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Abstract
Background

Vinyl chloride (VC) a colorless gas with a pleasant odor that is capable of entering the body through oral
or inhalation routes. Extensive studies on this compound indicated that it is a carcinogen, and Vinyl
chloride exposure can result in a speci�c type of cancer in VC workers. Whereas hemoglobin plays a vital
role in oxygen transfer throughout the body, the effect of VC on human hemoglobin has not been studied
in a molecular aspect. Furthermore, selenium as an antioxidant is a vital factor for the health of humans
and animals. Therefore, the effect of the antioxidant capability of selenium on the interaction between
vinyl chloride and hemoglobin was studied.

Methods

The effect of the antioxidant capability of selenium on the interaction between VC and hemoglobin was
investigated by different spectroscopy methods such as UV-visible, Fourier-transform infrared,
chemiluminescence, and �uorescence spectroscopies and molecular docking

Results

The results indicated the destruction of hemoglobin structure in the presence of different concentrations
of vinyl chloride, but in the presence of selenium, the damaging effect of VC on hemoglobin structure was
decreased, relying on its antioxidant capability results.

Conclusions

According to our �ndings, vinyl chloride destroyed hemoglobin structure utilizing ROS production, and the
presence of selenium as an antioxidant inhibits the destroying effect of vinyl chloride on hemoglobin

Background
Vinyl chloride (VC) or Vinyl chloride monomer (VCM) is a colorless gas that is a highly applied chemical
in the plastic industry which has been considered an environmental pollutant. [1, 2] Vinyl chloride is
mainly employed in the plastic industry and polyvinyl chloride (PVC).[3, 4] Furthermore, vinyl chloride is
present in cigarette smoke and some underground waters that have been subjected to biodegradation by
bacterial processes. [5–8] Since there are numerous reports on the incidence of liver disease in people
exposed to this compound, vinyl chloride is considered a human carcinogen.[1] Exposure to vinyl chloride
causes angiosarcoma of the liver and hepatocellular carcinoma. [9] Despite that liver is among the �rst
organs in the body damaged by chemical and toxic substances, the liver cells are capable of being
repaired.[10] Vinyl chloride enters the body through inhalation or oral routes, which can cause errors in
transcription and consequent deletion or change in genetic information. Moreover, according to the
results of numerous studies, exposure to signi�cant amounts of vinyl chloride results in DNA single-
strand breaks, which generally assumed that it is not accessible to repair [10]. Since the last 60 years, the
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study of human hemoglobin (Hb) has increased more than any other molecule [7]; it was used better to
assess the effects of VCM on the human body. Hemoglobin (Hb) is one of the most essential proteins in
the body that plays a vital role in transmitting oxygen throughout the body, which is present in human
and animal red blood cells. Regarding the role of hemoglobin in the transfer of oxygen to various tissues
and organs, its concentration is high in the human blood [12]. Hb is a globular protein with a diameter of
5.5 nm and is a tetramer protein with four heme prosthetic groups for each polypeptide chain. In adults,
hemoglobin is composed of two α chains and two β chains with comparable three-dimensional
structures[12, 13] The α helices comprise 75–80% of the hemoglobin polypeptide chains structure which
are adjacent to the heme in a way that prevents heme exposure to the water molecules and therefore the
formation of a suitable packet for heme attachment to the oxygen.[14, 15] Selenium is a required trace
element that is involved in the complex system of defense against oxidative stress via selenium-
dependent glutathione peroxidases (GPx) and plays a pivotal role in human fertility.[16] Additionally, it has
a bene�cial effect on the toxicity caused by chemical factors such as heavy metals.[14, 15, 17, 18]
Selenium (Se) is a useful mineral element for humans and animals whose de�ciency results in various
diseases such as reduced immune function. Because cell reproduction and death are related to cell cycle
control and apoptosis, selenium is considered as a cell cycle and apoptosis regulating agent and
consequently important in the prevention of cancer.[17] As mentioned above, a speci�c type of liver
cancer occurs as a result of vinyl chloride exposure. However, according to the studies, many cancers can
be prevented and controlled using appropriate antioxidants in the diet.[18] Based on a previous study,
selenium plays a moderating role in the effect of the pollutant on the liver and prevention of hepatic
necrosis, [19] the current study attempted to address the moderating effect of selenium on the destruction
of hemoglobin structure in the presence of vinyl chloride.

Materials
Vinyl chloride monomer (VCM) (100 mg, 99.5% purity) was purchased from Sigma as a colorless liquid.
Hemoglobin was isolated and puri�ed from human blood in the laboratory of biochemistry and
Biophysics University of Tehran. The protein was maintained in a sterile vial in a -50°C freezer for future
uses. Dipotassium hydrogen phosphate (K2HPO4), hydrochloric acid (HCl), Luminol, and Hydrogen
peroxide 30%, used in the chemiluminescence assay, were obtained from Merck (Germany).

Methods

Puri�cation of human hemoglobin
Adult hemoglobin (HbA) was isolated from red blood cells. To separate plasma, the blood containing
heparin was centrifuged. The red blood cells were washed three times using 0.9% saline followed by lysis
of red blood cells through osmosis using double distilled water and destruction of cells membrane. The
membrane components were separated employing 3000 rpm centrifugation. The hemoglobin solution
was centrifuged two times at 10,000 rpm to remove the insoluble parts. The 20% ammonium sulfate was
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added to the supernatant. Then it was incubated for 15 min followed by centrifugation at 20,000 rpm at
2°C for 2 h.[20] Diphosphoglycerate was removed using Benesch et al. method. [21] The obtained
hemoglobin was dialyzed against 50 mM phosphate buffer (pH 7.4). Finally, the puri�ed hemoglobin was
maintained in the freezer to prevent destruction.[22]

UV-visible spectroscopy
The T92 + UV Spectrophotometer (PG INSTRUMENTS, England) was employed in the current study.
Phosphate buffer (0.5 M, pH 7.4), hemoglobin solution (1.3 mg/ml), and selenium (1 ppb) were prepared
and used. The effect of various concentrations of vinyl chloride on the structure and absorption of
hemoglobin was studied. The experiment at �rst was established in �nding hemoglobin structure, then
titrations of hemoglobin solution with different concentrations of vinyl chloride. The titrations were tested
in the presence of selenium, and the effect of selenium on the interaction between hemoglobin and vinyl
chloride was investigated in the range of 200–700 nm. The absorbance values were explained between
250 and 600 nm.

Attenuated Total Re�ectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR)
ATR is used in infra-red spectroscopy to increase accuracy. ATR accessory in FTIR eliminates the need for
producing a pellet for analysis. Thermo Nicolet Fourier Transform Infrared Spectrophotometer (Thermo
Fisher Scienti�c, USA) was used for ATR-FTIR measurements. In this test, the desired amount of vinyl
chloride was added to the hemoglobin solution in the presence or absence of selenium.

Fluorescence spectroscopy
Cary Eclipse Fluorescence Spectrophotometer (Varian, Australia) was used in �uorescence
measurements. Brie�y, the vinyl chloride solution with the desired concentration was added to the
hemoglobin solution (1.3 mg/ml in 10 mM phosphate buffer pH 7.4) in the presence or absence of
selenium (1ppb). The excitation wavelength was 280 nm, and the emission intensities were recorded
between 300–500 nm.

Chemiluminescence assay
Chemiluminescence assay was applied to measure and calculate the level of reactive oxygen species
(ROS). Synergy H4 Hybrid Multi-Mode Plate Reader (BioTek Instrument, USA) was employed in the
present study. In this essay, the amount of produced ROS upon the interaction of hemoglobin with vinyl
chloride in the presence or absence of selenium was measured. Brie�y, luminol was solubilized in the
phosphate buffer and the desired concentration of 0.0005 M was added to all the solutions in the plate.
The amount of emission was recorded by the instrument. Finally, the level of reactive oxygen species was
calculated according to the H2O2 standard curve.

Results
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UV-visible analysis
Figure 1shows UV-Visible spectra (250 to 350 nm) of hemoglobin before and after vinyl chloride addition
to the protein solution. As the data shows, the absorbance of Hb samples was gradually increased by
vinyl chloride addition. Figure 2 represents the changes of soret region absorbance in the absence and
presence of different vinyl chloride concentrations. The absorbance of soret band (around 412 nm) was
deduced after vinyl chloride titration to Hb samples. The absorbance of the Q band is observed in Fig. 3.
The intensity of the protein samples was increased as a result of vinyl chloride addition.

The effect of Se on Hb conformation upon interaction with vinyl chloride is indicated in Figure 4. The
experiment was done applying the concentration of 1 ppb Se and 200 µlvinyl chloride. The corresponding
graph shows the protective role of Se on Hb conformational changes induced by vinyl chloride.

ATR-FTIR analysis
Based on the results of the ATR-FTIR test demonstrated in Fig. 5, no displacement was seen in the
spectra in the regions of helices and β-sheets after Se and vinyl chloride addition. Higher intensity of
spectra was seen for Se, and vinyl chloride treated samples.

Fluorescence spectroscopy analysis
Figure 6 shows tryptophan �uorescence intensity excited at 280 nm, and emission spectra were gathered
from 300 to 400 nm (A). The maximum emission intensity was recorded at 340 nm and plotted in Fig. 6B.
Data did not present a detectable �uorescence intensity change in the presence of selenium, while adding
1.4 µM vinyl chloride in the absence of Se caused the increased intensity of tryptophan emission. The
following two graphs present the effects of vinyl chloride and Se.

ROS measurements
Chemiluminescence assay was carried out to measure the level of reactive oxygen species. According to
the results presented in Fig. 7, the induced changes in the amount of reactive oxygen species are evident
after the addition of Se to the hemoglobin solution in the presence of vinyl chloride.

Molecular ducking
According to our results derived from the ducking studies, the ligand (vinyl chloride) binds to the protein
through its hydrophobic region. Hb and vinyl chloride complex were bound to each other by -2.4 kcal/mol
binding energy. The schematic illustration of the Hb- vinyl chloride complex is presented in Fig. 8.
Interaction sites between Hb and ligand are shown in Fig. 9A. Furthermore, hydrophobic interactions and
the amino acids involved in Hb- vinyl chloride interaction have been presented in Fig. 9B.

Discussion
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Vinyl chloride is an important thermoplastic substance and is produced in millions of tons every year. [23,
24] This compound with a pleasant odor that is applied in huge amounts is very toxic, �ammable, and
carcinogenic, such that it was ranked fourth by the Agency for Toxic Substances and Disease Registry in
2015 as a threatening agent for human health.[25] Exposure to vinyl chloride can lead to cardiovascular,
liver, and immune diseases. Therefore, vinyl chloride has been considered the �rst group of carcinogenic
agents for humans by the International Agency for Research on Cancer. [24–28] In this study, the effect of
vinyl chloride on Hb is examined. Hb is a speci�c protein in electron transfer. Adult human hemoglobin is
composed of four polypeptide chains of two α subunits and two β subunits; each has an iron atom in the
center. The capability of hemoglobin to bind oxygen is dependent on the heme prosthetic group. Besides,
this group is responsible for the red color of blood. [29–31] Therefore, preserving the hemoglobin
structure is necessary to transfer oxygen to the organs and cells in the body. Concerning UV-Vis
experiments shown in Fig. 1, it is clear that the absorbance of the protein samples was increased at 280
nm after vinyl chloride addition. The absorbance at 280 nm is due to the presence of aromatic amino
acids (Trp, Tyr, and Phe). These amino acids, especially Trp residue of Hb are the main reporters of the
protein environment. So the increase of spectra absorbance at 280 nm stands for Hb environment
alterations. To evaluate whether the heme prosthetic group of Hb is affected by vinyl chloride, the
absorbance was detected at 412 nm. Figure 2 indicates the gradual reduction of soret band (412 nm) by
vinyl chloride titration to the Hb samples. The decreased absorption in the peak at around 412 nm
demonstrated the loss of interaction between heme group and globin.[32, 33] Based on our observation in
Fig. 2, it is noticeable that Hb tertiary structure has been changed upon interaction with vinyl chloride.
Figure 3 represents the hyperchromicity effect of vinyl chloride in the region 500 to 600 nm or Q bands of
Hb, which approve the binding of oxygen to the heme group. The increased absorbance of Q bands in the
presence of vinyl chloride is related to the alterations of oxy-hemoglobin form upon interaction with vinyl
chloride.[34] To reduce the destructive effects of vinyl chloride on Hb, Se as an antioxidant was selected
to be studied. Se has been shown to act as general preventive medicine in oncology.[35] It is incorporated
in antioxidant enzyme as selenocysteine in the structure of glutathione oxidase and regulates glutathione
activity in times of oxidative stress and increased free radicals and causes detoxi�cation.[36–39] Se is
also able to reduce oxidative stress induced by cadmium in plants.[40] This study aims at �nding out the
effect of Se on Hb titrated by vinyl chloride from a molecular point of view in vitro. It was revealed that Se
alone did not induce changes in the hemoglobin structure. Besides, the inhibitory effect of Se on vinyl
chloride induced hemoglobin structural destruction was obvious (Fig. 4). Moreover, secondary structure
changes of hemoglobin were studied using ATR-FTIR, the two regions of FTIR spectra, namely amid I and
II bands, are suitable to detect protein secondary structure. Amide I represent for C = O bond stretch
around 1650 cm− 1, and amide II stands for N-H bending vibrations (around 1550 cm− 1) under the effect
of neighboring CO, CC, and NC groups. These bonds take part in protein secondary structure by the ability
to form hydrogen bonds. Their vibration pattern demonstrated as amid I and amide II bands give us
insight into protein secondary structure. [41, 42] ATR-FTIR data shown in Fig. 5 indicates no changes in
Hb secondary structure content because wavelength shift was not seen in the presence of vinyl chloride
and Se. Results monitored by �uorescence spectroscopy (Fig. 6) showed the increased intensity of Hb in
the presence of vinyl chloride. It means that Trp emission wavelength is affected by the polarity of the
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micro-environment. So the interaction between vinyl chloride and Trp residue induces changes in Hb
conformation. This result is in the line of soret band absorbance measurement in Fig. 2. It can be
concluded from Fig. 2 and Fig. 6 that vinyl chloride was able to alter Hb conformation. However, the
addition of Se to the protein solution showed a protective effect on Hb conformational change induced
by vinyl chloride (Fig. 4 and Fig. 6A). Assessed by chemiluminescence experiments, adverse effects of
vinyl chloride on Hb were related to ROS generation. Oxidative stress conditions may damage
macromolecules such as proteins via protein oxidation. This will cause protein conformational diseases
like Alzheimer's, Parkinson and etc.[43–45] Furthermore, Fig. 7 showed that the presence of Se vastly
reduced the ROS production of Hb- vinyl chloride solution. So that the antioxidant effect of Se could
protect the integrity of Hb in the presence of vinyl chloride. Finally, molecular docking examination was
done to determine the type of interaction involved in the Hb- vinyl chloride complex (Fig. 8). Results in
Fig. 9A and B show that Hb and vinyl chloride bind via hydrophobic interactions. Val, Ala, Leu, Phe, and
Gly are the main residues that take part in the mentioned hydrophobic interaction.

Conclusion
In this work, the investigation of the antioxidant activity of Se upon the interaction between human
hemoglobin and vinyl chloride was elucidated. According to our �ndings, vinyl chloride destroyed
hemoglobin structure utilizing ROS production, and the presence of selenium as an antioxidant inhibits
the destroying effect of vinyl chloride on hemoglobin. As mentioned in the previous section, hemoglobin
is one of the essential proteins in the human body, transferring oxygen throughout the body. Since
oxygen-binding depends on the heme prosthetic group, any change in heme structure led to lower oxygen
binding, which means a lower oxygenation rate of the various tissues and organs. Furthermore,
hemoglobin structure change increases the possibility of blood disorders like anemia. Thus, Selenium is a
suitable ROS scavenger in the case of the Hb-vinyl chloride study. However, more studies are needed to
discover the generality of Se deleterious effect in molecular level studies.
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Figure 1

UV- Vis spectra of 1.3 mg/ml Hb dissolved in phosphate buffer pH 7.3 at 25°C in the absence and
presence of different vinyl chloride monomer (VCM) concentrations. The absorbance of the samples
wasscanned from 250 t0 350 nm.

Figure 2

Soret band absorbance of Hb (1.3 mg/ml) before and after vinyl chloride monomer (VCM) addition. The
samples were prepared in phosphate buffer pH 7.3 at 25°C. The absorbance of the samples was scanned
from 350 t0 500 nm.
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Figure 3

Q band absorbance of Hb (1.3 mg/ml) before and after vinyl chloride monomer (VCM) addition. The
samples were prepared in phosphate buffer pH 7.3 at 25°C. The absorbance of the samples was
measured from 500 t0 600 nm.



Page 15/20

Figure 4

UV- Vis spectra of 1.3 mg/ml Hb samples including Hb alone, Hb + 0.4 μM Se, Hb + 1.4 µM vinyl chloride
monomer (VCM) and Hb + 0.4 μM Se + 1.4 µM vinyl chloride monomer (VCM). All samples were dissolved
in phosphate buffer pH 7.3 at 25°C The absorbance of the samples was scanned from 200 to700 nm. Se
represents selenium.
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Figure 5

ATR-FTIR spectra of Hb before and after Se (selenium) and vinyl chloride monomer (VCM) addition. The
spectra were gathered for samples prepared in phosphate buffer pH 7.3 at 25°C. 1.3 mg/ml Hb was
dissolved in phosphate buffer. Se and vinyl chloride monomer (VCM) amount was 0.4 μM and 1.4 µM,
respectively.
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Figure 6

A: The change in Hb intrinsic �uorescence intensity, excited at 280 nm in the absence and presence of Se,
vinyl chloride monomer (VCM), and Se- vinyl chloride monomer (Se +VCM). The emission spectra were
collected between 300 t0 400 nm. B: Hb tryptophan emission at 340 nm before and after Se, vinyl
chloride monomer (VCM), and Se- vinyl chloride monomer (Se + VCM) addition. The samples were
prepared in phosphate buffer at room temperature.
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Figure 7

The changes in the level of ROS are based on the H2O2 standard curve, in the absence and presence of
vinyl chloride monomer (VCM) and Se. All samples were prepared in phosphate buffer pH 7.3 and 25°C.
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Figure 8

Schematic illustration of Hb and vinyl chloride complex. Secondary structure and CPK model of Hb and
ligand.
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Figure 9

(A) Interaction sites between Hb and ligand. (B) Hydrophobic interactions and the amino acids involved in
Hb- vinyl chloride interaction.


