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Several studies have demonstrated the antioxidant and anti-inflammatory properties of anthocyanins, as well as their
potential phytoestrogenic activity, which could have positive effects on human health. These compounds have
shown effectiveness against conditions such as obesity, diabetes, and high cholesterol, which are known risk factors
for cardiovascular diseases, including stroke. Stroke is currently the second leading cause of death globally, and cer-
ebral small vessel disease (CSVD) accounts for 20% of all strokes, and it often causes cognitive impairment and gait
abnormalities in older adults. Anthocyanins and their metabolites can cross the blood-brain barrier and affect signal-
ing pathways, gene expression, and protein function at the molecular level. In addition to their ability to enhance
vascular flow, anthocyanins can also help mitigate the risk factors associated with CSVD by counteracting oxidative
stress in the body. These findings exploring the potential benefits of anthocyanins for individuals with CSVD.
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Introduction

Anthocyanins are water-soluble pigments that occur nat-
urally in various plant-based sources, such as fruits, veg-
etables, flowers, and tubers. These pigment compounds,
also known as anthocyanidins, give plants their vibrant
red, purple, and blue hues [1]. Although they are com-
monly used as natural colorants in food and beverage
applications [2], this discussion will focus on their poten-
tial health benefits.

In recent years, anthocyanins have gained consider-
able attention for their various biological activities that
may protect against human pathological conditions.
Research has shown that anthocyanins have antioxi-
dant and anti-inflammatory properties and may exhibit
phytoestrogenic activity, which could potentially ben-
efit human health [3, 4]. They have been shown to be
effective against conditions such as obesity [5], diabe-
tes [6], and high cholesterol [7]. Furthermore, they can
improve endothelial function leading to improvements
in blood vessel vasomotor function, which could help
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reduce the risk of cardiovascular diseases, including
strokes [8, 9].

Stroke is considered the second leading cause of
death worldwide [10]. According to the World Health
Organization (WHO), stroke is responsible for approxi-
mately 11% of total deaths worldwide, following coro-
nary heart disease as the leading cause [10]. CSVD is a
chronic and progressive condition that affects the small
blood vessels supplying the white matter and deep
structures of the brain [11, 12]. This disorder damages
the white matter in the subcortical brain structures,
and small vessels ranging from 50 to 400 pm in diam-
eter are affected [13]. CSVD is responsible for 20% of
all strokes, and it often causes cognitive impairment
and gait abnormalities in older adults [13]. The condi-
tion is characterized by a redox imbalance that results
in endothelial dysfunction and contributes to the devel-
opment of atherosclerosis [8].

Taking proactive measures to prevent stroke and
CSVD is crucial, including effectively managing risk
factors and maintaining a healthy diet. These actions
are instrumental in supporting the well-being of
endothelial cell vasomotor function. Anthocyanins,
known for their bioactive properties, have demon-
strated beneficial effects on vascular health. Therefore,
this review aims to explore the potential of anthocya-
nins for patients with cerebral small vessel disease.

Anthocyanin

The structure and properties of anthocyanins
Anthocyanins are water-soluble polyphenolic flavonoid
plant pigments responsible for the red, purple, and blue
colors of many fruits, vegetables, flowers, and leaves
[1]. They get their name from the Greek words anthos
means flower, and kyanos means blue [9, 14, 15]. There
are currently 702 types of anthocyanins and 27 antho-
cyanidins discovered. The six most common types are
cyanidin, delphinidin, malvidin, peonidin, petunidin,

Table 1 Common types of anthocyanin [18]

Anthocyanidin R group Estimated distribution

(aglycone) in fruits, vegetables, and
tubers

Pelargonidin R1=R2=H ~12%

Cyanidin R1=0H,R2=H ~50%

Delphinidin R1=R2=0H ~12%

Peonidin R1=0CH3,R2=H ~12%

Petunidin R1=0H, R2=0CH3 ~7%

Malvidin R1=R2=0CH3 ~7%
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and pelargonidin, with cyanidin being the most preva-
lent (Table 1) [16, 17].

Anthocyanins are formed from anthocyanidins, which
are the main components and are composed of two aro-
matic benzene rings (A and B) separated by an oxygen-
ated heterocycle (C). These compounds also incorporate
sugar groups and acyl conjugates (Fig. 1) [19, 20]. The
structural diversity of anthocyanins comes from differ-
ences in the number and location of hydroxyl groups, the
nature and position of sugars, and the nature and num-
ber of acids associated with these sugars. Commonly
attached sugars include glucose, galactose, and rham-
nose, and aromatic and aliphatic acids can be used for
acylation [16, 17].

Anthocyanins are unstable compounds whose stability
can be influenced by various factors such as pH, temper-
ature, light, oxygen, enzymes, other flavonoids, proteins,
and metal ions [17, 21]. When exposed to light, heat, or
changes in pH, anthocyanins can undergo degradation
reactions that result in the loss of their color. Similarly,
changes in pH can also lead to the degradation of antho-
cyanins, with the pigment being most stable in acidic
conditions [17].

Pharmacokinetic properties of anthocyanins: absorption,
metabolism, and elimination pathways

The pharmacokinetic properties of anthocyanins, such as
absorption, metabolism, elimination, bioavailability, and
distribution, impact their biological activities. Antho-
cyanins undergo metabolic processes, including phase I
(oxidation, reduction, and hydrolysis) and phase II (con-
jugation), which detoxify them and increase their hydro-
philicity, leading to elimination from the body through
urine and bile [22, 23].

Anthocyanins in foods are released by chewing and
degraded by saliva and oral microbiota [24]. Oral degly-
cosylation creates aglycones, which exhibit modified
bioactivity [25]. In the stomach, anthocyanins remain

aglycone
Fig. 1 Chemical structure of anthocyanidin [18]. Glycoside (Gly)
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stable in glycoside form due to the low pH. They can
be absorbed intact in this form, unlike other flavonoids
[17, 26]. However, due to their hydrophilic nature, they
require a carrier system to pass through cell membranes
[17, 23]. The bilirubin transporter and glucose trans-
porter-1 (GLUT-1) have been studied as potential carrier
systems for anthocyanins [27]. However, the proposed
mechanism for anthocyanin absorption in the stomach
is based on in vitro studies, and its relevance to human
absorption and metabolism is uncertain (Fig. 2).
Anthocyanins are mainly absorbed in the small intes-
tine and can be broken down into aglycones through
enzymes. The resulting aglycone can enter epithe-
lial cells through passive diffusion or active transport
by sodium/glucose cotransporter-1 (SGLT-1) or glu-
cose transporter-2 (GLUT-2). However, it is uncertain
whether SGLT-1 plays a role in absorption. Antho-
cyanin aglycones can be metabolized in the intestinal
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epithelial cells before entering the portal circulation,
including phase I and II reactions [22, 26]. These reac-
tions can also occur in the liver and kidney. After
consuming a high anthocyanin-rich diet, the metabo-
lized forms of anthocyanins can be detected in human
plasma and urine [17, 22, 26].

Anthocyanin aglycones are degraded into phenolic
acids and aldehydes by colon microbiota enzymes [26,
28]. These degradation products can be absorbed in the
gut and metabolized in the liver or kidney, while unab-
sorbed anthocyanins are eliminated through feces [28,
29]. Anthocyanins can also participate in enterohepatic
recycling, where they are secreted in bile after initial
absorption and returned to the gastrointestinal tract
[22]. Anthocyanin metabolites are eliminated from
the body through urine, bile, feces, and breath [18, 29,
30], with urine being the primary elimination pathway
within the first 6 h and feces being the primary pathway
within the time intervals of 6-24 h and 24—-48 h [30].
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Fig. 2 Mechanism of absorption and metabolism of anthocyanin. Anthocyanidins (Acy); glycosides (Gly); glucose transporter-1 (GLUT-1)
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Anthocyanin bioavailability and absorption in the human
body

Bioavailability refers to the extent to which consumed
anthocyanins are available to target tissues [23]. Antho-
cyanin bioavailability has been reported to be very low in
the past, with less than 1% recovery of the ingested dose
[23]. It was found that anthocyanin metabolism is exten-
sive, and a recovery rate of up to 12.4% can be achieved
[30]. Anthocyanin absorption primarily occurs in the
stomach and small intestine, but it can also reach the
large intestine and produce some metabolites. This sug-
gests that anthocyanin bioavailability is greater than pre-
viously thought and includes microbiota catabolites [17].

The fate of anthocyanins in the human body: distribution
and transport across the blood-brain barrier

After consuming anthocyanin-rich foods, anthocyanins
and their metabolites quickly appear in human circula-
tion, reaching a maximum concentration within 1.5 h
and disappearing from the bloodstream within 6 h.
Studies show that phenolic acids can also be detected in
plasma as metabolites of anthocyanins [18]. Metabolites,
especially those derived from microbial metabolism, are
the dominant circulating form of anthocyanins and have
the potential to contribute to beneficial health effects.
Anthocyanins are distributed throughout the body’s
organs, with the liver being the dominant target organ
and the brain allowing anthocyanins to reach crucial
regions [31]. However, the findings of the distribution of
anthocyanin in tissues were conducted in animals, but
never in humans.

Anthocyanins and their metabolites can cross the
blood-brain barrier and affect signaling pathways, gene
expression, and protein function at the molecular level
[20]. Several in vitro studies using cell culture models
that mimic the blood—brain barrier have been conducted
to evaluate the uptake of anthocyanins by brain cells. The
study reveals that cyanidin-3-rutinoside, pelargonidin-
3-glucoside, and some other flavonoids can cross the
blood—brain barrier [32, 33].

A study suggests that some drugs conjugated with glu-
cose can access the brain through the GLUT-1 trans-
porter, which may also be the case for anthocyanins [34].
Anthocyanins can be transported actively through the
stomach and small intestine, which depend on GLUT-1
[35, 36]. Another possible mechanism is bilitranslocase,
which has been reported to transport some anthocyanins
in human endothelial cells [37].

The significance of anthocyanins in our diets and food
sources

Anthocyanins, which are essential components of our
diets, can be found in common sources such as fruits like
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blueberries, blackberries, cherries, raspberries, strawber-
ries, and grapes, as well as vegetables and tubers like egg-
plant, red cabbage, red onions, and purple sweet potatoes
[38, 39]. Anthocyanins’ solubility in water makes them
widely used in the food industry as a natural colorant for
food and beverages, with no harmful effects reported.
Additionally, anthocyanins can be found in beverages
such as red wine or juices, and in processed foods such
as jams [18].

The absence of dietary recommendations for anthocya-
nins can be attributed to the fact that they have not been
identified as essential nutrients, despite their significance
[24]. Cyanidin is the most consumed anthocyanin, fol-
lowed by delphinidin, malvidin, petunidin, peonidin, and
pelargonidin [40]. The daily intake of anthocyanins in the
US has decreased from an estimated 180-215 mg per
day in 1976 to approximately 12.5 mg per day, accord-
ing to a recent report from the United States Department
of Agriculture (USDA) [41, 43]. In Europe, the average
anthocyanin intake varies by country, around 31 mg/day
[24]. The estimated average daily anthocyanin intake in
Australia and China was 24.2 mg/day and 27.6 mg/day,
respectively, which closely aligns with European levels.

The potential benefits of anthocyanins for cerebral
small vessel disease

Cerebral small vessel disease (CSVD)

CSVD is a group of age-related neuropathological pro-
cesses that affect small arteries, arterioles, capillaries, and
venules with a diameter of less than 50 pm in the brain
parenchyma [12, 42]. CSVD is a major cause of disabil-
ity, cognitive impairment, and loss of functional ability
in the elderly [43]. CSVD also contributes up to 25% of
all ischemic stroke cases [13], making it the second lead-
ing cause of death in the world after ischemic heart dis-
ease, i.e., stroke [43]. Although most cases of CSVD are
asymptomatic in the early stages of the disease, CSVD
can develop over years until sequelae symptoms appear
[43, 44].

Cognitive impairment is one of the consequences
of CSVD. The range of severity of cognitive deficits
in CSVD consists of a spectrum that spans from mild
cognitive impairment (MCI) to dementia [13]. Some
CSVD patients may appear asymptomatic in the cog-
nitive domain. In patients with CSVD, the pattern of
cognitive deficits involves information processing; the
ability to focus, sustain, or shift attention; and the abil-
ity to manipulate, organize, and select information [45].
Gait disturbance is the second most common problem
in CSVD patients after cognitive impairment [46]. About
35% of CSVD patients experience gait disturbance. Gait
disturbance in CSVD primarily manifests as motor
dysfunction, including reduced stride length, balance
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impairment, and a tendency to fall [47]. It is essential to
address these issues early on to prevent or minimize the
impact of disabilities on individuals with CSVD.

The high incidence of CSVD is related to the main risk
factors for CSVD, some of which are non-modifiable such
as advanced age and gender, while others are modifiable
such as hypertension, diabetes mellitus (DM), hypercho-
lesterolemia, and obesity [12]. Studies have revealed that
the endothelium is the main target of inadequate oxida-
tion, which accelerates the degenerative effects on central
nervous system blood flow in CSVD patients. Arterial
hypertension, the oxidation of low-density lipoproteins
(oxLDL), and diabetes mellitus promote monovalent
reactive forms of free radicals [48]. Accordingly, excessive
reactive oxygen species (ROS) formation underlies the
pathology of cerebral small vessel disease.

A redox imbalance is a contributing factor to several
conditions that are associated with endothelial dysfunc-
tion, leading to atherosclerosis [49]. Endothelial dysfunc-
tion refers to a state in which the endothelial cells exhibit
a pro-inflammatory and pro-thrombotic phenotype,
reduced bioavailability of nitric oxide (NO), and impaired
vascular tone [50]. It is known that the decrease in cere-
bral vasomotor reactivity (cVMR) due to endothelial dys-
function contributes to the ischemic process in CSVD.
A decrease in cVMR is linked to higher levels of white
matter hypersensitivity (WMH) severity, greater damage
to white matter integrity, and an increased occurrence of
lacunar infarcts in CSVD [51].

Improvement in cVMR is characterized by an increase
in the expression of endothelial nitric oxide synthase
(eNOS) through an increase in NO and an increase in
eNOS expression in catalyzing the oxidation of L-argi-
nine, which ultimately increases NO production more
optimally. In addition, an increase in adiponectin also
plays a role in improving cVMR through the phospho-
rylation and activation of Akt (Ak strain transforming),
which directly phosphorylates and activates eNOS. The
presence of NO in the endothelium of intracranial blood
vessels can increase cVMR and intracranial blood flow.
An increase in NO levels also affects vasodilation, which
can increase perfusion and cerebral blood flow (CBF) to
neuronal cells [52—54]. This is expected to improve the
vasomotor reactivity (VMR) of cerebral blood vessels and
improve the outcomes of stroke patients.

Previous studies have found that cVMR measurement
using the Breath Holding Index (BHI) technique is an
accurate assessment in assessing cVMR capability. The
ability of cVMR was assessed by looking at changes in
CBFV during hypercapnia using transcranial Doppler
[76]. It found that a 10% reduction in CBFV increased
respondents’ risk of stroke by 64%. This suggests that
cVMR disruption is independently associated with an
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increased risk of ischemic stroke [76]. Thereby, ensuring
the effects of anthocyanin on CSVD could be assessed by
measuring BHI to evaluate the cVMR using transcranial
Doppler.

It is evident that oxidative stress and endothelial dys-
function play a crucial role in the development and pro-
gression of CSVD. Fortunately, there is growing evidence
that certain bioactive compounds, such as anthocyanins,
possess antioxidant, anti-inflammatory, and phytoes-
trogenic properties that may combat the pathology of
CSVD. The discussion below will explore the potential
of anthocyanins for individuals with cerebral small vessel
disease.

Biomolecular effects of anthocyanin

Anthocyanins exert their biological effects through their
direct antioxidant properties by neutralizing reactive
oxygen species. The imbalance between the production
of reactive oxygen species and antioxidant defenses leads
to oxidative stress, which is associated with inflammatory
reactions, endothelial dysfunction, and atherosclerosis
[55]. Anthocyanins and their aglycones possess antioxi-
dant properties by neutralizing free radicals and termi-
nating chain reactions [56]. The antioxidant activity of
anthocyanins is linked to the presence of hydroxyl groups
in positions 3, 4, and 5 in ring B, and acylation of sugar
residues with aromatic hydroxy acids further enhances
their antioxidant properties [57].

Anthocyanins and cyanidin-3-O-glucoside (C3G) have
been linked to a decreased risk of cerebral ischemia. The
neuroprotective effects of anthocyanins are thought to be
due to their ability to suppress neuroinflammation and
oxidative stress. Studies have shown that anthocyanins
and C3G@ can inhibit the production of pro-inflammatory
cytokines and molecules associated with high levels of
oxidative stress, thereby preventing neuronal damage in
models of cerebral ischemia [58, 59].

Phytoestrogens are plant compounds that can mimic
or modulate the actions of estrogen by binding to estro-
gen receptors [60]. They have been gaining attention for
their potentially beneficial effects on diseases like cancer
and cardiovascular disease [61, 62]. Estrogen activates
estrogen receptors and stimulates intracellular signaling
pathways, resulting in increased synthesis of endothelial
NO through the activation of the enzyme eNOS. This
increase in NO production is crucial for maintaining
vasodilation, regulating blood pressure, and improving
blood flow [63-65].

Anthocyanins, such as cyanidin and delphinidin, are
plant pigments that belong to the flavonoid family and
can exhibit phytoestrogenic activity [4]. Structurally,
anthocyanins resemble phytoestrogens like genistein,
which is considered the prototype phytoestrogen that
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can produce estrogenic effects [66, 67]. This suggests that
anthocyanins may have vasodilatory effects like estrogen,
which is known to cause rapid vasodilation in vascular
areas through two receptor-mediated mechanisms that
explain its non-genomic vasodilatory action.

A recent study found that delphinidin and its deriva-
tives have vasodilatory effects with similar production
times, with the large sugar group in delphinidin possibly
contributing to its effectiveness as a vasodilator [68-71].
Another study showed that delphinidin can activate
molecular pathways leading to NO production and vas-
orelaxation by interacting with estrogen receptor alpha
(ER-a) [72]. This suggests that anthocyanins, whether
glycosylated or not, can act as ERa or G protein-coupled
estrogen receptor (GPER) ligands (Fig. 3).

Menopause and estrogen deficiency have been associ-
ated with the development of leukoaraiosis, and early
menopause increases the risk of silent infarcts in the
elderly. Estrogen has been found to reduce the risk of cer-
ebral small vessel disease or delay its progression [73]. As
anthocyanins exhibit phytoestrogenic effects and have
shown potential as vasodilatory compounds, they may
have beneficial effects on CSVD.

Anthocyanin effect study in human

The impairment of cerebral vasomotor reactivity is impli-
cated in the ischemic process associated with CSVD.
In a meta-analysis study, it was discovered that acute

Page 6 of 9

supplementation of anthocyanins yielded a notewor-
thy increase in flow-mediated dilation (FMD), a widely
recognized non-invasive measure of vasomotor reactiv-
ity (VMR). The study observed a significant improve-
ment in FMD within the range of 1-8 h after consuming
anthocyanin doses ranging from 7 to 724 mg. Moreover,
chronic intervention studies involving anthocyanins also
reported improvements in vascular function [53]. The
duration of these interventions ranged from one week to
six months, and the use of anthocyanin doses between 12
and 320 mg/day was found to significantly enhance FMD
compared to the control group. The meta-analysis study
demonstrated a statistically significant increase in vaso-
motor reactivity, as measured by FMD, resulting from
both acute and chronic anthocyanin supplementation
[53].

In addition to studies involving patients with chronic
conditions, Guo et al. conducted a study specifically
targeting healthy young adults. The study aimed to
evaluate the dose—response relationship of anthocya-
nins and its effects on markers of inflammation, oxida-
tive stress, and metabolic risk [74]. Participants were
given anthocyanin capsules at doses of 20, 40, 80, 160,
and 320 mg daily for 14 days. The study concluded that
anthocyanin administration above 80 mg/day proved to
be an effective and efficient dose in promoting antioxi-
dant and anti-inflammatory functions in healthy young
adults. The study also mentioned that higher doses of

Anthocyanins
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Fig. 3 Anthocyanins activate membrane estrogen receptors to induce non-genomic vascular responses through the generation of nitric oxide
(NO). Phosphatidylinositol 3-kinase (PI3K); soluble guanylate cyclase (sGC); guanosine triphosphate (GTP); cyclic guanosine monophosphate (cGMP)
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320 mg/day were required in other studies to achieve
the maximal effects of anthocyanins in addressing oxi-
dative stress and acting as anti-inflammatory agents
aimed at improving metabolic profiles in patients with
chronic diseases [74].

The structure and functional of the human nervous
system can be directly visualized by neuroimaging. The
recent study’s fMRI demonstrate that blood oxygena-
tion increased following high flavonol consumption,
with the most significant changes observed in the lat-
eral frontal regions [75].

Conclusion

The association between oxidative stress, endothelial
dysfunction, and the development of cerebral small
vessel disease (CSVD) is firmly established. Consider-
ing the wide array of actions demonstrated by antho-
cyanins, including their antioxidant, anti-inflammatory;,
and phytoestrogenic properties, it becomes evident that
anthocyanins hold promising potential in providing
substantial benefits to individuals affected by CSVD.
In addition to their capacity to enhance vascular flow,
anthocyanins can also aid in mitigating the risk factors
linked to CSVD by counteracting oxidative stress in the
body. Conducting future studies is crucial to further
explore the potential of anthocyanins in this regard.
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Acy Anthocyanidins

Akt Ak strain transforming/ protein kinase B
3G Cyanidin-3-O-glucoside

CBF Cerebral blood flow

cGMP Cyclic guanosine monophosphate
CSVD Cerebral small vessel disease
cVMR Cerebral vasomotor reactivity

DM Diabetes mellitus

eNOS Endothelial nitric oxide synthase
ERa Estrogen receptor alpha

GLUT-1  Glucose transporter-1

GLUT-2  Glucose transporter-2

Gly Glycoside

GPER G protein-coupled estrogen receptor
GTP Guanosine triphosphate

MClI Mild cognitive impairment

mg Milligram

NO Nitric oxide

oxLDL  Oxidation of low-density lipoproteins
PI3K Phosphatidylinositol 3-kinase

ROS Reactive oxygen species

sGC Soluble guanylate cyclase

SGLT-1  Sodium/glucose cotransporter-1

USDA United States Department of Agriculture
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