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Abstract
Aniline exposure causes toxicity to the spleen, which leads to a variety of sarcomas, and fibrosis
appears to be an important preneoplastic lesion. However, early molecular mechanisms in aniline-
induced toxicity to the spleen are not known. Previously, we have shown that aniline exposure results
in iron overload and induction of oxidative stress in the spleen, which can cause transcriptional
upregulation of fibrogenic/inflammatory cytokines via activation of oxidative stress (OS)-responsive
signaling pathways. To test this mechanism, male SD rats were treated with aniline (1 mmol/kg/day
via gavage) for 7 days, an experimental condition that precedes the appearance of fibrosis. Significant
increases in both NF-κB and AP-1 binding activity was observed in the nuclear extracts of splenocytes
from aniline-treated rats as determined by ELISAs, and supported by Western blot data showing
increases in p-IκBα, p-p65 and p-c-Jun. To understand the upstream signaling events which could
account for the activation of NF-κB and AP-1, phosphorylation patterns of IκB kinases (IKKα and
IKKβ) and mitogen-activated protein kinases (MAPKs) were pursued. Our data showed remarkable
increases in both p-IKKα and p-IKKβ in the splenocytes from aniline-treated rats, suggesting their
role in the phosphorylation of both IκBα and p65 subunits. Furthermore, aniline exposure led to
activation of all three classes of MAPKs, as evident from increased phosphorylation of extracellular-
signal-regulated kinase (ERK1/2), c-Jun N-terminal kinase (JNK1/2) and p38 MAPKs, which could
potentially contribute to the observed activation of both AP-1 and NF-κB. Activation of upstream
signaling molecules was also associated with simultaneous increases in gene transcription of
cytokines IL-1, IL-6 and TNF-α. The observed sequence of events following aniline exposure could
initiate a fibrogenic and/or tumorigenic response in the spleen.

Keywords
Aniline; Spleen; Oxidative stress; NF-κB; AP-1; IKK; MAPK; Cytokines

Introduction
Aniline is a known splenotoxin (Bus and Popp, 1987; Khan et al., 1999a, 2003a; Pauluhn,
2004). The toxicity is manifested by splenomegaly (Khan et al., 1997a, 1999a; Ciccoli et al.,
1999), elevated erythropoietic activity (Jenkins et al., 1972; Bus and Popp, 1987; Pauluhn,
2004), hyperpigmentation, hyperplasia, fibrosis (Bus and Popp, 1987; Khan et al., 1999a,
1999b, 2003a), and a variety of primary sarcomas after chronic exposure in rats (Goodman et
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al., 1984; Weinberger et al., 1985; Bus and Popp, 1987). Among various pathophysiological
manifestations, fibrosis appears to be an important initiating preneoplastic lesion of the spleen
(Khan et al., 1993, 1995, 1999a). However, early molecular mechanisms, including signaling
pathways, leading to aniline-induced toxic injury to the spleen remain unraveled.

Iron overload in the spleen is one of the most consistent and striking consequences of aniline
exposure (Khan et al., 1993, 1995, 1997a, 1999a; Wu et al., 2005). In fact, aniline-induced
splenic toxicity could be largely attributed to iron overload (increases in both total and free
iron) as iron-induced oxidative and nitrosative stress in the spleen causes increased lipid
peroxidation, protein oxidation, DNA oxidation and nitrotyrosine formation (Khan et al.,
1997a, 1997b, 1999a, 2003b, 2003c; Wu et al., 2005). Earlier subchronic aniline exposure
studies (related to fibrogenic response in the spleen) have also shown activation of redox-
sensitive transcription factors (TFs) nuclear factor-κB (NF-κB) and activator protein-1 (AP-1)
in the spleen (Wang et al., 2005; Khan et al., 2006). However, status of these TFs and the
possible mechanisms in their activation, especially the upstream signaling pathways, and
consequences of their activation (downstream target genes) at an early stage which precedes
fibrosis in the spleen are not known.

TFs are low-molecular-weight proteins that can bind with the promoter regions of genes and
thus regulate gene expression (Baldwin, 1996). NF-κB and AP-1 are redox-sensitive TFs,
which are involved in the transcriptional regulation of a variety of downstream target genes
involved in inflammation, fibrosis, and cell proliferation (Lahdenpohja et al., 1998;
Pennypacker, 1998; Shi et al., 1999; Kapahi et al., 2000). The change in redox state due to
oxidative stress can alter many signaling pathways including the activation of IκB kinase (IKK)
and mitogen-activated protein kinases (MAPKs) (Kamata et al., 2002; Hsieh et al., 2003; Lee
et al., 2005). Multiple kinases have been shown to phosphorylate IκB at specific amino-terminal
serine residue (Karin and Delhase, 2000; Kamata et al., 2002). Studies have also shown that
phosphorylation of p65 at multiple serine sites increases the transcriptional capacity of NF-
κB in the nucleus (Zhang et al., 2005; Utsugi et al., 2006).

A variety of agents which are known to generate ROS, have also been shown to regulate AP-1
activation (Hsu et al., 2000; Klaunig and Kamendulis, 2004; Khan et al., 2006). AP-1 consists
of a family of Jun/Fos dimers that include different Jun proteins (c-Jun, JunB, and JunD) and
Fos proteins (c-Fos, FosB, Fra-1, Fra-2, and FosB2) (Angel and Karin, 1991). AP-1 activation
could be regulated by the activation of MAPKs, involving three major pathways of extracellular
signal-related kinases (ERKs), stress-activated protein kinases/c-jun NH2-terminal kinases
(JNKs) and p38 MAPK (Hsu et al., 2000; Khan et al., 2006). We hypothesize that aniline-
induced oxidative stress in the spleen leads to phosphorylation of IKK and MAPKs, resulting
in the activation of TFs NF-κB and AP-1 leading to up-regulation of cytokine gene expression
in the spleen, and thus causing toxicity.

In this study, we have focused to determine signaling mechanisms in splenic toxicity of aniline,
especially activation of IKK and MAPKs (through phophorylation), which consequently may
play a critical role in the activation of NF-κB and AP-1 leading to overexpression of
inflammatory and fibrogenic cytokines. Specifically, in rats exposed to aniline under an
experimental condition which precedes fibrogenic response but known to cause oxidative stress
in the spleen (Khan et al., 1997a, 1997b; Wu et al., 2005), we have evaluated phosphorylation
of IKK (α and β) and MAPKs (ERK 1/2, JNK 1/2, and p38), activation of NF-κB and AP-1,
and gene expression of cytokines (IL-1α, IL-6 and TNF-α) in the spleen.
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Materials and methods
Animals and treatment

Male Sprague-Dawley rats (~225 g), obtained from Harlan Sprague-Dawley (Indianapolis,
IN), were housed in wire-bottom cages over adsorbent paper with free access to tap water and
Purina lab chow and maintained in a controlled environment animal room (temperature, 22°
C; relative humidity, 50%; photoperiod, 12-h light/dark cycle) for 7 days prior to the treatments.
The experiments were performed in accordance with the guidelines of the National Institutes
of Health and were approved by the Institutional Animal Care and Use Committee of UTMB.

The animals, in groups of 6 each, received 1mmol/kg/day aniline (97%; Aldrich, Milwaukee,
WI) in 0.5 ml of tap water by gavage for 7 days, while the controls received an equal volume
of tap water only. The choice of aniline dose was based on our earlier short-term studies that
showed iron overload, and significant increases in lipid peroxidation, protein oxidation and
DNA damage (oxidative stress) in the spleen (Khan et al., 1997a, 2003b; Wu et al., 2005).
Twenty four hours following the last dose, the animals were euthanized under nembutal
(sodium pentobarbital) anesthesia and spleens were aseptically removed immediately, blotted,
and weighed and then used for various analyses. A portion of the spleen was snap-frozen in
liquid nitrogen and stored at −80°C for RNA isolation.

Isolation and culture of splenocytes
A portion of the spleen was passed through a stainless steel mesh in RPMI 1640 culture
medium. The cell suspension was centrifuged at 1000 × g for 5 min at 4°C. The cell pellet was
resuspended in 6 ml of Hank’s solution and laid on to 6 ml of Histopaque-1083 (Sigma, St.
Louis, MO). After centrifugation at 400 × g for 30 min, the interface (containing splenocytes)
was transferred into a fresh tube and washed twice with RPMI 1640 without serum. The cell
pellet was suspended in RPMI 1640 medium supplemented with 2 mM glutamine, 50 µg/ml
gentamycin and 10% heat-inactivated FBS, and total splenocytes were counted. The isolated
splenocytes were plated in 24 well plates at a density of 5 × 106/ml/well and incubated at 37°
C with 5%CO2 for 24h. The splenocyte culture supernatants were used for the quantitation of
cytokines.

Quantitation of NF-κB and AP-1 activation in the splenocytes
Activation of NF-κB and AP-1 was determined by using Trans-AM NF-κB (p65) and Trans-
AM AP-1 (c-Jun) ELISA kits (Active Motif, Carlsbad, CA). Freshly isolated splenocytes were
used for the nuclear protein extraction (Wang et al., 2005; Khan et al., 2006). Nuclear protein
extracts (10 µg) from control or aniline-treated splenocytes were incubated with an
oligonucleotide containing the NF-κB or p-c-Jun consensus binding site bound to 96-well
microtiter plate. After extensive washes, the NF-κB and p-c-Jun complexes bound to the
oligonucleotides were further incubated with rabbit anti-NF-κB p65 or anti-p-c-Jun (1:1000
dilution). Subsequent to the incubation and extensive washings, the plates were further
incubated with a secondary antibody (goat anti-rabbit horseradish peroxidase-IgG (1:1000
dilution). Tetramethyl benzidine (substrate) was added for color development, which was read
at 450 nm with a reference wavelength of 655 nm.

Western blot analysis for NF-κB and AP-1
Western blot analysis was done to support ELISA results and further establish the activation
of NF-κB and AP-1 in the spleens. Briefly, spleen tissue lysates were prepared by using the
lysis buffer essentially as described by the manufacturer (Cell Signaling, Beverly, MA). The
lysate proteins were subjected to 10% SDS-PAGE and transferred to a PVDF membrane
(Amersham, Arlington Heights, IL). After blocking with non-fat dry milk (5%, w/v), the
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membrane was incubated with antibodies specific for NF-κB p65, p-NF-κB p65, c-Jun and p-
c-Jun (Cell signaling). The rest of the procedures were the same as described below for MAPK
Western blot analysis (Khan et al., 2006).

Detection of MAPK phosphorylation in the spleen tissue lysates
The spleen lysate proteins were subjected to 10% SDS-PAGE and transferred to a PVDF
membrane (Amersham, Arlington Heights, IL). After blocking with non-fat dry milk (5%, w/
v), the membrane was incubated with antibodies specific for ERK and p-ERK (Cell Signaling),
p38 and p-p38 (Santa Cruz Biotechnology, Santa Cruz, CA), and JNK and p-JNK (Cell
Signaling) to detect the total and phosphorylated forms of MAPKs. To confirm even loading,
membranes were stripped and probed with an actin antibody (Sigma). All other procedures for
immunoblotting were the same as described earlier (Li et al., 2004). Protein in the lysates was
determined by Bio-Rad Protein Assay Kit (Bio-Rad Laboratories). Blots were quantitated by
densitometry and normalized using the actin signal to correct for differences in loading of the
proteins (Moon et al., 2001; Sunters et al., 2004). For the densitometric analysis, the protein
bands on the blot were measured using Eagle Eye II software.

Determination of IKKα/β and IκBα/β
Total spleen lysates, prepared as described above, were subjected to 10% SDS-PAGE and
transferred to PVDF membranes (Amersham). After blocking, the membranes were incubated
with antibodies specific for IKKα, IKKβ, p-IKKα, p-IKKβ (Cell Signaling), and IκBα, IκBβ
and p-IκBα (Santa Cruz Biotechnology). The remainder of the procedure was similar to that
described above.

RNA isolation and quantitation of cytokine mRNAs
RNA isolation—Total RNA was isolated from spleen tissues using TRIZOL reagent (Life
Technologies, New York, NY) as per manufacturer’s instructions (Wang et al., 2005). To
eliminate contaminating genomic DNA, RNA preparation was treated with RNase free DNase
I (DNA-free kit, Ambion, Austin, TX). The total RNA concentration was determined by
measuring the absorbance at 260 nm. RNA integrity was verified electrophoretically by
ethidium bromide staining and by measuring A260/A280 ratio.

Real-time PCR: SYBR Green detection and Data analysis—First-strand cDNA was
prepared from isolated RNA by using SuperScript First-Strand Synthesis Kit (Invitrogen,
Carisbad, CA) described earlier (Wang et al., 2005). Quantitative real-time PCR employing a
two-step cycling protocol (denaturation and annealing/extension) was carried out using Smart
Cycler System, and using primers described previously (Wang et al., 2005). For each cDNA
sample, parallel reactions were performed in triplicate for the detection of 18 S, rat IL-1α, rat
IL-6 and rat TNFα in a reaction sample volume of 25 µl. Amplification conditions were
identical for all reactions: 95 °C for 2 min for template denaturation and hot start prior to PCR
cycling. A typical cycling protocol consisted of three stages: 5 s at 95 °C for denaturation, 30
s at 65 °C for annealing, 30 s at 72 °C for extension, and an additional 6 s hold for fluorescent
signal acquisition. To avoid the non-specific signal from primer-dimers, the fluorescence signal
was detected 2 °C below the melting temperature (Tm) of individual amplicon and above the
Tm of the primer-dimers (Simpson et al., 2000; Rajeevan et al., 2001). A total of 45 cycles
were performed for the studies.

Quantitation of PCR was done using the comparative CT method as described in User Bulletin
No. 2 of Applied Biosystems (Foster City, CA), the fold change in cytokine cDNA (target
gene) relative to the 18 S endogenous control was determined by:
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Quantitation of cytokines in the splenocyte culture supernatants—For the
determination of IL-1α, IL-6 and TNF-α in the splenocyte culture supernatants, ELISA kits
specific for rat IL-1α, IL-6 (Biosource International, Camarillo, CA) and TNF-α (Endogen,
Woburn, MA) were obtained and used according to manufacturer’s instructions. For analysis,
100 µl of the supernatant was used from each well and values for each sample were determined
in duplicate.

Statistical Analyses—The values are expressed as mean ±SD. Comparison between the
groups was made by p value determination using Student’s t test. A p value of <0.05 was
considered to be statistically significant.

Results
The effect of aniline exposure on NF-κB DNA binding activity in splenocytes

p65 is the vital component of the activated NF-κB that translocates to the nucleus. Therefore,
the NF-κB p65 DNA-binding activity was measured by a p65 based ELISA. As shown in Fig.
1A, a 1.5-fold increase in NF-κB p65 binding activity was found in the nuclear extracts of
splenocytes isolated from aniline-treated rats. To validate the ELISA findings, Western blot
analysis was also conducted in the cell lysates, which also showed a significant increase of
~1.5 fold in NF-κB p65 levels in aniline-treated rats in comparison to the controls (Fig. 1B).

Aniline exposure induces phosphorylation of both IκBα and NF-κB p65
Western immunoblotting was used to determine whether the activation of NF-κB in the
splenocytes occured via phosphorylation and degradation of IκB isotypes, IκBα and IκBβ. The
p-IκBα was remarkably elevated (9.6 fold) in the splenocytes from aniline-treated rats (Fig.
2). Correspondingly, there was a marked decrease in the levels of IκBα protein (38% of the
controls) in the splenocytes from aniline-treated rats (Fig. 2). Taken together, our data suggest
that increased phosphorylation might contribute to a significant decrease in IκBα protein levels
in splenocytes and lead to its dissociation and subsequent activation of NF-κB. Our Western
data also showed a significant reduction in total IκBβ levels in the cells from aniline-treated
rats (Fig. 2), suggesting its dissociation from the complex. Furthermore, to ascertain the
activation of NF-κB p65 as a possible mechanism in the regulation of pro-inflammatory and
pro-fibrogenic genes, phosphorylation of NF-κB p65 (p-NF-κB p65) was also evaluated in the
whole cell lysate proteins by Western blot analysis. Aniline exposure led to a ~4 fold increase
in p-NF-κB p65 levels in the spleen in comparison to controls (Fig. 3).

Enhanced activation of IKK in splenocytes from aniline-treated rats
To assess the effect of aniline exposure on IKK signaling, the splenocyte lysates were analyzed
for total and phosphorylated forms of IKKα and IKKβ. As shown in Fig. 4, aniline exposure
led to significant increases in the phosphorylated forms of IKKα (8.4 fold) and IKKβ (17.3
fold). Total IKKα and IKKβ also showed increases of 1.3 and 1.4 fold, respectively, in the
splenocyte lysates from aniline-treated rats (Fig. 4).

Effect of aniline exposure on AP-1 DNA binding activity
It is known that AP-1 exists as either heteromeric or homotrimeric complex after translocation
to the nucleus, and activates target genes (Janssen et al., 1993; Takahashi et al., 1994; Tessari
et al., 1999; Kapahi et al., 2000). The activation of AP-1 was investigated in the nuclear extracts
of freshly isolated splenocytes from aniline-exposed rats, which showed greater increases in
AP-1 binding activity compared to the controls as evident from increases in phosphorylated
form of c-Jun ( p-c-Jun, 1.8-fold ), determined by the TransAM AP-1 Family based ELISA
(Fig. 5A). The p-c-Jun-based AP-1 ELISA results were further substantiated by Western blot
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results which showed a 5 fold increase (densitometry) in the p-c-Jun proteins of the aniline-
treated rats (Fig. 5B). c-Jun protein levels also increased significantly (1.4 fold) in the samples
from aniline-treated rats (Fig. 5B).

MAPK Activation: ERK-, JNK- and p-38-MAPK subfamilies are activated following aniline
exposure

To assess the effect of the aniline exposure on the activation of MAPK subfamilies, the
splenocyte cell lysates were analyzed for both total and phosphorylated forms of ERK (1/2),
JNK (1/2) and p38-MAPKs by immunoblotting. These results revealed that all three MAPK
subfamilies were significantly activated. As evident from Fig. 6–8, aniline exposure led to
significant increases in p-ERK (p-ERK1, 5.8-fold; p-ERK2, 5.1-fold), p-JNK (p-JNK1, 1.7-
fold; p-JNK2, 1.4-fold), and p-p-38 MAPK (1.7-fold). No significant change in the levels of
total ERK, JNK, and p38 MAPKs was observed following aniline exposure (Fig. 6–Fig. 8).

Cytokine mRNA expression in the spleens of aniline-treated rats
Fig. 9 shows the results of real-time PCR analyses of various cytokines in the spleens from
control and aniline-treated rats. The amount of mRNA in each sample represents the ratio
between the cytokines and the endogenous control (18S rRNA). As evident from the figure,
splenic mRNA levels of cytokines (IL-1α, IL-6 and TNF-α) showed 4.8-, 2.8- and 2.4-fold
increases for IL-1α, IL-6 and TNF-α, respectively, in aniline-treated rats as compared to the
controls.

Effect of aniline exposure on cytokine release by splenocytes
The release of IL-1α, IL-6 and TNF-α into the cultures of splenocytes was quantitated using
specific ELISAs, which showed increases for all three cytokines in the aniline-treated rats. The
levels (pg/ml) of IL-1α, IL-6 and TNF-α were 12.25 ± 6.06, 42.79 ± 7.84 and 55.40 ± 16.33
for controls and 25.42 ± 8.71, 63.15 ± 13.55 and 80.13 ± 7.32 for aniline-treated rats,
respectively (108%, 48% and 45% increases for IL-1α, IL-6 and TNF-α, respectively). The
pattern of increases in cytokine protein levels corresponded to increased mRNA levels in the
tissues, with IL-1α showing the greatest response in both mRNA and protein expression.

Discussion
Splenotoxic changes preceding the formation of splenic sarcomas following aniline exposure
are hyperplasia, alterations in capsular cell morphology and diffuse fibrosis (Goodman et al.,
1984; Weinberger et al., 1985; Khan et al., 1993, 1999a, 1999b), which may be the pathologic
precursors of tumorigenesis. In fact, chronic animal studies indicate a close association between
the site of splenic fibrosis and development of fibrosarcomas (Goodman et al., 1984;
Weinberger et al., 1985). Therefore, it is critical to delineate the early molecular events in the
spleen, which could potentially lead to splenic fibrosis and/or fibrosarcoma. Using an
experimental condition known to generate oxidative stress and that precedes splenic fibrosis
(Khan et al., 1997a, 2003b; Wu et al., 2005), this study provides evidence that repeated-dose
aniline exposure leads to activation of NF-κB and AP-1, causes phosphorylation of upstream
critical signaling proteins [IKKα/β and MAPKs (ERK1/2, JNK1/2 and p38)], and results in
the upregulation of pro-inflammatory and pro-fibrogenic cytokines in the spleen. These early
molecular events could ultimately lead to splenic fibrosis and/or fibrosarcomas.

Oxidative stress disturbs the cellular redox status, causing oxidative damage to cellular
molecules and altering gene expression, possibly through post-transcriptional modification of
redox-sensitive TFs (Yan and Hales, 2005). As evident from our data, repeated-dose aniline
exposure, which is associated with induction of oxidative stress in the spleen (Khan et al.,
1997a, 2003b; Wu et al., 2005), resulted in the activation of NF-κB. This finding is in agreement
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with other exposures/conditions that lead to oxidative stress, such as H2O2, tumor necrosis
factor, phorbol esters, glutathione depletion, and UV or ionizing radiation, and also induce
DNA binding activity of NF-κB (Li and Karin, 1998, 1999; Gius et al., 1999; Haddad et al.,
2000; Marshall et al., 2000). NF-κB activation is linked to carcinogenesis via regulation of
genes involved in cell transformation, proliferation and angiogenesis (Baldwin, 1996), and is
considered a primary oxidative stress-responsive TFs. Thus, an early activation of NF-κB
following aniline exposure could regulate a number of genes leading to inflammatory/
fibrogenic/carcinogenic responses in the spleen.

Transcriptional activity of NF-κB could be regulated by multiple phosphorylations of inhibitor-
κB (IκB) as well as NF-κB p65 subunits (Sakurai et al., 2003). NF-κB is present in the
cytoplasm as non-active form and is linked, through the p65 unit, to its inhibitor, IκB (Chen
et al., 1999). Following stimulation, IκB is phosphorylated (p-IκB), and finally ubiquinated
and degraded by the ubiquitine-proteasome (Chen et al., 1995; Baldwin, 1996; Rodriguez-
Porcel et al., 2002). Removal of IκB allows translocation of NF-κB into the nucleus where it
binds to the DNA and induces gene expression (Akira and Kishimoto, 1997). Our findings on
the increases in p-IκB with simultaneous decreases in total IκB following aniline exposure thus
presents one of the mechanisms leading to NF-κB activation. However, the regulation of NF-
κB might depend not only on IκB phosphorylation but also on the inducible transactivation
activity and phosphorylation of p65 (Utsugi et al., 2006). This notion is supported by the
observations that p65 phosphorylation at multiple serine sites increases the transcriptional
capacity of NF-κB in the nucleus (Wang et al., 2000; Zhong et al., 2002; Vermeulen et al.,
2003). Our studies provide evidence that aniline exposure also leads to increased
phosphorylation of p65 (Ser 536), suggesting that aniline-induced oxidative stress in the spleen
also has a direct effect on NF-κB transactivation. To our knowledge, this is the first study to
demonstrate that aniline-induced activation of NF-κB in the spleen involves phosphorylation
of both IκB and p65 subunits.

AP-1 is another redox-sensitive early response TF which has been shown to play a pivotal role
in the regulation of a variety of downstream target genes including inflammatory, fibrogenic
and cell proliferation genes (Pennypacker, 1998; Kontny et al., 1999; Kapahi et al., 2000;
Filosto et al., 2003). Oxidative stress could regulate the activation of AP-1 through a variety
of mechanisms, including the phophorylation of c-Fos or c-Jun by MAPK, or oxidative/
reductive modification of the cysteine residues present in the DNA binding sites of both c-Fos
and c-Jun (Abate et al., 1990; Hirota et al., 1997). To understand the impact of aniline-induced
oxidative stress on AP-1 DNA binding activity, effect on c-Jun component of the AP-1 complex
was examined by using both a specific ELISA and by Western blotting. It is evident from the
p-c-Jun-based ELISA that aniline exposure leads to activation of AP-1, which is further
supported by Western blot data. Activation of AP-1 along with NF-κB could thus be an early
critical signal transduction mechanism in regulating transcription of a variety of genes in the
spleen.

Our results showing activation of NF-κB led us to investigate the upstream signaling events
which could potentially contribute to activation of NF-κB. Multiple kinases have been shown
to phosphorylate IκB at specific N-terminal serine residues (Karin and Delhase, 2000; Kamata
et al., 2002). The most studied kinases are IκB kinase, IKKα and IKKβ, which are serine/
threonine kinases that can phophorylate IκB proteins (Mercurio et al., 1997; Karin, 1999). In
this study, for the first time, we present data showing remarkable increases in both p-IKKα
(>8 fold) and p-IKKβ (>17 fold), which along with increased phosphorylation of IκB and p65
subunits suggest that both IκB and p65 could be the substrates for the IKK complex in the
activation of NF-κB.
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Aniline exposure in this study also led to increases in p-ERK (p-ERK1, 5.8-fold; p-ERK2, 5.1-
fold), p-JNK (p-JNK1, 1.7-fold; p-JNK2, 1.4-fold) and p-p38 MAPK (1.7-fold). MAPKs are
essential intermediates in signaling events that have been implicitly linked to the activation of
the TFs and also the gene expression of fibrogenic cytokines (Pestka et al., 2004). All three
MAPK signaling pathways have been implicated in NF-κB activation through phosphorylation
of its inhibitor IκBα (Lee et al., 1997; Schwenger et al., 1998; Zhao and Lee, 1999; Castrillo
et al., 2001). Recent studies suggest that MAPKs could also phosphorylate p65 subunit of NF-
κB (Kefaloyianni et al., 2006). Similarly, AP-1 activation is regulated at multiple levels by the
activation of MAPKs, involving three major pathways (ERKs, JNKs and p38) (Hsu et al.,
2000). Further support to the role of MAPKs in AP-1 activation is provided by studies where
pretreatment of cells with specific inhibitors of ERK and p38 MAPK not only inhibited AP-1
activation but also IL-6 mRNA expression (Huang et al., 2002; Dai et al., 2004). Therefore, it
is reasonable to expect that capacity of aniline to activate MAPKs may contribute to
transcriptional activation of cytokine genes. However, precise linkages need to be explored in
vivo using inhibitors for specific MAPKs.

Elucidation of how aniline-induced oxidative stress modulates gene expression in vivo is
critically important for preventing the effects of this environmental toxicant and related amines.
Our data show that activation of upstream pathways such as IKK or MAPKs and TFs (NF-
κB, AP-1) is associated with simultaneous increases in gene transcription of cytokines IL-1,
IL-6, and TNF-α, which are not only important pro-inflammatory cytokines but also known to
stimulate fibroblast proliferation and extracellular matrix production (Elias et al., 1990;
Postlethwaite and Seyer, 1990; Chen et al., 1998), and along with up-regulation of TGF-β1
reported earlier (Khan et al., 2003b), could be important in the initiation of a fibrogenic
response in the spleen following exposure to aniline.

In conclusion, results of this short-term aniline exposure study show the activation of both NF-
κB and AP-1 in the splenocytes, which is associated with upstream signaling pathways
involving IKK and MAPKs. Upregulation of fibrogenic cytokines in splenocytes, as observed
in this study, could contribute to initiating and/or developing a fibrogenic response in the
spleen. These early molecular/signaling events are thus likely to lead to devastating effects
including fibrosis and/or fibrosarcomas on continued exposure to aniline. The results of this
study offer a venue for understanding how upstream events such as activation of IKK or MAPK
relate to downstream events associated with gene expression in rats exposed to environmental
chemicals. Elucidation of signaling and/or molecular mechanisms, unraveled in this study,
could thus represent early critical events leading to fibrosis and/or fibrosarcomas of the spleen.
Manipulation of specific signaling pathways may lead to a better understanding of the
mechanisms of splenic toxicity of aniline, and could be valuable in designing preventive
measures/therapies.
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Fig. 1.
(A) NF-κB activation in the splenocytes from control and aniline-treated rats. NF-κB activation
was determined in the nuclear extracts of splenocytes using TransAM NF-κB p65 ELISA kit.
Values are means ± SD (n=6). *p < 0.05. (B) NF-κB p65 expression in splenocytes following
aniline exposure. (a) NF-κB p65 expression was determined in the cell lysates of splenocytes
from control and aniline-treated rats by Western blotting using antibody specific for NF-κB
p65. (b) Densitometric analysis of NF-κB p65 bands using Eagle Eye II software. Values are
means ± SD (n=3). *p < 0.05.
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Fig. 2.
Effects of aniline exposure on total IκBα and IκBβ, and phosphorylation of IκBα in rat spleen.
(A) Western blot analysis of cell lysates from control and aniline-treated rats using antibodies
specific for IκBα, IκBβ and p-IκBα (Ser32/36). (B) Densitometric analysis of protein bands
using Eagle Eye II software. Values are means ± SD (n=3). * p < 0.05.
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Fig. 3.
Aniline-induced phosphorylation of NF-κB p65 in rat spleen. Splenocytes were isolated from
control and aniline-treated rats and phosphorylation of NF-κB p65 was determined in the cell
lysates by Western blotting using antibody specific for phosphorylated form of p65 (Ser536).
(A) Western blot detection of phospho-p65. (B) Densitometric analysis of the bands. Values
are means ± SD (n=3). *p < 0.05.
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Fig. 4.
Effect of aniline exposure on IKK signaling in rat spleen. (A) Splenocytes were isolated from
control and aniline-treated rats and both phosphorylated and total IKKα and IKKβ were
determined in the cell lysates by Western blotting using antibodies specific for p-IKKα
(Ser180), p-IKKβ (Ser181), IKKα and IKKβ. (B) Densitometric analysis of p-IKKα/β and total
IKKα/β bands. Values are means ± SD (n=3). *p < 0.05.
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Fig. 5.
AP-1 activation in the spleen following aniline exposure. (A) AP-1 activation (p-c-Jun) was
determined in the nuclear extracts of freshly isolated splenocytes from control and aniline-
treated rats using TransAM AP-1 ELISA kit. Values are means ± SD (n=6). *p < 0.05. (B)
Western blot analyses of p-c-Jun and total c-Jun in rat spleen. Splenocytes were isolated from
control and aniline-treated rats and p-c-Jun and total c-Jun were determined in the cell lysates
by Western blotting using antibody specific for phospho-c-Jun (Ser73) and c-Jun. (a) Western
blot detection of p-c-Jun and c-Jun. (b) Densitometric analysis of the bands. Values are means
± SD (n=3). *p < 0.05.
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Fig. 6.
Aniline-induced phosphorylation of ERK1 (p44) and ERK2 (p42) in rat spleen. Splenocytes
were isolated from control and aniline-treated rats and phosphorylation of ERK1/2 was
determined in the whole cell lysates by Western blotting using antibodies specific for phospho-
p44/42 MAPKs (Tyr204). (A) Western blot detection of phospho-ERK and EKR bands. (B)
Densitometric analysis of p-ERK bands (p-ERK1 and p-ERK2). Values are means ± SD (n=3).
*p < 0.05.
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Fig. 7.
Aniline-induced phosphorylation of JNK1/2 (p46 and p54) in rat spleen. Splenocytes were
isolated from control and aniline-treated rats and phosphorylation of JNKs was determined in
the cell lysates by Western blotting using antibodies specific for phospho-JNK1/2 (Thr183/
Tyr185). (A) Western blot detection of phospho and total JNK. (B) Densitometric analysis of
p-JNK bands (p-JNK1 and p-JNK2). Values are means ± SD (n=3). *p < 0.05.
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Fig. 8.
Aniline-induced phosphorylation of p38 MAPK in rat spleen. Splenocytes were isolated from
control and aniline-treated rats and phosphorylation of p38 were determined in the cell lysates
by Western blotting using antibody specific for p38 (Tyr182). (A) Western blot detection of
total and p-p38 bands. (B) Densitometric analysis of p-p38 bands. Values are means ± SD
(n=3). *p < 0.05.
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Fig. 9.
Real-time PCR analysis of cytokine mRNA expression in the spleens of control and aniline-
treated rats. Total RNA was extracted from spleen, real-time PCR was performed, and the fold
change in mRNA (2−ΔΔCT) expression was determined. Values are means ± SD (n=3). *p <
0.05.
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