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Abstract

:

Vinyl chloride (VC) is classified as a group 1 carcinogen to humans by the International Agency for Research on Cancer, and inhalation is considered to be an important route of occupational exposure. In addition, increasing numbers of studies have observed adverse health effects in people living in the vicinity of petrochemical complexes. The objective of this study was to investigate the adverse in vivo health effects on the lungs and liver caused by pulmonary exposure to low-level VC. BALB/c mice were repeatedly intranasally administrated 50 µL/mouse VC at 0, 1, and 200 ng/mL (5 days/week) for 1, 2, and 3 weeks. We observed that exposure to 1 and 200 ng/mL VC significantly increased the tidal volume (μL). Dynamic compliance (mL/cmH2O) significantly decreased after exposure to 200 ng/mL VC for 3 weeks. Total protein, lactate dehydrogenase (LDH), and interleukin (IL)-6 levels in bronchoalveolar lavage fluid (BALF) significantly increased after exposure to 200 ng/mL VC for 2 and/or 3 weeks. Significant decreases in 8-isoprostane and caspase-3 and an increase in IL-6 in the lungs were found after VC exposure for 2 and/or 3 weeks. We observed that aspartate aminotransferase (AST), alkaline phosphatase (ALKP), albumin (ALB), and globulin (GLOB) had significantly increased after three weeks of VC exposure, whereas the ALB/GLOB ratio had significantly decreased after 3 weeks of exposure to VC. IL-6 in the liver increased after exposure to 1 ng/mL VC, but decreased after exposure to 200 ng/mL. IL-1β in the liver significantly decreased following exposure to 200 ng/mL VC, whereas tumor necrosis factor (TNF)-α and caspase-3 significantly increased. Hepatic inflammatory infiltration was confirmed by histological observations. In conclusion, sub-chronic and repeated exposure to low levels of VC can cause lung and liver toxicity in vivo. Attention should be paid to all situations where humans are frequently exposed to elevated VC levels such as workplaces or residents living in the vicinity of petrochemical complexes.
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1. Introduction


Numerous volatile organic compounds (VOCs) are confirmed, and many more are suspected to be, carcinogens [1,2]. Recent reports have indicated that adverse health effects occurred in nearby residents after exposure to air pollution emitted from oil refineries and petrochemical plants [3,4,5], including an increase in the risk of developing all cancers, brain cancer, and respiratory disorders [6,7]. Hepatotoxicity is often observed after occupational exposure to VOCs in vivo [8], and after environmental exposure by school-aged children living in the vicinity of a petrochemical complex [9]. However, the effects of low-level environmental exposure to VOCs on human health in the vicinity of petrochemical complexes are still unclear.



Halogenated VOCs, such as vinyl chloride (VC), are classified as a group 1 carcinogen to humans by the International Agency for Research on Cancer (IARC) [10], and inhalation is considered to be an important route of occupational exposure. VC is primarily used to produce polyvinyl chloride (PVC), and workplaces for PVC fabrication processes are the main sites of occupational exposure. The American Conference of Government Industrial Hygienists (ACGIH) threshold limit value (TLV) for VC is 1 ppm [11]. Notably, VC has been reported to be measurable in the atmosphere in the vicinity of petrochemical complexes [12]. However, the resultant health impacts are still poorly understood.



Occupational exposure to VC is associated with lung-to-systemic effects in humans. An in vivo study indicated that liver inflammation and injury occurred after 24 h of exposure to chloroethanol in C57Bl/6J mice [13]. The renal system is the primary pathway for excretion after low-dose exposure, whereas exhalation of unmetabolized VCM is achieved by higher doses with enzyme saturation [14]. The liver is a detoxifying organ following exposure to toxic agents. Cytochrome P450 2E1 (CYP2EI) is able to covert VC into the active metabolite, 2-chloroethylene oxide. However, this VC metabolite is able to covalently bind to nucleic acids and proteins, leading to genotoxicity in the liver (Easter and Von Burg, 1994). A study has shown that VC exposure is associated with chromosomal damage in vinyl chloride-exposed workers [15]. Exposure to VC in air at concentrations between 0.8% and 15.0% caused mutagenicity in H2E1 cells, suggesting saturation of metabolic activation [16]. Next-generation sequencing has revealed that N(2),3-εG could be a biologically important lesion and may have a functional role in VC-induced or inflammation-driven carcinogenesis in vivo [17]. Collectively, genotoxicity and inflammation are important biological outcomes after VC exposure.



Residents living in the vicinity of petrochemical complexes had smaller increases in life expectancy over time than did the non-petrochemical reference group [18]. The reduction in life expectancy for residents living in the vicinity of petrochemical complexes may be associated with pollutants emitted by certain industries. In Taiwan, a previous report indicated that the average concentration was 10.3 ppb, and the maximum concentration was 30 ppb in a primary school approximately 1 km from a petrochemical complex [19]. The exposure level is equal to 10.3 mg/kg of body burden on average. Indeed, petrochemical industries are an important emission source for a wide range of chemical substances such as VC. The objective of this study was to investigate the adverse health effects on the lungs and liver that occur after pulmonary exposure to low levels of VC in vivo.




2. Materials and Methods


2.1. Animals


Six-week-old male BALB/c mice were obtained from BioLASCO (Taipei, Taiwan). The mice were housed at 22 ± 2 °C and 55% ± 10% relative humidity (RH) under a 12/12-h light/dark cycle. This study was approved by the ethics review committee of the Laboratory Animal Center (no. LAC-2014-0300) at Taipei Medical University (Taipei, Taiwan).




2.2. Experimental Design and VC Exposure


The experimental design is shown in Figure 1. The mice were randomly divided into nine groups for three time points: 1 week (groups 1, 2, and 3), 2 weeks (groups 4, 5, and 6), and 3 weeks of exposure (groups 7, 8, and 9). Mice at each time point were intranasally administered 50 μL of VC (Sigma, St. Louis, MO, USA) prepared in phosphate-buffered saline (PBS) at 0, 1, and 200 ng/mL once a day for 5 days per week for 1, 2, and 3 weeks. The low level of VC (1 μg/mL (ppb)) and high level (200 μg/mL (ppb)) were referenced from the highest ambient level in the vicinity of petrochemical complexes and the threshold limit value (TLV) for VC [11]. Administration was conducted under light anesthesia (2% isoflurane) using a rodent anesthesia machine (Northern Vaporiser; Skipton, UK). The pulmonary function of mice was measured, followed by euthanization. Bronchoalveolar lavage fluid (BALF) and whole blood were collected, and lung and liver tissues were snap-frozen in liquid nitrogen or fixed in 4% (m/v) paraformaldehyde for histological analyses. There were six mice in each group. The sample preparation has previously been described [20].




2.3. Pulmonary Function Test


Pulmonary function was monitored by a tracheostomy tube with a ventilator (MicroVent Prenatal Mouse Ventilator, Harvard Apparatus, Holliston, MA, USA) under light anesthesia (2% isoflurane) using a rodent anesthesia machine. Raw respiration signals were interfaced with a physiological recording system (MP150, Biopac Systems, Goleta, CA, USA) using DA100C and ECG100C-MRI amplifiers. Pulmonary function parameters were analyzed using AcqKnowledge vers. 4.2.1 (Goleta, CA, USA).




2.4. Biochemical Evaluation


Whole-blood samples from each mouse was collected by intracardiac puncture followed by centrifugation at 2000× g for 20 min to separate the serum. Biochemical results, including alanine transaminase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALKP), total bilirubin (TBIL), albumin (ALB), globulin (GLOB), and the ALB/GLOB ratio, were determined using an IDEXX VetTest Chemistry Analyzer (Westbrook, ME, USA).




2.5. Permeability and Cytotoxicity of the Lungs


BALF samples were collected from each mouse followed by centrifugation at 1500× g to separate the supernatant. Levels of total protein (BioRad, Hercules, CA, USA) and lactic dehydrogenase (LDH; Thermo Scientific, Waltham, MA, USA) were determined in BALF samples according to the manufacturers’ instructions.




2.6. Oxidative Stress, Inflammation, and Apoptosis in the Lungs and Liver


Lung and liver tissues were homogenized in RIPA buffer (Sigma) with a CompleteTM protease inhibitor (Roche Diagnostics, Basel, Switzerland) according to the manufacturers’ instructions. 8-Isoprostane (Cayman, Ann Arbor, MI, USA), interleukin (IL)-6 (R&D, Minneapolis, MN, USA), caspase-3 (Cayman), IL-1β (R&D), and tumor necrosis factor (TNF)-α activities in tissue lysates were determined in accordance with the manufacturer’s instructions. Data obtained from lung and liver tissue lysates were normalized by the total protein.




2.7. Hematoxylin and Eosin (H&E) Staining


Fixed tissues were embedded in paraffin, sectioned, and stained with H&E in accordance with standard protocols. Samples were histologically examined by a pathologist (CHL).




2.8. Statistical Analysis


Data are presented as the mean ± standard deviation (SD). A one-way analysis of variance (ANOVA) with Tukey’s post-hoc test was used for comparison among multiple values. Statistical analyses were performed using GraphPad vers. 5 (San Diego, CA, USA) for Microsoft Windows [21]. The level of significance was set to p < 0.05.





3. Results


3.1. Pulmonary Function


Alterations in the tidal volume and dynamic compliance of mice after VC exposure over 3 weeks are shown in Figure 2. We observed that 3-week exposure to VC at 1 and 200 ng/mL increased the tidal volume (μL) compared to 1-week exposure (p < 0.05). The dynamic compliance (mL/cmH2O) continuously decreased with 200 ng/mL VC exposure, and reached a statistical difference after 3 weeks (p < 0.05).




3.2. Lung Injury Due to VC Exposure


Figure 3 shows the levels of markers for lung injury in BALF and lungs of mice after VC exposure. We observed that 3-weeks exposure to VC at 200 ng/mL significantly increased total protein levels of BALF (p < 0.05; Figure 3a). Levels of LDH in BALF increased after 200 ng/mL VC exposure for 3 weeks (p < 0.05). We further found that IL-6 had significantly increased with 1 ng/mL of VC exposure for 2 and 3 weeks (p < 0.05) and 200 ng/mL of VC exposure for 3 weeks (p < 0.05). Next, we analyzed the effects of VC on lung tissues (Figure 3b). We observed that VC at 1 ng/mL decreased levels of 8-isoprostane (p < 0.05), especially at 3 weeks, in a stepwise manner. IL-6 significantly increased after exposure to VC at 200 ng/mL for 2 and 3 weeks (p < 0.05). The level of caspase-3 had significantly increased after exposure to VC at 1 and 200 ng/mL for 2 and 3 weeks (p < 0.05).




3.3. Alterations in Liver Function Biochemistry


Figure 4 shows biochemical levels of whole blood, which are indicators for liver function. We observed that AST levels had significantly increased with 1 and 200 ng/mL VC exposure for 3 weeks (p < 0.05). ALKP had significantly increased after 3 weeks of exposure to VC at 200 ng/mL (p < 0.05). Levels of ALB and GLOB had significantly increased following exposure to 1 ng/mL VC for 3 weeks (p < 0.05). However, the ALB/GLOB ratio had significantly decreased after 3 weeks of exposure to 200 ng/mL VC (p < 0.05).




3.4. Liver Injury Due to VC Exposure


Figure 5 shows levels of markers of liver injury of mice after VC exposure. We observed that IL-6 had significantly increased after 1 ng/mL VC exposure for 2 weeks (p < 0.05). However, levels of IL-6 and IL-1β had significantly decreased following 200 ng/mL VC exposure for 2 and/or 3 weeks (p < 0.05). Levels of TNF-α and caspase-3 were significantly increased by exposure to 200 ng/mL VC for 2 and 3 weeks (p < 0.05). As to histology, we observed inflammatory cell infiltration in the liver after 200 ng/mL VC exposure for 3 weeks (Figure 5, arrow points).





4. Discussion


Our results indicated that hepatotoxicity occurred due to pulmonary exposure of mice to VC. We first showed that VC adversely affected pulmonary function and increased lung toxicity after 3 weeks of repeated, sub-chronic exposure. Next, liver injury and inflammatory liver infiltration had occurred by 3 weeks of VC exposure. These observations suggest that repeated, sub-chronic exposure to VC at low levels caused lung and liver toxicity.



VC inhalation is an important occupational health issue in the workplace. The current ACGIH TLV for VC is 1 ppm [11]. However, VC is measurable in the atmosphere in the vicinity of petrochemical complexes [12]. In Taiwan, a previous report indicated that the average concentration was 10.3 ppb, and the maximum concentration was 30 ppb in a primary school approximately 1 km from a petrochemical complex [19]. The World Health Organization (WHO) and EPA California standards for VC are based on the unit risk of liver cancer by life-long VC exposure of 10−6 μg/m3 (2.5 × 10−6 ppb) [22] and a 24-h average concentration of <10 ppb [23], respectively. To understand the effects of low-level exposure to VC on respiratory and liver systems, a relatively low level of VC (1 μg/mL (ppb)) and a high level (200 μg/mL (ppb)) were used for intranasal exposure of mice for 1 to 3 weeks. The exposure level was equal to 1 and 200 mg/kg of body burden on average. For the accumulation dosages, the exposure levels were equal to 15 and 3000 mg/kg body weight for 3-weeks exposure. We first observed that an increase in the tidal volume and a decrease in the dynamic compliance occurred after VC exposure over 3 weeks. Also, we observed a significant decrease in dynamic compliance with a dose-response manner in the third week after exposure (p < 0.05; Supplementary Material Figure S1). The results indicated that more oxygen was required by the body and more carbon dioxide needed to be removed after VC exposure. Changes in the tidal volume suggested that repeated, sub-chronic exposure to VC could impair the function of gas exchange in the lungs. Next, we found that the lungs’ ability to stretch and expand had decreased after VC exposure by measuring dynamic lung compliance. A similar observation was reported in a cross-sectional study which indicated that significant impairment of lung function occurred in workers employed by petroleum refineries [24]. Taken together, even relatively low levels of VC exposure can cause deterioration of lung function.



It is worth noting that 42% of inhaled VC may be retained in the lungs [25], highlighting the importance of the lungs as the first target organ that interacts with VC. We observed significant increases in lung permeability, cytotoxicity, oxidative stress, inflammation, and apoptosis in mice lungs after VC exposure, especially after sub-chronic exposure. Also, levels of LDH and IL-6 in BALF and 8-isoprostane, IL-6, and caspase-3 in lung lysates were significantly increased by VC exposure when compared with control in the same week (Supplementary Material Figure S2). Inflammation is a biological response, which seeks to eliminate the initial cause of cell injury and remove necrotic cells and tissues damaged by the original insult and the inflammatory process. Inhaled VC can cause lung epithelial cells to synthesize proinflammatory cytokines and chemokines, which influence local and systemic inflammatory reactions [26]. Such VC-induced lung injury could increase VC levels in circulation, leading to secondary effects on other organs and detoxification organs.



The liver is the detoxification organ in response to exposure to VOCs. Steatosis, inflammation, fibrosis, necrosis, and cancer have been associated with exposure to high VC levels. We observed that AST, ALKP, ALB, and GLOB significantly increased after exposure to VC in mice, whereas the ALB/GLOB ratio significantly decreased after exposure. Also, VC exposure changed the levels of AST, ALKP, ALB, and GLOB, along with the ALB/GLOB ratio, when compared with control in the same week (Supplementary Material Figure S3). The results suggest that VC exposure caused liver injury, liver inflammatory infiltration, and chronic illness and infection of the liver. A study that investigated ALT levels in 261 school-aged children living near a petrochemical complex indicated that ALT was associated with the VC monomer (VCM) biomarker urinary thiodiglycolic acid (TDGA) [27]. Another study, which recruited 251 subjects in 4 VC manufacturing plants, found that VC exposure was associated with increased ALT and AST in workers [28]. The evidence suggests that VC exposure alters liver functions, which involves liver injury. Indeed, we observed that IL-6, IL-1β, TNF-α, and caspase-3 increased due to VC exposure in mice. Also, levels of 8-isoprostane, IL-6, IL-1β, TNF-α, and caspase-3 were significantly increased by VC exposure when compared with control in the same week (Supplementary Material Figure S4). These observations were also confirmed by liver histology. Similar observations have previously been reported of VC inducing liver injury [29,30,31,32]. VC is metabolized to chloroethylene oxide by CYP2EI in the liver [33]. This metabolite spontaneously undergoes rearrangement to form chloroacetaldehyde, or is metabolized to glycolaldehyde by epoxide hydrolase. Chloroacetaldehyde can be further converted to 2-chloroethanol or metabolized to 2-chloroacetic acid by aldehyde dehydrogenase followed by excretion from the body [34]. However, chloroethylene oxide and chloroacetaldehyde are reactive intermediate metabolites that can cause liver injury and DNA damage [35] due to CYP2E1 activity and/or decreased activities of the VC-detoxifying glutathione transferase, epoxide hydrolase, and aldehyde dehydrogenase, thereby increasing the risk of developing VC-induced liver injury.



A few limitations of this study should be noted. Lung toxicity and hepatotoxicity were investigated by sub-chronic and repeated exposure in an in vivo mouse model; the effects on humans should be investigated in the future. Sub-chronic and repeated exposure was investigated in the present study; the long-term adverse health effects should be determined in future work. Also, intranasal administration was conducted in this study for VC delivery, which is not the natural route for inhalation exposure. Other chemical components of lung toxicity and hepatotoxicity were not investigated in the present work, but should be studied in the future.




5. Conclusions


In conclusion, sub-chronic, repeated exposure to low levels of VC can cause lung and liver toxicity in vivo. Our findings suggest that ambient levels of VC emitted from a petrochemical complex could pose a risk for impairment of the lungs and liver. Therefore, residents living near petrochemical complexes should be aware of the potential health risks.
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Figure 1. Illustration of the experimental design. Mice were randomly divided into 9 groups for 3 time points: 1 week (groups 1, 2, and 3), 2 weeks (groups 4, 5, and 6) and 3 weeks of exposure (groups 7, 8, and 9). Mice in each time point were intranasally administrated 50 μL of vinyl chloride (VC) at 0, 1, and 200 ng/mL 1 time per day, 5 days per week for 1, 2, and 3 weeks. Pulmonary function tests and euthanasia were conducted at the end of weeks 1, 2, and 3. n = 6 per group. 
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Figure 2. Alterations in the tidal volume and dynamic compliance of mice after vinyl chloride (VC) exposure. * p < 0.05 compared between weeks at the same concentration. 
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Figure 3. Levels of (a) total protein, lactate dehydrogenase (LDH), and interleukin (IL)-6 in bronchoalveolar lavage fluid (BALF) and (b) 8-isoprostane, IL-6, and caspase-3 in the lungs after vinyl chloride (VC) exposure. * p < 0.05 compared between weeks at the same concentration. 
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Figure 4. Levels of biochemical parameters in whole blood to assess liver function. * p < 0.05 compared between weeks at the same concentration. 
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Figure 5. Levels of 8-isoprostane, interleukin (IL)-6, IL-1β, tumor necrosis factor (TNF)-α, and caspase-3 in the liver after vinyl chloride (VC) exposure. Liver inflammatory infiltration occurred after exposure to 200 ng/mL VC for 3 weeks (400X). * p < 0.05 compared between weeks at the same concentration. 
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