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Abstract: Heart failure (HF) is a leading cause of death in the United States, with a 5-year mortal-
ity rate of 50% despite modern pharmacological therapies. Plant-based diets are comprised of a
diverse polyphenol profile, which lends to their association with reduced cardiovascular disease
risk. Whether a polyphenol-rich diet can slow the progression of or reverse HF in humans is not
known. To date, in vitro and in vivo studies have reported on the protective role of polyphenols
in HE. In this review, we will discuss the major mechanisms by which polyphenols mitigate HF
in vitro and in vivo, including (1) reduced cardiac inflammation and oxidative stress, (2) reduced
mitochondrial dysfunction, (3) improved Ca?* homeostasis, (4) increased survival signaling, and (5)
increased sirtuin 1 activity.

Keywords: polyphenols; flavonoids; plant-based diets; heart failure; inflammation; oxidative stress;
mitochondrial dysfunction; Ca?* homeostasis; survival signaling; Sirt1l

1. Introduction

Heart failure (HF) is a major cause of death in the United States. In 2013, one in nine
death certificates reported death to be due to HF [1]. HF remains a major public health
concern with a 5-year survival rate of 50% even with modern medical therapies. HF is
characterized by diminished ejection fraction (EF), the percent of blood pumped out of the
left ventricle (LV) during each contraction, and LV hypertrophy (LVH), characterized by
thickening of the LV wall [2]. HF develops due to a variety of factors, of which ischemia
and hypertension are major causes. In ischemia, hypoxic conditions induce cardiomyocyte
apoptosis, necrosis and promote hypertrophic signaling leading to thickening and scarring
of the heart [3]. In the case of hypertension, as a maladaptive response to chronically ele-
vated LV wall stress, hypertrophy of cardiomyocytes occurs, which also leads to apoptotic
signaling and scarring of the heart [4]. To manage HF clinically, the major goals are to
modify contractile signaling and improve cardiac output by reducing stress on the walls of
the heart [5]. However, these therapies often neglect the underlying maladaptive cellular
processes that underlie HE. Plant-based diets have been associated with reduced cardiovas-
cular disease (CVD) risk independent of physical activity [6], inflammation [7,8], and may
even be a viable adjunct treatment of HF, improving EF and decreasing LV mass [9-11].
Indeed, the consumption of a Mediterranean diet and the Dietary Approaches to Stop
Hypertension (DASH) diet, which are characterized by increased fruit and vegetable intake,
is associated with reduced incidence of HF and cardiac deaths [12]. However, no interven-
tional studies utilizing diet have been used to clinically treat overt HF with reduced EF,
with only a few case studies utilizing strict plant-based diets demonstrating reversal of
diminished EF and LVH (Table 1).

Int. ]. Mol. Sci. 2021, 22, 1668. https:/ /doi.org/10.3390/1jms22041668

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-5348-3008
https://orcid.org/0000-0003-0649-2774
https://doi.org/10.3390/ijms22041668
https://doi.org/10.3390/ijms22041668
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22041668
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/22/4/1668?type=check_update&version=2

Int. J. Mol. Sci. 2021, 22, 1668

2 of 26

Table 1. Case studies utilizing plant-based diets in the clinical treatment of heart failure accompanied by reduced ejection fraction.

Subject
Characteristics

Intervention Duration Findings Author

Plant-based diet comprised

1 overweight male, of fruits, vegetables, 2 months 0 EF Choi et al. 2017 [9]
79 years of age legumes, J angina
nuts and whole grains
Plant-based diet comprised
i 1
1 obese female, of fruits, vegetables, 51/2 +EF Alllen et al. 2019 [10]
54 years of age legumes, months
nuts and whole grains
1 obese female . .
(46 years) Plant-based diet comprised 1T EE,
y ! of primarily raw fruits, stroke volume, cardiac Najjjar and Montgomery,
2 obese males . ~79 days
(58 and 70 years vegetables and seeds with output 2019 [11]
Y some whole grains J LV mass, angina

of age),

1 denotes increase, and | denotes decrease. Abbreviations: EF: ejection fraction; LV: left ventricle.

Plant-based diets are typically lower in saturated fat [13], which is a variable indepen-
dently associated with reduced HF mortality [14], and higher in fiber, which is associated
with reduced LV mass [15] and CVD mortality [16]. Plant-based diets are associated with
reduced body weight [17], hypertension [18], type II diabetes [19,20] and low-density
lipoproteins [21], all of which are known risk factors in the development of HF [22-25].
However, a clinically understudied component of plant-based diets in the context of HF is
the polyphenol content of plants. Since polyphenols are found nearly exclusively in plant
foods, plant-based diets are inherently rich in polyphenolic compounds, which have bioac-
tive properties that can mitigate a variety of chronic diseases at the molecular level [26].
Indeed, the intake of fruits and vegetables, which are rich in polyphenols are associated
with reduced CVD risk [27]. Independently, total flavonoid and lignan consumption, rich
in fruits, vegetables and whole grains, are also independently associated with reduced
CVD [28]. Both the DASH diet and Mediterranean diet are rich in plants and are found to
be high in polyphenols [29-31], which may partially explain the associated reduction in HF
risk [12]. For example, in a randomized study, the consumption of an Indo-Mediterranean
diet classified as rich in whole grains, fruits, vegetables and nuts was associated with a re-
duction in sudden cardiac death and non-fatal myocardial infarction (MI) after 2 years [32].
Further, fiber-rich diets from whole-food sources are associated with reduced CVD mor-
tality [33]. However, since fiber intake is directly proportional to plant-food intake, and
considering that a significant portion of polyphenols are bound to dietary fiber and require
microbial liberation [34-37], increased fiber intake is inherently tied to increased polyphe-
nol intake. Thus, dietary patterns which are associated with reduced CVD risk are also
associated with increased plant-food intake, and correspondingly, increased polyphenol
intake.

Mlustrative of the efficacy of plants, investigations utilizing plant-based diets are
some of the only interventional studies to clinically demonstrate regression of coronary
atherosclerotic plaque [38,39]. However, investigations which aim to examine plant-based
diets or even polyphenol-rich plants in the treatment of overt HF are entirely lacking, with
only a limited number of case reports demonstrating clinical efficacy (Table 1). In vitro
(Table S1), ex vivo and in vivo preclinical (Table S2) studies demonstrate that polyphenols
derived from plants are highly efficacious in treating HF by preventing or reversing
functional and morphological abnormalities of the heart by targeting underlying cellular
pathways which drive the disease-process forward. Very few studies have investigated
the use of plant-based dietary approaches or polyphenol-rich plants to treat HF in both
preclinical models and human studies. Although polyphenols have differing structure and
biological activity, they offer cardio-protective effects in the context of HF through differing
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mechanisms with significant overlap. These mechanisms include (1) reduction of cardiac
oxidative stress and inflammatory signaling, (2) reduced mitochondrial dysfunction, (3)
improved Ca?* homeostasis, (4) increased survival signaling, and (5) increased sirtuin (Sirt)
1 activity (Figure 1). Thus, the aim of this review is to summarize the major cellular targets
of polyphenols in the context of HF and provide evidence for future translational research
utilizing plant-based dietary approaches in humans.

Ischemia
Hypertension
Neurohumoral insult

Mitochondria

............ <+—— | Gallic acid
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Heme from
degraded enzyme

Failing Heart

Cardiomyocyte

Figure 1. Mechanisms by which polyphenols, derived from plant-food consumption, may attenuate heart failure (HF).
Under chronic, pathological conditions, HF occurs due to a variety of compensatory cellular processes. Polyphenols have
many overlapping targets which can attenuate these processes in the following manner: (A) polyphenols, such as the ellagic
acid metabolite urolithin B, reduce inflammation by decreasing nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-«kB) and mitogen-activated protein kinase (MAPK) phosphorylation, preventing pro-apoptotic signaling and
inflammatory cytokine release; (B) polyphenols also increase mammalian target of rapamycin (mTOR) and Akt, which
reduces autophagy, apoptosis, and bcl-2-associated X protein (Bax) while increasing B-cell lymphoma extra-large protein
(Bcl-xL); (C) Ca?*-dependent and calmodulin-dependent protein kinase II, calpain and calcineurin activity are attenuated
by polyphenols, such as the anthocyanin cyanidin, and Ca?* sarcoplasmic reticulum (SR) leak is reduced, thus normalizing
cellular Ca?* flux; (D) polyphenols act as substrates of the electron transport chain (ETC), improving ETC efficiency. They
also increase the reductive state of cytochrome C (Cyt ¢) and prevent mitochondrial permeability transition pore opening,
maintaining membrane polarization; (E) polyphenols, such as the phenolic acid gallic acid, reduce NADPH-oxidase (Nox)
expression and increase antioxidant and detoxifying enzyme activity. This occurs due to increased nuclear factor erythroid
2-related factor 2 (N1f2) nuclear translocation, as well as increased crosstalk between Sirt1, leading to attenuation of excessive
reactive oxygen species and free heme, thus, oxidative stress and cytotoxicity is reduced. Lastly, (F) sirtuin 1 (Sirt1) is
upregulated by polyphenols, such as the stilbene resveratrol, and also by Nrf2 activity which correspondingly increases
endogenous antioxidant activity, inhibits pro-apoptotic p53, and inhibits inflammatory signaling of the NF-«kB complex
via deacetylation. Cumulatively, these multiple and overlapping targets of polyphenols present a potential therapeutic
treatment of HF using a plant-based diet. Created with BioRender.com.
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2. Polyphenols

Edible plants contain polyphenols in varying concentrations (see Lorenzo et al. [40]
for compiled concentrations), which can be categorized into four overarching categories:
flavonoids, phenolic acids, lignans and stilbenes [41]. Flavonoids can be further subcat-
egorized into: flavonols, flavanols, flavones, flavanones, isoflavones and anthocyanins.
Flavonoids are classified based on the carbon attachment of the C ring to the B ring as well
the oxidative state of the C ring as illustrated in Figure 2.
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Figure 2. Chemical structure of common flavonoids and their classes found in edible plants. Highlighted in yellow are

features which distinguish flavonoid classes from each other. Chemical structures derived from PubChem [42].

Flavonols and flavanols are the most common flavonoids found ubiquitously in most
legumes, fruits and vegetables [41]. Flavonols are ketones with a hydroxyl group at
position 3 of the C ring. Quercetin, kaempferol, rutin and myricetin are the most abundant
flavonols. Flavanols lack the ketone of flavonols and are also called flavan-3-ols because
the hydroxyl group is always at position 3 of the C ring. Flavanols exist as monomeric
(catechin, epicatechin, epigallocatechin) and polymeric (proanthocyanidins, also known as
condensed tannins which are simply monomeric flavanols with primarily C4—C8 bonds
forms [43].

Flavones, compounds with a double bond between position 2 and 3 of the C ring
and a ketone at position 4 of the C ring, are less common and typically found in peppers.
Luteolin and apigenin are examples of classically studied flavones [44]. Flavanones are
nearly identical in structure to flavones; however, they contain a single bond between
carbons 2 and 3 of the C ring. Flavanones are typically found in citrus fruits and include
hesperidin, naringenin and eriodictyol [45]. Isoflavones including daidzein and genistein
are typically found in soy products and act as phytoestrogens since they have the ability
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to bind estrogen receptors in mammalian cells [46]. Unlike other flavonoids, the B ring of
isoflavones is attached at position 3 of the C ring relative to oxygen.

Anthocyanins are derived from flavonols and have a positively charged oxygen at
position 4 of C ring [47,48]. They are responsible for the blue, purple and red pigment of
plant foods. Cyanidin, delphinidin, malvidin, pelargonidin, peonidin and petunidin are
the most common anthocyanins found in their glycosylated form. They are referred to as
anthocyanidins if they are devoid of the glycosyl moiety. Darkly pigmented plants, such as
black beans [49], purple sweet potatoes [50], red cabbage [51], red lettuce [52], as well as
berries [47] are known to have particularly high concentrations of anthocyanins.

Phenolic acids contain one or more aromatic rings with a carboxylic acid and include
a large number of compounds primarily classified as hydroxycinnamic acids, which have a
saturated tail followed by carboxylic acid and include compounds such as caffeic, chloro-
genic, ferulic and p-coumaric acid. Hydroxybenzoic acids have no tail saturation [53] and
include gallic, ellagic, protocatechuic, vanillic and syringic acids (Figure 3). Phenolic acids
are found nearly ubiquitously in all plant foods; however, their proportions and concentra-
tions vary [41]. Hydrolysable tannins are high-molecular weight compounds comprised of
phenolic acids, such as ellagic and gallic acid, that are released under acidic conditions in
the stomach and small intestine [43]. In contrast, condensed tannins or proanthocyanidins
are non-hydrolysable polymers of flavonoids including catechin and epicatechin [43].
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Figure 3. Chemical structure of common phenolic acids, lignans and stilbenes found in edible plants.
Chemical structures derived from PubChem [42].

Lignans are a separate polyphenol class and include linked diphenol compounds
with two phenylpropanoids. They have differing combinations of linked lactone or carbon
bonds [54] (Figure 3). Flaxseeds are one of the richest dietary sources of lignans; however,
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grains and nuts do contain small quantities [55]. Common lignans include secoisolari-
ciresinol, matairesinol and lariciresinol.

The last of the major polyphenol class includes stilbenes, the most well studied of
which is resveratrol, found in high concentrations in the skin of purple grapes. However, it
is also found in smaller quantities in certain blueberry varieties, strawberries, lingonberry,
tomato skin and cocoa [56-58]. Less commonly known stilbenes contain two phenolic rings
linked by an ethylene; these include piceatannol and pterostilbene (Figure 3). They are
found in a variety of edible berries [57].

2.1. Polyphenol Metabolism

Parent compounds, polyphenols which have not undergone metabolic breakdown, are
typically poorly absorbed in the intestinal lumen [59]. However, these parent compounds
typically undergo hydrolysis, deglycosylation, dehydroxylation, and demethylation re-
actions to facilitate absorption, which is carried out mostly by the gut microbiota [59].
In the liver, polyphenol metabolites act as substrates for cytochrome P450, and these
modified compounds are then further catalyzed by phase II enzymes and undergo glu-
curonidation with UDP-glucuronosyl transferases and sulfonation with sulfotransferases
to increase solubility [60]. Adequate bioaccessibility of polyphenols in food facilitates
availability for metabolism and absorption [40]. Mastication and changes in intestinal
pH can increase bioaccessibility. Further, microbial degradation of food matrices that are
indigestible to humans, namely, fiber, can liberate polyphenols for metabolism [34-37]. In
fact, non-extractable polyphenols (those bound to plant matrices) comprise ~78% of the
total polyphenol content of the Spanish diet [36].

Additionally, various cooking methods can increase or decrease bioaccessibility de-
pending on the plant food (reviewed in detail by Lorenzo et al. [40]). For example, steaming
cauliflower can increase the total polyphenol content [61], but steaming kale may decrease
the total polyphenol content [62]. In a study where subjects consumed fresh tomato or
tomato sauce, naringenin was not detected in the serum of subjects who consumed fresh
tomatoes but appeared in those that consumed tomato sauce [63]. Naringenin glucoro-
nide appeared in the serum of subjects that consumed tomato sauce at nine times the
concentration of fresh tomatoes, while caffeic acid glucuronide appeared in serum at a
greater concentration with fresh tomatoes compared to tomato sauce. In rats consuming
a high-fat diet with pitaya cactus, oven cooking decreased the total phenolic content by
~37%, which was reflective in serum, as decreased antioxidant activity was observed in
these animals eating oven cooked pitaya compared to fresh pitaya [64]. Whether these
changes in bioaccessibility are of substantial therapeutic relevance in humans remains to
be fully elucidated.

2.1.1. Flavonoid Metabolism

Non-hydrolysable tannins, such as proanthocyanidins also undergo microbial
metabolism to facilitate absorption, which has been reviewed extensively by Mena et al. [65].
For example, the estimated absorption of the whole flavanol intact is low, roughly 7.5% [65];
however, following microbial metabolism, approximately 95% of flavanols may be ab-
sorbed in the form of metabolites [66]. These microbial reactions include cleavage of
the inflavan bond and C-ring and a series of dihydroxylation and oxidation reactions
yielding a number of metabolites, including 5-(3’,4’-dihydroxyphenyl-y-valerolactone),
5-(3',4'-dihydroxyphenyl) valeric acid and 2-(3’,4’-dihydroxyphenyl) acetic acid, among
others [67]. Exemplifying the importance of these metabolites, the flavanol metabolite
(8-(3,4-dihydroxyphenyl)-y-valerolactone) was found to accumulate in both human mono-
cytes and endothelial cells and exert potent anti-inflammatory effects at low pM concen-
trations [68]. However, the parent compound (+)-catechin had minimal cellular uptake
in vitro in EA hy 926 cells, as demonstrated by negligible cellular antioxidant activity [69].
Interestingly, the parent compound cyanidin-3-glucoside can enter the cell by membrane
transporter bilitranslocase [69], while metabolites may enter through monocarboxylate
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transporters [68] or even may diffuse through lipid membranes if hydroxyl groups are
deficient in number [70]. In vitro in a cell-free system, the relative hydrophobicity of certain
flavonoids, such as chrysin and apigenin, is higher, whereas the attachment of a glucoside
typically extinguishes hydrophobic interactions [70] necessitating the use of membrane
transporters or colonic metabolite generation in vivo.

2.1.2. Phenolic Acid Metabolism

Phenolic acids are the most diverse polyphenols found in plant foods and are also
the most common metabolite derived from the metabolism of both flavonoids and parent
phenolic acids. For example, ellagitannins, polymers of ellagic acid and gallic acid, are
found in high concentrations in most edible berries and nuts [71]. Following hydrolytic
liberation in the stomach and small intestines, ellagic acid is metabolized by the gut
microbiome to yield urolithin A, B and other urolithin derivatives, which have independent
bioactive properties [72]. These urolithin metabolites can remain in serum for up to 48 h
and may undergo subsequent phase II glucuronidation or sulfonation reactions even 12 h
following consumption [73]. Further, phenolic acids can be derived from flavonoids; the
anthocyanin cyanidin-3-glucoside is very poorly absorbed (<1% absorption) [74]. However,
the phenolic acid protocatechuic acid is a metabolic byproduct of cyanidin-3-glucoside
produced by bacteria in the gut, yielding a variety of other phenolic metabolites including
vanillic acid, hippuric acid, caffeic acid, and ferulic acid [75]. Phenolic acids also exist
unbound, some of which include chlorogenic acids, p-coumaric acids, syringic acid and
gallic acid [76-78]. Chlorogenic acid, a hydroxycinnamic acid found in abundance in a
variety of fruits, vegetables and berries [78-80], is hydrolyzed by gut microbes to yield
caffeic acid [81]. In humans, caffeic acid is absorbed in the small intestine at three times the
rate of chlorogenic acid [82].

2.1.3. Lignan and Stilbene Metabolism

As with most other parent polyphenol compounds, lignans also undergo a series of
dehydroxylation and demethylation reactions to yield enterodiol and enterolactone [83], of
which the metabolite enterolactone is mildly associated with reduced CVD events [84]. The
absorption of the common stilbene, resveratrol, is nearly zero; however, resveratrol under-
goes extensive microbial metabolism, including double bond reduction, dihydroxylation,
and demethylation to allow for the absorption of metabolites that are further modified
in the liver [85,86]. Most resveratrol metabolites constitute resveratrol-3-O-glucuronide,
resveratrol-4’-O-glucuronide, resveratrol-3-O-sulfate and resveratrol-4’-O-sulfate [87].

Thus, based on the metabolic fate of polyphenols, it is likely that the therapeutic
efficacy of the polyphenols utilized in preclinical models is due to the molecular action
of the metabolites and not necessarily the parent compounds. For example, a number of
anthocyanins and flavanols with glycosides as well as ellagitannins can be found in red
raspberry fruit, with polyphenol content between 71.6 and 281.0 mg per 100 g of fresh
red raspberries [88]. However, following consumption of 125 g red raspberry for four
weeks and 250 g red raspberry on the last and first day, pooled data indicate 62 different
metabolites identified in serum, breast milk and urine, including a number of benzoic
acids and urolithins derived from the metabolism of flavonoids and ellagitannins [88]. In
a randomized, crossover postprandial study, 200 and 400 g red raspberry resulted in a
significant improvement in endothelial function at 2 and 24 h compared to control [89].
The total concentration of polyphenols in serum at baseline was ~88 uM but increased to
~112 uM and ~119 uM at 2 and 4 h, respectively, suggesting the direct effects of polyphenol
metabolites on the vasculature. In a separate investigation, the consumption of 500 mg of
cyanidin-3-glucoside resulted in various peaks of hydroxybenzoic and hydroxycinnamic
acids at 1, 6 and 24 h in serum with fluctuations in the nM and pM concentration range [75].
Human umbilical vein endothelial cells (HUVECs) were treated with these polyphenols
at their respective serum concentrations during the differing time points in addition to
10 ng/mL of TNF-« for 24 h [90]. Even at 0.1 times the concentration of polyphenols found
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in serum, endothelial inflammatory protein expression of vascular cell adhesion molecule 1
and intracellular adhesion molecule 1 were significantly reduced, suggesting the potent
effects of polyphenols even at sub-physiological concentrations.

3. Polyphenols in Heart Failure: Role of Oxidative Stress and Inflammation

Excessive cardiac oxidative stress derived primarily by overexpression of nicoti-
namide adenine dinucleotide phosphate (NADPH)-oxidases (Nox) and an increase in
mitochondrial-derived reactive oxygen species (ROS) are major drivers of HF [91-94].
Increased ROS activates inflammatory signaling pathways including mitogen-activated
protein kinases (MAPKSs): p38MAPK, extracellular signal-regulated kinases (ERK)1/2 and
c-Jun N-terminal kinase (JNK) [95-98], which can induce cellular apoptosis via modification
functional domains of p53 [99]. Independently, ROS leads to phosphorylation and nuclear
translocation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) [100]
in the cardiomyocyte, leading to the transcription of inflammatory cytokines including
transforming growth factor (TGF)-f, interleukin (IL)-6, IL-13 and tumor necrosis factor
(TNF)- [101,102]. Inflammation facilitates macrophage recruitment into the myocardium
via chemoattractants and also leads to differentiation of fibroblasts into myofibroblasts,
promoting fibrosis [103]. Cumulatively, these signaling effects lead to cardiomyocyte hy-
pertrophy, apoptosis, pro-fibrotic signaling and, at the organ level, reduced functional
capacity.

To counteract the detrimental effects of oxidative stress, cellular antioxidant and
detoxifying enzymes neutralize ROS and ameliorate cytotoxic conditions [104-106]. These
enzymes include superoxide dismutase (SOD), catalase, glutathione S-transferase, glu-
tathione peroxidase (GPx), heme oxygenase (HO)-1 and NADPH dehydrogenase quinone
1 (NQO1), which are mostly co-regulated by Sirtl and nuclear factor erythroid 2-related
factor 2 (Nrf2) [107-109]. In a state of exacerbated oxidative stress and inflammation as
observed in HF, the detoxifying system is overwhelmed, as NF-kB overexpression can
inhibit Nrf2 nuclear activity, and vice-versa [110,111]. Thus, mediating the inflammatory
and antioxidant response is of major therapeutic relevance in HE.

3.1. Flavonoids

Of the flavonoids, flavanols, flavonols, anthocyanins and flavanones are the most
commonly consumed and ubiquitously found in edible plants [112,113]; however, flavones
and isoflavones are also of dietary significance and may be cardio-protective in HF. In H9¢2
cardiac myoblasts treated with 5 uM of the flavanol catechin, anthocyanidins cyanidin and
delphinidin, and the flavonol quercetin under hypoxic conditions to mimic ischemia, cell
viability was improved compared to control cells [114]. Additionally, under conditions of
oxidative stress with 400 uM tert-Butyl hydroperoxide (tBuOOH) for 24 h, 1 h pretreatment
with 25 uM epigallocatechin gallate was cytoprotective, whereas 3-day pretreatment was
ineffective. However, under both 1 h and 3-day pretreatment conditions with quercetin,
cell survival was 95% and 66%, respectively, following tBuOOH stimulation. These data
suggest the differing cytoprotective roles of flavonoids under differing treatment conditions,
likely due to direct cellular antioxidant effects as well as secondary effects by increasing
detoxifying enzymes to neutralize ROS. Further, H9¢2 myoblasts were pretreated for 25 h
with 10 ng/mL of lingonberry extract, a rich source of anthocyanins including cyanidin
derivatives: cyanidin-3-galactoside, cyanidin-3-arabinoside and cyanidin-3-glucoside [115].
Following pretreatment, 600 uM of H,O, was added to cell culture to induce apoptosis.
All three anthocyanins, cyanidin-3-galactoside, cyanidin-3-arabinoside and cyanidin-3-
glucoside independently prevented cell apoptosis, as did the lingonberry crude extract.

[lustrative of these antioxidant effects, primary rat cardiomyocytes were pretreated
for 45 min with 6.55 pg/mL of total flavonoids or blueberry anthocyanin extract followed
by 0.25 pM norepinephrine stimulation for 24 h [116]. Norepinephrine targets the (3-
adrenergic receptor (3-AR), which is overstimulated during times of decreased cardiac
output, a compensatory mechanism to increase cardiomyocyte excitation and contrac-
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tion [5]. Overstimulation can cause cardiomyocyte toxicity. In fact, transgenic animal
models in which (3-AR is increased by 15-fold show a progressive decline in heart function
with EF reduced to 20%, which causes overt HF [117]. In the aforementioned study [116],
cardiomyocyte hypertrophy and apoptosis was increased following norepinephrine treat-
ment; however, these changes were attenuated with flavonoid and blueberry anthocyanin
extracts. Norepinephrine treatment also increased total oxidative stress and decreased SOD
and catalase activity, which were reversed by blueberry crude extract (isolated fractions
were not used). Additionally, in neonatal rat cardiomyocytes, pretreatment with 50 pM
delphinidin for 30 min followed by 24 h treatment of 1 uM angiotensin (Ang) II, an inducer
of oxidative stress via the angiotensin type-1 receptor (AT;R), significantly reduced both
H,0; and O,°~, which was reflective of reduced Nox activity, particularly Nox2 [118].
Interestingly, Ang Il-mediated hypertrophy was attenuated by delphinidin, which was
reflective of reduced activation of ERK1/2, p38SMAPK and JNK. In conjunction with this
in vitro model, transverse aortic constriction (TAC) in mice results in pressure overload, an
acute model of hypertension-induced HF. Delphinidin, at a dose of 15 mg/kg/day deliv-
ered via intraperitoneal injection for eight weeks following TAC, preserved EF, reduced
cardiac collagen accumulation, cardiac hypertrophy, O,°~ production and Nox activity.
It is likely that AMP-activated protein kinase (AMPK), a cardio-protective enzyme [119],
is downregulated due to TAC, which is reversed by delphinidin [118]. Upregulation of
AMPK leads to inhibition of GTP-binding protein Racl, a key regulatory subunit of both
Nox1 and Nox2 [120].

While these flavonoids may be protective as they reduce oxidative stress, which
thereby reduces inflammatory signaling [121-123], it is likely that flavonoids reduce in-
flammation in an ROS-independent manner. For example, the flavonol myricetin was
administered to mice via gavage at a concentration of 200 mg/kg/day for six weeks fol-
lowing TAC, which attenuated cardiac dysfunction, hypertrophy and collagen synthesis
compared to control TAC [124]. Further, Nrf2 nuclear translocation was upregulated, which
corresponded with increased HO-1, decreased NF-«B nuclear translocation, and decreased
MAPK signaling compared to control. Surprisingly, Nrf2 knockdown did not prevent a
reduction in inflammatory signaling. In vitro, significant oxidative stress was unable to
be abrogated by myricetin induced by H,O, and Nrf2 silencing. The protective effects
of myricetin are both ROS-dependent and independent, as myricetin may inhibit TAK1
by facilitating ubiquination of tumor necrosis factor receptor (TNFR)-associated factor 6
(TRAF®6), just upstream of TAK1, resulting in reduced NF-«kB and MAPK signaling, which
are downstream of TAK1. Thus, flavonoids likely reduce oxidative stress and inflammation
in a multi-targeted manner.

Flavones (luteolin and apigenin), flavanones (naringenin and hesperetin) and
isoflavones (genistein and daidzein) also appear to reduce oxidative stress and inflam-
mation in HF through similar mechanisms and pathways [125-133], by mediating Nrf2
and decreasing inflammatory signaling. In the case of isoflavones, it is interesting to note
that this class of flavonoids is one of the only polyphenols used in clinical trials, albeit
very few, and the cardioprotective effects are in moderate accordance with preclinical
studies [131-133]. In patients with ischemic stroke, soybean isoflavone extract (55% genis-
tein and 23% daidzein) significantly increased serum Nrf2 mRNA and SOD protein, and
decreased inflammatory cytokines IL-6 and TNF-«. These changes corresponded with
improved arterial function as assessed by flow-mediated dilation. Further, evidence also
exists that, in subjects with metabolic syndrome, genistein improved EF compared to
control subjects. These effects are particularly profound because both control and genistein
treatment groups followed a Mediterranean diet and exercised as part of the intervention;
however, control subjects did not improve functional parameters of the heart. Based on
the presented evidence thus far in addition to numerous other in vitro and in vivo mod-
els [134-145] (Table S1), it is clear that flavonoids possess potent anti-inflammatory and
antioxidant effects and attenuate HF.
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3.2. Phenolic Acids

Similar to flavonoids, phenolic acids likely reduce ROS and inflammation in a multi-
targeted manner. For example, rats receiving 10 mg/kg/day of vanillic acid or 20 mg/kg/day
of losartan, an AT{R blocker, orally for 10 days had significantly greater expression of
cardiac catalase, GPx and SOD with vanillic acid compared with losartan alone [146]. In a
separate investigation, mice underwent TAC and were monitored for eight weeks, after which
they received treatment with gallic acid (100 mg/kg/day), losartan (3 mg/kg/day), carvedilol
(1 mg/kg/day), or furosemide (3 mg/kg/day) for two weeks [147]. These drugs (with the
exception of gallic acid) are used in the clinical care to treat HF. Interestingly, gallic acid
treatment was able to reverse both functional and morphological abnormalities associated
with TAC, such as fractional shortening, LV end-systolic dimension (LVESD), end diastolic
dimension (LVEDD), measures of LV function, as well as heart weight and perivascu-
lar fibrosis despite established HF. Neither AT{R inhibition (losartan), 3-AR inhibition
(carvedilol), nor reduced vascular pressure due to diuresis (furosemide) were able to reverse
or blunt these pathological characteristics due to TAC. Further illustrated by Jin et al. [147],
in primary rat cardiac fibroblasts, despite a 3 h pretreatment with TGF-1 (5 ng/mL), an
inducer of collagen synthesis, gallic acid treatment (unspecified concentration) for 9 h
reversed collagen synthesis and myofibroblast differentiation.

Other phenolic compounds also are of therapeutic relevance under a variety of cardiac
stressors. For example, ellagic acid (20 uM) was able to completely blunt O,*~ production
induced by hyperglycemic conditions (30 mM glucose) in isolated rat aortas. In addition,
treatment with ellagic acid reduced Nox4 and ERK1/2 expression in human aortic en-
dothelial cells under hyperglycemic conditions [148]. Gallic acid can also directly affect
Nox expression in the heart, as Nox2 protein, as well as Nox1, Nox2 and Nox4 mRNA
expression, were significantly reduced in spontaneously hypertensive rats due to gallic
acid treatment (1% of water drinking water) for two weeks following TAC [149]. Ellagic
acid (7.5 mg/kg and 15 mg/kg orally) pretreatment for 10 days followed by subcuta-
neous injection of 100 mg/kg isoproterenol (an agonist of 3-AR) for 2 days resulted in a
blunting of the arrhythmic and hypertrophic effects induced by isoproterenol [150]. In an
ischemic model of HF using CAL, a derivative of p-coumaric acid (4-O-(2"-O-acetyl-6"-O-p-
coumaroyl-B-D-glucopyranosyl)-p-coumaric acid) in a dose-dependent manner (15, 30 and
60 mg/kg/day) improved EF (61%, 69% and 71%, respectively, compared to 56% in control)
in addition to decreasing cardiac TNF-c, IL-6 and IL-1[3 expression after eight weeks [151].
In a separate investigation, 0.7 mg/kg of urolithin B, a metabolite of ellagic acid metabolism,
was injected subcutaneously in rats 24 and 48 h prior to ischemia-reperfusion (I/R) to
induce HF [152]. While urolithin B did significantly reduce the infarct size, cardiac Nrf2
nuclear translocation was up-regulated, which corresponded with increased SOD activity
and decreased malondialdehyde (a marker of lipid peroxidation) and O,°~ levels. This
was hypothesized to be due to increased p62 expression, a scaffolding protein involved
in a variety of cellular processes that can directly bind to the binding pocket of Keap1, a
cytosolic Nrf2 sequestering protein, allowing for increased nuclear translocation [153].

Further illustrating the multiple targets of phenolic acids, cardiomyocytes treated
with TNF-« alone (40 ng/mL) for 24 h were apoptotic compared to control. Nonetheless,
these apoptotic effects were completely blunted by pretreatment with chlorogenic acid
(1 umol/L) for 12 h [154]. Further, NF-«B phosphorylation was increased due to TNF-a
treatment; however, chlorogenic acid reduced NF-«B phosphorylation to control levels.
Interestingly, an NF-«B inhibitor (QNZ) decreased cardiomyocyte apoptosis induced by
TNF-«, though not to the extent of chlorogenic acid. It was observed that chlorogenic
acid was able to reduce phosphorylation of JNK, which was primarily driving apoptosis.
Chlorogenic acid also appears beneficial in attenuating hypertrophy in vivo due to MI [155]
and in vitro due to 3-AR agonist [156]. Thus, phenolic acids can reduce both inflammation
and oxidative stress in an ROS-dependent and -independent manner.
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3.3. Lignans

In vitro, enterolactone increases Nrf2 activity under basal conditions in a
dose-dependent manner in HUVECs [157]. However, limited preclinical studies exist
that assess lignans and their metabolites in traditional HF models, with a primary and
secondary analysis identified utilizing I/R in vivo, one cell culture iron overload model,
and another using pulmonary arterial hypertension to induce right ventricle dysfunc-
tion [158-161]. These limited investigations suggest that lignans are cardio-protective by
decreasing cardiac oxidative stress and inflammation. Nonetheless, further investigations
in acute HF models are needed.

3.4. Stilbenes

Of the stilbenes, resveratrol is the most widely studied in HF. In HUVECsS, resveratrol
under basal conditions significantly increases GPx1 and SOD1 mRNA and decreases Nox4
mRNA in a dose-dependent manner (1, 10, 30, 60 and 100 uM) after 24 h [162]. In primary
cardiomyocytes exposed to high-glucose conditions (30 mmol/L) for 12 h, significantly
increased inflammatory cytokines were detected in medium from cardiomyocytes, MAPK
proteins (p38MAPK and ERK1/2) were increased, and nuclear NF-kB expression increased.
However, these effects were significantly attenuated by 1-h pretreatment with 20 pmol/L
of resveratrol [163]. In an isoproterenol model of HF in BALB/c mice, 100 mg/kg of
resveratrol was injected subcutaneously for two weeks and concurrent isoproterenol injec-
tion occurred during the final week (50 mg/kg) [164]. Resveratrol treatment significantly
reduced cardiac inflammatory cytokine protein expression, as well as mRNA of monocyte
chemoattractant protein (MCP)-1. In addition, treatment with resveratrol significantly
attenuated the infiltration of macrophages in the heart, a key process in the formation of
collagen and scaring [165,166], which was accompanied by a significant reduction in car-
diac collagen accumulation. Despite promising in vitro and in vivo findings from injected
resveratrol, due to extremely low intestinal absorption of the intact stilbene [86], animal
models utilizing ingested resveratrol are far more physiologically relevant due to microbial
metabolism of the stilbene.

In a TAC model of HF in C57BL/6 male mice, resveratrol was provided by oral
gavage (10 mg/kg) for 28 days following TAC surgery [167]. Compared to control animals
which underwent TAC, resveratrol treatment significantly improved EF, reduced cardiac
hypertrophy, collagen accumulation, macrophage infiltration, and cardiomyocyte apoptosis.
It is interesting to note the 10-fold lower concentration of resveratrol used in this trial
compared with Li et al. [164] who utilized subcutaneous injections of isoproterenol to
induce HE despite illustrating comparable cardio-protective effects. It could be argued that
the mode of HF induction could account for these differences; however, Riba et al. [168] also
utilized an isoproterenol model, albeit for eight weeks, with dietary resveratrol (15 mg/kg)
and found significantly reduced cardiac MAPK signaling, collagen accumulation, LV mass
and improved EF. Thus, resveratrol intestinal and microbial metabolites are likely as
efficacious as the parent compound. Nonetheless, comparative studies are lacking.

4. Role of Polyphenols in Cardiac Mitochondrial Dysfunction

Mitochondria comprise 30% of total cardiomyocyte volume [169] and at the organ
level, energy demands of the heart are so high that 30 kg of ATP are consumed daily
by the heart in humans [170]. Mitochondrial dysfunction is a hallmark of HF, and is
characterized by excessive ROS leak, which occurs in Complex I and III of the electron
transport chain (ETC) leading to opening of the mitochondrial permeability transition pore
(mPTP), causing membrane depolarization, inhibition of ATP synthesis, and cytochrome
¢ (Cyt c) release from the mitochondria [171-173]. This activates the caspase class of
proteins, triggering apoptosis. Complex IV in the ETC is a Cyt ¢ oxidase, transferring
electrons to oxygen to form water, while also priming Cyt ¢ for reduction in Complex
III [174]. Interestingly, while Cyt c cytosolic translocation can activate caspase-3 and -9
leading to apoptosis, the oxidation state of Cyt c is of relevance, as oxidized Cyt c is a
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much more potent agonist of caspase activation and cleavage than its reduced form [173].
N,N,N’,N’-tetramethylphenylene-1,4-diamine (TMPD), a Cyt c reductase, significantly
attenuated caspase activation, which ultimately attenuated cardiomyocyte apoptosis in
ischemic, isolated rat hearts [175].

Similar to TMPD, polyphenols themselves may act as a Cyt c reductase. For exam-
ple, anthocyanins, 40 uM delphinidin 3-glucoside and cyanidin 3-glucoside significantly
increased the reduction state of Cyt c in a cell-free system maximally by 78% and 50%,
respectively, after 6 min. [176]. However, 6-min incubation with 40 uM pelargonidin-3-
glucoside, malvinidin-3-glucoside and peonidin-3-glucoside only marginally increased the
reduction state of Cyt c by 12%, 21% and 14%, respectively. In cardiomyocytes isolated
from rat hearts that were perfused with or without 20 uM of cyanidin 3-glucoside and
then underwent ischemia for 45 min, Cyt ¢ translocation was significantly increased in
the cytosolic fraction of both treated and untreated hearts. However, caspase activity
was reduced to nearly non-ischemic levels due to cyanidin 3-glucoside eliciting Cyt ¢
oxidative reduction.

In a separate investigation, mitochondria isolated from rat hearts treated with del-
phinidin 3-glucoside and cyanidin 3-glucoside that had undergone 45 min of ischemia were
able to improve state 3 respiration (high ADP and Pi) in the presence of NADH-yielding
proteins: malate + pyruvate or glutamate + malate, compared to ischemic mitochondria
alone [177]. Based on the respiratory control index, a function of state 3 respiration over
basal respiration (lacking ADP and Pi), ETC efficiency was reduced by 60% under is-
chemic conditions with pyruvate + malate. However, 20 pM of delphinidin 3-glucoside
or cyanidin 3-glucoside treatment ameliorated this effect, improving ETC efficiency by
~55% compared to ischemic mitochondria. This corresponded to overall increased ATP
production with delphinidin 3-glucoside and cyanidin 3-glucoside compared to ischemic
mitochondria alone. These protective effects are likely attributable to improved complex
I activity. Under ischemic conditions, Complex I activity was reduced by 59%; however,
delphinidin 3-glucoside and cyanidin 3-glucoside significantly increased NADH oxidation,
which approached levels of that of non-ischemic control mitochondria. Interestingly, de-
priving coenzyme Q; resulted in negligible NADH oxidation in Complex 1 of the ETC in
both non-ischemic and ischemic mitochondria. Nonetheless, delphinidin 3-glucoside and
cyanidin 3-glucoside significantly increased Complex 1 activity multifold despite a lack of
coenzyme Q. These data suggest that delphinidin 3-glucoside and cyanidin 3-glucoside
can substitute coenzyme Q; as electrophiles, which improves Complex I activity, thus
improving overall ETC efficiency under ischemic conditions.

Similar protective effects were observed in cardiomyocytes pretreated with chlorogenic
acid (1 pmol/L for 12 h) followed by TNF-« treatment (40 ng/mL for 24 h) [154]. While
TNEF- alone increased mPTP and protein expression of cleaved caspase-3 (activated),
chlorogenic acid pretreatment completely blunted these effects, which corresponded to a
significant attenuation in TNF-x-induced apoptosis. In vivo, senescence-accelerated prone
8 (SAMPS8) mice (mice with accelerated aging) at 10 months of age received chlorogenic
acid bound to a phospholipid complex (to increase absorption) at 10 or 20 mg/kg/day for
two weeks [178]. Following treatment, I/R injury was induced, after which animals were
immediately sacrificed. Chlorogenic acid significantly decreased cardiac mitochondrial
ROS, which corresponded to increased total SOD and GPx activity, compared to I/R alone
in a dose-dependent manner. Further, isolated cardiac mitochondria from I/R mice had
decreased oxygen consumption compared to control, which was ameliorated by chlorogenic
acid. Additionally, cytosolic Cyt c was reduced due to chlorogenic acid not only compared
to I/R control mice, but sham-operated mice as well, demonstrating cytoprotective effects
even in a non-pathological state.

Mitochondria undergo regular fission and fusion, and, in healthy cardiomyocytes,
this dynamic is at equilibrium [179]. In HEF, this equilibrium is disrupted, and mito-
chondria undergo excessive fission, leading to fragmented, dysfunctional mitochondria.
Fragmented mitochondria due to excessive fission produce excessive ROS [179]. Further,
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Bcl-2 19-kD interacting protein 3 (Bnip3) is a pro-apoptotic protein, which can associate
with mitochondria following hypoxia (ischemia) or other forms of cytotoxicity (doxoru-
bicin) facilitating mitochondrial ROS and mPTP opening [180,181]. Ellagic acid (50 and
100 uM for 1 h) has been previously shown to prevent the inhibitory effects of bevacizumab
(50 pg/mlL; anti-cancer drug) on succinate dehydrogenase in rat heart mitochondria as
well as preserve mitochondrial membrane potential [182]. In both hypoxic and doxoru-
bicin (10 pM)-induced rat cardiomyocyte toxicity, 10 uM ellagic acid co-treatment for 18 h
reduced mitochondrial fragmentation and Bnip3 protein expression, which corresponded
with reduced mPTP, ROS and an attenuation of apoptosis [183]. Thus, polyphenols likely
target mitochondria in a cytoprotective manner in a multitude of ways, including increased
ETC efficiency, oxidative reduction of Cyt ¢, and prevention of mPTP opening.

5. Polyphenols in Ca?* Homeostasis

Ca?* in the cardiomyocyte is primarily stored in the sarcoplasmic reticulum (SR).
Transient flux of Ca?* from the SR to the cytosol enables excitation—contraction coupling,
and contraction occurs via cross-bridge formation between myofilaments in the cell [184].
Ca?*-dependent and calmodulin-dependent protein kinase II (CaMKII) responds to ROS
(at physiological concentrations), as well as 3-AR activation [185,186]. CaMKII activation
leads to phosphorylation of ryanodine receptor 2 (RYR2) on the SR, allowing calcium
to be released [184]. Immediately following RYR2-mediated Ca®* release, sarcoplasmic-
endoplasmic reticulum Ca?" ATPase (SERCA2a) sequesters Ca’* back in the SR. In HF,
Ca?* accumulates in the cytosol due to CaMKII overexpression, as well as decreased
SERCA2a activity facilitating SR leak, preventing repolarization for contraction [184]. This
is further exacerbated by calpains, Ca?* sensitive proteases, which degrades the SR due
to excessive Ca?* accumulation [187]. Calpains are also activated independent of Ca®*
by NF-«B activity (IkBex of the NF-kB complex binds directly to calpains), as well as
direct phosphorylation of calpains by ERK [188]. Elevated Ca?* leads to the activation of
calcineurin, a phosphatase, which dephosphorylates calcineurin-nuclear factor of activated
T cells (NFAT), which dimerizes with NF-«kB and translocates to the nucleus initiating
hypertrophic transcription [189,190]. Polyphenols may play a role in maintaining Ca?*
homeostasis via a variety of pathways.

In primary rat cardiomyocytes pretreated with 6.55 pg/mL of polyphenols extracted
from blueberries for 45 min followed by 0.25 uM norepinephrine stimulation for 24 h,
calpain activity was found to be significantly increased due to norepinephrine but was
significantly attenuated with pretreatment with blueberry polyphenols [116]. Further,
dibucaine alone, a calpain inducer, significantly induced cardiomyocyte apoptosis [116].
Interestingly, blueberry polyphenols were able to completely blunt dibucaine-induced
cell death and dibucaine-induced ROS. However, the Nox inhibitor VAS-2870 did not
reduce norepinephrine-induced apoptosis, suggesting that these polyphenols were acting
on a calpain-specific mechanism [116]. Further, norepinephrine significantly impaired
cardiomyocyte contractility as evidenced by decreased peak shortening and velocity of
shortening, which was also attenuated by blueberry polyphenol treatment. In a separate
investigation, H9¢2 cardiomyocytes and primary rat ventricular neonatal cardiomyocytes
were treated with metabolites (12 uM catechol-O-sulphate, 6 uM pyrogallol-O-sulphate and
3 uM 1-methylpyrogallol-O-sulphate) found in human serum following the consumption
of blueberry, blackberry, raspberry and strawberry [191]. Cardiomyocytes were treated
for 2 h with these polyphenols, washed, and then treated with 200 pM isoproterenol for
24 h. Interestingly, polyphenols without isoproterenol increased CaMKII phosphorylation
compared to control; however, isoproterenol alone increased CaMKII phosphorylation to a
significantly greater extent. Treatment with both polyphenols and isoproterenol attenuated
CaMKII phosphorylation compared with isoproterenol alone. These results demonstrate
attenuation in aberrant and excessive Ca®" flux and asynchronous beating induced by
isoproterenol, particularly with catechol-O-sulphate and 1-methylpyrogallol-O-sulphate.
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Both flavonoids and phenolic acids appear to have this Ca®* clearing effect. For ex-
ample, serum was collected from rats with cardiac physically induced trauma (resulting
in significantly increased serum TNF-«) and without trauma. Serum was added to H9c2
cardiomyocytes, of which, serum containing significant TNF-a-induced significant Ca?*
flux which corresponded with increased apoptosis and ROS. However, quercetin (10 pM)
pretreatment for 24 h following 3 h treatment with serum containing TNF-« completely
abrogated these detrimental effects [192]. In a separate investigation, cardiomyocytes
were isolated from streptozotocin-induced diabetic rats treated with urolithin A or B
(2.5 mg/kg/day) delivered by intraperitoneal injection for three weeks [193]. Improved
Ca?* clearance was observed due to urolithin treatment compared with streptozotocin
alone, as was contractile function which reflected improved hemodynamic data in vivo.
Additionally, direct effects on the sarcoplasmic reticulum were observed, as SERCA2a
protein expression was significantly increased with urolithin treatment compared to strep-
tozotocin alone. Further, spontaneously hypertensive rats treated with gallic acid (1% of tap
water) for three months had reduced cardiac CaMKII at the proteome and transcriptional
level [194]. Lastly, in neonatal rat cardiomyocytes treated with gallic acid (10 uM) after
24 h treatment with Ang II (100 nM), both calcineurin and NFAT protein expression were
significantly reduced compared to Ang II alone [195]. Based on these data, polyphenols
likely have direct effects on maintaining calcium homeostasis in HF, including regulation
of CaMKII, calpains and calcineurin as well as maintenance of SR.

6. Polyphenols in the Regulation of Survival Signaling

Mammalian target of rapamycin (mTOR) is part of protein complexes mTOR com-
plex 1 (mTORC1) and mTOR complex 2 (mTORC2). Survival signaling is mediated by
mTOR [196], and genetic knockout of mTOR results in dysfunctional mitochondria, car-
diomyocyte apoptosis and increased autophagy [197]. For example, mMTORC1 phosphory-
lates unc-51-like kinase (ULK) 1, preventing the formation of the autophagosome complex,
inhibiting autophagy [198]. Inhibition of chronically elevated autophagy has beneficial
effects in improving cardiomyocyte survival and reducing apoptosis [199,200]. For exam-
ple, TAC in mice resulted in an increase in cardiomyocyte autophagy, while inhibition of
autophagosome formation attenuated pathological remodeling of the heart [201]. Further,
phosphoinositide 3-kinase (PI3K) phosphorylation due to growth hormones, including
insulin-like growth factor-1 (IGF-1) [202], can phosphorylate mTORC2, which in turn
phosphorylates Akt [196]. Akt phosphorylation prevents apoptosis via the downstream
inhibition of Bnip3 [203,204] and pro-apoptotic Bcl-2-associated X-protein (Bax), both of
which translocate from the cytosol to mitochondria, disrupting mitochondrial membrane
integrity, causing Cyt c release resulting in cellular apoptosis [205]. B-cell lymphoma
extra-large (Bcl-xL) is also increased by Akt [206]. Bcl-xL is anti-apoptotic by disrupting
the caspase-3 cascade preventing apoptosis [207]. Akt inactivation is apparent in mice that
undergo TAC and it is accompanied by activation of fetal genes leading to pathological
hypertrophy [208].

Interestingly, mTORC1 activation appears to act in both a beneficial and detrimen-
tal manner, and its partial inhibition may preserve its physiological functions (increased
mitochondrial biogenesis and oxidative capacity of nutrients) but blunt its maladaptive
response (cardiac hypertrophy). mTORC1 does indeed inhibit autophagy [198] and lyso-
somal activity [209] and while its genetic deletion results in a rapid progression towards
HF [197], partial mTORC1 inhibition in mice that underwent TAC and CAL resulted in
significantly improved cardiac function and reduced cardiomyocyte apoptosis. Yet, Akt
phosphorylation was preserved compared with control mice [210]. Further, mTORC1
overexpression in a high-fat diet mouse-model of MI increases infarct size and cardiomy-
ocyte apoptosis; decreased autophagy was implicated in these detrimental effects [211].
It is interesting to note that autophagy was protective in this model which is in direct
contrast with other investigations [199,200]. However, total mTOR, which upregulates
both mTORC1 and mTORC2, does not appear to induce these detrimental effects [212].
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In transgenic mice which underwent TAC with overexpressed mTOR, cardiac function
was preserved, and fibrosis was significantly reduced compared to wild-type mice. Ad-
ditionally, transfected cardiomyocytes with upregulated mTOR in vitro challenged with
lipopolysaccharide, a traditional inducer of inflammation and apoptosis, resulted in de-
creased NF-«B signaling and decreased inflammatory cytokine expression compared with
non-transfected cardiomyocytes. Unlike mTORC1, inhibition of mTORC2 in HF does not
appear protective [213], as Akt phosphorylation appears highly dependent upon mTORC2
activation [214]. Despite these complexities, which are likely attributable to the mode of
HF induction [196], it can be tentatively surmised that total mTOR activation appears to be
of importance in attenuating HE.

Polyphenols likely play a direct role in the regulation of total mTOR, thus modulating
its downstream effectors. For example, in a streptozotocin-induced diabetes model of
HF, extracted black rice anthocyanins (72% cyanidin 3-glucoside) were provided to rats at
250 mg/kg/day for four weeks following induction of type 1 diabetes [215]. Interestingly,
anthocyanins increased both cardiac IGF-1 and IGF-1 receptor, which corresponded with
increased Akt phosphorylation compared with untreated diabetic rats. Concurrently,
reduced Bax, cytosolic Cyt ¢, cleaved caspase-3 and apoptosis were observed, while,
functionally, EF was improved. In an in vitro I/R model, neonatal rat cardiomyocytes were
pretreated with urolithin A (10 uM) at 24 and 1 h followed by I/R (3 h hypoxia then 3 h
reperfusion) [216]. There was an increase in the phosphorylation of Akt compared to I/R
alone, which paralleled reduction of Bax, increased Bcl-2 and a reduction of cleaved caspase-
3. The protective effects of urolithin A were ameliorated with an inhibitor of PI3K, LY294002.
In a separate investigation, urolithin B were injected into mice (0.7 mg/kg) at 48 and 24 h
prior to induction of I/R [152]. Phosphorylation of mTOR in cardiac tissue was reduced due
to I/R but restored with urolithin B, which also paralleled ULK1 phosphorylation. Further,
cleaved caspase-3 and cardiomyocyte apoptosis were reduced due to urolithin B treatment.
In H9¢2 cells pretreated with 20 uM urolithin B for 12 h followed by hypoxia for 3 h and
3 h of reperfusion, mTOR phosphorylation was increased, as was Akt phosphorylation
and ULK]1, all of which reflected reduced apoptosis. While phosphorylation of mTOR,
Akt and ULK1 were ameliorated by LY294002, cleaved caspase-3 and apoptosis were not
significantly increased. These effects highlight differences in polyphenol activity. For
example, in vitro, urolithin A seemed to primarily mediate survival signaling in I/R [216],
while urolithin B operated in a more Nrf2-dependant manner in I/R [152].

7. Polyphenols in the Regulation of Sirtuin 1

Sirtuins are a class of NAD"-dependent deacetylases which are localized in mitochon-
dria, the nucleus and cytoplasm. There are seven classes of sirtuins; however, Sirtl may
be of particular relevance in HF due to modifications of various cellular targets, includ-
ing p53 inhibition [217], increased AMPK [218], SOD2, catalase and GPx [219-221], and
an attenuation of NF-«kB [222]. In a cross-sectional analysis of human subjects, reduced
circulating Sirtl mRNA in leukocytes was associated with HF compared with healthy
controls and was also tied to reduced serum antioxidant status and increased oxidative
stress [223]. Reduced Sirtl, SOD2 and Bcl-xL as well as increased p53 and Bax protein
expression were also evident in atrial myocytes extracted from HF patients compared with
healthy controls [224].

Polyphenols likely act to increase Sirtl in a multifaceted manner. For example, in HU-
VECs, quercetin increased Sirtl mRNA under basal conditions in a dose-dependent manner
(2.5, 5 and 10 uM) in 24 h suggesting transcriptional regulation of Sirt]l without stress [225].
However, polyphenols not only regulate Sirtl expression, but also enhance protein—protein
interactions between Sirtl and its substrates [226]. For example, in both C2C12 myoblasts
and neonatal rat ventricular myocytes, Ang II treatment (100 umol/L) for 8 h significantly
increased ROS and apoptosis which was ameliorated with 4 h of pretreatment with 40
and 100 umol/L resveratrol [221]. Sirt1-siRNA completely abolished the protective effects
of resveratrol. Nonetheless, resveratrol did not increase Sirt]l protein expression in the
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absence of Sirt1-siRNA suggesting that resveratrol was exerting its effects by improving
protein—protein binding affinity between Sirt1 and substrate. In human coronary arterial en-
dothelial cells, both 48 h pretreatment of 10 pmol/L resveratrol and transfection with Sirtl
overexpression attenuated basal mitochondrial ROS [227]. Under high glucose conditions
(30 mM), resveratrol decreased mitochondrial ROS in a dose-dependent manner. This effect
was abolished by Sirt1-siRNA. Similar protective effects of resveratrol have been observed
in Sirtl-dependent mechanisms in vitro by inhibiting hypoxia-induced apoptosis in en-
dothelial cells [228], as well as H,O;-induced apoptosis [229] and norepinephrine-induced
hypertrophy [230] in cardiomyocytes.

Resveratrol is not exclusive in its Sirtl-mediated effects. In isolated primary rat
cardiomyocytes which underwent 3 h of anoxia (95% N, and 5% CO,) and 2 h of reoxy-
genation (95% O, and 5% CO,), pretreatment with kaempferol (20 uM) for 24 h improved
cell viability to such a great extent that it was near that of control cells that did not undergo
anoxia [231]. However, cells which underwent anoxia without kaempferol had an ~80%
reduction in viability. Co-incubation of kaempferol with 60 uM of sirtinol, a Sirtl inhibitor,
ameliorated the protective effects of kaempferol. Interestingly, protein expression of Sirt1
was significantly increased by anoxia + kaempferol treatment compared with anoxia alone
which again was abrogated by sirtinol. These findings ran in exact parallel with improved
mitochondrial potential, reduced mPTP, ROS, apoptosis and reduced protein expression of
Cyt C, cleaved caspase-3, and increased Bcl-xL. These effects were mediated by kaempferol
and Sirtl. Further, mice received 100 mg/kg/day of curcumin, via oral gavage, for one
week, then underwent coronary artery ligation (CAL) and were sacrificed four weeks
later [232]. Mice that received curcumin had significantly greater cardiac Sirtl protein
expression compared to animals that did not receive curcumin. Additionally, curcumin sup-
plementation significantly reduced fibrosis accumulation in the myocardium and reduced
infarct size. Similar results were observed in high-cholesterol-diet-fed rats supplemented
with 100 mg/kg epigallocatechin-3-gallate; Sirt1 protein expression in the myocardium was
increased, as was catalase, SOD and GPx, which corresponded with reduced neutrophil
infiltration of cardiac tissue and improved muscle fiber architecture [233].

Despite the protective role of Sirtl described thus far, extreme overexpression of Sirtl
likely has pathological effects. In six-month-old transgenic mice, a 12.5-fold increase in the
overexpression of Sirtl paradoxically resulted in mitochondrial dysfunction and detrimen-
tal effects in heart function and morphology, namely, reduced EF and LVH, characteristics
of HE, compared with a 2.5-7.5-fold increase in the overexpression of Sirtl [219]. Because
Nrf2 nuclear acetylation is a necessary modification in facilitating the transcription of
endogenous antioxidants, deacetylation of Nrf2 facilitated by Sirtl prevents Nrf2 transcrip-
tional activity and shunts nuclear Nrf2 back into the cytosol in transfected K562 cells [234].
In contrast, glomerular mesangial cells that overexpressed Sirtl, increased Nrf2 nuclear
accumulation and transcriptional activity. Thus, the co-regulatory role of Nrf2 and Sirt1
may be tissue- or cell-specific. For example, in a cerebral artery occlusion animal model,
Sirtl inhibition inhibited Nrf2 and vice-versa [235]. These findings may be attributed to ex-
cessive oxidative modifications of Sirtl due to a compromised Nrf2-mediated endogenous
antioxidant response including ROS-mediated carbonylation, S-glutathionylation and S-
nitrosylation of cysteine residues, inhibiting Sirt1 activity [236]. Thus, modest upregulation
of Sirtl activity mediated by polyphenols as observed thus far likely acts in a protective
and not a pathological manner, maintaining Nrf2 transcriptional activity as observed in
prior investigations.

8. Conclusions

In this review, we have highlighted multiple targets and pathways that polyphenols
modulate in HE, namely, a reduction of cardiac oxidative stress and inflammation, improved
mitochondrial function and integrity, preserved sarcoplasmic reticulum dynamics, and
increased mTOR, Akt and Sirtl expression. Plant-based foods contain a wide variety of
polyphenols; thus, consumption of whole plant-based foods may be more efficacious than
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treatments utilizing single polyphenols (parent compound or metabolites). This is because
the multiple polyphenols found in plant-based foods can work in a synergistic or additive
manner, targeting several pathways underlying HF. To date, there is a paucity of human
studies reporting on the role of plant-based foods or diets in the treatment of HF. The
compelling preclinical findings summarized in this review demonstrate a need for well-
controlled clinical trials utilizing polyphenol-rich plant-based foods and diets to treat HE.
This would ultimately lead to the development and recommendation of complementary or
alternative nutritional strategies to prevent and/or manage HF. This would be of major
significance to HF patients who take an average of 6.8 prescription drugs daily [237], which
put them at increased risk for drug interaction. In addition, these prescription drugs are
costly and not free of side effects. Therefore, the search for natural therapeutic strategies to
manage HF is warranted.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-0
067/22/4/1668/s1: Table S1: Effects of Polyphenols in in vitro models of HF, Table S2: Effects of
Polyphenols in ex vivo and in vivo preclinical models of HF.

Author Contributions: Conceptualization, R.S.N. and R.G.E,; investigation, R.S.N.; writing—original
draft preparation, R.S.N.; writing—review and editing, R.S.N. and R.G.E; supervision, R.G.F; funding
acquisition, R.G.F. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported in part by the Agriculture and Food Research Initiative (grant no.
2019-67017-29257 / project accession no. 1018642) from the USDA National Institute of Food and
Agriculture.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Writing Group Members; Mozaffarian, D.; Benjamin, E.J.; Go, A.S.; Arnett, D.K.; Blaha, M.J.; Cushman, M.; Das, S.R.; de Ferranti,
S.; Despres, ].P.; et al. Heart Disease and Stroke Statistics-2016 Update: A Report From the American Heart Association. Circulation
2016, 133, e38-e360. [CrossRef]

Inamdar, A.A.; Inamdar, A.C. Heart Failure: Diagnosis, Management and Utilization. J. Clin. Med. 2016, 5, 62. [CrossRef]
[PubMed]

Sutton, M.G.; Sharpe, N. Left ventricular remodeling after myocardial infarction: Pathophysiology and therapy. Circulation 2000,
101, 2981-2988. [CrossRef]

Nwabuo, C.C.; Vasan, R.S. Pathophysiology of Hypertensive Heart Disease: Beyond Left Ventricular Hypertrophy. Curr. Hypertens
Rep. 2020, 22, 11. [CrossRef]

Pinilla-Vera, M.; Hahn, V.S; Kass, D.A. Leveraging Signaling Pathways to Treat Heart Failure With Reduced Ejection Fraction.
Circ. Res. 2019, 124, 1618-1632. [CrossRef]

Dinu, M.; Abbate, R.; Gensini, G.E; Casini, A.; Sofi, F. Vegetarian, vegan diets and multiple health outcomes: A systematic review
with meta-analysis of observational studies. Crit. Rev. Food Sci. Nutr. 2017, 57, 3640-3649. [CrossRef] [PubMed]

Kim, M.K,; Cho, S.W.; Park, Y.K. Long-term vegetarians have low oxidative stress, body fat, and cholesterol levels. Nutr. Res.
Pract. 2012, 6, 155-161. [CrossRef]

Najjar, R.S.; Moore, C.E.; Montgomery, B.D. Consumption of a defined, plant-based diet reduces lipoprotein(a), inflammation,
and other atherogenic lipoproteins and particles within 4 weeks. Clin. Cardiol. 2018, 41, 1062-1068. [CrossRef]

Choi, E.Y,; Allen, K.; McDonnough, M.; Massera, D.; Ostfeld, R.J. A plant-based diet and heart failure: Case report and literature
review. |. Geriatr. Cardiol. 2017, 14, 375-378. [PubMed]

Allen, K.E.; Gumber, D.; Ostfeld, R.J. Heart Failure and a Plant-Based Diet. A Case-Report and Literature Review. Front. Nutr.
2019, 6, 82. [CrossRef]

Najjar, R.S.; Montgomery, B.D. A defined, plant-based diet as a potential therapeutic approach in the treatment of heart failure: A
clinical case series. Complement. Ther. Med. 2019, 45, 211-214. [CrossRef]

Sanches Machado d’Almeida, K.; Ronchi Spillere, S.; Zuchinali, P.; Correa Souza, G. Mediterranean Diet and Other Dietary
Patterns in Primary Prevention of Heart Failure and Changes in Cardiac Function Markers: A Systematic Review. Nutrients 2018,
10, 58. [CrossRef] [PubMed]

Clarys, P.; Deliens, T.; Huybrechts, I.; Deriemaeker, P.; Vanaelst, B.; De Keyzer, W.; Hebbelinck, M.; Mullie, P. Comparison of
nutritional quality of the vegan, vegetarian, semi-vegetarian, pesco-vegetarian and omnivorous diet. Nutrients 2014, 6, 1318-1332.
[CrossRef]

Colin-Ramirez, E.; Castillo-Martinez, L.; Orea-Tejeda, A.; Zheng, Y.; Westerhout, C.M.; Ezekowitz, J.A. Dietary fatty acids intake
and mortality in patients with heart failure. Nutrition 2014, 30, 1366-1371. [CrossRef] [PubMed]


https://www.mdpi.com/1422-0067/22/4/1668/s1
https://www.mdpi.com/1422-0067/22/4/1668/s1
http://doi.org/10.1161/CIR.0000000000000350
http://doi.org/10.3390/jcm5070062
http://www.ncbi.nlm.nih.gov/pubmed/27367736
http://doi.org/10.1161/01.CIR.101.25.2981
http://doi.org/10.1007/s11906-020-1017-9
http://doi.org/10.1161/CIRCRESAHA.119.313682
http://doi.org/10.1080/10408398.2016.1138447
http://www.ncbi.nlm.nih.gov/pubmed/26853923
http://doi.org/10.4162/nrp.2012.6.2.155
http://doi.org/10.1002/clc.23027
http://www.ncbi.nlm.nih.gov/pubmed/28630617
http://doi.org/10.3389/fnut.2019.00082
http://doi.org/10.1016/j.ctim.2019.06.010
http://doi.org/10.3390/nu10010058
http://www.ncbi.nlm.nih.gov/pubmed/29320401
http://doi.org/10.3390/nu6031318
http://doi.org/10.1016/j.nut.2014.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25280414

Int. J. Mol. Sci. 2021, 22, 1668 18 of 26

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wang, A.Y.; Sea, M.M.; Ng, K.; Wang, M.; Chan, LH.; Lam, C.W.; Sanderson, ].E.; Woo, ]J. Dietary Fiber Intake, Myocardial Injury,
and Major Adverse Cardiovascular Events Among End-Stage Kidney Disease Patients: A Prospective Cohort Study. Kidney Int.
Rep. 2019, 4, 814-823. [CrossRef]

Kim, Y; Je, Y. Dietary fibre intake and mortality from cardiovascular disease and all cancers: A meta-analysis of prospective
cohort studies. Arch. Cardiovasc. Dis. 2016, 109, 39-54. [CrossRef]

Tran, E.; Dale, H.F,; Jensen, C.; Lied, G.A. Effects of Plant-Based Diets on Weight Status: A Systematic Review. Diabetes Metab.
Syndr. Obes. 2020, 13, 3433-3448. [CrossRef]

Lee, KW.,; Loh, H.C.; Ching, S.M.; Devaraj, N.K.; Hoo, EK. Effects of Vegetarian Diets on Blood Pressure Lowering: A Systematic
Review with Meta-Analysis and Trial Sequential Analysis. Nutrients 2020, 12, 1604. [CrossRef]

Tonstad, S.; Butler, T.; Yan, R.; Fraser, G.E. Type of vegetarian diet, body weight, and prevalence of type 2 diabetes. Diabetes Care
2009, 32, 791-796. [CrossRef] [PubMed]

Satija, A.; Bhupathiraju, S.N.; Rimm, E.B.; Spiegelman, D.; Chiuve, S.E.; Borgi, L.; Willett, W.C.; Manson, J.E.; Sun, Q.; Hu, EB.
Plant-Based Dietary Patterns and Incidence of Type 2 Diabetes in US Men and Women: Results from Three Prospective Cohort
Studies. PLoS Med. 2016, 13, €1002039. [CrossRef]

Yokoyama, Y.; Levin, S.M.; Barnard, N.D. Association between plant-based diets and plasma lipids: A systematic review and
meta-analysis. Nutr. Rev. 2017, 75, 683-698. [CrossRef]

Lee, M.M.Y,; Sattar, N.; McMurray, ].].V.; Packard, C.J. Statins in the Prevention and Treatment of Heart Failure: A Review of the
Evidence. Curr. Atheroscler. Rep. 2019, 21, 41. [CrossRef]

Kenny, H.C.; Abel, E.D. Heart Failure in Type 2 Diabetes Mellitus. Circ. Res. 2019, 124, 121-141. [CrossRef]

Iyer, A.S.; Ahmed, M.L; Filippatos, G.S.; Ekundayo, O.].; Aban, I.B.; Love, T.E.; Nanda, N.C.; Bakris, G.L.; Fonarow, G.C.; Aronow,
W.S,; et al. Uncontrolled hypertension and increased risk for incident heart failure in older adults with hypertension: Findings
from a propensity-matched prospective population study. J. Am. Soc. Hypertens 2010, 4, 22-31. [CrossRef]

Ebong, I.A.; Goff, D.C., Jr.; Rodriguez, C.J.; Chen, H.; Bertoni, A.G. Mechanisms of heart failure in obesity. Obes. Res. Clin. Pract.
2014, 8, e540-e548. [CrossRef]

Leri, M.; Scuto, M.; Ontario, M.L.; Calabrese, V.; Calabrese, E.J.; Bucciantini, M.; Stefani, M. Healthy Effects of Plant Polyphenols:
Molecular Mechanisms. Int. . Mol. Sci. 2020, 21, 1250. [CrossRef]

Angelino, D.; Godos, J.; Ghelfi, E; Tieri, M.; Titta, L.; Lafranconi, A.; Marventano, S.; Alonzo, E.; Gambera, A.; Sciacca, S.; et al.
Fruit and vegetable consumption and health outcomes: An umbrella review of observational studies. Int. J. Food Sci. Nutr. 2019,
70, 652-667. [CrossRef]

Grosso, G.; Micek, A.; Godos, J.; Pajak, A.; Sciacca, S.; Galvano, F.; Giovannucci, E.L. Dietary Flavonoid and Lignan Intake and
Mortality in Prospective Cohort Studies: Systematic Review and Dose-Response Meta-Analysis. Am. ]. Epidemiol. 2017, 185,
1304-1316. [CrossRef]

Most, M.M. Estimated phytochemical content of the dietary approaches to stop hypertension (DASH) diet is higher than in the
Control Study Diet. . Am. Diet. Assoc. 2004, 104, 1725-1727. [CrossRef]

Godos, J.; Marventano, S.; Mistretta, A.; Galvano, F.; Grosso, G. Dietary sources of polyphenols in the Mediterranean healthy
Eating, Aging and Lifestyle (MEAL) study cohort. Int. J. Food Sci. Nutr. 2017, 68, 750-756. [CrossRef]

Godos, J.; Sinatra, D.; Blanco, I.; Mule, S.; La Verde, M.; Marranzano, M. Association between Dietary Phenolic Acids and
Hypertension in a Mediterranean Cohort. Nutrients 2017, 9, 1069. [CrossRef] [PubMed]

Singh, R.B.; Dubnov, G.; Niaz, M.A.; Ghosh, S.; Singh, R.; Rastogi, S.S.; Manor, O.; Pella, D.; Berry, E.M. Effect of an Indo-
Mediterranean diet on progression of coronary artery disease in high risk patients (Indo-Mediterranean Diet Heart Study): A
randomised single-blind trial. Lancet 2002, 360, 1455-1461. [CrossRef]

Threapleton, D.E.; Greenwood, D.C.; Evans, C.E.; Cleghorn, C.L.; Nykjaer, C.; Woodhead, C.; Cade, J.E.; Gale, C.P,; Burley, V.J.
Dietary fibre intake and risk of cardiovascular disease: Systematic review and meta-analysis. BMJ 2013, 347, {6879. [CrossRef]
[PubMed]

Catalkaya, G.; Venema, K.; Lucini, L.; Rocchetti, G.; Delmas, D.; Daglia, M.; De Filippis, A.; Xiao, H.; Quiles, J.L.; Xiao, J.; et al.
Interaction of dietary polyphenols and gut microbiota: Microbial metabolism of polyphenols, influence on the gut microbiota,
and implications on host health. Food Front. 2020, 1, 109-133. [CrossRef]

Saura-Calixto, F. Concept and health-related properties of nonextractable polyphenols: The missing dietary polyphenols. J. Agric.
Food Chem. 2012, 60, 11195-11200. [CrossRef]

Arranz, S,; Silvan, ].M.; Saura-Calixto, F. Nonextractable polyphenols, usually ignored, are the major part of dietary polyphenols:
A study on the Spanish diet. Mol. Nutr. Food Res. 2010, 54, 1646-1658. [CrossRef] [PubMed]

Bravo, L.; Abia, R.; Sauracalixto, F. Polyphenols as Dietary Fiber Associated Compounds-Comparative-Study on in-Vivo and
in-Vitro Properties. J. Agric. Food Chem. 1994, 42, 1481-1487. [CrossRef]

Ornish, D.; Brown, S.E.; Scherwitz, L.W,; Billings, ].H.; Armstrong, W.T; Ports, T.A.; McLanahan, S.M.; Kirkeeide, R.L.; Brand, R].;
Gould, K.L. Can lifestyle changes reverse coronary heart disease? The Lifestyle Heart Trial. Lancet 1990, 336, 129-133. [CrossRef]
Esselstyn, C.B., Jr.; Gendy, G.; Doyle, J.; Golubic, M.; Roizen, M.E. A way to reverse CAD? ]. Fam. Pract. 2014, 63, 356-364.
[PubMed]

Lorenzo, ].M.; Estevez, M.; Barba, FJ.; Thirumdas, R.; Franco, D.; Munekata, P.E.S. Polyphenols: Bioaccessibility and Bioavailability of
Bioactive Components; Woodhead Publishing Series in Food Science; Elsevier: Amsterdam, The Netherlands, 2019; pp. 309-332.


http://doi.org/10.1016/j.ekir.2019.03.007
http://doi.org/10.1016/j.acvd.2015.09.005
http://doi.org/10.2147/DMSO.S272802
http://doi.org/10.3390/nu12061604
http://doi.org/10.2337/dc08-1886
http://www.ncbi.nlm.nih.gov/pubmed/19351712
http://doi.org/10.1371/journal.pmed.1002039
http://doi.org/10.1093/nutrit/nux030
http://doi.org/10.1007/s11883-019-0800-z
http://doi.org/10.1161/CIRCRESAHA.118.311371
http://doi.org/10.1016/j.jash.2010.02.002
http://doi.org/10.1016/j.orcp.2013.12.005
http://doi.org/10.3390/ijms21041250
http://doi.org/10.1080/09637486.2019.1571021
http://doi.org/10.1093/aje/kww207
http://doi.org/10.1016/j.jada.2004.08.001
http://doi.org/10.1080/09637486.2017.1285870
http://doi.org/10.3390/nu9101069
http://www.ncbi.nlm.nih.gov/pubmed/28953227
http://doi.org/10.1016/S0140-6736(02)11472-3
http://doi.org/10.1136/bmj.f6879
http://www.ncbi.nlm.nih.gov/pubmed/24355537
http://doi.org/10.1002/fft2.25
http://doi.org/10.1021/jf303758j
http://doi.org/10.1002/mnfr.200900580
http://www.ncbi.nlm.nih.gov/pubmed/20540148
http://doi.org/10.1021/jf00043a017
http://doi.org/10.1016/0140-6736(90)91656-U
http://www.ncbi.nlm.nih.gov/pubmed/25198208

Int. J. Mol. Sci. 2021, 22, 1668 19 of 26

41.

42.

43.

44.
45.

46.
47.
48.
49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

Manach, C.; Scalbert, A.; Morand, C.; Remesy, C.; Jimenez, L. Polyphenols: Food sources and bioavailability. Am. J. Clin. Nutr.
2004, 79, 727-747. [CrossRef]

Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.; et al. PubChem 2019
update: Improved access to chemical data. Nucleic Acids Res. 2019, 47, D1102-D1109. [CrossRef] [PubMed]

Smeriglio, A.; Barreca, D.; Bellocco, E.; Trombetta, D. Proanthocyanidins and hydrolysable tannins: Occurrence, dietary intake
and pharmacological effects. Br. J. Pharmacol. 2017, 174, 1244-1262. [CrossRef]

Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef]

Barreca, D.; Gattuso, G.; Bellocco, E.; Calderaro, A.; Trombetta, D.; Smeriglio, A.; Lagana, G.; Daglia, M.; Meneghini, S.; Nabavi,
S.M. Flavanones: Citrus phytochemical with health-promoting properties. Biofactors 2017, 43, 495-506. [CrossRef]

Krizova, L.; Dadakova, K.; Kasparovska, J.; Kasparovsky, T. Isoflavones. Molecules 2019, 24, 1076. [CrossRef] [PubMed]

Olas, B. Berry Phenolic Antioxidants-Implications for Human Health? Front. Pharmacol. 2018, 9, 78. [CrossRef] [PubMed]

Li, Z,; Lee, HW,; Liang, X.; Liang, D.; Wang, Q.; Huang, D.; Ong, C.N. Profiling of Phenolic Compounds and Antioxidant Activity
of 12 Cruciferous Vegetables. Molecules 2018, 23, 1139. [CrossRef]

Takenka, G.R.; DLFull, G.H.; Wong, R.Y.; Harden, L.A.; Edwards, R.H.; Berrios, ].J. Characterization of Black Bean (Phaseolus
vulgaris L.) Anthocyanins. . Agric. Food Chem. 1997, 45, 3395-3400. [CrossRef]

Steed, L.E.; Truong, V.D. Anthocyanin content, antioxidant activity, and selected physical properties of flowable purple-fleshed
sweetpotato purees. J. Food Sci. 2008, 73, 5215-5221. [CrossRef]

Wu, X,; Prior, R.L. Identification and characterization of anthocyanins by high-performance liquid chromatography-electrospray
ionization-tandem mass spectrometry in common foods in the United States: Vegetables, nuts, and grains. J. Agric. Food Chem.
2005, 53, 3101-3113. [CrossRef]

Kim, D.E,; Shang, X.; Assefa, A.D.; Keum, Y.S.; Saini, R.K. Metabolite profiling of green, green/red, and red lettuce cultivars:
Variation in health beneficial compounds and antioxidant potential. Food Res. Int. 2018, 105, 361-370. [CrossRef] [PubMed]
Pathak, S.B.A.; Banerjee, A.; Celep, G.S.; Bissi, L.; Marotta, F. Metabolism of Dietary Polyphenols by Human Gut Microbiota and
Their Health Benefits. In Polyphenols: Mechanisms of Action in Human Health and Disease, 2nd ed.; Academic Press: Cambridge,
MA, USA, 2018; pp. 347-359.

Durazzo, A.; Lucarini, M.; Camilli, E.; Marconi, S.; Gabrielli, P.; Lisciani, S.; Gambelli, L.; Aguzzi, A.; Novellino, E.; Santini,
A.; et al. Dietary Lignans: Definition, Description and Research Trends in Databases Development. Molecules 2018, 23, 3251.
[CrossRef] [PubMed]

Rodriguez-Garcia, C.; Sanchez-Quesada, C.; Toledo, E.; Delgado-Rodriguez, M.; Gaforio, J.J. Naturally Lignan-Rich Foods: A
Dietary Tool for Health Promotion? Molecules 2019, 24, 917. [CrossRef]

Dybkowska, E.; Sadowska, A.; Swiderski, F.; Rakowska, R.; Wysocka, K. The occurrence of resveratrol in foodstuffs and its
potential for supporting cancer prevention and treatment. A review. Rocz. Paristwowego Zaktadu Hig. 2018, 69, 5-14.

Rimando, A.M.; Kalt, W.; Magee, ].B.; Dewey, ].; Ballington, ].R. Resveratrol, pterostilbene, and piceatannol in vaccinium berries.
J. Agric. Food Chem. 2004, 52, 4713-4719. [CrossRef]

Wang, S.Y.; Chen, C.T.; Wang, C.Y.; Chen, P. Resveratrol content in strawberry fruit is affected by preharvest conditions. J. Agric.
Food Chem. 2007, 55, 8269-8274. [CrossRef] [PubMed]

Pathak, S.; Kesavan, P; Banerjee, A.; Banerjee, A.; Celep, G.S.; Bissi, L.; Marotta, F. Metabolism of Dietary Polyphenols by Human Gut
Microbiota and Their Health Benefits; Academic Press: Cambridge, MA, USA, 2018.

Basheer, L.; Kerem, Z. Interactions between CYP3A4 and Dietary Polyphenols. Oxidative Med. Cell. Longev. 2015, 2015, 854015.
[CrossRef]

Girgin, N.; Sedef, N.E. Effects of cooking on in vitro sinigrin bioaccessibility, total phenols, antioxidant and antimutagenic activity
of cauliflower (Brassica oleraceae L. var. Botrytis). J. Food Compos. Anal. 2015, 37, 119-127. [CrossRef]

Giambanelli, E.; Verkerk, R.; D’Antuono, L.E; Oliviero, T. The kinetic of key phytochemical compounds of non-heading and
heading leafy Brassica oleracea landraces as affected by traditional cooking methods. J. Sci. Food Agric. 2016, 96, 4772-4784.
[CrossRef] [PubMed]

Martinez-Huelamo, M.; Tulipani, S.; Estruch, R.; Escribano, E.; Illan, M.; Corella, D.; Lamuela-Raventos, R.M. The tomato sauce
making process affects the bioaccessibility and bioavailability of tomato phenolics: A pharmacokinetic study. Food Chem. 2015,
173, 864-872. [CrossRef]

Omidizadeh, A.; Yusof, RM.; Ismail, A.; Roohinejad, S.; Nateghi, L.; Abu Bakar, M.Z. Cardioprotective compounds of red pitaya
(Hylocereus polyrhizus) fruit. J. Food Agric. Environ. 2011, 9, 152-156.

Mena, P.; Bresciani, L.; Brindani, N.; Ludwig, I.A.; Pereira-Caro, G.; Angelino, D.; Llorach, R.; Calani, L.; Brighenti, F.; Clifford,
M.N,; et al. Phenyl-gamma-valerolactones and phenylvaleric acids, the main colonic metabolites of flavan-3-ols: Synthesis,
analysis, bioavailability, and bioactivity. Nat. Prod. Rep. 2019, 36, 714-752. [CrossRef]

Borges, G.; Ottaviani, J.I; van der Hooft, ].].].; Schroeter, H.; Crozier, A. Absorption, metabolism, distribution and excretion of
(-)-epicatechin: A review of recent findings. Mol. Aspects Med. 2018, 61, 18-30. [CrossRef]

Ou, K;; Gu, L. Absorption and metabolism of proanthocyanidins. J. Funct. Foods 2014, 7, 43-53. [CrossRef]

Uhlenhut, K.; Hogger, P. Facilitated cellular uptake and suppression of inducible nitric oxide synthase by a metabolite of maritime
pine bark extract (Pycnogenol). Free Radic. Biol. Med. 2012, 53, 305-313. [CrossRef]


http://doi.org/10.1093/ajcn/79.5.727
http://doi.org/10.1093/nar/gky1033
http://www.ncbi.nlm.nih.gov/pubmed/30371825
http://doi.org/10.1111/bph.13630
http://doi.org/10.1017/jns.2016.41
http://doi.org/10.1002/biof.1363
http://doi.org/10.3390/molecules24061076
http://www.ncbi.nlm.nih.gov/pubmed/30893792
http://doi.org/10.3389/fphar.2018.00078
http://www.ncbi.nlm.nih.gov/pubmed/29662448
http://doi.org/10.3390/molecules23051139
http://doi.org/10.1021/jf970264d
http://doi.org/10.1111/j.1750-3841.2008.00774.x
http://doi.org/10.1021/jf0478861
http://doi.org/10.1016/j.foodres.2017.11.028
http://www.ncbi.nlm.nih.gov/pubmed/29433225
http://doi.org/10.3390/molecules23123251
http://www.ncbi.nlm.nih.gov/pubmed/30544820
http://doi.org/10.3390/molecules24050917
http://doi.org/10.1021/jf040095e
http://doi.org/10.1021/jf071749x
http://www.ncbi.nlm.nih.gov/pubmed/17803264
http://doi.org/10.1155/2015/854015
http://doi.org/10.1016/j.jfca.2014.04.013
http://doi.org/10.1002/jsfa.7844
http://www.ncbi.nlm.nih.gov/pubmed/27299661
http://doi.org/10.1016/j.foodchem.2014.09.156
http://doi.org/10.1039/C8NP00062J
http://doi.org/10.1016/j.mam.2017.11.002
http://doi.org/10.1016/j.jff.2013.08.004
http://doi.org/10.1016/j.freeradbiomed.2012.04.013

Int. J. Mol. Sci. 2021, 22, 1668 20 of 26

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

Ziberna, L.; Tramer, F.; Moze, S.; Vrhovsek, U.; Mattivi, F; Passamonti, S. Transport and bioactivity of cyanidin 3-glucoside into
the vascular endothelium. Free Radic. Biol. Med. 2012, 52, 1750-1759. [CrossRef]

Van Dijk, C.; Driessen, A.J.; Recourt, K. The uncoupling efficiency and affinity of flavonoids for vesicles. Biochem. Pharmacol. 2000,
60, 1593-1600. [CrossRef]

Lipinska, L.; Klewicka, E.; Sojka, M. The structure, occurrence and biological activity of ellagitannins: A general review. Acta Sci.
Pol. Technol. Aliment. 2014, 13, 289-299. [CrossRef]

Del Rio, D.; Rodriguez-Mateos, A.; Spencer, ].P.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics in human health:
Structures, bioavailability, and evidence of protective effects against chronic diseases. Antioxid. Redox Signal. 2013, 18, 1818-1892.
[CrossRef] [PubMed]

Seeram, N.P.; Henning, S.M.; Zhang, Y.; Suchard, M.; Li, Z.; Heber, D. Pomegranate juice ellagitannin metabolites are present in
human plasma and some persist in urine for up to 48 h. J. Nutr. 2006, 136, 2481-2485. [CrossRef] [PubMed]

Kay, C.D.; Mazza, G.J.; Holub, B.J. Anthocyanins exist in the circulation primarily as metabolites in adult men. . Nutr. 2005, 135,
2582-2588. [CrossRef]

De Ferrars, R M.; Czank, C.; Zhang, Q.; Botting, N.P,; Kroon, P.A.; Cassidy, A.; Kay, C.D. The pharmacokinetics of anthocyanins
and their metabolites in humans. Br. J. Pharmacol. 2014, 171, 3268-3282. [CrossRef]

Zadernowski, R.; Naczk, M.; Nesterowicz, J. Phenolic acid profiles in some small berries. J. Agric. Food Chem. 2005, 53, 2118-2124.
[CrossRef] [PubMed]

Mattila, P.; Hellstrom, J.; Torronen, R. Phenolic acids in berries, fruits, and beverages. |. Agric. Food Chem. 2006, 54, 7193-7199.
[CrossRef]

Feresin, R.G.; Huang, J.; Klarich, D.S.; Zhao, Y.; Pourafshar, S.; Arjmandi, B.H.; Salazar, G. Blackberry, raspberry and black
raspberry polyphenol extracts attenuate angiotensin II-induced senescence in vascular smooth muscle cells. Food Funct. 2016, 7,
4175-4187. [CrossRef] [PubMed]

Rodriguez-Mateos, A.; Cifuentes-Gomez, T.; Tabatabaee, S.; Lecras, C.; Spencer, ].P. Procyanidin, anthocyanin, and chlorogenic
acid contents of highbush and lowbush blueberries. J. Agric. Food Chem. 2012, 60, 5772-5778. [CrossRef]

Santana-Galvez, ].; Cisneros-Zevallos, L.; Jacobo-Velazquez, D.A. Chlorogenic Acid: Recent Advances on Its Dual Role as a Food
Additive and a Nutraceutical against Metabolic Syndrome. Molecules 2017, 22, 358. [CrossRef]

Gonthier, M.P;; Verny, M. A.; Besson, C.; Remesy, C.; Scalbert, A. Chlorogenic acid bioavailability largely depends on its metabolism
by the gut microflora in rats. J. Nutr. 2003, 133, 1853-1859. [CrossRef] [PubMed]

Olthof, M.R.; Hollman, P.C.; Katan, M.B. Chlorogenic acid and caffeic acid are absorbed in humans. J. Nutr. 2001, 131, 66-71.
[CrossRef] [PubMed]

Touré, A.; Xueming, X. Flaxseed Lignans: Source, Biosynthesis, Metabolism, Antioxidant Activity, Bio-Active Components, and
Health Benefits. Compr. Rev. Food Sci. Food Saf. 2010, 9, 261-269. [CrossRef]

Kilkkinen, A.; Erlund, I.; Virtanen, M.].; Alfthan, G.; Ariniemi, K.; Virtamo, J. Serum enterolactone concentration and the risk of
coronary heart disease in a case-cohort study of Finnish male smokers. Am. J. Epidemiol. 2006, 163, 687-693. [CrossRef]
Jarosova, V.; Vesely, O.; Marsik, P; Jaimes, J.D.; Smejkal, K.; Kloucek, P.; Havlik, J. Metabolism of Stilbenoids by Human Faecal
Microbiota. Molecules 2019, 24, 1155. [CrossRef]

Walle, T.; Hsieh, F; DeLegge, M.H.; Oatis, ].E., Jr.; Walle, U.K. High absorption but very low bioavailability of oral resveratrol in
humans. Drug Metab. Dispos. 2004, 32, 1377-1382. [CrossRef] [PubMed]

Patel, K.R.; Brown, V.A_; Jones, D.J.; Britton, R.G.; Hemingway, D.; Miller, A.S.; West, K.P.; Booth, T.D.; Perloff, M.; Crowell, J.A.;
et al. Clinical pharmacology of resveratrol and its metabolites in colorectal cancer patients. Cancer Res. 2010, 70, 7392-7399.
[CrossRef] [PubMed]

Zhang, X.; Sandhu, A.; Edirisinghe, I.; Burton-Freeman, B. An exploratory study of red raspberry (Rubus idaeus L.)
(poly)phenols/metabolites in human biological samples. Food Funct. 2018, 9, 806-818. [CrossRef]

Istas, G.; Feliciano, R.P.; Weber, T.; Garcia-Villalba, R.; Tomas-Barberan, F; Heiss, C.; Rodriguez-Mateos, A. Plasma urolithin
metabolites correlate with improvements in endothelial function after red raspberry consumption: A double-blind randomized
controlled trial. Arch. Biochem. Biophys. 2018, 651, 43-51. [CrossRef]

Warner, E.F,; Smith, M.].; Zhang, Q.; Raheem, K.S.; O'Hagan, D.; O’Connell, M. A ; Kay, C.D. Signatures of anthocyanin metabolites
identified in humans inhibit biomarkers of vascular inflammation in human endothelial cells. Mol. Nutr. Food Res. 2017, 61.
[CrossRef] [PubMed]

Dick, S.A.; Epelman, S. Chronic Heart Failure and Inflammation: What Do We Really Know? Circ. Res. 2016, 119, 159-176.
[CrossRef]

Tsutsui, H.; Kinugawa, S.; Matsushima, S. Oxidative stress and heart failure. Am. J. Physiol. Heart Circ. Physiol. 2011, 301,
H2181-H2190. [CrossRef]

Nabeebaccus, A.; Zhang, M.; Shah, A.M. NADPH oxidases and cardiac remodelling. Heart Fail. Rev. 2011, 16, 5-12. [CrossRef]
Peoples, ].N.; Saraf, A.; Ghazal, N.; Pham, T.T.; Kwong, J.Q. Mitochondrial dysfunction and oxidative stress in heart disease. Exp.
Mol. Med. 2019, 51, 1-13. [CrossRef]

Moe, K.T.; Khairunnisa, K.; Yin, N.O.; Chin-Dusting, J.; Wong, P.; Wong, M.C. Tumor necrosis factor-alpha-induced nuclear
factor-kappaB activation in human cardiomyocytes is mediated by NADPH oxidase. J. Physiol. Biochem. 2014, 70, 769-779.
[CrossRef]


http://doi.org/10.1016/j.freeradbiomed.2012.02.027
http://doi.org/10.1016/S0006-2952(00)00488-3
http://doi.org/10.17306/J.AFS.2014.3.7
http://doi.org/10.1089/ars.2012.4581
http://www.ncbi.nlm.nih.gov/pubmed/22794138
http://doi.org/10.1093/jn/136.10.2481
http://www.ncbi.nlm.nih.gov/pubmed/16988113
http://doi.org/10.1093/jn/135.11.2582
http://doi.org/10.1111/bph.12676
http://doi.org/10.1021/jf040411p
http://www.ncbi.nlm.nih.gov/pubmed/15769144
http://doi.org/10.1021/jf0615247
http://doi.org/10.1039/C6FO00743K
http://www.ncbi.nlm.nih.gov/pubmed/27506987
http://doi.org/10.1021/jf203812w
http://doi.org/10.3390/molecules22030358
http://doi.org/10.1093/jn/133.6.1853
http://www.ncbi.nlm.nih.gov/pubmed/12771329
http://doi.org/10.1093/jn/131.1.66
http://www.ncbi.nlm.nih.gov/pubmed/11208940
http://doi.org/10.1111/j.1541-4337.2009.00105.x
http://doi.org/10.1093/aje/kwj080
http://doi.org/10.3390/molecules24061155
http://doi.org/10.1124/dmd.104.000885
http://www.ncbi.nlm.nih.gov/pubmed/15333514
http://doi.org/10.1158/0008-5472.CAN-10-2027
http://www.ncbi.nlm.nih.gov/pubmed/20841478
http://doi.org/10.1039/C7FO00893G
http://doi.org/10.1016/j.abb.2018.05.016
http://doi.org/10.1002/mnfr.201700053
http://www.ncbi.nlm.nih.gov/pubmed/28457017
http://doi.org/10.1161/CIRCRESAHA.116.308030
http://doi.org/10.1152/ajpheart.00554.2011
http://doi.org/10.1007/s10741-010-9186-2
http://doi.org/10.1038/s12276-019-0355-7
http://doi.org/10.1007/s13105-014-0345-0

Int. J. Mol. Sci. 2021, 22, 1668 21 of 26

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Zhao, H.; Zhang, M.; Zhou, E; Cao, W,; Bi, L,; Xie, Y,; Yang, Q.; Wang, S. Cinnamaldehyde ameliorates LPS-induced cardiac
dysfunction via TLR4-NOX4 pathway: The regulation of autophagy and ROS production. . Mol. Cell Cardiol. 2016, 101, 11-24.
[CrossRef] [PubMed]

Droge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, 82, 47-95. [CrossRef] [PubMed]

Zhang, X.; Yang, ].; Yu, X,; Cheng, S.; Gan, H.; Xia, Y. Angiotensin II-Induced Early and Late Inflammatory Responses Through
NOXs and MAPK Pathways. Inflammation 2017, 40, 154-165. [CrossRef] [PubMed]

Wu, G.S. The functional interactions between the p53 and MAPK signaling pathways. Cancer Biol. Ther. 2004, 3, 156-161.
[CrossRef]

Yu, L.; Feng, Z. The Role of Toll-Like Receptor Signaling in the Progression of Heart Failure. Mediat. Inflamm. 2018, 2018, 9874109.
[CrossRef]

Yang, Y,; Lv, J; Jiang, S.; Ma, Z.; Wang, D.; Hu, W.; Deng, C.; Fan, C.; Dj, S.; Sun, Y.; et al. The emerging role of Toll-like receptor 4
in myocardial inflammation. Cell Death Dis. 2016, 7, €2234. [CrossRef]

Butts, B.; Gary, R.A.; Dunbar, S.B.; Butler, J. The Importance of NLRP3 Inflammasome in Heart Failure. J. Card Fail. 2015, 21,
586-593. [CrossRef]

Hohensinner, PJ.; Kaun, C.; Rychli, K.; Ben-Tal Cohen, E.; Kastl, S.P.; Demyanets, S.; Pfaffenberger, S.; Speidl, W.S.; Rega, G.;
Ullrich, R.; et al. Monocyte chemoattractant protein (MCP-1) is expressed in human cardiac cells and is differentially regulated by
inflammatory mediators and hypoxia. FEBS Lett. 2006, 580, 3532-3538. [CrossRef] [PubMed]

Ahmed, S.M,; Luo, L.; Namani, A.; Wang, X.J.; Tang, X. Nrf2 signaling pathway: Pivotal roles in inflammation. Biochim. Biophys.
Acta Mol. Basis Dis. 2017, 1863, 585-597. [CrossRef] [PubMed]

Chen, Q.M.; Maltagliati, A.J. Nrf2 at the heart of oxidative stress and cardiac protection. Physiol. Genom. 2018, 50, 77-97.
[CrossRef]

Wang, W,; Li, S.; Wang, H.; Li, B.; Shao, L.; Lai, Y.; Horvath, G.; Wang, Q.; Yamamoto, M.; Janicki, J.S.; et al. Nrf2 enhances
myocardial clearance of toxic ubiquitinated proteins. J. Mol. Cell Cardiol. 2014, 72, 305-315. [CrossRef]

Nguyen, T.; Nioi, P; Pickett, C.B. The Nrf2-antioxidant response element signaling pathway and its activation by oxidative stress.
J. Biol. Chem. 2009, 284, 13291-13295. [CrossRef]

Singh, C.K.; Chhabra, G.; Ndiaye, M.A.; Garcia-Peterson, L.M.; Mack, N.J.; Ahmad, N. The Role of Sirtuins in Antioxidant and
Redox Signaling. Antioxid. Redox Signal. 2018, 28, 643-661. [CrossRef]

Huang, K.; Gao, X.; Wei, W. The crosstalk between Sirtl and Keap1/Nrf2/ARE anti-oxidative pathway forms a positive feedback
loop to inhibit FN and TGF-betal expressions in rat glomerular mesangial cells. Exp. Cell Res. 2017, 361, 63-72. [CrossRef]
[PubMed]

Liu, G.H.; Qu, ]J.; Shen, X. NF-kappaB/p65 antagonizes Nrf2-ARE pathway by depriving CBP from Nrf2 and facilitating
recruitment of HDAC3 to MafK. Biochim. Biophys. Acta 2008, 1783, 713-727. [CrossRef]

Wardyn, J.D.; Ponsford, A.H.; Sanderson, C.M. Dissecting molecular cross-talk between Nrf2 and NF-kappaB response pathways.
Biochem. Soc. Trans. 2015, 43, 621-626. [CrossRef]

Sebastian, R.S.; Wilkinson Enns, C.; Goldman, J.D.; Martin, C.L.; Steinfeldt, L.C.; Murayi, T.; Moshfegh, A.J. A New Database
Facilitates Characterization of Flavonoid Intake, Sources, and Positive Associations with Diet Quality among US Adults. J. Nutr.
2015, 145, 1239-1248. [CrossRef] [PubMed]

Chun, O.K,; Chung, S.J.; Song, W.O. Estimated dietary flavonoid intake and major food sources of U.S. adults. J. Nutr. 2007, 137,
1244-1252. [CrossRef]

Akhlaghi, M.; Bandy, B. Preconditioning and acute effects of flavonoids in protecting cardiomyocytes from oxidative cell death.
Oxidative Med. Cell. Longev. 2012, 2012, 782321. [CrossRef]

Isaak, C.K.; Petkau, ].C.; Blewett, H.; Karmin, O.; Siow, Y.L. Lingonberry anthocyanins protect cardiac cells from oxidative-stress-
induced apoptosis. Can. J. Physiol. Pharmacol. 2017, 95, 904-910. [CrossRef] [PubMed]

Louis, X.L.; Thandapilly, S.J.; Kalt, W.; Vinqvist-Tymchuk, M.; Aloud, B.M.; Raj, P; Yu, L.; Le, H.; Netticadan, T. Blueberry
polyphenols prevent cardiomyocyte death by preventing calpain activation and oxidative stress. Food Funct. 2014, 5, 1785-1794.
[CrossRef]

Engelhardt, S.; Hein, L.; Wiesmann, F; Lohse, M.]. Progressive hypertrophy and heart failure in betal-adrenergic receptor
transgenic mice. Proc. Natl. Acad. Sci. USA 1999, 96, 7059-7064. [CrossRef] [PubMed]

Chen, Y;; Ge, Z.; Huang, S.; Zhou, L.; Zhai, C.; Chen, Y,; Hu, Q.; Cao, W.; Weng, Y.; Li, Y. Delphinidin attenuates pathological
cardiac hypertrophy via the AMPK/NOX/MAPK signaling pathway. Aging 2020, 12, 5362-5383. [CrossRef]

Zaha, V.G.; Young, L.H. AMP-activated protein kinase regulation and biological actions in the heart. Circ. Res. 2012, 111, 800-814.
[CrossRef]

Acevedo, A.; Gonzalez-Billault, C. Crosstalk between Racl-mediated actin regulation and ROS production. Free Radic. Biol. Med.
2018, 116, 101-113. [CrossRef]

Bendall, J.K,; Rinze, R.; Adlam, D.; Tatham, A.L.; de Bono, J.; Wilson, N.; Volpi, E.; Channon, K.M. Endothelial Nox2 overexpression
potentiates vascular oxidative stress and hemodynamic response to angiotensin II: Studies in endothelial-targeted Nox2 transgenic
mice. Circ. Res. 2007, 100, 1016-1025. [CrossRef]

Goettsch, C.; Goettsch, W.; Muller, G.; Seebach, J.; Schnittler, H.J.; Morawietz, H. Nox4 overexpression activates reactive oxygen
species and p38 MAPK in human endothelial cells. Biochem. Biophys. Res. Commun. 2009, 380, 355-360. [CrossRef] [PubMed]


http://doi.org/10.1016/j.yjmcc.2016.10.017
http://www.ncbi.nlm.nih.gov/pubmed/27838370
http://doi.org/10.1152/physrev.00018.2001
http://www.ncbi.nlm.nih.gov/pubmed/11773609
http://doi.org/10.1007/s10753-016-0464-6
http://www.ncbi.nlm.nih.gov/pubmed/27807688
http://doi.org/10.4161/cbt.3.2.614
http://doi.org/10.1155/2018/9874109
http://doi.org/10.1038/cddis.2016.140
http://doi.org/10.1016/j.cardfail.2015.04.014
http://doi.org/10.1016/j.febslet.2006.05.043
http://www.ncbi.nlm.nih.gov/pubmed/16730716
http://doi.org/10.1016/j.bbadis.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/27825853
http://doi.org/10.1152/physiolgenomics.00041.2017
http://doi.org/10.1016/j.yjmcc.2014.04.006
http://doi.org/10.1074/jbc.R900010200
http://doi.org/10.1089/ars.2017.7290
http://doi.org/10.1016/j.yexcr.2017.09.042
http://www.ncbi.nlm.nih.gov/pubmed/28986066
http://doi.org/10.1016/j.bbamcr.2008.01.002
http://doi.org/10.1042/BST20150014
http://doi.org/10.3945/jn.115.213025
http://www.ncbi.nlm.nih.gov/pubmed/25948787
http://doi.org/10.1093/jn/137.5.1244
http://doi.org/10.1155/2012/782321
http://doi.org/10.1139/cjpp-2016-0667
http://www.ncbi.nlm.nih.gov/pubmed/28384410
http://doi.org/10.1039/C3FO60588D
http://doi.org/10.1073/pnas.96.12.7059
http://www.ncbi.nlm.nih.gov/pubmed/10359838
http://doi.org/10.18632/aging.102956
http://doi.org/10.1161/CIRCRESAHA.111.255505
http://doi.org/10.1016/j.freeradbiomed.2018.01.008
http://doi.org/10.1161/01.RES.0000263381.83835.7b
http://doi.org/10.1016/j.bbrc.2009.01.107
http://www.ncbi.nlm.nih.gov/pubmed/19280689

Int. J. Mol. Sci. 2021, 22, 1668 22 of 26

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Teng, L.; Fan, L.M.; Meijles, D.; Li, ].M. Divergent effects of p47(phox) phosphorylation at S303-4 or S379 on tumor necrosis
factor-alpha signaling via TRAF4 and MAPK in endothelial cells. Arter. Thromb. Vasc. Biol. 2012, 32, 1488-1496. [CrossRef]
Liao, H.H.; Zhang, N.; Meng, Y.Y.; Feng, H.; Yang, ].].; Li, W.J.; Chen, S.; Wu, HM.; Deng, W.; Tang, Q.Z. Myricetin Alleviates
Pathological Cardiac Hypertrophy via TRAF6/TAK1/MAPK and Nrf2 Signaling Pathway. Oxidative Med. Cell. Longev. 2019,
2019, 6304058. [CrossRef] [PubMed]

Du, H.; Hao, J; Liu, E; Lu, J.; Yang, X. Apigenin attenuates acute myocardial infarction of rats via the inhibitions of matrix
metalloprotease-9 and inflammatory reactions. Int. J. Clin. Exp. Med. 2015, 8, 8854-8859.

Deng, W.; Jiang, D.; Fang, Y.; Zhou, H.; Cheng, Z.; Lin, Y,; Zhang, R.; Zhang, J.; Pu, P; Liu, Y.; et al. Hesperetin protects against
cardiac remodelling induced by pressure overload in mice. J. Mol. Histol. 2013, 44, 575-585. [CrossRef]

Xiao, C.; Xia, M.L.; Wang, J.; Zhou, X.R.; Lou, Y.Y.; Tang, L.H.; Zhang, EJ.; Yang, J.T.; Qian, L.B. Luteolin Attenuates Cardiac
Ischemia/Reperfusion Injury in Diabetic Rats by Modulating Nrf2 Antioxidative Function. Oxidative Med. Cell. Longev. 2019,
2019, 2719252. [CrossRef] [PubMed]

Yu, LM,; Dong, X.; Zhang, J.; Li, Z.; Xue, X.D.; Wu, H.J.; Yang, Z.L.; Yang, Y.; Wang, H.S. Naringenin Attenuates Myocardial
Ischemia-Reperfusion Injury via cGMP-PKGlalpha Signaling and In Vivo and In Vitro Studies. Oxidative Med. Cell. Longev. 2019,
2019, 7670854. [CrossRef]

Velusamy, P.; Mohan, T.; Ravi, D.B.; Kishore Kumar, S.N.; Srinivasan, A.; Chakrapani, L.N.; Singh, A.; Varadharaj, S.; Kalaiselvi,
P. Targeting the Nrf2/ARE Signalling Pathway to Mitigate Isoproterenol-Induced Cardiac Hypertrophy: Plausible Role of
Hesperetin in Redox Homeostasis. Oxidative Med. Cell. Longev. 2020, 2020, 9568278. [CrossRef] [PubMed]

Wang, B,; Li, L.; Jin, P,; Li, M,; Li, ]. Hesperetin protects against inflammatory response and cardiac fibrosis in postmyocardial
infarction mice by inhibiting nuclear factor kappaB signaling pathway. Exp. Ther. Med. 2017, 14, 2255-2260. [CrossRef]

Qin, W,; Du, N.; Zhang, L.; Wu, X,; Hu, Y,; Li, X;; Shen, N.; Li, Y.; Yang, B.; Xu, C.; et al. Genistein alleviates pressure
overload-induced cardiac dysfunction and interstitial fibrosis in mice. Br. J. Pharmacol. 2015, 172, 5559-5572. [CrossRef] [PubMed]
Kim, J.W,; Jin, Y.C,; Kim, Y.M; Rhie, S.; Kim, H.J.; Seo, H.G.; Lee, ].H.; Ha, Y.L.; Chang, K.C. Daidzein administration in vivo
reduces myocardial injury in a rat ischemia/reperfusion model by inhibiting NF-kappaB activation. Life Sci. 2009, 84, 227-234.
[CrossRef]

Ji, E.S.; Yue, H.; Wu, YM.; He, R.R. Effects of phytoestrogen genistein on myocardial ischemia/reperfusion injury and apoptosis
in rabbits. Acta Pharmacol. Sin. 2004, 25, 306-312.

Chen, Y.F; Shibu, M.A.; Fan, M.].; Chen, M.C,; Viswanadha, V.P; Lin, Y.L.; Lai, C.H.; Lin, KH.; Ho, T.]J.; Kuo, WW.; et al. Purple
rice anthocyanin extract protects cardiac function in STZ-induced diabetes rat hearts by inhibiting cardiac hypertrophy and
fibrosis. J. Nutr. Biochem. 2016, 31, 98-105. [CrossRef] [PubMed]

Hao, ].; Kim, C.H.; Ha, T.S.; Ahn, H.Y. Epigallocatechin-3 gallate prevents cardiac hypertrophy induced by pressure overload in
rats. J. Vet. Sci. 2007, 8, 121-129. [CrossRef]

Toufektsian, M.C.; de Lorgeril, M.; Nagy, N.; Salen, P.; Donati, M.B.; Giordano, L.; Mock, H.P; Peterek, S.; Matros, A.; Petroni, K,;
et al. Chronic dietary intake of plant-derived anthocyanins protects the rat heart against ischemia-reperfusion injury. J. Nutr.
2008, 138, 747-752. [CrossRef]

Yamazaki, K.G.; Romero-Perez, D.; Barraza-Hidalgo, M.; Cruz, M.; Rivas, M.; Cortez-Gomez, B.; Ceballos, G.; Villarreal, F. Short-
and long-term effects of (-)-epicatechin on myocardial ischemia-reperfusion injury. Am. J. Physiol. Heart Circ. Physiol. 2008, 295,
H761-H767. [CrossRef]

Fang, F; Li, D.; Pan, H.; Chen, D.; Qi, L.; Zhang, R.; Sun, H. Luteolin inhibits apoptosis and improves cardiomyocyte contractile
function through the PI3K/Akt pathway in simulated ischemia/reperfusion. Pharmacology 2011, 88, 149-158. [CrossRef]

Hu, W,; Xu, T.; Wu, P; Pan, D.; Chen, J.; Chen, ].; Zhang, B.; Zhu, H.; Li, D. Luteolin improves cardiac dysfunction in heart failure
rats by regulating sarcoplasmic reticulum Ca®*)-ATPase 2a. Sci. Rep. 2017, 7,41017. [CrossRef]

Nai, C.; Xuan, H.; Zhang, Y.; Shen, M.; Xu, T,; Pan, D.; Zhang, C.; Zhang, Y.; Li, D. Luteolin Exerts Cardioprotective Effects
through Improving Sarcoplasmic Reticulum Ca®*)-ATPase Activity in Rats during Ischemia/Reperfusion In Vivo. Evid. Based
Complement. Alternat. Med. 2015, 2015, 365854. [CrossRef] [PubMed]

Biala, A.; Tauriainen, E.; Siltanen, A.; Shi, J.; Merasto, S.; Louhelainen, M.; Martonen, E.; Finckenberg, P.; Muller, D.N.; Mervaala,
E. Resveratrol induces mitochondrial biogenesis and ameliorates Ang II-induced cardiac remodeling in transgenic rats harboring
human renin and angiotensinogen genes. Blood Press. 2010, 19, 196-205. [CrossRef]

Wojciechowski, P; Juric, D.; Louis, X.L.; Thandapilly, S.J.; Yu, L.; Taylor, C.; Netticadan, T. Resveratrol arrests and regresses the
development of pressure overload- but not volume overload-induced cardiac hypertrophy in rats. J. Nutr. 2010, 140, 962-968.
[CrossRef] [PubMed]

Isaak, C.K,; Petkau, J.C.; Karmin, O.; Debnath, S.C.; Siow, Y.L. Manitoba Lingonberry (Vaccinium vitis-idaea) Bioactivities in
Ischemia-Reperfusion Injury. J. Agric. Food Chem. 2015, 63, 5660-5669. [CrossRef]

Guo, S; Yao, Q.; Ke, Z.; Chen, H.; Wu, ]; Liu, C. Resveratrol attenuates high glucose-induced oxidative stress and cardiomyocyte
apoptosis through AMPK. Mol. Cell Endocrinol. 2015, 412, 85-94. [CrossRef]

Lou, Y,; Wang, Z.; Xu, Y.; Zhou, P,; Cao, J.; Li, Y,; Chen, Y,; Sun, J.; Fu, L. Resveratrol prevents doxorubicin-induced cardiotoxicity
in H9¢2 cells through the inhibition of endoplasmic reticulum stress and the activation of the Sirtl pathway. Int. ]. Mol. Med. 2015,
36, 873-880. [CrossRef] [PubMed]


http://doi.org/10.1161/ATVBAHA.112.247775
http://doi.org/10.1155/2019/6304058
http://www.ncbi.nlm.nih.gov/pubmed/31885808
http://doi.org/10.1007/s10735-013-9514-7
http://doi.org/10.1155/2019/2719252
http://www.ncbi.nlm.nih.gov/pubmed/31089405
http://doi.org/10.1155/2019/7670854
http://doi.org/10.1155/2020/9568278
http://www.ncbi.nlm.nih.gov/pubmed/32952852
http://doi.org/10.3892/etm.2017.4729
http://doi.org/10.1111/bph.13002
http://www.ncbi.nlm.nih.gov/pubmed/25362897
http://doi.org/10.1016/j.lfs.2008.12.005
http://doi.org/10.1016/j.jnutbio.2015.12.020
http://www.ncbi.nlm.nih.gov/pubmed/27133428
http://doi.org/10.4142/jvs.2007.8.2.121
http://doi.org/10.1093/jn/138.4.747
http://doi.org/10.1152/ajpheart.00413.2008
http://doi.org/10.1159/000330068
http://doi.org/10.1038/srep41017
http://doi.org/10.1155/2015/365854
http://www.ncbi.nlm.nih.gov/pubmed/26681967
http://doi.org/10.3109/08037051.2010.481808
http://doi.org/10.3945/jn.109.115006
http://www.ncbi.nlm.nih.gov/pubmed/20335634
http://doi.org/10.1021/acs.jafc.5b00797
http://doi.org/10.1016/j.mce.2015.05.034
http://doi.org/10.3892/ijmm.2015.2291
http://www.ncbi.nlm.nih.gov/pubmed/26202177

Int. J. Mol. Sci. 2021, 22, 1668 23 of 26

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Dianat, M.; Hamzavi, G.R.; Badavi, M.; Samarbafzadeh, A. Effects of losartan and vanillic Acid co-administration on ischemia-
reperfusion-induced oxidative stress in isolated rat heart. Iran. Red. Crescent Med. J. 2014, 16, e16664. [CrossRef] [PubMed]

Jin, L.; Sun, S.; Ryu, Y,; Piao, Z.H,; Liu, B.; Choi, S.Y.; Kim, G.R.; Kim, H.S.; Kee, H.].; Jeong, M.H. Gallic acid improves cardiac
dysfunction and fibrosis in pressure overload-induced heart failure. Sci. Rep. 2018, 8, 9302. [CrossRef]

Rozentsvit, A.; Vinokur, K.; Samuel, S.; Li, Y.; Gerdes, A.M.; Carrillo-Sepulveda, M.A. Ellagic Acid Reduces High Glucose-Induced
Vascular Oxidative Stress Through ERK1/2/NOX4 Signaling Pathway. Cell Physiol. Biochem. 2017, 44, 1174-1187. [CrossRef]
Jin, L.; Piao, Z.H.; Sun, S; Liu, B.; Kim, G.R.; Seok, YM.; Lin, M.Q.; Ryu, Y.; Choi, S.Y.; Kee, H.J.; et al. Gallic Acid Reduces Blood
Pressure and Attenuates Oxidative Stress and Cardiac Hypertrophy in Spontaneously Hypertensive Rats. Sci. Rep. 2017, 7, 15607.
[CrossRef]

Kannan, M.M.; Quine, S.D. Ellagic acid inhibits cardiac arrhythmias, hypertrophy and hyperlipidaemia during myocardial
infarction in rats. Metabolism 2013, 62, 52—61. [CrossRef]

Yang, Y,; Yu, K.; Zhang, Y.M. The Cardioprotective Effects of 4-O-(2”-O-acetyl-6"-O-P-coumaroyl-beta-D-glucopyranosyl)-P-
coumaric Acid (4-ACGC) on Chronic Heart Failure. Iran. ]. Pharm. Res. 2018, 17, 593-600.

Zheng, D.; Liu, Z.; Zhou, Y.,; Hou, N.; Yan, W.; Qin, Y; Ye, Q.; Cheng, X.; Xiao, Q.; Bao, Y.; et al. Urolithin B, a gut microbiota
metabolite, protects against myocardial ischemia/reperfusion injury via p62/Keap1l/Nrf2 signaling pathway. Pharmacol. Res.
2020, 153, 104655. [CrossRef]

Silva-Islas, C.A.; Maldonado, P.D. Canonical and non-canonical mechanisms of Nrf2 activation. Pharmacol. Res. 2018, 134, 92-99.
[CrossRef] [PubMed]

Tian, L.; Su, C.P; Wang, Q.; Wu, FJ.; Bai, R.; Zhang, HM,; Liu, ].Y.; Lu, W.J.; Wang, W.; Lan, F; et al. Chlorogenic acid: A potent
molecule that protects cardiomyocytes from TNF-alpha-induced injury via inhibiting NF-kappaB and JNK signals. J. Cell Mol.
Med. 2019, 23, 4666-4678. [CrossRef]

Kanno, Y.; Watanabe, R.; Zempo, H.; Ogawa, M.; Suzuki, ].; Isobe, M. Chlorogenic acid attenuates ventricular remodeling after
myocardial infarction in mice. Int. Heart |. 2013, 54, 176-180. [CrossRef]

Li, Y;; Shen, D.; Tang, X.; Li, X.; Wo, D.; Yan, H.; Song, R; Feng, ].; Li, P.; Zhang, J.; et al. Chlorogenic acid prevents isoproterenol-
induced hypertrophy in neonatal rat myocytes. Toxicol. Lett. 2014, 226, 257-263. [CrossRef] [PubMed]

Kivela, A.M.; Kansanen, E.; Jyrkkanen, H.K,; Nurmi, T,; Yla-Herttuala, S.; Levonen, A.L. Enterolactone induces heme oxygenase-1
expression through nuclear factor-E2-related factor 2 activation in endothelial cells. . Nutr. 2008, 138, 1263-1268. [CrossRef]
[PubMed]

Penumathsa, S.V.; Koneru, S.; Zhan, L.; John, S.; Menon, V.P.; Prasad, K.; Maulik, N. Secoisolariciresinol diglucoside induces
neovascularization-mediated cardioprotection against ischemia-reperfusion injury in hypercholesterolemic myocardium. J. Mol.
Cell Cardiol. 2008, 44, 170-179. [CrossRef]

Penumathsa, S.V.; Koneru, S.; Thirunavukkarasu, M.; Zhan, L.; Prasad, K.; Maulik, N. Secoisolariciresinol diglucoside: Relevance
to angiogenesis and cardioprotection against ischemia-reperfusion injury. J. Pharmacol. Exp. Ther. 2007, 320, 951-959. [CrossRef]
[PubMed]

Puukila, S.; Fernandes, R.O.; Turck, P.; Carraro, C.C.; Bonetto, ].H.P,; de Lima-Seolin, B.G.; da Rosa Araujo, A.S.; Bello-Klein, A.;
Boreham, D.; Khaper, N. Secoisolariciresinol diglucoside attenuates cardiac hypertrophy and oxidative stress in monocrotaline-
induced right heart dysfunction. Mol. Cell Biochem. 2017, 432, 33-39. [CrossRef]

Puukila, S.; Bryan, S.; Laakso, A.; Abdel-Malak, J.; Gurney, C.; Agostino, A.; Bello-Klein, A.; Prasad, K.; Khaper, N. Secoisolari-
ciresinol diglucoside abrogates oxidative stress-induced damage in cardiac iron overload condition. PLoS ONE 2015, 10, e0122852.
[CrossRef]

Spanier, G.; Xu, H.; Xia, N.; Tobias, S.; Deng, S.; Wojnowski, L.; Forstermann, U.; Li, H. Resveratrol reduces endothelial oxidative
stress by modulating the gene expression of superoxide dismutase 1 (SOD1), glutathione peroxidase 1 (GPx1) and NADPH
oxidase subunit (Nox4). |. Physiol. Pharmacol. 2009, 60 (Suppl. S4), 111-116. [PubMed]

Cao, G; Fan, J.; Yu, H.; Chen, Z. Resveratrol attenuates high glucose-induced cardiomyocytes injury via interfering ROS-MAPK-
NF-kappaB signaling pathway. Int. J. Clin. Exp. Pathol. 2018, 11, 48-57.

Li, Y,; Feng, L.; Li, G.; An, J.; Zhang, S.; Li, J.; Liu, ].; Ren, ].; Yang, L.; Qi, Z. Resveratrol prevents ISO-induced myocardial remod-
eling associated with regulating polarization of macrophages through VEGF-B/AMPK/NF-kB pathway. Int. Immunopharmacol.
2020, 84, 106508. [CrossRef]

Gharaee-Kermani, M.; Denholm, E.M.; Phan, S.H. Costimulation of fibroblast collagen and transforming growth factor betal
gene expression by monocyte chemoattractant protein-1 via specific receptors. J. Biol. Chem. 1996, 271, 17779-17784. [CrossRef]
[PubMed]

Yamamoto, T.; Eckes, B.; Mauch, C.; Hartmann, K.; Krieg, T. Monocyte chemoattractant protein-1 enhances gene expression and
synthesis of matrix metalloproteinase-1 in human fibroblasts by an autocrine IL-1 alpha loop. J. Immunol. 2000, 164, 6174—-6179.
[CrossRef]

Gupta, PK,; DiPette, D.J.; Supowit, S.C. Protective effect of resveratrol against pressure overload-induced heart failure. Food Sci.
Nutr. 2014, 2, 218-229. [CrossRef]

Riba, A.; Deres, L.; Sumegi, B.; Toth, K.; Szabados, E.; Halmosi, R. Cardioprotective Effect of Resveratrol in a Postinfarction Heart
Failure Model. Oxidative Med. Cell. Longev. 2017, 2017, 6819281. [CrossRef] [PubMed]


http://doi.org/10.5812/ircmj.16664
http://www.ncbi.nlm.nih.gov/pubmed/25237570
http://doi.org/10.1038/s41598-018-27599-4
http://doi.org/10.1159/000485448
http://doi.org/10.1038/s41598-017-15925-1
http://doi.org/10.1016/j.metabol.2012.06.003
http://doi.org/10.1016/j.phrs.2020.104655
http://doi.org/10.1016/j.phrs.2018.06.013
http://www.ncbi.nlm.nih.gov/pubmed/29913224
http://doi.org/10.1111/jcmm.14351
http://doi.org/10.1536/ihj.54.176
http://doi.org/10.1016/j.toxlet.2014.02.016
http://www.ncbi.nlm.nih.gov/pubmed/24583048
http://doi.org/10.1093/jn/138.7.1263
http://www.ncbi.nlm.nih.gov/pubmed/18567745
http://doi.org/10.1016/j.yjmcc.2007.09.014
http://doi.org/10.1124/jpet.106.114165
http://www.ncbi.nlm.nih.gov/pubmed/17132814
http://doi.org/10.1007/s11010-017-2995-z
http://doi.org/10.1371/journal.pone.0122852
http://www.ncbi.nlm.nih.gov/pubmed/20083859
http://doi.org/10.1016/j.intimp.2020.106508
http://doi.org/10.1074/jbc.271.30.17779
http://www.ncbi.nlm.nih.gov/pubmed/8663511
http://doi.org/10.4049/jimmunol.164.12.6174
http://doi.org/10.1002/fsn3.92
http://doi.org/10.1155/2017/6819281
http://www.ncbi.nlm.nih.gov/pubmed/29109832

Int. J. Mol. Sci. 2021, 22, 1668 24 of 26

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Barth, E.; Stammler, G.; Speiser, B.; Schaper, J. Ultrastructural quantitation of mitochondria and myofilaments in cardiac muscle
from 10 different animal species including man. J. Mol. Cell Cardiol. 1992, 24, 669-681. [CrossRef]

Ferrari, R.; Censi, S.; Mastrorilli, F.; Boraso, A. Prognostic benefits of heart rate reduction in cardiovascular disease. Eur. Heart |.
Suppl. 2003, 5, G10-G14. [CrossRef]

Zorov, D.B,; Filburn, C.R; Klotz, L.O.; Zweier, ]J.L.; Sollott, S.J. Reactive oxygen species (ROS)-induced ROS release: A new
phenomenon accompanying induction of the mitochondrial permeability transition in cardiac myocytes. J. Exp. Med. 2000, 192,
1001-1014. [CrossRef]

Zhou, B.; Tian, R. Mitochondrial dysfunction in pathophysiology of heart failure. J. Clin. Investig. 2018, 128, 3716-3726. [CrossRef]
Li, P,; Nijhawan, D.; Budihardjo, I.; Srinivasula, S.M.; Ahmad, M.; Alnemri, E.S.; Wang, X. Cytochrome c and dATP-dependent
formation of Apaf-1/caspase-9 complex initiates an apoptotic protease cascade. Cell 1997, 91, 479-489. [CrossRef]

Ahmad, M.; Wolberg, A.; Kahwaji, C.I. Biochemistry, Electron Transport Chain. In StatPearls; StatPearls Publishing: Treasure
Island, FL, USA, 2020.

Barauskaite, J.; Grybauskiene, R.; Morkuniene, R.; Borutaite, V.; Brown, G.C. Tetramethylphenylenediamine protects the isolated
heart against ischaemia-induced apoptosis and reperfusion-induced necrosis. Br. J. Pharmacol. 2011, 162, 1136-1142. [CrossRef]
[PubMed]

Skemiene, K.; Rakauskaite, G.; Trumbeckaite, S.; Liobikas, J.; Brown, G.C.; Borutaite, V. Anthocyanins block ischemia-induced
apoptosis in the perfused heart and support mitochondrial respiration potentially by reducing cytosolic cytochrome c. Int. J.
Biochem. Cell Biol. 2013, 45, 23-29. [CrossRef] [PubMed]

Skemiene, K.; Liobikas, J.; Borutaite, V. Anthocyanins as substrates for mitochondrial complex I-protective effect against heart
ischemic injury. FEBS J. 2015, 282, 963-971. [CrossRef]

Li, Y;; Ren, X,; Lio, C.; Sun, W,; Lai, K,; Liu, Y.; Zhang, Z.; Liang, J.; Zhou, H,; Liu, L.; et al. A chlorogenic acid-phospholipid
complex ameliorates post-myocardial infarction inflammatory response mediated by mitochondrial reactive oxygen species in
SAMPS8 mice. Pharmacol. Res. 2018, 130, 110-122. [CrossRef] [PubMed]

Kornfeld, O.S.; Hwang, S.; Disatnik, M.H.; Chen, C.H.; Qvit, N.; Mochly-Rosen, D. Mitochondrial reactive oxygen species at the
heart of the matter: New therapeutic approaches for cardiovascular diseases. Circ. Res. 2015, 116, 1783-1799. [CrossRef]
Regula, K.M.; Ens, K.; Kirshenbaum, L.A. Inducible expression of BNIP3 provokes mitochondrial defects and hypoxia-mediated
cell death of ventricular myocytes. Circ. Res. 2002, 91, 226-231. [CrossRef] [PubMed]

Dhingra, R.; Margulets, V.; Chowdhury, S.R.; Thliveris, J.; Jassal, D.; Fernyhough, P.; Dorn, G.W., 2nd; Kirshenbaum, L.A. Bnip3
mediates doxorubicin-induced cardiac myocyte necrosis and mortality through changes in mitochondrial signaling. Proc. Natl.
Acad. Sci. USA 2014, 111, E5537-E5544. [CrossRef]

Mohammad Khanlou, E.; Atashbar, S.; Kahrizi, E; Shokouhi Sabet, N.; Salimi, A. Bevacizumab as a monoclonal antibody inhibits
mitochondrial complex II in isolated rat heart mitochondria: Ameliorative effect of ellagic acid. Drug Chem. Toxicol. 2020, 1-8.
[CrossRef]

Dhingra, A.; Jayas, R.; Afshar, P.; Guberman, M.; Maddaford, G.; Gerstein, J.; Lieberman, B.; Nepon, H.; Margulets, V.; Dhingra,
R.; et al. Ellagic acid antagonizes Bnip3-mediated mitochondrial injury and necrotic cell death of cardiac myocytes. Free Radic.
Biol. Med. 2017, 112,411-422. [CrossRef]

Luo, M.; Anderson, M.E. Mechanisms of altered Ca?*) handling in heart failure. Circ. Res. 2013, 113, 690-708. [CrossRef]
Wagner, S.; Ruff, HM.; Weber, S.L.; Bellmann, S.; Sowa, T.; Schulte, T.; Anderson, M.E.; Grandi, E.; Bers, D.M.; Backs, J.; et al.
Reactive oxygen species-activated Ca/calmodulin kinase IIdelta is required for late I(Na) augmentation leading to cellular Na
and Ca overload. Circ. Res. 2011, 108, 555-565. [CrossRef]

Zhang, R.; Khoo, M.S.; Wu, Y,; Yang, Y.; Grueter, C.E.; Ni, G.; Price, E.E., Jr.; Thiel, W.; Guatimosim, S.; Song, L.S.; et al. Calmodulin
kinase II inhibition protects against structural heart disease. Nat. Med. 2005, 11, 409-417. [CrossRef]

Singh, R.B.; Chohan, P.K,; Dhalla, N.S.; Netticadan, T. The sarcoplasmic reticulum proteins are targets for calpain action in the
ischemic-reperfused heart. J. Mol. Cell Cardiol. 2004, 37, 101-110. [CrossRef]

Letavernier, E.; Zafrani, L.; Perez, ].; Letavernier, B.; Haymann, J.P.; Baud, L. The role of calpains in myocardial remodelling and
heart failure. Cardiovasc. Res. 2012, 96, 38—45. [CrossRef]

Liu, Q.; Chen, Y.; Auger-Messier, M.; Molkentin, J.D. Interaction between NFkappaB and NFAT coordinates cardiac hypertrophy
and pathological remodeling. Circ. Res. 2012, 110, 1077-1086. [CrossRef]

Van Rooij, E.; Doevendans, P.A.; de Theije, C.C.; Babiker, F.A.; Molkentin, ].D.; de Windt, L.J. Requirement of nuclear factor of
activated T-cells in calcineurin-mediated cardiomyocyte hypertrophy. J. Biol. Chem. 2002, 277, 48617-48626. [CrossRef]
Dias-Pedroso, D.; Guerra, J.; Gomes, A.; Oudot, C.; Brenner, C.; Santos, C.N.; Vieira, H.L.A. Phenolic Metabolites Modulate
Cardiomyocyte Beating in Response to Isoproterenol. Cardiovasc. Toxicol. 2019, 19, 156-167. [CrossRef] [PubMed]

Jing, Z.; Wang, Z; Li, X,; Li, X,; Cao, T,; Bi, Y.; Zhou, J.; Chen, X.; Yu, D.; Zhu, L.; et al. Protective Effect of Quercetin on
Posttraumatic Cardiac Injury. Sci. Rep. 2016, 6, 30812. [CrossRef]

Savi, M.; Bocchi, L.; Mena, P.; Dall’Asta, M.; Crozier, A.; Brighenti, F; Stilli, D.; Del Rio, D. In vivo administration of urolithin A
and B prevents the occurrence of cardiac dysfunction in streptozotocin-induced diabetic rats. Cardiovasc. Diabetol. 2017, 16, 80.
[CrossRef] [PubMed]


http://doi.org/10.1016/0022-2828(92)93381-S
http://doi.org/10.1016/S1520-765X(03)90002-2
http://doi.org/10.1084/jem.192.7.1001
http://doi.org/10.1172/JCI120849
http://doi.org/10.1016/S0092-8674(00)80434-1
http://doi.org/10.1111/j.1476-5381.2010.01110.x
http://www.ncbi.nlm.nih.gov/pubmed/21077848
http://doi.org/10.1016/j.biocel.2012.07.022
http://www.ncbi.nlm.nih.gov/pubmed/22842532
http://doi.org/10.1111/febs.13195
http://doi.org/10.1016/j.phrs.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29408518
http://doi.org/10.1161/CIRCRESAHA.116.305432
http://doi.org/10.1161/01.RES.0000029232.42227.16
http://www.ncbi.nlm.nih.gov/pubmed/12169648
http://doi.org/10.1073/pnas.1414665111
http://doi.org/10.1080/01480545.2020.1715423
http://doi.org/10.1016/j.freeradbiomed.2017.08.010
http://doi.org/10.1161/CIRCRESAHA.113.301651
http://doi.org/10.1161/CIRCRESAHA.110.221911
http://doi.org/10.1038/nm1215
http://doi.org/10.1016/j.yjmcc.2004.04.009
http://doi.org/10.1093/cvr/cvs099
http://doi.org/10.1161/CIRCRESAHA.111.260729
http://doi.org/10.1074/jbc.M206532200
http://doi.org/10.1007/s12012-018-9485-8
http://www.ncbi.nlm.nih.gov/pubmed/30302669
http://doi.org/10.1038/srep30812
http://doi.org/10.1186/s12933-017-0561-3
http://www.ncbi.nlm.nih.gov/pubmed/28683791

Int. J. Mol. Sci. 2021, 22, 1668 25 of 26

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Jin, L,; Piao, Z.H,; Liu, C.P; Sun, S.; Liu, B.; Kim, G.R.; Choi, S.Y,; Ryu, Y.; Kee, H.].; Jeong, M.H. Gallic acid attenuates calcium
calmodulin-dependent kinase II-induced apoptosis in spontaneously hypertensive rats. J. Cell Mol. Med. 2018, 22, 1517-1526.
[CrossRef] [PubMed]

Yan, X.; Zhang, Y.L.; Zhang, L.; Zou, L.X.; Chen, C.; Liu, Y,; Xia, Y.L.; Li, H.H. Gallic Acid Suppresses Cardiac Hypertrophic
Remodeling and Heart Failure. Mol. Nutr. Food Res. 2019, 63, e1800807. [CrossRef] [PubMed]

Sciarretta, S.; Forte, M.; Frati, G.; Sadoshima, J. New Insights Into the Role of mTOR Signaling in the Cardiovascular System. Circ.
Res. 2018, 122, 489-505. [CrossRef] [PubMed]

Zhang, D.; Contu, R.; Latronico, M.V,; Zhang, |.; Rizzi, R.; Catalucci, D.; Miyamoto, S.; Huang, K.; Ceci, M.; Gu, Y.; et al. MTORC1
regulates cardiac function and myocyte survival through 4E-BP1 inhibition in mice. . Clin. Investig. 2010, 120, 2805-2816.
[CrossRef]

Hosokawa, N.; Hara, T.; Kaizuka, T.; Kishi, C.; Takamura, A.; Miura, Y.; Ilemura, S.; Natsume, T.; Takehana, K.; Yamada, N.; et al.
Nutrient-dependent mTORC1 association with the ULK1-Atg13-FIP200 complex required for autophagy. Mol. Biol. Cell. 2009, 20,
1981-1991. [CrossRef] [PubMed]

Wang, A.; Zhang, H.; Liang, Z.; Xu, K,; Qiu, W.; Tian, Y.; Guo, H,; Jia, J.; Xing, E.; Chen, R.; et al. U0126 attenuates
ischemia/reperfusion-induced apoptosis and autophagy in myocardium through MEK/ERK/EGR-1 pathway. Eur. J. Pharmacol.
2016, 788, 280-285. [CrossRef] [PubMed]

Chen, WR; Liu, H.B.; Chen, Y.D,; Sha, Y.; Ma, Q.; Zhu, PJ.; Mu, Y. Melatonin Attenuates Myocardial Ischemia/Reperfusion
Injury by Inhibiting Autophagy Via an AMPK/mTOR Signaling Pathway. Cell Physiol. Biochem. 2018, 47, 2067-2076. [CrossRef]
Zhu, H.; Tannous, P; Johnstone, J.L.; Kong, Y.; Shelton, ].M.; Richardson, ].A.; Le, V.; Levine, B.; Rothermel, B.A.; Hill, ].A. Cardiac
autophagy is a maladaptive response to hemodynamic stress. J. Clin. Investig. 2007, 117, 1782-1793. [CrossRef] [PubMed]

Van Empel, V.P; De Windt, L.J. Myocyte hypertrophy and apoptosis: A balancing act. Cardiovasc. Res. 2004, 63, 487-499.
[CrossRef]

Mammucari, C.; Schiaffino, S.; Sandri, M. Downstream of Akt: FoxO3 and mTOR in the regulation of autophagy in skeletal
muscle. Autophagy 2008, 4, 524-526. [CrossRef] [PubMed]

Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex.
Science 2005, 307, 1098-1101. [CrossRef]

Yamaguchi, H.; Wang, H.G. The protein kinase PKB/ Akt regulates cell survival and apoptosis by inhibiting Bax conformational
change. Oncogene 2001, 20, 7779-7786. [CrossRef] [PubMed]

Negoro, S.; Oh, H.; Tone, E.; Kunisada, K.; Fujio, Y.; Walsh, K.; Kishimoto, T.; Yamauchi-Takihara, K. Glycoprotein 130 regulates
cardiac myocyte survival in doxorubicin-induced apoptosis through phosphatidylinositol 3-kinase/Akt phosphorylation and
Bcl-xL/caspase-3 interaction. Circulation 2001, 103, 555-561. [CrossRef] [PubMed]

Erhardt, P.; Cooper, G.M. Activation of the CPP32 apoptotic protease by distinct signaling pathways with differential sensitivity
to Bcl-xL. J. Biol. Chem. 1996, 271, 17601-17604. [CrossRef]

Kemi, O.].; Ceci, M.; Wisloff, U.; Grimaldji, S.; Gallo, P.; Smith, G.L.; Condorelli, G.; Ellingsen, O. Activation or inactivation of
cardiac Akt/mTOR signaling diverges physiological from pathological hypertrophy. J. Cell Physiol. 2008, 214, 316-321. [CrossRef]
Choi, YJ.; Park, Y.J.; Park, J.Y.; Jeong, H.O.; Kim, D.H.; Ha, YM.; Kim, ].M.; Song, Y.M.; Heo, H.S.; Yu, B.P; et al. Inhibitory effect
of mTOR activator MHY1485 on autophagy: Suppression of lysosomal fusion. PLoS ONE 2012, 7, e43418. [CrossRef] [PubMed]
Wu, X,; Cao, Y; Nie, J.; Liu, H.; Lu, S.;; Hu, X.; Zhu, J.; Zhao, X.; Chen, J.; Chen, X,; et al. Genetic and pharmacological inhibition of
Rheb1-mTORCT1 signaling exerts cardioprotection against adverse cardiac remodeling in mice. Am. |. Pathol. 2013, 182, 2005-2014.
[CrossRef] [PubMed]

Sciarretta, S.; Zhai, P.; Shao, D.; Maejima, Y.; Robbins, J.; Volpe, M.; Condorelli, G.; Sadoshima, J. Rheb is a critical regulator of
autophagy during myocardial ischemia: Pathophysiological implications in obesity and metabolic syndrome. Circulation 2012,
125, 1134-1146. [CrossRef]

Song, X.; Kusakari, Y.; Xiao, C.Y.; Kinsella, S.D.; Rosenberg, M.A.; Scherrer-Crosbie, M.; Hara, K.; Rosenzweig, A.; Matsui, T.
mTOR attenuates the inflammatory response in cardiomyocytes and prevents cardiac dysfunction in pathological hypertrophy.
Am. ]. Physiol. Cell Physiol. 2010, 299, C1256—C1266. [CrossRef]

Volkers, M.; Konstandin, M.H.; Doroudgar, S.; Toko, H.; Quijada, P,; Din, S.; Joyo, A.; Ornelas, L.; Samse, K.; Thuerauf, D.J ; et al.
Mechanistic target of rapamycin complex 2 protects the heart from ischemic damage. Circulation 2013, 128, 2132-2144. [CrossRef]
Guertin, D.A.; Stevens, D.M.; Thoreen, C.C.; Burds, A.A.; Kalaany, N.Y.; Moffat, J.; Brown, M.; Fitzgerald, K.J.; Sabatini, D.M.
Ablation in mice of the mTORC components raptor, rictor, or mLST8 reveals that mTORC2 is required for signaling to Akt-FOXO
and PKCalpha, but not S6K1. Dev. Cell 2006, 11, 859-871. [CrossRef]

Huang, P.C.; Wang, G.J.; Fan, M.].; Asokan Shibu, M.; Liu, Y.T.; Padma Viswanadha, V.; Lin, Y.L.; Lai, C.H.; Chen, Y.F,; Liao,
H.E,; et al. Cellular apoptosis and cardiac dysfunction in STZ-induced diabetic rats attenuated by anthocyanins via activation of
IGFI-R/PI3K/ Akt survival signaling. Environ. Toxicol. 2017, 32, 2471-2480. [CrossRef]

Tang, L.; Mo, Y,; Li, Y.; Zhong, Y.; He, S.; Zhang, Y.; Tang, Y.; Fu, S.; Wang, X.; Chen, A. Urolithin A alleviates myocardial
ischemia/reperfusion injury via PI3K/ Akt pathway. Biochem. Biophys. Res. Commun. 2017, 486, 774-780. [CrossRef] [PubMed]
Ota, H.; Akishita, M.; Eto, M; Iijima, K.; Kaneki, M.; Ouchi, Y. Sirt]l modulates premature senescence-like phenotype in human
endothelial cells. J. Mol. Cell Cardiol. 2007, 43, 571-579. [CrossRef] [PubMed]


http://doi.org/10.1111/jcmm.13419
http://www.ncbi.nlm.nih.gov/pubmed/29266709
http://doi.org/10.1002/mnfr.201800807
http://www.ncbi.nlm.nih.gov/pubmed/30521107
http://doi.org/10.1161/CIRCRESAHA.117.311147
http://www.ncbi.nlm.nih.gov/pubmed/29420210
http://doi.org/10.1172/JCI43008
http://doi.org/10.1091/mbc.e08-12-1248
http://www.ncbi.nlm.nih.gov/pubmed/19211835
http://doi.org/10.1016/j.ejphar.2016.06.038
http://www.ncbi.nlm.nih.gov/pubmed/27343376
http://doi.org/10.1159/000491474
http://doi.org/10.1172/JCI27523
http://www.ncbi.nlm.nih.gov/pubmed/17607355
http://doi.org/10.1016/j.cardiores.2004.02.013
http://doi.org/10.4161/auto.5905
http://www.ncbi.nlm.nih.gov/pubmed/18367868
http://doi.org/10.1126/science.1106148
http://doi.org/10.1038/sj.onc.1204984
http://www.ncbi.nlm.nih.gov/pubmed/11753656
http://doi.org/10.1161/01.CIR.103.4.555
http://www.ncbi.nlm.nih.gov/pubmed/11157722
http://doi.org/10.1074/jbc.271.30.17601
http://doi.org/10.1002/jcp.21197
http://doi.org/10.1371/journal.pone.0043418
http://www.ncbi.nlm.nih.gov/pubmed/22927967
http://doi.org/10.1016/j.ajpath.2013.02.012
http://www.ncbi.nlm.nih.gov/pubmed/23567640
http://doi.org/10.1161/CIRCULATIONAHA.111.078212
http://doi.org/10.1152/ajpcell.00338.2010
http://doi.org/10.1161/CIRCULATIONAHA.113.003638
http://doi.org/10.1016/j.devcel.2006.10.007
http://doi.org/10.1002/tox.22460
http://doi.org/10.1016/j.bbrc.2017.03.119
http://www.ncbi.nlm.nih.gov/pubmed/28343995
http://doi.org/10.1016/j.yjmcc.2007.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17916362

Int. J. Mol. Sci. 2021, 22, 1668 26 of 26

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Lan, F; Cacicedo, ].M.; Ruderman, N.; Ido, Y. SIRT1 modulation of the acetylation status, cytosolic localization, and activity of
LKBL1. Possible role in AMP-activated protein kinase activation. J. Biol. Chem. 2008, 283, 27628-27635. [CrossRef] [PubMed]
Alcendor, R.R.; Gao, S.; Zhai, P.; Zablocki, D.; Holle, E.; Yu, X,; Tian, B.; Wagner, T.; Vatner, S.F; Sadoshima, J. Sirt1 regulates aging
and resistance to oxidative stress in the heart. Circ. Res. 2007, 100, 1512-1521. [CrossRef]

Olmos, Y.; Sanchez-Gomez, FJ.; Wild, B.; Garcia-Quintans, N.; Cabezudo, S.; Lamas, S.; Monsalve, M. SirT1 regulation of
antioxidant genes is dependent on the formation of a FoxO3a/PGC-1alpha complex. Antioxid. Redox Signal. 2013, 19, 1507-1521.
[CrossRef]

Tanno, M.; Kuno, A.; Yano, T.; Miura, T.; Hisahara, S.; Ishikawa, S.; Shimamoto, K.; Horio, Y. Induction of manganese superoxide
dismutase by nuclear translocation and activation of SIRT1 promotes cell survival in chronic heart failure. J. Biol. Chem. 2010, 285,
8375-8382. [CrossRef]

Yeung, E; Hoberg, ].E.; Ramsey, C.S.; Keller, M.D,; Jones, D.R.; Frye, R.A.; Mayo, M.W. Modulation of NF-kappaB-dependent
transcription and cell survival by the SIRT1 deacetylase. EMBO ]. 2004, 23, 2369-2380. [CrossRef]

Akkafa, F; Halil Altiparmak, I.; Erkus, M.E.; Aksoy, N.; Kaya, C.; Ozer, A.; Sezen, H.; Oztuzcu, S.; Koyuncu, I.; Umurhan, B.
Reduced SIRT1 expression correlates with enhanced oxidative stress in compensated and decompensated heart failure. Redox.
Biol. 2015, 6, 169-173. [CrossRef]

Lu, TM,; Tsai, J.Y.; Chen, Y.C.; Huang, C.Y;; Hsu, H.L.; Weng, C.F.; Shih, C.C.; Hsu, C.P. Downregulation of Sirtl as aging change
in advanced heart failure. J. Biomed. Sci. 2014, 21, 57. [CrossRef]

Hung, C.H.; Chan, S.H.; Chu, PM,; Tsai, K.L. Quercetin is a potent anti-atherosclerotic compound by activation of SIRT1 signaling
under oxLDL stimulation. Mol. Nutr. Food Res. 2015, 59, 1905-1917. [CrossRef] [PubMed]

Hou, X.; Rooklin, D.; Fang, H.; Zhang, Y. Resveratrol serves as a protein-substrate interaction stabilizer in human SIRT1 activation.
Sci. Rep. 2016, 6, 38186. [CrossRef] [PubMed]

Ungvari, Z.; Labinskyy, N.; Mukhopadhyay, P.; Pinto, ].T.; Bagi, Z.; Ballabh, P.; Zhang, C.; Pacher, P.; Csiszar, A. Resveratrol
attenuates mitochondrial oxidative stress in coronary arterial endothelial cells. Am. ]. Physiol. Heart Circ. Physiol. 2009, 297,
H1876-H1881. [CrossRef] [PubMed]

Chen, CJ.; Yu, W,; Fu, Y.C.,; Wang, X,; Li, ].L.; Wang, W. Resveratrol protects cardiomyocytes from hypoxia-induced apoptosis
through the SIRT1-FoxO1 pathway. Biochem. Biophys. Res. Commun. 2009, 378, 389-393. [CrossRef]

Yu, W,; Fu, Y.C.; Zhou, X.H.; Chen, C.J.; Wang, X.; Lin, R.B.; Wang, W. Effects of resveratrol on H20?-induced apoptosis and
expression of SIRTs in H9¢2 cells. J. Cell Biochem. 2009, 107, 741-747. [CrossRef] [PubMed]

Thandapilly, S.J.; Louis, X.L.; Yang, T.; Stringer, D.M.; Yu, L.; Zhang, S.; Wigle, J.; Kardami, E.; Zahradka, P,; Taylor, C.; et al.
Resveratrol prevents norepinephrine induced hypertrophy in adult rat cardiomyocytes, by activating NO-AMPK pathway. Eur. |.
Pharmacol. 2011, 668, 217-224. [CrossRef]

Guo, Z,; Liao, Z.; Huang, L.; Liu, D.; Yin, D.; He, M. Kaempferol protects cardiomyocytes against anoxia/reoxygenation injury
via mitochondrial pathway mediated by SIRT1. Eur. J. Pharmacol. 2015, 761, 245-253. [CrossRef]

Xiao, J.; Sheng, X.; Zhang, X.; Guo, M.; Ji, X. Curcumin protects against myocardial infarction-induced cardiac fibrosis via SIRT1
activation in vivo and in vitro. Drug Des. Dev. Ther. 2016, 10, 1267-1277.

Zhong, W.; Huan, X.D.; Cao, Q.; Yang, ]. Cardioprotective effect of epigallocatechin-3-gallate against myocardial infarction in
hypercholesterolemic rats. Exp. Ther. Med. 2015, 9, 405-410. [CrossRef]

Kawali, Y.; Garduno, L.; Theodore, M.; Yang, J.; Arinze, L.]. Acetylation-deacetylation of the transcription factor Nrf2 (nuclear
factor erythroid 2-related factor 2) regulates its transcriptional activity and nucleocytoplasmic localization. J. Biol. Chem. 2011,
286, 7629-7640. [CrossRef]

Xue, F.; Huang, ].W.; Ding, PY.; Zang, H.G.; Kou, Z.].; Li, T; Fan, ].; Peng, Z.W.; Yan, W.J. Nrf2 /antioxidant defense pathway is
involved in the neuroprotective effects of Sirt]l against focal cerebral ischemia in rats after hyperbaric oxygen preconditioning.
Behav. Brain Res. 2016, 309, 1-8. [CrossRef] [PubMed]

Hwang, ] W.; Yao, H.; Caito, S.; Sundar, I.K.; Rahman, I. Redox regulation of SIRT1 in inflammation and cellular senescence. Free
Radic. Biol. Med. 2013, 61, 95-110. [CrossRef] [PubMed]

Masoudi, FA.; Baillie, C.A.; Wang, Y.; Bradford, W.D.; Steiner, ].E,; Havranek, E.P.; Foody, ] M.; Krumholz, H.M. The complexity
and cost of drug regimens of older patients hospitalized with heart failure in the United States, 1998-2001. Arch. Intern. Med.
2005, 165, 2069-2076. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.M805711200
http://www.ncbi.nlm.nih.gov/pubmed/18687677
http://doi.org/10.1161/01.RES.0000267723.65696.4a
http://doi.org/10.1089/ars.2012.4713
http://doi.org/10.1074/jbc.M109.090266
http://doi.org/10.1038/sj.emboj.7600244
http://doi.org/10.1016/j.redox.2015.07.011
http://doi.org/10.1186/1423-0127-21-57
http://doi.org/10.1002/mnfr.201500144
http://www.ncbi.nlm.nih.gov/pubmed/26202455
http://doi.org/10.1038/srep38186
http://www.ncbi.nlm.nih.gov/pubmed/27901083
http://doi.org/10.1152/ajpheart.00375.2009
http://www.ncbi.nlm.nih.gov/pubmed/19749157
http://doi.org/10.1016/j.bbrc.2008.11.110
http://doi.org/10.1002/jcb.22169
http://www.ncbi.nlm.nih.gov/pubmed/19415680
http://doi.org/10.1016/j.ejphar.2011.06.042
http://doi.org/10.1016/j.ejphar.2015.05.056
http://doi.org/10.3892/etm.2014.2135
http://doi.org/10.1074/jbc.M110.208173
http://doi.org/10.1016/j.bbr.2016.04.045
http://www.ncbi.nlm.nih.gov/pubmed/27131779
http://doi.org/10.1016/j.freeradbiomed.2013.03.015
http://www.ncbi.nlm.nih.gov/pubmed/23542362
http://doi.org/10.1001/archinte.165.18.2069
http://www.ncbi.nlm.nih.gov/pubmed/16216996

	Introduction 
	Polyphenols 
	Polyphenol Metabolism 
	Flavonoid Metabolism 
	Phenolic Acid Metabolism 
	Lignan and Stilbene Metabolism 


	Polyphenols in Heart Failure: Role of Oxidative Stress and Inflammation 
	Flavonoids 
	Phenolic Acids 
	Lignans 
	Stilbenes 

	Role of Polyphenols in Cardiac Mitochondrial Dysfunction 
	Polyphenols in Ca2+ Homeostasis 
	Polyphenols in the Regulation of Survival Signaling 
	Polyphenols in the Regulation of Sirtuin 1 
	Conclusions 
	References

