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A B S T R A C T

Obesity is closely related to the gut microbiota, and gallic acid (GA) has anti-obesity properties, but its rela
tionship with the gut microbiota is unclear. The aim of this study was to investigate the role of gut microbiota in 
the anti-obesity mechanism of GA by fecal microbiota transplantation (FMT). Here, we found that high-fat diet 
(HFD) promoted lipid deposition and gut microbiota dysbiosis in mice, whereas GA slowed down lipid deposition 
and restored gut microbiota dysbiosis and its functional profile, as evidenced by the reduction of the obesity- 
causing bacterium Desulfovibrio and the enrichment of the beneficial bacterium Lachnospir
aceae_NK4A136_group, Clostridiales_unclassified, Oscillospira and Adlercreutzia. These gut microbiota and metab
olites produced positive feedback effects on body weight, glucose tolerance, insulin resistance, as well as 
glycemic and lipid parameters. Mechanistically, GA significantly enhanced lipid and energy metabolism in obese 
mice by promoting the expression of uncoupling protein 1 (UCP1), adiponectin, and adiponectin receptor 2 in 
white adipose tissue of the epididymal white adipose tissue, as well as promoting thermogenesis in interscapular 
brown adipose tissue by stimulating UCP1 expression. Interestingly, GA failed to alleviate lipid accumulation in 
HFD of antibiotic-treated mice. In contrast, after FMT treatment, the fecal microbiota of GA-treated donor mice 
significantly alleviated lipid metabolism in HFD-fed mice, which is mechanistically consistent with direct 
addition of GA. Collectively, GA can alleviate HFD-induced obesity by modulating the gut microbiota, and the 
specific mechanism may be through the gut microbiota-adipose tissue axis.

1. Introduction

The prevalence of obesity, particularly the subtype stemming from 
dietary factors known as diet-induced obesity (DIO), constitutes a sub
stantial threat to both severe morbidity and elevated mortality rates due 
to the widespread consumption of high-fat diets (Lingvay et al., 2022), 
underscores the urgency for comprehensive strategies to address this 
growing concern (Perdomo et al., 2023). In recent times, a considerable 
accumulation of data has shone a light on the central significance of gut 
microbiota dysbiosis in the emergence and progression of obesity (Li 
et al., 2021) along with its comorbidities, inclusive of type 2 diabetes, 
cardiovascular disorders (Piché et al., 2020), hyperlipidemia 

(González-Domínguez et al., 2023), and fatty liver disease (Muzurovic 
et al., 2022), emphasizing the imperative need for targeted interventions 
to redress this microbial imbalance. The disturbance of energy equilib
rium, instigated by gut microbiota dysbiosis as a consequence of high-fat 
diet (HFD), has been documented to initiate low-grade persistent 
inflammation and impair intestinal barrier integrity, ultimately 
contributing to the establishment of obesity (Dalby et al., 2017; Wang 
et al., 2020a). Hence, embracing dietary alterations designed to regulate 
the gut microbiota presents a promising strategy for combating obesity 
(Santos-Marcos et al., 2019).

Recent investigations have proposed the potential benefits of incor
porating functional food additives, such as resveratrol (Wang et al., 
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2020b) and curcumin (Li et al., 2021) into obesity intervention strate
gies. These compounds are suggested to exert a modulating effect on the 
gut microbiota, offering a promising approach in the fight against 
obesity. Recently, there has been a growing emphasis on exploring 
functional food-derived compounds as viable dietary interventions for 
enhancing physiological outcomes and mitigating pathological conse
quences associated with obesity (Jian et al., 2023). The aforementioned 
constituents possess the capability to directly modulate the expression of 
host genes that govern obesity-related phenotypic attributes, thereby 
offering a targeted approach to address the underlying mechanisms of 
obesity (Liu et al., 2020). Plant-derived polyphenol compounds exhibit 
various pharmacological properties, such as anti-aging (Guo et al., 
2022), antibacterial (Mithul Aravind et al., 2021), anti-inflammatory, 
and antioxidant properties (Truong and Jeong, 2022). In addition, 
only 5 %–10 % of polyphenol compounds are absorbed by the small 
intestine, with the rest passing into the large intestine and being 
excreted in feces (Mithul Aravind et al., 2021). Thus, it is hypothesized 
that polyphenols mainly exert their multiple functions through gut 
microbiota and its related metabolites (Breton et al., 2016; Tian and Jin, 
2016; Wang et al., 2012; Wu et al., 2021).

Gallic acid (3,4,5-trihydroxybenzoic acid, GA) is a polyphenol 
compound with anti-inflammatory, antioxidant, anticancer, and anti
bacterial activities (Yang et al., 2020). GA has been established as a safe 
and well-tolerated compound, even at elevated dosages, exemplified by 
its administration at 900 mg/kg in murine models, without eliciting 
adverse effects (Huber et al., 2006) and 1000 μM in Neutrophils cells (Li 
et al., 2019). Accumulating evidence from research endeavors has 
demonstrated the efficacy of GA in preventing and/or mitigating a 
plethora of chronic ailments linked to obesity, notably non-alcoholic 
fatty liver disease, diabetes mellitus, and non-alcoholic steatohepatitis, 
underscoring its potential as a therapeutic agent against obesity-related 
complications (Chao et al., 2021), hypertriglyceridemia (Huang et al., 
2018), atherosclerosis, and vascular senescence (Clark et al., 2022). To 
date, GA has also been reported to have beneficial anti-obesity effects, 
but the available studies have not yet elucidated its specific mechanisms 
(Bak et al., 2013; Dludla et al., 2018; Umadevi et al., 2014). Prior studies 
have indicated the thermogenic capability of GA on brown adipose tis
sue (BAT), while simultaneously diminishing lipid deposition in white 
adipose tissue (WAT), thus proposing a dual mechanism by which GA 
may contribute to the management of obesity (Doan et al., 2015; Paraíso 
et al., 2019a). Emerging evidence suggests the potential of GA to affect 
the microbiota through its ability to increase beneficial bacterial pop
ulations and stimulate the biosynthesis of SCFAs. Preclinical studies 
demonstrate the ability of GA to restore gut microbial ecology disrupted 
by obesity, with particular efficacy in restoring Erysipelatoclostridium 
and Eubacterium populations in mouse models (Peng et al., 2024). 
Remarkably, GA intervention significantly increased both 
species-specific and total SCFA levels in all species, as evidenced by 
increased acetic acid production in canines and increased fecal triglyc
eride excretion in HFD rats via modulation of the 
microbiota-gut-brain-liver axis (Yang et al., 2022a; Chang et al., 2024). 
Mechanistic studies revealed dual regulatory effects, including inhibi
tion of α-glucosidase activity, reduction of the Firmicutes/Bacteroidetes 
ratio, and selective enrichment of SCFA-producing genera (i.e., Allo
baculum and Bifidobacterium) (Dou et al., 2022). These microbiological 
shifts correlated strongly with improvements in metabolic parameters-in 
particular increased insulin receptor expression and attenuated leptin 
resistance (Chang et al., 2024). In particular, the therapeutic potential 
extends to polyherbal formulations in which GA is the major bioactive 
component, demonstrating sustained efficacy in the treatment of dia
betes through consistent SCFA-mediated mechanisms (Singh et al., 
2024). However, although the anti-obesity effect of GA has been well 
established, the complex interactions between its therapeutic efficacy 
and gut microbial ecology remain under characterized. Therefore, the 
present study aimed to elucidate the mechanistic basis of the 
anti-obesity activity of GA by systematically investigating the 

therapeutic modulation of GA by the gut microbiota-adipose tissue axis.
Here, we explored the anti-obesity effects of GA in mice on a HFD 

and also investigated the effects of GA on the gut microbiota and 
microbiota metabolism in HFD-fed mice. In addition, by removing the 
gut microbiota in HFD-fed mice, we also explored whether GA still has 
anti-obesity capacity. Finally, we confirmed whether GA exerts its anti- 
obesity effects through gut microbes by transplanting gut microbiota 
from GA-treated HFD-fed mice. We hypothesized that HFD-induced 
disruption of the gut microbiota induces obesity, and that GA would 
exert an anti-obesity effect by modulating the gut microbiota in mice.

2. Materials and methods

2.1. Materials and diets

GA was purchased from Wufeng Chicheng Biotech Co., Ltd. (Yich
nag, China). The chow diet, which derived 13.5 % of its energy from fat 
and was designated as XTADG001, and the HFD, obtaining 60 % of its 
energy content from fat and labeled as XTHF60, were both obtained 
from Xietong Pharmaceutical Bio-engineering Co., Ltd., located in 
Jiangsu, China. The detailed compositions of both the normal diet and 
the HFD are presented in Table S1.

2.2. Animals and experimental design

The animals in this study consisted of specific pathogen-free four- 
week-old male C57BL/6 J mice, sourced from the Guangdong Medical 
Laboratory Animal Center in Guangzhou, China, under the authoriza
tion number SYXK (Yue) 2019–0136. Ethical approval for all animal 
procedures detailed herein was granted by the Experimental Animal 
Ethics Committee of South China Agricultural University (Approval 
number: 2022F233). Throughout the experimental period, all mice were 
provided with unrestricted access to both food and water. They were 
housed within a controlled environment, maintained at a temperature of 
25 ± 2 ◦C, a relative humidity ranging from 45 % to 60 %, and a lighting 
cycle of 12 h per day (08:00–20:00 for light). GA was incorporated into 
the HFD in proportion to the individual food intake of mice. The weekly 
food consumption and body weight of each mouse were meticulously 
recorded.

2.2.1. Experiment 1
After a 1-week adaptation period, thirty mice (17.72 ± 0.99 g) were 

allocated at random into three distinct groups (n = 10) based on body 
weight: normal chew diet (CON), HFD, and HFD along with 200 mg/kg 
body weight of GA (HFD + GA). The dosage of 200 mg/kg body weight 
for the GA treatment was informed by the findings from our pre- 
experiment results (Fig. S1). Body composition, non-shivering thermo
genesis, and basal metabolic rate were examined in all mice at week 7 
and week 8. At the week 7 and week 8, respectively, an IPGTT and an 
IPITT were conducted. Subsequently, all mice were anaesthetized with 
isoflurane to facilitate sampling. Blood samples were gathered for the 
biochemical analysis. Additionally, the inguinal subcutaneous white 
adipose tissue (iWAT), epididymal white adipose tissue (eWAT), peri
renal white adipose tissue (pWAT), and interscapular brown adipose 
tissue (iBAT) were carefully weighed and subsequently collected. 
Colonic contents were collected for 16 S rRNA sequencing, and fresh 
feces were used for untargeted and targeted metabolomics analysis.

2.2.2. Experiment 2
For antibiotic treatment, thirty mice (17.93 ± 1.23 g) were allocated 

at random into three distinct groups (n = 10) based on body weight: 
HFD, HFD combined with antibiotics treatment (HFD + Abx), and HFD 
along with antibiotics plus additional 200 mg/kg body weight of GA 
(HFD + Abx + GA). Mice assigned to the HFD group received HFD 
accompanied by sterile water. Conversely, mice in both the HFD + Abx 
and HFD + Abx + GA groups underwent treatment with antibiotics, 
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including 1 g/L streptomycin (MedChemExpress, HY-B0472), 1 g/L 
ampicillin (MedChemExpress, HY-B0522), 1 g/L gentamicin (MedChe
mExpress, HY-A0276A), and 0.5 g/L vancomycin (MedChemExpress, 
HY-B0671) dissolved in sterile water to obtain the pseudo-germfree 
mice, in addition to the HFD. Drinking water was measured each 
morning to ensure adequate antibiotic consumption, and new drinking 
water intake was prepared every 3 days. Confirmation of gut microbiota 
depletion was achieved through the analysis of fecal DNA levels. At the 
week 7 and week 8, respectively, an IPGTT and an IPITT were con
ducted. Subsequently, all mice were anaesthetized with isoflurane to 
facilitate sampling. The iWAT, eWAT, pWAT, and iBAT samples were 
weighed.

2.2.3. Experiment 3
In the fecal microbiota transplantation (FMT), twenty donor mice 

(17.64 ± 1.36 g) were allocated at random into two distinct groups (n =
10) based on body weight: HFD and HFD + GA. Continuous daily fecal 
collection was started after 7 weeks for 1 week. Feces are collected and 
preserved as described in previous reports (Barcena et al., 2019). Briefly, 
A suspension of 200 mg of fresh fecal pellets was prepared in 2.0 mL of 
anaerobic PBS. This suspension was subsequently centrifuged at 100 g 
for a duration of 1 min, aiming to eliminate insolubilized material, and 
10 % sterile glycerol was added to the fecal suspension. The sealed 
centrifuge tube was stored at − 80 ◦C. Afterwards, the supernatant was 
gathered and administered to the recipient mice via oral gavage, with 
each mouse receiving 200 μL every two days. The recipient mice were 
divided into two groups through random assignment (n = 10): one 
receiving FMT from the HFD (FMT-HFD), and the other receiving FMT 
from HFD group plus 200 mg/kg body weight of GA (FMT-HFD + GA). 
The mice belonging to both the FMT-HFD and FMT-HFD + GA groups 
were provided with HFD. All recipient mice were pretreated with anti
biotics, consisting of 1 g/L streptomycin (MedChemExpress, HY-B0472), 
1 g/L ampicillin (MedChemExpress, HY-B0522), 1 g/L gentamicin 
(MedChemExpress, HY-A0276A), and 0.5 g/L vancomycin (MedChe
mExpress, HY-B0671), dissolved in sterile water for 2 weeks to obtain 
pseudo germ-free mice (Barcena et al., 2019; Yin et al., 2018). Antibi
otics were monitored daily to ensure adequate intake, and new drinking 
water was prepared every 2 days. Confirmation of gut microbiota 
depletion was achieved through the analysis of fecal DNA levels. 
Following a 6-week transplantation period, body composition, 
non-shivering thermogenesis, and basal metabolic rate were examined 
in all mice at the week 6. And the recipient mice were anaesthetized 
using isoflurane prior to sampling. Subsequently, blood samples were 
gathered for biochemical analysis. The iWAT, eWAT, pWAT, and iBAT 
samples were weighed and collected. Colonic contents were collected for 
16 S rRNA sequencing, and fresh feces were used for untargeted 
metabolomics analysis.

2.3. Body composition

The body fat content and distribution of the mice were evaluated 
utilizing a small animal body composition analysis and imaging system, 
specifically the MRI analyzer (MesoQMR23-060H, Niumag Corporation, 
Shanghai, China), as previously described in the literature (Yang et al., 
2022b).

2.4. Cold exposure and body temperature monitoring

Cold exposure is induced by placing mice at 25 ◦C (initial tempera
ture) in cages maintained at 4 ◦C (cold exposure temperature) for 6 h. 
During this process, food but not water was withheld. Subsequently, the 
temperature of the iBAT was monitored by employing an infrared 
thermal detection device (FLIR, America), while the rectal temperature 
was measured using an anal thermometer (ALC-ET03, Shanghai Alcott 
Biotech Co., Ltd., China).

2.5. Basal metabolic rate

The metabolic parameters of mice were assessed utilizing a 
comprehensive lab animal monitoring system, known as CLAMS 
(Promethion Metabolic Screening Systems, Sable Systems International, 
North Las Vegas, NV, USA), over a 24-h period starting at 18:00. The 
average values for the mean energy expenditure (mean EE) and respi
ratory exchange ratio (RER) were determined and examined.

2.6. Intraperitoneal glucose tolerance test

After a period of 12 h of fasting, the mice were administered an 
IPGTT with a glucose dose of 2 g/kg body weight. Blood glucose levels 
were measured in the tail vein blood at specific time points: 0, 15, 30, 
60, 90, and 120 min following the intraperitoneal administration of 
glucose. To assess the outcomes of the IPGTT quantitatively, the trape
zoidal method was employed for calculating the area under the curve 
(AUC), providing a comprehensive measure of glucose response.

2.7. Intraperitoneal insulin tolerance test

After a 6-h fasting period, the mice underwent an IPITT with an in
sulin dose of 0.75 UI/kg body weight (GlpBio, USA). Blood glucose 
levels were then measured in the tail vein blood at 0, 15, 30, 60, 90, and 
120 min following the intraperitoneal administration of insulin. To 
assess the outcomes of the IPITT quantitatively, the trapezoidal method 
was employed for calculating the AUC, providing a comprehensive 
measure of glucose response.

2.8. Histological analysis

The duodenum and eWAT samples were preserved using 10 % 
formalin, subsequently embedded in paraffin, and sectioned into slices 
of 5 μm thickness. These sections were then stained with hematoxylin 
and eosin (H&E). The Nikon Eclipse E100 microscope (Nikon, Tokyo, 
Japan) was utilized to analyze the villus length and crypt depth of the 
duodenum, while the adipocyte area of the eWATs was quantified using 
Image-Pro Plus 6.0 software (Media Cybernetics, MD, USA).

2.9. Biochemical analysis

The concentrations of serum glucose (Glu), total cholesterol (TC), 
triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high- 
density lipoprotein cholesterol (HDL-C), lipopolysaccharides (LPS), 
total bile acid (TBA), and lipase were determined using commercially 
available assay kits sourced from the Nanjing Jiancheng Bioengineering 
Institute, located in Nanjing, China.

2.10. Quantitative real-time PCR

The RNA from the eWAT samples was extracted utilizing the Adipose 
Tissue Purification Kit provided by EZBioscience (California, USA). 
Subsequently, the isolated RNA was converted into cDNA following the 
reversal protocol outlined in the 4 × EZscript Reverse Transcription Mix 
II supplied by EZBioscience (California, USA). The cDNA was then 
analyzed on an ABI QuantStudio 6 Flex system (Applied Biosystems, 
Carlsbad, CA) in combination with SYBR Green qPCR SuperMix 
(EZBioscience, California, USA). The β-actin served as the housekeeping 
gene for normalization purposes, and the mRNA expression levels were 
calculated using the 2-ΔΔCt method. The qRT-PCR primer sequences 
utilized in this study are presented in Table S2.

2.11. Western blotting analysis

Initially, the protein from the eWAT samples was lysed using RIPA 
lysis buffer (P70100, NCM Biotech, China). Subsequently, the protein 
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content was quantified employing BCA protein assay reagent (P0012, 
BIOTIME, China). Subsequently, an equal quantity of protein derived 
from the respective samples was fractionated via electrophoresis, uti
lizing a 10 % polyacrylamide gel electrophoresis (PAGE) system fortified 
with sodium dodecyl sulfate (SDS) for optimal separation (Sle 020, 
Smart-Lifescience, China). Following this, the proteins were transferred 
onto polyvinylidene difluoride (PVDF) membranes (BS-PVDF-45-S, 
Biosharp, China) and incubated with 5 % skimmed milk powder for a 
duration of 2 h. After the incubation, the membranes were treated with 
primary antibodies against uncoupling protein 1 (UCP1; diluted 
1:1000), adiponectin (AdipoQ; diluted 1:2000), adiponectin receptor 2 
(AdipoR2; diluted 1:2000), and β-actin (diluted 1:6000), followed by the 
application of secondary antibodies. The proteins were then visualized 
using luminescent reagent P10200 (NCM Biotech, China). The generated 
chromogenic bands were quantified and subsequently standardized 
relative to β-actin levels, employing the Image Lab software for consis
tent analysis. Details regarding the primary antibodies utilized in this 
study are presented in Table S3. Western blot images are provided in 
Fig. S5.

2.12. Immunohistochemistry

In summary, following deparaffinization and antigen retrieval, the 
eWAT tissues underwent fixation, sectioning, and blocking of proteins as 
well as endogenous enzymes. Subsequently, they were incubated with 
both primary and secondary antibodies. The nuclei were then stained 
multiple times using diaminobenzidine and hematoxylin, before being 
dehydrated and mounted for microscopic analysis with the aid of ImageJ 
software.

2.13. Immunofluorescence

Briefly, the eWAT tissues were deparaffinized, hydrated, antigeni
cally repaired, and sealed with 3 % hydrogen peroxide solution, the 
sealing solution was discarded. Afterwards, the primary antibody was 
added dropwise and incubated and incubated with HRP-Polymer sec
ondary antibody, and then the nuclei of the cells were re-stained using 
the 570-tyramide signal amplification (TSA) marker and dropwise 4’,6- 
diamidino-2-phenylindole (DAPI), and finally fluorescently sealed and 
microscopically examined. The nuclei were stained with 570-TSA and 
DAPI, and finally, the cells were fluorescently blocked and examined by 
microscopy.

2.14. Gut microbiota analysis

The isolation of genomic DNA from colonic content specimens was 
carried out as a preliminary step using the E. Z.N.A.® Stool DNA Kit 
(Omega Bio-tek, Norcross, GA, U.S.). Additionally, the quality of the 
extracted DNA was evaluated utilizing agarose gel electrophoresis, 
ensuring its suitability for downstream applications, while DNA was 
quantified by UV spectrophotometer. To amplify the V3+V4 hypervar
iable region of the 16 S rRNA, the PCR reaction utilized the specific 
primers 515 F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 805 R (5′- 
GGACTACHVGGGTWTCTAAT-3′), facilitating targeted amplification. 
Detection of the PCR amplification products was carried out using 2 % 
agarose gel electrophoresis, and the AxyPrep PCR Cleanup Kit was uti
lized for the recovery of the target fragments. The quantification of the 
purified PCR product was accomplished using the Quant-iT PicoGreen 
dsDNA Assay Kit, integrated within a Qbit Fluorescence Quantification 
System. This process necessitated a minimum library concentration of 2 
nM or higher for successful analysis. Libraries that met the criteria for 
on-line sequencing (featuring non-reproducible index sequences) were 
diluted in a gradient, mixed based on the required sequencing volume, 
and denatured into single strands with NaOH prior to on-line 
sequencing, and then sequenced at 2 × 250 bp bipartite ends using 
the NovaSeq sequencer. Utilizing FLASH (v1.2.8) software, we merged 

the sequences into extended tags, relying on the overlapping nature of 
the bipartite sequences. We also eliminated the barcode and primer 
sequences that were introduced during library construction. Subse
quently, Vsearch (v2.3.4) was employed to filter out any chimeras pre
sent in the dataset.

Following data preprocessing, Vsearch was utilized to identify clean 
tags, defining sequences with a similarity exceeding 97 %, and the best 
centroids (geometrically centred) sequences are selected as representa
tive sequences. The alpha diversity indices, encompassing Observ
ed_OTUs, Shannon, Simpson, Chao 1, and Goods_coverage, and beta 
diversity indices, specifically principal coordinate analysis (PCoA), were 
subjected to analysis utilizing QIIME (v1.8.0). These annotations were 
based on the Ribosomal Database Project and the NCBI-16 S database, 
aiming to identify the species for each representative sequence. To 
identify the most distinct biomarkers in each group, we conducted a 
linear discriminant analysis (LDA) effect size (LEfSe) analysis. This 
involved employing the nonparametric factorial Kruskal-Wallis sum- 
rank test, followed by the unpaired Wilcoxon rank-sum test. A LDA 
threshold of >5 was applied throughout the analysis. The phylogenetic 
investigation of communities by reconstruction of unobserved states 
(PICRUSt2) analysis of microbial functions of different bacterial com
munities according to kyoto encyclopedia of genes and genomes (KEGG) 
pathway at level III.

2.15. Untargeted and targeted metabolomics analysis

A 60 mg fecal sample was subjected to the addition of 600 μL of a 1:1 
(v/v) methanol-water solution. A 40 mg eWAT was added 400 μL ul
trapure water to homogenise and then take 200 μL of homogenate and 
add 800 μL of methanol/acetonitrile (v:v, 1:1). Fecal and eWAT samples 
were then vortexed with magnetic beads for homogenization. Subse
quently, the sample was sonicated for 10 min at 4 ◦C. The samples were 
initially stored at − 20 ◦C for a duration of 30 min, after which they were 
centrifuged at 14,500 rpm for 15 min at a temperature of 4 ◦C. Subse
quently, 200 μL of the supernatant was dried using a vacuum centrifuge. 
Then, 200 μL of chromatography-grade methanol was added to the dried 
samples, which were vortexed for 2 min. This was followed by soni
cation in an ice bath and centrifugation to collect the supernatant 
samples.

The untargeted metabolome profiling of fecal samples was con
ducted employing the sophisticated UPLC-Orbitrap-MS/MS platform (Q- 
Exactive Focus, sourced from the USA). The raw data obtained was 
subsequently processed through the Compound Discoverer 2.1 software 
developed by Thermo Fisher Scientific (USA), leading to the derivation 
of retention time (RT), mass-to-charge ratios (m/z), and peak intensities. 
Metabolite identification was streamlined with the aid of the compre
hensive mzCloud and mzVault databases. Additionally, statistical ana
lyses encompassing principal component analysis (PCA), orthogonal 
partial least squares-discriminant analysis (OPLS-DA), and response 
substitution testing (RPT) were executed utilizing the SIMCA-P 14.1 
software package (Umetrics, Umea, Sweden).

The metabolites of GA and amino acids of feces and eWAT were 
measured by targeted by metabolomics analysis, including proto
catechuic acid, 4-O-methylgallic acid (4-O-MeGA), isoleucine, phenyl
alanine, tyrosine, tryptophan threonine, and serine. Stock solutions of 
100 μg/mL of each metabolite were prepared by dissolving 1.0 mg of 
each metabolite in 10 mL of a 50:50 (v/v) methanol-water mixture. 
Then the standard solution was diluted in gradient to 10000, 5000, 
2500, 1000, 500, 250, 100, 50, 25 ng/mL. For the quantification of 
metabolites, an external standard method was employed.

Briefly, the targeted quantitative results were first analyzed by 
Xcalibur software (version 3.0, Thermo Fisher, USA) to obtain infor
mation on mass (m/z), peaks, retention time and fragment ion intensity. 
The generated mass list was then used to establish peaks and calculate 
peaks, and finally analyzed qualitatively and quantitatively.
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2.16. Statistical analysis

Unless otherwise specified, the data are presented as the mean values 
accompanied by their respective standard errors (SEM), with the 
numbers of mice indicated. The statistical analyses were all conducted 

with the aid of GraphPad Prism 8 software, employing an unpaired one- 
tailed t-test for comparisons for all data except for the difference be
tween pathogenic and beneficial bacteria, which was done using the 
Mann-Whitney U test. Details of the biological replicates for each 
experiment can be found in the respective legends. Using PICRUSt2, 

Fig. 1. GA reduced body weight and serum parameters in HFD-fed mice. (A) Schematic of experimental approach. (B) Images of representative mice. (C) Body weight 
of each group. (D) Body composition. (E) Food intake and its AUC. (F) The IPGTT and its AUC. (G) The IPITT and its AUC. (H) Concentrations of serum parameters, 
including Glu, TC, TG, HDL-C, LDL-C, LPS, TBA, and lipase. Data were presented in the format of mean ± SEM and were statistically evaluated using unpaired t-test, 
with data denoted as follows: *or #P < 0.05; **or ##P < 0.01; ***or ###P < 0.001. The mark # stands for comparison between the CON and HFD groups, while the 
mark * stands for comparison between the HFD and HFD + GA groups. CON = normal diet; HFD = high-fat diet; HFD + GA = high-fat diet plus 200 mg/kg body 
weight GA.
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function prediction was performed. This was identified through statis
tical analysis of metagenomic profiles (STAMP) analysis, with a 95 % 
confidence interval applied (Wilcox test, P < 0.05). The relationships 
among the varying parameters were evaluated utilizing Spearman’s 
correlation coefficient. To visualize these correlations and facilitate 
clustering, the OmicStudio platform available at https://www.omic 
studio.cn was utilized for generating heatmaps and carrying out clus
tering procedures.

3. Results

3.1. GA reduced body weight and improved serum parameters in HFD-fed 
mice

Initially, we delved into the influence of GA on promoting body 
weight in mice subjected to HFD (Fig. 1A). Our findings unveiled a 
pronounced elevation in body weight among mice in HFD group, 
commencing from week 3, which was notably greater than both the CON 
group and HFD +GA group. This observation underscores the mitigating 
effect of GA on body weight in the context of HFD (Fig. 1B and C). 
Reduced fat mass and increased lean mass with GA supplementation 
(Fig. 1D). Furthermore, by week 5, both the HFD + GA and HFD groups 
attained a statistically significant peak in body weight, despite similar or 
lower food intake and its AUC value (Fig. 1E). In line with the body 
weight phenotype, the results of IPGTT and IPITT and their AUC values 
further confirmed that GA significantly improved impaired glucose 
tolerance status (Fig. 1F and G). Furthermore, the examination of serum 
biomarkers revealed a pronounced reduction in the concentrations of 
Glu, TG, TC, LDL-C, and LPS upon GA treatment, while the levels of HDL- 
C and TBA were significantly elevated in comparison to the HFD group 
(Fig. 1H). These findings implied the potential efficacy of GA in miti
gating body weight gain in mice subjected to HFD, which was accom
panied by favorable alterations in serum lipid parameters and glycemic 
status.

3.2. GA alleviated adipose accumulation in eWAT of HFD-fed mice

Our findings revealed a pronounced reduction in relative weight of 
eWAT within HFD +GA group compared to HFD group, accompanied by 
a significant elevation in iBAT levels relative to the latter. However, no 
discernible difference was observed in the indices of iWAT and pWAT 
between these two groups (Fig. 2A). Meanwhile, the eWAT cells in HFD 
+ GA group had clearer boundaries, and the cell volume was signifi
cantly smaller than that in HFD group as shown by the quantitative 
results of H&E staining (Fig. 2B). Furthermore, when comparing HFD +
GA group to HFD group, elevated levels of mRNA and protein expression 
were observed for UCP1, AdipoQ, and AdipoR2 (Fig. 2C and D). Both 
immunohistochemical and immunofluorescence analyses showed that 
GA resulted in the localization of UCP1, AdipoQ and AdipoR2 in eWAT 
and significantly increased the expression of UCP1, AdipoQ and Adi
poR2 in eWAT (Fig. 2E). These data suggested that GA treatment 
reduced potential fat storage and decreased eWAT hypertrophy.

3.3. GA promoted iBAT thermogenesis in HFD-fed mice

To further investigate the relationship between body energy expen
diture and iBAT thermogenesis in mice, iBAT and rectal temperatures 
were measured in the initial state or in the cold exposure state for 6 h. 
The results showed that the iBAT temperatures in the CON and HFD +
GA groups were higher than that in the HFD group in both the initial and 
the cold exposure states (Fig. 3A). In addition, in the initial state, the 
rectal temperatures of the CON and HFD + GA groups were significantly 
lower and higher than those of the HFD group, respectively. However, in 
the cold exposure state, only HFD group had a significantly higher rectal 
temperature than the CON group (Fig. 3B). Further, mice were kept in 
separate metabolic chambers for 12 h to investigate the iBAT 

thermogenesis. Compared with the HFD group, mean EE was signifi
cantly higher in the CON and HFD + GA groups, accompanied by a 
decrease in RER (Fig. 3C and D). Expectedly, GA significantly upregu
lated the mRNA and protein expression of UCP-1 in iBAT (Fig. 3E and F). 
Collectively, these results indicated that GA was involved in brown 
adipocyte thermogenesis.

3.4. GA restored disturbed gut microbiota in HFD-fed mice

The intricate relationship between the gut microbiota and obesity 
and lipid metabolism is well recognized. In this study, we delved deeper 
into the colonic microbiota compositions by employing 16 S rRNA 
sequencing techniques (Fig. S2 and Fig. 4). Venn diagram analysis 
revealed a total of 9 common features that were present across all three 
groups, and 1772, 1766, and 2196 unique features in the CON, HFD, and 
HFD + GA groups, respectively (Fig. S2A). The CON group received 
higher values of Observed_OTUs index, Shannon index, and Chao 1 
index than the HFD and HFD + GA groups, with no significant difference 
between HFD group and HFD + GA group (Fig. S2B–F). Meanwhile, no 
difference in the Simpson index and Goods_coverage among all groups. 
The PCoA analysis based on Bray-Curtis demonstrated a distinct clus
tering of gut microbiota composition between the CON and HFD groups, 
as well as between the HFD and HFD + GA groups (Fig. S2G–H).

Distinct variations in the overall microbial composition were 
observed among the three groups, spanning the phylum, family, and 
genus taxonomic levels. Firmicutes and Proteobacteria were the major 
phyla in three groups, and Proteobacteria and Deferribacterota enriched 
in HFD group, but not in the CON and HFD + GA groups (Fig. 4A). At the 
family level, HFD group had a higher relative abundance of Desulfovi
brionaceae than that in the CON and HFD + GA groups (Fig. 4B). At the 
genus level, HFD group recruited more Desulfovibrio, while the CON and 
HFD + GA groups reversed this alteration (Fig. 4C). Moreover, Lach
nospiraceae_NK4A136_group, Clostridiales_unclassified, and Adlercreutzia 
enriched in the CON group, but not in HFD group. Similarly, HFD + GA 
group increased the relative abundance of Lachnospir
aceae_NK4A136_group (P = 0.070), Clostridiales_unclassified, Adler
creutzia, and Oscillospira compared to HFD group.

To identify the specific bacterial taxa associated with GA, we 
compared the colonic microbiota of mice in the HFD and HFD + GA 
groups using the LEfSe method (Fig. 4D). Consistent with the above- 
mentioned results, HFD elevated the relative abundance of Desulfovi
brio, suggesting that Desulfovibrio might be a marker discriminating the 
HFD and HFD + GA groups. Moreover, the microbial function predicted 
by PICRUSt2 analysis showed that HFD group significantly increased the 
lipoic acid metabolism, taurine and hypotaurine metabolism, cellular 
antigens, amyotrophic lateral sclerosis, and arachidonic acid meta
bolism, while HFD + GA group up-regulated sphingolipid metabolism 
and biosynthesis of ansamycins (Fig. 4E). Collectively, GA restored 
structural and functional disturbances in the gut microbiota caused by 
HFD.

3.5. GA improved the gut microbiota metabolism in HFD-fed mice

Metabolomics is a comprehensive analysis of small molecules or 
metabolites that helps to unravel the pathogenesis of obesity. Based on 
this, we analyzed the metabolic patterns in mouse feces. Here, the PCA 
plot showed a clear separation between all groups (Fig. S3A). The degree 
of fit of OPLS-DA model (Fig. S3B) was validated by the permutation test 
(Fig. S3C), which indicated that the model was reliable and predictable 
and which further showed significant differences in fecal metabolites 
between the HFD and HFD + GA groups. Screening for fecal differential 
metabolites was based on the criteria of VIP >1 and P < 0.05, and 214 
markers of fecal microbiota were identified between the HFD and HFD 
+ GA groups (Fig. 5A). These differential metabolites, as shown in 
Fig. 5B and Table S4, primarily impact 13 metabolic pathways, 
including alpha-linolenic acid metabolism, alanine, aspartate and 
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Fig. 2. GA prevented hypertrophy of eWAT in HFD-fed mice. (A) Relative weight of iWAT, eWAT, pWAT, and iBAT to body weight (%). (B) Representative images of 
eWAT and its H&E staining (Scale = 50 μm; n = 10) and adipocyte area. (C–D) The mRNA (n = 10) and protein (n = 4) expression levels of UCP1, AdipoQ, and 
AdipoR2 in eWAT, and both the mRNA and protein expression levels were normalized using β-actin. (E) Immunohistochemistry (Scale = 200 μm; n = 4) and 
immunofluorescence (Scale = 50 μm; n = 4) analysis and their quantitative results of UCP1, AdipoQ, and AdipoR2 in eWAT. Data were presented in the format of 
mean ± SEM and were statistically evaluated using unpaired t-test, with data denoted as follows: *or #P < 0.05; **or ##P < 0.01; ***or ###P < 0.001. The mark # 
stands for comparison between the CON and HFD groups, while the mark * stands for comparison between the HFD and HFD + GA groups. CON = normal diet; HFD 
= high-fat diet; HFD + GA = high-fat diet plus 200 mg/kg body weight GA.
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glutamate metabolism, and linoleic acid metabolism, and PPAR 
signaling pathway. Furthermore, among these metabolites, succinic 
acid, GA, garcinone E, 4-O-MeGA, and protocatechuic acid significantly 
increased, while palmitic acid decreased significantly in the fecal sam
ples of HFD + GA group (Fig. 5C). Moreover, the targeted metabolomics 
analysis showed that amino acids, including isoleucine, phenylalanine, 
tyrosine, tryptophan, threonine, and serine in feces and eWAT showed 
no difference (Fig. S3D–E).

Next, Spearman’s correlation analysis with |r| > 0.6 and P < 0.01 
was performed to further explain the associations between different gut 
microbiota, fecal metabolites, serum parameters, body weight, and 
relative weight of eWAT. The results are shown in Fig. 5D and Table S5, 
and showed that Desulfovibrio appears to be involved in increasing serum 
LPS, LDL-C, TG, and relative weight of eWAT. Conversely, Adlercreutzia 
was involved in decreasing serum Glu, Oscillospira was involved in 
decreasing serum LPS and TG and relative weight of eWAT. Meanwhile, 
fecal palmitic acid was positively related to serum Glu and relative 
weight of eWAT. Additionally, fecal succinic acid showed a negative 
correlation with serum TC, LDL-C, and Glu. Similarly, fecal garcinone E 
was negatively correlated with serum LPS, LDL-C, and TG, body weight 
and relative weight of eWAT. The GA in feces showed benefit to decrease 
serum Glu and TG and relative weight of eWAT. Fecal 4-O-MeGA was 
negatively correlated with serum TC, LDL-C, Glu, and TG, body weight, 
and relative weight of eWAT. Fecal protocatechuic acid may exert serum 
Glu and TG-lowering effects and decrease relative weight of eWAT. 

Next, the targeted metabolomics in feces and eWAT showed that 4-O- 
MeGA and protocatechuic acid were significantly higher in HFD + GA 
group compared to HFD group (Fig. 5E). However, the targeted 
metabolomics analysis demonstrated that GA had no effect on amino 
acids in feces and eWAT (Fig. S3D–E). Collectively, these data revealed 
that GA may regulate lipid metabolism in obese mice by mediating gut 
microbiota and metabolites.

3.6. Depletion of gut microbiota abrogated the anti-obesity effect of GA in 
HFD-fed mice

To further understand the effect of gut microbiota on the anti-obesity 
effects of GA, mice maintained on HFD were treated for 8 weeks with 
either GA alone or GA and antibiotics therapy (Fig. 6A). The DNA in 
mouse feces could be reduced to 38 % by oral antibiotics (Fig. 6B), 
indicating successful clearance of gut microbiota. As shown in Fig. 6C–F, 
body weight, body composition (i.e., fat mass and lean mass), and food 
intake among the three groups were observed no significant differences. 
Additionally, the results of IPGTT and IPITT and their AUC values did 
not differ among all groups (Fig. 6G and H), confirming that the 
depletion of gut microbiota hinders the anti-obesity effects of GA. 
Correspondingly, serum Glu, TG, TC, LDL-C, HDL-C, LPS and TBA did 
not differ among three groups (Fig. 6I). Next, we found that the adipose 
tissue indexes (i.e., iWAT, eWAT, pWAT, and iBAT) had no significant 
difference among the groups (Fig. 6J).

Fig. 3. GA promoted thermogenesis in HFD-fed mice. (A) Infrared images and iBAT region temperature measured at initial and cold exposure (n = 10). (B) Rectal 
temperature at initial and cold exposure (n = 10). (C–D) The mean energy expenditure and respiratory exchange ratio (n = 8). (E–F) The mRNA (n = 10) and protein 
(n = 4) expression levels of UCP1 in iBAT, and both the mRNA and protein expression levels were normalized using β-actin. Data were presented in the format of 
mean ± SEM and were statistically evaluated using unpaired t-test, with data denoted as follows: *or #P < 0.05; ##P < 0.01; ***P < 0.001. The mark # stands for 
comparison between the CON and HFD groups, while the mark * stands for comparison between the HFD and HFD + GA groups. CON = normal diet; HFD = high-fat 
diet; HFD + GA = high-fat diet plus 200 mg/kg body weight GA.
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3.7. FMT from GA-treated mouse gut microbiota improved body weight 
and serum parameters in HFD-fed mice

Based on the above results, we conducted a 6-week FMT experiment, 
in which mice received fecal slurry from HFD or HFD + GA donor mice 
(Fig. 7A). The DNA in mouse feces could be reduced to 44 % by oral 
antibiotics (Fig. 7B), indicating successful clearance of gut microbiota. 
With no difference in feed intake, mice in the FMT-HFD + GA group 
outweighed those in the FMT-HFD group at week 4 and the difference 
was statistically significant. Thereafter, at weeks 6, 7, and 8, there was a 
trend towards a difference in body weights of the mice between the two 
groups, with p-values of 0.076, 0.068, and 0.096, respectively 
(Fig. 7C–E). In line with the body weight phenotype, the results of IPGTT 
and IPITT and their AUC values further confirmed that fecal slurry from 
HFD + GA donor mice significantly improved impaired glucose toler
ance status (Fig. 7F and G). In addition, serum biomarker assays showed 
that after transplantation of feces from HFD + GA donor mice, con
centrations of Glu, TG, TC, LDL-C, and LPS were significantly lower, 
whereas levels of HDL-C and TBA were significantly higher compared to 
the HFD group (Fig. 7H). The findings suggested that GA-treated mouse 
gut microbiota effectively reduced body weight of HFD-fed mice, and 
the effect of GA in suppressing weight gain was closely related to gut 

microbiota.

3.8. FMT from GA-treated mouse gut microbiota restored the disturbed 
gut microbiota and altered the metabolism in HFD-fed mice

Next, we also delved into the composition of the colonic microbiota 
using 16 S rRNA sequencing (Fig. S4 and Fig. 8). The alpha diversity, 
including Observed_OTUs index, Shannon index, Simpson index, Chao 1 
index, Pielou_e index, and Goods_coverge showed no significant differ
ence between the two groups (Fig. S4A). The PCA and PCoA analysis 
demonstrated a distinct clustering of gut microbiota composition be
tween the two groups (Fig. S4B). At the phylum level, Desulfobacterota 
and Deferribacterota enriched in FMT-HFD group (Fig. 8A). At the 
family level, FMT-HFD group had a higher relative abundance of 
Desulfovibrionaceae than that in the FMT-HFD + GA group (Fig. 8B). At 
the genus level, FMT-HFD group recruited more Desulfovibrio, while the 
FMT-HFD + GA groups reversed this alteration (Fig. 8C). Moreover, 
FMT-HFD + GA group increased the relative abundance of Lactobacillus, 
Adlercreutzia, Bifidobacterium, and Oscillospira compared to FMT-HFD 
group. The PICRUSt2 analysis showed that FMT-HFD + GA group 
significantly increased the ubiquinone and other terpenoid-quinone 
biosynthesis and naphthalene degradation, while FMT-HFD group up- 

Fig. 4. GA modulated the composition of gut microbiota in HFD-fed mice. (A–C) Histogram of relative abundance of bacteria at the phylum, family, and genus levels. 
(D) LDA scores of differentially abundant OTUs among different groups using LEfSe (OTUs with a minimum relative abundance threshold of 0.01, LDA >5, and P <
0.05). (E) Prediction of gut microbiota functions predicted by PICRUSt2 analysis. Data were presented in the format of mean ± SEM and were statistically evaluated 
using Mann-Whitney U test, with data denoted as follows: *or #P < 0.05; **or ##P < 0.01; ***or ###P < 0.001. The mark # stands for comparison between the 
CON and HFD groups, while the mark * stands for comparison between the HFD and HFD + GA groups. CON = normal diet; HFD = high-fat diet; HFD + GA = high- 
fat diet plus 200 mg/kg body weight GA.
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regulated the biosynthesis of ansamycins (Fig. 8D).
Similarly, we analyzed the metabolic patterns in mouse feces. the 

PCA (Fig. S4C), OPLS-DA (Fig. S4B), and permutation test (Fig. S4C) 
further showed significant differences in fecal metabolites between the 
two groups. Screening for fecal differential metabolites was based on the 
criteria of VIP >1 and P < 0.05, and 391 markers of fecal microbiota 
were identified (Fig. 8E). These differential metabolites mainly affect 20 
metabolic pathways, including the PPAR signaling pathway, as shown in 
Fig. 8F and Table S6. Spearman’s correlation analysis showed that one 
genus and four genera negatively and positively related to the obesity- 
related parameters, respectively (Fig. 8G and Table S7). Collectively, 
these data revealed that gut microbiota transplantation from GA-treated 
mice may regulate lipid metabolism in obese mice by mediating gut 
microbiota and metabolites.

3.9. FMT from GA-treated mouse gut microbiota attenuated fat 
accumulation of eWAT in HFD-fed mice

We found that the relative weight of iWAT, eWAT, and pWAT were 

significantly higher in FMT-HFD group compared to FMT-HFD + GA 
group, accompanied by a significant elevation in iBAT levels relative to 
the latter (Fig. 9A). Meanwhile, the eWAT cells in FMT-HFD + GA group 
had clearer boundaries, and the cell volume was significantly smaller 
than that in FMT-HFD group as shown by the quantitative results of H&E 
staining (Fig. 9B). Furthermore, elevated mRNA (Fig. 9C) and protein 
(Fig. 9D) expression levels of UCP1, AdipoQ, and AdipoR2 were 
observed in the FMT-HFD + GA group compared to the FMT-HFD group. 
These data suggested that GA-treated mouse gut microbiota reduced 
potential fat storage and decreased eWAT hypertrophy.

3.10. FMT from GA-treated mouse gut microbiota stimulated iBAT 
thermogenesis in HFD-fed mice

To further investigate the relationship between body energy expen
diture and iBAT thermogenesis in mice, iBAT and rectal temperatures 
were measured in the initial state or in the cold exposure state for 6 h. 
The results showed that the iBAT temperature of the FMT-HFD + GA 
group was higher than that of the FMT-HFD group in both the initial 

Fig. 5. GA regulated the metabolism in HFD-fed mice. (A) Volcano plots showing differential metabolites between the HFD and HFD + GA groups. (B) KEGG 
metabolic pathway enrichment analysis between the HFD and HFD + GA groups. (C) Heatmap analysis of fecal metabolites in the HFD and HFD + GA groups. (D) 
Spearman’s correlation heatmap of differential gut microbiota, fecal metabolites, serum parameters, body weight, and relative weight of eWAT. (E) The quantitative 
values of 4-O-MeGA and protocatechuic acid in feces and eWAT analyzed by targeted metabolomics. Data were presented in the format of mean ± SEM and were 
statistically evaluated using unpaired t-test, with data denoted as follows: *P < 0.05; **P < 0.01; ***P < 0.001. HFD = high-fat diet; HFD + GA = high-fat diet plus 
200 mg/kg body weight GA.
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state and the cold exposure state (Fig. 10A). In addition, the rectal 
temperature in the FMT-HFD + GA group was significantly higher than 
that in the FMT-HFD group in both the initial and cold exposure states 
(Fig. 10B). Further, mice were kept separate metabolic chambers for 12 
h to investigate the iBAT thermogenesis. The mean EE was significantly 
increased in the FMT-HFD + GA group compared to the FMT-HFD 
group, while the RER was decreased (Fig. 10C and D). Expectedly, gut 
microbiota from GA-treated mice significantly upregulated the mRNA 
and protein expression of UCP-1 in iBAT (Fig. 10E and F). Taken 
together, these results suggested that FMT from the GA-treated gut 
microbiota played an important role in thermogenesis in mouse iBAT.

4. Discussion

Epidemiological research has underscored the pivotal function of gut 
microbiota in alleviating obesity and its accompanying metabolic ab
normalities via multifaceted mechanisms (de Vos et al., 2022; Wang 
et al., 2024), while polyphenols have been shown to benefit gut 
microbiota dysbiosis induced by HFD (Liu et al., 2020). Despite the fact 

that numerous studies have highlighted the anti-obesity capabilities of 
GA (Paraíso et al., 2019b; Park et al., 2016), the exact correlation be
tween its obesity-combating effects and the gut microbiota remains an 
area of ongoing investigation and clarification. Our current findings 
suggested that GA has a significant role in reducing body weight, 
improving glucose absorption and lipid levels, and modulating adipose 
tissue properties in HFD mice. The anti-obesity activity of GA stems not 
only from its modulation of UCP1, AdipoQ, and AdipoR2 in eWAT, but 
also from its augmentation of non-shivering thermogenesis mediated by 
upregulation of UCP1 in iBAT. These effects were closely related to the 
modulation of gut microbiota composition. GA may exert anti-obesity 
effects by influencing processes such as fat metabolism, energy expen
diture, and thermogenesis in iBAT through modulating the composition 
and function of the gut microbiota. In this way, our study pioneered and 
elucidated the fundamental dependence of the major anti-obesity 
functions of GA on the gut microbiota-adipose tissue axis.

Expanding scope of research emphasizes impact of gut microbiota on 
obesity, prompting the emergence of microbiota management as a novel 
anti-obesity strategy (Liu et al., 2021). Notably, FMT is an important tool 

Fig. 6. Depletion of gut microbiota hindered anti-obesity effects of GA in HFD-fed mice. (A) Schematic of experimental approach. (B) Fecal DNA levels after 14 days 
of antibiotics treatment (n = 30 mice/group). (C) Images of representative mice. (D) Body weight of each group. (E) Body composition. (F) Food intake and its AUCs. 
(G) The IPGTT and its AUCs. (H) The IPITT and its AUCs. (I) Serum parameters. (J) The relative weight of iWAT, eWAT, pWAT, and iBAT. Data were presented in the 
format of mean ± SEM and were statistically evaluated using unpaired t-test, with data denoted as follows: ****P < 0.0001. HFD = high-fat diet; HFD + Abx = high- 
fat diet plus antibiotics treatment; HFD + Abx + GA = high-fat diet plus antibiotics with 200 mg/kg body weight GA.
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for the treatment of gut microbiota-related diseases and an effective way 
to study the therapeutic effects of specific gut microbiota (Wang et al., 
2020c). In the present study, FMT confirmed that GA acts as an 
anti-obesity agent by modulating gut microbiota. Our study found that a 
HFD reduced the diversity and disrupts the composition of the gut 
microbiota, whereas the direct addition of GA or FMT treatment coun
teracted these adverse effects, as evidenced by beta-diversity analysis. 
However, we noted that there was no difference in the alpha diversity of 
the overall microbiota between the direct addition of GA and after FMT 
treatment, suggesting that microbial colonization was not affected in the 
FMT experiment. In contrast, differences in gut microbiota composition 
and function prediction were observed between the donor mice with 
dietary intervention of GA and recipient mice with FMT. This may be 
due to biological differences between the mice used in the two experi
ments, especially differences in the structure of the natural gut micro
biota (Peng et al., 2024). In particular, direct addition of GA and FMT 
drastically reduced the population of the pathogenic bacterium 

Desulfovibrio, which was positively associated with inflammation, 
obesity, and nonalcoholic fatty liver disease (NAFLD) (Lin et al., 2022; 
Xu et al., 2017) as evidenced by the fact that Desulfovibrio elevates TG, 
TC, LDL-C, and Glu, and decreases HDL-C (Li et al., 2020). Meanwhile, 
Lachnospiraceae_NK4A136_group and Clostridiales_unclassified signifi
cantly enriched by dietary intervention of GA, and Lactobacillus and 
Bifidobacterium were recruited by FMT treatment, and Adlercreutzia and 
Oscillospira were significantly elevated not only in direct addition of GA 
but also in FMT treatment. A synthesis of previous studies leads to the 
conclusion that these beneficial bacteria play a key role in maintaining 
intestinal health and ameliorating the symptoms of metabolic syndrome, 
such as obesity and NAFLD (Ma et al., 2020; Kaur and Dey, 2023; Yang 
et al., 2021; Oñate et al., 2023). Furthermore, PICRUSt analysis sug
gested that direct addition of GA and FMT enhanced metabolic activities 
critical for metabolic improvement. The possible mechanism is that GA 
inhibits bacterial growth and inhibits biofilm formation by altering 
membrane structure and bacterial metabolism (Keyvani Ghamsari et al., 

Fig. 7. Gut microbiota from GA-treated mice has an anti-obesity effect. (A) Schematic of experimental approach. (B) Fecal DNA levels after 14 days of antibiotics 
treatment (n = 20 mice/group). (C) Images of representative mice. (D) Body weight of each group. (E) Food intake and its AUC. (F) The IPGTT and its AUC. (G) The 
IPITT and its AUC. (H) Concentrations of serum parameters, including Glu, TC, TG, HDL-C, LDL-C, LPS, TBA, and lipase. Data were presented in the format of mean 
± SEM and were statistically evaluated using unpaired t-test, with data denoted as follows: *P < 0.05; **P < 0.01; ***P < 0.001. FMT = fecal microbiota trans
plantation; FMT-HFD = receiving FMT from HFD; HFD = high-fat diet; FMT-HFD + GA = receiving FMT from HFD group plus 200 mg/kg body weight of GA.
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2023). This can be seen by the up-regulation of sphingolipid metabolism 
and biosynthesis of ansamycins in the gut microbiota by GA, as well as 
by the fact that gut microbiota recruited by FMT treatment promote 
ubiquinone and other terpenoid-quinone biosynthesis and naphthalene 
degradation can be seen. Previous study has shown that increased 
sphingolipid metabolism is negatively associated with obesity, and that 
ansamycins exhibit antimicrobial activity and anti-inflammatory activ
ity (Liu et al., 2024). Additionally, ubiquinone is an essential component 
of the electron transport chain in proteobacteria and eukaryotes (Abby 
et al., 2020), and up-regulation of naphthalene degradation is beneficial 
for the maintenance of intestinal homeostasis (Li et al., 2022). However, 
the exact reasons need to be further investigated.

A large number of metabolites originating from the gut microbiota 
play an important role in regulating the host’s immune response (Yang 
and Cong, 2021), maintaining the integrity of the gut mucosa (Kim, 
2018), managing glucose and lipid metabolism, and influencing insulin 
sensitivity (Bastos and Rangel, 2022). Such regulatory mechanisms 
contribute to the control of obesity (Agus et al., 2021). Our study found 

enrichment of succinic acid, gasserone E, protocatechuic acid, and 
4-O-MeGA, as well as dilution of palmitic acid in the feces by the direct 
addition of GA.

Succinic acid counteracts the metabolic offset induced by a HFD (Liu 
et al., 2022), while gasserone E specifically inhibits fatty acid synthase 
activity (Liang et al., 2018), and administration of palmitic acid leads to 
persistent insulin resistance in pancreatic β-cells (Solinas et al., 2006). 
Therefore, increasing succinic acid and gathione E levels and decreasing 
palmitic acid levels could be a potential means of preventing and 
treating obesity. Notably, as major GA metabolites (Barnes et al., 2020), 
protocatechuic acid has been shown to counteract HFD-induced obesity 
and increase UCP1 levels in adipose tissue, thereby promoting thermo
genesis (Xiang et al., 2023), whereas 4-O-MeGA may inhibit endothelial 
adhesion molecules (Lee et al., 2006) and expression of related inflam
matory genes in in vitro cellular models (Na et al., 2006). These results 
suggested that GA has the ability to modulate metabolism in HFD-fed 
mice.

Based on the positive change in gut microbiota and metabolites, we 

Fig. 8. Gut microbiota from GA-treated mice modulated the composition of gut microbiota and metabolism in HFD-fed mice. (A–C) Histogram of relative abundance 
of bacteria at the phylum, family, and genus levels. (D) Prediction of gut microbiota functions predicted by PICRUSt2 analysis. (E) Volcano plots showing differential 
metabolites between the FMT-HFD and FMT-HFD + GA groups. (F) KEGG metabolic pathway enrichment analysis between the FMT-HFD and FMT-HFD + GA groups. 
(G) Spearman’s correlation heatmap of differential gut microbiota, serum parameters, body weight, and relative weight of eWAT. Data were presented in the format 
of mean ± SEM and were statistically evaluated using Mann-Whitney U test, with data denoted as follow: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. FMT 
= fecal microbiota transplantation; FMT-HFD = receiving FMT from HFD; HFD = high-fat diet; FMT-HFD + GA = receiving FMT from HFD group plus 200 mg/kg 
body weight of GA.
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continued to explore whether this change positively regulates energy 
metabolic function and adipogenesis in adipose tissue. Previous studies 
suggested that UCP1 induction in WAT facilitates non-shivering ther
mogenesis, a crucial mechanism for mammalian thermoregulation and 
fat mass reduction (Srivastava et al., 2020; Wang et al., 2022). Mean
while, as a critical regulator of non-shivering thermogenesis in BAT, 
UCP1 mediates adaptive thermogenesis through its dual capacity to 
dissipate proton gradients and coordinate substrate oxidation in gluco
se/lipid metabolism (Wang et al., 2022). In this study, we found that 
dietary supplementation with GA and FMT significantly up-regulated 
UCP1 expression not only in eWAT but also in BAT, thereby promoted 
adipose tissue thermogenesis and energy expenditure. Constantly with 
our results, previous studies have pointed out that UCP1 stimulants can 
greatly contribute to our understanding of adipose tissue thermogenesis, 
including browning of WAT (Xu et al., 2024), and functional foods, food 
ingredients, and the gut microbiota are also commonly associated with 
the regulation and activation of UCP1 (Gong et al., 2024). Notably, the 
parallel elevation of fatty acid utilization (Li et al., 2023) and 
whole-body energy expenditure (Betz and Enerbäck, 2018) in both 
treatment modalities further demonstrates that UCP1 activation is a 
convergent node of metabolic regulation. Additionally, AdipoQ, the 
most abundant adipokine, is mainly produced by WAT, which mediates 
positive effects on whole-body metabolism by regulating relevant 
downstream signaling pathways (Gao et al., 2023). There is growing 
evidence that AdipoQ binds to its transmembrane receptor, AdipoR2, 
which is thought to play and its role in metabolism in the obese state 
(Sharma et al., 2023). This suggests that AdipoQ is a central regulator of 
metabolic homeostasis, accelerating glucose utilization (Scheurlen et al., 
2022), promoting fatty acid oxidation, and inhibiting TG and TC syn
thesis to counteract obesity-associated pathologies (Kim et al., 2021; 
Sena et al., 2017). Our results also revealed that dietary supplementa
tion with GA and FMT significantly up-regulated AdipoQ and AdipoR2 
expression in eWAT. These beneficial changes decreased the eWAT 
weight, which supported the modulation of lipid metabolism of GA 
(Paraíso et al., 2019a). Since AdipoQ could modulate adipose tissue 
energy flux and insulin sensitivity through the AdipoQ/AdipoR2 
signaling axis, which directly influences systemic glucose uptake and 
metabolic syndrome progression (Makihara et al., 2016; Cao et al., 
2021). Overall, our results were consistent with previous findings which 

indicated that GA ameliorated IPGTT and IPITT in eWAT of HFD-fed 
mice (Doan et al., 2015; Tanaka et al., 2020), and further added to the 
mechanism by which GA could alleviate obesity.

Taken together, HFD-triggers gut microbiota dysbiosis in our study, 
marked by elevated pathogenic Desulfovibrio and diminished beneficial 
Lactobacillus and Bifidobacterium, correlating with adipose insulin 
resistance and metabolic dysfunction. Mechanistically, HFD-altered 
microbiota suppressed UCP1-mediated thermogenesis in iBAT and dis
rupted AdipoQ-driven fatty acid oxidation in eWAT via microbial 
metabolite modulation. Our findings revealed that GA counteracted 
HFD-induced metabolic perturbations through dual microbiota-centric 
pathways. Fist, GA restored microbial equilibrium and attenuated 
dysbiosis-associated metabolic anomalies. Further, GA reprogramed 
microbial metabolites by modulating metabolites associated with fat 
metabolism, such as elevation of succinate and gasserone E and reduc
tion of palmitic acid, thereby optimizing lipid homeostasis. These ac
tions converged on the microbiota-adipose tissue axis, upregulating 
UCP1 and AdipoQ/AdipoR2 to coordinately enhance BAT thermogen
esis and WAT lipolysis. The FMT treatment confirmed GA-modulated 
microbiota transplantation replicates anti-obesity outcomes, including 
elevated energy expenditure, suppressed respiratory quotient, and 
activation of ubiquinone/sphingolipid pathways, underscoring the 
reliance of GA on functional microbial remodeling for therapeutic 
efficacy.

5. Conclusions

In conclusion, our current study highlighted the anti-obesity effects 
of GA on HFD-fed mice via the gut microbiota-adipose tissue axis. 
Microbiome analyses suggested that the anti-obesity effects of direct 
addition of GA and FMT treatments may result from inhibition of pro
liferation of obesity-causing bacteria (i.e., Desulfovibrio), promotion of 
proliferation of beneficial bacteria, and modulation of intestinal-derived 
metabolites associated with lipid metabolic pathways. These beneficial 
effects were feeding back into the optimization of the serum glycolipid 
profile, decreasing and increasing the relative weights of eWAT and 
iBAT, respectively, and ultimately reducing body weight. Mechanisti
cally, gut microbiota was involved in GA upregulation of UCP1, AdipoQ, 
and AdipoR2 expression in eWAT and UCP1 expression in iBAT. Our 

Fig. 9. Gut microbiota from GA-treated mice prevents hypertrophy of eWAT in HFD-fed mice. (A) Relative weight of iWAT, eWAT, pWAT, and iBAT to body weight 
(%). (B) Representative images of eWAT and its H&E staining (Scale = 50 μm; n = 10) and adipocyte area. (C–D) The mRNA (n = 10) and protein (n = 3) expression 
levels of UCP1, AdipoQ, and AdipoR2 in eWAT, and both the mRNA and protein expression levels were normalized using β-actin. Data were presented in the format 
of mean ± SEM and were statistically evaluated using unpaired t-test, with data denoted as follows: *P < 0.05; **P < 0.01; ***P < 0.001. FMT = fecal microbiota 
transplantation; FMT-HFD = receiving FMT from HFD; HFD = high-fat diet; FMT-HFD + GA = receiving FMT from HFD group plus 200 mg/kg body weight of GA.
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findings emphasized the critical role of GA in coordinating eWAT 
browning and iBAT thermogenesis through the gut microbiota. This 
highlighted the great potential of GA in the treatment of attenuating 
HFD-induced obesity by modulating the gut microbiota-adipose tissue 
axis.
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