
Introduction

Human exposures to petroleum/hydrocarbon products 
(vapor, liquid, or combustion) pose health risks, especially 
with regard to neurological, cardiovascular, respiratory, and 
dermal pathologies (Smith et al. 1997; Peters et al. 2004; Tu 
et al. 2004; Bell et al. 2005; Chao et al. 2005; Gauderman et al. 
2007). An association between exposure to vehicular traffic 
and onset of human myocardial infarction (MI) was found 
within a short time period (1 h) after exposure, indicating 
a causal relationship between MI and petroleum exhaust 
(Peters et al. 2004). A correlation was found between nearby 
residence exposure to road traffic exhaust and aberrant 

lung development in children in the 10–18 year old age 
group (Gauderman et al. 2007). This study concluded that 
exposure to traffic exhaust on/near a freeway has negative 
effects on children’ lung development, independent of 
regional air quality, that could affect lung function later in 
life. Exposures to petroleum (gasoline) exhaust emissions, 
both particulate and vapor, were found to initiate vascular 
remodeling and oxidative stress pathways in mice, which 
are known to contribute to the progression of atherosclero-
sis (Lund et al. 2007).

Human and animal studies of exposures to JP-8 (jet 
propulsion fuel, formula 8) have significantly advanced 

(Received 11 January 2010; revised 04 February 2010; accepted 05 February 2010)

ISSN 1537-6516 print/ISSN 1537-6524 online © 2010 Informa UK Ltd
DOI: 10.3109/15376511003681009 http://www.informahealthcare.com/txm

R E S E A R C H  A R T I C L E

Systemic molecular and cellular changes induced in rats 
upon inhalation of JP-8 petroleum fuel vapor

Jay S. Hanas1,2,3, G. Bruce Briggs4†, Megan R. Lerner2,3, Stan A. Lightfoot2,3, Jason L. Larabee1,  
Todd J. Karsies1, Robert B. Epstein5, Rushie J. Hanas1, Daniel J. Brackett2,3, and James R. Hocker1

1Department of Biochemistry and Molecular Biology, 2Department of Surgery, University of Oklahoma Health Science 
Center, Oklahoma City, Oklahoma 73104, USA, 3Veterans Affairs Medical Center, Oklahoma City, Oklahoma 73104, USA, 
4Naval Medical Research Institute Toxicology Detachment, Wright-Patterson Air Force Base, Ohio 45433, USA, and  
5Department of Medicine, University of Oklahoma Health Science Center, Oklahoma City, Oklahoma 73104, USA 

Abstract
Limited information is available regarding systemic changes in mammals associated with exposures to petroleum/
hydrocarbon fuels. In this study, systemic toxicity of JP-8 jet fuel was observed in a rat inhalation model at different 
JP-8 fuel vapor concentrations (250, 500, or 1000 mg/m3, for 91 days). Gel electrophoresis and mass spectrom-
etry sequencing identified the α-2 microglobulin protein to be elevated in rat kidney in a JP-8 dose-dependent 
manner. Western blot analysis of kidney and lung tissue extracts revealed JP-8 dependent elevation of inducible 
heat shock protein 70 (HSP70). Tissue changes were observed histologically (hematoxylin and eosin staining) in 
liver, kidney, lung, bone marrow, and heart, and more prevalently at medium or high JP-8 vapor phase exposures 
(500–1000 mg/m3) than at low vapor phase exposure (250 mg/m3) or non-JP-8 controls. JP-8 fuel-induced liver 
alterations included dilated sinusoids, cytoplasmic clumping, and fat cell deposition. Changes to the kidneys 
included reduced numbers of nuclei, and cytoplasmic dumping in the lumen of proximal convoluted tubules. JP-8 
dependent lung alterations were edema and dilated alveolar capillaries, which allowed clumping of red blood 
cells (RBCs). Changes in the bone marrow in response to JP-8 included reduction of fat cells and fat globules, and 
cellular proliferation (RBCs, white blood cells-WBCs, and megakaryocytes). Heart tissue from JP-8 exposed animals 
contained increased numbers of inflammatory and fibroblast cells, as well as myofibril scarring. cDNA array analysis 
of heart tissue revealed a JP-8 dependent increase in atrial natriuretic peptide precursor mRNA and a decrease in 
voltage-gated potassium (K+) ion channel mRNA.
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knowledge concerning petroleum/hydrocarbon toxicities. 
JP-8 contains ∼ 80% aliphatics and 20% aromatics, and is 
the principal vehicle fuel used by the military services of the 
US and the North Atlantic Treaty Organization (Ritchie et al. 
2001a). Military personal become exposed to JP-8 primarily 
through inhalation and dermal contact of vapors, aerosols, 
and combustion products (Ritchie et al. 2001a). Dermal 
exposures to JP-8 by Air Force personnel result in skin irri-
tations and dermatitis ranging from mild-to-severe (Chao 
et al. 2005). Gulf war veterans exposed to JP-8 have altered 
reaction times (Bell et al. 2005). Military workers exposed to 
JP-8 were found to have neurocognitive performance and 
posture stability deficits (Smith et al. 1997; Tu et al. 2004). 
JP-8 was found to have endocrine disrupter activity in 
women in occupational contact with this fuel (Reutman et al. 
2002). In animal models, JP-8 exposures result in toxicologi-
cal alterations in the immune system (Ullrich 1999; Harris 
et al. 2001), dermis (Kabbur et al. 2001; Monteiro-Riviere 
et al. 2001; Gallucci et al. 2004; McDougal and Rogers 2004), 
in neuronal systems (Ritchie et al. 2001b; Rossi et al. 2001), 
pulmonary (Robledo et al. 2000), in the cardiovascular and 
renal systems (Larabee et al. 2005), and in the reproduc-
tive system (Reutman et al. 2002; Witzmann et al. 2003). In 
addition, JP-8 exposure was found to potentiate tumor for-
mation (Harris et al. 2007), and trigger acute phase serum 
responses (Larabee et al. 2008), as well as tissue heat shock 
stress responses (Larabee et al. 2005).

A previous rat study on JP-8 identified cardiovascular 
changes including inflammatory responses (e.g. infiltrating 
lymphocytes) within heart myocardium (Larabee et al. 2005). 
This study, which also identified kidney and liver histological 
changes, was performed using a rodent JP-8 dermal exposure 
model. This JP-8 dermal exposure model also demonstrated 
a time-dependent inflammatory response as measured by 
changing levels of acute phase (inflammation sensitive) 
proteins in sera (Larabee et al. 2008). These observations are 
indicative of the systemic toxicological effects of JP-8 dermal 
exposure (McDougal and Rogers 2004). The present study 
extends these findings using a rat JP-8 inhalation exposure 
route, for 91 days over a range of JP-8 vapor concentrations 
(250, 500, 1000 mg/m3). This inhalation study demonstrates 
bone marrow and lung histological changes in addition to 
changes in heart, kidney, and liver. Molecular biomarkers for 
JP-8 inhalation exposure are identified in kidney, lung, and 
heart tissues.

Materials and methods

Rat inhalation exposure to JP-8 vapor and tissue 
collection
JP-8 fuel procurement and handling, rodent exposure pro-
tocols, and animal vivisection were all performed under the 
direction of G. Bruce Briggs at the Naval Health Research 
Center, Wright-Patterson Air Force Base, Ohio (Witzmann 
et al. 2003). In brief, male Sprague-Dawley rats (∼ 50 days 
old), housed in individual atmosphere-controlled cham-
bers, were exposed to whole-body JP-8 vapor (0, 250, 500, or 

1000 mg/m3, obtained by placing different liquid amounts of 
JP-8 in a heated J-tube) for 6 h per day (during the light phase 
of a 12 h light/dark cycle) for 91 consecutive days. After each 
JP-8 vapor exposure, the chambers were rapidly flushed with 
filtered air; control rats only received filtered air throughout 
the protocol. After daily exposures, rats were examined by 
veterinary staff and returned to individual cages. This study 
followed humane animal principles in the Declaration of 
Helsinki. JP-8 vapor concentrations were quantified at all 
times by infrared spectrometry. Approximately 24 h after the 
last exposure, rats were euthanized with dry ice, and vivi-
sected. Tissues (kidney, heart, liver, lung, bone) were frozen 
in liquid nitrogen, and stored at −80°C.

Tissue extraction, gel electrophoresis, and tandem mass 
spectrometry (MS/MS)
Frozen tissue from JP-8 exposed rats was pulverized to pow-
der in liquid nitrogen using a mortar and pestle. The powder 
was homogenized in a protein extraction buffer containing 
1% NP-40, phosphate buffer saline (pH 7.0), and a protease 
inhibitor cocktail (Roche Applied Sciences, Indianapolis, IN) 
using a hand-operated motor-driven pellet pestle (Larabee 
et al. 2005). The homogenates were centrifuged at 13,000 g 
for 30 min at 4°C, and the supernatants were aliquoted and 
stored at −80°C; protein concentration was determined 
using the Bradford protein assay (Bio-Rad Laboratories, 
Herculese, CA). Protein (30 μg) was mixed with 0.5 volume 
of SDS sample buffer, heated at 95°C for 10 min, and proteins 
were resolved by size using one-dimensional (1-D) 8–12% 
SDS-polyacrylamide gel electrophoresis (Hanas et al. 2008). 
Protein band quantification was performed by densitometry 
of Coomassie-stained gel bands using the software pack-
age UN-SCAN-IT Version 5.1 (Silk Scientific Inc., Orem, 
UT). For tandem MS/MS sequence identification (Hanas 
et al. 2008), protein bands from 1-D gels were excised and 
destained in a 30% acetonitrile solution containing 100 mM 
ammonium bicarbonate; gel bands were then crushed, and 
vacuum dried. Bands were rehydrated in 50 mM ammonium 
bicarbonate containing 1 μg trypsin. Protein digestion was 
performed overnight at 35°C, and peptide fragments were 
collected from gel piece centrifugations. The supernatants 
were dried, and peptides resuspended in 2% formic acid 
containing 5% methanol. Peptide samples were applied to 
a Vydac C18 micro-HPLC column for MS/MS sequencing 
analysis. Peptides were eluted using a gradient of 20–98% 
methanol containing 2% formic acid. Tandem MS/MS pep-
tide sequencing was performed on a ThermoFisher LCQ 
electrospray-ion trap mass spectrometer using helium as 
the dissociation gas. MS/MS data were collected in the posi-
tive mode with an ESI source (capillary temperature 210°C, 
source voltage of 4.5 KV, source current of 80.00 μamps and 
capillary voltage of 26 volts). Identification of peptide/pro-
tein sequences was performed using TurboSequest (Thermo 
Fisher Scientific Inc., Pittsburg, PA), version 3.0. A rat pep-
tide/protein database for screening was constructed from 
the non-redundant database acquired from NCBI as well 
as with a common contaminant database.
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Immunoblotting
Protein extracts (30 μg) were mixed with an equal volume 
of sample buffer (62.5 mmol/L Tris-HCL, pH 6.8, 2% SDS, 
10% glycerol, 5% β-mercaptoethanol, and 236 0.001% 
bromophenol blue), and heated at 95°C for 10 min. Proteins 
were resolved by size using 10% SDS–polyacrylamide gel 
electrophoresis (PAGE, Larabee et al. 2005). Protein bands 
were transferred to a polyvinylidene difluoride membrane 
by electroblotting, and the membrane was blocked with 
5% non-fat milk in wash buffer (20 mmol/L Tris-HCl, pH 
7.5, 500 mmol/L NaCl, and 0.1% Tween-20). Membranes 
were then probed with the following primary antibodies 
from Stressgen (Victoria, BC, Canada): anti-HSP70 mouse 
monoclonal antibodies (SPA-810), and anti-HSC70 rat 
monoclonal antibodies (SPA-815); anti-GAPDH mouse 
monoclonal antibodies (ab8245) were acquired from 
Abcam (Cambridge, MA). The blot was then incubated 
with the appropriate secondary antibodies conjugated to 
alkaline phosphatase, and was detected by a chemilumi-
nescent protein development system (Bio-Rad) using X-ray 
film. The densitometry was performed on the bands from 
the scanned X-ray film images using the software package 
UN-SCAN-IT Version 5.1.; standard error was determined 
using Excel 2007.

Tissue histology
Rat tissues frozen at −80°C were placed in 10% neutral buff-
ered formalin at room temperature for 24 h. Tissues were then 
dehydrated, embedded in paraffin, and subjected to thin sec-
tioning (5 μm). Thin sections were deparaffinized and rehy-
drated through three changes of xylene and graded alcohol 
and stained with hematoxylin and eosin (H&E) and overlaid 
with cover-slips (Larabee et al. 2005). Slides were examined 
for histopathology by light microscopy by a board-certified 
pathologist (S. Lightfoot, MD). Pathological analyses are esti-
mations resulting from scoring 10 fields in each of three slides 
(per each of three animals) for each tissue.

cDNA aray mRNA expression analysis
RNA isolation from tissues of control and JP-8 exposed rats 
and radioactive cDNA probe synthesis using reverse tran-
scriptase and [α-32P] dATP were performed using the Atlas 
Pure Total RNA Labeling System (Clontech, Palo Alto, CA), 
and as described previously (Trachte et al. 2002). mRNA 
expression was analyzed using Atlas cDNA array membranes 
according to manufacturer’s protocol (Clontech), contain-
ing 1176 rat genes in cDNA form. Radioactive probe (5 μCi) 
and 100 μg of sheared salmon sperm DNA in RNase-free 
H

2
O (5 ml) was boiled for 5 min and then placed in ice. This 

probe mixture was added to a pre-hybridized Rat cDNA array 
membrane, and hybridized overnight at 68°C. Membranes 
were then washed, sealed in cellophane, and placed on a 
PhosphorImager Screen overnight. Phosphor Screens were 
scanned using a Storm 840 PhosphorImager (Molecular 
Dynamics, Sunnyvale, CA), and pixel images were produced 
using ImageQuant (Molecular Dynamics) software. Images 
were imported into ArrayVision (Imaging Research, Ontario, 

Canada), and mRNA expression levels were quantified after 
background correction. Gene mRNA levels were expressed 
as a ratio between control and experimental intensity val-
ues minus background subtractions. Positive or negative 
experimental values indicated enhanced or depressed 
mRNA expression levels relative to controls. Rat genes on 
the cDNA array were identified from the Atlas Bioinformatics 
Database.

Results

Identification of rat tissue protein biomarkers for JP-8 
inhalation exposure
Most, if not all, toxicological exposures induce changes in 
gene expression (e.g. protein and mRNA levels) in target 
organisms. Understanding these alterations aids in under-
standing toxicity mechanisms, biomarker identifications, 
and risk assessments. Figure 1 exhibits gel electrophoresis 
and mass spectrometry identification of a protein present 
in rat kidney tissue which is elevated in a dose–response 
dependent manner by JP-8 inhalation exposure. Panel IA is 
the lower molecular mass region of an SDS gel separating 
kidney proteins from control and JP-8 rats upon increas-
ing exposure (low, medium, high; 250, 500, or 1000 mg/m3, 
for 91 days). Two prominent Coomassie-stained protein 
bands are observed, one band migrating slightly faster than 
a 20 kDa marker and the other migrating below that band. 
Levels of the upper band are increasing upon elevated JP-8 
exposure, and levels of the lower band are remaining rela-
tively constant. Tandem mass spectrometry (MS/MS, panel 
II), performed as described previously (Hanas et al. 2008), 
revealed the identification of the upper and lower bands 
as the rat male-specific urinary protein α−2 microglobulin 
(panel II) and the rat hemoglobin sub-units (identification 
not shown). Panel IIA exhibits the amino acid sequence 
of the rat α−2 microglobulin with peptides sequenced by 
MS/MS in bold. The generated MS/MS fragmentation pat-
tern of the underlined bolded sequence in IIA is exhibited 
in IIC; the b–y fragmentation series of this 16 amino acid 
peptde (sub-peptides degraded from the amino and car-
boxyl terminal ends, respectively) is provided in panel IIB. 
Urinary α−2 microglobulin was proposed to be involved 
in gasoline- mediated mechanisms of renal cytotoxicity, 
specifically in the male rat (Alden 1986; Short et al. 1987). 
Nephrocytotoxicity involving JP-8  inhalation exposure is 
further explored in Figure 2D.

A previous study on rat JP-8 dermal exposure revealed 
a systemic organ stress response as evidenced by JP-8 
induced increase in levels of the inducible heat shock 
protein HSP70 (Larabee et al. 2005). To examine if a simi-
lar stress response was induced by inhalation exposure to 
JP-8, several organ systems were tested for increased levels 
of HSP70 in response to the petroleum product. Figure 3 
exhibits immunoblotting experiments of kidney or lung 
tissue extracts from rats exposed to JP-8 vapor inhalation 
(1000 mg/m3, for 91 days). In Figure 3A, electrophoresed 
kidney proteins were blotted with antibodies against 
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HSP70, constitutively expressed heat shock protein 70 
(HSC70), or glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH). About a 3-fold JP-8 dependent increase is 
observed in the stress protein HSP70. Figure 3B is a similar 
blot to that exhibited in Figure 3A but using a lung protein 
extract. Again about a 4-fold JP-8 dependent increase in 
HSP70 is observed.

Histology changes in organs from rats exposed to JP-8 
inhalation
Data presented in Figures 1 and 3 indicate that systemic 
molecular changes are occurring in rats in response to JP-8 
inhalation exposure. To determine if systemic cellular and 

tissue changes are also occurring, histological analyses 
of a variety of tissues from control and JP-8 inhalation 
exposed rats were performed. Illustrated in Figure 2 are 
H&E (hematoxylin and eosin) liver or kidney thin tissue 
sections from control or JP-8 exposed rats. Liver changes 
induced by the high dose (1000 mg/m3, for 91 days) of JP-8 
(Figure 2B) included dilated sinusoids (DS, arrow), cyto-
plasmic clumping (CC, arrow), and fatty hepatocytes (FH, 
arrow), all not observed in control liver histology where 
normal sinusoids are evident (NS, Figure 3B). Figure 2D 
exhibits histological changes in kidney proximal con-
voluted tubules induced by JP-8 inhalation at the high 
dose concentration. These cellular damages include loss 
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Figure 1. Identification of JP-8 dependent increase in α−2 microglobulin protein in rat kidney. Rat JP-8 inhalation exposures, tissue extraction, SDS 
PAGE, densitometry, and tandem mass spectrometry (MS/MS) were performed as described. (IA) Coomassie-stained SDS gel of kidney extracts from 
rats exposed to increasing concentrations of JP-8 vapor (low, medium, high); the identification of the α−2 microglobulin band (arrow) was performed 
in II. (IB) Quantification of the α−2 micro-globulin band. (II) Tandem MS/MS sequence identification of the α−2 microglobulin protein; (A) sequence 
of α−2 microglobulin with peptides identified by MS/MS in bold; (B) B–Y degradation peptide ion series for underlined peptide in (A); (C) tandem MS/
MS spectrum of underlined peptide in (A).
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of nuclei (LN, arrow) and cytoplasmic dumping into the 
luminal spaces (CDL, arrow). These tissue alterations were 
not observed in control kidney thin sections (Figure 2C). 
Figure 4 exhibits JP-8 dependent histological changes 
in lung tissue and bone marrow. In lung tissue, a site of 
major contact with the JP-8 fuel vapor, alveolar capillaries 
have become enlarged and distended (DC, edema, dilated 
capillary, arrow, Figure 4B) at the high JP-8 dose. This is 
evident from the larger number of red blood cells packing 
the capillaries compared to the alveolar capillaries in the 
lung control (NC, normal capillaries, arrow, Figure 4A). 
Significant changes were also observed in the bone mar-
row of rats exposed to the high JP-8 inhalation dose. Fat 
cells as well as fat globules, which normally constitute ∼ 
50% of the area of a bone marrow cross section (Figure 4C,  
arrows, control) were drastically reduced, and replaced 
by apparent proliferation of blood cells including red and 
white blood cells and megakaryocytes (RBC, WBC, MK, 
arrows, Figure 4D). In rat heart tissue, JP-8 induced changes 
included fibroblast cells, myocardial scarring, and inflam-
matory cell infiltration (FC, MS, IC, arrows, Figure 5B)  
when compared to control heart (Figure 5A). Similar his-
tological changes were observed in a JP-dependent rat 
dermal exposure model (Larabee et al. 2005).

The JP-8 dependent histological changes exhibited in 
Figures 2, 4, and 5 are quantified in Table 1 in a dose–
response dependent manner. The only tissue changes 

observed at the low JP-8 inhalation dose (250 mg/m3, for 
91 days) were mild proximal convoluted tubule damage 
in the kidney, and a slight reduction in fat cells/glob-
ules in the bone marrow. At the medium JP-8 inhalation 
dose (500 mg/m3), all rat organs examined showed some 
adverse effects. At this dose, cytoplasmic clumping, dilated 
sinusoids, and fatty hepatocytes were observed in 10% of 
the microscopic fields of at least three thin sections from 
each of three animals. Kidney damage at the medium dose 
included cell death/loss of tubule nuclei and cytoplasmic 
luminal dumping in 30% of the microscopic fields of each 
thin section. In the lung at the medium JP-8 inhalation 
dose, the alveolar capillaries were distended to a two-RBC 
width from the control size of one RBC width in all micro-
scopic fields examined. In the bone marrow, about half of 
the fat cells/globules were replaced by RBCs, WBCs, and 
megakaryocytes in all fields examined in thin sections from 
three out of three JP-8 exposed rats. In heart tissue at the 
medium JP-8 dose, tissue damage (myocardial scarring, 
inflammatory cell infiltration) was observed in 10% of the 
microscopic fields in at least three thin sections from two 
out of three animals. At the high JP-8 dose (1000 mg/m3,  
for 91 days), all tissues exhibited increased damage in 
all the tissue/cellular structures when compared to the 
medium dose.

Figure 2. H&E-stained histological thin sections of liver and kidney tis-
sues from rats exposed to JP-8 vapor inhalation for 91 days. JP-8 inhala-
tion exposure (high dose 1000 mg/m3) and histology were performed as 
described. (A) A thin section of control liver; NS and PV are normal sinu-
soid and portal vein. (B) Thin section of liver from a JP-8 exposed rat; DS, 
CC, and FH are dilated sinusoid, cytoplasmic clumping, and fatty hepa-
tocyte, respectively. (C) Thin section of a control kidney; NTL is normal 
tubule. (D) Thin section from a kidney from a JP-8 exposed rat; LN and 
CDL are loss of nuclei and cytoplasmic dumping into lumen. Thin sections 
and pathological assessments in Figures 2, 4, and 5 are typical of analysis 
of ∼ 10 fields in each of three thin section slides for each tissue from three 
animals; 40× was the total magnification. (See colour version of this figure 
online at www.informahealthcare.com/txm)
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Heart tissue mRNA biomarkers for JP-8 inhalation 
 exposure in rats
Histological evidence in Figure 5B and Table 1 demonstrates 
that the high inhalation dose of JP-8 induces significant 
cardiac damage including fibroblast scarring and inflam-
matory cell infiltration. In order to examine for changes at 
the molecular level under these conditions, total heart RNA 
was isolated from control or JP-8 exposed rats, converted to 32 
P-labeled cDNA, and then specifically hybridized to ∼ 1200 rat 
genes (cDNA form) immobilized on a membrane (Clontech). 
Figures 5C and D reveal the quantification of altered mRNA 
regulation for two rat genes of physiological significance 
for heart tissue, a voltage-gated potassium (K+) channel  
(Figure 5C), and the atrial natriurietic peptide precursor 
(Figure 5D). Down-regulation of the K+ channel mRNA varies 
from about a 10-fold reduction at the low JP-8 dose relative 
to the control value to about a 100-fold reduction at the high 
JP-8 dose. In contrast, mRNA for the atrial natriurietic precur-
sor peptide (ANPP) is increased in heart tissue in response to 
JP-8 inhalation exposure ∼ 5-fold over control values under 
medium and high dose conditions.

Discussion

Most, if not all, toxicological exposures induce changes in 
gene expression (e.g. protein and mRNA levels) and changes 
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Figure 4. H&E histological thin sections of lung and bone tissues from 
rats exposed to JP-8 vapor inhalation. JP-8 inhalation exposure (high dose 
1000 mg/m3) and histology were performed as described. (A) A thin section 
of control lung; NC is a normal alveolar capillary. (B) Thin section of lung 
from a JP-8 inhalation exposed rat; DC is a dilated capillary. (C) Thin sec-
tion of a control bone marrow; FC, RBC, and WBC are fat cells, red blood 
cells, and white blood cells, respectively. (D) Thin section from bone mar-
row from a JP-8 exposed rat; MK are megakaryocytes. (See colour version 
of this figure online at www.informahealthcare.com/txm)
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in cells/tissues in target organisms. Understanding these 
alterations aids in understanding toxicity mechanisms, 
biomarker identifications, and assessing risks. A toxicological 
mechanism and biomarker identified in this JP-8 inhalation 
rodent model is the increased levels of the male rat- specific 
α−2 microglobulin protein in the kidney in response 
to increasing concentrations of JP-8 vapor (Figure 1).  
This protein, which is synthesized in the liver, congregates in 
the kidney, and excreted in urine, was previously observed 
to be elevated in other petroleum exposure rodent models 
but only with the male rat (Alden 1986; Short et al. 1987). A 
previous JP-8 study, using an oral gavage exposure route, 
identified increased levels of this protein using histochem-
istry (Mattie et al. 1995). The α−2 microglobulin protein 
was proposed to bind to hydrocarbon metabolites in the 
liver and transport them to the kidney, resulting in kidney 
cytotoxicity (Alden 1986). In the present study, JP-8 inhala-
tion exposure resulted in kidney cytotoxicity (loss of nuclei 
in proximal tubules and cytoplasmic luminal dumping,  
Figure 2) in a dose-dependent manner (Table 1). The kid-
ney and bone marrow were the only tissues in this study in 
which low-dose JP-8 (250 mg/m3, for 91 days) caused tis-
sue damage. JP-8 is composed of ∼ 80% aliphatic and 20% 
aromatic hydrocarbons. It is likely that these hydrophobic 
compounds are oxidized and polarized in the liver (trans-
ported in the blood from the lung), and then transported to 
the kidney by α−2 microglobulin. Once in the kidney, the 
high reactivity of these oxidized chemicals with DNA and 
proteins could then cause the nephrocytotoxicity observed 
in this and other studies. This petroleum toxicity process 
was hypothesized to occur only in the male rat as this is the 
only organism which has this protein. Numerous observa-
tions, however, indicate that similar petroleum exposures 

in humans cause kidney damage (Sittig 1981; Gosselin et al. 
1984; Li et al. 1999). Therefore, a similar protein or other 
transport mechanism may be carrying these toxic petro-
leum metabolites from the liver to the kidney. Alternatively, 
oxidized hydrocarbon metabolites could be generated in the 
kidney.

A previous rat study on JP-8 fuel-induced toxicity indi-
cated that dermal application of this petroleum product for  
7 days resulted in systemic stress as evidenced by (1) 
increased levels of inducible heat shock protein 70 (HSP70) 
in internal organs, and (2) cellular damage to liver, kid-
ney, and heart tissues as revealed by histological changes 
(Larabee et al. 2005). Mechanistically, in dermal applica-
tions, the aromatic hydrocarbon fraction of JP-8 (∼ 20% of 
the total) is hypothesized to penetrate the skin/epithelial 
cell barrier and promote systemic toxicity (McDougal et al. 
2000). Cellular effects of these chemicals can be linked to 
mechanisms of metabolism that result in the toxic formation 
of oxidized hydrocarbon intermediates and reactive oxygen 
species (ROS). Cell culture studies demonstrated the forma-
tion of ROS during JP-8 treatment (Boulares et al. 2002) can 
injure cells by depleting glutathione reserves and damaging 
macromolecules such as proteins and DNA. Increased ROS 
production turns on the expression of HSP70 (Nishizawa 
et al. 1999), which is observed in the present JP-8 inhalation 
study (Figure 3) and the previous rat dermal experiments. 
ROS and HSP70 can induce cellular apoptosis (Stoica et al. 
2001; Liu et al. 2003) which is seen by loss of nuclei in the 
kidneys in this inhalation model (Figure 2). The other 80% of 
the hydrocarbons in JP-8 are aliphatics and are hypothesized 
to trigger inflammatory reactions, at least in the skin upon 
dermal application (McDougal et al. 2000). In the previous 
JP-8 dermal study evidence of inflammatory responses was 

Table 1. Rat organ histological changes quantified in a JP-8 dose-response dependent manner.

Rat tissue Control Low JP-8 (250 mg/m3) Medium JP-8 (500 mg/m3) High JP-8 (1000 mg/m3)

Bone Marrow

 Fat cells/Globules Normal 10% reduction 50% reduction Scarce

 Cell proliferation Normal (Minimal) Low-level Moderate High

Liver

 Dilated sinusoids None None Present in 10% of fields in 3 
out of 3 animals

Dilated

 Cytoplasmic Clumping None None Present in 10% of fields in 3 
out of 3 animals

Present

 Fatty Hepatocytes None None Present in 10% of fields in 3 
out of 3 animals

Present

Lung

 Capillary Dilation, Edema Normal Capillaries 
(1 RBC Wide)

Normal Capillaries (1 RBC Wide) Enlarged capillaries  
(2 Red Blood Cells wide)

Enlarged capillaries  
(3-4 RBC wide)

Kidney

  Proximal tubule damage  
(cytoplasmic dumping in 
lumen, loss of nuclei)

No damage Mild Damage (10% of fields in 2 out of 
3 animals)

Damage in 30% of fields in 3 
out of 3 animals

Damage in 80% of 
fields in 3 out of 3 
animals

Heart

  multifocal damage  
(myocardial scarring, 
 inflammatory cells present)

No damage No damage Damage in 10% of fields in 2 
of 3 animals*

Damage in 30% of 
fields in 3 out of 3 
animals

*Unless otherwise noted, the reported pathology/percentages for each JP-8 exposure condition are observed in at least three thin sections from each of 
three animals in all ten microscopic fields examined from each thin section.
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observed in the heart and liver, both containing inflamma-
tory cells (Larabee et al. 2005). In this dermal JP-8 rat model, 
time-dependent changes (over 7 days of exposure) were 
observed in levels of acute phase (inflammation sensitive) 
proteins in sera of these exposed animals (Larabee et al. 
2008). Increased levels of ceruloplasmin as well as other 
acute phase proteins, which are linked to cardiovascular 
disease (Lind et al. 2004; Giurgea et al. 2005), were elevated 
in a JP-8 dependent manner in this dermal study (Larabee 
et al. 2008). Inflammatory responses seen in the present JP-8 
inhalation study include the edema or swelling of the lung 
alveolar capillaries at the site of exposure (Figure 4). Lung 
edema was previously observed in a JP-8 inhalation mouse 
model (Robledo et al. 2000). Also the infiltration of inflam-
matory cells (lymphocytes, plasma cells, and polymor-
phonuclear cells-PMNs) into heart myocardium (Figure 5)  
is another example of JP-8 induced inflammation. More 
specifically, heart PMNs in JP-8 inhalation-exposed rats is 
a sign of acute inflammation.

To our knowledge, the present study on JP-8 inhalation 
and the JP-8 dermal study (Larabee et al. 2005) are the 
only reports documenting heart damage/abnormalities at 
the cellular level in response to hydrocarbon exposure in 
mammals. A previous study demonstrated that petroleum 
(gasoline) exhaust emissions, both particulate and vapor, 
initiated vascular remodeling and oxidative stress path-
ways in mice, which are known to contribute to the pro-
gression of atherosclerosis (Lund et al. 2007). In humans, 
an association between exposure to vehicular traffic and 
the onset of human myocardial infarction (MI) was found 
within a short time period after exposure, indicating a 
causal relationship between MI and petroleum exhaust 
(Peters et al. 2004). Besides the JP-8 induced cardiac cel-
lular damages described above, cardiac molecular changes 
were also observed in this rat inhalation study (Figure 5). 
These included reduced levels of mRNA for voltage-gated 
K+ channel protein, and increased levels of mRNA for atrial 
natriuretic precursor peptide. Both of these changes in 
mRNA levels were in a JP-8 dose–response manner. These 
alterations in mRNA levels suggest that levels of these 
proteins were altered as well, although that possibility was 
not confirmed in this study. Properly working potassium 
channels regulate levels of potassium and calcium in the 
heart. Reduction of K+ channel function can result in ven-
tricular arrhythmia and eventual heath failure (Nerbonne 
et al. 2001). Too much calcium also can lead to cardiac 
tissue and cellular damage. The rodents in this study were 
not tested for physiological defects, and the only outward 
sign of dysfunction was about a 5% weight loss for ani-
mals exposed to the high JP-8 vapor dose (G. Bruce Briggs, 
personal communication). JP-8 dependent increases in 
levels of mRNA for the atrial natriuretic precursor peptide 
(ANPP) is mechanistically interesting because this pep-
tide can be a biomarker for heart disease (Vesely 2001). 
ANPP is expressed specifically in the myocardium of the 
atria and ventricles of the embryonic and fetal mamma-
lian heart. After birth, ANPP expression is down-regulated 
transcriptionally in the ventricles, where it is reactivated 

again in situations of cardiac stress (Horsthuis et al. 2008). 
Elevation of ANPP mRNA in this rat inhalation model is 
further evidence for JP-8 induced cardiac stress and dam-
age. JP-8 induced organ changes exhibited in this study are 
likely reversible, with the possible exception of the heart 
damage.
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