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A B S T R A C T   

Naringin, a natural flavanone primarily found in citrus fruits, has garnered increased attention due to its 
recognized antioxidative, anti-inflammatory, and cardioprotective attributes. However, the functions of naringin 
in regulating energy expenditure are poorly understood. In the present study, we observed that twelve weeks of 
naringin supplementation substantially reshaped the metabolic profile of high-fat diet (HFD)-fed mice, by 
inhibiting body weight gain, reducing liver weight, and altering body compositions. Notably, naringin exhibited 
a remarkable capacity to augment whole-body energy expenditure of the tested mice by enhancing the ther-
mogenic activity of brown adipose tissue (BAT) and stimulating browning of inguinal white adipose tissue 
(iWAT). Furthermore, our results showed naringin supplementation modified gut microbiota composition, spe-
cifically increasing the abundance of Bifidobacterium and Lachnospiraceae_bacterium_28-4, while reducing the 
abundance of Lachnospiraceae_bacterium_DW59 and Dubosiella_newyorkensis. Subsequently, we also found nar-
ingin supplementation altered fecal metabolite profile, by significantly promoting the production of taurine, 
tyrosol, and thymol, which act as potent activators of thermoregulation. Interestingly, the metabolic effects of 
naringin were abolished upon gut microbiota depletion through antibiotic intervention, concurrently leading the 
disappearance of naringin-induced thermogenesis and protective actions on diet-induced obesity. This discovery 
revealed a novel food-driven cross-sectional communication between gut bacteria and adipose tissues. Collec-
tively, our data indicate that naringin supplementation stimulates BAT thermogenesis, alters fat distribution, 
promotes the browning process, and consequently inhibits body weight gain; importantly these metabolic effects 
require the participation of gut bacteria.   

1. Introduction 

Obesity, primarily caused by imbalance of energy intake and 
expenditure, is closely associated with hyperlipidemia, type 2 diabetes, 
and tumors (GBD 2015 Obesity Collaborators et al., 2017; Shin et al., 
2013; Wang et al., 2020). Activation of the non-shivering thermogenic 
program in brown adipose tissue (BAT) and white adipose tissue (WAT) 
proves to be a promising method for increasing energy expenditure 
during the treatment of obesity [4]. In mammals, two developmentally 
distinct types of brown adipocytes exist; the classical or constitutive BAT 
that arises during embryogenesis, and the beige adipose tissue that is 

recruited postnatally within WAT in the process called browning (Kur-
yłowicz and Puzianowska-Kuźnicka, 2020). BAT, which is rich in 
mitochondria and uncoupling protein 1 (UCP1), is characterized by the 
ability to promote non-shivering thermogenesis (Cohen and Kajimura, 
2021; Fernández-Verdejo et al., 2019; MacLean et al., 2015). The acti-
vation of UCP1 leads to uncoupling electron transport from ATP syn-
thesis and dissipates the proton gradient to generate heat (Y. Han et al., 
2017; Wolfrum and Gerhart-Hines, 2022). Beige cells, intermediate 
between white and brown adipocytes, can be induced from white adi-
pocytes in WAT by cold stimulation, exercise training, or β3-adrenergic 
agonists (Cohen and Kajimura, 2021; Fernández-Verdejo et al., 2019; 
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MacLean et al., 2015). Both beige and brown cells possess the capacity 
for thermogenesis as well as improvement of lipid and glucose meta-
bolism (Wolfrum and Gerhart-Hines, 2022). Therefore, exploring a safe 
and effective agonist to activate UCP1 in brown and beige cells is a 
potential intervention strategy for compacting obesity and related 
metabolic disease. 

Naringin is a flavanone-7-O-glycoside, primarily isolated from citrus 
fruits, such as grapefruit [9], and naringin has been reported for its 
antihyperlipidemic, antioxidant, anti-inflammatory and anti-
hyperglycemic functionalities (Chen et al., 2016; Y. Han et al., 2017). A 
few isolated literature reports have suggested that naringin could pre-
vent obesity, but the corresponding underlying mechanism for its 
weight-control effect is not well understood (Alam et al., 2013; Sui et al., 
2018). Indeed, Lee et al. reported that naringin upregulated the 
expression level of UCP1 gene in 3T3-L1 cells, a common in vitro model 
of white adipocyte. Nevertheless, naringin whether induces thermo-
genesis in mammals still requires further investigation. 

Interestingly, microbial communities of the gut are known to have an 
influence on the energy balance, nutrient harvesting, fat accumulation, 
and inflammation responses of the host’s body (Moreno-Navarrete and 
Fernandez-Real, 2019; Ussar et al., 2015). In addition, alteration of gut 
microbiota community is closely related to the expression levels of 
thermogenic genes in adipose tissue (Moreno-Navarrete and 
Fernandez-Real, 2019). In microbiota depletion model and in germ-free 
model, thermogenic capacity in mice was dramatically decreased, and 
accompanied with downregulation of UCP1 expression and reduction of 
the browning process of WAT (B. Li et al., 2019). line with this, evidence 
suggests that increasing the activity of BAT is tightly associated with 
changing the composition of gut microbiota, contributing to the efficacy 
of weight-loss (Guo et al., 2019; G. Li et al., 2017). Importantly, previous 
works have demonstrated that polyphenol-rich fruit extracts ameliorate 
obesity and consequent metabolic disorders, and this is highly associ-
ated with the changes in the gut microbiota and bacterial metabolites 
(Anhê et al., 2015; Roopchand et al., 2015; Yang et al., 2022). Collec-
tively, these suggested a potential mediating role of gut microbiota and 
their metabolites in the regulation of naringin in whole body 
thermogenesis. 

In this study, we sought to explore the regulatory roles of naringin in 
body weight gain, adipocyte thermogenesis and intestinal microbiota 
composition in high-fat diet (HFD)-fed mice. We also examined the ef-
fects of naringin on the fecal metabolic profiles in obese mice. 
Furthermore, the role of the gut microbiota in mediating the effects of 
naringin on obesity were investigated using a pseudo sterile mouse 
model. These findings help us understand the weight control effect of 
naringin and provide a basis for the beneficial effect of citrus fruit 
consumption. 

2. Methods 

2.1. Reagents and materials 

Naringin was obtained from Wuhan Xinxin Biotechnology Co., Ltd. 
(Wuhan, China) with a purity of ≥98%. Antibodies for β-actin, UCP1, 
and peroxisome proliferator-activated receptor gamma coactivator-1 
alpha (PGC-1α) were obtained from Abcam (Miami, USA). A high-fat 
diet (HFD, 46% of calories derived from fat) and a low-fat diet (LFD, 
10% of calories derived from fat) were obtained from Research Diets Inc. 
(New Jersey, USA). 

2.2. Animal studies 

Six-week-old C57BL/6J male mice (weighted 22.1–23.5 g) were 
purchased from Nanjing Junke Bioengineering Co., Ltd. (Nanjing, 
China). All animals were housed in a room with a controlled environ-
ment (Temperature: 22 ± 2 ◦C, humidity 40–50%, 12-h light/dark 
cycle) and had free access to water and food during a one-week 

acclimation period. 
Thirty C57BL/6J mice were randomly divided into three groups (10 

per group): (1) low-fat diet group (LFD); (2) a solvent-treated high-fat 
diet group (HFD) and (3) a 100 mg/kg/day naringin-treated HFD group 
(HFD-naringin). Naringin was suspended in 0.5% (w/v) sodium 
carboxymethyl-cellulose (CMC) solution as reported previously, and the 
mice received either CMC (LFD and HFD) or 100 mg/kg naringin by oral 
gavage for 12 weeks, and the dosages of naringin were based on a pre-
vious report (Kumar & Kumar, 2010; Sui et al., 2018). All experimental 
diets were stored at 4 ◦C and changed every 3 days. The mice body 
weight was monitored every week. For gut microbiota depletion treat-
ment, twenty C57BL/6J male mice were administered with 
broad-spectrum antibiotics mix (bacitracin, neomycin, and strepto-
mycin) in sterilized drinking water at 0.1% (w/v) of each drug, along 
with CMC (HFD-Abs) or 100 mg/kg naringin (HFD-naringin-Abs) daily 
for 10 weeks, body weights were measured weekly (Y. Liu et al., 2022). 

At the end of the diet intervention, all mice were anesthetized, and 
blood was collected via cardiac puncture and centrifuged at 2000×g for 
10 min at 4 ◦C in anticoagulant-coated tubes for further use. The brown 
adipose tissue (BAT), inguinal white adipose tissue (iWAT), epididymal 
white adipose tissue (eWAT) and liver tissues were removed, weighed, 
and stored at − 80 ◦C. 

2.3. Biochemical analysis 

Plasma triglyceride (TG), total cholesterol (TC), low-density lipo-
protein cholesterol (LDL-C), and high-density lipoprotein cholesterol 
(HDL-C) levels were detected by commercial kits of Jiancheng Co., Ltd 
(Nanjing, China). Glucose concentration was checked after fasting 
overnight using a portable glucose meter (Sinocare Inc., Changsha, 
China). 

2.4. Glucose tolerance test 

For GTT, mice were fasted for 16 h, following with oral gavage of 
glucose (1 g/kg), then, blood samples were collected from the tail at 0, 
15, 30, 60, 90, and 120 min to measure the blood glucose 
concentrations. 

2.5. Metabolic cages and core body temperature measurement 

At week 10, mice were individually placed in metabolic cages (TSE 
phenoMaster/LabMaster, Germany) with free access to water and food 
and acclimatized for 24 h prior to monitoring respiratory parameters. All 
metabolic studies were conducted under the condition of temperature at 
22 ◦C and a 12-h light/dark cycle. The following parameters of mice 
were recorded for continuous 24 h, including food and water intake, 
locomotor activity, gas exchange (O2 and CO2), and energy expenditure 
according to the manufacturer’s guidelines (using PhenoMaster Soft-
ware, TSE Systems). The respiratory exchange rate was estimated by 
calculating the ratio of VCO2/VO2. 

During the same week, rectal temperature was measured using a 
rectal probe equipped with a digital thermometer (Control Company, 
TX, USA) while the animals were awake without anesthesia. 

2.6. Morphological analysis 

Immunohistochemical staining was performed according to a stan-
dard protocol. Briefly, slides were dewaxed 3 times, each time for 15 
min, then, slides were hydrated through an alcohol gradient, and soaked 
in PBS for 5 min. After blocking the non-specific binding site with 3% 
bovine serum albumin, slides were incubated with rabbit polyclonal 
anti-UCP1 primary antibody overnight at 4 ◦C, followed by incubation 
with an HRP-labeled secondary antibody. Digital images of all slides 
were taken using NanoZoomer 2.0-HT slide scanner (Hamamatsu, 
Japan). 
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2.7. Quantitative reverse Transcription-PCR (RT-qPCR) 

Total RNA was extracted from adipose tissue using Trizol reagent 
(Invitrogen, CA, USA), and 1 μg of RNA was reverse transcribed into 
cDNA using a Takara kit (Takara, Japan). A 10 μL reaction mixture 
contained 5 μL of SYBR Green, 0.5 μL of each primer, 2 μL of template 
cDNA, and 2 μL of double-distilled water (ddH2O). The reaction was run 
in an CFX96 real-time PCR detection system (Bio-Rad, CA, USA) 
following the manufacturer’s instructions. All the expression levels of 
the target gene were normalized to β-actin, and the sequences of qPCR 
primers are shown in Table 1. 

2.8. Western blotting 

Adipose tissue was homogenized and lysed in ice-cold radio-
immunoprecipitation assay (RIPA) buffer for 30 min. Lysates were 
centrifuged at 12,000 rpm for 20 min at 4 ◦C to collect the supernatants, 
then protein concentration was determined using a BCA assay. Western 
blot assay was carried out as previously reported (Xing et al., 2018). The 
relative density of bands was quantified and normalized to β-actin. 

2.9. Fecal DNA extraction and amplification 

Fecal samples were collected at the end of experiments, and frozen at 
− 80 ◦C. Total bacterial DNA was isolated and measured for concentra-
tion using the NanoDrop instrument (Nano-Drop Technologies, Wil-
mington, DE). Universal primers (341F, 805R) were used to amplify the 
V3–V4 region of the 16S rDNA gene on a Hiseq sequencing platform 
(Illumina). The PCR products were purified and quantified with a Mini 
Elute PCR purification kit (AXYGEN, Hangzhou, China) and GeneAmp 
PCR System 9700 (Applied Biosystems, CA, USA), respectively. 16S 
rDNA gene sequencing was conducted on the Illumina HiSeq platform 
according to the standard protocol. Data were processed by FLASH 
V.1.2.7 software to obtain splicing sequences, namely primitive Tags 
data. Subsequently, the acquisition of high-quality Tags data from the 
Mosaic was performed using Trimmomatic V0.33 software. The 
conclusive valid data were obtained using UCHIME V4.2 software, 
following the confirmation and removal of chimeric sequences. 

2.10. Fecal metabolites analysis 

In the last week of diet intervention, fresh feces were collected and 
stored at − 80 ◦C before analysis. The feces (50 mg) were extracted with 
600 μL of methanol/water (2:1, v/v) solution and 20 μL of L-2-chlor-
ophenylalanine (0.3 mg/mL) was used as internal standard. After ho-
mogenization and ultrasonic crushing, the samples were then 
centrifuged at 12,000×g for 10 min, and 200 μL supernatant was 
collected and dried in a vacuum concentrator. Then, all the samples 
were dissolved in 100 μL of methanol/water (1:1, v/v) solution for liquid 
chromatography-mass spectrometry (LC-MS) analysis. 

Fecal metabolic profiling was analyzed using a UPLC-Q-Exactive-MS 
instrument (Thermo-Fisher) equipped with an Acquity UPLC BEH C18 
(2.1 mm × 50 mm, 2.2 μm) chromatographic column and eluted with 
ultrapure water and acetonitrile both containing 0.1% formic acid (X. Li 
et al., 2022). The initial analysis of the raw data was carried out using 
Compound Discoverer software (v3.3.0). Principal component analysis 
(PCA) and orthogonal partial least squares discriminant analysis 
(OPLS-DA) were carried out to screen fecal metabolic profiling in 

different groups using SIMCA-P 16.0 (Sartorius Stedim Data Analytics 
AB, Umea, Sweden) software, and the variable importance projection 
(VIP) value was used to screen potential metabolic markers. In brief, VIP 
>1 and p < 0.05 were defined as differences based on the test of 
OPLS-DA. Moreover, the KEGG database was employed to screen the key 
metabolic pathways. 

2.11. Statistical analysis 

Data are presented as means ± SEM. ANOVA was used to compare 
sets of data. Tukey’s test was used for the post hoc testing. All statistical 
analyses were carried out using GraphPad Prism. P < 0.05 was consid-
ered as significant. Correlation between gut microbial variation at the 
genus level and metabolic indicators was analyzed by Spearman’s cor-
relation analysis. Principal coordinate analysis (PCoA) plots were used 
to calculate the similarities and differences at OTU level among all 
groups. 

3. Results 

3.1. Naringin ameliorated obesity and consequent metabolic disorders in 
HFD-fed mice 

To investigate the protective effect of naringin on obesity and related 
metabolic disorders, C57BL/6J mice were subjected to a high-fat diet 
(HFD) for 12 weeks. At the end of the dietary intervention, the body 
weight of HFD-fed mice was significantly increased compared to the 
low-fat diet (LFD)-fed group, indicating typical diet-induced obesity 
(DIO) (Fig. 1). Supporting this, HFD fed mice gained significant higher 
liver weight, eWAT weight, and fasting blood glucose than the LFD 
group which demonstrates that the administration of naringin effec-
tively thwarted the diet-induced obesity (DIO) (Fig. 1A). Significantly, 
naringin treatment not only reduced liver and eWAT weight, but also 
decreased fasting blood glucose, compared with the HFD group 
(Fig. 1B–F). In line with this, naringin improved glucose tolerance in 
HFD-fed mice with a declined total area under the curve (AUC) in the 
OGTT test. Moreover, the levels of serum TG, TC, and LDL-C were 
reduced in HFD + naringin-fed mice (Fig. 1G–J). Thus, our results 
showed naringin prevented DIO of the mice, and ameliorated the 
metabolic profile resulted by HFD. 

3.2. Naringin promoted energy expenditure 

To test whether the obesity-protective effects of naringin are attrib-
uted to the promotion of thermogenic capacity, we conducted indirect 
calorimetry measurements using the Promethion metabolic cage system. 
Naringin-treated and control mice were individually housed in meta-
bolic cages to enable the monitoring of gas exchange and energy 
expenditure. Consistent with a previous report, the high-fat diet (HFD) 
reduced energy expenditure and oxygen consumption (VO2) compared 
to the low-fat diet (LFD) group, while the naringin intervention recov-
ered this decrease significantly (Fig. 2A and B). However, we did not 
observe any alterations in the respiratory exchange ratio (RER) and lo-
comotor activity (Fig. 2C and D). In line with the observed increase in 
energy expenditure and oxygen consumption, the dietary intervention of 
naringin resulted in a remarkable elevation in the mice’s rectal tem-
perature. Monitoring rectal temperature provides insights into the 
mice’s ability to generate and regulate body heat, a crucial aspect of 
thermoregulation, as contrasted with the HFD control group (Fig. 2E). 
These data affirm that naringin induces thermogenesis in HFD-fed mice 
without altering locomotor activity. 

3.3. Naringin elevated expression levels of genes and proteins involved in 
thermogenesis 

To further investigate the mechanism of naringin-induced 

Table 1 
Sequences of primers.   

Forward Reverse 

UCP1 TTCTGTGTAGCTACGGTGG CCATCAAACCTGTTGAGCG 
PGC-1α ATGTGCAGCCAAGACTCTGTA CGCTACACCACTTCAATCCAC 
β-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC  
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Fig. 1. Naringin attenuated high-fat diet-induced obesity and metabolic disorders. A. Body weight. B. Liver weight. C. Epididymal fat. D. Fasting glucose level. 
E and F. Glucose tolerance test (GTT) and area under the curve (AUC). G. Serum triglyceride. H. Serum total cholesterol. I. Serum high-density lipoprotein cholesterol. 
J. Serum low-density lipoprotein cholesterol. LFD, low-fat diet; HFD, high-fat diet plus solvent administration; HFD-naringin, high-fat diet plus naringin adminis-
tration. * Indicates HFD group vs HFD-naringin group; # indicates HFD group vs LFD group. (A) ##p < 0.01, ####p < 0.0001, *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001 in two-way ANOVA followed by post hoc Sidak tests. (D, F, G, H, I and J). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 in one-way 
ANOVA followed by post hoc Tukey tests. Bars are mean ± SEM (n = 10). 

Fig. 2. Naringin promotes energy expenditure. A. Total energy expenditure and average energy expenditure in both the light and dark cycles. B. Total VO2 
consumption and average VO2 consumption in both the light and dark cycles. C and D. Respiratory exchange ratio (RER) and ambulatory activity in both the light and 
dark cycles. E. Rectal temperature. LFD, low-fat diet; HFD, high-fat diet plus solvent administration; HFD-naringin, high-fat diet plus naringin administration. * 
Significantly different from high-fat diet group (HFD). *p < 0.05, **p < 0.01, and ****p < 0.0001. in one-way ANOVA followed by post hoc Tukey tests. Bars are 
mean ± SEM (n = 6). 
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thermogenesis, we collected iWAT and BAT of mice for the following RT- 
qPCR and Western blotting assay. We found that the mRNA and protein 
expression levels of thermogenic factors (UCP1 and PGC-1α) was 
significantly upregulated after naringin treatment in both iWAT and 
BAT (Fig. 3B–D). Furthermore, our immunofluorescence results 
concurred with these observations, demonstrating heightened thermo-
genic activity in response to naringin, as evidenced by an enhanced 
expression of UCP1 protein within the BAT tissue (Fig. 3A). 

3.4. Naringin altered gut microbiota composition 

Gut microbiota showed comprehensive and essential roles in energy 
metabolism including lipogenesis, fat distribution, glucose homeostasis, 
and thermogenesis (Shelton et al., 2023). Furthermore, evidence re-
ported the interaction between gut microbiota and such dietary func-
tional compounds as curcumin stimulate thermogenesis and prevent 
DIO (Z. Han et al., 2021). To identify whether the gut microbiota par-
ticipates in the anti-obesity actions of naringin, we further explored the 
effects of naringin dietary supplementation on the compositions of gut 
microbiota in HFD-fed mice using 16S rDNA sequencing. To investigate 
whether gut microbiota participate in the anti-obesity actions of nar-
ingin, we further explored the effects of naringin dietary supplementa-
tion on the compositions of gut microbiota in high-fat diet (HFD)-fed 
mice using 16S rDNA sequencing. To assess the alpha diversity of the gut 
microbiota, we calculated observed species, the Shannon index, the 
Simpson index, ACE, and the Chao1 index. As shown in Fig. 4, no sig-
nificant changes were observed in the observed species and Shannon 
index between the HFD and HFD-naringin groups (Fig. 4A and B). 
However, naringin significantly increased the Simpson, ACE, and Chao1 

indices (Fig. 4C–E), indicating that naringin enhanced the diversity of 
gut microbiota in obese mice.Principal Coordinates Analysis (PCoA) 
revealed separation among the low-fat diet (LFD), HFD, and 
HFD-naringin individuals based on the first two principal components 
(PC) scores, which accounted for 34.68% and 23.44% of the total vari-
ations (Fig. 4F). This result indicates that naringin had a significant in-
fluence on the overall composition of the mice’s gut microbial 
communities. 

Taxonomy-based comparisons of the gut microbiota were performed 
to compare the overall community compositions of gut microbiota from 
the mice fed with different diets. The phylum analysis revealed that 
Firmicutes was the most predominant phylum, contributing relative 
abundances of 58.99, 78.06 and 53.56% to the gut microbiota compo-
sition of the LFD, HFD, and HFD-naringin mice, respectively, followed 
by Bacteroidota (9.22, 2.98 and 16.92%) (Fig. 5A). In addition, Linear 
Discriminant Analysis Effect Size (LEfSe) analysis was performed to 
identify the characteristic bacteria of the LFD, HFD, and HFD-naringin 
groups. A total of 29 operational taxonomic units (OUTs) were 
notably different among these three groups. Notably, in the HFD- 
naringin group, there were 16 OUTs prominent different from other 
groups, including Bacteroidales, Bacteroidia, Bacteroidota, and Oscil-
lospirales, etc. (Fig. 5B). At the genus level, naringin treatment signifi-
cantly triggered differences in species abundance, and the relative 
abundance of genus Bifidobacterium and Lachnospiraceae_bacterium_28-4 
were remarkably higher in the HFD-naringin group than the HFD group. 
The abundance of Lachnospiraceae_bacterium_DW59 and Dubosiella_ne-
wyorkensis were significantly reduced in naringin-treated mice 
(Fig. 5C–E). 

For assurance that the modification of gut microbiota by naringin 

Fig. 3. Naringin promoted expression levels of thermogenic related protein (A, C and D) and mRNA (B) in the brown adipose tissue (BAT) and the inguinal 
white adipose tissue (iWAT). A. Immunofluorescent staining for UCP1 (red) in BAT from HFD and HFD-naringin treated mice. Nuclei are stained with DAPI (blue). 
B. mRNA expression levels of thermogenic genes in iWAT and BAT. C and D. Protein expression levels related to thermogenesis in iWAT and BAT. LFD, low-fat diet; 
HFD, high-fat diet plus solvent administration; HFD-naringin, high-fat diet plus naringin administration. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Bars 
are mean ± SEM (n = 6). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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correlated with the metabolic parameters of mice, we constructed a 
correlation map in our study by analyzing various adiposity-related 
parameters and specific bacterial taxa. As depicted in Fig. 5F, the 
genus Bifidobacterium, notably increased by naringin administration, 
exhibited a positive correlation with the expression levels of thermo-
genic genes and a negative correlation with body weight and epididymal 
white adipose tissue (eWAT) weight. Collectively, these results indicate 
that the naringin-induced modification of gut microbiota could influ-
ence the body weight and thermogenic genes of high-fat diet (HFD)- 
induced obese mice. 

3.5. Untargeted analysis of fecal metabolites 

In this study, the fecal metabolic profiles were mapped using 
untargeted metabolomics techniques with both positive and negative 
models. As shown in Fig. 6A and B, the principal component analysis 
(PCA) and Orthogonal partial least squares discrimination analysis 
(OPLS-DA) results showed distinguishable fecal metabolites between 
HFD-fed mice and HFD + naringin-fed mice. Based on the results of the 
permutation test, we ensure that all OPLS-DA models were reliable 
without overfitting (Fig. 6C). Moreover, the volcano plot displayed 
remarkable changes in fecal metabolites in mice after naringin treat-
ment (Fig. 6D), and overall, 298 metabolites were upregulated and 223 
metabolites were downregulated by naringin administration, 
respectively. 

Differential fecal metabolites between the HFD-fed mice and HFD +
naringin-fed mice were screened out under the standard of VIP >1 and p 
＜0.05. As shown in Fig. 7, the top 50 metabolites were clustered in the 
heatmap, and the results showed that the contents of beneficial sub-
stances such as tyrosol, taurine, thymol, and Vitamin C in the process of 
alleviating obesity and metabolic disorders were significantly increased 
after naringin intervention. Interestingly and importantly, according to 
the screened differential metabolites, further KEGG enrichment analysis 

was conducted. These potential biomarkers were enriched in multiple 
metabolic pathways, including alanine, aspartate, and glutamate 
metabolism, citrate cycle, and biosynthesis of unsaturated fatty acids 
(Fig. 8). 

3.6. Gut microbiota mediate the weight-control effect of naringin 

For further clarification of the causative role of the gut microbiota in 
mediating the anti-obesity effects of naringin, we exposed HFD-fed mice 
to an antibiotics cocktail via drinking water to reduce the majority of gut 
microbiota. As expected, the effects of naringin on weight control were 
abrogated after antibiotics intervention (Fig. 9A). Notably, the naringin- 
treated microbiota-reduced (HFD-naringin-Abs) mice still maintained a 
relatively lower final body weight without statistical significance after a 
10-week intervention of antibiotics. Furthermore, there were no alter-
ations observed in liver weight, eWAT weight, and glucose tolerance 
among the mice treated with antibiotics regardless of whether they were 
introduced to naringin or not, under the HFD condition (Fig. 9B and C). 
Additionally, the increase in energy expenditure and overexpression of 
UCP1 and PGC-1α in BAT and iWAT were abolished after antibiotics 
intervention (Fig. 9D and E). These results suggested that the reduction 
of gut microbes could effectively control weight and blood glucose and 
eliminate overexpression of thermogenic genes in HFD + naringin-fed 
mice, which indicated that the intestine might be the primary target 
tissue for naringin to enhance thermogenesis and ameliorate obesity and 
related symptoms. 

4. Discussion 

Obesity has become a major public health burden worldwide. Along 
with traditional therapeutic methods for obesity, such as increasing 
physical activity to elevate energy expenditure or restricting energy 
intake, a promising strategy for combating obesity is increasing non- 

Fig. 4. Naringin supplementation altered the gut microbiota compositions in HFD-fed mice. A. Observed species. B. Shannon index. C. Simpson index. D. ACE 
index. E. Chao 1 index. F. Principal coordinate analysis (PCoA) of gut microbiota between all groups. LFD, low-fat diet; HFD, high-fat diet plus solvent administration; 
HFD-naringin, high-fat diet plus naringin administration. *p < 0.05, **p < 0.01, and ****p < 0.0001. in one-way ANOVA followed by post hoc Tukey tests. Bars are 
mean ± SEM (n = 6). Bars are mean ± SEM (n = 6). 
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shivering thermogenesis (Z. Han et al., 2021; Thyagarajan and Foster, 
2017). Naringin, a prominent bioactive flavanone from citrus fruit, has 
been reported to show antihyperglycemic and antioxidant properties 
(Raja Kumar et al., 2019). However, whether naringin affects 
non-shivering thermogenesis and the corresponding underling mecha-
nisms remain unclarified. In this study, we investigated the effect of 
naringin on body weight gain of the diet-induced obesity (DIO) mice 
model. Our study found that daily administration of naringin (100 
mg/kg/day, gavage) for 12 weeks significantly mitigated the increase in 
body weight, and concurrently reduced liver, and eWAT weight 
compared with HFD treated mice. In line with this, the naringin treated 
mice showed lower plasma TG, TC, LDL-C, and fasting glucose levels and 
improved glucose tolerance. Notably, our data also showed naringin 
promoted non-shivering thermogenesis, and this effect appears to be 
primarily localized within BAT (Cohen and Spiegelman, 2015; Ma et al., 
2015). UCP1 is one of the most representative thermogenic effectors and 
controlling weight gain, and the complex of PGC-1α with peroxisome 

proliferator-activated receptor γ (PPARγ) regulates the expression of 
UCP1 and manipulating thermogenesis (Chouchani and Kajimura, 2019; 
Handschin and Spiegelman, 2006; Nierenberg et al., 2018). Intriguingly, 
our data showed HFD-fed mice administrated with naringin increased 
energy expenditure and oxygen consumption accompanied by the 
upregulated UCP1 in BAT. In support of this, we also found a robust 
augmentation in both mRNA and protein expression levels of UCP1 and 
PGC-1α in BAT induced by the dietary naringin treatment. Our finding 
also be supported by previous in vitro data, which showed a 3T3-L1 
adipocyte was treated with naringin (6.25–25 μM) for 48 h and 
increasing UCP1 and PGC-1α gene expression. WAT is incredibly dy-
namic and responds to various stimuli, including environmental tem-
perature and phytochemicals, such as curcumin and fucoxanthin (X. Li 
et al., 2022).Additionally, the process of “browning” WAT has received 
increased attention due its potential application in fighting with obesity 
(Vitali et al., 2012). Our data showed the naringin treatment signifi-
cantly increased the expression of such biomarkers in the process of 

Fig. 5. Naringin changed the gut microbiota composition. A. The relative abundance of the top ten abundant bacteria at the phylum level. B. Linear Discriminant 
Analysis Effect Size (LEfSe) analysis of the characteristic genera of gut microbiota. C. T-test analysis of differences of the gut bacteria at the genus level between the 
HFD group and the HFD-naringin group. D and E. The relative abundance of Bifidobacterium and Lachnospiraceae_bacterium_28-4 at the genus level. F. Heatmap of the 
Spearman’s correlations between the bacterial genera and the metabolic parameters in mice treated with HFD alone or HFD plus naringin. LFD, low-fat diet; HFD-V, 
high-fat diet plus solvent administration; HFD-naringin, high-fat diet plus naringin administration. *p < 0.05, **p < 0.01, and ****p < 0.0001. in one-way ANOVA 
followed by post hoc Tukey tests. Bars are mean ± SEM (n = 6). 
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“browning” of iWAT as UCP1 and PGC-1α (Fm et al., 2012; X et al., 
2016). Collectively, our findings suggested naringin stimulates BAT 
thermogenesis and promotes iWAT browning via a PGC-1α/UCP1 
mechanism. 

It has been postulated that gut microbiota plays multiple roles in 
regulating energy homeostasis. Gut microbiota could change the 
bioavailability of dietary functional components, affecting the energy 
intake of the host, and alterations in gut microbiota population can in-
fluence BAT thermogenesis and whole-body energy expenditure 
(Chevalier et al., 2015; M et al., 2014; Turnbaugh et al., 2006; Yuan 
et al., 2019). Cumulative evidence showed a variety of phytochemicals, 
such as citrus polymethoxyflavones, cordycepin and vanillin can reduce 
body weight accompanied by alterations in the population of gut 
microbiota (An et al., 2018; Shi et al., 2019; Zeng et al., 2020). Indeed, 
the treatment with such phytochemicals promoted lipolysis and ther-
mogenesis. However, there is a need for more direct evidence to estab-
lish a clear link between the reshaping in gut microbiota and metabolic 
effects of such phytochemicals. In the present study, we also found that 
naringin treatment could modify gut microbiota population. And spe-
cifically, the Alpha diversity index indicated that naringin treatment 
increased the species diversity of gut microbiota. The following PCoA 
analysis revealed separation among the LFD, HFD, and HFD-naringin 
mice. Subsequently, we analyzed the specific changes in the gut 
microbiota at the phylum and genus levels with the main phyla observed 
in the present study including Firmicute, Campylobacterota, Bacteroidetes. 

At the genus level, naringin treatment significantly triggered differences 
in species abundance, our data showed that naringin treatment signifi-
cantly increased the abundance of Bifidobacterium and Lachnospir-
aceae_bacterium_28_4. These findings align with previous research 
wherein naringin’s effect on gut microbiota and HFD significantly 
increased the abundance of Firmicutes. (Sang et al., 2021; Turnbaugh 
et al., 2006). Spearman’s correlation analysis also showed that the 
abundance of Bifidobacterium was positively correlated to expression 
levels of thermogenic genes and negatively correlated with body weight 
and eWAT weight, which suggested a potential link between the abun-
dance of Bifidobacterium and the metabolic effect of naringin and 
combating obesity. This result also confirmed the study by Turnbaugh, 
P.J. et al., that naringin treatment notably increased the abundance of 
Bacteroidetes, which was positively correlated to weight loss (Turnbaugh 
et al., 2006). Previous studies indicated that Bifidobacterium could 
activate G protein-coupled receptor 5 (TGR-5), as a metabolic regulator, 
thereby regulating metabolism and combating obesity (M. Li et al., 
2022; Zhao et al., 2023). Furthermore, Lachnospiraceae_bacterium_28_4 
was also indicated to be negatively related to obesity and serum lipid 
parameters (Hernández et al., 2019). Dubosiella_newyorkensis has been 
noted to exhibit anti-aging properties comparable to those of resvera-
trol. However, its presence significantly escalated in a mouse model with 
hyperhomocysteinemia and glucose intolerance induced by a 
high-methionine diet (W. Li et al., 2023; T.-H. Liu et al., 2023). In this 
study, the relative abundance of Dubosiella_newyorkensis was 

Fig. 6. Naringin affects the fecal metabolites in HFD-fed mice. A. Principal component analysis (PCA) plot. B. Orthogonal partial least squares discrimination 
analysis (OPLS-DA) plot. C. Permutation test plot based on OPLS-DA methods. D. Volcano plot based on the altered metabolites of the HFD-naringin group compared 
with the HFD group; n = 6. 
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Fig. 7. Heatmap of the top 50 different metabolites in the HFD and HFD-naringin groups.  

Fig. 8. Naringin regulates the metabolic pathways in HFD-fed mice.  
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significantly reduced after naringin administration, so more studies are 
needed to verify the exactly physiological effect of this bacteria. 

These findings suggest that changes in the gut microbiota might be 
associated with weight control effect of naringin in the DIO mice. 
However, further investigation is required to identify whether the 
naringin-induced upregulation of such thermogenic genes is directly 
positively linked with the naringin-induced increased population of 
Bifidobacterium. The fecal metabolic profiles were mapped in our study, 
and the results showed distinguishable differences in fecal metabolites 
between HFD-fed mice and HFD + naringin-fed mice. Compared with 
HFD group, the naringin treatment significantly increased the produc-
tion of tyrosol, taurine, thymol, and vitamin C, and notably, these 
compounds haven been showed positive effects on thermogenesis and 
browning of WAT (Basch et al., 2004; Choi et al., 2017; B. Lee et al., 
2022; X. Li et al., 2022). Previously, we reported that tyrosol may 
interact with PPARγ as an agonist, stimulating thermogenesis of WAT, 
while taurine has been showed acted as a thermoregulator via central 
nervous system. Interestingly, the interplay between bacterial metabo-
lites and PPARγ has been reported to modulate multiple aspect of energy 
metabolism. Recently, phenyllactic acid, a Lactobacillus-derived 
metabolite, was shown to interact with PPARγ, regulating intestinal 
lipid metabolism and preventing HFD-induced metabolic dysfunction 
(GBD 2015 Obesity Collaborators et al., 2017). These findings suggested 
bacterial metabolites may play important roles in the protective effects 
of naringin via various mechanisms, while the individual mediating 
roles of such bacterial metabolites as tyrosol, taurine, thymol, and 
vitamin C still need to be further clarified. 

Previous research reported that microbiota depletion impairs the 
thermogenesis of BAT and browning of WAT (Cani et al., 2019; B. Li 
et al., 2019), this led us to further test if gut microbiota is required for 
naringin to regulate energy metabolism. Our present study showed that 
microbiota depletion abolished the naringin-induced amelioration in 
metabolic outcomes of DIO mice, such as whole-body weight, liver, and 
eWAT weight, as well as glucose tolerance. Subsequently, the effects of 
naringin on energy expenditure, oxygen consumption, and the expres-
sion thermogenic genes in both BAT and iWAT were also attuned in the 

antibiotics-induced microbiota depletion mice model. These results 
indicated that gut microbiota is necessary in the regulation of naringin 
in energy metabolism. In line with our finding, curcumin has been 
shown that enhance thermogenesis, which requires the presence of gut 
microbiota (Cheng et al., 2022). Overall, our findings underscore the 
significance of the interplay between naringin and gut bacteria in the 
regulation of naringin in energy metabolism. Additionally, they unveil a 
varied array of effects resulting from this interaction through distinct 
underlying mechanisms. 

Although the obesity rate in females is much higher than in males, 
obesity studies in rodents are mainly conducted in males due to concerns 
that the estrus cycle of females may make female models inherently 
more variable than male models (Garawi et al., 2014; NCD Risk Factor 
Collaboration (NCD-RisC), 2016). Sexual specific metabolic profiles for 
treatment have been reported in animal models, therefore, the effect of 
naringin observed in this study should be confirmed in female obese 
mice (Mauvais-Jarvis et al., 2017). The lack of positive controls such as 
β3-adrenergic receptor (CL-316,243) and PPARα agonists (fenofibrate), 
with known activity to stimulate UCP1 expression and induce thermo-
genesis is another limitation (Burl et al., 2018). Thus, future in-
vestigations are warranted to elucidate the precise molecular pathways 
involved. 

5. Conclusion 

The present study indicates that naringin prevented diet-induced 
obesity (DIO) and comprehensively ameliorates the consequent meta-
bolic dysfunctions. Importantly, the dietary naringin supplement pro-
motes brown adipose tissue (BAT) thermogenesis and stimulates 
browning of inguinal white adipose tissue (iWAT) via the PGC-1α/ 
PPARγ mechanism. Furthermore, naringin alters the composition of the 
gut microbiota, and simultaneously modifies gut bacterial metabolites. 
This may act as a pivotal factor contributing to the weight-control effect 
of naringin. Given the abundance of naringin in citrus fruit, our findings 
provide solid evidence for the weight-control effects of citrus fruit 
consumption. 

Fig. 9. Gut microbiota mediates the therapeutic effects of naringin treatment. The mice were fed an HFD together with an antibiotics cocktail in drinking water 
and gavage with vehicle or naringin (100 mg/kg/d) for 10 weeks (n = 10). A. Body weight of antibiotics-treated mice. B. Tissue weight. C and D. Glucose tolerance 
test (GTT) and area under the curve (AUC). E. Total energy expenditure of mice (after 10 weeks of feeding) over a 24-h period (n = 5). F. mRNA expression levels of 
genes related to thermogenesis in iWAT and BAT. Data are shown as mean ± SEM. 
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