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Physiologically, the intestinal barrier plays a crucial role in homeostasis and nutrient
absorption and prevents pathogenic entry, harmful metabolites, and endotoxin
absorption. Recent advances have highlighted the association between severely
damaged intestinal barriers and diabetes, obesity, fatty liver, and cardiovascular
diseases. Evidence indicates that an abated intestinal barrier leads to endotoxemia
associated with systemic inflammation, insulin resistance, diabetes, and lipid
accumulation, accelerating obesity and fatty liver diseases. Nonetheless, the
specific mechanism of intestinal barrier damage and the effective improvement
of the intestinal barrier remain to be explored. Here, we discuss the crosstalk
between changes in the intestinal barrier and metabolic disease. This paper
also highlights how to improve the gut barrier from the perspective of natural
medicine, gut microbiota remodeling, lifestyle interventions, and bariatric surgery.
Finally, potential challenges and prospects for the regulation of the gut barrier-
metabolic disease axis are discussed, which may provide theoretical guidance for
the treatment of metabolic diseases.

intestinal barrier, metabolic diseases, natural medicine, gut microbiota remodeling,
lifestyle intervention, bariatric surgery

1. Introduction

Metabolic diseases, such as obesity, diabetes, hyperlipidaemia, and non-alcoholic fatty liver
disease (NAFLD) have become widespread and significant public health problems (1).
Specifically, the WHO released a report on the status of the obesity pandemic in Europe in May
2022, noting that 60% of citizens in the European region were overweight or obese, highlighting
the impact of the obesity pandemic (2). The global prevalence of diabetes among individuals
aged 20-79 was estimated to be 10.5% (536.6 million people) in 2021, and is expected to rise to
12.2% (783.2 million people) by 2045 (3). From 1991 to 2019, the estimated global prevalence
of NAFLD increased sharply from 20 to 30% in the general population (4). Metabolic diseases
are often caused by multiple factors, including excessive consumption of processed high-energy
foods, lack of exercise, and environmental and genetic factors (5). However, current treatment
strategies, including lifestyle changes, dietary and exercise interventions, and drug use, still have
limited efficacy. Therefore, there is a need to identify reliable targets for the prevention and
treatment of these diseases and their complications.
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The intestinal barrier separates the human body from the
intestinal microbes, viruses, food antigens, and environmental
toxins. In healthy individuals, the intestinal barrier maintains
normal gut microbiota and protects mucus layer physiological
function (6) and balances epithelial cells and the gut immune
system, which can maintain gut homeostasis and is crucial for the
dynamic balance of the body (7). However, a significant increase in
intestinal permeability has been observed in patients with obesity,
NAFLD, and diabetes. The underlying mechanisms may be related
to harmful changes in gut pathogenic bacteria and their products,
which further increase barrier permeability. Host metabolic states,
such as hyperglycaemia and hyperlipidaemia, have also been
confirmed to decrease tight junction protein expression and disturb
epithelial cell integrity. Both are considered crucial factors for
intestinal barrier integrity (6, 8, 9). An impaired gut barrier leads to
the translocation of microbiota-derived LPS into the circulatory
system, and high circulating LPS levels, a condition referred to as
metabolic endotoxemia is associated with obesity and related
metabolic disorders (10). In addition, increases harmful gut bacteria,
which can further aggravate gut infection and promote gut bacterial
translocation to the blood and liver (11). Moreover, impaired gut
barriers increase the transfer of intestinal-derived metabolites such
as trimethylamine N-oxide, branched-chain amino acid, and indoxyl
sulfate from the gut to the systemic circulation, which are also
associated with the development of metabolic diseases (12, 13).
Meanwhile, a compromised gut barrier can lead to the over-
activation of the gut immune system, inducing chronic systemic
inflammation or an impaired immune response, which promotes the
progression of metabolic diseases (14).

In this review, we describe the critical molecular pathways and
mechanisms underlying abnormal gut barrier function in metabolic
diseases. Then, we summarize advances made in supporting the
improvement of the intestinal barrier using natural medicines, gut
microbiota remodeling, and lifestyle interventions. Lastly, we discuss
the current challenges and prospects for treating metabolic diseases
through the modulation of the intestinal barrier axis.

2. A short review of the intestinal
barrier

The intestinal barrier is the primary defense against potentially
harmful substances and pathogenic bacteria and consists of a physical
barrier, a mucus barrier, and an immunological barrier (15-19).
Intestinal physical barrier integrity is regulated by tight junctions and
intestinal epithelial cell function. Tight junctions consist of
transmembrane proteins such as claudin, occludin, zonula
occludens-1 (ZO1), and cingulin between intestinal epithelial cells
(20-22). The mucus layer is composed of many components: water,
electrolytes, lipids, and about 30 proteins, most of which are produced
by specialized secretory goblet cells (GCs), including mucin, human
chloride
modulator 1, and zymogen granule protein 16. The mucus layer

IgGFc-binding protein, calcium-activated channel
serves as a barrier covering the intestinal epithelium that prevents
direct contact between antigens, toxins, gut flora, and epithelial cells
while maintaining permeability to essential nutrients and

macromolecules. In addition, at the same time, the outer mucus layer

Frontiers in Nutrition

10.3389/fnut.2023.1120168

is used as the energy source of some bacteria to stabilize the balance
of intestinal flora (23-25). The innate and adaptive immune systems
in the intestinal tract are strictly regulated. The immune cells in the
intestinal tract cooperate closely (macrophages, monocytes,
neutrophils, dendritic cells, natural killer cells, eosinophils, and
non-specifically recognized basophils) to achieve and maintain
intestinal immune balance (26, 27). However, dietary disorders,
diseases, and pressure affect the intestinal barrier function.
Mechanically, intestinal barrier dysfunction is first caused by tight
connection disorder, the loss of tight junctions causes intestinal
mucus layer atrophy and secretory dysfunction (28), which in turn
causes further immune cell activation by numerous antigenic
molecules or microorganisms through the paracellular pathway,
aggravating intestinal immune dysfunction (29).

3. The impaired intestinal barrier is a
catalyst for the development of
metabolic diseases

Intestinal barrier integrity is impaired in metabolic diseases,
including diabetes, hyperlipidaemia, and cardiovascular diseases (30).
Numerous studies have confirmed that metabolic disorders and
diseases can cause harmful changes in the intestinal
microenvironment, including abnormal lipid load, high glucose, high
uric acid, and intestinal flora disturbances. This remodeling further
damages the integrity of the intestinal barrier (31-33).

First, in the physical barrier section, metabolic diseases can impair
the intestinal barrier by affecting the intestinal epithelial cell function
and tight junction protein expression. High glucose levels can lead to
abnormal intestinal epithelial cell function, abnormal lipids, and
abnormal immune responses, and an intestinal microbiota imbalance
can induce intestinal epithelial cell tight junction damage, further
aggravating intestinal epithelial barrier dysfunction (34, 35).
Additionally, metabolic diseases can contribute to abnormalities in the
mucus barrier (36). Defects in the colonic mucus layer, characterized
by increased permeability and reduced mucus growth rate, have been
observed in obese mice. Moreover, the intestinal immune barrier is
known to be impaired in metabolic diseases, wherein the main
alteration is a decrease in the production of intestinal antimicrobial
factors and the promotion of an increased release of pro-inflammatory
cytokines, including IL-1b, IL-6, IL-12, and IL-18 (37).

As an accelerator of metabolic diseases, the impairment of the
intestinal barrier exacerbates systemic inflammation, impaired energy
metabolism, insulin resistance, and abnormalities in glucose and lipid
metabolism, thereby accelerating the progression of metabolic
diseases (38). For instance, damage to the intestinal barrier can
increase intestinal endotoxins in the blood, leading to chronic
low-grade inflammation, further promoting the development of
metabolic syndrome (39). In a population study, an increased
intestinal permeability in pregnant women and an impaired intestinal
barrier was found to lead to increased insulin resistance and decreased
insulin sensitivity (40). A study of mice fed a high-fat diet found that
intestinal barrier dysfunction leads to higher glucose metabolism
disorders and liver steatosis (41, 42). Although the pathway by which
an impaired intestinal barrier exacerbates metabolic disease has been
partially demonstrated, the underlying mechanism still requires
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further exploration. With the development of high-throughput
analysis, including serum and intestinal metabolomics and intestinal
proteomics, the research depth and breadth of microbiota, intestinal
barriers, and the host is likely to be further expanded in this future,
and providing new directions for prevention and treatment metabolic
diseases(Figure 1).

4. Improving the intestinal barrier as a
target for the treatment of metabolic
diseases

With advances in research, several strategies have been developed
to improve the intestinal barrier in the treatment of metabolic diseases
in rodent and clinical studies, including drug therapy, adjusting the
composition of the intestinal flora, adding probiotics, exercise, diet,
and bariatric surgery. In this section, we comprehensively summarize
the experimental clinical studies on improving the intestinal barrier
using these methods and explore the potential treatment mechanisms
of metabolic disease (43-46).

10.3389/fnut.2023.1120168

4.1. Drugs improve gut barrier function in
metabolic diseases

Currently, treatments for intestinal barrier damage are limited.
Clinical drugs used to treat intestinal barriers include natural drugs,
short-chain fatty acids, and those that improve intestinal inflammation
(47). The main therapeutic targets of these drugs are increasing
intestinal tight junction protein expression, improving intestinal cell
function, and inhibiting intestinal inflammation. Studies have
confirmed that in the clinical treatment of metabolic diseases, drugs
such as metformin, berberine, and butyrate have been found to
improve disease progression by modulating the intestinal barrier (48).
Therefore, in this section, we mainly discuss the function and specific
mechanisms of drugs, such as metformin, berberine, and butyrate,
used to improve the intestinal barrier and provide new perspectives
for treating metabolic diseases (Table 1).

4.1.1. Metformin
Metformin is an oral hypoglycaemic agent that is widely used as
first-line treatment for type 2 diabetes. Metformin improves

Normal gut bacteriar

Harmful gut bacteria

Accumulation of
inflammatory factors

I
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Hepatic steatosis T

Abnormal lipids

Lipid accumulation T Glucose metabolism disorder T

High sugar
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Intestinal physical barrier
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I
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FIGURE 1
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The gut barrier consists of gut commensal microbes, mucus, and immune cells in the intestinal epithelium and lamina. Metabolite disorders
(hyperglycemia and abnormal lipids) and metabolic diseases, including obesity type 2 diabetes mellitus (T2DM) and non-alcoholic fatty liver disease
(NAFLD), lead to gut dysbiosis and disrupt the integrity of the gut barrier. Harmful bacteria or lipopolysaccharides in the intestine enter the blood
through the damaged intestinal barrier. It can affect the tissues and organs related to metabolic diseases, resulting in abnormal liver, adipose tissue,
pancreas, and immune system functions, aggravating the occurrence and development of metabolic diseases further.
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TABLE 1 Drugs that improve the gut barrier.

Source

Signal pathway

10.3389/fnut.2023.1120168

Effects

References

Frontiers in Nutrition

04

Metformin Mice models Activates the AMPK pathway Increases ZO-1, occludin, and claudin-1 (49)
expression
Mice models AMPK1-dependent inhibition of JNK signaling Increases ZO-1, occludin, and claudin-1 (50)
activation expression
Mice models Restores the tight junction protein occludin-1 (51)
levels
Caco-2 cells Inhibits the MLCK-MLC signaling pathway Increases tight junction proteins (52)
Mice models Inhibits Wnt signaling Increases goblet cell mass and mucin production (53)
in the gut
NAFLD mice Mitigates the loss of tight junction proteins in the (54)
small intestine
Caco-2 cells Inhibits endoplasmic reticulum stress Reduces intestinal epithelial cell apoptosis and (55)
increases tight junction protein expression
IBS rats Reduces PAR-2 expression inhibits ERK activation Improves the interaction of clau-4 with ZO-1 and (56)
clau-4 expression
Butyrate 1EC cells Promotes the interaction of transcription factor SP1 Increases claudin-1 transcription (57)
with the claudin-1 promoter
Diabetic mice Increases intercellular adhesion molecules (58, 59)
Diabetic mice Activated NLCR3 binds to GPR43 on colonic Upregulates expression of the tight junction (60)
epithelial cells protein ZO-1/occludin
H4 cell Upregulates tight junction and mucus genes (61)
IPEC-]2 cells Activates the Akt/mTOR-mediated protein synthesis | Enhances the abundance of tight junction (18)
machinery proteins
IBD mice Activates GPR109A and inhibits AKT and NF-xB Improves intestinal epithelial barrier dysfunction (62)
p65 signaling
CKD rats Improves AMPK phosphorylation and increases Promotes colonic mucin and TJ proteins (63)
GLP-1 secretion
Berberine T2DM rat model Improves the intestinal mucosa and immune (64)
barrier
T2DM rat model Increases ZO-1 expression and repairs damaged (65)
intestinal mucosa
Caco-2 monolayers Structural normalization and redistribution of the Improves intestinal epithelial tight junction (66)
tight junction protein occludin injury
HT-29/B6 human colon Mediated through the tyrosine kinase, pAkt, and Prevents the TNF-a-induced claudin-1 (67)
monolayers, rat NFkB pathways disassembly and upregulation of claudin-2
T84 colonic epithelial Ability to promote cell migration Increased expression of intestinal tight junction (68)
cells and adhesion-linked proteins
DSS-induced murine UC | Regulation of gut EGC-IEC-immune cell interactions | Improves mucosal inflammation (69)
DSS-induced murine UC | JAK-STAT pathway Inhibits intestinal mucosal inflammation (70)
DSS-induced murine UC Promotes anti-inflammatory and anti-oxidative 71)
stress responses
Infliximab Crohn’s disease patients Anti-inflammatory effects of TNF-a blockade (72)
Crohn’s disease patients Normalization of apoptosis in colonic epithelial cells | Repairs the intestinal barrier (73)
Crohn’s disease patients Improves intestinal mucosal barrier (74)
Crohn’s disease patients Promotes Th22 cell differentiation and upregulates Intestinal epithelial barrier repair (75)
IL-22 production
Oregonin Caco-2 cells Restores zonula occludens-1 and occludin (76)
expression
(Continued)
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TABLE 1 (Continued)

10.3389/fnut.2023.1120168

rl?::umge Source Signal pathway Effects References
RIPK1 Intestinal epithelial cells Inhibits necroptosis and the NF-kB signaling Reduces the disruption of tight junctions and (77)
inhibitor pathway accompanying oxidative stress
Murine colitis model FADD-RIPK1-caspase-3 signaling Inhibits intestinal epithelial cell necrosis (78)
Citrus Rat intestinal and Caco-2 | Inhibits the Akt-NF-kB-MLCK pathway Restores damaged barrier function (79)
nobiletin cells
Tofacitinib Caco-2BBe intestinal Improves intestinal epithelial-macrophage (80)
epithelial cells interactions
Intestinal epithelial cells Restores claudin-2 expression levels (6)
(IECs)

hyperglycaemia by inhibiting hepatic glucose production and
increasing glucose uptake in muscles (81). Metformin has also been
shown to reduce cardiovascular events and improve abnormal lipid
(82).
metformin has been found to improve the gut barrier, and its

metabolism and chronic inflammation Furthermore,
metabolic disease-treatment effect is partly based on modulating gut
function (83).

Specifically, recent studies have confirmed that metformin can
improve intestinal physical barrier function by increasing the
expression of intestinal tight junction proteins (ZO-1, occludin, and
claudin-1) by activating the AMPK pathway, reducing the entry of LPS
into the blood and the inflammatory response to body stimuli
(49-51). Cell experiments have also confirmed that metformin can
stabilize and upregulate the expression of tight junction proteins by
inhibiting the MLCK-MLC signaling pathway, thereby improving the
tight junctions of intestinal epithelial cells (52). Moreover, metformin
was found to improve the intestinal mucus barrier by beneficially
regulating the quality of goblet cells and mucin production. It can
be used to prevent and treat metabolic diseases in obese individuals
and individuals on a western high-fat diet (53).

In addition, maintaining bile acid homeostasis can improve the
intestinal barrier and prevent bacterial translocation in the intestinal
tract, demonstrating efficacy in the treatment of metabolic liver
disease (84). Interestingly, metformin can promote bile acid
homeostasis in the liver and intestines. We speculated that metformin
can target the homeostasis of the bile acid-intestinal barrier axis and
be used to develop new methods for the treatment of metabolic
diseases (85). Glucagon-like peptide-1 (GLP-1) is a peptide hormone
in the gut that plays a central role in coordinating postprandial glucose
homeostasis. The administration of GLP-1 and glucagon-like
peptide-2 (GLP-2) receptor agonists promotes intestinal barrier
function in mice (86). Interestingly, the insulin sensitiser metformin
increased circulating GLP-1 concentrations and the relative number
of intestinal L cells (87). Therefore, it is reasonable to believe that the
improvement of the intestinal barrier by metformin is partly
dependent on the regulation of GLP-1 (88). Notably, metformin
concentrations are much higher in the gut than in the plasma.
Although there is reason to believe that the maintenance of the gut
barrier and gut axis plays a role in the efficacy of metformin, an
understanding of the mechanisms by which metformin promotes a
healthy gut barrier will require a systems-level approach.

Frontiers in Nutrition

4.1.2. Butyrate

Butyrate is a four-carbon short-chain fatty acid fermented by the
intestinal flora through dietary fiber (89). It meets most of the energy
needs of colonic epithelial cells and is required for cellular energy
metabolism and the maintenance of intestinal homeostasis. Butyrate
supplementation has been investigated for its potential protective and
ameliorative effects on a wide range of human diseases, including type
2 diabetes, cardiovascular disease, dyslipidaemia, and non-alcoholic
fatty liver disease (90). For example, a metagenomic analysis of type 2
diabetes found that butyrate-producing bacteria had a reduced
proportion of the overall gut flora, whereas butyrate supplementation
could treat diabetes by increasing the integrity of the gut barrier (91-
93). Moreover, butyrate may reduce diet-induced barrier dysfunction
to improve diet-induced obesity (58, 94). In summary, the
improvement of metabolic diseases by butyrate mainly depends on the
regulation of the intestinal barrier.

Next, we analyzed the specific mechanism by which butyrate
regulates the intestinal barrier. Butyrate regulates the intestinal barrier
by regulating the physical barrier. In diabetic mice, butyrate stimulates
the expression of NLRC3 in colonic epithelial cells, increases the
phosphorylation of AMPK, and upregulates tight junction proteins
and T7Js in colonic epithelial cells. In addition, butyrate can upregulate
the transcription of tight junction and mucus genes in epithelial cells
(H4 cells), increase claudin-1 expression, and stabilize intestinal
epithelial cell functions (60). Additionally, butyrate regulates the
repair of the intestinal mucus barrier by activating the macrophage/
WNT/ERK signaling pathway (95). Furthermore, butyrate can
effectively inhibit the activation, proliferation, and production of
cytokines (IFNy and IL-17) by CD4 T cells, thereby maintaining the
intestinal immune barrier and regulating the integrity of the epithelial
barrier (96). Numerous studies have also shown, butyrate affects
epithelial O2 consumption through epithelial f-oxidation and
maintains the stability of hypoxia-inducible factor (HIF). HIF is a
transcription factor that coordinates the protection of the barrier,
which is essential to maintain the integrity of the intestinal barrier
(97-99). Therefore, the treatment and prevention of metabolic
diseases from the perspective of butyrate and improving the intestinal
barrier are considerable goals, highlighting the need to maintain
normal levels of butyrate in the gut during metabolic disease.

Increased levels of intestinal butyrate have been reported in
metabolic disease states, notably through the supplementation of
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butyrate production and the number of bacteria producing butyrate,
including Clostridium butyricum and E prausnitzii. Other studies
have demonstrated that adding modified high-amylose maize-
resistant starch increases butyrate concentrations in feces and plasma,
thereby decreasing blood sugar levels (31). In addition, the
fructooligosaccharide supplement was sufficient to increase butyrate
levels, contributing to the balance of host energy. These supplements
can be fermented into short-chain fatty acids, such as butyrate, by the
hydrolytic enzyme system of beneficial bacteria. Specific genetically
modified Escherichia coli can promote butyrate levels in the intestine
by increasing the production capacity of butyrate (100). A limited
number of human studies have shown that butyrate has a good clinical
effect in improving the intestinal barrier in metabolic diseases.
However, more clinical studies are needed to further confirm its
effectiveness and safety in treating metabolic disorders. In addition,
the delivery of butyrate to peripheral tissues via oral administration is
poor because it is absorbed and metabolized by the colon and liver. In
treating metabolic diseases, the therapeutic action of butyrate is
mainly exerted via improvements in the intestinal barrier to enhance
the intestinal microenvironment and physiological function, rather
than directly affecting peripheral tissues and organs (61, 63). The
energy source of colon cells mainly depends on SCFA, especially
butyrate, so it may improve the intestinal barrier by improving the
function of intestinal epithelial cells. In a study of sodium butyrate for
the treatment of intestinal inflammation, sodium butyrate was found
to reduce harmful pathogenic bacteria in the gut (such as Bacteroides,
Clostridium, Helicobacter pylori, and Desulfovibrio), suggesting that
sodium butyrate may improve the intestinal barrier by beneficially
modulating the intestinal microbiota (101, 102).

4.1.3. Berberine

A recent study on berberine demonstrated its metabolic and
pathophysiological roles in metabolic disorders, suggesting that it
plays a promising role in metabolic diseases, such as obesity, NAFLD,
diabetes mellitus, and hyperlipidaemia. For example, it promotes
insulin secretion, improves insulin resistance, inhibits adipogenesis,
reduces adipose tissue fibrosis, reduces liver steatosis, and improves
intestinal flora disturbances (103). Notably, similar studies further
confirmed that the function of berberine in the treatment of metabolic
diseases largely depends on regulation of the intestinal barrier (64,
104). In addtion, berberine supplementation can improve intestinal
flora, regulate innate immunity and improve energy metabolism (105).

The improvement of intestinal barrier function by berberine is
multifaceted. First, berberine modulates the intestinal barrier by
regulating the physical barrier. The treatment of diabetic rats with
berberine restored tight junction protein expression in the intestinal
epithelial cells and improved the intestinal barrier (65). In addition,
berberine can directly modulate the function of intestinal epithelial
cells to repair damaged intestines by promoting differentiation of
intestinal stem cells and enhancing cell migration. Second, berberine
was found to significantly reduce chronic intestinal inflammation to
maintain the intestinal immune barrier function (66). Further studies
found that berberine ameliorated pro-inflammatory cytokine-induced
tight junction damage in the intestinal epithelium by downregulating
the aberrant activation of the TNF-a-NF-kB-MLCK pathway or
inhibiting TNF-a, thereby upregulating the expression of tight
junction proteins (67). In addition, berberine can ameliorate mucosal
inflammation by modulating intestinal epithelial cell and immune cell
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interactions. Third, by modulating the intestinal barrier through the
mucus barrier, oral berberine significantly increased the transcription
of mucus-secreting genes and the production of host mucus proteins
(68). In addition, berberine also stimulated the growth of the probiotic
Akkermansia, suggesting that berberine’s improvement of the
intestinal barrier may be dependent on the restoration of beneficial
intestinal bacterial populations (106).

Notably, although the natural alkaloid berberine has shown
promising results in the treatment of the intestinal barrier and
metabolic diseases, its clinical application is hampered by its poor
gastrointestinal absorption, low bioavailability, and gastrointestinal
side effects. In this context, metabolomics and proteomics can be used
to explore the mechanism of its treatment of metabolic diseases and
study its pharmacokinetics, metabolism, and general safety in vivo to
improve the intestinal barrier more effectively, while ensuring that it
has fewer side effects in humans, thus treating diabetes from
multiple perspectives.

4.1.4. Drugs that regulate intestinal inflammation
The pathological state of intestinal inflammation leads to the
recruitment of large numbers of immune cells and the release of
inflammatory mediators, which affects the physical function of the
intestinal barrier by disrupting the structure and intestinal epithelial
intercellular junctions (74) and inhibiting intestinal mucosal repair
(72). A large body of research has now confirmed that modulating
intestinal inflammation is another strategy for restoring and
and that
immunomodulatory drugs focus on inhibiting immune factor release

improving impaired intestinal barriers intestinal
and immune cell activation in the first place. In the following,
we present an overview of intestinal immunomodulatory drugs,
highlighting that they improve intestinal barrier function as evidence
and mechanisms for treating metabolic diseases (73).

According to the literature, immunomodulatory drugs can
be divided into two categories based on the inhibition of inflammatory
factors and the modulation of immune cells (75). First of all,
immunomodulatory drugs can reduce the outbreak of intestinal
inflammation by decreasing the inflammatory factors in the abnormal
outbreak of metabolic diseases and the damage of inflammatory
factors to the intestinal barrier and reducing the outbreak of intestinal
inflammation (107). It has been noted that the eruption of intestinal
pro-inflammatory cytokines (76), such as tumor necrosis factor-a
(TNF-a), interleukin (IL)-1, IL-6, IL-9, IL-13, and IL-33, plays a role
in the impairment of the intestinal barrier. Anti-IL-6 and anti-TNF-a
therapy have been found to improve intestinal permeability by
inhibiting the intestinal inflammation caused by the explosion of
inflammatory factors (108), possibly mediated through the restoration
of expression of intestinal tight junction protein zona occludens-1
(ZO-1) and occludin (109). They are also thought to regulate the
reduction of intestinal pro-inflammatory factors, including the iron-
binding glycoprotein lactoferrin (LF) and citrin, to restore impaired
intestinal barrier function. The close interaction between intestinal
epithelial cells and immune cells is essential for maintaining intestinal
barrier function (79). Myocardial fibrosis improvement in type 2
diabetes has been reported in commonly used rat models of diabetes,
and a recent study implicated it as a receptor-interacting protein
kinase 1 (RIPK1) inhibitor (77). RIPK1 inhibitors have been shown to
maintain the balance of the immune microenvironment, which
normally improves the intestinal barrier by inhibiting the interaction
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between intestinal epithelial cells (IECs) and immune cells in vivo and
in vitro (110).

Although a large number of studies have shown that systemic
inflammation is a potential driver for the development of metabolic
diseases, it is believed that interventions to treat inflammation add to
the burden of disease and complexity of healthcare. Therefore,
we propose that personalized intestinal inflammatory interventions to
improve the intestinal barrier for the treatment of metabolic diseases
may be a future development in the management of diseases, such as
obesity, T2DM, and NAFLD (111). However, the measures required
to design effective personalized inflammatory interventions for
treatment require considerable refinement. Therefore, in the future,
more detailed information will be needed in clinical trials of drugs for
the control of metabolic diseases than is currently documented in
trials, and is essential for

repurposing or developing

immunomodulatory therapies to treat metabolic diseases.

4.2. Regulating the composition of the
intestinal flora to improve the intestinal
barrier

Over the past 20 years, research has shown that the gut flora under
normal physiological conditions may help maintain the metabolic
health of the human host (5). Further studies have found that
metabolic disease states, such as obesity, dyslipidaemia, insulin
resistance, and low inflammation, often lead to dysbiosis of the
intestinal flora. Intestinal dysbiosis is manifested by an increased
abundance of “pro-inflammatory” bacterial strains, such as
Ruminococcus gnavus or Bacteroides species, in the gut, while “anti-
inflammatory” strains, such as Faecalibacterium prausnitzii, show low
abundance (112, 113). Microbial dysbiosis further aggravates the
development of metabolic diseases by inducing the disruption of the
intestinal barrier (114). A study of T2D patients found that diabetes
can cause excessive growth of intestinal flora, increase intestinal
permeability, and damage the intestinal barrier (115, 116). The
conclusion drawn from extensive data is that dysbiosis of the intestinal
flora leads to disruption of the intestinal barrier, mainly through the
induction of increased intestinal oxidative stress in the intestinal
epithelium, reduced expression of tight junction proteins (such as
claudin, occludin, and zonula occludens), and increased mucus
degradation (117, 118). Therefore, restoring intestinal barrier function
by regulating intestinal flora dysbiosis represents a new approach for
the prevention and treatment of metabolic diseases. Currently, there
are three ways to modulate the composition of gut microbiota: (i)
supplement probiotics, (ii) intervene with specific microbial species
using drugs, and (iii) transplant normal intestinal flora to restore the
normal intestinal flora ecosystem. The specific mechanism may
involve correcting intestinal flora disturbance, increasing the
expression of intestinal barrier function proteins, maintaining the
normal function of intestinal epithelial cells, and improving intestinal
barrier function (119, 120) (Figure 2).

4.2.1. Probiotic supplementation

In the last decade, probiotics [gram-negative anaerobic bacteria
Akkermansia muciniphila (121), Lactobacillus reuteri (122), and gram-
positive anaerobic bacteria Bifidobacterium (123), Roseburia
intestinalis (124)] have been widely used to prevent and treat various

Frontiers in Nutrition

10.3389/fnut.2023.1120168

diseases, especially metabolic diseases, such as obesity, diabetes,
non-alcoholic fatty liver, and hyperlipidaemia, and to improve the
microecological balance in the host gut to inhibit the proliferation of
harmful bacteria and improve the barrier function of the
gastrointestinal tract for the treatment of metabolic diseases (125). In
this section, we explore the precise mechanisms by which improving
the gut barrier can be used to treat metabolic diseases.

Although probiotics are the most commonly used substances that
regulate intestinal flora homeostasis, which can strengthen the
intestinal barrier by enhancing epithelial defense function and
regulating intestinal microbiota, their application continues to face
several challenges (126, 127). Studies have shown that lactobacillus
maintains intestinal epithelial regeneration and repairs damaged
intestinal mucosa (128). Numerous studies have shown that probiotics
improve the mechanism of the intestinal barrier by influencing the
renewal of intestinal epithelial cells, increasing the production of tight
junction proteins, and increasing mucin secretion while promoting
the immune system.

The use of probiotic Bifidobacterium bifidum strains in obese
individuals has shown to improve gut barrier function (129, 130).
Akkermansia muciniphila and its derived extracellular vesicles
(AmEVs) can exert anti-diabetic effects by reducing intestinal barrier
disruption and insulin resistance (131, 132). In addition, 14 probiotic
species have been found to improve intestinal barrier function in db/
db mice (114). Probiotics can improve intestinal epithelial cell
function and tight intercellular junctions, and restore intestinal
physical barrier function (133). Escherichia coli strain Nissle 1917
(EcN) is a Gram-negative probiotic found to modulate the expression
and localization of intestinal tight junction proteins, and consequently,
enhance intestinal barrier function (134, 135). The probiotic ECN
repairs the intestinal epithelial barrier by decreasing the secretion of
inflammatory cytokines while increasing the production of anti-
inflammatory factors, eliminating reactive oxygen species at the site
of inflammation, and effectively relieving symptoms of inflammation
(136, 137). Furthermore, EcN in situ production of therapeutic protein
matrices consisting of coiled nanofibers of trefoil factors (TFFs) can
promote mucosal healing and restore mucus barrier function (138-
140). In addition, probiotic therapy protects the intestinal epithelial
barrier by mitigating a reduction in the expression of tight junction
proteins that caused by an intestinal ecological disorder in metabolic
diseases and increasing the rate of apoptosis (122, 141). Probiotics are
widely used in the treatment of NAFLD as they improve the function
of the intestinal immune barrier and inhibit the proliferation and
translocation of harmful bacteria. Additional studies have shown that
Bifidobacterium can enhance the function of the intestinal mucus layer
and phagocytes through the activation of intestinal autophagy and
calcium signaling pathways (142). Probiotic formulations have also
been found to induce an increased expression and secretion of mucin
(MUCI1 and MUCS3) in colonic epithelial cells, improving intestinal
mucus barrier function (143). In general, these findings contribute to
a better understanding of the complex and beneficial interactions
between probiotics and colonic epithelial cells in the gut to restore
impaired intestinal barrier function in metabolic diseases (144).

Further studies should screen out effective probiotics via the high-
throughput analysis of the intestinal flora and, at the same time,
explore how probiotics restore the imbalance of the intestinal flora.
This is expected to improve the barrier function of the gut by targeting
specific probiotics to modulate the dysbiosis of the intestinal flora.
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FIGURE 2

The role of modulating gut microbiota in improving gut barrier integrity. The gut barrier can be affected directly or indirectly by the gut microbiota. The
modulation of the gut microbiota can occur via probiotics, small-molecule compounds, and fecal transplantation. Restoring the gut microbiota
balance can restore gut barrier integrity via gut epithelial cell function and tight junction protein expression, improving the mucus barrier and adjusting

inflammatory and inflammation. Further improvements of the intestinal barrier can be used to relieve or treat metabolic diseases.

limit their survival and their colonization of the gut (137). Therefore,
improving probiotic intestinal colonization by modulating the
intestinal microenvironment or modifying probiotics is expected to
provide an important perspective for the treatment of various
metabolic diseases. In a previous study, a synthetic biology approach
was used to develop an engineered probiotic with superior resistance

With advances in technology, the targeting proteins of probiotics
should be further identified through metabolomics and proteomics to
provide a reliable theoretical basis for probiotic targeting and to
improve the intestinal barrier. Oral probiotics are affected by metabolic
disease-induced pathological inflammatory microenvironments, such
as reactive oxygen species (ROS) and depleted mucus layers, which
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to the harsh environment of the gastrointestinal tract to enhance the
colonization and growth of probiotics in the mucus layer (145). In
addition, through a composite biomagnetic material composed of tiny
magnetic particles and probiotics, an external magnetic field can
capture and retain probiotics in the gastrointestinal tract of mice,
thereby improving the accumulation and stable colonization of
probiotics under specific conditions. In summary, in-depth research
on probiotics has led to the development of a variety of effective and
safe probiotics. In the later stages of research, the focus can be shifted
to the transformation of probiotics to make them more suitable for the
intestinal environment in the disease state to improve the intestinal
barrier more effectively, maintain intestinal homeostasis, and exert
their therapeutic effect on metabolic diseases.

4.2.2. Small molecule compounds engineer the
gut microbiome

In some ways, the gut microbiota is the largest “organ” of the body,
and its composition is species-diverse. Recently, it has been proposed
that gut microbiota is involved in the development and progression of
metabolic diseases. Host health and disease status can be maintained
and improved by modulating the imbalanced gut microbiota,
including beneficial and harmful bacteria, based on the symbiotic or
antagonistic relationships between various microorganisms. The “gut
microbiota barrier axis” can be used as an alternative target for the
treatment of metabolic diseases. It restores the impaired intestinal
barrier in metabolic disease states by altering the structure and
composition of intestinal flora.

Specifically, diammonium glycyrrhizinate (DG) was found to
reduce the ratio of Firmicutes to Bacteroidetes and endotoxin-
producing bacteria, such as Desulfovibrio, and increase probiotics,
such as Proteus and Lactobacillus, in animal models (146). It also
increased the levels of short-chain fatty acid (SCFA)-producing
bacteria such as Ruminococcus and Lachnospira (147), significantly
alleviating low-grade intestinal inflammation, improving tight
junction protein expression, goblet cell number, and mucin secretion,
and enhancing intestinal barrier function to prevent non-alcoholic
fatty liver disease in mice (146). In NAFLD treatment studies,
obeticholic acid was found to lessen endotoxemia and inflammation
levels by reversing gut flora imbalance, particularly increasing the
abundance of Blautia, and restoring gut barrier function to improve
NAFLD (148, 149). Furthermore, the therapeutic effects of liraglutide
may be due to improved gut microbiota structure associated with
hepatic steatosis (150). In a study on obesity and diabetes, it was
found that the intestinal flora can be adjusted by drugs, such as
Akebia saponin D (151) and Ganoderma lucidum (152) which
significantly reduce the HFD-related Alistipes and Prevotella, increase
the proportion of Butyricimonas, Ruminococcus, and Bifidobacterium,
and increase the abundance of the anti-obesity bacterium
Akkermansia. Reverse HFD-induced gut dysbiosis, such as reduced
Firmicutes to Bacteroidetes ratios and endotoxin-carrying
Proteobacteria levels, maintains gut barrier integrity, reduces
metabolic endotoxemia, and improves obesity and diabetes
(152, 153).

Overall, these results led us to speculate that these drugs could
be used to treat metabolic diseases by improving the composition and
structure of intestinal microbiota in mice to reduce intestinal
permeability. However, the structure of the intestinal flora is complex
and rich in diversity. The regulation of intestinal flora by common

Frontiers in Nutrition

10.3389/fnut.2023.1120168

drugs is often accompanied by interference with the growth of normal
intestinal flora.

Next, we discuss the therapeutic potential of targeting gut
microbiota based on existing research. Cyclic D-and L-alpha-peptides,
using an in vitro drug screening protocol, were selected to improve the
integrity of the intestinal barrier and inhibit the development of
atherosclerosis through the molecular reprogramming of the
microbiome transcriptome via the selective alteration of bacterial
growth. In a colorectal cancer (CRC) study, a specific M13 phage was
screened using phage technology to achieve the specific clearance of
Fusobacterium nucleatum and to remodel the tumor immune
microenvironment (151). Recent studies have demonstrated a
correlation between gut phage composition and host health, phage
therapy as an antibacterial agent, and the application of genetically
engineered phages in gut microbiome remodeling (154, 155). Directed
chemical manipulation provides additional tools for deciphering the
chemical biology of the gut microbiome and designing phage-
containing supplements to target remodeling of the gut microbiota
(156). The elimination of specific pathogens can correct gut dysbiosis
and improve gut barrier function (157). Therefore, the targeted
remodeling of the microbiome should be explored in the future for the
treatment of metabolic diseases (158). In a colorectal cancer (CRC)
study, a specific M13 phage was screened using phage technology to
achieve specific clearance of Fusobacterium nucleatum and to remodel
the tumor immune microenvironment. Recent studies have
demonstrated a correlation between gut phage composition and host
health, phage therapy as an antibacterial agent, and the application of
genetically engineered phages in gut microbiome remodeling (159,
160). Directed chemical manipulation provides additional tools for
deciphering the chemical biology of the gut microbiome and designing
phage-containing supplements to target remodeling of the gut
microbiota. The elimination of specific pathogens can correct gut
dysbiosis and improve the gut barrier. Therefore, the targeted
remodeling of the microbiome should be explored in the future for the
treatment of metabolic diseases.

4.2.3. Transplanting the normal intestinal flora

Gut microbiota transplantation is where gut microbiota from a
healthy donor is transplanted into a patient’s gastrointestinal tract.
Previously, this therapy was used to treat gastrointestinal diseases
caused by pathogenic microorganisms or opportunistic microbial
activities (161). However, a growing number of studies have recently
reported on the use of fecal microbiota transplantation for metabolic
syndrome, diabetes, and other diseases (162). Population studies have
found that fecal microbiota transplantation leads to increased insulin
sensitivity in patients with metabolic syndrome and improved glucose
metabolism, with the effectiveness of treatment depending on
improved gut microbiota and changes in plasma metabolites
associated with increased beneficial intestinal metabolites (163, 164).
The efficacy of fecal transplants in metabolic diseases is well
documented and relies on improvement of the intestinal barrier.
Washed microbiota transplantation has been shown to effectively
improve compromised gut barrier function, significantly reducing the
level of endotoxins and thus reducing the symptoms of gout patients
(165). The transplantation of normal fecal microbiota into a mouse
model of disease was found to normalize intestinal permeability,
thereby significantly reducing metabolic endotoxemia, reversing
weight gain, and achieving glucose tolerance (166).
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With regard to the apparent restorative effect of intestinal flora
transplantation on the intestinal barrier, the underlying mechanisms
include restoring dysregulated intestinal flora or acting directly on the
host intestine to improve the intestinal barrier. Firstly, flora
transplantation improves intestinal tight junctions and increases the
expression of intestinal barrier function proteins, including ZO-1,
occluding, and claudin-1 (167, 168). Simultaneously, it improves the
mucus layer components to protect the function of the mucus barrier.
In addition, it significantly modulates the function of intestinal
epithelial cells and reduces the loss of villi and epithelial cells by
inhibiting epithelial cell apoptosis. Moreover, the beneficial effects of
FMT on intestinal barrier function can reduce intestinal inflammation
and inhibit inflammatory cell infiltration, thereby reducing the level
of systemic inflammation and resulting in a significant reduction in
systemic endotoxemia (169, 170). Studies have found that flora
transplantation reduces intestinal epithelial cell damage caused by
pathogens in the gut and restores the damage to the intestinal barrier
caused by the dysbiosis of the intestinal flora. In addition, fecal
microbiota transplantation reduced Bacteroidetes and Desulfovibrio,
altering the imbalance in the gut microbiota and restoring the richness
and diversity of intestinal flora (171). Thus, the intestinal inflammation
and intestinal mucosal destruction induced by the dysbiosis of the
intestinal flora in metabolic diseases are alleviated.

Although most existing studies show that fecal transplantation has
beneficial effects, attention should also be paid to its safety, especially
in patients with metabolic diseases that are often accompanied by
systemic diseases that decrease immunity. Adverse events have been
reported in seven patients who received FMT from fecal donors
colonized with Shiga toxin-producing Escherichia coli (STEC) in a
clinical study (172). In this context, improved screening and
pre-transplant management may reduce adverse events. A preliminary
study of five patients with CDI showed that the transfer of sterile
filtrate from donor feces (FFT) containing bacterial fragments,
proteins, antimicrobial compounds, metabolites, and oligonucleotides/
DNA rather than intact microorganisms was sufficient to restore
normal bowel habits and eliminate symptoms (173). This finding
suggests that bacterial components, metabolites, or phages mediate
many of the effects of FMT, and that FFT may be an alternative,
especially in immunocompromised patients. In addition, another
study proposed for the first time that washed microbiota
transplantation (WMT) is safer, more precise, and quality-controllable
than manual crude FMT (174). Overall, follow-up studies on fecal
transplantation should focus on further strengthening its safety under
the premise of ensuring efficacy. Modifying and optimizing the
intestinal flora before transplantation is necessary, and it will
be beneficial to improve the efficacy of intestinal flora transplantation
and reduce the occurrence of adverse events.

4.3. Lifestyle interventions

An unreasonable lifestyle is one of the main factors leading to the
high incidence of modern metabolic diseases (175, 176). Lifestyle
interventions, including physical activity and healthy eating habits,
have the aim of controlling weight and reducing the risk factors related
to metabolic diseases (177). Studies have reported that a lack of
physical activity and unhealthy diet are likely to lead to diabetes and

significantly increase the risk of major cardiovascular events (178,
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179). This emphasizes the importance of lifestyle changes. No matter
the current metabolic state, maintaining a healthy lifestyle can reduce
the risk of developing metabolic diseases.

4.3.1. Reasonable exercise

Exercise increases the body’s metabolism and regulates the
function of the body’s organs (180), and has been regarded as a
treatment prescription for metabolic diseases (181). In a clinical study,
sustained moderate exercise increased insulin signaling, decreased
lipogenesis and weight loss, and reversed the risk factors for metabolic
syndrome (182). A randomized controlled trial found that exercise
improved metabolic profile and insulin sensitivity, reduced abdominal
fat, and maintained liver fat, blood sugar, and cardiorespiratory fitness
in patients with type 2 diabetes (183, 184).

A growing body of research has focused on the use of exercise to
treat metabolic diseases by improving the gut barrier. In a six-month
exercise training study on 30 T2D patients, long-term exercise was
found to reduce gut permeability, improve systemic hypoglycaemia
and inflammation, and control diabetes (185). In addition, exercise
has been shown to reduce HFD-induced obesity and intestinal barrier
damage by modulating lipid metabolism (186) or activating the
AMPK/CDX2 signaling pathway (187). This suggests a potential
mechanism by which long-term exercise can improve gut barrier
integrity (188). Furthermore, the function of exercise in the gut barrier
is mainly dependent on the modulation of intestinal epithelial cell
function and gut microbiota. For example, exercise can upregulate the
expression of claudin-1 and occludin proteins, suggesting that exercise
may regulate barrier integrity through tight junctions (189). Moreover,
exercise can increase the number of beneficial microbial species,
enrich the diversity of microbial communities, promote the
development of commensal bacteria, and remodel the gut microbial
ecosystem, thus protecting the gut barrier, preventing the
dysregulation of the gut-liver axis, and reducing circulating LPS levels,
thereby helping to relieve chronic inflammation (190, 191).

Although exercise is widely promoted as a healthy habit in
contemporary society, excessive exercise represents a significant
health concern. Studies have shown that excessive exercise often leads
to impaired intestinal epithelial barrier integrity and gastrointestinal
disease. Thus, determining the optimal exercise dose with which to
manage metabolic diseases is vital. Recent studies suggest that
metabolic disease can be improved significantly by 30min of
moderate-intensity cardio once a week (192). Therefore, an
appropriate amount of exercise is suggested, especially in patients with
metabolic diseases. Recent clinical trials have found that dietary
exercise programs have shown positive effects. Notably, high-intensity
interval training (HIIT) with time-restricted eating (TRE) improves
cardiometabolic health in at-risk populations (193). In addition, with
plant extracts of polyphenols, glycaemic control improves the
oxidative capacity of skeletal muscle and intestinal mucosal function
(194). Hence, there is an urgent need for more clinical trials on the
delivery of rhythm-exercise diet interventions to investigate the long-
term effects and feasibility of these interventions over longer durations.

4.3.2. Diet composition adjustment

Unhealthy dietary patterns can lead to hyperinsulinaemia, insulin
resistance, dyslipidaemia, low-grade systemic inflammation, and
endotoxemia. These pathological processes are closely related to
metabolic diseases, such as obesity, type 2 diabetes, hyperlipidaemia,
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cardiovascular disease, and non-alcoholic fatty liver disease (195).
Furthermore, unhealthy dietary patterns promote altered gut function,
leading to gut barrier dysfunction, increased permeability, and
microbiota dysbiosis (196). Many population-based dietary
intervention studies have found that metabolic diseases can
be improved by optimizing the dietary structure and components,
such as polyphenol-rich diets, increasing dietary fiber, specific vitamin
supplements, and energy-restricted diets, which depend on improving
intestinal barrier function (197). In the following, we will take a closer
look at these diets and intestinal barrier function.

Polyphenols are a well-known class of bioactive compounds that
are widely distributed in the plant kingdom and are abundant in plant-
based and plant-derived foods. The biological activity of polyphenols
has been studied using various in vitro and in vivo experimental
models. These studies have shown their potential to help maintain
health and prevent, delay, or reduce the number of chronic diseases
(198). The biological functions of polyphenols include antioxidant,
anti-inflammatory, and immunomodulatory activities at the intestinal
and systemic levels (199). A study of life interventions in elderly
subjects found that a diet rich in polyphenols can reduce serum
zonulin levels and improve intestinal permeability. Although the
precise molecular mechanism is not fully understood, polyphenols
can, directly and indirectly, act on different levels of the intestinal
barrier by regulating tight junction function, the production of
numerous inflammatory cytokines, and the activation of antioxidant
genes. This mechanism may improve the intestinal barrier by
increasing the expression of tight junction proteins (ZO-1 and
occludin) and mucin, and balancing the immune response interaction
in the colon (200, 201). In addition, polyphenols undergo extensive
alterations in the gut microbiota, thus affecting the gut microbial
ecosystem (201, 202). In conclusion, these findings preliminarily
reveal the complex relationship between dietary supplementation with
polyphenols, intestinal barrier function, and metabolic diseases. The
molecular pathways underlying this function using an integrated
multi-omics approach (food components, microbiota, gut proteomics,
and metabolomics) provide a theoretical basis for future population
studies on polyphenol diets (203). In this context, further population
studies will be needed to optimize the formulation of personalized
polyphenol dietary interventions.

Dietary fiber contains various plant-based compounds that are
not fully digested in the human gut, including insoluble fibers, such as
cellulose, hemicellulose, and lignin, and soluble fibers, such as pectin,
beta-glucan, and hydrocolloids (204). Dietary fiber is a crucial
component of the diet. A meta-analysis of randomized controlled
trials found that intake of soluble fiber supplements was effective in
controlling blood glucose and improving insulin resistance and BMI
levels in patients with type 2 diabetes (205). Results of the large-scale
NutriNet-Santé prospective cohort study (2009-2019) showed that
dietary fiber intake was inversely associated with the risk of mortality
from several chronic diseases (cardiovascular disease, cancer, type 2
diabetes) (206). Studies have shown that chronic or intermittent
dietary fiber deficiency can lead to the erosion of the colonic mucus
barrier and intestinal barrier dysfunction (207, 208). Dietary fiber
treatment can increase the thickness of mucus and the number and
function of goblet cells (23), and prevent the increase of mucus
permeabilityreduce mucus thickness, inflammation, and intestinal
damage in mice (209), thereby strengthening the intestinal barrier
(210). Specifically, fiber supplements have been found to improve the
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intestinal barrier of C57BL/6 and Ldlr'~ mice by increasing the
colonic mucin layer, reducing systemic inflammation, and significantly
reducing WD-induced metabolic disease. In addition, a high-fiber diet
can improve intestinal barrier function by regulating immune
regulatory cells and increasing intestinal tight junction proteins,
thereby reducing the development of autoimmune hepatitis (211). In
addition, dietary fiber intervention correlates with host gut microbiota.
While identifying beneficial bacterial strains, dietary fiber reshapes
the gut microbiome in metabolic diseases according to the preference
of bacteria that use the specific and ingested dietary fiber (212). For
example, the beneficial effect of dietary fiber on T2D is achieved by
increasing butyrate levels and the abundance of beneficial bacteria
(Lachnobacterium, Parabacteroides, Faecalibacterium, Akkermansia,
some butyrate-producing bacteria and SCFA-producing strains) (213),
while also reducing 12a-hydroxylation Production of bile acids,
acylcarnitines, and metabolically harmful compounds such as indole
and hydrogen sulfide (214). Thus, additional well-studied types and
sources of dietary fiber are needed to determine the role of metabolic
diseases and how dietary fiber diets become precision nutrition and
metabolic disease treatment strategies by design.

Vitamin consumption through diet is crucial for controlling a
variety of physiological functions, including metabolism. The
intestinal tract is the primary absorption site for vitamins A, D, E, and
K in the human diet (215).According to research, vitamins A and D
may have an impact on the onset of obesity, type 2 diabetes, liver
steatosis, and steatohepatitis (216, 217). Additionally, there is growing
proof that intestinal barrier function will be harmed by vitamin deficit
or excess (218). The topic of enhancing the intestinal barrier with
vitamin supplements to treat metabolic illnesses will be covered next
(219). First, the study discovered that by increasing tight junction
protein expression, vitamins A and D can enhance intestinal barrier
function (220-222). Specifically, vitamin A and vitamin D can
strengthen the intestinal epithelial barrier function by stabilizing the
mucosal immune system, thus affecting the process of intestinal
inflammation (223). Additionally, the administration of vitamin A and
vitamin D can influence intestinal microflora, including elevating the
number of helpful bacteria (like Clostridaceae) and lowering the
number of pathogenic bacteria (like Streptococcaceae) (224), which
can also improve the relevant metabolites of the intestinal microflora,
like elevating the production of SCFA (225), which can effectively
improve metabolic diseases and restore the intestinal barrier function.
Recent research has also demonstrated the ability of VB12 oral
supplement to participate in the epigenetic modification of intestinal
barrier genes, limit the colonization of harmful bacteria, and
coordinate the functions of ileal epithelial cells iEC) and intestinal
microbiota (226). Although vitamins have a substantial causal role in
metabolic disorders, further research is needed on how specific
vitamin intake and type (whether in excess or deficiency) affect the
gut barrier, gut bacteria, and the potential to treat metabolic disease.

Investigating the effects of dietary energy restriction (ER) is an
active area of research. Dietary ER protocols involve dietary regimens
associated with limiting the total daily energy intake or allocating
energy intake to specific periods of the day. Dietary ER has been
shown to be feasible and effective for weight loss, as well as for the
treatment of other metabolic diseases by improving insulin sensitivity
and inflammatory markers (227). In addition, one study found that
the expression of the tight junction markers claudin-2 and zonula
occludens-1 was elevated in the colon of mice in the ER-treated group,
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suggesting that ER may treat metabolic diseases by regulating the
intestinal barrier (228, 229). It should not be overlooked that both
energy and protein deficiencies may contribute to age-related bone
loss, and patients with osteopenia or osteoporosis must exercise
caution when implementing severe energy restrictions (230, 231). In
addition, although energy-restricted diets are effective in weight loss,
they are difficult to maintain after the resumption of feeding. Studies
have found crosstalk between microbiota and bile acids in weight
regain and the addition of Parabacteroides distasonis, a potential
probiotic that could prevent rapid weight gain after calorie restriction
diets (232). Further research into dieting and weight regain in humans
is therefore necessary to develop nutritional supplements to replace
the beneficial bacteria that individuals lose and reduce the incidence
of malnutrition.

4.3.3. The spatiotemporal regulation of the diet

High-frequency excessive food intake and an irregular diet often
lead to metabolic diseases, intestinal barrier damage and intestinal
dysfunction (233). Studies have found that dietary content and rhythm
regulate transcription in the intestinal epithelial cells. Changes in the
timing or content of feeding can lead to intestinal epithelial cell
homeostasis and disrupt intestinal barrier function (234). Multiple
trials in adult populations worldwide have examined the efficacy of
various dietary timing regimens, including time-restricted eating,
short-term fasting, and intermittent fasting. Time-restricted eating
involves shortening the eating window to a pre-specified number of
hours per day (6 to 10h) and fasting for several hours the remainder
of the time without changing diet quality and quantity (235). Time-
restricted eating improves insulin sensitivity, beta-cell responsiveness,
blood pressure, oxidative stress, and appetite (236). Clinical studies
have found that time-restricted eating reduces the risk of metabolic
diseases in healthy individuals when treating metabolic syndrome
(237). For instance, time-restricted eating can lower HbAlc levels in
individuals with diabetes, which enables achieving blood sugar control
and weight loss (238). A previous study found that a 12-week time-
restricted eating intervention in 19 subjects with metabolic syndrome
improved cardiometabolic health in treating metabolic syndrome
(237). Abnormal feeding timing and increased gut permeability are
associated with obesity, which in turn modulates feeding rhythms and
improves gut barrier function, providing new opportunities to combat
metabolic dysfunction (239).

Recent studies have found that dietary rhythms can regulate the
bi-directional interaction between the intestinal circadian clock, gut
microbiota, and host metabolic system, and enhance the circadian
rhythm of adipocytes to improve metabolism (240). In addition,
studies on short-term fasting have found that it can protect the
viability of small intestinal stem cells in the small intestine of mice and
actas a barrier (241, 242). A recent study found that food stimulation
activation-induced expression of the neuropeptide vasoactive
intestinal peptide significantly enhanced IL-22 production and
epithelial barrier function (243). Intermittent eating with moderate
rhythm balances the body’s energy intake, regulates intestinal
homeostasis, and improves the intestinal barrier through food
stimulation and rhythm. In conclusion, regulating feeding timing may
improve metabolic diseases through gut barrier function. Although
the underlying mechanism has not been fully elucidated, animal
experiments have yielded impressive data on the prevention or
reversal of obesity-related metabolic diseases. Therefore, more
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rigorous human studies are needed to assess the efficacy, mechanisms,
and sustainability of the meal-timing modulation of the gut barrier in
a wide range of populations and diseases. It has been suggested that
time-restricted eating may improve the efficacy of pharmacological
treatment. Therefore, further population studies should be conduced
in the future to explore how time-restricted eating can improve the
pathways associated with metabolic diseases.

4.4. Metabolic surgery

Bariatric surgery is an effective treatment for patients with
metabolic disorders and includes gastric bypass (RYGB) and sleeve
gastrectomy (SG), the two most commonly performed procedures
(244). These account for 76% of the procedures currently performed
in bariatric surgery. They have shown surprising efficacy in
improving hyperglycaemia, insulin sensitivity, hyperlipidaemia, and
steatosis in patients with metabolic diseases (245). As bariatric
surgery remodels the digestive tract, the specific mechanisms for the
treatment of metabolic disorders can be further explored in terms of
gut function (246-248). A study on SG in morbidly obese patients
found that the procedure can significantly improve intestinal barrier
damage (249).

Specifically, metabolic surgery improved the intestinal barrier by
relying primarily on the increased expression of the intestinal
epithelial tight junction proteins ZO-1, occludin, and claudin-1 to
maintain intestinal epithelial cell proliferation and restore the physical
barrier of the intestine (250). This optimizes mucosal function,
increases submucosal thickness, and improves the intestinal mucosal
barrier. In addition, it increases the number of Paneth cells and the
depth of the crypt, alleviates the intestinal inflammatory response, and
enhances the intestinal immune barrier (251). In addition, bariatric
surgery can increase the intestinal secretion of molecules, such as
glucagon-like peptide 1 (GLP-1) (252) and glucagon-like peptide 2
(GLP-2) (253). Previous studies have shown that the intestinal
secretion of GLP-2 inhibits epithelial cell apoptosis and promotes cell
proliferation. In addition, GLP-1 can increase intestinal gland
secretion and mucin expression, protecting the intestinal barrier
(254). Therefore, we speculate that bariatric surgery may treat
metabolic diseases by enhancing intestinal barrier function by
increasing the secretion of GLP-1 and GLP-2 in the intestine (255).
Interestingly, the serum levels of bile acids, such as
tauroursodeoxycholic acid (TUDCA) and lithocholic acid (LCA),
increase after bariatric surgery (256, 257). LCA and TUDCA can
improve intestinal barrier function by reducing intestinal
inflammation, suggesting that bariatric surgery improves bile acid
metabolism and may further strengthen intestinal barrier function for
the treatment of metabolic diseases (258-260).

Existing research has focused on the management of metabolic
diseases through weight loss and energy restriction in bariatric
surgery. However, complications, such as protein malnutrition,
micronutrient deficiencies, and small intestinal bacterial overgrowth,
which can occur after bariatric surgery, should not be overlooked.
Therefore, metabolic disorders may be better managed through
supplemental pharmacological interventions and the development of
new surgical modalities. Further improvements in the intestinal
mucosa, enteric nervous system, hormonal responses, and intestinal
barrier function after gastric bypass surgery were achieved through
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supplementation with a-ketoglutarate (261). Compensatory antibody
responses may help reduce systemic inflammation by neutralizing the
immunogenic components of the intestine, thereby enhancing
intestinal barrier function after bariatric surgery. Therefore, the
modulation of the postoperative intestinal immune response is a
potential strategy. Further studies have shown that endoscopic sleeve
gastroplasty is a safer intervention that can result in significant weight
loss and reduced postoperative complications. Future research could
focus on improving the intestinal barrier to develop a more rational
approach to bariatric surgery by restoring intestinal barrier function
in patients with metabolic diseases, reducing chronic inflammation
both in the gut and systemically, and improving the secretion of
hormones, such as GLP-1, in the gut. Serum metabolomics and
proteomics should also be used to search for key effectors to reveal the

10.3389/fnut.2023.1120168

role of gut barrier-targeted bariatric surgery in the treatment of
metabolic diseases, such as improved host metabolic disorders, insulin
sensitivity, and adipokine secretion, as well as to develop effective
postoperative interventional agents to further reduce the incidence of
postoperative complications (Figure 3).

5. Conclusion

At present, the burden of metabolic diseases, particularly
diabetes mellitus, obesity, and NAFLD, is increasing globally.
However, there are limited means and efficacy for the treatment of
these metabolic diseases. Recent studies have shown that multiple
factors in metabolic diseases affect gut barrier function, wherein
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the impairment of the gut barrier can further exacerbate metabolic
disease progression and severity. New therapeutic strategies for
manipulating the gut barrier, including drugs, probiotics, diet, or
natural products, have been tested clinically and in various
diseases, repairing gut barrier dysfunction in many cases. In
particular, rational medication coupled with lifestyle interventions
represents a safe and effective means to intervene early in chronic
metabolic diseases, and may have significant health benefits by
modulating the gut barrier. In summary, improving our
understanding of the relationship between the gut barrier and
metabolic disease can provide detailed mechanistic insights into
the pathogenesis and reveal possible pathways for the modulation
of disease prevention.

Thus, defining a “healthy” gut barrier and developing new
multi-omic technologies in the form of biomarkers and therapeutic
tools will significantly advance the research on metabolic diseases.
This will allow researchers to investigate the dynamic relationship
between metabolic diseases and intestinal barrier function and to
provide translational opportunities for therapeutic strategies for
metabolic diseases that use the intestinal barrier as a target organ,
including drug design, microbial transplantation, and science-
based lifestyle. Multi-omics studies can help us to understand the
gut barrier-metabolic disease axis and could lead to the
development of personalized medicine. Therefore, there is a need
to demonstrate causality in metabolic diseases, with a detailed
understanding of the gut barrier function, using transcriptomic,
proteomic, and metabolomic technologies. The gut barrier-
metabolic disease axis is an exciting area of exploration for
unraveling the mechanisms that support the therapeutic regulation
of metabolic diseases, and an in-depth understanding of these
complex systems can be used to develop new preventive and
therapeutic strategies.
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