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Abstract
Background
Open burning of anthropogenic sources can release hazardous emissions and has been associated with increased prevalence of cardiopulmonary health outcomes. Exposure to smoke emitted from burn pits in military bases has been linked with respiratory illness among military and civilian personnel returning from war zones. Although the composition of the materials being burned is well studied, the resulting chemistry and potential toxicity of the emissions are not.

Methods
Smoke emission condensates from either flaming or smoldering combustion of five different types of burn pit-related waste: cardboard; plywood; plastic; mixture; and mixture/diesel, were obtained from a laboratory-scale furnace coupled to a multistage cryotrap system. The primary emissions and smoke condensates were analyzed for a standardized suite of chemical species, and the condensates were studied for pulmonary toxicity in female CD-1 mice and mutagenic activity in Salmonella (Ames) mutagenicity assay using the frameshift strain TA98 and the base-substitution strain TA100 with and without metabolic activation (S9 from rat liver).

Results
Most of the particles in the smoke emitted from flaming and smoldering combustion were less than 2.5 µm in diameter. Burning of plastic containing wastes (plastic, mixture, or mixture/diesel) emitted larger amounts of particulate matter (PM) compared to other types of waste. On an equal mass basis, the smoke PM from flaming combustion of plastic containing wastes caused more inflammation and lung injury and was more mutagenic than other samples, and the biological responses were associated with elevated polycyclic aromatic hydrocarbon levels.

Conclusions
This study suggests that adverse health effects of burn pit smoke exposure vary depending on waste type and combustion temperature; however, burning plastic at high temperature was the most significant contributor to the toxicity outcomes. These findings will provide a better understanding of the complex chemical and combustion temperature factors that determine toxicity of burn pit smoke and its potential health risks at military bases.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12989-021-00435-w.
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	PM
	Particulate matter

	PAH
	Polycyclic aromatic hydrocarbon

	WHO
	World Health Organization

	WUI
	Wildland-urban interface

	VOC
	Volatile organic compound

	EF
	Emission factor

	BALF
	Bronchoalveolar lavage fluid

	LPS
	Lipopolysaccharide

	LDH
	Lactate dehydrogenase

	IL-6
	Interleukin-6

	MIP-2
	Macrophage inflammatory protein-2

	TNF-α
	Tumor necrosis factor-α

	MV
	Minute ventilation

	TV
	Tidal volume

	F
	Breathing frequency

	RT
	Relaxation time

	Ti
	Inspiratory time

	Te
	Expiratory time

	PIF
	Peak inspiratory flow

	PEF
	Peak expiratory flow

	EOM
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	LDPE
	Low density polyethylene

	HDPE
	High density polyethylene

	PET
	Polyethylene terephthalate

	PS
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	DNPH
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	MCE
	Modified combustion efficiency

	GC–MS
	Gas chromatography-mass spectrometry
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	High performance liquid chromatography

	OC
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	EC
	Elemental carbon

	WBP
	Whole-body plethysmography

	DCM
	Dichloromethane

	DMSO
	Dimethyl sulfoxide

	Rev
	Revertants

	ANOVA
	Analysis of variance
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	Standard error of the mean




Background
The World Health Organization (WHO) has reported that heart and lung disease, stroke, and cancers are among the top five causes of global mortality, and one-quarter to one-third of deaths from these diseases are associated with increased exposure to combustion-related air pollution [1]. Moreover smoke emissions from anthropogenic sources (e.g., man-made materials, solid wastes, and construction materials) contain more toxic chemicals than biogenic emissions (e.g., biomass/wildfire smoke) [2, 3], and are either released accidentally from wildland-urban interface (WUI) area wildfires or deliberately by burning household waste and other materials.
Burn pits are a common way to eliminate military waste in the absence of standard waste management systems in war zones. These open burn pits are often located next to military bases, may operate 24 h a day, 7 days a week, and emit many potentially toxic compounds in the air. Often, diesel or jet fuel is used to start or accelerate the fire [4–6]. Most burn pits in Iraq and Afghanistan were permanently shut down in 2009, but some still operate elsewhere [7, 8]. Because over one million U.S. military personnel have been deployed in war zones for the past 20 years [9], military communities and public health professionals have become increasingly concerned about exposures to burn pit smoke. There is growing concern that a significant number of Iraq and Afghanistan war veterans continue to experience health problems associated with exposures to a variety of airborne hazards during military service [4–6, 10–20].
While various sources, such as geologic dust, vehicle exhaust, and ordnance, contribute to ambient particulate matter (PM) at U.S. military sites in war zones, especially in the Middle East, one report suggested that smoke emitted from burn pits is a major source of air pollution [21]. Additionally, associations between burn pit emissions and respiratory symptoms, including asthma [6], respiratory symptoms [20], acute eosinophilic pneumonia [19], and constrictive bronchitis [13], have been reported, whereas other studies have not identified significant effects [22–27]. What is clear is that smoke from burn pits contains numerous potentially toxic compounds, including polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs), and heavy metals [7, 28–33]. However, the role of specific smoke components on disease incidence or severity following exposure is not well understood [28–31].
A challenge with laboratory-based toxicity studies of burn pit smoke is to first generate relevant representative test samples and then simulate exposures using in vitro or in vivo models. Many studies have successfully generated combustion byproducts from various sources [28–30, 34–48], but little information is available on the toxicity of the combustion smoke emissions. Previously, we developed an automated furnace connected to a cryotrap system that can control combustion phases (smoldering and flaming), generate combustion emissions from different fuels with reproducible physico-chemical characteristics, and collect large quantities of smoke condensates for subsequent chemical analysis and toxicity testing [49].
Here we utilized this approach to simulate military burn pit smoke emissions from representative fuel samples under two distinct burning conditions and sought to identify components of the burn pit condensates associated with toxicity outcomes. Condensates were obtained from a combination of three different types of burn pit materials (wood, paper, and plastic) either alone or in a prescribed combination with and without diesel fuel as an accelerant under two different combustion conditions (smoldering and flaming). We assessed the condensates for potential to cause lung toxicity in mice after oropharyngeal aspiration, and for mutagenicity in the Salmonella (Ames) mutagenicity assay. We also calculated mutagenicity emission factors and compared them to published data for other combustion emissions, such as biomass smoke, cookstove emissions, diesel exhaust, and waste incineration.
Results
Physico-chemical characteristics of the burn pit smoke
Military waste burn pit smoke emissions were generated from five waste types (hereinafter designated plywood, cardboard, plastic, mixture, and mixture/diesel) under two combustion phases (smoldering and flaming); their smoke characteristics are summarized in Table 1. Average PM emission factors (EFs) of the burn pit smoke were 161.5 g/kg during the smoldering combustion (0.74 of modified combustion efficiency) and 8.3 g/kg during the flaming combustion (0.96 of modified combustion efficiency). Notably, the largest contributor to PM emissions from the flaming combustion was the plastic smoke, which contained approximately 20 times higher PM mass than other (flaming) burn pit smoke emissions. This emission characteristic of the plastic smoke also showed distinct differences for PM and CO2 EFs compared to biomass smoke emissions under similar combustion conditions (Fig. 1). The flaming plastic smoke contained up to approximately 10 times higher CH4 mass than other flaming burn pit smoke emissions. The plastic smoke PM had 64 and 74% total carbon for smoldering and flaming conditions, respectively, whereas other smoke PM averaged 50% total carbon for both combustion conditions. The same combustion condition (flaming or smoldering) produced a similar NOx level, but approximately 5 times higher levels were measured in flaming (3.2 g/kg) than smoldering (0.6 g/kg) phases. Mass median aerodynamic diameters of PM in the burn pit smoke ranged from 0.3 to 2.8 µm for all tested waste smoke emissions. In general, the particles from flaming plywood and cardboard and the mixture were smaller than the other fuels and conditions.Table 1Characteristics of the burn pit smoke


	Variable
	Plywood
	Cardboard
	Plastic
	Mixture
	Mixture/diesel

	Smolder
	Flame
	Smolder
	Flame
	Smolder
	Flame
	Smolder
	Flame
	Smolder
	Flame

	MCEa
	0.68
	0.94
	0.72
	0.98
	0.78
	0.93
	0.78
	0.97
	0.74
	0.97

	CO (g/kg)b
	250.6
	74.5
	223.6
	25.5
	202.1
	101.9
	191.5
	33.9
	195.0
	36.2

	CO2 (g/kg)b
	818.2
	1674.1
	898.7
	1547.8
	1166.3
	2315.7
	1022.6
	1891.9
	860.2
	1873.8

	PM (g/kg)b
	148.3
	2.6
	81.6
	0.4
	242.3
	34.9
	149.4
	1.3
	186.1
	2.2

	CH4 (g/kg)b
	16.4
	5.6
	9.6
	0.8
	5.3
	7.5
	4.8
	0.7
	6.7
	1.7

	VOCs (g/kg)b
	48.0
	27.0
	26.0
	4.0
	544
	136.0
	127.0
	17.0
	164.0
	29.0

	NOx (g/kg)c
	1.5
	3.8
	0.4
	2.9
	0.2
	2.4
	0.4
	3.9
	0.3
	2.9

	OC (% of PM mass)
	45.5
	45.5
	41.3
	36.1
	64.3
	68.8
	55.5
	48.4
	58.4
	60.0

	EC (% of PM mas)
	0.4
	0.4
	0.4
	1.6
	0.1
	5.6
	0.2
	5.6
	0.1
	2.3

	EOM (% of PM mass)
	64
	59
	61
	38
	71
	39
	70
	49
	71
	65

	PM Size (µm)d
	1.5 [1.5]
	0.3 [1.1]
	1.0 [1.2]
	0.3 [1.1]
	1.3 [1.4]
	2.8 [2.0]
	1.5 [1.4]
	0.3 [1.2]
	1.6 [1.3]
	2.2 [2.0]


aModified combustion efficiency (MCE) = ΔCO2/(ΔCO2 + ΔCO)
bEmission factor (EF) t (g/kg) = (fuel carbon fraction x mass of carbon emitted as t x molecular weight t × 1000) / (molecular weight carbon x total mass of carbon)
cEmission factor (EF) NOx (g/kg) = (mass of NOx / total mass of carbon emitted) x (mass of carbon in the fuel / total mass of fuel)
dMass median aerodynamic diameter (MMAD) of PM; values in brackets represent the geometric standard deviation


[image: ../images/12989_2021_435_Fig1_HTML.png]
Fig. 1Comparison of emission factors (EFs) of the burn pit smoke and published EFs from various biomass combustions. A EF for PM, B EF for CO, and C EF for CO2 vs. modified combustion efficiency (MCE). EFs from biomass combustions are obtained from published studies [44, 49]


The PAH composition in the PM from the burn pit smoke emissions are given in Fig. 2a and Additional file 1: Table S2. PAH levels in the flaming smoke PM were at least an order of magnitude higher than those of the smoldering burn pit smoke PM and were appreciably more abundant than those found in various biomass smoke emissions published in the literature (Fig. 3). The sum of EPA priority PAHs in the PM condensates from flaming combustion was greatest for the mixture/diesel waste (64 mg PAH/g PM), followed by the plastic (31 mg PAH/g PM), the mixture (22 mg PAH/g PM), the cardboard (7 mg PAH/g PM), and the plywood waste (6 mg PAH/g PM). The maximum concentration distribution of individual PAHs in the PM emissions varied with the waste burned. Generally, phenanthrene, naphthalene, and fluoranthene were the predominant compounds measured in the condensates during flaming combustion. Additionally, relatively high levels of acenaphthylene were noted in the plastic and mixture/diesel burns. Similar to the PAH concentrations, higher levels (> 20 times) of nitrated/oxygenated (nitro-/oxy-) PAHs were also measured in the flaming smoke PM (Fig. 2b and Additional file 1: Table S2) in the order: mixture/diesel ≥ plastic > mixture ≥ plywood > cardboard. Major components were naphthalenecarboxaldehyde, benzanthrone, and fluorenone, which accounted for 60 – 80% of total nitro- and oxy-PAHs from the flaming smoke PM.[image: ../images/12989_2021_435_Fig2_HTML.png]
Fig. 2Concentrations of PAHs in the burn pit smoke PM emitted from different waste types and combustion phases. A 16 EPA priority PAHs and B Nitro- and oxy-PAHs

[image: ../images/12989_2021_435_Fig3_HTML.png]
Fig. 3Comparison of particle-bound PAH concentrations in the burn pit smoke and various biomass smoke emissions. PAH concentrations in PM emitted from biomass combustions are obtained from published studies: wood smoke from woodstove [39], grass pellet smoke from woodstove [101], grass/wood smoke from biomass boiler [38], wood/pellet smoke from biomass boiler [47], hard/softwood smoke from fireplace [35], biomass smoke from fireplace/woodstove [30]


The sums of speciated volatile organic compound (VOC) emissions measured in the actual smoke for each waste and combustion phase are summarized in Table 1. These measurements indicate that VOC emissions were consistently greater under smoldering conditions compared to flaming conditions for the same waste type by approximately 2–7 times. Regardless of combustion phase, the highest sum of VOC emissions was observed from the plastic burning, whereas the lowest values were measured for the cardboard. The relative contributions of the most abundant VOCs measured in the burn pit smoke for each waste and combustion phase are shown in Additional file 1: Fig. S1. The largest contributors to VOC emissions were air toxics, such as aromatics, unsaturated hydrocarbons, and aldehydes, which are typically associated with combustion emissions. Notable differences in the VOC chemical profiles were observed between flaming and smoldering phases for all wastes. For example, benzene was the dominant species in all flaming emission profiles, representing from 38 to 55% of the total speciated VOC mass. The chemical composition of VOC emissions in the smoldering phase varied with the starting fuel. The cardboard and plywood smoldering emissions were dominated by carbonyl compounds, whereas the plastic, mixture and mixture/diesel emissions in the smoldering phase had the largest relative contribution from styrene. The influence of diesel in the mixture/diesel emissions is indicated by the presence of C9–C12 alkane species (e.g., nonane, decane and dodecane) in the flaming and smoldering phases.
Lung toxicity and physiology of the burn pit smoke PM
At 4 and 24 h after exposure by oropharyngeal aspiration, bronchoalveolar lavage fluid (BALF) of the mice was analyzed for lung cell injury and inflammation. The smoldering smoke samples resulted in small increases in neutrophils at 4 and 24 h (Fig. 4a). Of these responses only the plywood smoke PM reached significance at 4 h post-exposure. In contrast the flaming plastic smoke condensates caused significant increases in neutrophils at both 4 and 24 h, with the flaming mixture smoke having a persistent significant increase at 24 h post-exposure. Lactate dehydrogenase (LDH) levels did not differ among the various exposures apart from the smoldering mixture condensate, which had significant increases at 24 h post-exposure (Fig. 4b). Pro-inflammatory cytokines, which typically track as early signals of neutrophil infiltration, were also increased after exposures to the flaming smoke condensate but not the smoldering smoke PM (Fig. 4c, d). Interleukin-6 (IL-6) was increased for all the flaming samples at 4 h post-exposure, although only significantly for the plywood smoke PM. The levels decreased to around the limit of detection by 24 h. Macrophage inflammatory protein-2 (MIP-2) levels were increased at 4 h post-exposures to all the flaming smoke PM, with significance achieved only with the plastic smoke PM. Although MIP-2 levels were lower at 24 h, the values were significantly different from the saline vehicle for the plywood and plastic smoke PM. Tumor necrosis factor-α (TNF-α) was not elicited to any great extent except for the LPS positive control (data not shown). None of the smoke PM exposures significantly altered any of the hematological parameters studied (data not shown).[image: ../images/12989_2021_435_Fig4_HTML.png]
Fig. 4Lung toxicity of the burn pit smoke PM emitted from different waste types and combustion phases. A neutrophil response, B LDH response, C interleukin (IL)-6 response, and D macrophage inflammatory protein (MIP)-2 response. Mice were exposed to the PM (100 µg) by oropharyngeal aspiration and BALF was obtained at 4 and 24 h post exposure. Data are mean ± SEM obtained from 6 mice for each group. *P < 0.05 compared with the saline-exposed (a negative control) group from the same time point. Mice exposed to 2 µg of lipopolysaccharide (LPS) served as a positive control


Changes in respiratory parameters (Te, Ti, PIF, PEF, RT, MV, TV, and F) in mice were monitored prior to the burn pit smoke exposure (baseline), and at 4 and 24 h post-exposure (prior to necropsy). Decreases in breathing frequency (F) were detected at 4 h after exposure to the smoldering plywood and carboard smoke condensates (Fig. 5). These changes were not persistent at 24 h post-exposure. No flaming PM exposed mice had changes in F at 4 h; however, the mixture smoke condensate caused a significant decline in F at 24 h post-exposure. The LPS-exposed mice had significant declines in F at both time points. The smoldering cardboard condensate produced a significant increase in inspiratory time (Ti) at 4 h post-exposure, whereas the smoldering plywood sample produced an increased expiratory time (Te) at 4 h (Additional file 1: Table S3). No significant changes in respiratory flows (PIF and PEF), volumes (TV and MV) or relaxation time (RT) were noted other than a significant reduction in MV for LPS at 4 h for both studies (Additional file 1: Table S3).[image: ../images/12989_2021_435_Fig5_HTML.png]
Fig. 5Breathing frequency of mice exposed to the burn pit smoke PM emitted from different waste types and combustion phases. Data are mean ± SEM obtained from 6 mice for each group. *P < 0.05 compared with the pre-exposed (baseline) group from the same time point


Mutagenicity of the burn pit smoke PM
The extractable organic materials (EOMs) from the flaming smoke PM were mutagenic in all three strains and S9 conditions; however, none of the EOMs from the smoldering samples were mutagenic in TA100 nor were those from the smoldering plastic or mixture smoke PM in TA98 -S9 (Fig. 6 and Table 2). The mutagenic potencies of the flaming smoke EOM (rev/µg EOM) and PM (rev/µg PM) in all strains and S9 conditions were greater than those of their comparable smoldering smoke PM, typically by more than an order of magnitude. Among the flaming smoke PM in strain TA98 + S9, the most potent EOM or PM was the plywood and the mixture/diesel, suggestive of a role for PAHs and aromatic amines that induce frameshift mutations. With respect to the mutagenicity of the flaming smoke PMs in TA98 -S9, the most potent EOM or PM was the plywood, indicating that some portion of its mutagenicity was due to nitroarenes (nitro-PAHs). With respect to the mutagenicity of the flaming smoke PM in TA100 + S9, the most potent EOM or PM was the mixture/diesel, indicating the presence of PAHs. The EOMs and PMs of the flaming smoke were most potent in their mutagenicity in strain TA100 + S9, indicating that PAHs played a predominant role, relative to aromatic amines and nitro-PAHs.[image: ../images/12989_2021_435_Fig6_HTML.png]
Fig. 6Mutagenicity of the burn pit smoke PM in the TA98 -S9 and TA100 + S9 Salmonella strains. A TA98 + S9, B TA98 -S9, and C TA100 + S9. Mutagenic potencies (rev/µg PM) of the extractable organic material (EOM) were calculated from the slope of the linear portion of the dose–response curve created by the average of the primary data (rev/plate) from two to four independent mutagenicity experiments (Additional file 1: Figs. S2 and S3). The mutagenic potencies of the EOM were then multiplied by the percent EOM to give mutagenic potencies of the PM (rev/µg PM). Data are presented as mean ± SEM. *These values were statistically significant (p < 0.05). $Samples with slopes with trend tests with p > 0.05 were considered non-mutagenic and given a mutagenic potency of zero. vInsufficient sample available to generate dose–response curves; samples were not mutagenic at 1000 µg EOM/plate

Table 2Mutagenic potencies and mutagenicity EFs of the burn pit smoke PM in Salmonella TA98 ± S9 and TA100 + S9


	Model outcomes
	Plywood
	Cardboard
	Plastic
	Mixture
	Mixture/diesel

	Smoldering
	Flaming
	Smoldering
	Flaming
	Smoldering
	Flaming
	Smoldering
	Flaming
	Smoldering
	Flaming

	TA98 + S9
	 	 	 	 	 	 	 	 	 	 
	rev/µg EOM
	0.024 ± 0.005
	3.610 ± 0.310
	0.049 ± 0.012
	2.320 ± 0.120
	0.030 ± 0.008
	3.330 ± 0.140
	0.040 ± 0.008
	4.220 ± 0.300
	0.018 ± 0.005
	3.910 ± 0.220

	rev/µg PM
	0.015 ± 0.003
	2.130 ± 0.183
	0.030 ± 0.007
	0.882 ± 0.046
	0.021 ± 0.006
	1.299 ± 0.055
	0.028 ± 0.006
	2.068 ± 0.147
	0.013 ± 0.004
	2.542 ± 0.143

	rev × 105/kg fuel
	23.34 ± 4.86
	57.29 ± 4.92
	24.81 ± 6.08
	3.44 ± 0.18
	51.97 ± 13.85
	472.72 ± 19.87
	42.00 ± 8.40
	26.26 ± 1.87
	24.03 ± 6.67
	55.91 ± 3.15

	rev × 105/MJth
	1.17 ± 0.24
	2.86 ± 0.25
	1.42 ± 0.35
	0.20 ± 0.01
	1.60 ± 0.43
	14.55 ± 0.61
	1.86 ± 0.37
	1.16 ± 0.08
	1.06 ± 0.30
	2.47 ± 0.14

	TA98 -S9
	 	 	 	 	 	 	 	 	 	 
	rev/µg EOM
	0.050 ± 0.010
	4.910 ± 0.490
	0.021 ± 0.004
	2.610 ± 0.150
	0.0 ± 0.0a
	1.050 ± 0.250
	0.0 ± 0.0a
	3.670 ± 0.200
	0.024 ± 0.009
	1.810 ± 0.250

	rev/µg PM
	0.032 ± 0.006
	2.897 ± 0.289
	0.013 ± 0.002
	0.992 ± 0.057
	0.0 ± 0.0
	0.410 ± 0.098
	0.0 ± 0.0
	1.798 ± 0.098
	0.017 ± 0.006
	1.177 ± 0.163

	rev × 105/kg fuel
	48.64 ± 9.73
	77.93 ± 7.78
	10.63 ± 2.03
	3.87 ± 0.22
	0.0 ± 0.0
	149.06 ± 35.49
	0.0 ± 0.0
	22.83 ± 1.24
	32.04 ± 12.01
	25.88 ± 3.58

	rev × 105/MJth
	2.43 ± 0.49
	3.90 ± 0.39
	0.61 ± 0.12
	0.22 ± 0.01
	0.0 ± 0.0
	4.59 ± 1.09
	0.0 ± 0.0
	1.01 ± 0.06
	1.42 ± 0.53
	1.15 ± 0.16

	TA100 + S9
	 	 	 	 	 	 	 	 	 	 
	rev/µg EOM
	No datab
	6.580 ± 0.960
	No datab
	6.570 ± 0.890
	No datab
	12.960 ± 1.640
	No datab
	8.130 ± 0.810
	No datab
	14.320 ± 2.820

	rev/µg PM
	No datab
	3.882 ± 0.566
	No datab
	2.497 ± 0.338
	No datab
	5.054 ± 0.640
	No datab
	3.984 ± 0.397
	No datab
	9.308 ± 1.833

	rev × 105/kg fuel
	No datab
	104.43 ± 15.23
	No datab
	9.74 ± 1.32
	No datab
	1839.80 ± 232.81
	No datab
	50.59 ± 5.04
	No datab
	186.16 ± 36.66

	rev × 105/MJth
	No datab
	5.22 ± 0.76
	No datab
	0.56 ± 0.08
	No datab
	56.61 ± 7.16
	No datab
	2.24 ± 0.22
	No datab
	8.24 ± 1.62


Mutagenic potencies of the EOM (rev/µg EOM ± SEM) are slopes of linear regressions calculated from the dose–response data (rev/plate) from 4 independent experiments for the smoldering samples (Additional file 1: Fig. S2) and 2 independent experiments for the flaming samples (Additional file 1: Fig. S3). Mutagenic potencies of the PM (rev/µg PM ± SEM) were calculated by multiplying the rev/µg EOM values by the %EOM for each fuel in Table 1. Mutagenicity emission factors (EFs) of the PM (rev/kg fuel) were calculated by multiplying the rev/µg PM values by the PM emission factors for each fuel in Table 1. Mutagenicity EFs of the PM (rev/MJth) were calculated by dividing the rev/kg fuel values by the heat energy (MJth/kg fuel) of each fuel, which was 20.00 for the plywood [98], 17.5 for the cardboard [99], 32.5 for the plastic [100], and 22.6 for the mixture and mixture/diesel [100]
aSamples with slopes with trend tests with P > 0.05 were considered non-mutagenic and given a mutagenic potency of zero
bInsufficient sample available to generate dose–response curves; most samples were negative at 1000 µg EOM/plate



In TA98 + S9, the mutagenicity EFs (rev/kg fuel or rev/MJth) of flaming smoke PM were greater than those of smoldering samples for the plywood, the plastic, and the mixture/diesel smoke PM, whereas the opposite was the case for the cardboard and the mixture smoke PM (Fig. 7 and Table 2). In TA98 -S9, the mutagenicity EFs of the flaming smoke PM were also greater for the plywood and plastic as well as the mixture smoke PM, whereas the opposite was the case for the cardboard and mixture/diesel smoke PM (Table 2). Thus, the mutagenicity EFs were consistently greater for flaming than for smoldering samples for the plywood and the plastic smoke PM in TA98 regardless of S9, indicating that PAHs, nitro-PAHs, and aromatic amines played a greater role in the flaming rather than smoldering mutagenicity EFs of these samples. In contrast, these chemical classes played a dominant role in the mutagenicity EFs of the smoldering cardboard smoke PM.[image: ../images/12989_2021_435_Fig7_HTML.png]
Fig. 7Comparison of mutagenicity EFs of the burn pit smoke and various combustion smoke PMs in strain TA98 + S9. Mutagenicity emission factor (EF) calculated based on the emitted PM mass per mass of fuel burned. Mutagenic potencies of the PM (rev/µg PM; Fig. 6a) were converted to mutagenicity EFs (rev/MJth) using the values for the heat energy of each fuel (MJth/kg fuel). Data are presented as mean ± SEM. #Mutagenicity EFs were estimated based on the assumption that 80% of the emissions were produced by flaming and 20% by smoldering. $Mutagenicity EFs were estimated based on the assumption that 20% of the emissions were produced by flaming and 80% by smoldering. The mutagenicity EFs for biomass smoke were 1.2, 5.8, 3.3, 2.5, and 1.9 × 105 rev/MJth for the red oak, peat, pine needles, pine and eucalyptus, respectively [49]. The mutagenicity EFs for diesel smoke were 0.4, 0.2, and 0.1 × 105 rev/MJth for the diesel exhaust particles, B20 exhaust particles, and B100 exhaust particles, respectively [46]. The mutagenicity EFs for cookstove smoke were 2.4, 1.2, and 0.2 × 105 rev/MJth for the three-stone fire, natural-draft stove, and force-draft stove, respectively [45]. The mutagenicity EFs for waste smoke were 0.4, 1.9, and 22.7 × 105 rev/MJth for the municipal waste [82], oil [102], and tire [79], respectively


The mutagenicity EFs for the flaming smoke PM were greatest in TA100 + S9 (Table 2), indicating that PAHs played a predominant role in the mutagenicity EFs of the flaming smoke samples. Although the smoldering smoke PM was not mutagenic in TA100, the mutagenicity EFs of smoldering samples of the cardboard, the plastic, and the mixture were greatest in TA98 + S9, indicating a role for some PAHs and aromatic amines, whereas those of the plywood and the mixture/diesel smoke PM were greatest in TA98 -S9, indicating a role for nitro-PAHs. Among the flaming samples, the mutagenicity EFs of the plastic smoke PM were the highest in all three strains and S9 conditions, whereas those of the cardboard smoke PM were the lowest. Among the smoldering smoke samples, the mutagenicity EFs were not significantly different.
Discussion
Burn pit-related smoke emissions from a lab-scale combustion system
Woods, plastics, and papers are the most prevalent components of military waste that were commonly incinerated in burn pits during the Iraq and Afghanistan wars, making up about 61% (by weight) of the average waste sites [28, 33, 50]. Interestingly, these same components are also the major portion of municipal solid waste materials in the United States [50], suggesting that the smoke emissions presented here could represent combustion byproducts from not only military burn pits but also any fire incidents associated with burning the solid portion of waste generated by households, and may have relevance to anthropogenic smoke that occurs during wildfire events at the wildland urban interface (WUI). Here we burned five different waste materials (plywood, cardboard, plastic, mixture, and mixture/diesel) representative of emissions from military burn pits. We used an automated combustion system to generate well-defined and reproducible burn pit smoke emissions. Because combustion smoke is a complex and dynamic chemical mixture that can change rapidly or stabilize depending on burning conditions [51], better definition of the chemistry of burn pit smoke will help our understanding of complex smoke characteristics and their role in subsequent toxicity outcomes.
We demonstrated previously that characteristics of biomass smoke emissions from our combustion system agreed well with those collected from field and laboratory measurements [49]. Similarly, comparing our emission factor (EF) data to existing values in the literature (Fig. 1) clearly showed that characteristics of smoke from burning the plywood in this study correlated well with published smoke emission data from various biomass combustions. However, emission characteristics from non-wood burn pit materials (i.e., cardboard and plastic) were quite different. For example, burning plastics released higher concentrations of PM, whereas lower concentrations of PM were emitted from cardboard burning when compared to wood combustion. This suggests that major pollutant emissions from burn pits, especially PM and CO2, could largely change depending on types of waste burned, and that burning plastic-containing waste will produce considerably more PM than burning wood-based material [52].
We also demonstrated that organic carbon and PAHs were emitted to a greater extent from burning plastic-containing wastes (Fig. 2). Moreover, PAHs with higher vapor pressure accounted for a higher fraction of the PM composition, and PAH levels emitted from flaming combustion were at least an order of magnitude greater than those in the smoldering emissions. This result is consistent with the understanding that highly efficient combustion of biomass and perhaps other materials occurs in the flaming phase, leading to higher emissions of PAH byproducts [43, 53]. Higher temperatures like those observed during the flaming stage are required for de novo PAH formation, which would explain the greater PAH concentrations observed in the flaming condition [38, 54]. The relatively high level of PAH in the mixture/diesel smoke PM is likely associated with the addition of diesel in the burn pit material containing PAH and lighter aromatic subunits that can rearrange to form PAH and further increase flame temperatures to levels optimal for de novo PAH formation [34].
The high PAH concentrations in the flaming burn pit smoke were also confirmed by comparison with those from a series of biomass burning investigations performed using a variety of appliances (Fig. 3). The comparison was constrained to a subset of eight EPA priority PAH compounds with relatively low vapor pressures (mostly particle-bound PAHs), which eliminates any bias in semi-volatile compound reporting across studies due to differing sampling conditions that influence phase partitioning and media-based sample fractions [38]. Our data clearly show that individual PAH concentrations in PM emissions from the burn pit combustions under flaming conditions were approximately an order of magnitude higher than the average of those from wood-burning appliances. These semi-volatile PAHs are of toxicological concern owing to their known mutagenicity and carcinogenicity [55, 56] and are also regarded as hazardous chemicals that are regularly detected in air samples collected at military bases in Iraq [4]. We reported previously that the mutagenic potencies of PM emissions from biomass-burning sources were greater from flaming than smoldering phases on an equal PM mass basis, further justifying a focus on PAH chemistry [49].
The plastic-containing wastes had the highest levels of VOC emissions (Additional file 1: Fig. S1 and Table 1). This is consistent with a larger general trend showing higher levels of VOCs emitted from burning of anthropogenic sources compared to biogenic sources [2, 3]. The most abundant VOC species observed for burning of plastic-containing wastes were styrene and 1-hexene from the smoldering combustions and benzene from the flaming combustions, suggesting that even though similar types of waste are burned, different combustion temperatures produce not only different amounts, but also different types of VOCs [57]. This is also consistent with the finding that most of the non-substituted aromatics (e.g., benzene) were emitted from high temperatures, but multiple substituents (e.g., styrene) arose from low temperature combustion [58]. Although benzene and styrene, which are among the VOCs detected, are toxic [59–63], these vapor phase constituents would not have been captured to any large degree in the cryotrap and would likely not be present to any degree in the condensates. Toxicological assessments following inhalation of these emissions that include the whole smoke including vapor and gas phase constituents are planned in future studies. Here we only focused on particle-enriched condensates to assess the potential toxicity of the burn pit smoke PM.
Acute lung toxicity caused by the smoke of burning plastic-containing wastes
There is growing concern about potential links between burn pit emissions and subsequent health outcomes among veterans, active service members, and people living near military sites during wars [4–6, 10–20]. The majority of studies, however, rely predominately on self-reported or retrospective surveillance data [5, 14, 24, 25, 64]. No toxicological study has been carried out with combustion byproducts of military burn pits to probe their potential toxicity. We clearly demonstrated that on an equal PM mass exposure basis, the flaming smoke PM had higher lung toxicity than the smoldering samples (Fig. 4). Specifically, the smoke PM from burning of plastic-containing waste (i.e., the plastic and the mixture) were more pro-inflammatory than those from other types of waste. For example, a good correlation between the neutrophil numbers in the lungs and the total sum of PAHs per g PM was observed (Pearson’s r = 0.87, Additional file 1: Fig. S4). This is also consistent with our previous research on the correlation between organic matter or PAHs of the biomass smoke PM and their toxicity [49]. Because PAH toxicity is mostly mediated by aryl hydrocarbon receptor (AHR) which is important for cellular function and maintenance of cardiovascular function [65, 66], the health effects of PAHs are not limited to the lungs but also other organs (e.g., heart [67] and brain [68]). Finally, we anticipate that the toxicity of burn pit smoke PM arises from exposures to combinations of chemicals in the smoke [69] although quantitative speciation of toxic chemicals provides important information and correlations with the observed health outcomes.
The flaming plastic smoke PM, caused a significant increase of MIP-2 at 4 h post-exposure compared to other smoke PM and this was associated with a later enhanced neutrophil influx into the lungs [70]. A small but significant increase in IL-6 was observed following exposure to the flaming plywood smoke PM. This is consistent with our previous finding [49] of cytokine levels in mice exposed to the smoke PM from burning of pine wood, which is the most common type of wood used for the manufacture of plywood products. Our findings suggest that this short-term exposure to the flaming burn pit smoke PM induced an acute inflammation (reflected by MIP-2 and IL-6 levels) rather than cellular damage or death (reflected by LDH levels) in the lungs.
Although we produced well-defined and reproducible burn pit smoke to provide accurate toxicological responses, there are several factors that should be addressed when considering real-world exposure situations. The waste components of burn pits presented herein are limited to certain waste types. For example, we burned only non-chlorinated plastics, but other plastics including chlorine-containing materials can produce persistent organic pollutants (e.g., dioxins, furans and polychlorinated biphenyls) which are highly toxic compounds [32, 71] and likely influence biological responses to real world burn pit smoke. Similarly, other materials including clothing, munitions, food scraps, vehicle spare parts, sewage, etc., are also found in burn-pits [4] but were beyond the scope of this laboratory-based simulation. The PM dose used in this study (equivalent to approximately 3 mg/m3; see “Methods” section for details) appeared to be lower than several regional PM levels from the military deployment sites in Iraq and Afghanistan [6, 64]. Moreover, we generated fresh burn pit smoke and only tested the toxicity of PM-enriched condensates, but in reality, the freshly emitted smoke may react in the atmosphere through oxidative and photochemical reactions to produce secondary products (aged burn pit smoke), which are more reactive due to generation of oxidative species and other gas and particle phase atmospheric transformation products. For example, we have shown that the simulated production of atmospheric transformation products from various VOCs are more toxic and mutagenic than parent compounds [72, 73]. Thus, real-world exposures to burn pit smoke could induce higher lung toxicity than reported here.
We demonstrated that some respiratory parameters measured across the various burn pit materials and combustion conditions were significantly changed at 4 h post-exposure, but they returned to normal after 24 h, except for the exposure to the flaming mixture smoke PM (Fig. 5). Although contrasting results were observed in lung toxicity testing, lung physiology testing showed relatively low adverse outcomes. Airflow limitation in the lungs is normally associated with inflammatory responses [74, 75], but this may not always be the case. One study showed that in some cases pulmonary function was not significantly impaired with mild pulmonary inflammation [76]. Another study revealed that small groups of soldiers who were potentially exposed to a broad range of airborne hazards (e.g., burn pits, desert dust, and sulfur dioxide) in Iraq and Afghanistan had constrictive bronchiolitis, but they had normal results on pulmonary function tests [13].
Despite these conflicting studies, our results suggest that the mixture smoke from flaming combustion is more potent and likely to be responsible for both lung toxicity and physiology effects. In support of these findings, one study indicated that hundreds of veterans who had served during the Iraq and Afghanistan wars reported lung disease, neurological disorders, and cancers in connection to burn pit smoke exposure [11]. Because burn pit smoke is a potential source of dioxin and dioxin-like compounds, exposures to such smoke is also of particular concern to military communities [29, 31, 33]. The unique environmental conditions in Iraq and Afghanistan may have contributed to greater diagnoses of asthma and respiratory symptoms among military personnel who deployed to these areas compared with those who did not deploy [5, 6, 20].
Mutagenicity of the burn pit smoke PM associated with PAHs
PAHs are a group of chemicals that are produced mainly by incomplete combustion of organic materials, and many of them are classified as carcinogenic and mutagenic to humans [55, 56, 77]. Notably, their mutagenic effects are more pronounced when they have nitro-functional groups (nitro-PAHs) compared to parent PAHs [78]. We demonstrated that on an equal mass basis, the highest flaming mutagenic potency of any sample in TA100 + S9 was the mixture/diesel at 9.308 rev/µg PM (Table 2). This sample also had the highest total sum of PAHs of any sample (68,901 µg PAHs/g PM, Additional file 1: Table S2). In contrast, the flaming sample with the lowest mutagenic potency in TA100 + S9 was the cardboard (2.497 rev/µg PM, Table 2); it also had the lowest total sum of PAHs of any sample (8,582 µg PAHs/g PM, Additional file 1: Table S2). We observed a strong correlation between the mutagenic potency of the PM in TA100 + S9, which detects primarily PAHs, and the total sum of PAHs per g PM for all the samples (Pearson’s r = 0.97, Additional file 1: Fig. S4).
The higher mutagenic potency of the flaming smoke samples was consistent with findings from our previous study of biomass smoke [49]. This is likely because the temperatures of combustion were not high enough during the smoldering phase to produce PAHs [56]. Consistent with the lack of mutagenicity of the smoldering smoke samples in all three strains, the concentrations of PAHs, nitro- and oxy-PAHs were generally lower than those of the flaming smoke samples. Overall, our results clearly showed that inferences from the various strains of Salmonella of the main chemical classes responsible for the mutagenicity of the burn pit smoke PM were consistent with the chemical analyses across several PAH groups.
In addition to the mutagenic potency expressed as mutagenicity per mass of PM, we presented mutagenicity EFs to reflect mutagenicity based on an equal mass of waste consumed or thermal energy of waste combustion. We compared the mutagenicity EFs of the burn pit smoke PM in TA98 + S9 to those of other combustion emissions published in the literature (Fig. 7). Among the burn pit smoke PM samples, the mutagenicity EF of the flaming plastic (approximately 15 × 105 rev/MJth) was similar to that of the previously reported open burning of tires (approximately 20 × 105 rev/MJth). The tire fire study did not distinguish between flaming and smoldering phases of combustion, and its mutagenicity EF reflects a combination of both phases [79]. Moreover, in studies of polyethylene plastic in which we also did not distinguish between the flaming and smoldering phases of combustion, we found that polyethylene plastic sheeting burned to simulate open burning had a mutagenicity EF of approximately 1.0 × 105 rev/MJth [42], and polyethylene pipe burned in a rotary kiln had a mutagenicity EF of approximately 0.1 × 105 rev/MJth [80]. Again, these values reflect a combination of flaming and smoldering phases of combustion and are 1–2 orders of magnitude lower than the flaming mutagenicity EF for plastic smoke found in the present study. Given the low mutagenicity EF of the smoldering plastic smoke PM, and the high mutagenicity EF of the flaming plastic emissions, it is likely that an analysis that reflected both phases would show an intermediate mutagenicity EF, which is consistent with our earlier findings for polyethylene plastic combustion emissions [42, 80].
We also found that the mutagenicity EF of the flaming plywood smoke PM was similar to those of various types of biomass smoke PM from a three-stone cookstove or simulated wildfires, which produced mainly flaming smoke emissions. The mutagenicity EFs from waste incinerators, which range from approximately 102 to 104 rev/MJth [42, 80–82], are generally lower than those from our simulation of open burn pits. Nonetheless, exposures to mutagenic combustion emissions are associated with various adverse health effects, including cancer [83–87]. Despite the lack of scientific data demonstrating a direct link between burn pit exposures and cancers, the presence of large quantities of carcinogenic chemicals in military burn pits is a cause for concern [29, 31, 33, 82]. In a similar vein, our results also show that the mutagenicity EFs of burn pits combusting typical types of waste disposed of in such pits are within the range associated with other types of combustion emissions, the exposure to which is associated with a variety of health effects.
Conclusions
The burn pit smoke PM condensates emitted from a lab-scale furnace with a combustion control system induced significant increases in lung toxicity and mutagenicity. The greatest effects on an equal mass basis were observed from flaming combustion emissions of plastic or plastic containing wastes, which generated black smoke plumes and were associated with higher PAH concentrations. Despite the fact that the nature and composition of military burn pits varied widely by location and over time during the wars in Iraq and Afghanistan, our results support the notion that open burning of plastic waste is a key risk factor for adverse health outcomes. It should be noted that the bioassays presented here were limited to exposures of freshly emitted smoke condensates. However, actual exposures to military burn pits are more complicated, involving gas phase constituents, photochemical aging, burning of chlorinated waste, and repeated exposures, resulting in potentially greater and more diverse health problems. As we have shown previously, open burning, regardless of what is burned, produced higher mutagenicity EFs than controlled burning.
Although there are limited studies on the health effects of burn pit smoke exposures, our findings provide a potential cause-and-effect relationship between exposure to emissions from simulated burn pits and subsequent health outcomes. Moreover, these results could also be relevant to smoke exposure from burning homes, structures, and discarded solid materials in the wildland-urban interface (WUI) areas during wildfires. More studies are needed to investigate the impacts of acute and chronic inhalation of whole burn pit smoke, which includes gas phase components. In addition, these effects should be examined in models of disease to determine whether exposures can exacerbate pre-existing health conditions, such as asthma and cardiovascular disease. Overall, our results may lead to an improved understanding of the characteristics of these complex emissions and their impact on the health of military personnel deployed in war zones or in other circumstances where open burning of waste occurs.
Methods
Burn pit materials
We burned five different burn pit materials: plywood (ActionPak Inc., Bristol, PA), cardboard (ActionPak, Inc., Bristol, PA), plastic [a mixture of low-density polyethylene (LDPE), high-density polyethylene (HDPE), polyethylene terephthalate (PET), and polystyrene (PS) pellets], mixture (a mixture of plywood, plastic, and cardboard materials), and mixture/diesel (the mixture material treated with diesel). Plywood was used to represent ammunition boxes that are made of pine wood and graded to a military specification. Cardboard was used to represent cardboard papers that are made of weather-resistant corrugated papers and designed for military packing specifications. Plastic was used to represent plastic materials that are the four most prevalent types of plastic waste (PET (40 wt%), HDPE (24 wt%), LDPE (19 wt%), and PS (17 wt%) based on analysis of the solid waste stream data collected from U.S. military bases [28, 50]). Mixture was used to represent key components of military burn pits that consisted mostly of paper (49 wt%), plastic (27 wt%) and wood (24 wt%). The mass fraction of each waste material based on the waste stream data from U.S. military bases [28, 50] is summarized in Additional file 1: Table S1. Mixture/diesel (the mixture treated with 10 wt% diesel) was used to simulate a typical burn pit condition where military waste was burned with jet fuel, diesel, or gasoline to accelerate the burning at the pits [4, 5]. Diesel fuel (DF-2) was obtained from the Air Methods and Characterization Division at the U.S. EPA. All the burn pit materials were cut into approximately 1-cm long pieces to facilitate uniform combustion conditions and stored in a temperature- and humidity-controlled room (23 °C and 39% relative humidity) until used.
Generation of burn pit smoke
We used an automated furnace system to simulate burn pit combustions under smoldering and flaming phases. The burn pit material (15 g) was placed inside the quartz tube and burned under controlled combustion phases (smoldering and flaming) for 60 min. Half of the outlet burn pit smoke flow from the furnace was captured by a multi-stage cryotrap system consisting of three sequential impingers maintained at − 10 °C, − 50 °C, and − 70 °C. The cryo-trapped smoke samples were then used for chemical analyses and toxicity tests. A detailed description of the furnace and cryotrap system is provided in our previous paper [49].
The other half of the burn pit smoke flow was monitored continuously for carbon dioxide (CO2) and carbon monoxide (CO) using a non-dispersive infrared analyzer (Model: 602 CO/CO2; CAI Inc., Orange, CA) and nitrogen oxide (NO, NO2, and NOx) using a chemiluminescent analyzer (Model: 42i NO/NO2/NOx; Thermo Scientific, Franklin, MA). Volatile organic compounds (VOCs) were also sampled from the burn pit smoke for further speciation and analysis. VOCs in the smoke were sampled using 6-L SUMMA canisters, and carbonyls were sampled with 2,4-dinitrophenylhydrazine (DNPH)-coated silica cartridges (PN 505323, Sigma-Aldrich Co., St. Louis, MO).
The sampling flow rates through the evacuated canister (filled to approximately 0.7 atm) were controlled using a critical orifice at a flow rate of approximately 70 mL/min. Cartridge sampling flow rates were controlled with a SKC Aircheck Sampling Pump (Model: 224-PCXR8, SKC Inc., Eighty Four, PA) with flow rates in the range of 0.5–0.7 L/min.
PM was collected on a glass-fiber filter to determine mean PM concentrations gravimetrically by weighing the filter before and after combustion. Particle-size distributions (in the range of 10 nm to 10 µm) were monitored using a scanning mobility particle sizer (NanoScan SMPS, Model:3910; TSI Inc., Shoreview, MN) combined with an optical particle sizer (OPS, Model: 3330; TSI Inc.).
Characterization of burn pit smoke
CO2, CO, and PM concentrations were used to characterize the burn pit smoke emissions. Flaming and smoldering combustion phases are typically characterized by modified combustion efficiency (MCE), which is defined as MCE = ∆CO2/(∆CO2 + ∆CO), where ∆CO2 and ∆CO are the excess concentrations of CO2 and CO [88]. In this study, combustion was considered flaming when the MCE was > 0.95 and smoldering when the MCE was 0.65–0.85 [89].
Smoke properties are also described using emission factors (EFs), which are defined as the mass of species t emitted per mass of dry fuel consumed, which can be calculated as EF t (g/kg) = (Fc × Ct × Mt × 1000)/(Mc × CT), where Fc is the mass fraction of carbon in the dry burn pit material [28], Mt is the molar mass of species t, Mc is the molar mass of carbon, CT is the total mass of carbon contributed by all species in the burn pit smoke, and Ct is the mass of carbon emitted as species t, and given by Ct (mg/m3) = (Mc × N × Vt)/24.45, where N is the number of carbon atoms in species t, and Vt is the concentration of species t in ppm [90]. In order to validate EFs estimated from the furnace in the present study, EFs for CO, CO2, and PM were compared with the published EFs from various biomass combustion conditions.
Chemical analysis of burn pit smoke
VOCs in the canisters were analyzed by gas chromatography-mass spectrometry (GC–MS) in accordance with U.S. EPA Method TO-15. DNPH cartridge samples were extracted with 6 mL of carbonyl-free acetonitrile (Burdick & Jackson, VWR International, Radnor, PA). Carbonyl hydrazones were analyzed in the extracts by high performance liquid chromatography (HPLC) according to U.S. EPA Method TO-11A. Detailed descriptions of the TO-15 and TO-11A analytical procedures were reported previously [91]. Note that the VOC measurement methods used in this study target the most important air toxics and ozone precursors and does not represent a complete VOC speciation in burn pit smoke emissions.
PM was extracted from the cryogenically cooled impingers by washing with acetone. For carbon species analysis, an aliquot of the smoke PM suspension was pipetted onto pre-baked 1.5-cm2 quartz filter punches, dried, and analyzed for organic carbon (OC) and elemental carbon (EC) with a thermal-optical analyzer (Model: 107A; Sunset Laboratory Inc., Tigard, OR). The OC fraction was further analyzed for PAHs. Sixteen PAHs as priority pollutants classified by the U.S. Environmental Protection Agency (EPA) and 16 nitro-/oxy-PAHs were analyzed by GC–MS (Model: 7890/5975B GC/MSD system, Agilent Technologies Inc., Santa Clara, CA). PAHs were chromatographed using a capillary column (30 m × 0.25 mm × 0.25 µm; BD-5) ramped from 60 to 300 °C with a pulsed splitless injection of 2 µl of PM suspension. Quantification of PAHs was based on the isotope dilution method. Detection limits were established for each target listing. Raw values that fell below the detection limit threshold were listed as not detected (ND).
Experimental animals
Adult pathogen-free female CD-1 mice (approximately 28 g body weight) were purchased from Charles River Breeding Laboratories (Raleigh, NC), housed in groups of 3 in polycarbonate cages with hardwood chip bedding at the U.S. EPA Animal Care Facility (accredited by the Association for Assessment and Accreditation of Laboratory Animal Care), and were maintained on a 12-h light-to-dark cycle at 22.3 ± 1.1 °C temperature and 50 ± 10% relative humidity. Mice were weighed and weight-randomized into 24 groups of 6 mice each for each exposure condition. Mice were given access to rodent chow and water ad libitum and were acclimated for at least 10 days before the study began. Mice were treated humanely and with regard for alleviation of suffering. This study was conducted after approval by the EPA Institutional Animal Care and Use Committee.
Exposure to burn pit smoke PM
Use of the cryotrap sampling technique is unique in that it collects semivolatile organic compounds in all physical states. Thus, the PM condensate used for toxicological assessments contains the total individual semivolatile organic compounds concentrations within the whole smoke mixture, which is pertinent for exposure. We solvent-exchanged the smoke PM suspension in acetone into saline to a final PM concentration of 2 mg/mL and then administered it into the lungs of CD-1 mice at 100 µg in 50 µL by oropharyngeal aspiration. We performed oropharyngeal aspiration on mice anesthetized in a small plexiglass box using vaporized anesthetic isoflurane as described previously [49]. The selection of PM dose (100 µg) was based on extreme exposure levels of PM (> 1000 µg/m3) at military bases in Iraq, where the largest burn pit was operated [6, 64]. If exposures are near or close to the burn pits (assuming > 3000 µg/m3 of PM), PM deposited in the human lungs for 24 h would be 123 ng/cm2 [49]. In the present study, the PM dose (100 µg) to the mouse lung was calculated to be 126 ng/cm2, assuming the respiratory deposition fraction by the oropharyngeal aspiration method and surface area of 0.81 and 642 cm2, respectively [92, 93], and appeared to be relevant to the inhaled burn pit smoke PM concentrations in human lungs (123 ng/cm2). We instilled additional mice with 2 µg of lipopolysaccharide in 50 µL saline (LPS; Escherichia coli endotoxin; 0111:B4 containing 106 unit/mg material, Sigma, St. Louis, MO) as a positive control to demonstrate maximal responsiveness to this well characterized inflammatory agent. We also instilled additional mice with 50 µL saline alone as a negative control.
Breathing parameter assessment
Mice were tested for breathing parameters before exposures, and after exposure approximately 1 h before euthanasia. Breathing parameters were assessed using a whole-body plethysmography (WBP) system (Emka Technologies, Falls Church, VA) as previously described [94]. Breathing parameters measured include minute ventilation (MV), tidal volume (TV), breathing frequency (F), relaxation time (RT), inspiratory (Ti) and expiratory (Te) time, and peak inspiratory (PIF) and peak expiratory (PEF) flow. In this system the mouse had complete freedom of movement in a small clear plastic chamber (3.5" diameter × 2.5" height).
Lung toxicity assay
At 4- and 24-h post-exposure, mice were euthanized by overdose with sodium pentobarbital and phenytoin sodium i.p. (Euthasol; Virbac AH Inc., Fort Worth, TX). Blood was collected by cardiac puncture, and hematology values were measured using a Coulter AcT 10 Hematology Analyzer (Beckman Coulter Inc., Miami, FL). Bronchoalveolar lavage fluid (BALF) was collected from the right lung lobes and used to determine the total cell count and differential analysis of macrophage and neutrophil numbers. Total BALF cell count of each mouse was obtained by a Coulter counter (Coulter Co., Miami, FL). Concentrations of lactate dehydrogenase (LDH) in BALF were determined using commercially available kits (LDH-L Reagent, Thermo Scientific, Middletown, VA). This assay was modified for use on the KONELAB 30 clinical chemistry spectrophotometer analyzer (Thermo Clinical Lab Systems, Espoo, Finland) as described previously [49]. Concentrations of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and macrophage inhibitory protein-2 (MIP-2) in BALF were determined using commercial multiplexed fluorescent bead-based immunoassays (Milliplex Map Kit, Millipore Co., Billerica, MA) measured by a Luminex 100 (Luminex Co., Austin, TX) following the manufacturer’s protocol. The limits of detection (LOD) of each cytokine were 6.27, 3.28, and 29.14 pg/mL for TNF-α, IL-6, and MIP-2, respectively. All values below these lowest values were replaced with a fixed value of one-half of the LOD value.
Mutagenicity assay
For mutagenicity analysis, we extracted the organics from the smoke PM with dichloromethane (DCM), determined the percentage of extractable organic material (%EOM) by gravimetric analysis, and then solvent-exchanged the EOM into dimethyl sulfoxide (DMSO) as described [49]. We performed the Salmonella plate-incorporation mutagenicity assay [95] using the base-substitution strain TA100 [hisG46 chl-1005 (bio uvrB gal) rfa-1001 pKM101 + Fels-1 + Fels-2 + Gifsy-1 + Gifsy-2 +] and the frameshift strain TA98 [hisD3052 chl-1008 (bio uvrB gal) rfa-1001 pKM101 + Fels-1 + Fels-2 + Gifsy-1 + Gifsy-2 +] [96].
The Salmonella (Ames) mutagenicity assay is the standard assay, now in use for 50 years, for evaluating the mutagenicity of complex mixtures [97]. As indicated below, the various strains have metabolic and genetic factors that permit them to detect preferentially certain chemical classes of mutagens, such as PAHs, nitro-PAHs, or aromatic amines [97]. For example, strain TA98 is especially sensitive to nitro-PAHs (nitroarenes) because it detects mutagens that induce frameshift mutations, which is the main class of mutation induced by most nitro-PAHs. In addition, in the absence of any exogenous metabolic activation (rat liver S9), TA98 contains enough nitroreductase to activate nitro-PAHs to frameshift mutagens. In contrast, in the presence of S9, this strain detects aromatic amines because the S9 can acetylate aromatic amines or activated nitro-PAHs into acetylated aromatic amines, which can bind to DNA (typically guanine), forming DNA adducts; aromatic amines preferentially induce frameshifts. This strain, as well as TA100, are both missing nucleotide excision repair and, thus, they cannot repair such DNA adducts. Finally, these adducts are processed by the error-prone DNA polymerase (pKM101) that is present in both TA98 and TA100, which makes a mutation opposite these unrepaired DNA adducts. TA100 detects mutagens such as PAHs, which induce primarily base substitutions in the presence of S9, resulting in epoxides, which bind to DNA (typically guanine), and as noted above, such adducts cannot be repaired in this strain, and instead, the pKM101 polymerase processes this into a base-substitution mutation. Given sample limitation, we did not evaluate the samples in strain TA100 -S9, which would detect direct-acting base-substitution mutagens of various chemical classes. We evaluated the EOM in the presence and absence of metabolic activation using S9 mix composed of 1 mg S9 protein/500 µL of S9 mix [95]. The S9 was an Aroclor-induced Sprague–Dawley rat liver homogenate purchased from Moltox (Boone, NC). 2-Aminoanthracene (0.5μg/plate) for TA98 + S9 and TA100 + S9, and 2-nitrofluorene (3μg/plate) for TA98 -S9 (both from Sigma, St. Louis, MO) were both dissolved in DMSO and used as positive controls, and DMSO was used as a negative control.
The burn pit smoke samples were evaluated among 9 doses (2.5, 5, 10, 25, 50, 100, 250, 500, and 1,000 µg EOM/plate) at one plate/dose. The smoldering samples were evaluated in 4 independent experiments, and the flaming samples were evaluated in 2 independent experiments; limited sample prevented a third experiment with the flaming samples. We defined a positive mutagenic response as a reproducible, dose-related increase in revertants (rev) per plate relative to the DMSO control. The mutagenic potencies of the EOM (rev/µg EOM) were the slopes of the linear regressions over the initial linear portion of the dose–response curves created by combining the data (rev/plate) from the independent experiments. Samples were considered mutagenic when analysis of the curves by a trend test showed significance at P < 0.05. We multiplied the mutagenic potencies of the EOM (rev/µg EOM) by the %EOM to give the mutagenic potencies of the PM (rev/µg PM) for each burn pit smoke.
To calculate the mutagenicity emission factors (EFs), we multiplied the rev/µg PM by 106 to give rev/kg PM, and these values were then multiplied by the g PM/kg fuel that we determined experimentally to give the mutagenicity emission factor (EF) expressed as rev/kg fuel. We converted rev/kg fuel to rev/MJth by dividing the rev/kg fuel values by the heat energy of the burn pit (MJth/kg) based on the following values: 20.0 for plywood [98], 17.5 for cardboard [99], 32.5 for plastic [100], and 22.6 for the mixture and the mixture/diesel [100]. We compared the results to rev/MJth values determined for a variety of other combustion emissions available from the literature.
Statistical analysis
For the analysis of mutagenicity data (TA98 ± S9 and TA100 + S9) and lung toxicity data (pro-inflammatory cytokines, LDH, and hematology values), we used one-way analysis of variance (ANOVA) followed by Tukey multiple comparison or the Fisher’s Least Significant Difference test to compare the biological responses. For the analysis of lung function data, we used two-way analysis of variance (ANOVA) followed by Sidak multiple comparison to compare the time course of the respiratory parameters between the smoke-exposed groups and the saline control group. This analysis was performed using GraphPad Prism software (version 6.07, GraphPad Software Inc., San Diego, CA). We also modeled the lung toxicity potencies (# neutrophils) of the burn pit smoke PM with negative binomial regression in R Statistical Software (version 3.3.2, R Foundation for Statistical Computing, Vienna, Austria) [49]. Pearson correlation analyses and linear regressions were used to analyze relationship between toxicity outcomes and total PAH concentrations of the burn pit smoke PM and performed with Microsoft excel (Microsoft Co., Redmond, WA). Data were expressed as mean ± standard error of the mean (SEM). The statistical significance level was assigned at a probability value of P < 0.05.
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