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Abstract

:

Simple Summary


Breast cancer is the main cause of cancer-related deaths among women globally. It clearly shows it is essential to find a useful marker, which could have a beneficial influence on the prediction of cancer-related events and give more information about the possible outcomes in the early stage of the disease. This is the first study that presents advanced oxidation protein products as a potentially valuable biomarker for monitoring the course of breast cancer treatment and as a predictor of recurrence and cancer-related mortality. The study shows also the relationship between oxidative protein damage in breast cancer patients and excessive angiogenic processes.




Abstract


Breast cancer (BrC) is a highly prevalent tumour among women. The high incidence and mortality rate of BrC prompts researchers to search for new markers that will provide information on the possible impact of the therapy on the risk of cancer-related events. This study aimed to investigate whether the level of advanced oxidation protein products (AOPPs) may have a potential impact on disease-free (DFS) and overall survival (OS) in BrC patients with early-stage cancer. Additionally, we tried to assess the relationship between AOPPs and angiogenic parameters. In this study, the pre- and post-treatment AOPP levels were examined in the serum of 70 newly diagnosed BrC women. The receiver operating characteristic curve identified pre- and post-treatment AOPPs to be above 9.37 μM and 10.39 μM, respectively, as the best cut-off values to predict the risk of cancer relapse. Additionally, Kaplan–Meier survival analysis indicated that pre- and post-treatment AOPPs above 9.37 μM and 10.39 μM were associated with significantly poorer OS. The uni- and multivariate Cox regression analysis highlighted that lower levels of pre- and post-treatment AOPPs were associated with a longer duration without relapse or cancer-related death. A positive correlation between concentrations of pre-treatment AOPPs and vascular endothelial growth factor A, and negative correlations with levels of soluble forms of vascular endothelial growth factor receptor type 1 and 2, were found. In conclusion, AOPPs appear to have an important role in predicting cancer-related events and may potentially serve as a simple prognostic marker in clinical practice.
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1. Introduction


Breast cancer (BrC) is considered the most commonly diagnosed cancer worldwide, representing 11.7% of total cases, and the leading cause of cancer-associated death among women. The global report shows that in 2020 there were an estimated almost 2.3 million new cases of female breast cancer, with about 685,000 cancer-related deaths [1,2]. The 5-year relative survival from diagnosis is 90.6%; however, this is strongly associated with the cancer stage at diagnosis [3]. The risk of progression in the early stage of breast cancer is estimated to be 20–30% [4]. To discover a biomarker that could be useful in predicting such events, there is a need to understand the underlying mechanisms of tumour development. Breast cancer cells, like typical tissue, need a sufficient supply of oxygen and constant nourishment for growth. Hypoxia induced by a growing tumour triggers various types of responses, mediated among others by hypoxia-inducible factors (HIFs). Subsequently, HIFs regulate the expression of numerous types of genes, which are responsible for stimulating specific physiological processes, including metabolism, angiogenesis, and cell division [5].



Angiogenesis is a process which leads to the creation of new blood vessels from pre-existing ones. Under physiological conditions, angiogenesis plays a crucial role in wound healing and normal growth. However, tumour growth and metastasis are also strongly dependent on angiogenesis. The interplay between pro- and anti-angiogenic factors is of considerable importance in the tight regulation of angiogenesis. It is believed that some specific tumour cells produce both pro- and anti-angiogenic proteins that stimulate and inhibit angiogenesis, respectively. Some researchers have assumed that tumour cells alter the balance between pro- and anti-angiogenic factors, which leads to the activation of the angiogenic switch [5,6,7]. Continuous pro-angiogenic stimulation in the tumour environment leads to the formation of immature, poorly organized, and malformed vessels, which express enhanced permeability. All these processes are related to unequal blood flow and persisting hypoxia, and may induce the progression of the tumour [8]. There are found several pro-angiogenic factors engaged in stimulating vascular growth. The main regulator of angiogenesis and tumour growth is regarded as the vascular endothelial growth factor (VEGF) family, inclusive of seven isoforms VEGF-A/B/C/D/E and placental growth factor (PIGF) 1 and 2. In blood, there are three forms of soluble receptors secreted by endothelial cells (sVEGFR1, sVEGFR2, sVEGFR3) [9]. A soluble form of VEGFR1 binds to VEGF-A, which expresses the highest biological activity among the VEGF family in breast cancer patients. A soluble form of VEGFR1 naturally inhibits endothelial cell proliferation induced by VEGF [9,10]. VEGF also forms non-signalling ligands with sVEGFR2, thus slowing their migration and proliferation and, therefore, the formation of new blood vessels in malignant tumours [11,12].



One of the most essential factors influencing the intensity of the angiogenic processes is oxidative stress, defined as the imbalance between the production of reactive oxygen species (ROS) and antioxidant defences. Excessive ROS production plays a key role in the vascularization of cancerous tissue and metastasis. Increased ROS production with ageing, smoking, obesity, and alcohol consumption, which are possible risk factors for developing breast cancer, also supporting their involvement in this process [13]. Chronic inflammation induced by oxidative stress leads to oxidative damage to DNA, proteins, and lipids, which in turn contributes to the dysregulation of oncogenes and tumour suppressor genes, e.g., p53, BRCA2, and finally to the initiation and progression of the tumour [7,14]. The level of oxidative stress can alternatively be examined by the amount of damage acted on proteins by measuring the concentration of advanced oxidation protein products (AOPPs). AOPPs are usually formed from albumins and methionine- or tyrosine-rich polypeptides as a consequence of ROS attacks [15]. The elevated levels of AOPPs found by some researchers were related to ageing, diabetes, atherosclerosis, and metabolic syndrome [16,17,18,19]. Moreover, the involvement of oxidative stress on proteins has been also found in COVID-19 pneumonia patients [20]. Zhou et al. have also suggested that an increased concentration of AOPPs may serve as a predictor of mortality in haemodialysis patients [21]. There are some investigations describing associations between AOPPs and angiogenic biomarkers. One study revealed the relationship between elevated levels of AOPPs and higher expressions and secretions of VEGF and sVEGFR1 in trophoblast cell lines. This finding shows the interplay between increased AOPP concentrations and endothelial and placental angiogenesis dysfunction [19]. Liu et al. have also indicated a strong link between the stimulation of AOPPs and triggering of the proliferation and migration of rat endometrial epithelial cells along with restraining apoptosis by activation of the ERK and P38 pathways [22]. Furthermore, Le-Wu et al. have revealed that elevated levels of AOPPs in colon cancer cells were closely associated with an increased expression of VEGF exposed to intermittent hypoxia [23]. Additionally, AOPPs may also directly stimulate angiogenesis by promoting oxidative stress and inflammation [24,25]. A study by Guo et al. even suggests that AOPPs can activate vascular endothelial cells through a specific signalling pathway mediated by a receptor for advanced glycation end products (RAGE) [26].



It has been demonstrated that oxidative stress can enhance angiogenesis [7,27]. However, mechanistic insights into the underlying molecular mechanisms that connect AOPPs and VEGF have not been yet fully presented. Several hypotheses can be proposed to elucidate the potential interactions of these two markers. The development of tumours is a complex process in which angiogenesis plays a crucial role, enabling tumours to grow and metastasize through the formation of new blood vessels. As the tumour progresses, tumour cells are subjected to various forms of stress, including hypoxia, which can lead to their death through necrosis or apoptosis, consequently releasing DNA into the extracellular environment, known as circulating cell-free DNA (cfDNA) [28,29,30,31,32]. In breast cancer, it has also been shown that an increase in circulating tumour DNA (ctDNA) (the fraction of cfDNA that originates from tumour cells) can be a good indicator and may be used to monitor disease progression and response to treatment in patients with advanced breast cancer [33]. However, beyond its role as a diagnostic and prognostic marker, cfDNA can also contribute to pathological inflammation and disease progression, acting through various immunological and molecular mechanisms. Circulating tumour DNA can be adeptly recognized by the immune system as a damage-associated molecular pattern (DAMP) [34,35,36,37,38]. This recognition triggers a series of immune responses, including the activation of neutrophils and the release of neutrophil extracellular traps (NETs) [39,40,41]. A significant enzyme in this context is myeloperoxidase (MPO), a heme-containing enzyme abundantly found in the azurophilic granules of neutrophils [42]. MPO is crucial for the oxidative burst, a process generating ROS [43,44]. This oxidative stress is intimately linked to the formation of AOPP, primarily through the action of hypochlorous acid (HOCl), produced by MPO [45,46]. Our in vitro studies using human serum albumin (HSA) demonstrated that chloramine T, a source of active chlorine substituting unstable HOCl, induces the formation of AOPPs-HSA in a dose-dependent exponential manner [20].



The integration of AOPPs in the angiogenesis process and their interaction with RAGE adds another layer of complexity to the already complicated picture of tumour development and progression [24,47]. The binding of AOPPs to RAGE receptors can lead to the activation of transcription factors such as NF-κB, which regulate the expression of genes involved in the inflammatory response and initiate signalling cascades leading to the expression and secretion of various cytokines, including IL-6 and TNFα. Such an increase in inflammatory activity can promote further tumour development, creating an environment conducive to angiogenesis. In the same study, the blockade of RAGE signals significantly suppressed aggressive behaviour and inflammatory response. Additionally, on cell lines, it was shown that AOPPs additionally induce the expression of matrix metalloproteinase-3 (MMP-3) and MMP-13 [25]. MMPs are involved in the degradation of extracellular matrix components, which not only facilitates the migration and invasion of tumour cells but can also modulate the release and activation of growth factors associated with the extracellular matrix. MMPs can participate in releasing matrix-bound forms of VEGF, increasing its bioavailability and promoting angiogenesis. By degrading extracellular matrix components, MMPs can facilitate the release of VEGF deposited in the matrix, enabling its interaction with receptors on endothelial cells, and stimulating angiogenesis [48]. This evidence firmly establishes a direct correlation between VEGF and AOPPs, suggesting that the angiogenic processes driven by VEGF are closely linked to oxidative stress and inflammation mediated by AOPPs. Such a connection underscores the complexity of tumour microenvironment interactions and highlights potential therapeutic targets for disrupting the pathological feedback loops that fuel cancer progression. However, the role of AOPPs in cancer-related angiogenesis is still not well understood, and further research is needed to clarify this relationship.



This is the first study showing the impact of AOPP concentration in the serum of early-stage breast cancer patients on disease-free and overall survival before and after treatment. Thus, the aim of this study was to examine the usefulness of AOPPs as a prognostic marker of the likely course of the disease in a group of women with breast cancer, using ROC curve analysis, Kaplan–Meier curves, and Cox regression analysis. Additionally, we sought to assess the influence of the adjuvant treatment on the blood serum concentration of AOPPs in breast cancer patients and to demonstrate a relationship between AOPPs and selected angiogenic biomarkers. Furthermore, we explored associations between AOPP levels and clinical and molecular characteristics of BrC.




2. Materials and Methods


2.1. Patient Samples and Clinical Data


This study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of Nicolaus Copernicus University in Torun, Collegium Medicum in Bydgoszcz (approval no. KB/547/2015). All included patients gave written informed consent before their enrolment. The study group consisted of 70 previously non-treated women with newly diagnosed breast cancer (BrC). Subjects were enrolled between November 2015 and January 2018 by an oncologist and treated in the Clinical Ward of Breast Cancer and Reconstructive Surgery, Oncology Centre in Bydgoszcz, Poland. Inclusion and exclusion criteria are presented in Figure 1.



The traditional clinical and histological factors and molecular determinants were examined in all the women included in the study. The participants underwent breast-conserving surgery (BCS) (58 cases; 82.9%) or mastectomy (12 cases; 17.1%), respectively, and received adjuvant chemotherapy, radiotherapy, brachytherapy, immunotherapy, and endocrine therapy if needed. The patient’s TNM stage of cancer was characterised according to the American Joint Committee on Cancer (AJCC; 7th edition). The WHO classification was used to establish histological subtypes of cancer, whereas the Elston–Ellis system was used to classify histological grade. All participants were subjected to thorough evaluation in the form of complete demographic and medical history, and collected data are displayed in Table 1.




2.2. Adjuvant Therapy


Adjuvant treatment was administered according to standard guidelines established by the National Comprehensive Cancer Network (NCCN) Guidelines for Practice. Radiotherapy was applied mainly for patients who underwent BCS within 1–2 weeks after the adjuvant chemotherapy completion. The study group received a median dose of 42.5 gray (Gy) in 17–20 fractions over 4–6 weeks to the chest wall by using X photons with energies of 6/15 MeV. Using a direct electron field, a sequential boost of 10/12.5 Gy was administered to the initial tumour bed in 17 patients (24.3%) in four/five fractions. In thirty-six subjects (51.4%), additional brachytherapy in a dose of 10 Gy was applied. Thirty-five subjects (50.0%) received adjuvant chemotherapy. Twenty-five (35.7%) patients had anthracycline-containing drugs administered and non-anthracycline-containing drugs were used in ten patients (14.3%). In fifty-eight subjects (82.9%), endocrine therapy was applied according to menopausal status; 35 (50.0%) used tamoxifen (Egis Pharmaceuticals, Budapest, Hungary), 13 of patients (18.6%) received aromatase inhibitors (AIs) (Arimidex (anastrozole), AstraZeneca, Cambridge, United Kingdom), and in 8 patients (11.4%) the combination of tamoxifen and AIs was given, but 2 patients (2.9%) underwent another endocrine scheme, in an adjuvant setting. In twelve subjects (17.1%), endocrine therapy was not administered due to a small tumour diameter or a triple-negative (ER−/PR−/HER2−/Ki67−all values) subtype of BrC.




2.3. Patients Follow-Up


The patients were followed up from the day of the diagnosis of BrC until the date of recurrence of breast cancer or death or until January 2023, whichever came first. Kaplan–Meier curves were created to present overall and disease-free survival. The median follow-up was 78 months (IQR = 70–84 months), with a 15.7% recurrence rate. The follow-up visits after nine months from surgical procedures were performed for each patient.




2.4. Blood Collection


The blood collection occurred two times, 24 h before the surgical procedure (pre-treatment value) and a maximum of three months after the last cytotoxic infusion and generally nine months (interquartile range, IQR = 6.0–10.0) after tumour resection (post-treatment value) to avoid the direct effects of chemotherapy or surgical wound healing on the analysed parameters. The blood from each patient was collected into serum-separating tubes to determine the AOPP concentration. After collection, the samples were mixed and centrifuged at 3000× g at 4 °C for 15 min, divided into small tubes, and stored at −80 °C until assayed. The blood was also drawn into EDTA-containing tubes for measurements of VEGF-A and soluble forms of VEGF receptor types 1 and 2. The blood samples were immediately mixed and centrifuged at 3000× g at 4 °C for 20 min. The collected plasma was aliquoted in small portions and stored at −80 °C until each measurement.




2.5. Measurements of AOPP


The AOPP level in serum was determined, according to the modified method reported by Witko-Sarsat, by absorbance measurements at 340 nm [49]. The AOPP detection was modified, in agreement with Hanasand’s improved method, by using citric acid instead of acetic acid, which improves the stability of the sample over time [50]. The first step of the procedure was preparing a reactant mixture containing 1.875 mL of 0.2 M citric acid and 25 µL of 1.16 M potassium iodide. Afterwards, the mixture in the volume of 1.9 mL was mixed with 100 µL of serum. The absorbance was measured immediately after preparation. The results were expressed in µM as chloramine T equivalents.




2.6. Measurements of Angiogenic Factors


The concentrations of angiogenic parameters were determined according to the procedure described in the previous study [51]. The subjects were divided into groups with low or high values of angiogenic biomarkers by using a cut-off based on the calculated median for the study group.




2.7. Statistical Analysis


Statistical analysis was conducted using Statistica version 13.3 (StatStoft®, Cracow, Poland). The normality of the distribution was checked by using the Shapiro–Wilk test. The unpaired Student’s t-test was used to compare two groups of continuous data with normal distribution. The univariate ANOVA analysis, followed by a post hoc LSD (least significant difference) test, was applied to compare more than two groups of continuous data. Comparisons of means for two dependent variables were performed by paired Student’s t-test. AOPP data are presented as mean and standard deviation. Spearman’s rank correlation analysis was used to determine dependencies between investigated parameters. The receiver operating characteristic (ROC) was used to utilise the area under a curve (AUC) to estimate the best predictor of cancer relapse. Youden’s method was applied to define the optimal cut-off values. The disease-free survival (DFS) and overall survival (OS) analysis were expressed using the Kaplan–Meier method and compared using the log-rank test. DFS and OS were calculated as times from randomization until breast cancer recurrence or death, respectively. The uni- and multivariate Cox proportional hazard analysis was conducted to estimate cohort-specific hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between AOPP levels and other clinical variables with disease-free and overall survival time to identify a possible predictor that has a significant influence on these times. AOPP concentration was also included in multiple linear regression models with adjustments for BMI, age, parity, menopausal status, smoking status, tumour stage, tumour diameter, histological type, and nodal involvement. Additionally, to emphasize the strength of AOPPs as a prognostic marker of disease recurrence (Figure S1) and cancer-related death (Figure S2), we compared the diagnostic accuracy of AOPPs with Ki-67 and the tumour diameter using the ROC curves. The statistical data were considered significant with p < 0.05.





3. Results


3.1. Effect of Undergone Procedures, Clinical, and Molecular Characteristics on AOPP Concentration


The studied group, enrolled between November 2015 and June 2017, consisted of 70 women with resected breast cancer (BrC) in the early stage (IA-IIB). The median age of subjects at the diagnosis was 54 years (interquartile range (IQR) 49–59 years). The median body mass index value was 24.99 kg/m2 (IQR 22.48–29.04 kg/m2). The median size of the tumours was 1.55 cm (IQR 1.2–2.2 cm). All patients with cancer progression (n = 11) had a tumour diameter of above 2 cm. Forty-five patients (64.3%) were in post-menopausal status. The predominant histopathological subtype of breast tumour was invasive ductal carcinoma (IDC) at 84.3% of all studied patients, and 90.9% of the group had progression of the disease. Of the 70 women treated with adjuvant chemotherapy, 25 received anthracycline-containing drugs and 10 non-anthracycline therapy. None of the patients received neoadjuvant treatment.



The pre- and post-treatment AOPP concentrations were assessed according to undergone therapy procedures (Table 2). Interestingly, non-anthracycline therapy seemed to be associated with significantly elevated post-treatment AOPP concentration in comparison to patients who did not receive chemotherapy (p = 0.0086). Moreover, patients treated with non-anthracycline chemotherapy seem to have elevated concentrations of AOPPs during therapy, with the p-value close to statistical significance (p = 0.0996). The opposite observation in the AOPP level, also with closeness to statistical significance, was made for the group of patients not treated with any additional chemotherapy (p = 0.0778). However, tamoxifen administration seemed to decrease the post-treatment AOPP concentration in comparison to no adjuvant endocrine therapy (p = 0.0407). AOPP levels were found to increase during treatment among patients who were not treated with endocrine therapy (p = 0.0254).



In Table 3, we present the pre- and post-treatment concentrations of AOPPs regarding some typical clinical features of breast tumour patients. The localisation of the malignancy in the left breast seems to be related to higher pre-treatment AOPP concentrations (p = 0.0056). However, there are no differences between the levels of AOPPs before and after the treatment according to the localisation of cancer (p > 0.05). In agreement with molecular subtypes of breast cancer, we found a significantly higher pre-treatment concentration of AOPPs in patients with luminal B HER2- than in those with other types (p < 0.0001). Interestingly, a significantly higher level of AOPPs was found in the group with luminal B HER2+ and non-luminal HER2+ than in the luminal A patients (p = 0.0053). After the treatment, a significantly lower concentration of AOPPs was shown in the luminal A breast cancer group than with other types (p < 0.0001). Our analysis shows that the level of AOPPs decreased during the treatment in the luminal A group of patients; however, it increased in the group with triple-negative cancer with p = 0.0102 and p = 0.0190, respectively.



The conducted study also reveals that the tumour diameter slightly affects pre- (p = 0.0288) and strongly post-treatment (p = 0.0006) AOPP concentrations. Importantly, a tumour diameter < 2 cm is strongly related to a decreasing concentration of AOPPs during therapy (p = 0.0174). Nodal involvement and stage of disease seem to not have any impact on the level of measured oxidation protein products (p > 0.05). A tendency toward statistical significance was found for the group of women with grades 1 and 2 and related to the lower concentration of post-treatment AOPPs than in the group of patients with grade 3 according to the Elston and Ellis scale (p = 0.0890). The group of women with the IDC type of tumour demonstrated significantly higher values of pre-treatment AOPPs than the group with the invasive lobular carcinoma (ILC) type (p = 0.0115).



To better understand the relationship between molecular biomarkers and the level of oxidative damage, the pre- and post-treatment concentrations of AOPPs were tested according to immunohistochemical markers of breast cancer (Table 4). It should be highlighted that overexpression of Ki-67 was related to elevated pre- and post-treatment levels of AOPPs (p = 0.0001 and p = 0.0041, respectively).



The status of the oestrogen receptor (ER) seems to have significant importance in the post-treatment concentration of AOPPs (p = 0.02) and be related to its increased value in the ER-negative group of breast cancer patients. A similar observation was also made for the expression of progesterone receptor (PR) (p = 0.0187). Additionally, the higher values of AOPPs after treatment in the ER-negative group of patients are also of considerable importance (p = 0.0360). The same relation is also shown by the group of PR-negative patients with a tendency to statistical significance (p = 0.0995). It is worth mentioning that both ER-positive and PR-positive groups are related to decreasing AOPP concentrations after therapy, with a tendency to statistical significance (p = 0.0617, p = 0.0739, respectively).



The human epidermal growth factor receptor 2 (HER2) and the status of E-cadherin seem to have no impact on the concentrations of AOPPs before and after undergoing procedures (p > 0.05).




3.2. The Dependence between AOPP Levels and Angiogenic Biomarkers


To assess the relationship between the level of the pre-treatment AOPPs on angiogenic biomarkers, breast cancer patients were divided into three subgroups according to pre-treatment AOPP levels below the 25th percentile (low), between the 25th and 75th percentile (moderate), and above the 75th percentile (high) (Table 5). This analysis showed that the concentration of pre-treatment VEGF-A significantly elevated with the increase in pre-treatment AOPP level (p = 0.0051). The concentration of pre-treatment sVEGFR1 was found to be the lowest for the group with pre-treatment AOPPs above 9.45 μM, with closeness to statistical significance (p = 0.0685).



In the next step, Spearman’s correlation analysis was performed to find associations between AOPP levels and concentrations of angiogenic biomarkers. The results illustrated in Table 6 indicate the positive correlation between pre-treatment AOPPs and the concentration of VEGF-A, which is a key mediator of angiogenesis (r = 0.2415, p = 0.0440). The pre-treatment sVEGFR1 concentration shows a tendency toward statistically significant negative relation with the post-treatment level of AOPPs (r = −0.2317, p = 0.0592). A statistically significant association between post-treatment AOPP levels and the concentration of sVEGFR2 was also found. Post-treatment AOPP concentration increases were related to a decrease in the value of sVEGFR2 after treatment (r = −0.3330, p = 0.0059). Post-treatment AOPP concentration also positively correlates with the level of AOPPs before treatment (r = 0.4103, p = 0.0006).




3.3. The Receiver Operating Characteristic (ROC) for Identifying Markers of Disease Progression


The next step of the analysis was constructing the ROC curves to identify the most accurate parameter in predicting cancer relapse and obtain the optimal cut-off values for the examined markers before as well as after treatment. The results received from the performed analysis are shown in Table 7 and Table 8.



The borderline of the diagnostic usefulness of the test was set according to the area under the ROC curve (AUC) ≥ 0.5 and p < 0.05. The conducted study of pre-treatment concentrations revealed that the highest level of predictiveness was found for AOPPs (AUC = 0.773, p = 0.0005). The ROC curve identified a serum AOPP concentration of 9.37 μM, with 78% sensitivity and 72.7% specificity, as the best cut-off value to predict the risk of cancer relapse. For this analysis, the other pre-treatment examined parameters showed no predictive value in our study group.



Interestingly, based on the ROC data for post-treatment concentrations of investigated markers, the AOPP value was also found to be the best marker for the prediction of cancer recurrence. The optimal cut-off value was 10.39 μM. The AUC was 0.86, p-value < 0.0001, with a sensitivity of 81.8%, and a specificity of 89.3%.



Finally, Figure 2 demonstrates a graph with nine ROC curves for the Ki-67 expression, pre- and post-treatment concentrations of AOPP, VEGF-A, sVEGFR1, and sVEGFR2. The most accurate indicator for disease recurrence presents an area of 0.86 under the curve, which was reached for post-treatment AOPPs (p < 0.0001).



In addition, to compare the diagnostic accuracies of pre- and post-treatment AOPP concentrations, and typical prognostic biomarkers of disease recurrence, such as Ki-67 expression and tumour diameter, we conducted an additional ROC curve analysis (Figure S1). Importantly, the highest level of discrimination was found for the post-treatment AOPP concentration (AUC = 0.86, p < 0.0001). The receiver operating characteristic curve identified a post-treatment AOPP level of 10.39 μM, with 89.3% specificity and 81.8% sensitivity, as the best cut-off value to discriminate between relapse and non-relapse disease subjects. According to the ROC curve, cut-off points determined for other analysed parameters were as follows: for Ki-67 expression, the cut-off value was 15% with 55.9% specificity and 81.8% sensitivity (AUC = 0.705, p = 0.0073); the cut-off value for pre-treatment AOPP concentration was 9.37 μM with 78% specificity and 72.7% sensitivity (AUC = 0.773, p = 0.0005); for the tumour diameter, the cut-off point was 1.8 cm with 62.7% specificity and 81.8% sensitivity (AUC = 0.769, p = 0.0001).




3.4. Survival Analysis Regarding Pre- and Post-Treatment AOPP Concentrations


Subsequently, the cut-off points received from the ROC curve and the calculated medians for pre- and post-treatment AOPP concentrations were used to create Kaplan–Meier curves (Table 9). The study subjects were divided into two groups: below and above the cut-off points. The overall survival (OS) and disease-free survival (DFS) were calculated for each group.



For this analysis, almost all the determined cut-off values showed predictive value in our cohort (Figure 3A–H). Patients with a pre-treatment concentration of AOPPs above 9.37 μM had significantly worse OS than patients with AOPPs < 9.37 μM with p = 0.0093 (Figure 3C). However, the Kaplan–Meier curve determined according to the median of the pre-treatment level of AOPPs showed only closeness to statistical significance in the probability of OS (p = 0.0626) (Figure 3A). This observation discriminates against the use of the median as the ideal cut-off point and favours the use of the ROC cut-off point, which is much better at separating low-risk and high-risk patients for overall survival and cancer recurrence.



It is important to underline that the post-treatment AOPP concentration above 8.50 μM was related to poorer OS than the AOPP level below 8.50 μM with p = 0.0106 (Figure 3E). The same observation was made for the post-treatment AOPP concentration (Figure 3G), with the cut-off point obtained from the ROC curve (p < 0.0001).



Figure 3B,D presents the probability of disease-free survival for pre-treatment AOPP concentration according to the median or ROC cut-off point. The pre-treatment AOPP levels above 8.74 μM (Figure 3B) and above 9.37 μM (Figure 3D) were found and associated with a significantly increased probability of cancer relapse (p = 0.0185 and p = 0.0007, respectively).



Markedly, breast cancer patients with a post-treatment level of AOPPs above 8.50 μM were characterised as having lower DFS than the group with a concentration below 8.50 μM (Figure 3F) (p = 0.0028). A similar outcome was obtained for the post-treatment AOPP concentration (Figure 3H), with the cut-off point determined from the ROC curve (p < 0.0001).



Furthermore, the univariate Cox proportional hazards models of the disease-free survival and overall survival group (Table 10) were investigated to determine the risk score associated with biomarkers and to evaluate whether they could be independent prognostic factors for DFS or OS. The univariate analysis revealed that patients with AOPP levels below 8.74 μM before treatment have a significantly lower risk of shorter DFS compared to those with higher concentration (HR = 0.19, 95% CI 0.04–0.89, p = 0.0346). Moreover, a similar observation was also made for the post-treatment AOPP level; its decreased concentration was found to have a positive effect on the length of time without relapse of disease (HR = 0.08, 95% CI 0.01–0.66, p = 0.0185). The other investigated parameters showed no prognostic value on DFS in our cohort (p > 0.05).



Based on the results in Table 10, only the post-treatment AOPP concentration seems to have any impact on OS prediction. Its higher level, found in the univariate analysis, seems to be associated with poorer OS prognosis (HR = 0.11, 95% CI 0.01–0.86, p = 0.0358).



Furthermore, the multivariate Cox-proportional hazards models of the DFS and OS group, adjusted for age at the diagnosis, stage of the disease, nodal involvement, and expressions of ER, PR, HER2, and Ki-67 were investigated to determine the risk score associated with biomarkers and to evaluate whether they could be independent prognostic factors for DFS or OS (Table 11). The conducted analysis clearly shows that there is a strong link between the pre- and post-treatment levels of AOPPs and the risk of breast cancer relapse (p < 0.05). This study revealed that lower concentrations of AOPPs before and after treatment were positive predictors of long-term DFS (HR = 0.16, 95% CI 0.03–0.82, p = 0.0275; HR = 0.08, 95% CI 0.01–0.66, p = 0.0189, respectively). Data from the OS analysis indicate that an elevated post-treatment AOPP level, adjusted for the seven covariates (HR = 0.09, 95% CI 0.01–0.81, p = 0.0317), was associated with higher hazards of death. The investigation highlighted that pre- and post-treatment concentrations of AOPPs are independent prognostic factors for OS and DFS in breast cancer patients.



Additionally, we also evaluated the ROC curves to assess the diagnostic accuracies of the investigated variables for the prediction of overall survival in BrC subjects (Figure 4). This analysis indicates that in patients with BrC, next to Ki-67 expression, the cut-off value of 10.39 μM of AOPPs may predict the occurrence of death with 87.9% specificity and 88.9% sensitivity.



Moreover, we evaluated the ROC curve to assess the diagnostic accuracies of pre- and post-treatment AOPPs and frequently examined variables for the prediction of the BrC death incidence, such as Ki-67 expression and tumour diameter (Figure S2). It is noteworthy that the post-treatment AOPP cut-off value of 10.39 μM was found to be the best prognostic marker for the prediction of cancer-related death. Based on the ROC curve, cut-off points were provided for other determinants as follows: for Ki-67 expression, the cut-off value was 15% with 54.1% specificity and 77.8% sensitivity (AUC = 0.702, p = 0.0220); the cut-off value for pre-treatment AOPP concentration was 9.37 μM with 75.4% specificity and 66.7% sensitivity (AUC = 0.726, p = 0.0128); for the tumour diameter, the cut-off point was 2.1 cm with 70.5% specificity and 77.8% sensitivity (AUC = 0.773, p = 0.0005).



Table 12 shows the results of linear regression models for the occurrence of breast cancer relapse according to concentrations of the examined predictors. The recurrence of breast tumour was positively associated with pre-treatment AOPP concentration. Models 1, 2, 3, and 4, adjusted for included independent factors, show that elevated levels of pre-treatment AOPPs are strongly associated with cancer recurrence (p = 0.0018, p = 0.0007, p < 0.0001, and p = 0.0196, respectively). Additionally, regarding the concentration of AOPP after therapy is undergone, a similar observation was made. There was a significant linear positive relationship between post-treatment AOPP levels and the risk of disease relapse according to all models (p < 0.05).



Interestingly, after adjusting for covariates in Model 3, the negative effect of the soluble form of pre-treatment VEGF receptor type 1 was shown, i.e., its increase is related to extended DFS (p = 0.0198). Apart from this, Model 4, adjusted for age, BMI, parity, menopausal status, smoking status, tumour stage, tumour diameters, histological type, and nodal involvement, had a tendency toward statistical significance in a similar manner (p = 0.0593).





4. Discussion


Breast cancer, along with lung cancer, is the main cause of cancer-related deaths among women globally [1]. In the United States alone in 2023, it is estimated that about 297,790 women will be diagnosed with invasive breast cancer and about 43,700 women will die from breast cancer [52]. This clearly shows that it should be of great interest to find a useful marker, which could have a beneficial influence on the prediction of cancer-related events and give more information about the possible outcome of the patients in the early stage of the disease. The current study presents advanced AOPPs as a valuable biomarker for monitoring the course of BrC treatment and a predictor of cancer-related events.



AOPPs are dityrosine-containing and cross-linking protein products made as an effect of the reaction of albumin with chlorinated oxidants due to oxidative stress [53]. Significantly increased values of AOPPs in cancer patients compared to healthy subjects were found by some researchers [15,54,55,56,57,58,59]. The current study shows a positive correlation between pre-treatment AOPPs and VEGF-A, which could be evidence of a relationship between oxidative protein damage in breast cancer and excessive angiogenic process. The role of VEGF in pathological angiogenesis in malignant tumours is essential [60]. Interestingly, the current study shows that lower pre-treatment levels of sVEGFR1 and lower post-treatment levels of sVEGFR2 were related to elevated levels of post-treatment AOPPs. Elevated concentrations of AOPPs are associated with the intensification of neoplastic angiogenesis by increasing VEGF-A levels and reducing levels of sVEGFR1, which is a natural VEGF-A inhibitor. The interplay between the amount of oxidative damage enacted on proteins and angiogenic factors in cancerous disease is not fully understood, although it is suggested by Huang et al. that the VEGF signalling pathway is mainly controlled by the interactions between angiogenesis and oxidative stress [61]. Several studies have shown that the increased concentration of AOPP in diseases is associated with endothelial dysfunctions [17,62]. AOPPs serve mainly as an oxidative stress marker; however, some studies insinuate its role in the production of ROS, vascular inflammation, and a even pathogenic role in prostate cancer [22,57]. Huang et al. have observed the effect of AOPPs on the overexpression of VEGF and the elevated expression and secretion of sVEGFR1 in trophoblast cell lines. The authors have also suggested that AOPPs increase both the expression and secretion of VEGF in trophoblasts; however, they implicate that the increased secretion of sVEGFR1 overwhelms VEGF levels and leads to a reduction in VEGF’s biological effect. The authors indicate that AOPPs play a key role in mediating trophoblasts’ angiogenic regulation and signalling pathways [19]. However, Abd El-Khalik et al. have found a negative correlation between AOPPs and VEGF and a positive correlation between AOPPs and sVEGFR1 in patients with diabetic foot ulcers. The authors suggest that chronic inflammation in patients with diabetic foot ulcers, supported by the increased level of TNF-α, is associated with an enhanced production of sVEGFR1 and consequently a reduction in VEGF level [53].



Following this, we evaluated pre- and post-treatment AOPP concentrations according to treatment undergone as well as clinical, pathological, and molecular characteristics. Generally, in our cohort, the concentrations of AOPPs were decreased after the treatment procedures, which is in line with findings by Salehi et al. The authors indicated that the plasma AOPP levels decreased significantly in the colorectal cancer group 24 h after surgery. The authors suggest that the main culprit of the higher AOPP levels before surgery was the tumour [56]. On the contrary, Chiang et al. have observed a significantly higher concentration of plasma AOPPs four weeks after the resection of colorectal cancer compared to the level before surgery [63]. However, it is not known whether the findings by Chiang et al. can be associated with the persistent inflammatory status after resection of the tumour and/or with no information about the administration of additional therapy, which could potentially influence the oxidative status. Interestingly, an increase in AOPP levels after therapy was found in our group of patients not treated with adjuvant endocrine therapy. On the other hand, the administration of tamoxifen seemed to have the opposite effect on post-treatment AOPP concentrations, which were significantly decreased compared to the group not treated with endocrine therapy. This observation agrees with Ek et al.’s finding that tamoxifen administration is a part of antioxidant defence and can beneficially prevent oxidative stress-related diseases in post-menopausal women [64]. Additionally, in our cohort, patients who received non-anthracycline-containing drugs had significantly higher levels of post-treatment AOPPs compared to the group who did not receive chemotherapy. Silva et al. have reported that the administration of tamoxifen or chemotherapy or combined treatment to breast cancer patients is related to changes in the level of AOPPs before and after therapeutic procedures. The authors found that the AOPP levels after treatment were significantly elevated in the group of subjects treated only with chemotherapy compared to those who received only tamoxifen or chemotherapy, followed by tamoxifen, and had a tendency to increase during the treatment. It is insisted by the authors that chemotherapy alone has a deleterious effect on the balance between the oxidant and antioxidant systems [65]. It is also suggested that some of the clinical and pathological features of breast cancer subjects may reflect the high risk of poor outcomes. In our study, AOPP levels decreased significantly after treatment procedures; however, in patients with triple-negative breast cancer (ER-/PR-/HER2-), AOPP levels increased after the therapy. It should be noted that the triple-negative type of cancer is associated with a more aggressive clinical course, early metastasis and poor outcome [66]. An opposite observation was made for the group with luminal A, as AOPP levels were significantly lower after therapy, which is in line with the good prognosis and longer OS reported by some researchers [67,68]. It is well known that a left-sided tumour is considered to be more aggressive than a right-sided one and is associated with poorer outcomes [69]. The results of our study show that patients with a localization of the tumour on the left side had a significantly higher level of pre-treatment AOPPs; however, the localization of the tumour did not significantly affect the patients’ future conditions. Additionally, the results of our study show that the patients with a tumour size above 2 cm (T2 stage according to TNM classification) had significantly higher values of pre- and post-treatment AOPP concentrations than patients with a diameter <2 cm (Table 3), and larger tumour size is assumed to be a high-risk clinical feature of developing of recurrence [70]. Surprisingly, Salehi et al. did not find any significant associations between AOPP levels and both tumour diameter and TNM stage in colorectal cancer patients [56]. Due to the limited literature data, further research is needed to reach a consensus on this. In addition, the group of patients with a Ki-67 index above 20% had significantly elevated levels of pre- and post-treatment AOPPs, which indicate a higher risk of breast cancer relapse in our cohort. Nelson et al. have linked the expression of Ki-67 above 20% to a higher incidence of cancer recurrence, which is in agreement with our findings [70].



According to our linear regression results, it can be noted, regardless of the model used, that higher pre- and post-treatment AOPP concentrations are positively correlated with a higher risk of cancer recurrence. Zhou et al. have assessed the levels of AOPPs in acute myeloid leukaemia patients and observed their tendency to increase during the progression of cancer. The authors conclude that there is a strong association between persisting oxidative damage and a higher risk of acute myeloid leukaemia relapse, which suggests that oxidative stress might be a key factor in cancer progression [71]. In contrast, plasma AOPPs were found by Delrieu et al. to be a favourable factor in metastatic breast cancer patients undergoing 6 months of physical activity intervention. Patients with cancer progression or who died during 6-month follow-up had significantly lower concentrations of AOPPs. However, a reduction in AOPP concentration may have been associated with the elevated antioxidant efficiency induced by regular physical activity in this group [72]. It should be emphasized that our ROC analysis demonstrates that pre- and post-treatment AOPP levels in serum have a high diagnostic value in differentiating the groups of early-stage women with or without breast cancer recurrence in our cohort, with sensitivities at 78%, 81.8% and specificities at 72.7%, 89.3%, respectively. Figure 2 and Figure S1 clearly emphasize the strength of post-treatment AOPP concentration (AUC = 0.86, p < 0.0001) as a marker for estimating the likely course of the disease. Due to the higher sensitivity (81.8%) and specificity (89.3%) of AOPP concentration after treatment and the easy-to-perform and economical measurement procedure, AOPP concentration may compete with Ki-67 expression (sensitivity 81.8%, specificity 55.9%; AUC = 0.705, p = 0.0073) as a prognostic marker for the development of cancer recurrence. Our findings indicate the relevant usefulness of AOPP measurements in the differentiation between relapse and non-relapse breast cancer patients. Kundaktepe et al. showed no predictive value of AOPPs in separating breast cancer patients with or without metastases. However, this study included BrC patients with distant metastases at the time of the diagnosis [54]. In the study by Mahmoud et al., increased AOPP levels were found in acute lymphoblastic leukaemia patients compared to the controls, and their tendency to increase after the administration of chemotherapy was observed; however, the Kaplan–Meier analysis showed no association between AOPP concentrations and the risk of cancer relapse. This finding might probably be related to the small number of patients included in this study [73]. Several studies have discussed the possible use of AOPPs as a marker for the prediction of various types of disease or outcomes in patients. Kaneda et al. have reported that the higher concentrations of AOPPs observed in the plasma of coronary artery disease patients were related to an increased incidence rate and severity in these patients [74]. According to the results of Bagyura et al., AOPPs seem to have possible predictive value as an early marker of atherosclerosis in men. It is implicated that AOPPs, through various mechanisms, lead to endothelial dysfunction and eventually to the development of atherosclerosis [17]. In addition, the results of the logistic regression conducted by Koike et al. suggest that AOPPs may serve as a predictive factor in suspicious digital rectal examinations [57]. No previous studies have shown the prognostic value of higher AOPP concentrations on breast cancer relapse in the early stage. Perhaps serum AOPPs should be taken into consideration by clinicians as a sensitive marker in the monitoring of breast cancer recurrence.



The results of our univariate Cox regression analysis suggest that the lower levels of pre- and post-treatment AOPPs may serve as a prognostic factor of better and prolonged OS. This is also supported by the results of the multivariate Cox regression when adjusted for age at the diagnosis, stage of the disease, nodal involvement, and expression of ER, PR, HER2, and Ki-67. Both the pre- and post-treatment lower levels of AOPPs were positive predictors of long-term overall survival in our cohort. Our results indicate that pre- and post-treatment concentrations of AOPPs above the cut-off points (9.37 μM and 10.39 μM, respectively) were associated with a shorter OS time in our study group. The high sensitivity (88.9%) and specificity (87.9%) of AOPP concentrations after treatment compared with the sensitivity (77.8%) and specificity (54.1%) of Ki-67 expressions suggest that AOPPs may constitute an additional, useful, and easy-to-perform prognostic marker of unfavourable overall survival. Based on a series of statistical analyses (ROC curves, Kaplan–Meier method, uni- and multivariate Cox regression), our study suggests that in patients with BrC, AOPPs may compete with Ki-67 as a prognostic marker of cancer-related death. This is the first study showing that higher AOPP levels in early-stage breast cancer patients are related to poorer OS. Furthermore, several researchers have linked higher levels of AOPPs to increased mortality in various states. The multivariate Cox analysis conducted by Cai et al., which was performed for a group of patients with diagnosed hepatitis B virus-related acute-on-chronic liver failure, revealed that AOPPs can serve as an independent prognostic factor of early mortality [75]. In addition, Zhou et al. assessed the levels of AOPPs in patients who were undergoing maintenance haemodialysis. The authors observed that higher levels of AOPPs are associated with an elevated risk of all-cause mortality in their cohort. The authors concluded that AOPP concentrations may serve as a relevant risk marker for the early detection of mortality in maintenance haemodialysis patients [21]. Moreover, Suvakov et al. have investigated AOPP levels in patients with end-stage renal disease and found that higher plasma AOPP levels were related to higher cardiovascular-specific mortality. Due to the role of AOPPs in endothelial dysfunction, the authors suggest including oxidative biomarkers in diagnostic panels for better monitoring of end-stage renal patients and to improve the choice of appropriate therapeutic patterns [62]. The study conducted by Elkabany et al. shows that a higher level of AOPPs is associated with the severity of respiratory distress syndrome in neonates. The ROC curve analysis conducted by the authors also suggests that the cut-off value of AOPPs can be useful in predicting the severity and high risk of mortality in neonatal respiratory distress syndrome [76]. It should be highlighted that the ability to estimate the prognosis of patients with BrC depending on the pre- and post-treatment concentrations of AOPPs may be beneficial for assessing a patient’s future condition and life quality.



The findings should be interpreted with caution due to the following limitations of this study. The results were from a relatively small number of patients in a single centre. A total of 22 patients who underwent BCS or mastectomy were excluded due to their ineligibility for further prognostic analysis (Figure 1). The study was performed in a daily clinical routine, the sample size was dependent on receiving the patients’ consent for participation, and very restrictive inclusion and exclusion criteria also influenced the limited number of patients in the project. In addition, we recruited patients of Polish descent only, so our results may not apply to other ethnic groups. We recruited patients at an early stage of BrC without metastases, so we cannot determine what the prognostic value would be for larger and more advanced tumours. A larger sample size of patients will be advantageous to the validation of long-term effects. Another limitation was the lack of a control group, and further research with a group of healthy subjects should be conducted.



Nevertheless, AOPP concentrations may serve as potential prognostic candidates because the method of measuring their concentration is inexpensive and easy to perform. Additionally, further research may provide new possibilities for the prevention and treatment of neoplastic diseases based on reducing their concentration or preventing the formation of AOPPs.




5. Conclusions


Our results suggest that both pre-treatment AOPP levels above 9.37 μM (sensitivity: 78%, specificity: 72.7%) and post-treatment concentrations of AOPPs above 10.39 μM (sensitivity: 81.8%, specificity: 89.3%) may promote the probability of recurrence in BrC patients. Additionally, Kaplan–Meier survival analysis shows that pre- and post-treatment AOPP concentrations above 9.37 μM and 10.39 μM, respectively, may increase the likelihood of cancer-related death in the BrC cohort. An absence of administration of endocrine drugs seems to increase the level of AOPPs after treatment procedures. In addition, a positive relation between AOPPs and VEGF-A was found, and a negative relationship between AOPPs and sVEGFR1 and sVEGFR2 was revealed, which clearly supports the involvement of AOPPs in neoplastic angiogenesis. Based on numerous types of statistical analyses, it seems that AOPPs are a better prognostic biomarker than VEGF-A, although the current study confirmed the strong relationship between AOPPs and angiogenic parameters. It would seem that the findings of our study are promising and relevant for further research in a larger patient population with invasive breast cancer.
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Figure 1. Flowchart describing enrolment of breast cancer participants. 
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Figure 2. A graph showing nine ROC curves for the Ki-67 expression, pre- and post-treatment concentrations of AOPPs, VEGF-A, sVEGFR1 and sVEGFR2 with different values of area under the curve (AUC) and p-values for predicting disease-free survival. 
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Figure 3. Kaplan–Meier curves for the overall survival (OS) and disease-free survival (DFS) analysis regarding (A,B) pre-treatment AOPP concentrations according to median; (C,D) pre-treatment AOPP concentrations according to ROC cut-off; (E,F) post-treatment AOPP concentrations according to median; (G,H) post-treatment AOPP concentrations according to ROC cut-off. Significant differences are marked by bold p-values. 
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Figure 4. A graph showing nine ROC curves for Ki-67 expression, and pre- and post-treatment concentrations of AOPP, VEGF-A, sVEGFR1, and sVEGFR2 with different values of area under the curve (AUC) and p-values for predicting overall survival. 
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Table 1. Baseline characteristics of women with breast cancer.
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Demographic and Clinical Data

	
Overall

(n = 70)

	
Patients without Progression

(n = 59)

	
Patients with

Progression

(n = 11)




	
n (%)






	
Age (according to median)

	

	

	




	
<54 years

	
32 (45.7%)

	
26 (44.1%)

	
6 (54.5%)




	
≥54 years

	
38 (54.3%)

	
33 (55.9%)

	
5 (45.5%)




	
Menopausal status

	

	

	




	
Pre-menopausal

	
25 (35.7%)

	
19 (32.2%)

	
6 (54.5%)




	
Post-menopausal

	
45 (64.3%)

	
40 (67.8%)

	
5 (45.5%)




	
BMI (kg/m2)

	

	

	




	
Normal (18.5 ≤ 24.99)

	
34 (48.6%)

	
26 (44.1%)

	
8 (72.7%)




	
Overweight (25 ≤ 29.99)

	
22 (31.4%)

	
21 (35.6%)

	
1 (9.1%)




	
Obese (>30)

	
14 (20%)

	
12 (20.3%)

	
2 (18.2%)




	
Parity status

	

	

	




	
0

	
6 (8.6%)

	
3 (5.1%)

	
3 (27.3%)




	
1–2

	
49 (70%)

	
44 74.6%)

	
5 (45.5%)




	
3 and more

	
15 (21.4%)

	
12 (20.3%)

	
3 (27.3%)




	
Localization of tumour

	

	

	




	
Right breast

	
35 (50%)

	
29 (49.2%)

	
6 (54.5%)




	
Left breast

	
35 (50%)

	
30 (50.8%)

	
5 (45.5%)




	
Diameter of the tumour

	

	

	




	
T1 < 2 cm

	
45 (64.3%)

	
45 (76.3%)

	
0 (0%)




	
2 cm < T2 < 5 cm

	
25 (35.7%)

	
14 (23.7%)

	
11 (100%)




	
Lymph node status

	

	

	




	
N0

	
51 (72.9%)

	
45 (76.3%)

	
6 (54.5%)




	
N1

	
19 (27.1%)

	
14 (23.7%)

	
5 (45.5%)




	
Histological type

	

	

	




	
IDC

	
59 (72.9%)

	
49 (83.1%)

	
10 (90.9%)




	
ILC

	
11 (27.1%)

	
10 (16.9%)

	
1 (9.1%)




	
Grade according to Elston-Ellis

	

	

	




	
1 + 2

	
53 (75.7%)

	
45 (76.3%)

	
8 (72.7%)




	
3

	
17 (24.3%)

	
14 (23.7%)

	
3 (27.3%)




	
Molecular type

	

	

	




	
Luminal A (HR+/HER2−/Ki-67 < 20%)

	
41 (58.6%)

	
38 (64.4%)

	
3 (27.3%)




	
Luminal B (HR+/HER2−/Ki-67 ≥ 20%)

	
14 (20%)

	
9 (15.3%)

	
5 (45.5%)




	
Luminal B HER2+ (HR+ HER2+)

	
7 (10%)

	
6 (8.6%)

	
1 (9.1%)




	
Triple negative (HR-/HER2-)

	
8 (11.4%)

	
6 (8.6%)

	
2 (18.2%)




	
Staging

	

	

	




	
I

	
31 (44.3%)

	
30 (50.8%)

	
1 (9.1%)




	
II

	
39 (55.7%)

	
29 (49.2%)

	
10 (90.9%)




	
Progesterone receptor (PR)

	

	

	




	
Negative

	
16 (22.9%)

	
13 (22%)

	
3 (27.3%)




	
Positive

	
54 (77.1%)

	
46 (78%)

	
8 (72.7%)




	
Oestrogen receptor (ER)

	

	

	




	
Negative

	
11 (27.1%)

	
9 (15.3%)

	
2 (18.2%)




	
Positive

	
59 (72.9%)

	
50 (84.7%)

	
9 (81.8%)




	
E-cadherin

	

	

	




	
Negative

	
5 (7.1%)

	
5 (8.5%)

	
0 (0%)




	
Positive

	
65 (92.9%)

	
54 (91.5%)

	
11 (100%)




	
Ki-67

	

	

	
5 (45.5%)




	
<20%

	
43 (61.4%)

	
38 (64.6%)

	
6 (54.5%)




	
≥20%

	
27 (38.6%)

	
21 (35.6%)

	




	
Comorbidities

	

	

	




	
Heart attack

	
3 (4.3%)

	
3 (5.1%)

	
0 (0%)




	
Hypertension

	
17 (24.3%)

	
16 (27.1%)

	
1 (9.1%)




	
Diabetes

	
1 (1.4%)

	
1 (1.7%)

	
0 (0%)








Abbreviations: BMI: body mass index; N0: no evidence of spread to lymph nodes; N1: spread to axillary lymph nodes; IDC: invasive ductal carcinoma; ILC: invasive lobular carcinoma; HR+: hormone receptor positive; HR-: hormone receptor negative; HER2-: human epidermal growth factor receptor 2 negative; HER2+: human epidermal growth factor receptor 2 positive; Ki-67: marker of proliferation Ki-67.













 





Table 2. Levels of AOPPs in breast cancer patients before and after treatment.
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	Feature/

Number of Patients (%)
	Pre-Treatment AOPP Concentration

[µM]

n = 70
	Post-Treatment AOPP Concentration

[µM]

n = 67 #
	Pre-Treatment vs. Post-Treatment AOPPs

n = 67 #

p-Value





	Surgery
	p = 0.5737
	p = 0.8831
	



	BCS + Radiotherapy

n = 58/55 (82.9%/82.1%)
	8.69

(1.17)
	8.40

(2.44)
	0.3260



	Mastectomy

n = 12/12

(17.1%/17.9%)
	8.89

(0.78)
	8.52

(2.72)
	0.6745



	Chemotherapy
	p = 0.3471
	p = 0.0283
	



	Anthracycline

n = 25/24 (35.7%/35.8%)
	8.84

(1.07)
	8.59

(2.29)
	0.6074



	Non-anthracycline

n = 10/9 (14.3%/13.4%)
	9.06

(0.86)
	10.24 *

(1.25)
	0.0996



	No

n = 35/34 (50%/50.7%)
	8.54

(1.19)
	7.82

(2.63)
	0.0778



	Endocrine therapy
	p = 0.9639
	p = 0.3461
	



	Tamoxifen

n = 35/34 (50%/50.7%)
	8.70

(1.06)
	8.08 **

(2.94)
	0.1910



	Inhibitor aromatase

n = 13/13 (18.6%/19.4%)
	8.68

(1.35)
	8.17

(2.09)
	0.2273



	Tamoxifen and inhibitor aromatase

n = 8/8 (11.4%/11.9%)
	9.00

(1.10)
	8.36

(1.66)
	0.1577



	Other type

n = 2/2 (2.9%/3%)
	8.54

(0.95)
	8.50

(0.45)
	0.9745



	No

n = 12/10 (17.1%/14.9%)
	8.70

(1.16)
	9.93

(1.46)
	0.0254



	Brachytherapy
	p = 0.6461
	p = 0.5656
	



	Yes

n = 36/36 (51.4%/53.7%)
	8.67

(1.23)
	8.58

(2.44)
	0.8275



	No

n = 34/31 (48.6%/46.3%)
	8.79

(0.97)
	8.23

(2.53)
	0.1815







Abbreviations: AOPP: advanced oxidation protein products; BCS: breast-conserving surgery. Data are expressed as a mean and standard deviation (SD). Significant differences are denoted in bold. The underlined p-values represent closeness to statistical significance.* p < 0.0086 vs. No chemotherapy; ** p < 0.0407 vs. No endocrine therapy; # The post-treatment AOPP measurements included 67 subjects due to a lack of biological samples from three women.













 





Table 3. AOPP levels in respect to clinical and pathological characteristics in breast cancer subjects.
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	Feature
	Number of

Patients (%)
	Pre-Treatment AOPP Concentration

[μM]

n = 70
	Post-Treatment AOPP Concentration

[μM]

n = 67 #
	Pre-Treatment vs. Post-Treatment AOPPs

n = 67 #

p-Value





	Tumour localisation
	
	p = 0.0056
	p = 0.5014
	



	Left breast
	35/33

(50%/49.3%)
	9.09

(1.09)
	8.63

(2.19)
	0.1685



	Right breast
	35/34

(50%/50.7%)
	8.36

(1.02)
	8.22

(2.74)
	0.7493



	Molecular subtypes


	
	p < 0.0001
	p < 0.0001
	



	Luminal A
	41/40

(58.6%/59.7%)
	8.23

(0.79)
	7.27 ***

(2.18)
	0.0102



	Luminal B HER2-
	14/14

(20%/20.9%)
	10.05 *

(0.86)
	10.20

(2.29)
	0.7808



	Luminal B HER2+

and Non-Luminal HER2+
	7/7

(10%/10.4%)
	9.24 **

(1.03)
	9.75

(0.98)
	0.4711



	Triple negative
	8/6

(11.4%/9%)
	8.50

(1.01)
	10.32

(1.39)
	0.0190



	Tumour diameter
	
	p =  0.0288
	p =  0.0006
	



	T1 2 cm
	45/43

(64.3%/64.2%)
	8.51

(1.03)
	7.68

(2.06)
	0.0174



	2 cm < T2 < 5 cm
	25/24

(35.7%/35.8%)
	9.11

(1.16)
	9.76

(2.61)
	0.1671



	Nodal status


	
	p = 0.8878
	p = 0.5610
	



	N0
	51/48

(72.9%/71.6%)
	8.74

(1.13)
	8.53

(2.33)
	0.5414



	N1
	19/19

(27.1%/28.4%)
	8.69

(1.09)
	8.14

(2.84)
	0.3264



	Stage of disease
	
	p = 0.1465
	p = 0.2139
	



	IA
	31/29

(44.3%/43.3%)
	8.51

(1.11)
	7.99

(1.91)
	0.2416



	IIA + IIB
	39/38

(55.7%/56.7%)
	8.90

(1.09)
	8.75

(2.80)
	0.6761



	Elston and Ellis grade
	
	p = 0.2782
	p = 0.0890
	



	G1 + G2
	53/51

(75.7%/76.1%)
	8.64

(1.20)
	8.13

(2.50)
	0.1016



	G3
	17/16

(24.3%/23.9%)
	8.98

(0.72)
	9.34

(2.17)
	0.4938



	Histological type
	
	p =  0.0115
	p = 0.1471
	



	IDC
	59/56

(84.3%/83.6%)
	8.87

(1.12)
	8.62

(2.45)
	0.4067



	ILC
	11/11

(15.7%/16.4%)
	7.96

(0.65)
	7.43

(2.46)
	0.4581







Abbreviations: AOPP: advanced oxidation protein products; HER2-: human epidermal growth factor receptor 2 negative; HER2+: human epidermal growth factor receptor 2 positive; N0: no evidence of spread to lymph nodes; N1: spread to axillary lymph nodes; IDC: invasive ductal carcinoma; ILC: invasive lobular carcinoma. Data are expressed as a mean and standard deviation (SD). Significant differences are denoted by bold. The underlined p-values represent closeness to statistical significance; * p < 0.0001 vs. Luminal A, p = 0.0001 vs. Triple negative; p = 0.0427 vs. Luminal B HER2+ and Non-Luminal HER2+; ** p = 0.0053 vs. Luminal A; *** p < 0.0001 vs. Luminal B HER2-; p = 0.0006 vs. Luminal B HER2+ and Non-Luminal HER2; p = 0.008 vs. Triple negative. # The post-treatment AOPP measurements included 67 subjects due to a lack of biological samples from three women.













 





Table 4. The AOPP concentrations according to molecular characteristics in breast cancer cases.
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Feature

	
Number of Patients (%)

	
Pre-Treatment AOPP

Concentration

[μM]

n = 70

	
Post-Treatment AOPP Concentration

[μM]

n = 67 #

	
Pre-Treatment vs. Post-Treatment AOPPs

n = 67 #

p-Value






	
Expression of Ki-67

	

	
p =  0.0001

	
p =  0.0041

	




	
<20%

	
43/42 (61.4%/62.7%)

	
8.35

(0.89)

	
7.79

(2.64)

	
0.1748




	
≥20%

	
27/25 (38.6%/37.3%)

	
9.36

(1.17)

	
9.56

(1.63)

	
0.7258




	
Expression of HER2



	

	
p = 0.2022

	
p = 0.1688

	




	
Positive

	
7/6

(10%/9%)

	
9.24

(1.03)

	
9.75

(0.98)

	
0.1918




	
Negative

	
63/61 (90%/91%)

	
8.67

(1.11)

	
8.29

(2.54)

	
0.4711




	
Hormone receptor status




	
ER+

	
59/58 (84.3%/86.6%)

	
p = 0.6436

8.70

(1.12)

	
p = 0.0200

8.15

(2.50)

	
0.0617




	
ER-

	
11/9 (15.7%/13.4%

	
8.87

(1.06)

	
10.19

(1.29)

	
0.0360




	
PR+

	
54/53 (77.1%/79.1%)

	
p = 0.2128

8.64

(1.15)

	
p = 0.0187

8.06

(2.59)

	
0.0739




	
PR-

	
16/14 (22.9%/20.9%)

	
9.03

(0.91)

	
9.79

(1.29)

	
0.0995




	
E-cadherin status

	

	
p = 0.0862

	
p = 0.2403

	




	
Positive

	
65/62 (92.9%/92.5%)

	
8.79

(1.11)

	
8.52

(2.44)

	
0.3643




	
Negative

	
5/5

(7.1%/7.5%)

	
7.91

(0.74)

	
7.17

(2.80)

	
0.5055








Abbreviations: AOPP: advanced oxidation protein products; Ki-67, proliferation marker; HER, human epidermal growth factor receptor 2; ER, oestrogen receptor; PR, progesterone receptor. Data are expressed as a mean and standard deviation (SD). Significant differences are denoted by bold. An underlined p-value represents closeness to statistical significance. # The post-treatment AOPP measurements included 67 subjects due to a lack of biological samples from three women.













 





Table 5. Pre-treatment levels of angiogenic biomarkers according to pre-treatment AOPP concentrations.






Table 5. Pre-treatment levels of angiogenic biomarkers according to pre-treatment AOPP concentrations.





	Parameter

[units]
	AOPP

Low

(<7.87 μM)

n = 12
	AOPP

Moderate

(7.87–9.45 μM)

n = 41
	AOPP

High

(>9.45 μM)

n = 17
	p-Value





	VEGF-A concentration

[pg/mL]
	36.78
	64.87
	74.12
	0.0051



	sVEGFR1 concentration

[pg/mL]
	80.82
	30.29
	24.45
	0.0685



	sVEGFR2 concentration

[pg/mL]
	8468.45
	9778.25
	9182.05
	0.8836







Abbreviations: AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A; sVEGFR1: soluble form of vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular endothelial growth factor receptor type 2. Significant differences are denoted by bold p-values. An underlined p-value represents closeness to statistical significance.













 





Table 6. Spearman’s correlation analysis between AOPPs and angiogenic factors.






Table 6. Spearman’s correlation analysis between AOPPs and angiogenic factors.





	
Parameters

[Concentration]

	
AOPP




	
Pre-Treatment

	
Post-Treatment




	
r

	
p

	
r

	
p






	
Pre-treatment AOPPs [μM]

	
---

	
---

	
0.4103

	
0.0006




	
Post-treatment AOPPs [μM]

	
0.4103

	
0.0006

	
---

	
---




	
Pre-treatment VEGF-A [pg/mL]

	
0.2415

	
0.0440

	
−0.0668

	
0.5914




	
Post-treatment VEGF-A [pg/mL]

	
0.1253

	
0.3013

	
0.1574

	
0.2033




	
Pre-treatment sVEGFR1 [pg/mL]

	
−0.1061

	
0.3822

	
−0.2317

	
0.0592




	
Post-treatment sVEGFR1 [pg/mL]

	
−0.0498

	
0.6822

	
−0.1085

	
0.3821




	
Pre-treatment sVEGFR2 [pg/mL]

	
−0.0369

	
0.7615

	
0.0128

	
0.9184




	
Post-treatment sVEGFR2 [pg/mL]

	
−0.1770

	
0.1426

	
−0.3330

	
0.0059








Abbreviations: AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A; sVEGFR1: soluble form of vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular endothelial growth factor receptor type 2; r: Spearman’s correlation coefficient; significant differences are denoted by bold p-values. An underlined p-value represents closeness to statistical significance.













 





Table 7. Results of predictive accuracy for pre-treatment AOPPs, VEGF-A, sVEGFR1, and sVEGFR2.
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	ROC Data
	Pre-Treatment AOPP

Concentration
	Pre-Treatment VEGF-A

Concentration
	Pre-Treatment sVEGFR1

Concentration
	Pre-Treatment sVEGFR2

Concentration





	AUC
	0.773
	0.597
	0.606
	0.532



	Youden index
	0.51
	0.28
	0.35
	0.18



	Cut-off point
	9.37
	74.12
	37.81
	4626.99



	Sensitivity (%)
	78
	81.8
	90.9
	18.2



	Specificity (%)
	72.7
	45.8
	44.1
	100.0



	Positive predictive Value (%)
	38.1
	22.0
	23.3
	100.0



	Negative predictive Value (%)
	93.9
	93.1
	96.3
	86.8



	Accuracy (%)
	77.1
	51.4
	51.4
	87.1



	p-Value
	0.0005
	0.3453
	0.1945
	0.7555







Abbreviations: AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A; sVEGFR1: soluble form of vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular endothelial growth factor receptor type 2; AUC: area under the curve. Significant differences are denoted by bold p-values.













 





Table 8. Results of predictive accuracy for post-treatment AOPPs, VEGF-A, sVEGFR1, sVEGFR2.
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	ROC Data
	Post-Treatment AOPP

Concentration
	Post-Treatment VEGF-A

Concentration
	Post-Treatment sVEGFR1

Concentration
	Post-Treatment sVEGFR2

Concentration





	AUC
	0.86
	0.532
	0.578
	0.596



	Youden index
	0.71
	0.24
	0.34
	0.25



	Cut-off point
	10.39
	39.92
	386.5
	7230.0



	Sensitivity (%)
	81.8
	36.4
	100.0
	63.6



	Specificity (%)
	89.3
	88.1
	33.9
	61.0



	Positive predictive Value (%)
	60.0
	36.4
	22.0
	23.3



	Negative predictive Value (%)
	96.2
	88.1
	100.0
	90.0



	Accuracy (%)
	88.1
	80.0
	44.3
	61.4



	p-Value
	<0.0001
	0.7817
	0.3178
	0.2455







Abbreviations: AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A; sVEGFR1: soluble form of vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular endothelial growth factor receptor type 2; AUC: area under the curve. Significant differences are denoted by bold p-values.













 





Table 9. Calculated medians and ROC cut-off point values of AOPPs before and after treatment.
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	Pre-Treatment AOPP

Concentration (μM)
	Post-Treatment AOPP

Concentration (μM)





	Medians
	8.74
	8.50



	ROC cut-off points
	9.37
	10.39










 





Table 10. Univariate analysis (Cox regression) of pre- and post-treatment levels of variables in relation to disease-free survival (DFS) and overall survival (OS).
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Univariate




	

	
DFS

	
OS




	
Variables

	
HR

	
95% CI

	
p-Value

	
HR

	
95% CI

	
p-Value






	
Pre-treatment AOPP concentration

	

	

	

	

	

	




	
Low vs. High

	
0.19

	
(0.04–0.89)

	
0.0346

	
0.25

	
(0.05–1.21)

	
0.0847




	
Post-treatment AOPP concentration

	

	

	

	

	

	




	
Low vs. High

	
0.08

	
(0.01–0.66)

	
0.0185

	
0.11

	
(0.01–0.86)

	
0.0358




	
Pre-treatment VEGF-A concentration

	

	

	

	

	

	




	
Low vs. High

	
1.89

	
(0.55–6.46)

	
0.3101

	
3.85

	
(0.80–18.56)

	
0.0924




	
Post-treatment VEGF-A concentration

	

	

	

	

	

	




	
Low vs. High

	
1.21

	
(0.37–3.96)

	
0.7552

	
1.28

	
(0.34–4.78)

	
0.7122




	
Pre-treatment sVEGFR1 concentration

	

	

	

	

	

	




	
Low vs. High

	
1.89

	
(0.55–6.46)

	
0.3102

	
3.86

	
(0.80–18.60)

	
0.0921




	
Post-treatment sVEGFR1 concentration

	

	

	

	

	

	




	
Low vs. High

	
1.26

	
(0.38–4.13)

	
0.7015

	
0.83

	
(0.22–3.11)

	
0.7873




	
Pre-treatment sVEGFR2 concentration

	

	

	

	

	

	




	
Low vs. High

	
0.85

	
(0.26–2.79)

	
0.7905

	
1.29

	
(0.35–4.80)

	
0.7057




	
Post-treatment sVEGFR2 concentration

	

	

	

	

	

	




	
Low vs. High

	
1.87

	
(0.55–6.39)

	
0.3181

	
3.76

	
(0.78–18.09)

	
0.0988








Abbreviations: DFS: disease-free survival; OS: overall survival; HR: hazard ratio; CI: Confidence interval; AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A; sVEGFR1: soluble form of vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular endothelial growth factor receptor type 2. Significant differences are marked by bold p-values.













 





Table 11. Multivariate analysis (Cox regression) of pre- and post-treatment levels of variables in relation to disease-free survival (DFS) and overall survival (OS).






Table 11. Multivariate analysis (Cox regression) of pre- and post-treatment levels of variables in relation to disease-free survival (DFS) and overall survival (OS).





	

	
Multivariate




	

	
DFS

	
OS




	
Variables

	
HR

	
95% CI

	
p-Value

	
HR

	
95% CI

	
p-Value






	
Pre-treatment AOPP concentration

	

	

	

	

	

	




	
Low vs. High

	
0.16

	
(0.03–0.82)

	
0.028

	
0.2

	
(0.04–1.10)

	
0.065




	
Post-treatment AOPP concentration

	

	

	

	

	

	




	
Low vs. High

	
0.08

	
(0.01–0.66)

	
0.019

	
0.09

	
(0.01–0.81)

	
0.031




	
Pre-treatment VEGF-A concentration

	

	

	

	

	

	




	
Low vs. High

	
1.45

	
(0.39–5.31)

	
0.578

	
2.81

	
(0.54–14.70)

	
0.22




	
Post-treatment VEGF-A concentration

	

	

	

	

	

	




	
Low vs. High

	
0.48

	
(0.07–3.26)

	
0.45

	
0.63

	
(0.07–5.37)

	
0.67




	
Pre-treatment sVEGFR1 concentration

	

	

	

	

	

	




	
Low vs. High

	
1.51

	
(0.41–5.59)

	
0.537

	
2.89

	
(0.56–15.04)

	
0.207




	
Post-treatment sVEGFR1 concentration

	

	

	

	

	

	




	
Low vs. High

	
0.91

	
(0.25–3.38)

	
0.893

	
0.66

	
(0.16–2.77)

	
0.568




	
Pre-treatment sVEGFR2 concentration

	

	

	

	

	

	




	
Low vs. High

	
0.38

	
(0.08–1.90)

	
0.239

	
0.6

	
(0.11–3.42)

	
0.568




	
Post-treatment sVEGFR2 concentration

	

	

	

	

	

	




	
Low vs. High

	
2.74

	
(0.73–10.18)

	
0.133

	
7.35

	
(1.16–46.77)

	
0.035








Abbreviations: disease-free survival; OS: overall survival; HR: hazard ratio; CI: Confidence interval; AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A; sVEGFR1: soluble form of vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular endothelial growth factor receptor type 2. Significant differences are marked by bold p-values. An underlined p-value represents closeness to statistical significance.













 





Table 12. Linear regression models for disease-free survival predictors in breast cancer patients.
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Model 1

	
Model 2

	
Model 3

	
Model 4






	
Pre-treatment AOPP concentration

	
Beta

p-value

	
0.3695

0.0018

	
0.4041

0.0007

	
0.4912

<0.0001

	
0.3663

0.0196




	
Post-treatment AOPP concentration

	
Beta

p-value

	
0.4737

<0.0001

	
0.4880

<0.0001

	
0.5805

<0.0001

	
0.4490

0.0015




	
Pre-treatment VEGF-A concentration

	
Beta

p-value

	
0.0482

0.7090

	
0.0934

0.4809

	
0.0990

0.4640

	
0.1416

0.2820




	
Post-treatment VEGF-A concentration

	
Beta

p-value

	
−0.0002

0.9986

	
0.0498

0.7076

	
0.0563

0.6744

	
0.0422

0.7304




	
Pre-treatment sVEGFR1 concentration

	
Beta

p-value

	
−0.2009

0.1029

	
−0.2184

0.0774

	
−0.2862

0.0198

	
−0.2234

0.0593




	
Post-treatment sVEGFR1 concentration

	
Beta

p-value

	
−0.1003

0.4106

	
−0.1328

0.2872

	
−0.1839

0.1413

	
−0.1222

0.3127




	
Pre-treatment sVEGFR2 concentration

	
Beta

p-value

	
0.0267

0.8426

	
0.0037

0.9783

	
0.0547

0.6890

	
0.1032

0.4371




	
Post-treatment sVEGFR2 concentration

	
Beta

p-value

	
−0.0978

0.4269

	
−0.1279

0.3059

	
−0.1177

0.3465

	
−0.0570

0.6405








Model 1 adjusted for age; Model 2 adjusted for age, BMI, parity, menopausal status; Model 3 adjusted for age, BMI, parity, menopausal status, and smoking status; Model 4 adjusted for age, BMI, parity, menopausal status, smoking status, tumour stage, tumour diameters, histological type, nodal involvement. Abbreviations: AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A; sVEGFR1: soluble form of vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular endothelial growth factor receptor type 2. Significant differences are denoted by bold p-values; an underlined p-value represents closeness to statistical significance.
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