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Background: Diabetic Kidney Disease (DKD) is a leading cause of chronic kidney disease (CKD) and end-stage renal failure. The
complement component 5a (C5a)-C5a Receptor 1 (C5aR1) signaling axis plays a critical role in these pathological processes by
activating inflammatory pathways, including signal transducer and activator of transcription 3 (STAT3) signaling, exacerbating
kidney injury. As the current treatments for DKD fail to address the underlying inflammatory and fibrotic processes, targeting
the C5a-C5aR1 pathway may be a novel therapeutic approach.

Methods: High-throughput virtual screening (HTVS) was conducted to screen C5a-C5aR1 inhibition. Selected compounds were
further validated through molecular dynamics (MD) simulations, absorption, distribution, metabolism, excretion, and toxicity
(ADMET) analysis, followed by in vitro target evaluations using a cell-free C5aR1 inhibition assay. Apoptosis, downstream
assessment was carried out by flow cytometry using the HK-2 cells.

Results: The in silico screening and ADMET analysis identified CSR-131 as a promising C5aR1 antagonist with favorable phar-
macokinetic properties. MD simulations revealed stable binding of C5R-131 to C5aR1, with strong hydrogen bonding interac-
tions, with a binding value of —9.4 kcal/mol. Molecular Mechanics Poisson—Boltzmann Surface Area (MMPBSA)-based binding
free energy calculation from the 100 ns simulation trajectories shows CSR-131 has —21.11 kcal/mol when bound to C5aR1. In
vitro assays demonstrated that C5R-131 significantly inhibited C5aR1 activity with a half-dose inhibitory concentration (ICso)
value of 53.75 nM. The compound reduced apoptosis, necrosis, STAT3 phosphorylation, and modulated CD31 expression in
high-glucose-exposed HK-2 cells, indicating its potential to protect against renal cell injury and inflammation in DKD.
Conclusion: Through a combination of in silico screening and in vitro validation, we demonstrate that CSR-131 effectively mod-
ulates STAT3 activation, reduces renal cell apoptosis, and protects endothelial cells from dysfunction in high glucose (HG) con-
ditions. These findings offer a new therapeutic strategy for developing targeted therapies for DKD and other diseases associated
with C5a receptor activation.
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Introduction 5a (C5a), a pro-inflammatory cytokine generated during
complement activation [6,7]. C5a, a potent complement-
derived anaphylatoxin, is critically involved in the pro-
gression of DKD by driving inflammation, facilitating im-
mune cell infiltration, and promoting tissue injury [8,9]. In
particular, C5a exacerbates renal damage in DKD by im-
pairing mitochondrial metabolic flexibility and triggering
signal transducer and activator of transcription 3 (STAT3)
signaling pathways in glomerular endothelial cells, which
may also contribute to dysregulation of the gut-kidney axis
[10,11].

Diabetic Kidney Disease (DKD) is a significant global
health challenge, representing one of the leading causes
of chronic kidney disease (CKD) and end-stage renal fail-
ure [1,2]. Characterized by progressive renal dysfunction,
glomerulosclerosis, and tubulointerstitial fibrosis, DKD is
primarily driven by chronic hyperglycemia, inflammation,
and impaired kidney function [3,4]. High glucose (HG) lev-
els induce oxidative stress, advanced glycation end prod-
uct (AGE) accumulation, and activation of protein kinase C

(PKC), all of which contribute to inflammation, endothelial
dysfunction, and glomerular injury [5]. The pathophysiol-
ogy of DKD involves complex interactions between various
inflammatory and fibrotic pathways. One of the key fac-
tors contributing to these processes is the activation of the
complement system, specifically complement component

A central mediator of inflammation and fibrosis in
DKD is the STAT3 pathway, which regulates several cel-
lular processes, including cell survival, proliferation, and
the inflammatory response [12]. STAT3 activation in re-
nal cells is triggered by cytokines such as interleukin-6 (IL-
6) and growth factors like transforming growth factor beta
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(TGF-p), and it has been shown to contribute significantly
to kidney fibrosis and glomerulosclerosis [13]. In DKD,
STAT3 is activated by C5a, and its activation leads to a pro-
inflammatory and pro-fibrotic environment in the kidney
[14]. Given the role of C5a and STAT3 in the progression of
DKD, targeting the C5a-C5a Receptor 1 (C5aR1) axis and
modulating STAT3 signaling represents a promising thera-
peutic strategy to mitigate kidney damage and prevent dis-
ease progression [15].

Current treatment strategies for DKD focus on con-
trolling blood glucose and blood pressure to slow disease
progression. Angiotensin-converting enzyme inhibitors
(ACE inhibitors) [16], Angiotensin receptor blockers
(ARBs) [17], and sodium-glucose cotransporter-2 (SGLT2)
inhibitors [18]. They are the most commonly prescribed
medications. While these therapies are effective in man-
aging the symptoms and delaying progression, they do not
address the underlying inflammation and fibrosis associated
with the disease. This gap underscores the need for inno-
vative therapies that go beyond symptom management to
target the pathogenic mechanisms of DKD. More targeted
approaches are needed to mitigate the inflammatory and fi-
brotic processes that drive DKD progression. Compounds
targeting the C5a-C5aR1 axis have shown promise in pre-
clinical studies, where C5aR1 antagonists have been found
to reduce inflammation and fibrosis in various disease mod-
els [19]. Importantly, this strategy represents a mecha-
nistically distinct approach from current therapies by di-
rectly modulating the immune-mediated injury implicated
in DKD. Such interventions may offer disease-modifying
potential rather than merely slowing progression. Addition-
ally, targeting STAT3, a key mediator of inflammation and
fibrosis, has been explored as a therapeutic strategy. In-
hibitors of STAT3 phosphorylation have demonstrated ef-
ficacy in reducing fibrosis and improving renal function
in experimental models of CKD, including DKD. This ap-
proach offers a novel angle by intervening in intracellular
signaling pathways central to disease pathology, position-
ing STAT3 inhibition as a promising candidate for clinical
translation [13,20,21].

In this study, we employed an in silico-guided ap-
proach to identify potential small-molecule inhibitors of
C5aR1. High-throughput virtual screening (HTVS) was
utilized to screen a diverse chemical library for compounds
that could effectively block the C5a-C5aR1 interaction.
The screening was followed by computational analysis to
assess the binding affinity and stability of the identified
compounds, which were further validated through in vitro
assays. The combination of in silico drug discovery tech-
niques and in vitro experimental validation allowed for the
identification of novel inhibitors with the potential to mod-
ulate C5a-C5aR1 and further downstream signaling.

The use of an in silico-guided approach also under-
scores the importance of computational tools in modern
drug discovery, allowing for the rapid identification and

development of targeted treatments for complex diseases
like DKD [22,23]. This study introduces a novel in sil-
ico-guided approach for the identification of small molecule
inhibitors targeting the C5a-C5aR1 signaling axis, a previ-
ously underexplored pathway in the treatment of DKD. By
combining computational drug discovery with in vitro vali-
dation, we provide new insights into the potential of C5aR1
inhibitors in modulating STAT3 activation and reducing
kidney inflammation, fibrosis, and apoptosis in DKD. This
work represents a preliminary basis for further innovative
strategies to develop targeted therapies that address both
the inflammatory and fibrotic processes in DKD, offering
a promising approach to improve patient outcomes in this
debilitating disease.

Materials and Methods

Materials

Standard compound PMXS53 (#219639-75-5) was pur-
chased from Sigma Aldrich (St. Louis, MO, USA). C5R-
131 (# 5858126) was purchased from ChemBridge in San
Diego, CA, USA. HK-2 cells (CRL-2190) were provided
by The American Type Culture Collection (Rockville, MD,
USA). The C5aR1 inhibition kit (# BAH-C5AR11-C5-1)
was obtained from RayBiotech Life, Inc. (Peachtree Cor-
ners, GA, USA). Phospho-STAT3 (Tyr705) Monoclonal
Antibody -PE (# 12-9033-42), CD31 (PECAM-1) Mono-
clonal Antibody (390), FITC (# 11-0319-42), and the An-
nexin V kit (# V13242) were from ThermoFisher, Grand
Island, NY, USA.

Methods
Structural Analysis of C5a

The Cryo-EM structure of C5aR1 was retrieved from
the Protein Data Bank (PDB) database (7Y67). The binding
interface between C5a and Guanine nucleotide-binding pro-
tein G(i) subunit alpha-1 (GNAI1) was identified using Dis-
covery Studio Visualizer. Receptor cavity prediction analy-
sis was performed using Discovery Studio Visualizer to lo-
cate potential druggable pockets within the C5aR1 protein
[24].

High-throughput Virtual Screening

A diversity-based HTVS was performed as described
previously [25]. Using the ChemBridge compound library,
containing approximately 850,000 molecules, as the source
of screening compounds, using the Autodock-Vina algo-
rithm from the SiBioLEAD server. The docking grid box
was kept at the predicted ligand binding cavity with 20 A
on all sides. The binding affinities of the compounds were
evaluated and ranked based on the docking scores.
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Absorption, Distribution, Metabolism, Excretion, and
Toxicity (ADMET) Predictions

The ADMET properties were assessed using the ab-
sorption, distribution, metabolism, excretion, and toxicity-
Artificial Intelligence (ADMET-AI) platform (https://adme
t.ai.greenstonebio.com/) [26]. Initially, compounds were
submitted to the platform for analysis after being con-
verted to Simplified Molecular Input Line Entry System
(SMILES) format. The pharmacokinetic features, such
as tissue distribution, metabolic stability, absorption effi-
ciency, and possible toxicity, were all predicted in detail
by the method. To make it easier to compare and choose
molecules with the best drug-like properties, these predic-
tions were represented graphically.

Molecular Dynamics Simulation

Molecular dynamics (MD) simulations were carried
out as described elsewhere [27]. The investigation was
conducted using the GROMACS software suite through
the SiBioLEAD MD simulation platform. To simulate the
solvent environment, the C5a-C5R-131 complex was sub-
merged in a solvated triclinic box filled with Simple Point
Charge (SPC) water molecules. To neutralize the system,
sodium chloride (NaCl) was introduced at a physiologi-
cal concentration of 0.15 M after the system was param-
eterized using the optimized potentials for liquid simula-
tions (OPLS) force field. The simulation system under-
went an initial energy minimization step using the steep-
est descent algorithm for 5000 steps, aimed at eliminat-
ing steric clashes and optimizing the geometry of the sys-
tem. After energy minimization, a two-phase equilibration
process, i.e., NVT (constant volume and temperature), and
NPT (constant pressure and temperature), was performed
under isothermal-isobaric conditions (300 K, 1 bar) for 300
ps to allow the system to stabilize before running the pro-
duction simulations. The C5a-C5R-131 complex’s confor-
mational stability was evaluated by running production sim-
ulations for 100 ns, using the leap-frog integrator, and an-
alyzing the trajectory data for several metrics, including
Root Mean Square Deviation (RMSD). Additionally, de-
tailed analyses were conducted on hydrogen bonds and hy-
drophobic interactions between C5R-131 and C5aR1 to as-
sess the consistency and strength of the binding. These
analyses provided insights into the stability of the inhibitor
within the C5aR1 binding pocket, supporting the potential
of C5R-131 as a promising therapeutic agent for modulat-
ing C5a-C5aR]1 signaling.

Cell Free C5aR1 Inhibition Assay

In short, test wells pre-coated with C5aR1 were
added with 100 pL Log dilutions (0.1 nM to 10,000 nM) of
C5R-131 or the standard PMX53 combined with ligand pro-
tein concentrate at the required final concentrations. One
hundred microliters of diluent solution were added to the
blank wells. At room temperature, the plate was incubated
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for two and a half hours. After this incubation, 100 pL of
1 x detection antibody was added to each well, and the wells
were then rinsed four times with 1 x wash buffer before be-
ing left to incubate for an hour at room temperature. Af-
ter four washes with 1x wash buffer, 1 x Horseradish Per-
oxidase (HRP)-Conjugated anti-Immunoglobulin G (IgG)
solution was added to each well, and the wells were incu-
bated for an hour. Following four rounds of washing with
1 x wash buffer, each well received 100 pL of 3,3',5,5'-
Tetramethylbenzidine (TMB) One-Step Substrate Reagent,
which was then incubated for an additional half hour. A
FLUOstar Omega microplate reader (BMG LABTECH,
CARY, NC, USA) was used to measure absorbance at 450
nm after 50 pL of stop solution was added directly to each
well to stop the color generation. GraphPad Prism software
(version 6.0, GraphPad Software, Inc., La Jolla, CA, USA)
was used to compute and analyze the % inhibition of ki-
nase activity after subtracting blank data. Values for the
half-dose inhibitory concentration (ICsg) were displayed.

Cell Viability Assay

Cells used in this study were authenticated by short
tandem repeat (STR) profiling and routinely tested for
mycoplasma contamination using polymerase chain re-
action (PCR)-based assays. Only mycoplasma-free and
STR-validated cells were used for all experimental proce-
dures. Before proceeding with the DKD model, we as-
sessed the tolerated dose of C5R-131 in HK-2 cells by
analyzing the cell viability. HK-2 cells were cultured in
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-
12 (DMEM/F12) medium (ThermoFisher, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin-amphotericin B, 1% L-
glutamine, and 1% insulin-transferrin-selenium (ITS) sup-
plement (ThermoFisher, Grand Island, NY, USA). As
reported before, the (3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) assay (MTT assay) was em-
ployed to determine cell viability. The cells were seeded
in 96-well plates (5 x 103 cells/well) and treated with dif-
ferent concentrations of C5R-131 for 72 hours. Following
that, the cells were treated with 1 mg/mL MTT (#M2003,
Sigma Aldrich, USA), incubated for 4 hours, and then dis-
solved in dimethyl sulfoxide (DMSO). The absorbance was
measured at 560 nm using a FLUOstar Omega microplate
reader (BMG LABTECH, CARY, NC, USA). The percent-
age of viable cells relative to the untreated control was pre-
sented.

Apoptosis Assessment

We mimicked DKD using high glucose (HG) condi-
tions as described elsewhere [28] to evaluate the necro-
sis/ apoptosis post-C5aR1 inhibition by C5R-131. The
cell culture medium was switched to DMEM normal glu-
cose (NG, 5.5 mM glucose, ThermoFisher, Grand Island,
NY, USA) one week before the start of the experiments.
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A 10% FBS supplement was added, along with 1% peni-
cillin/streptomycin/amphotericin B, 1% glutamine, and 1%
insulin-transferrin-selenium (ITS) (ThermoFisher, Grand
Island, NY, USA). HK-2 cells at a concentration of 2.5
x 105 were seeded and cultivated to 90% confluence for
the experiments. After C5R-131 treatments, cells were
exposed to medium DMEM NG or DMEM high glucose
(HG, 25 mM glucose, ThermoFisher, Grand Island, NY,
USA) for 24 hours, supplemented with 0.5% FBS, 1% peni-
cillin/streptomycin/amphotericin B, 1% glutamine, and 1%
ITS. After the incubation period, the cells were stained
with 0.25 pg/mL Annexin V reagent, 0.5 pg/mL propid-
ium iodide (PI) for 15 minutes in the dark after a couple
of washes using the kit’s buffer and resuspended in Hank’s
Balanced Salt Solution (HBSS) buffer. To differentiate be-
tween healthy, apoptotic, and necrotic cells, flow cytometry
was performed by collecting data from 1 x 103 events using
a Guava easyCyte system (Guava easyCyte™ HT System,
Merk Millipore, Billerica, MA, USA). The results were
then examined using InCyte software (version 2.7, Merk
Millipore, MA, USA). GraphPad Prism software (version
6.0, GraphPad Software, Inc., La Jolla, CA, USA) was used
to present the results.

STAT3 Inhibition and CD31 Expression Assay (Flow
Cytometry)

As mentioned in the previous section, HK-2 cells were
grown in both NG and HG environments. Cells were taken
off the plates and placed in sterile Eppendorf tubes after
being treated for 24 hours with different concentrations of
C5R-131. After 10 minutes of 4% formaldehyde fixation,
the cells were subjected to a 15-minute treatment with 90%
methanol at —20 °C. After that, the cells were cultured in
10% normal goat serum and 1x HBSS buffer to prevent
non-specific protein-protein interactions. The cells were
stained with Phospho-STAT3 (Tyr705) Monoclonal Anti-
body -PE (0.06 pg) or CD31 (PECAM-1) Monoclonal Anti-
body (390), FITC (0.5 pg) for 15 minutes in the dark. Back
in the HBSS buffer. The cells were suspended once again
in the HBSS solution following two washes to remove any
residual dye. Five thousand events were collected using a
Guava easyCyte flow cytometer system (Guava easyCyte™
HT System, Merk Millipore, MA, USA). Using Millipore’s
InCyte software (version 2.7, Merk Millipore, MA, USA),
analysis was performed to determine the proportion of pos-
itive populations to compare to the untreated controls.

Statistical Analysis

All data were analyzed using GraphPad Prism soft-
ware (version 6.0). Results were expressed as the mean +
standard deviation (SD) of at least three independent ex-
periments. Statistical comparisons between groups were
performed using one-way/two-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test,
with *p < 0.05 considered statistically significant.

Results

Structural Analysis of C5aR1 Protein Complex

To identify novel small molecule inhibitors against
C5aR1 activity, we first examined the structural interaction
between C5aR1 and other proteins, i.e., GNAIL. The Cryo-
EM structure of C5aR1 was analyzed (Fig. 1a). The results
show the complex between C5aR1 (white) and the Guanine
nucleotide-binding protein G(i) subunit alpha-1 (GNAI1;
green), illustrating the binding interface between the two
proteins. Fig. 1b presents the interaction analysis of C5a,
highlighting the region (yellow) that is critical for interac-
tions with GNAII. This analysis identifies specific residues
of C5aR1 that play a pivotal role in the formation of the
complex. Based on this, we analyzed the presence of a
druggable pocket within the C5aR1 protein through recep-
tor cavity prediction analysis. Results show a large pocket
(Fig. lc; green mesh) in C5aR1. This pocket is suggested
as a potential target for therapeutic intervention.

High-throughput Virtual Screening

To identify novel lead molecules for C5aR1 and to
evaluate the docking potential, a diversity-based HTVS
analysis was conducted for the ChemBridge library against
C5aR1. Results show the predicted docking energies
(Fig. 2). The histogram in Fig. 2a illustrates the distri-
bution of docking energies, highlighting a broad range of
binding affinities among the compounds. Several com-
pounds demonstrate low predicted docking energies, sug-
gesting stronger interactions with C5aR1, while others ex-
hibit higher energies, indicating weaker binding. Fig. 2b
displays the predicted docking energies for the top 5 com-
pounds, which were identified as having the most favor-
able interactions with C5aR1, based on their lower docking
energy values. These compounds show potential as high-
affinity binders, making them strong candidates for further
investigation.

ADMET Predictions Identify C5R-131 as a Lead
Molecule

To identify the best lead compound for C5aR 1, we per-
formed ADMET calculations for the top 5 predicted com-
pounds against C5aR1. Results show the ADMET proper-
ties (Fig. 3), including absorption, distribution, metabolism,
excretion, and toxicity predictions, derived from ADMET-
Al analysis. Fig. 3a—e provide a detailed overview of the
predicted ADMET profiles for each compound. The analy-
sis reveals that compound C5R-131 exhibited a favorable
pharmacokinetic property, such as high absorption rates,
favorable distribution characteristics, and low toxicity po-
tential. Comparing the docking scores and the ADMET-AI
predictions C5R-131 is a better lead molecule than C5R-
130 or C5R-091 to pursue forward, therefore selected for
further evaluations.
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Fig. 1. Structure of C5aR1. (a) Retrieved Cryo-EM structure of C5aR1 showing the complex between C5aR1 (white) and Guanine
nucleotide-binding protein G(i) subunit alpha-1 (GNAII; green). (b) C5aR1 interaction analysis highlighting the region of importance in
C5aR1 participating in interactions with GNAI1 protein (highlighted in yellow). (c) Presence of a druggable pocket in the C5aR1 protein
identified through Receptor cavity prediction analysis. C5aR1, complement component 5a Receptor 1.
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Fig. 2. High-throughput virtual screening. (a) Histogram representing the predicted docking energies for ChemBridge compounds
against complement component 5a (C5a) based on Diversity-based high-throughput virtual screening (HTVS) analysis. (b) Predicted

docking energies for the top 5 compounds.

Protein-ligand Interaction Analysis of
C5R-131::C5aR1 Complex

To investigate the protein-ligand interactions of CSR-
131 with C5aR1, docking studies were performed to predict
the binding pose of C5R-131. Results show the predicted
docking pose for C5R-131 bound to C5aR1 at its predicted
ligand binding cavity (Fig. 4a). The docking analysis re-

veals the positioning of C5R-131 within the cavity, sug-
gesting key interactions. Fig. 4b presents the protein-ligand
interaction analysis of C5R-131 in complex with C5aR1,
highlighting the amino acid interactions that stabilize the
complex. This analysis identifies crucial residues of C5aR1
involved in ligand binding. Additionally, Fig. 4c provides
a 2D representation of the interactions between C5R-131
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Fig. 3. ADMET property prediction. (a—¢) ADMET-Al-based predictions for the top 5 predicted compounds against C5aR1. ADMET-
Al, absorption, distribution, metabolism, excretion, and toxicity-Artificial Intelligence.

and the amino acid residues of C5aR1, illustrating the spe-
cific contacts and interactions at the interface of the com-
plex. The 2D interaction map highlights key amino acids,
including VAL 247, ILE 299, TYR 222, and others, inter-
acting with the ligand (Fig. 4c).

Molecular Dynamics Simulation of C5R-131::C5aR1
Complex

To assess the stability of the C5R-131 binding to
C5aR1, a molecular dynamics (MD) simulation was con-
ducted over a 100-ns timespan. Fig. 5a,b show snapshots
of simulation trajectory frames taken before and after the
100 ns simulation, respectively, illustrating that C5R-131
binds stably at the predicted pocket in the C5aR1 protein.
The binding stability of C5SR-131 within the binding cavity
is maintained throughout the simulation, suggesting a stable
interaction between the ligand and protein. Fig. Sc presents
the predicted ligand Root Mean Square Deviation (RMSD)
for C5R-131, calculated from the 100 ns simulation tra-
jectories. The RMSD data reveal that CSR-131 exhibits
minimal deviation, indicating a stable binding pose within
the C5aR1 binding pocket throughout the simulation pe-
riod. Fig. 5d illustrates the predicted protein-ligand hydro-
gen bonds (h-bonds) for the 100 ns simulation, calculated
from the simulation trajectories. The analysis highlights
the formation of stable hydrogen bonds between C5R-131
and key amino acids of the C5aR1 protein, contributing to
the overall stability of the complex. Molecular Mechanics
Poisson—Boltzmann Surface Area (MMPBSA )-based bind-

ing energy calculation from the 100 ns simulation trajec-
tories shows C5R-131 has —21.11 kcal/mol when bound to
C5aR1 (Fig. Se).

Dose-dependent Inhibition of C5aR1 by C5R-131

The inhibitory activity of C5R-131 was assessed using
a cell-free enzyme assay kit to validate the computational
predictions. With an IC5q value of 53.75 +17.91 nM, C5R-
131 efficiently suppressed the C5aR1 activity (Fig. 6a). The
IC5q value of PMX53, a common C5aR1 inhibitor, was 18
=+ 4.41 nM (Fig. 6b). We used the near ICy5, IC50, and
IC;¢g doses C5R-131 (25 nM, 50 nM, and 100 nM, respec-
tively) for dose-dependent studies in the following cellular
experiments. We also checked the effect of PMX53 on the
viability of HK-2 cells. The viability of HK-2 cells was
unaltered from 0 to 3000 nM (Fig. 6¢). However, a signifi-
cant reduction (* p < 0.05) in the viability of the HK-2 cells
at 5000 nM and 10,000 nM treatments of PMX53 was ob-
served (Fig. 6¢). The non-toxic dose level of 3000 nM was
very much higher than the PMX53 concentrations (25 nM,
50 nM and 100 nM) which was tested in other assays.

C5R-131 Treatment Protects Against Apoptosis in
HG-exposed HK-2 Cells

Prior, the effect of the compound on normal HK-2
cells was assessed using the MTT assay for determining
the cell viability. C5R-131 did not alter the viability of
these cells up to 3000 nM and lower concentrations tested
(Fig. 6¢). Apoptosis was assessed to determine the protec-
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Fig. 4. Protein-ligand interaction analysis of C5R-131. (a) predicted docking pose for C5R-131 bound to C5aR1 at its predicted ligand

binding cavity. (b) Protein-ligand interaction analysis of C5R-131 in complex with C5aR1 protein showing amino acid interactions. (c)

2D representation of C5R-131 interactions with amino acid residues of C5aR1.

tive effects of C5R-131 in the HG-induced HK-2 cells us-
ing flow cytometry (Fig. 7a). The results demonstrated that
HG exposed HK-2 cells showed 27.9% early and 11.6%
late apoptosis cells after 24 hours (Fig. 7b). The num-
ber of necrotic populations was 5.65% in HG-exposed HF-
2 cells after 24 hours. These numbers were significantly
higher (*** p < 0.001) than the normal glucose (NG) ex-
posed HF-2 cells at 24 h, which had 2.89%, 2.1%, and
1.1% early apoptosis, late apoptosis, and necrotic cells, re-
spectively (Fig. 7b). Treatment with near ICo5, ICsq, and
ICy g doses of C5R-131 dose dependently reduced the pro-
portion of early apoptotic, late apoptotic, and necrotic cells
compared to the untreated HG exposed control HK-2 cells
(Fig. 7a). Treatment with 25 nM C5R-131 reduced early
apoptosis and late apoptosis to 14.84% and 8.04% respec-
tively, in these cells (Fig. 7b). The necrotic population in 25
nM C5R-131-treated HG-HK-2 cells was 2.21% (Fig. 7b).
A similar pattern of further significant reduction in the early
phase apoptosis, late phase apoptosis, and necrosis was
observed at 50 nM and 100 nM treatments of C5R-131
(Fig. 7a,b) (** p < 0.01).

C5R-131 Inhibited STAT3 Activation and Reduced
the DKD Marker CD31 in HG-HK-2 Cells

To assess the effect of C5R-131 on STAT activation,
a flow cytometry-based STAT3 assay was conducted. HK-
2 cells exposed to HG medium were treated with C5R-131
and compared with NG HK-2 cells (Fig. 8a). The percent-

age of positive phospho-STAT3 HK-2 cells was then ana-
lyzed. After 24 h, the normal glucose (NG) HK-2 cells had
a 1.38% positive population of p-STAT3 cells, while HG-
HK-2 cells had a significant increase (*** p < 0.001) of
23.84% p-STAT3 positive cells (Fig. 8b). Treatment with
25 nM, 50 nM, and 100 nM of C5R-131 significantly re-
duced (** p < 0.01) the percentage of positive p-STAT3
cells to 10.13%, 7.16%, and 2.53%, respectively (Fig. 8b).
On the other hand, the normal glucose (NG) HK-2 cells had
65.66% positive population of CD31 cells, while HG-HK-
2 cells had a significant reduction (* p < 0.05) of 23.78%
CD31 positive cells (Fig. 9a,b). Treatment with 25 nM, 50
nM, and 100 nM of CD31 significantly (* p < 0.05) in-
creased the percentage of positive CD31 cells to 41.04%,
48.90%, and 60.16%, respectively (Fig. 9a,b).

Discussion

C5a, through its receptor C5aR1, plays a critical role
in the pathogenesis of DKD. In DKD, C5a contributes to
both glomerular injury and tubulointerstitial fibrosis, two
hallmark features of kidney dysfunction [29]. The C5a-
C5aR1 axis regulates immune cell recruitment, endothelial
dysfunction, and the activation of signaling pathways that
exacerbate kidney damage [30]. C5a promotes the infiltra-
tion of neutrophils, macrophages, and other immune cells
into the kidney, amplifying the inflammatory response.
Moreover, C5a directly activates fibroblasts and renal tubu-
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lar cells, leading to increased production of extracellular
matrix components and fibrosis [31]. This scarring of kid-
ney tissue results in progressive loss of renal function and
the development of DKD. Targeting C5a with C5R-131 of-
fers a promising strategy to slow or prevent DKD progres-
sion by reducing inflammation, immune activation, and fi-
brosis.

Structural analysis of C5a revealed its complex forma-
tion with the Guanine nucleotide-binding protein G(i) sub-
unit alpha-1 (GNAII), which plays a role in signaling path-
ways related to inflammation and cell survival. The struc-
tural data highlighted a druggable pocket within C5aR1,
making it a viable target for therapeutic intervention. This
discovery supports the development of small molecules,
such as C5R-131, which can block the C5a-C5aR1 inter-
action, thereby interrupting the signaling pathway critical
for the progression of DKD [11]. The identification of this
pocket within C5aR1 offers valuable insight into the design
of targeted inhibitors that may have therapeutic potential in
kidney diseases.

Through HTVS, this study identified several lead
compounds, with C5R-131 emerging as a top candidate.
ADMET analysis confirmed C5R-131 to possess favor-
able pharmacokinetic properties, such as high absorption
rates, favorable distribution characteristics, and low tox-
icity. Based on its favorable ADMET properties, C5R-
131 shares similarities with SGLT2 inhibitors like em-
pagliflozin and canagliflozin, which are used to treat DKD
by reducing inflammation and fibrosis [32]. Like SGLT2
inhibitors, C5R-131 targets inflammatory pathways, offer-
ing a complementary approach to current therapies. Its
promising ADMET profile suggests it could provide thera-
peutic benefits with minimal adverse effects in DKD treat-
ment. These properties make C5R-131 a therapeutic can-
didate for further development targeting C5a in DKD [33].
The ADMET profile supports the potential of CSR-131 for
oral bioavailability and therapeutic use, offering a favorable
alternative to more invasive treatment options [34].

The protein-ligand interaction analysis and molecular
dynamics (MD) simulations further confirmed the stable
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binding of C5R-131 to C5aR1. The stability of the C5R-
131-C5aR1 complex was maintained throughout the 100ns
simulation, indicating that CSR-131 binds strongly to C5a
and remains stable over time [35]. The formation of hydro-

gen bonds between C5R-131 and critical residues of C5aR1
contributed to the overall stability of the complex. These
findings provide a solid foundation for the continued ex-
ploration of CSR-131 as a potential therapeutic inhibitor of
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C5a signaling in DKD and other related diseases [8]. Our
in vitro observations were in par with these computational
data, where a dose-dependent C5aR1 inhibition by C5R-
131 was observed.

Previous studies have shown that complement activa-
tion, especially via the C5a-C5aR1 axis, is a key contrib-
utor to DKD progression. C5a enhances leukocyte infil-
tration, promotes pro-inflammatory cytokine release (such
as IL-6, TNF-«), and stimulates profibrotic mediators like
TGF-$1, leading to glomerular and tubular damage [36].
Inhibiting C5aR 1 would therefore help to overcome cellular
damage in DKD. In this context, we mimicked high glucose
conditions in HK-2 cells and observed the effect of C5R-
131 with relevant to cell integrity, apoptosis, and necrosis.
C5R-131 treatment significantly protected HK-2 cells from
apoptosis and cell death induced by high glucose. Flow cy-
tometry analysis using Annexin V/PI staining demonstrated
that C5R-131 significantly reduced the proportion of apop-
totic and necrotic cells compared to untreated HG-exposed
control cells. This protective effect suggests that CSR-131
helps preserve kidney cell integrity and function, which is
essential for alleviating the progression of DKD. By reduc-
ing apoptosis and necrosis [37]. C5R-131 may provide a
crucial protective effect against kidney damage induced by
chronic hyperglycemia [36].

The STAT3 pathway has been recognized as a criti-
cal mediator of inflammation, fibrosis, and cell survival in
the DKD. The activation of STAT3, therefore, may con-
tribute to a pro-inflammatory and pro-fibrotic environment,
which leads to the progressive kidney damage characteris-
tic of the disease [6]. This pathway is activated by vari-
ous cytokines such as IL-6 and growth factors like TGF-3,
which play a role in regulating cell proliferation, survival,
and fibrosis [38]. Studies have demonstrated that C5a, a
pro-inflammatory cytokine produced during complement
activation, significantly increases STAT3 pathway activa-
tion [39,40]. This finding suggests that C5a plays a pivotal
role in the inflammatory and fibrotic processes observed in
DKD. Our results indicate that CSR-131 effectively inhibit
STAT3 phosphorylation. While C5R-131 inhibits STAT3
phosphorylation, its impact on renal fibrosis and inflamma-
tion may be attributed to STAT3’s role in regulating pro-
inflammatory cytokine production, cell survival, and the
activation of fibrotic pathways. By preventing STAT3 ac-
tivation, C5R-131 likely reduces the expression of key fi-
brotic markers like TGF-3 and collagen, while also modu-
lating the inflammatory response by inhibiting immune cell
infiltration and cytokine secretion. By blocking C5a signal-
ing through the C5aR1 [41], C5R-131 may offer therapeu-
tic benefits in treating DKD by disrupting these pathologi-
cal cascades. In addition to inhibiting C5a-C5aR1 binding,
C5R-131 was shown to reduce STAT3 activation in HK-2
cells treated with high glucose, mimicking the diabetic con-
dition [8,11]. The flow cytometry analysis revealed that
C5R-131 effectively inhibited STAT3 phosphorylation in
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a dose-dependent manner, providing compelling evidence
for its ability to modulate STAT3 signaling in DKD. This
suggests that CSR-131 can mitigate the inflammatory and
fibrotic responses in kidney cells, which are key features in
the progression of DKD.

Finally, C5R-131 was shown to stabilize CD31 ex-
pression, an endothelial cell marker, in HK-2 cells. CD31
functions as a key regulator of leukocyte transmigration,
vascular permeability, and endothelial cell integrity. In the
context of DKD [42], its expression is dysregulated, play-
ing a contributory role in disease onset and progression
[43]. C5a facilitates the endothelial-to-myofibroblast tran-
sition (EndMT), a pathological process in which endothe-
lial cells acquire myofibroblast-like characteristics, con-
tributing to renal fibrosis and a corresponding decline in
CD31 expression within the glomeruli [44]. Observed in-
crease in CD31 levels suggests that C5R-131 may inhibit
endothelial cell activation and modulate the endothelial bar-
rier function [45,46]. Given the significant role of endothe-
lial dysfunction in the pathogenesis of DKD, this finding
underscores the therapeutic potential of C5R-131 in miti-
gating vascular complications. Chronic hyperglycemia in
DKD induces endothelial activation, characterized by in-
creased expression of adhesion molecules (e.g., ICAM-1,
VCAM-1), enhanced leukocyte adhesion, and disrupted ni-
tric oxide (NO) signaling, all of which contribute to mi-
crovascular inflammation and capillary rarefaction. C5a,
through its interaction with C5aR1 on endothelial cells, fur-
ther exacerbates this dysfunction by promoting oxidative
stress and pro-inflammatory signaling. By antagonizing
C5aR1, C5R-131 may restore endothelial homeostasis, re-
duce leukocyte-endothelial interactions, and preserve mi-
crovascular integrity, thereby playing a critical role in pre-
venting progressive vascular injury and albuminuria asso-
ciated with DKD.

The findings of this preliminary investigation are lim-
ited to the identification of a novel C5aR1 inhibitor, which
may be developed as a novel therapeutic drug against DKD.
The promising preclinical findings of C5R-131 suggest its
potential for translating into clinical practice as a targeted
therapy for DKD by modulating key inflammatory and fi-
brotic pathways. However, challenges in drug development
may arise, including the need for thorough clinical testing to
confirm its long-term safety, potential off-target effects, and
efficacy in diverse patient populations, particularly given
the complexity of complement system signaling and the risk
of immunosuppression.

Conclusion

In conclusion, C5R-131 was identified as a promising
therapeutic candidate for Diabetic Kidney Disease by ef-
fectively inhibiting C5a-C5aR1 signaling, reducing STAT3
activation, protecting against apoptosis, and modulating en-
dothelial cell activity. Its favorable pharmacokinetic prop-
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erties, strong binding affinity, and protective effects in
DKD make it an attractive candidate for further preclini-
cal and clinical development. Further studies are warranted
to explore its full therapeutic potential in DKD and other
diseases associated with C5a activation.
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