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ABSTRACT 
 

Isocyanates (ICN) have drawn considerable attention in recent past as they 

can react with a variety of nucleophiles including DNA, proteins and cause 

damage(s). However, pathophysiological implications resulting from the 

occupational and accidental exposures of ICN are yet too elusive. It may be 

produced in high concentrations in the conditions of chronic renal failure 

and chronic inflammatory diseases (diabetes mellitus, rheumatoid 

arthritis, etc.). In this study, mammalian dsDNA was modified with ICN 

and characterized by UV, fluorescence, FT-IR and thermal melting 

methods. ICN mainly reacts with exocyclic nitrogen of DNA bases. 

Antibodies against carbamylated-DNA were raised in rabbits and 

characterized by direct binding and inhibition ELISA. The presence of 

anti-carbamylated-DNA autoantibodies in the sera of diabetic nephro-

pathy patients was evaluated by ELISA. Carbamylated-DNA exhibited 

hyperchromicity at 260 nm and depicted increase in ethidium bromide-

assisted fluorescence as compared to the native DNA. Furthermore, the 

appearance of prominent new peaks in FT-IR profile at different wave 

numbers suggested carbamoylation-induced changes in the vibration of 

sugar-phosphate backbone, base(s) etc. Carbamylated-DNA was highly 

immunogenic as compared to the native DNA. Experimental induction of 

antibodies against carbamylated-DNA and presence of autoantibodies 

against carbamylated-DNA in the sera of diabetic nephropathic patients 

point towards the significance of carbamylated-DNA in diabetic 

nephropathy. 
 

Keywords: Autoantibodies, carbamylated-DNA, diabetic nephropathy. 

isocyanates 
 

 
 

INTRODUCTION 
 

 

Isocyanates (ICN; R-N=C=O), are highly reactive electrophilic chemicals that react with a variety 

of nucleophiles including DNA and proteins (Vandenabeele-Trambouze et al., 2001; Beyerbach et 
al., 2006). They are extensively used in the manufacture of polyurethane foam, rubber, adhesives, 

pesticides, and many other products (Heath, 2017). ICN can also be formed in vivo by urea 

deamination, by myeloperoxidase mediated catabolism of thiocyanate (Delanghe et al., 2017), or 
through the metabolism of hydroxamic acids (Wang, 2009; Smith, 2011). ICN act as direct 

acylating agents on the primary amino groups of both DNA nucleobases and proteins in a reaction 

called carbamoylation (Beyerbach et al., 2006; Delanghe et al., 2017). Unlike most other classes of 
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carcinogens and mutagens, ICN do not require metabolic activation to form covalent bonds with the 
DNA nucleobases (Liljenberg et al., 2020). Recently, Liljenberg et al. (2020) have developed 

computational protocols suitable for investigating the reactivity and mechanism of the reaction 

between an ICN and a primary amine, and used it to investigate several possible reaction pathways 
of carbamoylation of nucleobases. 

The hazardous effects of ICN include occupational asthma, other lung problems, and severe 

irritation of eyes, nose, throat, and skin; and are known to cause genotoxic, mutagenic, and 

carcinogenic effects (Beyerbach et al., 2006; Benigni and Bossa, 2011; Delanghe et al., 2017). 
Further, methyl isocyanate (MIC) is a reactive industrial byproduct and probably one of the most 

toxic ICN. It exerts detrimental effects on numerous organ systems and immunity (Worthy, 1985). 

In vitro studies on MIC and its reaction products have revealed the evidences of mutagenicity 
evoking probable clastogenic activity (Caspary and Myhr, 1986). The MIC also reacts with 

exocyclic amino group of dNTPs to produce carbamylated products (Segal et al., 1989; Tamura et 

al., 1990); producing DNA cross-links which, in turn, contribute towards cytotoxicity (Baumann, 

2005; Mishra et al., 2008; Liljenberg et al., 2020). These researches implicate that occupational and 
accidental exposure to MIC might possibly increase the susceptibility of individuals by eliciting 

hypersensitivity reactions, causing autoimmunity or immune suppression. The objectives of present 

study was to i) modify mammalian dsDNA with N-succinimidyl N-methylcarbamate (NSNM) and 
study the changes in NSNM-modified DNA by physicochemical techniques like UV, fluorescence 

and FT-IR spectroscopy, agarose gel electrophoresis and thermal melting; ii) evaluate the 

immunogenicity of NSNM-modified DNA in experimental animals; and iii) use the NSNM-
modified DNA as an antigen for detection of autoantibodies against NSNM-modified DNA in the 

sera of diabetic nephropathy patients and thereby propose a potential role for NSNM-modified 

DNA in T2DM nephropathy. 
 

 
 

MATERIALS AND METHODS 
 

 

Materials 

Highly polymerized calf thymus DNA, N-succinimidyl N-methylcarbamate (NSNM), Freund’s 
adjuvant (complete and incomplete), tween-20, ethidium bromide (EtBr), methylated BSA, anti-

human- and anti-rabbit-IgG alkaline phosphatase conjugates, and dialysis tubing were purchased 

from Sigma-Aldrich, USA. Disodium hydrogen phosphate, sodium dihydrogen phosphate, sodium 
chloride and ethylenediaminetetraacetic acid (EDTA) were purchased from Qualigens/Thermo-

Fischer, India. Para-nitrophenyl phosphate (PNPP) was procured from SRL, India. Dimethyl 

sulfoxide (DMSO) was obtained from J.T. Baker Chemical Company, USA.  All other reagents and 
chemicals used were of highest analytical grade available. 
 

Collection and processing of animal and human blood samples 

The work protocol was duly approved by the Institutional Ethical Committee vide letter D. No. 
307/FM dated 28-05-2014. Rabbits (3-6 months old and weighing 1.0-1.5 kg) were housed in the 

cages with wide square mesh at the bottom and placed in a well-ventilated room with 12 h light and 

12 h dark cycle, maintained at 28±2°C temperature and 50% humidity. All animals had free access 
to clean water and food for the entire duration of the experiment. Blood was withdrawn from the 

marginal ear veins of rabbits before and after the immunization and transferred to plain glass vials. 

The blood was left to clot and sera were separated. All sera were heat decomplemented at 56ºC for 

30 min and stored at -20ºC. 
A total of 30 patients of diabetic nephropathy (17 males and 13 females) and equal number of 

healthy subjects (16 males and 14 females) were included in this study. All the patients and healthy 
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subjects consented for providing their blood samples. Furthermore, the patients of diabetic 
nephropathy fulfilled the 2013 revised criteria of the American Diabetes Association. 
 

Modification of dsDNA by N-succinimidyl N-methylcarbate 

The commercially obtained calf thymus DNA was purified free of proteins, RNA and single 
stranded regions (Tantry et al., 2018). DNA (25µg mL-1) was mixed with NSNM (0.19 and 0.58 

mM) in 10 mM PBS (pH, 7.4) and incubated at 25ºC for 2 h in capped sterile glass tubes. The 

samples were then extensively dialyzed against PBS to remove excessive NSNM. Solutions of NSNM 
and DNA, dissolved separately in the same buffer, kept under identical conditions served as control. 
 

Absorbance spectroscopy 

UV profiles of native and NSNM-modified DNA were recorded on spectrophotometer (Shimadzu, 

Japan; UV-1700) using quartz cuvette of 1 cm path length. The hyperchromicity was calculated by 

the following formula: 

% Hyperchromicity at 260 nm = ( 
OD modified sample−OD native sample

OD native sample
 ) × 100 

 

Fluorescence studies 

Fluorescence measurements were carried out on spectrofluorophotometer (Shimadzu, Japan; RF-

5301PC) in a cell of 1 cm path length. Native DNA and NSNM-modified DNA samples were 
slowly mixed with ethidium bromide (5 mg mL-1) and incubated at 25ºC for 20 min in dark. The 

samples were then excited at 325 nm and emission spectra obtained in the range of 500 to 700 nm. 

The loss in fluorescence intensity (FI) was calculated from the following equation: 

 

   % Loss in FI = (
 FI native sample − FI modified sample 

FI modified sample
) × 100 

 

Fourier- transform infrared (FT-IR) spectroscopy 

Ten microlitres each of native and NSNM-modified DNA samples were placed on the attenuated 
total reflection (ATR) and FT-IR scans were obtained in wave number range of 800 to 1700 cm-1 to 

cover vibrations of the characteristic bands in dsDNA. 
 

Thermal denaturation studies 

Thermal denaturation of native and NSNM-modified DNA sample was carried out on Peltier 

system attached with spectrophotometer [PerkinElmer UV/Vis spectrophotometer (Lambda-25) 

coupled with a temperature programmer; PTP-1+1 Peltier system and controller assembly, Julabo, 
USA]. The temperature was raised from 30 to 95ºC at a rate of 1ºC min-1 and change in the 

absorbance at 260 nm was taken as a measure of helix denaturation. The process was characterized 

by determining the percent DNA in denatured state as a function of temperature using the following 
equation: 

% Denaturation = ( 
AT−A30

Amax−A30 
) × 100  

 

where, AT = Absorbance at temperature (ºC); Amax = Final absorbance on the completion of denaturation 

(95ºC); A30 = Initial absorbance at 30ºC 
 

Enzyme-linked immunosorbent assay (ELISA) 

Direct binding ELISA: Direct binding ELISA was performed on flat bottom maxisorp plates as 

described (Talha et al., 2021). Briefly, the wells were filled with 100 μL antigen (native or NSNM-

modified DNA) prepared in antigen coating buffer and incubated at 37ºC for 2 h followed by 

overnight incubation at 4ºC. Each sample was coated in duplicate and half of the plate, devoid of 
antigen, served as control. Following the overnight incubation, the plates were washed thrice with 

TBS-T (20 mM tris, 2.68 mM KCl 150 mM NaCl, pH 7.4 containing 0.05% tween-20) and 

unoccupied sites were blocked by 150 μL of 1.5% fat-free skimmed milk in TBS (10 mM tris, 150 
mM NaCl, pH 7.4) for 4-6 h at 37ºC, followed by 3-4 washing with TBS-T. Thereafter, 100 µL sera 
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(serially diluted in TBS) was added to each well and plates placed for 2 h at 37ºC and overnight at 
4ºC. The plates were then washed 4 times with TBS-T and bound antibodies assayed with anti-

rabbit alkaline phosphatase conjugate (diluted in TBS). This was followed by 2 h incubation at 

37ºC and 3-4 washing with TBS-T. Finally, the plates were washed with distilled water. Para-
nitrophenyl phosphate was added and after 45 min incubation at 37ºC. The color was read at 405 

nm on an automatic microplate reader (Bio-Rad, USA). The results were expressed as the mean of 

Atest - Acontrol. 
 

Inhibition ELISA 

Inhibition ELISA (Alam and Jabeen, 2007) was performed for specificity of antibodies. The plates 

were coated with 100 µL antigen (native or NSNM-modified DNA, 2.5 µg mL-1) for 2 h at 37ºC 
and overnight at 4ºC. Varying amounts of inhibitors (0–20 µg mL-1) were mixed with a constant 

amount of antiserum or affinity purified IgG. The mixtures were incubated at 37ºC for 2 h and 

overnight at 4ºC. The immune complex was coated in wells instead of serum. Rest of the steps were 

same as mentioned above in direct binding ELISA. Percent inhibition was calculated using the 
following equation: 

Percent Inhibition = 1 − (
Ainhibited

 Auninhibited 
) × 100 

Statistical analysis 

Data were expressed as mean ± standard deviation (SD). The data were found to be normally 

distributed when analyzed by Kolmogorov-Smirnov test of normality. Furthermore, the statistical 

significance of the results was determined by Student’s t-test; a p value of <0.05 was considered as 
significant. Figures labeled with star (*) indicate p-values ≤ 0.05 with respect to the control. 
 

 
 

RESULTS AND DISCUSSION 
 

 

Isocyanates are highly reactive compounds and have potential to cause structural changes in 
macromolecules. These compounds form covalent adducts with critical macromolecules such as 

nucleic acids, resulting in a series of biotransformation that initiate the generation of reactive 

intermediates (Shelby et al., 1987; Marczynski and Shapiro, 1992). DNA damage leading to the 
cellular demise in mammalian cells upon treatment with ICN has previously been reported 

(Beyerback et al., 2006). 

Methyl isocyanate, one of the most toxic ICN exerts immunological, mutagenic and 
genotoxic effects (Deo et al., 1987; Saxena et al., 1988). Previous studies conducted on ICN 

suggest that they are capable of inducing apoptosis (Chen et al., 2003). Although the exact 

mechanism of such induction is largely unknown, most studies have reported the involvement of 

mitochondria-mediated pathway, i.e., release of cytochrome C into the cytoplasm and activation of 
caspase 9 and caspase 3 (Hu et al., 2003; Zhang et al., 2003; Tang and Zhang, 2005). ICN 

derivatives (carbamates) may also enhance the levels of inflammatory cytokines such as IL-6, TNF-

α, and IL-1 β (East et al., 1992). In present study, calf thymus dsDNA was carbamylated with N-
succinimidyl N-methylcarbamate. Modifications in DNA were characterized by multiple physico-

chemical techniques (like UV-visible, fluorescence and FT-IR spectroscopy, thermal melting, etc.) 

and enzyme immunoassay. 
 

Spectroscopic analysis of native and NSNM-modified DNA 

DNA (25 μg mL-1) treated with varying concentrations of NSNM showed hyperchromicity at 260 

nm as compared to the native DNA (Fig. 1). Significant increase in absorbance was observed 
between 256 and 292 nm in all the modified samples as compared to the native DNA. This might be 

due to the generation of single stranded breaks in DNA helix inter alia unstacking of bases leading 

to enhanced absorption of UV light (Alam et al., 1993; Tantry et al., 2018). 
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Fluorescence spectroscopy  
The formation of NSNM-DNA adduct was probed by ethidium bromide (EtBr). The samples were  

 
Fig. 1: UV absorption spectra of native DNA (-  -) modified 

with 0.19 mM (-  -) and 0.58 mM (-  -) NSNM 

excited at 325 nm and the 

excitation wavelength of EtBr 
and emission intensities were 

recorded at 595 nm. EtBr gave 

an emission peak at 595 nm. 

Interaction of DNA with EtBr 
showed increase in 

fluorescence intensity (FI). 

Furthermore, the FI of NSNM-
modified DNA incubated with 

EtBr increased with increase in 

NSNM concentration. The 

increase in FI of NSNM-
modified DNA was calculated 

to be 7.8 and 10.7% at 0.19 

and 0.58 mM NSNM, 
respectively, as compared to 

the native DNA (Fig. 2). 
 

FT‒IR spectroscopy 

FT-IR spectroscopy is a sensitive tool to study DNA damage (Dovbeshko et al., 2000; Pijanka et 
al., 2009). Band fitting was performed in the spectral region of 800–1800 cm-1. Earlier studies have 

suggested that the bands falling in the regions of 980-1149 and 1151-1350 cm-1 correspond to 

symmetric and asymmetric phosphate stretching (Polak et al., 2006). Further, the symmetric stretching 

of P–O–C bond and ribose-

phosphate skeletal motion has 

been observed at 1110 and 970 

cm-1, respectively (Ugenskiene 
et al., 2007). In this study, the 

appearance of prominent new 

bands at different wave 
numbers suggests the carba-

moylation-induced changes in 

the vibration of sugar-
phosphate, base(s) etc. In other 

words, the adduction of 

carbamoyl group with base(s) 

in DNA is bound to cause 
stretching or bending of bonds 

vis-à-vis generation of a new 

signals at different wave 
numbers.  

FT-IR spectra of native 

and NSNM-modified DNA 

preparations were recorded in  

 
Fig. 2: Ethidium bromide (-    -) assisted emission profile of 

native DNA (-     -) modified with 0.19 mM (-     -) and 0.58 

mM (-     -) NSNM. The samples were excited at 325 nm 
 

the region of 700–1800 cm-1. When NSNM was added to the DNA, the guanine peak at 1400 cm-1 

shifted to 1530 cm-1. The peak at 1230 cm-1 gradually shifted to 1237 cm-1 while the peak at 1082 

cm-1 shifted to 1088 cm-1 on the addition of NSNM. The percent transmittance of NSNM-modified 
DNA was significantly reduced as compared to the native DNA (Fig. 3). 
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Fig. 3: FT‒IR spectra of native DNA (-    -) modified 

with 0.19 mM (-     -) and 0.58 mM (-    -) NSNM 
 

Thermal denaturation of NSNM-

modified DNA 

The effect of carbamoylation on the 

thermal stability of DNA was studied 
by recording heat-induced changes in 

absorbance at 260 nm. Both native and 

NSNM-modified DNA showed increase 

in absorbance from 75ºC onwards. The 
mid-point melting temperature (Tm) was 

calculated to be 87.5, 86.0 and 85.0ºC 

for native DNA and DNA modified 
with 0.19 and 0.58 mM NSNM, 

respectively. The observed decrease in 

Tm of NSNM-modified DNA samples 

suggest that hydrogen bonding between 
bases have changed during adduction of 

carbamoyl group. This may cause 

thermal destabilization in DNA (Alam 
et al., 1993). The thermal denaturation 

profiles of native and NSNM-modified 

DNA is depicted in Fig. 4. 
 

Immunogenicity of native and NSNM-

modified DNA 

The carbamoylation-induced 
immunological changes in DNA were 

also probed by inducing antibodies in 

the experimental animals. Antisera 
were subjected to direct binding ELISA 

on maxisorp microtitre modules coated 

with respective immunogens. Antigen 

binding specificity of the induced 
antibodies was ascertained by inhibition 

ELISA 
 

Antibody induction against native and 

NSNM-modified DNA 

Rabbits immunized with native and 
NSNM-modified DNA induced low to 

moderate antibody response with a titre 

of <1:400 to >1:3200 as revealed by 
direct binding ELISA (Fig. 5). Pre-

immune serum, included as control, 

showed negligible binding with the 

immunogens. A maximum of 14.7, 62.2 
and 61.1% inhibition were observed 

with n DNA, 0.19 mM NSNM-DNA 

and 0.58 mM NSNM-DNA, 
respectively. Native DNA injected into 

rabbits did not elicit significant immune 

response. But NSNM-modified DNA 

                                                               
Fig. 4: Melting profile of native DNA (-     -) modified 

with 0.19 mM (-   -) and 0.58 mM (-    -) NSNM 

 
Fig. 5: Direct binding ELISA of native and NSNM 

modified-DNA from animal sera (immune and 

pre-immune). Pre-immune native (-   -), modified1 

(-    -) and modified2 (-   -) DNA. Immune native 

(-     -), modified1 (-    -) and modified2 (-     -) 
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produced antibodies of low to moderate titre. This suggests the generation of immunogenic epitopes 
during the course of carbamoylation. Many studies have also reported the induction of antibodies 

against modified-DNA (Alam et al., 1993; Waris and Alam, 2004; Ahmad et al., 2014). 
 

Detection of autoantibodies against NSNM-modified DNA in the sera of diabetic nephropathy 

patients 

The study was extended to find out the clinical relevance of NSNM-modified DNA in diabetic 
nephropathy. This study included 30 patients of diabetic nephropathy (DN) and 30 healthy human 

subjects (HHS). These HHS served as control and were age- and sex-matched. Thirty sera each of 

diabetic nephropathy patients and healthy humans were diluted (1:100) and direct binding ELISA 

was performed on microtitre plates coated with native and NSNM-modified DNA. The 
autoantibodies in diabetic nephropathy sera showed enhanced binding with NSNM-modified DNA 

as compared to native DNA (Fig. 6a,b). Direct binding ELISA gave a strong clue that NSNM-

modified DNA is better recognized by serum autoantibodies in DN patients.  
 

 
(a) 

 
(b) 

Fig. 6: Direct binding ELISA of 1:100 diluted diabetic nephropathy sera [a) sample 1 to 15; b) 

sample 16 to 30] to native DNA (-   -) and 0.58 mM NSNM-DNA (-   -). Normal human sera 

(NHS) served as negative control. The ELISA plate was coated with the respective antigens 

(2.5 µg mL-1). * indicates p-values ≤ 0.05 with respect to control. 
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Inhibition ELISA of patient’s sera 

Inhibition ELISA was performed to 

check the specificity of circulating 

autoantibodies towards NSNM-
modified DNA. There was high 

inhibition of DN serum autoantibodies 

with NSNM-modified DNA as 
compared to the native DNA. The 

binding specificity of autoantibodies in 

diabetic nephropathy patient’s sera 
with native and NSNM-modified DNA 

was assessed by inhibition ELISA. 

Patient’s sera (No. 8, 9, 17, 18, 19 and 

20) exhibiting high binding with 
NSNM-modified DNA in direct binding 

Table 1: Inhibition of diabetic nephropathy serum 

autoantibodies binding by nDNA, 0.19 mM 

NSNM-DNA and 0.58 mM NSNM-DNA 

Serum 

sample 

Maximum percent inhibition at 20 µg mL-1 

nDNA 
0.19 mM 

NSNM-DNA 

0.58 mM 

NSNM-DNA 

  8 21.5 40.5 40.9 

  9 33.5 39.4 43.8 
17 24.3 41.7 41.7 

18 22.1 46.8 47.6 

19 24.5 47.3 46.4 
20 36.0 43.8 50.2 

Mean ± SD 26.98 ± 6.18 43.25 ± 3.28 45.1 ± 3.60 
Microtitre plates were coated with 0.58 mM NSNM-DNA 

binding ELISA were selected for the inhibition studies. Mean percent inhibition was found to be 

26.98 ± 6.18, 43.25 ± 3.28 and 45.1 ± 3.60% with nDNA, 0.19 mM and 0.58 mM NSNM-DNA, 
respectively (Table 1). This suggests true binding of autoantibodies with NSNM-modified DNA. 

Thus, the autoantibodies exhibited preference for NSNM-modified DNA. These autoantibodies 

might cross react with organ tissues, causing damage to them. Therefore, regular monitoring of 
serum urea level in diabetes mellitus seems important to prevent kidney disease. 
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