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ABSTRACT
Background: Generated in intestinal L cells through cleavage of proglucagon (Gcg), glucagon-like peptide 1 (GLP-1)

is secreted and rapidly inactivated by dipeptidyl peptidase IV (DPP-IV). GLP-1 regulates insulin secretion and overall

glucose homeostasis. The capacity of dietary bioactives to increase GLP-1 circulating levels, and therefore increase

insulin secretion and glucose metabolism, has gained significant interest of late.

Objectives: We evaluated the effects of (–)-epicatechin (EC) and different anthocyanins (ACs) and AC metabolites on

GLP-1 metabolism in mice and on GLUTag cells.

Methods: We fed 6-week-old C57BL/6J male mice a control diet or a control diet supplemented with either 40 mg AC or

20 mg EC/kg body weight for 14 weeks (AC) or 15 weeks (EC). Intestinal mRNA levels of Gcg and Dpp-iv were measured.

In vitro, GLUTag cells were incubated in the presence or absence of different ACs, the AC metabolite protocatechuic

acid (PCA), and EC. GLP-1 secretion and the main pathways involved in its release were assessed.

Results: Long-term supplementation with EC or AC increased mouse GLP-1 plasma concentrations (55% and 98%,

respectively; P < 0.05). In mice, 1) EC and AC increased Gcg mRNA levels in the ileum (91%) and colon (41%),

respectively (P < 0.05); and 2) AC lowered ileum Dpp-iv mRNA levels (35%), while EC decreased plasma DPP-IV activity

(15%; P < 0.05). In GLUTag cells, 1) cyanidin, delphinidin, PCA, and EC increased GLP-1 secretion (53%, 33%, 53%,

and 68%, respectively; P < 0.05); and 2) cyanidin, delphinidin, EC, and PCA increased cyclin adenosine monophosphate

levels (25–50%; P < 0.05) and activated protein kinase A (PKA; 100%, 50%, 80%, and 86%, respectively; P < 0.05).

Conclusions: In mice, EC and ACs regulated different steps in GLP-1 regulation, leading to increased plasma

GLP-1. Cyanidin, delphinidin, PCA, and EC promoted GLP-1 secretion from GLUTag cells by activating the PKA-

dependent pathway. These findings support the beneficial actions of these flavonoids in sustaining intestinal and glucose

homeostasis through the modulation of the GLP-1 metabolism. J Nutr 2021;151:1497–1506.
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Introduction

The intestinal derived hormone glucagon-like protein 1 (GLP-1)
has gained particular interest in the past decade because of its
capacity to modulate glucose, lipid, and energy metabolisms (1–
3). In fact, GLP-1 agonists are currently used in the treatment
of type 2 diabetes and other endocrinological disorders (4–7). In
addition to its effects on glucose homeostasis, GLP-1 is known
to modulate food intake, satiety, and gastric emptying, as well
as regulate fluid homeostasis and gastrointestinal tract motility
(8). Recently, GLP-1 has been identified as a major signaling
molecule in the gut/brain axis, where its pleiotropic effects
include thermogenesis, blood pressure control, neurogenesis,
and neuroprotection (9). For these reasons, there is currently
major scientific interest in understanding its regulation by
dietary factors, including phytochemicals.

GLP-1 is synthesized in the L-enteroendocrine cells of
the gastrointestinal tract. It is synthesized as a precursor
peptide [preproglucagon (Gcg)], which is subsequently cleaved
by the proteolytic enzyme proprotein convertase 1/3 to
generate GLP-1, glucagon-like protein 2 (GLP-2), intervening
peptide 2, glicentin, and oxyntomodulin. GLP-1 secretion is
mainly stimulated by macronutrient intakes, but also by other
molecules, including α and β adrenergic receptor agonists (7,
10). The physiological actions of GLP-1 in target organs are
exerted through its binding to the G-protein coupled GLP-
1 receptor. Notably, GLP-1 is rapidly cleaved by the enzyme
dipeptidyl peptidase IV (DPP-IV), either before the hormone
leaves the gastrointestinal tract or after it enters the circulation.
Therefore, higher levels of DPP-IV either in the gastrointestinal
tract or within the circulation limit GLP-1’s half-life and activity.
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There is an increasingly strong body of literature indicating
that select flavonoids and flavonoid-containing extracts exert
antidiabetic and antiobesity effects (11–14). Preliminary evi-
dence suggests that these benefits may, in part, be related to
the modulation of GLP-1 synthesis and metabolism. Both in
vivo and in vitro studies have provided evidence that select
flavonoids increase circulating GLP-1 and promote its release
from intestinal enteroendocrine cells (13–16). Such compounds
could act by affecting the GLP-1 synthesis, increasing its half-
life or its release from L cells. Any of these mechanisms
of action would ultimately cause a rise in GLP-1 plasma
levels.

All flavonoids consist of a common 3-ring structure
(Figure 1A and B). Within the flavonoid class, the anthocyanidin
family contains double bonds in the 3 rings and a positive charge
in the C ring on the oxygen atom (17). Anthocyanidins exist in
nature as their glycosylated forms, the anthocyanins (ACs). The
different members of the AC family (e.g., cyanidin, delphinidin,
malvidin, petunidin, peonidin) are defined by the presence of
hydroxyl group substitutions that differ in number and position
(Figure 1B). 3,4-Dihydroxybenzoic acid [protocatechuic acid
(PCA)] and 3,4,5-trihydroxybenzoic acid (gallic acid) are
metabolites of AC consisting of a simple aromatic phenolic
ring structure with different hydroxyl group substitutions
(Figure 1C). The flavanol (–)-epicatechin (EC) consists of
a flavan-3-ol structure and, interestingly, possesses the same
distribution of hydroxyl substituents as cyanidin in the B ring
(Figure 1A). While ACs are present in nature, and thus in
food, as glycosylated compounds, EC exists as an aglycone.
Both AC and EC consumption have been demonstrated to
modulate GLP-1 and GLP-2 plasma levels in mice. For example,
we previously observed that chronic dietary supplementation
of C57BL/6J mice with a cyanidin- and delphinidin-rich
extract increased plasma levels of GLP-1 and GLP-2 (13,
18). In a similar experimental model, EC increased plasma
GLP-2 concentrations; however, GLP-1 was not evaluated
(12).

Plasma levels of GLP-1 are increased in EC- and AC-
supplemented mice, as currently reported for EC and previously
described for AC (13). However, the mechanisms responsible for
these increases are unknown. In C57BL/6J mice supplemented
with either AC (cyanidin and delphinidin) or EC, this paper
characterized the effects of these compounds on various steps
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FIGURE 1 Chemical structures of (A) (–)-epicatechin, (B) antho-
cyanidins, and (C) anthocyanidin metabolites protocatechuic acid and
gallic acid. (B, inset table) Different anthocyanidin family members
(cyanidin, delphinidin, malvidin, peonidin, and petunidin) are defined
on the basis of the presence of hydroxyl group substitutions that
differ in number and position. Chemical structures were drawn using
ChemDraw Professional 19.0 software (PerkinElmer Inc.).

in the GLP-1 metabolic pathway. In GLUTag cells, a model
of enteroendocrine L cells, we investigated the capacity of
EC and different ACs and AC metabolites to modulate the
GLP-1 metabolism and GLP-1 release, and characterized the
underlying mechanisms responsible for their effects. Results
indicate that AC and EC can act at different levels in the GLP-
1 metabolism in vivo. In vitro studies point to a structure-
dependent effect on the GLP-1 release, as differential effects
were observed for individual ACs and AC metabolites. Activa-
tion of protein kinase A and increases in intracellular calcium
appear to be the main molecular mechanisms underlying EC and
AC effects on GLP-1 release.

Methods
Materials
Cell culture media and reagents were from Invitrogen/Life Technologies.
Primary antibodies for β-actin (#12,620), phospho–Ca2+/calmodulin-
dependent protein II (CaMKII; Thr286; #12,746), CaMKII (#4436),
phospho–protein kinase A (PKA) C (Thr197; #5661), PKA (#3927),
phospho (Thr202/Tyr204)-p44/42 extracellular signal-regulated kinase
1
2 (ERK1/2; #4370), p44/42 ERK1/2 (#4695), and U0126 were

1498 Cremonini et al.

https://academic.oup.com/jn/
mailto:poteiza@ucdavis.edu


from Cell Signaling Technology. Antibodies for α-tubulin (sc-23,948)
and protein kinase ζ (PKCζ ; sc-393,218) were from Santa Cruz
Biotechnology. The enhanced chemiluminescence Western blotting
system was from Thermo Fisher Scientific Inc. GLP-1 was determined
using a kit from Crystal Chem Inc. The AC-rich mix was provided
by NSE Products, Inc., and its composition is described in Daveri
et al. (13). We assessed cAMP using an ELISA kit from Abcam.
Delphinidin-3-O-glucoside, cyanidin-3-O-glucoside (Cy), petunidin-3-
O-glucoside, peonidin-3-O-glucoside, and malvidin-3-O-glucoside were
from Extrasynthese (Genay Cedex). Vildagliptin, (–)-epicatechin, gallic
acid, protocatechuic acid, KN-93, H-89, and all other chemicals were
purchased from Sigma-Aldrich Co.

Animals and animal care
All procedures were carried out in agreement with standards for the
care of laboratory animals as outlined in the NIH Guide for the Care
and Use of Laboratory Animals; experimental protocols were approved
before implementation by the University of California, Davis, Animal
Use and Care Administrative Advisory Committee. Procedures were
administered under the auspices of the Animal Resource Services of the
University of California, Davis.

We purchased 6-week old healthy male C57BL/6J mice (20–25 g;
10 mice/group) from The Jackson Laboratories, and for 14 (AC) or
15 (EC) weeks we fed them either: 1) a diet containing approximately
10% total calories from fat (control; C group); 2) the control diet plus
40 mg AC/kg body weight (C + AC group); or 3) the control diet
supplemented with 20 mg EC/kg body weight (C + EC group; diet
composition is provided in Supplemental Table 1). The descriptions
of the diets and the composition of the AC blend used in this study
were previously published (12, 13). In early studies, we calculated the
amount of EC and AC to supplement using the Reagan-Shaw et al.
(19) scaling criteria to relate consumption in humans to mice. Based
on this calculation, the human equivalent dose (HED) for 40 mg/kg
body weight of AC would be 240 mg, which is slightly lower than
the 266 mg AC found in 1

2 cup (72.5 g) of fresh black currants (20).
Similarly, the HED for 20 mg/kg body weight of EC would be 110 mg,
which is similar to that found in a 100 g (3.5 oz) bar of dark chocolate
(21). Previous dose-response studies used 3 doses for each flavonoid
based on the lowest and the highest dose achievable through diet or
supplementation, respectively (13, 18). Although the lowest doses were
effective in improving glucose homeostasis in mice fed a high-fat diet,
the largest doses were also capable of fully restoring glucose tolerance
and insulin sensitivity. Based on the relevance of GLP-1 to glucose
homeostasis, current determinations were conducted in mice fed EC and
AC at 20 and 40 mg/kg body weight, respectively, in order to match the
most efficacious doses tested previously.

At the end of each study, blood was collected and mice were
euthanized as previously described (12, 13). Plasma GLP-1 concentra-
tions were determined following the manufacturer’s guidelines (Crystal
Chem Inc.). Tissue samples from the duodenum, ileum, and colon were
collected, flash frozen in liquid nitrogen, and then stored at −80◦C until
further analysis. The overall metabolic profiles, food intake, and body
weight of these animals were recently published (12, 13, 18).

GLUTag cell culture
GLUTag cells (a kind donation from Dr. D.J. Drucker, University of
Toronto, Toronto, Canada) were cultured at 37◦C in a humidified
atmosphere with 5% (v/v) CO2 in DMEM low glucose, supplemented
with 10% (v/v) fetal bovine serum and with antibiotics (50 U/ml
penicillin and 50 μg/ml streptomycin). The medium was replaced every
2 days until 80% confluence. All experiments were performed in serum-
free DMEM.

GLP-1 secretion
GLUTag cells were grown in 24-well plates (0.3 × 106) for 2 days.
After reaching 80% confluence, cells were starved for 1 hour in glucose-
free Krebs-Ringer bicarbonate buffer (KRB; 120 mM NaCl, 5 mM KCl,
2 mM CaCl2, 1 mM MgCl2, 22 mM NaHCO3) containing 0.5% (w/v)
fatty acid free BSA. Cells were subsequently incubated with different

concentrations of ACs [Cy, delphinidin-3-O-glucoside (Del), malvidin-
3-O-glucoside, peonidin-3-O-glucoside, or petunidin-3-O-glucoside],
protocatechuic acid (PCA), gallic acid, and EC (0.1–10 μM) in KRB
containing 0.5% (w/v) BSA for 2 hours. Plates were centrifuged at
500 × g for 3 minutes at room temperature to remove floating cells. The
medium was collected and secreted GLP-1 was assessed using an ELISA
kit specific for total GLP-1 (1-36), (7-36), and (9-36) amides (Crystal
Chem Inc.) following the manufacturers’ protocol. The concentration
of GLP-1 in the medium was normalized to the cell protein content as
measured using the Bradford method (22).

Effects of signaling inhibitors on GLP-1 secretion and
intracellular cAMP
After reaching 80% confluence, the GLUTag cells’ growing medium
was replaced with serum-free DMEM containing specific inhibitors
for: CaMKII (KN-93), PKA (H-89), MEK-1,2 (U0126; 20 μM),
and intracellular Ca2+ chelator 1,2-Bis(2-aminophenoxy)ethane-N, N,
N’, N’-tetraacetic acid tetrakis (acetoxymethyl ester) (BAPTA-AM;
10 μM); cells were incubated for 1 hour. Subsequently, EC, AC and
metabolites (5 μM each) were added and cells further incubated for
2 hour. Medium GLP-1 concentration was measured as described above.
For the determination of intracellular cAMP, cells were incubated
with 0.1 M HCl for 30 minutes at room temperature, collected and
centrifuged at 600 × g for 10 minutes. cAMP was assessed in the
supernatant using an ELISA kit (Abcam) following the manufacturers’
protocol.

Western blot analysis
GLUTag cells’ growing medium was replaced with serum-free DMEM
for 1 hour. After incubation, cells were treated with Cy, Del, or PCA
(5 μM each) for 2 hours. Cell total homogenates were prepared
and Western blots were carried out as previously described (23,
24). The bands were acquired using ChemiDoc Imagers and the
intensity of the bands were quantified using ImageLab software (BioRad
Laboratories).

RNA isolation and qPCR
For qPCR studies, RNA was extracted from tissues and cells using
TRIzol reagent (Invitrogen) following the manufacturers’ instructions.
The cDNA was generated using high-capacity cDNA Reverse Tran-
scriptase (Applied Biosystems). The mRNA levels of proglucagon (Gcg),
dipeptidyl peptidase IV (Dpp-iv), and proprotein convertase 1/3 (Pc 1/3)
were assessed by qPCR (iCycler, Bio-Rad) using the primers described in
Supplemental Table 2. The Ct values were normalized to β-actin. Gene
expression was determined using the 2−��Ct method.

DPP-IV activity assay
DPP-IV activity was measured as described in Scharpé et al. (25)
using glycyl-prolyl-4-methoxy-β-naphthylamide (Gly-Pro-4-Me-β-NA)
as the substrate and Vildagliptin as the negative control (26).

Statistical analysis
Statistical analysis was performed by Statview 5.0 (SAS Institute Inc.).
Data from mice and cells were tested for normal bell-shaped curve
distribution and variance homogeneity and subsequently analyzed
using a Student’s t-test or 1-way ANOVA to calculate the significant
differences among the groups’ treatments. Mice intestinal Gcg and Dpp-
iv mRNA levels were analyzed using unpaired Student’s t-tests. Given
that 2 independent animal studies were conducted, C + EC and C + AC
were only compared to their respective control group in each study.
Plasma DDP-IV activity and the GLUTag cell data were analyzed by
a 1-way ANOVA. The GLUTag cells’ kinetic data was analyzed by a
2-way ANOVA. Data are presented as the fold of control (fold of C)
and are reported as means ± SEMs. A multiple comparison Tukey’s
post-hoc test was used to examine significant differences between the
group means. Labeled means without a common symbol or letter
significantly differ. A P value < 0.05 was considered statistically
significant.

(–)-Epicatechin, anthocyanins, and GLP-1 metabolism 1499
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FIGURE 2 (A) Intestinal Gcg mRNA abundance and effect of EC and
AC supplementation on Gcg mRNA levels in the (B) ileum and (C) colon
in mice. Data are shown as means ± SEMs of 8–10 animals/group.
∗Different from control at a P value < 0.05. Abbreviations: AC,
anthocyanins; C, control; Co, colon; D, duodenum; EC, (–)-epicatechin;
I, ileum; NC-, negative control.

Results
Supplementation with AC and EC affect GLP-1
metabolism in mice

We previously observed that AC supplementation increased
plasma levels of GLP-1 in this same cohort of mice (13).
Regarding EC, using samples from a previously published study
(12), we now report that the plasma GLP-1 concentration
was significantly higher (P < 0.02) in mice supplemented
for 15 weeks with EC (20 mg/kg body weight) compared to
control mice (18.7 ± 1.9 and 12.1 ± 1.6 pM, respectively).
Furthermore, we assessed the activity and expression of proteins
involved in the GLP-1 metabolism in AC- and EC-supplemented
mice. High levels of Gcg mRNA were expressed in the mouse
ileum and colon, but not in the duodenum (Figure 2A). While
supplementation with the AC blend did not affect Gcg mRNA
levels in the ileum, it caused a 41% increase in the colon
(Figure 2B and C). In contrast, EC supplementation caused a
91% increase in ileum Gcg mRNA levels, but did not affect
levels in the colon (Figure 2B and C).

GLP-1 is rapidly cleaved and thereby inactivated by the DPP-
IV protease. In the ileum, the AC-supplemented group showed
35% lower Dpp-iv mRNA levels compared to the control
group, while EC supplementation had no effect (Figure 3A).
Dpp-iv mRNA levels in the colon were not impacted by either
of the treatments (Figure 3B). In plasma, DPP-IV activity was
similar between the control and AC-supplemented groups, while

a 20% lower activity was observed in EC-supplemented mice
compared to the control group (Figure 3C).

The major components of the AC blend used to supplement
the mice were cyanidin, delphinidin, and the cyanidin metabolite
PCA (13). Thus, we next investigated the effects of 5 μM
cyanidin, delphinidin, PCA, and EC on Dpp-iv mRNA levels
in GLUTag cells. After 6 hours of incubation, cyanidin, PCA,
and EC, but not delphinidin, decreased Dpp-iv mRNA levels
(by 27%, 12%, and 21%, respectively) when compared to the
control, nonadded cells (Figure 3D).

ACs, AC metabolites, and EC differentially affect
GLP-1 secretion in GLUTag cells

In GLUTag cells, we initially investigated the capacity of ACs,
AC metabolites, and EC to promote GLP-1 release to the
medium. Among all the different members of the AC family
tested, cyanidin, its metabolite PCA, and delphinidin were the
most effective at promoting GLP-1 release after 2 hours of
incubation (Figure 4A, B, and F); a similar effect was observed
for EC (Figure 4H). After 2 hours of incubation, cyanidin and
PCA showed a similar concentration-dependent stimulation of
GLP-1 release (1–10 μM). At a 5 μM concentration, cyanidin
and PCA caused a 53% increase and delphinidin a 33% increase
in GLP-1 secretion (Figure 4A, B, and F). Within the range of
concentrations tested (0.1–10 μM), malvidin, petunidin, and
gallic acid had no effect on medium GLP-1 levels (Figure 4C,
E, and G), while peonidin caused a 47% increase in GLP-1
secretion only at a concentration of 10 μM (Figure 4D). Due
to the lack of effect of malvidin, petunidin, peonidin, and gallic
acid at a concentration of 5 μM on GLP-1 excretion, these
compounds were excluded from later experiments. EC was as
effective as cyanidin and PCA, causing a 50% increase in GLP-
1 secretion at a 5 μM concentration (Figure 4H).

The kinetics of GLP-1 secretion following incubation with
5 μM cyanidin, delphinidin, EC, and PCA are depicted in
Figure 5A. There were no significant changes in GLP-1 in
any group after 1 hour; however, similar increased levels were
recorded in all treatment groups after 2 hours. At 6 hours of
incubation, although GLP-1 excretion remained significantly
higher compared to time 0 in all active compound groups, GLP-
1 was significantly higher in the EC and PCA groups compared
to the cyanidin and delphinidin groups (Figure 5A). We next
investigated whether these increases could be related to changes
in the expression of the precursor protein (Gcg), Pc 1/3 (the
enzyme responsible for cleaving Gcg to render GLP-1), and
DPP-IV. Results showed that cyanidin, delphinidin, PCA, and
EC had no effect on mRNA levels of Gcg, Pc 1/3, or Dpp-iv in
GLUTag cells after 2 hours of incubation (Figure 5B).

Mechanisms involved in the capacity of cyanidin,
delphinidin, PCA, and EC to promote GLP-1 secretion
from GLUTag cells

Given that the expression of the main proteins involved in
GLP-1 production and degradation were not affected, we next
investigated the potential signals that may mediate the capacity
of cyanidin, delphinidin, PCA, and EC to promote GLP-1 release
from GLUTag cells. Different signaling pathways regulate GLP-
1 secretion, which depends on the particular stimulus (27).
These signals include the atypical protein kinase C, PKCζ ,
CaMKII pathway, ERK1/2, and cAMP/PKA. To evaluate the
activation of these cascades, we used Western blot to measure
the phosphorylation of CaMKII at Thr286, of PKA at Thr197,
and of ERK1/2 at Thr202/Tyr204, as well as the expression
of PKCζ (Figure 6A–D) in response to the active compounds
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FIGURE 3 EC and AC on DPP-IV expression and activity in mouse (A) ileum, (B) colon, and (C) plasma and in (D) GLUTag cells. Vild was used as
a negative control. GLUTag cells incubated for 6 hours in the absence or presence of 5 μM Cy, Del, PCA, or EC. Data are shown as means ± SEMs
of (A–C) 8–10 animals/group and (D) 5–6 independent experiments. ∗Different from control (P < 0.05, unpaired t-test). Labeled means without a
common letter differ at a P value < 0.05. Abbreviations: AC, anthocyanins; C, control; Cy, cyanidin 3-O-glucoside; Del, delphinidin 3-O-glucoside;
DPP-IV, dipeptidyl peptidase IV; EC, (–)-epicatechin; PCA, protocatechuic acid; Vild, Vildagliptin.

at 5 μM concentration. Cyanidin and delphinidin promoted
small but significant increases (27% and 30%, respectively) in
CaMKII phosphorylation compared to control cells, while PCA
and EC had no effects (Figure 6A). Cyanidin, delphinidin, PCA,
and EC all stimulated PKA phosphorylation (100%, 50%, 80%,
and 86%, respectively; Figure 6B) and ERK1/2 phosphorylation
(75%, 59%, 78%, and 57%, respectively; Figure 6C). Only
cyanidin caused a significant increase in PKCζ protein levels
(28% compared to the control group; Figure 6D).

Given the observed increase in PKA phosphorylation, we
next investigated whether the tested compounds could affect
intracellular cAMP levels. Compared to control cells, cyanidin,
delphinidin, and EC caused an approximate 25% increase and
PCA a 55% increase in cellular cAMP levels (Figure 6E).

Effects of specific signaling inhibitors on the capacity
of cyanidin, delphinidin, PCA. and EC to promote
GLP-1 secretion from GLUTag cells

We further investigated the signaling pathways involved in
the promotion of GLP-1 release by cyanidin, delphinidin,
PCA, and EC using specific inhibitors for CaMKII (KN-
93), PKA (H-89), and, to inhibit ERK1/2 phosphorylation,
a mitogen-activated protein kinase MEK1/2 inhibitor (U0126).
In addition, to assess the involvement of intracellular Ca2+,
we used BAPTA-AM, a specific intracellular Ca2+ chelator. The
capacities of KN-93, H-89, and U0126 to inhibit the respective
signaling cascades were initially confirmed by Western blot
by measuring CaMKII, PKA, and ERK1/2 phosphorylation
after 2 hours of incubation with cyanidin (5 μM; Figure 7A).
H-89 fully prevented cyanidin-, delphinidin-, PCA-, and
EC-mediated GLP-1 secretion, while KN-93 had no effect
(Figure 7B–E). U0126 was only effective at inhibiting PCA-
mediated GLP-1 release (Figure 7D). BAPTA-AM inhibited the
GLP-1 release triggered by cyanidin, delphinidin, PCA, and EC
(Figure 7B–E).

Discussion

Previous studies suggest that the capacities of EC and select
ACs to improve glucose homeostasis, insulin sensitivity, and
lipid metabolism, as well as to sustain gastrointestinal tract
health, is due at least in part to their capacities to increase
gastrointestinal tract and circulating GLP-1 and GLP-2 levels
(12, 18). Here, we report that increases in circulating levels
of GLP-1 in mice supplemented with EC or with the ACs
cyanidin and delphinidin are the result of differential effects
of these flavonoids at various levels in the GLP-1 metabolism.
Chronic supplementation with EC led to upregulated expression
of the GLP-1 precursor Gcg in the ileum, whereas the cyanidin-
and delphinidin-rich extract increased Gcg mRNA levels in the
colon. Where EC treatment inhibited DPP-IV activity in the
circulation, the AC blend decreased its expression in the ileum.
In vitro, cyanidin, delphinidin, PCA, and EC all stimulated GLP-
1 release from GLUTag cells, mainly through their capacities to
activate PKA and cAMP.

Macronutrients, hormones, and neural stimuli induce GLP-
1 secretion from intestinal enteroendocrine L cells. Once in
the circulation, GLP-1 regulates events in multiple tissues
that contribute to glucose control (1–3). For example, GLP-1
stimulates pancreatic insulin synthesis and secretion, inhibits
glucagon secretion, and promotes an increase in the β cell
number. Additionally, effects of GLP-1 on the central nervous
system decrease glycaemia by promoting satiety and delaying
gastric emptying (3). Increasing evidence in humans and rodents
supports the capacity of dietary EC and ACs to improve glucose
homeostasis (13, 28). In rodents fed a high-fat or a high-fructose
diet, we observed that supplementation with EC and ACs at
the concentrations used in our current study prevented the
development of systemic glucose and insulin intolerance, as
well as liver and adipose tissue insulin insensitivity (11, 13,
29). Although several mechanisms may be involved in these
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FIGURE 4 The 3-O-glucosides (A) cyanidin, (B) delphinidin, (C) malvidin, (D) peonidin, and (E) petunidin; the AC metabolites (F) PCA and (G)
gallic acid; and (H) (–)-epicatechin on GLP-1 secretion from GLUTag cells. Medium GLP-1 concentration in the presence of 0.1–10 μM of the
different compounds after 2 hours incubation. Results are shown as means ± SEMs of 5–6 independent experiments. Labeled means without
a common letter differ at a P value < 0.05. Abbreviations: C, control; GLP-1, glucagon-like peptide 1; PCA, protocatechuic acid.

protective effects, current evidence suggests that an increase
in circulating GLP-1 could be a central mechanism in the
regulation of glucose homeostasis by EC and ACs.

In the present study, Gcg mRNA intestinal expression
was increased by both EC and AC supplementation in mice.
Multiple, and still not completely understood, mechanisms
regulate Gcg expression. At the level of transcription, different
signaling pathways (30) and transactivators [e.g., Cdx-2 (31)]
have been identified as regulators of Gcg expression. Regulation
through posttranscriptional processing of the Gcg mRNA has
also been documented (32). Here, AC supplementation caused
an increase in Gcg mRNA levels in the mouse colon but not in

the ileum, while EC supplementation increased levels of Gcg
mRNA in the ileum, but not in the colon. These differences
may be related to the differential absorptions and metabolisms
of these flavonoids in different parts of the gastrointestinal
tract. EC and ACs per se are not absorbed to any extent.
However, EC phase II metabolites are well absorbed in the small
intestine, while in contrast there is more limited absorption
of AC phase II metabolites. Both EC and ACs are degraded
by microbiota in the large intestine, where absorption of the
resultant ring fission metabolites takes place (33–35). The
products of colonic microbiota metabolism are different for
EC and ACs. Valerolactones are the main EC metabolites
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FIGURE 5 (A) Kinetics of GLP-1 secretion and (B) effects of AC,
AC metabolites, and EC on events that modulate GLP-1 secretion
from GLUTag cells. Cells were incubated for 1, 2, and 6 hours in the
presence of 5 μM Cy, Del, PCA, and EC. The mRNA levels of Pc 1/3,
Gcg, and Dpp-iv were assessed in cells incubated for 2 hours. Results
are shown as means ± SEMs of 5–6 independent experiments.
(A) ∗Significantly different from time 0; ∗∗significantly different from
other groups at a P value < 0.05. Abbreviations: AC, anthocyanins;
C, control; Cy, cyanidin 3-O-glucoside; Del, delphinidin 3-O-glucoside;
Dpp-iv, dipeptidyl peptidase IV; EC, (–)-epicatechin; Gcg, proglucagon;
GLP-1, glucagon-like peptide 1; Pc 1/3, proprotein convertase 1/3;
PCA, protocatechuic acid.

generated by colonic microbiota. PCA and gallic acid are the
principal metabolites generated from cyanidin and delphinidin,
respectively, through both microbiota action and spontaneous
fission of the ring. In contrast to observations in mice, in
GLUTag cells, none of the compounds tested, cyanidin, its
metabolite PCA, delphinidin, or EC, affected Gcg mRNA levels.
The observed in vivo and in vitro differences on the effects of the
tested flavonoids/metabolites on Gcg mRNA expression may be
related to the chronic versus acute type of exposure. Given the
complex regulation of Gcg expression, additional studies will
be necessary to further understand the mechanisms involved in
the upregulation of intestinal Gcg expression by EC and ACs in
vivo.

DPP-IV is a widely expressed enzyme that has diverse
biological actions. DPP-IV is a membrane protein that, once
cleaved and released into the bloodstream in its soluble active
form, rapidly cleaves GLP-1, limiting the plasma half-life and
activity of GLP-1. Thus, given the relevant function of GLP-1 in
sustaining glucose homeostasis, pharmacological inhibitors of
DPP-IV are currently used in the treatment of hyperglycemia

in type 2 diabetes patients (36). We observed that chronic
supplementation with EC decreased DPP-IV activity in mouse
plasma. In contrast, while not affecting DPP-IV plasma activity,
supplementation with the cyanidin- and delphinidin-rich extract
decreased Dpp-iv mRNA levels in the mouse colon. Cyanidin,
PCA, and EC were all effective at inhibiting DPP-IV expression
in GLUTag cells. Thus, the observed effects of EC, select ACs
(cyanidin and delphinidin), and AC metabolites on DPP-IV
activity and expression can in part explain the increased levels
of circulating GLP-1 found in EC- and AC-supplemented mice.

To evaluate the potential mechanisms of action of EC,
ACs, and AC metabolites, we used an in vitro model of
L cells (GLUTag). GLUTag cells, originated from a mouse
intestinal endocrine tumor, are a widely accepted model to assess
Gcg synthesis and GLP-1 secretion (30). Various factors can
modulate the amount of GLP-1 secreted into the circulation
by enteroendocrine cells, including macronutrients, such as
carbohydrates and fat, as well as hormones, neural stimuli,
and microbiota-derived SCFAs (37, 38). Different receptors
and downstream signals activate GLP-1 secretion, depending
on the stimulus (38, 39). For example, the sodium-glucose
cotransporter 1 triggers voltage-gated Na+ and Ca2+ channel
activation, which is required for glucose-mediated GLP-1
intestinal secretion (40). In contrast, PKCζ is involved in oleic
acid–induced GLP-1 secretion (41). Other L cell signals found
to be involved in GLP-1 secretion include the CaMKII pathway,
ERK1/2, and cAMP/PKA (42). Cyanidin, delphinidin, PCA, and
EC (1–10 μM) were the most active of the compounds tested
in promoting GLP-1 release from GLUTag cells. Consistent
with these results, delphinidin 3-rutinoside, but not malvidin
3-rutinoside, was reported to stimulate GLP-1 secretion from
GLUTag cells, albeit at a much higher concentration (100
μM) than used in the supplements in the present study (43).
We observed that while cyanidin (as cyanidin 3-O-glucoside)
activated CaMKII, ERK1/2, and cAMP/PKA and increased
PKCζ protein levels, delphinidin activated only CaMKII,
ERK1/2, and cAMP/PKA. PCA and EC, in contrast, activated
only cAMP/PKA and ERK1/2. For delphinidin-3-O-rutinoside,
the effects on GLP-1 release were previously attributed to
the activation of the Ca2+-CaMKII pathway (43). In the
present experiments, Del at a 10-times lower concentration
also activated CaMKII. Interestingly, the inhibition of CaMKII
by the inhibitor KN-93 did not affect GLP-1 secretion,
suggesting that the increased secretion of GLP-1 by delphinidin
is independent of CaMKII pathway activation. Considering
the similar levels of GLP-1 secretion stimulation by cyanidin,
delphinidin, PCA, and EC, and the complete prevention of this
effect by a PKA inhibitor (H-89), their actions seem to be
primarily mediated by PKA. These findings are in agreement
with evidence that, given their structural similarity to the natural
ligand, select flavonoids can stimulate the β-adrenergic receptor
and, downstream, PKA (44). However, GLP-1 secretion from
GLUTag cells is not increased by β-adrenergic receptor agonists
(38), suggesting that other mechanisms may be at play. In
β-cells, an increase in intracellular Ca2+ activates the PKA
pathway with a subsequent increase in insulin secretion (45). In
this regard, our results demonstrate that the chemical inhibition
of both PKA and intracellular Ca2+ chelation by cyanidin,
delphinidin, PCA, and EC contributed to the observed increases
in GLP-1 secretion in L cells. A lack of action of the CaMKII
and ERK1/2 inhibitors suggest these pathways do not play a
major role in EC or AC stimulation of GLP-1 secretion. Taken
together, these results suggest that the modulation of GLP-1
secretion from L cells by cyanidin, delphinidin, PCA, and EC is
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FIGURE 6 Effects of AC, AC metabolites, and EC on (A) phosphorylated CaMKII (Thr286), (B) phosphorylated PKA (Thr197), (C) phosphorylated
ERK1/2 (Thr202/Tyr204), (D) PKCζ protein levels, and (E) cAMP cellular levels. Cells were incubated in the absence or presence of 5 μM Cy, Del,
PCA, or EC for 2 hours. All results are referred to control values. Results are shown as means ± SEMs of 6–7 independent experiments. Labeled
means without a common letter differ at a P value < 0.05. Abbreviations: AC, anthocyanins; C, control; CaMKII, Ca2+/calmodulin-dependent
protein II; Cy, cyanidin 3-O-glucoside; Del, delphinidin 3-O-glucoside; EC, (–)-epicatechin; ERK1/2, extracellular signal-regulated kinase 1/2; p-,
phosphorylated; PCA, protocatechuic acid; PKA, protein kinase A; PKCζ , protein kinase ζ .

mainly dependent on the activation of the cAMP/PKA cascade.
This can in part explain the mechanism of action of these
flavonoids in the regulation of glucose homeostasis and insulin
sensitivity. However, a limitation that should be considered
is that we did not include other EC phase II metabolites or
microbiota metabolites that are present in the intestine after
dietary consumption of the parent compounds. Future studies
on EC and AC fecal metabolite concentrations in the intestine
and on their distributions among the luminal solid and water
mucus phases are needed to better understand their actions and
potential interactions.

In summary, EC and select ACs (i.e., cyanidin and delphini-
din) increase circulating GLP-1 levels in mice. However, EC
and ACs differentially modulate the GLP-1 metabolism. While
they all increase Gcg expression and downregulate DPP-IV
expression and activity, their effects in mice are tissue-specific.
Furthermore, Cy, its metabolite PCA, delphinidin, and EC were
the most active in promoting GLP-1 excretion through a PKA-
dependent mechanism in GLUTag cells. Overall, these results
support the concept that the beneficial effects of dietary EC and
select ACs at the intestinal level (12, 18) and on systemic glucose
and lipid homeostasis (13, 28, 29) can be in part explained
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FIGURE 7 (A) Efficacy of the inhibitors assessed and effects of CaMKII, PKA and ERK 1/2 inhibitors and of an intracellular Ca2+ chelator on
GLP-1 secretion from GLUTag cells induced by (B) cyanidin, (C) delphinidin, (D) PCA, and (E) EC. Efficacy of the inhibitors was assessed by
Western blot in cells stimulated with Cy. All results are in reference to control values. Results are shown as means ± SEMs of 6–7 independent
experiments. Labeled means without a common letter differ at a P value < 0.05. Abbreviations: BAPTA, 1,2-Bis(2-aminophenoxy)ethane-N, N,
N’, N’-tetraacetic acid tetrakis; C, control; CaMKII, Ca2+/calmodulin-dependent protein II; Cy, cyanidin 3-O-glucoside; EC, (–)-epicatechin; ERK1/2,
extracellular signal-regulated kinase 1/2; GLP-1, glucagon-like peptide 1; p-, phosphorylated; PCA, protocatechuic acid; PKA, protein kinase A.

by their capacities to modulate GLP-1 homeostasis. A 3’4’
catechol group in the B ring seems to be an important chemical
structural feature that favors this activity, as ACs that lack this
group, such as malvidin and petunidin, had no effect on GLP-1
secretion. Based on the findings that these flavonoids and their
metabolites differentially modulate GLP-1 homeostasis, future
studies will investigate the synergistic effects of the combination
of these putative GLP-1 agonists on glucose regulation and
insulin sensitivity.
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