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Abstract

In this study, the influences of mulberry leaf extract (MLE) addition on the physicochemical
properties including the specific volume, texture and sensory features of white bread (WB)
were evaluated by the sensory analysis technology. A double-blind, randomised, repeat-
measure design was used to study the impact of MLE addition on the postprandial blood glu-
cose response as well as the satiety index of WB. Results showed that the addition of MLE
showed no significant effects on the physicochemical properties of WB except for the slight
changes of color and bitterness. The addition of MLE significantly reduced the total blood
glucose rise after ingestion of WB over 120 minutes, and reduced the Gl value of WB in a
dose-effect relationship. When the concentration of MLE reached 1.5 g per 100 g available
carbohydrate, the Gl value of WB could be reduced from 77 to 43. This study provides
important information in terms of the appropriateness of MLE when added to more complex
real food, the dose-dependent relationship could supply a reference for the application of
MLE.

Introduction

Diabetes mellitus (DM) has been considered one of the major public health challenges world-
wide [1]. It was estimated that the global number of total DM-related health expenditures in
2021 was 966 billion, which had already doubled the amount compared with a decade ago. It is
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of great importance to control the growing public health burden and to find more economi-
cally efficient lifestyle intervention ways. The consumption of a low glycemic index (GI) diet
has been proven to be one of the practical approaches to preventing the further progression of
impaired blood glucose levels [2]. GI is a calculated number that indicates the ability of a cer-
tain carbohydrate-containing food to increase the postprandial blood glucose level compared
with a reference food (generally glucose). It is a relative index describing the digestive charac-
teristic of carbohydrates in certain foods, where food with GI < 55 is classified as a low GI
food. Studies have illustrated that the low GI diet was only been globally considered as a practi-
cal eating pattern for postprandial blood glucose management and DM prevention, but also
was recommended as an overall healthier dietary pattern for the public [3]. Therefore, investi-
gating ready-to-eat low GI foods that possess lower postprandial glycemic response would be
of great importance.

To formulate low GI foods, besides using slowly digestible cereals and beans, adding nat-
ural ingredients with hypoglycemic effects is also a very effective way [4]. Over past decades,
a certain number of medicinal plant phytochemicals have been considered as a-glucosidase
inhibitors, and thus act as antidiabetic drugs such as the Garcinia mangostana (flavonoids),
Luculia pinciana (terpenoids), Adhatoda vasica Nees (alkaloids) and Morus alba L. (imino-
sugar) [5]. Some studies in recent years have also proved that some functional components,
including polyphenols, alkaloids, and polysaccharides, that widely exist in natural plants
might be useful when developing low GI foods [6]. These plant extracts such as buckwheat
extract, mulberry leaf extract (MLE), and grape seed extract could inhibit the digestion of
carbohydrates by inhibiting digestive enzyme activities [7,8], and among them, MLE is
extracted from the leaves of Morus alba, and contains various bioactive components such as
alkaloids and flavonoids. 1-deoxynojirimycin (DNJ), one of the alkaloid components in
MLE, is a D-glucose analog that competitively inhibits the enzymes participating in carbo-
hydrates metabolisms, such as a-glycosidase and amylase [9]. Therefore, MLE may have a
strong inhibitory effect on food digestion and has a broader prospect in the development of
low GI products [10]. Despite the excellent a-glucosidase inhibitory activity of 1-deoxynojir-
imycin (DNY]), in vitro, its efficacy in vivo was only moderate. A recent study showed that an
addition of MLE (equivalent to 7.5 mg of DNJ) to 50 g of different commonly simple carbo-
hydrates (maltose, sucrose, maltodextrin, and glucose) has been found to show the reduc-
tion of their GI values by 53.11%, 33.51%, 31.00%, and 8.12%, respectively [10]. In another
study, the addition of MLE containing 5% DN]J to 50 g maltodextrin at three different levels
had been found to have a dose-dependent trend in reducing the total postprandial blood
glucose rise of the maltodextrin [11]. However, the effectiveness of MLE in lowering the
postprandial blood glucose levels of common complex foods has not been confirmed by
human studies.

It is known that the DNJ content of mulberry leaves is usually influenced by the extraction
processing step, and reduced after the prolonged high-temperature treatment of roasting [12].
In the present study, bakery production involves processes of mixing, fermenting, baking, etc.,
whether MLE could still possess the inhibition effect towards digestive enzymes under such
circumstances remains unknown. Meanwhile, whether the addition of MLE towards a com-
plex food would yield any characteristic changes to the food, in this study the WB, is yet to be
determined. In addition, there is still a lack of evidence on the glycemic lowering effect and
satiety changes of MLE when being added to real food. With the previous evidence, we hypoth-
esized that adding MLE into foods was a determined way to reduce their GI value. Therefore,
the influence of MLE on the WB properties was systematically evaluated in terms of character-
istics alterations, in vitro digestion characteristics, in vivo glycemic lowering effect, as well as
satiety.
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Materials and methods
Ethical statement

The ethical approval for the study was obtained at the Chinese Academy of Medical Sciences
and Beijing Union Medical College Hospital Ethics Review Committee (protocol code: HS-
1763, first issued: November 27, 2018, latest updated on October 9, 2023). The written
informed consent was obtained from all subjects involved in the study.

Materials and sample preparation

In the current study, Breads for this study all shared the same basic formulation and a stan-
dardized secondary fermentation baking process (S1 Fig in S1 File). MLE (Sangduoan™, batch
number ML20191218, Botanic Century (Beijing) Co. Ltd.) used in the bread was a food-grade
commercially available aqueous extract of the leaves of Morus alba Linn that contained 1%
DNJ in the local market. During the WB preparation process, MLE was firstly dissolved in
water and then mixed with other ingredients to obtain the dough with a desirable texture.
Immediately, the dough would go through two rounds of fermentation, at a temperature at
30°C for 60 min with 90% relative humidity per round. Then, the fermented dough could typi-
cally be baked for about 12 min at 175°C and the WBs were ready to test after cooling down to
room temperature.

Dough preparation

The available carbohydrate (AC) amount of the WB was tested by China’s national food stan-
dards GB 5009.9-2016 and GB 5009.8-2016, and the result was 53.29 g/100 g. In this study,
based on previous research [10,11], the three levels for detecting the dose-depend trend of
MLE glycemic lowering effect were set at 0.75 g (contained 7.5 mg DNJ, MLE1), 1.25 g (con-
tained 12.5 mg DNJ, MLE2) and 1.5 g (contained 15 mg DNJ, MLE3) of per 100 g AC amount
of the WB. Anhydrous glucose (Yi Nuo BioTech, Zhejiang, China) was used as the reference
food for each GI determination test of this study.

Characteristics determinations of white bread

Chromatic aberration. The color of the breads was analyzed by a spectrophotometer SE
6000 (Nippon Denshoku Industries Co., Ltd.). Data were reported in the form of CIE L*, a*,
and b* color space.

Here, L* represents lightness. A positive a* represents redness, and a negative value symbol-
izes greenness. Positive and negative b* signifies yellowness and blueness, respectively [13].

For each sample, three spots were randomly selected and analyzed. CIE whiteness index
was then calculated by Eq 1

\/(100 — L) +a2+b” (1)

Specific volume analysis. Breads were weighed and the loaf volume was measured using a
seed displacement method [14] at the storage of 0 h. The specific volume of bread was calcu-
lated in the following Eq 2.

SV =V/m (2)

where: SV is the specific volume of bread (cm*/g), V is the volume of bread (cm?) and m is the
mass of the bread (g). All measurements were quantified in at least in triplicates.
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Textural comparison

Textural properties. (2x2x2 cm’ were measured using a TA.XT Plus Texture Analyser
(Stable Micro Systems Ltd, Surrey, UK). Texture profile analysis (TPA) was applied following
the previous approach [15]. Hardness, cohesiveness, and chewiness were recorded.

Electronic tongue sensory comparison. Electronic tongue sensory analysis was conducted
for each WB separately using an Insent Taste Sensing System TS-5000Z (Intelligent Sensor
Technologies, Inc., Kanagawa-Pref., Japan) [16]. The detecting sensors used in this study were:
CTO (saltiness), AAE (umami), CAO (sourness), C00 (bitterness and aftertaste-bitterness), AE1
(astringency and aftertaste-astringency), GL1(sweetness). For each measurement, the reference
value (Vr) was first recorded for the sensor in the reference solution (0.3 mM L-(+)-tartaric
acid and 30 mM KCl), followed by a measurement of a sample (Vs) in the sample solution (35
mL). After sample measurement, the sensor was shortly washed with the reference solution and
the reference value (Vr’) was recorded. Finally, the sensor was thoroughly cleaned in the alcohol
solution (100 mM HCl in 30% ethanol for negatively charged membrane; 10 mM KOH and 100
mM KCl in 30% ethanol for positively charged membrane) before proceeding to the next sam-
ple. The difference Vs—Vr represents the initial taste while Vr'~Vr represents the aftertaste.

In vitro studies

DNJ content determination. DNJ content in the WBs was determined according to the
method which has been introduced in detail by Wulandari et al.[17], but only with minor
modifications, Firstly, the DNJ was extracted from WBs with the assistance of ultrasonic
(250W, 60°C, solid-liquid ratio 1:4, extraction solvent: 70% ethanol), Then the DNJ derivatiza-
tion was conducted with borate solution (0.4 mol/L, pH = 8.5) and FMOC-Cl acetonitrile solu-
tion (5 mmol/L), and glycine solution (0.1 mol/L) was used to neutralize the remaining
unreacted derivative reagents. The final analysis was performed by ultra-high liquid chroma-
tography (UPLC) (ACQUITY UPLC H-Class, Shanghai, China) on a silica C18 column
(4.6x250 mm, 5 pm) with a mobile phase system of 40% acetonitrile (40% solvent A) and 1%
acetic acid (v/v, 60%, solvent B). The elution was carried out in isocratic mode with a flow rate
of 0.3 mL/min with a total running time of 4 min at 30°C with the VWD detector set at 256
nm. All chromatographically pure chemical reagents used for UPLC analysis were purchased
from Sinopharm Chemical Reagent Beijing Co., Ltd. (Beijing, China) and the purified water
from Hangzhou Wahaha Group Co., Ltd. (Hangzhou, China).

In vitro digestibility assay. To explore the effect of MLE on the in vitro digestibility prop-
erties of WB, the hydrolysis rate of bread was determined based on the method of Brodkorb
etal. [18] and Ding et al. [19] with moderate modifications, where all analytical grade chemical
reagents for the assay were purchased from Sinopharm Chemical Reagent Beijing Co., Ltd.
(Beijing, China).

The breadcrumb was freeze-dried and sieved through an 80-mesh sieve. The compositions
of the simulated oral fluid, gastric juice, and small intestinal juice were shown in S1 Table in S1
File, where a-amylase (5 U/mg), pepsin (250 U/mg), pancreatin (250 U/mg) were all pur-
chased from Sigma-Aldrich Chemical (MO, USA). In addition, the pH of the simulated diges-
tive juices was adjusted with 1 mol/L HCl or 1 mol/L NaOH. The in vitro digestion of all bread
samples was conducted as follows:

150 mg bread crumb powder was incubated in a drug dissolution apparatus (RC-806, Tian-
jin, China) at 150 rpm at 37°C, which consisted of the following incubations of 150 mg of oral
fluid (digestion for 2 min), 10 mL of gastric juice (incubation for 1 h), and 10 mL of intestinal
juice (incubated for 3 h). Aliquots (0.5 mL) were taken out and inactivated by adding 4.5 mL
absolute ethanol at the small intestine stage (0, 20, 40, 60, 90, 120, 150, 180 min), the samples
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were centrifuged at 5000 rpm, 4°C for 5 min to obtain the supernatant. After that, the concen-
tration of reducing sugars in the digestive solution was determined by the 3,5-dinitro salicylic
acid method, which was finally converted to starch digestibility. The final digestion curve was
plotted as starch digestibility versus time.

The calculated hydrolysis index (HI) was obtained by dividing the area under the curve
(AUC) of the sample by the AUC obtained for WB. The expected glycemic index (eGI) was
calculated using Eq (3) described by Granfeldt, et al.[20].

eGI = 0.862HI + 8.198 (3)

In vivo GI study

Study design. According to the ISO standard: ISO 26642:2010, four standard GI determi-
nation tests were conducted to obtain the GI values of MLE WB and WB. The tests were con-
ducted by the Beijing Key Laboratory of the Innovative Development of Functional Staple and
the Nutritional Intervention for Chronic Disease (one of the accredited GI test labs of the Gly-
cemic Index Foundation, Australia). The study was registered in the Chinese Clinical Trial
Registry (Registration number: ChiCTR2100044474). The ethical approval for the study was
obtained at the Chinese Academy of Medical Sciences and Beijing Union Medical College
Hospital Ethics Review Committee (HS-1763). At the enrollment of each GI test, participating
subjects were given full details of the study and information on the potential risks. Participants
were told to report any adverse event during the test period.

Participants. The protocol of ISO 26642:2010 indicated 10 healthy subjects would be
selected for a food GI determination, with the assumption of a dropout rate of 20%, at least 12
subjects were required to ensure a data set of 10 subjects at each GI test. In addition, as the GI
value of WB (without MLE) was used for determining further relationships of the test groups,
18 participants were enrolled for more solid reference data.

The completed CONSORT flowchart was shown in Fig 1. In total, there were 30 qualified
subjects recruited. Wherein, twelve subjects (6 male, 6 female) were randomly selected each
time to determine the GI of three MLE-added WBs, 18 participants out of the 30 participants
were also randomly selected for the GI determination of WB. Every participant was required
to complete a general physical examination and an oral glucose tolerance test (OGTT) that
included glucose and insulin examination at the Peking Union Medical College Hospital
before being recruited into the study. The inclusion and exclusion criteria complied with the
ISO standard requirement.

Experimental protocol. The brief study protocol was demonstrated in S2 Fig in S1 File,
where each GI test procedure was following the ISO standard.

To evaluate the satiety of WB with different adding levels of MLE, a satiety assessment was
conducted for each MLE WB using a method similar to the paper as described by Holts et al.
Each participant was asked to interpret self-estimation of satiety and reflected it on a 100 mm
visual analog scale (VAS) (S3 Fig in S1 File) at a certain period time from the ingestion of the
food. In the current study, each time spot was set to be the same as each of the blood sampling
time spots of GI testing.

Calculation of GI and satiety assessment values. Samples of blood glucose were collected
into heparin anticoagulation tubes from fingertips right before the consumption of the food as
fasting blood samples at -5 and 0 min, and at 15, 30, 45, 60, 90, and 120 min after the first bite of
the food. Subsequently, the supernatant plasma was separated by centrifugation (MiniSpin,
eppendorf™) at 5000 rpm for 5 min, and the blood glucose was measured using an automatic
biochemistry analyzer (AU480, Beckman Coulter ™, America). Meanwhile, the satiety
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== CONSORT

L7 I TRANSPARENT REPORTING of TRIALS

CONSORT 2010 Flow Diagram

Enrollment ‘ Assessed for eligibility (=33 ) ‘

Excluded (n=33)

+ Not meeting inclusion criteria (n=3)
+ Declined to participate (n=0)

+ Other reasons (n=0)

Randomized (n=30)

l L Allocation | l
Allocated to intervention (n=12) Allocated to intervention (n=18)
+ Received allocated intervention (n=12) + Received allocated intervention (n=18)
+ Did not receive allocated intervention (give + Did not receive allocated intervention (give
reasons) (n=0) reasons) (n=0)
Follow-Up
Lost to follow-up (give reasons) (n=0) Lost to follow-up (give reasons) (n=0)
Discontinued intervention (give reasons) (n=0) Discontinued intervention (give reasons) (n=0)

v Analysis v

Analysed (n=12) Analysed (n=18)
+ Excluded from analysis (give reasons) (n=0) + Excluded from analysis (give reasons) (n=0)

Fig 1. CONSORT flow diagram.
https://doi.org/10.1371/journal.pone.0288911.g001

assessment was evaluated on a 100 mm visual analog scale (VAS) at each of the same blood sam-
pling time spots. Participants for each food were fixed once after being assigned by random sam-
pling, and 72 h were set as the minimum wash-out period within each consumption occasion.

The average blood glucose response curve was plotted by calculating the mean blood glu-
cose concentrations of all subjects at each time point. The incremental area under the post-
prandial blood glucose curve (IAUC), ignoring the area beneath the baseline, was calculated
geometrically for each tested food, and the GI was evaluated as a percentage of the mean IAUC
of the reference glucose solution consumed by the same subject (GI = IAUC test food/TAUC
reference food x 100). When the individual GI values for any subject fell outside the range of
values calculated as mean + 2 SD (standard deviation), this result was considered an outlier
and was thus excluded from the mean GI calculation. According to the satiety measurement as
described by Holt et al. [21], the marks on the seven-pointed equilateral scale at each time
point and the absolute value was measured by a ruler (S3 Fig in S1 File). AUC:s of the satiety
values of each food or glucose were calculated for statistical analysis.

Statistical analysis

All statistical analyses were performed using SAS version 9.4 and Origin 2021. Data are pre-
sented as mean and SD. Differences in WB characteristics, IAUCs, and GI values were
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evaluated using one-way analysis of variance (ANOVA) with Tukey’s Multiple Comparison
Test at 0.05 level of significance. Comparisons between the postprandial blood glucose concen-
trations at any time points were made by Student’s t-test, statistical significance was set at
p<0.05 and p<0.01. The least square (LS) method was used to estimate the dose-effect rela-
tionship of MLE on reducing the GI value of WB.

Results
Effect of MLE on characteristics of WB

Chromatic aberration. As shown in Fig 2, with the increase of MLE content, no obvious
changes in the stomatal morphology of WB were found, but the color of the WB core gradually
deepened with the increase of MLE amount.

As shown in Tables 1 and 2, compared with WB, the addition of MLE at all three concentra-
tions led to a lower L* value, higher a* value, b* value significantly, and the effects were dose-
dependent. This suggests that the addition of MLE decreased the lightness of WB, whereas
increased the red and yellow color and the whiteness as well. Similar to the core color, the
crust color of MLE WB also showed a lower L*, higher a*, b*, and whiteness compared with
WRB. Overall, the color of WB became darker with the addition of MLE.

Textural properties. The influence of MLE on the specific volume of bread was presented
in Fig 3. It indicates that the addition level of MLE at 0.75-1.5g/100g AC did not bring signifi-
cant change in the specific volume of WB.

Hardness, cohesiveness, and chewiness of WB and MLE WB were obtained from TPA
(Table 3). The addition of MLE had little effect on the textural properties of WB, indicating the
feasibility of using MLE at the current concentrations for healthy product development with-
out compromising the texture.

Electronic sensory evaluation. E-tongue assessment was performed to evaluate the taste
characteristics of bread samples (Table 4). As seen from Fig 4, the values below “- 20” in sour-
ness or “0” in other taste signals were recognized as not being perceived. There were no signifi-
cant differences (p>>0.05) of the taste signals in sourness, astringency, and aftertaste-
astringency (Table 4). Among other taste dimensions, only the bitterness indicated a light but
noticeable difference (more than 1 unit) between WB and MLE WB(MLE1/MLE2/MLE3),
while the differences between other variables from each taste were less than “1”. MLE3 showed
a positive value for aftertaste-bitterness, however, the signal was quite weak to be perceived.
The result indicated that the impact of MLE on changing the flavor of WB was not strong in

Fig 2. Stomatal structure and appearance of the cross-section of WB with different MLE levels.
https://doi.org/10.1371/journal.pone.0288911.9002
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Table 1. Color of bread core.

Sample L* a* b* Whiteness index
WB 82.07+0.07* -2.58+0.07° 26.36+0.14% 31.99+0.07°
MLEI 73.59+0.07° -0.49+00° 29.39+0.07° 39.52+0.01°
MLE2 70.88£00° -0.01£0.07° 31.55+0.07° 42.93+0.05°
MLE3 70.12+0.07¢ 0.330.07¢ 31.82+0.07¢ 43.65+0.004"

Data in the same column with different superscript letters are significantly different (p < 0.05) as assessed by Tukey’s test.

L*, lightness; positive a* represents redness and negative value symbolizes greenness; positive and negative b*signifies yellowness and blueness, respectively.

https://doi.org/10.1371/journal.pone.0288911.t001

Table 2. Color of bread crust.

Sample L* a* b* Whiteness index
WB 73.41+0.07° 4.34+0.07° 28.48+00° 39.21+0.04°
MLEI 67.73+00° 5.26+0.49° 31+0.14° 45.06+0.16°
MLE2 67.96+0.14° 4.41+0.07° 32.41+0.21° 45.78+0.06°
MLE3 65.12+0.149 6.33+00¢ 33.1240.07¢ 48.51+0.05"

Data in the same column with different superscript letters are significantly different (p < 0.05) as assessed by Tukey’s test.

L*, lightness; positive a* represents redness and negative value symbolizes greenness; positive and negative b*signifies yellowness and blueness, respectively.

https://doi.org/10.1371/journal.pone.0288911.t002

general. MLE only presented a light bitterness to MLE WB, and brought a very low taste of
aftertaste-bitterness, while other tastes didn’t change too much.

In vitro results

DNJ determination of MLE WB. The standard solutions were analyzed by UPLC and the
results obtained were used to construct a standard curve (R* = 0.9897). The equation from the
standard curve was then used to calculate the actual DNJ concentration in the WB and MLE1.

3.0 1
a a a a
2.5
T
P o~ ]
i l I |
5 20
S
2
215
o
>
Q
h=]
3 1.0
&
0.5 1
0.0 T T T T T
WB MLE1 MLE2 MLE3

Fig 3. Effect of MLE on the specific volume of WB. Values with the same letter in the same column are not
significantly different (p>0.05).

https://doi.org/10.1371/journal.pone.0288911.g003
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Table 3. Effect of MLE on textural properties of WB.

Sample Hardness
WB 1046.54+97.26"
MLE1 997.31+92.68"
MLE2 999.82+123.76°
MLE3 849.68+64.42°

Springiness Cohesiveness Chewiness Resilience
0.88+0.05" 0.68+0.03" 624.49+65.19" 0.29+0.02%
0.83+0.05" 0.62:+0.02° 506.15+52.84% 0.24+0.01°
0.81+0.06" 0.65+0.01°° 525.84+60.18° 0.26+0.01°
0.84+0.04" 0.68+0.03* 480.66+41.74" 0.27+0.02*

Data in the same column with different superscript letters are significantly different (p < 0.05) as assessed by Tukey’s test.

https://doi.org/10.1371/journal.pone.0288911.t003

Table 4. The data of sensory values of WB with different MLE levels.

Test samples Sourness Bitterness Astringency Aftertaste-B Aftertaste-A Umami Richness Saltiness
WB -36.94+0.21° 3.1140.27° 3.7540.1° -0.48+0.04 -0.1740.03° 10.57+0.02° 1.66+0.03" 1.89+0.01°
MLEIL -37.13+0.18° 4.29+0.15° 3.72+0.08° -0.1620.03° -0.17+0.01° 10.65+0.01° 2.01+0.09° 2.23+0.01°
MLE2 -36.9+0.2° 4.7240.1° 3.65+0.06 -0.0420.05° -0.11%0.02° 10.65+0.01° 2.17+0.04° 2.45+0.02°
MLE3 -36.72+0.19° 4.91+0.09° 3.61+0.07° 0.05+0.03° -0.13+0.02° 10.64+0.03° 2.4620.11% 2.50+0.01¢

Data in the same column with different superscript letters are significantly different (p < 0.05) as assessed by Tukey’s test.

https://doi.org/10.1371/journal.pone.0288911.t004

The chromatogram from the HPLC analysis was shown in Fig 5. The DNJ retention time was
around 1 min. The result of DNJ determination by using HPLC was 7.2+0.4 mg/100 g AC,
which compares favorably with the theoretical value (7.5 mg/100 g AC), and showed no signif-
icant differences (p>0.05).

In vitro digestion. The glucose released from WB and MLE WB during 180 min of in
vitro digestion was shown in Fig 6. The AUCs were significantly lower for MLE WB than for
WB. Table 5 showed the calculated HI and the eGI for MLE WB and WB. Adding MLE to WB
significantly (p<0.05) reduced the HI, and the eGI of WB was also reduced to about 7.9%,
17.3%, and 18.2% by MLE respectively, which showed a clear dose effect-relationship(R* =
0.9771) (Fig 7).

In vivo GI

Baseline characteristics of the study participants. 30 healthy participants were recruited
(15 male, 15 female; aged 18 to 37 years old) and all completed the study. The physical charac-
teristics of all participants with complete GI data were presented in S2 Table in S1 File.

Sourness Legend
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Fig 4. The sensory radar chart of WB with different MLE levels.
https://doi.org/10.1371/journal.pone.0288911.g004
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https://doi.org/10.1371/journal.pone.0288911.g005

Hydrolysis rate (%)

' T i T T T T T T 1
0 30 60 90 120 150 180
Time (min)
Fig 6. Area under the curve for the in vitro starch hydrolysis at 180 min for all types of bread.
https://doi.org/10.1371/journal.pone.0288911.9006

GI test of WB. Eighteen healthy human participants participated in the in vivo GI test
study of WB. The comparisons of postprandial blood glucose levels between the WB (test
food) and glucose (reference food) were first conducted. The blood glucose at each postpran-
dial time point (0, 15, 30, 45, 60, 90, and 120 min) was presented in Fig 8a. After consumption
of the test or reference food, the blood glucose level increased progressively to reach a peak at
30 min before gradually falling back to preprandial levels at 120 min. The GI was calculated

Table 5. The HI and eGI of WB and MLE WB.

Test samples HI eGI
WB 100.00+2.51° 94.40%2.16°
MLE1 91.32+1.35" 86.91+1.16"
MLE2 81.01+1.61° 78.03+1.39°
MLE3 80.05+1.14° 77.20+0.98°

Data in the same column with different superscript letters are significantly different (p < 0.05) as assessed by Tukey’s
test.

https://doi.org/10.1371/journal.pone.0288911.t1005
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Fig 7. The dose-effect relationship of MLE on reducing eGI value of WB.
https://doi.org/10.1371/journal.pone.0288911.9007

from the IAUC of WB versus that of glucose. The individual subjects” GI values of WB were
shown to range from 34 to 114, none of the 18 subjects’ data was out of this range (Coefficient
of variation<30%). The mean GI value of WB was finally rounded to 77.

GI tests of MLE WB. The GI tests for the experiment groups were conducted indepen-
dently with 12 randomly selected subjects for each group. The changes in blood glucose rela-
tive to the postprandial blood glucose levels within 120 min after the consumption of the test
foods were shown in Fig 8b-8d. Compared with glucose alone, WB that contained MLE
resulted in less fluctuating postprandial blood glucose responses. There were significant differ-
ences (p<0.05) in all blood glucose levels between MLE WB and the placebo WB at 15, 30, and
45 min.

The TAUC over 0-120 min for postprandial blood glucose was obtained (Fig 9). It was clear
that the TAUCs of MLE WBs were significantly lower than the reference food glucose, with
decrement differences of 36%, 48%, and 64%, respectively (p<0.05).

Dose-dependent effect of MLE on lowering the GI of WB. Based on the IAUCs results,
the calculated GI values for MLE WBs were 64+14 (MLE1), 53+9 (MLE2), and 43+16 (MLE3),
respectively. The GI value of WB has been known to be 77, so it could be obtained that the
addition of MLE could significantly reduce the GI value of WB by 17% (p<0.05), 31%
(p<0.01), and 44% (p<0.01), respectively (Fig 10a). Furthermore, the plot of the dose-depend
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Fig 8. The curves of blood glucose response to glucose, WB and MLE WB. a to d: Glucose levels for WB, MLE1, MLE2, MLE3, and the

reference food glucose. Compared to glucose, the asterisk indicates a statistically significant difference (*p<0.05, **p<0.01), as assessed by
Student’s t-test.

https://doi.org/10.1371/journal.pone.0288911.9008

effect of MLE on reducing GI was obtained (Fig 10b) and the GI reduction effect of MLE on
WB was strongly positively correlated with the dose levels (R* = 0.9748), which indicates a
good linear fitting relationship between the added level of MLE and the GI value reduction. In
addition, the fitting effect was consistent with the in vitro eGI results. MLE could inhibit glu-
cose levels with a dose-response relationship in vitro and in vivo.

Satiety evaluation

Based on the VAS data, the relative satiety level was assessed under an isocaloric condition
(1285 kJ). The satiety change of each food within 120 min was shown in Fig 11a. All the satiety
peaks appeared at 15 min after food intake and gradually decreased as time goes on. In addi-
tion, the satiety was higher after eating MLE WB compared with WB (Fig 11b) but did not
show any significant difference (p>0.05).

Throughout the entire study period, no adverse events or discomfort due to the GI test
were reported. Both the glucose and WB (without or with MLE) were well tolerated among
every subject accordingly, of all the 30 participants involved in the entire study.
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Fig 9. Postprandial blood glucose IAUC for MLE WB and the reference food glucose. Values with the different
letter indicates a significant difference (p<0.05), as assessed by Tukey’s t-test.

https://doi.org/10.1371/journal.pone.0288911.9009

Discussion

Mulberry leaf has a long history of food and medicinal use in China. Reports show that it is
very rich in proteins, amino acids, vitamins, minerals flavonoids, polyphenols, polyose, imino-
sugars, GABA, etc., and could be used to prevent and cure diabetes and obesity [22]. Previous
animal and human studies have demonstrated that MLE could improve glycemic response,
and insulin response and reduce the GI of common carbohydrates including maltose, sucrose,
maltodextrin, and glucose [10,23]. Previous studies have found that the consumption of bis-
cuits with a beverage of mulberry in the afternoon prevents dinner-induced high increases in
blood glucose among young adults [24].

However, most of the current research on MLE is limited to raw food materials and few
complex staple food-based studies have been conducted. In addition, few studies have added
MLE to products in the processing stage, and then determine the effect of MLE on the post-
prandial blood glucose response of the product. In this study, WB, a common staple food, was
first used as the carrier to explore the reducing effect of MLE on GI. The results demonstrated
that MLE could significantly (p<0.05) reduce the glycemic response of WB and showed a clear
dose-effect relationship. However, we found that the MLE exhibited a lower reducing effect on
eGI compared with the in vivo results, this may be due to that MLE not only delay the digestion
of carbohydrate by inhibiting amylase and a-glucosidase, but also decrease the rise of blood
glucose by promoting glucose uptake and utilization [25,26]. The in vitro study could only
reflect the effect of MLE on inhibiting digestion, while the in vivo results represented a more
comprehensive effect of MLE. In conclusion, this study demonstrated the activity of MLE in
lowering the digestibility and GI of WB, which indicated more practical guidance to the appli-
cation of MLE. In the present study, MLE was directly added to the other raw materials and
underwent fermentation and a high-temperature process. And DNJ, as the main active ingre-
dient in MLE, was not destroyed and still exhibited a good dose-effect relationship in vivo
study. More interestingly, the addition of MLE had no obvious adverse effect on the textural
and other sensory properties of WB, except for bringing a little bitterness. To our knowledge,
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https://doi.org/10.1371/journal.pone.0288911.g010
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Fig 11. The satiety ratings of WB and MLE WB. (a): Satiety curve; (b): Area under satiety curve.

https://doi.org/10.1371/journal.pone.0288911.9011

the current study was the first to explore the possible dose-depend relationship of the glycemic
lowering effect of MLE when added to food with complex texture and went through fermenta-
tion and baking.

Generally, MLE exhibited the activity of decreasing postprandial glycemia by slowing car-
bohydrate digestion and glucose absorption [9,10]. The main active ingredient in MLE is DNJ,
which belongs to polyhydroxy alkaloids and has been proven to inhibit the absorption of sugar
in the small intestine and reduce postprandial blood glucose in some investigations [27]. The
absorption and metabolic pathway of the naturally occurring DNJ in plant is different from
pure DNJ, and MLE also exhibited a much better effect in vivo and was safer than pure DNJ
[28]. Moreover, the other active ingredient flavonoids in MLE also might reduce the rate and
extent of starch digestion [29,30]. We infer that the reducing effect of MLE on GI was the result
of the joint action of multiple active components in MLE. The findings of this study were in
good agreement with previous reports that MLE can impede the digestion and absorption of
carbohydrates.
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A recently published human randomized crossover test has once again proved that
DNJ can significantly reduce the glycemic response of some carbohydrates in vivo [10].
The results showed that the MLE could reduce the GIs for maltose, sucrose, maltodextrin,
and glucose by 53.11%, 33.51%, 31.00%, and 8.12%, respectively [10], at the addition level
of 15 mg DNJ/100 g AC. In comparison with our study, the GI of WB could be reduced by
44% when the addition level of MLE was the same ratio. The carbohydrate in WB was
mainly consisted of starch and some free sugar produced after starch hydrolysis. Starch
was composed of from 6 to 9 D-glucose units linked to one another by an o-1,4-glycosidic
bond, and could be firstly hydrolyzed into maltodextrin by a-amylase. And then malto-
dextrin was mainly broken down into maltose and o-amylodextrin by a-amylase or -
amylase on the mucous membrane of the small intestine. The maltose and a.-amylodextrin
were subsequently broken down by a-glucosidase or a-dextrinase respectively, ultimately,
glucose is generated and absorbed [10]. Since the carbohydrate in white bread mainly
includes starch and some free sugars, and the multienzyme, the multistep process for
starch may explain why the effect of DNJ on the GI of WB was between maltose and
maltodextrin. In additional, another important finding in the present study was the dose-
effect correlation (R? = 0.9748) between the addition amount of MLE and GI values.
Research showed that MLE that contained 1% DNJ demonstrated a dose-dependent hypo-
glycemic manner when consumed with maltodextrin at three different levels (R* = 0.9799)
[11]. Therefore, the idea that using MLE to design a low GI food by a linear regression for-
mula might be possible.

In the present study, the satiating effect of MLE based on WB also obtained a positive result.
Concerning satiety rating, the addition of MLE in WB prolongs the satiety. Although the data
did not reach a significant difference, WB with the highest amount of MLE increased the late
postprandial satiety by 50%, compared with the reference WB. None of the former articles on
meal supplementation with MLE have evaluated satiety, and the current finding added new
knowledge both to the specific effect of MLE on satiety and to the more general relation
between GI and satiety. Food with a lower GI is usually digested more slowly and could pro-
vide higher satiety. It has been studied that increasing the content of resistant starch by adding
procyanidins in food may be related to slower digesting, delayed gastric emptying, and pro-
longed satiety [31]. Therefore, the digestion enzyme inhibition of MLE might produce undi-
gested resistant carbohydrates, which could enter the ileum, triggering the "ileal braking"
mechanism to transmit the satiety signal to the brain, thus reducing appetite and food intake
[32]. The above may be the reason why MLE WB could provide higher satiety than WB and
showed a dose-effect trend. However, more underlying in-depth mechanisms still need to be
explored in the future.

Conclusions

We have demonstrated that adding MLE (Sangduoan™) in WB could significantly reduce
its GI value, and there was an obvious dose-depend relationship between the amount of
MLE and GI values (R* = 0.9748), which was also supported by in vitro results. In addition,
MLE did not bring any adverse effect on the textural and sensory properties of WB except
bringing a little bitterness. The findings of the present study illustrated the possibility that
supplementation of MLE into real food could be practical and would potentially help to
suppress postprandial blood glucose levels. Future studies might need to explore the effec-
tiveness of MLE when applied to different foods which contain more complex
carbohydrates.
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