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The hormone glucagon-like peptide (GLP-1) is secreted from gut endocrine L cells in response to
ingested nutrients. The activities of GLP-1 include stimulating insulin gene expression and
biosynthesis, improving b-cell proliferation, exogenesis, and survival. Additionally, it prevents
b-cell apoptosis induced by a variety of cytotoxic agents. In extrapancreatic tissues, GLP-1
suppresses hunger, delays gastric emptying, acts as an ileal brake, and increases glucose uptake.
The pleiotropic actions of GLP-1, especially its glucose-lowering effect, gave rise to the suggestion
that it is a novel approach to insulin resistance treatment. Hormones secreted from the gut
including GLP-1, which are involved in the regulation of insulin sensitivity and secretions, have
been found to be affected by nutrient intake. In recent years, there has been a growing interest in
the effect nutrients may have on GLP-1 secretion; some frequently studied dietary constituents
include monounsaturated fatty acids, fructooligosaccharides, and glutamine. This review focuses
on the inﬂuence that the carbohydrate, fat, and protein components of a meal may have on the
GLP-1 postprandial responses.
Ó 2013 Elsevier Inc. All rights reserved.
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Introduction
Glucagon-like peptide 1 (GLP-1) is an intestinal endocrine L
cell-derived peptide, which is cleaved from proglucagon and is
expressed in the intestine, pancreas, and brain [1]. This hormone
is secreted in response to a variety of nutrients [2] and neural and
endocrinal factors [3]. GLP-1 exists in two biologically active
forms: GLP-1 (7–37) and GLP-1 (7–36) amide. GLP-1 (7–36)
amide has a higher concentration in blood circulation (almost
four times) after a meal compared with GLP-1 (7–37) [4,5].
Fasting plasma levels of bioactive GLP-1 typically range between
5 and 10 pmol/L in humans and increases approximately twofold
to threefold after each meals [3]. Depending on size and nutritional composition of the meal, this hormone peaks at 20 to 30
minutes after meals [3,6]. The circulating levels of intact GLP-1
decline rapidly due to enzymatic inactivation, mostly by dipeptidyl peptidase-4 (DPP-4), and also renal clearance. Additionally,
proteases such as human neutral endopeptidase 24.11 may
inactivate up to half of the GLP-1 entering the circulation [4,7].
GLP-1 plays a number of different roles in metabolic
homeostasis including stimulation of glucose-dependent insulin
release, attenuation of blood sugar, nonesteriﬁed fatty acids, and
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postprandial triglyceride concentrations, and deceleration of
gastric emptying, acid secretion, and food intake [8,9]. Additionally, it stimulates islet neogenesis and b-cell proliferation in
experimental rodent trials [10]. GLP-1 is responsible for nearly
half of the total insulin secretion that occurs after meal [11].
Furthermore, activation of GLP-1 receptor inhibits b-cell
apoptosis and leads to reduction of b-cell death. GLP-1 also
inhibits hepatic glucose production and stimulates glucose
uptake in an insulin-dependent manner in both adipose tissue
and muscle [3]. GLP-1 can affect endogenous glucose production
independent of islet hormone secretion and can decrease it
under fasting conditions [6].
Type 2 diabetes and GLP-1
Type 2 diabetes mellitus is the most common form of diabetes
ranging from insulin resistance with relative insulin deﬁciency to
predominantly secretory defect in insulin secretion with insulin
resistance [12]. Postprandial levels of active GLP-1 is diminished
in obese and insulin-resistant patients; however, it is not known
if a reduced GLP-1 level is a cause or consequence of obesity and
insulin resistance [13]. Because GLP-1 elimination is similar in
healthy, obese, and type 2 diabetic patients, the decrease in
GLP-1 levels observed in obese and type 2 diabetic individuals is
likely caused by reductions in GLP-1 secretion [3]. Vollmer et al.
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suggested that GLP-1 secretion was not impaired in patients with
well-controlled type 2 diabetes but it may become impaired in
patients with diabetes of longer duration or those with poor
glycemic control [14].
Recently, there has been growing interest in methods by
which GLP-1 levels and action can be enhanced in diabetes. Two
main adopted strategies are using GLP-1 receptor agonists and
dipeptidyl peptidase-IV (DPP-IV) inhibitors. However, another
alternative approach that is receiving increasing attention is
direct stimulation of GLP-1 secretion from intestinal L cells. This
approach offers some additional beneﬁts, including simultaneous stimulation of peptide YY, oxyntomodulin, and GLP-2 and
increases in GLP-1 9–36 concentration, a cleaved product of DPPIV, which is a weak insulinotropic agonist that inhibits hepatic
glucose production and may exert antioxidant actions in the
heart and vasculature [15].
Nutrients and GLP-1 secretion
There is some evidence that the macronutrient composition
of a diet may directly affect the postprandial responses of GLP-1
secretion [8]. If a nutrient can augment the secretion of endogenous GLP-1, it might provide insight for new nutritional alternatives to pharmaceutical approaches for management and/or
reduction of diabetes and obesity risk [16–18]. This review
summarizes the main literature ﬁndings on nutrients that affect
GLP-1 secretion.
Fiber and GLP-1 secretion
Studies using ﬁber are summarized in Table 1.
Dietary ﬁber is a carbohydrate that resists digestion and
absorption and is categorized into two main subtypes: soluble
(prebiotic, viscose) ﬁber that is easily fermented into biomass,
short-chain fatty acids (SCFA) chieﬂy acetic, propionic and
n-butyric, lactate, and gases by the microﬂora of the large
intestine, and insoluble ﬁber that is metabolically inert, is nonwater soluble and non-fermented. Some examples of known
soluble ﬁbers are pectin, inulin-type fructans, and some hemicelluloses, whereas insoluble ﬁbers contain lignin, cellulose, and
some hemicelluloses [19,20].
Recent data support that nondigestible carbohydrates may
change the gut microbial composition in ways claimed to be
beneﬁcial to host well-being and health. These food ingredients
are called prebiotics because they allow the growth and/or
activity of certain bacteria that has been shown to improve
several features of metabolic syndrome [21]. Non-digestible and
fermentable carbohydrates, as well as SCFAs, have been shown to
increase GLP-1 levels. SCFAs produced by bacteria fermentation,
stimulate L cells via the G-protein coupled free fatty-acid
receptor 2 and enhance GLP-1 secretion [22].
In Sprague-Dawley rats, ingestion of a more fermentable
dietary ﬁber, rhubarb ﬁber, at physiologic levels (50 g/kg diet)
resulted in upregulation of ileal proglucagon mRNA and
enhancement of C-peptide concentrations compared with
control rats receiving cellulose [23]. Additionally, normal rats fed
with a standard diet or the same diet enriched with fructans
(oligofructose, synergy 1 [Syn], or long-chain inulin) were varied
in degrees of polymerization. Over the period of 3 wk, the plasma
GLP-1 concentration was higher in short-chain fructans (present
in fructooligosaccharides [FOS], and to a lesser amount in Syn)
fed rats. So administration of short-chain inulin-type fructans,
which are most fermented in the proximal colon and cecum, is
clearly responsible for inducing this effect [24]. In another study

performed on normal rats, it was observed that the FOS-enriched
(10%) standard diet, compared with standard diet for 35 d followed by 15 d of high-fat diet or high-fat FOS diet, reduced
energy intake, weight gain, and fat mass development through
the mechanism of increase in GLP-1 (7–36) amide concentration.
This diet, interestingly, lowered DPP-4 activity by 30% [25]. In
high-fat–fed diabetic mice, FOS in the presence or absence of EX9 (GLP-1 receptor antagonist exendin 9–39) was administered
for 4 wk. Intriguingly, in GLP-1 receptor knockout mice, FOS has
no beneﬁcial effects on body weight gain, food intake, and
glucose homeostasis [2]. This suggests that cecal proliferation
induced by FOS reduces the effect of a high-fat diet on the incidence of diabetes and obesity within GLP-1R–dependent manner
[2,26]. This might imply the role of gut hormones in the antilipogenic effect of FOS [26]. Finally, a recent review examined the
effects of dietary intake of inulin and oligofructose on incretins
production and suggested that oligofructose in the diet of
rats increases GLP-1 concentration, through the mechanism
requiring SCFAs, which are produced by oligofructose fermentation in intestinal tissue [27]. In contrast with this data, Parnell
et al. [28] did not observe any increase in GLP-1 secretion in
overweight or obese humans; also in those who received 21 g/d
of oligofructose or a placebo (maltodextrin) for 12 wk. The
authors suggested that the discrepancy between their results for
GLP-1 in humans and those of rodent study could be due to the
lower (5% of total intake) dose of oligofructose.
A randomized, double-blind trial performed in 10 healthy
adults reported that 16 g/d of prebiotic for 2 wk compared with
16 g/d dextrin maltose could increase the gut peptides
concentration (GLP-1 and PYY), indicating that prebiotics could
be a useful tool for nutrition therapy of diabetes due to their
beneﬁcial effects on food intake and glucose homeostasis [21].
Adam et al. [29] conducted a randomized crossover study and
reported a 57% increase in plasma GLP-1 concentration due to
addition of 50 g galactose and 2.5 g guar gum to standard
breakfast in normal-weight individuals. In one study, hyperinsulinemic individuals were studied to determine the time
course of effect of increased wheat ﬁber intake by 20 g/d on
SCFA and GLP-1 concentrations. It is of interest that plasma
butyrate and GLP-1 levels increased after 9 and 12 mo, respectively. The author concluded that the proliferative effect of SCFA
on the intestinal lumen or a direct effect of wheat ﬁber on gut L
cells are responsible for a gradual rise in plasma GLP-1
concentration, providing an intestinal mechanism for the
epidemiologic association between high cereal ﬁber intake and
its antidiabetic beneﬁts [13]. Dietary resistant starch (RS) has
been reported to increase plasma total GLP-1 in rodents [16,30],
but its exact mechanism of action is unclear. Zhou et al. [16]
aimed to understand how dietary RS modulates GLP-1 and
PYY secretion. They found that only fermentable ﬁber increases
GLP-1 and PYY levels, because higher proglucagon and PYY
mRNA expressions were detected in the cecum and colon where
RS ferments. Thus, inclusion of fermentable resistant starch in
the diet as a bioactive functional food component is a natural
way to increase the gut hormone expression [30]. Furthermore,
the available data support the idea that continuous addition of
fermentable ﬁber is another important factor for micro ﬂora
adaption to a new food source, so prospective long human
studies are needed for assessment of effectiveness of RS on
GLP-1 secretion [16]. In another study with healthy young
adults, foods enriched with soluble ﬁber (psyllium) and vegetable protein (soy) modiﬁed the postparendial GLP-1 release
[31]. Yet, a recent study with 14 healthy individuals demonstrated that an isocaloric breakfast including one of three

Table 1
Effect of ﬁber on GLP-1 secretion response
Time frame

Number of subjects (m:f)

Study population

Treatment diet(s) (dose)

Results

Reimer (1997) [23]

14 d

16 (16:0)

Male Sprague-Dawley rats

Cani (2004) [24]

3 wk

24 (24:0)

Male Wistar rats

No difference in proglucagon mRNA in the colon.
Upregulation of proglucagon mRNA in the ileal.
Signiﬁcantly higher concentrations of GLP-1 (7-36)
amide and proglucagon mRNA.

Cani (2005) [25]

50 d

12 (12:0)

Male Wistar rats

Cani (2006) [2]

4 wk

(N/D)

Diabetic mice or (GLP-1R)dmice

Parnell (2009) [28]

12 wk

39 (7:32)

Overweight or obese

Cani (2009) [21]

2 wk

10 (5:5)

Healthy adults

Rhubarb ﬁber diet (50 g/kg)
Cellulose (50 g/kg)
Fructan-enriched diet varying in degree of
polymerization FOS, Syn, or long-chain inulin
(100 g/kg)
Standard diet
FOS-enriched (10%) standard diet followed
by high-fat diet
FOS-enriched (10%) standard diet followed
by high-fat FOS (10%) diet
Standard diet
High-fat diet
FOS-enriched high-fat diet
Oligofructos (21 g/d)
Maltodextrin
Prebiotic (16 g)
2) dextrin maltose (16 g)

Adam (2005) [29]

120 min in 2 d

30 (15:15)

Healthy subjects

Freeland (2010) [13]

12 mo

28 (6:22)

Hyperinsulinamic healthy human

Zhou (2008) [16]

23 d

30 (0:30)

Sprague-Dawley rats

Keenan (2006) [30]

24 d

10 (0:10)

Sprague-Dawley rats

Karhunen (2010) [31]

120 min

16 (3:13)

Healthy young adults

Lumaga (2012) [32]

On separated days

14 (8:6)

Healthy humans

Galactose (50 g) and guar gum (2.5 g) þ standard
breakfast
Standard breakfast
High-ﬁber cereal (60 g)
Control cereal (49 g)
Standard diet
RS
Fiber control
RS
Methylcellulose
Control
Low-protein (2.8 g), low-ﬁber diet (7.6 g)
Low-protein (2.6 g) high-soluble ﬁber diet
(psyllium, 23 g)
High-protein (soy, 19.7 g), low-ﬁber diet (6.2 g)
High-protein (18.4 g), high-ﬁber diet (23 g)
White wheat bread
b-glucan beverage
Fruit-based beverage
Control beverage

Doubled GLP-1 contents in the proximal colon in
FOS diet.
Increase in proglucagon mRNA in the cecum and the
colon in FOS diet.
3) Lower DPP-4 activity by 30% in high-fat FOS diet.
Antidiabetic actions of FOS by the GLP-1R–
dependent manner.
FOS supplementation did not affect plasma-active
GLP-1 concentration.
Plasma GLP-1 concentrations were increased
signiﬁcantly in the prebiotic group compared with
the dextrin maltose group.
Plasma GLP-1 was increased signiﬁcantly due to
addition of galactose/guar gum to standard diet.
Plasma GLP-1was increased signiﬁcantly in the
high-ﬁber cereal group compared with control
group.
Total GLP-1was increased in RS-fed rats.
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Author (year)

Plasma GLP-1 level was increased in RS-fed rats.

Modifying effect of soy protein in combination with
psyllium on GLP-1 secretion.

Plasma GLP-1 concentration was not inﬂuenced by
the type of beverage.

DPP-4, dipeptidyl peptidase-4; FOS, fructooligosaccharides; GLP-1, glucagon-like peptide; GLP-1R, glucagon-like peptide receptor; RS, resistant starch; Syn, synergy 1
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GLP-1 concentration was signiﬁcantly increased
when 30 g glutamine or 15 g lutamine plus
sitagliptin was ingested.

No signiﬁcant difference was observed in GLP-1
levels.

Glutamine signiﬁcantly increased GLP-1
secretion.

No signiﬁcant difference in plasma GLP-1.

Type 2 diabetes patients
180 min
Samocha-Bonet (2011) [15]

GLP-1, glucagon-like peptide

8 wk
Breitman (2011) [43]

15 (9:6)

3 separate days
Greenﬁeld (2009) [41]

30 (1:29)

Lean subjects and obese nondibetic subjects and
obese subjects with type 2 diabetes or impaired
glucose tolerance
Patients undergoing laparoscopic gastric bypass
(LGB)

1d
Kett (2012) [40]

24 (21:3)

Pigs

14 d
Galloway (2011) [37]

8

Lean and overweight/obese

High-protein diet
An adequate protein diet
L-carnitine L-tartrate (3 g )
Glucose (3 g)
Starch (10%) _ a-casein (10%)
Starch (10%) _ b-casein (10%)
Starch (10%)
30 g glutamine
Water
Glucose (75 g)
A supplement containing a leucine metabolite,
glutamine, and arginine (24 g)
Without receiving any supplement
30 g glutamine
15 g glutamine plus sitagliptin
15 g glutamine
Water
Sitagliptin
5d
Lejeune (2006) [36]

16 (16:0)

Study population
Number of
subjects (m:f)
Time frame

Glutamine as a nutritional supplement has been added to
enteral and parenteral mixtures for gut integrity. Glutamine also
is administered orally at high doses to protect the intestine from
the toxic effects of chemotherapy and radiotherapy [41]. It has
been demonstrated that L cells, like other gut cells, are sensitive
to changes in glutamine content of meals. Glutamine can be used
as nutritional therapy to enhance the endogenous GLP-1 secretion in diabetic and obese individuals. One study investigated the
mechanism underlying the effect of glutamine on GLP-1 release
by using the cell line GLUTag, which was treated with either 10
mmol/L glucose or a wide range of amino acids. It was observed
that glutamine triggers membrane depolarization and raises
the intracellular calcium by releasing the calcium stores.

Author (year)

Glutamine

Table 2
Effect of protein and glutamine on GLP-1 secretion response

Studies using protein and glutamine are summarized in
Table 2.
There is some evidence that protein could stimulate GLP-1
release even more than carbohydrates [34,35]. In 12 healthy,
normal women given either an adequate protein or a highprotein diet for two 36-h sessions, it was shown that GLP-1
concentration was increased with both diets after lunch and
dinner, but only in high-protein diet was satiety related to
protein intake and accompanied by an increased level of GLP-1
[36]. Yet, a study with 16 lean and overweight/obese men
showed that oral supplementation with L-carnitine L-tartrate
(3 g/d) for 2 wk did not affect total GLP-1 response to glucose
intake [37]. Chen et al. [38] also suggested that branch chain
amino acids (BCAAs), leucine and isoleucine, and the dairy
proteins casein and skim milk, increase the secretion of GLP-1 in
human intestinal NCI-H716 cell culture. The result demonstrated
that skim milk and casein, but not whey, potently stimulated
GLP-1 secretion by 1.6-fold and 2.5-fold, respectively and also
that 2% leucine and isolucine induced an increase in GLP-1
release by 4.7-fold and 2.6-fold, respectively. Due to the high
proportion of BCAAs (21%) found in dairy, the results probably
reﬂect the effect of BCAAs on GLP-1 release. Additionally, in the
NCI-H716 cell line, Reimer showed that meat hydrolysate and
essential amino acids are potent stimulators of GLP-1 [39].
Another research used pigs to evaluate the effect of additional
dairy protein, a-casein or b-casein, to waxy maize starch on
glucose homeostasis as well as on GLP-1 release. No signiﬁcant
differences in postprandial concentration of plasma GLP-1 were
noticed [40].
In conclusion, these ﬁndings suggest that protein and amino
acids are not all similarly effective in GLP-1 release. Therefore,
the amino acid proportion of protein is important in stimulation
of the secretion.

Treatment diet(s) (dose)

Protein and GLP-1 secretion

Healthy women

Results

beverages (3 g barley b-glucan, or 2.5 g dietary ﬁber from fruit,
or without dietary ﬁber [control]) did not inﬂuence GLP-1
concentration 3 h after beverage consumption [32].
Collectively, evidence supports the concept that prebiotics
and high-ﬁber diets have potential beneﬁcial effects on obesity
and diabetes. One strong link between gut microbial and
systemic activity is SCFAs, which are produced by bacterial
fermentation of non-digestible carbohydrates. These substances
not only act as a local nutrient supply but also account for release
of anorectic and insulinotropic hormone, GLP-1 [22]; thus
providing support for a link between the gut ﬂora metabolism
and key factors associated with insulin resistance [33].

Plasma GLP-1 was increased with both diets
after lunch and dinner.
No effect on plasma GLP-1 concentration.
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12 (0:12)
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Healthy adults without type 2 diabetes and
adults with type 2 diabetes
12 wk
Cohen (2011) [49]

19 (N/D)

Offspring of obese and type 2 diabetes
28 d
Paniagua (2007) [8]

11 (4:7)

Healthy volunteers
On separated days
Beysen (2002) [44]

8 (4:4)

Overweight people with type 2 diabetes
9 (5:4)
24 d
Brynes (2000) [18]

CHO, carbohydrate; GLP-1, glucagon-like peptide; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid

Ingestion of a virgin olive oil-based breakfast
increased. GLP-1 concentrations compared
with CHO-rich diet.
Postparendial GLP-1 response at 30 min was
not affected by almond ingestion.

GLP-1secretion was increased during fat
feeding, with a higher response to the MUFA
test compared with the PUFA and SFA tests.

Diet high in MUFAs (20.3  3.5% of total
energy)
Diet high in PUFAs (13.4  1.3% of total
energy)
MUFA test: olive oil high in oleic acid
(69%, w/w)
PUFA test: reﬁned safﬂower oil high in
linoleic acid (74%, w/w)
SFA test: palm stearin
high in palmitic acid (59%, w/w)
Control
Rich in saturated fat diet
Rich in monounsaturated diet
Rich in CHO diet
Diet rich in MUFA from almonds
(one serving 5 d/wk)
A meal without almonds

GLP-1 level was increased during oral
administration of a-linolenic acid.

Results
Treatment diet(s) (dose)

a-linolenic acid (3 mmol/100 mL)
Octanoic acid (3 mmol/100 mL)
Vehicle (100 mL)
Male Wistar rats

Study population

8 wk
Tanaka (2008) [47]

Number of subjects (m:f)
Time frame
Author (year)

Studies using MUFA and PUFA are summarized in Table 3.
Monounsaturated fatty acids (MUFAs), polyunsaturated fatty
acids (PUFAs), and saturated fatty acids have been implicated in
the production of GLP-1 in a number of animal and human
studies, but delayed increases were seen compared with carbohydrates, especially with saturated fatty acids [44,45]. Free fatty
acids are known to act as natural signaling molecules and also
natural ligands for G-protein coupled receptors (GPCRs) such as
the GPR40 family [46]. For the ﬁrst time in male Wister rats,
Tanaka et al. cloned and characterized GPR120, then examined the
in vivo effects of acute and long-term oral administration of
a-linolenic acid (a-LA) a natural ligand for GPR120, which is
plentifully expressed in gut. In this study, GLP-1 levels were
enhanced by acute administration of a-LA and also an increase in
insulin secretion and regeneration of islet b cells after long-term
treatment by a-LA was observed. Although the exact mechanism
was unknown, the authors hypothesized that enhancement of the
GPR120-mediated GLP-1 secretion induced by a-LA led to this
result [47]. It is demonstrated that 5-hydroxy-eicosapentaenoic
acid (5-HEPE), one of the metabolites of an u-3 unsaturated
fatty acid, is a potent endogenous agonist for GPR119 that has
been reported to induce insulin and GLP-1 secretion. These

Table 3
Effect of MUFA and PUFA on GLP-1 secretion response

MUFA, PUFA, and GLP-1 secretion

24 (24:0)

Surprisingly, this amino acid enhances GLP-1 secretion about
sevenfold, potentially more stimulant than glucose or other
amino acids at 10 mmol/L. It is suggested that physiological
changes in glutamine might have a profound effect in diabetes
and obesity [42]. This ﬁnding raises the possibility that induction
of GLP-1 release from L cells might contribute to its known
physiological effects in vivo. A recent study recruited 24 individuals and divided them into three groups of healthy, lean, and
obese with type 2 diabetes or impaired glucose tolerance. After
blood sample collection, all participants ingested glucose (75 g),
glutamine (30 g), and water (300 mL), to investigate whether
glutamine increases circulating GLP-1, gastric inhibitory polypeptide (GIP), glucagon, and insulin levels in humans. It was
observed that glutamine raises insulin secretion in parallel with
GLP-1 in all three groups [41]. In a randomized crossover study
conducted in 15 patients with type 2 diabetes, emphasis was
placed on whether oral glutamine attenuates postprandial glycemia. The trial demonstrated that 30 g of glutamine or 15 g of
glutamine plus sitagliptin reduced postprandial glycemia and
increased postparendial GLP-1 responses. Because reduction in
glycemia preceded the increase in insulinemia and there was no
corresponding increase in C-peptide with insulin response, the
authors suggested that glutamine-induced increase in GLP-1
reduces glycemia by prolonging the gastric emptying (a major
determinant of glycemia after a meal) but not by increasing the
insulin secretion [15]. In randomized controlled trial, 30 patients
undergoing laparoscopic gastric bypass were evaluated for the
effect of 24 g dietary supplement containing leucine metabolite,
glutamine, and arginine twice daily on metabolic and hormonal
changes at 2 and 8 wk after surgery. No signiﬁcant differences
were observed in GLP-1or GIP mean levels after 8 wk and also
between the control and interventional groups. This may be due
to the fasting state of the patients and consequently do not
reﬂect the secretion of incretin-related nutrient intake [43].
Collectively, this data provide evidences that even single
amino acid supplementation such as glutamine could represent
a novel therapeutic strategy for management of type 2 diabetes
and obesity [15,41]. The longer-term effects of glutamine
supplementation require further research.
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Neither MUFAs nor PUFAs had an effect on
GLP-1 secretion.
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Plasma GLP-1 was diminished with both saccharinsweetened diets in two groups.
Sprague-Dawley rats

GLP-1, glucagon-like peptide

Group (1): 24 d
Group (2): 4 wk
Swithers (2012) [57]

Group (1): 30 (30:0)
Group (2): 72 (72:0)

Healthy young adults
120 min
Hall (2003) [56]

6 (2:4)

Results
Treatment diet(s) (dose)

Diet soda (240 mL)
Carbonated water (240 mL)
Aspartame (400 mg)
Aspartic acid (176 mg) þ phenylalanine (224 mg)
Control (400 mg)
Group (1):
High-fat diet þ glucose-sweetened bottle (30 g)
High-fat diet þ saccharin-sweetened bottle (30 g)
Group (2):
High-fat diet þ plain yogurt (30 g)
High-fat diet þ saccharin-sweetened yogurt (30 g)
Healthy participants
180 min

Number of subjects (m:f)
Time frame

Brown (2009) [55]

Table 4
Effect of nonnutritive sweeteners on GLP-1 secretion response

Studies using non-nutritive sweeteners are summarized in
Table 4.
Non-nutritive sweeteners (acesulfame K, sucralose, neotame,
saccharin, and aspartame) are new chemosensory signaling
compounds that affect the ingestion process and could maintain
diet palatability by delivering a sweet taste without adding
calories or any glycemic effect [50,51]. Jang et al. [52] observed
that stimulation of NCI-H716 enteroendocrine L cells with
high-potency sweetener sucralose induced GLP-1 secretion in
a concentration-dependent manner. Similar results were also
reported when the effect of sucralose on enteroendocrine L cells
in mice (STC-1 and GLUTag) were analyzed [53]. Likewise, in
STC-1 cells, exposure to sucralose increased GLP-1 levels, whereas
the same result was not observed in human duodenal biopsies
[54]. One study showed that soda sweetened with sucralose and
acesulfame K (called diet soda) signiﬁcantly increased GLP-1
release in healthy humans compared with carbonated water.
Furthermore, this effect was observed with a small amount of
artiﬁcial sweetener [55]. In disagreement with these ﬁndings,
ingestion of aspartame or its constituent amino acids decreased
GLP-1 secretion in human subjects [56]. Surprisingly, very recent
ﬁndings from rat models showed diminished results in GLP-1
release during the oral glucose test in a saccharin-exposed
group. This reduction was seen in two experimental groups; the
ﬁrst group was supplied with a bottle containing 30 g of either
a 10% glucose-sweetened or a 0.3% saccharin-sweetened liquid in
a high-fat, high-sugar diet. The other group received 30 g of plain
or sweetened yogurt in the same diet [57].
Collectively, there is contradictory evidence about whether
non-nutritive sweeteners are able to stimulate GLP-1 secretion.

Study population

Non-nutritive sweeteners and GLP-1 secretion

22 (N/D)

observations indicated the possibility that u-3 unsaturated fatty
acids, 5-HEPE, and its precursor eicosapentaenoic acid, may
exhibit antidiabetic effects [48].
For the ﬁrst time, in nine overweight subjects with type 2
diabetes, a high MUFA diet for more than 3 wk intervention was
compared with a high-PUFA diet. It was found that neither
MUFAs nor PUFAs had an effect on the postprandial stimulation
of GLP-1, indicating that a diet rich in MUFAs is not a good
alternative to PUFAs in terms of increasing insulin sensitivity in
patients with type 2 diabetes [18]. However, the fatty-acid
composition of a meal and the plasma pool affects the insulin
secretion. Both plasma non-esteriﬁed fatty acid (NEFA) and GLP1 could have direct effects on the b cells, or NEFA has an indirect
effect via plasma GLP-1 receptor on the b cells, with the greatest
effect for MUFA compared with PUFA and saturated fatty acids
[44]. Paniagua et al. [8] reported that in 11 obese patients with
type 2 diabetes, following the ingestion of a virgin olive oil–
based breakfast, the GLP-1 response was signiﬁcantly enhanced
and postprandial glucose and insulin concentrations was lowered compared with those who were fed a carbohydrate-rich
meal. In a well-controlled, 12 wk cross-over trial, Cohen et al.
[49] were unable to show an effect of diet rich in MUFAs from
almonds (one serving 5 d/wk at meal time) on GLP-1 concentrations in 19 individuals with type 2 diabetes mellitus and
healthy individuals; however, almond consumption signiﬁcantly
reduced postprandial glycemia in diabetic individuals not in
healthy individuals.
In conclusion, not all studies have reported the potential
capability of MUFA and PUFA in control of postprandial glycemia.
Further research on the role of MUFA and PUFA in GLP-1 secretion is warranted, considering the described mechanisms.

Plasma GLP-1 was increased with artiﬁcial sweeteners in
combination with glucose.
Plasma GLP-1 concentrations were decreased when
aspartame or aspartic acid ingested.
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Future artiﬁcial sweeteners dose–response studies evaluating
GLP-1 secretion are warranted.
Conclusion
The concept of stimulation of GLP-1 secretion by nutrients
seems an attractive alternative to minimize postprandial glucose
excursions. Regarding this strategy, a better understanding of the
factors regulating GLP-1 release including food components is
needed in order to modify the diet in a way that obesity as well as
diabetes could be better managed. The combined effects of
speciﬁc dietary compounds on GLP-1 secretion are still poorly
understood. Thus, further research is needed to assess the
nutrient effects on GLP-1 response.
References
[1] Karhunen L, Juvonen K, Huotari A, Purhonen A, Herzig K. Effect of protein,
fat, carbohydrate and ﬁbre on gastrointestinal peptide release in humans.
Regul Pept 2008;149:70–8.
[2] Cani PD, Knauf C, Iglesias MA, Drucker DJ, Delzenne NM, Burcelin R.
Improvement of glucose tolerance and hepatic insulin sensitivity by oligofructose requires a functional glucagon-like peptide 1 receptor. Diabetes
2006;55:1484–90.
[3] Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP. Gastroenterology
2007;132:2131–57.
[4] Drucker DJ, Nauck MA. The incretin system: glucagon-like peptide-1
receptor agonists and dipeptidyl peptidase-4 inhibitors in type 2 diabetes.
The Lancet 2006;368:1696–705.
[5] Bradford B, Harvatine K, Allen M. Dietary unsaturated fatty acids increase
plasma glucagon-like peptide-1 and cholecystokinin and may decrease
premeal ghrelin in lactating dairy cows. J Dairy Sci 2008;91:1443–50.
[6] Prigeon RL, Quddusi S, Paty B, D’Alessio DA. Suppression of glucose
production by GLP-1 independent of islet hormones: A novel extrapancreatic effect. Am J Physiol Endocrinol Metab 2003;285:E701–7.
[7] Plamboeck A, Holst J, Carr R, Deacon C. Neutral endopeptidase 24.11 and
dipeptidyl peptidase IV are both mediators of the degradation of glucagonlike peptide 1 in the anaesthetised pig. Diabetologia 2005;48:1882–90.
nchez E, Romero I, Vidal-Puig A,
[8] Paniagua JA, de la Sacristana AG, Sa
Berral FJ, et al. A MUFA-rich diet improves posprandial glucose, lipid and
GLP-1 responses in insulin-resistant subjects. J Am Coll Nutr 2007;26:
434–44.
[9] Dao TMA, Waget A, Klopp P, Serino M, Vachoux C, Pechere L, et al.
Resveratrol increases glucose induced GLP-1 secretion in mice: A mechanism which contributes to the glycemic control. PloS One 2011;6:e20700.
[10] Drucker DJ. Glucagon-like peptide-1 and the islet b-cell: Augmentation of
cell proliferation and inhibition of apoptosis. Endocrinology 2003;14:
5145–8.
[11] Cancelas J, Prieto PG, Villanueva-Penacarrillo ML, Valverde I, Malaisse WJ.
Effects of an olive oil-enriched diet on glucagon-like peptide 1 release and
intestinal content, plasma insulin concentration, glucose tolerance and
pancreatic insulin content in an animal model of type 2 diabetes. Horm.
Metab. Res 2006;38:98–105.
[12] Alberti KGMM, Zimmet PZ, for the WHO Consultation. Deﬁnition, diagnosis
and classiﬁcation of diabetes mellitus and its complications. Part 1: Diagnosis and classiﬁcation of diabetes mellitus. Provisional report of a WHO
Consultation. Diabetic Medicine 1998;15:539–53.
[13] Freeland KR, Wilson C, Wolever TMS. Adaptation of colonic fermentation
and glucagon-like peptide-1 secretion with increased wheat ﬁbre intake
for 1 year in hyperinsulinaemic human subjects. Br J Nutr 2010;103:82.
[14] Vollmer K, Holst JJ, Baller B, Ellrichmann M, Nauck MA, Schmidt WE, et al.
Predictors of incretin concentrations in subjects with normal, impaired,
and diabetic glucose tolerance. Diabetes 2008;57:678–87.
[15] Samocha-Bonet D, Wong O, Synnott EL, Piyaratna N, Douglas A, Gribble FM,
et al. Glutamine reduces postprandial glycemia and augments the
glucagon-like peptide-1 response in type 2 diabetes patients. J Nutr
2011;141:1233–8.
[16] Zhou J, Martin RJ, Tulley RT, Raggio AM, McCutcheon KL, Shen L, et al.
Dietary resistant starch upregulates total GLP-1 and PYY in a sustained daylong manner through fermentation in rodents. Am J Physiol Endocrinol
Metab 2008;295:E1160–6.
[17] Burcelin R. The incretins: A link between nutrients and well-being. Br J
Nutr 2005;93:147–56.
[18] Brynes AE, Edwards CM, Jadhav A, Ghatei MA, Bloom SR, Frost GS. Dietinduced change in fatty acid composition of plasma triacylglycerols is not
associated with change in glucagon-like peptide 1 or insulin sensitivity in
people with type 2 diabetes. Am J Clin Nutr 2000;72:1111–8.

819

[19] Lattimer JM, Haub MD. Effects of dietary ﬁber and its components on
metabolic health. Nutrients 2010;2:1266–89.
 czyk Z. Effects of cellulose, carboxymethylcellulose and
[20] Juskiewicz J, Zdun
inulin fed to rats as single supplements or in combinations on their caecal
parameters. Comp Biochem Phys A 2004;139:513–9.
[21] Cani PD, Lecourt E, Dewulf EM, Sohet FM, Pachikian BD, Naslain D, et al. Gut
microbiota fermentation of prebiotics increases satietogenic and incretin
gut peptide production with consequences for appetite sensation and
glucose response after a meal. Am J Clin Nutr 2009;90:1236–43.
[22] Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, Diakogiannaki E, et al.
Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via the
G-protein-coupled receptor FFAR2. Diabetes 2012;61:364–71.
[23] Reimer RA, Thomson ABR, Rajotte RV, Basu TK, Ooraikul B, McBurney MI. A
physiological level of rhubarb ﬁber increases proglucagon gene expression
and modulates intestinal glucose uptake in rats. J Nutr 1997;127:1923–8.
[24] Cani PD, Dewever C, Delzenne NM. Inulin-type fructans modulate gastrointestinal peptides involved in appetite regulation (glucagon-like peptide-1
and ghrelin) in rats. Br J Nutr 2004;92:521–6.
[25] Cani PD, Neyrinck AM, Maton N, Delzenne NM. Oligofructose promotes
satiety in rats fed a high-fat diet: involvement of glucagon-like peptide-1.
Obesity 2005;13:1000–7.
[26] Kok NN, Morgan LM, Williams CM, Roberfroid MB, Thissen JP, Delzenne NM.
Insulin, glucagon-like peptide 1, glucose-dependent insulinotropic polypeptide and insulin-like growth factor I as putative mediators of the hypolipidemic effect of oligofructose in rats. J Nutr 1998;128:1099–103.
[27] Delzenne NM, Cani PD, Neyrinck AM. Modulation of glucagon-like peptide
1 and energy metabolism by inulin and oligofructose: experimental data.
J Nutr 2007;137:2547S–51S.
[28] Parnell JA, Reimer RA. Weight loss during oligofructose supplementation is
associated with decreased ghrelin and increased peptide YY in overweight
and obese adults. Am J Clin Nutr 2009;89:1751–9.
[29] Adam T, Westerterp-Plantenga M. Nutrient-stimulated GLP-1 release in
normal-weight men and women. Horm Metab Res 2005;37:111–7.
[30] Keenan MJ, Zhou J, McCutcheon KL, Raggio AM, Bateman HG, Todd E, et al.
Effects of resistant starch, a non-digestible fermentable ﬁber, on reducing
body fat. Obesity 2006;14:1523–34.
[31] Karhunen LJ, Juvonen KR, Flander SM, Liukkonen KH, Lähteenmäki L,
Siloaho M, et al. A psyllium ﬁber-enriched meal strongly attenuates postprandial gastrointestinal peptide release in healthy young adults. J Nutr
2010;140:737–44.
[32] Lumaga RB, Azzali D, Fogliano V, Scalﬁ L, Vitaglione P. Sugar and dietary ﬁbre
composition inﬂuence, by different hormonal response, the satiating capacity
of a fruit-based and a b-glucan-enriched beverage. Food Funct 2012;3:67–75.
[33] Nilsson AC, Östman EM, Holst JJ, Björck IME. Including indigestible
carbohydrates in the evening meal of healthy subjects improves glucose
tolerance, lowers inﬂammatory markers, and increases satiety after
a subsequent standardized breakfast. J Nutr 2008;138:732–9.
[34] Blom WAM, Lluch A, Staﬂeu A, Vinoy S, Holst JJ, Schaafsma G, et al. Effect of
a high-protein breakfast on the postprandial ghrelin response. Am J Clin
Nutr 2006;83:211–20.
[35] Raben A, Agerholm-Larsen L, Flint A, Holst JJ, Astrup A. Meals with similar
energy densities but rich in protein, fat, carbohydrate, or alcohol have
different effects on energy expenditure and substrate metabolism but not
on appetite and energy intake. Am J Clin Nutr 2003;77:91–100.
[36] Lejeune MPGM, Westerterp KR, Adam TCM, Luscombe-Marsh ND, Westerterp-Plantenga MS. Ghrelin and glucagon-like peptide 1 concentrations,
24-h satiety, and energy and substrate metabolism during a high-protein diet
and measured in a respiration chamber. Am J Clin Nutr 2006;83:89–94.
[37] Galloway SDR, Craig TP, Cleland SJ. Effects of oral l-carnitine supplementation on insulin sensitivity indices in response to glucose feeding in lean
and overweight/obese males. Amino acids 2011;41:507–15.
[38] Chen Q, Reimer RA. Dairy protein and leucine alter GLP-1 release and
mRNA of genes involved in intestinal lipid metabolism in vitro. Nutrition
2009;25:340–9.
[39] Reimer RA. Meat hydrolysate and essential amino acid-induced glucagonlike peptide-1 secretion, in the human NCI-H716 enteroendocrine cell line,
is regulated by extracellular signal-regulated kinase1/2 and p38 mitogenactivated protein kinases. J Endocrinol 2006;191:159–70.
[40] Kett AP, Bruen CM, O’Halloran F, Chaurin V, Lawlor PG, O’Mahony JA, et al.
The effect of ab-casein addition to waxy maize starch on postprandial
levels of glucose, insulin, and incretin hormones in pigs as a model for
humans. Food & Nutrition Research 2012;56.
[41] Greenﬁeld JR, Farooqi IS, Keogh JM, Henning E, Habib AM, Blackwood A,
et al. Oral glutamine increases circulating glucagon-like peptide 1,
glucagon, and insulin concentrations in lean, obese, and type 2 diabetic
subjects. Am J Clin Nutr 2009;89:106–13.
[42] Reimann F, Williams L, da Silva Xavier G, Rutter G, Gribble F. Glutamine
potently stimulates glucagon-like peptide-1 secretion from GLUTag cells.
Diabetologia 2004;47:1592–601.
[43] Breitman I, Saraf N, Kakade M, Yellumahanthi K, White M, Hackett JA, et al.
The effects of an amino acid supplement on glucose homeostasis, inﬂammatory markers, and incretins after laparoscopic gastric bypass. J Am Coll
of Surgeons 2011;212:617–25.

820

A. Mansour et al. / Nutrition 29 (2013) 813–820

[44] Beysen C, Karpe F, Fielding B, Clark A, Levy J, Frayn K. Interaction between
speciﬁc fatty acids, GLP-1 and insulin secretion in humans. Diabetologia
2002;45:1533–41.
[45] Elliott R, Morgan L, Tredger J, Deacon S, Wright J, Marks V. Glucagon-like
peptide-1 (7–36) amide and glucose-dependent insulinotropic polypeptide
secretion in response to nutrient ingestion in man: acute post-prandial and
24-h secretion patterns. J Endocrinol 1993;138:159–66.
[46] Briscoe CP, Tadayyon M, Andrews JL, Benson WG, Chambers JK, Eilert MM,
et al. The orphan G protein-coupled receptor GPR40 is activated by
medium and long chain fatty acids. J Biol Chem 2003;278:11303–11.
[47] Tanaka T, Yano T, Adachi T, Koshimizu TA, Hirasawa A, Tsujimoto G. Cloning
and characterization of the rat free fatty acid receptor GPR120: in vivo
effect of the natural ligand on GLP-1 secretion and proliferation of
pancreatic beta cells. Naunyn Schmiedebergs Arch Pharmacol 2008;377:
515–22.
[48] Kogure R, Toyama K, Hiyamuta S, Kojima I, Takeda S. 5-Hydroxyeicosapentaenoic acid is an endogenous GPR119 agonist and enhances
glucose-dependent insulin secretion. Biochem Biophys Res Commun
2011;416:58–63.
[49] Cohen AE, Johnston CS. Almond ingestion at mealtime reduces postprandial
glycemia and chronic ingestion reduces hemoglobin A1c in individuals with
well-controlled type 2 diabetes mellitus. Metabolism 2011;60:1312–7.

[50] Mattes RD, Popkin BM. Nonnutritive sweetener consumption in humans:
Effects on appetite and food intake and their putative mechanisms. Am J
Clin Nutr 2009;89:1–14.
[51] Pepino MY, Bourne C. Nonnutritive sweeteners, energy balance and glucose
homeostasis. Curr Opin Clin Nutr 2011;14:391.
[52] Jang HJ, Kokrashvili Z, Theodorakis MJ, Carlson OD, Kim BJ, Zhou J, et al.
Gut-expressed gustducin and taste receptors regulate secretion of
glucagon-like peptide-1. Sci Signal 2007;104:15069.
[53] Margolskee RF, Dyer J, Kokrashvili Z, Salmon KSH, Ilegems E, Daly K, et al.
From the Cover: T1R3 and gustducin in gut sense sugars to regulate
expression of Naþ-glucose cotransporter 1. Sci Signal 2007;104:15075.
[54] Geraedts MCP, Troost FJ, Saris WHM. Addition of sucralose enhances the
release of satiety hormones in combination with pea protein. Mol Nutr
Food Res 2012;56:417–24.
[55] Brown RJ, Walter M, Rother KI. Ingestion of diet soda before a glucose
load augments glucagon-like peptide-1 secretion. Diabetes Care 2009;32:
2184–6.
[56] Hall W, Millward D, Rogers P, Morgan L. Physiological mechanisms mediating aspartame-induced satiety. Physiol Behav 2003;78:557–62.
[57] Swithers SE, Laboy AF, Clark K, Cooper S, Davidson T. Experience with the
high intensity sweetener saccharin impairs glucose homeostasis and GLP-1
release in rats. Behav Brain Res 2012;233:1–14.

