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Integrating bioinformatics 
and metabolomics to identify 
potential biomarkers 
of hypertensive nephropathy
Kezhen Yang 1,6*, Pingna Zhang 2,6, Xiaofeng Ding 3,6, Gong Yu 4, Jipeng Liu 4, Yi Yang 4, 
Jianqiao Fang 5, Qingguo Liu 4, Lu Zhang 1, Jianhua Li 1 & Fangchao Wu 1*

Hypertensive nephropathy (HN), caused by long-term poorly controlled hypertension, is the 
second common cause of end-stage renal disease after diabetes mellitus, but the pathogenesis 
of HN is unclear. The purpose of this study was to identify the biological pathways involved in the 
progression of HN and bile acid (BA)-related biomarkers, and to analyze the role of bile acids in HN. 
Download gene microarray data from Gene Expression Omnibus. Differentially expressed genes 
(DEGs) associated with HN were identified, and then DEGs were subjected to Gene Ontology and 
Kyoto Encyclopedia of Genes and Genomes enrichment analysis. A protein–protein interaction (PPI) 
network was established using DEGs to identify BA-related hub genes in combination with bile acid 
identical targets. An animal model of early hypertensive nephropathy was established using SHR 
and the concentrations of 39 bile acids were measured quantitatively in the renal cortex to screen for 
significantly different concentrations and to analyze the correlation between bile acid concentrations 
and blood pressure. A total of 398 DEGs were screened. The results of enrichment analysis identified 
multiple biological pathways associated with hypertension, nephropathy and bile acids. Combining 
PPI network and bile acid-related targets, three BA-related hub genes (APOE, ALB, SERPINA1) were 
identified. Quantitative analysis of bile acids revealed significant differences in the concentrations of 
seven bile acids (DCA, CDCA, UDCA, UCA, CA, TDCA, TCDCA). The concentrations of these bile acids 
showed a positive correlation with blood pressure values in SHR, with CA, DCA and TDCA showing a 
stronger correlation and specificity with blood pressure in SHR. Three BA-related hub genes (APOE, 
ALB, SERPINA1) may be involved in the early stages of HN. The concentrations of multiple bile acids 
were significantly elevated in the early stages of HN, with CA, DCA and TDCA being more correlated 
and specific with blood pressure and having higher diagnostic value. These BA-related hub genes and 
BAs may be involved in disease progression in the early stages of HN.
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Hypertension is a multifactorial disease that exerts deleterious effects on cardiovascular and renal systems to 
end organ diseases with high morbidity and mortality1. Hypertensive nephropathy (HN), as the second com-
mon causes of end-stage renal disease after diabetes, is mediated by poorly controlled hypertension for long 
term2. At present, approximately 16% of patients suffering from hypertension also exhibit severe hypertensive 
nephropathy3. In addition, given that aging of the population and increased survival of cardiovascular diseases, 
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and it is anticipated that the incidence of hypertensive nephropathy will increase in the coming years4. The 
pathophysiology of HN involves in multiple levels including vascular, glomerular, and tubulointerstitial levels5. 
Bioinformatics is a field of study that can be utilised to explore the molecular mechanisms associated with disease 
phenotypes. Previous studies have identified a variety of genes that may play significant roles in the progression 
of hypertensive nephropathy, including CYP3A46, DUSP17, POLR2I8, and some microRNAs9. Consequently, 
bioinformatics can contribute to a more comprehensive understanding of the underlying mechanisms of hyper-
tensive nephropathy.

In a previous study, we found that abnormal Bile acids (BAs) metabolism may be involved in the pathogenesis 
of early renal injury in hypertension10. BAs function as signaling molecules via activation of BA receptors to 
regulate a wide range of metabolic processes, which involve in lipid and glucose homeostasis, energy expendi-
ture, inflammation, and modulation of immune responses11. The intimate connection between abnormal BA 
metabolism, its receptors such as FXR and the TGR5, and kidney diseases have been investigated12,13. It has been 
shown that BAs as potential mediators in the gut-kidney axis involved in the pathophysiology of hypertension 
and chronic kidney disease (CKD)14. Furthermore, the several researches gradually found that BAs regulate 
blood pressure through modulating inflammatory response, vascular calcification and water homeostasis, and 
as potential novel targets in hypertension15. However, our understanding of the relationship between BAs and 
their biomarkers and the molecular mechanism of BAs involved in HN is still limited.

In order to further explore the potential link between BAs and HN, in this study, we analyzed the biological 
pathways associated with HN, constructed a protein–protein interaction (PPI) network, and identified hub genes 
associated with BA in combination with BA-related targets. Furthermore, we applied targeted metabolomics in 
spontaneously hypertensive rats (SHRs) to quantify the concentration of BAs in the renal cortex, and analyzed 
correlation with blood pressure in SHR, which introduces new insights into HN. The analysis process of this 
study is shown in Fig. 1.

Methods
Microarray data
The gene dataset used in the study was obtained from the National Center for Biotechnology Information publicly 
available Gene Expression Omnibus (GEO) database (https://​www.​ncbi.​nlm.​nih.​gov/​geo/). A series of matrix 
files of the dataset (GSE37460, GSE37455) were downloaded after normalization. Samples in the exploratory 
cohort and the validation Cohort were patients with a confirmed diagnosis of hypertensive nephropathy and 
healthy subjects, and kidney tissue was obtained for analysis at the time of kidney biopsy. GSE37460 was used 
as an exploration cohort, containing a total of 69 samples, and the extracted sites were glomeruli generated 
from renal biopsies. Five healthy controls and 15 patients with HN were selected for analysis, platform number 
GPL14663. GSE37455 was used as the validation cohort, containing a total of 41 samples, and the extracted sites 
were renal tubules generated from renal biopsies. Three healthy controls and 20 patients with HN were selected 
for analysis, platform number GPL14663.

Differentially expressed genes screening
After obtaining the raw data, the sample data were clustered using the “hclust function (method = "average")” of 
the R software to observe the clustering between different groups and to eliminate obvious outliers. Differentially 
expressed genes (DEGs) between HN and healthy groups were identified using the Limma, a program package 
of the R software (v4.2.0, USA, 2024/1). The screening criteria were P value < 0.05 and |log (fold change) |> 1.5. 
A volcano diagram was used to demonstrate the identification process of DEGs.

Identified biological pathways of DEGs
All DEGs were imported into the Metascape database (https://​metas​cape.​org/) for Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis16–18. The enrichment analysis was limited 
to the species "Homo sapiens" and the screening criteria for the analysis were min Overlap = 3, P value cut-
off = 0.01, and min enrichment = 1.5. GO enrichment analysis included biological process (BP), cell composition 
(CC) and molecular function (MF). The results of the enrichment analysis were ranked according to the P value. 
Download all analysis results when the analysis is complete, the results of the analysis were visualized using the 
"ggplot2" program of the R software.

Construction of PPI network and identification of hub genes
All DEGs were imported into the STRING database (https://​cn.​string-​db.​org/) and used to construct pro-
tein–protein interaction (PPI) networks to characterize functional and physical interactions in the disease process 
of HN. The species restriction was "Homo sapiens" and the PPI information was extracted using an interaction 
score of 0.4. Visualization of the PPI interaction network was achieved with Cytoscape software (v3.9.1, USA, 
2024/1) (http://​cytos​cape.​org/.​ver.3.​9.1)19. To explore hub genes, which are most closely related to HN, we used 
CytoHubba (http://​apps.​cytos​cape.​org/​apps/​cytoh​ubba), a plug-in for Cytoscape, for hub gene identification. 
Four topological algorithms (Maximum neighborhood component (MCC), Degree, Maximum neighborhood 
component (MNC) and Closeness) were used to identify the top 10 scoring targets from the PPI network, and 
the results of the four methods were intersected to identify the hub genes.

Data validation
Based on the gene expression data of each sample, a box-and-line plot was used to show the expression of hub 
genes in different groups. In addition, Receiver operating characteristic (ROC) curves were used to predict 
the diagnostic value of the identified genes by calculating the area under the curve (AUC), sensitivity and 

https://www.ncbi.nlm.nih.gov/geo/
https://metascape.org/
https://cn.string-db.org/
http://cytoscape.org/.ver.3.9.1
http://apps.cytoscape.org/apps/cytohubba


3

Vol.:(0123456789)

Scientific Reports |         (2025) 15:7437  | https://doi.org/10.1038/s41598-025-89601-0

www.nature.com/scientificreports/

1-specificity20. The microarray dataset GSE37455 was used as a validation set to further verify the reliability of 
hub genes. After HN and healthy samples were selected, using the same processing methods as for the explora-
tory cohort, and the sample data were subjected to cluster analysis, and outlier sample data were excluded 
according to the clustering. Hub genes were placed in this dataset for validation, and genes with AUC > 0.7 were 
considered to have diagnostic value, and those with AUC > 0.8 were considered to have high diagnostic value. 
The AUC values of the exploration cohort and the validation cohort were compared to determine the diagnostic 
value of the hub genes.

Identification of BA‑related hub genes
The keyword “Bile acid” was searched in the Genecards database (https://​www.​genec​ards.​org/). All the pathways 
related to BA were identified, and all the targets in these pathways were obtained, merged and de-duplicated, and 
a total of 1173 targets were obtained (Supplementary Table S1). These targets were considered to be BA-related 
targets. Hub genes were used to intersect with BA-related targets to identify hub genes associated with BAs.

Animal models of hypertension
Six male Wistar rats (24 weeks old, 200 ± 10 g) and six male spontaneously hypertensive rats (24 weeks old, 
200 ± 10 g) were provided by Beijing Viton Lihua Experimental Animal Technology Co. Wistar rats were used as 
the control group (Wistar group) and SHR rats were used as the model group (SHR group) and were housed in 
the laboratory of Beijing University of Chinese Medicine (SPF level). The Animal Care and Utilization Committee 

Fig. 1.   Research flow chart.

https://www.genecards.org/
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of Beijing University of Traditional Chinese Medicine approved this study (BUCM-4-2021-041001-2093). This 
research report was conducted in accordance with the relevant guidelines and regulations and also all methods 
are reported in accordance with ARRIVE guidelines21. The model was selected from 24-week-old SHR rats, a 
week-old rat that has begun to show signs of kidney injury. The rats were housed in the same environment and 
suitable for survival and were acclimatized and fed for one week before performing the operation. Tail artery 
blood pressure was measured in all rats using a noninvasive blood pressure monitor (Beijing Zhongshi Dichuang 
Technology Development Co., Ltd.). The mean of three consecutive measurements was used as the blood pres-
sure value for this measurement to observe the success of the hypertensive rat model.

Biochemical measurements
The day before the rats were executed, all rats in each group were placed in metabolic cages to collect urine for 
kidney injury indicators (mALB, NGAL, KIM-1). All renal injury indicators were tested according to the manu-
facturer’s instructions (Shanghai Enzyme-linked Biotechnology Co., Ltd. Shanghai, China). The rats were fasted 
for 12 h and injected intraperitoneally with 35 mg/kg pentobarbital sodium followed by blood collection from 
the abdominal aorta. Serum was collected for the detection of blood creatinine and urea nitrogen. All biochemi-
cal parameters were assayed according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China).

Pathological examination of renal tissue
All rats were executed, and the kidney tissues of all rats was extracted for subsequent analysis. Kidney tissues of 
different groups were sequentially fixed in 4% paraformaldehyde, dehydrated in ethanol and embedded in paraf-
fin. Paraffin sections (3 μm) were subjected to H&E staining and Masson staining. All samples were observed by 
a light microscope (400× magnification).

Quantitative analysis of BAs
Preparation of BAs standard solution
Weigh the appropriate amount of 39 BAs standards, measure the appropriate amount of each master batch to 
make mixed standards, dilute them one by one with methanol (Thermo) to the appropriate concentration to 
make working standard solutions, and store both the master batch and working standard solutions at − 20 ℃. 
The information of various BAs concentration gradients is shown in supplementary Table S2.

Liquid chromatograph‑mass spectrometer analysis
Chromatographic separation of BAs was performed using a linear gradient elution mode on an ACQUITY 
UPLC® BEH C18 column (2.1 × 100 mm, 1.7 μm, Waters Corporation, USA). Mobile phase composition: (A) 
0.01% formic acid in water (TCI), (B) acetonitrile (Thermo). Injection volume: 5 μL, column temperature: 40 ℃. 
The BAs eluted from the column were ionized using electrospray ionization (ESI) source in negative ionization 
mode. Mass spectrometry parameters: ion source temperature of 500 ℃, ion source voltage of − 4500 V. The ion 
pairs used for quantitative analysis are shown in supplementary Table S3.

Standard curve of BAs
The standard solutions of 39 BAs were detected by liquid chromatograph-mass spectrometer (LC–MS), and 
the standard curves of each BA concentration were plotted with the concentration gradient information as the 
horizontal coordinate and the peak area as the vertical coordinate. The obtained linear regression equations for 
various BAs are shown in Supplementary Table S4, with the correlation coefficients r > 0.99. The standard solu-
tions of different concentrations of BAs were injected six times consecutively and the intra-day precision was 
calculated. The standard solutions of different concentrations of BAs were measured on different dates, and the 
inter-day precision was calculated. The intra-day precision of all BAs standard solutions ranged from 1.52 to 
10.14%, and the inter-day precision ranged from 2.18 to 23.44%, indicating that the precision of the instrument 
was good. The results are shown in Supplementary Table S5.

Extraction and analysis of BAs
Precisely weigh 50 mg of each rat kidney cortex sample in a 2 mL eppendorf tube, add 1000 μL of methanol 
(Thermo) (− 20 ℃), vortex shake for 60 s, then grind the tissue and repeat the above operation at least two times. 
The tissues were sonicated for 30 min at room temperature, followed by centrifugation at 4 °C for 10 min at 
12,000 rpm. 200 μL of supernatant was mixed with 400 μL of aqueous solution and vortexed for 30 s. 300 μL of 
the supernatant was filtered through a 0.22 μm membrane (Jin Teng), and the filtrate was added to the assay bot-
tle. The BAs in all samples were quantified according to the established sample pre-treatment and instrumental 
analysis methods. ROC analysis was performed in combination with the concentration of BAs, and AUC values 
were used to indicate the diagnostic value of BAs.

Statistical analysis
SPSS 20.0 (v20.0, USA, 2024/1) statistical software was used for statistical analysis of the data. Data were expressed 
as (X ± S). Student’s t-test was used to analyze the differences between groups, and differences were expressed 
as P values. P < 0.05 was considered statistically different, and P < 0.01 was considered significantly different.
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Result
Identification of DEGs in HN
By analyzing the microarray dataset from the GEO database, we screened the DEGs in the course of HN onset. 
The raw data from the dataset GSE37460 were processed with normalization criteria, and then the selected sample 
data were clustered and analyzed, and one outlier sample was excluded (GSM920389) (Fig. 2A). 398 DEGs (15 
up-regulated and 383 down-regulated) were identified, and their volcano plots are shown in Fig. 2B.

Function enrichment analyses of the DEGs
GO and KEGG analysis was performed using Metascape to determine the biological significance of DEGs in 
HN22,23. The KEGG pathway enrichment resulted in a total of 52 pathways, and we collected the 25 pathways with 
the smallest P values and presented them using bar and circle plots (Fig. 3A,B). The pathways involved include 
neuroactive ligand-receptor interaction, steroid hormone biosynthesis, bile secretion, AMPK signaling pathway, 
TGF-beta signaling pathway and renin-angiotensin system, among others. In the GO analysis, we show the 10 

Fig. 2.   Dataset characteristics and volcano plots of DEGs. (A) Sample analysis dendrogram to observe the 
presence of significant outlier samples. (B) Volcano diagram of DEGs. The green dots are downward DEGs, and 
the red dots are upward DEGs. The dashed lines on the x-axis correspond to | log (fold change) |= 1 and 1.5. The 
dashed lines on the Y-axis correspond to P = 0.05 and 0.01. DEGs,
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terms with the smallest P-values in each category of BP, CC, and MF (Fig. 3C–E). In the GO BP category, a total of 
593 terms were enriched, and most of the DEGs are mainly involved in the metabolic processes of multiple amino 
acids, as well as small molecule catabolic process, organic acid catabolic process and dicarboxylic acid metabolic 
process, etc. In the GO CC category, a total of 54 terms were enriched, and most of the DEGs were enriched 
in apical part of cell, apical plasma membrane. In the GO MF category, a total of 130 terms were enriched, and 
most of the DEGs were enriched in the areas of oxidoreductase activity, heme binding and tetrapyrrole binding.

Construction of PPI network and identification of BA‑related hub genes
The PPI network built using DEGs includes a total of 313 nodes and 978 edges (Fig. 4A). In the protein network 
diagram, each nodes represents a protein, and edges represent the association between two neighboring proteins. 
Topology scores were calculated using four algorithms of CytoHubba (MCC, MNC, Degree and Closeness), 
and the 20 proteins with the highest scores were taken as intersections, and the overlaps were considered as hub 
genes of HN: HRG, AGT, APOE, ALB, FOS, KNG1, PLG, SERPINA1 (Fig. 4B). The intersection of hub genes 
and BA-related targets was taken, and the overlapping parts were considered as hub genes associated with BAs 
during HN, and a total of three genes were found: APOE, ALB, SERPINA1 (Fig. 4C).

Diagnostic value of BA‑related hub genes in the exploration cohort and the validation cohort
In exploration cohort, box plot was used to demonstrate the expression of BA-related hub genes in different 
groups (Fig. 5A). In the ROC curve analysis, the AUC values of the three BA-related hub genes were used to assess 
the sensitivity and specificity to HN. The results showed that their AUC values were all equal to 1, indicating 
that these genes have a high diagnostic value for HN (Fig. 5B). We repeated the same analysis in the validation 
cohort, and the results showed that their AUC values were > 0.8 (Fig. 5C). This indicates that the three BA-related 
hub genes have a high diagnostic value for HN.

Fig. 3.   Biological pathway enrichment analysis. (A) KEGG enrichment analysis bar graph (http://​www.​KEGG.​
jp/​KEGG/​kegg1.​html). Different colors indicate different KEGG classifications. The horizontal axis indicates the 
number of genes annotated to the pathway. The vertical axis indicates the pathway name. (B) KEGG enrichment 
analysis circle diagram. The dots represent targets and pathways. The color of the dots corresponds to the log 
FC. (C–E) GO enrichment analysis. GO analysis includes BP, CC and MF. The size of the dot corresponds to 
the number of genes annotated to the term. The color of the dot corresponds to the P value of the term. FC, fold 
change. GO, gene ontology. KEGG, Kyoto encyclopedia of genes and genomes. BP, biological process. CC, cell 
composition. MF, molecular function.

http://www.KEGG.jp/KEGG/kegg1.html
http://www.KEGG.jp/KEGG/kegg1.html
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Blood pressure and kidney injury indicator tests
The measurements of systolic and diastolic blood pressure in the two groups of rats are shown in Fig. 6A. 
All measurements of systolic and diastolic blood pressure were significantly different between the two groups 
(P < 0.01), and the blood pressure in the SHR group was significantly higher than that in the Wistar group.

The results of renal function indexes in rats are shown in Fig. 6B. The levels of mALB, KIM-1, and NGAL in 
the urine of the SHR group were significantly higher than those of the Wistar group (P < 0.01); The levels of BUN 
and Scr in the serum of SHR were significantly higher than those of the Wistar group (P < 0.01). The staining 
results of rat kidney tissue structure are shown in Fig. 6C. HE stains showed that many inflammatory cells were 

Fig. 4.   Construction of PPI network and identification of hub genes. (A) PPI network diagram. Each point 
represents a gene. The higher the degree value, the darker the color of the dot and the larger the font size. (B) 
Venn diagram identifying the hub genes. (C) Venn diagram to identify BA-related hub genes. BA, bile acid. PPI, 
protein–protein interaction.
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infiltrated in some tissues of the kidneys in the SHR group. The brush border of renal tubules was detached, 
and the structure of some renal tubules was obviously abnormal, with unclear cell outlines; individual cells were 
necrotic and deformed, and cell nuclei were fragmented. Masson’s staining showed increased collagen deposition 

Fig. 5.   Analysis of hub genes. (A) Hub genes expression box line plot. Different colors indicate different groups. 
(B) ROC analysis in the explore cohort. AUC indicates the area under the curve. (C) ROC analysis in the 
validate cohort. AUC, area under the curve. ROC, receiver operating characteristic.
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in the renal tissues of the SHR group. The above results indicated that the SHR group had elevated blood pressure 
and impaired renal function, and the animal model of hypertensive kidney injury was successfully established.

Fig. 6.   Detection of blood pressure and kidney injury indexes in rats. (A) Analysis of blood pressure values in 
rats. (B) Results of renal function indexes in rats. (C) Structural HE and Masson staining of rat kidney (×400). ** 
P < 0.01. Bar = 100 μm. Bun, blood urea nitrogen. Scr, serum creatinine.
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BAs measurement results
In the previous study, abnormal bile acid metabolism was found to be possibly involved in the progression of 
kidney injury in SHR by metabolomics10,24,25. On this basis, to further clarify whether bile acid metabolism is 
involved in the development of hypertensive kidney injury in humans, first, the hub genes related to hyperten-
sive nephropathy were identified by bioinformatics methods, and the information of targets related to the bile 
acid metabolism pathway was searched, and the hub genes related to bile acids in HN were found, and it can be 
clarified that bile acid metabolism is indeed involved in the disease progression of HN. To further clarify which 
type of bile acid is involved, bile acid-targeted metabolomics was performed on rat kidneys to detect the specific 
levels of multiple bile acids.

Thirty-nine BAs were detected in the renal cortex of rats in both groups using LC–MS analysis, and the 
concentration of each BA was measured. The concentration of some BAs were because their levels were below 
the detection limit and therefore not detected. The names and concentrations of all BAs are shown in Table 1. 
The BAs with significant differences between the SHR group and the Wistar group were: DCA, CDCA, UDCA, 
UCA, CA, TDCA, and TCDCA, as shown in Fig. 7A. Then, we analyzed the diagnostic value of these differential 
BAs using ROC curves, and the results showed that their AUC values were > 0.9, indicating that these differential 
BAs had a high diagnostic value (Fig. 7B).

Correlation between blood pressure and BAs
Next, we calculated Spearman correlations between blood pressure values and differential BAs in rats, and then 
visualized them using the "ggplot2" program package. It was found that there was a significant positive correla-
tion between BAs concentrations and blood pressure values in rats (Fig. 7C). Among the BAs with stronger 
correlation and more significant differences were CA, DCA and TDCA. This suggests that these three BAs play 
a more important regulatory role in the pathogenesis of HN by regulating BAs.

Discussion
In this study, we identified hub genes that are closely associated with BAs in the pathogenesis of HN. Targeted 
metabolomic analysis of BAs in the renal cortex of SHR revealed significant changes in the concentrations of 
multiple BAs in the early stages of HN, and these BAs showed significant correlation and specificity with blood 
pressure values in SHR. These BA-related hub genes with BAs may become biomarkers and molecular targets 
closely related to HN.

HN is second only to diabetes as the leading cause of progressive chronic kidney disease. Hypertension affects 
every part of the kidney, including the blood vessels, glomeruli and tubules26. Over time, it causes renal vascular 
sclerosis and hyalinosis, resulting in glomerular injury5, and afferent arteriolar stenosis in hypertensive patients 
leads to glomerular ischemia, making the glomeruli smaller and gradually reducing the filtration rate27. At the 
same time, hypertension induces the transition of renal tubular epithelial cells to the mesenchyme and tubular 
interstitial fibrosis5, which can lead to extensive lesions in epithelial tubular cells26. In animal experiments, at 
least one animal model of polygenic hypertension, the spontaneously hypertensive rat, supports the independ-
ence of the risk of hypertensive renal damage28. In past studies, it was found10,24 that abnormal BA metabolism 
in the kidney of SHR rats may be an independent risk factor for the development of hypertension, and multiple 
BAs were found to be strongly associated with the development of hypertension.

By enrichment analysis of DEGs, we have identified biological pathways associated with the pathogenesis of 
HN. In BP, the enrichment results were associated with the metabolism of a variety of amino acids. Amino acids 
can form couples with bile acids and participate in the metabolic process of BAs29. The results of CC suggest that 
these cellular components may be involved in the progression of HN, for example: the brush border membrane 
is differentially characterized in rats with different renal diseases30. Changes in some genes of the basolateral 
plasma membrane of glandular alveolar cells were associated with hypertension-induced changes in sympathetic 
activity31. The results of MF found that oxidoreductase activity was most closely related to HN. Enrichment analy-
sis of the KEGG pathway revealed that abnormal bile secretion and metabolism may be involved in the disease 
progression of HN, which is similar to the results of previous studies10,24. In addition, some signaling pathways 
were found to be involved in HN. Autophagy can be enhanced by activating the AMPK signaling pathway to 
prevent Ang II-induced endothelial progenitor cell damage, which contributes to vascular endothelial repair in 
hypertensive patients32. The use of AMPK agonists also normalizes endothelium-dependent vasodilation and 
reduces blood pressure in rats33. It has been found that by inhibiting the TGF-β signaling pathway, it can play an 
important regulatory role in Ang II-induced HN34. Also, by regulating the TGF-β signaling pathway can allevi-
ate renal injury in SHR and reduce tubulointerstitial fibrosis35. RAS is mainly related to the regulation of blood 
pressure36, and renal injury in a rat model of renal vascular hypertension can be attenuated by regulating RAS37. 
The results of the enrichment analysis identified multiple biological pathways related to the pathogenesis of HN, 
among which Bile secretion is closely related to the direction of our study.

Next, we established a PPI network and combined it with BA-related genes to identify three BA-related hub 
genes in HN: APOE, ALB, and SERPINA1. APOE is a major component of plasma lipoproteins and has many 
important biological roles. There is increasing evidence that abnormalities in lipids may contribute to the devel-
opment and progression of kidney disease38–42. APOE has been found to be associated with the pathogenesis 
and progression of various renal diseases and may also influence the incidence of cardiovascular disease43. The 
aortae of mice deficient in APOE spontaneously develop hyperlipidemia and atherosclerosis44, and persistent 
hyperlipidemia leads to upregulation of oxidative and inflammatory factors in the kidney, ultimately caus-
ing kidney injury45. Also, in a meta-analysis, an association was found between polymorphisms in APOE and 
hypertension, and genotypes of different alleles may have opposite effects on hypertension46,47. ALB is the most 
abundant protein in human blood, it is widely accepted that albuminuria is a predictor of renal injury and kidney 
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disease48. Clinically, albuminuria is also considered to be a marker of extensive vascular injury in hypertensive 
populations and is one of the clinical parameters associated with adverse outcomes49. In one study50, ALB was a 
SHR-specific gene involved in renal injury and also a candidate gene for causing SHR hypertension by a specific 
mechanism that may be related to angiotensinogen. The expression trend of ALB in the present study was not 
completely consistent with previous studies, probably due to the different sites of sampling, and the exact reason 
for this needs to be further investigated. SERPINA1 can encode an acute-phase protein that is synthesized in 
the liver. This protein has a wide range of biological roles, including anti-inflammatory and immunomodula-
tory, as well as interactions with serum lipoproteins51–54. It has been shown that urinary levels of SERPINA1 are 
elevated in patients with primary and secondary hypertension55, and urinary SERPINA1 has also been found 
to be significantly associated with systolic blood pressure and proteinuria56. However, in another study it was 
found that reduced expression of A1AT encoded by SERPINA1 leads to an increased cardiovascular risk profile 
and potentially elevated cardiovascular disease risk57. In a study of nephrotic syndrome, SERPINA1 was sig-
nificantly elevated in the urine of patients with microscopic lesion disease, focal segmental glomerulosclerosis, 
and membranous nephropathy58. These BA-related hub genes are not only associated with the pathogenesis 
of hypertension and nephropathy, but also can play a role in the regulation of BAs59,60. They may be key to the 
progression of HN disease.

Table 1.   Quantitative analysis of bile acid concentration. *P < 0.05, **P < 0.01, ***P < 0.001, vs Wistar group.

Bile acid Abbreviations Wistar SHR

Allolithocholic acid alloLCA 0 0

Lithocholic acid LCA 0 0

Isolithocholic acid isoLCA 0 0

23-Nordeoxycholic acid NorDCA 0 0.1 ± 0.25

6-ketolithocholic acid acetate 6-ketoLCA 0 0

12-ketolithocholic acid 12-ketoLCA 0 0.26 ± 0.29

7-ketolithocholic acid 7-ketoLCA 0 0

3β-Ursodeoxycholic acid beta-UDCA 0 0

Deoxycholic acid DCA 2.59 ± 0.41 8.97 ± 0.18***

Chenodeoxycholic acid CDCA 1.2 ± 0.43 3.09 ± 1.67*

Ursodeoxycholic acid UDCA 0 0.17 ± 0.11*

Hyodeoxycholic acid HDCA 0.32 ± 0.49 3.07 ± 4.29

Norcholic acid NorCA 0.01 ± 0.02 0.02 ± 0.04

Dehydrocholic acid DHCA 0 0.04 ± 0.07

7,12-diketolithocholic acid 7,12-diketoLCA 0 0

6,7-diketolithocholic acid 6,7-diketoLCA 0 0

α-Muricholic acid alpha-MCA 1.39 ± 1.03 4.06 ± 2.57

Ursocholic acid UCA​ 0.98 ± 0.06 1.92 ± 0.56**

β-Muricholic acid beta-MCA 5.23 ± 1.72 31.88 ± 28.11

Cholic acid CA 14.1 ± 3.34 57.02 ± 10.18***

Allocholic acid ACA​ 0 0

3β-Cholic acid beta-CA 1.7 ± 0.42 1.85 ± 0.8

Glycolithocholic acid sodium salt GLCA 0.15 ± 0.02 0.14 ± 0.01

Glycohyodeoxycholic acid GHDCA 0.03 ± 0.04 0.02 ± 0.04

Glycochenodeoxycholic acid sodium salt GCDCA 0.22 ± 0.02 0.24 ± 0.03

Glycoursodeoxycholic acid GUDCA 0.06 ± 0.05 0.08 ± 0.04

Glycodeoxycholic acid sodium salt GDCA 0.2 ± 0.06 0.25 ± 0.05

Lithocholic acid 3-sulfate sodium salt LCA-3S 0 0

Sodium glycocholate hydrate GCA​ 2.1 ± 1.12 2.24 ± 0.57

Taurolithocholic acid sodium salt TLCA 0.04 ± 0.04 0.03 ± 0.04

Taurohyodeoxycholic acid sodium salt + tauroursodeoxycholic acid sodium salt THDCA + TUDCA 0.58 ± 0.9 0.28 ± 0.68

Taurodeoxycholic acid sodium salt TDCA 1.14 ± 0.26 2.76 ± 0.65***

Taurochenodeoxycholic acid TCDCA 1.26 ± 0.57 3.18 ± 1.33**

Taurocholic acid sodium salt TCA​ 45.25 ± 30.94 68.29 ± 16.12

Tauro-α-muricholic acid sodium salt T-alpha-MCA 13.3 ± 8.03 15.97 ± 3.91

Taurohyocholic acid sodium salt THCA 0 0

Tauro-β-muricholic acid sodium salt T-beta-MCA 13.13 ± 8.26 15.87 ± 4.19

Chenodeoxycholic acid glucuronide CDCA-G 0.08 ± 0.09 0.09 ± 0.15
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SHR is usually considered a typical animal model of hypertension combined with renal injury, and some 
studies have found that renal injury further deepens with the age of SHR61. When SHR reaches 12 weeks of 
age, changes in indicators associated with renal injury begin to appear, but they have not yet shown significant 

Fig. 7.   Analysis of BAs. (A) Bar graphs of Bas content in different groups. (B) ROC analysis of BAs. (C) 
Correlation analysis between BAs and systolic blood pressure in rats. BA, bile acid. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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differences62. Until 30 weeks of age, hypertensive kidney injury is not yet morphologically evident63,64. By reach-
ing 48 weeks of age, the differences in indicators related to renal injury were already very evident62. At 60 weeks 
of age, SHR exhibited quite severe renal injury65. To find a way to explore the role of BAs in the early stages of 
HN, we used 24-week-old SHR for our study. The SHR at this week of age had already started to show manifesta-
tions related to renal injury, but morphological manifestations were not yet evident. This is consistent with our 
findings that 25-week-old SHR have elevated blood pressure with impaired renal function. Next, by targeted 
metabolomics, we quantified the concentrations of BAs in the renal cortex of Wistar and SHR and screened for 
seven BAs with significantly different concentrations: DCA, CDCA, UDCA, UCA, CA, TDCA, and TCDCA. 
The Spearman correlation between these differential BAs and SHR blood pressure values was then analyzed, 
and a positive correlation was found between blood pressure values and the concentrations of differential BAs. 
Among them, the correlation and specificity between CA, DCA and TDCA and blood pressure values were more 
pronounced. In the liver, cholesterol is metabolized into primary BAs (CA and CDCA)66. Primary BAs pass from 
the liver to the intestine with bile and are broken down by intestinal bacteria into secondary BAs, which are then 
reabsorbed by the intestine back into the liver. Elevated CA levels may lead to a decrease in aldosterone and an 
increase in corticosterone in the blood vessels and cause an increase in vasoconstrictor response, which ultimately 
induces hypertension67. CDCA can lead to increased blood pressure in SD rats, and the possible mechanism 
is involved in the pathology of hypertension by inhibiting the activity of 11 β-HSD2 or 11 β-HSD168. Patients 
with CKD have been reported to exhibit altered BA homeostasis, with persistent elevation of total serum BAs in 
patients with different stages of CKD13. Among them, CA and CDCA can be important biomarkers to differen-
tiate CKD patients from healthy patients, which was validated by the authors using different models of kidney 
disease69. DCA is a form of secondary BAs, and CA is converted in the intestine by intestinal macrobacteria to 
DCA, which itself is a potent inhibitor of BA biosynthesis70–73. Few studies have reported an association between 
DCA and hypertension, but DCA has been shown to exert effects on the heart, which may also cause changes 
in blood pressure. Elevated serum levels of BAs may be cardiotoxic, leading to cardiac dysfunction and even 
cardiac arrest74,75. Elevated serum DCA concentrations may be related to the pathogenesis of atherosclerosis, 
involving the proliferation and migration of vascular smooth muscle cells76. In another study, CKD led to an 
increase in DCA levels in human blood77, and lipidomic analysis found that DCA levels were associated with 
coronary artery calcification volume in patients with stage 3 and 4 CKD, and that DCA plays a pathogenic role 
in the regulation of vascular calcification in CKD78.

However, this study has several limitations. The number of healthy patients in the data set selected for bio-
informatics analysis was small. Whilst the present study identified hub genes involved in HN, the role of these 
genes in the pathogenesis of HN was not verified and the specific mechanisms by which they are involved in 
the synthesis and breakdown of BAs were not elucidated. Consequently, subsequent studies will seek to further 
explore the involvement of these hub genes in HN, along with the question of which type of BAs exerts a greater 
impact on hypertensive kidney injury. Additionally, the relationship between different renal tissue cells and the 
metabolism of BAs will be investigated.

Conclusion
In conclusion, this study investigated the effect of BAs on the early stages of HN using bioinformatics combined 
with targeted metabolomics. Pathways such as Bile secretion are involved in the disease development of HN. 
Three BA-related hub genes: APOE, ALB, and SERPINA1, may be implicated in HN progression. The concentra-
tions of multiple BAs were significantly elevated in the early stages of HN, among which, CA, DCA and TDCA 
were more correlated and specific for blood pressure with SHR and had a higher diagnostic value.

Data availability
In this study, publicly available datasets were analyzed, which can be found at: https://​www.​ncbi.​nlm.​nih.​gov/​
geo. The data generated in the present study may be requested from the corresponding author.
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