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Introduction: Vascular calcification is a major cause of cardiovascular accidents in patients with type 2 diabetes mellitus. This study 
aimed to investigate the impact of carbohydrates on gut microbiota and aortic calcification in diabetic ApoE−/− mice.
Methods: The diabetic ApoE−/− mice were randomly divided into 4 groups: ketogenic diet group, low carbohydrate diet group, 
medium carbohydrate diet group, and high carbohydrate diet group. The mice were fed continuously for 6 months, with blood glucose, 
blood ketone and body weight monitored monthly. Lipid metabolism indicators and inflammatory factors were detected using ELISA. 
The intestinal barrier, atherosclerotic lesion areas, and vascular calcifications were analyzed based on their morphology. Gut 
microbiota was analyzed using 16S rRNA genes.
Results: We found that ketogenic diet played some roles improving glucose, lipid metabolism, and inflammation. Ketogenic diet 
could improve the intestinal barrier to some extent and increase intestinal bacteria. Compared to the other three groups, the relative 
abundance of genus Allobaculum, species Blautia producta and Clostridium Ramosum in the ketogenic diet group was significantly 
increased (P <0.05), which has protective effects in diabetic ApoE−/− mice.
Conclusion: Ketogenic diet could delay the onset of aortic atherosclerosis, aortic calcification and improve intestinal barrier function 
in diabetic ApoE−/− mice.
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Introduction
In 2021, an estimated 537 million adults globally had diabetes, with projections indicating a rise to 783 million by 2045.1 

Vascular calcification is a prevalent complication in diabetic patients and a major contributor to cardiovascular and 
cerebrovascular events.2 The severity of vascular calcification is associated with an increased risk of cardiovascular 
incidents, stroke, and amputation in patients with type 2 diabetes mellitus (T2DM).3 Despite its several adverse 
consequences, there are currently no effective treatments available to delay or prevent the development of vascular 
calcification. Therefore, there is an urgent need to develop new strategies for its prevention and treatment.

The amount and type of dietary carbohydrates have long been controversial topics in the management of T2DM. 
Before the advent of insulin, most diabetes patients adopted a diet that strictly restricted carbohydrate intake and 
increased dietary fat intake.4,5 With the recognition of cardiovascular complications in diabetes and the discovery of 
insulin, patients with T2DM have adopted a high-carbohydrate diet.6 However, the prevalence of metabolic diseases has 
been gradually increasing, and adverse effects of high-carbohydrate diets, such as postprandial hyperglycemia, hyper-
insulinemia, and lipid problems, have been reported. Accordingly, the American Diabetes Association recommended 
monitoring carbohydrate intake to control blood sugar.7 A low-carbohydrate, high-fat diet has gradually become an 
approach for controlling weight and blood glucose in T2DM patients.8 Therefore, this study was designed to investigate 
the long-term effects of different dietary carbohydrate levels on aortic calcification in diabetic mice.
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Studies have found significant differences in gut microbiota between healthy people and T2DM patients. However, 
in individuals with T2DM, there is a notable increase in Proteobacteria and Bacteroidetes, accompanied by a reduction 
in Firmicutes and a diminished Firmicutes/Bacteroidetes ratio.9 Studies have demonstrated that, compared to healthy 
individuals, diabetic patients with cardiovascular complications exhibited significantly disrupted gut microbiota. 
Specifically, there is a marked reduction in the abundance of beneficial bacteria that are essential for maintaining 
normal intestinal immunity and metabolism, coupled with a significant increase in opportunistic pathogenic 
bacteria.10,11 Diet plays a crucial role in modulating gut microbiota composition, which can subsequently improve 
health.12 Research has shown that the abundance of short-chain fatty acid-producing bacteria such as Roseobacter, 
Gastrococcus, and Eubacterium significantly increases in type 2 diabetes patients following a ketogenic diet.13

Yi-Hsueh Liu et al have demonstrated an association between gut dysbiosis and the severity of aortic arch calcifica-
tion (AoAC) in patients with chronic diseases. In patients with low AoAC, a distinct microbial community structure was 
observed, characterized by a significant increase in several butyrate-producing bacteria, including the genera 
Agathobacter, Ruminococcaceae UCG-002, Ruminococcaceae DTU089, Oscillibacter, and Butyricimonas. Conversely, 
the high AoAC group exhibited an increased relative abundance of the class Bacilli.14 Additionally, another study 
identified the enrichment of Acinetobacter in the blood as a potential risk factor for vascular calcification in chronic 
kidney disease.15

Therefore, it is hypothesized that gut microbiota may influence the progression of T2DM and vascular calcification, 
particularly through dietary interventions involving different carbohydrate compositions. This article will discuss the 
impact of different carbohydrate diets on T2DM and the role of intestinal microflora in this process.

Materials and Methods
Experimental Design
In our study, male ApoE−/− mice aged 6–8 weeks were acquired from Cavens Experimental Animals, Changzhou, China. 
Streptozotocin (40 mg/ (kg · d)), dissolve into citrate buffer (pH 4.2–4.5), was administered to mice for 5 days. Fourteen 
days later, mice with blood glucose levels of 300 mg/dl or higher were selected. A total of 24 diabetic ApoE−/− mice were 
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randomly allocated into the following groups: ketogenic diet (no carbohydrate diet, KD group, n = 6), low-carbohydrate 
diet (low-carbohydrate diet, LCD group, n = 6), medium-carbohydrate diet (medium-carbohydrate diet, MCD group, 
n = 6), and high-carbohydrate diet (high-carbohydrate diet, HCD group, n = 6). During the feeding period, the feeding 
intake was adjusted to ensure equal calorie intake across all groups during the feeding period with feed and water were 
readily available throughout the day. The mice were weighed and blood glucose and ketone levels (Supplementary 
Figure 1) were measured monthly. After 6 months on their respective diets, the mice were anesthetized with isoflurane 
(5% concentrations). Blood, jejunum, ileum, and aorta were collected and frozen at –80°C for further analysis. These 
trials were approved by Jiangsu University’s Experimental Animal Use Ethics Committee and complied with Directive 
2010/63/EU guidelines.

Diets
The ingredients of the diets had been shown given in Table 1. The diets were prepared using Cavens (Changzhou, 
China).16–18

Insulin and Glucose Tolerance Tests
After 6 months of diet intervention, the mice were fasted overnight. Fasting serum glucose levels were measured using 
a glucometer (Bayer, Beijing, China) and was recorded as the baseline (time 0). Following a 30-minute acclimatization 
period, the diabetic mice received an intraperitoneal injection of a 20% glucose solution, with the injection volume 
adjusted according to their body weight (0.01 mL/g). Blood glucose levels were subsequently measured at 15, 30, 60, 90, 
and 120 minutes post-injection, using whole blood samples collected from the severed tail tips.

TC, TG, HDL-C, and LDL-C
To determine total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density 
lipoprotein cholesterol (LDL-C) levels, we utilized the Assay Kit (Jiancheng Bioengineering, Yancheng, China) with 
upper serum samples. Serum homogenization was followed by the addition of specific reagents to the supernatants 
according to the manufacturer’s instructions. Serum lipid levels were determined by measuring absorbance and 
calculating values using predefined formulas.

Biochemical Analyses
The concentrations of lipopolysaccharides (LPS), trimethylamine oxide (TMAO), tumor necrosis factor-α (TNF-α), 
interleukin 6 (IL-6), and interleukin 1β (IL-1β) were quantified using enzyme-linked immunosorbent assay (ELISA) kits 

Table 1 Composition of Diets

Ingredients Ketogenic  
diet(g)

Low  
carbohydrate  

diet (g)

Middle 
carbohydrate  

diet (g)

High  
carbohydrate  

diet(g)

Casein 163.8 271.4 222.9 94.2
L-cystine 2.5 3.9 3.3 2.5

Corn starch 0 0 236.3 349.5

Maltodextrin 0 103.4 79.1 33
Saccharose 0 88.9 125.9 382.5

Cellulose 81.9 64.6 55.7 47.1

Soybean oil 41 32.3 27.9 23.6
Cocoa butter 624 361.8 172.7 18.8

Minerals, Vitamins, Choline 86.7 73.7 76.2 48.8

Dye 0.1 0.06 0.1 0.1
Summation 1000 1000 1000 1000

Kcal/gm 6.7 5.47 4.5 3.8
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obtained from Jiangsu Meimian Industrial, Yancheng, China, following standardized protocols. Standard wells were 
loaded with 50μL of standard solution at varying concentrations, while sample wells received 10μL of the test sample 
along with 40μL of sample diluent. Subsequently, 100μL of horseradish peroxidase (HRP) labeled detection antibody 
was added to each well containing standards and samples. The plates were then incubated at 37°C for 60 minutes. 
Subsequent to incubation, each well underwent washing with washing solution five times. Following this, 50μL of 
substrates A and B were added to each well and incubated at 37°C for 15 minutes in the absence of light. Termination of 
the reaction was achieved by adding 50μL of stop solution to each well, and the optical density (OD) was measured at 
a wavelength of 450nm using a microplate reader.

HE and PAS Staining
The jejunal and ileal tissues were fixed in 4% paraformaldehyde and stained with hematoxylin and eosin (HE) (Beyotime 
Biotechnology, China) for histological examination. Lesions were assessed using the Chiu’s score.Goblet cells were 
identified using Periodic acid-Schiff staining (PAS) (Beyotime Biotechnology, China). For PAS staining, 100 μL of 
periodic acid solution was applied to tissue sections for 10 minutes in darkness, followed by a 5-minute wash. 
Subsequently, 100 μL of Schiff reagent was applied for 1 hour in darkness, followed by washing. Hematoxylin staining 
solution (100 μL) was applied for 30 seconds, followed by washing to remove excess stain. Ethanol hydrochloride 
differentiation solution was then applied for 30 seconds, followed by gradual rinsing until tissue blue staining was 
observed.

Immunofluorescence
The tissues were immersed in 4% paraformaldehyde and then embedded in paraffin. Following antigen retrieval, 
dewaxing, and hydration, the slides were incubated with bovine serum albumin for 30 minutes to block nonspecific 
binding. Subsequently, the slides were incubated overnight with the primary antibodies (Occludin, Abcam, England; 
Claudin-2, Wuhan Sanying, Wuhan, China), followed by a 2-hour incubation with the secondary antibody (Abways, 
Shanghai, China). The slides were then stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Germany) 
and examined under a fluorescence microscope.

Determination of Tissue Calcification
For arterial staining, tissues were fixed in 4% formaldehyde were embedded in paraffin. Paraffin sections underwent 
dewaxing and were stained with Alizarin Red S staining solution (Solarbio, Beijing, China).Von Kossa staining 
(Solarbio, Beijing, China) was performed by adding A drop of staining solution to the sections, which were then 
irradiated with a UV lamp for 3 hours. The slices were subsequently immersed in double-distilled water. B drops were 
applied for 5 minutes to ensure complete coverage of the tissue, after which excess dye was removed. The slices were 
then stained with hematoxylin and eosin.

Calcium content was quantified using a commercial calcium test kit (Beyotime Biotechnology, China). The arteries 
were homogenized using the supernatant separated by centrifugation. The absorbance of each well was measured at 575 
nm wavelength and recorded using microplate reader. The calcium ions concentration in each sample was calculated 
using a standard curve and a formula.

General Oil Red Staining
Excess fat and connective tissues were excised to isolate the intact aorta. The isolated aorta was then washed with PBS 
and immersed in 4% paraformaldehyde for 30 minutes. Subsequently, it was placed in a Petri dish and exposed to 0.3% 
oil red O solution (Solarbio, Beijing, China) for 6 hours. The aorta was further differentiated in 75% ethanol until it 
displayed a white appearance. Following rinsing with normal saline, the aorta was meticulously unfolded on black 
cardboard and photographed for documentation.
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Mice Fecal Bacteria DNA Extraction and Detection
Fresh fecal samples from the mice were collected at 6 months and stored at −80°C. DNA was extracted from the feces 
using the CTAB method and diluted to 1 ng/µL. Distinct regions of the 16S rRNA genes (V3–V4) were amplified using 
a specific primer. The amplification reactions were conducted with Phusion® High-Fidelity PCR Master Mix (New 
England Biolabs), and thermal cycling was initiated. Subsequently, the PCR product was mixed with an equal volume of 
1X TAE buffer, and electrophoresis was performed. The PCR products were then normalized to equal densities and 
purified using Universal DNA (TianGen Biotech, Beijing, China).

Sequencing libraries were generated using the NEB Next® Ultra DNA Library Prep Kit (Illumina, USA) according to 
the manufacturer’s recommendations with index codes added. Finally, the library quality was assessed using an Agilent 
5400 instrument (Agilent Technologies, USA). and sequenced using the Illumina NovaSeq platform to generate 250 bp 
reads. The analysis was carried out with the “Atacama soil microbiome tutorial” of Qiime2docs along with customized 
program scripts (https://docs.qiime2.org/2019.1/). Reliability analysis was performed with reference to the QIIME2 
tutorial, and the parameters in the analysis were all default values. The relative degree of annotation for each sample was 
determined using the absolute abundance of OTUs and the annotation information. ANOVA, ANCOM, linear discrimi-
nant analysis effect size (LEfSe), Kruskal Wallis, and DEseq2 were used to determine microbial communities based on 
differences in abundance.19,20 We evaluated community diversity using the α diversity index21 and assessed differences 
in microbial community structure using the β diversity index, PCoA, and NMDS diagrams.22

Statistical Analysis
The data were processed using SPSS 27.0, and plotted using GraphPadPrism9.0 software. In the normality test, data 
obeying a normal distribution were presented as the mean ± standard deviation (x ± s). Data with non-normal 
distributions were shown with medians (quartiles) [M] (P25, P75). Count data were presented as case numbers and 
rates. An independent sample t-test was used to compare two groups of data with normal distribution, and the Wilcoxon 
rank-sum test was performed to detect differences between the data with non-normal distribution. A one-way analysis of 
variance was used to compare multiple groups. P<0.05 was set as statistical significance.

Results
Ketogenic Diet Inhibited Hyperglycemia and Insulin Resistance
The study investigated the impact of dietary carbohydrate content on body weight and blood glucose levels. The body 
weight of the KD, MCD, and HCD groups showed a slight increase at the beginning of the intervention (Figure 1A), and 
then maintained a relatively stable level without a significant increase (P >0.05), whereas the LCD group showed an 
increase in body weight (P <0.01). As shown in Figure 1B, the fasting blood glucose level in the KD group was lower 
than that in the LCD and MCD groups (P <0.05), and significantly decreased in the HCD group (P <0.01). Blood glucose 
levels peaked within 30 minutes for all groups and remained elevated after 2 hours, indicating impaired glucose tolerance 
(Figure 1C). Compared to the KD group, the area under the curve for intraperitoneal glucose injection was significantly 
higher in the LCD, MCD, and HCD groups (P < 0.01).

Effects of Different Carbohydrate Diet on Lipid Profile
The serum TG and LDL-C levels in the LCD group and HCD group were lower than those in the KD and MCD group 
(P <0.01) (Table 2). Both the MCD and KD groups had higher serum TC levels than the other groups (P <0.01). Serum 
HDL-C levels were lower in the MCD and KD groups than in the HCD and LCD groups (P <0.01) (Figure 2).

High-Carbohydrate Diet Reduced the Levels of LPS, TMAO, and Inflammatory 
Cytokines
As shown in Figure 3, TNF-α and IL-6 levels in the KD, MCD, and LCD groups were lower than those in the HCD 
group (P <0.01). IL-1β expression in the KD group did not significantly differ from that in the HCD group, whereas IL- 
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1β levels were significantly increased in the MCD group and LCD group (P <0.01). Inflammatory factor expression 
generally increased with higher dietary carbohydrate content, except in the HCD group (P <0.01).

Figure 3 also showed that TMAO and LPS levels were significantly higher in the KD, MCD, and LCD groups 
compared to the HCD group (P <0.01). In addition to the HCD group, TMAO increased as the total carbohydrate content 
increased, whereas LPS in the KD and LCD groups did not show obvious differences. Elevated TMAO and LPS levels 
were associated with increased inflammatory cytokine levels (P <0.01).

Ketogenic Diet Improved Intestinal Integrity and Increased the Tight Junction Proteins 
Expression
The intestinal villi of the KD group exhibited a more organized arrangement, fewer ulcers, inflammatory cell infiltrations, 
and smaller intervillous spaces compared to the other three groups. Chiu’s pathological scores for each group was shown 

Figure 1 Effects of different carbohydrate content diets on body weight and glycometabolism. KD group: ketogenic diet group (n=6); LCD group: low-carbohydrate diet 
group (n=6); MCD group: medium-carbohydrate diet group (n=6); HCD group: high-carbohydrate diet group (n=6) (A) Body weight, (B) Fasting blood glucose, (C) Glucose 
tolerance and (D) Area under the curve of glucose tolerance test. **represents P<0.01.

Table 2 Effects of Carbohydrate Diet with Different Contents on 
Lipid Levels in Diabetic ApoE−/− Mice

Parameters KD LCD MCD HCD

TG (mmol/L) 1.70±0.05 0.37±0.00 1.70±0.11 0.96±0.04

TC (mmol/L) 6.31±0.52 5.53±0.24 7.95±0.36 3.54±0.02

HDL-C (mmol/L) 2.65±0.68 3.88±0.17 1.77±0.18 3.35±0.97
LDL-C (mmol/L) 1.35±0.10 0.95±0.03 1.39±0.19 1.07±0.04

Notes: Data are presented as mean±SD.
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in Figure 4B. Compared to the other three groups, intestinal goblet cells in the KD group showed a significant increase in 
both villi and crypts (P <0.05) (Figure 4C and E). Immunofluorescence analysis confirmed the expression of intestinal 
tight junction proteins, including transmembrane proteins (Occludin) and scaffold proteins (ZO-1) (Figure 4F). In the KD 
group, ZO-1 and Occludin were distributed along the surface of the intestinal mucosal epithelium in smooth, wavy lines 
with strong fluorescence intensity, indicating relative intestinal barrier integrity. These findings suggested that the 
ketogenic diet improved the expression of tight junction proteins in the intestine of diabetic mice.

Ketogenic Diet Improved the Beneficial Microbiota
The α diversity of the gut microbiota was assessed using Chao1, the observed features, Shannon, Simpson, and faith_pd. 
Microbial α diversity, assessed through Chao1, the observed features, and Shannon indices, exhibited significant variation 
among the four groups (Figure 5) (P <0.05). This suggested that dietary carbohydrate content may influence the structure 
and composition of the gut microbiota. Principal Coordinates Analysis (PCoA) and Non-metric Multidimensional 
Scaling (NMDS) were performed to compare differences in microbial composition (Figure 6). Differences in the beta 
diversity of the gut microbiota were observed among the four groups (P <0.05; Table 3). The composition of the 
microbiota was analyzed at both the phylum and genus levels. At the phylum level, Firmicutes, Proteobacteria, 

Figure 2 Plasma lipids of diabetic ApoE−/− mice after 6 months of dietary intervention with different amounts of carbohydrate. KD group: ketogenic diet group (n=6); LCD 
group: low-carbohydrate diet group (n=6); MCD group: medium-carbohydrate diet group (n=6); HCD group: high-carbohydrate diet group (n=6) (A) Serum TC levels; (B) 
Serum TG levels; (C) Serum HDL-C level; (D) Serum LDL-C level; **represents P<0.01.
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Bacteroidetes, Actinobacteria, and Deferribactere were the predominant phyla. The high-carbohydrate diet was asso-
ciated with a reduction in the abundance of Firmicutes (Figure 7A and B) (P <0.05) and an increase in the richness of 
Bacteroidetes (P <0.01). At the genus level, Allobaculum, Unspecified_S24_7, Unspecified_Desulfovibrionaceae, 

Figure 3 Plasma LPS, TMAO and inflammation cytokines expression after 6 months of dietary intervention with different amounts of carbohydrate. KD group: ketogenic 
diet group(n=9); LCD group: low-carbohydrate diet group (n=9); MCD group: medium-carbohydrate diet group (n=9); HCD group: high-carbohydrate diet group (n=9) (A) 
TMAO levels; (B) LPS levels; (C)TNF-α levels; (D)IL-6 levels; (E) IL-1β levels; (F)The correlation between TMAO and TNF-α levels; (G) The correlation between TMAO 
and IL-1β levels; (H) The correlation between TMAO and IL-6 levels; (I) the correlation between LPS and TNF-α levels; (J) The correlation between LPS and IL-1β levels; (K) 
The correlation between LPS and IL-6 levels; **represents P<0.01.
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Figure 4 Ketogenic diet improved intestinal integrity and increased the tight junction proteins expression. KD group: ketogenic diet group; LCD group: low-carbohydrate 
diet group; MCD group: medium-carbohydrate diet group; HCD group: high-carbohydrate diet group (A) Intestinal HE staining (n=5) (Scale bar: 100 μm); (B) Chiu’s 
pathological score (n=5); (C) PAS staining (n=5); (D) Mean number of goblet cells on individual intestinal villi in random field of view(n=5); (E) Mean number of goblet cells in 
intestinal crypts in random field of view(n=5); (F)Immunofluorescence staining results of tight junction proteins ZO-1 and Occludin in the intestine(n=4). **represents 
P<0.01.
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Unspecified_Clostridiales, Oscillospira, and Unspecified Clostridiaceae were the major genera in all four groups of mice. 
Compared to the other three groups, the relative abundance of Allobaculum in the KD group was significantly increased, 
and the HCD group showed a significant increase in Unspecified_S24 and Unspecified_Clostridiales (Figure 7C and D) 
(P <0.05).

Figure 5 Effects of different carbohydrate diets on α diversity of intestinal microflora in diabetic ApoE−/− mice. KD group: ketogenic diet group (n=6); LCD group: low- 
carbohydrate diet group (n=6); MCD group: medium carbohydrate diet group (n=5); HCD group: high-carbohydrate diet group (n=5)(A) Simpson index; (B) Shannon index; 
(C) Chao1 index; (D)Shannon index; (E) Faith-pd index; * represents P<0.05, **represents P<0.01.

Figure 6 Effects of different carbohydrate diets on β diversity of intestinal microflora in diabetic ApoE−/− mice. KD group: ketogenic diet group (n=6); LCD group: low- 
carbohydrate diet group (n=6); MCD group: medium carbohydrate diet group (n=5); HCD group: high-carbohydrate diet group (n=5) (A) The NMDS analysis for β diversity. 
(B) PCoA analysis for β diversity.
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Linear discriminant analysis Effect Size (LEfSe) analysis was used to identify significant biomarkers in each group. 
We found that the phylum Firmicutes was enriched in the KD group according to an LDA threshold larger than two. The 
other three groups had a higher relative abundance of potentially pathogenic bacteria, including the genera 
Mucispirillum, genera Desulfovibrio, genera Anaeroplasma, as well as species Ruminococcus gnavus and 
Mucispirillum schaedleri (Figure 8).

Ketogenic Diet Could Alleviate the Atherosclerosis and Vascular Calcification
To investigate the impact of reducing dietary carbohydrates on atherosclerosis, we fed mice the above diets. We found 
that higher dietary carbohydrate content was associated with increased lesion size in the aortic arch and whole aorta 
(P <0.05) (Figure 9A and C). Additionally, the lesion area in the aorta, as detected by HE and Masson staining, increased 
with higher dietary carbohydrate content (Figure 9D and F). Notably, plaques in the MCD and HCD groups nearly 
occluded the vascular lumen significantly more than in the KD and LCD groups (P <0.05).

After 6 months of dietary intervention, vascular tissue calcium content was significantly higher in the MCD and HCD 
groups compared to the LCD and KD groups (Figure 10A) (P <0.01). Von kossa and Alizarin Red staining were used to 
analyze calcification of the aortic plaque. As shown in Figure 10B, the black and dark red substances represented the 
calcium salt deposits. In the KD and LCD groups, calcium salt deposits were mainly deposited in the tunica media of the 
vessel wall, and a few calcifications were observed in plaques in the LCD group. In the MCD and HCD groups, 
calcification mostly accumulated in plaques. The plaques in the MCD group were mostly scattered calcifications, while 
those in the HCD group were more clump-like and interconnected, appearing linear or flaky (Figure 10B and C). These 
findings emphasized the role of dietary carbohydrate content in vascular calcification in diabetic mice.

The Relationships Among the Gut Microbiota, Atherosclerosis, and Vascular 
Calcification
For the correlation analysis, we examined the relationships among gut microbiota, atherosclerosis, and vascular 
calcification at the genus and species levels (Figure 11). At the phylum level, atherosclerotic areas of the aorta were 
significantly positively correlated with Anaeroplasma and Mucispirillum and negatively correlated with Halomonas and 
Allobaculum. The calcium content of the aorta was positively correlated with Coprococcus, Gemella, Anaeroplasma, and 
Coprobacillus, and negatively correlated with Sutterella and Allobaculum. At the species level, atherosclerotic areas of 
the aorta were positively correlated with Dorea longicatena and negatively correlated with Lactobacillus reuteri and 
Clostridium symbiosum. These correlations suggested a complex interaction between gut microbiota composition and the 
development of atherosclerosis and vascular calcification.

Discussion
In this study, we investigated the influence of dietary carbohydrates on the intestinal barrier, lipid and glucose 
metabolism, and development of atherosclerosis and vascular calcification in ApoE−/− mice.

First, we investigated the influence of dietary carbohydrates on metabolic parameters in mice with T2DM. Our 
findings indicated that the ketogenic diet significantly reduced the area under the glucose curve and fasting glucose 

Table 3 Bray Curtis ANOSIM Analysis of Gut Microbiota in Diabetic ApoE−/− Mice 
Treated with Different Amounts of Carbohydrate Diet Intervention

Group 1 Group 2 Sample size Permutations R p-value q-value

KD LC 12 999 0.875926 0.002 0.0024

KD MC 11 999 0.896 0.002 0.0024

KD HCD 11 999 1 0.002 0.0024
LC MC 11 999 0.637333 0.002 0.0024

LC HCD 11 999 1 0.002 0.0024

MC HCD 10 999 1 0.003 0.003
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levels, suggesting improvements in glucose tolerance and overall glycemic control in diabetic mice. Furthermore, the 
low-carbohydrate diet also showed a beneficial effect on blood glucose control compared to medium-carbohydrate and 
high-carbohydrate diets. Therefore, reducing dietary carbohydrate content may be beneficial for the management of 
T2DM. The serum TC and TG levels in the KD and MCD groups were higher than those in the other two groups, which 

Figure 7 Distribution of gut microbiota in ApoE−/− diabetic mice after dietary intervention with different carbohydrate content. KD group: ketogenic diet group (n=6); LCD 
group: low-carbohydrate diet group (n=6); MCD group: medium carbohydrate diet group (n=5); HCD group: high-carbohydrate diet group (n=5) (A) Stacked bar plot of the 
percentage of intestinal microbiota groups in ApoE−/− mice treated with four different levels of carbohydrate diets at the phylum level (B) Comparison of the top four intestinal 
microflora among four groups of diabetic ApoE−/− mice with different amounts of carbohydrate diet intervention at the phylum level; (C) Stacked bar plot of the percentage of 
intestinal microbiota groups in ApoE−/− mice treated with four different levels of carbohydrate diets at the genus level (D) Comparison of the top four intestinal microflora 
among four groups of diabetic ApoE−/− mice with different amounts of carbohydrate diet intervention at the genus level. * represents P<0.05, **represents P<0.01.
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may be related to the high-fat content in the ketogenic diet. De novo lipogenesis, primarily occurring in the liver and 
adipose tissue, is considered a secondary mechanism for maintaining triglyceride stability in serum. Previous studies 
have demonstrated that high-carbohydrate diets can lead to increased hepatic fat accumulation, contributing to 
hypertriglyceridemia.23,24 Therefore, we speculated that while a high-carbohydrate diet would not increase serum 
triglyceride levels, it could induce hepatic steatosis, exacerbate insulin resistance, and result in persistent hyperglycemia 
and severe complications.

In our study, we investigated the effects of varying dietary carbohydrate levels on serum inflammatory factors and 
their influence on the intestinal barrier and related metabolic parameters in ApoE−/− mice. We observed that the HCD 
group exhibited lower levels of inflammatory factors compared to the other groups. This reduction may be attributed to 
the diet’s primary carbohydrate source, corn starch, which is known for its anti-inflammatory properties. Compared to the 
LCD and MCD groups, inflammatory factors in the KD group were reduced, which may be related to ketone bodies. The 
production of ketone bodies is associated with the release of mitochondrial reactive oxygen species (ROS) enhancing. 
ROS and the initial rise in proinflammatory mediators stimulate cells to initiate adaptive defense responses, enhancing 

Figure 8 Significance analysis of intestinal microflora species level in ApoE−/− diabetic mice with different carbohydrate contents after intervention. KD group: ketogenic diet 
group (n=6); LCD group: low-carbohydrate diet group (n=6); MCD group: medium carbohydrate diet group (n=5); HCD group: high-carbohydrate diet group (n=5) (A) 
Species level LEfSe algorithm analysis of gut microbiota of diabetic ApoE−/− mice under four different carbohydrate diets; (B) Species level LEfSe algorithm analysis of gut 
microbiota in ApoE−/− mice treated with four different carbohydrate diets.
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Figure 9 Aortic atherosclerosis in different groups of diabetic ApoE−/− mice after 6 months of intervention with different content of carbohydrate diet. KD group: ketogenic 
diet group (n=3); LCD group: low-carbohydrate diet group (n=3); MCD group: medium-carbohydrate diet group (n=3); HCD group: high-carbohydrate diet group (n=3) (A) 
Macroscopic view of aorta of diabetic ApoE−/−mice treated with four different carbohydrate diets; (B) Oil red in aorta of diabetic ApoE−/− mice fed with four different 
carbohydrate diets; (C) Oil red plaque area of aorta in four groups of diabetic ApoE−/− mice with different carbohydrate content diet intervention; (D) HE staining of local 
aorta of diabetic ApoE−/− mice treated with four different carbohydrate diets (scale bar: first row 200 μm; Second row: 20 μm); (E) Masson staining of local aorta of diabetic 
ApoE−/− mice treated with four different carbohydrate diets (scale bar: first row 200 μm; Second row: 20 μm); (F) lumen area of aortic plaque in diabetic ApoE−/− mice 
treated with four different carbohydrate diets; **represents P<0.01.
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Figure 10 Aortic calcification in different groups of diabetic ApoE−/− mice after 6 months of different content of carbohydrate diet intervention. KD group: ketogenic diet group 
(n=3); LCD group: low-carbohydrate diet group (n=3); MCD group: medium-carbohydrate diet group (n=3); HCD group: high-carbohydrate diet group (n=3) (A) Determination of 
aortic calcium content in four groups of diabetic ApoE−/− mice fed with different carbohydrate diets; (B) Von Kossa staining of local aorta in diabetic ApoE−/−mice treated with four 
different carbohydrate diets (scale bar: first row 200 μm; Second row: 20 μm); (C) Alizarin red staining of local aorta of diabetic ApoE−/− mice treated with four different 
carbohydrate diets (scale scale: first row 200 μm; Second row: 20 μm);*represents P<0.05, **represents P<0.01.
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cellular protection mechanisms. These responses include upregulation of antioxidant and anti-inflammatory activities, as 
well as activation of cellular repair and regeneration processes.25 The LCD group also showed lower inflammatory 
factors which may be related to the highest concentrations of HDL-C. Reduced HDL-C levels are associated with various 
chronic inflammatory conditions, including hypertension,26 liver steatosis,27 thyroiditis,28 metabolic syndrome,29 pre-
diabetic syndromes,30 T2DM,31 new onset diabetes,32 and diabetic kidney disease.33 Anti-inflammatory effects of HDL- 
C are primarily due to its role in down-regulating inflammation within the atherosclerotic plaques.34

We explored the effect of dietary carbohydrates on the intestinal barrier, which is important for maintaining home-
ostasis. The intestinal barrier consists of mechanical, chemical, biological, and immune components. Specifically, the 

Figure 11 Analysis of the relationships among the gut microbiota, atherosclerosis and vascular calcification. KD group: ketogenic diet group (n=3); LCD group: low- 
carbohydrate diet group (n=3); MCD group: medium-carbohydrate diet group (n=3); HCD group: high-carbohydrate diet group (n=3) (A) Heatmap of correlations at the 
genus level; (B) Heatmap of correlations at the species level.
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mechanical barrier refers to the physical and anatomical barrier of the intestinal mucosa, including the mucous 
membrane, intestinal epithelium, tight junctions, and submucosal lamina propria.35 In this study, HE staining revealed 
that the KD group had smaller and longer villi with minimal loss. The intestinal epithelium, composed of enterocytes, 
Paneth cells, and goblet cells, forms a mechanical barrier through tight junctions, adhesion junctions, and desmosomes. 
Tight junctions, located apically, consist of Occludin, Claudin, ZO-1, and junction adhesion molecules (JAMs), which 
protect against bacterial and toxin diffusion.36–38 Occludin is crucial for barrier integrity and is downregulated in 
intestinal inflammatory diseases.39 Claudins regulate the paracellular space and have several isoforms, each with distinct 
roles. Claudin-1 is widely expressed in the intestinal epithelial cells and is involved in the formation of the intestinal 
epithelial barrier.40 ZO-1 has multiple domains dedicated to protein interactions, which form a scaffold that unites 
proteins at tight junctions and constitutes a stable linkage system.41 Our study found that claudin-1, occludin, and ZO-1 
levels were significantly higher in the KD group, suggesting that high dietary carbohydrate proportions may impair the 
intestinal mechanical barrier.

The intestinal mucosa is affected by gastric acid, bile, chemical barrier mucus, and gastrointestinal gastrointestinal 
enzyme secretion. Mucus aids in bacterial clearance via peristalsis and its components bolster intestinal antibacterial 
properties. Goblet cells secrete mucus, glycoproteins, and other compounds, contributing to the maintenance of the 
epithelial environment.42 The KD group demonstrated a significant increase in crypt and villus goblet cells compared to 
the other groups, indicating that the ketogenic diet could augment the intestinal goblet cell population and enhance 
mucosal integrity.

The intestinal flora serves as a crucial biological barrier within the intestinal mucosa, actively inhibiting the 
proliferation of pathogens. Imbalances in the microbiota can lead to a reduction in beneficial microorganisms and an 
increase in harmful ones, potentially contributing to the development of various diseases, including metabolic and 
cardiovascular diseases.43 In this study, the HCD group demonstrated a higher relative abundance of Bacteroidetes 
compared to the other groups, while Firmicutes were the characteristic flora of the KD group. Bacteroidetes, the 
predominant intestinal bacteria, play a significant role in carbohydrate metabolism, whereas Firmicutes are the main 
producers of SCFAs.44 At the genus level, Allobaculum significantly increased in the KD group. Allobaculum, a vital 
bacterium in SCFA production, contributes significantly to maintaining the integrity of the intestinal barrier and the 
development of the intestinal immune system.45 The characteristic bacterial genus of the MCD group was Mucispirillum, 
which was positively associated with the presence atherosclerotic plaque area.46 At the species level, there was an 
increased relative abundance of Blautia producta and Clostridium ramosum in the KD group. Clostridium Ramosum is an 
anaerobic spore-forming gram-positive bacterium that promotes 5-hydroxytryptamine secretion and modulates intestinal 
secretion and inflammation.47 Blautia producta, a group of mucosal bacteria, is considered a potential next-generation 
probiotics.48,49 Based on these findings, we hypothesized that the KD could protect diabetic mice by improving the 
integrity of intestinal barrier and increasing the number of beneficial bacteria.

Vascular calcification is a process in which smooth muscle cells transform into osteogenesis or chondroblast 
phenotypes under the influence of various pathological factors, resulting in abnormal deposition of calcium salts in the 
vascular wall.50 Impaired vascular elasticity, compliance, and media calcification are independent predictors of cardio-
vascular mortality, exacerbating each other in a self-perpetuating cycle.51 Therefore, vascular calcification is closely 
associated with cardiovascular diseases.

In our study, after 6 months of dietary intervention, we observed a gradual increase in vascular plaque formation and 
calcification in diabetic mice as the carbohydrate content of their diet increased. In our study, the abundance of bacteria 
producing SCFAs increased in the KD group. One study found that feeding ApoE−/− mice a diet with 1% butyrate for 10 
weeks reduced aortic atherosclerosis by 50%, decreased macrophage infiltration, and increased collagen deposition. 
These effects may be due to reduced activation of CD36, proinflammatory cytokines, and NF-κB signaling in macro-
phages and endothelial cells.52 Vascular smooth muscle cells (VSMCs) proliferation is important for the development of 
atherosclerosis. Several studies have demonstrated that butyrate prevents atherosclerosis by inhibiting VSMCs 
proliferating.53,54 Butyrate, along with propionate, can enter cells through passive transport and act as potent inhibitors 
of histone deacetylases (HDACs), thereby promoting histone acetylation. HDAC9, a Class II HDAC, plays a significant 
role in regulating gene expression by acetylating histones 3 and 4, which are implicated in cardiovascular disease. 
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A previous genome-wide association analysis has confirmed a positive association between HDAC9 expression and the 
degree of atherosclerotic aortic calcification. Notably, depletion of HDAC9 has been shown to reduce aortic calcification 
in a mouse model of Gla deficiency. Recent research suggested that β-hydroxybutyric acid, a metabolite of ketone bodies, 
could inhibit vascular calcification by specifically targeting HDAC9.55,56 Consequently, we hypothesize that KD may 
delay the progression of vascular calcification and atherosclerosis in individuals with T2DM by increasing the content of 
SCFAs. In the study, we aimed to elucidate the effects of diets with varying carbohydrate content on atherosclerosis and 
vascular calcification in patients with T2DM, specifically examining the role of gut microbiota in these processes. This 
research seeked to provide new insights into mitigating the progression of vascular calcification through interventions 
such as dietary modifications or fecal microbiota transplantation.

Conclusions
This study mainly explored the impact of different carbohydrate diets in glucolipid metabolism, intestinal barrier 
function, and vascular calcification in diabetes progression. The ketogenic diet was correlated with weight loss, enhanced 
glucose tolerance, decreased blood sugar levels, and mitigated inflammation. Moreover, the ketogenic diet could improve 
the intestinal barrier and increase the number of intestinal bacteria, which had protective effect on diabetic ApoE−/− mice. 
Additionally, the diet can delay the development of atherosclerosis of aorta and calcification of blood vessel in diabetic 
ApoE−/− mice.
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