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Abstract
Aims/hypothesis Small protein or lipid preloads are able to
improve glucose tolerance to a different extent and through
different and poorly defined mechanisms. We aimed at quan-
tifying the effect of a mixed protein and lipid preload and at
evaluating the underlying mechanisms.
Methods Volunteers with normal (NGT, n=12) or impaired
(IGT, n=13) glucose tolerance and patients with type 2 diabetes
(n=10) underwent two OGTTs coupled to the double glucose
tracer protocol, preceded by either 50 g of parmesan cheese, a
boiled egg and 300 ml of water, or 500 ml of water. We mea-
sured plasma glucose, insulin, C-peptide, glucagon-like
peptide-1 (GLP-1), glucose-dependent insulinotropic polypep-
tide (GIP), pancreatic polypeptide (PP), NEFA and glucose
tracers, and calculated glucose fluxes, beta cell function vari-
ables, insulin sensitivity and clearance.

Results After the nutrient preload, the OGTT-induced rise
of plasma glucose was lower than after water alone in
each study group. This reduction—more pronounced
across classes of glucose tolerance (NGT −32%, IGT
−37%, type 2 diabetes −49%; p<0.002)—was the result
of different combinations of slower exogenous glucose
rate of appearance, improved beta cell function and re-
duced insulin clearance, in this order of relevance, which
were associated with an only mild stimulation of GIP
and GLP-1.
Conclusions/interpretation After a non-glucidic nutrient pre-
load, glucose tolerance improved in proportion to the degree
of its baseline deterioration through mechanisms that appear
particularly effective in type 2 diabetes. Exploiting the phys-
iological responses to nutrient ingestion might reveal, at least
in the first stages of the diabetic disease, a potent tool to im-
prove daily life glycaemic control.
Trial registration: ClinicalTrials.gov NCT02342834
Funding: This work was supported by grants from the Uni-
versity of Pisa (Fondi di Ateneo) and by FCT grant (PIC/IC/
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ISR Insulin secretion rate
ISR@FPG Insulin secretion rate at fasting plasma glucose

concentration
NGT Normal glucose tolerance
PP Pancreatic polypeptide
RaO Rate of appearance of oral glucose

Introduction

Experimental [1, 2] and clinical data [3, 4] indicate that oral
carbohydrates tolerance can be influenced by the ingestion of
protein and lipid nutrients through the activation of neural
reflexes, hormonal responses and gradients of plasma sub-
strates that modulate gastric emptying, insulin secretion and
insulin clearance [5–7].

The size of these effects is influenced by a number of fac-
tors, including the specific nutrient chemical [8, 9] and phys-
ical (e.g. solid vs liquid) [10, 11] characteristics, the timing
(preload vs co-ingestion) [1, 2] and the individual glucose
tolerance status [12]. In healthy participants, the ingestion of
fat together with carbohydrate attenuates the rise in blood
glucose [13–16] mainly by slowing down gastric emptying
[15–17], with minor effects on insulin secretion [13, 15]. In
patients with type 2 diabetes, fat co-ingested with carbohy-
drate has been shown to enhance the plasma insulin response
[18] and delay gastric emptying [1]; however, this has a lim-
ited impact on plasma glucose excursions [1, 13] possibly due
to a concomitant negative effect of plasma fat substrates on
insulin sensitivity [19]. Protein co-ingested with carbohydrate
exerts a hypoglycaemic effect in both normal [6, 12, 14, 20]
and diabetic participants [2, 12, 21] through the potentiation of
insulin secretion [2, 12, 14, 21], the reduction of hepatic insu-
lin clearance [6] and a minor delay of gastric emptying [2, 20].
In quantitative terms, protein ingestion has been shown to
improve glucose tolerance to a threefold greater extent than
fat in healthy participants [14]. The action of nutrients also
depends on the timing and presumably on the metabolic and
hormonal consequences of their arrival into the intestine as
well as their digestion and absorption [16, 22, 23]. For in-
stance, a small oil load was able to attenuate the postprandial
rise of plasma glucose when ingested 30 min before the meal,
while it had only a minor effect when mixed with carbohy-
drates [1]. Similarly, the ingestion of a small amount of whey
protein was able to blunt the glycaemic excursion to a greater
extent when given before rather than mixed with a high-
carbohydrate meal [2]. Although the effects of protein and
fat on glucose tolerance are expected to be synergistic, being
the involved mechanisms partially different, the available ev-
idence does not fully support this hypothesis [24], possibly
because the nutrients were co-ingested with glucose and not
given as a preload.

We designed this study to measure the size of the effect on
glucose tolerance of a small mixed protein and lipid meal
given as a preload and to analyse the mechanisms involved
by accurately evaluating beta cell function, insulin sensitivity,
insulin clearance and glucose kinetics (oral absorption, endog-
enous production, rate of utilisation), together with glucagon
and gut hormone plasma concentrations. Since each and all
the mechanisms activated by nutrients ingestion might be af-
fected by the presence of diabetes, we studied individuals with
different degrees of glucose tolerance impairment.

Methods

Participants Thirty-five volunteers were enrolled. The inclu-
sion criteria were age 18–65 years, BMI 18–35 kg/m2, normal
or impaired fasting plasma glucose (FPG) or newly diagnosed
diet-controlled type 2 diabetes. None of these volunteers was
on drug treatment or had diseases other than diabetes that
could potentially interfere with carbohydrate absorption and
metabolism. According to the standard diagnostic criteria
[25], the volunteers were divided into three groups on the
basis of the 2 h plasma glucose concentration achieved during
the control OGTT: those with normal glucose tolerance
(NGT), those with impaired glucose tolerance (IGT) and those
with type 2 diabetes. The study was approved by the institu-
tional Ethics Committee and all participants provided written
consent to participate.

Study design This was an open, randomised clinical trial. On
2 days, separated by a period from 2–4 weeks, at 08:00 hours
after an overnight fast (12 h), participants were admitted to our
Clinical Research Unit and underwent a standard 75 g OGTT.
All volunteers lay in bed in semi-upright sitting position with
the head of the bed at approximately 45°. A 20-gauge
polyethylene cannula was inserted into an antecubital vein
for the infusion of all test substances. A second catheter was
inserted retrogradely into an ipsilateral wrist vein for blood
sampling, and the hand was kept wrapped in a heated blanket
to achieve arterialisation of venous blood. Thirty minutes be-
fore glucose ingestion (time −30 min), the volunteers were
randomised by a coin toss to a preload of either 500 ml of
water (water) or a small, virtually glucose-free mixed meal,
consisting of 50 g of parmesan cheese and one small-size
boiled egg (23 g protein, 17 g fat and 2 g carbohydrate, to a
total of ~1,000 kJ), followed by 300 ml of water (nutrients).
The preloads were consumed between −30 and −25 min and
had the same volume, differing in the amount of water
ingested, to exclude the influence of the mechanical dilatation
of the stomach on gastric emptying and parasympathetic acti-
vation [26, 27]. Thirty volunteers (ten with NGT, thirteen IGT
and seven type 2 diabetes) gave their consent to undergo a
standard double tracer protocol [28]. Their oral glucose drink
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consisted of 147 ml of 50% glucose solution (wt/vol.)
enriched with 1.5 g of [U-13C]glucose (Spectra 2000, Rome,
Italy) in order to trace oral glucose absorption. Furthermore, a
primed (28 μmol/kg)-continuous (0.28 μmol min−1 kg−1) in-
fusion of 6,6-[2H2]glucose (Spectra 2000) was started at time
−150 min through the antecubital vein catheter and continued
until the end of the study to estimate endogenous glucose
production (EGP) and the rate of disappearance of plasma
glucose. The volunteers who denied consent to tracers re-
ceived a 0.9% saline infusion according to the same format
of the double tracer protocol. Timed arterialised blood sam-
ples were collected during the test to measure plasma glucose,
insulin, C-peptide, glucagon-like peptide-1 (GLP-1), glucose-
dependent insulinotropic polypeptide (GIP), glucagon, NEFA,
pancreatic polypeptide (PP) and glucose tracer enrichments.

Analytical procedures Plasma glucose was measured imme-
diately by the glucose-oxidase technique (Beckman Glucose
Analyzer II, Beckman Instruments, Fullerton, CA, USA). In-
sulin and C-peptide measurements were performed by
electrochemiluminescence on a COBAS e411 instrument
(Roche, Indianapolis, IN, USA). Plasma GLP-1, GIP and glu-
cagon were assessed using a Multiplex technique (Biorad
Laboratories, Hercules, CA, USA). 6,6-[2H2]glucose and
[U-13C]glucose were measured by GC-MS as previously de-
scribed [28]. Plasma PP concentrations were measured in
NGT and IGT groups by ELISA (Biorad Laboratories). Plas-
ma NEFA were assayed by standard spectrophotometric
methods on a Synchron Clinical System CX4 (Beckman
Instruments).

Mathematical modelling EGP, rate of appearance of oral
glucose (RaO) and plasma glucose clearance (GCl) were
assessed from the time course of the plasma tracer/tracee ratio
of 6,6-[2H2]glucose and [U-13C]glucose [29]. Insulin secre-
tion rate (ISR) was estimated from C-peptide deconvolution
[30]. Beta cell function variables were calculated by model-
ling insulin secretion and glucose concentration, as illustrated
in detail previously [31–34]. Briefly, this model describes in-
sulin secretion as the sum of three components. The first rep-
resents the dependence of insulin secretion on absolute glu-
cose concentration and is characterised by a quasi-linear dose–
response function relating the two variables. This function is
described by the slope of the line within the observed glucose
range, denoted as beta cell glucose sensitivity, and by the ISR
at FPG (ISR@FPG). The individual dose–response function is
modulated by a time-dependent factor termed potentiation,
which accounts for all the physiological processes that acutely
modify insulin secretion (antecedent hyperglycaemia,
gastrointestinal hormones, neurotransmitters, non-glucose
substrates). The third component of insulin secretion, termed
beta cell rate sensitivity, represents the dependence of insulin
secretion on the rate of increase of plasma glucose

concentration and therefore reflects early insulin release. The
incremental area under time-concentration curves (iAUC)
were calculated by the trapezoidal rule between −30 and
120 min with the fasting (−30 min) concentration of each
variable used as baseline. Insulin clearance was estimated by
calculating the ratio between insulin secretion iAUC and plas-
ma insulin iAUC. Insulin sensitivity was estimated as the
change between basal and 60–120 min mean GCl divided
by the plasma insulin concentration gradient over the same
time intervals.

Statistical analysis Data are given as means±SEM. The
changes induced by our experimental manoeuvre (water vs
nutrients) were evaluated by using either the two-way
ANOVA for repeated measures or by the paired t test for
normally distributed mean values and by Wilcoxon–Mann–
Whitney test for non-normally distributed variables.
ANOVA, by allowing a more robust detection of trends in
the whole study population without the limitation of the
small sample size of each group, was used when the groups
were found to have a homogeneous response (F test on the
grouping variable non-statistically significant at the analysis
between participants), while the paired comparisons were
used to ascertain the size and the statistical significance of
the changes within each of the three study groups and to
highlight the heterogeneity of the response among groups.
Standard linear multiple regression models were used to as-
sess the determinants of glucose iAUC changes between the
two studies. Statistical analyses were performed using JMP
9.0. (SAS Institute, Cary, NC, 1989–2007). A value of
p≤0.05 was considered statistically significant.

Results

Study population The studies were well tolerated and none of
the volunteers reported any gastrointestinal symptoms

Table 1 Clinical characteristics

NGT (n=12) IGT (n=13) T2D (n=10)

Age (years) 29±11 47±17* 55±7†

Sex (male/female) 6/6 7/6 6/4

Height (cm) 173±8 168±10 170±7

Weight (kg) 75.6±14.8 73.8±14.2 82.4±12.7

BMI (kg m−2) 25.2±4.7 26.3±5.9 28.7±4.7

HbA1c (% [mmol/mol]) 5.3±0.05 [34] 5.7±0.11 [39] 6.8±0.14 [51]

FPG (mmol/l) 5.1±0.1 5.9±0.3 7.0±0.4†‡

FPI (pmol/l) 52.4±10.1 56.6±7.3 84.0±14.9

Data are means±SD

*p<0.05 NGT vs IGT; † p<0.05 NGT vs T2D; ‡ p<0.05 IGT vs T2D

FPI, fasting plasma insulin; T2D, type 2 diabetes
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(i.e. nausea or vomiting). The clinical characteristics of the
study population are shown in Table 1. Participants with
IGT and type 2 diabetes were older than those with NGT. In
addition, type 2 diabetic patients had higher FPG and HbA1c

compared with those with NGT and IGT. The BMI showed a
trend to increase across classes of glucose tolerance, but the
difference was not statistically significant.

Plasma glucose, insulin secretion, sensitivity and clearance
FPG, insulin levels and ISR were not statistically different
between the two study days within each study group
(Fig. 1). Before glucose ingestion (−30 min to 0 min), the
nutrient preload did not induce changes in plasma glucose
concentration while it caused a small, though significant, in-
crease in both plasma insulin concentrations and ISR in each
group. The ingestion of water neither affected plasma glucose
nor plasma insulin. Following glucose ingestion (0–120 min),
the rise in plasma glucose concentration was significantly
lower after the nutrient preload than after water ingestion in
each group (p<0.002 for all). The size of this effect was pro-
gressively greater across the three classes of glucose tolerance

both in absolute terms (Fig. 1) and percentage-wise
(NGT −32%, IGT −37%, type 2 diabetes −49%). The insulin
rise was slightly anticipated by the nutrient preload in all study
groups while during the second hour of the test insulin secre-
tion paralleled the plasma glucose profiles in NGT and
reached similar plateaus in participants with IGT and type 2
diabetes, despite the marked differences in plasma glucose
values. Although the reduction in insulin clearance failed to
reach full statistical significance in the NGT group (p=0.07;
Table 2), the ANOVA indicated that it was slightly decreased
(~10%) by the nutrient preload in all study groups (p<0.001)
with neither effect of the glucose tolerance status nor of the
interaction. Insulin sensitivity was reduced by 82% in type 2
diabetic individuals and by 55% in individuals with IGT com-
pared with NGT and was unaffected by the nutrient preload.

Beta cell function modelling variables The early secretion
(rate sensitivity) and the slope of the glucose–insulin secretion
dose–response curve (glucose sensitivity) measured in the
water OGTT displayed a progressive decline across glucose
tolerance classes, while potentiation was similar (Table 2). In
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Fig. 1 Plasma glucose (a–c), plasma insulin (d–f) and ISR (g–i) during two 75 g OGTTs preceded at −30 min by a preload of either water (dotted lines)
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response to the nutrient preload, when the volunteers were
analysed altogether (ANOVA for repeated measures), we
observed an enhancement in glucose sensitivity (p<0.002),
in potentiation (p<0.02) and in ISR@FPG (p<0.0001);
however, differences attributable to glucose tolerance
status emerged as statistically significant (interaction
nutrients×group); namely, ISR@FPG increased only in
participants with IGT and type 2 diabetes (Table 2), while
glucose sensitivity increased by 20% in NGT and IGT
groups, whereas it almost doubled in the type 2 diabetes
group (Fig. 2).

Glucose fluxes In the 30 volunteers undergoing the dou-
ble tracer protocol, the glycaemic responses of the two
studies did not differ significantly from those of the
whole population (Fig. 1 and electronic supplementary
material [ESM] Fig. 1). In the water test, glucose ab-
sorption—as estimated by the RaO—was lower in type
2 diabetic individuals compared with those with NGT
and IGT (p<0.03; Fig. 3). The nutrient preload caused a
marked reduction of RaO that was more pronounced in
patients with IGT and type 2 diabetes. As far as multi-
ple regression analysis can estimate in this small num-
ber of participants, the delayed RaO (Standardised
β=0.42) played a major role with respect to the im-
provement in beta cell function (Standardised β=0.12)
in explaining the improved glucose tolerance. During

the water OGTT, the EGP was suppressed in partici-
pants with NGT and IGT and only marginally affected
in those with type 2 diabetes. The preload had no effect
on basal EGP (−30 to 0 min) in any study group; after
glucose ingestion, it marginally attenuated the physio-
logical EGP decline in NGT, whereas it had no effect
in patients with IGT and type 2 diabetes. Plasma GCl
was stimulated by glucose ingestion and it followed,
though with a delay, the plasma insulin concentration

Table 2 Metabolic and hormonal variables

NGT IGT T2D

Water Nutrients p Water Nutrients p Water Nutrients p

Plasma glucose iAUC (mmol/l) 251±20 171±28 0.003 412±26 260±38 0.0003 576±36 292±34 0.0003

Serum insulin iAUC (nmol/l) 35±5 38±6 0.48 34±4 40±8 0.27 37±4 43±8 0.28

Insulin secretion iAUC (nmol min−1 m−2) 211±14 201±22 0.62 253±23 252±42 0.96 233±23 219±28 0.58

Insulin clearance (l min−1 m−2) 2.0±0.2 1.8±0.1 0.07 2.2±0.2 2.0±0.2 0.02 2.0±0.2 1.8±0.2 0.03

Insulin sensitivity (ml min−1 m−2 [pmol/l]−1) 0.11±0.02 0.10±0.02 0.69 0.05±0.01 0.04±0.01 0.41 0.02±0.01 0.02±0.01 0.81

Rate sensitivity (pmol m−2 [mmol/l]−1) 919±191 1,452±278 0.06 646±117 800±135 0.29 535±150 327±122 0.15

Glucose sensitivity (pmol min−1 m−2

[mmol/l]−1)
112±13 135±21 0.19 79±9 93±11 0.19 49±6 86±10 0.002

Potentiation factor ratio 1.2±0.1 1.4±0.1 0.06 1.4±0.2 1.9±0.2 0.06 1.3±0.1 1.6±0.2 0.27

ISR@FPG (pmol min−1 m−2) 95±17 101±19 0.66 93±13 159±23 0.003 148±12 192±21 0.01

RaO iAUC (mmol min−1 [kg FFM]
−1) 3.9±0.3 3.3±0.4 0.09 3.7±0.3 2.8±0.3 0.003 2.7±0.2 1.7±0.2 0.03

GCl iAUC (ml min−1 [kg FFM]
−1) 277±41 262±30 0.72 138±32 177±35 0.42 27±40 100±21 0.20

Serum GLP-1 iAUC (pmol/l) −102±348 755±377 0.01 967±157 1,699±234 0.007 639±108 1,531±270 0.007

Serum GIP iAUC (nmol/l) 6.1±1.0 12.4±2.1 0.0006 5.3±0.9 13.2±2.4 0.001 12.4±2.1 23.6±2.6 0.003

Serum glucagon iAUC (pmol/l) −697±144 −106±257 0.01 −206±110 582±205 0.01 −16±166 741±279 0.01

Data are means±SEM

All iAUC were calculated by the trapezoidal rule as areas above baseline over 150 min (from −30 to 120 min)

The p values were obtained from Student’s paired t test

FFM, fat-free mass; T2D, type 2 diabetes
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in the two tests, showing after the preload a slightly
more prompt rise and, only in the NGT group, a de-
layed peak (Fig. 3).

GLP-1, GIP and glucagon Basal plasma GLP-1, GIP and
glucagon levels were not statistically different on the two
study days (Fig. 4). In response to the preload alone (−30 to
0 min), GIP showed a prompt small rise in all three groups,
while no change was observed in either GLP-1 or glucagon
concentrations. In response to glucose ingestion, in all groups,
total GIP concentration rose promptly and remained elevated
throughout the OGTT, total GLP-1 slightly increased and
plasma glucagon declined smoothly. The preload almost dou-
bled the glucose-induced GIP response, induced a modest rise
in plasma GLP-1, particularly in the final part of the test, and
prevented the decline in plasma glucagon concentration. All
these effects were qualitatively similar in the three study
groups, with a tendency to be more pronounced in IGT and
type 2 diabetes groups with respect to NGT. No correlations

were found between GLP-1, GIP and glucagon changes and
changes in glucose fluxes and/or beta cell function variables.

PP Fasting PP concentrations were similar between the two
studies and the two study groups in which they were measured
(NGT and IGT). The nutrient preload stimulated a minor, not
statistically significant increase of PP secretion. Glucose in-
gestion did not stimulate further PP release, neither in the
water nor in the nutrients study (data not shown).

NEFA Fasting plasma NEFAwere higher in participants with
IGT and type 2 diabetes than in those with NGT (p<0.02). In
all groups, plasmaNEFA remained stable after the preload and
showed a progressive decline during the water OGTT study,
which was influenced by the glucose tolerance status (80% in
NGT, 75% in IGT and 60% in type 2 diabetes) but not by the
preload (data not shown).
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Discussion

The present study shows that a small lipid and protein preload
significantly reduces the 2 h plasma glucose response to oral
glucose ingestion and that the size of this effect is strongly
dependent (r2=0.38, p>0.0001) on the degree of glucose tol-
erance impairment (Fig. 5). The underlying mechanism in-
cludes combinations of delayed glucose absorption (in all par-
ticipants) and improvements in insulin secretion and clear-
ance, which are quantitatively and qualitatively different in
individuals with NGT, IGT and type 2 diabetes. The NGT
group showed only mild changes (of borderline statistical sig-
nificance) in insulin clearance, beta cell rate sensitivity and
potentiation, while IGT and type 2 diabetes groups showed
an enhancement of the beta cell baseline secretion
(ISR@FPG) and a small but consistent reduction in insulin
clearance that, only in patients with type 2 diabetes, were
associated with a large improvement in beta cell glucose sen-
sitivity. These effects were associated with—but not propor-
tional to—an amplification of the physiological GLP-1 and
GIP responses to glucose ingestion.
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In quantitative terms, the reduced RaO after the nutrient
preload was the major determinant of the improved glucose
tolerance. Physiologically, this effect could be explained by
feedbacks arising from the interaction of nutrients with the
stomach and/or with the small intestine, which are able to
produce a delay in gastric emptying and a reduction in intes-
tinal motility [35], either directly by altering the chemical and
physical characteristics of the gastrointestinal milieu [11] or
indirectly through neural activation and hormone release (e.g.
GLP-1, peptide YYand cholecystokinin) [35]. Gastric empty-
ing accounts for ≈35% of the variance in the glycaemic re-
sponse to oral glucose in healthy and type 2 diabetic patients,
while the extent to which a variation in small intestinal motil-
ity and absorptive function affects glucose tolerance remains
uncertain [5, 35]. The relationship between gastric emptying
and glycaemia is complex, time-dependent and variable
among different classes of glucose tolerance [36]. As we nei-
ther directly measured gastric emptying nor small intestinal
motility, we cannot dissect the contribution of each compo-
nent to the rate of glucose absorption. Nevertheless, the reduc-
tion of RaO after the nutrient preload was progressively more
pronounced across glucose tolerance status (−15, −25 and
−37%, respectively in NGT, IGT and type 2 diabetes groups),
therefore this implies that the mechanisms referred above are
at least preserved and/or have a progressively greater impact
in the transition from normal to abnormal glucose
homeostasis, owing to concomitant changes in insulin secre-
tion dynamics and insulin sensitivity.

The delay in glucose absorption might be caused by the
preload-induced release of GLP-1, whose effect on gastric
emptying has been reported to be dose-dependent and sub-
stantially preserved in type 2 diabetes [37]. In our study, al-
though GLP-1 plasma concentration had a tendency to be
higher in individuals with IGT and type 2 diabetes and was
further increased by nutrient ingestion, we could not find any
correlations between changes in plasma GLP-1 and RaO.
Cholecystokinin and peptide YY could be involved since they
also modulate gastrointestinal motility in response to nutrient
ingestion; however, it is unlikely that they can explain the
large differences in the slow-down of glucose absorption ob-
served among the three study groups.

With regard to beta cell function, interestingly, in our dia-
betic patients the beta cell glucose sensitivity, though marked-
ly impaired (40% the value of NGT), was still very responsive
to the physiological modulation induced by nutrient ingestion,
displaying almost a full recovery (Fig. 2). GLP-1 and GIP, the
two hormones possibly involved in this ‘incretin effect’ [38],
displayed a different response. Plasma GLP-1 was only mar-
ginally affected by the nutrient preload (probably due to its
low caloric and glycaemic content [37]) and after the ingestion
of glucose it rose similarly in patients with IGT and type 2
diabetes (to values also reported by other laboratories [1, 2]).
GIP release, in agreement with other studies [38], was

stimulated by both nutrients and glucose ingestion,
reaching the highest values in type 2 diabetes patients.
In our study, we could not find any significant associa-
tion between GLP-1 or GIP plasma concentrations (or
changes) and changes in beta cell function; however, it
must be taken into account that the insulinotropic ef-
fects of both GLP-1 and GIP—although negatively af-
fected by obesity and diabetes [38]—are dependent on
glucose concentration [38] and expected to be more ev-
ident in hyperglycaemic patients. The activation of the
parasympathetic nervous system [39, 40] and the rise of
specific plasma substrates derived from nutrient diges-
tion [9, 41] might also play a role. The cephalic com-
ponent of insulin secretion, defined as the insulin re-
lease occurring within minutes after food sensory stim-
ulation [7], might have been missed by our study; how-
ever, it is transient (10 min) and modest (<20 pmol/l of
insulin) therefore, at least in our experimental condition,
it is unlikely to be relevant. The possibility that the
parasympathetic system is more activated is also unlike-
ly on the basis of others’ [7] as well as our data on
plasma PP, showing small changes and a wide inter-
individual variability. The rise in specific plasma sub-
strates after nutrients digestion may also stimulate insu-
lin release. In the present study, we can exclude plasma
NEFA concentrations, which were not influenced by the
nutrient preload, but we cannot exclude that changes in
plasma amino acid concentrations may have directly
promoted insulin secretion [42]. If confirmed, this effect
might help to explain why beta cell glucose sensitivity
was improved particularly in type 2 diabetic patients, as
the plasma amino acid rise after a mixed meal was
actually increased in patients with type 2 diabetes as
compared with age- and weight-matched non-diabetic
controls [43] and the sensitivity of beta cells to amino
acid stimulation is preserved in this condition [44].

The nutrient preload also induced a 10% reduction of insu-
lin clearance, which is in full agreement with what has been
previously reported following a 30 g protein preload [6]. This
reduction—though consistent—is small and therefore unlike-
ly to significantly contribute to the improvement in glucose
tolerance. Indeed, it could depend on an increased renal
C-peptide clearance due to the amino acid-induced increment
of glomerular filtration rate. If this were really the case, we
would have underestimated the improvement in insulin secre-
tion, as it is based on modelling C-peptide plasma kinetics
assuming a constant clearance [30].

Overall, the current results suggest that exploiting nutrient
sensing (i.e. the physiological systems that are activated by
nutrient ingestion, directly or by neuro-hormonal signals)
could be an effective and attractive approach to treat postpran-
dial hyperglycaemia. In terms of effect size, our protein/lipid
preload is similar or superior to what can be achieved with the
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available anti-hyperglycaemic drugs [45]. Whether the nutri-
ent preload has an impact on total daily energy intake and its
effect persists long-term can only be assessed by an ad hoc
designed randomised clinical trial; however, it has recently
been suggested that the effect of a 25 g whey preload is per-
sistent and neutral on body weight [46]. The preload we used
may not be optimal for the timing (30 min before the glucose
challenge), the caloric content and the lipid quality; it was
chosen as an investigational tool in keeping with previous
studies from our laboratory [47]. In addition, our data show
that the improvement in glucose tolerance occurred despite the
stimulation of glucagon release (a consequence of protein di-
gestion) that was associated with a less effective EGP suppres-
sion. Therefore, we can speculate that adding a small amount
of carbohydrate to the preload would improve its
hypoglycaemic power by engaging the ‘Staub–Traugott ef-
fect’, i.e., the potentiation of EGP suppression that occurs
when a glucose load is preceded by glucose ingestion [48].

The short duration of the post-absorptive phase of the study
(2 h) represents a limitation since we do not know whether the
glycaemic excursion—although milder—would last longer in
the patients and, ideally, the evaluation of each main outcome
would have been more robust if plasma glucose had reached
the baseline values.

In conclusion, a small protein and lipid preload is able to
slow-down glucose absorption and improve beta cell function
to an extent that is proportional to the deterioration of glucose
tolerance. Exploiting the physiological mechanisms activated
by nutrient sensing might reveal an interesting tool in the
treatment and/or prevention of type 2 diabetes.
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