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ABSTRACT: Anthocyanins, the red-orange to blue-violet colorants present in fruits, vegetables, and tubers, have antidiabetic
properties expressed via modulating energy metabolism, inflammation, and gut microbiota. Acylation of the glycosyl moieties of
anthocyanins alters the physicochemical properties of anthocyanins and improves their stability. Thus, acylated anthocyanins with
probiotic-like property and lower bioavailability are likely to have different biological effects from nonacylated anthocyanins on
diabetes. This work highlights recent findings on the antidiabetic effects of acylated anthocyanins from the perspectives of energy
metabolism, inflammation, and gut microbiota compared to the nonacylated anthocyanins and particularly emphasizes the cellular
and molecular mechanisms associated with the beneficial effects of these bioactive molecules, providing a new perspective to explore
the different biological effects induced by structurally different anthocyanins. Acylated anthocyanins may have greater modulating
effects on energy metabolism, inflammation, and gut microbiota in type 2 diabetes compared to nonacylated anthocyanins.
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1. INTRODUCTION acylated anthocyanins are naturally present in dark-colored
vegetables and tubers. Earlier reviews have concluded that
anthocyanins modulate energy homeostasis, inflammation, and
gut microbiota in T2D."*~'* However, these reviews have only
focused on the nonacylated anthocyanins. Although there are
also reviews comparing the postprandial carbohydrate
metabolism between acylated and nonacylated anthocyanins,'®
there is limited information on how structurally different
anthocyanins vary in their antidiabetic effects. This review
summarizes the effects of acylated anthocyanins on energy
homeostasis, inflammation, and gut microbiota in T2D and
discusses the differences in the antidiabetic metabolism
between acylated and nonacylated anthocyanins.

Type 2 diabetes (T2D) is a disorder characterized by chronic
hyperglycemia that results from impairments in insulin
resistance and/or secretion. In T2D, impaired insulin function
increases plasma glucose, nonesterified fatty acids, and
branched-chain amino acids, which causes the defected energy
metabolism and shifts energy metabolism from carbohydrate
catabolism to fatty acid oxidation due to impaired insulin-
stimulated glucose disposal.’ Insulin resistance is often
accompanied by low-grade and chronic inflammation.” In
T2D, high-calorie intake, such as a high-fat diet, can trigger
dysbiosis of gut microbiota and damage in the gut barrier, and
subsequently induced endotoxemia, further aggravating insulin
resistance and inflammation.” Besides genetic predisposition,

also an unhealthy lifestyle can contribute to the development 2. NONACYLATED VS ACYLATED ANTHOCYANINS:
of T2D." Healthy food can be a choice for the prevention and STRUCTURE, STABILITY, AND BIOAVAILABILITY

management of T2D."

Anthocyanins, as a class of polyphenols giving red-orange to
blue-violet colors in plants, have antioxidant and anti-
inflammatory properties and can also positively affect energy
homeostasis and gut health.” These properties originate from
radical scavenging properties, inhibition of carbohydrate
digestion enzymes, and complex anthocyanin-gut microbiota
interactions.”

Acylation of the sugar moiety of anthocyanins alters their

Hundreds of different anthocyanins are known to occur
naturally. Their structural diversity arises from the number and
the position of the sugar moieties in the aglycones and acyl
groups in the sugar moieties and the hydroxylation of
aglycones. Cyanidin, petunidin, pelargonidin, delphinidin,
peonidin, and malvidin are the six most common aglycones
(anthocyanidins) (Figure 1A).

i : AGRICUETURAL 1o
physicochemical properties. Compared to nonacylated antho- Received: Angust 23, 2022 OB CHEMI TiY
Revised:  November 28, 2022 W

cyanins, acylated anthocyanins are more stable. For example, :
acylated anthocyanins have shown more resistance to changes Accepted: November 28, 2022 Q\

in heat, pH, and light, stronger potential to inhibit lipid Published: December 14, 2022 vl
peroxidation, and higher antioxidant activity.” Berries are a -
major dietary source of nonacylated anthocyanins,” while

© 2022 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.jafc.2c05879

v ACS PUblicatiOnS 1002 J. Agric. Food Chem. 2023, 71, 10021017


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maaria+Katariina+Kortesniemi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaisa+Marjut+Linderborg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baoru+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.2c05879&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c05879?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c05879?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c05879?goto=recommendations&?ref=pdf
https://pubs.acs.org/toc/jafcau/71/2?ref=pdf
https://pubs.acs.org/toc/jafcau/71/2?ref=pdf
https://pubs.acs.org/toc/jafcau/71/2?ref=pdf
https://pubs.acs.org/toc/jafcau/71/2?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jafc.2c05879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

A B

Anthocyanidin

OH

Aglycone ) R1 R2

Pelargonidin H H

Cyanidin OH H

Peonidin OMe H

Delphinidin OH OH

Petunidin OMe OH

Malvidin OMe OMe

C D

Anthocyanidin

o Sugar moiety(ies)

l 9 Acyl group

Anthocyanidin

! [ r Sugar moiety(ies)

OH

HO'

Figure 1. Structures of common anthocyanins. An example of nonacylated and acylated anthocyanins. Glucose is attached to the C3 position of
anthocyanidin (A) to form nonacylated anthocyanin (B). Based on nonacylated anthocyanin, p-coumaric acid is acylated with a glucose residue at
the C6 position to form acylated anthocyanin (C). Malvidin-3-O-glucoside (D). Petunidin-3-O-[6-O-(4-O-E-p-coumaroyl-O-a-L-thamnopyr-
anosyl)-f-p-glucopyranoside]-S-O-f-p-glucopyranoside (E), adapted with permission from ref 105. Copyright 2003 Elsevier.

The sugar moieties attached to aglycones of anthocyanin can
be acylated with organic acids by plant enzymes (Figure 1B,C).
Examples of specific nonacylated anthocyanins in bilberry
(Vaccinium myrtillus) (malvidin-3-O-glucoside) and acylated
anthocyanins (petunidin-3-0-[6-0O-(4-0-E-p-coumaroyl-O-a-L-
rhamnopyranosyl)-f-p-glucopyranoside]-S-O-f-p-glucopyra-
noside) in purple potato are shown in Figure 1D,E,
respectively. Common acyl groups include hydroxycinnamic
acids and aliphatic acids. Multiple acyl groups can be found in
the same molecules, such as in poly acylated anthocyanins.
Acylated anthocyanins are abundant in purple-fleshed potato
(Solanum tuberosum), purple sweet potato (Ipomoea batatas),
red radish (Raphanus sativus), purple carrot (Daucus carota),
and red cabbage (Brassica oleracea) as reviewed elsewhere.'®

Acylation of plant secondary metabolites plays an important
role in their physicochemical properties and biological
activity.'” In plants, anthocyanin acyltransferases (ACT) are
responsible for the acylation process of anthocyanins.'” The
two main types of ACT's have been classified based on the acyl

1003

group donors: acyl-activated sugar and acyl-CoA as acyl group
donors."”

The polarity of anthocyanins is decreased by glycosyl
acylation, and the vulnerability of the flavylium cation to a
nucleophilic attack by water is also decreased by stacking the
acyl groups with the pyrylium ring.'® The hydrophilic initiation
of the interaction between anthocyanins and their membrane
carriers (bilitranslocase) during absorption is inhibited by the
steric hindrance effect of acylated anthocyanins.'®

The conjugated carbon—carbon double bonds in aromatic
acyl groups can donate electrons and absorb light energy,
which contribute to the stability of anthocyanins under light
irradiation.'” Acylation of anthocyanin can substantially
improve the resistance of acylated anthocyanins to a variety
of physicochemical and biochemical factors (e.g, pH, heat,
light, oxidation, and gastrointestinal digestion).m Anthocya-
nins in colored plant organs can be used as alternatives for
synthetic colorants, in which acylated anthocyanins primarily
contribute the stable colorations.”’ The acylated anthocyanins
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from red cabbage have shown more stability to heating at 80
°C and changes in pH than the nonacylated anthocyanins in
grape skin, black currant, and elderberry extracts.”” Acylated
anthocyanins have shown to be more stable under direct
exposure to sunlight than the nonacylated anthocyanins in fruit
juices,”” and the acylated anthocyanins synthesized by lipase-
catalyzed transesterification have also shown to be more stable
under illumination with white fluorescent light compared to
the corresponding nonacylated glucosides.”* A recent study has
shown that enzymatic acylation of delphinidin-3-O-glucoside,
delphinidin-3-O-rutinoside, cyanidin-3-O-glucoside, and cyani-
din-3-O-rutinoside with lauric acid (12:0) significantly
improved the anthocyanins’ thermostability, antioxidant
activity, and capacity to inhibit lipid peroxidation.”® Acylated
anthocyanins from purple yam (Dioscorea alata) have exhibited
a higher level of antioxidant activity than the corresponding
nonacylated anthocyanins from the same source, for example,
acylated anthocyanin cyanidin-3-O-(6-O-(6-O-(E)-sinapoyl-f-
p-glucopyranosyl)-f-p-glucopyranosyl)-7-O-(6-O-(E)-sinapo-
yl-B-p-glucopyranosyl)-2'-O-(f-p-glucopyranosyl) has shown
five times higher antioxidant activity compared to nonacylated
anthocyanin cyanidin-3-O-(6-O-f-p-glucopyranosyl)-f-p-glu-
copyranosyl) in vitro.

When discussing the biological impacts of anthocyanins, it is
important to address their bioavailability.'® Dietary anthocya-
nins are metabolized by phase I and phase II enzymes to
produce phenolic acids and their conjugates after bein
absorbed into enterocytes as intact glycosides or aglycones.”
Up to 65% of dietary anthocyanins are not absorbed in the
stomach and upper intestine,' so they pass through to the
colon and are degraded extensively by gut microorganisms.
This process sha;)es the gut microbiota profile and gut
metabolic profile.”

As systematically reviewed by Jokioja et al,'® acylated
anthocyanins have lower transport efficiency, higher resistance
to digestion, and higher susceptibility to fermentation by gut
microbiota than nonacylated anthocyanins. In a bioavailability
study, acylated anthocyanins from purple-fleshed sweet potato
have shown lower bioavailability compared to nonacylated
anthocyanins from red wine under simulated digestion
conditions in vitro, with a degradation percenta§e of about
30% and 45% at the intestinal level, respectively.”® A clinical
bioavailability study has shown an 11—14-fold lower recovery
of acylated anthocyanins in urine and an 8—14-fold lower
concentration in plasma compared to their nonacylated forms,
using purple carrots as the source of nonacylated and acylated
anthocyanins.”” A similar finding of acylated anthocyanins
having lower transport efficiency than nonacylated anthocya-
nins has also been observed in a transepithelial transport
experiment based on the intestinal Caco-2 cell line model.”’ In
addition, a recent research study has shown that the absorption
efficiency (in gastric epithelial cells) of two acylated
anthocyanins (peonidin-3-(6’-hydroxybenzoyl)-sophoroside-
S-glucoside and peonidin-3-(6’-hydroxybenzoyl-6”-caffeoyl)-
sophoroside-S-glucoside) purified from purple sweet potato
was 3120—30% lower than nonacylated malvidin-3-O-gluco-
side.’

Lower absorption efficiency of acylated and nonacylated
anthocyanins has been seen when the glucose transporters
GLUT1 and GLUT3 were blocked, suggesting that GLUT1
and GLUT3 were involved in anthocyanin absorption.”’ A
computational study comparing the affinity of acylated
anthocyanin malvidin 3-O-(6-O-coumaroyl)-glucoside-S-O-
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glucoside with nonacylated anthocyanin malvidin 3,5-O-
diglucoside to GLUTI1 and GLUT3 showed acylated
anthocyanin had stronger affinity to GLUT3 and the
nonacylated anthocyanin had stronger affinity to GLUT1.”

Acylated anthocyanins may be more readily degraded by the
gut microbiota in the gut. The fecal total anthocyanin content
has been shown to increase by more than 10-fold after
antibiotic treatment to knock down the gut microbiota in
obese rats fed with a Concord grape supplement rich in
acylated anthocyanins for 8 weeks.”” This change was greater
than that observed in obese rats fed with an equivalent dose of
nonacylated anthocyanins in berries.”> Acylated anthocyanin
cyanidin-3-(6"'-malonyl)-glucoside is likely to be more readily
available for degradation by gut microbiota than its non-
acylated form since the ratio between these two anthocyanins
in the cecal contents in rats has been observed to shift to favor
the nonacylated anthocyanin when compared to the ratio in
the original food, red orange juice.3

3. NONACYLATED VS ACYLATED ANTHOCYANINS:
EFFECTS ON TYPE 2 DIABETES

The antidiabetic properties of anthocyanins in nonacylated
form have been reviewed extensively.”>”""'>'>*” The effects
on energy metabolism, inflammation, and gut microbiota
include (1) inhibition of digestive enzymes; (2) modulation of
adenosine monophosphate-activated protein kinase (AMPK)
activation and AMPK-mediated GLUT4 expression and
translocation; (3) suppression of peroxisome proliferator-
activated receptor gamma (PPARy) and activation of
phosphoinositide 3 kinase/protein kinase B (PI3K/AKT)-
mediated energy metabolism; (4) suppression of nuclear factor
kB (NF-xB) activation and downstream of inflammatory
cytokines expression such as interleukins IL-1$ and IL-6; and
(5) activation of nuclear factor erythroid 2-related factor 2
(Nrf2). Recent studies on the antidiabetic effects of acylated
anthocyanins and nonacylated anthocyanins are summarized in
Tables 1 and 2 and reviewed in detail in the subsequent
sections.

3.1. Inhibition of Carbohydrate Digestion Enzymes.
Anthocyanins from plants are known to inhibit a-glucosidase
and a-amylase, the key enzymes responsible for the digestion
of dietary carbohydrates to glucose.'® Recent developments in
structure-based design and computational techniques have
shown that, out of 665 monomeric anthocyanins (nonacylated
anthocyanins), pelargonidin-3-O-rutinoside and malvidin-3-O-
arabinoside have the lowest binding energies with human
pancreatic amylase and to interact with its amino acid residues
(Asp197 and Glu233) through hydrogen bonds, thereby
limiting its catalytic mechanism.” Also, acylated anthocyanin
extracts of purple potatoes and purple carrots have been
reported to decrease the intestinal glucose uptake in a
gastrointestinal model.*

A recent metabolomic study has shown cecal sugar levels
(glucose, arabinose, galactose, xylose) were higher in rats fed
with acylated anthocyanin extract (from purple potato, S.
tuberosum var. “Synkea Sakari”) and nonacylated anthocyanin
extracts (from bilberry), with the acylated anthocyanin extract
fed group showing the highest levels of those sugars, and the
inhibition of digestive enzymes by anthocyanins might
contribute to this result.’” Acylated anthocyanins have been
observed to have more potent inhibitory effects on a-
glucosidase and @-amylase than nonacylated ones.”**” An in
vitro study comparing the inhibitory effect of nonacylated
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EXgEN anthocyanins fraction (547.94 + 0.88 mg/g) from berries,
3 g ég 4 monoacylated anthocyanins fraction (322.64 + 4.84 mg/g)
g . 5205 o from purple sweet potatoes, and diacylated anthocyanins
E g g8 §4§ g fraction (541.00 + 7.06 mg/g) from purple sweet potatoes
g £ =i ‘g 8 against a-glucosidase and a-amylase has shown that diacylated
5 g - 5 2 5 2 anthocyanins had the most potent inhibitory effect on these
P g = E & & g two enzymes.”” The inhibitory activity of the diacylated
g 5 L5 2 E e anthocyanins fraction on a-glucosidase is comparable to that of
% g 20 35 - ’g acarbose, one of the antidiabetic medications to decrease the
[ B L] . . . . .
] é é § - digestion and absorption of carbohydrates.”” Feeding this
] g = Som B g ET diacylated anthocyanins fraction to SD rats has significantly
~ 2 C - 17
¥oE = gY0SH decreased blood glucose level by 20.5% after a standard meal
52 2 g8 g & administration containing starch.”” The most potent inhibitory
g v 3 Sz F'% 82 2 £ activity of diacylated anthocyanins to a-glucosidase might be
2 3 a 2} [~ . . . . . .
& g £ o = ££5¢¢2 due to the higher affinity to certain key enzyme binding sites.’”
23] g =3 O - s g - oy . . . .
s & 5 a2 A % g o Moreover, protein-anthocyanin binding can prevent acylated
b= é 5 £ § 252 s anthocyanins from degrading, increasing their antioxidant
< — 2 — _— . . . B .
¥, 3 ) 00—5 N activity.”” The inhibitory effect of monoacylated anthocyanins
= o 7 > S~ . .. .
5 R e g ol s to a-glucosidase was, however, not significantly different from
s E 5 g @’; g £ ‘é‘“é E nonacylated anthocyanins, possibly because of a lower
2T S g SEERTS .39
g3 < g TR0 & = concentration.
0 fae] g g 1 . . .
—g% g o & & g:w;j% g_g 3.2. Modulation of Energy Metabolism. The energy
=] 8 3 . . .
e 9 §8-= 0 2 B %o 2 metabolism is regulated by a number of kinases systems and
= = 2 & o =
g RS = % % JL? g9 ‘; related pathways, such as AMPK and PI3K/AKT pathways,
sEE EEE VM EaEgs s hich are the pri fectors i bolic st
25 E 28% g£52¢£¢ which are the primary effectors in response to metabolic stress
f e z ;: 9 ol i —§ 2 b= % and crucial to energy metabolism and have been considered as
L - . . . . .
%E k § g% ER R therapeutic targets in metabolic syndrome, especially diabe-
50 g 28 E S %}E\g e tes.”! PI3K/AKT, which controls energy metabolism and cell
R *g go% g g é differentiation, proliferation, motility, and survival, can be
g = ‘§ 2 E;fc'd 2 activated by both exogenous and endogenous stimuli such as
e 55 o ¥ g environmental stresses, insulin, growth hormones, and
ED §: Y g %7‘ cytokines.”"** Adipocytokines and several physiological
S m% g Et 5 factors, such as oxidative stress, hypoxia, glucose deprivation,
N > 172) < . .
& ig Bes g and muscle contraction, can activate AMPK pathway.*"**
3 a =5 é E\ 2 AKT and AMPK have been reported to activated by both
s % 35 % good g types of anthocyanins in T2D (Tables 1 and 2). The PI3K/
g _;.g g §of-‘§ g < E g AKT pathway is necessary for insulin-dependent regulation of
g ¢ R § ) = g glucose and lipid metabolisms by regulating gluconeogenesis
=% 4 5 . .
3 g~ &g 5 LED 3 ks (FOXO1, Forkhead box protein O1), glycogen synthesis
o ~ < .
3 "égo 8‘3-5 C{ T gz (GSK3p, glycogen synthase kinase 3/), and glucose uptake
2 g 5 5208 8¢% (TBC1D4, TBC1 domain family member 4).*""** The AMPK
5 £ 28 3
2 :;5 Ts e pathway also participates in glucose and lipid metabolisms
23 TE" % e ‘:: 58 such as inhibiting glycogen synthesis (GYS1, muscle glycogen
@) -t . L8 E°8 synthase) and lipogenesis (ACC, acetyl-CoA carboxylase «),
= 83 E9xa s g s ;
E &5 Eg2 = g e activating glucose uptake (AS160, a substrate for the protein
& %,,‘,)rg £ ?g 2 Téf g kinase AKT that links insulin signaling and GLUT4
F‘E E? 2 i é s E '% trafficking), and enhancing f-oxidation (MCD, malonyl-CoA
9] i°]
E SE . BB JES decarboxylase,).*'
= & fé RS <SS = g %f - Since the liver and muscle are the main energy expenditure
LR ) }g = organs, the energy metabolism-regulatory effects of the two
- = 39 % g & types of anthocyanins on the liver and muscle are presented in
§ § < J gé ;,) g this review. Similar to nonacylated anthocyanins, we found
5 = g\% £ ,‘_’:gg feeding acylated anthocyanin extracts for 12—32 weeks (at
2 E :“-: 8 é‘f‘é ZREN daily doses of 200—700 mg/kg body weight) to streptozotocin-
El & E TE9 T £ 2 or high-fat diet-induced diabetic animal models have shown
g < a 523508 hypoglycemic effects by modulating hepatic AKT**** and
¢ £ g £ £9 . 29, > 46—49 - .
e & £ E % % S¢% hepatic AMPK. Activation of ACC mediated by AMPK
£ g 5 S<Y a2 5 contributing to lipid synthesis and suppression of glucose 6-
= g g oy 2R R .
g £ £, E fsgesk phosphatase (G6pase) and phosphoenolpyruvate carboxykinase
° 3 VS E T oo 25 (PEPCK) mediated by PI3K/AKT leading to gluconeogenesis
. & é: oy 58 = 2 s % were observed by the intervention of nonacylated anthocyanin
= £ g £ 3 g*’é 2 8 g2 extract from berries or acylated anthocyanin extract from
H < < S RACE N purple sweet potatoes (Tables 1 and 2).*~*’ Mice fed with a
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high-fat diet and purple sweet potato acylated anthocyanin
extract for 4 weeks at a daily dose of 200 mg/kg body weight
have shown a decreased serum glucose by ca. 30% and induced
hepatic phosphorylation of AMPK and ACC compared to the
obese mice.”’ Similarly, feeding mice with high-fat diet
containing nonacylated anthocyanin extract from honeyberry
(Lonicera caerulea) predominant in cyanidin-3-O-glucoside has
induced hepatic phosphorylation of ACC and AMPK.”" The
db/db diabetic mice fed with mulberry (Morus alba)
nonacylated anthocyanin extract for 2 weeks had decreased
blood glucose levels by ca. 35% and induced hepatic activation
of AKT as well as upregulated G6pase and PEPCK levels.”” A
study found that intervention of purple sweet potato acylated
anthocyanin extract fed to high-fat diet-induced obese mice for
S weeks has activated IRS-1 (Insulin receptor substrate 1)/
PI3K/AKT pathway and contributed to the hypoglycemic
effect (ca. 30% decrease in blood glucose).45 Feeding acylated
anthocyanin extract from purple sweet potato for 4 weeks at a
daily dose of 500 mg/kg body weight to diabetic mice induced
by high-fat diet and STZ induced the AKT pathway and
increased hepatic levels of PEPCK and G6pase, which led to
ca. 35% blood glucose decrease in the treatment group.**
Acylated anthocyanins from black goji berry (Lycium
ruthenicum) upregulated hepatic activation of AKT and gene
expression of GLUT4, G6pase, and PEPCK in obese mice,
which reversed glucose levels in normal healthy mice.”
Compared to the liver, the regulating influence of
anthocyanins on energy metabolism in muscles has received
less attention. Feeding a diet containing 2.7% (w/w)
nonacylated anthocyanin extract from bilberry to KK-AY
diabetic mice for 5 weeks decreased blood glucose levels ca.
30% and activated AMPK in skeletal muscle, the liver, and
adipose tissue.”” Purple corn (Zea mays) anthocyanin extract
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containing both nonacylated and acylated anthocyanins fed to
db/db diabetic mice at a daily dose of 10 or 50 mg/kg body
weight for 8 weeks reversed the blood glucose to normal levels
and increased muscle GLUT4 gene expressions."® Mulberry
nonacylated anthocyanin extract fed to db/db diabetic mice for
2 weeks has shown both activated AKT and AMPK and
increased GLUT# level in skeletal muscle.>”

However, nonacylated and acylated anthocyanins might not
always activate AMPK and AKT to the same extent or activate
the same downstream effectors. A single oral dosage of an
acylated anthocyanin extract from purple carrot and an
equivalent dose of two nonacylated anthocyanins (delphini-
din-3-O-rutinoside and cyanidin-3-O-glycoside, 1 mg/kg body
weight) have been used to assess their capacities to
phosphorylate AKT phosphorylation in the aorta.”* As
compared to the other two nonacylated anthocyanins, acylated
anthocyanin extract has exhibited a higher level of AKT
phosphorylation.>* This result suggests acylated anthocyanins
might play a better role in regulating AKT phosphorylation in
T2D (Figure 2). A common downstream target of AKT and
AMPK is TBCID1 which regulates the translocation of
GLUT4, lipogenesis, and insulin resistance in T2D.>>%¢
Feeding acylated anthocyanin extract from purple potato
(var. “Synkea Sakari”) at a daily dose of 50 mg/kg body weight
for 8 weeks to Zucker diabetic fatty (ZDF) rats decreased
hepatic gene expression of the TBCIDI and G6pc as well as
plasma gluconeogenic substrate glycerol; however, nonacylated
anthocyanin extract from bilberry did not show similar
results.”” The purple potato acylated anthocyanins extract,
but not the bilberry nonacylated anthocyanins extract, reversed
the increased plasma (systemic) glycolysis fluxes in ZDF rats,>®
while both types of anthocyanins extracts decreased hepatic
glycolysis fluxes.”” Although a decrease in hepatic glycolysis
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fluxes by both types of anthocyanin extracts has been observed,
the impact of the two types of anthocyanins might have been
due to different metabolism pathways since nonacylated
anthocyanin extract increased gene expression of hepatic
glucokinase, indicating its potential role as a glucokinase
activator, while acylated anthocyanin extract decreased the
hepatic expression of pyruvate kinase gene (Pklr type).”’
However, contrary results have been reported showing that
purple sweet potato acylated anthocyanin extract increased
hepatic gene expression of pyruvate kinase (Pkm type) and
phosphofructokinase (Pfk type) in a high-fat diet and STZ-
induced diabetic mice.* This difference might be due to the
different animal models used in these two studies and/or the
different acylated anthocyanin composition in purple potato
(var. “Synkea Sakari”, mainly monoacylated anthocyanins) and
purple sweet potato (mainly diacylated anthocyanins).

Other potential different antidiabetic targets between
acylated and nonacylated anthocyanins might also play a role
in the observed antidiabetic effects due to the structural
difference between the two types of anthocyanins. Glycerol-sn-
3-phosphate acyltransferase (GPAT) can produce phosphatidic
acid which is the precursor of triglyceride and glycerophos-
pholipids from acyl-CoA and glycerol-3-phosphate. Suppres-
sion of GPAT1 by nonacylated anthocyanins has been
frequently observed, for which the potential mechanism
might be PPARy/ PKC-mediated.>™®° Although both f types
of anthocyanins have demonstrated cholesterol- and TAG-
lowering effects in animal models and human, acylated
anthocyanins have not been proven to work via this
route, 166162

3.3. Modulation of Inflammation. Insulin resistance in
T2D has been attributed to low-grade and chronic
1nﬂammat1on in the liver, skeletal muscles, and adipose
tissue.” Thus, preventing inflammation can be an important
strategy to manage insulin resistance in diabetes.

This low-grade and chronic inflammation is referred as
“para-inflammation”, describing the immune responses where
sustained tissue malfunction and stress are induced by a variety
of factors, such as reactive oxygen species (ROS), advanced
glycation end products (AGEs), and oxidized lipoproteins.®*
ROS produced by phagocytes can oxidize and degrade
lipoproteins to pro-inflammatory products.”” AGEs can
accumulate under pro-oxidative status (such as aging) and
hyperglycemia (such as diabetes).” Para-inflammation may
result in maladaptive chronic nonresolving immune activation,
inhibition of insulin s1gnahng pathways, and the development
of insulin resistance.”” Moreover, para-inflammation has been
associated with overfeeding or consumption of high-energy
food. When caloric intake exceeds the energy expenditure,
overloaded tricarboxylic acid cycle intermediates cause an
excessive amount of mitochondrial NADH (mtNADH) and
ROS. When the excess of mtNADH cannot be handled by
oxidative phosphorylation, the mitochondrial proton gradient
increases, and electrons are transferred to oxygen, resulting in
the formation of free radlcals, which might induce inflamma-
tion and insulin resistance.”> Oxidative stress induced by high
caloric intake can activate NF-kB and release of its downstream
pro-inflammatory cytokines.® Consumption of a high-fat diet
has been reported to lead to the activation of circulating and
adipose immune cells via Toll-like receptor 4 (TLR4)
signaling, causing the subsequent release of pro-inflammatory
cytokines.”> The inflammation involved in adipose tissue
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recruitment of pro-inflammatory M1 macrophages, which
partly contributes to insulin resistance.’

According to a pharmacological review, NF-kB is the mam
cause of inflammatory-induced insulin resistance in diabetes.’”
NF-kB, a nuclear transcription factor, is a crucial regulator of
inflammatory and immunological responses that could be
triggered by a variety of proinflammatory stimuli and oxidative
stress, such as cytokines, free radicals, AGEs, and bacterial or
viral antigens. The downstream effects include the expression
of proinflammatory cytokines (IL-6, TNF-a, IL-1, IL-2, etc.),
chemokines (MCP1, IL-8, etc.), immunoreceptors, acute phase
proteins, cell adhesion molecules (VCAM-], vascular cell
adhesion molecule-l), growth factors, and inducible enzymes
including inducible nitric oxide synthase (iNOS) and cyclo-
oxygenase-2 (COX-2).”” The function of NF-kB is controlled
by inhibitors of NF-xB (IkB). The deactwated form of NF-xB
interacts with IxB proteins in cytoplasm.®” Pro-inflammatory
signals can activate IkB kinase (IKK) to degrade IkB proteins
and release NF-xB p65/pS0 heterodimer for nuclear trans-
location.®® Ikk* ob/ob mice with lower IKKf expression have
been shown to be protected from the development of insulin
resistance.”” JNKs (JUN N-terminal kinases) are also
important to insulin resistance due to their pro-inflammatory
role, the JNK pathway is overactive in the muscle, liver, and
adipose tissue in T2D, while blocking the JNK pathway has
been reported to protect against insulin resistance.”’

Both acylated anthocyanins and nonacylated anthocyanins
have been shown to decrease activation of NF-«B, JNKs and
reduce their downstream pro-inflammatory effects in T2D.”'
Amelioration of inflammation by anthocyanins has suggested
improved insulin resistance and glucose metabolism in
diabetes.”' Oral administration of anthocyanin extracts from
purple rice (predominantly cyanidin-3-glucoside) at a daily
dose of 700 mg/kg body weight for 4 weeks to STZ-induced
diabetic mice has shown decreased levels of blood glucose (ca.
13%), phosphorylated IKKf, and COX-2 and IL-6 in the
heart.”" Feeding diets containing 8% wild blueberry (Vaccinium
angustifolium) powder to ZDF rats for 8 weeks downregulated
NF-xB p50, TNF-a, and IL-6 expression in abdominal adipose
tissue and liver.”> Supplementation of a diet containing 0.2%
nonacylated anthocyanin cyanidin-3-O-glucoside to high-fat
diet-induced and db/db diabetic mice for 5 weeks has shown a
decreased blood glucose level by 20% and mitigated pro-
inflammatory cytokines and insulin resistance, by regulating
the JNK pathway.”

Supplementation of a daily dose of 700 mg/kg body weight
acylated anthocyanin extract from purple sweet potato for 20
weeks has shown improvement of hepatic IRS-1/PI3k/AKT
insulin signaling pathway and less actlvatlon of JNK1 and
IKKf in high-fat diet-induced obese mice.* Supplementation
of daily dose of 700 mg/kg body weight acylated anthocyanin
extract from purple sweet potato for 20 weeks decreased blood
glucose to the normal level and inhibited the NF-xB p65
nuclear translocation and nucleotide oligomerization domain
proteinl/2 (NOD1/2) signaling as well as the downstream
inflammatory cytokines expression (IL-1§ and IL-6, etc.) in
high-fat diet-induced diabetic mice.”* Feeding acylated
anthocyanin extract from black goji berry to mice with
atherosclerosis has shown a lower arterial NF-kxB p65 and
VCAM-1 expression, plasma IL-1§, and TNF-a level, and
hepatic CYP7A1 and SREBP-2 level.”> Both acylated and
nonacylated anthocyanins have been reported to alleviate NF-
kB through downregulating TLR4 (Figure 2).>"!
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Although studies comparing acylated and nonacylated
anthocyanins in terms of their ability to inhibit the NF-xB
pathway have not been published, one study compared the
effects of five structurally different anthocyanins on AGEs
formation which can induce the NF-kB pro-inflammatory
pathway.”® Petunidin-3-rutinoside-(coumaroyl)-5-glucoside, an
acylated anthocyanin, was found to have the strongest anti-
AGEs formation effects by slowing the glycation progression,
followed by diglycosides of anthocyanidins (delphinidin-3-
sambubioside and cyanidin-3-sophoroside) and then mono-
glycoside of anthocyanidins delphinidin-3-glucoside and
(pelargonidin-3-glucoside),”® demonstrating that acylated
anthocyanins may be more effective at suppressing NF-«xB
activation than nonacylated anthocyanins.

The impact of acylated anthocyanins from different dietary
sources on inflammatory pathways may also differ. An in vitro
study has shown acylated anthocyanin-rich extracts from
purple carrots and purple potatoes suppressed lipopolysac-
charide (LPS)-induced phosphorylation of JNK and IkBa in
mucosal innate immune cells with purple potato anthocyanins
extract showing more efficiency.”” Another study has
compared the effect of acylated anthocyanin extract from
purple potato (var. “Synkei Sakari”) and nonacylated
anthocyanin extract from bilberry on hepatic transcriptomic
profile in high-fat diet-induced ZDF rats.”” Only the potato
anthocyanin extract decreased the AP-1 (a transcriptional
regulator, activator protein 1) level and IL-1f production,
which are downstream effectors of JNK.>

Nif2 is a transcription factor that regulates antioxidant
protein production and protects against oxidative damage
caused by inflammation or injury.”' Nonacylated anthocyanins
have been shown to activate Nrf2 in HepG2 cell line and
different organs of obese and diabetic animals.'>*""® Acylated
anthocyanin fraction of purple sweet potato has not affected
Nrf2 activation in Huh-7 cells,”” and this effect has not been
accessed in vivo.

3.4. Effect on Gut Microbiota. The human gastro-
intestinal tract has the largest interface (250—400 m?) between
the environmental factors and the host. The human gastro-
intestinal tract harbors at least 10'* bacterial cells belonging to
over 1000 bacterial species.”” The genome of those bacteria
has been estimated to include over 3.3 million genes, which is
150 times more compared to the human genome.®” The gut
microbiota has been reported to have impacts on the digestion,
regulation of metabolic pathways, and innate and adaptive
immunity.80

The dynamics of the gut microbiota profile is influenced by
genetic factors, lifestyle, drugs (especially antibiotics), and
dietary habits.*" Host-symbiotic interactions of the microbiota
play important roles in the host physiology. For example, the
gut epithelial cells and antimicrobial peptides produced by the
gut microbiota contribute to the gut barrier, the first frontline
against exogenous molecules and pathogens in the gastro-
intestinal tract. Gut microbiota influence the gut epithelial
morphology, mucus production, secretion of immune factors,
and gut permeability when interacting with the epithelial and
mucosal immune cells.*” Exogenous molecules in the lumen
can pass through the damaged gut barrier to the endothelium
and even systemic circulation and induce the inflammatory
response (Figure 2).*’ For example, metabolic endotoxemia is
linked with the development of obesity and T2D.*’ In
particular, dysregulated gut microbiota composition in obesity
and T2D may damage the gut barrier and expose LPS to
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systemic circulation (para-inflammation), which renders
chronic low-grade inflammation linked to insulin resistance,
adiposity, and de novo synthesis of triglycerides.*> LPS can
induce the innate immune system response by binding to
TLR4 and its coreceptors.”” TLR4 belongs to the TLR family,
one of the pattern-recognition receptors. When these receptors
are activated, myeloid differentiation primary response protein
88 (MyD88, adaptor proteins of Toll-like receptors) is
recruited and pro-inflammatory signaling cascades are
activated, for example, the aforementioned NF-kB pathway.**
Moreover, deletion of MyD88 has been shown to protect
against obesity and insulin resistance in mice.”

In humans, there are no endogenous esterases to release
phenolic acids from the acylated anthocyanins; however, the
esterases present in gut microbiota is able to do s0.*° As
aforementioned, due to the lower bioavailability of acylated
anthocyanins than nonacylated anthocyanins, more acylated
anthocyanins would be exposed to gut microbiota compared to
nonacylated anthocyanins.””

Gut metabolism of anthocyanins including the absorption,
distribution, and excretion were extensively reviewed else-
where.'®* Briefly, gut bacterial metabolism of anthocyanins
involves the cleavage of glycosidic linkages and breakdown of
anthocyanidin heterocycle (from C-ring), degradation into
phloroglucinol derivatives (from A-ring) and benzoic acids
(from B-ring), and O-demethylation, forming simple phenolics
and phenolic-sulfated, phenolic-glucuronidated, phenolic-me-
thylated metabolites.'**

The more bioavailable phenolic metabolites may contribute
to the biological benefits of anthocyanins mentioned above.
For example, protocatechuic acid has been reported to
stimulate the insulin signaling pathway and upregulate
PPARy activity, adiponectin release, GLUT4 translocation,
and glucose uptake in human adipocytes cell lines®”* and
human primary adipocytes cells®” as well as have an
antihyperglycemic in diabetic rats.”

So far, there are no studies investigating the difference in gut
metabolites between acylated and nonacylated anthocyanins.
However, our previous study has detected novel metabolites of
monoacylated anthocyanins from purple potatoes in human
urine for the first time, such as hydroxybenzoic and
hydroxycinnamic acids as well as glucuronyl and sulfonyl
conjugates of protocatechuic acid, of which some might be
related to the gut metabolism of acylated anthocyanins.*®”!
Our results have shown that the absorbed potato acylated
anthocyanins are likely to be resistant to deglycosylation since
91% of nonacylated monoglycosylated anthocyanins are
deglycosylated after ingestion and form conjugates of
aglycones in urine.”"”>

Despite nonacylated anthocyanins have been frequently
reported in reviews'~ to affect the abundance of fecal
Lactobacillus spp., Bifidobacterium spp., and Clostridium spp.,
contradictory results have also been observed. For example,
supplementation of nonacylated anthocyanin extract from
blackcurrant (Ribes nigrum) has enriched the abundance of
Bifidobacterium spp. in humans, while anthocyanins from black
raspberry (Rubus racemosus) has depleted the abundance of
Bifidobacterium ssp. in rats.”® This could be due to different
metabolic states, interspecies differences, and structures of
anthocyanins. In this review, we examine regulatory effects of
anthocyanins on the gut microbiota in the condition of obesity
and diabetes for the first time. Table 3 presents a summary of
the studies on the effects of anthocyanins on gut microbiota.
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Nonacylated anthocyanins extracted from black rice fed to
high-fat diet-induced obese mice at a daily dose of 150 mg/kg
body weight for 14 weeks did not affect the overall diversity
and richness of microbiota but did enrich the abundance of
genera Ruminococcaceae, Alloprevotella, Lactobacillus, Bacter-
oides, and Akkermansia and species Blautia coccoides, Dorea sp.
5—2, Akkermansia muciniphila, Lactobacillus gasseri, Mucispir-
illum schaedleri, and Parabacteroides merdae’> The decreased
abundance of A. muciniphila has been reported in T2D.
Feeding A. muciniphila to T2D mice has been shown to
improve mucus layer thickness, metabolic function, glucose
tolerance, and systemic inflammation.®” Pasteurization of A.
muciniphila also reduced fat mass development, insulin
resistance, and dyslipidemia in mice, and the mechanism
might be due to a specific protein from the outer membrane of
A. muciniphila interacting with Toll-like receptor 2 which
shapes the host metabolism by regulating bacterial recognition
and intestinal homeostasis.”* Feeding a diet contaning 2.35%
freeze-dried strawberry to db/db mice for 10 weeks has been
reported to enhance gut microbiota diversity and lower the
abundance of Verrucomicrobia.”> Supplementation of purified
cyanidin-3-glucoside at a daily dose of 7.2 mg/kg body weight
for 11 weeks enriched Erysipelotrichaceae and Lachnospiraceae
and increased the Bacteroidetes/Firmicutes ratio and the
family Muriculacea in high-fat and high-sucrose diet-induced
insulin-resistant C57 BL/6] mice.”® Feeding a daily dose of 50
mg/kg body weight pelargonidin-3-O-glucoside for 8 weeks to
db/db diabetic mice increased the Prevotella abundance and
Bacteroidetes/Firmicutes ratio and strengthened gut barrier
integrity.”” Incubation of potato acylated anthocyanins extract
from purple sweet with human gut microbiota enriched the
abundance of Lactobacillus spp. and Bifidobacterium, depleted
the abundance of Clostridium histolyticum and Prevotella, and
induced the production of short-chain fatty acids (SCFAs).”

Although the prebiotic role of acylated anthocyanins has not
been extensively studied, acylation status of anthocyanins
might influence the effect of anthocyanins on gut microbiota
homeostasis in diabetes. An in vitro study assessed the
prebiotic activity and antioxidant ability of purified diacylated
anthocyanin, monoacylated anthocyanin, and nonacylated
anthocyanin, showing diacylated anthocyanin has the most
potent antioxidant ability and inhibition on the growth of
harmful bacteria (Salmonella typhimurium and Staphylococcus
aureus) followed by monoacylated anthocyanin and then
nonacylated anthocyanin.”® Obese mice fed with Concord
grape rich in acylated anthocyanin for 12 weeks showed the
highest level of Actinobacteria compared to supplementation
of berries rich in nonacylated anthocyanin, followed by obese
models.>® Peptostreptococcaceae has been shown to be
significantly lower in T2D patients,"”” and both nonacylated
anthocyanin extract from bilberry and acylated anthocyanin
extract from purple potato increased the abundance of
Peptostreptococcaceae in ZDF ras.”’ In addition, only the
acylated anthocyanin extract from purple potato enriched the
abundance of Ruminococcus torques, Parabacteroides disdasonis,
and Lanchnospiraceae bacterium 4_1_37FAA in ZDF rats.”” P.
distasonis is a dominant species producing propionate in
human gut flora, contributing to the increased level of
propionate in the rats fed with acylated anthocyanin extract.”’
Parabacteroides has been shown to have a positive correlation
with serum proinflammatory cgrtokjne IL-17 and splenic CD4+
Th17 cells in arthritic mice'”" and to be more enriched in
patients with nonalcoholic steatohepatitis.'”> R. torques is able
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to decrease the gut barrier integrity and has been shown to
have a positive correlation with insulin resistance in obesity.' %’
As for gut metabolites, only acylated anthocyanin extract in
contrast to nonacylated anthocyanin increased cecal SCFAs
and succinate levels in diabetes,”” and a study showed that
cecal succinate is a substrate for intestinal gluconeogenesis and
benefit glycemic responses and hepatic glucose production.'*
However, the gut microbiota-modulating effect of acylated
anthocyanins deserves further study in different models as well
as different physiological and pathological conditions (Figure
2).

4. CONCLUSION AND FUTURE PERSPECTIVES

Anthocyanins have been reported to affect energy metabolism,
inflammation, and gut microbiota in T2D. The physicochem-
ical properties, bioavailability, and metabolism differ between
acylated and nonacylated anthocyanins. Acylated anthocyanins
with higher stability can pass through the upper gastro-
intestinal tract and reach the colon, where they are extensively
metabolized by gut microbiota. Glucose transporters are
involved in anthocyanin absorption, and different glucose
transporters are responsible for the absorption of acylated and
nonacylated anthocyanins. There are indications that acylated
and nonacylated anthocyanins might have different effects on
T2D. Acylated anthocyanins have a greater inhibitory effect on
a-glucosidase and a-amylase compared to nonacylated
anthocyanins. Acylated and nonacylated anthocyanins modu-
late key enzymes or metabolites involved in energy metabolism
and inflammation to different degrees; for example, acylated
anthocyanins induce a higher level of AKT phosphorylation
and AP-1 activation. Acylated anthocyanin has a better
antioxidant ability and inhibition on the AGEs formation and
growth of harmful bacteria compared to nonacylated
anthocyanins. Acylated anthocyanins can improve the gut
barrier and microbiota composition, suppress the pro-
inflammatory pathways, and modulate glucose and lipid
metabolisms. Drawing clear conclusions about the different
biological activity in diabetes between acylated and non-
acylated anthocyanins based on the current literature is
challenging, as the studies differ in design and analytical
methods, and most importantly the insufficient data from
comparative in vivo study between two types of anthocyanins.
Further studies are needed to compare the effects of
structurally different anthocyanins. The currently available
evidence suggests that acylated anthocyanins may have greater
potential modulation effects on energy metabolism, inflamma-
tion, and gut microbiota in T2D compared to nonacylated
anthocyanins.
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