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ABSTRACT

The UPLC-QqQ-MS/MS method was established, validated, and used for the simultaneous detection of berberine 
(BBR), astragaloside IV (AST), and the main metabolites to demonstrate the comparative pharmacokinetics of BBR 
and AST in normal and T2DM rats. BBR and AST had reduced the internal exposure of each other and their main 
metabolites in normal rats. However, AST had few significant effects on the pharmacokinetic parameters of BBR and 
the main metabolites in T2DM rats. Similarly, BBR had no significant effect on the pharmacokinetic parameters of 
AST but significantly increased the exposure to cycloastragenol (CAG) in vivo. Molecular docking of BBR and AST 
with the P-glycoprotein (P-gp) was performed, which indicated that both BBR and AST are potential substrates for 
P-gp. The differences in gut microbiota between normal and T2DM rats were compared by 16S rRNA sequencing. 
Git microbiota that could produce β-glucosidase and β-xylosidase were highly abundant in T2DM rats. The current 
study indicated that BBR and AST had reduced oral bioavailability. The gut microbiota was enriched in the intestines 
of T2DM rats and promoted the hydrolysis of AST to produce CAG, while the drug-drug interaction between AST 
and BBR was blocked.

Keywords: Drug-drug interactions, Berberine, Astragaloside IV, Type 2 diabetes mellitus, UPLC-QqQ-MS/MS

1. INTRODUCTION

Diabetes mellitus is a long-lasting, progressive disease 
with numerous etiologies and a protracted course [1]. 
One in 10 persons between 20 and 79 years of age had 
diabetes mellitus in 2021 and this number may reach 
643 million by 2030 and 783 million by 2045 [2]. Type 2 
diabetes mellitus (T2DM) accounts for the vast majority 
of diabetes cases. T2DM and associated complications, 
such as diabetic nephropathy (DN) and diabetic retinop-
athy (DR), severely endanger human health [3, 4].

The treatment goal clinicians and T2DM patients 
strive for is T2DM remission but there is currently no 
clear treatment strategy to achieve this goal [5, 6]. 
T2DM patients must control blood glucose levels using 
hypoglycemic drugs, a healthy diet, persistent exercise, 
and continuous blood glucose monitoring to alleviate 
the symptoms and stop complications from developing. 
Biguanides, GLP-1 agonists, sulfonylureas, and DPP-4 

inhibitors are the currently used hypoglycemic agents 
[7-10]. Although these medications can effectively con-
trol the blood glucose level, adverse effects, such as 
hypoglycemia and damage to multiple organs (the ret-
ina, pancreas, liver, kidneys, and gastrointestinal tract), 
frequently occur during the prevention and treatment 
of chronic diabetic complications [11]. It is occasionally 
necessary to combine multiple drugs to better control 
the blood glucose level [12, 13]. There is a search for 
medications to prevent T2DM progression and compli-
cations that can successfully manage blood glucose lev-
els and protects organs with few side effects.

Traditional Chinese medicine (TCM) has been used 
to treat T2DM for over two thousand years, which falls 
under the category of Xiaokezheng in Chinese. Coptis 
chinensis Franch. (Huanglian in Chinese) is a key TCM 
frequently included in many effective prescriptions 
for treating T2DM, such as Jinqi Jiangtang tablets, 
Xiaokeping tablets, and Tangmaikang [14-18]. Modern 
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pharmacologic research and clinical trials have shown 
that Coptis chinensis Franch. has multiple pharmaco-
logic effects, such as a hypoglycemic effect, hypolipi-
demic effect, and improving insulin resistance [19, 20]. 
Data mining and network pharmacology revealed that 
Coptis chinensis Franch. is often used in combination 
with Astragalus membranaceus (Fisch.) Bunge (Huangqi 
in Chinese) to treat T2DM [21]. However, the scientific 
connotation of compatibility between Coptis chinensis 
Franch. and Astragalus membranaceus (Fisch.) Bunge 
is unknown. Revealing the drug-drug interactions 
between the two drugs is crucial in explaining the syn-
ergistic mechanisms.

Coptis chinensis Franch. mainly contains alkaloids, 
such as berberine (BBR), epiberberine, and jatrorrhizine 
with the highest concentration of BBR up to 10% [22]. 
BBR is more closely related to the effects of Coptis chin-
ensis Franch. or its alkaloids on hypoglycemia and a hypo-
glycemic mechanism study of Coptis chinensis Franch. 
or its alkaloids also focuses on BBR [23-25]. Astragalus 
membranaceus (Fisch.) Bunge contains complex chem-
ical compounds that include saponins, polysaccharides, 
flavonoids, and amino acids. Astragaloside IV (AST) has 
the highest content in Astragalus membranaceus (Fisch.) 
Bunge and has been the representative component for 
studying the pharmacologic effects of Astragalus mem-
branaceus (Fisch.) Bunge.

The ultra-performance liquid chromatography-
triple quadrupole-tandem mass spectrometry (UPLC-
QqQ-MS/MS) method to determine the comparative 
drug-drug interactions of BBR and AST in normal and 
T2DM rats was established. The plasma concentrations 
of BBR and the main metabolites, such as berberrubine 
(M1), thalifendine (M2), demethyleneberberine (M3), 
and jatrorrhizine (M4), as well as AST and its metab-
olite, cycloastragenol (CAG), were determined in rat 
plasma and the pharmacokinetic parameters were cal-
culated to characterize the patterns of change among 
the different constituents in vivo.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents
BBR (#110713-202015) and nuciferine (#111566-201907) 
were obtained from the National Institutes for Food 
and Drug Control (Beijing, China). M1 (#Y-292), M3 
(#Q-084), M4 (#Y-023), AST (#H-013), and CAG 9#H-051) 
were purchased from Chengdu Herbpurify Co., Ltd. 
(Chengdu, China). M2 (#B28948) was purchased from 
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, 
China). Streptozocin (#S0130) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). LC-MS grade meth-
anol, acetonitrile, and formic acid were purchased from 
Thermo Fisher Scientific, Inc. (Waltham, MA, USA).

2.2 Animal experiments
Male Sprague-Dawley (SD) rats (250±20 g) were pur-
chased from the SPF (Beijing) Biotechnology Co., Ltd. 

(License No. SCXK (Beijing) 2019-0010; Beijing, China) 
and kept in specific pathogen-free grade conditions 
(22±2°C environment with 50 ± 10% relative humidity 
and a 12:12 h light:dark cycle). All rats were free to eat 
and drink water and acclimatized to the facilities for 
1 week. The rats underwent a 12-h fast with access to 
water before the exxperiment. All animal experiments 
were evaluated and approved by the Ethics Committee 
of Beijing University of Chinese Medicine (Licence No. 
BUCM-2022060502-2132) and the animal experiments 
were carried out according to the guidelines from EU 
Directive 2010/63/EU for animal experiments.

2.3 Pharmacokinetic experiments involving BBR 
and AST in normal rats
Twenty-one SD rats were separated into 3 groups (n=7). 
Rats in the BBR and AST groups were administered oral 
BBR (100 mg/kg) and AST (64 mg/kg) separately and 
rats in the BBR+AST group were administered oral BBR 
(100 mg/kg) and AST (64 mg/kg) simultaneously. After 
the oral administration of BBR, AST, or BBR+AST, blood 
samples were collected into heparinized tubes through 
a retro-orbital puncture at 0 min, 5 min, 10 min, 15 min, 
30 min, 45 min, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, 24 h, and 48 
h. Plasma samples were obtained by centrifugation at 
3000 rpm for 15 min at 4°C. All plasma samples were 
promptly stored at −80°C.

2.4 Pharmacokinetic experiments involving BBR 
and AST in T2DM rats
Forty SD rats were used in this experiment with 8 rats 
randomly allocated to the normal control group and 
fed with a normal diet; the other 32 rats were fed a 
high-fat diet. After feeding for 4 weeks, all rats were 
fasted overnight. The 32 rats fed the high-fat diet were 
injected intraperitoneally with 35 mg/kg streptozotocin 
(STZ), while the 8 rats in the normal control group were 
injected intraperitoneally with the same volume of cit-
rate buffer (0.1 mol/L [pH=4.5]). The fasting blood glu-
cose level in all rats was tested with a glucometer after 
3 days and the rats with a fasting blood glucose level 
≥11.1 mmol/L were designated T2DM rats.

Twenty-four T2DM rats were randomly divided into the 
T2DM group (n=6), T2DM+BBR group (n=6), T2DM+AST 
group (n=6), and T2DM+BBR+AST group (n=6). Rats in the 
T2DM+BBR and T2DM+AST groups were administered 
oral BBR (100 mg/kg) and AST (64 mg/kg) separately and 
rats in the T2DM+BBR+AST group were administered oral 
BBR (100 mg/kg) and AST (64 mg/kg) simultaneously. One 
rat in the T2DM+AST group died due to a gavage error 
during the administration process. Blood samples were 
collected into heparinized tubes through the retro-or-
bital puncture at 0 min, 5 min, 10 min, 15 min, 30 min, 45 
min, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, 24 h, and 48 h after oral 
administration. Plasma samples were obtained by centrif-
ugation at 3000 rpm for 15 min at 4°C. All plasma samples 
were promptly stored at −80°C.
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2.5 UPLC-QqQ-MS/MS method
2.5.1 Plasma sample pre-treatment.  Rat plasma samples 
were stored in a refrigerator at 4°C, then 100 μL was pre-
cisely transferred to a 1.5-mL centrifuge tube and 10 μL 
of internal standard solution (nuciferine [400 ng/mL]) 
and 290 μL of acetonitrile were added. The 400-μL liq-
uid was vortexed and mixed for 2 min, then allowed 
to stand for 5 min. After centrifugation at 12,000 rpm 
for 15 min at 4°C, the supernatant was blown dry with 
nitrogen (N2) at 40°C and 100 μL of acetonitrile-water 
(1:1, v/v) solution was added to the centrifuge tube to 
redissolve the residue. The mixture was then vortexed 
and mixed for 2 min, centrifuged at 12,000 rpm for 15 
min at 4°C and the supernatant was transferred into 
sample vials for UPLC-QqQ-MS/MS analysis.

2.5.2 Preparation of standard solutions.  BBR, M1, M2, 
M3, M4, AST, CAG, and nuciferine (internal standard) 
were precisely weighed and dissolved in methanol to 
prepare the reserve solution with a concentration of 1 
mg/kg. Then, different concentrations (1, 5, 10, 50, 100, 
250, 500, 1000, 2500, 5000, and 8000 ng/mL) of stand-
ard working solutions for BBR, M1, M2, M3, M4, AST, 
and CAG, and a nuciferine solution [400 ng/mL] (inter-
nal standard) were prepared. All the standard solutions 
were stored in the refrigerator at 4°C.

2.5.3 Preparation of quality control samples.  Three con-
centrations (low, medium, and high) of quality control 
(QC) samples were prepared with blank rat plasma and 
the reserve solution of different compounds in parallel 
with the plasma samples for quality monitoring and 
method validation. Specifically, the low, medium, and 
high QC sample concentrations were as follows: BBR, 
10.00, 100.00, and 450.00 ng/mL; M1, 10.00, 60.00, and 
420.00 ng/mL; M2, 8.00, 80.00. and 347.00 ng/mL; M3, 
5.00, 56.00, and 244.00 ng/mL; M4, 7.00, 70.00, and 
312.00 ng/mL; AST, 5.00, 50.00, and 300.00 ng/mL; and 
CAG, 80.00, 150.00, and 400.00 ng/mL.

2.5.4 Chromatographic conditions.  The UPLC-QqQ-MS/
MS system includes an Acquity UPLC system, a triple 
quadrupole Xevo TQ-S micro-instrument equipped 
with an electrospray ionization (ESI) source, and a 
Masslynx 4.1 mass spectrometry workstation (Waters, 
Milford, MA, USA). An Acquity UPLC BEH C18 column 
(2.1 mm×100 mm, 1.7 μm; Waters) was used for chroma-
tographic separation at a column temperature of 40°C. 
Mobile phase A was 0.1% (v/v) formic acid aqueous solu-
tion and mobile phase B was acetonitrile. The gradient 
elution method was as follows: 0–1 min, 90%–80% A; 
1–3 min, 80%–77.5% A; 3–3.5 min, 77.5%–67.5% A; 3.5–
4.5 min, 67.5%–55% A; 4.5–5 min, 55%–10% A; 5–5.51 
min, 10%–90% A; 5.51–8 min, 80% A; and 0.30 mL/min. 
A 2-μL sample was injected for analysis.

2.5.5 Mass spectrometry conditions.  The ESI source was 
operated in the positive ion mode. The collision gas 

was argon (Ar), the purge gas was nitrogen (N2), the 
capillary ionization voltage was 3.9 kV, the cone-bore 
voltage was 109 V, the temperature of the ionization 
source was 150°C, the temperature of the desolventizing 
gas was 350°C, and the flow rate of the desolventizing 
gas was 650 L/h. The measurements were carried out 
using the multi-reaction monitoring (MRM) mode and 
the mass spectrometry data were acquired and processed 
with the Masslynx 4.1 mass spectrometric workstation.

2.5.6 UPLC-QqQ-MS/MS method validation.  Method val-
idation was carried out according to the Pharmacopoeia 
of the People’s Republic of China (2020 edition).

The MRM chromatograms of blank plasma, blank 
plasma spiked with nuciferine (internal standard) and 
standard solutions, and plasma samples of rats in the 
BBR+AST group were contrasted to evaluate the speci-
ficity of the method.

Linearity and lower limit of quantitation (LLOQ). 
Nine concentrations of standard solutions were tested 
to investigate the linearity and LLOQ of the method. 
Standard curves were drawn using the least square 
method with the peak area ratio of each analyte to 
internal standard versus the corresponding concentra-
tion in plasma. The LLOQ is the term used to describe 
the lowest concentration on the standard curve.

The sample at the concentration of the upper limit 
of quantification (ULOQ) was tested three times to 
perform the carryover effects of the method, then the 
blank sample was detected.

Six replicate analyses of quality control (QC) samples 
at different concentrations (BBR: 10.00, 100.00, and 
450.00  ng/mL; M1: 10.00, 60.00, and 420.00 ng/mL; 
M2: 8.00, 80.00, and 347.00 ng/mL; M3: 5.00, 56.00, 
and 244.00 ng/mL; M4: 7.00, 70.00, and 312.00 ng/mL; 
AST: 5.00, 50.00, and 300.00 ng/mL; and CAG: 80.00, 
150.00, and 400.00 ng/mL) were detected 3 times on 
1 day to evaluate the intra-day accuracy and precision 
of the method. Two replicate analyses of QC samples at 
the same concentration were detected three times on 
three consecutive analytical days to evaluate the inter-
day accuracy and precision of the method. The ratios 
of the peak area of different compounds to the peak 
area of the internal standard were calculated and the 
corresponding concentrations were calculated with 
the standard curves. The accuracy of the method was 
defined as the percentage of the calculated concentra-
tion to the theoretical concentration, which should be 
within a range of 85%-115%. The precision was defined 
as the relative standard deviation (RSD) and the RSD val-
ues were <15%.

Six replicate analyses of QC samples at different con-
centrations were used to evaluate the extraction recov-
ery and matrix effect of the method. Rat blank plasma 
(80 μL) was obtained, then 10 μL of standard solutions 
and 10 μL of internal standard solutions (nuciferine) 
were added to prepare solution A. Rat blank plasma 
(100 μL) was obtained, then 300 μL of acetonitrile was 
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added to prepare solution B. The 400 μL liquid was vor-
texed and mixed for 2 min, then allowed to stand for 
5 min. After centrifugation at 12,000 rpm for 15 min 
at 4°C, the supernatant was blown dry by N2 at 40°C, 
then 10 μL of standard solutions and 10 μL of internal 
standard solutions (nuciferine) were added, then the 
solution was blown dry by N2 at 40°C and 100 μL of 
acetonitrile-water (1:1, v/v) solution was added to the 
centrifuge tube to redissolve the residue. The mixture 
was vortexed, then centrifuged at 12,000 rpm for 15 min 
at 4°C and the supernatant was transferred into sample 
vials. The rat blank plasma was replaced with acetoni-
trile and the above extraction steps were repeated to 
prepare solution C. The peak area ratio of different com-
pounds and the internal standard in solutions A, B, and 
C were calculated separately after the UPLC-QqQ-MS/
MS analysis. The extraction recovery rate was calculated 
based on the ratio of solution B divided by the ratio of 
solution A and the matrix effect was calculated based 
on the ratio of solution B divided by the ratio of solution 
C. The extraction recovery rate and matrix effect should 
be within a range of 85%–115%.

Six replicate analyses of QC samples at low, medium, 
and high concentrations were used to evaluate the short-
term, long-term, and repeated freeze-thaw stability of 
each compound. The concentrations were measured 6 
times for each sample after placing the QC sample at 
10°C for 24 h and the short-term stability was evaluated 
by calculating the RSD. The concentrations were meas-
ured 6 times for each sample after storing the QC sam-
ples at −80°C for 10 d and the long-term stability was 
evaluated by calculating the RSD. The QC samples under 
−80°C and room temperature conditions were freeze-
thawed 3 times, the concentrations were measured 6 
times for each sample, and the stability of the repeated 
freeze-thaw process was evaluated by calculating the 
RSD. The RSD values did not exceed 15%.

2.6 Pharmacokinetic study and data processing
The DAS 2.1 program (Shanghai, China) was used to 
determine pharmacokinetic parameters, including the 
area under the concentration-time curve (AUC0-t and 
AUC0-∞), maximum concentration (Cmax), time to reach 
the maximum concentration (Tmax), half-time (t1/2), and 
mean residence time (MRT). Pharmacokinetic data are 
expressed as the mean±standard deviation (SD). An 
unpaired t-test was used to analyze statistical differ-
ences and a P<0.05 was regarded as a statistically signif-
icant difference.

2.7 Molecular docking
Molecular docking was performed in autodock 4, as pre-
viously described with modifications [26]. Specifically, 
the 3D structures of BBR and AST were obtained from 
PubChem and imported into AutoDockTools-1.5.6 to cal-
culate the rotatable bond number. The 3D structure of 
the human ATP-dependent translocase/P-glycoprotein 
(ABCB1/P-gp) was obtained from the AlphaFold Protein 

Structure Database (AF-P08183-F1) and imported into 
AutoDockTools-1.5.6 to calculate the total charge. ABC 
transporter 1 and 2 of ABCB1/P-gp were selected as the 
receptor pocket.

2.8 16S rRNA gene sequencing
Fecal samples derived from normal and T2DM rats 
were 16S rRNA gene sequenced to analyze the bacte-
rial diversity (OEBiotech Co., Ltd., Shanghai, China). The 
experimental process included DNA extraction, V3-V4 
variable regions of 16S rRNA gene amplification, PCR 
product sequencing, and representative reading of each 
amplicon sequence variant (ASV) [27, 28].

3. RESULTS

3.1 Method validation
The chemical structures of BBR, AST, and the metabo-
lites are shown in Figure 1A. The quantitative parame-
ters of the seven main constituents (BBR, M1, M2, M3, 
M4, AST, and CAG) and internal standard (nuciferine) 
are shown in Figure 1B and Table 1.

3.1.1 Specificity.  The chromatograms of blank plasma 
samples (Figure 2A), the corresponding blank plasma 
samples with seven measured compounds, the internal 
standard (Figure 2B), as well as the plasma samples col-
lected from rats after oral administration of BBR+AST 
(Figure 2C) are shown. There was no interaction 
between the seven measured compounds and the inter-
nal standard during the retention time and the endog-
enous matrix components did not affect the ability to 
distinguish between the seven measured compounds 
and the internal standard. This finding demonstrated 
that the method had high specificity.

3.1.2 Carryover effects.  After injecting the ULOQ sam-
ple three times, blank plasma was injected. As shown in 
Figure 2D, no substance peak was detected in the blank 
plasma, which indicated that there was no residue of 
the measured compounds in this method.

3.1.3 Standard curve, linear range, and LLOQ.  The 
independent variable (x) was the theoretical concentra-
tion of the measured compounds and the dependent 
variable (y) was the peak area ratio of the measured 
compounds to nuciferine (internal standard). The lin-
ear regression equation was calculated with a weight-
ing coefficient of 1/x2. The LLOQ was calculated based 
on the baseline noise. The regression equations of the 
standard curve, correlation coefficient (r), linearity 
ranges, and LLOQ of the seven measured compounds 
are shown in Table  2, which showed that the linear 
equations used in this method can be used to calcu-
late the content of the measured substances in the 
samples. The calibration curves of the seven measured 
compounds were in the following ranges: 1.00–800.00 
(BBR); 0.10–800.00 (M1); 0.10–800.00 (M2); 0.10–800.00 
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(M3); 0.10–800.00 (M4); 5.00–800.00 (AST); and 5.00–
800.00 ng/mL (CAG). The LLOQs of the seven measured 
compounds were 1.00, 0.10, 0.10, 0.10, 0.10, 5.00, and 
5.00 ng/mL, respectively.

3.1.4 Precision and accuracy.  The precision and accuracy 
of the method were evaluated according to the proce-
dures described in the Methods section. The calculated 
concentration percentage to the theoretical concentra-
tion was calculated to determine accuracy, while RSD 
was calculated to define the intra- and inter-day preci-
sion. The RSD was <14.4% and the accuracy of intra- and 

inter-day were 85.8–105.4% and 85.3–112.4%, respec-
tively, as shown in Table 3. These results indicates that 
the precision and accuracy of the UPLC-QqQ-MS/MS 
method met the quantitative requirements.

3.1.5 Extraction recovery rate and matrix effect.  The 
extraction recovery rates of the seven measured com-
pounds ranged from 87.4%–114.5% (RSD<13.1) and the 
matrix effects ranged from 85.1%–112.9% (RSD<12.7), 
as shown in Table 4. The results indicated that the 
endogenous elements in rat plasma only marginally 
interfered with the components being evaluated, the 

Figure 1  |  Multi-reaction detection ion chromatograms of investigated compounds and internal standards. 
(A) Chemical structures of berberine, astragaloside IV, and the metabolites. (B) Multi-reaction detection ion chromatograms of 1: demethylen-
eberine (M3), 2: thalifendine (M2), 3: jatrorrhizine (M4), 4: berberrubine (M1), 5: nuciferine (internal standard), 6: berberine (BBR), 7: astraga-
loside A (AST), and 8: cycloastragenol (CAG).
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sample pre-treatment method was practical, and the 
recovery rate of samples in plasma was high, all of which 
met the requirements for determination.

3.1.6 Stability.  The short-term, long-term, and freeze-
thaw stability were assessed according to the procedures 
described in the Methods section. As shown in Table 5, 

all 7 measured compounds were stable under the above 
conditions with an RSD≤14.2%.

3.2 BBR and AST drug-drug interactions in normal 
rats
The validated UPLC-QqQ-MS/MS method was applied 
to study the drug-drug interactions of BBR and AST in 

Table 1  |  MRM parameters of seven measured compounds and internal standard.

Compound  Molecular 
formula

  tR (min)  Parent 
ion m/z

  Daughter 
ion m/z

  Cone 
voltage (V)

  Collision 
energy (eV)

BBR   C20H18NO4  4.68   336.007  320.897   78   78

M1   C19H16NO4  4.40   322.05   264.03   20   42

M2   C19H16NO4  3.97   322.05   191.06   20   70

M3   C19H18NO4  2.96   324.01   308.82   36   18

M4   C20H20NO4  4.04   338.02   322.91   32   18

AST   C41H68O14   5.55   786.39   143.14   14   8

CAG   C30H50O5   6.08   513.33   22.90   94   38

Nuciferine   C19H21NO2  4.61   296.13   265.08   2   12

Figure 2  |  Specificity and carryover effects of the UPLC-QqQ-MS/MS method.
MRM chromatograms of investigated components and internal standards in rat blank plasma (A), blank plasma samples added with seven 
measured compounds and the internal standard (B), and rat plasma after administration of BBR+AST for 45 min (C). MRM chromatograms 
of investigated components and internal standards in rat blank plasma after injecting the upper limit of the quantification sample three times 
(D). 1: demethyleneberine (M3), 2: thalifendine (M2), 3: jatrorrhizine (M4), 4: berberrubine (M1), 5: nuciferine (internal standard), 6: berberine 
(BBR), 7: astragaloside A (AST), 8: cycloastragenol (CAG).
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normal rats after the administration of BBR (100 mg/kg) 
AST (64 mg/kg) and BBR+AST (100 mg/kg BBR and 64 
mg/kg AST) at the single dosages. The mean concentra-
tion-time curves of the seven measured compounds are 
illustrated in Figure 3. The pharmacokinetic parameters, 

including AUC0-t, AUC0-∞, Cmax, Tmax, t1/2, MRT0-t, and 
MRT0-∞, are presented in Table 6.

After oral administration of 100 mg/kg of BBR, the 
Cmax of BBR, M1, M2, M3, and M4 in the rat plasma 
were 489.99±463.66, 3.67±2.04, 8.13±4.73, 3.76±2.24, 

Table 2  |  Investigation of the linear relationship.

Compound  Linear range (ng/mL)   Linear equation   Correlation coefficient (r)   LLOQ (ng/mL)

BBR   1.00–800.00   y=0.2252x+0.9928   0.9968   1.00

M1   0.10–800.00   y=0.3151x+0.2467   0.9979   0.10

M2   0.10–800.00   y=0.2977x+0.2167   0.9974   0.10

M3   0.10–800.00   y=0.6591x+1.6806   0.9985   0.10

M4   0.10–800.00   y=1.3569x+0.0856   0.9979   0.10

AST   5.00–800.00   y=0.0372x+0.3673   0.9955   5.00

CAG   5.00–800.00   y=0.1733x+1.3466   0.9956   5.00

Table 3  |  Accuracy and precision of seven investigated compounds in rat plasma.

Compound 
 

Theory 
concentration 
(ng/mL)

 
 

Intra-day (n=6)  
 

Inter-day (n=6)

Accuracy (%)   Precision (RSD/%) Accuracy (%)   Precision (RSD/%)

BBR   10.00   103.7   5.4   103.4   3.5

  100.00   99.8   8.4   96.6   8.6

  450.00   98.7   4.1   97.6   7.0

M1   10.00   95.2   9.6   85.8   11.7

  60.00   96.9   9.0   92.6   10.4

  420.00   96.2   7.2   88.1   10.2

M2   8.00   88.1   10.7   85.3   5.1

  80.00   95.7   9.2   87.1   11.2

  347.00   96.5   5.2   88.9   11.4

M3   5.00   89.9   6.1   91.7   8.5

  56.00   94.2   13.9   94.6   11.6

  244.00   97.5   12.0   98.3   12.1

M4   7.00   86.8   6.1   90.2   6.0

  70.00   93.6   13.8   92.1   10.8

  312.00   91.4   6.2   92.7   6.0

AST   5.00   89.5   14.3   112.4   9.7

  50.00   105.4   11.3   90.9   14.4

  300.00   89.8   4.3   100.2   14.3

CAG   80.00   103.9   14.4   99.6   13.9

  150.00   85.8   11.0   90.0   13.4

  400.00   90.1   11.8   87.9   12.5
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and 27.01±19.60 ng/mL, the Tmax of BBR, M1, M2, M3, 
and M4 in rat plasma were 0.18±0.15, 12.94±11.08, 
9.18±10.41, 6.98±11.63, and 1.00±2.21 h, the t1/2 of BBR, 
M1, M2, M3, and M4 were 15.61±13.28, 10.94±8.49, 
6.52±3.85, 6.86±3.95, and 22.68±26.13 h, the AUC(0-t) 
of BBR, M1, M2, M3, and M4 were 461.51±187.91, 
59.76±36.57, 79.07±88.78, 36.33±45.98, and 42.42±27.60 
h·ng·ml−1, the AUC(0-∞) of BBR, M1, M2, M3, and M4 
were 494.25±196.81, 489.33±718.05, 214.41±412.85, 
306.24±532.45, and 61.07±60.74 h·ng·ml−1, the 
MRT(0-t) of BBR, M1, M2, M,3 and M4 were 7.06±6.01, 
19.78±7.95, 13.45±8.56, 15.20±10.29, and 11.93±11.36 
h, the MRT(0-∞) of BBR, M1, M2, M3, and M4 were 
11.14±8.45, 17.47±17.35, 12.42±9.83, 11.84±12.42, and 
26.05±24.97 h, respectively, as shown in Figure 3 and 
Table 6. There was no significant change in the BBR 
Cmax, t1/2, and MRT(0-t) and the main metabolites in rat 
plasma and there was no significant change in the BBR 
MRT(0-∞) and the main metabolites except for M1 in rat 
plasma after administration of BBR and AST. However, 
the combination of BBR and AST significantly increased 

the BBR Tmax (P<0.05) but simultaneously reduced the 
M1 Tmax (P<0.05). The BBR and AST combination signif-
icantly reduced the BBR AUC(0-t) by 43.0% (P<0.05) and 
M1 by 73.1% (P<0.01). The BBR AUC(0-∞) and the main 
metabolites in rat plasma had different reductions but 
difference between the BBR and the BBR+AST group 
was not statistically significant. These results indicate 
that AST significantly inhibited the absorption of BBR 
in normal rats.

With respect to the pharmacokinetic characteristics 
of AST, after oral administration of AST (64 mg/kg), 
the AST and CAG Cmax in rat plasma was 176.51±59.13 
and 429.63±108.51 ng/mL, respectively, the AST and 
CAG Tmax in rat plasma was 3.68±3.13 and 0.75±0.14 h, 
respectively, the AST and CAG t1/2 was 11.75±9.89 and 
15.78±11.45 h, respectively, the AST and CAG AUC(0-t) was 
2354.48±1177.20 and 4152.30±940.11 h·ng·ml−1, respec-
tively, the AST and CAG AUC(0-∞) was 3028.27±1628.81 
and 5943.53±2425.53 h·ng·ml−1, respectively, the AST and 
CAG MRT(0-t) was 11.67±5.17 and 14.08±3.38 h, respec-
tively, and the AST and CAG MRT(0-∞) was 22.45±17.99 

Table 4  |  Extraction recovery rate and matrix effect of seven compounds.

Compound  Theory 
concentration 
(ng/mL)

Extraction recovery rate   Matrix effect

±x  s (%)   RSD (%)   ±x  s (%)   RSD (%)

BBR   10.00   114.5±3.3   2.9   90.5±6.9   7.7

  100.00   87.4±5.5   6.3   93.5±10.5   11.2

  450.00   114.1±0.3   0.2   85.1±1.0   1.2

M1   10.00   114.3±14.3   12.5   109.1±11.0   10.0

  60.00   101.1±10.3   10.2   93.3±10.7   11.5

  420.00   104.2±10.5   10.0   104.0±11.9   11.4

M2   8.00   110.4±8.2   7.4   98.6±8.3   8.4

  80.00   112.5±5.8   5.2   105.5±8.0   8.0

  347.00   111.5±7.2   6.5   100.7±12.8   12.7

M3   5.00   95.5±6.0   6.2   112.9±5.8   5.1

  56.00   97.6±11.4   11.7   104.6±7.8   7.4

  244.00   100.5±7.9   7.9   85.9±2.9   3.3

M4   7.00   112.4±5.8   5.2   99.5±6.6   6.6

  70.00   112.3±2.7   2.4   105.3±8.2   7.8

  312.00   107.4±7.6   7.1   100.2±4.3   4.3

AST   5.00   97.3±12.8   13.1   112.8±4.7   4.2

  50.00   101.3±7.9   7.8   105.7±11.8   11.1

  300.00   88.2±8.3   9.4   104.9±7.6   7.3

CAG   80.00   101.8±10.2   10.0   98.9±10.0   10.1

  150.00   92.6±9.8   10.6   95.1±11.0   11.5

  400.00   99.5±12.8   12.9   88.3±4.8   5.4
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and 27.36±13.75 h, respectively, as shown in Figure  3 
and Table 6. There was no significant change in the 
AST and CAG Tmax, t1/2, and MRT(0-∞) in rat plasma after 
administration of BBR and AST. However, the BBR and 
AST combination significantly increased the CAG Cmax 
(P<0.05) but reduced the AST AUC(0-t) (P<0.05) and CAG 
AUC(0-t) (P<0.001) and the CAG AUC(0-∞) (P<0.001). It was 
obvious that the BBR and AST combination significantly 
reduced the AST AUC(0-t) by 38.5% and CAG AUC(0-t) by 
70.8% and the CAG AUC(0-∞) by 64.5%. Although there 
was no statistical difference in the AST AUC(0-∞) between 
the AST and BBR+AST groups, the BBR and AST com-
bination reduced the AST AUC(0-∞) in rat plasma. The 
above results indicated that BBR significantly inhibited 
AST absorption in normal rats.

3.3 BBR and AST drug-drug interactions in 
T2DM rats
There was a significant increase in the fasting blood glu-
cose level in rats after 4 weeks of feeding a high-fat diet 

and intraperitoneal injection of STZ. Rats with a fasting 
blood glucose level ≥ 11.1 mmol/L were designated as 
T2DM rats for follow-up experiments. The fasting blood 
glucose levels are shown in Figure 4A.

The validated UPLC-QqQ-MS/MS method was suc-
cessfully applied to study the BBR and AST drug-drug 
interactions in T2DM rats after administration of BBR 
(100 mg/kg), AST (64 mg/kg), BBR+AST (BBR [100 mg/kg] 
and AST [64 mg/kg]) at the single dosages. The mean 
concentration-time curves of BBR, AST, and the main 
metabolites are illustrated in Figure 4B-H and Table 7.

After oral administration of BBR (100 mg/kg), the 
BBR, M1, M2, M3, and M4 Cmax in T2DM rat plasma 
was 32.27±25.47, 0.68±0.12, 3.10±2.20, 4.03±2.18, and 
0.68±0.36 ng/mL, respectively the BBR, M1, M2, M3, 
and M4 Tmax in rat plasma was 2.71±2.90, 5.11±9.38, 
12.13±17.84, 0.26±0.37, and 5.68±9.21 h, respectively, 
the BBR, M1, M2, M3, and M4 t1/2 was 17.41±8.16, 
11.83±9.54, 8.63±2.61, 27.00±22.59, and 19.41±11.64 h, 
respectively, the BBR, M1, M2, M3, and M4 AUC(0-t) was 

Table 5  |  Stability of sever investigated components in rat plasma.

Compound  Theory 
concentration 
(ng/mL)

 
 

Short-term stability  
 

Long-term stability Freeze-thaw stability

Accuracy 
(%)

  Precision 
(RSD/%)

Accuracy 
(%)

  Precision 
(RSD/%)

Accuracy 
(%)

  Precision 
(RSD/%)

BBR   10.00   99.8   2.5   104.7   7.4   85.0   2.3

  100.00   99.6   11.7   87.9   4.5   108.6   1.0

  450.00   100.2   3.0   99.3   14.2   94.4   13.2

M1   10.00   101.1   3.6   100.8   8.7   101.0   8.2

  60.00   100.1   4.7   101.2   8.6   101.6   11.5

  420.00   100.8   5.1   100.8   7.5   101.9   8.9

M2   8.00   98.2   1.2   100.8   7.5   100.8   11.2

  80.00   100.5   2.0   100.5   6.4   101.2   10.3

  347.00   100.2   2.2   100.3   2.6   101.3   5.0

M3   5.00   100.6   2.6   100.3   8.4   100.7   7.0

  56.00   99.8   1.6   100.0   9.5   100.9   11.1

  244.00   100.9   4.3   99.7   7.4   100.1   5.1

M4   7.00   99.4   2.6   100.6   3.9   99.6   5.1

  70.00   101.0   3.8   100.2   4.8   100.8   6.1

  312.00   100.4   4.3   100.0   3.1   100.8   3.1

AST   5.00   102.9   9.9   86.4   10.5   102.9   9.5

  50.00   101.6   5.5   87.5   3.9   92.4   7.9

  300.00   100.7   3.5   94.3   9.5   93.3   8.9

CAG   80.00   101.6   5.3   99.4   12.2   102.4   11.5

  150.00   102.0   5.3   98.8   9.6   98.7   6.0

  400.00   101.2   4.2   96.8   13.3   101.6   6.2
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297.01±247.80, 10.72±5.84, 41.45±26.96, 36.47±14.58, 
and 8.97±4.19 h·ng·ml−1, respectively, the BBR, M1, M2, 
M3, and M4 AUC(0-∞) was 376.12±219.74, 20.98±23.19, 
42.77±28.04, 71.99±32.65, and 11.32±5.21 h·ng·ml−1, 
respectively, the BBR, M1, M2, M3, and M4 MRT(0-t) 
was 15.19±8.21, 20.07±7.29, 19.42±4.47, 24.47±3.92, 
and 16.09±5.65 h, respectively, and the BBR, M1, M2, 
M3, and M4 MRT(0-∞) was 36.71±20.71, 26.78±13.69, 
31.43±14.56, 53.16±31.66, and 31.39±12.54 h, respec-
tively (Figure 4B-H and Table 7). There was no significant 
change in the BBR and the main metabolites (except for 
M1) Cmax, AUC(0-t), and AUC(0-∞) in T2DM rat plasma after 
administration of BBR and AST. However, the combi-
nation of BBR and AST significantly increased the M3 
Tmax (P<0.01) and the M2 t1/2 (P<0.05). The BBR and AST 
combination significantly reduced the M3 MRT(0-t) and 
MRT(0-∞) (P<0.01 and P<0.05, respectively). These results 
indicated that AST had little significant effect on the 
pharmacokinetic parameters of BBR in T2DM rats.

With respect to the pharmacokinetic characteristics 
of AST, the AST and CAG Cmax in the rat plasma was 
156.17±62.36 and 197.50±143.17 ng/mL, respectively, 
the AST and CAG Tmax in rat plasma was 3.60±1.67 and 
3.55±2.58 h, respectively, the AST and CAG t1/2 was 
14.33±6.11 and 18.06±12.52 h, respectively, the AST and 
CAG AUC(0-t) was 2923.84±977.75 and 3416.75±1479.31 
h·ng·ml−1, respectively, the AST and CAG AUC(0-∞) was 
3517.81±867.43 and 5194.69±1534.69 h·ng·ml−1, respec-
tively, the AST and CAG MRT(0-t) was 17.98±7.14 and 
17.84±6.19 h, respectively, the AST and CAG MRT(0-∞) was 
42.70±20.28 and 38.85±16.55 h, respectively, after oral 
administration of 64 mg/kg of AST (as shown in Figure 
4B-H and Table 7). There was no significant change in 
the pharmacokinetic parameters of AST in T2DM rat 
plasma after administration of BBR and AST. However, it 
was obvious that the BBR and AST combination signifi-
cantly increased the CAG Cmax 3.8-fold (P<0.01), reduced 
the CAG Tmax by 75.2% (P<0.05), increased the CAG 

Figure 3  |  Plasma concentration-time profiles of BBR, AST, and the main metabolites in normal rats. 
Mean plasma concentration-time profiles of BBR (A) and its main metabolite M1 (B), M2 (C), M3 (D), and M4 (E) in normal rats after oral 
administration of BBR or BBR+AST (n=7); mean plasma concentration-time profiles of AST (F) and its main metabolite, CAG (G) in normal rats 
after oral administration of AST or BBR+AST (n=7).



Acta  
Materia  
Medica Research Article

62      Acta Materia Medica 2025, Volume 4, Issue 1, p. 51-69 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

Ta
b

le
 6

 |
 P

ha
rm

ac
ok

in
et

ic
 p

ar
am

et
er

s 
of

 s
ev

en
 c

om
po

ne
nt

s 
in

 n
or

m
al

 r
at

s 
af

te
r 

ad
m

in
is

tr
at

io
n 

of
 B

BR
, A

ST
, a

nd
 B

BR
+

A
ST

 (n
=

7)
.

C
om

po
un

d
 

G
ro

up
 

C
m

ax
 (n

g·
m

l−
1 )

 
T m

ax
 (h

)
 

t 1/
2 

(h
)

 
A

U
C

(0
-t

) (
h·

ng
·m

l−
1 )

 
A

U
C

(0
-∞

) (
h·

ng
·m

l−
1 )

 
M

RT
(0

-t
) (

h)
 

M
RT

(0
-∞

) (
h)

BB
R

 
BB

R
 

48
9.

99
±

46
3.

66
 

0.
18

±
0.

15
 

15
.6

1±
13

.2
8

 
46

1.
51

±
18

7.
91

 
49

4.
25

±
19

6.
81

 
7.

06
±

6.
01

 
11

.1
4±

8.
45

 
BB

R+
A

ST
 

54
2.

17
±

61
0.

39
 

0.
54

±
0.

39
#

 
14

.0
5±

6.
07

 
26

3.
26

±
21

5.
32

#
 

41
4.

30
±

38
8.

92
 

6.
69

±
4.

18
 

9.
35

±
6.

09

M
1

 
BB

R
 

3.
67

±
2.

04
 

12
.9

4±
11

.0
8

 
10

.9
4±

8.
49

 
59

.7
6±

36
.5

7
 

48
9.

33
±

71
8.

05
 

19
.7

8±
7.

95
 

17
.4

7±
17

.3
5

 
BB

R+
A

ST
 

4.
58

±
4.

19
 

3.
17

±
4.

82
#

 
22

.6
7±

18
.6

2
 

16
.0

6±
7.

28
##

 
29

.3
3±

13
.7

9
 

13
.0

6±
6.

35
 

35
.8

9±
20

.7
4#

M
2

 
BB

R
 

8.
13

±
4.

73
 

9.
18

±
10

.4
1

 
6.

52
±

3.
85

 
79

.0
7±

88
.7

8
 

21
4.

41
±

41
2.

85
 

13
.4

5±
8.

56
 

12
.4

2±
9.

83

 
BB

R+
A

ST
 

27
.8

3±
33

.6
4

 
2.

38
±

3.
22

 
5.

88
±

4.
02

 
28

.6
6±

16
.4

4
 

29
.6

2±
16

.6
2

 
8.

65
±

4.
58

 
10

.4
7±

6.
15

M
3

 
BB

R
 

3.
76

±
2.

24
 

6.
98

±
11

.6
3

 
6.

86
±

3.
95

 
36

.3
3±

45
.9

8
 

30
6.

24
±

53
2.

45
 

15
.2

0±
10

.2
9 

11
.8

4±
12

.4
2

 
BB

R+
A

ST
 

4.
30

±
4.

24
 

0.
46

±
0.

26
 

10
.1

4±
9.

17
 

5.
68

±
3.

38
 

7.
97

±
4.

96
 

10
.5

4±
6.

61
 

13
.6

8±
10

.6
9

M
4

 
BB

R
 

27
.0

1±
19

.6
0

 
1.

00
±

2.
21

 
22

.6
8±

26
.1

3
 

42
.4

2±
27

.6
0

 
61

.0
7±

60
.7

4
 

11
.9

3±
11

.3
6 

26
.0

5±
24

.9
7

 
BB

R+
A

ST
 

83
.7

5±
10

3.
26

 
1.

26
±

2.
11

 
20

.3
1±

12
.4

9
 

53
.4

0±
39

.0
8

 
61

.1
6±

44
.0

6
 

12
.2

9±
14

.6
3 

20
.5

1±
20

.9
3

A
ST

 
A

ST
 

17
6.

51
±

59
.1

3
 

3.
68

±
3.

13
 

11
.7

5±
9.

89
 

23
54

.4
8±

11
77

.2
0

 
30

28
.2

7±
16

28
.8

1
 

11
.6

7±
5.

17
 

22
.4

5±
17

.9
9

 
BB

R+
A

ST
 

17
7.

11
±

58
.3

4
 

2.
63

±
2.

63
 

11
.0

1±
13

.1
0

 
14

48
.4

2±
40

5.
96

#
 

18
27

.3
1±

11
72

.2
5

 
17

.4
7±

6.
95

 
29

.1
4±

18
.9

2

C
A

G
 

A
ST

 
42

9.
63

±
10

8.
51

 
0.

75
±

0.
14

 
15

.7
8±

11
.4

5
 

41
52

.3
0±

94
0.

11
 

59
43

.5
3±

24
25

.5
3

 
14

.0
8±

3.
38

 
27

.3
6±

13
.7

5

 
BB

R+
A

ST
 

59
8.

25
±

18
9.

23
#
 

0.
50

±
0.

40
 

21
.6

8±
16

.6
3

 
12

12
.9

8±
16

9.
59

##
#
 

21
12

.0
8±

65
5.

24
##

#
 

9.
86

±
3.

8#
 

26
.7

6±
21

.8
7

# P
 <

 0
.0

5,
 ##
P 

<
 0

.0
1,

 ##
# P

 <
 0

.0
01

 v
s.

 t
he

 B
BR

 o
r 

A
ST

 g
ro

up
s.



Acta  
Materia  
MedicaResearch Article

Acta Materia Medica 2025, Volume 4, Issue 1, p. 51-69      63 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

AUC(0-t) 1.70-fold (P<0.05), and the CAG AUC(0-∞) 2.29-
fold (P<0.05). The t1/2, MRT(0-t), and MRT(0-∞) was not 
statistically significant difference between the AST and 
BBR+AST groups.

These results indicated that AST had few significant 
effects on the pharmacokinetic parameters of BBR and 
the main metabolites in T2DM rats. Similarly, BBR had 
no significant effect on the pharmacokinetic parameters 
of AST but BBR significantly increased the exposure of 
CAG in vivo.

3.4 Molecular docking
Molecular docking of BBR and AST with ABC transport-
ers 1 and 2 of the ABCB1/P-gp was performed separately 
to explain the potential mechanism by which BBR and 
AST reduced exposure in normal rats.

The ABCB1/P-gp has two nucleotide-binding domains 
(ABC transporters 1 and 2) and 12 transmembrane 

helices [29, 30]. The results of molecular docking 
showed that BBR and AST bound to ABCB1/P-gp at 
ABC transporter 1 or 2 with binding energies < −7 kcal/
mol, which indicated stable binding. The ligand binding 
pocket is mainly polar and contains 5 hydrophilic resi-
dues, including Thr-1046, Ser-1071, Ser-1072, Ser-1077, 
and Gln-1081, while residues Tyr-1044 and Tyr-1087 
provide hydrophobic contacts. AST bound to Gly-533 of 
ABC transporter 1 with a binding energy of −8.1 kcal/
mol (Figure 5A), while BBR bound to Glu-493 of ABC 
transporter 1 with a binding energy of −8.3 kcal/mol 
(Figure 5B). AST also bound to Asp-1200, Gln-1081, and 
Lys-1076 of ABC transporter 2 with a binding energy of 
−8.0 kcal/mol (Figure 5C), while BBR bound to Arg-664 
of ABC transporter 2 with a binding energy of −7.0 kcal/
mol (Figure 5D). The molecular docking results indicated 
that BBR and AST bound to ABCB1/P-gp tightly, which 
may lead to the structural changes in ABCB1/P-gp and 

Figure 4  |  Plasma concentration-time profiles of BBR, AST, and the main metabolites in T2DM rats.
Fasting blood glucose levels of rats in each group (A), ###P<0.001 vs. the control group, NS: no statistical difference vs. that of the T2DM group; 
mean plasma concentration-time profiles of BBR (B) and its main metabolite, M1 (C), M2 (D), M3 (E), M4 (F) in T2DM rats after oral adminis-
tration of BBR or BBR+AST (n=5–6); Mean plasma concentration-time profiles of AST (G) and its main metabolite, CAG, (H) in T2DM rats after 
oral administration of AST or BBR+AST (n=5–6).
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Figure 5  |  Molecular docking of AST and BBR with ABCB1/P-gp. 
Molecular docking of AST and BBR with ABC transporters 1 and 2 of ABCB1/P-gp was performed separately. AST and BBR were colored green and 
the surrounding residues in the binding pockets and the backbone of the ABC transporters 1 and 2 were depicted as other colors in the cartoon.



Acta  
Materia  
Medica Research Article

66      Acta Materia Medica 2025, Volume 4, Issue 1, p. 51-69 
© 2025 The Authors. Creative Commons Attribution 4.0 International License

further affected the efflux process of BBR and AST from 
intestinal cells. The molecular docking results explained 
the reason why BBR and AST reduced the internal expo-
sure and the main metabolites in normal rats.

3.5 Difference in gut microbiota between normal 
and T2DM rats
The differences in gut microbiota between normal and 
T2DM rats were compared by 16S rRNA sequencing. A 
Venn diagram shows the number of ASVs in the two 
groups. Mutual ASVs (1191 and 581) were detected in 
the normal and T2DM groups, respectively. Among the 
ASVs, 201 were shared by the two groups (Figure 6A). 
The Shannon and ACE indices of α-diversity were used 
to evaluate the diversity and richness of gut microbiota. 
Lower microbial community diversity was noted in the 
T2DM group compared to the normal group (P<0.01; 
Figure 6B). β-diversity was used to measure the differ-
ence in colony composition among individuals in the 
two groups. Principal coordinates analysis (PCoA) based 
on Binary-Jaccard distance metrics was used to assess 
structural and compositional differences in gut micro-
biota between the two groups. The T2DM group was 
significantly distinct from the normal group (Figure 6C). 
The specific gut microbiota was identified by the linear 
discriminant analysis (LDA) effect size (LEfSe) analysis to 
determine the difference in gut microbiota between the 
two groups (Figure 6D). Fifty-four different microbial 
genera were identified, of which 17 were highly abun-
dant in the T2DM group (Figure 6E). Of the 17 highly 
abundant genera, Bacteroides and Enterococcus pro-
duce β-glucosidase [31-33], while Corynebacterium and 
Enterobacter produce β-xylosidase [34, 35]. These two 
enzymes can hydrolyze AST to produce CAG.

4. DISCUSSION

In conclusion, we established a UPLC-QqQ-MS/MS analy-
sis method for the simultaneous determination of BBR, 
AST, and the main metabolites, and studied the drug-
drug interactions between BBR and AST in normal and 
T2DM rats. BBR and AST mutually inhibited absorption 
in normal rats. The situation was different in T2DM rats. 
Specifically, AST had few significant effects on the phar-
macokinetic parameters of BBR and the main metab-
olites in T2DM rats. Similarly, BBR had no significant 
effect on the pharmacokinetic parameters of AST but 
BBR will significantly increase the exposure of CAG in 
vivo. There are still some issues worth discussing.

TCM has a long history in the treatment of T2DM in 
which drug-drug interactions have an important role. 
However, the composition of TCM is complex and the 
complexity becomes even greater after the compatibil-
ity of TCM. How to study the drug-drug interactions in 
TCM has always been a challenge. Studying the drug-
drug interactions between the main active components 
of TCM can provide a research foundation and exper-
imental reference for comprehensively elucidating the 

drug-drug interactions in TCM. Coptis chinensis Franch. 
and Astragalus membranaceus (Fisch.) Bunge are com-
monly used in TCM for the treatment of T2DM. The cur-
rent study focused on BBR, the main active component 
of Coptis chinensis Franch., and AST, the main active 
component of Astragalus membranaceus (Fisch.) Bunge 
and the drug-drug interactions of two compounds were 
studied in normal and T2DM rats, which provide the 
experimental basis for elucidating the synergistic mech-
anism of Coptis chinensis Franch. and Astragalus mem-
branaceus (Fisch.) Bunge and provide a data reference 
for guiding the clinical application of TCM.

BBR is the main active component of Coptis chinensis 
Franch. For many years BBR has been used in the treat-
ment of intestinal infectious diseases with remarkable 
curative effects. In recent years BBR has beem reported 
to have good effects in treating metabolic cardiovascular 
diseases, such as T2DM, hyperlipidemia, and obesity [23, 
25, 26, 36-39]. However, the oral bioavailability of BBR is 
very poor. Introducing other compounds to improve the 
oral bioavailability of BBR may further improve the ther-
apeutic effect. After the combined use of BBR and AST, 
it was found that AST could not significantly promote 
the oral bioavailability of BBR. Because BBR can exert 
therapeutic effects on metabolic cardiovascular diseases 
by regulating the gut microbiota [24, 40, 41], whether 
the introduction of AST has an impact on the gut micro-
biota and whether the impact of BBR on the gut micro-
biota will further affect the metabolism of AST in vivo 
are scientific questions that warrant further explora-
tion. We are conducting corollary studies and hope to 
present this part of the study to readers in the future.

An interesting phenomenon was discovered in the 
current study. The drug-drug interactions between 
BBR and AST showed a significant difference in normal 
and T2DM rats. BBR and AST mutually reduce internal 
exposure in normal rats for the following reasons: BBR 
or AST may increase the activities of efflux transport-
ers, which led to a decrease in the AUC(0-t)/AUC(0-∞) of  
BBR and AST in rats; BBR and AST may competitively 
bind to drug transporters, leading to a decrease in the 
AUC(0-t)/AUC(0-∞) of BBR and AST in rats; and BBR or 
AST may induce an increase in liver drug-metabolizing 
enzyme activity, leading to an increase in their metabo-
lism. We have preliminarily confirmed through molecu-
lar docking that BBR and AST are potential substrates of 
P-gp, which may be one of the reasons why BBR and AST 
mutually reduce the internal exposure in vivo. AST had 
no significant effect on the internal exposure of BBR and 
its metabolites in T2DM rats but BBR can significantly 
increase the AUC(0-t)/AUC(0-∞) of AST and its metabolite, 
CAG, in vivo. The reasons for these findings are worth 
considering and exploring further. A long-term high-fat 
diet could significantly affect the composition of the gut 
microbiota in T2DM rats. The difference in gut microbi-
ota was involved in the drug-drug interactions between 
BBR and AST and had a major role. The gut microbi-
ota that produced β-glucosidase and β-xylosidase were 
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Figure 6  |  16S rRNA analysis of the gut microbiota in normal and T2DM rats. 
(A) Venn diagram of the gut microbiota in the two groups. (B) Shannon and ACE indices used to represent the α-diversity of fecal gut micro-
biota are shown (##P<0.01, ###P<0.001). (C) PCoA plot based on Binary-Jaccard distance metrics of β-diversity for the two groups (P<0.001). 
(D) Taxonomy cladogram obtained using LEfSe analysis. (E) The heat map of differential abundance bacteria at the genus level. The displayed 
data came from 6 rats in each group.
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highly abundant in the T2DM rats based on 16S rRNA 
sequencing. β-glucosidase and β-xylosidase hydrolyze 
AST into CAG, so the drug-drug interactions between 
AST and BBR in T2DM rats were blocked and the level of 
CAG exposure was increased. Of course, further exper-
imental verifications are needed to determine the spe-
cific reason so that we can better understand the scien-
tific connotation of TCM compatibility.

In addition, the current study showed that the phar-
macokinetic behaviors of the seven main compounds 
in normal and T2DM rats were significantly different. 
The oral bioavailability of BBR in T2DM rats was signif-
icantly decreased in the BBR and BBR+AST groups com-
pared to normal rats. The oral bioavailability of AST in 
the AST and BBR+AST groups increased significantly, 
which shows that the pharmacokinetic behavior of 
BBR and AST components is related to the pathologic 
state of T2DM. It is worth noting that the plasma con-
centration-time profiles of five alkaloids all had double 
peaks. A bimodal phenomenon in the pharmacokinet-
ics of alkaloids, such as BBR has been reported, which 
may be due to the existence of enterohepatic, stomach-
intestine, and intestine-intestine circulation in the body.

5. CONCLUSION

BBR and AST reduced the oral bioavailability of each 
other. The gut microbiota promoted the hydrolysis of 
AST to produce CAG, while the drug-drug interactions 
between AST and BBR was blocked.
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