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Abstract: Quinine (Qi) is a well-known drug used in malaria therapy; it is also a potential anti-
arrhythmic drug used in the treatment of calf cramps, rheumatoid arthritis, colds, and photodermatitis.
Moreover, it is used in the food industry for the production of tonics. This study aimed to analyze the
interaction between quinine and a transporting protein—human serum albumin (HSA)—as well as
the influence of Qi on both protein reduction and antioxidant potential. It was found that Qi (via
spectrofluorometric measurements and circular dichroism spectroscopy) binds to HSA with a low
affinity and slightly affects the secondary structure of albumin. As demonstrated by the use of ABTS
and FRAP assays, HSA has a higher antioxidant and reduction potential than Qi, while their mutual
interaction results in a synergistic effect in antioxidant activity and reduction potential.

Keywords: quinine; human serum albumin; antioxidant and reduction potential; spectroscopy

1. Introduction

Quinine (Qi) and its derivatives, such as chloroquine and primaquine, belong to the
oldest effective antimalarial drugs. The antimalarial activities of these substances result
from the quinoline scaffold construction [1,2]. Qi is an alkaloid derived from the bark of
the South American cinchona tree [3,4]. Although Qi has a long history, and other new
antimalarial drugs are available, this substance is still used in medicine. It shows high
efficiency and is sometimes used with other medications, such as doxycycline [5]. Qi
used during therapy may affect the endogenous antioxidant mechanism [6]. The level of
free radicals in the human body has a large impact on the course of a disease. When the
parasites from the Plasmodium species are released into the body of patients with malaria,
red blood cells rupture. This process is accompanied by the growth in the level of oxygen
radicals. It is one of the body’s key defense mechanisms [7]. The most important sources of
free radicals in the human body are phagocytic cells, such as neutrophils and monocytes [8].
Endogenous and exogenous antioxidant mechanisms take part in regulating the levels of
free radicals in the organism. These mechanisms are necessary because pathologically-
high levels of free radicals in the human body have destructive effects on micro- and
macromolecules, cells, and tissues [9,10].

Albumin is the most widespread protein in the blood and the most important in the
human body. This protein transports various substances, such as drugs, and scavenges free
radicals [11]. Albumin transports Qi and, thus, influences the course of malaria as well as
the process of its treatment [12]. There are two main drug-binding sites (Sudlow sites I and
II) located in albumin subdomains IIA and IIIA, respectively. The main aim of this study
was to analyze the interaction between Qi and the transporting protein—human serum
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albumin (HSA)—as well as the influence of the binding on albumin’s antioxidant and
reducing activity. Many antioxidants mutually alter their antioxidant potential. Qi binding
by albumin and antioxidant activity were also analyzed [13-15]. HSA can participate in the
regulation of the level of free radicals. The amino acid residues that are mainly responsible
for the regulatory mechanism are Cys-34, Met-87, Met-123, Met-298, Met-329, Met-446, and
Met-548, but to a small extent [16-19]. Under the influence of the reactive forms of oxygen,
changes in the drug-binding ability are possible [20]. This phenomenon has to be taken
into account because substances with high antioxidant potential (such as ascorbic acid
(AA), a-tocopherol, and proanthocyanidins) bind with HSA [21]. The antioxidant activity
of HSA is also strongly dependent on the environment’s pH and is probably connected
with conformational changes in protein particles [22,23].

The analysis of antioxidants and reducing the potential of drugs (and drug influences)
on the ability to scavenge free radicals by internal structures are very significant, and it
allows us to better understand their effects on the body.

2. Results and Discussion

A high level of free radicals can lead to tissue damage and degradation while the
formation of free radicals is a very important mechanism of body defense [24]. Due to these
facts, an analysis of the antioxidant activity of pure Qi as well as an analysis of Qi binding
with HSA was carried out [23-29]. In the first part of the study, the interaction between Qi
and HSA at the molecular level using spectrophotometric and spectrofluorimetric methods
was conducted, while in the second part of this work, the influence of Qi on the reduction
and antioxidant activity of HSA was analyzed.

2.1. The Spectroscopic Analysis of Qi-HSA Interaction

To analyze the interaction between Qi and HSA, the absorption measurements of HSA,
Qj, and Qi in the presence of HSA were performed using UV-Vis spectroscopy. Different
values of Qi:HSA molar ratios (1:1; 1:2, and 1:4) were used. Figure 1 presents absorption
spectra of “Qi,” “HSA,” “Qi-HSA omplex” (at Qi:HSA molar ratios 1:1, 1:2, and 1:4) as well
as “Qi-HSA omplex — HSA” as a result of the mathematical subtraction “HSA” absorption
spectrum from the “Qi-HSA omplex” absorption spectrum.

The absorption spectra of Qi, HSA, and Qi-HSA omplex were analyzed in the wave-
length range from 300 to 370 nm (Figure 1), and one significant Qi signal with maximum
absorption at Ay, 331 nm was observed. All analyzed solutions were prepared in phos-
phate buffer (pH = 7.4). With the increase in HSA concentration, it was observed that the Qi
absorption spectrum changed (Figure 1). The values of the mean absorbance for “Qi” and
“Qicare = Qi-HSA omplex — HSA” at Ayay 331 nm in Qi-HSA omplex 1:1, 1:2, and 1:4 molar
ratio were presented. If at the specific wavelength the values of two different substance
absorbances differed from the absorbance of the sum of both components in the mixture,
it probably meant that both substances could interact with each other. In the case of the
absence of interaction between Qi and HSA, the absorption spectra for Qi, both measured
and calculated as the HSA subtraction from Qi-HSA complex (Qicate = Qi-HSA complex — HSA),
should overlap [30,31]. Regardless of the ligand:protein molar ratio, a difference in the
values at A = 331 nm between the Qi absorbance measured and calculated was observed
(Figure 1). It probably confirms the formation of non-covalent bonds between the functional
groups of Qi and amino acid residues of HSA or the occurrence of interaction between
Qi and HSA. The greatest difference in the absorption value between Qi measured and
calculated was observed when the molar ratio Qi:HSA was 1:4 (Figure 1c,d; Table 1).
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Figure 1. Absorption spectra of analyzed ligand—protein mixtures: (a) “Qi”, “HSA”, “Qi-HSA omplex”
and “Qigyle = Qi-HSA omplex — HSA” at ligand:protein 1:1 molar ratio; (b) “Qi”, “HSA”, “Qi-
HSA complex” and “Qicare = Qi-HSA omplex — HSA” at ligand:protein 1:2 molar ratio; (c) “Qi”, “HSA”,
“Qi-HSA complex” and “Qicare = Qi-HSA omplex — HSA” at ligand:protein 1:4 molar ratio; (d) “Qi”,
“Qigare 1:1 molar ratio”, “Qigye 1:2 molar ratio” and “Qigye 1:4 molar ratio”; [Qi] 7 x 1075 M,
[HSA]7 x 107° M, 1.4 x 107* M, 2.8 x 10~* M; all tested solutions were prepared in phosphate
buffer (pH 7.4).

Table 1. The values of mean absorbance for “Qi” and “Qi,. = Qi-HSA omplex — HSA” at Ayax 331 nm
in Qi-HSA complex 1:1, 1:2, and 1:4 molar ratio; [Qi] 7 x 107> M, [HSA] 7 x 107> M, 1.4 x 107* M,
2.8 x 10~* M; all tested solutions were prepared in phosphate buffer (pH 7.4).

1:1 1:2 1:4
Qi measured (Qi) 0.413 £0.012
Qi calculated (Qicalc) 0.427 4+ 0.011 0.399 + 0.005 0.342 £ 0.000

The analysis of the possibility of the protein-ligand interaction using UV-Vis spec-
trophotometry was also carried out by Suhartono et al. [31]. They analyzed the absorbance
of BSA in the wavelength range from 220 to 300 nm, as well as samples of BSA with Cd?*
ions at an increasing concentration (BSA + 0.001 ppm of Cd?*; BSA + 0.01 ppm of Cd?*,
and BSA + 0.1 ppm of Cd?*). The results of their research confirm that the use of UV-Vis
spectroscopy allows for the detection of interactions between radiation and absorbing
substances (e.g., the protein and ligand) and changes the protein structures under the
influence of ligands [31]. Both of the above literature examples confirm the validity of the
use of UV-Vis spectroscopy in this work.

To confirm the interaction between Qi and HSA, spectrofluorometric measurements
were performed. All analyzed solutions were prepared in phosphate buffer (pH = 7.4). The
HSA solution was titrated by the Qi solution (A.x 285 nm; pH = 7.4) and non-significant
changes in albumin fluorescence intensity (Figure 2a) confirmed weak Qi-HSA binding.
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Similarly, in previous works by Wanwimolruk et al. [12] and Frostell-Karlsson et al. [32],
low-affinity HSA binding sites for Qi were observed, while on the structures of other human
serum proteins, such as alpha 1-acid glycoprotein, high-affinity binding sites for Qi were
observed [12,33,34]. In a similar manner to our work, for the analysis of the stereoselective
interaction of Qi and quinidine with bovine serum albumin (BSA), Liu et al. used the
fluorometric method [35]. Based on the obtained data and the Klotz equation (Equation (2)),
the Klotz curve (Figure 2b), the association constant (K;), and the number of Qi molecules
bound to HSA (1) were determined (Table 2).
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Figure 2. Spectrofluorimetric analysis: (a) the fluorescent emission spectra of HSA ([HSA]
3 x 10 ~® M): without or in the presence of Qi ([Qi] 1 X 1073 M); Aex 285 [nm]; (b) the Klotz
plot for HSA in the presence of Qi at Qi:HSA molar ratio from 0.67:1 to 6.67:1. In the insert: quenching
of HSA fluorescence by Qi at Qi:HSA molar ratio from 0.67:1 to 6.67:1; Aex 285 nm; [HSA] 3 x 1070 M;
[Qi]1 x 1073 M; pH=74.
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Table 2. The association constant (K;) and the number of molecules bound to protein (n) in Qi-HSA
system; Qi:HSA molar ratio from 0.67:1 to 6.67:1; [HSA] 3 x 107 M; [Qi] 1 x 1073 M; pH=74.

System K, [M—114 SD * x 10* n+SD*
Qi-HSA complex 0.952 + 0.178 1.336 + 0.274

* Standard deviation.

The association constant (K;) of Qi binding with albumin is relatively low and is equal
t0 (0.952 + 0.178) x 10* M~ (Table 2). Similar results were obtained by Frostell-Karlsson
et al. [32] and Liu et al. [35]. Using isothermal titration calorimetry, Liu et al. gained the
association constant of Qi and quinidine binding with BSA equal to (0.99 #+ 0.03) x 10* M~!,
and this value did not change significantly with the temperature increase, from 288 to 308 K.
Karlsson et al., in turn, observed that the value of K, of Qi binding with HSA equaled
2 x 103 M~L. This result was obtained as a consequence of the use of surface plasmon
resonance technology [32]. In this paper, the value of the association constant is connected
with specific limitations of the applied method (the need to immobilize HSA). As Day et al.
showed, Qi affinity is low for HSA as well as for serum albumin from other species (e.g.,
monkey, dog, donkey, pig, sheep, rat, goat, hamster, turkey, or chicken) [36]. Similarly,
according to Kratochwil et al. [37] and Liu et al. [35], the number of drug molecules was
almost 1, which pointed to one class of the HSA binding site for Qi (1.336 £ 0.274; Table 2).
The value of the parameter n in the temperature range from 288 to 308 K did not change [35].
It is well known that a single HSA molecule is characterized by two specific drug binding
sites, called Sudlow sites I and II [38], and taking into account the value of the association
constant, a main Qi binding site was not likely located near these sites [12]. According to
Kratochwil et al. [37] and based on the data obtained by Paubel et al. [39], although the
value of the n parameter is 1, Qi does not bind both sites in subdomains IIA and IIIA [37,39].

Regardless of Qi’s weak binding with HSA, the changes in a protein’s tertiary and
secondary structure are likely and, therefore, for the study of protein structures, circular
dichroism (CD) spectroscopy was used. CD is an excellent method for the rapid evaluation
of the secondary and tertiary structures as well as the folding and binding properties of
proteins [40]. Proteins such as HSA possess a number of chromophores that give rise
to CD signals. In the far UV region (180-240 nm), which corresponds to peptide bond
absorption, the CD spectrum can be analyzed; for example, a strong double minimum
(209 nm and 222 nm; characteristics for proteins with the dominance of x-helix in the
secondary structure) or a single negative band (210-225 nm; characteristics for proteins with
the dominance of a 3-sheet in the secondary structure) may be observed. The CD spectrum
in the near UV region (260-320 nm) reflects the environments of the aromatic amino acid
side chains and, thus, gives information about the tertiary structure of the protein [41-43].

Due to the presence of some factors, e.g., ligands, changes in the structure of the
protein are possible. Based on Equation (4), the values of mean residue ellipticity [®]mrw
for HSA, in both the absence and presence of Qi, were calculated and collected in Table 3.

The data collected in Table 3 confirm that HSA is a protein with the dominant «-helix
structure in its secondary structure. Similarly, as in the literature, the CD spectrum was
characterized by two negative bands at A 209 and 220.8 nm (Table 3) [44—46]; no changes in
ellipticity (deg) at A 200 and 250 nm led to the conclusion that the samples were prepared
properly and the HSA concentration in both samples was the same [46]. Based on the
standard deviation analysis, it can be concluded that significant changes in the mean
residue ellipticity and protein spatial structure were registered (Table 3). This effect was
likely caused by the influence of Qi binding on HSA’s sulfhydryl groups and their reactivity.
However, it is not the same as confirming the modification of the HSA’s secondary structure.
To confirm this phenomenon, an analysis of the effect of the interaction of Qi with HSA
on the HSA’s secondary structure elements was necessary. As mentioned previously, the
only free sulfhydryl (thiol) group in the HSA molecule, which is largely responsible for
HSA antioxidant activity, is the amino acid residue Cys-34 [16,17,19,47]. To carry out the
secondary structure analysis, the secondary structure estimation program with Young's
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reference model was used, and the formation of «-helical conformation (the increase in
% o-helix value) and a reduction in the (3-sheet content were registered (Table 4). The
conformation of a protein can be easily changed due to the binding of ligands, and minor as
well as major modifications of the secondary structure of HSA can contribute to the change
in the availability of functional groups of side chains of different amino acid residues.
Changes in the location, chemical activity, and accessibility may also be related to the
Cys-34 thiol group. As Jovanovié et al. in their study showed, the presence of fatty acids in
the environment significantly impacts the level of available sulfhydryl groups in albumin
solution [48]. There is also some evidence to suggest that an increase in both the level of the
free thiol groups (in HSA) and chemical reactivity can be observed in the case of clozapine,
ziprasidone [49], enterolactone, and enterodiol [50].

Table 3. The CD spectra and the values of mean residue ellipticity [@mrw] for HSA, in both the
absence and presence of Qi (Qi:HSA 6.67:1 molar ratio); [HSA] 3 x 107 M; [Qi] 1 x 1073 M; pH=74.

10

wavelenght [nm]

H
8 -20
-30
-40 - | — -
System Ain [nm] [@®lmrw + SD * [deg - cm? - dmol—1]
HSA 209.0 —24,774.26 + 20.19
220.8 —23,180.92 + 19.47
. 209.0 —24214.71 +21.24
-HSA ¢
Qi complex 220.8 —22,925.82 4+ 12.78

* Standard deviation.

Table 4. The percentage (%) content of the secondary structure elements of HSA, in both the presence
and absence of Qi (Qi:HSA 6.67:1 molar ratio); Young’s reference model.

System % o-Helix = SD * % B-Sheet = SD * % Turn + SD * % Other + SD *
HSA 35.10 £0.28 12.25 £ 0.35 21.05 +0.35 31.60 +£0.28
Qi-HSA complex 36.25 + 0.07 10.25 £ 0.07 21.50 +0.14 32.00 £ 0.01

* Standard deviation.

Under the influence of various ligands, there are possible significant changes in the
secondary structure of HSA and slight modifications/interactions, which may also be
imperceptible. The above statement is based on numerous literature sources [51-55]. As
Owczarzy et al. showed, 5-alkyl-12(H)-quino[3,4-b][1,4]benzothiazinium probably binds
to the HSA in Sudlow’s sites I and II. Despite this, changes in the percentage of o-helix
below 0.5% were defined as “not changed significantly” [52]. In turn, in the case of
commonly used drugs, such as furosemide, changes in the percentage of «-helix in the
HSA’s secondary structure can be bigger (at the level of 1-2%). They were defined by
Zaidi et al. as “slight structural changes” [51]. Regardless of the presence of Qi, HSA
a-helix remains the dominant secondary structure (Table 4). An observed increase (at
the level of 1%) in the percentage of a-helix and a decrease in the protein percentage of
-sheet confirm the influence of Qi on HSA’s secondary structure. Due to the binding
of various ligands by HSA, such as curcumin or diacetylcurcumin, slight changes in the
proportion of a-helix versus 3-sheet are possible [56]. The demonstrated domination of
the a-helix in HSA’s second-order structure is consistent with the literature data [45,46,57].
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The molar ratio of the ligand to HSA is very important in the analysis of the effect of
the ligand on HSA'’s secondary structure. In the work of Zhu et al. at the molar ratio of
atrazine:HSA (atrazine was a triazine herbicide) 1:1 and 1:2, the percentage content of the
o-helix of HSA was 30.3% and 27.3%, respectively (initial content 32.5%). The authors
described the changes as “change in the conformation of HSA” [53]. In this work, the
molar ratio was high (Qi:HSA 6.67:1), while the change in the percentage content of the
secondary structure elements of HSA was slight (at the level of 1-2%). This suggests that
Qi may probably have little effect/influence on the HSA’s secondary structure. At the
same time, this effect/influence is too small to be unambiguously called “change in the
conformation of HSA.” This conclusion is consistent with the results of Yuan et al. [54].
They analyzed the binding of two ligands: (—)-epigallocatechin-3-gallate (EGCG) and
5-fluorouracil (FU) with HSA. In the case of both drugs, a wide range of concentration
ratios (drug:HSA molar ratio) and a wavelength range similar to that used in this study (in
the course of CD measurements) were taken into account. They suggested that a change
in the percentage content of the x-helix in HSA of less than 10% means no change in The
HSA'’s secondary structure [54]. Even small drug interactions on the HSA’s secondary
structure may be associated with changes or modifications in the exposure of individual
amino acid residues in the HSA molecule. Using CD, Liu et al. observed the decrease in
BSA’s «-helix percentage under the influence of cinchona alkaloids, and they explained the
fact that protein conformational changes are associated with the exposure of hydrophobic
amino acid residues. A decrease in the percentage of the content of «-helix in BSA under the
influence of interactions with ligand might suggest the migration of ligand (Qi) inside the
BSA structure. It is probably associated with the disturbance of the structure of hydrogen
bonds in the protein and modification of the protein’s conformation [35,58]. The slight
increase in the percentage of content of x-helix in HSA observed in this study due to the
interaction with Qi may probably mean that the amount or stability of hydrogen bonds at
the level of the HSA's secondary structure (Table 4) slightly increases.

2.2. The Analysis of Qi and HSA’s Antioxidant Activity

Figure 3 presents the value of Qi and HSA, separately and in the mixture (Qi-HSA complex),
as well as the percentage of inhibition (% inhibition) (DPPH assay).

30

] |

20—_ T

15 4

% inhibition

10 4

I

Qi HSA ' Qi-HSIA(Ex) ' Qi-HSl’-\ (De) l

Analyzed samples
Figure 3. The value of % inhibition of Qi ([Qi] = 7 x 10~° M), HSA ([HSA] = 2.8 x 10~* M) and Qi-
HSA complex (1:4 molar ratio; [Qi] =7 X 107° M; [HSA] = 2.8 x 10~* M); Ex: expected, De: designated
(DPPH assay); pH =7.4.
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It has been shown that Qi shows antioxidant activity under denaturing conditions
and is a weaker free radical scavenger than HSA (Figure 3; DPPH assay). Qi has the
ability to modulate the antioxidant activity of HSA, and the % inhibition value for the HSA
solution is 17.79 + 2.31% and for the Qi-HSA complex mixture is 25.02 & 3.69% (Figure 3).
The designated antioxidant activity value of the Qi-HSA omplex mixture (De) was almost
two times larger than the expected value (Ex). The expected value of the antioxidant
activity of the Qi-HSA omplex mixture was calculated, using the mathematical method
(the weighted average of the antioxidant activity of HSA and Qi in pure form, taking
into account the volume ratio that was used in making the mixture), based on the work
of Guimaraes et al. [59,60]. They analyzed the different types of interactions in the field
of antioxidant activity between three types of herbs. The storage times of collected and
prepared herbal products were: 0, 30, 60, or 120 days. Next, on the basis of two-component
herbal mixtures, infusions or decoctions have been prepared. An analysis of the antioxidant
activity of herbal mixtures were made with the use of reducing the power analysis, DPPH,
TBRS, and f3-carotene bleaching in the presence of linoleic acid radicals assays. From this
work’s point of view, the most important was the analysis of the type of interaction between
herbal mixture ingredients. Guimaraes et al., in order to calculate the predicted values of
antioxidant activity parameters for herbal mixtures (“the theoretical values”), used results
of antioxidant activity analysis of individual herbs [59,60].

Table 5 presents the value of Qi and HSA, separately and in the mixture (Qi-HSA complex),
as well as the percentage of inhibition (% inhibition) (ABTS assay). The amount of vitamin
C concentration that expresses the value of the ascorbic acid equivalent antioxidant capacity
(AAEAC) ([AA] = 10-% M) was calculated based on the ABTS assay. Table 6 presents the
total amount of AAEAC antioxidant activity (ABTS assay), while in Table 7, the ascor-
bic acid equivalent reduction potential (AAERP) values were determined experimentally
(FRAP assay).

Table 5. The value of % inhibition of Qi ([Qi] = 6.67 x 10~> M), HSA ([HSA] =1 x 10~> M), and
Qi-HSA omplex (1:6.67 molar ratio; [Qi] = 6.67 x 10> M; [HSA] = 6.67 x 10> M; ABTS assay);
pH =7.4).

% Inhibition + SD *

Time [min] 5 15 30 45 60
Qi 1.38 £ 0.75 1.09 4+ 0.89 1.69 £+ 1.86 245+ 2.26 3.48 +2.62
HSA 26.75 + 0.55 49.11 + 0.24 57.45 + 0.24 62.81 +0.32 67.31 + 1.07
Qi-HSA complex 19.28 + 1.10 33.01 + 1.62 39.36 + 1.56 44.07 £ 1.25 47.71 + 0.53

* Standard deviation.

Table 6. The total AAEAC antioxidant capacity (ABTS assay); pH = 7.4).

AAEAC +SD*
[10-6 M AA]
Time [min] 5 15 30 45 60
Qi 0.96 + 0.61 ND ** ND ** ND ** ND **
HSA 21.63 + 0.44 40.07 + 0.21 49.01 +0.22 54.40 + 0.30 57.05 + 0.99
Qi-HSA complex 15.55 £+ 0.90 2595 + 1.42 32.66 +1.41 36.83 £ 1.17 38.95 + 0.49

* Standard deviation; ** No data; indeterminate values due to too low Qi antioxidant activity (Table 5).

Table 7. The total AAERP antioxidant capacity (FRAP assay); pH = 7.4).

AAERP £+ SD *

[10-6 M AA]
Time [min] 0 10 20 30 60
Qi 57.70 & 2.31 52.66 & 1.79 46.23 & 2.02 43.59 = 1.83 38.50 & 2.32
HSA 57.76 +2.94 61.74 + 352 56.07 + 5.12 56.47 + 6.01 54.72 + 8.45
Qi-HSAcomplex  60.16 £ 225 64.72 & 4.51 61.84 =+ 5.38 61.49 + 6.70 59.94 - 8.84

* Standard deviation.
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Due to the fact that many chemicals can interact with HSA, these substances may affect
the antioxidant potential of HSA as well as the HSA-ligand system, e.g., stilbenoids [61],
resveratrol [62], or different phenolic acids, as well as gallic acid [63,64]. The antioxidant
potential of HSA changes during the course of diabetes in the presence of flavone or
glucose [65]. Glyco-oxidative modification of HSA can affect the process of inhibiting the
oxidation reaction, especially LDL (low-density lipoprotein) particles [66]. There are cases
where ligand binding by HSA has a small effect (or no effect) on the protein’s antioxidant
activity, such as the binding of dabrafenib to HSA. It can be connected with the location
of the HSA binding site, where amino acid residues are not involved in the free radical
scavenging process. Dabrafenib does not interact with Cys-34, which means that the
antioxidant activity of this amino acid residue remains unchanged [67]. Bae et al. showed
that HSA is responsible for the increased stability of ()-epigallocatechin gallate (EGCg). Itis
connected with the antioxidant activity of the Cys-34 thiol group reactivity. Simultaneously,
the incubation process of BSA with EGCg has become the cause of the significant increase
in the antioxidant activity of the protein. It has been demonstrated with the help of FRAP
and the oxygen radical antioxidant capacity (ORAC) assays [68,69].

Based on the data collected in Tables 5 and 6 and Figure 3, we can conclude that the
antioxidant activity of Qi is very low and increases over time. According to the comparison
of the data in Table 7, the reduction potential of Qi is also noticeable. The influence of
Qi on the level of free radicals in the human body is significant, and it confirms that Qi
reduces the activity of antioxidant enzymatic mechanisms and slows the reduction of
inflammation [70,71]. It is noteworthy that Qi as a chemical compound has in its structure
numerous considerable reductants (-OH and «, 3 carbonyl moiety), which determine
antioxidant activity [72-74]. In order to study the antioxidant and reduction potential of
analyzed samples (HSA, Qi), ABTS, and FRAP assays were used. Compared to Qi, HSA
has a higher free radical scavenging ability, and the antioxidant and reduction potentials
were also observed for the mixture in Qi-HSA omplex (Tables 6 and 7). The antioxidant
potential of Qi increases with time, in the range between 5 and 60 min from the beginning
of the reaction (Table 5). The highest value of AAEAC calculated for HSA was recorded for
60 min, as well as in the presence of Qi (Qi-HSA complex; Table 6). This phenomenon has not
been observed using the FRAP assay—the obtained AAERP values for both samples were
very similar (Table 7). The lowest values of AAERP, regardless of sample incubation time,
were observed for Qi.

Based on the data presented in Table 7, the analysis of the interaction between Qi and
HSA (FRAP assay) was characterized. The results are presented in Table 8.

Table 8. Expected versus designated values of AAERP.

Qi'HSAcomplex Qi'HSAcomplex

Assay Time [min] L SD* Assay Time [min] L SD*
Ex 11.30 £ 0.09 Ex 57.73 + 2.57
5 De 15.55 + 0.90 0 De 60.16 & 2.25
E s E a
Ex 20.04 £0.11** Ex 57.36 +2.43
15 De 25.95 +1.42 10 De 64.72 £ 4.51
E s E s
Ex 24.60 £+ 0.15 ** Ex 51.15 4+ 3.45
ABTS 30 De 32.66 + 1.41 FRAP 20 De 61.84 £+ 5.38
E s E s
Ex 27.24 £+ 0.09 ** Ex 50.03 + 3.83
45 De 36.83 £ 1.17 30 De 61.49 £+ 6.70
E s E s
Ex 28.67 £+ 0.25** Ex 46.61 £ 5.16
60 De 38.95 + 0.49 60 De 59.94 4 8.84
E s E s

Ex—expected, De—designated, E—effect; additive effect (a)—theoretical and experimental values reveal differ-
ences lower than 5%; synergistic effect (s)—experimental values are more than 5% higher for AAEAC or AAERP
when compared with theoretical values; antagonistic effect (an)—experimental values are more than 5% smaller
for AAEAC or AAERP when compared with theoretical values [59,60]; * Standard deviation; ** It was assumed
that the AAEAC value is zero in samples where it was impossible to determine the AAEAC value (Tables 5 and 6).
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Based on the data collected in Table 8, it can be concluded that the interaction between
Qi and HSA is characterized by a synergistic nature (Table 8). It means that Qi shows
the ability to enhance the HSA antioxidant and reduction potential, irrespective of the
samples’ incubation time (from 0 to 60 min). Ex and De values were calculated as mentioned
above. The correlation between AAERP and the influence of time was calculated based on
Pearson’s correlation coefficient (Table 9).

Table 9. Pearson’s r correlation coefficient—FRAP assay.

Pearson’s r

Assay Sample Lmez];r Regresswn R? Correlation The Natl{re zf
quation . . Correlation
Coefficient
Qi y = —0.0003x + 0.0552 0.8983 —0.9478 Very high
FRAP HSA y = —0.00008x + 0.0592 0.4523 —0.6725 Moderate
Qi-HSAcomplex Y = —0.00003x + 0.0624 0.1605 —0.4006 Low

* Very high correlation: size of correlation between 0.9 and 1.0 (—0.9 and —1.0); high correlation: size of correlation
between 0.7 and 0.9 (—0.7 and —0.9); moderate correlation: size of correlation between 0.5 and 0.7 (—0.5 and —0.7);
low correlation: size of correlation between 0.3 and 0.5 (—0.3 and —0.5); negligible correlation: size of correlation
between 0.0 and 0.3 (—0.0 and —0.3) [75].

As shown in Table 9, there is a strong negative correlation between the passage of time
and AAERP calculated for Qi. For HSA, the correlation between AAERP and the passage of
time is moderately negative. There is also a low negative correlation between the passage
of time and AAERP, calculated for Qi-HSA ;ompiex (Table 9).

According to the data presented in Table 9, only for Qi, the passage of time has a
very high correlation with the change of the antioxidant and reduction potential. With the
passage of time in the range from 0 to 60 min, Qi more effectively removes free radicals
from the environment; however, for the same time range, its reduction potential decreases.
For HSA as well as in the Qi-HSA omplex, it has been observed that the correlation was
(sequentially) low and moderate, and the presence of Qi in the complex with HSA is
responsible for the changes in correlation between the passage of time and change in
the HSA antioxidant and reduction potential. Pearson’s correlation in the analysis of
free radicals was used very frequently. The main goal of Basu et al. [76] and Suleiman
et al. was the analysis of the correlation between the total phenolic (TPC) and flavonoid
(TFC) contents and antioxidant capacities [76,77]. There are a few works that analyze
the correlation between the passage of time and changes in antioxidant potential [78].
The present work is a kind of novelty. A similar analysis of the HSA antioxidant activity
modifications was made by Li et al. [79]. They analyzed the interaction between DPPH and
HSA, as well as an influence on DPPH-HSA interaction with several antioxidants, such
as AA, glutathione, melatonin, or astaxanthin. Most importantly, they showed that these
antioxidants can modify the bond between the protein and free radical formation [79]. This
in turn provides proof that Qi has a similar impact on the interaction between HSA and
other free radicals.

3. Materials and Methods
3.1. Reagents and Chemicals

HSA, factor V, was purchased from MP Biomedicals. Dipotassium hydrogen phos-
phate pure p.a., potassium persulfate (K,5,03g), hydrochloric acid standard solution 1
M (HCI), and AA (C¢HgOg) were obtained from Chempur, while sodium dihydrogen
phosphate and iron (III) chloride (FeCls) were purchased from EuroChem BGD. Quinine
monohydrochloride dihydrate (Figure 4), 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (TPTZ) were purchased from Sigma Aldrich. All chemicals were of analytical grade
and used without further purification.
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Figure 4. The structural formula of Qi (ChemSketch 12.1.0.31258).

3.2. Methods
3.2.1. Emission and Absorption Spectra Measurements

Using JASCO FP-6500 Spectrofluorometer, emission fluorescent spectra of 3 x 107 M
HSA in phosphate buffer (10 x 1073 M, pH 7.4), in both the absence and presence of Qi at
1 x 1073 M concentration, were obtained (Qi:HSA molar ratio from 0.33:1 to 6.67:1). Aey
was 285 nm. The measurements were made at 293 K, in quartz cuvettes at an optical path
length of 10 mm (10 x 10 x 40 mm). The accuracy of the wavelength measurement was
£1.5 nm. The phosphate buffer spectrum was subtracted from each of the obtained spectra.

The phenomenon of the absorption of light at excitation (A¢x 285 nm) and emission
(Aem 333 nm) wavelengths (inner filter effect, IFE) were observed. Because of this, a correc-
tion of the Qi-HSA omplex System fluorescence intensity was required. For this purpose, the
absorbance measurements at the excitation (A, 285 nm) and emission (A 333 nm) wave-
lengths were taken, and JASCO V-530 Spectrophotometer was used. The IFE correction
Equation (1) was used [80]:

Feor = Fops X el“ex;"‘em 1)
where F., is the corrected fluorescence and F; is the observed fluorescence (in both cases
after the subtraction of the scattering spectrum of the solvent); Ay is the absorbance at
the excitation wavelength (A, 285 nm); A, is the absorbance at the emission wavelength
(Aem 333 nm).

Due to the necessity to eliminate the influence of absorption by Qi on the obtained
results, the excitation wavelength (A.y) was selected to be 285 nm.

The Klotz Equation (2) was used to determine the association constants (K;) in the
ligand—protein (Qi-HSA) complex [81]:

1 1

1
¢ nKl; @

where r is the number of ligand moles bound to 1 mole of the protein; r = [HLTbA]' where L,
is the bound ligand concentration (M) and [HSA] is the total protein concentration (M);
n is the number of binding sites; K, is the association constant (M); Lf is a free ligand
concentration (M).

3.2.2. Circular Dichroism (CD) Measurements

The CD spectra of 3.0 x 107® M HSA in phosphate buffer (pH 7.4) in the absence
and presence of 1.0 x 1073 M Qi were recorded using JASCO J-1500 Spectropolarimeter.
HSA was mixed with Qi in the protein:drug molar ratio 1:6.67. The measurements were
made at 298 K by a thermostated Peltier cell holder with an accuracy of +0.05 K, in quartz
cuvettes with an optical path length of 1 mm. The accuracy of the wavelength measurement
was +0.1 nm, and the wavelength repeatability was £0.05 nm. The spectrum CD of the
phosphate buffer was subtracted from each of the obtained spectra. Smoothing of the CD
spectrum was performed with a Savitzky-Golay filter, a second order polynomial, and
11 data points.
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The mean residue ellipticity [@]mrw Was calculated using Equation (3) [41,82]:

MRW x ©

[Olmrw = 10x d x m

{deg X cm? x dmolfl} 3)
where O is the observed ellipticity for a given wavelength (deg); MRW is the mean residue
weight (MRWpsa = 113.7 Da); m is the concentration of HSA (g/ cm?®); d is the optical
path length (cm).

3.2.3. Interaction Ligand-Protein Analysis

A JASCO V-730 spectrophotometer was used for the spectroscopic analysis of in-
teractions between Qi and HSA. Absorption measurements were made in the wave-
length range from 300 to 370 nm. The following solutions were tested: Qi (7 x 107> M),
HSA (7 x 107° M, 1.4 x 107* M, 2.8 x 10~* M), and Qi-HSA ymplex (Qi:HSA molar ratio
1:1; 1:2; 1:4). Qicale = Qi-HSA omplex minus HSA). All tested solutions were prepared in
phosphate buffer (pH 7.4).

3.2.4. Reduction and Antioxidant Potential Analysis

DPPH, ABTS, and FRAP assay measurements were conducted using a JASCO V-730
spectrophotometer. In DPPH, ABTS, and FRAP assays, the value of absorbance was
analyzed for 515, 734, and 593 nm wavelengths, respectively. The optical path length was
10 mm (T 293 K). Measurements were made in the following intervals: 0, 10, 20, 30, and
60 min (FRAP assay); 5, 15, 30, 45, and 60 min (ABTS assay), or 5 min (DPPH assay) after
initiating the radical reaction. All samples were prepared in phosphate buffer (pH = 7.4)
and stored in the dark.

DPPH assay: DPPH (2,2-diphenylo-1-picrylhydrazyl) is a commonly known and used
model free radical. It has an unpaired electron on the valence shell of the nitrogen atom.
Under the influence of antioxidants, the ethanolic solution of DPPH turns from violet to
yellow, and the absorbance drops at a wavelength of 515 nm [83,84]. HSA (2.8 x 1074 M),
Qi (7 x 10> M), and Qi-HSA complex (molar ratio 1:4) solutions were mixed with the DPPH
solution (1 x 107* M) in (v/v) volume ratio 1:1.

ABTS assay: ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) is a chemical
compound that generates a radical cation. The ABTS assay is one of the easiest and
most reliable ways of antioxidant activity analysis of substances such as albumin, which
denatures in methanol solution and at a low pH. An ABTS assay was used based on the
modified protocols of Re et al. and Biskup et al. [85,86]. A working reagent solution was
prepared by mixing 7 mL ABTS solution at 5 x 1073 M concentration and potassium
persulfate at 1.74 x 103 M concentration in phosphate buffer (pH 7.4). The mixture of
these two substances was incubated for 16 h and then diluted with a solvent until the
absorbance reached 1. The Qi-HSA omplex solution was prepared by mixing 6.67 x 10°M
Qiand 1 x 107> M HSA solution at 1:1 (v/v) volume ratio. A working reagent solution
(ABTS reagent) was mixed with 6.67 x 107> M Qi, 1 x 107> M HSA, and Qi-HSA complex
solution at 1:1 (ABTS reagent/Qi or HSA or Qi-HSA omplex; v/v) volume ratio.

In the presence of an antioxidant, the color of the ABTS solution changes from dark
green to colorless. Due to the use of ethanol or methanol as a DPPH solvent in order to
prevent HSA denaturation, we decided not to use DPPH as a model-free radical interacting
with HSA [87,88].

The results of spectrophotometric measurements (DPPH and ABTS assay) were con-
verted into the value of % inhibition using Equation (4) [89,90]:

Ag— Aq

O/O lnhlbltlon == (140

> x 100% )
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where Ay is the absorbance of ABTS or DPPH (at A 734 or 515 nm) in the absence of the
tested substance; A; is the absorbance of ABTS or DPPH (at A 734 or 515 nm) in the presence
of the tested substance.

Calibration curves for AA were determined. The % inhibition of the tested substances
was converted to AA concentrations in the range 0.54 x 107° M-69.83 x 107® M, and the
AAEAC expressed in 10~° M of the AA solution was obtained.

FRAP assay: Although the FRAP assay is not recommended as a method of albumin
antioxidant activity measurements, it is a very promising method of measuring antioxidant
reduction potential. A FRAP assay was used based on Benzie et al.’s modified proto-
col [91]. A working reagent solution was prepared by mixing in volume ratio (v/v/v)
1:1:10 TPTZ (2,4,6-Tri(2-pyridyl)-s-triazine) (0.01 M) in hydrochloric acid (0.04 M), water
solution of iron chloride (III) (0.02 M), and acetate buffer (pH 3.6). The antioxidant activity
0f9.3 x 107> M Qj, 6.3 x 10~* M HSA and Qi-HSA ompiex solution at a 1:7.5 (v/v) volume
ratio with a FRAP reagent were mixed. In the presence of a substance with a reducing
potential, a colorless TPTZ complex with Fe** ions changed to navy blue.

Calibration curves for AA were determined. The absorbance of tested substances was
converted to an AA concentration in the range 22 x 107 M-363 x 10~% M, and the AAERP
expressed in 1073 M of the AA solution was obtained.

3.3. Statistics

The two (minimum) replicates of the results were expressed as arithmetic mean
and relative standard deviation (mean + SD). Using OriginPro software version 8.5 SR1
(Northampton, MA, USA), Statistica (data analysis software system), version 13; TIBCO
Software Inc. 2017 (Palo Alto, CA, USA), Microsoft Excel 2013 (Redmond, Washington,
USA), and Spectra Manager Version 2.13.00 2002-2015 JASCO Corporation (Tokyo, Japan)
by fitting the experimental data to the appropriate equations, the calibration curves as
well as figures and tables, were analyzed. To analyze the correlation between the time and
changes in the antioxidant and reduction potential, Pearson’s correlation was used [75].

4. Conclusions

The results presented in this study allowed for conclusions that Qi influences the
antioxidant and reduction potential of HSA. This phenomenon means that Qi increases
the ability of the tested protein to remove free radicals from the reaction environment
and decreases the time in which HSA's antioxidant activity is the highest. The interaction
between Qi and HSA has a synergistic effect. Qi is a very weak antioxidant but it reacts
with various free radicals. The association constant (K;) of Qi and HSA has a very low
value, which means that this alkaloid has a low affinity for the analyzed protein.

The presented method of analyzing modulation shows the effect of drugs on endoge-
nous antioxidant mechanisms, which can afford multiple drugs tested in the future and
provide precious knowledge. The authors aimed to obtain reliable results regarding the
practical application of the studied drug.
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