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Background: Obesity and high fasting blood glucose (FBG) resulting from high-

fat diets (HFDs) have emerged as significant public health concerns, garnering

increasing attention. Recently, gut microbiota has been linked with metabolic

diseases such as type 2 diabetes (T2DM), and its mediating role in dietary

supplements has been confirmed. Seeking various dietary supplements to lose

body weight (BW) and decrease FBG and explaining the underlying mechanism

have become the research hotspots in T2DM studies.

Methods: In this study, rutin and proanthocyanidins (PA) were selected as dietary

supplements (200 mg/kg × day, oral gavage, 6 weeks) in T2DM mice induced

with HFD to assess their efficacy in weight loss, FBG reduction, gut microbiota

alterations, and the associated underlying mechanisms.

Results: Our findings indicate that rutin was more effective than PA in relieving

inflammation and fat hypertrophy, although both significantly reduced BW and

FBG within 2 weeks after the intervention. Analysis of 16S rRNA amplicons

revealed substantial alterations in the gut microbial community composition of

mice administered with PA and rutin compared to HFD-fed mice. Importantly,

several core microbes, particularly a series of probiotics, such as Akkermansia,

Lactococcus, Odoribacter, Faecalibaculum, and Roseburia were identified,

which were significantly correlated with the changes in BW and FBG.

Conclusion: Overall, our study highlights that rutin and PA can reduce BW, FBG,

and inflammation by modulating the gut microbiota composition, providing

novel perspectives for managing and treating weight and FBG concerns in

obesity and T2DM patients through dietary supplements in clinical treatment.
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Introduction

Obesity is a chronic metabolic disorder, which significantly
elevates the susceptibility to various diseases, including type 2
diabetes (T2DM) (Fryk et al., 2021), fatty liver (Eslam et al., 2020),
hypertension (DeMarco et al., 2014; Eslam et al., 2020), myocardial
infarction (Yusuf et al., 2005), and cancer (Hopkins et al., 2016).
According to the World Health Organization, more than 1 billion
people worldwide suffer from obesity and its derived metabolic
syndromes including T2DM (World Health Organization., 2021).
Consideration of T2DM is a global epidemic characterized by
metabolic disorders and harboring many complications caused
by genetic background and environmental factors, such as
overnutrition (Donath and Shoelson, 2011), and the number of
cases could exceed 642 million by 2040 without intervention
(Ogurtsova et al., 2017). Hence, our present study focuses on T2DM
as a disease model to explore the treatment strategy from the
perspectives of microbiome approach and dietary supplementation.

In past decades, previous studies have confirmed that gut
microbiota and its metabolites play an important role in the
metabolism of the body and are closely associated with metabolic
diseases (Fan and Pedersen, 2021). In particular, scientists have
proven that the dysbiosis of gut microbiota is an important
contributor to the prevalence and development of metabolic
diseases such as obesity and T2DM (de Vos et al., 2022; Han
et al., 2022; Ley et al., 2006) and proposed several new strategies
from the perspectives of dietary, probiotics, and prebiotics for the
treatment of metabolic diseases, including T2DM (Asemi et al.,
2016; Delzenne et al., 2015; Kim et al., 2018; Yang et al., 2021;
Yoo and Kim, 2016). It is noteworthy that various studies have
highlighted the influence of diet as a pivotal factor in shaping
the taxonomical and functional compositions of gut microbial
communities (Sonnenburg and Bäckhed, 2016). Recent findings
have underscored the anti-diabetic properties of dietary natural
products, which harbor the ability to support the maintenance of
gut microbial balance (de Vos et al., 2022). Several dietary natural
products, such as 6-shogaol (Jiao et al., 2023), tea polyphenol (Wen
et al., 2023), resveratrol (Jeyaraman et al., 2020), and myricetin
(Zhao et al., 2022), have demonstrated the ability to modulate
gut microbiota, enhance gut integrity, regulate host metabolism,
and alleviate obesity and T2DM (Chen et al., 2019; Delzenne
et al., 2011). Nowadays, although dietary natural products are
promising nutritional interventions with minimal side effects
in treating T2DM, exploring more dietary supplements with
functional properties and benchmarking the effects of different
dietary supplements are urgently needed, and the underlying
mechanism should be investigated.

Polyphenols, including tea polyphenols, grape seed
proanthocyanidins, and resveratrol, are famous natural dietary
compounds that are enriched in plant and human foods. For
example, the largest dietary sources of proanthocyanidins (PA) are
pulses, grains, nuts, cocoa, tea, wine, and fruits, such as blueberries
[(179.8 ± 50.8 ∼331.9 ± 14.0) mg/100 g fresh weight], plums
(215.9± 50.7 mg/100 g fresh weight), grapes (81.5± 15.0 mg/100 g
fresh weight), and apples [(47.2 ± 0.6 ∼ 141.0 ± 26.1) mg/100 g
fresh weight] (Gu et al., 2004; Salvadó et al., 2015). The function
of polyphenols in alleviating the metabolic syndrome associated
with obesity has been confirmed (Tomás-Barberán et al., 2016).

PA has been suggested to account for a significant portion of
polyphenols consumed in the Western diet because of its ubiquity
(Prior and Gu, 2005). Moreover, research studies have revealed
that approximately 11% of PA can be identified in the feces
after consuming PA daily for 10 days. This finding suggests the
gastrointestinal health benefits of the stable presence of ingested
PA in the gut (Choy et al., 2013). Several studies have demonstrated
the function of PA supplementation and explored the mechanism
relying on gut microbiota in-depth (Redondo-Castillejo et al.,
2023), providing potential for the prevention and treatment of
gut microbiota disorders (Campos et al., 2021; Gonzalez-Abuin
et al., 2015; Hameed et al., 2020; Liu W. et al., 2017). More
importantly, current toxicological studies showed that PA have
no observable toxicity to humans when used appropriately (Zeng
et al., 2020). In contrast, rutin is famous as one of the natural
polyphenol flavonoids that can be obtained from diverse plants,
such as buckwheat (up to 396 mg/100 g), amaranth leaves [up to
24.5 g/kg (dry weight)], elderflower tea (around 10.9 g/kg of dry
flowers’ weight), unfermented rooibos tea (about 1.69 mg/g), and
acacias (Gullón et al., 2017). It has been reported to have a wide
range of biological activities and pharmacological effects, including
reducing fasting blood glucose (FBG) and body weight (BW), anti-
inflammatory and antioxidant properties, and neuroprotection
(Ghorbani, 2017; Kamalakkannan and Prince, 2006; Ola et al., 2015;
Tung et al., 2021; Yeh et al., 2014; Yuan et al., 2017). Increasing
evidence confirms that rutin is a type of naturally occurring
flavonoid, which is widely found in vegetables and fruits; it has
beneficial effects on diabetes as a dietary supplement to improve
glycemic control, lipid profile, and antioxidant status with no
apparent toxicity and poor bioavailability in rodents (Bazyar et al.,
2023; Ghorbani, 2017; Liu Q. et al., 2017; Valentová et al., 2014),
suggesting that rutin is a potential substrate or dietary supplement
in clinical trial. Notably, the pharmacological properties of rutin
are gradually explored, such as substantial anti-inflammatory and
antioxidant effects. However, no evidence could confirm that rutin
can modulate the gut microbiota in high-fat diet (HFD)-induced
T2DM mice. Besides, few studies focused on the comparison of
the effects of PA and rutin (both plant polyphenols and available
dietary supplements) on weight loss and reduction in FBG levels
and their comparative abilities to repair the gut microbiota.

Therefore, to decipher and compare the possible mechanisms
by which dietary supplementation with PA or rutin reduces BW
and FBG levels in HFD-induced T2DM mice by modulating the
gut microbiota, we established a T2DM mouse model derived from
obesity induced by HFD and subsequent oral administration of PA
or rutin (both 200 mg/kg × day), comparing them with normal
and positive control groups. During the intervention process, the
BW and FBG levels of mice were measured with a high-frequency
strategy to directly revel the effects of rutin and PA. Whereas the
feces of mice were collected at two time points, namely, the time of
successful modeling and 6 weeks after the intervention (week 10).
The V3-V4 region of the 16S rRNA was sequenced to investigate
the alterations of gut microbiota. Besides, the oral glucose tolerance
tests (OGTT) and intraperitoneal glucose tolerance tests (IPITT)
were conducted at the end of the intervention and the pancreatic
(PAN), liver, and adipose tissues of mice were collected for
weighing and hematoxylin and eosin (H&E) staining to compare
the effects of rutin and PA. Our results showed that rutin and
PA harbor the ability to significantly lose BW and decrease FBG
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levels in T2DM mice. The results of 16S rRNA amplicon analysis
revealed that the gut microbiota underwent dynamic changes in
the groups administered orally with PA and rutin. Particularly,
our results identified several probiotics, such as Akkermansia,
Lactococcus, Odoribacter, Faecalibaculum, and Roseburia, which
were significantly associated with the changes in BW and FBG.
Moreover, the results of H&E staining suggested that rutin is more
effective than PA in relieving inflammation and fat hypertrophy.

In conclusion, our study demonstrated that the function and
mechanism of rutin and PA in anti-inflammatory, BW loss, and
FBG level decrease rely on the modulation of the gut microbiota.
Furthermore, the therapeutic effects of rutin are better than those of
PA. Finally, the application scenarios in which they maximize their
function may differ. Overall, our results provide new insights from
the perspectives of the gut microbiome and dietary supplements
into the clinical management and treatment of BW and FBG in
patients with obesity and T2DM.

Materials and methods

Experimental animals and treatments

A total of 20 4-week-old male specific-pathogen-free (SPF)
C57BL/6 mice were purchased from the Experimental Animal
Center of Anhui Medical University (Hefei, China). Five mice
were housed per cage with free access to food and sterile drinking
water in a temperature-controlled room (21◦C ± 2◦C) under a 12-
h light-dark cycle. Initially, the mice were acclimated to the new
environment by being fed a standard chow diet (CD) for 1 week
(defined as week 0). Following the adaptation period, the mice
were randomly divided into two groups based on CD (13.5% of
energy from fat; LabDiet 5001; LabDiet, USA) and HFD (45% of
energy from fat; D12451; Research DIETS, USA): CD (N = 5) and
HFD (N = 15) groups. Subsequently, by feeding the mice HFD
for 4 weeks and measuring FBG after giving the mice overnight
fasting for 12 h, with FBG > 9.5 mmol/L, the T2DM mouse
model was successfully constructed (Cheng et al., 2019; Pang et al.,
2016; Yu et al., 2019), the HFD group was further subdivided into
three groups and there was no significant difference in BW and
FBG among these three groups (p > 0.05, t-test). Prior research
investigating the efficacy of PA in treating obesity involved a 7-
week administration of a 300 mg/kg dosage (Liu W. et al., 2017).
In contrast, other studies employed varying dosages (75, 150, and
300 mg/kg) over a 4-week period (Liu et al., 2022) and intervened
with rutin (200 mg/kg) in HFD-fed mice for 4 weeks was found to
be effective in combating obesity and improving lipid metabolism
(Liu Q. et al., 2017). Considering these variables, we administered
a daily oral dose of 200 mg/kg/day of PA (>95% purity; Aladdin;
HFD+PA group), another received 200 mg/kg/day of rutin (>95%
purity; Aladdin; HFD+Rutin group), while the third group was
given stroke-physiological saline solution (SPSS) as the negative
control (HFD+SPSS group). Meanwhile, the CD mice were given
an equal volume of SPSS as the normal control (CD+SPSS group).
At week 10, the mice were euthanized through cervical dislocation
under isoflurane inhalation anesthesia. The PAN, liver tissue, and
adipose tissue were collected and soaked in 4% paraformaldehyde.

Fecal samples were collected at the time of successful construction
of the T2DM mouse model at week 4 of the experiment and at the
time of successful treatment at week 10 of the experiment, and the
fecal samples were stored at −80◦C (Figure 1). Ethical approval
for the animal experiments was obtained from the Experimental
Animal Ethics Committee of Anhui Medical University (approval
no: LLSC20210503).

Measurement of BW, FBG, OGTT, and
IPITT

The BW and FBG levels of each mouse were measured weekly
in accordance with the description of Hosomi et al. (2022) to
estimate the therapeutic effects of PA and rutin in reducing BW
and decreasing FBG levels. The FBG level was measured by
sampling blood from the tail tip with a Roche Accu-Chek Performa
(Roche Diagnostics, Mannheim, Germany) (Dhatt et al., 2011).
Furthermore, the changes in BW and FBG during the intervention
process were calculated using the following formulas:

1BW = BW10w − BW4w (1)

1FBG = FBG10w − FBG4w (2)

where BW10w and BW4w represent the average BW of five mice
at weeks 10 and 4, respectively; FBG10w and FBG4w represent the
average FBG of five mice at weeks 10 and 4, respectively; and 1BW
and 1FBG represent the value of weight loss and blood glucose
decrease between weeks 10 and 4, respectively.

Additionally, to evaluate the metabolic status of mice and
determine the therapeutic effects of rutin and PA, OGTT and IPITT
experiments were performed at weeks 8 and 9, respectively. For the
OGTT at week 8, mice underwent a 16-h overnight fast, while for
the IPITT at week 9, a 6-h fast was employed. The end time of the
measurement of FBG for each mouse was defined as its start time
(0 min). Then, the FBG levels in the OGTT and IPITT experiments
were measured at 15, 30, 60, and 120 min after oral administration
of D-(+)-glucose (1.5 g/kg-BW) and intraperitoneal injection of
insulin (0.5 U/kg-BW), respectively. The results of OGTT and
IPITT were presented by the area under the curve (AUC) (Yao et al.,
2021).

Weighing and H&E staining of tissues

At the end of the intervention experiment, PAN, liver, and
adipose tissues including inguinal adipose tissue (IAT) and gonadal
adipose tissue (GAT), of mice were collected and kept for weighing
and H&E staining. These tissues were first washed with phosphate-
buffered saline (PBS), and then their weight was measured and
recorded. Next, H&E staining was conducted by the procedure of
Zhang et al. (2020). Eventually, the cell nucleus of these tissues
was stained with hematoxylin, and the cytoplasm was stained with
eosin. The results of H&E staining were observed and visualized
with a microscope (Leica DM2500).
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FIGURE 1

Experimental design and procedure for comparing the effects and underlying mechanisms of PA and rutin in reducing BW and decreasing FBG
levels. C57BL/6 mice were acclimated for 1 week, designated as week 0. The T2DM model was induced by continuous HFD feeding over 4 weeks.
Subsequently, the T2DM mice were divided into three groups: HFD+SPSS, HFD+PA, and HFD+Rutin groups. The intervention experiment lasted
6 weeks. BW and FBG were measured weekly across the entire period of the experiment. During the period of the model construction model and
intervention experiment, fecal samples were collected from each mouse at the time of successful model construction (week 4) and the end of
intervention (week 10) and stored at −80◦C. The PAN, liver, and adipose tissues were collected and soaked in 4% paraformaldehyde for downstream
analysis, including H&E staining and weighing. In addition, OGTT was performed at week 8 and IPITT at week 9.

Collection of fecal samples and 16S rRNA
amplicon sequencing

During the entire experiment, the fecal samples were collected
at two time points: the time of successful model construction (week
4) and the end of intervention (week 10). Thus, a total of 30 fecal
samples were collected. The total DNA was extracted according
to the instruction of the PowerSoil DNA Isolation Kit (MoBio,
USA) and then all extracted DNA was dissolved in TE buffer and
stored at −20◦C. Next, the eligible DNA of samples was used
as a PCR template for obtaining the V3-V4 hypervariable region
of the 16S rRNA gene of microbes. Specifically, 5–50 ng DNA
was used as a template for amplifying the V3-V4 amplicon by
using the forward (5′-CCTACGGRRBGCASCAGKVRVGAAT-3′)
and reverse primers (5′-GGACTACNVGGGTWTCTAATCC-3′).
Indexed adapters were added to the ends of 16S rDNA amplicons
via limited cycle PCR and the sequencing library was constructed
using the MetaVxTM Library Preparation kit. DNA libraries were
verified and quantified by an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) and Qubit R© 2.0 (Applied
Biosystems, Carlsbad, CA, USA). All sequencing reactions were
performed on the Illumina MiSeq platform with a paired-end

sequencing strategy by GENEWIZ (Inc., South Plainfield, and NJ,
USA).

Bioinformatic analysis

In this study, 16S rRNA amplicon analysis was conducted
in QIIME2 (version: 2021.11) platform (Bokulich et al., 2018;
Hall and Beiko, 2018). First, quality control, denoise, chimera
removal, and splicing of raw paired-end sequencing reads were
performed with the DADA2 module of QIIME2. Second, the
representative sequences of microbe features were selected against
the trained classifier silva-138-99-nb-classifier.qza by using the
command ’rep-seqs.qza’, and then the taxonomical annotations of
these representative sequences were annotated with the command
’taxonomy. qza’. The relative abundance of each taxa was calculated
and summarized in a table and then the taxonomical compositions
of the gut microbiota at phylum, class, order, family, genus, and
species levels were summarized on R (Prevel et al., 2022).

Furthermore, based on the high quality of 16S rRNA
genes and their abundances, PICRUSt2 (version: 2.5.0) was
applied to investigate the dynamic changes of functional
composition of gut microbial communities during the intervention
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experiment (Douglas et al., 2020). Two output documents, namely
KO_predicted.tsv and pathway_predicted.tsv, were used to explore
the alterations of functional traits of gut microbial communities.
Besides, to obtain an in-depth understanding of the alterations
of gut microbiota, Linear discriminate analysis effect size (LEfSe)
(Segata et al., 2011) was applied to identify biomarkers among the
CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups based
on the composition of gut microbiota at week 10. The threshold for
the logarithmic LDA score for discriminative features was set to 3.

Additionally, the genera with significant differences (p < 0.05,
t-test) were identified based on the taxonomical compositions of
gut microbial communities at weeks 4 (mPA) and 10 (cPA) with
the treatment of PA, and those between weeks 4 (mRutin) and 10
(cRutin) with the treatment of rutin. The genera with significant
differences presented in the intervention process of PA and rutin
were defined as key microbes. Based on the compositions of gut
microbial communities of CD+SPSS, HFD+SPSS, HFD+PA, and
HFD+Rutin groups, the correlations among genera were calculated
using the “corr.test” function of the “psych” package of R, and the
corresponding co-occurrence network was visualized in Cytoscape
(version: 3.6.1).

In particular, by the calculation formula of Euclidean distance
between two points, a novel strategy was proposed to quantitatively
illustrate the shift of the gut microbiota between two different
groups in this study. Specifically, based on the composition of
gut microbiota, principal coordinate analysis (PCoA) was first
conducted with the “dudi.pca” function of the “vegan” package,
and the values of PCo1 and PCo2 of each sample were obtained.
Next, the average values of PCo1 and PCo2 in each group were
calculated and defined as the coordinates of the center point of each
group. Afterward, the distance of two center points was calculated
as described using Formula 3, and it represents the offset of the gut
microbial communities between two groups (GMoffset).

GMoffset(g1−g2) =

√(
PCo1g1 − PCo1g2

)2
+ (PCo2g1 − PCo2g2)

2

(3)
where PCo1g n and PCo2g n represent the average values of PCo1
and PCo2 in the gut microbiota of group n, respectively, and
GMoffset(g1−g2) represents the offset of gut microbial communities
between group 1 and group 2.

Statistical analysis

Statistical analysis was performed mainly on the R platform
(version: 4.2.2) and GraphPad Prism software (version: 8.0.2,
USA). Shannon and Simpson indices were calculated using the
“estimate_richness” function of “phyloseq” package and selected to
estimate the changes of α-diversity of gut microbial communities
with the Kruskal-Wallis test. Based on the taxonomical
composition of microbial communities at the genus level, the
Bray–Curtis dissimilarities were calculated and compared with the
“anosim” function of the “vegan” package. PCoA was performed
and visualized with the “dudi.pca” function of “ade4” and “ggplot2”
packages, respectively. The heatmaps presented in this study were
visualized with the “pheatmap” package.

Results

Verified function of PA and rutin in
reducing BW and decreasing FBG in
T2DM mice

Several previous studies have demonstrated that PA has
the potential to lose BW and decrease FBG (Bertoia et al.,
2016), possibly through modulating gut microbiota. However, the
function and underlying mechanism of rutin, a plant polyphenol, in
obesity and T2DM remains elusive and needs further verification.
Hence, a T2DM model of C57BL/6 mice with HFD for 4 weeks was
constructed, and the intervention experiment was performed for
6 weeks to clarify whether rutin can alter BW and FBG in patients
with obesity and T2DM. As shown in Figure 2A, the BW of the HFD
group was significantly higher than that of the CD group at the end
of the model construction (all p < 0.01, t-test). Subsequently, the
T2DM mice were orally administrated with PA or rutin for 6 weeks,
and the results showed that the BW of HFD+Rutin and HFD+PA
groups underwent significant differences across the entire process
(Figure 2B and Supplementary Table 1).

On the one hand, the BW of the CD+SPSS and HFD+SPSS
groups at week 10 (CD+SPSS: 26.00 ± 2.92 g, HFD+SPSS:
35.20 ± 4.87 g) were significantly higher than that at week 4
(CD+SPSS: 22.65± 0.95 g, HFD+SPSS: 29.68± 2.40 g, all p < 0.05,
t-test, Figure 2B). However, the BW of HFD+PA and HFD+Rutin
groups at week 10 (HFD+PA: 23.00 ± 2.45 g, HFD+Rutin:
24.80 ± 1.30 g) were not significantly higher than that at week 4
(HFD+PA: 26.12± 2.26 g, HFD+Rutin: 25.39± 1.98 g, all p > 0.05,
t-test, Figure 2B). On the other hand, the BW of the mice fed with
HFD was significantly higher than that of the mice fed with CD
during the intervention process, particularly at week 10 (p < 0.01,
ordinary one-way ANOVA, Figure 2C). The BW of the HFD+PA
(23.00 ± 2.45 g) and HFD+Rutin groups (24.80 ± 1.30 g) was
significantly lower than that of the HFD+SPSS (35.20 ± 4.87 g)
group (all p < 0.001, ordinary one-way ANOVA, Figure 2C). On
the contrary, no significant differences were found among the
CD+SPSS (26.00 ± 2.92 g), HFD+PA, and HFD+Rutin groups at
week 10 (all p > 0.05, ordinary one-way ANOVA, Figure 2C).

Besides, we calculated 1BW and 1FBG values to estimate
the dynamic changes in BW and FBG for CD+SPSS, HFD+SPSS,
HFD+PA, and HFD+Rutin groups and highlight the effects of rutin
and PA. The results showed that the BW of the HFD+SPSS group
(1BW(HFD+SPSS) = 5.52 g) increased by 2.17 g (39.3%) compared
with that of the CD+SPSS group (1BW(CD+SPSS) = 3.35 g).
Importantly, we observed that the BW of HFD+PA and
HFD+Rutin groups both decreased (1BW(HFD+Rutin) = −0.594 g
and 1BW(HFD+PA) = −3.116 g) at the end of the intervention
experiment. These results suggested that PA and rutin can
effectively decrease the BW of T2DM mice, and PA’s effect on
reducing weight is better than that of rutin.

Similarly, the FBG levels of the CD+SPSS, HFD+SPSS,
HFD+PA, and HFD+Rutin groups were monitored during
the entire experiment, and the results showed that the FBG
levels of HFD+PA and HFD+Rutin groups significant differed
(Supplementary Table 2). Specifically, the FBG levels of the HFD
group were significantly higher than that of the CD group at the
pre-intervention stage (week 4, p < 0.001, t-test, Figure 2D). After

Frontiers in Microbiology 05 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1513935
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-15-1513935 December 24, 2024 Time: 15:27 # 6

Gao et al. 10.3389/fmicb.2024.1513935

FIGURE 2

Prompt weight loss and decrease blood glucose in T2DM mice by oral gavage of PA or rutin. (A) The BW of CD and HFD groups has a significant
difference before the oral administration of PA and rutin (week 4). (B) The intervention experiment with oral gavage of PA or rutin to T2DM mice
showed that the BW of HFD+PA and HFD+Rutin groups had no significant differences between weeks 10 and 4, respectively, whereas that of
CD+SPSS and HFD+SPSS groups significantly increased. (C) After oral administration of PA or rutin, the BW of HFD+PA and HFD+Rutin groups were
both significantly lower than that of CD+SPSS and HFD+SPSS groups at week 10. (D) The FBG levels of CD and HFD groups had a significant
difference at week 4. (E) Dynamic changes in the FBG of CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups across the entire experiment were
shown. (F) After oral administration of PA or rutin, the FBG levels of HFD+PA and HFD+Rutin groups were significantly lower than those of CD+SPSS
and HFD+SPSS groups at week 10. (G) OGTT showed the dynamic changes in FBG of CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups.
(H) The AUC values of CD+SPSS and HFD+SPSS groups were significantly higher than those of HFD+PA and HFD+Rutin groups according to OGTT.
(I) IPITT showed the dynamic changes in the FBG of CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups. (J) The AUC values of CD+SPSS and
HFD+SPSS groups were significantly higher than those of HFD+PA and HFD+Rutin groups according to IPITT.

oral gavage of PA and rutin was administered, the FBG levels of
the HFD+PA and HFD+Rutin groups both subsequently decreased,
and they can return to a similar level as those in the CD+SPSS
group, compared with those in the HFD+SPSS group (Figure 2E).
Furthermore, the statistical results of FBG levels among these four
groups between weeks 4 and 10 proved that PA and rutin can
decrease the FBG levels of T2DM mice (Figure 2F). To estimate
the effects of PA and rutin in decreasing FBG levels, we quantified
the changes in FBG levels between weeks 10 and 4 for these
four groups (1FBG(HFD+SPSS) = −0.2, 1FBG(CD+SPSS) = 0.66,
1FBG(HFD+Rutin) = −4.56, 1FBG(HFD+PA) = −4.54), respectively.
The results suggested that the ability of PA and rutin to decrease
FBG levels did not show significant differences.

Additionally, to explore the effects of PA and rutin on glucose
metabolism, OGTT, and IPITT were conducted at weeks 8 and

9, respectively. The OGTT results revealed that the FBG levels
of the HFD+SPSS group at 0, 15, 30, 60, and 120 min were
significantly higher than those of the HFD+PA, HFD+Rutin, and
CD+SPSS groups (all p < 0.05, t-test, Figure 2G) at the same
time points during the test process. Meanwhile, the AUC of
the HFD+SPSS group was significantly higher than that of the
HFD+PA, HFD+Rutin, and CD+SPSS groups (all p < 0.05, t-test,
Figure 2H). Besides, we found that the AUC of the HFD+Rutin
group was higher than that of the HFD+PA group (Figure 2H).
The results of IPITT showed a similar pattern and trend to those
of OGTT (Figures 2I, J). Overall, these results demonstrated that
administering oral gavage of dietary supplements, namely, PA
and rutin, to T2DM mice can restore the ability to modulate
blood glucose levels and thereby lose BW and decrease FBG
levels.

Frontiers in Microbiology 06 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1513935
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-15-1513935 December 24, 2024 Time: 15:27 # 7

Gao et al. 10.3389/fmicb.2024.1513935

FIGURE 3

Estimation of histopathological effects of PA and rutin in reducing weight and decreasing blood glucose levels. (A) Four kinds of tissues, namely,
PAN, liver tissue, IAT, and GAT, were collected and used for H&E staining (10 × 10) for CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups. The
weight of panel (B) liver tissue, (C) IAT, and (D) GAT among CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups were measured and compared to
explore the effects of PA and rutin on T2DM mice.

Recovery of T2DM mice tissues after oral
administration of PA or rutin from a
histopathological perspective

To explore the effects and underlying mechanisms of PA
and rutin in reducing BW and decreasing FBG, four kinds of
tissues were collected, including PAN, liver tissue, IAT, and GAT.
Histopathological examination using H&E staining was conducted,
and the weight of these tissues was measured for the CD+SPSS,
HFD+SPSS, HFD+PA, and HFD+Rutin (Figure 3). The results
showed that the tissue histopathology of different groups changed
dramatically, revealing the recovery of function in the tissues after
the treatment of PA and rutin. The H&E staining results showed
that the cell nuclei deviated, more islet cells degenerated, the
arrangement of islet cells was disordered, and intracytoplasmic

vesicular structures increased in the physiological tissues of the
HFD+SPSS group in comparison with that of the CD+SPSS group
(Figure 3A). The liver tissues of the HFD+SPSS group showed
obvious fat infiltration and contained many fat vacuoles in the
visual field. In particular, fatty degeneration was found in the
hepatocytes. By contrast, the hepatocytes of the CD+SPSS group
were neatly arranged and structurally intact with clear cell borders
and the cell nuclei were in the center of the cells (Figure 3A).
The tissue histopathological changes revealed the damage to the
physiological function of T2DM mice.

After oral gavage of PA and rutin was administered to T2DM
mice for 6 weeks, we were surprised to find that histopathology
transformation occurred in the HFD+PA and HFD+Rutin groups.
For example, the number of focal vacuolar lesions of islet cells
and degenerated islet cells in the HFD+PA group decreased
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in comparison with that in the HFD+SPSS group (Figure 3A).
Furthermore, the islet cells in the HFD+Rutin group showed
a neat arrangement, abundant and uniform cell cytoplasm, the
disappearance of vacuolar degeneration in the islet cells, and
significant improvement in the degree of lesions (Figure 3A).
Besides, although the hepatocytes were more structurally intact, the
degree of fatty degeneration greatly reduced, and the number of
fat vacuoles in the liver of the HFD+PA and HFD+Rutin groups
significantly decreased compared with that in the HFD+SPSS
group. Fat vacuoles were still present in the liver of these two
groups and the proportions in the HFD+PA group were higher than
in the HFD+Rutin group. Moreover, the tissue histopathological
structures of the HFD+Rutin group were more similar to those of
the CD+SPSS group (Figure 3A). These results showed that the oral
gavage of PA and rutin in T2DM mice can recover the function of
tissues. However, the recovery effectiveness of PA and rutin differ.

Additionally, the results of weight measurement of the liver
tissue, IAT, and GAT among the CD+SPSS, HFD+SPSS, HFD+PA,
and HFD+Rutin groups showed that the effects on the weight
loss of tissues with the treatment of PA and rutin remarkably
differed (Supplementary Table 3). Although the liver weight of
the HFD+PA (1.36 ± 0.26 g) and HFD+Rutin (1.14 ± 0.09 g)
groups decreased compared with that of the HFD+SPSS group
(1.49± 0.28 g), a significant difference was observed between these
two groups (p < 0.05, t-test), compared with the HFD+PA and
HFD+SPSS groups (Figure 3B). In terms of IAT and GAT, the
weight of their left and right parts was measured and compared
among CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups.
The results showed that the IAT and GAT weight of the HFD+PA
(IAT: 0.146 ± 0.057 g; GAT: 0.284 ± 0.088 g) and HFD+Rutin
(IAT: 0.166 ± 0.039 g; GAT: 0.302 ± 0.081 g) groups significantly
decreased (IAT: 0.389 ± 0.285 g; GAT: 0.676 ± 0.431 g, all
p < 0.0001, ordinary one-way ANOVA) in comparison with that
of the HFD+SPSS group; no remarkable differences were found in
these two groups and with the CD+SPSS group (Figures 3C, D).
These results suggested that PA and rutin can decrease the weight
of the liver tissue, IAT, and GAT, and the effects of rutin are better
than those of PA.

Together, the comparison of histopathological changes and
tissue measurements showed that PA and rutin by oral gavage in
T2DM mice significantly altered the conformation of the tissue
structure and transitioned it from a pathological to a normal state.
Moreover, the effects of rutin on fatty metabolism and the weight
and morphological structures of the liver were more remarkable
than those of PA. Hence, the therapeutic effects of rutin were
speculated to be better than those of PA from the perspective
of histopathology.

The significant shift in taxonomical
structure of gut microbial communities
of T2DM mice after oral gavage of PA
and rutin

To investigate the alterations of gut microbiota of T2DM mice
caused by PA and rutin and explore the in-depth mechanism, the
fecal samples of T2DM mice were collected, the meta-DNA of
these samples was extracted, and the V3-V4 region of 16S rRNA

was sequenced. Thus, a total of 1,658,576 high-quality sequences
were obtained from 30 samples, and the 16S rRNA amplicon
dataset was analyzed with the DADA2 tool within QIIME2. The
result of the sparsity curve analysis suggested that the sequencing
depth was sufficient, and most microbes in each sample were
captured (Supplementary Figure 1). Next, the results of α diversity
analysis showed that the Shannon and Simpson indices in the
gut microbiota of the HFD+Rutin group significantly increased in
comparison with those of the HFD+SPSS group (p < 0.05, t-test,
Figures 4A, B). Meanwhile, the Shannon and Simpson indices in
the gut microbiota of the HFD+PA group did not significantly differ
from that of the HFD+SPSS group (p > 0.05, t-test, Figures 4A,
B). To further illustrate the dynamic changes of α diversities,
the α diversities of gut microbial communities between the pre-
intervention (mRutin, week 4) and post-intervention (cRutin, week
10) were compared. Similarly, the α diversities in the gut microbial
communities of T2DM mice significantly increased with the oral
gavage of rutin within 6 weeks (p < 0.05, t-test, Figures 4C,
D), whereas no significant difference was found after the oral
administration of PA (mPA and cPA groups, Figures 4E, F). These
results suggested that the oral gavage of rutin (200 mg/kg× day) to
T2DM mice can significantly alter the α diversity of gut microbial
communities, but not PA.

Subsequently, the differences in gut microbial communities
among the CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin
groups were verified. The results showed that the taxonomical
compositions of gut microbial communities at the genus level
in the HFD+PA and HFD+Rutin groups significantly differed in
comparison with those in the HFD+SPSS group (ANOVA, p < 0.05,
Figure 4G) at the end of the intervention. Importantly, significant
differences were presented in the gut microbial communities
of T2DM mice during the process of intervention with PA or
rutin (ANOVA, all p < 0.05, Figures 4H, I). Moreover, PCoA
showed obvious separations in the gut microbial communities
of the CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups
(Figure 4J) and pre-intervention and post-intervention of PA
(Figure 4K) and rutin (Figure 4L). These results suggested that oral
gavage of rutin (200 mg/kg × day) and PA (200 mg/kg × day) to
T2DM mice can significantly change the taxonomical compositions
of gut microbial communities in T2DM mice.

Particularly, to further estimate the abilities of PA
and rutin to modulate the taxonomical composition of
gut microbial communities, the offset value between the
two groups was calculated using Formula 3. The results
demonstrated that the offset of gut microbial communities
between the CD+SPSS and HFD+SPSS groups was 6.68
[GMoffset(CD−HFD) = 6.68], which suggested that the taxonomical
compositions of gut microbial communities of the HFD+SPSS
group were changed compared to those of the CD+SPSS group.
Similarly, the offset values of gut microbial communities
among different groups were calculated, and the following
values were obtained: GMoffset(HFD+PA−HFD+SPSS) = 1.79,
GMoffset(HFD+Rutin−HFD+SPSS) = 7.39, GMoffset(cPA−mPA) = 6.20,
and GMoffset(cRutin−mRutin) = 6.54. Furthermore, 1FBG exhibited
a significant positive correlation with the changes in the gut
microbiota of the HFD+Rutin group (R = 0.92, p < 0.05,
Supplementary Figure 2), suggesting that the decrease in FBG
levels was significantly correlated with the dynamic changes in
gut microbial communities during the treatment of rutin. Since
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FIGURE 4

Significant alteration in the taxonomical compositions of gut microbial communities of T2DM mice after oral gavage of PA and rutin. The α

diversities, including (A) Shannon and (B) Simpson indices, of gut microbial communities between the CD+SPSS, HFD+SPSS, HFD+PA, and
HFD+Rutin groups were compared. The α diversities, including (C) Shannon and (D) Simpson indices, of gut microbial communities between mRutin
and cRutin groups were compared. The α diversities, including (E) Shannon and (F) Simpson indices, of gut microbial communities between mPA
and cPA groups were compared. The significant differences in the composition of gut microbial communities (G) between CD+SPSS, HFD+SPSS,
HFD+PA, and HFD+Rutin groups at week 10; (H) between pre-intervention (mPA, week 4) and post-intervention (cPA, week 10) groups intervened
with PA; and (I) between pre-intervention (mRutin, week 4) and post-intervention (cRutin, week 10) groups intervened with rutin were compared by
their Bray–Curtis dissimilarity. Principal coordinate analyses (J) among CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups; (K) between cPA and
mPA groups; and (L) between cRutin and mRutin groups were conducted. (M) The taxonomical structure of gut microbial communities for
CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups was profiled at the phylum level. (N) The relative abundances of Firmicutes and Bacteroidota
in CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups were visualized. (O) The ratios of Firmicutes and Bacteroidota of CD+SPSS, HFD+SPSS,
HFD+PA, and HFD+Rutin groups were calculated and visualized. (P) The taxonomical structure of gut microbial communities for cPA and mPA
groups was profiled at the phylum level. (Q) The relative abundances of Firmicutes and Bacteroidota in cPA and mPA groups were visualized. (R) The
ratios of Firmicutes and Bacteroidota in cPA and mPA groups were visualized. (S) The taxonomical compositions of gut microbial communities in
cRutin and mRutin groups were profiled at the phylum level. The relative abundances of Firmicutes and Bacteroidota in panel (T) cRutin and mRutin
groups were visualized. (U) The ratios of Firmicutes and Bacteroidota in cRutin and mRutin groups were calculated and displayed. (V) The top 20
genera were selected and visualized to display the alterations in the taxonomical compositions of gut microbial communities at the genus level.

GMoffset(HFD+PA−HFD+SPSS) < GMoffset(HFD+Rutin−HFD+SPSS), and
GMoffset(cPA−mPA) < GMoffset(cRutin−mRutin), the results of these
offset values and linear fit analyses suggest that rutin may be
superior to PA in its ability to modulate the composition of the gut
microbial communities (Figures 4J–L).

Moreover, to investigate the dynamic changes in gut
microbial communities, the taxonomical compositions of gut
microbial communities were profiled at the phylum and genus
levels. First, nine phyla, namely Actinobacteriota, Bacteroidota,
Campilobacterota, Deferribacterota, Desulfobacterota, Firmicutes,
Patescibacteria, Proteobacteria, and Verrucomicrobiota, were
found to be the dominant taxa in gut microbial communities.
The relative abundances of Firmicutes and Bacteroidota in T2DM
mice significantly increased and decreased, respectively, during
the entire process in comparison with those in normal mice in the
CD+SPSS group (Figures 4M, N), consistent with the changes in
these two phyla in the gut microbial communities of HFD-induced

obese mice (Daniel et al., 2014). The Firmicutes/Bacteroidota
(F/B) ratio in the HFD+SPSS group increased in comparison with
that in the CD+SPSS group (Figure 4O). After the oral gavage
of PA and rutin was administered, the relative abundances of
Firmicutes and Bacteroidota continually increased and decreased
(Figures 4M, N), respectively, and the F/B ratio in the HFD+PA
and HFD+Rutin groups increased (Figure 4O). In particular,
the F/B ratio in the HFD+Rutin group was higher than that in
the HFD+PA (Figure 4O). Subsequently, the dynamic changes
in the taxonomical compositions of gut microbial communities
between pre-intervention and post-intervention samples for
PA and rutin were compared at the phylum level. As for the
T2DM mice administered with PA, the relative abundances of
Firmicutes and Bacteroidota decreased and increased (Figures 4P,
Q), respectively, and the F/B ratio decreased (Figure 4R).
Interestingly, the dynamic patterns of the relative abundances
of Firmicutes and Bacteroidota and the F/B ratio were inverse

Frontiers in Microbiology 09 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1513935
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-15-1513935 December 24, 2024 Time: 15:27 # 10

Gao et al. 10.3389/fmicb.2024.1513935

in the gut microbial communities of mice intervened with
rutin (Figures 4S–U). Furthermore, a total of 66 genera were
identified, and seven taxa, including Muribaculaceae, Bacteroides,
Lactococcus, Lachnospiraceae_NK4A136_group, Clostridia_UCG-
014, Lactobacillus, and Rikenellaceae_RC9_gut_group, dominated
in the gut microbial communities (Figure 4V). These results
revealed that the taxonomical structures of gut microbial
communities were significantly altered, coupled with the loss
of BW and the decrease in FBG, with the intervention of PA and
rutin.

Identification of key gut microbiota,
co-occurrence network analysis, and
their interactions with BW and FBG
during the intervention process of rutin
and PA

In the previous section of our results, we primarily focused
on the dynamic changes of taxa at the phylum and genus levels
and ignored the roles of microbes with significantly altered gut
microbial communities of T2DM mice during the intervention
process of PA and rutin. Hence, we further identified the key
microbiota, explored the interactions and associations among these
microbes, and linked them with the changes of BW and FBG to
elucidate the potential mechanisms of PA and rutin in reducing BW
and decreasing FBG.

First, the distribution of core and specific genera of gut
microbial communities were visualized and 23 core genera were
identified during the intervention of PA and rutin (Figure 5A).
Then, the significantly differed taxon at the genus level was
identified among different groups with LEfSe. The results showed
that Roseburia and Odoribacter harbored powerful discrimination
for the HFD group, whereas Eubacterium_siraeum_group,
Prevotellaceae_ucg-001, Anaeroplasma, Monoglobus, and
Ruminococcus were suitable to the CD+SPSS group (Figure 5B).
Moreover, a series of gut probiotics and short-chain-fatty-
acid-producing bacteria, such as Lactococcus, Streptococcus,
Lachnospiraceae_UCG-006, and Anaerotruncus were determined
to be powerful discrimination taxa in the HFD+PA and
HFD+Rutin groups compared with the HFD+SPSS group
after the oral gavage of PA and rutin (Figure 5B and Supplementary
Figure 3). Several significantly different taxa, including Roseburia
and Parabacteroides, were identified in T2DM mice with the
intervention of PA and rutin (Figure 5B).

Second, co-occurrence networks between the taxonomic
composition of gut microbiota at the genus level and body
characteristics (including BW and FBG) and the weights of
three tissues were constructed at week 10 (Supplementary
Figure 4). The ratio of the abundance of the same taxon
and the ratio of body features between cPA and mPA groups
and between cRutin and mRutin groups were calculated and
visualized (Figures 5C, D), respectively. The results showed that
the relative abundances of Colidextribacter, Faecalibaculum,
A2, Anaerotruncus, Tuzzerella, Rikenella, Bilophila, Alistipes,
Lachnospiraceae_NK4A136_group, and Roseburia in the gut
microbiota communities of T2DM mice increased, and then
after the oral gavage of PA, their abundances significantly

decreased (all p < 0.05, Kruskal–Wallis test, Figure 5C).
Similarly, the relative abundances of Roseburia, Lactococcus,
Bifidobacterium, Romboutsia, Tuzzerella, Rikenella, Alistipes,
Bacteroides, Lactobacillus, Lachnospiraceae_NK4A136_group,
Rikenellaceae_RC9_gut_group, A2, and Anaerotruncus in the gut
microbiota communities of T2DM mice increased, and then
after the oral gavage of rutin, their abundances significantly
decreased (all p < 0.05, Kruskal–Wallis test, Figure 5D). The
results suggested that the relative abundances of Roseburia,
Tuzzerella, Lachnospiraceae_NK4A136_group, Rikenella, Alistipes,
A2, and Anaerotruncus, decreased after the intervention of
PA and rutin. Inversely, the dynamic change patterns of
Helicobacter, Erysipelatoclostridium, Clostridia_vadinBB60_group,
Blautia, Odoribacter, Candidatus_Saccharimonas, Lactococcus,
Parabacteroides, and Muribaculaceae in T2DM mice with the
oral gavage of PA and those of Parabacteroides, Akkermansia,
Bilophila, Helicobacter, Clostridia_vadinBB60_group, Blautia,
Muribaculaceae, Candidatus_Saccharimonas, and Oscillibacter
with the oral gavage of rutin significantly increased
(all p < 0.05, Kruskal–Wallis test, Figures 5C, D). The
abundance of Helicobacter, Muribaculaceae, Parabacteroides,
Clostridia_vadinBB60_group, Blautia, Candidatus_Saccharimonas,
and Odoribacter increased after the intervention of PA and rutin.

Third, the linkage between the alterations in mice’s body
features and gut microbiota was investigated. The Pearson
correlations among the gut microbiota and BW, FBG, IAT,
GAT, and liver tissue were determined, and the interaction
network was conducted. The results showed that Faecalibaculum,
Christensenellaceae_R-7_group, Clostridium_sensu_stricto_1,
Coriobacteriaceae_UCG-002, Mucispirillum, and Roseburia
were significantly positively correlated with BW, whereas
NK4A214_group was significantly negatively correlated
(all p < 0.05, Supplementary Figure 5). Additionally,
Christensenellaceae_R-7_group, Clostridium_sensu_stricto_1,
Coriobacteriaceae_UCG-002, Faecalibaculum, Mucispirillum,
and Roseburia were significantly positively correlated with FBG
(p < 0.05, Supplementary Figure 5), and the relative abundance
of Roseburia was significantly positively correlated the changes
in the weight of liver tissue (R = 0.484, p < 0.05, Supplementary
Figure 6). Besides, Faecalibaculum, Christensenellaceae_R-
7_group, Mucispirillum, Clostridium_sensu_stricto_1,
Clostridia_vadinBB60_group, Coriobacteriaceae_UCG-002, and
Roseburia, were significantly positively correlated with the changes
in IAT and GAT. In particular, Roseburia was strongly positively
correlated with the dynamic changes in body features, including
BW, FBG, IAT, GAT, and liver tissue. Our findings suggest that
weight loss and FBG reduction in T2DM mice under sustained
intervention with PA and rutin are strongly associated with changes
in the gut microbiota.

Identification of potential functional
traits of gut microbial communities that
contribute to the role of rutin and PA

To obtain an in-depth understanding of the potential
mechanism of PA and rutin, the functional compositions of gut
microbial communities were profiled and the linkages between the
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FIGURE 5

Identification of key microbes and biomarkers and construction of interaction network to reveal the potential mechanisms of PA and rutin in
reducing BW and FBG. (A) Veen plot showed the distribution of gut microbes among groups at the genus level. (B) Taxonomic biomarkers for
CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups and pre-intervention and post-intervention of PA and rutin were identified. Network analysis
showed the interactions between gut microbes and mouse body features and the alterations of gut microbiota for the intervention with panel (C) PA
and (D) rutin. The area of each circle is divided into two parts dark green and dark blue (enriched in the mPA group), and light green and light blue
(enriched in the cPA group). The area of each circle is divided into two parts labeled with dark pink, dark purple (enriched in the mRutin group), and
light pink and light purple (enriched in the cRutin group).

dominant functional traits and key gut microbes were constructed
with multiple comparisons based on Spearman’s rank correlations
(Figure 6). The results showed that the associations between
the discriminated taxa (biomarkers) of each group and the
dominant KOs (Figure 6A) were different. Such as Lactococcus
and Streptococcus, which are two biomarkers for the HFD+PA
group, were significantly associated with K07024, K00059, K02030,
K02004, K02003, K02529, K01992, and K06180, which are mainly
involved in starch and sucrose metabolism, fatty acid metabolism,
amino acid transport system, ABC transport system, LacI
family transcription regulatory factors, and ribosome biosynthesis
(Figure 6A). Meanwhile, the biomarkers for the HFD+Rutin group,
such as Acetatifactor and Bilophila, were significantly associated
with abundant KOs, including K03205, K03091, K04759, K03497,
K03496, K00615, K03657, K01448, K03169, K03655, K03088, and
K01915, which mainly participate in the function of the secretory
system, iron transport, protein signaling, ParB family transcription
processes, chromosome segmentation proteins, pentose phosphate
pathways, nucleotide excision repair, DNA replication, and amino

acid metabolism (Figure 6A). Subsequently, the correlations among
the top 30 KOs were calculated and visualized (Figure 6B). Then,
the enrichment of KOs in the intervention of PA and rutin was
compared and the functional traits of gut microbial communities
were found to be mainly involved in glucose metabolism, fatty
acid metabolism, amino acid metabolism, and protein transport
system after PA and rutin treatment (Figures 6C, D). Overall,
the results suggested that the alterations in gut microbes of the
microbial communities of T2DM mice after the intervention with
PA and rutin led to the enrichment of functional traits, such as
the metabolism of glucose, fatty acid, and amino acids, which
contributed to the role of PA and rutin in reducing BW and
decreasing FBG.

Discussion

In our present study, we verified the function of rutin in
reducing weight and decreasing blood glucose levels, compared
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FIGURE 6

Identification of potential functional traits of gut microbial communities that contribute to the role of PA and rutin. (A) The heatmap showed the
Spearman correlations between dominant KOs and the genus taxa based on the genus composition of gut microbial communities in CD+SPSS,
HFD+SPSS, HFD+PA, and HFD+Rutin groups (week 10). (B) The Spearman correlations among the top 30 KOs were visualized based on the
functional composition of gut microbial communities in CD+SPSS, HFD+SPSS, HFD+PA, and HFD+Rutin groups (week 10). (C) The Spearman
correlations between dominant KOs and the genus taxa of cPA and mPA groups were determined. (D) The Spearman correlations between
dominated KOs and the genus taxa of cRutin and mRutin groups were determined.

the effects between the oral gavage of PA and rutin in animal
experiments, and investigated the potential mechanisms from the
perspective of gut microbiota. Our results demonstrated that PA
and rutin harbor the ability to lose BW and decrease FBG levels in
T2DM mice, and enhance glucose tolerance and insulin sensitivity.
In particular, the weight loss effect of PA was superior to that
of rutin {1BW(HFD+Rutin) = −0.59, 1BW(HFD+PA) = −3.116,
and abs[1BW(HFD+PA)] > abs[1BW(HFD+Rutin)]}, whereas the
FBG decrease effect of rutin was superior to that of PA
{1FBG(HFD+Rutin) = −4.56, 1FBG(HFD+PA) = −4.54, and
abs[1FBG(HFD+Rutin)] > abs[1FBG(HFD+PA)]}. These results
suggested that although PA and rutin harbor the ability to lose
BW and decrease FBG levels, the application scenarios in which
they maximize their function may differ. That is to say, the
advantages of PA are rapidly reducing BW and decreasing FBG
levels, and quickly controlling BW and FBG is suitable, benefiting
obese populations with T2DM. Meanwhile, the advantages of rutin
are slowly reducing BW and rapidly decreasing the FBG levels,
benefiting patients with T2DM but without obesity. Additionally,
the results of OGTT and IPITT showed that PA and rutin can
enhance glucose tolerance and insulin resistance in T2DM mice,
and the effects of PA are better than those of rutin.

Moreover, the histopathological results showed that the tissues
of T2DM mice recovered after the oral gavage of PA and rutin,
indicating the transformation of these tissues from a pathological
state to a normal state. The H&E staining results of the four kinds
of tissues, including PAN, liver tissue, IAT, and GAT, revealed the
alterations in cells and proved that PA and rutin can improve
chronic inflammation. Besides, the H&E staining results of adipose
tissue sections and the measurement of liver weight indicated
that PA and rutin can significantly reduce adipocyte hypertrophy.
A combination of the results of PAN and liver tissue sections
and the comparison results of the weight of tissues indicated that
rutin is more effective in alleviating pancreatic histopathology and
improving the cytopathy of liver tissue than PA.

Furthermore, previous studies have proven that the mechanism
of PA in reducing BW and decreasing FBG is achieved through
modulating the gut microbiota (Ferreira et al., 2023). Hence, in the
present study, to elucidate the mechanism of rutin and investigate
the effect variations between PA and rutin in gut microbiota
remodeling, we conducted the 16S rRNA amplicon sequencing,
profiled the taxonomical and functional compositions, and linked
the alterations of gut microbiota with the changes of body
features. Our results showed that the composition of gut microbial
communities changed significantly after the oral gavage of PA or
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rutin. However, according to the formula offset between the two
groups, we calculated the offsets of gut microbial communities for
different comparative strategies and found that the changes in gut
microbial communities caused by rutin were more intense than
those caused by PA. Interestingly, we found the alterations in FBG
were significantly positively correlated with the dynamic changes in
the gut microbiota of the HFD+Rutin group (p < 0.05). Besides, the
dynamic changes of gut microbes were explored at the phylum and
genus levels. The results demonstrated that the relative abundances
of Firmicutes and Bacteroides underwent significant alteration. The
Firmicutes/Bacteroidetes (F/B) ratio is widely accepted to have
an important influence in maintaining normal gut homeostasis
(Stojanov et al., 2020). The F/B ratio, which is a classical index
(Pammi et al., 2017), was assessed, and we found that the F/B
ratio in the HFD+SPSS group increased compared with that in
the CD+SPSS group, whereas the F/B ratios in the HFD+PA and
HFD+Rutin groups did not decrease. Remarkably, the F/B ratio
decreased after the oral gavage of PA and increased after the oral
gavage of rutin. These results suggested that although the potential
mechanisms of PA and rutin are associated with the reconstruction
of gut microbiota, the affected gut microbes differ.

Besides, based on the taxonomical composition of gut
microbial communities and the data of body features during
the oral gavage of PA and rutin, a series of key microbes
significantly linked with body features were identified, such
as Roseburia, Lactococcus, Streptococcus, Lachnospiraceae_UCG-
006, Anaerotruncus, Bifidobacterium, Akkermansia, Bilophila,
Faecalibaculum, Parabacteroides, and Oscillibacter. Additionally,
these key microbes were strongly correlated with several metabolic
pathways, including starch and sucrose metabolism, fatty acid
metabolism, amino acid transport system, and amino acid
metabolism. Previous studies have reported the linkage of these
taxa to T2DM and the potential mechanism was also discussed.
For example, the relative abundance of Lactococcus in the gut
microbial community was increased and negatively associated
with obesity after the administration of probiotics (Kong et al.,
2019). This phenomenon was observed in the HFD+PA group.
Additionally, the famous gut microbiota and the next generation
probiotics, Akkermansia muciniphila, also undergo a significant
increase in the gut microbial communities after the intervention
with PA in our present study, which consistent with the result
in human cohort of obesity and T2DM (Zhang et al., 2021).
Previous studies have shown that the relative abundance of
the gut probiotics Akkermansia and Lactococcus increased, their
derived metabolites, such as short-chain fatty acids (SCFAs), also
significantly increased(Cai et al., 2023; Kim et al., 2023). And the
function of SCFAs in the regulation of the metabolic syndrome
and the maintenance of energy homeostasis and host insulin
sensitivity has been confirmed (Fu et al., 2019; Liu et al., 2019).
Moreover, the abundances of a series of other SCFAs-producing
gut microbes, such as Odoribacter, Lactococcus, Streptococcus,
Lachnospiraceae, and Anaerotruncus (Dai et al., 2019; Lin et al.,
2020; Wang et al., 2024), were also increased. Besides, the relative
abundance of Faecalibaculum increased significantly after the
intervention of rutin, and it was strongly correlated with BW.
In a previous study, the growth of Faecalibaculum was notably
found to alleviate obesity-induced metabolic disorders by reducing
the number of pro-inflammatory Thl7 cells (Kawano et al., 2022).
In addition, it has been demonstrated in previous studies that

PA can be catabolized and metabolized when interacting with
gut microbes to produce metabolites that enhance bioactivity and
bioavailability, and that these metabolites may have a positive
effect on ameliorating the metabolic syndrome (Gui et al., 2023;
Redondo-Castillejo et al., 2023). Rutin has also been demonstrated
to alleviate colonic lesions and modulate gut microbiota in diabetic
mice (Cai et al., 2023). Therefore, we speculated that PA and rutin
can positively affect metabolic health in patients with T2DM and
obesity by regulating the gut microbiota, affecting related metabolic
pathways and metabolites, and alleviating inflammatory response.
Subsequent animal experiments and human clinical trial studies
still need to be conducted to explore the potential of PA and rutin
in alleviating inflammation and T2DM through the modulation of
gut microbiota (Mathrani et al., 2023).

Conclusion

Our results showed that PA and rutin harbor the ability to
significantly lose BW and decrease FBG levels in T2DM mice.
The treatment of PA and rutin on T2DM can assist with the
transformation of tissues and cells, resulting in the relief of
inflammation and fat hypertrophy, and the therapeutic effects of
rutin are more effective than those of PA. The results of the
gut microbial community suggested that the taxonomical and
functional compositions of T2DM mice administered with PA and
rutin underwent significant change, and FBG exhibited a significant
correlation with the offset values of gut microbial communities
in rutin treatment. In addition, our findings suggest that the
mechanisms of PA and rutin in reducing weight and decreasing
FBG depend on the dynamic changes in several key microbes,
such as Akkermansia, Lactococcus, Odoribacter, Faecalibaculum,
and Roseburia; these microbes were significantly associated with
the changes in BW and FBG, and the changes in functional
traits, such as sucrose metabolism, fatty acid metabolism, amino
acid transport system, and amino acid metabolism. Although
PA and rutin could lower BW and reduce FBG, the application
scenarios in which they maximize their function may differ, and
the underlying mechanisms involve the regulation of the gut
microbiota in T2DM mice. Our results provide new insights into
the clinical management and treatment of BW and FBG in patients
with obesity and T2DM from the perspective of gut microbiota and
dietary supplements.
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