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Abstract: Type 2 diabetes mellitus (T2DM) is a complex clinical syndrome characterized by insulin resistance and associated with
abnormal amino acid metabolism. Tryptophan is an aromatic dietary amino acid that affects T2DM by regulating glycolipid
metabolism and insulin resistance. When tryptophan reaches the intestine, it is converted by gut microbiota and tryptophanase into
indole derivatives such as indoleacetic acid, indolepropionic acid, and indolealdehyde. These indole derivatives may enhance insulin
sensitivity, stimulate insulin secretion, and exert functions such as lowering blood glucose, regulating hepatic oxidative stress, reducing
intestinal inflammation, and improving islet cell morphology by acting on the aryl hydrocarbon receptor (AHR) or Pregnane
X receptor (PXR). In summary, this review aims to examine the interactions between tryptophan indole derivatives and T2DM
thoroughly, elucidate potential therapeutic approaches, and pinpoint areas for further research.
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Introduction
Relative deficiency in insulin secretion or reduced sensitivity of target organs to insulin and hyperglycemia, hyperlipi-
demia, and hyperinsulinemia resistance characterize Type 2 diabetes mellitus (T2DM)." Statistics showed that there were
537 million patients with diabetes across the world by 2021, with projections suggesting an increase to 643 million by
2030 and reaching 783 million by 2045.% Its development is associated with the functions of the pancreas, kidney, and
liver, and recent pharmacological research has indicated the importance of gut microbiota in T2DM.* A diet rich in fats
and sugars frequently results in a deterioration in gut microbiome health, leading to an ecological imbalance within the
human gut.* This imbalance in gut microbiota can contribute to metabolic disorders associated with elevated insulin
resistance (IR) levels and inflammation, ultimately triggering T2DM.> Research indicates that restoring intestinal
microbiota balance by regulating tryptophan metabolism can reduce insulin resistance and alleviate T2DM.°

The metabolism of tryptophan significantly influences the pathophysiology of T2DM via various biochemical path-
ways. Research has shown that patients with T2DM frequently exhibit altered tryptophan metabolism compared to non-
diabetic individuals, indicating an increased rate of tryptophan catabolism in those with T2DM.” Furthermore, dysregu-
lated tryptophan metabolism in T2DM impacts glucose homeostasis and influences the levels of various metabolites,
thereby affecting metabolic pathways related to insulin signaling and inflammation.® This makes it a potential target for
therapeutic interventions to improve metabolic health and manage diabetes.

During the metabolism of dietary tryptophan, intestinal microorganisms can convert it into indole, indole-3-acetic
acid (IAA), and indole trialdehydes.” Emerging evidence indicates that indole derivatives are crucial in metabolic

regulation. As signaling molecules, they can activate the aryl hydrocarbon receptor(AHR) and Pregnane X receptor
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(PXR),'° with the activation regulating glycolipid metabolism, enhancing insulin sensitivity, enhancing the function of
the intestinal epithelial barrier, hindering the entry of endotoxins, and stimulating the release of the intestinal hormone
glucagon-like peptide 1 (GLP-1).'"'? It also has antioxidant effects, protecting the kidneys from damage caused by
oxidative stress.'* Additionally, these indole derivatives can influence the microbial composition in the gut and improve
the morphology of islet cells, affecting various physiological processes related to glucose metabolism.'* The intricate
relationship between indole derivatives and T2DM has garnered significant attention in recent studies. Elucidating the
precise mechanisms of tryptophan metabolism and exploring its therapeutic implications are anticipated to provide

promising avenues for innovative interventions in T2DM treatment.

Tryptophan Metabolism and Its Impact on Type 2 Diabetes

Tryptophan, an aromatic amino acid, has a relatively high molecular weight. The human body cannot synthesize it
independently; thus, it must be obtained through food sources. Tryptophan is a building block for creating various
metabolites in the host and microorganisms.'> Around 4%-6% of tryptophan is taken up in the small intestine through
the indole metabolic pathway, where it is later transformed into indole derivatives. The process also necessitates the
involvement of specific enzymes: indole is produced through the action of tryptophanase; IAA is generated via tryptophan-
2 monooxygenase and tryptophan decarboxylase; and 3-indole propionic acid (IPA) is formed through the action of
aromatic amino acid transaminase. IPA represents the final product of tryptophan’s reductive metabolism.'® The onset of
T2DM is strongly linked to the body’s immune response, the intestines’ inflammation, and the mucosal barrier’s preserva-
tion. A high-fat diet damages tight junction proteins, resulting in increased intestinal permeability. This process permits the
entry of bacterial byproducts, like lipopolysaccharides, into the bloodstream, initiating systemic inflammation and leading
to insulin resistance.'” Research shows that tryptophan is involved in the progression of T2DM. Indoleamine 2,3-dioxy-
genase (IDO), a marker of tryptophan and serotonin activity, is downregulated in the inflammatory state associated with
insulin resistance in T2DM.'® AHR and PXR are critical receptors in the tryptophan metabolism pathway. Combining these
two receptors can promote the synthesis of bioactive metabolites from symbiotic microbiota, activating immune responses,
increasing the density of the intestinal epithelial barrier, and stimulating the secretion of intestinal hormones. Once secreted,
these hormones exert anti-inflammatory and antioxidant effects, thereby regulating host homeostasis.'” Tryptophan
derivatives may serve as promising therapeutic targets for treating T2DM by activating AHR and PXR.
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AHR is a transcription factor that interacts with regulatory and signal transduction proteins, exhibiting ligand- and
context-dependent activity.” Under normal conditions, AHR resides in the cytoplasm in an inactive form, establishing
a complex that includes dormant heat shock protein 90 (Hsp90), AHR interacting protein (AIP), p23, and c-Src protein
kinase. When a ligand binds, AHR experiences a conformational shift that reveals the nuclear localization signal, leading
to the release of HSP90, translocation of the receptor to the nucleus, and the interaction with AHR karyopherins to form
heterodimers that collaboratively oversee the regulation of the expression of target genes downstream (Figure 1).%!
Research has shown that the concentration of tryptophan in mice consuming a high-fat diet (HFD) is considerably
reduced compared to levels observed under normal conditions. When the microbiota cannot metabolize tryptophan, there
is a notable reduction in AHR ligands.*** Interestingly, when tryptophan metabolites act as ligands and bind to AHR,
they promote cellular defense and regulate the intestinal microbiota-host-immune system. Thus, equilibrating the gut
microbiome, decreasing mucosal inflammation, and suppressing the release of interleukin and pro-inflammatory cyto-
kines may participate in the development of T2DM.** Furthermore, they enhance the release of antimicrobial peptides
from the cells lining the intestine, identifying and inhibiting harmful pathogens, boosting the development of beneficial
bacteria, and aiding in the conversion of tryptophan into indole derivatives.”” Furthermore, AHR influences glucose and
lipid metabolism. Xi Xu et al demonstrated that activation of AHR negatively regulates lipogenic enzymes, such as fatty
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Figure | Tryptophan metabolic pathway.Tryptophan binds to AHR and PXR, resulting in conformational changes that promote the release of HSP90. This receptor is readily
nucleated, facilitating the formation of heterodimers and co-regulating the expression of downstream target genes, which contributes to the development of T2DM. Created
in BioRender. Wu, Y. (2024) https://BioRender.com/mé5p141.

Abbreviations: ARNT, Aryl Hydrocarbon Receptor Nuclear Translocator; AHRR, Aryl Hydrocarbon Receptor Repressor; RXR, Retinoid X receptor; Ts, tight junctions;
HSP90,Heat shock protein 90.
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2627 which play

acid synthase and the regulator of cholesterol metabolism, sterol regulatory element binding protein-1lc,
crucial roles in lipid metabolism. Moreover, AHR activators have the potential to lower blood glucose levels after fasting,
enhance the metabolism of glucose and insulin abnormalities, and boost GLP-1 secretion in diabetic mice that are on
a high-fat diet.”>?® Overall, the relationship between T2DM, tryptophan, and AHR is complex and multifaceted,
involving the interaction between metabolic regulation and inflammation.

PXR belongs to the nuclear receptor superfamily and mainly acts as a transcription factor. It is activated by different
ligands, forms dimers with RXR, and attaches to particular DNA response elements situated in the regulatory areas of
target genes, thereby aiding in transcriptional regulation. PXR plays a crucial role in the liver and intestines, participating
in various physiological functions such as maintaining energy balance, regulating immune responses, managing glucose
metabolism, and overseeing lipid regulation (Figure 1).>° Research has demonstrated that metabolites resulting from the
microbial breakdown of tryptophan can act as ligands for PXR, thereby influencing intestinal health and regulating
immune responses. Indole derivatives have been shown to promote PXR activation, which inhibits inflammatory
pathways, particularly the NF-kB signaling cascade.’®>' This underscores the potential of indole derivatives as ther-
apeutic options for diseases characterized by inflammation. Moreover, T2DM is significantly associated with intestinal
inflammation and damage.>® Thus, it is imperative to investigate further the structure-activity relationship of indole
derivatives and their effects on PXR signaling to develop new treatments for T2DM.

Tryptophan Derivative Indole as a Regulator for Pancreatic Protection and
Glucose Metabolism in T2DM

Tryptophan is a vital amino acid, while indole acts as a crucial signaling molecule with anti-inflammatory properties
within the intestinal microbial metabolism pathway of tryptophan. Indole is produced by tryptophanase in response to
both Gram-negative and Gram-positive bacteria, including Escherichia coli and Bacteroidetes. These bacteria can
maintain elevated levels of indole in the intestine, contributing to the host’s overall health.**** The relationship between
indole and T2DM is complex. Indole levels are significantly reduced in patients with T2DM, a phenomenon that involves
mechanisms related to insulin resistance, gut microbiome interactions, and the management of glucose and lipid
metabolism (Table 1).'**° Thus, indole may play a pivotal role as an essential signaling factor in T2DM.

Table | Producers and Effects of Indole Derivatives

Indole Escherichia coli; Cavitary injection Anti-inflammatory; Indole improves pancreatic islet cell morphology. [14,20,33-45]
Bacteroidetes. Metabolic regulation; Indole possesses potent anti-
Intestinal hormone inflammatory properties and strengthens the barrier properties of host cells.
regulation. Indole can rapidly enhance the rate of GLP-| release from enteroendocrine L
cells.
Indoleacetic Acid (IAA) Bacteroides; Cavitary injection Anti-inflammatory; IAA protected liver tissue fed by HFD and reduced inflammation in mice. [46-53]
Bifidobacterium Metabolic regulation; IAA alleviates oxidative stress in the liver.
longum; Antioxidant.
Clostridium
pasteurianum;

Escherichia coli.

Indolepropionic Acid (IPA) Clostridium IPA-enriched diet Anti-inflammatory; IPA can predict the risk of T2DM. [10,54-71]
sporogenes; Metabolic regulation; IPA has potential effects on insulin resistance and blood glucose levels.
Clostridium Antioxidant; IPA can protect the intestinal mucosa and decrease the incidence of inflammation.
botulinum; Intestinal hormone IPA can modulate the release of insulin-secreting hormones, especially GLP-1,
anaerobic regulation; from enteroendocrine L cells.
Streptococcus; Intestinal barrier protection. The antioxidant properties of IPA could serve as potential therapeutic agents for
Mycobacterium; diabetic nephropathy.

Faecalibacterium.

Indole-3-Aldehyde (IALD) Lactobacillus IALD-enriched diet Intestinal barrier protection; IAld can protect the function of the barrier and regulate the composition of gut [72-74]
roche; The interaction of intestinal microbiota.
Lactobacillus microbiota.
acidophilus.

Note: All italicized text in this form refers to the names of gut microbiota.
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The Spearman correlation analysis indicated a strong positive relationship between indole and various pancreatic B
cell function indicators while showing a negative correlation between blood glucose levels and the length of diabetes.'®
The shape and structure of pancreatic islet cells were regular, exhibiting precise edges. Under normal conditions,  cells
are located at the center of the islet, while a cells are situated on the periphery.>®>” Fengying Yang sectioned the pancreas
of db/db diabetic mice fed a high-fat diet and demonstrated that the morphological structure of the islets was significantly
compromised, characterized by unclear boundaries, loosely arranged cells, and irregular shapes. The area ratio of o cells
to B cells was unbalanced, with an increase in the percentage of a cells and a corresponding decrease in f cells. Notably,
up to 60% of P cells lost their function, producing significantly elevated blood sugar levels. Following indole interven-
tion, the morphological structure of the islets was partially restored; the borders of the islets improved, and the internal
cells were arranged more tightly and orderly.'* Therefore, indole plays a significant role in the morphological changes of
islets in diabetic mice.

T2DM is defined as a chronic condition marked by low-grade inflammation. Recent studies have demonstrated that
indole possesses potent anti-inflammatory properties, mitigating inflammatory response symptoms by influencing
immune cells and elevating IL-10 levels in mice subjected to a high-fat diet.>>>**3° The primary mechanism involves
the recruitment of pro-inflammatory macrophages, predominantly of the M1 type, which are attracted by pancreatic 3
cells and infiltrate local islets. This infiltration enhances the expression of macrophage-related genes and increases the
levels of pro-inflammatory cytokines in the circulatory system. Consequently, this process activates the NF-«kB signaling
pathway with the Janus kinase inflammatory cascade, exacerbating endoplasmic reticulum stress and jointly inhibiting
glucose-stimulated insulin release in pancreatic B cells, increasing blood glucose levels.'**° Conversely, when tryptophan
is metabolized by intestinal flora into indole, it is recognized by intestinal epithelial cells, where it participates in
regulating genes associated with tight junctions and forming the actin cytoskeleton. This action enhances the polarized
transepithelial resistance of HCT-8 intestinal epithelial cells, inhibits the activation of NF-«kB, reduces the adhesion
ability of Escherichia coli, maintains resistance to pathogens, strengthens the barrier properties of host cells, and helps to
sustain controlled inflammation.*!

GLP-1 is a type of incretin produced by the L cells of the intestinal epithelium that enhances insulin release from
pancreatic [ cells while concurrently inhibiting glucagon secretion from pancreatic a cells. This dual action significantly
influences glucose metabolism, reduces appetite, and delays gastric emptying.** Research has demonstrated that indole can
modulate GLP-1 secretion through various mechanisms.***** A key finding is that indole can rapidly enhance the rate of
GLP-1 release from enteroendocrine L cells. It achieves this by expanding the action potential in these cells. This reduces
the current flowing through voltage-gated potassium channels, thereby extending the activation period of channels
regulated by calcium. This sequence of events increases intracellular calcium levels, thereby enhancing GLP-1
secretion.'** Consequently, indole serves as a significant therapeutic approach for the treatment of T2DM. It restores
GLP-1 production in mice, protects pancreatic § cells and the intestinal barrier, reduces inflammation, and improves blood
sugar levels and insulin sensitivity.

Tryptophan Derivative Indole-3-Acetic Acid Has the Potential to Reduce

Liver Inflammation and Oxidative Stress in T2DM

IAA is a metabolite of tryptophan generated by Bacteroides thetaiotaomicron, Bifidobacterium longum, Clostridium
pasteurianum, and Escherichia coli, with its synthesis catalyzed by tryptophan monooxygenase and indole-3-acet-
amide hydrolase.*® Research indicates that IAA possesses anti-inflammatory properties and is crucial in mitigating
oxidative stress in the liver, thereby enhancing liver metabolism.*” In animal models of T2DM, significant infiltra-
tion of local inflammatory cells, along with degeneration and necrosis of hepatocytes, has been observed. Moreover,
the liver functions as the central location for the generation of glucose and the metabolism of lipids, making it
especially susceptible to oxidative stress. Elevated levels of reactive oxygen species (ROS) disrupt the insulin
signaling pathway, which results in diminished insulin sensitivity and exacerbates hyperglycemia, a defining
characteristic of T2DM (Table 1).*® Therefore, protecting liver tissue might be an effective strategy for managing
T2DM.
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A significant link exists between T2DM and non-alcoholic fatty liver disease (NAFLD). The inflammatory processes
associated with T2DM may lead to liver damage.*’ Yun Ji et al found that TAA has a significant relationship with the
liver in the context of NAFLD. Following liver tissue damage, a pro-inflammatory response is triggered. This enhances
the infiltration of macrophages into hepatocytes while also elevating the concentrations of inflammatory cytokines and
monocyte chemoattractant protein-1 (MCP-1). However, IAA intervention significantly improved the inflammatory
infiltration and morphology of hepatocytes, downregulating parameters related to inflammatory factors and participating
in glucose, lipid, and cholesterol metabolism through its interaction with AHR. By suppressing the genes involved in
lipogenesis, such as Scdland PPARy, IAA lowers fasting blood glucose concentrations, insulin resistance index, and
alanine aminotransferase activity, thereby mitigating liver damage.*” Concurrently, it restores levels of oxidative stress-
related indicators in liver tissue induced by high-fat diet, such as liver superoxide dismutase (SOD) activity.” Therefore,
investigating whether IAA can ameliorate diabetes symptoms through liver protection represents a promising therapeutic
direction.

IAA is also involved in regulating gut microbiota, and alterations in the composition of gut microbiota can influence
systemic inflammation and metabolic processes, including insulin sensitivity and glucose metabolism.’! The anti-
inflammatory properties of IAA may offer potential benefits in diabetes management. The process of inflammation is
crucial in the progression of T2DM, and substances that reduce the inflammatory reaction may assist in relieving specific
symptoms linked to this condition.’>”* Overall, while research on IAA and its effects on diabetes is still developing,
existing studies indicate that it could significantly influence metabolic health through immune modulation, interactions
with gut microbiota, and direct effects on glucose metabolism.

Tryptophan Derivative Indole Propionic Acid as a Potential Therapeutic
Agent for Intestinal Barrier and Antioxidant Effects in Type 2 Diabetes

Mellitus

IPA is a potent oxidant generated through the deamination of dietary tryptophan, catalyzed by enzymes secreted by
intestinal microorganisms. The levels of IPA are associated with fiber intake and can accumulate in serum.’* Gas-liquid
chromatography-mass spectrometry analysis has confirmed that Clostridium sporogenes and Clostridium botulinum can
metabolize tryptophan to IPA via the indole pathway.*® Dodd et al cultured 36 strains in a tryptophan-containing medium,
revealing that anaerobic Streptococcus and Clostridium produced IPA, while Mycobacterium, Faecalibacterium, and
Faecobacter prowazekii showed a positive correlation with IPA levels.”” Research indicates that IPA is a promising
candidate for preventing and managing T2DM. Its ability to enhance intestinal health, modulate inflammatory responses,
and improve metabolic parameters underscores its potential as a therapeutic agent '* (Table 1).

IPA has been identified as a possible biomarker for predicting the risk of T2DM. By measuring IPA levels, it is
possible to distinguish between different stages of T2DM and predict the associated risk.>* In research involving animals,
a negative relationship was noted between serum IPA levels and the likelihood of developing T2DM in rats, observed
both before the disease began and three months following its commencement.’>>® Data from the Finland Diabetes
Prevention Study (DPS) further corroborate that higher levels of IPA are associated with a reduced likelihood of
developing T2DM in individuals with impaired glucose tolerance, and these levels are inversely related to low-grade
inflammation.’” The utilization of gut microbiota-derived metabolites holds significant promise for early screening and
prevention strategies for T2DM.

IPA has emerged as a significant compound in the study of glucose metabolism, mainly due to its potential effects on
insulin resistance and blood glucose levels. A study involving 1,018 women of middle age from the Twins UK cohort
examined how circulating IPA levels, the composition of gut microbiota, and metabolic health are interrelated. The
findings indicated that IPA levels are inversely associated with visceral fat content, insulin resistance, and fasting blood
glucose levels.> In a separate study, Anders Abildgaard et al administered isolated IPA extracts to rats to evaluate their
effects on glucose metabolism and blood glucose concentrations. After six weeks of HFD enriched with IPA, the
assessment of blood glucose levels in male rats with diabetes indicated that the intervention with IPA notably decreased
fasting levels of blood glucose, plasma insulin, and the HOMA-IR index.”® One of the primary mechanisms through
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which IPA exerts its effects is by enhancing the function of glucose transporter, which is crucial for insulin-mediated
glucose uptake.>® The improved translocation of GLUT to the plasma membrane facilitates glucose uptake from the
bloodstream into muscle cells, reducing blood glucose levels and improving insulin sensitivity.®

T2DM is characterized by intestinal microbiota disturbances, intestinal barrier damage, heightened epithelial perme-
ability, and decreased amounts of zonula occludens-1 (ZO-1) and occludin within the ileum.®’ A primary mechanism
involves the formation of a complex between lipopolysaccharide and glucose phosphate isomerase-anchored protein
CD4, which is recognized by toll-like receptor 4 (TLR4) on the surface of monocytes and macrophages. This recognition
activates NF-kB signaling, releasing inflammatory mediators contributing to the inflammatory response, insulin resis-
tance, and eventually diabetes.®®> Furthermore, research has shown that IPA influences various cellular activities,
including proliferation, differentiation, and preserving barrier function in human intestinal epithelial cells. The introduc-
tion of spores from Clostridium that produces IPA into mice fed a high-fat diet has been demonstrated to enhance
intestinal barrier function, modulate the composition of gut microbiota, prevent microbial imbalance, preserve the
homeostasis of intestinal epithelial cells, decrease intestinal permeability, and increase the levels of ZO-1 as well as
proteins such as occluding. IPA primarily stimulates cell proliferation through a mechanism involving the ERK2 pathway
and regulates the expression of other proteins, such as c-Jun, which is essential for preserving the integrity of the
intestinal barrier.®*** Furthermore, Matthew Jennis et al found that IPA can improve the intestinal permeability of the
T84 intestinal epithelial cell monolayer with compromised barrier function and mitigate the damaging effects of pro-
inflammatory cytokines on T84 cells. Inflammatory conditions enhance the transcription of GLUTS in intestinal epithelial
cells, and IPA effectively reverses the increase in fructose transporter GLUTS5 mRNA induced by pro-inflammatory
interferon v, thereby protecting the intestinal mucosa and decreasing the incidence of inflammation.*

The possible protective role of serum IPA in T2DM could be linked to its capacity to modulate the release of insulin-
secreting hormones, especially GLP-1, from enteroendocrine L cells.**%>°® Diabetic patients often exhibit a significant
loss of GLP-1 functionality, which is crucial for enhancing glucose metabolism and overall metabolic health through the
protection of B cells, reduction of apoptosis, and promotion of B cell proliferation and regeneration.67

As a potent oxidant, IPA protects B cells against damage induced by metabolic changes, oxidative stress, and amyloid
accumulation.®® Diabetic nephropathy (DN), a complication of T2DM, has its core pathogenesis rooted in the increased
production of reactive oxygen species (ROS) induced by hyperglycemia.®® The elevated ROS production further
exacerbates oxidative stress, causing direct damage to podocytes, mesangial cells, and endothelial cells, leading to
proteinuria and renal tubulointerstitial fibrosis.”® Studies have shown that Sorafenib and Lenvatinib are multi-target
tyrosine kinase inhibitors in treating renal cell carcinoma. However, their use is often limited due to adverse effects
related to oxidative stress.”' In a rat experiment where potassium bromate (KBrO3) induced renal tumors and lipid
oxidation reactions, it was also observed that melatonin and IPA reduced lipid oxidative damage in the kidneys and
serum of rats."® In the case of IPA treatment alone, it was also found that IPA supplementation alleviated aflatoxin B1
(AFB1)-mediated redox imbalance in rat serum by upregulating antioxidant mediators and enzymes such as TSH, SOD,
CAT, and GPx, thereby reducing the formation of reactive oxygen species, lipid peroxidation, and DNA adducts.
Additionally, it can alleviate damage to liver and kidney tissues.'> Moreover, in a study involving participants with
normal renal function, a diet rich in polyphenols (PR) was found to promote an increase in serum concentrations of IPA,
which was negatively correlated with serum levels of C-reactive protein (CRP). However, no changes were observed in
subjects with impaired renal function.’® These results collectively indicate the antioxidative effects of IPA on the kidneys,
suggesting its potential as a therapeutic agent for diabetic nephropathy. These results indicate that IPA could be
a potential alternative for treating metabolic disorders linked to insulin resistance.

Tryptophan Derivative IAld Has the Potential to Prevent Intestinal
Inflammation and Alleviating Metabolic Parameters in T2DM

3-1Ald is generated by the gut microbiota, and Lactobacillus Roche and Lactobacillus acidophilus metabolize tryptophan to
3-1Ald,”* which exhibits anti-inflammatory properties that may aid in the management of diseases associated with chronic
inflammation.”® Its mechanism of action seems to involve the AhR and the NF-xB signaling pathway. Research indicates
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that the therapeutic effects of 3-1Ald are entirely diminished when AhR is knocked down, underscoring the essential role of
AhR activation.” In addition to alleviating inflammation, 3-IAld can promote a healthier intestinal environment, protect
barrier function, regulate the composition of gut microbiota, support the growth of beneficial bacteria, and simultaneously
inhibit pathogenic strains. Furthermore, inflammation and disruption of gut microbiota are essential factors in the
progression of T2DM (Table 1).”* Thus, it is hypothesized that IAld could be crucial in managing T2DM.

Jiaqi Zhang et al found that IAld restored intestinal epithelial barrier function in mice fed an HFD. After adminis-
tering FITC—dextran to mice orally, intestinal epithelium leakage was measured by serum fluorescence. Endotoxin
leakage, decreased epithelial cell proliferation, and increased proinflammatory cytokine expression were observed in
the intestinal epithelium of HFD-fed mice; however, the colonic tissue structure of the mice improved significantly, and
inflammatory cell infiltration was alleviated in the IAld treatment group. After the 3-IAld intervention, the existing
symptoms were alleviated considerably, NLRP3 and inflammatory cytokine levels decreased, and IL-IRa levels
increased, indicating that 3-IAld could promote intestinal epithelial function and reduce inflammation in vivo.”
Additionally, HFD feeding affected metabolic parameters in the mice, and body weight and serum glucose levels
measured in control and model mice showed that the HFD-fed mice exhibited significantly greater body weight and
elevated blood glucose levels compared to the IAld control group after 8 weeks of treatment. The glucose tolerance test
results showed that 3-IAld reduces blood glucose levels. Therefore, feeding an HFD for an extended period can trigger
intestinal inflammation and alter glucose metabolism, which can be prevented and treated by treating it with IAld, which
is a promising therapeutic target.”*"’* Further research in the future may explore its clinical applications, potentially
leading to new therapeutic strategies that utilize the benefits of this indole metabolite.

Discussion

Basic research findings show that the gut microbiota produces microbial metabolites that enhance insulin resistance in
patients with T2DM through various pathways affecting host glucose metabolism.> Among these, tryptophan metabolites
have emerged as potential targets for T2DM treatment, primarily by acting as ligands for AHR and PXR involved in the
progression of T2DM.”” Beyond mediating host-microbial interactions, these metabolites can enhance islet cell mor-
phology, alleviate hepatic oxidative stress and inflammation, and improve glucose and lipid metabolism, paving the way
for novel prevention and treatment strategies for T2DM.

In recent years, significant progress has been made in the research on applying tryptophan in clinical treatment,
demonstrating its potential clinical value as a novel therapeutic agent in pathological processes such as metabolic
syndrome, cardiovascular diseases, and urinary system disorders. Supplementing with a tryptophan-rich diet can
effectively improve pancreatic islet function in T2DM. Studies have confirmed that providing young T2DM rats with
an L-tryptophan-rich diet can effectively prevent the failure of B-cell function in their old age.”® It can also promote
intestinal motility and treat cardiovascular diseases through anti-inflammatory mechanisms. Barbora Waclawikova et al
demonstrated that 5-hydroxytryptophan, an intermediate metabolite of L-tryptophan in serotonin biosynthesis, stimulates
intestinal motility and improves cardiovascular diseases by activating L-type calcium channels located on colonic smooth
muscle cells.”” Interestingly, in patients with atherosclerotic cardiovascular disease and volunteers with coronary heart
disease, supplementation of the tryptophan-derived metabolite IAA has been found to inhibit the TLR4/MyD88/NF-kB
pathway in M1 macrophages, promote M2 macrophage polarization, restore the M1/M2 polarization balance, and
ultimately alleviate aortic inflammation.®® The tryptophan metabolite kynurenine (KTR) possesses immunomodulatory
and vasoactive properties, and the KTR to Trp ratio can predict the development of T2DM in individuals with coronary
artery disease (CAD). By evaluating the plasma KTR and the KTR to Trp ratio in urine, it was found that plasma KTR
showed no significant correlation with T2DM risk. In contrast, urinary KTR demonstrated a strong positive correlation. It
has been confirmed that urinary KTR is a strong predictor of T2DM in CAD patients.®' Surprisingly, reducing the Kyn/
Trp ratio protects the heart and has therapeutic effects on the kidneys. SempastianFilippas-Ntekouan et al proposed that
after administering Dapagliflozin, changes in serum metabolites of T2DM patients were detected, showing a significant
increase in tryptophan levels and a decrease in the Kyn/Trp ratio. This indicates that Dapagliflozin exerts protective
effects on the kidneys and heart by increasing serum tryptophan levels and reducing IDO activity.**

1570 https: Diabetes, Metabolic Syndrome and Obesity 2025:18



Wu et al

However, tryptophan metabolites have shown significant bidirectional regulatory properties of the AHR pathway in the study
of disease regulatory mechanisms. In metabolic diseases, they exert metabolic regulatory effects by activating the AHR signaling
pathway, while in kidney diseases, they improve metabolic regulation by downregulating the expression levels of AHR.
HuaMiao et al demonstrated that Lactobacillus improves membranous nephropathy by producing tryptophan indole derivatives
that inhibit the aryl hydrocarbon receptor pathway. In patients with impaired renal function and BSA-induced MN rats, beneficial
bacteria reduction and alterations in serum [Ald and tryptophan indole derivatives are also observed. The primary mechanism is
that the intrarenal AhR signaling pathway is activated by the decrease in indole derivatives acting as ligands. The model group
exhibited increased intrarenal mRNA expression of AhR and its target genes CYP1A1, CYP1A2, and CYP1B1, accompanied by
upregulation of nuclear AhR in renal tissues.*> Furthermore, in chronic renal failure, treatment with L. johnsonii significantly
increased serum IAld levels in model rats by inhibiting the mRNA expression of AHR and its four downstream genes in renal
tissues of the model group and suppressing intrarenal AHR nuclear translocation.®* This tissue-specific regulatory phenomenon
indicates that the AHR signaling pathway has distinct pathophysiological functions in different disease microenvironments.

Meanwhile, the therapeutic effects of indole derivative-derived compounds on T2DM and its associated complications
have been substantiated. Diindolylmethane (DIM), a compound naturally produced from indole-3-carbinol, enhances insulin
sensitivity in diabetic models by inhibiting key signaling pathways, particularly protein kinase C (PKC) and transforming
growth factor-beta (TGF-B1), which are associated with renal injury.®® Furthermore, the synthesis of novel triazole indole
derivatives has been explored for their potential as alpha-glucosidase inhibitors, which may aid in managing postprandial
hyperglycemia by delaying carbohydrate absorption.®® These properties have made indole derivatives a focal point in research
for developing novel therapeutic strategies to manage T2DM and its associated complications effectively. As research delves
deeper into the mechanisms of action of these derivatives, they may play a pivotal role in diabetes management programs.
Although existing studies have preliminarily revealed the relationship between tryptophan-induced derivatives and T2DM,
some limitations remain. Firstly, tryptophan metabolism is a complex process involving multiple pathways. Current research
primarily focuses on the effects of these derivatives on AHR and PXR, overlooking other potential pathways. Secondly, the
experimental models used in most studies are mainly based on mice or small human populations, which limits comprehensive
understanding and the conclusions’ generalizability. Additionally, there is controversy regarding the effects of tryptophan-
inducer derivatives, as they have both positive and negative impacts, and their clinical applicability remains to be validated.
3-Methylindole is one of the pulmonary toxicants present in cigarette smoke, and its inhalation may promote the development
of lung cancer.®” Indoxyl sulfate can accelerate endothelial cell senescence, reduce NO production, and increase reactive
oxygen species generation, thereby inducing endothelial dysfunction. In patients with chronic kidney disease, it exacerbates
aortic calcification and vascular stiffness.®® Therefore, further research is necessary to evaluate its potential side effects, as
ensuring safety is a key factor in advancing this field.
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