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Abstract 

Objective:  Chronic multisymptom illness (CMI) is an idiopathic disease affecting thousands of U.S. Veterans exposed 
to open-air burn pits emitting aerosolized particulate matter (PM) while serving in Central and Southwest Asia and 
Africa. Exposure to burn pit PM can result in profound biologic consequences including chronic fatigue, impaired 
cognition, and respiratory diseases. Dysregulated or unresolved inflammation is a possible underlying mechanism for 
CMI onset. We describe a rat model of whole-body inhalation exposure using carbon black nanoparticles (CB) as a sur-
rogate for military burn pit-related exposure. Using this model, we measured biomarkers of inflammation in multiple 
tissues.

Results:  Male Sprague Dawley rats were exposed to CB aerosols by whole body inhalation (6 ± 0.83 mg/m3). Pro-
inflammatory biomarkers were measured in multiple tissues including arteries, brain, lung, and plasma. Biomarkers 
of cardiovascular injury were also assayed in plasma. CB inhalation exposure increased CMI-related proinflammatory 
biomarkers such as IFN-γ and TNFα in multiple tissue samples. CB exposure also induced cardiovascular injury mark-
ers (adiponectin, MCP1, sE-Selectin, sICam-1 and TIMP1) in plasma. These findings support the validity of our animal 
exposure model for studies of burn pit-induced CMI. Future studies will model more complex toxicant mixtures as 
documented at multiple burn pit sites.
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Introduction
Chronic multisymptom illness (CMI) is an idiopathic dis-
ease that thousands of U.S. military Veterans who served 
in Operations Enduring Freedom (OEF), Iraqi Freedom 
(OIF) and New Dawn (OND) suffer from daily. CMI is 
characterized by increased inflammation, chronic fatigue, 

musculoskeletal pain, impaired cognition, gastrointes-
tinal disorders, respiratory problems, and skin rashes 
[1–6]. Burn pit exposures are a suspected cause for CMI. 
OEF/OIF/OND Veterans were exposed to toxic open-air 
burn pits. Waste burned included computer parts, animal 
carcasses, medical waste, lithium-ion batteries, plastics, 
Styrofoam, insecticide canisters, DEET-soaked items, 
human excrement, and vehicles. Collectively, the sites at 
large bases burned an estimated 85,000 pounds of waste 
per day, and burn pits were often located near military 
housing, work areas, and dining facilities [7, 8].
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Burn pit emissions have been characterized to include 
fine particulate matter (PM2.5) with an average concentra-
tion above U.S. air pollution standards known to be asso-
ciated with cardiovascular morbidity and mortality [9, 
10]. Burn pit emissions contain a mixture of carcinogens, 
neurotoxins, and endocrine disruptors, toxins that are 
linked to chronic illness [11–13]. Inhalation toxicology 
research has shown that exposures to complex mixtures 
of gases and particles result in profound biologic conse-
quences. Combined gases and solid particles create an 
aerosolized particle, forming a toxic delivery system. Pul-
monary deposition of such toxicants initiates an inflam-
matory response characterized by oxidative stress, DNA 
damage, macrophage activation, autonomic stimulation, 
cell recruitment and chemokine production [14–17]. The 
result is production of “pulmonary shrapnel”: cellular and 
biochemical products that spill out of the lung and into 
the systemic circulation, leading to a cascade of short- 
and long-term biologic effects [18, 19].

We developed an animal model of burn pit-induced 
CMI using CB inhalation in rodents. Our rationale was 
to establish a simple exposure model, to which more 
complex toxicants may be added. Previous work in the 
Nurkiewicz lab has focused on metal oxide nanomaterial 
whole body inhalation studies in rodents, demonstrating 
negative impacts on systemic microvascular and cardiac 
function [18, 20–22]. Building upon the technological 
capabilities of the West Virginia University inhalation 
toxicology center, we used CB nanoparticles as an initial 
particle surrogate as carbon is a significant component of 
burn pit emissions. By developing this surrogate, a reli-
able and repeatable starting point for investigations into 
the pathology behind burn pit exposure-induced health 
problems will be established. We present data demon-
strating that whole body CB inhalation induces multi-
organ system inflammatory markers in rats, supporting 
this approach for modeling burn pit-induced CMI in US 
Veterans.

Main text
Methods
Carbon black nanoparticle preparation and characterization
Carbon black (CB) powder (Printex 90®, a gift from 
Evonik, Frankfurt, Germany) is composed of 99.9% car-
bon. CB aerosols were generated using a high-pressure 
acoustical generator (HPAG, IEStechno, Morgantown, 
WV). The output of the generator was fed into a Ven-
turi pump (JS-60  M, Vaccon, Medway, MA) to further 
de-agglomerate the particles. The nano-CB aerosol/
air mix was sampled in real-time with a light scatter-
ing device (PDR-1500, Thermo Environmental Instru-
ments Inc., Franklin, MA) to estimate the aerosol mass 
concentration within the exposure chamber. Stable mass 

concentrations were maintained in real-time via software 
feedback loops. 37 mm PTFE filters were used for gravi-
metric measures concurrent with the PDR-1500 meas-
ures to obtain a calibration factor; gravimetric measures 
were also performed during exposures to calculate true 
mass concentrations. The particle count size distribution 
was measured using a high resolution electrical low-pres-
sure impactor (ELPI, Dekati, Tampere, Finland). Particle 
mass size distribution of the CB aerosol was measured 
from the exposure chamber with a cascade impactor 
(Nano-MOUDI, 115R, MSP Corp, Shoreview, MN).

Electron microscopy
Aerosol characterization was verified throughout a given 
exposure by collecting CB particle samples on filters, and 
making hourly gravimetric measurements with a micro-
balance. This approach was also used to collect samples 
for transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM).

Experimental animals
Male Sprague Dawley rats (8  weeks, 250–275  g) were 
obtained from Hilltop Laboratories (Scottdale, PA) and 
housed in an AAALAC approved facility at WVU. All 
procedures were approved by the WVU Institutional 
Animal Care and Use Committee (protocol 1602000621) 
and conformed to the most current National Institutes of 
Health (NIH) Guidelines for the Care and Use of Labo-
ratory Animals. Housing conditions included 12:12  h 
light:dark cycle, 20–26  °C, 30–70% relative humidity, 
acclimatization for 48–72  h prior to any procedure and 
had ad libitum access to food and water.

Whole body inhalation exposure
Rats (sham-control group: age 53 ± 1  days; mass 
288 ± 3  g. CB group age 53 ± 1  days; mass 303 ± 4  g.) 
were exposed to a target concentration of CB for 6  h: 
6  mg/m3 (n = 10/group). Rats were randomly assigned 
to control or experimental groups and were individually 
housed in cages within a stainless steel chamber during 
exposure. The exposure chamber was 22″ × 20″ × 20″ 
(wdh) with an approximate volume of 144 L. The airflow 
through the chamber was approximately 28 LPM during 
exposures. Bedding material soaked with water is used in 
the exposure chamber to maintain comfortable humidity 
(30–70%) and temperature (20–26  °C) during the expo-
sure. Sham-control animals were exposed to HEPA fil-
tered air only.

Tissue collection and processing
Tissue harvesting were performed 24  h after exposure. 
Euthanasia was performed via exsanguination under 
deep anesthesia (5% induction, 2% maintenance with 
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isoflurane gas) followed by organ removal. Plasma ali-
quots and whole tissues (arteries, brain, lung) were snap 
frozen in liquid nitrogen and stored at −80  °C. Solid 
tissues were pulverized on dry ice to granular powder. 
Tissue was homogenized with RIPA buffer (Thermo 
Fisher Scientific, Waltham, MA) or MILLIPLEX MAP 
buffer (MilliporeSigma, Burlington, MA). Total pro-
tein was determined by Direct Detect Spectrometer 
(MilliporeSigma).

Inflammation panel
The Meso Scale Discovery (MSD, Rockville, MD, USA) 
V-PLEX Rat Pro-inflammatory Panel 2 Kit (K15059G) 
was used to quantify tissue (50  μg) and plasma (25  µl) 
concentrations of IFN-γ, IL-1β, IL-4, IL-5 IL-6, IL-10, 
IL-13, KC/GRO, and TNF-α. All samples were run in 
duplicate. Plates were processed according to the manu-
facturer’s instructions using the MSD MESO Sector 600. 
Data were analyzed using MSD Discovery Workbench 
4.0 software [5].

Vascular injury panels
Vascular injury was measured in plasma using the 
Rat Vascular Injury Panels 1 and 2 (RV1MAG-26  K & 
RV2MAG-26  K, MilliporeSigma). Samples were pro-
cessed according to manufacturer recommendations, and 
data captured using Luminex Magpix (MilliporeSigma).

Data analysis
Biomarker data calculations were performed using 
GraphPad Prism 9. Differences between sham-control 
and CB exposed groups were identified by using unpaired 
t-test or Mann–Whitney tests according to data distribu-
tion (n ≥ 8 for all biomarkers per experimental group). 
Significance was established as p ≤ 0.05. Descriptive sta-
tistics are provided for CB aerosol characterization.

Results
Whole body CB inhalation exposure induces biomarkers 
of inflammation and vascular injury
Aerosolized CB particles are a particulate form of ele-
mental carbon manufactured by the gas-phase pyrolysis 
and partial combustion of hydrocarbons. Use of whole-
body inhalation exposure to CB represents a surrogate 
for particle exposure. Gravimetric data from the three 
exposures indicated an average aerosol mass concentra-
tion of 6.16 ± 0.83 mg/m3 (Target = 6 mg/m3). Real-time 
mass concentration measurements of the CB aerosols 
during a 6  h inhalation exposure are shown in Fig.  1A. 
CB aerosol particle count size distribution was meas-
ured from the exposure chamber using a high resolution 
electrical low-pressure impactor (ELPI +) and indicated 
a count median diameter of 67  nm with a geometric 

standard deviation (GSD) of 2.13 (Fig.  1B). Representa-
tive CB particle agglomerate TEM and SEM images are 
also shown (Fig. 1C). Particle size distribution of the CB 
aerosol in the exposure chamber was also measured with 
a cascade impactor (Nano-MOUDI). Based on a log-nor-
mal fit of the data, we calculated a mass median aerody-
namic diameter of 975 nm with a GSD of 2.47(Fig. 2C). 
A representative image of CB deposited and captured on 
filter samples is shown in Fig. 1D.

Nine pro-inflammatory biomarkers were measured in 
artery, brain, lung, and plasma (Table  1). Eight markers 
of inflammation were significantly elevated in arteries of 
CB-exposed rats compared to sham-control rats: IFN-
γ, IL-1β, IL-4, IL-5, IL-6, IL-10, KC/GRO (CXCL1), and 
TNFα (Fig.  2A). Seven inflammatory biomarkers were 
significantly elevated in whole brain tissue: IFN-γ, IL-4, 
IL-5, IL-6, IL-10, IL-13, and TNFα (Fig.  2B). In lung, 
the primary organ of impact following inhalation expo-
sure, induction of four inflammatory biomarkers was 
observed: IL-4, IL-5, IL-10, and KC/GRO (Fig. 2C); IFN-γ 
trended toward elevation (p = 0.059). In plasma, IL-6 was 
significantly elevated (Fig. 2D), and IL-10 had a trend to 
be slightly elevated (p = 0.052). Using the vascular injury 
panels for analysis of plasma (Table 1), we observed sig-
nificant increases in adiponectin, MCP-1, sE-Selectin, 
sICam-1 and TIMP1 (Fig. 2D).

Discussion
Data presented here support that our exposure model 
is a valid animal surrogate model for future studies on 
the effects of and treatment for military burn-pit related 
CMI. Deployment-related CMI compromises the health 
of thousands of our Veterans. Over 2.7 million U.S. mili-
tary personnel were deployed in support of OEF, OIF 
and OND [23]. In a study to determine the frequency of 
CMI in OEF/OIF Veterans, it was found that at 1  year 
post-deployment over 60% met the criteria for mild or 
severe CMI [24]. Given the potential for short and long-
term impacts on the health of US Veterans, modeling 
burn pit exposure to better understand the mechanisms 
of deployment-related illnesses is timely and critical. This 
initial study was set up as an acute exposure model with 
the goal of replicating deposition of burn pit particles. 
Our rationale for using a target concentration of 6 mg/m3 
was to achieve an accumulated lung burden in this study 
to reflect longer-term exposures experienced by mili-
tary personnel [25, 26]. While the actual lung burdens of 
deployed personnel will never be known, our conditions 
of exposure are consistent with what was reported in the 
various military burn pit sites.

Military environmental and occupational exposures 
are linked to elevated risk of cancer, pulmonary, cardio-
vascular, and metabolic diseases, and cognitive decline 
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[8, 27–29]. Moreover, a wide array of health effects have 
been observed in humans and animals following expo-
sure to specific air pollutants such as those found in mili-
tary burn pits [13, 30–33]. Adverse health effects include 
eye and throat irritation, inflammation, pulmonary dis-
ease, and reduced or impaired cognitive function. Multi-
ple organs and systems are known to be targeted by toxic 
airborne exposures, including blood, lungs, cardiovascu-
lar, and central nervous systems [34–37]. One of the most 
intensely tested concepts concerning health effects of 
exposure to airborne toxins is that the onset of inflamma-
tory responses mediates the causal path from pulmonary 
exposure to development of pulmonary, cardiovascular, 
metabolic, malignant, and neurodegenerative diseases 
[29, 38, 39]. Here we present data from lung, plasma, 
artery, and brain demonstrating the inflammatory impact 
of inhaled PM relevant to military burn pit exposure.

For future studies, we propose to use more relevant 
mixtures of particles and gases in inhalation expo-
sure systems. The WVU iTOX Center is fully equipped 
and currently performing multiple studies with mixed 

exposure models. Recent published work from the Hus-
sain laboratory at WVU utilizing the mixed exposure 
model comprising of ozone and CB demonstrate a sig-
nificantly greater decline of lung function capacity after 
mixed exposure compared to individual exposures [17]. 
Mechanistically, an oxidant mediated epithelial alarmin 
pathway was validated as a signaling mechanism in this 
model. Further, another study demonstrated increased 
reactivity to CB particles after interaction with ozone 
leading to a delayed endothelial monolayer wound repair 
through macrophage derived CXCR3 ligands [22]. These 
studies provide examples of robust evidence that novel 
mechanistic pathways are activated by particle and gas 
mixtures and establish a compelling rationale that sup-
port our hypothesis that mixed exposures initiate and/
or drive CMI pathology. In the future, we propose incor-
porating complex mixtures with toxicants relevant to 
burn pit exposure such as volatile organic compounds, 
polyaromatic compounds, and polychlorinated dibenzo-
p-dioxins (PCDDs) and dibenzofurans (PCDFs) [12, 40]. 
Prolonged and unresolved inflammation is proposed 

Fig. 1  CB nanoparticle characterization and deposition in lung. A CB particle characterization table and real-time mass concentration 
measurements (mg/m3) of the CB aerosols during an inhalation exposure for 6 h for a target concentration of 6 mg/m3. Data represent an average 
of three exposures. B Particle size distribution of the carbon black aerosol measured from the exposure chamber using a high resolution electrical 
low-pressure impactor (ELPI +). A log-normal fit of the distributions resulted in a count median diameter (CMD) of 67 nm with a geometric standard 
deviation (GSD) of 2.13 nm. Inset: representative image of CB particles. Scale bar 500 nm. C Particle size distribution of the CB aerosol measured 
from the exposure chamber with a cascade impactor (Nano-MOUDI). A log-normal fit of the distribution resulted in a mass median aerodynamic 
diameter of 975 nm with a GSD of 2.47 nm. D TEM and SEM images of CB agglomerate collected on a TEM grid from the exposure 6 mg/m3 
chamber
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as a major contributor to the morbidity of chronic dis-
eases such as CMI [3]. By modeling military burn pit 
exposures, subsequent studies will be directed toward 
understanding the progression from acute inflammation 
to compromised systemic resolution and the resultant 
development of chronic inflammatory disease such as 
CMI.

This model has wider applicability for occupational- 
and pollution-related exposure studies of particle inha-
lation and human health impact. Exposures to toxins 
in burn pit smoke are similar to exposures experienced 
by first responders and military personnel, and first 
responder occupations are linked to altered immune 
and inflammatory markers and activity associated with 
development of chronic diseases [38]. Previous work in 
the Nurkiewicz laboratory has focused on rodent whole 
body nanomaterial inhalation studies associated with 

occupational and related hazards [31, 41, 42]. Here, we 
have built upon this body of work to develop a surrogate 
model of military burn pit exposure. We used CB, a sig-
nificant component of military burn pit emissions and 
aerosolized particulate matter, as the starting point for 
investigations into the pathology behind burn pit expo-
sure-induced health problems such as CMI. Our results 
provide evidence that whole-body inhalation exposure 
to CB induces a proinflammatory biomarker signature in 
multiple tissues (artery, brain, lung, and plasma) and bio-
markers of cardiovascular injury in plasma.

Limitations

•	 Use of single toxicant and not a complex mixture
•	 Study focused on short-term exposure

Fig. 2  Pro-inflammatory and vascular injury biomarker analysis in rat tissues. Changes in tissue biomarkers of inflammation between control (white 
bars) and CB6 (grey bars) exposed rats are shown for all 4 tissues; vascular injury biomarkers are shown for plasma. A Artery. B Brain. C Lung. D 
Plasma. Data are represented as means ± SEM. Significance is denoted as: * p < 0.05, ** p < 0.005, *** p < 0.0005, ****p < 0.0001; ns, not significant at 
threshold of p < 0.05



Page 6 of 7Trembley et al. BMC Research Notes          (2022) 15:275 

•	 Limited scope of biomarker screening
•	 Male rats only

Acknowledgements
The authors thank Sherri Friend for her expertise with the electron microscopy 
images.

Disclaimer
The contents do not represent the views of the U.S. Department of Veterans 
Affairs or the United States government.

Author contributions
Conceptualization, JHT, TBA, TRN, JMT; methodology, data acquisition and 
interpretation, JHT, TBA, SWS, TRN, ECB, KLG, JG, KJE, TPB, WTG, SH; statisti-
cal analysis, JHT, TAB, JPN; writing—original draft preparation, JHT, TAB, TRN, 
JMT; writing—review and editing, JHT, TAB, TRN, ECB, KLG, JG, KJE, TPB, WTG, 
SH, JMT; funding acquisition, TAB, TRN, SH, ECB, JMT. All authors read and 
approved the final manuscript.

Funding
This work was supported by the following sources: National Institutes of 
Health R01 ES015022 (TRN), R01 ES031253 (SH), Department of Veterans Affairs 
I01 BX004146 (TAB), Center for Veterans Research & Education (TAB), Burn Pits 
360 Veterans Organization (TAB and JMT) and WV-CTSI U54 GM104942-05 
(ECB).

Availability of data and materials
The datasets generated during and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All procedures were approved by the WestVirginia University Institutional 
Animal Care and Use Committee(protocol 1602000621) and conformed to the 
most current NationalInstitutes of Health (NIH) Guidelines for the Care and Use 
ofLaboratory Animals.

Consent for publication
Not applicable.

Competing interests
The authors declare they have no competing interests.

Author details
1 Minneapolis Veterans Affairs Health Care System, Minneapolis, MN, USA. 
2 Department of Laboratory Medicine and Pathology, University of Minnesota, 
Minneapolis, MN, USA. 3 Masonic Cancer Center, University of Minnesota, Min-
neapolis, MN, USA. 4 Department of Surgery, University of Minnesota, Minne-
apolis, MN, USA. 5 Department of Physiology and Pharmacology, West Virginia 
University School of Medicine, Morgantown, WV, USA. 6 Center for Inhalation 
Toxicology (iTOX), West Virginia University School of Medicine, Morgantown, 
WV, USA. 7 Burn Pits 360 Veterans Organization, Robstown, TX, USA. 8 Depart-
ment of Food Science and Nutrition, University of Minnesota, St Paul, MN, USA. 
9 Department of Neuroscience, University of Minnesota, Minneapolis, MN, USA. 
10 Center for Veterans Research and Education, Minneapolis, MN, USA. 

Received: 9 December 2021   Accepted: 27 July 2022

References
	1.	 Eschenbacher WL. Veterans administration burn pit registry. Ann Am 

Thorac Soc. 2014;11(9):1506.
	2.	 Furlow B. US Institute of Medicine studies military burn pits. Lancet 

Oncol. 2010;11(4):316.
	3.	 Furman D, et al. Chronic inflammation in the etiology of disease across 

the life span. Nat Med. 2019;25(12):1822–32.
	4.	 Go YM, et al. Metabolome-Wide Association Study of Deploy-

ment to Balad, Iraq or Bagram, Afghanistan. J Occup Environ Med. 
2019;61(Suppl 12):S25-s34.

	5.	 Butterick TA, et al. Gulf War Illness-associated increases in blood levels 
of interleukin 6 and C-reactive protein: biomarker evidence of inflam-
mation. BMC Res Notes. 2019;12(1):816.

	6.	 Johnson GJ, et al. Blood biomarkers of chronic inflammation in Gulf 
war illness. PLoS ONE. 2016;11(6): e0157855.

	7.	 National Academies of Sciences Engineering, and Medicine. Assess-
ment of the Department of Veterans Affairs Airborne Hazards and 
Open Burn Pit Registry. Washington (DC): The National Academies 
Press; 2017.

Table 1  Pro-inflammatory and vascular injury biomarkers

Analyte Function

IL-1β Cytokine: potent mediator of the inflammatory response; innate Th2 inflammatory response

IL-4 Cytokine: innate Th2 inflammatory response

IL-5 Cytokine: essential for eosinophil differentiation and survival; innate Th2 inflammatory response

IL-6 Cytokine: pro-inflammatory roles; chronic inflammation

IL-10 Cytokine: induced by inflammation, role in limiting immune response

IL-13 Cytokine: innate Th2 inflammatory response

IFN-γ Cytokine: important immunoregulatory functions; activator of macrophages

KC/GRO (CXCL1) Chemokine: role in inflammation and as a chemoattractant for neutrophils

TNFα Cytokine: innate Th2 inflammatory response

Adiponectin Regulates glucose levels & fatty acid breakdown; positive association with cardiovascular mortality

MCP1 (CCL2) Chemotactic for monocytes and basophils; associated with cardiovascular diseases and cognitive decline

sE-Selectin Role in immunoadhesion; systemic endothelial dysfunction

sICAM-1 Role in immunoadhesion; systemic endothelial dysfunction

TIMP1 Regulator of extracellular matrix synthesis and degradation; biomarker of fibrosis



Page 7 of 7Trembley et al. BMC Research Notes          (2022) 15:275 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	8.	 American Public Health Association. Cleanup of US Military Burn Pits in 
Iraq and Afghanistan. Washington, D.C.: American Public Health Associa-
tion; 2015.

	9.	 Long-term health consequences of exposure to burn pits in Iraq and 
Afghanistan. Mil Med. 2015; 180(6): 601–3.

	10.	 Pope CA 3rd, et al. Lung cancer, cardiopulmonary mortality, 
and long-term exposure to fine particulate air pollution. JAMA. 
2002;287(9):1132–41.

	11.	 Powell TM, et al. Prospective assessment of chronic multisymptom illness 
reporting possibly associated with open-air burn pit smoke exposure in 
Iraq. J Occup Environ Med. 2012;54(6):682–8.

	12.	 Woodall BD, et al. Emissions from small-scale burns of simu-
lated deployed U.S. military waste. Environ Sci Technol. 
2012;46(20):10997–1003.

	13.	 Liu J, et al. Burn pit emissions exposure and respiratory and cardiovas-
cular conditions among airborne hazards and open burn pit registry 
participants. J Occup Environ Med. 2016;58(7):e249–55.

	14.	 Risom L, Møller P, Loft S. Oxidative stress-induced DNA damage by par-
ticulate air pollution. Mutat Res. 2005;592(1–2):119–37.

	15.	 Godleski JJ, et al. Mechanisms of morbidity and mortality from exposure 
to ambient air particles. Res Rep Health Eff Inst. 2000;91:5–88.

	16.	 Li N, Xia T, Nel AE. The role of oxidative stress in ambient particulate 
matter-induced lung diseases and its implications in the toxicity of engi-
neered nanoparticles. Free Radic Biol Med. 2008;44(9):1689–99.

	17.	 Majumder N, et al. Oxidant-induced epithelial alarmin pathway mediates 
lung inflammation and functional decline following ultrafine carbon and 
ozone inhalation co-exposure. Redox Biol. 2021;46: 102092.

	18.	 Abukabda AB, et al. Maternal titanium dioxide nanomaterial inhalation 
exposure compromises placental hemodynamics. Toxicol Appl Pharma-
col. 2019;367:51–61.

	19.	 Yi J, et al. Whole-body nanoparticle aerosol inhalation exposures. J Vis 
Exp. 2013;75: e50263.

	20.	 Nurkiewicz TR, et al. Nanoparticle inhalation augments particle-depend-
ent systemic microvascular dysfunction. Part Fibre Toxicol. 2008;5:1.

	21.	 Nurkiewicz TR, et al. Pulmonary nanoparticle exposure disrupts systemic 
microvascular nitric oxide signaling. Toxicol Sci. 2009;110(1):191–203.

	22.	 Majumder N, et al. Oxidized carbon black nanoparticles induce endothe-
lial damage through C-X-C chemokine receptor 3-mediated pathway. 
Redox Biol. 2021;47: 102161.

	23.	 Wenger JW, O’Connell C, Cottrell L. Examination of recent deployment 
experience across the services and components. Santa Monica: RAND 
Corporation; 2018.

	24.	 McAndrew LM, et al. Iraq and Afghanistan Veterans report symptoms 
consistent with chronic multisymptom illness one year after deployment. 
J Rehabil Res Dev. 2016;53(1):59–70.

	25.	 Blasch KW, Kolivosky JE, Heller JM. Environmental Air Sampling Near Burn 
Pit and Incinerator Operations at Bagram Airfield Afghanistan. J Occup 
Environ Med. 2016;58(8 Suppl 1):S38-43.

	26.	 Engelbrecht JP, et al. Characterizing mineral dusts and other aero-
sols from the Middle East-Part 1: ambient sampling. Inhal Toxicol. 
2009;21(4):297–326.

	27.	 Garshick E, et al. Respiratory health after military service in Southwest 
Asia and Afghanistan. An Official American Thoracic Society Workshop 
Report. Ann Am Thorac Soc. 2019;16(8):e1–16.

	28.	 Mallon CT, et al. Introduction to Department of Defense Research on 
Burn Pits, Biomarkers, and Health Outcomes Related to Deployment in 
Iraq and Afghanistan. J Occup Environ Med. 2016;58(8 Suppl 1):S3–11.

	29.	 Sargent LM, et al. Promotion of lung adenocarcinoma following inhala-
tion exposure to multi-walled carbon nanotubes. Part Fibre Toxicol. 
2014;11:3.

	30.	 Vesterdal LK, et al. Pulmonary exposure to carbon black nanoparticles 
and vascular effects. Part Fibre Toxicol. 2010;7:33.

	31.	 Abukabda AB, et al. Group II innate lymphoid cells and microvascular 
dysfunction from pulmonary titanium dioxide nanoparticle exposure. 
Part Fibre Toxicol. 2018;15(1):43.

	32.	 Niwa Y, et al. Inhalation exposure to carbon black induces inflammatory 
response in rats. Circ J. 2008;72(1):144–9.

	33.	 Rohrbeck P, Hu Z, Mallon CT. Assessing health outcomes after environ-
mental exposures associated with open pit burning in deployed US 
service members. J Occup Environ Med. 2016;58(8 Suppl 1):S104–10.

	34.	 Ganguly K, et al. Early pulmonary response is critical for extra-pulmonary 
carbon nanoparticle mediated effects: comparison of inhalation versus 
intra-arterial infusion exposures in mice. Part Fibre Toxicol. 2017;14(1):19.

	35.	 Stapleton PA, et al. Xenobiotic pulmonary exposure and systemic cardio-
vascular response via neurological links. Am J Physiol Heart Circ Physiol. 
2015;309(10):H1609–20.

	36.	 Stapleton PA, Nurkiewicz TR. Vascular distribution of nanomaterials. Wiley 
Interdiscip Rev Nanomed Nanobiotechnol. 2014;6(4):338–48.

	37.	 Rider CF, Carlsten C. Air pollution and DNA methylation: effects of expo-
sure in humans. Clin Epigenetics. 2019;11(1):131.

	38.	 Clementi EA, et al. Metabolic syndrome and air pollution: a narrative 
review of their cardiopulmonary effects. Toxics. 2019;7(1):6.

	39.	 Heusinkveld HJ, et al. Neurodegenerative and neurological disorders by 
small inhaled particles. Neurotoxicology. 2016;56:94–106.

	40.	 Xia X, et al. Polycyclic aromatic hydrocarbons and polychlorinated 
dibenzo-p-dioxins/dibenzofurans in microliter samples of human serum 
as exposure indicators. J Occup Environ Med. 2016;58(8 Suppl 1):S72–9.

	41.	 Bowdridge EC, et al. Maternal engineered nanomaterial inhalation 
during gestation disrupts vascular kisspeptin reactivity. Toxicol Sci. 
2019;169(2):524–33.

	42.	 LeBlanc AJ, et al. Nanoparticle inhalation impairs coronary microvascular 
reactivity via a local reactive oxygen species-dependent mechanism. 
Cardiovasc Toxicol. 2010;10(1):27–36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Whole-body inhalation of nano-sized carbon black: a surrogate model of military burn pit exposure
	Abstract 
	Objective: 
	Results: 

	Introduction
	Main text
	Methods
	Carbon black nanoparticle preparation and characterization
	Electron microscopy
	Experimental animals
	Whole body inhalation exposure
	Tissue collection and processing
	Inflammation panel
	Vascular injury panels
	Data analysis


	Results
	Whole body CB inhalation exposure induces biomarkers of inflammation and vascular injury

	Discussion
	Limitations
	Acknowledgements
	References




