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ABSTRACT: Citrus Pu-erh (CP) tea has gained widespread popularity due to its health benefits, particularly its
hypolipidemic and anti-obesity properties. However, human studies on CP tea's metabolic benefits and underlying gut
microbiome mechanisms are limited. This study evaluated the impact of CP tea on metabolic health in humans and
high-fat diet (HFD)-induced obese mice. In the human pilot study, three weeks of CP tea consumption significantly
improved body fat distribution and restructured the gut microbiota by enhancing the relative abundance of
Lachnoclostridium, and Lachnospiraceae_ UCG _004. Specifically, we found that the baseline Streptococcus level is a
potential biomarker predicting CP tea's efficacy in body fat regulation. In obese mice, CP tea intervention significantly
improved HFD-induced weight gain, dyslipidemia, hepatic lipid accumulation, and brain impairment. Integrated 16S
rRNA sequencing and untargeted metabolomics revealed profound CP tea-induced modifications in microbial
composition and cecal metabolite profiles, particularly elevating L-theanine, theophylline, and norepinephrine while
reducing 1-methylxanthine. These metabolites also showed a strong correlation with microbiome and metabolic
outcomes. These findings suggest that CP tea offers significant metabolic health benefits by modulating gut
microbiome and related metabolites, and it may help with individualized nutritional management of tea's intervention.

Keywords Citrus Pu-erh tea; Pilot study; Body fat; Dyslipidemia; Gut microbiome; Metabolomics

1. Introduction

Abnormal fat distribution, particularly excessive visceral and limb fat accumulation, is a critical risk
factor for metabolic disorders, including obesity, hyperlipidemia, hyperinsulinemia, and atherosclerosis!!.
The increasing prevalence of normal weight obesity (NWO) also implies the necessity to monitor the fat
distribution in the population with normal body mass index (BMI)?!. Moreover, obese people have been
shown to exhibit aberrant neural responses and compromised cognitive abilities, underscoring the necessity to
consider the impairment of brain function during the development of obesity].

Citrus Pu-erh (CP) tea, a traditional beverage blending Pu-erh tea with tangerine peel, is widely popular
for its unique flavor and antioxidative ability derived from abundant flavonoids and polyphenolic

compounds'¥. Animal studies suggest that CP tea can ameliorate diet-induced metabolic dysregulation by

*Corresponding author Received 1 February 2025
Shuo Wang (wangshuo@nankai.edu.cn) Received in revised from 22 February 2025
Accepted 25 June 2025



Y. Sun et al. / Food Science and Human Wellness 15 (2026)

reducing body weight gain, improving lipid metabolism, modulating gut microbiota composition, and
increasing short-chain fatty acid (SCFA) levels'™ ¢l. Additionally, CP tea exhibits potential antidepressant
effects, implying its ability to influence brain function via the gut-brain axis!”). However, the mechanisms
underlying CP tea’s beneficial effects on metabolic health and brain function in rodents remain unclear, and
the interplay between CP tea consumption, gut microbiome modulation, and metabolite changes requires
further investigation.

Additionally, the relationship between tea consumption and obesity remains inconsistent across human
studies, likely due to inter-individual variability in gut microbiota composition and other factors, including
dietary patterns, lifestyle, genetics, and environmental factors®®!!. Growing evidence suggests that the gut
microbiome modulates the metabolic effects of dietary interventions, highlighting its potential role as a
predictor of individual responses to dietary supplementation!!*!#. For instance, individuals with a
Prevotella-dominated gut microbiota exhibited improved metabolic outcomes following barley kernel
consumption!'*). Similarly, the atheroprotective effects of dietary fiber depend on the gut microbiome’s

(121 However, few studies have examined the association between gut

butyrate-producing capacity
microbiome composition and inter-individual variability in responses to tea interventions, and the metabolic
effects of CP tea in human populations remain to be explored.

This study investigated the impact of CP tea on metabolic health and gut microbiome in healthy adults
and obese mice. We conducted a short-term human pilot study to assess body composition and gut microbiota
alterations by CP tea intervention, and we further elucidated how gut microbiome characteristics influence
inter-individual response variability. In the obese mice model, we evaluated weight gain, fat-related
hormones, lipid metabolism, brain function, and the interaction among CP tea treatment, gut microbiome, and
cecal metabolites. This study highlights CP tea's potential to mitigate metabolic risk and provides preliminary

evidence for microbiome-based personalization of tea interventions.

2. Methods

The human pilot study was approved by the Ethics Committee of Nankai University (NKUIRB2024130)
and followed the principles outlined in the Declaration of Helsinki of 1975, which was revised in 2013. The
study was conducted in Tianjin, China, from July 2024 to August 2024 (ChiCTR2500097966). All
participants were fully informed about the study details and provided written informed consent before
participating.

2.1 Participant Recruitment

The pilot study initially recruited 40 healthy adults, aged between 20 and 40 years, who had maintained a
stable weight for at least three months before the study started. The sample size calculation method was
described in the supplementary information section. However, 5 participants were excluded: 4 based on the
exclusion criteria and 1 who dropped out during the study. Participants with a history of allergies to caffeine or
tea polyphenols or those with an imbalanced gut microbiota were excluded before the study began. The

exclusion criteria included: (1) pregnant or breastfeeding women; (2) individuals with serious conditions
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affecting the kidneys, respiratory, endocrine, or hematopoietic systems; (3) individuals who had used
medications in the last three months known to cause weight gain as a side effect; (4) individuals who had been
on weight loss plans during the study period; (5) individuals with strict diets or irregular eating habits; and (6)
individuals with allergies to ingredients in the test food, such as tea polyphenols, theanine, or caffeine.

Participant recruitment and screening occurred in July and August of 2024.
2.2 Citrus Pu-erh tea preparation and component determination

The CP tea, prepared according to ISO 3103 guidelines, was commercially available from a 6:1 ratio of
Pu-erh tea (from Yunnan, China) to citrus peel (from Guangdong, China). After 20-30 minutes of boiling, the
tea was diluted fourfold with pure water and cooled. Tea polyphenols, polysaccharides, and flavonoids were

detected according to standard spectrophotometric methods as previously described!'>-17],

2.3 Pilot study design

This was a prospective pilot study with a 3-week duration. A total of 35 participants from Tianjin, China,
were recruited after providing informed consent. They were randomly assigned to the CP tea intervention
group (n =18, 10 males, 8 females, age from 20 to 34) and the control group (n =17, 9 males, 8 females, age
from 22 to 36). The body fat percentage (BFP) between the two groups has no difference (P > 0.05) at the
beginning.

Before the intervention, participants were instructed to avoid tea, coffee, fermented foods, and probiotic
drinks like yogurt for two weeks. During the three-week intervention, participants in the CP tea group
consumed 500 mL of bottled CP tea daily between 1 pm and 4 pm, while the control group consumed 500 mL
of bottled purified water at the same time. Participants were advised to maintain their usual dietary and
lifestyle habits throughout the study. The study involved four visits: baseline assessment, two follow-up visits,
and outcome measurement. At the beginning and end of the study, participants recorded their food intake
based on a "Three-day food record"!'®!. Additionally, their physical activity levels were assessed weekly using
the International Physical Activity Questionnaire (IPAQ-SF), and MET-min/week scores were calculated

following the IPAQ-SF scoring protocol'? 2],

2.4 Human body data and samples collection

Human body composition data were collected at the beginning and end of the study by using a
bioelectrical impedance analyzer (InBody 270, Biospace, California, USA), including measurements of
height, weight, BMI, body fat distribution, and basal metabolic rate. Stool samples were collected before and
after the intervention for gut microbiota analysis. Stool samples ( > 2 g) were collected the day before the
intervention (baseline) and the day after its completion (outcome) by using sterile tubes. All samples were
immediately frozen at -80°C. Additionally, participants were asked to avoid strenuous exercise and alcohol on
testing days to ensure standardized measurements. Throughout the study, they also kept a diary to record any

adverse events, including health issues, medication, and alcohol consumption.

2.5 Animal experiments
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A total of 30 male C57BL/6 mice (6-8 weeks old), obtained from Vital River Laboratories (Beijing,
China), were housed in cages with a constant temperature (20 + 1)°C and humidity (55 + 5)% and had free
access to food and water. After one week of acclimatization, the mice were randomly assigned to three groups
(n = 10 per group): Standard diet (control), high-fat diet (HFD), and HFD + CP tea (CP tea). Standard diet
(D1245017, 3.85 Kcal/g, 10% fat) and HFD (D12492, 5.24 Kcal/g, 60% fat) were purchased from Xietong Co.,
Ltd. (Jiangsu, China). Mice were provided drinking fluids in sterile plastic bottles, with water or freshly
prepared CP tea replaced every 2 days. Body weight was recorded weekly, and diet intake was monitored
every two days throughout the study. After 8 weeks, all mice were euthanized for serum, liver, adipose,
jejunum, cecum contents, and brain tissue collection. All animal experiments were approved by the
Institutional Animal Care and Use Committee of Nankai University (animal ethics test approval number:

2024-SYDWLL-000221).
2.6 Histological examination

The liver and epididymal adipose tissues were collected, fixed overnight at 4°C in formalin solution, and
embedded in paraffin. Randomly selected tissue sections from the control, HFD, and CP tea groups were then

stained with either hematoxylin and eosin (H&E) or Oil Red O, followed by light microscopy observation.
2.7 Tissue biochemical evaluation

Serum levels of TC, TG, LDL, high-density lipoprotein cholesterol (HDL), free fatty acids (FFA), leptin,
and adiponectin were measured using the appropriate kits. Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels in liver samples were determined according to the manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The superoxide dismutase (SOD), glutathione

(GSH), and acetylcholinesterase (AChE) abilities in brain samples were quantified using the respective kits.
2.8 Gut microbiota analysis in human and mice fecal samples

The gut microbiota analysis in human and mice stool samples obtained above was carried out as

(211, Total microbial DNA was extracted, and the V3 and V4 hypervariable regions of 16S

previously described
rRNA genes were selected for further amplification (341F: CCTACGGGNGGCWGCAG, 806R:
GGACTACHVGGGTATCTAAT). A genomic paired-end library was constructed from total DNA and
sequenced with the Illumina NovaSeq platform (Illumina, San Diego, CA, USA). Reads were filtered,
trimmed, merged, denoised, and clustered. The taxonomic assignment and the abundance of species in each
sample were defined. The alpha diversity, beta diversity, and principal coordinates analysis (PCoA) were

determined by Qiime 2.
2.9 Untargeted metabolomics analysis in mice cecal contents

UHPLC-MS/MS analyses were performed using a Vanquish UHPLC system (ThermoFisher, Germany)
coupled with an Orbitrap Q ExactiveTM HF mass spectrometer or Orbitrap Q ExactiveTMHF-X mass
spectrometer (Thermo Fisher, Germany) in Novogene Co., Ltd. (Beijing, China). Samples were injected onto

a Hypersil Goldcolumn (100x2.1 mm, 1.9 um) using a 12-min linear gradient at a flow rate of 0.2 mL/min.
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The eluents for the positive and negative polarity modes were eluent A (0.1% FA in Water) and eluent B
(Methanol). The solvent gradient was set as follows: 2% B, 1.5 min; 2%-85% B, 3 min; 85%-100% B, 10 min;
(100-102)% B, 10.1 min; 2% B, 12 min. Q ExactiveTM HF mass spectrometer was operated in
positive/negative polarity mode with spray voltage of 3.5 kV, capillary temperature of 320°C, sheath gas flow
rate of 35 psi, and aux gas flow rate of 10 L/min, S-lens RF level of 60, Aux gas heater temperature of 350°C.

The data files generated by UHPLC-MS/MS were processed using the XCMS to peak

alignment, peak picking, and quantitation for each metabolite. After that, peak intensities were
normalized to the total spectral intensity by first QC. Then, based on the set 10 ppm mass deviation and adduct
ion, compare it with the high-quality secondary spectrum database for metabolite identification to obtain
accurate qualitative and relative quantitative results. Statistical analyses were performed using the statistical
software R (R version R-3.4.3), Python (Python 2.7.6 version) and CentOS (CentOS release 6.6), When data
were not normally distributed, standardize according to the formula: sample raw quantitation value/(The sum
of sample metabolite quantitation value/The sum of QC1 sample metabolite quantitation value) to obtain
relative peak areas. And compounds whose CVs of relative peak areas in QC samples were greater than 30%

were removed, and the metabolites' identification and relative quantification results were obtained.
2.10 Statistical analysis

All data integration and statistical analysis were performed in R (v.4.4.2). Data are expressed as mean +
standard errors of the means (SEM). Group comparisons were performed using the non-parametric Wilcoxon
signed-rank test. For multiple testing, the Benjamini-Hochberg (BH) false discovery rate (FDR) procedure
was used to adjust p-values. The richness and evenness of the gut microbial community were quantified by
a-diversity indices, and the clustering of samples was visualized using Principal coordinate analysis (PCoA).
For metabolomics analysis, the identified compounds are searched for classification and pathway information
in the Kyoto Encyclopedia of Genes and Genomes (KEGG). The potential differential metabolites with [log
2-fold change (FC)| > 1.0, variable importance in the projection (VIP) values > 2.0, and P < 0.01 were
determined. The correlation analysis between gut microbiota, metabolites, and phenotypes was evaluated
using two-sided Spearman's correlation analysis and a p-value adjusted by the BH method, and then visualized

using Cytoscape (v.3.10.2). The level of statistical significance was considered as P < 0.05.

3. Results
3.1 Citrus Pu-erh tea component contents

Total tea polyphenols were (246.24 + 3.76) mg/L, total tea polysaccharides were (1792.75 + 73.58)
mg/L, and total flavonoids were (577.87 + 25.32) mg/L. According to the results, CP tea may be a significant
source of health benefits due to the comparatively high levels of these bioactive components.

3.2 Effects of citrus Pu-erh tea consumption on participants' body parameters

As shown in the flow diagram (Figure 1), participants assigned to the control or CP tea group have no

differences in BFP (P > 0.05), indicating equal distribution of participants. At both baseline and outcome,
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there were no significant changes in physical activity levels, total energy intake, or macronutrient
consumption (carbohydrates, protein, and fat) between the two groups (Table S1). Therefore, data from the

remaining 35 participants were used for further statistical analysis.

Study disclosure

Screening (n=40)

Randomization(n=40)

il I

Intervention group (n=20) Control group (n=20)

Lost to follow-up (n=5)
-Intervention group (n=2)
-Control group (n=3)

Intervention group (n=18): body fat percentage = 27.58 * 5.16%
Control group (n=17): body fat percentage = 25.69 * 8.16%

One week before baseline:
-Three-day food record

A

Baseline: -Stool sample collection
-Body composition test
-IPAQ-SF questionnaire

v

Week1 and week2:
-IPAQ-SF questionnaire

v
Outcome: -Stool sample collection
-Body composition test
-IPAQ-SF questionnaire
-Three-day food record

Figure 1. Study design of the human pilot study. Healthy volunteers were recruited, screened, and allocated. Body
composition, dietary intake, and human physical activity were evaluated, and fecal samples were collected for analysis of the
gut microbiota profile.

Considering the inter-individual variations in baseline body parameters, a paired Wilcoxon signed-rank
test was conducted. After 3 weeks of intervention, participants in the CP tea group showed a significant
reduction in body fat mass (Figure 2A), BFP (Figure 2B), organ fat level (Figure 2C), and limb fat mass
(Figure 2D) (P < 0.05) compared to baseline, while participants in the control group showed no signifcant
changes (P > 0.05). Moreover, no significant changes in body weight, BMI, basal metabolic rate, or trunk fat

mass were observed in either group compared to baseline (P > 0.05, Figure S1). These results suggest that CP
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tea consumption reduced fat mass, particularly in the limbs and overall body fat, without impacting metabolic

rate.
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Figure 2. Effects of citrus Pu-erh tea consumption on body parameters. (A) body fat, (B) body fat percentage, (C) organ fat
level, and (D) limb fat mass. *, P < 0.05.3.3 Effect of citrus Pu-erh tea on human gut microbiome

After 3 weeks of intervention, the number of observed features showed no significant change either in the
CP tea or control group (Figure 3A, P > 0.05). The changes in bacterial composition in response to CP tea
consumption are further illustrated in the Venn diagram (Figure 3B). Participants in the CP tea group at
baseline and outcome exhibited 31 and 25 unique taxa (genus level) respectively, while 169 taxa remained
stable throughout the whole intervention. Moreover, the Shannon index was significantly enhanced in CP tea
participants compared to baseline (P < 0.05), while no significant change was observed in the control group
(Figure 3C).
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Figure 3. Effects of citrus Pu-erh tea consumption on human gut microbiome. (A) observed features, (B) Venn diagram at the
genus level, (C) Shannon index, (D-F) PCoA for the control and CP tea group at baseline and outcome, (G) the relative
abundance (RA) of genera in the CP tea group at baseline and outcome, (H) the heatmap of taxa (RA > 0.1%) which
significantly changed after intervention. *, P < 0.05, #, P < 0.01, compared to control baseline. *, P < 0.05, ** P < 0.01,
compared to CP tea baseline.

PCoA analysis showed no difference between the control and CP tea groups at baseline (P > 0.05, Figure
3D), suggesting that the substantial impact of CP tea on gut microbiota was independent of the initial
microbial background. PCoA analysis revealed significant differences in beta diversity between the CP tea
baseline and outcome (p = 0.002, Figure 3E), indicating a notable shift in gut microbial diversity. In contrast,
no significant difference was observed in the control group at baseline and outcome (P > 0.05, Figure 3F).

Given inter-individual variations in baseline gut microbiota, paired significance testing was conducted
for each genus. Following three weeks of intervention, CP tea treatment caused significant shifts in the relative
abundance of several bacterial taxa (Figure 3G), resulting in the reduction of 7 genera and the increase of 6
genera. Moreover, the decreases in [Eubacterium] hallii_ group, Streptococcus, Dorea, Blautia, and

Monoglobus, and the increases in Oscillospiraceae UCG 002, Lachnoclostridium, Megasphaera, Parasutterella,
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and Parabacteroides were more pronounced in the CP tea group than in the control group (Figure 3H, S2).

These findings highlight the notable influence of CP tea on the gut microbiome composition.
3.4 Correlation analysis between phenotypes and gut microbiota

Spearman correlation analysis with BH correction between the changes in phenotypes and gut microbiota
relative abundance identified several taxa significantly associated with body parameters. Streptococcus
showed significant positive relationships with several body parameters (padj < 0.05, Figure 4A), and CP tea
treatment significantly reduced the relative abundance of Streptococcus compared to the control group (P <
0.05, Figure 4B). Additionally, Lachnoclostridium and Lachnospiraceae UCG 004 notably increased after
CP tea intervention (Figure 4D and F, P < 0.05), and showed significant negative associations with body
parameters (Figure 4A). Ruminococcus and Coprococcus also showed negative associations with body
parameters, but no notable changes after CP tea intervention (Figure 4C and E, P > 0.05). These results
highlight the impact of CP tea on modulating the gut microbiota, specifically influencing these taxa related to

gut health and potentially contributing to improved metabolic functions.
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Figure 4. Correlation analysis between phenotypes and gut microbiota. (A) the Spearman correlation between phenotypes and
taxa (p-value adjusted by the BH method). (B-F) the relative abundance of taxa that are significantly related to phenotypes. *,
P <0.05, **, P <0.01.

To further investigate how inter-individual variations in gut microbiome composition influence the CP
tea's intervention effect, we assessed the correlation between changes in body parameters and the baseline
relative abundance of taxa in the CP tea group. Interestingly, only the baseline relative abundance of

Streptococcus showed a significant association with subsequent changes in body fat, BFP, and limb fat mass
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(P < 0.05, Figure 5A-C), whereas none of the baseline body composition measures related to these changes
(all P> 0.2, data not shown). These results suggest that gut microbial baseline could be a potential predictor of

CP tea intervention efficacy.
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*, P <0.05 ** P<0.0l.

Based on the change in BFP, we stratified the 18 participants in the CP tea group into nonresponder
(ABFP > 0) and responder (ABFP < 0) sub-groups (Figure 5D). Responders had significantly higher baseline
Streptococcus levels than nonresponders (P < 0.05, Figure 5F), suggesting that subjects with higher baseline
Streptococcus levels may respond better to CP tea consumption, even though there were no significant
differences in the Shannon index or beta diversity between these subgroups (P > 0.05, data not shown).
Interestingly, only the responder subgroup experienced a significant decrease in Streptococcus abundance
following the 3-week intervention (P < 0.01, Figure 5G). These results suggest that Streptococcus may

contribute to the benefits of CP tea intervention in reducing body fat.
3.5 Effect of citrus Pu-erh tea on fat metabolism in obese mice

After 8 weeks of intervention, body weight gain in HFD-fed mice was significantly higher compared to
the CP tea and control groups, exceeding 20% of the control group. Statistical analysis showed a significant

difference (P < 0.01) between the HFD and CP tea groups (Figure 6A), suggesting the potential impact of CP
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tea on weight control. Additionally, there were no significant differences in food intake among the control,
HFD, and CP tea groups (Figure 6B), indicating that the reduced body weight gain in the CP tea group was not
due to differences in food consumption. Food efficiency, represented as the ratio of body weight gain to food
intake, was significantly lower in the CP tea group compared to the HFD groups (P < 0.01) (Figure 6C),
suggesting that the CP tea group exhibited improved metabolic efficiency in terms of weight control. The
histological analysis also revealed that CP tea treatment can reduce fat storage in the adipose tissue. The CP

tea group had smaller adipocytes and less fat accumulation compared to the HFD groups (Figure 6D-F).
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Figure 6. Effects of citrus Pu-erh tea consumption on fat metabolism in obese mice. (A) body weight, (B) food intake, (C)
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weight/body weight (fat mass), (H) serum leptin, and (I) serum adiponectin. *, P < 0.05, **, P < 0.01.

Fat mass, expressed as a percentage of adipose tissue to body weight, was significantly reduced in the CP
tea group compared to the HFD group (P < 0.01, Figure 6G), suggesting that CP tea consumption led to a
notable decrease in fat accumulation. Leptin, a hormone related to fat storage and energy balance, was also
significantly lower in the CP tea group (P < 0.01, Figure 6H). The lower leptin levels in the CP tea group may

reflect reduced fat stores and improved metabolic function. Furthermore, adiponectin levels were significantly
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higher in the CP tea group compared to HFD mice (P < 0.05) (Figure 61). According to these results, CP tea

may lower body fat by changing hormone levels linked to fat metabolism.
3.6 Effect of citrus Pu-erh tea on lipid metabolism in obese mice

After 8 weeks of intervention, serum TC was significantly elevated in the HFD group compared to the
control group (P < 0.01), while CP tea consumption significantly reduced serum TC levels (P < 0.01) (Figure

7A), suggesting CP tea may ameliorate the hypercholesterolemia induced by HFD.
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Figure 7. Effects of citrus Pu-erh tea consumption on lipid metabolism in obese mice. (A) serum TC, (B) serum TG, (C)
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Serum and jejunum TG were markedly increased in the HFD group relative to the control group (P <
0.05). In contrast, CP tea exhibited a significant reduction in the serum and jejunum TG (P < 0.05) (Figure 7B,
C). This implies that CP tea may lessen small intestine lipid absorption and further lower blood lipid levels.

Similarly, the CP tea group showed a significant decrease in LDL levels compared to the HFD group (P
< 0.01) (Figure 7D), suggesting that CP tea may have a protective effect against LDL cholesterol
accumulation. However, there was no significant difference in HDL levels between the CP tea and HFD

groups (P > 0.05) (Figure 7E). FFA levels were significantly increased in the HFD group (P < 0.05), while CP



Y. Sun et al. / Food Science and Human Wellness 15 (2026)

tea treatment resulted in a significant reduction in FFA levels (P < 0.05) (Figure 7F), indicating that CP tea
may help mitigate the elevation of circulating FFA induced by HFD.

3.7 Effect of citrus Pu-erh tea on liver and brain function in obese mice

The Oil Red O staining of liver tissue sections was used to assess lipid accumulation. HFD mice showed
significant lipid deposition after 8 weeks of intervention (Figure 8B), as evidenced by the intense red staining.
In contrast, the CP tea group exhibited reduced lipid accumulation (Figure 8C), suggesting that CP tea may
improve hepatic fat storage. Furthermore, liver ALT and AST levels were significantly elevated in HFD mice
compared to the control group (P < 0.05), while the CP tea group showed a significant reduction in ALT and
AST levels (P < 0.05, Figure 7D, E). These results suggest that CP tea can alleviate liver damage caused by

HFD.
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SOD activity, an important marker of antioxidant defense, was significantly decreased in the HFD group
compared to the control group (P < 0.01), while the CP tea group showed a significant improvement in brain
SOD activity (P < 0.01) (Figure 8F). GSH, a critical regulator of cellular redox homeostasis, was markedly
reduced in the HFD group compared to the control group (P < 0.01), while no significant difference was
observed between the CP tea and control group (P > 0.01) (Figure 8G). AChE activity, which is involved in
neurotransmitter regulation, was significantly higher in the HFD group compared to the control group (P <
0.05), while the CP tea group showed a significant decrease in AChE activity (P < 0.01) (Figure 8H).
Collectively, these results suggest that CP tea may protect against HFD-induced neurological dysfunction

through enhancing antioxidant capacity and balancing neurotransmitter homeostasis.
3.8 Effect of citrus Pu-erh tea on mice gut microbiome in obese mice

To investigate the effect of CP tea intake on mice microbial profiles, fecal bacteria were collected for 16S
rRNA sequencing. Chaol diversity analysis was performed to assess the richness of the microbial
communities across three groups after intervention. The results showed that CP tea had significantly higher
Chaol values, observed features, and Shannon index compared to the HFD and control group (P < 0.05,

Figure 9A-C), indicating that CP tea consumption increased gut microbiome richness and a-diversity.
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Figure 9. Effects of citrus Pu-erh tea consumption on the rodent gut microbiome. (A) Chao 1 diversity, (B) observed features,
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PCoA was conducted to explore the overall structure of the gut microbiota based on Bray-Curtis

dissimilarity and post-PERMANOVA pairwise analysis. The PCoA plot revealed clear separation among the
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control, HFD, and CP tea groups at outcome (pairwise PERMANOVA pseudo-F = 18.36 for control vs CP tea,
pseudo-F = 6.89 for control vs HFD, and pseudo-F = 5.23 for HFD vs CP tea; all O-value < 0.05), whereas
these groups had no differences at baseline (Q > 0.05, Figure 9D), indicating a significant difference in
microbiota composition due to HFD and CP tea treatment.

The relative abundance of microbial taxa after the intervention was compared among the three groups. At
the phylum level, the CP tea treatment significantly increased Desulfobacterota and Proteobacteria levels,
while decreasing Firmicutes compared to the HFD group (P < 0.05, Figure 9E). The results revealed several
that the CP group,
Lachnospiraceae NK4A136 _group, Enterobacter, and Romboutsia (P < 0.05, Figure 9F), suggesting that CP

genera were significantly enriched in tea such as Blautia,
tea consumption influences the gut composition, potentially by enriching beneficial taxa.

Spearman correlation analysis and BH correction were performed to investigate the relationship between
phenotypes and microbial taxa. Notably, Enterobacter, Lachnospiraceae NK44136 _group, Romboutsia, and
Blautia were significantly negatively related to several phenotypes (padj < 0.05, Figure 10A), and were
enriched in the CP tea group (P < 0.05, Figure 10B-F). These findings suggest that the changes in these taxa
induced by CP tea may be further linked to improvements in metabolic health.
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3.9 Effect of citrus Pu-erh tea on mice cecal metabolites in obese mice

To investigate the influence of CP tea on cecal metabolites in mice, we performed various analyses,

including PLS-DA plots, volcano mapping, KEGG pathway enrichment, and Spearman correlation analysis

between phenotypes, taxa, and cecal metabolites.

The PLS-DA plots revealed a distinct separation among the three groups (Figure 11A). Pairwise

PERMANOVA analysis with BH adjustment revealed significant distinctions between control and HFD
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groups (padj < 0.01), control and CP tea groups (padj < 0.01), suggesting that HFD and CP tea markedly
altered global metabolite profiles. However, no significant divergence was observed between the CP tea and
HFD groups (padj = 0.1077), suggesting the CP tea may partially counteract HFD-induced metabolic
disturbances. A volcano plot was constructed to visualize the distribution of metabolites based on fold change
and statistical significance among the three groups. The plot revealed several significantly altered metabolites,
with a clear distinction between upregulated and downregulated metabolites (Figure 11B, C). The HFD group
showed changes in 621 metabolites when compared to the control group, indicating substantial remodeling of
the cecal metabolome in the obesity model (Figure 11B). Notably, the CP tea intervention altered 191
metabolites (58 downregulated and 133 upregulated) relative to the HFD group (Figure 11C), implying that
the CP tea might modulate HFD-induced dysregulation through specific metabolites.
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Figure 11. Effects of citrus Pu-erh tea consumption on mice cecal metabolites. (A) PLS-DA plots of mice cecal metabolites
compared among the control, HFD, and CP tea groups. Volcano map of metabolites between the control and HFD groups (B),
HFD and CP tea groups (C). (D) KEGG pathway enrichment analysis. (E) Heatmap of metabolites that are differentially
enriched in the HFD and CP tea groups.

The metabolic pathway altered by CP tea was further characterized using KEGG pathway enrichment
analysis. Significant changes were found in several important metabolic pathways, most notably the

metabolism of caffeine and tryptophan (Figure 11D). Specifically, compared to the HFD group, the CP tea
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group had significantly lower levels of 1-methylxanthine, a caffeine metabolite (P < 0.01, Figure 11E).
Norepinephrine, involved in tryptophan metabolism, showed significantly higher levels in the CP tea group
relative to HFD-fed mice (P < 0.01, Figure 11E). Furthermore, the CP tea group had significantly higher
levels of theophylline and L-theanine, which are linked to tea consumption (P < 0.01, Figure 11E). The
analysis suggests that CP tea consumption may influence key metabolic processes, particularly the
metabolites involved in tryptophan and caffeine metabolism.

The association between phenotypes, cecal metabolite profiles, and the relative abundance of gut
microbial taxa was evaluated using Spearman correlation analysis with BH adjustment (Figure 12).
Interestingly, 1-methylxanthine, which is significantly lower in the CP tea group, exhibited positive
correlations with body weight gain, serum TC, and liver ALT (padj < 0.05, Figure 12A, B). L-theanine,
theophylline, and norepinephrine, which were significantly enriched in the CP tea group, were negatively

related to several metabolic phenotypes (padj < 0.05, Figure 12A, C-E).
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Additionally, several taxa demonstrated strong relationships with L-theanine, theophylline, and
norepinephrine. Specifically, Clostridium_sensu_stricto 1, Enterobacter,
Lachnospiraceae NK4A136_group, Romboutsia, Blautia, and Bilophila showed positive correlations with
these compounds, whereas they exhibited the opposite trend with 1-methylxanthine (Figure 12F-I, padj <

0.01). In particular, Dubosiella displayed positive correlations with several phenotypes and 1-methylxanthine,
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while negatively related with theophylline (padj < 0.01, Figure 12F, I). These results indicate that CP tea may

modulate host metabolism by altering specific gut microbial taxa and associated metabolites.

4. Discussion

Increasing evidence suggests that tea consumption can contribute to metabolic disorders!*> >*, However,
individual differences in gut microbiome composition and other factors cause inconsistent results. This study
provides valuable insights into the potential health benefits of CP tea through mediating the gut microbiome,
specifically in improving human body fat and metabolic dysfunction in obese mice.

The rising NWO prevalence highlights the crucial role of fat distribution in metabolic risk, particularly
for the population with normal BMI?). Moreover, human studies indicate that tea consumption may not
always lead to noticeable changes in body weight or BMI, but rather can improve certain fat-related
parameters, such as hormones, fat oxidation, and serum lipid parameters. For instance, Roberts et al.[’]
demonstrated that 8 weeks of green tea extract intervention improved fat oxidation in overweight individuals
without markedly affecting body composition. Similarly, a randomized, double-blind, and crossover
placebo-controlled clinical trial reported that a 6-week green tea intervention in obese women significantly
increased leptin levels and reduced LDL cholesterol, despite no significant changes in body weight!?*],
Consistent with previous findings, our study demonstrated that three weeks' consumption of CP tea
significantly reduced human BFP, particularly in the organs and limbs, without notable changes in body
weight and BMI. Although the absolute changes were modest (mean -0.58% body fat, -0.54 kg fat mass), these
findings obtained from healthy individuals during a short-term intervention suggest that CP tea may offer
potential benefits for obese populations through longer intervention durations and higher dosages in future
studies. Moreover, these results demonstrate early preventive significance for both healthy individuals and
NWO individuals in real-life settings.

Given that gut microbiota plays a crucial role in inter-organ communication and metabolic regulation!?],
it is noteworthy that CP tea has been demonstrated to modulate gut microbial structure in animal research by
enhancing diversity and promoting specific beneficial taxal®. However, further research is needed to verify
these effects in human populations. The Shannon diversity indicates microbial evenness and shows a

1126]. In our study, participants in CP treatment

significant decrease in the population of metabolic disorde
showed a notable enhancement in the Shannon index compared to the control group, but no significant change
in the observed feature. The elevated Shannon diversity indicates a more balanced distribution of species
abundances induced by CP tea. In contrast, the stable species richness implies CP tea may preferentially
promote the growth of beneficial commensal species rather than introducing new species.

Additionally, PCoA analysis revealed significant shifts in the gut microbial structure following CP tea
intervention. To consider the interindividual variations in baseline microbial composition, we performed
paired Wilcoxon signed-rank tests to identify the specific taxa altered by CP tea. Our results found

Streptococcus,  Blautia, and  Monoglobus  significantly  decreased,  while Lachnoclostridium,

Lachnospiraceae UCG 004, Oscillospiraceae UCG 002, Megasphaera, Parasutterella, and Parabacteroides
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notably enhanced after the CP tea treatment. Several studies have established the link between gut microbiota

al?”- 281 Streptococcus, a pro-inflammatory

and metabolic health, particularly in obesity and hyperlipidemi
genus??, is strongly linked to hyperlipidemia and nonalcoholic steatohepatitis exacerbation*%!. Wei et al.l*!]
further identified Strepfococcus as a hub genus in the fecal micro-ecosystem of the obesity model.
Consistently, our study demonstrated that Streptococcus abundance was significantly positive with multiple
body parameters and reduced after CP tea treatment. It has previously been documented that the phenolic
compounds in Pu-erh tea inhibit Streptococcus!®?. The reduced Streptococcus abundance may be due to the
relatively high level of bioactive components in CP tea. Notably, CP tea consumption promotes some
beneficial bacterial taxa abundance, such as Lachnoclostridium and Lachnospiraceae UCG 004, which are
inversely related to limb fat, body fat, and BFP. Lachnospiraceae UCG 004, as a probiotic to alleviate
obesity by producing SCFAs*?!, while Lachnoclostridium has been reported to increase after Huanggin-tea
intervention*4l,

While there was no correlation found with the body parameters measured in this study, some genera
enriched in CP tea participants have been previously reported to contribute to metabolic health. For instance,
Oscillospiraceae UCG 002 is implicated in the synthesis of SCFAs and is negatively correlated with

(351 Consuming green and dark tea can encourage the growth of Parabacteroides, which has been

obesity
shown to reduce obesity and metabolic disorders by producing succinate and secondary bile acids?¢). Liao et
al.l%! found that CP tea intervention increased the relative abundance of Parasutterella, which is consistent
with our findings. Collectively, these results imply that CP tea may improve metabolic health by mediating the
genus above, particularly via enriching Lachnoclostridium and Lachnospiraceae UCG 004, and reducing
Streptococcus. Further human cohort studies need to add more metabolic profiles and be performed in a
long-term intervention to observe the complete impact of CP tea on human metabolic health.

Emerging evidence has shown that variations in baseline microbial structures mediate the host's response
to dietary interventions!!> 3. To investigate how inter-individual variations in gut microbiome composition
influence the CP tea's intervention effect, we correlated the baseline taxa abundance with body parameters and
divided CP tea participants into responder and nonresponder subgroups based on the BFP change. In
particular, we found that subjects with higher baseline Streptococcus abundance showed better body fat
control after the CP tea intervention, and the decrease of Streptococcus abundance was only observed in
responders. Given that Streptococcus is a hub genus in the HFD model'®), CP tea may have a greater influence
on fat management in populations that are prone to be obese or have high-fat eating habits. Further studies are
needed to validate this hypothesis, including animal models and larger human population cohorts.

In obese mice, CP tea consumption significantly reduced weight gain, food efficiency, and fat
accumulation induced by HFD. This indicates that CP tea not only prevents weight accumulation but also
balances energy metabolism, potentially by inhibiting dietary fat absorption or enhancing energy dissipation.
The adipocyte size in the CP tea groups was smaller than in the HFD group, indicating suppression of

HFD-induced adipocyte hypertrophy. These results align with previous studies on the anti-obesity effects of
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CP teal®. Moreover, we detected the levels of leptin and adiponectin in the serum, which are hormones

produced by adipose tissue and play crucial roles in obesity development!*”],

Adiponectin has
anti-inflammatory, anti-diabetic, and anti-atherosclerotic qualities, while leptin circulating concentrations are
elevated in obese humans and rodents*®!. The lower leptin levels and higher adiponectin levels after CP tea
treatment indicated that CP tea reduces fat accumulation by adjusting the balance of these two hormones
involved in fat metabolism. The improvement in liver function after CP tea treatment, along with the decrease
in circulation and jejunum lipid profiles, demonstrates the CP tea's potential as a functional dietary
intervention to reduce intestinal lipid absorption and further hepatic steatosis. Histological analyses further
supported these metabolic benefits. Tea has been reported to inhibit lipid synthesis in adipose tissue by
reducing lipogenic enzyme activity, such as FFA synthase!?}!. Similarly, our results demonstrated that CP tea
treatment led to a significant reduction in FFA levels, which may contribute to the regulation of lipid
metabolism. Recently, the impairment of brain function caused by obesity has been widely reported!* 3°!. Our
study connected the brain function and metabolic health to provide a comprehensive characterization of
HFD-induced impairments. While increased AChE activity speeds up acetylcholine breakdown and
contributes to cognitive impairments, SOD plays a significant role in antioxidant systerm and is decreased in
obese mice*”). According to our results, CP tea may help reduce oxidative stress and improve cognitive
impairment induced by HFD, as evidenced by the higher SOD levels and lower AChE activity in the CP tea
group. These findings imply that CP tea may provide several advantages, including improving lipid
metabolism, protecting liver function, and lowering brain oxidative stress induced by obesity.

Following the CP tea intervention, the gut microbiota structure of the three groups showed significant
differences, and the a-diversity (Chao 1 index and Shannon index) in the mice gut microbiome increased
significantly. Specifically, CP tea significantly increased the abundance of Blutia, Enterobacter,
Lachnospiraceae NK4A136 group, and Romboutsia, which are strongly linked to metabolic profiles and
brain function improvement. Among these genera, Blautia is an SCFAs-producing genus and a potential
therapeutic target for metabolic disorders in humans!*!!. This is consistent with our findings in rodents, while
no association between Blautia and body parameters was observed in our human results. The difference in gut
ecology between rodents and humans may influence the functional role of Blautia in the gut. Moreover,
Romboutsia was found notably diminished in the obese population'*?! and negatively correlated with FFA®!1,
Lachnospiraceae NK4A136 _group was linked to multiple antioxidant enzymes and enhanced gut barrier
integrity through SCFAs production!®’]. These studies supported our findings. However, the relationship
between Enterobacter and obesity remains controversial due to species-specific effects. For instance,
Enterobacter cloacae has been linked to obesity!*!, whereas Enterobacter aerogenes attenuated
choline-induced atherosclerosis in ApoE™ micel®.

Consistent with changes in microbial profiles, significant shifts in cecal metabolites among the three
groups were observed by untargeted metabolomics analysis. In this study, caffeine and tryptophan metabolism

are the primary pathways regulated by the CP tea. Tea, especially Pu-erh tea, contains significant levels of
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caffeine and other bioactive compounds that can influence inflammation and oxidative stress pathways!*®!.
I-methylxanthine, a natural alkaloid related to the cardiovascular system, may also exacerbate
hyperuricemia®’l. In this study, 1-methylxanthine levels showed strong positive correlations with hepatic
ALT, serum TC, and body weight gain, and were significantly reduced by CP tea intervention. Similar to our
results, 5-acetylamino-6-amino-3-methyluracil, another caffeine metabolite, was up-regulated after CP tea
treatment and contributed to CP tea's anti-obesity effect by inhibiting lipid accumulation!®!.

Tryptophan metabolism is critical in energy balance, lipid metabolism, and the central nervous
system8] and it has also been implicated in the anti-obesity effects of Pu-er teal*]. Norepinephrine, a
metabolite related to tryptophan metabolism, was notably accumulated in CP tea mice and contributed to
metabolic profiles and brain function improvement. Supporting our findings, previous reports indicate that
norepinephrine promotes TG breakdown into FFA, enhances metabolic rate and thermogenesis, thereby
facilitating weight loss and fat reduction’®’l. Additionally, norepinephrine released in prefrontal cortical areas
and the hippocampus is pivotal in preventing brain dysfunction!*!). Mechanistically, norepinephrine enhances
tryptophan hydroxylase activity via cAMP-PKA signaling and further promotes 5-hydroxytryptamine (5-HT)
production, which influences both neurologic and metabolic processes°2. Meanwhile, SOD can alleviate the
oxidative stress damage to tryptophan hydroxylasel®*!. Therefore, it can be assumed that norepinephrine and
SOD collaborate to protect brain function through maintaining the 5-HT level.

Furthermore, L-theanine, an amino acid primarily found in tea, has been shown to effectively suppress fat
accumulation and regulate lipid metabolism by modulating gut microbiota through the FXR-FGF15-CYP7A1
pathway!®¥. Constantly, our results showed that L-theanine is negatively related to the lipid profiles and
inhibits lipid synthesis by reducing lipogenic enzyme activity, such as FFA. Additionally, L-theanine has been
reported to exceed the blood-brain barrier, suppress pro-inflammatory signaling pathways, particularly the
MAPK/NF-kB axis, and alleviate brain protein/lipid oxidation. Likewise, our study showed that L-theanine
was linked to both brain antioxidative and AchE activity. Theophylline, a methylxanthine compound found in
tea, has mild thermogenic effects and stimulates the central nervous system, which helps weight loss by
increasing metabolic rate!>). Likewise, our results showed that theophylline regulated the serum leptin and
adiponectin levels, indicating that theophylline may contribute to energy balance and fat metabolism by
regulating the associated hormones.

The results demonstrate that caffeine- and tryptophan-derived metabolites serve as key mediators in CP
tea's regulatory effects on metabolic disorders and associated brain dysfunction. While previous studies have
established CP tea's anti-obesity effects through gut microbiome modulation!®, the precise mechanisms
through which gut microbiota regulate these metabolic pathways and improve phenotypes remain to be fully
elucidated.

I-methylxanthine has been identified as a potential mediator in the positive associations of Dorea, a
genus prevalent in the obese population®®!. Our results indicated that 1-methylxanthine is negatively related to

beneficial genera such as Blautia, Romboutsia, and Lachnospiraceae NK4A136 _group but positively related
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to Dubosiella. Supporting our results, Li et al.’”! found methylxanthine positively related to Dubosiella,
whereas negative with Lachnospiraceae NK44136_group when investigating the anti-obesity of plant
polysaccharides. It can be concluded that the high levels of CP tea polysaccharides may promote the
abundance of Lachnospiraceae NK44136 group, which could subsequently modulate caffeine metabolism
pathways.

Bioactive metabolites derived from gut microbial metabolism serve as critical signaling molecules in the
gut-brain axis, exerting neuroprotective effects through modulation of oxidative stress, neuroinflammation,

sB8 In this study, the abundance of Blautia, Romboutsia, Enterobacter,

and neurotransmitter homeostasi
Lachnospiraceae. NK4A136_group, Oscillibacter, Bilophila, and Clostridum_sensu_stricto 1 was positively
related to norepinephrine, L-theanine, and brain antioxidant activity, whereas negatively associated with
AchE activity. Among these, Romboutsia was positively correlated with indolelactic acid®®®). Blautia has been
reported to improve metabolic disorders through metabolizing tryptophan into indole-3-acetic acid®” and
5-HT!®Y. Our resutls revealed that gut microbiome may contribute to tryptophan metabolism through
increasing norepinephrine and SOD activity to elevate 5-HT production.

L-theanine, as a non-protein amino acid, has been reported to enhance the SCFAs level by increasing the
related bacterial®?l. SCFAs can further reduce the circulating FFA level by inhibiting intracellular lipolysis
while directly activating AMPK in the liver to promote fatty acid oxidation!®*. In this study, the
SCFAs-producing bacteria, including Blautia, Lachnospiraceae NK4A136 group, and Romboutsia, were
positively related to L-theanine and negatively related to serum FFA and liver lipid profiles. Even though the
SCFA level was not detected in this study, a previous study has demonstrated that the CP tea enriched the
SCFA level after three weeks' interventionl!. It can be assumed that L-theanine in the CP tea may contribute to
modulating lipid metabolism by promoting the SCFAs-producing bacteria. Theophylline is a non-selective
adenosine receptor antagonist shown to reduce body weight in obese animals by blocking the A2B receptor!®4].
SCFAs can inhibit cyclic adenosine monophosphate (CAMP) by activating the GPR41 receptor and further
influence the A2B receptor-mediated signaling!®®!. This cAMP suppression may collaborate with theophylline
to improve fat metabolism. Supporting this hypothesis, our results showed a positive correlation between
SCFAs-producing bacteria, theophylline, and fat metabolism. Consistently, theophylline is positively
correlated with Lachnospiraceae NK4A4136_group'®®. It can be concluded that these genera may participate
in the anti-obesity regulation of theophylline. However, the microbiome-metabolites crosstalk summarized in
this study was based on correlation analysis, the exact mechanisms of microbiome-metabolites interaction
should be further investigated through germ-free mice and fecal microbiota transplantation.

Our study represents an important advancement in CP tea research by conducting the first human
intervention trial that demonstrates beneficial effects on fat distribution and reveals how baseline gut
microbiota composition shapes individual responses. Additionally, we proved CP tea's neuroprotective
properties through its capacity to reduce obesity-related brain impairment. Furthermore, the CP

tea-microbiota-metabolite axis was mapped to find key biomarkers underlying its health benefits. These
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findings provide novel insights into CP tea's ability for metabolic health, connecting human clinical
observations with underlying biological mechanisms.

However, some limitations should be considered in this study. Firstly, as a pilot study with a short-term
intervention, the duration might be insufficient to observe significant changes in some body parameters.
Secondly, the participants we recruited are limited in geographic and ethnic diversity, which may restrict the
generalizability of the findings to broader populations. Future large-scale studies involving multiethnic
cohorts across diverse regions, with long-term interventions, are warranted to validate the associations

between CP tea consumption and metabolic health.

5. Conclusion

In conclusion, CP tea consumption offers significant metabolic health benefits in both healthy humans
and obese mice. Three weeks of CP tea consumption significantly improved body fat distribution and
restructured the gut microbiota in healthy adults. Specifically, we found that baseline Streptococcus
abundance was related to the CP tea's effect on body fat control. In obese mice, the CP tea intervention
significantly alleviated body weight gain, dyslipidemia, hepatic lipid accumulation, and brain dysfunction.
Specifically, CP tea consumption elevated beneficial taxa, including Blutia, Enterobacter,
Lachnospiraceae NK4A136 _group, Romboutsia, and enriched associated metabolites L-theanine,
theophylline, and norepinephrine in mice. These microbial and metabolic alterations were strongly correlated
with multiple metabolic outcomes, and the crosstalk between gut microbiota and metabolites that mediated the
beneficial effects of CP tea intervention was evaluated. The findings of this study provide new insights into the
potential applications of CP tea on metabolic health, and further studies are needed to explore the long-term

benefits of CP tea consumption in larger sample sizes.
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