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Objective: This study aims to investigate the characteristics of gut microbiota in patients with microvascular complications of Type 2
Diabetes Mellitus (T2DM) using 16S rRNA high-throughput sequencing technology.

Methods: Patients diagnosed with T2DM were enrolled as study subjects. Based on the presence of microvascular complications,
subjects were divided into a study group, a control group. Clinical fecal samples from the two groups were subjected to diversity
analysis using the Illumina MiSeq high-throughput sequencing technology, comparing the richness and diversity of the gut microbiota
between the two groups. The Tax4Fun software was utilized for the functional prediction of differential microbiota.

Results: A total of 3727 operational taxonomic units (OTUs) were identified, with 1311 OTUs common to both groups, and 1363 and
1053 OTUs unique to the study group and the control group, respectively. The study group exhibited a significant increase in the
relative abundance of Clostridia and Negativicutes, and a marked decrease in Gammaproteobacteria, Bacilli, and Verrucomicrobia
compared to the control group. LefSe analysis revealed significant differences in the relative abundance at two phyla, two classes, two
orders, three families, and two genera levels between the groups. KEGG pathway analysis of differential microbiota identified 10
pathways with statistically significant differences (P<0.05).

Conclusion: This study reveals significant disparities in gut microbiota abundance between T2DM patients and those with micro-
vascular complications of T2DM, suggesting potential microbial markers for diagnosing and treating microvascular complications of
T2DM.
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Introduction

Globally, the prevalence of type 2 diabetes mellitus (T2DM) is estimated to be around 417 million, projected to rise to
700 million by 2045,"? making it one of the chronic diseases that significantly impact public health. Microvascular
complications are a frequent occurrence in T2DM, with the disease itself being a major risk factor.” The enduring
exposure to “glycotoxin”, coupled with microvascular proliferation and alterations in homeostasis, culminates in a state
of hypoxia, resulting in disorders in various microvascular circulatory systems and basement membrane thickening in
T2DM patients.* As the global incidence of diabetes rises, the risk of microvascular complications is notably on the rise.’
The onset of microvascular lesions caused by diabetes is insidious and progresses rapidly, severely compromising the
physical and mental health of the affected individuals.

The gut microbiota, functioning as a microbial organ, plays multiple physiological and pathological roles, affecting
systemic metabolic activities and maintaining immune system stability by inhibiting pathogenic bacteria growth and
fermenting primary energy substrates.®’ Studies have shown that the occurrence of T2DM is intricately linked not only
to dietary habits but also to alterations in the gut microbiota, making it a focal point of diabetes prevention and treatment
research worldwide.®” Restoration of gut microbiota is beneficial for the improvement of T2DM. Patients with diabetic
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complications exhibit severe gut dysbiosis, such as in diabetic retinopathy and diabetic neuropathy.'®'" However, there is
limited research on the gut microbiota associated with T2DM microvascular complications, with only one study reporting
gut microbiota dysbiosis in female patients with T2DM microvascular complications.'> Microvascular complications of
T2DM generate various microbial metabolites that compromise the epithelial barrier, facilitate pathogen invasion, and
enhance oxidative stress.'> A cross-sectional study on female T2DM patients highlighted the differences in gut microbial
communities between those treated with and without metformin,'* underscoring the necessity of studying gut microbiota
alterations before and after metformin treatment. Other studies also showed that the restoration of gut microbiota is key
to the improvement of T2DM and its complications.'” Therefore, it is essential to gain a deeper understanding of the
changes in gut microbiota in patients with T2DM microvascular complications.

Currently, there is limited reporting on the gut microbiota of patients with T2DM microvascular complica-
tions. This study, based on 16S rRNA sequencing, compares the structural changes in gut microbiota among
patients with microvascular complications of T2DM, T2DM without complications. The objective is to investi-
gate the relationship between gut microbiota and the pathogenesis of microvascular complications of T2DM,
thereby contributing to the development of novel strategies for the prevention and management of these
complications. A comprehensive understanding of the gut microbiota in T2DM complications provides
a theoretical basis for personalized treatment based on gut microbiota in clinical practice and for improving
public health.

Materials and Methods

Study Subjects

Patients diagnosed with T2DM treated at the Endocrinology Department of Yancheng Third People’s Hospital from
November 2022 to April 2023 were selected as study subjects. Based on the presence of microvascular complica-
tions, subjects were divided into a study group (T2DM with microvascular complications, n=22), a control group
(T2DM alone, n=27). The inclusion criteria were as follows: (1) meeting the diagnostic criteria of the “Guideline for
the Prevention and Treatment of Type 2 Diabetes Mellitus in China (2020 Edition)™;'? (2) aged 18-70 years; (3)
diagnosis of any of the following microvascular complications such as diabetic peripheral neuropathy, diabetic
retinopathy, or diabetic nephropathy;'® and (4) normal communication abilities. The exclusion criteria were as
follows: (1) those with type 1 diabetes mellitus or other forms of diabetes; (2) those with concurrent gastrointestinal
diseases like ulcerative colitis or Crohn’s disease; (3) those with other severe diseases such as cancer, liver or kidney
dysfunction, cardiovascular diseases, or blood disorders; (4) those who had not taken antibiotics, steroid medica-
tions, traditional Chinese medicine, prebiotics, or intestinal microecological agents within the past two months that
could affect gut microbiota.

Individuals with T2DM alone who had not taken antibiotics or intestinal microecological agents within the past two
months were selected as the control group. All participants were fully informed about the study’s purpose and
procedures, voluntarily agreed to participate, and signed informed consent forms. The study was conducted in com-
pliance with medical ethical standards and approved by the hospital’s ethics committee.

Diagnostic Criteria for T2DM

The international standard diagnostic criteria for T2DM'¢ were applied: diagnosis is confirmed for patients presenting
with polydipsia, polyuria, polyphagia, and unexplained weight loss, along with a fasting blood glucose level >7 mmol/L,
or a 2-hour OGTT blood glucose level or random blood glucose level >11.1 mmol/L, or a glycated hemoglobin (HbAlc)
level >6.5%.

Study Methods

Clinical Data

Cases were meticulously selected based on inclusion and exclusion criteria, documenting subjects’ gender, age, BMI,
duration of diabetes, and history of hypertension. Venous blood was drawn from all subjects at 6 A.M. on the day
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following admission to measure various blood indices. Glycated hemoglobin (HbAlc) levels were determined using the
BIO-RAD D110 instrument, and fasting blood glucose (FBG), 1-hour postprandial glucose (1hPG), 2-hour postprandial
glucose (2hPG), triglycerides (TG), total cholesterol (TC), uric acid (UA), high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), lipoprotein-a [Lp(a)], apolipoprotein Al (ApoAl), apolipoprotein
B (ApoB), apolipoprotein E (ApoE), fasting insulin (INS), fasting C-peptide (FC-P), and serum neuregulin 4 (NRG4
ErbB4) were quantified using the Beckman Coulter AU5800 automatic biochemical analyzer.

Collection and DNA Extraction from Fecal Samples

Fresh fecal samples (5 g) from each group were collected using sterile spoons, placed in sterile storage tubes, and stored
at —80°C until analysis. DNA was extracted from the fecal samples using the Magnetic Soil and Stool DNA Kit
(TIANGEN, China, batch No. DP180427) following the instructions for use.

PCR Amplification and High-Throughput Sequencing of Fecal Sample DNA

The high-throughput sequencing of fecal sample DNA was conducted based on published references.'” ' PCR ampli-
fication was carried out on the bacterial 16S rRNA V3-V4 regions in fecal samples using diluted genomic DNA as the
template and primers containing barcodes targeting the highly variable V3-V4 regions. The amplification conditions
included an initial denaturation at 98°C for 1 min, denaturation at 98°C for 10s, annealing at 50°C for 30s, extension at
72°C for 30s, and a final extension at 72°C for 5 min. The TruSeq® PCR-Free DNA Library Preparation Kit was used
for library construction, followed by quantification and validation using Q-PCR and Qubit. Sequencing was performed on
the NovaSeq 6000 platform upon meeting quality standards.

Bioinformatics Analysis and Statistics

Following a series of data processing steps, valid data were obtained for all samples. Operational taxonomic units
(OTUs) were clustered and species classification analysis was performed at 97% similarity. Differences in Alpha
diversity indices between groups were analyzed, and sequencing depth was assessed by coverage rates. Multiple
sequence alignment of OTUs was conducted, and potential marker species were identified using LEfSe analysis. The
functional prediction of the gut microbiota was evaluated using the Tax4Fun method. Data were analyzed using SPSS
26.0 statistical software. Normally distributed measurement data were expressed as X+ sand compared between groups
using independent sample #-tests. Non-normally distributed measurement data were expressed as median (P,s, P55) and
compared using the Mann—Whitney U-test. Count data were expressed as cases (percentage) [n(%)] and compared
between groups using X” test. A P-value <0.05 was considered a statistically significant difference.

Results

Comparison of Clinical Data

A total of 49 subjects were included in this study, with 22 in the study group and 27 in the control group. The comparison
revealed that the study group had a longer duration of disease [7.5 (2.75, 12.5) vs 5 (1, 11)] and higher levels of Lp(a)
[127.75 (60.68, 258.28) vs 68.80 (42.10, 130.10)], while NRG4 levels (0.3340.29 vs 1.934+4.30) were lower than those in
the control group, with statistically significant differences (P<0.05) (Table 1).

Sequencing Results and OTU Clustering of Gut Microbiota

Sequencing of the gut microbiota from 49 fecal samples yielded 4,427,6523 raw reads. After merging, quality control,
and chimera filtering, 1,854,273 valid reads were obtained. At 97% similarity, a total of 3727 OTUs were identified from
the valid sequences, with 1311 OTUs shared between the two groups, and 1363 and 1053 OTUs unique to the study and
control groups, respectively.

Composition and Differences in Gut Microbiota Between Groups
In the study group, the dominant bacterial genera in descending order of relative abundance were: Clostridia (42.59%),
Bacteroidia (26.03%), Gammaproteobacteria (14.25%), Bacilli (7.35%), Negativicutes (4.67%), Actinobacteria (2.54%),
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Table 1 Comparison of Clinical Data Between the Two Groups

Indicators Study group (n=22) | Control group (n=27) | x*/tiZ | P
Gender (Male) 12 (54.55%) 14 (51.85%) 0.572 0.132
Age 56.23+7.53 52.85+12.09 2.831 0.632
BMI 25.36+5.75 24.88+4.30 1.482 0.146
Duration of disease 7.5 (2.75, 12.5) S5(1,11) —4.903 | 0.043*
History of hypertension | 13 (59.09%) 10 (37.04%) 1.295 0.062
FBG 7.77+2.64 8.24+2.85 —0.325 | 0.092
IhPG 14.61+£4.27 15.68+3.85 1.104 0.163
2hPG 13.99+4.25 15.89£5.11 1.648 0.084
HbAlc 8.49+1.87 8.73+2.20 1.594 0.153
TG 1.9£1.28 2.55+1.96 1.058 0.073
TC 4.27+0.84 4.58+1.64 1.784 0.281
UA 283.56+63.81 297.90+95.20 2.904 0.061
HDL-C 1.16£0.23 1.26+0.50 1.854 0.136
LDL-C 2.36+0.72 2.71%1.36 1.846 0.327
Lp(a) 127.75 (60.68, 258.28) | 68.80 (42.10, 130.10) —2.794 | 0.010*
ApoAl 1.29+0.22 1.35+0.39 1.904 0.326
ApoB 0.88+0.21 0.99+0.34 1.673 0.431
ApoE 47.91£18.36 51.76+24.12 1.384 0.083
INS 47.34 (32.63 67.85) 50.68 (38.13 84.54) —2.903 | 0.104
FC-P 0.70+0.33 0.74+0.53 1.583 0.362
NRG4 ErbB4 0.33+0.29 1.93+£4.30 1.205 0.021*

Note: Body mass index (BMI), Hemoglobin Alc (HbAlc), Fasting Blood Glucose (FBG), |-hour Postprandial
Glucose (IhPG), 2-hour Postprandial Glucose (2hPG), Triglycerides (TG), Total Cholesterol (TC), Uric Acid (UA),
High-Density Lipoprotein Cholesterol (HDL-C), Low-Density Lipoprotein Cholesterol (LDL-C), Lipoprotein-a
[Lp(a)], Apolipoprotein Al (ApoAl), Apolipoprotein B (ApoB), Apolipoprotein E (ApoE), Fasting Insulin (INS),
Fasting C-Peptide (FC-P), and Serum Neuregulin 4 (NRG4), Erb-B2 Receptor Tyrosine Kinase 4 (ErbB4). *p<0.05.

and Verrucomicrobia (1.31%). Compared to the control group, the relative abundance of Clostridia and Negativicutes
significantly increased in the study group, while the relative abundance of Gammaproteobacteria, Bacilli, and
Verrucomicrobia significantly decreased, as shown in Figure 1.

Comparative Analysis of Gut Microbiota Between Groups

The comparison of species’ relative abundance differences between the two groups, as depicted in Figure 2, reveals
significant disparities in the relative abundance across 2 phyla, 2 classes, 2 orders, 3 families, and 2 genera, as determined
by LefSe analysis. At the phylum level, Proteobacteria served as the biomarker for the control group, whereas Firmicutes
was identified as the biomarker for the study group. At the genus level, the biomarker for the control group was
Escherichia Shigella, and for the study group, it was Faecalibacterium, as illustrated in Figure 2.

Functional Prediction Analysis of Both Groups Using Tax4Fun

The top 10 functional annotations based on the highest abundance within each sample or group are presented in Figure 3.
The seven most abundant KEGG pathways include metabolism, genetic information processing, environmental informa-
tion processing, cellular processes, human diseases, and organ systems. A total of 10 KEGG pathways exhibited
statistically significant differences (P<0.05), encompassing DNA repair and recombination proteins, tRNA biosynthesis,
purine metabolism, pyrimidine metabolism, mismatch repair, peptidoglycan biosynthesis and degradation, homologous
recombination, peptidoglycan biosynthesis, DNA replication, and D-alanine metabolism pathway, as shown in Figure 4.

Discussion
The gut microbiota, functioning as a metabolic organ, co-evolves and coexists in harmony with the host, contributing to
energy metabolism, nutrient synthesis, inflammation suppression, and immune response, thereby maintaining the
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Figure 4 Differential analysis of KEGG pathways between the two groups.

dynamic equilibrium of metabolism within the body.>° Dysbiosis in the gut microbiota can lead to lipopolysaccharide
(LPS)-induced peripheral tissue inflammation, metabolic endotoxemia, intestinal barrier dysfunction, and a decrease in
short-chain fatty acid-producing bacteria. These factors may directly or indirectly participate in the development and
progression of microvascular complications of T2DM.

Bacteria from the phyla Firmicutes and Bacteroidetes serve as indicators for assessing changes in the gut microbiota
of T2DM patients. This study found that, compared to patients with diabetes alone, those with combined microvascular
complications exhibited a significant increase in the relative abundance of Clostridia and Negativicutes, while the relative
abundance of Gammaproteobacteria, Bacilli, and Verrucomicrobia significantly decreased. Gram-negative bacteria,
which are relatively abundant in the gut microbiota of T2DM patients, contain LPS in their outer membranes that can
induce metabolic endotoxemia. Once LPS enters the bloodstream through a leaky gut, it triggers inflammation in organs
such as the kidneys, liver, and pancreas through oxidative stress, leading to disturbances in glucose metabolism.”" Li
et al*? observed that diabetic mice with severe proteinuria had significantly higher blood LPS levels than those with mild
proteinuria. The enrichment of Gram-negative bacteria, by elevating LPS levels, stimulates microvascular inflammation

and exacerbates microvascular damage, playing a crucial role in the onset of microvascular complications. Tao et al*
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noted changes in the structure and quantity of gut microbiota in patients with microvascular complications, including
a significant reduction in the abundance of Prevotella, a key SCFA-producing genus, aligning with the findings of this
study.

Earlier investigations have demonstrated that obesity and insulin resistance can profoundly impact the diversity and
abundance of the predominant gut microbiota in the early stages of type 2 diabetes mellitus (T2DM).>* Larsen et al,”
using 16S rRNA sequencing, discovered that the abundance of Firmicutes and Bacteroidetes in the gut of T2DM patients
was significantly lower than in healthy individuals, with the Firmicutes/Bacteroidetes ratio positively correlating with
blood glucose levels. This study’s findings on species relative abundance revealed that Proteobacteria was the biomarker
for the control group at the phylum level, and Firmicutes for the study group. At the genus level, Escherichia Shigella
was identified as the biomarker for the control group, whereas Faecalibacterium was identified as the biomarker for the
study group. An increase in Escherichia Shigella may result in LPS production, causing endotoxemia, overexpression of
inflammatory factors, mesangial cell proliferation, an increase in mesangial matrix, reduced glomerular blood flow, and
renal insufficiency.”® Research has shown that intermittent fasting can alter the gut microbiota in T2DM mice with
microvascular complications, increasing the ratio of Firmicutes to Bacteroidetes and decreasing the ratio of
Verrucomicrobia, with an elevation in the metabolic product tauroursodeoxycholic acid (TUDCA).?” TUDCA has anti-
inflammatory effects and can reduce levels of inflammatory and chemotactic factors by regulating TUDCA levels,
improving retinal gliosis and capillary loss, and alleviating symptoms.*®

T2DM patients, being in a state of low-level inflammation, are susceptible to a spectrum of pathogens. Urinary tract
infections (UTIs) represent a significant health concern for diabetic patients. Enterococcus and Veillonella, frequently
implicated in UTIs, can contaminate the urethral perineum, especially in females, due to the unique anatomical structure
of the human body.*’ This study found no significant differences in the abundance of Enterococcus and Veillonella in the
gut microbiota of subjects from both groups, considering the influence of regional, environmental, medicinal, and dietary
factors on gut microbiota, and the small sample size of this study. However, efforts were made to minimize differences in
gender, age, and living environment among the two groups of subjects included.

This study is constrained by its small sample size and the individual variability in daily diet and medication among
the study subjects, which may affect changes in the gut microbiota. Future studies should expand the sample size and
refine statistical information to further validate the experimental results.

Conclusion

In conclusion, this study leveraged 16S rRNA gene sequencing to delineate the structural alterations in the gut microbiota
among patients with microvascular complications of T2DM. It analyzed the differences in gut microbiota between these
patients and those with T2DM alone, aiming to identify potential distinguishing microbial communities. The study
identified Clostridia and Negativicutes as significantly increased in patients with microvascular complications, while
Gammaproteobacteria, Bacilli, and Verrucomicrobia were decreased. These microbial markers could be developed into
non-invasive diagnostic tests for early detection of microvascular complications, and targeted probiotic or dietary
interventions could be explored as therapeutic options. The insights gained from this study offer novel perspectives
for diagnosing and treating microvascular complications of T2DM.
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