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Bisphenol A (BPA), commonly found in plastic containers and epoxy resins used for food products, 
presents substantial health risks, particularly in relation to hepatic toxicity. This study investigates 
BPA-induced liver damage and explores the mechanistic dose-dependent protective effects 
of P-coumaric acid (PCA). 50 male rats were divided into control, BPA-treated, BPA + PCA50, 
BPA + PCA100, and PCA100 groups. BPA exposure for 14 days induced oxidative stress, evidenced 
by elevated malondialdehyde levels and decreased activities of antioxidant enzymes (superoxide 
dismutase, glutathione peroxidase, and catalase). Higher doses of PCA effectively mitigated these 
effects by restoring redox balance and enhancing antioxidant enzyme activities. Additionally, BPA 
disrupted inflammation and apoptosis pathways, inhibiting anti-inflammatory markers and interfering 
with the nuclear factor erythroid 2-related factor 2/heme oxygenase-1 (Nrf2/HO-1) pathway. PCA 
exhibited dose-dependent protection against these disruptions. Computational analyses revealed 
that BPA inhibits cyclooxygenase-1 through stable hydrogen bonding with threonine at position 322. 
PCA’s dual protective effect was confirmed by attenuating inflammatory pathways, including TNF-α 
inhibition and suppression of the Kelch-like ECH-associated protein 1 (KEAP1) and Nrf2 signaling 
pathway. Histopathological assessments confirmed that PCA alleviated significant hepatic damage 
induced by BPA. Immunohistochemical and immunofluorescence analyses further supported PCA’s 
protective role against BPA-induced apoptosis and cellular hepatotoxicity. These findings underscore 
PCA’s protective potential against BPA-induced hepatotoxicity and highlight novel mechanistic 
interactions that warrant further investigation in applied nutritional biochemistry.
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BPA is a synthetic chemical compound extensively employed in the production of polycarbonate plastics and 
epoxy resins. It is synthesized through the condensation of two phenol molecules and one acetone molecule 
in the presence of concentrated sulfuric acid1. BPA is prevalent in the manufacturing of numerous consumer 
products, including plastic containers, food and beverage packaging, dental sealants, and the lining of metal 
cans, as well as in baby milk and mineral water containers2,3. BPA can leach from these products and enter the 
food or beverages that they contain. Recent global studies have shown that BPA is widely detected in various 
environmental matrices and biological samples, highlighting the significant extent of human and ecological 
exposure. BPA has been frequently identified in water sources, such as rivers, lakes, and groundwater, often 
at concentrations ranging from nanograms to micrograms per liter, depending on the proximity to industrial 
or urban sources4. The compound has been found to persist in the environment its slow degradation rate, 
leading to ongoing contamination of aquatic ecosystems. Furthermore, BPA contamination has been detected 
in sediments and soils, further indicating its widespread environmental presence5. In biological contexts, BPA 
has been detected in human tissues, including urine, blood, and breast milk, with studies showing detectable 
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levels in a substantial proportion of the population across various age groups and regions5. For instance, BPA 
concentrations in human urine often exceed levels considered to pose potential health risks, even with regulatory 
measures in place. Additionally, wildlife studies have revealed the presence of BPA in various species, ranging 
from fish to invertebrates, underscoring its bioaccumulative properties and its potential to affect ecological 
balance and biodiversity6. These detection levels reflect the ongoing concern about the ubiquity of BPA and its 
potential adverse effects on human health, particularly its role as an endocrine disruptor affecting reproductive, 
metabolic, and neurological functions4,7.

Upon oral ingestion, BPA is absorbed from the gastrointestinal tract and undergoes conjugation to form 
BPA glucuronide in the liver. This absorption occurs when individuals consume contaminated food or water8. 
BPA then accumulates in the enterohepatic circulation over time in the bloodstream9. Consequently, elevated 
levels of BPA result in its binding to estrogen receptors, triggering adverse cellular responses10,11 and inducing 
both cellular and toxic effects in reproductive organs12,13. Recent studies have shown that it can cause extensive 
damage to other organs14–16. The induction of hepatotoxic effects is characterized by increased activity of hepatic 
enzymes and an increased state of oxidative stress, coupled with a concomitant increase in reactive oxygen 
species (ROS) levels. This perturbation manifests as a deviation in hepatic redox balance toward oxidative stress, 
accompanied by diminished antioxidant reserve and reduced levels of antioxidant enzymes within the hepatic 
milieu. Simultaneously, there is an increase in hepatic oxidants. This disruption in cellular redox homeostasis 
subsequently initiates inflammatory responses within hepatic cells, stimulating oxidative stress and concurrently 
intensifying the activation of the cellular Nrf2/HO-1 pathway16–19. The application of BPA further exacerbates the 
depletion of cellular anti-inflammatory reserves, accompanied by a simultaneous increase in proinflammatory 
mediators20. Prolonged exposure to these conditions directs the cell toward apoptosis21,22.

Conversely, among the various plant-derived nutraceutical compounds explored for their protective effects 
against diverse toxic substances, P-coumaric acid (PCA) stands out. PCA, belonging to the hydroxycinnamic 
family, is naturally present in various fruits, vegetables, and fungi23,24. Numerous studies have demonstrated 
the antioxidant, anti-inflammatory, and antiapoptotic effects of PCA25,26. In this context, PCA has emerged 
as a promising nutraceutical countermeasure against the disruptive effects of factors such as BPA, providing 
protection against oxidative stress, inflammation, and apoptotic pathways in hepatic cells.

This study aimed to evaluate the hepatoprotective efficacy of PCA against BPA-induced oxidative stress 
and subsequent hepatic insult in a rat model. The biomolecular intricacies governing the ameliorative effects 
of PCA were investigated, emphasizing its role in mitigating BPA-induced oxidative stress, inflammation, and 
subsequent apoptotic liver damage. To comprehensively understand the molecular mechanisms of PCA, an in 
silico study was conducted, revealing its inhibitory effects on oxidative stress and proinflammatory upstream 
modulators. Additionally, a computational approach was employed to elucidate the recognized inhibitory impact 
of BPA on COX1 enzyme activity. The investigation of potential ligand‒ligand interactions between BPA and 
PCA confirmed the biochemical contribution of PCA to alleviating BPA-induced hepatic injury. This research 
provides novel insights into the protective mechanisms of PCA and reveals its intricate biochemical interaction 
with BPA, establishing a foundation for addressing and modulating chemical-induced liver damage.

Methods
Chemicals
BPA (≥ 99%) (Cas No: 80-05-7) and PCA (≥ 98%) (Cas No: 501-98-4) were purchased from Acros Organics 
BVBA and Sigma-Aldrich Chemical Company (St. Louis, Missouri, USA), respectively. ELISA kits were 
purchased from BT LAB.

Animals and experimental design
Fifty healthy 14-week-old male adult rats were procured from the Atatürk University Experimental Animals 
Application and Research Centre. The weights of all the rats were measured both at the beginning and at the 
end of the experiment. The experimental animals were randomly divided into 5 groups, each comprising 10 
animals27. The baseline weights of the rats in all five groups were statistically analyzed, revealing no significant 
differences among groups (p > 0.05), confirming uniform baseline conditions prior to the experiment. A 
computer-generated random number algorithm was employed to randomly assign animals into the five 
experimental groups, ensuring the elimination of allocation bias. Prior to the experiment, the environment and 
cages were cleaned and disinfected, which was completed 7 days in advance. Four days before the initiation of the 
experiment, the rats were acclimatized to the environment by being housed in the designated rooms. This was 
followed by an experimental period of 14 days, during which the animals were housed in rooms maintained at 
25 °C 60 ± 10% humidity, and a 12-h light/dark cycle. Temperature and humidity were continuously monitored 
using calibrated digital sensors, with daily data recording to ensure stable conditions throughout the study. 
There were no restrictions on the animals’ access to water or food. Approval for this study was obtained from 
the Atatürk University Animal Experiments Local Ethics Committee. (Decision No: 2023/87). The study is 
reported in accordance with the ARRIVE guidelines. Moreover, all methods were performed in accordance with 
the relevant guidelines and regulations required by the Atatürk University Animal Experiments Local Ethics 
Committee.

BPA and PCA were administered to rats in 5 experimental groups, each consisting of 10 animals. The groups 
were designated the control, BPA, BPA + PCA50, BPA + PCA100, and PCA100 groups. All the groups were 
treated for 14 days28,29. The rats in the control group were subjected to intragastric administration of 1 ml of olive 
oil. The BPA groups received a 100 mg/kg dose of BPA dissolved in olive oil through intragastric administration.

Olive oil was selected as a vehicle control due to its widespread use in toxicity and pharmacological studies 
as an inert solvent for lipophilic compounds, with minimal biological activity, making it a suitable comparator 
for assessing the effects of BPA and PCA. The PCA groups were intragastrically administered 50 or 100 mg/kg 
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PCA for 14 days28,29. On the 15th day of the experimental period, the animals were weighed before euthanasia. 
After the animals were euthanized with sevoflurane, a portion of the liver tissue was fixed with formaldehyde 
for histopathological, immunohistochemical, and immunofluorescent analyses30. Concurrently, the remaining 
liver tissues were rapidly frozen in liquid nitrogen and stored at −80 °C. These preserved samples were used 
for subsequent assessments of oxidative stress, inflammation, and apoptotic parameters. After the results were 
calculated through the GEN5 program, statistical analyses were performed. GraphPad Prism 8 was used to 
create the graphs13.

Hepatic tissue homogenization
The liver tissues were homogenized in PBS using a MagNA Lyser at 6000 rpm for 40 s. A volume of 1 mL of PBS 
per 100 mg of liver tissue was used. After homogenization, the supernatants were recovered via centrifugation at 
4500 rpm for 10 min at 4 °C. The recovered supernatants were further subjected to ELISA13.

Oxidative stress and antioxidant evaluation in liver tissue
The hepatic oxidative stress status was evaluated by measuring the activities of antioxidant enzymes, including 
superoxide dismutase (SOD) (Cat. No: E0168Ra), glutathione peroxidase (GPx) (Cat. No: E1242Ra), catalase 
(CAT) (Cat. No: E0869Ra), and glutathione synthetase (GSS) (Cat. No: E1989Ra), as well as the hepatic level 
of the lipid peroxidation marker malondialdehyde (MDA) (Cat. No: 201-11-0157) (Zhejiang, China) in the 
recovered supernatants. All these assessments, together with measurements of the levels of nuclear factor 
erythroid 2-related factor 2 (Nrf-2) (Cat. No: E2184Ra) and heme oxygenase 1 (HO-1) (Cat. No: E0676Ra), 
which are hepatic antioxidant detoxifying parameters (Zhejiang, China), were conducted via ELISA kits.

Inflammation in liver tissue
The levels of proinflammatory mediators such as tumor necrosis factor-α (TNF-α) (Cat. No: E0764Ra), 
interleukin-1β (IL-1β) (Cat. No: E0119Ra), interleukin-6 (IL-6) (Cat. No: E0135Ra), nuclear factor kappa-B 
(NF-κB) (Cat. No: E1817Ra), and other anti-inflammatory cytokine interleukin-10 (IL-10) (Cat. No: E0108Ra) 
were determined via ELISA (Zhejiang, China).

The levels of other inflammatory mediators, including myeloperoxidase (MPO) (Cat. No: E0574Ra), 
inducible nitric oxide synthase (iNOS) (Cat. No: E0740Ra), prostaglandin E2 (PGE2) (Cat. No: EA0039Ra) and 
cyclooxygenase-1 (COX-1) (Cat. No: E1245Ra), were determined by ELISA in hepatic tissues (Zhejiang, China).

Apoptosis in liver tissue
Caspase-3 (Casp-3) (Cat. No: E1668Ra) and p38 mitogen-activated protein kinase (p38-MAPK) (Cat. No: 
E2473Ra) levels were determined to determine whether apoptosis occurred in liver tissue (Zhejiang, China).

In silico molecular elucidation of BPA-induced inhibition of COX-1 (PDB: 3N8Z) activity
Ligands and protein preparation
The observed biological inhibition of COX-1 activity by BPA prompted a more in-depth investigation into the 
molecular basis of this inhibition at the COX-1 active site via in silico analysis. Therefore, the 3D structure of 
BPA (PubChem CID 6623) was obtained from the PubChem database31, and the minimization and optimization 
of CID 6623 of BPA were then performed via ChemBioDraw Ultra 14 suite software32. The X-ray crystal 
coordinates of COX-1 (PDB: 3N8Z) were then retrieved from the RCSB Database33, followed by the creation of 
PDBQT files for both receptors and ligands via UCSF Chimera software 1.17.334. Subsequently, preparation for 
docking was carried out via the Dunbrack 2010 rotamer library35. Additionally, minimization of the receptor 
structure (Steepest descent steps: 100; Conjugate gradient step: 10) was performed via UCSF Chimera 1.17.3 
software (Fig. 9).

Molecular docking protocol
The active site of the COX-1 protein was obtained from an online server36. Second, the grid box size was fixed at 
20 × 20 × 20 Å, and the grid center (−54,186; 54,440; −0.826) for the COX-1 enzyme active site was set according to 
the setting software. Molecular docking of BPA and COX-1 was performed with UCSFChimera + Autodockvina32 
software37. PyMOL software was utilized to generate a 3D representation of the BPA and COX-1 complex in the 
study38.

BPA-COX-1 complex interaction
The Protein Ligand Interaction Profiler (PLIP) server was used39. The 2D BPA-COX-1 complex was obtained 
from Discovery Studio Visualizer v21.1.0.2029840.

Interaction between bisphenol A and p-coumaric acid
The observed quenching effect of PCA against BPA-induced hepatotoxicity inspired us to conduct an in silico 
investigation into potential collateral ligand‒ligand chemical interactions. This possible chemical interaction 
could explain the biological mitigating effect of PCA against BPA-induced hepatic toxicity. Therefore, the 
following studies were performed.

Molecular models and initial structures
The chemical structures of the compounds were obtained from the PubChem server (PubChem CID: BPA = 6623 
and PCA = 637542)41 (Fig. 9B,D). The monomer molecules were fully optimized at the M062X/6-311G** level 
of theory via Gaussian 09 software42.
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Molecular mechanics calculations
For molecular mechanics calculations, the initial structures were subjected to optimization via Gaussian 09 
software. This step provided a foundation for subsequent quantum mechanical calculations43.

Quantum mechanical calculations
The quantum mechanical (QM) calculations were carried out on the extracted BPA‒PCA complexes obtained 
from molecular mechanics calculations via Gaussian 09. The global hybrid meta-GGA (M06-2X) functional 
group was employed to optimize these complexes. This functional is known for its accurate simulation of 
hydrogen bonds and proficient representation of other weak interactions.

The optimization process utilized the 6-31G** Gaussian basis set, incorporating polarized functions for 
both heavier and hydrogen atoms43. To ensure the reliability of the optimized structures, normal vibrational 
frequencies were computed through single-point calculations. The confirmation of minima on the potential 
energy surface was established by verifying positive values for the Hessian eigenvalues.

This comprehensive methodology aimed to capture the intricacies of molecular interactions, particularly 
focusing on the accurate representation of hydrogen bonds and other subtle weak interactions within the BPA‒
PCA complexes (Fig. 12).

In silico molecular assessment of the modulatory potential of PCA on the KEAP1-Nrf2 
pathway and TNF trimer stability
The exploration of the antioxidative effects of PCA prompted our biological study to assess the potential impact 
of PCA on the KEAP1-Nrf2 pathway and the stability of the TNF trimer. Keap1, a cytoplasmic protein, acts 
as a negative upstream modulator of Nrf2, making this pathway a promising therapeutic target for mitigating 
oxidative damage caused by free radicals. Conversely, TNF, a cytokine within the trimeric protein family, 
plays a crucial role in various pathological processes, particularly inflammation initiation and apoptosis. The 
downregulation of TNF is acknowledged for its anti-inflammatory effects, which are achieved by suppressing 
the signaling pathways associated with TNF and subsequently reducing the production of proinflammatory 
molecules. Therefore, we systematically examined the inhibitory potential of PCA on the KEAP1‒Nrf2 pathway 
and TNF trimer stability through the following in silico methodologies to determine its potential modulatory 
role in these pivotal processes.

Molecular structures of KEAP1, TNF trimers and PCA
The 3D SDF file of PCA was downloaded from https://pubchem.ncbi.nlm.nih.gov/. The molecular structures of 
KEAP1 and TNF trimers (PDB codes: 6LRZ and 6OOY) were downloaded from the Protein Data Bank (PDB), 
and preparations were made via the licensed version of Schrödinger Maestro 2023/4.

Molecular docking of PCA with KEAP1 and TNF trimers
Molecular docking was performed via the Glide module to predict ligand‒receptor interactions. Molecular 
docking of PCA onto these two protein structures was performed via the licensed version of Schrödinger 
Maestro 2023/444.

Surface, 2D and 3D visualization
To better understand the molecular interactions, images were downloaded via Schrödinger Maestro’s surface 
and 2D and 3D imaging tools. This allowed interaction sites to be visualized45.

MM-GBSA analysis
MM-GBSA was performed via the Prime MM-GBSA module. This analysis includes interaction energies, 
solvation energies and other thermodynamic properties46.

Pharmacophore mapping analysis
The ligand pharmacophore mapping feature of Glide was used to identify the interaction sites between ligands 
and receptors. The important interaction motifs were identified by generating pharmacophore maps47.

Molecular dynamics analysis
Molecular dynamics simulations were performed via the Desmond module. This was done to understand the 
changes in the interactions over time and the dynamic behavior of the protein48.

All of these in silico analyses were performed using the 2023/4 licensed version of Schrödinger Maestro.

Histopathological examination
The liver tissue samples were fixed in a 10% formaldehyde solution for 48 h and subsequently embedded in 
paraffin blocks following routine tissue processing procedures. Sections, each measuring 4 μm in thickness, were 
obtained from the blocks, and the resulting preparations for histopathological examination were stained with 
hematoxylin‒eosin (HE). A light microscope (Olympus BX 51, Japan) was used to examine the stained sections, 
and their histopathological features were evaluated and categorized as absent (−), mild (+), moderate (++), or 
severe (+++).

Immunohistochemical examination
For immunoperoxidase examination, tissue sections taken on adhesive (poly-l-lysine) slides were deparaffinized 
and dehydrated. The endogenous peroxidase was then inactivated with 3% H2O2 for 10 min. The tissues were 
boiled in 1% antigen retrieval citrate buffer solution (pH 6.1). After cooling at room temperature, the sections 
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were incubated with protein blocks for 5 min to abolish nonspecific background staining. The primary antibody 
(Bax Cat No: sc-7480, dilution ratio: 1/100, US) was then added prior to further incubation according to the 
manufacturer’s instructions. The 3–3′ diaminobenzidine (DAB) chromogen was used as the tissue chromogen. 
The stained sections were then examined with a light microscope (Zeıss AXIO, Germany).

Double immunofluorescence examination
For immunoperoxidase examination, tissue sections affixed to adhesive (poly-l-lysine) slides were subjected 
to deparaffinization and dehydration. The endogenous peroxidase activity was subsequently neutralized by 
immersing the sections in 3% H2O2 for 10 min. The tissues were then boiled in a 1% antigen retrieval citrate 
buffer solution at pH 6.1, followed by cooling at room temperature. To mitigate nonspecific background staining, 
the sections were blocked with protein for 5 min. Then, primary antibody (JNK Cat No: sc-514539, dilution 
ratio: 1/100, US) was applied, and the samples were incubated as per the provided instructions. The secondary 
antibody for immunofluorescence (FITC Cat No: ab6785, dilution ratio: 1/1000) was applied to the tissues, 
which were then incubated in a dark environment for 45  min. The secondary antibody (PERK Cat No: sc-
377400, dilution ratio: 1/100, US) was subsequently added to the tissues, which were subsequently incubated 
according to the provided instructions. Another immunofluorescence secondary antibody (Texas Red Cat No: 
ab6719, dilution ratio: 1/1000, UK) was applied, and the samples were incubated in the dark for 45 min. Then, 
DAPI with mounting medium (Cat no: D1306, dilution ratio: 1/200, UK) was added to the sections, which were 
then left in the dark for 5 min before being covered with a coverslip. The stained sections were examined via a 
fluorescence microscope (Zeıss AXIO, Germany). For the quantification of positive staining intensity in both the 
immunohistochemical and the immunofluorescence images, a systematic approach was employed. Specifically, 
five random regions were selected from each image, and analysis was conducted via the ZEISS Zen Imaging 
Software program.

Statistical analysis
The data we obtained are presented as the mean ± standard mean error (SEM). The significance level was 
determined as p < 0.05. One-way analysis of variance (ANOVA) was used to determine the differences between 
groups. SPSS and GraphPad were used for these tests.

SPSS 13.0 was used for the statistical analysis of the histopathological data, and the data were evaluated, with 
p < 0.05 considered to indicate statistical significance. Duncan’s test was used for comparisons between groups. 
The nonparametric Kruskal‒Wallis test was used to detect group interactions, and the Mann‒Whitney U test was 
used to determine differences between groups.

The acquired immunohistochemical and immunofluorescence data were subjected to additional statistical 
analysis through the computation of the mean and standard deviation (mean ± SD), specifically emphasizing the 
percentage area of positive staining. One-way ANOVA followed by Tukey’s test, conducted via GraphPad Prism, 
was subsequently employed to compare the positive immunoreactive cells and immunopositive stained areas 
with those from healthy controls. Significance was determined by considering a p value less than 0.001.

Results
Impact of BPA and PCA administration on body weight and hepatic mass
At the onset of the study, the weights of all the rats were recorded. Following the grouping, initial body weights, 
as presented in Table  1, were compared, revealing no statistically significant differences between the groups 
(p > 0.05). At the conclusion of the experiment, body weights were measured once more, and again, no significant 
differences were observed (p > 0.05). Liver weights and the hepatosomatic index (HSI) were comparable among 
the groups, with no statistically significant differences detected (p > 0.05, Table 1).

Assessment of oxidative stress and antioxidant status in hepatic tissues
The MDA level in the liver tissue of BPA-treated rats was significantly greater than that in the control group 
(p < 0.01). The MDA content in the BPA + PCA50 group was lower than that in the BPA group, but a significant 
difference was observed compared with that in the control group (p < 0.01). Notably, the MDA levels in the 
BPA + PCA100 and PCA100 groups were comparable to those in the control group, with no significant difference 
between them (p > 0.05, Fig. 1).

Oxidative stress was confirmed by the notable decrease in SOD activity in the livers of BPA-treated rats 
compared with those of control rats (p < 0.01). The addition of PCA to BPA, particularly at high doses, effectively 

Parameters Control

Groups

BPA BPA + PCA50 BPA + PCA100 PCA100

Initial body weights (g) 246.43 ± 5.56a 245.00 ± 5.00a 247.86 ± 4.88a 247.86 ± 4.88a 244.29 ± 6.07a

Final body weights (g) 280.57 ± 28.18a 273.57 ± 17.96a 274.86 ± 12.32a 274.86 ± 12.32a 293.14 ± 30.71a

Liver weights (mg) 285 ± 10.3a 267 ± 10.3a 270 ± 10.3a 272 ± 10.3a 282 ± 10.3a

Hepatosomatic Index (HSI)* 0.00100 0.00097 0.00098 0.00099 0.00096

Table 1.  Effects of BPA and PCA on the initial, final and liver weights of the rats. No statistical significance 
was found between the values in the same line. ap > 0.05, Values were expressed as the mean ± SEM. *The 
hepatosomatic index represents the perventage ratio between fresh liver weight to whole body weight.
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reversed the decrease in SOD activity observed in the BPA group. However, the SOD level in the BPA + PCA 
group did not significantly differ from that in the control group (p > 0.05, Fig. 1).

Similarly, in BPA-induced liver damage, the activity levels of GPx, CAT, and GSS were significantly lower in 
the BPA-treated group than in the control group. Compared with those in the BPA + PCA50 group, both GPx 
and CAT levels in the BPA + PCA50 group increased, but there was still a significant difference compared with 
those in the control group (p < 0.05). The activity of GSS in the BPA + PCA50 group significantly differed from 
that in the control group (p < 0.01). When the values obtained from the BPA + PCA100 and PCA100 groups were 
compared with those of the control group, no significant difference was observed (p > 0.05, Fig. 2).

BPA administration clearly disrupted the cellular redox balance and anti-inflammatory mechanisms, as 
indicated by a substantial reduction in the levels of Nrf-2 and HO-1 in the livers of the rats treated with BPA 
compared with those in the control group (p < 0.01).

In the BPA + PCA50-treated group, these values were significantly lower (p < 0.01) than those in the control 
group. However, the BPA + PCA100 and PCA100 groups presented no significant differences compared with the 
control group (p > 0.05, Fig. 3).

Assessment of inflammation in BPA-induced hepatotoxicity
BPA-induced inflammation was confirmed by a significant increase (p < 0.01) in the levels of the proinflammatory 
cytokines TNF-α, IL-1β, and IL-6 during BPA-induced liver damage. In the BPA + PCA50 group, there was a 
slight decrease in these levels, and although this decrease was marginal, a significant difference from the control 

Fig. 2.  The effects of BPA and PCA on GPx (A), CAT (B) and GSS (C) levels in the experimental groups 
(significant differences between the control group and the other groups are shown with symbols). ***, 
**p < 0.01, *p < 0.05, n = 10.

 

Fig. 1.  The effects of BPA and PCA on the MDA (A) and SOD (B) levels in the experimental groups 
(significant differences between the control group and the other groups are shown with symbols). ***, 
**p < 0.01, *p < 0.05, n = 10.
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was maintained (p < 0.05). Notably, the TNF-α, IL-1β, and IL-6 levels in both the BPA + PCA100 and PCA groups 
closely resembled those in the control group (p > 0.05, as depicted in Fig. 4).

In contrast, the anti-inflammatory cytokine IL-10 significantly decreased (p < 0.01) in the BPA-treated group. 
In the BPA + PCA50 group, the values closely resembled those of the BPA group, with no significant difference 
between them (p > 0.05). A comparison of values from the BPA + PCA100 and PCA100 groups to the control 
revealed no significant difference between these groups (p > 0.05, as illustrated in Fig. 5).

Consistent with these findings, the level of NF-κB, an inflammatory marker, was significantly greater in the 
BPA-treated group than in the control group (p < 0.01). When the values obtained from the BPA + PCA50 group 
were compared with those of the control group, a significant difference was observed (p < 0.01). There was no 
significant difference between the BPA + PCA100 and PCA100 groups and the control group (p > 0.05, Fig. 5).

PGE2 and COX-1 levels in the liver tissue of BPA-treated rats were significantly lower (p < 0.01) than those in 
the control group. However, the comparison of their values in the BPA + PCA50 group with those in the control 
group revealed a significant difference (p < 0.05). There was no significant difference between their values in the 
BPA + PCA100 and PCA100 groups compared with those in the control group (p > 0.05, as depicted in Fig. 6).

The levels of both the inflammatory mediators iNOS and MPO were notably greater (p < 0.01) in the liver 
tissues of BPA-treated rats than in those of control rats. This significant difference persisted in the BPA + PCA50-
treated rats compared with the control rats (p < 0.01). However, when the values obtained from the BPA + PCA100 
and PCA100 groups were compared with those of the control group, no significant difference was detected 

Fig. 4.  Effects of BPA and PCA on TNF-α (A), IL-1β (B) and IL-6 (C) levels in the experimental groups 
(significant differences between the control group and the other groups are shown with symbols). ***, 
**p < 0.01, *p < 0.05, n = 10.

 

Fig. 3.  Effects of BPA and PCA on Nrf-2 (A) and HO-1 (B) levels in the experimental groups (significant 
differences between the control group and the other groups are shown with symbols). ***, **p < 0.01, *p < 0.05, 
n = 10.
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(p > 0.05, as illustrated in Fig. 7). This finding indicates a notable impact of BPA on the inflammatory milieu, 
which is partially mitigated by PCA administration.

Molecular mechanisms of apoptosis in BPA-induced hepatic injury
To gain deeper insight into the molecular mechanisms underlying BPA-induced apoptosis, an examination 
of apoptotic parameters, including Casp-3 and p38-MAPK, revealed a notable increase in their levels in the 
livers of BPA-treated rats compared with those in the control group (p < 0.01). Specifically, the Casp-3 level in 
the BPA + PCA50-treated group was significantly different from that in the control group (p < 0.01). However, 
no significant differences in p38-MAPK levels were detected between the BPA + PCA50, BPA + PCA100, and 
PCA100 groups and the control group (p > 0.05, Fig. 8).

Docking results
Molecular docking simulation
The binding affinities of BPA for the COX-1 active site
This investigation focused on evaluating the active site of COX-1 through an active site prediction server, 
revealing the cavity sequence KLDPTFRCWGQEYNVHASIM. Importantly, a molecular docking study revealed 
that BPA establishes a hydrogen bond with the amino acid threonine (THR) at position 322 of the B chain 
(subunit) of COX-1 (Fig. 9). The distance between the hydrogen bond donor (BPA) and acceptor (THR 322. B) 

Fig. 6.  The effects of BPA and PCA on COX-1 (A) and PGE2 (B) levels in the experimental groups (significant 
differences between the control group and the other groups are shown with symbols). ***, **p < 0.01, *p < 0.05, 
n = 10)

 

Fig. 5.  Effects of BPA and PCA on IL-10 (A) and NF-κB (B) levels in the experimental groups (significant 
differences between the control group and the other groups are shown with symbols). ***, **p < 0.01, *p < 0.05, 
n = 10.
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is specified as 2.381 angstroms within the active site of COX-1. This information suggested a specific binding 
interaction between BPA and COX-1 at this site of the enzyme’s active site (Fig. 10). Our analyses revealed a root 
mean square deviation (RMSD) of 3.157, accompanied by the formation of five hydrogen bonds. This interaction 
involves two ligand atoms and two receptor atoms. Importantly, our findings indicate a dock score of −6.2 kcal/
mol.

Interaction analysis of the BPA-COX-1 complex
According to the information presented in Table 2; Fig. 11, which illustrates the hydrogen interactions within the 
BPA-COX-1 active site complex, multiple residues (ARG 49 A, ALA 133 A, and THR 322B) actively participate 
in the formation of hydrogen bonds with BPA. The measured distances between hydrogen and acceptor 
atoms (H-A and D-A) fall within the conventional range for hydrogen bonding, indicating robust and stable 
interactions. Furthermore, the angles formed by the donor atoms exhibit a configuration conducive to favorable 
hydrogen bonding geometry, reinforcing the robust nature of these interactions. Notably, ASP 135 A and TYR 
136 A engage in hydrophobic interactions within the BPA-COX-1 complex (Table 3). The proximity between 
the ligand atom and the protein atom conforms to the typical range for hydrophobic interactions, suggesting a 
durable association. Given their propensity to increase the stability of protein‒ligand complexes, hydrophobic 
interactions play a pivotal role in determining the overall binding affinity. These findings offer valuable insights 
into the molecular interactions and potential inhibitory effects of BPA on the activity of COX-1.

Fig. 8.  Effects of BPA and PCA on Casp-3 (A) and p38-MAPK (B) levels in the experimental groups 
(significant differences between the control group and the other groups are shown with symbols). ***, 
**p < 0.01, *p < 0.05, n = 10.

 

Fig. 7.  The effects of BPA and PCA on iNOS (A) and MPO (B) levels in the experimental groups (significant 
differences between the control group and the other groups are shown with symbols). ***, **p < 0.01, *p < 0.05, 
n = 10.
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Index Residue AA Distance H-A Distance D-A Donor angle Protein donor Side chain

1 49 A ARG 2.50 3.29 136.77 V V

2 133 A ALA 2.30 3.16 152.04 X X

3 322B THR 2.67 3.01 101.36 V V

4 322B THR 2.29 3.21 168.82 X X

Table 2.  Hydrogen interactions between BPA and the COX1 complex.

 

Fig. 10.  BPA-COX-1 complex docking (hydrogen bond with THR 322. B, pos 8, 2.381 Å within the COX-1 
active site), 3D images were taken with UCSF Chimera software.

 

Fig. 9.  X-ray crystal coordinates of COX-1 (PDB: 3N8Z) (A); 3D structure of BPA (B) Docking complex BPA-
COX-1; 3D image taken by PyMOL software (C); 3D structure of PCA (D).
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Molecular decoding perspective of BPA and PCA interactions
The results of the computational analysis revealed an unprecedented chemical interaction between BPA and PCA, 
featuring two hydrogen bonds with a confirmed short distance indicative of a stable ligand‒ligand interaction 
(Fig. 12). This in silico revelation offers a unique perspective on the potential chemical contributions of similar 
interactions to the overarching protective mechanism, providing insights into analogous protective actions for 
the ultimate outcome.

Molecular docking of PCA/KEAP1 and the PCA/TNF trimer
The interaction of PCA with KEAP1 was determined by the docking score (−4.98722) and glide energy 
(−26.1918). Higher negative values indicate that the ligand binds more robustly to the receptor and forms a 
stable complex. The interaction of PCA with the TNF trimer was determined by the docking score (−6.92274) 
and glide energy (−29.6087). Similarly, more negative scores indicate intact ligand binding with the TNF trimer. 
The high negative docking scores for PCA with both KEAP1 and TNF trimers imply robust interactions between 
this ligand and these proteins, suggesting potential therapeutic applications. Subsequent experimental analyses, 
as depicted in Fig. 13; Table 4, validated our computational findings.

Several notable molecular interactions were identified via PCA and KEAP1 molecular docking analysis. 
A hydrogen bond was established between ARG 415 and H:2916-O:4418, with a distance of 1.83 Å. Another 
hydrogen bond was observed between ARG 415 and H:2920-O:4418, with a distance of 1.90 Å. A pure bridge 
interaction with ARG 415 was identified between N712-O:4418, spanning a distance of 2.75 Å. In addition to 
hydrogen bonds, aromatic hydrogen bonds were recognized with ILE 416 and VAL 463 at distances of 2.53 Å and 
2.74 Å between O:716-H:4429 and O:1082-H:4429, respectively. Furthermore, a hydrogen bond was detected 
between ARG 512 and H:3639-O:4417 at a distance of 2.79 Å. Aromatic hydrogen bonds with LEU 557 were 
established between O:1822-H:4432 and O:1822-H:4430 at distances of 2.68 Å and 2.77 Å, respectively (Fig. 13 
(A2) and Table 5).

These findings demonstrate the formation of multiple hydrogen bonds and aromatic interactions between 
PCA and KEAP1. Notably, the stable binding of PCA with KEAP1 is highlighted by hydrogen bonds with ARG 
415 and ARG 512 (Fig. 13 (A2) and Table 5).

During the molecular docking analysis of PCA with the TNF trimer, an aromatic hydrogen bond with 
LEU 120 was identified at a distance of 2.67 Å between O:790-H:6541. Additionally, an aromatic hydrogen 

Index Residue AA Distance H-A Ligand atom Protein atom

1 135 A ASP 3.60 8993 851

2 136 A TYR 3.60 8993 862

3 136 A TYR 3.70 8994 864

Table 3.  Hydrophobic interactions between BPA and the COX1 complex.

 

Fig. 11.  Interaction analysis of the BPA-COX-1 complex (2D).
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bond with TRY 119 occurred between H:6035-H:6529 at a distance of 2.65 Å. Hydrogen bonds with TRY 151 
were established between H:6267-O:6528 and O:1039-H:6545, manifesting at distances of 1.95 Å and 1.97 
Å, respectively (Fig.  13 (B2) and Table  5). These outcomes substantiated the formation of hydrogen bonds, 
particularly aromatic hydrogen bonds, between PCA and the TNF trimer. These interactions suggest potential 
therapeutic implications by providing a robust ligand binding mechanism (Fig. 13 (B2) and Table 5).

MM-GBSA analyses
PCA/KEAP1 MM-GBSA analysis
r_psp_MMGBSA_dG_Bind: This value is a measure of the binding free energy, and its relatively large negative 
value (−63.78) indicates a favorable binding interaction between the molecules. r_psp_MMGBSA_dG_
Bind_Coulomb: A negative value (−37.74) indicates a significant contribution from Coulomb interactions 
and emphasizes the role of electrostatic forces in binding. r_psp_MMGBSA_dG_Bind_Covalent: With a 
large positive value (1340.55), this component indicates a significant covalent contribution to the binding free 
energy. r_psp_MMGBSA_dG_Bind_Hbond: A negative value (−29,90) indicates a positive contribution from 
hydrogen bonding interactions in the binding process. r_psp_MMGBSA_dG_Bind_Lipo: This term, with a 
large negative value (−12,365.56), implies a significantly positive contribution from lipophilic (hydrophobic) 
interactions in binding. r_psp_MMGBSA_dG_Bind_Packing: A negative value (−10,046.64) indicates that 
packing interactions play a crucial role in the stabilization of the binding complex. A negative value of r_psp_
MMGBSA_dG_Bind_SelfCont (−818.87) indicates that the binding process is relatively self-sufficient and does 
not require any significant external influence. r_psp_MMGBSA_dG_Bind_Solv_GB: A negative value (−35,36) 
indicates that electrostatic interactions of the solvent positively contribute to the binding free energy. r_psp_
MMGBSA_dG_Bind_Solv_SA: This term (−31,33) represents the contribution from the solvent accessible 
surface area and indicates its relevance in the binding process. r_psp_MMGBSA_dG_Bind_vdW: A negative 
value (−1195,47) indicates a significantly positive contribution from van der Waals interactions in binding.

PCA/TNF trimer MM-GBSA analysis
r_psp_MMGBSA_dG_Bind: −23.37—This value represents the binding energy, and a negative value indicates a 
positive binding interaction between the molecules. r_psp_MMGBSA_dG_Bind_Coulomb: −19.44—This value 
represents the contribution of Coulomb interactions to the binding energy, and a negative value indicates that 
electrostatic interactions have a significant positive effect on binding. r_psp_MMGBSA_dG_Bind_Covalent: 
−14.66—This value represents the contribution of covalent interactions to the binding energy. A negative value 

Fig. 12.  Close-up snapshots of the interaction sites of the optimized structure of BPA-PCA. Color code; BPA: 
green, PCA: orange.
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indicates that covalent interactions stabilize binding. r_psp_MMGBSA_dG_Bind_Hbond: −1.37—This value 
represents the positive influence of hydrogen bonds on the binding process. r_psp_MMGBSA_dG_Bind_Lipo: 
−13.11—This value indicates the significant contribution of lipophilic (hydrophobic) interactions to the binding 
energy. r_psp_MMGBSA_dG_Bind_Packing: 0.20—The contribution of packing interactions to the binding 

Fig. 13.  (A1) P-Coumaric Acid/KEAP1 Molecular Docking 2D Image, (A2) P-Coumaric Acid/KEAP1 
Molecular Docking 3D Image, (A3) P-Coumaric Acid/KEAP1 Molecular Docking Surface Image, (A4) 
P-Coumaric Acid/KEAP1 Pharmacophore Mapping 3D Image, (B1) P-Coumaric Acid/TNF Trimer Molecular 
Docking 2D Image, (B2) P-Coumaric Acid/TNF Trimer Molecular Docking 3D Image, (B3) P-Coumaric Acid/
TNF Trimer Molecular Docking Surface Image, (B4) P-Coumaric Acid/TNF Trimer Pharmacophore Mapping 
3D Image.
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energy is positive but relatively low. r_psp_MMGBSA_dG_Bind_SelfCont: 4.24—Indicates that the binding 
process is self-sufficient and does not require external interactions. r_psp_MMGBSA_dG_Bind_Solv_GB: 
27.42—Indicates the positive contribution of electrostatic interactions of the solvent to the binding energy. r_
psp_MMGBSA_dG_Bind_Solv_SA: −6.65—The contribution of the solvent surface area to the binding energy 
is negative, indicating that solvent interactions stabilize binding. r_psp_MMGBSA_dG_Bind_vdW: 0.06—The 
contribution of van der Waals interactions to the binding energy is positive but relatively low.

These values evaluate in detail the contributions of molecular interactions to the binding energy and provide 
information about the thermodynamic properties of this molecular system. Negative values generally represent 
interactions that stabilize binding, whereas positive values represent interactions that make binding difficult.

Pharmacophore mapping
This dataset encompasses the outcomes of a comprehensive pharmacophore mapping analysis, providing 
insights into the intricate interactions between the PCA molecule and the KEAP1 and TNF trimer receptors. The 
results serve as a condensed representation of the findings derived from the pharmacophore mapping analysis, 
shedding light on the nuanced interactions of PCA with the specified receptors (Fig. 13 (A4–B4) and Table 6).

Features PCA/KEAP1 PCA/TNF trimer

Rank 1 2 1 2 3

Feature_label N3 R4 R4 D2 N3

Score −1.31 −0.60 −1.34 −0.66 −0.32

X −90.9677 −91.329 −7.6272 −5.2617 −11.3591

Y 107.3013 102.4028 3.8024 6.0073 −0.6656

Z −9.0726 −5.8461 −15.1842 −15.9108 −15.9599

Type N R R D N

Num 2 3 3 1 2

From_chemscore 0 0 0 0 0

Source HBond RingChemscoreHphobe RingChemscoreHphobe HBond HBond

Table 6.  Pharmacophore mapping analysis results (A = acceptor, D = donor, H = hydrophobic, N = negative 
ionic, P = positive ionic, R = aromatic ring).

 

Docking complex Bond + amino acid Atom1 (Receptor) Atom2 (Ligand) Distance (Angstrom= Å)

PCA/KEAP1

Hydrogen bond with ARG 415 H:2916 O:4418 1.83 Å

Hydrogen bond with ARG 415 H:2920 O:4418 1.90 Å

Salt bridge with ARG 415 N712 O:4418 2.75 Å

Aromatic H bond with ILE 416 O:716 H:4429 2.53 Å

Aromatic H bond with VAL 463 O:1082 H:4429 2.74 Å

Hydrogen bond with ARG 512 H:3639 O:4417 2.79 Å

Aromatic H bond with LEU 557 O:1822 H:4432 2.68 Å

Aromatic H bond with LEU 557 O:1822 H:4430 2.77 Å

PCA/TNF trimer

Aromatic H bond with LEU 120 O:790 H:6541 2.67 Å

Aromatic H bond with TRY 119 H:6035 H:6529 2.65 Å

Hydrogen bond with TRY 151 H:6267 O:6528 1.95 Å

Hydrogen bond with TRY 151 O:1039 H:6545 1.97 Å

Table 5.  Molecular docking analysis: distances between ligand-binding amino acids and atoms.

 

Docking scores PCA/KEAP1 PCA/TNF trimer

r_i_docking_score −4.98722 −6.92274

r_i_glide_energy −26.1918 −29.6087

Table 4.  Molecular docking scores of PCA/KEAP1 and the PCA/TNF trimer.
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Molecular dynamics

Molecular dynamics analysis
Ligand–protein interaction dynamics
The root mean square deviation (RMSD) graph at 100 ns (Fig. 14 (C1) and (D1)) illustrates variations in ligand‒
protein interactions with respect to the protein backbone. This finding suggested a potential impact of PCA on 
the dynamics of both KEAP1 and the TNF trimer.

Complex protein‒ligand interactions
An intricate network of interactions, including Hydrogen Bonds, Hydrophobic, Ionic, and Water Bridges, unfolds 
between PCA and KEAP1 and TNF Trimer (Fig. 14 (C2) and 10 (D2)). This detailed examination identifies 
specific atoms involved in these binding modes, revealing molecular recognition processes.

Ligand–protein dynamic fluctuation (RMSF) graphs
Figure 14 (C3) and 10 (D3) show the dynamic interactions of PCA with KEAP1 and the TNF trimer throughout 
the simulation. The fluctuations in the protein backbone underscore the adaptability of the PCA binding site to 
both KEAP1 and the TNF trimer.

Schematic representation of ligand–atom interactions
Visualizing the detailed interactions between ligand atoms and specific protein residues (Fig. 14 (C4) and 10 
(D4)) enhances the understanding of the molecular binding mechanism. This schematic elucidates fundamental 
interactions influencing the stability of the KEAP1 complex with PCA. Therefore, our in-depth molecular 
dynamics analysis provides insights into the dynamic nature of PCA binding to KEAP1 and the TNF trimer. 
These interactions, as revealed through RMSD, protein‒ligand communications, RMSF, and detailed schematics, 
contribute to understanding the regulatory mechanisms and therapeutic potential of PCA in modulating 
KEAP1/NRF2/ARE pathway activation and TNFα inhibition (Fig. 14).

Histopathological findings
Upon histopathological examination of liver tissues, normal histological appearances were noted in the control 
and PCA100 groups. Conversely, the BPA group exhibited severe degeneration and necrosis of hepatocytes, 
along with sinusoidal dilatation and vascular hyperemia. The BPA + PCA50 group displayed moderate 
hepatocellular degeneration, mild necrosis, sinusoidal dilatation, and severe vascular hyperemia. Mild 
hepatocellular degeneration and hyperemia in vessels were observed in the BPA + PCA100 group (Fig. 15). The 
histopathological findings, along with the corresponding scores and statistical analyses, are detailed in Fig. 16.

Immunohistochemical findings
During immunohistochemical examination of liver tissues, pro-apoptotic Bax expression was assessed as negative 
in the control and PCA groups. Conversely, the BPA group presented intense intracytoplasmic Bax expression in 
hepatocytes. The BPA + PCA50 group presented moderate levels of Bax expression, whereas the BPA + PCA100 
group presented mild Bax expression in hepatocytes (Fig. 17). A statistically significant difference (p < 0.05) was 
observed compared with that in the BPA group. The detailed immunohistochemical staining data and statistical 
analysis findings are presented in Fig. 18.

Immunofluorescence staining
Further immunofluorescence staining of hepatic tissues was performed to evaluate the extent of the hepatocellular 
insult induced by BPA administration. The expression levels of the cellular stress mediators JNK and PERK were 
evaluated as negative in the control and PCA groups. In the BPA group, marked intracytoplasmic JNK and 
PERK expression was observed in hepatocytes. Moderate levels of JNK and PERK expression were detected 
in hepatocytes in the BPA + PCA50 group. In the BPA + PCA100 group, low JNK and PERK expression was 
detected in hepatocytes (Fig.  19). The immunofluorescence staining data and statistical analysis results are 
presented in Fig. 18.

Discussion
BPA, a widely employed endocrine-disrupting agent found in industrial polycarbonate plastics, elicits receptor-
like responses, thereby perturbing hormone levels and metabolic pathways across diverse cell populations49,50. 
Notably, the liver manifests heightened sensitivity to even minimal BPA exposure relative to other organs, 
necessitating focused investigations into its hepatic ramifications51. This study investigated the effects of BPA-
induced precipitation of hepatocellular insult in a rat model by assessing the potential mitigatory effects of 
PCA. By revealing the molecular mechanism underlying the substantial disruptions in hepatocellular redox 
equilibrium, coupled with the increased expression of proinflammatory mediators and increased apoptotic 
indices, our findings underscore the notable biochemical protective effects of PCA against BPA-induced hepatic 
insult.

Consistent body weights across the experimental groups during the acute duration of the experiment 
suggested that BPA and PCA had minimal impacts on animal health or growth during the acute duration of 
the experiment. Likewise, stable liver weights indicate that the treatments did not induce noticeable changes in 
organ size.

Moreover, BPA, along with its glucuronide conjugate, has been implicated in increasing liver ROS levels, 
thereby stimulating oxidative stress that disrupts fundamental cellular processes, notably lipid cell membrane 
peroxidation. This phenomenon leads to the release of MDA, an indirect indicator of cellular damage and 
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Fig. 14.   (C1) P-coumaric acid/NRF2, root mean square deviation (RMSD); (C2) P-coumaric acid/NRF2, 
protein–ligand interactions (hydrogen bonds, hydrophobic, ionic and water bridges); (C3) P-coumaric acid/
NRF2, root mean square fluctuation (RMSF); (C4) P-coumaric acid/NRF2, schematic of detailed ligand-atom 
interactions with protein residues; (D1) P-coumaric acid/TNF trimer, root mean square deviation (RMSD); 
(D2) P-coumaric acid/TNF trimer protein–ligand contacts (hydrogen bonds, hydrophobic, ionic and water 
bridges); (D3) P-coumaric acid/TNF trimer, root mean square fluctuation (RMSF); (D4) P-coumaric acid/TNF 
trimer, A schematic of detailed ligand-atom interactions with protein residues. (Images made with Schrödinger 
Maestro 2023/4 licensed version).
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Fig. 16.  Histopathological findings in liver tissue were scored, and the data were statistically analyzed. **, *: 
there was a significant (p < 0.05) difference between groups; ns: no significant difference.

 

Fig. 15.  Liver tissue; control (a), BPA (b), BPA + PCA50 (c), BPA + PCA100 (d) and PCA100 (e), degeneration 
(arrowheads) and necrosis (arrows) in hepatocytes, H&E, Scale bar: 40 μm.

 

Scientific Reports |        (2025) 15:11023 17| https://doi.org/10.1038/s41598-025-87099-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


a principal marker of lipid peroxidation52. The increase in MDA levels observed in the liver tissues of BPA-
treated rats signifies an increase in lipid peroxidation and oxidative stress resulting from hepatocellular insult. 
These findings highlight the deleterious impact of BPA on hepatic redox balance. In contrast, PCA, in a dose-
dependent manner, reversed this increase in the MDA level to its control value.

Fig. 18.  Immunohistochemical and immunofluorescence staining results and statistical analysis findings in 
liver tissue. ****, ***There was a significant (p < 0.0001) difference between groups.

 

Fig. 17.  Liver tissue; Control (a), BPA (b), BPA + PCA50 (c), BPA + PCA100 (d) and PCA100 (e), Bax 
expression in hepatocytes, IHC-P, scale bar: 40 μm.
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The levels of antioxidant markers, including SOD, GSS, GPx, and CAT, are vital intrinsic defense mechanisms 
against oxidative damage induced by oxygen radicals53. SOD primarily neutralizes superoxide radicals by 
converting them into less harmful hydrogen peroxide54. CAT, a hemoprotein, mitigates damage by converting 
hydrogen peroxide into water and molecular oxygen55. Similarly, GPx, a selenoenzyme, prevents oxidative 
damage by converting hydrogen peroxide to water56. The observed decrease in their activity levels in BPA-
induced liver damage was mitigated by PCA, emphasizing its role in preserving antioxidant enzyme activities. 
These findings underscore the protective effects of PCA against BPA-induced oxidative stress and its potential 
as a nutraceutical agent with therapeutic potential for targeting hepatic injury. Consistent with our findings, a 
previous study revealed reduced activity of antioxidant enzymes, including CAT, SOD, GSS, and GPx, in BPA-
treated rat liver tissues57.

The involvement of nitric oxide (NO), inducible nitric oxide synthase (iNOS), and myeloperoxidase (MPO) 
in orchestrating oxidative stress, inflammation, and apoptosis after BPA-induced hepatic insult is crucial. NO, 
generated by iNOS, regulates inflammation, whereas MPO modulates iNOS activity. Studies by Mohammed et 
al.18 and Lin et al.58 revealed increased iNOS and MPO levels in BPA-treated rats and liver damage models. Our 
findings support these findings, indicating that PCA plays a role in moderating iNOS and MPO activity, thus 
mitigating inflammation.

Fig. 19.  Liver tissue; JNK expression (FITC) and PERK expression (TEXAS RED) in hepatocytes, IF, scale bar: 
50 μm.
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In addition to the aforementioned redox balance parameters, the Nrf-2/HO-1 signaling pathway is a crucial 
indicator of intracellular oxidative damage and a key player in hepatic detoxification and defense against 
oxidative stress and inflammation by modulating cellular redox homeostasis. BPA exposure hampers this 
defense mechanism by attenuating the activity of both HO-1 and Nrf2 enzymes59,60. Our findings align with 
these observations, elucidating the suppression of the protective Nrf2/HO-1 pathway post-BPA exposure and 
demonstrating the dose-dependent restoration of this signaling cascade by PCA, underscoring its potential as a 
therapeutic intervention in mitigating BPA-induced hepatic oxidative stress.

Likewise, the dynamic interplay between oxidative stress and inflammatory mediators is integral to cellular 
defense mechanisms. Under physiological conditions, in addition to anti-inflammatory agents, TNF-α, IL-
1β, IL-6, and NF-κB maintain the cellular balance. However, BPA exposure disrupts this balance, increasing 
proinflammatory marker levels and reducing anti-inflammatory cytokine levels. Notably, our study revealed 
that PCA administration attenuated these effects, suggesting its anti-inflammatory potential. TNF-α inhibition, 
facilitated by PCA, regulates inflammation by reducing TNF-α levels, thus modulating NF-κB activity and 
balancing cytokine levels. These results underscore the therapeutic potential of PCA for mitigating BPA-induced 
hepatic dysfunction61–68.

However, while our study sheds light on the effects of BPA on proinflammatory markers and the potential 
for PCA-mediated modulation of inflammation, more in-depth investigation into the activation status of NF-
κB would enhance our molecular understanding. Specifically, the phosphorylation of key NF-κB subunits, 
such as serine 536 or 276, and their regulation by upstream signaling pathways like p38 MAPK, are critical for 
fully unraveling the mechanisms underlying BPA-induced hepatic inflammation. These analyses are essential 
for advancing our understanding of the specific molecular pathways involved and warrant further exploration 
in future studies. Beyond these downstream effects, it is crucial to consider the upstream regulators that may 
contribute to the activation of inflammatory pathways in response to BPA exposure. A key factor in inflammation 
is the activation of pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) and NOD-like 
receptors (NLRs), which play pivotal roles in recognizing pathogen-associated molecular patterns and initiating 
immune responses. Activation of these receptors can, in turn, lead to the activation of downstream transcription 
factors like NF-κB, AP-1, and MAPKs as central mediators of inflammatory pathways. These pathways are 
often interconnected and regulate the expression of proinflammatory cytokines, such as TNF-α, IL-1β, and 
IL-6, which are critical for initiating and sustaining inflammation69. Moreover, MAPKs, including p38, JNK, 
and ERK, modulate the phosphorylation of key transcription factors, influencing cellular responses to stress, 
including those triggered by BPA. While our current study focuses primarily on the downstream effects of BPA 
on inflammatory markers, a deeper understanding of the upstream signaling events that activate these pathways 
is essential. Future research exploring the roles of PRRs and MAPKs in BPA-induced hepatic inflammation will 
be critical for gaining a more comprehensive understanding of the molecular mechanisms involved and could 
provide valuable insights into the potential modulatory effects of compounds like PCA.

In addition to the inhibition of TNF-α, the modulatory effect of PCA on the KEAP1-NRF2 system was 
investigated. The KEAP1-NRF2 pathway plays a crucial role in safeguarding cellular integrity by inhibiting 
inflammatory and apoptotic pathways that can lead to cellular damage, such as the upregulation of iNOS, COX-
2, and Caspase-370. KEAP1 serves as a sensor for the cellular redox state and plays a pivotal role in coordinating 
the cellular response to oxidative stress and exposure to toxic substances by regulating the activity of NRF2. 
This system contributes to maintaining cellular homeostasis and enhancing the liver’s resilience against various 
insults.

Given the interconnected nature of oxidative stress, inflammation, and apoptosis, it is essential to explore how 
these pathways interact in the context of BPA-induced hepatic damage. In our study, we observed a significant 
increase in oxidative stress following BPA exposure, which was concomitant with heightened inflammatory 
responses, as evidenced by elevated levels of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6. These 
findings are consistent with previous studies, which have highlighted the critical roles of inflammation in 
mediating oxidative stress-induced liver injury71. Furthermore, our results suggest that oxidative stress-induced 
inflammation may, in part, drive the apoptotic processes observed in BPA-exposed liver tissue, supporting the 
findings of recent literature that links oxidative stress to cellular damage and apoptosis in toxicological contexts. 
However, as Das et al. (2024) also noted, the exact molecular mechanisms underlying these interactions remain 
incompletely understood, underscoring the need for further research to clarify the direct relationships between 
oxidative stress, inflammation, and apoptosis in liver injury.

Consequently, further in silico detailed computational investigations were conducted to elucidate the 
modulatory effects of PCA on KEAP1 and the TNF trimer, aiming to identify potential therapeutic targets 
for mitigating hepatic injury induced by BPA. Validation through docking scores and glide energies indicated 
robust binding between PCA and both KEAP1 and the TNF trimer. Notably, the formation of hydrogen bonds, 
particularly with ARG 415 and ARG 512 in KEAP1, underscore the stability of PCA interactions. Similarly, 
interactions with TNF-Trimer involve hydrogen bonds, emphasizing its potential therapeutic benefits. 
Thermodynamic profiling via MM-GBSA highlighted favorable binding interactions, with negative values 
indicating stability and suggesting potential avenues for therapeutic interventions involving this nutraceutical 
compound. Pharmacophore mapping revealed nuanced interactions between PCA and the KEAP1/TNF trimer 
receptors, providing a foundation for further exploration. Molecular dynamics analysis revealed the dynamic 
impact of PCA on KEAP1 and the TNF trimer, shedding light on its regulatory mechanisms in inflammation 
and oxidative stress pathways. Overall, the combined effects of PCA on KEAP1 inhibition, NRF2 activation, 
and TNF alpha inhibition effectively counteract BPA-induced liver damage while preserving liver function and 
combating hepatotoxic stressors.

The observed increase in cellular stress and proinflammatory mediator levels triggered by BPA prompted in-
depth investigations of apoptosis at the molecular level, with a focus on the upstream p38-MAPK pathway and 
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downstream caspase-3 signaling cascade. Consistent with previous studies examining hepatic injury72, elevated 
levels of both markers were detected. Notably, PCA effectively mitigated BPA-induced apoptosis by attenuating 
Caspase-3 and p38-MAPK levels, highlighting its antiapoptotic effects.

Furthermore, PGs, which are synthesized by COX enzymes, are integral to inflammation and homeostasis73. 
COX-1, recognized for its hepatoprotective effects, synthesizes PGs with cytoprotective properties, whereas 
COX-2-derived PGs are associated with inflammation74. Previous studies have suggested a dichotomy in COX-
1 and COX-2 functions, with debates on their inflammatory roles73. Interestingly, BPA has been reported to 
upregulate COX-1 transcription under certain conditions, potentially contributing to inflammation through its 
impact on constitutive COX isoforms75.

BPA decreased COX-1 and PGE2 levels. Interestingly, concurrent administration of PCA significantly 
influenced COX-1 levels, suggesting a regulatory effect. This unexpected discovery diverges from the typical 
behavior of inflammatory mediators, indicating a unique impact of PCA on COX-1 expression. Computational 
modeling confirmed the competitive inhibitory effect of BPA on COX-1, with stable hydrogen and hydrophobic 
bonding at its active site. Our integrative computational approach highlighted the intricate molecular relationship 
between BPA and COX-1.

Furthermore, a thorough computational investigation of chemical ligand‒ligand interactions revealed, for 
the first time, a potential chemical interplay between BPA and PCA, characterized by stable binding bonds. This 
novel insight expands the recognized hepatoprotective role of PCA by revealing its chemical interaction with 
BPA, thus contributing to the mitigation of BPA-induced hepatotoxic effects. Understanding such molecular 
interactions through computational analysis enhances our understanding of potential nutraceutical strategies 
for mitigating the detrimental impact of BPA on liver function. Histopathological examination confirmed 
severe hepatic degeneration and necrosis in BPA-treated rats, which were ameliorated by PCA. BPA induced 
the upregulation of Bax, which is indicative of mitochondrial-induced apoptosis, and immunohistochemical 
analyses confirmed increased Bax levels in liver tissue76. PCA has been shown to exert protective effects by 
downregulating Bax expression in hepatocytes77.

Additionally, BPA exposure increased hepatic JNK activity, which is pivotal for cell stress signaling and 
apoptosis. Coadministration of PCA effectively attenuated these pathways, alleviating damage. These findings 
are consistent with those of previous studies on BPA-induced renal stress30. Our findings underscore the complex 
relationship between BPA-triggered apoptosis and cellular stress pathways in the liver, with PCA demonstrating 
promising mitigating effects.

Although this study focused primarily on toxicological endpoints and biomarkers associated with BPA-
induced hepatic inflammation, a more detailed investigation of the specific molecular signaling pathways 
involved was not feasible because of resource constraints. Nonetheless, the findings from this study establish 
a strong foundation for future research that can delve deeper into the underlying mechanisms of BPA toxicity, 
providing a more comprehensive understanding of its impact on liver function.

Conclusion
Our study highlights the potential of PCA in mitigating BPA-induced hepatotoxicity through a multifaceted 
protective mechanism. PCA effectively preserves antioxidant markers and modulates key inflammatory and 
apoptotic pathways involved in BPA toxicity. Computational analyses suggest that PCA may attenuate BPA-
induced inflammation by inhibiting TNF-α and modulating the KEAP1-NRF2 pathway. Notably, our findings 
reveal stable chemical interactions between PCA and BPA, including the inhibition of COX-1 by BPA via 
hydrogen bonding at its active site. These results suggest promising hepatoprotective properties of PCA, 
warranting further exploration as a potential therapeutic agent. However, the real-world applicability of PCA is 
contingent on several critical factors, including its bioavailability and pharmacokinetic profile for effective use 
in clinical settings. Additionally, the potential toxicity at higher doses and the long-term safety of PCA must be 
carefully evaluated. Therefore, these factors need thorough investigation before PCA can be considered a viable 
candidate for clinical use. Further preclinical and clinical studies are essential to fully assess its therapeutic 
potential and address the practical challenges that could impact its use in human therapies. Our study provides 
a valuable foundation for these future investigations and contributes to the growing body of knowledge on 
nutraceutical interventions for liver damage.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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