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Albumin is the most abundant protein in the
human body, occurring in the blood lymph, cere-
brospinal fluid, and interstitial fluid. Human serum
albumin (HSA) accounts for approximately 55% of
total blood plasma proteins and reaches concentra-
tions of up to 45 g/L. It takes part in many body
functions, including the maintenance of normal
blood colloid osmotic pressure, the transporting and
storing of numerous endogenous and exogenous
compounds, and antioxidant defense (1). Albumin is
synthesized and secreted from the liver, and mole-
cules are primarily composed of α-helices (about
67% of the structure). It has nine double loops, span-
ning three homologous domains where binding sites
are located. HSA can undergo post-translational
modifications, some of which can affect its structure
or inhibit current functions. Cysteine 34 in domain I
seems to be the major target of these modifications
(2). Changes in the structure of albumin may be also

caused by various factors, both endogenous (such as
high glucose concentration or oxidative stress) and
exogenous (e.g. environmental or food-derived
components) (3-6). Although numerous spectro-
scopic methods are available to assess alterations in
the biological structures of proteins (e.g. ultraviolet-
visible, fluorescence, nuclear magnetic resonance,
Raman and Fourier transform infrared spec-
troscopy), circular dichroism (CD) spectroscopy is
often the technique of choice in many studies that
investigate the influence of different agents on the
secondary structure of a protein (7-9).

In scientific research, bovine serum albumin
(BSA) is frequently used as a model protein in the
substitution of HSA in in vitro experiments (10).
Modification of the BSA molecule through alkyla-
tion or nitrosylation involves the introduction of an
alkyl radical or nitric oxide, respectively, which
bind covalently to the sulfhydryl group on the cys-
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teine residue of a protein molecule (11). In the sci-
entific literature, acrylamide (ACR) and sodium
nitrate (III) (NaNO2) are used as alkylating and
nitrosating agents, respectively (12, 13). In this
work, we intend to examine whether these agents
may initiate modifications of BSA structure. The
rationale for the selection of these two compounds
for our study is their prevalence in food. ACR has
been proven to be formed in potato and cereal prod-
ucts, which are subjected to heat treatment (at tem-
peratures exceeding 120OC), e.g. chips, French fries,
crackers, and biscuits. The European Union
Classification recognizes acrylamide as a carcino-
gen, mutagen and a factor contributing to infertility
(14). Both nitrate (III) and (V) are commonly used
in the food industry as preservatives for products of
animal origin, in particular, fish, raw meats or rennet
cheese (15). The nitrate itself is comparatively non-
toxic, but roughly 5% of all ingested nitrate (V) is
converted in saliva and the gastrointestinal tract to
the more toxic nitrate (III), which react with hemo-
globin to form methemoglobin, and as a conse-
quence impair oxygen delivery to tissue (16). The
Scientific Committee on Food has estimated the
acceptable daily intake of total nitrate as 3.7 mg/kg
b. wt., and nitrate (III) as 0.07 mg/kg b. wt. (17). 

Quercetin (QUE) is a plant flavonoid, with a
multifarious spectrum of properties i.e. antioxidant,
anti-inflammatory, antihypertensive, antimutagenic,
anticarcinogenic and antiviral (18-20). As a result of
its pervasive occurrence in plants, quercetin is a
prominent component of the human diet and is con-
sidered to be safe and beneficial for human health
(21). Consumption of quercetin is different across
countries, a fact which is associated with dietary
habits. Daily intake of products rich in flavonoids
(of which about 75% is quercetin) ranges from 5 mg
to 80 mg (22). The bioavailability of quercetin is
relatively low (< 20%), which may be due to its low
absorption, comprehensive metabolism and/or fast
elimination (19). Quercetin, primarily in the form of
glycosides, is found in the edible parts of plants, e.g.
fruits, especially citrus, legumes, leafy vegetables,
roots, tubers, and bulbs, but also in herbs and spices,
cereal grains, cocoa, tea and wine (22-24). After a
meal rich in flavonoids, they can be found in plasma
as serum should be removed albumin-bound conju-
gates (25). The ability of QUE to bind to albumin
contributed to the emergence of the theory about the
protective effect of quercetin, especially with regard
to xenobiotics, including drugs (26, 27). Recent
studies show that high doses of quercetin have par-
tial protective effects on toxicity induced by acry-
lamide. This protective ability results from to

enhancement of the antioxidant defense system and
free radical scavenging, regulation of fatty acids and
amino acid metabolism (28, 29). Moreover, some
epidemiologic studies suggest that an increase in the
intake of dietary quercetin can reduce the risk of car-
diac disease, some tumors, neurodegenerative dise-
ases, and aging (28). Worth noting is that only a few
in vitro studies report some damaging effects of
quercetin (18). Most of the available literature indi-
cates that quercetin used at estimated dietary intake
levels do not produce adverse health effects (19).

The aim of this study was to estimate ACR-
and NaNO2-induced changes in the secondary struc-
ture of BSA using circular dichroism (CD), and
determine the impact of quercetin on these modifi-
cations. The experimental scheme was based on the
average concentrations of these agents in the human
diet and their half-lives, which were supposed to
imitate in vivo conditions.

MATERIALS AND METHODS

Bovine serum albumin fraction V (BSA),
quercetin (QUE) and sodium nitrate III (NaNO2)
were purchased from Sigma-Aldrich Co. Acryl-
amide (ACR) was obtained from Raanal Budapest.
All other chemicals used were of analytical grade.
Stock solutions of BSA, ACR, NaNO2, and QUE
were prepared as follows: 4 g of albumin was dis-
solved in 50 mL of PBS to achieve the concentration
of 80 mg/mL (1.34 mM); the acrylamide solution
was prepared through addition of 1.02 g of the sub-
stance into 20 mL of deionized water to achieve the
concentration of 720 mM; the sodium nitrate solu-
tion was prepared through addition of 10.21 mg of
substance into 18.23 mL of deionized water to
achieve the concentration of 8 mM; 72.5 mg of
quercetin was dissolved initially in 5 mL of DMSO
and then 15 mL of PBS was added to achieve the
concentration of 12 mM. The incubation mixtures
were prepared by combining the appropriate vol-
umes of reagent solutions, and the final concentra-
tions of reagents are given below. The final concen-
tration of DMSO in samples with quercetin did not
exceed 6.25%, remaining in accordance with spec-
troscopic measurements (30). However, control
samples with DMSO solution were prepared, and no
influence of this solvent was observed. 

BSA incubation with acrylamide (13): BSA in
the concentration of 40 mg/mL (0.67 mM), which
reflects human plasma level (31), was incubated
with: a) ACR (1.2 µM ñ corresponding to the maxi-
mal concentration of ACR in human diet and smok-
ing habits); b) ACR and QUE1 (3 mM ñ concentra-
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tion corresponding to recommended doses of sup-
plements available on the pharmaceutical market);
c) ACR and QUE2 (500 µM ñ maximal concentra-
tion achieved in circulation considering its bioavail-
ability) (32-34). The pH of these mixtures hovered
between 7.4-7.6. The prepared mixtures were placed
in flasks and incubated at 37OC, in darkness, on a
laboratory rotating platform Polymax 1040
(Heidolph) with a rotation of 50 rpm. Samples were
taken after 1 and 24 h of incubation, which reflects
a single dose and prolonged exposure to ACR, and
dialyzed against PBS in the darkness at 4OC (35-36).
The dialysis solution was changed three times: after
2 h, 4 h and 24 h. 

BSA incubation with sodium nitrate III (12):
BSA at a concentration of 40 mg/mL (0.67 mM) was
incubated with: a) NaNO2 (8 µM ñ corresponding to
average concentration in human diet), b) NaNO2 and
QUE1, c) NaNO2 and QUE2 (37). To initiate the
reaction, the environment was acidulated by 1 M
HCl (to pH 4). All subsequent procedures were per-
formed in the same way and with the same condi-
tions as for the incubation of BSA with ACR. 

Additionally a negative control (BSA-only
solution) as well as a positive control (BSA with
quercetin) were investigated and treated in the same
way as the other samples. All experiments were per-
formed in triplicate.

Protein concentration measurement: In all sam-
ples, after the dialysis procedure, protein concentra-
tion was measured spectrophotometrically, at a 280
nm wavelength (UV Genesys 10) after appropriate
dilution. 

Estimation of BSA secondary structure:
Circular dichroism measurements of all samples
were recorded on a JASCO J-1500 spectropolarime-
ter (205ñ250 nm) with a scanning speed of 200
nm/min, and the used cell length path was 0.1 cm.
The final plot was taken as an average of three accu-
mulated plots. The baseline was corrected using
PBS. BSA exhibits two characteristic negative
bands in the UV region at 208 and 222 nm, indicat-
ing that the protein has an α-helical structure. The
negative peaks are related from π → π* (208 nm)
and n → π* (222 nm) transitions for the peptide
bond of the α-helix (38). Next, the mean residue
ellipticity (MRE) and alpha-helical content were
calculated according to the following equations,
respectively: 

Observed CD (mdeg)
MRE = ññññññññññññññññññ           (1)

Cp ∑ n ∑ l ∑ 10
where Cp is the molar concentration of the BSA, n
the number of amino acid residues (583 for BSA)
and l is the path-length (0.1 cm);

MRE208 ñ 4000
2α ñ helix(%) = ññññññññññññññññññ × 100  (2)

33000 ñ 4000
where MRE208 is the observed MRE value at 208 nm,
4000 is the MRE of the β-form and random coil con-
formation cross at 208 nm, and 33000 is the MRE
value of the pure α-helix of BSA at 208 nm.

RESULTS

Circular dichroism spectroscopy was used to
evaluate the modification of the secondary structure
of the albumin, due to the effects caused by acryl-

Figure 1. Circular dichroism spectra of bovine serum albumin (BSA) after 1 and 24 h incubation with quercetin at 3 mM and 500 µM con-
centration (QUE-1 and QUE-2, respectively) in relation to negative control (BSA-only)
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amide and sodium nitrate (III), as well as quercetin
(alone and in the different combinations mentioned
above). CD is very useful for studying the confor-
mational changes of proteins upon binding with dif-
ferent ligands. This technique is appropriate for the
monitoring of the possible influence of interaction
processes on the structure of BSA, because of the
high percentage of alpha-helical structure, with a
characteristic CD signal (39-40).

Figure 1 presents the influence of QUE on the
CD spectrum of BSA. We observed changes in
BSAís characteristic CD pattern after incubation
with quercetin. However, no time or concentration-
dependent trend of changes exist. QUE-1 caused
13.43% of the changes in BSA alpha-helical struc-
ture after 1 h of incubation and 19.18% after 24 h,
and QUE-2 16.08% and 12.86%, respectively. The
largest changes in the CD spectra were induced by
QUE1 after 24 h of incubation. 

Figure 2 presents the comparison of circular
dichroism spectra of BSA obtained after 1 and 24 h
incubation with ACR and NaNO2. Differences in the
BSA characteristic CD pattern confirm the signifi-
cant influence of these agents on BSA secondary
structure. ACR caused smaller changes in the alpha-
helical structure in comparison with NaNO2 (9.90%
vs. 23.51% after 1 h of incubation, respectively, and
22.88% vs. 26.57% after 24 h). As shown, the longer
incubation time caused intensification of the
induced changes.

We also examined the CD spectrum of BSA
after incubation with modifying agents (ACR and
NaNO2) and quercetin in both concentrations (QUE-
1 and QUE-2) after 1 h and after 24 h incubation.
Table 1 includes average alpha-helix content and
calculated percentage changes of alpha-helical
structure in all examined samples. QUE-1 inhibited
changes of BSA alpha-helical structure induced by
NaNO2 just after 1 h of incubation (by the amount of
7.67%) and this outcome persisted after 24 h
(9.86%). Such an effect was not shown for ACR
action. Moreover, the presence of quercetin caused
even greater structural changes in the BSA molecule
subjected to ACR in most cases. Only for QUE-2
after 24 h incubation changes of BSA structure
were slightly smaller (2.23%). Summarizing, QUE-
2 inhibited changes of BSA alpha-helical structure
initiated both by ACR and NaNO2, and the most
spectacular inhibition (21.51%) was observed after
24 hours of incubation with NaNO2. 

DISCUSSION

Acrylamide and nitrates are harmful chemi-
cals, used in many industrial processes, that people
inevitably encounter through processed food and
drinking water (14-15). It is known that ACR expo-
sure may cause neurotoxic and genotoxic effects, as
well as disturbances in oxidative status in tissues
(41-43). Sodium nitrate (III) is considered toxic due

Figure 2. Circular dichroism spectra of bovine serum albumin (BSA) after 1 and 24 h incubation with acrylamide (ACR) and sodium nitrate
(III) (NaNO2) in relation to negative control (BSA-only) 
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to the potential carcinogenicity of derived N-nitroso
compounds, however, recent research suggests that
dietary nitrate may enter a ìnitrate-nitrite-nitric
oxide pathwayî and serve as an alternative source of
nitric oxide (44-46). Our study was designed to
determine whether the secondary structure of BSA
is vulnerable to change in the presence of the above
compounds, applied in concentrations correspon-
ding to the average content in the human diet. A few
studies have already indicated that the albumin mol-
ecule is susceptible to alkylation by acrylamide as
well as to nitrosylation by sodium nitrate (6, 47). To
the best of our knowledge, there are no literature ref-
erences regarding the influence of ACR and NaNO2

on the BSA molecule in the molar ratios we used
(BSA:ACR was 1 : 0.0018 and BSA : NaNO2 was 
1 : 0.012). The choice of such concentrations result-
ed from the possible daily dietary intake. It is not
known whether the processes of alkylation and
nitrosylation occur under these conditions. Since
cysteine 34 is indicated by some authors (2-3) as the
main target of possible modifications, we measured
the concentrations of thiol groups using the Ellman
method (48) after the dialysis procedure, and
observed their slight decrease in samples containing
both ACR and NaNO2, (BSA+ACR 10% decrease,
BSA+NaNO2 15% decrease in comparison to con-
trol sample ñ BSA only), which may indicate the
occurrence of alkylation and nitrosylation (data not
shown). However, it is uncertain whether the SH
group of cysteine 34 is the only site of alkylation
and/or nitrosylation. Friedman et al. (49) reported
that acrylamide may also attach to the amino groups

of proteins. With regard to this, we chose CD spec-
troscopy as a tool to detect protein secondary struc-
ture changes initiated by ACR and NaNO2. 

In our study, the small amounts of ACR and
NaNO2 in experimental solutions were nonetheless
enough to trigger changes in the secondary structure
of BSA as derived from CD measurements and
spectra analysis (Fig. 2). Distortions in the charac-
teristic pattern of BSA observed in CD measure-
ments suggest a partial unfolding of the protein
chain and indicate that the intramolecular forces
responsible for maintaining the secondary structure
are altered (50). More significant changes after 1 h
of incubation were triggered by NaNO2 (23.51%) in
comparison with changes observed for ACR
(9.90%). The literature data are ambiguous. For
example, Zhang et al. (51) did not confirm alter-
ations in BSA conformation upon treatment with
NaNO2, despite its higher concentration during
nitrosylation reaction (molar ratio BSA : NaNO2

was 1 : 1). In another study, they showed an increase
of around 5% in alpha-helical content and a decrease
of the beta-pleated sheet (about 20%) upon ACR
treatment (molar ratio BSA : ACR was 1 : 24) (52).
However, from our study it clearly emerged that
both examined agents caused alterations in BSA
secondary structure, as confirmed by the loss in neg-
ative ellipticity of CD spectra, indicating destabi-
lization of the BSA helical structure (manifested by
a decrease in alpha-helical content). Thus may indi-
cate partial protein unfolding and structural transfor-
mation from α-helix to β-sheet and random coil
(53). The obtained results show the great sensitivity

Table1. The alpha-helix content (%) and calculated alpha-helical content changes (%) of bovine serum albumin (BSA) in all examined
samples after 1 h and 24 h incubation with acrylamide (ACR) and sodium nitrate (III) (NaNO2) in the absence and presence of 3 mM and
500 µM quercetin solutions (QUE-1 and QUE-2, respectively). 

1 hour 24 hours

Alpha helix Alpha helical Alpha helix Alpha helical Sample
content (%) content content (%) content 

[mean ± SD] changes (%) [mean ± SD] changes (%)

BSA 65.81 ± 0.8 65.81 ± 0.8

BSA + QUE1 56.96 ± 1.4 13.43 53.18 ± 0.7 19.18

BSA + QUE2 55.22 ± 1.1 16.08 57.34 ± 1.3 12.86

BSA + ACR 59.29 ± 0.6 9.90 50.74 ± 0.9 22.88

BSA + ACR + QUE1 45.50 ± 0.8 30.85 42.54 ± 1.7 35.35

BSA + ACR + QUE2 53.09 ± 0.9 19.32 52.21 ± 1.4 20.65

BSA + NaNO2 49.01 ± 1.3 23.51 48.32 ± 1.2 26.57

BSA + NaNO2 + QUE1 55.38 ± 0.7 15.84 54.80 ± 0.5 16.71

BSA + NaNO2 + QUE2 51.76 ± 1.2 21.34 62.47 ± 0.8 5.06
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of albumin to the action of even small amounts of
diet-derived xenobiotics, proving the importance of
our research. Of course to fully understand the
mechanism of BSA-ACR or BSA-NaNO2 interac-
tions, the thermodynamic parameters related to
these complex formations should be calculated (54).
Experiences in CD measurements show that
reversible as opposed to irreversible binding is influ-
enced by only small differences in protein secondary
structure (55). Taking into account that the changes
in alpha-helical structure obtained in our study are
quite large ñ the maximal changes observed after 24 h
of incubation were 22.88% for ACR and 26.57% for
NaNO2, and that measurements of CD spectra were
carried out after an intensive dialysis procedure in
PBS buffer (which may partially break weak non-
covalent bonds), and always in comparison with a
control sample, we may assume that these changes
derive mainly from covalent bonding. 

We were curious about whether the addition of
quercetin to our experimental model of ACR- and
NaNO2-modified BSA would have any impact on its
molecular structure. A quercetin-rich diet is general-
ly recommended, particularly to prevent age-related
diseases (56). It is known that quercetin is charac-
terized by a high binding affinity to plasma proteins
after release from the dosage form, and as a result,
its cellular availability is poor (57). Some authors
also indicate the binding affinity of quercetin to cel-
lular DNA (58). 99.4% of administered quercetin is
reported to be bound to serum albumin, and accor-
ding to Boulton et al. (57) quercetin concentration
has no significant effect on the bound-fraction. This
means that only a small amount of the administered
quercetin remains unbound and pharmacologically
active. Some researchers suggest that quercetin, due
to its phenolic structure, is rapidly oxidized in cells,
presumably by different peroxidases, to products
capable of covalently binding to albumin (26, 59).
Binding studies with the use of warfarin, as well as
molecular docking, have provided controversial
results, but most of them indicate subdomain IIA as
a major binding site for quercetin (56, 60). The va-
lues of binding constant of QUE-BSA obtained in
different studies ranged from 9.8 ◊ 104 to 49.5 ◊ 104

M-1 (61-63). Therefore, the possibility of displace-
ment of other ligands from this binding site exists,
which may cause the elevation of their free plasma
concentrations, leading to adverse effects, especial-
ly in patients suffering from kidney or liver diseases
(64). Rimac et al. (60) tested the risk of drug dis-
placement from HSA by quercetin and observed no
direct interactions between warfarin and quercetin.
Thus authors hypothesized that the formation of ter-

nary HSA-warfarin-quercetin complex may occur.
In our study, we tested two different concentrations
of quercetin: 3 mM (marked as QUE1) and 500 µM
(marked as QUE2), which correspond to high-dose
supplementation and the concentration achieved in
circulation, respectively (39, 40). We observed an
obvious decrease in the intensity of negative bands
appearing with the addition of quercetin, suggesting
considerable changes in the protein secondary struc-
ture (Fig. 1). The alpha-helical content was reduced
by 13-19%, depending on quercetin concentration
and incubation time. Taking into consideration that
serum albumin is the major binding and transport
protein for many endogenous and exogenous ligands
(including drugs), changes in its structure may
determine the pharmacokinetics of different sub-
stances capable of binding to the albumin molecule,
and cause unexpected interactions. While the bene-
fits of taking quercetin supplements have been wide-
ly discussed, little attention is paid to quercetin
influence on the structure of serum albumin (65).
Some circular dichroism data indicate that quercetin
and other polyphenols, after binding to BSA, do not
significantly change its secondary structure (66).
However, our study clearly demonstrates that BSA
secondary structure was altered after incubation
with this flavonoid. It seems very interesting,
whether flavonoids may also influence the structure
of other proteins (67). 

It is well known that alkylation and nitrosyla-
tion may also influence the binding capacity of albu-
min, for example, ACR (2.8 mM) reduced the bind-
ing of vitamin B2 to BSA by almost one half (52).
Some studies indicate the preventive effect of
quercetin towards ACR exposure. El-Beltagi et al.
(68) showed that oral administration of ACR
induced elevation of inflammatory markers and
oxidative stress parameters in rats, and coadminis-
tration of quercetin in dose 25 and 50 mg/kg ame-
liorated these unfavorable effects, which suggests
that quercetin has a protective role in ACR-induced
oxidative stress in the animal model. Yang et al. (69)
also indicated that quercetin had a beneficial effect
on the metabolic profile of the serum of ACR-treat-
ed rats. To our knowledge, there is no report of the
influence of quercetin on BSA secondary structure
modifications induced by ACR or NaNO2. In our
study, we revealed the inhibitory properties of
quercetin towards changes of BSA alpha-helical
structure initiated by NaNO2, and the most spectacu-
lar inhibition was observed for QUE-2 after 24 h of
incubation with this agent (Table 1). Such a protec-
tive effect was not shown for ACR. Moreover, struc-
tural changes in BSA subjected to ACR even
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increased in the presence of quercetin, with the
exception of QUE-2 after 24 h (2% fewer changes).
We hypothesize that this may result from the possi-
ble reaction between acrylamide and quercetin
under in vitro conditions, which may adversely
affect the BSA molecule. In summary, QUE-2, cor-
responding to concentrations which are possible to
achieve by supplementation, inhibited structural
changes of albumin initiated both by ACR and
NaNO2 after longer times of incubation, which may
indicate the positive effects of quercetin supple-
mentation. However, it should be underlined that
too high quercetin concentrations may aggravate
these changes (Table 1). There are only two studies
reporting the effect of the simultaneous presence of
quercetin and sodium nitrate in the in vitro model,
however, this research concerns sodium nitrate (V).
Kurzeja et al (70) indicated disruption of the redox
homeostasis and decreased ATP concentration in
fibroblasts upon treatment of these compounds. The
authors showed that exposure of the cells to nitrate
inhibited their growth and in the presence of
quercetin this inhibition was smaller. However,
even prolonged exposure to quercetin did not result
in the normalization of metabolic activity in the
cells. 

Our study clearly demonstrates that BSA sec-
ondary structure is vulnerable to alteration upon
treatment with acrylamide and sodium nitrate (III),
as well as quercetin. However, the influence of
quercetin on ACR- and NaNO2-induced changes in
the secondary structure of BSA is not unequivocal.
It seems that quercetin at 500 µM concentration
exerts a preventive effect towards a BSA molecule
subjected to NaNO2-exposure. It is difficult to deter-
mine whether this effect is advantageous, because
quercetin itself causes alterations in BSA structure,
as revealed by circular dichroism measurements. 
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