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Abstract

studies.

was conducted with a circular dichroism method.

enzyme, similar to acarbose.

Background: Tangzhiging (TZQ), as a potential a-glycosidase inhibitor, possesses postprandial hypoglycaemic
effects on maltose in humans. The aim of this study was to investigate the mechanisms by which TZQ attenuates
postprandial glucose by interrupting the activity of maltase, including inhibitory kinetics and circular dichroism

Methods: In this study, we determined the inhibitory effect of TZQ on maltase by kinetic analysis to determine the
ICs value and enzyme velocity studies and line weaver-burk plot generation to determine inhibition type. Acarbose
was chosen as a standard control drug. After the interaction with TZQ and maltase, secondary structure analysis

Results: TZQ showed notable inhibition activity on maltase in a reversible and competitive manner with an ICs
value of 1.67 +0.09 ug/ml, which was weaker than that of acarbose (ICsqg=0.29 +0.01 pg/ml). The circular dichroism
spectrum demonstrated that the binding of TZQ to maltase changed the conformation of maltase and varied with
the concentration of TZQ in terms of the disappearance of 3-sheets and an increase in the a-helix content of the

Conclusions: This work provides useful information for the inhibitory effect of TZQ on maltase. TZQ has the
potential to be an a-glycosidase inhibitor for the prevention and treatment of prediabetes or mild diabetes mellitus.

Background

Elevated postprandial glucose, which is one of the earli-
est abnormalities of glucose homeostasis associated with
diabetes, will increase the risk of developing microvascu-
lar complications and cardiovascular disease [1, 2]. Post-
prandial glycaemia often accompanies several long-term
complications, such as nephropathy, hypertension,
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atherosclerosis and hyperlipidaemia [3]. Diabetes melli-
tus is becoming a serious threat to human health world-
wide [4]. One encouraging approach for better control
of postprandial glycaemia is to reduce carbohydrate di-
gestion [5]. The clinically used a-glucosidase inhibitors,
including acarbose, miglitol and voglibose, can bind to
a-glucosidase and competitively inhibit the enzyme in
the small intestine to delay the expeditious generation of
blood glucose [1, 6].

As a Chinese herbal medicine, Tangzhiqing (TZQ) is
composed of Nelumbonucifera Gaertn. leaves, Paeonia-
lactiflora Pall. roots, Salviamiltiorrhizabge. roots, Morus
alba L. leaves, and Crataeguspinnatifidabge. leaves and
has a long history of use in treating diabetes mellitus.
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Based on the recipe of TZQ, we developed a new for-
mula including eight fractions of red paeony saponins,
lotus leaf alkaloids, lotus leaf flavonoids, mulberry leaf
alkaloids, mulberry leaf flavonoids, mulberry leaf poly-
saccharide, danshen polyphenols, and hawthorn leaf fla-
vonoids with a ratio of 3.0:2.9:1.8:0.8:0.1:14.0:0.8:0.2 (w/
w) [7]. The fractions of mulberry leaf alkaloids, mulberry
leaf flavonoids, and hawthorn leaf flavonoids significantly
inhibited glucose absorption. The TZQ formula pos-
sesses the effects of anti-hyperlipidaemia, anti-
hyperglycaemia, and anti-oxidative stress, which suggests
that TZQ could be developed as a potential ready-made
formula for pre-diabetes treatment [7-9]. Moreover, the
TZQ formula was used in an Investigational New Drug
Application study by the China Food and Drug Adminis-
tration in November 2010.

Preclinical studies have shown that TZQ has obvious
inhibitory effects on rat intestinal saccharase for sucrase
and maltase in vivo [8]. In genetically modified KK-Ay
mice with type 2 diabetes, TZQ presented beneficial ef-
fects on the improvement of glucose metabolism by re-
ducing a-glycosidase activity [9]. TZQ has the same
effects as acarbose, which inhibits the postprandial in-
crease in blood glucose levels by inhibiting and delaying
digestion and absorption of carbohydrates in healthy
Chinese volunteers. Moreover, TZQ was found to sig-
nificantly regulate abnormal glucose, decrease insulin se-
cretion to maintain normoglycaemia, and reduce
glycosylated haemoglobin (HbAlc) and fasting insulin in
type 2 diabetes mellitus patients [10, 11]. An eight-
period, self-crossover clinical trial in healthy volunteers
was performed to determine the effect of TZQ on the
glycaemic index (GI) of common carbohydrates. The re-
sults proved that TZQ could decrease the GI of sucrose,
maltose and starch. For maltose, 6 tablets of TZQ were
the best dose, and the activity of maltase was inhibited.
Based on these results, this study aimed to investigate
the mechanisms of TZQ action on maltase by measuring
maltase inhibitory activity, conducting kinetics assays
and determining the secondary structures of maltase via
circular dichroism (CD). Acarbose was used as a control
drug. This study will provide a scientific basis for TZQ
treatment of diabetes and useful in new drug
development.

Methods

Materials

Maltase (EC: 3.2.1.20) was purchased from Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai China).
Acarbose was obtained from the National Institutes
for Food and Drug Control (Beijing, China). Maltose
was purchased from TS Corporation (Seoul, Korea).
TZQ extract was provided by Shandong Buchang
Shenzhou Pharmaceutical Co., Ltd. The content of
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TZQ was determined by the chemical marker compo-
nent of hypericin (10 mg/g TZQ). All other reagents
and solvents were of analytical reagent grade, and ul-
trapure water was used throughout the experiment.

Excess concentration of the substrate, optimum
concentration of the enzyme and optimum reaction time
Ten microlitres of maltase (5mg/mL) was reacted
with maltase substrates at different concentrations
(0.0125, 0.025, 0.05, 0.1, 0.175, 0.25, 0.40, and 0.55 mol/L)
at 37 °C for 10 min and cooled for 5 min. Sodium carbon-
ate buffer was added to stop the reaction according to the
operation steps of the glucose assay kit. The absorbance
was measured at 492 nm. Excess maltose was used in the
following study. A total of 90 pL of 0.25 mol/L maltose so-
lution was added to 10 pL of different concentrations of
maltase (0.3125, 0.625, 1.25, 2.5, 5, 10, and 20 mg/ml) at
37°C, and sodium carbonate was added to stop the reac-
tion from 2 min to 16 min in 2 min intervals. The absorb-
ance was measured at 492 nm with an INFINITE F50
Enzyme standard instrument (TECAN, Switzerland).

Maltase inhibition assay

A 15uL sample solution at various concentrations
(6.25x107% 1.25x107°% 25x107% 5x107% 1x 1072,
2x1072 4x1072 and 5x 10’2mg/mL) in ultrapure
water was premixed with 10 uL. of maltase solution (5
mg/ml) dissolved in sodium phosphate buffer (Ph = 6.0)
and incubated at 37 °C for 10 min. Then, 75 puL of pre-
heated maltose solution was added to start the reaction.
The reaction was carried out at 37 °C for 12 min and ter-
minated by the addition of 100 uL of sodium carbonate
[12]. The mixture was cooled for 5min. After cooling
and centrifugation at 10000 rpm for 10 min, a chromo-
genic agent was added to the supernatant, and the ab-
sorbance was measured at 492 nm. Acarbose was used
as a positive control drug for this assay at concentrations
of 5x10°% 1x107% 2x107% 22x107% 24x1077,
26x107%,4x1073% and 5x 1073 mg/ml.

The enzymatic activity assayed without TZQ or
acarbose was defined as 100% relative activity. Rela-
tive enzymatic activity (%) = (slope of reaction kinetics
equation obtained by reaction with TZQ or acar-
bose)/(slope of reaction kinetics equation obtained by
reaction without TZQ or acarbose)*100% [13, 14].
The percent inhibition [%] was obtained using the fol-
lowing equation:

Inhibition = (Ac - As)/Acx100%

where Ac is the absorbance of the control and As is
the absorbance of the sample [15]. The inhibition was
plotted against the sample concentration, and the half
inhibitory concentration (ICsy) value was calculated
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from the regression curve. The IC5q of TZQ or acarbose
was the concentration of TZQ or acarbose causing a loss
of 50% of the enzyme activity. The ICs, value was calcu-
lated from three independent assays performed in
triplicate.

Inhibitory kinetic analysis

The reaction mixtures (100 uL) containing 15 puL of TZQ
(C=0.032mg/ml) and 2-16 uL of maltase solution (5
mg/mL) were preincubated for 10 min at 37 °C, and the
reaction was started by the addition of 65 uL of maltose.
Then, 100 uL of sodium carbonate solution was added
to stop the reaction 12 min after cooling for 5 min. Ab-
sorbance was measured later. The initial velocity (V) for
a set volume of enzyme (E) was determined. Acarbose
(15pL, 0.002mg/mL) was used as a positive control
drug, and sodium phosphate buffer (15 puL, pH = 6.0) was
used as a negative control.

To further explore the inhibitory characteristics of
TZQ, enzyme kinetic analysis was performed according
to the above reaction using Line weaver-Burk plots of 1/
V versus 1/[S]. The quantity of maltase was maintained
at 10 uL (5mg/mL), and 15 pL of sample (0.020, 0.030
mg/ml) was measured in various concentrations of mal-
tose (0.025-0.2 mol/L). Km and Vmax were obtained
from double-reciprocal line-weaver burk plots [16].
Acarbose (10 pL, 0.002 mg/mL) and sodium phosphate
buffer (15 uL, pH = 6.0) were used as positive and nega-
tive controls, respectively.

Circular dichroism measurement

Circular dichroism (CD) experiments were carried out
at a constant temperature of 25°C with a Jasco J-810
spectropolarimeter equipped with a Model PTC-423S/
L Peltier type temperature controller. A 0.1 cm path-
length cuvette was used. Each sample was scanned at
least three times to obtain the average within the
wavelength range of 190-250 nm, and points were
taken in 1nm intervals. The enzyme solution was
prepared at a concentration of 1.0 mg/mL in 20 mM
potassium phosphate buffer (pH =7). TZQ concentra-
tions were between 0.07 and 0.28 g/L, and acarbose
was used at 0.5 g/L. CD spectra were measured at dif-
ferent time intervals after the addition of TZQ or
acarbose into the enzyme solution. The secondary
structures of maltase, including a-helices, B-sheets, -
turns and random coils, were analysed by the Chen-
Yang program.

Statistical analysis

All analyses were performed on the original dates,
which were repeated at least three times, and the re-
sults are expressed as the mean+ SD. All data were
analysed with Student’s t-test using GraphPad Prism
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version 6.0 for Windows (GraphPad Software, San
Diego California, USA). Typical spectra and data are
presented as figures.

Results

Selection for concentration of the substrate, optimum
enzyme concentration and action time

The reactions were implemented at 37 °C and sodium
phosphate buffer was maintained at pH 6.0. When the
substrate (maltose) concentration remained at a low
level (<0.1 mol/L), as shown in Fig. 1, the reaction
rate was directly proportional to the substrate con-
centration, indicating a first-order reaction. The
mixed-order reaction was observed when the concen-
tration was between 0.1 mol/L and 0.175mol/L, and
the zero-order reaction was maintained for the proper
substrate concentration (>0.175mol/L), so the excess
concentration of the substrate was 0.25mol/L. The
linear reaction time of maltase decreased gradually
with increasing maltase concentration (Fig. 2). When
the concentration of maltase was 5mg/mL or below,
the reaction was linear within 12 min. The initial rate
of the reaction was further compared, and the kinet-
ics of the enzyme reaction were analysed by the opti-
mal maltase concentration (5mg/mL) and the
reaction time (12 min).

Comparison of TZQ and acarbose on maltase activity

The activity of maltase was significantly inhibited by
various concentrations of TZQ in a concentration-
dependent manner (Fig. 3a). As the positive control
drug, the influence of acarbose is shown in Fig. 3b. The
concentrations of TZQ and acarbose resulting in 50%
maltase activity loss (ICso) were estimated to be 1.67 +
0.09 and 0.29 + 0.01 pg/ml, respectively (P < 0.05, by lo-
gistic regression curve). The results suggested that TZQ

1.0+
0.8+
E 06-
N
A
= 0.4-
A
0.2
0.0 T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Concentration of maltose (mol/L)
Fig. 1 Effect of maltose at different concentrations on the reaction
rate of maltase at a wavelength of 492 nm
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Fig. 2 Curves of reaction progress of maltase vs. time at different concentrations

had weaker maltase inhibitory activity than that of
acarbose.

Inhibition mechanism

If the inhibition is reversible, the plots of V versus en-
zyme concentration would pass through the origin [17].
The plots of V vs. maltase at different concentrations of
TZQ and acarbose are shown in Fig. 4. It was shown
that all the straight lines passed through the origin of
the coordinate axis, including those of the TZQ, negative
control (sodium phosphate buffer) and positive control
(acarbose) samples. The plots indicated that the inhib-
ition of maltase by TZQ was reversible, similar to that of
acarbose.

To further investigate the inhibitory mechanism of
TZQ, Dixon plots in which the reciprocal of the rate of
the reaction was plotted against the inhibitor concentra-
tions were generated (Fig. 5a). It was shown that TZQ
exhibited a competitive inhibition mechanism on malt-
ase as the lines for substrate concentrations converged
near the y-axis [18], the V. value remained 0.30
mmol/L-min, and the K, value changed from 0.19 to
0.22 mol/L, which were computed from the double-
reciprocal Line weaver-Burk plot. This behaviour was

similar to that of acarbose (Fig. 5b), which also showed a
competitive inhibition mechanism.

Circular dichroism measurements

To clarify the pathway and mechanism behind the effect
of TZQ on human bodies, CD spectra of maltase with/
without TZQ were collected, including far-UV between
190 and 250 nm. The optional dose of TZQ was 0.07 ~
0.28 g/L. TZQ was proven to be suitable for the CD
assay in our preliminary study. The results are shown in
Fig. 6a-c, and the contents of secondary structures are
shown in Table 1. These data clearly indicated a similar
change between different TZQ concentrations and pro-
cessing times. While the CD density slightly changed
with the addition of TZQ, the peak position and shape
significantly varied with time, especially for 0.14 g/L
TZQ (Fig. 6b). As a result, the a-helix content of the en-
zyme increased, with a maximum of 47.9%, and the B-
sheet content decreased accordingly and was even un-
detectable (Table 1). At the same time, while the ran-
dom structure remained almost constant, the proportion
of B-turns also decreased. After the addition of TZQ into
the enzyme solution, single CD scanning under the
aforementioned conditions was performed for 5 min.
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Fig. 3 Inhibitive curves of TZQ (a) and acarbose (b) on maltase
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Fig. 4 Kinetic curves of inhibition of maltase by TZQ (a) and
acarbose (b)

The difference before and after addition was undoubt-
edly obvious, implying that TZQ could rapidly act on
maltase and influence activity by conformational
changes. As a positive control, the results for acarbose
binding are shown in Fig. 6d and Table 2.

Discussion

The delayed absorption of glucose is one of the principal
therapeutic approaches for type 2 diabetes. The «o-
glucosidase inhibitors compete with the a-glucosidase
enzyme activity, which helps to reduce the conversion of
carbohydrates into glucose and thereby control post-
prandial hyperglycaemia incidence [19, 20]. Currently
prescribed «-glucosidase inhibitors, such as acarbose,
voglibose, and miglitol, have depicted different side ef-
fects, including bloating, diarrhoea, flatulence, pain, and
abdominal discomfort [21].

This study qualitatively and quantitatively investigated
the mechanism of hypoglycaemia by TZQ, a Chinese
herbal medicine, for the first time. We utilized maltase
as a target, and in vivo data provided evidence of the ef-
fect of TZQ on the reduction in postprandial glycaemia
following maltose consumption. IC5o values and kinetic
parameters from Line weaver-Burk double-reciprocal-
plots and Dixon plots were used as approaches to en-
zyme inhibition [22]. The results showed that TZQ
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exhibited an obvious inhibition against maltase, similar
to acarbose, flavonoids in the leaves of Morus atropur-
purea and 1-deoxynojirimycin (DNJ) [23, 24]. DNJ and
flavonoids in mulberry leaves were reported to be alkal-
oid and flavone components in TZQ, and the results for
rats were similar to those observed in this study [7].
However, TZQ had no side effects of abdomen expan-
sion and exhaust compared with acarbose [10].

When invertibility persisted, a straight line through
the origin was obtained because the quantity of inhibi-
tors was constant. If the inhibition was irreversible, the
enzyme was inactivated by covalent binding between the
inhibitor and enzyme and formed a stable complex.
Thus, the plots of V versus enzyme concentration would
not pass through the origin [17]. This study proved that
the inhibition of maltase by TZQ was reversible, similar
to acarbose. For competitive inhibition, the lines for sub-
strate concentrations would converge at the y-axis or x-
axis when competitive inhibition or non-competitive in-
hibition existed [18]. For anticompetitive inhibition, the
lines are parallel. When a mixed inhibition mechanism
existed, the data lines intersect in the second or third
quadrant on the Line-weaver Burk plots [24-26]. The
results showed that the substrate concentration lines
intersected at the y-axis, and with the increase in the
concentration of TZQ, no change was observed in the
Vmax values, while the K, values increased, indicating
that this sample acted as a competitive inhibitor, similar
to acarbose [27-29]. Our previous studies showed that
the fractions mulberry leaf alkaloids, mulberry leaf flavo-
noids, and hawthorn leaf flavonoids show strong inhibi-
tory effects on rat intestinal maltase [7]. In particular,
the fraction of mulberry leaf alkaloids (ICsy = 0.05 pg/ml
for maltase) is stronger than that of the positive control
acarbose (IC5q = 0.75 pug/ml) [7]. The extract from leaves
of Morus alba displayed competitive maltase inhibition
[30]. Salvianolic acid A reversibly inhibited maltase in a
competitive manner, and the inhibition exhibited a
multiphase kinetics process with a first-order reaction
[31]. Additionally, the inhibitory constant of the DN]J
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407 _e- Control Y=0.73X+3.32
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Fig. 5 Line weaver-Burk plots of reversible inhibition of TZQ (a) and acarbose (b) on maltase
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Fig. 6 Secondary structure of maltase with or without 0.07, 0.14, and 0.28 g/L TZQ are presented in figures a, b, and ¢, respectively, as well as the
positive control acarbose (0.5 g/L, d)

equivalent for maltase was 2.1 x10"*mM, and the in-
hibitory activity was shown to be competitive [32]. How-
ever, Wu et al. reported that DNJ reversibly inhibited
the activity of maltase in a mixed-type manner with an
IC5¢ of (1.5+0.1) pM and an inhibition constant Ki of
(2.01 £0.02) puM [24]. Competitive inhibition behaviour
has been reported for some active fractions and ingredi-
ents in previous studies [32], which is the same result as
the TZQ sample used in the current study. Therefore, it
was concluded that the inhibition of maltase by TZQ
was competitive. For competitive inhibition, the inhibitor
competes for the active site of an enzyme with the sub-
strate, different from other types of inhibition [33, 34].
In mixed and non-competitive inhibition mechanisms,

the inhibitor binds to both the free enzyme and enzyme-
substrate complex. However, non-competitive inhibitors
present the same affinity towards enzyme and enzyme-
substrate complexes, while mixed-type inhibitors have
different affinities for these two constituents [35]. This
behaviour was the same as that of acarbose, which was
reported by Hao He and Yan-Hua [1].

CD spectroscopy is a sensitive technique to monitor the
conformational changes in proteins upon interaction with a
ligand [36]. The results indicated that the binding of TZQ
to maltase resulted in molecular conformational changes in
maltase, which led to the inactivation of maltase (Fig. 6a-c).
Interestingly, the effect of DNJ on the contents of «-helix
and [B-sheet secondary structures in maltase was reported

Table 1 Secondary structure of maltase with and without 0.07, 0.14, and 0.28 g/L of TZQ at different times

Secondary 0 min 5 min 45 min

structure without TZQ  TZQ(0.07g/L) TZQ(0.14g/L) TZQ(0.28g/L) TZQ(0.07g/L) TZQ(0.14g/L)  TZQ (0.28 g/L)
a-helix(%) 27.90 31.30 39.60 32.50 38.90 40.80 47.90
B-sheet(%) 25.10 14.80 10.60 7.20 0.00 5.10 0.00

B-turn(%) 9.20 20.60 16.40 2330 24.20 20.80 17.40

Random coil(%) 37.80 33.30 3340 36.90 36.90 33.30 34.70

Total(%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Table 2 Secondary structure of maltase with and without
acarbose (0.5 g/L) at different time

Secondary structure 0 min 5 min 45 min
a-helix(%) 27.90 34.60 3440
B-sheet(%) 25.10 19.60 4.40
B-turn(%) 9.20 10.00 22.00
Random coil(%) 37.80 35.80 39.20
Total (%) 100.00 100.00 100.00

to be different by Hao Wu et al. [24] and by Hao He and
Yan-Hua Lu [1]. Our results were similar to those from the
latter group. DNJ, an abbreviation for 1-deoxynojirimycin,
was reported to be a main alkaloid component in TZQ [7]
and could inhibit maltase activity [1, 24]. It is well known
that acarbose is often used as a positive control in drug
tests. Here, acarbose was also selected as a control to inves-
tigate its effect on maltase. The results demonstrated a
similar tendency for both TZQ and acarbose to decrease
the B-sheets and increase the a-helix content of the en-
zyme. These results proved the similar mechanism of TZQ
and acarbose on the inhibition of maltase.

Unravelling the conformational changes in enzymes to-
gether with inhibition kinetics during an enzymatic reaction
has great potential in researching therapeutic drugs [37].
The present study provided evidence to understand the
basis of TZQ as an a-glycosidase inhibitor, its inhibition
mechanism and that the inhibition activities are reversible
and competitive. Our results suggested that TZQ is useful
to protect against hyperglycaemia by inhibiting the activity
of maltase. However, it is unclear which ingredients in
TZQ are responsible for the a-glycosidase inhibitor activity.
In previous studies, we tentatively characterized 46 ingredi-
ents from the TZQ formula [38]. Additionally, nuciferine
and paeoniflorin have been identified as promising Q-
markers/PK-markers of TZQ based on fingerprint qualita-
tive analysis, multicomponent quantitative analysis, and
dose-exposure-response analysis [38, 39]. Therefore, we
plan to conduct the same investigation on the Q-markers/
PK-markers of TZQ to identify which ingredients are re-
sponsible for a-glycosidase inhibitor activity.

Conclusions

This paper proved that TZQ exhibited an invertibility
and competitive inhibition mechanism on maltase. The
characteristics were similar to those of acarbose. Mo-
lecular conformations in the CD spectra showed that
their binding resulted in conformational changes of
maltase, characterized by an increase in a-helix struc-
tures and a decrease in [B-sheet structures, which was
similarly observed for acarbose. Our study provides a
basis for the application of TZQ as a natural plant prod-
uct to treat prediabetes or mild diabetes mellitus as an
a-glycosidase inhibitor.
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