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Abstract: Cardiovascular disease (CVD) is a group of diseases affecting the heart and blood vessels
and is the leading cause of morbidity and mortality worldwide. Increasingly more evidence has
shown that the senescence of vascular endothelial cells is the key to endothelial dysfunction and
cardiovascular diseases. Anthocyanin is a type of water-soluble polyphenol pigment and secondary
metabolite of plant-based food widely existing in fruits and vegetables. The gut microbiome is
involved in the metabolism of anthocyanins and mediates the biological activities of anthocyanins
and their metabolites, while anthocyanins also regulate the growth of specific bacteria in the micro-
biota and promote the proliferation of healthy anaerobic flora. Accumulating studies have shown
that anthocyanins have antioxidant, anti-inflammatory, and anti-aging effects. Many animal and
in vitro experiments have also proven that anthocyanins have protective effects on cardiovascular-
disease-related dysfunction. However, the molecular mechanism of anthocyanin in eliminating aging
endothelial cells and preventing cardiovascular diseases is very complex and is not fully understood.
In this systematic review, we summarize the metabolism and activities of anthocyanins, as well as
their effects on scavenging senescent cells and cardioprotection.

Keywords: anthocyanin; gut microbiota; vascular endothelial cells senescence; clearance of senes-
cence cells; cardioprotection

1. Introduction

Cardiovascular diseases are currently identified as a major cause of death worldwide
and will continue to exist for many years, placing considerable burdens on world health
resources [1]. Endothelial cells are monolayer epithelial cells lining inside the vessel that
directly contact with the blood. They play an important role in maintaining vascular
integrity and functional regulation by regulating blood flow and fibrinolysis, vascular
tension, angiogenesis, monocyte/leukocyte adhesion, and platelet aggregation [2]. Normal
vascular endothelium is the gatekeeper of cardiovascular health, and abnormal vascular
endothelium is the main factor leading to cardiovascular diseases such as atherosclerosis,
aging, hypertension, obesity, and diabetes. At present, increasingly more studies have
confirmed that vascular endothelial cell senescence may play a key role in endothelial
dysfunction and aging-related vascular diseases [3].

Anthocyanidin is a kind of water-soluble natural pigment that widely exists in natural
plants [4]. Like other natural flavonoids, anthocyanin has a C6-C3-C6 carbon skeleton.
Due to the different carbon substituents (-OH, -OCH3) on the B ring, different types
of anthocyanins were derived. The six common anthocyanins were Pelargonidin (Pg),
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Cyanidin (Cy), Delphinidin (Dp), Peonidin (Pn), Petunidin (Pt), and Malvidin (Mv). In
addition to giving food a variety of bright colors, anthocyanin also has important biological
activities, such as antioxidant, anti-inflammatory, and anti-aging effects, among others. In
the past two decades, a large number of studies have shown that dietary anthocyanins
have a good preventive effect on cardiovascular diseases [5].

This review aims to evaluate and clarify the mechanism of dietary anthocyanin in the
clearance of senile vascular endothelial cells and the prevention of cardiovascular diseases.
Therefore, the first part of the article focuses on the structure and function of anthocyanin
and the bioavailability and metabolism after anthocyanin intake were mentioned. The
second part introduces cell senescence and its mechanism and the relationship between
vascular endothelial cell senescence and cardiovascular disease. Finally, we summarized
and discussed the recent literature on anthocyanin inhibiting endothelial cell senescence.

2. Anthocyanin
2.1. Structure of Anthocyanin

Anthocyanin is a water-soluble flavanol compound that widely exists in fruits, veg-
etables, and flowers, such as blueberry, sunflower, grape, pitaya, purple sweet potato,
and purple cabbage. It is an extremely important secondary metabolite in plants. The
structure of anthocyanin is mainly composed of C6-C3-C6 as the basic C skeleton. The
differences between anthocyanin molecules are mainly due to the number of hydroxyl
groups, the type and bonding position of sugars, and the type and bonding position of
acyl groups of modified sugar molecules. There are six kinds of anthocyanins in plants.
When positions 3, 5, and 7 of a and C rings are Oh, anthocyanins are aglycones, mainly
including delphinidin (12%), cyanidin (50%), pelargonidin (12%), petunidin (7%), malvidin
(7%), and peonidin (12%) (Figure 1 and Table 1). Delphinidin and its derivatives, petunidin
and malvidin, are the sources of blue and purple, while cyanidin and pelargonidin are
the main pigments of bright red fruits. Under natural conditions, the free anthocyanin is
unstable, so it is rare that anthocyanin mainly exists in the form of glycoside. The hydroxyl
at positions 3, 5, and 7 of anthocyanin can form anthocyanin through glycosidic bond
with one or more monosaccharides (glucose, galactose, etc.), disaccharides (rutinose, etc.),
or trisaccharides. Due to the different types, positions, and quantities of sugars that are
glycosides of anthocyanin, the types of anthocyanin formed are also different. At present,
there are more than 250 known natural anthocyanins.

Figure 1. Chemical structure of anthocyanins.

Table 1. Chemical structure of anthocyanins.

Substituents
Anthocyanin Proportion

Ry R

Cyanidin 50% OH H
Delphindin 12% OH OH

Pelargonidin 12% H H

Peonidin 12% OCH; H
Petunidin 7% OCHj3; OH

Malvidin 7% OCH3 OCH3
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2.2. Physiological Activities of Anthocyanins
2.2.1. Anti-Cancer

Cancer is a disease caused by uncontrolled growth and progressive development of
abnormal cells, killing millions of people every year. By 2030, there will be more than 20
million new cancer cases. Anthocyanins have been shown to have the ability to inhibit the
initiation, promotion, and progression of various cancers, such as colon cancer [6], liver and
bladder cancer [7], breast cancer [8], brain cancer [9], kidney cancer and skin cancer [10],
gastric cancer [11], and thyroid cancer [12]. The ability of anthocyanins to inhibit tumori-
genesis and development is closely related to their ability to enhance antioxidant defense;
exert anti-inflammatory effects; and interfere with ERK, JNK, PI3K/Akt, MAPK, and NF-
kB signaling pathways. Yun et al. reported that purple grape anthocyanins prevented
tumor-necrosis-factor-a-induced NF-«B activation by inhibiting IkBx phosphorylation
and resisted the invasion of human colon cancer cells in a dose-dependent manner [13].
Fragoso et al. proved through experiments that cyanidin-3-O-rutinoside at 25 umol/L can
effectively reduce the motility of human colon adenocarcinoma cells, reduce the metas-
tasis of cancer cells, and play an anticancer effect [14]. Mazewski et al. reported that
anthocyanins extracted from purple and red maize enhanced the expression of apoptotic
factors BAX, Bcl-2, cytochrome C, and TRAILR2/D5 and inhibited vascular endothelial
growth factor in HCT-116 and HT-29 human colorectal cancer cell (Tie-2, ANGPT2, and
PLG) expression to achieve anti-cancer efficacy [15]. The results of Lage et al. showed that
black sweet cherry anthocyanins can inhibit the growth of breast cancer cells and have no
toxicity to normal MCF-10A breast cells. Anthocyanins work against cancer by reducing
oxidative stress, regulation of Akt/mTOR, p38, and survivin, preventing cancer cell prolif-
eration and promoting apoptosis. Anthocyanins can significantly downregulate the mRNA
expression of invasive/metastatic biomarkers (Sp1, Sp4, VCAM-1), and anthocyanins from
black sweet cherry can effectively prevent and treat cancer [8]. Su et al. reported that
hibiscus calyx anthocyanin could inhibit the growth, metastasis, and angiogenesis of B16-F1
cells by triggering PI3K/ Akt and Ras/MAPK signaling pathways and downregulating the
expression of VEGF and MMP-2/-9, which could effectively prevent and treat melanoma
cancer [16]. Sugata et al. found that purple sweet potato anthocyanin blocked all stages of
cell cycle by acting on cell cycle regulators (such as p53, p21, p27, Cyclin D1, and Cyclin A),
thereby inhibiting the proliferation of breast cancer, colon cancer, and gastric cancer cells in
a concentration- and time-dependent manner [17].

2.2.2. Anti-Inflammatory

Inflammation is usually regulated by the body to secrete inflammatory cytokines and
mediators. Therefore, it is generally believed that the downregulation of factor secretion
may contribute to the treatment of diseases such as inflammation [18]. Epidemiology and
research have shown that anthocyanin has an anti-inflammatory effect and can improve a
variety of inflammation-related diseases, such as colitis [19], periodontitis, pharyngitis, and
postprandial inflammatory response. Anthocyanin can change the redox state of cells and
affect redox-sensitive inflammatory mediators through Nrf2-ARE signal modulation [20].
Hou et al. showed that anthocyanin inhibited COX-2 by inhibiting C/EBP, AP-1, and NF-kB,
thereby reducing the production of pro-inflammatory cytokines IL-1f3, IL-6, IL-8, and TNEF-
o [21]. Min et al. found that cyanidin-3-glucoside showed an effective anti-inflammatory
effect by regulating NF-xB and MAPK activity [22]. Studies have shown that fenugreein can
inhibit HcPT degradation, p65 nuclear translocation, and JNK phosphorylation, showing
an indigenous anti-inflammatory activity [23]. In general, B-ring o-dihydroxyphenyl
anthocyanin, such as fayashinin and cyanidin, has strong anti-inflammatory activity, while
geranium pigment, peony pigment, and kumquat pigment do not show the above activity
without o-dihydroxy structure [24]. Aboonabi et al. showed that 320 mg anthocyanidin
daily intake in people with metabolic syndrome can significantly inhibit the expression
of NF-«kB-pathway-related proinflammatory factor genes and enhance the expression of
PPAR-v gene to reduce the risk of inflammation [25]. Duarte et al. showed that geranium
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pigment-3-O-glucoside in strawberry could inhibit the activation of IkB-« and reduce
the phosphorylation of JNK-MAPK, leading to the decrease in NF-«B and AP-1 activation
factors in the inflammatory pathway stimulated by TLR4, indicating that geranium pigment-
3-O-glucoside had an anti-inflammatory effect [26]. The study of Karnarathne and other
studies have shown that anthocyanin from Hibiscus can inhibit the secretion of nitric oxide
and prostaglandin E2 in LPS-induced endotoxic shock zebrafish, while down-regulating
the expression of inducible nitric oxide synthase and cyclooxygenase 2. Furthermore, LPS
inhibited the production of pro-inflammatory cytokines such as TNF-c, IL-6 and IL-12 in
RAW 264.7 macrophages. Anthocyanin also inhibits LPS-induced TLR4 dimerization or cell
surface formation, thereby reducing MyD88 growth and IRAK4 phosphorylation, thereby
inhibiting NF-kB activity [27].

2.2.3. Anti-Oxidation

Humans produce free radicals during metabolism. Excessive free radicals can lead
to lipid, protein, DNA, RNA, and sugar oxidation, which is closely related to cancer,
Alzheimer’s disease, Parkinson’s disease, autoimmune deficiency, diabetes, obesity, and
other diseases. As a natural plant pigment, anthocyanin not only can be used as a colorant,
but also has prominent antioxidant activity. Anthocyanins can scavenge reactive oxygen
species (ROS) and reactive nitrogen (RNS), such as superoxide anion (O, ™), singlet oxygen
(10y), peroxide free radical (RCOO"), hydrogen peroxide, hydroxyl free radical (OH’), and
peroxynitrite anion (ONOO™) [28]. The phenolic ring, hydroxyl side chain, and double
bond in the glycosylation reaction of anthocyanin are helpful to scavenge free radicals.
Compared with cyanidins and philoxerin, anthocyanin lacking O-phenyl structure in the
B ring (sunflower pigment, geranium pigment, petunia pigment, and peony pigment)
had low DPPH radical scavenging efficiency. Peonidin has methyl at 3’ position and OH
at 4’ position, which is more active than pelargonidin. As reported by Fukumoto and
Mazza, the hydroxyl at the third position of the B ring enhances the activity. Similarly,
delphinidin with hydroxyl at 3/, 4’, and 5’ is more effective than cyanidin with hydroxyl at
only 3’ and 4’ [29]. Harakotr et al. reported that the anthocyanin extract of purple corn had
strong DPPH radical scavenging activity, and the anthocyanin content in the extract was
positively correlated with antioxidant capacity [30]. Matera et al. reported that cyanidins in
radish buds could significantly inhibit the automatic oxidation of linoleic acid and scavenge
hydrogen-peroxide-free radicals [31]. Coklar et al. reported that anthocyanin extracts from
Mahonia aquifolium (cyanidins, delphinidin, malvidin, peonidin, pelargonidin) had strong
DPPH and ABTS radical scavenging ability and FRAP reduction ability [32]. Lu et al. fed D-
galactose-induced aging mice black rice anthocyanin extract (cyanidin-3-O-glucoside). The
activities of superoxide dismutase and catalase in mice were significantly improved, and the
content of malondialdehyde and the activity of monoamine oxidase were reduced. Black
rice anthocyanin extract showed a strong anti-aging effect in mice [33]. Huang et al. studied
the antioxidant effect of main anthocyanins in blueberry on endothelial cells. The results
showed that brocade pigment and its two glycosides decreased the levels of reactive oxygen
species (ROS) and xanthine oxidase-1 (XO-1), but increased superoxide dismutase (SOD)
and heme oxygenase-1 (HO-1). Moreover, the presence of glycoside greatly improved the
antioxidant capacity of malvidin [34].

2.2.4. Protective Effect on the Liver

Daveri et al. fed high-fat diet mice with 40 mg anthocyanin/kg BW (cyanidins and del-
phinidins). The changes of chemokine MCP-1, cytokine TNF-o, macrophage marker F4/80,
and enzyme NOS2 were measured. The results showed that anthocyanin played a role in
preventing liver injury [35]. Jiang et al. showed that when carbon tetrachloride-induced
liver injury mice were fed with cyanidin-3-O-glucoside 800 mg/kg BW, cyanidin-3-O-
glucoside could significantly alleviate liver injury and prevent fibrosis in mice. Cyanidin-
3-O-glucose can protect the liver by reducing liver oxidative stress, reducing liver cell
apoptosis, inhibiting liver inflammatory response, and ultimately inhibiting the activation
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of liver star [36]. Arjinajarn et al. showed that the anthocyanin extract of riceberry bran
could prevent gentamicin-induced liver injury in rats by inhibiting intracellular oxidative
stress and the activation of NF-«B factor, reducing liver cell inflammation and apopto-
sis [37]. Zhang et al. found that purple sweet potato anthocyanin could effectively inhibit
the production of reactive oxygen species in mice and inhibit the accumulation of liver
fat induced by high-fat diet by activating adenosine-monophosphate-activated protein
kinase (AMPK) signaling pathway [38]. Cai et al. studied the effects of different doses
of purple sweet potato anthocyanin on the main liver function indexes, liver histological
changes, and oxidation state of mice with alcoholic fatty liver, finding that medium dose of
purple sweet potato anthocyanin had an obvious protective effect on the release of alanine
aminotransferase (ALT) in the mice with liver injury [39].

2.2.5. Lowering Blood Glucose

Diabetes is a non-infectious endocrine metabolic disease that can lead to serious
complications of various organs, and the number of patients with diabetes is increasing.
Maintaining normal blood glucose level is a necessary condition for maintaining body func-
tion. In the human body, glucose homeostasis is controlled by various organs, including the
pancreas, liver, and other tissues, as well as complex networks of hormones and neuropep-
tides. The pancreas plays a key role in glucose homeostasis by secreting hypoglycemic
hormone insulin [40]. Purple corn anthocyanins have significant effects on 3-cell function
and insulin secretion, which can protect pancreatic 3 cells from high-glucose-induced
oxidative stress and improve insulin secretion ability of {3 cells [41]. The liver is the main
part of human body and plays a fundamental role in glycogen storage, plasma protein
synthesis, and detoxification [42]. Studies have shown that anthocyanin-rich mulberry
extract inhibits gluconeogenesis and stimulates glycogen synthesis by increasing AMPK
phosphorylation in the liver [43].

2.2.6. Anti-Aging

Oxidative stress is one of the main inducing factors of aging, and excessive expression
of inflammatory factors, DNA damage, and a series of inflammatory reactions activated
by NLPR3 and NF-kB can also promote the aging of the body [44]. Many studies have
shown that anthocyanin has an anti-aging effect. Jin et al. fed aged mice with anthocyanin
from purple sweet potato and found that compared with the control group, anthocyanin
from purple sweet potato could significantly reduce the serum MDA level and improve the
activities of SOD and GSH-PX, and low-dose anthocyanin could achieve the same effect as
the equivalent amount of vitamin, indicating that anthocyanin from purple sweet potato
could play a role in delaying aging by improving antioxidant activity [45]. Wang et al.
showed that Cy-3-glu and Pg-3-glu treatments could significantly inhibit the galactosidase
in the aging process of human retinal pigment epithelium (RPE) cells induced by visible
light irradiation and play a protective role in anti-aging [46]. Gao et al. found that Ribes
meyeri anthocyanins can promote the proliferation of neural stem cells, improve cell senes-
cence phenotype, reduce ROS and senescence-associated P16Ink4a gene expression levels,
increase DNA synthesis, and prolong telomeres [47]. Wei et al. showed that anthocyanin
could maintain the stability of the redox system in plasma and liver structure, as well as
reduce the levels of inflammatory factors such as IL-1, IL-6, and TNF-« in the liver. At the
same time, the decrease in the expression levels of sensors (ATM and ATR), media (H2AX
and y-H2AX), and effectors (Chk1, Chk2, p53 and p-p53) in the DNA damage signaling
pathway indicate that anthocyanin can slow down aging by inhibiting DNA damage [48].

2.2.7. Other Effects

Qin et al. used purple sweet potato anthocyanin (PSPC 500 mg/kg/day) to orally
take high-fat model mice. The results showed that PSPC corrected the abnormal metabolic
indexes induced by HFD, including improving obesity, reducing fasting blood glucose
concentration, and improving glucose tolerance [49]. Lee et al. found the effect of black
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soybean anthocyanin on obesity. The results showed that TC/HDLc/LDLc/HDLc of obese
patients taking black soybean anthocyanin were significantly decreased [50]. Farrell et al.
established a mouse model of hyperlipidemia and high-density lipoprotein dysfunction
to explore and determine that an anthocyanin-rich blackcurrant extract (BEE) (13% antho-
cyanin) can prevent inflammation-related HDL functional damage and apolipoprotein E
atherosclerosis. The results showed that the total cholesterol content in the aorta of mice
was significantly decreased, and the aspartate aminotransferase (AST) and fasting blood
glucose were decreased, indicating that blackberry may affect chronic inflammation-related
HDL dysfunction by affecting liver gene expression [51]. In addition, studies have shown
that purple sweet potato anthocyanin has a protective effect on the kidneys. Qun and other
studies have found that purple sweet potato anthocyanin can significantly improve kidney
injury in mice fed with high fat diet by reducing the production of AGEs and ROS and
improving insulin sensitivity. Its protective effect is played by inhibiting the expression
of TXNIP and RAGE and further inhibiting the activation of NLRP3 inflammasome and
IKKb /NFkB pathway [44].
The physiological activities of anthocyanins are summarized in Table 2.

Table 2. Physiological activities of anthocyanins.

Effects Source Mechanisms Ref.
) e  Inhibited IkBx phosphorylation
colon cancer Purple grape anthocyanins e  Prevented tumor necrosis factor a-induced [13]
NF-kB activation
colon cancer Cyanidin-3-O-rutinoside e  Reduced the motility and the metastasis [14]
° Enhanced BAX, Bcl-2, cytochrome C, and
colon cancer Purple and red maize anthocyanins TRAILR2/D5 [15]
Anti-cancer . Inhibited Tie-2, ANGPT2, and PLG
breast cancer Black sweet cherry anthocyanins ° Downregulated Sp1, Sp4, and VCAM-1 [8]
o  Triggered PI3K/Akt and Ras/MAPK
melanoma cancer Hibiscus calyx anthocyanin signaling pathways [16]
. Downregulated VEGF and MMP-2/-9
Purol t potato anth : e  Acted on cell cycle regulators (such as p53, 17
Hrpe sweet potato afthocyanin p21, p27, Cyclin D1, and Cyclin A) 171
e Nrf2-ARE signal modulation [20]
° Inhibited C/EBP, AP-1, and NF-«B
e Inhibited COX-2 [21]
e Reduced IL-1B, IL-6, IL-8, and TNF-« [24]
e  Enhanced PPAR-y gene
Cyanidin-3-glucoside e  Regulated NF-kB and MAPK activity (22]
Anti-inflammatory : : - iy .
Geranium pigment-3-O-glucoside e  Inhibited the activation of IkB-oc [26]
in strawberry o  Reduced the phosphorylation of JNK-MAPK
e  Inhibited the secretion of nitric oxide and
prostaglandin E2
Hibiscus anthocyanin e Reduced MyD88 growth and IRAK4 [27]
phosphorylation
e  Inhibited NF-«B activity
Purple corn anthocyanin e  Had DPPH radical scavenging activity (30]
e Inhibited the automatic oxidation of
Cyanidins in radish buds linoleic acid [31]
e  Scavenged hydrogen peroxide free radicals
e  Had DPPH and ABTS radical
o Mahonia aquifolium anthocyanin scavenging ability [32]
Anti-oxidation e  Had FRAP reduction ability
e  Improved the activities of superoxide
Black rice anthocyanin extract dismutase and catalase [33]
(cyanidin-3-O-glucoside) e  Reduced the content of malondialdehyde o
and the activity of monoamine oxidase
Blueberry anthocyanins e  Decreased the levels of ROS and XO-1 [34]

Increased SOD and HO-1
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Table 2. Cont.

Protective effect on liver

Source Mechanisms Ref.
e Prevented fibrosis
- . e  Reduced liver oxidative stress
Cyanidin-3-O-glucoside o  Reduced liver cell apoptosis (0]
e  Inhibited liver inflammatory response

Inhibited intracellular oxidative stress and
the activation of NF-kB factor [37]
e Reduced liver cell inflammation and

apoptosis
e Activated

adenosine-monophosphate-activated protein

kinase (AMPK) signaling pathway [38]
e  Inhibited the production of reactive

oxygen species
e  Inhibited the accumulation of liver fat

Riceberry bran anthocyanin

Purple sweet potato anthocyanin

e  Had obvious protective effect on the release [39]

P It t potat th i . .
urple sweet potato anthocyanin of alanine aminotransferase (ALT)

Lowering blood glucose

e  Protected pancreatic 3 cells from
Purple corn anthocyanins high-glucose-induced oxidative stress [52]
e  Improved insulin secretion ability of 3 cells

e  Increased AMPK phosphorylation

Mulberry anthocyanin e  Inhibited gluconeogenesis and stimulated [41]
glycogen synthesis
e Reduced the serum MDA level
Purple sweet potato anthocyanin ~ ® Improved the activities of.SOD and GSH-PX [45]
e Delayed aging by improving
antioxidant activity
(Pj?;’-g-gtll e Inhibited the galactosidase [46]
e  Promoted the proliferation of neural
stem cells
o Improved cell senescence phenotype
Ribes meyeri anthocyanins *  ReduceROS [47]
o Reduced senescence-associated P16Ink4a
gene expression levels
e Increased DNA synthesis
e  Prolonged telomeres
e  Maintained the stability of redox system
. Reduced the levels of IL-1, IL-6, and TNF-
. Decreased in the expression levels of sensors,
media, and effectors in the DNA damage [48]
signaling pathway
e  Slowed down aging by inhibiting
DNA damage

3. Bioavailability of Anthocyanins and Their Interaction with the Gut Microbiome
3.1. Bioavailability of Dietary Anthocyanins

Bioavailability is the fraction of the ingested dose that a compound enters into the
systemic circulation and acts at a specific site [53]; the bioavailability of food-borne antho-
cyanin is the ratio of anthocyanin absorbed and utilized by an organism [54]. Bioavailability
of anthocyanins in natural forms was once considered low at 1-2% [55]. However, the newly
identified anthocyanin metabolites suggest that their bioavailability may be higher than
previously proposed, and evidence from Czank et al. [56] suggests that the bioavailability
of cyanidin-3-glucoside (C3G) is 12.38% when using anthocyanin isotope tracers. In fact,
the bioavailability of anthocyanins is highly dependent on their chemical structures, such
as their molecular size, glycosylation, and/or acylation patterns (acylation increases the sta-
bility of anthocyanins but reduces their absorption), degree of polymerization, conjugation,
and/or combination with other compounds [57].
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After the food rich in anthocyanin enters the mouth, anthocyanin can be released from
the vacuole structure by chewing the food, and the food is mixed with saliva to hydrolyze an-
thocyanin. Enzymatic hydrolysis is caused by beta-glucosidase from saliva, oral epithelium,
and oral microflora [58]. Afterwards, these compounds move in different regions of the
gastrointestinal tract. In the stomach, lower pH values (1.54) provide favorable conditions
for the stability of anthocyanins to persist in the form of glycoside. At the same time, the
organic anion membrane carrier bilirubin ectopic enzyme in gastric mucosa can mediate an-
thocyanin transport [53]. Studies have found that the affinity of bilirubin ectopic enzyme to
maternal anthocyanin is higher than its aglycone. It can be seen that bilirubin ectopic enzyme
may be an important means of transferring anthocyanin into circulation to play an acute
role [59]. The main part of anthocyanin absorption is the small intestine. Similar to other
flavonoids, anthocyanins can be deglycosylation (glycosidic cleavage), producing lipophilic
aglycones, and then passively transported into epithelial cells. Deglycosylation can be medi-
ated by f-glucosidase in the intestine and lactose hydrolase at the brush border of intestinal
epithelial cells. In addition, absorption may include active transport of intact glycoside to
epithelial cells via sodium-dependent glucose transporter 1 (SGLT1) or GLUT2, and then
deglycosylation via cytoplasmic 3-glucosidase [60]. Meanwhile, anthocyanin degradation
may also be the result of colonic microbiota activity. The unabsorbed anthocyanin enters the
colon, and the anthocyanin arriving at the colon is exposed to 300-500 different bacteria,
among which Bifidobacterium, Pseudomonas, Proteus, and Clostridium are the most abundant.
Intestinal flora release many deglycosylation enzymes, cleave the glycosylation portion,
produce aglycones, and further open the ring to produce different phenolic acids (such as
protocatechuic acid (PCA) and vanillic acid, syringic acid, ferulic acid, and hippuric acid)
or aldehydes [61]. Therefore, part of anthocyanin uptake along the gastrointestinal tract
decreases, while part of phenolic acid increases. The anthocyanin degradation products may
also be absorbed from the intestine through epithelial monocarboxylic acid transporters
and further metabolized in the liver or kidney [62], thus entering the body cycle and being
absorbed by target organs and tissues. If not absorbed, they will be discarded through urine
and feces. At the same time, bile produced in the liver is collected in the gallbladder and
secreted into the small intestine under the action of intestinal hormones caused by food in-
take. Bile secretion components can be reabsorbed through the hepatic-intestinal circulation
(typical manifestation of bile acid) or discharged through feces and urine. Anthocyanins
can be effectively circulated in bile by enterohepatic circulation, prolong the residence time
in vivo, and contribute to phase II enzyme metabolism (Figure 2).

3.2. Interaction of Dietary Anthocyanins with the Gut Microbiome

The gut microbiota refers to the microbiota that contains tens of trillions of microorgan-
isms living in the gut, and this microbiota consists of at least 1000 different species of identified
bacteria [63]. Most of the bacteria in the intestine are divided into seven phyla, namely, Firmi-
cutes, Bacteroidetes, Proteobacteria, Clostridium, Verruciformes, Cyanobacteria, and Actinobacteria,
of which Firmicutes and Bacteroidetes account for more than 90% of human intestinal micro-
biota [64]. Some of the essential functions of the gut microbiota include vitamin production,
regulation of lipid metabolism, production of short-chain fatty acids as fuel for epithelial cells,
and regulation of gene expression [65], as well as an important functional role in the gut-brain
axis relationship, having the ability to influence host nutrition and healthy enzyme activity
and metabolism. Intestinal microflora are involved in anthocyanin metabolism to produce
metabolites; anthocyanin and its metabolites are transferred throughout the body, playing an-
tioxidant, anti-aging, and other biological activities [65]. On the other hand, anthocyanins and
their metabolites regulate the growth of specific bacteria in microbial communities, promote
the proliferation of healthy anaerobic bacteria, and inhibit pathogenic bacteria [64].

Early in vitro studies of anthocyanin metabolism by gut microbiota showed that bacterial
metabolism involves the cleavage of glycosidic bonds and the breakdown of anthocyanin
heterocycles [66]. The main human metabolites of Pg-3-O-glucoside, Cy-3-O-glucoside, Dp-3-
O-glucoside, Pn-3-O-glucoside, and Mv-3-O-glucoside are 4-hydroxybenzoic acid, protocate-
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chuic acid, gallic acid, vanillic acid, and syringic acid [67]. Protocatechuic acid is considered
the main metabolite of the gut microbiota and can be further metabolized to ferulic acid
and hippuric acid [68]. Other metabolites produced after partial degradation of anthocyanin
include catechol, pyrogallol, resorcinol, tyrosol, 3-(3'-hydroxyphenyl) propionic acid, dihy-
drocaffeic acid, and 3-(4’-hydroxyphenyl) lactic acid [69]. In a study utilizing isotope-labeled
cyanidin-3-glucoside, Czank et al. investigated the metabolism and pharmacokinetics of this
anthocyanin in humans after ingestion of 500 mg. A thorough analysis of these metabolites
showed that the B-ring-derived ferulic acid had the highest concentration in feces, followed
by the A-ring-derived ferulic acid and protocatechuic acid [56]. Hanske et al. described the
metabolism of Cy-3-O-glucoside in human-microbiota-associated rats, concluding that the en-
zymatic glycosylation of Cy-30-glucoside could be catalyzed by intestinal bacteria, including
B. branchingis and C. capsularis, and protocatechuic acid, 2,4,6-trihydroxybenzaldehyde, and
2,4,6-trihydroxybenzoic acid (gallic acid) were identified as the main colon metabolites [70].
At the colon level, anthocyanin was first metabolized by local microbial groups
through deglycosylation, and then degraded to phenolic acids, mainly protocatechuic
acid, vanillin acid, syringic acid, gallic acid, and p-coumaric acid [61]. The main bacte-
rial groups that can metabolize anthocyanins are Bifidobacterium and Lactobacillus, which
have probiotic effects. Zhu et al. confirmed that Cy-3-O-glucoside and melanin signifi-
cantly increased the number of Bifidobacterium and Lactobacillus [71]. In addition, these
bacteria have enzymes such as (3-glucosidase, which are necessary to catalyze the release
of glycoside from aglycones and provide the necessary energy for the reproduction of
bacterial populations [72]. Anthocyanin intake also increases the abundance of Bacteroides
and decreases Firmicutes. In the in vivo experimental model of high-fat diet, Wang et al.
observed a decrease in the ratio of Firmicutes to Bacteroides in cecum contents [73,74]. At the
same time, the regulation of anthocyanin on intestinal microflora will increase the bacteria
producing short-chain fatty acids (SCFAs). SCFA, as a fuel that can provide energy for
epithelial cells, can reduce intestinal pH and inhibit the proliferation of pathogens, thereby
improving intestinal barrier and avoiding the translocation of pathogens and antigens [72].
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Figure 2. Scheme of anthocyanin absorption and metabolism [75]. Anthocyanins can interact with
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enzymes in the oral cavity after being ingested, resulting in enzymatic hydrolysis of anthocyanins.
When reaching the gastric cavity, anthocyanins undergo a series of transformations under different
digestive enzymes and acidic pH values and may be absorbed into the blood through active or
paracellular transport. Anthocyanins reaching the intestine undergo phase I and II metabolism in the
small intestine and are affected by intestinal microflora in the large intestine. All these newly formed
metabolites and intact anthocyanins will be absorbed into the blood through a variety of mechanisms,
and further metabolized in the liver or kidney, which enter the body cycle and are absorbed by the
target organs and tissues. If not absorbed, they are discarded through urine and feces.

4. Effects of Anthocyanins on Endothelial Cell Aging and Cardiovascular Protection
4.1. Cell Senescence and Vascular Endothelial Cell Senescence

Cell senescence is a permanent cell cycle arrest with replication ability [76] accompa-
nied by specific changes in cell morphology and gene expression and function (Figure 3).
Cell senescence can be induced by many factors, and telomere shortening is one of the
main signs of senescence. Due to incomplete lag chain synthesis during DNA replication,
the number of telomere repeats decreases with each cell division. This loss is compen-
sated by telomerase. In somatic cells without telomerase expression, as the number of
cell division increases, telomeres gradually shorten to the limit, leading to DNA dou-
ble strand breaks [77]. DNA double strand breaks induce DNA damage by activating
ATM/ATR and Chk1/Chk2, thereby activating p53 signaling pathway and triggering cell
senescence [78]. There is evidence that aging can be reversed by activating telomerase. In
particular, when telomerase genes are reactivated in these aging mice, premature aging in
telomerase-deficient mice can be reversed [79]. Excessive production of reactive oxygen
species (ROS) can also challenge the integrity and stability of DNA, promote cell cycle arrest
to induce premature senescence [80], or directly regulate p16/Ras or p53/p21 signaling
pathways as signaling molecules, affecting cell cycle and accelerating cell senescence [81].
Increasingly more studies suggest that in addition to the accumulation of DNA damage,
which is a regulatory factor for cell senescence, the decrease in genomic stability caused by
chromatin structure changes has become an important regulatory factor in cell senescence.
Epigenetic changes involve changes in DNA methylation patterns, histone posttranslational
modifications, and chromatin remodeling. The Sirtuin family members of NAD-dependent
protein deacetylases and ADP ribotransferases have been extensively studied as potential
anti-aging factors [82]. One study showed that histone acetyltransferase inhibitors can also
improve the premature aging phenotype of premature aging mice and prolong their life
span [83].

The vascular endothelium is a single layer of cells adjacent to the vascular lumen and
is a passive barrier layer between the blood vessel and the blood. Vascular endothelial cells
can synthesize and secrete a variety of active substances that maintain blood flow; regulate
vascular tension; regulate the production of proinflammatory molecules, proinflammatory
immune response, and neovascularization; and maintain the integrity of vascular barrier
and homeostasis of the internal environment [3].Vascular endothelial cell senescence is a
complex biological process driven by gene regulation and environment, and its impact on
the body is also complex. Senescent cells not only show a decrease in proliferation ability
due to cell cycle arrest but also are accompanied by dysfunction, often manifesting as an
aging-related secretory phenotype of pro-inflammatory and pro-oxidative stress, which
is a potential risk factor for aging and aging-related diseases [84]. The proinflammatory
phenotype of vascular endothelial cells is induced by various cytokines during senes-
cence. Age-related inflammation is mainly characterized by increased C-reactive protein;
pro-inflammatory factors such as TNF-a, IL-6, and intercellular cell adhesion molecule-1
(ICAM-1); and adhesion molecules in the blood circulation, and these inflammatory mark-
ers are positively correlated with the degree of arterial stiffness [85]. Previous studies have
shown that there are pro-inflammatory changes in gene expression profiles of vascular
endothelial cells in laboratory rodents and primates in the elderly. The pro-inflammatory
microenvironment generated by vascular walls promotes vascular dysfunction and con-
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tributes to the pathogenesis of vascular diseases [84]. During endothelial cell aging and
damage, the level of intracellular oxidative stress increases, the biological activity of reac-
tive oxygen species (ROS) increases, and the bioavailability of NO decreases [86]. When
NO secretion is insufficient or inactivated, it can lead to vascular endothelial dysfunction,
which in turn promotes cardiovascular diseases such as hypertension, thrombosis, and
atherosclerosis [87].
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Figure 3. The molecular pathways involved in senescence cell cycle arrest. DNA damage activates a
signaling cascade, defined as DNA damage response, which is characterized by phosphorylation of
histone H2AX, 53BP1 and MDC1, ATM and ATR, and downstream kinases CHK2 and CHK1. The
signal finally concentrates on the activation of p53, which induces p21, thereby causing cell cycle
arrest. In the process of DNA replication, telomeres shorten to the limit, leading to DNA double
strand breaks, triggering DDR, causing cell cycle arrest. The excessive production of reactive oxygen
species (ROS) will also challenge the integrity and stability of DNA, or directly regulate the p53/p21
signaling pathway as a signal molecule, affect the cell cycle, and accelerate cell aging. Anthocyanins
have a significant antioxidant capacity that can effectively remove ROS, repair damaged cells, and
relieve cell cycle arrest. Abbreviations: ROS, reactive oxygen species; YH2AX, phosphorylated histone
H2AX; ATM, ataxia—telangiectasia mutated; ATR, ATM and Rad3-related homologue; DDR, DNA
damage response; MAPK, mitogen-activated protein kinase.

4.2. Dietary Anthocyanins Protect Cardiovascular System through Anti-Aging

Cardiovascular diseases are a serious threat to people’s health. At present, more and
more studies have confirmed that vascular endothelial cell senescence may play a key role
in endothelial dysfunction and aging-related vascular diseases [85,88]. Anthocyanins as
berries and berry derivatives are particularly rich in polyphenols, with anti-endothelial
cell senescence and cardiovascular disease protection having gradually been confirmed [5].
In recent years, a meta-analysis of randomized controlled trials (RCTs) was conducted
to investigate the effects of anthocyanins from different sources on cardiovascular risk
substitute markers such as hypertension, lipid profile, and endothelial dysfunction. The
results showed that anthocyanins were beneficial to cardiovascular health [§9-91]. Studies



Nutrients 2022, 14, 2836

12 of 17

have shown that when the dynamic balance between oxidation and antioxidation is broken,
excessive oxidative stress will accelerate the occurrence and development of aging and
dysfunction of vascular endothelial cells [92]. Andrzej et al. isolated endothelial progenitor
cells from the peripheral blood of young healthy volunteers and pretreated them with
1-25 ug/mL Aronia melanocarpa anthocyanin before angiotensin II treatment. The prolifer-
ation and telomerase activity of endothelial progenitor cells exposed to Aronia melanocarpa
anthocyanin were significantly increased, and the percentage of aging cells and intracellular
ROS formation were decreased compared with those of cells without Aronia melanocarpa
anthocyanin pretreatment [93]. Li et al. showed that bilberry anthocyanin significantly
increased the total antioxidant capacity, total superoxide dismutase activity, and catalase
activity of aging mice, leading to decreased MDA, LDL-C, TC, TG, and GSP levels and
a lower TC/HDL-C and LDL-C/HDL-C ratio. Phosphorylation of AMPK and FOXO3a,
inhibition of mTOR phosphorylation, activation of autophagy induced by AMPK-mTOR
signaling pathway, and improvement of oxidative-stress-induced senescence can be in-
duced by intake of bilberry anthocyanins (20 mg/kg body weight/day) [94]. SIRT1 is a
member of the silent information regulator 2 complex and is the main regulator of aging.
The decrease in endogenous SIRT1 was found to damage acetylcholine-related, endothelial-
dependent vasodilation and reduce the bioavailability of nitric oxide (NO) in aortic rings.
Wang et al. have shown that anthocyanin-3-O-glucose can delay cell senescence by in-
hibiting inflammatory response, downregulating miR-204-5p, and upregulating SIRT1 [95].
Kun et al. improved the activity of SIRT1 deacetylase after pretreatment of endothelial cells
with chlorogenic acid. In addition, chlorogenic acid (CGA) reversed the activity of SIRT1
and AMPK/PGC-1 induced by oxidized low-density lipoprotein and alleviated oxidative
stress in endothelial cells induced by oxidized low-density lipoprotein [96]. Lee et al. [97]
also proved that in vitro, anthocyanin-3-rutin (C-3-R) and anthocyanin-3-glucoside (C-3-
G) could inhibit the senescence of human endothelial cells induced by d-gal; reduce the
senescence-related -galactosidase activity, p21, and p16INK4a; block the formation of
reactive oxygen species (ROS) induced by d-gal and the activity of NADPH oxidase; and
reverse the d-gal-mediated serine phosphorylation of endothelial nitric oxide synthase
(eNOS) and the inhibition of SIRT1. In terms of the recovery of NO level in endothelial cells
in vivo, after taking anthocyanin-rich mulberry extract for 8 weeks, aging rats were able
to increase serum NO level, increase eNOS phosphorylation, increase SIRT1 expression,
reduce nitrotyrosine in the aorta, and alleviate aging and oxidative stress of aortic endothe-
lial cells. These results showed that anthocyanin increased the bioavailability of NO by
regulating ROS formation and reducing eNOS uncoupling, thereby protecting endothelial
cells from aging. Mi et al. found that anthocyanin can also inhibit the activation of NF-«B,
downregulate the mRNA and protein expression of iNOS and COX-2, and protect oxidative
stress-induced cell senescence [98]. Nrf2 is a NE-F2-coupling-array-binding factor in the
globulin gene expression control region that is responsible for regulating cellular redox
balance, protective antioxidants, and phase II detoxification in mammals. Nrf2 has been
reported to play an important role in detoxification, oxidative stress, and inflammation. In
addition, Nrf2 has been proven to play a role in slowing down the aging process. Hada et al.
have shown that CGA can inhibit the degradation of Nrf2, enhance Nrf2 in the cytoplasm,
and increase the expression of HO-1 mRNA and protein by regulating the Nrf2/HO-1
pathway, thereby inhibiting endothelial cell senescence [99].

5. Conclusions

Vascular endothelial cell senescence is a key factor leading to vascular homeostasis
disorder and related diseases. Many mechanisms have focused on the inhibitory effect of
anthocyanin and its metabolites on endothelial cell senescence. Anthocyanins and their
metabolites regulate the clearance of endothelial cell senescence by controlling the activity
of cell signal proteins and transcription factors and regulating the expression of genes and
miRNAs. However, the potential mechanism for dietary anthocyanin to play an active role
in maintaining cardiovascular health is complex and not fully determined. We also need to
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design more comprehensive and holistic experiments to study the effects of anthocyanin
and its metabolites on gene, protein, and miRNA expression; provide reliable evidence
to determine the exact role of dietary anthocyanin in cardiac protection; and explain its
potential molecular mechanism.

Author Contributions: Conceptualization: X.W., CH., ].B., LH., E.E.-O., L.G. and M.W.; formal
analysis, data curation, writing—original draft preparation: Y.D.; writing—review, editing, visualiza-
tion and supervision: L.G. and M.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This review was funded by the Natural Science Foundation of China (32001701).

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

References

1. Mathers, C.D.; Loncar, D. Projections of global mortality and burden of disease from 2002 to 2030. PLoS Med. 2006, 3, e442.
[CrossRef] [PubMed]

2. Sun, HJ.; Wu, 2.Y.; Nie, X.W.; Bian, ].S. Role of Endothelial Dysfunction in Cardiovascular Diseases: The Link Between
Inflammation and Hydrogen Sulfide. Front. Pharmacol. 2019, 10, 1568. [CrossRef] [PubMed]

3. Jia, G.; Aroor, A.R; Jia, C.; Sowers, ].R. Endothelial cell senescence in aging-related vascular dysfunction. Biochim. Biophys. Acta
Mol. Basis Dis. 2019, 1865, 1802-1809. [CrossRef] [PubMed]

4. Kalt, W. Anthocyanins and Their C6-C3-C6 Metabolites in Humans and Animals. Molecules 2019, 24, 4024. [CrossRef]

5. Krga, I.; Milenkovic, D. Anthocyanins: From Sources and Bioavailability to Cardiovascular-Health Benefits and Molecular
Mechanisms of Action. J. Agric. Food Chem. 2019, 67, 1771-1783. [CrossRef] [PubMed]

6. Goncalves, A.C.; Rodrigues, M.; Santos, A.O.; Alves, G; Silva, L.R. Antioxidant Status, Antidiabetic Properties and Effects on
Caco-2 Cells of Colored and Non-Colored Enriched Extracts of Sweet Cherry Fruits. Nutrients 2018, 10, 1688. [CrossRef]

7. Masci, A.; Coccia, A.; Lendaro, E.; Mosca, L.; Paolicelli, P.; Cesa, S. Evaluation of different extraction methods from pomegranate
whole fruit or peels and the antioxidant and antiproliferative activity of the polyphenolic fraction. Food Chem. 2016, 202, 59-69.
[CrossRef] [PubMed]

8.  Lage, N.N.; Layosa, M.A.A.; Arbizu, S.; Chew, B.P; Pedrosa, M.L.; Mertens-Talcott, S.; Talcott, S.; Noratto, G.D. Dark sweet cherry
(Prunus avium) phenolics enriched in anthocyanins exhibit enhanced activity against the most aggressive breast cancer subtypes
without toxicity to normal breast cells. J. Funct. Foods 2020, 64, 103710. [CrossRef]

9. Hogan, S.; Chung, H.; Zhang, L.; Li, J.; Lee, Y,; Dai, Y.; Zhou, K. Antiproliferative and antioxidant properties of anthocyanin-rich
extract from agai. Food Chem. 2010, 118, 208-214. [CrossRef]

10. Vilkickyte, G.; Raudone, L.; Petrikaite, V. Phenolic Fractions from Vaccinium vitis-idaea L. and Their Antioxidant and Anticancer
Activities Assessment. Antioxidants 2020, 9, 1261. [CrossRef]

11. Bowen-Forbes, C.S.; Zhang, Y.; Nair, M.G. Anthocyanin content, antioxidant, anti-inflammatory and anticancer properties of
blackberry and raspberry fruits. J. Food Compos. Anal. 2010, 23, 554-560. [CrossRef]

12. Long, H.L.; Zhang, FF; Wang, H.L.; Yang, W.S.; Hou, H.T; Yu, ].K,; Liu, B. Mulberry anthocyanins improves thyroid cancer
progression mainly by inducing apoptosis and autophagy cell death. Kaohsiung J. Med. Sci. 2018, 34, 255-262. [CrossRef]
[PubMed]

13.  Yun,JW,; Lee, WS,; Kim, M.J,; Lu, ] N.; Kang, M.H.; Kim, H.G.; Kim, D.C.; Choi, EJ.; Choi, J.Y.; Kim, H.G.; et al. Characterization
of a profile of the anthocyanins isolated from Vitis coignetiae Pulliat and their anti-invasive activity on HT-29 human colon cancer
cells. Food Chem. Toxicol. 2010, 48, 903-909. [CrossRef]

14. Fragoso, M.E; Romualdo, G.R.; Vanderveer, L.A.; Franco-Barraza, J.; Cukierma, E.; Clapper, M.L.; Carvalho, R.F,; Barbisa, L.F.
Lyophilized acai pulp (Euterpe oleracea Mart) attenuates colitis-associated colon carcinogenesis while its main anthocyanin has
the potential to affect the motility of colon cancer cells. Food Chem. Toxicol. 2018, 121, 237-245. [CrossRef]

15. Mazewski, C.; Liang, K.; de Mejia, E.G. Inhibitory potential of anthocyanin-rich purple and red corn extracts on human colorectal
cancer cell proliferation in vitro. J. Funct. Foods 2017, 34, 254-265. [CrossRef]

16. Su, C.-C.; Wang, C.-J.; Huang, K.-H.; Lee, Y.-J.; Chan, W.-M.; Chang, Y.-C. Anthocyanins from Hibiscus sabdariffa calyx attenuate
in vitro and in vivo melanoma cancer metastasis. J. Funct. Foods 2018, 48, 614—631. [CrossRef]

17.  Lim,S.; Xu, J.; Kim, J.; Chen, T.Y,; Su, X.; Standard, J.; Carey, E.; Griffin, ].; Herndon, B.; Katz, B.; et al. Role of anthocyanin-enriched
purple-fleshed sweet potato p40 in colorectal cancer prevention. Mol. Nutr. Food Res. 2013, 57, 1908-1917. [CrossRef]

18. Teng, H.; Fang, T,; Lin, Q.; Song, H.; Liu, B.; Chen, L. Red raspberry and its anthocyanins: Bioactivity beyond antioxidant capacity.
Trends Food Sci. Technol. 2017, 66, 153-165. [CrossRef]

19. Akiyama, S.; Nesumi, A.; Maeda-Yamamoto, M.; Uehara, M.; Murakami, A. Effects of anthocyanin-rich tea “Sunrouge” on
dextran sodium sulfate-induced colitis in mice. Biofactors 2012, 38, 226-233. [CrossRef]

20. Folmer, E; Basavaraju, U.; Jaspars, M.; Hold, G.; El-Omar, E.; Dicato, M.; Diederich, M. Anticancer effects of bioactive berry

compounds. Phytochem. Rev. 2013, 13, 295-322. [CrossRef]


http://doi.org/10.1371/journal.pmed.0030442
http://www.ncbi.nlm.nih.gov/pubmed/17132052
http://doi.org/10.3389/fphar.2019.01568
http://www.ncbi.nlm.nih.gov/pubmed/32038245
http://doi.org/10.1016/j.bbadis.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/31109450
http://doi.org/10.3390/molecules24224024
http://doi.org/10.1021/acs.jafc.8b06737
http://www.ncbi.nlm.nih.gov/pubmed/30698008
http://doi.org/10.3390/nu10111688
http://doi.org/10.1016/j.foodchem.2016.01.106
http://www.ncbi.nlm.nih.gov/pubmed/26920266
http://doi.org/10.1016/j.jff.2019.103710
http://doi.org/10.1016/j.foodchem.2009.04.099
http://doi.org/10.3390/antiox9121261
http://doi.org/10.1016/j.jfca.2009.08.012
http://doi.org/10.1016/j.kjms.2017.11.004
http://www.ncbi.nlm.nih.gov/pubmed/29699632
http://doi.org/10.1016/j.fct.2009.12.031
http://doi.org/10.1016/j.fct.2018.08.078
http://doi.org/10.1016/j.jff.2017.04.038
http://doi.org/10.1016/j.jff.2018.07.032
http://doi.org/10.1002/mnfr.201300040
http://doi.org/10.1016/j.tifs.2017.05.015
http://doi.org/10.1002/biof.1008
http://doi.org/10.1007/s11101-013-9319-z

Nutrients 2022, 14, 2836 14 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hou, D.X,; Kai, K;; Li, J.J.; Lin, S.; Terahara, N.; Wakamatsu, M.; Fujii, M.; Young, M.R.; Colburn, N. Anthocyanidins inhibit
activator protein 1 activity and cell transformation: Structure-activity relationship and molecular mechanisms. Carcinogenesis
2004, 25, 29-36. [CrossRef] [PubMed]

Min, SSW.; Ryu, S.N.; Kim, D.H. Anti-inflammatory effects of black rice, cyanidin-3-O-beta-D-glycoside, and its metabolites,
cyanidin and protocatechuic acid. Int. Immunopharmacol. 2010, 10, 959-966. [CrossRef] [PubMed]

Hou, D.X; Yanagita, T.; Uto, T.; Masuzaki, S.; Fujii, M. Anthocyanidins inhibit cyclooxygenase-2 expression in LPS-evoked
macrophages: Structure-activity relationship and molecular mechanisms involved. Biochem. Pharmacol. 2005, 70, 417-425.
[CrossRef] [PubMed]

Chen, L.; Teng, H.; Fang, T.; Xiao, J. Agrimonolide from Agrimonia pilosa suppresses inflammatory responses through down-
regulation of COX-2/iNOS and inactivation of NF-kappaB in lipopolysaccharide-stimulated macrophages. Phytomedicine 2016,
23, 846-855. [CrossRef] [PubMed]

Aboonabi, A.; Aboonabi, A. Anthocyanins reduce inflammation and improve glucose and lipid metabolism associated with
inhibiting nuclear factor-kappaB activation and increasing PPAR-gamma gene expression in metabolic syndrome subjects. Free
Radic. Biol. Med. 2020, 150, 30-39. [CrossRef]

Duarte, L.J.; Chaves, V.C.; Nascimento, M.; Calvete, E.; Li, M.; Ciraolo, E.; Ghigo, A.; Hirsch, E.; Simoes, C.M.O.; Reginatto, FH.;
et al. Molecular mechanism of action of Pelargonidin-3-O-glucoside, the main anthocyanin responsible for the anti-inflammatory
effect of strawberry fruits. Food Chem. 2018, 247, 56-65. [CrossRef]

Karunarathne, W.; Lee, K.T.; Choi, YH.; Jin, C.Y.; Kim, G.Y. Anthocyanins isolated from Hibiscus syriacus L. attenuate
lipopolysaccharide-induced inflammation and endotoxic shock by inhibiting the TLR4/MD2-mediated NF-kappaB signal-
ing pathway. Phytomedicine 2020, 76, 153237. [CrossRef]

Bueno, ].M.; Saez-Plaza, P.; Ramos-Escudero, F.; Jiménez, A.M.; Fett, R.; Asuero, A.G. Analysis and Antioxidant Capacity of
Anthocyanin Pigments. Part II: Chemical Structure, Color, and Intake of Anthocyanins. Crit. Rev. Anal. Chem. 2012, 42, 126-151.
[CrossRef]

Fukumoto, L.R.; Mazza, G. Assessing antioxidant and prooxidant activities of phenolic compounds. J. Agric. Food Chem. 2000, 48,
3597-3604. [CrossRef]

Harakotr, B.; Suriharn, B.; Tangwongchai, R.; Scott, M.P; Lertrat, K. Anthocyanins and antioxidant activity in coloured waxy corn
at different maturation stages. J. Funct. Foods 2014, 9, 109-118. [CrossRef]

Matera, R.; Gabbanini, S.; Berretti, S.; Amorati, R.; De Nicola, G.R.; Iori, R.; Valgimigli, L. Acylated anthocyanins from sprouts of
Raphanus sativus cv. Sango: Isolation, structure elucidation and antioxidant activity. Food Chem. 2015, 166, 397-406. [CrossRef]
[PubMed]

Coklar, H.; Akbulut, M. Anthocyanins and phenolic compounds of Mahonia aquifolium berries and their contributions to
antioxidant activity. J. Funct. Foods 2017, 35, 166-174. [CrossRef]

Lu, X.; Zhou, Y,; Wu, T.; Hao, L. Ameliorative effect of black rice anthocyanin on senescent mice induced by D-galactose. Food
Funct. 2014, 5, 2892-2897. [CrossRef] [PubMed]

Huang, W.; Zhu, Y.; Li, C.; Sui, Z.; Min, W. Effect of Blueberry Anthocyanins Malvidin and Glycosides on the Antioxidant
Properties in Endothelial Cells. Oxid. Med. Cell. Longev. 2016, 2016, 1591803. [CrossRef]

Daveri, E.; Cremonini, E.; Mastaloudis, A.; Hester, S.N.; Wood, S.M.; Waterhouse, A.L.; Anderson, M.; Fraga, C.G.; Oteiza, P1L
Cyanidin and delphinidin modulate inflammation and altered redox signaling improving insulin resistance in high fat-fed mice.
Redox Biol. 2018, 18, 16-24. [CrossRef]

Jiang, X.; Guo, H.; Shen, T.; Tang, X.; Yang, Y.; Ling, W. Cyanidin-3-O-beta-glucoside Purified from Black Rice Protects Mice
against Hepatic Fibrosis Induced by Carbon Tetrachloride via Inhibiting Hepatic Stellate Cell Activation. J. Agric. Food Chem.
2015, 63, 6221-6230. [CrossRef]

Arjinajarn, P.; Chueakula, N.; Pongchaidecha, A.; Jaikumkao, K.; Chatsudthipong, V.; Mahatheeranont, S.; Norkaew, O.;
Chattipakorn, N.; Lungkaphin, A. Anthocyanin-rich Riceberry bran extract attenuates gentamicin-induced hepatotoxicity by
reducing oxidative stress, inflammation and apoptosis in rats. Biomed. Pharmacother. 2017, 92, 412-420. [CrossRef]

Zhang, Z.F,; Lu, J.; Zheng, Y.L.; Wu, D.M.; Hu, B.; Shan, Q.; Cheng, W.; Li, M.Q.; Sun, Y.Y. Purple sweet potato color attenuates
hepatic insulin resistance via blocking oxidative stress and endoplasmic reticulum stress in high-fat-diet-treated mice. J. Nutr.
Biochem. 2013, 24, 1008-1018. [CrossRef]

Cai, Z.; Song, L.; Qian, B.; Xu, W.; Ren, J.; Jing, P.; Oey, I. Understanding the effect of anthocyanins extracted from purple sweet
potatoes on alcohol-induced liver injury in mice. Food Chem. 2018, 245, 463—470. [CrossRef]

Gowd, V;; Jia, Z.Q.; Chen, W. Anthocyanins as promising molecules and dietary bioactive components against diabetes—A
review of recent advances. Trends Food Sci. Technol. 2017, 68, 1-13. [CrossRef]

Hong, S.H.; Heo, ].I; Kim, J.H.; Kwon, S.0.; Yeo, K.M.; Bakowska-Barczak, A.M.; Kolodziejczyk, P.; Ryu, O.H.; Choi, M.K,;
Kang, Y.H.; et al. Antidiabetic and Beta Cell-Protection Activities of Purple Corn Anthocyanins. Biomol. Ther. 2013, 21, 284-289.
[CrossRef] [PubMed]

Sarikaya, I.; Schierz, J.-H.; Sarikaya, A. Liver: Glucose metabolism and 18F-fluorodeoxyglucose PET findings in normal
parenchyma and diseases. Am. J. Nucl. Med. Mol. Imaging 2021, 11, 233-249. [PubMed]


http://doi.org/10.1093/carcin/bgg184
http://www.ncbi.nlm.nih.gov/pubmed/14514663
http://doi.org/10.1016/j.intimp.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20669401
http://doi.org/10.1016/j.bcp.2005.05.003
http://www.ncbi.nlm.nih.gov/pubmed/15963474
http://doi.org/10.1016/j.phymed.2016.03.016
http://www.ncbi.nlm.nih.gov/pubmed/27288920
http://doi.org/10.1016/j.freeradbiomed.2020.02.004
http://doi.org/10.1016/j.foodchem.2017.12.015
http://doi.org/10.1016/j.phymed.2020.153237
http://doi.org/10.1080/10408347.2011.632314
http://doi.org/10.1021/jf000220w
http://doi.org/10.1016/j.jff.2014.04.012
http://doi.org/10.1016/j.foodchem.2014.06.056
http://www.ncbi.nlm.nih.gov/pubmed/25053073
http://doi.org/10.1016/j.jff.2017.05.037
http://doi.org/10.1039/C4FO00391H
http://www.ncbi.nlm.nih.gov/pubmed/25190075
http://doi.org/10.1155/2016/1591803
http://doi.org/10.1016/j.redox.2018.05.012
http://doi.org/10.1021/acs.jafc.5b02181
http://doi.org/10.1016/j.biopha.2017.05.100
http://doi.org/10.1016/j.jnutbio.2012.07.009
http://doi.org/10.1016/j.foodchem.2017.10.119
http://doi.org/10.1016/j.tifs.2017.07.015
http://doi.org/10.4062/biomolther.2013.016
http://www.ncbi.nlm.nih.gov/pubmed/24244813
http://www.ncbi.nlm.nih.gov/pubmed/34513277

Nutrients 2022, 14, 2836 15 0f 17

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.

69.

70.

71.

Choi, K.H.; Lee, H.A ; Park, M.H.; Han, J.S. Mulberry (Morus alba L.) Fruit Extract Containing Anthocyanins Improves Glycemic
Control and Insulin Sensitivity via Activation of AMP-Activated Protein Kinase in Diabetic C57BL/Ksj-db/db Mice. J. Med. Food
2016, 19, 737-745. [CrossRef] [PubMed]

Huang, Y,; Hu, C.; Ye, H.; Luo, R.; Fu, X,; Li, X,; Huang, J.; Chen, W.; Zheng, Y. Inflamm-Aging: A New Mechanism Affecting
Premature Ovarian Insufficiency. J. Immunol. Res. 2019, 2019, 8069898. [CrossRef] [PubMed]

Zhao, ].G.; Yan, Q.Q.; Lu, L.Z.; Zhang, Y.Q. In vivo antioxidant, hypoglycemic, and anti-tumor activities of anthocyanin extracts
from purple sweet potato. Nutr. Res. Pract. 2013, 7, 359-365. [CrossRef]

Wang, Y.; Zhang, D.; Liu, Y,; Wang, D.; Liu, ].; Ji, B. The protective effects of berry-derived anthocyanins against visible
light-induced damage in human retinal pigment epithelial cells. J. Sci. Food Agric. 2015, 95, 936-944. [CrossRef]

Gao, JM.; Wu, Y.T;; He, D.J.; Zhu, X.Q.; Li, H.B.; Liu, H.F;; Liu, H.L. Anti-aging effects of Ribes meyeri anthocyanins on neural
stem cells and aging mice. Aging 2020, 12, 17738-17753. [CrossRef]

Wei, J.; Zhang, G.; Zhang, X.; Xu, D.; Gao, J.; Fan, ]. Anthocyanins Delay Ageing-Related Degenerative Changes in the Liver. Plant
Foods Hum. Nutr. 2017, 72, 425-431. [CrossRef]

Qin, S.; Sun, D.; Mu, J.; Ma, D.; Tang, R.; Zheng, Y. Purple sweet potato color improves hippocampal insulin resistance via
down-regulating SOCS3 and galectin-3 in high-fat diet mice. Behav. Brain Res. 2019, 359, 370-377. [CrossRef]

Lee, M.; Sorn, S.R.; Park, Y.; Park, H.K. Anthocyanin Rich-Black Soybean Testa Improved Visceral Fat and Plasma Lipid Profiles
in Overweight/Obese Korean Adults: A Randomized Controlled Trial. J. Med. Food 2016, 19, 995-1003. [CrossRef]

Farrell, N.; Norris, G.; Lee, S.G.; Chun, O.K,; Blesso, C.N. Anthocyanin-rich black elderberry extract improves markers of HDL
function and reduces aortic cholesterol in hyperlipidemic mice. Food Funct. 2015, 6, 1278-1287. [CrossRef] [PubMed]

Roder, P.V.; Wu, B.; Liu, Y.; Han, W. Pancreatic regulation of glucose homeostasis. Exp. Mol. Med. 2016, 48, e219. [CrossRef]
Fang, J. Bioavailability of anthocyanins. Drug. Metab. Rev. 2014, 46, 508-520. [CrossRef] [PubMed]

Hair, R.; Sakaki, J.R.; Chun, O.K. Anthocyanins, Microbiome and Health Benefits in Aging. Molecules 2021, 26, 537. [CrossRef]
[PubMed]

Tena, N.; Martin, J.; Asuero, A.G. State of the Art of Anthocyanins: Antioxidant Activity, Sources, Bioavailability, and Therapeutic
Effect in Human Health. Antioxidants 2020, 9, 451. [CrossRef] [PubMed]

Czank, C.; Cassidy, A.; Zhang, Q.; Morrison, D.J.; Preston, T.; Kroon, P.A.; Botting, N.P,; Kay, C.D. Human metabolism and
elimination of the anthocyanin, cyanidin-3-glucoside: A (13)C-tracer study. Am. J. Clin. Nutr. 2013, 97, 995-1003. [CrossRef]
Oliveira, H.; Roma-Rodrigues, C.; Santos, A.; Veigas, B.; Bras, N.; Faria, A.; Calhau, C.; de Freitas, V.; Baptista, P.V.; Mateus, N.;
etal. GLUT1 and GLUT3 involvement in anthocyanin gastric transport- Nanobased targeted approach. Sci. Rep. 2019, 9, 789.
[CrossRef]

Mallery, S.R.; Budendorf, D.E.; Larsen, M.P,; Pei, P; Tong, M.; Holpuch, A.S.; Larsen, PE.; Stoner, G.D.; Fields, H.W.; Chan,
K.K.; et al. Effects of human oral mucosal tissue, saliva, and oral microflora on intraoral metabolism and bioactivation of black
raspberry anthocyanins. Cancer Prev. Res. 2011, 4, 1209-1221. [CrossRef]

Fernandes, I; Faria, A.; Calhau, C.; de Freitas, V.; Mateus, N. Bioavailability of anthocyanins and derivatives. J. Funct. Foods 2014,
7,54-66. [CrossRef]

Lila, M.A.; Burton-Freeman, B.; Grace, M.; Kalt, W. Unraveling Anthocyanin Bioavailability for Human Health. Annu. Rev. Food
Sci. Technol. 2016, 7, 375-393. [CrossRef]

Faria, A.; Fernandes, I.; Norberto, S.; Mateus, N.; Calhau, C. Interplay between anthocyanins and gut microbiota. J. Agric. Food
Chem. 2014, 62, 6898-6902. [CrossRef] [PubMed]

de Ferrars, RM.; 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] [PubMed]

Harmsen, H.J.; de Goffau, M.C. The Human Gut Microbiota. Adv. Exp. Med. Biol. 2016, 902, 95-108. [CrossRef] [PubMed]

Igwe, E.O.; Charlton, K.E.; Probst, Y.C.; Kent, K.; Netzel, M.E. A systematic literature review of the effect of anthocyanins on gut
microbiota populations. J. Hum. Nutr. Diet. 2019, 32, 53-62. [CrossRef] [PubMed]

Ramakrishna, B.S. Role of the gut microbiota in human nutrition and metabolism. J. Gastroenterol. Hepatol. 2013, 28, 9-17.
[CrossRef]

Aura, A.M.; Martin-Lopez, P.; O'Leary, K.A.; Williamson, G.; Oksman-Caldentey, K.M.; Poutanen, K.; Santos-Buelga, C. In vitro
metabolism of anthocyanins by human gut microflora. Eur. J. Nutr. 2005, 44, 133-142. [CrossRef]

Fernandes, I; Faria, A.; de Freitas, V.; Calhau, C.; Mateus, N. Multiple-approach studies to assess anthocyanin bioavailability.
Phytochem. Rev. 2015, 14, 899-919. [CrossRef]

Chistiakov, D.A.; Bobryshev, Y.V.; Kozarov, E.; Sobenin, I.A.; Orekhov, A.N. Role of gut microbiota in the modulation of
atherosclerosis-associated immune response. Front. Microbiol. 2015, 6, 671. [CrossRef]

Gonzalez-Barrio, R.; Edwards, C.A.; Crozier, A. Colonic catabolism of ellagitannins, ellagic acid, and raspberry anthocyanins:
In vivo and in vitro studies. Drug. Metab. Dispos. 2011, 39, 1680-1688. [CrossRef]

Hanske, L.; Engst, W.; Loh, G.; Sczesny, S.; Blaut, M.; Braune, A. Contribution of gut bacteria to the metabolism of cyanidin
3-glucoside in human microbiota-associated rats. Br. J. Nutr. 2013, 109, 1433-1441. [CrossRef]

Zhu, Y,; Sun, H.; He, S.; Lou, Q.; Yu, M.; Tang, M.; Tu, L. Metabolism and prebiotics activity of anthocyanins from black rice
(Oryza sativa L.) in vitro. PLoS ONE 2018, 13, e0195754. [CrossRef] [PubMed]


http://doi.org/10.1089/jmf.2016.3665
http://www.ncbi.nlm.nih.gov/pubmed/27441957
http://doi.org/10.1155/2019/8069898
http://www.ncbi.nlm.nih.gov/pubmed/30719458
http://doi.org/10.4162/nrp.2013.7.5.359
http://doi.org/10.1002/jsfa.6765
http://doi.org/10.18632/aging.103955
http://doi.org/10.1007/s11130-017-0644-z
http://doi.org/10.1016/j.bbr.2018.11.025
http://doi.org/10.1089/jmf.2016.3762
http://doi.org/10.1039/C4FO01036A
http://www.ncbi.nlm.nih.gov/pubmed/25758596
http://doi.org/10.1038/emm.2016.6
http://doi.org/10.3109/03602532.2014.978080
http://www.ncbi.nlm.nih.gov/pubmed/25347327
http://doi.org/10.3390/molecules26030537
http://www.ncbi.nlm.nih.gov/pubmed/33494165
http://doi.org/10.3390/antiox9050451
http://www.ncbi.nlm.nih.gov/pubmed/32456252
http://doi.org/10.3945/ajcn.112.049247
http://doi.org/10.1038/s41598-018-37283-2
http://doi.org/10.1158/1940-6207.CAPR-11-0040
http://doi.org/10.1016/j.jff.2013.05.010
http://doi.org/10.1146/annurev-food-041715-033346
http://doi.org/10.1021/jf501808a
http://www.ncbi.nlm.nih.gov/pubmed/24915058
http://doi.org/10.1111/bph.12676
http://www.ncbi.nlm.nih.gov/pubmed/24602005
http://doi.org/10.1007/978-3-319-31248-4_7
http://www.ncbi.nlm.nih.gov/pubmed/27161353
http://doi.org/10.1111/jhn.12582
http://www.ncbi.nlm.nih.gov/pubmed/29984532
http://doi.org/10.1111/jgh.12294
http://doi.org/10.1007/s00394-004-0502-2
http://doi.org/10.1007/s11101-015-9415-3
http://doi.org/10.3389/fmicb.2015.00671
http://doi.org/10.1124/dmd.111.039651
http://doi.org/10.1017/S0007114512003376
http://doi.org/10.1371/journal.pone.0195754
http://www.ncbi.nlm.nih.gov/pubmed/29630662

Nutrients 2022, 14, 2836 16 of 17

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Morais, C.A.; de Rosso, V.V,; Estadella, D.; Pisani, L.P. Anthocyanins as inflammatory modulators and the role of the gut
microbiota. J. Nutr. Biochem. 2016, 33, 1-7. [CrossRef] [PubMed]

Wang, H,; Liu, D.; Ji, Y,; Liu, Y,; Xu, L.; Guo, Y. Dietary Supplementation of Black Rice Anthocyanin Extract Regulates Cholesterol
Metabolism and Improves Gut Microbiota Dysbiosis in C57BL/6] Mice Fed a High-Fat and Cholesterol Diet. Mol. Nutr. Food Res.
2020, 64, €1900876. [CrossRef]

Cremonini, E.; Daveri, E.; Mastaloudis, A.; Adamo, A.M.; Mills, D.; Kalanetra, K.; Hester, S.N.; Wood, S.M.; Fraga, C.G.; Oteiza,
PI. Anthocyanins protect the gastrointestinal tract from high fat diet-induced alterations in redox signaling, barrier integrity and
dysbiosis. Redox Biol. 2019, 26, 101269. [CrossRef] [PubMed]

Li, K; Xiao, Y.; Bian, J.; Han, L.; He, C.; El-Omar, E.; Gong, L.; Wang, M. Ameliorative Effects of Gut Microbial Metabolite
Urolithin A on Pancreatic Diseases. Nutrients 2022, 14, 2549. [CrossRef]

He, S.; Sharpless, N.E. Senescence in Health and Disease. Cell 2017, 169, 1000-1011. [CrossRef]

Arnoult, N.; Karlseder, ]. Complex interactions between the DNA-damage response and mammalian telomeres. Nat. Struct. Mol.
Biol. 2015, 22, 859-866. [CrossRef]

Roake, C.M.; Artandi, S.E. Control of Cellular Aging, Tissue Function, and Cancer by p53 Downstream of Telomeres. Cold Spring
Harb. Perspect. Med. 2017, 7, a026088. [CrossRef]

Jaskelioff, M.; Muller, FL.; Paik, ].H.; Thomas, E.; Jiang, S.; Adams, A.C.; Sahin, E.; Kost-Alimova, M.; Protopopov, A.; Cadinanos,
J.; et al. Telomerase reactivation reverses tissue degeneration in aged telomerase-deficient mice. Nature 2011, 469, 102-106.
[CrossRef]

Shaw, A.; Doherty, M.K.; Mutch, N.J.; MacRury, S.M.; Megson, I.L. Endothelial cell oxidative stress in diabetes: A key driver of
cardiovascular complications? Biochem. Soc. Trans. 2014, 42, 928-933. [CrossRef]

Erusalimsky, J.D. Vascular endothelial senescence: From mechanisms to pathophysiology. J. Appl. Physiol. 2009, 106, 326-332.
[CrossRef] [PubMed]

Lopez-Otin, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153, 1194-1217. [CrossRef]
Krishnan, V.; Chow, M.Z.; Wang, Z.; Zhang, L.; Liu, B,; Liu, X.; Zhou, Z. Histone H4 lysine 16 hypoacetylation is associated with
defective DNA repair and premature senescence in Zmpste24-deficient mice. Proc. Natl. Acad. Sci. USA 2011, 108, 12325-12330.
[CrossRef] [PubMed]

Ungvari, Z.; Tarantini, S.; Donato, A.].; Galvan, V.; Csiszar, A. Mechanisms of Vascular Aging. Circ. Res. 2018, 123, 849-867.
[CrossRef] [PubMed]

Donato, A.J.; Machin, D.R.; Lesniewski, L.A. Mechanisms of Dysfunction in the Aging Vasculature and Role in Age-Related
Disease. Circ. Res. 2018, 123, 825-848. [CrossRef]

Xiao-Hong, D.; Chang-Qin, X.; Jian-Hua, H.; Wen-Jiang, Z.; Bing, S. Icariin delays homocysteine-induced endothelial cellular
senescence involving activation of the PI3K/AKT-eNOS signaling pathway. Pharm. Biol. 2013, 51, 433-440. [CrossRef]

Hu, W,; Jin, R.; Zhang, ].; You, T.; Peng, Z.; Ge, X.; Bronson, R.T.; Halperin, J.A.; Loscalzo, J.; Qin, X. The critical roles of platelet
activation and reduced NO bioavailability in fatal pulmonary arterial hypertension in a murine hemolysis model. Blood 2010, 116,
1613-1622. [CrossRef]

Ungvari, Z.; Kaley, G.; de Cabo, R.; Sonntag, W.E.; Csiszar, A. Mechanisms of vascular aging: New perspectives. ]. Gerontol. A
Biol. Sci. Med. Sci. 2010, 65, 1028-1041. [CrossRef]

Luis, A.; Domingues, E; Pereira, L. Association between berries intake and cardiovascular diseases risk factors: A systematic
review with meta-analysis and trial sequential analysis of randomized controlled trials. Food Funct. 2018, 9, 740-757. [CrossRef]
Garcia-Conesa, M. T.; Chambers, K.; Combet, E.; Pinto, P.; Garcia-Aloy, M.; Andres-Lacueva, C.; de Pascual-Teresa, S.; Mena, P;
Konic Ristic, A.; Hollands, W.].; et al. Meta-Analysis of the Effects of Foods and Derived Products Containing Ellagitannins and
Anthocyanins on Cardiometabolic Biomarkers: Analysis of Factors Influencing Variability of the Individual Responses. Int. ]. Mol.
Sci. 2018, 19, 694. [CrossRef]

Fairlie-Jones, L.; Davison, K.; Fromentin, E.; Hill, A.M. The Effect of Anthocyanin-Rich Foods or Extracts on Vascular Function in
Adults: A Systematic Review and Meta-Analysis of Randomised Controlled Trials. Nutrients 2017, 9, 908. [CrossRef] [PubMed]
Donato, A.J.; Morgan, R.G.; Walker, A.E.; Lesniewski, L.A. Cellular and molecular biology of aging endothelial cells. ]. Mol. Cell.
Cardiol. 2015, 89, 122-135. [CrossRef]

Parzonko, A.; Oswit, A.; Bazylko, A.; Naruszewicz, M. Anthocyans-rich Aronia melanocarpa extract possesses ability to protect
endothelial progenitor cells against angiotensin II induced dysfunction. Phytomedicine 2015, 22, 1238-1246. [CrossRef] [PubMed]
Li, J.; Zhao, R.; Zhao, H.; Chen, G,; Jiang, Y.; Lyu, X.; Wu, T. Reduction of Aging-Induced Oxidative Stress and Activation of
Autophagy by Bilberry Anthocyanin Supplementation via the AMPK-mTOR Signaling Pathway in Aged Female Rats. J. Agric.
Food Chem. 2019, 67, 7832-7843. [CrossRef] [PubMed]

Wang, Z.; Zhang, M.; Wang, Z.; Guo, Z.; Wang, Z.; Chen, Q. Cyanidin-3-O-glucoside attenuates endothelial cell dysfunction by
modulating miR-204-5p /SIRT1-mediated inflammation and apoptosis. Biofactors 2020, 46, 803-812. [CrossRef]

Tsai, K.L.; Hung, C.H.; Chan, S.H.; Hsieh, P.L.; Ou, H.C.; Cheng, Y.H.; Chu, PM. Chlorogenic Acid Protects Against oxLDL-
Induced Oxidative Damage and Mitochondrial Dysfunction by Modulating SIRT1 in Endothelial Cells. Mol. Nutr. Food Res. 2018,
62, €1700928. [CrossRef]


http://doi.org/10.1016/j.jnutbio.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/27260462
http://doi.org/10.1002/mnfr.201900876
http://doi.org/10.1016/j.redox.2019.101269
http://www.ncbi.nlm.nih.gov/pubmed/31330482
http://doi.org/10.3390/nu14122549
http://doi.org/10.1016/j.cell.2017.05.015
http://doi.org/10.1038/nsmb.3092
http://doi.org/10.1101/cshperspect.a026088
http://doi.org/10.1038/nature09603
http://doi.org/10.1042/BST20140113
http://doi.org/10.1152/japplphysiol.91353.2008
http://www.ncbi.nlm.nih.gov/pubmed/19036896
http://doi.org/10.1016/j.cell.2013.05.039
http://doi.org/10.1073/pnas.1102789108
http://www.ncbi.nlm.nih.gov/pubmed/21746928
http://doi.org/10.1161/CIRCRESAHA.118.311378
http://www.ncbi.nlm.nih.gov/pubmed/30355080
http://doi.org/10.1161/CIRCRESAHA.118.312563
http://doi.org/10.3109/13880209.2012.738332
http://doi.org/10.1182/blood-2010-01-267112
http://doi.org/10.1093/gerona/glq113
http://doi.org/10.1039/C7FO01551H
http://doi.org/10.3390/ijms19030694
http://doi.org/10.3390/nu9080908
http://www.ncbi.nlm.nih.gov/pubmed/28825651
http://doi.org/10.1016/j.yjmcc.2015.01.021
http://doi.org/10.1016/j.phymed.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/26655406
http://doi.org/10.1021/acs.jafc.9b02567
http://www.ncbi.nlm.nih.gov/pubmed/31242723
http://doi.org/10.1002/biof.1660
http://doi.org/10.1002/mnfr.201700928

Nutrients 2022, 14, 2836 17 of 17

97. Lee, G.H.; Hoang, TH.; Jung, E.S,; Jung, S.J.; Han, S.K.; Chung, M.].; Chae, S.W.; Chae, H.]. Anthocyanins attenuate endothelial
dysfunction through regulation of uncoupling of nitric oxide synthase in aged rats. Aging Cell 2020, 19, €13279. [CrossRef]
[PubMed]

98. Choi, M.J,; Kim, B.K.; Park, K.Y.; Yokozawa, T.; Song, Y.O.; Cho, E.J. Anti-aging Effects of Cyanidin under a Stress-Induced
Premature Senescence Cellular System. Biol. Pharm. Bull. 2010, 33, 421-426. [CrossRef]

99. Hada, Y.; Uchida, H.A.; Otaka, N.; Onishi, Y.; Okamoto, S.; Nishiwaki, M.; Takemoto, R.; Takeuchi, H.; Wada, J. The Protective
Effect of Chlorogenic Acid on Vascular Senescence via the Nrf2/HO-1 Pathway. Int. . Mol. Sci. 2020, 21, 4527. [CrossRef]


http://doi.org/10.1111/acel.13279
http://www.ncbi.nlm.nih.gov/pubmed/33274583
http://doi.org/10.1248/bpb.33.421
http://doi.org/10.3390/ijms21124527

	Introduction 
	Anthocyanin 
	Structure of Anthocyanin 
	Physiological Activities of Anthocyanins 
	Anti-Cancer 
	Anti-Inflammatory 
	Anti-Oxidation 
	Protective Effect on the Liver 
	Lowering Blood Glucose 
	Anti-Aging 
	Other Effects 


	Bioavailability of Anthocyanins and Their Interaction with the Gut Microbiome 
	Bioavailability of Dietary Anthocyanins 
	Interaction of Dietary Anthocyanins with the Gut Microbiome 

	Effects of Anthocyanins on Endothelial Cell Aging and Cardiovascular Protection 
	Cell Senescence and Vascular Endothelial Cell Senescence 
	Dietary Anthocyanins Protect Cardiovascular System through Anti-Aging 

	Conclusions 
	References

