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The widespread use of oxidative hair colouring cosmetics threatens public health. Phenylenediamine 
derivatives serve as the main pigment in permanent hair colours. They interact with biological 
macromolecules, altering their functional and structural physiology. The study aimed to investigate 
the effect of a typical synthetic hair dye pigment, 4-Chloro-orthophenylenediamine (4-Cl-OPD), under 
a nitrating environment of DEANO on the calf thymus DNA molecule. The results showed single-
stranded regions, base/sugar-phosphate backbone alterations, molecular changes, and nitro-oxidative 
lesions. These modifications are referred to as neo-epitopes on the DNA molecule. IgGs from cancer 
patients with a history of permanent hair dye use were screened for the recognition of neo-epitopes on 
DNA molecules. Hepatocellular carcinoma IgG showed the highest binding with 56% inhibition in the 
competition ELISA. The immune complex formation was observed through electrophoretic mobility 
shift assay. In conclusion, synthetic hair dye users are likely to present with heightened immunological 
triggers under elevated nitric oxide levels. The study reports chronic hair dye exposure as one of the 
factors responsible for altering the intricacies of the DNA’s microarchitectural structure and inducing 
neo-epitopes on the molecule. The physiological status of NO may define the susceptibility towards 
4-Cl-OPD and humoral response in hair dye users. Persistent nitro-oxidative stress due to 4-Cl-OPD and 
NO may induce a heightened immune response against neoepitopes in the nitro-oxidatively modified 
DNA. Therefore, chronic hair dye exposure may be identified as a risk to human health. These findings 
may contribute to a better understanding and reinforcement of hair dye as one of the modifiable risk 
factors responsible for the pro-inflammatory carcinogenic environment.
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Recent evidence from experimental and population-based studies has indicated that various chemicals, 
including cosmetic hair dyes, pigments, photographic and xerox inks, etc., are the potential skin sensitizers 
that induce allergic reactions1–3. Among the mentioned commodities, hair coloring products have gained the 
attention of the scientific and research community. Globally, people are voluntarily exposed to these cosmetic 
ingredients. The preference for permanent hair color is increasing, irrespective of gender and economic status4–6. 
The concern regarding these synthetic hair colouring products also arises because the International Agency for 
Research on Cancer (IARC) has asserted that certain hair dyeing chemicals are mutagenic and probably could 
be carcinogenic in animals and the exposed human population7,8.

Phenylenediamines (PDs) and their isomers, like para-phenylenediamine (PPD), ortho-phenylenediamine 
(OPD), and meta-phenylenediamine (MPD), are the most widely used precursors in synthetic oxidative hair 
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dye preparations1,9. Upon dermal exposure, these dye precursors induce allergic reactions in rats and sensitize 
the immune system, stimulating effector T-cells10,11. The ability of PDs to activate the immune system is thought 
to arise from the unstable and auto-oxidative nature of these compounds12,13. PDs autoxidize in the presence 
of molecular oxygen to form self-conjugates that, on rearrangement, form a mutagenic compound known as 
Bandrowski’s base (BB)11. The hair dye components and their metabolites undergo detoxification in the liver 
before they are cleared from the system. The detoxification process mainly involves the acetylation of their amino 
group14. However, the addition of an electrophilic group like halogen increases stability and interferes with the 
detoxification process1,15,16. Studies have reported that PPD-containing hair dyes were detected in the urine after 
48 h of the dye application, and approximately 85 percent of the amount collected in 48 h was released in the first 
twenty-four hours17. White et al. 2006, found that the PPD equivalent remained in the stratum corneum for up 
to 3 days following a single application of about 5 min18. These findings and other supporting literature point 
toward the potential health hazards of chronic exposure to synthetic oxidative hair dyes.

4-Chloro-orthophenylenediamine (4-Cl-OPD), a halogenated synthetic derivative of OPD, is commonly 
used to impart a permanent dark, luscious color ​(​​​h​t​t​p​​s​:​/​/​w​w​​w​.​t​g​a​.​​g​o​v​.​a​u​​/​r​e​s​o​​u​r​c​e​s​/​​p​u​b​l​i​c​​a​t​i​o​n​/​​s​c​h​e​d​​u​l​i​n​g​-​​d​
e​c​i​s​i​​o​n​s​-​i​n​​t​e​r​i​m​/​p​u​b​l​i​c​a​t​i​o​n​-​i​n​t​e​r​i​m​-​d​e​c​i​s​i​o​n​s​-​a​m​e​n​d​i​n​g​-​o​r​-​n​o​t​-​a​m​e​n​d​i​n​g​-​c​u​r​r​e​n​t​-​p​o​i​s​o​n​s​-​s​t​a​n​d​a​r​d​-​f​e​b​r​u​a​
r​y​-​2​0​1​9​/​3​1​-​2​-​c​h​l​o​r​o​-​p​-​p​h​e​n​y​l​e​n​e​d​i​a​m​i​n​e​​​​​, http://delloyd.50megs.com/hazard/carcinogens.html, ​h​t​t​p​s​:​​/​/​n​o​e​l​​l​e​
s​a​l​o​​n​.​c​o​m​​/​b​l​o​g​s​/​h​a​i​r​-​c​o​l​o​r​-​s​t​y​l​e​/​a​v​o​i​d​i​n​g​-​t​h​e​-​r​i​s​k​s​-​t​o​x​i​c​-​c​h​e​m​i​c​a​l​s​-​i​n​-​h​a​i​r​-​d​y​e​​​​​)​.​​

This derivative can penetrate the skin and enter systemic circulation19–21. Studies have also reported that 4-Cl-
OPD acts by producing reactive oxygen species (ROS)22,23. Reactive nitrogen species (RNS) and ROS are potent 
molecules that interact with and damage various cellular components like nucleic acids, proteins, and lipids24–26. 
It is widely documented that ROS and RNS cause oxidative, nitrosative, and nitro-oxidative DNA damage leading 
to carcinogenesis27. The appearance of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-dG) is the hallmark of 
oxidative damage to DNA27,28. Endogenously nitric oxide (NO) is produced constitutively by endogenous nitric 
oxide synthase (eNOS) and neuronal nitric oxide synthase (nNOS), whereas, during stress, inducible nitric 
oxide synthase (iNOS) contributes to the increased plasma levels of NO in the human system. Nitric oxide is 
a mediator of pro-inflammatory responses, and its levels are increased aberrantly during inflammation and 
carcinogenic transformations. Excessive production of NO is implicated in various pathological conditions like 
sepsis, allergies, ischemia, diabetes, and Alzheimer’s disease, as well as in cancers28–32. NO reacts with superoxide 
(O2

.–) to generate the highly damaging free radical peroxynitrite (ONOO-), which can interact with DNA and 
results in the formation of 8-oxo-dG and 8-nitro-guanine, the markers of nitro-oxidative DNA damage28,29. The 
presence of 8-nitro-guanine in DNA creates lesions on the nucleic acid molecule that results in the formation of 
apurinic sites and cause G: C to T: A transversions33–36.

Detailed investigations from our lab confirmed structural, conformational alterations and the damaging 
action of 4-Cl-OPD on human serum albumin (HSA) and DNA22,23,37. Though a number of studies point towards 
the genotoxic and cytotoxic nature of synthetic hair dye precursors, the evidence for the association between hair 
dye use and cancer development stands weak38–40. This study, in continuation of our earlier work, tries to explore 
the synergistic effect of nitric oxide and 4-Cl-OPD on calf thymus DNA. The study is mainly focused on two 
aspects: (a) Quantification of the neo-epitopes and (b) screening the binding specificity of antibodies isolated 
from different groups of cancer patients with a history of permanent hair dye use (≥ 5 years, at least a month).

Native calf thymus DNA (nCT-DNA) was treated with 4-Cl-OPD and a NO donor diethylamineNONOate 
sodium salt dihydrate (DEANO). The structural modifications incurred on the DNA molecule were characterized 
through biophysical techniques. The quantitative analysis of the free radicals involved during the interaction 
of NO, 4-Cl-OPD, and DNA was identified with the help of free radical scavenger assays. Direct binding and 
competition ELISA were used to screen and quantify the binding specificity of cancer IgG against the neo-
epitopes on the DNA molecule. The antigen and antibody complex were visualized through an electrophoretic 
mobility assay. This research could provide an anticipated in-depth biochemical understanding of hair dye 
exposure to DNA and, in the future, shed light on identifying hair dye containing 4-CL-OPD as one of the 
factors for inflammatory carcinogenesis.

Results
Biophysical characterization of native DNA and DNA treated with NO and 4-Cl-OPD
UV–vis and fluorescence spectroscopy
The peak at 260 nm was observed for nCT-DNA and all the modified forms of DNA. A Hyperchromicity of 
10.3% was observed in the case of NO-DNA. However, 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA exhibited a 
significant hyperchromic change of 22.56% and 45.2%, respectively. This increase in hyperchromicity may be 
due to the unwinding of the duplex DNA, which results in unstacking of the nitrogenous bases. Exposure of 
unstacked bases to UV light results in increased absorbance. The UV profile of 4-Cl-OPD-NO-DNA showed a 
small peak around 400 nm, which may correspond to the formation of 8-nitroguanine, a nitrosative DNA lesion 
(Fig. 1A). DNA is nonfluorescent in nature. Therefore, an external chromophore, a DNA intercalator ethidium 
bromide (EtBr), was used to study the effect of NO and 4-Cl-OPD on the structure of the DNA molecule. A 
decrease in fluorescence intensity (23.9%) was seen when the DNA was treated with 4-Cl-OPD (100 μM)22. 
However, the coincubation of DNA with 4-Cl-OPD (100  μM) and DEANO (20  μM) further decreased the 
fluorescence to 46.08%. This decreased fluorescence could be attributed to reduced EtBr intercalation due to the 
DNA helix’s perturbed structure. In Fig. 1B (NO-DNA), no significant fluorescence quenching was observed.

Nuclease S1 digestibility assay to detect the presence of single-stranded regions on native and DNA treated with 
4-Cl-OPD and DEANO
Nuclease S1 is an endonuclease that preferentially cleaves single-stranded nucleic acids, leaving only a double-
stranded form of DNA. Here, significant digestion was observed (decreased fluorescence intensity with increased 
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migration of the DNA) when 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA were treated with S1. More pronounced 
digestion by nuclease S1 was observed for 4-Cl-OPD-NO. However, no digestion was obtained when NO-DNA 
and nCT-DNA were treated with nuclease S1 (Fig. 2).

FTIR spectroscopic analysis to identify changes in the characteristic functional groups of the DNA at the molecular 
level
FTIR spectroscopy was used to identify changes incurred on nCT-DNA in the presence of NO, 4-Cl-OPD alone, 
and in combination. Also, it analyzed the nature of interactions between DNA and ligands (4-Cl-OPD and NO). 
The spectra were recorded in the vibration range of 800–1800 cm-1. The marker absorption bands for nCT-
DNA were intact and detected at 896, 1217, 1493, and 1713 cm-1. These absorption bands lie in the three major 
regions for FTIR spectra of DNA, i.e., 1800–1500 cm-1 (purine and pyrimidine ring vibration), 1500–1250 cm-1 
(DNA backbone; base–sugar vibration) and 1250–800 cm-1 (deoxyribose stretching, symmetric and asymmetric 
phosphate groups). The FTIR spectra of NO-DNA showed peaks at 894, 1217, 1490, and 1714 cm-1, which are 
quite close to that of nCT-DNA. Whereas, the FTIR spectra of 4-Cl-OPD-DNA showed a slight change in the 
deoxyribose ring vibration (896 cm-1 to 899 cm-1), a shift of 3 cm-1 was observed when DNA was treated with 
4-Cl-OPD. The signal at 1217 cm-1 was shifted to 1220 (a shift of 3 cm-1), indicating changes in the phosphate 
asymmetric stretching of the DNA backbone. No significant shift was observed in the region corresponding to 
cytosine ring vibrations, 1493 cm-1 to 1492 cm-1. The absorption signal at 1713 cm-1 shifted to 1709 cm-1 in the 
4-Cl-OPD-DNA, signifying slight vibrational shifts of guanine residues (Table 1). More pronounced changes 
were seen in the case of 4-Cl-OPD-NO-DNA, where the signal for deoxyribose shifted from 896 to 901 cm-1 
(5  cm-1 shift). 1217 to 1223  cm-1 (6  cm-1 shift) and 1713 to 1707  cm-1 (6  cm-1 shift); no significant shift in 
wavelength of the signature peak for cytosine residues was found (Fig. 3).

Free radical quenching assays
Free radical quenchers were used to identify the type of free radicals involved in modifying the DNA treated 
with DEANO or 4-Cl-OPD and in combination. 47 and 35% inhibition was observed when SOD was used as a 
scavenger in case of 4-Cl-OPD and 4-Cl-OPD with DEANO treatment respectively. When PTIO (nitric oxide 
trapping agent) was used as the quencher, strong inhibition was achieved in 4-Cl-OPD-NO-DNA samples (51%) 
and only 6% in the case of DNA treated with 4-Cl-OPD alone. No significant inhibition in modifications was 
seen in 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA when scavengers for hydroxyl radicals were used (DMSO 
and D-mannitol), suggesting, hydroxyl radicals are not involved in either of the conditions. Antioxidants like 
uric acid and ascorbic acid were also used as quenchers and showed significant inhibition in the modifications. 
The modifications in 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA were inhibited by 31% and 42%, respectively, 
in presence of uric acid, whereas the inhibition was around 33% and 39%, respectively, with ascorbic acid. The 
results indicate superoxide to be the main radical involved in modifications of 4-Cl-OPD-DNA. In the presence 

Fig. 1.  (A) Absorbance spectra of nCT-DNA (Blue colour filled circle), nCT-DNA treated with 20 µM 
DEANO (NO-DNA, green colour filled diamond), nCT-DNA treated with 100 µM 4-Cl-OPD (4-Cl-OPD-
DNA, red colour filled triangle) and nCT-DNA treated with 100 µM 4-Cl-OPD + 20 µM DEANO (4-Cl-OPD-
NO-DNA, brown colour filled square). (B) Fluorescence emission spectra of native calf thymus DNA (brown 
cross), NO-DNA (red colour filled circle), 4-Cl-OPD-DNA (green colour filled triangle), and 4-Cl-OPD-NO-
DNA (blue colour filled diamond). Ethidium bromide (2.5 µg /ml) was used as the external chromophore 
(violet cross). The excitation wavelength used was 325 nm.
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of superoxide radicals, nitric oxide may produce peroxynitrite that could act as the main culprit for alterations 
in the DNA molecule when treated with both 4-Cl-OPD and NO donor (Fig. 4).

High-performance liquid chromatography (HPLC) of native DNA and DNA treated with 4-Cl-OPD, DEANO, and 
combined action of DEANO and 4-Cl-OPD
The HPLC chromatograms of standard 8-hydroxy-2′-deoxyguanosine and 8-nitroguanine show a retention time 
of 10.515 and 9.183 (Fig.  5A and B, respectively). HPLC chromatogram of acid-hydrolyzed nCT-DNA gave 
peaks at a retention time of 4.866, 5.741, and 7.75 min (Fig. 5C). While NO-DNA gave peaks at 4.283, 5.83, and 
8.57 min (Fig. 5D), indicating no significant change. The acid hydrolysates of 4-Cl-OPD-DNA showed peaks 
at 4.083 and 5.233 min, and an additional peak at 10.288 min was seen (Fig. 5E); this new peak corresponds 
to 8-oxo-dG formation. The hydrolyzed 4-Cl-OPD-NO-DNA sample gave peaks at a retention time of 4.158, 
5.291, 9.308, and 10.691 min (Fig. 5F). An additional peak at 9.308 min in the 4-Cl-OPD-NO-DNA sample is 
characteristic of 8-nitroguanine formation.

Immunological studies on antibodies isolated from the sera of cancer patients
Screening of circulating peripheral cancer antibodies with native and modified forms of DNA through direct 
binding ELISA
The sera from cancer patients (n = 264) were grouped according to the type of cancer. ELISA was performed on 
all the groups, i.e. non-Hodgkin’s lymphoma; NHL (n = 27), Hodgkin’s lymphoma; HL (n = 30), hepatocellular 
carcinoma; HCC (n = 35), cervical cancer; CVC (n = 30), urinary bladder cancer; UBC (n = 33), lung cancer; 
LC (n = 29), breast cancer; BRC (n = 29), prostate cancer; PC (n = 25), and gall-bladder cancer; GBC (n = 26) 
(Fig. 6). Normal human serum served as control. Cancer antibodies from hepatocellular carcinoma and urinary 
bladder cancer showed high binding with the modified forms of DNA i.e., 4-Cl-OP-DNA and 4-Cl-OPD-NO-

FTIR wave numbers in cm–1

DNA samples Deoxyribose ring vibrations Symmetric and asymmetric phosphate group stretching Cytosine ring vibrations Guanine ring vibrations

nCT-DNA 896 1217 1493 1713

NO-DNA 894 1217 1490 1714

4-Cl-OPD-DNA 899 1220 1492 1709

4-Cl-OPD-NO-DNA 901 1223 1491 1707

Table 1.  Shift in FTIR wave numbers for different modified forms of DNA.

 

Fig. 2.  Nuclease S1 digestion assay. Lane 1: nCT-DNA; lane 2: nCT-DNA + S1 nuclease; lane 3: NO-DNA; lane 
4: NO-DNA + S1 nuclease; lane 5: 4-Cl-OPD-DNA; lane 6: 4-Cl-OPD-DNA + S1 nuclease; lane 7: 4-Cl-OPD-
NO-DNA; lane 8: 4-Cl-OPD-NO-DNA + S1 nuclease. S1 digestion was carried out at 20 units/µg DNA. Each 
lane contains 1 µg of DNA.
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DNA, with a p-value of < 0.0001 in both cases. However, on comparing the level of binding specificity between 
HCC and UBC, the hepatocellular carcinoma IgG showed significantly higher binding in the order 4-Cl-OPD-
NO-DNA (p-value < 0.0001) > 4-Cl-OPD-DNA (p-value = 0.0006). ELISAs performed on antibodies present in 
the sera of non-Hodgkin’s lymphoma, Hodgkin’s lymphoma, cervical, lung, gall bladder, prostate, and breast 
cancer did not show appreciable binding with either of the modified forms of DNA (Fig. 6A).

To access and quantify the specificity of cancer autoantibodies towards epitopes induced on the DNA 
molecule because of treatment with DEANO or 4-Cl-OPD, and DEANO along with 4-Cl-OPD, competition 
ELISA was performed on the IgG extracted from the sera of the high binding group of cancers i: e, Hepatocellular 
carcinoma, and urinary bladder cancer. This binding was followed by the lung cancer sera group although it was 
not significant, but we have included this group along with HCC and UBC group for further analysis.

Isolation of IgG from the sera of the hepatocellular, urinary bladder, and lung carcinoma patients
The antibodies were isolated with the help of the Protein-A agarose affinity column, the normal human sera, and 
the sera of patients with hepatocellular carcinoma, urinary bladder, and lung cancers were used here. A single 
peak of purified IgG was observed at 280 nm (Fig. 6B).

The serum samples showing high binding in direct binding ELISA were pooled for IgG isolation.

Estimation of the binding specificity of cancer sera/IgGs through competition ELISA
Cancer sera and purified IgG from the sera of hepatocellular carcinoma, urinary bladder, and lung cancer 
patients were assessed for their binding specificity towards nCT-DNA and the modified DNAs by competitive 
inhibition ELISA.

When 4-Cl-OPD-DNA was used as an inhibitor in increasing concentrations (0 to 20 µg/ml), the maximum 
inhibition obtained was 42.5 ± 2.39%, 36.01 ± 4.1% and 34.82 ± 2.8 at 20 µg/ml of the inhibitor for hepatocellular 
carcinoma, urinary bladder, and lung cancer sera respectively. However, when 4-Cl-OPD-NO-DNA was used 
as an inhibitor at 20  µg/ml, an inhibition of 57.5 ± 2.46%, 44.6 ± 4.03%, and 33.98 ± 3.32 was obtained for 
hepatocellular carcinoma, urinary bladder, and lung cancer sera respectively (Table 2).

Competition ELISA performed using IgG from hepatocellular carcinoma, urinary bladder, and lung cancer 
patients’ sera showed inhibition of 44.78 ± 2.52%, 39.66 ± 1.21%, and 33.51 ± 2.0%, respectively, at 20 µg/ml 4-Cl-
OPD as an inhibitor. However, in the case when 4-Cl-OPD-NO-DNA was used as an inhibitor, an inhibition of 
56.46 ± 2.25%, 46.57 ± 1.54%, and 35.44 ± 1.22 was achieved with the respective IgGs (Table 3).

Estimation of total serum nitrite levels in patients with hepatocellular, urinary bladder, and lung cancer
For estimation of serum nitrite, the cancer patients were divided into three age groups: Group I (20–
30 years), Group II (31–40 years), and Group III (41–50 years). The total serum nitrite level in Group I was 

Fig. 3.  FTIR spectra of nCT-DNA (-), 4-Cl-OPD-DNA (green hyphen), NO-DNA (blue hyphen), and 4-Cl-
OPD-NO-DNA (brown hyphen).
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48.33 ± 2.08  µmol/l, 45.66 ± 0.56  µmol/l, and 42.56 ± 1.95 for hepatocellular carcinoma, urinary bladder, and 
lung cancer, respectively. The serum nitrite for the control was found to be 24.6 ± 0.471 µmol/l. In group II, 
the nitrite levels were 51.67 ± 3.72  µmol/l, 52.33 ± 0.57  µmol/l, and 52.45 ± 3.53  µmol/l, respectively. The 
nitrite level in the sera of this control group was 22.5 ± 1.52  µmol/l. In Group III, the nitrite levels were 
55.66 ± 1.15  µmol/l, 52.8 ± 1.154  µmol/l, and 51.34 ± 2.27  µmol/l, respectively. In the control samples, it was 
found to be 21.32 ± 1.73 µmol/l (Fig. 7).

Fig. 5.  HPLC chromatogram of standard 8-hydroxy-2′deoxyguanosine (A), standard 8-nitroguanine (B), 
acid hydrolyzed nCT-DNA (C), acid hydrolyzed NO-DNA (D), acid hydrolyzed 4-Cl-OPD-DNA (E) and acid 
hydrolyzed 4-Cl-OPD-NO-DNA (F).

 

Fig. 4.  Effect of free radical scavengers, antioxidants, and NO-trapping agent on the modification of DNA 
induced by 4-Cl-OPD and DEANO (NO donor molecule). The NO-trapping agent (PTIO), superoxide radical 
scavenger (SOD), hydroxyl radical scavenger (DMSO and D-mannitol), and antioxidants (ascorbic acid and 
uric acid) were used at different concentrations. Each bar represents the mean ± SD of 3 independent assays. 
*p-value of < 0.05 was considered statistically significant.
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Fig. 6.  (A) Direct binding ELISA of normal human sera (NHS) and various cancer patients’ sera i.e., non-
Hodgkin’s lymphoma (NHL), Hodgkin’s lymphoma (HL), hepatocellular carcinoma (HCC), cervical cancer 
(CVC), urinary bladder cancer (UBC), lung cancer (LC), breast cancer (BRC), prostate cancer (PC), and gall-
bladder cancer (GBC) to nCT-DNA, NO-DNA, 4-Cl-OPD-DNA, and 4-Cl-OPD-NO-DNA and comparative 
statistical analysis between HCC (brown colour filled square) and UBC (green colour filled square) antisera 
for higher binding specificity. The ELISA immuno-modules were coated with the respective antigens (2.5 µg/
ml). Statistical significance was calculated using two-way ANOVA- Sidak’s multiple comparison test, and 
results were presented as mean ± SEM, ****p < 0.0001; ***p = 0.0006. (B) Elution profile of IgG obtained from 
Hepatocellular carcinoma (A), Urinary bladder cancer (B), and lung cancer (C) patients’ sera on a protein-A 
agarose affinity column. Inset represents the purification band for the IgG molecule on SDS-PAGE.
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Detection of the antigen–antibody complex by electrophoretic mobility shift assay (EMSA)
IgG isolated from hepatocellular carcinoma patients showed the highest binding with modified forms of DNA in 
direct binding and competition ELISA. The serum nitrite level was also the highest for this case. So, to visualize 
the antigen–antibody complex formation between the pooled hepatocellular carcinoma IgG and the modified 
DNA samples, EMSA was performed.

To prepare the antigen–antibody complex, a constant amount of nCT-DNA or the modified DNA (0.5 μg) 
was incubated with increasing concentrations of IgG (0–60 μg). The samples were then electrophoresed, and 
the formation of the immune complex was observed in the gel by retarded mobility of the DNA band, mainly 
due to high molecular weight complexes formation. The retardation in the mobility was seen in the form of 

Fig. 7.  Serum nitrite levels in normal human serum (NHS), hepatocellular carcinoma, urinary bladder 
carcinoma, and lung carcinoma patients’ sera. Each bar represents the mean ± SD of 3 independent assays. 
*p-value of < 0.05 was considered statistically significant.

 

IgG samples Number of pooled IgGs#

Inhibitor used and percent inhibition calculated at 20 µg/ml of 
inhibitor ± standard deviation

nCT-DNA NO-DNA 4-Cl-OPD-DNA 4-Cl-OPD-NO-DNA

Normal human IgG 25 25.6 ± 0.967 24.39 ± 1.58 25.8 ± 1.95 26.89 ± 1.5

Hepatocellular carcinoma IgG 22 27.68 ± 1.22 27.73 ± 1.06 44.78 ± 2.52 56.46 ± 2.25

Urinary bladder cancer IgG 13 26.9 ± 1.92 25.53 ± 1.63 39.66 ± 1.21 46.57 ± 1.54

Lung cancer IgG 12 25.78 ± 1.8 26.74 ± 2.34 33.51 ± 2.0 35.44 ± 1.22

Table 3.  Competition ELISA of IgG isolated from normal human sera, hepatocellular carcinoma, urinary 
bladder, and lung cancer sera with nCT-DNA, NO-DNA, 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA at 20 µg/
ml of the respective antigen. #IgGs from sera showing appreciable interaction in direct binding ELISA were 
pooled.

 

The type of serum sample used The number of sera analyzed in each group#

Inhibitor used and mean percent inhibition calculated at 20 µg/ml 
of inhibitor ± standard deviation

nCT-DNA NO-DNA 4-Cl-OPD-DNA 4-Cl-OPD-NO-DNA

Normal human sera (NHS) 50 24.45 ± 2.55 22.54 ± 4.05 25.84 ± 3.5 28.69 ± 2.68

Hepatocellular carcinoma 32 32.6 ± 1.9 31.5 ± 3.2 42.5 ± 2.39 57.5 ± 2.46

Urinary bladder cancer 26 30.65 ± 3.8 29.5 ± 2.8 36.01 ± 4.1 44.6 ± 4.03

Lung cancer 14 26.38 ± 3.6 27.89 ± 4.21 34.82 ± 2.8 33.98 ± 3.32

Table 2.  Competition ELISA of circulating antibodies in normal human sera and sera from hepatocellular 
carcinoma, urinary bladder cancer, and lung cancer patients with nCT-DNA, NO-DNA, 4-Cl-OPD-DNA, and 
4-Cl-OPD-NO-DNA at 20 µg/ml of the respective antigen. #The number of sera includes high responders in 
direct binding ELISA.
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bright fluorescent bands in the case of the 4-Cl-OPD-DNA-IgG complex (Fig. 8B) and 4-Cl-OPD-NO-DNA-
IgG complex (Fig. 8D). However, no immune complex formation was observed when hepatocellular carcinoma 
IgG was allowed to interact with nCT-DNA or NO-DNA (Fig. 8A and C). EMSA for urinary bladder cancer 
antibodies also showed the formation of immune complexes with 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA. 
However, the retardation in the mobility and fluorescence intensity were less compared to hepatocellular 
carcinoma IgG.

Discussion
Epidemiological studies have provided weak evidence of the link between hair dye use and carcinogenicity3,5,41–43. 
4-Cl-OPD is a commonly used hair dye precursor in permanent formulations; it is linked to increased ROS 
production in vitro and in vivo, protein aggregation, genotoxicity, and cytotoxicity1,21–23. Studies have documented 
the increasing use of oxidative synthetic permanent hair-dying formulations in both sexes in the developing 
and developed world. Imbalanced ROS and enhanced NO production are associated with inflammatory 
conditions and cancer induction44–46. NO is the product of the enzyme nitric oxide synthase (NOS) activity 
on L-arginine. Among the family of NOS, two are constitutive (neuronal NOS and endothelial NOS), and one 
is an inducible form (i NOS). i NOS activity increases under stress and allergic responses. Pathologic increase 
in NO production is associated with many chronic human diseases. NO in the vicinity of ROS results in the 
generation of reactive nitrogen species (RNS) such as nitrogen dioxide (NO2), peroxynitrite (ONOO-), and 
dinitrogen trioxide (N2O3)47–49. Above the physiological levels, RNS leads to oxidative and nitrosative stress in 
the system. Peroxynitrite is a potential oxidant that can attack biological macromolecules like proteins, DNA, 
and lipids, resulting in cellular damage and toxicity50–52. DNA damage by ROS and RNS has been widely seen as 
one of the causes of cancer induction. 8-Oxo-dG and 8-nitroguanine are the markers of oxidative and nitrosative 
stress to DNA and were detected in various cancerous tissues and have been reported to show implications in 
cancer biology53,54.

Studies have documented and supported the role of nitro-oxidative stress-induced modifications and DNA 
adduct formation as potential biomarkers for studying cancer progression and its prognosis55,56. However, the 
role of 4-Cl-OPD-modified DNA under nitrosative stress in cancer immunology remains unexplored. Therefore, 
in continuation of our previous work on the effect of 4-Cl-OPD on calf thymus DNA and its characterization, 
this study aims to understand the synergistic action of 4-Cl-OPD and DEANO on the structure of DNA, detailed 
characterization of the modified forms of DNA and to probe for the presence of antibodies in a different group 

Fig. 8.  Electrophoretic mobility shift assay (EMSA) of affinity purified Hepatocellular IgG with (A) native calf 
thymus DNA, (B) 4-Cl-OPD-DNA, (C) NO-DNA and (D) 4-Cl-OPD-NO-DNA, 0.5 µg each was incubated 
with 0, 10, 20, 40 and 60 µg of isolated hepatocellular carcinoma IgG (lanes 1–5) under similar experimental 
conditions.
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of cancers that could identify the neoepitopes on DNA incited on treatment with 4-Cl-OPD and DEANO (NO 
donor). UV–vis spectroscopy of the modified forms of DNA showed significant hyperchromicity at 260  nm 
with a slight shift in wavelength pointing towards the exposure of nitrogenous bases due to the disruption of 
hydrogen bonding between the base pairs57. A second small peak at 400 nm was observed in the case of 4-Cl-
OPD-NO-DNA that may correspond to the formation of 8-nitroguanine52,58–60. These findings are in agreement 
with Pacher et al., where they have reported, NO as a fundamental mediator of cellular and macromolecular 
damage under different conditions. The same study reported that most of the cytotoxicity attributed to NO is due 
to peroxynitrite, produced from the reaction between NO and some other free radicals. They have also reported 
the role of NO and peroxynitrite in chronic inflammatory diseases and cancer. The formation of single-stranded 
regions in DNA could be another reason for increased absorption in the UV–vis region. Single-stranded regions 
in the DNA molecule do not allow the fluorescent probe, ethidium bromide intercalation. As a result, less 
fluorescent intensity of the modified DNA could be seen61. Quenching of fluorescence in the case of 4-Cl-OPD-
DNA and 4-Cl-OPD-NO-DNA could be due to the unwinding of the helical structure of DNA as a result of the 
disruption of hydrogen bonding and base modifications62. NO alone does not appear to be responsible for any 
structural alterations in the DNA molecule. However, in the presence of 4-Cl-OPD, NO synergistically led to 
alterations in the DNA. These changes were quite pronounced as compared to the changes induced by 4-Cl-OPD 
alone. Indicating that the modifications appear governed by the local concentration of NO.

The generation of single-strand breaks in modified DNA was confirmed by the increased migration and 
decreased fluorescence of the bands in the S1 nuclease digestibility assay. S1 nuclease cleaves single-stranded 
DNA regions but not dsDNA; the digested fragments migrate faster in the gel than dsDNA63. The increased 
migration of the modified DNA upon treatment with S1 nuclease indicates the presence of single-stranded 
regions in the modified forms of DNA (4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA). However, no single-
stranded regions were detected in nCT-DNA and NO-DNA. S1 digestion was more pronounced in 4-Cl-OPD-
NO-DNA than 4-Cl-OPD-DNA, suggesting that single-strand generation was more under the synergistic action 
of 4-Cl-OPD and NO due to nitro-oxidative stress27,64. The above findings are in corroboration with Murata et 
al., who have confirmed the DNA damaging and mutagenic action of hair dye components and have reported an 
association between occupational exposure to hair dyes and the incidence of cancers.

Nitroxidative stress on the DNA is reported to cause the deamination of guanine and cytosine residues. 
In the case of proteins, nitration of tyrosine residues and the formation of nitro-tyrosine residues have been 
reported65. Free radical scavengers were used to identify the moiety involved in altering the DNA structure 
when treated with 4-Cl-OPD and DEANO. Superoxide radical was found to be the mediator of DNA damage 
when 4-Cl-OPD alone was used. Modifications were prevented when SOD was used as an inhibitor in this 
reaction mixture. However, comparatively lower inhibition was achieved when SOD was used as an inhibitor 
under the co-incubated conditions (4-Cl-OPD + DEANO). This signifies that the contribution from superoxide 
radicals in DNA modifications is mediated under both conditions. NO released by DEANO reacts with O2

.- from 
4-Cl-OPD to form peroxynitrite (ONOO−). When PTIO was used as an inhibitor of NO under co-incubated 
conditions, maximum inhibition was achieved. This signifies that ONOO− appears to be responsible for the 
DNA modifications under the co-incubated condition. The role of hydroxyl radicals in DNA modification was 
not observed.

The structural alterations observed in DNA at the molecular level were further supported by FTIR 
spectroscopy. Here, the focus is on the vibrations for purine and pyrimidine rings, symmetric and asymmetric 
phosphate groups, and DNA base-sugar vibrations66. The shift in wave number 1713  cm-1 of nCT-DNA to 
1709 cm-1 in the case of 4-Cl-OPD-DNA was observed, and a peak shift at 1707 cm-1 in the case of 4-Cl-OPD-
NO-DNA indicates a disrupted stacking of the guanine residues, specifically at the minor groove. The phosphate 
asymmetric vibrations of the DNA backbone and deoxyribose ring vibrations of sugar moiety are represented 
by 1217 cm-1 and 896 cm-1, respectively, for the nCT-DNA. A shift towards a higher wavenumber was observed 
in the case of 4-Cl-OPD (1220 cm-1 and 899 cm-1) and 4-Cl-OPD-NO-DNA (1223 cm-1 and 901 cm-1). It points 
toward the changes in guanine double bond plane stretching vibrations. Indicating the interaction of 4-Cl-OPD 
and NO with the backbone phosphate groups and DNA’s sugar moiety. These shifts in the peak also represent 
perturbations in the secondary structure of the DNA, from syn to anti, and appear closer to the B′-heteronomous 
conformation. Cytosine residues were found to be intact and unaltered. This shows that 4-Cl-OPD and NO do 
not interact with the cytosine of DNA molecules66,67.

The changes observed in the structure of 4-Cl-OPD, and 4-Cl-OPD-DNA were attributed to oxidative and 
nitro-oxidative stress on the DNA molecule. This was confirmed by HPLC analysis. The detection of 8-oxo-dG 
was observed in the case of 4-Cl-OPD-DNA, and both 8-oxo-dG and 8-nitroguanine in the 4-Cl-OPD-NO-
DNA sample, the markers of oxidative and nitrosative stress, respectively. Neither peak was detected in the case 
of NO-DNA and nCT-DNA68.

Earlier findings have shown the formation of 8-oxo-dG and 8-nitroguanine under oxidative and nitrosative 
stress in vitro and under various pathological conditions like diabetes mellitus, atherosclerosis, cancer, etc.58,69,70. 
The formation of oxidative and nitro-oxidative DNA lesions may indicate the possible harm synthetic hair dye 
users face and their vulnerability to developing a chronic inflammatory illness. The above findings are reinforced 
by the investigations reported by Hiraku & Kawanishi, who stated that 8-nitroguanine is formed at the sites of 
carcinogenesis regardless of etiology. 8-nitroguanine has the possibility of being used as a potential biomarker to 
evaluate the risk of inflammatory carcinogenesis.

Another aspect of this study was exploring the possible role of 4-Cl-OPD in cancer progression and 
determining if DNA modification by oxidative hair dye pigment (4-Cl-OPD) is influenced by nitrosative stress. 
Strong binding of serum autoantibodies to 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA was observed with IgG 
isolated from the serum of hepatocellular carcinoma, urinary bladder cancer patients. However, no significant 
binding was seen when the serum of Hodgkin’s lymphoma, non-Hodgkin’s lymphoma, cervical cancer, lung 
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cancer, gall bladder, prostate, and breast cancer patients were screened. The sera from the unexposed group did 
not show significant binding in the direct binding ELISA. Data from NHS, HCC, UBC, and LC is shown in the 
supplementary material file, Fig. 6-S. This binding appears to result from a robust humoral response against 
the neo-epitopes on 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA because of enhanced and prolonged nitro-
oxidative stress. If it persists in the human system, it may compromise the body’s antioxidant defense system 
and increase the chances of progressive DNA damage71. According to Ma, environmental or metabolic toxicants 
produce reactive oxygen and nitrogen species that cause oxidative stress and are viewed as harmful. Hair dyeing 
components should be viewed under the category of potentially harmful chemicals leading to altered defense 
status of the living system.

The serum nitrite levels in the normal human system were calculated to be within the physiological range 
(20–25 µM/l). However, the concentration of serum nitrite in the case of hepatocellular carcinoma (48–55 µM), 
urinary bladder cancer (45–53 µM), and lung cancer (42–51 µM) were observed to be significantly higher than 
the physiological limits72. A study by Ersoy et al. reported serum nitrite levels may be enhanced in patients with 
chronic inflammatory pathologies. The serum nitrite levels of patients belonging to other groups of cancers were 
either within the physiological range or somewhat raised. Variations in serum nitrite levels appear to govern the 
pathological effect of 4-Cl-OPD in long-term synthetic hair dye users. This appears to be one of the causes why 
some people using synthetic oxidative hair dyes may present with hypersensitivity and immune stimulations 
leading to carcinogenic induction. Though the application is dermal, the pigment enters circulation73 and 
produces superoxide radicals27,29,33, which may induce nitro-oxidative conditions under prevailing nitrosative 
stress. The nitro-oxidative environment is reported to modify the macromolecular system of our body, including 
DNA, and may induce neo-epitopes on the molecule. Consequently, the immune system may be activated to 
trigger antibody production. Accumulating altered/modified DNA components and DNA-antibody immune 
complexes may result in cancer progression8,74.

To confirm the specificity of IgGs from the hepatocellular, urinary bladder, and lung cancer towards neo-
epitopes on DNA, competition ELISAs were performed. Notably, the percentage of inhibition achieved with the 
4-Cl-OPD-NO-DNA-IgG complex was higher when compared to the 4-Cl-OPD-DNA-IgG in all three cases 
of cancers. The difference in inhibition in the case of hepatocellular carcinoma between 4-Cl-OPD-NO-DNA 
and 4-Cl-OPD-DNA when used as an inhibitor was highest (11.68%). The difference of inhibition in the case 
of urinary bladder and lung cancer was 6.91% and 1.93%, respectively, suggesting the increased chances of 
developing hepatocellular carcinoma in synthetic hair dye users with elevated serum NO levels. This observed 
difference in competitive inhibition data signifies that the DNA modified due to nitro-oxidative stress induced 
by 4-Cl-OPD and NO could trigger an inflammatory humoral response. Accumulation of modified DNA 
products, antigen–antibody complexes, and activated immune systems could favor carcinogenesis. Recognition 
of neo-epitopes by cancer antibodies was further confirmed by electrophoretic mobility shift assay through 
visualization of immune complex formation between modified DNAs and isolated hepatocellular carcinoma 
IgG. Formation of high molecular weight immune complex with retarded mobility and diminished fluorescence 
with the increasing concentrations of hepatocellular carcinoma IgG (10–60  µg) and 4-Cl-OPD-NO-DNA 
(0.5  µg)75. However, when nCT-DNA and NO-DNA were used as antigens (here as inhibitors), no such 
retardation in mobility was observed. The role of oxidative and nitrosative stress in cancer has been reported in 
earlier studies76,77. Findings from the serum analysis are summarized below:

	1.	� Among the three high-binding groups, serum nitrite levels were highest in the case of hepatocellular carcinoma 
and lowest for lung cancer patients.

	2.	� Cancer antibodies from hepatocellular carcinoma and urinary bladder cancer identified 4-Cl-OPD-NO-DNA 
more than 4-Cl-OPD-DNA, however, there was no observable difference in the case of lung cancer for these two 
antigens.

	3.	� Antibodies from hepatocellular carcinoma patients identified 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA to the 
greatest extent, followed by urinary bladder, and lung cancer patients.

	4.	� Among these three groups, hepatocellular carcinoma, urinary bladder cancer, and lung cancer patients, the 
percentage of cancer patients showing substantial binding was 91.4, 78.7, and 48 respectively (Table 2).

	5.	� The percent inhibition observed (Inhibition ELISA) was in the order hepatocellular carcinoma > urinary blad-
der cancer > lung cancer.

	6.	� In the case of lung cancer, compared to hepatocellular carcinoma, serum nitrite levels, the number of patients 
showing antibodies against 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA, absorbance in direct binding ELISA 
and binding specificity were lower.

So, we can conclude, that some of the lung cancer patients (14 out of 29) were observed to show the presence of 
antibodies against 4-Cl-OPD-DNA and 4-Cl-OPD-NO-DNA, but with compromised specificity.

Here, we report chronic hair dye exposure as one of the factors responsible for altering the intricacies of the 
DNA’s molecular structure and inducing neo-epitopes on the molecule. Also, the physiological status of NO 
may appear to define the susceptibility towards 4-Cl-OPD and, hence, humoral response in persons who prefer 
synthetic hair dye. The persistent nitro-oxidative stress due to 4-Cl-OPD and NO may induce a heightened 
immune response against neoepitopes in the nitro-oxidatively modified DNA58,78–80. Therefore, chronic hair dye 
exposure may be identified as a risk to human health. More laboratory investigations are required to establish 
and strengthen the carcinogenic risk association with oxidative hair dye use.
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Materials and methods
Chemicals/reagents
Calf-thymus DNA, 4-Chloro-orthophenylenediamine, diethylamineNONOate sodium salt dihydrate (DEANO), 
standard 8-hydroxy-2′deoxyguanosine, anti-human- IgG alkaline phosphatase conjugate, ethidium bromide, 
p-nitrophenyl phosphate, Coomassie Brilliant Blue R250, sodium dodecyl sulfate, Tween-20, agarose, mannitol, 
2-Phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-Oxide(PTIO), dimethyl sulfoxide (DMSO) and superoxide 
dismutase were purchased from Sigma-Aldrich, U.S.A. Protein A-Sepharose CL-4B, nuclease S1, were from 
GENEI, India. EDTA, uric acid, and ascorbic acid were from Qualigens, India. Polystyrene microtiter flat bottom 
ELISA plates having 96 wells (7 mm diameter) were purchased from Nunc, Denmark. Acrylamide, ammonium 
persulphate, bisacrylamide, N, N, N, N-tetramethylethylenediamine (TEMED) were obtained from Bio-Rad 
Laboratories, U.S.A. Standard 8-nitroguanine was purchased from Cayman Chemicals. All other reagents and 
chemicals were of the highest analytical grade available.

Modification of calf thymus DNA by 4-Chloro-orthophenylenediamine and DEANO
Native calf thymus DNA (40 µg/ml; 107.4 μM) was incubated with 20 µM DEANO,100 µM 4-Cl-OPD, and 
100 µM 4-Cl-OPD and 20 µM DEANO in 1 M PBS, pH 7.4 for 1 h at 37 °C in the presence of EDTA as a metal-
ion chelator. After incubation, the reaction mixture was extensively dialyzed against PBS, pH 7.4, to remove the 
excess DEANO and 4-Cl-OPD. For better understanding, the DNA samples after treatment will be referred to 
as; NO-DNA, 4-Cl-OPD-DNA, and 4-Cl-OPD-NO-DNA, respectively. The DEANO and 4-Cl-OPD used here 
are standardized in our laboratory and represent the minimum concentration that induced quantifiable changes 
in the DNA molecule22.

Biophysical characterization of the DNA samples
UV–vis and fluorescence spectroscopy
The UV–visible absorption spectra were recorded using a Shimadzu UV-1700 spectrophotometer (Japan) in the 
wavelength range of 200–400 nm using quartz cuvettes of path length 1 cm, with PBS, pH 7.4, serving as blank.

	
%hyperchromicity at 260 nm =

(
Amodified − Anative

Anative

)
× 100.

Here; Amodified = Absorbance at 260  nm of NO-DNA, 4-Cl-OPD-DNA or 4-Cl-OPD-NO-DNA. 
Anative = Absorbance at 260 nm of nCT-DNA.

Fluorescence spectra of the DNA samples were recorded on Shimadzu RF-5301PC (Japan) spectrofluorometer 
using quartz cuvettes39,81. The spectra were recorded from 300 to 700 nm, and the spectral analysis was done 
based on the following equation using ethidium bromide as an external flour.

	
%decrease in fluorescence intensity =

(
FInative − FImodified

Anative

)
× 100.

FI signifies the fluorescence intensity.

Agarose gel electrophoresis
For preparing the gel, 0.8% agarose was dissolved by heating in TAE buffer, pH 8.0 (40 mM Tris–acetate and 
2 mM EDTA). The gel solution was then cooled to around 50 °C, and ethidium bromide (0.5 µg/ml) was added to 
it for visualization of DNA bands. The gel solution was then poured into gel casting tray, and agarose was allowed 
to solidify at room temperature58.

Sample preparation was done by taking 2 µg each of nCT-DNA, NO-DNA, 4-Cl-OPD-DNA, and 4-Cl-OPD-
NO-DNA samples with 1/10 volume of sample buffer (0.125% bromophenol blue, 30% Ficoll-400, 5 mM EDTA 
in TAE, pH 8.0 (electrophoresis buffer). The samples were then loaded in the wells of 0.8% agarose gel and 
electrophoresed for 2.5 h at 35 mA. The bands were viewed by a UV light-based illuminator and photographed.

S1 nuclease digestibility assay for the assessment of single-stranded regions
Native, NO-DNA, 4-Cl-OPD, and 4-Cl-OPD-NO-DNA samples were checked for the presence of single-
stranded regions by nuclease S1 digestion assay82. One µg each of nCT-DNA, NO-DNA, 4-Cl-OPD-DNA, 
and 4-Cl-OPD-NO-DNA samples were mixed with acetate buffer (30 mM sodium acetate, 1 mM zinc sulfate, 
100 mM sodium chloride, pH 4.6) and treated with nuclease S1 (20 units/µg DNA). After 30 min at 37  °C, 
the reaction was stopped by the addition of 1/10 volume of 200 mM EDTA, pH 8.0. The samples were then 
electrophoresed on 1% agarose gel and stained with ethidium bromide (0.5 µg/ml). The gels were viewed under 
UV light and photographed83.

FTIR spectroscopic analysis to identify changes in the characteristic functional groups of the DNA molecule
The FT-IR spectra of nCT-DNA, 4-Cl-OPD-DNA, NO-DNA, and 4-Cl-OPD-NO-DNA were determined on a 
Perkin-Elmer Spectrum Two FTIR spectrometer (USA). The spectrum was recorded in the wavelength range of 
1800–800 cm-1 to cover the major absorption bands of DNA84,85. Around 10 μl of the native and treated DNA 
samples were placed on the horizontal attenuated total internal reflection (HATR) crystal, and interferograms 
were then recorded. The spectra of three independent samples were recorded, and the average result was reported.
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Detection of free radicals causing damage to DNA by absorbance quenching studies
Quenching assays were performed to identify the specific type of radicals involved in inducing structural 
alterations in nCT-DNA upon treatment with DEANO and 4-Cl-OPD and by the combined action of DEANO 
and 4-Cl-OPD. The quenchers used were superoxide dismutase (SOD, 550 units/ml), hydroxyl radical scavengers 
(DMSO and D-mannitol at 20 mM each), nitric oxide-trapping agent (carboxy-PTIO at 20 mM) and antioxidants 
(ascorbic acid at 20 mM and uric acid at 0.05 mM). The effect of the quenchers was studied by incubating the 
treated DNA (40 µg each) in 0.1 M phosphate-buffered saline, pH 7.4, with 0.1 mM EDTA at 37 °C for 1 h. 
Absorbance at 260 nm (A260) was recorded for each sample, and percent quenching was calculated58.

High-performance liquid chromatography of the native DNA and DNA treated with DEANO, 4-Cl-OPD, and 
combined action of DEANO and 4-Cl-OPD
The HPLC chromatograms of nCT-DNA, NO-DNA, 4-Cl-OPD-DNA, and 4-Cl-OPD-NO-DNA were 
analyzed on analytical HPLC of Shimadzu Corporation, Japan (Model no. LC-2030 Plus) equipped with a UV–
vis multiwavelength detector. The samples were treated with 0.1 N HCl at 110 °C for 24 h to liberate purine 
residues86. The hydrolyzed samples were filtered through a 0.25 µM Milex filter before HPLC analysis. An aliquot 
of each reaction mixture (20 µl) was run separately on isocratic mode, using a C-18 column and 10% methanol 
as the mobile phase at a flow rate of 0.5 ml/min87,88. NO-DNA, 4-Cl-OPD-DNA, and 4-Cl-OPD-NO-DNA will 
now be referred to as modified forms of DNA.

Immunological studies on immunoglobulin G isolated from the sera of cancer patients
Collection of sera from cancer patients
Blood was collected from different groups of cancer patients (n = 264), both males and females, of 20 to 50 years 
of age attending the indoor and outdoor clinic of Jawaharlal Nehru Medical College Hospital (JNMCH), Aligarh, 
India. The sera were isolated from histologically confirmed malignancies, including non-Hodgkin’s lymphoma, 
NHL (n = 27), Hodgkin’s lymphoma, HL (n = 30), hepatocellular carcinoma, HCC (n = 35), cervical cancer, CVC 
(n = 30), urinary bladder cancer, UBC (n = 33), lung cancer, LC (n = 29), breast cancer, BRC (n = 29), prostate 
cancer, PC (n = 25), and gall-bladder cancer, GBC (n = 26). Patients receiving any chemo- or radiation therapy, 
females on hormone replacement therapy, smokers, and patients with co-morbidities were excluded from the 
study. The patients’ selection criteria were based on the history of personal or occupational exposure to dyeing 
permanent formulations for ≥ 5 years, at least a month. 50 healthy individuals (25 males and 25 females) in the 
same age group and with a similar history of hair dye use (≥ 5 years, at least a month) served as the control. Sera 
was also collected from healthy individuals (n = 21) and cancer patients with no hair dye exposure. This study 
presents data from HCC, UBC, and LC (n = 34) with no history of hair dye exposure. All the study participants 
were made to sign an informed consent form. The work was duly approved by the Institutional Ethical Committee 
(IEC), Jawaharlal Nehru Medical College and Hospital, Faculty of Medicine, Aligarh Muslim University, India. 
Under National Ethics Committee Registry for Biomedical and Health Research, NECRBHR DHR ICMR and 
Central Drugs Standard Control Organization (CDSCO) Ministry of Health and Family Welfare, Govt. of India. 
(IEC, D.No. 1043/FM, dated: 11.08.2018). The IEC committee has reviewed and approved all the experiments 
that were carried out on human blood samples. The study has followed all the relevant guidelines/regulations 
involving human subjects and was performed in accordance with the Declaration of Helsinki. The serum samples 
were de-complemented by heating at 56 °C for 30 min and stored at − 20 °C with 0.2% sodium azide79.

Estimation of total serum nitrite in cancer and normal human system
The NO level in a biological sample is equal to its total nitrite. This total nitrite can be estimated by reaction 
with Griess reagent [1% sulphanilamide, 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride]89. The serum 
samples were first treated with vanadium (ΙΙΙ) chloride to convert all the nitrate into nitrite, and then Griess 
reagent was added. A purple adduct is formed whose absorbance was read at 548 nm. NaNO2 (0–100 µmol/l) 
was used to construct a standard plot90,91.

Direct binding enzyme-linked immunosorbent assay (ELISA)
Sera isolated from normal healthy subjects (NHS) serving as a control and cancer patients were tested for 
antibodies that could identify epitopes on nCT-DNA, NO-DNA, 4-Cl-OPD-DNA, and 4-Cl-OPD-NO-DNA 
Direct binding ELISA was carried out on polystyrene-coated flat bottom maxisorp microtiter modules. The 
modules were coated with 100 µl of native and modified DNA samples at a concentration of 2.5 µg/ml and kept 
for two hours at 37 °C followed by overnight incubation at 4 °C. Extensive washing was done by TBS-T (20 mM 
Tris, 2.68 mM KCl, and 150 mM NaCl, containing 0.05% of Tween-20) pH 7.4. Nonspecific and unoccupied 
sites in the wells were blocked with 200 μl of 1.5% bovine serum albumin (BSA) dissolved in TBS (10 mM Tris, 
150 mM NaCl) pH 7.4 and kept at 37 °C for 6 h, then overnight at 4 °C. Bound antibodies were analyzed using 
anti-human-IgG alkaline phosphatase conjugate and p-nitrophenyl phosphate (PNPP) as a substrate. The ELISA 
modules were then read at 410 nm on an ELISA microplate reader, Bio-Rad, Japan (Model No. iMark, 10630). 
The results are reported as the mean of the duplicate wells using appropriate controls79,92.

Isolation and characterization of IgG using protein A- agarose affinity column
IgG was isolated using protein A agarose column93,94. The isolated IgG was characterized for antigen (DNA) 
interaction through competition ELISA and electrophoretic mobility assay. IgG concentration was determined 
by considering the absorbance of 1.4 at 278 nm equivalent to 1.0 mg IgG/ml. The isolated IgG was dialyzed 
against PBS and stored at − 20 °C with 0.1% sodium azide for further analysis.

Scientific Reports |        (2024) 14:27620 13| https://doi.org/10.1038/s41598-024-75649-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Competitive inhibition ELISA
After screening through direct binding ELISA, the specificity of antigen–antibody interaction (here, DNA-IgG) 
was quantified through competition ELISA. Varying concentrations of inhibitors (0–20 μg/ml) and a constant 
amount of IgG (50 μg/ml) were allowed to interact for 2 h at 37 °C, then overnight at 4 °C. The immune complex 
formed was added to respective antigen-adsorbed modules. The rest of the procedure was the same as described 
for the direct binding ELISA. The results represent an average of the duplicate wells with ± standard deviation79. 
Percent inhibition was calculated using the formula:

	
%inhibition =

(
1− Ainhibited

Auninhibited

)
× 100.

Electrophoretic mobility shift assay (EMSA) for visualization of antigen–antibody interaction
The formation of an immune complex via antigen–antibody binding was visualized by the electrophoretic 
mobility shift assay95,96. Constant amounts of native and modified CT-DNAs were incubated with varying 
amounts of affinity-purified IgG in TBS at 37 °C for 2 h and then overnight at 4 °C. Sample dye was added, and 
electrophoresis was performed on 1% agarose gel for 3 h at 35 mA. Gel preparation and visualization were done 
as described previously in the agarose gel electrophoresis section.

Statistical analysis
All experiments were done in triplicates. Student’s t-test or 2way ANOVA-Sidak’s multiple comparison test 
with 95.00% CI of difference was applied to evaluate differences using the GraphPad InStat software program 
(GraphPad Software, Inc.).

Conclusions
The synthetic hair dye component 4-Cl-OPD can oxidatively modify DNA and, in the presence of NO, can lead 
to nitro-oxidatively modified DNA products; these components act as neo-antigens for the immune system 
to trigger antibody production. Elevated serum levels of nitric oxide, accumulating nitro-oxidatively modified 
DNA products, and persistent immune complex formation may increase the susceptibility of hepatocellular 
carcinoma in persons exposed to hair dyeing formulations rich in 4-Chloro-ortho phenylenediamine, either 
personally or professionally. Regarding previous research and the findings of this work, a compelling argument 
can be made for further investigations to elucidate the impact of hair dye components on human biology and to 
understand the role of altered NO status in chronic diseases like cancer.

Data availability
The agarose gel, PAGE in original uncropped form, direct binding ELISA of the non-exposed group has been 
submitted as a supplementary file. Other raw data supporting this study’s findings will be made available from 
the corresponding author upon reasonable request.
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