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ABSTRACT

Background: Diabetic nephropathy (DN) is a severe microvascular complication of diabetes with a complex pathogenesis.
Methods: Recent studies were reviewed to explore the role of gut microbiota and its metabolites in DN development.

Results: Dysbiosis of gut bacteria contributes to pathological changes such as glomerular sclerosis and renal tubule injury.
Microbial metabolites are involved in DN through immune and inflammatory pathways.

Conclusions: Understanding the relationship between gut microbiota, its metabolites, and DN may offer potential implica-
tions for DN diagnosis, prevention, and treatment. Translating this knowledge into clinical practice presents challenges and

opportunities.

1 | Introduction

The latest data from International Diabetes Federation (IDF)
point to around 537 million adults aged 20-79 are living with
diabetes worldwide, equivalent to one in 10 people, and predict
that the number will increase 46% over 783 million by 2045 [1].
Worse still, the IDF's report on “Diabetes and Kidney Disease”
released in 2023 pointed out that the incidence of chronic kid-
ney disease caused by type 2 diabetes has increased by 74%
globally in the past 20years, with over 147 million people af-
fected by DN coming from China [2]. The incidence of DN is
high, the progression of the disease is hidden, and the decades-
long treatment process brings great economic burden to pa-
tients, which makes their quality of life decline, and eventually

leading to end-stage renal disease (ESRD). Furthermore, it
stands as the primary cause of mortality among individuals
afflicted with both type 1 and type 2 diabetes [3-6]. In fact,
the definition of DN is relatively vague, and it is difficult to
accurately define DN in epidemiology or clinical practice.
It is generally believed that the clinical manifestations of
DN are proteinuria, podocyte dedifferentiation, epithelial-
mesenchymal transformation, and elevated blood pressure [7].
Pathologic changes seen in DN are interstitial inflammation,
thickening of the tubular basement membrane, tubular atro-
phy, and interstitial fibrosis [8]. Current studies have found
that the pathogenesis of DN can be roughly divided into glu-
cose metabolism disorder, inflammation, oxidative stress and
RAAS system activation.
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Summary

« The disordered genera and species of intestinal mi-
crobe and their metabolites in diabetic nephropathy
reported in recent years are summarized.

« The latest strategy and treatment based on gut micro-
biota for preventing and treating diabetic nephropathy
are summarized and ingeminated.

« The crucial role of gut microbiota and its metabolites
in diabetic nephropathy is illustrated, providing new
ideas for DN treatment and alleviating the further de-
terioration of renal function.

Gut microbiota has been the focus of medical research in recent
years, and it plays an important role in physiology and disease
states, including obesity, diabetes, asthma, irritable bowel syn-
drome, cancer, cardiovascular disease, and aging [9-11]. Recent
studies have shown that the imbalance of gut microbiota may
be related to the occurrence and development of a variety of dis-
eases, including DN [12-16]. Among various microbiota phyla
in healthy adults, Firmicutes and Bacteroidetes dominate, ac-
counting for about 90% [17]. In the pathological state, the orig-
inal relatively stable balance of intestinal microorganisms is
destroyed, which may lead to endotoxins and pathogens passing
through the intestinal barrier, destroying the protective effect of
intestinal mucosa, allowing harmful substances that should be
confined in the intestinal cavity to enter the blood, triggering a
systemic inflammatory response, which is an important factor
in the occurrence of diabetes and its complications [18]. Gut mi-
crobiota of certain metabolic products, such as short chain fatty
acids (SCFAs), has been shown to maintain intestinal health and
regulate balance and plays an important role in the host. SCFAs
may not only improve insulin sensitivity but also reduce inflam-
matory responses, thus potentially having a positive impact on
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the prevention and treatment of DN. In addition, the gut micro-
biota also probably by regulating blood pressure and oxidative
stress levels, directly affects the health of the kidney [19].

After conducting an analysis of 151 papers with keywords such as
“gut microbiota” and “DN” over the past 5years, all relevant re-
cords were extracted and imported into VOSviewer (version 1.6.16)
for bibliometric analysis. The findings are presented in Figure 1.
The research primarily focuses on the relationship between gut
microbiota, kidney disease, and biomarkers, suggesting a potential
link between the dysbiosis of gut microbiota and the occurrence
and progression of DN. Here, we review recent clinical trials, an-
imal studies, and multiple potential biomarkers including protein
biomarkers, proteomics, metabolomics, and transcriptomics to
summarize current research on the role of gut microbiota and mi-
crobial metabolites in DN progression (Tables 1 and 2).

2 | Intestinal Changes in Diabetic Nephropathy
2.1 | Changes in the Intestinal Barrier

The host is protected from harmful toxins and pathogens in
the environment by the intestinal barrier [53]. Pathologically,
oxidative stress, hypoxia, and excessive bacterial presence can
increase the permeability of the intestinal barrier, leading to
abnormal pathological phenomena [54]. The occurrence and
progression of kidney diseases are often accompanied by the im-
balance of gut microbiota, which results in diarrhea and other
symptoms [55]. When the intestinal barrier is destroyed, harm-
ful substances would enter the systemic circulation ectopically
in DN patients [56, 57]. Recent studies revealed DN is associated
with the loss of apical junction complex, specifically occludin
and claudin-1; this may be caused by reduced renal filtration in
DN patients and increased ammonia reabsorption due to large
amounts of urea hydrolysis [58, 59].
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FIGURE1 | Visualization of keyword networks by using VOSviewer.
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TABLE 2 | Microbial metabolites, their producers, and their role in the pathogenesis of DN.

Metabolite Microbial species (Genus)

Role of metabolite in DN pathogenesis

Short-chain fatty acids
Clostridium, Bifidobacterium

Bile acids (BAs) Bacteroides, Lactobacillus,
Bifidobacterium

Lipopolysaccharide Escherichia

Branched-chain amino Prevotella

acids (BCAAs)

Indole, indoxyl sulfate Bacteroides, Klebsiella

Lactobacillus

Lactic acid

Uremic toxins Enterococcus

Faecalibacterium, Ruminococcus,

Enhance gut barrier function, reduce
inflammation and oxidative stress, potentially
delaying DN progression [21, 22, 27, 45, 46|

Influence lipid metabolism and inflammation; may
regulate kidney fibrosis and progression of DN
through FXR/GPR receptor pathways [21, 27, 47|

Induce systemic inflammation through TLR4/
NF-xB pathway, aggravating DN-related
inflammation and injury [42, 44|

BCAAs are associated with insulin resistance, potentially
exacerbating DN and kidney dysfunction [48, 49]

Activate aryl hydrocarbon receptor (AhR),
contributing to renal inflammation and fibrosis,
worsening DN progression [47, 50]

Exhibits anti-inflammatory effects, potentially
improving DN by stabilizing gut microbiota and
modulating immune responses [42, 51]

Induce systemic inflammation and renal fibrosis,
exacerbating DN pathology [38, 52]

Urea enters the intestinal lumen from systemic circulation and
hydrolyzes into alkaline ammonium hydroxide, which might ag-
gravate intestinal mucosal injury [60]. Lipopolysaccharide (LPS),
present in the majority of microorganisms cell walls, plays a cru-
cial role in intestinal barrier breakdown [61]. Recently, Kajiwara
et al. proposed that TLR2/4 could induce nephropathy in dia-
betic mice through Porphyromonas gingivalis lipopolysaccha-
ride (Pg-LPS) [62]. In addition, Wada et al. and Kim et al. have
shown that blocking TLR2/TLR4-NLRP3 pathway activation re-
duces urinary albumin excretion and improves diabetes [63, 64].
Moreover, Indoxyl, p-cresyl sulfate, and cresol may also contrib-
ute to the systemic exacerbation of DN due to disruption of the
intestinal barrier [65, 66].

The function of the intestinal barrier is not limited to physical
isolation, but also includes multiple functions such as immune
regulation and nutrient absorption [67]. Studies have found that
damage to the intestinal barrier may lead to further deteriora-
tion of kidney function, and this bidirectional regulatory mecha-
nism emphasizes the interaction between the gut and the kidney
[55]. In addition, damage to the intestinal barrier may also trig-
ger systemic inflammation, further increasing the burden on the
kidney. For example, acute pancreatitis can lead to damage to
the intestinal barrier, leading to multiple organ dysfunction [68].
Therefore, protection of the intestinal barrier not only contrib-
utes to intestinal health, but also has a positive effect on kidney
function recovery.

2.2 | The Gut-Kidney Axis in DN

The concept of the gut-kidney axis is believed to have been ini-
tially proposed by Ritz at the 2011 Dialysis Congress. This pro-
posal was based on the discovery that the level of endotoxin

translocated from the gut to the bloodstream in hemodialysis
patients is linked to frequent episodes of hypotension and car-
diac paralysis during dialysis [69]. Ritz termed this phenomenon
“enterorenal syndrome.” Additionally, it has been suggested that
Meijers and Evenepoel further refined the concept [70], associ-
ating it with the progression of end-stage renal disease (ESRD)
and chronic kidney disease (CKD). In the same year, Stef et al.
proposed that this theory could be applied to treat conditions
associated with elevated calcium oxalate (CaOx) levels.

The gut-kidney axis is a complex and delicate system, in which
the gut microbiota interact with the kidney, and the pathological
state will change accordingly. Dysregulation of gut microbiota is
recently considered to be one of the important factors contrib-
uting to kidney disease, particularly in the context of acute kid-
ney injury (AKI) and CKD [71]. The diversity and community
intestinal microbiota in various categories are intricately asso-
ciated with the development of DN. The intestinal microbiota
of patients with DN has undergone significant changes, among
which the changes in the number and types of microorganisms,
such as Escherichia coli, Bifidobacteria, Lactobacillus, yeast, and
Eubacteria, are related to the increased risk of DN [42, 47, 72].
With the development of DN, the diversity of intestinal microbi-
ota in patients will also begin to be imbalanced [20]. In addition,
studies have demonstrated that specific microbial metabolites
can influence the progression of kidney disease by affecting renal
hemodynamics and inflammation [73]. Moreover, there is a dif-
ference between type 1 and type 2 diabetes, in which the bacteria
have a specific relationship with DN [44]. Tao et al. demonstrated
the presence of the gut-kidney axis in 42 patients, and could an-
alyze whether patients developed DN through identification of
gut microbiota [43]. Many studies have confirmed that the gut-
kidney axis is a bidirectional process; this interaction may af-
fect kidney function and response to injury [74]. For example,
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changes in the gut microbiota can lead to increased kidney in-
flammation, thus affecting the prognosis of the kidney [75]. In
addition, uremic toxins produced by the gut microbiota, such as
trimethylamine N-oxide (TMAO) and advanced glycation end
products (AGEs), are strongly associated with the progression of
kidney disease [76]. The accumulation of these toxins not only
aggravates the kidney injury, but also may form a vicious cycle
by affecting the composition of intestinal microbiota [77]. SCFAs
are the main energy source of intestinal epithelium. Intestinal
ecological disorder can reduce the production of SCFAs, increase
the fermentation of proteolytic bacteria, produce urinary toxins,
and exert their nephrotoxic effect [78, 79]. In contrast, amino
acid end products are converted to urea in the liver, which is
excreted from the colon due to decreased renal clearance. This
will induce the multiplication of urea bacteria and aggravate the
intestinal imbalance [80, 81]. Most studies on the gut-kidney axis
have focused on drugs; probiotics, traditional Chinese medicines,
and biological extracts have shown the ability to reduce DN via
the gut-kidney axis [41, 82-86]. Future research on the mecha-
nism and more details is expected to reveal the mystery of the
gut-kidney axis more accurately and intensively.

2.3 | Changes of Gut Microbiota in DN

Changes in intestinal permeability and the gut-kidney axis re-
sult in dysregulation of gut microbiota. In fact, changes in the
gut microbiota may also be related to factors such as diet, life-
style, and drug use in people with diabetes. By eliminating the
influence of interfering factors as much as possible, and by an-
alyzing the structural changes of gut microbes, we can better
guide diabetic patients to make diet and lifestyle adjustments,
as well as rational choices of drugs. In the latest study, both Lu
and Zhang et al. observed differences in gut microbiota between
diabetic patients (DM) and DN patients without kidney dam-
age. At the genus level, there was a significant increase in the
abundance of Romboutsia, Faecalibacterium, Acidaminococcus,
Megasphaera, and Sutterella in the DM group. In contrast, the
abundance of Christensenella, Clostridium-XIVa, Eisenbergiella,
Fusobacterium, Parabacteroides, Ruminococcus_gnavus, flavone
factors, and Clostridium-XVIII in the DN group was significantly
increased [21, 22]. Thus, the changes of DN and microbiota are
inseparable, leading to alteration in the gut environment that
affects gut barrier function and immune response.

We investigated 151 studies over the past 5years and systemat-
ically collated and summarized changes in the composition of
intestinal microorganisms in DN based on human and rat re-
search (Table 1). At the generic level, the up-regulated bacteria
in DN are Akkermansia, Bacteroides, Clostridium, Escherichia-
Shigella, Megasphaera, and Ruminococcaceae, etc. [23, 24,
31-34, 39, 43]. However, the down-regulated bacterial groups
in DN at the genus level included Anaerostipes, Clostridium sp.
CAG_768, Muribaculaceae, Roseburia, etc. [24, 25, 31, 35]. This
indicates that there are significant differences in the structural
characteristics of the gut microbiota in DN patients compared
with healthy people. Such changes may affect intestinal barrier
function and immune responses. In the context of gut micro-
biota presenting us with myriad possibilities, it is imperative
to acknowledge that current research in this area remains at

a nascent stage, characterized by numerous influencing vari-
ables and potential contradictory findings upon investigation.
There is some debate about the variation in the microbiota of
Actinobacteria, Akkermansia, Lactobacillus, Lachnoclostridium
and Ruminococcaceae (24, 26, 32, 35, 47|. The upregulation and
downregulation findings are inconsistent, which we infer is due
to the fluctuation in species and diet. In view of the changes in
gut microbiota, we believe that researchers can then use antibi-
otics to intervene in the structure of gut microbiota and observe
the changes in metabolism and immune function of DN patients.

2.4 | The Role of Microbial Metabolites in DN
2.4.1 | Short-Chain Fatty Acid

The intestinal microbiota metabolite short-chain fatty acids
(SCFAs) can be used as energy sources absorbed through the
colon mucosa [87-89]. In DN, SCFAs function after synthesis by
activating transmembrane G-protein-coupled receptors (GPCRS)
of GPR41 and GPR43 or inhibiting histone deacetylation
(HDAC) directly in host cells [90]. Meanwhile, dietary fiber has
been shown to prevent DN by activating GPR43 and GPR109A
through SCFAs [91]. In the study by Zhou et al., butyrate-induced
histone lysine butyration was found to prevent proteinuria and
renal failure, as well as inhibit renal inflammation and fibro-
sis [92]. It has been found that exogenous supplementation of
SCFAs and monocyte chemotactic protein-1 (MCP-1) can inhibit
the expansion of mesangial cell lines, the production of reactive
oxygen species (ROS) and the expression of pro-inflammatory
cytokines, thereby improving renal fibrosis [93]. On the other
hand, by inhibiting GPR43-mediated NF-xB signaling and ROS,
butyrate supplementation significantly improved hyperglyce-
mia, improved renal function, and inhibited renal fibrosis in DN
mice induced by high-fat diet (HFD) and streptozotocin (STZ)
[51]. Therefore, it is particularly important to further study the
specific mechanism of action of SCFAs in the kidney.

2.4.2 | Trimethylamine-N-Oxide

TMAQO is a small organic compound that has gained significant
attention in recent years due to its role as a risk factor for var-
ious chronic diseases, such as CKD, type 2 diabetes, and can-
cer [94, 95]. TMAO originates from the metabolism of dietary
nutrients, including choline, carnitine, and betaine, which are
converted into trimethylamine (TMA) by gut microbiota [96].
TMA is then absorbed into the bloodstream and transported to
the liver, where it is oxidized into TMAO by flavin monooxygen-
ases (FMOs) [97]. This process highlights the critical role of both
diet and gut microbiota in TMAO generation.

TMA is an important intestinal metabolite, and in vitro studies
have identified six microbial groups of 79 strains associated with
TMA/TMAO production, including Anaerococcus hydrogenalis
DSM 7454, Clostridium hathewayi DSM 13749, Edwardsiella
tarda ATCC 23685, and Proteus penneri ATCC 35198 [94, 98].
Highlevels of TMAO are linked to altered gut microbiota compo-
sition, such as an increase in Firmicutes relative to Bacteroides
and lower overall microbial diversity [97].
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The kidneys control the clearance of TMAO under normal
physiological conditions [99, 100]. TMAO-mediated inflamma-
tion has become recognized as a significant risk factor for CKD
progression. For example, Zhang et al. demonstrated that high
TMAO concentrations promote vascular calcification in CKD
rats by activating the NLRP3 inflammasome and NF-xB sig-
naling pathways [99]. Emerging evidence suggests that TMAO
is closely linked to the progression of DN. Yu et al. found that
a disturbed gut microbiota, increased TMAO levels, and de-
creased eGFR form a negative feedback loop, leading to renal
function deterioration [101]. Furthermore, TMAOQ's involvement
in inflammation and its inverse relationship with eGFR make it
a potential biomarker for detecting DN at an earlier stage [102].
This biomarker role could improve diagnostic accuracy and help
guide future studies aiming to delay DN progression through
targeted therapies.

While TMAO has well-documented pro-atherogenic and pro-
thrombotic properties, its role in DN may involve alterations
in macrophages and platelets, both of which are key players in
the pathophysiology of DN [103, 104]. Macrophages are cen-
tral to the inflammatory responses in DN, contributing to both
chronic inflammation and fibrosis in the kidney. Studies have
shown that TMAO can activate inflammatory signaling path-
ways, such as NF-xB and NLRP3 inflammasome, which may
indirectly promote macrophage activation in the renal microen-
vironment [105]. This activation could exacerbate renal damage
through the release of pro-inflammatory cytokines and profi-
brotic factors [106].

In addition, TMAO's pro-thrombotic effects may influence
platelet activity, which is often dysregulated in diabetes [107].
Platelet hyperactivation is known to contribute to microvascular
complications in DN by promoting glomerular injury and mi-
crothrombosis [108]. While the direct role of TMAO in platelet-
mediated damage in DN has not been fully elucidated, its
established effects on platelet reactivity and clot formation sug-
gest that it could exacerbate microvascular injury in the diabetic
kidney [107]. Future studies are needed to further explore these
mechanisms and clarify their relevance to DN progression.

2.4.3 | Bile Acids

Bile acids (BAs) refer to a large group of cholic acids that exist in
the form of sodium or potassium salts in bile [109]. Metagenomic
analysis revealed that Firmicutes, Bacteroides, Lactobacillus,
Bifidobacterium, and Clostridium play a crucial role in the
formation of secondary BAs [45, 46]. In BAs, ursodeoxycholic
acid (UDCA) is formed by the 7o/ isomerization of chenode-
oxycholic acid (CDCA), which can be induced by Clostridium
absonum [110]. Hydroxyl groups on the 3, 7, or 12 rings are ox-
idized to produce BAs by bacteria with hydroxyl steroid dehy-
drogenase (HSDs), an enzyme found in the phyla Actinomyces,
Proteobacteria, Firmicutes, and Bacteroidetes [111].

Studies have shown that DN is associated with significant al-
terations in bile acid profiles. In DN patients, secondary bile
acids such as lithocholic acid (LCA) and deoxycholic acid (DCA)
are significantly elevated, whereas primary bile acids such as
chenodeoxycholic acid (CDCA) and cholic acid (CA) may be

reduced [112]. These alterations suggest gut microbiota dys-
biosis and altered bile acid metabolism in DN. Furthermore,
different bile acids exhibit differential effects on farlactone X re-
ceptor (FXR) and Takeda G protein-coupled Receptor 5 (TGRS5)
[113]. CDCA is the most potent agonist for FXR, while LCA and
DCA are known to strongly activate TGRS [114]. In contrast,
UDCA has relatively weaker effects on both receptors but may
still exert beneficial effects through other mechanisms, such as
anti-inflammatory properties [115]. BAs can activate several nu-
clear hormone receptors, notably FXR and TGR5 [116]. FXR is a
transcription factor that binds to promoter regions and initiates
the expression of multiple target genes [45]. BAs synthesis was
inhibited by FXR negative feedback [117]. Treatment of diabetic
DBA/2J and db/db mice with FXR/TGRS5 bisagonist Int-767 has
been found to improve proteinuria and prevent podocyte injury,
mesangial dilation, and tubulointerstitial fibrosis [116]. TGRS is
another bile acid response receptor that is involved in host me-
tabolism [118]. Recent studies indicate that LCA and DCA are
potent TGR5 activators, whereas CDCA strongly activates FXR
[113]. These interactions may explain the differential roles of
bile acids in DN.

The microbiome has the ability to modify bile acid receptors
FXR and TGRS, and targeting their interactions may offer a po-
tential pathway for treating DN.

2.4.4 | Lipopolysaccharide

LPS plays an important role in host-microbial interactions [119].
It has been suggested that LPS mediates renal tissue inflamma-
tion by activating TLR2 and TLR4-related pathways [120-122].
Subsequent studies demonstrated that LPS can bind to TLR to
promote the inflammatory cascade and cytokine expression,
activating through the MyD88/NF-xB pathway, up-regulating
the expression of tumor necrosis factor-a(TNF-a) and inter-
leukin IL-6, and down-regulating the expression of COX-2,
iNOS, pro-inflammatory cytokines, and nitric oxide [123, 124].
Repair of the LPS/TLR4/TRIF/NF-xB axis can significantly up-
regulate mRNA expression of tight junction proteins Claudin-1,
Occludin, and ZO-1, and reduce intestinal inflammation and
oxidative stress damage [125]. LPS can also cause insulin resis-
tance through TLR4 [126]. Binding of LPS to these cell receptors
enhances the inflammatory response and may lead to damage
and dysfunction of islet cells, affecting insulin secretion and
action [127]. It may also cause inflammation through systemic
circulation to the kidney, which becomes an important cause of
DN. To sum up, LPS plays a complex role in DN, but the current
research is not deep enough (Figure 2).

2.4.5 | Others

The metabolism of toxic products in gut microbiota is a complex
process involving many steps and enzymes. Under normal cir-
cumstances, the human body can form a metabolic network of
toxic products in gut microbiota [128]. However, when the intes-
tinal barrier is damaged or the intestinal microbiome is changed,
they will disrupt the stability and function of the intestinal tract
in patients with DN, affecting the overall health of the host.
Uremic Toxin is often called Protein-Bound uremic toxin because
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FIGURE 2 | Association of gut microbiota to influence DN development.

it binds to proteins and is not easily excreted. Available evidence
suggests that uremic toxins may increase due to increased abun-
dance of Enterobacteriaceae, Clostridiaceae, Pseudomonas, and
Bacteroideaceae, while decreased levels of Lactobacillaceae,
Bifidobacteriaceae, and Prevotellaceae [48, 49]. Related research
focuses on indoxyl sulfate (IS), which is produced by the fermen-
tation of tryptophan into indole, which is then produced by en-
dogenous oxidation and sulfonation [129]. IS is a ligand of the
aromatic receptor (AHR), which plays a key role in the regula-
tion of podocyte function [130]. Sustained activation of AHR can
lead to podocyte damage and accelerate renal fibrosis [131]. In
addition, IS can induce proinflammatory macrophage activation,
oxidative stress, and mitochondrial autophagy to promote kidney
injury [132-134]. The available evidence shows that the serum
IS level of DN mice induced by streptozotocin (STZ) is 4 times
higher than that of the control group [50]. But this is reversible.
Hou et al. demonstrated that sulfotransferase 1A1 could be used
as a target to inhibit the accumulation of IS in the kidney and
alleviate UO-induced renal fibrosis in mice [135].

H,S is produced by a variety of bacteria homologous to mamma-
lian cystatin @-synthase, cystatin y-lyase, and 3-MST enzymes,
as well as by sulfate-reducing and desulphurizing bacteria [136].
According to Kundu et al., H,S treatment reversed MMP-9-
induced renal remodeling in DN mice and increased the expression
of CBS and CSE [137]. H,S down-regulates the phosphorylation

A

Activation of
fibroblasts

Influence DN
progression

Increased

- permeability <y T

of p66Shc through sulfonation of Cys59 residues, thereby reduc-
ing the production of ROS [138]. Recent studies have shown that
H,,S recruits iNOS to produce NO, inhibits the expression of high
glucose-induced NADPH oxidase 4 (NOX4), and then inhibits ROS
by down-regulating adenosine monophosphate kinase-activated
protein kinase (AMPK) in renal cells [139].

In summary, uremic toxins and hydrogen sulfide in the gut have
an important impact on DN, not only in the pathogenesis of the
disease but possibly as part of treatment.

3 | Treatment of DN by Gut Microbiota
3.1 | Micro-Ecological Preparations
3.1.1 | Probiotics

For such a complex mechanism of the disease, a multi-faceted
approach to treatment needs to be considered to combat these
pathogenic mechanisms. Due to the operability of probiotics,
they are now used in DN research. Koshida et al. showed that the
progression of type 2 diabetes and DN is primarily influenced by
the accumulation of indoxyl sulfate and sulfate-to-cresol, while
the development of ESRD is influenced by these enteric-borne
uremic toxins [140]. Probiotics can compete with pathogens for
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limited replication sites, thereby excluding toxins, enhancing
mucosal barrier function, and enhancing epithelial cell integrity
[141]. In addition, the findings of Zhang et al. and Ghosh et al.
suggested that sustained supplementation with a single or mul-
tiple probiotics can improve renal metabolic markers in patients
with kidney disease, including reducing HBAlc, fasting blood
glucose, and microproteinuria/creatinine ratio, and reducing ad-
iponectin levels, which is conducive to improving insulin resis-
tance, increasing ghrelin concentration, and improving kidney
function [142, 143]. Amelia et al. demonstrated that the probiotic
Dadiah activates Sirtuin-1, reduces TNF-a to lower inflamma-
tion levels, and protects the kidneys in patients with DN [144].

3.1.2 | Prebiotics

Prebiotics can be broken down and absorbed by beneficial bac-
teria in the intestines, thereby promoting their growth and re-
production, such as Bifidobacterium and Lactobacillus [145],
improving intestinal immunity by regulating the intestinal mi-
croecological balance [146]. Meanwhile, prebiotics can promote
the decomposition of proteins, fats, and carbohydrates by ben-
eficial bacteria in the intestines, thereby improving the utiliza-
tion rate of nutrients [147]. Although commonly used prebiotics
include oligofructose and oligogalactose [148], our survey found
that most literature is focused on the application of polysac-
charides; plant and herbal extract polysaccharides can alleviate
tubular epithelial inflammation, cell apoptosis, and oxidative
stress, increase autophagy to treat DN [149-153]. Wu et al. be-
lieve that restoring the function of glomerular epithelial cells in
high-sugar-damaged kidneys is also one of the effective treat-
ment methods for DN [154].

3.1.3 | Synbiotics & Postbiotics

Both synbiotics and postbiotics are related to the gut micro-
biota and may play a significant role in the prevention and
treatment of DN [155]. Synbiotics, a combination of probiotics
and prebiotics, have a synergistic effect that can enhance the
maintenance of intestinal health by probiotics [156]. Baroni
et al. demonstrated that synbiotics supplementation led to sig-
nificant improvements in glycosylated hemoglobin (HbAlc),
fasting blood glucose (FPG), and insulin levels in diabetic pa-
tients [157]. In contrast, the study by Jayedi et al. showed only
modest reductions in HbAlc and FPG, failing to provide suffi-
cient evidence to support Synbiotics as a treatment for DN [158].
Postbiotics refer to bioactive metabolites produced by probiotics
during their growth and metabolism, including SCFAs, vita-
mins, antioxidants, etc. [159]. Although recent literature sug-
gests that postbiotics may offer therapeutic benefits for diabetes,
diabetic retinopathy, and inflammatory diseases [160-162]. In
animal experiments, Kim et al. demonstrated that the addition
of Lactiplantibacillus plantarum LRCC5314 reduced corticoste-
rone levels, increased SCFAs production, and improved insulin
sensitivity [163]. For all that, current studies do not provide suf-
ficient intuitive evidence of their effectiveness in improving out-
comes in patients with DN, such as intestinal symptoms, quality
of life, renal toxin levels, or kidney function [158, 161-164].
Further research is needed to explore the specific roles and ef-
fects of these substances in DN.

3.2 | Fecal Microbiota Transplantation

The fecal microbiota transplantation (FMT) has garnered significant
attention in the treatment of DN in recent years [165]. From the clini-
cal perspective, Shang et al. utilized 16S rRNA sequencing to analyze
the gut microbiome composition of DKD patients and subsequently
validated the findings in DN mice, demonstrating that FMT ther-
apy can mitigate DN by influencing the harmful pathogens [36]. In
animal experiments, Chen et al. orally administered fecal bacterial
extracellular vesicles (fBEVs) and demonstrated that the microbial
round outer membrane vesicles induced tubulointerstitial inflam-
mation and kidney injury by activating caspase-11 [166]. Similarly,
Bastos et al. have reported that they conducted FMT treatment on
BTBR®"/°® mice and arrived at similar conclusions, demonstrating
that FMT treatment can ameliorate insulin resistance and maintain
intestinal structural integrity in BTBR”°" mice [167]. Additionally,
the study by Lu et al. also provides evidence that FMT can effectively
enhance podocyte insulin sensitivity and alleviate tubulointerstitial
and glomerular damage [168]. Nonetheless, it is important to ac-
knowledge that fecal microbiota transplantation (FMT) continues
to encounter several challenges and issues. The standardization and
regulation of FMT demand urgent attention, and the indications and
contraindications require further elucidation. Moreover, the long-
term efficacy and safety of FMT necessitate additional research and
evaluation [165, 169]. Despite these challenges, FMT is considered to
hold significant promise for the treatment of DN.

3.3 | Dietary Fiber

The role of dietary fiber supplementation in the treatment of DN
has gradually attracted attention [91, 170, 171]. Dietary fiber refers
to carbohydrate polymers that cannot be hydrolyzed by human
digestive enzymes, and can be divided into two categories: solu-
ble dietary fiber (SDF) and insoluble dietary fiber (IDF) [172]. Wu
et al. found that dietary fiber supplemented with ingredients such
as novel pectin can prolong the residence time of food in the gut
and reduce the rate of glucose absorption, thus slowing the rise of
blood sugar after meals [173]. In addition, dietary fiber can also in-
crease insulin sensitivity and reduce insulin resistance [174]. Lin
et al. found in their study that SDF extracted from Hazelnut can
improve serum lipid parameters in rats on a high-fat diet, and can
also regulate intestinal SCFAs, significantly balance the abundance
of Lactobacillus, Roseburia, and Ruminococcaceae_UCG-005 [175].
According to the conclusion of Xu et al., dietary fiber can reduce
urinary protein excretion in patients with DN, reduce inflammatory
response, and relieve the burden on the kidney [176]. Tanes et al.
have demonstrated that dietary fiber plays a crucial role in main-
taining the composition of gut microbiota, enhancing intestinal
barrier function, and mitigating intestinal inflammation and oxida-
tive stress, potentially through its modulation of both carbon-based
and nitrogen-based metabolites [177]. Therefore, although the role
of dietary fiber in DN has been confirmed to a certain extent, there
are still many problems that need to be further explored (Figure 3).

3.4 | Other Treatments

In addition to the aforementioned treatment methods, there are nu-
merous novel extracts and methodologies utilizing gut microbiota
to impact DN. Wang et al. utilized Paricalcitol (PAR), a vitamin D
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FIGURE 3 | Current status of gut microbiota therapy for DN.

receptor (VDR) agonist, to demonstrate that VDR activation atten-
uates ferroptosis in DN proximal tubular epithelial cells (PTECs)
through modulation of the Nrf2/HO-1 signaling pathway [178]. This
suggests that VDR plays a beneficial role by inhibiting ferroptosis,
and future studies may use it as a target for drug therapy. Hirudin,
extracted from leeches, is considered by Tian et al. to possess anti-
coagulation, anti-fibrosis, anti-scorch death, and anti-inflammatory
properties, and to have a significant protective effect on DN [179].
Similarly, Wu et al. believed that Marine sulfate polysaccharide
(MSP) exhibits anticoagulation, regulation of glucose and lipid me-
tabolism, and antioxidant effects in vivo and in vitro [154].

In addition to the gut microbiota, some researchers have also fo-
cused on the viruses in the gut. Rasmussen et al. demonstrated
that transferring cecal virus communities from lean mice to high-
fat fed mice improved glucose tolerance and normalized blood
glucose levels, likely due to the antagonistic relationship between
phages and host bacteria [180]; further, Fan et al. noted that strong
virus-bacterial interactions in humans are disrupted in T2D and
DN, and the enterovirus community is mainly composed of bacte-
riophages (phages) that target bacteria and play a crucial role in DN
[181, 182]. In patients with DN, Bacteroides phage, Anoxybacillus
virus, and Brevibacillus phage were deficient, while Shigella phage
and Xylella phage were enriched [182]. The regulation of the gut
virome may also be a means to treat DN in the future.

4 | Conclusion and Prospects

Gut microbiota play an important role in the occurrence and devel-
opment of diabetic nephropathy. The structure and composition of
the gut microbiota were also altered in diabetic nephropathy pa-
tients. Disruption of the intestinal barrier causes bacteria to shift
and toxic substances to enter the bloodstream. The inflammatory
response and the production of SCFAs in the intestine are reduced,
and DN is aggravated through the enterorenal axis. These changes
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may be related to the changes of gut microbiota metabolites, which
further affect the health of the kidney. SCFAs, TMAO, BAs, and
LPS, as major metabolites, are involved in regulating insulin and
leptin secretion, insulin resistance, and cholesterol accumulation.
Based on this, interventions targeting gut microbiota can be for-
mulated, which may provide new ideas for the treatment of T2DM
and DN. For example, the rational application of probiotics, prebi-
otics, and other micro-ecological preparations, or exploring possi-
ble methods of FMT. It has certain clinical significance to help DN
patients regulate the gut microbiota environment to alleviate the
further deterioration of renal function.

Most current studies focus on metabolomic analysis of gut mi-
crobes, with the aim of finding evidence of a relationship be-
tween gut microbiota and DN [26, 44]. Some studies also reflect
the changes and correlations in different stages of DN progression
[21]. However, the limited sample size in clinical research has
led to a stagnation of progress within individual research circles,
hindering the advancement of precision medicine due to a lack
of connectivity and collaboration among studies. In order to de-
velop more accurate biomarkers that integrate kidney and gut mi-
crobiota, we are collecting kidney tissue and fecal tissue from DN
patients, hoping to bridge the gap between them. 16s rRNA V3
V4 variable region sequencing and Bulk RNA-seq were used to an-
alyze the transcriptional relationship between the microbiota and
the disease and to explain the possible pathogenic bacteria groups.
The aim is to explore the possibility of regulating the microbiota
for the treatment of DN in the future, to provide new strategies
and methods for the prevention and treatment of diabetic ne-
phropathy and to bring better therapeutic effects for patients.

Author Contributions

Jinzhou Liu: investigation, data curation, visualization, writing - origi-
nal draft. Min Guo: project administration, funding acquisition, software,

10 of 17

Journal of Diabetes, 2025



writing - review and editing. Xiaobin Yuan: conceptualization, method-
ology, resources. Xiao Fan: investigation. Jin Wang: funding acquisi-
tion, validation. Xiangying Jiao: funding acquisition, supervision.

Acknowledgments

This work is financially supported by the Shanxi Province Higher
Education “Billion Project” Science and Technology Guidance Project
(BYJL009), Open Access Fund from Shanxi Key Laboratory of Big Data
for Clinical Decision Research (2023-2), Fund Program for the Scientific
Activities of Selected Returned Overseas Professionals in Shanxi
Province (20240047), Natural Science Foundation of Shanxi Province
(202103021223232 and 202303021211120). The Figures 2 and 3 were
drawn by Figdraw (www.figdraw.com).

Disclosure

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data will be made available on request.

References

1. H. Sun, P. Saeedi, S. Karuranga, et al., “IDF Diabetes Atlas: Global,
Regional and Country-Level Diabetes Prevalence Estimates for 2021
and Projections for 2045,” Diabetes Research and Clinical Practice 183
(2022): 109119, https://doi.org/10.1016/j.diabres.2021.109119.

2. M. Bergman, M. Manco, I. Satman, et al., “International Diabetes
Federation Position Statement on the 1-Hour Post-Load Plasma Glucose
for the Diagnosis of Intermediate Hyperglycaemia and Type 2 Diabetes,”
Diabetes Research and Clinical Practice 209 (2024): 111589, https://doi.
0rg/10.1016/j.diabres.2024.111589.

3. M. C. Thomas, M. Brownlee, K. Susztak, et al., “Diabetic Kidney
Disease,” Nature Reviews Disease Primers 1, no. 1 (2015): 15018, https://
doi.org/10.1038/nrdp.2015.18.

4.J. Chen, Q. Zhang, J. Guo, et al.,, “Single-Cell Transcriptomics
Reveals the Ameliorative Effect of Rosmarinic Acid on Diabetic
Nephropathy-Induced Kidney Injury by Modulating Oxidative Stress
and Inflammation,” Acta Pharmaceutica Sinica B 14, no. 4 (2024): 1661-
1676, https://doi.org/10.1016/j.apsb.2024.01.003.

5. D.Zhong,J. Chen, R. Qiao, et al., “Genetic or Pharmacologic Blockade
of mPGES-2 Attenuates Renal Lipotoxicity and Diabetic Kidney Disease
by Targeting Rev-Erba/FABPS Signaling,” Cell Reports 43, no. 4 (2024):
114075, https://doi.org/10.1016/j.celrep.2024.114075.

6.X. Zhang, Z. Huo, X. Jia, et al., “(4+)-catechin Ameliorates Diabetic
Nephropathy Injury by Inhibiting Endoplasmic Reticulum Stress-
Related NLRP3-Mediated Inflammation,” Food & Function 15 (2024):
5450-5465, https://doi.org/10.1039/d3f005400d.

7.S. Thipsawat, “Early Detection of Diabetic Nephropathy in Patient
With Type 2 Diabetes Mellitus: A Review of the Literature,” Diabetes &
Vascular Disease Research 18, no. 6 (2021): 14791641211058856, https://
doi.org/10.1177/14791641211058856.

8. M. Akhtar, N. M. Taha, A. Nauman, I. B. Mujeeb, and A. D. M. H.
al-Nabet, “Diabetic Kidney Disease Past and Present,” Advances in
Anatomic Pathology 27, no. 2 (2020): 87-97, https://doi.org/10.1097/PAP.
0000000000000257.

9.Z. Ling, X. Liu, Y. Cheng, X. Yan, and S. Wu, “Gut Microbiota and
Aging,” Critical Reviews in Food Science and Nutrition 62, no. 13 (2020):
3509-3534, https://doi.org/10.1080/10408398.2020.1867054.

10. T. M. Cook and V. Mansuy-Aubert, “Communication Between the
Gut Microbiota and Peripheral Nervous System in Health and Chronic
Disease,” Gut Microbes 14, no. 1 (2022): 2068365, https://doi.org/10.
1080/19490976.2022.2068365.

11. W.-F. Zuo, Q. Pang, L.-P. Yao, et al., “Gut Microbiota: A Magical
Multifunctional Target Regulated by Medicine Food Homology
Species,” Journal of Advanced Research 52 (2023): 151-170, https://doi.
0rg/10.1016/j.jare.2023.05.011.

12. L. Yishu, D. Nan, and Z. Tianjiao, “Research Progress on the
Mechanism of Danhong Injection in Promoting Blood Circulation
and Removing Blood Stasis and Its Interaction with Commonly Used
Anticoagulants,” Shanghai Journal of Traditional Chinese Medicine 57,
no. 10 (2023): 68-75, https://doi.org/10.16305/j.1007-1334.2023.2212068.

13. L. Balint, C. Socaciu, A. I. Socaciu, et al., “Quantitative, Targeted
Analysis of Gut Microbiota Derived Metabolites Provides Novel
Biomarkers of Early Diabetic Kidney Disease in Type 2 Diabetes
Mellitus Patients,” Biomolecules 13, no. 7 (2023): 1086, https://doi.org/
10.3390/biom13071086.

14. W. Yu, J. Shang, R. Guo, et al., “The Gut Microbiome in Differential
Diagnosis of Diabetic Kidney Disease and Membranous Nephropathy,”
Renal Failure 42, no. 1 (2020): 1100-1110, https://doi.org/10.1080/08860
22x.2020.1837869.

15. C. Zhong, Z. Dai, L. Chai, et al., “The Change of Gut Microbiota-
Derived Short-Chain Fatty Acids in Diabetic Kidney Disease,” Journal
of Clinical Laboratory Analysis 35, no. 12 (2021): e24062, https://doi.org/
10.1002/jcla.24062.

16.J. E. Kim, H. Nam, J. Park, et al.,, “Gut Microbial Genes and
Metabolism for Methionine and Branched-Chain Amino Acids in
Diabetic Nephropathy,” Microbiology Spectrum 11, no. 2 (2023):
€02344-22, https://doi.org/10.1128/spectrum.02344-22.

17. M. Arumugam, J. Raes, E. Pelletier, et al., “Enterotypes of the
Human Gut Microbiome,” Nature 473, no. 7346 (2011): 174-180, https://
doi.org/10.1038/nature09944.

18. X.Su, W.Yu, A. Liu, et al., “San-Huang-Yi-Shen Capsule Ameliorates
Diabetic Nephropathy in Rats Through Modulating the Gut Microbiota
and Overall Metabolism,” Frontiers in Pharmacology 12 (2022): 808867,
https://doi.org/10.3389/fphar.2021.808867.

19. K. Jaye, C. G. Li, D. Chang, and D. J. Bhuyan, “The Role of Key Gut
Microbial Metabolites in the Development and Treatment of Cancer,”
Gut Microbes 14, no. 1 (2022): 2038865, https://doi.org/10.1080/19490
976.2022.2038865.

20. W. Yan, Y. Ge, L. Wang, Y. Wang, and D. He, “Causal Relationship
of Gut Microbiota With Diabetic Nephropathy: A Mendelian
Randomization Analysis,” Frontiers in Microbiology 14 (2024): 1281361,
https://doi.org/10.3389/fmicb.2023.1281361.

21.X. Lu, J. Ma, and R. Li, “Alterations of Gut Microbiota in Biopsy-
Proven Diabetic Nephropathy and a Long History of Diabetes Without
Kidney Damage,” Scientific Reports 13, no. 1 (2023): 12150, https://doi.
0rg/10.1038/s41598-023-39444-4.

22.L. Zhang, L. Qi-Yu, W. Hao, C. Yan-Li, K. Jing, and X. Zhong-Gao,
“The Intestinal Microbiota Composition in Early and Late Stages of
Diabetic Kidney Disease,” Microbiology Spectrum 11, no. 4 (2023):
€0038223, https://doi.org/10.1128/spectrum.00382-23.

23. W. Chen, M. Zhang, Y. Guo, et al., “The Profile and Function of Gut
Microbiota in Diabetic Nephropathy,” Diabetes, Metabolic Syndrome
and Obesity: Targets and Therapy 14 (2021): 4283-4296, https://doi.org/
10.2147/dmso0.S320169.

24.X. Du, J. Liu, Y. Xue, et al., “Alteration of Gut Microbial Profile in
Patients With Diabetic Nephropathy,” Endocrine 73, no. 1 (2021): 71-84,
https://doi.org/10.1007/s12020-021-02721-1.

25.Q. Yang, L. Deng, C. Feng, and J. Wen, “Comparing the Effects of
Empagliflozin and Liraglutide on Lipid Metabolism and Intestinal

11 of 17


http://www.figdraw.com
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2024.111589
https://doi.org/10.1016/j.diabres.2024.111589
https://doi.org/10.1038/nrdp.2015.18
https://doi.org/10.1038/nrdp.2015.18
https://doi.org/10.1016/j.apsb.2024.01.003
https://doi.org/10.1016/j.celrep.2024.114075
https://doi.org/10.1039/d3fo05400d
https://doi.org/10.1177/14791641211058856
https://doi.org/10.1177/14791641211058856
https://doi.org/10.1097/PAP.0000000000000257
https://doi.org/10.1097/PAP.0000000000000257
https://doi.org/10.1080/10408398.2020.1867054
https://doi.org/10.1080/19490976.2022.2068365
https://doi.org/10.1080/19490976.2022.2068365
https://doi.org/10.1016/j.jare.2023.05.011
https://doi.org/10.1016/j.jare.2023.05.011
https://doi.org/10.16305/j.1007-1334.2023.2212068
https://doi.org/10.3390/biom13071086
https://doi.org/10.3390/biom13071086
https://doi.org/10.1080/0886022x.2020.1837869
https://doi.org/10.1080/0886022x.2020.1837869
https://doi.org/10.1002/jcla.24062
https://doi.org/10.1002/jcla.24062
https://doi.org/10.1128/spectrum.02344-22
https://doi.org/10.1038/nature09944
https://doi.org/10.1038/nature09944
https://doi.org/10.3389/fphar.2021.808867
https://doi.org/10.1080/19490976.2022.2038865
https://doi.org/10.1080/19490976.2022.2038865
https://doi.org/10.3389/fmicb.2023.1281361
https://doi.org/10.1038/s41598-023-39444-4
https://doi.org/10.1038/s41598-023-39444-4
https://doi.org/10.1128/spectrum.00382-23
https://doi.org/10.2147/dmso.S320169
https://doi.org/10.2147/dmso.S320169
https://doi.org/10.1007/s12020-021-02721-1

Microflora in Diabetic Mice,” PeerJ 12 (2024): €17055, https://doi.org/
10.7717/peerj.17055.

26.Y. Jin, C. Han, D. Yang, and S. Gao, “Association Between Gut
Microbiota and Diabetic Nephropathy: A Mendelian Randomization
Study,” Frontiers in Microbiology 15 (2024): 1309871, https://doi.org/10.
3389/fmicb.2024.1309871.

27.Y.Fang,Y.Zhang, Q. Liu, Z. Zheng, C. Ren, and X. Zhang, “Assessing
the Causal Relationship Between Gut Microbiota and Diabetic
Nephropathy: Insights From Two-Sample Mendelian Randomization,”
Frontiers in Endocrinology 15 (2024): 1329954, https://doi.org/10.3389/
fendo.2024.1329954.

28.X. Lu, J. Ma, L. Guo, W. Wu, and R. Li, “Associations of Genetic
Variants Contributing to Gut Microbiota Composition in Diabetic
Nephropathy,” Frontiers in Endocrinology 14 (2023): 1264517, https://
doi.org/10.3389/fendo.2023.1264517.

29.X. He, J. Sun, C. Liu, et al., “Compositional Alterations of Gut
Microbiota in Patients With Diabetic Kidney Disease and Type 2
Diabetes Mellitus,” Diabetes, Metabolic Syndrome and Obesity: Targets
and Therapy 15 (2022): 755-765, https://doi.org/10.2147/dms0.S347805.

30. L.Zhang,Z. Wang, X. Zhang, et al., “Alterations of the Gut Microbiota
in Patients With Diabetic Nephropathy,” Microbiology Spectrum 10, no.
4(2022): 1-16, https://doi.org/10.1128/spectrum.00324-22.

31.X. Lyu, T. Zhang, Z. Ye, and C. Chen, “Astragaloside IV Mitigated
Diabetic Nephropathy by Restructuring Intestinal Microflora and
Ferroptosis,” Molecular Nutrition & Food Research 68, no. 6 (2024):
2300734, https://doi.org/10.1002/mnfr.202300734.

32. P. Wang, R. Guo, X. Bai, et al., “Sacubitril/Valsartan Contributes
to Improving the Diabetic Kidney Disease and Regulating the Gut
Microbiota in Mice,” Frontiers in Endocrinology 13 (2022): 1034818,
https://doi.org/10.3389/fendo.2022.1034818.

33.Q. Chen, D. Ren, J. Wu, et al., “Shenyan Kangfu Tablet Alleviates
Diabetic Kidney Disease Through Attenuating Inflammation and
Modulating the Gut Microbiota,” Journal of Natural Medicines 75, no. 1
(2020): 84-98, https://doi.org/10.1007/s11418-020-01452-3.

34. F. Wang, C. Liu, L. Ren, et al., “Sanziguben Polysaccharides Improve
Diabetic Nephropathy in Mice by Regulating Gut Microbiota to Inhibit
the TLR4/NF-xB/NLRP3 Signalling Pathway,” Pharmaceutical Biology 61,
no. 1(2023): 427-436, https://doi.org/10.1080/13880209.2023.2174145.

35.K. Cai, Y. Ma, F. Cai, et al., “Changes of Gut Microbiota in Diabetic
Nephropathy and Its Effect on the Progression of Kidney Injury,”
Endocrine 76, no. 2 (2022): 294-303, https://doi.org/10.1007/s12020-
022-03002-1.

36.J. Shang, W. Cui, R. Guo, et al., “The Harmful Intestinal Microbial
Community Accumulates During DKD Exacerbation and Microbiome—
Metabolome Combined Validation in a Mouse Model,” Frontiers in
Endocrinology 13 (2022): 964389, https://doi.org/10.3389/fendo.2022.
964389.

37.J. Wu, Y. Chen, H. Yang, et al., “Sodium Glucose Co-Transporter
2 (SGLT2) Inhibition via Dapagliflozin Improves Diabetic Kidney
Disease (DKD) Over Time Associatied With Increasing Effect on the
Gut Microbiota in Db/Db Mice,” Frontiers in Endocrinology 14 (2023):
1026040, https://doi.org/10.3389/fendo.2023.1026040.

38.Z. Zhang, Q. Li, F. Liu, and D. Wang, “Lycoperoside H Protects
Against Diabetic Nephropathy via Alteration of Gut Microbiota and
Inflammation,” Journal of Biochemical and Molecular Toxicology 36,
no. 12 (2022): 23216, https://doi.org/10.1002/jbt.23216.

39.J. Hong, T. Fu, W. Liu, et al., “Specific Alternation of Gut Microbiota
and the Role of Ruminococcus gnavus in the Development of Diabetic
Nephropathy,” Journal of Microbiology and Biotechnology 34, no. 3
(2023): 547-561, https://doi.org/10.4014/jmb.2310.10028.

40.W. Dong, Y. Zhao, X. Li, J. Huo, and W. Wang, “Corn Silk
Polysaccharides Attenuate Diabetic Nephropathy Through Restoration

of the Gut Microbial Ecosystem and Metabolic Homeostasis,” Frontiers
in Endocrinology 14 (2023): 1232132, https://doi.org/10.3389/fendo.
2023.1232132.

41.C. Han, Z. Shen, T. Cui, et al., “Yi-Shen-Hua-Shi Granule
Ameliorates Diabetic Kidney Disease by the “Gut-Kidney Axis”,”
Journal of Ethnopharmacology 307 (2023): 116257, https://doi.org/10.
1016/j.jep.2023.116257.

42.T.-T. Cai, X.-L. Ye, R.-R. Li, et al., “Resveratrol Modulates the Gut
Microbiota and Inflammation to Protect Against Diabetic Nephropathy
in Mice,” Frontiers in Pharmacology 11 (2020): 1249, https://doi.org/10.
3389/fphar.2020.01249.

43.8S. Tao, L. Li, L. Li, et al., “Understanding the Gut-Kidney Axis
Among Biopsy-Proven Diabetic Nephropathy, Type 2 Diabetes Mellitus
and Healthy Controls: An Analysis of the Gut Microbiota Composition,”
Acta Diabetologica 56, no. 5 (2019): 581-592, https://doi.org/10.1007/
$00592-019-01316-7.

44.8S. Yan, H. Wang, B. Feng, L. Ye, and A. Chen, “Causal Relationship
Between Gut Microbiota and Diabetic Nephropathy: A Two-Sample
Mendelian Randomization Study,” Frontiers in Immunology 15 (2024):
1332757, https://doi.org/10.3389/fimmu.2024.1332757.

45. A. Wahlstrom, I. Sayin Sama, H.-U. Marschall, S.. I. Sayin, and F.
Bickhed, “Intestinal Crosstalk Between Bile Acids and Microbiota and
Its Impact on Host Metabolism,” Cell Metabolism 24, no. 1 (2016): 41-50,
https://doi.org/10.1016/j.cmet.2016.05.005.

46.T. Q. de Aguiar Vallim, E. J. Tarling, and P. A. Edwards, “Pleiotropic
Roles of Bile Acids in Metabolism,” Cell Metabolism 17, no. 5 (2013):
657-669, https://doi.org/10.1016/j.cmet.2013.03.013.

47.]. Li, J-1. Lv, X.-y. Cao, et al., “Gut Microbiota Dysbiosis as an
Inflammaging Condition That Regulates Obesity-Related Retinopathy
and Nephropathy,” Frontiers in Microbiology 13 (2022): 1040846, https://
doi.org/10.3389/fmicb.2022.1040846.

48.E. Castillo-Rodriguez, R. Fernandez-Prado, R. Esteras, et al.,
“Impact of Altered Intestinal Microbiota on Chronic Kidney Disease
Progression,” Toxins 10, no. 7 (2018): 300, https://doi.org/10.3390/toxin
5$10070300.

49. E. M. Onal, B. Afsar, A. Covic, N. D. Vaziri, and M. Kanbay, “Gut
Microbiota and Inflammation in Chronic Kidney Disease and Their Roles
in the Development of Cardiovascular Disease,” Hypertension Research
42, no. 2 (2018): 123-140, https://doi.org/10.1038/s41440-018-0144-z.

50. T. Zhao, H. Zhang, X. Yin, et al., “Tangshen Formula Modulates Gut
Microbiota and Reduces Gut-Derived Toxins in Diabetic Nephropathy
Rats,” Biomedicine & Pharmacotherapy 129 (2020): 110325, https://doi.
0rg/10.1016/j.biopha.2020.110325.

51. W. Huang, Y. Man, C. Gao, et al., “Short-Chain Fatty Acids
Ameliorate Diabetic Nephropathy via GPR43-Mediated Inhibition of
Oxidative Stress and NF-xB Signaling,” Oxidative Medicine and Cellular
Longevity 2020 (2020): 1-21, https://doi.org/10.1155/2020/4074832.

52. Q. Fang, N. Liu, B. Zheng, et al., “Roles of Gut Microbial Metabolites
in Diabetic Kidney Disease,” Frontiers in Endocrinology 12 (2021):
636175, https://doi.org/10.3389/fendo.2021.636175.

53. M. Sylvestre, S. E. Di Carlo, and L. Peduto, “Stromal Regulation of
the Intestinal Barrier,” Mucosal Immunology 16, no. 2 (2023): 221-231,
https://doi.org/10.1016/j.mucimm.2023.01.006.

54.Y. Cui, Q. Wang, R. Chang, X. Zhou, and C. Xu, “Intestinal Barrier
Function-Non-Alcoholic Fatty Liver Disease Interactions and Possible
Role of Gut Microbiota,” Journal of Agricultural and Food Chemistry 67,
no. 10 (2019): 2754-2762, https://doi.org/10.1021/acs.jafc.9b00080.

55.T. Zhou, Y. Zhang, Z. Li, C. Lu, and H. Zhao, “Research Progress
of Traditional Chinese Medicine on the Treatment of Diarrhea by
Regulating Intestinal Microbiota and Its Metabolites Based on Renal-
Intestinal Axis,” Frontiers in Cellular and Infection Microbiology 14
(2024): 1483550, https://doi.org/10.3389/fcimb.2024.1483550.

12 of 17

Journal of Diabetes, 2025


https://doi.org/10.7717/peerj.17055
https://doi.org/10.7717/peerj.17055
https://doi.org/10.3389/fmicb.2024.1309871
https://doi.org/10.3389/fmicb.2024.1309871
https://doi.org/10.3389/fendo.2024.1329954
https://doi.org/10.3389/fendo.2024.1329954
https://doi.org/10.3389/fendo.2023.1264517
https://doi.org/10.3389/fendo.2023.1264517
https://doi.org/10.2147/dmso.S347805
https://doi.org/10.1128/spectrum.00324-22
https://doi.org/10.1002/mnfr.202300734
https://doi.org/10.3389/fendo.2022.1034818
https://doi.org/10.1007/s11418-020-01452-3
https://doi.org/10.1080/13880209.2023.2174145
https://doi.org/10.1007/s12020-022-03002-1
https://doi.org/10.1007/s12020-022-03002-1
https://doi.org/10.3389/fendo.2022.964389
https://doi.org/10.3389/fendo.2022.964389
https://doi.org/10.3389/fendo.2023.1026040
https://doi.org/10.1002/jbt.23216
https://doi.org/10.4014/jmb.2310.10028
https://doi.org/10.3389/fendo.2023.1232132
https://doi.org/10.3389/fendo.2023.1232132
https://doi.org/10.1016/j.jep.2023.116257
https://doi.org/10.1016/j.jep.2023.116257
https://doi.org/10.3389/fphar.2020.01249
https://doi.org/10.3389/fphar.2020.01249
https://doi.org/10.1007/s00592-019-01316-7
https://doi.org/10.1007/s00592-019-01316-7
https://doi.org/10.3389/fimmu.2024.1332757
https://doi.org/10.1016/j.cmet.2016.05.005
https://doi.org/10.1016/j.cmet.2013.03.013
https://doi.org/10.3389/fmicb.2022.1040846
https://doi.org/10.3389/fmicb.2022.1040846
https://doi.org/10.3390/toxins10070300
https://doi.org/10.3390/toxins10070300
https://doi.org/10.1038/s41440-018-0144-z
https://doi.org/10.1016/j.biopha.2020.110325
https://doi.org/10.1016/j.biopha.2020.110325
https://doi.org/10.1155/2020/4074832
https://doi.org/10.3389/fendo.2021.636175
https://doi.org/10.1016/j.mucimm.2023.01.006
https://doi.org/10.1021/acs.jafc.9b00080
https://doi.org/10.3389/fcimb.2024.1483550

56.J. C. Nascimento, V. A. Matheus, R. B. Oliveira, S. F. S. Tada, and
C. B. Collares-Buzato, “High-Fat Diet Induces Disruption of the Tight
Junction-Mediated Paracellular Barrier in the Proximal Small Intestine
Before the Onset of Type 2 Diabetes and Endotoxemia,” Digestive
Diseases and Sciences 66, no. 10 (2020): 3359-3374, https://doi.org/10.
1007/s10620-020-06664-X.

57. W. L. Lau, J. Savoj, M. B. Nakata, W.. L. Lau, M.. B. Nakata, and N..
D. Vaziri, “Altered Microbiome in Chronic Kidney Disease: Systemic
Effects of Gut-Derived Uremic Toxins,” Clinical Science 132, no. 5
(2018): 509-522, https://doi.org/10.1042/cs20171107.

58.N. D. Vaziri, J. Yuan, A. Rahimi, Z. Ni, H. Said, and V. S.
Subramanian, “Disintegration of Colonic Epithelial Tight Junction in
Uremia: A Likely Cause of CKD-Associated Inflammation,” Nephrology,
Dialysis, Transplantation 27, no. 7 (2012): 2686-2693, https://doi.org/10.
1093/ndt/gfr624.

59. N. D. Vaziri, J. Yuan, S. Nazertehrani, Z. Ni, and S. Liu, “Chronic
Kidney Disease Causes Disruption of Gastric and Small Intestinal
Epithelial Tight Junction,” American Journal of Nephrology 38, no. 2
(2013): 99-103, https://doi.org/10.1159/000353764.

60. N. D. Vaziri, N. Goshtasbi, J. Yuan, et al., “Uremic Plasma Impairs
Barrier Function and Depletes the Tight Junction Protein Constituents
of Intestinal Epithelium,” American Journal of Nephrology 36, no. 5
(2012): 438-443, https://doi.org/10.1159/000343886.

61. F. Di Vincenzo, A. Del Gaudio, V. Petito, et al., “Gut Microbiota,
Intestinal Permeability, and Systemic Inflammation: A Narrative
Review,” Internal and Emergency Medicine 19, no. 2 (2023): 275-293,
https://doi.org/10.1007/s11739-023-03374-w.

62.K. Kajiwara, Y. Sawa, T. Fujita, and S. Tamaoki,
“Immunohistochemical Study for the Expression of Leukocyte
Adhesion Molecules, and FGF23 and ACE2 in P. gingivalis LPS-Induced
Diabetic Nephropathy,” BMC Nephrology 22, no. 1 (2021): 3, https://doi.
0rg/10.1186/512882-020-02203-y.

63.J. Wada and H. Makino, “Innate Immunity in Diabetes and Diabetic
Nephropathy,” Nature Reviews Nephrology 12, no. 1 (2015): 13-26,
https://doi.org/10.1038/nrneph.2015.175.

64.S.-M. Kim, S.-H. Lee, Y.-G. Kim, et al., “Hyperuricemia-Induced
NLRP3 Activation of Macrophages Contributes to the Progression
of Diabetic Nephropathy,” American Journal of Physiology. Renal
Physiology 308, no. 9 (2015): F993-F1003, https://doi.org/10.1152/ajpre
nal.00637.2014.

65. A. Ciesielska, M. Matyjek, and K. Kwiatkowska, “TLR4 and CD14
Trafficking and Its Influence on LPS-Induced Pro-Inflammatory
Signaling,” Cellular and Molecular Life Sciences 78, no. 4 (2020): 1233—
1261, https://doi.org/10.1007/s00018-020-03656-y.

66.Q. Lv, Z. Li, A. Sui, X. Yang, Y. Han, and R. Yao, “The Role and
Mechanisms of Gut Microbiota in Diabetic Nephropathy, Diabetic
Retinopathy and Cardiovascular Diseases,” Frontiers in Microbiology 13
(2022): 977187, https://doi.org/10.3389/fmicb.2022.977187.

67.B. Xiong, M. Liu, C. Zhang, et al., “Alginate Oligosaccharides
Enhance Small Intestine Cell Integrity and Migration Ability,” Life
Sciences 258 (2020): 118085, https://doi.org/10.1016/j.1fs.2020.118085.

68.J. Ye, H. Dai, Y. Liu, B. Yu, J. Yang, and A. Fei, “Blockade of C3a/
C3aR Axis Alleviates Severe Acute Pancreatitis-Induced Intestinal
Barrier Injury,” American Journal of Translational Research 12, no. 10
(2020): 6290-6301.

69. E. Ritz, “Intestinal-Renal Syndrome: Mirage or Reality?,” Blood
Purification 31, no. 1-3 (2011): 70-76, https://doi.org/10.1159/
000321848.

70. R. Di Paola, A. De, R. Izhar, et al., “Possible Effects of Uremic Toxins
p-Cresol, Indoxyl Sulfate, p-Cresyl Sulfate on the Development and
Progression of Colon Cancer in Patients With Chronic Renal Failure,”
Genes 14, no. 6 (2023): 1257, https://doi.org/10.3390/genes14061257.

71.17. Lei, Y. Xie, J. Sheng, and J. Song, “Intestinal Microbiota Dysbiosis
in Acute Kidney Injury: Novel Insights Into Mechanisms and Promising
Therapeutic Strategies,” Renal Failure 44, no. 1 (2022): 571-580, https://
doi.org/10.1080/0886022x.2022.2056054.

72.8S. Han, M. Chen, P. Cheng, et al., “A Systematic Review and Meta-
Analysis of Gut Microbiota in Diabetic Kidney Disease: Comparisons
With Diabetes Mellitus, Non-Diabetic Kidney Disease, and Healthy
Individuals,” Frontiers in Endocrinology 13 (2022): 1018093, https://doi.
org/10.3389/fendo.2022.1018093.

73.M. V. Ristori, A. Quagliariello, S. Reddel, et al., “Autism,
Gastrointestinal Symptoms and Modulation of Gut Microbiota by
Nutritional Interventions,” Nutrients 11, no. 11 (2019): 2812, https://doi.
0rg/10.3390/nu11112812.

74. A. Rydzewska-Rosotowska, N. Sroka, K. Kakareko, M. Rosotowski,
E. Zbroch, and T. Hryszko, “The Links Between Microbiome and
Uremic Toxins in Acute Kidney Injury: Beyond Gut Feeling—A
Systematic Review,” Toxins 12, no. 12 (2020): 788, https://doi.org/10.
3390/toxins12120788.

75.R. J. F. Felizardo, I. K. M. Watanabe, P. Dardi, L. V. Rossoni, and N.
O.S. Camara, “The Interplay Among Gut Microbiota, Hypertension and
Kidney Diseases: The Role of Short-Chain Fatty Acids,” Pharmacological
Research 141 (2019): 366-377, https://doi.org/10.1016/j.phrs.2019.01.019.

76. K. Taguchi, K. Fukami, B. C. Elias, and C. R. Brooks, “Dysbiosis-
Related Advanced Glycation Endproducts and Trimethylamine N-
Oxide in Chronic Kidney Disease,” Toxins 13, no. 5 (2021): 361, https://
doi.org/10.3390/toxins13050361.

77.G. Caggiano, A. Stasi, R. Franzin, et al., “Fecal Microbiota
Transplantation in Reducing Uremic Toxins Accumulation in Kidney
Disease: Current Understanding and Future Perspectives,” Toxins 15,
no. 2 (2023): 115, https://doi.org/10.3390/toxins15020115.

78.N. G. Vallianou, D. Kounatidis, F. Panagopoulos, et al., “Gut
Microbiota and Its Role in the Brain-Gut-Kidney Axis in Hypertension,”
Current Hypertension Reports 25, no. 11 (2023): 367-376, https://doi.org/
10.1007/s11906-023-01263-3.

79. L. Giordano, S. M. Mihaila, H. Eslami Amirabadi, and R. Masereeuw,
“Microphysiological Systems to Recapitulate the Gut-Kidney Axis,”
Trends in Biotechnology 39, no. 8 (2021): 811-823, https://doi.org/10.
1016/j.tibtech.2020.12.001.

80. F. Mahmoodpoor, Y. Rahbar Saadat, A. Barzegari, M. Ardalan, and
S. Zununi Vahed, “The Impact of Gut Microbiota on Kidney Function
and Pathogenesis,” Biomedicine & Pharmacotherapy 93 (2017): 412-419,
https://doi.org/10.1016/j.biopha.2017.06.066.

81.J. Rysz, B. Franczyk, J. Lawinski, R. Olszewski, A. Ciatkowska-
Rysz, and A. Gluba-Brzézka, “The Impact of CKD on Uremic Toxins
and Gut Microbiota,” Toxins 13, no. 4 (2021): 252, https://doi.org/10.
3390/toxins13040252.

82.T.Lan,T.Tang,Y.Li,etal., “FTZ Polysaccharides Ameliorate Kidney
Injury in Diabetic Mice by Regulating Gut-Kidney Axis,” Phytomedicine
118 (2023): 154935, https://doi.org/10.1016/j.phymed.2023.154935.

83. H.-W. Huang and M.-J. Chen, “Exploring the Preventive and
Therapeutic Mechanisms of Probiotics in Chronic Kidney Disease
Through the Gut-Kidney Axis,” Journal of Agricultural and Food
Chemistry 72, no. 15 (2024): 8347-8364, https://doi.org/10.1021/acs.jafc.
4c00263.

84.E. Choi, J. Yang, G.-E. Ji, et al, “The Effect of Probiotic
Supplementation on Systemic Inflammation in Dialysis Patients,”
Kidney Research and Clinical Practice 41, no. 1 (2022): 89-101, https://
doi.org/10.23876/j.krcp.21.014.

85.Z. Shen, T. Cui, Y. Liu, S. Wu, C. Han, and J. Li, “Astragalus
Membranaceus and Salvia miltiorrhiza Ameliorate Diabetic Kidney
Disease via the “Gut-Kidney Axis”,” Phytomedicine 121 (2023): 155129,
https://doi.org/10.1016/j.phymed.2023.155129.

13 of 17


https://doi.org/10.1007/s10620-020-06664-x
https://doi.org/10.1007/s10620-020-06664-x
https://doi.org/10.1042/cs20171107
https://doi.org/10.1093/ndt/gfr624
https://doi.org/10.1093/ndt/gfr624
https://doi.org/10.1159/000353764
https://doi.org/10.1159/000343886
https://doi.org/10.1007/s11739-023-03374-w
https://doi.org/10.1186/s12882-020-02203-y
https://doi.org/10.1186/s12882-020-02203-y
https://doi.org/10.1038/nrneph.2015.175
https://doi.org/10.1152/ajprenal.00637.2014
https://doi.org/10.1152/ajprenal.00637.2014
https://doi.org/10.1007/s00018-020-03656-y
https://doi.org/10.3389/fmicb.2022.977187
https://doi.org/10.1016/j.lfs.2020.118085
https://doi.org/10.1159/000321848
https://doi.org/10.1159/000321848
https://doi.org/10.3390/genes14061257
https://doi.org/10.1080/0886022x.2022.2056054
https://doi.org/10.1080/0886022x.2022.2056054
https://doi.org/10.3389/fendo.2022.1018093
https://doi.org/10.3389/fendo.2022.1018093
https://doi.org/10.3390/nu11112812
https://doi.org/10.3390/nu11112812
https://doi.org/10.3390/toxins12120788
https://doi.org/10.3390/toxins12120788
https://doi.org/10.1016/j.phrs.2019.01.019
https://doi.org/10.3390/toxins13050361
https://doi.org/10.3390/toxins13050361
https://doi.org/10.3390/toxins15020115
https://doi.org/10.1007/s11906-023-01263-3
https://doi.org/10.1007/s11906-023-01263-3
https://doi.org/10.1016/j.tibtech.2020.12.001
https://doi.org/10.1016/j.tibtech.2020.12.001
https://doi.org/10.1016/j.biopha.2017.06.066
https://doi.org/10.3390/toxins13040252
https://doi.org/10.3390/toxins13040252
https://doi.org/10.1016/j.phymed.2023.154935
https://doi.org/10.1021/acs.jafc.4c00263
https://doi.org/10.1021/acs.jafc.4c00263
https://doi.org/10.23876/j.krcp.21.014
https://doi.org/10.23876/j.krcp.21.014
https://doi.org/10.1016/j.phymed.2023.155129

86. M. Ha, Y. Yang, M. Wu, T. Gong, Z. Chen, and L. Yu, “Astaxanthin
Could Regulate the Gut-Kidney Axis to Mitigate Kidney Injury in High-
Fat Diet/Streptozotocin-Induced Diabetic Mice,” International Journal
for Vitamin and Nutrition Research 94, no. 3-4 (2024): 187-197, https://
doi.org/10.1024/0300-9831/a000786.

87. A. Koh, F. De Vadder, P. Kovatcheva-Datchary, et al., “From Dietary
Fiber to Host Physiology: Short-Chain Fatty Acids as Key Bacterial
Metabolites,” Cell 165, no. 6 (2016): 1332-1345, https://doi.org/10.1016/j.
cell.2016.05.041.

88.T. Hu, Q. Wu, Q. Yao, K. Jiang, J. Yu, and Q. Tang, “Short-Chain
Fatty Acid Metabolism and Multiple Effects on Cardiovascular
Diseases,” Ageing Research Reviews 81 (2022): 101706, https://doi.org/
10.1016/j.arr.2022.101706.

89. T. Ikeda, A. Nishida, M. Yamano, and I. Kimura, “Short-Chain Fatty
Acid Receptors and Gut Microbiota as Therapeutic Targets in Metabolic,
Immune, and Neurological Diseases,” Pharmacology & Therapeutics
239 (2022): 108273, https://doi.org/10.1016/j.pharmthera.2022.108273.

90. M. A. R. Vinolo, H. G. Rodrigues, R. T. Nachbar, and R. Curi,
“Regulation of Inflammation by Short Chain Fatty Acids,” Nutrients 3,
no. 10 (2011): 858-876, https://doi.org/10.3390/nu3100858.

91.Y.J. Li, X. Chen, T. K. Kwan, et al., “Dietary Fiber Protects Against
Diabetic Nephropathy Through Short-Chain Fatty Acid-Mediated
Activation of G Protein-Coupled Receptors GPR43 and GPR109A,”
Journal of the American Society of Nephrology 31, no. 6 (2020): 1267-
1281, https://doi.org/10.1681/asn.2019101029.

92.T. Zhou, H. Xu, X. Cheng, et al., “Sodium Butyrate Attenuates
Diabetic Kidney Disease Partially via Histone Butyrylation
Modification,” Mediators of Inflammation 2022 (2022): 1-16, https://doi.
org/10.1155/2022/7643322.

93. M. H. Kim, S. G. Kang, J. H. Park, M. Yanagisawa, and C. H. Kim,
“Short-Chain Fatty Acids Activate GPR41 and GPR43 on Intestinal
Epithelial Cells to Promote Inflammatory Responses in Mice,”
Gastroenterology 145, no. 2 (2013): 396-406.e10, https://doi.org/10.
1053/j.gastro.2013.04.056.

94.Y. J. Lim, N. A. Sidor, N. C. Tonial, A. Che, and B. L. Urquhart,
“Uremic Toxins in the Progression of Chronic Kidney Disease and
Cardiovascular Disease: Mechanisms and Therapeutic Targets,” Toxins
13, no. 2 (2021): 142, https://doi.org/10.3390/toxins13020142.

95. A. B. Shreiner, J. Y. Kao, and V. B. Young, “The Gut Microbiome in
Health and in Disease,” Current Opinion in Gastroenterology 31, no. 1
(2015): 69-75, https://doi.org/10.1097/mog.0000000000000139.

96.Z. Wang, E. Klipfell, B. J. Bennett, et al., “Gut Flora Metabolism of
Phosphatidylcholine Promotes Cardiovascular Disease,” Nature 472,
no. 7341 (2011): 57-63, https://doi.org/10.1038/nature09922.

97.C. E. Cho, S. Taesuwan, O. V. Malysheva, et al., “Trimethylamine-
N-Oxide (TMAO) Response to Animal Source Foods Varies Among
Healthy Young Men and Is Influenced by Their Gut Microbiota
Composition: A Randomized Controlled Trial,” Molecular Nutrition &
Food Research 61, no. 1 (2016): 1600324, https://doi.org/10.1002/mnfr.
201600324.

98. C. E. Cho and M. A. Caudill, “Trimethylamine- N -Oxide: Friend,
Foe, or Simply Caught in the Cross-Fire?,” Trends in Endocrinology and
Metabolism 28, no. 2 (2017): 121-130, https://doi.org/10.1016/j.tem.2016.
10.005.

99. X. Zhang, Y. Li, P. Yang, et al., “Trimethylamine-N-Oxide Promotes
Vascular Calcification Through Activation of NLRP3 (Nucleotide-
Binding Domain, Leucine-Rich-Containing Family, Pyrin Domain-
Containing-3) Inflammasome and NF-xB (Nuclear Factor kB) Signals,”
Arteriosclerosis, Thrombosis, and Vascular Biology 40, no. 3 (2020): 751-
765, https://doi.org/10.1161/atvbaha.119.313414.

100. D. Schneditz, X. Hai, V. Landeras, et al., “Mechanism of Prominent
Trimethylamine Oxide (TMAO) Accumulation in Hemodialysis

Patients,” PLoS One 10, no. 12 (2015): 0143731, https://doi.org/10.1371/
journal.pone.0143731.

101.N. Yu, N. Gu, Y. Wang, et al., “The Association of Plasma
Trimethylamine N-Oxide With Coronary Atherosclerotic Burden in
Patients With Type 2 Diabetes Among a Chinese North Population,”
Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 15
(2022): 69-78, https://doi.org/10.2147/dmso0.S339698.

102. E. G. Gruppen, E. Garcia, M. A. Connelly, et al., “TMAO Is
Associated With Mortality: Impact of Modestly Impaired Renal
Function,” Scientific Reports 7, no. 1 (2017): 13781, https://doi.org/10.
1038/s41598-017-13739-9.

103.J. Geng, C. Yang, B. Wang, et al., “Trimethylamine N-Oxide
Promotes Atherosclerosis via CD36-Dependent MAPK/JNK Pathway,”
Biomedicine & Pharmacotherapy 97 (2018): 941-947, https://doi.org/10.
1016/j.biopha.2017.11.016.

104. A. Mohammadi, Z. Vahabzadeh, S. Jamalzadeh, and T. Khalili,
“Trimethylamine-N-Oxide, as a Risk Factor for Atherosclerosis,
Induces Stress in J774A.1 Murine Macrophages,” Advances in Medical
Sciences 63, no. 1 (2018): 57-63, https://doi.org/10.1016/j.advms.2017.
06.006.

105. L. Luo, W. Zhang, Z. Zhang, et al., “The Water Extract of “Jiao
Mei Gu” Attenuates the Lipopolysaccharide-Induced Inflammatory
Response via Inhibiting NF-xB Activity in Mice,” Journal of
Ethnopharmacology 259 (2020): 112882, https://doi.org/10.1016/j.jep.
2020.112882.

106.J. W. Jang, E. Capaldi, T. Smith, P. Verma, J. Varga, and K. J. Ho,
“Trimethylamine N-Oxide: A Meta-Organismal Axis Linking the Gut
and Fibrosis,” Molecular Medicine 30, no. 1 (2024): 128, https://doi.org/
10.1186/s10020-024-00895-8.

107. I. Ferndndez-Ruiz, “Gut Microbes Modulate Platelet Function and
Thrombosis Risk,” Nature Reviews Cardiology 13, no. 5 (2016): 247,
https://doi.org/10.1038/nrcardio.2016.47.

108. R. Kaur, M. Kaur, and J. Singh, “Endothelial Dysfunction and
Platelet Hyperactivity in Type 2 Diabetes Mellitus: Molecular Insights
and Therapeutic Strategies,” Cardiovascular Diabetology 17, no. 1
(2018): 121, https://doi.org/10.1186/s12933-018-0763-3.

109. C. Thomas, R. Pellicciari, M. Pruzanski, J. Auwerx, and K.
Schoonjans, “Targeting Bile-Acid Signalling for Metabolic Diseases,”
Nature Reviews Drug Discovery 7, no. 8 (2008): 678-693, https://doi.org/
10.1038/nrd2619.

110.J. M. Ridlon and J. S. Bajaj, “The Human Gut Sterolbiome: Bile Acid-
Microbiome Endocrine Aspects and Therapeutics,” Acta Pharmaceutica
Sinica B 5, no. 2 (2015): 99-105, https://doi.org/10.1016/j.apsb.2015.
01.006.

111. M. Kisiela, A. Skarka, B. Ebert, and E. Maser, “Hydroxysteroid
Dehydrogenases (HSDs) in Bacteria - A Bioinformatic Perspective,”
Journal of Steroid Biochemistry and Molecular Biology 129, no. 1-2
(2012): 31-46, https://doi.org/10.1016/j.jsbmb.2011.08.002.

112. T. Geng, Q. Lu, L. Jiang, et al., “Circulating Concentrations of Bile
Acids and Prevalent Chronic Kidney Disease Among Newly Diagnosed
Type 2 Diabetes: A Cross-Sectional Study,” Nutrition Journal 23, no. 1
(2024): 28, https://doi.org/10.1186/s12937-024-00928-2.

113. Z. Lin, S. Li, H. Xiao, et al., “The Degradation of TGR5 Mediated
by Smurfl Contributes to Diabetic Nephropathy,” Cell Reports 42, no. 8
(2023): 112851, https://doi.org/10.1016/j.celrep.2023.112851.

114. A. Bertolini, R. Fiorotto, and M. Strazzabosco, “Bile Acids and Their
Receptors: Modulators and Therapeutic Targets in Liver Inflammation,”
Seminars in Immunopathology 44, no. 4 (2022): 547-564, https://doi.org/
10.1007/s00281-022-00935-7.

115. U. Beuers, M. Trauner, P. Jansen, and R. Poupon, “New Paradigms
in the Treatment of Hepatic Cholestasis: From UDCA to FXR, PXR and

14 of 17

Journal of Diabetes, 2025


https://doi.org/10.1024/0300-9831/a000786
https://doi.org/10.1024/0300-9831/a000786
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1016/j.arr.2022.101706
https://doi.org/10.1016/j.arr.2022.101706
https://doi.org/10.1016/j.pharmthera.2022.108273
https://doi.org/10.3390/nu3100858
https://doi.org/10.1681/asn.2019101029
https://doi.org/10.1155/2022/7643322
https://doi.org/10.1155/2022/7643322
https://doi.org/10.1053/j.gastro.2013.04.056
https://doi.org/10.1053/j.gastro.2013.04.056
https://doi.org/10.3390/toxins13020142
https://doi.org/10.1097/mog.0000000000000139
https://doi.org/10.1038/nature09922
https://doi.org/10.1002/mnfr.201600324
https://doi.org/10.1002/mnfr.201600324
https://doi.org/10.1016/j.tem.2016.10.005
https://doi.org/10.1016/j.tem.2016.10.005
https://doi.org/10.1161/atvbaha.119.313414
https://doi.org/10.1371/journal.pone.0143731
https://doi.org/10.1371/journal.pone.0143731
https://doi.org/10.2147/dmso.S339698
https://doi.org/10.1038/s41598-017-13739-9
https://doi.org/10.1038/s41598-017-13739-9
https://doi.org/10.1016/j.biopha.2017.11.016
https://doi.org/10.1016/j.biopha.2017.11.016
https://doi.org/10.1016/j.advms.2017.06.006
https://doi.org/10.1016/j.advms.2017.06.006
https://doi.org/10.1016/j.jep.2020.112882
https://doi.org/10.1016/j.jep.2020.112882
https://doi.org/10.1186/s10020-024-00895-8
https://doi.org/10.1186/s10020-024-00895-8
https://doi.org/10.1038/nrcardio.2016.47
https://doi.org/10.1186/s12933-018-0763-3
https://doi.org/10.1038/nrd2619
https://doi.org/10.1038/nrd2619
https://doi.org/10.1016/j.apsb.2015.01.006
https://doi.org/10.1016/j.apsb.2015.01.006
https://doi.org/10.1016/j.jsbmb.2011.08.002
https://doi.org/10.1186/s12937-024-00928-2
https://doi.org/10.1016/j.celrep.2023.112851
https://doi.org/10.1007/s00281-022-00935-7
https://doi.org/10.1007/s00281-022-00935-7

Beyond,” Journal of Hepatology 62, no. 1 (2015): S25-S37, https://doi.
org/10.1016/j.jhep.2015.02.023.

116. X. X. Wang, D. Wang, Y. Luo, et al., “FXR/TGR5 Dual Agonist
Prevents Progression of Nephropathy in Diabetes and Obesity,” Journal
of the American Society of Nephrology 29, no. 1 (2018): 118-137, https://
doi.org/10.1681/asn.2017020222.

117.]. S. Teodoro, A. P. Rolo, and C. M. Palmeira, “Hepatic FXR: Key
Regulator of Whole-Body Energy Metabolism,” Trends in Endocrinology
and Metabolism 22, no. 11 (2011): 458-466, https://doi.org/10.1016/].
tem.2011.07.002.

118. D.-H. Kim, J. S. Park, H.-I. Choi, et al., “The Role of the Farnesoid
X Receptor in Kidney Health and Disease: A Potential Therapeutic
Target in Kidney Diseases,” Experimental & Molecular Medicine 55, no.
2(2023): 304-312, https://doi.org/10.1038/s12276-023-00932-2.

119.X. Wang and P. J. Quinn, “Lipopolysaccharide: Biosynthetic
Pathway and Structure Modification,” Progress in Lipid Research 49, no.
2(2010): 97-107, https://doi.org/10.1016/j.plipres.2009.06.002.

120. A. Verma, G. Azhar, X. Zhang, et al., “P. gingivalis-LPS Induces
Mitochondrial Dysfunction Mediated by Neuroinflammation Through
Oxidative Stress,” International Journal of Molecular Sciences 24, no. 2
(2023): 950, https://doi.org/10.3390/ijms24020950.

121. A. M. Fonceca, G. R. Zosky, E. M. Bozanich, et al., “Accumulation
Mode Particles and LPS Exposure Induce TLR-4 Dependent and
Independent Inflammatory Responses in the Lung,” Respiratory
Research 19, no. 1 (2018): 15, https://doi.org/10.1186/s12931-017-0701-z.

122. K. Kajiwara and Y. Sawa, “Overexpression of SGLT2 in the Kidney
of a P. gingivalis LPS-Induced Diabetic Nephropathy Mouse Model,”
BMC Nephrology 22, no. 1 (2021): 287, https://doi.org/10.1186/s12882-
021-02506-8.

123.0.-Y. Kwon and S.-H. Lee, “Ishige Okamurae Attenuates
Neuroinflammation and Cognitive Deficits in Mice
Intracerebroventricularly Injected With LPS via Regulating TLR-4/
MyD88-Dependent Pathways,” Antioxidants 12, no. 1 (2022): 78, https://
doi.org/10.3390/antiox12010078.

124.B. Zhou, Q. Li, J. Wang, P. Chen, and S. Jiang, “Ellagic Acid
Attenuates Streptozocin Induced Diabetic Nephropathy via the
Regulation of Oxidative Stress and Inflammatory Signaling,” Food and
Chemical Toxicology 123 (2019): 16-27, https://doi.org/10.1016/j.fct.
2018.10.036.

125.X. Chen, C. Chen, and X. Fu, “Dendrobium Officinale
Polysaccharide Alleviates Type 2 Diabetes Mellitus by Restoring Gut
Microbiota and Repairing Intestinal Barrier via the LPS/TLR4/TRIF/
NF-kB Axis,” Journal of Agricultural and Food Chemistry 71, no. 31
(2023): 11929-11940, https://doi.org/10.1021/acs.jafc.3c02429.

126. M. J. A. Saad, A. Santos, and P. O. Prada, “Linking Gut Microbiota
and Inflammation to Obesity and Insulin Resistance,” Physiology 31,
no. 4 (2016): 283-293, https://doi.org/10.1152/physiol.00041.2015.

127. P. Shen, S. Ji, X. Li, et al., “LPS-Induced Systemic Inflammation
Caused mPOA-FSH/LH Disturbance and Impaired Testicular
Function,” Frontiers in Endocrinology 13 (2022): 886085, https://doi.
org/10.3389/fendo.2022.886085.

128. W. Zhou, W.-h. Wu, Z.-1. Si, et al., “The Gut Microbe Bacteroides
fragilis Ameliorates Renal Fibrosis in Mice,” Nature Communications
13, no. 1 (2022): 6081, https://doi.org/10.1038/s41467-022-33824-6.

129. L. Koppe, D. Fouque, and C. O. Soulage, “Metabolic Abnormalities
in Diabetes and Kidney Disease: Role of Uremic Toxins,” Current
Diabetes Reports 18, no. 10 (2018): 97, https://doi.org/10.1007/s1189
2-018-1064-7.

130.Y.-Q. Tan, Y.-N. Wang, H.-Y. Feng, et al., “Host/Microbiota
Interactions-Derived Tryptophan Metabolites Modulate Oxidative
Stress and Inflammation via Aryl Hydrocarbon Receptor Signaling,”

Free Radical Biology and Medicine 184 (2022): 30-41, https://doi.org/10.
1016/j.freeradbiomed.2022.03.025.

131. H. Xie, N. Yang, C. Yu, and L. Lu, “Uremic Toxins Mediate Kidney
Diseases: The Role of Aryl Hydrocarbon Receptor,” Cellular & Molecular
Biology Letters 29, no. 1 (2024): 38, https://doi.org/10.1186/s11658-024-
00550-4.

132. T. Nakano, S. Katsuki, M. Chen, et al., “Uremic Toxin Indoxyl
Sulfate Promotes Proinflammatory Macrophage Activation via the
Interplay of OATP2B1 and DI14-Notch Signaling,” Circulation 139, no. 1
(2019): 78-96, https://doi.org/10.1161/circulationaha.118.034588.

133. T. Nakano, H. Watanabe, T. Imafuku, et al., “Indoxyl Sulfate
Contributes to mTORC1-Induced Renal Fibrosis via the OAT/NADPH
Oxidase/ROS Pathway,” Toxins 13, no. 12 (2021): 909, https://doi.org/10.
3390/toxins13120909.

134.Y. Huang, J. Zhou, S. Wang, et al.,, “Indoxyl Sulfate Induces
Intestinal Barrier Injury Through IRF1-DRP1 Axis-Mediated
Mitophagy Impairment,” Theranostics 10, no. 16 (2020): 7384-7400,
https://doi.org/10.7150/thno.45455.

135. H. Hou, M. Horikawa, Y. Narita, et al., “Suppression of Indoxyl
Sulfate Accumulation Reduces Renal Fibrosis in Sulfotransferase 1al-
Deficient Mice,” International Journal of Molecular Sciences 24, no. 14
(2023): 11329, https://doi.org/10.3390/ijms241411329.

136. K. E. Murros, “Hydrogen Sulfide Produced by Gut Bacteria May
Induce Parkinson's Disease,” Cells 11, no. 6 (2022): 978, https://doi.org/
10.3390/cells11060978.

137.S. Kundu, S. B. Pushpakumar, A. Tyagi, D. Coley, and U. Sen,
“Hydrogen Sulfide Deficiency and Diabetic Renal Remodeling: Role
of Matrix Metalloproteinase-9,” American Journal of Physiology.
Endocrinology and Metabolism 304, no. 12 (2013): E1365-E1378, https://
doi.org/10.1152/ajpendo.00604.2012.

138.Z.-Z. Xie, M.-M. Shi, L. Xie, et al., “Sulfhydration of p66Shc at
Cysteine59 Mediates the Antioxidant Effect of Hydrogen Sulfide,”
Antioxidants & Redox Signaling 21, no. 18 (2014): 2531-2542, https://doi.
0rg/10.1089/ars.2013.5604.

139. H. J. Lee, D. Y. Lee, M. M. Mariappan, et al., “Hydrogen Sulfide
Inhibits High Glucose-Induced NADPH Oxidase 4 Expression and
Matrix Increase by Recruiting Inducible Nitric Oxide Synthase in
Kidney Proximal Tubular Epithelial Cells,” Journal of Biological
Chemistry 292, no. 14 (2017): 5665-5675, https://doi.org/10.1074/jbc.
M116.766758.

140. T. Koshida, T. Gohda, T. Sugimoto, et al., “Gut Microbiome and
Microbiome-Derived Metabolites in Patients With End-Stage Kidney
Disease,” International Journal of Molecular Sciences 24, no. 14 (2023):
11456, https://doi.org/10.3390/ijms241411456.

141. L. Koppe, D. Mafra, and D. Fouque, “Probiotics and Chronic Kidney
Disease,” Kidney International 88, no. 5(2015): 958-966, https://doi.org/
10.1038/ki.2015.255.

142. A. Ghosh, A. Muley, A. S. Ainapure, A. R. Deshmane, and
A. Mahajan, “Exploring the Impact of Optimized Probiotic
Supplementation Techniques on Diabetic Nephropathy: Mechanisms
and Therapeutic Potential,” Cureus 16 (2024): 55149, https://doi.org/10.
7759/cureus.55149.

143.Y.Zhang, X. Meng, Z. Ma, Z. Sun, and Z. Wang, “Effects of Probiotic
Supplementation on Nutrient Intake, Ghrelin, and Adiponectin
Concentrations in Diabetic Hemodialysis Patients,” Alternative
Therapies in Health and Medicine 29, no. 4 (2023): 36-42.

144.R. Amelia, F. M. Said, F. Yasmin, H. Harun, and T. Tofrizal, “The
Anti-Inflammatory Activity of Probiotic Dadiah to Activate Sirtuin-1
in Inhibiting Diabetic Nephropathy Progression,” Journal of Diabetes &
Metabolic Disorders 22, no. 2 (2023): 1425-1442, https://doi.org/10.1007/
$40200-023-01265-7.

150f 17


https://doi.org/10.1016/j.jhep.2015.02.023
https://doi.org/10.1016/j.jhep.2015.02.023
https://doi.org/10.1681/asn.2017020222
https://doi.org/10.1681/asn.2017020222
https://doi.org/10.1016/j.tem.2011.07.002
https://doi.org/10.1016/j.tem.2011.07.002
https://doi.org/10.1038/s12276-023-00932-2
https://doi.org/10.1016/j.plipres.2009.06.002
https://doi.org/10.3390/ijms24020950
https://doi.org/10.1186/s12931-017-0701-z
https://doi.org/10.1186/s12882-021-02506-8
https://doi.org/10.1186/s12882-021-02506-8
https://doi.org/10.3390/antiox12010078
https://doi.org/10.3390/antiox12010078
https://doi.org/10.1016/j.fct.2018.10.036
https://doi.org/10.1016/j.fct.2018.10.036
https://doi.org/10.1021/acs.jafc.3c02429
https://doi.org/10.1152/physiol.00041.2015
https://doi.org/10.3389/fendo.2022.886085
https://doi.org/10.3389/fendo.2022.886085
https://doi.org/10.1038/s41467-022-33824-6
https://doi.org/10.1007/s11892-018-1064-7
https://doi.org/10.1007/s11892-018-1064-7
https://doi.org/10.1016/j.freeradbiomed.2022.03.025
https://doi.org/10.1016/j.freeradbiomed.2022.03.025
https://doi.org/10.1186/s11658-024-00550-4
https://doi.org/10.1186/s11658-024-00550-4
https://doi.org/10.1161/circulationaha.118.034588
https://doi.org/10.3390/toxins13120909
https://doi.org/10.3390/toxins13120909
https://doi.org/10.7150/thno.45455
https://doi.org/10.3390/ijms241411329
https://doi.org/10.3390/cells11060978
https://doi.org/10.3390/cells11060978
https://doi.org/10.1152/ajpendo.00604.2012
https://doi.org/10.1152/ajpendo.00604.2012
https://doi.org/10.1089/ars.2013.5604
https://doi.org/10.1089/ars.2013.5604
https://doi.org/10.1074/jbc.M116.766758
https://doi.org/10.1074/jbc.M116.766758
https://doi.org/10.3390/ijms241411456
https://doi.org/10.1038/ki.2015.255
https://doi.org/10.1038/ki.2015.255
https://doi.org/10.7759/cureus.55149
https://doi.org/10.7759/cureus.55149
https://doi.org/10.1007/s40200-023-01265-7
https://doi.org/10.1007/s40200-023-01265-7

145. M. E. Sanders, D. J. Merenstein, G. Reid, G. R. Gibson, and R. A.
Rastall, “Probiotics and Prebiotics in Intestinal Health and Disease:
From Biology to the Clinic,” Nature Reviews Gastroenterology &
Hepatology 16, no. 10 (2019): 605-616, https://doi.org/10.1038/s4157
5-019-0173-3.

146.S. Roy, SD, “Role of Prebiotics, Probiotics, and Synbiotics in
Management of Inflammatory Bowel Disease: Current Perspectives,”
World Journal of Gastroenterology 29, no. 14 (2023): 2078-2100, https://
doi.org/10.3748/wjg.v29.i14.2078.

147. F. M. D. Husmann, M. B. Zimmermann, and I. Herter-Aeberli, “The
Effect of Prebiotics on Human Iron Absorption: A Review,” Advances
in Nutrition 13, no. 6 (2022): 2296-2304, https://doi.org/10.1093/advan
ces/nmac079.

148. N. Pengrattanachot, L. Thongnak, and A. Lungkaphin, “The
Impact of Prebiotic Fructooligosaccharides on Gut Dysbiosis and
Inflammation in Obesity and Diabetes Related Kidney Disease,” Food
& Function 13, no. 11 (2022): 5925-5945, https://doi.org/10.1039/d1fo0
4428a.

149. S. Liu, L. Wang, Z. Zhang, et al., “The Potential of Astragalus
Polysaccharide for Treating Diabetes and Its Action Mechanism,”
Frontiers in Pharmacology 15 (2024): 1339406, https://doi.org/10.3389/
fphar.2024.1339406.

150. F. Ghavidel, H. Amiri, M. H. Tabrizi, S. Alidadi, H. Hosseini, and
A. Sahebkar, “The Combinational Effect of Inulin and Resveratrol on
the Oxidative Stress and Inflammation Level in a Rat Model of Diabetic
Nephropathy,” Current Developments in Nutrition 8, no. 1 (2024):
102059, https://doi.org/10.1016/j.cdnut.2023.102059.

151.Z. Zhong, Y. Zhang, Y. Wei, et al., “Fucoidan Improves Early Stage
Diabetic Nephropathy via the Gut Microbiota-Mitochondria Axis in
High-Fat Diet-Induced Diabetic Mice,” Journal of Agricultural and Food
Chemistry 72, no. 17 (2024): 9755-9767, https://doi.org/10.1021/acs jafc.
3c08503.

152.R. Zheng, Q. Xu, Y. Wang, Y. Zhong, and R. Zhu, “Cordyceps
Cicadae Polysaccharides Attenuate Diabetic Nephropathy via the miR-
30a-3p/TRIM16 Axis,” Journal of Diabetes Investigation 15, no. 3 (2023):
300-314, https://doi.org/10.1111/jdi.14116.

153. M. Ding, Z. Tang, W. Liu, et al., “Burdock Fructooligosaccharide
Attenuates High Glucose-Induced Apoptosis and Oxidative Stress
Injury in Renal Tubular Epithelial Cells,” Frontiers in Pharmacology 12
(2021): 784187, https://doi.org/10.3389/fphar.2021.784187.

154. L. Wu, X. Zhang, J. Zhao, M. Yang, J. Yang, and P. Qiu, “The
Therapeutic Effects of Marine Sulfated Polysaccharides on Diabetic
Nephropathy,” International Journal of Biological Macromolecules 261
(2024): 129269, https://doi.org/10.1016/j.ijbiomac.2024.129269.

155. C. Favero, L. Giordano, S. M. Mihaila, R. Masereeuw, A. Ortiz, and
M. D. Sanchez-Nifo, “Postbiotics and Kidney Disease,” Toxins 14, no. 9
(2022): 623, https://doi.org/10.3390/toxins14090623.

156. A. Zepeda-Hernandez, L. E. Garcia-Amezquita, T. Requena, and T.
Garcia-Cayuela, “Probiotics, Prebiotics, and Synbiotics Added to Dairy
Products: Uses and Applications to Manage Type 2 Diabetes,” Food
Research International 142 (2021): 110208, https://doi.org/10.1016/].
foodres.2021.110208.

157. 1. Baroni, D. Fabrizi, M. Luciani, et al., “Probiotics and Synbiotics
for Glycemic Control in Diabetes: A Systematic Review and Meta-
Analysis of Randomized Controlled Trials,” Clinical Nutrition 43, no. 4
(2024): 1041-1061, https://doi.org/10.1016/j.clnu.2024.03.006.

158. A. Jayedi, A. Aletaha, S. Zeraattalab-Motlagh, et al., “Comparative
Efficacy and Safety of Probiotics, Prebiotics, and Synbiotics for Type
2 Diabetes Management: A Systematic Review and Network Meta-
Analysis,” Diabetes and Metabolic Syndrome: Clinical Research and
Reviews 18, no. 1 (2024): 102923, https://doi.org/10.1016/j.dsx.2023.
102923.

159. O. H. Kavita, U. Chand, H. Om, and P. K. Kushawaha, “Postbiotics:
An Alternative and Innovative Intervention for the Therapy of
Inflammatory Bowel Disease,” Microbiological Research 279 (2024):
127550, https://doi.org/10.1016/j.micres.2023.127550.

160.S. Gurunathan, P. Thangaraj, and J.-H. Kim, “Postbiotics:
Functional Food Materials and Therapeutic Agents for Cancer,
Diabetes, and Inflammatory Diseases,” Food 13, no. 1 (2023): 89, https://
doi.org/10.3390/f0oods13010089.

161. Q. Chen, X.-J. Li, W. Xie, Z.-A. Su, G.-M. Qin, and C.-H. Yu,
“Postbiotics: Emerging Therapeutic Approach in Diabetic Retinopathy,”
Frontiers in Microbiology 15 (2024): 1359949, https://doi.org/10.3389/
fmicb.2024.1359949.

162. T.-C. Xu, Y. Liu, Z. Yu, and B. Xu, “Gut-Targeted Therapies for Type
2 Diabetes Mellitus: A Review,” World Journal of Clinical Cases 12, no. 1
(2024): 1-8, https://doi.org/10.12998/wjccv12.i1.1.

163.J. H. Kim, W. Kwak, Y. Nam, et al., “Effect of Postbiotic
Lactiplantibacillus Plantarum LRCC5314 Supplemented in Powdered
Milk on Type 2 Diabetes in Mice,” Journal of Dairy Science 107 (2024):
5301-5315, https://doi.org/10.3168/jds.2023-24103.

164. C. Anbalagan, S. K. Nandabalan, P. Sankar, et al., “Postbiotics
of Naturally Fermented Synbiotic Mixture of Rice Water Aids in
Promoting Colonocyte Health,” Biomolecules 14, no. 3 (2024): 30344,
https://doi.org/10.3390/biom14030344.

165. S. Porcari, N. Benech, M. Valles-Colomer, et al., “Key Determinants
of Success in Fecal Microbiota Transplantation: From Microbiome to
Clinic,” Cell Host & Microbe 31, no. 5 (2023): 712-733, https://doi.org/10.
1016/j.chom.2023.03.020.

166. P. P. Chen, J. X. Zhang, X. Q. Li, et al., “Outer Membrane Vesicles
Derived From Gut Microbiota Mediate Tubulointerstitial Inflammation:
A Potential New Mechanism for Diabetic Kidney Disease,” Theranostics
13, no. 12 (2023): 3988-4003, https://doi.org/10.7150/thno.84650.

167. R. M. C. Bastos, A. Simplicio-Filho, C. Savio-Silva, et al., “Fecal
Microbiota Transplant in a Pre-Clinical Model of Type 2 Diabetes
Mellitus, Obesity and Diabetic Kidney Disease,” International Journal
of Molecular Sciences 23, no. 7 (2022): 3842, https://doi.org/10.3390/
ijms23073842.

168.7J. Lu, P. P. Chen, J. X. Zhang, et al., “GPR43 Deficiency Protects
Against Podocyte Insulin Resistance in Diabetic Nephropathy Through
the Restoration of AMPKa Activity,” Theranostics 11, no. 10 (2021):
4728-4742, https://doi.org/10.7150/thno.56598.

169. S. Gupta, B. H. Mullish, and J. R. Allegretti, “Fecal Microbiota
Transplantation: The Evolving Risk Landscape,” American Journal of
Gastroenterology 116, no. 4 (2021): 647-656, https://doi.org/10.14309/
ajg.0000000000001075.

170. C. M. Carvalho, L. A. Gross, M. J. de Azevedo, et al., “Dietary Fiber
Intake (Supplemental or Dietary Pattern Rich in Fiber) and Diabetic
Kidney Disease: A Systematic Review of Clinical Trials,” Nutrients 11,
no. 2 (2019): 347, https://doi.org/10.3390/nu11020347.

171. L. Luo, J. Luo, Y. Cai, et al., “Inulin-Type Fructans Change the Gut
Microbiota and Prevent the Development of Diabetic Nephropathy,”
Pharmacological Research 183 (2022): 106367, https://doi.org/10.1016/j.
phrs.2022.106367.

172. M. Timm, L. C. Offringa, B. J.-W. Van Klinken, et al., “Beyond
Insoluble Dietary Fiber: Bioactive Compounds in Plant Foods,”
Nutrients 15, no. 19 (2023): 194138, https://doi.org/10.3390/nu15194138.

173.S. Wu, W. Jia, H. He, et al., “A New Dietary Fiber Can Enhance
Satiety and Reduce Postprandial Blood Glucose in Healthy Adults: A
Randomized Cross-Over Trial,” Nutrients 15, no. 21 (2023): 214569,
https://doi.org/10.3390/nu15214569.

174. M. Niero, G. Bartoli, P. De Colle, et al., “Impact of Dietary Fiber
on Inflammation and Insulin Resistance in Older Patients: A Narrative

16 of 17

Journal of Diabetes, 2025


https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.3748/wjg.v29.i14.2078
https://doi.org/10.3748/wjg.v29.i14.2078
https://doi.org/10.1093/advances/nmac079
https://doi.org/10.1093/advances/nmac079
https://doi.org/10.1039/d1fo04428a
https://doi.org/10.1039/d1fo04428a
https://doi.org/10.3389/fphar.2024.1339406
https://doi.org/10.3389/fphar.2024.1339406
https://doi.org/10.1016/j.cdnut.2023.102059
https://doi.org/10.1021/acs.jafc.3c08503
https://doi.org/10.1021/acs.jafc.3c08503
https://doi.org/10.1111/jdi.14116
https://doi.org/10.3389/fphar.2021.784187
https://doi.org/10.1016/j.ijbiomac.2024.129269
https://doi.org/10.3390/toxins14090623
https://doi.org/10.1016/j.foodres.2021.110208
https://doi.org/10.1016/j.foodres.2021.110208
https://doi.org/10.1016/j.clnu.2024.03.006
https://doi.org/10.1016/j.dsx.2023.102923
https://doi.org/10.1016/j.dsx.2023.102923
https://doi.org/10.1016/j.micres.2023.127550
https://doi.org/10.3390/foods13010089
https://doi.org/10.3390/foods13010089
https://doi.org/10.3389/fmicb.2024.1359949
https://doi.org/10.3389/fmicb.2024.1359949
https://doi.org/10.12998/wjcc.v12.i1.1
https://doi.org/10.3168/jds.2023-24103
https://doi.org/10.3390/biom14030344
https://doi.org/10.1016/j.chom.2023.03.020
https://doi.org/10.1016/j.chom.2023.03.020
https://doi.org/10.7150/thno.84650
https://doi.org/10.3390/ijms23073842
https://doi.org/10.3390/ijms23073842
https://doi.org/10.7150/thno.56598
https://doi.org/10.14309/ajg.0000000000001075
https://doi.org/10.14309/ajg.0000000000001075
https://doi.org/10.3390/nu11020347
https://doi.org/10.1016/j.phrs.2022.106367
https://doi.org/10.1016/j.phrs.2022.106367
https://doi.org/10.3390/nu15194138
https://doi.org/10.3390/nu15214569

Review,” Nutrients 15, no. 10 (2023): 102365, https://doi.org/10.3390/
nul5102365.

175. H. Lin, J. Li, M. Sun, et al., “Effects of Hazelnut Soluble Dietary
Fiber on Lipid-Lowering and Gut Microbiota in High-Fat-Diet-Fed
Rats,” International Journal of Biological Macromolecules 256 (2024):
128538, https://doi.org/10.1016/j.ijbiomac.2023.128538.

176. H. Xu, X. Huang, U. Risérus, et al., “Dietary Fiber, Kidney
Function, Inflammation, and Mortality Risk,” Clinical Journal of the
American Society of Nephrology 9, no. 12 (2014): 2104-2110, https://doi.
org/10.2215/cjn.02260314.

177. C. Tanes, K. Bittinger, Y. Gao, et al., “Role of Dietary Fiber in the
Recovery of the Human Gut Microbiome and Its Metabolome,” Cell Host
& Microbe 29, no. 3 (2021): 394-407.e5, https://doi.org/10.1016/j.chom.
2020.12.012.

178. H. Wang, X. Yu, D. Liu, et al., “VDR Activation Attenuates Renal
Tubular Epithelial Cell Ferroptosis by Regulating Nrf2/HO-1 Signaling
Pathway in Diabetic Nephropathy,” Advanced Science 11, no. 10 (2023):
2305563, https://doi.org/10.1002/advs.202305563.

179. F. Tian, X. Yi, F. Yang, et al., “Research Progress on the Treatment
of Diabetic Nephropathy With Leech and Its Active Ingredients,”
Frontiers in Endocrinology 15 (2024): 1296843, https://doi.org/10.3389/
fendo.2024.1296843.

180. T. S. Rasmussen, C. M. J. Mentzel, W. Kot, et al., “Faecal Virome
Transplantation Decreases Symptoms of Type 2 Diabetes and Obesity
in a Murine Model,” Gut 69, no. 12 (2020): 2122-2130, https://doi.org/
10.1136/gutjnl-2019-320005.

181.T. Luong, A.-C. Salabarria, R. A. Edwards, and D. R. Roach,
“Standardized Bacteriophage Purification for Personalized Phage
Therapy,” Nature Protocols 15, no. 9 (2020): 2867-2890, https://doi.org/
10.1038/541596-020-0346-0.

182. G. Fan, F. Cao, T. Kuang, et al., “Alterations in the Gut Virome
Are Associated With Type 2 Diabetes and Diabetic Nephropathy,” Gut
Microbes 15, no. 1 (2023): 2226925, https://doi.org/10.1080/19490976.
2023.2226925.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

17 of 17


https://doi.org/10.3390/nu15102365
https://doi.org/10.3390/nu15102365
https://doi.org/10.1016/j.ijbiomac.2023.128538
https://doi.org/10.2215/cjn.02260314
https://doi.org/10.2215/cjn.02260314
https://doi.org/10.1016/j.chom.2020.12.012
https://doi.org/10.1016/j.chom.2020.12.012
https://doi.org/10.1002/advs.202305563
https://doi.org/10.3389/fendo.2024.1296843
https://doi.org/10.3389/fendo.2024.1296843
https://doi.org/10.1136/gutjnl-2019-320005
https://doi.org/10.1136/gutjnl-2019-320005
https://doi.org/10.1038/s41596-020-0346-0
https://doi.org/10.1038/s41596-020-0346-0
https://doi.org/10.1080/19490976.2023.2226925
https://doi.org/10.1080/19490976.2023.2226925

	Gut Microbiota and Their Metabolites: The Hidden Driver of Diabetic Nephropathy? Unveiling Gut Microbe's Role in DN
	ABSTRACT
	1   |   Introduction
	2   |   Intestinal Changes in Diabetic Nephropathy
	2.1   |   Changes in the Intestinal Barrier
	2.2   |   The Gut-Kidney Axis in DN
	2.3   |   Changes of Gut Microbiota in DN
	2.4   |   The Role of Microbial Metabolites in DN
	2.4.1   |   Short-Chain Fatty Acid
	2.4.2   |   Trimethylamine-N-Oxide
	2.4.3   |   Bile Acids
	2.4.4   |   Lipopolysaccharide
	2.4.5   |   Others


	3   |   Treatment of DN by Gut Microbiota
	3.1   |   Micro-Ecological Preparations
	3.1.1   |   Probiotics
	3.1.2   |   Prebiotics
	3.1.3   |   Synbiotics & Postbiotics

	3.2   |   Fecal Microbiota Transplantation
	3.3   |   Dietary Fiber
	3.4   |   Other Treatments

	4   |   Conclusion and Prospects
	Author Contributions
	Acknowledgments
	Disclosure
	Conflicts of Interest
	Data Availability Statement
	References


