the world, making it a public
health burden [4,5]. Some associated risk factors fit with the lifestyle habits of societies in
developed countries: sedentariness, heavy alcohol consumption, smoking, elevated levels
of glucose and lipids, processed food intake, metabolic and inflammatory diseases such as
obesity and diabetes, and stress [6,7].

The challenges faced by this type of cancer lie in the difficulty of providing an effective
preventive method. Currently, it is difficult to make an early diagnosis since this cancer goes
unnoticed and seldom manifests symptoms in the early stages, only vague and confusing
symptoms such as pain in the abdomen or back, and jaundice [8,9]; and what is more
serious, it is highly invasive [10,11]. Moreover, the anatomical location of the pancreas
complicates the visualization and staging through ultrasonography [12]. This fact makes
it even harder to perform surgery. When applied early, surgery is considered the only
potentially curative treatment in a minority with a non-metastatic resectable tumor [13],
although there is high risk of post-operative morbidity [14]. The rapidity of spreading
explains the poor prognosis and low survival rate. It remains as one of the most lethal
malignant neoplasms, becoming evident in advanced stages with metastases in most
cases [2,15].

In recent years, the focus has been set on screening approaches with the objective
of firstly, preventing lethality and improving prognosis, and secondly and ideally, pre-
venting the onset. The only advancements have established high-risk patients that could
benefit from screening programs who have pre-malignant conditions such as pancreatic
intraepithelial neoplasia, intraductal papillary mucinous neoplasms and mucinous cys-
tic neoplasms [16]. Therefore, the preference for biomarkers that allow early detection
remains in the spotlight. In this research area, histopathological studies have been key for
advancing the knowledge before the translational clinical management of these kinds of
tumors [17-19].

With the aim of shedding light on the optimal use of biomarkers, in the present
study, we expose the analysis conducted evaluating oxidative stress markers in pancreatic
cancer histopathology, and then their relationship with survival rates through longitudinal
surveillance programs with clinical parameters. Several authors have already proposed
oxidative stress markers as targets for cancer prognosis and treatment due to their role
in producing reactive oxygen species (ROS) which cause cell damage and mutagenic
metabolites [20]. We mainly focus on five molecules which are characteristic of oxidative
stress: poly-ADP-ribosyltransferase (PARP1), NADPH oxidase 1 (NOX1), cytochrome b-245
beta chain (CYBB, but also known as NOX2), endothelial nitric oxide synthase (eNOS) and
inducible nitric oxide synthase (iNOS).

Firstly, PARP1 is responsible for the poly-ADP-ribosylation of certain proteins and
mediates DNA repair as well. This protein has already been linked to pancreatic cancer
tumorigenesis. Redox imbalance produced by elevated oxidorreductases activity is related
to DNA damage and stimulates PARP1 [21]. For its part, the Nox family of enzymes
contributes to ROS generation as well and promotes the remodeling of the extracellular
matrix. The overproduction of ROS has been closely linked to the survival and growth of
cancer cells. Some isoforms such as NOX1, which has an important role in regulating H+
currents, have been found to be related to Ras oncogene-induced cell transformation [22].
Lastly, we also included oxide nitric synthases in our analysis: eNOS as a modulator of
vascular smooth muscle relaxation, regulating vascular endothelial growth factor (VEGF)
and angiogenesis [23]; and iNOS, which is an inducible isoform and key in inflamed tissue.
Both are sources of nitro-oxidative stress and seem to be related to oncogenic transformation
from inflamed tissue, participating in angiogenesis, invasion and metastasis [24,25].

In this context, the present study will conduct a histopathological (through immuno-
histochemical techniques) and statistical analysis with the aim to identify a possible role of
oxidative stress components as prognostic biomarkers in pancreatic cancer.
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2. Patients and Methods
2.1. Study Design and Sample Collection

The present work is an observational, analytical, retrospective cohort study with a lon-
gitudinal follow-up (60 months). Tissue samples were obtained from 41 patients diagnosed
with pancreatic cancer who underwent surgery (curative resection of pancreatoduodenec-
tomy). The paraffin blocks and the different details with extensive clinical information
about the patients and the follow-up data were retrospectively reviewed. The diagnosis
was conducted following the principles of Esposito et al. [26].

The study was performed in agreement with the basic ethical principles of auton-
omy, beneficence, non-maleficence and distributive justice, and its development fulfilled
the rules of Good Clinical Practice, the principles contained in the most recent Declara-
tion of Helsinki (2013) and the Convention of Oviedo (1997). The data and information
collected complied with current legislation on data protection (Organic Law 3/2018 of
5 December, Protection of Personal Data and Guarantee of Digital Rights and Regula-
tion (EU) 2016/679). The study was approved by the Hospital Universitario Principe de
Asturias (LIB26/2020)-UAH Madrid.

2.2. Histopathological and Immunohistochemical Studies

Immunohistochemical studies were conducted on paraffin-embedded pancreatic tis-
sue samples. The antibody recovery step was described in the protocol specifications
(Table 1). Antigen/antibody reactions were detected through the avidin-biotin (ABC)
complex method, with avidin—peroxidase, according to established protocols [27]. After
incubation with the primary antibody (1 h 30 min), samples were incubated with a 3%
BSA blocker (Catalog #37525; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and PBS
overnight at 4 °C. The samples were incubated with a biotin-conjugated secondary anti-
body, and then diluted in PBS for 90 min at room temperature ((rabbit IgG, diluted 1/300
(RG-96; Sigma-Aldrich, St. Louis, M1, USA), goat IgG with 1/100 dilution (GT-34/ B314S;
Sigma-Aldrich) and mouse IgG with 1/300 diluted (F2012/045K6072; Sigma-Aldrich)).
The avidin—peroxidase conjugate ExtrAvidin®-Peroxidase (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) was used for 60 min at RT (1:200 with PBS). Then, protein expres-
sion was determined using a Chromogenic Diaminobenzidine (DAB) Substrate Kit (cat.
no. SK-4100; Maravai LifeSciences, San Diego, CA, USA), prepared just before exposure
(5 mL of distilled water, 2 drops of buffer, four drops of DAB, and two drops of hydrogen
peroxide). The signal was achieved with the chromogenic peroxidase substrate for 15 min
at RT, allowing the detection of a brown stain. Sections of the same tissue were assigned as
negative controls for the detection of each protein, substituting incubation with primary
antibody for a PBS as blocking solution. In every tissue, the contrast was performed with
Carazzi hematoxylin for 15 min at RT.

Table 1. Primary antibodies used, together with the dilutions and specifications of the protocol.

Antigen  Species Clone Dilution Provider Protocol Specifications

Abcam 10 mM sodium citrate pH = 6 before
(ab78016) incubation with blocking solution

Abcam 100% Triton 0.1% in PBS, 10 min,
NOX2 Goat Polyclonal 1:400 before incubation with

(ab111175) . .
blocking solution

Abcam 10 mM sodium citrate pH = 6 before
(ab95866)  incubation with blocking solution

Abcam EDTA pH =9 before incubation
(ab66127) with blocking solution

Abcam 10 mM sodium citrate pH = 6 before
(ab110915)  incubation with blocking solution

NOX1 Rabbit  Polyclonal ~ 1:200

iNOS Rabbit  Polyclonal  1:400
eNOS Rabbit  Polyclonal ~ 1:100

PARP Mouse  Monoclonal 1:100
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2.3. Histopathological Assessment

Tissue sections were visualized using a Zeiss Axiophot light microscope (Carl Zeiss,
Oberkochen, Germany) equipped with an AxioCam HRc digital camera (Carl Zeiss,
Oberkochen, Germany). The histological evaluation was carried out according to the inten-
sity of the expression of the immunohistochemical staining with the IRS-Score method [28].
Therefore, histological samples from patients diagnosed with pancreatic cancer were classi-
fied as negative expression (0), low/moderate (1) and high (3). For every group of subjects,
seven randomly selected microscopy fields were examined in each of the five sections.
Positive individuals were classified when the mean proportion of the labeled sample was
superior or equal to 5% of the total sample. This was achieved by calculating the total
percentage of marked tissue in the different microscopy fields to obtain an average of the
study sample as described in previous works [29]. The quantification and observation of
the different samples were performed separately by two independent researchers.

2.4. Statistical Analysis

A normality test of markers was carried out (Kolmogorov-Smirnoff, all p < 0.001).
As we could observe that they did not follow a normal distribution, the results had to
be described with medians and interquartile ranges, performing non-parametric tests. A
Mann-Whitney U test was used. Simultaneously, in order to assess the association between
clinicopathological and immunohistochemical parameters, a logarithmic rank test and
Kaplan—-Meier curves were developed for survival comparisons. Finally, to explore the
correlation of the studied immunohistochemical parameters and the established prognosis
of the variables, a univariate analysis and Cox proportional-hazards regression analysis
were used. All statistical analyses were performed using STATA 16.1 software (Normal, IL,
USA). p-values < 0.05 were considered significant.

3. Results
3.1. Clinical and Sociodemographic Characteristics of the Studied Population

This is as an observational, longitudinal, analytical and retrospective cohort study
in which a total of 41 patients were studied (27 men and 14 women, median age = 72.00
[45.00-88.00] years). 28 patients were at a <IV tumor stage, whereas 13 patients were at the
IV stage. Patients displayed a median expression for Cal19.9 of 102.10 [44.91-805.00] U/mL,
5.43 [2.71-11.31] ng/mL for CEA, and it was 2.32 [1.46-4.39] ng/mL for AFP. Overall, the
survival of patients diagnosed with pancreatic cancer was 8.00 [2.98-13.02] months.

3.2. Patients with High Levels of PARP Show a Greater Mortality to Pancreatic Cancer

According to immunohistochemical studies, 92.68% of patients with pancreatic cancer
exhibited tissue expression of PARP-1, whereas 7.32% of patients did not show tissue
expression of this component. Regarding PARP-1-positive patients, 34.15% of them showed
a low/moderate expression whereas 58.53% presented high levels of PARP-1 (Figure 1A,B).

Median survival for patients with pancreatic cancer and a negative tissue expres-
sion of IRS 4 was 33 (24-60) months. Patients with a low /moderate expression had a
median of 16.00 (11-20) months, whereas in case of patients with a high expression it
falls to 6 (4-7) months. According to our statistical associations, having a high expres-
sion of PARP-1 is correlated with a hazard ratio of 2.414 of mortality in comparison to a
low/moderate expression of this component. The global comparisons showed how the
significance value was p < 0.001.

3.3. Patients with Increased NOX1 and NOX2 Expression Display a Poorer Prognosis

Of 41 patients, 39 were positive for NOX1 expression (95.12%) whereas 2 (4.88%)
were negative for this component. Following our immunohistochemical results, 39.02% of
patients exhibited low /moderate and 56.98% high NOX1 expression (Figure 2B,C).
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Kaplan-Meier survival estimates
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Figure 1. (A) Kaplan-Meier curves for survival time according to tumor expression of PARP.
Blue curve = tissue expression classified as negative, red curve = tissue expression classified as
low/medium, green curve = tissue expression classified as high. (B,C) Images showing the protein
expression of PARP in patients diagnosed with pancreatic cancer.

Kaplan-Meier survival estimates
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Figure 2. (A) Kaplan-Meier curves for survival time according to tumor expression of NOX1.
Blue curve = tissue expression classified as negative, red curve = tissue expression classified as
low/medium, green curve = tissue expression classified as high. (B,C) Images showing the protein
expression of NOX1 in patients diagnosed with pancreatic cancer.

Median survival of patients with a negative expression of NOX1 was 17 (17-60) months,
whereas low /moderate NOX1 was 16 (13-24) months and high NOX1 was 6 (4-7) months.
There was a hazard ratio of 2.765 of mortality in patients with a high NOX1 expression in



Antioxidants 2022, 11, 759

60f 11

comparison to those with a low/moderate expression. The global comparisons defined
how the significance value was p < 0.001.

In the case of NOX2 the percentage of patients with no expression of this component
was 14.63%, whereas 34.15% of patients were low /moderate for NOX2 expression and
51.22% displayed a high NOX2 expression (Figure 3B,C).

Kaplan-Meier survival estimates

0 20 40 60
analysis time

Figure 3. (A) Kaplan-Meier curves for survival time according to tumor expression of NOX1.
Blue curve = tissue expression classified as negative, red curve = tissue expression classified as
low/medium, green curve = tissue expression classified as high. (B,C) Images showing the protein
expression of NOX1 in patients diagnosed with pancreatic cancer.

Median survival of patients with a negative expression of NOX2 was 28 (11-60)
months, whereas low /moderate NOX2 was 14 (11-16) months and high NOX2 was 6 (4-7)
months. Following our statistical associations, there was a hazard ratio of 2.261 of mortality
in patients with a high NOX2 expression in comparison to those with a low/moderate
expression. The global comparisons displayed how the significance value was p < 0.001

3.4. Patients who Exhibit Augmented iNOS and eNOS Report Reduced Survival to Pancreatic
Cancer

In our immunohistochemical studies, eNOS was expressed in 95.12% of patients
whereas 4.88% of the total did not show eNOS expression. A total of 68.29% of patients
exhibited a low/moderate eNOS expression while 26.83% of patients presented a high
eNOS expression (Figure 4B,C).

Median survival for patients with pancreatic cancer and a negative tissue expression
of IRS 4 was 33 (24-60) months. Patients with a low /moderate expression had a median
of 16.00 (11-20) months, whereas in case of patients with a high expression it falls to 6
(4-7) months. According to our statistical associations, having a high expression of PARP-1
is correlated with a hazard ratio of 2.414 of mortality in comparison to a low/moderate
expression of this component. The global comparisons showed how the significance value
was p < 0.001.

3.5. Patients with Increased NOX1 and NOX2 Expression Display a Poorer Prognosis

Of 41 patients, 39 were positive for NOX1 expression (95.12%) whereas 2 (4.88%)
were negative for this component. Following our immunohistochemical results, 39.02% of
patients exhibited low/moderate and 56.98% high NOX1 expression (Figure 5B,C).
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Figure 4. (A) Kaplan-Meier curves for survival time according to tumor expression of eNOS.
Blue curve = tissue expression classified as negative, red curve = tissue expression classified as
low/medium, green curve = tissue expression classified as high. (B,C) Images showing the protein
expression of eNOS in patients diagnosed with pancreatic cancer.

Kaplan-Meier survival estimates
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Figure 5. (A) Kaplan-Meier curves for survival time according to tumor expression of iNOS.
Blue curve = tissue expression classified as negative, red curve = tissue expression classified as
low/medium, green curve = tissue expression classified as high. (B,C) Images showing the protein
expression of iNOS in patients diagnosed with pancreatic cancer.

The median survival of patients with a low/moderate expression of iNOS was
16 (11-28) months, whereas high iNOS was 7 (4-9) months. There was a hazard ratio
of 2.337 of mortality in patients with a high iNOS expression. The global comparisons
demonstrated how the significance value was p < 0.001
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4. Discussion

The use of histopathological biomarkers has brought potential benefits in the clinical
management of pancreatic cancer patients, aiding to provide an accurate prognosis and
opening new therapeutic windows [30-33]. In this study, we have demonstrated a note-
worthy elevation of PARP-1, NOX1, NOX2, eNOS and iNOS expression with an important
correlation with a low survival rate.

Oxidative stress has been identified as a pivotal agent involved in the pathogenesis
of pancreatic cancer, having been proposed as a promising therapeutic target for these
patients [34,35]. It seems that enhanced oxidative stress appears to promote an aggressive
tumor phenotype, boosting proliferation, apoptosis, and invasion through the regulation of
several molecular pathways [20].

In this sense, the augmented detection of PARP-1, NOX1 observed in patients with
pancreatic cancer who exhibited a lower survival in our study could be attributed to this
fact. PARP-1 is a central molecule closely linked to oxidative stress. On the one hand,
PARP-1 expression is necessary to repair oxidative-stress-induced DNA lesions. An aug-
mented expression of PARP-1 can be employed by tumoral cells to protect against the
damage produced by oxidative stress [36]. In addition, an upregulated expression of
PARP has also been shown to enhance tumor inflammation via the upregulation of NF«xB
signaling [37]. Because of that, previous studies have demonstrated a direct association
between PARP-1 expression in different types of gastrointestinal tumors [38,39]. In this line,
PARP-1 inhibitors are being studied in clinics in order to target cancerous cells promoting a
deficiency in homologous recombination repair and then cause so-called synthetic lethal-
ity [40]. In the case of pancreatic cancer, previous studies have reported that the PARP-1
expression can be used as a marker of differential diagnosis between pancreatic cancer and
other pancreatic disorders [41]. Xu et al. [42] found that an elevated cytoplasmic PARP-1
expression conferred therapy resistance and aggressiveness to pancreatic tumoral cells by
preventing apoptotic pathways. However, the role of PARP-1 as a prognostic marker of
pancreatic cancer is still controversial. For instance, and contrary to other tumors, high
nuclear expression of PARP-1 has been associated with longer survival in patients with
pancreatic cancer [43] whereas other authors have limited the presence of PARP-1 in acinar
normal or tumoral cells but not in normal or cancer ductal cells with no significant survival
differences in transgenic mice with pancreatic cancer [44,45]. In this work, we observed
that patients with a high expression of PARP-1 are associated with a lower survival. Further
studies are needed to validate this result and to unravel the possible use of PARP-1 as a
prognostic marker. These things considered, these patients may benefit from the use of
different PARP-1 inhibitors in order to limit tumor progression and therapy resistance.

NOX1 and NOX2 are two critical markers also related to oxidative stress. Both
enzymes are electron-transporting membrane proteins responsible for ROS generation,
mainly superoxide anion (O,°* ™), and hydrogen peroxide (H,O) [46]. Compelling evidence
suggest that NOX1 and other NOX members are prominent players in the carcinogenesis
and malignization of tumoral cells, with important actions for their survival and growth [22].
In addition, both NOX1 and NOX2 have important immunomodulatory functions, also
being implicated in metastasis. Thus, there are some novel antitumoral therapies targeting
these components, showing some promising but still early results [47—49]. In this study,
we demonstrated that patients with a higher expression of NOX1 and NOX2 exhibit lower
survival rates than those with mild or no expression. Recently, Lyu et al. [50] reported
an augmented expression of NOX1 and NOX2 in pancreatic cancer tissues, although they
failed to find any association between their expression and the patients’ survival. Further
efforts are needed to clarify a possible association between NOX1 and NOX2 as prognostic
biomarkers in pancreatic tumors.

Finally, we also found a significant association between high levels of eNOS and iNOS
expression and a reduced survival of patients with pancreatic cancer. eNOS and iNOS are
major sources of reactive nitrogen species (RNS), and eNOS appears to be a critical molecule
involved in the carcinogenesis processes and tumor progression, specially via regulation of
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the PIBK-AKT-eNOS-Ras pathway [51]. Furthermore, compelling evidence has shown that
eNOS is upregulated in multiple tumoral lines including pancreatic cancerous cells, with a
positive trend towards an increase in the lifespan for mice with genetic eNOS ablation [52].
On the other hand, iNOS is upregulated in a wide variety of tumors, being frequently used
as a marker of poor prognosis [53]. In addition, iNOS seems to mediate the therapeutic
response of pancreatic tumors to radiotherapy [54]. Despite prior studies not having
found any correlation between iNOS and survival, it seems that the higher expression
of this component was associated with increased apoptosis, being also related to higher
cyclooxygenase 2 (COX-2) expression [55]. In this sense, we have recently observed that
patients with high COX-2 expression display a lower survival in comparison to those with
mild or no expression [31]. Interestingly, there are some polymorphic variants in eNOS and
iNOS genes which represent a potential risk factor for gastric cancer [56]. In pancreatic
cancer, it has also been reported that polymorphic variants of eNOS are involved in the
development of these tumors [57,58]. Future studies should be conducted to investigate a
possible implication of iNOS variants in the risk of suffering from pancreatic cancer and
the use of both eNOS and iNOS as therapeutic targets in patients with high expressions of
these components.

5. Conclusions

The present analysis demonstrated a correlation of a significant increase in the ex-
pression of oxidative stress markers (PARP-1, NOX1, NOX2, eNOS and iNOS) with low
survival rates, showing high statistical power for both. The 60-month longitudinal surveil-
lance program and the derivative Kaplan-Meier curves indicated low cumulative survival
rates. Despite this, further studies are needed to confirm our results in a higher population
sample in all situations and compared with acute pancreatitis. Our study may serve to
emphasize the value of these molecules as survival-associated biomarkers in pancreatic
cancer, giving insight into hopeful therapeutic targets and hence, offering new gates for
clinical management.
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