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Abstract: Milk proteins have been hypothesized to protect against type 2 diabetes (T2DM) by
beneficially modulating glycemic response, predominantly in the postprandial status. This potential
is, amongst others, attributed to the high content of whey proteins, which are commonly a product of
cheese production. However, native whey has received substantial attention due to its higher leucine
content, and its postprandial glycemic effect has not been assessed thus far in prediabetes. In the
present study, the impact of a milk protein hydrolysate of native whey origin with alpha-glucosidase
inhibiting properties was determined in prediabetics in a randomized, cross-over trial. Subjects
received a single dose of placebo or low- or high-dosed milk protein hydrolysate prior to a challenge
meal high in carbohydrates. Concentration–time curves of glucose and insulin were assessed.
Incremental areas under the curve (iAUC) of glucose as the primary outcome were significantly
reduced by low-dosed milk peptides compared to placebo (p = 0.0472), and a minor insulinotropic
effect was seen. A longer intervention period with the low-dosed product did not strengthen glucose
response but significantly reduced HbA1c values (p = 0.0244). In conclusion, the current milk protein
hydrolysate of native whey origin has the potential to modulate postprandial hyperglycemia and
hence may contribute in reducing the future risk of developing T2DM.
Keywords: alpha-glucosidase inhibitor; biopeptides; blood glucose; glycemic control; hyperglycemia;
milk peptides; postprandial; prediabetes; pre-meal; type 2 diabetes

1. Introduction
Insulin resistance, a condition established by genetic and environmental factors, leads to impaired
glucose tolerance due to an imbalance between insulin sensitivity and insulin secretion. This so-called
prediabetic status plays an important pathophysiological role in the development of type 2 diabetes
mellitus (T2DM) and is a hallmark of obesity, dyslipidemias, and other major risk factors contributing
to the metabolic syndrome [1]. Over the years, our understanding of insulin resistance has improved
tremendously, while T2DM is expected to have increasing detrimental effects on the health of
populations and healthcare systems. Aside from preventive activities, to combat sedentary lifestyles
and unbalanced diets in particular, reducing postprandial glycemia is as important as lowering fasting
blood glucose levels to limit (or at least delay) the appearance of T2DM in at-risk individuals, and
even modest postprandial hyperglycemia may lead to β-cell dysfunction [2,3]. As such, numerous
studies have consistently demonstrated that pathophysiological abnormalities associated with an
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increased postprandial hyperglycemia ≥155 mg/dL (value of 1 h postload glucose concentration)
including impaired insulin sensitivity, β-cell dysfunction, and increased glucose intestinal absorption,
which are linked to an increased risk for future T2DM [2]. Most anti-diabetic agents that are
currently available reduce fasting blood glucose levels but have little impact on postprandial glycemic
excursions and thus do not normalize postprandial hyperglycemia [4]. In this context, simple dietary
modifications, proper nutrition, and exercise may modify postprandial derailments; also, there is
growing interest in food components that may beneficially modulate glycemic response, predominantly
in the postprandial status.
There are many scientific reports highlighting the role of biologically active peptides derived
from food proteins (e.g., milk, eggs, plant proteins), and clinical studies revealed that protein-rich
dairy products are beneficial for reducing the risk of developing T2DM due to their glycemic and
insulinotropic effect to improve glycemic status [5–8]. Thereby, the possible protective mechanism has
been ascribed to the protein fraction [9–11]. Such biologically active protein fragments are released from
parent proteins after enzymatic action (e.g., protein hydrolysis in the digestive tract) and positively
influence various functions of the human body by interacting with enzymes or receptors [12,13].
Moreover, it is assumed that milk proteins have more effects on metabolic response in subjects with
disturbed glucose metabolism [14]. Milk comprises two protein fractions, the slowly digestible
casein and the fast digestible whey fraction [15]. Whey from native origin is produced by direct
filtration of pasteurized skimmed milk and is therefore a more native protein compared to whey
protein from cheese production with more denaturated protein character and less leucine content
than native whey [16]. A further degradation of proteins is achieved by hydrolysis in mainly diand tri-peptides via proteolytic enzymes in the digestive tract, resulting in a complex mixture of
peptides of different length and free amino acids [17]. The hydrolysis process may change the
kinetic pattern of the specific protein fractions, as shown for casein with more rapid digestion
characteristics [15,18,19] and for whey with an improved absorption in a perfused human jejunum
model [20]. Milk-derived bioactive peptides can be encrypted in both casein (α-, β-, and γ-casein) and
whey proteins (β-lactoglobulin, α-lactalbumin, serum albumin, immunoglobulins, lactoferrin, and
protease-peptone fractions) [21]. Also, milk protein hydrolysates were previously analyzed for their
antidiabetic properties due to inhibition of alpha-glucosidase, a carbohydrate degrading digestive
enzyme [22,23]. Counteracting alpha-glucosidase action through inhibition delays carbohydrate
hydrolysis and consequently extends its digestion time (gastric emptying), which results in reduced
glucose absorption from the gastrointestinal tract. Thus, postprandial levels of blood glucose and
insulin are reduced [23,24]. The alpha-glucosidase inhibitor acarbose was shown to be an effective and
valuable option in delaying or preventing the progression to T2DM [25]. However, this oral antidiabetic
drug is known to cause gastrointestinal side effects when used as long-term therapy. Thus, in the last
few years, progress has been attained in the search for new peptide alpha-glucosidase inhibitors, either
synthetic or of natural origin.
The purpose of our study was to evaluate whether a proprietary milk protein hydrolysate
of native whey origin containing alpha-glucosidase inhibiting bioactive peptides might improve
postprandial glucose profile after single dosage or after a six week intervention period in prediabetic
subjects. Therefore, both glucose response and insulin secretion were assessed from individual
concentration–time curves. We used Pep2Dia® as an investigational product containing a bioactive
arginine-proline (AP) dipeptide with alpha-glucosidase inhibiting properties. Based on literature and
on proprietary in vitro studies according to Kang et al. [26] (European Patent EP 3,107,556), there is
evidence that the current milk protein hydrolysate acts on the inhibition of alpha-glucosidase with an
IC50 value of 0.0025 mg/mL and thereby reduces glucose absorption from the gastrointestinal tract [27].
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2. Materials and Methods
2.1. Study Subjects
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Figure 1. Subject recruitment flow chart.
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individually regarding interference with the study by an investigator. Any concomitant chronic
disease medication and medication used for the treatment of adverse events (AEs) was documented.
With regard to the 84 subjects given information and pre-screened by phone interview, the
inaptitude was due to fasting glucose levels ≤100 mg/dL or >125 mg/dL in previous laboratory
reports from subjects’ physician, BMI >35 kg/m2, metformin medication, lack of interest/response,
and time collision.
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interference with the study by an investigator. Any concomitant chronic disease medication and
medication used for the treatment of adverse events (AEs) was documented.
With regard to the 84 subjects given information and pre-screened by phone interview, the
inaptitude was due to fasting glucose levels ≤100 mg/dL or >125 mg/dL in previous laboratory
reports from subjects’ physician, BMI >35 kg/m2 , metformin medication, lack of interest/response, and
time collision.
This study was conducted in orientation towards the guidelines of the Declaration of Helsinki and
Good Clinical Practice. The protocol and all documents were approved by the Institutional Review
Board (IRB) of Landesärztekammer Baden-Württemberg with the reference number F-2018-062. A
written informed Consent Form was obtained from all participants prior to screening evaluations. The
present study was registered with ClinicalTrials.gov (ID: NCT03,932,695).
2.2. Study Design
The study was performed as a randomized, double-blind, placebo-controlled, monocentric,
3-way-cross-over study with 21 eligible subjects under fasted conditions at the study site of
BioTeSys GmbH, Esslingen, Germany. A CONSORT 2010 checklist of information is included
in the Supplementary Materials (Table S1). There was a wash-out period of 7 days between the study
days to assess postprandial glucose response after a challenge meal. Within the cross-over study
design, subjects received all interventions randomly allocated to 3 sequence groups.
Following an overnight fasting period of at least 10 h, a permanent venous catheter was inserted,
and baseline blood (time points were 10 min and 5 min prior to challenge meal) was examined at the
three visits within the cross-over study (kinetic days). Subjects received a single dose of placebo or
1400 mg (low dose) or 2800 mg (high dose) bioactive peptides from milk protein hydrolysate 15 min
prior to a challenge meal high in carbohydrates (consisting of white bread, jam, and butter standardized
to 75 g carbohydrates), and blood was further sampled at 15, 30, 45, 60, 90, 120, 150, and 180 min after
the intake of the challenge meal. All participants received the two dosages of the study product and
the placebo, and effects were compared to the placebo.
Additionally, an open-label single arm phase was performed with a daily intake of the low dose
milk peptide concentration for 6 weeks to estimate effects over a longer period. After the 6 week
intervention period, the postprandial assessment after the intake of 1400 mg bioactive peptides from
milk protein hydrolysate 15 min prior to a challenge meal was repeated comparable to the cross-over
phase. Subjects were encouraged not to change their food habits and physical activity during the
study. Therefore, nutrition habit questionnaires were filled in during screening after the single dose
cross-over study (= before 6 week intervention) and after 6 week intervention within the open-label
single arm design. Thereby, subjects were asked about their food habits using a semi-quantitative
short questionnaire assessing different food categories (fruit, vegetables, sausage, meat, intake of dairy
products, sweets including beverages).
Blood analysis comprised determination of glucose and insulin plasma concentration over time at
defined intervals besides blood routine parameters such as hematogram or total cholesterol. Subjects
were asked to avoid alcohol 24 h before each study visit and to consume standardized meals 24 h
prior to each visit to control for external confounding factors. In detail, breakfast was individually
standardized, and for lunch, tortellini with pesto was served. Furthermore, a standardized snack
(apple and cookie) was provided, and bread with cream cheese “Frischkäse” and cucumber had to be
consumed as dinner. Additionally, subjects were not allowed to consume food or drink anything other
than water for at least 10 h before testing, and no strenuous physical activity or endurance sports were
allowed within 24 h before the study visits. In the morning of the study visits, subjects were instructed
to drink a minimum of 200 mL water after waking up before they came to the study site.
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2.3. Intervention
The investigational product (Pep2Dia® ) was a milk protein hydrolysate from native whey protein
containing a bioactive arginine-proline (AP) dipeptide (between 0.15% and 0.4%) with alpha-glucosidase
inhibiting properties. The proprietary compound was prepared by Ingredia S.A. (Arras CEDEX, France)
and was produced from native whey extracted by filtration according to Boutrou et al. [28]. Furthermore,
a protease was used to perform the respective procedure. The protein is composed of 100% soluble
protein with mainly β-lactoglobulin and α-lactalbumin. The profile of the peptides in the investigational
product was as follows: 94.5% with a molecular weight (MW) <5000 Da, 0.5% with 5000–10,000 Da MW,
and 5% with a MW > 10,000 Da. The products were provided in capsules (vegetable fiber) with 350 mg
of milk protein hydrolysate per capsule (which includes, on average, 0.96 mg AP peptide). Maltodextrin
with dextrose equivalent of 9 (DE9) was used as placebo with 350 mg per capsule. For single dose
intake, 4 verum capsules and 4 placebo capsules (low dose) or, for high dose, 8 verum capsules
were taken 15 min prior to a challenge meal. In the open-label single arm phase, subjects consumed
the investigational product (4 verum capsules) daily 15 min prior to lunch, and at the study visit,
subjects ingested 4 verum capsules after an overnight fasting period 15 min prior to a challenge meal.
Manufacturing and encapsulation were carried out in compliance with Good Manufacturing Practice
conditions, and all excipients as well as capsule shells met the current European food regulations. Size,
shape, color, odor, and secondary packaging were identical between verum and placebo capsules to
ensure double-blind conditions. Capsules were provided by Ingredia S.A. (Arras CEDEX, France), and
subjects received either placebo or low dose (1400 mg) or high dose (2800 mg) milk protein hydrolysate.
2.4. Sample Collection and Processing
Venous blood samples were taken at screening visits to assess safety parameters (differentiated
hematogram and clinical laboratory). At the same day, analyses with standard methods were performed
at an accredited laboratory (Synlab Medizinisches Versorgungszentrum Leinfelden-Echterdingen,
Germany). Blood samples were centrifuged at 3000× g for 10 min at 4 ◦ C, and aliquots for spare
samples for the determination of glucose and insulin were taken. Plasma glucose was analyzed
using the Atellica® CH analyzer (Siemens Healthcare GmbH, Germany; assay: Atellica CH Glucose
Hexokinase_3, Ref. 11,097,592) with enzymatic UV detection based on the glucose hexokinase method.
Briefly, glucose-6-phosphate formed from glucose and ATP by hexokinase was oxidized by NAD+ in
a reaction catalyzed by glucose-6-phosphate dehydrogenase to give NADH, which was quantitated
spectrophotometrically at 340/410 nm. Serum insulin was analyzed using the Atellica® IM analyzer
(Siemens Healthcare GmbH, Germany; assay: Atellica IM IRI, Ref. 10,995,628) with insulin detection
based on a sandwich-type of electrochemiluminescence immunoassay using two monoclonal antibodies
against insulin. Thereby, insulin quantification was linked to the number of relative light units (RLUs).
Fasting blood glucose was controlled in finger prick samples using the HemoCue Glucose 201+
Analyzer (HITADO GmbH, Möhnesee, Germany) on the morning of each study day.
2.5. Methods for Safety (Adverse Events, Concomitant Medication, and Tolerability)
During the study intervention, the subjects documented any adverse events and concomitant
medication. The tolerability was assessed at the end of the study days. The subjects rated overall
tolerability to three categories from “well tolerated”, “slightly unpleasant”, or “very unpleasant”.
2.6. Data Analysis and Statistics
Based on previous data [29] reporting a reduction of postprandial glucose levels after a challenge
meal with different milk proteins with up to 18% reduction, a conservative assumption with a reduction
of 11% was applied for the prior sample size calculation, resulting in an effect size of d = 0.74. Based
on the following input details—alpha error problem of α = 0.05, actual power of 80%, correlation
between groups of 0.5—a sample size of n = 17 subjects was estimated, which was applied for the 3-way
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cross-over design in phase I. Considering a drop-out rate of 15% and equally sized sequence groups
for the 3-way cross-over design in phase I, the study was performed with n = 21 subjects. The part II
open-label phase was planned to be exploratory as a first proof of concept study to estimate long-term
effects and to gain first experiences for further clinical studies. Pharmacokinetic parameters were
individually calculated with the blood concentration–time curves. As the primary efficacy endpoint,
the incremental area under the observed concentration–time curve above the baseline (iAUC), more
precisely iAUC0–180 min , was calculated by applying the trapezoidal rule with the y-axis, defined by
glucose plasma concentration, and the x-axis defined via sampling time points. Secondary efficacy
target variables were iAUC0–180 min of insulin, total AUC0–180 min , and ∆Cmax of glucose and insulin.
Primary and secondary endpoints were analyzed using a linear mixed model of iAUC with treatment
(3 levels), period (3 levels), sequence (3 levels), and baseline blood glucose level within study periods as
fixed effects and subject as random effect. Due to the 7 days wash-out period, examination of possible
carry-over effects was not foreseen. The residuals of this model were checked for normality using
the Shapiro–Wilk test with an alpha level of 0.05. If applicable, data were log transformed prior to
analysis. Multiple pairwise comparisons of least squares means of primary and secondary endpoints
were adjusted by the method of Dunnett–Hsu in order to assess differences between the two active
treatments and placebo. Data of the cross-over design are presented as least square means with 95%
confidence interval (CI).
Moreover, in the open-label study period, besides HbA1c values, the homeostasis model assessment
(HOMA) index and the Matsuda index were used to evaluate the impact of the study product intake
during a longer period on insulin sensitivity, and comparisons were performed between the baseline
and the end of intervention. Additionally, during the open-label study period of 6 weeks, the
pharmacokinetic endpoints after the challenge test were compared with placebo during the study
phase I. Data were evaluated using a paired t-test. In case of non-normal distribution of data, a
Wilcoxon signed-rank test was applied. Data of the open label phase are presented as means with
95% CI. All 21 subjects were included in the analysis. Statistical tests were performed two-sided,
and p values < 0.05 were statistically significant. Statistical evaluation, summary tables, and graphs
were generated using GraphPad Prism software (La Jolla, CA, USA) and SAS V9.4 statistical software
(SAS Institute, Cary, North Carolina).
3. Results
3.1. Subject Characteristics
The investigated study population was a non-smoking prediabetic study group, on average
62.4 years (95% CI: 60.0–64.9) old with a BMI of 28.1 kg/m2 (95% CI: 26.3–30.0). A total of 21 subjects
(n = 13 women, n = 8 men) completed the study.
Table 1 presents the participants’ demographic data and screening data. Vital signs and blood
routine parameters were within normal range. None of the subjects were vegetarian or vegan, and 52%
of the participants practiced sports on a regular basis.
Table 1. Demographic and screening data.
Variable
Age (years)
BMI (kg/m2 )
Systolic BP (mmHg)
Diastolic BP (mmHg)
HbA1c (%)
Fasting plasma glucose (mg/dL)

Prediabetics (n = 21)
Mean
62.4
28.1
134.7
83.9
5.83
109.6

95% CI
(60.0–64.9)
(26.3–30.0)
(127.3–142.1)
(79.6–88.2)
(5.69–5.97)
(105.3–113.9)

BMI: body mass index; BP: blood pressure; HbA1c : glycated haemoglobin.
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Subjects were advised not to change their eating habits, which were controlled by a
semi-quantitative nutrition habit questionnaire comprising 24 food categories. There was no significant
change over intervention period (p = 0.2148). Fasting baseline values of glucose and insulin did not
differ among the single dose treatment days (p > 0.05). Regarding the homeostasis model assessment
of insulin resistance (HOMA-IR), a parameter that estimates insulin sensitivity considering the relation
between fasting insulin and fasting glucose, was—on average—clearly above the cut-off level of
two [30], indicating insulin resistance and not different among the testing days (placebo: 2.95; low dose:
Nutrients 2019, 11, x FOR PEER REVIEW
7 of 16
2.80;
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in plasma glucose of 44.8 mg/dL (95% CI: 35.9–53.8) vs. 52.8 mg/dL (95% CI: 43.9–61.8) for placebo
(p = 0.0237) vs. 49.1 mg/dL (95% CI: 40.1–58.0) for high dose milk peptides (Table 2). In addition,
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whereas the high dose milk peptides were not statistically different to the placebo (p = 0.1749) (Table 2).
The secondary endpoint ∆Cmax , the maximum increase of glucose above baseline, confirmed the
significant postprandial glucose lowering effect of the low dose milk peptides with a mean increase
in plasma glucose of 44.8 mg/dL (95% CI: 35.9–53.8) vs. 52.8 mg/dL (95% CI: 43.9–61.8) for placebo
(p = 0.0237) vs. 49.1 mg/dL (95% CI: 40.1–58.0) for high dose milk peptides (Table 2). In addition,
analyses of total AUC0–180 min and Cmax revealed statistical significance for the low dose milk peptides
in comparison to the placebo (low dose vs. placebo: AUC0–180 min : 21,931 vs. 23,073 mg/dL × min,
p = 0.0313; Cmax : 152.1 mg/dL (95% CI: 143.1–161.0) vs. 160.1 mg/dL (95% CI: 151.1–169.0), p = 0.0237).
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Table 2. Postprandial glucose incremental areas under the curve (iAUC) and ∆Cmax of glucose after single dose intake of placebo or low-or high-dosed milk protein
hydrolysate. Group means referred to least squares (LS) means.
Glucose

Placebo

Low-Dosed Milk Protein Hydrolysate

High-Dosed Milk Protein Hydrolysate

Variable

LS Mean 95% CI

LS Mean 95% CI

Treatment Difference
95% CI

p

LS Mean
95% CI

Treatment Difference
95% CI

p

iAUC0–180 min
(mg/dL × min)

4312.0 (2938.4–5685.6)

3441.1 (2066.9–4815.3)

−870.9 (−1732.4–−9.5)

0.0472

3685.8 (2312.6–5059.0)

−626.2 (−1480.5–228.1)

0.1749

∆Cmax (mg/dL)

52.8 (43.9–61.8)

44.8 (35.9–53.8)

−8.00 (−15.02–−0.98)

0.0237

49.1 (40.1–58.0)

−3.78 (−10.75–3.19)

0.3627

Postprandial glucose incremental areas under the curve (iAUC) and ∆Cmax of glucose after single dose intake of placebo or low-or high-dosed mil
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Figure 4. Insulin responses to low and high dose milk protein hydrolysate containing bioactive peptides
consumed 15 min prior to a challenge meal. Data represent mean ±95% CI.

3.4. Six Week Intervention with Low Dose Milk Peptides
Plasma concentrations of fasting blood glucose and fasting insulin after six weeks of low dose milk
www.mdpi.com/journal/nutrients
intervention were comparable with
the fasting conditions prior to the challenge meal with
single dose placebo intervention [baseline vs. six week intervention: 108.0 mg/dL (95% CI: 103.6–112.4)
vs. 106.8 mg/dL (95% CI: 102.4–111.1) for glucose (p = 0.5165); 11.01 mg/dL (95% CI: 8.68–13.34) vs.
10.67 µU/mL (95% CI: 8.22–13.12) for insulin (p = 0.3352)]. Approximation of whole-body insulin
sensitivity, which combines both hepatic and peripheral tissue insulin sensitivity, was performed by
assessment of the Matsuda index; 61.9% of subjects were in the pathological range with values <4,
9.5% in the borderline range with values between 4 and 6, and 28.6% were in the normal (healthy)
range with values of 6–12 at baseline, defined as the condition prior to the six week intervention period.
Daily intake of low dose milk peptides for six weeks did not result in a change of HOMA-IR (baseline
vs. six week intervention: 2.87 (95% CI: 2.28–3.45) vs. 2.84 (95% CI 2.14–3.53); p = 0.5202)), but resulted
in a slight increase of the Matsuda index by trend [baseline vs. six week intervention: 4.32 (95% CI:
3.21–5.43) vs. 4.59 (95% CI: 3.48–5.71); p = 0.0952)] (Figure 5a). There was a significant reduction of
HbA1c levels after a six week intervention treatment with low dose milk peptides resulting in HbA1c
values of 5.69% (95% CI: 5.58–5.79) compared to baseline values of 5.78% (95% CI: 5.67–5.89) with
p = 0.0244 (Figure 5b). Notably, 11 out of 21 subjects (52.4%) completed with HbA1c levels <5.7% after
the six week intervention period.
In accordance with the single dose treatment, the concentration–time curve of postprandial plasma
glucose concentration in response to the challenge meal after six week intervention with low dose milk
peptides was below the placebo intervention at all time points (0–180 min) (Figure 6). However, the six
week intervention period did not strengthen the acute postprandial glucose response in comparison
with the single dose intake of low dose milk peptides, as iAUC values of glucose were similar [single
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In accordance with the single dose treatment, the concentration–time curve of postprandial
plasma glucose concentration in response to the challenge meal after six week intervention with low
dose milk peptides was below the placebo intervention at all time points (0–180 min) (Figure 6).
However, the six week intervention period did not strengthen the acute postprandial glucose
response in comparison with the single dose intake of low dose milk peptides, as iAUC values of
glucose were similar [single dose vs. six week intervention: 3423 mg/dL × min (95% CI: 2181–4664)
vs. 3577 mg/dL × min (95% CI: 2305–4849); p = 0.6766)] but statistically different to placebo (p = 0.037).
Moreover, glucose response analyses in terms of ∆Cmax and total AUC0–180 min supported the
abovementioned primary endpoints and confirmed the significant postprandial glucose lowering
effects after low dose milk peptides intervention over a longer period of six weeks (placebo vs. six
week intervention: 53.1 mg/dL (95% CI: 44.1–62.1) vs. 47.5 mg/dL (95% CI: 39.2–55.9), p = 0.0399 for
.
∆Cmax, and 23,211 mg/dL × min (95% CI: 21,280–25,143) vs. 22,099 mg/dL × min (95% CI: 20,393–
Figure 6. Glucose responses after six week intervention with low dose milk protein hydrolysate
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Figure
6. Glucose
responses
after six week intervention with low dose milk protein hydrolysate
containing bioactive milk peptides and after challenge meal. Data represent mean ±95% CI.
containing bioactive milk peptides and after challenge meal. Data represent mean ±95% CI.
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native whey origin containing a bioactive AP dipeptide on postprandial glucose and insulin
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dose intake, no adverse events (AEs) were reported. In terms of the six week intervention period
with low dose milk peptides, a total of 14 adverse events were assessed by 10 subjects (predominantly
headaches (6 x) and common cold (5 x)). Of those AEs, one serious adverse event (SAE) was reported
on one surgery accompanied with hospitalization. None of the AEs were related to the study product.
4. Discussion
In the present study, we investigated the impact of a proprietary milk protein hydrolysate from
native whey origin containing a bioactive AP dipeptide on postprandial glucose and insulin responses
after a challenge meal in prediabetic subjects after a single dosage regimen or over a longer period
of six weeks. Based on literature and on proprietary in vitro studies according to Kang et al. [26]
(European Patent EP 3107,556), there is evidence that the current milk protein hydrolysate containing
bioactive AP dipeptides acts on the inhibition of alpha-glucosidase with an IC50 value of 0.0025 mg/mL
and thereby reduces glucose absorption from the gastrointestinal tract [27]. The amount of the
bioactive AP dipeptide per capsule is, on average, 0.96 mg and thus in line with the content of already
published bioactive peptides of whey protein origin [31], irrespective of the metabolic effects. The
concentration–time curves indicated that the study product has the potential to counteract postprandial
hyperglycemia in prediabetic subjects. After single dose application, effects on glucose response were
slightly more distinct by intake of low-dosed milk peptides (1400 mg) 15 min prior to a challenge meal
in comparison to the high dose (2800 mg) in terms of reduced iAUC glucose. Compared to placebo, a
significant difference was seen for the low dosage (p = 0.0472) but not for the high dose. Of note, no
linear dose–response relationship could be revealed. This might have been due to the multi-peptide
characteristics, and interactions of single components in different concentrations might have been
responsible for the limited dose–response. However, this needs further exploration in future studies.
In addition, the secondary endpoints ∆Cmax , AUC0–180 min, and Cmax supported the findings for the
primary endpoint iAUC and confirmed the significant postprandial glucose lowering effects after
single dose intake of the low-dosed milk peptide.
Milk protein hydrolysates were previously analyzed for their antidiabetic properties with an
alpha-glucosidase inhibiting effect [22,23]. Thereby, potent peptide fractions of a whey protein
concentrate were identified with high biological activities of peptide fractions with a molecular weight
lower than 33 kDa [32]. In what way the biological activity due to molecular weight might be causative
for the postprandial glucose response exceeds the objective of the current study. Compared to already
published literature in which the pre-meal effect of milk proteins (whey proteins) were analyzed in
subjects with and without T2DM, an absent glucose response was demonstrated in both groups [14]
owing to the insulinotropic rather than the glycemic effect of whey protein, which has higher amounts
of lysine, threonine, tryptophan, leucine, and isoleucine [33]. Of note, recent in vitro data using
preadipocytes revealed that the tripeptides IPP (Ile-Pro-Pro) and VPP (Val-Pro-Pro), which are derived
from milk casein, enhance insulin sensitivity and contribute toward the prevention of insulin resistance
in the presence of tumor necrosis factor [34]. VPP-mediated improved insulin sensitivity was also
confirmed in diet-induced obese mice by decreasing pro-inflammatory cytokines in adipose tissue [35].
Further, it is known that whey and casein proteins differentially affect postprandial glucose and insulin
response. It was shown that insulin secretion was greater with whey protein than with casein, whereas
incretin responses in terms of GLP-1 tended to be lower with casein than with whey protein [36].
Analysis of iAUC of insulin release of the individual concentration–time curves revealed that the
study product’s impact on insulin release was minor, evident from the response to the challenge meal.
However, after single dose application there was, although descriptively, on average a slight reduction
of iAUC of insulin after intake of the low-dosed milk peptide in comparison to the placebo but without
reaching statistical significance.
One has to take into account that differential patterns in insulin response after milk protein intake
were reported between studies, which may be the result of a number of fundamental differences
in study design, such as preload design and the type of milk proteins, protein amount, or altered
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milk peptides/bioactive peptide sequences. Results of our study contrast with previous literature
demonstrating a significantly reduced glucose response with a concomitant increase in insulin AUC
by intake of 18 g milk protein (whey) to 25 g glucose [37]. This effect was ascribed to amino acid
availability, which may potentiate the increased insulin response since plasma amino acids also
increased in a dose-dependent manner. Similarly, a combination of whey and free amino acids induced
a rapid insulinotropic effect, which influenced early glycemia [38]. Further literature demonstrated
an insulinotropic effect of milk proteins or whey protein in terms of higher insulin release [14,39,40].
It is discussed that the insulinotropic properties appear to originate from a specific postprandial
plasma amino acid pattern with predominantly isoleucine, leucine, lysine, threonine, and valine, the
main amino acids of whey protein [38]. Whether the difference in the respective glycemic and/or
the insulinotropic responses of the current milk protein hydrolysate with bioactive peptides might
be related to a different incretin pattern or to changes in plasma amino acid concentration was not
clarified in the present study. However, one has to mention that the current milk protein hydrolysate is
of native whey origin, the cleanest and the least processed whey protein available, whereas most of
clinical trials used regular whey protein from cheese whey (e.g., [14,33,37,38,41]). Due to the process of
creating native whey, namely filtration of pasteurized skimmed milk, more proteins remain intact and
thus there is a higher leucine content than the more common whey protein concentrate from cheese
production [42]. Of note, it has been shown that intake of native whey protein induces greater leucine
blood concentrations than other whey protein supplements [16]. Whether the higher leucine content of
the native whey protein might be causative for the more glycemic than insulinotropic response after
the challenge meal is speculative but might be an explanation to already published data from other
groups using regular whey protein from cheese whey.
In addition, it may be considered that a glycemic response does not necessarily impact insulin
release. In this context, the inconsistency between glycemic and insulinotropic responses to fresh milk
and two fermented milk products in healthy subjects was previously addressed [39]. However, it is
known that whey protein in particular tends to be less glycemic and more insulinotropic [40], and
casein, another bioactive milk component, was reported to reduce the postprandial rise in blood glucose
by an increased insulin response and blood glucose disposal in T2DM subjects when coingested with
carbohydrates [43–45]. Interestingly, one study assessed the glycemic response following consumption
of liquid protein preloads of whey (55 g) and casein (55 g) in comparison with lactose (56 g) and glucose
(56 g) controls in overweight, prediabetic subjects [41]. Although a significant reduction in glucose
response was shown, insulin concentrations were not affected. Furthermore, no impact on post-meal
insulinaemia in accordance with a 16% reduction in post-meal glycemia over 360 min in overweight
subjects further supports observations of the current study product [46]. Thus, one might assume
that the current milk protein hydrolysate containing bioactive peptides may influence plasma glucose
via insulin-independent mechanisms. This is supported by in vitro experiments demonstrating the
alpha-glucosidase acting mode of action for the study product (unpublished data). Therefore, one
might speculate that the slight reduction in insulin release might be a secondary response due to lower
postprandial increase of glucose.
We further assessed the effect of the milk protein hydrolysate with bioactive peptides for a longer
period of six weeks with a daily intake of 1400 mg of the study product. Notably, this intervention
resulted in a slight improvement of whole-body insulin sensitivity (hepatic and peripheral tissue
insulin sensitivity) as assessed by the Matsuda index. The change was not significant (p = 0.0952),
which might be attributed to the limited samples size and needs further confirmation in future studies.
Additionally, one might assume that the current milk protein hydrolysate containing bioactive peptides
may influence whole-body insulin sensitivity secondary to its primary effects on alpha-glucosidase
inhibition, which were not obvious after the limited intervention period of six weeks. In addition, the
longer intervention period did not strengthen the postprandial effect on glucose response, as iAUC
values were comparable to those of single dose intake.
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In summary, the study product primarily influenced postprandial glycemia and secondarily
influenced insulin sensitivity in the whole body, suggesting rather insulin-independent mechanisms or
temporal changes in insulin sensitivity. Moreover, the six week intervention period accentuates the
more glycemic and less insulinotropic effect of the current milk protein hydrolysate, as the glycemic
marker HbA1c was significantly reduced (p = 0.0244). Notably, 52.4% of the subjects completed the
study with HbA1c levels < 5.7% after the six week intervention period, and the significant reduction of
HbA1c is worth mentioning in the short time period of six weeks, which has to be confirmed in further
studies with longer intervention periods.
Regarding study limitations, the current study was performed in cross-over design to control
for inter-individual variability. This variability cannot be estimated from the data, as study products
were only provided once to subjects. Nevertheless, data from the open-label single arm phase
performed with a daily intake of the low-dosed milk peptide concentration for six weeks suggest
minor inter-individual variability and overall confirmed the results of the three-way-cross-over study
with single dose intake regimen. Furthermore, one has to take into account that T2DM—and even the
prediabetic state—is a heterogeneous disease with multiple pathophysiologies. Both incretins and
microbiota in the gastrointestinal tract are known to be affected in prediabetics [47,48], which might
have an impact on the postprandial responses. Although these parameters were not assessed in this
study, the current results look very promising and should be confirmed in further investigations.
5. Conclusions
The objective of the current study was to assess whether alpha-glucosidase inhibiting bioactive
peptides from milk protein hydrolysate might improve postprandial glucose profiles in prediabetic
subjects. We demonstrated that low dose milk peptides had a significant impact on postprandial
blood glucose profile with more glycemic than insulinotropic properties in prediabetic subjects after
a challenge meal high in carbohydrates. This was confirmed after a single dose intake and after
a six week intervention period, whereas impacts on postprandial effects were not strengthened by
intervention over a longer period. Furthermore, the study product primarily influenced postprandial
glycemia and secondarily influenced insulin sensitivity in the whole body, as only a minor increase of
the Matsuda index and a slight but significant reduction of HbA1C levels were demonstrated after the
six week intervention period.
The investigated hydrolyzed milk-derived bioactive peptides (1.4 g/day) of native whey origin
seem to be promising and well-tolerated by prediabetic subjects to control postprandial glucose levels,
which should be confirmed in further clinical studies with longer intervention periods to ascertain the
benefits for glucose homeostasis.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/7/1700/s1,
Table S1: CONSORT 2010 checklist of information to include when reporting a randomized trial.
Author Contributions: Project administration and resources: C.S. and T.D. designed the study; Investigation: the
study was undertaken at the study site of BioTeSys GmbH under supervision of A.W., T.D., and C.S. Formal analysis
and visualization: C.S. and M.W. planned and performed statistical analysis and created the figures. Writing:
T.S. and C.S. drafted the manuscript and made the final approval of the published version. A.B. contributed
to discussion and manuscript revision. All authors significantly contributed to results interpretation, critical
manuscript revision, and approval of the final manuscript.
Funding: This research was funded by Ingredia S.A., France.
Acknowledgments: The authors would like to thank all subjects who took part in this clinical trial.
Conflicts of Interest: C.S., A.W., T.D., T.S.: employees of contracted research organization. M.W. is an independent
statistician supporting with data analysis. The study was financially supported by Ingredia S.A., France. The
sponsors contributed to the discussion about the study design and selection of outcome measures prior to the
study start. Planning and organization of the study and its realization, data analysis and report generating were
independently undertaken solely by BioTeSys GmbH and M.W. The authors from BioTeSys GmbH and M.W.
declare no conflict of interest regarding the publication of this paper.

Nutrients 2019, 11, 1700

15 of 17

References
1.
2.

3.

4.
5.
6.

7.
8.

9.
10.
11.
12.
13.
14.

15.

16.

17.
18.
19.

20.

21.

22.

DeFronzo, R.A.; Bonadonna, R.C.; Ferrannini, E. Pathogenesis of NIDDM: A balanced overview. Diabetes
Care 1992, 15, 318–368. [CrossRef]
Fiorentino, T.V.; Marini, M.A.; Andreozzi, F.; Arturi, F.; Succurro, E.; Perticone, M.; Sciacqua, A.; Hribal, M.L.;
Perticone, F.; Sesti, G. One-Hour Postload Hyperglycemia Is a Stronger Predictor of Type 2 Diabetes Than
Impaired Fasting Glucose. J. Clin. Endocrinol. Metab. 2015, 100, 3744–3751. [CrossRef]
Fiorentino, T.V.; Marini, M.A.; Succurro, E.; Andreozzi, F.; Perticone, M.; Hribal, M.L.; Sciacqua, A.;
Perticone, F.; Sesti, G. One-Hour Postload Hyperglycemia: Implications for Prediction and Prevention of
Type 2 Diabetes. J. Clin. Endocrinol. Metab. 2018, 103, 3131–3143. [CrossRef]
Kanat, M.; DeFronzo, R.A.; Abdul-Ghani, M.A. Treatment of prediabetes. World J. Diabetes 2015, 6, 1207–1222.
[CrossRef]
Jakubowicz, D.; Froy, O. Biochemical and metabolic mechanisms by which dietary whey protein may combat
obesity and Type 2 diabetes. J. Nutr. Biochem. 2013, 24, 1–5. [CrossRef]
Li, J.; Janle, E.; Campbell, W.W. Postprandial Glycemic and Insulinemic Responses to Common Breakfast
Beverages Consumed with a Standard Meal in Adults Who Are Overweight and Obese. Nutrients 2017, 9, 32.
[CrossRef]
Liljeberg, E.H.; Bjorck, I. Milk as a supplement to mixed meals may elevate postprandial insulinaemia. Eur. J.
Clin. Nutr. 2001, 55, 994–999. [CrossRef]
Fumeron, F. Produits laitiers et prévention du diabète de type 2. Cholé-Doc 2013. Available
online: https://www.cerin.org/fileadmin/user_upload/PDF/Nutrinews-hebdo/NNH_264/264-Les-produitslaitiers-previennent-le-diabete.pdf (accessed on 24 July 2019).
Pfeuffer, M.; Schrezenmeir, J. Milk and the metabolic syndrome. Obes. Rev. 2007, 8, 109–118. [CrossRef]
Jauhiainen, T.; Korpela, R. Milk peptides and blood pressure. J. Nutr. 2007, 137, 825S–829S. [CrossRef]
Luhovyy, B.L.; Akhavan, T.; Anderson, G.H. Whey proteins in the regulation of food intake and satiety. J. Am.
Coll. Nutr. 2007, 26, 704S–712S. [CrossRef]
Darewicz, M.; Borawska, J.; Pliszka, M. Carp proteins as a source of bioactive peptides-an in silico approach.
Czech J. Food Sci. 2016, 34, 111–117. [CrossRef]
Li-Chan, E.C.Y. Bioactive peptides and protein hydrolysates: research trends and challenges for application
as nutraceuticals and functional food ingredients. Curr. Opin. Food Sci. 2015, 1, 28–37. [CrossRef]
Bjørnshave, A.; Holst, J.J.; Hermansen, K. Pre-Meal Effect of Whey Proteins on Metabolic Parameters
in Subjects with and without Type 2 Diabetes: A Randomized, Crossover Trial. Nutrients 2018, 10, 122.
[CrossRef]
Boirie, Y.; Dangin, M.; Gachon, P.; Vasson, M.P.; Maubois, J.L.; Beaufrere, B. Slow and fast dietary proteins
differently modulate postprandial protein accretion. Proc. Natl. Acad. Sci. USA 1997, 94, 14930–14935.
[CrossRef]
Hamarsland, H.; Laahne, J.A.L.; Paulsen, G.; Cotter, M.; Børsheim, E.; Raastad, T. Native whey induces
higher and faster leucinemia than other whey protein supplements and milk: a randomized controlled trial.
BMC Nutr. 2017, 3, 10. [CrossRef]
Manninen, A.H. Protein hydrolysates in sports nutrition. Nutr. Metab. (Lond.) 2009, 6, 38. [CrossRef]
Calbet, J.A.L.; Holst, J.J. Gastric emptying, gastric secretion and enterogastrone response after administration
of milk proteins or their peptide hydrolysates in humans. Eur. J. Nutr. 2004, 43, 127–139. [CrossRef]
Koopman, R.; Crombach, N.; Gijsen, A.P.; Walrand, S.; Fauquant, J.; Kies, A.K.; Lemosquet, S.; Saris, W.H.M.;
Boirie, Y.; van Loon, L.J. Ingestion of a protein hydrolysate is accompanied by an accelerated in vivo digestion
and absorption rate when compared with its intact protein. Am. J. Clin. Nutr. 2009, 90, 106–115. [CrossRef]
Grimble, G.K.; Sarda, M.G.; Sessay, H.F.; Marrett, A.L.; Kapadia, S.A.; Bowling, T.E.; Silk, D.B.A. The influence
of whey hydrolysate peptide chain length on nitrogen and carbohydrate absorption in the perfused human
jejunum. Clin. Nutr. 1994, 13, 46. [CrossRef]
Marcone, S.; Haughton, K.; Simpson, P.J.; Belton, O.; Fitzgerald, D.J. Milk-derived bioactive peptides inhibit
human endothelial-monocyte interactions via PPAR-γ dependent regulation of NF-κB. J. Inflamm. (Lond.)
2015, 12. [CrossRef]
Iwaniak, A.; Darewicz, M.; Minkiewicz, P. Peptides Derived from Foods as Supportive Diet Components in
the Prevention of Metabolic Syndrome. Compr. Rev. Food Sci. Food Saf. 2018, 17, 63–81. [CrossRef]

Nutrients 2019, 11, 1700

23.
24.
25.
26.
27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.
38.

39.
40.
41.

16 of 17

Kumar, S.; Narwal, S.; Kumar, V.; Prakash, O. alpha-glucosidase inhibitors from plants: A natural approach
to treat diabetes. Pharmacogn. Rev. 2011, 5, 19–29. [CrossRef]
Patil, P.; Mandal, S.; Tomar, S.K.; Anand, S. Food protein-derived bioactive peptides in management of type
2 diabetes. Eur. J. Nutr. 2015, 54, 863–880. [CrossRef]
Hu, R.; Li, Y.; Lv, Q.; Wu, T.; Tong, N. Acarbose Monotherapy and Type 2 Diabetes Prevention in Eastern and
Western Prediabetes: An Ethnicity-specific Meta-analysis. Clin. Ther. 2015, 37, 1798–1812. [CrossRef]
Kang, W.; Song, Y.; Gu, X. α-glucosidase inhibitory in vitro and antidiabetic activity in vivo of Osmanthus
fragrans. J. Med. Plants Res. 2012, 6, 2850–2856.
Ben Henda, Y.; Labidi, A.; Arnaudin, I.; Bridiau, N.; Delatouche, R.; Maugard, T.; Piot, J.-M.; Sannier, F.;
Thiery, V.; Bordenave-Juchereau, S. Measuring angiotensin-I converting enzyme inhibitory activity by micro
plate assays: Comp. using marine cryptides and tentative threshold determinations with captopril and
losartan. J. Agric. Food Chem. 2013, 61, 10685–10690. [CrossRef]
Boutrou, R.; Gaudichon, C.; Dupont, D.; Jardin, J.; Airinei, G.; Marsset-Baglieri, A.; Benamouzig, R.; Tome, D.;
Leonil, J. Sequential release of milk protein-derived bioactive peptides in the jejunum in healthy humans.
Am. J. Clin. Nutr. 2013, 97, 1314–1323. [CrossRef]
Höfle, A.S. Effects of Different Milk Proteins on the Metabolic Response in Healthy and Prediabetic Volunteers.
Ph.D. Thesis, Technical University of Munich, Munich, Germany, 2015.
De Andrade, M.I.S.; Oliveira, J.S.; Leal, V.S.; da Lima, N.M.S.; Costa, E.C.; de Aquino, N.B.; de Lira, P.I.C.
Identification of cutoff points for Homeostatic Model Assessment for Insulin Resistance index in adolescents:
systematic review. Revista Paulista Pediatria (Engl. Ed.) 2016, 34, 234–242. [CrossRef]
Kita, M.; Obara, K.; Kondo, S.; Umeda, S.; Ano, Y. Effect of Supplementation of a Whey Peptide Rich
in Tryptophan-Tyrosine-Related Peptides on Cognitive Performance in Healthy Adults: A Randomized,
Double-Blind, Placebo-Controlled Study. Nutrients 2018, 10, 899. [CrossRef]
Babij, K.; Dabrowska,
˛
A.; Szołtysik, M.; Pokora, M.; Zambrowicz, A.; Chrzanowska, J. The Evaluation
of Dipeptidyl Peptidase (DPP)-IV, α-Glucosidase and Angiotensin Converting Enzyme (ACE) Inhibitory
Activities of Whey Proteins Hydrolyzed with Serine Protease Isolated from Asian Pumpkin (Cucurbita
ficifolia). Int. J. Pept. Res. Ther. 2014, 20, 483–491. [CrossRef]
Kung, B.; Anderson, G.H.; Paré, S.; Tucker, A.J.; Vien, S.; Wright, A.J.; Goff, H.D. Effect of milk protein intake
and casein-to-whey ratio in breakfast meals on postprandial glucose, satiety ratings, and subsequent meal
intake. J. Dairy Sci. 2018, 101, 8688–8701. [CrossRef]
Chakrabarti, S.; Jahandideh, F.; Davidge, S.T.; Wu, J. Milk-Derived Tripeptides IPP (Ile-Pro-Pro) and VPP
(Val-Pro-Pro) Enhance Insulin Sensitivity and Prevent Insulin Resistance in 3T3-F442A Preadipocytes.
J. Agric. Food Chem. 2018, 66, 10179–10187. [CrossRef]
Sawada, Y.; Sakamoto, Y.; Toh, M.; Ohara, N.; Hatanaka, Y.; Naka, A.; Kishimoto, Y.; Kondo, K.;
Iida, K. Milk-derived peptide Val-Pro-Pro (VPP) inhibits obesity-induced adipose inflammation via an
angiotensin-converting enzyme (ACE) dependent cascade. Mol. Nutr. Food Res. 2015, 59, 2502–2510.
[CrossRef]
Tessari, P.; Kiwanuka, E.; Cristini, M.; Zaramella, M.; Enslen, M.; Zurlo, C.; Garcia-Rodenas, C. Slow versus
fast proteins in the stimulation of beta-cell response and the activation of the entero-insular axis in type 2
diabetes. Diabetes Metab. Res. Rev. 2007, 23, 378–385. [CrossRef]
Nilsson, M.; Holst, J.J.; Bjorck, I.M. Metabolic effects of amino acid mixtures and whey protein in healthy
subjects: studies using glucose-equivalent drinks. Am. J. Clin. Nutr. 2007, 85, 996–1004. [CrossRef]
Gunnerud, U.J.; Heinzle, C.; Holst, J.J.; Ostman, E.M.; Bjorck, I.M.E. Effects of pre-meal drinks with protein
and amino acids on glycemic and metabolic responses at a subsequent composite meal. PLoS ONE 2012, 7,
e44731. [CrossRef]
Ostman, E.M.; Liljeberg Elmstahl, H.G.; Bjorck, I.M. Inconsistency between glycemic and insulinemic
responses to regular and fermented milk products. Am. J. Clin. Nutr. 2001, 74, 96–100. [CrossRef]
Pasin, G.; Comerford, K.B. Dairy foods and dairy proteins in the management of type 2 diabetes: A systematic
review of the clinical evidence. Adv. Nutr. 2015, 6, 245–259. [CrossRef]
Bowen, J.; Noakes, M.; Trenerry, C.; Clifton, P.M. Energy intake, ghrelin, and cholecystokinin after different
carbohydrate and protein preloads in overweight men. J. Clin. Endocrinol. Metab. 2006, 91, 1477–1483.
[CrossRef]

Nutrients 2019, 11, 1700

42.

43.

44.

45.

46.
47.

48.

17 of 17

Hamarsland, H.; Nordengen, A.L.; Nyvik Aas, S.; Holte, K.; Garthe, I.; Paulsen, G.; Cotter, M.; Børsheim, E.;
Benestad, H.B.; Raastad, T. Native whey protein with high levels of leucine results in similar post-exercise
muscular anabolic responses as regular whey protein: a randomized controlled trial. J. Int. Soc. Sports Nutr.
2017, 14, 43. [CrossRef]
Manders, R.J.F.; Wagenmakers, A.J.M.; Koopman, R.; Zorenc, A.H.G.; Menheere, P.P.C.A.; Schaper, N.C.;
Saris, W.H.M.; van Loon, L.J.C. Co-ingestion of a protein hydrolysate and amino acid mixture with
carbohydrate improves plasma glucose disposal in patients with type 2 diabetes. Am. J. Clin. Nutr. 2005, 82,
76–83. [CrossRef] [PubMed]
Manders, R.J.; Koopman, R.; Sluijsmans, W.E.; van den Berg, R.; Verbeek, K.; Saris, W.H.; Wagenmakers, A.J.;
van Loon, L.J. Co-ingestion of a protein hydrolysate with or without additional leucine effectively reduces
postprandial blood glucose excursions in Type 2 diabetic men. J. Nutr. 2006, 136, 1294–1299. [CrossRef]
[PubMed]
Manders, R.J.F.; Hansen, D.; Zorenc, A.H.G.; Dendale, P.; Kloek, J.; Saris, W.H.M.; van Loon, L.J. Protein
co-ingestion strongly increases postprandial insulin secretion in type 2 diabetes patients. J. Med. Food 2014,
17, 758–763. [CrossRef] [PubMed]
Pal, S.; Ellis, V.; Ho, S. Acute effects of whey protein isolate on cardiovascular risk factors in overweight,
post-menopausal women. Atherosclerosis 2010, 212, 339–344. [CrossRef]
Færch, K.; Torekov, S.S.; Vistisen, D.; Johansen, N.B.; Witte, D.R.; Jonsson, A.; Pedersen, O.; Hansen, T.;
Lauritzen, T.; Sandbæk, A.; et al. GLP-1 Response to Oral Glucose Is Reduced in Prediabetes, Screen-Detected
Type 2 Diabetes, and Obesity and Influenced by Sex: The ADDITION-PRO Study. Diabetes 2015, 64, 2513–2525.
[CrossRef] [PubMed]
Allin, K.H.; Tremaroli, V.; Caesar, R.; Jensen, B.A.H.; Damgaard, M.T.F.; Bahl, M.I.; Licht, T.R.; Hansen, T.H.;
Nielsen, T.; Dantoft, T.M.; et al. Aberrant intestinal microbiota in individuals with prediabetes. Diabetologia
2018, 61, 810–820. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

