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Abstract

Objectives: Sevoflurane is among the most frequently used
anesthetic agents in general anesthesia for cardiac pro-
cedures. Acute kidney injury (AKI) stands as the primary
cause of complications and mortality following cardiac
surgery. However, the influence of anesthetic agents on the
development of AKI following surgery has not been thor-
oughly investigated. Endoplasmic reticulum stress (ERS)
significantly contributes to the pathophysiology of AKI.
This study aims to examine the effects of sevoflurane
anesthesia on AKI and to identify key genes associated with
ERS, as well as to explore their relationship with the im-
mune microenvironment.

Methods: The dataset GSE4386 was obtained from the Gene
Expression Omnibus (GEO) database. Genes associated with
acute kidney injury (AKI) were retrieved from the DisGeNET
database, while ERS-related genes were collected from
relevant literature. We initially identified the intersection
among differentially expressed genes, ERS-related genes,
and AKI-related genes from GSE4386 to derive cross-talk
genes. We then employed Least Absolute Shrinkage and
Selection Operator (LASSO) analysis to filter for four hub
genes. Furthermore, we examined the area under curve
(AUC) values of hub genes, differences in gene expression,
pathway enrichment, and immune landscapes. Lastly, we
predicted potential drugs targeting the hub genes.

Results: We identified seven cross-talk genes and selected
four hub genes: HP, IL6, LRP2, and VEGFA. Our analysis
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revealed that these hub genes are significantly involved in
protein translation processes and pathways associated with
selenium amino acid metabolism. Additionally, we observed
increased infiltration of inflammation-associated immune
cells, including activated dendritic cells, mast cells, neutro-
phils, and NK cells. Furthermore, Situximab and Pegaptanib
may act as potential targeted drugs for these hub genes.
Conclusions: We identified four key genes: HP, IL6, LRP2,
and VEGFA. These genes relate to AKI and ERS caused by
sevoflurane anesthesia. This discovery enhances our un-
derstanding of the mechanisms behind sevoflurane-induced
AKI. It will aid in developing targeted strategies for pre-
venting and treating AKI following cardiac surgery in the
future.

Keywords: gas anesthetic; acute kidney injury; endoplasmic
reticulum stress; hub genes

Introduction

In recent years, sevoflurane and isoflurane have emerged as
the leading anesthetics in general anesthesia, primarily due
to their safety, rapid onset, and favorable tolerability [1].
However, anesthesia protocols significantly influence out-
comes in adult cardiac surgery, which is frequently
complicated by postoperative issues such as myocardial
dysfunction, pulmonary complications, neurological injury,
and acute kidney injury (AKI) [2]. Bang et al. reported that
sevoflurane anesthesia may lead to a moderate increase in
the incidence of acute kidney injury compared to propofol
anesthesia [3]. Additionally, Sneyd et al. noted that sevo-
flurane sedation in the intensive care unit (ICU) correlates
with renal diabetes insipidus [4]. Therefore, while sevo-
flurane may be linked to adverse outcomes like AKI, further
investigation is necessary to clarify this relationship. AKI
refers to the abrupt decline in renal excretory function
[5]. It manifests through a swift rise in serum creatinine
levels, reduced urine output, or a combination of both [6].
AKI frequently arises post-cardiac surgery, presenting a
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significant incidence and mortality rate. Approximately
40 % of patients undergoing cardiac procedures experience
AKI [7]. Furthermore, endoplasmic reticulum stress (ERS)
plays a crucial role in the pathogenesis of AKI [8].

The accumulation of misfolded or unfolded proteins
within the endoplasmic reticulum (ER) initiates endoplasmic
reticulum stress (ERS) [9]. This stress can activates various
cell death pathways, such as autophagy, apoptosis, ferrop-
tosis, and pyroptosis, via key transmembrane receptors on
the ER membrane [10]. Excessive and sustained ERS results
in prolonged activation of unfolded protein responses,
which causes kidney cell death [11]. ERS correlates with the
advancement of AKI. Numerous studies indicate that effec-
tively alleviating ERS can slow the progression of AKI. Wang
et al. created a kidney-targeted, reactive oxygen species
(ROS) responsive drug delivery system to mitigate calcium
overload-induced ER stress in AKI treatment [12]. Valdivia
et al. demonstrated that C-phycoerythrin protects against
AKI by diminishing oxidative and ER stress [13]. Therefore, a
deeper understanding of ERS mechanisms may provide
novel therapeutic avenues for the prevention and treatment
of AKIL.

In this research, we utilized the Gene Expression
Omnibus (GEO) database in conjunction with gene sets
related to ERS and AKI to identify seven cross-talk genes,
from which four hub genes were subsequently screened. We
examined the area under the curve (AUC) values of these
hub genes, assessed gene expression variations, conducted
pathway enrichment analyses, explored the immune land-
scape, and identified targeted pharmacological agents. Our
findings elucidate the roles of hub genes that are both
involved in the pathological process of AKI and closely
associated with sevoflurane anaesthesia and ERS. Further-
more, we established the relationship between these hub
genes and the immune microenvironment, as well as po-
tential therapeutic agents. This knowledge will inform the
development of effective prevention and treatment strate-
gies for AKI following cardiac surgery in the future.

Methods
Data download

Acute kidney injury related genes (AKIRGs) were obtained
from DisGeNET (https://www.disgenet. org/, C2609414),
which containing 114 genes. DisGeNET is an authoritative
database that integrates a large amount of gene-disease as-
sociation information, with data sources covering literature
reports, gene expression and clinical studies. The database
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can systematically reflect the strength of gene-disease asso-
ciations and ensure that the selected genes have high bio-
logical relevance and research value. The search term is
“acute kidney injury”. We accessed endoplasmic reticulum
stress (ERS)-related genes (ERSRGs) from the GeneCards
database (https://www.genecards.org/) and selected those
with correlation scores of 7 or higher, yielding 1,467 genes.
The score integrates multiple data sources, including liter-
ature reports, gene expression and protein interactions, to
reflect the strength of association between genes and
endoplasmic reticulum stress function, with higher values
indicating stronger correlation. The chip data GSE4386,
which details gene expression changes induced by sevo-
flurane anesthesia, originates from the GEO database and
includes 20 normal samples alongside 10 case samples. This
dataset was initially used to study the effects of anaesthetic
drugs on the myocardial transcriptome in patients under-
going coronary artery bypass grafting (CABG). CABG patients
are at high risk of postoperative acute kidney injury and
sevoflurane is the anaesthetic of interest in this study,
making this dataset a highly suitable fit for the needs of the
present study in terms of both clinical phenotypes and
research objectives.

Identification and analysis of cross-talk
genes

We utilized the limma package to conduct differential
expression analysis of GSE4386 (JlogFC|>1, adj.p.value <0.05)
to identify differentially expressed genes (DEGs). Subse-
quently, we intersected these DEGs with ERSRGs and genes
associated with AKI to obtain cross-talk genes. We then
assessed the correlation between the cross-talk genes and
performed Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses on these
genes. Finally, we employed STRING to construct the protein-
protein interaction (PPI) network of the cross-talk genes
(confidence score >0.4) and visualized the network using
Cytoscape.

Screening of hub genes

To further reduce the risk of overfitting, Least absolute
shrinkage and selection operator (LASSO) is able to better
address the covariance between variables compared to
other regression methods. We employed the glmnet package
to conduct LASSO regression analysis on cross-talk genes
[14]. The regularisation parameter lambda (A) in the LASSO
model is used to regulate the model complexity, preventing


https://www.disgenet
https://www.genecards.org/

DE GRUYTER

model overfitting by applying penalties to the regression
coefficients. When the value of A is large, the penalty is
enhanced so that some of the regression coefficients shrink
to zero, thus achieving variable screening and model
simplification. To determine the optimal A value, we used 10-
fold cross-validation by dividing the data into 10 subsets,
training the model using 9 subsets in turn, and validating the
remaining 1 subset to calculate the prediction error. By
comparing the average validation errors corresponding to
different A, the A that minimises the error is selected as the
final regularisation parameter. We utilized cross-validation
to identify the optimal penalty parameter, lambda. This
process facilitated the elimination of higly correlated genes,
thereby decreasing model complexity. Afterwords, we ob-
tained hub genes.

Gene set enrichment analysis (GSEA)

To investigate pathway differences among the hub genes,
We used the gene set c2.cp.v2023.2.Hs.symbols.gmt as the
reference dataset, and conducted pathway enrichment
analysis on the hub genes through the R package cluster-
Profiler. To reduce false positive outcomes, thresholds were
set at an adj pvalue <0.05 and |NES|>1. Each hub gene
showcased the top 5 pathways exhibiting the most signifi-
cant adj.pvalue.

Receiver operating characteristic (ROC)
curves and expression level validation

In order to validate the AUC values of the hub genes and to
explore their potential as biomarkers, we employed the R
package pROC to generate the ROC curve for the hub gene.
Subsequently, we applied the Wilcoxon test to assess the
significant variations in expression levels.

Analysis of immune cell infiltration

In order to comprehensively and accurately assess immune
cell infiltration in the samples, several immune infiltration
assessment algorithms were used. We employed the
CIBERSORT, EPIC, ssGSEA, and xCell algorithms on both the
case and normal samples. CIBERSORT can accurately
distinguish 22 immune cell subtypes and is suitable for
resolving complex immune microenvironments [15]; EPIC
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not only estimates the proportion of immune cells, but also
evaluates non-immune cells, such as cancer cells and fi-
broblasts, and is suitable for tissue analysis of coexisting
multicellular cell types [16]; sSGSEA reflects immune cell
activity status through gene set enrichment analysis [17];
xCell covers up to 64 immune and non-immune cell types
with high resolution and wide applicability [18]. The com-
bination of multiple algorithms can complement each
other’s strengths, verify the reliability of the analysis re-
sults, and cover a more comprehensive range of immune
cell types, thus enhancing the accuracy and robustness of
immune infiltration analysis. We analyzed the correlations
between differential immune cell types and between
unique genes and these immune cells using the ggcorrplot
package.

Development of competing endogenous RNA
(ceRNA) network

We employed the R package multiMiR to identify miRNAs
that interact with specific genes by integrating predictions
from both the TargetScan and miRDB databases. We then
cross-referenced the predictions from these databases.
Additionally, we retrieved interaction data between IncRNA
and miRNA from ENCORI (https://rnasysu.com/encori/) and
filtered for IncRNAs with clipExpNum >10. Finally, we uti-
lized the ggsankey package for visualization.

Construction of protein-protein interaction
(PPI) network

We employed the GeneMANIA platform (http://genemania.
org) to identify predicted genes with functions analogous to
those of the hub genes, and subsequently constructed a PPI
network. Concurrently, we conducted functional enrich-
ment analysis to investigate the potential functions of hub
genes alongside their functionally related genes.

Drug prediction

Potential drugs targeting the hub genes were predicted using
the Drug-Gene Interaction Database (DGIdb, https://www.
dgidh.org)). Subsequently, we identified approved drugs and
visualized the results using Cytoscape.
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Results

Identification and enrichment analysis of
cross-talk genes

We used GSE4386 microarray datasets, comprising 20
normal samples and 10 case samples, to identify 676 differ-
entially expressed genes (DEGs), including 224 down-
regulated genes and 452 upregulated genes (Figure 1A and B).
We defined cross-talk genes as those shared among DEGs,
acute kidney injury-related genes (AKIRGs), and endo-
plasmic reticulum stress (ERS)-related genes (ERSRGS).
Consequently, we identified 7 cross-talk genes: HP (hapto-
globin), LRP2 (LDL receptor-related protein 2), VEGFA
(vascular endothelial growth factor A), IL6 (interleukin-6),
NFKB1(nuclear factor kappa B subunit 1), HMOX1 (heme
oxygenase 1), and SERPINA1 (serpin family A member 1)
(Figure 1C). The correlation matrix illustrates relationships
among these 7 cross-talk genes. HP demonstrates a signifi-
cant negative correlation with VEGFA, IL6, and NFKB1, yet
shows a strong positive correlation with LRP2. LRP2 exhibits
a significant negative correlation with VEGFA and NFKBL.
VEGFA maintains a strong positive correlation with NFKB1,
while IL6 is positively correlated with both HMOX1 and
NFKB1, and NFKB1 is positively correlated with SERPINA1
(Figure 1D). The protein-protein interaction (PPI) network,
consisting of 7 nodes and 9 edges, reveals that IL6 interacts
with HP, HMOX1, NFKBI1, and SERPINA1, indicating close
interactions at the protein level (Figure 1E). To explore the
biological roles and pathways linked to cross-talk genes, we
conducted Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses. The GO
enrichment yielded 582 results. Notably, essential biological
functions such as secretory granule lumen, cytoplasmic
vesicle lumen, vesicle lumen, acute-phase response, acute
inflammatory response, gland development, and wound
healing predominated in the GO findings (Figure 1F).
Meanwhile, the PI3K-Akt signaling pathway and microRNAs
associated with cancer frequently appeared in the KEGG
enrichment results (Figure 1G).

Diagnostic value and expression pattern of
hub genes selected from cross-talk genes

To identify the most significant hub genes, we employed
LASSO analysis, which identified four hub genes from
seven cross-talk genes: HP, IL6, LRP2, and VEGFA (Figure 2A
and B). We subsequently assessed the diagnostic potential
of these hub genes. The area under the curve (AUC) values
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for HP, IL6, LRP2, and VEGFA were 0.945, 1.000, 0.940, and
0.950, respectively (Figure 2C). Notably, the expression
levels of HP and LRP2 were lower than those in the normal
controls, while IL6 and VEGFA exhibited higher expression
compared to the normal controls (Figure 2D). The AUC
values and expression patterns indicated the diagnostic
model from the four hub genes has high predictive
accuracy.

Gene set enrichment analysis (GSEA) of hub
genes

We employed GSEA to identify significant pathways associ-
ated with each hub gene. HP exhibited positive enrichment
in five pathways: translation initiation, cytoplasmic ribo-
somal proteins, ribosome, SRP-dependent cotranslational
protein targeting to the membrane, and selenoamino acid
metabolism (Figure 3A). IL6 also demonstrated positive
enrichment in interleukin 4 and interleukin 13 signaling, the
nuclear receptors meta pathway, signaling by interleukins,
cytokine-cytokine receptor interaction, and proinflammatory
and profibrotic mediators (Figure 3B). LDLR showed positive
enrichment in five pathways: translation, ribosome, SRP-
dependent cotranslational protein targeting to the mem-
brane, translation initiation, and selenoamino acid meta-
bolism (Figure 3C). Conversely, VEGFA revealed negative
enrichment in five pathways: ribosome, selenoamino acid
metabolism, translation initiation, translation, and SRP-
dependent cotranslational protein targeting to the mem-
brane (Figure 3D).

Construction of endogenous RNA (ceRNA)
and PPI networks

To gain deeper insights into the potential roles of the hub
genes, we initially developed a competing ceRNA network.
This network explored the interactions among the mRNA of
IL6, LRP2, and VEGFA, as well as associated miRNAs and
IncRNAs. We identified 175 interactions, comprising 46
miRNAs, 19 IncRNAs, and 3 mRNAs (Figure 4A). Furthermore,
we performed GeneMANIA analysis to investigate the po-
tential functions of hub genes and their functionally analo-
gous genes. The findings indicated that the characteristic
genes and their functionally similar counterparts primarily
relate to biological processes such as the regulation of
endothelial cell proliferation, epithelial cell proliferation,
and the positive regulation of both epithelial cell prolifera-
tion and chemotaxis (Figure 4B).
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endoplasmic reticulum stress-related genes.

Immune cells infiltration and its association
with hub genes

To assess the immune profile of patients undergoing sevo-
flurane anesthesia, we employed the CIBERSORT, Epic,
sSGSEA, and xcell algorithms to evaluate the infiltration levels
of various immune cell types (Figure 5 and 6). The CIBERSORT

results revealed an upregulation of naive B cells, follicular
helper T cells, activated dendritic cells, activated mast cells,
and neutrophils in the case samples. Conversely, plasma cells,
resting dendritic cells, and resting mast cells showed a
downregulation in these samples (Figure 5A). Furthermore,
HP and LRP2 exhibited significant negative correlations with
follicular helper T cells and resting mast cells, while IL6 and
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Figure 2: Screening of hub genes from cross-talk genes and their diagnostic value and expression pattern. (A) Coefficient distribution map for
logarithmic (A) sequences in LASSO regression model. (B) Coefficient spectrum of LASSO cox analysis. (C) ROC curve of HP, IL6, LRP2, and VEGFA in
GSE4386. (D) Expression of HP, IL6, LRP2, and VEGFA between case and normal control in GSE4386. ****p<0.0001.
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VEGFA demonstrated significant positive correlations with
these cell types. Additionally, HP and LRP2 positively corre-
lated with activated mast cells, whereas IL6 and VEGFA
negatively correlated with them (Figure 5B). The Epic algo-
rithm indicated a downregulation of CD8 T cells in the case
samples (Figure 5C). HP and LRP2 positively correlated with
cancer-associated fibroblasts (CAFs), while IL6 and VEGFA
negatively correlated with CD8 T cells (Figure 5D).

The ssGSEA results demonstrated an upregulation of
activated CD4 T cells, CD56dim natural killer cells, effector
memory CD8 T cells, eosinophils, mast cells, memory B cells,
natural killer cells, natural killer T cells, neutrophils, type 1T
helper cells, and type 17 T helper cells in the case samples.
However, effector memory CD4 T cells were downregulated
(Figure 6A). Notably, HP and LRP2 negatively correlated with
activated CD4 T cells, eosinophils, and type 17 T helper cells,
while IL6 and VEGFA positively correlated with these cell
types (Figure 6B). The xcell algorithm results indicated an
upregulation of basophils and endothelial cells in the case
samples, while B cells, naive CD4" T cells, class-switched
memory B cells, and common myeloid progenitors (CMP)
were downregulated (Figure 6C). HP and LRP2 positively
correlated with basophils, whereas IL6 and VEGFA nega-
tively correlated with them (Figure 6D).

Prediction of potential drugs

To identify potential therapeutic agents for hub genes, we
utilized the DGIdb database to select approved medications
and develop a gene-drug network. HP forecasts four
approved drugs, with Migalastat and Vitamin B6 showing a
strong correlation. VEGFA predicts 27 approved drugs,
including Pegaptanib, a targeted therapy for VEGFA. IL6
predicts 28 approved drugs, among which Siltuximab serves
as a specific monoclonal antibody for IL6 (Figure 7).
Furthermore, we find that Fenofibrate Micronised and
Adalimumab-adbm target both IL6 and VEGFA. These pre-
dictions offer valuable insights for targeting hub genes.

Discussion

Acute kidney injury (AKI) ranks as a primary cause of
complications and mortality following cardiac surgery.
However, the influence of anesthetics on AKI development
remains poorly understood. Sevoflurane, a halogenated
inhaled general anesthetic, produces inorganic fluoride and
compound A, both of which may exhibit nephrotoxic prop-
erties [19]. Studies have linked sevoflurane to adverse out-
comes, including AKI, in lung transplant [20] and colorectal
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Figure 5: Immune cells infiltration in GSE4386 by CIBERSORT and EPIC algorithm. Comparison of (A) 22 immune cells infiltration and (B) relative
abundance between case and normal control by CIBERSORT algorithm. Comparison of (C) immune cells and (D) relative abundance between case and

normal control by EPIC algorithm. p values: ns, not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 6: Immune cells infiltration in
GSE4386 by ssGSEA and xcell algorithm.
Comparison of (A) immune cells infiltration
and (B) relative abundance between case
and normal control by ssGSEA algorithm.
Comparison of (C) immune cells and

(D) relative abundance between case and
normal control by xcell algorithm. p values:
ns, not significant, *p<0.05, **p<0.01,
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Figure 7: Prediction of potential drugs for HP, IL6, and VEGFA. Ellipses represent genes, V-shaped represents drugs, and darker color indicates higher
interaction scores. The node size represents the number of edges, the larger the node, the more edges.

surgeries [3]. Endoplasmic reticulum stress (ERS) signifi-
cantly contributes to the pathophysiology of AKI [21]. The
metabolic disturbances resulting from ERS alter the kidney
cell microenvironment and trigger apoptosis [22]. Thus,
investigating the mechanisms by which sevoflurane con-
tributes to AKI post-cardiac surgery is essential for
improving prevention and treatment strategies.

In this investigation, we used LASSO analysis to identify
four key genes, HP, IL6, LRP2 and VEGFA. These genes
showed significant expression profiles in AKI, ERS, and a
collection of genes associated with sevoflurane anaesthesia,
suggesting that they may be involved in related pathological
processes. However, further experimental and clinical data
validation is needed to clarify their specific roles and
mechanisms in sevoflurane anaesthesia-induced AKI. HP
(haptoglobin), serves as a precursor that binds free plasma
hemoglobin. This binding facilitates the entry of degradation
enzymes into hemoglobin while preventing iron loss via the
kidneys, thereby protecting renal tissues from hemoglobin-
induced damage [23]. Venier et al. reported two cases of
significant haptoglobin depletion in AKI resulting from he-
molysis following pulmonary vein ablation (PFA) surgery for
atrial fibrillation [24]. Similarly, Greite et al. observed
markedly reduced haptoglobin levels in AKI patients at the
conclusion of surgery [25]. Our expression profile results
align with these findings, revealing a notable down-
regulation of HP levels in case samples. IL6 (interleukin-6),
primarily arises in acute and chronic inflammatory sites,
instigating transcriptional inflammatory responses via
the interleukin-6 receptor alpha [26]. This cytokine is asso-
ciated with various inflammation-related diseases and is
commonly elevated during AKI. Privratsky et al. discovered
that macrophages express interleukin-1 receptor antago-
nists, thereby inhibiting endothelial cells from producing
interleukin-6 to mitigate AKI [27]. Our results corroborate

this, as IL-6 levels were significantly increased in case
samples, suggesting that antagonizing IL-6 may help atten-
uate AKI progression. LRP2, also known as megalin (LDL
receptor-related protein 2), functions as a multi-ligand
endocytic receptor essential for the reuptake of various li-
gands, including lipoproteins, sterols, vitamin-binding pro-
teins, and hormones [28]. VEGFA or vascular endothelial
growth factor A, belongs to the PDGF/VEGF growth factor
family and acts as a heparin-binding protein that promotes
the proliferation and migration of vascular endothelial cells
[29]. VEGFA is frequently upregulated in numerous diseases
and tumors, with its expression correlating with tumor
staging and progression. Anti-VEGF therapies are prevalent
in oncology [30]. Taken together, these studies indicate that
HP, IL6, LRP2, and VEGFA are intricately associated with the
onset and progression of AKI, aligning with our analytical
results. Thus, concentrating on these four hub genes will
enhance our understanding of the mechanisms underlying
sevoflurane-induced AKI following cardiac surgery and
inform future research endeavors.

The results of GASE and PPI analysis indicate that all
four hub genes are significantly associated with protein
translation and selenium amino acid metabolism, among
these, IL-6 is closely related to pro-inflammatory response
and is associated with endothelial cell proliferation and
epithelial cell proliferation functions. Qi et al. reported that
m6A modification regulates RNA expression through
splicing, output, attenuation, and translation initiation effi-
ciency, and is associated with the occurrence and develop-
ment of kidney disease [31]. In addition, IL-6 is a pleiotropic
pro-inflammatory cytokine that affects the pathogenesis of
various diseases [32]. Groza et al. stated that IgA nephropa-
thy is associated with elevated plasma IL-6 concentration
and elevated plasma abnormal galactosylated IgAl immu-
noglobulin (Gd-IgAl) concentration [33]. These findings
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correspond to our analysis results, where IL-6 was signifi-
cantly upregulated in the case samples and may promote the
occurrence of AKI. Furthermore, AKI is often associated with
rapid loss of renal tubular epithelial cells (TEC) [34]. Endo-
thelial mesenchymal transition (EndoMT) in the kidneys is
often associated with endothelial dysfunction, fibrosis, and
progression of kidney disease [35]. The function of endo-
thelial cells is closely related to ERS [36] and ERS often leads
to inflammation and apoptosis of endothelial cells [37, 38].
This suggests that the occurrence of AKI may be closely
related to inflammation and apoptosis of endothelial and
epithelial cells.

The analysis of immune cell infiltration revealed an
increased proportion of activated dendritic cells, mast cells,
neutrophils, and NK cells. Plasmacytoid dendritic cells
(pDCs) have been shown to rapidly infiltrate the kidneys
during acute AKI, contributing to tissue damage through the
production of IFN-a [39]. Tolerogenic dendritic cells repre-
sent a promising strategy for cell-based therapy in AKI [40,
41]. Additionally, mast cells [42], neutrophils [43] and NK
cells [44] play critical roles in cytokine secretion and the
inflammatory response, with increased infiltration rates
likely linked to these processes. Li et al. demonstrated that
Cordyceps sinensis extract inhibits perforin expression in
NK cells via the STING/IRF3 pathway, thereby preventing
AKI [45]. Theese findings suggest a correlation between the
infiltration patterns of immune cells and the onset of AKI,
providing a rationale for the development of targeted im-
munotherapies aimed at modulating immune cell activity to
prevent and treat AKI.

Ultimately, we identified potential pharmacological
agents targeting the hub genes. Our analysis revealed that
IL6 and VEGFA exhibited significant upregulation in samples
following sevoflurane anesthesia. Based on these findings,
we propose the use of the IL6-specific monoclonal antibody
Siltuximab and the VEGFA-targeted agent Pegaptanib as
potential therapeutic options for the prevention and treat-
ment of AKI induced by sevoflurane anesthesia. Siltuximab,
an anti-IL-6 monoclonal antibody, has been shown to have a
potential role in modulating inflammatory responses and
attenuating renal injury [46]. IL-6 is a multifunctional pro-
inflammatory cytokine that mediates inflammatory re-
sponses in AKI by activating signalling pathways, such as
JAK/STAT3, and promotes immune cell activation and
release of inflammatory factors, which in turn aggravate
renal injury [47, 48]. It has been shown that blocking the IL-6
signalling pathway (e.g., with Siltuximab) can inhibit the
inflammatory response and attenuate tissue damage, sug-
gesting its therapeutic potential in AKI and related inflam-
matory disorders [49, 50]. Pegaptanib, an anti-VEGF nucleic
acid aptamer, has been mainly used for the treatment of
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abnormal angiogenesis in ophthalmological diseases [51].
The VEGF signalling pathway also plays an important role in
renal pathology, and is involved in angiogenesis, inflam-
matory response and fibrosis [52, 53]. Studies have shown
that aberrant VEGF expression is closely associated with the
progression of AKI and chronic kidney disease, and inhibi-
tion of VEGF activity may help to reduce renal inflammation
and tissue damage [54]. Therefore, although Pegaptanib is
mainly used in ophthalmology, its mechanism of targeting
VEGF provides a theoretical basis for its potential applica-
tion in renal disease. Taken together, these studies provide a
biological rationale for the potential applicability of Siltux-
imab and Pegaptanib in the setting of AKI and associated
inflammation, but further functional validation and clinical
studies are needed to support their specific efficacy. In
addition, we also identified two drugs that target both IL6
and VEGFA: Fenofibrate Micronised and Adalimumab-
adbm.Fenofibrate Micronised, a drug that regulates lipid
metabolism, has been shown to participate in anti-
inflammatory and anti-angiogenic processes through the
modulation of inflammatory factors (e.g. IL6) and angio-
genic factors (e.g., VEGFA) in anti-inflammatory and anti-
angiogenic processes, which may exert synergistic thera-
peutic effects on related diseases [55-57]. Adalimumab-
adbm, as an anti-TNF-a monoclonal antibody, in addition to
the direct inhibition of TNF-q, also indirectly modulates the
expression of IL6 and VEGFA, attenuating inflammatory
responses and pathological angiogenesis [58, 59]. These
findings not only reveal the potential of the two drugs in the
multi-target regulation of key gene networks, but also
provide a theoretical basis for the development of com-
bined therapeutic strategies against complex diseases.

In summary, this study identified four key genes for
endoplasmic reticulum stress associated with sevoflurane
anaesthesia-induced AKI. However, several limitations
remain in this study. Firstly, the present study was based on
the GSE4386 dataset for high-throughput gene expression
bioinformatics analysis, which, although it provides impor-
tant clues for the study of the molecular mechanisms of
the associated diseases, is statistically limited in high-
dimensional gene expression analyses because of its small
sample size (containing only 20 control groups and 10 case
groups). The lack of sample size may increase the false-
positive rate and lead to model overfitting, thus affecting the
stability and generalisability of the results. We chose this
dataset mainly based on its high data quality and well-
established clinical information, but fully recognise that its
size limits the broad applicability of the findings. Future
studies should incorporate larger independent cohorts or
multicentre data for validation to enhance the reliability
and generalizability of the results. Second, this study relied
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exclusively on computational bioinformatics methods and
lacked functional experimental validation of key genes,
which is particularly critical when proposing potential
therapeutic targets. Although bioinformatics analyses can
effectively screen potential key genes and regulatory path-
ways, these findings still need to be validated by in vitro and
in vivo experiments. For example, qPCR and Western blot
technologies can be used to detect the expression changes of
key genes in cell models, combined with immunohisto-
chemistry to observe their localisation in tissues; knock-
down or overexpression experiments can be performed to
assess their effects on cell proliferation, migration and
apoptosis; and animal models can be used to validate the
regulatory effects of key genes on the disease phenotype.
Functional validation not only helps to confirm the biological
significance of genes, but also provides a solid experimental
basis for their potential as therapeutic targets. Future work
is planned to combine multi-level experimental validation
and clinical sample analysis to further elucidate the molec-
ular mechanisms of key genes and their application value in
disease diagnosis and treatment. Finally, this study per-
formed a preliminary screening of potential drugs based on
the DGIdb database, and although this method can rapidly
identify possible therapeutic targets, the clinical applica-
bility of the relevant drugs still needs to be interpreted with
caution due to the lack of functional experimental validation
and molecular docking analysis. In summary, although this
study achieved preliminary results in screening potential
key genes, the scientific rigour of the findings and the po-
tential for clinical translation still need to be consolidated by
larger-scale data and systematic experiments.

Conclusions

In conclusion, we identified four key pivotal genes by
integrating genetic data related to AKI, ERS and sevoflurane
anaesthesia. We systematically analysed the expression
patterns and functional characteristics of these genes and
their association with the immune microenvironment, and
explored potential therapeutic targets. Unlike previous
studies that mainly focused on generic mechanisms of AKI,
this study is the first to focus on AKI in the context of sev-
oflurane anaesthesia from multidimensional data,
revealing the specific regulatory networks that these genes
may be involved in, and deepening the understanding of
the molecular mechanisms of sevoflurane-induced AKI.
This study provides a new theoretical basis and potential
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targets for the future development of precise intervention
strategies for perioperative renal protection in cardiac
surgery patients.
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