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(−)-Epicatechin and colonic metabolite 2,3-
dihydroxybenzoic acid, alone or in combination
with metformin, protect cardiomyocytes from
high glucose/high palmitic acid-induced damage
by regulating redox status, apoptosis and
autophagy†

Esther García-Díez, a Jara Pérez-Jiménez, a,b María Ángeles Martín a,b and
Sonia Ramos *a,b

(−)-Epicatechin (EC) and a main colonic phenolic acid derived from flavonoid intake, 2,3-dihydroxyben-

zoic acid (DHBA), display antioxidant and antidiabetic activities. Diabetic cardiomyopathy (DCM) is one of

the main causes of mortality in patients with diabetes, lacking a suitable treatment. Hyperglycaemia and

dyslipidaemia are mainly responsible for oxidative stress and altered apoptosis and autophagy in cardio-

myocytes during DCM. In this context, phenolic compounds could be suitable candidates for alleviating

DCM, but have scarcely been investigated or their use in combination with antidiabetic drugs. This study

evaluates the effects of EC, DHBA and antidiabetic drug metformin (MET), alone or all combined (MIX), on

redox status, autophagy and apoptosis in H9c2 cardiomyocytes challenged with high concentrations of

glucose (HG) and palmitic acid (PA). Under HG + PA conditions, EC, DHBA, MET and MIX equally improved

redox status, reduced apoptosis induction and ameliorated autophagy inhibition. Mechanistically, all treat-

ments alleviated HG + PA-induced oxidative stress by reinforcing antioxidant defences (∼40% increase in

glutathione, ∼30% diminution in GPx activity and ∼15% increase in SOD activity) and reducing ROS gene-

ration (∼20%), protein oxidation (∼35%) and JNK phosphorylation (∼200%). Additionally, all treatments

mitigated HG + PA-induced apoptosis and activated autophagy by decreasing Bax (∼15–25%), caspase-3
(∼20–40%) and p62 (∼20–40%), and increasing Bcl-2, beclin-1 and LC3-II/LC3-I (∼40–60%, ∼15–20%,
and ∼25–30%, respectively). JNK inhibition improved protective changes to redox status, apoptosis and

autophagy that were observed in EC-, DHBA- and MIX-mediated protection. Despite no additive or syner-

gistic effects being detected when phenolic compounds and MET were combined, these results provide

the first evidence for the benefits of EC and DHBA, comparable to those of MET alone, to ameliorate car-

diomyocyte damage, that involve an improvement in antioxidant competence, autophagy and apoptosis,

these effects being mediated at least by targeting JNK.

1. Introduction

Foods of vegetal origin are rich in phenolic compounds that have
been said to exert beneficial effects on health and risk reduction

for certain diseases.1–3 Flavanols, such as (−)-epicatechin (EC)
and derived proanthocyanidins, are abundant in cocoa, tea,
grapes, carob, and other vegetables and fruits. Once ingested, a
high percentage of these flavanols is metabolized by the gut
microbiota, generating different phenolic metabolites.4,5 Among
the main colonic phenolic acids derived from the intake of flava-
nol-rich food are mono- and di-hydroxylated phenylpropionic,
hydroxybenzoic and phenylacetic acids that have been detected in
human serum at the micromolar level (19 to 359 nmol L−1).4–6

Thus, at present, it is assumed that to estimate the impact of phe-
nolic compounds on health, the contribution of food polyphenols
and metabolites (including low molecular weight microbial phe-
nolic metabolites) should be considered.4,5,7

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3fo04039a

aDepartment of Metabolism and Nutrition, Institute of Food Science and Technology

and Nutrition (ICTAN), Consejo Superior de Investigaciones Científicas (CSIC), José

Antonio Novais 10, Ciudad Universitaria, 28040 Madrid, Spain.

E-mail: s.ramos@ictan.csic.es; Tel: +34 915492300
bCentro de Investigación Biomédica en Red de Diabetes y Enfermedades Metabólicas

Asociadas (CIBERDEM), ISCIII, Spain

2536 | Food Funct., 2024, 15, 2536–2549 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 9

:4
7:

27
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0001-6871-7153
http://orcid.org/0000-0002-2811-4558
http://orcid.org/0000-0001-8173-4521
http://orcid.org/0000-0003-2649-2616
https://doi.org/10.1039/d3fo04039a
https://doi.org/10.1039/d3fo04039a
https://doi.org/10.1039/d3fo04039a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3fo04039a&domain=pdf&date_stamp=2024-02-29
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04039a
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO015005


Current evidence shows that colonic flavonoid-derived metab-
olites exhibit health-beneficial effects against different diseases,
including diabetes. This is a complex metabolic disorder that
constitutes a leading cause of morbidity and mortality worldwide,
and it is accompanied by serious comorbidities.8 In this respect,
EC and some colonic phenolic metabolites have been reported to
modulate the redox status and protect the functionality of
insulin-sensitive tissues within a simulated diabetic milieu.9–11 In
addition, a previous study by our group demonstrated that EC
and 2,3-dihydroxybenzoic acid (DHBA) under physiological con-
ditions strengthen insulin signalling and regulate glucose and
lipid metabolism in cardiac cells.12

Cardiomyopathy is a major complication of diabetes that
accounts for more than half of diabetes-related morbidity and
mortality cases.13 Hyperglycaemia and dyslipidaemia are
among factors that contribute to the development and pro-
gression of diabetic cardiomyopathy (DCM), generating an oxi-
dative stress milieu and dysregulating numerous cellular sig-
nalling pathways in cardiomyocytes.14–16 Accumulating evi-
dence suggests that a complex interplay among oxidative
damage, apoptosis and autophagy plays a critical role in the
development and progression of DCM.14–16 Thus, in DCM, car-
diomyocyte death has been associated with enhanced oxidative
stress, impaired mitochondria, induced apoptosis, and dysre-
gulated autophagy.14–16 Therefore, approaches aimed at alle-
viating these alterations may effectively contribute to mitigat-
ing the development and progression of DCM.

Metformin (MET) is the first-line hypoglycaemic drug in the
treatment of type 2 diabetes despite its side effects, and although
this is still controversial, it has been suggested to exert cardiopro-
tective outcomes.17 In this regard, in cardiac cells, metformin has
been demonstrated to improve metabolic status, to ameliorate
oxidative stress and inflammation, and to inhibit myocardial
apoptosis, reducing cardiac remodelling and preserving left ven-
tricular function.17 Likewise, flavanols have recently been
suggested as safe agents that contribute to ameliorating DCM
through the mitigation of cardiac oxidative stress and apoptosis.15

Therefore, the combination of drugs and these natural com-
pounds may lead to synergistic interactions and provide more
efficient therapies against DCM.18 However, the potential preven-
tive activities of EC and microbial phenolic metabolites derived
from flavanol intake, alone or in combination with MET, related
to oxidative stress, apoptosis and autophagy during diabetes in
cardiac cells remain largely unknown.

Therefore, the aim of this study was to investigate under
glucolipotoxic conditions, the effects and underlying mecha-
nisms of EC and colonic-derived flavanol metabolite DHBA,
alone or combined with MET, on redox status, autophagy and
apoptosis in embryonic rat H9c2 cardiomyocytes.

2. Materials and methods
2.1. Materials and chemicals

(−)-EC (>95% purity), DHBA (≥99% purity), metformin (MET
>97% purity), SP600125 (JNK inhibitor), 2′,7′-dichlorofluores-

cin diacetate (DCFH-DA), D-glucose, glutathione reductase
(GR), glutathione (GSH), oxidized glutathione, 5′,6,6′-tetra-
chloro-1,1′,3,3′-tetraethyl-imidacarbocyanine iodide (JC-1),
nicotinamide-adenine-dinucleotidephosphate (NADPH),
o-phthaldehyde (OPT), palmitic acid (PA), tert-butylhydroperox-
ide (t-BOOH), penicillin G and streptomycin were purchased
from Sigma Chemicals (Madrid, Spain). N-Acetyl-Asp-Glu-Val-
Asp-7-amino-4-methylcoumarin caspase-3 substrate (Ac-
DEVD-AMC) was obtained from BD Pharmingen (Madrid,
Spain). Anti-ERK1/2 and antiphospho-ERK1/2 recognizing
phosphorylated Thr202/Thy204 of ERK1/2, anti-JNK1/2 and
antiphospho-JNK1/2 recognizing phosphorylated Thr183/
Tyr185 of JNK1/2, anti-active cleaved caspase-3 and anti-β-actin
were obtained from Cell Signalling Technology (Werfen,
Barcelona, Spain). Anti-Bcl-2 (sc-7382), anti-Bax (sc-526), anti-
p62 (sc-48389), anti-beclin-1 (sc-48341) and anti-LC3 (sc-
398822) were purchased from Santa Cruz Biotechnology
(Qimigen, Madrid, Spain). Bradford reagent and materials and
chemicals for electrophoresis were obtained from BioRad
(BioRad Laboratories S.A., Madrid, Spain). Cell culture dishes
and cell culture media came from Falcon (Fisher Scientific,
Madrid, Spain) and Cultek (Madrid, Spain), respectively. All
devices to perform western blot analyses were obtained from
Bio-Rad (Madrid, Spain).

2.2. Cell culture and treatments

Embryonic ventricular rat-heart-derived H9c2 cardiomyoblasts
(kindly provided by Prof. Dr Victoria Cachofeiro, Facultad de
Medicina, UCM, Madrid, Spain and purchased from Sigma)
were grown in DMEM (24.5 mM D-glucose) medium sup-
plemented with 10% foetal bovine serum (FBS) and 50 mg L−1

antibiotics (penicillin and streptomycin). After 48 h, cells were
differentiated for 6 days into adult cardiomyocytes in DMEM
supplemented with 1% FBS and 10 nM retinoic acid according
to a previously described method.12,19 The medium was
replaced every 48 h for 6 days, and on day 7, it was changed to
DMEM (5.5 mM D-glucose, normal glucose) containing 1% FBS
and 2 mM glutamine.20,21 The following day, cells were prein-
cubated for 2 h with 1 μM of EC, DHBA, or MET or a mixture
of previous compounds prior to 22 h of treatment with glucose
(30 mM) and PA (200 μM, 5 : 1 BSA–PA) and cells were har-
vested. A mixture of compounds (MIX) with 1 μM of each one
(1 μM of EC + 1 μM of DHBA + 1 μM of MET) was added to the
culture medium to test their potential additive or synergist
effects. Cells exposed to normal glucose alone (5.5 mM) were
regarded as a control.

It is worth noting that the dose of EC and DHBA employed
in this study is considered physiologically relevant since con-
centrations ranging between 0.1 and 10 μM have been found
in biological fluids after the intake of foodstuffs containing fla-
vanols, and they are considered to be within the range rec-
ommended for in vitro studies.4,6,22 Moreover, 1 μM is a dose
that has been used in similar studies with natural compounds
and MET in H9c2 cells.23–25 Similarly, it should be highlighted
that the high concentrations of glucose and PA selected to
resemble diabetic milieu in cardiac cells are widely used in the
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literature and could be considered as representatives of
patients with diabetes.20,21

In experiments with the inhibitor, cells were preincubated
with 10 μM of SP600125 for 1 h prior to 2 h of EC, DHBA or
MIX treatment followed by glucose and PA challenge.

2.3. Cell viability and ROS generation analysis

Cell viability was determined by a crystal violet assay.12,26 H9c2
cells were seeded in 24-well plates (0.5 × 104 cells per well) and
after 48 h differentiation was initiated and continued for 7
days. Then, the following day, cells were incubated with
different treatments (24 h) and later incubated with crystal
violet (0.2% in ethanol) for 20 min. Plates were rinsed with
distilled water, allowed to dry, and 1% sodium dodecylsulfate
was added. The absorbance of each well was measured using a
microplate reader (Bio-Tek, Winooski, VT) at 570 nm.

Cellular ROS generation was quantified by a DCFH
assay.10,11 Briefly, after cell treatments, 5 μM of DCFH-DA was
added to wells for 30 min at 37 °C. Then, cells were washed
with PBS, serum-free medium was added and the fluorescence
was immediately measured in a microplate reader at 485 nm/
530 nm (excitation/emission wavelengths, respectively).

2.4. Mitochondrial membrane potential (MMP)
measurement and caspase-3 activity analysis

Changes in MMP were analysed using the fluorescent dye
JC-1.27,28 In brief, after cell treatments, 5 μM of JC-1 was added
to cells and incubated for 30 min at 37 °C. Then, H9c2 cells
were washed with PBS, serum-free medium was added and the
fluorescence was immediately measured in a microplate reader
at 590 nm (aggregate form of JC-1; excitation 535 nm/emission
590 nm) and at 530 nm (monomer form of JC-1; excitation
490 nm/emission 530 nm) to assess the shift in fluorescence.

The activity of caspase-3 was measured as previously
described.29 Cells were lysed (5 mM Tris [pH 8], 20 mM EDTA,
and 0.5% Triton-X100), and the activity was assayed in a reac-
tion mixture containing 20 mM of HEPES (pH 7), 10% gly-
cerol, 2 mmol L−1 dithiothreitol, 50 μg of protein per con-
dition, and 20 μM of Ac-DEVD-AMC (N-acetyl-Asp-Glu-Val-Asp-
7-amino-4-methylcoumarin) as a substrate. Enzymatic activity
was measured at an excitation wavelength of 380 nm and emis-
sion wavelength of 440 nm in a microplate reader.

2.5. Determination of GSH content, glutathione peroxidase (GPx)
and superoxide dismutase (SOD) activities and carbonyl groups

GSH was quantified by a Hissin and Hilf fluorometric
assay.10,11 The method is based on the reaction of GSH with
OPT at pH 8.0, and fluorescence was measured using a micro-
plate reader at an excitation wavelength of 340 nm and emis-
sion wavelength of 460 nm. The results for samples were
referred to those for a standard curve of GSH.

Determination of GPx activity is based on the oxidation of
GSH by GPx, using t-BOOH as a substrate, coupled to the dis-
appearance of NADPH by GR. The methods have been pre-
viously described,11 and the protein was measured by the
Bradford reagent (Bio-Rad, Madrid, Spain).

SOD activity was assayed using a commercial kit, following
manufacturer’s instructions (Sigma, Madrid, Spain).11 The
assay is based on the capacity of SOD to reduce superoxide
anions, coupled with the disappearance of Dojindo’s highly
water-soluble tetrazolium salt (WST-1) to yield a dye. SOD
activity was quantified by measuring the decrease in the absor-
bance at 440 nm in a microplate reader. Protein concentration
was measured by the Bradford reagent.

Protein oxidation of cells was spectrophotometrically
measured as carbonyl group content following derivatization with
2,4-dinitrophenylhydrazine by a Richert assay.10 Cell extracts were
incubated with 0.2% 2,4-dinitrophenylhydrazine in 2 M HCl
(samples) or 2 M HCl (blanks) for 1 h. An equal volume of 20%
trichloroacetic acid was added to precipitate proteins and later
centrifuged at 11 750g for 1 min. Then, pellets were washed 3
times with ethyl acetate : ethanol (1 : 1), allowed to dry and resus-
pended in 25 mM Tris pH 9.0, 6 M urea buffer. Absorbance was
measured at 360 nm in a microplate reader, and the carbonyl
content was expressed as nmol mg−1 protein using an extinction
coefficient of 22 000 nmol L−1 cm−1. Protein concentration was
measured by the Bradford reagent (Bio-Rad, Madrid, Spain).

2.6. Preparation of cell lysates and western blot analysis

Cells were lysed in a buffer containing 25 mM HEPES (pH 7.5),
0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothrei-
tol, 0.1% Triton X-100, 200 mM β-glycerolphosphate, 0.1 mM
Na3VO4, 2 μg mL−1 leupeptin and 1 mM phenylmethylsulfonyl
fluoride. Then, supernatants were collected, assayed for
protein concentration using the Bradford reagent, aliquoted
and stored at −80 °C until used for western blot analyses.

Equal amounts of proteins were separated by SDS-polyacryl-
amide gel electrophoresis and transferred to polyvinylidene
difluoride filters (Merck, Madrid, Spain). Membranes were
probed with the corresponding primary antibody followed by
incubation with peroxide-conjugated anti-rabbit (Bethyl, Bionova
Científica S.L., Madrid, Spain) or anti-mouse (Sigma, Madrid,
Spain) immunoglobulin. Blots were developed with the ECL
system (Amersham, Cytiva, Madrid, Spain). Normalization of the
western blot was ensured by β-actin, and bands were quantified
using a scanner and accompanying software.

2.7. Statistics

Prior to statistical analysis, data were tested for the homogen-
eity of variance by Levene’s text; for multiple comparisons,
one-way ANOVA was followed by the Bonferroni test when var-
iances were homogeneous or by the Tamhane test when var-
iances were not homogeneous. P < 0.05 was considered signifi-
cant. The SPSS version 27.0 program was used.

3. Results
3.1. High glucose (HG) and PA concentrations induce cell
death and oxidative stress in H9c2 cardiomyocytes

Hyperglycaemia and dyslipidaemia are key factors that make
an important contribution to DCM.14,15 To develop a model of
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diabetes induced by high concentrations of glucose and PA in
cardiac cells, H9c2 cells were exposed to rising doses of
glucose and PA separately for 24 h, and cell viability, ROS gene-
ration, caspase-3 activity and MMP were evaluated.

Among all glucose concentrations tested in H9c2 cells for
24 h, only the two highest doses (30 and 40 mM) led to decreased
MMP (measured as JC-1), while all other parameters evaluated
remained unchanged (Table 1). In contrast, concentrations of PA
higher than 50 µM caused cell damage, as cell viability and MMP
decreased, while ROS generation and caspase-3 activity increased
(Table 1). In view of these results, 30 mM of glucose was the
selected dose, as it is a commonly used concentration in cellular
models able to induce damage,10,30–32 and it was combined with
previously tested doses of PA. Incubation of cells with 30 mM of
glucose and doses of PA higher than 50 µM reduced cell viability
and JC-1, as well as enhancing ROS values and caspase-3 activity
(Table 1). All these data suggest that high doses of glucose and
PA are able to alter redox status and induce apoptosis in H9c2
cells to simulate a situation that resembles diabetic milieu in
cardiac cells.

Since 200 µM of PA in the presence of 30 mM of glucose pro-
voked notable damage to H9c2 cells, it was the selected concen-
tration to study the protective effects of EC, DHBA, MET and MIX
in terms of redox status, apoptosis and autophagy. Thus, all com-
pounds were tested separately to clearly establish the potential
protective effect that could be attributed to each of them separ-
ately. Then, all compounds were combined to evaluate their desir-
able synergistic or additive protective effects.

3.2. Epicatechin, microbial phenolic metabolite DHBA,
metformin and their mixture prevent cell death and redox
imbalance induced by HG and PA in H9c2 cardiomyocytes

Oxidative stress constitutes a key factor for the development and
progression of DCM.15,33,34 To evaluate the protective effect of EC
(1 μM), colonic phenolic metabolite DHBA (1 μM), the first-line

drug in the treatment of type 2 diabetes metformin (1 μM of
MET), or a mixture of all previous compounds at the same μM
dose (1 μM EC + 1 μM DHBA + 1 μM MET, MIX) on cultured
H9c2 cells were submitted to glucolipotoxic conditions. For this,
cells were treated for 2 h with compounds prior to 22 h of treat-
ment with 30 mM of glucose and 200 μM of PA; cell viability, ROS
generation, JC-1, GSH content, and key antioxidant enzymatic
activities, such as GPx and SOD, were analysed.

Pre-treatment of H9c2 cells with all compounds mentioned
either individually or all combined (MIX) similarly contributed
to an increase in MMP and to prevent high-glucose + PA-
induced ROS generation and protein oxidation (measured as
carbonyl groups), resulting in enhanced cardiac cell viability
(Table 2). In addition, EC, DHBA, MET and MIX produced
complete reversion to pre-stress values for GSH, GPx and SOD,
while HG + PA-provoked a reduction in GSH content and an
alteration in GPx and SOD activities (Table 2). These results
indicate that all tested compounds alone or combined protect
H9c2 cells against the redox imbalance caused by the chal-
lenge of high glucose and palmitic acid, resulting in the pres-
ervation of cellular viability.

3.3. EC, DHBA, MET and MIX restrain downregulation of
ERK and upregulation of JNK phosphorylation induced by HG
and PA in cardiac H9c2 cells

ERK and JNK belong to the mitogen-activated protein kinase
(MAPK) family, and in general terms, these proteins are closely
related to oxidative stress, since their dysregulation is associated
with cardiac dysfunction.35,36 Thus, to elucidate molecular
mechanisms underlying recovery in the redox status imbalance
provoked by pre-treatment of cells with EC, DHBA, MET and MIX
in HG + PA-challenged cells, the phosphorylation of ERK and JNK
kinases was assayed. As shown in Fig. 1A and B, HG + PA remark-
ably inhibited the phosphorylation of ERK, while all substances
except MET induced an increase in p-ERK values; in contrast, all

Table 1 Effect of glucose (HG), palmitic acid (PA) or a combination of both compounds (HG + PA) on cell viability, ROS generation, activity of
caspase-3 and mitochondrial membrane potential (MMP) in H9c2 cells. Cardiac cells were treated with diverse doses of HG, PA or 30 mM glucose
(HG) in combination with different concentrations of PA for 24 h. Results are expressed as a percent relative to the control condition. Values are
means ± SD of 8–14 data. At least three independent experiments were performed. No superscript letter indicates the lack of significant difference.
Means in a column without a common superscript letter differ significantly at P < 0.05

Crystal violet (% of control) ROS (% of control) Caspase-3 activity (% of control) JC-1 (% of control)

HG (mM) 0 99.7 ± 3.4 100.0 ± 3.8 100.0 ± 7.1 100.0 ± 9.2a

20 94.7 ± 6.3 94.8 ± 4.5 99.8 ± 5.6 93.7 ± 8.3a

30 99.9 ± 6.7 106.2 ± 9.9 102.7 ± 10.8 79.9 ± 7.7b

40 100.3 ± 6.4 102.3 ± 3.9 115.2 ± 8.2 78.2 ± 2.6b

PA (µM) 0 100.7 ± 8.5a 100.0 ± 7.4a 100.3 ± 3.7a 100.0 ± 4.1a

50 101.9 ± 5.5a 99.2 ± 5.5a 106.4 ± 5.6a 97.9 ± 4.4a

100 82.6 ± 7.5bc 129.7 ± 5.2b 187.9 ± 5.7b 88.7 ± 6.2b

150 82.3 ± 5.7bc 154.4 ± 8.3c 203.3 ± 12.2b 75.0 ± 4.8c

200 81.3 ± 9.6bc 157.7 ± 12.5c 193.4 ± 4.9b 69.9 ± 7.1c

400 70.6 ± 8.2c 177.0 ± 2.4d 260.2 ± 13.9c 70.8 ± 8.3c

HG (30 mM) + PA 0 100.2 ± 6.6a 100.1 ± 6.5a 100.0 ± 9.7a 100.1 ± 5.7a

50 97.4 ± 7.5a 95.4 ± 4.5a 118.5 ± 9.3c 81.6 ± 9.6b

100 76.6 ± 4.6b 129.3 ± 5.7b 255.8 ± 9.7b 66.1 ± 4.1c

150 75.8 ± 7.5b 144.7 ± 10.4c 260.5 ± 12.5b 67.1 ± 9.5c

200 74.1 ± 7.1b 154.9 ± 8.0c 259.6 ± 17.8b 67.2 ± 4.0c

400 66.9 ± 6.7b 181.2 ± 8.3d 461.0 ± 23.9c 68.1 ± 5.5c
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compounds and MIX effectively mitigated the activation of JNK
caused by the HG + PA challenge (Fig. 1A and C). No compound
had an effect on total ERK and JNK levels.

3.4. EC, DHBA, MET and MIX alleviate HG + PA-triggered
apoptosis in cardiomyocytes

Apoptosis is one of the main pathophysiological mechanisms
of DCM injury,14,15 which is regulated by pro- and anti-apopto-
tic members of the Bcl-2 family of proteins, with caspase-3
being a reliable marker for the activation of this process.15 To

further explore the potential contribution of apoptosis inhi-
bition to the protective effect of all compounds and their
mixture, levels of pro- and anti-apoptotic Bcl-2 proteins (Bax
and Bcl-2, respectively), as well as cleaved caspase-3 values and
activity were examined.

As shown in Fig. 2, treatment of cells with HG + PA dimin-
ished Bcl-2 levels and enhanced Bax and cleaved caspase-3
values, as well as caspase-3 activity. Nevertheless, pre-treat-
ment with EC, DHBA, MET or MIX significantly prevented the
condition of apoptosis induced by HG + PA through the upre-

Table 2 Protective effect of (−)-epicatechin (EC), 2,3-dihydroxybenzoic acid (DHBA), metformin (MET) and a combination of EC, DHBA and MET
(MIX) on cell viability, reactive oxygen species (ROS) generation, mitochondrial membrane potential (MMP, JC-1), and main antioxidant defences,
namely glutathione (GSH), glutathione peroxidase (GPx) and superoxide dismutase (SOD) and carbonyl groups in cardiac cells. H9c2 cells were pre-
treated with medium or medium supplemented with EC (1 μM), DHBA (1 μM), MET (1 μM) or a mixture of three compounds at the same concentration
(MIX, 3 μM) during 2 hours, then 30 mM of glucose (HG) and 200 µM of palmitic acid (PA) were added for 22 hours to all cultures except controls
(incubated with medium). Results are expressed as a percent relative to control conditions. Values are means ± SD of 6–10 data. At least three inde-
pendent experiments were performed. Means in a column without a common superscript letter differ significantly at P < 0.05

Crystal violet
(% of control)

ROS
(% of control)

JC-1
(% of control)

GSH
(% of control)

GPx
(% of control)

SOD
(% of control)

Carbonyl
groups
(% of control)

Control 100.1 ± 4.3a 100.0 ± 4.8a 100.0 ± 8.7a 100.2 ± 7.1a 100.0 ± 6.1a 100.4 ± 6.6a 100.0 ± 5.7a

HG + PA 78.6 ± 2.4b 142.5 ± 5.5b 57.7 ± 5.0b 62.5 ± 3.7b 127.7 ± 8.6b 86.2 ± 1.5b 171.2 ± 13.0b

EC + HG + PA 88.1 ± 5.4c 119.9 ± 8.7c 74.5 ± 6.7c 92.1 ± 5.9a 108.9 ± 9.4ab 96.0 ± 6.7a 134.3 ± 9.9c

DHBA + HG + PA 86.0 ± 5.1cd 127.1 ± 5.1cd 77.3 ± 6.6c 102.4 ± 5.2a 99.9 ± 11.4a 107.7 ± 4.5a 135.7 ± 11.1c

MET + HG + PA 84.7 ± 5.8cd 127.1 ± 8.5cd 78.7 ± 6.8c 111.3 ± 8.1a 104.4 ± 8.4a 105.2 ± 8.3a 135.0 ± 13.3c

MIX + HG + PA 82.6 ± 5.8d 131.4 ± 7.7d 78.2 ± 6.5c 95.6 ± 9.8a 97.1 ± 5.5a 97.6 ± 8.2a 141.6 ± 8.0c

Fig. 1 Effect of (−)-epicatechin (EC), 2,3-dihydroxybenzoic acid (DHBA), metformin (MET) and a combination of EC, DHBA and MET (MIX) on phos-
phorylated and total levels of ERK and JNK in H9c2 cardiomyocytes. Cells treated with medium or medium supplemented with 1 μM of EC, DHBA, or
MET or 3 μM of MIX for 2 h were later incubated with medium (■: normal glucose and non-stressed cells) or medium supplemented with 30 mM of
glucose (HG) and 200 μM of palmitic acid (PA) for 22 h (□). (A) Bands of representative experiments. Percentage data of (B) p-ERK/ERK and (C)
p-JNK/JNK ratios relative to control conditions (means ± SD, n = 5–8). At least three independent experiments were performed. Equal loading of
Western blots was ensured by β-actin. Values not sharing a common letter differ significantly at P < 0.05.
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gulation of Bcl-2 and downregulation of Bax, cleaved caspase-3
and caspase-3 activity. Collectively, these results suggest that
all tested compounds and their mixture can prevent HG + PA-
induced apoptosis through the modulation of key players
involved in this type of death in H9c2 cells.

3.5. EC, DHBA, MET and MIX avoid HG + PA-inhibited
autophagy in H9c2 cardiac cells

Autophagy plays a vital role in maintaining cellular homeosta-
sis and it is frequently impaired in DCM.14 In general terms,
autophagy is induced by an initial step that includes Beclin-1,
which is inversely correlated with p62 and positively with
LC3.16 To continue analysing potential molecular mechanisms
underlying the protective effect of EC, DHBA, MET and MIX on
HG + PA-induced oxidative stress and cell damage, key auto-
phagy proteins, such as p62, Beclin-1 and LC3, were evaluated.
Fig. 3 shows that the HG + PA challenge impaired autophagy
by increasing p62 values and decreasing Beclin-1 levels and
the LC3-II/LC3-I ratio. In contrast, values of Beclin-1 and the
LC3-II/LC3-I ratio were equally enhanced, as well as p62 levels
being correspondingly diminished, in cells treated with all
compounds alone or with their mixture (Fig. 3A–D). All these
results suggest that EC, DHBA, MET and MIX might contribute
to cellular protection through restoration of the autophagy
process in cardiomyocytes.

3.6. EC, DHBA and MIX avert cardiomyocyte cell death, ROS
generation and MMP loss via JNK

Redox balance constitutes a key aspect for correct cardiac func-
tionality;15 in this regard, the activation of JNK has been
associated with the cardiac response to stress, and it influ-
ences different processes, including cell survival and apopto-
sis.35 Thus, to determine the potential role of JNK in the
modulation of cell viability, ROS generation and MMP preser-
vation induced by EC, DHBA and MIX, the effect of a specific
JNK inhibitor (SP600125, SP) was assayed. To this end, cardiac
H9c2 cells were pre-incubated with 10 μM of SP for 1 h and
treated for 2 h with EC, DHBA or MIX prior to a 22 h-HG + PA
challenge.

Fig. 4 shows that EC, DHBA and MIX pre-treatment partially
prevented a decrease in cell viability and MMP loss, as well as
an increase in ROS generation induced by HG + PA incubation.
In HG + PA-challenged cells that were pre-incubated with EC,
DHBA or MIX, the inhibition of JNK maintained ROS gene-
ration and MMP values at levels comparable to those of
untreated cells (controls). In addition, cell viability was further
improved in the presence of the JNK inhibitor; the percentage
of live cells in those pre-treated with SP was higher than that
of just pre-incubated EC, DHBA or MIX following submission
to the HG + PA challenge, although control values were not
reached.

Fig. 2 Effect of (−)-epicatechin (EC), 2,3-dihydroxybenzoic acid (DHBA), metformin (MET) and a combination of EC, DHBA and MET (MIX) on apop-
tosis in cardiac cells. H9c2 cells incubated with medium or medium supplemented with 1 μM of EC, DHBA, or MET or 3 μM of MIX for 2 h were
exposed to medium (■: normal glucose and non-stressed cells) or medium supplemented with 30 mM of glucose (HG) and 200 μM of palmitic acid
(PA) for an additional 22 h (□). (A) Bands of representative experiments. Percentage quantification of (B) Bcl-2, (C) Bax and (D) cleaved caspase-3.
Values are expressed as a percentage relative to control conditions (n = 4–7). At least three independent experiments were performed. Equal
loading of western blots was ensured by β-actin. Means not sharing a common letter differ significantly at P < 0.05. (E) Caspase-3 activity expressed
as percent of control are means ± SD of 6–9 different samples per condition. Values not sharing a common letter differ significantly at P < 0.05.
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3.7. EC, DHBA and MIX prevent cardiomyocyte apoptosis
stimulation and autophagy inhibition via JNK

To further clarify the role of JNK on the protective effect induced
by EC, DHBA and MIX treatment in HG + PA-challenged cells, the
effect of the JNK inhibitor on apoptosis and autophagy was inves-

tigated. As shown in Fig. 4 and 5, in HG + PA-treated cells, EC,
DHBA and MIX induced a decrease in Bax and cleaved caspase-3
levels, as well as in the caspase-3 activity that were further
improved when cells had previously received SP. Accordingly, in
HG + PA-challenged cells, Bcl-2 values induced by EC, DHBA and
MIX were further enhanced by inhibiting JNK, reaching higher

Fig. 3 Effect of (−)-epicatechin (EC), 2,3-dihydroxybenzoic acid (DHBA), metformin (MET) and a combination of EC, DHBA and MET (MIX) on auto-
phagy in H9c2 cardiomyocytes. H9c2 cells incubated with medium or medium supplemented with 1 μM of EC, DHBA, or MET or 3 μM of MIX for 2 h
were exposed to medium (■: normal glucose and non-stressed cells) or medium supplemented with 30 mM of glucose (HG) and 200 μM of palmitic
acid (PA) for an additional 22 h (□). (A) Bands of representative experiments. Densitometric quantification of (B) p62, (C) Beclin-1 and (D) LC3-II/LC3-I
ratio relative to untreated cells (means ± SD, n = 4–8). At least three independent experiments were performed. Equal loading of western blots was
ensured by β-actin. Values not sharing a common letter differ significantly at P < 0.05.

Fig. 4 Effect of (−)-epicatechin (EC), 2,3-dihydroxybenzoic acid (DHBA), a combination of EC, DHBA and MET (MIX) and a selective inhibitor for
JNK (SP, SP600125) on (A) cell viability, (B) ROS generation, (C) caspase-3 activity and (D) JC-1 in cardiomyocytes. H9c2 cells were incubated with
10 μM of SP for 1 h prior to 2 h of medium (■: normal glucose and non-stressed cells) or medium supplemented with EC, DHBA or MIX treatment
followed by glucose (30 mM, HG) and PA (200 μM) challenge (□). Values as a percentage relative to control condition are means ± SD (n = 6–8). At
least three independent experiments were performed. Values not sharing a common letter over bars differ significantly at P < 0.05.
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levels than those of controls with all tested compounds used indi-
vidually or in combination (Fig. 5).

In addition, cell pre-treatment with EC, DHBA or MIX par-
tially prevented the alteration in the levels of p62 and Beclin-1,
as well as in the LC3-II/LC3-I ratio induced by HG + PA incu-
bation (Fig. 6). Accordingly, under HG + PA conditions, the
inhibition of JNK in cells pre-treated with EC, DHBA or MIX
further decreased p62 levels and increased Beclin-1 values and
the LC3-II/LC3-I ratio in comparison to EC-, DHBA- and
MIX-HG + PA-treated cells, producing similar values to those
of untreated cells, except for Beclin-1 levels in MIX pre-treated
cells later exposed to the HG + PA challenge.

Altogether, these results suggest the involvement of JNK in
the maintenance of normal cardiac functionality through the
downregulation of apoptosis and upregulation of autophagy
induced by EC, DHBA and MIX.

4. Discussion

Flavonoids have been suggested to exert beneficial effects on
diabetes and have drawn attention because of their safety.3,15

In addition, a rising amount of evidence suggests that the use
of flavonoid combinations could lead to synergistic effects,

Fig. 5 Effect of (−)-epicatechin (EC), 2,3-dihydroxybenzoic acid (DHBA), metformin (MET) and a combination of EC, DHBA and MET (MIX) and a
selective inhibitor of JNK (SP, SP600125) on apoptosis in cardiac cells. H9c2 cells incubated 10 μM of SP for 1 h, were exposed to medium or
medium supplemented with 1 μM of EC or DHBA or 3 μM of MIX for 2 h followed by a challenge with 30 mM of glucose (HG) and 200 μM of palmitic
acid (PA) (□) or medium incubation (■: normal glucose andnon-stressed cells) for an additional 22 h. (A) Bands of representative experiments for EC,
DHBA and MIX. Percentage quantification of (B) Bcl-2, (C) Bax and (D) cleaved caspase-3. Values are expressed as a percentage relative to the
control conditions (n = 5–8). At least three independent experiments were performed. Equal loading of western blots was ensured by β-actin. Values
not sharing a common letter differ significantly at P < 0.05.
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including under pathological situations.23,26,37 Specifically, in
diabetes it has been suggested that the administration of flavo-
noids together with antidiabetic drugs could be accompanied
by improved effects in comparison with those obtained with
the drug alone.25,38 However, the study of these combinations
needs further investigation, especially in the case of DCM as
the evidence is very scarce. The present study demonstrates,
for the first time, the cardioprotective effect of epicatechin and
colonic-derived flavanol metabolite DHBA in a model of DCM
induced by glucolipotoxic conditions in H9c2 cardiac cultured
cells. These results contribute to elucidating the molecular
mechanism of action of these phenolic compounds (alone or
combined with MET) and provide new evidence for their
potential benefits during a simulated DCM context. Thus, ben-
eficial activities exerted by these natural compounds, compar-
able to those of metformin (the first-line drug used in dia-
betes) contributed to prevent redox imbalance by reducing
ROS overproduction, restoring altered antioxidant defences,
restraining signalling pathways related to stress and apoptosis,
and recovering the autophagy process.

After the intake of flavanol-rich foods, the most abundant
compounds in urine and blood are hydroxybenzoic acids,
among other phenolic acids, which accumulate in tissues
together with other untransformed phenolic compounds (pure
compounds), all of them in their intact or conjugated forms
due to a conjugation–deconjugation cycle.4,6,39 Moreover, the
beneficial effects of a flavanol-rich diet have been related to
the cumulative activities of circulating compounds.26,40

Therefore, the use of pure compounds and combinations of
flavanol-derived colonic metabolites accurately resembles
physiological conditions. In this regard, it should be high-
lighted that a realistic concentration of these phenolic com-
pounds (1 μM) has been used, as they have been detected at
low μM concentrations in biological fluids after the intake of
foodstuffs containing flavanols.6,22 Accordingly, in the present
study, EC and one of the most abundant colonic phenolic
compounds found in biological fluids after flavanol intake,
DHBA, alone or in combination with metformin, have been
selected to evaluate their protective effect and potential syner-
gistic actions against DCM.

Diabetes is a very complex metabolic disease characterized
by hyperglycaemia and hyperlipidaemia, among other meta-
bolic alterations. Different studies have shown that oxidative
stress plays a crucial role in the development and progression
of DCM,15,33,34 and hyperglycaemia and/or hyperlipidaemia
stimulate ROS production and altered MMP.14–16 Under this
pro-oxidative situation, antioxidant defences, namely GSH,
GPx and SOD, are weakened and oxidized products such as
carbonyl groups are accumulated in the heart.38,41 Notably, in
this study, EC and DHBA effectively attenuated glucolipotoxic-
induced oxidative stress by reducing ROS production and car-
bonyl groups and by enhancing antioxidant enzymatic (GPx
and SOD) and non-enzymatic (GSH) defences. Accordingly, tri-
terpene isolated from the stem bark of P. longifolia and an
acai-supplemented diet exerted an antioxidant cardioprotective
effect on cultured cells and rats, respectively, with diminished

ROS generation and reinforcement of antioxidant cellular
defences.25,41 Likewise, reduced oxidative stress was reported
when high-glucose cardiac cells were incubated with MET
(1 μM), alone or combined with triterpene,25 in agreement
with the present study. Additionally, the administration of a
flavanol-rich food to Zucker diabetic fatty rats, alone or com-
bined with MET, greatly prevented ROS and carbonyl group
generation, demonstrating the capacity of these phenolic com-
pounds to ameliorate oxidative damage and protect the heart
during DCM;38 indeed, an enhanced protective effect of
natural compounds for some parameters related to oxidative
stress has been shown when compared to metformin alone.25

Interestingly and in agreement with present results, compar-
able protective effects for phenolic compounds and MET
regarding the recovery of cellular redox status have also been
demonstrated in cardiac cells.23

Persistent oxidative stress can lead to myocardial cell apop-
tosis and death.14,15 Importantly, adult cardiomyocytes rarely
proliferate, and the loss of cells could threaten cardiac func-
tion.14 Indeed, increased apoptosis constitutes a crucial event
in the pathogenesis of DCM, and this loss of cells has been
related to high mortality and morbidity in patients with
DCM.14,33 Consequently, a reduction in cardiomyocyte apopto-
sis could constitute a good strategy for protecting cardiac cells
from glucolipotoxicity.14,15 In agreement with this, EC and
DHBA, alone or with MET, diminished cardiomyocyte apopto-
sis induced by high glucose and PA by alleviating pro-apoptotic
alterations (Bax and caspase-3 levels and caspase-3 activity)
and favouring anti-apoptotic modifications (Bcl-2 values).
Moreover, EC and DHBA, in the presence or absence of MET,
improved the mitochondrial dysfunction (loss of MMP), upre-
gulated p-ERK, and downregulated phosphorylated JNK;
remarkably, all these effects have been associated with
reduced apoptosis in cardiomyocytes.15,35,36 Correspondingly,
a beneficial effect by diminishing apoptosis through the down-
regulation of Bax and caspase-3/7 activity and upregulation of
Bcl-2 has been reported in diabetic animals fed with phenolic-
compound-enriched diets or treated with MET.42,43 Similar
anti-apoptotic effects were demonstrated in cardiomyocytes
exposed to high concentrations of glucose and/or PA incubated
with different natural components, including phenolic com-
pounds, MET or their combination.23,25,28,44,45 Importantly,
GLP-1 agonist antidiabetic drugs, such as exendin-4 and lira-
glutide have demonstrated a cardioprotective effect by indu-
cing similar regulatory mechanisms, that is, alleviating mito-
chondrial injury, oxidative stress and apoptosis, finally leading
to improved cellular function.27 In addition, ERK activation
and JNK inhibition have been associated with cardioprotective
activity under pathological stimuli by promoting anti-apoptotic
effects,35,46,47 such as enhancement of the Bcl-2/Bax ratio.

Autophagy is a conserved process essential for maintaining
cellular homeostasis, and its dysregulation has been con-
nected to the development of different diseases, including
DCM.14 Indeed, in a situation of glucolipotoxicity, autophagy
is suppressed,16 and several studies have demonstrated the
cardioprotective effect of the activation of this biological
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process in agreement with present results.14,33 Importantly,
the stimulation of autophagy by commonly used antidiabetic
drugs, such as MET, exendin-4 and liraglutide, as well as by
the natural compound resveratrol has proved beneficial in alle-
viating diabetes-induced cardiac dysfunction.27,43,44 Thus, Xie
et al.43 reported enhanced autophagy in the hearts of diabetic
mice after chronic treatment with metformin, as demonstrated
by increased levels of Beclin-1 and LC3-II in comparison to dia-
betic mice, although still lower than those of control animals,
in agreement with the present study. Indeed, it has been
shown that metformin enhanced autophagic flux and reduced

apoptosis, providing a cardioprotective effect during cardio-
myopathy.48 However, the role of autophagy induction in the
heart remains controversial, and different studies have stated a
beneficial effect after inhibiting this crucial process.14,16,33 It is
noteworthy that it has been suggested that during DCM, the
functions of autophagy could be different depending on the
causes that provoked the activation, as well as on the stage and
severity of the disease.16 In this regard, it has been indicated
that in cardiac cells, autophagy induction may be a compensa-
tory response to oxidative stress, as the activation of this essen-
tial cellular process has been associated with ameliorated ROS

Fig. 6 Effect of (−)-epicatechin (EC), 2,3-dihydroxybenzoic acid (DHBA), metformin (MET) and a combination of EC, DHBA and MET (MIX) and a
selective inhibitor of JNK (SP, SP600125) on autophagy in H9c2 cardiomyocytes. Cells were incubated with 10 μM of SP for 1 h, then treated with
medium or medium supplemented with 1 μM of EC or DHBA or 3 μM of MIX for 2 h and exposed to 30 mM glucose (HG) and 200 μM palmitic acid
(PA) (□) or medium (■: normal glucose and non-stressed cells) for an additional 22 h. (A) Bands of representative experiments for EC, DHBA and MIX.
Densitometric quantification for EC, DHBA and MIX of (B) p62, (C) Beclin-1 and (D) LC3-II/LC3-I ratio. Values are expressed as a percentage relative
to the control conditions (n = 5–7). At least three independent experiments were performed. Equal loading of western blots was ensured by β-actin.
Values not sharing a common letter differ significantly at P < 0.05.
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production and apoptosis, in agreement with our results.48,49

Therefore, in the present study, the regulatory effect on auto-
phagy exerted by EC, DHBA, MET and their combination may
help as a compensatory response in protecting against cell
death for maintaining normal cellular function.

The role of JNK during DCM remains elusive, and beneficial
and detrimental effects have been reported after its inacti-
vation in cardiomyocytes.35 In this regard, it has been
suggested that JNK differently contributes to cardiac damage
depending on the duration and severity of the stimulus; thus,
sustained activation of JNK has been associated with the pro-
motion of cardiac damage through the regulation of cellular
oxidative stress-related and growth/death pathways.35 In agree-
ment, in the presence of a JNK inhibitor, EC and DHBA, alone
or in combination with MET, showed improved protection of
cardiac cells against HG + PA-induced ROS overproduction,
MMP loss, apoptosis induction, autophagy inhibition and
diminished cell viability. Similarly, it has been reported that in
cardiomyocytes, MET prevented high-glucose-induced ROS
overproduction, MMP loss and reduced cell viability, with
these beneficial effects being abolished upon JNK activation.45

Besides, phenolic salvianolic acid showed an anti-apoptotic
effect in the hearts of diabetic rats that was improved in the
presence of a JNK inhibitor by decreasing Bax and caspase-3
levels and increasing values of Bcl-2.50 Therefore, JNK regu-
lates multiple downstream proteins, including proteins of the
Bcl-2 family that modulate apoptosis, and JNK is also involved
in the regulation of mitochondrial function.35 In addition, the
modulation of autophagy through JNK-dependent p62
accumulation has also been reported.51 All these mechanisms
indicate that the regulation of JNK during cardiac dysfunction
is complex and involves several pathways, and that a role for
all these proteins on the protective effect described in the
present study cannot be ruled out. In this regard, it should be
highlighted that AMPK is a major target of MET.17

Interestingly, the antioxidant N-acetyl cysteine (NAC) and other
phenolic compounds, such as triterpene methyl-
3β-hydroxylanosta-9,24-dien-21-oate (RA3), as well as com-
pounds used in the current study (EC and DHBA) have been
shown to positively regulate the phosphorylated levels of
AMPK in H9c2 cells under physiological and high-glucose
conditions.12,25,52 This modulatory effect was related to
improved metabolic efficiency of cardiac cells.12,52

Interestingly, NAC plus metformin was more efficient than
NAC alone in preserving p-AMPK levels against a high-glucose
challenge,52 although a comparable effect on p-AMPK values
was reported when RA3 was combined with metformin or used
alone.25 Further studies are required to explore these differen-
tial effects for natural phenolic compounds alone or in combi-
nation with metformin.

Due to the lack of reports about the effects of EC and 2,3-
DHBA on DCM, this study can be considered a novel and rele-
vant approach. These results constitute a complementary
approach for elucidating the molecular mechanism of action
of EC and 2,3-DHBA (alone or combined with MET) and
provide new evidence for the potential beneficial effects of

these natural compounds within a simulated DCM context.
However, this study has some limitations. Deeper insights into
the molecular effect of phenolic compounds on autophagy and
apoptosis would be valuable to gain further understanding
about their beneficial effects on health. In addition, to further
evaluate the combined use of these compounds with antidia-
betic drugs, in vivo studies should be performed to improve
the understanding of their dosage, bioavailability and long-
term protective effect within diabetic milieu. Likewise, in the
present study, metformin was selected as it is considered a
first-line drug for patients with diabetes, but the potential use
of other antidiabetic drugs, such as dipeptidyl peptidase-4
inhibitors, a GLP-1 agonist with demonstrated cardiovascular
benefits,53,54 alone or combined with natural phenolic com-
pounds deserves further investigation. Thus, the potential use
of natural compounds as nutraceuticals or dietary sup-
plements could also be considered, but the scientific evidence
on human health benefits and safety is still lacking.

Of further interest was the ability of EC and DHBA to show
comparable improvements to those of MET in many para-
meters assayed in this study. These findings could indicate
good efficacy for EC and DHBA to overcome certain compli-
cations. Similarly, Rugerio-Escalona et al.55 have demonstrated
that extracts from Hamelia patens evoked comparable effects to
those of MET in diabetic rats. Thus, it should be taken into
account that the benefits of EC and DHBA treatment could be
related to their ability to modulate multiple signalling path-
ways, maybe including some not targeted by MET and/or some
that have not been analysed in the present study. Importantly,
it must be also cautiously considered that the lack of additive
or synergistic effects found in MIX could also indicate an inter-
action between the natural compound and the drug, which
could even lead to herbal toxicity.18,37,56 Further investigations
are required to explore the molecular mechanisms of action of
natural compounds, and their combinations with current anti-
diabetic drugs to carefully evaluate their potential interactions
and ensure the lack of long-term side effects and/or toxicity.
The translation of in vitro research into animals and further
into human clinical trials is also challenging and requires
further efforts, as well as the establishment of the optimal
dosage that safely leads to the maximum therapeutic response
for type 2 diabetes treatment.

5. Conclusions

EC and DHBA, alone or in combination with MET, alleviated
glucolipotoxic-induced cardiac damage in cultured H9c2 cells.
These compounds, alone or in combination, counteracted
redox imbalance by preventing the exhaustion of antioxidant
defences, ameliorated apoptosis induction by upregulating
anti-apoptotic proteins (Bcl-2) and downregulating pro-apopto-
tic proteins (Bax and caspase-3), and improved autophagy
(diminished p62 and increased Beclin-1 and LC3-II/LC3-I
ratio) to contribute to the maintenance of cell functionality.
However, no additive or synergistic effects were detected when

Paper Food & Function

2546 | Food Funct., 2024, 15, 2536–2549 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 9

:4
7:

27
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04039a


natural phenolic compounds and the antidiabetic drug were
combined. Further studies are warranted to elucidate in more
depth the regulation of apoptosis and autophagy by these com-
pounds. In addition, the regulation of JNK seems to play a
major role in the molecular modulation involved in the preser-
vation of normal cardiomyocyte function. Importantly, EC and
DHBA, at concentrations that are not toxic to cardiac cells and
are reachable through diet, showed comparable effects to
those of first-line anti-diabetic drug metformin. Thus, EC and
DHBA could be considered suitable candidates in the preven-
tion of DCM, although further research is needed.
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