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Abstract: Aniline exposure leads to neuron and spleen toxicity specifically and makes diverse neu-
rological effects and sarcoma that is defined by splenomegaly, hyperplasia, and fibrosis and tumors 
formation at the end. However, the molecular mechanism(s) of aniline-induced spleen toxicity is 
not understood well, previous studies have represented that aniline exposure results in iron overload 
and initiation of oxidative/nitrosative disorder stress and oxidative damage to proteins, lipids and 
DNA subsequently, in the spleen. Elevated expression of cyclins, cyclin-dependent kinases (CDKs) 
and phosphorylation of pRB protein along with increases in A, B and CDK1 as a cell cycle regula-
tory proteins cyclins, and reduce in CDK inhibitors (p21 and p27) could be critical in cell  
cycle regulation, which contributes to tumorigenic response after aniline exposure. Aniline-induced 
splenic toxicity is correlated to oxidative DNA damage and initiation of DNA glycosylases expres-
sion (OGG1, NEIL1/2, NTH1, APE1 and PNK) for removal of oxidative DNA lesions in rat. Oxi-
dative stress causes transcriptional up-regulation of fibrogenic/inflammatory factors (cytokines, IL-
1, IL-6 and TNF-α) via induction of nuclear factor-kappa B, AP-1 and redox-sensitive transcription 
factors, in aniline treated-rats. The upstream signalling events as phosphorylation of IκB kinases 
(IKKα and IKKβ) and mitogen-activated protein kinases (MAPKs) could potentially be the causes 
of activation of NF-κB and AP-1. All of these events could initiate a fibrogenic and/or tumorigenic 
response in the spleen. The spleen toxicity of aniline is studied more and the different mechanisms 
are suggested. This review summarizes those events following aniline exposure that induce spleen 
toxicity and neurotoxicity. 
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1. INTRODUCTION 

 Aniline, a prototypical aromatic amine, is an essential 
building block of compounds, for instance rubbers, synthetic 
fibers, indigo pesticides, dyes, diphenylamine (used as anti-
oxidant in the juices industry), and also the precursor of 
paracetamol/acetaminophen (N-acetyl-para-aminophenol) as 
one of the most ingested pharmaceutical compounds [1]. 
Many routes of aniline exposure are encompassing; pharma-
ceuticals, pesticide residues, cosmetics, textiles, cigarette 
smoke and colorants used in food [2]. On the other hand, 
aniline could cause a risk to health through environmental 
and occupational pollutants exposures. It enters the human 
body by respiratory tract, skin, and digestion system. Clinical  
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symptoms such as weakness, cyanosis, headache, dizziness, 
loss of coordination, stupor, and coma occur after aniline 
exposure [3]. Besides, widely usage of aniline in industrial 
chemical which induces methemoglobinemia, hemolytic 
anemia and hemolysis, it could also make a different change 
to neuron system and destruct the spleen and consequently 
leads to fibrosis, hyperplasia, splenomegaly, and eventual 
formation of mesenchymal tumors, or highly malignant soft 
tissue and sarcomas on chronic and high dose exposure of 
rats [3, 4]. Spleen is the largest lymphoid tissue, performs 
important functional roles, such as participation in immune 
responses, iron metabolism, filtration of blood, phagocytosis, 
elimination of damaged RBCs, and remove the infectious 
organisms [5, 6]. Therefore, any damage/injury to the spleen 
cause reduced ability of spleen. Aniline induced splenotoxic 
responses is associated with increases in macrophages and 
fibroblasts, increased red pulp cellularity, and other changes 
such as iron overload follow by oxidative and nitrosative 
stress which leads to induction of redox-sensitive transcrip-
tion factors in the spleen [7]. These events may cause pro-
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duction of pathologic precursors of tumorigenesis [3, 8]. 
Aniline inducedsplenic toxicity is associated mostly to (1) 
erythrocyte damage, (2) increases in iron content of spleen 
(free and total iron), and (3) oxidative stress as evident from 
increased oxidation (lipid peroxidation, DNA oxidation, pro-
tein oxidation) and nitrotyrosine production [9-11]. It has 
been shown that interaction between aniline and erythrocytes 
causes the initial step of splenic toxicity, as the damaged 
erythrocytes induce up-regulation of heme oxygenase-1 
(HO-1) and provide an iron source, while aniline and/or its 
metabolites are released in the spleen [12]. Iron overload is 
also one of the marked consequences of aniline exposure 
because of the reactive oxygen species (ROS) generation in 
spleen [11, 13]. The ROS are considered to play a critical 
role in the pathogenesis of different diseases, such as rheu-
matoid arthritis, aging, cardiovascular disease, and cancer 
[14, 15]. ROS are produced endogenously as a by-product of 
oxidative metabolism and respiration, and by different envi-
ronmental agents, exogenously. Neurotoxicity effect of ani-
line was also discovered and called Excitement-Hypotony 
Syndrome [16]. Few mechanisms, such as damage to oli-
godendrocyte which causes encephalopathy, vacuolation of 
the spinal cord and cerebellum and spongy change could 
make neurodegenerative effects and neurotoxicity at the end 
[17]. According to recent studies about splenic toxicity ef-
fects and tumorigenic responses of aniline exposure, this 
review focuses on the recognized molecular mechanisms and 
consequences by which aniline exerts, such toxic effects 
(Fig. 1). 

2. MECHANISMS OF SPLENOTOXICITY 

2.1. Oxidative/nitrosative Stress and Outcomes 

 An association between severity of splenotoxicity and 
erythrocyte damage was detected in studies of aniline 
threated rats and information in the literature [18]. The scav-
enged, removal and breakdown of aniline induceddamaged 
erythrocyte leads to the release of aniline and/or related me-
tabolites , and particularly result to iron accumulation in the 
spleen [13, 18, 19]. Iron accumulation results in the genera-
tion of different free-radical species, such as ROS in the 
spleen [7, 20] which react with proteins, nucleic acids, and 
lipids, and damage them especially the polyunsaturated fatty 
acid member of cell membrane phospholipids which finally 
makes cellular dysfunction [7, 21]. It is also probable that 
splenic phagocytes principally the macrophages, can be  
active at the time of the removal of damaged erythrocytes, 
and discharge ROS, which could further oxidase the bio-
molecules and cause tissue injury [21]. In overall, ROS  
reaction with proteins could damage different amino acid 
residues such as tryptophan, histidine, arginine, proline, me-
thionine, cysteine and lysine which leading to formation of 
carbonyl products as an indicator of proteins oxidative dam-
age [22-24]. Oxidative modification of proteins also makes 
their more sensitive than native proteins to proteolytic deg-
radation [25]. In this case, aniline inducedprotein oxidation 
can lead to changing in the normal functions of spleen [7, 
21]. These events are followed by morphological changes 
like elevated red pulp cellularity because of increased fibro-
blasts and sinusoidal cells, capsular thickening, vascular 
congestion, and formation of fibrous tissue throughout the 

parenchyma and in capsule [26, 27]. Thus, oxidative stress, 
especially lipid peroxidation induced by aniline and/or its 
metabolites, phenylhydroxylamine and nitrosobenzene, is 
coupled with iron accumulation in the spleen [26, 28]. Simi-
lar results in iron-overloaded rats have shown by Linpisarn 
1991 in which lipid peroxidation was correlated with spleen 
iron concentration [29]. 4-hyroxynonenal (HNE), 4-hydroxy-
2-hexenal (HHE) and Malondialdehyde (MDA) as three 
various cytotoxic degradation products are discovered that 
produce by lipid peroxidation [30]. These cytotoxic agents 
are involved in mutagenesis, tumorigenesis, and finally car-
cionogenesis [31]. The outcome of extend lipid peroxidation 
leads to more MDA formation in liver, which binds cova-
lently with free amino and sulfhydryl groups of proteins and 
form covalent adducts (MDA–protein adducts) [32]. Simi-
larly, time-dependent and dose-dependent production of 
MDA–protein adducts was shown in the spleen after a single 
but high dose exposure by an enzyme-linked immunosorbent 
assay (ELISA) [21]. 

 The tight binding of MDA with protein leads to the 
modification of structural and functional properties of natu-
ral proteins, and induce the impairment of cellular integrity 
and cellular function which contributes to aniline induced 
splenic toxicity. MDA is also mutagenic because of its bind-
ing to DNA and starting the tumor formation [33]. In red 
pulp of aniline induced splenic toxicity, the MDA–protein 
adducts are predominantly localized in the sinusoidal macro-
phages [27]. The same localization of iron with these adducts 
prepares strong evidence of iron-catalyzed lipid peroxidation 
which result in MDA–protein adducts formation. 

 Aniline exposed rats also showed an increased protein 
tyrosines nitration in the spleen [10]. Compared to physio-
logical conditions, the level of protein tyrosines nitration is 
increased under oxidative/nitrosative stress. Nitrogen dioxide 
(•NO2) and peroxynitrite anion (ONOO−), as a reactive ni-
trogen species (RNS) that are produced by reaction of nitric 
oxide radical (•NO) with another oxidants like hydrogen 
peroxide (H2O2), superoxide radicals (O2•−), and/or transi-
tion metals, are assumed as the secondary reactive interme-
diates and cause more toxicity rather than elementary oxi-
dant [34]. The •NO formation was catalyzed by nitric oxide 
synthase (iNOS) which is inducible [35]. High •NO radical 
levels could result in increased protein nitration. Therefore, 
the increased expression of iNOS leads to increase protein 
tyrosines nitration that could be a probable contributor of 
nitrosative stress in spleen toxicity following aniline expo-
sure [10]. RNS-induced protein tyrosine nitration has altered 
the properties, such as inactivation and/or generation of an 
autoimmune response, perturbed tyrosine phosphorylation 
and increased degradation [36, 37]. Such events have poten-
tial involvement in pathogenesis of most human diseases, 
such as multiple sclerosis, diabetes, cancer, inflammation, 
neurodegenerative disorders and coronary artery disease [38-
40]. In rats exposed to aniline, the increased protein levels 
and mRNA of iNOS were contributed to increased protein 
nitration [41]. Among a variety of proteins, nitration of im-
portant structural and functional ones, such as enzymes, 
chaperones, skeletal proteins, protein transporter, ferric iron 
transporter and signaling pathway ̕ s proteins were observed. 
The important role of nitrosative stress is shown by different 
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nitrosative modification of proteins in mechanism of aniline 
induced splenic toxicity. 

2.2. Cell Proliferation 

 High rates of cell proliferation and in cell cycle changing 
are essential factors in mechanism of chemical-induced cell 
damage and particularly carcinogenic activities [42-44]. Cell 
cycle, which consists of G1 (Gap 1), S (synthesis of DNA), 
G2 (Gap 2) and M (mitosis), is a complex but accurately 
controlled process which is conducted by cyclins and cyclin-
dependent kinases (CDKs), two principal groups of regula-

tory proteins [45, 46]. Hence, controled cell cycle improve-
ment plays a critical role in accurate proliferation of the 
cells. In adult tissues, most of the cells maintain in a quies-
cent state (G0) and they would probably resume proliferation 
and re-enter the cell cycle just to replace cells lost during 
normal function or in response to injury, for example in adult 
spleen [47]. 

 Progression of cell cycle is controlled by changing in 
formation of cyclin–CDK complexe. In the absence of this 
control, cell cycle improvement could be stimulated by in-
creased CDK activity and inactivated CDK inhibitors or 

 

Fig. (1). Schematic diagram depicting proposed mechanisms responsible for aniline inducedspleen toxicity. Aniline exerts its toxicity 
through labile iron accumulation and induction of oxidative/nitrosative stress. As depicted, oxidative damage to proteins, lipids and DNA by 
ROS/RNS can initiate many signaling pathway. ROS/RNS also induce fibrogenic and pro-inflammatory mediators. These phenomena to-
gether with other changes result in spleen toxicity. (The color version of the figure is available in the electronic copy of the article). 
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overexpressed cyclins [46, 48]. For example cyclin E–
CDK2, cyclin D–CDK4 and cyclin D–CDK6 complexes 
regulate the entrance of cell cycle from resting phase, devel-
opment through the G1 phase and progression from G1 into 
S phase in response to mitogenic stimulation in mammalian 
cells [46-48]. It is considered that deregulation of G1 cyclins 
and altered CDKs in G1 phase is associated with tumori-
genesis and oncogenic process, respectively [48]. A check-
point in G1-S progression which controls normal cellular 
proliferation is named ‘restriction point’ or ‘R point’ [47, 
49]. It determines whether a proper proliferating cell in G1 
phase could revert to quiescence or will continue to cycle. 
The best known inhibitors of the G1-S transition process is a 
retinoblastoma proteins (pRB) that acts by the regulation of 
E2 transcription factor (E2F) responsive genes. A variety of 
cyclin/CDK complexes which are co-overexpressed and 
modify pRB, formed during different time and phases of cell 
cycle [50]. Phosphorylated form of pRB which is produced 
by cyclin E–CDK2 and cyclin D–CDK4/6 complexes, could 
lead to the release of E2F transcription factors that are neces-
sary for the S-phase entry [51-53]. 

 It is assumed that iron overload along with reactive oxy-
gen generation is one of the reason(s) of mitogenic stimula-
tion and initiation of the cell cycle improvement from G0 
and also through the restriction point of G1-S stage that fi-
nally leads to proliferative response. In the rats treated with 
aniline, the spleens appeared dark and singularly enlarged [3] 
and significant increases in the splenocyte population was 
observed, suggesting that both deposition of damaged eryth-
rocytes and increased proliferation and/or recruitment of 
splenocytes are reasons of the splenomegaly. 

 So, the use of typical cell proliferation indicators, PCNA 
and Ki67 that express coincides with DNA synthesis [54] 
shown that aniline exposure induces substantial increases in 
splenocyte population and cellular proliferation leading to 
splenomegaly [55]. These phenomena suggesting that sple-
nomegaly is due to the increased proliferation and employ-
ment of splenocytes besides the deposition of damaged 
erythrocytes. These results were confirmed by the overex-
pressed minichromosome maintenance family of proteins 
(MCMs 2–7) in proliferating cells which are down-regulated 
following cell cycle exit [56]. MCMs, as appropriate bio-
markers of cell cycle progression, could distinguish pro-
gressing cells from quiescent cells, so that perturbation of 
MCM function might be contributed to tumorigenesis [57]. 
Taken together, funded biomarkers, besides increases in the 
spleen weight and splenocyte population, indicate a potential 
progression of tumorigenic response in the spleen. MTT and 
flow cytometric analyses data showed that aniline exposure 
not only induced a proliferative response in vivo, but the 
splenocytes were also activated and entered cell cycle pro-
gression in culture (ex vivo) [55]. 

 The D-type cyclins (D1, D2, and D3) are in core of cell 
cycle machinery in mammalian cells that regulate the phos-
phorylation of pRB, and ultimately receive oncogenic and 
mitogenic signals [58]. In the splenocytes from aniline-
treated rats three D-type cyclins (D1, D2, D3) were co-
expressed [55]. Even though cyclin D3 is necessary for spe-
cific oncogenic pathways in mammalian cells and widely 
expressed, these three D-type cyclins work to provide the 

cyclin D–dependent kinase activity that is required to pro-
mote G1/S progression, a credible step in the tumorigenesis 
[59]. The CDKs appear to be the most prominent partners of 
cyclins and play a key role in cell cycle regulation. Increased 
expression of CDK6 (556%), CDK4 (343%) and CDK2 
(338%) was also observed in the spleens of aniline-treated 
rats [55]. Overexpression of G1 and G1-S phase cyclins (cy-
clin D1, D2, D3 and cyclin E) and CDK proteins (CDK2, 
CDK4 and CDK6) in the spleens from aniline-treated rats 
would thus be expected to contribute to increased phospho-
pRB [55]. Cyclin E–CDK2 complexes become active in late 
G1-phase, whereas cyclin D–CDK4/6 complexes active in 
mid to late G1-phase and conformational change of the cy-
clin D–CDK4/6 permits phosphorylation by cyclin E–CDK2 
[49, 53]. These findings suggest that aniline exposure in-
duces dysregulation of G1 phase related cyclins and CDKs, 
and phosphorylation of pRB which can be associated to in-
creased cell proliferation and potentially lead to a mutagenic 
and/or carcinogenic response in the spleen. 

 The G2/M checkpoint also controls normal cellular pro-
liferation. It prevents cells from entering mitosis and a negli-
gent G2/M checkpoint leads to genomic instability and can-
cer risk [60, 61]. The CDK1 (cdc2) kinase is a key effector 
of the G2/M checkpoint. Association of CDK1 kinase with 
cyclin B, together with a series of phosphorylation and 
dephosphorylation events, activates this kinase that is essen-
tial in initiating mitosis [62]. Cyclin B1/CDK1 complexes 
restrict cell growth prior to cell division and many of the 
G2/M regulators ultimately target CDK1 and inhibit its acti-
vation [46, 63]. In the spleens of aniline-treated rats, en-
hancement of protein expression in cyclins (A and B), and 
CDK1, notably p-CDK1 –the required CDK1 form for acti-
vation of the cyclin B/CDK1 complexes [46, 60, 62], and 
greater increases in the mRNA expression of cyclins A and 
B was observed [64]. Thus, increased expression of cyclin 
B1 and p-CKD1 at threonine 161, could contribute to uncon-
trolled cellular proliferation of the spleen. Furthermore, re-
markably decreased expression of p21 and p27 as CDK in-
hibitors [60, 65] and up-regulation of tumor marker proteins 
Trx-1 and Ref-1 provides evidence to understand the aniline 
inducedcell proliferation and early indicators of a tumori-
genic response in the spleen. Trx-1 and Ref-1 two known 
markers of cancer, overexpress in a wide variety of human 
tumors and down-regulate in tumor surgically removed [66]. 
Thus, increased Trx-1 and Ref-1 expression support the po-
tential of carcinogenic response in aniline exposed rats. 
Noteworthy, decreased expression of cyclins A, B and CDK1 
regulatory miRNAs like Let-7a, miR-15b, miR24, miR-100 
and miR-125 which suppress the expression of cyclins A and 
B, and miRNAs, such as Let-7a, miR24 and miR-125 which 
regulate activity of CDK1, and increased expression of CDK 
inhibitory suppress miRNAs such as miR-181a, miR-221 
and miR-222 which can target CDK inhibitors further sup-
port that splenocytes were promoted to go through an accel-
erated G2/M progression and tumorigenic response follow-
ing chronic treatment with aniline [64]. 

 Thus, greater release and presence of iron and increased 
oxidative stress in the spleen after aniline exposure which 
may serve as mitogenic stimulator result in uncontrolled cel-
lular proliferation. Taken together, the results from overex-
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pression of proteins as cell proliferation markers and upregu-
lation of cell cycle regulatory proteins, as well as the in-
creases in the splenocyte population and spleen weight, indi-
cate inducement of cellular proliferation and suggest a possi-
ble progression to a tumorigenic response in the spleen. 

2.3. Base Excision Repair 

 Iron overload is correlated with carcinogenesis in animal 
models and human diseases such as asbestosis and genetic 
hemochromatosis [67]. Normally, iron is store in specific 
proteins (ferritin, transferrin, heme proteins, and lactofer-
ritin), which minimize or prevent its reaction with reduced 
derivatives of oxygen [68]. Iron release from these com-
plexes in a free form that is redox active and could increase 
the production of harmful oxygen species such as hydroxyl 
radicals, through the Fenton reaction. Hydroxyl radical can 
induce a multiplicity of oxidative DNA base modifications 
[69]. Accumulations of DNA damage could have consider-
able mutagenesis and carcinogenesis consequences for the 
cells [70]. Continual DNA damage also can result in either 
induction or arrest of transcription, induction of signal trans-
duction pathways, genomic instability, and replication errors, 
all of which are known to be associated with carcinogenesis 
[71]. 

 Increased release of iron is a remarkable feature of ani-
line toxicity in spleen which could be a probable source for 
generation of ROS [18, 19, 21]. Formation of RNS and ROS 
catalyzed by iron and can directly oxidize and damage mac-
romolecules, such as lipids, proteins and DNA, leading to 
wide-ranging structural and functional changes [72]. DNA 
oxidative damage following ROS production may be the 
initiator to inducing diseases associated with iron overload 
[73]. Indeed, earlier studies of aniline induced oxidative 
mechanisms including lipid peroxidation, protein oxidation 
and DNA oxidation is well established in the splenic toxicity 
of aniline [9]. In fact repeated exposure to aniline led to ac-
cumulation and release of free iron in the spleen, which are 
accompanied by increased 8-hydroxy-2′-deoxyguanosine (8-
OHdG) levels, as biomarkers of oxidative stress [11]. The 
critical role of iron in inducing oxidative stress further sup-
ported by administration of single hight-dose of aniline, 
which does not causes iron overload in the spleen and finally 
did not lead to oxidative DNA damage [19, 21]. Thus, the 
intermediate production of ROS and oxidative stress is criti-
cal to iron induced DNA oxidative damage. Oxidative DNA 
damage and increased 8-OHdG formation could induce mu-
tations and could lead to serious consequences, if unrepaired 
[74]. 

 The organisms possess multiple glycosylases which initi-
ate the base excision repair (BER) pathway through recog-
nize the damaged bases [75]. BER is a main mechanism for 
the repair of oxidative DNA base lesions induced by ROS 
and initiated by specialized DNA glycosylases [76]. There 
are at least five different DNA glycosylases in mammalian 
cells with overlapping substrate specificities. These include 
the 8-oxoguanine glycosylase 1 (OGG1), Nei-like DNA gly-
cosylases (NEIL1/2/3), endonuclease III homologue 1 
(NTH1), apurinic/apyrimidinic endonuclease (APE1) and 
polynucleotide kinase (PNK) [77]. BER pathway shows a 
critical step in the maintenance of genome stability by re-

moval of oxidative DNA lesions from the genome and  
consequently prevention of mutagenesis and disease. Among 
DNA base conversions, 8-OHdG is an abundant DNA lesion 
produced by ROS [78, 79]. One of the DNA glycosylase/ 
lyase that preferentially removes 8-OHdG and other oxidative 
guanine adducts from the mitochondrial and nuclear DNA is 
OGG1 [74]. Disturbance of OGG1 activity and/or accumula-
tion of 8-OHdG was also reported to be a predictive marker 
of sensitivity to cancer [80]. This is observed, oxidative 
DNA lesions, mainly 8-OHdG, induced by aniline and re-
paired by OGG1 in the BER pathway [71]. To examine oxi-
dative DNA damage formation and BER activation in both 
mitochondrial and nuclear protein extracts, rats exposed sub-
chronically to aniline. Aniline exposure was associated with 
increased a 2.8-fold formation of 8-OHdG and induction of 
OGG1 gene expression and 18-OHdG-specific lyase activity 
[71]. Furthermore, spleens from aniline treated rats showed 
strong OGG1 immunoreactivity, especially in the pulp areas. 
Subchronic exposure to aniline could led to persistent gen-
eration of ROS in the spleen and higher levels of 8-OHdG 
(183%) in comparison to repeated-dose study (83% after 7 
days) [11]. The higher OGG1 activity was significantly ob-
served in mitochondrial extracts (MEs) (1.2 fold) and nu-
clear extracts (NEs) (1.3 fold) of spleens from aniline-treated 
rats than the controls, indicating the induction of OGG1 ac-
tivity following increased levels of 8-OHdG [71]. The induc-
tion of OGG1 in both MEs and NEs was supported also by 
gene expression data, showing a two-fold increase in splenic 
OGG1 RNA levels. On the other side, oxidative stress-
induced acetylation of OGG1 resulted in significant en-
hancement of OGG1 activity and increases repair of 8-
OHdG [81]. 

 Despite the act on many of the same substrates, NEIL1/2 
unlike from OGG1 and NTH1, have high affinity in excising 
base lesions from unrepaired sequences in bubble DNA or 
single-stranded DNA [82]. This suggests their involvement 
in the repair of DNA damage during transcription and/or 
replication [83]. Hence it is predictable that NEIL1/2 play a 
unique role in managing the functional integrity of mammal-
ian genomes. NEIL1 and NEIL2 have unique specificity 
towards oxidized products of 8-oxoG including spiroimino-
dihydantoin lesions and guanidinohydantoin lesions, which 
are more mutagenic [84]. Different studies demonstrated 
activation of NEIL1 in response to ROS [85]. Aniline expo-
sure was associated with variety of oxidized DNA lesions 
including foramidopyrimidines and oxidation products of 
cytosine, in addition to 8-OHdG, mentioned earlier [11, 71, 
85]. These changes manifested by not only activation of the 
OGG1-mediated BER pathway also by NEIL1/2-mediated 
mechanisms of oxidative DNA damage repair. Aniline expo-
sure is associated with induction of NEIL1 and NEIL2 gene 
(2.0- and 3.8-fold respectively) in the nuclear extracts of 
spleen and the same rate of fold increase in protein expres-
sion and increases in their BER activities in the spleen [85]. 
Therefore, NEIL2 at both mRNA and protein expression 
levels had much greater response in compared to NEIL1 that 
confirmed by relatively stronger immunoreactivity for 
NEIL2 in the spleens especially in the red pulp areas. This 
suggests greater production of adducts that are substrates for 
NEIL2. Thus, the increased BER activity of NEILs could 
describe an adaptive response for removal of oxidative le-
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sions from transcribed DNA, leading to lesser accumulation 
of damage in promoter regions of transcribed genes and may 
be a critical mechanism for the removal of oxidative DNA 
lesions from aniline exposure. 

 Third DNA glycosylases of BER pathway is endonucle-
ase III homologue 1 (NTH1). In the spleen of rats, NTH1 
and APE1, like NEILs and OGG1, are associated with repair 
of DNA damage after aniline exposure [86]. Excision of 
DNA damaged bases by OGG1 and NTH1 glycosylases cre-
ating AP sites that are then repair by a common pathway 
involving an AP-endonuclease (APE). APE, the apurinic/ 
apyrimidinic endonuclease 1 (APE1), play a central role in 
BER by removing 3′ blocking groups produced by the β-
lyase activity of OGG1 NTH1 [87]. Along whit DNA glyco-
sylase activity, NTH1 also has apurinic/apyrimidinic (AP) 
lyase activity in the initiation of BER [88]. One of the rea-
sons of aniline inducedsarcomas is an imbalance in DNA 
damage and repair activities that cause initiation of mutagenic 
and/or carcinogenic response in spleen [71]. Role of NTH1 
and APE1 in the repair of aniline inducedoxidative DNA 
lesions in the spleen was confirmed by increased NTH1 and 
APE1-associated BER activity (1.2- and 1.3-fold respec-
tively) in the nuclear extract of spleens, compared to the con-
trols, following aniline exposure [86]. These increases were 
also observed in transcriptional and translational regulation 
level of NTH1 and APE1. APE1, in comparison to NTH1, 
showed greater mRNA and protein expression, higher BER 
activity, and stronger immunoreactivity because of greater 
production of AP sites as a substrates for APE1 following 
aniline exposure [86]. Thus the increased BER activity of 
APE1 and NTH1 and reported NEILs and OGG1, represent a 
compatible response against aniline inducedDNA damage 
and could be a crucial mechanism for the removal of oxida-
tive DNA lesions. 

2.4. Inflammation and Fibrosis: Up and Downstream 
Modulation 

 Oxidative stress disturbs the cellular redox status, caus-
ing oxidative damage to cellular molecules and changing 
gene expression, likely through post-transcriptional modifi-
cation of redox-sensitive transcription factors (TFs) [89]. 
TFs are low-molecular-weight proteins that regulate gene 
expression through binding with promoter regions of the 
genes [90]. Two of important redox-sensitive TFs are Nu-
clear factor-қB (NF-κB) and Activator protein 1 (AP-1), 
which can regulate transcription of a variety target genes 
involved in fibrosis, inflammation, and cell proliferation 
[91]. Aniline inducediron overload and/or oxidative stress 
was showed to result in activation of both NF-κB and AP-1 
in splenocytes, which is correlated with upstream signaling 
pathways involving MAPKs and IKK and activation of 
downstream factor such as cytokines [8, 92]. These activa-
tion coupled to carcinogenesis by regulation of genes in-
volved in cell proliferation, transformation and angiogenesis 
[90]. Thus, an early activation of TFs following aniline ex-
posure could lead to inflammatory/ fibrogenic and carcino-
genic responses in the spleen (Fig. 2). 

 Increases in lipid peroxidation such as malondialdehyde–
protein adducts in the spleen after repeated-dose treatment 
with aniline were also associated with higher transforming 

growth factor-beta1 (TGF-β1) mRNA that suggesting a cor-
relation between oxidative stress and the up-regulation of 
TGF-β1 synthesis [93]. Indeed, aniline induced lipid peroxi-
dation and/or lipid peroxidation-derived reactive aldehydes, 
caused overexpression of cytokines. Interleukin-1 (IL-1), 
interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-
α) are the major inflammatory cytokines among various cy-
tokines, and known to stimulate extracellular matrix produc-
tion and fibroblast proliferation [94]. Aniline treatment re-
sulted in overexpression of these three cytokines (IL-1a, IL-
6, and TNF-α) at both mRNA and protein levels in the spleen 
[92]. Up-regulation of these genes in splenocytes under ex-
posure conditions induce fibrogenic response and suggest 
their contribution in initiating and/or developing splenic fi-
brosis. Activation of NF-κB along with up-regulation of pro-
inflammatory and pro-fibrogenic cytokines and increases in 
lipid peroxidation [9, 27] suggests an association between 
oxidative stress and induction of these cytokines, observation 
that supported by [93]. 

 AP-1 is a redox-sensitive early responsive transcription 
factor and play a critical role in regulation of a diversity 
downstream target genes including fibrogenic, inflammatory 
and cell proliferation genes [95]. AP-1 consists of Jun/ Fos 
dimers that have different Jun proteins (c-Jun, JunB, and 
JunD) and Fos proteins (c-Fos, FosB, Fra-1, Fra-2, and FosB2) 
[96]. Different agents which are known to produce ROS 
have also been shown to modulate AP-1 activation [97]. 
Oxidative stress modulate the activation of AP-1 through a 
diversity of mechanisms, including the phosphorylation of c-
Jun or c-Fos by MAPK, or oxidative/reductive modification 
of the cysteine residues in DNA-binding sites of both c-Jun 
and c-Fos [98]. Aniline induced oxidative stress led to acti-
vation of AP-1, which was evident by the p-c-Jun-based 
ELISA and Western blot analysis [8]. Among TFs, NF-κB is 
considered as primary oxidative stress-responsive transcrip-
tion factor, which is involved in transcriptional regulation of 
variety genes including those for growth factors and cytoki-
nes [99]. NF-κB consists of two subunits, a 50-kDA protein 
(p50) and a 65-kDA protein (p65). Transcriptional activity of 
NF-κB depends on inhibitor-κB (IκB) phosphorylation as 
well as phosphorylation and inducible transactivation activ-
ity of p65 [100]. Studies have shown that phosphorylation of 
multiple serine sites in p65 increase the transcriptional sus-
ceptibility of NF-κB in the nucleus [100]. In a normal state, 
NF-κB is present in the cytoplasm as non-active form and 
linked to its inhibitor, IκB, through the p65 unit [101]. Fol-
lowing stimulation with one or more stimulatory agents, IκB 
is phosphorylated (p-IκB), ubiquitinated and finally de-
graded by the ubiquitin-proteasome [102]. Elimination of 
IκB results in releasing NF-κB in an activated state and per-
mits translocation of it into the nucleus where it binds to the 
cognate DNA binding sites and induces transcription [103]. 
Aniline induced phosphorylation of both p65 and IκB 
subunits result in NF-κB activation in the spleen. Increased 
phosphorylation of p65 (Ser 536) and enhanced p-IκB with 
contemporary decreases in total IκB suggest that aniline in-
ducedoxidative stress has a direct effect on NF-κB transacti-
vation. Thus, activation of AP-1 along with NF-κB as a criti-
cal signal transduction mechanism could regulate transcrip-
tion of a variety of genes in the spleen. 
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 The change in cellular redox status due to oxidative stress 
can alter many signalling pathways, such as the activation of 
IκB kinase (IKK) and mitogen-activated protein kinases 
(MAPKs) [104]. Multiple kinases phosphorylate IκB at par-
ticular N-terminal serine residues [105]. Among these 
kinases, the most studied are IκB kinase, IKKα and IKKβ, 
which are serine/threonine kinases [106]. Aniline treated rats 
showed remarkable increases in both p-IKKα and p-IKKβ, 
which along with increased phosphorylation of p65 and IκB 
subunits suggest that both p65 and IκB could be the sub-
strates for the IKK complex in the upstream signalling 
events of NF-κB activation [8]. Aniline exposure also led to 
increases in p-ERK (p-ERK1, p-ERK2), p-JNK (p-JNK1, p-
JNK2) and p-p38 MAPK. MAPKs are essential intermedi-
ates in signalling events that have been linked to activation 
of TFs, cytokines and fibrogenic gene expression [107]. All 
three MAPKs are implicated in NF-κB activation through 
phosphorylation of IκBα [108]. The p65 subunit of NF-κB 
also phosphorylate by MAPKs [109]. AP-1 activation could 
also regulated by the activation of MAPKs, involving three 
major pathways of stress-activated protein kinases/c-jun 
NH2-terminal kinases (JNKs), extracellular signal-related 
kinases (ERKs) and p38 MAPK at multiple levels [3, 97]. 
Such findings support by studies where the AP-1 activation 
and IL-6 mRNA expression inhibited in cells pretreatment 
by specific inhibitors of ERK and p38 MAPK [110]. There-
fore, it is reasonable to expect that capacity of aniline to ac-
tivate MAPKs contribute to transcriptional activation of cy-
tokine genes. 

 These observations suggest that activation of upstream 
pathways such as IKK, MAPKs and TFs (NF-κB, AP-1) is 

associated with simultaneous increases in gene transcription 
of TNF-α, and cytokines (IL-1, IL-6) which could initiate 
inflammation and fibrosis. Up-regulation of fibrogenic cyto-
kines in splenocytes [8] and up-regulation of TGF-β1 re-
ported earlier [93], could be important in initiation and/or 
developing of a fibrogenic response following aniline expo-
sure in spleen. These early molecular/signalling events fi-
nally lead to devastating effects including fibrosis and fibro-
sarcomas on continued exposure to aniline. 

3. NEUROTOXICITY OF ANILINE 

 Several neurological symptoms have been reported fol-
lowing acute aniline exposure such as confusion, headache, 
nausea, vomiting, tinnitus, vertigo, weakness, lethargy, 
ataxia, drowsiness or coma in humans [111]. Symptoms 
from chronic exposure include headaches, decreased body 
weight, visual disturbances, skin lesions and loss of appetite 
[29]. Furthermore, neurotoxicity effects of aromatic amines 
like aniline was discovered and called Excitement-Hypotony 
Syndrome [16]. However, the in vivo examination of the 
neurotoxicity effects of aniline has not been fully under-
stood, it has been shown that nitrobenzene (NB), a raw mate-
rial in the aniline production, induced encephalopathy in rats 
[112]. NB is produced via the reduction to aniline and hy-
droxylation to aminophenols. A single dosing or repeated 
dosing could induce nervous toxicity in rats which shown by 
intramyelinic vacuolation in the cerebellum and white matter 
of the brain stem [112]. Morgan et al. reported that NB-
related intramyelinic vacuolation was the reason of uncou-
pling mitochondrial oxidative phosphorylation that occurred 
in the oligodendrocytes [112]. Although, the occurrence and 

 

Fig. (2). Induction of signal transduction cascades and activation of transcription factors AP-1 and NF- B. Two major pathways, the NF- B 
(right) and the MAPK pathway (left) are activated by ROS after aniline exposure. Excessive reactive oxygen species (ROS) derived from 
iron accumulation activate MAPKs and IKK. Activated IKK phosphorylates IκB and leads to ubiquitination and proteasome degradation of 
IκB, releasing NF-κB proteins, such as p50 and p65. Activated MAPKs in other hand, activate AP-1. The free p50 and p65 and Jun/ Fos 
dimers translocate into nuclei and regulate transcription of a variety of genes including TNF, IL-1, IL-6 that finally induce inflammatory and 
fibrosis responses. (The color version of the figure is available in the electronic copy of the article). 
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severity of neurotoxicity was decreased at the same time of 
the recovery period during the study of repeated dose toxic-
ity [113]. The severity of lesions has been also decreased in 
recovering animals [114]. In another study, vacuolation of 
the spinal cord and cerebellum in the white matter, paralysis, 
ataxia, necrosis of Purkinje’s cells, as well as eosinophilic 
interstitial pneumonitis and muscular degeneration also ob-
served in rabbits after exposure to anilides and aniline-
derivatives [115]. The mechanisms of the neurotoxicity were 
shown to be related to eosinophil related allergic response or 
autoimmune toxicity [115]. However, the results showed no 
inflammatory responses in either skeletal muscles or nervous 
tissues in this study, and the normal range of white blood 
cells number was detected in rats after treatment with aniline. 

 It has been reported that some factors could play role in 
aniline-induced neurotoxicity such as the age of the animal 
when they are under treatment. Different ages cause differ-
ences in capacity of lipids which induces the separate re-
sponse between mature myelin and immature one [116]. 
Immature myelin with lower proportion of galactolipid and 
higher amounts of phospholipid change to the increased ga-
lactolipid within the age, and matures biochemically [116]. 
In addition, the synthetic activity of lipids remains high (for 
up to 30 days of age) in the myelin sheath that could be the 
reason of the age dependent neurotoxicity of aniline in rats 
[117]. 

 These findings have been shown by a single oral dose 
(750 or 1,000 mg/kg) administration of aniline which in-
duced neurotoxicity characterized by hindlimb paralysis or 
paralytic gait, and spongy change especially in the white 
matter from central nervous system (CNS) and degeneration 
of fibers in the peripheral nerves in 4-week-old rats aniline 
[17]. Besides that, no treatment related neurohistopathologi-
cal change, paralysis or paralytic gait were found in older 
ages (7- or 10-week-old rats) after receiving 800 mg/kg of 
aniline. The same changes were found between days 8 and 
15 in the clinical observation of the 4-week-old rats which 
treated once with a bolus dose (1000 mg/kg) of aniline [118]. 
Histopathologic examination showed spongy change in the 

white matter of the spinal cord in all rats receiving 1000 
mg/kg of aniline and the most sensitivity of the thoracic level of 
the spinal cord than the other central nervous tissues (Fig. 3). 

 Oligodendrocyte as a member of nervous system could 
also be affected in aniline induced neurotoxicity. It is con-
sidered as a possible primary target of aniline with transient 
toxic effect of aniline after a single dosing [118]. The recent 
in vitro study showed that oligodendrocytes are most sensi-
tive to oxidative stress among the glial cells [119]. Petito et 
al. also reported that oligodendrocytes are more sensitive to 
short cerebral global ischemia than neurons in specific brain 
regions of rats [120]. These are in parallel to the results of 
the remyelination in the white matter of the CNS tissues and 
short-term paralysis in the clinical observation [118]. Ac-
cordingly, the effect of ROS could not be missed in the ani-
line neurotoxicity. Production of intramyelinic vacuolation 
in the cerebellum and white matter of the brain stem after 
aniline and aniline derrivatives exposure in rat is the result of 
the inhibition of mitochondrial oxidative phosphorylation in 
the oligodendrocytes [17, 112]. Regular production and sup-
ply of myelin sheath are dependent on the oligodendrocytes. 
Thus, the impairment of the function of oligodendrocytes 
could easily lead to the loosening of intraperiod region of the 
myelin sheath [121]. As a result, the uncoupling mitochon-
drial oxidative phosphorylation prevents the ATP produc-
tion, and therefore, the disturbance of the transmembranous 
energy bound electrolyte transport will be occurred [122]. 

 In overall, although there is some information about ani-
line related neurotoxicity as described above, the excact 
mechanism is unclear. 

CONCLUSION 
 Induction of cancers because of exposure to environ-
mental factors, including chemicals agents has been reported 
by epidemiologists and clinicians more than two centuries 
ago. Aniline as widely used industrial chemical can be a risk 
factor to humans either through occupational exposure 
and/or environmental pollutants. Important routes of expo-
sure have been through pesticide residues, pharmaceuticals, 

 

Fig. (3). Photomicrographs of the thoracic spinal cord of rats after single injection of aniline at 4 weeks of age and post-treatment day 15. (a) 
Severe spongy change in the white matter in rat after 1,000 mg/kg injection of aniline. HE. × 50. (b) Vacuoles in the the white matter of rat 
after 750 mg/kg injection of aniline. HE. × 70 [17]. 
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cosmetics, colorants used in food, and cigarette smoke. Ex-
posure to aniline and/or divers substituted anilines are shown 
to induce splenic toxicity and neuron toxicity in rats. Acute 
exposure to aniline could induce methemoglobinemia, hemo-
lytic anemia and hemolysis. It is generally assumed that 
damaged erythrocytes which are scavenged by the spleen, 
eventually would initiate a chain of toxic events in the 
spleen. Probably, the most important outcome of these 
events is the release of iron which catalyzes tissue damaging 
free radical reactions in the spleen. These damages are char-
acterized by fibrosis, hyperplasia, and alterations in capsular 
cell morphology, splenomegaly, and the consequent forma-
tion of highly mesenchymal tumors or malignant soft tissue, 
most commonly fibrosarcomas which is pathologic precur-
sors of tumorigenesis. Based on previous studies, sple-
nomegaly and splenotoxicity could be associated with iron 
overload, oxidative and nitrosative stress, induction of redox 
sensitive transcription factors and, finally cancer in spleen. 
Iron overload is also correlated with carcinogenesis both in 
animal models and human diseases such as genetic hemo-
chromatosis and asbestosis. Aniline induces the significant 
increases in free iron as well as total iron content. Iron is 
redox active molecule which could promote the production 
of harmful oxygen species through the Fenton reaction. Fur-
thermore, aniline exposure significantly results in upregula-
tion of iNOS in the spleen which correlate to increased ni-
trated protein. The nitrosative modification of varies proteins 
such as skeletal proteins, enzymes, protein synthesis and 
signaling pathways suggest the important effect of nitrosa-
tive stress in the toxicity of spleen in aniline threated rats. 
Iron overload is also associated with increases protein oxida-
tion, lipid peroxidation and malondialdehyde–protein ad-
ducts that are the critical link between fibrogenesis and tis-
sue injury. Aniline induced oxidative stress correlates to en-
hanced production/expression of inflammatory and/or fibro-
genic cytokines like IL-1a, IL-6, and TNF-a through induc-
tion of redox sensitive-transcription factor NF-κB and AP-1 
which correlated to fibrosis. Activation of AP-1 and NF-κB 
is depend on phosphorylation of proteins in the upstream 
signaling pathway [MAPKs (p38, ERK1/2 and JNK1/2) and 
IKKα/β], which leads to up-regulation of pro-inflammatory 
and pro-fibrogenic cytokines. 

 Iron formation in the spleen of aniline exposure rats, fol-
lowing with enhanced oxidative stress may serve as reason 
of increased proliferation and/or recruitment of splenocytes 
associated with splenomegaly. Cell cycle progression has an 
important role in cell proliferation and aniline could deregu-
late cell cycle modulator. These modifications include, over-
expression of cyclins, enhancement of CDK activity and 
phosphorylation of pRB that are needed to develop cell cycle 
entrance from G0, progression through the G1 phase and 
development from G1 into S phase. Iron overload in spleen, 
also result in increased expression of the G2/M regulators, 
specifically overexpression of p-CDK1 and cyclin B1 and 
knockdown of CDK inhibitors (p21, p27) following aniline 
exposure that result in uncontrolled cellular proliferation. 
Aniline induced oxidative stress also leads to DNA base al-
terations like abasic sites, oxidized bases, and single strand 
breaks. Increased 8-OHdG levels and G→T transversions 
have also shown after repeated exposure to aniline. These 
oxidative DNA damage associated with mutagenic and nu-

merous pathological conditions, including cancer. Repair-
men of oxidized DNA damage due to ROS insult is mainly 
dependent on the activities of BER enzymes, including 
OGG1, NTH1, NEILs, APE1 and polynucleotide kinase 
(PNK), which can effectively remove such lesions. Aniline 
exposure induces the NEIL1/2-associated BER activity and 
NEIL1/2 gene up-regulation, 8-OHdG-specific lyase (OGG1) 
activity and NTH1- and APE1-mediated repair activities. The 
elevated BER activity of mentioned enzymes may represent 
an adaptive response against ROS-induced DNA damage in 
aniline exposure. 

 Neurotoxicity is another toxic effect of aniline whit dif-
ferent outcome such as weakness, confusion, headache, 
ataxia and drowsiness in humans. Anilides derivatives like 
aniline have an effect on various part of neuron system, es-
pecially oligodendrocytes which are damaged by single oral 
dosage in 4-week-old rats. Oligodendrocytes considered as a 
more sensitive member among glial cells to oxidative stress 
and ischemia could be affected by aniline and results to the 
loosening of intraperiod region of the myelin sheath and 
vacuolation in the white matter of CNS. 

 Our review specifically focuses on known mechanism by 
which aniline exerts its toxic effects in the spleen and neuron 
system of rat. This review will help us to better understand-
ing the probable mechanisms of clinical toxicity of aniline in 
the future. However, the exact molecular mechanisms need 
to be examined in view of occupational and environmental 
human exposure to aniline and related chemicals. 

LIST OF ABBREVIATIONS 
8-OHdG = 8-hydroxy-2′-deoxyguanosine 

AP-1 = Activator protein 1 

APE1 = Apurinic/apyrimidinic endonuclease 

CNS = Central nervous system 

E2F = E2 transcription factor 

HHE = 4-hydroxy-2-hexenal 

HNE = 4-hyroxynonenal 

IKK = IκB kinase 

IL-1 = Interleukin-1 

IL-6 = Interleukin-6 

MAPKs = Mitogen-activated protein kinases 

MDA = Malondialdehyde 

NB = Nitrobenzene 

NEIL1/2/3 = Nei-like DNA glycosylases 

NF-κB = Nuclear factor-қB 

NTH1 = Endonuclease III homologue 1 

OGG1 = 8-oxoguanine glycosylase 1 

PNK = Polynucleotide kinase 

pRB = Retinoblastoma proteins 

RNS = Reactive Nitrogen Species 
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ROS = Reactive Oxygen Species 

TNF-α = Tumor necrosis factor alpha 
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