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JP-8 jet fuel is handled extensively by personnel in the military
and commercial airlines, despite the paucity of information re-
garding its potential human health effects. JP-8 is a complex
mixture primarily consisting of kerosene plus aliphatic and aro-
matic hydrocarbons. Recent reports indicate that acute JP-8 ex-
posure via inhalation or dermal routes can overtly and persistently
impair immune function in mice. Data from preliminary studies in
this laboratory assessing the immunotoxicity of JP-8 indicated
that oral JP-8 exposure caused an increase in liver weight, a
decrease in thymus weight, and a decrease in the PFC response. As
these results were similar to classic effects elicited by TCDD, a
strong AhR ligand, it was hypothesized that JP-8 may exert
immunosuppression via a similar mechanism. To test this hypoth-
esis, an Ah-responsive mouse strain (B6C3F1) and a classically
non-responsive mouse strain (DBA/2) bearing a lower affinity AhR
were gavaged with JP-8 for 7 days. The results suggest that both
mouse strains were equally sensitive to JP-8’s toxicity at several
endpoints including thymus weight and cellularity, liver weight,
and specific IgM antibody responses. Furthermore, JP-8 did not
induce CYP1A1 or promote down regulation of the AhR when
evaluated by Western blot in either B6C3F1 or DBA/2 mice. In
vitro studies corroborated these findings as JP-8 did not induce
CYP1A1, promote down regulation of the AhR, or activate an
XRE-driven reporter gene in murine Hepa-1 cells. These results
suggest that JP-8 may exert its toxicity via an AhR-independent
mechanism.

Key Words: JP-8 jet fuel; immunotoxicity; aryl hydrocarbon
receptor; CYP1A1/2; DBA/2 and B6C3F1 mice.

exposure guidelines for JP-8 in the Air Force have been set at
63 ppm (447 mg/mas an 8-h time-weighted average). Simi
larly, the Navy’s occupational and health guidelines are set at
350 mg/ni (8-h time-weighted average) to 1800 md/for
short-term exposures (NAVOSH Standards Update Board,
1992). In spite of these recommendations, fuel handlers, me-
chanics, and flight line personnel have reported emotional
dysfunction, decreased attention spans, fatigue, skin irritation,
postural sway imbalances, and adverse effects on sensorimotor
speed, liver function, and the respiratory system (Cohen, 1990;
Davies, 1964; Dossinet al,, 1985; Kinkeacet al.,1992; Smith

et al, 1997).

Furthermore, recent animal studies indicated that acute or
chronic exposure to JP-8 might cause a range of effects includ-
ing relatively minor toxicological effects in 90-day studies or
impaired immune function after a single dermal exposure. For
instance, a 90-day inhalation study using male and female rats
indicated that JP-8 (0—1000 mgfyrhad limited toxicity and
resulted in no tumor formation (Mattiet al., 1991). In male
rats, a,-microglobulin protein droplet nephropathy was- de
tected after JP-8 exposure; however, this observation appears
to be unique in male rats exposed to hydrocarbons and not
likely to extrapolate to human toxicity (Mattiet al,, 1991). A
chronic 90-day, oral exposure to JP-8 (0—3000 mg/kg/day) in
rats resulted in no mortality or morbidity with relatively minor
or no adverse consequences in liver pathology, serum chemis-
tries, and urological and hematological parameters. Primary
effects noted in this chronic study included an increase in
serum liver-enzyme levels (alanine aminotransferase and as-

JP-8 jet propulsion fuel is used extensively by the U.S. Apartate aminotransferase), perianal irritation, and a dose-depen-
Force, the North Atlantic Treaty Organization (NATO) forcesdent decrease in body weight (Matgeal., 1995). Additional
and commercial airlines. Many industrial and military persomat studies indicated that JP-8 did not cause fetal malformation
nel are exposed to JP-8 on a yearly basis during aircrafter oral JP-8 (0—2000 mg/kg/day) exposure in pregnant rats
refueling and servicing, as well as maintenance, inspectiafuring gestation days 6—15. Thus, the no-observed-effect level
and cleaning of fuel-storage tanks, yet little is known regarding 500 mg/kg for pregnant dams and 1000 mg/kg for the fetal
JP-8's impact on human health (IARC, 1989). Recommendest was established (Cooper and Mattie, 1996). Reduced pul-
monary function and induced lung pathology has also been
' To whom correspondence should be addressed at The Departmen{eoported In rats eXposed to JP-8 via inhalation (Hayal"

Medical Laboratory Sciences, 77 President Street, Suite 324, P.O. Box 25076995; Pfaff et. al, 1996; Robledc_) and Witten,. 1999)- . More
Charleston, SC 29425-5712. Fax: (843) 792-3383. E-mail: Keilde@musc.edacently, studies have evaluated immune function in mice after
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administration of JP-8 by way of different exposure routeactive metabolites (reviewed by Whiet al., 1994). Many
Seven-day exposure to aerosolized JP-8 jet fuel ranging fréMHs are carcinogenic and their ability to cause cancer has
100-2500 mg/mcaused persistent and substantial decreasesigen linked to the Ah-receptor (Kerkvliet al, 1990; Okeyet
spleen and thymus organ weights and cellularity, changesain, 1984a,b; Piskorska-Pliszczynsknal., 1986) and the im-
lymphocytic subpopulations, and compromised T-cell blastgrunotoxicity of PAHs is thought to be related to their carci-
genesis to the T-cell mitogen concanavalin A (Con A; Hagtis nogenic potency (White and Holsapple 1984; Whiteal.,
al., 1997b,c). Similarly, dermal exposure to JP-8 (B@lay for 1985, 1994). Generally, the bay-region diols (diol epoxides) of
5 days or a 250-30@4 single exposure) suppressed T-celihe parent are the most toxic metabolites and are considered
blastogenesis and impaired delayed and contact hypersensiiééponsible for the carcinogenic effects, and it has been
ity (Ullrich, 1999). Current studies in our laboratory haveuggested that these metabolites may mediate the observed
revealed that 7- or 14-day oral exposures to JP-8 are ajgfmunosuppression as shown by the diol epoxides of
immunotoxic (Dudleyet al, 2000; unpublished data). Thus, ityenzo[a]pyrene (BaP) and 7, 12-dimethylbenz[aJanthracene
is apparent from the current literature that profound changgsmeA; White et al., 1994). However, metabolic activation of
have been noted in pulmonary and immune function by @yrent PAHSs is not always required for immunosuppression.
variety of exposure routes, yet no mechanism has been sggp was shown to suppress vitro Ab production directly
gested to account for these effects. ~ (White and Holsapple, 1984) and it has been suggested that
JP-8 is a kerosene-based complex mixture of aliphatic ajynosuppression by chrysene is not related to metabolites
aromatic _hydrocarbons. The composition of JP-8 has be@)iworth et al, 1995). Regardless, current thought centers
modified from previously used jet propulsion fuels (JP-4 anfl,;nq the correlation between PAH carcinogenicity and im-

JP-5), in that it contains additives for static dissipation, antly notoxicity and the role of the AhR and bioactivated metab-
icing, and corrosion inhibition. Chemically, JP-8 is a Compleélites in PAH-induced immunosuppression

mixture containing approximately 81% alkanes, primarily in The immunotoxicity of HAHs like 2,3,7,8-tetra-
— ni i i _ 0, 1y
the C8-C17 range. The remaining portion includes 10-20 ﬁlordibenzop—dioxin (TCDD), which are resistant to enzy-

polycyclic aromatic hydrocarbons (PAH) and low levels o atic metabolism, is most likely due to effects or products

benzene, toluene, and xylene (IARC, 1989; reviewed by Zeiger_ .. D
and Smith, 1998) gresultmg from activation of the Ah gene complex. However,

In mice, it is suggested that the manifestations of halogtet]—e Immunotoxicity of PAHS that bind the AhR is probably due

. . to an increased formation of bioactivated metabolites. Quanti-
nated aromatic hydrocarbon (HAH) exposure, (i.e., polychlo=.. . . .
. . ) N . . tative studies to evaluate protein expression of the AhR and
rinated biphenyls, dibenzp-dioxins, and dibenzofurans) in-

cluding thymus involution, suppression in the splenic antiboag\(Pl.Al folIovymgm vivoandin vnro TCDD exposure reveal
response to TNP-LPS and SRBC, and liver hypertrophy & erapld reduction in the AhR and mcre_ased levels of CYP1Al
mediated through AhR (aryl hydrocarbon receptor) sign total cell and tissue lysates (Davarinos and Pollenz, 1999;
transduction (Gonzaleet al, 1998; Kerkvlietet al, 1990; ~ollenz, 1996; Pollenet al, 1998). For example, Sprague-
Stapleset al, 1999). Furthermore, studies have revealed thB@WI€Y rats given a single oral dose of TCDD demonstrated a
some strains of mice (C57BL/6 and B6C3F1) are more sengduction in AR protein levels in spleen, liver, lung and
tive to the effects of aromatic hydrocarbons than other straiffymus 8 h after exposure (Pollenat al, 1998). This is
(DBA/2: Forkert, 1997; Polandt al, 1974; Vecchiet al, consistent with reduced AhR protein in the palate of develop-
1983). It is now understood that DBA/2 mice differ at the A9 Mice (Abbottet al, 1994) and in reproductive organs from
locus (substitution of a valine for alanine at amino acid 374§ts treated with TCDD (Romaet al, 1998). Itis possible that
resulting in a lower affinity cytosolic receptor (Polastial, Other HAHs and PAHSs that are strong AhR ligands may result
1994). Since this difference in sensitivity appears to residfe Similar AhR reduction. Studies in our laboratory have indi-
solely at the Ah locus, any effects that are mediated by Argated that oral exposure to JP-8 causes a reduction in thymic
signal transduction should occur at a lower dose in Ah-respdRass, an increase in liver mass, and suppression of antibody
sive mice and would only occur in Ah-nonresponsive mice &sponses that are considered in HAH exposures to be medi-
a higher, saturating dose. Understanding this difference H#€d via AhR signal transduction. Moreover, many PAHs are
been advantageous in evaluating the role of the AhR in immkaown to bind to the AhR (Piskorska-Pliszczynska al.,
nosuppression following exposure to a number of differeA986). Currently, there are few reports that evaluate a complex
PAHSs (Lubetet al, 1984; Silkworthet al., 1984, 1995; White mixture of aliphatic and aromatic hydrocarbons like JP-8 and
et al, 1985). its role as a possible AhR ligand. To address this issue, exper-
The mechanisms of PAH-induced immunotoxicity are ndments were undertaken to evaluate the effects of JP-8 on
clear; however, several possibilities have been postulatéfilymus weight and cellularity, liver weight, specific IgM an-
which include interaction with the Ah-receptor, membrangbody responses, and the expression of the AhR and CYP1Al
perturbation, altered interleukin production, modulation of inn AhR-responsive and AhR-nonresponsive mice. Addition-
tracellular Ca* mobilization, and metabolic activation to-re ally, a murine hepatic cell line was used to evaluate the
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expression of AhR, CYP1A1, and a TCDD-inducible reporteztf the homogenate was removed for protein determination and the remainder
gene followingin vitro JP-8 administration. was brought to equal volume with 2X sample buffer. Samples were heated at
95°C for 5 min and then stored at —80°C.
Microsomal fraction preparation. The livers were weighed and placed in
MATERIALS AND METHODS pre-chilled tubes. Homogenization buffer was added at 3 times the tissue
weight. Next, samples were completely homogenized, transferred to pre-
Animals. Female B6C3F1 and DBA/2 mice were supplied by Charleghilled centrifuge tubes, and spun at 20,00@ (Beckman JA-20) for 10 min
River Laboratories (Raleigh, NC). The mice were 7—8 weeks of age affif C). The supernatant was transferred to another set of pre-chilled centrifuge
housed 3—4/cage on a 12-hour light/dark cycle at 22°C and 65% relatfy@es and spun at 10,000 g for an additional 20 min. This supernatant was
humidity in an AAALAC accredited facility. Mice were given water and@dain transferred to pre-chilled tubes and spun at 105009 (Beckman

standard rodent laboratory diet (Harland-Teklab, Madison, adl)ibitum L5-50 Ultra) for 1 h. Finally, the supernatant (cytosolic fraction) was discarded
) - . . ._and the remaining pellet (microsomal fraction) was washed with ice-cold was
d th llet | fract hed with Id h
Treatment. Following a one-week acclimation period after shipment, mic ) .
) . uffer and resuspended in 0.5 ml resuspension buffer. The pellet was then
were randomly assigned to control or treatment groups (4-5 mice/group). The . ; S
- . . . . homogenized using a drill-driven pestle at low speed. A small amount was
control group was administered a vehicle of olive oil while the treatment ; L )
o . . emoved for protein determination and the remainder was brought to equal
groups were administered 1000 or 2000 mg/kg/day of JP-8 (kindly provided . o . o
. . ; . volume with 2X sample buffer, heated at 95°C for 5 min, and stored at —80°C
Wright-Patterson Air Force Base) prepared in the vehicle. The exposure periog:
- . ntil needed.
was 7 days and the route of exposure was via gavage. Mice used for the o . i .
positive control were treated with TCDD (Radian International, Austin, Tx). Buffers and antibodies. Unless otherwise specified, all reagents used in
TCDD was dissolved in olive oil and mice were gavaged withutfkg for 3 these experiments were purchased from Sigma (St. Louis, MO). The following

consecutive days. The IACUC of the Medical University of SC approved atffers were used. Gel loading buffer (2X) (125 mM Tris, pH 6.8, 4% SDS,
animal procedures. 25% glycerol, 4mM EDTA, 0.5m3 mercaptoethanol, 0.005% bromophenol

) . ) ) blue), TBS (50 mM Tris, 150 mM NaCl, pH 7.6), TTBS (50 mM Tris, 0.2%
Orgap _welghts and ceIIuIarltle_s. After mice were guthanlzed by (;0 Tween, 150 mM NaCl, pH 7.5), TTBS (50 mM Tris, 0.5% Tween 20, 300
asphyX|at|on, thymus, lung and liver were carefully dissected gnd We!ghﬁﬁ/l NaCl, pH 7.5), Blotto (5% dry milk in TTBS), 2X lysis buffer (50 mM
using a Mettler Toledo balanfe. The liver and lung were placed |mmed|atq_IpEPES’ 40 mM Na molybdate, 10 mM EGTA, 6 mM MgC20% Glycerol,
o e ek ) v 1) X i EOTA: hmogenizatonbflr (250 it o, 20
two sterile glassgslides. Th)r/)mic cell counts WerZ ?neasu?ed usingg a COYJV?EE’ pH 7.4), wash bulffer (250 mM sucrose, 80 mM Tris, 25 mM KCI, pH
’ _7-4), and resuspension buffer (250 mM sucrose, 80 mM Tris, 25 mM KCI, 20%
Counter (Model ZM) and are'reported as total cellularity for e_ach reSpECt'ﬁﬁ/cerol, pH 7.4). Tissue culture media used were complete media (RPMI-
organ. Liver an_d thymus weights were reported as a somatic index (orgfého with 10% fetal calf serum and 50,000 IU/l pen/&@/l strep) and
weight/body weightx 100). Dulbecco’s modification of Eagle’s Medium (DMEM) (with 5% fetal calf
Jerne plaque-forming assay. Four days prior to euthanization, mice wereserum and 50,000 1U/l pen/50y/l strep) (Cellgro, Mediatech). The antibodies
injected intraperitoneally with 0.1 ml of a 20% sheep red-blood-cell suspensigsed for the Western blots were affinity-purified anti-mouse AhR raised
(SRBC, Biowhittaker) in PBS. All sheep red blood cells for the experimentggainst a bacterial expressed portion of the mouse AhR (amino acids 1-416),
were drawn from a single, donor animal. As described above, mouse splegng-rat polyclonal CYP1A1/2 or monoclonal CYP1A1 (Xenotech, Kansas
were homogenized, cell densities counted, and suspensions diluted &2 City, KS), and antig actin. The secondary antibody was goat anti-rabbit or
cells/ml in complete media. The number of plaque-forming cells was deteinti-mouse 1gG conjugated to horseradish peroxidase (GAR/GAM-HRP)
mined using the Cunningham modification of the Jerne plaque assay (C¢®anta Cruz Biotech).
ningham and Szenberg, 1968). Data are reported as plaque-forming cellge| electrophoresis and Western blotting Tissue, cell lysates, or micro-
(PFC)/million cells. somes were electrophoresed on a 4—12% Tris/glycine gel (Novex, San Diego,
Cell culture. Wt Hepa—-1clc7 cells were added in 12-well plates at &A) and transferred to nitrocellulose membranes. Membranes were blocked in
density of 5x 10° cells/ml in DMEM and allowed to grow to confluence. 2 changes of BLOTTO for 30 min and stained overnight at 4°C with primary
Plates were placed in a 37° C incubator at 5%,C@P-8 was dissolved in antibodies (anti-mouse AhR (A-1A), anti-rat CYP1A1/2, or gbiactin). The
dimethyl sulfoxide (DMSO) (Fisher, Fair Lawn, NJ) and delivered in a volumeext day, membranes were washed in 2 changes of BLOTTO for 15 min and
of 10 ul to achieve a final DMSO concentration of 0.05%. The JP-8 concethien incubated fol h with GAR/GAM-HRP at room temperature. Next,
trations used were 500, 100, or 10 ppm. 3-methylcholanthrene (3MC, Loembranes were washed in 2 changes of BLOTTO and 2 changesf @S
88H3402, Sigma) served as the positive control and was prepared in DM$®min each. Following a final 5-min wash in TBS, membranes were subjected
and added at a concentration ofu®/well. Cells only and DMSO control to electrochemiluminesence (ECL) according to the manufacturer’s specifica-
wells were included in all experiments. tions (NEN, Boston, MA).

Preparation of tissue and whole-cell lysatesTissue and whole cell lysates ~ Eukaryotic transfection and reporter gene assaysApproximately 52X
were prepared as previously described by Pollenz (1996). Briefly, a portionléf Hepa-1c1c7 cells were placed into 60-mm culture dishes and incubated at
the frozen lung was thawed, separated, and weighed. Approximately 0.1 3¢fC for 16—-24 h. PgudLucl.1 (200 ng) (Garriseinal, 1996) and 500 ng
tissue was homogenized in 1 ml of 1X lysis buffer. Four hundred andjdifty PSV-8 galactisidase (Promega, Madison WI) were than transfected into cells
were removed and a total volume of 5@0 was achieved by adding 10% With LipofectAMINE reagent, as detailed by the manufacturer (Gibco, Gaith-
Nonidet P-40. Samples were sonicated on ice 3 times for 10 s each, add 5@rsburg, MD). PGudLucl.1 contains a 484-bp fragment from the mouse
was removed for protein determination, using the Bio-Rad Bradford ReagénfP1Al promoter that contains 4 XRE sequences upstream of a luciferase
(Bio-Rad, Hercules, CA) with bovine serum albumin as the standard. THePorter gene. Following a 24-h recovery period, cells were incubated in the
remainder was combined with an equal volume of 2X sample buffer, heated?ggsence of TCDD (2 nm), DMSO (0.02%), or JP-8 for an additional 8 h. Cells
95°C for 5 min, and stored at —80°C. were then scraped from plates in reporter lysis buffer (Promega)3a@dl

For whole cell lysates, cell monolayers were washed once with cold phdgciferase activities were determined as specified by the manufacturer. Nor-
phate-buffered saline (PBS) (Mediatech, Cellgro), trypsinized, and centrifug@lized luciferase activity is reported as a percentage of control and the SEM
at 340g for 5 min. After decanting the supernatant, cell pellets were redissolvet 3 replicates.
in 0.5 ml PBS and centrifuged at 1000 g for 2 min. Pellets were then  Statistics. All experiments were repeated at least twice. The data were
suspended in 0.1 ml of 1X lysis buffer and sonicated for 10 s. A small porti@valuated for normality and homogeneity prior to performing a one-way
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TABLE 1 "

Changes in Body Weights (Final — Initial) in B6C3F1 and s
DBA/2 Mice Exposed to JP-8 Orally for 7 Days

Control 1000 mg/kg/day 2000 mg/kg/day TCDD _ - ':=':

B6C3F1 1.25-0.21 2.72+ 0.61* 1.96* 0.19* 1.35+021 = ° ' :i. |
DBA/2 1.1+ 045 1.5+ 0.58 1.12+1.23 1.3£0.14 ] | ‘
Note. Data are reported as mean standard error of the mean (SEM). i 1
Sample size: 6 for control, 5 for the JP-8 treatment groups, and 2 for the TCL2 , | 1
treatment group. | Nt
* Significantly different from controlf§ < 0.05). *1 il I j

1 il | ':!

ight Ty Wieight = 160

analysis of variance followed by Dunnett’s statistical tpst:(0.05). Statistical Comeul 1000 mg/ky 2000 mgfig Comrol  1000mpky 2000 mgks

analysis was performed using Minitab statistical software (Version 12.1 B6C3F1 DBA/2

Statistics were not calculated for mice exposed to TCDD, due to the small

sample sizer( = 2). FIG. 1. Liver-to-body weight index in B6C3F1 and DBA/2 mice follow-

ing a 7-day exposure to JP-8. Mice were treated with olive oil only, 1000

mg/kg/day JP-8 dissolved in olive oil, or 2000 mg/kg/day JP-8 dissolved in

RESULTS olive oil. For the positive control, 2 mice were gavaged for 3 consecutive days

with 15 ug/kg TCDD dissolved in olive oil. Error bars represent the standard

Effects of JP-8 on Body and Liver Weight and Thymus error of the mean (SEM). Statistically significant results were evaluated by

Weights and Cellularities in B6C3F1 and DBA/2 Mice one-way ANOVA and Dunnett’s test and are indicated by an astenisk 6
for control,n = 5 for JP-8-treated mice, amd= 2 for TCDD-treated mice;

JP-8 jet fuel significantly increased body weight change in tire< 0.05).
B6C3F1 but not the DBA/2 mice following a 7-day gavage (Table
1). The mean initial body weights for the B6C3F1 mice in th
control group were 21.2- 0.39 g, 21.3* 0.57 g in the 1000
mg/kg JP-8 group, and 226 1.11 g in the 2000 mg/kg JP-8
group. The mean initial body weights for the DBA/2 mice in thgyestern Blots for the Detection of AhR and CYP1A1
control group were 20.2- 0.34 g, 20.3* 0.52 g in the 1000  j, whole-Tissue Lysates
mg/kg JP-8 group, and 174 0.83 g in the 2000 mg/kg JP-8
group. To more clearly define the role of AhR signal transduction in
There was a dose-dependent increase in liver weights in bdffr8's immunotoxicity, Western blots were performed to eval-
the B6C3F1 and the DBA/2 strains. B6C3F1 and DBA/2 micéate the expression of AhR and CYP1AL protein in whole-
indicated a 30% increase at the 1000 mg/kg JP-8 dose and 4é3%ue lysates prepared from the lungs of JP-8-exposed animals.
and 49% increases at the 2000 mg/kg dose, respectively (FigPrevious study has shown that the lung contains the highest
1). TCDD served as a positive control and also increased liver

weight. 03 oTsI - 140000000
Both the B6C3F1 and DBA/2 mice exhibited decreases in i‘ ‘TmlCﬂ“ulm{‘i I

?espectively. As expected, TCDD decreased the plaque-form-
ing cell response in both B6C3F1 and DBA/2 mice.

7 120000000

thymus weight and cellularity (Fig. 2). B6C3F1 mice demon-g ** |
strated a 40% reduction in cellularity at 2000 mg/kg, while thez ,
DBA/2 mice exhibited a 37% reduction in cellularity at 2000%

mg/kg JP-8. Both mouse strains exhibited statistically signifi= >
cant decreases in thymus weight after treatment with 200@ 01 -
mg/kg JP-8. TCDD caused decreases in thymus weight ard

cellularity in B6C3F1 and DBA/2 mice. "]

100000000

80000000

fem)e) [0,

£ 60000000

- 40000000

20000000

2

L i B K- B N
Effects of JP-8 on the Plaque-Forming Cell Response e e e e

Both the B6C3F1 and DBA/2 mice exhibited significant pecar peA
decreases in PFC activity (Fig. 3). In B6C3F1 mice, exposuré"IG. 2. Thymus weight and cellularity determined in B6C3F1 and DBA./Z.
to 1000 and 2000 mg/kg JP-8 resulted in 68% and 90Dice af_ter exposure to JP-8 for 7 days. Error bars _represent the SEM._ Signif-

ductions in the number of PECs. respectivelv. Similarl icant differences between control and treated animals were determined by
re ) ! p Y Xhe-way ANOVA and Dunnett’s test and are indicated by an astemisk 6
DBA/2 mice exposed to 1000 and 2000 mg/kg JP-8 demogr control,n = 6 for JP-8-treated mice, ami= 2 for TCDD-treated mice;

strated 50% and 74% reductions in the number of PFGs< 0.05).

0
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120000 -‘

b CYPIAI
56 L _J
100000 ———
Control 1000 2000 TCDD Control 1000 2000 1CDD
80000 7 mg/kg mglkg mgkg mgkg
O B6C3F1 DBA/2

FIG. 5. Western blot of CYP1A1 in liver microsomal fraction in B6C3F1
and DBA/2 mice. Following microsome preparation,u§ of protein/track
were electrophoresed and transferred to a nitrocellulose membrane. Mem-
branes were incubated with anti-mouse monoclonal CYP1A1 (1:500) over-
night. Lanes 1-7 are the B6C3F1 mice, as follows: 1-2 control; 3—4, 1000
mg/kg JP-8; 5-6 2000 mg/kg JP-8; 7, TCDD. Lanes 8-14 are the DBA/2
Comtol 1000 mgkg 2000mghkg  TCDD Conrol  1000mgkg 2000mghkg  TCDD mice: 8-9, control; 10-11; 1000 mg/kg JP-8; 12-13; 2000 mg/kg JP-8;

B6C3F1 DBA/2 14, TCDD.

FIG. 3. The plaque-forming cell response as determined by the Jerne PFC

method. Results are reported as the number of plaques counted per mililaduced the protein expression of CYP1ALl in liver. The results

cells. Significant differences between the number of plaque-forming cells dyggest that JP-8 did not upregulate the levels of CYP1A1

control and treated groups were determined by one-way ANOVA and D“ﬁ'rotein in B6C3F1 or DBA/2 mice. However. TCDD caused a

nett’s test and are indicated by an asterisk= 6 for control,n = 5 for bust lati fCYP1A1 ) tein in b ’th trai Fia. 5

JP-8-treated mice, ami= 2 for TCDD-treated micep < 0.05). robust upreguiation o protein in both strains ( ig. 5).
These results corroborate Western blots performed with whole
tissue lysates from kidney in B6C3F1 and DBA/2 mice treated

level of AhR mRNA in the mouse and would therefore be with JP-8 (data not shown).

sensitive target for toxicity (Let al,, 1994). Following a 7-day .

JP-8 exposure, the AhR was not down-regulated in the lung\estern Blots for the Detection of the AhR and CYP1A1

either strain of mice and there was no induction of CYP1A1 Expression in Wt-Hepa 1 Cell Lysates
above control levels (Fig. 4). However, TCDD caused a down- o g_nour incubation with 10, 100, or 500 ppm JP-8 did not

_regulation of the AhR and subsgquent upregulation of CYPl’%ljown-regulate the AhR or induce CYP1AL1 (Fig. 6). However,
in both B6C3F1 and DBA/2 mice. 5 uM 3MC caused both a down-regulation of the AhR and
induction of CYP1A1l. Even though there was no apparent
dose-response relationship for JP-8 administrafiorvitro,
time-course experiments were performed to assure that
Western blots were performed using the liver microsomahanges were not occurring at very short or long intervals. As
fraction from B6C3F1 and DBA/2 mice to determine if JP-& result, JP-8 did not down-regulate the AhR or upregulate
CYP1A1 at any of the time points (6, 12, 18, 24, or 48 h) at an
exposure of 100 ppm (data not shown). The Hepa-1 studies

40000

20000

Western Blots for the Detection of CYP1Al
in Liver Microsomal Preparations

% WP B ey — | AR demonstrate that JP-8 has limited action on AhR-mediated
- 2 R o signal transduction at 10, 100, and 500 ppm. A 500-gpm
j'f'; S T S e =W Cvriaz o yitro concentration of JP-8 was considered a reasonably high
i Actin . .
—_ — — JP-8 concentration for the dose-response and time-course ex-
Hepal Control 1000 2000 TCDD Control 1000 2000  TCDD periments, for 2 reasondn vitro range-finding studies to
my/ky my/ky mglkg mglkg
95 m—n — — AR
B6C3F1 DBA/2
) 56 SR i CYPIAL
FIG. 4. Western blot of CYP1A1/2 from whole tissue lysates preparetys = BActin

from the lungs of mice exposed to JRfBvivo. Following tissue prepara- — —— —_——— = —
tion and protein assay, 2ng of protein were resolved on a 4-12%
Tris/glycine gel, transferred to nitrocellulose, and incubated overnight wit CellsOnly DMSO  3MC
anti-CYP1A1/2 (1:2000), anti-AhR (Lg/ml) or anti3 actin (1:1000). In

the figure, lane 1 is 2ug of hepa-1 cell lystate, lanes 2—8 correspond to FIG. 6. Western blot of CYP1A1 and the AhR from whole-cell lysates
the B6C3F1 mice and are as follows: 2-3, control; 4-5, 1000 mg/kg JPy@epared from the Hepa-1 cell line. Approximately 12.§ of protein were
6-7, 2000 mg/kg JP-8; 8, TCDD. Lanes 9-15 are the DBA/2 mice, dsaded per track. The figure depicts the dose-response assessment fior JP-8
follows: 9-10, control; 11-12, 1000 mg/kg JP-8; 13-14, 2000 mg/kg JP-@tro after a 6-h incubation. Lanes are as follows: 1-2, cells only; 3—4, DMSO;
15, TCDD. Numbers on left are the migration of molecular-weight starb—6, 3MC; 7—8, 10 ppm JP-8; 9-10, 100 ppm JP-8; 11-12, 500 ppm JP-8.
dards (kDa). Numbers on left are migration of molecular weight standards (kDa).

1 ppm 100 ppm 500 ppm
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3000

with TCDD resulted in an approximate 25-fold increase in
reporter-gene activity compared to control (Fig. 7 and Inset).

2500 180

140

DISCUSSION

120

%0 While recent reports indicate that military and occupational
1500 . exposure to JP-8 can result in pulmonary, neurologic, and

0 hepatic damage (Mattiet al., 1995; Pfaffet al, 1996; Robledo

o0 Control  2SppmIPS  SppmIPS  100ppmIPS 250 pom P and Witten, 1999; Smittet al, 1997), the immune system
seems to be the more sensitive indicator of JP-8's toxicity
w (Harris et al, 1997a,b; Ullrich, 1999). The importance of
’ investigating potential mechanisms of JP-8 immunotoxicity is
L — [— - [ ] based on 2 observations: (1) the toxicological profile consisting
Conro 2pmPE SOppmIPS  100ppmIPS 250 ppm IPS Teop of thymic atrophy, decreased PFC responses, and increased
FIG.7. andinset. TCDD and JP-8-inducible luciferase activity in Hepa-HVer weight foII9W|ng eXposur? to, PAHS and TCDD (De Jong
cells. Triplicate plates of H1L1.1c2 cells were treated with TCDD (2 nM) ot al, 1999; Whiteet al,, 1994) is similar to reported effects of
JP-8 at different concentrations for 6 h. Control cells were treated with 0.053°-8 in this and other studies (Hargsal, 1997a,b); and (2)
DMSO. Atfter the 8-h incubation, cells were scraped from the plates and lysatege PAH content of JP-8 is estimated to be 10-20% of the

were evaluated for protein concentration and luciferase activity. The differenﬁﬁxture (IARC 1989) Thus. it was hypothesized that JP-8
in protein concentration among each treatment group was no greater than ’ ’ '

0.01%. The inset depicts the dose-response assessment in the absené@munmox'cny ma_y be AhR'm.edlated ar_‘d this could be de-

TCDD to correct for distortion. Statistically significant results were evaluatdin€ated by assessing the protein expression pattern of the AhR

by one-way ANOVA and are indicated by an asteripk<( 0.05). The SEMs and CYP1A1l and the differential responses of mice that are

were less than 5% of the individual means and are difficult to observe on t8ther Ah-responsive or nonresponsive.

graph. This experiment was repeated 3 times. The use of both responsive and nonresponsive mouse strains
and cell lines deficient in the ARNT protein or the AhR have

, . been useful in evaluating the role of the AhR in PAH toxicity.
establish a dose response indicated that JP-8 concentratigpi.e nonresponsive strains (DBA/2, AKR, SJL) differ in both

exceeding 500 ppm were cytotoxic, resulting in morphologicglq quantity and affinity binding of the cytosolic AhR, com-
changes in cellular architecture and a reduction in total Ce”“'ﬁéring the reaction of these strains to a responsive strain

protgin i_n Hepa 1 cells. Furthe_rmorm vivo range-finding following PAH exposure may elucidate the role of the AhR in
studies in our laboratory established that 500 mg/kg of JPgf toxic response. In particular, two descriptive endpoints

orally was the lowest-observable-effect level for immunotoXyaye proven reliable and consistent: onset of thymus involution
icity as determined with the PFC assay (unpublished datghy hepatomegaly (Fernandez-Salguatral, 1995: Kerkvliet
Therefore, if PFC responses are mediated via AR signgly| 1990: Staplest al, 1999). DBA/2 (nonresponsive) mice
transduction at am vivo exposure of 500 mg/kg, it might bey nicaly require 10 times the amount of TCDD to produce an
expected that aim vitro exposure of 500 ppm of JP-8 wouldgqivajent degree of thymus atrophy or hepatomegaly (Kerkv-
cause a down-regulation of the AhR and a correspondifigi et a1, 1990; Poland and Knunston, 1982; Silkworth and
increase in CYP1AL. As this was not observed, our resu%cchi, 1985: Whiteet al, 1985), and the AhR knockout
obtained from Hepa 1 cells exposed to J#R8vitro were 5 se is resistant to hepatomegaly and liver hypertrophy
consistent with the JP-8 effecits vivo. caused by TCDD (Fernandez-Salguetal., 1996). Therefore,
an agent that operates through AhR-signal transduction path-
ways typically produces a response in B6C3F1 mice while
Western blots confirmed that JP-8 did not induce CYP1Adaving no effect in DBA/2 mice. The results of the present
protein expression, nor did it down-regulate the AhRivo or study suggest that both B6C3F1 and DBA/2 mice were equally
in vitro. However, it was unknown if JP-8 would inducesensitive when comparing either decreases in thymus weight
CYP1A1 activity without appreciable increases in protein exand cellularity or increases in liver weight following JP-8
pression. Thus, a cell line transfected with the pGudLuc plasxposure. Based on these observations, JP-8 may not mediate
mid was utilized to measure increases in CYP1ALl activifys toxicological effects via an AhR mechanism.
through AhR signal transduction pathways. It was determinedHowever, TCDD caused an equivalent increase in liver
that while increasing concentrations of JP-8 did result in smalkeight in both B6C3F1 and DBA/2 mice. This is a limitation
increases in CYP1AL activity, this activity was minimal comin the study, because the level of TCDD used (@§/kg
pared to the levels induced by TCDD. A statistically significamepeated exposure for 3 days) was high. These results are
increase (approximately 2-fold) in luciferase activity was olzonsistent with a previous report demonstrating that a high
served following treatment with 250 ppm JP-8, while treatmedbse of TCDD (20ug/kg) resulted in an increase in liver

Normalized Luciferase Activity (% of Control)

Eukaryotic Transfection and Reporter-Gene Assay
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weight in both B6C3F1 and DBA/2 mice (Kerkvligit al, specifically to down-regulation of the AhR, as the low affinity
1990) indicating that this level of exposure is above the dos&hR ligand 2,7-dichlorodibenzp-dioxin produces similar ef-
response curve. It is expected that the 10-fold difference fiects to TCDD (Holsapplet al, 1986a,b).
sensitivity to TCDD between B6C3F1 and DBA/2 mice would The plaque-forming cell response is a sensitive indicator of
only be apparent at lower doses of TCDD. Neverthelessmamunological disruption and has been widely used to dem-
TCDD did serve as a positive control in other aspects in thatahstrate immunosuppression following exposure to PAHs and
caused a significant decrease in thymus weight and cellularfitAHs. Exposure to TCDD has been shown to inhibit IgM
in B6C3F1 mice but not in DBA/2 mice, and down-regulatedecretion through AhR pathwajisvitro (Sulenticet al,, 1998)
AhR while increasing CYP1A1 protein levels. and via non-AhR-mediated pathways (Davis and Safe, 1991).
Another reliable biomarker of AhR activation is CYP1Allt has also been demonstrated that from a battery of com-
expression. Induction of CYP1A1 is regulated primarily by thpounds, only those which were ligands for the AhR caused a
AhR, although there are reports that phenobarbital (Satlardecrease in the humoral immune response to sheep red blood
al., 1996) and some insecticides (Delesclesal., 1998) are cells in B6C3F1 mice (Silkworthet al, 1984). However,
able to induce CYP1A1 without binding to the AhR. In theAhR-independent pathways have also been described for sup-
present study, the results from timevivo andin vitro Western pression in the PFC response (Davis and Safe, 1991; Kerkvliet
blots identifying the expression pattern of CYP1A1 after JP-& al, 1990; Lubetet al,, 1984). To our knowledge, this is the
exposures were not comparable with 3MC or TCDD (knowfirst study that describes decreases in the PFC response in
AhR ligands). This would suggest that JP-8 does not exert B C3F1 and DBA/2 mice following exposure to JP-8, and this
toxicity via an AhR-mediated mechanism. However, it coulturther supports observations in other studies that JP-8 is
not be precluded that JP-8 may bind minimally to the AhR wittmmunotoxic (Harriset al., 1997a,b,c; Ullrich, 1999).
enough affinity to cause a small increase in CYP1AL activity Jet fuel, like most petroleum distillates, is a heterogeneous
without remarkable increases in CYP1AL protein expressiamixture of kerosene, benzene, toluene, xylenes, and other
Therefore, in the present study, a luciferase reporter gene asalgghatics and PAHs. Some of JP-8's components have been
was utilized using Hepa-1 cells integrated with an XRE-drivepreviously studied in single-exposure studies. However, iden-
reporter vector to directly measure CYP1AL activity via AhRtifying the mechanism of toxicity caused by a mixture such as
ligand binding. It was demonstrated that JP-8 (250 ppm) didP-8 is considerably more challenging. Kerosene and benzene
induce small, yet significant increases in reporter gene activdye substantial components of JP-8 and are both known to
above control but this activity was well below that induced bgause hepatic, hematological, and immune toxicity. Specifi-
TCDD. This may suggest that JP-8 is a weak AhR ligand theally, benzene is known to lead to progressive bone marrow
binds with enough affinity to cause small increases in CYP1Alegeneration, leukopenia, and disruptions in the drug meta-
activity without appreciable increases in protein expressiooolic system (Abraham, 1996). Similarly, rats exposed to ker-
However, without directly assessing the binding affinity obsene demonstrated increases in liver weights, decreases in the
JP-8, this is speculation, because the increase in activity cotdthtive weights of the spleen and thymus, and decreased
be due to undefined non-AhR-mediated pathways. activity of enzymes (benzo[a]pyrene hydroxylase) involved in
Down-regulation of the AhR has been demonstratedvo the metabolism of environmental chemicals including PAHs
and in different cell culture systenmsvitro following exposure (Raoet al,, 1984; Upretiet al,, 1989). Thus, it is important to
to TCDD (Pollenzet al, 1998). Additionally, a recent report consider that kerosene and/or benzene may be important con-
has shown that both B6C3F1 and DBA/2 mice demonstratgibutors to JP-8's induced immunotoxicity, not only by a
reductions in AhR protein and upregulation of CYP1A1 folpotential direct effect, but perhaps by an indirect effect via an
lowing exposure to 3MC (Forkert, 1997). Thus, it was hypottalteration in metabolic enzymes leading to the formation of
esized that if JP-8 were immunotoxic through AhR signatnore reactive and immunotoxic metabolites.
transduction pathways, a down-regulation of the AhR would be The recent, large-scale conversion of jet-fuel use from JP-4
expected in JP-8-exposed animals and in murine Hepa-1 ceitsJP-8 in the military environment has increased the incidence
Despite the fact that JP-8 was able to increase luciferasfereported human health effects. Thus, our understanding of
reporter-gene activity, the present study indicates that JP-8 thé molecular mechanisms leading to respiratory or immune
not down-regulate the AhR at a wide range of exposures. dysfunction caused by JP-8 will facilitate how human exposure
vitro andin vivo exposures overlap, in that the highestitro limits should be assessed. For example, recent work by Witz-
exposure of 500 ppm may be considered similar to the 5@@annet al. (1999) has utilized electrophoretic techniques to
mg/kgin vivo exposure that has been established as the lowegamine the expression of cytosolic proteins and their re-
observable immunological effect level in range-finding studiesponses to JP-8 jet-fuel exposure. In these studies, it was
performed in our laboratory. For example, an exposure of 588own that inhalation of jet-fuel vapors caused increases of
mg/kg for 14 days suppressed the PFC response in ranges oG&T in liver and kidney homogenates (Witzmagtral., 2000).
to 72% of control (unpublished data). It is unclear if thélore studies are needed to determine the metabolic enzymatic
mechanisms of TCDD and PAH immunotoxicity are relategrofile of this complex mixture of JP-8. This approach would
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be more feasible in evaluating health risks of JP-8 as compaf@thanadez-Salguero, P., Pineau, T., Hilbert, D. M., McPhail, T., Lee, S. S.,

to the tedious job of isolating individual components of JP-gKimura, S., Nebert, D. W., Rudikoff, S., Ward, J.M., and Gonzalez, F.J.
that may or may not cause toxicity (1995). Immune system impairment and hepatic fibrosis in mice lacking the

. ; . L dioxin binding Ah receptorScience268 722-726.

In Conduspn’ our most (_:ompelllng e,VIdence tO. |r1d|cate I'—s}ernandez—SaIguero, P. M., Hilbert, D. M., Rudikoff, S., Ward, J. M., and
non AhR-mediated mechanism of JP-8 immunotoxicity are theGonzaIez, F. J. (1996). Aryl-hydrocarbon receptor-deficient mice are resis-
results from the Western bloits vitro andin vivo,demonstrat-  tant to 2,3,7,8-tetrachlorodibenpedioxin-induced toxicity.Toxicol. Appl.
ing neither induction of CYP1A1 protein or down-regulation of Pharmacol 140,173-179.
the AhR. There were minimal increases in XRE-driven lucifcorkert, P. (1997). Coexpression of Ah receptor and CYP1Al in hepatocytes
erase activity following JP-8 exposure of Hepa-1 cells. In of C57BL6/J and DBA/2J miceToxicol. Appl. Pharmacol142,69-78.

further support of these findings, B6C3F1 and DBA/2 micgarison, P., Aarts, J., Brouwer, A., Geisy, J., and Denison, M. (1996). Ah
: QA : ceptor-mediated gene expression: Production of a recombinant mouse
exposed to moderate to high levels of JP-8 displayed Increasélgepatoma cell bioassay system for detection of 2,3,7,8-tetrachlorodibenzo-

in liver weight, suppression of the PFC response, and reduceg yioyin-like chemicals Fundam. Appl. Toxicol30, 194—203.

thmeS. W_e'ght and Ce"u'amy' Thus, th_e Immunotoxic eﬁeCt_éonzalez, F., and Fernandez-Salguero, P. (1998). The aryl hydrocarbon receptor:
were similar between the Ah-responsive and -nonresponsiv@udies using the AhR-null mic@rug Metab. Dispos26, 1194—1198.

mouse strains, indicating that the AhR is not likely to hav@arris, D. T., Sakiestewa, D., Robledo, R., and Witten, M. (1997a). Protection
played a direct role in JP-8 immunotoxicity following a 7-day from JP-8 jet fuel-induced immunotoxicity by administration of aerosolized
oral exposure. Substance PToxicol. Indust. Health13, 571-588.
Harris, D. T., Sakiestewa, D., Robledo, R. F., and Witten, M. (1997b).
Immunotoxicological effects of JP-8 jet fuel exposuFexicol. Ind. Health
13, 43-55.
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