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Abstract: Purpose: To investigate the potential role of gut microbiota in obesity-induced insulin
resistance (IR). Methods: Four-week-old male C57BL/6 wild-type mice (n = 6) and whole-body SH2
domain-containing adaptor protein (LNK)-deficient in C57BL/6 genetic backgrounds mice (n = 7)
were fed with a high-fat diet (HFD, 60% calories from fat) for 16 weeks. The gut microbiota of 13 mice
feces samples was analyzed by using a 16 s rRNA sequencing analysis. Results: The structure and
composition of the gut microbiota community of WT mice were significantly different from those in
the LNK-/- group. The abundance of the lipopolysaccharide (LPS)-producing genus Proteobacteria was
increased in WT mice, while some short-chain fatty acid (SCFA)-producing genera in WT groups were
significantly lower than in LNK-/- groups (p < 0.05). Conclusions: The structure and composition of
the intestinal microbiota community of obese WT mice were significantly different from those in the
LNK-/- group. The abnormality of the gut microbial structure and composition might interfere with
glucolipid metabolism and exacerbate obesity-induced IR by increasing LPS-producing genera while
reducing SCFA-producing probiotics.
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1. Introduction

Obesity is becoming a worldwide health risk factor, and obesity-induced morbidity
and complications account for huge costs for affected individuals, families, healthcare
systems, and society at large. Obesity is a low-grade sustained inflammatory state that
alters the whole-body metabolism that frequently leads to insulin resistance (IR) [1], which
in turn plays a vital role in the pathogenesis of obesity-associated hyperlipidemia, non-
alcoholic fatty liver disease, polycystic ovary syndrome, type 2 diabetes, and atherosclerotic
cardiovascular disease [2]. Nutrients and substrates as well as systems involved in host–
nutrient interactions, including gut microbiota, have been also identified as modulators
of metabolic pathways controlling insulin action and obesity regulation [3]. However, the
molecular mechanism of IR has not been exactly clarified.

Gut microbiota is the general term for the microbes that inhabit the gastrointestinal
tract of the human body. Around 98–99% of the intestinal microbiomes can be classified into
four groups: Bacteroidetes, Firmicutes, Proteobacteria, and Actinomycetes. The balance
of intestinal microbe species is the key to keeping the intestinal immune function normal
and maintaining the homeostasis of the body. Breaking the balance will lead to serious
pathophysiological changes, which is called gut microbiota dysbiosis [4]. Increasing studies
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showed that Bacteroides are associated with high-fat and high-protein diets [5] and the
imbalance of intestinal microecology might be involved in the occurrence of many diseases,
such as irritable bowel syndrome, obesity, type 2 diabetes, metabolic syndrome (MetS), and
cardiovascular diseases [6–8].

Metagenomic sequencing and 16S RNA sequencing were used to detect the changes in
intestinal microbiota in patients with prediabetes, type 2 diabetes, and MetS. Two studies
found that although the races and their diets were different, in type 2 diabetes patients, the
proportion of Clostridium butyrate-producing Roche fusobacterium and Clostridium leptum
decreased while the proportion of non-Clostridium butyrate increased [9,10]. The levels of
Firmicutes and Clostridia in the gut microbiota of type 2 diabetes patients were significantly
decreased as compared to normal controls, and the ratio of Bacteroidetes to Firmicutes
was increased and positively correlated with blood glucose concentrations [11]. There are
changes in the intestinal microbiota in people with abnormal glucose metabolism, and
the changes in the intestinal microbiota also seem to be involved in the occurrence and
remission of abnormal glucose metabolism. It was reported that feces from mice with ab-
normal glucose metabolism transplanted into healthy germ-free mice could cause abnormal
glucose metabolism [12]. Furthermore, transplanting feces from lean donors into patients
with MetS could increase their gut microbiota diversity and insulin sensitivity [13]. The
results above suggested that the intestinal microbiota are closely related to the occurrence
and development of abnormal glucose metabolism, while IR, as an important link in the
occurrence and development of abnormal glucose metabolism, also seems to be related to
the intestinal microbiota.

Our previous study discovered that ovarian tissues from PCOS patients with IR exhibited
higher expression of the SH2 domain-containing adaptor protein (LNK) than ovaries from
normal control subjects and PCOS patients without IR [14]. In addition, we found that there
were more accumulated intrahepatic triglyceride, higher serum triglyceride (TG), and free
fatty acid (FFA) in wild-type (WT) mice as compared to LNK-deficient (LNK-/-) mice fed
with a high-fat diet (HFD). LNK deficiency improved glucose metabolism and IR in obese
mice, suggesting the LNK might play a pivotal role in controlling glucolipid metabolism and
obesity-induced IR by regulating IRS1/PI3K/Akt/AS160 signaling and the AKT/FOXO3
pathway [15,16]. Therefore, we chose LNK-/- mice as the IR-improved model and WT mice as
the MetS/IR model. In this study, we compared intestinal microbiota of LNK-/- mice and WT
mice that consumed HFD, with the aim to explore the potential influence of gut microbiomes
on the glucolipid metabolic disorder and obesity-induced IR.

2. Methods
2.1. Animals

The study protocol was approved by the Research Ethics Board of Sun Yat-sen memo-
rial hospital of Sun Yat-sen University and Guangdong Provincial People’s Hospital. All
the experimental procedures were approved by the Committee for Animal Research of Sun
Yat-sen University and the National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals.

Four-week-old male C57BL/6 wild-type mice (n = 6) were purchased from the an-
imal research center of Sun Yat-sen University. Whole-body LNK-deficient in C57BL/6
genetic backgrounds mice (n = 7) were created via CRISPR/Cas mediated genome engi-
neering by Cyagen Biosciences Inc. The mouse Sh2b3 gene (GenBank accession number:
NM_001306127.1; Ensembl: ENSMUSG00000042594) is located on mouse chromosome 5.
Exon 1 to exon 3 were selected as target sites. Cas9 mRNA and gRNA generated using an
in vitro transcription were then injected into fertilized eggs for knockout mouse produc-
tion. All mice were randomly divided into different groups, housed 4 to 5 per cage, with
standard laboratory conditions (12 h light:12 h darkness cycle) at a controlled temperature
(23 ± 2 ◦C) and free access to rodent feed and water. All mice (4–5 weeks old) were fed a
high-fat diet (HFD, 60% calories from fat, D12492; Research Diets Inc., New Brunswick, NJ,
USA) for 16 weeks.
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2.2. Sample Collection

When mice were fed with a HFD for up to 16 weeks, fecal samples were collected
and immediately kept frozen at −80 ◦C until processed for analysis. Total DNA was
isolated from the fecal samples using the MasterPure Complete DNA&RNA Purification
Kit (Epicenter) according to the manufacturer’s instructions with some modifications as
described previously [17].

2.3. 16S rRNA Extraction and Sequencing

DNA was extracted using a DNA extraction kit for the corresponding sample. The con-
centration and purity were measured using the NanoDrop One (Thermo Fisher Scientific,
Waltham, MA, USA). Next, 16S rRNA/18SrRNA/ITS genes of distinct regions (e.g., Bac
16S: V3-V4/V4/V4-V5; Fug 18S: V4/V5; ITS1/ITS2; Arc 16S: V4-V5 et al.) were amplified
used specific primer (e.g., 16S: 338F and 806R/515F and 806R/515F and 907R; 18S: 528F
and 706R/817F and 1196R; ITS5-1737F and ITS2-2043R/ITS3-F and ITS4R; Arc: Arch519F
and Arch915R et al.) with a 12bp barcode. Primers were synthesized by Invitrogen (In-
vitrogen, Carlsbad, CA, USA). PCR reactions, containing 25 µL 2× Premix Taq (Takara
Biotechnology, Dalian Co. Ltd., Dalian, China), 1 µL each primer (10 µM), and 3 µL DNA
(20 ng/µL) template in a volume of 50 µL, were amplified via thermocycling: 5 min at
94 ◦C for initialization; 30 cycles of 30 s denaturation at 94 ◦C, 30 s annealing at 52 ◦C, and
30 s extension at 72 ◦C; followed by 10 min final elongation at 72 ◦C. The PCR instrument
was BioRad S1000 (Bio-Rad Laboratory, Hercules, CA, USA). The length and concentration
of the PCR product were detected via 1% agarose gel electrophoresis. Samples with the
bright main strip between (e.g., 16S V4: 290–310 bp/16S V4V5: 400–450 bp et al.) could be
used for further experiments. PCR products were mixed in equidensity ratios according to
the GeneTools Analysis Software (Version 4.03.05.0, SynGene, Cambridge, UK). Then, the
mixture of PCR products was purified with E.Z.N.A. Gel Extraction Kit (Omega, Bellevue,
WA, USA). Next, sequencing libraries were generated using NEBNext® Ultra™ II DNA
Library Prep Kit for Illumina® (New England Biolabs, Ipswich, MA, USA) following the
manufacturer’s recommendations, and index codes were added. The library quality was
assessed on the Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). At
last, the library was sequenced on an Illumina Nova6000 platform and 250 bp paired-end
reads were generated.

2.4. Data Analysis

Fastp (version 0.14.1) was used to control the quality of the raw data by sliding the
window (-W 4 -M 20). The primers were removed by using cutadapt software according to
the primer information at the beginning and end of the sequence to obtain the paired-end
clean reads. Paired-end clean reads were merged using usearch -fastq_mergepairs (V10)
according to the relationship of the overlap between the paired-end reads; when with at
least a 16 bp overlap, the read generated from the opposite end of the same DNA fragment,
the maximum mismatch allowed in the overlap region was 5 bp, and the spliced sequences
were called Raw Tags. Fastp (version 0.14.1) was used to control the quality of the raw data
by sliding the window (-W 4 -M 20) to obtain the paired-end clean tags.

R software was used to count the union (pan) and intersection (core) of the target
classification level in different samples to evaluate whether the sample size was sufficient.
R software was used to analyze the common and endemic species, the composition of the
community, and the richness of species.

3. Results
3.1. Diversity Difference of Intestinal Microbiota between LNK-/- and WT Mice

A total of 13 mice (7 LNK-/-mice and 6 WT mice) were included in this study. The
average body weights of 0W LNK-/-mice and WT mice were 21 g ± 2.2 g and 21.1 g ± 2.1 g,
respectively, with no significance (p > 0.05). During the process of the mice fed with HFD,
we observed that LNK-/- mice had a loss of appetite compared with WT mice. The food
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intakes of LNK-/- mice and WT mice were 18.8 g ± 1.3 g and 19.4 g ± 1.8 g, respectively,
with statistical significance (p < 0.05). After 16 weeks, there was a significant difference in
body weight between LNK-/- mice (47.5 g ± 4.6 g) and WT mice (52.6 g ± 3.3 g) (p < 0.05).
All thirteen feces samples from seven LNK-/-mice and six WT mice were analyzed. A
majority of intestinal microbe species of LNK-/-mice and WT mice were similar, however,
the diversity of gut microbiomes in the WT mice group was less than that of the LNK-/-
mice group (Figure 1A). The α diversity of the gut microbiota calculated using the Shannon
index showed that the LNK-/- group species diversity was higher than that of the WT
group at the phylum level (p < 0.05, t test) (Figure 1B,C).
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Figure 1. Diversity difference in the intestinal microbiota of LNK-/- and WT mice. (A) Venn diagram of
common and specific intestinal microbe species of LNK-/- and WT group. (B,C) The α diversity of the
gut microbiota between the LNK-/- and WT groups, calculated using the Shannon index (* p < 0.05).

3.2. Composition and Abundance Difference of Intestinal Microbiota between LNK-/- and WT Mice

To compare the composition difference in the intestinal microbiota between LNK-/- and
WT mice, we next performed a Bray–Curtis-based principal coordinates analysis (PCoA)
(Figure 2A). It was shown that the degree of similarity between the two groups of microbial
communities was significantly different (Bray–Curtis PERMANOVA, p = 0.016). In addition,
the composition of the microbiota in the samples of the LNK-/- group was more heterogeneous
and significantly different from that of the WT group. The heat map showed that gut
microbiota compositions between the LNK-/- and WT groups were markedly different
(Figure 2B).

In the phylum-level taxonomy classification, the WT group was dominated by Pro-
teobacteria, Verrucomicrobia, and Bacteroidetes; the LNK-/- group was dominated by Bac-
teroidetes, Proteobacteria, and Firmicutes (Figure 2C). Although bacteria are similar at the
phylum level between the two groups, Figure 2C showed that their proportion was dif-
ferent. The WT group was dominated by Proteobacteria and had a relative abundance of
Verrucomicrobia, with the significance compared with LNK-/- mice (p < 0.05) (Figure 2D),
while the LNK-/- group has a relatively large proportion of Firmicutes (p < 0.05) and
Bacteroidetes (Figure 2D).

According to the results of the linear discriminant analysis effect size (LEfSe) (LDA ≥ 2.0),
the abundances of Proteobacteria, Helicobacteraceae, Epsilonproteobacteria, and Campylobacterales
were significantly increased in WT mice, while the abundance of Erysipelotrichales, Allobaculum,
and Bacteroidales was significantly increased in LNK-/- mice (Figure 2E).

To explore the gut microbial differences between LNK-/- and WT mice further,
we used STAMP software to analyze the genera with significant differences (p < 0.05).
We found that the abundances of some short-chain fatty acid (SCFA)-producing gen-
era in the WT groups were significantly lower than in the LNK-/- groups, such as Pre-
votella_9, Prevotellaceae_UCG-001, Clostridium_sensu_strict_1, Ruminococcaceae_UCG-010, and
Stenotrophomonas (Figure 2F).
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Figure 2. Composition and abundance difference in the intestinal microbiota between LNK-/- and WT
mice. (A) Principal coordinate analysis (PCoA) of gut microbiota based on Bray–Curtis dissimilarity
(Bray–Curtis PERMANOVA, p = 0.016). (B) The heat map of gut microbiota compositions between
LNK-/- and WT group. (C) Taxonomic classification of the gut microbiota of LNK-/- and WT
group at the level of phylum. (D) Boxplots of Proteobacteria, Verrucomicrobia, Firmicutes, and
Bacteroidetes between LNK-/- and WT group (* p < 0.05). (E) Linear discriminant analysis of the
differential abundance gut microbiota between LNK-/- and WT group. (F) Differences in bacterial
genera between LNK-/- and WT group (p < 0.05).

4. Discussion

Our previous study showed that upon the consumption of HFD, LNK-/- mice had a
loss of appetite, and WT mice accumulated more intrahepatic triglyceride, TG, and FFA
compared with LNK-/- mice. LNK plays a pivotal role in adipose glucose transport by
regulating insulin-mediated IRS1/PI3K/Akt/AS160 signaling. In this study, we found that
the abundance of Proteobacteria was significantly increased in the WT mice group, which
was one of the main LPS-producing bacteria. Some SCFA-producing genera in WT groups
were significantly lower than in the LNK-/- groups.
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LPS is also called endotoxin. The complex of LPS and its receptor CD14 can be recognized
by Toll-like receptor 4 (TLR4) on the surface of immune cells to induce an inflammatory
response. When the change in diet or the use of antibiotics affects the balance of gut microbiota,
the number of harmful bacteria such as G- bacteria increases, and the decomposed product
LPS passes into the blood circulation through the intestinal epithelium to cause endotoxemia,
which triggers a systemic inflammatory response [18]. This study revealed that inflammation
and LPS levels were elevated in patients with type 2 diabetes. Both animal and human
experiments have demonstrated that the direct injection of LPS can increase fasting blood
glucose and insulin levels, resulting in hyperinsulinemia and insulin resistance. When the
number of G- bacteria decreased with the use of antibiotics, the amount of LPS entering the
circulation decreased, which could relieve the systemic inflammation and increase insulin
sensitivity. LPS receptor CD14 knockout mice fed a high-fat diet or injected with LPS had
decreased inflammatory factors in adipose tissue, increased insulin sensitivity in liver and
adipose tissue, and had a delayed development of insulin resistance, and their weight gain
slowed down [19–22]. The results suggest that LPS plays an important role in the induction of
the inflammatory response and insulin resistance.

The intestinal microbiota may affect the content of circulating LPS in the following
two ways to induce insulin resistance. For one thing, the structure of intestinal microbiota
is unbalanced, the number of G + bacteria is decreased, the proportion of G- bacteria is
increased, and the production of LPS is increased. Studies have shown that the number
of G + bacteria such as Clostridium decreased and the number of LPS-containing bacteria
such as Bacteroides and Proteobacteria increased in diabetic patients. Adding Lactobacillus
and Bifidobacterium to the diet of high-fat-induced obese mice could help restore a balance
between probiotics and pernicious bacteria in the gut and increase insulin sensitivity. The
addition of prebiotic oligosaccharides to a high-fat diet-induced diabetic mouse model
also increased the number of bifidobacteria, decreased the level of LPS, and improved
insulin secretion and inflammation, which was significantly associated with the number of
bifidobacteria [23]. Additionally, intestinal microbiota alter intestinal permeability. Studies
have shown that a high-fat diet may interact with intestinal microbiota, alter intestinal
permeability, promote the rise of LPS levels, and cause an inflammatory state and insulin
resistance [24,25]. The intestinal microbiota selectively regulates the expression of colonic
Cannabinoid receptor 1, which affects intestinal permeability by altering the distribution
of Claudin-1 [26]. In addition, obesity itself affects intestinal permeability. A study of
normal-weight and overweight healthy women showed a positive correlation between
gut permeability and waist circumference and visceral fat content [27]. Increased visceral
adipose promotes the secretion of the pro-inflammatory factors TNF α, IL-1, and IL-6
by infiltrating macrophages in adipose tissue and reducing the production of the anti-
inflammatory factor adiponectin. With the action of multiple pro-inflammatory factors,
intestinal mucus production was decreased, and intestinal permeability was increased.
TNF-α can also act on tight junction proteins, resulting in the increased permeability of the
tight junction of intestinal cells [28–30]. These proinflammatory factors can also promote
insulin resistance and lipid storage in adipocytes, thereby forming a vicious cycle.

Probiotics such as Bifidobacterium, Lactobacillus, and Prevotella_9 can promote the
release of SCFAs from the undigested soluble dietary fiber in the colon via fermentation,
at the same time reducing the intestinal pH, inhibiting the growth of harmful bacteria,
to reduce the production of LPS in the intestinal lumen [31]. SCFAs can also promote
the secretion of insulin by pancreatic β cells by regulating the secretion of gut-derived
hormones, such as glucagon-like Peptide 1 (Glp-1), Glucagon Peptide 2 (Glp-2), Peptide
YY (PYY), and glucose-dependent insulinotropic Peptide (GIP), etc., to increase insulin
sensitivity and suppress appetite and food intake, thereby improving insulin resistance.
After 8-week oral medication of VSL#3 probiotics containing 8 kinds of viable bacteria, the
diet-induced obesity mice had increased GLP-1 production, decreased food intake, reduced
body weight, and improved glucose tolerance. Their intestinal microbiota composition also
changed the number of probiotics of Firmicutes such as lactobacillus, and Bifidobacterium
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increased, which was related to the increase in butyrate in SCFAs [32]. Butyrate can
improve the function of the intestine, promote the activity of the intestine, and has a
better therapeutic effect on patients with a loss of appetite, diarrhea, dyspepsia, and so
on. In addition, butyrate can promote the reduction of dietary intake and digestion and
is also beneficial to obese or fatty liver patients [32]. In addition, another study showed
that healthy volunteers ate inulin-containing foods that promoted probiotic growth and a
regular diet, respectively. Moreover, GLP-2 was found to be increased in fasting serum and
decreased in intestinal permeability after eating inulin-containing foods [33]. The results
demonstrated that probiotics could promote the production of SCFAs and the secretion
of GLP-1 and Glp-2 by regulating the balance of intestinal microbiota, further improving
intestinal permeability and alleviating IR.

Our research explored the changes in the gut microbiota in LNK-/- and ET mice,
which provided new ideas for the mechanism and treatment of MetS and IR. Although
previous studies had shown that the disorder of intestine microbiota was related to MetS,
the underlying mechanism remains unclear. Therefore, this study was a supplement to this
research field. Nevertheless, this study still had some shortcomings. Firstly, as is known to
all, sex hormones strongly influence body fat distribution and adipocyte differentiation.
Estrogen and testosterone differentially affect adipocyte physiology and estrogens play a
leading role in the causes and consequences of female obesity. Therefore, in this study, to
avoid the influence of estrogen on the occurrence of obesity, we did not put male and female
mice together to compare, and only collected fecal samples based on previous obesity-
induced IR male mouse models. The sample size was not large enough, and there may be
bias in the results for female mice. The results of female mice and the potential effects of sex
hormones on gut microbiota need further research. Secondly, in the study, we focused on
the difference in gut microbiota between LNK-/- and WT mice. We will continue relevant
studies, and the indexes such as LPS, butyrate, gut permeability, and mucosal structural
changes will be measured or observed in our next study. The relationship between changes
in gut microbiomes and IR needs to be confirmed by further experiments. Finally, the 16S
rRNA gene sequencing had some limitations, such as a short reading length, sequencing
errors, and difficulty in evaluating and operating taxa. It would be important to combine
signaling pathways and metabolomics analysis in the next step.

5. Conclusions

Our research described that the structure and composition of the gut microbiota
community between LNK-/- and WT mice were significantly different. The change in
the gut microbial structure and composition of obese WT mice might aggravate glucol-
ipid metabolic disorder and IR by increasing the production of LPS while reducing the
production of SCFAs.

Author Contributions: J.C.: sample collection, data curation, formal analysis, original draft writing,
review & editing. J.X., Y.S. and Y.X.: sample collection, data curation and draft review & editing. Y.Z.,
D.Y. and S.L.: draft review & editing and supervision. X.Z.: conceptualization, project administration,
draft review & editing and supervision. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the National Natural Science Foundation (grant numbers
8227060392), Guangdong Basic and Applied Basic Research Foundation (2020B1515020001) and the
GDPH supporting fund (KY012021439)(X.Z) and Social Development Science and Technology Project
of Dongguan (20211800904742)(Y.S).

Institutional Review Board Statement: This study was approved by the Research Ethics Board of
Sun Yat-sen memorial hospital of Sun Yat-sen University and Guangdong Provincial People’s Hospital
(2019-09). All methods were carried out in accordance with relevant guidelines and regulations.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



J. Clin. Med. 2023, 12, 1767 8 of 9

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Boucher, J.; Kleinridders, A.; Kahn, C.R. Insulin receptor signaling in normal and insulin-resistant states. Cold Spring Harb.

Perspect. Biol. 2014, 6, a009191. [CrossRef]
2. Nolan, C.J.; Prentki, M. Insulin resistance and insulin hypersecretion in the metabolic syndrome and type 2 diabetes: Time for a

conceptual framework shift. Diabetes Vasc. Dis. Res. 2019, 16, 118–127. [CrossRef]
3. He, F.F.; Li, Y.M. Role of gut microbiota in the development of insulin resistance and the mechanism underlying polycystic ovary

syndrome: A review. J. Ovarian Res. 2020, 13, 73. [CrossRef]
4. Xu, W.; Xu, L.; Xu, C. Relationship between Helicobacter pylori infection and gastrointestinal microecology. Front. Cell. Infect.

Microbiol. 2022, 12, 938608. [CrossRef]
5. Wu, G.D.; Chen, J.; Hoffmann, C.; Bittinger, K.; Chen, Y.Y.; Keilbaugh, S.A.; Bewtra, M.; Knights, D.; Walters, W.A.; Knight, R.; et al.

Linking long-term dietary patterns with gut microbial enterotypes. Science 2011, 334, 105–108. [CrossRef]
6. Ye, Y.; Liu, Y.; Cheng, K.; Wu, Z.; Zhang, P.; Zhang, X. Effects of Intestinal Flora on Irritable Bowel Syndrome and Therapeutic

Significance of Polysaccharides. Front. Nutr. 2022, 9, 810453. [CrossRef]
7. Liu, J.; Xiao, L.; Nie, H.; Pan, Y.; Liu, Y.; Zhang, Z.; Lin, X.; Zhang, Y.; Cai, J.; Yang, M.; et al. Microecological preparation combined

with a modified low-carbon diet improves glucolipid metabolism and cardiovascular complication in obese patients. Diabetol.
Metab. Syndr. 2021, 13, 77. [CrossRef]

8. Zhang, S.; Cai, Y.; Meng, C.; Ding, X.; Huang, J.; Luo, X.; Cao, Y.; Gao, F.; Zou, M. The role of the microbiome in diabetes mellitus.
Diabetes Res. Clin. Pract. 2021, 172, 108645. [CrossRef]

9. Xu, J.; Liu, W.; Wu, J.; Wang, W.; Wang, Z.; Yu, X.; Zhang, H.; Zhu, L.; Zhan, X. Metabolic profiles of oligosaccharides derived
from four microbial polysaccharides by faecal inocula from type 2 diabetes patients. Int. J. Food Sci. Nutr. 2021, 72, 1083–1094.
[CrossRef]

10. McMurdie, P.J.; Stoeva, M.K.; Justice, N.; Nemchek, M.; Sieber, C.M.K.; Tyagi, S.; Gines, J.; Skennerton, C.T.; Souza, M.; Kolterman,
O.; et al. Increased circulating butyrate and ursodeoxycholate during probiotic intervention in humans with type 2 diabetes.
BMC Microbiol. 2022, 22, 19. [CrossRef]

11. Zhang, L.; Wang, Z.; Zhang, X.; Zhao, L.; Chu, J.; Li, H.; Sun, W.; Yang, C.; Wang, H.; Dai, W.; et al. Alterations of the Gut
Microbiota in Patients with Diabetic Nephropathy. Microbiol. Spectr. 2022, 10, e0032422. [CrossRef]

12. Liu, Y.; Qin, S.; Feng, Y.; Song, Y.; Lv, N.; Liu, F.; Zhang, X.; Wang, S.; Wei, Y.; Li, S.; et al. Perturbations of gut microbiota
in gestational diabetes mellitus patients induce hyperglycemia in germ-free mice. J. Dev. Orig. Health Dis. 2020, 11, 580–588.
[CrossRef]

13. Aron-Wisnewsky, J.; Clément, K.; Nieuwdorp, M. Fecal Microbiota Transplantation: A Future Therapeutic Option for Obe-
sity/Diabetes? Curr. Diabetes Rep. 2019, 19, 51. [CrossRef]

14. Hao, M.; Yuan, F.; Jin, C.; Zhou, Z.; Cao, Q.; Xu, L.; Wang, G.; Huang, H.; Yang, D.; Xie, M.; et al. Overexpression of Lnk in
the Ovaries Is Involved in Insulin Resistance in Women with Polycystic Ovary Syndrome. Endocrinology 2016, 157, 3709–3718.
[CrossRef]

15. Tan, M.; Cheng, Y.; Zhong, X.; Yang, D.; Jiang, S.; Ye, Y.; Ding, M.; Guan, G.; Yang, D.; Zhao, X. LNK promotes granulosa cell
apoptosis in PCOS via negatively regulating insulin-stimulated AKT-FOXO3 pathway. Aging 2021, 13, 4617–4633. [CrossRef]

16. Zhong, X.; Ke, C.; Cai, Z.; Wu, H.; Ye, Y.; Liang, X.; Yu, L.; Jiang, S.; Shen, J.; Wang, L.; et al. LNK deficiency decreases
obesity-induced insulin resistance by regulating GLUT4 through the PI3K-Akt-AS160 pathway in adipose tissue. Aging 2020, 12,
17150–17166. [CrossRef]

17. Rodríguez-Díaz, J.; García-Mantrana, I.; Vila-Vicent, S.; Gozalbo-Rovira, R.; Buesa, J.; Monedero, V.; Collado, M.C. Relevance of
secretor status genotype and microbiota composition in susceptibility to rotavirus and norovirus infections in humans. Sci. Rep.
2017, 7, 45559. [CrossRef]

18. Adda-Rezig, H.; Carron, C.; Pais de Barros, J.P.; Choubley, H.; Charron, É.; Rérole, A.L.; Laheurte, C.; Louvat, P.; Gaiffe, É.;
Simula-Faivre, D.; et al. New Insights on End-Stage Renal Disease and Healthy Individual Gut Bacterial Translocation: Different
Carbon Composition of Lipopolysaccharides and Different Impact on Monocyte Inflammatory Response. Front. Immunol. 2021,
12, 658404. [CrossRef]

19. Ghosh, S.S.; Righi, S.; Krieg, R.; Kang, L.; Carl, D.; Wang, J.; Massey, H.D.; Sica, D.A.; Gehr, T.W.; Ghosh, S. High Fat High
Cholesterol Diet (Western Diet) Aggravates Atherosclerosis, Hyperglycemia and Renal Failure in Nephrectomized LDL Receptor
Knockout Mice: Role of Intestine Derived Lipopolysaccharide. PLoS ONE 2015, 10, e0141109. [CrossRef]

20. Fernández-Real, J.M.; Pérez del Pulgar, S.; Luche, E.; Moreno-Navarrete, J.M.; Waget, A.; Serino, M.; Sorianello, E.; Sánchez-Pla,
A.; Pontaque, F.C.; Vendrell, J.; et al. CD14 modulates inflammation-driven insulin resistance. Diabetes 2011, 60, 2179–2186.
[CrossRef]

21. Imajo, K.; Fujita, K.; Yoneda, M.; Nozaki, Y.; Ogawa, Y.; Shinohara, Y.; Kato, S.; Mawatari, H.; Shibata, W.; Kitani, H.; et al.
Hyperresponsivity to low-dose endotoxin during progression to nonalcoholic steatohepatitis is regulated by leptin-mediated
signaling. Cell Metab. 2012, 16, 44–54. [CrossRef]

http://doi.org/10.1101/cshperspect.a009191
http://doi.org/10.1177/1479164119827611
http://doi.org/10.1186/s13048-020-00670-3
http://doi.org/10.3389/fcimb.2022.938608
http://doi.org/10.1126/science.1208344
http://doi.org/10.3389/fnut.2022.810453
http://doi.org/10.1186/s13098-021-00697-6
http://doi.org/10.1016/j.diabres.2020.108645
http://doi.org/10.1080/09637486.2021.1908964
http://doi.org/10.1186/s12866-021-02415-8
http://doi.org/10.1128/spectrum.00324-22
http://doi.org/10.1017/S2040174420000768
http://doi.org/10.1007/s11892-019-1180-z
http://doi.org/10.1210/en.2016-1234
http://doi.org/10.18632/aging.202421
http://doi.org/10.18632/aging.103658
http://doi.org/10.1038/srep45559
http://doi.org/10.3389/fimmu.2021.658404
http://doi.org/10.1371/journal.pone.0141109
http://doi.org/10.2337/db10-1210
http://doi.org/10.1016/j.cmet.2012.05.012


J. Clin. Med. 2023, 12, 1767 9 of 9

22. Roncon-Albuquerque, R., Jr.; Moreira-Rodrigues, M.; Faria, B.; Ferreira, A.P.; Cerqueira, C.; Lourenço, A.P.; Pestana, M.; von Hafe,
P.; Leite-Moreira, A.F. Attenuation of the cardiovascular and metabolic complications of obesity in CD14 knockout mice. Life Sci.
2008, 83, 502–510. [CrossRef]

23. Moya-Pérez, A.; Neef, A.; Sanz, Y. Bifidobacterium pseudocatenulatum CECT 7765 Reduces Obesity-Associated Inflammation by
Restoring the Lymphocyte-Macrophage Balance and Gut Microbiota Structure in High-Fat Diet-Fed Mice. PLoS ONE 2015, 10, e0126976.
[CrossRef]

24. Malesza, I.J.; Malesza, M.; Walkowiak, J.; Mussin, N.; Walkowiak, D.; Aringazina, R.; Bartkowiak-Wieczorek, J.; Mądry, E.
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