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ARTICLE INFO ABSTRACT
Keywords: Background: This study investigated the effects of purple sweet potato anthocyanins (PSPA) in a
Purple sweet potato anthocyanins type 2 diabetes mellitus (T2DM) mouse model.
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Methods: Sixty-five male mice were randomly divided into one control group and four experi-
mental groups, which were fed with a high-fat diet and intraperitoneally injected with strepto-
zotocin (STZ) to induce T2DM. The model mice were treated with 0 (M), 227.5 (LP), 455 (MP), or
910 (HP) mg/kg PSPA for ten days. ELISA, 16S rRNA sequencing, and hematoxylin and eosin
staining were used to assess blood biochemical parameters, gut microbial composition, and liver
tissue structure, respectively.

Results: The FBG concentration was significantly decreased in the LP (6.32 + 1.05 mmol/L), MP
(6.32 £ 1.05 mmol/L), and HP (5.65 + 0.83 mmol/L) groups; the glycosylated hemoglobin levels
were significantly decreased in the HP group (14.43 + 7.12 pg/mL) compared with that in the M
group (8.08 + 1.04 mmol/L; 27.20 + 7.72 pg/mL; P < 0.05). The PSPA treated groups also
increased blood glutathione levels compared with M. PSPA significantly affected gut microbial
diversity. The Firmicutes/Bacteroidetes ratio decreased by 38.9 %, 49.2 %, and 15.9 % in the LP,
MP, and HP groups compared with that in the M group (0.62). The PSPAs treated groups showed
an increased relative abundance of Lachnospiraceae_Clostridium, Butyricimonas, and Akkermansia
and decreased abundance of nine bacterial genera, including Staphylococcus.

Conclusion: PSPA reduced blood glucose levels, increased serum antioxidant enzymes, and opti-
mized the diversity and structure of the gut microbiota in mice with T2DM.

1. Introduction

The prevalence of diabetes mellitus (DM) is increasing and has become a prominent public health problem worldwide. According to
the International Diabetes Federation, there will be approximately 537 million patients with DM worldwide in 2021 [1]. Approxi-
mately 850 billion dollars in global medical care will be spent on treating and healthcare patients with DM, imposing a significant
burden on society and the health system. Approximately 12 % of adults in China have DM, with type 2 diabetes mellitus (T2DM)
accounting for up to 95 % of cases [2]. T2DM is caused by a complex combination of external factors, such as an imbalanced dietary
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structure, obesity, and a sedentary lifestyle [3]. The prevention and treatment of T2DM mainly involve comprehensive treatment,
including diet, exercise, drugs, blood glucose monitoring, and DM education. Early dietary intervention has become the primary
method for reducing T2DM morbidity.

Purple sweet potato anthocyanins (PSPA) are natural flavonoids and contain many varieties of anthocyanins. At present, Zhu et al.
[4], used LC-PDA-APCI-MS to identify the anthocyanin structures of 10 Chinese purple sweet potatoes, they have cyanidin or paeo-
niflorin 3-sophoroside 5-glucoside, and its acylated derivatives being the main anthocyanins. The high acylated anthocyanin content
provides color and greater stability and is directly absorbed into the bloodstream [5,6]. Previous studies have suggested that PSPA
shows a plethora of biological activities, including antioxidant [7], anti-inflammatory [8] anticancer [9], and cardiovascular pro-
tective functions [10]. Many of these health benefits are attributed to the potent antioxidant activity of anthocyanins, which can
protect DNA, proteins, and lipids from damage and activate specific detoxification enzymes, such as glutathione reductase, glutathione
peroxidase, and glutathione S-transferase, to reduce oxidative stress [11]. This may be related to hydrogen atom and single-electron
transfer, followed by proton transfer [12].

However, recent evidence suggests that the gut microbiota plays a key role in increasing the bioavailability of PSPA. Most an-
thocyanins reach the colon, interact with gut microbes, and are metabolized or de-glycosylated to monosaccharides and di-glycosides
or decompose into glycosidic ligands [13]. Dysbiosis of the gut microbiota is associated with the development and progression of
T2DM [14] and could lead to elevated levels of inflammation, increased insulin resistance, intestinal permeability, and altered mucosal
immune responses [15]. Previous research has revealed that, compared with healthy subjects, patients with T2DM have obvious gut
microbial dysbiosis, with the Firmicutes/Bacteroidetes ratio and harmful bacteria levels, including Escherichia coli increased, but
decreasing levels of probiotic species, such as Lactobacillus, Bifidobacterium, and Akkermansia genera [16]. Therefore, regulation of the
composition of the microbial community may be one of the primary mechanisms by which PSPA reduces blood glucose levels and
prevents T2DM.

In this study, we investigated the biochemical indices and gut microbiota to determine whether PSPA exerts an anti-diabetic effect
and protects against the adverse effects of diabetes. Commonly analyzed parameters, including serum blood glucose concentration,
inflammatory factors, and gut microbial diversity, were analyzed by Enzyme-linked Immunosorbent Assay (ELISA) and 16SrRNA gene
sequencing, and their relationships were assessed using Spearman’s correlation analysis. These results provide evidence for the effects
of PSPA on the pathogenesis of T2DM.

2. Materials and methods
2.1. Preparation of anthocyanins from purple sweet potato

Anthocyanins were prepared using a method described by Ref. [17]. Selected purple sweet potatoes (001; purchased from Shan-
dong Yi Mu Sweet Potato Agricultural Science and Technology Co., Ltd., Shandong, China) were washed and cut into strips, dried in an
oven for 12 h at 50 °C, crushed, passed through 100 mesh, and stored at 4 °C in the dark. PSPA extraction was performed using 0.1 %
HCl-ethanol as the solvent (material-liquid ratio of 1:20, m/v) with the addition of 54 U/mL cellulase. After ultrasonic washes at 100 W
and 51 °C for 30 min, the samples were centrifuged at 2500 xg for 15 min. The resulting supernatant was removed and concentrated by
rotary evaporation (55 °C, 150xg). The crude anthocyanin extract was purified using AB-8 microwell resin, washed, eluted with
ethanol, and freeze-dried to obtain pure PSPA.

The anthocyanin monomers were determined from PSPAs using a Thermo Q Extractive high-performance liquid chromatography-
mass spectrometry (QE LC-MS) system. The HPLC mobile phase consists of methanol containing acetonitrile (A) and 0.1 % formic acid
aqueous solution (B), The detection wavelengths were set at 520 nm, and the column temperature is 25 °C. Mass spectrometry analysis
conditions were set as follows: run time 10 min, full MS resolution with 70,000; AGC target 3e6, maximum IT 100 ms, scan range
100-2000 m/z, dd-ms/dd-SIM resolution with 17500; AGC target 1e5, maximum IT 50 ms, isolation window 4.0 m/z, collision energy
of 20/30/40 in NCE mode. Finally, the MS/MS (m/z) fragmentations retention time and mass-to-charge ratio (m/z) indexes were
compared with previously reported literature data [18,19].

2.2. Animal experiments

Sixty-five specific-pathogen-free male Kunming mice at eight weeks of age, with an average weight of 18~20 g, were purchased
from Jinan Pengyue (Shandong, China; Permit No: SYXK[Lu]-2019-0003), all experiments protocols complied with the care and use of
laboratory animals in scientific investigations, and handling of animals were approved by the Ethics of Animal Use in Research
Committee of Binzhou Medical Univesity (2022-361). The mice were adaptively fed under a conventional 12 h light/12 h dark cycle at
24 +1 °C and 40 %-60 % relative humidity. They were provided food and water ad libitum. After one week of acclimatization, the mice
were randomly divided into five groups: control (C), model (M), low- (LP, 227.5 mg/kg), medium- (MP, 455 mg/kg), and high-dose
(HP, 910 mg/kg) PSPA (13 mice in each group), the dosages of PSPA were referred to Ref. [20]. Group C was fed a maintained diet, the
M, LP, MP, and HP groups were fed a high-fat diet (HFD), the energy supply ratio of protein, fat, and carbohydrate are 20.6 %, 12 %,
67.4 %, and 19.07 %, 60.34 %, 20.59 %, respectively. The fed was purchased from Beijing Keao Cooperation Feed Co., Ltd. (Beijing,
China), and the components of maintain fed and high fat fed are listed (Supplementary Table 1). After four consecutive weeks, all mice
were starved for 12 h, and group C received a citrate buffer; the M, LP, MP, and HP groups were intraperitoneally injected with 30
mg/kg streptozotocin (STZ; Sigma, St Louis, MO, USA) dissolved in 0.1 mol/L citrate buffer (pH 4.4), for three consecutive days. On the
fourth day, fasting blood glucose (FBG) concentrations were determined, in each group, in 6~7 mice FBG concentrations were higher
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than 11.1 mmol/L, which confirmed as a T2DM model. Successfully modeled mice (6-7 mice/group) were intragastrically adminis-
tered different doses of PSPA for ten days, and blood, liver tissue, and fecal samples were collected for further analysis.

2.3. Measurement of body weight, water intake, and food consumption

All experimental mice’s water intake, food consumption, and body weight were recorded before and after the PSPA intervention.
Water and food consumption were calculated using the formula: (total intake weight per cage)/(mice per cage).

2.4. Measurement of serum biochemical indices

FBG concentrations were recorded three days after STZ administration. On the final day of PSPA administration, blood samples
were collected from the tail veins of the mice, and FBG concentrations were measured using a glucometer (Yuwell, Jiangsu, China). At
the end of the experimental period, blood samples were collected by stripping the eyeball, and serum samples were collected after
centrifugation at 1500 x g for 15 min at 4 °C. The glycated hemoglobin (GHDb), glutathione peroxidase (GSH-PX), tumor necrosis factor-
o (TNF-a), lipopolysaccharide (LPS), and interleukin-6 (IL-6) concentrations were then tested using ELISA kits (Shanghai Jianglai
Biological Technology Co., Ltd.), strictly following the manufacturer’s instructions.

2.5. Liver histological analysis

Fresh liver tissues were fixed in 4 % paraformaldehyde, dehydrated in a gradient ethanol series, cleared in xylene, and embedded in
paraffin. The tissue blocks were then cut into 5 pm sections, stained with hematoxylin and eosin (HE), and visualized by optical
microscopy (Eclipse E100; Nikon, Tokyo, Japan). Then semi-quantitative analysis was followed by Image Pro Plus 6.0 software (Media
Cybernetics, USA).

2.6. Gut microbiota analysis

Feces samples were collected in a sterile tube under aseptic conditions by cutting the colon and stored at —80 °C. Fecal whole-
genome DNA was extracted, and the DNA purity was determined using 1 % agarose gel electrophoresis. DNA samples were diluted
to 1 ng/pL, and the V3+V4 region was amplified by polymerase chain reaction (PCR). The PCR products were detected by 2 % agarose
gel electrophoresis and purified using a Gel Recovery Kit (Qiagen, Hilden, Germany). Finally, a sequencing library was constructed
using a TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA). After quantification using a Qubit instrument
(Invitrogen, Carlsbad, CA, USA), the library was sequenced on a NovaSeq 6000 instrument using a PE250 kit (Illumina). Bacterial
richness and diversity were evaluated using Chaol and Faith’s polydiversity indices, and differences in microbiota communities be-
tween groups were analyzed using the unweighted pair-group method with arithmetic means (UPGMA) and partial least squares
discriminant analysis (PLS-DA). Linear discriminant analysis (LDA) was performed to identify the key bacterial taxa that differed
between groups (log10 > 2.0).

2.7. Invitro cultivation condition

We performed in vitro cultivation and PSPA intervention for the Staphylococcus aureus ATCC6538 strain (obtained from the
Microbiology Research Center of the Chinese Academy of Sciences) to further verify the animal experimental results. Luria-Bertani
Broth (LB Broth, Qingdao Haibo Biotechnology Co., Ltd) with 0, 30, or 90 pg/mL of PSPA was used as the culture broth. The pre-
cultivated Staphylococcus aureus ATCC6538 in phosphate buffer saline (PBS) was added to 5 ml LB broth as optical density 600 nm
(OD 600 nm) is 0.3, then incubated at 37 °C for 48 h, under semi-anaerobic conditions. The OD 600 nm was measured every 12 h, the
measured data at 0 h, 0 pg/ml were normalized to Zero, and then the level of strain OD 600 nm at different times and broth conditions.

2.8. Statistical analysis

Biochemical data (n = 6) were analyzed using SPSS software (version 24.0; IBM, Armonk, NY, USA), and the data are represented as
the mean + standard deviation (SD). Differences between groups were computed using the Kruskal-Wallis rank-sum test or the R
language Dunn’s test. Spearman’s correlation analysis used the R package (v4.0.0) to evaluate the relationships between bacterial
genera and physiological parameters. Statistical significance was set at P < 0.05.

3. Results
3.1. PSPA content and composition

The semi-purified anthocyanins in experimental purple potatoes is 120 mg/100 g. LC-MS results compared with previous published
fragments information, we get 10 different types of anthocyanins, which include Cyanin-3-(6-caffeic acid 6-ferulic acid sophoroside)-

5-glucoside, peonidin, cyanin 3-caffeoyl sophoroside 5-glucoside, chlorogenic acid, cyanin 3-caffeoyl, dicaffeioyl quinic acid,
paeoniflorin-3-glucoside, anthocyanin 3-Hogwash flavor glycoside-5-glucoside, paeoniflorin 3-p-hydroxybenzoyl sophoroside 5-
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glucoside, cyanin 3-p hydroxy benzoyl sophoroside 5-glucoside, but the amount of each anthocyanin monomers were not detected in
present study (Supplementary Table 3).

3.2. Effects of PSPA on body weight, food intake, and water intake

Asshown in Fig. 1, the experimental protocol was divided into two stages. Before the PSPA intervention, the high-fat diet increased
feed intake and did not affect water intake or body weight. After PSPA treatment, the average water and feed intake per cage decreased
with increasing PSPA doses. The body weights of group C and the four other groups were significantly different (P < 0.05), but there
was no significant difference between the M and the LP, MP, or HP groups. However, after PSPA intervention, compared with that in
the M group, the PSPA treated groups showed significantly decreased polydipsia, polyphagia, and more controlled body weights
(Fig. 2A, B, and 2C). These results indicate that the T2DM mouse model was successfully established and that PSPA intervention
alleviated the common symptoms of T2DM.

3.3. Effect of PSPA on blood biochemical indices

FBG and GHb concentrations in the blood are significant indicators of T2DM. Compared with that in the M group (8.08 + 1.04
mmol/L), the LP, MP, and HP groups had significantly reduced FBG concentrations (P < 0.05). The MP group had the lowest FBG
concentration (5.72 + 0.70 mmol/L). The GHb concentration reflects recent blood glucose concentrations. The GHb concentration was
significantly higher in the M group (27.20 + 7.72 pg/mL) than in the C group (12.77 + 6.18 pg/mL; P < 0.05); however, compared
with that in the M group, the LP, MP, and HP groups had decreased GHb concentrations. The HP group showed the lowest GHb
concentration (14.43 + 7.12 pg/mL; P < 0.05) (Table 1).

The inflammatory factors LPS, TNF-a, and IL-6 are associated with T2DM. In this study, the levels of inflammatory factors were
higher in the M group than in the C group, and PSPA intervention reduced the levels of inflammatory factors; but, this difference was
not statistically significant. In addition, the GSH-PX concentration was significantly higher in group C (56.02 + 0.49 pg/mL) than in
the M group (34.54 &+ 1.29 pg/mL; P < 0.05), indicating that T2DM reduced serum GSH-PX concentrations and indirectly damaged the
structure and function of the cell membrane. However, compared with that in the M group, the LP, MP, and HP groups showed a
significant dose-dependent increase in GSH-PX concentration (P < 0.05), and the HP group showed the highest serum GSH-PX con-
centration (50.46 + 1.03 pg/mL). These results indicated that a high dose of PSPA had a better modulatory effect on the oxidation
status of T2DM mice (Table 1).

3.4. Effect of PSPA on liver tissue

The liver histological structure in group C exhibited normal hepatic architecture with normal hepatocyte morphology and an
orderly arrangement of hepatic cell cords. However, the M group had multiple focal liver cell necrosis, nuclear dissolution, and
replacement by proliferative connective tissue, accompanied by lymphocyte infiltration; Mild liver cell steatosis, and small circular
vacuoles visible in the cytoplasm. The PSPA intervention had a positive effect on these pathological changes, the hepatocytes showed a
few lipid vacuoles and a small amount of lymphocyte infiltration or not. Furthermore, Semi-quantitative analysis was conducted for
hepatocellular lipid droplets, inflammatory foci, and fat degeneration, the liver pathological scores were shown by the sum of the
above scores. Compared with group C, the pathological score of M group mice was significantly increased, but compared with the M
group, the pathological scores of the MP, and HP significantly decreased (P < 0.05). (Fig. 3).

3.5. Effect of PSPA on gut microbial diversity

After quality filtration of the 16S rRNA sequencing data, we obtained 2,076,249 clean reads from the 30 samples, and an average of
69,208 + 5953 reads were generated per sample. Valid sequences were clustered as operational taxonomic units (OTUs). The average
annotated OTU number in the five groups was 505 x 105, and the top 50 assigned OTUs are shown in the phylogenetic tree (Fig. 4A).

In « diversity analysis, the rarefaction curve for each group showed a gentle slope, and coverage surpassed 99.6 %, indicating that
the sequencing data were reliable (Fig. 4B). The gut microbial community richness and diversity of the groups were measured using
Chaol, Shannon, Simpson, and Faith poly diversity indices. The Chaol, Shannon, and Simpson microbial richness results showed no
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Fig. 1. Chart of experimental protocol.
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Fig. 2. PSPA effect on typical clinical symptoms. (a) Changes in water intake. (b) changes in feed intake. (c) body weight changes during different
experimental periods. X-axis experimental periods, Y-axis, average water intake, feed intake, and body weight for each group. *, indicate significant
differences between groups (P < 0.05). C: control group; M: model group; LP: low dose PSPA intervention group; MP: medium dose PSPA inter-
vention group; HP: high dose PSPA intervention group.

Table 1

Changes in serum biochemical indexes.
Groups FBG ( mmol/L ) GHb ( pg/mL ) LPS ( pg/mL ) TNF-a ( pg/mL ) IL-6 ( pg/mL ) GSH-PX ( pg/mL )
C 8.61 + 0.35 13.07 +5.57 16.27 + 0.50 11.58 + 0.64 1.65 + 0.17 56.02 + 0.49#
M 8.08 + 0.95 29.20 + 4.82* 16.57 + 0.86 12.50 + 0.93 1.68 + 0.15 34.54 + 1.29*
LP 6.09 + 0.85* 23.34 + 13.47* 16.49 + 0.48 12.14 + 0.40 1.61 + 0.06 45.46 + 1.48%#
MP 6.74 + 1.28*# 18.01 £ 6.76 16.36 + 0.66 12.15 + 1.06 1.59 + 0.07 46.83 + 1.42%#
HP 5.97 + 1.05*# 14.43 £ 7.12# 16.14 + 0.17 12.00 +0.31 1.61 + 0.62 50.46 + 1.03*#
F 89.855 3.515 0.443 1.254 0.420 217.803
df 247 29 24 29 29 24
P 0.000 0.021 0.776 0.314 0.793 0.000

*P < 0.05, compared with C group; #P < 0.05, compared with M group; FBG: Fasting Blood Glucose, LPS: Lipopolysaccharide, TNF- a: Tumor
Necrosis Factor- o, GHb: glycated Haemoglobin, GSH-PX: Glutathione Peroxidase, IL-6: Interleukin-6 (N = 6). C: control group; M: model group; LP:
low dose PSPA intervention group; MP: medium dose PSPA intervention group; HP: high dose PSPA intervention group.

statistical differences among the groups (Fig. 4C); however, Faith’s poly diversity analysis showed significant differences among the M,
LP, MP, and HP groups (P < 0.05). These results indicate that PSPA intervention did not affect microbial richness or alter gut microbial
diversity in T2DM mice (Fig. 4D).

PLS-DA was used to analyze f-diversity, and according to the PLS-DA coordinate graph and the area under the curve, there were
significant differences in the gut microbial structure among the five experimental groups (Fig. 4E and F). Group C clustered separately
from group M, and the LP, MP, and HP groups showed evident separation in microbial community structure. These results suggest that
PSPA treatment reshaped the gut microbial structure of T2DM mice.

3.6. Effect of PSPA on the taxonomic composition of the gut microbiota

Twenty-two phyla were annotated from the sequencing data, and the Kruskal-Wallis test results showed that the relative abun-
dances of Bacteroidetes, Firmicutes, Actinobacteria, and Cyanobacteria were significantly different between the groups. Compared
with that in group C, the relative abundances of Actinobacteria and Firmicutes decreased by 87.5 % and 38.5 %, respectively, and the
abundances of Bacteroidetes and Cyanobacteria increased by 95.5 % and 41.8 %, respectively, in the M group. However, compared
with that in the M group, the LP, MP, and HP groups showed 38.9 %, 49.2 %, and 15.9 % reductions in the Firmicutes/Bacteroidetes
ratios (Fig. 5A and B).

Two hundred and eighteen genera were annotated, and the Kruskal-Wallis rank-sum test showed that 23 genera were significantly
different between the groups. Compared to that in the M group, the LP group showed increased abundances of Lachnospir-
aceae_Clostridium, Aerococcus, Lactococcus, Coprobacillus, Butyricimonas, Jeotgalicoccus, Arthrobacter, Prevotella, and Bacteroides, with
values of 99.0 %, 89.2 %, 83.3 %, 68.3 %, 54.7 %, 42.6 %, 2.2.2 %, 12.8 %, and 4.3 %, respectively. In the MP group, Lachnospir-
aceae_Clostridium, Butyricimonas, Prevotella, Coprobacillus, and Desulfovibrio accounted for 63.6 %, 54.8 %, 31.7 %, 23.2 %, and 3.7 % of
the bacteria, respectively. In the HP group, the abundances of Lachnospiraceae_Clostridium, Butyricimonas, and Desulfovibrio were 98.6
%, 66.8 %, and 55.1 %, respectively. The LP, MP, and HP groups showed reduced abundances of Staphylococcus, Enterococcus,
Corynebacterium, Streptococcus, Prevotellaceae_Prevotella, Lactobacillus, Psychrobacter, Acinetobacter, and Flexispira (Fig. 5C). In addition,
multiple comparisons between the two groups using the DESeq2 method revealed that the LP, MP, and HP groups had significantly
increased Akkermansia abundance (P < 0.05) and reduced Staphylococcus, Pseudomonas, Holdemania, and Serratia abundances (Fig. 5D,
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Fig. 3. Effects of PSPA treatment on liver histopathologic alterations examined by H&E staining (magnification: 200 x ). Orange arrow, normal
hepatocytes; Green arrow, normal hepatic sinus; Yellow arrow, hepatocellular necrosis, and dissolution, replaced by proliferative connective tissue;
Red arrow, Lymphocyte infiltration; Black arrow, hepatocellular steatosis; Blue arrow, hepatocellular necrosis. C: control group; M: model group;
LP: low dose PSPA intervention group; MP: medium dose PSPA intervention group; HP: high dose PSPA intervention group. *P < 0.05. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

E, and 5F).

In addition, linear discriminant effect size (LDA >2) analysis results showed that group C had ten characteristic genera, including
Staphylococcus, Lactobacillus, and Prevotella; the M group had Enterococcus and Proteus; the LP group had Akkermansia and Clostridium;
the MP group had Prevotella, Cetobacterium, and Serratia; and the HP group had Desulfovibrio as the dominant bacterial genera (Fig. 5G
and H). The results of these different types of analyses indicated that different doses of PSPA increased the number of beneficial
bacteria in the mouse intestine and reduced the relative abundance of pathogenic or opportunistic pathogens such as Staphylococcus.

To further verify the animal experimental results, we performed in vitro cultivation and PSPA intervention for Staphylococcus aureus
(Staphylococcus aureus ATCC6538). LB broth with 0, 30, or 90 pg/mL of PSPA was used as the culture broth, and Staphylococcus aureus
ATCC6538 was incubated under semi-anaerobic conditions at 37 °C for 48 h. The results indicated that PSPA inhibited the growth and
reproduction of the Staphylococcus aureus strain ATCC6538. After 48 h of co-cultivation, the 30 pg/mL and 90 pg/mL inhibition rates
were 30.1 % and 35.3 %, compared with 0 pg/mL. These results are consistent with those of the animal studies, indicating that PSPA
intervention can ameliorate infectious diseases caused by Staphylococcus spp. and protect the digestive system (Fig. 5I).

3.7. Correlation of bacterial genus and biochemical indicators

Spearman’s correlation analysis of significantly different bacterial genera and serum biochemical indices showed that FBG con-
centration was positively correlated with Corynebacterium, Acinetobacter, Prevotellaceae Prevotella, Flexispira, Leuconstoc, and Holde-
mania abundance, which decreased after the PSPA intervention. The GHb concentration was negatively correlated with the abundance
of Roseburia. The serum GSH-PX concentration was positively correlated with Lachnospiraceae_ Clostridium, Aerococcus, and Jeota-
gallicoccus abundance, which significantly increased after PSPA intervention; however, it was negatively correlated with Bacteroides
abundance (r less than or greater than 0.6, P < 0.01). These results indicated that the increase in blood glucose concentration caused by
T2DM may be related to the increased levels of six bacterial genera, including Prevotellaceae and Prevotella, and that the decrease in
GSH-PX concentration induced by T2DM was related to the increased relative abundance of Bacteroides (Fig. 6A).

However, the results of the correlation network analysis of the top 30 bacterial genera showed that Corynebacterium abundance was
positively correlated with a decrease in the abundance of bacterial genera after PSPA intervention, including Streptococcus, Staphy-
lococcus, and Flexispira, and negatively correlated with Prevotella, Akkermansia, and Butyricimonas. Lachnospiraceae_Clostridium
abundance was positively correlated with GSH-PX activity and negatively correlated with Pseudomonas abundance (Fig. 6B).
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Fig. 4. PSPA effects on gut microbial diversity. (A) Top 50 OTU taxonomic phylogenetic tree analysis (n = 6 in each group). (B) Rarefaction analysis

of samples from five groups. (C, D) Alpha diversity analysis, *P < 0.05, * *P < 0.01. (E, F) Beta diversity analysis. C: control group; M: model group;
LP: low dose PSPA intervention group; MP: medium dose PSPA intervention group; HP: high dose PSPA intervention group.

3.8. Effect of the PSPA intervention on microbial function

Functional prediction analysis of the gut microbiota was performed with PICRUSt2, using data from the Metabolic Pathways From
all Domains of Life (MetaCyc) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. In the MetaCyc database, Dunn’s test
results show that compared with that in M Group, the LP, MP, and HP groups showed significantly reduced taxadiene biosynthesis
(PWY-7392; 52.5 %, 57.4 %, 35.6 %); homolactic fermentation (ANAEROFRUCAT-PWY; 17.3 %, 30.0 %, 7.6 %); N-acetylglucosamine,
N-acetylmannosamine, and N-acetylneuraminate degradation (GLCMANNANAUT-PWY; 36.0 %, 47.0 %, 20.7 %); and pyrimidine
deoxyribonucleosides degradation (PWY0-1298; 21.8 %, 38.2 %, 11.5 %; P < 0.05) and increased methylerythritol phosphate pathway
I and II, (NONMEVIPP-PWY, PWY-7560; 8.7 %, 9.3 %, 13.3 %), the super pathway of geranyl diphosphate biosynthesis II (PWY-5121;
8.1 %, 8.2 %, 12.3 %), UMP biosynthesis (PWY-5686, 7.9 %, 8.6 %, 12.3 %), chorismate biosynthesis from 3-dehydroquinate (PWY-
6163; 6.6 %, 8.0 %, 12.2 %), and NAD biosynthesis I from aspartate (PYRIDNUCSYN-PWY; 15.8 %, 16.7 %, 16.7 %) (Fig. 7A and B). In
the KEGG database, ANOVA analysis results showed that, compared with that in the M group, the intervention significantly reduced 13
types of pathways and increased 16 types. Further Duncan test analysis for the above 29 kinds of pathways analysis results show the LP,
MP, and HP decreased the abundance of Staphylococcus aureus infection, phosphotransferase system, dioxin degradation, naphthalene
degradation; however, increased PI3K-Akt signaling pathway, Th17 cell differentiation, Carotenoid biosynthesis, antigen processing
presentation, estrogen signaling pathway, and novobiocin biosynthesis (Fig. 7C).

4. Discussion

Lower glucose tolerance, higher FBG concentrations, insulin resistance, polydipsia, increased food intake, and dyslipidemia are
typical clinical symptoms and basic pathological characteristics of T2DM [21]. Effective control of blood glucose concentration is
crucial for preventing diabetic complications and improving the quality of life for patients with T2DM [22]. Previous studies have
shown that ob/ob mice treated with apple proanthocyanidin for eight weeks had significantly reduced blood glucose concentrations
[23]. Cacao bean proanthocyanidins stimulate glycogen synthesis and glucose absorption [24]. In this study, PSPA intervention
significantly decreased FBG and GHb concentrations without affecting body weight and reduced water intake compared to that in the
M group. In consist to our study, the purple potato extracts of the Blue Congo variety also lowered blood glucose, improved glucose
tolerance, and decreased the amount of GHb of STZ-induced diabetic rats [25]. Those results indicated that PSPA inhibits appetite,
reduces polydipsia symptoms, and reduces blood glucose concentrations in mice with DM, which may be attributed to an improved
balance between glucose absorption and utilization [26].
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Diabetes is associated with excessive production of reactive oxygen species, leading to liver oxidative damage and defects in insulin
action and secretion [27]. GSH-PX is the most critical endogenous substance in cells that can remove low-molecular-weight free
radicals, hydrogen peroxide, and lipids [28]. Therefore, measuring GSH-PX activity can indirectly reflect the degree of damage to
organ function in diabetic mice. In our study, after PSPA intervention, the GSH-PX concentration in mouse serum significantly
increased, which helped maintain homeostasis in the physiological environment to a certain extent [20]. reported a similar effect,
showing that a high dose of PSPA extract (917 mg/kg body weight) increased the antioxidant capacity (catalase, GSH-PX, and su-
peroxide dismutase activities) and reduced malondialdehyde concentration in the serum and liver of obese mice. These results indicate
that increasing antioxidant capacity reduces the effects of inflammatory factors resulting from a high-fat diet that causes obesity, or
T2DM. The increase in GSH-PX concentration positively correlated with the abundance of five bacterial genera, which significantly
increased in the PSPA-treated group. These results indicate that increasing the abundance of Lachnospiraceae_Clostridium can increase
serum GSH-PX concentrations. That antioxidant enzyme may inhibit the generation of advanced glycation end products [29], reduce
oxidative stress and the damage or inflammation caused by free radicals in pancreatic $ cells [30], and prevent the onset of diabetes.

In addition, the gut microbiota is recognized as a key environmental factor contributing to the pathophysiology of T2DM [31,32].
Dysbiosis of the gut microbiota leads to disruption of the gut epithelium and microbial diversity, increasing the production of in-
flammatory factors associated with diabetes and insulin resistance [33]. A disrupted ratio of Firmicutes to Bacteroidetes leads to
impaired glucose metabolism [34], human studies have revealed that patients with T2DM have increased Firmicutes and decreased
Bacteroidetes levels, resulting in higher Firmicutes/Bacteroidetes ratios [35]. Decreasing the abundance of Firmicutes and increasing
the proportion of Bacteroidetes reduces inflammation. In this study, we observed a decrease in the concentrations of inflammatory
factors (LPS, TNF-a, IL-6) and the Firmicutes/Bacteroidetes ratio in the LP, MP, and HP groups compared with that in the M group.
Moreover, Liu et al. [21] reported that PSPA extract decreased the Firmicutes/Bacteroidetes ratio, reduced serum LPS, TNF-a, and IL-6
concentrations, and normalized gut microbial diversity in a high-fat-diet-fed obese mouse. The above results indicate that PSPA or its
microbial metabolites may protect the gut epithelium or the gut microbial structure and thus reduce inflammatory factor production.
According to Spearman’s correlation analysis, IL-6, LPS, and TNF-a concentrations were positively correlated with Psychrobacter,
Gluconacetobacter, Bilophila, and Klebsiella abundance; however, the abundance of these bacterial genera decreased after the PSPA
intervention. Similar results were also reported by Dong et al. [36], the PSPA extract has a protective effect from Klebsiella pneumoniae
infection and dampened inflammatory responses. So decreasing the abundance of pathogenic or conditional pathogenic bacteria may
be one of the pathways to control the production of inflammatory factors, and assist for probiotic growth. Animal studies have shown
that T2DM is associated with a decreased abundance of Bacteroides and Akkermansia muciniphila [37,38]. In this study, significantly
higher levels of probiotic species, including Lachnospiraceae_Clostridium, Akkermansia, and Butyricimonas, were observed in the LP, MP,
and HP groups, and the genus Akkermansia, Faecalibacterium, Bacteroides, Roseburia, and Bifidobacterium were negatively correlated
with T2DM. The Lachnospiraceae family (Firmicutes phylum) can produce acetate, butyrate, and antibiotics and convert primary bile
acids to secondary bile acids against drug-resistant pathogens [39,40]. Previous studies from animals and humans point to the
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Fig. 7. Gut microbial functional prediction by PICRUSt2 using data from the MetaCyc and KEGG databases. (A, B) Significantly different pathways
and enzymes between groups according to the MetaCyc database. (C) Significantly different pathways between groups according to the KEGG

database. C: control group; M: model group; LP: low dose PSPA intervention group; MP: medium dose PSPA intervention group; HP: high dose PSPA
intervention group.

reduction of butyrate-producing bacteria, such as Faecalibacterium and Roseburia, as one of the most important features responsible for
the onset and development of T2DM [41]. Bacteroides preserve intestinal wall integrity by upregulating tight junctions’ expression and
reducing LPS production. Akkermansia has been proposed as an anti-diabetic strategy given its ability to decrease lipid accumulation,
reduce serum LPS concentrations, and enhance gut barrier function, insulin secretion, and glucose tolerance [42-44]. Plovier et al.
[45], demonstrated the application of Akkermansia muciniphila specific membrane proteins in obese mice with diabetes significantly
reduces the fat content and improves insulin resistance and dyslipidemia, but reduces liver damage and inflammation-related plasma
markers. Butyricimonas (Bacteroidetes phylum) can convert glucose to isobutyrate and n-butyrate, which may be a metabolic pathway,
and PSPA decreases host blood glucose [46,47]. In addition, Sun et al. [48] reported that peonidin-based anthocyanins extracted from
purple sweet potatoes inhibit the growth of S. aureus and Salmonella typhimurium. In the DSS-induced colitis mice model, PSPA extract
significantly decreased Escherichia/Shigella, Helicobacter, and Staphylococcus [49]. Dwarf blueberry anthocyanins have excellent
inhibitory effects on the growth of E. coli O157:H7, S. aureus, and Listeria monocytogenes [50]. In consistent with previous studies, our
work also indicates the PSPA specific effect on the growth of pathogenic or opportunistic pathogenic bacteria, could inhibit the
colonization of Staphylococcus, Streptococcus and seven other bacteria genera. The mechanisms by which anthocyanins inhibit the
growth of harmful bacteria are attributed to the inhibition of enzyme synthesis, causing the bacteria to die eventually, or through
interference with energy synthesis by harmful bacteria [51].

The anthocyanin action mechanisms in diabetes are related to certain enzymes (a-amylase and glucosidase), membrane receptors
(FFAR1, GLP-1R), and genes involved in insulin-glucose signaling pathways, glucose transporter type 4 (GLUT4), peroxisome
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proliferator-activated receptor (PPAR) genes [30]. In the KEGG functional prediction analysis, we observed a decreased Staphylococcus
aureus infection pathway, which is consistent with decreased bacteria Staphylococcus genus, decreasing the pathogenic or opportunistic
pathogenic bacteria-related pathway and gene expression may be one of the mechanisms of PSPA affecting T2DM. Interestingly
compared with the M group, LP, MP, and HP groups had enrichment of the PI3K-Akt signaling pathway, which plays an important role
in the metabolic effect of insulin, mediating glucose uptake, and lipid metabolism [50]. Insulin binds to the insulin receptor and is
combined with PI3K to activate protein AKT and participates in the metabolic pathways of glucose transport and glycogen synthesis
[52]. The imbalance of short-chain fatty acid (SCFA) in the gut plays a role in the development of diabetes mellitus, acts as a ligand and
binds the cell surface membrane to induce intracellular signaling activity. Xia et al. [53] conducted molecular docking studies of SCFA
and IGF1, PI3K, and AKT proteins, and found that SCFA is capable of binding with IGF1, PI3K, and AKT, and activating the PI3K/AKT
signaling pathway, to reach the blood glucose lowing effects and insulin signal transduction. The present study missed the SCFA data of
the samples, but the microbial community changes show a higher abundance in SCFA-producing bacteria genera after PSPA inter-
vention, so it may be another way PSPA controls blood glucose levels. Studies found the mechanisms of SCFA in diabetes are via
secretion of several gut hormones, G-protein coupled receptors (GPR) activation, and signal transduction [54,55]. Humans and rodents
[56,57] studies reported that acetate, propionate, and butyrate increased glucagon-like peptide-1 (GLP-1) hormone, which binds to
GLP-1 receptor to stimulate insulin secretion, but the anorectic hormone peptide YY was response to propionate, then regulate energy
homeostasis and glucose metabolism. however, the activation of GPR40 (FFAR1) and glucokinase (GK) by anthocyanins could promote
insulin secretion and hepatic glucose uptake in pancreatic cells and hepatocytes [58]. Results suggested that the PSPA intervention
may change the gut microbial metabolites, like SCFA, branched-chain amino acid, and bile acid, which have positive effects on gut and
liver tissue, decrease the inflammations, and protect from T2DM [59].

5. Conclusions

PSPA normalized blood glucose levels and reduced glycated hemoglobin and F/B ratio, but improved gut beneficial bacteria
genera, while harmful bacteria genera were reduced. The increased beneficial genus abundance was positively correlated with blood
GSH-PX but negatively correlated with GHb. In addition, functional prediction analysis showed decreased abundance in the Staphy-
lococcus aureus infection pathway which may explain the reduction of Staphylococcus genus degradation. However, the present study
defects the oral glucose tolerance test and insulin tolerance test, and further mRNA level determination of PI3K/AKT and gene
expression analysis. The pathogenesis of T2DM is complex, and there are many complications, therefore, changes in gut microbial
structure and diversity cannot completely explain the mechanism of action of PSPA. Additional functional analyses of the gut microbes
and their metabolites should be performed to elucidate their mechanisms of action.
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