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Abstract
Splenic toxicity of aniline is characterized by vascular congestion, hyperplasia, fibrosis and
development of a variety of sarcomas in rats. However, underlying mechanisms by which aniline
elicits splenotoxic response are not well understood. Previously we have shown that aniline exposure
causes oxidative damage to the spleen. To further explore the oxidative mechanism of aniline toxicity,
we evaluated the potential contribution of heme oxygenase-1 (HO-1), which catalyzes heme
degradation and releases free iron. Male SD rats were given 1 mmol/kg/day aniline in water by gavage
for 1, 4 or 7 days, while respective controls received water only. Aniline exposure led to significant
increases in HO-1 mRNA expression in the spleen (2- and 2.4-fold at days 4 and 7, respectively)
with corresponding increases in protein expression, as confirmed by ELISA and Western blot
analyses. Furthermore, immunohistochemical assessment of spleen showed stronger
immunostaining for HO-1 in the spleens of rats treated for 7 days, confined mainly to the red pulp
areas. No changes were observed in mRNA and protein levels of HO-1 following 1 day exposure.
The increase in HO-1 expression was associated with increases in total iron (2.4- and 2.7- fold), free
iron (1.9- and 3.5-fold), and ferritin levels (1.9- and 2.1-fold) at 4 and 7 days of aniline exposure.
Our data suggest that HO-1 up-regulation in aniline-induced splenic toxicity could be a contributing
pro-oxidant mechanism, mediated through iron release, and leading to oxidative damage.
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Introduction
Aniline, a toxic aromatic amine, is an extensively used industrial chemical. Exposure to aniline
is known to cause toxicity to the hematopoietic system [1-5]. Aniline toxicity is generally
characterized by methemoglobinemia, hemolysis and hemolytic anemia [6-9], and by the
development of splenic hyperplasia, fibrosis, and a variety of primary sarcomas after chronic
exposure in rats [2,10-13]. While mechanisms of erythrocyte damage have been the focus of
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many studies, little attention has been given to the delineation of molecular mechanisms in
aniline-induced toxicity to the spleen.

Heme oxygenase-1 (HO-1) is a rate-limiting microsomal enzyme that catalyzes the oxidative
degradation of heme moiety of hemoglobin to biliverdin, carbon monoxide and free iron [14,
15]. HO-1 transcription can be induced by a whole array of stressors, including transition-
metals [16,17], heme, hemoglobin and other heme proteins [18,19], and oxidative/nitrosative
stress [20-22]. HO-1 can exert cytoprotective and cytotoxic effects through several
mechanisms, including serving as a molecular chaperone, degrading pro-oxidant heme to
produce antioxidants (bilirubin and carbon monoxide) and releasing iron [23-25]. Even though
an antioxidant role of HO-1 has been extensively studied [15,24], several studies also support
a pro-oxidant role for HO-1 [14,26-28]. However, a specific role for HO-1 in aniline-induced
splenic oxidative damage is not known.

Earlier studies have demonstrated that severity of toxic responses in the spleen is closely
associated with erythrocyte damage [2,3,12]. The deposition and subsequent breakdown of
damaged erythocytes during aniline insult will result in release and accumulation of iron/iron-
storage proteins in the spleen. Indeed, studies have shown that aniline exposure in rats leads
to iron release/overload [3,4,8,12,29] and oxidative stress in the spleen [4,8,30-32]. We
hypothesize that up-regulation of HO-1 contributes to oxidative damaging reactions in the
spleen by catalyzing the oxidative degradation of the heme moiety of hemoglobin and releasing
free iron. This study was, therefore, focused on evaluating the regulation of HO-1, release of
free iron and status of iron storage protein, ferritin, in the spleens of rats exposed to aniline.

Materials and methods
Animals and treatments

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
Health and were approved by the Institutional Animal Care and Use Committee of University
of Texas Medical Branch. The animals, in groups of 6 each, were given 1mmol/kg/day aniline
in drinking water by gavage for 1, 4 or 7 days; respective control animals received water only.
The choice of aniline dose was based on our earlier studies that showed significant increases
in lipid peroxidation, protein oxidation and DNA damage (oxidative stress) in the spleen [4,
29,30]. The rats were euthanized 24 h after the last dose 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 immunohistological processing.

Real-time RT-PCR for HO-1 mRNA
RNA isolation—Total RNA was isolated from spleen tissues using RiboPure Kit (Ambion,
Austin, TX) as per manufacturer's instructions. To eliminate genomic DNA contamination,
isolated RNA was treated with RNase free DNase I (DNA-free kit, Ambion, Austin, TX). The
total RNA concentration was determined by measuring the absorbance at 260nm. RNA
integrity was verified electrophoretically by ethidium bromide staining and by measuring
A260/A280 ratio.
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Real-time RT-PCR—Real-time RT-PCR was performed essentially as described earlier
[32-34]. First-strand cDNA was prepared from total RNA by using SuperScript First-Strand
Synthesis Kit (Invitrogen, Carlsbad, CA) as per manufacturer's instructions. Real-time PCR
employing a two-step cycling protocol (denaturation and annealing/extension) was carried out
using Mastercycler realplex (Eppendorf, Westbury, N.Y.) and using primer sense 5′-
TGGAAGAGGAGATAGAGCGA and antisense, 5′-TGTTGAGCAGGAAGGCGGTC. For
each cDNA sample, parallel reactions were performed in triplicate for the detection of 18S and
rat HO-1. 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: 15s at 95 °C for
denaturation, 30s at 65 °C for annealing, 30s at 72 °C for extension, and an additional 20s hold
for fluorescent signal acquisition [33]. To avoid 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 [35,36]. A total of 40 cycles were performed.

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 18S Standards, Ambion). The fold change in HO-1
cDNA (target gene) relative to the 18S endogenous control was determined by:

Fold change = 2-ΔΔCT, where ΔΔCT = (CT Aniline - CT 18S) – (CT Control – CT 18S).

HO-1 ELISA—HO-1 protein levels in the spleen tissue lysates (prepared by using the lysis
buffer provided with ELISA kit) were quantitated by using rat HO-1 ELISA Kit (Assay
Designs, Ann Arbor, MI). OD was read at 450 nm on a Bio-Rad Benchmark Plus microplate
spectrophotometer.

Western blot for HO-1—Protein samples from control and aniline-treated rats were
subjected to Western blot analysis as described earlier [31]. Briefly, spleen tissue lysates were
prepared using the lysis buffer essentially as described by the manufacturer (Cell Signaling,
Beverly, MA). The lysate proteins (50 μg) 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), HO-1 protein band was detected using anti-HO-1 antibody (1:3000; Santa
Cruz Biotech, Santa Cruz, CA) and goat anti-rabbit IgG-HRP (1:5000; Santa Cruz Biotech) as
secondary antibody. ECL Plus (Amersham, Arlington Heights, IL) was used to detect the
signals. HO-1 bands were quantitated by densitometry and normalized using the actin signal
to correct for differences in loading of proteins from control and experimental groups. For
densitometric analysis, the protein bands on the blot were measured by Eagle Eye II software.
Protein concentration in the lysates was determined by Bio-Rad Protein Assay kit (Bio-Rad
Laboratories).

Immunohistochemistry of HO-1 and CD68—Paraffin sections were cut and
deparaffinized in an oven at 55 °C for 1 h and treated with xylene and various concentrations
of ethanol, and finally rehydrated with water [32,37]. The slides were incubated with sodium
citrate buffer at 95 °C for 20 min for antigen retrieval and subsequently incubated with various
reagents, which included quenching of endogenous peroxidase activity with 0.3% H2O2 in
PBS, blocking the non-specific binding sites with 5% non-fat dry milk, 1% BSA, 5% goat
serum (horse serum in case of CD68) in PBS, respectively, and avidin and biotin block solutions
(Vector Laboratories, Burlingame, CA). The sections were then incubated with antibodies to
HO-1 (monoclonal, 1:50 dilution, Stressgen Bioreagents, Ann Arbor, MI,) or CD68 (a
macrophage marker; 1:100 dilution, Abcam Inc., Cambridge, MA) overnight at 4 °C. Sections
were washed with PBS and incubated with secondary antibodies. Immunoreactivity was
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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-HO-1 or anti-CD68 antibody. Histological
evaluation for staining was done with an OLYMPUS BX51 Microscope (Leads Instruments,
Inc., Irving, TX).

Total iron and free iron analysis—Total iron in the spleens was analyzed by atomic
absorption spectrophotometer as described earlier [4,38]. Analysis of low molecular weight
chelatable iron (LMWC-Fe, free iron) was done as described earlier [13,29].

Ferritin Determination—Spleen tissues from control and aniline-treated rats were cut into
small pieces and homogenized in a buffer containing 30 mM Tris-Cl, pH 8.0, 15 mM EDTA,
1.0 mM DTT, 0.5 mM spermine and spermidine, 15% glycerol and a complete protease
inhibitor cocktail (Roche, Germany). After homogenization, 0.2% Triton X-100 and 5.0 M
NaCl (to achieve a final concentration of 150 mM) were added. After incubating 30 minutes
on ice, the extracts were centrifuged at 14,000 g for 30 min. The supernatant was saved and
used for ferritin assay.

Ferritin was quantitated using an ELISA kit, essentially as described by the manufacturer
(Innovative Research Inc., Novi, MI). Briefly, 100 μl of the standard or samples from control
and aniline-treated rats (in duplicate) were added to ELISA plate wells precoated with anti-
ferritin antibodies, and incubated at room temperature for 1 h with gentle mixing. After
incubation, the plate was washed thoroughly with the wash buffer and 100 μl of the diluted
(1:100) enzyme-antibody conjugate was added and incubated for 10 min at room temperature.
After washing with wash buffer, 100 μl TMB substrate (3′,3′,5′,5′-tetramethylbenzidine)
solution was added to each well. The plate was then incubated at room temperature for 10 min
with continuous shaking followed by addition of 100 μl stop solution (0.3 M H2SO4) to
terminate the reaction. The OD was read at 450 nm on a Bio-Rad Benchmark plus microplate
spectrophotometer (Bio-Rad Laboratories, Hercules, CA).

Statistical analysis—Data are expressed as means ± SD. One-way ANOVA followed by
Tukey-Kramer multiple comparison test (GraphPad InStat 3 software, La Jolla, CA) was
performed for the statistical analysis. A p value of <0.05 was considered to be statistically
significant.

Results
HO-1 mRNA expression in response to aniline exposure

To evaluate the impact of aniline exposure on the expression of HO-1 in the spleen, HO-1
mRNA levels were analyzed by real-time PCR and their levels are shown in Fig. 1. Aniline
exposure for 4 and 7 days resulted in 2.0- and 2.4-fold increases, respectively, in HO-1 mRNA
expression as compared to their respective controls. No change in HO-1 mRNA was observed
at day 1 following aniline exposure.

Effect of aniline exposure on HO-1 protein expression in the spleen
To investigate whether increases in HO-1 gene expression were also associated with increases
in protein levels, HO-1 protein levels were quantitated by a rat specific HO-1 ELISA kit in the
spleen tissue lysates and results are shown in Fig. 2. Aniline exposure led to significant
increases of 1.9- and 2.6-fold in HO-1 levels at 4 and 7 days, respectively, whereas no change
was observed at day 1.
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To further validate and confirm our quantitative ELISA results, HO-1 protein expression in
the spleen lysates was also determined by Western blotting. As evident from Fig. 3, the HO-1
protein levels in the tissue lysates of aniline-treated rats increased by 2 and 2.5 fold at 4 and 7
days, respectively. However, similar to mRNA and ELISA results, no changes in HO-1 protein
levels were observed 24 h following a single dose of aniline.

Immunohistochemical assessment of HO-1 and CD68 in the spleen of rats exposed to aniline
To demonstrate HO-1 expression and localization in the spleens of experimental animals,
immunohistochemical studies were conducted. Since mRNA and protein expression of HO-1
showed no change at 1 day and maximum increases at 7 days, HO-1 immunohistochemical
assessment was done at 1 and 7 days only. While spleens from control rats showed sparse
immunostaining for HO-1 (Fig. 4A), increased immunostaining was evident in rats treated with
aniline for 7 days (Fig. 4B). The immunoreactivity for HO-1 appeared predominantly in the
red pulp areas of the spleen (Fig. 4B). Consistent with HO-1 mRNA and protein results, no
changes in HO-1 immunoreactivity were observed 24 h following a single dose of aniline (data
not included). To evaluate the contribution of macrophages in the increased expression of HO-1
in the spleen, immunoreactivity for CD68+ cells was also investigated. As evident from Fig.
4, aniline treatment for 7 days resulted in an increased immunoreactivity for CD68+ cells in
the red pulp areas of the spleen (D) in comparison to controls (C), suggesting that macrophages
are one of the major contributors to the increased HO-1 expression in the spleen in response
to aniline exposure.

Effect of aniline exposure on total and free iron
Aniline exposure is associated with erythrocyte damage [2,3]. Excessive deposition and
degradation of erythrocytes in the spleen could potentially lead to iron release/overload.
Therefore, changes in both total and free iron were quantitated by atomic absorption
spectrophotometry. As evident from Fig. 5, exposure to a single dose of aniline did not result
in any change in the total iron levels. However, total iron content increased significantly at 4
days (2.4 fold) and 7 days (2.7 fold) in comparison to their respective controls. LMWC-Fe
(free iron) followed a similar pattern, showing increases of 1.9- and 3.5-fold at 4 and 7 days,
respectively (Fig. 6), while no change after day 1.

Effect of aniline exposure on ferritin levels in spleen
Ferritin is an iron-storage protein which could exert antioxidant properties by mediating the
sequestration and storage of reactive iron, thus preventing ferryl or hydroxyl radical formation
[39]. On the other hand, ferritin could also be a potential source of catalytic iron during
oxidative stress [40,41]. Therefore, in view of the anti- and pro-oxidant potential of ferritin,
its status was evaluated in the spleens of rats exposed to aniline. ELISA determination of total
ferritin levels in the spleens of aniline-treated rats showed significant increases of 1.9- and 2.1-
fold at days 4 and 7, respectively, in comparison to respective controls (Fig. 7). Exposure to a
single dose of aniline, however, did not result in any change in ferritin levels in the spleen.

Discussion
Aniline and substituted anilines are known to cause splenic toxicity [2,12,13,31]. Among the
most significant splenotoxic changes, preceding the formation of splenic sarcomas that result
from exposure to aniline and/or structurally-related compounds, are splenomegaly, sinusoidal
congestion, capsular hyperplasia and diffuse fibrosis [10-13]. Splenotoxicity could also lead
to reduced ability of the spleen to participate in the immune response and/or its phagocytic
function of clearing damaged erythrocytes and infectious organisms from the blood. This
necessitates a clear understanding of early molecular events in the spleen that could contribute
to such toxic responses. It has been established previously that aniline exposure leads to
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erythrocyte damage [2,3,7] and oxidative stress in the spleen [4,13,30]. Recognizing the role
of HO-1 in catalyzing the oxidative degradation of heme moiety of hemoglobin to release free
iron, it was of particular interest to evaluate its contribution to the splenic toxicity of aniline.
It is evident from our data that HO-1 expression indeed increases in the spleen following aniline
exposure, and its overexpression could be a pro-oxidant action in the splenic toxicity.

A major finding of this study is the significant increase in the expression of HO-1 (both at
mRNA and protein levels) in the spleen following aniline exposure. The increases were highly
significant in both repeated dose groups (4 and 7 days). Interestingly, the HO-1 was localized
mostly in the red pulp of the spleen – areas which also showed intense iron staining (Prussian
blue) [4]. To our knowledge, this is the first study to show an up-regulation of HO-1 in spleen
following aniline exposure. Interestingly, the increases in HO-1 expression in this study also
corresponded with previous findings of increased oxidative stress observed under similar
experimental conditions [4]. While oxidative/nitrosative stress is known to induce HO-1
[20-22], up-regulation of HO-1, as observed in this study, could contribute to increased
oxidative stress [14,26-28]. Other hemolytic agents such as phenylhydrazine and phenacetin
also cause upregulation of HO-1 gene expression in rat spleens [42], and, thus, compliment
our findings.

Aniline exposure in this study also led to significant increases in the total iron content – a
finding consistent with earlier observations [4,13]. We also observed a substantial increase in
LMWC-Fe (free iron) after repeated dose administration of aniline. Iron overload is associated
with carcinogenesis in animal models and also in human diseases such as genetic
hemochromatosis and asbestosis [43,44]. Free iron is redox active and can promote, through
the Fenton reaction, the formation of harmful oxygen species such as hydroxyl radicals [45,
46]. Thus, the iron-catalyzed oxyradicals can damage cellular lipids, proteins and nucleic acids,
resulting in wide-ranging impairment of cellular function and integrity. Our earlier studies did
show that aniline exposure was indeed associated with significant increases in lipid
peroxidation [4,13], protein oxidation [13], DNA damage [29,32], activation of redox-sensitive
transcription factors NF-κB and AP-1 [31,33] and up-regulation of fibrogenic cytokines [30,
31,33,34] in the spleen.

There has been considerable debate concerning the pro-oxidant or antioxidant nature of HO-1
[14,24]. Heme has pro-oxidant properties, so its removal by HO-1 can be considered an
antioxidant effect [15,47]. However, heme breakdown by HO-1 leads to the formation of
LMWC-Fe (free iron), which is a more versatile catalyst of oxidative damage than heme
[48]. Interestingly, exogenously added bilirubin at an equimolar concentration to low-
molecular-mass iron present in both microsomal and liposomal systems was unable to prevent
the pro-oxidant effect of the iron [14], further supporting a pro-oxidant role for HO-1.

Normally, iron is transported and stored in specific proteins (ferritin, transferrin and
lactoferritin), which prevent or minimize its reaction with reduced oxygen derivatives [49,
50]. Iron released from HO-mediated reactions stimulates ferritin synthesis, which ultimately
provides an iron detoxification mechanism that may offer long-term cytoprotection [24].
However, if iron transport and storage proteins do not rapidly and effectively remove this
redox-active iron, HO-1 induction could be a pro-oxidant effect. The aniline exposure protocol
used in this study represents an experimental condition known to cause oxidative stress [4,
30,32]. This protocol led to increases in ferritin levels, along with increases in free iron,
suggesting that despite greater presence of ferritin, increased cytoprotection was not evident
and tissue damaging oxidative reactions still prevailed [4,30]. Our findings are in general
agreement with others, showing increased ferritin levels along with increased lipid
peroxidation following ozone exposure [51], L-methionine treatment [52] and during non-
alcoholic steatohepatitis [53]. Further support to this is evident from the finding that patients
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with iron overload exhibit increased iron and oxidative stress, despite up-regulated ferritin
levels [54].

It is possible that ferritin can also be a potential source of catalytic iron during oxidative stress.
Superoxide generating systems such as xanthine/xanthine oxidase or compounds/drugs which
undergo redox cycling to produce superoxide radicals, may promote the release of ferritin iron
[40,55]. Thus, ferritin may promote oxidative damage under conditions where excessive
superoxide formation occurs [40]. Indeed, studies suggest that aniline and its metabolites have
the potential to generate superoxide radicals [56]. Despite increased presence of ferritin, it is
also possible that intracellular iron may overwhelm the ability of ferritin to sequester redox-
active iron and thus result in oxidative stress.

In conclusion, our studies clearly show that aniline exposure results in HO-1 up-regulation,
increased ferritin levels, and excessive release and availability of iron (free iron) in the spleen.
Greater release and presence of redox-active iron as a result of exaggerated expression of HO-1
would result in increased oxidative stress, as observed previously [4,30,32,33]. Our data thus
suggest that HO-1 up-regulation could be a significant pro-oxidant mechanism in the splenic
toxicity of aniline, leading to oxidative damage through iron release in the spleen.
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Fig. 1.
Real-time PCR analysis of HO-1 gene expression in the spleens of control and aniline-treated
rats. Total RNA was extracted from spleens, real-time PCR was performed, and the fold change
in mRNA expression (2-ΔΔCT) was determined. Values are means ± SD (n=3). *p<0.05 vs.
respective controls.
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Fig. 2.
HO-1 protein levels in the spleens of rats treated with aniline. HO-1 was quantitated using a
rat-specific ELISA kit. Values are means ± SD (n=6). *p < 0.05 vs. respective controls; # p <
0.05 vs. 4 days aniline group.
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Fig. 3.
HO-1 protein expression in rat spleens following aniline exposure. (A) Western blot detection
of HO-1 in the spleens of control and aniline-treated [1, 4 or 7 days (D)] rats. (B) Densitometric
analysis of HO-1 bands. Values are means ± SD (n=3). *p < 0.05 vs. respective controls; # p
< 0.05 vs. 4 days aniline group.

Wang et al. Page 13

Free Radic Biol Med. Author manuscript; available in PMC 2011 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Immunohistochemistry of HO-1 and CD68 in rat spleen. Spleen from control rats (A) showed
comparatively mild staining for HO-1 with occasional heavily stained cells (arrows), whereas
spleen from rats treated with aniline for 7 days showed consistently strong immunoreactivity
for HO-1 (B), with many heavily stained cells confined to the red pulp areas of the spleen.
Similarly, there was an increased presence of CD68+ (macrophage marker) cells in the red pulp
areas of spleen from rats treated with aniline for 7 days (D) compared to the controls (C).
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Fig. 5.
Splenic total iron content in the control and aniline-treated rats. Total iron was analyzed by
atomic absorption spectrophotometry. Values are means ± SD (n=6). *p < 0.05 vs. respective
controls.
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Fig. 6.
LMWC-Fe (free iron) in the spleens of control and aniline-treated rats. Values are means ± SD
(n=4-5). *p < 0.05 vs. controls.
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Fig. 7.
Ferritin levels in the spleens of control and aniline-treated rats. Total ferritin was quantitated
using an ELISA. Values are means ± SD (n=5-6). *p < 0.05 vs. respective controls.
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