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Abstract: Background/Objectives: BuZhong YiQi Formula (BZYQF) can alleviate type 2
diabetes mellitus (T2DM). However, its efficacy in managing postprandial hyperglycemia
in T2DM needs to be further confirmed, and its underlying mechanism and pharmacody-
namic material basis have not been sufficiently investigated. Methods: A T2DM rat model
was induced to measure postprandial glycemic responses following glucose and starch
ingestion. In vitro assays of enzymatic inhibition and the kinetic mode were performed to
evaluate the inhibitory effect of BZYQF on a-amylase and a-glucosidase activities. The
main constituent contents of BZYQF in a simulated digestion assay were measured to
screen the active constituents in BZYQF against a-amylase and a-glucosidase activities
via Pearson correlation and multiple linear regression analyses. Finally, the total flavo-
noids were purified from BZYQF to perform in vitro activity validation, and the flavonoid
constituent activity was verified through molecular docking. Results: In vivo assays
showed that BZYQF significantly reduced the blood glucose values of CON rats but not
T2DM rats after glucose ingestion, while BZYQF significantly reduced the blood glucose
levels by 15 min after starch ingestion in CON and T2DM rats, with more significant de-
creases in blood glucose levels in T2DM rats. In vitro enzymatic assays showed that
BZYQF could inhibit the activities of a-amylase and a-glucosidase in competitive and
non-competitive modes and in an uncompetitive mode, respectively. Furthermore,
BZYQF showed a stronger inhibitory effect on a-glucosidase activity than on a-amylase
activity. Simulated digestion showed that simulated gastric fluid and intestinal fluid
changed the main constituent contents of BZYQF and their inhibition rates against a-am-
ylase and a-glucosidase activities, and similar results were rarely found in simulated sal-
ivary fluid. Pearson correlation and multiple linear regression analyses revealed that the
total flavonoids were the active constituents in BZYQF inhibiting a-amylase and a-glyco-
sidase activities. This result was verified by examining the total flavonoids purified from
BZYQF. A total of 1909 compounds were identified in BZYQF using UPLC-MS/MS,
among which flavones were the most abundant and consisted of 467 flavonoids. Molecu-
lar docking showed that flavonoids in BZYQF were bound to the active site of a-amylase,
while they were bound to the inactive site of a-glucosidase. This result supported the
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results of the enzyme kinetic assay. Conclusions: BZYQF significantly alleviated post-
prandial hyperglycemia in T2DM rats by inhibiting a-amylase and a-glycosidase activi-
ties, in which flavonoids in BZYQF were the active constituents.

Keywords: postprandial glycemic responses; enzyme kinetics; simulated digestion;
total flavonoids; molecular docking

1. Introduction

Type 2 diabetes mellitus (T2DM) is caused by insufficient insulin and peripheral in-
sulin resistance, resulting in hyperglycemia [1]. The International Diabetes Federation
projections outline that approximately 783 million people will be living with T2DM by the
year 2045. In addition, T2DM often leads to several complications, including nephropathy,
retinopathy, neuropathy and cardiovascular diseases, which are the major causes of mor-
tality in T2DM patients [2]. Epidemiological studies have suggested that postprandial hy-
perglycemia may be an independent risk factor of cardiovascular disease and mortality in
T2DM patients [3]. Therefore, it is particularly important for T2DM patients to reduce
postprandial hyperglycemia and maintain stable blood glucose levels.

The theory of traditional Chinese medicine (TCM) considers that T2DM belongs to
the category of “Xiaoke disease”, with its main cause being spleen and stomach deficiency.
As a TCM term, spleen and stomach deficiency refers to the impairment of the patient’s
spleen and stomach functions, manifested by weakened digestion, absorption, and me-
tabolism of nutrients. The latest evidence shows that TCMs, including Chinese traditional
patent medicines, empirical formulas, and monomers, not only demonstrate clinical effi-
cacy comparable to that of existing Western drugs in managing hypoglycemia but also
offer fewer adverse effects and a multitarget therapeutic approach [4]. BuZhong YiQi For-
mula (BZYQF) is a classic formula for treating spleen and stomach deficiency. BZYQF is
composed of eight Chinese herbs: Astragalus membranaceus, Glycyrhiza uralensis, Ginseng
quinquefolium, Atractylodes macrocephala, Angelica sinensis, Cimicifuga heracleifolia, Bupleu-
rum chinense, and Citrus reticulata. Modern pharmacological studies have found that all
the herbs Astragalus membranaceus, Ginseng quinquefolium, Atractylodes macrocephala, and
Citrus reticulata, as well as their constituents in BZYQF, exhibit hypoglycemic effects [5-
8]. Clinical observations have found that BZYQF could significantly improve fasting blood
glucose, Hb Alc, and 2 h postprandial blood glucose in patients with T2DM [9]. These
studies have revealed the hypoglycemic effects of BZYQF in T2DM rats and patients.
However, these studies have mainly focused on fasting blood glucose, with limited re-
ports on the role of BZYQF in managing postprandial hyperglycemia in T2DM.

Postprandial blood glucose generally refers to the blood glucose level measured 1 or
2 h after a meal. In this process, a-amylase in the salivary glands and pancreas hydrolyses
dietary starch into maltose, maltotriose, isomaltose, and a-limit dextrin, which consists of
four to nine glucose residues. Subsequently, a-glucosidase in intestinal mucosa hydro-
lyses maltose and maltotriose into glucose. The released glucose is absorbed into the
bloodstream by the transporters of SGLT-1 and GLUT?2, resulting in an increase in blood
glucose levels. Therefore, the inhibition of a-amylase and a-glucosidase activities pre-
vents a sudden surge in glucose, leading to lower postprandial hyperglycemia [10]. Acar-
bose, a drug that inhibits a-amylase and a-glucosidase inhibitors, has been widely used
to control postprandial hyperglycemia in T2DM patients. However, acarbose causes gas-
trointestinal side effects, including diarrhea, abdominal pain, and flatulence [11]. There-
fore, it is urgent to discover novel a-amylase and a-glucosidase inhibitors with fewer side
effects.



Pharmaceuticals 2025, 18, 201

3 of 26

In this study, we characterized the chemical constituents in BZYQF using UPLC-
MS/MS analysis and evaluated the effect of BZYQF on postprandial hyperglycemia in
T2DM rats. Subsequently, we investigated the inhibitory effect of BZYQF on a-amylase
and a-glucosidase activities in vitro. Finally, we measured the main constituent contents
of BZYQF during simulated digestion and screened the active constituents in BZYQF that
inhibit a-amylase and a-glycosidase activities using Pearson’s correlation analysis, mul-
tiple linear regression analysis, and molecular docking. The present study provides ex-
perimental evidence for the treatment of T2DM with BZYQF through the inhibition of a-
amylase and a-glucosidase activities.

2. Results
2.1. Chemical Constituents of BZYQF

A total of 1909 primary compounds were identified in BZYQF through a widely tar-
geted metabolic profiling analysis (Figure 1 and Supplementary Material. The primary
compounds accounting for more than 5% were flavones, phenolic acids, amino acids, and
their derivatives, alkaloids, lipids, terpenoids, organic acids, lignans, and coumarins.
Among them, flavones had the highest proportion at almost 25% and consisted of 467
secondary flavonoids. These flavonoids mainly included flavones, xanthone alcohols, iso-
flavones, dihydroflavonoids, chalcones, and other flavonoids. The content of calycosin-7-
O-B-D-glucoside, an isoflavone from Astragalus membranaceus, was 0.83 mg/g pills, which
was the highest content among the flavonoids in BZYQF (Supplementary Material).

The Qquantification of the main constituents in BZYQF revealed that the total carbo-
hydrate content was 146.72 + 2.59 mg/g; the reducing sugar content was 86.22 + 1.11 mg/g;
the polysaccharide content was 60.50 + 3.12 mg/g; the total flavonoid content was 23.45 *+
4.39 mg/g; the total polyphenol content was 123.79 + 2.68 mg/g; and the total saponin con-
tent was 8.11 + 3.05 mg/g.
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Figure 1. Chemical constituent characterization of BZYQF. (A) Total Ion Chromatograms of positive
ion mode (left) and negative ion mode (right); (B) Primary and secondary classification of com-
pounds identified in BZYQF; (C) HPLC chart for determination of calycosin-7-O-3-D-glucoside
(MRYHT) content in BZYQF.
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2.2. BZYQF Ameliorated Postprandial Hyperglycemia in T2DM Rats

To evaluate the effect of BZYQF on postprandial hyperglycemia in T2DM rats, in vivo
postprandial glycemic responses following starch and glucose ingestion were observed.
The results of postprandial glycemic responses following the ingestion of starch and glu-
cose solutions without BZYQF intervention are shown in Figure 2A,F. Following the in-
gestion of glucose and starch solutions, the blood glucose values of CON rats significantly
increased and peaked at 15 min, followed by a rapid decline to near baseline level. Fur-
thermore, the blood glucose values at any time point and AUC of CON rats did not differ
between the ingestion of the two solutions. This finding reveals that both starch and glu-
cose solutions could rapidly increase the blood glucose levels of CON rats, and there was
no difference in glycemic response between the two solutions. Following the ingestion of
glucose and starch solutions, the blood glucose values of T2DM rats significantly in-
creased and peaked at 15 min, followed by a decline. Moreover, the blood glucose values
of T2DM rats differed over time between the ingestion of the two solutions. Specifically,
the blood glucose values of T2DM rats at 45 and 60 min after the ingestion of starch solu-
tion were significantly lower than those after the ingestion of glucose solution, and the
AUC of the former was significantly lower than that of the latter. This finding reveals that
both starch and glucose solutions could rapidly increase the blood glucose levels of T2DM
rats, but the glycemic response of starch solution was lower than that of glucose solution.
In addition, the blood glucose values and AUC of T2DM rats were significantly higher
than those of CON rats after the ingestion of the two solutions. This result suggests that
CON rats were able to rapidly digest starch and utilize glucose, thereby controlling blood
glucose stability, while T2DM rats showed weakened glucose metabolism due to im-
paired starch digestion and glucose uptake.

The results of postprandial glycemic responses following the ingestion of glucose so-
lution with BZYQF intervention are shown in Figure 2B,C,F. BZYQF significantly reduced
the blood glucose values and AUC of CON rats at all time points after the ingestion of
glucose solution, while BZYQF only significantly decreased the blood glucose value of
T2DM rats at 60 min after the ingestion of glucose solution. These results suggest that
BZYQF was able to better control the blood glucose values of CON rats to the baseline
level within 60 min by regulating glucose metabolism (such as by promoting insulin se-
cretion and glucose uptake). At the same time, due to impaired glucose metabolism in
T2DM rats, BZYQF had no effect on their blood glucose values after the ingestion of glu-
cose solution in a short period of time (within 45 min), but it might have a certain im-
provement effect after a prolonged intervention time. The results of postprandial glycemic
responses following the ingestion of starch solution with BZYQF intervention are shown
in Figure 2D-F. BZYQF significantly reduced the blood glucose values of CON and T2DM
rats at 15 min, and delayed the peak of their blood glucose values from the 15 min to 30
min time point. BZYQF had no effect on the blood glucose values at other time points after
the ingestion of starch solution. Furthermore, the AUC of CON and T2DM rats signifi-
cantly decreased after BZYQF intervention. These results suggest that BZYQF reduced
postprandial blood glucose levels in CON and T2DM rats at 15 min after the ingestion of
starch solution by inhibiting starch hydrolysis. In addition, BZYQF caused a greater drop
in blood glucose values at 15 min in T2DM rats than in CON rats (the delta blood glucose
value decreased 2.02-fold from 1.88 to 0.93 in CON rats, and the delta blood glucose value
reduced 9.65-fold from 3.28 to 0.34 in T2DM, p < 0.05). This finding indicates that after the
ingestion of starch solution, BZYQF caused a more significant reduction in postprandial
blood glucose levels in T2DM rats compared to CON rats.
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Figure 2. Blood glucose value and AUC of experimental rats after the ingestion of glucose and starch
solutions. (A) Blood glucose value of experimental rats after the ingestion of glucose and starch
solutions without BZYQF; (B) Blood glucose value of CON rats after the ingestion of glucose solu-
tion; (C) Blood glucose value of T2DM rats after the ingestion of glucose solution; (D) Blood glucose
value of CON rats after the ingestion of starch solution; (E) Blood glucose value of T2DM rats after
the ingestion of starch solution; (F) the AUC of experimental rats after the ingestion of glucose and
starch solutions. * p < 0.05, ** p < 0.01, compared with starch or glucose solution without BZYQF; #
p <0.05, compared with glucose solution.

2.3. BZYQF Inhibited a-Amylase and a-Glucosidase Activities In Vitro

To determine the inhibitory effect of BZYQF on the activities of a-amylase and a-
glucosidase, in vitro enzyme inhibition assays were performed. The results are shown in
Figure 3. The results demonstrate that the inhibitory effect of BZYQF on the activities of
a-amylase and a-glucosidase steeply increased with an increase in its concentration, and
then increased at a slower rate. The IC50 values of BZYQF against a-amylase and a-glu-
cosidase activities were 53.51 +2.32 mg/mL and 10.70 + 0.06 mg/mL, respectively. The IC50
values of acarbose against a-amylase and a-glucosidase were 2.12 + 0.07 mg/mL and 0.09
+ 0.00 mg/mL, respectively. These results reveal that BZYQF and acarbose had notable
inhibitory effects on the activities of a-amylase and a-glucosidase, and their inhibitory
effects on the activity of a-glucosidase were stronger than those of a-amylase.
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Figure 3. The IC50 values of BZYQF and acarbose for a-amylase and a-glucosidase inhibition. (A)
the IC50 values of BZYQF for a-amylase inhibition; (B) the IC50 values of acarbose for a-amylase
inhibition; (C) the IC50 values of BZYQF for a-glucosidase inhibition; (D) the IC50 values of acar-
bose for a-glucosidase inhibition.

2.4. BZYQF Inhibited a-Amylase and a-Glucosidase Activities Through Different Kinetic Modes

To confirm the inhibition modes of a-amylase and a-glucosidase by BZYQF, the en-
zyme kinetic parameters, Km and Vmax, were determined using Lineweaver—Burk plots.
The results are shown in Figure 4 and Table 1. For a-amylase, all lines fit linearly and
intersect in the third quadrant. The values of Km and Vmax decrease simultaneously with
an increase in the BZYQF concentration, while the slope of the straight line increases from
30.53 to 40.81, indicating that BZYQF could bind to a-amylase in mixed competition mode.
This mode means that some compounds in BZYQF could bind to active sites of a-amylase
in a competitive mode, while others bound to the inactive sites of a-amylase in a non-
competitive mode. For a-glucosidase, all lines fit linearly and are parallel. The values of
Km and Vmax decrease simultaneously with an increase in the BZYQF concentration,
while the slope of the straight line remains almost constant, indicating that BZYQF could
bind to an a-glucosidase-substrate complex in anuncompetitive mode. These results sug-
gest that BZYQF inhibited a-amylase and a-glucosidase activities in different kinetic
modes.
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Figure 4. Lineweaver-Burk plots of a-amylase and a-glucosidase inhibitions by BZYQF.

Table 1. Kinetic parameters of a-amylase and a-glucosidase inhibitions by BZYQF.

Enzyme BZYQF Con. (mg/mL) Km (mg/mL) Vmax (AOD/min) Slope

0 9.16 £+ 0.94 0.30 £ 0.02 30.53 £0.95

a-amylase 10 8.08 £1.07 0.24+0.02 33.52 £ 1.47
30 7.13+2.03 0.19+0.04 36.94 + 3.66

50 6.18+1.51 0.15+0.02 40.81 +3.85

0 9.36 +1.39 1.18 +0.22 796 +0.12

a-glucosidase 10 2.03+£0.22 0.27 £0.02 7.56 +0.29
20 1.67 +0.25 0.21 +0.03 7.79+0.48

40 0.95+0.15 0.12+0.01 7.70 £ 0.69

2.5. In Vitro Simulated Digestion Changed the Main Constituent Contents of BZYQF and Their
Inhibition Rates for a-Amylase and a-Glucosidase

To explore the influence of digestive fluids on BZYQF, in vitro simulated digestion
was performed. The changes in the main constituent contents of BZYQF during in vitro
simulated salivary—gastrointestinal digestion are shown in Figure 5A-F. The contents of
total carbohydrate and reducing sugar demonstrated no significant change, while the pol-
ysaccharide content notably decreased during salivary digestion. Interestingly, the con-
tents of total carbohydrate and reducing sugar significantly increased during gastric di-
gestion, while their contents notably decreased after intestinal digestion. On the contrary,
the polysaccharide content clearly reduced during gastric digestion but showed no signif-
icant change after intestinal digestion. The total flavonoid and total polyphenol contents
demonstrated no significant change during salivary digestion. However, the total flavo-
noid content gradually decreased after gastrointestinal digestion, while the total polyphe-
nol content markedly increased after intestinal digestion. In addition, the total saponin
content demonstrated no significant change during salivary-gastrointestinal digestion.
These results suggest that the main constituent contents of BZYQF were less affected by
SSF, but their contents were greatly influenced by SGF and SIF.

The changes in the inhibition rates of a-amylase and a-glucosidase by BZYQF during
in vitro simulated salivary-gastrointestinal digestion are shown in Figure 5G,H. The inhi-
bition rates of a-amylase and a-glucosidase by BZYQF showed no significant change dur-
ing salivary digestion. Interestingly, the inhibition rates of a-amylase and a-glucosidase
significantly decreased during gastric digestion. These results suggest that the inhibition
rates of a-amylase and a-glucosidase by BZYQF are closely related to its main constituent
contents.
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Figure 5. The main constituent contents of BZYQF and their inhibition rates for a-amylase and a-
glucosidase during in vitro simulated digestion. (A) Total carbohydrate content; (B) Reducing sugar
content; (C) Polysaccharide content; (D) Total flavonoid content; (E) Total polyphenol content; (F)
Total saponin content; (G) the a-amylase inhibition rate; (H) the a-glucosidase inhibition rate. * p <
0.05, ** p <0.01, *** p < 0.001, compared with undigested group; ## p <0.01, ### p <0.001, compared
with SSF group; &&é& p < 0.001, compared with SGF group.

2.6. The Total Flavonoids Played an Important Role in the Inhibition of a-Amylase and a-Gluco-
sidase Activities by BZYQF

To clarify the active constituents of BZYQF in the inhibition of a-amylase and a-glu-
cosidase activities, we performed Pearson correlation analysis and multiple linear regres-
sion analysis between the inhibition rate of a-amylase and a-glucosidase and the main
constituent contents of BZYQF. As illustrated in Figure 6, the total flavonoid content was
highly correlated with the inhibition rates of a-amylase (r = 0.90) and a-glycosidase (r =
0.87), with the highest correlation coefficients among all factors. As listed in Table 2, the
formula generated by the multiple linear regression analysis was as follows: the inhibition
rate of a-amylase = 0.319 + 0.294 x total flavonoid and the inhibition rate of a-glucosidase
=0.532 + 0.236 x total flavonoid. The non-significant coefficients (p > 0.05) were removed
from the analysis, showing that the response variables were only dependent on the factor
of total flavonoids and were positively influenced by this factor. The factors of total car-
bohydrates, reducing sugar, polysaccharides, total polyphenols, and total saponins were
not significant, showing no significant influence on the response variables. The R? values
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indicate that the variability in the inhibition rates of a-amylase and a-glycosidase could
be explained by the fitting of the model, as their values are greater than 85% (85.0% and
85.6%, respectively). These results suggest that the total flavonoids might be the active
constituents of BZYQF in the inhibition of a-amylase and a-glucosidase activities.
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Table 2. Summary output of the multiple linear regression analysis performed between the inputs

(the main constituent contents of BZYQF) and the output (the inhibition rates of a-amylase or a-

glucosidase).
Enzyme Variables Regressi.on Coeffi- p Value 95% CI (Lower ~ Up-
cient per)

a-amylase Intercept 0.319 0.000 0.194 ~ 0.445
Total carbohydrate - - -

Reducing sugar 0.014 0.200 -0.008 ~ 0.036

Polysaccharide 0.023 0.266 -0.019 ~ 0.065

Total flavonoid 0.294 0.010 0.082 ~ 0.507

Total polyphenol -0.057 0.072 -0.120 ~ 0.006

Total saponin 0.111 0.427 -0.177 ~ 0.400

a-glucosidase Intercept 0.532 0.000 0.448 ~ 0.616
Total carbohydrate - - -

Reducing sugar -0.010 0.191 -0.024 ~ 0.005

Polysaccharide 0.017 0.228 -0.011 ~ 0.045

Total flavonoid 0.236 0.003 0.094 ~ 0.378

Total polyphenol -0.018 0.386 -0.060 ~ 0.024

Total saponin -0.131 0.168 -0.324 ~ 0.061

2.7. Purification of Total Flavonoids and In Vitro Activity Validation

To verify the biological activity of the total flavonoids, they were extracted and iso-
lated from BZYQF to measure the main constituent content and perform in vitro inhibition
assays of a-amylase and a-glucosidase. As shown in Figure 7A, after the isolation of D101
macroporous resin, the total carbohydrate, reducing sugar, and polysaccharide contents
significantly decreased, while the total flavonoid, total polyphenol, and total saponin con-
tents remarkably increased in the purified total flavonoids compared with BZYQF. Fur-
thermore, the total flavonoid content increased 12.44-fold from 23.45 to 291.94 mg/g crude
drug (equivalent to 625.23 mg/g dry powder) with the most significant increase. After
purification, flavonoids and polyphenols were the main constituents of the purified total
flavonoids. As illustrated in Figure 7B,C, the IC50 values of the purified total flavonoids
against a-amylase and a-glucosidase activities were 27.37 + 3.27 mg/mL and 0.31 + 0.03
mg/mL, respectively. Asindicated in Figure 7D,E, in the purified total flavonoids, the total
flavonoid content was highly correlated with the inhibition rates of a-amylase (r = 0.94)
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and a-glycosidase (r = 0.83), with the highest correlation coefficients among all factors. As
listed in Table 3, in the purified total flavonoids, the formula generated from multiple
linear regression analysis was as follows: the inhibition rate of a-amylase = 0.046 x total
flavonoid and the inhibition rate of a-glucosidase = 0.219 + 0.051 x total flavonoid. Their
R? values were greater than 80% (93.1% and 80.6%, respectively). These results suggest
that the purified total flavonoid had stronger inhibitory effects on the activities of a-am-
ylase and a-glucosidase than BZYQF, which is closely related to the increase in the total
flavonoid content.

S
S

* %k *kk

2
S
a

*:
3501mm Purified total flavonoid
30043 BZYQF

150 KKk -
100 '_| kK

vate gav xide  qoid enod nin
qota cnrOQuctn P ot MO pots oot s50°”
0

%
S

-0—
®
S

Y
=
Y
S

B
=3
&
S

-O- Total flavonoid
1C50=27.37+3.27 mg/mL
0 T T T T 3 T T T T 1
0 10 20 30 40 502 0.0 0.2 0.4 0.6 0.8 1.0
Concentration (mg/mL)

)
S

-O- Total flavonoid
1C50=0.31+0.03 mg/mL

»
S

content (mg/g)

o

S

3

*

*

*
«a-amylase inhibition rate (%)
glucosidase inhibition rate (%)

Concentration (mg/mL)

o TR o
bIOR ycarate
gase \“-‘.IL\ card O ucine,

o ate +
i “‘;‘;{mm“'“?“ paride eno! "
a E osi Re
g

4 ga¥ S8 \y an
< hibit y sugd’ avonO® o yont
D e ow RedueiTe § et ol BT pOW Py geal 53

Fotal
1 1
a-amylase inhibition me. 05 05 @ ’ 076 (om a-glucosidase inhibition m.‘ 060 065 @ . 02 o
Total carbohydrate . ' 0712 036 045 0.78 L Total carbohydrate . ‘ 0.71 045 0.59
Reducing sugar . 057 043 047 ' Reducing sugar . 055 049 059
06
Polysaccharide ‘ 20t @B @ Polysaccharide . @ 037
04 04
Total flavonoid 076) 0.0 Total flavonoid 9 0.58
Total polyphenol . 0.47 02 Total polyphenol . 0.53 02
Total saponin ‘ ‘Total saponin .
0

r e id
sug?! f“.g\\m\t\\ qavondl oy

N
nen®  sonit
porysa L gl BT potY P 589"

“Tota!

3
@ 3
3

0

Figure 7. The main constituent contents, the IC50 values, and Pearson correlation coefficients of the
total flavonoids purified from BZYQEF. (A) The main constituent contents of BZYQF and the purified
total flavonoids; (B,C) the IC50 values of the purified total flavonoids for a-amylase and a-gluco-
sidase inhibition; (D, E) Pearson correlation coefficients between the main constituent contents of the
purified total flavonoids and their inhibition rates of a-amylase (D) or a-glucosidase (E). *** p <
0.001, compared with BZYQF.

Table 3. Summary output of the multiple linear regression analysis performed between the inputs
(the main constituent contents of the total flavonoids purified from BZYQF) and the output (the
inhibition rates of a-amylase or a-glucosidase).

Enzyme Variables Regressi'on Coeffi- p Value 95% CI (Lower ~ Up-
cient per)

a-amylase Intercept 0.003 0.957 -0.099 ~ 0.104
Total carbohydrate - - -

Reducing sugar -0.025 0.492 -0.103 ~ 0.053

Polysaccharide 0.081 0.201 -0.051 ~ 0.213

Total flavonoid 0.046 0.001 0.024 ~ 0.068

Total polyphenol 0.003 0.696 -0.012 ~ 0.018

Total saponin 0.111 0.251 -0.092 ~ 0.313

a-glucosidase Intercept 0.219 0.018 0.046 ~ 0.392
Total carbohydrate - - -

Reducing sugar 0.122 0.135 -0.045 ~ 0.289

Polysaccharide -0.155 0.216 -0.415 ~ 0.106

Total flavonoid 0.051 0.017 0.011 ~ 0.091

Total polyphenol -0.005 0.735 -0.037 ~ 0.027
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Total saponin -0.217 0.285 -0.645 ~ 0.211

2.8. Molecular Docking of Flavonoids in BZYQF with a-Amylase and a-Glycosidase

Molecular docking was performed to further understand the binding mechanism be-
tween flavonoids in BZYQF and a-amylase/a-glycosidase, and the associated structures
were characterized using Discovery Studio. Out of the 467 flavonoids identified in
BZYQF, 197 of them were able to bind to a-amylase or a-glycosidase. Among them, 187
flavonoids could bind to a-amylase and a-glycosidase simultaneously, including 5 dihy-
droflavonols, 18 chalcones, 32 flavonols, 71 flavones, 44 isoflavones, and 17 dihydrofla-
vones. As presented in Figure 8, the binding of 187 flavonoids to the two enzymes was
mainly characterized by low (interaction energy > -40) and medium (-60 < interaction
energy < —40) binding intensities. Among them, the number and percentage of flavonoids
with moderate binding intensity to a-glycosidase were significantly higher than those of
flavonoids bound to a-amylase. In addition, the average interaction energy of all of these
flavonoids to a-glucosidase was significantly lower than their average interaction energy
to a-amylase. Similar results were found in other secondary flavonoids, with the excep-
tion of isoflavones, in which a low binding intensity predominated. These results suggest
that flavonoids in BZYQF more strongly bound to a-glycosidase than to a-amylase.
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Figure 8. Interaction energy of flavonoids in BZYQF with a-amylase and a-glycosidase. * p < 0.05,
** p <0.01, ** p <0.001; ns, not statistically significant.

As shown in Figure 9A,C,E, similarly to the themaltotriose substrate, flavonoids of
BZYQF (Robinin was shown) docked into the active site of a-amylase, exhibiting compet-
itive binding behavior. When bound to a-amylase (interaction energy < —40), flavonoids
of BZYQF were mainly surrounded by 13 amino acid residues of Glu 233, Lys 200, Asp
197, Asp 300, Tyr 151, GIn 63, His 201, Ala 198, Leu 162, Ile 235, Trp 62, Trp 59, and His
305. In these cases, five main interactions—Pi-anion, Pi-Pi (including stacked and T-
shape), Pi—alkyl, hydrogen bonds, and carbon hydrogen bonds—were formed between
flavonoids of BZYQF and a-amylase. In the proportion of amino acid residues in these
five interactions, the proportions of Glu233, Asp197, Asp300, and His201 were higher than
those of other amino acid residues, exceeding 50%. Moreover, the first three amino acid
residues formed three interactions—Pi-anion, hydrogen bonds, and carbon hydrogen
bonds—while the amino acid residue of His201 formed two interactions—Pi-Pi and car-
bon hydrogen bonds—between flavonoids of BZYQF and a-amylase. On binding to a-
amylase, flavonoids of BZYQF hampered the access of the substrate or occupied the bind-
ing site of starch, which further suppressed the activity of a-amylase.

As shown in Figure 9B,D,F, unlike the substrate of maltose, flavonoids of BZYQF
(Sudachiin C was shown) interacted with the essential amino acid residues located in the
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non-catalytic site of a-glucosidase, exhibiting a non-competitive or uncompetitive binding
behavior. When bound to a-glycosidase (interaction energy < —-40), flavonoids of BZYQF
were mainly surrounded by 15 amino acid residues: Glu 856, Ile 823, Arg 725, Lyd 348,
Glu 721, Arg 854, Glu 748, Gly 855, Gly 747, Pro 825, Leu 712, Ala 749, Tyr 822, His 708,
and Ala 719. In these cases, five main interactions—Pi-anion, Pi-Pi, Pi-alkyl, hydrogen
bonds, and carbon hydrogen bonds—were also formed between flavonoids of BZYQF and
a-glycosidase. In the proportion of amino acid residues in these five interactions, the pro-
portions of Glu748, Glu856, Tyr 822, and His 708 were higher than those of other amino
acid residues, exceeding 50%. Moreover, the amino acid residues of Glu748 and Glu856
formed three interactions—Pi-anion, hydrogen bonds, and carbon hydrogen bonds—
while the amino acid residues of Tyr 822 and His 708 formed two interactions—Pi-Pi and
Pi-alkyl —between flavonoids of BZYQF and a-glycosidase. These amino acid residues
increased the stability of the inhibitor-enzyme complex, exposing the inhibitory ability of
flavonoids of BZYQF. On binding to a-glycosidase, flavonoids of BZYQF probably per-
turbed the protein structure and inhibited a-glucosidase in a non-competitive or uncom-
petitive mode, thus altering the enzyme activity.
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Figure 9. The docked diagrams and the proportion of amino acid residues in interactions based on
the predicted optimal binding mode of flavonoids in BZYQF to a-amylase and a-glucosidase. (A,B)
Three-dimensional diagrams of the substrates of maltotriose and maltose binding to a-amylase and
a-glucosidase, respectively; (C,D) Three-dimensional and two-dimensional diagrams of flavonoids
in BZYQF binding to a-amylase and a-glucosidase; Robinin and Sudachiin C are shown here; (E,F)
The proportions of amino acid residues (interaction energy < —40, accounting for >5% of amino acid
residues) in interactions, which formed between flavonoids of BZYQF and a-amylase or a-gluco-
sidase. Among all flavonoids of BZYQF, Robinin and Sudachiin C had the lowest interaction energy
to a-amylase (-73.7461) and a-glycosidase (-68.5875), respectively.

3. Discussion

The present study found that BZYQF could significantly reduce postprandial hyper-
glycemia after the ingestion of starch solution in T2DM rats. The molecular mechanism
may involve BZYQF inhibiting the activities of a-amylase and «a-glycosidase, reducing
glucose production and thereby preventing a sudden increase in blood glucose levels.
Through multiple linear regression analysis and molecular docking, we speculated that
the main constituents of BZYQF that inhibited a-amylase and a-glycosidase activities
were total flavonoids. Moreover, this speculation was verified by analyzing the total fla-
vonoids isolated from BZYQF. This study provides a theoretical basis for BZYQF to con-
trol postprandial hyperglycemia in T2DM.

Postprandial hyperglycemia is one of the central symptoms of T2DM. Controlling
postprandial hyperglycemia can not only minimize blood glucose fluctuation but also re-
duce the risk of cardiovascular disease. However, the changes in postprandial blood glu-
cose levels are closely associated with the composition of food and the efficiency of the
body’s carbohydrate metabolism. Monosaccharide foods can be absorbed directly by the
intestines, causing a rapid increase in blood glucose levels. Polysaccharide-rich foods such
as starch must be enzymatically digested in the mouth and intestines to be converted into
monosaccharides before absorption, resulting in a more consistent and gradual increase
in blood glucose levels compared to monosaccharide foods. In addition, glucose was ab-
sorbed into the bloodstream via the SGLT1 and GLUT?2 transporters in the small intestine,
resulting in an increase in postprandial blood glucose [12]. The increased blood glucose
stimulated pancreatic 3-cells to secrete insulin, which, in turn, activated peripheral tissues
to uptake glucose, thus lowering postprandial blood glucose to maintain glucose homeo-
stasis. Therefore, the changes in postprandial blood glucose levels were influenced by
food, digestive enzyme activity, glucose transporters, and the function of insulin. At pre-
sent, in the clinical treatment of T2DM, most drugs target insulin and glucose transporters,
such as metformin, thiazolidinediones, GLP-1 receptor agonists, SGLT-1 inhibitors, etc.,
while few drugs target digestive enzymes. Acarbose, as an a-glycosidase inhibitor, had a
prominent effect on controlling postprandial hyperglycemia. However, its side effects,
such as gastrointestinal complaints, allergic reactions, and damage to liver function, were
also evident. Therefore, studying the glycemic capacity of carbohydrate-containing foods
and screening for digestive enzyme inhibitors with low side effects remain important for
the control of postprandial hyperglycemia in T2DM. BZYQF has been used as a classic
formula of TCM in China for hundreds of years. It has been widely used to regulate sub-
health and impaired spleen and stomach functions [13] and has excellent therapeutic ef-
fects in improving digestion and immune deficiency [14-16]. Clinical studies have found
that BZYQF could improve fasting blood glucose and pancreatic islet function in patients
with T2DM [17]. However, research on the role of BZYQF in regulating postprandial hy-
perglycemia in T2DM is limited. The present study found that following the ingestion of
glucose and starch solutions, the blood glucose values of CON rats increased significantly
from 5 mM to 7 mM, and those of T2DM rats increased from 20 mM to 25 mM. This result
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is supported by the reports of Momtazi-Borojen et al. [18] and Liu et al. [19], in which the
blood glucose value of CON or T2DM rats had a similar increase from the low value to
the highest value in an oral glucose tolerance test. These results indicate that the concen-
trations of glucose/starch solutions used in this study were effective. Furthermore, this
study found that the blood glucose level and AUC of T2DM rats were significantly higher
than those of CON rats. This result is also confirmed by a large number of animal experi-
ments [20-23]. Interestingly, the blood glucose levels of CON rats had no difference be-
tween the ingestion of glucose and starch solutions, while T2DM rats had lower blood
glucose levels following the ingestion of starch solution than those following the ingestion
of glucose solution. These results suggest that CON rats were able to rapidly digest starch
and utilize glucose, whereas T2DM rats exhibited abnormal carbohydrate metabolism,
manifested by a reduced ability to digest starch and utilize glucose. As is well known,
T2DM rats have insufficient insulin secretion and insulin resistance, and there are in-
creased expressions of GLUT2 and SGLT-1 in the intestine of T2DM rats [24-26]. In addi-
tion, this study also found that after BZYQF intervention, BZYQF could significantly re-
duce the blood glucose levels at 15 min after the ingestion of starch solution and within
0-60 min after the ingestion of glucose solution in CON rats. However, BZYQF could only
reduce the blood glucose levels at 15 min after the ingestion of starch solution and had no
effect on the blood glucose levels within 0-45 min after the ingestion of glucose solution
in T2DM rats. These results suggest that BZYQF could better stabilize postprandial blood
glucose levels in CON rats and significantly reduce postprandial blood glucose following
the ingestion of starch solution in CON and T2DM rats. BZYQF could reduce postprandial
blood glucose levels following the ingestion of glucose solution in CON rats but not in
T2DM rats. This might be because BZYQF regulated glucose uptake and improved insulin
secretion and sensitivity in CON rats, while it did not improve impaired glucose utiliza-
tion and insulin function in T2DM rats in the short term. Clinical observations have shown
that BZYQF could improve insulin sensitivity and reduce hyperglycemia in T2DM pa-
tients [17]. Moreover, our previous research on Astragalus membranaceus (the most im-
portant Chinese herbs in BZYQF) found that after treatment for 8 weeks, Astragalus pol-
ysaccharides could promote insulin secretion, improve insulin resistance, and reduce the
expressions of SGLT-1 and GLUT?2 in the intestine of T2DM rats [27]. Notably, BZYQF
could significantly reduce blood glucose levels at 60 min after the ingestion of glucose
solution in T2DM rats. This result indicates that prolonging the intervention time of
BZYQF had a certain improvement effect on glucose utilization in T2DM rats. In the pre-
sent study, BZYQF simultaneously reduced the blood glucose levels at 15 min after the
ingestion of starch solution in CON and T2DM rats, with a more significant decrease in
blood glucose levels in T2DM rats. This result suggests that BZYQF could inhibit the ac-
tivity of digestive enzymes and that T2DM rats exhibit defects in starch digestion. In ad-
dition, after intervention with BZYQF, the peak of blood glucose levels in CON and T2DM
rats was delayed from 15 min to 30 min after the ingestion of starch solution, while similar
results were not observed in rats that ingested glucose solution. This further confirms that
BZYQF could inhibit the process of starch digestion into glucose. Clinical studies have
found that ZBYQF reduces postprandial glucose levels within 2 h [9]. Thus, it can be seen
that BZYQF could significantly reduce postprandial hyperglycemia in T2DM rats, and its
mechanism might be related to the improvement of glucose metabolism, especially the
inhibition of digestive enzyme activity.

Digestive enzymes, particularly a-amylase and a-glucosidase, are key enzymes in-
volved in the hydrolysis of dietary starch to produce glucose, which has been closely
linked to elevated postprandial blood glucose [28]. a-amylase catalyzes the hydrolysis of
a-1,4-glycosidic bonds of starch, glycogen, and various oligosaccharides. a-glucosidase
catalyzes the breaking of glycosidic bonds and the subsequent release of glucose from the
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non-reducing ends of oligosaccharide chains [28,29]. When dietary starch is ingested, it is
first hydrolyzed by salivary a-amylase in the mouth and pancreatic a-amylase in the small
intestine, yielding smaller oligomers such as maltose and maltotriose. Subsequently, these
oligomers are further degraded into glucose molecules by other hydrolyzing enzymes,
such as a-glucosidase, in the small intestine. Finally, glucose is transported into the blood-
stream via the transporters of GLUT2 and SGLT1. Therefore, the inhibition of these en-
zyme activities could reduce postprandial blood glucose levels by delaying the digestion
of carbohydrates into glucose. The IC50 value refers to the semi-inhibitory concentration
of the measured antagonist. It represents the concentration at which a drug inhibits en-
zyme activity by 50%. In the drug screening process, IC50 values are used to preliminarily
screen potential drug candidate molecules and determine their activity against specific
targets. Usually, a smaller IC50 value indicates that the drug has a stronger inhibitory
effect. Enzyme kinetics studies have shown that inhibition consists of both reversible and
irreversible inhibition. Between the two, reversible inhibition is more important as it only
slows down the digestive process but does not permanently block it. By slowing down
the digestive process, glucose would be produced at a more consistent rate, thereby pre-
venting blood sugar spikes [30]. Reversible inhibition includes three types: competitive,
non-competitive, and uncompetitive. In competitive inhibition, the inhibitor and substrate
have similar structures and compete for binding to the active sites of the enzyme. In non-
competitive inhibition, both the substrate and the inhibitor bind to the enzyme at com-
pletely independent sites. In contrast, uncompetitive inhibitors do not bind to the free
enzyme, but only to the enzyme-substrate complex [31,32]. Acarbose, which has been
widely used in the clinical treatment of diabetes, is a classic inhibitor, binding competi-
tively to a-amylase and a-glucosidase. The present study found that BZYQF had a good
inhibitory effect on the activities of a-amylase and a-glucosidase in vitro, although the
IC50 values of BZYQF against the two enzymes were higher than those of acarbose. Sim-
ilarly to acarbose, BZYQF showed a stronger inhibitory effect on a-glucosidase than on a-
amylase. In contrast to acarbose, BZYQF bound to a-amylase in a mixed competition
mode, while it bound to a-glucosidase in an uncompetitive mode. Some studies have re-
ported that a single constituent in BZYQF had inhibitory effects on a-amylase and a-glu-
cosidase, although the inhibitory effects of BZYQF for the two enzymes have not been
reported yet. Our previous study showed that Astragalus polysaccharides exerted an in-
hibitory effect on a-amylase in a dose-dependent manner [33]. Other research has re-
ported that Astragalus polysaccharides and isoflavones have an inhibitory effect on a-glu-
cosidase [34,35]. Licorice extracts have shown important anti-amylase and anti-gluco-
sidase activities [36,37], among which glycyrrhizic acid inhibited a-glucosidase activity in
a mixed competition mode [38]. Codonopsis pilosula (Franch.) Nannf. has been shown to
have a strong inhibitory effect against mammalian a-glucosidase, which could signifi-
cantly reduce the postprandial blood glucose level in diabetic mice in an oral starch toler-
ance test [39]. Therefore, BZYQF could lower postprandial blood glucose by inhibiting the
activities of a-amylase and a-glucosidase, but the active constituents that inhibited en-
zyme activity need to be further determined.

Widely targeted metabolomic analysis and molecular docking have been widely
used to identify active constituents in herbs and formulas. The results of our metabolom-
ics analysis show that flavonoids accounted for the highest proportion among the 1909
compounds identified in BZYQF, accounting for over 40%, although their contents were
not abundant. Using UPLC-QE-MS analysis, Xin Su et al. [40] also found that the chemical
constituents of BZYQF included large amounts of flavonoids. In vitro simulated digestion
assays simulated the physiological conditions of digestion in vivo and have been widely
used in pharmacology to study and understand the changes, interactions, and bioavaila-
bility of chemical compounds. The present study found that the main constituent contents
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of BZYQF, excluding polysaccharides, did not significantly change during digestion with
SSF, suggesting that SSF has a weak effect on BZYQF. The polysaccharide content de-
creased during salivary digestion, indicating that some polysaccharides could be hydro-
lyzed by amylase. During digestion with SGF, the total carbohydrate and reducing sugar
contents in BZYQF increased, while polysaccharide contents decreased, indicating that
glycans and polysaccharides were broken down into monosaccharides or oligosaccha-
rides in SGF. Jing Kun Yan et al. [41] found that after digestion with SGF, the reducing
sugar contents increased significantly, which might be due to the strong acidic environ-
ment in SGF disrupting glycosidic bonds, leading to an increase in reducing sugars. In
this study, during digestion with SIF, the total carbohydrate and reducing sugar contents
in BZYQF decreased. This could be because the small intestinal fluid affected the confor-
mation and stability of polysaccharides, thereby leading to a reduction in reducing sugar
content [42]. This study also found that the total flavonoid content of BZYQF significantly
decreased after digestion with SGF, while there was no change after digestion with SIF.
This result suggests that flavonoids in BZYQF could be degraded by the strong acids in
SGF. A similar result was reported by Zhang et al. [43], where the total flavonoid content
in the ethanol extract from camphor seed kernels decreased after gastric digestion. In ad-
dition, the present study found that the total polyphenol content in BZYQF increased dur-
ing digestion with SIF, and the total saponin content in BZYQF had no significant change
during salivary—gastrointestinal digestion. This result suggests that the total polyphenols
in BZYQF could be influenced by SIF, while the total saponins in BZYQF were not affected
by simulated digestive fluid. The increase in total polyphenol content could be due to the
degradation of macromolecular polyphenols, releasing simpler polyphenolic acids. These
polyphenol derivatives release active functional groups and react with Folin-Ciocalteu
reagents to increase the total polyphenol content [44]. In vitro enzyme inhibition assays
revealed that the inhibition rates of BZYQF against a-amylase and a-glucosidase varied
with the changes in its main constituent contents during simulated digestion. Notably, the
trend in changes in the BZYQF inhibition rates of a-amylase and a-glucosidase was con-
sistent with the trend in changes in its total flavonoid content. Furthermore, correlation
analysis and multiple linear regression analysis showed that the total flavonoid content
in BZYQF was significantly positively correlated with its inhibition rates against a-amyl-
ase and a-glycosidase. These results indicate that the total flavonoids were the active con-
stituents of BZYQF in inhibiting a-amylase and a-glycosidase activities. Subsequently, we
extracted and isolated the total flavonoids from BZYQF and found that the IC50 values of
the purified total flavonoids against a-amylase and a-glucosidase activities were signifi-
cantly lower than those of BZYQF. This result indicates that the purified total flavonoids
had stronger enzyme inhibitory activities than BZYQF, which further verified the inhibi-
tory effects of total flavonoids in BZYQF on the activities of a-amylase and a-glucosidase.
Finally, our molecular docking results indicate that 40% of the flavonoids in BZYQF could
bind to a-amylase and a-glycosidase simultaneously and that these flavonoids bound
more strongly to a-glycosidase than to a-amylase. This result is consistent with the lower
IC50 values of BZYQF and the purified total flavonoids against a-glycosidase than their
IC50 values against a-amylase. In addition, the molecular docking site of this study
showed that flavonoids in BZYQF were bound to the inactive site of a-glucosidase while
they were bound to the active site of a-amylase. This result is consistent with the results
of the enzyme kinetics assay, in which BZYQF inhibited a-glucosidase activity in an un-
competitive mode, and a-amylase activity, in a mixed competition and non-competition
mode. At the same time, this result also suggests that among the main constituents in
BZYQF that inhibited a-amylase activity, in addition to flavonoids, other chemical con-
stituents such as polysaccharides and polyphenols could exert their effects in a non-com-
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petitive mode. Our previous study found that Astragalus polysaccharides had an inhibi-
tory effect on a-amylase activity [33]. A review confirmed that polyphenols from various
extracts, such as gallic acid, caffeic acid, and kaempferol, inhibited a-amylase activity in a
non-competitive mode [45]. In addition, several studies have shown that flavonoids have
a strong inhibitory effect on a-glucosidase and a moderate inhibitory effect on a-amylase,
making them promising candidates for antidiabetic drugs [46—-48]. However, no consen-
sus has been reached regarding the mode by which flavonoids inhibit a-glucosidase and
a-amylase. This could be due to the differences in plant flavonoid sources and detection
methods used in different studies [46]. Overall, flavonoids play an important role in the
inhibition of a-glucosidase and a-amylase activity in BZYQF.

4. Materials and Methods
4.1. Preparation of BZYQF

BZYQF was purchased from JiuZhiTang Co., Ltd. (National Medical Approval No.
743020143, Hunan, China). It was composed of 8 Chinese herbs, including 200 g of Astrag-
alus membranaceus (Fisch.) Bunge (honey roasted), 100 g of Glycyrhiza uralensis Fisch.
(honey roasted), 60 g of Codonopsis pilosula (Franch.) Nannf., 60 g of Atractylodes macroceph-
ala Koidz. (stir fried), 60 g of Angelica sinensis [Oliv.] Diels., 60 g of Cimicifuga heracleifolia
Kom, 60 g of Bupleurum chinense DC., 60 g of Citrus reticulata Blanco., 40 g of Ziziphus jujuba
Mill, and 20 g of Zingiber offcinale Roscoe. BZYQF was manufactured in accordance with
the drug standards of the Ministry of Health for Traditional Chinese Medicine Formula-
tions (Volume 7). A brief introduction is as follows: the volatile oil was extracted from
Zingiber officinale and Citrus reticulata. The remaining residues were boiled twice in water
with Astragalus membranaceus, Atractylodes macrocephala, Cimicifuga heracleifolia, Bupleurum
chinense, Ziziphus jujuba, and one half of Glycyrhiza uralensis, for 3 h and 2 h, respectively.
The decoction was collected and filtered. The filtrate was concentrated into a thick paste
with a relative density of 1.3-1.35. The Codonopsis pilosula, Angelica sinensis, and the other
half of Glycyrhiza uralensis were crushed into fine powder. All the above pastes, powders,
and volatile oils were mixed to make BZYQF pills.

4.2. Characterization of Chemical Constituents in BZYQF

A chemical constituent analysis of BZYQF was conducted using the widely targeted
metabolomic techniques reported by Chen et al. [49]. A brief introduction is as follows:
BZYQF was ground into powder (30 Hz, 1.5 min) using a grinder (MM 400, Retsch, Haan,
Germany) after being freeze-dried in a lyophilizer (Scientz-100F, Ningbo, China). A meas-
ure of 50 mg of sample powder was added to 1200 pL of pre-cooled 70% methanolic aque-
ous solution and vortexed for 30 sec once every 30 min a total of 6 times. After centrifuga-
tion at 12,000 g for 3 min, the supernatant was filtered with a microporous membrane
(0.22 um pore size) for UPLC-MS/MS analysis. The UPLC analytical conditions were as
follows: the injection volume was 2 uL; the flow velocity was set as 0.35 mL/min; the col-
umn oven was set at 40 °C; an Agilent SB-C18 column (1.8 pm, 2.1 mm x 100 mm, Agilent,
Santa Clara, California, USA) was used; and the mobile phase consisted of solvent A, pure
water with 0.1% formic acid, and solvent B, acetonitrile with 0.1% formic acid. Sample
measurements were carried out using a gradient program as follows: the initial conditions
of 95% A and 5% B were used. A linear gradient to 5% A and 95% B was then programmed
within 9 min, and a composition of 5% A and 95% B was maintained for 1 min. Subse-
quently, a composition of 95% A and 5.0% B was adjusted within 1.1 min and maintained
for 2.9 min. The effluent was alternatively connected to an ESI-Triple Quadrupole-Linear
Ion Trap (QTRAP)-MS (Qtrap 5500, Framingham, AB Sciex). The operating parameters of
the ESI source were as follows: the source temperature was 500 °C; the ion spray voltage
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(IS) was 5500V (positive ion mode)/~4500V (negative ion mode); ion source gas I (GSI), gas
II (GSII), and curtain gas (CUR) were set at 50, 60, and 25 psi, respectively; collision-acti-
vated dissociation (CAD) was set to high; QQQ scans were performed using the MRM
model; and collision gas (nitrogen) was set to medium. The DP (declustering potential)
and CE (collision energy) for individual MRM transitions were acquired through DP and
CE optimization. A specific set of MRM ion pairs were monitored at each period according
to the eluted metabolites during this period. The primary and secondary metabolites were
determined using secondary spectral information and the self-created database MWDB
(Metware database, Wuhan, China).

The content of calycosin-7-O-f3-D-glucoside, an isoflavone isolated from Astragalus
membranaceus in BZYQF, was determined using HPLC (UltiMate3000, Thermo, Waltham,
Massachusetts, USA). After treatment with methanol, BZYQF and the standard samples
of calycosin-7-O-f3-D-glucoside were filtered using a 0.22 um microporous filter mem-
brane, and the filtrate was analyzed using HPLC. The HPLC analytical conditions were
as follows: the injection volume was 20 pL; the flow velocity was set as 1 mL/min; the
column oven was set at 30 °C; an Agilent Durashell C18(L) column (1.5 um, 4.6 mm x 250
mm) was used; and the mobile phase was acetonitrile with 0.1% phosphoric acid solution
(3:97). Sample measurements were performed using gradient elution with a wavelength
range of 200-400 nm.

4.3. Quantitative Determination of the Main Constituents in BZYQF

BZYQF pills were crushed and then incubated in water at 90 °C at a solid/liquid ratio
of 1:30 for 1 h. After centrifugation at 3000x g for 10 min, the supernatant was used for
subsequent experiments, including the following assays for quantitation, enzyme inhibi-
tion, and simulated digestion.

The total carbohydrate content was determined using the phenol-sulfuric acid
method [50]. BZYQF solutions or standard solutions (1 mL) were mixed with 0.5 mL of
6% phenol solution and 2.5 mL of concentrated sulfuric acid. The mixture was placed into
boiling water for 15 min and quickly cooled to room temperature with cold water. The
absorbance at 490 nm was measured on a microplate reader (ELx800, BIOTEK, Vermont,
USA). The total carbohydrate content was calculated from a standard glucose curve and
expressed as a glucose equivalent (mg/g crude drug).

The reducing sugar content was determined using the 3,5-dinitrosalicylic acid
method [50]. BZYQF solutions or standard solutions (2 mL) were mixed with 2 mL of 3,
5-dinitrosalicylic acid. The mixture was placed into boiling water for 5 min and quickly
cooled to room temperature. The total volume of the mixture was supplemented to 25 mL
by adding 21 mL of distilled water. The absorbance at 520 nm was measured on a micro-
plate reader (ELx800, BIOTEK, Vermont, USA). The reducing sugar content was calcu-
lated from a standard glucose curve and expressed as a glucose equivalent (mg/g crude
drug).

The polysaccharide content was calculated as the difference between the total carbo-
hydrate content and reducing sugar content.

The total flavonoid content was determined using a colorimetric method with minor
modifications [51]. BZYQF solutions or standard solutions (1 mL) were mixed with 0.3 mL
of 5% NaNO: solution (w/v) of 0.3 mL and incubated for 6 min at room temperature. Then,
the 5% AI(NOs)s solution (w/v) was added and incubated for 6 min at room temperature.
Finally, 4 mL of 4% NaOH (w/v) was added and incubated for 15 min at room tempera-
ture. The absorbance at 510 nm was determined on a microplate reader (ELx800, BIOTEK,
Vermont, USA). The total flavonoid content was calculated from a standard rutin curve
and expressed as a rutin equivalent (mg/g crude drug).



Pharmaceuticals 2025, 18, 201

19 of 26

The total polyphenol content was determined using Singleton’s method [52], with
minor modifications. BZYQF solutions or standard solutions (1 mL) were mixed with 0.25
mL of 50% Folin—Ciocalteu reagent and 0.75 mL of 20% sodium carbonate solution. The
mixture was kept in the dark at room temperature for 30 min. The absorbance at 740 nm
was measured on the microplate reader (ELx800, BIOTEK, Vermont, USA). The total pol-
yphenol content was calculated from a standard gallic acid curve and expressed as a gallic
acid equivalent (mg/g crude drug).

The total saponin content was determined using Milad Hadidi et al.’s method [53],
with minor modifications. BZYQF solutions or standard solutions (1 mL) were mixed with
0.5 mL of 8% vanillin ethanol solution (w/v) and 5 mL of 72% sulfuric acid. The mixture
was heated for 10 min at 60 °C, followed by cooling on ice for 5 min. The absorbance at
520 nm was measured on a microplate reader (ELx800, BIOTEK, Vermont, USA). The total
saponin content was calculated from a standard ginsenoside curve and expressed as a
ginsenoside equivalent (mg/g crude drug).

4.4. Induction of T2DM Rats

Male Sprague Dawley (SD) rats (190-210 g) were provided by the Medical Experi-
mental Animal Center of Guangdong Province, with production license number SCXK
(Guangdong) 2022-0002. SD rats were bred in the Experimental Animal Center of Guang-
dong Pharmaceutical University at a relative humidity of 65% + 5% and 20 + 2 °Croom
temperature with a 12/12 h light/dark cycle. The present study strictly complied with an-
imal welfare ethics about the reasonable use of animal numbers and measures to reduce
animal suffering, and it was approved by the Laboratory Animal Ethics Committee of
Guangdong Pharmaceutical University (approval number gdpulacspf2022203). T2DM in-
duction was performed according to references for previously validated models [54,55].
After adaptive feeding for 3 days, SD rats were randomly divided into two groups: control
(CON, n = 8) and T2DM (n = 8). During the experiment, the rats in the CON group were
fed a basal diet (25% flour, 25% cornmeal, 25% wheat, 10% bean power, 8% fish flour, 4%
bone meal, 2% yeast, and 1% refined salt), while the rats in the T2DM group were fed a
high-sugar and high-fat diet (20% casein, 17.8% lard, 16.8% sucrose, 10% maltodextrin,
7.3% corn starch, 5% cellulose, 5% mineral mix S10026B, 2.5% soybean 0il, 1% vitamin mix
ain-76A, 0.3% L-cystine, and 0.2% choline bitartrate). After feeding for 8 weeks, the rats in
the T2DM group received a single intraperitoneal injection of 35 mg/kg streptozotocin
(STZ, Sigma, Saint Louis, Missouri, USA), and the rats in the CON group were injected
with an equivalent volume of citrate buffer after fasting for 12 h. After STZ injection for
one week, orbital blood was collected to measure fasting blood glucose (FBG). The T2DM
rat model was successfully induced when rats had FBG = 11.1 mmol/L and lower fasting
blood insulin and HOMA-IS than CON rats, accompanied by typical symptoms such as
polydipsia, polyphagia, polyuria, and weight loss. After completing the experiment on
postprandial glycemic responses following carbohydrate ingestion, experimental rats
were anesthetized through the intraperitoneal injection of 10% pelltobarbitalum natricum.
After anesthesia was determined through the pain reflex and cornea reflex, experimental
rats were sacrificed by draining blood from the abdominal aorta.

4.5. Postprandial Glycemic Responses Following Carbohydrate Ingestion

In vivo postprandial glycemic responses following the ingestion of starch and glu-
cose solutions were recorded according to our previous method [33] and Mandel AL and
Breslin PA’s method [56], with minor modifications. The four independent experiments
were conducted in the mornings on separate days. After fasting for 12 h, each rat was
administered 0.5 g/kg (7.5% solution) of glucose/starch solution in the control condition,
and 0.5 g/kg of glucose/starch solution + 8 g/kg BZYQF in the experimental condition
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through a single oral dose. The blood glucose value was measured in serum samples from
the tail vein at 0, 15, 30, 45, and 60 min. The area under the curve (AUC) was calculated
using the trapezoid method. The glucose and starch solutions were equal in terms of en-
ergy provided. Before use, soluble starch was dissolved in a small amount of boiling water
and then prepared to a concentration of 7.5%. This starch was processed to obtain a solu-
tion that was not noticeably different in viscosity from the glucose solution. A BZYQF
dosage of 8 g/kg was selected according to the reference confirmed by our preliminary
experimental results [57]. One hour after a meal is an important stage for food digestion
and absorption, during which blood glucose rapidly increases and reaches its peak, re-
flecting individual blood glucose fluctuations. Hence, the present study mainly observed
the 1 h postprandial blood glucose change.

4.6. In Vitro Inhibition Assays of a-Amylase and a-Glucosidase

The inhibition assay of a-amylase and a-glucosidase was carried out according to the
method described by Yuxue Zheng et al. [58] with some modification. Briefly, 50 uL
measures of a-amylase (meilunbio Co., Ltd, Dalian, China, 10 U/mL, dissolved in phos-
phate-buffered saline with pH 6.9) were mixed thoroughly with 50 uL. measures of BZYQF
solutions (0, 1, 10, 30, 40, 50, 70, 77 mg/mL, dissolved in double distilled water) and incu-
bated for 10 min at 37 °C. Then, 0.1 mL of soluble starch (Macklin Biochemical Technology
Co., Ltd., Shanghai, China, 1%, dissolved in double-distilled water) was added and incu-
bated for 10 min at 37 °C. Finally, 0.1 mL of DNS reagent (3,5-dinitrosalicylic acid,
Phygene Biotechnology Co., Ltd, Fuzhou, China) was added and incubated for 5 min at
100 °C for color development. The absorbance of the colored complex was recorded at 540
nm using an EIx-800 microplate reader (BioTek, Vermont, USA).

The inhibitory assay of a-glucosidase was performed as follows. Briefly, 50 uL of a-
glucosidase (Yuanye Bio-Technology Co., Ltd., Shanghai, China, 4.4 U/mL, dissolved in
PBS with pH 6.9) was mixed thoroughly with 50 uL of BZYQF (0, 1, 4, 7, 10, 30, 40, 77
mg/mL, dissolved in double-distilled water) and incubated for 10 min at 37 °C. Then, 0.1
mL of pNPG solution (2.5 mmol/L) as the substrate was added and incubated for 10 min
at 37 °C. Finally, the reaction was terminated by adding 0.1 mL of 0.2 mol/L NaCOs. The
absorbance of the solution was recorded at 450 nm using an Elx-800 microplate reader
(BioTek, Vermont, USA).

The inhibition rate of BZYQF for a-amylase and a-glucosidase was calculated ac-
cording to Equation (1):

Inhibition% (Acontrol—Acontrol blank)—(Asample—Asample blank)
(1] —

)

where Acontrol, Acontrol blank, Asample, and Asample blank represent the absorbance values of the
sample with enzymes and PBS, PBS without enzymes, BZYQF with enzymes, and BZYQF
without enzymes, respectively. Acarbose was used as a positive control. All samples were

Acontrol-Acontrol blank

measured in triplicate. The IC50 value is the concentration of BZYQF required for 50%
inhibition of the a-amylase/a-glucosidase activity.

4.7. Kinetic Inhibition Mode of a-Amylase and a-Glucosidase

The inhibition mode of a-amylase and a-glucosidase by BZYQF was determined us-
ing the Lineweaver-Burk plot method at specific enzyme concentrations and reaction
times [58]. The concentrations of the starch solution ranged from 2.5 to 10.0 mg/mL, while
the concentrations of the pNPG solution ranged from 0.5 to 2.5 mmol/L, and the crude
drug concentrations of BZYQF solutions ranged from 0 to 50 mg/mL. The assay was per-
formed as mentioned in Section 4.6. . The Michaelis constant (Km) and maximal velocity
(Vmax) were obtained from the plots.
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4.8. In Vitro Simulated Digestion of BZYQF

The in vitro simulated digestion procedure was carried out according to the INFO-
GEST protocol with some modifications [59]. Simulated salivary fluid (SSF), simulated
gastric fluid (SGF), and simulated intestinal fluid (SIF) were purchased from Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). A measure of 8 mL of SSF, including KCl, KSCN,
NaH2POs, Na25SOs4, NaCl, NaHCOs, amylase, uric acid, and mucin, was preheated in water
for 5 min at 37 °C and added to 16 mL of BZYQF solution (as mentioned in Section 4.3.).
The mixture was incubated for 5 min at 37 °C. After the incubation, 8.0 mL of the digested
sample was taken out and immediately placed in boiling water for 5 min to inactivate the
enzymes. The remaining 16 mL of digestion mixture was retained to simulate gastric di-
gestion.

Hydrochloric acid of 6 mol/L was added to the digestion mixture of saliva to bring
the pH to 2.0. A measure of 8 mL of SGF, including NaCl, KCl, CaClz, NH4Cl, NaH2POs,
glucose, glucuronic acid, HCl, urea, BSA, pepsin, and mucin, was preheated in water for
5 min at 37 °C and added to the digestion mixture of saliva with pH 2.0. Then, the mixture
was incubated for 2 h at 37 °C. After the incubation, 8 mL of the digested sample was
taken out and immediately placed in boiling water for 5 min to kill the enzymes. The re-
maining 16 mL of digestion mixture was retained to simulate intestinal digestion.

The pH in the gastric digestion mixture was adjusted to 7.0 with 6 mol/L sodium
hydroxide. A measure of 8 mL of SIF, including NaCl, KCl, CaClz, NaOH, NaHCOs, phos-
phate, and pancreatin, was preheated in water for 5 min at 37 °C and added to the gastric
digestion mixture with pH 7.0. Then, the mixture was incubated for 2 h at 37 °C. After the
incubation, 8 mL of the digested sample was taken out and immediately placed in boiling
water for 5 min to inactivate the enzymes.

During the in vitro simulated digestion, ultrapure water was added to the simulated
digestive fluids as a no-BZYQF control. BZYQF solution was mixed with ultrapure water
as a control without simulated digestive fluids. All experiments were repeated six times.

4.9. Extraction and Isolation of Total Flavonoids and In Vitro Activity Validation

The extraction and isolation of total flavonoids were carried out according to the
method reported by Yao et al. [60], with some modifications. The BZYQF pills were
crushed to a powder and were extracted exhaustively with 50% aqueous ethanol (with a
liquid-to-material ratio of 30:1, v/w) at 50 °C for 1 h through reflux extraction on three
occasions. After centrifugation at 3000x g for 10 min, the supernatant was concentrated
under reduced pressure in a rotary evaporator at 40 °C, and the crude extracts were ob-
tained. These crude extracts were then chromatographed on a glass column (60 cm x 3 cm,
containing 150 g of D101 macroporous resin) with a 0.2 L bed volume (BV) for 7 h of ad-
sorption. After reaching adsorption equilibrium, distilled water was used to wash the
D101 macroporous resin until the effluent was almost colorless. Finally, 3.5 BV of 50%
aqueous ethanol was used to rinse the adsorbent with an elution rate of 1 mL/min. The
elution of 50% aqueous ethanol was collected in separate test tubes with 30 mL/tube, and
then concentrated and dried. The purified total flavonoid was used to determine the main
constituent content and perform in vitro inhibition assays of a-amylase and a-glucosidase
as described in Sections 4.3. and 4.6.

4.10. Molecular Docking

Molecular docking was applied to speculate the possible binding site(s) between fla-
vonoids of BZYQF and a-amylase/a-glucosidase. The crystal structures of a-amylase
(PDB code: 5EQF) and a-glucosidase (PDB code: 5NN8) were downloaded from the RCSB
Protein Data Bank “https://www.rcsb.org/ (accessed on 2 May, 2024)”. The 2D structures
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of flavonoids in BZYQF were downloaded from the PubChem “https://pub-
chem.ncbi.nlm.nih.gov/ (accessed on 10 May, 2024)”, TCMSP “https://www.tcmsp-
e.com/#/home (accessed on 10 May, 2024)” and ZINC “https://zinc20.docking.org/ (ac-
cessed on 10 May, 2024)” databases. Autodock version 4.2.6 was used to remove the co-
factors, water molecules, and heteroatoms from 5EQOF and 5NN8 and obtain a stable re-
ceptor for flavonoids of BZYQF. The optimized protein structures of SNN8 and S5EQF were
imported into Discovery Studio 2019 “http://www.discoverystudio.net (accessed on 12
May, 2024)” for batch docking with pre-processed flavonoids in BZYQF. The CDOCKER
module of Discovery Studio 2019 was used to analyze the interaction energy of a-amylase
and a-glucosidase with flavonoids in BZYQF. The parameters (e.g., binding sites of amino
acid residues and interactions) were obtained based on the docking results with
CDOCKER interaction energy of <-40 Kcal/mol.

4.11. Statistical Analysis

The comparison analysis of multiple groups was conducted using one-way ANOVA
with Tukey’s post hoc test, while the comparison between two groups was conducted
using Student’s ¢-test with GraphPad Prism version 8 (GraphPad Software, La Jolla, Cali-
fornia, USA). The active constituents in BZYQF inhibiting the activities of a-amylase and
a-glucosidase were identified through Pearson correlation analysis and multiple linear
regression analysis using Origin Pro 2021 (OriginLab, Northampton, Massachusetts, USA)
and SPSS version 22.0 (IBM SPSS, New York, USA), respectively. The 50% inhibitory con-
centration (IC50) of BZYQF against the activities of a-amylase and a-glucosidase was cal-
culated through nonlinear regression using GraphPad Prism version 8. p < 0.05 was con-
sidered statistically significant. All data are presented as the mean + standard deviation
(¥ =SD).

5. Conclusions

In summary, the present study demonstrated that BZYQF could significantly reduce
postprandial hyperglycemia following the ingestion of starch solution in T2DM rats by
inhibiting a-amylase and a-glycosidase activities. An in vitro enzyme kinetic assay sug-
gested that BZYQF inhibited a-glucosidase activity in the uncompetitive mode and inhib-
ited a-amylase activity in the competitive and non-competitive modes. Furthermore,
BZYQF had a stronger inhibitory effect on a-glucosidase activity than on a-amylase ac-
tivity. These results were also theoretically validated through molecular docking results.
The Pearson correlation and multiple linear regression analysis results revealed that the
total flavonoids in BZYQF were the active constituents inhibiting a-amylase and a-glyco-
sidase activities. This result was verified by examining the total flavonoids purified from
BZYQF. Overall, the present study provided a theoretical basis for the use of BZYQF as
an adjuvant therapy in T2DM. In addition, the effect of the total flavonoids in BZYQF on
postprandial hyperglycemia in T2DM rats needs further confirmation through in vivo ex-
periments.

Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/xxx/s1: Figure S1: Content of calycosin-7-O-3-D-glucoside in BZYQF; Figure S2:
Content of standard (calycosin-7-O-B-D-glucoside); Figure S3: MRM_detection_of_multi-
modal_maps-N; Figure S4: MRM_detection_of_multimodal_maps-P; Figure S5: MWXS-23-777-01-
a_QC_MS_TIC-N; Figure S6: MWXS-23-777-01-a_QC_MS_TIC-P; Table S1: All compounds were
identified in BZYQF by UPLC-MSMS.
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