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ARTICLE INFO ABSTRACT

Keywords: Neuroinflammation is a key contributor to neurodegenerative diseases, including Parkinson’s disease (PD). Non-
Parkinson’§ disease motor symptoms such as gut-derived inflammation often precede motor deficits and represent an early stage of
Inflammation PD pathology. We aimed to investigate the anti-inflammatory potential of losartan and captopril on rotenone-
;]Ll:{is induced inflammation in enteric glial cells (EGCs), focusing on the modulation of the TLR4/NLRP3 inflamma-
Losartan some signaling pathway. EGCs were treated with rotenone (1 pM) to induce inflammation. Non-cytotoxic drug
Captopril concentrations (10-100 M) were identified by cell viability assays. Caspase-1 and IL-1beta levels were quan-
Rotenone tified via ELISA, and mRNA expression of TLR4/NLRP3 was assessed by RT-qPCR. Molecular docking was per-

formed to predict drug interactions with TLR4 and NLRP3 proteins. Rotenone significantly increased caspase-1
levels and TLR4/NLRP3 expression. Losartan at 10 pM significantly reduced rotenone-induced NLRP3 mRNA
expression, while captopril required a higher concentration (100 pM) for a comparable inhibitory effect. Para-
doxically, losartan and captopril alone increased caspase-1 and/or TLR4 expression, suggesting dose-dependent
pro-inflammatory effects. Molecular docking showed a stronger binding affinity for losartan compared to
captopril toward TLR4/NLRP3 proteins, consistent with observed biochemical effects. Our results highlight the

therapeutic potential of losartan and captopril as modulators of TLR4/NLRP3-mediated inflammation.

1. Introduction

Neuroinflammation is a key mechanism of neurodegenerative dis-
eases (Suleiman Khoury et al., 2024). Among them, Parkinson’s disease
(PD) stands out due to its well-documented link with peripheral in-
flammatory events, particularly those originating within the gut-brain
axis (Bonaz, 2024). Inflammation in the intestine appears particularly
relevant in the development of non-motor manifestations of PD that may
precede motor symptoms by decades (Houser and Tansey, 2017). Recent
epidemiological studies indicate that chronic intestinal inflammatory
conditions like inflammatory bowel disease are associated with a higher
risk of developing PD (Brudek, 2019), supporting the concept that in-
testinal inflammation can contribute to PD pathogenesis. Additionally,
gastrointestinal barrier dysfunction and inflammation may trigger sys-
temic inflammation that promotes neurodegeneration via the vagus
nerve and immune pathways (Zeng et al., 2022). Studies shows that gut
inflammation may induce the loss of dopaminergic neurons, a hallmark
of PD (Garrido-Gil et al., 2018; Villaran et al., 2010). Chronic inflam-
mation is driven by complex molecular pathways involving various
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pattern recognition receptors including Toll-like receptors (TLRs)
(Kielian, 2006). Among these receptors, TLR4 is especially of interest for
its ability to sense damage-associated molecular patterns (DAMPs) and
initiate inflammatory pathways that contribute to neurodegenerative
processes. Upon activation, TLR4 initiates downstream signaling, which
leads to the activation of the nucleotide-binding oligomerization domain
(NOD)-like receptor pyrin domain-containing 3 (NLRP3) inflamma-
some, a critical mediator of triggering pro-inflammatory cytokines such
as interleukin-1f (IL-1p) and caspase-1, thus promoting the neuro-
inflammatory response (Zhang and Yang, 2023). Recent data propose
that dysbiosis increases intestinal permeability and abnormally stimu-
lates TLR4/TLR2 signaling in the gut, creating an inflammatory condi-
tion that promotes a-synuclein misfolding in enteric neurons. These
aggregates propogate via the vagus nerve to the brain, triggering
TLR/NLRP3-mediated neuroinflammation and accelerating neuro-
degeneration (Gorecki et al., 2021).

Rotenone, a commonly used inhibitor of mitochondrial complex I,
has been utilized in research models to replicate PD-like pathology
because of its capacity to trigger oxidative stress, mitochondrial
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impairment, and neuroinflammation (Umer et al, 2025).
Rotenone-induced neurotoxicity has been shown to activate TLR4 and
NLRP3 pathways, making it an ideal agent for investigating potential
anti-inflammatory therapies targeting these signaling mechanisms
(Perez-Pardo et al., 2018; Won et al., 2015). Enteric glial cells (EGCs),
the gut-resident counterparts of brain astrocytes, are increasingly valued
for their central role in intestinal inflammation control and neural
integrity (Cirillo et al., 2011). EGCs actively regulate immune responses,
survival of neurons, and gut-brain communication (Santhosh et al.,
2024). Given that gastrointestinal disturbances and gut-derived in-
flammatory signals are among the earliest manifestations of PD
(Montanari et al., 2023), investigating neuroinflammatory pathways in
EGCs provides a physiologically relevant approach to understand dis-
ease mechanisms and therapeutic targets.

Considering the clinical significance of TLR4 and NLRP3 in neuro-
inflammatory disorders, the pharmacological modulation of these
pathways offers a hopeful therapeutic strategy. The brain renin-
angiotensin system (RAS) plays a significant role beyond its tradi-
tional role in blood pressure and contributes to neuroinflammation,
oxidative stress, and neurodegeneration (Labandeira-Garcia et al.,
2024). Angiotensin II, one of the most critical components of the system,
induces inflammation by inducing microglial activation and increasing
pro-inflammatory cytokine expression via the TLR4 and NLRP3
inflammasome pathways. (Espitia-Corredor et al., 2022; Tamura et al.,
2015). Losartan, an angiotensin II receptor antagonist, and captopril, an
angiotensin-converting enzyme (ACE) inhibitor, are commonly used in
cardiovascular diseases and have demonstrated anti-inflammatory
properties beyond their classical roles in blood pressure regulation
(Sepehri et al., 2016). In this study, we aimed to evaluate the inhibitory
effects of losartan and captopril on rotenone-induced inflammation in
EGCs, specifically focusing on the modulation of the TLR4/NLRP3
signaling pathway. By elucidating these mechanisms, our findings may
contribute to therapeutic strategies targeting early neuroinflammatory
events in PD.

2. Materials and methods
2.1. Invitro studies

2.1.1. Chemicals and reagents

Rotenone, losartan, and captopril were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Culture media and supplements were purchased
from Gibco (New York, USA). ELISA kits for detecting IL-1f and caspase-
1 were obtained from BT Lab (Zhejiang, China).

2.1.2. Enteroglial cell culture

The rat enteroglial cell line was generously provided by Dr. Luca
Antonioli (University of Pisa). The cells were maintained in DMEM
supplemented with 10 % fetal bovine serum (FBS), 2 mM L-glutamine,
and 100 U/mL penicillin-streptomycin. Cells were incubated at 37 °C in
a humidified atmosphere with 5 % CO2. Upon reaching 70-80 % con-
fluency, cells were detached using trypsin-EDTA and seeded into T-25
flasks and 96-well plates for further analysis.

2.1.3. MTT assay for cell viability

Cell viability was evaluated using the MTT (3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyl-2H-tetrazolium bromide) assay, following the pro-
cedure described by (Grela et al., 2018). Briefly, following 24-h treat-
ments with losartan (100 nM-1000 pM) or captopril (100 nM-1000 pM),
the culture medium was removed, and cells were resuspended in
phosphate-buffered saline (PBS; 0.01 M, pH 7.4). MTT solution (5
mg/mL in PBS) was added to each well of the 96-well plate containing
treated cells. The plates were incubated for 4 h at 37 °C. After incuba-
tion, the supernatant was carefully removed, and 100 pL of dimethyl
sulfoxide (DMSO) was added to each well to dissolve the formazan
crystals formed by metabolically active cells. The absorbance was
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measured at 570 nm using a microplate reader (Synergy H1, Biotek,
USA). Cell viability was calculated as a percentage relative to the un-
treated control group (considered 100 % viability).

2.1.4. Reverse transcription quantitative polymerase chain reaction (RT-
gPCR)

Total RNA was extracted from cells using the RNA Isolation Kit
(HibriGen, Cat. No. MG-RNA-01-100) following the manufacturer’s
protocol. Briefly, cells were lysed, and total RNA was isolated using spin-
column purification. RNA quality and concentration were assessed
spectrophotometrically, and samples with an OD 260/280 ratio between
1.7 and 2.0 were used for further analysis. For cDNA synthesis, 1 pg of
total RNA was reverse transcribed using the OneScript® Plus cDNA
synthesis kit (ABM, G236). The reaction mixture included 4 pL of RT
buffer, 1 pL each of reverse transcriptase, ANTP mix, oligo-dT primers,
and random primers in a total volume of 20 pL. The mixture was incu-
bated at 25 °C for 10 min, 50 °C for 15 min, and then heated to 85 °C for
5 min to terminate the reaction. The synthesized cDNA was stored at
—80 °C until use.

The sequence for the primer sets used for the target genes (TLR4 and
NLRP3) are shown in Table 1. PCR amplification was performed using a
Roche LightCycler 96 system. The reaction conditions were as follows:
pre-denaturation at 95 °C for 5 min, followed by 40 cycles of denatur-
ation at 95 °C for 15 s and annealing/extension at 60 °C for 20 s. A
melting curve analysis was performed from 60 °C to 95 °C, with a 0.5 °C
increase per second, to verify the specificity of the PCR products. The
relative fold-change quantification of each gene was calculated by the
2—AACT method (Schmittgen and Livak, 2008) using the reference gene
beta-actin (f-act) for normalization.

2.1.5. Engyme-linked immunosorbent assay

The levels of inflammatory cytokines, caspase-1 and IL-1p were
quantified in EGCs lysates using enzyme-linked immunosorbent assay
(ELISA) kits. Commercially available ELISA kits for rat caspase-1 (BT
Lab, E1897Ra) and IL-1f (BT Lab, EO119Ra) were used according to the
manufacturer’s instructions. Briefly, cells were washed with PBS, gently
trypsinized, and collected into centrifuge tubes. The suspension was
centrifuged at 1000 g for 5 min, and the supernatant was discarded. Cells
were washed with PBS three times to remove any residual media. Each 1
x 106 cells were resuspended in 150-250 pL of PBS, and the cells were
subjected to three freeze-thaw cycles to ensure complete lysis. The ly-
sates were then centrifuged at 1500 g for 10 min at 2-8 °C, and the
supernatant was collected for ELISA analysis. The supernatants were
stored at —20 °C until further use. All measurements were performed in
triplicate.

2.2. Molecular docking analysis

2.2.1. Protein preparation

The three-dimensional (3D) structures of TLR4 (PDB ID: 3FXI) and
NLRP3 (PDB ID: 6NPY) were downloaded from the Protein Data Bank
(PDB). Using ChimeraX v1.9, unnecessary water molecules and non-
essential ligands were removed prior to docking and loaded to Swiss-
Dock in an appropriate format. SwissDock employs a blind docking
strategy using the AutoDock Vina algorithm, which automatically scans
the entire protein surface to predict the most favorable binding pockets
based on energy calculations. Therefore, no predefined binding region

Table 1
Primer sequences used for RT-qPCR analyses.
Gene Primer Sequence
TLR4 F: GGATGATGCCTCTCTTGCAT

R: TGATCCATGCATTGGTAGGTAA

NLRP3 F: GTGGAGATCCTAGGTTTCTCTG

R: CAGGATCTCATTCTCTTGGATC
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was specified. The binding sites and clusters generated by SwissDock
represent the lowest-energy binding conformations across the entire
protein surface.

2.2.2. Ligand preparation

The canonical SMILES of losartan (PubChem CID: 3961) and capto-
pril (PubChem CID: 44093) were obtained from the PubChem (https://p
ubchem.ncbi.nlm.nih.gov/) (accessed on September 12, 2024) and
uploaded to the SwissDock platform.

2.2.3. Docking protocol

The Autodock Vina algorithm provided by SwissDock was used for
evaluating the binding affinities of ligands. A grid box was generated
around the active sites of TLR4 and NLRP3 based on previous studies
identifying key residues involved in ligand binding. For each docking
run, the grid box dimensions were set to 30 x 30 x 30 A to encompass
the predicted binding pocket. The center of the grid was adjusted for
each target protein depending on the predicted ligand-binding region
(Box center: 107.0, 103.0, 101.0 for NLRP3 and Box center: 16.0 1.0 7.0
for TLR4). The spacing between grid points used was the default value
(0.375 A) and the sampling exhaustivity was set to 20 to ensure reliable
pose prediction. All other parameters were kept at default values pro-
vided by the SwissDock platform. To validate and contextualize our
molecular docking results, we included TAK-242 and MCC950 as posi-
tive control compounds for TLR4 (Matsunaga et al., 2011) and NLRP3
(Coll et al., 2019), respectively. The binding affinities (kcal/mol) and
binding poses were analyzed to identify the most favorable interactions
between the ligands and the proteins.

2.2.4. Visualization of results

Output files and three-dimensional binding positions provided by
SwissDock were visualized using ChimeraX v1.9 for detailed structural
analysis. The binding affinities of losartan and captopril to TLR4 and
NLRP3 were assessed using results from docking studies, which allowed
for an evaluation of their potential interactions. To enhance the visu-
alization of bindings, we included supplementary spin videos demon-
strating the three-dimensional docking conformation and key
interactions (Supplementary Videos 1-4).

2.3. Statistical analysis

Data were expressed as the mean =+ standard error of mean (SEM).
Before performing parametric tests, data distributions were tested for
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normality using the Kolmogorov-Smirnov test. Differences between
groups in behavioral tests were analyzed using one-way ANOVA fol-
lowed by Tukey post-hoc test. For the data sets which did not follow the
normal distribution, the Kruskal-Wallis test was performed followed by
Dunn’s test for post-hoc comparison between groups. All statistical an-
alyses were performed using GraphPad Prism 10.0 software (SanDiego,
CA, USA). A P-value less than 0.05 was considered statistically
significant.

3. Results
3.1. Cell proliferation analysis (MTT assay)

The 24-h treatment with losartan led to a significant reduction in cell
proliferation at concentrations of 1000, 500, and 250 pM, with decreases
of 93.62 %, 89.07 %, 90.63 %, respectively, compared to the control
group (Fig. 1a). At concentrations below 250 pM, losartan did not
exhibit any cytotoxic effects on the cells. Based on these findings and
relevant literature data, the concentration of 100 uM was selected for
subsequent experiments.

The 24-h treatment with captopril led to a significant reduction in
cell proliferation at concentrations of 500 and 250 pM, with decreases of
22.33 % and 22.39 %, respectively, compared to the control group
(Fig. 1b). 1000 pM concentration paradoxically increased the cell pro-
liferation significantly (12.71 %) compared to the control group. At
concentrations below 250 pM, captopril did not exhibit any cytotoxic
effects on the cells. Based on these findings and relevant literature data,
the concentration of 100 pM was selected for subsequent experiments.

In our previous work using EGCs, JC-1 assay (mitochondrial mem-
brane potential) results led us to select 10 pM as the working concen-
tration for rotenone (Samur et al.,, 2025). However, further
investigations revealed that 10 pM of rotenone strongly suppressed
immune responses, disrupting inflammatory signaling pathways. This
aligns with recent findings indicating that rotenone may exert immu-
nosuppressive effects on glial cells (Rabaneda-Lombarte et al., 2019,
2020). Therefore, to prevent unintended immunosuppression while
maintaining an appropriate inflammatory response, 1 pM was selected
as the optimal concentration for rotenone in this study.

3.2. Changes in caspase-1 and IL-1f levels in enteric glial cells

The levels of caspase-1 and IL-1f were analyzed in EGCs to evaluate
differences between the groups (Fig. 2a). When comparing caspase-1
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Fig. 1. The effects of losartan (a) and captopril (b) on cell proliferation. Comparison of percentage proliferation values across different concentrations. Data were

obtained from experiments performed in eight replicates and repeated three times. *p < 0.05,

“p < 0.0001.
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Fig. 2. Changes in caspase-1 (CASP1) (a) and IL-1beta (IL-1B) (b) levels in enteric glial cells. Data are expressed as mean + SEM. Statistical significance was
determined by one-way ANOVA followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. C: Control, R1: 1 pM Rotenone, C100: 100 pM

captopril, L100: 100 pM losartan.

levels across the experimental groups, statistically significant differ-
ences were observed (One-way ANOVA: F (5, 16) = 52.37, P < 0.0001).
Post-hoc analysis using Tukey’s multiple comparisons test revealed that
caspase-1 levels were significantly increased in the rotenone-treated
group compared to the control group (P < 0.001). Losartan adminis-
tration with rotenone (ROT + L100), significantly decreased caspase-1
levels compared to the rotenone group (P < 0.01). Although captopril
administration resulted in a 10.39 % decrease in caspase-1 levels
compared to the rotenone group, this reduction was not statistically
significant. Interestingly, captopril and losartan caused a significant
increase in caspase-1 levels compared to the control group (P < 0.01 and
P < 0.001, respectively). However, this increase was significantly lower
than the rotenone group (P < 0.0001 for both).

One-way ANOVA analysis showed no statistically significant differ-
ences in IL-1f levels among the treatment groups (F (5, 15) = 1.896, P =
0.1549), indicating that neither rotenone nor its combination with
captopril and losartan led to a significant modulation of IL-1 expression
(Fig. 2b).

3.3. Changes in TLR4 and NLRP3 mRNA expression in enteric glial cells

The mRNA levels of TLR4 and NLRP3 were analyzed in EGCs to
evaluate differences between the groups (Fig. 3). When comparing TLR4
and NLRP3 mRNA expression across the experimental groups, statisti-
cally significant differences were observed (for losartan-treated groups,
One-way ANOVA: F (5, 12) = 39.71, P < 0.0001 for TLR4 and F (5, 13)
= 15.70, P < 0.0001 for NLRP3; for captopril-treated groups, One-way
ANOVA: F (5, 12) = 47.28, P < 0.0001 for TLR4 and F (5, 12) =
14.70, P < 0.0001 for NLRP3). Post-hoc analysis using Tukey’s multiple
comparisons test revealed that 100 pM losartan (L100) led to an extreme
upregulation of TLR4 and NLRP3 expression, surpassing that of the
rotenone-treated group (Figs. 3a and 4a). Given this excessive increase
in expression, losartan’s effect was reassessed at 10 pM, and its results
are presented separately (Figs. 3c and 4c). For TLR4 expression, rote-
none treatment increases the TLR4 mRNA expression compared to the

control group (P < 0.001). However, losartan administration could not
reverse rotenone’s effects, and TLR4 mRNA expression remained
significantly higher in the R1+L10 group compared to the control group
(P < 0.01). Interestingly, 10 pM losartan administration led an increase
in TLR4 mRNA expression compared to the control group (P < 0.05), but
not more than rotenone treatment. Conversely, a combination of 10 yM
captopril and rotenone (R1+C10) led to a significant increase in TLR4
mRNA expression compared to the control and the rotenone groups (P <
0.001, P < 0.0001; respectively), although 10 pM captopril did not
induce an increase when administered only (Fig. 3b and d).

Accordingly, rotenone treatment significantly increased the NLRP3
expression compared to the control and L10 groups (P < 0.01 for both),
while losartan administration decreased (P < 0.05). Similar to the los-
artan groups, rotenone treatment increased the NLRP3 expression
compared to the control and C10 groups (P < 0.001 for both). For
captopril, 100 pM (C100) did not lead to a significant change in NLRP3
expression compared to the control group (P > 0.05, Fig. 4b). However,
to better evaluate its potential modulatory effects, 10 pM captopril (C10)
was also tested (Fig. 4d). Although 10 pM captopril administration could
not reverse rotenone’s effects in combination groups, 100 pM captopril
administration decreased the NLRP3 mRNA expression compared to the
rotenone (R1) group (P < 0.01).

3.4. Docking analysis of losartan with TLR4

A total of 20 docking poses were generated, and the results are
presented in Table 2. The highest binding affinity was observed in the
first binding model (ID 1), showing a score of —5.834 kcal/mol, with a
root mean square deviation (RMSD) of 0.000 A for both the lower bound
(L.B.) and upper bound (U.B.). These values indicate the degree of
conformational variation among the poses in the same binding cluster.
An RMSD of 0.000 A for both L.B. and U.B. reflects perfect convergence
of the docking poses. Other docking models demonstrated binding af-
finities ranging from —5.808 to —4.953 kcal/mol. A more detailed
visualization of the docking interactions, including the binding poses,
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Fig. 3. Fold changes in TLR4 mRNA levels in EGCs. Data were obtained from experiments performed in duplicates and repeated three times. *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001. C: Control, R1: 1 pM Rotenone, C10: 10 pM captopril, C100: 100 pM captopril, L10: 10 pM losartan, L100: 100 pM losartan.

key hydrogen bonds, and van der Waals interactions between losartan
and TLR4, is presented in Fig. 5, highlighting the most stable confor-
mation and critical interacting residues.

3.5. Docking analysis of captopril with TLR4

A total of 20 docking poses were generated, and the results are
presented in Table 3. The highest binding affinity was observed in the
first binding model (ID 1), showing a score of —4.283 kcal/mol, with a
root mean square deviation (RMSD) of 0.000 for both the lower bound
(L.B.) and upper bound (U.B.). Other docking models demonstrated
binding affinities between —4.116 and —3.582 kcal/mol. A more
detailed visualization of the docking interactions, including the binding
poses, key hydrogen bonds, and van der Waals interactions between
captopril and TLR4, is presented in Fig. 6, highlighting the most stable
conformation and critical interacting residues.

3.6. Docking analysis of losartan with NLRP3

A total of 18 binding poses were generated, and the results are
summarized in Table 4. The best docking score was observed with the
first binding model (ID 4.1), which showed a binding affinity of —8.183
kecal/mol and an RMSD value of 0.000 for both lower bound (L.B.) and
upper bound (U.B.), indicating a strong and stable interaction. The
subsequent models exhibited binding affinities ranging from —8.060 to
—7.281 kcal/mol. A more detailed visualization of the docking in-
teractions, including the binding poses, key hydrogen bonds, and van
der Waals interactions between losartan and NLRP3, is presented in
Fig. 7, highlighting the most stable conformation and critical interacting
residues.

3.7. Molecular docking analysis of captopril with NLRP3

A total of 20 binding poses were generated, and the results are
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summarized in Table 5. The best docking score was observed with the
first binding model (ID 1), which showed a binding affinity of —5.347
kcal/mol and a root mean square deviation (RMSD) value of 0.000 for
both lower bound (L.B.) and upper bound (U.B.), indicating a strong and
stable interaction. The subsequent models exhibited binding affinities
ranging from —5.059 to —4.791 kcal/mol. A more detailed visualization
of the docking interactions, including the binding poses, key hydrogen
bonds, and van der Waals interactions between captopril and NLRP3, is
presented in Fig. 8, highlighting the most stable conformation and
critical interacting residues.

3.8. Comparative analysis of binding affinities

Molecular docking analyses revealed that losartan exhibited signifi-
cantly higher binding affinity than captopril toward both target pro-
teins. For TLR4, the average binding energy of losartan was —5.369
kcal/mol (range: —5.834 to —4.953), whereas captopril showed a
weaker affinity with a mean score of —3.809 kcal/mol (range: —4.283 to
—3.582). Similarly, for NLRP3, losartan demonstrated a substantially
stronger affinity (mean: —7.635 kcal/mol; range: —8.183 to —7.281)
compared to captopril (mean: —4.933 kcal/mol; range: —5.347 to
—4.791).

To further contextualize these findings, TAK-242 (a well-
characterized TLR4 inhibitor) and MCC950 (a selective NLRP3 inhibi-
tor) were included as positive controls. TAK-242 showed a mean binding
energy of —5.070 kcal/mol (range: —5.361 to —4.781) for TLR4, which
was higher than losartan (p < 0.05) but lower than captopril (p <
0.0001). MCC950 demonstrated the strongest affinity toward NLRP3
among all compounds tested, with a mean binding energy of —8.676
kcal/mol (range: —9.357 to —8.028), exceeding both losartan and
captopril (p < 0.01 and p < 0.0001, respectively).

Taken together, these comparisons suggest that losartan has the
potential to act as a dual modulator of TLR4 and NLRP3, with docking
scores approaching those of validated inhibitors, whereas captopril ex-
hibits comparatively limited binding capability toward both targets. The
comparative results are visualized in Fig. 9. Detailed RMSD and binding
affinity scores for TAK-242 (TLR4) and MCC950 (NLRP3) docking poses
are provided in Supplementary Tables 1 and 2, respectively.

4. Discussion

In this study, we investigated the effects of losartan and captopril on
rotenone-induced inflammation in EGCs, emphasizing the TLR4/NLRP3
signaling pathway through an integrative approach that combined in
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Table 2
RMSD and binding affinity scores for docking models of losartan with TLR4.

ID RMSD L.B. RMSD U.B. SCORE (kcal/mol)
1 0.000 0.000 —5.834
2 17.509 20.254 —5.808
3 1.811 2.053 —5.633
4 16.819 20.269 —5.566
5 1.684 3.380 —5.521
6 21.260 23.795 —5.497
7 18.175 20.833 —5.436
8 20.728 23.372 —5.386
9 16.121 20.068 —5.371
10 17.800 20.621 —5.351
11 3.699 9.028 —5.334
12 21.268 23.547 —5.325
13 14.750 18.085 —5.318
14 16.314 20.176 —5.254
15 17.324 20.409 —5.254
16 17.589 21.115 —5.232
17 21.109 22.722 —5.208
18 16.206 18.997 —-5.115
19 3.881 8.701 —4.984
20 17.272 19.873 —4.953

This table presents the Root Mean Square Deviation (RMSD) lower bound (L.B.),
upper bound (U.B.), and the calculated binding affinity scores (in kcal/mol) for
the various docking poses of losartan with TLR4. L.B. and U.B. indicate the
minimum and maximum RMSD values within each docking cluster, reflecting
the conformational variability among poses.

vitro and in silico methods. EGCs were chosen due to their functional
similarities to astrocytes found in the central nervous system, posi-
tioning them at a vital intersection of the gut-brain axis. Given the
increasing evidence suggesting that peripheral inflammation originating
from the gastrointestinal tract significantly contributes to the initiation
and progression of PD, evaluating inflammatory pathways in EGCs
provides a physiologically relevant model to investigate disease mech-
anisms and therapeutic targets. Our findings highlight the potential of

European Journal of Pharmacology 1003 (2025) 177932

losartan and captopril, two clinically approved antihypertensive drugs,
to modulate neuroinflammatory pathways implicated in neurodegen-
erative diseases such as PD.

The RAS, classically identified as a circulating hormonal network
controlling blood pressure and electrolyte balance, has more recently
been recognized for its significant local regulatory roles within the
brain, influencing processes such as oxidative stress,
inflammation, and neuronal degeneration (Labandeira-Garcia et al.,

neuro-

Table 3
RMSD and binding affinity scores for docking models of captopril with TLR4.

D RMSD L.B. RMSD U.B. SCORE (kcal/mol)
1 0.000 0.000 —4.283
2 2.963 4.011 —4.116
3 19.712 21.377 —-3.904
4 1.901 2.374 —3.902
5 1.630 2.270 —3.860
6 20.287 21.308 —-3.846
7 20.076 21.429 -3.836
8 3.357 4.463 —3.827
9 19.965 21.334 —3.795
10 1.981 2.198 -3.788
11 19.583 21.027 -3.763
12 19.881 21.353 —3.760
13 2.782 4.724 -3.757
14 2.402 3.383 -3.737
15 11.280 12.907 -3.731
16 17.899 19.502 —3.718
17 18.727 20.274 -3.679
18 3.808 5.553 —3.647
19 19.891 21.246 —3.639
20 7.005 9.405 —3.582

This table presents the Root Mean Square Deviation (RMSD) lower bound (L.B.),
upper bound (U.B.), and the calculated binding affinity scores (in kcal/mol) for
the various docking poses of captopril with TLR4. L.B. and U.B. indicate the
minimum and maximum RMSD values within each docking cluster, reflecting
the conformational variability among poses.

PRO 113

Fig. 5. Binding Mode of the Top-Scoring Docking Model of losartan with TLR4.

This figure illustrates the binding configuration of the highest-affinity docking model for losartan interacting with the TLR4 protein. On the left, the complete 3D
structure of TLR4 is displayed, highlighting the losartan binding site. The inset on the right zooms in on the critical binding interactions. Losartan (purple) forms
multiple interactions with critical residues of TLR4, including ASN112, PRO113, THR136, ASN112, LEU138, and HIS159. Blue dashed lines indicate hydrogen bonds,
while green dashed lines represent van der Waals interactions. These interactions depict the most stable conformation of losartan within the TLR4 binding pocket, as

determined by the docking analysis.
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Fig. 6. Binding Mode of the Top-Scoring Docking Model of Captopril with TLR4.
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PRO 113
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ASN 137

This figure illustrates the binding configuration of the highest-affinity docking model for captopril interacting with the TLR4 protein. On the left, the complete 3D
structure of TLR4 is presented, highlighting the captopril binding site. The inset on the right zooms in on the critical binding interactions. Captopril (purple) forms
multiple interactions with critical residues of TLR4, including GLY111, PRO113, ALA133, GLU135, ASN137, ASN160, and HIS159. Blue dashed lines indicate
hydrogen bonds, while green dashed lines represent van der Waals interactions.These interactions demonstrate the most stable conformation of captopril within the

TLR4 binding pocket, as determined by docking analysis.

Table 4
RMSD and binding affinity scores for docking models of losartan with NLRP3.

D RMSD L.B. RMSD U.B. SCORE (kcal/mol)
1 0.000 0.000 —8.183
2 2.987 7.210 —8.060
3 3.063 7.954 —7.888
4 4.489 9.888 —7.840
5 2.356 2.830 —7.818
6 4.350 9.467 —7.759
7 3.993 6.310 —7.752
8 3.115 7.727 —7.750
9 5.118 8.169 —7.686
10 3.252 7.774 —7.682
11 5.333 8.469 —7.532
12 3.366 8.378 —7.508
13 5.225 8.447 —7.410
14 2.724 7.130 —7.345
15 3.437 8.631 —7.336
16 2.280 3.168 —7.302
17 5.043 10.348 —7.290
18 4.314 6.791 —7.281

This table presents the Root Mean Square Deviation (RMSD) lower bound (L.B.),
upper bound (U.B.), and the calculated binding affinity scores (in kcal/mol) for
the various docking poses of losartan with NLRP3. L.B. and U.B. indicate the
minimum and maximum RMSD values within each docking cluster, reflecting
the conformational variability among poses.

2024). Moreover, functional interactions between local dopaminergic
signaling and the RAS system have emerged as pivotal in peripheral
tissues (Chugh et al., 2012; Yang et al., 2012) and increasingly within
the brain (Labandeira-Garcia et al., 2024). Imbalanced interactions be-
tween these two systems have been associated with neurodegenerative
disorders, particularly PD, where alterations in dopaminergic neuro-
transmission are considered a fundamental pathogenic characteristic
(Kobiec et al., 2021). Since the therapies currently available for neuro-
degenerative diseases focus on alleviating symptoms, finding drugs that
can modify the disease itself is a crucial priority (Perez-Lloret et al.,

2017). In this respect, modulating angiotensin-related inflammatory
signaling in peripheral cell types, such as EGCs, may provide novel in-
sights into therapeutic approaches targeting early neuroinflammatory
processes in PD pathology.

Consistent with prior literature (Salmani et al., 2018; Sepehri et al.,
2016; Wang et al., 2019), losartan exhibited a potent inhibitory effect on
inflammation, significantly reducing rotenone-induced caspase-1 levels.
Interestingly, a previous study demonstrated that angiotensin II itself
could exert protective effects on dopaminergic neurons against
rotenone-induced toxicity via the AT2 receptor subtype, whereas
simultaneous inhibition of AT1 receptors by losartan further enhanced
neuroprotection, indicating receptor subtype selectivity and differential
downstream signaling as critical determinants in neuroprotection
(Grammatopoulos et al., 2005). Given these observations, the protective
effect of losartan against inflammation observed in our model could
similarly be attributed to selective AT1 receptor blockade, which may
potentially shift the balance toward beneficial signaling pathways
involving AT2 receptor activation. Indeed, previous studies have shown
that AT1 receptor blockade can potentiate AT2 receptor signaling,
thereby exerting anti-inflammatory, vasodilatory, and neuroprotective
effects (Bregonzio et al., 2008; Naito et al., 2010).

Captopril, an ACE inhibitor, has also exhibited prominent anti-
inflammatory effects through inhibiting Nuclear Factor kappa B (NF-
kB) (Gan et al., 2018). Therefore, the neuroprotective activity of
captopril has been confirmed in experimental models of PD (Sonsalla
etal., 2013), memory impairment (Abareshi et al., 2016) and AD (Ishola
etal., 2022). Although captopril did not significantly decrease caspase-1
levels induced by rotenone, its mild inhibitory trend aligns with previ-
ously reported anti-inflammatory properties (Bryniarski et al., 2021;
Peeters et al., 1998). Interestingly, both losartan and captopril treat-
ments, when administered alone, paradoxically increased caspase-1
compared to controls. Although the precise mechanisms behind these
unexpected pro-inflammatory effects remain unclear, similar paradoxi-
cal effects of anti-inflammatory drugs at specific concentrations or
contexts have been previously documented (Doux et al., 2005; Rhein
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Fig. 7. Binding Mode of the Top-Scoring Docking Model of Losartan with NLRP3.

This figure illustrates the binding configuration of the highest-affinity docking model for losartan interacting with the NLRP3 complex. On the left, the complete 3D
structure of NLRP3 is presented, highlighting the losartan binding site. The inset on the right zooms in on the critical binding interactions. Losartan (purple) forms
multiple interactions with critical residues of NLRP3, including ARG136, GLU135, ASN720, GLY696, GLU695, SER264, LEU267, HIS262, THR299, ALA292, VAL291
and CYS298. Blue dashed lines indicate hydrogen bonds, while green dashed lines represent van der Waals interactions. These interactions demonstrate the most
stable conformation of captopril within the TLR4 binding pocket, as determined by docking analysis.

Table 5
RMSD and binding affinity scores for docking models of captopril with NLRP3.

D RMSD L.B. RMSD U.B. SCORE (kcal/mol)
1 0.000 0.000 —5.347
2 19.556 20.506 —5.059
3 17.664 19.100 —5.054
4 17.993 19.297 -5.019
5 17.396 18.813 —4.974
6 16.998 18.471 —4.964
7 17.058 18.537 —4.947
8 20.034 20.843 —-4.941
9 17.561 18.898 —4.937
10 19.729 21.102 —4.930
11 18.019 19.355 —4.923
12 18.905 20.179 —4.901
13 18.904 20.289 —4.899
14 20.932 22.215 —4.884
15 14.751 16.369 —4.845
16 17.766 19.028 —4.834
17 18.268 19.665 —4.813
18 3.675 5.247 —4.803
19 18.379 19.800 —4.801
20 16.246 17.644 —-4.791

This table presents the Root Mean Square Deviation (RMSD) lower bound (L.B.),
upper bound (U.B.), and the calculated binding affinity scores (in kcal/mol) for
the various docking poses of captopril with NLRP3. L.B. and U.B. indicate the
minimum and maximum RMSD values within each docking cluster, reflecting
the conformational variability among poses.

et al., 2024), suggesting possible receptor-mediated compensatory re-
sponses or off-target inflammatory activation pathways. In particular,
the significant increase in cell proliferation observed with 1000 pM
captopril may reflect a biphasic dose-response effect. Previous studies
have shown that captopril exhibits a biphasic inhibitory profile in
endothelial cell migration (Volpert et al., 1996) and in the brain and
vascular system (Unger et al., 1981). Such a biphasic phenomenon may

underlie the proliferative effects observed in our model at high
concentrations.

The complexity of the cytokine responses was evident, with IL-1p
expression not significantly altered by treatments in this study. Although
caspase-1 activation typically governs IL-1p maturation and release
(Conos et al., 2016), the unchanged IL-1f levels observed in our
experimental conditions may reflect differential cellular responses, and
the requirement of additional inflammasome components governing
cytokine release (Netea et al., 2009). Indeed, our findings showing
altered NLRP3 mRNA expression suggest that while inflammasome
priming and initiation via NLRP3 are clearly affected by rotenone and
modulated by losartan and captopril, subsequent steps necessary for
IL-1p secretion may not have been sufficiently activated or might have
been differentially regulated under these specific experimental
conditions.

Angiotensin II Type 1 Receptor 1 (AT1R) blockage has been shown to
be antiinflammatory in different diseases, including stroke (Sironi et al.,
2004) and PD (Joglar et al., 2009). Losartan has been shown to attenuate
neuroinflammation in various models, including neuropathic pain
(Kalynovska et al., 2020), AD (Danielyan et al., 2010), and systemic
inflammation (Drews et al., 2019). It reduces the expression of
pro-inflammatory cytokines (Abdul-Muneer et al., 2018; Kim et al.,
2019). Losartan effectively inhibits TLR4 expression across various tis-
sues, contributing to its anti-inflammatory and protective effects in
conditions like hypertension, renal and liver fibrosis (De Batista et al.,
2014; Ni et al., 2012). Similarly, captopril has been reported to inhibit
TLR4 expression in adipose tissue (Mitchell et al., 2021). However, in
our study, the observed modulation of TLR4 mRNA expression further
highlighted the complexity of inflammatory regulation. Rotenone
treatment, as expected, significantly increased TLR4 expression, align-
ing with its known pro-inflammatory properties via pattern recognition
receptors like TLR4. Interestingly, neither losartan nor captopril was
able to fully reverse the rotenone-induced upregulation of TLR4
expression. Furthermore, 10 pM losartan alone significantly elevated
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Fig. 8. Binding Mode of the Top-Scoring Docking Model of Captopril with NLRP3.

This figure illustrates the binding configuration of the highest-affinity docking model for captopril interacting with the NLRP3 complex. On the left, the complete 3D
structure of NLRP3 is presented, highlighting the captopril binding site. The inset on the right zooms in on the critical binding interactions. Captopril (purple) forms
multiple interactions with critical residues of NLRP3, including LYS173, HIS175, LYS293, ILE172, HIS365, and VAL366. Blue dashed lines indicate hydrogen bonds,
while green dashed lines represent van der Waals interactions. These interactions demonstrate the most stable conformation of captopril within the TLR4 binding

pocket, as determined by docking analysis.
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TLR4 expression compared to control, indicating that even at low con-
centrations, losartan may paradoxically activate or sensitize inflamma-
tory pathways under certain cellular conditions. Similarly, captopril
combined with rotenone further potentiated TLR4 upregulation beyond
rotenone treatment alone, despite captopril alone being inert. The
observed modulation of TLR4 mRNA expression highlights the dual and
context-dependent role of TLR4 signaling in inflammation (Heine and
Zamyatina, 2022). Under physiological conditions, controlled activation
of TLR4 contributes beneficially to innate immune responses, aiding in
pathogen clearance and maintaining tissue homeostasis (Oda et al.,
2024). Conversely, persistent or excessive activation can lead to chronic
inflammatory states, contributing to inflammatory disease progression
(Lucas and Maes, 2013). Consistent with this dual functionality, recent
literature suggests therapeutic potential for TLR4 agonists in AD through
controlled stimulation of the immune system to facilitate clearance of
amyloid-beta (Michaud et al., 2013). Therefore, the paradoxical in-
crease of TLR4 expression following losartan or captopril treatments
observed in our study likely reflects such complex regulatory dynamics.
In parallel with our findings on TLR4 expression, NLRP3 inflammasome
signaling exhibited distinct and concentration-dependent modulation by
losartan and captopril. Specifically, losartan at a lower concentration
(10 pM) significantly decreased NLRP3 mRNA expression, suggesting
effective suppression of inflammasome priming at this dose. In contrast,
captopril required a higher concentration (100 pM) to significantly
reduce NLRP3 expression, indicating a potential difference in potency or
pharmacological profiles between the two drugs regarding inflamma-
some inhibition.

The observed upregulation of TLR4 mRNA expression following
treatment with losartan and captopril, both alone and in combination
with rotenone, presents a complex picture. While AT1R blockage by
losartan is generally considered anti-inflammatory, the paradoxical in-
crease in TLR4 expression suggests the involvement of compensatory
mechanisms or off-target effects (Regan et al., 2019; Strauss and Hall,
2006). Blockade of AT1R can lead to an increase in angiotensin II levels
due to the removal of negative feedback on renin release which then
interacted with angiotensin II Type 2 Receptor (AT2R), that could
potentially contribute to TLR4 upregulation in specific cellular contexts
(Nakashima et al., 2015; Otsui et al., 2007). Similarly, captopril’s
potentiation of rotenone-induced TLR4 upregulation at 10 pM, despite
being inert on its own, highlights the complexity of its interaction with
inflammatory pathways in this specific cellular environment. This could
involve its effects on bradykinin levels or other downstream targets of
ACE inhibition (Anning et al., 1995). Moreover, the interplay between
the drug and the rotenone-induced inflammatory environment might
further contribute to the observed paradoxical effects. Rotenone’s
known pro-inflammatory properties could create a cellular state where
the addition of losartan or captopril triggers unexpected responses in
TLR4 expression.

Docking analyses complemented these biochemical findings by
elucidating the molecular basis of interaction between the studied drugs
and the TLR4/NLRP3 proteins. Losartan demonstrated strong binding
affinity to TLR4 and NLRP3 proteins, surpassing captopril’s binding
affinity. The identified key residues provide molecular insight into the
inhibitory actions of losartan, suggesting that the observed biological
effects might arise through stabilizing receptor conformations that
impede downstream signaling cascades. For TLR4, losartan exhibited a
stronger binding affinity than TAK-242, a well-characterized TLR4 in-
hibitor, suggesting that it may directly interfere with TLR4-mediated
signaling with comparable or even superior efficacy. For NLRP3, los-
artan demonstrated high affinity, although not exceeding that of
MCC950, a potent and selective NLRP3 inhibitor. Nonetheless, its
binding profile was close enough to suggest a plausible mechanistic role
in modulating inflammasome activation. In contrast, the lower binding
affinity observed for captopril suggests a reduced capacity to modulate
these receptors directly, which correlates with the modest biochemical
effects observed. Nonetheless, despite its lower affinity, captopril’s
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potential modulatory effects observed biochemically cannot be
disregarded.

The current study has some limitations. First, while molecular
docking analyses provide critical insights into potential drug-target in-
teractions, these findings necessitate validation through more detailed
molecular dynamics simulations and in vivo models to confirm their
physiological relevance and therapeutic potential. Additionally, the
complexity of neuroinflammatory signaling networks extends beyond
the TLR4/NLRP3 pathway, suggesting that complementary pathways
such as NF-xB or other inflammasomes may also significantly contribute
to the observed cellular effects.

In conclusion, our integrative in vitro and in silico study provides
compelling evidence that losartan and captopril exhibit promising
inhibitory effects on rotenone-induced neuroinflammation via modula-
tion of the TLR4/NLRP3 pathway. This underlines their potential for
repurposing as neuroprotective agents in diseases characterized by
neuroinflammation, particularly PD. However, further studies are
needed to elucidate the complex and context-dependent actions of these
drugs and establish efficacy, safety, and optimal dosing strategies.
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