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A B S T R A C T   

Anemarrhena asphodeloides is an herb widely used to treat symptoms associated with diabetes in traditional 
Chinese medicine. However, its key components and metabolites have low bioavailability and poor host ab-
sorption. To clarify the anti-diabetic mechanism of A. asphodeloides extract (AAE), we examined the anti-diabetic 
effects of AAE in rats with diabetes induced by a high-fat diet and streptozotocin. Faeces levels of the main 
components and metabolites of AAE were significantly higher than levels in plasma, which indicated that gut 
microbiota might play important roles in its anti-diabetic effect. Microbiological studies showed that unabsorbed 
components increased the diversity of the gut microbiota, enriched potentially beneficial bacteria, and sup-
pressed potentially harmful bacteria. In vitro studies showed that AAE promoted the proliferation of Blautia 
coccoides, a bacterium with positive implication for diabetes, in a dose-dependent manner. AAE also promoted 
pancreatic cell regeneration and restored the function of pancreatic islet cells via peroxiredoxin 4 overexpression. 
Overall, these results suggest that AAE alleviates diabetes via modulating gut microbiota and protein expression.   

1. Introduction 

Type 2 diabetes mellitus is a progressive metabolic disease spreading 
worldwide. Over 425 million people suffer from diabetes, approximately 
90 % of the people diagnosed with diabetes are type 2 diabetics [1]. 
Diabetes mellitus is characterized by high blood glucose levels, plasma 
lipid abnormalities, high insulin resistance, and pancreatic β-cell 
dysfunction [2,3]. If the blood glucose is out of control, the patients 
would suffer many diabetic complications, including neuropathy and 

vasculopathy. The mainstay of diabetes treatment used to be blood 
glucose control in order to prevent the development of complications. 

There is increasing evidence to suggest that the gut microbiota plays 
a role in the development of diabetes [4–9]. Several studies have 
demonstrated the involvement of the gut microbiota in insulin signalling 
[10], glucose homeostasis [11], and low-grade inflammation [12,13]. In 
addition, there are some traditional Chinese medicines (TCMs) with low 
oral bioavailability that have effects on diabetic treatment [14]. The 
TCMs with low oral bioavailability mainly distributed in the gut, which 
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may alleviate diabetes through the gut microbiota [6,9]. Therefore, gut 
microbiota can provide a new perspective for understanding the 
mechanisms of low-bioavailable natural products. 

Anemarrhena asphodeloides is one of the most commonly used 
component herbs in TCM products currently approved for diabetes 
treatment in China [14,15]. A. asphodeloides extract (AAE) and its main 
components have shown anti-diabetic effects [16]. However, the main 
components of AAE, comprising mostly flavonoids and saponins, have 
low oral bioavailability in the body [17,18]. The mangiferin, one of the 
main flavonoids in AAE, showed its poor oral bioavailability [19] and 
hypoglycemic activity with increasing pyruvate oxidation and ATP 
production [20]. The timosaponin BII, one of the main saponins in AAE, 
had protect effect on pancreatic β cells by decreasing IL-1β production 
and low oral bioavailability (1.1 %) on rat [21]. TongGuanWan, a TCM 
formula product which contains mangiferin, timosaponin BII, and tim-
osaponin AIII as main constituents, could lower blood glucose and 
improve glucose tolerance in db/db mice [22]. Previous studies indi-
cated an apparent contradiction between the low oral bioavailability 
and anti-diabetic effects of AAE [23–25], prompting us to investigate the 
modulation of gut microbiota in this phenotype. In the current study, the 
main goal was to clarify the mechanisms of AAE on diabetic rats induced 
with high-fat diet and streptozotocin, and to propose potential strategy 
for diabetes treatment. 

2. Materials and methods 

2.1. Preparation of AAE 

The dried rhizomes of A. asphodeloides (2.5 kg, voucher No. 
20,007,751), which were collected from Anguo, Hebei province, China, 
were cut into small pieces and extracted three times with distilled water 
(20 L each) at 120 ℃ (each time for 1 h). The crude extract was 
concentrated under vacuum to a small volume (0.33 g mL− 1), and 
ethanol was then added to 30 % to remove macromolecular substances. 
After standing for 24 h, the supernatant was collected, concentrated 
under vacuum, and freeze-dried to obtain the AAE. The extraction yield 
of A. asphodeloides rhizomes was 40 %. 

2.2. Qualitative analysis of AAE by ultra-high performance liquid 
chromatography coupled with hybrid quadrupole time-of-flight mass 
spectrometry (UPLC–Q–TOF/MS) 

Chromatographic separation was performed using an Acquity UPLC 
system (Waters, MA, USA) equipped with an HSS T3 column (100 mm ×
2.1 mm, 1.8 μm). AAE (5 mg) was dissolved with 70 % ACN (4 mg 
mL− 1), and 1 μL of this mixture was then injected into the column and 
eluted with the mobile phase at 0.6 mL min− 1 and 45 ◦C. Mobile phases 
A and B consisted of 0.1 % FA solution and ACN containing 0.1 % FA, 
respectively. The gradient program was as follows: 0–0.1 min, 5% B; 
0.1–5 min, 5%–10 % B; 5–8 min, 10 %–15 % B; 8–9 min, 15 %–20 % B; 
9–11 min, 20 %–22 % B; 11–13 min, 22 % B; 13–19 min, 22 %–38 % B; 
19–24 min, 38 %–50 % B; 24–28.5 min, 50 %–65 % B; 28.5–33.5 min, 65 
%–85 % B; 33.5–35 min, 85 %–90 % B; and 35–36 min, 90 %–95 % B. 
The eluent was introduced into a SYNAPT G1-Si high-definition mass 
spectrometer (Waters) equipped with an electrospray ionization (ESI) 
source. Analyses were performed in both positive- and negative-ion 
modes. The sampling cone and capillary voltages were 40.0 V and 
3000 V, respectively; the source temperature was 100 ◦C, and the des-
olvation gas flow and temperature were 850 L h− 1 and 450 ◦C, respec-
tively. Data were collected in centroid mode from 100 to 1500 Da in full 
scan over 0–36 min. Leucine enkephaline was used as lock mass in both 
positive- ([M+H]+ = 556.2771) and negative-ion modes ([M− H]− =

554.2615) via a lock spray interface at a flow-rate of 50 μL min− 1 to 
ensure accuracy during the MS analysis. The instrument was controlled 
by Masslynx 4.1 software (Fig. S1 and Table S1). 

2.3. Animals, pancreas tissue, serum, and faecal samples 

Male SPF Wistar rats (8 weeks old, 160–200 g) were purchased from 
the SPF Laboratory Animal Centre, Dalian Medical University, with 
permission number SCXK 2013–0003. All animals were maintained 
under standard laboratory conditions and placed in a suitable SPF 
environment under a 12-h day/night alternating cycle according to the 
Guide for the Care and Use of Laboratory Animals (NIH). Eighty rats 
were fed a high-fat diet (HFD, D12450) for 3 weeks. Then, the mice fed 
HFD were injected intraperitoneally with 40 mg/kg STZ and then OGTTs 
were tested on the 7th and 21 st days after injection. Only rats that met 
the standard for diabetes (level of 2 h-postprandial glucose > 11.1 mM 
in both OGTTs) were selected as type 2 diabetic rat models (n = 30). 
Other rats fed a normal diet were used as negative controls (n = 6). All 
rats had free access to water. The OGTT was conducted by oral admin-
istration of 2 g kg− 1 glucose after 16 h fasting. Blood samples were then 
collected from the tail vein and blood glucose levels were measured 
three times at 0 and 120 min, using the glucose oxidase method [26]. 
Type 2 diabetic model rats induced by HFD and streptozotocin were 
divided into four groups (n = 5 or 6), randomized with respect to 
bodyweight, fasting blood glucose (FBG), and 2 h-postprandial glucose 
(2h-PG). The groups were orally administered placebo (5% CMC-Na; DM 
group), 20 mg kg− 1 day− 1 AAE (LD group), 60 mg kg− 1 day− 1 AAE (MD 
group), or 180 mg kg− 1 day− 1 AAE (HD group), respectively, by gavage 
for 4 weeks. OGTTs were performed, bodyweights were measured, and 
stool samples were collected at week 0, 2, and 4 used a commercial 
excrement collector (Majorbio Bio-Pharm Technology Co. Ltd. 
Shanghai, China). 

Blood samples were collected and centrifuged at 4000 ×g for 5 min 
at 4 ◦C to obtain plasma. Lipopolysaccharide (LPS), tumour necrosis 
factor-α (TNFα), total cholesterol (TC), triglycerides (TG), and fasting 
insulin level in the plasma were measured using commercially available 
kits (Jiancheng Co. Ltd, Nanjing, China). For tissue studies, liver and 
ileum were excised from the rats and stored in liquid nitrogen for lipid 
profiles (TC and TG) or TNFα analysis. For histological studies, pancreas 
tissue and liver were excised from the rats, collected, and stored in 10 % 
formalin. 

All reagents used, including acetonitrile (ACN; Fisher Scientific Co. 
Ltd, Loughborough, UK), formic acid (FA; DikmaPure Scientific Co. Ltd, 
Beijing, China), dimethyl sulfoxide (Tedia Company Inc., Ohio, USA), 
and methanol (Sigma-Aldrich, St. Louis, MO, USA), were of chromato-
graphic purity. Distilled water was purified by Lab Tower EDI 15 
(Thermo-Fisher Scientific, MA, USA). 

2.4. Quantitative analysis of faecal and plasma samples by UPLC triple 
quadrupole MS 

To know more about the distribution of key components, a quanti-
tative study was carried on faecal and plasma samples. The structures of 
seven previously isolated chemical standards (neomangiferin, man-
giferin, norathyriol, sarsasapogenin, timosaponin BII, B, and AIII) were 
confirmed by MS and nuclear magnetic resonance spectroscopy [27]. 
Linezolid (Batch No. 20,160,301; purity > 99.5 %; Sichuan Saizhuo 
Pharmacy Co. Ltd, Mianyang, China) was used as an internal standard. 

Faeces were homogenized in nine volumes of distilled water, and 50 
μL of the faecal homogenates and plasma samples were individually 
mixed with 150 μL ACN. All samples were vortexed for 1 min, centri-
fuged for 15 min at 4415 × g and 4 ◦C, and 50 μL of supernatant was then 
collected from each sample, mixed with 50 μL distilled water, and 2 μL of 
mixture was injected into the liquid chromatography-tandem mass 
spectrometry (LC–MS/MS) for analysis. The API 6500 triple quadrupole 
mass spectrometer, Turbo Ion Spray ESI source, and Analyst 1.6.2 data 
processing system were purchased from AB Sciex (Framingham, MA, 
USA). The HPLC system was purchased from Shimadzu Corporation 
(Japan). 

Separations were carried out in a Kinetex C18 (3.0 mm × 50 mm, 2.6 
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μm) column at a flow rate of 0.8 mL min− 1. Mobile phases A and B 
consisted of 0.1 % FA solution and ACN containing 0.1 % FA, respec-
tively. The gradient elution was carried out as follows: 0–0.5 min, 2% B; 
0.5–3.5 min, 2%–95 % B; 3.5–4 min, 95 % B. ACN/water (9:1, v/v) was 
chosen as the needle rinse solution. The volume of injection was 2 μL and 
the auto-sampler was maintained at room temperature. 

The mass spectrometer detector was set for multiple reaction moni-
toring (MRM) in both positive- and negative-ion modes. The MRM 
transitions and correlative parameters were as follows: ion spray 
voltage, 5.5 kV in ESI+ and 4.5 kV in ESI− ; collision gas, 12 psi; curtain 
gas, ESI+, 30 psi; ESI− , 20 psi; ion source gas 1, 50 psi, ion source gas 2, 
50 psi; and source temperature, 550 ◦C. Detection was performed using 
both positive- and negative-ion ESI in MRM modes (Table S2). 

2.5. DNA extraction and polymerase chain reaction (PCR) amplification 

Genomic DNA was extracted from each stool sample using a QIAamp 
Fast DNA Stool Mini Kit (Qiagen, Germany) according to the manufac-
turer’s protocols. The V3–V4 region of the bacterial rRNA gene was 
amplified by PCR (95 ◦C for 3 min, followed by 27 cycles comprising 95 
◦C for 30 s, 55 ◦C for 40 s and 72 ◦C for 45 s, and ended by 72 ◦C for 10 
min) using primers 338 F (5′-barcode-ACTCCTACGGGAGGCAGCA-3′) 
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [28], where the barcode 
was an eight-base sequence unique to each sample. The PCR amplifi-
cation was conducted using high-fidelity TransStart Fastpfu DNA Poly-
merase (Transgen, China). PCR reactions were performed in triplicate 
using individual 20 μL mixtures containing 4 μL of 5 × FastPfu Buffer, 2 
μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu 
Polymerase, and 10 ng of template DNA. 

2.6. Illumina MiSeq sequencing 

Amplicons were purified using an AxyPrep DNA Gel Extraction Kit 
(Axygen, CA, USA) according to the manufacturer’s instructions, and 
quantified using QuantiFluor™-ST (Promega, WI, USA). Purified 
amplicons were pooled in equimolar ratios and paired-end sequenced (2 
× 250 bp) on an Illumina MiSeq platform, according to the manufac-
turer’s protocol. 

2.7. DNA sequencing data analysis 

Raw files were demultiplexed and quality-filtered using QIIME 
(version 1.9.0) [29] with the following criteria: (1) 300 bp reads with an 
average quality score < 20 over a 50 bp sliding window were truncated, 
and truncated reads < 50 bp were discarded; (2) reads with two 
nucleotide mismatches in primer matching and reads containing 
ambiguous characters were both removed; and (3) only sequences with 
overlap > 10 bp were assembled. Reads that could not be assembled 
were discarded. 

All samples were subsampled at the same sequence depth (22,574 
reads). Operational taxonomic units (OTUs) were clustered with 97 % 
similarity cut-off using UPARSE (version 7.1, http://drive5.com/ 
uparse/). Chimeric sequences were identified and removed using 
UCHIME. OTUs were used as the basis for calculating α and β diversity 
metrics. The taxonomy of each 16S rRNA gene sequence was analysed by 
RDP Classifier [30] against the SILVA (SSU115) 16S rRNA database 
using a confidence threshold of 70 % [31]. The OTU diversity was 
analysed using Chao1. Good’s coverage estimator and Shannon’s index 
were calculated using QIIME 1.9.0 software [29]. Analysis of similarities 
(ANOSIM) was performed using QIIME 1.9.0 software to detect signifi-
cantly different bacterial community compositions among the groups. 

2.8. SCFA quantification by GC–MS 

Faecal SCFAs were quantified as described previously [32]. A volume 
of 1000 μL of 0.005 M NaOH solution containing isocaproic acid (5 μg 

mL− 1 isocaproic acid) was added to 150 mg faecal samples, homoge-
nized for 10 min, and then centrifuged at 13,200 × g and 4 ◦C for 20 min. 
A volume of 475 μL supernatant of faecal water was transferred into a 2 
mL glass centrifuge tube and 25 μL of phosphoric acid was added. 

Analysis was performed using an Agilent 7890A GC system coupled 
to a Flamed ionization detector (Agilent Technologies, CA, USA). SCFAs 
were separated using a polar DB-FFAP capillary column (30 m × 0.25 
mm internal diameter, 0.25 μm film thickness; Agilent). One microliter 
of derivative was injected in split mode at a ratio of 20:1 at a constant 
flow rate of 1 mL min− 1. Nitrogen was used as the carrier gas. The oven 
was initially set at 60 ◦C for 5 min, increased to 250 ◦C at a rate of 10 ◦C 
min− 1, and maintained at 250 ◦C for 5 min. The temperatures of the 
front inlet, transfer line, and electron impact ion source were set at 280, 
250, and 230 ◦C, respectively. 

2.9. Faecal incubation with AAE in vitro 

To confirm the interaction between the gut microbiota and AAE in 
vitro, we sequenced DM faecal samples after incubation with AAE. 
Faeces from DM rats were collected at week 0 and incubated using a Bug 
Box Plus anaerobic workstation (Ruskinn Technology Ltd, Bridgend, 
UK). Faeces (0.3 g) were then diluted in three volumes of saline (1.2 
mL), followed by the addition of 0 (eDM group, which means DM group 
in ex vivo experiment), 10.24 (eMD group, which means medium-dose of 
AAE in ex vivo experiment and is similar to the exposure concentration of 
AAE in the MD group), and 30.72 mg mL− 1(eHD group, which means 
high-dose of AAE in ex vivo experiment and is similar to the exposure 
concentration of AAE in the HD group) AAE to the samples, respectively. 
Three-quarters of each sample were cultured under anaerobic conditions 
at 37 ◦C for 0, 8, 24, and 48 h, while the remaining quarter was stored at 
− 20 ◦C. Amplicon sequencing was performed using an Illumina MiSeq 
platform. Faecal SCFAs were quantified by GC–MS. 

2.10. Blautia coccoides (JCM 1395 T) incubation with AAE in vitro 

To verify the anti-diabetic mechanism of AAE through gut micro-
biota, a commercially available strain of B. coccoides was cultured in 
liquid medium containing varying levels of AAE for 24 h. B. coccoides 
(JCM 1395T) was purchased from the Japan Collection of Microorgan-
isms. The strain was cultured in liquid medium under anaerobic con-
ditions with AAE at concentrations of 0, 32, 256, 512, 1024, and 2048 μg 
mL− 1 for 24 h. The OD600nm was measured using a Bioscreen C MBR 
machine (Oy Growth Curves Ab Ltd, Helsinki, Finland). 

2.11. Protein extraction and gel-assisted digestion 

Rat pancreas tissue was freeze-dried in liquid nitrogen using a pestle 
and mortar. The powder was added to lysis buffer comprising 9 M urea, 
10 mM iodoacetamide, 100 mM NH4HCO3 and 1 × protein inhibitor 
cocktail (Sigma-Aldrich Ltd, Oakville, Canada), sonicated, and centri-
fuged for 2 min at 17,000 × g and 4 ◦C. The supernatant was collected 
and the protein concentration was measured by bicinchoninic acid 
assay. Protein separation was performed by short SDS-PAGE stained 
with Coomassie Blue G-250 [33]. Pancreas proteome samples (~100 μg) 
were reduced, alkylated, and digested with 10 ng μL− 1 trypsin for 12 h at 
37 ◦C as described previously [33]. 

2.12. Tandem mass tag (TMT) labelling 

TMT chemical derivatization labelling with different channels of the 
same isobaric tag leads to molecules with very similar or identical mass 
that appear as a single peak in full MS scans and can be isolated in 
subsequent MS/MS analysis. Quantification is based on the relative in-
tensities of reporter ions which appear in the low mass range of MS/MS 
spectra [34]. Peptides from the different cell groups were labelled using 
six-plex TMT, according to the manufacturer’s instructions (Thermo 
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Fisher Scientific Ltd, Carlsbad, CA, USA) [35]. Peptides from the control, 
DM, LD, MD, and HD groups were labelled with 126, 127 N, 128 N, 
128C, and 129 N tags, respectively. To ensure high-accuracy quantita-
tion, the tag peptide ratio was selected as 126:127 N:128 N:128C:129 N 
= 1:1:1:1:1. The labelled peptides were then pooled and separated into 
12 fractions by high-pH reverse-phase high performance liquid chro-
matography, followed by nanoAcquity UPLC–MS/MS analysis with a 
Lumos mass spectrometer. Technical LC–MS/MS variations were 
detected by repeated analysis of the same TMT labelling samples to 
identify the true biological relevance of the results. 

2.13. Data processing and database searching 

All raw files were submitted to the Protein discovery software 
(version 1.6.0.1, Martinsried, Germany) and compared against the 
UniProt rat protein database (version June 2017). The target-decoy 

based strategy was used to achieve a peptide and protein false discov-
ery rate (FDR) ≤ 1%. The search parameters were as described previ-
ously [33]. Gene Ontology annotation was performed using DAVID [36]. 
Pathway and protein–protein interaction analyses were performed using 
the Kyoto Encyclopedia of Genes and Genomes [37,38] and STRING 
[39], respectively. 

2.14. Histological and immunofluorescence studies 

For histological analyses, tissue samples were fixed in formalin so-
lution for 24 h and then embedded in paraffin. For immunofluorescence 
analyses, pancreas sections were cut at 3 μm thick and stained with HE. 
Some were incubated with antibodies against insulin (Boster Biological 
Technology Co. Ltd, Wuhan, China) and glucagon (Beijing Biosynthesis 
Biotechnology Co. Ltd, Beijing, China) at a ratio 1:100 overnight at 4 ◦C. 
PRDX4 immunofluorescence studies were performed using anti- 

Fig. 1. (A) Base peak ion chromatogram of Anemarrhena asphodeloides extract (AAE) profiled by UPLC-Q-TOF/MS, characterizing eight flavonoids and 30 steroidal 
saponins. (B) Structures of main abundant compounds identified in AAE. 
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peroxiredoxin 4 antibody (ab59542, Abcam Co. Ltd, Cambridge, MA, 
USA). Other sections were incubated with goat anti-rabbit (fluorescein 
isothiocyanate) and goat anti-mouse (tetramethylrhodamine) anti-
bodies at a ratio of 1:200 for 1 h at 4 ◦C. All incubated samples were 
washed three times with 0.05 mmol L− 1 Tris− HCl (pH = 7.4). Stained 
samples were observed under a fluorescence microscope at 100× and 
400× magnifications. 

2.15. Statistical analysis 

Statistical analysis was performed using Statistical Package for the 
Social Sciences (SPSS, version 17.0). Comparisons between groups were 
analysed by one-way analysis of variance (ANOVA) followed by Tukey’s 
multiple comparison. A value of p < 0.05 was considered to be statis-
tically significant. The canonical correspondence analysis (CCA) and 
principal co-ordinates analysis (PCoA) were conducted using R software 
(version 3.7.0) with the vegan package [40]. Heatmaps and Venn dia-
grams were plotted using R software (version 3.7.0) and bar and line 

graphs were plotted using Origin software (version 8.0). Post-hoc tests 
for ANOVA were performed using Statistical Analysis of Metagenomics 
Profiles software (STAMP) [41] to identify significantly different genera 
between MD and DM rats. 

3. Results 

3.1. AAE improved blood glucose levels, lipid profiles, and inflammation 

The chemical composition of AAE was profiled using UPLC-QTOF/ 
MS (Fig. 1A). Based on the exact mass, fragment ions, retention times, 
the published literatures, and compared with the standards, eight fla-
vonoids and 30 saponins were detected (Table S1) in the base peak ion 
chromatogram. 

The FPG and 2h-PG levels were significantly higher in DM group 
compared with NM group and the 2h-PG levels were significantly 
reduced in the MD and HD groups with DM group, while the FPG levels 
in the LD, MD, and HD groups were no significant difference with DM 

Fig. 2. AAE improved blood glucose and lipid profiles. (A) Blood glucose levels at week 4; (B) HOMA-IR; (C) TC in plasma; (D) TC in liver; (E) LPS in plasma; (F) 
TNFα in ileum. Values shown as mean ± standard error (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 by one-way analysis of variance (ANOVA) followed by Tukey’s 
multiple comparison, NS means no significant differences detected. Metabolite contents (log scale) of rat faeces (G) and plasma (H) in the fourth week after 
administration. Values in (G) and (H) are shown as mean ± SEM (log scale). N.D. means not detected. NEO: neomangiferin; MAN: mangiferin; NOR: norathyriol; TBII: 
timosaponin BII; TB: timosaponin B; TAIII: timosaponin AIII; SAR: sarsasapogenin. 
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group (Fig. 2A). Compared with DM group, the insulin level and ho-
meostasis model assessment of insulin resistance (HOMA-IR) index were 
also significantly decreased in the MD and HD groups (Fig. 2B and 
Fig. S1A). Notably, rats in the HD group were significantly reduced 
levels of TC in plasma and liver, LPS in plasma, and TNFα in the ileum, 
compared with DM rats (Fig. 2C–F, Fig. S1B and C). Interestingly, there 
were no significant differences in bodyweight among the groups during 
AAE treatment (Fig. S1D and E), and no differences in plasma or liver 
TNFα levels (Fig. S1F and G). 

We performed a quantitative study to identify the key components 
and metabolites of AAE in faeces and plasma. AAE was previously shown 
to contain various flavonoids and saponins, including neomangiferin, 
mangiferin, norathyriol, timosaponin BII, timosaponin B, timosaponin 
AIII, and sarsasapogenin (Fig. 1B) [42–45]. We analysed faecal and 
plasma samples using LC–MS/MS and identified these compounds in rats 
that had undergone AAE treatment (Fig. 2G and H). Specifically, man-
giferin, norathyriol, timosaponin BII, timosaponin B, timosaponin AIII, 
and sarsasapogenin were detected in faecal samples, while neo-
mangiferin, mangiferin, timosaponin BII, timosaponin B, timosaponin 
AIII, and sarsasapogenin were detected in plasma samples. The neo-
mangiferin was only detected in plasma while the norathyriol was only 
detected in faeces. The concentrations of the main metabolites in faeces 
were generally significantly (several orders) higher than in plasma 
samples. The detailed data are shown in Table S2. 

3.2. AAE affected the diversity and composition of the gut microbiota in 
vivo and in vitro 

Growing evidence suggests that the gut microbiota is involved in 
diabetes progression [4,6,9]. We examined the effects of AAE on the 
diversity and composition of the gut microbiota by sequencing faecal 
samples taken at week 0, 2, and 4. A total of 4,407,100 valid reads were 
obtained (Table S3). Rarefaction curves based on observed OTUs and 
Shannon indices indicated that the dominant phylotypes were captured 
(Fig. S2A and B). Interestingly, the MD group had the highest Shannon 
index at all time points (Fig. 3A and B). Furthermore, a Venn diagram 
showed that the number of unique OTUs at week 4 was highest in the 
MD group and lowest in the DM group (Fig. S2C–E). These results 
suggest that there was an optimal dose of AAE for improving the di-
versity of the gut microbiota. 

PCoA showed that the composition of the bacterial community 
differed significantly between the MD and DM groups (Fig. 3C–E and 
Fig. S2F). Community-composition analysis showed changes in bacte-
rial phyla and genera at 4 weeks after AAE treatment (Table S4 and S5; 
Fig. S3A and B). Specifically, the abundance of the phylum Proteobac-
teria was decreased in the MD and HD groups, whereas Bacteroidetes 
and Actinobacteria were increased. Heatmap analysis showed increased 
abundances of the genera Blautia, Roseburia, Phascolarctobacterium, and 
Enterococcus in the MD group, but decreased abundances of Brachyspira, 
Facklamia, Klebsiella, Oligella, and Escherichia-Shigella at week 4 (Fig. 3F). 

To examine the interaction between the gut microbiota and AAE, we 
sequenced DM faecal samples after incubation with AAE 10.24 mg mL− 1 

(eMD group, which means medium-dose of AAE in ex vivo experiment 
and is similar to the exposure concentration of AAE in the MD group), 
30.72 mg mL− 1 (eHD group, which means high-dose of AAE in ex vivo 
experiment and is similar to the exposure concentration of AAE in the 
HD group), and 0 mg mL− 1 (eDM group, which means DM group in ex 
vivo experiment) for 0, 8, 24, and 48 h. A total of 36 incubation samples 
were sequenced and 4,124,202 valid reads were observed (Table S3, 
Fig. S4A and B). The diversity was particularly increased in the eMD 
group. This result was consistent with that observed in vivo (Fig. S4C). A 
Venn diagram showed that the number of unique OTUs after 48 h in-
cubation was highest in the eMD group (Fig. S4D–F). Furthermore, the 
gut microbiota community composition differed significantly between 
the eMD and eNM groups after 48 h incubation (ANOSIM, p < 0.05; 
Fig. S4 G). The relative abundances of Proteobacteria and Bacteroides 

were decreased in the eMD and eHD group, whereas Firmicutes and 
Actinobacteria were increased (Table S6 and S7; Fig. S3A and B). The 
above results showed that AAE could alter the diversity and composition 
of the gut microbiota in vitro, albeit with slight differences compared 
with in vivo observations. 

We examined the effects of AAE treatment on different bacterial 
genera in faecal samples collected from MD rats. The relative abun-
dances of Blautia, Enterococcus, Faecalitalea, Lachnoclostridium, Para-
bacteroides, Phascolarctobacterium, and Roseburia were increased 
(Fig. 3G). CCA (Fig. 3H) and permutation test (Table S8) were per-
formed to examine the relationships between diabetes related factors 
and bacterial community composition. The plasma levels of 2h-PG (r2 =

0.42, p < 0.05), TC (r2 = 0.58, p < 0.05), (TG, r2 = 0.30, p < 0.05), and 
ileum levels of TNFα (r2 = 0.42, p < 0.05) were significantly correlated 
with the composition of the gut microbiota in vivo (Fig. 3H). Notably, the 
2h-PG level was negatively correlated with the relative abundance of 
Blautia, Enterococcus, Lachnoclostridium, Parabacteroides, and Roseburia 
(Fig. 3H). These results suggest that these are potentially beneficial 
bacteria which can help to improve diabetes [6,46]. 

3.3. AAE enriched potentially beneficial bacteria and inhibited the growth 
of potentially harmful bacteria 

Overall, the relative abundance of potentially beneficial bacteria 
increased with time, with the largest increase in MD rats (Fig. 4A and B). 
AAE also increased the abundance of certain SCFA-producing bacteria in 
vitro, with time-dependent increases in Blautia, Lachnoclostridium, and 
Roseburia (Fig. 4C and D). However, the optimal dose of AAE varied 
among the different bacterial genera, with the highest abundance of 
Blautia and Lachnoclostridium in the eMD group but the highest abun-
dance of Roseburia in the eHD group (Fig. 4C). 

Gas chromatography (GC)-MS analysis showed that concentrations 
of SCFAs such as acetic acid, propionic acid, and butyric acid were 
decreased in the DM group, while AAE could reverse these deficits in a 
dose-dependent manner, both in vivo and in vitro (Fig. S5A and B). CCA 
showed that SCFA concentrations were significantly correlated with the 
composition of the gut microbiota. Specifically, Blautia and Enterococcus 
were positively correlated with total SCFA and acetic acid concentra-
tions, whereas Roseburia, Parabacteroides, and Lachnoclostridium were 
positively correlated with butyric acid concentration (Fig. S5C and 
S5D). 

Blautia has previously been implicated in diabetes [47–53]. Many 
studies have shown negative correlations between Blautia and diabetes 
[49,48–53]. We further explored the anti-diabetic mechanisms of AAE 
by culturing a commercially available strain of B. coccoides in liquid 
medium containing varying levels of AAE for 24 h. AAE increased the 
relative abundance of B. coccoides in a dose-dependent manner at the 
concentrations ≥ 512 μg mL− 1, determined by optical density 600 nm 
(OD600nm) measurements (Fig. 4I). 

We also examined the effects of AAE on potentially harmful bacteria. 
CCA showed that Facklamia, Oligella, and Klebsiella were positively 
correlated with 2h-PG levels (Fig. 3H). Their relative abundances 
decreased with time after AAE treatment according to in vivo experi-
ments (Fig. 4E and F), while Klebsiella also decreased with time after 
AAE incubation in vitro (Fig. 4G and H). Overall, AAE treatment, espe-
cially at a medium dose, increased the relative abundance of potentially 
beneficial bacteria and decreased potentially harmful bacteria, sug-
gesting that these changes may be related to the alleviation of diabetes. 

3.4. AAE restored endoplasmic reticulum, ribosomal, anti-oxidative stress 
protein levels and pancreatic islet cell function 

We examined the effects of AAE treatment on the pancreas by ana-
lysing pancreatic protein expression in NM, DM, and AAE-treated rats 
using LC–MS in conjunction with the TMT labelling approach 
(Fig. S6A). Protein was extracted by in-gel digestion with trypsin, and 
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Fig. 3. AAE affected the diversity and composition of the gut microbiota in diabetic rats. (A) Shannon indices in NM, DM, and AAE-treated rats at week 4. Boxes 
show medians and interquartile ranges (IQRs); whiskers denote lowest and highest values within 1.5 times the IQRs from the first and third quartiles; outliers shown 
as individual points. (B) Shannon indices in MD rats at week 0, 2, and 4. Boxes, whiskers, and outliers denote values as described above. Principal co-ordinates 
analysis of microbial communities in MD and DM rats at weeks 0 (C), 2 (D), and 4 (E). PC1: principal component 1; PC2: principal component 2. (F) Heatmap 
analysis indicating relative abundances of dominant genera in MD and DM rats at weeks 0, 2, and 4. (G) STAMP analysis indicated genera that were significantly 
different between MD and DM rats at week 4. (H) CCA between gut microbiota community and related indices (2h-PG, TNFα in ileum, TC and TG in plasma). 
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sample purity was checked by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) (Fig. S6B). A total of 4439 proteins 
were identified, with a total FDR of 1% at both the peptide and protein 
levels. Among these, 4148 proteins were successfully quantified 
(Fig. 5A, Table S9 and S10). The mean duplicates ratio was 1.01 and the 
standard deviation (SD) for technical replicates was 0.08. The results 
were comparable to those obtained using conventional TMT labelling 
[54] (Fig. S6C). 

In our analysis, only proteins with two or more unique peptides, a 
quantification ratio ≥ 0.25 (3 × SD), and p < 0.05 were accepted as 
upregulated and downregulated proteins. A total of 841 proteins met 
these requirements, of which 381 (45.3 %) were upregulated 
(Table S11) and 460 (54.7 %) were downregulated (Table S12). We 
compared the protein expression patterns between the NM, DM, and 
AAE-treated groups (Fig. 5B). As the downregulated proteins were the 
major changed proteins, the DM downregulated proteins (DM vs. NM) 
and AAE-treated groups (AAE vs. DM) were showed in Fig. 5C. The 
downregulated proteins in DM group were partially restored in HD 
group after AAE administration (Fig. 5C). The GO analysis of down-
regulated proteins indicated the normal biological functions were 
significantly injured in DM groups, including post-translation modifi-
cation, extracellular exosome, transport, cytoplasmic vesicle, structural, 
and endoplasmic reticulum proteins (Fig. 5D). 

We plotted the distribution of the log2 downregulated protein ratio 
for the DM versus the NM group and showed that the curve was nega-
tively shifted (mean value -0.69), indicating that pancreatic proteins 
were mostly downregulated in the DM group (Fig. 6A). In contrast, the 
mean values for the LD versus the DM group, and for the MD versus the 
DM group were 0.01 and − 0.05, respectively. These results suggest that 
low and medium doses of AAE had little or no significant effect on 
pancreatic protein expression. Heatmap analysis showed a similar trend 
with similar protein expression patterns in the LD and MD groups 
(Fig. 6B). Changes in protein expression patterns could only be detected 
in the HD group. 

Protein-protein interaction analysis based on the STRING database 
showed that the proteins downregulated in the DM group were primarily 
RNA-processing, ribosomal, and cytoskeletal proteins and protein ki-
nases secreted by acinar cells. These results suggest that pancreatic cell 
function was impaired in the DM group (Fig. 6C). Furthermore, most 
downregulated proteins were restored in the HD group (Fig. 6D-G). 
These results indicated that a high dose of AAE could trigger the repair 
or regeneration of pancreatic cells, possibly by restoring the function of 
pancreatic islet cells. 

The anti-oxidant protein peroxiredoxin 4 (PRDX4) has several 
protein-protein interactions with proteins recovered in the HD group 
(Fig. 6H). Indeed, immunofluorescence microscopy of pancreatic 

Fig. 4. AAE treatment promoted the proliferation of SCFA-producing bacteria and inhibited the growth of potentially harmful bacteria. Variations in relative 
abundances of potentially beneficial genera (rich in MD group and negatively correlated with 2h-PG, TC in plasma, TG in plasma, and TNFα in ileum) in DM and AAE- 
treated rats at week 4 in vivo (A), according to MD/DM ratio at week 0, 2, and 4 in vivo (B), in eDM, eMD, and eHD groups at 48 h in vitro (C), according to eMD/eDM 
ratio at 0, 24, and 48 h in vitro (D). Colours indicate same genera in A–D. Variations in relative abundances of potentially harmful genera (positively correlated with 
2h-PG, TC in plasma, TG in plasma, and TNFα in ileum) in DM and AAE-treated rats at week 4 in vivo (E), according to MD/DM ratio at week 0, 2, and 4 in vivo (F), in 
eDM, eMD, and eHD groups at 48 h in vitro (G), and according to eMD/eDM ratio at weeks 0, 24, and 48 h in vitro (H). Colours indicate same genera in (E–H). (I) 
OD600nm value for B. coccoides growth in various concentrations of AAE. *p < 0.05, **p < 0.01 by one-tailed t-test. Values shown as mean ± SEM. 
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sections showed that PRDX4 was significantly downregulated in DM but 
upregulated in HD rats (Fig. 7A and B), as confirmed by haematoxylin- 
eosin (HE) and immunofluorescence staining (Fig. 7C). Specifically, 
pancreatic sections from DM rats showed atrophic islets, low islet count, 
enlarged cell vacuoles, islet nuclear pyknosis, increased nuclear het-
eromorphism, and signs of necrocytosis compared with NM rats. In 
contrast, sections from HD rats showed large improvements in islet 
morphology, some improvement in islet atrophy, increased islet count, 
and no signs of necrocytosis (Fig. 7C). These results support the efficacy 
of AAE treatment for promoting pancreatic repair and islet cell 
regeneration. 

4. Discussion 

TCMs have long been used to treat various diseases in China, but 
identifying the key components and molecular mechanisms underlying 
the treatments remains a challenge. After oral administration, the effects 
and mechanisms of multiple herbal constituents can be elucidated using 
classical molecular pharmacological methods [55]. Gut microbiota 
modulation might be a crucial aspect of the mechanism of the low oral 
bioavailability constituents. For example, Xu et al. demonstrated the 
involvement of gut microbiota modulation in the treatment effect of 
Gegen Qianlian Decoction on diabetes [9]. Notably, the components and 
metabolites of A. asphodeloides are with low oral bioavailability, and 
finding convincing evidence to support its mechanism of action thus 
poses a particular challenge [23–25]. The results of the current study 
revealed two previously unrecognized effects of AAE treatment: modu-
lating the gut microbiota and triggering PRDX4 overexpression. Spe-
cifically, we demonstrated that unabsorbed components of AAE could 
help to regulate the gut microbiota and increase the abundance of 
beneficial bacteria such as Blautia, while the small proportion of 
absorbed components could promote cell regeneration in the pancreas 
and restore pancreatic islet cell function. This comprehensive investi-
gation to reveal the mechanisms of AAE could thus be applied to the 
study of other TCMs. 

Similar anti-diabetic effects (no significant differences) such as 
decrease of blood glucose, HOMA-IR, TC in plasma, etc. were observed in 
HD and MD group. However, high-dose and medium-dose AAE showed 
different pathways to alleviate diabetes. For examples, comparing to DM 
group, medium-dose AAE significantly changed the structure of gut 
bacterial community, while high-dose AAE didn’t influence that signif-
icantly; high-dose AAE significant changed the relative abundance of 
pancreas function related proteins, but no significant changes were 
observed in MD group, which indicated medium-dose AAE was not 
adsorbed enough into the blood to alleviate diabetes through regulating 
the pancreas function. Specifically, the effective components of AAE in 
the MD group may be metabolites of flavonoids and saponins which 
mainly distributed in the gut. For example, norathyriol was not detected 
in plasma and mainly in faeces, especially in MD group. Previous study 
reported that oral administration of norathyriol protected mice from 
diet-induced obesity and insulin resistance [56], which indicated that 
norathyriol may improve the diabetes through modulating the gut 
microbiota. Differing from MD group, the effects of HD group are mainly 
attributed to the components which can be absorbed into the blood 
(such as Mangiferin), which could promote cell regeneration in the 
pancreas and restore pancreatic islet cell function. 

There is growing evidence to suggest that diabetes is caused by an 
altered gut microbiota [11–13,57,58]. A high-fat diet can induce 
inflammation by changing the composition of the gut microbiota and 
increasing intestinal permeability via induction of Toll-like receptor 4, 
which accelerates the development of diabetes [13]. The gut microbiota 
suppresses insulin-mediated fat accumulation via the SCFA receptor 
GPR43 [57]. Qin et al. showed that patients with diabetes had a mod-
erate degree of gut microbial dysbiosis, with a decrease in 
SCFA-producing bacteria and an increase in opportunistic pathogens 
[58]. The current in vivo and in vitro experiments showed that AAE 
enriched potentially beneficial bacteria. Importantly, co-incubation of 
AAE with faeces in vitro confirmed the changes in gut microbiota. 
However, the in vitro experiments showed some differences from the in 
vivo results. Maybe reproducing the anaerobic conditions that mimic the 

Fig. 5. The proteomic study flow chart and results analysis. (A) Summary of MS identification and quantitation. A total of 4148 proteins were quantified across all six 
groups. (B) Differentially expressed proteins among different groups. (C) Scatter plots of downregulated protein expression ratio for DM (vs. NM), LD (vs. DM), MD 
(vs. DM), and HD (vs. DM), respectively. (D) Biological function GO analysis of DM group downregulated proteins. 
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Fig. 6. Pancreas proteomics analysis after rats AAE administration. (A) Pancreatic proteins downregulated in diabetic rats with and without AAE. The log2 ratios of 
downregulated proteins were plotted in the different groups. The distribution curve for the DM group was negatively shifted compared with the control group, with a 
mean value of − 0.69. The mean values were 0.01 for the LD compared with the DM group and − 0.05 for the MD compared with the DM group. The distribution curve 
for the HD group was positively shifted compared with the DM group, with a mean value of 0.14. (B) Heatmap analysis of log2 ratio for downregulated proteins in 
four groups compared with the DM group. (C) Protein–protein interaction analysis of downregulated proteins using STRING. Areas surrounded by solid red lines 
represent functional protein clusters. Thick blue lines represent stronger associations. Relative peptide expression of major changed proteins for processing in 
endoplasmic reticulum (D), ribosomal proteins (E), cytoskeleton and protein complex subunit organization (F), and pancreatic acinar cell-secreted proteins (G). 
Protein network analysis showing highly connected proteins representative for each cluster in terms of downregulated proteins (H). 
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Fig. 7. The pancreatic islets of diabetic rats 
were recovered after AAE administration. (A) 
PRDX4 immunofluorescence in pathological 
sections of pancreatic islets from different 
groups. Scale bars =10 μm. (B) The intensity of 
PRDX4 was significantly downregulated in DM 
compared with control rats. PRDX4 was 
significantly upregulated after AAE adminis-
tration compared with DM rats, to almost 
normal levels. (C) HE staining of pancreatic 
islets in pathological sections of pancreases in 
different groups (10×, scale bar =250 μm, 
40×, Scale bars =50 μm). (D) Immunofluores-
cence staining of pancreatic islets in patho-
logical sections of pancreases in different 
groups (10×, scale bars =250 μm, 40×, scale 
bar =50 μm).   
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gut environment and the effect of host factors cause these differences. 
AAE suppressed the relative abundance of Proteobacteria, consistent 
with another study showing that a mixture of A. asphodeloides and Coptis 
chinensis attenuated high-fat diet-induced colitis in mice [59]. AAE has 
also been shown to inhibit the growth of harmful bacteria such as 
Facklamia, Oligella, and Klebsiella, which all have pathogenic effects 
[60–63]. The inhibitory effects of A. asphodeloides on Facklamia, Oligella, 
and Klebsiella may thus help to maintain homeostasis and ameliorate 
diabetes. 

Previous studies have shown that Blautia has positive implications 
for obesity and diabetes [49–53], consistent with the present study. 
Decaffeinated green and black tea polyphenols were shown to reduce 
weight gain and enrich Blautia in diet-induced obese mice [52]. Yang 
et al. demonstrated that xylooligosaccharide supplementation could 
enrich Blautia and improve glucose control in prediabetic adults [53]. 
Moreover, Blautia was also reportedly enriched by both metformin and a 
traditional Chinese herbal formula during the amelioration of blood 
glucose and lipid levels in a randomized clinical trial [51]. However, 
several studies have shown a possible association between Blautia and 
hyperglycemia [47,48]. De Filippis et al. [64] and Ferrocino et al. [50] 
recently found that different oligotypes of the same species showed 
different correlation patterns with metabolomic data. These authors 
attributed this conflict to different strains having different impacts on 
the host. In the current study, Blautia was significantly enriched in MD 
rats (p < 0.01) and was negatively correlated with 2h-PG levels, sug-
gesting that Blautia are beneficial bacteria, at least in relation to dia-
betes. Indeed, B. coccoides (JCM 1395) proliferated in a dose-dependent 
manner after incubation with AAE. Overall, these results suggest that 
Blautia may be key to developing novel diabetes interventions. 

The present proteomics analysis showed that HD AAE partially 
restored diabetes-induced protein downregulation. AAE also promoted 
pancreatic repair and triggered islet cell regeneration, indicating that 
high-dose AAE has certain therapeutic effects in rats. The concentrations 
of mangiferin, as one of the main components of AAE, were 5.40 and 
3.65 times higher in the HD compared with the LD and MD groups, 
respectively, which suggests that mangiferin may be the effective 
component of AAE, as indicated previously [65]. 

PRDX4 is one of several antioxidant enzymes responsible for pro-
tecting organs during oxidative stress [66]. It is expressed in pancreatic 
islets, ductal epithelium, and small acinar cells. The current results 
showed that PRDX4 expression was downregulated in DM but restored 
in HD rats, suggesting that PRDX4 overexpression may trigger islet cell 
regeneration. PRDX4 overexpression might protect pancreatic β cells 
against streptozotocin-induced injury by suppressing the increased 
oxidative stress and inflammatory signalling activation [66]. 

5. Conclusions 

Our study provides the first evidence that AAE alleviates diabetes 
through the modulation of gut microbiota and protein expression. The 
concentrations of main components and metabolites in faeces are 
several orders higher than those in plasma, which indicated that gut 
microbiota might play important roles in anti-diabetic effect of AAE. 
Microbiological studies show that unabsorbed components of AAE could 
help to prompt the growth of beneficial bacteria, such as B. coccoides, 
and inhibit disease-causing bacteria, while the small proportion of 
absorbed could promote cell regeneration in the pancreas and restore 
pancreatic islet cell function via PRDX4 overexpression. However, 
pathways and targets which alleviate diabetes through gut microbiota 
need to be further studied, and the diabetes–gut microbiota hypothesis 
thus needs to be verified in humans with lifestyle-induced diabetes. Our 
work elucidates the new thoughts of anti-diabetic mechanism of the 
A. asphodeloides possibly through combining regulation of gut micro-
biota and interactions between protein molecules using multi-omics. 
Furthermore, it could provide new solutions for verifying the mecha-
nisms of low-oral-bioavailability natural products. 
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