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ABSTRACT

Introduction: Reducing postprandial (PP)
hyperglycemia and PP glucose excursions is
important for overall glycemic management.
Although most therapeutic lifestyle interven-
tions that reduce caloric intake would affect
this, there is no particular nutritional inter-
vention favored.
Methods: We evaluated the effects of a novel
natural food adjuvant combining mulberry leaf
extract (MLE) with other bioactive ingredients,
in people with type 2 diabetes (T2D) originating
from Asia, on improving PP glucometabolic

response in a randomized controlled exploratory
crossover, two-center study (USA, Singapore). A
2-g blend of 250 mg MLE [containing 12.5 mg of
1-deoxynojirimycin (DNJ)], fiber (1.75 g), vita-
min D3 (0.75 lg), and chromium (75 lg), com-
pared with a similar blend without the MLE, was
sprinkled over a 350-kcal breakfast meal (55.4 g
carbs) and PP blood glucose (primary exploratory
endpoint), insulin, and incretin hormones (GLP-
1, GIP) were evaluated in blood samples over 3 h.
Changes in incremental areas under the con-
centration curve (iAUC) and maximum concen-
trations (Cmax) were compared.
Results: Thirty individuals (12 women, mean
age 59 years, HbA1c 7.1%, BMI 26.5 kg/m2) were
enrolled and the MLE-based blend relative to the
blend without MLE significantly reduced glucose
iAUC at 1 h (- 20%, p\0.0001), 2 h (- 17%,
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p = 0.0001), and 3 h (- 15%, p = 0.0032) and
Cmax [mean (95% CI) difference - 0.8 (- 1.2, -
0.3) mmol/L, p = 0.0006]. A statistically signifi-
cant reduction in 1 h insulin iAUC (- 24%,
p = 0.0236) was observed, but this reduction was
no longer present at either 2 h or 3 h. No differ-
ence in GLP-1 was seen, but GIP response (iAUC
and Cmax) was less with the MLE-based blend.
Conclusions: The observation of a significant
glucose reduction paralleled with a significant
lower insulin response supports a reduced gas-
trointestinal glucose absorption. These results
support the use of a 2-g natural blend of MLE,
fiber, vitamin D, and chromium in T2D as a
convenient dietary adjuvant to improve PP glu-
cometabolic response.ClinicalTrials.gov identi-
fier NCT04877366.

PLAIN LANGUAGE SUMMARY

It is generally accepted that addressing lifestyle
factors represents the initial step for treatment
of type 2 diabetes. This includes an evaluation
of how to optimize physical exercise and diet.
However, although most diets that reduce
caloric intake would affect sugar levels, there is
no particular nutritional intervention favored,
and choices depend on factors such as cost,
preference, availabilities, and scientific evi-
dence. A multiingredient food adjuvant blend
for support of blood sugar levels combined
mulberry leaf extract with fiber, vitamin D, and
chromium, and was developed with the inten-
ded use to be sprinkled on and consumed with a
meal. In this study involving 30 people with
type 2 diabetes (mean age 59 years, glycated
hemoglobin 7.1%, body mass index 26.5 kg/m2)
originating from Asia, a 2-g blend of these
ingredients was sprinkled over a 350-kcal
breakfast meal rich in carbohydrates (55.4 g)
and compared to a similar blend without the
MLE. Blood sugar spikes following the meal
were reduced by 15–20% over an observation
period of 3 h. Thus, such a mulberry leaf
extract-based blend, which also is a source of
fiber, vitamin D, and chromium, may represent
a convenient dietary support to improve sugar
levels after a meal.

Keywords: Type 2 diabetes; Nutrition; Glucose;
Insulin; Mulberry leaf extract; Fiber; Vitamin D

Key Summary Points

Why carry out this study

Several nutritional principles can reduce
the glycemic impact of dietary
carbohydrates, including reducing the
rate of gastrointestinal glucose absorption.

A natural adjuvant that follows this
principle is mulberry leaf extract (MLE)
that contains iminosugar alkaloids (i.e.,
analogues of sugars), of which
1-deoxynojirimycin (DNJ) is the most
abundant and competitively blocks the
active site of polysaccharide-degrading
enzymes in the digestive tract, thus
reducing the absorption of dietary
carbohydrates.

There are limited studies with this
nutraceutical principle in people with
T2D.

We evaluated the postprandial metabolic
effects of a natural 2-g powder blend of
MLE, fiber, vitamin D3, and chromium,
compared with a similar blend without
the MLE, sprinkled over a breakfast meal
in people with T2D of Asian origin.

What was learned from this study

In individuals with T2D, 72% of whom
were on metformin, of Asian origin, a
natural powder blend of MLE, dietary
fiber, vitamin D and chromium
significantly reduced the overall glycemic
burden and early insulin response when
taken with a carbohydrate-rich breakfast,
compared to a blend without the MLE.

The results extend the previous relatively
limited knowledge base about effects of
MLE in T2D and support its use as a
convenient dietary adjuvant to improve
PP glucometabolic response.
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INTRODUCTION

People with type 2 diabetes (T2D), or with
overweight or obesity often, have impaired
postprandial (PP) glycemic regulation, ascribed
to either insulin resistance, beta-cell dysfunc-
tion, or both [1]. Reducing PP hyperglycemia
and PP glucose excursions is important for
overall glycemic management [2], with impli-
cations for symptomatic management and
long-term vascular risk [3]. This is particularly
important in prediabetes and early stages of
T2D, where the relative contribution of PP glu-
cose, as compared with fasting glucose, to
HbA1c is more prominent [2]. While there are
several pharmaceutical approaches to manage
PP glucose, e.g., with fast-acting insulins [4],
glinides [5], a-glucosidase inhibitors [6], there
are no particular nutritional interventions
favored by major scientific societies (e.g., ADA/
EASD) [7]; however, most therapeutic lifestyle
interventions that reduce caloric intake and
attempt to reduce overall carbohydrate intake,
in particular, monosaccharides [8], would result
in this.

Adults in western countries, such as the USA,
obtain approximately half their daily caloric
intake from dietary carbohydrates, as illustrated
by the Dietary Guidelines for Americans [9]. The
latter recommends that carbohydrates should
make up between 45% and 65% of the total
daily calories in ages 2 years and older [9],
whereas in other regions of the world, in par-
ticular in Asia, the percentage of carbohydrate
intake is higher, which thus poses challenges for
glycemic control given some data suggesting
that the same food can trigger a slightly higher
PP glucose and poorer insulin response than in
Caucasians [10]. This is important, as aside from
a general reduction in caloric intake, or specific
carbohydrate reduction, there are several natu-
ral dietary adjuvants that may support reducing
the impact of carbohydrates, thus helping
improve PP glucose metabolism.

The nutritional principles by which the gly-
cemic impact of dietary carbohydrates can be
reduced in general fall into four major cate-
gories [10]: (1) by reducing the amount of car-
bohydrates available for digestion, which

usually implies a general reduction in caloric
intake, or switching to a low-carbohydrate diet;
(2) by reducing the rate of carbohydrate diges-
tion, which could be achieved e.g., by substi-
tuting or combining rapidly absorbed
carbohydrates with slowly digestible carbohy-
drates or starch, or other food matrixes that
make the carbohydrate less accessible, or by
intervening in the gut microbiota (e.g., certain
types of dietary fiber [11]); (3) by reducing the
rate of glucose absorption, which, e.g., could be
accomplished by increasing gut transit time by
combining with fiber, or adding natural prod-
ucts that have an inhibitory effect on enzymes
involved in carbohydrate cleavage; or (4)
increasing the rate of glucose removal from the
blood, which could be done by pre-load or with-
meal ingestion of products that stimulate the
incretin and/or insulin response (e.g., whey
proteins [12–14]) or improve insulin sensitivity/
reduce insulin resistance.

Reducing the rate of glucose absorption is an
efficacious principle, and is also the mode of
action of a commonly used class of T2D medi-
cations, i.e., alpha-glucosidase inhibitors [6]. A
natural adjuvant that follows this principle, and
that has a long history of use, is mulberry leaf
extract (MLE). MLE contains iminosugar alka-
loids (i.e., analogues of sugars), of which
1-deoxynojirimycin (DNJ) is the most abundant
[15], and predominantly through 1-DNJ, which
is structurally similar to glucose (Fig. 1), it
competitively blocks the active site of polysac-
charide-degrading enzymes in the digestive
tract (i.e., a-glucosidases [e.g., sucrase and mal-
tase enzymes]), thus reducing the enzymatic
digestion and subsequent absorption of dietary
carbohydrates. Of note, other glucose-lowering
mechanisms of MLE have been described and
linked to the effects of its flavonoid and
polyphenolic content (e.g., cholorogenic acid,
caffeic acid, coumaric acid, rutin, and querce-
tin) [16–18].

The use of MLE for glucose management has
been limited by a lack of a uniform extraction
method, rendering the products with a possible
unpredictable effect of the MLE. Also, although
its principle has been known for centuries in
traditional Chinese and Asian medicine [18], its
use in the western world has been limited.
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There have, however, been multiple relatively
small studies with MLE in healthy people or
people with prediabetes [15, 19–28], with a few
also involving people with T2D [29–33], whose
data consistently suggest that there is a moder-
ate effect on PP glucose reduction. Another
limitation has been that the MLE has not been
extensively studied when taken together with a
mixed meal, which would be the typical appli-
cation of MLE.

We wanted to test the hypothesis that a 2-g
blend of MLE, vitamin D, fiber and chromium
taken with breakfast could provide clinically
meaningful effects on postprandial glu-
cometabolic parameters in individuals with T2D
compared to a similar blend without MLE.

METHODS

Study Design and Participants

This was a mechanistic, randomized, double-
blind, controlled, two-center exploratory cross-
over study, with a 1-week washout period
between interventions, that recruited individu-
als (men and women age C 18 years) with T2D
of Asian origin, who at the time of enrollment
were either not taking any medications for
glycemic management or were on metformin
monotherapy 0.5–3.0 g/day. The study was

designed to evaluate the effects of the blend
(2 g) containing MLE, compared to a blend
without MLE, on PP glucose taken once with a
carbohydrate-rich breakfast. We also evaluated
the effects on insulin, incretin hormones,
inflammation, gastric emptying (GE), and
insulin sensitivity (Supplementary Fig. S1).
Randomization sequences are depicted in Sup-
plementary Fig. S2. Eligible participants were
randomised in a 1:1:1 ratio to receive either
sequence ABC, BCA, or CAB on day 1 according
to the crossover design randomization schedule
developed by SOCAR Research SA. The study
protocol was approved by the Institutional
Review Board of Orange County Research Cen-
ter, USA, and Temasek Polytechnic, Glycemic
Index Research Unit, Singapore, and the study
was carried out in compliance with the Har-
monized Tripartite Guideline for Good Clinical
Practice from the International Conference on
Harmonisation [34] and the Declaration of
Helsinki [35]. Signed written informed consent
prior to study entry was obtained from all
participants.

In addition to a diagnosis of T2D, the other
key inclusion criteria were HbA1c 6.5–10.0%;
and owing to frequent blood sampling, hemat-
ocrit C 34%/40% for women/men, and hemo-
globin C 11.0/13.5 g/dL for women/men,
respectively. Key exclusion criteria were fasting
plasma glucose[ 220 mg/dL, estimated

Fig. 1 Similar ringstructures of 1-DNJ (a) and glucose (b)
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glomerular filtration rate (eGFR)\ 60 mL/min/
1.73 m2, body mass index (BMI)[ 35 kg/m2,
and ongoing or recent (i.e., \3 months) treat-
ment with any oral or injectable glucose-low-
ering medications other than metformin. The
full list of in- and exclusion criteria is provided
in Supplementary Table S1.

This study included an open-label (OL)
exploratory intervention period in which acar-
bose 100 mg QD was provided as a tablet with
the meal and where only glucose and insulin
were measured. These results will be reported
separately.

Investigational Products

The investigational product was a 2-g blend of
MLE in combination with other classical food
ingredients that have been reported to modu-
late glucose. It consisted of 250 mg of MLE,
1.75 g of fiber, 0.75 lg of vitamin D3, and 75 lg
of chromium. The blend was tasteless, white in
appearance, and was delivered in a stick-pack/
sachet to sprinkle on the breakfast meal.

MLE

MLE was supplied as a powder (Reducose�)
produced by Phynova (USA), and 250 mg MLE
contained 12.5 mg DNJ.

Fiber

The fiber component was provided as resistant
maltodextrin (Fibersol�-2, ADM/Matsutani
LLC, USA), and an amount of 1.75 g represents
approximately 7% of recommended daily value
(RDV) in many regions across the globe, where a
daily intake for adults of 25–35 g per day is
advocated, yet the average intake of dietary
fiber by adults worldwide remains low, typically
less than 20 g per day. Aside from possible
beneficial effects on glucose [11], dietary fiber
has also been shown to have several important
associations with, e.g., satiety by decreasing
hunger, prolonging satiation or increasing sati-
ety signals from the gut [36], metabolic health
[37], and mortality [38].

Vitamin D

The vitamin D component of the blend was
vitamin D3 (0.75 lg [30 IU]), sourced from DSM
(USA). Vitamin D supplementation has been
associated with improvements in glycemic
control in T2D [39].

Chromium

The chromium blend-component (75 lg chro-
mium picolinate) was sourced from Nutri-
tion 21 (NJ, USA). Several randomized, placebo-
controlled clinical trials have demonstrated
glucometabolic benefits of various dosages of
chromium picolinate taken for periods of
4 weeks to 4 months [40–43].

Comparator Blend

The comparator blend without MLE consisted
of the same ingredients as the blend with MLE,
with the exception of the MLE, which was
substituted by fiber (250 mg Fibersol�-2) to
achieve weight equivalence. The blend was
tasteless, off-white in appearance, and was
delivered in a stick-pack/sachet with an identi-
cal appearance to the blend with the MLE.

Interventions and Meals

To standardize the physiologic conditions
ahead of the lunch meal, participants were
required to fast overnight (at least 10 h) prior to
site arrival in the morning, whereupon blood
samples were drawn (t = 0). The intervention
was thereafter to be directly sprinkled on top of
the breakfast meal and consumed within
15 min. Breakfast was standardized at both sites,
and consisted of two slices white bread, two
slices of gouda cheese (20 g), and 250 mL apple
juice, which contributed in total 350.2 kcal
(10.0 g protein, 6.5 g fat, and 55.4 g of carbo-
hydrates). At the start of breakfast, 1 g of acet-
aminophen (paracetamol), with 150 mL water,
was consumed for GE assessment. Exposure to
intervention was monitored and captured in
the case report form.

Diabetes Ther (2023) 14:749–766 753



All participants, during each period had
thereafter frequent blood sampling conducted
for glucometabolic, incretin, and inflammation
and GE assessment (sampling scheme depicted
in Supplementary Fig. S1). All blood samples
were taken from subjects by venipuncture or
cannulation, and serum and plasma were pre-
pared using standard procedures.

Primary Exploratory Endpoint

The exploratory study hypothesis was that a
with-meal blend of MLE combined with other
bioactive ingredients, taken with a mixed meal
with a relatively high amount of carbohydrates,
would lower the PP blood glucose levels com-
pared to the same blend without the MLE, in
individuals with T2D. Thus the primary end-
point was to assess the effects on PP glucose
over the full observation period, which inclu-
ded assessments at t = 0 (i.e., pre-meal assess-
ment) and thereafter at t = 15, 30, 60, 120, and
180 min (post-meal assessment). Although this
was an exploratory study, we defined the 3-h
incremental area under the curve (iAUC) as the
primary analysis, mainly for sample size esti-
mation. Glucose was analyzed in EDTA-plasma
(Cobas c501 System, Roche Diagnostics, Indi-
anapolis, USA).

Other Metabolic Endpoints

Interval blood samples following the same
sampling schedule as for glucose, i.e., to 3 h,
were also collected for insulin (serum, Immulite
2000 Analyzer, Consolidated Medical Bio-Anal-
ysis, Inc., USA), total GLP-1 (EDTA-plasma,
MSD, USA), total GIP (EDTA-plasma, Millipore,
USA), and interleukin-6 (serum, electrochemi-
luminescence immunoassay, Labcorp, Burling-
ton, NC, USA).

Effect on Insulin Sensitivity

Whole-body insulin sensitivity was calculated
using the Matsuda index (MI), a formula based
on insulin and glucose values measured during
the test [44], and where higher values indicate
more insulin sensitivity. Although the classical

approach for calculating the MI is based on an
oral glucose tolerance test, it has been demon-
strated that a mixed meal can also be applied to
derive it [45, 46].

Gastric Emptying (GE) Assessment

Orally administered acetaminophen (N-acetyl-
p-aminophenol, paracetamol) is poorly absor-
bed by the stomach but is rapidly absorbed
within the small intestine; thus, GE is the rate-
limiting step for the appearance of acet-
aminophen within blood [47]. Maximum acet-
aminophen concentrations typically occur
approximately 30–60 min post-ingestion;
therefore, iAUC, often assessed during the first
60 min, is used as a marker of GE rates, although
2 or 3 h is also frequently reported. Herein we
assessed iAUC 0–1 h, 0–2 h, and 0–3 h in inter-
val blood samples [t = 0 (just before start of
meal/paracetamol consumption, and post-meal
t = 15, 30, 60, 120, and 180 min] following
ingestion of 1 g acetaminophen with 150 mL of
water. Acetaminophen was analyzed by San-
nova Analytical Inc (NJ, USA) using Sciex
instruments (liquid chromatographic method,
Waltham, MA, USA).

Safety and Adverse Events (AEs)

General safety laboratory tests were performed
at the screening visit. Occurrence of AEs was
proactively assessed by queries at all visits post
screening, and all AEs (spontaneously reported
or enquired, as well as those observed) during
the course of the study were captured and
summarized descriptively.

AEs was coded using Medical Dictionary for
Regulatory Activities (MedDRA), Version 23.0.

Statistical Methods and Sample Size
Considerations

We defined that the sample size had to be suf-
ficiently large to show a difference of 15% in the
incremental area under the curve for iAUC
0–3 h of PP glycemic excursion between the
blend with and without MLE. We used a coef-
ficient of variation (CV) approach and on the
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basis of two previous studies assessing PP glu-
cose trajectories [48, 49] reporting this to be
0.41 and 0.50, we assumed a CV of 0.46. The
within-patient correlation observed from a dif-
ferent study was 0.88 (data on file), so we con-
servatively assumed this would be 0.85. With a
repeated measures one-way analysis of variance
(ANOVA), 25 completers would then be
required to show a statistically significant dif-
ference of 15% in iAUC 0–3 h for glucose, at an
a-level of 0.05 with a power of 80%.

Patient characteristics were described using
mean (standard deviation) for continuous vari-
ables and proportions for categorical variables
and were reported for the overall population, by
study site, and according to initial treatment
sequence. eGFR was derived by the Modification
of Diet in Renal Disease (MDRD) study equation
[50]. The differences in endpoints between the
blend with and without MLE were assessed by
comparing changes in iAUC between the two
interventions over different time periods using
ANOVA. The model was adjusted for investiga-
tional product, site (i.e., USA or Singapore), and
period. P values for the primary, secondary, and
additional post hoc exploratory endpoints were
not adjusted for multiple comparisons.

All biomarkers were analyzed with an iAUC
approach. Relative differences between treat-
ment groups were calculated in percent as esti-
mated treatment difference/estimated mean for
placebo 9 100%. We also assessed if there were
differences in both the time to reach maximum
concentration levels of the biomarkers (Tmax)
and in the maximum levels of the biomarkers
reached (Cmax). Correlations between age,
weight, and the MI were analyzed using Pear-
son’s correlation, and their relation to gender,
by a Wilcoxon test. A descriptive analysis by
intervention group for glucose iAUC 0–1 h,
0–2 h, and 0–3 h by intervention sequence and
period was performed post hoc.

RESULTS

In total 30 individuals (12 women) were enrol-
led, of whom 29 completed all treatment

sequences. One participant withdrew informed
consent as outlined in the consort diagram
(Supplementary Fig. S2) and exposure to inter-
ventions was 100%. Baseline characteristics are
provided in Table 1. The mean (SD) age was 58.9
(11.3) years, HbA1c 7.1 (0.8)%/54.0 (8.8)
mmol/mol, diabetes duration (7.1 (5.5) years,
and eGFR 88.8 (24.8) ml/min/1.73 m2. BMI was
26.5 (4.4) kg/m2, with weight and waist cir-
cumference of 73.3 (14.2) kg and 92.9 (11.2) cm,
respectively. Twenty-two (73.3%) used con-
comitant metformin. The baseline characteris-
tics were largely similar between participants
from the USA and Singapore with the exception
of age and weight; US participants were older
and were more overweight. Baseline character-
istics were also largely similar regardless of
which intervention that was given as the initial
sequence (Supplementary Table S2).

Effects on PP Glucose

The with-meal MLE-based blend significantly
altered the PP glucose trajectory (Fig. 2,
Table 2), and reduced 1 h iAUC by 19.5% [mean
(95% CI) DiAUC0–60min vs blend without MLE -

0.6 (- 0.8, - 0.3) mmol/L 9 h, p\0.0001], 2 h
iAUC by 16.6% [DiAUC0-120min vs blend with-
out MLE - 1.2 [- 1.8, - 0.6) mmol/L 9 h,
p = 0.0002], and 3 h iAUC by 14.9%
[DiAUC0-180min vs blend without MLE - 1.4 [-
2.4, - 0.5) mmol/L 9 h, p = 0.0032]. The mag-
nitude of effect on PP glucose trajectory
appeared not to be affected by intervention
sequence or period (Supplementary Table S3),
suggesting that the washout was complete.

Maximum glucose level (Table 3) was also
significantly reduced with the MLE-based blend
[mean (95% CI) difference in Cmax vs blend
without MLE - 0.8 (- 1.2, - 0.3) mmol/L,
p = 0.0006], but not time to reach it (Tmax). The
2-h PP glucose level with the blend with MLE
was numerically lower, but not statistically sig-
nificant [difference vs blend without MLE - 0.4
(- 1.0, 0.1), p = 0.1220]. All analysis were
adjusted for product, site, and period.
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Table 1 Baseline characteristics of the 30 participants in the study, n (%), or mean (SD)

All participants Participants from USA Participants from Singapore

Number of participants n = 30 n = 14 n = 16

Sex (female/male) 12/18 (40%/60%) 6/8 (43%/57%) 6/10 (38%/62%)

Age (years) 58.9 (11.3) 62.3 (11.3) 56.0 (10.8)

Metformin 22 (73.3%) 11 (78.6%) 11 (68.8%)

Diabetes duration (years) 7.1 (5.3) 8.0 (5.2) 6.2 (5.5)a

SBP/DBP (mmHg) 127 (15)/77 (10) 122 (15)/74 (10) 132 (13)/80 (10)

Country of originb

China 2 (6.7%) 2 (14.3%) 0 (0.0%)

Japan 1 (3.3%) 1 (7.1%) 0 (0.0%)

Malaysia 2 (6.7%) 2 (14.3%) 0 (0.0%)

Singapore 15 (50%) 0 (0%) 15 (93.8%)

Vietnam 4 (13.3%) 4 (28.6%) 0 (0.0%)

Other 6 (20.0%) 5 (35.7%) 1 (6.3%)

Anthropometrics

Weight (kg) 73.3 (14.2) 76.2 (14.7) 70.7 (13.6)

BMI (kg/m2) 26.5 (4.4) 27.5 (4.5) 25.7 (4.2)

Normoweight, BMI\ 23.0 8 (26.7%) 2 (14.3%) 6 (37.5%)

Overweight, BMI 23.0–24.9 5 (16.7%) 3 (21.4%) 2 (12.5%)

Obesity, BMI C 25.0 17 (56.7%) 9 (64.3%) 8 (50.0%)

Waist circumference (cm) 92.9 (11.2) 94.8 (10.7) 91.2 (11.6)

Laboratory parameters

HbA1c, % 7.1 (0.8) 6.9 (1.0) 7.3 (0.5)

HbA1c, mmol/mol 54.0 (8.8) 51.9 (11.3) 55.9 (5.5)

Fasting plasma glucose, mmol/L 7.1 (1.5) 7.1 (1.9) 7.2 (1.0)

ALAT, U/L 28.1 (14.0) 21.2 (10.9) 34.3 (13.9)

ASAT, U/L 21.7 (8.4) 20.0 (6.2) 23.3 (9.9)

Hematocrit, % 43 (3) 43 (3) 43 (3)

Hemoglobin, g/dL 14.1 (1.3) 14.0 (1.3) 14.1 (1.3)

Creatinine, lmol/L 70 (17) 70 (20) 70 (14)
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Effects on PP Insulin

The early (0–60 min) insulin trajectory (Fig. 3,
Table 2) was also modulated with the blend
with MLE; a reduction of 23.7% in the iAUC was
observed [DiAUC0-60min vs blend without MLE
- 3.4 (- 6.3, - 0.5) lU/mL 9 h, p = 0.0236],
whereas the 2-h and 3-h values were numeri-
cally but not significantly reduced. There were
no differences in insulin Cmax or Tmax (Table 3).

Effects on Insulin Sensitivity

There were no differential effects of the blend
with MLE versus the blend without on the
Matsuda index (MI) (Supplementary Table S4).

There was a statistical significant relation-
ship between insulin sensitivity and age with
both interventions (blend with MLE q = 0.51,
p = 0.0053; blend without MLE q = 0.57,
p = 0.0017) assessed by Spearman’s correlation
analysis, and a numerical (but not significant)
inverse relationship between insulin sensitivity
and body weight (blend with MLE q = - 0.32,
p = 0.0991; blend without MLE q = - 0.26,
p = 0.1891). Men tended to be more insulin
sensitive, but no statistical differences were
observed between sexes (blend with MLE,
median (95% CI) MImen 5.62 (3.94, 7.96) vs
MIwomen 2.67 (2.02, 10.39); Wilcoxon
p = 0.3071; blend without MLE MImen 6.97
(3.48, 14.91) vs MIwomen 2.57 (2.16, 7.20); Wil-
coxon p = 0.0608).

Effects on Gut Hormones and IL-6

There were no differential effects of the blend
with MLE versus the blend without on the GLP-
1 or IL-6 response, neither for overall exposure
expressed as iAUC (Table 2) nor Cmax and Tmax

(Table 3). The GIP response on the other hand
differed and overall there was a reduced GIP
response (Table 2) with the blend containing
MLE [DiAUC0-60min vs blend without MLE - 7.5
(-12.0, -2.9) pmol/L 9 h, p\ 0.0023;
DiAUC0-120min vs blend without MLE -16.8
(-26.2, -7.4) pmol/L 9 h; DiAUC0-180min vs
blend without MLE -24.5 (-37.2, -11.8) pmol/
L 9 h, p = 0.0003]. Also, Cmax was less with the
MLE blend [difference in Cmax vs blend without
MLE - 13.5 (- 20.9, - 6.0) pmol/L, p = 0.0006],
but not Tmax (Table 3).

Effects on GE

No differential effects of the blend with MLE
versus the blend without were observed for GE
(Tables 2, 3).

Safety and Adverse Events

There were no serious adverse events reported
in this study, but one individual experienced
fatigue after intake of the blend with MLE that
resolved after 4 days.

Table 1 continued

All participants Participants from USA Participants from Singapore

eGFRc, ml/min/1.73 m2 88.8 (24.8) 96.1 (28.3) 82.4 (20.0)

Values are mean (standard deviation) or number of participants (%)
SBP systolic blood pressure, DBP diastolic blood pressure, BMI body mass index, ALAT alanine aminotransferase, ASAT
aspartate aminotransferase
aBased on n = 15
bAs identified by participants
cEstimated eGFR by MDRD formula
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DISCUSSION

In individuals with T2D of Asian origin, a 2-g
natural powder blend of MLE, dietary fiber,
vitamin D, and chromium significantly reduced
the overall glycemic burden and early insulin
response when taken with a carbohydrate-rich
breakfast, compared to a blend without the
MLE. These results are interesting from several
perspectives. Not only do they extend the pre-
vious relatively limited knowledge base about
MLE effects in T2D [29–33] but they also add to
the literature that this principle, with a refined
MLE, supports obtaining healthy glucose levels
and works even in the context of taking it with
a mixed meal, specifically breakfast, which is
identified as perhaps the most impactful meal
in regulation of diurnal glucose levels in people
without [51] or with T2D [52]. These data also
confirm that the predominant mode of action
of MLE is through reducing the rate of glucose
absorption, underscored by reductions in iAUC

and Cmax of glucose, and a reduced early insulin
response, without notable effects, as also
reported by others, on insulin sensitivity [22],
GLP-1, or GE.

In this study, we observed a differential effect
on GIP where a reduced GIP response was seen
with the MLE-based blend, which is at variance
with the data observed for the other incretin
analyzed in this study, i.e., GLP-1. Aside from
potential unknown assay issues, this could be
related to the reduced hyperosmolarity of glu-
cose in the duodenum and a reduced glucose
load for the nutrient-sensing L cells, related to
the inhibition of enzymes involved in carbo-
hydrate cleavage [53, 54], which find support
from observations reported by interventions
following similar treatment principles specifi-
cally for GIP [55, 56]. Another more speculative
theory is that the blend with MLE contributes to
an acute improvement in ‘‘GIP resistance’’, a
pathophysiologic feature described in T2D of
unknown clinical relevance [57].

Fig. 2 Glucose trajectory over 3 h following with-meal
consumption of a 2-g blend with mulberry leaf extract
(? MLE) or without (- MLE) with a breakfast meal in

people with type 2 diabetes. Glu glucose, iAUC incremen-
tal area under the curve, SE standard error, h hours
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An interesting concept with this blend, and
which represents a study novelty, is that in
contrast to many previous studies conducted

with MLE, we combined the MLE with three
other bioactive ingredients, i.e., vitamin D3,
chromium, and dietary fiber, with the rationale

Table 3 Cmax and Tmax of the glucometabolic and inflammatory parameters, and acetaminophen, assessed over 3 h fol-
lowing with-meal consumption of a 2-g blend with mulberry leaf extract (? MLE) or without (- MLE) with a breakfast
meal in people with type 2 diabetes

Cmax Tmax

Blend with
MLE

Blend
without MLE

Comparison
1 MLE vs 2
MLE

Blend
with MLE

Blend
without
MLE

Comparison 1 MLE
vs 2 MLE

Glucose 4.4

[4.0, 4.8]

mmol/L

5.2

[4.7, 5.6]

mmol/L

- 0.8

[- 1.2, - 0.3]

mmol/L

p = 0.0006

67.3

[57.0,

77.6]

min

66.4

[56.1, 76.7]

min

1.0

[- 11.4, 13.4] min

p = 0.8773

Insulin 36.4

[27.2, 45.6]

lU/mL

36.8

[27.5, 46.1]

lU/mL

- 0.5

[- 8.0, 7.1]

lU/mL

p = 0.903

100.8

[86.1,

115.6]

min

100.9

[85.9, 116.0]

min

- 0.1

[- 19.6, 19.4] min

p = 0.9933

GLP-1 12.8

[9.3, 16.3]

pmol/L

10.4

[6.9, 13.9]

pmol/L

2.4

[- 2.2, 6.9]

pmol/L

p = 0.2919

64.8

[43.9,

85.7]

min

50.1

[29.5, 70.6]

min

14.7

[- 14.6, 44.0] min

p = 0.3187

GIP 19.3

[14.0. 24.7]

pmol/L

32.8

[27.6, 38.0]

pmol/L

- 13.5

[- 20.9, - 6.0]

pmol/L

p = 0.0006

78.5

[59.8,

97.1]

min

82.8

[64.4, 101.1]

min

- 4.3

[- 30.3, 21.8] min

p = 0.7424

IL-6 1.4

[0.9, 1.9] pg/

mL

0.9

[0.4, 1.3] pg/

mL

0.5

[- 0.1, 1.2] pg/

mL

p = 0.1194

125.3

[86.3,

164.2]

min

119.5

[83.1, 155.9]

min

5.8

[- 33.3, 44.8] min

p = 0.7577

Acetaminophen 12,625

[11,198,

14,051] ng/

mL

12,600

[11,173,

14,026] ng/

mL

25

[- 1124,

61,175] ng/

mL

p = 0.9647

50.8

[37.8,

63.8]

min

36.8

[23.8, 49.8]

min

14.0

[- 1.9, 29.8] min

p = 0.0810

Data given as mean [95% CI]
MLE mulberry leaf extract, GLP-1 glucagon-like peptide 1, GIP glucose-dependent insulinotropic polypeptide, IL-6
interleukin-6
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that these additional ingredients of the blend
would represent a reasonable source of these
(micro)nutrients, given that many people across
the globe are on the lower side of adequate daily
nutrient intake, which is in particular true for
people with T2D [58–60]. In addition, these
ingredients have been implied to offer glycemic
benefits [36, 37, 39–43, 61] which may offer
additivity with the MLE, although some of the
effects of particular blend ingredients for glu-
cose benefits have been debated [62–64], in
particular low-dose vitamin D3. Thus, this mix
can provide added nutritional value to people
with T2D, thus supporting long-term adher-
ence, which is also supported by recent guide-
lines [65] that now advocate a ‘‘patient-centered
approach,’’ where, for many people with T2D,
nutritional supplements, if supported by evi-
dence, tend to be desired over adding another
medication.

Limitations and Strengths

Although combining MLE with other bioactive
ingredients is a strength and novelty of this
study, the combinatory approach might also be
considered a limitation of the current study, as
it gives rise to difficulties in comparing the
results with studies involving only MLE versus a
metabolically inert comparator.

Additional limitations of this study include
acute dosing only in relation to a breakfast
meal, and we can therefore not extrapolate the
results directly to what happens with longer-
term use, or to use with multiple meals per day.
However, it is conceivable to believe that the
glucometabolic effects would be long-lasting, as
seen in other longer-term studies using MLE
[15, 25–27, 32, 33], and also would work when
given twice or thrice daily [15, 25–27, 32, 33]. A
reduction in iAUC of 15–20% we believe is rel-
evant, as illustrated by the effect of the phar-
maceutical agent linagliptin, where a lowering

Fig. 3 Insulin trajectory over 3 h following with-meal
consumption of a 2-g blend with mulberry leaf extract
(? MLE) or without (- MLE) with a breakfast meal in

people with type 2 diabetes. Glu glucose, iAUC incremen-
tal area under the curve, SE standard error, h hours
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of 3-h AUC of 14.7% translated into a 0.22%-
point HbA1c reduction after 4 weeks [66]. We
also included participants with Asian origin
only, which may not be representative of how
other populations may respond. However, as
there is a large amount of supportive data in
other populations [67], in particular in Cau-
casians [19, 21, 28, 31, 33], we do think that the
results are reasonably translatable. Finally, there
were some differences in baseline characteristics
between the participants from the US and Sin-
gapore site, and owing to sample size, some
post hoc analyses were not evaluated statisti-
cally. The latter could potentially have influ-
enced some results; however, we did adjust for
site in our statistical approach, which should
take care of this potential confounder.

CONCLUSIONS

A 2-g natural powder blend of MLE and dietary
fiber, vitamin D, and chromium significantly
reduced the overall glycemic burden and early
insulin response when taken with a carbohy-
drate-rich breakfast in T2D, compared to a
blend without the MLE, suggesting its use as a
convenient dietary adjuvant to improve PP
glucometabolic response.
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