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Multi-dimensional studies have consistently indicated the benefits of dietary proanthocyanidins on blood glucose
homeostasis through consumption of them from fruits, cereals and nuts. Proanthocyanidins from various sources
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possess different structures, but even the minor variations in structures influence their regulation on blood
glucose, including the degree of polymerization, galloacylation at C3, number of hydroxyl groups in B ring and
linkage type. Therefore, this Review details the role of three types of proanthocyanidins (procyanidins, pro-
delphinidins and propelargonidins) in blood glucose control and their underlying mechanisms, and various
structural features contribute to. Due to the extremely low bioavailability, proanthocyanidins mainly ameliorate
high blood glucose by luminal effects: inhibit enzyme activities, improve the structure of gut microbiota, and
protect the intestinal barrier function. A few absorbed proanthocyanidins exert insulin-like effects on targeted
organs. Prodelphinidin gallates exhibit greater hypoglycemic activities than others, due to their galloacylation at
C3 and high amounts of hydroxyl groups in B ring. Because of different action pathways, comprehensive
consideration on the degree of polymerization, linkage type and density of hydroxyl groups was required. Further

understanding of these relationships can concrete diet therapeutic opportunities for proanthocyanidins.

1. Introduction

The term ‘tannin’ was first coined in 1796 to denote substances
derived from plants that convert animal skin into leather, and then
identified as polyphenols with molecular weight between 500 and 3000
(Jansman, 1993). Afterwards, given the application value of tannins in
multiple fields was gradually emerging, the definition of ‘plant poly-
phenol’ was raised to describe tannin analogs without molecular weight
limitations and classified them into hydrolysable and condensed cate-
gories (Mcmanus et al., 1981). Among them, proanthocyanidins, also
known as condensed tannins, are secondary metabolites of plants pro-
tecting them from ultraviolet radiation, insect pests, and other adverse
conditions (Rao et al., 2019). As the second largest dietary polyphenols,
proanthocyanidins with health benefits are widely distributed in grape
seeds, bayberry leaves, peanut peels, and cranberries.

Diabetes mellitus (DM) is a metabolic disease caused by the defi-
ciency of insulin secretion and/or insulin resistance, causing the death of
one person every 5 s worldwide (Chou et al., 2023). Multi-factors drive
the occurrence and development of DM, and medical therapy including
oral hypoglycemic drugs and insulin injection is the main treatment of
diabetes, but related drugs were reported with multiple side effects,
unstable pesticide effect and poor patient compliance (Fig. 1) (Lee and
Lee, 2022; Tian et al., 2023; Wu et al., 2023). However, dietary proan-
thocyanidins have been shown in numerous epidemiological and animal
studies to have significant associations with the occurrence and mor-
tality of diabetes. For example, a meta-analysis of nine cohorts including
324,141 person-years of follow-up showed that proanthocyanidins-rich
tea consumption >4 cups per day was associated with reduced risk of
type 2 DM (RR 0.8, 95% CI 0.70-0.93) (Jing et al, 2009). A
meta-analysis of six prospective cohorts involving 284,806 participants
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Fig. 1. The risk factors and therapies of diabetes mellitus.

indicated that for each increase in total flavonoids (including catechins
and anthocyanidins) intake of 500 mg per day there was a reduced risk
in diabetes of 5% (Liu et al., 2014). Both analyses emphasized the
importance of the quantity and duration of proanthocyanidins required
to regulate blood glucose. Thus, a daily intake of flavan-3-ols for adults
of 400-600 g per day was recommended to reduce the risk of diabetes,
but the average intake of dietary proanthocyanidins by adults world-
wide remains low (Crowe-White et al., 2022).

Dietary proanthocyanidins have the potential to be used as a pre-
vention and therapeutic intervention for diabetes. Due to the extremely
low bioavailability, the gastrointestinal tract is the main action site for
proanthocyanidins to maintain blood glucose homeostasis, such as the
delay in carbohydrate digestion and the improvement of gut microbiota
(Baron et al., 2024). A few absorbed proanthocyanidins mimic the ac-
tions of insulin in the liver, skeletal muscle and other peripheral tissue
(Martin and Ramos, 2021). However, owing to the difficulty in separa-
tion and purification, most studies focused on crude extracts of proan-
thocyanidins, which contain different types of proanthocyanidins and
other impurities such as proteins and polysaccharides, hindering the
exploration of their structure-activity relationships and the key bioac-
tive proanthocyanidins components (Liu et al., 2024; Monfoulet et al.,
2020; Morzel et al., 2022).

Proanthocyanidins from various sources possess different structures,
but even the minor variations in structures influence their regulation on
blood glucose, including the mean degree of polymerization (mDP),
galloacylation at C3, the amount of hydroxyl groups in B ring and
linkage types, leading to the challenges in exploring their hypoglycemic
activities. Furthermore, the activities of proanthocyanidins are also
affected by the dosage, administration time, photoperiod, and model
selection. Therefore, this Review aims to detail the role of three types of
proanthocyanidins (procyanidins, prodelphinidins and propelargoni-
dins) in blood glucose control and their underlying mechanisms at the
molecular, cellular and organismal levels, as well as the contributions of
various structural features.

2. Structures and sources of dietary proanthocyanidins

Dietary proanthocyanidins are oligomeric and polymeric flavan-3-
ols, widely distributed in seeds, flesh, skin, leaves, and roots of plants.
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According to the hydroxylation mode of B ring, proanthocyanidins can
be divided into procyanidins, prodelphinidins and propelargonidins,
corresponding to constituent units of (epi)catechin, (epi)gallocatechin
and (epi)afzelechin (Xu et al., 2024). Procyanidins are more common
than two others (Table 1). Grape seeds (15.94 g/100 g dry weight) and
skin (6.46 g/100 g dry weight) of Ugni blanc variety at harvest are good
sources of procyanidins, which varies with the growth period and
planting period (Freitas and Glories, 1999). Besides, the C3 position of
flavan-3-ol can be esterified by gallic acid, for example, prodelphinidin
gallates are rich in oolong tea (Hashimoto et al., 1989). Flavan-3-ols
linked by C4-C8 and/or C4-C6 bonds are classified as B-type proan-
thocyanidins commonly found in plant resources (such as cocoa and
grape seeds), while additional C2-O-C7 ether bonds exist in A-type
proanthocyanidins rarely distributed in nature (such as peanut skins and
persimmon pulp) (Dong et al., 2013; Jing et al., 2022; Qi et al., 2018).
The mDP is another important structural feature closely related to
functions. Proanthocyanidins with mDP of 2-3, 4-10 and > 10 are
defined as oligomers, polymers and high polymers, respectively (Kylli
et al, 2011). The mDP of proanthocyanidins changes during the
ripening of fruits, but no unanimous conclusion has been reached yet.
Kennedy et al. (2001) reported that the mDP of proanthocyanidins in
grape (Vitis vinifera L. cv. Shiraz) skin and seeds increased with the
growth process, while Downey, Harvey and Robinson (2003) proposed
that the mDP of proanthocyanidins in grape seeds was stable at around 5
and grape skin polymer length decreased after veraison. Environment
stress is the principal factor affecting the growth of plants, for example,
cooling and damping significantly decreased mDP of grape berries (Vitis
vinifera L. cv. Merlot) (Cohen et al., 2008). Notably, there are slight
differences in the results of mDP obtained by distinct measurement
methods (Kennedy et al., 2000).

Greater intake of dietary proanthocyanidins, mainly from fruits and
vegetables, has been associated with physiological homeostasis
(Table 1). Following 2915 members of the Framingham Offspring cohort
and a follow-up period of 11.9 y, each 2.5-fold increase in flavan-3-ol
intake has been shown to lower the incidence of T2DM by 11% (RR
0.89, 95% CI 0.80-1.00) (Zamora-Ros et al., 2014). It was reported that
Spaniards had the greatest daily intake of proanthocyanidins (175
mg/day) and pome fruits (28%) are the major contributors, while Dutch
consumed the least (96 mg/day) (Di Lorenzo et al., 2021). This is far
below the recommended intake of flavan-3-ols for adults of 400-600 g
per day to reduce the risk of DM, so additional supplementation of
proanthocyanidins is necessary (Crowe-White et al., 2022). Coleman
and Shaw (2017) indicated that various proanthocyanidins derived from
fruits produced biomarkers for alleviating allergic airway inflammation,
but Villegas et al. (2008) thought vegetable but not fruit consumption
was associated with a reduced risk of type 2 diabetes (T2DM) in Chinese
women. Hence, the structural complexity results in the lack of the intake
type, dosage, and other detailed guidance standards for
proanthocyanidins.

3. Absorption and metabolism of dietary proanthocyanidins

Proanthocyanidins biosynthesized from simple aromatic amino acids
are end-products in a branched pathway of flavonoids, encompassing
the shikimate, phenylpropanoid and flavonoid pathways (Fig. 2). The
bioactivities of dietary proanthocyanidins vary greatly depending on
their absorption and metabolism. Proanthocyanidins are released from
the matrix and combine with salivary proteins in the oral cavity through
non-covalent interaction, producing the characteristic astringency (Lei
et al., 2023). Substrate type and mastication efficiency affect the bio-
accessibility and bioavailability of proanthocyanidins. Pineda-Vadillo
et al. (2016) proposed that the addition of grape extracts into the egg
and dairy food matrices markedly enhanced their digestive stability. A
very few proanthocyanidin monomers are absorbed by the oral epithe-
lial cells, while most enter the stomach and are released from the matrix
in full form (Hirasawa et al., 2002). Rios et al. (2002) showed that cocoa



Table 1
Composition of proanthocyanidins from diverse sources and their bioactivities.
Source Extraction method Concentration Composition Bioactivity Reference
Fruits
Apple Successive extraction by hexane, methanol and Each Avrolles apple contained on Main constitutive units were (—)-epicatechin (>98%) Antioxidant, anticancer, anti- (Guyot et al., 2001;
acetone, which was purified by C18 Sep-PaKand  average 240 mg at 200 days after full linked by B-type linkage. Oligomeric procyanidins inflammatory, anti-obesity and Renard et al., 2007)
fractionated by normal- or reversed-phase HPLC ~ bloom with mDP from 2 to 8, while polymeric procyanidins  antibacterial activity
with mDP from 7 to 190.
Cranberry Isolation by Sephadex LC-20 resin with 70% Varied from 18 to 92 g/kg dried fruit 304 A-type and B-type procyanidins, including 40 Antidiabetic anti-angiogenic, anti- (Carpenter et al.,

acetone, follow by purification of Develosil 100
Diol-5 column

Grape seeds 80% methanol extraction with ultrasound

Chinese bayberry
leaves

70% acetone containing 0.1% acetic acid
extraction and purification of hexane and
Sephadex LH-20 column

Kiwifruit leaves 80% acetone extraction and purification of
hexane, AB-8 Macroporous resin column and
Sephadex LH-20 column

Persimmon 70% acetone containing 0.1% ascorbic acid
extraction and purification of D101
macroporous resin and Sephadex LH-20 column

Strawberry Acetone:water:acetic acid at 70:29.5:0.5 for
extraction and Sep-Pack C-18 solid phase
extraction cartridge for purification

Vegetables

Rheum 80% acetone extraction, which was further

tanguticum purified by Sephadex LH-20 and reversed phase

gel column

Acetone:water:acetic acid at 70:29.5:0.5 for
extraction and Sep-Pack C-18 solid phase
extraction cartridge for purification

30% methanol containing 2% ascorbic acid and
1% acetic acid for extraction with ultrasound
Cereals and pseudocereals

Wheat bran 70% acetone with 0.1% ascorbic acid

Indian squash

Mini white carrot

Barley 80% acetone extraction

Sorghum testa 70% acetone containing 0.1% acetic acid
extraction and purification of hexane and
Sephadex LH-20 column

Nuts
Peanut skin Free phenolics were extracted by 70% acetone
and equal volumes of diethyl ether and ethyl
acetate, esterified phenolics were released by

adding an equal volume of 4 M NaOH to free

159 mg/g dry weight

324.19 mg/g dry weight

87.52 + 5.31 mg catechin equivalents/g
dry weight

0.67 + 0.02 mg catechin equivalents/g
dry weight

53.9-163.2 mg/100 g

19.14 mg/g of proanthocyanidins and
their monomers

16.4 + 1.6 mg/100 g fresh weight
(21.34% oligomers, 47.56% polymers
and 21.34% high polymers)

78.92 mg/100 g dry weight of polymeric
procyanidins

20-40 pg/g fresh weight of
proanthocyanidins and their monomers

293.2-652.6 pg/g dry weight

The contents (mg catechin equivalents/g
dry weight) of free, esterified and
insoluble-bound proanthocyanidins

trimers, 68 tetramers, 53 pentamers, 54 hexamers, 49
heptamers, 28 octamers, and 12 nonamers

Gallic acid ethyl ester, catechin, epicatechin and 43
procyanidin oligomers with DP of up to 7 and degree
of galloylation of up to 2

B-type prodelphinidins containing EGC(G) as
subunits with mDP of 6.5

Procyanidins, propelargonidins, and prodelphindins
ranging from dimers to hexamers with (E)C as
terminal units and (epi)afzelechin or (E)GC as
dominant extension units

A-type and B-type procyanidins (25.21%) and
prodelphindins (74.79%) containing EGC, EGCG, EC,
ECG as extension units and EGCG as terminal unit
with mDP of 10.18

B-type proanthocyanidins containing (epi)catechin
(17.36—29.93%) as terminal unit and (epi)catechin
(61.66—75.39%) or (epi)afzelechin (4.50—10.54%)
as extension units with the mDP of 4.3

Catechin, ECG, procyanidin B-2 3-gallate and
procyanidin B-2 3,3"-di-gallate

B-type procyanidins

Procyanidins with the highest DP of 2.06

Oligomeric proanthocyanidins consist of mostly
prodelphinidins, some procyanidins and
propelargonidins

Catechin, EC, procyanidin dimer, prodelphinidin
dimer, procyanidin trimer, monogalloylated
prodelphinidin trimer, digalloylated prodelphinidin
trimer, procyanidin tetramer, digalloylated
prodelphinidin tetramer and procyanidin pentamer
A-type and B-type procyanidins with DP from 3 to 11

Catechin, EC, GC, proanthocyanidin dimer B,
procyanidin dimer A,

procyanidin dimer B,

prodelphinidin dimer A,

inflammatory, anticancer, antiviral,
antioxidant and anti-aging activity
Antidiabetic, cardioprotective,
antitumor, hypocholesterolemic,
antioxidant, antiulcer, anti-
inflammatory, antinociceptive activity
Antidiabetic, anti-obesity, anticancer,
antioxidant, antimicrobial,
neuroprotective and antiproliferative
activity

Antioxidant, antidiabetic, and anti-
proliferative

Antidiabetic, antihypertensive
antibacterial, antioxidant, anti-aging
and anti-inflammatory activity

Antioxidant, neuroprotective,
antimicrobial, anti-inflammatory
activity

Anticancer, antiviral, anti-
inflammatory, anti-diabetic and
antioxidant activity

Antibacterial, antioxidant, anti-cancer
activity

Anti-diabetic, antioxidant and anti-
obesity

Antioxidant, antifungal and anti-
diabetic activity

Antioxidant, anti- diabetic and hair-
growth stimulating activity

Antioxidant, anti- diabetic and anti-
inflammatory activity

Antioxidant, anti-inflammatory, anti-
melanogenic activity

2014; Y. Wang et al.
(2020b))
Montero et al. (2013)

Zhang et al. (2016)

Lv et al. (2022)

Ye et al. (2022)

Buendia et al. (2010)

Komatsu et al. (2006)

Sulistiyani et al.
(2022)

Yusuf et al. (2021)

McCallum and Walker

(1990)

Verardo et al. (2015)

Qian et al. (2022)

de Camargo et al.
(2015)

(continued on next page)
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Table 1 (continued)

Source Extraction method Concentration Composition Bioactivity Reference
phenolic extracts and extracted by equal were 35.19 + 0.0, 4.34 + 0.09 and 1.92  prodelphinidin dimer B,
volumes of diethyl ether and ethyl acetate +0.1 procyanidin trimer A, procyanidin
trimer C2, prodelphinidin trimer A,
procyanidin tetramer A and procyanidin pentamer A
Cocoa 50% acetone extraction and purification of 25.4 mg EC equivalents/g non-fatty dry ~ Catechin, EC, procyanidin B2, procyanidin C1, Pedan et al. (2016)

Hazelnut skin

Nonpareil

almond

Pecan

Beverage
Grape wine

Ouvagalia black
tea

Spices
Cinnamon

reverse-phase HPLC and Sephadex LH-20
column

80% methanol extraction and purification of n-
hexane, chloroform, methanol and Sephadex
LH-20 column

Acetone:water:acetic acid at 70:29.5:0.5 for
extraction with ultrasound

70% acetone extraction

Extraction of tC18 Sep-Pak and C18 Sep-Pak

Water

70% acetone extraction and purification of
Sephadex LH-20 column

weight

25.0 + 8.8 g catechin equivalents/100 g

110.6 mg/100 g

15.316 + 0.554 mg/100 g fresh weight

74 + 10 mg/g dry weight

24.2g/100 g

procyanidin tetramer A2

Main B-type and some A-type procyanidins and their
gallate derivatives with the DP up to 10, as well as
some EC subunits

The contents (mg/100 g) of catechin, EC, procyanidin
B1, B2, B3, trimer, tetramer, pentamer, hexamer,
heptamer and other polymers were 0.4 + 0.1, 4.6 +
1.2,3.4+1.4,83+29,84+22,14.0+3.3,15.1
+3.5,10.9 + 4.1,7.2 £ 2.3,6.3 + 2.1 and 31.9 +
8.8, respectively

The contents (mg/100 g fresh weight) of catechin,
procyanidin B1, B2, B3, B6, B7 and C2 were 2.418 +
0.160, 1.761 + 0.152, 0.178 + 0.013, 4.865 + 0.129,
0.585 + 0.017, 0.488 + 0.019 and 5.020 + 0.064,
respectively

Oligomeric and polymeric proanthocyanidins 4.8 and
22.1, respectively, containing catechin, EC and ECG,
such as procyanidin B3, procyanidin B1, procyanidin
trimer 2, procyanidin B4, procyanidin B2,
procyanidin B2 3-O-gallate, procyanidin B1 3-O-
gallate and procyanidin C1

The concentrations (pg/g dry weight) of catechin, EC,
ECG, EGC, EGCG, procyanidins B1 and B2 were 1671
+241,11,917 + 1253, 8265 + 863, 1793 + 49, 7103
+ 746, 4020 + 597 and 3023 + 673, respectively

21% of A-type and 79% of B-type procyanidins with
the mDP of 5.2

Anti-inflammatory, antioxidant, anti-
diabetic, anti-obesity, anti-cancer,
antiradical, antibacterial activity
Antioxidant, antiglycation, anti-
inflammatory, antimicrobial,
neuroprotective activity

Antioxidant and anti- diabetic activity

Antioxidant, antimicrobial, anti-
cancer and antiproliferative activity

Antioxidant activity

Antioxidant activity

Anthelmintic, anti-diabetic, anti-
tumor and anti-inflammatory activity

Piccinelli et al. (2016)

Xie et al. (2012)

Bittner et al. (2013)

Sun et al. (1998)

Luximon-Ramma
et al. (2005)

Williams et al. (2015)
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procyanidins are significantly stable in the stomach, while Spencer et al.
(2000) illustrated that cocoa procyanidins degraded into monomers and
dimmers during gastric transit. Their opposite conclusions might be
attributed to the different origin of cocoa procyanidins and
pre-treatments before determination. Proanthocyanidin monomers and

oligomers with DP < 5 can be absorbed in the small intestine through
passive diffusion (Steck et al., 2022). Absorbed proanthocyanidins are
metabolized by enterocyte or hepatocyte phase-II enzymes, forming
corresponding glucuronidated, sulfated and methylated metabolites into
other organs via systemic circulation or excreted in urine. A study of 10
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humans found that within 24 h after the ingestion of 500 mL green tea,
urinary excretion of (epi)catechin and (epi)gallocatechin accounted for
28.5%and 11.4% of intake, respectively (Clifford, van der Hooft, and
Crozier, 2013). Proanthocyanidins are metabolized in a dose or
matrix-dependent manner, which are associated with the sites of
metabolism. Serra et al. (2013) discovered the clear metabolic differ-
ence of Wistar rats fed cocoa cream (CC), procyanidin hazelnut skin
extract (PE) and PE-riched CC (PECC): the plasmatic metabolites of
PECC are the combination of PE and CC; methyl-sulfated procyanidins in
the plasma were only detected after feeding PECC; liver is main meta-
bolic organ of PE and other procyanidin-rich simple food matrices, while
kidney is closely related with the metabolism of CC, PECC and other
procyanidin-rich complex food matrices. Unabsorbed proanthocyani-
dins (almost two-thirds) reach the colon and convert to phenyl-
valerolactones, phenolic acids and other metabolites by gut microbiota
(Engemann et al., 2012; Liu et al., 2020). Furthermore, the role of gut
microbiota in the metabolism of proanthocyanidins has been identified,
including C-ring cleavage (Gordonibacter spp., Eggerthella Lenta, Adler-
creutzia equolifaciens), dehydroxylation of B-ring (Eggerthella sp. SDG-2,
A. equolifaciens MT4s-5), degradation of A-ring (Eubacterium ramulus,
Pseudomonas sp.) and ring fission (Flavonifractor plautii, Slackiae quoli-
faciens, Lactobacillus splantarum) (Jin and Hattori, 2012; Kutschera et al.,
2011; Schoefer et al., 2002; Sordon et al., 2016; Takagaki et al., 2014).
Gut microbial conversion of polyphenols exhibited individual differ-
ences, so the stratification of individuals based on their metabolic pro-
files has been applied for ellagitannins and isoflavones. However, due to
the influence of exoteric factors (such as the source, intake dose and
intake time), gut microbiota metabotypes of proanthocyanidins remain
undefined (Cortes-Martin et al., 2019).

Bioavailability is a key factor responsible for the bioactivity of
proanthocyanidins, which is negatively correlated with their mDP. Ou
et al. (2012) demonstrated that cranberry A-type procyanidin dimers,
trimers, and tetramers crossed Caco-2 cell monolayers with low trans-
port ratio of 0.6%, 0.4%, and 0.2%, respectively. Pan et al. (2021)
combined acid-catalytic depolymerization of proanthocyanidins from
Chinese bayberry leaves with epigallocatechin gallate (mDP decreased
by about 40%) and purification with Amberlite XAD-2, which signifi-
cantly improved their bioavailability by two folds. Therefore, reducing
the mDP to improve the bioavailability of proanthocyanidins is a
promising method to broaden their application fields.

4. Regulation of blood glucose by dietary proanthocyanidins

T2DM accounts for 90%-95% of all diabetics, and its common
pathogenesis is unhealthy diets that disrupt the balance between insulin
secretion and action. Normal pancreatic islet cells can respond to the
vibration of blood glucose concentrations by secreting proteohormones
and/or changing their quantity, but excessive glucose into cells to flow
through alternative pathways (such as sorbitol metabolism and protein
kinase C activation) rather than oxidative phosphorylation, leading to
the decrease in insulin genes expression and increase in proapoptotic
genes expression (Robertson et al., 2003). Besides, the presence of high
glucose induces fatty acids from f-oxidation to lipid synthesis, impairing
insulin secretion of f cells (Chaurasia et al., 2019). As a result, f cell
decompensation eventually turns into p cell failure, and the pathological
phenomenon is characterized by the evolution of postprandial hyper-
glycemia into fasting hyperglycemia (Brereton et al., 2015). Further-
more, decreased sensitivity of peripheral organs to insulin is found in
T2DM patients, including the obstruction of glucose uptake in skeletal
muscle and the acceleration of hepatic gluconeogenesis and the trans-
formation from lipogenesis to lipolysis in adipose tissue. Systematical
mechanisms of insulin resistance are further needed to explore.

Proanthocyanidins have gained popularity in the field of blood
glucose regulation, involving carbohydrate metabolism, immunological
factors, microbial factors and so on. However, the regulation of proan-
thocyanidins on blood glucose homeostasis is structure-dependent, and
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even minor variations in structures influence their regulation on blood
glucose. Therefore, the effects and mechanisms of procyanidins, pro-
delphinidins and propelargonidins on blood glucose homeostasis are
considerably different (Table 2). Besides, the selection of research
models significantly influences their bioactivities (Wang et al., 2022a).

4.1. Inhibition against carbohydrate hydrolytic enzymes and
monosaccharide transporters

Blood glucose homeostasis depends on the balance of carbohydrate
absorption rate in the gastrointestinal tract and targeted tissues. Car-
bohydrates ingested are first hydrolyzed into monosaccharides by hy-
drolytic enzymes (such as o-amylase and o-glucosidase) and then
absorbed into the bloodstream through transporters. So this is the first
step in carbohydrate digestion and is a prime target for regulating
glucose metabolism.

Procyanidins are the most common type of proanthocyanidins in the
plant kingdom with (epi)catechin as subunits. It was reported that
procyanidins from apple, red grape and cinnamon were shown to have
inhibitory activity against a-amylase (half maximal inhibitory concen-
tration (ICsp) of 38.4, 56.1 and 3.54 pg/mL, respectively), a-glucosidase
(ICs0 of 544, 445 and 1592 pg/mL, respectively) and lipase (ICsq of 52.7,
581 and 49.6 pg/mL, respectively), deferring carbohydrate digestibility
to control postprandial hyperglycemia (Ercan and El, 2021). Prodel-
phinidins containing (epi)gallocatechin as subunits possess stronger
inhibitory activities against carbohydrate hydrolytic enzymes than
procyanidins. Prodelphinidins from Chinese bayberry leaves (BLPs)
were a mixed inhibitor of a-amylase (ICs5o = 3.075 + 0.073 pg/mL)
driven by hydrogen bonding and/or van der Waals force and a
noncompetitive-type inhibitor of a-glucosidase (ICso = 37 + 0.001
pg/mL) through hydrogen bonding and hydrophobic interaction (M.
Wang et al., 2020; Wang et al., 2019). Actually, minor alterations in
structure may significantly influence their activities. Zhong et al. (2018)
observed that procyanidins extracted from grape seeds markedly
inhibited a-amylase activity in the small intestine and pancreas of mice,
especially high polymers (1.95 and 1.73 times higher than oligomers).
Wang et al. (2022) improved the inhibitory activities of BLPs against
a-glucosidase via acid-catalytic depolymerization. Propelargonidin-type
proanthocyanidins with (epi)afzelechin as subunits are relatively rare in
nature, resulting in very limited research on their hypoglycemic effects.
Proanthocyanidins with high mDP usually have stronger inhibitory ac-
tivities against carbohydrate hydrolytic enzymes (Lee et al., 2007; Xiang
et al., 2022). Conformation is another factor, and epicatechin showed
stronger inhibition on a-glucosidase than catechin (Xiang et al., 2022).
Notably, proanthocyanidins varied the physical-chemical and digestive
properties of carbohydrates, reducing the glycemic index of food, among
which prodelphinidin gallates showed the strongest (Wang et al., 2023).

Inhibition of monosaccharide transporters is another strategy for
managing blood glucose disorders. Cinnamon procyanidins (300 pg/mL)
reduced glucose absorption in Caco-2 cells by 57.43% through
decreasing the expression of sodium/glucose cotransporter 1 (SGLT1)
and glucose transporter 2 (GLUT2) by 88.07% and 69.30% (Liu et al.,
2023). Prodelphinidins also suppressed the absorption of carbohydrates
in the intestinal tract by inhibiting glucose transporter (Wang et al.,
2024). The 65% reduction of green tea polyphenols (1 mM) on glucose
uptake was related to competitive inhibition of SGLT1 in rabbit jejunum
(Kobayashi et al., 2000).

Apart from delaying digestion of carbohydrates, anti-oxidation,
lipid-lowering, anti-inflammation and anti-amyloidogenesis are effec-
tive ways for proanthocyanidins to prevent or treat T2DM and its
complications, especially for prodelphinidins (Dai et al., 2024; Nie et al.,
2017; Zhu et al., 2024). Obviously, structural properties were also
suggested to play a vital role in the free radical scavenging capabilities of
proanthocyanidins. BLPs extracted using hot water and purified by
Sephadex LH-20 column established stronger antioxidant activities than
those extracted using conventional methods (Zhang et al., 2017). Lee
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Table 2
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Effects of proanthocyanidins on T2DM and its complications in diverse models.

Model

Source or proanthocyanidin
type

Biomarker

Reference

Chemical experiments
Chemical experiments
Chemical experiments

Chemical experiments

HepG2 cells

HepG2 cells
HepG2 cells

HepG2 cells
HepG2 cells
Caco-2 cells

L6 myotubes

3T3-L1 cells
3T3-L1 cells

3T3-L1 cells
INS-1E cells
EA.hy926 cells
Podocyte cells
Human retinal pigment
epithelial cells
Human umbilical
endothelial cells
HK-2 human renal
proximal tubular
epithelial cells
Murine macrophage
RAW264 cells
KKAy mice
C57BL/6 J mice
Rats

C57BL/6 J mice

Wistar rats

C57BL/6 J mice

ICR mice

ob/ob mice

C57BL/6 J mice

ICR mice
Wistar rats

Lotus seedpod procyanidins

Quercus gilva Blume leaf
procyanidins
Red grape procyanidins

Persimmon peel
proanthocyanidins

Pigmented rice
proanthocyanidins
Procyanidin B1 and B2
Persimmon
proanthocyanidins

Grape seed
proanthocyanidin oligomers
Persimmon
proanthocyanidins

Cacao liquor procyanidins

Procyanidin C1
Persimmon
proanthocyanidins
A-type ECG and EGCG
dimers

Grape seed procyanidins

Grape seed procyanidins
Procyanidin B2
Procyanidin

Grape seed procyanidin B2
Procyanidin B2
Prodelphinidin B-4 3'-O-
gallate

Acacia bark-derived
proanthocyanidins

Wild blueberry
proanthocyanidins
Cinnamon bark
proanthocyanidin oligomers
Blueberry

proanthocyanidins
Hawthorn procyanidins

GC-(4 - 8)-GCG

Lotus seedpod procyanidin
oligomers

Apple procyanidins

Peanut skin procyanidins

Cinnamtannin A2
Grape seed procyanidins

Inhibited a-amylase, a-glucosidase and protein tyrosine phosphatase 1 B with ICsq of 5.5,
1.0 and 0.33 pg/mL, respectively

Inhibited a-glucosidase with ICso of 40.05 + 0.51 pg/mL. Scavenged DPPH radical and
hydrogen peroxide with ICsg of 7.86 + 0.41 pg/mL and 34.51 + 1.34 pg/mL, respectively
Inhibited a-amylase, a-glucosidase and lipase with ICso of 56.1 + 3.60, 445 + 15.67 and
52.7 + 2.05 pg/mL, respectively

The ECs of polymers on DPPH radical scavenging activities was 4.35 pg/mL. They showed
a-amylase, a-glucosidase and AGE inhibition of 53.9%, 74.0% and 98.0 at 100 pg/mL,
respectively. The ECs, of oligomers on DPPH radical scavenging activities was 2.4 pg/mL.
They showed a-amylase, a-glucosidase and AGE inhibition of 4.6%, 97.4% and 98.1 at 100
pg/mL, respectively

Up-regulated GLUT2 and GYS2. Down-regulated fructose-1,6-bisphosphatase 1 and
phosphoenolpyruvate carboxy kinase 1. Decreased AGE formation and oxidation
Down-regulated protein tyrosine phosphatase-1B

Down-regulated SREBP-2 and NPC1L1. Up-regulated ABCA1, ABCG1, SR-BI, CYP7A1 and
ABCG5/G8

Regulation on Ca®" concentration and ROS formation in a mitochondrial pathway.

Inhibited SREBP-2 and NPC1L1. Up-regulated ATP-binding cassette transporterAl, G1, G5,
G8 scavenger receptor class B type I, cholesterol-7a-hydroxylase

Stimulated glucose transporter-4 translocation to cell membrane and phosphorylated
AMPK

Improved cell differentiation and activated the AKT-eNOS pathway

Down-regulated C/EBP«, PPARy, SREBP1 and FABP. Up-regulated micro-27a and micro-
27 b

Bonded to lipid rafts cholesterol and inhibited mitotic clonal expansion. Down-regulated
PPARy, C/EBPa, SREBP1c and PPARy. Up-regulated micro-27a and micro-27 b
Up-regulated CPT1a and AMPK. Down-regulated Fasn and Srebfl

Increased nitric oxide formation and SIRT3 expression. Decreased p53 and PARP
expressions. Regulated mitochondrial function

Up-regulated nuclear respiratory factor 1 and mitochondrial transcription factor A. Actived
AMPK-SIRT1-PPAR coactivator-1a

Regulated apoptosis via p53-mTOR

Inhibited caspase-3 and lactadherin expressions. Phosphorylated GSK3

Up-regulated E-cadherin. Down-regulated vimentin and a-SMA. Decreased
phosphorylation of small mothers against decapentaplegic 2, 3 and P38. Increased
phosphorylation of small mothers against decapentaplegic 7

Down-regulated NFkB. Inhibited phosphorylation and degradation of IkBa, and nuclear
translocation of p65. Inhibited phosphorylation of IkB kinase a/f and TAK1

Blood: actived AMPK and inhibited DPP-4. Liver: down-regulated SREBP1c, ACC, fatty acid
synthase (FAS), PPARy and lipoprotein lipase. Skeletal muscle: up-regulated fatty acyl CoA
oxidase, CPT1 and UCP3. Adipose tissue: up-regulated PPARy and down-regulated TNF-a
Increased the number of mucin-secreting goblet cells. Increased the proportion of
Adlercreutzia equolifaciens and Akkermansia muciniphila

Up-regulated GLUT4 and insulin receptors. Down-regulated GSK3 and actived PI3K/Akt
pathway

Increased Muribaculum intestinale. Actived oxidative phosphorylation metabolic pathway.
Increased SCFAs and decreased branched-chain fatty acids production

Liver: active AMPK, increased superoxide dismutase and glutathione, decreased SREBPlc,
malondialdehyde, alanine aminotransferase and aspartate aminotransferase. Gut
microbiota: decreased Firmicutes, Blautia, increased the Adlercreutzia equolifaciens,
Akkermansia muciniphila, Bacteroides. Gut barrier: Inhibited TLR4-NFxB pathway.
Down-regulated PPARy, C/EBPa, SREBP1c, FAS and ACC. Inhibited MAPK, NFkB, and
janus tyrosine kinase-signal transducer and activator of transcription pathways

Inhibited p665h°-mTOR Pathway. Liver: up-regulated GLUT2, GK, PFK, PK, and down-
regulated FoxOla, PEPCK, G6Pase, SREBP1c, ACC1, ATP-citrate lyase, FAS, stearoyl CoA
desaturase and S6 kinase 1. Muscle: up-regulated GLUT4, GK, PFK and PK. White adipose
tissue: up-regulated GLUT4/1, PFK, PK, hexokinase II, and down-regulated SREBP1c.
Brown adipose tissue: up-regulated GLUT4/1 and UCP1

Promoted insulin-stimulated Akt phosphorylation. Decreased TNF-a, IL-6 and c-Jun N-
terminal kinase phosphorylation

Decreased LPS, IL-6, myeloperoxidase, and increased IL-10. Increased

Lachnospiraceae. NK4A136_group, Alloprevotella, Akkermansia, Faecalibaculum, and reduced
Muribaculaceae. Increased impressions of Zona Occludens 1, claudin 1 and occludin in
colon. Decreased LPS-TLR4-JNK and increased IRS1/phosphatidylinositol-3-kinase/PKB
Actived GLP-1 and IRS-1 in the soleus muscle

Decreased LPS content and increased tight junction proteins expressions. Increased the
proportion of CD4" CD25" Foxp3™ Tregs in gut-associated lymphoid tissue. Decreased
Anaerotruncus, Blautia, Oscillibacter and Ruminococcaceae.UCG-004

(Xiang et al., 2022)

(Indrianingsih et al.,
2022)

Ercan and El (2021)

(Lee et al., 2007)

Krishnan et al. (2021)

(Li et al., 2021)
Ge et al. (2016)

An et al. (2014)

(Ge et al., 2016)
Yamashita et al.
(2012b)

Sun et al. (2019)
Zou et al. (2015)
(Zhu et al., 2017; Zhu
et al., 2015)
Castell-Auvi et al.
(2013)

Cerbaro et al. (2020)
(Cai et al., 2016)

(Li et al., 2022)

Li et al. (2011)

Li et al. (2015)

Hou et al. (2007)

(Kashiwada et al.,
2021)

(Rodriguez-Daza et al.,
2020)

El-Ashmawy et al.
(2022)

Morissette et al. (2020)

(Han et al., 2022)

Peng et al. (2019)

Li et al. (2017)

(Ogura et al., 2016)

(Liu et al., 2022)

Yamashita et al. (2013)
Gao et al. (2020)

(continued on next page)
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Table 2 (continued)
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Reference

Model Source or proanthocyanidin ~ Biomarker
type

Wistar rats Persimmon
proanthocyanidins

NFxB

C57BL/6 J mice Cacao liquor procyanidins

Japanese adults Acacia bark
proanthocyanidins

Humans Persimmon
proanthocyanidins

Down-regulated FAS, SREBP1 and ACC. Stimulated AMPK phosphorylation and up-
regulated carnitine palmitoyltransferase-1. Decreased TNFa, C-reactive protein (CRP) and

Up-regulated GLUT4, UCP-1 and UCP-2. Stimulated AMPKa phosphorylation
Decreased fasting blood glucose and HbAlc levels

Decreased postprandial plasma glucose

Zou et al. (2014)

Yamashita et al.
(2012¢)
Baba et al. (2021)

Takemori et al. (2022)

et al. (2007) showed radical scavenging abilities of oligomeric prodel-
phinidins from persimmon peel were stronger than that of polymers,
while Gu et al. (2008) indicted condensed tannins from persimmon pulp
with high molecular weight are the major antioxidant composition
rather than low molecular weight tannins. Their opposite results are
attributed to the different preparation methods of samples and the se-
lection of antioxidant indicators.

4.2. Improvement of pancreatic function

Procyanidins could directly improve insulin secretion by enhancing
antioxidant defense and increasing the number of B-cells in the pancreas
(Li et al., 2024; Rajasekhar et al., 2021). BLPs stimulated the insulin
signaling pathway of high sugar-induced Drosophila melanogaster,
involving insulin like-peptide, SREBP and other glycolipid
metabolism-related genes (Wang et al., 2022b). However, Yang et al.
(2015) showed that the hydrolysis of prodelphinidins from pea seed
coats caused a 2.5-fold increase in insulin secretion and a 2-fold decrease
in a/p-cell area ratio, suggesting the anti-hyperglycemic effect of pro-
delphinidins depends on their bioavailability.

4.3. Regulation of glucose metabolism in insulin-targeted tissues

The liver is the central organ for carbohydrate synthesis and meta-
bolism. Procyanidins were reported to dose-dependently inhibit gluco-
neogenesis cyclic and increase glycogen synthesis in insulin-resistant
hepatocytes (Huang et al., 2013; Liu and Li, 2021). Procyanidin B1 and
procyanidin B2 were also discovered to be mixed inhibitors against
protein tyrosine phosphatase-1B activity in HepG cells with ICsg of 0.60
and 4.79 pmol/L respectively, which disrupted insulin signal trans-
duction via dephosphorylation of tyrosine residues in insulin receptors
and their substrates (Li et al., 2021). Apart from regulating glyco-
metabolism, procyanidin Al could relieve inflammation in palmitic
acid-treated HepG2 cells, according to the antioxidation mediated by
inactivating c-Jun N-terminal kinase (JNK)-p38 mitogen-activated pro-
tein kinase pathways (D. Yu et al., 2022). Similar to procyanidins, BLPs
improved hepatic glucose metabolism in insulin-resistant HepG2 cells
by promoting glycogen synthesis (up-regulation of p-GSK3p and GYS2)
and attenuating gluconeogenesis (down-regulation of PEPCK and
G6Pase) (M. Wang, H. Mao, J. Chen, Q. Li et al., 2022). On the other
side, anti-inflammation and anti-oxidation provide BLPs with additional
protection against T2DM, and the antioxidant capacities of BLPs were
significantly correlated to bioavailability, revealing that BLPs with
lower mDP had a much stronger antioxidation (Pan et al., 2021). A
similar phenomenon was found in persimmon peel proanthocyanidins
(Lee et al., 2008). Propelargonidins from Senna alata leaves (SALPs)
restored insulin sensitivity by reducing hepatic gluconeogenesis and
increasing glucose uptake and relieved impaired lipid metabolism via
up-regulating PPARa and down-regulating SREBP 1c and PPARy in
obese mice (Naowaboot and Piyabhan, 2017; Ramsay and
Mueller-Harvey, 2016). However, Ogura et al. (2016) supposed that
apple procyanidins relieved hepatic insulin resistance of diabetic ob/ob
mice by upregulating Akt phosphorylation and downregulating c-JNK

phosphorylation rather than inhibiting fat accumulation in liver, but Yin
et al. (2015) thought that grape seed procyanidin B2 decreased lipid
synthesis and increased free fatty acids -oxidation in the liver of db/db
mice. This difference may result from the selection of animal models and
the source of procyanidins. The dynamic balance between
hyperglycemia-induced reactive oxygen species and the antioxidant
defense system is critical to body homeostasis. Persimmon tannin with
high molecular weight protected bromobenzene-stimulated mice from
oxidative damage by improving superoxide dismutase and glutathione
peroxidase activities in serum and liver, and reducing liver malondial-
dehyde (Tian et al., 2023). The regulation of bile acid metabolism is
another approach to hypolipidemic effects of persimmon tannin for
lipid-lowing, including binding with bile acids and increasing bile acid
excretion (Zou et al., 2014).

Improving dysfunction of insulin-targeted peripheral tissues is an
important mechanism of action of proanthocyanidins. Ho et al. (2017)
declared that elderberry procyanidins emerged with radical scavenging
abilities as inhibitors of 15-lipoxygenase and xanthine oxidase in satel-
lite cells isolated from the obliquus internus abdominis or vastus later-
alis while stimulating oleic acid uptake to reduce plasma free fatty acids.
The hypoglycemic effect of procyanidins also embodied in stimulating
adiponectin secretion, avoiding adipocyte hypertrophy, reducing
inflammation, increasing fatty acid oxidation, improving mitochondrial
function in adipose tissue of mice and increasing energy expenditure,
alleviating oxidative stress and endoplasmic reticulum stress in skeletal
muscle of mice (Ding et al., 2013; Gao et al., 2023; Kashiwada et al.,
2021). Grape seed procyanidin extract also activated the autophos-
phorylation of the insulin receptor to improve glucose uptake using
3T3-L1 and CHO-IR cells (Montagut et al., 2010). Procyanidins with a
high molecular weight seemed to have stronger glucose utilization
(Bowser et al., 2017). It is worth noting that procyanidins regulated
blood glucose in a photoperiod-dependent manner and the administra-
tion of procyanidins at the rest-phase was more effective (Hironao et al.,
2020). It has been confirmed that persimmon tannin suppressed the
differentiation of 3T3-L1 preadipocytes through binding with choles-
terol in lipid rafts, and this inhibitory effect was highly
structure-dependent, in particular, the presence of galloyl moieties and
A-type linkage (Peng et al., 2022; Zhu et al., 2015).

4.4. Impact on the colonic microenvironment

Most proanthocyanidins enter the colon in complete form to act on
gut microbiota, gut barrier, gut hormones and cytokines levels. Ac-
cording to Liu et al. (2022), peanut skin procyanidins supplementation
improved the microbial diversity of mice with streptozotocin
(STZ)-T2DM, recovered Firmicutes/Bacteroidetes ratio, and increased
SCFAs-producing microbiota (Lachnospiraceae NK4A136_group, Allopre-
votella and Faecalibaculum) (Portincasa et al., 2022). Peanut skin pro-
cyanidins also eliminated intestinal inflammation by improving the
growth of Akkermansia and reducing that of Muribaculaceae. Neverthe-
less, different regulation was found in hawthorn procyanidins, such as
the increase in Akkermansia, Bacteroides, Adlercreutzia and the decrease
in Lactobacillus, Bifidobacterium, Blautia, Lachnospiraceae and
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Subdoligranulum (Han et al., 2022). This inconsistency is probably due to
the structural difference of procyanidins originating from different
sources. BLPs relieved glucose and lipid metabolism disorders in obese
mice by sharply decreasing the percentage of endotoxin-producing
bacteria (Desulfovibrionaceae), and enabling distinct bacteria (such as
Peptococcaceae, Clostridiaceae and Desulfovibrio) (Zhang et al., 2022).
Notably, the dose of prodelphinidins determines their alterations on gut
microbiota, 50 mg/kg BW and 100 mg/kg BW persimmon tannin
increased beneficial Bifidobacterium and Lactobacillus, while 200 mg/kg
BW persimmon tannin increased the harmful Escherichia coli and Clos-
tridium (Zhu et al., 2018b). Oligomeric proanthocyanidins strongly
promoted beneficial bacteria, while polymers inhibited harmful bacte-
ria, indicating the mDP impacted their biological activities (Grzelczyk
et al., 2024). Except interacting with gut microbiota, proanthocyanidins
could increase the expression of tight junction proteins and the number
of mucin-secreting goblet cells to reduce intestinal endotoxin transfer
and enhance the gut barrier integrality (Rodriguez-Daza et al., 2020).
Proanthocyanidins also enhance the release of gut hormones (such as
glucagon-like peptide-1, glucose-dependent insulinotropic peptide,
peptide YY, cholecystokinin and ghrelin) by promoting L-cell develop-
ment, which modulates appetite and glucose homeostasis
(Casanova-Marti et al., 2017, 2020). In addition, proanthocyanidins also
protect the gut from inflammation by inhibiting the NF-xB and MAPK
pathway, enhancing the PI3K/Akt pathway, and stimulating antioxidant
defensive mechanisms (Koudoufio et al., 2021). Moreover, proantho-
cyanidins increased the production of short-chain fatty acids, which
maintain intestinal homeostasis (Redondo-Castillejo et al., 2023).
Prolonged exposure of other organs to high glucose conditions may
also cause pathological changes and proanthocyanidins intervention can
effectively prevent and treat complications of T2DM. This generally
contributes to oxidative stress attenuation, cell anti-apoptosis, mito-
chondrial function regulation and inflammation mitigation, such as in
endothelial progenitor cells, retinal pigment epithelial cells and podo-
cytes (Cai et al., 2016; Fan et al., 2021; Li et al., 2022). A cross-over
PRECISE intervention study in 14 participants with an increased risk
of T2DM found that those with bilberry and grape seed extract had
greater decreases in systolic and diastolic ambulatory blood pressure
(—4.8 + 15.5 mmHg and —2.6 + 12.1 mmHg, respectively) than those
with 550 mg of a control extract for 12 weeks, suggesting that
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individuals at risk of T2DM following a habitual bilberry and grape seed
extract intake are more likely to improve cardio metabolism, and indi-
vidual responsiveness is related with the metabolic capability of certain
gut bacterial strains (Grohmann et al., 2023).

As mentioned above, proanthocyanidins are beneficial in preventing
and treating T2DM and its complications through multiple channels,
although the results of different types of proanthocyanidins are incon-
sistent with variation in major targets (Fig. 3). Briefly, proanthocyani-
dins first interact with carbohydrates to diminish their glycemic index
and delay the absorption of carbohydrates by inhibiting digestive en-
zymes and glucose-related transporters in the small intestine. Then,
absorbed proanthocyanidins act as signaling molecules to regulate
glucose metabolism in insulin-targeted tissues (that is, liver, skeletal
muscle and adipose tissue). Unabsorbed proanthocyanidins play a key
role in the large intestine, including gut microbiota regulation, intestinal
barrier enhancement and intestinal hormone secretion promotion.
Meanwhile, insulin synthesis of islets can be directly improved by
proanthocyanidins. The mechanisms underpinning the alleviation of
T2DM-related complications by proanthocyanidins include anti-
oxidation, anti-inflammatory and so on. However, due to the difficulty
in separation and purification, most studies focused on crude extracts of
proanthocyanidins, which contain different types of proanthocyanidins,
impeding the exploration of their structure-activity relationships. The
active sites of different proanthocyanidin components are various, so in
vitro experiments with a single factor are difficult to evaluate their real
activities. Due to the high density of hydroxyl and galloacylation, pro-
delphinidins exhibited stronger activities to regulate glucose and lipid
metabolism. Additionally, bioavailability is another major determinant,
contributing to the hypoglycemic effects of prodelphinidins.

5. Influence of structural features on hypoglycemic
proanthocyanidins

As mentioned above, procyanidins, prodelphinidins and prope-
largonidins possessed varying degrees of hypoglycemic effects due to
differences in structural features, mainly including the mDP, galloacy-
lation at C3, hydroxyl number in B ring and linkage types (Fig. 4). In
terms of the mDP, most studies showed that the inhibition of proan-
thocyanidins on carbohydrate digestive enzymes was positively
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Fig. 3. The role of three different types of proanthocyanidins in blood glucose at the molecular, cellular and organismal levels.
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What is the relationship between structural features and blood glucose regulation?

Linkage type

Ambiguous:

Litchi pericarp: A>B, glucose metabolism

Procyanidin trimers: A>B, inhibition on a-glucosidase

Lotus seedpod: B>A, defend against enterotoxigenic
Escherichia coli infection

Mean degree of polymerization (mDP)

Indeterminacy:
Inhibition on digestive enzymes?:
position relation (most studies)
an optimum range (actually)
Antioxidation, Anti-inflammation, Anti-obesity?:
position relation (theoretically)
relatively low mDP (actually)

hydroxyl number in B ring

Positive relation:
Beneficial for lowering blood glucose
and preventing related complications

H/OH

H/OH

(

Positive relation:

Galloacylation:

Inhibition on digestive enzymes?

Inhibition on glycation endproduct formation t
Antioxidationf

MicroRNA regulation?t

tpid-lom'ng, Anticancer, Neuroprotection, Antivirusf

Fig. 4. Effects of structural features on hypoglycemic proanthocyanidins.

correlated to their mDP because more active sites were able to bind with
enzymes (Xiang et al., 2022; Zhang et al., 2020). Nevertheless, Lee et al.
observed that PPPs with the mDP <3 exhibited stronger inhibitory ac-
tivities against a-glucosidase than PPPs with the mDP >4. Oligomeric
proanthocyanidins could enter the specific cavities and then bind the
enzymes, while polymers interacted with the surface of enzymes but
were distant from the active sites of enzymes (Vazquez-Flores et al.,
2018). Besides, proanthocyanidins are not broad-spectrum inhibitors of
digestive enzymes, and the influence of mDP cannot be generalized
(Quintero-Soto et al., 2021). Whereas the mDP was closely related to
specific bioactivities, proanthocyanidins with an optimum range of mDP
had the best inhibitory activities against certain carbohydrate digestive
enzymes. Theoretically, polymeric proanthocyanidins possess stronger
antioxidant capacity than oligomers, because more hydroxyl groups can
provide protons to neutralize free radicals. Actually, the antioxidation of
oligomeric proanthocyanidins is stronger than polymers in vivo. The
possible reasons for this difference are bioavailability and simplification
of models in vitro (Bowser et al., 2017). Therefore, a growing number of
researchers focused on seeking methods to improve the bioavailability
of proanthocyanidins, and it turned out that oligomers were stronger
antioxidants. Moreover, the bioavailability of proanthocyanidin-derived
metabolites was improved by hydrolysis, which was crucial to the im-
provements in fp-cell function in glucose-intolerant rats according to
Yang et al. (2015). The mDP appears to affect the anti-inflammation of
proanthocyanidins in the same manner. Andersen-Civil et al. (2021)
indicated that proanthocyanidins with medium mDP (9.1) enhanced
inflammatory cytokine responses in murine macrophages, but proan-
thocyanidins with either low (2.6) or high (12.3) mDP were not.
Conversely, polymeric persimmon proanthocyanidins demonstrated
stronger anti-obesity potency than oligomers, probably attributed to
their disturbance of the gut microbiota (Y. Yu et al., 2022). Besides, the
hypoglycemic activity of proanthocyanidins is the result of multiple
factors, and the contribution of mDP to each mechanism varies, so the
influence of mDP should be comprehensively considered from multiple
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levels.

Galloacylation related to the effects of proanthocyanidins has been
observed. Broadly, the presence of galloyl groups is beneficial to the
hypoglycemic effects of proanthocyanidins. Xiang et al. (2022) found
that the inhibitory effects of procyanidins from lotus seedpods on
a-amylase, a-glucosidase and protein tyrosine phosphatase 1 B increased
with the existence of galloyl groups. Proanthocyanidins containing
galloyl groups possessed stronger inhibitory effects against AGE for-
mation and scavenging activity on free radicals (Park et al., 2012). Ac-
cording to Serrano et al. (2016), the galloyl groups of grape seed
proanthocyanidins are responsible for food intake inhibition, suggesting
that proanthocyanidins without galloyl moieties were not as effective as
grape-seed-derived forms. It was reported that the presence of galloyl
groups in proanthocyanidins was helpful to their regulation of micro-
RNA, which was closely related to glucose metabolism (Wang et al.,
2022a). Apart from regulating blood glucose, galloyl groups of proan-
thocyanidins also played an important role in lipid-lowing, anticancer,
neuroprotection and antivirus (Actis-Goretta et al., 2008; Isaacs et al.,
2011; Nie etal., 2017; Zhu et al., 2017). Concerning hydroxyl number in
the B ring, prodelphinidins containing pyrogallol in B ring had higher
antioxidant capacity than that of procyanidins and propelargonidins,
which attributed to their high density of active hydroxyl groups
(Elessawy et al., 2021). Therefore, proanthocyanidins with high density
of active phenolic hydroxyl groups exhibited the strongest
anti-hyperglycemic effect.

Linkage type is another influencing factor of proanthocyanidin ac-
tivities. Li et al. (2016) showed that A-type procyanidins from litchi
pericarp regulated hepatic and muscle glucose metabolism via the
activation of AMPK in diabetic mice more effectively than B-type pro-
cyanidins. A-type procyanidin trimers were reported to have better
inhibitory activity against a-glucosidase than B-type procyanidin tri-
mers (Zhao et al., 2020). Generally, the biological activities of A-type
proanthocyanidins was better than B-type, because spatially stretched
A-type proanthocyanidins exert stronger affinity with deep oxygen
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atoms via hydrogen bonds, thus their membrane-interaction potency
was better than B-type proanthocyanidins (Zhu et al., 2018a). Never-
theless, B-type procyanidin oligomers from lotus seedpod were more
effective in defending against enterotoxigenic Escherichia coli infection
than A-type procyanidin oligomers (Tang et al., 2017). The impacts of
linkage type on the hypoglycemic effects of proanthocyanidins need to
be further explored.

6. Mechanism of dietary proanthocyanidins on blood glucose
homeostasis

Impaired glucose tolerance accelerates atherogenesis, carrying
devastating macrovascular and microvascular complications. Proan-
thocyanidins, catechin-based secondary metabolites of plants, regulate
blood glucose homeostasis in various approaches. Clarifying their mo-
lecular mechanisms is crucial to conceptualize their control on glycemia
and future clinical applications. Ingested proanthocyanidins generally
possess two fates: (1) partial proanthocyanidins are absorbed through
intestinal epithelial cells, and reach various tissues via systemic circu-
lation to function. (2) the rest of proanthocyanidins in a complete form
enter the large intestine and are metabolized by gut microbiota, and
metabolites are absorbed or excreted through feces. The mechanism of
proanthocyanidins on blood glucose homeostasis involves absorption-
dependent and non-absorption-dependent factors, yet their relative
contributions remain obscure (Fig. 5).

In regard to unabsorbed proanthocyanidins, they avoid blood
glucose disorder via coelenteron effects. Proanthocyanidins serve as
inhibitors of digestive enzymes to retard the hydrolysis of carbohydrates
to absorbable monosaccharides. Notably, proanthocyanidins have spe-
cific selectivity on enzymes (Yamashita et al., 2012a). Another mecha-
nism of proanthocyanidins in inhibiting digestion and absorption of
hypoglycemic nutrients is to decrease the impression of glucose trans-
porters in intestinal epithelial cells. Absorbed proanthocyanidins exert
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insulin-like effects on target organs. The liver is a central organ of
glucose metabolism, but insulin resistance, oxidative stress and
inflammation can lead to disorders of glucose and lipid metabolism.
Proanthocyanidins promote glucose uptake by up-regulating the
impression of glucose transporters, such as GLUT2 in the liver. They also
increased the glycolytic gene expressions of phosphofructokinase (PFK)
and pyruvate kinase (PK), and glycogenic gene expressions of p-GSK3p
and GYS2, while gluconeogenic gene expression of PEPCK, G6Pase and
some microRNA were decreased in liver. Furthermore, proanthocyani-
dins regulate impaired insulin (IRS-1-PI3K-Akt), antioxidation (PPAR«
and Nrf2) and anti-inflammation (LPS-TLR4-JNK) signaling pathway
and improve mitochondrial metabolism to avoid lipid accumulation in
the liver. Skeletal muscle is the key organ for non-oxidative glucose
metabolism mediated by insulin, and proanthocyanidins can improve
mitochondrial bioenergetics, enhance fatty acid oxidation, increase
uncoupling protein 2 (UCP2) and energy expenditure-related genes, and
ameliorate oxidative stress and endoplasmic reticulum stress. The main
effects of proanthocyanidins on adipose tissue are the inhibition of
secreting free fatty acids and inflammatory cytokines, involving the
increase in adiponectin and the decrease in NF-kB and inhibitor of kB
kinase. Proanthocyanidins can repair damaged pancreatic islets by
promoting glucose metabolism, scavenging reactive oxygen radicals,
reducing lipotoxicity and degrading islet amyloid. Moreover, microbial
metabolites of proanthocyanidins can be absorbed into the bloodstream
and act on targeted organs to maintain blood glucose homeostasis.
Finally, proanthocyanidins can directly stimulate insulin secretion via
normalization of f cellular structure and increase in the number and
volume of § cells.

Most proanthocyanidins then enter the colon to enhance the intes-
tinal barrier by increasing the impression of tight junction proteins and
the amounts of goblet cells, thereby preventing inflammation induced
by circulating endotoxin. Importantly, proanthocyanidins also improve
the diversity of gut microbiota, increase beneficial bacteria (such as
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short-chain fatty acid (SCFAs)-producing bacteria and phenolic-
metabolizingbacteria) and reduce pathogens. Proanthocyanidins can
stimulate gut L-cells to secrete glucagon-like peptide-1 (GLP-1) which
increases insulin levels in response to carbohydrates and suppresses the
degradation of GLP-1 via dipeptidyl peptidase-IV (DPP-4) (M. Liu et al.,
2023). Additionally, proanthocyanidins maintain intestinal homeostasis
by reducing cytokine levels and stimulating antioxidant defensive
mechanisms. In a word, unabsorbed proanthocyanidins avoid blood
glucose disorder via coelenteron effects, mainly including suppression of
carbohydrate digestion and absorption, stimulation of intestinal hor-
mone secretion, inhibition of endotoxin absorption and improvement of
gut microbiota. Absorbed proanthocyanidins serve as insulin mimetics,
acting on insulin-targeted liver, skeletal muscle and adipose tissue to
alleviate insulin resistance. Besides, absorbed proanthocyanidins can
directly improve p-cell dysfunction to increase insulin secretion.

Hence, unabsorbed proanthocyanidins mainly play roles in the in-
testinal lumen, making them more effective in regulating acute post-
prandial blood glucose rather than fasting blood glucose and preventing
the occurrence of T2DM, but absorbed proanthocyanidins are more
stable for long-term treatment of T2DM and its complications. Besides,
most research indicated that the administration of proanthocyanidins in
a daily bolus was more effective than when given with food in treating
high-fat diet-induced T2DM.

7. Conclusion and future prospectives

Increasing proanthocyanidins consumption is a promising diet
therapy in the regulation of blood glucose homeostasis. Most proan-
thocyanidins possess extremely low bioavailability and ameliorate high
blood glucose by luminal effects: (1) inhibit digestive enzyme activities
to reduce the absorption of carbohydrates; (2) improve the diversity of
gut microbiota, increase beneficial bacteria (such as short-chain fatty
acid (SCFAs)-producing bacteria and phenolic-metabolizing bacteria)
and reduce pathogens; (3) reduce circulating endotoxin levels to protect
the intestinal barrier function and inhibit inflammation caused by leaky
gut. A few absorbed proanthocyanidins exert insulin-like effects in the
liver, skeletal muscle and other peripheral tissue. Proanthocyanidins
from various sources possess different structures, but even minor vari-
ations in structures influence their regulation of blood glucose. Prodel-
phinidin gallates exhibited the strongest anti-hyperglycemic effect than
others, due to their galloacylation at C3 and a large number of hydroxyl
groups in the B ring. The mDP and linkage type should be comprehen-
sively considered from multiple levels. Besides, the source, intake dose,
intake time and selection of research models should be considered. Here
are some prospects.

(1) Owing to the difficulty in separation and purification, most
studies focused on the mixtures of proanthocyanidins, hindering
the exploration of their structure-activity relationships. So future
studies should emphasize the purification of pure proanthocya-
nidins from extracts for further research.

The contributions of diverse proanthocyanidins on different ac-
tion sites are different. Although in vivo experiments can effec-
tively evaluate the bioactivities of proanthocyanidins, in vitro
experiments with a single factor are difficult to achieve, and a
reliable in vitro evaluation system is needed in the future.

Given the various mechanisms of proanthocyanidins, the utility
of co-administration of different proanthocyanidins with
differing structural features, or proanthocyanidins with diverse
mechanisms has yet to be explored and holds promise as a ther-
apeutic strategy across several blood glucose disorders.

The regulation of proanthocyanidins on blood glucose homeo-
stasis remarkably differs based on dietary structure and individ-
ual physique, so a personalized guide for the proanthocyanidins
intake should be considered in the future.

(2)

(3)

(€))
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