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Abstract

:

Inhaled particulate air pollution exerts pulmonary inflammation and cardiovascular toxicity through secondary systemic effects due to oxidative stress and inflammation. Catalpol, an iridiod glucoside, extracted from the roots of Rehmannia glutinosa Libosch, has been reported to possess anti-inflammatory and antioxidant properties. Yet, the potential ameliorative effects of catalpol on particulate air pollution—induced cardiovascular toxicity, has not been studied so far. Hence, we evaluated the possible mitigating mechanism of catalpol (5 mg/kg) which was administered to mice by intraperitoneal injection one hour before the intratracheal (i.t.) administration of a relevant type of pollutant particle, viz. diesel exhaust particles (DEPs, 30 µg/mouse). Twenty-four hours after the lung deposition of DEPs, several cardiovascular endpoints were evaluated. DEPs caused a significant shortening of the thrombotic occlusion time in pial microvessels in vivo, induced platelet aggregation in vitro, and reduced the prothrombin time and the activated partial thromboplastin time. All these actions were effectively mitigated by catalpol pretreatment. Likewise, catalpol inhibited the increase of the plasma concentration of C-reactive proteins, fibrinogen, plasminogen activator inhibitor-1 and P- and E-selectins, induced by DEPs. Moreover, in heart tissue, catalpol inhibited the increase of markers of oxidative (lipid peroxidation and superoxide dismutase) and nitrosative (nitric oxide) stress, and inflammation (tumor necrosis factor α, interleukin (IL)-6 and IL-1β) triggered by lung exposure to DEPs. Exposure to DEPs also caused heart DNA damage and increased the levels of cytochrome C and cleaved caspase, and these effects were significantly diminished by the catalpol pretreatment. Moreover, catalpol significantly reduced the DEPs-induced increase of the nuclear factor κB (NFκB) in the heart. In conclusion, catalpol significantly ameliorated DEPs–induced procoagulant events and heart oxidative and nitrosative stress, inflammation, DNA damage and apoptosis, at least partly, through the inhibition of NFκB activation.
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1. Introduction


It is well established that ambient particulate air pollution is associated with a significant increase in mortality and morbidity. Outdoor air pollution, resulting from particulate matter with an aerodynamic diameter of <2.5 µm (PM2.5) has been categorized as the fifth most important risk factor for all causes of mortality [1]. PM2.5 is responsible for 7.6% of total global deaths and 4.2% of global disability-adjusted life-years [1]. Exposure to air pollution is associated with a reduction of life expectancy from 1 to 2 years in highly polluted areas [1,2].



Cardiovascular diseases constitute approximately 57% of the deaths from air pollution [1,2]. Epidemiological, clinical and experimental investigations have identified substantial associations between exposure to particulate air pollution and myocardial infarction, stroke, increase in heart rate variability and blood pressure, vascular dysfunction and the augmented vulnerability of the heart to ischaemic damage and elevated susceptibility for thrombosis [3,4,5].



While substantial improvements in air quality have been achieved in some developed countries, many developing countries still report high levels of particulate air pollution [1]. An indication of a safe level of air pollution has not yet been established. In fact, PM2.5 levels below those set by the current air quality limit value by the European Union (<25 μg/m3) are still associated with substantial adverse cardiovascular effects [6,7]. Thus, it is essential to apply supplementary measures that decrease the cardiovascular toxicity inherent in exposure to air pollution, including the intake of safe dietary natural phytochemicals with established anti-inflammatory and antioxidative properties.



In urban locations, diesel exhaust emissions represent a substantial source of particulate air pollution [3,8]. Acute pulmonary exposure to diesel exhaust particles (DEPs) in experimental animals and controlled exposure studies to diesel exhaust involving human subjects have reported endothelial dysfunction, alterations in heart rate variability, thrombogenicity and impairment fibrinolysis through mechanisms involving oxidative stress and inflammation [3,5,9].



Catalpol, an iridiod glucoside extracted from the roots of Rehmannia glutinosa Libosch, has been utilized in traditional Korean and Chinese medicine to treat numerous disorders, including diabetes mellitus, neuronal disorders, and inflammation [10]. Additionally, various experimental studies have demonstrated that catalpol displays anti-diabetic, nephroprotective, cardioprotective, antioxidant and anti-inflammatory actions [10,11,12]. Therefore, since the mechanisms underlying the adverse cardiovascular effects of DEPs involve oxidative stress and inflammation, we thought it of interest to assess the possible salutary effects of catalpol on DEPs-induced cardiovascular toxicity. As far as we know, this is the first report investigating such an interaction. Our study aims to evaluate the potential protective effects of catalpol on DEPs-induced cardiovascular complication, by assessing various relevant endpoints including thrombosis in vivo and in vitro and cardiac oxidative stress, inflammation, DNA damage, apoptosis and the expression of nuclear factor-κB (NF-κB).




2. Materials and Methods


2.1. Diesel Exhaust Particles (DEPs) and Catalpol


The DEPs were procured from the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA), and were suspended in sterile saline (NaCl 0.9%) with Tween 80 (0.01%). To reduce particle aggregation, DEPs suspensions were sonicated for 20 min, vigorously vortexed prior to suspension, and diluted before intratracheal (i.t.) administration. Control animals were administered with saline containing Tween 80 (0.01%). The DEPs used in this work were previously examined by transmission electron microscopy, which revealed the presence of small aggregates (<100 nm) of carbonaceous particles. The majority of the aggregates were less than 1 μm in diameter [13]. The analysis of the same DEPs from the same source revealed a geometric mean aerodynamic diameter of 215 nm [14].



Catalpol (purity ≥ 98%) was procured using Sigma Chemical (St. Louis, MO, USA).




2.2. Mice Treatments


This project was approved by the Institutional Review Board of the United Arab Emirates University (protocol code ERA_2019_5876, approved on 9 April 2019), and the experiments were ethically carried out in accordance with the approved protocols.



Both male and female BALB/C mice (6 to 8 weeks; College of Medicine and Health Sciences animal house, UAEU) were kept in temperature-controlled (22 ± 1 °C) rooms with a 12 h light cycle and 12 h dark cycle (lights on at 6 00 a.m.). They had unrestricted access to laboratory chow and tap water ad libitum.



Mice were exposed to DEPs by intratracheal (i.t.) instillation [15,16,17,18,19]. To this end, all mice were deeply anesthetized using 5% isoflurane (Surgivet® model 100 vaporizer). Using a 24 G catheter, they were i.t. instilled with either saline or the DEPs suspension (30 μg/animal) [19,20]. Each administration consisted of a volume of 100 μL, followed by a bolus of 0.3 mL air. Catalpol was administered by intraperitoneal injection (5 mg/kg), one hour prior to i.t. administration, to either DEPs or saline. The dose of catalpol used in the present work has been selected from previous studies that demonstrated its effectiveness, including in reducing oxidative stress and exerting cardioprotective effects against an ischemia/reperfusion insult in rats [11], increasing brain angiogenesis and ameliorating the edema of the brain capillary endothelial cells, following permanent middle cerebral artery occlusion in rats [21], ameliorating atherosclerotic lesions in hypercholesterolemic rabbits [22] and improving behavioral impairment and cerebral blood flow in rats after cerebral ischemia [23]. The animals were separated at random into four groups and were treated as follows:




	
Group 1: Normal saline administered i.p. 1 h prior the i.t. administration of saline;



	
Group 2: Normal saline administered i.p. 1 h prior i.t. administration of DEPs (30 μg/mouse);



	
Group 3: Catalpol (5 mg/kg) administered i.p. 1 h prior the i.t. administration of saline;



	
Group 4: Catalpol (5 mg/kg) administered i.p. 1 h prior i.t. administration of DEPs (30 μg/mouse).








Twenty-four hours after the pulmonary exposure to either saline or DEPs, various cardiovascular parameters were evaluated.



Twenty-four hours following the pulmonary exposure to DEPs or the vehicle, various cardiovascular parameters were measured.




2.3. Assessment of Thrombosis in Pial Arterioles and Venules In Vivo


An in vivo evaluation of thrombogenesis in pial arterioles and venules was measured following the i.t. instillation of DEPs or saline with or without catalpol pretreatment, according to a previously reported technique [18,24].




2.4. Evaluation of Platelet Aggregation in Whole Blood In Vitro


The platelet aggregation in the whole blood was carried out as reported earlier [18,24]. Following anesthesia, blood from mice, that had been i.t. instilled with DEPs or saline and with or without catalpol administration, was collected from the inferior vena cava and placed in citrate (3.2%), and 100-µL samples were added to the well of a Merlin coagulometer MC 1 VET (Merlin, Lemgo, Germany). The blood samples were incubated for 3 min at 37.2 °C with 1 μM of adenosine diphosphate (ADP), and then stirred for another 3 min. After this, 25-μL samples were removed and fixed on ice in 225 mL cellFix. After fixation, using a VET ABX Micros with mouse card (ABX, Montpellier, France), the single platelets were counted. The level of platelet aggregation, evaluated as a reduction in the single platelets counted in the presence of ADP, was quantified in whole blood collected from mice exposed to either DEPs or saline with or without catalpol treatment.




2.5. Prothrombin Time (PT) and Activated Partial Thromboplastin Time (aPTT) Assessment in Plasma In Vitro


Twenty-four hours after i.t. instillation with DEPs or saline, with or without catalpol treatment, animals were anesthetized, and blood was collected from the inferior vena cava and placed in a citrate solution (3.2%) (ratio of blood to anticoagulant: 9:1). The PT was measured on freshly collected platelet-poor plasma with human relipidated recombinant thromboplastin (Recombiplastin; Instrumentation Laboratory, Orangeburg, NY, United States) with a coagulometer (MC 1 VET, Merlin, Lemgo, Germany) [18,24]. Using the latter coagulometer, the aPTT was assessed with the automated aPTT reagent, purchased from bioMerieux (Durham, NC, USA) [18,24].




2.6. Measurement of C-Reactive Protein, Fibrinogen, Plasminogen Activator Inhibitor-1, and P- and E-Selectins Concentrations in Plasma


Twenty-four hours after i.t. instillation with DEPs or saline with or without catalpol treatment, the mice were anesthetized using an i.p. injection of sodium pentobarbital (45 mg/kg), after which blood was collected from the inferior vena cava in 4% EDTA and spun at 4 °C for 15 min at 900 g. The plasma samples obtained were kept at −80 °C as they awaited analysis. The plasma concentrations of CRP (GenWay Biotech, Inc., San Diego, CA, USA), fibrinogen (Molecular Innovation, Southfield, MI, USA), PAI-1 (Molecular Innovation, Southfield, MI, USA), and P- and E-selectins (R&D systems, Minneapolis, MN, USA), were measured with ELISA kits.




2.7. Measurement of the Levels of Lipid Peroxidation (LPO), Superoxide Dismutase (SOD), Nitric Oxide (NO), Tumor Necrosis Factor α (TNFα), Interleukin 1β (IL1β) and IL-6 in Heart Tissue Homogenates


Heart homogenates preparation for the measurement of markers of oxidative stress and inflammation were prepared as described before [18]. NADPH-dependent membrane lipid peroxidation was measured as a thiobarbituric acid reactive substance, using malondehydehyde as standard (Sigma-Aldrich Fine Chemicals, St Louis, MO, United States). The activity of SOD was quantified as per the vendor’s protocols (Cayman Chemicals, Ann Arbor, MI, United States). The measurement of nitric oxide (NO) was performed with a total NO assay kit (R&D systems, Minneapolis, MN, United States), which was used to quantify the more stable NO metabolites, NO2− and NO3− [25].



The concentrations of TNFα, IL1β and IL-6 were measured using commercially available kits (Duo Set, R&D systems, Minneapolis, MN, USA).




2.8. Measurement of Cytochrome C, Cleaved Caspase, Phosphorylated NF-κB and Phosphorylated IκBα in Heart Homogenates


The measurement of cytochrome C (R&D Systems, Minneapolis, MN, USA), cleaved caspase C (R&D Systems, Minneapolis, MN, USA) and phosphorylated NF-κB (Cell Signalling Technology, Danvers, MA, USA) in heart homogenates, obtained from mice i.t. instilled with DEPs or saline with or without catalpol treatment, were obtained using commercially available ELISA kits. Moreover, protein expressions for phosphorylated NF-κB and phosphorylated NF-κB inhibitor α (IκBα) were further measured using the Western blotting technique, as previously reported [20,26,27].




2.9. DNA Damage


The hearts from mice i.t. instilled with DEPs or saline with or without catalpol treatment were collected immediately after sacrifice and processed for the assessment of DNA damage by COMET assay as reported earlier [28,29]. The assessment of DNA migration, which includes the nucleus diameter and migrated DNA, was evaluated by means of the image analysis Axiovision 3.1 software (Carl Zeiss, Toronto, ON, Canada) as described before [30,31].




2.10. Statistical Analysis


A statistical analysis was performed using GraphPad Prism (version 7; GraphPad Software Inc, San Diego, CA, USA). The results are expressed as the mean± SEM. Comparisons among the four studied groups were performed with a one-way analysis of variance followed by Holm-Sidak’s multiple comparisons test. P values of < 0.05 were considered to be significantly different.





3. Results


3.1. Thrombosis in Pial Microvessels


Figure 1 shows that, compared with the control group, pulmonary exposure to DEPs caused a significant shortening in the thrombotic occlusion time in pial arterioles (p < 0.0001) and venules (p < 0.0001). The latter effects were prevented to a significant degree by pretreatment with catalpol (p < 0.0001). In pial arterioles, there was a slight but significant difference between the catalpol+saline and catalpol+DEPs groups (p < 0.01). However, in pial venules there was no difference in the thrombotic occlusion time between these two groups.




3.2. Platelet Aggregation in Whole Blood, PT and aPTT In Vitro


As illustrated in Figure 2A, compared with the control group, the addition of ADP (1 µM) to the whole blood collected from mice, i.t. instilled with DEPs, caused platelet aggregation in vitro (p < 0.0001). This effect was significantly ameliorated by the pretreatment with catalpol (p < 0.0001). There was a significant difference in the platelet aggregation between catalpol+saline and catalpol+DEPs groups (p < 0.01).



Likewise, the PT (Figure 2B) and aPTT (Figure 2C) were significantly shortened in the plasma of mice exposed to DEPs (p < 0.0001). These effects were significantly reduced following the pretreatment with catalpol. The PT recorded in the catalpol+DEPs group was slightly, but significantly, shorter than that measured in the catalpol+saline (p < 0.05).




3.3. CRP, Fibrinogen, PAI-1, and P- and E-Selectins Concentrations in Plasma


Figure 3 illustrates the plasma concentrations of CRP, fibrinogen, and PAI-1 after i.t. administration of DEPs or saline with or without catalpol pretreatment. The pulmonary exposure to DEPs induced a significant increase in the concentrations of CRP, fibrinogen and PAI-1 (p < 0.0001). Pretreatment with catalpol significantly reversed these effects (p < 0.0001).



Figure 4 shows that the i.t. administration of DEPs caused a significant increase in the plasma concentration of P- and E-selectin (p < 0.01–0.05). The pretreatment with catalpol almost completely prevented these effects (p < 0.001–0.01).




3.4. TNFα, IL-1β and IL-6 in Heart Homogenates


Figure 5 shows that, compared with the control group, pulmonary exposure to DEPs caused a significant increase in the concentrations of TNFα, IL-1β and IL-6 in heart homogenates (p < 0.0001). The latter effects were significantly attenuated by pretreatment with catalpol (p < 0.001–0.01). Compared with the catalpol+saline group, the concentration of IL-6 in heart homogenates of the catalpol+DEPs group was slightly but significantly higher (p < 0.05).




3.5. LPO, SOD and NO in Heart Homogenates


Compared with the control group, the i.t. instillation of DEPs induced a significant increase in the levels of LPO (p < 0.01), SOD (p < 0.0001) and NO (p < 0.01) in the heart homogenates (Figure 6). Interestingly, the levels of LPO observed in the catalpol+saline group was statistically lower than that observed in saline group (p < 0.0001). The pretreatment with catalpol significantly decreased (p < 0.0001–0.01) an increase in these markers of oxidative and nitrosative stress.




3.6. DNA Damage in Heart


Compared with the saline group, DEPs exposure induced DNA damage, as evaluated by the comet assay (p < 0.0001) (Figure 7). This effect was prevented by the pretreatment with catalpol (p < 0.0001).




3.7. Cytochrome C and Cleaved Caspase-3 in Heart Homogenates


Figure 8 illustrates that exposure to DEPs induced a significant increase in the levels of cytochrome C (p < 0.01) and cleaved caspase-3 (p < 0.05), and that pretreatment with catalpol prevented these actions (p < 0.001–0.05).




3.8. Phopho-NF-κB and Phopho-IκBα in Heart Homogenate


DEPs exposure induced a significant elevation in the heart homogenate expression of the total level of phospho-NF-κB, assessed by either ELISA or Wester blotting, and of the phospho-IκBα, assessed by Wester blotting, compared with their respective control groups (saline) (Figure 9). These effects were reversed by pretreatment with catalpol (p < 0.01).





4. Discussion


In the present study, we demonstrated that catalpol has a salutary impact on DEPs-induced procoagulant effects, heart oxidative and nitrosative stress, inflammation, DNA damage and apoptosis, which occurs, at least partly, through the inhibition of NFκB activation.



The inhalation of particulate air pollution does not only affect the lungs, but it can affect other distant organs including the heart by various mechanisms. These include (1) the passage of biological mediators from the lung into systemic circulation; (2) the translocation of nanoparticles across the alveolar capillary barrier to the blood; and (3) the activation of alveoli sensory receptors, which activates neural afferents that can modify the activity of the autonomic nervous system [3,8].



In urban areas, DEPs act as one of the main contributors to particulate air pollution. Accordingly, DEPs have been utilized as a relevant type of pollutant particle, to study the cardiovascular complications associated with particulate air pollution exposure [3]. The dose of DEPs that we utilized in the current work (1 mg/kg or 30 µg/mouse) is similar to those employed previously by us and other authors to study the effects of pulmonary exposure to particulate air pollution [18,32,33]. Pulmonary exposure to DEPs was achieved by i.t. instillation, as it offers more accurate dosing, since mice are nose breathers that filter most of their inhaled particles [15,16,34].



Clinical and experimental studies have demonstrated that the inhalation of particulate air pollution increases thrombogenicity both in vivo and in vitro [18,35,36,37]. Our findings showed that exposure to DEPs caused a significant reduction in the thrombotic occlusion time of pial arterioles and venules in vivo, platelet aggregation in vitro and shortened the PT and aPTT, confirming the hypercoagulability action of DEPs. All these effects were significantly reduced following catalpol pretreatment. Catalpol has been reported to attenuate atherosclerotic lesions in a rabbit atherosclerotic model [22]. A recent study has reported that iridoids, such as catalpol, aucubin, and 7-hydroxytomentoside, extracted from the leaves of Paulownia Clone, in Vitro 112, exhibit in vitro antiplatelet activity [38].



Elevated serum levels of acute-phase proteins such as CRP and fibrinogen, which indicate chronic subclinical inflammation, have been associated with cardiovascular disease [39]. Moreover, an increase in PAI-1 concentrations of plasma has been associated with inflammation and atherosclerosis and has also been recognized as a risk factor for ischemic cardiovascular events [40]. Our data shows that exposure to DEPs caused a significant increase in the plasma concentrations of CRP, fibrinogen and PAI-1, and that catalpol pretreatment prevented these effects, confirming its anti-inflammatory properties. It has been reported that the repeated exposure of mice to DEPs induced an elevation in the plasma concentrations of CRP, fibrinogen and PAI-1, and that treatment with curcumin, the yellow pigment isolated from turmeric, mitigated these effects [41]. The selectins form a family of Ca2+-dependent carbohydrate binding proteins, which mediate the first step of white blood cell recruitment in the course of inflammation [42]. Human studies have reported that exposure to particulate air pollution elevates concentrations of soluble P-and E-selectins [43,44]. Here, we showed that plasma concentrations of both P-and E-selectins were significantly augmented by DEPs and that catalpol significantly prevented these effects. The latter finding suggest that catalpol inhibited the increase of endothelial cell and platelet activations, which are caused by DEPs.



Besides causing systemic inflammation and thrombotic events, it is well established that inhaled particulate air pollutants can adversely affect various organs, particularly the heart. For this reason, we wanted to assess the cardiac impact of DEPs and the potential protective effects of catalpol. Oxidative stress develops as a result of the disproportionate production of reactive oxygen species and the presence of antioxidants or radical scavengers [45]. The excess level of reactive oxygen species assists in oxidizing biomolecules, altering proteins and genes that prompt signalling cascades responsible for the initiation and progression of inflammation [45]. It is well established that catalpol possesses anti-inflammatory and antioxidant properties [10]. However, the possible protective effect of catalpol on particulate air-pollution induced cardiac inflammation and oxidative stress has not been reported on so far. Our findings show that catalpol pretreatment prevented the DEPs-induced increase in cardiac proinflammatory cytokines (TNFα, IL1β and IL-6) and markers of oxidative (LPO and SOD) and nitrosative (NO) stress. It has been shown that catalpol exerts cardioprotective action against ischemia/reperfusion injury by decreasing peroxynitrite formation [11].



It is well established that exposure to particulate air pollution can cause DNA oxidation damage which can be triggered by either oxidative stress and/or inflammation [46]. In the current study, using comet assay, we show that i.t. instillation of DEPs induced cardiac DNA damage, and that the pretreatment with catalpol significantly prevented this action. Oxidative DNA damage induced by nanoparticles is capable of prompting mitochondrial injury and apoptosis [47,48]. It is well established that apoptosis can be induced via two pathways [49]. The first is an extrinsic receptor mediated apoptosis in which TNFα triggers apoptosis and the recruitment of caspase family proteins, comprising caspase-8 and caspase-3 [49]. The second intrinsic mitochondrial pathway is induced by the release of cytochrome C from mitochondria, leading to the activation of caspase, caspase-3 [49]. In the present study, we found that pulmonary exposure to DEPs induced a significant increase in the concentration of TNFα in the heart tissue and apoptosis characterized by a significant increase in cytochrome C and cleaved caspase-3. Remarkably, we showed that catalpol pretreatment completely prevented the DEPs-induced elevation in cytochrome C and cleaved caspase-3. Our data corroborate previous in vitro reports that showed that catalpol attenuates cardiomyocyte apoptosis in diabetic cardiomyopathy [10,50,51]. It has been demonstrated that gum Arabic, a prebiotic with anti-oxidant and anti-inflammatory properties, attenuated caspase-3 activation in the heart tissue, triggered by the inhalation of tobacco smoke [52].



In order to further investigate the mechanisms behind the protective effects of catalpol, we evaluated the NF-κB expression in the heart. NF-κB is well-recognized to be involved in the pathophysiology of various inflammatory diseases, particularly those affecting the cardiovascular system such as myocardial infarction and atherosclerosis, as it plays a key role in activating the transcription of inflammatory cytokines, causing inflammation and oxidative stress [53]. The degradation of IκBα induces the nuclear translocation of NF-κB, in which the synthesis of pro-inflammatory cytokines occurs [27]. Our data showed that catalpol treatment prevented the synthesis of pro-inflammatory cytokines (TNFα, IL-1β and IL-6) and NF-κB in the heart. The latter effect can be attributed to the anti-inflammatory activity of catalpol in the heart tissue. Our results are in agreement with a recent in vitro work that reported that catalpol treatment alleviates high glucose-induced apoptosis in mouse cardiomyocytes by inhibiting oxidative stress and suppressing NF-κB activation [50].



The limitations of the present work include the fact that we have assessed the protective effect of only one selected dose of catalpol [11,21,22,23] on the acute cardiovascular effects of pulmonary exposure to DEPs. Additional studies are required to assess the impact of various doses of catalpol following subchronic and chronic lung exposure to DEPs, and to include inflammatory cell invasion quantification in the heart and lung by histology. Moreover, in addition to the biochemical techniques used in this study, it would be interesting to confirm our findings using immunohistological studies and to verify the protective effect of catalpol in animal models with pre-existing cardiovascular or respiratory diseases (e.g., hypertension, chronic obstructive pulmonary disease) exposed to DEPs.




5. Conclusions


Taken as a whole, our findings demonstrate that catalpol pretreatment prevented cardiovascular toxicity, induced by acute exposure to DEPs, including procoagulant effects and heart oxidative and nitrosative stress, inflammation, DNA damage and apoptosis through mechanisms involving the inhibition of NFκB activation. Pending further pharmacological and toxicological studies, catalpol may potentially be useful as a cardioprotective agent against the adverse effects of inhaled air pollution.







Author Contributions


Conceptualization, A.N. and B.H.A.; methodology, S.B. and N.E.Z.; formal analysis, A.N., S.B. and N.E.Z.; investigation, S.B., N.E.Z., S.A. (Salem Alblooshi) and S.A. (Saleh Alseiari); resources, A.N.; data curation, A.N.; writing—original draft preparation, A.N.; writing—review and editing, A.N. and B.H.A.; supervision, A.N.; project administration, A.N.; funding acquisition, A.N. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by funds of UAEU, Zayed Center for Health Sciences (grants#31R231 and G00003466) and the College of Medicine and Health Sciences (grants 12M022).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Ethics Committee of the UAEU (protocol code ERA_2019_5876, approved on 9 April 2019).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cohen, A.J.; Brauer, M.; Burnett, R.; Anderson, H.R.; Frostad, J.; Estep, K.; Balakrishnan, K.; Brunekreef, B.; Dandona, L.; Dandona, R.; et al. Estimates and 25-year trends of the global burden of disease attributable to ambient air pollution: An analysis of data from the Global Burden of Diseases Study 2015. Lancet 2017, 389, 1907–1918. [Google Scholar] [CrossRef]

	



Yin, P.; Brauer, M.; Cohen, A.J.; Wang, H.; Li, J.; Burnett, R.T.; Stanaway, J.D.; Causey, K.; Larson, S.; Godwin, W.; et al. The effect of air pollution on deaths, disease burden, and life expectancy across China and its provinces, 1990–2017: An analysis for the Global Burden of Disease Study 2017. Lancet Planet. Health 2020, 4, e386–e398. [Google Scholar] [CrossRef]

	



Miller, M.R.; Newby, D.E. Air pollution and cardiovascular disease: Car sick. Cardiovasc. Res. 2020, 116, 279–294. [Google Scholar] [CrossRef]

	



Rajagopalan, S.; Al-Kindi, S.G.; Brook, R.D. Air Pollution and Cardiovascular Disease: JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2018, 72, 2054–2070. [Google Scholar] [CrossRef]

	



Nemmar, A.; Hoylaerts, M.F.; Nemery, B. Effects of particulate air pollution on hemostasis. Clin. Occup. Environ. Med. 2006, 5, 865–881. [Google Scholar]

	



Cesaroni, G.; Forastiere, F.; Stafoggia, M.; Andersen, Z.J.; Badaloni, C.; Beelen, R.; Caracciolo, B.; de Faire, U.; Erbel, R.; Eriksen, K.T.; et al. Long term exposure to ambient air pollution and incidence of acute coronary events: Prospective cohort study and meta-analysis in 11 European cohorts from the ESCAPE Project. BMJ 2014, 348, f7412. [Google Scholar] [CrossRef]

	



Stafoggia, M.; Cesaroni, G.; Peters, A.; Andersen, Z.J.; Badaloni, C.; Beelen, R.; Caracciolo, B.; Cyrys, J.; de Faire, U.; de Hoogh, K.; et al. Long-term exposure to ambient air pollution and incidence of cerebrovascular events: Results from 11 European cohorts within the ESCAPE project. Environ. Health Perspect. 2014, 122, 919–925. [Google Scholar] [CrossRef]

	



Nemmar, A.; Holme, J.A.; Rosas, I.; Schwarze, P.E.; Alfaro-Moreno, E. Recent advances in particulate matter and nanoparticle toxicology: A review of the in vivo and in vitro studies. Biomed. Res. Int. 2013, 2013, 279371. [Google Scholar] [CrossRef]

	



Madureira, J.; Brancher, E.A.; Costa, C.; Aurino de Pinho, R.; Teixeira, J.P. Cardio-respiratory health effects of exposure to traffic-related air pollutants while exercising outdoors: A systematic review. Environ. Res. 2019, 178, 108647. [Google Scholar] [CrossRef]

	



Bhattamisra, S.K.; Yap, K.H.; Rao, V.; Choudhury, H. Multiple Biological Effects of an Iridoid Glucoside, Catalpol and Its Underlying Molecular Mechanisms. Biomolecules 2019, 10, 32. [Google Scholar] [CrossRef]

	



Huang, C.; Cui, Y.; Ji, L.; Zhang, W.; Li, R.; Ma, L.; Xing, W.; Zhou, H.; Chen, B.; Yu, J.; et al. Catalpol decreases peroxynitrite formation and consequently exerts cardioprotective effects against ischemia/reperfusion insult. Pharm. Biol. 2013, 51, 463–473. [Google Scholar] [CrossRef]

	



Zhang, J.; Bi, R.; Meng, Q.; Wang, C.; Huo, X.; Liu, Z.; Sun, P.; Sun, H.; Ma, X.; Wu, J.; et al. Catalpol alleviates adriamycin-induced nephropathy by activating the SIRT1 signalling pathway in vivo and in vitro. Br. J. Pharm. 2019, 176, 4558–4573. [Google Scholar] [CrossRef]

	



Nemmar, A.; Al Maskari, S.; Ali, B.H.; Al Amri, I.S. Cardiovascular and lung inflammatory effects induced by systemically administered diesel exhaust particles in rats. Am. J. Physiol. Lung Cell. Mol. Physiol. 2007, 292, L664–L670. [Google Scholar] [CrossRef]

	



Saber, A.T.; Bornholdt, J.; Dybdahl, M.; Sharma, A.K.; Loft, S.; Vogel, U.; Wallin, H. Tumor necrosis factor is not required for particle-induced genotoxicity and pulmonary inflammation. Arch. Toxicol. 2005, 79, 177–182. [Google Scholar] [CrossRef]

	



Driscoll, K.E.; Costa, D.L.; Hatch, G.; Henderson, R.; Oberdorster, G.; Salem, H.; Schlesinger, R.B. Intratracheal instillation as an exposure technique for the evaluation of respiratory tract toxicity: Uses and limitations. Toxicol. Sci. 2000, 55, 24–35. [Google Scholar] [CrossRef]

	



Morimoto, Y.; Izumi, H.; Yoshiura, Y.; Tomonaga, T.; Lee, B.W.; Okada, T.; Oyabu, T.; Myojo, T.; Kawai, K.; Yatera, K.; et al. Comparison of pulmonary inflammatory responses following intratracheal instillation and inhalation of nanoparticles. Nanotoxicology 2016, 10, 607–618. [Google Scholar] [CrossRef]

	



Nemmar, A.; Melghit, K.; Al-Salam, S.; Zia, S.; Dhanasekaran, S.; Attoub, S.; Al-Amri, I.; Ali, B.H. Acute respiratory and systemic toxicity of pulmonary exposure to rutile Fe-doped TiO(2) nanorods. Toxicology 2011, 279, 167–175. [Google Scholar] [CrossRef]

	



Nemmar, A.; Al-Salam, S.; Beegam, S.; Yuvaraju, P.; Ali, B.H. Thrombosis, systemic and cardiac oxidative stress and DNA damage induced by pulmonary exposure to diesel exhaust particles, and the effect of nootkatone thereon. Am. J. Physiol. Heart Circ. Physiol. 2018, 314, H917–H927. [Google Scholar] [CrossRef]

	



Nemmar, A.; Al-Salam, S.; Yuvaraju, P.; Beegam, S.; Ali, B.H. Emodin mitigates diesel exhaust particles-induced increase in airway resistance, inflammation and oxidative stress in mice. Respir. Physiol. Neurobiol. 2015, 215, 51–57. [Google Scholar] [CrossRef]

	



Nemmar, A.; Al-Salam, S.; Beegam, S.; Yuvaraju, P.; Hamadi, N.; Ali, B.H. In Vivo Protective Effects of Nootkatone against Particles-Induced Lung Injury Caused by Diesel Exhaust Is Mediated via the NF-kappaB Pathway. Nutrients 2018, 10, 263. [Google Scholar] [CrossRef]

	



Zhu, H.F.; Wan, D.; Luo, Y.; Zhou, J.L.; Chen, L.; Xu, X.Y. Catalpol increases brain angiogenesis and up-regulates VEGF and EPO in the rat after permanent middle cerebral artery occlusion. Int. J. Biol. Sci. 2010, 6, 443–453. [Google Scholar] [CrossRef]

	



Liu, J.Y.; Zhang, D.J. Amelioration by catalpol of atherosclerotic lesions in hypercholesterolemic rabbits. Planta Med. 2015, 81, 175–184. [Google Scholar] [CrossRef]

	



Dong, W.; Xian, Y.; Yuan, W.; Huifeng, Z.; Tao, W.; Zhiqiang, L.; Shan, F.; Ya, F.; Hongli, W.; Jinghuan, W.; et al. Catalpol stimulates VEGF production via the JAK2/STAT3 pathway to improve angiogenesis in rats’ stroke model. J. Ethnopharmacol. 2016, 191, 169–179. [Google Scholar] [CrossRef]

	



Nemmar, A.; Zia, S.; Subramaniyan, D.; Fahim, M.A.; Ali, B.H. Exacerbation of thrombotic events by diesel exhaust particle in mouse model of hypertension. Toxicology 2011, 285, 39–45. [Google Scholar] [CrossRef]

	



Tsikas, D. Methods of quantitative analysis of the nitric oxide metabolites nitrite and nitrate in human biological fluids. Free Radic. Res. 2005, 39, 797–815. [Google Scholar] [CrossRef]

	



Nemmar, A.; Beegam, S.; Yuvaraju, P.; Yasin, J.; Ali, B.H.; Adeghate, E. Nose-Only Water-Pipe Smoke Exposure in Mice Elicits Renal Histopathological Alterations, Inflammation, Oxidative Stress, DNA Damage, and Apoptosis. Front. Physiol. 2020, 11, 46. [Google Scholar] [CrossRef]

	



Arunachalam, S.; Meeran, M.F.N.; Azimullah, S.; Sharma, C.; Goyal, S.N.; Ojha, S. Nerolidol Attenuates Oxidative Stress, Inflammation, and Apoptosis by Modulating Nrf2/MAPK Signaling Pathways in Doxorubicin-Induced Acute Cardiotoxicity in Rats. Antioxidants 2021, 10, 984. [Google Scholar] [CrossRef]

	



Nemmar, A.; Al-Salam, S.; Yuvaraju, P.; Beegam, S.; Yasin, J.; Ali, B.H. Chronic exposure to water-pipe smoke induces cardiovascular dysfunction in mice. Am. J. Physiol. Heart Circ. Physiol. 2017, 312, H329–H339. [Google Scholar] [CrossRef]

	



Nemmar, A.; Al-Salam, S.; Beegam, S.; Yuvaraju, P.; Ali, B.H. Aortic Oxidative Stress, Inflammation and DNA Damage Following Pulmonary Exposure to Cerium Oxide Nanoparticles in a Rat Model of Vascular Injury. Biomolecules 2019, 9, 376. [Google Scholar] [CrossRef]

	



Hartmann, A.; Speit, G. The contribution of cytotoxicity to DNA-effects in the single cell gel test (comet assay). Toxicol. Lett. 1997, 90, 183–188. [Google Scholar] [CrossRef]

	



Nemmar, A.; Al-Salam, S.; Yuvaraju, P.; Beegam, S.; Yasin, J.; Ali, B.H. Chronic Exposure to Water-Pipe Smoke Induces Alveolar Enlargement, DNA Damage and Impairment of Lung Function. Cell Physiol. Biochem. 2016, 38, 982–992. [Google Scholar] [CrossRef]

	



Kido, T.; Tamagawa, E.; Bai, N.; Suda, K.; Yang, H.H.; Li, Y.; Chiang, G.; Yatera, K.; Mukae, H.; Sin, D.D.; et al. Particulate Matter Induces IL-6 Translocation from the Lung to the Systemic Circulation. Am. J. Respir. Cell Mol. Biol. 2011, 44, 197–204. [Google Scholar] [CrossRef]

	



Rossi, S.; Buccarello, A.; Malvezzi, C.C.; Pinelli, S.; Alinovi, R.; Gerboles, A.G.; Rozzi, G.; Leonardi, F.; Bollati, V.; De Palma, G.; et al. Exposure to nanoparticles derived from diesel particulate filter equipped engine increases vulnerability to arrhythmia in rat hearts. Environ. Pollut. 2021, 284, 117163. [Google Scholar] [CrossRef]

	



Tamagawa, E.; Bai, N.; Morimoto, K.; Gray, C.; Mui, T.; Yatera, K.; Zhang, X.; Xing, L.; Li, Y.; Laher, I.; et al. Particulate matter exposure induces persistent lung inflammation and endothelial dysfunction. Am. J. Physiol. Lung Cell. Mol. Physiol. 2008, 295, L79–L85. [Google Scholar] [CrossRef]

	



Lucking, A.J.; Lundback, M.; Mills, N.L.; Faratian, D.; Barath, S.L.; Pourazar, J.; Cassee, F.R.; Donaldson, K.; Boon, N.A.; Badimon, J.J.; et al. Diesel exhaust inhalation increases thrombus formation in man. Eur. Heart J. 2008, 29, 3043–3051. [Google Scholar] [CrossRef]

	



Nemmar, A.; Al-Salam, S.; Zia, S.; Marzouqi, F.; Al-Dhaheri, A.; Subramaniyan, D.; Dhanasekaran, S.; Yasin, J.; Ali, B.H.; Kazzam, E.E. Contrasting actions of diesel exhaust particles on the pulmonary and cardiovascular systems and the effects of thymoquinone. Br. J. Pharmacol. 2011, 164, 1871–1882. [Google Scholar] [CrossRef]

	



Baccarelli, A.; Zanobetti, A.; Martinelli, I.; Grillo, P.; Hou, L.; Giacomini, S.; Bonzini, M.; Lanzani, G.; Mannucci, P.M.; Bertazzi, P.A.; et al. Effects of exposure to air pollution on blood coagulation. J. Thromb. Haemost. 2007, 5, 252–260. [Google Scholar] [CrossRef]

	



Adach, W.; Żuchowski, J.; Moniuszko-Szajwaj, B.; Szumacher-Strabel, M.; Stochmal, A.; Olas, B.; Cieslak, A. In vitro antiplatelet activity of extract and its fractions of Paulownia Clone in Vitro 112 leaves. Biomed. Pharm. 2021, 137, 111301. [Google Scholar] [CrossRef]

	



Emerging Risk Factors, C.; Kaptoge, S.; Di Angelantonio, E.; Pennells, L.; Wood, A.M.; White, I.R.; Gao, P.; Walker, M.; Thompson, A.; Sarwar, N.; et al. C-reactive protein, fibrinogen, and cardiovascular disease prediction. N. Engl. J. Med. 2012, 367, 1310–1320. [Google Scholar] [CrossRef]

	



Thogersen, A.M.; Jansson, J.H.; Boman, K.; Nilsson, T.K.; Weinehall, L.; Huhtasaari, F.; Hallmans, G. High plasminogen activator inhibitor and tissue plasminogen activator levels in plasma precede a first acute myocardial infarction in both men and women: Evidence for the fibrinolytic system as an independent primary risk factor. Circulation 1998, 98, 2241–2247. [Google Scholar] [CrossRef]

	



Nemmar, A.; Subramaniyan, D.; Ali, B.H. Protective effect of curcumin on pulmonary and cardiovascular effects induced by repeated exposure to diesel exhaust particles in mice. PLoS ONE 2012, 7, e39554. [Google Scholar]

	



Binder, F.P.; Ernst, B. E- and P-selectin: Differences, similarities and implications for the design of P-selectin antagonists. Chimia 2011, 65, 210–213. [Google Scholar] [CrossRef]

	



Hildebrandt, K.; Rückerl, R.; Koenig, W.; Schneider, A.; Pitz, M.; Heinrich, J.; Marder, V.; Frampton, M.; Oberdörster, G.; Wichmann, H.E.; et al. Short-term effects of air pollution: A panel study of blood markers in patients with chronic pulmonary disease. Part. Fibre Toxicol. 2009, 6, 25. [Google Scholar] [CrossRef]

	



Delfino, R.J.; Staimer, N.; Tjoa, T.; Gillen, D.L.; Polidori, A.; Arhami, M.; Kleinman, M.T.; Vaziri, N.D.; Longhurst, J.; Sioutas, C. Air Pollution Exposures and Circulating Biomarkers of Effect in a Susceptible Population: Clues to Potential Causal Component Mixtures and Mechanisms. Environ. Health Perspect. 2009, 117, 1232–1238. [Google Scholar] [CrossRef]

	



Siti, H.N.; Kamisah, Y.; Kamsiah, J. The role of oxidative stress, antioxidants and vascular inflammation in cardiovascular disease (a review). Vascul. Pharmacol. 2015, 71, 40–56. [Google Scholar] [CrossRef]

	



Moller, P.; Danielsen, P.H.; Karottki, D.G.; Jantzen, K.; Roursgaard, M.; Klingberg, H.; Jensen, D.M.; Christophersen, D.V.; Hemmingsen, J.G.; Cao, Y.; et al. Oxidative stress and inflammation generated DNA damage by exposure to air pollution particles. Mutat. Res. Rev. Mutat. Res. 2014, 762, 133–166. [Google Scholar] [CrossRef]

	



Yang, X.; Feng, L.; Zhang, Y.; Hu, H.; Shi, Y.; Liang, S.; Zhao, T.; Fu, Y.; Duan, J.; Sun, Z. Cytotoxicity induced by fine particulate matter (PM2.5) via mitochondria-mediated apoptosis pathway in human cardiomyocytes. Ecotoxicol. Environ. Saf. 2018, 161, 198–207. [Google Scholar] [CrossRef]

	



Ferdous, Z.; Al-Salam, S.; Greish, Y.E.; Ali, B.H.; Nemmar, A. Pulmonary exposure to silver nanoparticles impairs cardiovascular homeostasis: Effects of coating, dose and time. Toxicol. Appl. Pharm. 2019, 367, 36–50. [Google Scholar] [CrossRef]

	



Savitskaya, M.A.; Onishchenko, G.E. Mechanisms of Apoptosis. Biochemistry 2015, 80, 1393–1405. [Google Scholar] [CrossRef]

	



Zou, G.; Zhong, W.; Wu, F.; Wang, X.; Liu, L. Inhibition of lncRNA Neat1 by catalpol via suppressing transcriptional activity of NF-κB attenuates cardiomyocyte apoptosis. Cell Cycle 2019, 18, 3432–3441. [Google Scholar] [CrossRef]

	



Zou, G.; Zhong, W.; Wu, F.; Wang, X.; Liu, L. Catalpol attenuates cardiomyocyte apoptosis in diabetic cardiomyopathy via Neat1/miR-140–5p/HDAC4 axis. Biochimie 2019, 165, 90–99. [Google Scholar] [CrossRef]

	



Nemmar, A.; Salam, S.A.; Beegam, S.; Yuvaraju, P.; Ali, B.H. Gum Arabic Ameliorates Impaired Coagulation and Cardiotoxicity Induced by Water-Pipe Smoke Exposure in Mice. Front. Physiol. 2019, 10, 53. [Google Scholar] [CrossRef]

	



Pashkow, F.J.; Watumull, D.G.; Campbell, C.L. Astaxanthin: A novel potential treatment for oxidative stress and inflammation in cardiovascular disease. Am. J. Cardiol. 2008, 101, 58d–68d. [Google Scholar] [CrossRef]








[image: Biomedicines 10 00099 g001 550] 





Figure 1. Thrombotic occlusion time in pial arterioles (A) and venules (B), 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Data are mean ± SEM (n = 7–10). Statistical analysis by one-way analysis of variance followed by Holm-Sidak’s multiple comparisons test. 
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Figure 2. In vitro platelet aggregation in whole blood incubated with ADP (1µM) (A). The blood was collected from mice 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Platelet aggregation was evaluated by quantifying the fall in single platelets, counted due to aggregation induced by DEPs. The degree of platelet aggregation was expressed as the percentage obtained in untreated whole blood from untreated mice. The activated partial thromboplastin time (aPTT, (B)) and prothrombin time (PT, (C)) assessed on plasma samples obtained 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Data are mean ± SEM (n = 6). Statistical analysis by one-way analysis of variance followed by Holm-Sidak’s multiple comparisons test. 
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Figure 3. C-reactive protein (A), fibrinogen (B) and plasminogen activator inhibitor-1 (PAI-1; (C)) concentrations in plasma, 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Data are mean ± SEM (n = 8). Statistical analysis by one-way analysis of variance followed by Holm-Sidak’s multiple comparisons test. 
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Figure 4. P-selectin (A) and E-selectin (B) concentrations in plasma, 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Data are mean ± SEM (n = 7–8). Statistical analysis by one-way analysis of variance followed by Holm-Sidak’s multiple comparisons test. 






Figure 4. P-selectin (A) and E-selectin (B) concentrations in plasma, 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Data are mean ± SEM (n = 7–8). Statistical analysis by one-way analysis of variance followed by Holm-Sidak’s multiple comparisons test.



[image: Biomedicines 10 00099 g004]







[image: Biomedicines 10 00099 g005 550] 





Figure 5. Tumor necrosis factor-α (A), interleukin (IL)-1β (B) and IL-6 (C) concentrations in heart homogenates of mice, 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Data are mean ± SEM (n = 8). Statistical analysis by one-way analysis of variance followed by Holm-Sidak’s multiple comparisons test. 
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Figure 6. Lipid peroxidation (A), superoxide dismutase (SOD) (B) and total nitric oxide (NO) (C) levels in heart homogenates of mice, 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Data are mean ± SEM (n = 7–8). Statistical analysis by one-way analysis of variance followed by Holm-Sidak’s multiple comparisons test. 
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Figure 7. DNA migration (mm) in the heart tissue quantified by Comet assay, 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Data are mean ± SEM (n = 5). Statistical analysis by one-way analysis of variance followed by Holm-Sidak’s multiple comparisons test. 
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Figure 8. Cytochrome C (A) and Cleaved caspase-3 (B) levels in heart homogenates, 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Data are mean ± SEM (n = 6–8). Statistical analysis by one-way analysis of variance followed by Holm-Sidak’s multiple comparisons test. 
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Figure 9. Total levels of phosphorylated nuclear factor-κB (phospho-NF-κB) assessed by either ELISA (A) or Western blotting (B), and total levels of phospho-NF-κB inhibitor α (IκBα) assessed by Western blotting (C) in heart homogenates, 24 h after intratracheal instillation of saline or diesel exhaust particles (DEPs; 30 μg/mouse) with or without catalpol (5 mg/kg) pretreatment. Data are mean ± SEM (n = 8). Statistical analysis by one-way analysis of variance, followed by Holm-Sidak’s multiple comparisons test. 
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