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Abstract

Ceftazidime-Avibactam (CAZ-AVI) has demonstrated good efficacy in treating pneumonia. Currently, research on
CAZ-AVI is primarily focused on its direct antibacterial effects, while exploration of its potential host targets remains
relatively limited. In light of this, our study innovatively employs a research strategy that integrates network pharma-
cology and computer-aided drug design to systematically explore the potential host targets of CAZ-AVI. We identified
141 intersecting targets in CAZ-AVI-treated pneumonia, with key targets including Epidermal Growth Factor Receptor
(EGFR), Src Proto-Oncogene (SRC), Signal Transducer and Activator of Transcription 3 (STAT3), Heat Shock Protein 90
Alpha Family Class A Member 1 (HSP90AA1), Caspase 3 (CASP3) and Nuclear Factor Kappa B Subunit 1 (NFKB1). By
inhibiting or activating these target proteins, CAZ-AVT plays a significant regulatory role in cell proliferation, apoptosis,
signal transduction, and immune responses. Our experimental results further confirmed that the compound possesses
activities in inhibiting cell proliferation and promoting apoptosis. CAZ-AVT can correct cellular dysfunction and opti-
mize immune responses, thereby providing new strategies and insights for the treatment of pneumonia.
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1. Introduction

Pneumonia is a disease with a high incidence rate
worldwide, especially hospital-acquired pneumonia (HAP)
and ventilator-associated pneumonia (VAP).!2 The preva-
lence of multidrug-resistant (MDR) bacteria has further
complicated treatment, leading to increasing difficulty in
managing these conditions year by year3™* Ceftazi-
dime-Avibactam (CAZ-AVI) is an antibacterial combina-
tion composed of ceftazidime, a third-generation cephalo-
sporin, and avibactam, a novel non-f-lactam S-lactamase
inhibitor.>~” It has been approved for the treatment of com-
plex infections, including HAP and VAP. CAZ-AVI en-
hances the antibacterial activity of ceftazidime by inhibit-
ing bacterial S-lactamases, thereby effectively combating a
wide range of drug-resistant bacteria,® ' such as KPC-pro-
ducing Klebsiella pneumoniae (KPC-Kp) and carbapen-
em-resistant Enterobacteriaceae (CRE).

Currently, research on CAZ-AVT is primarily focused
on its direct antibacterial effects,'!~!* while exploration of its
potential host targets remains relatively limited. However,
recent studies have indicated that this drug may indirectly

influence the outcomes of infectious diseases through mul-
tiple pathways, such as modulating the host immune re-
sponse, regulating inflammatory signaling pathways, and
promoting tissue repair mechanisms.!*1¢ This finding of-
fers a new perspective for a deeper understanding of the
pharmacological mechanisms of CAZ-AVI. Elucidating
these potential mechanisms of action will not only help op-
timize clinical strategies for the use of CAZ-AVI but also
provide a theoretical basis for the development of new ther-
apeutic targets against drug-resistant bacterial infections.

In this study, we innovatively employed a research
strategy that integrates network pharmacology and com-
puter-aided drug design to systematically explore the po-
tential host targets of CAZ-AVI. By leveraging cutting-edge
technologies such as bioinformatics, molecular docking,
and network analysis, we constructed a multidimensional
interaction network of “drug-target-pathway-disease” We
hope that this approach will not only expand our under-
standing of the mechanisms of action of CAZ-AVI but also
provide valuable insights for the development of novel
therapeutic strategies against drug-resistant bacterial in-
fections.
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2. Experimental
2. 1. Acquisition of Active Ingredient Targets

The SMILES files of the active ingredients ceftazi-
dime and avibactam were obtained from the PubChem
database. These SMILES files were then imported into the
Swiss Target Prediction database!” (http://www.swisstar-
getprediction.ch/) and SuperPred database!® (https://pre-
diction.charite.de/subpages/target_prediction.php)  for
target prediction.

2. 2. Pneumonia-Related Target Collection

Initially, known therapeutic targets for pneumonia
were retrieved from the GeneCards databases'® (https://
www.genecards.org/) and DisGeNET databases®® (http://
www.disgenet.org/) using the keyword “pneumonia”. Sub-
sequently, the gene names of these identified therapeutic
targets were input into the UniProt database?! (https://
www.uniprot.org) to locate corresponding proteins in
“Homo sapien”. Thereafter, the 3D structures of these pro-
teins were downloaded from the RCSB PDB database®?
(http://rcsb.org/). By leveraging these four databases, we
obtained potential human pneumonia-related target pro-
teins.

2. 3. Screening for Pneumonia and Drug-
Disease Intersection Targets

The ceftazidime and avibactam targets set and the
pneumonia-related gene set was imported into a Venn Dia-
gram (https://bioinformatics.psb.ugent.be/webtools/Venn/)
for further analysis. The main potential therapeutic targets
were identified based on the intersecting gene targets.

2. 4. Construction of Drug-Target Disease
Network

A protein-protein interaction (PPI) network was
generated to identify interacting proteins. The STRING
database version 12.0 (http://string-db.org) was used to
construct a PPI network for the antipneumonic effect of
CAZ-AV], with the species restricted to “Homo sapiens”
and an interaction score greater than 0.4. The PPI network
was then automatically transferred to Cytoscape 3.10.2 us-
ing the “Send Network to Cytoscape” option connected to
the String App. Cytoscape plug-in Cytohubba was used to
analyze topological parameters and select key treatment
targets.

2.5. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) Pathway Enrichment Analyses

To further investigate the molecular mechanism of
CAZ-AVTI against pneumonia, GO and KEGG pathway

analyses were performed using the David database (https://
david.ncifcrf.gov/home.jsp). The GO enrichment analysis
encompasses three main categories: biological process
(BP), molecular function (MF), and cellular component
(CC). KEGG pathway analysis was conducted to enhance
understanding of the interactions and functions of these
targets. The top 10 BP, CC, MF, and 20 KEGG pathways
were selected with a P-value < 0.05.

2. 6. Molecular Docking

Molecular docking of compounds into the six target
proteins was performed using AutoDock 4.2.6 with the
corresponding protocol, and interaction force diagrams
are plotted using PyMOL software?*-2%, The 3D structures
of protein in the docking study were downloaded from
Protein Data Bank. All bound waters and ligands were
eliminated from the protein, and the polar hydrogen was
added to the proteins. In our docking simulations, we de-
fined the active site based on the location of the native
co-crystallized ligand in each protein structure. Prior to
docking, the original co-crystallized small molecule ligand
was removed from the binding site. The ligand-binding
sites of all these proteins contain a substantial number of
hydrophobic amino acid residues, forming a predomi-
nantly hydrophobic environment. This serves as the foun-
dation for high-affinity binding of small molecule ligands
through hydrophobic effects and van der Waals forces.
Furthermore, a few key residues critical for binding or ca-
talysis are present in each active site; these residues repre-
sent central anchor points for drug molecule design.

2. 7. Experimental Protocol for Investigating
the Effects of CAZ-AVI on Host Cells

To investigate the effects of CAZ-AVI on host cells,
the following experimental protocol was designed. First,
A549 cells were seeded in 96-well plates at a density of
5,000 cells per well in 100 yL of complete DMEM medium
and incubated at 37 °C with 5% CO, until they reached
80% confluence, which typically took about 24 hours.
Next, CAZ-AVIwas prepared at various concentrations (5,
10, 20, and 50 mg/L), and the cells were treated with these
CAZ-AVI concentrations for 24, 48, and 72 hours. A con-
trol group treated with vehicle only was also included. To
assess cell viability, 20 yL of MTT solution (5 mg/mL) was
added to each well and incubated for 4 hours at 37 °C. Af-
ter incubation, the medium was removed, and 150 uL of
DMSO was added to dissolve the formazan crystals. Final-
ly, the absorbance was measured at 490 nm using a mi-
croplate reader.

We employed CAZ-AVTI at the conventional concen-
tration of 20 mg/L to further investigate its ability to in-
duce apoptosis. The apoptosis was assessed using flow cy-
tometry after treatment for 24, 48, and 72 hours. The cells
were stained with Annexin V-FITC and propidium iodide
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(PI) staining buffer, suspended at a concentration of 1x10°
cells/mL in 10° uL of staining solution. The cells were then
incubated in the dark at room temperature for 10-20 min-
utes before immediate detection by flow cytometry.

3. Results and Discussion
3. 1. Acquisition of CAZ-AVI Target

The target points of ceftazidime and avibactam were
obtained by the TCMSP Database and predicted by the
Swiss-Target-Prediction and SuperPred database, respec-
tively. After merging target data and deleting duplicate val-
ues, 106 cefazidime and 149 avibactam targets were saved
and standardized by the UniProt database. The target in-
formation is shown in Table S1. These collected targets
may be those that could have an impact on the human
body under the influence of the drug CAZ - AVI.

3. 2. Target Acquisition of Pneumonia Disease

After searching for genes related to pneumonia in
the GeneCards and DisGeNET databases, merging the two
databases, and removing duplicate data, the targets were
screened using the median Score value when the number
of targets was excessive, yielding a total of 4,237 targets,
shown in Table S2. The Venn diagram was plotted through
the online-accessible tools, after which 141 intersection
targets were obtained (Figure 1), and the detailed informa-
tion of these intersection targets are listed in Table S3. The
141 collected targets may be the relevant targets that could
have an impact on the human body during the treatment
of pneumonia with the drug CAZ - AVL

avibacatm

pneumonia

ceftazidime

Figure 1. Venn diagram was used to show all candidate, interaction
targets of CAZ-AVI and pneumonia.

Meanwhile, the STRING database was used to ana-
lyze the 141 targets with function-related PPI data; the

pharmacological targets of CAZ-AVI-treated pneumonia
and the function-related PPI network were constructed as
shown in Figure 2. In the PPI network diagram, nodes rep-
resent proteins, and edges represent interactions between
proteins. To more clearly analyze the importance of each
node protein within the entire network, we have conduct-
ed a visualization analysis with the aid of Cytoscape soft-
ware.

Figure 2. A total of 141 interaction targets in CAZ-AVI-treated
pneumonia were used for PPI network visualization (Only the top
targets are depicted).

3. 3. PPI Network Topology Parameters and
Core Targets

The mapped proteins were imported into the Cytos-
cape software to calculate the topological parameters of
the interaction network of CAZ-AVI-treated pneumonia
targets and function-related proteins. To further optimize
the display effect of the network diagram, we have chosen
a circular layout to arrange the nodes and used the size of
the nodes as well as the depth of their colors to make dis-
tinctions. Through this design, we are able to more clearly
and intuitively present the interactions between the target
proteins. As shown in Figure 3, we have successfully iden-
tified six core target proteins, namely Epidermal Growth
Factor Receptor (EGFR), Proto-oncogene Tyrosine Pro-
tein Kinase SRC (SRC), Signal Transducer and Activator
of Transcription 3 (STAT3), Heat Shock Protein 90 Alpha
Subunit 1 (HSP90AA1), Caspase 3 (CASP3), and Nuclear
Factor Kappa B Subunit 1 (NFKBI). (Figure 3). While
CAZ - AVI is treating pneumonia, it may influence cell
proliferation, survival, apoptosis, and immune responses
by modulating the activity of these six core target pro-
teins.

Zhang et al.: New Insights into CAZ-AVIs Pharmacological Mechanisms: ...



Acta Chim. Slov. 2025, 72, 866-876

PRKACA BTK conaz
ACE NFE2L2

SLC2A1

AR

. JAK3

- ©.0g
sérpingt M e
CASP1
PTPN11
PDGFR; CCR2
CDK4 _ o HDAC2

il B PTPN1
|CDK2 TYK2 CCR5

Figure 3. Top 6 key gene targets of bioactive ingredients ranked by
degree method in Cytoscape.

3. 4. Enrichment Analysis of Target Function
and Pathway

To understand the biological process of CAZ-AVI
regulating pneumonia diseases, an enrichment analysis of
GO and KEGG pathways was carried out. GO and KEGG
analyses were performed on 141 targets using the David
database. The top 10 enriched GO terms (BP, MF, and CC)
were identified and are shown in Figure 4. The biological
processes that CAZ-AVI mainly participates in include
signal transduction, proteolysis, inflammatory response,
response to xenobiotic stimulus, positive regulation of cell

i
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Figure 4. Enrichment analysis of CAZ-AVI major targets. Green is
biological process enrichment analysis, orange is cellular compo-
nent enrichment analysis, purple is molecular function enrichment
analysis.

population proliferation, et al. The functional proteins
with related targets that regulate diseases were mainly en-
riched in the plasma membrane, cytoplasm, cytosol, extra-
cellular exosome, et al. The main molecular function of
functional proteins that ATP binding, identical protein
binding, protein kinase activity, protein serine/threonine
kinase activity, etc.

The top 10 KEGG pathways are depicted in Figure 5
in a dot plot and the top 20 KEEG pathways, relevant tar-
gets in the signaling pathway of pneumonia is illustrated in
Table 1. The pathways involved mainly include Hepatitis B
and C, Measles, Efferocytosis, Thyroid hormone signaling
pathway, Insulin resistance, Toxoplasmosis, etc. The mo-
lecular functions and biological processes associated with
the target proteins of CAZ-AVI are closely related to the
occurrence and progression of pneumonia, indicating that
CAZ-AVI can treat pneumonia through multiple targets
and biological pathways.
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Figure 5. KEGG pathway enrichment bubble diagram of CAZ-AVI
targets.

3. 5. Molecular Docking

Molecular docking was performed to validate the in-
teraction of the six main target proteins, namely EGFR
(PDBID: 1M17), CASP3 (PDB ID: 1GFW) and SRC (PDB
ID:1A08), STAT3 (PDB ID: 6NJS), HSP90« (PDB ID:
6GQR) and NFxB1 (PDB ID: 3RZF) with two compounds,
ceftazidime and avibactam. The -CDOCKER_INTERAC-
TION_ENERGY (kcal/mol) results of the compound with
six target proteins are shown in Table 2. From the results,
we can see that the binding energy values of cefotaxime
with each target protein are very small. Except for STAT3,
these values are much lower than those of Avibactam. This
indicates that cefotaxime has a higher affinity for these tar-
get proteins and can bind to them more effectively, thereby
exerting its antibacterial action. The low docking scores
suggest that the scoring function values are merely a refer-
ence and do not directly equate to weak binding affinity
between the compound and the protein. Therefore, we will
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Table 1. Enrichment results from target pathways of CAZ-AVT in regulating pneumonia disease.

Pathway ID and Pathway pvalue count Genes

hsa05161: Hepatitis B 7.01.10714 22 MAP2K2, CHUK, SRC, STAT3, PIK3CD, TYK2, PIK3CB, NF«B1,
CASP9, CCNA2, CASPS, PIK3CA, CASP3, CDK2, PTK2B, MAPKI,
GRB2, JAK2, RAF1, JAK3, TLR4, JAK1

hsa05160: Hepatitis C 4.62-10713 21 GSK3B, MAP2K2, CHUK, STAT3, PIK3CD, NR1H3, TYK2, PIK3CB,
EGFR, NFxB1, CASP9, CASP8, PIK3CA, CDK4, CASP3, CDK2,
MAPKI1, GRB2, RAF1, PPARA, JAK1

hsa05162: Measles 4.52.10712 19 GSK3B, CHUK, CSNK2A2, STAT3, PIK3CD, TYK2, PIK3CB, NF«B1,
CASP9, CASPS, PIK3CA, CDK4, CASP3, CSNK2B, CDK2, JAK3,
TLR4, JAK1, BCL2L1

hsa04148: Efferocytosis 3.66-10711 19 P2RY12, CPT1A, MAP2K2, ITGB3, SLC2A1, ADAM10, NR1H3,
PTPN11, PTGS2, SIRT1, AXL, CASP3, ALOX5, CASP1, MAPKI,
ITGAYV, PPARG, JAK2, PPARD

hsa04919: Thyroid hormone 6.23-10°° 15 GSK3B, HDAC2, MAP2K2, SRC, ITGB3, SLC2A1, PIK3CD, PIK3CB,
signaling pathway MTOR, CASPY, PIK3CA, MAPK1, ITGAV, RAF1, PRKACA
hsa04931: Insulin resistance 1.39-1078 14 PTPNI1, GSK3B, PRKAA1, CPT1A, STAT3, SLC2A1, PIK3CD,
NR1H3, PTPNI11, PIK3CB, MTOR, NF«B1, PIK3CA, PPARA
hsa05145: Toxoplasmosis 1.95-1078 14 CHUK, STAT3, TYK2, NFxB1, CASP9, CASP8, CASP3, ALOX5,
MAPKI1, JAK2, CCR5, TLR4, JAK1, BCL2L1
hsa01522: Endocrine resistance 4.30-1078 13 MAP2K2, SRC, MMP2, PIK3CD, PIK3CB, EGFR, MTOR, PIK3CA,
CDK4, MAPK1, GRB2, RAF1, PRKACA
hsa05210: Colorectal cancer 1.04-1077 12 CASP9, GSK3B, MAP2K?2, PIK3CA, CASP3, MAPK]1, PIK3CD,
GRB2, PIK3CB, RAF1, EGFR, MTOR
hsa05222: Small cell lung cancer 2.08-1077 12 CASP9, PIK3CA, CHUK, CDK4, CASP3, CDK2, PIK3CD, ITGAYV,
PIK3CB, PTGS2, NF«B1, BCL2L1
hsa05214: Glioma 2.76-1077 11 PDGFRB, MAP2K2, PIK3CA, CDK4, MAPK1, PIK3CD, GRB2,
PIK3CB, RAF1, EGFR, MTOR
hsa04012: ErbB signaling pathway 8.96-1077 11 GSK3B, MAP2K2, PIK3CA, SRC, MAPK1, PIK3CD, GRB2, PIK3CB,
RAF1, EGFR, MTOR
hsa04920: Adipocytokine signaling 1.36-107¢ 10 PRKAAI1, CPT1A, CHUK, STAT3, SLC2A1, PTPN11, JAK2, PPARA,
pathway NFxB1, MTOR
hsa04664: Fc epsilon RI signaling ~ 1.18-107° 9 MAP2K2, PIK3CA, ALOX5, BTK, MAPK1, PIK3CD, GRB2, PIK3CB,
pathway RAF1
hsa05211: Renal cell carcinoma 1.32-10°° 9 MAP2K2, PIK3CA, SLC2A1, MAPK]1, PIK3CD, GRB2, PTPN11,
PIK3CB, RAF1
hsa05218: Melanoma 1.80-107° 9 PDGFRB, MAP2K2, PIK3CA, CDK4, MAPK1, PIK3CD, PIK3CB,
RAF1, EGFR
vhsa04213: Longevity regulating 5.05-107° 8 PRKAA1, HDAC2, PIK3CA, PIK3CD, PIK3CB, PRKACA, SIRT1,
pathway — multiple species MTOR
vhsa04930: Type 11 diabetes mellitus 8.84-10> 7 PIK3CA, CACNA1B, MAPK]1, PIK3CD, PIK3CB, GCK, MTOR
hsa04960: Aldosterone-regulated 2.91-1073 5 PIK3CA, MAPK1, PIK3CD, PIK3CB, NR3C2
sodium reabsorption
hsa04981: Folate transport and 1.26-1072 4 DHEFR, SLC46A1, FOLH1, TYMS
metabolism
conduct a more detailed analysis of the interactions be- To better illustrate the key amino acid residues in the
tween the compound and the key amino acid residues in protein active cavity sites of the two compounds, we pres-
the protein's active site. ent a schematic diagram of the interaction forces between
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Table 2. The -CDOCKER_INTERACTION_ENERGY (kcal/mol) obtained by the CDOCKER protocol.

Compounds - CDOCKER_INTERACTION_ENERGY (kcal/mol)

EGFR CASP3 STAT3 HSP90« NFxB1
Ceftazidime 54.9157 54.8521 47.5104 35.2772 51.839 62.3653
Avibactam 26.8875 29.769 22.8155 20.4921 29.0647 30.9758

the small molecule ligands of the six protein cocrystals and
the relevant amino acid residues in their cavity sites, as
shown in Figure 6.

The Figure 6 presents six protein structures (EGFR,
CASP3, SRC, STAT3, HSP90«, NF«B1), each shows small
molecule ligands bound to active sites with key amino ac-
ids. In EGFR, the ligand forms a conventional hydrogen
bond with MET A:769 and exhibits pi-alkyl interactions
with LYS A:721, LEU A:820, ALA A:719, and LEU A:694,
along with carbon hydrogen bonds with GLN A:767 and
PRO A:770. In CASP3, the ligand engages in conventional
hydrogen bonds with GLY A:122, CYS A:163, and ARG
B:207, pi-pi T-shaped interactions with TYR B:204 and
PHE B:256, pi-alkyl interactions with MET A:61 and HIS
A:121, and a pi-cation interaction with ARG B:207. In
SRC, the ligand forms conventional hydrogen bonds with
HIS A:204, ARG A:158, THR A:182, and GLU A:181, and
various conjugation interactions with LEU A:204, LYS

A:206, CYS A:188, and ARG A:178. In STATS3, the ligand
forms conventional hydrogen bonds with GLN A:644, SER
A:636, GLU A:638, TYR A:657, SER A:611, and SER
A:613, and interacts through conjugation interactions
with PRO A:639 and VAL A:637. In HSP90a, the ligand
forms conventional hydrogen bonds with ASN A:106,
PHE A:138, and ASP A:93, pi-alkyl interactions with ALA
A:55, and pi-sigma interactions with MET A:98.In NF«B1,
the ligand forms conventional hydrogen bonds with LEU
A:21, ASP A:103, and LYS A:106, and exhibits conjugation
interactions with VAL A:29, VAL A:152, MET A:96, ILE
A:165, and CYS A:99. These interactions collectively un-
derscore the diverse binding forces that stabilize the ligand
within the active sites of these proteins.

Avibactam also exhibits a certain degree of affinity
for these six target proteins, although its affinity is relative-
ly weaker compared to ceftazidime. To delve deeper into
the reasons behind this phenomenon, we conducted a de-
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Figure 6. Schematic of interaction forces between ligands in six protein cocrystals and residues in active sites.
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STAT3-CAZ

HSP9%0a-CAZ

NFxB1-CAZ

Figure 7. Protein-ligand interactions of CAZ complexed with six core targets.

tailed analysis of the three-dimensional (3D) structural
diagrams of the binding sites of these two compounds with
the six target proteins, as shown in Figure 7-8.

From Figures 7, we can clearly see that CAZ is capa-
ble of forming a variety of interaction forces with the target
proteins, including conventional hydrogen bonds, various

G772

ILE-659

STAT3-AVI

Figure 8. Protein-ligand interactions of AVI complexed with six core targets.

CASP3-AVI

HSP90a-AVI

conjugation interactions and so on. Compared to the orig-
inal ligands of these proteins, CAZ shares many common
amino acid residues at the active site. In EGFR, CAZ forms
hydrogen bonds with LYS A:721, similar to the original li-
gand, and also with PRO A:770, stabilizing its binding to
EGFR. In CASP3, CAZ interacts with HIS A:121, CYS

e W, .-

GLU-97

ILE-165

NFrxB1-AVI
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A:163, TYR A:204, ARG A:207, and ASN A:208, mirroring
the original ligand's binding mode and explaining its
strong interaction with the protein. In SRC, CAZ forms
hydrogen bonds with HIS A:204, TYR A:205, and LYS
A:206, mostly aligning with the original ligand's key resi-
dues. In STAT3, CAZ binds to VAL 637, PRO 639, GLN
644, and TYR 657, forming hydrogen bonds with all ex-
cept TYR 657, enhancing its stability at the protein active
site. In HSP90«, CAZ interacts with ASN A:51, ALA A:55,
MET A:98, and PHE A:138, and additionally forms hydro-
gen bonds with VAL A:136 and GLY A:137, further
strengthening its binding. In NF«xB1, CAZ forms hydro-
gen bonds with LEU 21, CYS 99, ASP 103, ILE 165, THR
23, GLU 97, and ASP 103, except ILE-165 and GLU-97,
stabilizing its binding to the protein. The comparative
analysis shows that CAZ exhibits comparable or even
stronger interaction patterns with multiple proteins than
the original ligands, particularly in CASP3, HSP90«, and
NFxB1, where its binding pattern closely matches the orig-
inal ligands. This demonstrates CAZ's strong binding sta-
bility and pharmaceutical potential, indicating it holds
great promise for drug development.

The Figure 8 shows that compound AVI forms mul-
tiple interactions with the six target proteins, especially
strong ones like hydrogen bonds. Despite low docking
scores, AVI binds effectively to the proteins' active sites.
Thus, scoring functions should be used cautiously. In EG-
FR interactions, compound AVI forms hydrogen bonds
with key amino acids MET A:769 and GLY A:772. In
CASP3, it bonds with SER A:63, SER A:205, CYS A:163,

and ARG A:207. In SRC, hydrogen bonds are formed with
ARG A:158, HIS A:204, LYS A:206, and ILE A:217, with
most key residues matching the original ligand. In STAT3,
interactions are with TYR A: 657, LYS A: 658, and ILE A:
659. In HSP90«, bonds form with ASP A: 54, ALA A: 55,
ASP A:93,and THR A: 184. In NF«xB1, interactions occur
with VAL A: 29, GLU A: 97, TYR A: 98, CYS A: 99, ASP A:
103, and VAL A: 152. Besides hydrogen bonds, AVI also
engages in various conjugation interactions with other
amino acid residues in the protein active site, further stabi-
lizing its binding to the protein. Interaction analysis shows
that compound AVI forms hydrogen bonds with key ami-
no acid residues in all six target proteins, demonstrating its
strong binding affinity and stability. The key residues in-
volved in these interactions mostly align with those of the
original ligands, particularly in CASP3, HSP90«, and
NFxB1, suggesting AVI's promising drug potential and
ability to effectively engage with the proteins' active sites.

To further illustrate that the two compounds bind to
the same active center of the target protein, we performed
a 3D overlay of both drugs bound to the target for direct
comparison, as shown in Figure 9.

Although AVI and CAZ have significantly different
chemical structures, their interaction patterns with the
target proteins are similar. This may explain why both
compounds can act on the six target proteins. Analysis
shows that both compounds interact with key amino acids
HIS A:121, CYS A:163, and ARG A:207 in CASP3. This
further indicates that their similar interaction patterns
with these residues may be why they can act on the six

STAT3 (PDB ID: 6NJS)

Figure 9. 3D overlay of CAZ and AVI docked to the same target.

HSP%0a (PDB ID: 6GQR)

NFxB1 (PDB ID: 3RZF)
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target proteins. In SRC, both compounds interact with HIS
A:204,LYS A: 206, and ILE A: 217. In STATS3, they interact
with TYR A: 657 and ILE A: 659. In HSP90q, interactions
are with ASP A: 54, ALA A:55,and MET A: 98. In NF«B1,
they interact with LEU A: 21, GLU A: 97, TYR A: 98, CYS
A: 99, ASP A: 103, and ILE A: 165. These findings further
indicate that the two compounds have similar interaction
patterns with the target proteins.

3. 6. Effects of CAZ-AVI on Host Cells

To further verify that CAZ-AVI may influence cell
proliferation, survival and apoptosis, we conducted in vit-
ro cell proliferation inhibition experiments to observe the
changes in cells. As shown in the results (Figure 10), treat-
ment with different concentrations of the drug all led to a
certain degree of inhibition of cell proliferation, with the
most pronounced effect observed after 24 hours of treat-
ment. After 72 hours of treatment with low concentrations
of the drug, the impact on cell proliferation was minimal.
However, cells treated with high concentrations of the
drug still exhibited some inhibitory effects after 48 and 72
hours. This indicates that the CAZ-AVT has a certain in-
hibitory effect on cell proliferation.

We further tested the apoptotic effects of the com-
pound on cells. After treating the cells with a concentra-
tion of 20 mg/L for 24, 48, and 72 hours, the results are
shown in Figure 11. The compound was found to induce
apoptosis in A549 tumor cells under normal conditions.
As the treatment time increased, the number of early and
late apoptotic cells decreased, while the number of viable
cells gradually increased. The number of cell deaths due to
necrosis did not show any regular pattern, indicating that
the compound primarily induces programmed cell death
(apoptosis) rather than necrosis.

4. Conclusions

In this work, network pharmacology, bioinformatic
analysis and molecular were used to explore the possible
pathways by which CAZ-AVI inhibits pneumonia. The
findings showed that CAZ-AVI targets several important
proteins that are involved in the control of multi-target
mechanisms. In addition to its known antibacterial effects,
CAZ-AVTalso has other potential non-antibacterial effects.
By inhibiting or activating these target proteins, it may play
a regulatory role in cell proliferation, apoptosis, signal
transduction, and immune responses. Molecular docking

250 results showed good binding affinity of bioactive ingredi-
o ents, as well as good stability and compactness with the re-
) . .
= B 24h spective targets. Our experimental results further con-
£ 200 [ ]48h e
2] O 72h firmed that the compound possesses activities in inhibiting
g cell proliferation and promoting apoptosis. With the poten-
o . . .
£ 755 tial targets and pathways of CAZ-AVI clearly delineated in
E «1~ this study, it indicates that the pharmacological effects of
i) the drug may cover multiple levels. It can not only directly
& 100 4 inhibit bacterial growth, but also exert more complex phar-
E macological effects by regulating the signaling pathways
E: and protein functions within the host cells. In the future,
£ 504 we will conduct in-depth validation of these mechanisms
T':u of action through in vitro and in vivo experiments. In-
5 depth research on the interaction network between CAZ-
= T T T T . . .
Contrll  S@gh  10mgE: 20ngl S0ngh AVI and. these target proteins will help us gain a more com-
& prehensive understanding of the drug's mechanism of
one. action in the body, thereby providing a solid theoretical
Figure 10. Proliferation inhibition activity assay basis for personalized medicine and precision medicine.
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Figure 11. Annexin V-FITC/PI staining for apoptosis assay
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Povzetek

Ceftazidim-avibaktam (CAZ-AVI) je pokazal dobro ucinkovitost pri zdravljenju plju¢nice. Trenutno so raziskave o
CAZ-AVI osredotocene predvsem na njegove neposredne protibakterijske uc¢inke, medtem ko je raziskovanje njegovih
moznih tar¢ v gostitelju razmeroma omejeno. V luci tega nasa $tudija inovativno uporablja raziskovalno strategijo, ki
zdruzuje mrezno farmakologijo in racunalnidko podprto nacrtovanje zdravil za sistemati¢no raziskovanje potencial-
nih gostiteljskih tar¢ CAZ-AVI. Identificirali smo 141 skupnih tar¢ pri s CAZ-AVI zdravljeni pljucnici, med klju¢nimi
tar¢ami pa so receptor za epidermalni rastni dejavnik (EGFR), protoonkogen Src (SRC), signalni pretvornik in aktivator
transkripcije 3 (STAT3), toplotni Sok protein 90 alfa, druzina A, ¢lan 1 (HSP90AA1), kaspaza 3 (CASP3) in podenota
jedrnega faktorja kapa B 1 (NFKBI1). Z zaviranjem ali aktivacijo teh ciljnih proteinov ima CAZ-AVI pomembno regu-
lacijsko vlogo pri celi¢ni proliferaciji, apoptozi, signalnem prenosu in imunskih odzivih. Nasi eksperimentalni rezultati
so dodatno potrdili, da ima spojina ucinke pri zaviranju celi¢ne proliferacije in spodbujanju apoptoze. CAZ-AVI lahko
popravi celi¢no disfunkcijo in optimizira imunske odzive, s ¢imer zagotavlja nove strategije in vpoglede za zdravljenje
pljucnice.
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