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Protocatechuic acid (PCA), C7H6O4, has been shown to possess potential antioxidant properties. But its
interaction with the main plasma carrier protein, human serum albumin (HSA), as well as its antioxidant
mechanism remains largely unknown. It has been shown that induced pulmonary fibrosis can be modu-
lated through mitigating epithelial apoptosis mediated by the prohibition of oxidative stress. Therefore,
in this study, the interaction of PCA and HSA was explored by spectroscopy, calorimetry (DSC), as well as
molecular docking studies. Also, the protective effects of PCA against lipopolysaccharide (LPS)-induced
cytotoxicity and oxidative stress were evaluated by MTT, ROS, ELISA, real-time PCR, and western blot
assays. It was shown that under the interaction of HSA with PCA a spontaneous interaction occurs with
the contribution of hydrophobic forces, which results in the formation of a stable complex. Cellular assays
showed that PCA reduced LPS-induced cytotoxicity in human type II alveolar epithelial cells (AECs)
through mitigation of ROS production, release and gene expression of TNf-a and IL-1b as pro-
inflammatory mediators, and caspase-3 gene and protein as an apoptotic factor. Also, it was shown that
PCA can reduce the expression of NF-jB at the protein level, indicating a possible inhibition of pulmonary
fibrosis via regulating the NF-jB signaling pathway. In conclusion, PCA could be a promising therapeutic
agent for the control of oxidative stress in AECs which is an important factor in redox modulatory ther-
apy, while its pharmacodynamics can be modulated by interaction with HSA.
� 2023 Published by Elsevier B.V. on behalf of King Saud University. This is anopen access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Human serum albumin (HSA) is known as a crucial carrier
macromolecule for a number of endogenous and exogenous
ligands (Forsthuber et al. 2020). In fact, HSA can interact with a
wide variety of therapeutic compounds and regulate their pharma-
codynamics (Kratz et al. 2014). Exploring the interaction of bioac-
tive compounds with HSA can reveal the characteristics of drug-
HSA complexes, as it may furnish important details regarding the
structural properties that influence the therapeutic potency of
bioactive compounds especially those derived from medicinal
plants (Merlino et al. 2023). Interaction with carrier proteins such
as HSA could provide useful information about understanding the
toxicity of therapeutic agents and the corresponding biodistribu-
tion (Varshney et al. 2010; Yu et al. 2022). Therefore, the investiga-
tion of the interaction between bioactive molecules and HSA has
been a potential research area in different fields, such as life
science, biochemistry, and even medicine (Siddiqui et al. 2021).

Promising advancements are becoming apparent in the applica-
tion of bioactive compounds-derived pharmaceuticals. The various
applications of bioactive compounds from plant materials in med-
icine, such as antioxidant, anticancer, and antibacterial properties,

have been investigated over the past few years (Parham et al.
2020; Vuong et al. 2021; Nwozo et al. 2023). Recent research in
this field has focused on the use of protocatechuic acid (PCA),
C7H6O4, with a molar mass of 154.12 g/mol and a density of
1.54 g/cm3 serves as a potential therapeutic compound (Mert
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et al. 2023; Zhou et al. 2023). PCA as a dihydroxybenzoic acid
belonging to the family of phenolic acid structures, can be used
as a potential antioxidant compound with minor serious side
effects in the biological system (Khan et al. 2022; Liang et al.
2022; Zhou et al. 2023; Jiang et al. 2023). This potential small
molecule then enables us to develop promising platforms against
side effects induced by oxidative stress.

Chronic obstructive pulmonary disease (COPD) is a chronic res-
piratory disorder with systemic symptoms that markedly influence
the quality of life of patients, which is linked with airflow obstruc-
tion along with lung inflammation and destruction (Stolz et al.
2022). COPD is normally a disease during the aging process and
oxidative stress markers and reactive oxygen species (ROS) can
alter biological molecules, signaling pathways and molecular func-
tions of antioxidants, which heavily contribute to the pathogenesis
of COPD (Dailah et al. 2022). The function of several related cells in
COPD patients is changed in the course of this disorder, and the
expression of crucial oxidant and antioxidant molecules may be
dysregulated (Barnes et al. 2022). Therapeutic compounds such
as small molecules may restore the balance of ROS production
and affect some aspects of this disease (Dailah et al. 2022).

Although some findings recommend that PCA could be utilized
as a therapeutic agent for chronic disease induced by oxidative
stress (Abdelrahman et al. 2022; Lee et al. 2022; Kassab et al.
2022), further investigations associated with humans are required.
Also, the interaction of PCA and HSA can provide useful informa-
tion about the regulation of this bioactive molecule in the biologi-
cal system and its biodistribution.
2. Materials and methods

2.1. Materials and solution preparation

The human pulmonary alveolar epithelial cells (AECs) were
obtained from the American Type Culture Collection (ATCC;
Manassas, VA, USA). Human serum albumin and protocatechuic
acid were purchased from Sigma–Aldrich Co. (USA). The HSA was
dissolved in Tris–HCl buffer solution (50 mM Tris, 150 mMM NaCl,
pH 7.4). For protein and cellular assays, protocatechuic acid was
dissolved in Tris–HCl buffer solution or cell culture medium,
respectively.
2.2. Fluorescence emission spectroscopic study

By fixing the excitation wavelength (280 nm), HSA (2 lM) emis-
sion intensity under addition of increasing concentrations of PCA
from 1 to 30 lM was read between 300 and 440 nm at three dis-
tinct temperatures of 298/ 305, 310 K using a Hitachi fluorescence
spectrophotometer F-4600 (Tokyo, Japan). The slit widths for both
excitation and emission wavelength were set at 5 nm. The data was
then used to determine quenching mechanisms as well as binding
and parameter constants. The inner filter effect was also consid-
ered for the analysis of fluorescence data based on the previous
study (Yeggoni et al. 2022).
2.3. Circular dichroism (CD) study

Alteration of secondary structures of HSA (5 lM) under the
addition of a concentration of PCA (30 lM) at room temperature
was determined using a CD spectropolarimeter (JASCO, J-815,
Tokyo, Japan). CD spectra were read in 200–260 nm ranges with
a scan rate of 100 nm/min and cell length of 0.2 cm.
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2.4. Differential scanning calorimetry (DSC) analysis

DSC melting analysis was done employing a VP-DSC
microcalorimeter (Micro Cal, Northampton, MA) with a heating
rate of 1 �C/min, over the temperature range from 30 to 100 �C.
The DSC analyses of HSA (10 lM) in the presence of 30 lM of
PCA were carried out and data was processed with the VP-DSC
microcalorimeter software to determine the melting temperature
(Tm). The DSC analysis was then done based on the previous study
(Eskew et al. 2021).
2.5. Molecular docking analysis

A molecular docking study was carried out with Autodock Vina
software. Compound-free HSA (PDB id: 1AO6) was downloaded
from the protein data bank (https://www.rcsb.org/structure/
1ao6), whereas PCA (PubChem CID: 528594) was downloaded
from the PubChem database (https://pubchem.ncbi.nlm.
nih.gov/compound/Protocatechuic-acid_-TBDMS). The docking for-
mat HSA-PCA complex was then determined using AutoDockTools.
Docking analysis was done by using a box size of 126 Å � 126 Å �
126 Å with a grid size of 0.375 Å. Si atoms were removed from the
PCA compound to perform a docking analysis. From the different
complexes deduced from docking, only the complex with the least
energy was used for analysis based on a previous study (Faridbod
et al. 2011).
2.6. Cell culture

AECs were cultured in RPMI 1640 medium containing fetal
bovine serum (10%) and antibiotics (1%) incubated in 5% CO2 at
37 �C. 10 lg/ml LPS and 20 lM PCA for 24 h were used for induc-
tion of oxidative stress and protective effect against cytotoxicity,
respectively. This data was fixed at our lab and used for further
studies. Therefore, for LPS and PCA incubation, the cells were
divided into 3 groups. Group (1): Control AECs with no treatment.
Group (2): AECs were only incubated with 10 lg/mL LPS for 24 h.
Group (3): AECs were incubated with LPS and 20 lM PCA for 24 h.
After the incubation time, AECs were harvested and used for fur-
ther assays.
2.7. MTT assay

Cell cytotoxicity assay was done using conventional MTT assay.
In brief, the AECs were cultured onto 96-well plates overnight. The
cells were then incubated as explained in section 2.6 for 24 h.
Afterward, the cells were added by 10 lL MTT solution at 37 �C
for 4 h, replaced by 100 lL DMSO solution and incubated for
15 min. Finally, the absorbance of each well was detected at
570 nm using an ELISA plate reader (RT-2100C Microplate Reader,
China).
2.8. Intracellular ROS production assay

DCFDA / H2DCFDA - Cellular ROS Assay Kit (ab113851) was
used to assess the generation of ROS based on the provided proto-
cols. Briefly, the cells were seeded and after 24 h, the cells were
treated for an additional 24 h. Then, the medium was removed
and 100 lL DCFDA probe was added to the cells and kept at
37 �C for 30 min. The fluorescence intensity of samples was read
with Ex/Em at 485/528 nm using a fluorescence microplate reader
(Bio-Tek Instruments, Winooski, USA).

https://www.rcsb.org/structure/1ao6
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2.9. ELISA assay

The relative levels of TNF-a and IL-1b in the cell culture super-
natant were determined using commercial ELISA kits from Abcam
Co. [Human TNF-a ELISA Kit (ab181421)] and [Human IL-1b ELISA
Kit (ab214025)], following manufacturer’s instructions.
2.10. Real-time PCR analysis

The mRNA expression of IL-1b, TNF-a, and caspase-3 was
assessed by real-time PCR based on the procedure reported in
the previous study (Ileriturk et al. 2022). Briefly, total RNA was iso-
lated using Trizol Lysis Reagent (Invitrogen, China) and comple-
mentary DNA (cDNA) synthesis was performed using cDNA
Reverse Transcription Kit (Qiagen GmbH, Hilden, Germany). The
samples were mixed with SYBR Green PCR Master Mix (Qiagen
GmbH, Hilden, Germany) and then assessed on the Applied Biosys-
tems 7500 real-time PCR device. b-actin expression level was used
as an internal control, and relative folds determination was done
with the CT 2�DDCT method.
Fig. 1. Fluorescence quenching of HSA (2 lM) under the interaction with PCA with
increasing concentrations (1–30 lM) at room temperature.
2.11. Western blotting analysis

Western blot analysis was performed similar to the study
reported by Yesildag et al. 2022 and Ileriturk et al. 2022. Briefly,
30 lg protein form lysed cells were loaded on a 10% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis, followed by trans-
ferring to the membrane and incubating in 5% BSA, and washing
with Tris-buffer saline containing 0.1% Tween 20 after 1 h. The
membrane was added to NF-jB, caspase-3, and b-actin primary
antibodies (Santa Cruz Biotechnology, Inc., TX) and incubated over-
night at 4 �C, followed by washing for 5 min. Goat anti-mouse
(1:2000) as a secondary antibody was incubated with IgG-HRP
for 2 h at room temperature and then washed. Protein bands were
detected using enhanced chemiluminescence.
2.12. Statistical analysis

The data were expressed as mean ± SD of three experiments,
and one-way ANOVA, followed by Tukey’s post hoc test, was uti-
lized to analyze the data. Statistical difference was reported as sig-
nificant when P < 0.05.
Fig. 2. Stern-Volmer plots for the interaction of PCA and HSA at temperatures of
298 K, 305 K, and 310 K for the calculation of quenching constants.
3. Results and discussion

3.1. Effect of protocatechuic acid (PCA) on HSA fluorescence spectra

A number of molecular interactions between ligands and pro-
teins can result in fluorescence quenching of receptors, such as
reaction in the excited state, rearrangement at the molecular level,
and complex formation (Sarzehi et al. 2010; Khashkhashi-
Moghadam et al. 2022; Siddiqui et al. 2021). The quenching mech-
anisms are mostly categorized as either dynamic or static quench-
ing, which are classified by their varying behaviors against
temperature and viscosity (Bose et al. 2016; Mostafavi et al.
2022; Siddiqui et al. 2021). In this assay, the concentration of
HSA was fixed at 2 lM, and the concentrations of PCA were in
the range of 1 to 30 lM. The impact of PCA on HSA fluorescence
emission intensity at 298 K is displayed in Fig. 1.

It was deduced from Fig. 1 that a progressive quenching in the
fluorescence emission intensity was triggered by PCA, associated
with a blue shift in wavelength emission maximum (kmax) in
the HSA spectra. This data proposes an enhanced hydrophobicity
of the environment around the tryptophan residue (Trp-214).
3

3.2. Effect of protocatechuic acid (PCA) on HSA fluorescence quenching

The quenching parameters were calculated using the Stern-
Volmer equation (Farajzadeh-Dehkordi et al. 2023):

F0=F ¼ 1þ KSV PCA½ � ¼ 1þ kqs0 PCA½ � ð1Þ
where F0 and F are the fluorescence intensities without and with
quencher (PCA), respectively, KSV denotes the Stern-Volmer quench-
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ing constant, [PCA] is the concentration of PCA, kq is the quenching
rate constant of biomacromolecule., and s0 is known as the average
lifetime of the biomacromolecule which is around 10�8 s.

The Stern-Volmer plots are exhibited in Fig. 2. It was shown that
under the studied concentration range, the data is well-fitted with
the Stern-Volmer equation. The determination of KSV values from
Stern-Volmer plots were summarized in Table 1. Based on the
effect of PCA on fluorescence quenching at each studied tempera-
ture (Fig. 2), the data reveals that the KSV values are inversely
related to temperature, indicating a possible quenching mecha-
nism of PCA-HSA interaction by static complex formation. Also,
kq values were 2.23 � 1013 M�1 s�1, 6.47 � 1013 M�1 s�1, and
0.83 � 1013 M�1 s�1 at 298 K, 305 K, and 310 K, which were much
greater than kq values reported for dynamic quenching (1010 M�1

s�1) (Siddiqui et al. 2021).
Fig. 3. Modified Stern-Volmer plots for the interaction of PCA and HSA at
temperatures of 298 K, 305 K, and 310 K for calculation of binding constants.
3.3. Calculation of binding parameters

When ligands interact with a set of equivalent sites on a pro-
tein, the binding parameters, including binding constant (Kb) and
the numbers of binding sites (n) can be estimated based on the
modified Stern-Volmer equation (Osman et al. 2023):

Log F0 � F=F ¼ nlog PCA½ � þ logKb ð2Þ
For the system of PCA and HSA, the Kb and n values at temper-

atures of 298 K, 305 K, and 310 K were determined based on Fig. 3
and the resultant data were summarized in Table 1. The n value
was around 1, which suggested that there can be one class of bind-
ing sites on HSA for PCA. Also, it was revealed that the Kb and n val-
ues are directly correlated with temperature, as the higher
temperature, the binding parameters increase, furnishing a basis
for conformational rearrangement of HSA and more favorable
interaction with PCA at higher temperature than that in lower ones
(Siddiqui et al. 2021). Based on the logKb values it can be revealed
that the magnitude of Kb values can be in the range of 105-107,
revealing a strong interaction between PCA and HSA. Therefore, it
may be suggested that interaction of interaction between PCA
and HSA may occur in vivo and PCA probably binds to HSA with
a great affinity (Chamani et al. 2005).
3.4. Calculation of thermodynamic parameters

The binding mode between PCA and HSA can be determined
through the evaluation of thermodynamic parameters (Siddiqui
et al. 2021). The interaction bonds between ligands and proteins
are electrostatic, hydrogen bonds, van der Waals, and hydrophobic
forces. To investigate the interaction between PCA and HSA, the
thermodynamic parameters were estimated by using the van’t Hoff
plot (Kabir et al. 2023):

lnKb ¼ �DH�=RT þ DS�=R ð3Þ
Where, Kb is the binding constant, DH and DS are the enthalpy

and entropy changes, respectively, and R is the gas constant. If the
variation in DH is not significant under the temperature range of
298 K-310 K, the DH and DS can be calculated from the slope
Table 1
Calculation of different parameters under the interaction of PCA and HSA at temperatures

T (K) Ksv (105 M�1) kq (1013 M�1 s�1) logKb n

298 2.23 ± 0.26 2.23 ± 0.26 5.12 ± 0.21 0.9
305 1.58 ± 0.12 1.58 ± 0.12 6.47 ± 0.27 1.
310 0.83 ± 0.07 0.83 ± 0.07 7.72 ± 0.35 1.

4

and Y-intercept of van’t Hoff equation (3), respectively (Fig. 4,
Table 1). The free energy change (DG) can then be calculated based
on the following relationship (Wang et al. 2022):

DG ¼ DH � TDS ¼ �RTlnKb ð4Þ
Table 1 tabulates the DH and DS values estimated for the inter-

action of PCA and HSA. The negative DG values of �29.12 ± 2.34 kJ/
mol, �37.67 ± 2.93 kJ/mol, and �45.68 ± 3.68 kJ/mol at tempera-
tures of 298 K, 305 K, and 310 K, summarized in Table 1, indicated
the fact that the interaction system is spontaneous. The DH value
of 378.65 ± 23.21 kJ/mol and TDS value of 407.78 ± 31.24 kJ/mol
indicated that hydrophobic forces are mainly responsible for the
interaction of PCA-HSA complex (Siddiqui et al. 2021), which needs
docking studies.
3.5. Circular dichroism spectra

To obtain information about the secondary structural changes
of HSA, Far-UV CD analysis was done at 298 K. The 1:15 M ratio
of HSA to PCA was used and the far-UV CD spectra of HSA in the
absence (line blue) and presence (line green) of PCA were shown
in Fig. 5. Two negative bands were observed in the far-UV region
centered at 208 and 222 nm, revealing the dominance of a-
helical structure of HSA due to p ? p* and n ? p* transfer in pep-
tide bonds (Negrea et al. 2023). With the titration of PCA, the band
intensity of minima increased in the CD spectrum relative to the
control sample. The CD outcomes were analyzed in terms of mean
of 298 K,305 K, and 310 K.

DH (kJ/mol) TDS (kJ/mol) DG (kJ/mol)

7 ± 0.07 378.65 ± 23.21 407.78 ± 31.24 �29.12 ± 2.34
25 ± 0.09 378.65 ± 23.21 416.32 ± 31.37 �37.67 ± 2.93
57 ± 0.09 378.65 ± 23.21 424.34 ± 31.39 �45.68 ± 3.68



Fig. 4. van’t Hoff plot for the interaction of PCA and HSA at temperatures of 298 K,
305 K, and 310 K for calculation of binding constants.

Fig. 5. Far-UV CD study for the interaction of PCA (30 lM) and HSA (5 lM) at
temperatures of 298 K for exploring the secondary structural changes of the protein.

Fig. 6. DSC thermogram for the interaction of PCA (30 lM) and HSA (10 lM) for
exploring the Tm of protein.
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residue ellipticity (MRE) in degree cm2 dmol�1 based on the fol-
lowing equation (Rao et al. 2020):

MRE ¼ Observed CD medgð Þ=Cpnl� 10 ð5Þ
where Cp, n, and l are the protein concentration, number of amino
acid residues, and path length. The a-helix content of HSA was then
estimated from MRE208 nm based on the following equation (Rao
et al. 2020):

a� Helical %ð Þ ¼ �MRE208� 4;000=33;000� 4; 000� 100 ð6Þ
According to the equations (5) and (6), the a-helix content of

HSA was calculated. This content increased from 58.09% for HSA
to 61.39% under the addition of PCA to HSA. The increase of a-
helix structure revealed that PCA combined with several residues
of the polypeptide chain and stabilized their hydrophobic and
hydrogen bonds (Song et al. 2021). Generally, the incubation of
HSA with PCA resulted in a partial increase in minima, while the
position of the minima almost kept unchanged, indicating that
the interaction of PCA and HSA triggered some secondary struc-
tural changes in HSA, where the a-helical content of HSA elevated.

Therefore, upon interaction of PCA with HSA, the stability of this
chiral protein can be increased which can improve the potential
application of HSA in different areas (Allenmark et al. 1984).

3.6. Thermo stability analysis of PCA–HSA interaction by DSC

Normally, ligand interaction results in either stabilization or
destabilization of the proteins (Abarova et al. 2021; Aricov et al.
2020; Rizzuti et al. 2019). DSC analysis was utilized to explore
the impact of PCA on the thermal behavior of HSA. Tm is the main
parameter determined from the DSC spectrum that gives detail
regarding the impact of ligand interaction on the thermal stability
of a biomacromolecule (Naik et al. 2022). Fig. 6 exhibits the DSC
thermograms for free HSA and interacted HSA with PCA. It was
found that HSA is unfolded in a cooperative manner and gives rise
to the formation of an endothermic peak with a Tm value of around
5

64 �C (337 K). It was observed that under the interaction of PCA,
this ligand could lead to partial stabilization of HSA as supported
by the elevation in Tm by about 2.0 �C. These findings suggested
that the interaction of PCA causes stabilization of the HSA structure
as also displayed with the CD data. In fact, the increase in the
amount of a-helix content can be a possible reason for increasing
the stability and Tm of protein in the presence of PCA.



Fig. 7. Molecular rocking study of PCA interaction with HSA. (a) The 3D structure of PCA, (b) docking of HSA and PCA, and (c) the amino acid residues involved in the binding
site.
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3.7. Molecular docking study

The molecular docking study was performed to determine the
binding affinity and amino acid residues involved in the interac-
tion of HSA and PCA. Thermodynamic analysis indicated that
hydrophobic interactions are the main forces rather than the
hydrophilic forces in the formation of HSA-PCA complexes. A
rational reason is that dimethyl leads to an enhancement in
hydrophobicity of PCA, and strengthens the hydrophobic forces.
Generally, PCA molecule (Fig. 7a) after docking analysis
(Fig. 7b) existed in a cavity formed by Ile 142 and His 146
(Fig. 7c), which provides a hydrophobic pocket to form alkyl
and pi-alkyl interactions with HSA. It was also important to indi-
6

cate that several other amino acid residues such as Lys 190, Lys
519, Arg 114, Arg, 117, Arg 145, Arg 186, Glu 141, Glu 520, Ser
517, Tyr 138, Leu 115, Leu182, Tyr 161, and Met 123 were
located in the vicinity of PCA, suggesting that hydrogen bonding
interactions also present in the binding site.

3.8. PCA mitigated LPS-induced cytotoxicity and ROS production in
AECs

The cells were incubated with LPS (10 lg/ml) for 24 h and it was
realized that the cell viability was reduced to around 46.77%±9.47%
(***P < 0.001) (Fig. 8a), which was in good agreement with a previ-
ous study (Jiang et al. 2020). However, co-incubation of AECs with



Fig. 8. Effects of PCA on the cytotoxicity and ROS production induced by LPS in type II AECs. (a) MTT assay, (b) ROS assay. The cells were treated with LPS (10 lg/mL) or co-
incubated with LPS (10 lg/mL) and PCA (20 lM) for 24 h. Data are presented as mean ± SD. **P < 0.01, ***P < 0.001 in comparison with the control group.

Fig. 9. Effects of PCA on the release and expression of pro-inflammatory mediators induced by LPS in type II AECs. (a) Relative TNF-a release assessed by ELISA assay, (b)
Relative TNF-amRNA expression assessed by real-time PCR assay, (c) Relative IL-1b release assessed by ELISA assay, (d) Relative IL-1bmRNA expression assessed by real-time
PCR assay. The cells were treated with LPS (10 lg/mL) or co-incubated with LPS (10 lg/mL) and PCA (20 lM) for 24 h. Data are presented as mean ± SD. *P < 0.05, **P < 0.01,
***P < 0.001 in comparison with the control group.
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Fig. 10. (a) Effects of PCA on the expression of caspase-3 mRNA induced by LPS in type II AECs. (b) Western blot assay for the expression of caspase-3 and NF-jB. The cells
were treated with LPS (10 lg/mL) or co-incubated with LPS (10 lg/mL) and PCA (20 lM) for 24 h. Data are presented as mean ± SD. ***P < 0.001 in comparison with the
control group.
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LPS and PCA (20 lM) regulated the reduction in cell viability
induced by LPS and recovered the percentage of cell viability to
82.48%±14.91% (**P < 0.01) (Fig. 8a). This data indicated that PCA
can mitigate the triggered cytotoxicity by LPS in AECs.

It was also shown that incubation of cells with LPS resulted in a
significant increase in the ROS production (***P < 0.001), whereas
the co-incubation of AECs with LPs and PCA reduced the production
of ROS evidencedbyDCF intensity (Fig. 8b). This data clearly showed
that PCA may modulate the LPS-induced cytotoxicity in AEC cells
through the regulation of ROS production (Zhang et al. 2021).

3.9. PCA decreased LPS-induced release and expression of pro-
inflammatory cytokines in AECs

The present study indicated the protective potency of PCA
against the ROS production induced by LPS in AECs. We detected
that LPS induced cell toxicity by inducing oxidative stress produc-
tion which was accompanied by an elevation in the level of ROS. In
addition, it was found that the expression and the amount of pro-
inflammatory cytokines such as TNF-a and IL-1b, were high in the
AECs treated with LPS.

It was seen that LPS (10 lg/ml) exposure for 24 h induced the
release and overexpression of pro-inflammatory cytokines, such
as TNF-a (Fig. 9a, b) and IL-1b (Fig. 9c, d), which could induce
the activation of the inflammatory response and apoptosis. TNF
is known as a pleiotropic pro-inflammatory cytokine whose activa-
tion results in the expression of several pro-inflammatory cytoki-
nes, especially IL-1b (Reuter et al. 2010; Shahcheraghi et al.
2023). In the current report, LPS incubation led to a large release
of TNF-a and IL-1b (Fig. 9a, c), and the mRNA expression levels
of these markers were also elevated (Fig. 9b, d). This data indicated
that LPS exposure triggered the expression of pro-inflammatory-
associated markers and genes in AECs, and triggered an inflamma-
tory response. However, this study reported that PCA affected the
release of TNF-a and IL-1b, as well as the expression levels of -
TNF-a and IL-1b genes, revealing that PCA could relieve the side
effects in inflammatory response induced by LPS stress.

3.10. PCA mitigated LPS-induced activation of apoptotic-related factor
and NF-jB

It has been shown that LPS-induced cytotoxicity is derived from
the activation of apoptosis (Daldal et al. 2022; Fu et al. 2022). LPS-
induced oxidative stress can result in the regulation of apoptotic sig-
naling pathways. Based on the above facts, we explored the expres-
8

sion of caspase-3 at mRNA and protein levels. It was seen that PCA
mitigated the expression of caspase-3 mRNA (Fig. 10a) and
caspase-3 protein (Fig. 10b) triggered by LPS exposure as evidenced
by real-time PCR and western blot analysis, respectively. LPS treat-
ment markedly elevated the level of caspase-3 mRNA and protein,
while co-incubation of AECs with LPS and PCA resulted in a signifi-
cant reduction in the protein and mRNA level of caspase-3. Also,
PCA as an antioxidant, can be involved in regulating the cytotoxicity
induced by LPS through inactivation of the NF-jB signaling path-
ways (Zhang et al. 2015). TheNF-jB activation is involved in overex-
pression of pro-inflammatory signaling pathways (Roberti et al.
2022). Wang et al. reported that PCA could inhibit the expression
of inflammatorymediators in LPS-triggered BV2microglia via mod-
ulation of NF-jB and MAPK signaling pathways (Wang et al. 2015).
Also, this study reported that PCA affects the expression level of NF-
jB protein in LPS-treated cells, revealing that PCA could decrease
the inflammatory response stimulated by LPS (Fig. 10b).

4. Conclusions

The interaction of PCA with an important plasma protein, HSA,
was evaluated using spectroscopic and computational analyses.
Also, the antioxidant properties of PCA against LPS-induced cyto-
toxicity and ROS production were assessed by different cellular
and molecular assays. The motivation of this study was to investi-
gate the interaction of a potential antioxidant bioactive compound,
PCA, with HSA and also reveal the antioxidant signaling pathway
regulated by PCA. It was shown that PCA strongly interacted with
HSA based on a static quenching mechanism, and the interaction
was mediated by the dominance of hydrophobic bonds. PCA par-
tially increased the percentage of a-helix content of HSA as well
as Tm of protein. PCA at the interacting site of HSA interacted with
some hydrophobic amino acid residues. Also, PCA mitigated LPS-
induced cytotoxicity in AECs through the reduction of ROS, and
expression of pro-inflammatory and pro-apoptosis mediators
mediated by inactivating the NF-jB signaling pathway. In conclu-
sion, it can be deduced that PCA interacts strongly with HSA and
shows antioxidant potential, which needs further investigations
in future studies.
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