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Summary

Anthocyanins are a class of water-soluble flavonoid compounds, which are widely found in plants. The structure and
content of anthocyanins from fruits (137-5702 mgkg! fresh weight, FW), cereals (363-416 920 mg-kg! dry weight,
DW) and vegetables (770-3 220 mg-kg! FW) are reviewed. The relationship between anthocyanin structure, biological
activities (antioxidant, anti-inflammatory, bacteriostatic) and disease improvement (cancer, organs injury, diabetes,
obesity, eye diseases, neurodegenerative diseases) is discussed. The antioxidant activities of anthocyanins were del-
phinidin > petunidin > cyanidin > malvidin > peonidin > pelargonidin, and the antioxidant activity of anthocyanins
glycosylated only on C3 position was higher than that of anthocyanins glycosylated on both C3 and CS5 positions. The
anticancer effects of cyanidins and peonidins were stronger than those of malvidins, and the hepatoprotective and

antidiabetic effects of cyanidins were stronger than those of peonidins.
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Anthocyanins are water-soluble plant pigments
with biological activity, which are called “colour
cell fluid”. They give plants brilliant colours. To
date, more than 700 anthocyanins have been iden-
tified from natural plants such as fruits, vegetables
and cereals, and the number is increasing steadily
[1]. At present, the edible and medicinal value
of anthocyanins has been widely concerned and
recognized. Anthocyanins are important contribu-
tors to human health, as they have various effects,
such as antioxidant [2], anti-inflammation [3], bac-
teriostatic [4], anticancer [5], organ protection [6],
anti-diabetes [1], anti-obesity [7], vision protective
and improvement of neurodegenerative diseases
[8]. Studies showed that anthocyanins from
various sources are present in different contents,
they have different structure and biological activi-
ties [9].

In this paper, the structure and content of
anthocyanins of various sources are reviewed,

together with their beneficial effects on human
health. The relationship between the structure,
bioactivity and disease improvement of antho-
cyanins is analysed to provide basis for further
research of anthocyanins and for product develop-
ment.

Anthocyanins sources and structure
Anthocyanins belong to flavonoid phenolic
compounds, which mainly exist in plants in the
form of glycosides. The basic structure unit of
anthocyanins is 3,5,7-trihydroxy-2-phenylbenzo-
pyrylium, which consists of two benzoyl rings
(A and B rings) and one oxygen-containing six-
membered heterocycle (C ring), constituting the
basic framework of C6-C3-C6, containing 15 car-
bons [9]. Among them, Ry and R2 on B ring can
be substituted by different substituents (-OH,
-OCH3), resulting in six categories of antho-
cyanins (Fig. 1). According to their proportion in
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Fig. 1. Anthocyanins structure.

plants, the six major classes of anthocyanins are
cyanidin (50 %), delphinidin (12 %), pelargoni-
din (12 %), peonidin (12 %), petunidin (7 %) and
malvidin (7%) [10]. Among them, the first three
are non-methylated anthocyanins, which are the
most widely distributed in nature [11].

Anthocyanins are found in red, blue, purple
and other brightly coloured plants, mainly in cer-
tain fruits (such as blueberry, grape, blackberry),
grains (such as black rice, black beans, purple
corn), vegetables (such as red cabbage, eggplant)
and other (such as Lycium ruthenicum). In recent
years, with the in-depth research of anthocyanins,
the content, structure and biological activities of
anthocyanins in various plants have been gradually
discovered (Tab. 1). The proportion of cyanidins in
anthocyanins is highest in most fruits and grains.
Cyanidin-3-glucoside (Cy3G) content is the high-
est in blackberry, mulberry, black rice, purple corn
and purple wheat, accounting for 89 %, 65.8 %,
91.0 %, 37.1 %, 27.4-45.8 % of total anthocyanins
content (TZAC), respectively [36, 49, 44, 51]. Del-
phinidin-3-[(4”-p-coumaroyl)-thamnosyl ~ (1—6)
glucoside]-5-glucoside is the main anthocyanins of
eggplant, accounting for 69.1-87.7 % [64]. Pelar-
gonidin-3-glucoside (Pg3G) is accounting for 80 %
of strawberry. The highest level of petunidin-3-
glucoside (Pt3G) is in black bean and Lycium ru-
thenicum — 40.0-56.0 % and 35.2 %, respectively
[54, 66]. Anthocyanins in blueberry and grape are
mainly composed of malvidin, which accounts for
41.0 % and 88.8 % of TAC, respectively [22, 28].
Anthocyanins from various sources differ in con-
tent, species and biological activities.

The existence of multiple phenolic hydroxyl
groups in anthocyanins makes the stability of an-
thocyanins poor, but glycosylation or glycosyl
acylation can improve their stability. The smallest
unit of anthocyanins combines with various sugars
or organic acids to produce different types of an-
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thocyanin derivatives, which is one of the reasons
of the molecular diversity of anthocyanins [67].
In the glycosylation reaction, when anthocyanins
bind only one sugar, they are generally bound to
the C3 position of the anthocyanin skeleton. When
combined with two sugars, those are usually bound
to the hydroxyl groups of the C3 and C5 posi-
tions, sometimes combined at the C3 and C7 po-
sitions. Glucose, galactose, arabinose, rhamnose
and xylose are common sugars that combine with
anthocyanins. The most common anthocyanin
derivatives in nature are 3-glucoside, 3,5-digluco-
side and 3,7-diglucoside [68]. Among them, Cy3G
is one of the most common anthocyanins [69]. In
glycosyl acylation reaction, organic acids gener-
ally bind to the sugar at the C3 position of antho-
cyanins, and the two acids are simultaneously
bound to the sugars of C3 and C5 positions. Re-
search showed that the structure of anthocyanins
from various sources are different and the degree,
position as well as quantity of glycosylation and
glycosyl acylation are different [67].

At present, co-pigmentation of organic acids
is an important way to promote stabilization of
anthocyanins. Common organic acids include
malonic acid, acetic acid, malic acid, caffeic
acid, ferulic acid, gallic acid, sinapic acid and p-
coumaric acid [70]. HE et al. [71] elucidated the
mechanism of co-pigmentation between Vitis amu-
rensis Rupr. anthocyanins (0.1 mg'ml-l) and or-
ganic acids (0.87 mg:ml-l, ferulic acid : p-gluconic
acid : caffeic acid : vanillic acid = 1.5:2.5:2.5:0.5,
w/w/w/w) promoted by high hydrostatic pressure
(HHP; 300 MPa, 2 min). Research on HHP co-
pigmentation showed that the anthocyanin deriva-
tives are newly formed owing to appropriate modi-
fications that increases the co-pigmentation rate
(42.1 %), photo-thermal stability and potential
antioxidant activities in vivo and in vitro.
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Tab. 1. Biological activities and improving effects on human health of anthocyanins.

Source | TAC [mg-kg] | Anthocyanin | Ratio [%] | Activity Ref.
Fruits
Blackcurrant | 2780-5702 (FW) | Delphinidin-3-rutinoside 55.4-31.1 | Antioxidant [12]
Cyanidin-3-rutinoside 69.7-26.4
Delphinidin-3-glucoside 35.0-16.2
Cyanidin-3-glucoside 15.5
- - - Anti-inflammatory [13]
- - - Bacteriostatic [14]
- - - Anticancer [15]
- - - Anti-diabetes
— — — Anti-obesity
Mulberry 257-5697 (FW) | Cyanidin-3-glucoside 65.7 Antioxidant [16, 17]
Cyanidin-3-rutinoside 27.2
Delphinidin-3-rutinoside 1.8
- - - Anticancer [18]
- - - Protection of organs [19]
- - - Anti-diabetes [20]
- - - Anti-obesity [21]
Blueberry 1080-3000 (FW) | Malvidin (malvidin-3-galactoside, malvidin- 41.0 Antioxidant [22]
3-glucoside)
Delphinidin (delphinidin-3-galactoside) 33.1
Petunidin 17.3
- - - Anti-inflammatory [13]
- - - Bacteriostatic [4]
- - - Anticancer [23]
- - - Protection organs [24]
- - - Anti-diabetes [25]
- - - Anti-obesity [25]
- - - Vision protection [26]
- - - Improvement of [25]
neurodegenerative
diseases
Grape 680-2210 (FW) |Malvidin (malvidin-3-glucoside, malvidin-3,5- 88.8 Antioxidant [27, 28]
diglucoside)
Peonidin (peonidin-3-glucoside, peonidin- 12.0-62.5
3,5-diglucoside)
Cyanidin (cyanidin-3,5-diglucoside) 8.7-60.0
- - - Anticancer [29]
- - - Bacteriostatic [28]
- - - Improvement of [30]
neurodegenerative
diseases
Raspberry 137-1776 (FW) | Cyanidin-3-sophoroside 59.9 Antioxidant [11]
Cyanidin-3-0-(2”-0O-glucosyl) rutinoside 19.2 Anti-inflammatory
Cyanidin-3-glucoside 12.6 Anticancer
Cyanidin-3-rutinoside 7.0 - [11]
_ _ - Anti-diabetes [31]
Cherry 545-1714 (FW) | Cyanidin-3-glucosylrutinoside 42.0 Antioxidant [32, 33]
Cyanidin-3-rutinoside 354
Peonidin-3-rutinoside 5.2
Peonidin-3-glucoside 0.9
Cyanidin-3-glucoside 0.4
Cyanidin-3-sophoroside 0.4
- - - Anti-inflammatory [32]
- - - Anticancer [32]
- - - Bacteriostatic [34]
- - - Protection organs [32]
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Tab. 1. continued

Source TAC [mg-kg] Anthocyanin Ratio [%] Activity Ref.
Cherry - - - Anti-diabetes [32]
- - - Anti-obesity [32]
- - - Improvement of [32]
neurodegenerative
diseases
Blackberry 1070-1240 (FW) | Cyanidin-3-glucoside 89 Antioxidant [35, 36]
Cyanidin-3-dioxaloylglucoside 7.5
Cyanidin-3-malonylglucoside 2.7
Cyanidin-3-xyloside 0.9
Cyanidin-3-rutinoside 0.2
- - - Anti-inflammatory [35]
- - - Anticancer [37]
- - - Anti-diabetes [38]
- - - Anti-obesity
Strawberry 157-276 (FW) | Pelargonidin-3-glucoside 80.0 Antioxidant [39, 40]
Pelargonidin-3-rutinoside 6.0 Anti-inflammatory
Cyanidin-3-glucoside 3.8 Anticancer
Sugarcane 11-132 (DW) | Cyanidin-3-glucoside 0-72.4 | Antioxidant [41]
Malvidin-3-p-coumaroyl-rhamnoside-5- 0-72.0
glucoside
Cyanidin-3,5-diglucoside 9.4-55.7
Cyanidin-3-caffeoyl-glucoside-5-glucoside 0-44.3
Malvidin-3-caffeoyl-glucoside 13.5
Hawthorn 13-21 (FW) Cyanidin-3-galactoside 76.9-86.5 | Antioxidant [42]
Cyanidin-3-glucoside 9.2-11.5
Cereals
Black rice 416 920 (DW) | Cyanidin-3-glucoside 91.0 Antioxidant [43, 44]
Peonidin-3-glucoside 71
Cyanidin-3-rutinoside 0.9
Cyanidin-3,5-diglucoside 0.9
- - - Anticancer [45]
- - - Bacteriostatic [46]
- - - Protection organs [47]
- - - Improvement of [48]
neurodegenerative
diseases
Purple wheat | 442-22127 (DW) | Cyanidin-3-glucoside 27.4-45.8 | Antioxidant [49]
Cyanidin-3-(6-malonyl glucoside) 19.2-35.3
Cyanidin-3-rutinoside 6.5-20.0
Peonidin-3-glucoside 6.4-20.2
Peonidin-3-(6-malonylglucoside) 4.3-4.4
- - - Anticancer [29]
Purple corn 391-4743 (DW) | Cyanidin-3-glucoside 37.1 - [50, 51]
Cyanidin-3-(6”-malonylglucoside) 294
Peonidin-3-glucoside 8.2
Delphinidin-3-glucoside-5-rhamnoside 8.0
Pelargonidin-3-glucoside 6.6
Pelargonidin-3-(6”-malonylglucoside) 5.9
- - - Anti-inflammatory [52]
- - - Anticancer [51]
- - - Protection organs [53]
Black bean 1700-2500 (DW) | Petunidin-3-glucoside 40.0-56.0 |Anti-diabetes [54, 55]
Delphinidin-3-glucoside 34.0
Petunidin-3-glycoside 29.0
Malvidin-3-glucoside 10.0-24.0
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Tab. 1. continued

Source TAC [mg-kg] Anthocyanin Ratio [%] Activity Ref.
Black bean Pelargonidin 6.0
- - - Antioxidant [56]
- - - Anti-inflammatory [56]
- - - Anticancer
- - - Anti-obesity
- - - Vision protection [57]
- - - Improvement of [58]
neurodegenerative
diseases
Purple sweet | 804-1459 (DW) |Cyanidin-3-caffeoyl-p- 4.3-43.3 | Antioxidant [59]
potato hydroxybenzoylsophoroside-5-glucoside
Peonidin-3-caffeoyl-p- 5.0-27.7
hydroxybenzoylsophoroside-5-glucoside
Cyanidin-3-(6"-caffeoyl sophoroside)-5- 1.4-26.8 | Anti-diabetes
glucoside
Peonidin-3-p-hydroxybenzoyl sophoroside- 1.5-22.2
5-glucoside
- - - Anti-inflammatory [60]
- - - Protection organs [6]
- - - Improvement of [60]
neurodegenerative
diseases
Vegetables
Red cabbage | 770-3220 (FW) |Cyanidin-3-diglucoside-5-glucoside 20.0-23.0 | Antioxidant [61]
Cyanidin-3-(sinapoyl) (sinapoyl)-digluco- 11.2
side-5-glucoside
Cyanidin-3-(p-coumaroyl)-diglucoside-5- 8.2 Antioxidant [61]
glucoside
Cyanidin-3-(feruloyl) (sinapoyl)-diglucoside- 7.8
5-glucoside
Cyanidin-3-(sinapoyl)-diglucoside-5- 7.8
glucoside
- - - Anti-inflammatory [62]
- - - Anticancer [61]
- - - Bacteriostatic [34]
Eggplant 658-857 (FW) | Delphinidin-3-[(4”-p-coumaroyl)-rhamnosyl 69.1-87.7 | Antioxidant [63, 64]
(1—6) glucoside]-5-glucoside
Delphinidin-3-glucoside - Anticancer
Delphinidin-3-rutinoside —
Others
Lycium 147 430 (FW) | Petunidin (petunidin-3-glucoside) 63.6 Antioxidant [65, 66]
ruthenicum Delphinidin (delphinidin-3-glucoside) 31.4 Anti-inflammatory

TAC - total anthocyanins content, expressed per kilogram of fresh weight (FW) or dry weight (DW).
Ratio represent proportion in total anthocyanin content.

(=) — no data.
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Biological activities

Anthocyanins from various sources have
different structures, so there are some differences
in biological activities and beneficial effects on
human health (Tab. 1).

Antioxidant activity

Excessive free radicals in human body can in-
duce oxidation of lipids, proteins, DNA, RNA
and sugars, and even cause cancer, neurodege
nerative diseases and autoimmune diseases, which
threat human health [1, 13]. Antioxidation refers
to an oxidation reaction that effectively inhibits
free radicals to restore the dynamic balance of free
radicals in human body. Anthocyanins currently
belong to the most effective natural antioxidants
and free radical scavengers, their ability to sca-
venge free radicals being 30-50 times higher than
that of vitamin C or vitamin E [2]. Studies showed
that the antioxidant activities of anthocyanins are
closely related to their structural characteristics,
including the species of anthocyanins, the posi-
tions and quantities of glycosylation or glycosyl
acylation [10], as well as the scavenging activities
of six anthocyanins against superoxide free radi-
cals. The order of scavenging activity of super-
oxide free radicals was found to be delphinidin >
petunidin > cyanidin > malvidin > peonidin >
pelargonidin [41, 72].

ZHAO et al. [41] characterized and quantified
anthocyanins in the epidermis of three sugar-
cane varieties, including ROC 22, Guitang 21
and Haitang 22. The results showed that TAC of
ROC 22 was 110.6 = 3.1 mg'kg'l-'DW. This variety
mainly contains Cy3G and cyanidin-3,5-digluco-
side (Cy3,5G), accounting for 97 % of TAC. TAC
of Guitang 21 was as high as 132.0 = 4.8 mgkg"
LDW, with malvidin-3-p-coumaroyl-rhamnoside-
5-glucoside (72.0 %) as the dominant component.
TAC of Haitang 22 was only 10.8 = 1.4 mgkg
LDW, this variety mainly containing Cy3,5G and
cyanidin-3-caffeoyl-glucoside-5-glucoside. By com-
paring the antioxidant activity indexes of antho-
cyanins it was found that ROC 22 had the highest
total antioxidant activity, followed by Guitang 21
and the lowest was Haitang 22. The compari-
son of ROC 22 and Haitang 22 showed that the
anthocyanin antioxidant activity was positively
correlated with the content. ROC 22 and Guitang
21 showed that the antioxidant activity of cyani-
dins was stronger than that of malvidins.

JING et al. [63] evaluated the scavenging abil-
ity of reactive oxygen species (ROS) of delphini-
din-3-[(4”-trans-p-coumaroyl)-rhamnosyl ~ (1—6)
glucoside]-5-glucoside (also known as nasunin)
extracted from eggplant peel and delphinidin-
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3-glucoside  (Dp3G), delphinidin-3-rutinoside
(Dp3R), delphinidin-3-sambubioside, delphini-
din-3,5-diglucoside (Dp3,5G) and delphinidin-
3-rutinoside-5-glucoside from market standard
products in HT-29 and HCT-116 cell lines. It was
found that Dp3G, 3-sambubioside and 3-rutino-
side glycosylated on C3 position had higher ROS
clearance rate than Dp3,5G and delphinidin-3-ru-
tinoside-5-glucoside glycosylated both on C3 and
C5 positions, while nasunin had the lowest ROS
clearance rate. The results showed that delphini-
din derivatives glycosylated only on C3 had higher
ROS-scavenging activity than those glycosylated
on both C3 and C5. HE et al. [71] showed that high
hydrostatic pressure can promote rapid formation
of stabilized anthocyanins from anthocyanins and
organic acids, thereby enhancing the photo-ther-
mal stability of anthocyanins and exhibiting satis-
factory antioxidant activity in vivo and in vitro.

Anti-inflammatory activity

Inflammation is caused by proinflammatory
cytokines and mediators in human body. Reduc-
ing the secretion of proinflammatory cytokines can
be used to treat inflammation and related diseases
such as rheumatoid arthritis, atherosclerosis,
glomerulonephritis, gastroenteritis and others. As
an anti-inflammatory factor, anthocyanins can in-
hibit inflammation by reducing the expression of
inflammatory cytokines interleukin 6 (IL-6) and
interleukin-1p (IL-1B) [3].

ZHANG et al. [66] gavaged gouty arthritis model
rats induced by monosodium uric with antho-
cyanins extract from Lycium barbarum and Pt3G
standard. The results showed that 200 mg-kgl
anthocyanins extract and 40 mgkg! Pt3G could
significantly reduce the levels of tumor necrosis
factor-a (TNF-a), cyclooxygenase-1, IL-1pB, in-
terleukin-18 (IL-18), and prostaglandin E2 in se-
rum, which indicates that anthocyanins extract
and Pt3G had anti-inflammatory effects. DUARTE
et al. [40] gavaged pleurisy model mice using
various doses of strawberry anthocyanins extract
and Pg3G monomer. The results indicated that
anthocyanins can treat inflammation by reducing
total leukocyte influx, neutrophil migration to the
pleural cavity, myeloperoxidase, adenosine deami-
nase activities, nitric oxide, TNF-a, IL-6 levels,
and the therapeutic effect is dose-dependent. The
treatment effect of 10 mg'kg! Pg3G was better
than of 400 mgkg! strawberry anthocyanins
extract, which indicates that Pg3G had better
anti-inflammatory effect than the crude extract.
LEE et al. [13] found that blueberry, blackberry
and blackcurrant anthocyanins extracts can play
an anti-inflammatory role by reducing the level of
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IL-1p mRNA, markedly attenuating LPS-induced
nuclear factor kB (NF-kB) p65 translocation to
the nucleus, and inhibiting the expression and se-
cretion of pro-inflammatory factors.

Bacteriostatic activity

Anthocyanins can inhibit a variety of bacteria
such as Listeria monocytogenes, Staphylococcus
aureus, Salmonella enteritidis or Vibrio parahaemo-
Iyticus, which are causative agents of food-borne
diseases. KM et al. [46] showed that the black rice
anthocyanins extract mainly containing Cy3G can
reduce the degree of Helicobacter pylori infec-
tion in Mongolian gerbils and can have certain
bacteriostatic effect. The bacteriostatic effect of
50 mgkg! was significantly stronger than that
of 10 mgkgl, indicating that the bacteriostatic
effect was positively correlated with the dosage.
SuN et al. [4] found that blueberry anthocyanins
can enter the cell inner membrane, reduce the
activities of alkaline phosphatase, adenosine tri-
phosphatase (ATPase) and superoxide dismutase
(SOD) in L. monocytogenes, Staph. aureus, S. ente-
ritidis and V. parahaemolyticus, hinder the transfer
of information and energy, or control the self-pro-
tection ability of pathogens to express bacterios-
tasis. DEMIRDOVEN et al. [34] determined that the
anthocyanins from red cabbage and sour cherry
pomace had good bacteriostatic properties by de-
tecting the minimum inhibitory concentrations re-
garding Escherichia coli, Staph. aureus, L. monocy-
togenes, S. Typhimurium and Bacillus cereus.

ACTIVITIES ON HUMAN HEALTH

Anti-cancer activity

Cancer cells can quickly invade the surround-
ing healthy tissues and proliferate in large num-
bers, causing a fatal threat to human body [73].
Anthocyanins can inhibit cancer cells by inhibit-
ing cell invasion, resisting cell proliferation and
promoting cell apoptosis. It was found that the
anti-cancer effects of anthocyanins from various
sources are closely related to their species and gly-
cosylation positions.

CHEN et al. [18, 45] studied the inhibitory
effects of black rice and mulberry anthocyanins
on the invasion of human hepatocellular carci-
noma cells (SKHep-1) and human lung cancer
cells (A549). The results indicated that Cy3G and
peonidin-3-glucoside (Pn3G) from black rice had
anticancer effect by inhibiting SKHep-1 cell inva-
sion and motility, together with reducing secre-
tion of matrix metalloproteinase-9 and urokinase-
type plasminogen activator (u-PA), which were

dose-dependent on anthocyanins. Among them,
Pn3G inhibited cell motility and invasion only at
> 100 wmol‘l-l, while the effective concentration
of Cy3G was 50 umol'l-1, suggesting that the anti-
cancer effect of cyanidins was stronger than that
of peonidins. Cy3G and cyanidin-3-rutinoside
(Cy3R) from mulberry were found to play the
anticancer role by inhibiting A549 cell invasion
and motility, reducing the activity of u-PA and
matrix metalloproteinase-2, together with activat-
ing NF-kB and c-Jun. Studies showed that Cy3G
can inhibit cell-collagen interactions, but Cy3R
had no such effect. Research showed that various
anthocyanins glycosylated at the C3 position had
different anticancer effects. MAZEWSKI et al. [29]
evaluated the antiproliferative effect on human
colorectal cancer cells HCT-116 and HT-29 using
Pn3G, Cy3G and Pg3G. Among them, Cy3G and
Pn3G had a good antiproliferative effect in a dose-
dependent manner, but Pg3G had no inhibitory
effect. This indicated that the inhibitory effects of
cyanidins and peonidins are significantly higher
than pelargonidins.

Anthocyanins and organs injury

Liver is an important detoxification organ in
human body. A large number of studies showed
that anthocyanins can protect alcoholic-induced
liver fibrosis by improving energy metabolism and
adenosine 5’-monophosphate (AMP)-activated
protein kinase (AMPK) autophagy signal path-
way. Anthocyanins can also reduce liver oxidative
stress and inflammatory cytokines to decrease
liver fibrosis, which have a good protective effect
on liver injury [6]. Relevant reports indicated that
the protective effect of anthocyanins on liver may
be closely related to the structure and content of
anthocyanins.

WAN et al. [19] gavaged ethanol-mediated
high-fat diet model mice with 200 mgkg1-body
weight (BW) Cy3G from mulberry. The results
indicated that Cy3G improved chronic alcoholic
liver injury by increasing AMPK phosphorylation
and autophagy, together with improving energy
metabolism. CHEN et al. [74] showed that the main
components of blueberry anthocyanins, includ-
ing malvidin-3-galactoside, Dp3R and Cy3G, can
protect human embryonic-liver cells by reducing
oxidative stress injury caused by CCl4 metabolism,
inhibiting mitochondrial swelling and caspase-3
activation, together with blocking cell apoptosis.
They could also effectively protect the liver by
promoting cell proliferation. Studies showed that,
within the experimental range (2.5-10 mg-l-1), the
hepatoprotective effect was directly proportional
to the concentration of anthocyanins. HouU et al.
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[47] gavaged black rice anthocyanins at various
doses to model mice induced by CCl4, and the
results showed that anthocyanins reduced liver
injury in a dose-dependent manner by reducing
aminotransferase activity in serum and enhanc-
ing SOD as well as glutathione peroxidase (GPx)
activities. Cy3G showed much stronger hepato-
protective activity than Pn3G at the same concen-
tration, indicating that cyanidins have stronger
hepatoprotective effect than peonidins.

Anthocyanins also showed protective effects on
kidney and lung injury. PopoviC et al. [24] showed
that blueberry anthocyanins could significantly
reduce the consumption of antioxidant enzymes
(catalase (CAT), peroxidase, SOD, GPx, gluta-
thione S-transferase, glutathione reductase, glu-
tathione), and the damage of proximal and distal
renal tubules in CCl4-induced acute renal injury
model rats. This strong antioxidant activity was
attributed to the presence of hydrogen atoms on
Dp3G, which are hydroxyl-unstable and highly
active free radicals. Liu et al. [75] gavaged radia-
tion-induced lung injury model rats with blueberry
anthocyanins. It was found that blueberry antho-
cyanins can improve lung injury by ameliorating
radiation-induced anti-obesity, lung/body weight
ratio, radiation-induced lung inflammation and
lung collagen deposition. In vitro, anthocyanins
protect cells from radiation-induced death by re-
gulating the expression of B-cell lymphoma-2, Bax
and caspase-3.

Anthocyanins and diabetes

Diabetes is a metabolic disease characterized
by hyperglycemia. Long-term hyperglycemia can
lead to chronic damage and dysfunction of kid-
ney, heart, blood vessel, nerve and other tissues,
threatening human health. Anthocyanins can
prevent diabetes and improve related complica-
tions by enhancing glycogen content in cells, glu-
cose uptake and consumption, regulating insulin
secretion, reducing insulin resistance or increas-
ing insulin secretion [20]. Comprehensive studies
showed that the antidiabetic function of antho-
cyanins is related to the species and their different
glycosyl acylation positions, while the effect is
dose-dependent.

CHEN et al. [76] studied anthocyanins extract
from black soybean seed coat and found that
Cy3G monomer can enhance the ability of glucose
uptake in skeletal muscle cells of L6 rats by acti-
vating protein kinase B/glucose transporter pro-
tein 4 (Akt/GLUT4) signal pathway. In 150 ug'ml-1
anthocyanins extract and 40 wmol-l'l (approxi-
mately 20 pwgmll) Cy3G treatment groups, the
uptake level of fluorescent glucose analogue
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(2-NBDG) increased 1.81-times and 1.90-times,
respectively (compared with the control group),
which indicated that Cy3G has better antidia-
betic function than a crude extract. YAN et al. [20]
treated HepG2 cell model induced by high sugar
and palmitic acid with mulberry anthocyanins.
The results showed that anthocyanins can play
an antidiabetic role by alleviating insulin resist-
ance, increasing glycogen content in cells, glucose
consumption and uptake. The increase of glucose
consumption in 50 wg-ml-! and 250 wg'ml-! groups
was 18.8 % and 31.8 %, respectively, which indi-
cates that the antidiabetic function was positively
correlated with anthocyanins dosage.

JANG et al. [59] compared the effects of purple
sweet potato anthocyanins (cyanidin-3-caffe-
oyl-p-hydroxybenzoyl-sophoroside-5-glucoside
(PEAKY), peonidin-3-caffeoyl sophoroside-5-
glucoside (PEAKI11) and peonidin-3-(6"-caffeoyl-
6"-feruloyl sophoroside)-5-glucoside (PEAK14))
on glucose production in HepG2 cells. The re-
sults showed that the lowering effect on glucose
production was PEAK9 > PEAK11 > PEAKI14,
which indicated that cyanidins have better hy-
poglycemic effect than peonidins. The comparison
of PEAKI11 and PEAK14 showed that different
glycosyl acylation forms on C3 have different hy-
poglycemic effects. PEAK9 and PEAK14 were ad-
ministered intragastrically to hyperglycemia model
mice. PEAKO reduced blood glucose and had anti-
diabetic effects by inhibiting liver glucose output
and expressing strong free radical-scavenging
activity, but PEAK14 had no obvious effect. Re-
sults further indicated that the antidiabetic func-
tion of cyanidins is higher than that of peonidins.
The exact mechanism of anthocyanins-mediated
insulin secretion, regulation of f cells and mainte-
nance of glucose homeostasis, as well as the anti-
diabetic mechanism of anthocyanins monomer as
well as its metabolic transformation and absorp-
tion, need to be further studied.

Anthocyanins and obesity

According to the Lancet Obesity Commission,
obesity is driving global growth in type 2 diabetes,
cardiovascular diseases and multiple cancers [77].
It has been reported that anthocyanins can play
a good anti-obesity role in vivo and in vitro by in-
creasing energy consumption, inhibiting lipid ab-
sorption and food intake, and regulating lipid me-
tabolism and intestinal microflora [7], which are
related to the structure and content of anthocy-
anins in food.

MATSUKAWA et al. [78] treated 3T3-L1 adi-
pocytes with Cy3G, which prevented obesity by
regulating lipid metabolism. The results showed
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that the regulation effects of anthocyanins on li-
pid metabolism were achieved by increasing the
expression of UCP-1, PGC-1a and C/EBPp, en-
hancing the content of multilocular lipid droplets,
mitochondria and beige adipocytes, and promot-
ing the differentiation of preadipocytes. The anti-
obesity effect of 100 wmoll-l anthocyanins was
significantly stronger than 50 wmoll-}, indicating
that the anti-obesity effects of Cy3G are positively
correlated with its dose.

You et al. [21] treated BAT-cMyc cells with
Cy3G and Cy3R from mulberry, which showed
that anthocyanins can promote carbohydrate and
fat metabolism by improving mitochondrial func-
tion and increasing the number of mitochon-
dria in brown adipose tissue. Cy3G and Cy3R
had different effects on tumor suppressor genes
(C/EBPo, C/EBPB) and adipogenesis regulator
(PPARY) in BAT-cMyc cells. Cy3G significantly
enhanced the expression of C/EBPa gene, but
Cy3R did not. Cy3R significantly increased the ex-
pression of C/EBPp gene, but Cy3G did not. The
protein expression levels of PPARY2 in Cy3G and
Cy3R groups increased 2.17- and 2.28-times, re-
spectively. This might be due to different effects
of anthocyanins with different glycoside ligands.
Therefore, their mechanism of action regarding
effects on obesity needs to be further studied.

Anthocyanins and eye diseases

Studies have confirmed that anthocyanins have
a strong antioxidant effect, which can help elimi-
nate toxic chemicals and free radicals in the retina,
thereby protecting vision and eyes [26]. LEE et al.
[79] used anthocyanins from Vaccinium uligino-
sum L. to treat blue light-induced retinal pigment
epithelial cells loaded with photosensitizers. The
results showed that anthocyanins could reduce
blue light damage to cells through antioxidant
effects and improve the state of damaged cells by
inhibiting oxidation of photosensitizers, thereby
reducing cell death. SONG et al. [26] fed blue-
berry anthocyanins to diabetic model rats (20, 40,
80 mg-kg1). The results showed that anthocyanins
increased the activity of glutathione and GPx,
and reduced malondialdehyde and ROS levels
in a dose-dependent manner, thereby improving
the antioxidant capacity of the retina. They could
also up-regulate IL-1B and vascular endothelial
growth factor to exert anti-inflammatory function
and protect retinal cells from diabetes-induced
damage. PAIK et al. [57] fed retinal degeneration
model rats (50 mgkg!) with anthocyanins from
black soybeans seed coat. The results indicated
that anthocyanins can reduce the structural and
functional damage of rat retinal neurons. The

also had anti-inflammatory effects and protected
retinal photoreceptors by inhibiting inflammation,
thereby preventing retinal degeneration.

Anthocyanins and neurodegenerative diseases
With the aging of the world’s population and
the growth of life pressure, the incidence of neuro-
degenerative diseases is increasing year by year,
and the affected population is becoming younger,
mainly including Alzheimer’s disease, vascular
dementia and sleep deprivation cognitive impair-
ment. There is no effective treatment available for
neurodegenerative diseases. It was reported that
anthocyanins can improve cognitive impairment
caused by neurodegenerative diseases by regulat-
ing oxidative stress in neurons, inhibiting neuroin-
flammation and improving vascular function [§].
PACHECO et al. [30] gavaged 200 mg-kg1 grape
skin anthocyanins to sporadic dementia of Alzhei-
mer’s type rats induced by streptozotocin. The
results indicated that anthocyanins can reduce
memory impairment by improving oxidative
damage in brain together with restoring the activ-
ity of acetylcholinesterase and Na*-K*-ATPase
ion pump in model rats, as well as by enhancing
the level of antioxidant enzymes (SOD, CAT and
GPx). THUMMAYOT et al. [80] found that Cy3G can
reduce neurotoxicity of AP25-35-induced human
neuroblastoma cells by decreasing cell viability,
intracellular ROS production and intracellular cal-
cium release, together with reducing the expres-
sion levels of calpain and cleaved caspase-12. The
mechanism of anthocyanins at improving neurode-
generative diseases needs a lot of further research.

CONCLUSION

The structure and content of anthocyanins in
fruits, cereals and vegetables are reviewed. Most
of anthocyanins in plants are mainly cyanidins
and Cy3G is the main structure. Certainly, antho-
cyanins content and structure are affected by
various factors such as plant variety, production
region or climate. There is an interesting pheno-
menon that the natural formation of anthocyanins
requires light, while the formation mechanism of
anthocyanins in the absence of light, such as in
case of purple potato, black rice or purple corn, re-
mains to be studied. Co-pigmentation can improve
stability and antioxidant activity of anthocyanins.
The effect of structure and content of anthocy-
anins and co-pigments, pH, temperature, pressure
and other factors on the co-pigmentation effect,
the mechanism of stabilization and the bioactivity
of the stabilized anthocyanins need to be studied.
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The relationship between anthocyanin structure,
biological activities and disease improvement is
discussed. Anthocyanins have dose-dependent
antioxidant, anti-inflammatory and bacterio-
static effects, playing a role in improving cancer,
diabetes, obesity and eye diseases. The antioxidant
activities of anthocyanins decrease in an order of
delphinidin > petunidin > cyanidin > malvidin
> peonidin > pelargonidin, and the antioxidant
activity of anthocyanins glycosylated only on C3
position is higher than that of anthocyanins glyco-
sylated on both C3 and C5 positions. The antican-
cer effects of cyanidins and peonidins are stronger
than those of malvidins, and the hepatoprotective
and antidiabetic effects of cyanidins are stronger
than those of peonidins. The anticancer and anti-
obesity effects of various anthocyanins glycosylat-
ed on C3 position are different. At present, some
achievements have been made in the research of
anthocyanins. However, the research on the mo-
lecular structure of anthocyanins and the mecha-
nism by which they exert their biological activities
such as anticancer, anti-diabetes, anti-inflamma-
tion and improving neurodegenerative diseases
still needs to be further explored. In addition, in-
depth research on the biological activities of stabi-
lized anthocyanins and their protective effects on
human health is required. Although anthocyanins
are ubiquitous in fruits and vegetables, the content
of anthocyanins digested by human body is low,
which cannot achieve the effective concentration
of biological activity. Therefore, the metabolism of
anthocyanins and improvement of their bioavail-
ability need to be further explored. Solution of the
above problems will promote further development
and application of anthocyanins.
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