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Background: The phenomenon of “kidney-brain crosstalk” has stimulated scholarly inquiry into the correlations between kidney
injury (KI) and Alzheimer’s disease (AD). Nonetheless, the precise interactions and shared mechanisms between KI and AD have yet
to be fully investigated. The primary goal of this study was to investigate the link between KI and AD, with a specific focus on
identifying diagnostic biomarkers for Kl-related AD.

Methods: The first step of the present study was to use Mendelian randomization (MR) analysis to investigate the link between KI
and AD, followed by verification of in vivo and in vitro experiments. Subsequently, bioinformatics and machine learning techniques
were used to identify biomarkers for Kl-associated ferroptosis-related genes (FRGs) in AD, which were validated in following
experiments. Moreover, the relationship between hub biomarkers and immune infiltration was assessed using CIBERSORT, and the
potential drugs or small molecules associated with the core biomarkers were identified via the DGIdb database.

Results: MR analysis showed that KI may be a risk factor for AD. Experiments showed that the combination of D-galactose and
aluminum chloride was found to induce both KI and AD, with ferroptosis emerging as a bridge to facilitate crosstalk between KI
and AD. Besides, we identified EGFR and RELA have significant diagnostic value. These biomarkers are associated with
NK cells_resting and B_cells_ memory and could be targeted for intervention in Kl-related AD by treating gefitinib and plumbagin.
Conclusion: Our study elucidates that ferroptosis may be an important pathway for kidney-brain crosstalk. Notably, gefitinib and
plumbagin may be therapeutic candidates for intervening in Kl-associated AD by targeting EGFR and RELA.
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Introduction

The phenomenon of “kidney-brain crosstalk” has stimulated scholarly inquiry into the correlations between kidney injury
(KI) and Alzheimer’s disease (AD). An acute kidney injury (AKI) or chronic kidney disease (CKD) may be the cause of
kidney injury (KI).! AKI is characterized by acute and transient renal dysfunction, which develops into chronic kidney
disease (CKD) over time.? Chronic kidney disease (CKD), which represents a progressive and irreversible loss of kidney
function, is a long-term condition.> Notably, the prevalence of AKI and CKD are both high worldwide.*

Alzheimer’s disease, also called AD, is the primary cause of dementia on a global scale and is a significant issue in public
health.” AD is responsible for half to three-quarters of the 50 million individuals globally who have dementia.® de Oliveira et al’
found that gender, education, changes in coronary heart disease risk, creatinine clearance, body mass index, and APOE haplotypes
all affected the rate of cognitive and functional decline in AD. Creatinine is the primary marker for kidney damage.® Based on the
concept of kidney-brain crosstalk proposed by several scholars, we explored the interconnection between kidney injury and AD.
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Initial research has observed that “kidney-brain crosstalk” in CKD frequently accompanies a variety of neurological disorders,
including cerebrovascular disease, cognitive deficits, and neuropathy.” Additionally, subsequent studies have shown that AKI
significantly affects the extrarenal organs, especially the brain’s function.'® This crosstalk may be caused by cytokine-induced
injury, sodium dysregulation, oxidative stress, and leukocyte extravasation.” Notably, the pathophysiology of functional crosstalk
between the kidney and brain is characterized by oxidative stress and inflammation. In the natural course of CKD, the above
process can lead to neuropsychiatric disorders, cognitive impairments, and dementias.'’ Meanwhile, in vitro and in vivo studies
have proposed that the kidney plays an important role in the peripheral clearance of Ap and tau.'*'? Stacking of AP and tau leads
to aggravating AD pathology when the kidneys are damaged, which indicates that KI is tightly connected to the development
of AD and that CKD patients are more likely to develop cognitive impairment and AD.'*'® Due to its insidious onset, long latency,
and various ambiguous mechanisms, AD is difficult to detect at its early stages. A biomarker facilitates diagnosis, fosters the
assessment of a disease’s severity, and allows clinicians to assess a treatment’s effectiveness using surrogates.'® KI (AKI and
CKD) is often accompanied by varying degrees of neurological dysfunction, such as AD. Nonetheless, the precise interactions and
shared mechanisms between KI and AD have yet to be fully investigated. Exploring the possibility of including biomarkers in
diagnosing Kl-related AD is proposed to identify AD patients as early as possible and help determine therapeutic interventions.

Although the underlying molecular mechanisms KI contributes to AD are complex and ambiguous, the oxidative stress in
kidney-brain crosstalk points out a new direction. Oxidative stress is the central mechanism of ferroptosis.'” The process of
ferroptosis, a new form of programmed cell death, is iron-dependent, oxidative, and characterized by elevated reactive oxygen
species (ROS) and reduced glutathione levels.'® It is possible to induce ferroptosis by accumulating ROS, increasing reactive
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iron, and decreasing GPX4 activity, thereby contributing to the progression of AKI and AD.'*° Regrettably, there is a lack of

studies on biomarkers involved in the pathogenesis of AD in Kl-related ferroptosis-related genes (FRGs). We took “ferroptosis™

as a point cut to identify biomarkers to explore the effective treatment of KI-related AD, which might have been a good choice.

Our study used Mendelian randomization (MR) to examine the causal association between CKD and AD. We also applied

multiple integrated bioinformatics tools to elucidate kidney-brain crosstalk in KI and AD, investigate the common mechan-

isms, and identify diagnostic biomarkers of AD in Kl-associated FRGs. Subsequently, we utilized in vivo experiments to

further confirm the above analysis. Finally, we explored the immune cellular signatures of diagnostic biomarkers in AD to

reveal associations between pivotal genes and the immunological landscape. Generally, we have set up common biomarkers

and mechanisms for KI and AD for the first time through this study, which provides clues for exploring therapeutic strategies
for Kl-related AD. The study flow chart is shown in Figure 1.

Materials and Methods

MR Analysis
Study Design

The instrumental variables employed in this bidirectional MR study consisted of multiple single-nucleotide polymorph-

isms (SNPs) that capture the overall genetic diversity within the human population. The MR approach relies on three
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fundamental assumptions to produce unbiased estimates: (1) the genetic instrumental variable must be associated with the
exposure of interest; (2) confounding factors must not directly influence the instrumental variables.

Data Sources

The IEU Open GWAS project (https://gwas.mrcieu.ac.uk) provided us with datasets relevant to CKD and AD. Since the
study included publicly available data, ethics approval was not required. The CKD data includes 12385 CKD patients and
104780 controls. The AD data contains 17008 patients with AD and 37154 controls (Table 1).

Disease-Related Microarray Data Collection and Processing
The DisGeNET database (http://www.disgenet.org/web/DisGeNET/) was applied to collect kidney injury (including acute

kidney injury and CKD) and AD-related genes. Meanwhile, raw expression profiling datasets for kidney injury and AD,
including GSE139061, GSE66494, GSE5281, and GSE122063, were obtained from the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/). As shown in Table 2, the datasets have detailed descriptive information.

Differentially Expressed Genes (DEGs) and Ferroptosis-Related Genes (FRGs)

|dentification

Our analysis of AKI, CKD, and AD datasets used the “Limma” package in R software to identify differentially expressed
genes (DEGs). The filtering condition was set as |Log (fold change, FC)| > 1, p < 0.05. Among these, logFC > 1
corresponded to up-regulated genes and logFC < —1 to down-regulated genes. Finally, with the help of the “ggplot2” and
“pheatmap” packages, expression patterns of DEGs were visualized as volcano maps and heatmaps. Ferroptosis-related
genes (FRGs) were downloaded from the FerrDB database (http://www.zhounan.org/ferrdb/current/).

An Analysis of Weighted Gene Co-Expression Networks (WGCNA)

WGCNA is commonly applied to calculate disease-related gene modules, as described previously.?' Briefly, in order to
carry out the WGCNA analysis, the package “WGCNA” was utilized. In addition, to ensure a co-expression network
with signed scale-free parameters, the corresponding B and R2 were chosen as soft threshold parameters.

Functional Enrichment and Protein-Protein Interaction (PPl) Network Analysis

The biological function and concrete mechanism of FRGs were explored via Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis using the Online platform of Sanger-Box (http://vip.sangerbox.com/
home.html).?* The screen criteria are FDR < 0.1, P value < 0.05. Meanwhile, the GeneMANIA tool was also adapted to
investigate the function of common genes.

Table | Features of GWAS Consortiums are Applied for Each Variable

Traits Sample Size Population | Consortium
(Cases/Controls)
Chronic kidney disease (CKD) 12385/104780 European IEU
Alzheimer’s disease (AD) 17008/37154 European IEU
Table 2 The Information on the GSE Datasets from the GEO Database
Dataset Platform | Disease | Total Sample Note
(Normal/Disease)
GSEI39061 | GPL2030l AKI 48 9/39 Test dataset
GSE66494 GPL6480 CKD 6l 8/53 Test dataset
GSE5281 GPL570 AD 161 74/87 Test dataset
GSEI122063 | GPL16699 AD 100 44/56 Validation dataset
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The interactions between KI and AD were investigated via the PPI network, constructed by the STRING database and
visualized through Cytoscape.

Machine Learning Algorithms

The Least Absolute Shrinkage and Selection Operator (LASSO), Random Forest (RF), Support Vector Machine
Recursive Feature Extraction (SVM-RFE), and Gradient Boosting Machine (GBM) were combined to recognize the
characteristic genes.”® Finally, the overlapping genes in the three machine learning algorithms described above were
defined as signature genes.

The Construction of a Receiver Operating Characteristic (ROC) Curve and

a Nomogram
The diagnostic value of biomarkers was evaluated using the ROC curve, which was constructed using the survival ROC
package. Besides, the nomogram was created to validate the accuracy of ROC and further verified in the calibration curve.

Immune Cell Infiltrations Analysis

Based on CIBERSORT, an immune-related algorithm that analyzes 22 types of immunocytes, we analyzed the immune
landscape of CKD and AD samples.>* The Pearson correlation coefficient was used to determine whether the hub genes
correlate with immune infiltrating cells. Finally, with the “vioplot” and “pheatmap” R packages, it was visualized.

Establishment of the KI and AD Mice Models
The male C57BL/6J mice (18-22 g) were supplied by the Nanjing Qinglongshan Animal Cultivation Farm (Nanjing,
China). All mice were housed in a dark/light (12 h/12 h) environment at 25 + 2 °C and 60 = 10% relative humidity. The
animals were fed standard feed and allowed to drink at their leisure. According to the animal welfare guidelines, all
animal care procedures and experiments followed the 3R principle (reduction, replacement, refinement). China
Pharmaceutical University’s Ethics Committee approved all animal experiments.

We randomly assigned the experimental animals into two groups (n = 10): (1) Control and (2) Model (D-gal,
150 mg/kg+AICl;, 20 mg/kg) group. The D-gal (intraperitoneal injection) and AICI; (intragastric administration) were
given to the Model group mice for 10 weeks.

Analysis of Kidney Coefficient

Mice were weighed once a week. Then, 50 mg/kg of sodium pentobarbital was used for anaesthesia to collect blood
samples. After that, mice were sacrificed by cervical dislocation to isolate kidney tissues (both left and right).
Accordingly, kidney coefficients were calculated as follows: Kidney coefficient = kidney weight (mg) % 100/ body
weight (g).

Detected the Levels of Serum Creatinine (CRE), Blood Urea Nitrogen (BUN),
Malondialdehyde (MDA), and Glutathione Peroxidase (GPx) in Mice

According to the manufacturer’s instructions, the serum creatinine (CRE) and urea nitrogen levels were determined using
CRE assays (C011-2-1) and blood urea nitrogen (BUN, C013-2-1) kits manufactured by Jiancheng Bio (Nanjing, China).
The levels of Malondialdehyde (MDA) and Glutathione peroxidase (GPx) in the kidney tissue were assayed using the
MDA Assay Kit (S0131S, Beyotime, China) and the GPx Assay Kit (S0056, Beyotime, China), respectively.

Nissl Staining and Hematoxylin-Eosin (HE) Staining

As described in the previous study, Nissl and HE staining were performed.”>® We preserved brain and kidney tissue in
4% paraformaldehyde, embedded it in paraffin, sectioned it, and mounted it on slides. After deparaffinizing and
rehydrating, the tissue sections were stained with toluidine blue for Nissl bodies and hematoxylin and eosin for kidney
tissue.
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Establishment of the Cell Model

Rat pheochromocytoma PC12 cells were purchased by the Chinese Academy Cell Resource Center (Shanghai, China).
As described previously,?” we utilized AP25-35 (20 uM) to induce injury in PC12 cells, establishing an in vitro model of
Alzheimer’s disease (AD). The experiment was divided into three parts. In Part 1, we divided the cells into two groups:
Control and Model. In Part 2, we divided the cells into three groups: Control, Model, and SC75741 (RELA inhibitor,
5 uM). In Part 3, we divided the cells into three groups: Control, Model, and Gefitinib (EGFR inhibitor, 200 nM).

Western Blot (WB) Analysis

The kidney and brain tissues were lysed with RIPA protein lysate (P0013B, Beyotime, China) with PMSF (ST506,
Beyotime, China), and the protein concentration was determined with a BCA kit (P0010, Beyotime, China). Then, the
detailed WB procedure was conducted according to the methods outlined in a previous study.”® Here are the antibodies
used in this study: anti-AB1-42 (1:1000, 25524-1-AP, Proteintech), anti-PTGS2 (1:500, sc-19999, Santa Cruz,), anti-
GPX4 (1:500, 67763-1-1g, Proteintech), anti-EGFR (1:800, 51071-2-AP, Proteintech,), RELA (1:1000, 8242T, CST), and
B-actin (1:20,000, 66009-1-lg, Proteintech). Finally, a kit for ECL chemiluminescence was used to enhance color
development (Tanon, Shanghai).

Prediction of the Biomarker-Associated Candidate Drug
Through a search of the Drug Gene Interaction Database (DGIdb) (https://www.dgidb.org), potential drugs or molecules

that interact with the hub genes have been predicted.?’ Our analysis of the candidate genes led us to select the interacting
drugs as potential therapeutic agents for KI-associated FRGs involved in AD progression using Cytoscape.

Analysis of Molecular Docking and Intermolecular Interactions

The molecular docking method is a powerful tool for analyzing intermolecular interactions. Here, we collected the
candidate drugs (gefitinib and plumbagin) from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and down-
loaded the targets (EGFR and RELA) from the PDB database (http://www.rcsb.org/pdb/) to conduct molecular docking
via Autodock Vina. We also analyze the intermolecular interactions between drugs (gefitinib and plumbagin) and proteins
(EGFR and RELA) through LigPlot+ software.

Statistical Analysis
For MR analysis, the inverse-variance weighted (IVW) method, which assumes no unbalanced horizontal pleiotropy, was used
as the main analysis method.*® We conducted complementary analyses using MR-Egger regression, MR-Weighted-median,
MR-Simple-mode, and MR-Weighted-mode. Statistical analyses were conducted using the MendelianRandomization,
TwoSampleMR, and MR-PRESSO packages in R software.

In the present study, all results were expressed as mean = SEM. The experimental data were statistics via -tests in
GraphPad Prism 9.5 software (San Diego, California, United States), and P < 0.05 was considered significant.

Results
Analysis of the Link Between Kl and AD

We conducted an MR analysis to determine the causal link between CKD and AD. In the study, The IVW results
exhibited that, although CKD has no truly causal relationship with AD (OR = 1.044, 95% CI = 0.920-1.186, P = 0.503)
(Figure 2A), there was an increased risk of AD associated with CKD prevalence (Figure 2B). Considering the Cochrane
O test statistics revealed heterogeneity (P = 0.738), a fixed-effect model was used. Also, no notable pleiotropy was
observed in MR-Egger (P = 0.887) (Figure 2C). Moreover, no outliers were detected by the MR-PRESSO test (global test
P =0.806). A leave-one-out analysis was used to verify how each SNP affected the overall causal estimates (Figure 2D).
Collectively, the results mentioned above suggested that the incidence of AD was significantly linked with increased risk
for CKD.

832 https: Journal of Inflammation Research 2025:18


https://www.dgidb.org
https://pubchem.ncbi.nlm.nih.gov/
http://www.rcsb.org/pdb/

Cai et al

s vt

pualue OR

™~ - —_

Inverse variance weighted 0503 1044(0.920-1.186)

MR Egger 0780 1078(0722-1609)

‘Weighted median 0491 1054(0.908-1222)

Smple mode 0510 1080(0882-1321)

‘Weighted mode 0585 1058(0883-1.267)
e
08 10 12 14 186 "'
or ol

-

= == Control
Termination I “ ‘ m E 3 Vodel
0 ‘ 6 10 Cantro : h Te
| | Time . 3
A T T (week) §
» Mode | sess
D-gal (IP): 150 mg/kg Collect kidney tissue  Collect brain tissue e £
AICly (IG): 20 mg/kg and serum and serum iz
(n=3) Left kidney Right kidney 0

Leftkidney  Right kidney

G H |

~
h
=

* %k k Liud.]
A
* ad 10 et
- -
g S =
S 15 2 ald
£ ab E
=z 10 ° 5
2 z o
S Sxe 2 . %%
5 00 °
T T " T T
Control Model Control Model

Bactin | ae—-—————

Control Model

w
1

)
1

3

—_
1

&
=

=

2
-

o 2
z
£
s
g

The relative protein expression

e

]

T T
Control ~ Model

Control Model

Figure 2 The results of the link between Kl and AD. (A) Various MR methods (IVW, MR egger, Weighted median, Simple mode, and Weighted-mode) were used to estimate
causal effects. (B) Scatter plot for the MR analysis. (C) Additionally, the funnel plots showed no notable pleiotropy (P = 0.887). (D) The leave-one-out plot of SNPs
associated with CKD and their risk on AD. (E) The animal experiment flow chart was created by applying Figdraw. (F) The kidney coefficient in the control and model
groups. D-gal+AlIClz-induced Kl was examined by measuring serum BUN (G) levels and serum CRE (H) levels via ELISA kits. (I) The histopathological changes in the kidneys
of mice treated with d-gal+AICl; (n = 3). The original magnification is 10x40. (J) The AD marker protein Af} was detected via Western blot, which was normalized by B-actin
(n = 3). (K) Nissl staining (magnification 10 x 40, n = 3). * p < 0.05; **, p < 0.01; *** p < 0.001; *** p < 0.001.

Journal of Inflammation Research 2025:18 hetps: 833



Cai et al

A previous study confirmed that D-gal or AICl; can trigger KI and AD, respectively. Thus, we made the bold
speculation that the occurrence of KI and AD has some linkage. To test this conjecture, we established a D-gal+AlCl;-
induced mouse model (Figure 3E). At six weeks, in comparison to the control group, mice treated with D-gal+AlCl; had
significantly lower kidney coefficients (Figure 3F). At the same time, the serum CRE and BUN levels were significantly
elevated in the model group (Figure 3G and H). Besides, HE staining showed that kidney tissue damage pathology was
obvious in the model mice, which showed that the appearance was tubular cell vacuolization, tubular epithelial cell
necrosis, and glomerular atrophy (Figure 31). All of this demonstrated that D-gal+AICl; induced KI. Subsequently, on
week 10 after modelling, AP protein expression was examined in the hippocampal tissues of the mice, and it was found
that AB accumulated in the model mice brains (Figure 3J). Moreover, Nissl staining showed that Nissl bodies were
reduced in the hippocampal tissue of the model group (Figure 3K). This suggests that D-gal+AlCl; also induces AD
pathology. The above data illustrate that D-gal+AICl; can induce KI and AD, in which KI onset precedes AD,
demonstrating that KI is closely related to the onset of AD.

Identification of Disease-Related Genes and Gene Modules Associated with Kl

As a means of collecting enough Kl-related genes, we searched the DisGeNET and GEO databases under the keywords
“chronic kidney disease” and “acute kidney injury”. The disease database included AKI (185) and CKD (1074)
(Figure 3A). Meanwhile, in GEO datasets, we performed WGCNA analysis to identify the AKI-related module genes.
Scale-free networking was ensured by choosing the power of 8 as a soft threshold (Figure 3B), which was chosen to
generate hierarchical clustering trees (Figure 3C). In addition, a total of 16 modules were obtained, with the lightcyan
module being the most relevant to the AKI trait (Figure 3D). Besides, we found that the lightcyan module was positively
correlated with AKI (cor = 0.61, p = 3.4e-28) (Figure 3E).

Meanwhile, in the CKI dataset, we set a soft threshold of B = 6 and R* = 0.9 to ensure a scale-free network
(Figure 4F). Subsequently, 15 modules were generated, of which the salmon module was most relevant to CKD
(Figure 4G and H). Furthermore, the salmon module (cor = 0.25, p = 2.3e-28) showed high genetic significance and
module membership (Figure 41).

Finally, the disease and GEO databases were merged to include AKI and CKD-related genes. After removing
duplicates, 3193 Kl-related genes were gained, including AKI (446) and CKD (2883) (Figure 4J).

Collection of Disease-Related Genes and Identified DEGs in AD

In order to obtain AD-related genes, we searched DisGeNET and GEO databases using the keyword “Alzheimer’s
disease”. The results showed that DisGeNET collected 3397 AD-related genes (Figure 4K). In addition, a Limma
differential expression gene analysis of the AD dataset found 720 DEGs, including 415 up-regulated genes and 305
down-regulated genes (Figure 4L and M). Next, 3960 genes were defined as AD-associated genes after removing
duplicates by combining the genes obtained from the disease database with the GEO database (Figure 4N).

Predictive and Experimental Results About the Mechanism by Which Kl and AD

As a result of the intersection between Kl-related genes (AKI and CKD) and AD-related genes obtained above, we
obtained 473 genes with common characteristics (Figure 4A). This implies a relationship between KI and AD. Then,
functional enrichment was analyzed to explore the potential common pathogenic mechanisms in KI and AD. The result
found that these genes were mainly associated with the biological processes of response to oxidative stress, regulation of
oxidative stress-induced cell death, neuron death, and regulation of lipid metabolic process (Figure 4B). The term
ferroptosis describes a new type of cell death characterized by irregular iron and lipid metabolism, oxidative stress, and
low glutathione levels.>' This suggests that ferroptosis may be a common mechanism of KI and AD.

To further confirm the reliability of the prediction results, we detected the activities of MDA and GPx in kidney
tissues. The results revealed that in the model group, MDA activity was significantly elevated (Figure 5C), marking the
occurrence of oxidative stress. Meanwhile, in the model group, the GPx activity was reduced (Figure 5D), the GPX4
protein expression level was significantly down-regulated, and PTGS2 was significantly up-regulated (Figure SE),
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genes in CKD. (H) Heatmap displaying module eigengenes in relation to CKD status. (I) Correlation plot between salmon module membership and gene significance. (J) All
the Kl-related genes from disease and GEO databases. (K) AD-related genes from the DisGeNET diseases database. (L-N) Differentially expressed genes (DEGs) analysis
of AD datasets from the GEO database. (L) Volcano plot of DEGs between control and AD. (M) The heatmap shows the differences in partial gene expression between the
control and AD groups. (N) All the AD-related genes from disease and GEO databases.
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ferroptosis-related proteins GPX4 and PTGS2 were determined by Western blot, and B-actin was employed as internal references (n = 3). **, p < 0.01; *** p < 0.001.

indicating the occurrence of ferroptosis. Overall, the predicted results, together with the experimental results, elucidated
that the common pathogenic mechanism of KI and AD may be associated with ferroptosis.

Identification of KI-Related FRGs in AD

In order to determine which Kl-related FRGs contribute to AD progression, we first gathered FRGs through the Ferrdb
database. The 564 FRGs were obtained in the Ferrdb database, which contained driver (264), suppressor (238), marker
(9), and unclassified (110) (Figure 5A). Next, a total of 156 Kl-associated FRGs were identified after being duplicated,
among which 42 were in AKI and 137 were related to CKD, respectively (Figure 5B and C). Eventually, we further
identified 105 Kl-associated FRGs associated with AD (Figure 5D).

The Functional Enrichment and PPl Network Analysis Results

Functional enrichment analysis (GO and KEGG) was performed to gain insight into the biological functions and pathways
involved in these 105 common FRGs. According to GO enrichment analysis, these genes participate in several biological
processes (BP), including positive regulation of gene expression, positive regulation of transcription from RNA polymerase I1
promoter, and hypoxia response. Their major cellular components include the nucleus, cytoplasm, and chromatin. Most of
these genes have also been linked to RNA polymerase II sequence-specific DNA binding transcription factor binding,
identical protein binding, and enzyme binding processes within molecular function (MF) categories (Figure 6E).

Based on KEGG pathway enrichment analysis, the above genes were mainly enriched for HIF-1 signalling, AGE-
RAGE signalling, IL-17 signalling, and Toll-like receptor signalling (Figure 6F).

Next, to further elucidate the relationship between the above 105 common FRGs, we created a PPI network using
STRING and further visualized it in Cytoscape (Figure 6G and H). The results indicated that these genes were
interrelated. Meanwhile, we employed the MCC algorithm in Cytohubba to evaluate the hub genes in the PPI network,
and high scores indicated that the corresponding proteins were the core of the network (Figure 6I). Thus, we selected the
top 10 genes (TP53, JUN, IL6, STAT3, RELA, MAPK1, HIF1A, EGFR, MAPK3, and TLR4) as the hub genes in the PPI
network.
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enrichments. (F) A circos plot representing the KEGG analysis results of shared FRGs. The PPl network was created by the STRING database (G) and further visualized
through Cytoscape (H). (I) The top ten hub genes were selected via Cytohubba analysis.

Machine Learning-Based Selection of Diagnostic Biomarkers of Kl-Related AD

Progression

To further screen the signature genes, we integrated four machine learning algorithms. First, we utilized LASSO
regression analysis to calculate the lowest binomial deviance of seven feature genes (EGFR, HIF1A, JUN, MAPK3,
RELA, TLR4, and TP53) among the top 10 hub FRGs screened by PPI (Figure 6A and B). Next, the RF algorithms
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identified the characterized genes among the 10 hub genes, whose MeanDecreaseGini > 5 (HIF1A, EGFR, JUN, RELA,
MAPK3, STAT3, TLR4, TP53) were screened as characterized genes (Figure 6C and D). Then, SVM-RFE was then
applied to screen the eight genes with the lowest error and highest accuracy, including HIF1A, EGFR, JUN, RELA,
MAPK3, STAT3, TP53, TLR4 (Figure 6E). Following this, five genes with importance scores of importance > 25 were
screened using the GBM algorithm (HIF1A, MAPK3, EGFR, JUN, and RELA) (Figure 6F). Lastly, the characterized
genes identified by the above four algorithms were merged, where the five genes (EGFR, HIF1A, JUN, MAPK3, and
RELA) in the overlapping portion were identified as pivotal genes (Figure 6G).

Biomarker Diagnostic Value Assessment and Validation

We first assessed the expression levels of the above five candidate signature genes. In terms of the dataset GSE5281, we
compared the expression of five candidate genes between Control and AD groups. Other than MAPK3, all four genes
(EGFR, HIF1A, JUN, and RELA) showed statistically significant differences in expression between the two groups
(Figure 7H). Meanwhile, in the validation set GSE122063, except for HIF1A, JUN, EGFR, MAPK3, and RELA were
differentially expressed between the two groups (P<0.05) (Figure 71).

As a further test of the diagnostic utility of the five signature genes above, we developed ROC curves. In terms of the
test set GSE5281, area under the curve (AUC) values were calculated for these 5 genes, including the EGFR (0.7783),
HIF1A (0.8364), JUN (0.7437), MAPK3 (0.5581), and RELA (0.722), among which EGFR, HIF1A, JUN, and RELA
possessed a high diagnostic value (AUC > 0.7) (Figure 7J). Subsequently, ROC curves for the above five genes were
further constructed in the validation set GSE122063, which showed AUC values of EGFR (0.7666), HIF1A (0.5578),
JUN (0.525), MAPK3 (0.6607), and RELA (0.8052), respectively (Figure 7K). Consistent with the results of the test set,
both EGFR and RELA had an AUC > 0.8, suggesting a better diagnostic value. Combining these results, we constructed
a nomogram for EGFR and RELA, and the score of each gene corresponded to the incidence of AD (Figure 7L). The
nomogram showed that EGFR and RELA performed well in diagnosing AD progression, which was further confirmed by
the calibration curve (Figure 7M). The above results suggest the excellent diagnostic value of EGFR and RELA.

The expression of EGFR and RELA was detected in AD mice as a further verification of the reliability of the
aforementioned results. As predicted, the Western blot result matched the above results. The EGFR and RELA all
increased in the brains of AD mice (Figure 7N).

To further verify the accuracy of the above results, we performed additional analysis in in vitro experiments. First, in
Experiment 1, we induced PC12 cell injury using AB25-35 and found that AP expression was elevated in the PC12 cells
of the model group (Figure 70). Subsequently, we further found that both EGFR and RELA expression was upregulated
in PC12 cells of the model group (Figure 70). At the same time, the ferroptosis-related index GPX4 protein expression
was significantly down-regulated, while PTGS2 was significantly up-regulated (Figure 70). Additionally, MDA activity
was elevated (Figure 7P), and GPx activity was decreased (Figure 7Q), signaling the occurrence of ferroptosis. The
RELA inhibitor SC75741 was added in experiment II, and further analysis revealed that RELA was inhibited and that the
ferroptosis-related indexes mentioned above were partially improved (Figure 7R-T). It was demonstrated that RELA was
a key target of ferroptosis. In addition, in Experiment 3, we added the EGFR inhibitor Gefitinib, which inhibited the
expression of EGFR. Consequently, the ferroptosis-related indices were partially improved (Figure 7U-W), demonstrat-
ing that EGFR is a key target in ferroptosis.

Results of Immune Cell Infiltration Analysis

Enrichment analysis also discovered that KI-associated FRGs in AD were also involved in immunomodulation. Thus, we
investigated the immune infiltration patterns of 22 immune cell types and elucidated the correlation between candidate
biomarkers (EGFR and RELA) and immune cells in the CKD (GSE66494) dataset and AD dataset (GSE5281),
respectively. The violin plots show that the CKD samples showed significantly different NK cells_activated,
Macrophages MO, and Macrophages M1 cells than the control samples (Figure 7A). Moreover, Macrophages M1 cell
was significantly reduced in CKD samples compared to normal samples, while NK cells activated and
Macrophages MO cells were significantly increased. Furthermore, we analyzed AD datasets for immune cell infiltration.
There was a decrease in Dendritic cells_activated and Eosinophils cells, while there was an increase in B cells_naive,
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Figure 7 Predicting candidate drugs and validating drug-biomarker interactions. (A) Violin plot of immune-infiltrating cells between the CKD and control groups. (B) Violin
plot of immune infiltration in the AD and control groups. Lollipop diagram of a correlation between EGFR (C) and RELA (D) in the CKD dataset. The lollipop diagram of
a correlation between EGFR (E) and RELA (F) in the AD dataset. (G) The DGIdb database has explored 238 drugs and small molecules, of which 185 target EGFR and 53 target
RELA, which was visualized by Cytoscape. (H) GE and EGFR molecular docking. (I) GE and RELA molecular docking. (J) PB and EGFR molecular docking. (K) PB and RELA
molecular docking. Intermolecular interaction analyses of the GE and EGFR (L), and RELA (M). Intermolecular interaction analyses of the PB and EGFR (N), and RELA (O). The
spoke arcs in red represent hydrophobic contacts and the dashed green line represents hydrogen bonds.
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B cells._memory, and Macrophages M1 cells in AD patients (Figure 7B). Interestingly, Macrophages M1 cells were
decreased in CKD samples while increasing in AD samples, suggesting that modulation of Macrophages M1 cells is
critical for interfering with AD progression in CKD patients.

However, the ratio of immune cells in KI and AD is only one aspect of their common pathogenesis. We used Pearson
correlation analysis to confirm the relationship between these two shared candidate genes and immune cells. According
to the CKD dataset, there was a significant positive correlation between B_cells memory cell and EGFR (Figure 7C).
The RELA gene was positively correlated with B _cells_naive and NK_cells resting cells, while it was negatively
correlated with Macrophages M2 and B_cells_memory cells (Figure 7D). In the AD dataset, we found some relation-
ships between the pivotal genes EGFR and RELA and immune cells, in which EGFR was significantly positively
correlated with Macrophages M2, B_cells_naive, and Macrophages M1 cells, while significantly negatively correlated
with T cells_follicular _helper and B_ cells_memory cells (Figure 7E). Besides, RELA was positively correlated with
Neutrophils, Macrophages M0, and NK cells resting cells (p < 0.05), whereas it was negatively correlated with
Dendritic_cells_resting, T cells_follicular_helper, and NK_cells_activated cells (p < 0.05) (Figure 7F). T Accordingly,
immune-related cells may also play a role in AD pathogenesis. Overall, there was a consistent correlation between
candidate biomarkers (EGFR and RELA) and NK cells resting cell, while there was an opposite correlation with
B cells memory cell in CKD and AD.

Prediction of Targeted Drugs with Candidate Genes

In the current study, we predicted the target drug with the candidate genes (EGFR and RELA) via the DGIdb database.
The drug-gene interaction results revealed 238 potential target drugs or compounds for Kl-related AD therapy. Among
them, 185 drugs targeted EGFR, and 53 drugs targeted RELA. Then, further analysis of the drug-gene networks was
conducted using Cytoscape software, which found that gefitinib (GE) and plumbagin (PB) co-targeted EGFR and RELA,
respectively (Figure 7G). Due to this, GE and PB have been identified as potential therapeutic agents for KI-
associated AD.

To validate the above results further, we carried out molecular docking of GE and PB with EGFR and RELA,
respectively. The results, as expected, showed that GE improved AD by interacting with EGFR (Figure 7H) and RELA
(Figure 7I) at an optimal docking binding of —7.4/-7.5 kcal/mol (Table 3). Meanwhile, PB alleviated AD by interacting
with EGFR (Figure 7J) and RELA (Figure 7K) at an optimal docking binding of —6.5/-6.8 (kcal/mol) (Table 3).
Moreover, the intermolecular interactions of small molecules (GE and PB) with proteins (EGFR and RELA) were
mainly through hydrogen bond and hydrophobic interactions (Figure 7L-0).

Discussion

Considering the immense societal burden of AD, identifying patients with early-stage AD (prodromal AD) is critical.**
However, in its early stages, AD can be difficult to detect due to its insidious and irreversible onset.>* Encouragingly,
introducing the “kidney-brain crosstalk” concept has pointed us in a new direction. Past studies have proposed that
oxidative stress is a crucial pathological process in kidney-brain crosstalk, and mediated ferroptosis is also a common
pathogenic mechanism in KI and AD. Thus, ferroptosis may largely act as a trigger, which contributes to KI-induced AD.
Most previous studies have focused on only identifying diagnostic biomarkers for KI or AD. Thus, disregarding the
possibility of kidney-brain crosstalk contributes to the progression of KI to AD, leading to a paucity of studies on

Table 3 The Energy Docking Results of Molecular
Docking

Molecule Name Binding Affinity (kcal/mol)

EGFR (Iml4) | RELA (I1K3Z)

GEFITINIB —74 -7.5
PLUMBAGIN —6.5 —6.8
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diagnostic-related markers of Kl-related AD. Based on this, searching for core diagnostic biomarkers involved in the
pathogenesis of AD in the KI-associated FRGs is a major step toward deciphering kidney-brain crosstalk and exploring
an effective therapeutic route.

Here, through MR analysis, we first determined that an increased risk of CKD development induces an increased risk
of AD development. These tentatively confirm the possibility of kidney-brain crosstalk. Following this, based on
previous studies, it has been suggested that the excess D-gal will lead to an increase in reactive oxygen species (ROS)
and late glycosylation end products. The above phenomena will further cause oxidative stress, cellular damage, and
inflammation, which in turn promote organ damage, including brain, liver, and kidney damage.** Meanwhile, Al can
cross the blood-brain barrier and deposit in multiple brain regions, leading to neurodegenerative diseases (AD) and also
inducing multiple organ diseases (such as kidney and hepatic).>> We integrated D-gal and AICl; to explore the relation-
ship between KI and AD. As expected, mice were treated with D-gal + AICl;, which can cause KI and AD, and the
occurrence of KI preceded AD. Therefore, we ventured to speculate that KI occurrences would further promote AD. At
the same time, bioinformatics-based analysis predicted that the common pathogenic mechanism of KI and AD may be
related to ferroptosis. Hence, the kidney tissues were analyzed in a D-gal+AlCl;-induced mice model for MDA, GPx,
GPX4, and PTGS2 expression, and MDA and PTGS2 were significantly upregulated, while GPx and GPX4 were
significantly downregulated. Meanwhile, the results of in vitro AD model were consistent with those of in vivo
experiments. The MDA content indirectly reflects the level of lipid peroxidation in the body, and an increase implies
a significant decrease in the antioxidant capacity.® GPX4, the sensor of oxidative stress and cell death signalling, and its
decreased levels lead to a significant elevation of reactive oxygen species in vivo.>” Thus, it is considered an important
target for triggering ferroptosis. Our study from the experimental level confirms that KI and AD pathogenesis are
associated with ferroptosis, which is consistent with previous findings.**~°

Subsequently, we identified five biomarkers of KI-associated FRGs in AD by combining four machine-learning algorithms
(LASSO, RF, SVN-RFE, and GBM). Among these, EGFR and RELA can be used for the early diagnosis of AD progression in
KI patients. Meanwhile, our study also explored new therapeutic avenues using immune infiltration analysis, which may help
find new targets for KI-associated AD. The study revealed a positive correlation between EGFR/RELA and NK_cells_resting.
In contrast, there was an opposite correlation with B_cells memory. Previous studies have shown that the depletion of NK
cells enhances neurogenesis, reduces neuroinflammation, and improves cognitive function in AD mice.*® Additionally,
therapeutic B-cell depletion reverses the progression of Alzheimer’s disease.*’ Meanwhile, the depletion of NK cells or
B cells also attenuates KI.**** These findings suggest that targeting NK cells or B cells may be a novel strategy to combat AD
and KI. Notably, ferroptosis is closely associated with NK cell- and B cell-mediated immune responses.®'*** Based on this, we
speculate that EGFR and RELA might ameliorate KI-associated AD by modulating immune processes during ferroptosis.
Regrettably, the specific pathways of their actions remain to be further investigated.

An epidermal growth factor receptor (EGFR) is a type of growth factor receptor found on the surface of cells that
plays a crucial role in the proliferation, differentiation, and survival of cells.*> Some studies indicated that EGFR can
mediate the ferroptosis process, which involves the pathogenesis of lupus nephritis, cardiomyocyte ischemia-reperfusion

4648

injury, and osteoarthritis, and that the effect of EGFR in disease is mainly attributed to regulating ferroptosis. EGFR

has previously been identified in the kidney, and its expression is more common in diseased kidneys than normal ones.*
In addition, studies have found that EGFR contributes to AD development. EGFR inhibitors may improve cognitive
function in AD by attenuating AP pathology,’® suggesting that EGFR plays an important role in AD. Our findings suggest
that EGFR is upregulated in AD, and its underlying mechanism may be related to immune processes during ferroptosis.
These suggest that higher EGFR levels reflect a more severe disease. RELA is a transcription factor for nuclear factor-«B
p65 (NF-kB p65), which is closely related to many cellular signalling processes as well as the pathology of diseases.
Activating the NF-xB signalling pathway contributes to neurological diseases by regulating ferroptosis.”’ Consequently,
RELA has the ability to control ferroptosis, which plays a crucial role in disease. Ke et al’> proposed that elevated
expression of RELA increases the level of inflammatory factors in serum and kidney tissues, damages kidney podocytes
and tethered cells, and ultimately leads to kidney injury. Moreover, Qian et al>> supported that RELA is an immuno-
logically relevant biomarker associated with AD and mild cognitive impairment. ICAM-1 can protect neurons against A}
and improve cognitive behaviors in 5XFAD mice by inhibiting NF-kB.>* Our results showed an upregulation of RELA
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expression in Kl-associated AD, and the underlying mechanism may be associated with immune processes during
ferroptosis. In summary, EGFR and RELA may be potential therapeutic targets for KI-associated AD, and their specific
action pathways need to be evaluated in further studies.

To improve the diagnosis and treatment of AD, we must urgently explore new biomarkers to develop effective therapeutic
agents. Therefore, we explored 238 potential drugs or small molecules for treating Kl-related AD in the DGIdb database by
taking the biomarkers (EGFR and RELA) as a diagnosis of KI-related AD as a clue. Notably, GE and PB target both EGFR
and RELA genes and are considered candidates for treating Kl-related AD. GE is an epidermal growth factor receptor-related
tyrosine kinase inhibitor for oral administration and is mainly used for treating lung adenocarcinoma.’® Unexpectedly, GE also
exhibited the ability to modulate AB biosynthesis and clearance in brain tissue then intervene in AD.’® The alkaloid PB has
anti-inflammatory and antioxidant properties and is found in the roots of Plumbaginaceae, Droseraceae, and Ebenaceae,
which also have analgesic and anti-bacterial properties.”’ Previous findings consistently showed that PB can ameliorate
streptozotocin-induced memory dysfunction in AD by inhibiting B-secretase.”® The above is in line with our prediction that
GE and PB can target EGFR and RELA to regulate ferroptosis and intervene in the AD progression of KI patients. It was
inferred that early pharmacologic intervention in patients with KI improves kidney function and inhibits the onset and
progression of AD, ultimately significantly prolonging the life span of patients.

In summary, we integrated bioinformatics analysis and in vivo experimental validation to pioneeringly uncover the
correlation between KI and AD, identified common mechanisms of KI and AD, and revealed biomarkers of AD in KI-
associated FRGs. It should be noted, however, that our study has some limitations. First, the amount of data obtained is still
limited, and further clinical trials to assess the correlation between clinical parameters and hub biomarkers still need to be
improved. Second, although these data suggest that GE and PB can intervene in AD progression in patients with KI, there is
still a lack of studies demonstrating the efficacy of GE and PB targeting EGFR and RELA to regulate ferroptosis for treating
Kl-associated AD. Third, we did not consider genetic variability in patient populations in our study. Last, the model used in the
study is not a recognized model of kidney injury. Given the study’s limitations, as part of follow-up studies, identifying
a diagnostic biomarker and candidate drug should be tested in vivo, in vitro, and in humans.

Conclusion

In conclusion, our study first combined bioinformatics and experimental validation approach confirmed that the ferroptosis-
related genes EGFR and RELA are the hub genes of Kl-related AD. In addition, these signatured genes are associated with
immune cell infiltration and immunoinflammatory pathways, suggesting that they may regulate Kl-associated AD by
modulating immune processes during ferroptosis. In conclusion, our study reveals for the first time the value of ferroptosis
in Kl-related AD for potential mechanisms and therapeutic strategies to effectively address Kl-related AD.
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