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Abstract

:

Ambient fine particulate matter (PM) exposure associates with an increased risk of cardiovascular diseases (CVDs). Major sex differences between males and females exist in epidemiology, pathophysiology, and outcome of CVDs. Endothelial progenitor cells (EPCs) play a vital role in the development and progression of CVDs. PM exposure-induced reduction of EPCs is observed in male, not female, mice with increased reactive oxygen species (ROS) production and oxidative stress. The lung is considered an important source of ROS in mice with PM exposure. The aim of the present study was to investigate the sex differences in pulmonary superoxide dismutase (SOD) expression and ROS production, and to test the effect of SOD mimic Tempol on the populations of EPCs in mice with PM exposure. Both male and female C57BL/6 mice (8–10 weeks) were exposed to intranasal PM or vehicle for 6 weeks. Flow cytometry analysis demonstrated that PM exposure significantly decreased the levels of EPCs (CD34+/CD133+) in both blood and bone marrow with increased ROS production in males, but not in females. ELISA analysis showed higher levels of serum IL-6 and IL-1βin males than in females. Pulmonary expression of the antioxidant enzyme SOD1 was significantly decreased in males after PM exposure, but not in females. Administration of the SOD mimic Tempol in male mice with PM exposure attenuated the production of ROS and inflammatory cytokines, and preserved EPC levels. These data indicated that PM exposure-induced reduction of EPC population in male mice may be due to decreased expression of pulmonary SOD1 in male mice.
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1. Introduction


Ambient fine particulate matter (PM) is the key component of air pollution. PM is categorized according to aerodynamic diameter into coarse (PM10, diameter < 10 μm), fine (PM2.5, diameter < 2.5 μm), and ultrafine (PM0.1, diameter < 0.1 μm) [1]. Exposure to PM2.5 and PM0.1 are linked with increased cardiovascular morbidity and mortality as they can penetrate small airways and alveoli [2]. Long- or short-term PM2.5 exposure enhances the development and progression of cardiovascular diseases (CVDs), including ischemic heart disease, heart failure, arrhythmias, hypertension, and atherosclerosis [3,4]. Endothelial cell (EC) dysfunction plays a critical role in the pathogenesis of CVDs [5,6]. Endothelial progenitor cells (EPCs) that are primarily derived from bone marrow or tissue-resident cells can restore dysfunctional endothelium and maintain normal cardiovascular function [7]. Abnormalities in the number and function of EPCs are closely related to CVDs including atherosclerosis and myocardial infarction [8,9]. Previous studies have shown that PM exposure reduces the number and function of EPCs in both animals and human subjects [10,11].



PM exposure increases reactive oxygen species (ROS) production and oxidative stress [12,13]. Uncontrolled oxidative stress and excessive ROS production are among the leading causes for a variety of CVDs, such as atherosclerosis, hypertension, cardiomyopathy, and myocardial infarction [14,15]. Our previous study has demonstrated that PM exposure selectively decreases the circulating EPCs population in male mice via increased oxidative stress and apoptosis, but the molecular mechanisms were not clear [16]. Several studies have shown that oxidative stress in the lung is the key initiator for PM exposure-induced reduction of EPCs [12,17]. Superoxide dismutase-1 (SOD1), an antioxidant enzyme which is mainly expressed in the mitochondrial intermembrane space and cytosol, is closely associated with PM exposure-induced generation of ROS primarily from site III of the mitochondrial electron transport chain [18]. Respiratory deposition of PM in the lung leads to pulmonary ROS formation and initiates inflammatory responses and oxidative stress [19]. Preventing PM2.5 exposure-induced pulmonary oxidative stress using lung-specific overexpression of ecSOD in mice has been shown to restore EPC levels in blood and bone marrow [12]. However, it is unclear if there is a significant difference in SOD expression in the lung between males and females with PM exposure.



Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) is a SOD mimic that catalyzes superoxide anion (O2.−) to hydrogen peroxide (H2O2) [20]. Tempol has been shown to attenuate ROS generation, improve cardiac function and insulin sensitivity, and decrease blood pressure [21,22,23]. Treatment of spontaneous hypertensive rats with Tempol increases the number of circulating EPCs in association with decreased levels of oxidation [24]. Tempol also protects mouse lungs from oxidative damage and inflammation induced by cigarette smoke exposure [25]. However, it is unclear if Tempol could prevent PM exposure-induced reduction of EPCs. The present study was designed to test the hypothesis that pulmonary SOD expression was selectively decreased in males in association with increased ROS production and decreased EPC levels. The objectives were: (1) to investigate the sex differences in pulmonary SOD expression in response to PM exposure in mice; and (2) to determine if treatment with the SOD mimic Tempol could prevent PM exposure-induced ROS production and reduction of EPCs in mice.




2. Materials and Methods


2.1. PM Exposure and Animal Model


The animal study was performed according to the “Guide for the Care and Use of Laboratory Animals of the US National Institutes of Health.” All animal protocols and experiments were reviewed and approved by the Animal Care and Usage Committee of the University of Missouri-Columbia, MO, USA (#9227, 9 May 2018). Both male and female wild-type C57 BL/6 mice (8–10 weeks old, from the Jackson Laboratory, Bar Harbor, ME, USA) were randomly divided into control and PM exposure groups. Different sources of PM contain different components with different sizes. The composition of PM is a mixture of various particles including metals, crustal materials, and bio-aerosols [16,26]. Since the deleterious effects on cardiovascular system related to PM exposure is predominantly induced by PM2.5, the PM preparation of <4 μm (Standard Reference Materials 2786 from The National Institute of Standards and Technology) was used in the present study to ensure consistency and reproducibility as described in our previous study [16]. PM particles were prepared in endotoxin-free PBS with a concentration of 0.5 µg/μL. Mice were anesthetized with 2% isoflurane and exposed to 10 µg PM three times per week for 6 weeks via intranasal instillation, with endotoxin-free PBS as control as described [10,16]. To decrease the ROS level, mice were pre-treated with SOD mimic Tempol (1 mM in drinking water, Sigma, Saint Louis, MO, USA) for 24 h prior to PM exposure with continuation of Tempol treatment for the rest of experiment as described [27]. This mouse model with Tempol in drinking water has been well established with the plasma Tempol concentration of 6 to 7 μmol/L [27,28,29].




2.2. Flow Cytometry Analysis for EPCs, Intracellular ROS Level and Cell Apoptosis


Blood cells and bone marrow cells were collected and prepared from mice after 6 weeks of PM or vehicle exposure for analysis of EPCs, intracellular ROS level and apoptosis following the removal of red blood cells (RBC) using RBC lysis buffer as described [10,16]. For EPC analysis, CD34+/CD133+ cell population was determined using flow cytometry as described [11,16,30]. The antibodies of CD34+ AF700 and CD133+ APC were purchased from BioLegend (San Diego, CA, USA). Intracellular ROS level in CD34+/CD133+ cells were quantitatively measured using FITC-ROS detection reagents (Invitrogen) as described [16,31]. The cells were incubated with the reagent at 37 °C for 10 min. After 2 times of washing with PBS, the labeled cells were suspended in warm PBS and analyzed with flow cytometry. The apoptotic rate of EPCs was determined using the FITC Annexin V apoptosis detection kit from BD (Cat#556547) as per the manufacturer’s protocol. The fluorescence-positive cells were quantitatively evaluated using a Flow Cytometer LSR II (BD Bioscience, San Jose, CA, USA) and software FlowJo_V10.




2.3. Measurement of Inflammatory Cytokines


Mouse blood samples were obtained after 6 weeks of PM or vehicle exposure. Serum was prepared with centrifuging the blood samples for 20 min at 300 g. The pro-inflammatory cytokines interleukin (IL)-1β (Cat#432604), and IL-6 (Cat#431304) were measured with a mouse cytokine 32-plex discovery assay by Eve Technologies, Corp. (Calgary, AB, Canada) or with an ELISA kit (BioLegend, San Diego, CA, USA).




2.4. Western Blot


Mouse lung tissue was collected after 6 weeks of PM exposure. The protein was extracted for Western Blot analysis. SOD1 primary antibody (1:800, ThermoFisher, Berkeley, MO, USA, Cat # MA1-105), β-actin (1:2000, Santa Cruz, Dallas, TX, USA, #sc-47778 HRP), and corresponding secondary antibodies (1:2000, CST, Cat #7076) were incubated with the protein preparations according to the manufacturer’s recommendation. Immunoreactive bands were visualized using chemiluminescence (ECL Kit; Pierce Biotechnology, Waltham, MA, USA) and captured with a LI-COR molecular imager. The total intensity of the band for each protein was calculated with Image Studio from LI-COR Biosciences and normalized to that of β-actin.




2.5. Statistical Analysis


All data were presented as mean ± standard error of the mean (SEM) and analyzed using GraphPad Prism 8.4.2. (GraphPad, San Diego, CA, USA) and SPSS Statistics 18.0 (IBM Corp., Armonk, NY, USA). One-way ANOVA (analysis of variance) with Tukey’s post hoc analysis was used to analyze the data. A p value of <0.05 was considered statistically significant.





3. Results


3.1. Levels of Circulating and Bone Marrow EPCs Were Decreased with Increased Apoptosis in Male Mice with PM Exposure


EPCs in blood and bone marrow are important sources of EPCs [7,10,32]. Cells double positive for CD34 and CD133 (CD34+/CD133+) have been widely accepted as EPCs [11,16,30]. Flow cytometry analysis was used to determine the levels of EPCs in blood and bone marrow in mice following 6 weeks of PM exposure. As shown in Figure 1A, PM exposure significantly decreased the number of CD34+/CD133+ cells in male mice both in blood and bone marrow. However, no significant changes in EPC populations were observed in female mice with PM exposure (Figure 1A–C). The apoptosis rate of CD34+/CD133+ cells in blood and bone marrow was significantly increased in male mice with PM exposure, as compared to the control group, but not in female mice (Figure 1D–F). These results indicate that decreased numbers of EPCs in the circulation and in bone marrow in male mice with PM exposure might be due to an increased apoptosis.




3.2. Cytokines and ROS Levels Were Significantly Increased in Male Mice with PM Exposure with Decreased Pulmonary SOD1 Expression


Intracellular ROS level in CD34+/CD133+ cells in both blood and bone marrow was significantly increased in males, but not in females, with PM exposure (Figure 2A–C). Serum levels of IL-6 and IL-1β were increased both in male and female mice following PM exposure (Figure 2D,E). However, PM exposure-induced production of IL-6 and IL-1β were significantly higher in males (IL-6, 110.3 ± 2.78 pg/mL; IL-1β, 39.37 ± 1.95 pg/mL) than that in females (IL-6, 54.59 ± 2.87 pg/mL; IL-1β, 29.54 ± 1.47 pg/mL) (Figure 2D,E).



To determine if there was a sex difference in pulmonary SOD1 expression in mice with PM exposure, lung tissues were collected after 6 weeks of PM exposure. Western blotting analysis showed that the protein level of SOD1 was substantially decreased in male mice exposed to PM, as compared to the control, while no significant change in SOD1 expression was observed in female mice with PM exposure (Figure 2F,G).




3.3. Treatment with SOD Mimic Tempol Prevented PM Exposure-Induced Production of Cytokines and ROS and Reduction of EPCs in Male Mice


To determine the role of SOD in the PM exposure-induced decrease of EPCs, male mice were treated with SOD mimic Tempol. Indeed, PM exposure-induced elevation of intracellular ROS was effectively attenuated with Tempol treatment (Figure 3A–C). In parallel with the decreased intracellular ROS production, no significant increase of serum levels of IL-6 and IL-1β were observed in mice co-treated with PM and Tempol (Figure 3D,E). Tempol treatment also effectively restored the levels of EPCs both in blood and bone marrow in male mice with PM exposure (Figure 3F–H). Since there were no significant changes in intracellular ROS and populations of EPCs in the bone marrow and blood in female mice with PM exposure, female mice were not treated with Tempol in the present study.





4. Discussion


The number and function of EPCs are closely associated with the development and progression of CVDs [33]. Decreased number or dysfunction of EPCs leads to impaired vascular integrity and angiogenesis [33,34]. PM exposure increases the risk of CVDs and decreases the number and function of EPCs [30,35]. We have previously shown that EPCs’ population in blood is decreased in male, but not in female, mice following PM exposure, due to increased ROS production. Furthermore, the sex differences were found to be independent of the female sex hormone estrogen [16]. In the present study, we demonstrated that both circulating EPC and bone marrow EPC levels were significantly decreased in male mice, but not in females, following PM exposure. PM exposure in male, but not female, mice also increased production of pro-inflammatory cytokines and intracellular ROS, with decreased protein expression of the antioxidant enzyme SOD1 in the lung. SOD mimic Tempol treatment effectively prevented PM exposure-induced intracellular ROS production and increase of serum IL-6 and IL-1β levels, and restored EPCs’ population in male mice. Taken together, these data suggest that pulmonary SOD1 may play a critical role in sex differences in ROS production and EPC’s populations in circulation and bone marrow in response to PM exposure in mice.



Studies with both human subjects and murine models have shown that PM or nickel nanoparticle exposure significantly decreases the population of circulating EPCs due to increased oxidative stress or inhibition of VEGF-mediated mobilization of EPCs from bone marrow to the circulation [11,30,32,36]. It is well documented that PM exposure leads to an increased level of oxidative stress systematically, associated with functional and structural abnormalities in multi-organ systems including the cardiovascular system [37]. Short-term exposure to a combination of indoor air dust and ozone decreased the number of EPCs (CD34+/KDR+) with increased pulmonary oxidative stress in healthy, elderly volunteers [17]. It has been shown that the lung plays a key role in PM exposure-induced oxidative stress that contributes to an impaired number and function of EPCs [12]. SOD1 is a critical regulator of intracellular redox balance [38]. In the present study, we observed that EPC populations in the circulation and bone marrow were significantly decreased in male mice with PM exposure, along with increased intracellular ROS. Thus, we hypothesized that SOD1 expression in the lungs was decreased in male mice with PM exposure. Indeed, PM exposure significantly decreased pulmonary SOD1 protein expression in male mice, but not in female mice. We also observed that Tempol, SOD mimetic, effectively attenuated PM exposure-induced intracellular ROS formation and reduction of EPC levels in blood and bone marrow in male mice. These data suggest that SOD1 in the lung plays a critical role for the differential response in ROS formation to PM exposure in male and female mice. The data from the present study also showed that Tempol treatment prevented PM exposure-induced production of pro-inflammatory cytokines IL-1β and IL-6 in male mice, indicating that the effect of Tempol on PM exposure-induced ROS production and oxidative stress may be through multiple mechanisms. Indeed, Tempol treatment has been shown to reduce oxidative damage and improve cardiac contractile function in PPAR-αKO mice [39]. Clinical studies have shown that tropical use of Tempol ameliorates dietary sodium-induced cutaneous microvascular dysfunction and prevents radiation-induced alopecia in patients without safety concerns [40,41]. However, clinical studies are needed to determine the safety and efficacy of oral administration of Tempol in patients with medical conditions associated with increased levels of systematic ROS production like air pollution and hyperlipemia.



Significant sex differences in CVD presentation, severity, and progression have been observed in animal studies and clinical research, including in the setting of hypertension, coronary artery disease, cardiomyopathy, and heart failure [42]. Pre-menopausal women are often better protected against CVDs than age-compatible males [42,43]. However, the mechanisms for the substantial sex differences in CVDs have not been well defined. Naturally, the role of sex hormones has been considered and studied extensively both experimentally and clinically. Unfortunately, the data from a large clinical study, the Heart and Estrogen/Progestin Replacement Study (HERS), has shown that female hormone replacement therapy has no benefits on the primary or secondary cardiovascular outcomes in postmenopausal women (44–79 years old) [44]. Furthermore, the randomized trial Women’s Health Initiative (WHI) in 2002 has revealed that hormone-replacement therapy increased the risk of coronary heart disease and breast cancer in women after the onset of menopause [45]. These studies suggest that estrogen-independent mechanisms may be responsible for the protection of pre-menopause women against CVDs. Our previous study has also revealed that circulating EPCs are preserved in female mice with PM exposure independent of estrogen [16].



It is well known that inflammation and oxidative stress are critical to the development and progression of CVDs. Males and females have been shown to exhibit different inflammatory reactions in the cardiovascular system [46,47]. A recent study revealed that male rats, not females, with pulmonary arterial hypertension have severe perivascular inflammation in the lungs with significant fibrosis in the wall of the small pulmonary artery and right ventricular myocardium [48]. Estrogen-independent activation of regulatory T cells and genomic factors have been shown to reduce the inflammatory response and regulate immune function in females [49,50]. It is also known that inflammatory cytokines and ROS formation are closely linked. On one hand, ROS triggers the production of pro-inflammatory cytokines by activating transcription factor nuclear factor-κB (NF-κB), while on the other, cytokines can increase ROS formation through the activation of transmembrane NADPH oxidases (NOXs) [51,52]. A significant difference in ROS production has been observed between males and females. Male rats exhibited higher ROS production and oxidative stress in vascular cells than females [53]. This is in accordance with the findings from the present study that PM exposure induced significant oxidative stress and higher levels of inflammatory cytokines (IL-1β and IL-6) in male mice as compared with females. Females have been found to have a greater antioxidant capacity than males, with higher levels of some important oxidative stress biomarkers (including plasma thiobarbituric acid-reactive substances and urinary 8-iso prostaglandin F2α) in young men than in age-matched women [54]. It was also reported that SOD activity was higher in the brain and lung of female mice than that in males, while no difference was present in the kidney or heart [55].



One of the interesting findings from the present study was that the expression of pulmonary SOD1 was selectively decreased in male mice with PM exposure. SOD1 functions as an important antioxidant enzyme to decrease ROS production. Thus, male mice with decreased SOD1 expression following PM exposure are expected to have a higher level of ROS production and oxidative stress-induced tissue damages. Amyotrophic lateral sclerosis (ALS) is a motor neuron disease that is more common in men than it is in women. It has been reported that ALS-associated SOD1 mutation leads to delayed mitochondrial dysfunction, and ROS production was significantly increased in the spinal cord of G93A-SOD1 male mice, but not females [56,57]. Pulmonary SOD1-deficiency mediated oxidative stress could be an important mechanism that contributes to sex differences in EPC population in mice with PM exposure. Further studies are needed to confirm the role of pulmonary SOD1 in PM exposure-induced ROS production and reduction of EPCs using a mouse model with pulmonary-specific overexpression of SOD1. It could also be of interest to determine if Tempol treatment could have a significant effect on EPC populations in female mice with PM exposure independent of ROS production.




5. Conclusions


In conclusion, we demonstrated in the present study that PM exposure significantly increased ROS production and decreased EPC populations in circulation and bone marrow in male mice, not female mice, associated with decreased expression of pulmonary SOD1. Treatment with SOD mimic Tempol effectively attenuated PM exposure-induced production of ROS and pro-inflammatory cytokines IL-1β and IL-6 in male mice, and preserved EPC populations in circulation and bone marrow.
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Figure 1. PM exposure selectively decreased EPC levels in blood and bone marrow with an increased apoptosis rate in male mice. (A) White blood cells were stained with CD133 APC and CD34 AF700 antibodies for flow-cytometric analysis of circulating (upper panel) or bone marrow (lower panel) EPCs (CD34+/CD133+), with summary data (B,C) demonstrating that PM exposure selectively decreased the EPCs populations in blood and bone marrow in male mice (n = 6). (D) Cells’ apoptotic rates of EPCs in blood and bone marrow as determined by flow cytometry analysis of Annexin V-FITC stained cells, with summary data for EPCs in blood (E) and in bone marrow (F) showing that PM exposure selectively increased EPCs apoptotic rates in male, but not in female, mice (n = 6). M-PBS: male mice with PBS treatment; M-PM: male mice with PM exposure; F-PBS: female mice with PBS treatment; F-PM: female mice with PM exposure. BM: bone marrow. * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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Figure 2. PM exposure decreased lung SOD1 expression with increased serum cytokines and intracellular ROS production. (A) ROS production in CD34+/CD133+ cells was analyzed using flow cytometry, with summary data showing a significant increase in intracellular ROS production in male mice with PM exposure compared to the control group and female mice with PM exposure in blood (B) and bone marrow (C) (n = 6). Serum IL-6 (D) and IL-1β (E) were significantly increased in both male and female mice with PM exposure compared to the PBS control, while their concentrations in male mice were significantly higher than in female mice (n = 5). (F) Protein expression of SOD1 in the lung, with summary data (G) showed significantly decreased SOD1 in male mice but not in female mice (n = 3). The experiment was repeated three times independently. M-PBS: male mice with PBS treatment; M-PM: male mice with PM exposure; F-PBS: female mice with PBS treatment; F-PM: female mice with PM exposure. BM: bone marrow. * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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[image: Biomedicines 10 00327 g002]







[image: Biomedicines 10 00327 g003 550] 





Figure 3. Tempol treatment preserved the EPCs in male mice with PM exposure. (A) Flow cytometry analysis was used to determine the ROS level in CD34+/CD133+ cells, with summary data showing that increased ROS production exposed to PM was blocked by Tempol treatment in the blood (B) and bone marrow (C). Elevated serum levels of pro-inflammatory cytokines IL-6 (D) and IL-1β (E) induced by PM were effectively prevented by Tempol treatment. (F) Flow cytometry analysis for circulating EPCs (CD34+/CD133+), with summary data showing that the PM exposure-induced decrease in the circulating EPC level in male mice was restored after Tempol treatment in the blood (G) and bone marrow (H). n = 5. PBS: male mice with PBS treatment; PM: male mice with PM exposure; Tempol-PM: male mice with PM exposure and Tempol treatment. BM: bone marrow. * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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