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hUC-MSCs mitigate atherosclerosis induced by a high-fat diet in 
ApoE− /− mice by regulating the intestinal microbiota
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A B S T R A C T

Background: The mechanism underlying human umbilical cord mesenchymal stem cells (hUC- 
MSCs) regulating the stability of atherosclerotic plaque was explored by establishing mice models 
of atherosclerosis induced by a high-fat diet and hUC-MSCs intervention.
Methods: The ApoE− /− mice atherosclerosis model was constructed using a high-fat diet, and mice 
were divided into a normal diet group (ND), high-fat diet group (HFD), hUC-MSCs treatment 
group (HFDM), while the blank control (BC) consisted of C57BL/6J mice. After successful 
establishment of the model, the feces, hearts, and aorta of mice were collected. Morphological 
features were detected using HE, oil red O, and Masson staining. Afterward, 16s rRNA gene se-
quences was used to detect the species and abundance of the intestinal flora in mice, and an 
atomic force microscope (AFM) was used to detect the Young’s modulus of the fibrous cap of 
atherosclerotic plaques. Lastly, the expression level of the inflammatory factors NLRP3, IL-1β, and 
IL-18 were detected via immunohistochemistry and immunofluorescence assays.
Results: In terms of morphological characteristics, the expression level of NLRP3, Young’s 
modulus of the fibrous cap, and plaque stability were significantly reduced in HFD, whereas the 
ratio of Firmicutes to Bacteroidetes (F/B) was significantly increased. Interestingly, hUC-MSCs 
treatment reversed the above indices, thus enhancing plaque stability.
Conclusion: HFD led to dysregulation of intestinal flora homeostasis and induced aberrant 
expression levels of NLRP3, resulting in a decrease in the Young’s modulus of plaques. However, 
hUC-MSCs treatment improved the biomechanical properties of plaque by modulating the in-
testinal flora and NLRP3, thereby elevating plaque stability and minimizing the risk of plaque 
rupture.
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1. Introduction

Cardiovascular disease (CVD) is a pervasive ailment that afflicts individuals worldwide and is a leading cause of sudden death [1]. 
Presently, CVD exerts a profound influence on individuals’ lives and physical well-being. Among the various forms of CVD, coronary 
atherosclerotic heart disease (CHD) reigns supreme as the most prevalent and foremost cause of sudden death.

Atherosclerosis (AS) serves as the pathological foundation of CHD. Throughout its progression, pathological alterations, such as 
lipid accumulation, inflammatory cell infiltration, and vascular smooth muscle cell (VSMC) proliferation, occur [2]. The sudden 
rupture of non-severely stenotic atherosclerotic plaques due to destabilization is the root cause of acute coronary syndrome [3]. 
Currently, unstable plaques are defined by a higher infiltration of inflammatory cells, such as macrophages and lymphocytes, a thin 
fibrous cap, and a limited number or absence of VSMCs [4]. Previous research has demonstrated that the size of the lipid core and the 
thickness of the fibrous cap are the primary factors influencing plaque stability. Nevertheless, the mechanical environment in which 
atherosclerosis develops is also a crucial influencing factor. As is well documented, the biomechanical properties of atherosclerotic 
plaques are closely linked to stability [5]. A study has indicated that precise quantification of morphological and biomechanical 
properties is a key parameter for defining the stability of diseased arterial plaques [6]. The unpredictable rupture of unstable plaques 
predisposes individuals to adverse cardiovascular events, such as acute coronary syndrome or even sudden cardiac death [7]. Atomic 
force microscopy (AFM) has been widely used in various fields for its excellent nanoscale measurement performance [8,9] and has also 
been applied to detect the biomechanical properties of different sections of atherosclerotic plaques [10,11]. Therefore, AFM was 
utilized to determine the biomechanical properties of the fibrous cap of plaques, and plaque stability was assessed in conjunction with 
its morphological features.

It is universally recognized that the pathological state of the host is typically accompanied by dynamic changes in the microbial 
status of the intestinal tract. The normal structural composition of the intestinal flora not only provides nourishment to the host but 
also governs metabolism, promotes the development of the intestinal epithelium, and induces innate immunity. Disruption of the 
normal structure and composition of the intestinal flora can impair the health of the host and lead to the development of various 
diseases, including atherosclerosis and hypertension [12]. In addition to intestinal flora imbalance, infections are hypothesized to 
exacerbate atherosclerosis [13]. In short, different flora plays different roles in the intestine. For instance, Bacteroides vulgatus and 
Bacteroides dorei have been shown to inhibit the synthesis of lipopolysaccharides by intestinal microorganisms, thereby minimizing 
the risk of atherosclerosis [14]. In addition, bacteria such as Roseburia, Klebsiella, Clostridium IV, and Ruminococcaceae showed 
abundance changes in different stages of cardiovascular disease [15]. Overall, a multitude of bacteria have been shown to participate 
in the development of atherosclerosis, and maintaining the dynamic balance of the intestinal flora is key for the treatment of 
atherosclerosis. Therefore, modulation of the intestinal flora may be a promising new therapeutic option for atherosclerosis.

Mesenchymal stem cells (MSCs) are pluripotent stem cells that possess the remarkable ability for self-renewal and multidirectional 
differentiation. Their primary functions encompass differentiation, suppression of inflammation, and regulation of immune responses. 
Earlier studies have demonstrated that MSCs can raise the number and function of regulatory T cells (Treg cells), which have been 
shown to confer protective effects against AS [16,17]. Additionally, they can exert anti-AS effects by secreting anti-inflammatory 
factors and down-regulating the expression of costimulatory receptors on effector T cells, antigen-presenting cells, and NK cells 
[18,19]. Furthermore, MSCs are activated under hyperlipidemic conditions and differentiate into smooth muscle cells and adipocytes, 
which play a therapeutic role in cardiovascular diseases such as AS [20]. Mahdavi et al. postulated that MSCs exert a therapeutic effect 
against AS by modulating the degree of inflammation in the lesion [21]. Likewise, researchers have established that MSCs can play a 
reparative role in the heart by promoting M2 macrophage polarization and regulating the ratio of M1/M2 phenotype [22]. On the 
other hand, transplantation of MSCs resulted in increased secretion of anti-inflammatory factors (IL-10) and decreased secretion of 
pro-inflammatory factors (IL-1β) [23]. Taken together, this insinuates that MSCs protect against AS by stimulating the secretion of 
anti-inflammatory factors and suppressing the expression of inflammatory pathways. However, it is still unclear whether human 
umbilical cord mesenchymal stem cells can affect the stability of atherosclerotic plaque through the intestinal flora - inflammation 
pathway.

Therefore, hUC-MSCs were used in this study to treat atherosclerosis mouse models. The purpose is to explore the possible 
mechanism of hUC-MSCs to improve the stability of atherosclerotic plaque by regulating the intestinal flora by detecting the difference 
in species and abundance of intestinal flora between the treated and non treated mice, the difference in Young’s modulus of 
atherosclerotic plaque fiber cap/arterial intima, and the expression level of NLRP3, IL-1β, and IL-18 in atherosclerotic plaque.

2. Method

2.1. Animal models and samples

33 ApoE− /− and 10C57BL/6J male mice were procured from Spelford (Beijing) Biotechnology Co., Ltd (SCXK Jing: 2019-0010) to 
serve as animal models and samples. To establish the atherosclerosis model, ApoE− /− mice were randomly divided into divide the mice 
into normal diet (ND), high-fat diet (HFD), and hUC-MSCs treatment (HFDM) groups, and C57BL/6J mice into a blank control group 
(BC). Both ND and BC groups were fed with normal diets, and HFD and HFDM groups were fed with high-fat diets (67.1 % breeding 
rodent feed, 14 % lard, 1 % cholesterol, 0.2 % bile salts, 8 % sucrose, 8 % yolk powder, 1.8 % pre-mixed feed, and 0.2 % propylth-
iouracil).When fed until 16 weeks, saline was injected into the tail vein of BC, ND and HFD groups, and 5 × 105 hUC-MSCs were 
injected into the tail vein of the HFDM group twice at a week interval. All mice were fed until 20 weeks, and were anesthetized and 
executed for sampling. Two frozen 20 μm-thick aortic sections were stored in a − 80 ◦C freezer for biomechanical property testing of 
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plaque fibrous caps, and 5 μm-thick adjacent tissues were collected for pathological analysis [24]. hUC-MSCs were obtained from the 
Experimental Center for Tissue Engineering and Stem Cells, Guizhou Medical University, China.

2.2. Histopathological analysis

The 5 μm-thick tissue sections were acquired and subsequently dehydrated with anhydrous ethanol. The morphological features of 
the atherosclerotic plaques in the aortic root were then examined using a combination of hematoxylin-eosin staining (HE), oil red O 
staining, and Masson trichrome staining. This comprehensive analysis included an assessment of the degree of luminal stenosis, size of 
the lipid core, thickness of the fibrous cap and intima, plaque area, and collagen fiber content within the plaque. In addition, the 
expression level of inflammatory factors, namely NLRP3, IL-1β, and IL-18, was detected by immunohistochemistry and immunoflu-
orescence. All primary antibodies were rabbit polyclonal antibodies (Affinity Biosciences, USA) at a concentration of 1 mg/ml, which 
were diluted at a ratio of 1:100 when used and incubated at 4 ◦C overnight.

2.3. Testing the Young’s modulus of plaque fibrous caps using atomic force microscopy

To accurately determine the Young’s modulus of plaque fibrous caps, a 20 μm thick section of the aortic root was obtained and 
visualized under an atomic force microscope (Nanowizard IV XP, Germany) in contact mode. The section was then mounted on an 
inverted fluorescence microscope to precisely locate the position of the plaque fibrous cap. Six 3 μm × 3 μm areas on the plaque fibrous 
cap were randomly selected for scanning, and the mean and standard deviation of the Young’s modulus were calculated.

The test probe was AN-CSG10 (Appnano), which has a reflective surface coated with Au and a tapered tip. With a nominal spring 
constant of 0.11 N/M, the probe was able to accurately measure the Young’s modulus of the plaque fibrous cap. The experiment was 
performed in PBS buffer throughout, with the slide fixed in a Petri dish.

2.4. Mechanical data analysis

The Hertz model is the standard model used for the analysis of AFM. The plotted force-displacement curves were analyzed using the 
Hertzian model to characterize the Young’s modulus in different regions. The formulae are as follows: 

F =
E

1 − v2
2 tan α

π δ2

a =
2 tan α

π δ 

Where F represents the loading force, δ denotes the indentation depth, E is the modulus of elasticity, and v is the relaxation ratio, 
which is generally assumed to be 0.5 owing to the incompressibility of biological tissues. α represents half of the probe tip opening 
angle, which was set to 15◦ in this study. The tissue was considered to be homogeneous within each probed area [25]. This was used to 
characterize the Young’s modulus at different locations.

2.5. Stool collection, DNA extraction, 16S rRNA sequencing, and quality control

The perianal area of the mice was sterilized with 75 % alcohol, and then the fecal samples were collected into sterile EP tubes and 
stored in a − 80 ◦C refrigerator. The whole genomic DNA of the samples was extracted by the CTAB method [26] and diluted with 
sterile water. Then, the diluted genomic DNA was used as a template to amplify the 16s rRNA V3-V4 region. Subsequently, PCR 
amplification was performed using specific primers with barcodes, New England Biolabs’ Phusion® High-Fidelity PCR Master Mix with 
GC buffer, and high-efficiency, high-fidelity enzymes to improve amplification efficiency and accuracy. Libraries were constructed 
using the TruSeq® DNA PCR-Free Sample Preparation Kit and quantified by Qubit and Q-PCR. Following this, they were sequenced 
using NovaSeq6000. Paired-end reads were assigned to samples based on their unique barcode and truncated by cutting off the barcode 
and primer sequence. They were subsequently merged using FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/) [27] to obtain raw 
tags. The raw tags were quality filtered under specific filtering conditions to obtain high-quality clean tags according to the QIIME 
(V1.9.1, http://qiime.org/scripts/split_libraries_fastq.

html) [28] quality-controlled process. Afterward, chimeric sequences were detected and removed using vsearch (https://github. 
com/torognes/vsearch/) [29] against a reference database (Silva database, https://www.arb-silva.de/) [30] to retrieve effective tags.

2.6. Analysis of sequencing data

The Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/) [31] was used for our sequence analysis. Sequences with ≥97 
% similarity were assigned to the same OTUs. Representative sequences for each OTUs were screened for further annotation, and for 
each representative sequence, taxonomic information was annotated based on the Mothur algorithm using the SILVA database (http:// 
www.arb-silva.de/) [32]. To investigate the phylogenetic relationship between different OTUs and differences in dominant species in 
different samples (groups), MUSCLE software (version 3.8.31, http://www.drive5.com/muscle/) [33] was used to perform multiple 
sequence comparisons. OTUs abundance information was normalized using a standard sequence number corresponding to the sample 
with the fewest sequences, based on which subsequent analyses of alpha diversity and beta diversity were performed. Alpha diversity 
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was applied to analyze the complexity of species diversity using QIIME (Version 1.7.0) and displayed with R software (Version 2.15.3). 
Unweighted Pair-group Method with Arithmetic Mean (UPGMA) Clustering was conducted using the QIIME software (Version 1.9.1). 
Non-Metric Multi-Dimensional Scaling (NMDS) was plotted and analyzed using the vegan package of R software (Version 2.15.3), 
along with canonical correlation analysis (CCA) and redundancy analysis (RDA). Based on the species abundance, correlation coef-
ficient values (Pearson correlation coefficient, PCC) were calculated among the genera to obtain the correlation coefficient matrix, and 
the network diagram was depicted using graphviz-2.38.0. Functional annotation information was obtained using Tax4Fun software, 
which uses minimal 16S rRNA sequence similarity to the SILVA database sequences as the reference sequence.

2.7. Statistical analysis

All data were statistically analyzed using SPSS26.0 statistical software, and the SW test was used to test the normality of continuous 
variables. Variables following a normal distribution were presented as mean ± standard deviation, and the ANOVA was used to 
compare differences between groups, Least Significant Difference (LSD) method and Tamhane’s T2 for post-test. Spearman correlation 
analysis was used for correlation test. Variables not following a normal distribution were expressed as median (upper and lower 
quartiles), and the non-parametric rank sum test (Wilcoxon and Mann-Whitney U test) was used to compare differences within and 
between groups. Categorical variables were expressed as frequency and rate (or composition ratio), and the chi-square test or Fisher’s 
exact probability method was used to compare differences between groups. Morphological indicators were analyzed with Image J 
software.

3. Results

The atherosclerotic plaque mouse models deficient in ApoE− /− were established, and 16S rRNA gene sequencing technology was 
applied to analyze the community structure and abundance of intestinal fecal flora. Additionally, atomic force microscopy was 
employed to investigate the microscopic morphology and biomechanical properties of the fibrous cap in the mouse atherosclerotic 
plaque.

3.1. High-fat diet reduced atherosclerotic plaque stability and was reversed by hUC-MSCs

Hematoxylin-eosin staining was used to quantify the thickness of plaque intima-media and fibrous cap, oil red O staining to 
evaluate plaque area, and Masson trichrome staining to measure plaque collagen fiber content. Our findings revealed that mice on a 
high-fat diet exhibited a significantly thinner fibrous cap, a significantly thicker intima (Fig. 1A–D-E), a significantly larger plaque area 

Fig. 1. Morphologic staining of the aortic root in mice (200 × ).Bar = 200 μm. A: hematoxylin-eosin staining (HE); B: oil red O staining; C: Masson 
staining. D-E: Quantification of Intima thickness and fibrous cap thickness by HE staining. F: Quantification of collagen fibers by Masson staining. G: 
Quantification of luminal stenosis by oil red O staining.*: P < 0.05, **: P < 0.01, ***: P < 0.001, ****:P < 0.0001. ns: no significance.
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(Fig. 1C–G), and a significantly reduced collagen fiber content (Fig. 1B–F) compared to those in the control group. However, following 
hUC-MSCs intervention, the intimal thickness was decreased, and collagen fiber content and fibrous cap thickness were significantly 
increased, signaling that plaque stability was substantially enhanced (Fig. 1).

Immunohistochemistry and immunofluorescence assays were used to further explore the expression levels of the inflammatory 
factors NLRP3, IL-1β, and IL-18 in the atherosclerotic plaques of each group of mice. Immunohistochemical staining results demon-
strated that the expression levels of NLRP3, IL-1β, and IL-18 were significantly higher in HFD compared with ND (Fig. 2A–C-E), 
consistent with the results of the immunofluorescence assay (Fig. 2B). Following hUC-MSCs intervention, the expression levels of 
NLRP3, IL-1β, and IL-18 were significantly down-regulated (Fig. 2).

Furthermore, the fibrous cap morphology map and Young’s modulus of atherosclerotic plaques were examined in the four distinct 
groups using atomic force microscopy. Our findings revealed that compared to mice in the conventional diet groups (BC, ND), those in 
the high-fat diet group (HFD, HFDM) exhibited a fibrous cap tissue that was more intricately undulating, disorganized, and unevenly 
distributed, with a diminished Young’s modulus and a decreased capacity to withstand the strain. This resulted in a relatively unstable 
plaque and a fibrous cap that was more prone to rupture (Fig. 3A). Additionally, correlation analysis was conducted between the 
Young’s modulus of plaque fibrous cap and the Firmicutes/Bacteroidota(F/B) ratio of intestinal flora, which yielded a significantly 
negative correlation (r = − 0.70959) (Fig. 3B).

3.2. High-fat diet promoted structural changes in the intestinal flora and was reversed by hUC-MSCs

After quality control and chimera removal, a total of 2053307 sequences were gathered, with an average of 73332 ± 4825.49 
sequences per sample. On average, 71,601 sequences were successfully annotated to species, with an average of 1698 unique se-
quences per sample and an average of 647 OTUs (Fig. 4A). Species rarefaction curves were plotted by randomly extracting data from 
the sequencing data, which indicated that the sequencing depth and coverage were adequate and met the requirements for data 
analysis (Fig. 4B). To investigate species composition and abundance in each group of samples, a top 100 phylogenetic tree was 
constructed by comparing sequences, and the results indicated that the intestinal microorganisms were predominantly composed of 
Firmicutes, Bacteroidota, and Proteobacteria (Fig. 4D). At the phylum level, a cumulative bar plot of species abundance was generated 
based on the results of species annotation, which suggested a significant fluctuation in the structure of the intestinal flora in mice of the 
high-fat fed group (HFD, HFDM) compared to those of the control diet group (ND, BC) (Fig. 4C). More specifically, mice in the high-fat 
diet group (HFD, HFDM) had an increased proportion of Firmicutes, a decreased proportion of Bacteroidota, and consequently a 
significantly increased ratio of F/B compared to mice in the control diet group (ND, BC). Furthermore, a species clustering heat map 
was drawn based on species annotation and abundance information, depicting structural changes in the flora of mice at both the 
phylum and genus levels after a high-fat diet and again after MSC injection (Fig. 4E). At the genus level, the abundance of Lactobacillus 

Fig. 2. Expression of inflammatory factors in aortic atherosclerotic plaques (400 × ). A: Immunohistochemistry of NLRP3, IL-1β, and IL-18 in 
atherosclerotic plaques. (NPAC: no primary antibody staining controls).Bar = 30 μm. B: Immunofluorescence of NLRP3 in atherosclerotic plaques. 
C-E: Quantification of NLRP3, IL-1β, and IL-18 by immunohistochemistry. *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****:P < 0.0001. ns: no 
significance.
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Dubosiella and Bacteroides, which play a decisive role in ameliorating atherosclerosis, was significantly increased in the HFDM group 
(Fig. 4D).

Furthermore, the intestinal flora species diversity was found to be significantly higher in the ND and BC groups compared to the 
HFD and HFDM groups, as indicated by OTUs, chao1, ACE, and other indices (P < 0.05). Although the ND group exhibited marginally 
greater indices than the BC group, the differences were not statistically significant (P > 0.05). However, the Shannon’s index and 
Simpson’s index were comparable between the groups (Table 1). To better illustrate the diversity discrepancies among the groups, a 
rank abundance curve was generated based on the relative abundance of OTUs. Interestingly, the plot mirrored the rarefaction curves, 
with the HFDM group exhibiting significantly higher species richness and distribution uniformity than the HFD group (Fig. 5A).

To establish inter- and intra-group distinctions in our sample, Non-Metric Multi-Dimensional Scaling (NMDS) analysis was carried 
out by utilizing the Bray-Curtis distance metric. The analysis exposed the aggregation of ND and BC, as well as HFD and HFDM 
(Fig. 5B). While group partitions were not overtly apparent in the NMDS downscaling analysis, the Anosim analysis based on Bray- 
Curtis distance values demonstrated that the differences between groups were significantly more pronounced than the intra-group 
differences within each group (Fig. 5C), signaling that our grouping methodology was practicable for this analysis.

To further investigate the relationship between the four groups, Unweighted Pair-group Method with Arithmetic Mean (UPGMA) 
clustering trees were developed based on weighted UniFrac distances. In agreement with the findings of prior studies, the HFDM group 
clustered with the HFD group, while the ND group clustered with the BC group. This implies significant alterations in intestinal flora 
between mice on a high-fat diet and those fed a normal diet. As depicted in Fig. 5D, the F/B ratio was significantly higher in the HFDM 

Fig. 3. AFM Testing of Atherosclerotic Plaque Fibrous Cap. A: The 3D morphology of the atherosclerotic plaque fibrous cap was analyzed in each 
group (25 × 25um). The height of the cap was measured, and the results were as follows: BC: 3.43 μm, ND: 3.73 μm, HFD: 8.37 μm, and HFDM: 7.28 
μm. B: The Young’s modulus of the atherosclerotic plaque fibrous cap and F/B ratio were analyzed for each group, and a linear fit was performed (r 
= − 0.70959).
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Fig. 4. High-fat diet and MSCs significantly altered intestinal flora composition. A: Statistical plot displaying individual sample sequences and OTUs 
after undergoing quality control. B: Rarefaction Curves for ND = 6, BC = 5, HFD = 8, HFDM = 9, randomly sampled sequences with newly 
discovered OTUs, with slopes close to zero in each group when sequencing depth was sufficient to cover the majority of the intestinal flora. C: 
Histogram showcasing the top 10 bacterial abundances for ND = 6, BC = 5, HFD = 8, and HFDM = 9. D: Phylogenetic tree of the top 100 bacterial 
genera in abundance at the genus level, with branch and sector colors representing their corresponding clades and stacked bars on the outside of the 
fan ring indicating information on the abundance distribution of the genus in different samples. E: The heat map of clusters drawn at the species 
level for the top 35 genera selected for abundance in all samples is displayed based on their abundance information in each sample. The clustering 
tree color denotes its corresponding phylum, and the color depth of the squares represents species abundance.
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and HFD groups compared to the ND and BC groups (Fig. 5D). To elucidate the effects of a high-fat diet and MSCs on the interactions 
between intestinal flora, Spearman correlation analysis of bacterial genera was performed at the genus level, and a flora correlation 
network was constructed using Cytoscape (Fig. 5E). The correlation network plot portrayed that the negative correlations between the 
groups of Firmicutes and Bacteroidota in mice on a high-fat diet were accentuated compared to the control group such as Dubosiella 
(F), Bacteroides (B), Lachnospiraceae_NK4A136_group (F), Alistipes (B), Ruminococcus__gauvreauii_group (F), Faecalibacterium (F). 
These observations inferred that high-fat diets disrupted the balance between the thick-walled phylum and the anaphyla phylum, 
leading to an imbalance in the normal ratio and causing phenotypic changes in the host. However, after intervention with hUC-MSCs, 
the negative correlations were reversed and even returned to normal levels.

To further identify distinctions among the intestinal microbiota of mice, MetaStat analysis was performed on the sequencing results 
of the four groups at the genus and species levels (Fig. 6A). Compared to the control diet group, the HFD groups exhibited a significant 
increase in the relative abundance of Ligilactobacillus, Mucispirillum, Limosilactobacillus, Anaerotruncus, Turicibacter, Escherichia- 
Shigella, Faecalibaculum, Bifidobacterium, Lactobacillus_murinus, Lactobacillus_reuteri, Escherichia_coli, Odoribacter, and 12 other 
species of bacteria. Conversely, the relative abundance of bacteria such as Alistipes, Alloprevotella, Staphylococcus, and Dubosiella 
was significantly decreased. Following treatment with hUC-MSCs, Lactobacillus_murinus, Lactobacillus_reuteri, Ligilactobacillus, 
Mucispirillum, Anaerotruncus, Lachnospiraceae_NK4A136_group, Odoribacter, Limosilactobacillus, Candidatus_Saccharimonas, and 
nine other bacterial species showed a significant decrease in relative abundance, whereas Alloprevotella, Clostridium_sensu_stricto_1, 
Staphylococcus, Faecalibaculum, Dubosiella, and other bacteria manifested a significant increase in relative abundance.

Finally, Tax4Fun was used to predict the function of the intestinal microbiota in the samples. In addition, a Venn Graph was plotted 
based on the results of gene function annotation, which demonstrated an increase in unique functional genes after hUC-MSCs treat-
ment (Fig. 6B). What’s more, the functional differences were insignificant between control groups (ND and BC groups) but were 
significant changes in cellular community - prokaryotes, genetic information processing, and infectious diseases in the HFD group 
compared to the control group. After treatment with hUC-MSCs, significant differences were identified in Replication and repair, 
Translation, Amino acid metabolism, Nucleotide metabolism, Energy metabolism, Metabolism of cofactors and vitamins, and Signal 
transduction (Fig. 6C). Collectively, these findings suggest that alterations in the function of intestinal microbiota due to a high-fat diet 
may contribute to the development of atherosclerosis.

4. Discussion

Currently, coronary heart disease (CHD) remains a pressing global issue. Atherosclerosis (AS) serves as the pathological basis of 
CHD, and the stability of the plaque formed by AS is a crucial factor in assessing the risk of sudden death from CHD. Following 
atherosclerosis, vessels typically compensate via vasodilation to maintain blood supply to downstream tissues [34]. Although 
downstream blood supply is not affected, the lumen gradually narrows as the atherosclerotic plaque increases in size, the vessel wall’s 
ability to dilate is lost, and the lipid core is covered with proliferating vascular smooth muscle cells known as a fibrous cap. As the lipid 
core expands and the vessel wall’s elasticity is lost, the thinner fibrous cap is more likely to rupture. Therefore, enhancing the plasticity 
of the fibrous cap may be a promising treatment strategy in patients with atherosclerosis. Recent studies primarily assessed plaque 
stability by measuring lipid core size and fibrous cap thickness [35]. However, the mechanical properties of the plaque fibrous cap are 
also key to assessing stability, and plaque rupture occurs when the mechanical stress to which the plaque is subjected is greater than its 
ultimate stress in a hemodynamic setting [36]. Therefore, there is an urgent need to accurately investigate the biomechanical prop-
erties of plaques and conduct a thorough and objective assessment of their stability to evaluate the likelihood of rupture. AFM is based 
on the measurement of very weak forces between the surface of the sample under test and the atoms on the probe with nanometer-level 
accuracy, allowing the acquisition of three-dimensional images at the microscopic level. It is extensively used in various fields, such as 
microbiology and ophthalmology [8,9].Therefore, AFM was used in the present study to measure the Young’s modulus of the plaque 
fibrous cap in order to assess plaque stability and identify the differences in different groups of mice. In agreement with the obser-
vations of previous studies [11], our study found that the degree of atherosclerosis and plaque heterogeneity were significantly higher 
whereas the Young’s modulus of the fibrous cap was significantly lower in mice of the high-fat diet group compared to those of the 
control diet group. Additionally, morphological examination of plaques uncovered significantly thinner fibrous caps, significantly 

Table 1 
Comparison of diversity indices of mice in each group.

group OTUs Shannon Simpson chao1 ACE goods_coverage

BC 760a 5.874 0.927 805.059b 806.625b 0.999
HFD 463 5.46 0.923 482.48 486.995 0.999
HFDM 551 5.346 0.912 582.949a 583.188 0.999
ND 762a 6.084 0.94 809.928a 812.43a 0.999

OTUs: the number of species observed. Shannon: the total number of taxa in the sample and their proportion; the higher the diversity of the 
community, the more evenly distributed the species, the larger the Shannon index. Simpson: characterizes the diversity and evenness of species 
distribution within the community; the better the species evenness, the larger the Simpson index. chao1: estimates the total number of species 
contained in the community sample. ACE: estimates the number of OTUs in the community. goods_coverage: coverage; the higher the sequencing 
coverage, the larger the index.

a :P < 0.05 compared with the HFD group.
b :P < 0.01 compared with the HFD group.
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thicker intima, significantly larger plaque areas, and significantly lower collagen fiber content in mice of the high-fat diet group 
compared to those of the control diet group. In other words, the plaque area was significantly larger, and the collagen fiber content was 
significantly reduced. In this study, we did not count the proportion of ruptured plaques, and our conclusion was based on the pro-
portion of vulnerable plaques.

It is universally acknowledged that microorganisms are present in various organs of the human body, particularly in the intestine. 
Currently, the relationship between intestinal flora and atherosclerosis is a hot topic, with numerous scholars endorsing the concept of 

Fig. 5. Correlation between groups of mice intestinal flora. A: Rank Abundance curve based on the relative abundance of OTUs. A large slope of the 
curve and a shorter horizontal axis indicate poor species abundance and uniformity of distribution; on the contrary, a smaller slope and a longer 
horizontal axis indicate high species abundance and uniformity of distribution. B: Dimensionality reduction analysis based on Weighted UniFrac 
distance NMDS. Stress <0.2 suggests that NMDS can accurately reflect the degree of variation between samples. C: Anosim analysis based on Bray- 
Curtis distance values illustrated that the between-group differences of the groups were greater than the within-group differences. D: UPGMA 
clustering tree based on Bray-Curtis distance values. The UPGMA clustering tree structure is displayed on the left, and the relative abundance 
distribution of species at the phylum level for each sample is delineated on the right. E: Network diagram of the ND, HFD, and HFDM group clusters. 
Different nodes represent different genera, node size represents the average relative abundance of the genus, nodes of the same phylum have the 
same color, and the thickness of the line between nodes indicates correlation strength; red represents a positive correlation, whereas blue represents 
a negative correlation.
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the gut-heart axis. Abnormal increases in intestinal flora metabolites, increased intestinal permeability, direct invasion and infection of 
lesions by intestinal microorganisms, and a consequential increase in butyrate- and short-chain fatty acid-producing bacteria have all 
been linked to the development and prevention of atherosclerosis [37,38]. Direct infection of the vascular wall, such as lipopoly-
saccharide (LPS), contributes to the onset of atherosclerosis. Indeed, LPS-treated mice develop more unstable plaques, and high levels 
of LPS in the blood are positively correlated with atherosclerosis [39,40]. The intestinal flora has a significant impact on the stability of 
atherosclerotic plaques by directly or indirectly mediating the host’s intestinal structure, inflammatory status, and metabolic levels, 
thereby modulating the host’s phenotype [41]. Firstly, alterations in the structural composition of the intestinal flora trigger 

Fig. 6. Analysis of colony and functional differences. A: Heat map of colony differences at the genus and species levels. B: Venn Graph based on 
functional annotations to analyze the functional differences in flora between different groups. C: Tax4fun prediction of functional differences in 
intestinal flora genes in each group.
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inflammation, which facilitates AS development [42]. Secondly, the regulation of host cholesterol levels and lipid metabolism by the 
gut flora affects the development of AS [43,44]. Thirdly, specific metabolites of the gut microbiota can exert beneficial or detrimental 
effects on AS (TMAO\LPS\SCFAs) [45]. Our study found that a high-fat diet led to dysbiosis in intestinal flora homeostasis, which was 
conducive to the development of atherosclerosis and plaque instability.

MSCs are presently being investigated in therapeutic studies for various diseases, including atherosclerosis. Previous studies have 
established that MSCs can alleviate atherosclerosis by modulating immune responses, differentiating into functional cells, and sup-
pressing inflammation via multiple pathways [16,18,21]. Moreover, hUC-MSCs also have the advantages of low immunogenicity and 
immune escape [46], which gives it the ability to prevent the adverse reactions of the immune system, which is the advantage of 
hUC-MSCs over other types of stem cells [47]. Therefore, the possibility of hUC-MSCs injected into mice to cause a major immune 
response is low, so hUC-MSCs were used in our study. Our study concluded that MSC intervention resulted in structural adjustments in 
the composition of the intestinal flora of mice, reversing the abundance of some noxious flora induced by a high-fat diet. The 
ameliorative effect of hUC-MSCs on atherosclerosis does not exclusively rely on pathways modulating the immune response, functional 
cell differentiation, and inflammation but also by enhancing the biomechanical properties of the fibrous cap to counteract the me-
chanical blood flow.

Previous studies described a close relationship between the expression of inflammatory factors, the activation of inflammatory 
pathways, and atherosclerosis [48]. Therefore, the expression levels of NLRP3, IL-1β, and IL-18 were determined in the aortic 
atherosclerotic plaques of each group of mice. We found similar results with a significant increase in plaque NLRP3, IL-β, and IL-8 
expression in mice on a high-fat diet, and a significant increase in plaque area, as well as a significant thinning of the fibrous cap, 
a decrease in collagen fibers, and a significant disruption of plaque. VSMC phenotypic transition owing to NLRP3 usually leads to 
changes in the mechanical properties of the fibrous cap. In our study, mice in the group with up-regulated NLRP3 levels had smaller 
Young’s modulus of the fibrous cap, and the plaques were more susceptible to rupture by blood flow; that is, the plaques became 
unstable. The interaction between intestinal flora and NLRP3 also plays an instrumental role in atherosclerosis, suggesting a strategy to 
target NLRP3 and intestinal flora for the treatment of atherosclerosis [49]. Similarly, our study also validated the interrelationship 
between intestinal flora and NLRP3 inflammatory vesicles and further utilized hUC-MSCs targeting NLRP3 and intestinal flora to treat 
AS, with varying degrees of improvement in intestinal flora as well as plaque NLRP3 levels following treatment. In addition, a direct 
negative correlation was detected between the F/B ratio of the intestinal flora and the Young’s modulus of the plaque fibrous cap, 
indicating that structural alterations in the composition of intestinal flora could lead to changes in the biomechanical properties of 
plaques, thereby affecting plaque stability. Treatment with hUC-MSCs delayed the changes in flora structure and mechanical prop-
erties of plaque brought about by a high-fat diet. In addition, the level of inflammation in the plaque correlated with its biomechanical 
properties and directly influenced the stability of the atherosclerotic plaque.

In summary, an AS model was established in ApoE− /− mice and 16s rRNA sequencing was subsequently used to detect structural 
changes in mouse microbiota. Our results exposed significant changes in the composition of the flora of mice in the HFD group, 
particularly an increase in Firmicutes abundance and a decrease in that of Bacteroidetes, leading to a significant increase in the F/B 
ratio, which is a commonly used index to assess homeostasis of the intestinal microbiota. The morphology of the fibrous cap and 
Young’s modulus of atherosclerotic plaques in the four groups of mice were examined by atomic force microscopy, and the latter was 
found to be significantly lower in the HFD group. Alterations in intestinal flora homeostasis promoted the expression of NLRP3, which 
in turn affected VSMC phenotypic transition, leading to changes in their mechanical properties and ultimately a decrease in plaque 
stability. In contrast, hUC-MSCs intervention reversed the high-fat diet-induced imbalance in intestinal flora homeostasis, significantly 
down-regulated NLRP3 expression, significantly increased the Young’s modulus of the fibrous cap, and thus contributed to plaque 
stability. This suggests that hUC-MSCs stabilized atherosclerotic plaques and effectively reduced the risk of atherosclerotic plaque 
rupture by regulating NLRP3 expression via modulating gut microbiota homeostasis.

There are two limitations in our research. Firstly, the wild-type C57BL/6J mice used in this study were not littermate controls, 
which may lead to the appearance of genetic drift. Secondly, the choice of our control group was not rigorous enough and normal chow 
fed ApoE− /− mice + hUC-MSCs should have been used as the control group instead of just normal chow fed ApoE− /− mice.

5. Conclusion

A high-fat diet led to dysregulation of intestinal flora homeostasis and induced abnormal expression of NLRP3, resulting in a 
decrease in plaque elastic modulus. However, hUC-MSCs improved the biomechanical properties of plaque by modulating the in-
testinal flora and NLRP3 expression, thereby increasing plaque stability and reducing the risk of plaque rupture. Conjointly, our study 
emphasizes the importance of a healthy diet and pioneered a novel approach for the treatment of AS.
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[27] T. Magoč, S.L. Salzberg, FLASH: fast length adjustment of short reads to improve genome assemblies, Bioinformatics 27 (21) (2011) 2957–2963.
[28] N.A. Bokulich, S. Subramanian, J.J. Faith, D. Gevers, J.I. Gordon, R. Knight, D.A. Mills, J.G. Caporaso, Quality-filtering vastly improves diversity estimates from 

Illumina amplicon sequencing, Nat. Methods 10 (1) (2013) 57–59.
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