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Effectiveness of anthocyanin-containing foods and
nutraceuticals in mitigating oxidative stress,
inflammation, and cardiovascular health-related
biomarkers: a systematic review of animal and
human interventionsf

Nima Mohammadi,? Michelle Farrell,? Laura O'Sullivan,® Andrea Langan,®
Marcelo Franchin,? Luciana Azevedo® and Daniel Granato () *2<

Cardiovascular diseases (CVDs) are a group of chronic health disorders prevalent worldwide that claim
millions of lives yearly. Inflammation and oxidative stress are intricately associated with myocardial tissue
damage, endothelial dysfunction, and increased odds of heart failure. Thus, dietary strategies aimed at
decreasing the odds of CVDs are paramount. In this regard, the consumption of anthocyanins, natural
pigments found in edible flowers, fruits, and vegetables, has attracted attention due to their potential to
promote cardiovascular health. The main mechanisms of action linked with their protective effects on
antioxidant and anti-inflammatory activities, serum lipid profile modulation, and other cardiovascular
health parameters are explained and exemplified. However, little is known about the dose-dependency
nature of the effects, which anthocyanin has better efficiency, and whether anthocyanin-containing
foods display better in vivo efficacy than nutraceuticals (i.e., concentrated extracts containing higher
levels of anthocyanins than foods). Thus, this systematic review focused on determining the effects of
anthocyanin-containing foods and nutraceuticals on biomarkers associated with CVDs using animal
studies and human interventions supported by in vitro mechanistic insights. Overall, the results showed
that the regular consumption of anthocyanin-containing foods and nutraceuticals improved vascular
function, lipid profile, and antioxidant and anti-inflammatory effects. The daily dosage, the partici-
pants’ health status, and the duration of the intervention also significantly influenced the results.

sively used and published in nutritional epidemiology, our
understanding of how diet affects health remains complex due

Amidst the growing interest in consuming natural foods for a
healthier lifestyle, an explicit focus has emerged on various
components, significant nutrients (e.g., proteins, fats, and
carbohydrates) and minor compounds, such as carotenoids
and phenolic compounds. Although databases like the United
States Department of Agriculture (USDA) and phenol-explorer
provide valuable data on polyphenols, which have been exten-
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to the vast number of chemical compounds present in foods."
While polyphenol data contribute significantly to our knowl-
edge, there are still gaps in understanding, as many other com-
pounds remain underexplored, highlighting the ongoing chal-
lenges in nutritional research.”

Polyphenols comprise a large group of compounds derived
from plants with a chemical structure containing one or more
hydroxyls bonded in the benzene ring.* There are four primary
polyphenols classes: flavonoids, phenolic acids, stilbenes, and
lignans.* Table 1 presents the types and sources of phenolic
compounds, showcasing their notable impact on human
cardiovascular health by eliminating and preventing reactive
oxygen species (ROS) production, reducing blood pressure
(BP), improving endothelial functioning through increased
plasma epicatechin levels, and enhancing endothelial vasodi-
lators, enhancing high-density lipoprotein cholesterol (HDL-C)
production in prehypertensive individuals, reducing low-
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Table 1 Classes, sources and CVD health benefits observed in humans for each polyphenol class
Polyphenol
class Examples of sources Examples of CVD health benefits of each class. Ref.
Flavonoids Onions, kale, celery, spinach, broccoli, strawberries, - Antioxidant activity is displayed by eliminating and 5
blackberries, blueberries, purple cabbage, oranges, lemons, preventing ROS production by donating electrons and
grapefruits, pomegranate, soy, tea, cocoa and red and white blocking ROS-activating enzymes.
wine. - Flavonoid intake can reduce BP in both men and women. 4
- Flavonoids can improve human endothelial functioning by 6
increasing plasma epicatechin levels and enhancing
endothelial vasodilators.
- Can improve HDL-C production in prehypertensive 7
humans.
8
9
Phenolic Strawberries, black radish, whole grain, coffee, cereals, - Phenolic acids in coffee can reduce LDL-C and VLDL-C in 4
acids berries, and spices. humans.
- Improvement in endothelial function in males. 5
10
11
Stilbenes Red wine, berries, and grapes. - Can reduce LDL-C levels and increase HDL-C levels in 4
women.
- Reduction in inflammation by downregulation of pro- 5
inflammatory cytokines.
12
13
Lignans Flaxseed, grains, sunflower seed and whole bran cereals. - Reduction in BP in hypertensive humans. 4
- Can lead to reductions in LDL-C levels in men. 5
14
15

Reactive oxygen species: ROS; blood pressure: BP; high-density lipoproteins: HDL-C; low-density lipoprotein: LDL-C; very low-density lipoprotein

cholesterol: VLDL-C.

density lipoprotein cholesterol (LDL-C) and very low-density
lipoprotein cholesterol (VLDL-C), downregulating pro-inflam-
matory cytokines to reduce inflammation, and leading to
reductions in LDL-C levels in humans.*

Anthocyanins (ANT), captivating the attention of public
health experts, have emerged as polyphenols of nutritional
interest. Comprising anthocyanidin structures such as peoni-
din, pelargonidin, cyanidin, petunidin, and malvidin, ANT are
coupled with a sugar moiety, such as rutinose, glucose, galac-
tose, and sambubiose (Fig. 1). Anthocyanidins’ basic structure
includes an aromatic ring attached to a heterocyclic ring con-
taining oxygen, subsequently linked to a third aromatic ring by
a carbon-carbon bond. Nearly 700 ANT can be found in dark-
coloured (red to blue) fruit pulps and skins/peels, vegetables,
flowers, and seeds.'®

The health benefits attributed to ANT are associated with
their mechanisms to mitigate pro-inflammatory responses and
ameliorate ROS generation in plasma and tissues, improve
endothelial function, normalise the levels of circulating
plasma lipids, and enhance nitric oxide (NO)
production.”"”>°

Non-communicable diseases (NCDs) account for 71% of all
global deaths annually, and 32% result from cardiovascular
diseases (CVDs), accounting for 17.9 million lives yearly. CVDs
include a variety of diseases that directly affect the heart and
blood vessels, thus increasing the odds of ischemic events,
clinical complications, and, eventually, death.>® One of the
leading causes of CVDs is atherosclerosis, which can be con-

This journal is © The Royal Society of Chemistry 2024

ceptualised as a lipid-driven chronic inflammation of middle-
sized and large arteries initiated by endothelial cell (EC) acti-
vation through modified lipids such as oxidised low-density
lipoprotein cholesterol (ox-LDL). This inflammatory disease
leads to lipids accumulating and hardening the arteries,
forming plaque due to lipid oxidation and hyperlipidemia.”*
Inflammation is a crucial contributor to atherosclerosis onset
to atherosclerotic plaque development.>***
Inflammation occurs in response to tissue injury or infection.
If not closely regulated, an inflammatory response, also known
as a cytokine storm, can increase the odds of CVDs, including
clinical symptoms and changes in blood-related biomarkers.>>
Atherosclerosis occurs when the lumen of the arteries narrows
due to plaque build-up; hence, blood flow is restricted.
Increased plaque production harms cardiovascular health as it
decreases the size of the lumen and increases vessel thickness,
thus leading to unstable blood flow and, subsequently.>®
Considering this scenario and the need to decrease the risk
of diseases through adopting healthier eating habits, natural
plants and healthy foods, such as polyphenol-containing
foods, have been the subject of more in-depth studies over the
past few decades. A varied and balanced diet is the critical
target in the risk reduction of the onset and progression of
CVDs.”” Life habits, genetics, and diet can modify CVD risk
factors, including inflammation, BP, endothelial function,
blood lipids, and plasma antioxidant capacity.”® Therefore,
incorporating food groups that positively impact CVD-related
biomarkers would be paramount to reducing CVD risk. In this

and critical
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Fig. 1 Various anthocyanidin and anthocyanin structures and examples of food sources.

context, evidence from different protocols has shown that con-
suming fruits and vegetables-containing ANT has an inverse
association with CVDs.?*?° Such effects include reduced BP,
inflammation, oxidative stress biomarkers, and signalling
agents.”"

Early findings associated with ANT mainly focused on their
antioxidant and anti-inflammatory effects. These studies
aimed to discover if the consumption of ANT was effective in
modulating oxidative and inflammation-led cascades in vivo,
which might be the basis for reducing the risk of CVDs.>"°
Limitations exist in the early findings of ANT and CVD. For
example, in animal and clinical studies, the type and daily
dosage of ANT consumed are not frequently considered,
including their composition, intervention time, and target
population.

Nonetheless, new hypothesis-driven research has been
undertaken in different animal-based studies and human
interventions to unveil how ANT-containing foods impact
cardiovascular health. For example, in a systematic review and
meta-analysis of prospective cohort studies, Kimble et al. con-
cluded that the sustained consumption of ANT from dietary
sources significantly reduced the risk of CVD mortality by
modulating the lipid profile, increasing the plasma anti-
oxidant capacity and decreasing the secretion of pro-inflamma-
tory cytokines, such as interleukin-6 (IL-6).>* Still, no associ-
ation was observed between the dietary intake of ANT and the
risk of cerebral infarction, ischemic, and haemorrhagic stroke.
In our previous reviews on the association between bioactive-
rich molecules (e.g., ANT and other phenolics), consuming
functional foods>**” added with natural antioxidants may
become a breakthrough in public health as the rate of CVD
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may be considerably decreased. Still, more relational and
populational-based studies are necessary to ascertain the
cause-and-effect relationship.

In comparison to previous review articles published in the
past 10 years on “ANT x cardiovascular health”, the focus was
primarily on the protective effects of berries on endothelial
dysfunction,®® with some researchers providing a detailed
examination of the mechanisms underlying the vascular pro-
tective effect of ANT. Additionally, the clearance of senile vas-
cular endothelial cells and its implications for preventing
cardiovascular diseases were investigated.>* However, none of
these previous research outputs addressed dose-dependency
behaviour, the effects of different ANT types, or the source of
ANT consumption (e.g., nutraceutical or natural foods). To
move beyond the current state-of-the-art and provide valuable
and novel information to the literature, a broader and more
comprehensive perspective on the effects of ANT on cardio-
vascular health is offered herein. Our study aims to fill these
gaps by investigating the dose dependency of ANT and com-
paring the effectiveness of anthocyanin-containing foods with
nutraceuticals. Furthermore, findings from various types of
studies, including animal experiments, human interventions,
and mechanistic insights from in vitro protocols, are integrated
to provide a multidimensional analysis of the beneficial effects
of ANT on oxidative and pro-inflammatory status, lipid profile
modulation and other cardiovascular health parameters. A
more nuanced understanding of the topic is offered by evaluat-
ing factors such as daily dosage, participants’ health status,
and intervention time. Overall, a significant advancement in
the field is presented by providing valuable insights that
extend beyond the scope of previous research efforts.

This journal is © The Royal Society of Chemistry 2024
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2. Background on cardiovascular
diseases

Since atherosclerosis is a major driving factor in developing
CVDs, we should highlight its recognised multivariate associ-
ation among vascular inflammation, endothelial dysfunction,
and oxidative/nitrosative stress in multiple tissues.’>?° It is
well established the impact of lipid-driven chronic inflam-
mation on vascular function and the formation of athero-
sclerotic plaque through endothelial activation, monocyte and
macrophage stimulation, transendothelial migration and lipid
deposition with the evolvement of cytokines and chemokines
(family of small cytokines with chemotactic properties) and
their receptors CVD.?*”®

The formation of this plaque is displayed in Fig. 2.
Cytokines, including interleukins (ie., IL-6, IL-1, IL-1p),
tumour necrosis factor a (TNF-a), prostaglandins, and altera-
tions in signalling pathways (i.e., level of monocyte chemoat-
tractant protein, MCP-1) are vital inflammatory mediators
present in the blood from the onset of atherosclerosis.®®
Oxidative/nitrosative stress is a condition of imbalance
between forming free radicals and other reactive species and
antioxidant defences. ROS and reactive nitrogen species (RNS)
are highly reactive, short-lived organic and inorganic mole-
cules that result from normal physiological metabolism in
living systems. Oxygen radicals and hydrogen peroxide (H,O,)
are normally formed during mitochondrial functions in bio-
logical systems since photosynthesis and aerobic respiration
similarly use oxygen.?® These species are required for bodily
functions such as cell homeostasis and gene expression.*'

Oxidative stress and inflammation are closely interrelated
and are linked to proatherogenic stimuli. Indeed, the ox-LDL,
the hallmark of atherosclerotic lesions, is uptaken by unregu-
lated scavenger macrophage receptors to form foam -cells.
Moreover, the central ox-LDL cellular receptor is LOX-1, which
has pro-inflammatory potential in atherogenesis and is up-
regulated after exposure to several pro-inflammatory factors
and TNF-a. These mechanisms generate feedback loops from
oxidised molecules captured by overexpressed receptors reach-
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Fig. 2 General representation of atherosclerosis plaque formation.
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ing the fatty streaks and atherosclerotic plaque formation (the
final stage of the disease).>**?

In this sense, both oxidative stress and inflammation cause
injury to cells, including endothelium.** Endothelial dysfunc-
tion promotes a pro-inflammatory environment, as evidenced
by increased endothelial expression of adhesion molecules
and the imbalance of arachidonic acid metabolites and che-
moattractant molecules.

Vascular inflammation forms a positive feedback loop,
leading to endothelial dysfunction.** Indeed, risk factors that
can cause oxidative/nitrosative stress, inflammation, and CVDs
include an unhealthy diet, inactive lifestyle, high BP, and
smoking.*® This connection between vascular inflammation,
endothelial dysfunction, and oxidative stress supports the
clinical practice that well-established antihypertensive agents
and statins are still relevant due to their antioxidant and anti-
inflammation pleiotropic effects.*®

Deciphering and enlightening the mechanisms to break
this feedback pro-oxidant and inflammatory status, especially
by diet (including nutraceuticals and functional foods, e.g
ANT), will be fundamental for developing novel therapies to
mitigate the burden of atherosclerosis and other CVDs.

3. Absorption, metabolism, and
excretion of dietary anthocyanins

Before describing the modulating effects of ANT in animals
and humans, it is essential to provide an overview of how
these bioactive compounds are absorbed, metabolised, and
excreted.””>° In general, as illustrated in Fig. 3A, studying the
absorption and bioavailability of dietary ANT requires a stan-
dardised platform to characterise the chemical composition
(e.g., ANT composition and levels) of the food or nutraceuticals
(e.g., capsules containing ANT in a higher level compared to
the natural food source) and in vitro bioactivities (e.g., anti-
oxidant and anti-inflammatory capacities). Cell-based studies
using different cells (e.g., intestine, stomach, liver, erythro-
cytes, and macrophages) should be performed to confirm their
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of anthocyanin-rich extracts, foods, and nutraceuticals; and (C) pathways of anthocyanins absorption, distribution, metabolism, and excretion. Note:
concepts are in line with those of Granato.>
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toxicological safety and profile at different dosages. Animal
testing can be conducted to validate the selection of bio-
markers and evaluate the efficacy of the food/nutraceutical
in vivo. In a later stage, efficacy should be studied in human
interventions to establish the cause-effect relationship and
understand the existence of any dose-response behaviour.

In a simulated digestion system (Fig. 3B), such as the
INFOGEST protocol,® the bioaccessibility and bioavailability
of ANT in foods and nutraceuticals can be studied, including
the development of metabolites during each digestion phase
(e.g., oral, oral + stomach, and oral + stomach + intestine).
Similar conditions using temperature and enzymes can recapi-
tulate the human physiological conditions, and different
analytical techniques, such as liquid-chromatography-mass
spectrometry coupled with bioactivity testing, can be utilised.
This platform is crucial to mimicking and understanding the
effects of each digestion phase on the metabolism and absorp-
tion of ANT.>® The interaction with human enterocytes, phar-
macokinetics, the absorption rate of ANT, and the production
of metabolites can also be studied using Caco-2 monolayers or
other cell models, obtaining the in vitro bioavailability of such
compounds.

Fig. 3C summarises the fate of ANT after oral adminis-
tration in humans. This process depends on the anthocyanin’s
chemical structure - aglycones or glycosylated bonds with
glucose, xylose, arabinose, galactose, rhamnose or rutinose.
The molecular weight affects the absorption rate of ANT and,
therefore, their concentration in human blood (e.g., bio-
availability). Research shows that some ANT can be absorbed
in the stomach (10 to 50 nM) through a bilitranslocase-
mediate mechanism, but most ANT are absorbed in the small
intestine.’” In the oral cavity (pH 6.6-7.1), ANT are partially
degraded (<10%) with the action of hydrolases and second-
stage enzymes. In the stomach (pH 2-3), because of the low
pH and hydrolysis of glycosidic bonds via C-ring fission with
fragments of A- and B-ring, ANT are stabilised and partially
absorbed (~10%) in a complete structure within 15-30 min.
The liver plays a crucial role in the metabolism of ANT, as cate-
chol-O-methyltransferase and sulfotransferases are responsible
for anthocyanin methylation and sulfation, respectively. The
remaining ANT enter the small intestine (pH 4-7) and are
transformed into quinone bases, chalcones, and pseudo
bases, making them more chemically unstable. ANT undergo
chemical modifications because of enzymatic reactions
(lactase and p-glucosidase), especially by glycosylation and
decomposition into low molecular weight (e.g. phenolic acids
and aldehydes) compounds.'” In the colon (pH 4-7), ANT and
their metabolites formed in the stomach-small intestine axis
interact with gut microbiota (e.g., biotransformation) before
enterocyte absorption augmenting the abundance of beneficial
phyla and modulating the ratio of Bacteroides/Firmicutes.>*
More specifically, intestinal microbiota release deglycosylation
enzymes, cleave the glycosylation portion, generate aglycones,
and further open the ring to create different phenolic acids
(such as protocatechuic acid (PCA) and vanillic acid, syringic
acid, ferulic acid, and hippuric acid) or aldehydes. Overall,

This journal is © The Royal Society of Chemistry 2024
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part of ANT uptake along the gastrointestinal tract is reduced,
while part of phenolic acid may be enhanced.?* This metabolic
process is able to increase the levels of short-chain fatty acids,
central compounds linked to enterocyte energy metabolism,
gluconeogenesis, and colonocyte health and proliferation.>® In
this process, less than 3% of ANT is excreted in the urine and
plasma concentration of ANT can reach 120 nmol L' in a
couple of hours after ingestion."”

To exemplify this approach, dos Santos Lima et al. analysed
the bioaccessibility and bioactivity of blackcurrant press cake
after in vitro simulated digestion. They found that the bioac-
cessibility of total ANT increased by 136%, where the bioacces-
sibility of delphinidin 3-glucoside, delphinidin 3-rutinoside,
C3G, and cyanidin 3-rutinoside was 198%, 128%, 112%, and
131%, respectively. Both fractions (e.g., digested and undi-
gested) showed cellular antioxidant activity, but the undigested
fraction inhibited the oxidation of glutathione and decreased
intracellular ROS generation in Caco-2, HepG2, and EA-hy926
cells. In chemical assays (FRAP and DPPH), the digested
sample’s antioxidant activity was significantly higher (between
two- and three-fold) than the undigested sample. This research
highlights some interesting findings related to the bioaccessi-
bility of ANT: only chemical assays are insufficient to have a
bioactivity fingerprint of ANT, and ANT’s bioaccessibility rate
cannot be a predictor of their bioactivity.”®

Interestingly, when dealing with an in vivo model, this
blackcurrant press cake at the highest dosage (diet with 15%)
exerted pre-neoplastic lesions and morphological changes in
the colon of Wistar rats and caused gut bacterial dysbiosis. It
is hypothesised that after digestion and fermentation, the
breakdown products and individual colonic metabolites can
modulate colon carcinogenesis, linked with the pro-oxidant
activity of natural antioxidants at high doses. These findings
point out that the pro-oxidant activities of ANT need to be
deeply investigated in vivo protocols.®”

Overall, insights gained from these ANT metabolic pro-
cesses, besides their chemical and amount modification
knowledge, underscore the necessity of finding solutions to
maintain adequate levels of metabolites in plasma and target
tissues while considering their nutraceutical effects in living
systems. The future belongs to foodomics studies, functional
food research, phytopharmaceuticals containing ANTs and
components with synergistic action, and exploratory epigenetic
studies.>®

4. Methods and study selection:
animal and human studies

The PICOS (population, intervention, comparison, outcome)
shown in Tables 1 and 2 - ESI{ was utilised to determine the
exclusion and inclusion criteria required for the literature
review. A literature search used Ebsco, EMBASE, and Web of
Science. Various search terms with multiple operators, such as
‘AND’, ‘OR’, were included to narrow the search and combine
keywords. The searched databases were limited to English-only

Food Funct., 2024,15, 3274-3299 | 3279
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papers published from 1°* January 2000 to 1°* January 2022.
Keywords included ANT, CVDs, cardiometabolic risk, inflam-
mation, oxidative stress, and cardiovascular health. Tables 3
and 4 - ESIj describe this database search strategy.

In the first step of the screening process, all articles’ titles
found in the database searches were analysed to classify them
as relevant or irrelevant (excluded). Relevant articles’ abstract
was then screened for eligibility based on the inclusion/exclu-
sion criteria. The data extracted from each study included the
author, year of publication, study duration, number of sub-
jects, type of animal and their health status, intervention type,
type of control, the dosage of intervention, and significant
results post-intervention.

The three databases identified 1351 and 1300 animal and
human manuscripts, respectively, and from that, duplicates
were identified and manually excluded wusing EndNote
Software (Version 20, 2022). Titles and abstracts of the remain-
ing 1256 (animal) and 1209 (human) studies were assessed
and reviewed to ensure inclusion/exclusion criteria eligibility.
After screening the title and abstracts, 185 and 181 animal and
human papers remained, respectively, and these articles were
screened for eligibility by looking at the complete text,
abstract, and title. Finally, 30 and 55 articles remained and
met all the relevant criteria to be included in the study. Flow
diagrams depicting the study selection and screening process
can be seen in Fig. 1 and 2 - ESI.t Some examples of reasoning
as to why full-text articles assessed were excluded include not
being relevant to the topic, insufficient subjects per group and
no variables of interest. The included studies underwent a rig-
orous cross-checking process by the authors NM and MF to
ensure the accuracy and reliability of the findings. Each study
underwent independent assessment. In cases where discrepan-
cies arose, a third expert operator was consulted, and consen-
sus-based adjustments were implemented to resolve them.
Data extraction tables describing the key characteristics and
outcomes of the studies included in this review can be seen in
Tables 2 and 3.

5. Effects of anthocyanin
consumption on antioxidant capacity

The concept of oxidative stress and mild chronic vascular
inflammation as part of hypertension and atherosclerosis
pathophysiology has also been accepted.’® Oxidative stress
occurs when there is an imbalance between oxidation and
antioxidation, which leads to neutrophil infiltration, increased
protease  secretion, and  production of  oxidative
intermediates.>

ROS represents a group of unstable compounds with
increased reactivity formed in organisms from O,. ROS include
H,0,, superoxide anion (0, ”), singlet oxygen (‘O,), and
hydroxyl radical ("OH). In addition, cellular metabolites
formed by either endogenous or exogenous nitrogen can form
reactive nitrogen species (RNS), such as NO, peroxynitrite
(ONOO7), and nitrite/nitrate. Free radicals can initiate multi-
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step chain reactions; each reaction produces a free radical that
participates in the following step. As a result of this complex
sequence, the target molecule loses an electron and becomes a
free radical, triggering a series of reactions that damage and
eventually kill the living cell.*°

ROS may be generated intracellularly, extracellularly, or in
specific intracellular compartments via several enzymes, such
as cyclooxygenases, myeloperoxidases, cytochrome
P450 monooxygenase, uncoupled nitric oxide synthase (NOS),
peroxidases, a family of NADPH oxidases (NOX), lipooxy-
genases (LOXs), and xanthine oxidase (X0).*® XO is the source
of NO, H,0,, and superoxide ions (O,""). Its increased activity
is linked with dyslipidaemia, diabetes, and hypertension. At
the same time, LOXs are dioxygenases that catalyse the hydro-
peroxidation of polyunsaturated fatty acids. The role of NOX is
host defence, regulation of gene expression, post-translational
processing of proteins, cellular signalling, and cell differen-
tiation. Moreover, NOX dysregulation contributes to various
pathological conditions, such as diabetic nephropathy, hyper-
tension, atherosclerosis, immunosuppression, hypothyroid-
ism, neurodegenerative disorders, and cancer.>

Oxidative stress associated with atherosclerosis can occur
locally in the vessel wall or the systemic and involves multiple
cell types, including endothelial cells, smooth muscle cells
(SMC), immune cells, and stem/progenitor cells. Moreover,
ROS and NO regulate LDL-C uptake in arterial walls, leading to
the oxidation of various phospholipids and the generation of
ox-LDL.%° Physiologically, there are two types of antioxidant
systems in the body that can maintain the oxidant-antioxidant
balance: the enzymatic system, which includes superoxide dis-
mutase (SOD), glutathione peroxidase (GPx), and catalase
(CAT), and the non-enzymatic system, such as albumin, biliru-
bin and glutathione, the molecular regulatory mechanism by
nuclear factor E2-related factor 2-anti-oxidant response
elements (Nrf2/ARE)-mediated antioxidant gene expression as
well as micronutrients (vitamins and minerals) and food com-
pounds (e.g:, polyphenols and carotenoids).***°

Endogenous antioxidant enzymes reduce ROS to water by
working simultaneously, firstly by SOD converting superoxide
anions to hydrogen peroxide. H,O, still damages cells because
of its pro-oxidant behaviour; thus, CAT and GPx work to
reduce H,0, in water. By completing this action, the detrimen-
tal effects of ROS and the risk of CVD are ultimately reduced.
SOD and CAT depend on minerals such as zinc and mag-
nesium to function effectively; thus, an individual’s nutritional
status is critical regarding antioxidant status.®’ Suppose the
endogenous antioxidant system is not working well, or there is
an overproduction of ROS. In that case, oxidative/nitrosative
stress will take place, thus forming oxidation-end and immedi-
ate products associated with inflammation and endothelial
dysfunction. ox-LDL is derived from oxidative stress and
enhances CVD by initiating inflammation and subsequent
growth/build-up of plaque in the arteries.®> Malondialdehyde
(MDA) is an end-product of lipid peroxidation, whereby lipids
react with oxidants such as free radicals to produce an oxi-
dation product.®® In fact, NO modulates the vascular tone by
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Table 2 Effects of anthocyanin consumption on human health
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Citation Source of anthocyanin Subjects Health status

Length of
intervention

Dose of
anthocyanins

Main outcomes

172 FDB 115 males MetS
and females

115 Agraz (Vaccinium 40 females  MetS
meridionale Swartz)

170 High and low 66 males and Healthy
blackcurrant juice females

81 Acai and jucara juice 30 males and Healthy
extracts. females

121 Cranberry juice 44 males and CAD
females

84 Black rice pigment 60 males and CHD
fraction females

82 Freeze-dried black 39 males and Smokers
raspberry females

151 Strawberry beverage 34 male and Smokers
female adults

173 Hibiscus sabdariffa tea 65 males and Hypertensive
females
176 FDB powder 52 males Diabetes

87 LGP 44 females  Post-menopause

91 Medox capsules 55 males and MetS
females

This journal is © The Royal Society of Chemistry 2024

6 months

12 weeks

6 weeks

4 weeks

4 weeks

6 months

4 weeks

4 weeks

6 weeks

8 weeks

4 weeks

4 weeks

- 364 mg per day of
FDB.

- 182 mg per day of
FDB

- 0 mg per day of
FDB

75.65 mg per day

- High: 14.3 mg per
day

- Low: 4 mg per day
- Acai juice:

221.58 mg per day
- Jucara juice:
329.54 mg per day

94 mg per day

4.32 g per day

1.23 g per day

141.7 mg per day

21.12 mg per day

261.8 mg per day

27.72 mg per day

160 mg per day

- Increase in FMD, Cgmp and
HDL-C after 364 mg per day.

- Reduction in arterial stiffness
after 364 mg per day.

- No changes in BP.

- No modulations were observed
after 182 mg per day.

- No modulation in apoA-1
concentration, PON1 activities,
MPO concentration and
cholesterol efflux capacity.

- No changes in inflammatory
markers IL-6, IL-8, TNF-a, NF-xB,
IL-1p and MCP-1.

- No modulation in BP after both
high and low juice.

- FMD increased after high juice.
- HDL-C cholesterol increased after
both juices.

- No changes in LDL-C levels.

- TAC, CAT and GPx increased after
acai juice.

- CAT increased after jucara juice.
- TOS, uric acid and SOD did not
change.

- Brachial artery FMD, ICAM-1,
CRP, BP, TC, LDL-C, TG’s, blood
glucose or markers of
inflammation.

- Carotid femoral pulse wave
velocity decreased.

- TAC increase.

- Reductions in hs-CRP, sVCAM-1,
sCD40L.

- No modulations in levels of TC,
LDL-C, TG, HDL-C, IMT, SOD,
apoA-I and apoB

- No effects on blood lipids such
as TC, LDL-C, TG, HDL-C, SOD or
LDL-C oxidation.

- Lipid peroxidation reduced.

- CAT and GPx levels increased.

- No observed changes in TGs,
LDL-C, HDL-C, TC, apo B, DBP,
apo A and hsCRP.

- The %FMD increased after the
strawberry beverage.

- SBP reduced.

- Reductions in SBP, MAP and
DBP.

- Reductions were observed in
TG’s, TC, HbAlc and LDL-C.

- No alterations in hsCRP, SBP,
DBP and heart rate.

- No observed effects in HDL-C or
TC.

- Levels of TGs, LDL-C, Apo B, Apo
E, TNF-a, CETP, F2-isoprostanes
and TG’s reduced.

- No modulations of LCAT, LDL-C
oxidation and plasma cytokines
IL-6 and CRP.

- Considerable reductions
observed in serum TG’s, LDL-C.

- Slight decrease in serum TC, CRP
and FBG.
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Table 2 (Contd.)

Length of Dose of
Citation Source of anthocyanin Subjects Health status intervention anthocyanins Main outcomes

- No changes in levels of HDL-C or

uric acid.
86 Aronia melanocarpa 47 males and MetS 2 months 300 mg per day - TC, LDL, ET-1, TGs, SBP and DBP
extract females levels reduced.

- Antioxidant enzymes GPx and
SOD increased.

- No notable changes in HDL-C,
CRP, uric acid and FBG levels.

- Fibrinogen levels increased

significantly.
- CAT levels unexpectedly
decreased.
116 Elderberry extract 52 females  Post-menopause 12 weeks 500 mg per day - No modulation of inflammatory
(Sambucus nigra) markers TNF-a, CRP, IL-6, TNF RI,

TNF RII and RANTES.
- No changes in BP, platelet
reactivity, ET-1, TC, HDL, LDL and

TGs.
177 - Wine grape solids 35 males Healthy 6 weeks 118.5 mg perday - No observed effects on FMD, BP,
and grape seed solids HDL-C, LDL-C pulse wave transit
in capsules. time, heart rate and large and

small arterial elasticity.
- Platelet activation, platelet
aggregation, and serum TGs were
lowered.
88 Medox capsules 118 males Healthy 3 weeks 150 mg per day - Pro-inflammatory chemokines
and females IL-8, RANTES and IFN« were all
reduced.
- Cytokines IL-4 and IL-13 reduced
significantly.
- No modulations in CRP, HDL-C,
TC or oxidised LDL.
89 Medox capsules 40 males and Diabetic 4 weeks 320 mg per day - Reductions observed in IL-6,
females IL-18 TNF-a, FBG and LDL-C.
- No modulations were observed in
IL-8, hs-CRP, mean TG and

HDL-C.
114 Medox capsules 146 males Hypercholesterolemic 24 weeks 320 mg per day - HDL-C levels increased, and
and females individuals LDL-C levels decreased.

- Inflammatory markers hsCRP
and IL-1p reduced.
- No alterations in TNF-a were

observed.
85 Aronia berry capsules 49 male and Smokers 12 weeks 45.1 mg per day - TC and LDL-C levels reduced.
female - No modulations were observed in

TG’s and HDL-C levels.
- Inflammation and oxidative
stress biomarkers were unaltered.

175 Grape juice extract 60 males and Hypertensive 10 weeks 225.8 mg per day - DBP and ET-1 were reduced after
capsules or grape and females and 21.5 mg per grape wine extract.
wine extract capsules. day respectively - No BP effects after grape juice
extract.

- Platelet functions, platelet
aggregation, FMD and plasma
lipids were unaltered.
143 Caucasian 80 males and Hyperlipidemic 2 months 7.35 mg per day - Levels of TG’s, TC and LDL-C
whortleberry capsules females reduced.
- HDL-C levels increased.

Apolipoprotein AI: apo-Al; apolipoprotein B: apoB; blood pressure: BP; catalase: CAT; cholesterol ester transfer protein: CETP; coronary artery
disease: CAD; coronary heart disease: CHD; C-reactive protein: CRP; cyclic guanosine monophosphate: Cgmp; diastolic blood pressure: DBP;
endothelin-1: ET-1; fasting blood glucose: FBG; flow mediated dilation: FMD; freeze-dried blueberries: FDB; freeze-dried blueberries: FDB;
glutathione peroxidase: GPX/GSH-Px; hemoglobin Alc: HbAlc; high density lipoprotein cholesterol: HDL-C; high sensitivity C-reactive protein:
hs-CRP; intercellular adhesion molecule-1: ICAM-1; interleukin: IL; intima-media thickness: IMT; lecithin-cholesterol acyltransferase: LCAT; low
density lipoprotein cholesterol: LDL-C; lyophilised grape powder: LGP; mean arterial pressure: MAP; metabolic syndrome: MetS; monocyte
chemoattractant protein-1: MCP-1; myeloperoxidase: MPO; nuclear factor kappa B: NF-kB; paraoxonase 1: PON1; soluble CD40 ligand: sCD40L;
soluble vascular cell adhesion molecule-1: sVCAM-1; superoxide dismutase: SOD; systolic blood pressure: SBP; total antioxidant capacity: TAC;
total cholesterol: TC; total oxidant status: TOS; triglycerides: TG; tumour necrosis factor-alpha: TNF-o; tumour necrosis factor RI/RII: TNF RI/TNF
RII
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Table 3 Effects of anthocyanin consumption on health-related parameters in animal studies

View Article Online

Review

Source of Length of
Citation anthocyanin Subjects intervention Intervention dose Main outcomes
73 TCE Thirty-five male 6 weeks 60 mg per kg per - Leptin levels reduced.
C5BL/6] mice day of TCE - MCP-1 and adiponectin levels increased.
- Levels of SOD increased.
166 C3G 26 male and female 12 weeks 100 mg per kg BW - Reduction in aortic sinus plaque and aortic
mice per day cholesterol accumulation
- Plasma TC, TG and non-HDL-C levels
decreased.
- Apo A-1 and plasma HDL-C concentrations
increased.
108 Lyophilised cornelian 40 rabbits 60 days 100 mg kg ™" - LDL-C and TG decreased.
cherry - Levels of HDL-C and PPAR« increased.
69 Anthocyanin rich 30 mice 20 weeks 300 mg kg™ - Plaque size reduced.
black rice extract - Reduction in thin fibrous cap and large
necrotic cap.
- Reduction in expression of TFmRNA and
iNOS.
- Reduced TC, non-HDL-C and TG’s.
- No alteration in antioxidant capacity.
70 Mulberry fruit 48 wistar rats 4 weeks — - Reduction in serum cholesterol, TC, TG
and LDL-C. Increase in HDL-C levels.
179 C3G 20 mice 8 weeks 2gkg™’ - Reduction in LDL-C and increase in HDL-C
levels.
- Reduction in atherosclerotic lesions,
superoxide, and lipid hydroperoxide levels in
the aorta.
- cGMP levels were lowered.
- eNOS levels were higher.
72 BLA and BBA 60 male mice 12 weeks BLA-200 mg kg™* - In both BLA and BBA reductions in serum
food LDL-C, TC and MDA.
BBA-200 mg kg™ - GPx increased in both.
food
- BBA lowered leptin levels, SOD activity and
HDL-C.
- Inflammatory markers IL-6, TNF-a and
NFKp expression reduced.
- Overall, BBA reduced inflammatory
markers better than BLA.
142 Freeze-dried 32 rats 10 weeks 7.7 mg per kg body - SBP reduced.
blueberry powder weight - Positive impact on aortic dilatory response.
- No significant differences in TC, LDL-C and
HDL-C
71 Extracts of Euterpe 32 wistar rats 50 days — - Reduced MDA levels.
edulis
168 Saskatoon berry 30 male rats 16 weeks 26.83 g kg™ - TC levels decreased.
powder powder - SBP and diastolic stiffness improved.
167 Passiflora edulis peel 40 rats 20 days 200 mg per kg bw - Reduction in MAP and DBP.
extract - Heart rate reduced in all groups.
- SBP reduced after 50 mg per kg bw
79 Black mulberry - 50 male rats 6 weeks Low dose - 105 mg - High dose lowered TC, TG, LDL-C and AI
ethanol extract per kg bw levels.
High dose - 210 mg - High dose increased activity of antioxidant
per kg bw enzymes SOD, GSH-Px and CAT
138 Calafate 15 male rats 10 weeks 350 mg kg™ - HDL-C increased.
- Reduction in AI and CRI
169 Blackcurrant extract 25 mice 9 weeks — - Reduction in thickness of tunica media.
powder - Reduction of foam cells.
- High expression of eNOS.
137 Lypholized grape Female 12 weeks — - Reduced TG’s and levels of VLDL-C.
powder ovariectomised - Reduced concentration of cholesterol in the
guinea pigs aorta.
77 Blueberry-enriched 40 rats 4 weeks 80 mg kg™,20 mg - Reduction of LV fibrosis.

anthocyanin extract

This journal is © The Royal Society of Chemistry 2024

1

kg™

- Reduction of myocardial leukocyte
infiltration

- Reduction in pro-inflammatory cytokines
IL-1p and TNF-«

- Reduction in TLR4 protein
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Source of Length of
Citation anthocyanin Subjects intervention Intervention dose Main outcomes
110 Freeze-dried 30 mice 8 weeks 18.18 mg GAE per - Decreased levels of ROS.
raspberry kg FW. - Increased GPx activity, plasma resistin and
HDL-C levels.
- MCP-1 levels were lowered.
75 Freeze-dried 30 male rats 10 weeks 1727.12 mg C3G - CAT activity and GSH levels were high.
jaboticaba peels per 100 g - Increased SOD activities and liver GPx.
112 C3G 60 male rats Low dose: 200 mg - Low dose showed a reduction in right
C3G per kg BW ventricular systolic pressure.
High dose: 400 mg - High dose showed a reduction in mean
C3G per kg BW pulmonary artery pressure
- Decrease in plasma levels of IL-6 and TNF-«
in both groups.
- SOD increased in both groups.
140 Concord grape juice 20 rabbits 96 days 225 ml per day - Serum cholesterol decreased
- Lower development of aortic atheroma and
decrease in hypercholesterolemia-enhanced
PA
- Reduction in SBP and MBP.
135 Sweet potato leaf 72 hamsters 6 weeks - Reduction in plasma TC and LDL levels

powder

Reduced concentration of Al and VLDL-c
concentration.

Atherogenic index: AI; blackberry anthocyanin: BLA; blueberry anthocyanin: BA; catalase: CAT; coronary risk index: CRI; cyanindin 3-glucoside:
C3G; cyclic guanosine monophosphate: cGMP; diastolic blood pressure: DBP; endothelial nitric oxide synthase: eNOS; glutathione peroxidase:
GPX/GSH-Px; high-density lipoprotein cholesterol: HDL-C; inducible nitric oxide synthase: Inos; interleukin: IL; low-density lipoprotein
cholesterol: LDL-C; malondialdehyde: MDA; mitogen-activated protein kinases: MAPKs; monocyte chemoattractant protein-1: MCP-1; peroxisome
proliferator-activated receptor-alpha: PPARq; reactive oxygen species: ROS; superoxide dismutase: SOD; systolic blood pressure: SBP; tart cherry
extract: TCE; total cholesterol: TC; triglycerides: TG; tumour necrosis factor-alpha: TNF-o; very low-density lipoprotein cholesterol: VLDL-C; gallic

acid equivalent: GAE.

reverting the acetylcholine’s constrictive action, consequently
leading toward vasorelaxation and keeping the balance of con-
tracting factors derived from the endothelium, such as throm-
boxane A2 and endothelin-1.*

Apart from the direct ability to scavenge free radicals by
phenolic compounds, we should hallmark their other poten-
tial antioxidant effects associated with the following mecha-
nisms:** (a) metal interaction (iron and/or copper chelation),
(b) inhibition of ROS-producing enzymes, especially lipoxy-
genases, NADPH oxidase and XO, (c) inhibition of leukocyte
activation. (d) Direct vasodilatory action, (e) a down-expression
of inflammatory biomarkers, such as inhibition of iNOS,
cyclooxygenase-2 (COX-2), and leukocyte activation and (f)
inhibition of platelet aggregation.

ANT display their antioxidant activity in three main mecha-
nisms. These include single electron transfer (SET), hydrogen
atom transfer (HAT), and chelating transition metals. SET
involves the movement of one electron by antioxidant (AH") to
the free radical (e.g., peroxyl radical, ROO), thus reducing it.
HAT involves hydrogen donation from the antioxidant.®® These
mechanisms allow ANT to neutralise unstable free radicals
and deactivate their precursors, making them less reactive,
thus inhibiting free radical production and chain reactions.®”
Depending on the conditions of the system, ANT may display
anti-inflammatory effects by downregulating pro-inflammatory
markers such as TNF-a, IL-6, and C-reactive protein (CRP) or
by promoting anti-inflammatory mediators and the formation
of NO.°®

3284 | Food Funct,, 2024, 15, 3274-3299

5.1. Animal studies
Changes in the endogenous enzyme’s activities following the
consumption of an ANT-containing food or nutraceutical were
reported in several studies.®*””® Nemes et al. reported an
overall decrease in ROS production, and this was associated
with increased SOD activity, and significant enhancement of
antioxidant capacity post-consumption of tart cherry extract,
rich in cyanidin 3-rutinoside (68.31 mg/100 mg) and cyanidin
3-glucoside (C3G, 29.14 mg/100 mg) in obese mice. The
reduction in ROS observed results from increased SOD levels
as it regulated the bioavailability of NO. NO is involved in dilat-
ing blood vessels and inhibits platelet aggregation and pro-
liferation of vascular smooth muscle cells (VSMC), critical
components at the beginning of the atherogenic process.”*
Similarly, Batista’® found that when male Sprague-Dawley rats
were supplemented with freeze-dried jaboticaba (Plinia jaboti-
caba) peel extract at 1, 2, and 4 g/100 g (1737.12 mg C3G per
100 g) for 10 weeks, SOD, CAT, and GPx activities were
enhanced, but no dose-dependency behaviour was observed.
Additionally, decreased lipid peroxidation in the liver and
brain was observed. It is known that CAT, GPx, and SOD rep-
resent the primary defence system that aids in eliminating
excess build of ROS in the body, therefore decreasing oxidative
stress involved in initiating atherosclerosis.”®

Liu et al. analysed the impact of a blueberry extract [20 mg
kg™' and 80 mg kg™ containing 25.7 g of total ANT per 100 g
of extract, where malvidin 3-galactoside (28.11%), malvidin

This journal is © The Royal Society of Chemistry 2024
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3-arabinoside (16.18%), malvidin 3-glucoside (14.08%) were
the main ANT] on cyclophosphamide (CTX)-induced cardiac
injury in rats over four weeks. The mechanisms of CTX, which
causes acute cardiotoxicity, involve an increase in ROS, cell
apoptosis, and inflammation, which all contribute to the pro-
gression or development of CVD; hence, this model is analysed
as a comparison. The impacts of blueberry extract on these
rats include increased antioxidant enzymes, SOD, and GPx
activity.”” A decrease in MDA in cardiac tissues was evident
post-intervention in lowering lipid peroxidation.”®

In a study conducted by Jiang et al.,”® significant increases
were observed in endogenous enzymes, such as CAT (22%),
GPx (26%), and SOD (16%) in male atherosclerotic rats that
consumed ANT-containing mulberry extracts containing
237.5 mg C3G per g (daily dosage of 105 or 210 mg kg ™). The
MDA levels also decreased by 28%, and animals’ oxidative
stress levels, which contribute to atherosclerosis, reduced sig-
nificantly along with the decrease in atherosclerotic lesions.”
Overall, the antioxidant action of ANT in animal trials high-
lights a significant increase in the activity of endogenous anti-
oxidant enzymes. A decrease in lipid peroxidation biomarkers
in blood and tissues results in an overall reduction of oxidative
stress in the body. Another aspect should be highlighted: ANT-
containing foods usually comprise at least two different ANT
and other phenolic compounds; thus, it is impossible to attri-
bute health benefits to a single compound. Instead, current
evidence suggests that synergism between multiple ANT and
other phenolics may also be partially responsible for the
bioactivity.®

5.2. Human studies

Eleven of 22 studies reviewed examined the ANT’s antioxidant
activity. De Liz et al.®' reported increased CAT (275.1%) and
GPx (15.3%) activity after daily acai (Euterpe oleracea) juice con-
sumption for 28 days (200 mL per day containing 115 mg of
C3G and 107 mg of cyanidin 3-rutinoside). Similar results were
found by Park et al. after consuming freeze-dried black rasp-
berry (30 g per day for four weeks containing 1.23 g of total
ANT), with CAT increasing by 25% and GPx by 23.5%.%* These
increases are linked with improved antioxidant capacity, the
ability to reduce ROS, and the mitigating damage caused by
oxidative stress, thus decreasing CVD risk.** The increase in
CAT activity was significantly higher post-acai juice consump-
tion, even though the anthocyanin dosage was much higher in
the black raspberry supplement. This shows the effects of
stress, in this case, smoking, on the modulatory potential of
ANT toward CVD.

Considering the SOD activity, four studies observed no
changes in SOD activity after ANT consumption®"8*8%85
However, a study involving the intake of Aronia melanocarpa
extract capsules (250 mg of Aronia fruit containing 45.1 mg of
total ANT and 41.9 mg of proanthocyanidins) for two months
in individuals with metabolic syndrome (MetS) resulted in an
increase of 28.8% in SOD activity. Aronia is mainly composed
of ANT, flavanols, procyanidins, and phenolic acids; hence, the
increase in SOD may be attributed to multiple interactions

This journal is © The Royal Society of Chemistry 2024
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between these bioactive compounds.®® Four studies observed
no changes in ox-LDL levels and, therefore, no improvements
in oxidative stress and CVD-related biomarkers.%*%%%7:%8

In a study comprising 60 patients (45-75 years old) with
coronary heart disease (CHD), divided into placebo and a
group that consumed 10 g of rice pigment fraction (4.3 g of
total ANT per 10 g - unknown concentration of C3G and peoni-
din 3-glucose) for six months. The authors used a randomised,
double-blind, placebo-controlled six-month intervention. The
supplementation increased the plasma’s antioxidant capacity,
reducing plasma VCAM-1 and CPR plasma levels. These results
show that rice pigment fraction display cardioprotective effects
by improving plasma antioxidant status and inhibiting inflam-
matory factors. Using an open-label clinical trial comprising
40 healthy, type-II diabetic, and type-II diabetic-at-risk
patients,®® 320 mg ANT supplementation as a nutraceutical
per day over 4 weeks was given to patients. In the diabetic
patients, the secretion of pro-inflammatory biomarkers (IL-6,
IL-18, and TNF-o) was downregulated, while fasting blood
glucose, LDL-C, and uric acid levels were improved in type-II
diabetic-at risk patients.

Uric acid was utilised in the studies throughout this review
as a marker of oxidative stress. Uric acid can act as a pro-
oxidant and increase XO activity, heightening the production
of superoxide anions and ROS. Therefore, reducing uric acid
levels would effectively lower ROS production and atherosclero-
sis.”® In three studies, no changes in uric acid were
observed.®>#%°! The apparent difference between these reviews
and Nikbakht et al. is that Nikbakht’s study population was
mainly men (60% of patients). It has been previously reported
that men have higher uric acid levels than women, as estrogen
in women can stimulate uric acid excretion.”*?

Isoprostanes, valuable biomarkers of lipid peroxidation,
were measured throughout three studies based on grape
powders and ANT-containing capsules. Results from these
studies resulted in reductions in F2 isoprostanes and 8-iso-
PGF,,.»” Conversely, a study completed on aronia berry extract
observed no reduction in urinary eight isoprostanes.®> The
contrast in results may be linked to the fact that Xie et al®®
conducted their study on former smokers. In contrast, Li
et al®® and Zern et al.*¥” investigated individuals with type-II
diabetes (T2D) and postmenopausal women. It has been
claimed previously that individuals with T2D and postmeno-
pausal women have higher levels of isoprostanes than healthy
individuals, which may be why the decrease was more
recognised.?>°°

Although the studies above show apparent discrepancies in
the sample (e.g., sample size, study design and use of placebo
and control groups, participant’s age and gender, pre-existence
of underlying health conditions, distinct life habits, such as
smoking), we can highlight that the ANT consumption, both
as a food or nutraceutical positively modulated the antioxidant
activity and inflammation-related biomarkers in humans;
despite not all biomarkers being modulated, there is still clear
potential for ANT to act as natural antioxidant and anti-inflam-
matory agents, and reduce the risk of CVDs.
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Among the studies, four foods (juice, extract, or fruit) and
three different types of capsules contend extract of foods, all
rich in ANT, led to positive results. A standard intervention
period of four weeks was also observed in five studies, four of
which displayed positive results. Finally, in all the studies that
experienced positive antioxidant effects, only one was based
on healthy individuals, indicating that ANT may be more
effective at modulating the antioxidant status of unhealthy/dis-
eased individuals.

6. Effects of anthocyanins
consumption on inflammation

Inflammation is a protective response elicited by the innate
immune system in response to the presence of pathogens,
damaged cells, or toxins. The innate immune system acts as
the primary defence system for the cardiovascular system. As a
result, the damaged cells activate inflammatory cells and
trigger inflammatory signalling pathways such as nuclear
factor kappa beta (NF-xf).>” Post activation of NF-kf, pro-
inflammatory cytokines, including TNF-a, monocyte chemoat-
tractant protein-1 (MCP-1), adipokines, IL-6, IL-17, and IL-1p
are produced.”” Cytokines are mainly secreted from the
immune cells and are classified as pro-inflammatory cytokines
(e.g. IL-1B, IL-6, and TNF-a) and anti-inflammatory cytokines
(e.g., IL-4 and 1L-10).>7°%%°

A controlled inflammatory response is beneficial; however,
dysregulation can harm health.’®® Inflammation relies on two
mechanisms of action that combine the genetic expression of
cytokines and chemokines. Inflammation is a local response
triggered by cellular injury, which can be identified by leuco-
cyte infiltration, capillary dilation, and the production of a
host of chemical mediators that aim to eliminate toxic agents
and repair damaged tissue.'®® MCP-1 is a chemokine which
mediates monocyte recruitment and facilitates entry into the
wall of vessels at atherosclerosis sites.'®* Toll-like receptor 4
(TLR4) is a pattern recognition receptor crucial in initiating
the inflammatory response and cellular metabolism and is
intricately linked to tissue damage.'®

Inflammation involves the response to body tissue harm or
infection; there are two types: acute and chronic. Acute inflam-
mation occurs rapidly but only for a short period, whereas
chronic occurs for an extended period.’® The innate immune
system, comprised of cellular defences and chemical and
physical barriers, is responsible for the inflammatory
responses linked to physical, infectious, or chemical chal-
lenges. When the immune system comes in contact with
damage-associated molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs), it stimulates cells from
the monocyte-macrophage lineage, thus expressing pro-
inflammatory cytokines and preventing actions of anti-inflam-
matory genes. %

When atheroma/plaque forms due to the build-up of fat or
macrophages, the macrophages activate these cytokines, pro-
moting build-up; this build-up narrows the arteries, constrict-
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ing blood flow and increasing the risk of CVD.?® Therefore, the
expression of these pro-inflammatory cytokines and chemo-
kines, which can be explained by two mechanisms, protein,
and genetic expression, must be reduced to lower CVD risk."%"

CRP, also analysed in different studies throughout this
review, is an acute phase reactant and plays a part in CVD by
affecting vascular function. CRP plays this role through
various mechanisms, such as lowering NO’s bioavailability,
heightening adhesion molecules’ expression, and changing
macrophages’ LDL-C intake.'” High plasma CRP levels are
linked with the severity of atherosclerosis; when CRP comes in
contact with infectious agents, it can promote inflammatory
reactions in the blood vessels."*®

6.1. Animal studies

Numerous studies in this review reported changes in several
CVD-related inflammatory biomarkers. Thirteen of the 22
studies investigated throughout this review displayed inflam-
matory modulations post-anthocyanin consumption of freeze-
dried extract of Euterpe edulis. Two primary ANT in the extract
were C3G (9.52 g kg') and cyanidin 3-rutinoside (16.31 g
kg™").'%” Freitas et al. reported a significant reduction in the
expression of pro-inflammatory mediators, including TNF-a,
IL-17, and interferon-gamma (IFN-y) in healthy rats which
received commercial mice chow combined with defatted pulp
freeze-dried extract of Euterpe edulis-enriched diets for fifty
days compared to the other treatment groups. Moreover, a
decrease in IL-10 and IL-4 mRNA expression is evident post-
consumption of the ANT-containing extract. The extract inhib-
ited the release of inflammation mediators and positively
modulated the inflammation response.”" Similar results were
seen in an in vivo trial by Sozanski et al.: the consumption of a
100 mg kg ™" dosage of lyophilised cornelian cherry containing
higher amounts of C3G (123.5 + 19.7 mg per 100 g) and pelar-
gonidin 3-O-galactoside (87.9 + 19.9 mg per 100 g) significantly
reduced IL-6, which markedly increased in cholesterol-treated
rabbits after 60 days.'® Additionally, there was an increase in
the expression of peroxisome proliferator-activated receptor-
alpha (PPARq) in the liver of the cornelian cherry-fed mice,
suggesting the beneficial impact of cornelian cherry on fatty
acid catabolism in a hyperlipidemic diet. Furthermore, TNF-a
levels decreased considerably even below the baseline of the
control rabbit, which had no inflammation induced as they
were fed a standard feed with no cholesterol.’’® As a result, the
consumption of ANT-containing supplements in animals fed
high cholesterol was compared to healthy animals.

Additionally, Wu et al. examined the effect of 200 mg kg™*
supplementation of blueberry (mostly C3G and cyanidin 3-ruti-
noside) and blackberry extract (mostly C3G) on obese mice
over 12 weeks. Similar results were reported: both anthocya-
nin-enriched diets attenuated the genetic expression of TNF-a,
IL-6, and NF-kB. Moreover, a higher decrease in inflammatory
markers was observed in blueberry than in blackberry extract-
fed mice.”” This may result from different levels and ANT types
in the two diets.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo04579j

Open Access Article. Published on 08 March 2024. Downloaded on 3/15/2026 3:47:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

T2D is another risk factor for CVD, and it is associated with
systemic inflammation whereby typically elevated levels of pro-
inflammatory cytokines are produced. The effect of including
a 5.3% freeze-dried raspberry containing an extractable poly-
phenolic concentration of 18.18 mg gallic acid equivalent per
kg fresh weight, along with ANT identified but not quantified,
including cyanidin-3-sophoroside, C3G, cyanidin-3-rutinoside,
pelargonidin glucoside, and cyanidin-3-sambubioside, into the
diet of obese diabetic mice was analysed over eight weeks.
Proinflammatory cytokines were significantly reduced post-
intervention, 71% and 64%, respectively. Furthermore, a 15%
decrease in MCP-1 was also evident in the raspberry-fed
animals compared to the control."*® A reduction in cytokines
produced indicates the potential that raspberry ANT may facili-
tate their reduction through cell signalling pathways. The
overall decreased risk in all three biomarkers of inflammation
may show the potential cardio-protective properties of raspber-
ries in reducing the risk of inflammation-related disorders
such as atherosclerosis and CVD.

Obesity and T2D are intricately linked to inflammation and
inflammation-related disorders. In an in vivo study by Nemes
et al.,”® the impact of 60 mg kg™ " of ANT-containing tart cherry
extract, which contains cyanidin-3-O-glucosyl-rutinoside
(1.15 mg/100 mg), C3G (29.14 mg/100 mg), and cyanidin-3-0O-
rutinoside (68.31 mg/100 mg), on both CVD and T2D was ana-
lysed in thirty-five obese male C5BL/6] mice for six weeks. The
high-fat diet was reported to increase IL-6, MCP-1, leptin, and
resistin levels. However, tart cherry extract significantly
reduced leptin levels and IL-6 by approximately 45% and 27%,
respectively. MCP-1 levels were significantly elevated in high-
fat diet (HFD) and HFD + tart cherry extract-fed mice com-
pared to the control.”® Adiponectin, an anti-inflammatory adi-
pokine, increased, in contrast to decreased resistin levels, an
example of pro-inflammatory adipokines. Pro-inflammatory
cytokines, e.g., IL-6 and TNF-a, can regulate resistin gene
expression, which explains the decrease observed in this
study.""" In addition, doses between 40 and 80 mg kg~" of ANT
have demonstrated beneficial effects in chronic treatment in
laboratory animals and obese humans.”?

Ouyang et al."*? also reported a significant decrease in pro-
inflammatory mediators IL-6 and TNF-o in monocrotaline-
induced rats (60 mg kg™ of body weight) following post-C3G
treatment (at doses of 200 or 400 mg kg™ of body weight) for
four weeks. IL-6 key role is to stimulate antigens to encourage
the proliferation of T cells and the maturation of B cells in the
immune system. As a result, systemic inflammatory factors are
released, and pulmonary artery hypertension (PAH) develops.
Therefore, the decrease in IL-6 indicates a reduction in the
inflammatory response, inhibiting the progression of PAH.

Liu et al. investigated the impact of blueberry extracts
(80 mg kg™!) on CTX-induced cardiac injury in rats over a four-
week period. The rats were evenly distributed among the
experimental groups, each consisting of eight individuals.
These groups included the standard control group, the group
treated with the extract at 80 mg kg™", the group treated with
CTX at 100 mg kg™, the group treated with both CTX and the
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extract at 20 mg kg™', and the group treated with both CTX
and the extract at 80 mg kg™*.”” The total anthocyanin content
of the extracted powder was 25.7 2/100 g and included a variety
of ANT, such as malvidin 3-galactoside, petunidin 3-galacto-
side, and cyanidin 3-galactoside. It was reported that the blue-
berry-rich-anthocyanin  extract attenuated CTX-induced
increased secretion of pro-inflammatory cytokines (including
IL-1f and TNF-a. The IL-10) levels, an anti-inflammatory cyto-
kine increase, and a significant reduction of TLR4 protein
was.”” Elevated TNF-a and IL-I can result in cellular apoptosis
and, over time, heart failure."*® IL-10 inhibits inflammation by
decreasing proinflammatory cytokines’ production and pre-
venting tissue damage.”” Moreover, the decrease observed in
this study shows the effect of blueberry extract on the patho-
genesis of CTX-induced inflammation and cardiac injury.

Experimental evidence portrays the impact of ANT on
different biomarkers of inflammation closely linked to CVD.
The consumption of ANT displays positive effects on the regu-
lation of inflammation mediators. In conclusion, ANT show
several anti-inflammatory properties in relation to sustained
low-grade inflammation, which is linked to CVD. However,
with the current data available, assessing the effects of inter-
vention time, daily dosage, type of ANT given, and interaction
with other polyphenols in crude extracts on inflaimmation
markers is unrealistic.

6.2. Human studies

Four studies positively affected pro-inflammatory cytokines
throughout this review.®”**'1* One study examined the effects
of 3-week ANT-containing capsules (300 mg per day) on
healthy individuals; results included reductions in IL-8 by
45%, IL-4 by 60% and IL-13 by 38%. Additionally, a study
examining the effects of consuming lyophilised grape powder
rich in polyphenols and ANT on inflammatory cytokines, plasma
lipids and oxidative stress was completed on 44 pre- and post-
menopausal women. The lyophilised grape powder contained
0.77 g kg™ of total ANT.*” The lyophilised grape powder was
mixed in water before consumption, each participant consumed
36 g per day lyophilised grape powder. Lyophilised grape powder
reduced TNF-a in postmenopausal women after a 4-week inter-
vention, and IL-1p decreased by 12.8% after 24-week ANT con-
sumption. These reductions in pro-inflammatory cytokines are
linked to reducing the formation and atherosclerosis develop-
ment risk, thus lowering CVD risk. These four studies displayed
common characteristics which may be linked to the results
observed. For example, in three studies, ANT were consumed as
capsules, the intervention length was four weeks, and the daily
ANT dosage was ~300 mg. These exact parameters (i.e., interven-
tion time and daily dosage) may be beneficial in targeting pro-
inflammatory cytokines.

In contrast to these studies, three other interventions
reviewed involving agraz extract, aronia berry, and elderberry
extract displayed no positive modulations on inflammatory
markers IL-6, IL-8, TNF-a, and IL-1p.5>''>''® Among these
studies, two were based on food intake of ANT; they contained
less than 300 mg and were undertaken for 12 weeks. Marin-
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Echeverri et al. investigated the effects of agraz (Vaccinium mer-
idionale), an edible berry rich in ANT, specially cyanidin
3-galactoside, C3G, delphinidin 3-pentoside, and cyanidin
3-arabinoside. The study enrolled 40 volunteers aged between
25 and 60 in a double-blind crossover design. Over four weeks,
female participants were assigned to consume either agraz or a
placebo, with a 4-week washout period separating the two
phases of the study. Additionally, the study found no effects
on myeloperoxidase (MPO) levels, MCP-1 and NF-kB.''> MPO
is a mediator of inflammation and is linked to CVD as it pro-
motes endothelial and lipoprotein dysfunction, unstable ather-
osclerotic plaque, and decreased availability of NO."” NF-«p,
which was also unaltered post-agraz consumption, is a tran-
scription factor that regulates inflammatory cytokines.
However, extensive activation can cause chronic inflammatory
responses and the progression of CVD.''® Finally, MCP-1,
which was unaltered in this study and the study on aronia
berry capsules by Xie et al,®® is a chemokine formed from
macrophages, muscle, and endothelial cells due to arterial
injury and high cholesterol. High MCP-1 levels are linked to
increased cardiovascular events. All these parameters were
unaffected after ANT intervention, indicating ANT are ineffec-
tive at targeting these CVD markers.*>

Curtis et al.''® treated postmenopausal women with cap-
sules of elderberry extract containing 125 mg of ANT (C3G) per
capsule, totalling 500 mg per day for 12 weeks. Inflammatory
markers such as tumour necrosis factor receptor I/II (TNF RI),
(TNF RII) were quantified. They reported that intervention had no
impact on the plasma concentrations of inflammatory biomarkers
(such as TNFa, CRP, TNF receptors I and II, IL-6, and RANTES),
vascular function (including endothelin-1 levels, platelet reactivity,
blood pressure, and pulse), as well as plasma lipid and lipopro-
tein levels (including total cholesterol, HDL cholesterol, LDL
cholesterol, and triglycerides), all of which remained within
expected physiological levels. Additionally, glucose concentrations
were unaffected by the intervention."'® TNF RI and RII are recep-
tors released by macrophages and can boost TNF-induced inflam-
mation.""® RANTES, a chemokine that assists in employing leuko-
cytes to sites of infection or damage, is linked with CVD risk and
pathogenesis.’*® However, RANTES was lowered by 15% in a
study based on 300 mg per day of ANT for three weeks in healthy
individuals. By effectively lowering RANTES, the recruitment of
leukocytes and the risk of CVD can be reduced.®®

CRP was measured in 12 studies, and only three showed a
positive effect when ANT were consumed. The black rice
pigment fraction containing 4320 mg of ANT, consumed by
patients for six months with CHD, decreased CRP from 3.82 +
1.82 mg L' to 2.55 + 1.66 mg L', while the levels of these
inflammatory biomarkers didn’t change significantly after the
same duration in the placebo group (from 3.58 + 1.71 mg L™"
to 3.82 + 1.96 mg L™").%* Similarly, in two studies, decreases in
CRP by 18% and 21.6% were observed after anthocyanin cap-
sules containing 320 mg in individuals with MetS and
hypercholesterolemia.’>'** By reducing CRP levels, atherogen-
esis and the risk of CVD would also be diminished. However,
nine studies observed no effects on CRP levels after consuming
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ANT. Intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1) were measured throughout
this review. ICAM-1 was measured in two studies, but no
modulations were observed.®'*! ICAM-1 is an endothelial
adhesion molecule, it prompts leukocyte adhesion into the
vascular subendothelial space, and elevated levels are linked
with the development of atherosclerosis.”* VCAM was also
measured in two studies; one study by Wang et al. observed a
decrease in VCAM-1 after a 6-month intervention with black
rice pigment fraction in individuals with CHD.'®® VCAM plays
arole in the adhesion and transmigration of leukocytes as part
of the inflammatory process.'** Reducing such levels could
lower the inflammatory process, atherosclerosis progression,
and CVD. Xie et al.®® observed contrasting results and investi-
gated the effects of daily consumption of Aronia berry ANT
(500 mg) in 49 healthy adult former smokers over 12 weeks.
Individuals with heart diseases such as CHD possess higher
soluble vascular cell adhesion molecule-1 (SVCAM) levels.

Throughout this review, various anti-inflammatory effects
of anthocyanin-containing foods and supplements were
observed, the key being a reduction in inflammatory cytokines,
CRP, and chemokine modulation. However, as some studies
received unexpected results (i.e., no changes in biomarkers
compared to the control group), an investigation is required
before a factual health/nutrition claim is made.

/. Effects of anthocyanin
consumption on lipid profile

Hyperlipidaemia explains the imbalance of cholesterol frac-
tions within the body. As a result, the risk of developing CVDs
is doubled compared to that of a healthy individual. It simul-
taneously can increase the likelihood of a cardiovascular event
such as myocardial infarction. The increased build-up of
plaque that LDL-C triggers can block the arteries and elevate
the risk of atherosclerosis. The increase in HDL-C levels indi-
cates a reduced risk of CVD as HDL-C function effectively
removes cholesterol from the body.'*

An individual’s lipid profile consisting of TC, LDL-C,
HDL-C, and TG significantly determines the risk and pro-
gression of CVDs. Lipids are distributed in the body as lipopro-
teins and are composed of phospholipids, protein, TG, and
unesterified cholesterol. Five essential lipoproteins are found
in the blood, including VLDL-C, LDL-C, HDL-C, chylomicrons,
and intermediate-density lipoproteins (IDLs)."*®

Levels of lipoproteins found in the blood can be decisive in
cardiovascular health and the risk of CVD. High levels of TC
and TG can influence and disturb blood movement and
promote the narrowing of the heart vessels, which is linked to
CVD risk. TGs are fat in the blood; high TG levels can be con-
sidered a marker for atherogenic lipoproteins and contribute
to fatty build-up and plaque development through foam for-
mation.'”” Additionally, the ratio of TG to HDL-C is vital for
CVDs."*® TC includes HDL-C and LDL-C, which are significant
in cardiovascular health. Like TG, increased LDL-C, VLDL-C,
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or low HDL-C can lead to increased LDL oxidation with sub-
sequent plaque accumulation and atherosclerosis.'*® LDL-C is
one of the vital cholesterol-carrying and atherogenic lipopro-
teins. Thus, the increased LDL-C, especially in the artery’s
intima-media, can result in thrombosis and atherosclerosis.
Individuals with elevated levels of HDL-C and low non-HDL-C
have a decreased risk of CVD, as HDL-HDL-C is associated
with a positive impact on heart health.'?3°

In contrast, increased levels of HDL-C are linked with the
risk reduction of CVD, with even a slight increase of 10 mg L™
reducing risk by 2-3%."** This reduction is possible as HDL-C
can remove extra cholesterol and fat from the blood vessels."**
Enhancement of reverse cholesterol transport (RCT) is one of
the critical benefits of HDL-C. It involves transporting chole-
sterol from the artery walls to the liver, where it can be
removed from the body. HDL-C is required to facilitate this
transport, and in doing so, plaque build-up is reduced, blood
flow and oxygen transport are enhanced, and atherosclerosis
can be mitigated."** Thus, increasing HDL-C levels to improve
cardiovascular health and reduce CVD risk is recognised.

The atherogenic index (AI) predicts CVD and associated dis-
eases such as dyslipidaemia and is calculated as the ratio of
(TG/HDL-C)."** CRI is estimated by the ratio of TC/HDL-C."*®
HDL-C is a heterogeneous group of particles that differ in size,
cholesterol content, shape, and apolipoprotein composition
and possess cardio-protective properties. Apolipoproteins are
secreted from the liver and bind to circulating phospholipids
and cholesterol, forming nascent discoid lipid-poor HDL-C
particles. These immature particles trigger cholesterol efflux in
subendothelial macrophages and fibroblasts via interactions
with adenosine triphosphate (ATP)-cassette transporter and
then finally store their cholesterol in their core. HDL-C can
deliver this cholesterol load by two pathways; they can transfer
it directly to the load by scavenging receptors or indirectly by
moving the cholesterol load to LDL-C or very low-density lipo-
proteins-cholesterol (VLDL-C) particles. The liver can take up
the cholesterol via the LDL receptor, and it can be broken
down and excreted into the faeces as bile acids. This process,
known as reverse cholesterol transfer, explains HDL-C’s favour-
able cardioprotective impact against LDL-C."**

7.1. Animal studies

Different serum lipids levels were analysed, including triglycer-
ides (TG), total cholesterol (TC), LDL-C, high-density lipopro-
tein cholesterol (HDL-C), non-HDL-C, atherogenic index (AI),
and coronary risk index (CRI). The role of the lipid profile in
the progression of CVD is demonstrated in several studies.
ANT possess LDL-C-lowering effects, so their impact on lipid
profiles is analysed."**

Chang et al.'* reported a significant decrease in lipid pro-
files of Syrian hamsters fed sweet potato leaf powder for six
weeks. Hamsters fed the anthocyanin-enriched diet reversed
the changes in lipid biomarkers triggered by consuming a
high-fat, high-cholesterol diet. The ingestion of 5% purple
sweet potato leaf powder reduced the following biomarkers TC
and LDL-C by 20.6% and 48%, respectively; consequently, a
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significant decrease was also evident in the AI of sweet potato
leaf powder-fed hamsters. Overall, the sweet potato leaf
powder feeding resulted in a substantial increase in faecal
sterol contents for both the 0.1% and 0.2% cholesterol groups
by AI decrease in LDL-C, and the increase in faecal sterol indi-
cates that the excess accumulation of LDL-C is transported to
the liver and broken down, excreted into the faeces.'?>3¢

Similar results were observed in a trial by Yang et a
whereby mulberry fruits were assigned to hyperlipidaemia rats
over four weeks, and animals were given a normal diet (ND) or
HFD with 5-10% mulberry freeze-dried powder. The HFD
induced significant negative impacts on lipid biomarkers com-
pared to the ND. However, post-experiment, these results were
positively modulated, whereby a decrease was seen for TC, TG,
LDL-C, and AI levels, 16.2%, 35.7%, 23.5%, and 43.4%,
respectively. Furthermore, an increase in HDL-C levels was
reported by 33%.”° Evidently, the consumption of mulberry
fruit positively attenuated the changes in lipid biomarkers.

Additionally, equivalent results were evident in six studies
that analysed the same biomarkers.”>”%108110:137:138 7apy
et al.**” also reported a 25% increase in free cholesterol and a
51% reduction in cholesteryl esters in animals fed with a diet
containing 10 g of lyophilised grape powder per 100 g of chow
containing ANT at a concentration of 0.077 g/100 g. The
decrease in cholesteryl esters indicates a reduction in the
accumulation of these esters in macrophages, which begin the
onset of foam formation; hence, a decrease in atherosclerosis
is observed.™® A reduction of CRI by 72% was also reported in
a trial carried out by Guzman & Sanchez, which indicates that
the consumption of a daily dose of 350 mg kg™ of anthocya-
nin-rich calafate had an overall positive impact on cardio-
vascular health in obesity-induced rats. The rats with diet-
induced obesity displayed a significant increase in Al and C,
RI, and supplementation of calafate resulted in a decrease in
Al by 81% and a 62% reduction in CRI. Both AI and CRI are
central indicators of CVD development; hence, the supplemen-
tation of calafate portrays some potential benefits in diet-
induced obesity rats.*3®

Xia et al® also examined the effect of anthocyanin-rich
extract from black rice on lipid biomarkers in relation to athero-
sclerosis in Apo E-deficient mice over a twenty-week trial.
Consumption of anthocyanin-rich black rice extract (300 mg
kg™"), containing C3G and peonidin 3-glucoside, resulted in a
60% reduction in serum TC and non-HDL-C compared to the
control animals. Additionally, it increased HDL-C levels in mice,
similar to the simvastatin group.®® This result is significant as it
suggests that the anthocyanin-rich extract improved the lipid
profile. It reduced the potential for the progression of athero-
sclerosis and the formation of an unstable plaque.*® The mor-
tality risk of CVD is reduced by 15% for every 10% decrease in
total cholesterol levels. Hence, the importance of lipid-lowering
effects anthocyanin portrays, especially regarding.'*"

In contrast to these results, one study reported no signifi-
cant changes in the animals’ lipid profiles after anthocyanin
intervention."** Supplementation with freeze-dried blueberries
(2%), containing ANT at 11.80 mg per 100 g, for ten weeks,

70
L,

Food Funct., 2024, 15, 3274-3299 | 3289


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo04579j

Open Access Article. Published on 08 March 2024. Downloaded on 3/15/2026 3:47:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

resulted in no significant differences in HDL-C, LDL-C, and TC
levels in rats fed with either a high-fat diet HFD or an ND; this
may be because of the small size analysed or the lower ANT
content (7.7 mg per kg BW) compared to other trials. Regularly
consuming ANT plays a crucial role in lipid-lowering, is vital
for heart health, and decreases the risk of CVDs. Overall, post-
intervention, an increase in HDL-C concentrations and a
reduction of LDL-C, TC, TG, Al, and CRI positively reduce the
overall risk factor of the progression of atherosclerosis and
CVDs.

7.2. Human studies

Kianbakht et al.’*® examined the effects of a 350 mg whortle-
berry capsule on 40 patients. Participants took one capsule every
8 hours for two months. The capsules contained approximately
2.45 mg of total ANT per capsule, with a total anthocyanin
content of 86.56 + 2.46 mg per 10 g of the extract. The study inves-
tigated the effects of this intake on TC, TG, HDL-C, and LDL-C
levels in individuals with hyperlipidemia.'** Hyperlipidaemia is a
risk factor for CVD and is associated with plaque build-up (e.g.,
atherogenic plaques) and subsequent blockages.'** This trial
involved the intake of capsules containing 2.45 mg of ANT every
eight hours for two months. Reductions were observed in TG, TC,
and LDL-C (19.2%, 27.6%, and 26.3%, respectively). Furthermore,
HDL-C levels increased by 37.5%. The reductions observed corre-
late to decreased blood fat build-up, risk of atherosclerosis, and
subsequently, CVD development.'*® Additionally, this increase in
HDL-C is of considerable importance as this would enhance
cholesterol and delay the progression of
atherosclerosis.

Similar results were seen in five other studies measuring
the same parameters.®>"°1% Two of these studies were com-
pleted on individuals with MetS and resulted in reductions in
TG, TC, and LDL-C; however, there were no changes in HDL-C
levels. Although the reductions observed are beneficial, HDL-C
must also be modulated and increased to improve and
thoroughly demonstrate anthocyanin potential. Low HDL-C
levels are a primary indicator of MetS and high TG; a sufficient
balance of HDL-C and LDL-C is required to target CVD effec-
tively. For instance, people with LDL-C levels higher than
190 mg dL ! and HDL-C lower than 40 mg dL ™" are at risk of
atherosclerosis and CVDs, whereas those with LDL-C levels
below 100 mg dL ™" and HDL-C above 50 mg per day are not."*®
Similarly, former smokers did not alter HDL-C levels in a study
based on aronia berry intake. Smoking has been linked to
reduced HDL-C levels."*’

Moreover, a study investigated the effects of consuming
36 grams of lyophilised grape powder containing ANT (0.77 g
kg™") or a placebo over four weeks on lipid profile modulation
in premenopausal and postmenopausal women. Twenty-four
women in the premenopausal stage and 20 women in the post-
menopausal stage were randomly selected to participate.
Results from this study included a reduction in TGs in preme-
nopausal women by 15% and postmenopausal by 6%.
Furthermore, LDL-C, apolipoprotein (apo) B, apo E, and chole-
sterol ester transfer protein (CETP) reduced.

removal
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Apolipoproteins are vital in transporting lipids and cholesterol
between cells.**® Apolipoproteins are the only protein constitu-
ents of lipoproteins and are linked with phospholipids, TG,
and cholesterol to produce lipoproteins.'*® Apo B, reduced in
this study, is a vital CVD risk factor found in all atherogenic
particles, including VLDL-C and LDL-C. Apo B gives an exact
measure of the atherogenic lipoprotein particles in the blood
and is, therefore, a good marker of increased CVD risk. Hence,
lowering apo B also reduces CVD risk.”*® Apo E, a key com-
ponent of atherogenic lipoproteins, particularly VLDL-C, and
chylomicrons, directly impacts CVDs and cholesterol levels by
apo E polymorphism and overall addition to lipoprotein and
cholesterol levels.'*® Contrasting results were seen in four
other studies, whereby no alterations of apolipoproteins A1, B,
or B-100 were observed.®"''>'3! By reducing apolipoproteins,
the extent of cholesterol and lipoproteins in the blood can be
reduced, thus minimising fat and plaque build-up and, hence-
forth, the risk of CVDs.

CETP, which aids in the movement of cholesterol from
HDL-C to particles which involve apo B, such as VLDL-C, in
exchange for TG, was also reduced in this study. Accordingly,
it is established that a strategy to increase HDL-C levels is the
inhibition of CETP.'®> CETP was lowered in this study, thus
improving HDL-C and, additionally, CV health.

However, not all studies investigated in this review observed
effects on lipid profiles. The primary lipid profile parameters,
including TC, HDL-C, LDL-C, and TG, were unaltered in three
studies involving black rice pigment fraction, black raspberry,
and strawberry, thus displaying no potential in reducing CVD
risk. In these studies, ANT were consumed as foods, thus
suggesting that nutraceutical intake may be more effective in
lipid modulation. However, results are too preliminary to draw
any sound conclusions on the source of ANT to be consumed
to decrease any risk of CVDs.5*%%'3! we hypothesise that these
modulating effects depend highly on the dosage, intervention
time, types, and levels of ANT in the matrix, presence of other
phenolic compounds in the food/capsule, and their
bioavailability.

As a general observation of the studies, ANT consumption
modulated lipid profile in vivo. Modulation of TG, TC, LDL-C,
apolipoproteins, and HDL-C seem to be the main potential
targets of ANT, all contributing to improved blood flow,
reduced fat accumulation, and decreased possibility of CVD
initiation and progression. The alterations observed allow for
improved cardiovascular health and reduced risk of CVD, but a
conclusive understanding of the dosage, anthocyanin type,
and intervention time has yet to be discovered.

8. Effects of anthocyanin
consumption on other cardiovascular
health parameters

Endothelial cells play a care crucial role in the flow and main-
taining the haemostatic balance. Other functions of the endo-

This journal is © The Royal Society of Chemistry 2024
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thelium include the regulation of thrombosis and thromboly-
sis, the control of vascular tone, the growth of blood vessels
and interactions between the vessel walls, platelets, and
recruitment of white blood cells, such as leukocytes."** This
haemostatic balance impacts cerebral blood flow, where the
impairment of oxygen availability may cause focal or global
damage, leading to transient or permanent neurologic seque-
lae or death. Moreover, the link between ROS and brain tissue
damage is highlighted here as an important pathologic mecha-
nism of stroke. Antioxidants that remove free radicals can limit
neuronal injury following stroke and are thus a potential treat-
ment for ischemic stroke.>

Hypertension is a preventable risk factor for heart failure,
myocardial infarction, haemorrhagic stroke, and premature
mortality. As BP exceeds 115/70 mmHg, the likelihood of the
cardiovascular event occurring doubles for every increase in BP
by 20/10 mmHg. Furthermore, the SBP target is <140 mmHg
and the DBP target is <90 mmHg for individuals aged up to
eighty."®* Short- and long-term consequences can occur due to
high BP, including heart failure with preserved ejection frac-
tion, atrial fibrillation, and valvular heart disease.'>’

eNOS plays a vital role in controlling and maintaining a
healthy cardiovascular system. A decrease in eNOS expression
and subsequent reduction in NO production leads to an
enhanced risk of developing hypertension and diabetes, risk
factors of CVD. NO is a crucial component for reducing the
risk of CVD, as it regulates vascular tone, production, and pro-
liferation of cells, and it is involved in platelet aggregation and
leukocyte adhesion.'®® eNOS is a dimer whereby one monomer
has a reductase domain, and the other has an oxygenase
domain, which is phosphorylated at serine 1177."*” The cofac-
tor tetrahydrobiopterin (BH,) plays a crucial role in the redox
switch as in its absence, eNOS switches to produce a cytotoxic
superoxide anion instead of the production of NO; this mecha-
nism is known as eNOS uncoupling.*>®

Adequate vascular function is essential to control and
maintain vascular tone and is an effective indicator of cardio-
vascular health.'®® Vascular tone is the contractile action of
vascular smooth muscle cells located in the walls of small
arterioles and arteries; this action determines the blood flow
resistance in the body. Vascular tone is vital in BP regulation
and blood circulation to the body’s organs and tissues.">°

Vascular function is controlled by endothelial cells, which
react to factors such as hormones, platelet aggregation, and
inflammation. The endothelium regulates vascular tone by
releasing various vasoconstrictor and vasodilator mediators,
including endothelin-1 (ET-1)."®® Vascular dysfunction is a
strong predictor for CVD and is linked to implicated health
events in those with atherosclerosis.'®* Endothelial dysfunc-
tion contributes to the pathogenesis of cardiovascular dis-
orders and is represented by impaired vascular tone, heigh-
tened inflammatory reactions, and disrupted redox balance,"®*
making it a therapeutic target for both drug and nutrition
interventions. For this instance, Festa et al. have shown that
polyphenols from grape extracts and wine present vasodilator
effects due to the increased expression and phosphorylation of
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eNOS and consequent NO production. This biological effect is
vital in preventing vascular dysfunction, as NO production
contributes to maintaining endothelial homeostasis.**

Therefore, maintaining healthy vascular function to reduce
CVD risk is recognised. The production and activity of vaso-
constrictor ET-1 increase during CVD and endothelial dysfunc-
tion. ET-1 has many adverse effects on CVD, including severe
vasoconstriction and pro-inflammatory effects, and it
encourages the formation of free radicals.'®

Flow-mediated dilation (FMD) and BP investigated through-
out this review also play critical roles in vascular function and
CVD. FMD is a physiologically significant stimulant regulating
vascular tone and blood circulation. Reductions in FMD are
recognised as indicators of atherosclerosis and CVD.'®® BP
measures the heart’s force to pump blood around the body.
High BP, otherwise known as hypertension, is linked with
decreased vascular function by promoting arterial stiffness
and endothelial dysfunction.'® Arterial stiffness is the
reduced ability of an artery to extend and contract in reaction
to changes in pressure and is interlinked with CVD risk.
Atherosclerosis can cause increases in the stiffness of the
arteries. Therefore, arterial stiffness reduction indicates a sub-
sequent decrease in atherosclerosis and CVD risk.'®* In a
12-week trial with 66 healthy male participants, they were ran-
domly assigned to ingest either a (poly)phenol-rich extract
(116 mg, equivalent to 75 g of berries), a whole fruit powder
(12 mg, equivalent to 10 g of berries), or a placebo (maltodex-
trin). Both the aronia berry extract containing 30 mg g~ ANT
and the whole fruit powder containing 3.6 mg g~* ANT showed
significant improvements in endothelial function, evidenced
by increased FMD. The benefits were immediate, observed
within 2 hours of consuming aronia extract, and persisted
throughout the study. Analysis of plasma phenolic metabolites
revealed heightened levels following aronia consumption.
Though gut microbiota diversity remained unchanged, aronia
extract fostered the growth of Anaerostipes, while whole fruit
powder encouraged Bacteroides growth. These findings suggest
regular consumption of aronia berries may effectively improve
endothelial function and influence gut microbiota compo-
sition, potentially contributing to cardiovascular health main-
tenance in low-risk individuals.'®

8.1. Animal studies

Ten out of twenty-two studies reported changes in endothelial
and vascular function parameters. The components analysed
in those studies are mainly focused on BP, heart rate (HR),
aortic plaque, inducible nitric oxide synthase (iNOS), eNOS,
foam cell formation, atherosclerosis lesions, platelet aggrega-
tion, and left ventricle (LV) ejection fraction.

Xia et al.®® studied the effects of supplementing 300 mg
kg™ of black rice extract containing C3G and peonidin 3-glu-
coside, though of an unknown quantity, for 20 weeks on the
cardiovascular function of Apo-E deficient mice. Results
showed an 18% decrease in the aortic sinus plaque area, a
reduction in transcription factor messenger ribonucleic acid
(TF mRNA) and iNOS, a decrease in thin fibrous cap and
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larger necrotic core, and a larger collagen-1 positive area.
Finally, a decrease of matrix metalloproteinase-1 (MMP-1)
within the plaque was observed. The anthocyanin-rich extract
positively affected plaque stability as a decrease in the
expression of TF mRNA and iNOS, which are inflammatory
agents, was observed.®

Similarly, Y. Wang et a used Apo-E deficient mice and
supplemented their diet with 100 mg of C3G per kg for twelve
weeks. This study investigated the effects of adding C3G to the
diet to see its protective effects against endothelial dysfunction
and atherosclerosis. They found a 66% decrease in the aortic
sinus plaque area and a 61% reduction in the aortic chole-
sterol accumulation. These results suggest that the isolated
form of C3G for a shorter period led to the conclusion that
nutraceuticals may be more effective than anthocyanin-rich
foods. The authors conducted further analysis on the con-
sumption of C3G in hypercholesteremia; a higher dose of 2 g
of C3G per kg was consumed for eight weeks. A reduction of
54% of atherosclerosis lesions, a decrease of cyclic guanosine
monophosphate (cGMP), an increase in nitrate and nitrite,
and a subsequent increase in Ser1177 of eNOS were
observed.'®® The increased NO bioavailability and eNOS
expressions reduced the risk of CVD. Although these results
are promising, translating the daily dosage to humans would
be prohibitive. Therefore, experimental results using animals
can be utilised to better understand the effects of ANT on
selected biomarkers, but any conclusions on human health
are unrealistic.

The effectiveness of a single dose of 200 mg of purple
passion fruit (Passiflora edulis peel extract) per kg BW in spon-
taneously hypertensive rats (SHR) was examined. After twenty
days, mean arterial pressure (MAP), diastolic blood pressure
(DBP), and systolic blood pressure (SBP) were reduced.'®’
Similar results were evident in an experiment by
Shanmuganayagam et al,'*® in which hypercholesterolemic
rabbits were given 225 mL per day of concord grape juice con-
taining a total phenolic content of 1975 g L', including ANT,
although the specific ANT were not identified and quantified.
Positive effects were observed on SBP and DBP. Furthermore,
this study showed reduced hypercholesterolemic-enhanced
platelet aggregation, a critical stage in atherogenesis.'*® It can
be concluded that anthocyanin possesses cardio-protective
properties against platelet aggregation. Similar results were
evident in two other animal trials involving rats and mice,
whereby improvements were reported in SBP and DBP in the
overall vessel structures, suggesting the positive impact the
consumption of ANT displays against endothelial
dysfunction.®1¢°

Chang et al.™®® explored the arterial occlusion time post-
ingestion of sweet potato leaf powder containing ANT on
FeCl;-induced thrombosis in hamsters. Still, they did not
identify and quantify the type of ANT. An increase of 4.1-fold
was reported in the hamsters fed 2.5% of sweet potato leaf
powder, suggesting sweet potato leaf powder elongated the
occlusion time and ameliorated thrombosis formation. Hence,
sweet potato leaf powder displayed several cardioprotective
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effects and may be a potential nutritional strategy for prevent-
ing hyperlipidaemia and CVD."*®

Finally, for ten weeks, Rodriguez-Mateos et al.'** studied
the effects of supplementing with freeze-dried blueberries
(~19 g daily). They found that a 2% freeze-dried blueberry sup-
plement containing 7.7 mg of total ANT per kg BW restored
vasorelaxation levels to an average level, which had been elev-
ated due to the high-fat cholesterol diet (HFCD). This may
indicate that ANT can positively modulate changes in vascular
function.'*?

In conclusion, ANT display cardioprotective impacts against
endothelial dysfunction and vascular function. The most
effective changes regarding plaque size were communicated
when C3G was given for 60 days. As a result, it can be con-
cluded that nutraceuticals or isolated ANT are more effective
in reducing the overall risk factor for CVD. However, anthocya-
nin-containing foods carry out this function to a lesser extent.

8.2. Human studies

Thirteen of 22 studies investigated ANT’ effects on vascular
functioning. Khan et al.'’® reported that the high blackcurrant
juice drink (100 mL), containing 81.5 mg of total polyphenols
and 14.3 mg of total ANT in healthy individuals, led to a
1.42% increase in %FMD after 6-week consumption.'”®
Although a 1% increase appears relatively small, a meta-ana-
lysis conducted by Inaba et al.’”* discovered that an increase
as small as 1% translates to a 13% decrease in the likelihood
of future cardiovascular events. Hence, this 1.42% increase
portrays ANT’ potential for CVD risk reduction by targeting
FMD.'"!

Similar FMD increases were observed in two other studies
involving anthocyanin-rich freeze-dried blueberries and
strawberries.">'”? After six months of consuming freeze-dried
blueberries containing an unknown amount of C3G, individ-
uals with MetS experienced a 1.45% increase in FMD. The con-
centration of C3G was found to be 20 + 15 nmol L™" in serum
and 33 + 9 nmol L™" in urine. Also, post-strawberry consump-
tion FMD values were higher than the placebo values.
Contrastingly, no changes in FMD were observed in three
studies investigated throughout this review, two based on
grapes and two on nutraceuticals. This may indicate that grape
ANT and nutraceuticals may not be as effective towards FMD
as food intake, as previously stated.

Curtis et al.'’?> randomly allocated 115 adults with MetS
into three treatment groups: 26 g of freeze-dried blueberries
(FDB), 13 g of FDB with 13 g of placebo, and 26 g of placebo
alone. The anthocyanin dosages were 364 mg, 182 mg, and
0 mg, respectively. After consuming FDB, a significant increase
of 0.99 pmol mL™" in ¢cGMP levels and a modulation of arterial
stiffness were observed. Intracellular second-messenger cGMP
controls various physiological events in the cardiovascular
system and is vital to numerous functions, including endo-
thelial, cardiac monocyte, vascular smooth muscle, and
enhancement of vascular tone. Hence, this improvement in
¢GMP can be translated to enhanced vascular function and
overall cardiovascular health.'”? Moreover, in this study, arter-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo04579j

Open Access Article. Published on 08 March 2024. Downloaded on 3/15/2026 3:47:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

ial stiffness was decreased by 2.24%. Dohadwala et al.'®" also
observed a 0.5 m s~ reduction of carotid-femoral pulse wave
velocity by arterial stiffness measurement in a study based on
4-week consumption of 480 mL per day of double-strength
cranberry juice containing 835 mg total polyphenols and
94 mg ANT. However, the study did not demonstrate signifi-
cant potential in reducing CVD risk as few changes in endo-
thelial vasodilator function, lipids, or markers of inflam-
mation were observed throughout the study.'**

When blood pressure (BP) is elevated, it can negatively impact
vascular function and cardiovascular health. Considering this,
McKay et al.'” conducted a study to investigate the effects of a
6-week intake of anthocyanin-rich Hibiscus sabdariffa tea, which
contained a total phenolic content of 21.85 mg and 7.04 mg of
ANT (a mixture of C3G, delphinidin 3-sambubioside, delphinidin
3-glucoside, and cyanidin 3-sambubioside), on the BP of hyper-
tensive individuals. The study revealed that incorporating three
servings of hibiscus tea (720 mL per day) into the diet daily for
six weeks effectively reduced BP."”?

Hypertension is one of the critical risk factors of CVD,
accounting for 49% of heart failures, and is involved in 35% of
all atherosclerotic cardiovascular actions.'”* Post-tea interven-
tion decreases in SBP, DBP, and MAP were observed (5.5%,
4.7%, and 4.0% accordingly). This dietary intervention por-
trayed a strong potential for preventing hypertension and thus
reducing CVD risk.’”® Similar results were seen in two other
studies whereby reductions in SBP by 3 mmHg and DBP by
2 mmHg were observed after grape wine consumption.
Additionally, SBP and DBP lowered after the aronia
extract.®®'”®> The intervention on grape wine extract was also
completed in individuals with hypertension and aronia extract
in individuals with MetS; both conditions involve increased
BP. Eight other studies displayed no BP modulations after
anthocyanin intake; the individual’s health conditions in
these studies were not directly linked with high BP. This indi-
cates that ANT may be more effective in individuals with pre-
ViOuSly heightened BP.SS,‘I16,121,151,170,1757177

A study investigated the effects of purple grape wine solids,
rich in polyphenols (550 mg) and containing 18.8 mg of total
ANT, alongside grape juice (250 mg) with 118.5 mg of total
ANT, on the modulation of ET-1 levels, FMD, and platelet func-
tion and aggregation. ET-1 decreased by 10% after consuming
the grape wine extract; no effects were seen after consuming
grape juice. This result was unexpected as the grape juice con-
tained higher levels of ANT, indicating that the vascular effects
observed were based on red wine-derived polyphenols and not
ANT.® ET-1 also decreased after aronia extract intake contain-
ing 300 mg of ANT in individuals with MetS.*® The reductions
in ET-1 observed translate to decreased vascular dysfunction
and CVD risk. Additionally, researchers found that the grape-
wine extract intervention significantly lowered 24-hour ambu-
latory systolic/diastolic BP compared to placebo, especially
during the daytime. Endothelin-1 levels decreased by 10%,
while other vascular function measures remained unchanged.
Grape juice extract alone did not affect BP or vascular function.
The cardiovascular benefit of grape wine extract appears to be
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solely related to BP reduction in healthy, mildly hypertensive
subjects without affecting lipid metabolism or platelet func-
tion.'”® Contrastingly, a study on grape solids containing poly-
phenols revealed that 550 mg of wine solids contained
18.8 mg of unidentified and unquantified ANT. Platelet aggre-
gation in healthy individuals was reduced after two weeks."””
Platelets play an essential role in the development of CVD,
with platelet aggregation taking part in the incidence and pro-
gression of thrombosis involving clotting of the veins and
arteries. Thus, the reduction of platelet aggregation is crucial
in preventing atherothrombotic disorders such as CVD.'®
Furthermore, the soluble P-selectin on activated platelets, a
CVD risk biomarker, was reduced by 5.9%.""*

Throughout this review, ANT displayed several modulating
effects on various parameters, contributing to healthy vascular
function and improved cardiovascular health. Numerous links
were observed upon investigation, including arterial stiffness
being best modulated by food anthocyanin intake, FMD by
grape-derived nutraceuticals, and ET-1 by nutraceuticals.
Furthermore, BP reductions were most effective in individuals
with previously heightened BP levels pre-intervention.
Predominantly, the sustained consumption of anthocyanin-
containing foods provides a promising strategy to improve vas-
cular function and subsequent risk reduction of CVD.

9. Final remarks and trends

Knowledge of bioactive compounds, such as phenolics, and
their potential benefits for reducing CVD risk has recently
increased. However, additional investigations and observations
are still needed to achieve a precise conclusion concerning the
daily consumption amount, intervention time, and type of
phenolic compound. Throughout this review, the relationship
between anthocyanin-containing foods and CVD was analysed,
whereby the mechanisms of actions in which anthocyanin-con-
taining foods display their cardioprotective properties were
associated with their antioxidant and anti-inflammatory
effects in vivo. Additionally, the consumption of ANT tended to
improve endothelial function, modulate the serum-lipids ratio
(e.g., LDL/HDL), increase plasma antioxidant activity by
increasing the activity of endogenous enzymes and decrease
the production of oxidised products in the blood, decrease the
secretion of pro-inflammatory mediators in human cells and
in vivo, and improve vascular function (e.g., increasing FMD
and decreasing levels BP, arterial stiffness, ET-1, and platelet
aggregation). These mechanisms effectively lower CVD risk,
including reducing plaque formation and atherosclerosis,
improving blood flow and vascular tone, and decreasing vessel
fat streak accumulation. However, the data analysis of the
current literature does not enable us to conclude some crucial
factors: a structure-activity relationship between the anthocya-
nin type and cardiovascular health could not be established.
Similarly, the effects of the daily dosage, intervention length,
and source of ANT (e.g., natural anthocyanin-containing foods
or nutraceuticals) on CVD-related biomarkers are still puzzling.
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In conclusion, this systematic review highlights the need for
further research in human populations, allowing deeper con-
sideration into the ability of anthocyanin-containing foods
and nutraceuticals to confirm their effectiveness as a func-
tional dietary strategy to reduce CVD risk and increase their
technological applications for functional food design.

Abbreviations

8-iso-PGF2a  8-iso-prostaglandin F2 alpha

ATP Adenosine tri-phosphate

ANT Anthocyanins

apoB Apolipoprotein B

Apo Apolipoprotein

Al Atherogenic index

BP Blood pressure

C3G Cyanidin 3-glucoside

CVD Cardiovascular disease

CAT Catalase

CETP Cholesterol ester transfer protein
CHD Coronary heart disease

CRI Coronary risk index

CRP C-reactive protein

cGMP Cyclic guanosine monophosphate
COX-2 Cyclooxygenase-2

CTX Cyclophosphamide

DBP Diastolic blood pressure

DNA Deoxyribonucleic acid

eNOS Endothelial nitric oxide synthase
ET-1 Endothelin-1

FMD Flow-mediated dilation

GPx Glutathione peroxidase

HR Heart rate

HDL-C High-density lipoprotein-cholesterol
HFD High-fat diet

HAT Hydrogen atom transfer

iNOS Inducible nitric oxide synthase
ICAM-1 Intercellular adhesion molecule-1
IFN-y Interferon-gamma

IL Interleukins

IDLs Intermediate-density lipoproteins
Lv Left ventricle

LOXs Lipooxygenases

LDL-C Low-density lipoprotein cholesterol
MDA Malondialdehyde

MMP-1 Matrix metalloproteinase-1

MAP Mean arterial pressure

mRNA Messenger ribonucleic acid

MetS Metabolic syndrome

MCP-1 Monocyte chemoattractant protein-1
MPO Myeloperoxidase

NOX NADPH oxidases

NO Nitric oxide

Nrf2/ARE Nuclear factor E2-related factor 2-anti-oxidant

response elements
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NF-«f Nuclear factor kappa beta

OSI Oxidative stress index

PL Phospholipids

GSH-Px Plasma glutathione peroxidase

PAH Pulmonary artery hypertension

PPAR«x Peroxisome  proliferator-activated  receptor-
alpha

RNS Reactive nitrogen species

ROS Reactive oxygen species

RANTES Regulated upon activation, normal T cell
expressed and secreted

RCT Reverse cholesterol transport

SET Single electron transfer

SHR Spontaneously hypertensive rats

SOD Superoxide dismutase

SBP Systolic blood pressure

TBARS Thiobarbituric acid reactive substances

TLR4 Toll-like receptor 4

TAC Total antioxidant capacity

TC Total cholesterol

TF mRNA Transcription factor messenger ribonucleic
acid

TG Triglycerides

TNF-a Tumour necrosis factor-alpha

TNF RI/TNF Tumour necrosis factor receptor I/II

RII

T2D Type-2 diabetes

VCAM-1 Vascular cell adhesion molecule-1

VSMC Vascular smooth muscle cells

VLDL-C Very low-density lipoprotein cholesterol

X0 Xanthine oxidase
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