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Abstract

:

Alpha-1 antitrypsin deficiency (AATD) is a neutrophilic inflammatory disorder that may result in local hypoxia, reactive oxygen and nitrogen species (ROS/RNS) production, and increased damage in adjacent tissues. This study aims to determine the impact of hypoxia on neutrophil oxidative stress profile in AATD patients. Neutrophils were isolated from AATD patients and control volunteers and exposed to hypoxia (1% O2 for 4 h), ROS/RNS, mitochondrial parameters, and non-enzymatic antioxidant defenses measured by flow cytometry. The expression of enzymatic antioxidant defenses was determined by qRT-PCR. Our results indicate that ZZ-AATD neutrophils produce higher amounts of hydrogen peroxide, peroxynitrite, and nitric oxide and decreased levels of the antioxidant enzymes catalase, superoxide dismutase, and glutathione reductase. Likewise, our results show a decrease in mitochondrial membrane potential, indicating that this organelle could be involved in the production of the reactive species observed. No decrease in glutathione and thiol levels were observed. The accumulation of substances with high oxidative capacity would explain the greater oxidative damage observed in proteins and lipids. In conclusion, our results indicate that, compared to MM control individuals, ZZ-AATD neutrophils show increased ROS/RNS production under hypoxic conditions opening a new rationale for using antioxidant therapies to treat the disease.
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1. Introduction


Alpha-1 antitrypsin deficiency (AATD) is a rare genetic condition characterized by low plasmatic levels of the protein alpha-1 antitrypsin (AAT), a protease inhibitor synthesized and secreted mainly by hepatocytes whose main function is to protect the lungs from proteolytic damage caused by proteolytic enzymes such as neutrophil elastase (NE) or proteinase-3. AAT is encoded by the SERPINA1 gene. More than 120 mutations have been described at this locus as being the S and Z alleles (as opposed to the normal M allele), the most common deficient forms of the protein. These mutations lead to AAT polymerization, which accumulates within the hepatocytes, resulting in chronic liver inflammation and leading in some patients to the development of cirrhosis and liver cancer. Consequently, low circulating AAT levels are observed in these patients, resulting in a reduced ability to inhibit NE and leading to chronic obstructive pulmonary disease (COPD). This situation is exacerbated by smoking and repeated and prolonged exposure to dust and smoke in occupational settings and polluting environments [1,2].



However, several studies have shown that the protease–antiprotease (NE vs. AAT) imbalance is insufficient to explain the disease’s clinical variability, indicating that other modifying factors might affect the prognosis of the disease. It has been proposed that oxidative stress could be one of these factors [1]. Oxidative stress results from the imbalance between pro-oxidant and antioxidant mechanisms in the body in favor of the former. It is characterized by the accumulation of highly reactive oxygen reactive species (ROS) and reactive nitrogen species (RNS) that can react with the nucleic acids, lipids, and proteins to oxidize them, causing irreversible cell damage and leading to tissue destruction [3].



AATD is a pro-inflammatory disorder where neutrophils play a central role [4,5]. Although neutrophils participate in the organism’s defense, an excessive activation leads to an increase in the release of proteases, pro-inflammatory cytokines, and the generation of oxidative stress associated with increased damage in the adjacent tissues [6]. In this regard, it has been shown that the number of neutrophils in the lungs of patients with AATD is significantly higher than in healthy individuals, which could contribute to the increased lung damage observed in some AATD patients [5].



Under physiological conditions, circulating neutrophils are exposed to a wide range of oxygen availability, from a pO2 of 13 kPa in the main arteries to 3 kPa in capillaries and venules (physiological hypoxia). In addition, some tissues become profoundly hypoxic in processes such as infection or inflammation (pathological hypoxia). Therefore, neutrophils can function effectively under these conditions since tissue hypoxia is part of the normal inflammatory process [6].



Despite these observations, most of our understanding of neutrophil signaling and function comes from research done under atmospheric oxygen (21% O2), which does not accurately represent the physiological or pathological environment in vivo [7,8]. These observations indicate the need to study neutrophil biology under hypoxic conditions, as this is the normal environment in which they perform their functions.



Therefore, this study aimed to ascertain how hypoxia affects the neutrophil oxidative stress profile in AATD patients. We hypothesize that hypoxia will induce oxidative stress in the neutrophils of AATD patients.




2. Materials and Methods


2.1. Study Subjects


Fifty-four AATD patients and seven voluntary controls admitted from January 2018 to September 2023 to the Pediatrics Units of the Hospital Clínico Universitario Valencia (HCUV) and Hospital de Manises (Valencia, Spain) were prospectively included in the study. Patients were categorized according to their AAT phenotype. Inclusion criteria were (1) patients diagnosed with AATD according to the American Thoracic Society/European Respiratory Society recommendations [9] and (2) control individuals with MM phenotype and no history or clinical findings that suggested a pulmonary or hepatic pathology. Exclusion criteria applicable to both groups were the following: (1) cardiac dysfunction; (2) active fever or infection; (3) autoimmune diseases; (4) neurological disorders; (5) psychiatric disorders; (6) cancer; (7) treatment with antioxidants 3 months prior to sampling collection; and (8) surgery < 3 months prior to sample collection.



This study was approved by the HCUV and Hospital de Manises (Valencia, Spain) Research Ethics Committees. Procedures were explained to the children and parents, and written informed consent was obtained from parents. This study was conducted according to the Ethical Principles for Medical Research on Human Beings of the Declaration of Helsinki.




2.2. Anamnesis and Physical Examination


Anthropometric measurements were obtained from all the participants using standard techniques. Body mass index (BMI) was calculated as the weight (Kg)/height (m2) ratio. The serum concentration of AAT was measured by nephelometry. AAT phenotypes were determined by isoelectric focusing of serum samples. Pulmonary function was determined by spirometry. Liver function was assessed by measuring aspartate aminotransferase (AST), alanine aminotransferase (ALT), and γ-glutamyl transferase (GGT). Vitamin status was determined by measuring plasmatic levels of vitamins A, D, and E. Normality values are shown in the legend of Table 1.




2.3. Isolation and Culture of Peripheral Blood Neutrophils


Anticoagulated blood (Vacutainer tubes containing K2EDTA. Becton Dickinson (Franklin Lakes, NJ, USA), Cat. # 367856) was obtained from patients and healthy volunteers after 12 h of fasting. Neutrophils were isolated by negative immunomagnetic selection (EasySep™, Cat. #19666; StemCell Technologies, Vancouver, BC, USA)) according to the manufacturer’s instructions. Purified neutrophils were incubated at 9 × 105/mL in RPMI (#R8758, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% inactivated fetal bovine serum (F7524, Sigma-Aldrich), 1% sodium pyruvate (S8636, Sigma-Aldrich), and 1% non-essential amino acids (M7145, Sigma-Aldrich) for 4 h at 37 °C, as previously described [10]. To enable gas exchange, the tissue culture medium was incubated under hypoxic conditions for 3 h before being added to the tissue culture flasks.




2.4. Priming and Stimulation of Neutrophils


Priming of neutrophils was performed by incubation with tumor necrosis factor-alpha (TNFα) (20 ng/mL) for 30 min, followed by an activation step with the N-Formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP) (100 nM) for 10 min as previously described [10].




2.5. Oxidative Stress Assessment


Reactive oxygen species (ROS), reactive nitrogen species (RNS), and oxidative damage to biomolecules (lipids and proteins) were measured by flow cytometry as previously described [11,12]. Briefly, 40,000 neutrophils were incubated in 96-well plates in darkness for 20 min at 37 °C under hypoxic conditions with the appropriate probe (see Supplementary Materials, Table S1). Dead cells were excluded from the analysis by adding 4′,6-diamidino-2-phenylindole (DAPI) or propidium iodide (PI). Positive control reactions using pro-oxidant and oxidative phosphorylation uncoupling agents were performed for each marker (Supplementary Table S1).



The fluorescence generated was measured using an LSR Fortessa X-20 cytometer (Beckman-Coulter, Brea, CA, USA). The FACS Dive 4.0 software (Beckman-Coulter) was used for data acquisition, and data analysis was performed with the FLOWJO v.10.1 software (Beckman-Coulter). Results were expressed as mean fluorescence intensity in arbitrary units.




2.6. Expression of Antioxidant Enzymes Assessment


Gene expression analysis of the main antioxidant enzymes: Catalase, Cu/Zn superoxide dismutase (Cu/Zn SOD), Mn superoxide dismutase (Mn SOD), Glutathione peroxidase (GPx), Glutathione Reductase (GR), and the Nuclear erythroid 2-related factor (Nrf2) were performed by Real-Time Quantitative Reverse Transcription PCR (qRT-PCR). Total RNA was isolated from 7 × 105 neutrophils using the NucleoSpin Triprep (#740966.50; Macherey-Nagel, Duren, Germany) following the manufacturer’s instructions. For the reverse transcription (RT), 20 ng of purified RNA was retrotranscribed with the High-capacity RNA to cDNA kit (#4387406; Thermofisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The cDNA was pre-amplified using gene-specific primers and probes (Thermofisher Scientific) for the main antioxidant enzymes using the pre-amplification Master Mix (#100-5744; Fluidigm, South San Francisco, CA, USA) according to the manufacturer’s instructions. Pre-amplified cDNA was amplified (PCR reaction) using the same gene-specific primers and probes used for the pre-amplification step and the TaqMan Gene Expression Master Mix (#4369016; Thermofisher Scientific) according to the manufacturer’s instructions. PCR conditions were: 2 min at 50 °C (to eliminate possible contamination from previous PCR reactions), 10 min at 95 °C for enzyme activation, followed by 2-step cycles (15 s at 95 °C; 1 min at 60 °C). The levels of B2 microglobulin were used in all samples to normalize differences in RNA input, RNA quality, and reverse transcription efficiency. Each sample was analyzed in duplicate, and the relative expression of each enzyme was calculated using the 2−∆∆Ct method [13]. Therefore, final results are expressed as the fold change of each enzyme gene expression relative to the MM group (reference sample), normalized to the B2 microglobulin expression.




2.7. Statistical Analysis


Data are reported as mean ± standard deviation (SD). The Shapiro–Wilk normality test was used for normality assessment. Data analysis was performed using ANOVA, followed post hoc by Tukey’s multiple comparison tests in cases where the variables followed a normal distribution. The Kruskal–Wallis test was used in cases where the variables followed a different distribution from the normal one. The chi-square test was applied for proportion comparisons. The 2-tailed p < 0.05 was considered statistically significant. Statistical analyses were performed using GraphPad Prism 9.0 Software (GraphPad, La Jolla, CA, USA).





3. Results


3.1. Anthropometric and Clinical Data


Demographic and clinical characteristics of patients and control individuals included in this study are presented in Table 1. A total of 54 AATD patients (31 MZ, 51%; 8 SZ 13%; 15 ZZ, 25%) and 7 healthy volunteers (MM, 11%) were included in this study.



No significant differences in age, sex, BMI, and pulmonary function test or liver damage markers between the groups were observed. Similarly, no significant differences were observed in vitamin A, D, and E levels. Significant differences between groups were observed in the AAT levels (Table 1).



These results indicate that all the individuals included in this study were clinically healthy according to their physical status and the pulmonary and liver tests.
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Table 1. Demographics and clinical characteristics of individuals included in this study.






Table 1. Demographics and clinical characteristics of individuals included in this study.





	Variable
	MM

(n = 7)
	MZ

(n = 31)
	SZ

(n = 8)
	ZZ

(n = 15)
	p-Value





	Age (years)
	11.00 ± 5.41
	7.61 ± 3.89
	10.13 ± 1.25
	6.69 ± 2.87
	0.06



	Male/Female (%)
	43/57
	52/48
	75/25
	54/46
	0.69



	AAT (mg·dL−1)
	148.50 ± 18.56
	85.27 ± 25.08
	57.38 ± 8.89
	26.22 ± 8.03
	<0.0001



	BMI (kg·m−2)
	16.00 ± 2.42
	17.47 ± 2.48
	17.24 ± 1.41
	17.50 ± 3.43
	0.99



	FEV1 %
	-
	102.50 ± 14.01
	107.9 ± 5.67
	102.6 ± 12.47
	0.57



	FVC %
	-
	98.69 ± 9.18
	100.1 ± 7.60
	98.44 ± 16.53
	0.59



	FEV1/FVC %
	-
	90.86 ± 6.64
	94.71 ± 6.69
	91.79 ± 5.22
	0.22



	AST (U·L−1)
	20.00 ± 4.61
	29.79 ± 6.57
	35.00 ± 1.00
	35.20 ± 6.00
	0.14



	ALT (U·L−1)
	23.17 ± 7.65
	22.76 ± 9.25
	22.14 ± 4.38
	32.33 ± 11.02
	0.11



	GGT (U·L−1)
	18.46 ± 2.75
	15.8 ± 2.69
	17.38 ± 3.42
	19.00 ± 1.00
	0.14



	Vitamin A (µg·dL−1)
	40.10 ± 12.57
	34.83 ± 11.11
	32.50 ± 7.09
	39.80 ± 13.94
	0.69



	Vitamin D (ng·ml−1)
	36.50 ± 10.88
	27.43 ± 9.81
	35.50 ± 7.27
	32.40 ± 10.46
	0.18



	Vitamin E (mg·L−1)
	9.25 ± 3.79
	10.87 ± 9.73
	10.40 ± 1.14
	11.72 ± 2.05
	0.14







Data are presented as mean ± standard deviation. Abbreviations are as follows: AAT, Alpha-1 antitrypsin; BMI, body mass index; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl-transferase; Normality values are as follows: AAT: 90–100 mg/dL, FEV1: ≥ 80% predicted, FVC: ≥ 80% predicted, FEV1/FVC: ≥ 80% predicted, AST: 1–37 U/L, ALT: 1–37 U/L, GGT: 1–55 U/L, Vitamin A: 20–60 µg/dL, Vitamin D: 20–50 ng/mL, Vitamin E: 5.5–17 mg/L. p-values lower than 0.05 were statistically significant (labeled in bold).












3.2. Oxidative Stress Profile


Markers of oxidative stress, mitochondrial, intracellular calcium, and oxidative damage to biomolecule parameters are shown in Supplementary Table S2.



3.2.1. Nitrogen Species Assessment


Significant differences in the oxidative stress status assessed by the O2− (p = 0.002), H2O2 (p = 0.002), ONOO− (p < 0.0001), and the NO (p = 0.028) levels were observed between groups (Figure 1). When compared to the control group, the ZZ patients showed significantly higher levels of H2O2 (p = 0.031), ONOO− (p < 0–0001), and NO (p = 0.014) and decreased O2− levels (p = 0.044). The MZ and the SZ patients also showed significantly lower levels of O2− levels than the control group (p = 0.009 and p = 0.003, respectively). No significant differences in H2O2 (p > 0.999 and p > 0.999), ONOO− (p = 0.623 and p = 0.136), and NO (p = 0.944 and p = 0.544) levels were observed between the control group and the MZ and the SZ groups. When patients’ groups were compared to each other, significant differences were observed in MZ vs. ZZ H2O2 (p = 0.003), ONNO− (p = 0.0002), and NO (p = 0.041) levels.




3.2.2. Mitochondrial Function and Intracellular Calcium Assessment


Significant differences were observed in the mitochondrial membrane potential (∆ψm) (p = 0.007). Compared to the control group, the MZ and the ZZ patients showed significantly decreased ∆ψm (p = 0.004 and p = 0.037, respectively). SZ patients also had lower ∆ψm than the control group, although the differences did not reach statistical significance (p = 0.9922). No significant differences in ∆ψm were observed when patient groups were compared to each other (Figure 2A). No significant differences were observed in the mitochondrial O2− between groups (p = 0.1978) (Figure 2B).



Similarly, no significant differences were observed in the intracellular calcium (iCa2+) levels (p = 0.2024) (Figure 2C).




3.2.3. Oxidative Damage to Biomolecules


Significant differences were observed in oxidized proteins (p = 0.041) and lipid peroxidation levels (p = 0.046) between groups (Figure 3). The SZ and ZZ patients showed significantly increased lipid peroxidation levels (p = 0.0245 and p = 0.0283, respectively). No significant differences were observed between the MZ and the control groups (p = 0.3275). No significant differences were observed when patients’ groups were compared to each other (Figure 3A).



Similarly, compared to the control group, the MZ, SZ, and ZZ patients showed significantly increased levels of oxidized proteins (p = 0.019, p = 0.023, and p = 0.005, respectively). No significant differences were observed when patients’ groups were compared to each other (Figure 3B).





3.3. Antioxidant Defense Systems in AATD


The enzymatic and non-enzymatic antioxidant system results are shown in Supplementary Table S3.



3.3.1. Expression of Antioxidant Enzymes


Significantly decreased Cu/Zn SOD and GR levels were observed between groups (p = 0.018 and p = 0.004, respectively) (Figure 4). Compared to the control group, the MZ, SZ, and ZZ patients showed significantly decreased levels of Cu/Zn (p = 0.1211, p = 0.013, and p = 0.014, respectively). When patients’ groups were compared to each other, no significant differences were observed (Figure 4A).



Significantly decreased levels of GR were observed between the ZZ and the control group (p = 0.014). The SZ and the MZ groups also showed lower levels of GR expression, although the results did not reach statistical significance (p = 0.103 and p = 0.633, respectively) (Figure 4B).



No significant differences were observed in catalase (p = 0.1782, Figure 4C), MnSOD (p = 0.2846, Figure 4D), GPx (p = 0.1182, Figure 4E), and Nrf2 (p = 0.4506, Figure 4F).




3.3.2. Non-Enzymatic Antioxidant Systems


Significant differences in GSH (p = 0.039) and reduced thiols (p = 0.014) between groups (Figure 5) were observed. Compared to the control group, SZ patients showed significantly elevated GSH levels (p = 0.034). No significant differences were observed between the MZ (p = 0.758), the ZZ (p > 0.999), and the control group. No significant differences were observed when patients were compared to each other (Figure 5A).



Similarly, SZ patients showed significantly elevated GSH levels (p = 0.011) (Figure 5B) compared to the control group. No significant differences were observed between the MZ (p = 0.294), the ZZ (p = 0.189), and the control group. No significant differences were observed when patients were compared to each other (Figure 5B).






4. Discussion


The ability of neutrophils to damage adjacent tissues is related to their activation state. Neutrophils are cells involved in the innate or nonspecific immune response and are the first cell type to reach sites of infection and inflammation, where they play a crucial role in host defense against microbial pathogens [6]. However, excessive or uncontrolled activation of neutrophils leads, on the one hand, to their degranulation and the release of proteolytic enzymes, whose accumulation in the extracellular space results in increased damage to adjacent tissues [6]. On the other hand, activated neutrophils increase their oxygen consumption which leads (through NADPH oxidase) to the generation of ROS and RNS, which, together with SOD, myeloperoxidase, H2O2, and hypochlorous acid, contributes to decreasing local O2 levels, creating a situation of local hypoxia and oxidative damage in the affected tissues [6]. Reactive oxygen and reactive nitrogen species are involved in various neutrophil processes beyond the oxidative burst, including modulation of the immune response, chemotaxis, adhesion, rolling, phagocytosis, and neutrophils extracellular traps (NETs) formation [14]. However, reactive species must be in balance with the antioxidant system since an excessive or insufficient presence of these species can lead to oxidative or reductive stress, which may affect cell physiology.



Beyond its antiprotease activity, AAT is an anti-inflammatory protein. Inflammation is accompanied by severe hypoxia within the affected tissue and is characteristic of various respiratory processes, such as COPD, cystic fibrosis, asthma, and AATD. Therefore, AATD is considered an inflammatory disease nowadays [4,5,15]. Several studies have demonstrated that the molecular mechanisms controlling inflammation and hypoxia interact significantly. A rise in plasma levels of pro-inflammatory cytokines (IL-6, TNF-alpha, and IL-1) was observed in mice subjected to hypoxic conditions [16]. Similarly, after a 3-day stay at a high altitude, healthy participants showed increased IL-6, IL-1RA, and C-reactive protein plasma levels [17]. Acute respiratory distress syndrome [18], COPD [19], and cystic fibrosis [20] are only a few of the acute and chronic respiratory disorders where this inflammation–hypoxia relationship has been reported so that airway-infiltrating neutrophils in these individuals may directly contribute to the hypoxia of affected tissues. Neutrophilic airway inflammation has been linked to both cystic fibrosis disease development and a decline in lung function in COPD patients [19,20].



Since tissue hypoxia is a natural component of inflammation, neutrophils, and macrophages, which are the cells that initiate the inflammatory response, have developed cellular and molecular mechanisms that enable them to operate properly in low-oxygen environments [6,21]. In addition, neutrophils are short-lived cells that easily undergo apoptosis in homeostasis to prevent degranulation, the release of proteinases, and subsequent cell damage. Nevertheless, neutrophil survival is greatly increased under hypoxic settings, which is likely to delay the healing of inflammation and accelerate tissue damage, possibly by causing the production of proteases and ROS [6,22]. In fact, it has been shown that the number of neutrophils found in the lungs of AATD patients is significantly increased, which will further contribute to a decrease in local O2 levels, increasing ROS/RNS production and leading to oxidative damage to biomolecules (DNA, lipids, and proteins) that will contribute to the development of lung tissue damage.



Overall, these observations indicate that oxidative stress may play an important role in neutrophil physiology in AATD patients. However, most studies have been performed under normoxic conditions (21% O2), which may not adequately reflect neutrophils’ physiological and pathophysiological conditions. Therefore, in this study, we set out to study the role of hypoxia in producing ROS/RNS by neutrophils from patients with AATD. Since, as previously mentioned, AATD is an inflammatory disease in which neutrophils play an important role, we hypothesized that local hypoxia associated with the inflammatory process would produce an increase in the generation of ROS/RNS by neutrophils [5].



Our results support that hypothesis. Increased oxidative stress in neutrophils from AATD patients, particularly those with the ZZ phenotype, is observed. Increased H2O2 levels in neutrophils isolated from asymptomatic ZZ children are observed. Accordingly, our results show a decreased expression of the antioxidant enzyme catalase in ZZ neutrophils. Catalase’s main function is the elimination of H2O2 in water and oxygen, thereby keeping the cell’s concentration of the molecule at its optimal level, which is necessary for cellular signaling activities. Low catalase levels would explain the H2O2 accumulation, which will induce the expression of glutathione peroxidase (GPx), a selenium-containing antioxidant enzyme that effectively reduces H2O2 and lipid peroxides to water and lipid alcohols.



Similarly, increased ONOO− and NO levels are observed in ZZ-AATD patients. High NO levels will outcompete endogenous levels of superoxide dismutase. NO will react quickly with O2− to form ONOO− an oxidant molecule that interacts with nucleic acids, lipids, and proteins via direct oxidative reactions or by radical-mediated mechanism [23,24].



A reduction in glutathione reductase (GR) expression was observed in neutrophils from ZZ children compared with MM controls. GR catalyzes the reduction of glutathione disulfide (GSSG) to reduced glutathione (GSH), one of the most abundant reducing thiols in most cells. Surprisingly, our results do not show a decrease in GSH levels, which could be explained as a GSH de novo synthesis. The maintenance of physiological GSH and reduced thiol levels could be explained as an adaptive mechanism to the increased oxidative stress observed.



Since mitochondria are one of the main ROS sources, we decided to investigate their role in producing reactive species in our study. Our study shows a decrease in mitochondrial membrane potential in ZZ patients, suggesting that this organelle could be involved in the increased production of reactive species observed.



In our study, we analyzed the levels of vitamins A, D, and E since they have an antioxidant capacity, and their deficiency could modify the oxidative profile of neutrophils. No significant differences were observed in the levels of these vitamins, indicating that a vitamin deficit is not the cause of increased oxidative stress.



The accumulation of substances with high oxidative capacity, such as hydrogen peroxide and peroxynitrite, would explain the increased oxidative damage to the biomolecules, as confirmed by increased carbonylated proteins (MZ, SZ, and ZZ) and lipid peroxidation levels (ZZ) in neutrophils from AATD children.



Our results are in agreement with previous studies. Several groups have shown that oxidative stress contributes to liver and lung damage development in animal models of AATD [25,26,27]. Our research group has previously shown that oxidative stress produced by reduced antioxidant defenses is involved in the AATD pathophysiology and is associated with an increased risk of developing lung and/or liver disease. Our studies have shown that patients with intermediate (SZ phenotype) and high (ZZ phenotype) risk of developing emphysema and/or liver disease related to AATD showed significantly higher levels of oxidative damage markers in DNA (8-OHdG), lipids (MDA), and oxidized proteins (carbonylation). Compared to the control group, the intermediate- and high-risk groups showed significantly lower levels of total glutathione and reduced glutathione, a decrease in catalase activity, leading to an accumulation of H2O2, which would explain the significantly increased levels of oxidative stress markers observed in these patients. Additionally, a gradation in oxidative stress parameters was observed when patients were compared with each other, as the expression of the Z allele produces a higher oxidative stress state in homozygous (ZZ) than heterozygous (MZ; SZ) patients [28]. Subsequent studies by our research group demonstrated that AATD patients have significantly shorter telomeres than control individuals [29]. Recently, our group has shown that replacement therapy initially (day 2 after infusion) decreases H2O2 levels in ZZ patients. This situation is reversed 7 days after the initial AAT infusion, where H2O2 levels increase again, suggesting a possible role in oxidative stress regulation of replacement therapy [30]. These data suggest that oxidative stress could play an important role in the decline of lung and/or liver function in AATD, a situation that could be reversed by replacement therapy.



Our study has several limitations that we would like to point out. The greatest limitation is the low number of patients with the SZ and ZZ phenotypes, which is not surprising given the low prevalence of these phenotypes diagnosed. The small sample size of each group could pose a problem in reaching definitive conclusions. However, the significant differences observed in some of the analyzed parameters indicate that the results should not vary significantly after increasing the sample size. Possible sex/gender differences were not examined for the same reason. One of the main advantages of this study is that neutrophils were obtained from clinically healthy AATD children. All patients included in this study had normal liver enzyme makers, normal respiratory function (assessed by spirometry performed in this study and previous X-ray and CT scans that revealed no signs of lung damage), and normal liver function tests. Since children do not use tobacco or alcohol, the bias caused by these factors can be avoided, allowing the findings to be attributed to AATD and not to the impact of confounding factors.



As far as we know, this is the first time that the role of hypoxia in neutrophil oxidative stress in AATD patients has been investigated. Since hypoxia is involved in the pathophysiology of many respiratory diseases, including COPD, cystic fibrosis, and asthma, basic research into hypoxia can reveal new cellular processes that could be used to develop new therapeutic strategies.



The main contribution of this study to current knowledge on AATD neutrophil oxidative stress production relies upon the effects of hypoxia, which induces an imbalance in the oxidative stress equilibrium in ZZ-AATD patients, suggesting that neutrophils of these patients have a greater capacity to damage adjacent tissues.




5. Conclusions


At this point, we would like to emphasize that this study was not designed to evaluate the differences between hypoxia and “normoxia” but to assess the effect of hypoxia on the AATD neutrophils, as this is a neutrophils’ physiological situation and is also the situation in which some AATD patients find themselves in more advanced stages of the disease. Our study is important since it has been shown that cell cultures in hyperoxia fail to reproduce physiological and pathological conditions in vivo, even altering cellular response to drugs and hormones. In conclusion, our results indicate that, compared to MM control individuals, ZZ-AATD neutrophils show increased ROS/RNS production under hypoxic conditions opening up a new rationale for using antioxidant therapies to treat the disease.
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Figure 1. Reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS and RNS were measured by flow cytometry, as indicated in the text. Alpha-1 antitrypsin deficiency patients showed significantly decreased superoxide (O2−) levels (A) and increased hydrogen peroxide (H2O2) (B), peroxynitrite (ONOO−) (C), and nitric oxide (NO) (D) than control individuals. AFU: Arbitrary Fluorescence Units. Asterisks indicate the level of statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. 
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Figure 2. Mitochondrial function and intracellular calcium assessment. Mitochondrial membrane potential (∆ψm), superoxide anion (O2−), and intracellular calcium (iCa2+) were measured by flow cytometry, as indicated in the text. Alpha-1 antitrypsin deficiency MZ and ZZ patients showed significantly decreased ∆ψm (A) than control individuals. No significant differences were observed in O2− (B) and iCa2+ (C). AFU: Arbitrary Fluorescence Units. Asterisks indicate the level of statistical significance: * p < 0.05, ** p < 0.01. 
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Figure 3. Oxidative damage to biomolecules. Protein and lipid oxidation was measured by flow cytometry, as indicated in the text. Alpha-1 antitrypsin deficiency patients showed significantly elevated oxidized proteins (A) and lipids (B) levels than control individuals. AFU: Arbitrary Fluorescence Units. Asterisks indicate the level of statistical significance: * p < 0.05, ** p < 0.01. 
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Figure 4. Relative expression of the main antioxidant enzymes and the Nrf2 factor. Relative expression of Cu/Zn Superoxide Dismutase (Cu/Zn SOD) (A), Glutathione Reductase (GR) (B), Catalase (C), MnSOD (D), Glutathione Peroxidase (GPx), (E) and Nuclear erythroid 2-related factor (Nrf2) (F) were determined by qRT-PCR, as indicated in the text. Asterisks indicate the level of statistical significance: * p < 0.05. 






Figure 4. Relative expression of the main antioxidant enzymes and the Nrf2 factor. Relative expression of Cu/Zn Superoxide Dismutase (Cu/Zn SOD) (A), Glutathione Reductase (GR) (B), Catalase (C), MnSOD (D), Glutathione Peroxidase (GPx), (E) and Nuclear erythroid 2-related factor (Nrf2) (F) were determined by qRT-PCR, as indicated in the text. Asterisks indicate the level of statistical significance: * p < 0.05.



[image: Antioxidants 12 00872 g004]







[image: Antioxidants 12 00872 g005 550] 





Figure 5. Non-enzymatic antioxidants in AATD patients. Reduced glutathione (A) and reduced thiols (B) were measured by flow cytometry, as indicated in the text. Asterisks indicate the level of statistical significance: * p < 0.05. 
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