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ABSTRACT: Despite all epidemiological, clinical, and experimental research
efforts, therapeutic concepts in sepsis and sepsis-induced multi-organ
dysfunction syndrome (MODS) remain limited and unsatisfactory. Currently,
gene expression data sets are widely utilized to discover new biomarkers and
therapeutic targets in diseases. In the present study, we analyzed MODS
expression profiles (comprising 13 sepsis and 8 control samples) retrieved
from NCBI-GEO and found 359 differentially expressed genes (DEGs),
among which 170 were downregulated and 189 were upregulated. Next, we
employed the weighted gene co-expression network analysis (WGCNA) to
establish a MODS-associated gene co-expression network (weighted) and
identified representative module genes having an elevated correlation with age.
Based on the results, a turquoise module was picked as our hub module.
Further, we constructed the PPI network comprising 35 hub module DEGs.
The DEGs involved in the highest-confidence PPI network were utilized for collecting pathway and gene ontology (GO) terms using
various libraries. Nucleotide di- and triphosphate biosynthesis and interconversion was the most significant pathway. Also, 3 DEGs
within our PPI network were involved in the top 5 significantly enriched ontology terms, with hypercortisolism being the most
significant term. PRKAR1A was the overlapping gene between top 5 significant pathways and GO terms, respectively. PRKAR1A was
considered as a therapeutic target in MODS, and 2992 ligands were screened for binding with PRKAR1A. Among these ligands, 3
molecules based on CDOCKER score (molecular dynamics simulated-based score, which allows us to rank the binding poses
according to their quality and to identify the best pose for each system) and crucial interaction with human PRKAR1A coding
protein and protein kinase-cyclic nucleotide binding domains (PKA RI alpha CNB-B domain) via active site binding residues, viz.
Val283, Val302, Gln304, Val315, Ile327, Ala336, Ala337, Val339, Tyr373, and Asn374, were considered as lead molecules.

1. INTRODUCTION
One of the oldest elusive syndromes is sepsis. The term “sepsis”
describes the syndrome of infection intricated by acute organ
dysfunction.1 When sepsis is not clinically detected and
managed at an earlier stage, it contributes to the advancement
of septic shock and multiple organ failure, eventually leading to
death.2 Patients with severe infectious diseases such as lower
respiratory and diarrheal diseases are at a higher risk of
developing and dying from sepsis.3 Septic patients frequently
develop multiple organ failures, particularly during the treat-
ment in critical care units of hospitals.4 This newly developed
clinical condition prolongs the recovery of sepsis patients,
contributing to heightened morbidity and mortality world-
wide.5,6 It is anticipated that about 49 × 106 people are affected
and approximately 11 × 106 global fatalities occur due to sepsis
every year.3

Immediate diagnosis of sepsis is crucial to protect patients
from sepsis-related complications and to provide well-timed
treatment. Currently, in-use biomarkers for the diagnosis of

sepsis include C-reactive protein, procalcitonin, and interleukin-
6.7 However, these biomarkers have been reported to carry less
specificity and cannot diagnose sepsis at an earlier stage.8

Therefore, researchers are devoted to discovering new
biomarkers for the initial diagnosis and well-timed treatment
of sepsis. Some studies have discovered that serum expression
levels of soluble urokinase plasminogen activator receptor,9

presepsin,10 soluble triggering receptor,11 and CD6412 are
upregulated in sepsis patients. Many recent studies have
highlighted microRNAs (miRNAs),13,14 long noncoding
RNAs,15 and microbiome16 as emerging interests in recognizing
and advancing new biomarkers in sepsis. However, such efforts
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have not yet resulted in a satisfactory outcome for diagnosing
and treating sepsis and sepsis-related multi-organ dysfunction.

Sepsis in its severe form has been reported to be linked with
several critical complications such as coagulopathy,17 immuno-
suppression,18 persistent inflammation,19 immunosuppression
and catabolism syndrome,20 acute respiratory distress syn-
drome,21,22 acute kidney injury,23 systemic lupus erythemato-
sus,24 and cardiac dysfunction.25 Cardiac dysfunction and acute
kidney injury are the two most prevalent independent risk
factors responsible for increased mortality rate in sepsis
syndrome.26 Overrunning and unregulated responses from the
host immune system toward a severe form of sepsis can cause
critical organ tissue injuries, contributing to irreversible organ
failure.19,27 The failure of dual or additional important organ
systems is known as multi-organ dysfunction syndrome
(MODS). Sepsis-induced MODS is raised as a critical
complication contributing to high morbidity and mortality.28

Despite all epidemiological, clinical, and experimental
research efforts, therapeutic concepts in sepsis and sepsis-
induced MODS remain limited and unsatisfactory. Evidence-
based therapy for sepsis still resides on basic causal and
supportive measures. Adjuvant interventions, including targeted
immunotherapy, still lack proof of effectiveness so far.4

Importantly, no treatment strategy is available to counteract
theMODS development during sepsis effectively. Therefore, the
Surviving Sepsis Campaign (SSC) was started comprehensively
in 2004 to advance the global treatment of sepsis and sepsis-
related complications.29 SSC is a joint initiative of the Society of
Critical Care Medicine (SCCM) and the European Society of
Intensive Care Medicine (ESICM), which are committed to
reducing mortality and morbidity from sepsis and septic shock
w o r l d w i d e 3 0 ( h t t p s : / / w w w . s c c m . o r g /
SurvivingSepsisCampaign/Home).

Bioinformatics-based approaches are widely used tools to
explore, research, understand, and describe human health’s
structural and relational qualities and health-related ail-
ments.31−33 Bioinformatics analysis is emerging as a crucial
tool to determine the vulnerability of molecular markers
associated with diseases and significantly contributes to system
pharmacology. It offers an ideal way to screen large gene
expression data sets to comprehensively understand the
molecular and biochemical processes associated with underlying
diseases. Researchers are globally making efforts to identify new
biomarkers and therapeutic targets from large gene expression
data sets for early diagnosis and well-timed treatment of diseases.
Bioinformatics-based analysis of disease-associated data sets has
comprehensively discovered many new drug targets in several
diseases.32−37 In the present study, we integrated sepsis-related
data sets and used in silico bioinformatics analysis to discover
the differentially expressed genes (DEGs) involved in sepsis and
sepsis-induced MODS. The National Center for Biotechnology
Information (NCBI)-Gene Expression Omnibus (GEO) was
accessed to extractMODS-associatedmRNA expression profiles
followed by MODS-associated weighted gene co-expression
network (WGCN) formation to identify representative module
genes having a superior correlation with sample clinical
characteristics. Molecular mechanisms underlying the sepsis
and sepsis-induced MODS were also explored to discover novel
treatment targets. Following that, various structural biology
methods were utilized to screen and discover lead compounds
with possible repressing effects on the identified target gene,
including virtual screening, molecular docking, and so on. This

research identifies a potential new treatment for sepsis-induced
MODS.

2. MATERIALS AND METHODS
2.1. Microarray Data Collection and Differential

Expression Analysis. NCBI-GEO38 (https://www.ncbi.nlm.
nih.gov/geo/) was accessed to extract MODS-associated
messenger RNA (mRNA) expression profiles with “MODS”
and “Multiple Organ Dysfunction Syndrome” being used as
keywords. The inclusion and exclusion criteria set for selecting
appropriate data sets are mentioned in the Supporting
Information. The expression file (series matrix format) of the
chosen data set was extracted utilizing the GEOquery package.
Probe ID mapping to their corresponding HUGO Gene
Nomenclature Committee (HGNC) symbols was handled
using the official sequencing platform library-based R package
corresponding to which the samples were sequenced. The gene
expression values mapping to numerous probe IDs was averaged
to prevent redundancy. t-test (two-sample) was utilized for
computing the p-value of every gene among control and MODS
samples followed by obtaining their Benjamini−Hochberg
(BH) p-value and log2(fold change) utilizing the limma
package.39 All genes corresponding to BH-p-value < 0.01 and
| | >log (fold change) 1.52 were regarded as DEGs. DEGs with
log2(fold change) > 1.5 and log2(fold change) < −1.5 were
branched as up- and downregulated, respectively.
2.2. MODS-Associated WGCN Formation and Hub

Module Selection. The weighted gene co-expression network
analysis (WGCNA) package40 was employed to establish
MODS-associated WGCN and identify vital module genes
having an elevated correlation with age. The age data of patient
samples were considered before identifying module(s). Correct
soft-threshold power (β) in compliance with the scale-free
topology (SFT) criterion was selected using the pickSoftThres-
hold function for adjacency computation. The adjacency matrix
(weighted) was translated into a topological overlap matrix
(TOM) for the decline in false associations and noise followed
by corresponding dissimilarity (dissTOM) computation. A
dendrogram of genes in compliance with dissTOM was
produced utilizing the hclust function. Next, a dynamic tree
cut algorithm was employed to reveal densely interconnected
modules from the dendrogram branches. Module eigengenes
(MEs) and dissimilarity measure (MEdiss) among MEs were
computed to unify modules with elevated co-expressed genes.
Correlation-based absolute module significance (GS) values
with age of samples followed by module membership (MM) for
all modules were computed. Intramodular connectivity (k.in) is
a measure of network connectivity concerning nodes or genes of
a specificmodule. Correlations ofMMversusGS, GS versus k.in,
and MM versus k.in were employed to choose our hub module.
2.3. Protein−Protein Interaction Network Construc-

tion, Pathway, and Functional Enrichment Analyses.
Filtered DEGs (based on high GS and MM) from the hub
module were entered into the Search Tool for the Retrieval of
Interacting Genes (STRING, https://string-db.org/) v11.5
web-based tool41 for the construction of protein−protein
interaction (PPI) network at the highest confidence (equivalent
to interaction score > 0.9) and visualized via Cytoscape v3.9.1.42

The DEGs involved in the highest-confidence PPI network were
used for collecting pathway and GO term enrichment data
utilizing various libraries (i.e., BioPlanet, Reactome, WikiPath-
ways for pathways, and Human Phenotype Ontology for GO
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term) within Enrichr database.43,44 The top 5 pathways and GO
terms corresponding to a p-value < 0.05 were regarded as
statistically significant. Genes overlapping between these
significant top 5 pathways and GO terms were considered as
our hub gene(s).
2.4. Molecular Docking. We used the Food and Drug

Administration (FDA)-approved library from Selleck Chem
consisting of 2992 compounds for docking-based virtual
screening. The 3D structures of these compounds were
downloaded in the SDF format Selleck Chem database. Since
the compounds were already FDA approved, there was no need
for secondary filtration (Lipinski’s Rule of 5, ADMET, and
Topkat) of these compounds, and they could be directly
employed for docking experiments. Next, these compounds
were prepared, and energy was minimized by using the smart
minimizer algorithm45 available in Biovia DS 2020 for 5000
steps to attain an RMS gradient of 0.001. The human co-crystal
structure of PKARI alpha CNB-B domain with cAMP (PDB ID:
5KJX; Chain A)46 was used as the target protein based on gene
expression analysis. The protein structure was readied utilizing
the protein preparation module of Biovia DS 2020 to add any
missing residues, and hetatoms were also removed from the
protein structure. The 3D coordinates were defined based on
cAMP binding site, viz., x = −2.18859, y = −3.24763, and z =
3.45037. We utilized the LibDock docking algorithm of Biovia
DS 2020 for high-throughput screening of the ligands followed
by CDOCKER docking for accurate docking based on the
molecular dynamics (MD) simulated docking algorithm using
default parameters.47

2.5. MD Simulation. Using WebGro (https://simlab.uams.
edu/), a GROMACS-based program, an MD simulation of the
chosen molecules with the target protein PRKAR1A complex
was carried out. The stability of the complexes was evaluated by
looking at the root mean square deviation (RMSD), root mean
square fluctuation (RMSF), radius of gyration (Rg), and
intermolecular hydrogen binding. In order to perform MD
simulation using the GROMOS96 43a1 forcefield, the topology
for the best-fit model of the docked protein−ligand file was
primarily prepared. Ligand topology parameters were produced
using the open-source PRODRG server.48 Our solvent model
was SPC, and the complex was packed in a cubic box with a
distance of 1 Å from the edges. Cl− and Na+ were added to
neutralize the charge based on the overall charge. For energy
minimization, the steepest descent algorithm with 5000 steps
was used. The MD simulation was run in the presence of 0.15 M
NaCl under NVT/NTP conditions (300 K, 1 bar). The number
of cycles and simulation time for MD were both set to 50 ns.

3. RESULTS
3.1. Microarray Data Collection and Differential

Expression Analysis. Based on the abovementioned inclusion
criteria, we selected the MODS expression profile with
GSE13205 as an accession identifier comprising 13 sepsis and
8 control patient samples. Probe IDsmapping to their equivalent
HGNC symbols were done utilizing the hgu133plus2.db
package. Post averaging the expression values equivalent to
duplicates, we obtained 15,014 unique genes. A total of 359
genes were differentially expressed corresponding to BH-p-value

Figure 1. (A) MA plot demonstrating the disparity within expression values (mean) and fold change (log2) of 15,014 MODS genes. Red-, gray-, and
blue-colored points signify upregulated (189), nonsignificant (14,655), and downregulated (170) genes, respectively. (B) Heatmap of top 10 down-
and upregulated MODS-specific DEGs. Rows correspond to the normalized expression value of DEGs, and columns correspond to samples. The
colored annotation bars representing the sample type (light magenta for controls and yellow for sepsis), gender type (dark magenta for females and
dark blue for males), and age are positioned at the top of the heatmap.
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< 0.01 and | | >log (fold change) 1.52 . Among all these DEGs,
170 were downregulated and 189 were upregulated as shown by
the MA plot in Figure 1A. Within all the DEGs, LGI1
[ = ]log (fold change) 5.342 and SLPI [log2(fold change) =
5.81] had the highest fold change values across both scales.
Figure 1B displays the expression heatmap of the top 10 down-
and upregulated DEGs. The sample, age, and gender annotation
bars are positioned at the top of the heatmap. The 8 control

samples clustered distinctly from 13 sepsis samples as evidenced
by the heatmap. Among all the samples, the majority of them
were males (i.e., 71.4%) as compared to females (i.e., 28.6%).
3.2. MODS-Associated WGCN Construction and Hub

Module Selection. All 359 MODS-associated DEGs were
loaded with sample age information. β = 12 was chosen
(equivalent to scale-free R2 = 0.80) for the construction of a
WGCN. Figure S1A−D shows plots for β in consideration of

Figure 2. (A)Dendrogram of 359MODS-associatedDEGs clustered on the basis of disTOMand three communities (obtained using dynamic tree cut
algorithm). (B) 3DMDS plot with every colored point signifying a gene fitting to a particular community of the corresponding color. (C) TOMplot of
theWGCN signifying TOM among brown, blue, and turquoise community genes. The plot’s top and left side panels represent hierarchically clustered
gene dendrograms and module assignments. Dark-colored blocks along the diagonal represent communities. (D) Bar plot demonstrates the GS values
distribution and error bars across blue, turquoise, and brown modules.
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SFT. The dendrogram and dynamic tree cut algorithm revealed
three color-coded modules (i.e., blue, turquoise, and brown) as
shown in Figure 2A. The sizes of the modules were as follows:
blue = 73, turquoise = 225, and brown = 61. The multi-
dimensional scaling (MDS) plot of all modules across 3 scaling
dimensions is shown in Figure 2B. Figure 2C shows the GCN as
a heatmap plot depicting TOM among the blue, brown, and
turquoise module genes. Figure 2D shows a GS Barplot
correlated with age, where the turquoise (module significance
= 0.29) module was the most favorable followed by brown
(module significance = 0.20) and blue (module significance =
0.14). A significantly elevated correlation between GS and MM

was noticed in the turquoise (cor = 0.27) and blue (cor = −0.34)
modules, respectively.

The correlation values between GS, k.in, and MM along with
p-values for all modules are shown in Tables S1−S3. A
statistically nonsignificant trend in the blue module based on
correlations between GS, MM, and k.in was observed, leading to
its immediate elimination. Figure 3A,B displays a GS scatterplot
for age concerningMM in brown and turquoise modules. Figure
3C,D shows brown and turquoise module gene heatmaps along
with their corresponding ME levels. The turquoise module was
the most favorable and highly correlated (module significance =
0.29, GS versusMM= 0.27, GS versus k.in = 0.2, MMversus k.in
= 0.99) and was picked as our hub module.

Figure 3. Scatterplot showing significantly (p < 0.05) high correlation of GS for age withMMacross (A) brown and (B) turquoise modules. Expression
heatmap of (C) brown and (D) turquoise community genes, wherein the columns and rows relate to samples and genes. The red- and green-colored
bands in the heatmaps signify higher and lower expression levels, respectively. Also, the correspondingME expression levels (y-axis) across the samples
(x-axis) are represented at the base panel of each module heatmap as bar plots.
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3.3. PPI Network Construction, Pathway, andGO Term
Enrichment Analyses. 35 hub module DEGs participated in
the PPI network equivalent to a STRING interaction score > 0.9.
The PPI network as shown in Figure 4 contains 35 nodes and 22
edges. Among them, 2 were downregulated and 33 were
upregulated.

A total of 15 DEGs within our PPI network were involved in
the top 5 significant pathways, with nucleotide di- and
triphosphate biosynthesis and interconversion (p-value = 2.36
× 10−8) being the most significant pathway (Table S4). Also, 3
DEGs within our PPI network were involved in the top 5
significantly enriched ontology terms, with hypercortisolism (p-
value = 3.08 × 10−4) being the most significant term (Table S5).
PRKAR1A was the overlapping gene between these top 5
significant pathways and GO terms.
3.4. Molecular Docking. For quick screening of the

compounds, molecular docking was carried out with the 2992
compounds to the defined binding site of the human PKA RI

alpha CNB-B domain (PDB: 5KJX_A) using the LibDock
module of Biovia DS2020, which generates 15,2534 con-
formations of the ligands. For filtering of the hit compounds,
consensus scoring was performed in these conformations, and
ConfNumber, LibDock score, and Pose number were selected as
properties for scoring (Figure 5).

Based on the highest consensus score of 3, 14 compounds
were selected as secondary docking using the CDOCKER
module of Biovia DS 2020. Finally, 10 hit compounds enlisted in
Table S6 were sorted based on -CDOCKER energy, out of
which the receptor−ligand interactions of top 3 hit compounds
(Bestatin = −50.1402, Buphenine = −35.5733, and ETC-1002 =
−35.3644) are shown in Figure 6. These top 3 hit compounds
made crucial interactions with the human PKA RI alpha CNB-B
domain via active site binding residues, viz., Val283, Val302,
Gln304, Val315, Ile327, Ala336, Ala337, Val339, Tyr373, and
Asn374.

Figure 4. PPI network of hub module comprising 35 nodes and 22 linking edges comparable to a STRING interaction score > 0.9. The yellow- and
magenta-colored nodes signify up- and downregulated proteins.
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3.5. MD Simulation Analysis. Calculations for RMSD,
RMSF, Rg, and intermolecular hydrogen bonds were used to
analyze the MD trajectories of the generated simulation run.
RMSD is a helpful parameter for examining changes in the
protein structure over time. The RMSD analysis identified the
protein’s backbone fluctuations. The RMSD results showed the
time evolution plots of protein backbone deviations during the
simulations for all three complexes. Plotting the results through
the simulation trajectory and using them to analyze the complex
stability is shown in Figure 7A. After 40 ns, the protein
backbone’s RMSD remained constant, as seen in Figure 7A. The
RMSD plot demonstrates that the fluctuations are slightly larger
for the topmost compound, S1591. The residual vibrations of a
protein molecule can be measured using RMSF during MD
simulations. We analyzed the RMSFs of the protein backbone
for all systems to look at the flexibility of individual residues
(Figure 7B). According to the analysis, the RMSF pattern is
consistent across all systems. The plot implies that the protein−

ligand complexes are stable because the residual fluctuations are
stable. According to the RMSF analysis, the residues in the
protein binding pocket that interact with the compounds are
essentially stable and only slightly fluctuated throughout the
simulation. The tertiary structure of a protein is directly related
to Rg, which is the root-mean-square distance of the collection of
atoms from their collective center of mass. To examine the
protein’s compactness in both the apo- and ligand-bound states,
the time evolution of Rg was identified. During the simulation,
the compactness of each system was assessed. The Rg plot
(Figure 7C) indicated that, with the exception of a slight
decrease in compound S1591, the protein is stable when the
chosen compounds are present. Comparative results indicated
that the protein’s structural dynamics and folding are
consistently stable. To investigate the consistency of hydrogen
bonding between the protein−protein and chosen compounds,
the intramolecular hydrogen bonds with time were further
investigated. In the docked complexes, an estimate of 107

Figure 5. Three-dimensional plot of different conformations of drugs sorted based on the consensus-LibDock score. The red, green, teal, and blue
colors represent 0, 1, 2, and 3 consensus scores.
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intramolecular hydrogen bonds in the case of protein−protein
and 3−6 intramolecular hydrogen bonds in the case of protein−
ligand were made (Figure 7D,E). The analysis showed that,
contrary to what the intermolecular hydrogen bonding, which
stabilizes the structures, would have predicted, the chosen
compounds have not moved from their underlying docking site
on the protein.

4. DISCUSSION
Sepsis is a complicated, heterogeneous, and extremely lethal
syndrome that may be challenging to perceive and cure.49 It is
described as a life-threatening organ ailment resulting from a
dysregulated host reaction to infection.49 It is anticipated that

>30 × 106 people worldwide are identified with sepsis every year
leading to 5 × 106 fatalities,50 with excessive financial burden and
persistent morbidity among survivors.51 Sepsis definition has
been modified over the previous few decades as our knowledge
of it has expanded and its modern-day definition underlines the
presence of organ dysfunction.52 The cornerstone of sepsis-
induced organ damage is the discrepancy between tissue
perfusion and metabolic demands. Inflammation-induced
heart dysfunction and systemic redistribution of blood volume
play an important role in this but are exacerbated by tissue
oxygen (impaired) utilization.53

4.1. Vascular Dysfunction. Many alterations arise con-
currently in the systemic vasculature in sepsis patients,

Figure 6. Structure-based virtual screening of small-molecule inhibitors. 2D and 3D schematic representation of the intermolecular interaction of
predicted binding modes of A. S1591, B. S5267, and C. S7953.
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increasing interest in the significance of microcirculation
impairment and dysfunction.54 Increased capillary permeability
lessens efficient systemic perfusion and vascular volume. This

paracellular leak appears to be affected by the diffused
endothelial damage and dysfunction mediated by pro-
inflammatory mediators.55 In most cases, these anomalies in

Figure 7.Time-dependent structural dynamics of protein−ligand (PL) complexes: (A) RMSD, (B) RMSF, (C) radius of gyration, (D) intermolecular
H-bond between protein and protein, and (E) intermolecular H-bond between protein and ligand.
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volume distribution can be counteracted with successful
resuscitation with the sufficient and rational expansion of
vascular volumes.56 Even after reaching a euvolemic state, some
patients are accompanied by persistent vasodilation that
prevents adequate perfusion. This clinical scenario known as
septic shock remains the most severe symptom of sepsis.
Vascular smooth muscle finds it difficult to contract under
neurohormonal stimulation, developing deep systemic arterial
and venous vasodilation, reducing the pressure gradient required
for venous return, and resulting in decreased cardiac output.57,58

The mechanism of this dramatic vascular dysfunction is not
understood well, but proinflammatory endothelial dysfunction
appears to be related to inducible nitric oxide synthase (iNOS)
overexpression.59 Subsequently, excessive nitric oxide (NO)
formation directly induces relaxation and hyperpolarization of
smooth muscle cells (vascular), preventing response to
vasoconstrictors and prolonging hypotension.58,60

4.2. Cardiac Dysfunction. After volume revival and
administration of vasopressors, venous return increases and
the patient enters a hyper-mechanical profile characterized by
elevated cardiac output and lessened systemic vascular
resistance.61 However, these reactions are often accompanied
by a decrease in myocardial function. Proinflammatory
cytokines like interleukin 1β (IL1β) and interleukin 6 (IL6)
induce the expression of vascular cell adhesion molecule 1
(VCAM1) in the coronary endothelium, which inhibits
cardiomyocyte contraction and mediates neutrophil infiltration
into the myocardium.25,62 Another important thing is that NO
aggravates mitochondrial dysfunction by reducing myocardial
oxygen utilization, which prolongs the release of proinflamma-
tory cytokines and downregulates β-adrenergic receptors.25

Therefore, 1 in 3 patients with sepsis develops left ventricular
systolic failure (reversible) due to hypokinesia and decreased
ejection fraction with an unclear effect on survival.63 Sepsis can
be linked with incidental clinical cardiac events such as
myocardial infarction, heart failure (acute), life-threatening
arrhythmias, and myocardial damage (non-ischemic).64−67

4.3. Microcirculation and Cellular Dysfunction.
Although most therapeutic efforts aim to correct overt
hemodynamic dysfunctions, microcirculatory alterations are
crucial in sustaining organ damage even after hemodynamic
impairment has resolved.68 Upon injury, endothelial dysfunc-
tion and overexpression of iNOS are not uniform in all organ
beds, leading to blockage of blood flow and hypoperfusion in
some under-expressed tissues.69 Regardless of proper tissue
perfusion or restoration of oxygen delivery, NO interferes with
the respiratory chain, inhibiting mitochondrial respiration,
resulting in adenosine triphosphate (ATP) depletion, and
leading to cellular dysfunction and organ damage.59,70,71

4.4. Sepsis Impact on Organs. 4.4.1. Lungs. The
characteristic pathology of the lungs in MODS is a violation of
normal gas exchange, manifested primarily in arterial hypoxia.
Sepsis is generally considered the most frequent source of acute
respiratory distress syndrome (ARDS).72 ARDS is distinguished
by acute respiratory failure, diffused lung infiltration due to
alveolar injury, and heightened pulmonary vascular permeability
to protein-rich fluids. Although its etiology is not fully
understood, studies have shown that the alveolar barrier damage
is mediated by pro-inflammatory cytokines such as tumor
necrosis factor-alpha (TNFα) or IL1β, which results in
widespread endothelial barrier dysfunction and platelet
initiation to form microthrombi and the development of
neutrophil extracellular traps.73−75 This edema with alveolar

damage, causes a rise in the physiological dead space, impairing
gas exchange and leading to severe hypoxemia and hyper-
capnia.76 Although the patients benefit from protective
ventilator strategies to support inspiratory muscles and maintain
sufficient gas exchange,77 pharmacological interventions to
prevent the onset of ARDS or to mitigate its effects on survival
have not been successful.78,79

4.4.2. Kidneys. The renal system is an additional usual target
for this developing organ dysfunction. Sepsis is the most
frequent adding factor in acute kidney injury (AKI) in critically
ill patients.80 It occurs in more than half of people with sepsis or
septic shock.81,82 AKI can be described as an increase in serum
creatinine of ≥0.3mg/dL over 48 h, 50% above baseline within 7
days, or urine output < 0.5 mL/kg/h for at least 6 h83 Patients
with sepsis-linked AKI have a 62 and 36% higher risk of in-
hospital death compared to sepsis patients without AKI.84

Current evidence indicates a much more key role for local
microcirculation and inflammatory signaling (including ische-
mia-reperfusion injury, oxidative stress, and tubular apopto-
sis).85,86 Treatment of sepsis may also contribute to the
pathogenesis of AKI using nephrotoxic drugs and excessive or
low physiological fluid replacement. Volume overload elevates
central venous pressure and raises renal vascular pressure,
leading to consequent organ edema, boosted intracapsular
pressure, and a decline in glomerular filtration rate.87,88

4.4.3. Liver. The liver controls the inflammatory processes
and targets host responses. Upon exposure to lipopolysacchar-
ides, Kupffer cells upregulate the release of IL1β, IL6, and
TNFα.89,90 In response to the pro-inflammatory cytokines,
hepatocytes release acute phase protein (APP) into the systemic
circulation with broad pro- and anti-inflammatory effects.91

Therefore, it has been suggested that hepatocytes play an
important role in stabilizing the immune response in sepsis and
preventing excessive inflammatory or immunosuppressive
conditions through APP.90 Hypoxic hepatitis and sepsis-induced
cholestasis account for two major mechanisms that explain liver
damage and consequent dysfunction in sepsis. Hypoxic hepatitis
is usually defined as a clinical condition that is at least 20 times
the upper limit of normal serum aminotransferase levels and
results in reduced hepatic oxygen delivery or utilization (e.g.,
cardiac, respiratory, or circulatory failure) without other possible
causes of liver damage.92,93 In sepsis, severe hemodynamic
changes, microthrombus formation, sinusoidal obstruction, and
endothelial damage disrupt liver perfusion, leading to liver injury
and hypoxic hepatitis.91 Sepsis-induced cholestasis refers to
impaired bile production and biliary outflow due to non-
obstructive intrahepatic injury91 and is generally diagnosed
when the total serum bilirubin is increased by 2 mg/dL or more
and aminotransferase is increased by more than 2 times the
maximum normal limit.94

For SBVS against FDA-approved medications and analysis,
we employed consensus-based LibDock and the CDOCKER
module of DS 2020. CDOCKER energy was used to analyze
molecules having a higher consensus score in terms of LibDock
score and stable conformation. The top 10 compounds were
chosen for further research based on these findings. The binding
affinity of S1591, S5267, and S7953 with the human PKA RI
alpha CNB-B domain was shown to be strong using the
CDOCKER module. According to the foregoing findings, these
three molecules could be developed and polished into
medications.
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5. CONCLUSIONS
MODS remain a leading cause of morbidity and mortality
particularly in ICU settings with an enormous burden on
healthcare resources. Despite all research efforts, therapeutic
concepts due to heterogeneity in MODS remain limited and
unsatisfactory. Prospective studies are needed to identify robust
molecular targets considering disease heterogeneity. In con-
clusion, through integratedmultiomics and in silicomethods, we
report PRKAR1A as a putative therapeutic target in MODS.
Further, we report S1591 (Bestatine), S5267 (Buphenine), and
S7953 (ETC-1002) as potent inhibitors for PRKAR1A through
the structure-based virtual screening (sbvs) techniques. We
propose to conduct experimental validation and evaluate the
therapeutic effectiveness of these lead molecules to achieve
optimal management of critically ill patients. The molecular
target (PRKAR1A), combined with our three lead therapeutic
molecules, will guide the accurate therapeutic management in
MODS.
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