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Diabetes mellitus (DM) is a chronic disease influenced by gut microbiome disturbances. Hon-
okiol (HON), a low oral bioavailability compound from Magnolia officinalis bark, has demon-
strated potential as a treatment for DM. This research investigates the effects of HON on gut
microbiota and host metabolism to elucidate its mechanism of action in DM. After 8 weeks of
intervention through fecal microbiota transplantation (FMT) or antibiotic treatment, HON im-
proved glucose tolerance and lipid metabolism in a gut microbiota-dependent manner. Spe-
cifically, HON administration significantly increased Akkermansia muciniphila (AKK) abund-
ance and modulated tryptophan (TRP) metabolism, as evidenced by 16S ribosomal ribonuc-
leic acid (rRNA) gene sequencing and untargeted/targeted metabolomics analysis. Notably,
research revealed that AKK metabolized TRP into tryptamine (TA) and other metabolites in
vitro. Both AKK and TA activated the aryl hydrocarbon receptor (AHR) pathway, increasing
circulating glucagon-like peptide-1 (GLP-1) levels and ameliorating diabetes-related symp-
toms in DM mice. These findings indicate that HON’s hypoglycemic effect primarily stems
from AHR-GLP-1 pathway activation through targeted modulation of AKK and microbial TRP

metabolite TA, potentially enhancing HON’s clinical applications.

1. Introduction

Diabetes mellitus (DM) represents a significant global public
health challenge due to its increasing prevalence and complex
pathogenesis " . Unmanaged DM significantly impacts human
health and quality of life by increasing the risk of renal, cardi-
ovascular, and liver diseases . Contemporary pharmaceutical
treatments for DM, including metformin, liraglutide, and sulf-
onylurea, may produce adverse effects such as gastrointestinal
complications and weight loss *. Therefore, developing more ef-
fective anti-DM medications from medicinal plants with reduced
side effects remains a priority.

Recent studies have identified alterations in gut microbiota
composition in both DM patients and animal models > °. The gut
microbiota plays a crucial role in diabetes development and pro-
gression ’. Disruptions in intestinal microbiota can trigger bac-
terial endotoxin lipopolysaccharide (LPS) leakage, leading to mu-
cosal barrier dysfunction and subsequent glucose metabolism
disturbances . Fecal microbiota transplantation (FMT) studies
have demonstrated that microbiota from healthy donors im-
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. . . . 8- .
proves glucose tolerance in diabetic mice *'. Akkermansia mu-

ciniphila (AKK), a mucin-degrading bacterium maintaining gluc-
ose homeostasis, shows increased presence in diabetic individu-
als receiving dietary fiber or metformin """, These findings em-
phasize intestinal microbiota as a promising therapeutic target
for DM.

Metabolomics serves as a critical method for identifying en-
dogenous differential metabolites, offering insights into disease
mechanisms . The gut microbiota processes dietary compon-
ents and breaks down host-derived substances to generate vari-
ous metabolites, which function as essential mediators in gut mi-
crobiota-host interactions '*. The integration of metabolomics
and microbiology techniques facilitates understanding of how
drugs improve diabetes through the gut-metabolites-brain axis °
or the gut-metabolites-liver axis '°.

Magnolia extracts serve as nutritional supplements in the
United States, recognized for their cardiovascular protective, anti-
obesity, anti-inflammatory, and anti-tumor properties """, The
extract from Magnolia officinalis bark has been utilized in tradi-
tional Chinese medicine as Houpo for treating gastrointestinal
disorders for millennia *°. Honokiol (HON), the primary bioactive
compound and quality control component of Houpo, demon-
strates the capacity to reduce blood glucose, protect pancreatic 3
cells, and improve insulin resistance in high-fat diet (HFD)-strep-
tozotocin (STZ)-induced DM mice or rats °**°. Given HON’s low
oral bioavailability of approximately 5% *, investigation of the

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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gut microbiota’s role in mediating HON'’s effects warrants atten-
tion.

This study evaluates the hypothesis that HON ameliorates
DM through modulation of gut microbiota composition and func-
tion. Initially, the investigation focused on assessing the anti-dia-
betic efficacy of HON using a DM mouse model induced by HFD-
STZ, and examined the microbiota dependency of this effect. Sub-
sequently, 16S ribosomal ribonucleic acid (rRNA) gene sequen-
cing analysis, untargeted metabolomics, and targeted tryptophan
(TRP) metabolic analysis were performed to elucidate altera-
tions in both the composition and functionality of gut microbiota.
The results demonstrated that HON restructures gut microbial
composition, enriches the beneficial bacterium AKK, and upregu-
lates microbial TRP metabolites, which activate the aryl hydro-
carbon receptor (AHR) signaling pathway and increase glucagon-
like peptide-1 (GLP-1) levels, thereby ameliorating diabetes
symptoms.

2. Materials and methods

2.1. Chemicals and reagents

STZ (BS185) was obtained from Biosharp (Anhui, China).
CMC-Na (C8621) was purchased from Sinopharm Chemical Re-
agent (Shanghai, China). HON (purity by HPLC > 98%, H111272)
and corn oil (C11602) were purchased from Aladdin Scientific
(Shanghai, China). Metformin hydrochloride (MET, D9351) and
dimethylsulfoxide (DMSO, D8370) were purchased from Solarbio
(Beijing, China). Insulin (CSP001-10) was obtained from Shang-
hai Zhong Qiao Xin Zhou Biotechnology (Shanghai, China). Ampi-
cillin (A6920), neomycin (N8090), vancomycin (V8050), and
metronidazole (M8060) were purchased from Solarbio (Beijing,
China). 4% paraformaldehyde and Carnoy’s fixative were pur-
chased from Servicebio Technology (Wuhan, China). TRP (ZC-
6369), kynurenine (KYN, ZC-46354), 5-hydroxytryptophan (5-
HTP, ZT-20823), indole-3-acetic acid (IAA), indole-3-propionic
acid (IPA, ZC-6030) were purchased from Shanghai ZhenZhun Bi-
otechnology (Shanghai, China); indole-3-carboxaldehyde (I3C,
Lot No. 420030-201501) was purchased from the National Insti-
tutes for Food and Drug Control (Beijing, China); tryptamine (TA,
Lot. No. 21040958) was purchased from Tan-Mo Technology
(Changzhou, China); TA hydrochloride (Lot No. C13070344) was
purchased from Macklin (Shanghai, China). CH223191 (S80605)
was purchased from Yuanye (Shanghai, China).

2.2. Animal model and treatment

All animal experiments conducted in this study were ap-
proved by the Institutional Animal Care and Use Committee of
China Pharmaceutical University in Nanjing, China (No. 2019-10-
007), and performed in strict accordance with their guidelines.
Male C57BL/6] mice weighing between 12 and 14 g were ob-
tained from Yangzhou University’s Comparative Medicine Center.
Following a one-week acclimatization period, 10 mice were ran-
domly selected for the CHOW group and received a chow diet
(total energy: 3342 kcal-kg™', Nanjing Qinglong Mountain Labor-
atory Animal Company), while the remaining mice received an
HFD [TP23300, total energy: 5000 kcal-kg™", TROPHIC Animal
Feed High-Tech. (Nantong, China)] to induce insulin resistance.
After 4 weeks, STZ dissolved in 0.1 mol-L™" citrate buffer (pH 4.5)
was administered intraperitoneally (i.p.) (40 mg-kg™") every oth-
er day for three administrations, while mice in the CHOW group
received an equivalent volume of citrate buffer. Fasting blood
glucose (FBG) measurements were conducted at 5 and 7 d after
the final injection, and mice with FBG exceeding 11.1 mmol-L™
were classified as DM mice **.
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2.3. Evaluation of the anti-diabetic effect of HON in DM mice

To assess the anti-diabetic effect of HON, 50 DM mice were
randomly divided into five groups and received HFD diets along
with intragastric administration (i.g.) of 0.5% CMC-Na (Model
groups, DM), 50 mg-kg™ of HON (HON-L), 100 mg-kg™ of HON
(HON-M), 200 mg-kg™" of HON (HON-H), and 200 mg-kg™" of MET
for 8 weeks, while 10 CON group mice received chow diets and an
equivalent volume of 0.5% CMC-Na solution.

2.4. Oral glucose tolerance test (OGTT) and insulin tolerance test
(ITT)

During the final week, mice received a glucose solution (2
g'kg™) orally after overnight fasting in the OGTT experiment. For
the ITT experiment, mice underwent 6 h fasting before receiving
0.75 1U-kg™" insulin (i.p.). Blood samples from the tail vein were
used to measure glucose levels at 0, 30, 60, 90, and 120 min fol-
lowing glucose or insulin administration. The OGTT and ITT data
were quantified using the area under the curve (AUC) formula.

2.5. Serum biochemical measurements

Commercial kits from Nanjing Jiancheng Bioengineering In-
stitute were used to measure serum total cholesterol (TC), serum
total triglyceride (TG), serum high-density lipoprotein cholester-
ol (HDL-C), and serum low-density lipoprotein cholesterol (LDL-
C). Fast serum insulin and LPS were measured using commer-
cially available enzyme-linked immunosorbent assay (ELISA) kits
(Mlbio, Shanghai, China) according to manufacturer guidelines.
Homeostasis model assessment values for insulin resistance
(HOMA-IR) = (FBG x fasting insulin)/22.5 *.

2.6. Histopathological analysis

Pancreatic, epididymal adipose, and hepatic tissues were
fixed in 4% paraformaldehyde, while colon tissue was fixed in
Carnoy’s fluid. Hematoxylin and eosin (H&E) staining, alcian blue
staining, or immunohistochemistry for various tissues were per-
formed by Servicebio Technology (Wuhan, China). Section evalu-
ation was performed using a scanner (NanoZoomer 2.0 RS,
Hamamatsu, Japan). Adipose tissue images were analyzed ac-
cording to previously described methods **.

2.7. Gene expression

Colon total RNA extraction and complementary deoxyribo-
nucleic acid (cDNA) synthesis were performed using TRIzol re-
agent and cDNA reverse transcription kit (Vazyme, Nanjing,
China), respectively. Quantitative real-time polymerase chain re-
action (qQPCR) was performed using the Roche LightCycler 96 Sys-
tem and SYBR Green (Vazyme). Samples were analyzed in duplic-
ate using 96-well reaction plates (Roche). The relative messen-
ger ribonucleic acid (mRNA) expressions of target genes were
calculated using the 27**“" method and normalized to housekeep-
ing genes Gapdh or Rpl19. Primer sequences are shown in Table
S1.

2.8. FMT and antibiotic treatment

FMT was conducted over the 8-week intervention period fol-
lowing established protocols *’. Prior to FMT, recipient mice’s en-
dogenous microbiota was eliminated using an antibiotic cocktail
(ABS) containing ampicillin (1 g-L™"), neomycin (0.5 g-L™"), vanco-
mycin (0.5 g-L ™), and metronidazole (1 g-L™"), administered daily
by oral gavage for three consecutive days. Daily fecal samples
from donors in different groups (DM, HON) were collected
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throughout the 8 weeks. Fresh feces were suspended in sterile
phosphate-buffered saline (PBS) at 100 mg-mL™". The mixture
was centrifuged at 2000 r-min™ for 5 min to obtain the super-
natant for transplantation, prepared within 10 min of gavage. For
in vivo antibiotic treatment, HFD-STZ-induced mice received ABS
in drinking water for 8 weeks.

2.9. Gut microbiota analysis

Gut microbiota analysis was performed by Majorbio (Shang-
hai, China) using high-throughput 16S rRNA gene sequencing.
Raw sequence data analysis followed the method described by Ji-
ang et al. . The operational taxonomic units (OTUs) table and
Shannon index were generated using QIIME to measure a-di-
versity. Principal coordinate analysis (PCoA) was employed to as-
sess microbial community clustering (f-diversity). Linear dis-
criminant analysis (LDA) effect size (LEfSe) analysis identified
differentiating taxa of biological relevance between groups. Re-
dundancy analysis (RDA) evaluated correlations between DM
symptoms and bacterial genera.

2.10. Fecal DNA extraction and relative quantification

Fecal DNA extraction followed previously described meth-
ods *°. Specific primers were used for qPCR analysis to quantify
AKK in fecal samples (Table S1). Sample cycle threshold values
were compared against a standard curve (Table S2), generated in
duplicate using diluted genomic DNA from AKK. Results are ex-
pressed as (Log;o DNA copies)/g feces.

2.11. Evaluation of the anti-diabetic effect of AKK in DM mice

The cultures were centrifuged at 2000 r-min™" for 5 min pri-
or to bacterial administration. The sediment was resuspended
with PBS and administered to the AKK group of mice via oral gav-
age at a concentration of 1 x 10° colony-forming units (CFUs) of
bacteria. CON or DM mice received an equivalent volume of PBS.

2.12. The effect of HON and TRP on AKK in vitro

Fecal samples from CON mice were prepared in a 10% PBS
suspension to examine changes in AKK abundance within fecal
microbiota. HON was introduced at final concentrations of 5, 10,
and 20 umol-L’l. The final concentrations of TRP were 0.2, 0.4,
and 0.8 g-L", respectively. Cultures were maintained for 36 h us-
ing Shanghai Yuejin Company’s anaerobic incubation apparatus.
Following cultivation, bacteria were isolated by centrifugation at
12 000 r-min”" for 20 min. The direct effects of HON or TRP on
AKK proliferation were evaluated using qPCR. AKK (BNCC
341917) was cultured anaerobically in BHI broth (Oxoid, Basing-
stoke, UK) supplemented with 0.05% porcine mucin and 0.1%
cysteine to examine direct effects. AKK quantification followed
established protocols *. HON (5, 10, and 20 pmol-L™") or TRP
(0.2, 0.4, and 0.8 g-L™") were added to the culture medium at
varying concentrations. After appropriate incubation periods,
bacterial growth was assessed by measuring optical density at
600 nm (ODgqp). All experiments were performed in triplicate.

2.13. Metabolomics profiling analysis

Serum analysis using ultrahigh-performance liquid chroma-
tography quadrupole time-of-flight mass spectrometry (UPLC-
QTOF/MS) followed protocols described in HILIC Metabolomics
Profiling *°. Fecal preparation and analysis followed previously
established methods *°. Significant features between DM vs CON
mice groups or DM vs HON groups were identified using criteria
of variable importance in the projection (VIP) > 1 and P < 0.05.

61

Chinese Journal of Natural Medicines 24 (2026) 59-72

Identified differential metabolites underwent analysis using
MetaboAnalyst (https://www.metaboanalyst.ca/) to identify po-
tentially implicated KEGG pathways.

2.14. TRP metabolite target quantification

TRP metabolites were analyzed using a dynamic MRM scan
mode on the LC-(AB) API 4000 MS/MS System (Table S3). Sample
separation occurred at 45 °C on an Agilent Poroshell 120 SB-C;g
column (100 mm x 3.0 mm, 2.7 pm; Agilent Technologies, CA,
USA) with a flow rate of 0.4 mL-min~". The gradient-elution pro-
cedure consisted of: 0-2 min, 85% A; 2-2.1 min, 85%-62% A;
2.1-8 min, 62% A; 8-8.5 min, 62%-85% A; 8.5-13 min, 85% A.
Target metabolite concentrations were quantified using calibra-
tion curves with internal standards ** (Tables S4 and S5).

2.15. The effect of AKK on TRP metabolism in vitro

AKK was incubated anaerobically at 37 °C for 24 h. A 1 mL
bacterial solution was collected and centrifuged at 12 000 r-min™"
for 10 min at 4 °C. The supernatant (100 puL) was combined with
600 pL pre-cooled methanol-acetonitrile (1:1), followed by vor-
texing and centrifugation. The resulting supernatant (600 pL)
underwent solvent evaporation. TRP metabolite separation
and concentration analysis followed the previously described
method **.

2.16. Mouse intervention study with TA

TA (in the form of hydrochloride), an AHR agonist, was sus-
pended in sterile PBS. The TA group received intraperitoneal ad-
ministration of TA (12.5 mg-kg™) three times weekly for 8 weeks.
CON and DM mice received intraperitoneal PBS injections **.

2.17. Western blotting

Western blotting was performed according to previously de-
scribed methods **. The primary antibodies utilized were: cyto-
chrome P450 1A1 (CYP1A1, 1:1000, Cat AF5312; Affinity, Chang-
zhou, China); AHR (1:1000, Cat A1451; Abclonal, Wuhan, China);
B-actin (1:2000, Cat AC028; Abclonal, Wuhan, China); GLP-1
(1:1000, Cat AF0166; Affinity, Changzhou, China). HRP goat anti-
rabbit IgG (H + L) (1:2000, AS014; Abclonal, Wuhan, China)
served as the secondary antibody. Band intensity on Western
blotting was quantified through densitometry using Image-J soft-
ware.

2.18. Mouse intervention study with AHR antagonist CH223191

The AHR antagonist CH223191 was dissolved in D9351 and
DMSO and subsequently diluted in corn oil. HON group mice re-
ceived oral administration of HON (200 mg-kg "-d™") for 8 weeks,
while the CH223191 + HON group received additional injections
of CH223191 (100 pg/mouse) three times weekly. CON mice and
DM mice received intraperitoneal DMSO vehicles.

2.19. GLP-1 level quantification

Mice were fasted for 6 h, then administered sitagliptin (HY-
13749, 25 mg-kg™', MCE, NJ, USA) 45 min before glucose solution
(2 g'kg™). Blood samples (100 pL) were collected via retroorbital
venipuncture 15 min after glucose gavage for serum collection.
GLP-1 levels were measured using a commercial enzyme-linked
immunosorbent test kit (Mlbio, Shanghai, China) *°.

For the in vitro study, GLP-1 secretion reduction in STC-1
cells (BNCC342403, Beijing, China) was induced by palmitic acid
(PA), followed by HON or TA treatment for 24 h post-adhesion.
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The medium was replaced with fresh L-Dulbecco’s modified Eagle
medium (DMEM, Keygen BioTECH, Nanjing, China) containing
10% FBS. After 3 h, the medium was replaced with serum-free H-
DMEM (Keygen BioTECH, Nanjing, China) for 5-h incubation to
stimulate hormone secretion. Supernatants underwent centrifu-
gation at 5000 x g for 30 min. GLP-1 concentrations were determ-
ined using the ELISA kit (Mlbio, Shanghai, China) *"*".

2.20. Statistical analysis

All experimental data are expressed as mean * standard er-
ror of the mean (SEM). Statistical analyses were performed using
GraphPad Prism Version 8.0.1 (San Diego, CA, USA). Results were
considered statistically significant at P < 0.05. For datasets con-

Chinese Journal of Natural Medicines 24 (2026) 59-72

taining more than two groups, one-way ANOVA followed by Dun-
nett’s multiple comparisons test was applied.

3. Results

3.1. HON improves glucose homeostasis and lipid metabolism in DM
mice

A mouse model of DM induced by HFD and STZ was utilized
to investigate HON’s effects on glucose homeostasis in diabetes
(Figs. 1A and 1B). HFD-STZ-treated mice exhibited increased
body weight, significant hyperglycemia, and elevated food and
water intake (Figs. SIA-S1E), confirming successful DM model
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Fig. 1 HON improves glucose homeostasis in DM mice. During the 8 weeks of treatment, CON mice and DM mice were fed with a normal chow diet or HFD, respectively (n =
10). (A) Experimental protocol. (B) The chemical structure of HON. (C) Body weight curves. (D and E) Food consumption and water consumption per mouse per day. (F) FBG
curves. (G) Serum insulin levels. (H) HOMA-IR levels. (I and ]) Blood glucose levels in OGTT with AUC. (K and L) Blood glucose levels in ITT with AUC. (M) H&E staining of the
pancreatic tissue (n = 3; scale bar, 50 um). Data were presented as mean + SEM. *P < 0.05, P < 0.01, ***P < 0.001 vs CON group; P < 0.05, "P < 0.01, and ""P < 0.001 vs DM

group; NS, no significance.
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establishment. HON administration improved HFD-induced body
weight gain, polyphagia, and polydipsia dose-dependently over
eight weeks compared to the DM group (Figs. 1C-1E). Mice
treated with HON or MET demonstrated lower fasting glucose
levels and increased insulin levels compared to DM mice (Figs. 1F
and 1G). The HOMA-IR index decreased following treatment with
HON-H (Fig. 1H). OGTT and ITT results indicated that HON and
MET reduced blood glucose levels and AUC values in diabetic
mice (Figs. 11-1L). While DM mice showed pancreatic cell reduc-
tion, atrophy, and localized necrosis in islet tissue morphology,
HON therapy mitigated pancreatic damage (Fig. 1M). These find-
ings indicate that HON treatment improves glucose tolerance, en-
hances insulin sensitivity, and partially restores glucose homeo-
stasis in DM mice.

Regarding lipid metabolism, HON supplementation reduced
liver index and epididymal fat index (Figs. S1F and S1G). HON and
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MET treatment decreased the cell size of epididymal fat tissue
(Figs. S1H and S1I). The liver tissue of the DM group exhibited
localized necrosis and hepatic steatosis with fat droplets, though
HON partially mitigated these symptoms (Fig. S1J). Additionally,
DM mice demonstrated elevated serum levels of TC, TG, LDL-C,
and HDL-C compared to CON mice (Figs. SIK-S1N), while HON
and MET treatment reduced the levels of TG and LDL-C in diabet-
ic mice, indicating that HON could ameliorate the alterations in
lipid metabolism in DM mice.

3.2. HON attenuates DM in a gut microbiota-dependent manner

To investigate whether the gut microbiome mediates the
mechanism of HON action, microbiota from HON-treated DM
mice were transferred to recipient DM mice via gavage daily (Fig.
2A). Following eight weeks of intragastric administration with
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Fig. 2 The protective effects of HON on diabetes depended on fecal microbiota. During the FMT experimental period (n = 8): (A) study design of FMT; (B) body weight
curve; (C) water consumption; (D) FBG curve; (E and F) blood glucose levels in OGTT with AUC; (G and H) blood glucose levels in ITT with AUC; (I) insulin levels; (J) the
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fecal microbiota liquid, HON-FMT mice demonstrated significant
reductions in body weight, water consumption, and FBG levels
compared to the DM-FMT group (Figs. 2B-2D). However, FMT
did not reproduce the effect on food consumption (Fig. S2A). Not-
ably, the OGTT and ITT levels of the HON-FMT group were lower
than those of the DM-FMT group, while insulin levels showed an
inverse trend (Figs. 2E-2I). Furthermore, intestinal microbiota
transplantation from the HON group to DM mice enhanced lipid
metabolism, as evidenced by reduced liver and epididymal fat in-
dices and decreased TG and LDL-C levels (Figs. S2B-S2E). The
histomorphology of epididymal fat, liver, and pancreatic tissues
in HON-FMT mice showed improvement compared to the DM-
FMT group (Fig. S2F). Alcian blue staining revealed that HON
treatment increased colonic epithelial mucosa thickness, and
HON-FMT mice exhibited similar patterns to the HON group com-
pared with DM-FMT mice (Fig. 2]). Additionally, HON microbiota
transplantation to DM mice decreased endotoxin production (Fig.
2K). In summary, the beneficial effects of HON administration
were largely transferable through gut microbiota.

To further validate that the protective effects of HON in DM
mice are dependent on the gut microbiota, diabetic mice re-
ceived either HON treatment alone or in combination with ABS
for 8 weeks to deplete gut microbiota, followed by assessment of
DM-related symptoms (Fig. S3A). As shown in Figs. 2L-20, ABS
administration significantly reduced HON’s impact on body
weight and blood glucose regulation. While ABS treatment
demonstrated effects on food and water consumption and in-
creased serum insulin levels, the combination of ABS + HON
showed no additional benefits (Figs. S3B-S3D). The protective ef-
fects of HON on metabolic parameters and histomorphology were
partially diminished in the absence of microbiota (Figs. S3E-S3I).
Furthermore, ABS treatment eliminated HON’s beneficial effect
on the intestinal barrier (Figs. S3]J-S3L). These findings suggest
that HON exhibits its anti-diabetic effects through gut microbiota-
dependent mechanisms.

3.3. HON reverses gut dysbiosis in DM mice

Intestinal barrier dysfunction is widely recognized as a char-
acteristic feature of diabetes °. The increased mRNA expression of
intestinal tight junction proteins Z0-1, Occludin, and Claudin-1 in-
dicated that HON enhanced gut barrier function and ameliorated
colon injury (Fig. 3A). Additionally, HON supplementation de-
creased endotoxin LPS levels in DM mice (Fig. 3B).

High-throughput sequencing of the gut bacterial 16S rRNA
gene was performed to characterize HON’s effects on gut microbi-
ota. The a-diversity values for bacterial community analysis re-
vealed differences between HON and DM groups, demonstrated
by reduced observed_OTUs and Shannon index (Figs. 3C and 3D).
PCoA revealed significant intergroup differences in gut microbi-
ota composition and abundance, with the three groups forming
distinct clusters influenced by PC1 (47.3%) and PC2 (24.2%)
factors (Fig. 3E). LEfSe analysis (LDA > 4) showed that the DM
group was characterized by the families Desulfovibrionaceae, Ery-
sipelatoclostridiaceae, Erysipelotrichaceae, and Peptostreptococ-
caceae, while the HON group exhibited predominance of Sutterel-
laceae, Enterobacteriaceae, and Akkermansiaceae families (Fig.
3F). Analysis of the top 20 genera’s relative abundance revealed
increased levels of Akkermansia at the genus level in the HON
group (0.13% in CON, 3.12% in DM, and 50.26% in HON, Figs. 3G
and 3H), suggesting Akkermansia’s potential role in HON’s pro-
tective effects. RDA analysis demonstrated that Akkermansia neg-
atively correlated with body weight and FBG level (Fig. 31). These
results indicate that HON effectively modulates gut microbiota
dysbiosis in DM mice.

3.4. AKK alleviates diabetes in DM mice

Based on the 16S rRNA gene sequencing results showing
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HON treatment significantly enriched the genus Akkermansia,
and given that AKK is the sole cultured species of the genus Ak-
kermansia, we quantified AKK’s relative abundance in fecal
samples using qPCR *°. The analysis revealed a 1300-fold in-
crease in AKK levels following HON treatment in DM mice (Fig.
4A). The FMT experiment demonstrated elevated AKK abund-
ance in receptor mice compared to DM-FMT mice (Fig. 4B). To
evaluate HON’s effect on AKK growth, we examined their interac-
tion in vitro under anaerobic conditions. The results indicated
that direct HON incubation did not promote AKK growth (Fig.
S4A). However, when culturing fecal microbiota with varying
HON concentrations in vitro and quantifying AKK abundance over
time, we observed that HON promoted AKK growth in both dose-
and time-dependent patterns (Fig. 4C).

Given that host mucin is essential for AKK survival and
growth, we investigated HON’s impact on mucin secretion and
mucin-producing gene expression *’. HON treatment significantly
upregulated the mRNA expression of mucin-producing genes, in-
cluding Muc2, Muc3, and Muc4 (Fig. 4D). Alcian blue staining re-
vealed increased mucin secretion in the colon following HON
treatment (Fig. 4E). These observations suggest that HON facilit-
ates AKK growth by enhancing mucin production in the intestinal
lumen.

To elucidate AKK'’s role in diabetes alleviation, we admin-
istered live AKK or vehicle (PBS) to HFD-STZ-induced DM mice
via oral gavage for 8 weeks (Fig. S4B). As demonstrated in Fig. 4F,
AKK colonization was confirmed in DM mice. Consistent with
HON intervention, AKK supplementation resulted in reduced
body weight, FBG, and food and water consumption compared to
non-supplemented mice (Figs. S4C-S4F). ITT, OGTT, and insulin
results demonstrated AKK’s ability to improve insulin resistance
(Figs. S4G-S4K). Additionally, AKK intervention reversed the el-
evated epididymal fat index and liver index in DM mice while im-
proving lipid metabolism (Figs. S4L-S40). Furthermore, AKK in-
hibited damage to epididymal fat, liver, and pancreas, protected
intestinal mucosa, and reduced endotoxin production (Figs. S4P
and S4Q). These results confirm AKK'’s protective effects against
diabetes.

3.5. HON enriches microbial TRP metabolites in DM mice

AKK is associated with the metabolism of short-chain fatty
acids *', TRP *, and bile acids *’. Recent studies have increasingly
demonstrated connections between the metabolome and the mo-
lecular pathophysiology of DM '. To investigate whether HON im-
proves diabetes through the bacteria-metabolite axis, an untar-
geted metabolomics study was conducted on feces and serum
samples using UPLC-QTOF/MS. The PCA analysis revealed dis-
tinct metabolite profiles among the CON, DM, and HON groups in
both feces and serum samples (Figs. 5A and S5A), suggesting that
STZ-HFD and HON treatment significantly affected the metabolo-
mic profiles. Differential metabolites were identified by compar-
ing mass spectrograms and online databases using VIP > 1 and
P < 0.05 (Figs. 5B and S5B). In feces samples, HFD-STZ treatment
significantly altered 82 metabolites, while HON administration
regulated 84 metabolites (Tables S6 and S7). Notably, HON inter-
vention significantly reversed the concentration of 21 metabol-
ites, with 9 upregulated and 12 down-regulated (Fig. 5C). In ser-
um, HFD-STZ treatment modified 21 metabolites compared with
CON mice, and HON intervention altered 34 metabolites com-
pared with DM animals (Tables S8 and S9). HON administration
reversed changes in 16 metabolites induced by HFD-STZ, with 6
upregulated and 10 down-regulated (Fig. S5C).

MetaboAnalyst 4.0 was used to analyze metabolic pathway
alterations influenced by HON treatment. In fecal samples, the
HFD-STZ model primarily affected pathways related to D-glutam-
ine and D-glutamate metabolism, tryptophan (TRP) metabolism,



Y. Lin etal.

Chinese Journal of Natural Medicines 24 (2026) 59-72

A B c D
.77 |mEmECcoN EEDM  EEHON ] ]
g "
@ =
815 - 15 - 400 1 _con .
s ~
%z 2 - ” —DM 54
< . 5 2 300 { —HON E]
E 1.0 4 @ 10 4 o‘ °
. = o
%) 3 =1
g " 2 E 200 £,
153 -~ 5 72}
205 4 ot 51 2
<
< ## o 100
~ K__
07 0- 0L . . . . 0-
Occludin-1 Claudin-1 Z0-1
O% Q@ O% 0 5000 10000 15000 20 000 Oé Q%\ §
O > 9 <&
E F Cladogram mm CON s DM mmm HON
a: g norank_f _Muribaculaceae = JiLﬂchnospil'qceae
. —Muribaculaceae mm a0 o__Lachnospirales
bray_curtis o Alloprevotella == al:g_norank_f_Oscillospiraceae
CON %:Prevorelhzceae mm a2: /_Oscillospiraceae
0.504 - norank_f _Rs_E47_termite_group == a3:o__ Oscillospirales
\ jg _Rs_E47 termite_group mm a4: g__Romboutsia
— DM == g’ o_ Bacteroidales = a5: f_Peptostreptococcaceae
i ¢ Bacteroidia mm a6: o__Peptostreptococcales_Tissierellales
' 0.25 — HON p_Bacteroidota = a7: ¢_Clostridia
Q g Desulfovibrio mm a8: p_ Firmicutes
< norank I ionacea == a9: g Parasutterell
[} %o FDesulfortsrionaceae = bo.-f—s_ utterellaceae
Q04 0 “0__Desulfovibrionales &= b1 '0__ Burkholderiales
% 1oy ¢ Desulfovibrionia mm h2: g Citrobacter
= ' " Desulfobacterota = b3 g Escherichia_Shigella
< Erysipelatoclostridium =m h4: g Klebsiella ~
1 " Erysipelatoclostridiaceae mm b5: f Enterobacteriaceae
0259 g Dubosiella B b6:'0__ Enterobacterales
¢ g Faecalibaculum = b7: ¢__Gammaproteobacteria
g lleibacterium ®m )H8: p__Proteobacteria
. ; ; ; - Erysipelotrichaceae = 59 g Akkermansia
*'6_ Erysipelotrichales = CD:fiAkkermansmceae
—025 0 025 0.50 ¢ Bacilli = el o Pernucomicrobiales
i 9 = "~ Eisenbergiella B c2: ¢ Verrucomicrobiae
Axis.1/[47.3%] =y g:LachnuxgimceaeiNKtlAH«i _group B c3: p__Verrucomicrobiota

M Other
Unspecified_Lachnospiraceae [ Faecalibaculum

Sequence number percent/%

25 50 75
I Alloprevotella

1 . s :
. . Citrobacter

o M Oscillospiraceae

- .‘ I I Bacteroides

100 W Parasuiterella

0,

‘ | I B Desulfovibrio
= Klebsiella

50.26% Romboutsia

CO

Aldkermansia

Citrobacter
Parasutterella

|| Faec.alig)aculum

7 g sy
Badcteroides

Desulfovibrio
[ leibacterium
Dubosiell

Lachnospiraceae.

Allopreévotella
Lactobacillus

Rs _E47_termite_group

M Erysipelatoclostridium
Lachnospiraceae_ NK4A4136_group

Escherichia_Shigella

ebsiell, —
norank _/G_RS_E47_termite _group 1
lostridium

norank_f__Desulfovibrionaceae
ne_Jj_|

norank_f _Oscillospiraceae
e NK4A4136_group
norank_f__Muribaculaceae

norank_f _Lachnospiraceae

Desulfovibrionaceae

lleibacterium
Escherichia_Shigella
Lactobacillus

B Muribaculaceae

B Dubosiella

W Akkermansia

I Overall permutation test: P = 0.001
|2 0.3 4
o1
0 0.2 J revace
i3 o
) R E47_terite_group
0 JInsulin o 4
é Aot
0.1 "‘“”’“"“'—’"‘!’"””.Jw,,u ala
Rombgusia
on e Baeroides
Akkermansia:
-04 -0.2 0 0.2 0.4

RDAL: 74.15%
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0.001 vs DM group; NS, no significance.

and the biosynthesis of phenylalanine, tyrosine, and tryptophan.
In contrast, HON intervention notably modulated TRP metabol-
ism, aminoacyl-tRNA biosynthesis, and arginine and proline
metabolism (Fig. 5D). Serum analysis similarly revealed that HON
intervention predominantly influenced TRP metabolism (Fig.
S5D). These findings indicate that TRP metabolism may be a key
mechanism underlying HON’s protective effects against diabetes.
Targeted quantification of TRP and its metabolites in feces
was subsequently performed using UHPLC-QQQ/MS. TRP is
metabolized in the gastrointestinal tract through three primary
pathways: 1) the serotonin pathway, producing 5-HTP; 2) the
KYN pathway, generating KYN and its downstream metabolites;
and 3) direct microbial transformation of TRP into AHR ligands **.
Compared with the CON group, fecal 5-HTP increased in DM
mice, and the ratio of KYN to TRP increased in the serum of the
DM group, but HON treatment did not reverse these elevations
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(Figs. SSE-S5H). Regarding fecal AHR agonists (I13C, IAA, IPA, and
TA), HFD-STZ treatment decreased the concentration of IPA, TA,
and total AHR agonists, while HON intervention increased the
content of TA, I3C, and total AHR agonists (Fig. 5E). For serum
AHR agonists, HFD-STZ treatment decreased the concentration of
IAA, IPA, and total AHR agonists, while HON intervention in-
creased the content of 13C and total AHR agonists (Fig. 5F). These
results suggest that HON may improve diabetes through regula-
tion of TRP metabolism.

3.6. TA produced by AKK attenuates the symptoms of DM mice

To examine whether TRP promotes AKK growth, different
concentrations of TRP were added to the BHI-modified medium.
The results demonstrated that TRP did not affect AKK growth in
vitro (Fig. 6A). Further investigation involved incubating fecal mi-



Y. Lin et al.
A B ¢
81 81 51
»
g 3
2 3 o 44
261 =1
> = =}
g g v 531
4 S 44 <
= <* el
2 2 22
° a =
%217 %27 &1
= 2
S &
S S
> K
NS
‘z\
D 8- E
I CON
=
<Z:g 6 1 EIDM
S
%= O HON S
o £ 4 50 pm
z2
29 .
5 2 )
mgz. ’l‘ NS %
il Bell Bl

Muc2 Muc3 Muc4 Mucl3

50 pm

: : I wifl willl] i

Chinese Journal of Natural Medicines 24 (2026) 59-72

Il CON
[ HON-5 pmol-L™!
= HON-10 pmol-L"!

[ HON-20 pmol-L™!

4 36
t/h

DM F

50 im
HON

(Log,y DNA copy)/g feces
S

KN
& Q@V“*

Fig. 4 The protective effects of AKK on DM mice. (A) Quantification of AKK in feces of CON, DM, and HON groups (n = 6). (B) Quantification of AKK in feces of DM-FMT and
HON-FMT groups (n = 6). (C) Effect of HON on the relative abundance of AKK in fecal microbiota (n = 3), “"P < 0.001 vs CON group of corresponding time; NS, no significance.
(D) Relative mRNA levels of mucin-generating genes in the colon (n = 8). (E) The colon with alcian blue staining (n = 3; scale bar, 50 pm). (F) Quantification of AKK in feces of
CON, DM, and AKK groups (n = 6). Data were presented as mean = SEM. *P < 0.05, **P < 0.01, *"P < 0.001 vs CON group; P < 0.05, "P < 0.01, and ""P < 0.001 vs DM group or

DM-FMT group; NS, no significance.

crobiota with TRP for 36 h. Compared to the CON group, TRP
supplementation enhanced the growth and reproduction of AKK
(Fig. 6B). To evaluate AKK’s ability to metabolize TRP, an in vitro
culture system quantified the TRP metabolites. The analysis re-
vealed that AKK metabolized TRP to produce 5-HTP, TA, I3C, and
IAA (Fig. 6C).

Following untargeted and targeted metabolomics analysis re-
vealing HON’s ability to elevate TRP microbiota metabolite TA
levels, and AKK'’s capacity to metabolize TRP into TA, subsequent
investigation focused on whether TA intervention improves DM
mice symptoms (Fig. 6D). Compared to the DM group, TA-treated
mice demonstrated decreased weight gain, FBG levels, food con-
sumption, and water consumption, while showing increased in-
sulin levels (Figs. 6E-6I). TA treatment effectively improved
blood glucose, insulin dysmetabolism, and lipid metabolism dys-
function in diabetic mice, as demonstrated by OGTT, ITT, organ
index, blood lipids, and histomorphology of pancreatic, hepatic,
and epididymal adipose tissues (Figs. 6], 6K, and S6A-S6E). Addi-
tionally, TA treatment enhanced the intestinal barrier (Figs.
6L—-6N). Western blotting and qPCR results indicated that TA sup-
plementation activated the AHR signaling pathway (Figs. 60 and
6P). These results suggest that TA may improve diabetes through
AHR pathway activation.

3.7. HON activates the AHR pathway to improve diabetes

Given that HON’s beneficial effects were associated with
changes in intestinal microbiota, TRP metabolism, and AHR activ-
ation, subsequent investigation focused on the AHR pathway’s in-
volvement in HON'’s protective effects, which can be activated by
bacterial-produced TRP metabolites. The results demonstrated
that HON treatment elevated the mRNA expression of Ahr and
Cyplal, target gene of AHR activation in the colon (Fig. 7A).
Western blotting analysis confirmed that HON administration in-
creased the protein expressions of AHR and CYP1A1 (Fig. 7B). As
AKK and AHR activation enhance colon anti-microbial peptide
production and strengthen the intestinal barrier ***°, examina-
tion of relative mRNA expression of anti-microbial peptides in the
colon revealed that HON supplementation increased the expres-
sion of Tff3 and Reg3g compared with the DM group (Fig. S7A).
Additionally, analysis of mRNA and protein expression of AHR-re-
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lated target genes in diabetic mice after AKK intervention showed
that AKK administration increased the mRNA expression of Ahr,
Cyplal, Reg3g, and Reg3b (Fig. S7B), and the protein expression
of AHR and CYP1A1.

To investigate the physiological significance of AHR activity,
CH223191, an AHR antagonist, was employed to validate HON’s
impact on AHR activation in diabetic mice (Fig. 7C). While HON
maintained improvements in body weight, FBG, food, and water
consumption after AHR inhibition, these effects were attenuated
by cotreatment with CH2223191 (Figs. 7D-7G). CH223191 also
diminished HON'’s beneficial effects on glucose and insulin dys-
metabolism in diabetic mice, as evidenced by OGTT, ITT, and
pancreatic tissue histomorphology (Figs. 7H-7L). Furthermore,
CH223191 + HON-treated mice exhibited less improvement in
lipid metabolism dysfunction compared to HON treatment alone
(Figs. S7D-S7H), and HON'’s effect on the intestinal barrier was
negated by CH223191 treatment (Figs. 7M and 7N). HON treat-
ment increased intestinal expression of Ahr, Cyplal, interleukin
(11)-22, Reg3g, and Reg3b, but cotreatment with CH223191 inhib-
ited HON-induced AHR activation (Fig. S7I). Western blotting
analysis confirmed that CH223191 intervention inhibited HON’s
effect on AHR activation (Fig. 70). These results suggest that AHR
pathways partially mediate HON’s therapeutic effects against dia-
betes.

3.8. HON induces the secretion of the incretin hormone GLP-1 by ac-
tivating AHR

Previous research has demonstrated AKK’s ability to stimu-
late GLP-1 secretion *°. The present data showed that AKK inter-
vention increased serum total GLP-1 levels in diabetic mice (Fig.
8A) and elevated the mRNA level (Fig. 8B, P = 0.16) of intestinal
proglucagon, which was subsequently confirmed by Western
blotting analysis (Fig. 8C). These findings suggest that HON’s pro-
tective effect is associated with AKK-mediated GLP-1 modulation.

Microbiota-derived AHR agonists effectively stimulate the in-
cretin hormone GLP-1 *’. In DM mice, TA elevated serum GLP-1
levels (Fig. 8D). Western blotting and qPCR analyses revealed
that changes in intestinal GLP-1 expression corresponded with al-
terations in serum GLP-1 levels (Figs. 8E and 8F). HON increased
both intestinal Gcg mRNA expression and total serum GLP-1
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levels in DM mice, though these effects were nullified by
CH223191 cotreatment (Figs. 8G and 8H). Western blotting ana-
lysis confirmed these findings (Fig. 8I). Subsequently, we ex-
amined HON'’s direct effect on GLP-1 secretion in STC-1 cells. We
confirmed AHR expression in STC-1 cells and its inhibition by
CH223191 (Figs. S8A and S8B). ELISA results showed that HON
did not enhance GLP-1 secretion in PA-induced STC-1 cells (Fig.
8]). While TA treatment increased GLP-1 secretion in STC-1 cells,
this beneficial effect was eliminated by CH223191 cotreatment
(Figs. 8K, 8L, and S8C). These results suggest that HON’s stimulat-
ory effect on GLP-1 secretion depends on AHR activation by TRP
metabolites.
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4. Discussion

This investigation revealed the essential role of AKK and TA
in mediating HON'’s anti-diabetic effects through fecal transplant-
ation, antibiotic experiments, untargeted/targeted metabolom-
ics, and pharmacological studies. The findings demonstrated that
HON’s anti-diabetic efficacy depends on gut microbiota composi-
tion. HON showed no significant effects or adverse reactions on
blood glucose and lipid metabolism in normal mice, indicating its
potential as a safe and promising therapeutic agent for diabetes
treatment (Fig. S10). Significantly, HON enriched AKK 1300-fold
in diabetic mice feces, and AKK intervention produced anti-dia-
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betic effects comparable to HON treatment. Furthermore, HON
enhanced the production of TRP bacterial metabolites, particu-

larly TA. AKK effectively converted TRP into TA and other meta-

bolites in vitro. Notably, TA demonstrated substantial anti-diabet-
ic effects in DM mice. Moreover, HON, AKK, and TA activated AHR
to enhance GLP-1 production. AHR receptor inhibition elimin-
ated both the therapeutic effects against diabetes and the HON-
induced increase in GLP-1 secretion. Collectively, these findings

Multiple studies have demonstrated the pharmacological

veratrol *
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and curcumin

demonstrate HON’s significant therapeutic effect on diabetes
through AKK regulation and TRP metabolite modulation.

activities of polyphenols with low bioavailability, such as res-
**_ which achieve their effects through
gut microbiota modulation. The gut microbiota, which plays a
crucial role in the development of DM, interacts with the host
both directly and indirectly through bacterial metabolites, includ-
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ing saturated short-chain fatty acids *’, bile acids °', and TRP ¥
Although the oral bioavailability of HON is approximately 5%,
HON supplementation significantly attenuates hyperglycemia, in-
sulin resistance, and lipid metabolism disorder in DM mice. This
suggests that HON may exert its anti-diabetic effect through mod-
ulation of gut microbiota.

DM can compromise intestinal integrity, as evidenced by re-
duced levels of anti-microbial peptides, decreased mucus layer
thickness, and insufficient tight junction proteins °°. Similar res-
ults were observed in this study, with HON supplementation
demonstrating improvement in these symptoms. Probiotics are
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established modulators of gut microbiota that prevent DM *. Us-
ing 16s rRNA gene sequencing to identify key bacterial changes
induced by HON, this study demonstrates that HON induces a sig-
nificant increase (1300-fold) in the abundance of AKK, a probiot-
ic known to improve insulin resistance *°. Direct incubation with
HON did not promote AKK growth. While previous studies have
shown that polyphenols can enhance AKK abundance, the pre-
cise mechanism remains unclear **. Dong et al. demonstrated that
berberine indirectly promotes AKK growth by stimulating gut
mucin secretion *’. The present findings suggest that HON may
enhance AKK abundance through similar mechanisms. Addition-
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ally, AKK intervention demonstrated significant improvements in
diabetes-related symptoms in diabetic mice.

To elucidate the mechanisms by which HON-induced modific-
ations of the intestinal microbiota reduce diabetes, analyses of
serum and fecal metabolites identified the critical role of TRP
metabolism in HON’s protective effect against diabetes. Targeted
metabolome analysis revealed that HON increased the levels of
TRP microbial metabolites TA, 13C, and total AHR agonists. Vari-
ous microorganisms contribute to TRP metabolism in the gut. Ad-
ministration of Lactobacillus reuteri increases indole-3-lactic acid
levels, thereby suppressing colorectal tumorigenesis *°. Bifidobac-
terium longum CCFM1029 upregulates TRP metabolites I3C to ac-
tivate AHR-mediated immune response and alleviate atopic
dermatitis symptoms **. The data revealed that AKK metabolizes
TRP into 5-HTP, TA, and I3C in vitro. A significant increase in 13C
and TA levels was observed in the feces of diabetic mice follow-
ing HON treatment. Given the substantial increase in TA ob-
served in both untargeted and targeted metabolomics analyses,
its impact on diabetes was investigated. TA, converted from TRP
by Clostridium sporogenes and Ruminococcus gnavus °°, reduces
pro-inflammatory cytokine production in macrophages stimu-
lated by fatty acids and LPS *’. The elevated TA levels in HON-
treated DM mice feces, combined with AKK’s ability to metabol-
ize TRP into TA, led to the investigation of TA’s potential to ameli-
orate diabetes symptoms in HFD-STZ-induced mice. The data in-
dicate that TA exhibits similar therapeutic effects as HON in DM
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mice. TA inhibits glucose-induced hyperglycemia and enhances
glucose-elicited insulin release *°. However, arecent study con-
tradicts these findings, suggesting that TA may impair insulin
sensitivity *’. This discrepancy may result from variations in dis-
ease models and requires additional investigation.

Both humans and rats with metabolic syndrome demon-
strate impaired AHR agonist activity, and treatment with AHR ag-
onist Ficz or AHR ligand-producing bacteria Lactobacillus strain
improves metabolic disorders *. This study demonstrates that
HON’s enhancement of mucus and anti-microbial peptide produc-
tion correlates with restored AHR-related gene expression, in-
cluding II-22, Cyplal, and Ahr. Conversely, reduced levels of
Reg3b, Reg3g, and mucus production correspond with decreased
levels of 1I-22, Cyplal, and Ahr. To examine AHR’s direct involve-
ment in HON’s effects, DM mice were treated with AHR antagon-
ist CH223191. The antagonist nullified HON’s beneficial effects,
indicating that AHR activation is essential for HON’s therapeutic
effect on diabetes.

The incretin hormone GLP-1 plays a crucial role in regulating
glucose metabolism. Drugs that mimic GLP-1 actions are widely
used in treating DM *’. AKK and microbiota-derived AHR agonists
have demonstrated the ability to induce GLP-1 secretion **“.
However, previous studies focused solely on serum GLP-1 secre-
tion. This study investigated HON’s impact on GLP-1 secretion in
DM mice and PA-induced STC-1 cells. The findings demonstrated
that HON, AKK, and TA induced serum GLP-1 secretion and elev-
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ated intestinal protein expression. However, in PA-induced STC-1
cells, HON did not promote GLP-1 secretion. While TA treatment
increased GLP-1 secretion in STC-1 cells, this effect was neutral-
ized by the AHR inhibitor CH223191. These results indicate that
HON’s effect on GLP-1 enhancement relies on AHR activation by
TRP metabolites. This suggests that screening GLP-1 agents from
AHR agonists may represent a promising strategy for diabetes
drug discovery.

Overall, the results revealed a distinct mechanism whereby
HON'’s protective benefits in diabetic mice may be mediated
through AKK and microbiota-dependent AHR signaling. BHI me-
dium was selected to study HON’s effect on AKK proliferation in
fecal microbiota, as it supports AKK bacterial growth. However,
research indicates that medium type and culture duration can in-
fluence human gut microbiome growth °'. While a control group
was established to account for these effects, future studies should
further examine both medium type and culture duration. A limit-
ation of this study was the lack of consideration for other gut mi-
crobes’ potential contribution to TRP metabolism. Future re-
search will investigate the effects of HON and AKK using a germ-
free mouse model and AHR knockout mice to determine the gut
microbiota’s role and its TRP metabolism.

5. Conclusion

In summary, this study demonstrates that HON improves
glycolipid metabolism in HFD-STZ-induced diabetic mice. The
mechanism likely operates through enriching AKK and regulat-
ing TRP metabolism to activate AHR and enhance GLP-1 produc-
tion. Significantly, both AKK and the TRP metabolite TA showed
potential in improving diabetes symptoms. This study elucidates
a novel mechanism underlying HON’s beneficial effects against
diabetes, suggesting that supplementation with TRP microbial
metabolites to activate AHR receptors may constitute a novel
therapeutic approach for diabetes.
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The cover presents diabetes as a systemic metabolic condition, represented by the silhouette of an

obese body alongside a glucose meter that signals impaired glycemic control. The highlighted intestin-
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al region reflects increasing recognition that gut microbial ecology and intestinal homeostasis are asso-
ciated with metabolic balance. This framing emphasizes the gut as a place where microbial activity in-
fluences host physiology and contributes to metabolic regulation.

In the lower right, the illustration of Magnolia officinalis and its bark (Houpo) grounds the com-
position in the domain of natural product therapeutics. Honokiol, a major active constituent, is shown
modulating Akkermansia muciniphila and enhancing its production of tryptamine metabolites that en-
gage AHR signaling and stimulate GLP-1 secretion, ultimately supporting metabolic improvement in
diabetes. Together, the imagery conveys an integrated concept: natural products can influence microbi-
al activity and host metabolic signaling in ways that support metabolic health.


https://doi.org/10.1021/acs.chemrestox.8b00179
https://doi.org/10.1021/acs.chemrestox.8b00179
https://doi.org/10.1038/s41598-017-01435-7
https://doi.org/10.1038/s41598-017-01435-7
https://doi.org/10.1038/s41598-017-01435-7
https://doi.org/10.1038/s41598-017-01435-7
https://doi.org/10.1038/s41598-017-01435-7
https://doi.org/10.1038/s41598-017-01435-7
https://doi.org/10.1038/s41598-017-01435-7
https://doi.org/10.1038/s41598-017-01435-7
https://doi.org/10.1080/19490976.2022.2044723
https://doi.org/10.1080/19490976.2022.2044723
https://doi.org/10.3390/microorganisms9071511
https://doi.org/10.3390/microorganisms9071511
https://doi.org/10.3390/microorganisms9071511
https://doi.org/10.3389/fphar.2020.619265
https://doi.org/10.3389/fphar.2020.619265
https://doi.org/10.1186/s40168-021-01126-6
https://doi.org/10.1186/s40168-021-01126-6
https://doi.org/10.1186/s40168-021-01126-6
https://doi.org/10.1186/s40168-021-01126-6
https://doi.org/10.1186/s40168-021-01126-6
https://doi.org/10.1186/s40168-021-01126-6
https://doi.org/10.1186/s40168-021-01126-6
https://doi.org/10.1186/s40168-021-01126-6
https://doi.org/10.1038/ncomms8629
https://doi.org/10.1038/ncomms8629
https://doi.org/10.1016/j.canlet.2018.05.027
https://doi.org/10.1016/j.canlet.2018.05.027
https://doi.org/10.1016/j.canlet.2018.05.027
https://doi.org/10.1021/acs.jafc.3c04664
https://doi.org/10.1021/acs.jafc.3c04664
https://doi.org/10.1021/acs.jafc.3c04664
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.1016/j.biopha.2021.111595
https://doi.org/10.1016/j.biopha.2021.111595
https://doi.org/10.1016/j.biopha.2021.111595
https://doi.org/10.1016/j.clnu.2022.08.029
https://doi.org/10.1016/j.clnu.2022.08.029
https://doi.org/10.1039/D1FO02172A
https://doi.org/10.1039/D1FO02172A
https://doi.org/10.1080/19490976.2021.1927633
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1136/gutjnl-2020-321565
https://doi.org/10.1136/gutjnl-2020-321565
https://doi.org/10.1136/gutjnl-2020-321565
https://doi.org/10.1136/gutjnl-2020-321565
https://doi.org/10.1136/gutjnl-2020-321565
https://doi.org/10.1136/gutjnl-2020-321565
https://doi.org/10.1038/s41564-021-00880-5
https://doi.org/10.1038/s41564-021-00880-5
https://doi.org/10.1038/s41564-021-00880-5
https://doi.org/10.1038/s41564-021-00880-5
https://doi.org/10.1038/s41564-021-00880-5
https://doi.org/10.1038/s41564-021-00880-5
https://doi.org/10.1038/s41564-021-00880-5
https://doi.org/10.1016/j.cmet.2018.07.001
https://doi.org/10.1016/j.cmet.2018.07.001
https://doi.org/10.1016/j.cmet.2018.07.001
https://doi.org/10.1016/j.clnu.2019.05.020
https://doi.org/10.1016/j.clnu.2019.05.020
https://doi.org/10.1016/j.clnu.2019.05.020
https://doi.org/10.1016/j.foodres.2021.110270
https://doi.org/10.1016/j.foodres.2021.110270
https://doi.org/10.1016/j.foodres.2021.110270
https://doi.org/10.1126/science.aao5774
https://doi.org/10.1126/science.aao5774
https://doi.org/10.1126/science.aao5774
https://doi.org/10.1080/19490976.2023.2192155
https://doi.org/10.1080/19490976.2023.2192155
https://doi.org/10.1080/19490976.2023.2192155
https://doi.org/10.1016/j.carbpol.2020.116261
https://doi.org/10.1016/j.carbpol.2020.116261
https://doi.org/10.1016/j.carbpol.2020.116261
https://doi.org/10.1136/gutjnl-2017-315458
https://doi.org/10.1136/gutjnl-2017-315458
https://doi.org/10.1136/gutjnl-2017-315458
https://doi.org/10.1136/gutjnl-2017-315458
https://doi.org/10.1136/gutjnl-2017-315458
https://doi.org/10.1136/gutjnl-2017-315458
https://doi.org/10.1136/gutjnl-2017-315458
https://doi.org/10.1016/j.foodchem.2022.135367
https://doi.org/10.1016/j.foodchem.2022.135367
https://doi.org/10.1016/j.foodchem.2022.135367
https://doi.org/10.1038/s41564-023-01363-5
https://doi.org/10.1038/s41564-023-01363-5
https://doi.org/10.1038/s41564-023-01363-5
https://doi.org/10.1038/s41564-023-01363-5
https://doi.org/10.1038/s41564-023-01363-5
https://doi.org/10.1038/s41564-023-01363-5
https://doi.org/10.1038/s41564-023-01363-5
https://doi.org/10.1038/s41564-023-01363-5
https://doi.org/10.1016/j.chom.2014.09.001
https://doi.org/10.1016/j.chom.2014.09.001
https://doi.org/10.1016/j.chom.2014.09.001
https://doi.org/10.1016/j.celrep.2018.03.109
https://doi.org/10.1016/j.celrep.2018.03.109
https://doi.org/10.1016/j.celrep.2018.03.109
https://doi.org/10.1016/0024-3205(91)90128-X
https://doi.org/10.1016/0024-3205(91)90128-X
https://doi.org/10.1016/0024-3205(91)90128-X
https://doi.org/10.1016/0024-3205(91)90128-X
https://doi.org/10.1016/0024-3205(91)90128-X
https://doi.org/10.1038/s41467-023-40552-y
https://doi.org/10.1038/s41467-023-40552-y
https://doi.org/10.1038/s41467-023-40552-y
https://doi.org/10.1038/s41467-023-40552-y
https://doi.org/10.1038/s41467-023-40552-y
https://doi.org/10.1038/s41467-023-40552-y
https://doi.org/10.1038/s41467-023-40552-y
https://doi.org/10.1038/s41467-023-40552-y
https://doi.org/10.1038/s41467-023-40552-y
https://doi.org/10.1016/S2213-8587(19)30249-9
https://doi.org/10.1016/S2213-8587(19)30249-9
https://doi.org/10.1016/S2213-8587(19)30249-9
https://doi.org/10.1016/S2213-8587(19)30249-9
https://doi.org/10.1016/S2213-8587(19)30249-9
https://doi.org/10.1016/S2213-8587(19)30249-9
https://doi.org/10.1016/S2213-8587(19)30249-9
https://doi.org/10.1038/s43705-023-00245-5
https://doi.org/10.1038/s43705-023-00245-5
https://doi.org/10.1038/s43705-023-00245-5
https://doi.org/10.1038/s43705-023-00245-5
https://doi.org/10.1038/s43705-023-00245-5
https://doi.org/10.1038/s43705-023-00245-5
https://doi.org/10.1038/s43705-023-00245-5
https://doi.org/10.1038/s43705-023-00245-5
https://doi.org/10.1038/s43705-023-00245-5

	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Animal model and treatment
	2.3 Evaluation of the anti-diabetic effect of HON in DM mice
	2.4 Oral glucose tolerance test (OGTT) and insulin tolerance test (ITT)
	2.5 Serum biochemical measurements
	2.6 Histopathological analysis
	2.7 Gene expression
	2.8 FMT and antibiotic treatment
	2.9 Gut microbiota analysis
	2.10 Fecal DNA extraction and relative quantification
	2.11 Evaluation of the anti-diabetic effect of AKK in DM mice
	2.12 The effect of HON and TRP on AKK in vitro
	2.13 Metabolomics profiling analysis
	2.14 TRP metabolite target quantification
	2.15 The effect of AKK on TRP metabolism in vitro
	2.16 Mouse intervention study with TA
	2.17 Western blotting
	2.18 Mouse intervention study with AHR antagonist CH223191
	2.19 GLP-1 level quantification
	2.20 Statistical analysis

	3 Results
	3.1 HON improves glucose homeostasis and lipid metabolism in DM mice
	3.2 HON attenuates DM in a gut microbiota-dependent manner
	3.3 HON reverses gut dysbiosis in DM mice
	3.4 AKK alleviates diabetes in DM mice
	3.5 HON enriches microbial TRP metabolites in DM mice
	3.6 TA produced by AKK attenuates the symptoms of DM mice
	3.7 HON activates the AHR pathway to improve diabetes
	3.8 HON induces the secretion of the incretin hormone GLP-1 by activating AHR

	4 Discussion
	5 Conclusion
	Funding
	Data availability
	Declaration of competing interest
	References

