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ARTICLE INFO ABSTRACT
Keywords: Background: Procyanidins, commonly found in plant natural sources, are polymerized forms of flavanols, which
Procyanidins are a subclass of flavonoids. They have been reported to exhibit broad benefits to human health and used in the

Degree of polymerization

prevention of cancers, cardiovascular diseases, diabetes, etc. Bioactivities of procyanidins depend on many
Bioactivities

factors including the structures of procyanidins. Differences in composition of the monomers and degree of
polymerization (DP) contribute to the variation in procyanidins.

Scope and approach: The basic structures and natural sources of procyanidins have been summarized in detail.
Importantly, the structure-activity relationships of procyanidins, especially the relationship between degrees of
polymerization and their antioxidant, anticancer, antidiabetic, anti-obesity, and cardioprotective effects as well
as their potential mechanisms have been reviewed in detail. Additionally, current challenges in the studies of
procyanidins have been discussed.

Key findings and conclusions: Procyanidins are structurally diverse compounds and can be classified as mono-
meric, oligomeric, or polymeric variants depending on the DP, which plays a role in manifesting various effects
that are associated with human health. The diversity and complexity of these chemical compounds and the
difficulties encountered in the isolation of plant procyanidins continue to be major challenges. A better under-
standing of this information may promote the use of procyanidins in improving human health.

Abbreviations: ABCA1, ATP-binding cassette A subfamily A member 1; AD, Alzheimer’s disease; ApoE, apolipoprotein E; APP, amyloid precursor protein; ARE,
antioxidative response element; AS, atherosclerosis; CAT, catalase; CVD, cardiovascular diseases; DP, degree of polymerization; DPPH, 2,2-Diphenyl-1-picrylhy-
drazyl; ELF-EMF, extremely low-frequency electromagnetic fields; ERK1/2, extracellular signal-regulated kinase 1/2; GI, gastrointestinal; GLP-1, glucagon-like
peptide-1; GLUT, glucose transporter; GR, glutathione reductase; GSH, glutathione; GSH-Px, glutathione peroxidase; GST, glutathione-S-transferase; HPLC, high-
performance liquid chromatography; iNOS, inducible nitric oxide synthase; IR, insulin resistance; IRE-1q, inositol-requiring enzyme-1a; JNK, c-Jun N-terminal ki-
nase; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MALDI, matrix-assisted laser desorption ionization; MAPK, mitogen-activated protein kinase;
MDA, malondialdehyde; mDP, mean degree of polymerization; MVD, microvessel density; NMR, nuclear magnetic resonance; NO, nitric oxide; Nrf2, nuclear factor
erythroid 2-related factor 2; PB1, procyanidin dimer B1; PB2, procyanidin dimer B2; PC1, procyanidin trimer C1; PERK, protein kinase RNA-like endoplasmic re-
ticulum kinase; PHF, paired helical filaments; ROS, reactive oxygen species; SD, sprague dawley; SOD, superoxide dismutase; TFEB, transcription factor EB; UCP,
uncoupling protein..
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1. Introduction

Polyphenols are naturally occurring bioactive phytochemicals found
in medicinal plants and food (Andriambeloson et al., 1998; Bowser et al.,
2017). The bioactivities and potential mechanisms of polyphenols have
been widely reported (Catalkaya et al., 2020; Sun et al., 2017; Khan
et al., 2020; Liu et al., 2020; Wu et al., 2020; Zhao et al., 2020; Zhou
et al., 2020). Proanthocyanidins are one of the most abundantly
occurring polyphenols in plants (Bruyne et al., 1999). According to the
substitution pattern and the degree of oxidation, proanthocyanidins are
mainly classified as propelargonidins, prodelphinidins, and procyani-
dins; among these groups, procyanidins from plants are most common
(Gu et al., 2003).

The benefits of procyanidins have been reported in epidemiological
studies (Lamuela-Raventos et al., 2005), therefore, more research
groups are interested and have found that procyanidins showed anti-
oxidant (Saito et al., 2009), anticancer (Gopalakrishnan et al., 2018),
anti-atherosclerosis (Zhang et al., 2013), hypoglycemic (Kim et al.,
2020), hypotensive (Lu et al., 2011), and hypolipidemic activities
(Downing et al., 2017). The physiological functions of procyanidins vary
depending on their structure, such as the position of the interflavonoid
bond and their degree of polymerization (DP) (Abe et al., 2008).
Although several studies have been addressed to clarify the
structure-activity relationships of procyanidins including plant-based
monomers, dimers, and trimers, this relationship has not been studied
in a large number of procyanidins because it is difficult to obtain pure
compounds with a single DP using currently available research methods.
Thus, existing studies on procyanidins are typically centered on com-
pounds that are known to display a various DP. In this review, we have
summarized the structures, natural sources of the procyanidins, and the
relationship between the DP and biological activities and provided in-
formation for better understanding of the mechanisms of the bio-
activities of procyanidins.

All available information on this class of compounds was collected
from scientific databases. The following electronic databases were used:
PubMed, SciFinder, ScienceDirect, Scopus, Web of Science, Wiley, ACS,
Springer, and Google Scholar. The search terms used for this review
included procyanidins, structure, degree of polymerization, source,
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activity, pharmacology, mechanism, and toxicity. The search was
refined and only articles in English were included in this study. To find
relevant studies, papers were primarily screened based on titles and
abstracts. Inclusion criteria were in vitro, ex vivo, and in vivo studies on
bioactivities or structure-activity relationship of procyanidins, and
studies with or without a proposed mechanism of action. Exclusion
criteria were articles on synthetic molecules or studies not addressing
the current topic.

2. Structures and general information of procyanidins

Procyanidins are also known as condensed tannins and are derived
from proanthocyanidins (Quideau et al., 2011). The basic structural unit
of procyanidins is the flavane-3-ol. Its basic skeleton consists of the
typical C6-C3-C6 phenolic flavonoid ring structure (Fig. 1A). The
structural diversities of procyanidins depend on the type of the basic
flavan-3-ol unit, the connection mode between units, the spatial
configuration, and the modification of the phenyl hydroxyl groups (e.g.
esterification or methylation). Procyanidins can be classified according
to their DP (Gu et al., 2004), which refers to the number of structural
units constituting the procyanidins. The molecular weight and the
number of the hydroxyl groups of procyanidins increase exponentially
with an increase in the DP, which influences the separation efficiency.
The higher the DP, the more difficult the identification, because the
number of different potential isomers increases exponentially. The
monomers combine to form oligomers, which then undergo further
polymerization. Procyanidins are mixtures of oligomers and polymers
consisting of the monomers, (+)-catechin and/or (-)-epicatechin
(Fig. 1B) (Bittner et al., 2013). Generally, depending on the number of
monomers present participating in the polymerization process, procya-
nidins with low DP were called oligomers, while procyanidins with high
DP are called polymers (Esatbeyoglu et al., 2015; Huang et al., 2010; Luo
et al., 2018). Dimeric procyanidins are subclassified into types A and B
depending on the stereo configuration and the linkage between mono-
mers (Rue et al., 2018). Only one interflavan bond exists between type B
procyanidin monomers and they are linked by the C4-C8 or C4-C6
bonds (Fig. 1C and D). Type A procyanidins have two linkages, which
include a C4-C8 bond and an additional ether bond (C2-O-C7 or
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Fig. 1. Structures of oligomeric procyanidins. (A) C6-C3-C6 phenolic rings of flavonoids, (B) Monomer: (+)-catechin and (-)-epicatechin, (C) A-type dimer pro-
cyanidins linked with double C4—C8 and C2-O-C7 linkages, (D) B-type dimer procyanidin linked with a single C4—C8, (E) B type dimer procyanidin linked through

C4—C6 linkage, (F) Trimer procyanidin C1.
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C2-0-C5 linkage) (Fig. 1E) (Tsao, 2010). Fig. 1F shows an example of a
trimer procyanidin, called procyanidin C1, which is composed of
epicatechin-(C4p-C8)-epicatechin-(C4p-C8)-epicatechin.

The structures of mono- and oligomeric procyanidins are shown in
Fig. 1. The number of different isomers of procyanidins increases
exponentially when the DP of procyanidins increase. Owing to the lack
of effective analytical methods, obtaining pure polymers with a high DP
is difficult. Therefore, studies on polymeric procyanidins are limited.
Moreover, the separation composition and structures of procyanidins
vary between methods (Gu et al., 2002; Labarbe et al., 1999; Sun et al.,
1999). Based on the different physiochemical properties of procyani-
dins, the current methods for their separation and identification mainly
include high-performance liquid chromatography (HPLC), liquid
chromatography-tandem mass spectrometry (LC-MS/MS),
matrix-assisted laser desorption ionization (MALDI), and nuclear mag-
netic resonance (NMR) (Abe et al., 2008; Rue et al., 2018). Furthermore,
the characterization of procyanidin oligomers and polymers, such as
average molecular weight, composition, and qualification, can be per-
formed by HPLC following thiolysis and phloroglucinolysis (Gardana &
Simonetti, 2019; Guyot et al., 2001; Ramirez-Coronel et al., 2004).

3. Sources and distribution of procyanidins

Procyanidins are secondary metabolites commonly found in plants.
Fruits, cereals, beans, and nuts are the main sources of procyanidins.
Most research is centered on procyanidins and involves procyanidin-rich
fruits such as blueberries, strawberries, apples, grapes, kiwis, cran-
berries, cherries, apricots, and mangoes (Feliciano et al., 2012; Hollands
et al., 2018; Luo et al., 2018; Ma et al., 2018; Mannozzi et al., 2018;
Nemes et al., 2018; Ramirez et al., 2014; Ruiz et al., 2005; Zhu et al.,
2019). Some major cultivated crops such as barley, sorghum, red rice,
soybeans, and cocoa are also rich in procyanidins (Esatbeyoglu et al.,
2015; Gangopadhyay et al., 2016; Hibi & Yanase, 2019; Wang et al.,
2018; Zhao et al., 2018). Nuts such as almonds, hazelnuts, walnuts,
pistachios, and peanuts are also important sources of procyanidins
(Bansode et al., 2014; Grace et al., 2014; Ojeda-Amador et al., 2019;
Schmitzer et al., 2011; Tsujita et al., 2013). Procyanidins are distributed
throughout the plant and are found in the seeds, leaves, fruits, flowers,
skins, and shells. Moreover, some plant-based processed drinks based
such as fruit juices, wine, and beer are also rich in procyanidins (Caton
et al., 2010; Longo et al., 2019; Madigan et al., 1994).

Different types of procyanidins are found in plants. Type B procya-
nidins are abundant in grapes, blueberries, cocoa, sorghum, and apples
(Gu et al., 2002, 2003), while plums, avocados, peanuts, curry, cinna-
mon, and cranberries are identified as potential sources of type A pro-
cyanidins (Gu et al., 2003). The total content of procyanidins and the
distribution of oligomers and polymers across different plants vary
greatly. Cashew and black bean plants contain only monomers and di-
mers, whereas procyanidins with different DP are widely distributed in
most plants (DP up to 33) (Gu et al., 2004). The amounts and DP of
procyanidins also vary greatly in different tissues of the same plant. For
example, the seeds of grape contain higher concentrations of monomers
and oligomers than the skin, but the DP of procyanidins in the skin is
much higher than that of seeds (Kennedy & Jones, 2001; Labarbe et al.,
1999; Souquet et al., 1996), and is easier to be transferred into wine (Sun
et al., 1999). It is reported that the level of monomers, dimers, and tri-
mers in grape is 76.93-133.18 mg/L in wine, 2.30-8.21 mg/g in grape
seeds, and 0.14-0.38 mg/g in grape skins, respectively, while the mean
degree of polymerization (mDP) is 6.3-13.0 for wine, 6.4-7.3 for grape
seeds, and 33.8-85.7 for grape skins, respectively (Monagas et al., 2003)

4. Bioavailability, biological activities, and action mechanisms
of procyanidins

Procyanidins have been widely studied in recent years and their
biological activities and mechanisms of action are constantly being
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elucidated. In previous studies, the positive correlation between pro-
cyanidins consumption and reduced risk of diseases, as well as free
radical scavenging, anticancer, and anti-inflammatory effects of pro-
cyanidins, has been reported, which can be attributed to the presence of
a large number of phenyl hydroxyl groups (Gonthier et al., 2003). More
importantly, these activities may be related to the structure of the pro-
cyanidin moiety and their DP (Sun et al., 1998). Since the DP-activity
relationship appears to be system dependent, the correlation between
structures and biological activities of procyanidins cannot be broadly
summarized (Bitzer et al., 2015). In most cases, the activities of pro-
cyanidins are proportional to DP, but some cases show a reverse trend
(Andriambeloson et al., 1998). Moreover, in some systems, there ap-
pears to be an “optimum DP” above and below which, the procyanidin
activity is reduced (Bitzer et al., 2015). Multiple studies have reported
the potential underlying mechanisms and the contribution of DP on their
beneficial effects (Bak et al., 2016; Oteiza et al., 2018). The small
amount of free dimer to tetramer procyanidins are absorbable in rat
plasma, reaching the maximum concentration at 1 h after injection
(Serra et al., 2010; Shoji et al., 2006). Therefore, the polymers may be
passively transported through the epithelium by the paracellular route
based on their hydrophilic character, which may maintain their parental
structures to preserve biological ability (Appeldoorn et al., 2009).
Especially, dimers may contribute to systemic effects of procyanidins,
and it has previously been shown that oligomers such as procyanidin A1,
A2, and B2 can be absorbed without conjugation or methylation,
thereby conserving the biological activity after absorption (Appeldoorn
et al., 2009). However, the oligomer absorption rate is less than 10% of
monomers. The bioavailability of them depends on their structures, in-
teractions with other food components, activities of gastrointestinal (GI)
enzymes and gut microbiota compositions, etc. In general, procyanidins
can be either absorbed directly at the GI tract with or without modifi-
cation, such as sulfation and methylation, and/or reacted into small
metabolites by GI enzymes or microbiota, which further exert their
beneficial activities in models, such as beta cells, skeletal muscle, and
endothelial cells (Oteiza et al., 2018). So far, no concrete conclusions
can be drawn about the relationship between DP and activities of pro-
cyanidins because of the system-dependency. However, in several
studies, some ideas were presented to explain the contribution of DP on
the beneficial effects. Under anaerobic conditions, polymeric procyani-
dins can be degraded to low molecular weight metabolites by human
fecal microflora within 48 h (Gonthier et al., 2003). Procyanidins
showed high stability under gastric and duodenal digestion conditions,
and most procyanidins reached the colon in an intact form and were
degraded by gut microbiota to play a role in disease prevention (Ou &
Gu, 2014; Serra et al., 2010; Tao et al., 2019). However, in some studies,
the potential underlying mechanisms that involved high molecular
weight polymeric procyanidins that had a direct effect without degra-
dation were shown. For example, polymers are most effective for pre-
serving membrane integrity and preventing loss of gut barrier function
compared with mono- and oligomeric procyanidins from cocoa, thereby
reducing epithelial inflammatory cytokine secretion, including
interleukin-8, which is closely associated with inflammatory bowel
disease and colon cancer (Bitzer et al., 2015). Moreover, no conjugation
or methylation of oligomeric procyanidins were observed in vivo, to
conserve biological activity, this might partly compensate the lower
absorption compared with monomeric procyanidins (Appeldoorn et al.,
2009; Shoji et al., 2006). Furthermore, the synergistic effect indicated
that the bioavailability of oligomeric procyanidins might be under-
estimated (Appeldoorn et al., 2009). Therefore, increasing the
bioavailability of procyanidins in vivo may be required to maximize the
benefits of procyanidins. Here, we summarized the relationship between
the DP and bioactivities of procyanidins and described the activities and
their potential mechanisms of action in detail according to the disease
types (Table 1).
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Table 1
Biological activities and related mechanisms of procyanidins.
Bioactivity Compound Plant sources Model Mechanism Reference
Antioxidant and Procyanidins Vitis viniferaseed ~ Healthy human Spare liposoluble vitamin E and reduce DNA Simonetti et al.
scavenging free oxidative damage (2002)
radicals Procyanidins Lotus seedpod ELF-EMF induced oxidative stress Increase activities of SOD, CAT, GSH-Px, GR Luo et al. (2016)
injury in ICR mice and GST and decrease MDA activity
Procyanidins Wild grape seed Ethanol-induced SD rat models Regulate antioxidant enzymes and alcohol Bak et al. (2016)
(Vitisa murensis) metabolism systems via MAPK pathways
Procyanidin B2 - Human umbilical vein endothelial Improve the bioactivity of nitric oxide and Steffen et al.
cells (HUVEC) inhibit NADPH oxidase (2008)
Procyanidin Bl Lotus seed skin High fat diet-induced mice and Enhance Nrf 2 nuclear translocation, Nrf 2-ARE (Li et al., 2018)
HepG2 cells binding and ARE transcriptional activity
Anti-cancer Procyanidins Grape seed In A431 cell xenografts mouse Decrease the levels of PI3K, inhibit the Meeran and
model constitutive activation of NF-kB/p65 Katiyar (2008)
Procyanidins Apple Colon tumor rat model and human Inhibit activity of protein kinase C, enhance Gossé et al. (2005)
metastatic colon carcinoma cells ERK1/2 and JNK expression, and down-
regulate activation of caspase-3
Procyanidin B2 - Hodgkin’s lymphoma (H-RS) cells Inhibit the expression of NF-kB-driven genes, Mackenzie et al.
including inflammatory cytokines and anti- (2008)
apoptotic proteins, inhibit the binding of NF-xB
to DNA
e
Anti-atherosclerosis Procyanidins Cocoa Human aortic VSMC Inhibit expression of pro-MMP-2 in VSMC and Lee et al. (2008)
Procyanidin B2 membrane type-1 (MT1)-MMP activity
Procyanidins Litchi pericarp ApoE knockout mice fed by high fat ~ Reduce excess NO production, iNOS Rong et al. (2017)
diet expression, and oxidative stress through
NADPH oxidase-dependent mechanisms
Procyanidins Apple Atherogenic diet-induced rabbit Increase ABCA1 expression Wang et al. (2017)
model
Vasodilation Procyanidin B2 - NOS inhibitor-induced rat Downregulate of Ang II type 1 receptor and Ding et al. (2018)
improvement hypertension model NADPH oxidase subunit
Procyanidins - Rat aortic endothelial cells Induce NO production via large-conductance Byun et al. (2012)
Trimer C1 Ca*"-activated K* and PI3K/Akt pathways
Procyanidin B2 - Human umbilical vein endothelial Suppresses activation of NLRP3 inflammasome,  Yang et al. (2014)
cells production of ROS and transcriptional activity
of AP-1
Diabetes prevention A-type and B-type A-type from STZ-induced diabetic mice fed with Improve glucose homeostasis by increasing the ~ Li, Wang, et al.
oligomeric litchi pericarp high fat diet expression of GLUT, insulin receptor a protein (2016)
procyanidins B-type from in liver and muscle tissues, activate glucose

Anti-obesity

Prevention of
Alzheimer’s
disease

Insomnia
improvement
Anti-virus

Dimer to tetramer
procyanidins
Catechins

B-type procyanidins
(-)-Epicatechin
Procyanidins

Procyanidins

Oligomeric

procyanidins

Highly polymeric
procyanidins

Procyanidin B2

Procyanidins
Polyphenolic

Polyphenolic extract

Procyanidins B2

Catechin
procyanidin B2

Procyanidins

lotus seedpod
Black soybean
seed coat
Cocoa

Astilbe thunbergii

Bayberry leaves
(Myrica rubra
Sieb.et Zucc.)
Cacao liquor

Apple

Apple

Apple

Grape seed

Grape seed

Lotus seedpod

Larch bark

ICR mice given glucose orally

INS-1 832/13 p-cells and primary rat
islets

GK/Slc rats administered starch,
sucrose, or glucose orally
High-fructose induced metabolic
syndrome rat model

High fat diet-induced obese rat

High fat diet induced C57BL/6 mice

Mice orally administered corn oil
and human administered diet
containing fat (40 g)

High fat/high sucrose diet induced
C57BL/6J mice

High fat-cholesterol diet induced
male rabbits

PC-12 cells

JNPL3 transgenic mice

The ultrastructure of paired helical
filaments (PHFs) isolated from
Alzheimer’s disease brain
Chlorophenylalanine induced
insomniac rat

Feline calicivirus (FCV-F9)
Murine norovirus (MNV-1)

Staphylococcus aureus (S. Aureus)
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metabolism-related enzymes

Activate insulin and AMPK signaling pathways
and promote GLUT4 in muscle

Improve the redox state of p cells, leading to Nrf
2 nuclear migration and up-regulate
expressions of mitochondrial respiration,
increase insulin secretion

Inhibit pancreatica-amylase

Mitigates IR by modulating redox signaling and
ER stress

Up-regulate the expression of SIRT1 and BMP4
and the brown fat level, down-regulate C/EBP-
o expression

Activate AMPKa signaling pathway, up-
regulate uncoupling protein expression and
adiponectin secretion

Inhibit pancreatic lipase and triglyceride
absorption

Attenuate weight gain and inflammation,
decrease Firmicutes/Bacteroidetes ratio in gut
microbiota

Improve Bacteroidetes/Akkermansia ratio in gut
microbiota

Suppress amyloid f-protein aggregation
Interferes tau aggregation

Disrupt and disintegrate the ultrastructure of
native PHFs found in AD brain

Regulate NO/ADMA/DDAH pathway by
inhibiting oxidative stress

Alters capsid structure by binding to human
norovirus-like particles, decreases infectivity of
human norovirus

Yamashita et al.
(2016)

Rowley et al.
(2017)

Kato et al. (2017)

Bettaieb et al.
(2014)

Zhou et al. (2017)

Yamashita et al.
(2012)

Sugiyama et al.
(2007)

Masumoto et al.
(2016)

Xing et al. (2019)
Toda et al. (2011)
Santa-Maria et al.
(2012)
Ksiezak-Reding

et al. (2012)

Xiao et al. (2019)

Liu et al. (2018)

Li et al. (2017)

(continued on next page)
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Table 1 (continued)
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Bioactivity Compound Plant sources Model Mechanism Reference
Damage integrity and permeability of cell wall
and cell membrane, affect protein synthesis and
bind to DNA

Pain relief Procyanidins Grape seed Monosodium urate induced CD-1 Attenuate gout pain and suppress ankle Liu et al. (2017)

mice in vivo and RAW 264.7 cells in

vitro

Neuroprotection Procyanidin B2 -

High-glucose-cultured dorsal root
ganglion (DRG) neuron

swelling; inhibit NLRP3 inflammasome and
increase of IL-1p

Improve oxidative stress, neuronal
regeneration, and the cell viability of DRG
neurons, inhibit neuronal apoptosis via PI3K/
Akt signaling pathway

Zhang et al.
(2018)

5. Antioxidant and free radical scavenging activity

Free radicals are normal products of many metabolic pathways, but
excess free radicals promote lipofuscin formation, mitochondrial DNA
mutation, cell apoptosis, and reduction of protein synthesis, which in
turn could cause cancer, Parkinson’s disease, and various cardiovascular
diseases (Kehrer & Klotz, 2015). Through endogenous and exogenous
mechanisms, procyanidins exhibit strong antioxidant and free radical
scavenging activity owing to their unique molecular stereostructure and
the presence of a large number of phenyl hydroxyl groups in their mo-
lecular structure (Fig. 2). An epidemiological study showed that pro-
cyanidins administered to healthy volunteers at a dose of 110 mg/day

Keapl

Nucleus

Maf  Nrf2
~ ‘ o0 V

|—> Antioxidant genes

— Inhibition

(p38,INK,ERK),

for 30 days, exerted antioxidant effects by sparing the fat-soluble
vitamin E and reducing DNA oxidative damage when compared with
the volunteers in the placebo group (Simonetti et al., 2002). Experi-
ments in mice show that lotus-seedpod procyanidins can effectively
prevent oxidative stress injury induced by exposure to extremely
low-frequency electromagnetic fields (ELF-EMF) and significantly
enhance superoxide dismutase (SOD), catalase (CAT), glutathione
reductase (GR), glutathione peroxidase (GSH-Px), and gluta-
thione-S-transferase (GST) activity, and thus reduce lipid peroxidation
(Luo et al., 2016). Interestingly, procyanidins from wild grape seed
regulate the antioxidant enzymes and alcohol metabolism in Sprague
Dawley (SD) rats by means of the mitogen-activated protein kinase

Cytoplasm

0O:

SOD
se

GSSG GSH
GSH peroxidase

MAPK

=3 Activation

Fig. 2. Proposed mechanisms of antioxidation by procyanidins.
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(MAPK) pathway, which reduces the levels of aspartate transaminase,
alanine transaminase, and alcohol in serum induced by ethanol, indi-
cating a hepatoprotective effect (Bak et al., 2016). A study reports that
procyanidin dimer B2 (PB2) not only scavenges superoxide anion radi-
cals but also inhibits NADPH oxidase in human umbilical vein endo-
thelial cells (Steffen et al., 2008). The antioxidant and free radical
scavenging mechanisms of procyanidins have been studied using pro-
cyanidin mixtures in previous studies (Huang, 2010; Kaur et al., 2006).
Current studies focus on the evaluation of simple monomers/oligomers.
PB2 protects neurons from the process of oxidative stress, nitrosation,
and excitotoxic stress by the removal of oxygen and nitrogen species
(Sutcliffe et al., 2017). PB2 also alleviates free fatty acid-induced hepatic
steatosis and promotes lipid degradation by regulating the transcription
factor EB (TFEB)-mediated lysosomal pathway and redox state (Su et al.,
2018). Moreover, the procyanidin B1 (PB1) significantly enhances the
expression of the antioxidant protein by activation of the nuclear factor
erythroid 2-related factor 2 (Nrf2) antioxidative response element (ARE)
in vitro (Li et al., 2018).

The structures and DP of procyanidins are closely related to their
capacity of antioxidation and free radical scavenging. For example, the
scavenging ability for 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals of
A-type oligomeric procyanidins from the pericarp of Litchi chinensis is as
follows: epicatechin < dimer < trimer (Li et al., 2012). The antioxidant
activity of mangosteen pericarp tannins increases when the mDP is
2.71-9.27, but decreases when it is 16.80 (Zhou et al., 2011). On the
other hand, certain highly polymerized tannins containing several hy-
droxyl groups are found to be more potent as antioxidants than mono-
meric phenolics (Hagerman et al., 1998). Moreover, the antioxidant
effects of purified catechin monomer and procyanidins (dimer to hex-
amer) from cocoa were investigated in two different systems. The results
show that procyanidins with higher molecular weights are most effica-
cious when oxidation is initiated in the lipid domains, probably because
these molecules insert into the lipid membrane and show a better pro-
tection against oxidative stress in both, hydrophobic and hydrophilic
domains. However, monomers, dimers, and trimers are most effective as
antioxidants when liposomes begin to oxidize in the aqueous phase
(Lotito et al., 2000). No differences are observed between monomer,
dimers, and trimers from wild berries of Vaccinium species in their free
radical scavenging or antioxidant activities during the oxidation of
methyl linoleate emulsion (Maatta-Riihinen et al., 2005), indicating that
the DP of procyanidins affects differently on antioxidant abilities
depending on the test system, sources, and types of procyanidins. It
should be pointed out that the results of in vitro study correlated in part
with the in vivo studies. However, the in vitro systems do not consider or
mimic the digestion and absorption of procyanidins. Therefore, that they
have flaws for evaluating the bioactivities of procyanidins, especially
with a high DP (DP > 3). Although procyanidins with a high DP can have
a direct effect according to literature mentioned above (Appeldoorn
et al., 2009; Bitzer et al., 2015; Gonthier et al., 2003; Oteiza et al., 2018;
Ou & Gu, 2014; Serra et al., 2010), most procyanidins are barely
absorbed directly. Therefore, in vitro studies using procyanidins with a
high DP cannot fully contribute and should be less contribution to es-
timate the relationship between bioactivities and the DP of procyani-
dins. It would be preferred to design experiments based on the GI tract
system, which may be related to intestinal/mucin models and/or the
microbiome. Modification and small metabolites of procyanidins as well
as the bioavailability of procyanidins should also be evaluated.

6. Anticancer activity

Numerous studies have shown that procyanidins prevent or inhibit
the growth of various cancer types, including colon cancer, breast can-
cer, and endometrial cancer (Rossi et al., 2013; Theodoratou et al.,
2007). Importantly, human studies have been shown a statistically sig-
nificant decreased risk of colon cancer with the intake of procyanidins
(Theodoratou et al., 2007). Similarly, in an Italian case-control study, it
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was confirmed that high consumption of procyanidins reduced the risk
of hormone-related cancer, including endometrial cancer (Rossi et al.,
2013). Particularly, procyanidins with a high DP > 3 from bean soups,
chocolate, pulses, and grapes were more inversely associated with the
risk of endometrial cancer in normal-weight women compared to other
class of flavonoids. A certain amount of pure procyanidins is needed for
in vivo studies. However, this is difficult to prepare. Therefore, the po-
tential mechanisms of either using crude procyanidin extract in an in
vivo system or using pure procyanidin components in vitro systems were
studied. In one human pilot study, it was demonstrated that treatment
with a smaller size of oligomeric procyanidins for 3 months significantly
decreased the bronchial Ki-67 proliferative labeling index as well as
serum levels of miR-19a, —19b, and —106b, indicating that procyanidins
are antineoplastic agents against lung cancer (Mao et al., 2019; Xue
et al., 2018). PB1 has been reported to suppress the growth of liver
cancer via inhibiting the Kv10.1 channel in a xenograft mouse model
(Na et al., 2020). Moreover, the protection of anti-tumor immune re-
sponses by procyanidins may also contribute to their anti-tumor activ-
ities (Zhang et al., 2017). Procyanidins achieve this anti-tumor effect not
only by virtue of their antioxidant properties, but also via inducing
apoptosis and inhibiting tumor cell proliferation through regulation of
inflammatory pathways (David et al., 2019) (Fig. 3). Polyphenols from
apples contain oligomers/polymers without monomers, significantly
reduced the number of preneoplastic lesions, hyperproliferative crypts,
and aberrant crypts in a colon tumor rat model (Gossé et al., 2005). The
molecular mechanism probably involves the inhibition of protein kinase
C activity to enhance the expression of extracellular signal-regulated
kinase 1/2 (ERK1/2) and c-Jun N-terminal kinase (JNK), down-
regulation of polyamine biosynthesis, and activation of caspase-3 by
procyanidins (Gossé et al., 2005). In addition, grape seed procyanidins
inhibit tumor cell proliferation in xenograft mouse models, and the
underlying mechanisms involve PI3K and MAPK-signaling pathways,
and the inhibition of NF-kB/p65 activation (Meeran & Katiyar, 2008). In
addition, PB2 interacted with NF-xB protein in Hodgkin’s lymphoma
cells in vitro and inhibited the binding of NF-xB to DNA (Mackenzie et al.,
2008). The plausible mechanism of action can be attributed to the in-
hibition of the expression of NF-kB-driven genes, including cytokines
(IL-6, TNF-a, and RANTES) and anti-apoptotic proteins (Bcl-xL, Bcl-2,
XIAP, and cFLIP) by the procyanidins (Mackenzie et al., 2008). Grape
seed procyanidins inhibit tumor growth in vivo and in vitro by increasing
the protein levels of the cycle-dependent kinase inhibitor Cipl/p21 and
decreasing the levels of cyclins and CDKs associated with the G1 phase of
HT29 and LoVo human colon cancer cells (Kaur et al., 2006).

Multiple studies have reported that procyanidins with different DP
have varying anticancer effects, although these results are sometimes
contradictory. The oligomeric and polymeric procyanidins from apples,
rather than the monomeric and dimeric procyanidins, showed more
potent anti-proliferative activities (Pierini et al., 2008). Moreover, the
antiproliferative effect of procyanidins from grapes and pine bark in HT
29 colon cancer cells increases with an increase in saccharification and
DP from monomers to oligomers (DP = 2-3) (Lizarraga et al., 2007).
However, the cellular antioxidant activity of procyanidins isolated from
C. axilleum peels decreases with an increase in DP (Li, Sui, et al., 2016).
Interestingly, procyanidins isolated from apples dramatically suppress
the melanin production in melanoma cells and the inhibitory ability of
the procyanidins is reported as follows: tetramer < pentamer < trimer
(Shoji et al., 2005).

7. Prevention of cardiovascular diseases

Cardiovascular disease (CVD) is a collective term for several diseases
of the circulatory system. At present, the primary and secondary pre-
vention of CVD mainly relies on a healthy diet including increasing the
intake of plant-based foods. Studies have shown that dietary plants
provide a large number of phytochemicals, especially procyanidins and
flavonoids, which reduce the risk of CVD (Deka & Vita, 2011; Ding et al.,
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2006; Mukamal et al., 2002). Moreover, procyanidins alleviate
CVD-related metabolic syndromes such as atherosclerosis, hypertension,
endothelium-dependent  vasomotor function, and myocardial
ischemia-reperfusion injury in the cardiovascular system (Fig. 4).

7.1. Anti-atherosclerotic activity

Atherosclerosis (AS), a main pathological basis of cardiovascular
disease (CVD), is considered an inflammatory disease that is charac-
terized by endothelial dysfunction, fatty deposits, build-up and oxida-
tion of LDL, and maturation of the atherosclerosis lesion (Santhakumar
et al., 2018). A number of studies have shown that procyanidins can
reverse AS through different mechanisms. Clinical trials have shown
that administration of tablets containing a high content of procyanidins
from grape seeds for 12 weeks reduced oxidized LDL levels to alleviate
the occurrence of AS (Sano et al., 2007). The procyanidin fraction of
Cocoa and PB2 also exert chemical protection against CVD and AS by
inhibiting the thrombin-induced pro-MMP-2 activation and expression
(Lee et al., 2008). In addition, procyanidins not only attenuate oxidative
stress through NADPH oxidase-dependent mechanism, but also improve
the formation of atherosclerotic plaques by reducing the overproduction
of nitric oxide (NO) and the expression of inducible nitric oxide synthase
(iNOS) in high fat diet induced-apolipoprotein E () knockout (ApoE)
mice (Rong et al., 2017; Zhou et al., 2018). Furthermore, apple pro-
cyanidins reversed AS by activating ATP-binding cassette A subfamily A
member 1 (ABCA 1) in a cholesterol-induced AS rabbit model (Wang
et al., 2017).
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7.2. Vasodilation improvement

Hypertension is a high-risk factor in CVD resulting in high morbidity
and mortality (Horowitz et al., 2015). Studies have shown that the low
molecular weight procyanidins from grape seeds reduce hypertension in
spontaneously hypertensive rats, and the mechanism may be related to
increase the bioavailability of endothelial NO, thereby improving
endothelial dysfunction (Belcaro et al., 2013; Draijer et al., 2015; Qui-
nones et al., 2013, 2014). A similar mechanism in reducing hypertension
induced by a nitric oxide synthase inhibitor is encountered in the
PB2-treated hypertensive nephropathy rat model (Ding et al., 2018).
Procyanidin trimer C1 (PC1) promoted NO production in aortic endo-
thelial cells of rats via hyperpolarization and the PI3K/Akt pathway in
vivo (Byun et al., 2012). However, (-)-epicatechins improved vascular
oxidation and inflammation caused by chronic nitric oxide deficiency in
rats, but was not efficacious in attenuating hypertension
(Gomez-Guzman et al., 2011). Moreover, our group found that PB2 in-
hibits NLRP3 inflammasome activation via suppression of AP-1 pathway
in human endothelial cells, indicating the potential anti-inflammatory
and anti-cardiovascular bioactivity of PB2 (Yang et al., 2014).

8. Prevention of insulin resistance and diabetes

Diabetes is mainly caused by insufficient insulin secretion and in-
sulin resistance (IR) and is often accompanied by serious complications
and multiple organ dysfunctions during the progress of the disease.
Procyanidins from the diet prevent the development and progression of
diabetes through different mechanisms, including regulation of protein
expression in the glucose delivery system, increasing glycolysis, and
inhibiting gluconeogenesis in liver and skeletal muscles to improve
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glucose balance (Fig. 5)(Xiao, 2020). Studies have shown that type A
oligomeric procyanidins from litchi pericarp and type B oligomeric
procyanidins from lotus seedpod improve glucose homeostasis in dia-
betic mice by increasing the expression of glucose transporter (GLUT)
and insulin receptor a protein in liver and muscle tissues, and activating
a series of enzymes related to glucose metabolism (Li, Sui, et al., 2016).
Similarly, after long-term dietary administration of high fat-induced
obesity and type 2 diabetes mouse model, oligomeric cocoa procyani-
dins have been shown to be the most effective components in improving
weight gain, fat mass, glucose tolerance, and insulin resistance
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compared with monomeric or polymeric procyanidins. The potential
underlying mechanisms of poorly absorbed oligomeric procyanidins in
the gut may act to further inhibit the absorption of macronutrients, in-
crease the secretion of glucagon-like peptide-1 (GLP-1), which drives
insulin secretion, and inhibit metabolic endotoxemia (Dorenkott et al.,
2014). Thus, oligo- and polymeric procyanidins may exert anti-diabetes
activities by stimulating glycogen synthesis and glucose uptake in
skeletal muscle (Bowser et al., 2017). The purified dimeric, trimeric, and
tetrameric procyanidins from the seed coat of black soybeans when
administered to ICR mice show significant improvement in
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hyperglycemia by activating the insulin and AMPK signaling pathways
and promoting the transport of glucose transporter 4 (GLUT4) in the
muscle (Yamashita et al., 2016). Moreover, catechins improve the redox
state of the pancreatic p-cells, bring about Nrf2 nuclear migration,
upregulate the gene expression that is critical in mitochondrial respi-
ration, increase insulin secretion, and ultimately improve f-cell function
in primary islets in rat model (Rowley et al., 2017). Grape seed pro-
cyanidins modulate apoptosis and proliferation of p-cells, improve IR,
and counteract insulin synthesis in rats (Cedo et al., 2013). In addition,
highly condensed procyanidins from Astilbe thunbergii potently inhibit
pancreatic a-amylase and significantly reduce postprandial hypergly-
cemia in type 2 diabetic rats (Kato et al., 2017). Studies have also shown
that (-)-epicatechin mitigated high-fructose-induced IR by reducing
endoplasmic reticulum stress in rat liver and adipose tissue, down-
regulated JNK phosphorylation in rat liver, hepatocytes and adipocytes,
and decreased the expression of protein kinase R-like ER kinase (PERK)
and inositol-requiring enzyme-lo (IRE-la) protein (Bettaieb et al.,
2014).

9. Anti-obesity activity

Obesity is a metabolic condition with a high probability of devel-
oping into the metabolic syndrome in which cholesterol, lipid, and
glucose levels increase, thus leading to diabetes and heart diseases.
Procyanidins exert anti-obesity effects through different molecular
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mechanisms (Fig. 6). The extract of procyanidins from bayberry leaves
can alleviate high fat diet-induced obesity (Zhou et al., 2017). The
anti-obesity effect of procyanidins is possibly due to the upregulation of
SIRT1 expression, thereby inducing PPAR-y deacetylation. It also exerts
its effect by downregulating the expression of C/EBP-a, upregulating the
expression of BMP 4, and increasing the level of brown fat (Zhou et al.,
2017). Cacao liquor is rich in procyanidins and exerts anti-obesity ef-
fects by activating the AMPKa signaling pathway, upregulating the
expression of uncoupling proteins (UCP) in skeletal muscle and adipose
tissue, and increasing adiponectin secretion in white adipose tissue in
high fat diet-induced obese C57BL/6 mice (Yamashita et al., 2012).
Apple polyphenol extract that is rich in procyanidins exhibits
anti-obesity effects by inhibiting pancreatic lipase in vitro and triglyc-
eride absorption in vivo (Sugiyama et al., 2007). However, other inves-
tigated polyphenols found in apple polyphenol (e.g. chalcones,
catechins, and phenol carboxylic acids) exhibit weak inhibitory activity
on pancreatic lipase (Sugiyama et al., 2007). As the DP increases, the
anti-obesity activity of procyanidins increases from dimers to pentam-
ers. In addition, intestinal microbes are also a major causative factor of
obesity. Treatment with non-absorbable high-polymer apple procyani-
dins prevents the increase in body weight and visceral fat. These activ-
ities are related to the changes induced in the gut microflora including
the ratio of microbes/bacteria to the ratio of head colon/bacteria and its
regulation of endogenous metabolites (Masumoto et al., 2016). It also
reduces inflammation and intestinal permeability via regulation of the
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expression of lipid metabolism-related genes and gut microflora in
C57BL/6J mice fed with a high fat/high sugar diet (Masumoto et al.,
2016). Recently, PB2 was found to modulate gut microbiota by
improving the proportions of Bacteroidetes at the phylum level and
Akkermansia at the genus level, which prevented weight gain in a high
fat cholesterol fed animal model (Xing et al., 2019).

10. Other bioactivities

Procyanidins are reported as an effective treatment option for Alz-
heimer’s disease (AD). The underlying mechanism is related to the
regulation of oxidative stress in brain cells, prevention of lipid peroxi-
dation, and blockage of the production of toxic peptides containing the
amyloid precursor protein (APP) processing, amyloid f-protein (Ap)
aggregation, and tau protein aggregation (Ksiezak-Reding et al., 2012;
Nehlig, 2013; Santa-Maria et al., 2012; Toda et al., 2011). Procyanidins
also ameliorate cognitive function by regulating the CREB-SIRT1 axis,
thereby improving AD (Zhao et al., 2019). In previous studies, it was
shown that insomnia can be reversed using PB2 of the lotus seedpods,
which exert their activity by regulating the NO/ADMA/DDAH pathways
(Xiao et al., 2019). The potential antiviral activities of procyanidins have
been studied. Our previous study shows that PB2 inhibits the activity of
human norovirus by binding directly to the viral capsid protein of the
norovirus, thus altering the viral capsid structure and blocking the
antigen-binding site (Liu et al., 2018). Larch bark procyanidins strongly
inhibit the growth of Staphylococcus aureus by damaging the integrity
and permeability of the bacterial cell wall and membrane, affecting
protein synthesis, and binding to DNA (Li et al., 2017). Recent studies
report that the aqueous extracts of Castanopsis lamontii are rich in epi-
catechin and PB2, inhibit the periodontitis pathogen Porphyromonas
gingivalis and the pharyngitis pathogen p-hemolytic Streptococcus (Gao
et al., 2019). Grape seed-derived procyanidins significantly reduce pain
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associated with gout and suppress swelling in the ankle by inhibiting the
NLRP3 inflammasome in macrophages (Liu et al., 2017). In addition,
PB2 mitigated the neurotoxicity of dorsal root ganglion neurons damage
induced by high glucose stimulation via the PI3K/Akt signaling
pathway, suggesting the neuroprotective effects of procyanidins (Zhang
et al., 2018).

11. Conclusions

Procyanidins are structurally diverse compounds widely found in
plants and can be classified as monomeric, oligomeric, or polymeric
variants depending on the DP. Since these low molecular weight pro-
cyanidins (DP < 3) are completely absorbed in the gastrointestinal tract
and relatively easy to be purified, most research is focused on oligomers.
All published studies indicate that procyanidins exert various effects
that are beneficial to human health depending on several aspects
including the source and type of procyanidins and the in vivo/in vitro
models and biomarkers used in these studies. Importantly, the biological
activities of procyanidins vary with their DP. New discoveries shedding
light on the relationship between DP and the biological activities of
procyanidins are approaches worth considering. The diversity and
complexity of these chemical compounds and the difficulties encoun-
tered in the isolation of plant procyanidins continue to be major chal-
lenges. In addition, the bioavailability of procyanidins is low, especially
for macromolecular components (trimers or higher), and thus, methods
to improve the bioavailability need to be focused on, in future studies.
Moreover, more studies that explore the impact of different DP on the
effects of procyanidins are underway, and these may promote the use of
phenolic compounds in improving human health.
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