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Abstract: Herein, we elucidate the biophysical aspects of the interaction of an important protein,
Interleukin-6 (IL6), which is involved in cytokine storm syndrome, with a natural product with anti-
inflammatory activity, piperine. Despite the role of piperine in the inhibition of the transcriptional
protein NF-κB pathway responsible for activation of IL6 gene expression, there are no studies to the
best of our knowledge regarding the characterisation of the molecular interaction of the IL6-piperine
complex. In this context, the characterisation was performed with spectroscopic experiments aided
by molecular modelling. Fluorescence spectroscopy alongside van’t Hoff analyses showed that the
complexation event is a spontaneous process driven by non-specific interactions. Circular dichroism
aided by molecular dynamics revealed that piperine caused local α-helix reduction. Molecular dock-
ing and molecular dynamics disclosed the microenvironment of interaction as non-polar amino acid
residues. Although piperine has three available hydrogen bond acceptors, only one hydrogen-bond
was formed during our simulation experiments, reinforcing the major role of non-specific interactions
that we observed experimentally. Root mean square deviation (RMSD) and hydrodynamic radii
revealed that the IL6-piperine complex was stable during 800 ns of simulation. Taken together, these
results can support ongoing IL6 drug discovery efforts.

Keywords: piperine; Interleukin-6; IL6; fluorescence spectroscopy; molecular docking; umbrella
sampling; molecular biophysics

1. Introduction

Human interleukin-6 (IL6) is a 26 kDa protein that was primarily identified as a
regulator of B-cell differentiation [1,2]. IL6 is expressed by several types of cells, including
monocytes, macrophages, lymphocytes, fibroblasts, keratinocytes, endothelial cells, and
certain tumour cells [3]. IL6 is a pleiotropic cytokine with significant functions in the
regulation of the immune system [4]. IL6 gene expression is activated by the transcriptional
protein NF-κB, and once expressed, IL6 exhibits a potent pro-inflammatory activity [5].
However, increased or deregulated expression of IL-6 substantially contributes to the
pathogenesis of chronic inflammatory diseases [2], and it is also associated with acute
diseases (e.g., COVID-19, in which the cytokine storm is triggered during SARS-CoV-2
infection [6,7]).

The IL6 structure is composed of 185 amino acids, with one tryptophan residue at
position 158 (W158). Tryptophan has a high quantum yield, which makes fluorescence
spectroscopy an appropriate methodology for the study of IL6. IL6 has four cysteine amino
acids that form two disulfide bonds, conferring some chemical and thermal resistance to the
protein native structure [8,9]. IL6 3D structure is composed of α-helix contents rearranged
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as five α-helices interspersed with different length loops; four of these helices constitute a
classical four-helix bundle linked by loops, and the final helix is a mini-helix [10,11].

Many efforts have been made to target IL6. Most of the drugs that have been studied
are monoclonal antibodies (e.g., clazakizumab, olokizumab, sirukumab, siltuximab and zil-
tivekimab) [12]. The possibility of targeting IL6 with small molecules has been investigated
recently [13].

In this work, we show that piperine, an alkaloid amide found in some piper species [14],
interacts with IL6. [15] Piperine inhibits the NF-κB inflammation pathway, leading to the
downregulation of pro-inflammatory proteins in human and rats [16–18]. The molecular
structure of piperine (Figure 1) is composed of two groups, electronically conjugated-
benzodioxole and pentadienone chromophore [19]. This structural feature leads to charac-
teristic ultraviolet (UV) absorptions [20]. A review reported in the literature this year (2022)
gathered a set of studies of important targets that interact (experimental and computational
results) with piperine [21]. This set of proteins is composed by inflammatory cytokines
(IL-8, IL-10, IL-1 h, IL-6), transcriptional factors (AP-1, NF-κB, ATF-2), kinases (JNK, ERK1,
ERK2, Akt, P38 MAPK), enzymes (NOS-2, COX-2, MMP-2, MMP-9), transporter genes
(CYP3A4, RV1258c, MRP1, BCRP), and cell-cycle proteins (cyclin A/D/T, CDK-2, CDK-4),
among others.
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shock protein 70 [22] and nuclear factor kappa B (NF-κB) [15]. In order to move forward 
in our investigations, in this work we present the spectroscopic and computational bio-
physical characterisation of the IL6-piperine complex to elucidate the main features of the 
interaction and small-molecule drug discovery efforts in this emerging topic. 

  

Figure 1. Spectra of fluorescence emission of IL6 obtained from titration experiments with increments
in the concentration of piperine (pH 7.4, T = 288 K, λexcitation = 295 nm). [IL6] = 4.0 µM; piperine
titrations with increment of 1.0 µM in different colors (a→ r 0.0 µM→ 17.0 µM).

Although piperine has exhibited biological activity on the inhibition of the inflam-
matory NF-κB pathway in cellular and in vivo experiments, the molecular targets and
interactions have not been fully disclosed. In our previous studies, we elucidated the mode
of binding and affinity of piperine toward some important targets of the NF-κB inflam-
mation pathway, such as Interleukin-1β [20], nucleotide-binding domain of heat shock
protein 70 [22] and nuclear factor kappa B (NF-κB) [15]. In order to move forward in our
investigations, in this work we present the spectroscopic and computational biophysical
characterisation of the IL6-piperine complex to elucidate the main features of the interaction
and small-molecule drug discovery efforts in this emerging topic.

2. Results and Discussion
2.1. Fluorescence Spectroscopy

Figure 1 shows the results in the IL6 Trp158 fluorescence quenching caused by the
addition of piperine to the solution. Interpreting the spectra, there are two fluorescent bands
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centred at 340 nm and 485 nm, which refer to Trp158 fluorescence emission and to piperine
fluorescence emission, respectively. The fluorescence intensity of tryptophan emission
decreased while piperine was added to the solution, which evidenced that the Trp158
fluorescence was quenched. Another characteristic observed is that the Trp158 fluorescence
band remained centred at 340 nm during piperine titration, which indicates the fluorophore
was not exposed to an environment with different polarity [23]. Another feature observed
in the emission fluorescence spectrum is that for the maximum concentration of piperine,
the full width half maximum (FWHM) of the bands at 340 nm and 485 nm is ±28 nm and
±43 nm, respectively. Thus, the bands did not overlap, allowing the fluorescence data to be
analysed accurately.

There are two potential quenching mechanisms in operation [24]. One is dynamic
quenching, where the ligand deactivate the excited form of the protein fluorophore through
collisions—a process strongly influenced by thermal variations. The second mechanism
is static quenching, characterised by the formation of a protein–ligand complex [25]. The
quenching mechanisms can be differentiated by analysing the Stern–Volmer constants
(KSV) at different temperatures [26] (Equation (1)), which relates the intensities of Trp158
fluorescence in the absence of piperine (F0) and in the presence of piperine (F). The system is
under static quenching if the KSV decreases or remains unchanged with rising temperature.
On the other hand, if, with the increase in temperature, the KSV increases, it is evidence of
collisional processes.

Another feature that can be analysed is the linearity of Stern–Volmer function, in
which the deviation of the Stern–Volmer function from linearity indicates that collisional
quenching is present and that both mechanisms may be present in the system under
study [26,27].

F0

F
= 1 + KSV ·[piperine] (1)

The Stern–Volmer plots (Figure 2) exhibit linear response under piperine titration,
showing that there is a single class of fluorophore in the protein, all equally accessible to the
quencher, and therefore only one quenching mechanism occurred [27]–the static mechanism.
According to the results, KSV remained unchanged as the temperature increased (Table 1).
As discussed previously, these results revealed that the quenching mechanism was static;
therefore, a complex was formed by IL6 and piperine.

Table 1. Stern–Volmer constant (KSV) and binding constant (Ka) for the IL6-piperine complex at 288,
298, and 308 K.

Temperature (K) Stern–Volmer (KSV) × 104 M−1 Binding (Ka) × 104 M−1

288 3.69 ± 0.09 4.2 ± 0.3
298 3.67 ± 0.08 4.3 ± 0.5
308 3.68 ± 0.07 4.3 ± 0.5

In order to characterise the complex, the association constant, also known as binding
constant (Ka), was measured through the binding equilibrium model. The variable Ka was
obtained by linearising the function of the plot of Figure 3 using the double-logarithm
equation (Equation (2)), which relates the quenching fluorescence intensities to the total
concentration of piperine.

log
(

F0 − F
F

)
= n· log Ka − n· log

 1

[piperine]−
(

F0−F
Fo

)
·[IL6]

 (2)
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The results of Ka at different temperatures obtained for the first order model (n ≈ 1)
are shown in Table 1. The binding constants found for different temperatures were in
the order magnitude of 104 M−1. As shown in Table 1, the affinity of the complex was
not influenced by temperature, since the results of the binding equilibrium experiments
showed that Ka was the same for the three temperatures. This behaviour reinforced the
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quenching mechanism. The affinity of piperine for IL6 was not influenced by an increase in
the molecular motion of the system.

2.2. Thermodynamic Parameters

Based on thermodynamic parameters, such as ∆S (entropy variation), ∆H (enthalpy
variation), and ∆G (Gibbs free variation) it was possible to acquire information about
the spontaneity of complex formation, thermochemistry of complex formation and the
forces that drove the complexation [28]. The parameters ∆S and ∆H can be obtained
by linearisation of the van’t Hoff plot (Figure 4) by Equation (3), where ∆S is the linear
coefficient and ∆H is the slope. With ∆S and ∆H, ∆G is obtained from Equation (4).

ln Ka = −
∆H
R.T

+
∆S
R

(3)

∆G = ∆H − T∆S (4)
Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 15 
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The results of ∆S, ∆H, and ∆G are shown at Table 2. Regarding the results, ∆G
values were negative for the three temperatures, showing that the complexation was a
spontaneous process, independent of the system temperature. Furthermore, the values of
∆G have similar values for the three temperatures, showing that the increase in temperature
did not influence the spontaneity of complexation.

Table 2. Thermodynamic parameters of the complex IL6-piperine at the temperatures of 288 K, 298 K
and 308 K.

T (K) ∆G (kJ/mol) ∆H (kJ/mol) T.∆S (kJ/mol)
288 −14 ± 3 2.5 ± 0.2 16 ± 3
298 −14 ± 3 2.5 ± 0.2 17 ± 3
308 −15 ± 3 2.5 ± 0.2 17 ± 3

Related to the thermochemistry of complexation, the process occurred with the ab-
sorption of heat (∆H > 0), being an endothermic process. In addition, both terms T.∆S and
∆H are positive values that reveal the non-specific interactions as the main interactions that
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drove the complexation [20,22,23]. This information is further reinforced in the molecular
modelling section, which points to a single hydrogen bond formed in the complex.

2.3. Circular Dichroism Spectroscopy

An investigation regarding protein-binding studies involves ascertaining whether the
protein experiences conformational changes in the presence of the ligand. To elucidate this
question, circular dichroism (CD) experiment was employed. The (CD) spectrum of IL6
(Figure 5) presented negative bands at 208 nm (π-π* transition) and 222 nm (n-π* transition),
which are characteristics of alpha helix content [29], [30]. The same pattern of CD spectrum
of IL6 in the absence of the ligand was obtained by Kruttgen, A. et al. [31] for human IL6,
and by Zhang, J. et al. [32] for murine IL6.
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the stoichiometry 1:4 (dotted line) and at 298 K.

In order to investigate the change in α helical structure percentage of IL6 on the
addition of piperine, the CD spectra was analysed by applying Chen et al. [33] methodology
(Equation (5)). In this methodology, we followed the mean residue ellipticity (MRE) at
222 nm.

% α helix =

(
MRE222 nm − 2340

30, 300

)
· 100 (5)

According to the analysis, IL6 had (63 ± 2)% α-helices in the absence of piperine. The
result obtained for the protein in the absence of the ligand is in good agreement with
the data reported in the literature for this same protein using CONTIN program (67%
of α-helices) [31]. When the protein was in the presence of the highest concentration of
piperine used in the binding equilibrium experiments (1:4), its structure had secondary
fractions of (56 ± 2)% of alpha-helices, experiencing a reduction of 3% of α-helix content.

2.4. Molecular Modelling

Molecular docking was applied to predict the binding site found experimentally. The
binding environments of the two sites are shown in Figure 6, and according to the results,
the binding site is mainly composed by non-polar amino acids Pro140-142, Leu93-149,
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Ala145, Val97. The binding site is also composed of the polar amino acids Thr139 and
Asn145, and the negatively charged amino acids Glu94-96. There is only one specific
interaction (hydrogen bond) with a 3.19 Å distance formed by piperine and Val97. These
results are in agreement with experimental van’t Hoff analysis, which indicated the non-
specific interactions as the predominant interaction.
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(d) Theoretical electrostatic potential map (MEP) of IL6 and piperine at the binding site. MEP was
obtained from APBS server, considering AMBER [34] as force field and pH 7.4.

The most promising binding site predicted by molecular docking was confirmed by
employing the umbrella sampling method calculated with molecular dynamics. Figure 7
shows the potential of mean force (PMF) of the complex dissociation. According to the re-
sult obtained, the PMF profile had the minimum of energy at the configuration predicted by
molecular docking, which indicates that the pose configured a stable conformation. More-
over, the standard free energy for the binding site (∆Gpred) was determined by Weighted
Histogram Analysis Method (WHAM), and regarding the results, the binding site had
∆Gpred = (−9 ± 2) kJ/mol similar to the ∆G found experimentally (∆G = −14 ± 3) kJ/mol
(Table 2). These results show that the experimental and computational methods were
in agreement.

The stability of the complex was verified during 800 ns of simulation. Figure 8a
shows that the distance between the centre of geometry (COG) of piperine and the centre
of geometry (COG) of the IL6 binding site decreased after 10 ns of simulation, revealing
that piperine was buried into the accommodating binding site inside the pocket. From
10 ns to 800 ns, the distance of COGs remained at 0.6 nm. The temporal stability of the
protein and piperine was verified by the root mean square deviation (RMSD) (Figure 8b)
and radius of gyration (Rg) (Figure 8c). Figure 8b shows that the RMSDs of IL6 (in
black), piperine (in green), and amino acids of the IL6 binding site + piperine (in red)
remained stable during the 800 ns of simulation, with RMSD of about 0.4 nm, 0.07 nm,
and 0.3 nm, respectively. Notably, that the variation in the RMSD profile of amino acids of
IL6 + piperine at the beginning of simulation was due to the accommodation of piperine in
the binding site revealed by the distance plot. The radius of gyration was another physical
parameter followed to verify the stability of complex. According to Figure 8c, the radius
remained at 1.65 nm during the simulation time frame, reinforcing the stability verified by
RSMD analyses.
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The stability of the specific interaction performed between IL6 and piperine—the
hydrogen bond—was analysed during the simulation (Figure 8d). According to the anal-
yses, piperine and IL6 formed either one or zero hydrogen bonds during the 800 ns of
simulation, reinforcing the results obtained by van’t Hoff analyses and molecular docking,
which revealed that the complexation was driven by non-specific interactions. Based on this
result, we questioned whether the only hydrogen bond formed after the accommodation of
piperine at the binding site remained between Val97 and piperine. Figure S4 shows all the
hydrogen bonds formed during the simulation, and the amino acid residues that formed
hydrogen bonds with piperine were Asn104, Arg105, and Gln153-all amino acids, which
are polar (either charged or not). Despite the three amino acids being polar, and piperine
having three hydrogen bond acceptors, the geometry of the interaction did not favour the
formation of hydrogen bonds. An alternative to increase the affinity and specificity of
interaction would be adding hydrogen bond donors to piperine analogues by synthetic
modifications in future drug discovery studies.

According to circular dichroism results, IL6 experienced a reduction in α-helix content
when it interacted with piperine. The secondary structures of the protein during 800 ns
of simulation were used to verify in which regions of the protein the changes occurred.
According to the results (Figure 9 and Figure S5), the reduction in α-helix occurred from the
amino acids Thr143 to Gln153, in which the portions of α-helices were smoothly converted
to coils and turns. The majority of these amino acid residues were present in the binding
site, showing that piperine caused local conformational change (Figure 10).
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Figure 10. Temporal frames obtained from 0 ns to 800 ns of molecular dynamics simulation. Protein
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bottom structures represent the complex protein–piperine throughout the simulation, with piperine
represented by licorice.

3. Materials and Methods
3.1. Reagents

Piperine (>97%) was purchased from Sigma-Aldrich Chemical Co. (Schnelldorf,
Bavaria, Germany), as dibasic sodium phosphate (>99%) reagents, anhydrous citric acid
(>99%), and sodium chloride (>99%). Lyophilised IL6 (>97%) was purchased from Gen-
Script. Methanol was purchased from Dynamics Química Contemporânea LTDA (Inda-
iatuba, SP, Brazil). All the materials purchased were used as supplied. Ultrapure water
was prepared by a Millipore water purification system -Direct-Q UV-3 (Merck KGaA,
Darmstadt, Germany). Lyophilised IL6 was reconstituted in 50 mM phosphate buffer
containing 150 mM sodium chloride, and the pH was adjusted to 7.4 with anhydrous citric
acid. Stock solutions of piperine were prepared in pure methanol. The concentrations of
piperine and IL6 solutions were determined by UV-VIS experiments performed on Biospec-
tro spectrophotometer (Biospectro, Curitiba, PR, Brazil), using the extinction coefficient at
16,500 M−1 cm−1 at 345 nm for piperine and 10,220 M−1 cm−1 at 280 nm for IL6.

3.2. Steady-State Fluorescence Spectroscopy

Fluorescence experiments were performed on the Lumina (Thermo Fisher Scientific,
Waltham, MA, USA) stationary state spectrofluorimeter equipped with a thermal bath
and Xenon lamp. A 100 µL quartz cuvette with a 10 × 2 mm optical path was used in the
experiments. The widths of the excitation and emission slits were adjusted to 10 nm. The
wavelength of 295 nm was used to excite the single tryptophan residue of IL6 (Trp158).
The emission spectra were obtained in the range from 305 to 570 nm with a resolution
of 1.0 ± 5.0 nm. Each emission point collected was the average of 15 accumulations. The
software ScanWave was used to collect the measured data.

In the binding equilibrium experiments, aliquots of piperine (increment of 1 µM) were
added into the IL6 solution at 4 µM. Measurements were performed at 288, 298, and 308 K.
In all experiments, the final volume of methanol in the buffer was less than 1.0%.

The correction of the inner filter effects was achieved with Equation (6), where Fcorr
and Fobs are corrected and observed fluorescence intensities, and Aex and Aem are the
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absorbance at the excitation and the emission wavelengths, respectively, considering a
cuvette of 10 × 10 mm of optical path [26].

Fcorr = Fobs·10
(5.Aex+Aem)

10 (6)

3.3. Circular Dichroism Spectroscopy

Circular dichroism spectra were recorded at 298 K on a Jasco J-815 spectropolarimeter
model DRC-H (Jasco, Easton, MD, USA) equipped with a demountable quartz cell with
a 0.01 cm optical path length. The CD spectra were recorded in the 200 to 260 nm range
with a scan rate of 20 nm/min and a spectral resolution of 0.1 nm. For each spectrum,
15 accumulations were performed. The molar ratios of IL6 and piperine were 1:0 and 1:4,
and the buffer spectrum was subtracted. The ellipticity θ collected in millidegrees was
converted to mean residue ellipticity [θ] (deg cm2 dmol−1) using Equation (7). All the
experiments were performed in triplicate.

[θ] =
θ(mdeg)
10·[P]·l·n (7)

3.4. Molecular Docking

The piperine structures used in molecular docking were obtained from ab initio
calculations from our previous work [29]. The AutoDockTools [35] software of the MGL
program Tools 1.5.4 was used to prepare the IL6 (PDB 1 IL6) by adding polar hydrogen
atoms and Gasteiger charges. The maps were generated by the AutoGrid 4.2 program [36]
with a spacing of 0.375 Å, a dimension of 126× 126× 126 points, and grid centre coordinates
of −0.201, 0.333, and 0.294 for x, y, and z coordinates, respectively. The AutoDock 4.2
program [35] was used to investigate the IL6 binding sites using the Lamarckian Genetic
Algorithm (LGA) with a population size of 150, a maximum number of generations of
27,000, and energy evaluations equal to 2.5 × 106. The other parameters were selected as
software defaults. To generate different conformations, the total number of runs was set to
100. The final conformations were chosen among the most negative energies and belonging
to the most representative cluster (Figure S1). The final conformations were visualised on
VMD [37]. The binding microenvironment was generated by LigPlot [38].

3.5. Molecular Dynamics

The simulations of the complex IL6/piperine were performed with a GROMOS54a6
force field [39] by Gromacs v.5.1.4 [40]. The topology of piperine compatible with the force
field was obtained from ATB webserver [41]. The complex was placed in a rectangular
box, solvated with the simple point charge water (SPC) [42] and neutralised with NaCl
in a concentration of 150 mM. The energy minimisation was performed with the steepest
descent. The first step of equilibration was performed in an NVT ensemble for 100 ps. The
system was coupled to the V-rescale thermostat [43] at 298 K. All bonds were constrained
with the LINCS algorithm [44], the cut-off for short-range non-bonded interactions was
set at 1.4 nm, and long-range electrostatics were calculated using the particle-mesh Ewald
(PME) algorithm [45]. The second step of equilibration was performed in the NPT ensemble
coupled to Parrinello–Rahman barostat [46] to isotropically regulate the pressure for 100 ps.
The pulling of piperine from the IL6 pocket was performed without restraints to allow the
protein conformational changes. The reaction coordinate ξ was chosen as being the dis-
tance between Phe171 carbon atom (CA index 1535) and piperine carbon atom (CAL 1716)
(Figure S3). Piperine was pulled away from the IL6 binding site in Z direction until the reac-
tion coordinate reached 7 nm (Figure S2a), using a spring constant of 800 kJ/mol−1 nm−2

and a pull rate of 0.01 nm/ns. The samplings of the pullings were analysed to ensure a good
sampling (Figure S2b). The potential of mean force (PMF) profile [47] along the reaction
coordinate was calculated with WHAM method [48]. Statistical errors were estimated with
bootstrap analysis, with 1000 bootstraps properly autocorrelated.
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The stability of the protein and the complex was analysed by RMSD and radius of gyra-
tion profiles obtained from an average of three independent simulations of 800 ns duration.

4. Conclusions

The present work investigated the mode of binding of the IL6-piperine complex by
means of experimental and computational molecular biophysical methodologies. Steady-
state fluorescence spectroscopy revealed the complex formed via a static quenching mech-
anism. Moreover, the spectroscopic results along with van’t Hoff analyses revealed a
spontaneous complexation (∆G < 0 kJ/mol) driven by non-specific interaction with a com-
plex affinity in the order of 104 M−1. Molecular docking and dynamics confirmed the
binding site through the prediction of ∆G by umbrella sampling along with the WHAM
method. The stability of the complex was verified in molecular dynamics during 800 ns of
simulation performing RMSD and hydrodynamic radius calculations. Furthermore, molec-
ular modelling reinforced the findings obtained experimentally regarding the non-specific
interactions that drove the complexation, showing that during the 800 ns of molecular
dynamics, the complex formed either one or zero hydrogen bonds. Although piperine has
three hydrogen bond acceptors, only a single hydrogen bond formed. Further chemical
modifications could be made to the piperine structure in order to add hydrogen bond
donors and consequently increase the affinity for the IL6 binding site. Circular dichroism
aided by molecular dynamics revealed IL6 experienced a reduction in α-helices, pointing
out that this reduction may cause changes in IL6 activity. In conclusion, a multispectro-
scopic evaluation aided by molecular docking and dynamic elucidated in detail the mode
of binding of piperine to IL6, which may further support small-molecule drug discovery
teams in the early stages of drug development research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms23147994/s1.

Author Contributions: Conceptualisation, A.P.R.P., G.Z., A.M.J. and M.L.C.; experimental methodol-
ogy, A.P.R.P. and G.Z.; computational methodology, A.P.R.P. and G.Z.; formal analysis, A.P.R.P. and
G.Z.; investigation, A.P.R.P., G.Z., A.M.J. and M.L.C.; resources, G.Z., A.P.R.P., A.M.J. and M.L.C.;
writing—original draft preparation, A.P.R.P., G.Z., A.M.J. and M.L.C.; writing—review and editing,
A.P.R.P., G.Z., A.M.J. and M.L.C.; project administration, G.Z., A.P.R.P. and M.L.C.; funding acquisi-
tion, G.Z., A.P.R.P., A.M.J. and M.L.C. All authors have read and agreed to the published version of
the manuscript.

Funding: The author M.L.C acknowledges the financial support from Fundação de Amparo à
Pesquisa do Estado de São Paulo-FAPESP (Grant 2017/08834-9), Brazil. The authors G.Z. and A.P.R.P.
acknowledge the Federal Institute of Education, Science and Technology of Mato Grosso (IFMT) for
research supporting.

Acknowledgments: The authors thank João Ruggiero Neto for the availability of the spectropolarime-
ter, and Marcela Marques de Freitas Lima for the availability of the spectrofluorometer.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kishimoto, T. Interleukin-6: Discovery of a pleiotropic cytokine. Arthritis Res. Ther. 2006, 8, S2. [CrossRef] [PubMed]
2. Yao, X.; Huang, J.; Zhong, H.; Shen, N.; Faggioni, R.; Fung, M.; Yao, Y. Targeting interleukin-6 in inflammatory autoimmune

diseases and cancers. Pharmacol. Ther. 2014, 141, 125–139. [CrossRef] [PubMed]
3. Lotz, M. Interleukin-6: A comprehensive review. Cytokines Interleukins Recept. 1995, 80, 209–233.
4. Angriman, F.; Ferreyro, B.L.; Burry, L.; Fan, E.; Ferguson, N.D.; Husain, S.; Keshavjee, S.H.; Lupia, E.; Munshi, L.; Renzi, S.; et al.

Interleukin-6 receptor blockade in patients with COVID-19: Placing clinical trials into context. Lancet Respir. Med. 2021, 9, 655–664.
[CrossRef]

5. Libermann, T.A.; Baltimore, D. Activation of interleukin-6 gene expression through the NF-kappa B transcription factor. Mol. Cell.
Biol. 1990, 10, 2327–2334. [CrossRef]

6. Chen, L.Y.C.; Hoiland, R.L.; Stukas, S.; Wellington, C.L.; Sekhon, M.S. Assessing the importance of interleukin-6 in COVID-19.
Lancet Respir. Med. 2021, 9, e13. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23147994/s1
https://www.mdpi.com/article/10.3390/ijms23147994/s1
http://doi.org/10.1186/ar1916
http://www.ncbi.nlm.nih.gov/pubmed/16899106
http://doi.org/10.1016/j.pharmthera.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/24076269
http://doi.org/10.1016/S2213-2600(21)00139-9
http://doi.org/10.1128/mcb.10.5.2327-2334.1990
http://doi.org/10.1016/S2213-2600(20)30600-7


Int. J. Mol. Sci. 2022, 23, 7994 13 of 14

7. Nasonov, E.; Samsonov, M. The role of Interleukin 6 inhibitors in therapy of severe COVID-19. Biomed. Pharmacother. 2020,
131, 110698. [CrossRef]

8. Tan, H.; Miao, R.; Liu, T.; Cao, X.; Wu, X.; Xie, L.; Huang, Z.; Peng, W.; Gan, B. Enhancing the thermal resistance of a novel
acidobacteria-derived phytase by engineering of disulfide bridges. J. Microbiol. Biotechnol. 2016, 26, 1717–1722. [CrossRef]

9. Ding, H.; Gao, F.; Liu, D.; Li, Z.; Xu, X.; Wu, M.; Zhao, Y. Significant improvement of thermal stability of glucose 1-dehydrogenase
by introducing disulfide bonds at the tetramer interface. Enzyme Microb. Technol. 2013, 53, 365–372. [CrossRef]

10. Somers, W.; Stahl, M.; Seehra, J.S. 1.9 Å crystal structure of interleukin 6: Implications for a novel mode of receptor dimerization
and signaling. EMBO J. 1997, 16, 989–997. [CrossRef]

11. Xu, G.-Y.; Yu, H.-A.; Hong, J.; Stahl, M.; McDonagh, T.; Kay, L.E.; Cumming, D.A. Solution structure of recombinant human
interleukin-6. J. Mol. Biol. 1997, 268, 468–481. [CrossRef] [PubMed]

12. Jenkins, R.H.; Hughes, S.T.; Figueras, A.C.; Jones, S.A. Unravelling the broader complexity of IL-6 involvement in health and
disease. Cytokine 2021, 148, 155684. [CrossRef] [PubMed]

13. Aher, A.; Udhwani, T.; Khandelwal, R.; Limaye, A.; Hussain, T.; Nayarisseri, A.; Singh, S.K. In silico insights on IL-6: A potential
target for multicentric castleman disease. Curr. Comput. Aided. Drug Des. 2020, 16, 641–653. [CrossRef]

14. Meghwal, M.; Goswami, T.K. Piper nigrum and piperine: An update. Phyther. Res. 2013, 27, 1121–1130. [CrossRef]
15. Zazeri, G.; Povinelli, A.P.R.; Le Duff, C.S.; Tang, B.; Cornelio, M.L.; Jones, A.M. Synthesis and Spectroscopic Analysis of Piperine-

and Piperlongumine-Inspired Natural Product Scaffolds and Their Molecular Docking with IL-1β and NF-κB Proteins. Molecules
2020, 25, 2841. [CrossRef]

16. Ying, X.; Chen, X.; Cheng, S.; Shen, Y.; Peng, L.; Xu, H.Z. Piperine inhibits IL-β induced expression of inflammatory mediators in
human osteoarthritis chondrocyte. Int. Immunopharmacol. 2013, 17, 293–299. [CrossRef]

17. Ying, X.; Yu, K.; Chen, X.; Chen, H.; Hong, J.; Cheng, S.; Peng, L. Piperine inhibits LPS induced expression of inflammatory
mediators in RAW 264.7 cells. Cell. Immunol. 2013, 285, 49–54. [CrossRef] [PubMed]

18. Bang, J.S.; Oh, D.H.; Choi, H.M.; Sur, B.J.; Lim, S.J.; Kim, J.Y.; Yang, H.I.; Yoo, M.C.; Hahm, D.H.; Kim, K.S. Anti-inflammatory
and antiarthritic effects of piperine in human interleukin 1β-stimulated fibroblast-like synoviocytes and in rat arthritis models.
Arthritis Res. Ther. 2009, 11, R49. [CrossRef]

19. Zsila, F.; Hazai, E.; Sawyer, L. Binding of the pepper alkaloid piperine to bovine β-lactoglobulin: Circular dichroism spectroscopy
and molecular modeling study. J. Agric. Food Chem. 2005, 53, 10179–10185. [CrossRef]

20. Zazeri, G.; Povinelli, A.P.R.; Lima, M.D.F.; Cornélio, M.L. The Cytokine IL-1β and Piperine Complex Surveyed by Experimental
and Computational Molecular Biophysics. Biomolecules 2020, 10, 1337. [CrossRef]

21. Tripathi, A.K.; Ray, A.K.; Mishra, S.K. Molecular and pharmacological aspects of piperine as a potential molecule for disease
prevention and management: Evidence from clinical trials. Beni-Suef Univ. J. Basic Appl. Sci. 2022, 11, 16. [CrossRef] [PubMed]

22. Zazeri, G.; Povinelli, A.P.R.; Lima, M.D.F.; Cornélio, M.L. Detailed Characterization of the Cooperative Binding of Piperine with
Heat Shock Protein 70 by Molecular Biophysical Approaches. Biomedicines 2020, 8, 629. [CrossRef] [PubMed]

23. Povinelli, A.P.; Zazeri, G.; Lima, M.F.; Cornélio, M.L. Details of the cooperative binding of piperlongumine with rat serum
albumin obtained by spectroscopic and computational analyses. Sci. Rep. 2019, 9, 15667. [CrossRef] [PubMed]

24. Povinelli, A.P.R.; Zazeri, G.; Jones, A.M.; Cornélio, M.L. Unravelling the Interaction of Piperlongumine with the Nucleotide-
Binding Domain of HSP70: A Spectroscopic and In Silico Study. Pharmaceuticals 2021, 14, 1298. [CrossRef]

25. Povinelli, A.P.R.; Zazeri, G.; Cornélio, M.L. Molecular Mechanism of Flavonoids Using Fluorescence Spectroscopy and Computa-
tional Tools. In Flavonoids-A Coloring Model For Cheering Up Life; IntechOpen: Rijeka, Croatia, 2019.

26. Lakowicz, J.R. Principles of Fluorescence Spectroscopy, (1999); Kluwer Academic/Plenum Publishers: New York, NY, USA, 2004.
27. Soares, S.; Mateus, N.; de Freitas, V. Interaction of different polyphenols with bovine serum albumin (BSA) and human salivary

α-amylase (HSA) by fluorescence quenching. J. Agric. Food Chem. 2007, 55, 6726–6735. [CrossRef]
28. Ross, P.D.; Subramanian, S. Thermodynamics of protein association reactions: Forces contributing to stability. Biochemistry 1981,

20, 3096–3102. [CrossRef]
29. Zazeri, G.; Povinelli, A.P.R.; Lima, M.D.F.; Cornélio, M.L. Experimental approaches and computational modeling of rat serum

albumin and its interaction with piperine. Int. J. Mol. Sci. 2019, 20, 2856. [CrossRef]
30. Zazeri, G.; Povinelli, A.P.R.; Pavan, N.M.; de Carvalho, D.R.; Cardoso, C.L.; Ximenes, V.F. Experimental studies and computational

modeling on cytochrome c reduction by quercetin: The role of oxidability and binding affinity. J. Mol. Struct. 2021, 1244, 130995.
[CrossRef]

31. Krüttgen, A.; Rose-John, S.; Möller, C.; Wroblowski, B.; Wollmer, A.; Müllberg, J.; Hirano, T.; Kishimoto, T.; Heinrich, P.C.
Structure-function analysis of human interleukin-6. Evidence for the involvement of the carboxy-terminus in function. FEBS Lett.
1990, 262, 323–326. [CrossRef]

32. Zhang, J.-G.; Moritz, R.L.; Reid, G.E.; Ward, L.D.; Simpson, R.J. Purification and characterization of a recombinant murine
interleukin-6: Isolation of N- and C-terminally truncated forms. Eur. J. Biochem. 1992, 207, 903–913. [CrossRef]

33. Chen, Y.; Yang, J.T.; Martinez, H.M. Determination of the secondary structures of proteins by circular dichroism and optical
rotatory dispersion. Biochemistry 1972, 11, 4120–4131. [CrossRef] [PubMed]

34. Jurrus, E.; Engel, D.; Star, K.; Monson, K.; Brandi, J.; Felberg, L.E.; Brookes, D.H.; Wilson, L.; Chen, J.; Liles, K.; et al. Improvements
to the APBS biomolecular solvation software suite. Protein Sci. 2018, 27, 112–128. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biopha.2020.110698
http://doi.org/10.4014/jmb.1604.04051
http://doi.org/10.1016/j.enzmictec.2013.08.001
http://doi.org/10.1093/emboj/16.5.989
http://doi.org/10.1006/jmbi.1997.0933
http://www.ncbi.nlm.nih.gov/pubmed/9159484
http://doi.org/10.1016/j.cyto.2021.155684
http://www.ncbi.nlm.nih.gov/pubmed/34411990
http://doi.org/10.2174/1573409915666190902142524
http://doi.org/10.1002/ptr.4972
http://doi.org/10.3390/molecules25122841
http://doi.org/10.1016/j.intimp.2013.06.025
http://doi.org/10.1016/j.cellimm.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24071564
http://doi.org/10.1186/ar2662
http://doi.org/10.1021/jf051944g
http://doi.org/10.3390/biom10091337
http://doi.org/10.1186/s43088-022-00196-1
http://www.ncbi.nlm.nih.gov/pubmed/35127957
http://doi.org/10.3390/biomedicines8120629
http://www.ncbi.nlm.nih.gov/pubmed/33353024
http://doi.org/10.1038/s41598-019-52187-5
http://www.ncbi.nlm.nih.gov/pubmed/31666676
http://doi.org/10.3390/ph14121298
http://doi.org/10.1021/jf070905x
http://doi.org/10.1021/bi00514a017
http://doi.org/10.3390/ijms20122856
http://doi.org/10.1016/j.molstruc.2021.130995
http://doi.org/10.1016/0014-5793(90)80219-9
http://doi.org/10.1111/j.1432-1033.1992.tb17123.x
http://doi.org/10.1021/bi00772a015
http://www.ncbi.nlm.nih.gov/pubmed/4343790
http://doi.org/10.1002/pro.3280
http://www.ncbi.nlm.nih.gov/pubmed/28836357


Int. J. Mol. Sci. 2022, 23, 7994 14 of 14

35. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [CrossRef]

36. Morris, G.M.; Goodsell, D.S.; Pique, M.E.; Lindstrom, W.L.; Huey, R.; Forli, S.; Hart, W.E.; Halliday, S.; Belew, R.; Olson, A.J. User
Guide AutoDock version 4.2. Automated Docking of Flexible Ligands to Flexible Receptors. 2010.

37. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. [CrossRef]
38. Wallace, A.C.; Laskowski, R.A.; Thornton, J.M. LIGPLOT: A program to generate schematic diagrams of protein-ligand interactions.

Protein Eng. Des. Sel. 1995, 8, 127–134. [CrossRef] [PubMed]
39. Oostenbrink, C.; Villa, A.; Mark, A.E.; Van Gunsteren, W.F. A biomolecular force field based on the free enthalpy of hydration and

solvation: The GROMOS force-field parameter sets 53A5 and 53A6. J. Comput. Chem. 2004, 25, 1656–1676. [CrossRef] [PubMed]
40. Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.J.C. GROMACS: Fast, flexible, and free. J. Comput.

Chem. 2005, 26, 1701–1718. [CrossRef]
41. Malde, A.K.; Zuo, L.; Breeze, M.; Stroet, M.; Poger, D.; Nair, P.C.; Oostenbrink, C.; Mark, A.E. An automated force field topology

builder (ATB) and repository: Version 1.0. J. Chem. Theory Comput. 2011, 7, 4026–4037. [CrossRef]
42. Wu, Y.; Tepper, H.L.; Voth, G.A. Flexible simple point-charge water model with improved liquid-state properties. J. Chem. Phys.

2006, 124, 24503. [CrossRef]
43. Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 2007, 126, 14101. [CrossRef]
44. Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, J.G.E.M. LINCS: A linear constraint solver for molecular simulations. J. Comput.

Chem. 1997, 18, 1463–1472. [CrossRef]
45. Batcho, P.F.; Case, D.A.; Schlick, T. Optimized particle-mesh Ewald/multiple-time step integration for molecular dynamics

simulations. J. Chem. Phys. 2001, 115, 4003–4018. [CrossRef]
46. Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 1981, 52,

7182–7190. [CrossRef]
47. Roux, B. The calculation of the potential of mean force using computer simulations. Comput. Phys. Commun. 1995, 91, 275–282.

[CrossRef]
48. Kumar, S.; Rosenberg, J.M.; Bouzida, D.; Swendsen, R.H.; Kollman, P.A. The weighted histogram analysis method for free-energy

calculations on biomolecules. I. The method. J. Comput. Chem. 1992, 13, 1011–1021. [CrossRef]

http://doi.org/10.1002/jcc.21256
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1093/protein/8.2.127
http://www.ncbi.nlm.nih.gov/pubmed/7630882
http://doi.org/10.1002/jcc.20090
http://www.ncbi.nlm.nih.gov/pubmed/15264259
http://doi.org/10.1002/jcc.20291
http://doi.org/10.1021/ct200196m
http://doi.org/10.1063/1.2136877
http://doi.org/10.1063/1.2408420
http://doi.org/10.1002/(SICI)1096-987X(199709)18:12&lt;1463::AID-JCC4&gt;3.0.CO;2-H
http://doi.org/10.1063/1.1389854
http://doi.org/10.1063/1.328693
http://doi.org/10.1016/0010-4655(95)00053-I
http://doi.org/10.1002/jcc.540130812

	Introduction 
	Results and Discussion 
	Fluorescence Spectroscopy 
	Thermodynamic Parameters 
	Circular Dichroism Spectroscopy 
	Molecular Modelling 

	Materials and Methods 
	Reagents 
	Steady-State Fluorescence Spectroscopy 
	Circular Dichroism Spectroscopy 
	Molecular Docking 
	Molecular Dynamics 

	Conclusions 
	References

