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Abstract
The mechanisms by which aniline exposure elicits splenotoxic response, especially the tumorigenic
response, are not well-understood. Splenotoxicity of aniline is associated with iron overload and
generation of reactive oxygen species (ROS) which can cause oxidative damage to DNA, proteins
and lipids (oxidative stress). 8-Hydroxy-2’-deoxyguanosine (8-OHdG) is one of the most abundant
oxidative DNA lesions resulting from ROS, and 8-oxoguanine glycosylase 1 (OGG1), a specific
DNA glycosylase/lyase enzyme, plays a key role in the removal of 8-OHdG adducts. This study
focused on examining DNA damage (8-OHdG) and repair (OGG1) in the spleen in an experimental
condition preceding a tumorigenic response. To achieve that, male Sprague-Dawley rats were
subchronically exposed to aniline (0.5 mmol/kg/day via drinking water for 30 days), while controls
received drinking water only. Aniline treatment led to a significant increase in splenic oxidative DNA
damage, manifested as a 2.8-fold increase in 8-OHdG levels. DNA repair activity, measured as OGG1
base excision repair (BER) activity, increased by ~1.3 fold in the nuclear protein extracts (NE) and
~1.2 fold in the mitochondrial protein extracts (ME) of spleens from aniline-treated rats as compared
to the controls. Real-time PCR analysis for OGG1 mRNA expression in the spleen revealed a 2-fold
increase in expression in aniline-treated rats than the controls. Likewise, OGG1 protein expression
in the NEs of spleens from aniline-treated rats was ~1.5 fold higher, whereas in the MEs it was ~1.3
fold higher than the controls. Aniline treatment also led to stronger immunostaining for both 8-OHdG
and OGG1 in the spleens, confined to the red pulp areas. It is thus evident from our studies that
aniline-induced oxidative stress is associated with increased oxidative DNA damage. The BER
pathway was also activated, but not enough to prevent the accumulation of oxidative DNA damage
(8-OHdG). Accumulation of mutagenic oxidative DNA lesions in the spleen following exposure to
aniline could play a critical role in the tumorigenic process.
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Introduction
Aniline, an aromatic amine, is extensively used in chemical and drug industries. Exposure to
aniline leads to toxic responses in the spleen, which are characterized by splenomegaly,
increased erythropoietic activity, hyperpigmentation, hyperplasia, fibrosis, and a variety of
primary sarcomas of the spleen after chronic exposure in rats (Goodman et al., 1984;
Weinberger et al., 1985; Bus and Popp, 1987; Khan et al., 1993, 1997, 1999a, 2003, 2006;
Pauluhn, 2004). However, the molecular mechanisms by which aniline exerts its toxic effects
in the spleen, especially the formation of various types of sarcomas and/or tumorigenesis are
not known. Earlier studies have shown that aniline exposure is associated with oxidative stress
in the spleen, as evident from the observed increases in lipid peroxidation and protein oxidation
in that organ (Khan et al., 1997, 1999a, 2003). An important and well-validated biomarker of
oxidative DNA damage is the DNA guanine base oxidation product 8-hydroxy-2’-
deoxyguanosine (8-OHdG). This DNA lesion is highly mutagenic causing GC to TA
transversions (Thomas et al., 1997) and has been commonly quantified as a steady-state
estimate of oxidative stress in tissues. Oxidative DNA damage is one of the most common
threats to genomic stability, and is also proposed to play an important role in numerous
pathological conditions, including cancer (Kondo, et al., 2000; Caporaso, 2003; Cooke et al.,
2003; Gackowski et al., 2005).

The DNA base excision repair (BER) pathway represents a critical step in the maintenance of
genome stability. This pathway plays an important role in prevention of disease through the
removal of oxidized bases. The 8-OHdG lesion, which represents oxidative DNA damage, is
removed from DNA by the BER enzyme 8-oxoguanine glycosylase (OGG1). It has been
hypothesized that OGG1 deficiency could be associated with a mutator phenotype and could
participate in carcinogenesis (Radicella et al., 1997; Thomas et al., 1997; Blons et al., 1999;
Dherin et al., 1999; Lan et al., 2004). Accumulation of 8-OHdG and/or perturbation of OGG1
activity were also reported to be a predictive marker for susceptibility to cancer (Gackowski
et al., 2003).

Our previous short-term exposure study showed increased oxidative DNA damage in the spleen
of rats following aniline exposure (Wu et al., 2005), which could potentially lead to mutagenic
and/or carcinogenic response in the spleen. However, evidence supporting the consequences
of increased free radical attack on DNA in the spleen following aniline exposure is still very
limited, and the status and extent of splenic DNA damage following a subchronic exposure to
aniline are not known. More importantly, no information is available on the status of DNA
repair activity (OGG1) in the spleen following aniline insult.

The focus of this study was, therefore, to examine oxidative DNA damage, and its repair
dynamics (BER) in both nuclear and mitochondrial protein extracts of rats exposed
subchronically to aniline. Because aniline exposure could also affect OGG1 activity by altering
its transcriptional and/or its translational activities, mRNA and protein expression of OGG1,
and its immunohistochemical localization in the spleen of aniline-treated animals have also
been investigated.

Materials and methods
Animal and treatment

Male Sprague-Dawley rats (~200 g), obtained from Harlan (Indianapolis, IN), were housed in
wire-bottom cages over absorbent paper with free access to tap water and Purina rat chow. The
animals were acclimatized in a controlled-environment animal room (temperature, 22 °C;
relative humidity, 50%; photoperiod, 12-h light/dark cycle) for 7 days prior to treatment. The
experiments were performed in accordance with the guidelines of the National Institutes of
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Health and were approved by the Institutional Animal Care and Use Committee of University
of Texas Medical Branch. The animals were divided into two groups of six rats each. One
group of animals was given 0.5 mmol/kg/day of aniline (~97%; Aldrich, Milwaukee, WI) via
drinking water (pH of the solution adjusted to ~6.8) (Khan et al, 1993, 1999a, 2006, Wang et
al, 2005), whereas the other group received drinking water only and served as controls. After
30 days, the rats were euthanized under nembutal (sodium pentoparbital) anesthesia and the
spleens were removed immediately, blotted, weighted and stored at -80 °C until further
analysis. A portion of spleen was snap-frozen in liquid nitrogen and stored at -80 °C for RNA
isolation. Also, portions of the spleen from control and aniline-treated rats were fixed in 10%
neutral buffered formalin for histological processing.

Extraction of genomic DNA and DNA digestion for 8-OHdG assay
Genomic DNA was extracted from spleen tissues by using a DNA extraction kit (Easy-DNA
Kit, Invitrogen, Carlsbad, CA) as per the manufacturer’s instructions. The purity of DNA
preparations was assessed by A260/A280 ratio. One hundred μl (~100 μg) of individual genomic
DNA samples were digested with nuclease P1 (20 μg nuclease P1 dissolved in 20 mM sodium
acetate buffer, pH 4.8) by incubating at 37 °C for 30 min followed by treatment with alkaline
phosphatase (AP) (1.3 U or 100 μg AP in 1 M Tris-HCl, pH 7.4) and incubation at 37 °C for
1 hr (Wu et al., 2005).

Determination of 8-OHdG in DNA digests
8-OHdG in DNA digests was quantitated using an enzyme-linked immunosorbent assay
(ELISA) kit (Tsai et al., 2001; Wu et al., 2005), essentially as described by the manufacturer
(BIOXYTECH 8-OHdG-EIA kit, Oxis, Portland, OR). Briefly, 50 μl of the standard or DNA
digests from control and aniline-treated rats (in duplicate) were added to ELISA plate wells
precoated with 8-OHdG, followed by addition of 50 μl 8-OHdG specific antibody (monoclonal)
and incubated at 37 °C for 1 hr with gentle mixing. After incubation, the plate was washed
thoroughly with the wash buffer and 100 μl of the secondary antibody (goat IgG conjugated
to horseradish peroxidase) was added and incubated for an additional hr at 37 °C. After washing
with wash buffer, 100 μl chromogen substrate (3’,3’,5’,5’- tetramethylbenzidine) was added
to each well. The plate was then incubated at room temperature in the dark for 15 min with
continuous shaking followed by addition of 100 μl stop solution (1 M H3PO4) to terminate the
reaction. The absorbance was measured at 450 nm after 3 min.

Preparation of nuclear extracts (NEs) for OGG1 activity and Western blotting
The nuclear protein extracts (NEs) were prepared according to the method of Ma et al. (Ma et
al., 2004), with minor modifications. Spleen tissues (from control and aniline-treated rats) were
cut into smaller pieces, homogenized briefly with a loose glass pestle in cold hypotonic buffer
[10 mM HEPES-KOH, 10 mM KCl, 100 μM EDTA, 100 μM EGTA, 1 mM DTT, 0.5 mM
PMSF, 2 μg/ml pepstatin, and a complete protease inhibitor cocktail (Roche, Germany)], and
incubated on ice for 20 min. Tissues were then homogenized with a tight pestle and centrifuged
at 800 g for 4 min to obtain nuclear pellets. Pellets were gently washed two times with
homogenizing buffer. Nuclear proteins were extracted in a high salt buffer (20 mM HEPES-
KOH, 410 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 2 μg/ml pepstatin,
and protease inhibitor cocktail) by incubating for 45 min on ice with reverse mixing at intervals
of 10 min. The NEs were cleared by centrifugation (16,000 g, 10 min) and adjusted to 15%
with glycerol and stored at -80 °C until further analysis.

Preparation of mitochondrial extracts (MEs) for OGG1 and Western blotting
The mitochondrial protein extracts (MEs) were prepared according to the method of Souza-
Pinto et al. (Souza-Pinto et al., 2001), with minor modifications. Spleen tissues (from control
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and aniline-treated rats) were cut into smaller pieces, homogenized briefly with a loose glass
pestle in cold 1X MSHE buffer (10 mM HEPES-KOH buffer, pH 7.4, 210 mM mannitol, 70
mM sucrose, 150 μM spermine, 100 μM EGTA, 750 μM spermidine, 5 mM DTT, 1 mM EDTA
and protease inhibitor). The homogenate was then centrifuged at 500 g for 8 min to remove
nuclear pellets. The supernatant were then centrifuged at 10,000 g for 8 min to obtain crude
mitochondrial pellets. Pellets were gently resuspended in 1X MSHE buffer and centrifuged on
50% percoll gradient at 50,000 g for 60 min at 4 °C. The mitochondrial pellets were gently
washed once with homogenizing buffer and mitochondrial proteins were extracted in a high
salt buffer (20 mM HEPES-KOH, pH 7.4, 305 mM KCl, 5 mM DTT, 1 mM EDTA, 0.1%
Triton X-100, and 5% glycerol) by incubating for 30 min on ice. MEs were cleared by
centrifugation (15,000 g, 20 min) and adjusted to 15% with glycerol and stored at -80 °C until
further analysis. Protein concentration was determined using Bio-Rad detergent compatible
(DC) protein assay reagents (Bio-Rad Laboratories, Inc., Hercules, CA).

Oligonucleotide 5’ end-labeling for BER assay
Oligonucleotide containing a single 8-oxoG lesion (sequence shown below) was obtained from
Trevigen (Gaithersburg, MD). Oligonucleotides (5.5 pmol) were end-labeled using 5 μCi of
[γ-32P]ATP (3000 Ci/mmol, Perkin-Elmer Life & Analytical Sciences, Boston, MA) and T4
polynucleotide kinase (New England BioLabs, Ipswich, MA) and then passed through a G-25
spin column (GE Healthcare, Piscataway, NJ), for purifying the radiolabeled oligonucleotide,
and annealed with 1.5-2 fold complementary oligonucleotide by gradual cooling to room
temperature.

8-OxoG (O): C Oligonucleotide substrate sequence

*5’-GAA CTA GTG OAT CCC CCG GGC TGC-3’

3’-CTT GAT CAC CTA GGG GGC CCG ACG-5’

OGG1 activity assay
Glycosylase activities were measured in vitro in the NEs or MEs with synthetic end-labeled
double-stranded oligonucleotide substrates containing 8-oxoG:C adducts (targeted by OGG1).
Glycosylase assays were done as described earlier (Hill et al., 2001; Englander and Ma,
2006) with slight modifications. Briefly, the reactions were done in 20 μl with 40 μg NEs or
MEs, 1 nM end-labeled substrate, and reaction buffer (10 mM HEPES-KOH, pH 7.6, 50 mM
KCl, 1.0 mM DTT, 1.5% glycerol, 2.25 mM EDTA) and final NaCl concentration adjusted to
90 mM. Incubation was done at 37 °C for indicated times and was terminated with with 5X
alkaline loading buffer (0.5M NaOH, 97% formamide, 10 mM EDTA, pH 8, 0.025%
bromophenol blue, 0.025% xylene cyanol) and heated at 95 °C for 4 min. Positive control
reactions were assembled using recombinant human OGG1 enzyme from Trevigen. Reaction
mixtures were resolved on 15% polyacrylamide-7 M urea gels in Tris-borate buffer (89 mM
Tis-HCl, 89 mM H3BO3, 2 mM EDTA, pH ~8.3) at 16 mA for 150 min, and products were
visualized by autoradiography and quantified on Phosphorimager (GE Healthcare).
Phosphorimager values, representing percent of substrate cleavage within the linear range of
each reaction, were converted into cleavage-product amounts. Values from 6 individual rats
and 3 cleavage assays per extract were averaged and plotted as means ± SD.

RNA isolation and real-time PCR
RNA isolation—Total RNA was isolated from spleen tissues using RiboPure kit (Ambion,
Austin, TX) as per manufacturer’s instructions. 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

Ma et al. Page 4

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



integrity was verified electrophoretically by ethidium bromide staining and by measuring
A260/A280 ratio.

Real-time PCR: SYBR Green detection and Data analysis—The real-time PCR was
performed essentially as described earlier (Wang et al., 2005, 2008). Briefly, first-strand cDNA
was prepared from isolated RNA by using SuperScript III 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 as per manufacturer’s instructions (Cepheid, Sunnyvale, CA). The
sequence of the forward and the reverse primers of OGG1 for real-time PCR were 5’-CAA
CAT TGC TCG CAT CAC TGG-3’ and 5’-ATG GCT TTA GCA CTG GCA CAT ACA-3’,
respectively. For each cDNA sample, parallel reactions were performed in triplicate for the
detection of 18 S and OGG1. The reaction samples in a final volume of 25 μl contained 2 μl
of cDNA templates, 2 μl primer pair, 12.5 μl iQ SYBR Green Supermix and 8.5 μl water.
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), and reported as fold difference relative to the
calibrator cDNA (QuantumRNA Universal 18 S Standards, Ambion). The fold change in
OGG1 cDNA (target gene) relative to the 18 S endogenous control was determined by:

Western blotting for OGG1 in NEs and MEs
Protein extracts (60 μg NEs and 100 μg MEs, respectively) were denatured by heating at 95 °
C for 5 min and separated by 12% sodium dodecyl sulfate-polyacylamide gel electrophoresis
(SDS-PAGE, Invitrogen, Carlsbad, CA). The separated proteins were transferred onto
polyvinylidene difluoride (PVDF) microporous membrane (Millipore Corporation, Billerica,
MA) using a transfer buffer (25 mM Tris-HCl, 190 mM glycine, pH 8.4, 10% methanol). The
membrane was then blocked with 10% non-fat dry milk and incubated overnight at 4 °C with
the rabbit anti-OGG1 antibody (Novus Biologicals, Littleton, CO) at the final concentration
of 1.8 μg/ml (1:600 dilution). The membrane was washed three times with PBS-Tween 20
buffer. After incubation with the secondary antibody (anti-rabbit IgG-HRP), the membranes
were washed and developed using a chemiluminescence detection kit (ECL, GE Healthcare).
As a control, after stripping each membrane with stripping buffer (Boston BioProducts,
Worcester, MA), the membrane was reprobed with anti-actin antibody (Sigma, Saint Louis,
MO) and developed as above.

Localization of 8-OHdG and OGG1
Paraffin sections were cut and deparaffinized in an oven at 55 °C for 1 hr and treated with
xylene and various concentrations of ethanol, and finally rehydrated with water (Khan et al.,
2002). The slides were incubated with sodium citrate buffer at 95 °C for 20 min for antigen
retrieval and subsequently incubated with various reagents (0.3% H2O2, 10% serum) for
blocking the non-specific binding sites, which included quenching of endogenous peroxidase
activity with 3% H2O2 in water for 15 min, 5% normal serum (Sigma, St. Louis, MO) for 30
min, and avidin and biotin block solutions (Vector Laboratories, Burlingame, CA) for 15 min
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each. The sections were then incubated with primary antibodies [anti-8-OHdG (monoclonal,
Oxis Int’l Inc., Foster, CA) and anti-OGG1 antibodies, 1:40 and 1:60, respectively] overnight
at 4 °C. Immunoreactivity was detected by the ABC Method (Vectastain Elite ABC Kit, Vector
Laboratories, Burlingame, CA) with color development using 3,3’-diaminobenzidine (DAB).
Mayer’s Hematoxylin was then added as a counterstain for 1 min. The negative controls were
immunostained as above, but with goat or horse serum instead of the anti-8-OHdG or OGG1
antibody, respectively. The histological evaluations for staining were done under OLYMPUS
BX51 Microscope (Leads Instruments, Inc., Irving, TX).

Statistical Analysis
All data are expressed as means ± SD of six animals in each group. Comparison between the
groups was made by P value determination using student’s two-tailed t-test (GraphPad InStat
3 software, La Jolla, CA). A P value of <0.05 was considered to be statistically significant.

Results
Effect of aniline exposure on oxidative DNA damage (8-OHdG formation)

In this study, we used ELISA for determining 8-OHdG because it is highly sensitive, simple,
less time-consuming and more economical than other methods (Wu et al., 2005). The 8-OHdG
levels in the splenic DNA (with/without aniline treatment) are shown in Fig. 1. The mean 8-
OHdG level in the control spleens was 2.69 ± 0.38 ng/mg DNA, whereas in the aniline-treated
spleens it was 7.62 ± 0.55 ng/mg DNA. Thus, aniline treatment was associated with a 2.8-fold
(p<0.05) increase in 8-OHdG levels in the spleen (Fig. 1).

Effect of aniline exposure on DNA repair activity (BER) of the spleen
In mammalian cells, oxidative DNA damage is mostly repaired by the BER pathway. To assess
the extent to which BER might be affected by oxidative stress induced by subchronic exposure
to aniline, we measured BER activities of NEs and MEs (Figs. 2 and 3, respectively). The
assays were conducted with end-labeled oligonucleotides (*8-oxoG:C) which are targeted by
OGG1. The cleavage activities were calculated from the cleavage yields generated in the linear
range of each reaction. BER activities of NEs and MEs were determined by quantifying
radioactivity generated over time in cleavage products of end-labeled oligonucleotides. The
pattern of excision activities in NEs (Fig. 2) at 15, 30, 60, and 120 min was 0.33, 0.32, 0.27,
and 0.20 fmol/μg protein/h, respectively, for control animals (mean ± SD:0.28 ± 0.04), whereas
for aniline-treated animals it was 0.44, 0.45, 0.36, and 0.24 fmol/μg protein/h, respectively
(mean ± SD:0.37 ± 0.03). The pattern of excision activities in MEs (Fig. 3) at 22.5, 45, 90, and
180 min was 0.18, 0.15, 0.11, and 0.07 fmol/μg protein/h, respectively, for control animals
(mean ± SD:0.13 ± 0.01), whereas for aniline-treated animals it was 0.20, 0.19, 0.14, and 0.09
fmol/μg protein/h, respectively (mean ± SD:0.15 ± 0.02). Our data, thus, show a 1.32-fold
(p<0.05) and a 1.15-fold (p<0.05) increase in OGG1 BER activities in the splenic NEs and
MEs of aniline-treated rats, suggesting increased capacity to excise oxidized guanines from 8-
oxoG:C containing substrates, i.e., OGG1-like activity.

mRNA expression of OGG1
To determine the impact of aniline exposure on the expression of OGG1 in the spleen, OGG1
mRNA levels were analyzed by real-time PCR analysis and levels are shown in Fig. 4. As
shown in the figure, aniline exposure resulted in a 2-fold increase in OGG1 mRNA expression
compared to controls.
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OGG1 protein expression in the NEs and MEs
To investigate whether gene expression levels are associated with actual protein levels, OGG1
protein expression in the spleens was also determined by Western blotting. As evident from
Fig. 5, the OGG1 protein in the NEs and MEs of aniline-treated rats were 1.5- and 1.3-fold
higher, respectively, than the controls (p<0.01).

Immunohistochemical assessment of 8-OHdG and OGG1 in the spleen
Immunohistochemical studies for 8-OHdG and OGG1 were also conducted to demonstrate
their expression and cellular localization in the spleen of experimental animals (Figs. 6 and 7).
While control spleens showed sparse immunostaining for both 8-OHdG and OGG1,
significantly increased immunostaining for both 8-OHdG and OGG1 was evident in the spleens
of aniline-treated rats. The immunoreactivity for both 8-OHdG and OGG1 appeared
predominantly in the red pulp areas of the spleen.

Discussion
Previous studies have shown that aniline exposure produces substantial increases, not only in
the total iron, but also in the free iron in the spleen (Khan et al., 1993, 1997, 1999b, 2003; Wu
et al., 2005). Iron-catalyzed hydroxyl radical formation can generate a multiplicity of oxidative
DNA base modifications. Most of these oxidative DNA lesions are known to be mutagenic
(McBride et al., 1991; Abalea et al., 1998). Also, DNA damage accumulations could have
considerable consequences for the cells in terms of mutagenesis and carcinogenesis (Floyd,
1990; Feig et al., 1994). Persistent DNA damage can result in either arrest or induction of
transcription, induction of signal transduction pathways, replication errors, and genomic
instability, all of which are known to be associated with carcinogenesis. It is thus not surprising
that iron overload is associated with carcinogenesis in animal models and also in human
diseases (Bradbear et al., 1985; Toyokuni, 1996). Taking into consideration that aniline
exposure leads to iron overload and oxidative stress in the spleen (Khan et al., 1997, 2003),
this study focused on determining the status of oxidative DNA damage using 8-OHdG as a
biomarker and its repair in the spleen of rats following subchronic exposure to aniline. Data
from this study provide evidence that aniline exposure is not only associated with increased
formation of 8-OHdG, but is also associated with induction of OGG1 gene expression and
OGG1 activity. The OGG1 is a key enzyme in the BER pathway that functions to preferentially
excise the highly mutagenic 8-OHdG lesions from DNA (Altieri et al., 2008).

Subchronic aniline exposure in this study led to a 2.8-fold increase in the 8-OHdG levels in
the splenic DNA compared to untreated controls. Interestingly, increases in 8-OHdG levels in
this study (183%) were much greater in comparison to a previous repeated-dose study
conducted in our laboratory (83% after 7 days) (Wu et al., 2005). These data suggest that
persistent generation of ROS through subchronic exposure to aniline could lead to higher levels
of 8-OHdG in the DNA of the spleens. Our observation of the quantitative changes in 8-OHdG
levels was further substantiated by immunohistochemical data, which showed much stronger
immunoreactivity for 8-OHdG in the spleens of aniline-treated rats. Increased formation of 8-
OHdG as a result of oxidative DNA damage could induce mutations, and is considered to be
highly relevant in carcinogenesis (Boiteux and Radicella, 2000; Cheng et al., 1992). Thus, our
observation of the increased oxidative DNA damage in the spleen is highly significant, and
could lead to serious consequences, if unrepaired.

Repair of the modified bases by their removal from DNA is critical to prevent mutations. BER
is the major mechanism for the repair of oxidative DNA base lesions induced by reactive
oxygen species (Altieri et al., 2008). One of the key repair enzymes in eukaryotic cells is OGG1,
a DNA glycosylase/lyase that removes 8-OHdG and other oxidative guanine adducts from the
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nuclear and mitochondrial DNA (Boiteux and Radicella, 2000; Bruner et al., 2000; Osterod et
al., 2001; Wu et al., 2008). 8-OHdG levels in DNA, therefore, depend upon the balance between
its formation and its repair by OGG1 (Hazra et al., 1998; Altieri et al., 2008). The observed
increases in our study of the splenic 8-OHdG levels, necessitated the assessment of the extent
to which BER might be affected by aniline-induced oxidative stress. This was achieved by
measuring OGG1 activity in both nuclear and mitochondrial extracts. The rationale behind
studying mitochondrial DNA repair was that mitochondrial DNA contains important genes
known to be involved in the oxidative phosphorylation chain, and is highly susceptible to ROS-
mediated damage (Zhang et al., 2007). Also, several mitochondrial DNA point mutations and
deletions have been linked to various types of cancers (Mandavilli et al., 2002; Ricci et al.,
2008). OGG1 activity was significantly higher in both NEs (1.3 fold) and MEs (1.2 fold) of
the spleens from aniline-treated rats than the controls, indicating the induction of OGG1 activity
in response to increased levels of 8-OHdG. The induction of OGG1 in both NEs and MEs was
supported by Western blot data showing 1.5- and 1.3-fold increases in the protein levels of
OGG1, and also gene expression data showing a 2-fold increase in splenic OGG1 RNA levels.
Taken together, our data thus suggest that aniline induces oxidative DNA lesions, mainly 8-
OHdG, that are repaired by OGG1 in the BER pathway.

Since OGG1 is a key BER enzyme, it is not surprising that OGG1 inactivation results in the
accumulation of 8-OHdG, and mutations in the OGG1 gene is associated with an increased
risk of cancer (Chevillard et al., 1998; Bruner et al., 2000). Expression of both 8-OHdG and
OGG1 is also reported to be significantly up-regulated in cancer and experimental studies
(Abalea et al., 1998; Chevillard et al., 1998; Hirano et al., 2000). We interpret the induction of
OGG1 in our study as a response to an increased level of 8-OHdG, provoked by aniline
exposure. However, the oxidative DNA damage induced by aniline is more than the repair
capacity, i.e., the repair machinery is overwhelmed and cannot remove all the damaged lesions.
Other factors could be involved in determining OGG1 activity in addition to the actual protein
levels. For example, it was recently reported that oxidative stress-induced acetylation of OGG1
resulted in significant increases in OGG1 activity and enhanced repair of 8-OHdG (Bhakat et
al., 2006).

The fact that the fold-increase in gene expression is not coupled with the same fold-increase
in protein expression or OGG1 repair activity could be explained by different mechanisms,
including altered mRNA stability and turnover, or translational modifications. For example, it
has been reported that over-expression of mammalian BER genes, such as APE, impairs
transcriptional regulation of genes (Kaina et al., 2001). The mRNA could decay at several steps
during heterogeneous nuclear DNA maturation and pioneer protein synthesis in the nucleus
(Byers, 2002). Also, the time frame from transcription to translation may be short to allow the
production of new protein. Since the repair activity of OGG1 was somewhat lower than its
mRNA or protein expression, it could be generalized that not all the expressed OGG1 proteins
have repair activity. Also, increased OGG1 activity may generate an excess of non-instructive
repair intermediates to imbalance the repair process, and the imbalanced repair pathways might
be mutagenic (Barnes and Lindahl, 2004).

In conclusion, it is evident from our study that aniline-induced oxidative stress in spleen is
associated with increases in 8-OHdG levels and induction of 8-OHdG-specific lyase activity.
Spleens from aniline-treated rats showed greater OGG1 activity, mRNA and protein levels,
and strong OGG1 immunoreactivity, especially in the red pulp areas. Our data suggest that
DNA repair in aniline-induced oxidative DNA damage follows BER pathway. Our data also
suggest that even though DNA repair pathways were induced, this induction was not enough
to prevent the accumulation of DNA oxidation products in genomic DNA. This could represent
a critical step in the initiation of a mutagenic and/or carcinogenic response in the spleen. Our
study is the first to establish a relationship among aniline exposure, oxidative DNA damage
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and BER, and may provide a mechanistic explanation for aniline-induced sarcomas of the
spleen.
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Fig.1.
8-OHdG levels in the spleens of control and aniline-treated rats. DNA was extracted from the
spleens of control and aniline-treated rats, and 8-OHdG in the DNA digests was quantitated
using an ELISA kit. Values are means ± SD of six rats in each group. * p < 0.05 in comparison
to controls.
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Fig. 2.
BER activity in the splenic NEs of control and aniline-treated rats. The assay was conducted
with end-labeled oligonucleotides (8-oxoG:C) which are targeted by OGG1 (see Methods for
details). (A) Autoradiogram of incision products (P) generated over time by cleavage of end-
labeled double-stranded oligonucleotides carrying the *8-oxoG:C adducts (S). Negative
control (without NEs) and positive control (recombinant OGG1) are included in external lanes.
(B) Values from Phosphorimager quantitation of products, generated with NEs from 6 rats per
group and 3 cleavage assays per extract, were averaged and plotted as means ± SD. * Indicates
that the cleavage is significantly different from controls for each respective time point (p <
0.05).
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Fig. 3.
BER activity in the MEs of spleens from control and aniline-treated rats. The assay was
conducted with end-labeled oligonucleotides (8-oxoG:C) which are targeted by OGG1 (see
Methods for details). (A) Autoradiogram of incision products (P) generated over time by
cleavage of end-labeled double-stranded oligonucleotides carrying the *8-oxoG:C adducts (S).
Negative control (without MEs) and positive control (recombinant OGG1) are included in
external lanes. (B) Values from Phosphorimager quantitation of products, generated with MEs
from 6 rats per group and 3 cleavage assays per extract, were averaged and plotted as means
± SD. * Indicates that the cleavage is significantly different from controls for each respective
time point (p < 0.05).
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Fig. 4.
Real-time PCR analysis of OGG1 gene expression in the spleens of control and aniline-treated
rats. Total RNA was extracted from spleen tissues, real-time PCR was performed, and the fold
change in mRNA expression was determined. Values are means ± SD. *p< 0.05.
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Fig. 5.
Western blot detection of OGG1 in the NEs (A) and MEs (C) from control and aniline-treated
rats. Lanes 1-3: controls; lanes 4-6: aniline-treated. (B, D) Densitometric analyses of OGG1
bands from control and aniline-treated rats. The densitometric analysis of the protein bands
was done using Eagle Eye II software. Data from aniline-treated spleen samples are presented
in comparison to untreated controls, which were set at 100. Values are means ± SD of three
determinations. *p< 0.05.
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Fig. 6.
8-OHdG immunohistochemistry in the spleens of control and aniline-treated rats. A: control
spleen; B: aniline-treated spleen. Controls showed sparse immunoreactivity for 8-OHdG,
whereas aniline-treated spleens showed strong immunoreactivity for 8-OHdG confined to the
red pulp areas of the spleen (see Methods for details of immunohistochemistry).
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Fig. 7.
Immunohistochemistry of OGG1 in the spleen of control and aniline-treated rats. A: control
spleen; B: aniline-treated spleen. Controls showed scattered immunoreactivity for OGG1,
whereas aniline-treated spleens showed strong immunoreactivity for OGG1 confined to the
red pulp areas of the spleen (see Methods for details of immunohistochemistry).
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