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Purpose: Studies have shown that atherosclerotic plaques are associated with changes in the microbial composition of the intestinal 
flora and obesity, and that the small intestine plays an irreplaceable role in regulating intestinal flora homeostasis, but the role of the 
small intestine in the development of obesity-related atherosclerosis remains understudied. Therefore, this study explores the role of 
the small intestine in obesity-induced atherosclerosis and its molecular mechanisms.
Methods: In the GSE59054 data, small intestine tissue samples from 3 normal and 3 obese mice were analyzed using bioinformatics 
methods. Screening for differentially expressed genes (DEGs) using the GEO2R tool. The DEGs were next processed for bioinfor-
matics analysis. We constructed an obese mouse model and measured aortic arch pulse wave velocity (PWV). Aortic and small 
intestine tissues were stained with hematoxylin-eosin (HE) to observe pathological changes. Finally, immunohistochemistry was 
performed to verify the expression of small intestinal proteins.
Results: We identified a total of 122 DEGs. Pathway analysis revealed that BMP4, CDH5, IL1A, NQO1, GSTM1, GSTA3, CAV1 and 
MGST2 were mainly enriched in the Fluid shear stress and atherosclerosis pathway. In addition, BMP4, NQO1 and GSTM1 are 
closely related to atherosclerosis. Ultrasound and pathological findings suggest the presence of obesity atherosclerosis. 
Immunohistochemistry verified high expression of BMP4 and low expression of NQO1 and GSTM1 in obese small intestine tissues.
Conclusion: The altered expression of BMP4, NQO1 and GSTM1 in small intestine tissues during obesity may be related to 
atherosclerosis, and Fluid shear stress and atherosclerosis pathway may be the molecular mechanism of their role.
Keywords: obesity, differentially expressed genes, atherosclerosis, small intestine, bioinformatics analysis

Introduction
Obesity has become the most widespread non-communicable disease in the world and is currently the primary health 
issue that needs to be addressed by public health worldwide as a result of the continued expansion of human society and 
the rise of high sugar and high fat eating patterns.1 The Global Collaboration on Obesity in Disease estimates that more 
than 603.7 million adults are obese, causing 4 million deaths in 2015, two-thirds of which were due to cardiovascular 
disease.2,3 Current studies have shown the presence of a low inflammatory state in the body in the presence of obesity, 
which, due to this inflammation, makes obese patients a risk group for cardiovascular diseases, metabolic diseases and 
some oncological diseases.4,5 In addition, the increase in adipose tissue in obesity lead to an increase in the secretion of 
adipokines, most of which have a pro-inflammatory effect, which may also contribute to insulin resistance, endothelial 
dysfunction and atherosclerosis formation in obese patients.6,7 Another important change in obesity is the increase in 
blood lipid levels, which are also closely related to atherosclerosis,8 making obesity a strong risk factor for athero-
sclerosis. Although the idea of an obesity paradox has existed in the past, studies have debunked this idea, showing that 
cardiovascular disease risk increases with increasing body mass index (BMI) when BMI exceeds 22–23 kg/m2.9 

Therefore, weight loss is an effective means of preventing cardiovascular disease. Currently, the basic treatment for 
obesity is weight loss (lifestyle changes, drugs or surgery), and since drugs and surgery have a certain degree of 
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indications and are not suitable for all obese patients, weight loss through lifestyle changes is currently the mainstream 
treatment for obesity. Although significant weight loss is achieved by diet restriction and increased physical activity, 
studies have shown that this approach does not improve the atherosclerosis that has developed in obese mice.10 

Therefore, there is still a need for further experiments to investigate this mechanism.
The small intestine is the main digestive organ of the body and has an important role in the process of digestion and 

absorption of many nutrients, so the dysfunction of the small intestine can lead to the development of various diseases.11 

Similarly high-fat diet can also damage the function of the small intestine and thus participate in the development of 
obesity. Numerous differences in intestinal morphology and function between obese patients and the normal population 
have been well elucidated.12 Studies surface longer intestinal length, increased enterocyte mass and increased intestinal 
permeability in obese patients.1 The small intestine of animal models of obesity behaves similarly. In laboratory rats’ 
obesity models lead to intestinal cell proliferation and increased villi length compared to normal rats.13 Obese mouse 
models also show an increase in intestinal absorptive capacity and permeability. Current speculation about the adaptive 
changes occurring in the intestine may be due to the hyperphagia that occurs with obesity,14 but the exact mechanisms 
need to be further explored.

With the continuous development of omics techniques in recent years, gut microbes have been found to be closely 
associated with a variety of diseases, such as: obesity, cardiovascular diseases and diabetes.15–17 Obesity caused by 
altered dietary patterns inevitably leads to alterations in gut microbes, and studies have shown that changes in bacterial 
strains in the human gut are believed to play a pathogenic role in obesity.18 It is now believed that dysbiosis can alter the 
function of the intestinal barrier and the function of the gut-associated lymphoid tissue (GALT), allowing structural 
components of bacteria to pass through the intestinal mucosal barrier, which may lead to the development of insulin 
resistance and inflammation.19 However, there are relatively few studies on whether dysbiosis of the intestinal flora due 
to altered dietary composition can cause changes in the expression of certain proteins in the gut that can cause 
atherosclerosis.

In this study we used bioinformatics to screen the differentially expressed genes (DEGs) in the small intestinal tissues 
of obese mice and normal mice, and performed pathway and disease enrichment analysis to discover diseases closely 
related to DEGs and their associated pathways, and finally further verified the protein expression by immunohistochem-
ical staining, thus providing new ideas to explore the mechanism of obesity and atherosclerosis.

Materials and Methods
Data Source
Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) was used to perform the search for 
relevant data. The purpose of this study was to investigate the effect of obesity on gene expression in the small intestine 
of mice, so GSE59054 data were downloaded from the GEO database. The data contained 3 mice on normal diet and 3 
mice on high-fat diet, and small intestine samples were collected. The data are based on the GPL11533 platform 
[MoGene-1_1-st] Affymetrix Mouse Gene 1.1 ST Array [transcript (gene) version].

Differential Expression Analysis
The genetic matrix file and the platform file z were downloaded in the GEO database. The missing values were filled 
using an estimation package based on the KNN (k-nearest neighbor) algorithm. After that, the probes are converted to 
gene symbols based on the annotated platform file. If there are multiple probes corresponding to a gene, the average 
value is taken as the final value. If there are no probes with gene symbols they are removed. The data were normalized by 
applying the normalized inter-array function in the limma package. The expression data were then log-transformed and 
the differences between the two groups were compared using the limma function package in the R software to determine 
the DEGs. The Benjamini and Hochberg (false discovery rate) method is used to calculate the adjusted P value. |log2 FC| 
> 1 and adjusted P value < 0.05 were considered as the screening criteria for DEGs. Finally, the complete DEGs data is 
obtained for the next step of analysis.
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Enrichr Analysis
Enrichr is a comprehensive web-based gene set enrichment analysis tool for curated genomic and search engines to 
accumulate biological knowledge for further biological discovery, which contains Gene Ontology (GO), Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway and disease enrichment analysis content. In brief, open the 
Enrichr website (http://amp.pharm.mssm.edu/Enrichr) to submit the list of DEGs we filtered. Then, you can see that it 
contains the GO, KEGG analysis results. Finally, the obtained results are exported. The Benjamini and Hochberg (false 
discovery rate) method is used to calculate the adjusted P value. The screening criteria for all items were P < 0.05.

DisGeNET Analysis
The genetic basis of human diseases is at the heart of precision medicine and drug discovery. Data availability, 
fragmentation, heterogeneity, and inconsistency in concept descriptions are problems that must be overcome for disease 
mechanism research. DisGeNET (http://www.disgenet.org) is a database developed to help researchers overcome these 
obstacles by collecting a large number of variants and genes associated with human diseases. The summary steps are to 
install the disgenet2r package on R, then enter the DEGs to search the DisGeNET database, and finally export and 
visualize the resulting data.

Data Visualization
Bioinformatics (http://www.bioinformatics.com.cn/) uses online graphing and data analysis as a basic way to help 
researchers in life sciences and medicine to analyze data more easily, understand the data, and explore the biological 
meaning behind the data. The online tool is used for data visualization.

Obesity Model
A high-fat diet feeding method was utilized to construct an obese mouse model. A total of 16 6-week-old male C57/bl6 
mice were purchased from Hebei Ivevo Biotechnology Co. After 1 week of adaptive feeding, the mice were randomly 
divided into normal diet group (NCD group) and high-fat diet group (HFD group). The NCD group was still fed with 
normal diet (Energy supply ratio: protein 27.38%, fat 14.5%, carbohydrate 58.12%), and the HFD group was fed with 
high-fat diet (Energy supply ratio: protein 20%, carbohydrate 20%, fat 60%) for 24 weeks. Both were purchased from 
Beijing Huafukang Biotechnology Co. Ltd. (Beijing, China). All mice were housed in a sterile environment with 12h 
daytime and 12h nighttime cycles and free access to food and water. The Animal Ethics Association of the Hebei General 
Hospital approved this experiment (no. 202065).

Ultrasonography
To assess the degree of aortic sclerosis, the pulse wave velocity (PWV) of the aortic arch was measured. The day before 
performing the ultrasound the mice were depilated on the chest, anesthetized using isopentane, and when the mice were 
fully anesthetized, they were placed on a thermostatic operating table and ultrasounded using a Visual Sonics Vevo 2100 
ultrasound machine, and data were recorded. PWV is calculated by measuring the ratio of time difference to distance of 
the pressure pulse in the aortic arch and its descending aorta distal to 35mm.

Sample Preparation
After the mice were fully anesthetized, the mice were placed on ice, the abdominal and thoracic cavities were opened, 
and the small intestinal aorta was taken out respectively. A portion of the obtained small intestine and aorta was 
immersed in 4% paraformaldehyde for subsequent pathological analysis, and the rest of the tissues was frozen in a −80°C 
refrigerator.

Hematoxylin-Eosin (HE) and Masson Staining
Pathological changes in the small intestine and aorta were assessed by HE staining. Small intestine and aorta immersed in 
paraformaldehyde were taken out, routinely processed, embedded in wax blocks, and then cut into 4–5μm sections using 
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a microtome. Sections were dewaxed in xylene and treated with ethanol water and then stained with hematoxylin and 
eosin and observed microscopically. In addition, aortic tissue was stained with Masson’s trichrome stain and the extent of 
fibrosis in the tissue was observed from 3 random areas to determine the area of fibrosis.

Electron Microscopy
The thoracic aorta was transected, then fixed with electron microscope fixative, subsequently embedded and cut into 
50nm sections and stained with 3% uranyl acetate and lead citrate. Finally, they were observed using transmission 
electron microscopy.

Immunohistochemistry
BMP4, NQO1 and GSTM1 expression was assessed using immunohistochemistry. The experimental procedures were 
performed strictly according to the steps required by the immunohistochemistry kit. Diluted primary antibodies BMP4 
(1:200), NQO1 (1:200) and GSTM1 (1:200) were added dropwise and stored overnight in a refrigerator at 4 °C. Biotin- 
labeled secondary anti-goat anti-rabbit IgG (1:2000) was added dropwise, incubated at 37 °C for 30 min, washed with 
PBS, developed with DAB chromogen, re-stained with hematoxylin, dehydrated, transparent and sealed, observed by 
light microscopy and images were collected. The H-SCORE values were calculated according to the formula of 
H-SCORE=∑(pi×i)=(percentage of weak intensity ×1)+(percentage of moderate intensity ×2)+(percentage of strong 
intensity ×3). The three protein assays were repeated three times and the H-SCORE values were calculated and averaged 
by two different experimenters.

Data Analysis
All data were statistically analyzed using GraphPad 8.0 software, with mean ± standard deviation as the data presenta-
tion. Unpaired t-test was used to perform statistical tests on the data. We defined the difference between groups as 
statistically significant when P < 0.05.

Results
Identification of DEGs
Figure 1A presents the overall flow of this study. After data processing, a total of 122 DEGs were identified in the high- 
fat and control groups, including 45 up-regulated genes and 77 down-regulated genes. The volcano map and heat map of 
the differential genes are shown in Figure 1B and C.

Functional Enrichment Analysis
The Enrichr database contains enrichment analysis content and was used for GO enrichment analysis of differential 
genes. Biological processes (BP) is mainly enriched in cellular response to type I interferon, type I interferon signaling 
pathway and glutathione metabolic process (Figure 2A); molecular function (MF) is mainly enriched in glutathione 
transferase activity, androsterone dehydrogenase activity and oxidoreductase activity, acting on the CH-OH group of 
donors, NAD or NADP as acceptor (Figure 2B); cellular component (CC) is mainly enriched in collagen-containing 
extracellular matrix, cell projection membrane and endoplasmic reticulum lumen (Figure 2C).

KEGG pathway enrichment was discovered using the Enrichr database, whose database contains the most up-to-date 
information on the pathway. KEGG pathway is mainly Arachidonic acid metabolism, Chemical carcinogenesis and Fluid 
shear stress and atherosclerosis. BMP4, CDH5, IL1A, NQO1, GSTM1, GSTA3, CAV1 and MGST2 were closely 
associated with the Fluid shear stress and atherosclerosis pathway (P<0.01), so this pathway was selected for the next 
study (Figure 2D).

DisGeNet is a database of genes and mutation loci associated with human diseases, and our disease enrichment 
analysis revealed that the top three diseases associated with differential genes were: Liver diseases, Atherosclerosis and 
Liver Cirrhosis, Experimental (Figure 2E). A total of 25 genes were strongly associated with Atherosclerosis (P<0.01), 
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so we speculate that obesity is closely associated with Atherosclerosis, and combined with KEGG pathway analysis, we 
finally concluded that BMP4, NQO1 and GSTM1 are the key genes of obesity causing Atherosclerosis (Figure 3).

Obesity Model
The body weight of mice in the NCD and HFD groups before high-fat chow feeding was not statistically significant 
(P>0.05). After 24 weeks of high-fat diet feeding, mice in the HFD group had significantly higher body weight (P<0.01) 
(Figure 4A and B). Ultrasonography showed that PWV was significantly higher in obese mice than in controls, 
suggesting the presence of atherosclerosis (Figure 4C).
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Figure 1 Study flowchart and visualization of DEGs. (A) Experimental flowchart; (B) Volcano map of the screened DEGs; (C) Circular heatmaps of the top 20 DEGs, C-1, 
C-2 and C-3 represent three different samples in NCD; N-1, N-2 and N-3 represent three different samples in HFD. The screening criteria for DEGs were defined as 
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Abbreviations: NCD, normal chow diet; HFD, high fat diet; DEGs, differentially expressed genes.

Diabetes, Metabolic Syndrome and Obesity 2023:16                                                                          https://doi.org/10.2147/DMSO.S421650                                                                                                                                                                                                                       

DovePress                                                                                                                       
1945

Dovepress                                                                                                                                                              Pan et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 2 Results of bioinformatics analysis of DEGs. GO enrichment analysis of DEGs divided DEGs into three functional groups: BP (A), CC (B), and MC (C). (D) Top 10 
KEGG pathway enrichment results. The horizontal coordinate represents the ratio of DEGs enriched in an item to the total number of genes in that item. (E) Disease 
enrichment analysis results. The horizontal coordinate represents the number of genes associated with the disease in the DEGs. 
Abbreviations: DEGs, differentially expressed genes; GO, Gene Ontology; BP, biological processes; CC, cell composition; MF, molecular function; KEGG, Kyoto 
Encyclopedia of Genes and Genomes.
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Pathological Examination
The results of small intestine HE staining showed that the apical part of the small intestine in the NCD group was 
autolysed and lightly colored; individual mucosal epithelial cells were detached from the apical part of the intestinal villi 
(black arrow); the glands were closely arranged and no obvious damage or inflammatory cell infiltration was observed. In 
the HFD group, the apical mucosal epithelium of the small intestinal tissue was mildly separated from the lamina propria; 
individual glandular structures were locally lost (blue arrows) and individual intestinal villi were detached (green 
arrows); there was no obvious inflammatory cell infiltration (Figure 4D). The aortic staining results showed that obesity 
increased the intimal thickness of the aorta and slightly disturbed the elastic fiber arrangement (Figure 4E). Masson 
staining showed that aortic collagen content was significantly increased in the HFD group, compared to the NCD group 
(Figure 4F). Electron microscopic results showed that the aortic vascular endothelial cells in the HFD group showed 
a moderate to severe edema state, with a slightly thickened, intact and continuous inner elastic membrane locally. 
Endothelial cell membranes were intact, tight intercellular junctions were locally visible, intracellular matrix electron 
density was locally reduced, and organelle swelling was more severe (Figure 4G).

Figure 3 Fluid shear stress and atherosclerotic pathways.44 In the HFD/NCD group, red indicates up-regulated expression and green indicates down-regulated expression. 
Abbreviations: NCD, normal chow diet; HFD, high fat diet.
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Immunohistochemistry
The expression of BMP4, NQO1 and GSTM1 in small intestinal tissues was detected using immunohistochemistry. Our 
results showed that obesity increased BMP4 expression (P<0.01) and decreased NQO1 and GSTM1 expression (P<0.01) 
(Figure 5).

Discussion
Atherosclerosis is a prevalent chronic inflammatory disease of the arterial wall, manifested mainly by lesions and plaque 
formation in the inner layers of the arterial wall.20 Atherosclerosis has a complex pathogenesis, the main mechanisms of 
which are lipid plaque formation and chronic inflammation. Atherosclerosis is a major cause of many cardiovascular 
lesions, such as myocardial infarction, stroke and peripheral vascular disease.21,22 Current research on the gut microbiota, 
the collection of bacteria residing in the gastrointestinal tract, suggests that the dynamic balance of the gut flora is 
essential for human health, and numerous studies have elucidated the role of gut flora disorders in the development of 
obesity and cardiovascular disease.23,24 While atherosclerosis is a risk factor for cardiovascular diseases, there is also 
a close association between intestinal flora and atherosclerosis.25 Many investigators have reported that cardiovascular 
disease is associated with changes in the relative abundance of specific microbial taxa or in the abundance or diversity of 
intestinal bacteria. Recent studies have shown that bacterial genes have been detected in atherosclerotic plaques and that 
their characteristics are associated with changes in the microbial composition of the gut flora.26 In addition, gut microbes 
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have been associated with increased thrombosis rates and prolonged flow arrest in microbial transplantation studies.27 As 
an important digestive organ, the small intestine plays an irreplaceable role in the regulation of the balance of intestinal 
flora, but the role of the small intestine in the development of atherosclerosis is still not sufficiently studied.

To explore the association between small intestine and obesity-induced atherosclerosis, we performed an in-depth 
analysis of GSE59054 data. We found that a total of 122 DEGs were identified in the small intestine of obese mice 
compared to normal mouse small intestine tissue. The screened DEGs contained 45 up-regulated genes and 77 down- 
regulated genes. KEGG and DisGeNET enrichment analysis of DEGs revealed that these DEGs were closely associated 
with atherosclerosis and that BMP4, NQO1 and GSTM1 were enriched in the Fluid shear stress and atherosclerosis 
pathway, so we hypothesized that BMP4, NQO1 and GSTM1 expressed in small intestinal tissues might be involved in 
the development of atherosclerosis in obesity through this pathway. Subsequently, we identified the presence of 
atherosclerosis by analysis of the aorta of obese mice, while the altered expression of BMP4, NQO1 and GSTM1 in 
the small intestine was determined by immunohistochemistry. All these results support our hypothesis.

Bone morphogenetic protein 4 (BMP4) was originally discovered as an osteoinducible protein, a member of the 
transforming growth factor-β (TGF-β) superfamily.28 Transcriptomic analysis revealed that BMP4 induces inflammation 
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in endothelial cells, mainly by activating NADPH oxidase causing an increased production of reactive oxygen molecules, 
thus playing a role in the early development of atherosclerosis.29,30 Another study found an abundant expression of 
BMPs at sites of atherosclerotic vascular calcification, which is considered to be an important contribution to the 
pathophysiology of atherosclerosis.31 In addition, for BMP4 knockdown in perivascular adipose tissue of ApoE-/- mice 
was found to significantly increase the levels of inflammatory factors in vivo and lead to a significant increase in 
atherosclerotic plaque formation.32 The present study also found a significant increase in the level of BMP4 expressed in 
the small intestine of obese mice, thus giving us reason to believe that intestine-derived BMP4 plays an important role in 
obesity-induced atherosclerosis.

Nicotinamide adenine dinucleotide phosphate: quinone oxidoreductase 1 (NQO1) is commonly considered as 
a detoxifying enzyme because of its ability to reduce reactive quinones and quinoneimines to less reactive and less 
toxic hydroquinones.33 Studies have shown that NQO1 is highly expressed in myocardial and vascular tissues and can act 
as a superoxide scavenger and prevent ROS production, thus maintaining vascular homeostasis.34,35 The cardiovascular 
protective effects of NQO1 have been further confirmed in recent years, and the use of NQO1 can slow down lipoprotein 
oxidation and thus prevent atherosclerosis, which is reckoned as one of the possible therapeutic approaches for 
atherosclerosis.36,37 In addition NQO1 is closely related to Nuclear factor erythroid 2-related factor 2 (Nrf2), and the 
relationship between the latter and atherosclerosis has been widely demonstrated.38,39 Our assay of NQO1 expressed in 
the small intestine revealed that obesity significantly reduced NQO1 expression, suggesting that it may be a key protein 
in the link between obesity and atherosclerosis.

Glutathione S-transferases (GSTs) are a family of enzymes implicated in oxidative stress defense.40 Glutathione 
S-transferase-μ1 (GSTM1) belongs to the glutathione S-transferase superfamily and can metabolize a variety of reactive 
oxygen species and their metabolites.41 Numerous studies have shown that downregulation of GSTM1 or gene mutations 
can promote the development of atherosclerosis.42,43 We also found by immunohistochemistry that obesity significantly 
reduced the expression of GSTM1 in the small intestine.

In summary, we found that obesity significantly decreased the expression of NQO1 and GSTM1, which are 
cardiovascular protective substances, and increased the expression of BMP4 in the small intestine. We also found that 
BMP4, NQO1 and GSTM1 were enriched in the Fluid shear stress and atherosclerosis pathway, so it is speculated that 
BMP4, NQO1 and GSTM1 may be involved in the pathological process of atherosclerosis through the Fluid shear stress 
and atherosclerosis pathway. More studies are needed in the future to verify the correlation between small intestinal 
BMP4, NQO1 and GSTM1 expression with atherosclerosis. Whether the pathological process of atherosclerosis can be 
delayed or reversed by altering the expression of BMP4, NQO1 and GSTM1 in the small intestine of obese individuals. 
Our study also has some limitations: 1) Further studies, such as cellular experiments, are needed to verify this 
mechanism. 2) The sample size is small and a larger sample may be needed to verify this finding. 3) Oil red 
O staining as well as functional tests of the aorta may be performed to determine the presence of aortic atherosclerosis.

Conclusions
Altered expression of BMP4, NQO1 and GSTM1 in the small intestine of obesity may be involved in the pathological 
process of atherosclerosis through Fluid shear stress and atherosclerotic pathways. This study may provide a new target 
for the treatment of obesity-induced atherosclerosis and new insights into the treatment of clinical obesity and 
atherosclerosis.
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