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FIG. 2. Histopathology of livers from WT (C57B1/6N) and PPAR« (-/-) mice exposed to 134 mg/kg/day 2,4-DNT or vehicle for 14 days. PAS base staining
revealed red punctate staining of centrilobular hepatocytes (A—H). Slides pre-exposed with glycogen-digesting enzyme, a-amylase, before PAS staining (I and J).
Intracellular vesicular bodies were seen in 2,4-DNT-exposed PPA« (-/-) livers (arrows (H)).
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FIG. 3. Transcript expression within KEGG canonical PPAR signaling pathway derived from liver tissue of mice. Expression profiles represent: (A) WT
2,4-DNT-exposed, (B) PPAR« (-/-) 2,4-DNT-exposed, or (C) PPAR«a (-/-) vehicle-exposed experimental treatments with fold change values calculated relative
to WT, vehicle-exposed animals. Blue highlighted boxes represent transcripts having significantly decreased expression relative to WT vehicle-exposed animals.
Red highlighted boxes represent transcripts having significantly increased expression relative to WT vehicle-exposed animals. Gene names are listed in Table 1.

ergy production associated with PPAR signaling (Fig. 3). WT
2,4-DNT-exposed animals showed decreased transcript expres-
sion for several genes involved in fatty acid transport, both up-
stream and downstream of PPAR signaling pathways as well as
decreased expression of a transcript upstream of the gluconeo-
genesis pathway (Fig. 3A). 2,4-DNT had no effect on PPAR«
expression in WT animals (p = 0.58). PPAR« (-/-) 2,4-DNT-
exposed animals showed decreased transcript expression for
genes involved in ketogenesis, lipogenesis, fatty acid transport
(both upstream and downstream of PPAR signaling), fatty acid
oxidation, and adipocyte differentiation pathways (Fig. 3B).
Expression in the PPAR« (-/-) 2,4-DNT-exposed and PPAR«
(-/-) vehicle-exposed mice (Fig. 3C) were largely equivalent
to the WT vehicle-exposed animals (Fig. 3). Notable excep-
tions comparing the PPAR« (-/-) 2,4-DNT versus PPARa (-/-)
vehicle treatments included: an elimination of increased ex-
pression for retinoid X receptor a (RXRa), elimination of de-
creased expression for acetyl-CoA acyltransferase 1 (thiolase
B), and decreased expression of fatty acid desaturase 2 (delta-
6-desaturase) and angiopoietin-like 4 (PGAR) transcripts.

Canonical Pathway Analysis

An investigation of overall canonical pathway enrichment
indicated 13 common pathways (Fig. 4) among experimental
conditions. The common pathways span three major functional
categories: lipid metabolism, signaling pathways, and amino
acid metabolism. The majority of enriched pathways were in-
volved in lipid metabolism (8 of 13) and three of the four en-
riched signaling pathways are known upstream regulators of
lipid metabolism (Fig. 4). These results indicate similarity in the
effects of the PPAR« (-/-) and the effects of 2,4-DNT exposure
in WT animals. Additionally, there were unique responses by
WT animals exposed to 2,4-DNT that may serve as indicators
for poor performance in the swim trial. Specifically, WT 2,4-
DNT-treated animals, which had the poorest performance in the
swim test (Fig. 1), had six pathways uniquely enriched within
biological functions including: carbohydrate metabolism, lipid
metabolism, and organ development (Fig. 4). As a class, path-
ways involved in carbohydrate metabolism were the most af-
fected, where all genes involved in the pathways had signifi-
cantly decreased expression (Table 2).
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TABLE 2
Differentially Expressed Transcripts Involved in Fatty Acid or Glucose Metabolism and PPAR Activation in Liver Tissue of WT and
PPAR« (-/-) Mice Exposed to 134 mg/kg/day 2,4-DNT

Gene Name Gene Symbol, Function/ WT, PPARa PPARa PPARa
Symbol in Figures Pathway 2,4-DNT (), (), (),
Vehicle 2,4-DNT 2,4-DNT
Acetyl-Coenzyme A acyltransferase 1A Acaa‘a, Thiolase B Fatty Acid Oxidation -1.50
Acyl-Coenzyme A dehydrogenase, long-chain Acadl, LCAD Fatty Acid Oxidation -1.88 -1.61
Acyl-Coenzyme A dehydrogenase, short chain Acads Fatty Acid Oxidation -1.53
Acyl-Coenzyme A dehydrogenase, very long chain Acadvl Fatty Acid Oxidation -2.73 -2.38
Acyl-CoA thicesterase 2 Acot2 Fatty Acid Oxidation -1.61 1.56
Acyl-CoA thicesterase 6 Acot6 Fatty Acid Oxidation 1.64 1.72
Acyl-CoA thicesterase 8 Acot8 Fatty Acid Oxidation -1.79 -1.70
Acyl-Coenzyme A oxidase 1, palmitoy! Acox1, ACO Fatty Acid Oxidation -1.70 -1.54
Acyl-CoA synthetase medium-chain family member 3 Acsm3 Fatty Acid Oxidation -1.57 -1.53
Carnitine palmitoyltransferase 2 Cpt2, CPT-2 Fatty Acid Oxidation -2.92 -2.68
Carnitine acetyltransferase Crat Fatty Acid Oxidation -2.05
Cytochrome P450, family 4, subfamily a, polypeptide 10 Cyp4a10, CYP4A1 Fatty Acid Oxidation -211.08 -76.78 2.75
2,4-dienoyl CoA reductase 1, mitochondrial Decr1 Fatty Acid Oxidation -1.76 -1.92
2-4-dienoyl-Coenzyme A reductase 2, peroxisomal Decr2 Fatty Acid Oxidation -4.78 -4.51
Enoyl Coenzyme A hydratase, short chain1, mitochondrial Echs1 Fatty Acid Oxidation -3.03 -2.64
Enoyl-Coenzyme A delta isomerase 2 Eci2 Fatty Acid Oxidation -1.60
Electron transferring flavoprotein, dehydrogenase Etfdh Fatty Acid Oxidation -2.65 -2.53
Acyl-CoA synthetase long-chain family member 3 Acsl3, ACS Fatty Acid Oxidation -1.60 -2.10
Acyl-CoA synthetase long-chain family member 5 Acsl5, ACS Fatty Acid Oxidation -1.69 -1.56
Fatty acid binding protein 2 Fabp2, FABP PPAR Ligand/Fatty Acid Transport -1.87
Fatty acid binding protein 3 Fabp3, FABP, FABP3  PPAR Ligand/Fatty Acid Transport -2.69
Fatty acid binding protein 7 Fabp7, FABP PPAR Ligand/Fatty Acid Transport -2.06
CD36 molecule (thrombospondin receptor) Cd36, FATCD36 Fatty Acid Transport -1.69 -2.68 -3.48
Solute carrier family 27 (fatty acid transporter), member 1 Slc27a1,FATCD36 FAT1/4  PPAR Ligand/Fatty Acid Transport -2.51 -2.04
Solute carrier family 27 (fatty acid transporter), member 2 SIc27a2, FATCD36 PPAR Ligand/Fatty Acid Transport -1.65 -9.42 -1.57
Solute carrier family 27 (fatty acid transporter), member 5 Slc27a5, FATCD36 PPAR Ligand/Fatty Acid Transport -2.04
Angiopoietin-like 4 Angpti4, PGAR Lipid Transpprt -2.82
Fatty acid desaturase 2 Fads2,D6desaturase Lipogenesis -1.68
Stearoyl-Coenzyme A desaturase 1 Scd1 Lipogenesis -4.93 -2.30
Cytochrome P450, family 7, subfamily a, polypeptide 1 Cyp7a1, CYP7A1 Cholesterol Metabolism -1.83
Glycerol-3-phosphate dehydrogenase 1 Gpd1, Gapdh Triacylglycerol Metabolism -1.56 -1.54 -1.83
Glycerol-3-phosphate dehydrogenase 2 Gpd2, Gapdh Triacylglycerol Metabolism -1.57
3-hydroxybutyrate dehydrogenase, type 2 Bdh2 Ketogenesis [ 1.61 [ 1.63
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 Hmgcs1 Ketogenesis -3.03 -2.02
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 Hmgces2, HMGCS2 Ketogenesis -2.34 -1.90
3-oxoacid CoA transferase 2A Oxct2a Ketogenesis -3.37 -3.14
Fructose bisphosphatase 1 Fbp1 Gluconeogenesis -1.52
Glucose-6-phosphatase, catalytic G6pc Gluconeogenesis -4.87 -1.56
Glucose-6-phosphate dehydrogenase X-linked G6pdx Gluconeogenesis -2.35
Phosphoenolpyruvate carboxykinase 1, cytosolic Pck1, PEPCK Gluconeogenesis -1.81
Pyruvate dehydrogenase phosphatase catalytic subunit 2 Pdp2 Glucose Regulation -1.66
Glycogen synthase kinase 3 beta GSK3B Glycogen Regulation 1.59
Phosphoglucomutase 3 PGM3 Glycolysis 1.60
Pyruvate kinase (Liver and Red Blood Cell) PKLR Glycolysis 1.82
Pyruvate carboxylase Pcx TCA Cycle -1.90 -1.93
Phosphoribosyl pyrophosphate synthetase 2 PRPS2 Pentose Phosphate Pathway | 1.50 | 1.50
Peroxisome proliferator activated receptor alpha Ppara, PPARa PPAR Transcription Factor -1092 -2352
Peroxisome proliferator activated receptor gamma PpargPPARy PPAR Transcription Factor | 3.6,0=0.17 3.99 4.40
Retinoid X receptor alpha Rxra, RXR PPAR Transcription Factor 1.50
Rous sarcoma oncogene Src PPAR Cofactors 3.25 3.16

Values represent fold change relative to WT, vehicle-exposed mice where gray highlights represent significant down-regulation (p<0.05 and > 1.5-fold change)

and boxed values represent significant increased expression (p<0.05 and >1.5-fold change). Values in the last column represent fold change relative to PPARa
(-/-), vehicle-exposed mice where gray highlights and boxed values represent significant down-regulation (p<0.05 and >1.5-fold change) and unhighlighted,
unboxed values represent significant increased expression (p<0.05 and > 1.5-fold change).

PPAR Nuclear Activation and Inhibition Bioassays

The 2,4-DNT exposures caused complex effects on PPAR nu-
clear signaling in the in vitro assessments (Fig. 5). In the activa-
tion assays, 2,4-DNT caused significant impairment of nuclear
signaling for both PPARa and PPARS whereas the 2,4-DNT
caused significantly increased PPARy nuclear signaling at the

highest exposure concentration (10 mg/1). The nuclear receptor
inhibition assays indicated that 2,4-DNT was not a strong com-
petitor for the binding sites of PPARa or PPARY, compared
with their respective agonists; however, significant inhibition
was observed for PPARS signaling. Finally, neither exposure to
2,4-DNT or positive controls affected cellular survival (Fig. 5).
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FIG. 4. Effects of 2,4-DNT exposure on canonical pathways in liver tissue of WT 134 mg/kg/day 2,4-DNT exposed or PPARa (-/-) vehicle or 134 mg/kg
2,4-DNT mice for 14 days. Names of significantly regulated canonical pathways are listed for WT or PPAR« (-/-) 2,4-DNT-exposed mice and those pathways

shared in all three treatment conditions in relevance to WT vehicle-exposed mice.

DISCUSSION

Exposure to nitrotoluenes at high doses has been observed
to cause hemolysis, anemia, and methemoglobinemia (ATSDR,
1998) which can impair oxygen available for use by an ex-
posed animal and therefore potentially impair exercise perfor-
mance. This study used a dose of 2,4-DNT that is not expected
to have altered oxygen transport in WT 2,4-DNT-exposed an-
imals. The only relevant effect noted regarding red blood cells
was an increase in reticulocytes of 2,4-DNT- PPARa (-/-) mice;
however, oxygen delivery was unlikely to be impaired because
hematocrit was restored to normal at the time of the endurance
challenge (Table 1).

Further evidence that the administered dose of 2,4-DNT did
not alter the extent of aerobic energy metabolism was the ab-
sence of a change in serum lactate, a marker of aerobic en-
ergy pathways being depleted (Table 1). Therefore, our range-
finding and pilot studies allowed us to design a definitive exper-
iment to specifically interrogate the impacts of 2,4-DNT expo-
sure on PPAR signaling in the absence of confounding changes
in systemic oxygen transport and/or aerobic respiration.

AOP

We tested if PPARa played a significant role in facilitating
2,4-DNT-based impacts on energy metabolism and subsequent
effects on exercise performance. We used the results of this
study to create an AOP (Ankley et al., 2010) for effects asso-
ciated with 2,4-DNT exposure specifically highlighting impacts
on overall PPAR signaling connected to effects observed across
multiple levels of biological organization (Fig. 6). The goal of
this study was not to focus on the already well-described hema-
toxicity, but instead explore direct impacts on PPAR signaling
and downstream effects on fatty acid and glucose metabolism
that affect the energy substrates needed for exercise perfor-

mance. The AOP (Fig. 6) serves as the organizational outline
for the following discussion.

MIE (Impaired PPAR« signaling)

The present study provides two lines of evidence supporting
the hypothesis based on previous studies (Deng et al., 2011;
Rawat et al., 2010; Wintz et al., 2006) that 2,4-DNT-induced
interference with PPAR« signaling impacts energy metabolism
and therefore represents the MIE for our proposed AOP (Fig.
6). First, 2,4-DNT significantly decreased PPARa signaling
when tested with in vitro rat/human PPAR nuclear activation
assays (Fig. 5). Although 2,4-DNT was not a strong competitor
against the known agonist for PPARa nuclear signaling when
both substrates were available at high relative concentrations,
2,4-DNT did reduce basal PPARa nuclear signaling in the acti-
vation assay (Fig. 5). PPARa is a primary transcriptional regu-
lator for lipid metabolism (Desvergne and Wahli, 1999; Lefeb-
vre et al., 2006), therefore the observation of reduced transcrip-
tional expression for genes involved in lipid metabolism (Ta-
ble 2, Fig. 3) was expected in addition to the resultant impacts
on lipid metabolism and downstream energy homeostasis (Sup-
plementary fig. 1). Although 2,4-DNT did not directly affect
PPARa expression in WT 2,4-DNT-exposed mice (Table 2),
the PPARa activation pathway was significantly enriched (p =
0.00085) having significantly decreased transcriptional expres-
sion (Fig. 3A, Table 2). Future studies investigating PPAR«
and PPARv protein levels in tissue are needed to further de-
velop a detailed mechanistic description of the MIE of impaired
PPAR signaling in order to transition this AOP into a quantita-
tive model of effects.

The second line of evidence supporting the hypothesized
MIE was a direct connection between PPARa signaling and
the apical organism-level outcome where swim performance by
PPAR« (-/-) mice was significantly less impacted by 2,4-DNT
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FIG. 5. Nuclear receptor activation assay conducted in Chinese hamster ovary cells.*p<0.05.

than in WT mice. This observation indicates that the interaction
between 2,4-DNT and PPARa signaling is a primary source for
adverse impacts on exercise performance at the whole-organism
level. Together, these observations demonstrate the importance
of 2,4-DNT-mediated impairment of the PPAR« signaling path-
way in propagating apical impacts on exercise endurance on the
individual.

Molecular Response (Impaired Lipid Metabolism)

2,4-DNT reduced transcriptional expression of genes for
which PPAR« acts as a positive transcriptional regulator in
WT mice (Fig. 3A). The majority of the affected transcripts
in WT 2,4-DNT-exposed mice were involved in the transport
of fatty acid (the PPAR ligand) into the cell representing six
of the nine total differentially expressed transcripts involved in

lipid metabolism (Table 2). Specifically, transcripts for fatty
acid binding proteins 2, 3, and 7 (Fabp2, 3, and 7), which
function as inter- and intra-cellular transporters (Storch and
Thumser, 2000) and mediators of PPARa and vy nuclear sig-
naling (Wolfrum et al., 2001), had decreased expression. Addi-
tionally, Cd36 (fatcd36), a known fatty acid transporter (Bail-
lie et al., 1996) and solute carrier family 27 (fatty acid trans-
porter) members 2 and 5 (SLC27A2 and 5) which work alone
or in conjunction with Cd36 to transport fatty acids into cells
(Stahl, 2004), showed decreased expression (Table 2). Given
that fatty acid metabolism is an inducible pathway where in-
creasing substrate levels activate PPAR signaling and gene ex-
pression for enzymes catalyzing fatty acid metabolism, the de-
creased availability of fatty acid transport proteins would be ex-
pected to lead to decreased expression of genes downstream in
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the PPARa regulatory network. The observation of decreased
expression within the PPARa signaling pathway in WT mice
(Fig. 3A) is consistent with this expected effect thus revealing
a feedback response where reduced levels of fatty acid trans-
port proteins would negatively affect downstream transcription
of their upstream gene transcripts (Table 2).

Other transcriptional effects of 2,4-DNT on genes involved
in WT lipid metabolism (Table 2) included decreased expres-
sion for acyl-CoA thioesterase 2 (Acot2), a gene involved in
fatty acid oxidation (Hunt and Alexson, 2002), and glycerol-3-
phosphate dehydrogenase 1 and 2 (Gdphl and 2), genes that fa-
cilitate glycerol catabolism (Patsouris et al., 2004). Both Acot
and Gdph are positively regulated by PPARa (Dongol et al.,
2007; Hunt and Alexson 2002; Patsouris et al., 2004) providing
an additional indication of 2,4-DNT impairment of PPAR« sig-
naling pathways and decreased expression of downstream tar-
gets (Fig. 3A). Overall, impaired PPARa signaling (Fig. 5) due
to 2,4-DNT exposure resulted in decreased expression of genes
necessary for transporting fatty acids into cells (Fig. 3A) as well

as for genes that convert fatty acids and glycerol to cellular en-
ergy (Table 2). These results indicate the reduced potential for
2,4-DNT-exposed WT animals to utilize lipid resources in the
maintenance of a balanced cellular energy budget.

PPAR« (-/-), vehicle-exposed mice also showed reduced ex-
pression of fatty acid transport proteins relative to WT vehicle-
exposed mice (Table 2). However, the PPARa knockdown pri-
marily affected Cd36 and Slc27A transcription whereas Fabps
were also affected in 2,4-DNT-exposed WT mice. The most
pronounced difference between PPARa (-/-) mice and WT
mice exposed to 2,4-DNT was the decreased expression of
genes involved in fatty acid oxidation in PPARa (-/-) mice (Ta-
ble 2). These results indicate that 2,4-DNT acts by inhibiting
PPARa signaling uniquely in WT mice compared with PPAR«
(-/-) mice with directed impacts primarily on genes involved in
fatty acid transport as opposed to fatty acid oxidation.
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Cellular Response (Impaired Lipid-Based Energy Production)

Knockdown of PPAR« in combination with 2,4-DNT ex-
posure caused elevated concentrations of serum triglycerides
compared with WT mice (Table 1) and PPAR« (-/-) vehicle-
exposed mice. The decrease in expression of fatty acid oxidation
genes in PPARa (-/-) mice (Table 2) was reflected in a higher
triglyceride level in serum consistent with the reduced potential
to metabolize fatty acid moieties (Table 1).

Organ Response (Effects on Liver)

2,4-DNT dosing produced altered PPARa« signaling with sig-
nificantly increased liver weight in WT animals in agreement
with other published observations in rat (Deng et al., 2011; Lee
et al., 1978) and fathead minnow (Wintz et al., 2006). Wintz
et al. (2006) reported that increased liver weights in fathead
minnow exposed to 2,4-DNT in a 10-day study were due to in-
creased phospholipid accumulation hypothesized to stem from
the decreased transcriptional expression of genes involved in
lipid catabolism. Similarly, in the present study intracellular
vesicular bodies, potentially lipid vesicles, were observed in
liver tissue of 2,4-DNT-treated PPAR«a (-/-) animals (Fig. 2).
Although 2,4-DNT effects on glycogen and lipid were not ob-
served in tissue sections of liver and striated muscle of exercised
mice, future studies are needed in order to quantitatively mea-
sure glycogen and lipid in liver and muscle of both exercised
and non-exercised animals in order to further develop the pro-
posed AOP.

Individual Response (Negative Energy Budget)

The 2,4-DNT-induced impairment of PPAR« signaling and
subsequent reduced transcript expression for genes facilitating
lipid metabolism has implications for mice in maintaining a pos-
itive energy budget as lipid represents a principal energy cur-
rency in animal physiology. In support of this hypothesis, 2,4-
DNT impairment of lipid metabolism leading to a negative en-
ergy budget has been observed in carp exposed to 2,4-DNT for
15 days where the fish had decreased amounts of lipid but not
total protein stored in liver tissue (Xu and Jing, 2012). The re-
duced potential to utilize lipid substrates likely contributed to
a negatively impacted whole-organism energy budget as mani-
fested by significantly reduced body weights observed in WT
mice exposed to 2,4-DNT (Table 1). 2,4-DNT has also been
shown to affect oxidative phosphorylation which may be linked
to the observed effects on lipid metabolism (Xu and Jing, 2012).

Molecular Response (Compensatory PPARy Signaling)

Increases in PPARYy expression in response to PPARa im-
pairment was observed in the PPAR«a (-/-) vehicle exposure
(Fig. 3C, Table 2). PPARy plays arole related to PPAR in lipid
metabolism, but also has a unique role in cycling lipid and car-
bohydrate substrates into glycolytic/gluconeogenic pathways
(Fig. 3, Millward et al., 2010; Powell et al., 2007). We posit
that our observations in the PPARa (-/-) model demonstrate ev-

idence of a compensatory response to ameliorate the decreased
potential for fatty acid metabolism and subsequent energy pro-
duction given the loss of PPARa signaling thereby necessitat-
ing increased PPARy signaling to sustain energy needed by the
animal (Fig. 3B). This was further confirmed by the nuclear
activation bioassays where PPARYy was activated by 2,4-DNT
(Fig. 5), thus further mitigating the effects of 2,4-DNT on en-
ergy metabolism pathways.

Molecular Response (Glycolysis vs. Gluconeogenesis)

2,4-DNT dosing caused significantly decreased transcrip-
tional expression of genes involved in glucose metabolism in
WT mice and eliminated constitutively increased transcrip-
tional expression of genes involved in glucose metabolism in
PPARa (-/-) mice (Table 2). These results are consistent with
previous observation that DNTs affect the transcriptional ex-
pression of genes involved in the glycolysis/gluconeogenesis
pathway in bobwhite quail (Rawat et al., 2010) and fathead
minnow (Wintz et al., 2006). Specifically, the current study
demonstrated that transcriptional expression of three genes crit-
ical within the glycolysis/gluconeogenesis pathway had de-
creased expression in 2,4-DNT-exposed WT mice (Table 2,
Supplementary fig. 1 A): phosphoenolpyruvate carboxykinase 1
(Pckl), pyruvate carboxylase (Pcx), and fructose biphosphatase
1 (Fbpl). Of particular note, Pck1 catalyzes the rate-limiting re-
action for gluconeogenesis (Gomez-Valadés et al., 2008). De-
creased transcriptional expression of these genes is consistent
with a shift away from gluconeogenesis in favor of increased
glycolysis (Supplementary fig. 1A, Voet et al., 1999). As ev-
idence of this metabolic effect in an alternative species, carp
exposed to 2,4-DNT had decreased glucokinase, an enzyme in-
volved in glycolytic and gluconeogenic pathways, along with
decreased glycogen stores in liver after 7 and 15 days (Xu and
Jing, 2012). Similar to the observations in PPAR« (-/-) mice
described in the previous section, the 2,4-DNT exposure in the
WT mice is potentiating this pathway that controls central en-
ergy metabolism in favor of energy production versus energy
storage.

Although the overall glycolysis/ gluconeogenesis pathway-
level response to 2,4-DNT exposure is similar to the response
observed in PPAR« (-/-) mice, the molecular mechanisms fa-
cilitating energy use are largely dissimilar. The principal differ-
ence is that WT mice exposed to 2,4-DNT decreased expression
of molecular targets to elicit lowered gluconeogenic flux com-
pared with the approach of PPARa (-/-) mice which increased
transcriptional expression of PPARy and PPARvy pathway sig-
naling elements to achieve increased energy production from
glucose (Table 2, Figs. 3 and 6, Supplementary fig. 1). When
compared with WT mice, PPARa (-/-) vehicle-exposed animals
had increased expression of genes involved in glycolysis (phos-
phoglucomutase, Pgm3 and pyruvate kinase-liver and red blood
cell, Pklr; Supplementary fig. 1B), a gene involved in glycogen
regulation (glycogen synthase kinase 3 beta, Gsk3b; Supple-
mentary fig. 1B), and a gene involved in the pentose phosphate
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pathway (phosphoribosyl pyrophosphate synthetase 2, Prps2,
Table 2). PPARa (-/-) mice appear to have compensated for
the loss of PPARa by activation of glycolysis/gluconeogenesis
pathway in order to maintain energy metabolism compared with
WT animals forced to abruptly respond to 2,4-DNT-induced
PPAR« signaling impairment.

Organ Response (Blood Glucose Levels)

As apical evidence of glycolytic rerouting described above,
serum glucose concentration in the PPARa (-/-) vehicle and
PPARa (-/-) 2,4-DNT-treated groups were significantly de-
creased compared with the WT 2,4-DNT-treated group (Ta-
ble 1).

Individual Response (Weight Loss and Decreased Exercise
Performance)

2,4-DNT-treated WT animals were the only experimental
group to have weight loss significantly greater than WT con-
trols over the 14-day study (Table 1). Weight loss has been
previously associated with 2,4-DNT exposure in rats and mice
(Hong et al., 1985; Lee et al., 1978, 1985; Lent et al., 2012),
salamanders (Johnson et al., 2007), and northern bobwhite quail
(Johnson et al., 2005). Observed weight loss suggested energy
budget issues in nitrotoluene exposures and our study has pro-
vided the first evidence that 2,4-DNT-induced effects on energy
metabolism can impair exercise performance (Fig. 1). Further,
the investigation of PPARa (-/-) mice has implicated PPAR«
signaling as a significant pathway by which 2,4-DNT disrupts
energy metabolism causing impacts on both body weight and
exercise performance (Table 1 and Fig. 1). These observations
demonstrate important fitness implications where animals ex-
posed to 2,4-DNT are likely to have compromised performance
in fight or flight responses in nature leading to decreased indi-
vidual survival and therefore potential negative impacts on sus-
taining local populations.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
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