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Abstract The incretin hormones gastric inhibitory poly-
peptide and especially glucagon-like peptide (GLP) have an
important physiological function in augmenting post-
prandial insulin secretion. Since GLP-1 may play a role in
the pathophysiology and treatment of type 2 diabetes,
assessment of meal-related GLP-1 secretory responses in
type 2 diabetic patients vs healthy individuals is of great
interest. A common view states that GLP-1 secretion in
patients with type 2 diabetes is deficient and that this
applies to a lesser degree in individuals with impaired
glucose tolerance. Such a deficiency is the rationale for
replacing endogenous incretins with GLP-1 receptor agonists
or re-normalising active GLP-1 concentrations with dipep-
tidyl peptidase-4 inhibitors. This review summarises the
literature on this topic, including a meta-analysis of published
studies on GLP-1 secretion in individuals with and without
diabetes after oral glucose and mixed meals. Our analysis
does not support the contention of a generalised defect in
nutrient-related GLP-1 secretory responses in type 2 diabetes
patients. Rather, factors are identified that may determine
individual incretin secretory responses and explain some of

the variations in published findings of group differences in
GLP-1 responses to nutrient intake.
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Introduction

Incretins are gut-derived hormones that can stimulate insulin
secretion and make a significant contribution to overall
postprandial insulin release [1–3]. One of them, glucagon-
like peptide (GLP)-1, has glucose-lowering properties [4, 5]
and has been the basis of two novel classes of glucose-
lowering agents, incretin mimetics (i.e. GLP-1 receptor
agonists) and inhibitors of protease dipeptidyl peptidase
(DPP)-4 (incretin enhancers) [3, 6–8]. Since the latter are
thought to exert their glucose-lowering activity by prevent-
ing the degradation and inactivation (with regard to
insulinotropic effects) of endogenously released intact,
biologically active GLP-1 [9], their pharmacological action
should critically depend on availability of the major
substrate, GLP-1. Against this background, reports that
GLP-1 secretion from L-cells is reduced in patients with
type 2 diabetes [10, 11] have prompted several hypotheses
about how this affects the estimated clinical effectiveness of
these novel drugs. They have mainly been based on a study
by Toft-Nielsen et al. [12], which reported an increase in
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‘total’ GLP-1 (all forms including intact GLP-1 [7-36
amide] and the DPP-4-degraded, non-insulinotropic form
GLP-1 [9-36 amide]) from basal levels of around 5 pmol/l
to mean values of about 16 to 17 pmol/l in 33 healthy
participants and 13 to 14 pmol/l in 54 type 2 diabetic
patients, both after 60 min. In the second hour, peak GLP-
1 concentrations were maintained in healthy participants,
but returned to lower levels in type 2 diabetic patients.
Overall, this resulted in a 53% reduction in integrated
incremental GLP-1 concentrations (AUC above baseline)
in type 2 diabetic patients relative to healthy controls and a
19% reduction in the total AUC (above 0 pmol/l). These
differences were highly significant. Participants with
impaired oral glucose tolerance ranked between healthy
volunteers and type 2 diabetic patients and thus had an
intermediate GLP-1 response. Based on this largest
available cross-sectional study comparing GLP-1 release
in type 2 diabetic patients and healthy controls, it has
specifically been pointed out that:

1. Slightly reduced GLP-1 concentrations after a meal in
participants with impaired oral glucose tolerance and
more severely impaired GLP-1 secretion in type 2
diabetic patients, as demonstrated in cross-sectional
analyses, may translate into a progressive loss of the
ability to secrete GLP-1 with advancing type 2 diabetes
as part of the process of disease progression.

2. This loss of GLP-1 secretion is part of the pathophysio-
logical explanation for a lost incretin effect [13, 14], a
phenomenon typically observed in patients with type 2
diabetes.

3. The above point (2) provides evidence that loss of GLP-1
secretion with immediate pathophysiological consequen-
ces (reduced incretin effect as part of impaired postpran-
dial beta cell function) calls for a replacement therapy
with incretin-based glucose-lowering medications [3].

4. Based on such reasoning, DPP-4 inhibitors cannot be
expected [7, 8] to lower blood glucose in later stages of
type 2 diabetes (because of lost ability to secrete GLP-1).

This review aims to put these hypotheses into perspective
with the available data on GLP-1 release in healthy and type
2 diabetic participants, and to address common differences of
opinion and some potential misconceptions in the inter-
pretation of commonly quoted landmark publications.

Mechanisms of L-cell GLP-1 secretion

Physiologically, L-cells, which are most common in the
distal parts of the intestines [15], are stimulated to secrete
all their secretory products (GLP-1, GLP-2, gut-derived
glucagon [also called glicentin], peptide tyrosine tyrosine,
oxyntomodulin) in response to nutrient ingestion [16, 17].

The main meal components that act as potent stimulants of
GLP-1 secretion are glucose [18] and triacylglycerol [19],
but fructose and some proteins are also effective. Oral
glucose is a good stimulus for the release of GLP-1,
whereas plasma GLP-1 concentrations do not change when
glucose is administered intravenously, i.e. by bypassing
absorptive processes in the gut [13, 20]. Typically, ‘total’
GLP-1 concentrations are between 5 and 15 pmol/l in the
basal state, rising to between 20 and 60 pmol/l after oral
glucose or meals [12, 16, 21].

The temporal pattern of nutrient intake-related increments
in plasma GLP-1 begins with a rather early rise (starting
approximately 10 to 15 min after eating [22]), peaks during
the second hour and then slowly declines to baseline over
several hours. Some studies suggest a biphasic pattern, with
an early peak followed by a nadir and a second rise in GLP-1
concentrations [23], but other studies in humans tend to
describe monophasic secretory responses [12, 24, 25].

The intracellular events leading to L-cell secretion have
been reviewed in detail [26]. Novel components of L-cells
that are involved in nutrient sensing are sweet taste
receptors and the G-protein gustducin [27], as well as
NEFA receptors or their modifications such as G-protein-
coupled receptor (GPR) 119 [28], GPR 120 [29] and
perhaps GPR 40 [30]. GPR 119 and 120 are rather specific
for long-chain monounsaturated NEFA such as α-linolenic
acid. It is not known whether GPR 119 and/or 120 are
located to the luminal (brush border) membrane, which is
primarily involved in sensing NEFA in chymus, or to the
baso-lateral membrane, where they would be exposed to
interstitial fluid more similar in composition to plasma
(Fig. 1).

Where in the gut is GLP-1 released?

Especially the predominant location of L-cells in the distal
parts of the gut [15] has prompted hypotheses about the
early increase in GLP-1 concentrations immediately after
starting a meal [12, 16, 20, 21]. It has been difficult to
understand how L-cells in the distal ileum can be exposed
to nutrients minutes after their ingestion [31]. Measurement
of plasma concentration profiles after nutrient ingestion (e.g.
Fig. 2, with the early phase being the consequence of
potential indirect mechanisms, followed by a later phase of
direct stimulation, when gut contents have travelled to
distal parts of the intestines) have not accumulated much
evidence in favour of a biphasic GLP-1 response in human
participants. Nevertheless, some indirect mechanisms have
been proposed. These potential pathways include ‘upper-
gut signals’, i.e. stimulation of the autonomous nervous
system [32–35], as well as endocrine transmission through
gastrointestinal hormones [33, 36, 37], both of which may
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be activated when appropriate nutrients enter the duodenum
or upper jejunum. Along these lines, gastric inhibitory
polypeptide (GIP) triggers release of GLP-1 from cell lines
resembling L-cells and in animal experiments (rodents) [36].
However, even high doses of exogenous GIP do not lead to

a rise in GLP-1 concentrations in human participants with
[38] and without [38, 39] type 2 diabetes. Neurotransmitters
such as acetylcholine [32, 34, 40] and gastrin-releasing
peptide [37] also trigger GLP-1 release, suggesting the
intramural enteric nervous system is involved inmediating the
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Fig. 2 Integrated responses of ‘total’ GLP to oral glucose or mixed
meals based on individual studies (a) reporting integrated incremental
‘total’ GLP-1 responses in patients with type 2 diabetes and an
appropriate control group (weight-matched, non-diabetic participants)
and using non-specific assays that measured intact and DPP-4-degraded
forms of GLP-1. The response in type 2 diabetic patients (mean ± SEM)
is expressed as percentage of the mean value in the control group.
*p<0.05 vs control. Numbers in bars indicate number of type 2 diabetic
patients (upper row) and control participants (lower row) studied.
Studies are indicated by reference number, i.e. [12, 14, 24, 25, 44, 54,
68–70, 72]. a0–20 min, b20–120 min, c0–30 min, d30–180 min. b For
the meta-analysis, electronic databases (PubMed and EMBASE) were
searched (until 28 February 2010) for studies dealing with the secretion
and providing integrated incremental responses of GLP-1 in healthy
participants and patients with type 2 diabetes after an oral glucose

tolerance test (75 g) and/or after a standardised mixed meal. Two
independent authors (M. Nauck and I. Vardarli) examined the studies
and extracted data. We included nine studies with 13 datasets and 406
participants (189 patients with type 2 diabetes, 217 healthy controls) in
the meta-analysis. Data from studies using early, non-specific assays
that would cross-react with the major proglucagon fragment [18, 38, 71]
were excluded. As effect size, we used the mean difference. Pooled
estimates were obtained using the DerSimonian and Laird random
effects model. The pooled estimates of the mean difference of integrated
incremental plasma concentrations of GLP-1 between patients with type
2 diabetes and healthy controls are shown. After an oral glucose
challenge as well as after a mixed meal test, the integrated incremental
plasma concentrations of GLP-1 were not significantly different
between patients with type 2 diabetes and controls (p=0.44). Light
blue, oral glucose; dark blue, mixed meal
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Fig. 1 The L-cell with compo-
nents that may be involved in
triggering or modulating GLP-1
secretion. The primary process
leading to release of preformed
secretory granules may start
with the absorption of glucose
through glucose transporters in
microvilli of the luminal
(brush border) membrane.
Additional signals are sweet
taste receptors, receptors for
NEFA, neurotransmitters
(acetylcholine, gastrin-releasing
peptide, others), gastrointestinal
hormones (GIP) and glucagon.
For details, see text. Glc, glucose
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‘upper gut signal’. In a recent study, GLP-1 release triggered
by oleate was attenuated by a cholecystokinin type 1 receptor
antagonist [41].

However, gut resections at any level of the small or large
intestines do not typically lead to reduced GLP-1 secretion
[42]. This may indicate that the release of GLP-1 occurs
primarily from L-cells immediately exposed to ingested
nutrients (i.e. L-cells in the upper parts of the small intestine),
rather than from those parts of the gut where the majority of
L-cells are located (i.e. the ileum and large intestine) [43].

In fact, L-cells have also been identified in the duodenum
[44] and certainly in the jejunum [15], with the respective
numbers increasing aborally towards the ileum and colon/
rectum [45]. It has been estimated that the amount of GLP-1
secreted after ingestion of a single nutrient load (calculated
as integrated incremental response multiplied by the known
metabolic clearance rate for GLP-1) accounts for about 10 %
of the GLP-1 content of jejunal L-cells [46]. A second
argument in favour of direct stimulation of upper-gut L-cells
is the observation that the release of GIP is closely related to
that of GLP-1, even at an intra-individual level, indicating
that some individuals have a poor response of GIP and
GLP-1, and others have average or higher release of both
incretin hormones [20]. Consistent with this observation, a
subset of entero-endocrine cells has been shown to co-
express GIP and the proglucagon gene, suggesting concom-
itant secretion of both incretin hormones from such cells [45].

Further evidence for immediate secretion of GLP-1 from
L-cells in the proximal gut comes from work by Schirra et
al. [47], in which GIP and GLP-1 secretion was determined
in relation to the gastro-duodenal transit of nutrients. These
studies revealed a rapid onset of GIP and GLP-1 secretion
after ingestion of oral glucose, along with high rates of
nutrients passing into the duodenum. Interestingly, the
nutrient flow rates required to sustain stimulated secretion
of incretin hormones were far higher for GLP-1 (6 kJ/min)
than for GIP (<1 kJ/min) [48]. This suggests that the
velocity of transpyloric gastric content movement required
to stimulate K-cells in the duodenum is lower than that
required to stimulate L-cells at a more distal location (i.e. at
least the proximal jejunum or further down), where
significant numbers of L-cells can be found [15]. On the
basis of the evidence available, we hypothesise that direct
stimulation of the more proximal L-cells is the predominant
mechanism. However, the relative contributions of direct
and indirect mechanisms prompting secretion of GLP-1 in
humans remain to be fully elucidated.

GLP-1 secretion in patients with type 2 diabetes

GLP-1 hypersecretion was described in some early studies
[18, 49] in response to the ingestion of oral glucose,

probably related to the use of side-viewing antibodies,
which also detect the major proglucagon fragment [50].
More recent studies have described either no abnormalities
at all in oral glucose-induced GLP-1 secretion or GLP-1
hyposecretion (Fig. 2). Meal-induced GLP-1 responses
were significantly reduced in the above-mentioned largest
cross-sectional study [12] by Toft-Nielsen et al. and more
similar to those found in healthy participants in some other,
smaller studies (Fig. 2). The second-largest recent study, by
Vollmer et al. [25], found no impairment in mixed meal-
induced GLP-1 secretion. The bottom line suggests that there
is some variation in GLP-1 secretion and that in some cohorts,
on balance, the GLP-1 response is somewhat reduced, whereas
in other studies such differences are not as apparent (Fig. 2).

Since in some of the studies analysed type 2 diabetic
patients were treated with metformin, which has been
shown to enhance GLP-1 responses [51], any potential
difference in GLP-1 secretory responses between type 2
diabetic patients and healthy participants may have been
modified by this mechanism.

In the absence of a more general difference in GLP-1
secretory responses between type 2 diabetic patients and
healthy participants, we have attempted to identify participant/
patient characteristics that would determine individual GLP-1
responses: Fig. 3 shows univariate regression analysis for
GLP-1 secretory responses after oral glucose ingestion, from
which responses appear to be predicted by baseline
characteristics such as age, body weight (obesity), fasting
NEFA concentrations and fasting glucagon concentrations.
Similar relationships can be found for mixed meal-induced
GLP-1 secretory responses and for GIP secretion (details
not shown) in relation to baseline characteristics. As shown
in Table 1, most of the individual factors found to be
significantly related to GLP-1 secretory responses in uni-
variate analyses remained significant in a multivariate
analysis, with similar results for GLP-1 responses induced
by oral glucose or mixed meal ingestion. Some relationship
between obesity and GLP-1 secretion has been noted before
[12, 52]. Exogenous glucagon has been found to be
associated with suppressed GLP-1 secretion [25], although
in the isolated, perfused gut no such interaction was apparent
[53]. The fact that variables related to obesity no longer
showed a strongly significant correlation in the multivariate
analysis (Table 1) may be related to the influence of
associated factors, e.g. elevated NEFA concentrations.
Certainly, hyperglycaemia (or oral glucose tolerance) did
not turn out to be a strong predictor of GLP-1 secretion,
suggesting that other characteristics of type 2 diabetic
patients not represented by elevated glucose concentrations
in the fasting or postprandial state may determine GLP-1
secretion, although opinions differ [54]; insulin resistance,
moreover, has also been described as a factor impairing
GLP-1 release [23].
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Factors that determine GLP-1 secretion give an indication
why some studies found differences in GLP-1 secretory
responses between type 2 diabetic patients and healthy
controls, while others did not. These interdependences are
illustrated in Table 2. Type 2 diabetic cohorts, especially if
not perfectly matched to healthy participants, will tend to be
older, more obese and exhibit hyperglucagonaemia as well
as elevated fasting NEFA levels. Some of these factors
predict lower GLP-1 responses (higher weight or BMI, and
high glucagon concentrations), while others are determi-
nants of enhanced GLP-1 secretion (older age, higher
fasting NEFA concentrations). Therefore, the ability to
predict ‘normal’ or impaired GLP-1 response in patients
with type 2 diabetes will depend on the individual balance
of these factors as well as the rate of gastric emptying. The
same reasoning can be applied to reported studies. Thus
Toft-Nielsen et al. [12] studied healthy and type 2 diabetic
participants with similar fasting NEFA concentrations, but
differences in glucagon levels. Otherwise (age, BMI) their
participants were well matched, meaning that the overall
balance was shifted towards reduced GLP-1 secretion. In
our recent study, type 2 diabetic patients had high NEFA
concentrations as well as hyperglucagonaemia, the influen-
ces of which may have balanced each other out, resulting in
no net difference in GLP-1 secretory responses [25]. These
analyses further strengthen the credibility of the associations

described by multivariate regression analysis (Table 1).
These associations, however, may only be valid in relatively
well controlled patients with type 2 diabetes, in whom
glucose-lowering treatment is administered as usual when
the nutrient stimulation to trigger GLP-1 release is performed.

The mechanism driving glucagon-induced suppression
of GLP-1 secretion has yet to be determined. Since GLP-1
is known to reduce glucagon [38, 55], a reverse association
may apply. Alternatively, a third, unknown factor may
influence GLP-1 secretion and glucagon, explaining this
association. A link between glucagon and GLP-1 secretion
has recently been confirmed [56]. Nevertheless, open
questions remain. Can, for example, a direct effect be
mediated by glucagon receptors on L-cells? Do motility
effects contribute to a reduction of GLP-1 secretion, e.g. by
slowing antro-duodenal transit of nutrients? Since approx-
imately 40% of type 2 diabetic patients can be expected to
have delayed gastric emptying, how does this affect GLP-1
secretion? Does autonomous neuropathy [12] play a role in
this context? Is the influence of NEFA or similar ligands
mediated by GPR 119, 120 or 40? Does this indicate that
these receptors are located on the basolateral membrane,
thereby being accessible and responsive to changes in
circulating concentrations of NEFA? Are the NEFA that
activate GPR 120 receptors the same ones that stimulate
GLP-1 secretion, e.g. long-chain monounsaturated NEFA?
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Fig. 3 Univariate correlation of
BMI (a), age (b), fasting
glucagon (c) and NEFA (d) to
integrated incremental responses
of GLP-1 following ingestion of
a mixed meal in participants
with normal oral glucose
tolerance (green symbols,
n=14), impaired oral glucose
tolerance (blue symbols, n=17)
and type 2 diabetes (red
symbols, n=17). Data were
re-analysed from Vollmer et al.
[25]. a r2=0.037, p=0.19;
b r2=0.066, p=0.079; c r2=
0.142, p=0.0082; d r2=0.081,
p=0.049
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Can dietary manipulations be derived from such knowledge
that would help sustain meal-related endogenous release of
GLP-1, especially in patients treated with DPP-4 inhibitors?

Augmenting L-cell GLP-1 secretion

By doubling meal-related responses of intact, biologically
active GLP-1, DPP-4 inhibitors exert profound effects on
glycaemic control in patients with type 2 diabetes; indeed,
any augmentation of GLP-1 responses would probably be
welcome and could help control glycaemia in patients with
type 2 diabetes.

Single dietary interventions have met with partial success.
For example, protein preloads [57] or large quantities of
single amino acids (glutamine) [58] have been used to elicit
higher GLP-1 responses by enhancing GLP-1 secretion.

The fact that the majority of L-cells are located distally in
the small intestine has prompted attempts to useα-glucosidase

inhibitors to prevent rapid digestion of starch and complex
carbohydrates, thereby moving intestinal contents downwards
and resulting in preferential digestion and absorption in the
lower jejunum or ileum, where L-cells are most prevalent. In
healthy participants receiving test meals composed of sucrose
and acarbose or voglibose, this approach was highly effective,
whereas in studies more realistically copying the ingestion of
meals in patients with type 2 diabetes, the effects were
rather small or completely negligible [59]. This may be
different with second-generation α-glucosidase inhibitors
such as voglibose [60] and miglitol [61].

Recently, metformin was seen to lead to higher meal-
related increments in total and intact GLP-1, indicating a
stimulation of GLP-1 secretion. Moreover, when metformin
was combined with a DPP-4 inhibitor, concentrations of
intact GLP-1 were increased beyond those observed with
the DPP-4 inhibitor alone [51]. The effects of metformin
are compatible with previous results from animal studies
with metformin and other biguanide drugs [62]. The
mechanism by which metformin augments GLP-1 res-
ponses is not entirely clear.

Certainly, there still is a lack of strategies to augment
secretion of endogenous GLP-1 through dietary measures
or with drugs specifically designed to stimulate L-cell
secretion. We expect this to be an active area of research in
the near future.

Conclusions

First, it is too early to conclude that advancing type 2
diabetes is characterised by a progressive loss of the
potential to secrete GLP-1 as part of the process of disease
progression. To draw such a conclusion, we need studies
that longitudinally assess GLP-1 secretion in cohorts of
prediabetic participants followed until diagnosis of type 2

Table 1 Multiple regression analysis of potential determinants of
GLP-1 secretion after oral glucose loads or mixed meals

Variable ß±SE B±SE t test
(42 df)

p value

GLP-1 after oral glucosea

Glucose toleranceb 0.20±0.26 3.7±4.7 0.78 0.44

Age (years) 1.28±0.35 82.4±22.1 3.7 0.0006

BMI (kg/m2) −0.46±0.43 −56.2±53.0 −1.06 0.30

Glucagon (pmol/l) −0.62±0.23 −212±77 −2.76 0.0086

Insulin (pmol/l) 0.08±0.17 3.91±8.41 0.47 0.64

NEFA (mmol/l) 0.71±0.24 4781±1606 2.98 0.0048

GLP-1 after a mixed mealc

Glucose tolerancea 0.06±0.27 1.2±5.6 0.21 0.83

Age (years) 0.97±0.35 71.5±26.0 2.75 0.0088

BMI (kg/m2) −0.75±0.41 −10.6±57.9 −0.18 0.86

Glucagon (pmol/l) −0.48±0.25 −174.4±90.8 −1.92 0.062

Insulin (pmol/l) 0.02±0.18 1.07±9.95 0.11 0.92

NEFA (mmol/l) 0.49±0.23 3766±1770 2.13 0.039

Integrated incremental GLP-1 responses were determined usingmethods
for determining ‘total’ GLP-1 concentrations (including DPP-4 break-
down products)

B and ß are the non-standardised and standardised regression
coefficients, respectively, both displayed with their respective standard
error (SE); data were re-analysed from Vollmer et al. [25]

Calculations: Statistica 5.0, StatSoft, Hamburg, Germany
a For the analysis of GLP-1 after oral glucose, the correlation coefficient
squared (R2) was 0.784, the corrected R2 was 0.753 and the F value with
6 and 42 degrees of freedom was 25.4, for a p value <0.0001
b Glucose tolerance was entered as the continuous variable glucose
concentration 120 min after 75 g oral glucose
c For the analysis of GLP-1 after oral glucose, the correlation coefficient
squared (R2) was 0.767, the corrected R2 was 0.734 and the F value with
6 and 42 degrees of freedom was 23.1, for a p value <0.0001

Table 2 Typical characteristics in type 2 diabetic patients and their
consequences for GLP-1 secretion based on univariate and multivar-
iate regression analysis of factors determining GLP-1 responses
assessed from previously reported dataa

Variable Typical consequences

In type 2 diabetes For GLP-1 secretion

Age ↑ ↑

Body weightb ↑ ↓

Glucagon ↓

NEFA ↑ ↑

Overall individual balance ≈ or ↓ or ↑

a Vollmer et al. [25]
b Influence of body weight was significant upon univariate (Fig. 3),
but not multiple regression analysis (Table 1)
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diabetes and through progression over the following years.
Current data allow hypotheses, but not predictions of the
results of such a study.

Second, small differences in GLP-1 concentrations
within physiological limits are not sufficient to affect
insulin secretion. Physiological replacement of GLP-1 by
exogenous administration had little effect, but this may
underestimate the role of endogenous GLP-1 for insulin
secretion, because intravenous administration bypasses
important hepato-portal sensors for GLP-1 [63]. Certainly,
differences during the second and third hour after meal
stimulation as reported by Toft-Nielsen et al. [12] do not
help to explain any of the important differences in early-
phase insulin secretion that are typical of type 2 diabetes
(and are found in the first 30 to 60 min after meal ingestion
begins). The reduced incretin effect in type 2 diabetic
patients is much more closely related to the losses in
insulinotropic activity of GIP, which are typical of this
condition, and less so to those related to GLP-1 [64].

Third, and for the same reason(s), any observed deficit in
GLP-1 responses after meals does not simply call for a
‘true’ replacement therapy with incretin-based glucose-
lowering medications. Incretin mimetics provide a pharma-
cological stimulus to insulin secretion and elicit other GLP-
1-receptor-mediated activity as drugs, but are typically
introduced at much higher concentrations compared with
physiological levels of GLP-1 [65, 66].

Finally, and as a consequence of the above, DPP-4
inhibitors can exert their clinical effects even in advanced
stages of type 2 diabetes. This condition is not in itself
characterised by reduced meal-induced GLP-1 concentra-
tions that are too low to be effective, as supported by recent
studies [67].

In conclusion, while reduced GLP-1 levels have been
described individually in some participants as well as in
groups with type 2 diabetes mellitus, this does not seem to be
a universal characteristic that is representative of all patients.
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