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Objective: Chronic unresolved inflammation is a core driver of diabetic kidney disease (DKD) progression, with gut microbiota
dysbiosis and metabolite imbalance (via gut-kidney axis) as key pathogenic triggers. This review systematically elucidates the
pathological link between gut microbiota-metabolite-axis dysfunction and DKD-related inflammation (centered on NF-«kB/NLRP3
pathways) and summarizes multi-target intervention strategies—including traditional Chinese medicine (TCM), SGLT2 inhibitors,
probiotics/prebiotics—targeting this axis.

Methods: Literature search was conducted on PubMed using keywords [“Gut microbiota” or “Gut microflora” or “Gut microbiota
metabolites”], [“Diabetic kidney disease” or “Diabetic nephropathy” or “DKD”], [“immune regulation™], [“intestinal barrier”], [inflam-
mation”], [“Traditional Chinese Medicine” or “TCM”], without date restrictions. Articles that do not meet the requirements are excluded.
Results: Gut microbiota dysbiosis in DKD is characterized by reduced SCFA-producing bacteria (Ruminococcaceae,
Lachnospiraceae) and enriched pathogenic Proteobacteria, leading to metabolite imbalance: insufficient beneficial metabolites
(SCFAs, IPA) and accumulation of harmful metabolites (TMAO, phenyl sulfate, BCAAs). This imbalance impairs intestinal barrier
(ZO-1/Occludin downregulation), promotes endotoxin (LPS) translocation, and activates NF-kB (p65 phosphorylation) and NLRP3
inflammasome (NLRP3/ASC/caspase-1 complex), exacerbating renal inflammation via pro-inflammatory cytokines (IL-1B, TNF-a, IL-
6). Intervention strategies (including TCM) suppress this cascade: TCM (eg, Astragalus membranaceus, Xiaoyaosan) reshapes
microbiota, strengthens intestinal barrier, and inhibits NF-kB/NLRP3; SGLT2 inhibitors and probiotics/prebiotics complement via
SCFA elevation and TMAO reduction. Clinically, these interventions lower UACR, improve eGFR, and correlate with reduced serum
IL-1B/TNF-a.

Conclusion: Gut microbiota-metabolite-intestinal barrier axis dysfunction is a pivotal pathological mechanism of DKD inflammation,
mediated by NF-xB/NLRP3 pathways. Multi-pronged interventions targeting this axis effectively resolve inflammation, providing
promising therapeutic approaches for DKD.

Keywords: inflammation, diabetic kidney disease, intestinal microecology, traditional Chinese medicine, immune function, bacterial
communities

Introduction
Diabetic kidney disease (DKD) is the most common microvascular complication of Type 2 diabetes mellitus (T2DM) and the
leading cause of end-stage renal disease (ESRD) worldwide, accounting for approximately 40-50% of ESRD cases.'

https://doi.org/10.2147/JIR.S583563 Journal of Inflammation Research 2026:19 583563 |
Received: 25 November 2025 © 2026 Liang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 12 February 2026 A and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creati g/l /by-nc/4.0/). By accessing the work
Published: 10 March 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For

permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Liang et al

Currently, the treatment of DKD primarily focuses on blood glucose control (eg, sodium-glucose cotransporter 2 [SGLT2]
inhibitors), blood pressure management (eg, renin-angiotensin-aldosterone system [RAAS] inhibitors), and metabolic dis-
order improvement. However, it still cannot fully halt disease progression—even with strict glycemic and blood pressure
control, more than 30% of diabetic patients will develop DKD. Moreover, after progressing to ESRD, patients’ quality of life
declines significantly and the medical burden increases sharply.** This current situation suggests that there are key links in the
pathogenesis of DKD that have not been fully explored.

In recent years, the proposal of the “Gut-Kidney Axis” theory has provided a new perspective for DKD research. As
an important “organ” of host metabolism, gut microbiota dysbiosis (structural and functional disorders) can regulate
kidney injury through metabolite-mediated inflammatory responses.®® Clinical cohort studies have confirmed that DKD
patients exhibit significantly reduced gut microbiota o/f diversity, decreased abundance of beneficial bacteria (eg,
Bifidobacterium, short-chain fatty acid (SCFA)-producing bacteria), and increased abundance of pathogenic bacteria
(eg, Escherichia coli, phylum Proteobacteria).'®'" This dysbiosis is closely correlated with the levels of inflammatory
factors (IL-1B, TNF-o) and the degree of renal function impairment (urinary albumin-to-creatinine ratio [UACR]
estimated glomerular filtration rate [eGFR]).*'*"'> More importantly, gut microbiota metabolites (eg, SCFAs, trimethy-
lamine N-oxide [TMAOY], phenyl sulfate) can act as “messengers” to directly or indirectly regulate the renal inflamma-
tory microenvironment by activating or inhibiting key inflammatory pathways such as the NLRP3 inflammasome and
NF-«kB.'°

While existing reviews have explored the association between gut microbiota and DKD, most focus on changes in
microbial composition, lacking systematic integration of the “microbiota-metabolite-inflammation-renal injury” axis as
well as insufficient collation of clinical translation evidence.”'”"'® This review systematically analyzes the mechanisms
of action of gut microbial metabolism in DKD-related inflammation, summarizes therapeutic strategies targeting gut
microbial metabolism, and identifies the limitations of current research and future directions. It aims to provide
theoretical support for mechanistic research and clinical intervention of DKD.

Microenvironment of Intestinal Flora and Inflammation of Diabetes
Nephropathy
Characteristics of Gut Microbiota in Healthy and DKD States
The pathogenesis of DKD is complex, involving multiple factors such as glucose metabolic disorders, intestinal
microecological imbalance, oxidative stress, and inflammatory responses. We have summarized the pathogenesis of
DKD, as shown in Figure 1. Imbalance of gut microbiota plays an important role in the occurrence of DKD.
Approximately 10'* microorganisms colonize the intestinal tract of healthy individuals, predominantly belonging to
the phyla Bacteroidetes and Firmicutes, supplemented by Proteobacteria, Actinobacteria, and other phyla. Its core
functions include. First, participating in dietary fiber fermentation to produce beneficial metabolites such as SCFAs.
Second, synthesizing vitamins (eg, B vitamins). Third, maintaining intestinal barrier integrity by upregulating the
expression of tight junction proteins ZO-1 and Occludin. Fourth, inhibiting pathogenic bacterial colonization.'® This
homeostasis is termed “gut microecological balance”, which serves as a crucial guarantee for host metabolic and immune
homeostasis. The gut microecological balance is significantly disrupted in patients with DKD, and the degree of
dysbiosis correlates with DKD staging. Multiple cohort studies have shown that the Shannon index and Chaol index
of fecal microbiota in DKD patients are significantly lower than those in healthy controls and diabetic patients without
nephropathy, indicating decreased microbial richness and evenness.'*'> Meanwhile, the intestinal microbial composition
also changes, characterized by reduced abundance of beneficial bacteria (eg, Ruminococcaceae, Lachnospiraceae,
Bifidobacterium), which are the main producers of SCFAs. In addition, the abundance of pathogenic and opportunistic
pathogens (eg, phylum Proteobacteria, Escherichia coli-Shigella, Haemophilus) is increased, and their metabolites (eg,
lipopolysaccharide [LPS], trimethylamine N-oxide [TMAO]) possess pro-inflammatory activity.'”'” Notably, DKD
patients also exhibit site-specific gut microbiota dysbiosis. A high-fat diet (HFD)/streptozotocin (STZ)-induced diabetic
rat model showed that the Bacteroidetes/Firmicutes ratio in the jejunal microbiota (not just the colonic microbiota) was
decreased, and this ratio was negatively correlated with renal interleukin (IL)-1f and tumor necrosis factor (TNF)-a
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Figure | The main pathophysiological mechanism of DKD. This figure illustrates the interconnected core pathophysiological drivers of diabetic nephropathy (DKD), with
DKD centered as the target pathological condition. Surrounding it are eight synergistic mechanisms: glucose metabolism disorders (dysregulated pancreatic islet cell function
induces persistent hyperglycemia); RAAS activation (renin/ACE-mediated Ang Il production and aldosterone secretion drive renal injury); glomerular hemodynamic changes
(imbalanced Ang Il signaling disrupts intraglomerular pressure homeostasis); oxidative stress (excessive ROS accumulates to damage renal parenchymal cells); decreased
immune function (impaired renal immune cell activity fails to clear pro-inflammatory mediators); inflammatory reaction (renal inflammatory infiltration promotes fibrosis and
functional decline); genetic factors (gene polymorphisms increase DKD susceptibility); and gut microbiota imbalance (dysbiosis disrupts the gut-kidney axis to exacerbate
renal injury. These mechanisms form an interactive network that synergistically drives the pathological progression of DKD.

levels, suggesting that small intestinal microbiota dysbiosis may be involved in the initiation of DKD-related inflamma-
tion at an earlier stage.?’

The “Bridge” Linking Microbiota-Inflammation-Renal Injury
The intestinal barrier—composed of epithelial cells, tight junction proteins (ZO-1, Occludin), a mucus layer, and immune
cells—serves as a key structure preventing translocation of gut microbiota and their metabolites. Key DAMPs released
during intestinal barrier disruption (eg, high-mobility group box 1 [HMGBI1], ATP, and fragmented epithelial cytoske-
letons) amplify systemic inflammation and renal injury. HMGBI, released from damaged intestinal epithelial cells, binds
to TLR4 on renal tubular epithelial cells and macrophages, activating NF-«kB signaling and promoting pro-inflammatory
cytokine (IL-1P, TNF-a) secretion.”’ In DKD, intestinal barrier dysfunction is the core link connecting gut microbiota
dysbiosis and renal inflammation. Gut microbiota dysbiosis directly impairs the barrier: toxins (eg, hemolysin) from
pathogenic bacteria (eg, Escherichia coli) degrade tight junction proteins, increasing intestinal permeability.’
Metabolite imbalance further exacerbates barrier impairment: TMAO induces mitochondrial reactive oxygen species
(mROS) production, damaging intestinal epithelial cell mitochondria, while SCFA deficiency impairs epithelial repair
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capacity.”” Notably, inflammatory activation forms a vicious cycle: IL-6 and TNF-a from renal inflammation act on the
intestine via the circulatory system, further downregulating tight junction protein expression and aggravating “intestinal
injury-inflammation-renal injury” crosstalk.*?

Immune cells including macrophages, neutrophils, and mucosal-associated invariant T (MAIT) cells mediate this
crosstalk. Intestinal barrier disruption allows translocation of LPS and DAMPs, which recruit circulating monocytes/
macrophages to the kidney, polarizing them into pro-inflammatory M1 phenotypes that exacerbate renal interstitial
inflammation.”*** Neutrophil infiltration into the intestine and kidney further damages barrier integrity and renal
parenchyma via reactive oxygen species (ROS) and neutrophil extracellular traps (NETs).*

Clinical evidence shows that serum endotoxin (lipopolysaccharide [LPS]) levels are significantly elevated in DKD
patients and positively correlated with UACR and IL-1p.*'* Animal experiments have confirmed that antibiotic-mediated
gut microbiota depletion can reduce serum LPS and renal inflammatory factor levels, alleviate tubulointerstitial injury,
directly verifying the pathological significance of intestinal barrier dysfunction.’

The “Effector Molecules” of Gut Microbiota in Regulating DKD-Related Inflammation
Gut microbiota metabolites are core mediators of crosstalk between gut microbiota and renal inflammation. Based on
their effects on DKD-related inflammation, they can be classified into “beneficial metabolites” (eg, SCFAs, indole-
3-propionic acid [[PA]) and “harmful metabolites” (eg, TMAO, phenyl sulfate, branched-chain amino acids [BCAA]).
These metabolites regulate renal inflammation through three mechanisms: First, direct action on renal cells: they reach
the kidneys via the blood circulation, bind to specific receptors (eg, GPR43) or activate signaling pathways (eg, NLRP3
inflammasome), thereby regulating inflammatory responses.'® Second, modulation of systemic immunity: they influence
macrophage polarization (M1—M2) and T cell differentiation, indirectly improving the renal inflammatory
microenvironment.?’ Third, regulation of renal metabolism: for example, BCAA accumulation can exacerbate podocyte
insulin resistance, indirectly promoting the secretion of inflammatory factors.®’

Notably, the effects of metabolites are “concentration-dependent”: for instance, low concentrations of acetate can
protect the kidneys via GPR43, while high concentrations of acetate activate the renin-angiotensin system (RAS) and
promote the progression of early-stage DKD.'? This complexity suggests that precise regulation of metabolite levels is
required to achieve therapeutic effects.

The Mechanism Module of Intestinal Flora Metabolites Regulating
Inflammation in Diabetes Nephropathy

Short Chain Fatty Acids (SCFAs)

SCFA-Mediated Anti-Inflammatory Effects

SCFAs are the major metabolites produced by gut microbiota fermenting dietary fiber, including acetate (60%),
propionate (25%), and butyrate (15%). Their producer bacteria mainly belong to Ruminococcaceae and
Lachnospiraceae of the phylum Firmicutes, as well as Bacteroidaceae of the phylum Bacteroidetes.’® SCFAs (acetate,
propionate, butyrate) exhibit dose-dependent effects, with physiological concentrations (10-100 pmol/L in serum,
10-100 mmol/L in colonic lumen) mediating anti-inflammatory effects in DKD. In clinical cohorts, DKD patients
have serum SCFA levels (20-60 pmol/L) lower than healthy controls (40-90 umol/L),>' within the physiological range
where GPR43/GPR109A activation inhibits NLRP3.'® However, pharmacological concentrations (>200 pmol/L) of
acetate activate renal RAS,'> which is rarely observed in clinical practice (DKD patients’ acetate levels rarely exceed
80 umol/L)."* This indicates that SCFA supplementation in DKD should target physiological concentrations to avoid
adverse effects, aligning with clinical observations that moderate SCFA elevation (to ~70 pmol/L) correlates with
improved eGFR.>' SCFAs exert anti-inflammatory effects mainly by activating GPR43/GPR109A receptors, inhibiting
the NLRP3 inflammasome, and regulating macrophage polarization. GPR43 (predominantly expressed on macrophages
and podocytes) and GPR109A (mainly expressed on intestinal epithelial cells and renal interstitial cells) are specific
receptors for SCFAs. Upon binding to these receptors, SCFAs can activate the AMPK signaling pathway, inhibit mTOR
activity, and reduce the secretion of IL-1$ and TNF-a.** Clinical studies have shown that GPR43 expression is increased
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in renal tissues of DKD patients and negatively correlated with podocyte injury markers (nephrin, podocin), verifying the
pathological significance of the receptor-mediated pathway.>>

Butyrate can downregulate the expression of NLRP3, ASC, and caspase-1, block inflammasome assembly, and reduce
the release of mature IL-1p. Animal experiments have confirmed that butyrate supplementation can reduce renal NLRP3
expression by 40% and IL-1f levels by 35% in DKD mice.”® In addition, SCFAs can promote the polarization of
macrophages from pro-inflammatory M1 to anti-inflammatory M2 phenotype, increase IL-10 secretion, and decrease the
TNF-0/IL-10 ratio. In vitro experiments have shown that propionate treatment can increase macrophage IL-10 expression
by 2.5-fold and M2 marker (CD206) expression by 3-fold.**

Stage-Specific SCFA Actions

In early-stage DKD (UACR: 30-300 mg/g), SCFAs exert protective effects primarily by inhibiting renal RAS
activation,'* a phenomenon distinct from their core anti-inflammatory mechanisms.'® Acetate supplementation reduces
Ang II and IL-6 levels, while GPR43 deficiency abrogates these benefits by impairing AMPKoa-mediated podocyte
insulin resistance."*

In advanced-stage DKD (eGFR < 30 mL/min/1.73m?), SCFAs primarily act by inhibiting renal fibrosis. Cai et al’'
confirmed that butyrate supplementation could activate the AMPK/mTOR pathway, promote autophagy of renal tubular
epithelial cells, and reduce collagen deposition. Clinical data showed that fecal butyrate levels in advanced DKD patients
were negatively correlated with the degree of renal interstitial fibrosis.>

In elderly DKD patients, SCFAs can protect the kidneys by inhibiting “inflammaging”. Rong et al** found that the
abundance of SCFA-producing bacteria was further reduced in elderly DKD patients, accompanied by elevated levels of
inflammaging markers (p16INK4a, IL-6). SCFA supplementation could downregulate the mTOR-p16INK4a pathway,
reduce the senescence-associated secretory phenotype (SASP), and improve renal function in elderly DKD mice.

Trimethylamine N-oxide (TMAO)

TMAO is a key representative of harmful metabolites, produced by gut microbiota metabolizing choline and carnitine.
First, gut microbiota converts choline into trimethylamine (TMA), which is then oxidized to TMAO by hepatic flavin-
containing monooxygenase 3 (FMO3).>> TMAO exhibits dose-dependent pathogenicity: physiological serum concentra-
tions (0-4 pmol/L) are harmless, while concentrations >8 pmol/L (observed in 60% of advanced DKD patients*®)
significantly activate mROS-NLRP3 signaling.®” Clinical cohort studies confirm that TMAO levels >12 pmol/L increase
ESRD risk by 2.3-fold,*® defining a clinically relevant pathogenic threshold. Notably, TMAO concentrations in early
DKD (4-8 pmol/L) show no significant correlation with renal inflammation,*® highlighting dose-dependent clinical
relevance—only supraphysiological concentrations drive disease progression.

Activation of the “mROS-NLRP3” axis by TMAO to promote DKD-related inflammation represents its core
pathogenic mechanism. TMAO can enter renal tubular epithelial cells, bind to the mitochondrial membrane, inhibit
the activity of mitochondrial respiratory chain complex IV, and induce increased mROS production, ultimately leading to
mitochondrial damage.'® Elevated mROS activates the NLRP3 inflammasome: mROS oxidizes the cysteine residues of
the NLRP3 protein, promoting its oligomerization and assembly, activating caspase-1, and releasing mature IL-18.*° In
addition, NLRP3 activated by TMAO can further induce pyroptosis of renal tubular epithelial cells (characterized by
cellular swelling and membrane rupture), releasing inflammatory factors and recruiting immune cell infiltration.*!
Animal experiments have confirmed that inhibiting TMAO production (eg, using FMO3 inhibitors) can reduce renal
mROS levels by 45%, NLRP3 expression by 50%, and UACR by 30% in DKD mice.** Clinical data show that serum
TMAO levels in DKD patients are positively correlated with IL-1B and caspase-1, directly verifying the clinical
relevance of this mechanism.*®

TMAO does not act alone but synergizes with other harmful metabolites to exacerbate DKD-related inflammation.
Both TMAO and phenyl sulfate can activate the mROS-NLRP3 axis, and the inflammatory effect is enhanced by 1.8-fold
when combined.** In addition, TMAO can also synergize with BCAAs. TMAO exacerbates BCAA-induced podocyte

insulin resistance, indirectly promoting IL-6 secretion.* This synergistic effect suggests that targeting a single harmful
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metabolite may not be sufficient to fully block inflammatory progression, and multi-targeted intervention should be
considered.

Amino Acids and Their Derivatives

Direct interaction between intestinal epithelial cell (IEC) receptors and renal cells has not been definitively demonstrated,
but indirect crosstalk is mediated by immune cells and signaling molecules. IECs express receptors such as TLR4,
GPRA43, and AhR, which bind gut microbiota metabolites (eg, LPS, SCFAs, IPA) and trigger secretion of chemokines
(CCL2, CXCL10).*>*® These chemokines recruit circulating immune cells (eg, monocytes, dendritic cells) to the
intestine, which then migrate to the kidney and release cytokines (TNF-a, IL-6) that act on renal interstitial cells and
podocytes.*” For example, LPS binding to IEC TLR4 induces CCL2 secretion, recruiting CCR2+ monocytes to the
intestine; these monocytes subsequently traffic to the kidney, differentiating into M1 macrophages that promote podocyte
apoptosis.*® While direct receptor-receptor interaction between IECs and renal cells is speculative, immune cells serve as
critical intermediaries in gut-kidney crosstalk.

Serum BCAA levels are significantly elevated in DKD patients and positively correlated with UACR and IL-8.%° Tts
pro-inflammatory mechanisms include the following three aspects. First, exacerbating podocyte insulin resistance:
BCAA accumulation can activate the mTOR signaling pathway, inhibit AMPK activity, induce podocyte cytoskeletal
disorganization, and indirectly promote IL-6 secretion.”” Second, promoting macrophage inflammation: BCAAs can
activate the GCN2 signaling pathway, induce macrophages to secrete IL-8 and monocyte chemoattractant protein-1
(MCP-1), and recruit inflammatory cells to the renal interstitium.'> Third, regulating gut microbiota: elevated BCAAs
can further inhibit the abundance of SCFA-producing bacteria, forming a “metabolic dysregulation-microbiota dysbiosis-
inflammation” vicious cycle.>

Machine learning analysis has shown that BCAAs, together with TMAO and phenyl sulfate, form a “microbiota-
metabolite module” that can accurately predict the degree of DKD-related inflammation (AUC = 0.832). Its predictive
value is second only to that of eGFR and UACR, suggesting that BCAAs may serve as potential biomarkers for DKD-
related inflammation.””

Phenyl sulfate is a derivative produced by gut microbiota metabolizing tyrosine. Its levels are increased by 2-3 fold in
DKD patients and positively correlated with the degree of glomerulosclerosis. Studies have shown that phenyl sulfate can
bind to the leucine-rich repeat (LRR) domain of NLRP3, promote its interaction with ASC, and activate caspase-1.>" In
addition, phenyl sulfate can induce podocyte apoptosis, downregulate nephrin expression, and increase proteinuria.’*>*
More importantly, phenyl sulfate can compete for organic anion transporter 1 (OAT1), reduce the excretion of other
toxins, and exacerbate renal injury.>* Clinical studies have shown that the combined detection of phenyl sulfate and
TMAO can increase the AUC of DKD diagnosis from 0.713 to 0.751, suggesting its potential as a biomarker.>*

IPA is a derivative produced by gut microbiota metabolizing tryptophan. Similar to SCFAs, its levels are decreased in
DKD patients.”>> TPA can activate the aryl hydrocarbon receptor (AhR), downregulate the phosphorylation level of NF-
kB p65, reduce the secretion of IL-6 and TNF-a, thereby inhibiting the NF-kB pathway.” In addition, IPA can upregulate
the expression of mucus layer protein (MUC2), reduce gut microbiota translocation, and thus protect the intestinal
barrier. Furthermore, IPA can activate the SIRT1/PGC-1a pathway, improve mitochondrial function of renal cells, and
decrease mROS production.”® Although research on IPA is relatively limited, existing evidence suggests that it may be
a potential protective factor against DKD-related inflammation, which warrants further investigation.”

Other Metabolites

Besides the aforementioned core metabolites, valeric acid, caproic acid, and bile acid derivatives produced by gut
microbiota are also involved in the regulation of DKD-related inflammation, but relevant research remains relatively
limited. As homologs of SCFAs, valeric acid and caproic acid can inhibit the NLRP3 inflammasome through similar
mechanisms. However, their abundance is more significantly reduced in DKD patients and negatively correlated with the
risk of ESRD. In addition, microbiota-mediated secondary bile acids (eg, lithocholic acid) can inhibit renal inflammation via
the TGRS receptor. Levels of secondary bile acids are decreased in DKD patients and negatively correlated with IL-1p.%
The mechanisms of action and clinical significance of these metabolites still require further research for verification.
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Microbial Metabolism and Inflammatory Characteristics in Different
Clinical Scenarios of Diabetes Nephropathy
Early-Stage DKD (eGFR = 60 mL/min/1.73m?, UACR: 30-300 mg/g)

The core feature of early-stage DKD is “microbiota dysbiosis initiating inflammation, with inflammation not yet causing
significant renal function impairment”. Its characteristics of gut microbiota metabolism and inflammation include. First,
microbiota dysbiosis is dominated by a mild reduction in beneficial bacteria. The abundance of SCFA-producing bacteria
(eg, Ruminococcaceae) is decreased by 10%—-20%, the abundance of pathogenic bacteria (eg, Escherichia coli) is
increased by 15%—25%, and o diversity is slightly reduced.’” Second, metabolite imbalance is characterized by a mild
decrease in SCFAs and abnormal elevation of acetate. Serum acetate levels are increased (possibly associated with
altered intestinal fermentation patterns), while propionate and butyrate levels are decreased, and TMAO levels have not
yet significantly elevated.>® Third, inflammation is centered on local renin-angiotensin system (RAS) activation. Gut
microbiota dysbiosis is hypothesized to activate the renal RAS system—supported by correlational evidence that reduced
SCFA-producing bacteria abundance correlates with elevated renal Ang II and IL-6 levels.'**® Animal experiments have
confirmed that early intervention (eg, propionate supplementation) can significantly delay DKD progression: after
8 weeks of propionate supplementation in HFD/STZ-induced diabetic rats, UACR was reduced by 28% and renal Ang
II levels by 32%, highlighting the importance of targeting gut microbiota metabolism in the early stage.*

Advanced-Stage DKD (eGFR < 30 mL/min/1.73m? UACR > 300 mg/g)

A well-documented vicious cycle between inflammation and fibrosis characterizes advanced DKD.?” Exacerbated gut
microbiota dysbiosis (reduced SCFAs, elevated TMAO) directly contributes to this cycle—TMAO-induced mROS-NLRP3
inflammasome activation is an established pathway,?” with FMO3 inhibition reducing renal NLRP3 expression and fibrosis.*
However, the direct link between microbiota dysbiosis and enhanced renal fibro-inflammatory marker (0-SMA) expression
remains hypothesized, as it relies on indirect evidence of microbial metabolite translocation.>® First, the abundance of SCFA-
producing bacteria is decreased by 40%—-50%, the abundance of pathogenic bacteria (eg, Haemophilus, Megasphaera) is
increased by 50%—60%, and a diversity is significantly reduced. Meanwhile, levels of TMAO, phenyl sulfate, and BCAAs are
significantly elevated, while levels of SCFAs and IPA are remarkably decreased—this metabolite imbalance is positively
correlated with renal function impairment.®® In addition, systemic inflammatory factor (IL-1p, IL-18, TNF-a) levels are
increased, pyroptosis of renal tubular epithelial cells and macrophage infiltration are prominent, and the expression of fibrosis
markers (a-SMA, collagen I) is upregulated. Clinical evidence shows that serum TMAO levels in advanced DKD patients are
negatively correlated with eGFR (r = —0.42, P < 0.001), and NLRP3 expression levels can predict the risk of ESRD
progression.'® This suggests that targeting NLRP3 and TMAO may be important intervention directions for advanced-stage
DKD.

Elderly DKD (Age 2 65 Years)

The core feature of elderly DKD is the “superimposition of microbiota dysbiosis and inflammaging”, with more
prominent characteristics.®® First, microbiota dysbiosis is more severe: the abundance of SCFA-producing bacteria is
further decreased by 20-30% compared with non-elderly DKD patients, while the abundance of inflammaging-related
bacteria (eg, Christensenella) is increased. Second, metabolite imbalance is associated with inflammaging: insufficient
SCFAs fail to inhibit the mTOR-p16INK4a pathway, leading to elevated levels of inflammaging markers (p16INK4a,
IL-6, SASP). Third, inflammation is characterized by “chronic low-grade inflammation”: systemic inflammatory
factor levels are slightly elevated but persist, accelerating renal aging and functional decline. Animal experiments
have confirmed that SCFA supplementation can improve renal function in elderly DKD mice by inhibiting
inflammaging.®'

Therapeutic Strategies Targeting Gut Microbiota Metabolism in DKD
Therapeutic strategies for DKD targeting gut microbiota metabolism can be classified into “pharmacological synergistic
regulation” (TCM), “gut microbiota modulation” (probiotics, prebiotics, fecal microbiota transplantation [FMT]),
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“metabolite regulation” (supplementation of beneficial metabolites, inhibition of harmful metabolites), and “dietary
intervention”. The mechanisms, experimental evidence, and translational prospects of different strategies are as follows.

Pharmacological Synergistic Regulation

In the treatment of DKD, many individual herbs or herbal extracts have shown significant therapeutic effects. We have
summarized the research on DKD treatment based on individual herbs or herbal extracts, and the results are shown in
Table 1. Commonly used herbs include Huangqi, Salvia miltiorrhiza (Danshen), Poria cocos (Fuling), and Lycium
barbarum (Gougqi) etc. The active components of these herbs possess multiple biological activities and can improve renal
function through various mechanisms.®® For example, astragaloside, the main component in Huanggi, has been found to
exert antioxidant, anti-inflammatory effects and improve renal tubular cell function, which can significantly reduce
urinary protein excretion and serum creatinine levels in diabetic mice.'? In addition, tanshinone from Salvia miltior-
rhiza also shows renoprotective effects, which can alleviate renal injury by regulating oxidative stress and inflammatory
responses.®> The combined use of these herbs can produce a synergistic effect, thereby enhancing the therapeutic
efficacy.

Chinese herbal formulas have shown unique advantages in the treatment of DKD.”” We have summarized the research
on DKD treatment based on Chinese herbal formulas, and the results are shown in Table 2. Through multi-component
and multi-target mechanisms of action, Chinese herbal formula can effectively improve patients’ clinical symptoms and
biochemical indicators. For example, studies have demonstrated that the compound preparation combining Astragali
Radix and Salvia miltiorrhiza can significantly reduce the urinary protein excretion rate and serum creatinine levels in
DKD patients, with its efficacy being superior to that of single-drug administration.'” In addition, Chinese herbal formula
can regulate the intestinal microecology, improve intestinal barrier function, and further influence systemic inflammatory
responses and metabolic status, thereby providing new approaches for the treatment of DKD.” The synergistic effect of
such compounds not only enhances the therapeutic effect but also reduces potential side effects that may be caused by
single components, offering a safer treatment option for patients.

SGLT?2 inhibitors (eg, dapagliflozin) are first-line therapeutic agents for DKD. Recent studies have shown that they
can regulate gut microbiota metabolism via the “gut-kidney axis” to enhance anti-inflammatory effects.” Studies have
demonstrated that SGLT?2 inhibitors can increase the abundance of SCFA-producing bacteria (eg, Ruminococcaceae) and
decrease the abundance of pathogenic bacteria (eg, Escherichia coli).* They can also elevate serum SCFA levels, reduce
TMAO levels, upregulate the expression of ZO-1 and Occludin, and decrease gut microbiota translocation, thereby
regulating intestinal metabolite levels and protecting the intestinal barrier.” In addition, through the aforementioned
mechanisms, SGLT?2 inhibitors inhibit the NF-kB pathway and reduce the levels of IL-17 and TNF-q, thus improving the
renal inflammatory state. Dapaglifiozin can increase gut microbiota a diversity by 25%, serum SCFA levels by 30%, and
reduce urinary albumin-to-creatinine ratio (UACR) by 35% in db/db mice.* In a clinical study, after 6 months of
dapagliflozin administration in 120 DKD patients, serum TMAO levels decreased by 20% and IL-17 levels by 18%, and
these changes were associated with improved eGFR.*"?

Probiotic Supplementation

Probiotics refer to live microorganisms beneficial to the host. Those extensively studied in DKD include Bifidobacterium,
Lactobacillus, and Faecalibacterium. Probiotics can directly improve gut microbiota dysbiosis by increasing the abun-
dance of SCFA-producing bacteria and inhibiting the colonization of pathogenic bacteria. Studies have shown that
probiotics can secrete bacteriocins (eg, nisin) to inhibit the activation of the NLRP3 inflammasome, thereby reducing
inflammatory responses.”>* In addition, probiotics can upregulate the expression of tight junction proteins and reduce gut
microbiota translocation to protect the intestinal barrier.

Multiple studies have confirmed that probiotic supplementation can improve renal function in DKD mice.
Lactobacillus plantarum GMNL-263 can reduce hemoglobin Alc (HbAlc) levels and inhibit renal fibrosis in STZ-
induced diabetic rats.” A probiotic cocktail (Lactobacillus + Bifidobacterium) can decrease renal IL-1p levels by 35% and
UACR by 28% in db/db mice.”® Clostridium butyricum can reduce the apoptosis of renal tubular epithelial cells by
activating the AMPK pathway.”® In a randomized controlled trial, 100 DKD patients (UACR: 30-300 mg/g) received
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Table | Research Progress on Individual Herb or Herbal Extracts for the Treatment of DN

Shen)

Mori Folium
(Sang Ye)
Astragalus membranaceus

(Huanggi)

Astragalus membranaceus

(Huanggi)

Camomile
(Gan Ju)

Mori Folium
(Sang Ye)

Aloe

(Lu Hui)

Cordyceps cicadae (Jin
Chan Hua)

Tanshinone IIA

Quercetin

Astragalus

polysaccharide

Astragaloside IV

Fisetin

Quercetin

Aloe-emodin

Cordyceps cicadae

polysaccharides

DN rats

STZ injection-induced
DN rats
STZ injection-induced
DN rats

Immortalized mouse

podocytes

STZ-induced DN mice

STZ-induced DN mice

STZ injection-induced
DN rats
STZ injection-induced
DN rats

Nrf2

TLR4/NF-xB

Nrf2-ARE/TFAM

Nrf2/HO-1/GPX4

Nrf2/HO-1

TLR4/NF-kB;
TGF-B1/Smad

GPX4, MDA|
GSH?
IL-1B, IL-6, MCP-1]

Bcl-2)
BAX?

MDA

SOD, GSH, Podocin?

TFR-1, FTH-1, GPX4|

Collagen I, Notch 1, p-AKT,
IL-1B, IL-7, IRF4]
IL-1B, IL-6]

improve glucose and lipid disorders in early
DN rats by regulating the PI3K/Akt/NF - «

B signaling pathway.

Quercetin treats diabetes nephropathy by
inhibiting iron death in rat models.
Astragalus polysaccharide ameliorated DN
renal injury, and the mechanisms perhaps
related to relieving inflammatory responses
and attenuating the TLR4/NF-kB signaling
pathway.

AS-IV can resist oxidative stress induced renal
injury and podocyte apoptosis in diabetes by
improving the function of mitochondria.
Fisetin could enhance the antioxidative stress
capacity of DN mice by promoting the
activation of the Nrf2/HO-1/GPX4 signaling
pathway in renal tissues.

Quercetin inhibits the ferroptosis of renal
tubular epithelial cells by regulating the Nrf2/
HO-1 signaling pathway.

Aloe-emodin could ameliorate DN by
targeting IRF4.

Cordyceps cicadae polysaccharides has

a beneficial effect on renal tubulointerstitial
fibrosis in DN rats by blocking the TLR4/NF -
k B and TGF - B I/Smad signaling pathways.

Herb Extract Research Model Signaling Main Indicators Results Reference

Pathway
Ginkgo biloba L. Isoquercitrin db/db mice JAK-STAT IL-6, IL-1B, MCP-1, TGF-B, Alleviates DKD by inhibiting STAT3 activity. Xuan 2025,
(Yin Xing Ye) STAT3, TNF-0]
Penthorum chinense Thonningianin A STZ-induced DN mice | NLRP3/ASC/ IL-1B, IL-6] Thonningianin A may improve renal interstitial | Zhang 2024,
Pursh Caspase-| Claudin-1, Occludin, ZO-11 fibrosis in DN mice by regulating the NLRP3/
(Che Gen Cai) ASC/Caspase-| signaling pathway.
Astragalus membranaceus | Astragalus STZ injection-induced | Sirtl/FoxOl IL-1B, IL-6, MDA Astragalus polysaccharide mitigated DN Xu 2024,%°
(Huanggi) polysaccharide DN rats SOD, GSH?t under hyperglycemic conditions by activating

the Sirtl/FoxO| autophagy pathway.

Salvia miltiorrhiza (Dan Salvianolic acid B, STZ injection-induced P13K/Akt/NF-xB IL-6, IL-1B3, MCP-I, TNF-a| Salvianolic acid B and tanshinone lIA may Xu 2024,%¢

Zhang 2024,

Guo 2023,%®

Shen 2023,

Qian 2023,”°

Feng 2023,”!

Lu 2022,7%

Yang 2020,

(Continued)
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Table 1 (Continued).

Lian)

DN rats

STZ-induced renal injury via inactivating
TLR4/NF-kB pathway.

Herb Extract Research Model Signaling Main Indicators Results Reference

Pathway
Belamcanda chinensis Tectorigenin db/db mice AdipoR /2 TGF-1, SMAD4| Tectorigenin have a potently effect for Yang 2020,”
(She Gan) retarding type 2 diabetes-associated DN.
Astragalus membranaceus | Astragaloside IV STZ injection-induced | —— NO, eNOS acetylation| Astragaloside IV improves the functional Fan 2019,7
(Huanggi) DN rats abnormalities of DN by inhibiting the

acetylation of eNOS.

Coptis chinensis (Huang Berberine STZ injection-induced | TLR4/NF-xB IL-1B, IL-6, MCP-1 | Berberine ameliorated DN through relieving Zhu 2018,7

Abbreviations: IRF4, interferon regulatory factor 4; TFR-I, transferrin receptor |; FTH-I, ferritin heavy chain |; GPX4, glutathione peroxidase 4;

Decreased expression/level.

MCP-1, monocyte chemoattractant protein-1; 1, Increased expression/level; |,
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Table 2 Research Progress on Chinese Herbal Formulas for the Treatment of DN

Chinese Herbal Formulas

Research Model

Signaling Pathway

Main Indicators

Results

Reference

Tangshen Formula

Qing Re Xiao Zheng formula

Shenyan Kangfu tablet

QiDiTangShen granules

San-Huang-Yi-Shen capsule

Jowiseungki decoction

Bekhogainsam decoction

Zicuiyin decoction

Huang Lian Jie Du Decoction

Jinlida granules

Shen-Qi-Jiang-Tang granule

Fuxin Granules

Right uninephrectomy and STZ
injection-induced DN rats

HFD and STZ injection-

induced DN mice

db/db mice

db/db mice

HFD and STZ-induced DN

mice

STZ-induced DN mice

STZ-induced DN mice

DN patients based on
Chinese DN guidelines

db/db mice

db/db mice

STZ-induced DN mice

db/db mice

JNK/NF-«B

TLR4/NF-xB

NF-xB

PKCa/PI3K/Akt; NF-
«B/a-SMA

PI3K/Akt; MAPK

AGEs/RAGE/Akt/Nrf2

AMPK/PGC-la

TNF/JNK/p38

TGF-B1/Smad; VEGF/
VEGFR2

MCP-1, TNF-a

LPS|
Zo-11

HbAlc, TNF-q, IL-1B]

TBA, B-MCA, TCA, Tp-
MCA, DCA|

MDA, IL-6, IL-1B, TNF-0}
SOD, GSH?

PKC-a, TGF-B1, 0-SMA,
iNOS, COX-2

IRS-1, PI3K, JSD1
PKCa, TGF-BI, a-SMA|

HbAlc, SCr|

MDA |

SOD, GSH, HO-11
BAX, Caspase-3|
BCL271

IL-1, TNF-q, IL-6, IL-12]
TGF-B1, Smad2/3, VEGFA,

VEGFR2|
eNOSt

Orally administered Tangshen Formula significantly
inhibited diabetic renal injury, and modulated gut
microbiota, which decreased levels of lipopolysaccharide
and indoxyl sulfate, and attenuated renal inflammation.
The reno-protective effects of Qing Re XiaoZheng formula
was probably associated with modulating gut microbiota
and inhibiting inflammatory responses in the kidney.
Shenyan Kangfu tablet alleviates DN by regulating the
cascade of renal inflammatory signaling and gut microbiota
QiDiTangShen granules significantly alleviated renal injuries
in mice with DN. The gut microbiota-bile acid axis may be
an important target for the reno-protection of
QiDiTangShen granules in DN.

San-Huang-Yi-Shen capsule has various improvement
effects on DN, including alleviating hyperglycemia and
improving renal function, renal pathological changes,
oxidative stress, and inflammatory response.

Jowiseungki decoction can improve symptoms in STZ-
induced DN mice through the inhibition of kidney
dysfunction.

Bekhogainsam decoction treats diabetes nephropathy by
preventing structural damage and renal dysfunction.
Zicuiyin decoction had better efficacy in improving and
protecting kidney function, especially those who decline
eGFR and gut microbiota dysbiosis.

Huang Lian Jie Du Decoction ameliorates DN by regulating
the AGEs/RAGE/Akt/Nrf2 pathway and metabolic profiling.
Jinlida granules could improve mitochondrial homeostasis
and reduce cell apoptosis in podocytes via activating the
AMPK/PGC-la pathway.

Shen-Qi-Jiang-Tang granule exerts a kidney protective
effect in DN mice via modulating TNF signaling pathways.
Fuxin Granules treats DN by regulating the TGF - $1/Smad
and VEGF/VEGFR? signaling pathways.

Zhao, 202078

Gao 2021,7°

Chen 2021,%°

Wei 2021 %'

Su 2022,%2

Meng 2021,%

Meng 2020,%*

Liu 2022,%°

Tang 2022,%¢

Sun 2025,%

Chen 2023,%8

Zheng 2021,%°

(Continued)
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Table 2 (Continued).

Chinese Herbal Formulas

Research Model

Signaling Pathway

Main Indicators

Results

Reference

Chaihuang-Yishen granule

Sanziguben

Right uninephrectomy and
STZ injection-induced DN
rats

db/db mice

NF-xB

TLR4/NF-xB/NLRP3

MCP-1, TNF-a, TGF-1|

IL-18, IL-1B}

Chaihuang-Yishen granule ameliorates renal injury in
diabetic rats through reduction of inflammatory cytokines
and their intracellular signaling.

Sanziguben improved intestinal flora disorder and inhibited
the TLR4/NF-kB/NLRP3 pathway to alleviate DN.

Zhang 201 4,90

Wang 2023,

Abbreviations: HFD, high-fat diet; STZ, streptozotocin; TBA, total bile acid; B-MCA, B-muricholic acid; TCA, taurocholic acid; TB-MCA, tauro B-muricholic acid; DCA, deoxycholic acid; PKC-0, protein kinase C-alpha; TGF-B1,
transforming growth factor beta-1; a-SMA, a-smooth muscle actin; iINOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; IRS-1, insulin receptor substrate |; Glycosylated hemoglobin Alc, HbAlc; VEGF, vascular endothelial
growth factor; VEGFR2, vascular endothelial growth factor receptor 2; eNOS, endothelial nitric oxide synthase; 1, Increased expression/level; |, Decreased expression/level.
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soybean milk containing Lactobacillus plantarum A7 for 8 weeks. After intervention, cystatin C (a renal function marker)
decreased by 12% and progranulin (an inflammatory adipokine) decreased by 18%, but there was no significant effect on
UACR.

Probiotics and Dietary Fiber
Probiotics refer to dietary fibers fermentable by gut microbiota (eg, fructooligosaccharides [FOS], inulin, resistant
starch). Their core mechanism is to promote the proliferation of beneficial bacteria and increase SCFA production.””
Studies have shown that FOS can increase the abundance of SCFA-producing bacteria by 40%, serum propionate levels
by 35%, and reduce UACR by 32% in streptozotocin (STZ)-induced diabetic rats.”® Inulin-type fructans can modulate
the gut microbiota of db/db mice, elevate acetate levels, and ameliorate glomerulosclerosis. Resistant starch can decrease
serum phenyl sulfate levels and inhibit the NLRP3 inflammasome in STZ-induced diabetic rats. In a study involving
diabetic patients, supplementation with FOS for 12 weeks resulted in a 25% increase in serum SCFA levels and a 15%
decrease in IL-6."7

Probiotics and their metabolites (eg, SCFAs) are generally renoprotective in DKD, but emerging evidence suggests
that dysregulated metabolite levels may induce mild renal stress. For example, high concentrations of acetate (a SCFA)
activate the renal renin-angiotensin system (RAS), leading to podocyte cytoskeletal disorganization via ATIR
signaling.”® Mechanistically, probiotic metabolites impact podocytes by regulating cell survival (eg, butyrate inhibits
podocyte apoptosis via AMPK activation) and permeability (eg, propionate upregulates nephrin expression).””

Apolipoproteins (eg, ApoE) may indirectly mediate probiotic effects: gut microbiota modulates ApoE expression in
the liver, and ApoE deficiency exacerbates podocyte injury by impairing lipid metabolism in the kidney.'°® However,
direct links between probiotics/metabolites and apolipoproteins in DKD are scarce. Regarding K+ channels, no studies
have confirmed their involvement in probiotic-mediated podocyte regulation; this represents a knowledge gap requiring
future investigation.

Mechanism of TCM on Intestinal Microecology in Treating DKD

The gut-liver-kidney axis drives renal injury through three key mediators. First, gut microbiota-derived choline is
metabolized to trimethylamine (TMA) by intestinal bacteria, which is oxidized to TMAO by hepatic flavin-containing
monooxygenase 3 (FMO3). TMAO then accumulates in the kidney, activating mROS-NLRP3 signaling and inducing
tubular epithelial cell pyroptosis.'®" Second, intestinal microbiota modulate bile acid composition (eg, deoxycholic acid,
DCA); impaired enterohepatic circulation leads to bile acid accumulation in the liver and kidney, activating farnesoid
X receptor (FXR) and exacerbating renal fibrosis.”® Third, inflammatory mediators: Gut-derived LPS and pro-
inflammatory cytokines (TNF-a, IL-6) induce hepatic inflammation, which enhances liver production of acute-phase
proteins (eg, C-reactive protein) and pro-fibrotic factors (eg, TGF-p1); these molecules are released into the circulation,

promoting renal interstitial fibrosis.'**

The Impact of TCM on Gut Microbiota
TCM plays an important role in regulating intestinal microecology, particularly in the treatment of DKD.'® Studies have
shown that TCM can promote overall health by improving the composition and function of the gut microbiota.'**'%°> For
instance, certain TCM components such as Astragali Radix and Salvia miltiorrhiza have been confirmed to regulate the
intestinal microbial community, increase the abundance of beneficial bacteria, and inhibit the growth of harmful bacteria,
thereby improving the balance of intestinal microecology.'> Additionally, TCM compound preparations such as Yigi
Yangyin Huayu Tongluo Formula (YT Formula) have exhibited significant renoprotective effects in DKD models, and
part of their mechanisms may be related to the regulation of gut microbiota.'

What’s more, TCM modulates gut microbiota, but the specific microbial targets vary due to formula heterogeneity.
For example, Yiqi Yangyin Huayu Tongluo Formula enriches Bifidobacterium and Ruminococcaceae,'* while Qing-Re-
Xiao-Zheng Formula primarily reduces Proteobacteria. These differences arise from distinct ingredient combinations—

qi-invigorating herbs (eg, A. membranaceus) tend to promote SCFA-producing bacteria,'* whereas heat-clearing herbs
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(eg, Coptis chinensis) inhibit pathogenic taxa.”® Such variability underscores that TCM’s microbiota-modulating effects
are formula-specific, requiring tailored research to validate mechanism-consistent outcomes.

Bioactive components of TCM regulate gut microbiota through multiple mechanisms.'*”"'°® For example, studies
have found that the active components in Astragali Radix can promote the growth of beneficial intestinal bacteria and
inhibit the proliferation of pathogenic bacteria by regulating the production of SCFAs.” In addition, certain TCM
components such as Fagopyrum esculentum (buckwheat) and Lycium barbarum (wolfberry) have also shown potential
in regulating gut microbial communities, improving intestinal barrier function, and reducing intestinal inflammatory
responses.®> These mechanisms not only contribute to the treatment of DKD but also provide new insights for the
intervention of other metabolic diseases.

The application of TCM in improving intestinal microecological imbalance has been increasingly reported.'® For
example, studies have shown that decoctions containing multiple TCM components can effectively improve the intestinal
microecology of patients with DKD, reduce urinary protein excretion rate, and enhance renal function.''® In clinical
practice, TCM compound formulas such as Yiqi Yangyin Formula can significantly alleviate patients’ symptoms, and
regulate intestinal microbial communities to enhance immune function and exert renoprotective effects.!'’ These studies
indicate that TCM not only has potential in the treatment of DKD but also provides an effective intervention for

regulating intestinal microecology.''?

Repair of Intestinal Barrier Function by TCM

The intestinal barrier is a crucial component for maintaining intestinal health, primarily composed of intestinal epithelial
cells, a mucus layer, and gut microbiota.'"? Intestinal epithelial cells form a physical barrier through tight junctions (eg,
Z0-1, Occludin) to prevent the invasion of harmful substances and pathogens while allowing the absorption of
nutrients."'* The functions of the intestinal barrier include defending against external pathogens, maintaining the
homeostasis of the intestinal environment, and regulating immune responses.''> Studies have demonstrated that the
integrity of the intestinal barrier is closely associated with various diseases (such as diabetes and inflammatory bowel
disease), and its damage may lead to intestinal leakage, exacerbate systemic inflammatory responses, and thereby affect
overall health."?

TCM has demonstrated unique advantages in protecting the intestinal barrier.''®

Many TCM components possess
anti-inflammatory, antioxidant, and reparative properties, which can enhance the integrity of the intestinal barrier."'” For
instance, astragalus polysaccharides have been found to increase the expression of tight junction proteins in intestinal
epithelial cells, thereby strengthening intestinal barrier function.'*''® In addition, certain TCM herbs such as Dracaena
cochinchinensis and Coptis chinensis can regulate gut microbiota, promote the growth of beneficial bacteria, and inhibit
the reproduction of harmful bacteria, further improving intestinal barrier function.''® These effects not only help maintain
the intestinal physical barrier but also enhance the overall health of the body by regulating immune responses and
reducing intestinal inflammation.

In recent years, there has been a growing number of studies on the role of TCM in repairing intestinal barrier damage.
Research has shown that TCM compound formulas such as syndrome-specific decoctions and Sijunzi Decoction can
effectively reduce intestinal inflammation and promote the regeneration of intestinal epithelial cells. For example, studies
have found that Sijunzi Decoction significantly improves intestinal barrier function and promotes the repair of intestinal
mucosa by regulating gut microbiota.'? In addition, modern research has also revealed the mechanisms of action of TCM
components such as baicalin and Paeonia lactiflora (white peony root) in repairing the intestinal barrier, including
inhibiting the NF-xB signaling pathway and enhancing the expression of intestinal tight junction proteins.'?® These
studies provide an important theoretical basis and practical guidance for the application of TCM in intestinal barrier
damage repair, demonstrating the potential value of TCM in modern medicine.

The Mechanism of TCM Improving Immune Function

Peripheral immunity contributes to DKD progression via three core mechanisms. First, T cell subset imbalance: Reduced
Treg cell frequency and function in DKD lead to impaired anti-inflammatory capacity, while expanded Th17 cells secrete
IL-17, which promotes renal mesangial cell proliferation and extracellular matrix deposition.'*' Second, cytokine
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Figure 2 The mechanism of TCM regulating intestinal ecology in the treatment of DKD. This figure delineates the multi-targeted, holistic regulatory mechanism through
which traditional Chinese medicine (TCM) mitigates diabetic kidney disease (DKD) by modulating intestinal ecology via the gut-kidney axis. TCM interventions—
encompassing single herbs (eg, Astragalus membranaceus, Salvia miltiorrhiza), compound formulas (eg, Yigi Yangyin Huayu Tongluo Formula, Yishen Qingli Huoluo
Granule), and active components (eg, astragaloside |V)—exert synergistic effects across three interconnected core processes. Gut microbiota homeostasis is restored
through augmented abundance of beneficial SCFA-producing taxa (eg, Lactobacillus, Ruminococcus, Bifidobacterium) alongside diminished levels of pathogenic bacteria (eg,
Enterobacteriaceae, Proteobacteria). Intestinal barrier integrity is strengthened via enhanced expression of tight junction proteins (ZO-1, Occludin), which mitigates
intestinal permeability (commonly termed “leaky gut”) and curtails translocation of endotoxins (LPS) and uremic toxins (indoxyl sulfate, p-cresyl sulfate, TMAO). Microbial
metabolite balance is reestablished with elevated levels of protective short-chain fatty acids (SCFAs: acetate, propionate, butyrate) and reduced concentrations of harmful
metabolites (TMAO, BCAAs). Collectively, these regulatory actions dampen downstream pro-inflammatory and pro-fibrotic signaling pathways (NF-kB, NLRP3 inflamma-
some, TGF-B/Smad), diminish secretion of pro-inflammatory cytokines (IL-1B, TNF-o, IL-6), and attenuate renal oxidative stress and fibrosis. Ultimately, TCM-driven
modulation of intestinal ecology disrupts the vicious cycle of gut dysbiosis, intestinal barrier impairment, toxin accumulation, and subsequent renal damage, yielding
renoprotective benefits including enhanced eGFR, reduced albuminuria, and alleviated glomerular and tubulointerstitial injury in DKD.

network dysregulation. Peripheral pro-inflammatory cytokines (TNF-a, IL-6, IL-1p) translocate to the kidney, activating

renal resident immune cells and inducing podocyte injury.'** Third, immune cell trafficking. Gut-derived inflammatory

monocytes (CD11b+Ly6C+) migrate to the kidney via the circulation, differentiating into M1 macrophages that exacer-

bate tubulointerstitial fibrosis.'*?

TCM has shown significant potential in regulating immune cells.'** Studies have demonstrated that TCM can

influence the function of immune cells through multiple mechanisms. For instance, certain TCM components can

promote the proliferation and differentiation of T cells, enhancing their anti-tumor activity. Moreover, TCM can inhibit
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the excessive activation of regulatory T cells (Treg), thereby improving the function of effector T cells and optimizing
immune responses. Specifically, some Chinese herbs such as Huangqi and Danshen have been proven to enhance the
body’s immune response by regulating signaling pathways in immune cells (eg, NF-xB and MAPK pathways), thereby
increasing resistance to diseases.'?> Additionally, TCM can indirectly regulate the activity of immune cells by improving
the intestinal microecology, promoting the enhancement of overall immune function.'*°

TCM in regulating inflammatory responses is equally noteworthy. For example, certain TCM components can
alleviate the body’s inflammatory response by inhibiting the expression of inflammatory factors such as TNF-a and
IL-6, thereby protecting tissues from damage.''""'*’ In addition, TCM can also alter the inflammatory microenvironment
and promote tissue repair by regulating the activity of immune cells. For instance, Chinese herbs like Huangqi and
Danshen can enhance the phagocytic function of macrophages, promote the resolution of inflammation, and thus improve
the prognosis of diseases.'”® This multi-target regulatory mechanism endows TCM with unique advantages in the
treatment of inflammation-related diseases.

The mechanism of action of TCM is closely related to various immunoregulatory factors. Studies have shown
that TCM can influence the function of immune cells by regulating the expression of cytokines and chemokines. For
example, TCM can achieve immune balance by upregulating the levels of anti-inflammatory factors such as IL-10
and inhibiting the release of pro-inflammatory factors such as IL-1p and IL-6."% In addition, TCM can also enhance
the body’s immune capacity by affecting the gut microbiota and altering the production of immunoregulatory
factors. The balance of gut microbiota is crucial for maintaining the normal function of the immune system, and
the role of TCM in regulating intestinal microecology provides new insights into its application in improving
immune function.'?® This multi-faceted mechanism through the regulation of immunoregulatory factors enables
TCM to show promising application prospects in the treatment of diseases related to immune dysfunction (as shown
in Figure 2).

Conclusion

The progression of inflammation in DKD is closely associated with gut microbiota metabolic dysbiosis, and its core
mechanism involves the vicious cycle of “gut microbiota dysbiosis - intestinal barrier injury - metabolite imbalance -
renal inflammation”. Insufficiency of beneficial metabolites (SCFAs, IPA) exacerbates inflammation by inhibiting GPR43
and activating mTOR, while accumulation of harmful metabolites (TMAO, phenyl sulfate, BCAAs) promotes inflam-
mation via the mROS-NLRP3 axis and NF-kB pathway. Notably, this association exhibits stage-specific characteristics
across different phases of DKD (early-stage, advanced-stage, and elderly DKD), highlighting the need for tailored
interventions.

Based on existing research evidence, therapeutic strategies targeting gut microbiota metabolism—including TCM,
probiotics, prebiotics, fecal microbiota transplantation (FMT), SGLT2 inhibitors, and dietary intervention—have demon-
strated anti-inflammatory and renoprotective effects in animal experiments. Among these, TCM possesses unique
advantages rooted in its holistic regulatory mechanism: unlike single-target interventions (eg, probiotics supplementing
specific bacteria or SGLT2 inhibitors regulating metabolic pathways), TCM (including individual herbs such as
Astragalus membranaceus, Salvia miltiorrhiza, and formulas like Yiqi Yangyin Huayu Tongluo Formula, Tangshen
Formula) exerts multi-component, multi-dimensional effects. It simultaneously reshapes gut microbiota homeostasis
(increasing SCFA-producing bacteria, reducing pathogenic Proteobacteria), repairs intestinal barrier integrity (upregulat-
ing ZO-1, Occludin), inhibits NF-«B/NLRP3-mediated inflammatory cascades, and modulates immune function—
aligning with the “gut-kidney axis” holistic pathogenesis of DKD. This integrated regulation allows TCM to break the
vicious cycle of DKD inflammation at multiple nodes, which is distinct from the relatively focused effects of other
interventions.

Preliminary clinical evidence supports the efficacy of TCM, SGLT2 inhibitors, and probiotics, but further verification
through multicenter randomized controlled trials (RCTs) is required—especially for TCM, which needs standardized
protocols (eg, syndrome differentiation-based formula selection, unified dosage and course) to validate its clinical
translation. Future research should prioritize causal validation through conducting metabolite supplementation and
neutralization experiments, employing receptor or gene knockout models (eg, GPR43, NLRP3), performing fecal
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microbiota transplantation (FMT) combined with metabolite profiling, and integrating multi-omics approaches (metage-
nomics, metabolomics, transcriptomics) to identify direct regulatory cascades. Besides, current evidence primarily
supports short-term improvements in UACR and eGFR, but data on long-term prognostic outcomes (eg, ESRD
incidence, cardiovascular mortality, overall survival) are scarce.

In conclusion, gut microbiota metabolism is a key regulatory node in DKD-related inflammation. Based on preclinical
evidence and preliminary clinical data, TCM may suppress DKD inflammation via gut-kidney axis modulation and core
inflammatory pathway inhibition, suggesting potential as an adjunct anti-inflammatory strategy for DKD. However, its
clinical efficacy remains heterogeneous, and conclusions are limited by small-scale, short-term studies. Large-scale,
standardized RCTs with uniform syndrome differentiation and dosage are essential to validate its consistency and
generalizability.

Data Sharing Statement

Data sharing is not applicable to this article as no data were created or analysed in this study.

Acknowledgments
Figures 1-2 in this article were created by Biorender.

Author Contributions

Hao Liang: Writing — review & editing, Methodology, Conceptualization. Zhenyuan Liu: Writing — review & editing,
Methodology, Conceptualization. Na Zhao: Investigation, Conceptualization. Shanshan Lei: Writing — original draft,
Formal analysis. Sihao Zhu: Writing-review & editing, Methodology. Jian Ma: Writing — review & editing, Project
administration, Methodology, Conceptualization. All authors took part in drafting, revising or critically reviewing the
article; have agreed on the journal to which the article has been submitted; and agree to be accountable for all aspects of
the work.

Funding

This work has not received any fundings.

Disclosure
The authors report no conflicts of interest in this work.

References

1. Fox CS, Matsushita K, Woodward M, et al. Associations of kidney disease measures with mortality and end-stage renal disease in individuals
with and without diabetes: a meta-analysis. Lancet. 2012;380:1662—1673. doi:10.1016/S0140-6736(12)61350-6

2. Samsu N. Diabetic nephropathy: challenges in pathogenesis, diagnosis, and treatment. Biomed Res Int. 2021;2021:1497449. doi:10.1155/2021/
1497449

3. Yu JX, Chen X, Zang SG, et al. Gut microbiota microbial metabolites in diabetic nephropathy patients: far to go. Front Cell Infect Microbiol.
2024;14:1359432. doi:10.3389/fcimb.2024.1359432

4. NiY, DuH, Ke L, et al. Gut-kidney interaction reinforces dapagliflozin-mediated alleviation in diabetic nephropathy. Am J Physiol Cell Physiol.
2025;328:C452—c466. doi:10.1152/ajpcell.00651.2024

5. Cheng G, Liu Y, Guo R, Wang H, Zhang W, Wang Y. Molecular mechanisms of gut microbiota in diabetic nephropathy. Diabet Res Clin Pract.
2024;213:111726. doi:10.1016/j.diabres.2024.111726

6. Zhao L, Lou H, Peng Y, Chen S, Zhang Y, Li X. Comprehensive relationships between gut microbiome and faecal metabolome in individuals
with type 2 diabetes and its complications. Endocrine. 2019;66:526-537. doi:10.1007/s12020-019-02103-8

7. Zhou Q, Yang F, Li Z, et al. Paecilomyces cicadae-fermented Radix astragali ameliorate diabetic nephropathy in mice by modulating the gut
microbiota. J Med Microbiol. 2022;71. doi:10.1099/jmm.0.001535

8. Kim MG, Yang J, Jo SK. Intestinal microbiota and kidney diseases. Kidney Res Clin Pract. 2021;40:335-343. doi:10.23876/j.krcp.21.053

9. Chu C, Behera TR, Huang Y, Qiu W, Chen J, Shen Q. Research progress of gut microbiome and diabetic nephropathy. Front Med Lausanne.
2024;11:1490314. doi:10.3389/fmed.2024.1490314

10. Qu Z, Wang B, Jin Y, et al. Shenkang protects renal function in diabetic rats by preserving nephrin expression. BMC Complement Med Ther.
2023;23:244. doi:10.1186/s12906-023-04078-6
11. Pu L, Yang C, Yu L, et al. Tibetan medicines for the treatment of diabetic nephropathy. Evid Based Complement Alternat Med.

2021;2021:7845848. doi:10.1155/2021/7845848

Journal of Inflammation Research 2026:19 hetps: 17


https://doi.org/10.1016/S0140-6736(12)61350-6
https://doi.org/10.1155/2021/1497449
https://doi.org/10.1155/2021/1497449
https://doi.org/10.3389/fcimb.2024.1359432
https://doi.org/10.1152/ajpcell.00651.2024
https://doi.org/10.1016/j.diabres.2024.111726
https://doi.org/10.1007/s12020-019-02103-8
https://doi.org/10.1099/jmm.0.001535
https://doi.org/10.23876/j.krcp.21.053
https://doi.org/10.3389/fmed.2024.1490314
https://doi.org/10.1186/s12906-023-04078-6
https://doi.org/10.1155/2021/7845848

Liang

et al

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

. Li'Y, Wang J. Possible mechanism for the protective effect of active ingredients of astragalus membranaceus on diabetes nephropathy. J Asian
Nat Prod Res. 2024;26:1276-1284. doi:10.1080/10286020.2024.2364350

Wang N, Li X, Weng H, et al. A bibliometric study of global trends in diabetic nephropathy and intestinal flora research. Front Microbiol.
2025;16:1577703. doi:10.3389/fmicb.2025.1577703

Lu CC, Ma KL, Ruan XZ, Liu BC. Intestinal dysbiosis activates renal renin-angiotensin system contributing to incipient diabetic nephropathy.
Int J Med Sci. 2018;15:816-822. doi:10.7150/ijms.25543

Wu M, Zhou X, Chen S, et al. The alternations of gut microbiota in diabetic kidney disease: insights from a triple comparative cohort. Front
Cell Infect Microbiol. 2025;15:1606700. doi:10.3389/fcimb.2025.1606700

Zhang Z, Li Q, Liu F, Wang D. Lycoperoside H protects against diabetic nephropathy via alteration of gut microbiota and inflammation.
J Biochem Mol Toxicol. 2022;36:¢23216. doi:10.1002/jbt.23216

Liu L, Zhang Y, Zhu Z, Yu Z, Bao P, Nan Z. Yuquan pill enhance the effect of Western medicine in treatment diabetic nephropathy: a protocol
for systematic review and meta-analysis. Medicine. 2021;100:e27555. doi:10.1097/MD.0000000000027555

Lu J, Chen PP, Zhang JX, et al. GPR43 deficiency protects against podocyte insulin resistance in diabetic nephropathy through the restoration of
AMPKa activity. Theranostics. 2021;11:4728-4742. doi:10.7150/thno.56598

Yi ZY, Peng YJ, Hui BP, et al. Zuogui-Jiangtang-Yishen decoction prevents diabetic kidney disease: intervene pyroptosis induced by
trimethylamine n-oxide through the mROS-NLRP3 axis. Phytomedicine. 2023;114:154775. doi:10.1016/j.phymed.2023.154775

Almugadam BS, Yang P, Tang L. Analysis of jejunum microbiota of HFD/STZ diabetic rats. Biomed Pharmacother. 2021;138:111094.
doi:10.1016/j.biopha.2020.111094

Bhatti F, Mankhey RW, Asico L, Quinn MT, Welch WJ, Maric C. Mechanisms of antioxidant and pro-oxidant effects of alpha-lipoic acid in the
diabetic and nondiabetic kidney. Kidney Int. 2005;67:1371-1380. doi:10.1111/j.1523-1755.2005.00214.x

Rong J, Dai Y, Zhang B, et al. Diabetic kidney disease and aging: focus on gut microbiota. Life Sci. 2025;381:123999. doi:10.1016/j.
1£5.2025.123999

Das S, Gnanasambandan R. Intestinal microbiome diversity of diabetic and non-diabetic kidney disease: current status and future perspective.
Life Sci. 2023;316:121414. doi:10.1016/j.1£s.2023.121414

Ruf B, Bruhns M, Babaei S, et al. Tumor-associated macrophages trigger MAIT cell dysfunction at the HCC invasive margin. Cell.
2023;186:3686-3705.3632. doi:10.1016/j.cell.2023.07.026

Liu Y, Zhang Q, Xing B, et al. Immune phenotypic linkage between colorectal cancer and liver metastasis. Cancer Cell. 2022;40:424-437.e425.
doi:10.1016/j.ccell.2022.02.013

Liu Y, Ma J, Ma Y, et al. Neutrophil extracellular traps impede cancer metastatic seeding via protease-activated receptor 2-mediated down-
regulation of phagocytic checkpoint CD24. J Immunother Cancer. 2025;13. doi:10.1136/jitc-2024-010813

Zhang W, Hu FJ, Yao CX, Li BP, Zhang M, Yang XM. [Visualization analysis of research hotspots in pathogenesis of diabetic nephropathy in
China). Zhonghua Yu Fang Yi Xue Za Zhi. 2023;57:1075-1081. Chinese. doi:10.3760/cma.j.cn112150-20230119-00050

Faustino VD, Arias SCA, Ferreira Avila V, et al. Simultaneous activation of innate and adaptive immunity participates in the development of
renal injury in a model of heavy proteinuria. Biosci Rep. 2018;38. doi:10.1042/BSR20180762

Andrade-Oliveira V, Foresto-Neto O, Watanabe IKM, Zatz R, Camara NOS. Inflammation in renal diseases: new and old players. Front
Pharmacol. 2019;10:1192. doi:10.3389/fphar.2019.01192

Louis P, Flint HJ. Formation of propionate and butyrate by the human colonic microbiota. Environ Microbiol. 2017;19:29-41. doi:10.1111/
1462-2920.13589

Cai K, Ma Y, Cai F, et al. Changes of gut microbiota in diabetic nephropathy and its effect on the progression of kidney injury. Endocrine.
2022;76:294-303. doi:10.1007/s12020-022-03002-1

Yang W, Yu T, Huang X, et al. Intestinal microbiota-derived short-chain fatty acids regulation of immune cell IL-22 production and gut
immunity. Nat Commun. 2020;11:4457. doi:10.1038/s41467-020-18262-6

Jiang H, Wang X, Zhou W, Huang Z, Zhang W. Gut microbiota-derived short-chain fatty acids mediate the antifibrotic effects of traditional
Chinese medicine in diabetic nephropathy. Front Endocrinol. 2025;16:1643515. doi:10.3389/fendo.2025.1643515

Zhou F, Wang X, Han B, et al. Short-chain fatty acids contribute to neuropathic pain via regulating microglia activation and polarization. Mol
Pain. 2021;17:1744806921996520. doi:10.1177/1744806921996520

Chen Y, Weng Z, Liu Q, et al. FMO3 and its metabolite TMAO contribute to the formation of gallstones. Biochim Biophys Acta Mol Basis Dis.
2019;1865:2576-2585. doi:10.1016/j.bbadis.2019.06.016

Jiang H, Wang X, Zhou W, Huang Z, Zhang W. Gut microbiota dysbiosis in diabetic nephropathy: mechanisms and therapeutic targeting via the
gut-kidney axis. Front Endocrinol. 2025;16:1661037. doi:10.3389/fend0.2025.1661037

Fang Q, Zheng B, Liu N, et al. Trimethylamine N-oxide exacerbates renal inflammation and fibrosis in rats with diabetic kidney disease. Front
Physiol. 2021;12:682482. doi:10.3389/fphys.2021.682482

Gatarek P, Kaluzna-Czaplinska J. Trimethylamine N-oxide (TMAO) in human health. Excli J. 2021;20:301-319. doi:10.17179/excli2020-3239
Huo L, Li H, Zhu M, et al. Enhanced trimethylamine metabolism and gut dysbiosis in type 2 diabetes mellitus with microalbumin. Front
Endocrinol. 2023;14:1257457. doi:10.3389/fendo.2023.1257457

Hong J, Fu T, Liu W, et al. Jiangtang decoction ameliorates diabetic kidney disease through the modulation of the gut microbiota. Diabetes
Metab Syndr Obes. 2023;16:3707-3725. doi:10.2147/DMSO0.S441457

Ge P, Duan H, Tao C, et al. TMAO promotes NLRP3 inflammasome activation of microglia aggravating neurological injury in ischemic stroke
through FTO/IGF2BP2. J Inflamm Res. 2023;16:3699-3714. doi:10.2147/JIR.S399480

Lin WC, Yen WL, Hsieh YY, Chen BH, Chang YH, Chung TW. Trimethylamine N-oxide detection for early prediction of renal function utilizing a
three-dimensional localized electronic structure (3DLES) biosensor. Mikrochim Acta. 2025;192:715. doi:10.1007/s00604-025-07556-5

Hung KC, Lee MY, Hung SY, Sun CY, Wu CC, Lin CJ. Efficacy of novel activated bamboo charcoal in reducing uremic toxins and enhancing
kidney function in chronic kidney disease patients: a pilot randomized controlled trial. PeerJ. 2025;13:¢19007. doi:10.7717/peerj.19007
Mudimela S, Vishwanath NK, Pillai A, et al. Clinical significance and potential role of trimethylamine N-oxide in neurological and
neuropsychiatric disorders. Drug Discov Today. 2022;27:103334. doi:10.1016/j.drudis.2022.08.002

18

https: Journal of Inflammation Research 2026:19


https://doi.org/10.1080/10286020.2024.2364350
https://doi.org/10.3389/fmicb.2025.1577703
https://doi.org/10.7150/ijms.25543
https://doi.org/10.3389/fcimb.2025.1606700
https://doi.org/10.1002/jbt.23216
https://doi.org/10.1097/MD.0000000000027555
https://doi.org/10.7150/thno.56598
https://doi.org/10.1016/j.phymed.2023.154775
https://doi.org/10.1016/j.biopha.2020.111094
https://doi.org/10.1111/j.1523-1755.2005.00214.x
https://doi.org/10.1016/j.lfs.2025.123999
https://doi.org/10.1016/j.lfs.2025.123999
https://doi.org/10.1016/j.lfs.2023.121414
https://doi.org/10.1016/j.cell.2023.07.026
https://doi.org/10.1016/j.ccell.2022.02.013
https://doi.org/10.1136/jitc-2024-010813
https://doi.org/10.3760/cma.j.cn112150-20230119-00050
https://doi.org/10.1042/BSR20180762
https://doi.org/10.3389/fphar.2019.01192
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1007/s12020-022-03002-1
https://doi.org/10.1038/s41467-020-18262-6
https://doi.org/10.3389/fendo.2025.1643515
https://doi.org/10.1177/1744806921996520
https://doi.org/10.1016/j.bbadis.2019.06.016
https://doi.org/10.3389/fendo.2025.1661037
https://doi.org/10.3389/fphys.2021.682482
https://doi.org/10.17179/excli2020-3239
https://doi.org/10.3389/fendo.2023.1257457
https://doi.org/10.2147/DMSO.S441457
https://doi.org/10.2147/JIR.S399480
https://doi.org/10.1007/s00604-025-07556-5
https://doi.org/10.7717/peerj.19007
https://doi.org/10.1016/j.drudis.2022.08.002

Liang et al

45.

46.

47.

48.

49.

50.

S1.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Chang G, Zhang H, Wang Y, et al. Microbial community shifts elicit inflammation in the caecal mucosa via the GPR41/43 signalling pathway
during subacute ruminal acidosis. BMC Vet Res. 2019;15:298. doi:10.1186/s12917-019-2031-5

Yeruva S, Ramadori G, Raddatz D. NF-kappaB-dependent synergistic regulation of CXCL10 gene expression by IL-1beta and IFN-gamma in
human intestinal epithelial cell lines. Int J Colorectal Dis. 2008;23:305-317. doi:10.1007/s00384-007-0396-6

Yan M, Zhang YY, Xi Y, et al. Sodium butyrate attenuate hyperglycemia-induced inflammatory response and renal injury in diabetic mice. Acta
Pharm. 2023;73:121-132. doi:10.2478/acph-2023-0008

Seok SJ, Lee ES, Kim GT, et al. Blockade of CCL2/CCR2 signalling ameliorates diabetic nephropathy in db/db mice. Nephrol Dial Transplant.
2013;28:1700-1710. doi:10.1093/ndt/gfs555

Hassan MH, Galal O, Sakhr HM, et al. Profile of plasma free amino acids, carnitine and acylcarnitines, and JAK2(v617f) mutation as potential
metabolic markers in children with type 1 diabetic nephropathy. Biomed Chromatogr. 2023;37:¢5747. doi:10.1002/bmc.5747

Lin L, Tan W, Pan X, Tian E, Wu Z, Yang J. Metabolic syndrome-related kidney injury: a review and update. Front Endocrinol.
2022;13:904001. doi:10.3389/fendo.2022.904001

Fritsche KL. The science of fatty acids and inflammation. Adv Nutr. 2015;6:293s-301s. doi:10.3945/an.114.006940

Molitch ME, Adler Al, Flyvbjerg A, et al. Diabetic kidney disease: a clinical update from Kidney Disease: improving Global Outcomes. Kidney
Int. 2015;87:20-30. doi:10.1038/ki.2014.128

Alicic RZ, Johnson EJ, Tuttle KR. SGLT?2 inhibition for the prevention and treatment of diabetic kidney disease: a review. Am J Kidney Dis.
2018;72:267-277. doi:10.1053/j.ajkd.2018.03.022

Pan S, Jiang SS, Li R, et al. Hong Guo Ginseng Guo (HGGG) protects against kidney injury in diabetic nephropathy by inhibiting NLRP3
inflammasome and regulating intestinal flora. Phytomedicine. 2024;132:155861. doi:10.1016/j.phymed.2024.155861

Zeng Y, Guo M, Wu Q, et al. Gut microbiota-derived indole-3-propionic acid alleviates diabetic kidney disease through its mitochondrial
protective effect via reducing ubiquitination mediated-degradation of SIRT1. J Adv Res. 2025;73:607-630. doi:10.1016/j.jare.2024.08.018
Ghosh N, Das A, Biswas N, et al. Urolithin A augments angiogenic pathways in skeletal muscle by bolstering NAD(+) and SIRT1. Sci Rep.
2020;10:20184. doi:10.1038/s41598-020-76564-7

Feng X, Huang J, Peng Y, Xu Y. Association between decreased thyroid stimulating hormone and hyperuricemia in type 2 diabetic patients with
early-stage diabetic kidney disease. BMC Endocr Disord. 2021;21:1. doi:10.1186/s12902-020-00672-8

Carey RM, Siragy HM. The intrarenal renin-angiotensin system and diabetic nephropathy. Trends Endocrinol Metab. 2003;14:274-281.
doi:10.1016/S1043-2760(03)00111-5

Yang X, Cai S, Gong J, et al. Characterization of gut microbiota in patients with stage 3-4 chronic kidney disease: a retrospective cohort study.
Int Urol Nephrol. 2024;56:1751-1762. doi:10.1007/s11255-023-03893-7

Mei M, Zeng J, Fang L, et al. Efficacy and safety of dual renin-angiotensin system (RAS) blockade for non-elderly diabetic kidney disease
patients with preserved eGFR. Int Urol Nephrol. 2025;57:187-196. doi:10.1007/s11255-024-04156-9

LiL, Wei T, Liu S, et al. Complement C5 activation promotes type 2 diabetic kidney disease via activating STAT3 pathway and disrupting the
gut-kidney axis. J Cell Mol Med. 2021;25:960-974. doi:10.1111/jcmm.16157

Zhang S, Zhang S, Bai X, Wang Y, Liu Y, Liu W. Thonningianin A ameliorated renal interstitial fibrosis in diabetic nephropathy mice by
modulating gut microbiota dysbiosis and repressing inflammation. Front Pharmacol. 2024;15:1389654. doi:10.3389/fphar.2024.1389654

Yan L, Xu X, Fan Y, Zhang L, Niu X, Hu A. Tangshen decoction enhances podocytes autophagy to relieve diabetic nephropathy through
modulation of p-AMPK/p-ULK1 signaling. Evid Based Complement Alternat Med. 2022;2022:3110854. doi:10.1155/2022/3110854

Xuan C, Chen D, Zhang S, et al. Isoquercitrin alleviates diabetic nephropathy by inhibiting STAT3 phosphorylation and dimerization. Adv Sci.
2025;12:€2414587. doi:10.1002/advs.202414587

Xu Y, Xu C, Huang J, Xu C, Xiong Y. Astragalus polysaccharide attenuates diabetic nephropathy by reducing apoptosis and enhancing
autophagy through activation of Sirtl/FoxO1 pathway. Int Urol Nephrol. 2024;56:3067-3078. doi:10.1007/s11255-024-04038-0

Xu Z, Cai K, Su SL, Zhu Y, Liu F, Duan JA. Salvianolic acid B and tanshinone ITA synergistically improve early diabetic nephropathy through
regulating PI3K/Akt/NF-«xB signaling pathway. J Ethnopharmacol. 2024;319:117356. doi:10.1016/j.jep.2023.117356

Zhang L, Wang X, Chang L, et al. Quercetin improves diabetic kidney disease by inhibiting ferroptosis and regulating the Nrf2 in
streptozotocin-induced diabetic rats. Ren Fail. 2024;46:2327495. doi:10.1080/0886022X.2024.2327495

Guo M, Gao J, Jiang L, Dai Y. Astragalus polysaccharide ameliorates renal inflammatory responses in a diabetic nephropathy by suppressing
the TLR4/NF-kB pathway. Drug Des Devel Ther. 2023;17:2107-2118. doi:10.2147/DDDT.S411211

Shen Q, Fang J, Guo H, et al. Astragaloside IV attenuates podocyte apoptosis through ameliorating mitochondrial dysfunction by up-regulated
Nrf2-ARE/TFAM signaling in diabetic kidney disease. Free Radic Biol Med. 2023;203:45-57. doi:10.1016/j.freeradbiomed.2023.03.022
Qian X, Lin S, Li J, et al. Fisetin ameliorates diabetic nephropathy-induced podocyte injury by modulating Nrf2/HO-1/GPX4 signaling
pathway. Evid Based Complement Alternat Med. 2023;2023:9331546. doi:10.1155/2023/9331546

Feng Q, Yang Y, Qiao Y, et al. Quercetin ameliorates diabetic kidney injury by inhibiting ferroptosis via activating Nrf2/HO-1 signaling
pathway. Am J Chin Med. 2023;51:997-1018. doi:10.1142/S0192415X23500465

Lu L, Li Y. Aloe-Emodin ameliorates diabetic nephropathy by targeting interferon regulatory factor 4. Evid Based Complement Alternat Med.
2022;2022:2421624. doi:10.1155/2022/2421624

Yang J, Dong H, Wang Y, et al. Cordyceps cicadae polysaccharides ameliorated renal interstitial fibrosis in diabetic nephropathy rats by
repressing inflammation and modulating gut microbiota dysbiosis. Int J Biol Macromol. 2020;163:442—456. doi:10.1016/j.ijbiomac.2020.06.153
Yang S, Ma C, Wu H, et al. Tectorigenin attenuates diabetic nephropathy by improving vascular endothelium dysfunction through activating
AdipoR1/2 pathway. Pharmacol Res. 2020;153:104678. doi:10.1016/j.phrs.2020.104678

Fan Y, Fan H, Zhu B, Zhou Y, Liu Q, Li P. Astragaloside IV protects against diabetic nephropathy via activating eNOS in streptozotocin
diabetes-induced rats. BMC Complement Altern Med. 2019;19:355. doi:10.1186/s12906-019-2728-9

Zhu L, Han J, Yuan R, Xue L, Pang W. Berberine ameliorates diabetic nephropathy by inhibiting TLR4/NF-kB pathway. Biol Res. 2018;51:9.
doi:10.1186/s40659-018-0157-8

Li YY, Guan RQ, Hong ZB, Wang YL, Pan LM. Advances in the treatment of diabetic peripheral neuropathy by modulating gut microbiota with
traditional Chinese medicine. World J Diab. 2024;15:1712—1716. doi:10.4239/wjd.v15.i18.1712

Journal of Inflammation Research 2026:19 hetps: 19


https://doi.org/10.1186/s12917-019-2031-5
https://doi.org/10.1007/s00384-007-0396-6
https://doi.org/10.2478/acph-2023-0008
https://doi.org/10.1093/ndt/gfs555
https://doi.org/10.1002/bmc.5747
https://doi.org/10.3389/fendo.2022.904001
https://doi.org/10.3945/an.114.006940
https://doi.org/10.1038/ki.2014.128
https://doi.org/10.1053/j.ajkd.2018.03.022
https://doi.org/10.1016/j.phymed.2024.155861
https://doi.org/10.1016/j.jare.2024.08.018
https://doi.org/10.1038/s41598-020-76564-7
https://doi.org/10.1186/s12902-020-00672-8
https://doi.org/10.1016/S1043-2760(03)00111-5
https://doi.org/10.1007/s11255-023-03893-7
https://doi.org/10.1007/s11255-024-04156-9
https://doi.org/10.1111/jcmm.16157
https://doi.org/10.3389/fphar.2024.1389654
https://doi.org/10.1155/2022/3110854
https://doi.org/10.1002/advs.202414587
https://doi.org/10.1007/s11255-024-04038-0
https://doi.org/10.1016/j.jep.2023.117356
https://doi.org/10.1080/0886022X.2024.2327495
https://doi.org/10.2147/DDDT.S411211
https://doi.org/10.1016/j.freeradbiomed.2023.03.022
https://doi.org/10.1155/2023/9331546
https://doi.org/10.1142/S0192415X23500465
https://doi.org/10.1155/2022/2421624
https://doi.org/10.1016/j.ijbiomac.2020.06.153
https://doi.org/10.1016/j.phrs.2020.104678
https://doi.org/10.1186/s12906-019-2728-9
https://doi.org/10.1186/s40659-018-0157-8
https://doi.org/10.4239/wjd.v15.i8.1712

Liang

et al

78

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

. Zhao T, Zhang H, Yin X, et al. Tangshen formula modulates gut Microbiota and reduces gut-derived toxins in diabetic nephropathy rats. Biomed
Pharmacother. 2020;129:110325. doi:10.1016/j.biopha.2020.110325

Gao Y, Yang R, Guo L, et al. Qing-Re-Xiao-Zheng formula modulates gut microbiota and inhibits inflammation in mice with diabetic kidney
disease. Front Med Lausanne. 2021;8:719950. doi:10.3389/fmed.2021.719950

Chen Q, Ren D, Wu J, et al. Shenyan Kangfu tablet alleviates diabetic kidney disease through attenuating inflammation and modulating the gut
microbiota. J Nat Med. 2021;75:84-98. doi:10.1007/s11418-020-01452-3

Wei H, Wang L, An Z, et al. QiDiTangShen granules modulated the gut microbiome composition and improved bile acid profiles in a mouse
model of diabetic nephropathy. Biomed Pharmacother. 2021;133:111061. doi:10.1016/j.biopha.2020.111061

Su X, Yu W, Liu A, et al. San-Huang-Yi-Shen capsule ameliorates diabetic nephropathy in rats through modulating the gut microbiota and
overall metabolism. Front Pharmacol. 2021;12:808867. doi:10.3389/fphar.2021.808867

Meng X, Ma J, Kang SY, Jung HW, Park YK. Jowiseungki decoction affects diabetic nephropathy in mice through renal injury inhibition as
evidenced by network pharmacology and gut microbiota analyses. Chin Med. 2020;15:24. doi:10.1186/s13020-020-00306-0

Meng X, Ma J, Kang AN, Kang SY, Jung HW, Park YK. A novel approach based on metabolomics coupled with intestinal flora analysis and
network pharmacology to explain the mechanisms of action of bekhogainsam decoction in the improvement of symptoms of
streptozotocin-induced diabetic nephropathy in mice. Front Pharmacol. 2020;11:633.

Liu J, Gao LD, Fu B, et al. Efficacy and safety of Zicuiyin decoction on diabetic kidney disease: a multicenter, randomized controlled trial.
Phytomedicine. 2022;100:154079. doi:10.1016/j.phymed.2022.154079

Tang D, He WIJ, Zhang ZT, et al. Protective effects of Huang-Lian-Jie-Du Decoction on diabetic nephropathy through regulating AGEs/RAGE/
Akt/Nrf2 pathway and metabolic profiling in db/db mice. Phytomedicine. 2022;95:153777. doi:10.1016/j.phymed.2021.153777

Sun S, Yang S, Cheng Y, et al. Jinlida granules alleviate podocyte apoptosis and mitochondrial dysfunction via the AMPK/PGC-1a pathway in
diabetic nephropathy. Int J Mol Med. 2025;55. doi:10.3892/ijmm.2024.5467

Chen MM, Jia JH, Tan YJ, et al. Shen-Qi-Jiang-Tang granule ameliorates diabetic nephropathy via modulating tumor necrosis factor signaling
pathway. J Ethnopharmacol. 2023;303:116031. doi:10.1016/j.jep.2022.116031

Zheng W, Qian C, Xu F, et al. Fuxin Granules ameliorate diabetic nephropathy in db/db mice through TGF-f1/Smad and VEGF/VEGFR2
signaling pathways. Biomed Pharmacother. 2021;141:111806. doi:10.1016/j.biopha.2021.111806

Zhang H, Zhao T, Gong Y, et al. Attenuation of diabetic nephropathy by Chaihuang-Yishen granule through anti-inflammatory mechanism in
streptozotocin-induced rat model of diabetics. J Ethnopharmacol. 2014;151:556-564. doi:10.1016/j.jep.2013.11.020

Wang F, Liu C, Ren L, et al. Sanziguben polysaccharides improve diabetic nephropathy in mice by regulating gut microbiota to inhibit the
TLR4/NF-kB/NLRP3 signalling pathway. Pharm Biol. 2023;61:427-436. doi:10.1080/13880209.2023.2174145

Jongs N, Chertow GM, Greene T, et al. Correlates and consequences of an acute change in eGFR in response to the SGLT2 inhibitor
dapaglifiozin in patients with CKD. J Am Soc Nephrol. 2022;33:2094-2107. doi:10.1681/ASN.2022030306

Zhang B, Wan Y, Zhou X, et al. Characteristics of serum metabolites and gut microbiota in diabetic kidney disease. Front Pharmacol.
2022;13:872988. doi:10.3389/fphar.2022.872988

Deng G, Wen B, Jia L, Liu J, Yan Q. Clostridium butyricum upregulates GPR109A/AMPK/PGC-1a and ameliorates acute pancreatitis-
associated intestinal barrier injury in mice. Arch Microbiol. 2024;206:265. doi:10.1007/3s00203-024-04001-8

Parada Venegas D, la Fuente MK D, Landskron G, et al. Short Chain Fatty Acids (SCFAs)-mediated gut epithelial and immune regulation and
its relevance for inflammatory bowel diseases. Front Immunol. 2019;10:277. doi:10.3389/fimmu.2019.00277

Cameron-Smith D, Collier GR, O’Dea K. Effect of propionate on in vivo carbohydrate metabolism in streptozocin-induced diabetic rats.
Metabolism. 1994;43:728-734. doi:10.1016/0026-0495(94)90122-8

Fan YP, Lou JS, Wei ZQ, et al. Schlafen5, regulated by the AP-1 family transcription factor c-Fos, affects diabetic wound healing through
modulating PI3K/Akt/NRF2 axis. Int J Biol Macromol. 2024;283:137805. doi:10.1016/j.ijbiomac.2024.137805

Liu XJ, Hu XK, Yang H, et al. A review of traditional Chinese medicine on treatment of diabetic nephropathy and the involved mechanisms. Am
J Chin Med. 2022;50:1739-1779. doi:10.1142/S0192415X22500744

Selim SM, El fayoumi HM, El-Sayed NM, Mehanna ET, Hazem RM. Alogliptin attenuates STZ-induced diabetic nephropathy in rats through
the modulation of autophagy, apoptosis, and inflammation pathways: targeting NF-xB and AMPK/mTOR pathway. Life Sci. 2025;361:123307.
doi:10.1016/j.1f5.2024.123307

Zhu Y, Yin C, Wang Y. Probiotic enterococcus faecium attenuated atherosclerosis by improving SCFAs associated with gut microbiota in ApoE
(-/-) mice. Bioengineering. 2024;11:1033.

Zhang X, Chen J, Lin R, et al. Lactate drives epithelial-mesenchymal transition in diabetic kidney disease via the H3K141la/KLFS5 pathway.
Redox Biol. 2024;75:103246. doi:10.1016/j.redox.2024.103246

Ma L, Wu F, Shao Q, Chen G, Xu L, Lu F. Baicalin alleviates oxidative stress and inflammation in diabetic nephropathy via Nrf2 and MAPK
signaling pathway. Drug Des Devel Ther. 2021;15:3207-3221. doi:10.2147/DDDT.S319260

Wu XQ, Zhao L, Zhao YL, et al. Traditional Chinese medicine improved diabetic kidney disease through targeting gut microbiota. Pharm Biol.
2024;62:423-435. doi:10.1080/13880209.2024.2351946

Lu K, Li C, Men J, et al. Traditional Chinese medicine to improve immune imbalance of asthma: focus on the adjustment of gut microbiota.
Front Microbiol. 2024;15:1409128. doi:10.3389/fmicb.2024.1409128

Hu XL, Wu X. [Review of traditional Chinese medicines in ameliorating neuropsychiatric diseases by improving the levels of monoamine
neurotransmitters via gut microbiota regulation]. Zhongguo Zhong Yao Za Zhi. 2023;48:853-860. Chinese. doi:10.19540/j.cnki.
cjemm.20221103.601

Wang FL, Wang YH, Han L, et al. Renoprotective effect of Yiqi Yangyin Huayu Tongluo formula against diabetic nephropathy in diabetic rats.
Evid Based Complement Alternat Med. 2018;2018:4276052. doi:10.1155/2018/4276052

Tian E, Wang F, Zhao L, Sun Y, Yang J. The pathogenic role of intestinal flora metabolites in diabetic nephropathy. Front Physiol.
2023;14:1231621. doi:10.3389/fphys.2023.1231621

Luo T, Che Q, Guo Z, Song T, Zhao J, Xu D. Modulatory effects of traditional Chinese medicines on gut microbiota and the microbiota-gut-x
axis. Front Pharmacol. 2024;15:1442854. doi:10.3389/fphar.2024.1442854

20

https: Journal of Inflammation Research 2026:19


https://doi.org/10.1016/j.biopha.2020.110325
https://doi.org/10.3389/fmed.2021.719950
https://doi.org/10.1007/s11418-020-01452-3
https://doi.org/10.1016/j.biopha.2020.111061
https://doi.org/10.3389/fphar.2021.808867
https://doi.org/10.1186/s13020-020-00306-0
https://doi.org/10.1016/j.phymed.2022.154079
https://doi.org/10.1016/j.phymed.2021.153777
https://doi.org/10.3892/ijmm.2024.5467
https://doi.org/10.1016/j.jep.2022.116031
https://doi.org/10.1016/j.biopha.2021.111806
https://doi.org/10.1016/j.jep.2013.11.020
https://doi.org/10.1080/13880209.2023.2174145
https://doi.org/10.1681/ASN.2022030306
https://doi.org/10.3389/fphar.2022.872988
https://doi.org/10.1007/s00203-024-04001-8
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1016/0026-0495(94)90122-8
https://doi.org/10.1016/j.ijbiomac.2024.137805
https://doi.org/10.1142/S0192415X22500744
https://doi.org/10.1016/j.lfs.2024.123307
https://doi.org/10.1016/j.redox.2024.103246
https://doi.org/10.2147/DDDT.S319260
https://doi.org/10.1080/13880209.2024.2351946
https://doi.org/10.3389/fmicb.2024.1409128
https://doi.org/10.19540/j.cnki.cjcmm.20221103.601
https://doi.org/10.19540/j.cnki.cjcmm.20221103.601
https://doi.org/10.1155/2018/4276052
https://doi.org/10.3389/fphys.2023.1231621
https://doi.org/10.3389/fphar.2024.1442854

Liang et al

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Xie J, Wang J, Zhao F, et al. Metagenomic analysis of gut microbiome in gout patients with different Chinese traditional medicine treatments.
Evid Based Complement Alternat Med. 2022;2022:6466149. doi:10.1155/2022/6466149

Zheng S, Xu Y, Zhang Y, et al. Efficacy and safety of traditional Chinese medicine decoction as an adjuvant treatment for diabetic nephropathy:
a systematic review and meta-analysis of randomized controlled trials. Front Pharmacol. 2024;15:1327030. doi:10.3389/fphar.2024.1327030
Sun J, Shen J, Liu L, Du J. The traditional Chinese medicine in treating diabetic nephropathy: a bibliometric analysis. J Multidiscip Healthc.
2024;17:4627-4636. doi:10.2147/IMDH.S482473

Wang H, Wang Y. What makes the gut-lung axis working? From the perspective of microbiota and traditional Chinese medicine. Can J Infect
Dis Med Microbiol. 2024;2024:8640014. doi:10.1155/2024/8640014

Stougaard EB, Tougaard NH, Sivalingam S, et al. Effects of probiotics and fibers on markers of nephropathy, inflammation, intestinal barrier
dysfunction and endothelial dysfunction in individuals with type 1 diabetes and albuminuria. ProFOS Study J Diab Complications.
2024;38:108892. doi:10.1016/j.jdiacomp.2024.108892

Li D, Gao L, Li M, et al. Polysaccharide from spore of Ganoderma lucidum ameliorates paclitaxel-induced intestinal barrier injury: apoptosis
inhibition by reversing microtubule polymerization. Biomed Pharmacother. 2020;130:110539. doi:10.1016/j.biopha.2020.110539

Camilleri M, Madsen K, Spiller R, Greenwood-Van Meerveld B, Verne GN. Intestinal barrier function in health and gastrointestinal disease.
Neurogastroenterol Motil. 2012;24:503-512. doi:10.1111/j.1365-2982.2012.01921.x

Xue X, Zhou H, Gao J, et al. The impact of traditional Chinese medicine and dietary compounds on modulating gut microbiota in hepatic
fibrosis: a review. Heliyon. 2024;10:¢38339. doi:10.1016/j.heliyon.2024.¢38339

Zhang X, Wen X, Zhou D, et al. Lycibarbarspermidine L from the fruit of Lycium barbarum L. recovers intestinal barrier damage via regulating
miR-195-3p. J Ethnopharmacol. 2024;320:117419. doi:10.1016/j.jep.2023.117419

Yang J, Sun Y, Wang Q, et al. Astragalus polysaccharides-induced gut microbiota play a predominant role in enhancing of intestinal barrier
function of broiler chickens. J Anim Sci Biotechnol. 2024;15:106. doi:10.1186/s40104-024-01060-1

Zheng S, Xue T, Wang B, Guo H, Liu Q. Chinese medicine in the treatment of ulcerative colitis: the mechanisms of signaling pathway
regulations. Am J Chin Med. 2022;50:1781-1798. doi:10.1142/S0192415X22500756

Zhou Y, Xiong X, Cheng Z, et al. Ginsenoside Rbl alleviates DSS-induced ulcerative colitis by protecting the intestinal barrier through the
signal network of VDR, PPARy and NF-kB. Drug Des Devel Ther. 2024;18:4825-4838. doi:10.2147/DDDT.S481769

Zhang J, Cai Y, Qin Y, et al. Heat shock protein 70 promotes the progression of type 2 diabetic nephropathy by inhibiting T-cell
immunoglobulin and mucin domain-3 and thereby promoting Th17/Treg imbalance. Nephrology. 2024;29:806-814. doi:10.1111/nep.14396

Li HD, You YK, Shao BY, et al. Roles and crosstalks of macrophages in diabetic nephropathy. Front Immunol. 2022;13:1015142. doi:10.3389/
fimmu.2022.1015142

Du Q, Fu YX, Shu AM, et al. Loganin alleviates macrophage infiltration and activation by inhibiting the MCP-1/CCR2 axis in diabetic
nephropathy. Life Sci. 2021;272:118808. doi:10.1016/j.1fs.2020.118808

Zhong K, Chen R, Li J, Xi X. [Current research status and prospects of ginseng’s regulatory effect on immune dysfunction caused by “acute
deficiency syndrome” of sepsis]. Zhonghua Wei Zhong Bing Ji Jiu Yi Xue. 2024;36:681-686.Chinese. doi:10.3760/cma.j.cn121430-20240422-
00366

Lei W, Li X, Li S, et al. Targeting neutrophils extracellular traps, a promising anti-thrombotic therapy for natural products from traditional
Chinese herbal medicine. Biomed Pharmacother. 2024;179:117310. doi:10.1016/j.biopha.2024.117310

Ma L, Ji L, Wang T, et al. Research progress on the mechanism of traditional Chinese medicine regulating intestinal microbiota to combat
influenza a virus infection. Virol J. 2023;20:260. doi:10.1186/s12985-023-02228-3

Zhou T, Fang YL, Tian TT, Wang GX. Pathological mechanism of immune disorders in diabetic kidney disease and intervention strategies.
World J Diab. 2024;15:1111-1121. doi:10.4239/wjd.v15.i6.1111

Sun S, Zhang G, Lv S, Sun J. Potential mechanisms of traditional Chinese medicine in the treatment of liver cirrhosis: a focus on gut
microbiota. Front Microbiol. 2024;15:1407991. doi:10.3389/fmicb.2024.1407991

Zhu LR, Li SS, Zheng WQ, Ni WJ, Cai M, Liu HP. Targeted modulation of gut microbiota by traditional Chinese medicine and natural products
for liver disease therapy. Front Immunol. 2023;14:1086078. doi:10.3389/fimmu.2023.1086078

Journal of Inflammation Research Dovepress

Taylor & Francis Group

Publish your work in this journal

The Journal of Inflammation Research is an international, peer-reviewed open-access journal that welcomes laboratory and clinical findings on
the molecular basis, cell biology and pharmacology of inflammation including original research, reviews, symposium reports, hypothesis
formation and commentaries on: acute/chronic inflammation; mediators of inflammation; cellular processes; molecular mechanisms; pharmacology
and novel anti-inflammatory drugs; clinical conditions involving inflammation. The manuscript management system is completely online and
includes a very quick and fair peer-review system. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/journal-of-inflammation-research-journal

Journal of Inflammation Research 2026:19 n X in ﬂ

21


https://doi.org/10.1155/2022/6466149
https://doi.org/10.3389/fphar.2024.1327030
https://doi.org/10.2147/JMDH.S482473
https://doi.org/10.1155/2024/8640014
https://doi.org/10.1016/j.jdiacomp.2024.108892
https://doi.org/10.1016/j.biopha.2020.110539
https://doi.org/10.1111/j.1365-2982.2012.01921.x
https://doi.org/10.1016/j.heliyon.2024.e38339
https://doi.org/10.1016/j.jep.2023.117419
https://doi.org/10.1186/s40104-024-01060-1
https://doi.org/10.1142/S0192415X22500756
https://doi.org/10.2147/DDDT.S481769
https://doi.org/10.1111/nep.14396
https://doi.org/10.3389/fimmu.2022.1015142
https://doi.org/10.3389/fimmu.2022.1015142
https://doi.org/10.1016/j.lfs.2020.118808
https://doi.org/10.3760/cma.j.cn121430-20240422-00366
https://doi.org/10.3760/cma.j.cn121430-20240422-00366
https://doi.org/10.1016/j.biopha.2024.117310
https://doi.org/10.1186/s12985-023-02228-3
https://doi.org/10.4239/wjd.v15.i6.1111
https://doi.org/10.3389/fmicb.2024.1407991
https://doi.org/10.3389/fimmu.2023.1086078
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Microenvironment of Intestinal Flora and Inflammation of Diabetes Nephropathy
	Characteristics of Gut Microbiota in Healthy and DKD States
	The “Bridge” Linking Microbiota-Inflammation-Renal Injury
	The “Effector Molecules” of Gut Microbiota in Regulating DKD-Related Inflammation

	The Mechanism Module of Intestinal Flora Metabolites Regulating Inflammation in Diabetes Nephropathy
	Short Chain Fatty Acids (SCFAs)
	SCFA-Mediated Anti-Inflammatory Effects
	Stage-Specific SCFA Actions

	Trimethylamine N-oxide (TMAO)
	Amino Acids and Their Derivatives
	Other Metabolites

	Microbial Metabolism and Inflammatory Characteristics in Different Clinical Scenarios of Diabetes Nephropathy
	Early-Stage DKD (eGFR ≥ 60mL/min/1.73m<sup>2</sup>, UACR: 30–300mg/g)
	Advanced-Stage DKD (eGFR < 30mL/min/1.73m<sup>2</sup>, UACR > 300mg/g)
	Elderly DKD (Age ≥ 65 Years)

	Therapeutic Strategies Targeting Gut Microbiota Metabolism in DKD
	Pharmacological Synergistic Regulation
	Probiotic Supplementation
	Probiotics and Dietary Fiber

	Mechanism of TCM on Intestinal Microecology in Treating DKD
	The Impact of TCM on Gut Microbiota
	Repair of Intestinal Barrier Function by TCM
	The Mechanism of TCM Improving Immune Function

	Conclusion
	Data Sharing Statement
	Acknowledgments
	Author Contributions
	Funding
	Disclosure

