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Abstract

:

We investigated alterations in the levels of the antioxidant paraoxonase-1 (PON1) and the lipoprotein profile (analyzed by nuclear magnetic resonance) in patients with lung cancer (LC) or head and neck cancer (HNC), and the effects produced thereon by radiotherapy (RT). We included 33 patients with LC and 28 patients with HNC. Before irradiation, and one month after completion of RT, blood samples were obtained. The control group was composed of 50 healthy subjects. Patients had significantly lower serum PON1 activity and concentration before RT than the control group. PON1-related variables were good predictors of the presence of LC or HNC, with analytical sensitivities and specificities greater than 80%. Patients showed a significant increase in the number of particles of all subclasses of very-low-density lipoproteins (large, medium and small). However, these changes were not maintained when adjusted for age, sex, and other clinical and demographic variables. Irradiation was associated with a significant increase in PON1 concentration and, only in patients with HNC, with an increase in high-density lipoprotein-cholesterol concentration. Our results suggest that determinations of the levels of PON1-related variables may constitute good biomarkers for the evaluation of these diseases. Studies with a larger number of patients are needed to fully confirm this hypothesis.
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1. Introduction


Lung cancer (LC) and head and neck cancer (HNC) are among the most common malignant diseases in the world, and are the leading causes of cancer-related death in both men and women [1,2]. Genetic susceptibility, lifestyle factors, and environmental agents are important contributors to the etiology of LC or HNC. Both types of cancer share tobacco smoking as a carcinogen that strongly contributes to their etiology. One of the deleterious effects of smoking is an increase in oxidative stress. This derangement and consequent lipid peroxidation are involved in the oncogenesis process [3]. Moreover, it has been observed that oxidized low-density lipoproteins (LDL) were are associated with oxidative stress-related cancers [4]. Recent studies suggest that paraoxonase-1 (PON1) plays a significant role in the pathophysiology of malignant diseases. PON1 is an antioxidant enzyme that degrades oxidized lipids in lipoproteins and cells. This enzyme is synthesized mainly by the liver, and is found in the membranes of many cell types, particularly in the epithelia, as well as in the circulation bound to high-density lipoproteins (HDL) [5,6]. The original function attributed to PON1 is thought to be lipolactonase [7]; it is this catalytic capacity that enables the enzyme to degrade lipid peroxides. Several studies have reported that a His115-His134 dyad is necessary for PON1 lactonase activity, as well as for the degradation of oxidized lipids. The antioxidant function of this enzyme seems to involve the lactonization of oxidized lipids containing hydroxyl groups at the 5′-position, yielding lysophosphatidylcholine and δ-valerolactone products which are hydrolyzed again by the enzyme [8]. In addition, PON1 has esterase activity and degrades organophosphate xenobiotics such as paraoxon (C10H14N1O6P1), phenyl acetate (C8H8O2) and nerve agents [6]. Several studies have reported a decrease in serum PON1 activity in LC or HNC patients [3,9], and people exposed to organophosphate insecticides have a higher incidence of LC than the non-exposed population [10]. However, PON1 is not the only component of the HDL particles to have been associated with cancer. Indeed, low HDL-cholesterol concentrations have been reported to be a risk factor for LC [11]. Recent nuclear magnetic resonance (NMR) methods have allowed researchers to perform a detailed characterization of lipoprotein particles and obtain more information than with conventional biochemical methods [12].



The current preferred treatment of LC and HNC cancers is radiotherapy (RT) combined with chemotherapy. RT is an effective oncological treatment, but it can produce different physiological responses due to disease heterogeneity and sensitivity to treatment. Different studies have shown that metabolism plays a critical role during oncogenesis development. However, there is still a lack of information about the metabolic response to RT. If the effects of RT on tumor cells and changes on patient metabolism were better known, specialists would be able to improve the planning and follow-up of these patients. Nowadays, there is a paucity of studies on the effects of RT on PON1-related variables and lipoprotein characteristics in patients with LC or HNC.



The aims of our study were to investigate the alterations in serum PON1 activity and concentration and the lipoprotein profile (analyzed by NMR) in LC and HNC in order to relate these changes with the clinical and pathological characteristics of these patients and their response to treatment, and to determine the effects produced by RT on these parameters.




2. Materials and Methods


We included 33 patients diagnosed as having LC (78% male; age: 65–79 years old) and 28 patients diagnosed as having HNC (89% male; age: 56–73 years old), which attended the Department of Radiation Oncology of our Hospital. The Karnofsky Index was higher than 70 in all patients, who were classified using the Eastern Cooperative Oncology Group scale (0 or 1) [13]. Patients that had previously received RT at the same cancer site or were pregnant or breastfeeding were excluded. LC patients were diagnosed as having non-small cell lung cancer needing radical RT treatment. The radiation schedule was normofractionated RT (total dose 60–66 Gy at 2 Gy/day, 5 days/week) for LC, and normofractionated loco-regional RT (total dose 60–70 Gy according to the stage, at 2 Gy/day, 5 days/week), for HNC, using the Volumetric Modulated Arc Therapy method (Varian RapidArc®, Varian Medical Systems, Palo Alto, CA, USA). Criteria from Radiation Therapy Oncology Group and the European Organization for Research and Treatment of Cancer were used to weekly assess acute toxicity during RT [14]. Before and one month after irradiation, sera and EDTA-plasma samples were obtained and immediately stored at −80 °C until used for biochemical analyses. Fourteen LC patients were also treated with cisplatin (50 mg/m2) and etoposide (50 mg/m2) IV every 3 weeks, and 11 HNC patients received cisplatin (100 mg/m2) IV every 3 weeks concomitant to radiation therapy. A detailed description of the clinical characteristics of the LC or HNC patients and their treatments is shown in Table 1.



Patients were followed for up to one year, and response-to-treatment was assessed by computed tomography scan or magnetic resonance imaging. In some patients, assessments were complemented with positron emission tomography. Complete response (CR) was defined as the disappearance of all lesions and lymph nodes <10 mm. Partial response (PR) was defined as a ≥30% decrease in the sum of target disease compared with baseline scan. Progression of disease (PD) comprised an increase in the sum of ≥20% and >0 5 mm compared with the smallest sum obtained during follow-up. Disease-free survival (DFS) was defined as the time from the diagnosis to recurrence and/or metastasis, whichever was earliest. Loco-regional progression of the disease (LPD) was defined as a time elapsed between diagnosis and loco-regional recurrence or death dates. Distant progression of the disease (DD) was defined as a time elapsed between diagnosis and metastasis or death dates [15].



The control group was composed of 50 healthy subjects (50% male; age: 35–47 years old) participating in a population-based study conducted in our geographical area. The study was approved by the Ethics Committee (Institutional Review Board) of the Hospital Universitari de Sant Joan (project code: 14/2017). Written informed consents were obtained from all patients according to the declaration of Helsinki. Exclusion criteria included evidence of infectious disease, renal insufficiency, hepatic damage, neoplasia, or mental illness [16].



Serum PON1 esterase activity was measured by analyzing the hydrolysis of phenyl acetate (arylesterase activity, ARE), as previously described [17]. An in-house, enzyme-linked, immunosorbent assay (ELISA) was used to determine serum PON1 concentration with a rabbit polyclonal antibody generated against the synthetic peptide CRNHQSSYQTRLNALREVQ, which is a specific sequence for mature PON1 [18]. The ARE specific activity is an estimate of the enzymatic activity per molecule of PON1, and was calculated as the ratio between the respective activities and concentrations. Total blood hemoglobin and platelets were measured in a Sysmex XN analyzer (Roche Diagnostics, Risch-Rotkreuz, Switzerland).



The Liposcale Test was used to determine lipid content, particle number and size of lipoproteins in plasma samples by NMR [12]. The methyl signal of 2D 1H-NMR spectra was deconvoluted with lorentzian functions corresponding to 9 subclasses, i.e., large, medium and small, of main lipoprotein classes (VLDL, LDL and HDL). Lipid content was obtained from the area of each function whereas diffusion coefficient of each function was associated with lipoprotein particle size. To determine lipid volumes, common conversion factors were used [19]. Finally, data from lipid content and lipoprotein particle size were combined to determine particle number of each lipoprotein subclass.



A Kolmogorov-Smirnov test was used to assess the distribution characteristics of variables. Mann-Whitney U-test (non-parametric) was used to assess differences between any two groups of variables. The Spearman correlation coefficient was used to evaluate the degree of association between quantitative variables. The χ-square test was employed to evaluate differences in qualitative variables. Binary logistic regression analysis was employed to investigate the independent association between clinical and demographic characteristics, PON1-related variables and the presence or absence of disease. The diagnostic accuracy of measured biochemical variables was assessed by receiver operating characteristics (ROC) curve which employs plots of sensitivity/specificity based on decision thresholds. Sensitivity (or true positive rate) represents those samples correctly identified as disease-associated. Specificity (or true negative rate) represents those subjects correctly identified as not being affected by a specific disease. The false positive rate was calculated as 1-specificity. The area under the curve (AUC) and 95% confidence interval (CI) values were also determined. The AUC represents the capacity of the compound to correctly distinguish between patients with or without the investigated alteration. The values of AUC can vary between 1 (perfect test) and 0.5 (worthless test) [20]. For some biochemical measurements, we performed a multivariate analysis of pattern recognition, including the unsupervised principal component analysis (PCA) and the supervised partial least squares discriminant analysis (PLSDA). Variable importance in the projection (VIP) score was used to test the relative significance of obtained results [21]. All statistical analyses and related graphics were obtained with GraphPad Prism software 6.01 (GraphPad Software, San Diego, CA, USA), SPSS Software (IBM SPSS Statistics for Windows, Version 25.00 Armonk, NY.) and MetaboAnalyst 4.0 (www.metaboanalyst.ca). Statistically significant differences were considered when the p value was ≤0.05.




3. Results


3.1. Changes in PON1-Related Variables and Lipoprotein Profile in Patients with LC or HNC


Both types of patients had significantly lower serum ARE activity and PON1 concentration before RT than the control group. Irradiation was associated with a significant increase in PON1 concentration and a further decrease in the enzymatic activity. Consequently, specific activity after RT was lower than before. ROC plots showed that PON1 concentration and ARE activity are excellent predictors of the presence of LC or HNC, with AUCs superior to 0.90 The analytical sensitivity and specificity of ARE and PON1 determinations were greater than 80% for both LC and HNC (Figure 1). Binary logistic regression analysis showed that PON1-related variables were associated with the presence or absence of disease, independent of differences in sex, age and clinical variables (Table 2 and Table 3).



We found several changes in the pre-RT lipoprotein profile of the LC or HNC patients compared with the control group. Both types of patients showed a significant increase in the number of VLDL particles of all sizes, without changes in the number of particles of the other lipoproteins or in their diameters. Irradiation was not associated with any significant change in these parameters compared to pre-RT values (Figure 2).



LC patients had significantly higher VLDL- and IDL-cholesterol concentrations before RT, and higher triglycerides in all lipoprotein fractions. RT did not produce any significant changes in these variables (Table 4). HNC patients had significantly higher IDL-cholesterol concentrations before RT, and higher triglyceride levels in all lipoprotein fractions. In these patients, RT was associated with a significant increase in HDL-cholesterol concentrations (Table 5). This change was not due to an augmented cholesterol load per particle, since the ratios between cholesterol concentrations and the number of HDL particles was not significantly different before and after RT; therefore, it must be explained by an increase in the number of particles (Supplementary Table S1).



Figure 3 shows the heatmaps, PCA, and PLDSA analyses of the changes in lipoprotein profile in LC patients. PCA did not show any global difference between these patients and the control group. To identify the most important lipoproteins related to LC, we evaluated VIP scores. This score measures modification of a variable associated with the disease state i.e., the higher the VIP score, the more relevant the classification. The VIP analysis identified VLDL-triglycerides as the most relevant components (Figure 3A). We also did not observe any significant global difference in the lipoprotein profile of LC patients before and after RT. In this case, VIP analysis identified VLDL-cholesterol as the most relevant component (Figure 3B). Very similar results were obtained in HNC patients, but in this disease, VIP score identified HDL-cholesterol as the component most strongly affected by RT (Figure 4).



Globally, differences in the pre-RT lipoprotein profile between LC and HNC patients and the control subjects were small and did not vary between groups. Multiple regression analysis showed that differences in age and smoking status may account for these alterations (Supplementary Table S2). We did not find any significant correlation (Spearman’s ρ test) between serum PON1 concentration or ARE activity and the lipoprotein-related variables (data not shown).




3.2. Relationships Between the Analytical Variables and the Clinical and Pathological Characteristics of the Patients


Patients with LC who presented a CR to the treatment had significantly lower pre-RT PON1 concentrations and greater specific activities than the rest of the patients. Patients with stabilization of the disease had lower post-RT ARE activities. In relation to clinical status, patients with LC who presented a distant recurrence of their disease had significantly higher post-RT ARE activities and specific activities. Toxic reactions to RT, such as epithelitis and lung toxicity, were associated with lower PON1 concentrations in LC (Figure 5A). We did not find any significant association between toxicity and PON1-related variables in HNC, but higher ARE activities were found in patients with clinical stage III, as were higher specific activities in patients with intermediate-low size tumors (Figure 5B). Results are shown in detail in Supplementary Tables S3–S5.





4. Discussion


Several studies have reported decreased serum PON1 activity in LC and HNC [3,22,23,24,25,26]. This antioxidant enzyme is particularly abundant in epithelial tissue [27,28]. PON1 in lung tissue is localized in Clara cells, endothelial cells, and type I cells of the alveolar epithelium. Epithelial cells located in the respiratory portion of the lung or in the upper gastrointestinal tract can be exposed to tobacco smoke and reactive oxygen substances released by environmental toxicants [29]. Decreased serum PON1 activities in LC and HNC can be due to at least two factors which are not mutually exclusive: First, oxidative stress inhibits PON1 activity, since the PON1 active site for lipid peroxide hydrolysis requires a free sulfhydryl group at cysteine 284; PON1 degrades lipid peroxides by reacting covalently with this site which leading to enzyme inactivation [30]. Hence, the net result of increased oxidative stress is decreased PON1 activity. Second, the present study shows that the decrease in enzymatic activity is associated with a decrease in the serum concentration of the enzyme, suggesting an inhibition of PON1 hepatic synthesis. In this regard, LC and HNC differ from other types of cancer, such as breast cancer, in which we reported a decrease in serum PON1 activity [31], but without changes in concentration, and in other types of noncommunicable diseases associated with oxidative stress, in which an increase in the serum concentration of PON1 is often observed together with low enzyme activities [32].



The cause of these differences between diseases or types of cancer cannot be deduced from the present study, but it is feasible that different factors that induce cancer produce different effects in the synthesis of PON1. Indeed, it has already been described that some xenobiotics inhibit the hepatic synthesis of PON1, probably through the inhibition of peroxisome proliferator-activated receptor delta [33]. Therefore, the possibility exists that toxic xenobiotics present in tobacco smoke are causal factors of the decreased serum PON1 concentration.



Probably the most striking result of the present study is the high analytical sensitivity and specificity of the measurements of ARE activity and/or PON1 concentration in the discrimination between healthy subjects and patients with LC or HNC. Our results suggest that these determinations may be of great interest for the study of these two types of cancer. Actually, these results are logical, because cigarette smoke and its multiple ingredients have a strong carcinogenic activity, and while the mechanisms by which these carcinogenic agents act are complex and not fully understood, there is little doubt that oxidative damage and inflammation play a significant role [34,35]. Unfortunately, the epidemiological studies carried out so far lack adequate biomarkers for the study of oxidative stress in LC and HNC. Our study suggests that the determinations of ARE and/or PON1 can be useful markers for this purpose. Furthermore, as far as we know, this is the first study to investigate associations of the PON1-related variables with the clinical and pathological characteristics of the patients and their tumors and the response to treatment with RT. The finding of higher concentrations of PON1, together with unmodified ARE activities in patients who presented lung toxicity or epithelitis, suggest a compensatory attempt of the organism to increase the levels of this enzyme; this raises questions about the potential usefulness of the treatment with oral antioxidants for the reduction of these toxic reactions. Similarly, it is interesting to note that patients with LC who presented a CR had lower PON1 serum concentrations than those who presented a partial response or did not respond to RT; this could also be a compensatory increase in the synthesis of this enzyme in patients who do not respond correctly to treatment.



Obviously, our results should be validated and confirmed using wider series of patients and from different geographic locations. On the other hand, ARE and PON1 measurements are presently still in use for research purposes only, and have some drawbacks in the clinical routine: The determination of ARE is simple and economical, but the substrate is quite unstable and does not lack a certain toxicity. The determination of the concentration of PON1 can be carried out by ELISA and, although we employed an in-house method, several companies have commercialized reliable reagents. However, the determination of serum PON1 concentration with commercial kits is relatively expensive, and these methods have not been automated yet. We believe that if the analytical utility of serum ARE and PON1 is confirmed, simpler methods should be developed, through the development of biosensors or methods applicable to automatic analyzers, for their practical application in the daily clinic.



We observed several differences in the lipoprotein profile between healthy subjects and patients with LC or HNC. Our study is novel in that NMR methods allowed us to not only determine the concentrations of lipids in all the lipoprotein fractions, but also to observe the number of particles and their size. The most consistent alteration was a marked increase in triglyceride concentrations in all fractions, while LC patients had increased cholesterol levels in VLDL and IDL, and HNC patients, in IDL. This increase in VLDL-triglycerides was associated with an increase in the number of particles, but not in their size. These results show the presence of a pro-atherogenic lipoprotein profile in patients with LC or HNC. Several studies have investigated alterations in lipoprotein levels in these diseases. Decreased HDL-cholesterol concentrations have been reported in patients with oral cancer [36,37] or LC [11,38,39,40]. Our results differ from these studies. Also, studies differ on the existence of alterations in non-HDL lipoproteins in these types of cancer. We do not know the cause, but it is possible that differences in lifestyle, exposure to toxins, and the small number of patients investigated by most studies account in part for these discrepancies [41]. Moreover, our patients were older and had a higher proportion of men than the control group. Multiple regression analysis showed that differences in lipid parameters were not maintained when adjusted for age and sex. Notwithstanding the above, all researchers agree that the investigation of lipoprotein alterations in patients with LC or HNC is a subject of clinical importance, since these patients present a pro-atherogenic lipoprotein profile and, in addition, lipoproteins play an important role in tumor survival and progression, supplying triglycerides as fuel for energy metabolism and the cholesterol that enters in the composition of lipid rafts, which are key elements in the signaling pathways of tumor cells [11]. Changes in the apolipoprotein composition of HDL particles are likely to be found in cancer and/or irradiation, and will not necessarily be reflected in alterations in the cholesterol concentration. Sproull et al. [42,43] found that serum amyloid A (SAA) levels were increased in mice 24 h after irradiation, and suggested that SAA might be a useful biomarker for radiation exposure in a variety of total- and partial-body irradiation settings. In addition, a proteomic study from Wang el al. [44] reported that SAA may be a marker of pneumonitis in LC. Irradiation has also been reported to increase the levels of apolipoprotein E-enriched HDL in rats, while lipid peroxidation increased and vitamin E decreased [45]. Research on biomarkers regarding the efficacy of radiation therapy in cancer, as well as exposure levels and the associated toxic response, is an obvious clinical need [46]. Globally, studies suggest that the compositional changes of HDL particles is a field with great potential interest.



Information on the metabolic changes produced by RT in patients with LC or HNC is scarce. In the present study, we found an increase in the serum PON1 concentration with a decrease in ARE activity and a consequent decrease in specific activity. These results indicate a decrease in the antioxidant defenses that may suggest that the administration of oral antioxidants could be of clinical utility. We have only found one other article that investigated the changes in the activity of PON1 produced by RT in patients with HNC, which, similar to us, found an increase in oxidative stress and a decrease in the activities of several antioxidant enzymes, including PON1 [47].




5. Conclusions


We concluded that patients with LC or HNC presented a significant decrease in pre-RT serum ARE activity and PON1 concentration compared to healthy subjects. Conversely, changes observed in the lipoprotein profile were small and were not maintained when adjusted for age, sex, and other clinical and demographic variables. Our results suggest that determinations of the levels of PON1-related variables may constitute good biomarkers for the evaluation of these diseases. Studies with a larger number of patients are needed to confirm this hypothesis.
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Author Contributions


Conceptualization, E.R.-T., M.A. (Meritxell Arenas) and J.C.; methodology, E.R.-T., M.M., M.A. (Mònica Arguís), M.G., N.A., X.C., L.T., S.S., G.B.-G., N.C., F.L.-M., A.H.-A. and I.F.-G.; software, E.R.-T.; validation, M.A. (Meritxell Arenas) and J.C.; formal analysis, J.C.; investigation, E.R.-T. M.A. (Meritxell Arenas), M.M., M.A. (Mònica Arguís) and J.C.; resources, M.A. (Meritxell Arenas) and J.C.; data curation, E.R.-T. and J.C.; writing—original draft preparation, E.R.-T. and J.C.; writing—review and editing, M.A. (Meritxell Arenas), J.C. and J.J.; visualization, J.C.; supervision, J.J.; project administration, M.A. (Meritxell Arenas), J.C. and J.J.; funding acquisition, M.A. (Meritxell Arenas), J.C. and J.J.




Funding


This research was funded by Associació Oncològica Amadeu Pelegrí (AODAP), Salou, Spain, grant number AODAP/2015.




Acknowledgments


The authors thank the members of the AODAP together with all the volunteers from Salou and the surrounding areas for their enthusiastic support for our research.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Dela Cruz, C.S.; Tanoue, L.T.; Matthay, R.A. Lung cancer: Epidemiology, etiology, and prevention. Clin. Chest Med. 2011, 32, 605–644. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, N.; Fedewa, S.; Chen, A.Y. Epidemiology and demographics of the head and neck cancer population. Oral Maxillofac. Surg. Clin. N. Am. 2018, 30, 381–395. [Google Scholar] [CrossRef] [PubMed]

	



Elkiran, E.T.; Mar, N.; Aygen, B.; Gursu, F.; Karaoglu, A.; Koca, S. Serum paraoxonase and arylesterase activities in patients with lung cancer in a Turkish population. BMC Cancer 2007, 7, 48. [Google Scholar] [CrossRef] [PubMed]

	



Barrera, G. Oxidative stress and lipid peroxidation products in cancer progression and therapy. ISRN Oncol. 2012, 2012, 137289. [Google Scholar] [CrossRef] [PubMed]

	



Aviram, M.; Rosenblat, M. Paraoxonases 1, 2, and 3, oxidative stress, and macrophage cell formation during atherosclerosis development. Free Radic. Biol. Med. 2004, 37, 1304–1316. [Google Scholar] [CrossRef] [PubMed]

	



Camps, J.; Marsillach, J.; Joven, J. The paraoxonases: Role in human diseases and methodological difficulties in measurement. Crit. Rev. Clin. Lab. Sci. 2009, 46, 83–106. [Google Scholar] [CrossRef] [PubMed]

	



Khersonsky, O.; Tawfik, D. Structure-reactivity studies of serum paraoxonase PON1 suggest that its native activity is lactonase. Biochemistry 2005, 44, 6371–6382. [Google Scholar] [CrossRef] [PubMed]

	



Ponce-Ruiz, N.; Murillo-González, F.E.; Rojas-García, A.E.; Mackness, M.; Bernal-Hernández, Y.Y.; Barrón-Vivanco, B.S.; González-Arias, C.A.; Medina-Díaz, I.M. Transcriptional regulation of human paraoxonase 1 by nuclear receptors. Chem. Biol. Interact. 2017, 268, 77–84. [Google Scholar] [CrossRef] [PubMed]

	



Mutlu, M.; Korkmaz, M.H.; Simsek, E.; Terzi, E.; Oz Bedir, B.E.; Uysal, T.K.; Bayir, O.; Saylam, G.; Guler, O.O. Do CO(2) and oxidative stress induce cancer?: A brief study about the evaluation of PON 1, CAT, CA and XO enzyme levels on head and neck cancer patients. J. Enzyme Inhib. Med. Chem. 2019, 34, 459–464. [Google Scholar] [CrossRef] [PubMed]

	



Jones, R.R.; Barone-Adesi, F.; Koutros, S.; Lerro, C.C.; Blair, A.; Lubin, J.; Heltshe, S.L.; Hoppin, J.A.; Alavanja, M.C.; Beane Freeman, L.E. Incidence of solid tumours among pesticide applicators exposed to the organophosphate insecticide diazinon in the Agricultural Health Study: An updated analysis. Occup. Environ. Med. 2015, 72, 496–503. [Google Scholar] [CrossRef] [PubMed]

	



Chi, P.D.; Liu, W.; Chen, H.; Zhang, J.P.; Lin, Y.; Zheng, X.; Liu, W.; Dai, S. High-density lipoprotein cholesterol is a favorable prognostic factor and negatively correlated with C-reactive protein level in non-small cell lung carcinoma. PLoS ONE 2014, 9, e91080. [Google Scholar] [CrossRef] [PubMed]

	



Mallol, R.; Amigó, N.; Rodríguez, M.A.; Heras, M.; Vinaixa, M.; Plana, N.; Rock, E.; Ribalta, J.; Yanes, O.; Masana, L.; et al. Liposcale: A novel advanced lipoprotein test based on 2D diffusion-ordered 1H NMR spectroscopy. J. Lipid Res. 2015, 56, 737–746. [Google Scholar] [CrossRef] [PubMed]

	



Sloan, J.A.; Loprinzi, C.L.; Laurine, J.A.; Novotny, P.J.; Vargas-Chanes, D.; Krook, J.E.; O’Connell, M.J.; Kugler, J.W.; Tirona, M.T.; Kardinal, C.G.; et al. A simple stratification factor prognostic for survival in advanced cancer: The good/bad/uncertain index. J. Clin. Oncol. 2001, 9, 3539–3546. [Google Scholar] [CrossRef] [PubMed]

	



Bots, W.T.; van den Bosch, S.; Zwijnenburg, E.M.; Dijkema, T.; van den Broek, G.B.; Weijs, W.L.J.; Verhoef, L.C.G.; Kaanders, J.H. Reirradiation of head and neck cancer: Long-term disease control and toxicity. Head Neck 2017, 39, 1122–1130. [Google Scholar] [CrossRef] [PubMed]

	



Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.; Mooney, M.; et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. J Cancer 2009, 45, 228–247. [Google Scholar] [CrossRef] [PubMed]

	



Aranda, N.; Viteri, F.E.; Montserrat, C.; Arija, V. Effects of C282Y, H63D, and S65C HFE gene mutations, diet, and life-style factors on iron status in a general Mediterranean population from Tarragona, Spain. Ann. Hematol. 2010, 89, 767–773. [Google Scholar] [CrossRef]

	



Gaita, L.; Manzi, B.; Sacco, R.; Lintas, C.; Altieri, L.; Lombardi, F.; Pawlowski, T.L.; Redman, M.; Craig, D.W.; Huentelman, M.J.; et al. Decreased serum arylesterase activity in autism spectrum disorders. Psychiatry Res. 2010, 180, 105–113. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, S.T.; Wadleigh, D.J.; Grijalva, V.; Ng, C.; Hama, S.; Gangopadhyay, A.; Shih, D.M.; Lusis, A.J.; Navab, M.; Fogelman, A.M. Human paraoxonase-3 is an HDL-associated enzyme with biological activity similar to paraoxonase-1 protein but is not regulated by oxidized lipids. Arterioscler. Thromb. Vasc. Biol. 2001, 21, 542–547. [Google Scholar] [CrossRef]

	



Jeyarajah, E.J.; Cromwell, W.C.; Otvos, J.D. Lipoprotein particle analysis by nuclear magnetic resonance spectroscopy. Clin. Lab. Med. 2006, 26, 847–870. [Google Scholar] [CrossRef]

	



Zweig, M.H.; Campbell, G. Receiver-operating characteristics (ROC) plots: A fundamental evaluation tool in clinical medicine. Clin. Chem. 1993, 39, 561–577. [Google Scholar]

	



Grootveld, M. Introduction to the applications of chemometric techniques in ‘Omics’ research: Common pitfalls, misconceptions and ‘rights and wrongs’. In Metabolic Profiling: Disease and Xenobiotics; Grootveld, M., Ed.; Royal Society of Chemistry: Cambridge, UK, 2014; pp. 1–34. [Google Scholar]

	



Krzystek-Korpacka, M.; Boehm, D.; Matusiewicz, M.; Diakowska, D.; Grabowski, K.; Gamian, A. Paraoxonase 1 (PON1) status in gastroesophageal malignancies and associated paraneoplastic syndromes- connection with inflammation. Clin. Biochem. 2008, 41, 804–811. [Google Scholar] [CrossRef] [PubMed]

	



Karaman, E.; Uzun, H.; Papila, I.; Balci, H.; Ozdilek, A.; Genc, H.; Yanardag, H.; Papila, C. Serum paraoxonase activity and oxidative DNA damage in patients with laryngeal squamous cell carcinoma. J. Craniofac. Surg. 2010, 21, 1745–1749. [Google Scholar] [CrossRef] [PubMed]

	



Balci, H.; Genc, H.; Papila, C.; Can, G.; Papila, B.; Yanardag, H.; Uzun, H. Serum lipid hydroperoxide levels and paraoxonase activity in patients with lung, breast, and colorectal cancer. J. Clin. Lab. Anal. 2012, 26, 155–160. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, J.M.; Sung, H.J.; Yoon, Y.H.; Kim, B.G.; Yang, W.S.; Lee, C.; Park, H.M.; Kim, B.J.; Kim, B.G.; Lee, S.Y.; et al. Integrated glycoproteomics demonstrates fucosylated serum paraoxonase 1 alterations in small cell lung cancer. Mol. Cell. Proteom. 2014, 13, 30–48. [Google Scholar] [CrossRef] [PubMed]

	



Arenas, M.; Rodríguez, E.; Sahebkar, A.; Sabater, S.; Rizo, D.; Pallisé, O.; Hernández, M.; Riu, F.; Camps, J.; Joven, J. Paraoxonase-1 activity in patients with cancer: A systematic review and meta-analysis. Crit. Rev. Oncol. Hematol. 2018, 127, 6–14. [Google Scholar] [CrossRef] [PubMed]

	



Marsillach, J.; Mackness, B.; Mackness, M.; Riu, F.; Beltrán, R.; Joven, J.; Camps, J. Immunohistochemical analysis of paraoxonases-1, 2, and 3 expression in normal mouse tissues. Free Radic. Biol. Med. 2008, 45, 146–157. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigo, L.; Hernandez, A.F.; Lopez-Caballero, J.J.; Gil, F.; Pla, A. Immunohistochemical evidence for the expression and induction of paraoxonase in rat liver, kidney, lung and brain tissue. Implications for its physiological role. Chem. Biol. Interact. 2001, 137, 123–137. [Google Scholar] [CrossRef]

	



Eom, S.Y.; Yim, D.H.; Lee, C.H.; Choe, K.H.; An, J.Y.; Lee, K.Y.; Kim, Y.D.; Kim, H. Interactions between paraoxonase 1 genetic polymorphisms and smoking and their effects on oxidative stress and lung cancer risk in a Korean population. PLoS ONE 2015, 10, e0119100. [Google Scholar] [CrossRef]

	



Aviram, M.; Rosenblat, M.; Billecke, S.; Erogul, J.; Sorenson, R.; Bisgaier, C.L.; Newton, R.S.; La Du, B. Human serum paraoxonase (PON 1) is inactivated by oxidized low density lipoprotein and preserved by antioxidants. Free Radic. Biol. Med. 1999, 26, 892–904. [Google Scholar] [CrossRef]

	



Arenas, M.; García-Heredia, A.; Cabré, N.; Luciano-Mateo, F.; Hernández-Aguilera, A.; Sabater, S.; Bonet, M.; Gascón, M.; Fernández-Arroyo, S.; Fort-Gallifa, I.; et al. Effect of radiotherapy on activity and concentration of serum paraoxonase-1 in breast cancer patients. PLoS ONE 2017, 27, e0188633. [Google Scholar] [CrossRef]

	



Camps, J.; García-Heredia, A.; Hernández-Aguilera, A.; Joven, J. Paraoxonases, mitochondrial dysfunction and non-communicable diseases. Chem. Biol. Interact. 2016, 259, 382–387. [Google Scholar] [CrossRef] [PubMed]

	



Marsillach, J.; Camps, J.; Ferré, N.; Beltran, R.; Rull, A.; Mackness, B.; Mackness, M.; Joven, J. Paraoxonase-1 is related to inflammation, fibrosis and PPAR delta in experimental liver disease. BMC Gastroenterol. 2009, 9, 3. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, J.M.; Carmella, S.G.; Wang, R.; Tan, Y.T.; Adams-Haduch, J.; Gao, Y.T.; Hecht, S.S. Relationship of the oxidative damage biomarker 8-epi-prostaglandin F2α to risk of lung cancer development in the Shanghai Cohort Study. Carcinogenesis 2018, 39, 948–954. [Google Scholar] [CrossRef] [PubMed]

	



Şahin, F.; Aslan, A.F. Relationship between inflammatory and biological markers and lung cancer. J. Clin. Med. 2018, 7, 160. [Google Scholar] [CrossRef] [PubMed]

	



Chawda, J.G.; Jain, S.S.; Patel, H.R.; Chaduvula, N.; Patel, K. The relationship between serum lipid levels and the risk of oral cancer. Indian J. Med. Paediatr. Oncol. 2011, 32, 34–37. [Google Scholar] [CrossRef] [PubMed]

	



Acharya, S.; Rai, P.; Hallikeri, K.; Anehosur, V.; Kale, J. Serum lipid profile in oral squamous cell carcinoma: Alterations and association with some clinicopathological parameters and tobacco use. Int. J. Oral Maxillofac. Surg. 2016, 45, 713–720. [Google Scholar] [CrossRef]

	



Lin, X.; Lu, L.; Liu, L.; Wei, S.; He, Y.; Chang, J.; Lian, X. Blood lipids profile and lung cancer risk in a meta-analysis of prospective cohort studies. J. Clin. Lipidol. 2017, 11, 1073–1081. [Google Scholar] [CrossRef]

	



Carreras-Torres, R.; Johansson, M.; Haycock, P.C.; Wade, K.H.; Relton, C.L.; Martin, R.M.; Davey Smith, G.; Albanes, D.; Aldrich, M.C.; Andrew, A.; et al. Obesity, metabolic factors and risk of different histological types of lung cancer: A Mendelian randomization study. PLoS ONE 2017, 12, e0177875. [Google Scholar] [CrossRef]

	



Hao, B.; Yu, M.; Sang, C.; Bi, B.; Chen, J. Dyslipidemia and non-small cell lung cancer risk in Chinese population: A case-control study. Lipids Health Dis. 2018, 17, 278. [Google Scholar] [CrossRef]

	



Lyu, Z.; Li, N.; Wang, G.; Feng, X.; Chen, S.; Su, K.; Li, F.; Wei, L.; Li, X.; Xie, S.; et al. Independent and joint associations of blood lipids and lipoproteins with lung cancer risk in Chinese males: A prospective cohort study. Int. J. Cancer 2019, 144, 2972–2984. [Google Scholar] [CrossRef]

	



Sproull, M.; Kramp, T.; Tandle, A.; Shankavaram, U.; Camphausen, K. Serum amyloid A as a biomarker for radiation exposure. Radiat. Res. 2015, 184, 14–23. [Google Scholar] [CrossRef] [PubMed]

	



Sproull, M.; Kramp, T.; Tandle, A.; Shankavaram, U.; Camphausen, K. Multivariate analysis of radiation responsive proteins to predict radiation exposure in total-body irradiation and partial-body irradiation models. Radiat. Res. 2017, 187, 251–258. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.S.; Chang, H.J.; Chang, Y.C.; Huang, S.C.; Ko, H.L.; Chang, C.C.; Yeh, Y.W.; Jiang, J.S.; Lee, C.Y.; Chi, M.S.; et al. Serum amyloid a as a predictive marker for radiation pneumonitis in lung cancer patients. Int. J. Radiat. Oncol. Biol. Phys. 2013, 85, 791–797. [Google Scholar] [CrossRef] [PubMed]

	



Feurgard, C.; Bayle, D.; Guézingar, F.; Sérougne, C.; Mazur, A.; Lutton, C.; Aigueperse, J.; Gourmelon, P.; Mathé, D. Effects of ionizing radiation (neutrons/gamma rays) on plasma lipids and lipoproteins in rats. Radiat. Res. 1998, 150, 43–51. [Google Scholar] [CrossRef] [PubMed]

	



Ossetrova, N.I.; Stanton, P.; Krasnopolsky, K.; Ismail, M.; Doreswamy, A.; Hieber, K.P. Biomarkers for radiation biodosimetry and injury assessment after mixed-field (neutron and gamma) radiation in the mouse total-body irradiation model. Health Phys. 2018, 115, 727–742. [Google Scholar] [CrossRef]

	



Sehitogulları, A.; Aslan, M.; Sayır, F.; Kahraman, A.; Demir, H. Serum paraoxonase-1 enzyme activities and oxidative stress levels in patients with esophageal squamous cell carcinoma. Redox Rep. 2014, 19, 199–205. [Google Scholar] [CrossRef]








[image: Antioxidants 08 00213 g001 550]





Figure 1. Serum paraoxonase-1 (PON1) concentration, arylesterase (ARE) activity, PON1 specific activity, and receiver operating characteristics (ROC) curves in patients with (A) lung cancer (LC) or (B) head and neck cancer (HNC) before and after radiotherapy (RT). Results are shown as means and standard errors. ap < 0.01, bp < 0.001, with respect to the control group; cp < 0.05, dp < 0.01, ep < 0.001, with respect to pre-radiotherapy, by the Mann-Whitney U-test. 
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Figure 2. Number and diameter of the different lipoprotein particles in patients with lung cancer (LC) (A), head and neck cancer (HNC) (B) before and after radiotherapy (RT) and in the control group. Values are log transformed due to the high variability of particle sizes and numbers. Results are shown as means and standard errors. HDL: high-density lipoproteins; IDL: intermediate-density lipoproteins; LDL: low-density lipoproteins; VLDL: very-low-density lipoproteins. The suffix −P indicates number of particles, and the suffix −Z indicates the particle diameter. ap < 0.05, bp < 0.01, cp < 0.001, with respect to the control group by the Mann-Whitney U-test. 






Figure 2. Number and diameter of the different lipoprotein particles in patients with lung cancer (LC) (A), head and neck cancer (HNC) (B) before and after radiotherapy (RT) and in the control group. Values are log transformed due to the high variability of particle sizes and numbers. Results are shown as means and standard errors. HDL: high-density lipoproteins; IDL: intermediate-density lipoproteins; LDL: low-density lipoproteins; VLDL: very-low-density lipoproteins. The suffix −P indicates number of particles, and the suffix −Z indicates the particle diameter. ap < 0.05, bp < 0.01, cp < 0.001, with respect to the control group by the Mann-Whitney U-test.



[image: Antioxidants 08 00213 g002]







[image: Antioxidants 08 00213 g003 550]





Figure 3. Principal component analysis (PCA) scores, heatmaps, and variable importance in projection (VIP) scores of the partial least squares discriminant analysis (PLSDA) in lung cancer (LC) patients vs. the control group (A) and in LC patients before and after radiotherapy (B). HDL: high-density lipoproteins; IDL: intermediate-density lipoproteins; LDL: low-density lipoproteins; VLDL: very-low-density lipoproteins. The suffix −P indicates number of particles, and the suffix −Z indicates the particle diameter. 
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Figure 4. Principal component analysis (PCA) scores, heatmaps, and variable importance in projection (VIP) scores of the partial least squares discriminant analysis (PLSDA) in head and neck cancer (HNC) patients vs. the control group (A) and in HNC patients before and after radiotherapy (B). HDL: high-density lipoproteins; IDL: intermediate-density lipoproteins; LDL: low-density lipoproteins; VLDL: very-low-density lipoproteins. The suffix −P indicates number of particles, and the suffix −Z indicates the particle diameter. 
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Figure 5. Relationships between paraoxonase-1-related variables and the toxicity to radiotherapy, clinical status, and response to treatment in patients with lung cancer (A) or head and neck cancer (B). Results are shown as means and standard errors. ap < 0.05, bp < 0.01, by the Mann-Whitney U-test. CR: complete response; DD: distant recurrence of the disease; DFS: disease-free survival; LDPD: loco-regional and distant progression of the disease; LPD: loco-regional progression of the disease; PD: progression of the disease. PON1: paraoxonase-1; PR: partial response; RT: radiotherapy; SD: stabilization of the disease. 
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Table 1. Clinical and demographic characteristics of the lung cancer and the head and neck cancer patients and the control group.
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	Clinical and Demographic Characteristics
	Control Group

n = 50
	Lung Cancer

n = 33
	Head and Neck Cancer

n = 28
	p-Value *





	Age, years
	42 (35–47)
	72 (65–79)
	65 (56–73)
	<0.001



	Male sex, n (%)
	25 (50.0)
	26 (78.8)
	25 (89.3)
	<0.001



	Alcohol habit (>20 g/day), n (%)
	15 (30.0)
	8 (24.2)
	11 (39.3)
	0.042



	Smoking, n (%)

Current smoker

Former smoker
	 

17 (34.0)

0 (0.0)
	 

14 (42.4)

17 (51.5)
	 

16 (57.1)

6 (21.4)
	 

<0.001

 



	Hypertension, n (%)
	4 (8.0)
	19 (57.6)
	17 (60.7)
	<0.001



	Type 2 diabetes 