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Abstract 1

ABSTRACT

Anthocyanins are a group of flavonoids in purple and red berries, fruits, and
tubers. Anthocyanins have been widely reported to have antidiabetic effects,
which may arise from the modulation of carbohydrate and lipid metabolism and
gut microbiota as well as from antioxidative and inflammatory effects.
Anthocyanins can be divided into acylated anthocyanins and nonacylated
anthocyanins according to the presence of an acyl group on the sugar residue of
the aglycone. Acylation of anthocyanins increases the structural stability of the
molecules, which affects their physico-chemical properties, such as a greater
capacity to inhibit lipid peroxidation, antioxidant activity, and resistance to
digestion compared with their nonacylated counterparts. Previous research has
largely focused on the bioactivities of nonacylated anthocyanins from berries and
other colored fruits, while the biological effects of acylated anthocyanins have
received very little attention in research.

This thesis work investigated the effects of nonacylated anthocyanin extract
from bilberries and acylated anthocyanin extract from purple potatoes on the
plasma, hepatic, and gut luminal metabolites as well as hepatic transcriptome
and gut microbiota in a type 2 diabetes (T2D) model. Zucker diabetic fatty (ZDF)
rats were used as an animal model of T2D and fed with anthocyanin extracts for
8 weeks at daily doses of 25 or 50 mg/kg body weight. The lean Zucker rats were
used as the healthy control model. Anthocyanin composition in two extracts was
measured by high-performance liquid chromatograph and mass spectroscopy. 'H
NMR metabolomics, full-length RNA sequencing, and metagenomics were used
to study metabolites, transcriptome, and gut microbiota affected by T2D and
anthocyanin extracts.

The anthocyanins extracted from bilberries were all nonacylated and consisted
of mostly glucosides, galactosides, and arabinosides of delphinidin, petunidin,
cyanidin, peonidin, and malvidin. The anthocyanins extracted from purple
potatoes were mainly acylated and dominated by petunidin coumaroyl-
rutinoside-glucoside, peonidin coumaroyl-rutinoside-glucoside, and petunidin
caffeoyl-rutinoside-glucoside. The indicators of feed and water intake, the body
weight and ratio of viscera to body weight as well as plasma and hepatic glucose
manifested the T2D in ZDF rats. Dysregulated energy metabolism including
increased glycolysis influxes and substrates of gluconeogenesis, insulin
resistance biomarkers, and lipids were found in T2D of ZDF rats. Defects in gut
microbiota also characterized the ZDF rats. Both anthocyanin extracts reduced
the levels of fasting plasma and hepatic glucose and branched-chain amino acids
(BCAAs), hepatic intermediates of glycolysis and gluconeogenesis as well as
regulated plasma lipid profile. However, only the treatment with acylated
anthocyanin extract reversed the changes in the intermediates of glycolysis and
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gluconeogenesis at systemic level and regulated hepatic lipids. At the gene level,
nonacylated anthocyanin extract reversed the expression of Mgat4a, Gstm6, and
Lpl, whereas acylated anthocyanin extract reversed the expression of Mgat4a,
Jun, Fos, and Egrl in the diabetic status. Acylated anthocyanin extract also
affected activator protein 1 and interleukin 1 production based on gene set
enrichment analysis. For the gut luminal metabolites, both types of anthocyanin
extract increased sugars level in cecal content and affected choline metabolism.
Acylated anthocyanin extract increased cecal short-chain fatty acids and
decreased fecal lactate. Anthocyanin extracts also beneficially modulated gut
microbiota composition. Both types of anthocyanin extracts increased the
abundance of Peptostreptococcaceae sp. and Marvinbryantia formatexigenes.
Acylated anthocyanin extract decreased the abundances of Parabacteroides
disdasonis, Ruminococcus torques, and Lanchnospiraceae bacterium
4 1 37FAA.

This thesis work comprehensively compared the effects of two different types
of anthocyanin extracts from different sources on the diabetic state. Different
beneficial effects were seen, with the acylated anthocyanin extract from purple
potatoes showing more beneficial effects. More importantly, purple potatoes
could be considered as a complement or substitute for berries as a source of
dietary anthocyanins. Since potatoes are a sustainable staple food, the demand
for anthocyanin-rich purple potatoes with a health-promoting effect is likely to
increase. Enhanced stability and stronger modulatory effects of acylated
anthocyanins may create new opportunities for its use in food applications.
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SUOMENKIELINEN ABSTRAKTI

Antosyaanit ovat sinipunaisissa ja punaisissa marjoissa, hedelmissd ja
mukuloissa esiintyvii flavonoideja. Antosyaaneilla on havaittu olevan diabetesta
ehkéisevid ominaisuuksia, jotka saattavat liittyd hiilihydraatti- ja rasva-
aineenvaihdunnan ja suolistomikrobiston sddtelyyn sekd antioksidatiivisiin ja
anti-inflammatorisiin ~ ominaisuuksiin.  Antosyaanit voidaan luokitella
asyloituihin tai asyloimattomiin antosyaaneihin riippuen siitd, onko aglykonin
sokeriosaan kiinnittynyt asyyliryhmi. Antosyaanien asylointi stabiloi
molekyylin rakennetta, mikd vaikuttaa yhdisteen fysikaalis-kemiallisiin
ominaisuuksiin parantaen esimerkiksi kykyd estdd rasvojen peroksidaatiota,
antioksidatiivisuutta ja vastusta ruuansulatukselle verrattuna asyloimattomiin
antosyaaneihin. Aiemmat tutkimukset ovat pddosin keskittyneet marjojen ja
hedelmien asyloimattomien antosyaanien bioaktiivisuuteen, kun taas asyloitujen
antosyaanien biologiset vaikutukset ovat jiineet vihélle huomiolle.

Tassd véitoskirjatyossd tutkittiin mustikan asyloimattomien ja violetin
perunan asyloitujen antosyaanien vaikutuksia plasman, maksan ja suoliston
ontelon aineenvaihduntatuotteisiin, maksan transkriptomiin sekd suolisto-
mikrobistoon tyypin 2 diabetes (T2D) -eldinmallissa. Mallina kéytettiin
diabeettisia, lihavia Zucker-rottia (ZDF), joille syotettiin antosyaaniuutetta
kahdeksan viikon ajan péivittdisella annoksella 25 tai 50 mg/painokilo. Terveena
kontrollina kéytettiin laihoja Zucker-rottia. Uutteiden antosyaanikoostumukset
madritettiin korkean erotuskyvyn nestekromatografian ja massaspektrometrian
avulla. T2D:n ja antosyaaniuutteiden vaikutusta aineenvaihduntatuotteisiin,
transkriptomiin ja suoliston mikrobiotaan tutkittiin 'H NMR -metabolomiikan,
tayspitkdn RNA:n sekvensoinnin sekd metagenomiikan avulla.

Kaikki mustikasta eristetyt antosyaanit olivat asyloimattomia ja koostuivat
lahinnd delfinidiinin, petunidiinin, syanidiinin, peonidiinin ja malvidiinin
glukosideista, galaktosideista ja arabinosideista. Violetista perunasta eristetyt
antosyaanit olivat pddosin asyloituja, joista runsaimpia olivat petunidiini-
(kumaroyylirutinosidi)-glukosidi, peonidiini-(kumaroyylirutinosidi)-glukosidi,
petunidiini-(kafeyylirutinosidi)-glukosidi. ZDF-rottien rehun ja vedenkulutus,
paino, painon ja sisdelinten suhde sekd plasman ja maksan glukoosiarvojen
suhde ilmensivit diabetestilaa. ZDF-rottien energia-aineenvaihdunta oli
héiriintynyt T2D-tilassa, mikéd ilmeni lisddntyneend glykolyysin virtauksena
sekd glukoneogeneesin substraattien, insuliiniresistenssin biomarkkereiden ja
lipidien méédrand. ZDF-rotilla ilmeni myds suoliston mikrobiotan hairioita.
Molemmat antosyaaniuutteet alensivat paastoplasman ja maksan glukoosin ja
haaroittuneiden aminohappojen pitoisuutta ja maksan glykolyyttisid ja
glukoneogeneettisia vélituotteita, ja sdételivét plasman lipidiprofiilia. Kuitenkin
vain asyloituja antosyaaneja sisdltdivd uute vidhensi glykolyysin ja
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glukoneogeneesin vilituotteiden muutoksia systeemitasolla ja sditeli maksan
lipidejd. Geenitasolla asyloimattomia antosyaaneja siséltdvd uute vaikutti
geenien Mgatd4a:n, Gstm6:n ja Lpl:n ekspressioon diabeettisilla rotilla, kun taas
asyloituja antosyaaneja siséltdva uute vaikutti Mgat4a:n, Jun:n, Fos:n ja Egri:n
ekspressioon.  Geenisarjojen rikastamisanalyysin  perusteella asyloituja
antosyaaneja sisdltavalld uutteella oli vaikutus myd6s aktivaattoriproteiini 1:n ja
interleukiini 1:n tuotantoon. Molemmat uutteet lisdsivat paksusuolen alkuosan
sokeripitoisuuksia ja vaikuttivat koliiniaineenvaihduntaan suolessa. Asyloituja
antosyaaneja sisdltivd uute lisdsi lyhytketjuisten rasvahappojen maéaraa
paksusuolen alkuosassa ja véhensi laktaatin midrdd ulosteessa. Antosyaani-
uutteilla oli myodnteinen vaikutus suoliston mikrobiotan koostumukselle.
Molemmat uutteet lisésivit Peptostreptococcaceae sp..n ja Marvinbryantia
formatexigenesin ~ abundanssia.  Asyloitu  antosyaani -uute  védhensi
Parabacteroides disdasonisin, Ruminococcus torquesin ja Lanchnospiraceae
bacterium 4_1_37FAA:n abundanssia.

Tama véitoskirjatyd vertasi kokonaisvaltaisesti kahden erilaisen anto-
syaaniuutteen vaikutuksia diabeteksessa. Uutteiden vaikutukset erosivat toisis-
taan, mutta asyloituja antosyaaneja sisdltdvalld, violetista perunasta eristetylld
uutteella havaittiin enemmén hyddyllisid vaikutuksia. Violetteja perunoita
voitaisiin kayttdd antosyaanien ldhteend ravinnossa marjojen ohella tai sijasta.
Koska peruna on kestdvd peruselintarvike, terveyttd edistdvid antosyaaneja
sisdltdvien perunoiden kysyntd saattaa lisdantya. Stabiilit antosyaanimolekyylit
ja niiden ravitsemusvaikutukset saattavat myds edistdd niiden hyddyntdmisté
erilaisissa elintarvikesovelluksissa.
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1. INTRODUCTION

Metabolic diseases including dyslipidemia, arteriosclerosis, diabetes, and
hypertension, are largely affected by lifestyle choices such as dietary habits. The
prevalence of diabetes is a growing challenge to the world, it is estimated that
the total number of cases of diabetes will reach 366 million by 2030 due to
population expansion, the aging population, and the increasing prevalence of
obesity.! T2D is a metabolic disease characterized by chronic hyperglycemia
resulting from insulin resistance and/or insulin secretion. Considering the
adverse effects of drugs, natural products, such as anthocyanins, from fruits and
vegetables have been increasingly considered due to their preventive and
therapeutic effects as a means of managing the risk of T2D.?

Anthocyanins, a major class of bioactive flavonoids responsible for many of
the red-orange to blue-violet colors present in plants, are well known to possess
antioxidant and anti-inflammatory abilities, and can also modulate energy
homeostasis and gut microbiota.> While fruits and berries are common sources
of nonacylated anthocyanins, purple-fleshed potatoes are rich in acylated
anthocyanins. Acylation alters the physical-chemical properties of anthocyanins
and enhances the stability. Acylated anthocyanins have been reported to show
more resistance to variations in pH, heat, and light* and a higher capacity to
inhibit lipid peroxidation and antioxidant activity’ than the nonacylated
counterparts. Moreover, acylated anthocyanins from purple sweet potatoes
(Ipomoea batatas L..) have shown higher resistance to overall simulated digestion
in vitro compared to nonacylated anthocyanins from red wine.® A large-scale
dietary survey study across ten countries in Europe has shown the daily intake of
anthocyanins, mainly from fruits and wine, to range from 18.73 to 64.88 mg.” A
clear geographical gradient of anthocyanin intake has also been observed,
increasing from south to north Europe.” A dietary reference intake for
anthocyanins has not been set in the United States or the European Union. China
is the first country to set a recommended daily intake of 50 mg for anthocyanins,
but the tolerable upper intake level has not been defined.®

Potatoes are a major agricultural crop worldwide in terms of production and
consumption. Due to the high yield, low production costs (low demand for water
and land management), and low greenhouse gas emissions produced by potato
cultivation, the dark-colored potato may represent a sustainable and highly cost-
effective source of anthocyanins.’ Dietary anthocyanins are absorbed into
enterocytes as intact glycosides or aglycones hydrolyzed by lactate phlorizin
hydrolase. The absorbed glycosides and aglycones undergo metabolism by phase
I and phase II enzymes and generate phenolic acids and their conjugates. Up to
65% of dietary anthocyanins are not absorbed in the stomach and upper
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intestine,!® and thus transit to the colon, where they are extensively metabolized
by gut microbes.

Previously, the biological effects of anthocyanins have mostly been studied
using nonacylated anthocyanins'!'"13, there has been little research focusing on
acylated anthocyanins. Moreover, the metabolic effect of anthocyanins has not
been investigated either in humans or animals. Therefore, this thesis study
provides an unprecedented report on the metabolomic effects of anthocyanins on
plasma, the liver, and the gut in T2D. It is also the first study to compare the
biological effect of nonacylated anthocyanins with acylated anthocyanins on
T2D using omics tools.

In this thesis, ZDF rats were used as the T2D animal model to investigate and
compare the impact of acylated anthocyanins extracted from purple potatoes
(Solanum tuberosum L. var. ‘Synked Sakari’) and nonacylated anthocyanins
extracted from bilberry (Vaccinium myrtillus L.). To benefit from the most
advanced high throughput methodologies, state-of-art multi-omics approaches
were applied. '"H NMR-based metabolomics was used to investigate the
metabolites in plasma, the liver, cecal content, and feces. Full-length RNA seq
transcriptomics was used to study the hepatic transcriptome. Next Generation
Sequencing-based metagenomics was used to study the gut microbiome.

This literature review discusses the general beneficial effect of anthocyanins
on type 2 diabetes, omics technologies, and the preprocessing and analysis of
large data. Due to the scarcity of previous studies on the biological effect of
acylated anthocyanins, and the lack of comparisons between nonacylated and
acylated anthocyanins, special emphasis has been placed on these research
questions in this research work.
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2. REVIEW OF THE LITERATURE

2.1. Type 2 diabetes and Zucker diabetic fatty rat

2.1.1. Diabetes

Diabetes mellitus is a complex chronic metabolic disease that is characterized by
hyperglycemia resulting from a deficiency in insulin secretion and/or insulin
resistance. Several of the complications due to chronic hyperglycemia include
neuropathy, nephropathy, retinopathy, and increased risk of cardiovascular
disease. The prevalence of diabetes is a growing challenge to world health; it has
been estimated that the total number of cases of diabetes will reach 366 million
in 2030 due to population expansion, the aging population, and the increasing
prevalence of obesity.! The most common two types of diabetes are type 1 and
type 2 diabetes. Type 1 diabetes is generally considered to be an immune-
associated destruction of insulin-producing pancreatic B cells resulting in
deficiency in insulin secretion. It often occurs in children and young adults. The
prevalence of T2D is increasing in parallel with the obesity epidemic, and the
pathogenesis is mainly related to insulin resistance.'* In addition to a genetic
predisposition, lifestyle changes also affect T2D' and healthy food choices are
gradually considered as an important approach for the management of the risk of
T2D.!'® Considering the adverse effects of drugs, natural products, such as
anthocyanins, from fruits and vegetables have been increasingly considered in
regards to their beneficial effects on the management of the risk of T2D.?

2.1.2. Zucker diabetic fatty rat

Animal models play a crucial role in revealing the pathogenesis of diabetes as
they allow the genetic and environmental factors to affect the disease
progression.!” Furthermore, animal models should be carefully selected when
conducting investigations into diabetes depending on what aspects of the disease
are to be studied.

Zucker diabetic fatty (ZDF) rats were produced in 1961 through a hybrid of
Sherman and Merck rats.'® A missense mutation in the leptin receptor gene was
found in ZDF rats, which leads to impaired leptin signaling and subsequently
impairs leptin’s ability to suppress appetite and thermogenic effects.'® Thus,
these rats have hyperphagia and become obese by 4 weeks of age.!” These rats
are characterized by hyperinsulinemia, hyperlipidemia, hypertension, and
impaired glucose tolerance. The homozygous mutation (fa/fa) of the leptin
receptor gene leads to type 2 diabetes in male ZDF rats, and feeding on a high-
energy rodent diet would accelerate the disease progress.'”
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After weaning, between 3 and 8 weeks of age, ZDF rats develop insulin
resistance, glucose intolerance, and hyperinsulinemia due to islet hyperplasia
which was able to maintain plasma glucose levels at normal levels in the early
stage.?® ZDF rats become diabetic between 8 and 11 weeks of age with high
plasma glucose concentration around 500 mg/dL in the fed state, but fasting
glycemia could remain normal at least until 10 weeks of age.?’ Fasting
hyperglycemia develops along with a decrease in plasma insulin levels between
10-20 weeks of age due to a significant decline in the  cell mass; the islets are
highly disorganized with fibrosis leading to fasting hyperglycemia and decreased
rate of islet growth.?! By the age of 20-25 weeks, plasma insulin level in ZDF
rats decreases to the level seen in male lean Zucker rats and fasting plasma
glucose levels reach > 540 mg/dL. Development of obesity- and hyperglycemia-
related complications are common for both male ZDF rats and humans with type
2 diabetes associated with obesity!”?2, including lower hepatic glycogen
breakdown, increased gluconeogenesis, and insulin resistance.’> This
pathogenesis of diabetic ZDF rats resembles the development of human T2D,
thus providing a rational disease model.

2.1.3. Energy metabolism homeostasis and inflammation in type 2
diabetes

2.1.3.1. Overview of energy metabolism in type 2 diabetes

Under a healthy fasting status, energy metabolism has been thoroughly studied.
In general, peripheral adipose tissue lipolysis provides non-esterified fatty acids
(free fatty acid) with the ability to generate the substrates for fatty acid B-
oxidation, with the formation of the end product of acetyl-CoA being oxidized
to COz through the tricarboxylic acid (TCA) cycle. Meanwhile, a high level of
produced ATP and gluconeogenic reducing equivalents convert pyruvate and
other anaplerotic substrates into glucose through the gluconeogenesis pathway.
However, when the amount of acetyl-CoA generated from B-oxidation surpasses
the oxidative capacity of the TCA cycle, typically in diabetes, the surplus acetyl-
CoA is transferred to ketone body production. Thus, in the setting of type 2
diabetes, dysregulated carbohydrate and lipid metabolisms contribute to
excessive glucose and lipid in the liver and at the systemic level.?® These findings
were also verified in the anti-hyperglycemic effect of metformin, which has been
verified to exert its effect via inhibition of respiration redox reactions by
decreasing the level of mitochondrial glycerol-3-phosphate dehydrogenase?* and
complex I and ATP synthase in mitochondria.?® Thus, the production of ATP and
reducing equivalents are reduced, and the subsequent conversion of pyruvate and
other anaplerotic substrates to glucose is also restricted. Under the fed state, food
intake complicates the hepatic lipid and carbohydrate metabolism, and the liver
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absorbs a variety of nutrients through the portal vein, such as fatty acids, sugars,
and amino acids. These nutrients entering the liver, combined with the effect of
high abundance of insulin secreted from the B cells stimulated by circulatory
glucose, promote hepatic de novo lipogenesis and glycogen synthesis, while fatty
acid B-oxidation and glucose production are restrained.?® The defect of insulin
activity in diabetes disturbs these energy metabolisms.

These complex energy metabolisms are controlled by kinases systems and
their involved pathways, such as PI3K/AKT (phosphoinositide 3 kinase/protein
kinase B) and AMPK (AMP-activated protein kinase) pathways, which are
primary effectors in response to metabolic stress and important to energy
metabolism and considered as therapeutic target in metabolic syndromes,
particularly diabetes.?’

Endogenous and exogenous factors can activate PI3K/AKT, such as insulin,
growth factors, cytokines, and environmental stresses, which regulate energy
metabolism and cell proliferation, motility, differentiation, and survival.?’-*® The
PI3K/AKT pathway is required for insulin-dependent regulation of systemic and
cellular glucose and lipid homeostasis such as regulating glycogen synthesis
(glycogen synthase kinase 33, GSK3p), gluconeogenesis (forkhead box protein
01, FOXO1) and glucose uptake (TBCl domain family member 4,
TBC1D4).2"-%

The AMPK pathway can be activated by a series of physiological factors and
adipocytokines, such as glucose deprivation, hypoxia, oxidative stress, and
muscle contraction. The common results of these stimuli are a reduction in
cellular energy level and an increase in AMP/ATP ratio, which are important for
AMPK activation.?’?* AMPK responses to the energy deprivation and increases
AMP/ATP ratio caused by these aforementioned physiological factors and
adipocytokines and further activates glucose uptake (AS160, a substrate for the
protein kinase AKT that links insulin signaling and GLUT#4 trafficking), inhibits
glycogen synthesis (muscle glycogen synthase, GYS1) and de novo lipogenesis
(acetyl-CoA carboxylase a, ACC), and enhance B-oxidation, (malonyl-CoA
decarboxylase, MCD).?” The well-known antidiabetic drug metformin has been
shown to mainly target phosphorylation of AMPK to elicit its beneficial effects

on diabetes.2**

2.1.3.2. Metabolic changes in type 2 diabetes revealed by metabolomics
and transcriptomics

The metabolic state changes along with the development of T2D from
prediabetes to overt diabetes. Although fasting plasma glucose, oral glucose
tolerance tests, or glycated hemoglobin measurements are powerful diagnostic
indicators of T2D, the metabolic changes in T2D are important in order to
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recognize the pathogenesis.*® It is known that the carbohydrate, lipid, and protein
metabolisms are altered in prediabetes and T2D (Table 1).%!

Metabolomics could provide a real-time functional portrait of the organism,
which monitors changes of small precursors, intermediary molecules, and
product molecules associated with energy storage and utilization that might
promote the understanding of the disease pathogenesis. Therefore, metabolomics
becomes a very powerful tool for detecting differences in the molecular profile
basis.’> A range of metabolomic studies measuring the metabolites from
biofluids suggest a metabolic disturbance in T2D, evidenced by changes in the
levels of biomolecules, such as carbohydrates, lipids, and amino acids.?!

Hyperglycemia and glycosuria are the two dominant biomarkers in T2D.333°
Dysregulated levels of other metabolites involved in glycolysis and
gluconeogenesis have been revealed by metabolomics, e.g., lactate, alanine, and
pyruvate.’®4%4! The downstream metabolites in TCA cycle, e.g., 2-oxoglutarate,
citrate, succinate, fumarate, and malate, are also disturbed in T2D.373%42
Abnormal circulating levels of palmitate, oleate, stearate, arachidonate,
linolenate, eicosadienoate, arachidonate, eicosapentaenoate, and
docosahexaenoate were observed in T2D patients.*>4%* Ketone bodies (acetone,
acetoacetate, and PB-hydroxybutyrate), largely produced when glucose is not
available for energy utilization, typical in T2D, were observed to be
increased.3#404144 Circulating amino acids and their derived metabolites have
also been comprehensively studied in metabolomic analyses. Increased BCAAs
and aromatic amino acids (AAAs) have been suggested as biomarkers in T2D
due to their associations with insulin resistance, 33334



Table 1 Alterations of metabolites in patients with type 2 diabetes

Subjects Metabolomics  Biofluid Altered metabolites in T2D
approach
30 T2D subjects; LC-MS/MS Plasma (1): Valine, leucine, isoleucine, xanthine, glutamate, 2-hydroxybutyrate, 3-
30 Healthy subjects® methyl- 2-oxovalerate, 3-hydroxyisobutyrate, glucose, pyridoxal, glucose
(1): Isobutyrylglycine, L-DOPA
160 T2D subjects; LC-MS/MS. Serum (1): Glucose, isoleucine, leucine, tryptophan, valine, glutamine, and tyrosine
160 Healthy subjects34
A 6-year follow-up study (n=1680)45 "H NMR Serum (1): Isoleucine, leucine, valine, phenylalanine, and tyrosine were associated with
HOMA-IR for men; (1): Leucine, valine, and phenylalanine predicted HOMA-
IR for women
82 T2D subjects; GC-MS Serum (1): Butyrate, glucose, valine, maltose, glutamate, urate, palmitate, oleate,
36 Healthy subj ects>>* stearate, arachidonate
(}): Lactate, lysine, glucuronolactone
26 T2D subjects; GC-MS Plasma (1): Lactate, alanine, 2-hydroxyisobutyrate, 3-hydroxybutyrate, phosphate,
26 Healthy subjects40* leucine, isoleucine, serine, pyroglutamate, palmitate, oleate, stearate,
arachidonate, 1-monostearin, 1-monopalmitin
(1): 2-ketoisocaproic acid
105 T2D subjects; UPLC-QTOF- Plasma (1): Itaconate, leucine, phosphatidylcholine (18:0/0:0), glucose, sphingosine-1-
77 Healthy subjects*?* MS phosphate
(1): Inosine, urate, 3-hydroxymethylglutarate, succinate, taurine, creatine
44 Obese T2D subjects; GC-TOF-MS Plasma (1): 3-hydroxybutryrate, oleate, gluconate, fructose, palmitoleate, 3,6-
12 Obese subjects without T2D44x* anhydrogalactose, glucuronate, glucose, heptadecanoic acid, inulobiose, leucine,
2-hydroxybutyrate, palmitate, 2-deoxyerythritol, 2-ketoisocaproate, uridine,
cysteine, stearate, xylose, histidine
(1): Benzylalcohol, benzoate, lysine, arachidonate, ethanolamine, glycine,
glycerol-3-phosphate
18 T2D subjects; "H NMR Serum (1): Fumarate, glucose, pyruvate, methylamine, dimethylamine, uridine,

19 Healthy subjects®®*

trimethylamine N-oxide, mannose
(|): phenylalanine, serine. taurine, threonine, pyroglutamate, glycine
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Subjects Metabolomics  Biofluid Altered metabolites in T2D

approach
26 T2D subjects; UPLC/Q-TOF- Plasma (1): Lysine, laurate, myristate, leucine, glucose, phenylalanine, carnitines, lyso-
27 Healthy subjects*6* MS phosphatidylcholines  (14:0, 16:1, 18:1, 18:3, 20:5, 22:6), Lyso-

phosphatidylethanolamine (18:2, 22:6)
(}): serine, Lyso-phosphatidylethanolamine (18:1)

60 T2D subjects; LC-MS/MS Plasma (1): Myristate, palmitate, palmitoleate, stearate, oleate, linoleate, linolenic acid,
25 Healthy subjects43* y-linolenate, eicosadienoic acid, arachidonate, eicosapentaenoate,
docosahexaenoate
33 T2D subjects; '"H NMR Urine (1): Lactate, alanine, creatine, citrate, dimethylamine, glycine, glucose, acetate,
20 Healthy subjects*!* betaine, 3-hydroxybutyrate, hippurate, trimethylamine N-oxide, acetone,
acetoacetate
11 T2D subjects; "H NMR Urine (1): Alanine, hippurate, phenylalanine, glucose, citrate, phospho(enol)pyruvate,
16 Healthy subjects’”* tyrosine
(1): Glutamate, N-methylnicotinamide, glutamine, uridine
30 T2D subjects; "H NMR Urine (1): Citrate, acetate, acetoacetate, butyrate, trimethylamine, dimethylamine,
12 Healthy subjects®®* dimethylglycine, betaine, 3-hydroxybutyrate, trimethylamine N-oxide, 2-

hydroxybutyrate, alanine, glucose, glutamine, taurine, N-methylnicotinamide,
ornithine, N-methyl-2-pyridone-5-carboxamide
(1): Creatine, malate, creatinine, succinate, 2-oxoglutarate, fumarate, leucine,
isoleucine, tryptophan, histidine, N-methylnicotinate, allantoin

81 T2D subjects; UPLC-QTOF- Urine (1): Acylcarnitines, glycine, glucose, 3-indoxylsulfate,

42 Healthy subjects”* HDMS (1): Citric acid, urate, kynurenic acid, lysine glucuronolactone

31

Note: The references with * were adapted from the review.
(1) and (]) indicate the increase and decrease of metabolites in T2D.

Abbreviations: LC-MS/MS, liquid chromatography with tandem mass spectrometry; 'H NMR, proton nuclear magnetic resonance; GC-TOF-MS, gas
chromatography-time-of-flight mass spectrometry; UPLC/Q-TOF-MS, ultra-performance liquid chromatography-quadrupole/time-of-flight mass spectrometry;
GC-TOF-MS, gas chromatography time-of-flight mass spectrometry; UPLC-QTOF-HDMS, ultra-performance liquid chromatography-quadrupole/time-of-flight
mass spectrometry
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The changed gene expression pattern in T2D has been widely studied using
microarray*’*® and next-generation sequencing®’, which has supported the
changed energy metabolism and immune response in T2D. Clarifying the
differentially expressed genes (DEGs) and the underlying functional pathways
are important for disease diagnosis, pathological mechanism exploration, and
treatment.

Two hundred and fourteen DEGs were revealed by the next-generation
sequence in 22-week-old ZDF rats with T2D compared to lean Zucker rats.>
These DEGs were enriched in glucose metabolism (such as Gck, Igfbpl, and
Pckl), lipid metabolism (such as Pnlip), and protein metabolism (such as Cpal/2,
Ctrl, Ctrb2, and Cela2a). Enriched pathways were also involved in inflammatory
responses, for example, p38 MAPK signaling, PPAR (peroxisome-proliferator-
activated receptor) o/RXR (retinoid X receptor) o activation, and LPS
(lipopolysaccharide) /IL (interleukin)-1-mediated inhibition of RXR function.
DEGs involved in liver injury (such as [rfl, Nr0b2, and Tnfrsflb) and
endoplasmic reticulum stress (such as Xbpl, Myhll, Atp2al, Ephx2, and Cth)
were also found. A hepatic transcriptome study for type 2 diabetes in
cynomolgus monkeys showed twelve enriched KEGG pathways responsible for
DEGs. The most relevant pathways were PPAR signaling pathway, retinol
metabolism, and steroid biosynthesis pathway. Others are ECM-receptor
interaction, hypertrophic cardiomyopathy, p53 signaling, and immunity-related
pathways including graft-versus-host disease, type 1 diabetes mellitus, allograft
rejection, antigen processing and presentation, and autoimmune thyroid
disease.’! A hepatic transcriptome study applied for human showed that hepatic
DEGs in patients with type 2 diabetes compared to healthy subjects were
enriched in type 2 diabetes-related pathways: MAPK pathway, PI3K/AKT
signaling pathway, insulin resistance, hippo signaling pathway and hypoxia-
inducible factor-1 signaling pathway.>

Another human study showed upregulated KEGG pathways in T2D patients:
toll-like receptor signaling pathway and inflammatory mediator regulation of
TRP channels.>® Db/db mice®* showed the outstanding activated
gluconeogenesis revealed by microarray. Another RNA-seq hepatic
transcriptomic study in db/db mice®> showed upregulated DEGs were enriched
in KEGG pathways: drug metabolism, valine, leucine and isoleucine degradation,
metabolism of xenobiotics by cytochrome P450, retinol metabolism, and
oxidative phosphorylation. Gene ontology analysis based on those DEGs showed
upregulated genes were enriched in metabolic process, for example, cellular lipid
metabolic process and carboxylic acid metabolic process; downregulated genes
were enriched in immune response-related terms, for example, adaptive immune
response and lymphocyte-mediated immunity. These transcriptomic studies
revealed the altered transcriptomic profile in type 2 diabetes, which are largely
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related to metabolic and immunological aspects. Perturbation in this intricate
immune-metabolic crosstalk would cause altered metabolic states in type 2
diabetes.

2.1.3.3. Inflammation in type 2 diabetes

Low-grade and chronic inflammation in the liver, skeletal muscle, and adipose
tissue have been considered to be contributing factors in the development of insulin
resistance and diabetes.>® Under an acute inflammation (infection or tissue injury),
a transient adaptive decrease of insulin sensitivity occurs and diverts the utilization
of glucose from major glucose-consumers (for example, skeletal muscle or liver
during the fasting state) to leukocytes and other types of cells to serve as a transient
adaptive mechanism replenishing the increased energy demand during infection
and tissue repair.’’ Such adaptive mechanism (insulin resistance) caused by chronic
inflammation can lead to type 2 diabetes.’” This adaptive response has been termed
"para-inflammation" which was considered to characterize the immune responses
where sustained tissue stress and malfunction were induced by a variety of stimuli,
e.g., advanced glycation end products (AGEs)**>, reactive oxygen species (ROS),
and oxidized lipoproteins.®® AGEs can accumulate under pro-oxidative conditions
and hyperglycemia, such as aging and diabetes. ROS produced by phagocytes can
convert lipoproteins to inflammatory signals by oxidizing their lipid and protein
components.’” Para-inflammation could trigger maladaptive chronic non-
resolving immune activation and inhibit insulin signaling pathways and prompt the
development of insulin resistance.’’

Furthermore, consumption of high-energy food or overfeeding has been linked
with para-inflammation. When caloric intake exceeds the energy expenditure,
overloaded tricarboxylic acid cycle inputs would form an excessive amount of
mitochondrial NADH (mtNADH) and ROS.®" When an excessive amount of
mtNADH cannot be dissipated by oxidative phosphorylation, the mitochondrial
proton gradient increases and single electrons are transferred to oxygen, resulting
in the formation of superoxide anion, nitrogen oxide, peroxynitrite, and other free
radicals®!, which might induce inflammation and insulin resistance.’’ High caloric
intake-induced oxidative stress has been proposed to activate the nuclear factor kB
(NF-xB)®* and increase its downstream proinflammatory cytokines.5
Consumption of excessive high-saturated fatty acid diet, particularly in western
diets, leads to circulating and adipose tissue-resident immune cell activation via
TLR-4 (toll-like receptor 4) signaling, leading to subsequent release of TNF-a
(tumor necrosis factor-a) and other pro-inflammatory cytokines release.® The
resultant inflammation involves adipose tissue recruitment of pro-inflammatory
M1 macrophages, which partly contribute to insulin resistance.’® A similar
immunological pathway might occur in the fatty liver with hepatic fibrosis since
inhibiting hepatic TNF-o expression could improve hepatic insulin resistance.*
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Pro-inflammatory cytokines and chemokines such as IL-6, IL-1B, MCP-1
(Monocyte chemoattractant protein-1), and TNF-a contribute to the development
of T2D and obesity.®> Neutralization of TNF-a improves insulin sensitivity.%
Moreover, anti-inflammatory cytokine levels are also changed in T2D.
Administration of IL-10 could reverse 1L-6-induced insulin resistance in vivo®’
and in vitro®®. One pharmacological review pointed out that NF-kB plays the
primary role in inflammatory-induced insulin resistance.®” JUN N-terminal
kinases (JNKs) which have a pro-inflammatory role are also important mediators
of obese-related insulin resistance.”®

NF-kB, a nuclear transcription factor, is a critical regulator of immune and
inflammatory responses and can be activated by a series of oxidative stress and
pro-inflammatory stimuli, such as AGEs, cytokines, free radicals, and bacterial
or viral antigens. The downstream outputs include the expression of cytokines
(IL-1, IL-2, IL-6, TNF-a, etc.), chemokines (IL-8, MCP1, eotaxin, etc.), acute
phase proteins, immunoreceptors, cell adhesion molecules (vascular cell
adhesion molecule-l, VCAM-I), growth factors, and inducible enzymes
including COX-2 (cyclooxygenase-2) and iNOS (inducible nitric oxide
synthase).%’ The activity of NF-«xB is mediated by a family of inhibitors of NF-
kB (IkB). A deactivated form of NF-kB is combined with IkB proteins in
cytoplasm.® The canonical signaling pathway that is required for activation of
NF-kB is dependent on the activation of IkB kinase (IKK) complex. Pro-
inflammatory signals can activate IKK complex to degrade IkB proteins that
combined with NF-kB and further release NF-kB p65:p50 heterodimer for
nuclear translocation.®”! Overexpression of IKKf, an upstream activator of NF-
kB, damaged the insulin signaling in the HEK293 cell line.”? Ikk*~ 0b/ob mice
with the reduction of IKKf expression could be protected from the development
of insulin resistance.”” Hepatic overexpression of IkB retained global insulin
sensitivity in transgenic mice.”* JNKs which have a pro-inflammatory role are
also important mediators of insulin resistance, the JNK pathway is over-activated
in the liver, muscle, and adipose tissue in T2D and obesity’* ¢, while blocking
JNK pathway protects against insulin resistance.’

Lifestyle and gut microbiota also contribute to regulating hepatic insulin
resistance. Decreasing body weight of as low as 8% can reduce steatosis and
improve hepatic insulin resistance in patients with obesity and T2D.””-”8 A cause-
effect relationship was found between the microbiota, fat content, and insulin
resistance, transplantation of gut microbiota from ob/ob to germ-free mice
enhanced the adiposity and insulin resistance.’” Systemic chronic inflammation
plays an important role in the pathogenesis of obesity-related insulin resistance,
as displayed by increased inflammatory biomarkers in patients with obesity-
related insulin resistance. Mitigating inflammation might be an important
strategy to suppress insulin resistance.
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2.1.4. Gut microbiota in type 2 diabetes

2.1.4.1. Gut microbiota

The gut microbiota is considered to be a major “organ” in the human body with
at least 10'* bacteria belonging to over 1,000 prevalent bacterial species and
about 3.3 million genes (150 times more genes compared to the human genome),
which has an impact on the digestion of complex nutrient, the development of
innate and adaptive immunity, and functions in regulating metabolic pathways
in health and in disease.®

The profile of gut microbiota is in a dynamic way influenced by genetics,
lifestyle, drug (especially antibiotics), and diet.®! Interestingly, initiation of
microbiota colonization in the gut starts at birth. The mode of delivery can shape
the type of microorganisms that colonize the gut of newborns. Vaginally
delivered newborns display a microbiota composition dominated by
Lactobacillus, Prevotella, and Sneathia. Resembling the maternal vaginal
microorganisms. Staphylococcus, Corynebacterium, and Propionibacterium
dominate in neonates delivered by cesarean section.®? During early infanthood,
the gut microbiota profile undergoes a gradual change induced by diet, such as
breast milk and the introduction of complementary foods, and possibly by
disease. Actinobacteria, particularly genus Bifidobacterium, dominate the gut
microbiota of breastfed infants. By such change, the microbiota profile shifts
towards that of the adult and remains relatively stable in the healthy state of
subjects during their later life.3*** Moreover, physical exercise can also increase
the abundance of beneficial microbial species.®

Host-symbiotic microbiota interactions play important roles on host
physiology. Gut barrier, consisting of physical (such as gut epithelial cells) and
chemical (such as antimicrobial peptides) barrier, is the first frontline against gut
luminal exogenous molecules and pathogens. Gut microbiota can affect gut
epithelial morphology, mucus production, secretion of immune factors (such as
antimicrobial peptides), and gut permeability when interacting with mucosal
immune cells and contiguous layer of epithelial cells.®* Damage to the gut barrier
leads to the translocation of luminal molecules into endothelium and even
systemic circulation, which, in turn, aggregate the intercellular connections (such
as adherens junctions and tight junctions between epithelial cells) and induce an
inflammatory response.®¢ One of the consequences of such is linked to metabolic
endotoxemia, which is associated with regulation of fat storage and development
of obesity and type 2 diabetes.’” In particular, dysregulated gut microbiota
composition may destroy gut barrier and induce exposure of LPS to systemic
circulation rendering chronic low-grade inflammation (para-inflammation),
which is linked to adiposity, insulin resistance, and de novo synthesis of
triglycerides.®”8® LPS is a large glycolipid molecule derived from the outer
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membrane of gram-negative bacteria, which could induce the innate immune-
system response by binding to TLR-4 and its co-receptors.’> TLR-4 belongs to
TLR family, one of the pattern-recognition receptors. When these receptors are
activated, the myeloid differentiation primary-response protein 88 (MyDS88,
adaptor proteins of Toll-like receptors) is recruited and activates pro-
inflammatory signaling cascades, for example, the NF-kB pathway.’® More
importantly, such activation has been associated with dysregulation of glucose
metabolism, insulin resistance, and type 2 diabetes.®**%! Moreover, deletion of
MyDS8S8 protects against adiposity and insulin resistance in mice.”

2.1.4.2. SCFA and other gut metabolites related to type 2 diabetes

The gut microbiota can exclusively ferment complex carbohydrates and plant
polysaccharides to produce short-chain fatty acids (SCFAs) mainly consisting of
acetate, propionate, and butyrate. Bacteroidetes (gram-negative) and Firmicutes
(gram-positive) are the most abundant phyla in the intestine, with members of
the Bacteroidetes mainly producing acetate and propionate, while Firmicutes
mostly produce butyrate in the human gut.”>~°

A review’® systematically summarized that SCFAs could mediate immune
responses, such as cytokine and chemokine production in intestinal epithelial and
mononuclear cells, neutrophil chemotaxis, immune cell differentiation,
inflammasome activation, and anti-inflammatory processes; impact the
hematopoietic repertoire through their signaling via G protein-coupled receptors
(GPCRs), such as GPR41, GPR43, and GPR109A; exert beneficial effects on gut
barrier, body weight, glucose homeostasis, and insulin sensitivity; regulate leptin
production and lipolysis in adipocytes, suppress appetite, and protect against
insulin-mediated fat accumulation.

When dietary fibers are absent, depleted SCFAs and compromised epithelial
barrier integrity would occur in the gut, thereby leading to systemic endotoxemia,
resulting in adipose tissue inflammation and insulin resistance.”® Adipokine
production by adipose tissue is important for inflammation and insulin resistance,
SCFAs can directly regulate adipokine production in adipose tissue and thereby
play a significant part in inflammation and insulin resistance.”’

SCFAs act as ligands for GPCRs, and are therefore able to activate anti-
inflammatory signaling cascades.”® In addition, SCFAs have also been proposed
to inhibit histone deacetylases (HDACs) and exert anti-inflammatory effects in
the intestinal mucosa.’® For example, butyrate suppresses LPS-induced NF-xB
activation through GPR109A in normal and cancer colon cell lines as well as in
the colon of a normal mouse.” In addition, the acetate/GPR43 pathway
stimulates potassium efflux and hyperpolarization in HT-29 and NMC460
colonic cells, leading to NLRP3 inflammasome activation'® which has been
reported to repair the mucosal barrier and protect against DSS-induced colitis.'?!
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Metabolomics analysis based on the NMR has shown butyrate content in mice
intestine had a positive relationship with the intestinal Foxp3 mRNA
transcription level and the proportion of regulatory T cells.'”” Butyrate
intervention could not only increase the number of regulatory T cells in the colon
but also affect systemic immunity. Intake of butyrate and propionate produced
by fermentation of starch could increase the number of regulatory T cells in the
thymus and spleen.!®

Butyrate is a primary energy source for colonocytes. It is mainly produced by
anaerobes, absorbing and metabolizing butyrate by the epithelial cells needs
oxygen and therefore promotes hypoxia-inducible factor which is a transcription
factor coordinating barrier protection.'® In addition, butyrate promotes the
epithelial barrier function by stimulating the production of tight junctions
through the activation of STAT3 and SPI1. Butyrate also promotes the
antimicrobial peptide production mediated by GPR43.!1917 Butyrate,
propionate, and acetate have shown a protective effect against diet-induced
obesity and insulin resistance in mice, while only propionate-fed mice showed
reduced fasting glucose.'%1% Only butyrate and propionate, but not acetate, have
been shown to improve oral glucose tolerance, reduce food intake, and induce
gut hormones.'% Butyrate supplementation in the diet has been shown to reduce
diet-induced insulin resistance and adiposity in mice possibly through increasing
energy expenditure and mitochondria function, manifested by activated AMP
kinase, p38, and peroxisome proliferator-activated receptor-y coactivator-1a.'%
However, acetate-treated type 2 diabetic Otsuka Long-Evans Tokushima fatty
rats showed an improved glucose tolerance and a marked reduction in lipid
accumulation in the adipose tissue and liver.!!?

Although high-fat diet-induced obesity in mice!!! and T2D patients''? showed
the lack of SCFAs in the gut, contrary results have also been observed. Cecal
and/or fecal SCFAs levels are higher in genetic models of obese ob/ob mice and
ZDF rats, and obese human subjects.”>!!37116 [t has been speculated that this
increase in SCFAs is the result of the increased amount of substrates for
microbial fermentation due to increased food intake over the intervention
period,'!” increased microbial fermentation of non-digestible carbohydrates by
the gut microbiota in the colon of the obese rats''®, and decreased colonic
absorption with obesity.!®

Apart from SCFA, other metabolites linked to gut microbiota also affect type
2 diabetes.

Bile acids are steroid compounds derived from cholesterol in the liver with
the aim of absorbing dietary lipids. Primary bile acids synthesized in hepatocytes
are conjugated with taurine and glycine in the liver and then metabolized into
secondary bile acids by the gut microbiota. About 95% of bile acids are
reabsorbed through enterohepatic circulation. The interactions between gut
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microbiota and the bile acid pool can shape the gut microbiota composition and
biological function of bile function. Bile acids can regulate hepatic glucose
homeostasis, induce insulin secretion, and reduce inflammation.''® For instance,
lithocholic acid, a secondary bile acid, can stimulate secretion of the gut hormone
glucagon-like peptide-1 (GLP-1) and further regulate glucose metabolism and
improve insulin sensitivity by binding to G protein-coupled bile acid receptor-1
and the nuclear farnesoid X receptor.'?®

Trimethylamine (TMA) can exclusively be produced by the gut microbes
from ingested lecithin, carnitine, choline, and betaine, which are abundant in
animal products, particularly in red meat. TMA subsequently diffuses into the
hepatic vein and hepatocytes, where it is oxidized by hepatic flavin-containing
monooxygenase 3 (FMO3) to trimethylamine N-oxide (TMAO).'?° In a case-
control clinical study that incorporated 2,694 participants, a higher level of
plasma TMAO was linked to an increased risk of T2D.!?! In a recent Mendelian
randomization study with 149,821 subjects, genetically predicted higher TMAO
was not associated with the incidence of T2D, whereas T2D patients have higher
TMAO levels.'?? Diet supplementation of TMAO to T2D mice induced by a
high-fat diet exacerbated insulin resistance and impaired glucose tolerance by
affecting insulin signaling pathway in the liver, glucose metabolism, and
inducing pro-inflammatory immune response in adipocyte.!?* Deletion of FMO3
expression in mice lowered levels of TMAO and glucose as well as insulin in
plasma, whereas overexpression of FMO3 caused insulin resistance and led to
the increment of glucose secretion in vitro.'?? In an intervention study of 504
overweight and obese adults, diet restriction-induced reduction of TMAO led to
an improvement in insulin sensitivity.'?*

Indole is produced from tryptophan by the bacterial enzyme tryptophanase.'?®
Indole has been reported to affect GLP-1 production by enteroendocrine L-
cells.'?® Indolepropionic acid, a derivative of tryptophan produced by gut
microbiota, was found to be linked to a lower risk of T2D and decreased
inflammation as well as increased insulin sensitivity.!?’ Indole-3-acetic acid
(IAA), a microbial metabolite from tryptophan, protected against high-fat diet-
induced hepatotoxicity in mice by alleviating insulin resistance, lipid
accumulation, hepatic oxidative stress, and inflammation.'?®

2.1.4.3. Gut microbiota composition and type 2 diabetes

In human and animal studies, there is no general uniformity in gut microbiota
profiles found in T2D patients (Table 2). This inconsistency is probably due to
confounding variables including the study populations, diet, medication use, and
different sequencing platforms, etc. Those variables may not be associated with
the disease of interest but probably influence the gut microbiota profile to
differing extents.'?’
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However, several specific taxa of gut microbes have been repeatedly reported
to be associated with T2D. These patients showed higher levels of species from

130-133 " and lower levels of Clostridium spp.3"13313* The

Lactobacillus spp.
abundance of Lactobacillus spp. had a positive correlation with plasma levels of
glycated hemoglobin (HbAlc) and fasting glucose, whereas the abundance of
Clostridium spp. negatively correlated with plasma levels of fasting glucose,
HbAlc, triglycerides, C-peptide, and insulin, but positively correlated with
plasma levels of adiponectin and high-density lipoprotein (HDL) cholesterol.!*}
Although Bifidobacterium is considered to be a probiotic, both negative'** and
positive!3%136 agsociations have been reported between Bifidobacterium and type
2 diabetes. Two metagenomic sequencing studies organized in Chinese and
European cohorts'*"*!37 and one gPCR study'*® simultaneously found that
Faecalibacterium prausnitzii and Roseburia intestinalis, considered to produce
butyrate and have anti-inflammatory properties'*®, were decreased in T2D
patients. Two recent review articles have shown Akkermansia muciniphila
concentration was consistently reported as inversely correlated with obesity and
diabetes.?!"8 Several experimental studies have shown that administration of
prebiotic!'4? ' would increase the abundance of Akkermansia
muciniphila, which would possibly induce improvements in metabolic function,
glucose tolerance, and systemic inflammation.®?

The trialogue between gut microbiota, immunity, and metabolism has been
constantly reported as being intertwined but has not been fully deciphered, which
needs further study.

or metformin'*



Table 2. Gut microbiota changes in type 2 diabetes

Subjects Method(s) Alterations of gut microbiota in T2D

80 Chinese: 50 T2D patients and 30 healthy qgPCR (1): Lactobacillus, L. bugaricus, L. rhamnosum and L. acidophilus
individuals!3°© (1): Bifidobacteria and B. adolescentis

70 Japanese: 60 T2D patients and 10 healthy 16S rRNA seq (1): Lactobacillales and Bifidobacterium

individuals!3¢ (}): Clostridium cluster IV and XIVa

516 Finnish: 352 prediabetes, 164 16S rRNA seq (1): Anaerostipes

controls'4? (1): Christencenellacea, Ruminococcaceae, and Methanobrevibacter

36 Danish: 18 T2D patients and 18 controls'3**

qPCR and 168

(1): Betaproteobacteria

rRNA seq (|): Clostridia and Firmicutes
Bacteroidetes/Firmicutes ratio has a positive correlation with glucose level.
345 Chinese: 145 T2D patients and 200 control'*”* 16S rRNA seq (1): Butyrate-producing bacteria (Faecalibacterium prausnitzii, Clostridiales
sp. SS3/4, Roseburia sp)
145 Europeans: 53 T2D patients, 49 individuals with 16S rDNA seq (1): Four Lactobacillus spp.
impaired glucose tolerance, and 43 individuals with (1): Five Clostridium spp.
normal glucose tolerance'3!*
121 Chinese: 44 controls, 64 prediabetes, 13 T2D 16S rDNA seq (1): Bacteroides, Verrucomicrobiae, and butyrate-producing bacteria (e.g.,
patients!*>* Faecalibacterium prausnitzii and Akkermansia muciniphila)
100 Japanese: 50 T2D patients, 50 controls'#4* RT-gPCR (1): Lactobacillus reuteri, Lactobacillus plantarum
(|): Clostridium coccoides, Atopoium, and Prevotella
44 Russian: 24 prediabetes, 20 T2D patients and 48 16S rRNA seq (1): Blautia and Serratia
controls!+*
53 Italian: 40 T2D patients and 13 controls!46* 16S rRNA seq (1): Collinsella, Enterobacteriaceae, Lactobacillus, and Streptococcus
(1): Bacteroides and Prevotella
102 Danish: 75 T2D patients and 277 controls!47* gqPCR & 16s (1): Prevotella copri, Bacteroides vulgatus, and butyrate-producing bacteria
rDNA seq including Faecalibacterium prausnitzii, Akkermansia muciniphila, Firmicutes
sp., and Clostridia sp.
112 Colombian: 28 T2D patients and 84 controls!43* 16S rRNA seq (1): Clostridiaceae 02d06

(1): Enterococcus casseliflavus
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Subjects

Method(s)

Alterations of gut microbiota in T2D

40 Chinese ethnic minority: 20 Uygurs and 20 Kazaks;
10 for each T2D and control groups)”g*

16S rRNA seq

(1): Veillonellaceae
(|): Planococcaceae and Coriobacteriaceae in Kazaks T2D.
Erysipelotrichaceae in Uygurs T2D

36 Iranian: 18 T2D and 18 controls'32

RT-qPCR

(|): Bifidobacterium

268 Danish: 134 prediabetes, 134

controls'?*

16S rRNA seq

(1): Dorea, Sutterella, and Streptococcus
(|): Butyrate-producing bacteria (Clostridium and Akkermansia muciniphilia)

46 Polish: 23 T2D patients and 23 controls!>'*

16S rRNA seq

(1): Firmicutes/Bacteroidetes ratio and phylum Verrucomicrobia
(1): SCFA-producing bacteria (Roseburia and Faecalibacterium)

100 Chinese: 65 T2D patients and 35 controls'>2*

16S rRNA seq

(1): SCFA-producing bacteria (Lachnospiraceae and Ruminococcaceae),
Proteobacteria, and Firmicutes/ Bacteroidetes ratio

Note: The studies with * were adapted from the review.
(1) and (]) indicate the increase and decrease of metabo

118

lites.

Abbreviations: qPCR, quantitative polymerase chain reaction; SCFA, short-chain fatty acid; T2D, type 2 diabetes; 16S rRNA seq, 16S ribosomal RNA sequencing
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2.2. Anthocyanins

2.2.1. Introduction of anthocyanins

Anthocyanins (Greek anthos = flower, and kianos = blue) are natural pigments
characterized by the blue, red, or purple colors found in many plants. Chemically,
anthocyanins are glycosides of polyhydroxy and polymethoxy derivatives of 2-
phenylbenzopyrylium or flavylium salts.

To date, more than 600 different anthocyanins have been identified.
Diversities of anthocyanins are due to the number of hydroxy groups, the nature
and number of sugar moiety attached to the aglycone molecule, the position of
the attachment, and the nature and number of aliphatic or aromatic acids acylated
to the sugars in the aglycone molecule. The six most common aglycones are:
cyanidin, delphinidin, pelargonidin, peonidin, petunidin, and malvidin (Figure
1A).
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A
Anthocyanidin
Aglycon R1 R2
Pelargonidin H H
Cyanidin OH H
Peonidin OMe H
Delphinidin OH OH
Petunidin OMe OH
Malvidin OMe  OMe
Anthocyanidin

Sugar moiety

Anthocyanidin

Sugar moiety

Acyl group

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).
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The most common anthocyanidin glycosides are 3-monoglycosides, 3,5-
diglycosides 3-triglycosides and 3,7-diglycosides are also found.!>® The most
common sugars are glucose, rhamnose, galactose, arabinose, fructose, xylose, as
well as rutinose. Structurally different anthocyanins can be found in fruits,
vegetables, and tubers, such as grapes, a variety of berries, red cabbage, black
carrot, purple corn, red radish, and purple-fleshed potatoes.!3*!%° In addition to
their use as colorants in the food and cosmetic industry, anthocyanins have been
applied in the pharmaceutical industry as anthocyanins exhibit strong antioxidant
and antiproliferative activities contributing to the prevention of neuronal disease,
cardiovascular disease, inflammation, diabetes, and improvement of vision. !¢

2.2.2. Acylated anthocyanins and nonacylated anthocyanins

Acylation is a common and biochemically significant modification of plant
secondary metabolites, which plays a crucial role in altering their polarity and
chemical stability.'3” The acylation process of anthocyanins in plants is catalyzed
by anthocyanin acyltransferases (ACT), which have a high substrate specificity
for both the anthocyanin acceptors and the acyl group donors. In plants, there are
mainly two types of ACTs which are classified based on the acyl group donors:
the serine carboxypeptidase-like (SCPL) group using acyl-activated sugar as acyl
group donor and the BAHD family using acyl-CoA as acyl group donor.'*8
Figure 1B—C shows examples of acylated and nonacylated anthocyanins.
The sugar residues attached to the anthocyanidins can be further acylated by
enzymes in plants with organic acids which include cinnamic acids such as
caffeic acid, p-coumaric acid, ferulic acid, sinapic acid, and aliphatic acids such
as acetic, malonic, malic, succinic acid. Acyl groups are usually bonded to the
C-6 position of the sugar.'> Multiple acyl groups could be present in the same
anthocyanin glycoside molecules, forming poly-acylated anthocyanins.

As reviewed, anthocyanins with acylating groups are more stable during
processing and storage than their nonacylated counterparts.'>® Anthocyanin
glycosyl acylation typically decreases the polarity of anthocyanins and the
stacking of the acyl groups with the pyrylium ring of the flavylium cation reduces
the susceptibility of a nucleophile attack by water.'>® This steric hindrance effect
of acylated anthocyanins hinders hydrophilic initiation of the interaction between
anthocyanins and their membrane carriers (bilitranslocases) in the process of
digestion.'®® Carbon-carbon double bonds in the aromatic acyl groups are
conjugated systems, which lead to possessing light energy-absorbing and
potential electron-donating abilities contributing to the stability of anthocyanins
under light irradiation. Free carboxyl groups in some acyl groups could decrease
the pH values of the environmental solutions, enhancing the stability of
anthocyanins by forming a more stable form (flavylium cations).'®! This
physico-chemical change caused by the acylation process leads to acylated
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anthocyanins being more resistant to variations in pH, heat, and light* and a
higher capacity to inhibit lipid peroxidation and higher antioxidant activity’ than
the corresponding nonacylated counterparts.

Bioavailability of anthocyanins is an important issue which should be clarified
when addressing their biological effects. A bioavailability study has shown that
acylated anthocyanins from purple-fleshed sweet potato have displayed higher
resistance to digestion under simulated conditions in vitro, when compared to
nonacylated anthocyanins from red wine, with a degradation percentage at the
intestinal level of about 30% and 45%, respectively.'®> Another bioavailability
study has illustrated that acylated anthocyanins showed an 11-14-fold decrease
in its recovery (ranged from 0.020 to 0.038 %) in urine compared to their
nonacylated counterparts, using purple carrots (Daucus carota L.) as the source
of anthocyanins.!®> A similar result of lower transport efficiency of acylated
anthocyanins compared to nonacylated anthocyanins was also observed in an
intestinal caco-2 cell line model.'** An in vitro study showed that 71.8 £ 0.3% of
acylated petunidin glycosides from purple potato may reach the colon after
simulated digestion.'®> An in vitro gastric MKN-28 cell line study showed that
the transport efficiency of two acylated anthocyanins extracted and purified from
purple sweet potato was lower than nonacylated malvidin 3-O-glucoside by 20—
30% due to steric hindrance of the more complex structures.!%® Blocking GLUT1
and GLUT3 lowered transport efficiency of both purified acylated and
nonacylated anthocyanin, indicating GLUT1 and GLUT3 participated in the
anthocyanin absorption.'®® However, a computational study compared the
affinity of acylated anthocyanin malvidin 3-O-(6-O-coumaroyl)-glucoside-5-O-
glucoside and nonacylated anthocyanin malvidin 3,5-O-diglucoside to GLUT1
and GLUT3, with the nonacylated anthocyanin showing higher affinity for
GLUT!1 and the acylated anthocyanin having higher affinity for GLUT3.'¢’

Thus, acylated anthocyanins could be expected to be exposed more to colonic
microbiota than nonacylated anthocyanins. The complex anthocyanin-gut
microbe interactions in the large intestine shape the gut microbiota profile and
short-chain fatty acid production.!'®® Those anthocyanin metabolites produced by

gut microbiota are further absorbed into the systemic circulation.'®

2.2.3. Anthocyanins from bilberries and potatoes

The bilberry (Vaccinium myrtillus L.) plant is a low-growing shrub and mainly
grows in northern Europe and is also found in North America and Asia. Bilberry
belongs to the genus Vaccinium (Figure 2A), which includes, among other
species, blueberries (Vaccinium corymbosum) and cranberries (Vaccinium
macrocarpon). In Finland, bilberries grow in moist, coniferous forests and favors
moderate shade and moderately humid ground conditions. Bilberries are one of
the richest natural source of anthocyanins, which give the blue color to the
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berries.!’” The anthocyanins from bilberries consist mostly of glucosides,
galactosides, and arabinosides of delphinidin, petunidin, cyanidin, peonidin, and
malvidin.'”! The total anthocyanin content of bilberries ranges from 300 to 700
mg/100 g in fresh bilberries depending on growing conditions, and the degree of
ripeness of the bilberries.!7?

Potatoes (Solanum tuberosum L.), an economically important staple crop, is
the fourth largest food crop after wheat, rice, and corn; it prevails across the
world and has a successful large-scale production, consumption, affordability,
and an easy availability for markets. Potatoes are also a critical crop in terms of
food security in the face of population growth and increased demand for food,
providing carbohydrates, proteins, minerals (potassium, phosphorous, and
magnesium), vitamins (B6, B3, and C), and are rich in antioxidants.!”

Attention has been drawn to purple-red potatoes because of their antioxidative
activities.!”* Anthocyanins are the major components contributing to the color of
the potato. Almost all the anthocyanins from purple-red potato anthocyanins are
acylated derived from delphinidin, cyanidin, petunidin, pelargonidin, peonidin,
and malvidin and acylated with hydroxycinnamic acids, such as coumaric,
ferulic, and caffeic acids.'” As acylated anthocyanins have a better stability
compared to nonacylated anthocyanins, purple-red potatoes have great potential
to promote public health by increasing the dietary intake of these compounds.
The anthocyanin content in dark-colored potatoes ranged from 20 to 150 mg/100
g in the fresh weight in different cultivars.!”® The anthocyanins content of the
cultivar ‘Synked Sakari’ used in this study could yield 70 mg/100 g in fresh
purple potatoes (Figure 2B).!”® As anthocyanins are usually ingested in
combination with different food sources, the food matrices could affect the
absorption of anthocyanins. Glucose and proteins have been shown to decrease
the transport efficiency of anthocyanins by 3—7% in gastric cells and 2-3% in
intestinal cells, but starch has not been shown to influence the absorption of
anthocyanins®. This demonstrates another advantage of the utilization of purple
potatoes as a new source of anthocyanins since starches are the major component
of the potato.
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» ’ ' Y ¢ g - "
Figure 2. Examples of the phenotypes of bilberries (Vaccinium myrtillus L.) (A)
and the purple pigmented potatoes (Solanum tuberosum L. 'Synked Sakari') (B).
(Photographs by Maaria Korsteniemi).

2.3. Anthocyanins and type 2 diabetes

The beneficial effects of anthocyanins on type 2 diabetes have been extensively
studied in vitro and in vivo. Anthocyanins are considered to be effective dietary
supplements for mitigating type 2 diabetes.!!"!177-182 Figure 3 shows the annual
number of publications and citations from 2010 to November of 2021 retrieved
from the Web of Science index by searching with the keyword “anthocyanins
AND diabetes”, indicating significantly increased attention to this area.
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Figure 3. The number of publications and citations per year from a Web of
Science searching for articles with the topics “anthocyanins AND diabetes”,
taken November 2021.



Review of the Literature 25

2.3.1. Antidiabetic effect of anthocyanins in vitro

One of the antidiabetic mechanisms of anthocyanins is the inhibiting activities
of a-glucosidase and pancreatic a-amylase, which shares the same mechanism
with some anti-diabetic drugs such as acarbose that aim at mitigating
carbohydrate digestion and limiting the absorption of glucose in the digestive
system., 83184

The inhibition ability of anthocyanins (both acylated and nonacylated
anthocyanins) is structure-dependent, as the types of anthocyanidin core and
glucosyl group affect the inhibition ability; this has been extensively discussed
elsewhere.!® Recent advances in structure-based design and computational
techniques have shown that malvidin 3-O-arabinodside and pelargonidin 3-O-
rutinoside selected from 665 monomeric anthocyanins (nonacylated
anthocyanins) were predicted as two of the lowest binding energies with human
pancreatic amylase and to interact with amino acid residues of human pancreatic
amylase (Asp197 and Glu233) through hydrogen bonds, therefore inhibiting its
catalytic mechanism.'%

Acylated anthocyanins have been reported to have greater inhibitory activity
on a-glucosidase and a-amylase (Table 3).!37!8 An enzyme inhibition study has
shown acylated anthocyanins exhibited stronger inhibitory effects on an
immobilized a-glucosidase (e.g., maltase) that mimics the interaction in the
small intestine than nonacylated anthocyanins, and that anthocyanin deacylation
results in a marked reduction of the inhibitory activity on immobilized
maltase.'®” A recent study comparing the inhibitory effect of nonacylated
anthocyanin extracts from berries, monoacylated anthocyanin extract from
purple sweet potato, and diacylated anthocyanin extract from purple sweet potato
against a-amylase and a-glucosidase showed that diacylated anthocyanin
possessed the most potent inhibitory ability on these enzymes. Its inhibitory
efficacy on a-glucosidase is similar to that of acarbose, which is one of the
antidiabetic drugs wused to reduce the digestion and absorption of
carbohydrates.'®® However, the inhibitory effect of monoacylated anthocyanins
showed very little difference from nonacylated anthocyanin extracts, which
might be due to a lower concentration of monoacylated anthocyanins. The
highest inhibitory activity of diacylated anthocyanins might be due to the higher
affinity and certain key enzyme binding sites.!®® This protein-anthocyanin
binding might also protect acylated anthocyanins from degradation and increase
their antioxidant ability.'®

In addition, a range of in vitro studies conducted on the antidiabetic effect of
anthocyanins have been carried out in cell lines including H4IIE rat liver cells,
L6 myotubes muscle cells, pancreatic B-cells of rat (INS-1832/13) and mouse
(BTC-tet), hepatocytes (HepG2 cells) with induced insulin resistance, 3T3-L1
adipocytes, and Langerhans cells (Table 3). Conclusions on the effect of
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anthocyanins can be summarized as follows: 1) they decrease glucose production,
increase glucose uptake, and increase insulin sensitivity in liver and muscle cell
lines,'?° 2) they stimulate insulin release and increase proliferation of B cells in
B cell lines'*!192, 3) they suppress the expression of lipogenic and inflammatory
factor, decrease leptin secretion, promote lipolytic action, and increase glucose

transport in adipocytes cell lines.'?*1%4



Table 3 In vitro modulatory effects of anthocyanins.

Source of anthocyanins

Main anthocyanin(s)

Model

Effects

Anthocyanins extract from

purple sweet potato ([pomoea

batatas) 184

Cya-3-(6"-caf-6""-hba-sop)-5-glu, peo-3-
(6",6"'-dicaf-sop)-5-glu, peo-3-(6"-caf-
6"'-p-hba-sop)-5-glu, peo-3-(6"-caf-6"'-
fer-sop)-5-glu

Enzyme inhibition
study; human liver cell
line HepG2 cells

Inhibited a-amylase, a-glucosidase, and xanthine
oxidase.

Pure nonacylated
anthocyanins186

18-20 varieties of nonacylated
anthocyanins

Enzyme inhibition
study;

Inhibited a-amylase and a-glucosidase. Structure-
dependent enzymes inhibition property.

Pure nonacylated anthocyanins
and diacylated anthocyaninslg7

Cya-3-(2-(6-fer-gpy)-6-caf-glup)-5-
glup; cya- and peo-3-(2-(6-fer-gpy)-6-
caf-glup)-5-glup; pg-3-(2-(6-3-gpy-caf)-
gpy)-6-caf-glup)-5-glup; pg-3-(2-(6-caf-
glu)-6-caf-glup)-5-glup; pg-, cya-, and
peo-3-(2-gpy-glup)-5-glup-3-sop-5-glu

Enzyme inhibition
study

Diacylated anthocyanin showed the most potent to
inhibit a-glucosidase compared to other
anthocyanins.

Nonacylated anthocyanin
extracts from (V. corymbosum
L. x V. angustifolium Aiton.; V.
ashei Reade) berries.
Monoacylated and diacylated
anthocyanin extracts from
purple sweet potatoes (I[pomoea
batatas L. cultivar Eshu No.

8)188

Del-, cya-, pet-, peo-, and mal-3-gal,
glu, ara; cya-, pet-, and peo-3-hba-sop-
5-glu; cya- and peo-3-(6"-caf-sop)-5-
glu; cya- and peo-fer-sop-5-glu; cya-3-
caf-sop-5-glu; peo-3-(6'-caf-6"-hba-
sop)-5-glu; peo-3-(6'-caf-6"-fer-sop)-5-
glu

Enzyme inhibition
study

Diacylated anthocyanin extracts showed the highest
inhibition ability of a-amylase and a-glucosidase
than monoacylated anthocyanin extracts and
deacylated anthocyanin extract.

Purified anthocyanin: from

maqui berry (4ristotelia

chilensis) 190

Del-3-sb-5-gluc

HA4IIE rat hepatoma
cells and L6 myotubes

Decreased glucose production, increase glucose
uptake.

Anthocyanin extract from

Canadian lowbush blueberry

(Vaccinium angustifolium)191

Not available

BTC-tet cells (Mouse
pancreatic islet p cell)

Increased proliferation.
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Source of anthocyanins

Main anthocyanin(s)

Model

Effects

Purified anthocyanins from
Cornus fruits (C. officinalis and

C. mas)192

Cya-3-glu, del-3-glu, cya-3-gal, and pg-
3-gal, and anthocyanidins (cyanidin,
delphinidin, pelargonidin, malvidin, and
petunidin)

Rodent pancreatic -
cells (INS-1832/13)

Enhanced insulin secretion and prevent insulin
resistance.

Anthocyanin extract from

mulberries (Morus alba L.)196

Cya-3-glu, cya-3-rut, pg-3-glu, and other
phenolic and flavonoid compounds

HepG2 cells

Enhanced the glycogen content and suppressed
levels of glucose production by regulating key
enzymes.

Standard reference!%3 Cya-3-glu 3T3-L1 adipocytes and Enhanced glucose transport, GLUT4 membrane
human omental translocation, and insulin sensitivity.
adipocytes

Anthocyanin extract Not available 3T3-L1 adipocytes Suppressed leptin secretion. Exerted anti-

Purple sweet potato (Ipomoea
batatas L.)194

inflammatory, lipolytic effects on adipocytes and
radical scavenging and reducing activity.

Note: Anthocyanidins: cya, cyanidin; del, delphinidin; pg, pelargonidin; peo, peonidin; pet, petunidin. Acyl moieties: caf, caffeoyl; hba, hydroxybenzoyl; fer,
feruloyl; mal, malonyl; pyr, pyranosyl; gpy, glucopyranosyl. Sugar moieties: glu, glucoside; gal, galactoside; rut, rutinoside; sop, sophoroside; glup;

glucopyranoside; sb, sambubioside.

8¢C
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2.3.2. Antidiabetic effect of anthocyanins in vivo

Many diabetic animal models and clinical trials have been applied to the study
of the anti-diabetic effect of anthocyanins using either anthocyanin-rich extract
or isolated compounds and these studied anthocyanins were mainly from berries
in a nonacylated form. The antidiabetic effects of nonacylated anthocyanins have
been extensively reviewed.!!"13177-182 [t can be summarized that anthocyanin-
rich extracts could improve insulin sensitivity, lipid profile, glucose level, and
body weight gain, Their repeatedly reported antidiabetic effects have been
focused on energy metabolism and inflammation including 1) inhibiting
digestive enzymes; 2) modulating AMP-activated protein kinase (AMPK)
activation and AMPK-mediated GLUT4 expression and translocation; 3)
suppressing peroxisome proliferator-activated receptor gamma (PPARy) and
phosphoinositide 3 kinase/protein kinase B (PI3K/Akt)-mediated lipid and
glucose metabolism; 4) suppressing NF-kB activation and downstream of
inflammatory cytokines expression such as IL-1p and IL-6; 5) activating nuclear
factor erythroid 2-related factor 2 (Nrf2). Variations in the antidiabetic
mechanism of anthocyanins were most likely due to the different sources,
extraction methods, differences in composition and structures of anthocyanins
studied, and study purposes. In Table 4, the recent studies related to antidiabetic
effect of anthocyanins, especially acylated anthocyanins are summarized

2.3.2.1. Energy metabolism in type 2 diabetes modulated by
anthocyanins

Anthocyanins have been reported to activate AKT and AMPK. When
considering the liver and muscles as the major energy expenditure organs, the
regulatory effects of the two types of anthocyanins on these two organs are
discussed separately.

Similar to nonacylated anthocyanins, feeding acylated anthocyanin extract for
12-32 weeks (200—-700 mg/kg body weight/day) also modulated AMPK!7-200
and AKT?122 in liver of high-fat diet- or streptozotocin-induced diabetic
animals. AMPK-mediated phosphorylation (activation) of acetyl-coenzyme A
carboxylase (ACC) contributing to lipid synthesis and PI3K/AKT-mediated
suppression of phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-
phosphatase (G6pase) contributing to gluconeogenesis were observed by the
intervention of nonacylated anthocyanin extract from berries or acylated
anthocyanin extract from purple sweet potatoes. (Table 4) Mice fed with a high-
fat diet and a daily 200 mg/kg body weight acylated anthocyanin extract from
purple sweet potatoes for 4 weeks showed increased phosphorylation of AMPK
and ACC in liver compared to mice fed with a high-fat diet alone.!”” Honeyberry
nonacylated anthocyanin extract predominant in cyanidin 3-O-glucoside showed
similar result, that is, an increased phosphorylation of AMPK and ACC in
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liver.2® Db/db diabetic mice fed with nonacylated anthocyanin extract from
mulberry for 2 weeks showed hepatic activation of AKT and an increased level
of PEPCK and G6pase.”® When an acylated anthocyanin extract from purple
sweet potato was given daily to high-fat diet-induced obese mice for 5 weeks,
the IRS-1(Insulin receptor substrate 1)/PI3K/Akt pathway was modulated by the
extract, which contributed to the hypoglycemic effect.’”? A daily intake of 500
mg/kg body weight acylated anthocyanin extract from purple sweet potato for 4
weeks activated AKT and increased the level of PEPCK and G6pase in the liver
of diabetic mice induced by high-fat diet and STZ.'”® Acylated anthocyanins
from the fruits of the Lycium ruthenicum Murray increased activation of AKT,
hepatic gene expression of PEPCK, Go6pase, and hepatic and adipose gene
expression of GLUT4 in mice with insulin resistance induced by high-fat diet.2%*
The energy regulatory effect of anthocyanin in muscles was relatively less
extensively reported compared to the liver. Nonacylated bilberry anthocyanin
extract was given to KK-Ay diabetic mice for 5 weeks, AMPK was activated in
skeletal muscle, white adipose tissue, and the liver.?%’ Intervention of purple corn
anthocyanin extract containing both acylated and nonacylated anthocyanins for
8 weeks increased GLUT4 gene expressions in muscle in db/db diabetic mice.'”
Db/db diabetic mice fed with nonacylated anthocyanin extract from mulberry for
2 weeks activated AMPK and AKT simultaneously and increased levels of
GLUT4 in the plasmatic membrane of skeletal muscle??; this might have been
due to the crosstalk between AMPK and AKT through mTOR and FOXO.28
However, AMPK and AKT activation levels and downstream effectors might
not always be coherent between nonacylated and acylated anthocyanin. A study
compared the AKT phosphorylation ability of acylated and nonacylated
anthocyanin in aorta by a single oral dose of acylated anthocyanin extract from
purple carrot and equivalent amount of nonacylated anthocyanin (1 mg/kg body
weight, cyanidin 3-O-glycoside and delphinidin 3-O-ruthenoside), acylated
anthocyanin extract showed a higher level of AKT phosphorylation compared to
other two nonacylated anthocyanins.?® Potential different antidiabetic targets
between acylated and nonacylated anthocyanin are discussed here. Glycerol-sn-
3-phosphate acyltransferase (GPAT) is a rate-limiting enzyme in the glycerol 3-
phosphate pathway, converting glycerol-3-phosphate and acyl-CoA into
phosphatidic acid which is the precursor of triglyceride and
glycerophospholipids. Suppression of GPAT1 by nonacylated anthocyanin has
been repeatedly reported, for which the potential mechanism might be
PPARY/PKC-mediated.?”’ % However, acylated anthocyanins have not been
verified to act through this mechanism, although both types of anthocyanins have
shown cholesterol- and TAG-lowering effects in animal models and in humans
in recent reviews.!$3210212 NAD* depletion caused by oxidation of excessive
substrates (free fatty acid, glucose, and lactate) and other cellular stresses has
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been detected and contributed to the dysregulation of energy metabolism and
inflammation in type 2 diabetes and obesity.?!*?!4 Feeding acylated anthocyanin
extract from purple sweet potatoes for 20 weeks restored NAD* levels in high-
fat diet-induced obese mice.?'* Such change has not been reported after intake of
nonacylated anthocyanins in obesity and diabetes.

Although anthocyanins have been widely reported to affect key enzymes and
genes of metabolic pathways as mentioned above, there has been no study
focusing on the effect of anthocyanins on metabolome and transcriptome in
diabetes by using omics technologies.

2.3.2.2. Inflammation modulated by anthocyanins in type 2 diabetes

Both types of anthocyanin extracts have been reported to decrease activation of
NF-kB, JNK, and their downstream pro-inflammatory cytokines in diabetes
(Table 4). Supplementation of purple rice anthocyanin extracts (700 mg/kg body
weight/day) predominated by cyanidin 3-glucoside to STZ-induced diabetic
mice for 4 weeks resulted in decreased levels of TLR-4, phosphorylated IKKf,
and the downstream IL-6 and COX-2 in the heart.?!> Another study showed that
supplementation of diets with 8% wild blueberry powder for 8 weeks in obese
Zucker rats decreased expression of NF-kB p50, IL-6, and TNF-a in the liver
and abdominal adipose tissue and increased adiponectin expression in adipose
tissue.2!® Oral administration of nonacylated anthocyanin cyanidin 3-O-
glucoside (0.2% in diet) for 5 weeks in high-fat diet and db/db mice alleviated
insulin resistance and pro-inflammatory cytokines (IL-6, TNF-a, and MCP-1),
by the modulation of the JNK pathway.?!’

Consuming 700 mg/kg body weight/day acylated anthocyanin extract from
purple sweet potatoes for 20 weeks inhibited the activation of IKK and JNK1
and improved the IRS-1/PI3k/Akt insulin signaling pathway in liver of high-fat
diet-induced obese mice.?”? Feeding acylated anthocyanin extract from purple
sweet potatoes for 20 weeks (700 mg/kg body weight/day) to high-fat diet-
induced diabetic mice suppressed the NF-kB p65 nuclear translocation and
nucleotide oligomerization domain proteinl/2 (NOD1/2) signaling as well as the
downstream inflammation-related genes (IL-6, IL-1B, MCP-1, TNF-a).2'* The
decreased IL-1p might be partly due to the NLR family pyrin domain containing
3 (NLRP3) inflammasome activation by the acylated anthocyanin extract.?'*
Acylated anthocyanin extract from black goji berry (Lycium ruthenicum) fed to
mice with atherosclerosis decreased arterial NF-kB p65 and VCAM-1 expression,
plasma TNF-o, and IL-1B, and hepatic CYP7A1 and SREBP-2 expression.*!

NF-kB can be activated through many membrane receptors in signaling
transduction, such as T-cell receptors, TNF receptors, IL-1 receptors, TLR-4,
and B-cell receptors, etc.®” Both types of anthocyanins have been reported to
alleviate NF-xB through downregulating TLR-4,204215
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Although no study has been conducted to compare acylated and nonacylated
anthocyanins in terms of their ability to attenuate the NF-«B pathway, a study
comparing the effects of five structurally different anthocyanins on AGEs
formation which is able to induce the activation of NF-kB pro-inflammatory
signaling, acylated anthocyanins petunidin 3-rutinoside-(coumaroyl)-5-
glucoside showed the strongest anti-AGEs effects by reducing the glycation
progression, followed by diglycoside of anthocyanidins (cyanidin 3-sophoroside
and delphinidin 3-sambubioside) and then monoglycoside of anthocyanidins
(pelargonidin 3-glucoside and delphinidin 3-glucoside).?’* This indicates that
acylated anthocyanins might have a better role in inhibiting the activation of NF-
kB compared to nonacylated anthocyanins.

Acylated anthocyanins from difference food sources may differ in their effects
on inflammation pathways. In vitro, anthocyanin-rich extracts of purple potatoes
and purple carrots suppressed lipopolysaccharide  (LPS)-induced
phosphorylation of JINK and IkBa in mucosal innate immune cells, purple potato
anthocyanins more efficiently inhibited the JNK and IkBa phosphorylation than
purple carrots anthocyanins. %3

Nrf2 is a transcription factor regulating the expression of antioxidant proteins
and protecting against oxidative damage triggered by injury and inflammation.?!°
Nonacylated anthocyanins have been reviewed to be able to upregulate Nrf2 in
vitro and in different tissues of animal models!’3219220 the effect of acylated
anthocyanins on Nrf2 has not been studied in vivo. An in vitro study showed that
the anthocyanin fraction of purple sweet potato did not induce Nrf2
transactivation in Huh-7 cells.!®*



Table 4 Modulatory effects of anthocyanins on diabetic or obese animal models.

Source of anthocyanins

Main anthocyanin(s)

Model

Effects

Purple sweet potato (cultivar
‘NingZi No. 2°) anthocyanin

extract22 !

Peo-3-caf-sop-5-glu, peo-3- (6",6"-dicaf-

sop)-5-glu, peo-3- caf-hba-sop-5-glu,

peo-3-(6"-caf-6"-fer-sop)-5-glu, cya3-

(6"-caf-6""-fersop)-5-glu

HFD-induced
obese SD rat;
100-400 mg/kg
bodyweight; 6
weeks

Decreased adipocyte number and size of adipose tissue.
Decreased glucose, triglyceride, and total cholesterol
levels.

Reduced the level of ROS and inhibited the receptor of
AGE products and thioredoxin interacting protein in the
hypothalamus.

Preserved the leptin signaling capability, leading to a
decrease in hypothalamic AMPK activity.

Acidified ethanol Anthocyanin
extract from mulberry (Morus alba

L.)ZOI

Cya-3-glu, cya-3-rut, pg-3-glu

db/db mice; 50
and 125mg/kg
body weight; 8
weeks

Modulated AKT, GSK3, and FOXOL in liver, muscle,
and adipose tissues. Decreased triglycerides, LDL,
insulin, blood glucose, leptin, B cell protection. Reversed
insulin resistance by regulating AMPK/ACC/mTOR
pathway.

Anthocyanin powder from two
blueberries (Tifblue and Rubel

cultivars, 1 :1)222

Del-3-gal, peo-3-glu, mal-3-gal, cya-3-

gal, pet-3-gal

Zucker diabetic
fatty rats; Diet
containing 2%
(wt/wt) for 90
days

Reduced triglycerides, fasting insulin.

Improved insulin sensitivity.

Reduced abdominal fat mass, increased adipose and
skeletal muscle PPAR activity, and affected PPAR
transcripts involved in fat oxidation and glucose
uptake/oxidation (Fas, Irsl, Pfk, Glut4)

Anthocyanin extract from mulberry
(Morus alba L.)223

Cya-3 -glu, cya-3-rut, pg-3-glu, pg-3-rut

Zucker diabetic
fatty rats; 125 and
250 mg/kg body
weight; 5 weeks

Decreased glucose level.
Maintained insulin level and B cell histology.

Anthocyanin extract from blueberry

(Vaccinium angustifolium)224

Mal-3-glu, Mal-3-gal, Del-3-gal, Del-3-

glu, Mal-3-ara

HFD-induced
diabetic C57b1/6]
mice; 500 mg/kg
body weight for
one dose

Hypoglycemic effect.
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Source of anthocyanins Main anthocyanin(s) Model Effects
Anthocyanin extract from mulberry  Cya-3-glu, cyan-3-rut and peg-3-glu HFD-induced Decreased body weight, food intake, cholesterol,
(Morus Australis Poir)*® obese C57b1/6] triglycerides, glucose, and leptin levels.

mice; Diet

containing 4%
(wt/wt); 90 days

Anthocyanin extract from purple
rice (Oryza sativa L.)215

Cya-3-glu

STZ-induced

diabetes SD rat;
250 mg/kg body
weight; 4 weeks

Decreased blood glucose and gene expression of COX-2
and IL-6 inflammatory marker in heart.

Decreased TLR4 protein and p65-NF-kB levels in heart.
Activated p-Ikko/f in heart.

Anthocyanin extract from purple
sweet potato (Ipomoea batatas

L4

Peo-3-(6-caf-gpy-glup)-5-glu, peo-3-(2-
(6-caf-gpy)-6-caf-glup)-5-B-D-glup, peo-
3-(2-(6-fer gpy)-6-caf glup)-5-glup, cya-
3- (6-cou)-glup

HFD-induced
obese C57BL/6
mice; 700
mg/kg/day; 20
weeks

Ameliorated obesity and liver injuries. Blocked hepatic
oxidative stress. Restored NAD™ level in liver.
Suppressed the NF-kBp65 nuclear translocation, NOD1/2
signaling, the NLRP3 inflammasome activation and
inflammation-related genes (TNF-a, MCP-1, and IL-1) in
liver.

Commercial bilberry anthocyanin
extract (Vaccinium myrtillus)200

Not available

KK-AY diabetic
mice; Diet
containing 2.7%
(wt/wt); 5 weeks

Decreased blood glucose and triglycerides and
cholesterol. Improved insulin sensitivity.

Inactivated acetyl-CoA carboxylase and activated
PPARa, acyl-CoA oxidase, and carnitine
palmitoyltransferase-1A in liver.

Decreased PEPCK and Gé6pase in liver.

Activated AMPK in white adipose tissue, skeletal muscle,
and the liver.

Upregulated GLUT4 in white adipose tissue and skeletal
muscle

Anthocyanin extrat from bilberry

(Vaccinium myrtillus)226

Del-, cya-, pet-, peo- and mal--derived
nonacylated anthocyanins

high-sucrose diet-
induced insulin
resistant mice;
0.2 mg/mL
anthocyanin in

Showed the antioxidant property and changed genes
expression in metabolic pathway (4CC1, Bcl2, Akt,
mTOR, GPDHI, HK2, GLUTI, and GLUT4).
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Source of anthocyanins

Main anthocyanin(s)

Model

Effects

drink water;15
weeks

Purified anthocyanin extracted from Cya-3-glu KK-Ay diabetic Normalized hyperglycemia, hyperinsulinemia and

purple corn??’ mice; Diet hyperleptinemia.
containing 0.2% Decreased gene expression of Fas, Gpat, Srebp-1 in liver.
(wt/wt) for 12
weeks

Purified anthocyanin207 Cya-3-glu KKAy diabetic Ameliorating hepatic steatosis by decreasing hepatic
mice; Diet mtGPAT1 activity. Anthocyanin inhibits high glucose-
containing 100 induced hepatic mtGPAT]1 activation and prevents fatty
mg/kg; 12 weeks  acid synthesis through PKC.

Purified antho cyanin228 Cya-3-glu db/db diabetic Increased the GSH synthesis through PKA-CREB-
mice; Diet dependent induction of Gcle expression.

containing 100
mg/kg; 8 weeks

Attenuated lipid peroxidation, neutrophil infiltration, and
hepatic steatosis.

Anthocyanin extract from mulberry
(Morus alba L.) fruits®??

Que-3-glu and other phenolic acids

HFD- induced
obese Syrian
golden hamster;
Diet containing
2% (wt/wt); 12
weeks

Reduced serum triacylglycerol, cholesterol, free fatty
acid, and the LDL/ HDL ratio.

Decreased hepatic lipids and hepatic PPAR-y, fatty acid
synthase, and HMG-CoA reductase.

Anthocyanin extract from purple
sweet potato ([pomoea batatas

L.)230

Peo-3-(6-caf-gpy-glup)-5-glu, peo-3-(2-

(6-caf-gpy)-6-caf-glup)-5-pB-D-glup, peo-
3-(2-(6-fer gpy)-6-caf glup)-5-glup, cya-
3- (6-cou)-glup

HFD- induced
obese C57BL/6
mice; 500
mg/kg/day; 32
weeks

Alleviated the cognitive impairment.

Decreased the expression of Ibal, TNF-a, IL-1B, SOCS3,
galectin-3 in hippocampus.

Increased insulin signaling molecules including the p-
IRS1 (Tyr608), PI3K p110a, and p-AKT (Serd73).
Increased Bcl-2, diminished the Bak and the cleaved-
caspase3 in hippocampus.

Purple sweet potato anthocyanin
extract ([pomoea batatas L.)197

Peo-3-(6-caf-gpy-glup)-5-glu, peo-3-(2-
(6-caf-gpy)-6-caf-glup)-5-B-D-glup, peo-

HFD- induced
obese ICR mice;

Reduced weight gain and hepatic triglyceride
accumulation and improved serum lipid parameters.
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Source of anthocyanins Main anthocyanin(s) Model Effects
3-(2-(6-fer gpy)-6-caf glup)-5-glup, cya- 200 mg/kg per Increased the phosphorylation of AMPK and acetyl-
3- (6-cou)-glup day;4 weeks coenzyme A carboxylase (ACC) in the liver.

Purple sweet potato anthocyanin
extract ([pomoea batatas L.)202

Cyanidin acyl glucosides and peonidin
acyl glucosides

HFD- induced
obese ICR mice;
700 mg/kg/day;
20 weeks

Improved the fasting blood glucose level, glucose, insulin
tolerance and oxidative-stress-mediated endoplasmic
reticulum stress.

Suppressed ROS production and GSH and antioxidant
enzymes activities. Suppressed the JNK 1and Ikb kinase f
activation and NFkB p65 nuclear translocation.

Restored the impairment of the insulin receptor substrate-
1/phosphoinositide 3 kinase/protein kinase B (Akt)
insulin signaling in the livers.

Purple sweet potato anthocyanin
extract (lpomoea batatas L.)198

Cya-3-sop-5-glu, peo-3-sop-5-glu,
cyanidin-3-hba-sop-5-glu, peo-3-hba-
sop-5-glu, cya-3-(6"-fer- sop)-5-glu, peo-
3-(6"-fer-sop)-5-glu, cya-3-caff-hba-sop-
5-glu, cya-3-(6"-caff-sop)-5-glu,
cya-3-(6"-caf-6"'-fer-sop)-5-glu, peo-3-
caf-hba-sop-5-glu, peo-3-caf-sop-5-glu,
peo-3-(6"-caf-6"'-fer-sop)-5-glu, Peo-3-
(6"-hba-6""-fer-sop)-5-glu

HFD and
streptozotocin -
induced obese
ICR mice 500
mg/kg body
weight; 12 weeks

Activated AMPK in liver

Increased GLUT4, glucokinase, and insulin receptor o in
liver.

Upregulated glycolysis key genes (Pfk and Pkm)
Downregulated gluconeogenic genes (G6pase and
Pepck).

Acylated anthocyanin extract from
purple carrot and pure cya-3-glu
and del-3-rut?%

Cya-3-(2"-xyl-6-glu-gal), cya-3-(2"-xyl-
gal), cya-3-(2"-xylose-6"-sin-glu-gal,
cya-3-(2"-xyl-6"-fer-glu-gal, cya-3-(2"-
xyl-6"(4-cou)-glu-gal

Wistar rats;
Single intragastric
doses

Acylated anthocyanin induced the highest level of Akt
phosphorylation in aorta than cya-3-glu and del-3-rut

Blue Congo potatoes”’!

Acylated anthocyanins dominant by pet-
3-cou-rut-5-glu

Streptozotocin-
induced diabetic
Wistar rats; 165
mg/kg
bodyweight; 2
weeks

Lowered blood glucose, glycated hemoglobin,
malondialdehyde levels in plasma.

Restored antioxidant enzyme activities

Improved glucose tolerance,

Inhibited oxidative modified proteins OMP, AGE, and
advanced oxidation protein products formation in plasma.

9¢

ANIDAJIT Y} JO MIIAIY



Source of anthocyanins Main anthocyanin(s) Model Effects
Anthocyanin extract from Mulberry Cya-3-glu, cya-3-rut Db/db diabetic Decreased blood levels of glucose and HbAlc
(Morus alba L.)* mice; diet Increased insulin sensitivity.

containing 0.5%,
w/w; 6 weeks

Activated pAMPK and p-Akt substrate of 160 kDa
(pAS160) and enhanced GLUT4 in skeletal muscles.
Increased pAMPK and decreased the levels of G6pase
and PEPCK in the liver.

Anthocyanin extract from
Honeyberry (Lonicera caemlea)zo3

Nonacylated anthocyanin dominant by
cya-3-glu

HFD-induced
obese ICR mice;
diet containing
0.5%-1%, w/w; 6
weeks.

Decreased the expressions of adipogenic genes (SREBP-
Ic, C/EBPa, PPARY, FAS) in liver.

Increased mRNA and protein levels of CPT-1 and
PPARa and increased the phosphorylation of AMPK and
ACC in liver.

Anthocyanin extract from purple
corn (Zea mays L.)199

Nonacylated anthocyanins dominant by
cya-3-glu and peo-3-glu; acylated
anthocyanins dominant by cya-3-(6"-
mal-glu) and peo-3-(6"-mal-glu)

db/db diabetic
mice; 10 or 50
mg/kg body
weight; 8 weeks

Increased C-peptide and adiponectin and decreased
HbA1c and glucose levels in plasma.

Prevented pancreatic B-cell damage and increased insulin
content.

Increased the phosphorylation of AMPK and decreased
PEPCK, G6pase genes in liver, and increased GLUT4
expression in skeletal muscle.

Anthocyanin extract from black

goji berry (Lycium ruthenicum)*'8

Pet-3-rut-cou-5-glu as the main
anthocyanin

HFD and vitamin-
D3- induced
atherosclerosis
rat, 50-200 mg/kg
body weight; 8
weeks

Decreased TG, TC, LDL-C, TNF-a, IL-6 levels, and
atherogenic index and increased HDL-C concentrations.
Upregulated NF-kB, VCAM-1, and CYP7A1, and
downregulated SREBP-2.

Anthocyanin extract from black

goji berry (Lycium ruthenicum)®®*

Del-3-6"-rha-glu-5-glu, pet-3-rut-cou-5-
glu, pet-3-rut-caf-5-glu, pet-3-6-cou-rha-
pyr)-glup-5-glup

HFD-induced
insulin resistance
C57BL/6J mice;
50-200 mg/kg
body weight; 12
weeks

Decreased weight gain, hepatic lipid, dyslipidemia,
inflammation, and oxidative stress.

Inactivated TLR4/NF-xB/JNK in the liver tissues and
ameliorated oxidative stress and insulin resistance by
activating the Nrf2/HO-1/NQO1 and IRS-1/AKT
pathways.
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Note: Anthocyanidins: cya, cyanidin; del, delphinidin; mv, malvidin; pg, pelargonidin; peo, peonidin; pet, petunidin. Acyl moieties: ace, acetyl; caf, caffeoyl; cou,
coumaroyl; hba, hydroxybenzoyl; mal, malonyl; oxa, oxaloyl; sin, sinapoyl; suc, succinyl; pyr, pyranosyl; gpy, glucopyranosyl. Sugar moieties: glu, glucoside;
gal, galactoside; rut, rutinoside; sop, sophoroside; xyl, xyloside; glup; glucopyranoside. Other abbreviations: ACC, acetyl-CoA carboxylase; AKT, protein kinase
B; AMPK, AMP-activating protein kinase; Bcl-2, B-cell lymphoma 2; CPT, carnitine palmitoyltransferase; CYP7A1, cytochrome P450 family 7 subfamily A
member 1; C/EBPa, CCAAT enhancer binding protein a; FAS, fatty acid synthase; FOXO1, forkhead box protein O1; Gcelc, glutamate--cysteine ligase catalytic
subunit; GSK3, Glycogen synthase kinase-3; GLUT, glucose transporter; G6pase, Glucose 6-phosphatase; HbA lc, hemoglobin Alc; HFD, high-fat diet; HMG-
CoA, 3-hydroxy-3-methylglutaryl-CoA; HO-1, Heme oxygenase 1; IL, interleukin; IRS-1, Insulin receptor substrate 1; mtGPATI, mitochondria glycerol-3-
phosphate acyltransferase 1; mTOR, mammalian target of rapamycin; NF-«kB, nuclear factor-kB; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3;
Nrf2, nuclear factor-erythroid factor 2-related factor 2; NOD, nucleotide-binding oligomerization domain; NQO1, NAD(P)H quinone dehydrogenase 1; SOCS3,
suppressor of cytokine signaling 3; SREBP-2, sterol regulatory element-binding protein 2; TNF, tumor necrosis factor; PEPCK, phosphoenolpyruvate

carboxykinase; PPARY, peroxisome proliferator-activated receptor y; VCAM-1, vascular cell adhesion protein 1.
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The potential antidiabetic effects of anthocyanins have been studied in several
clinical trials. Table 5 summarizes studies related to the effect of anthocyanins
on plasma glucose, lipids, and insulin resistance in patients who are overweight,
have metabolic syndrome, or have T2D. Obese and insulin resistance patients
consuming a smoothie containing 22.5 g blueberry powder (1:1 mixture of
Vaccinium ashei and V. corymbosum) twice a day for 6 weeks showed an
increased insulin sensitivity in 67% of the patient compared to the control
group.?3? An intervention study showed that consumption of a capsule containing
80 mg anthocyanin from bilberries (V. myrtillus) and black currents (Ribes
nigrum) significantly decreased the serum triglycerides by 23.0%, serum LDL
(low-density lipoprotein cholesterol) by 7.9%, and increased serum HDL (high-
density lipoprotein cholesterol) by 19.4% in T2D patients.>3

Intake of anthocyanin extract or intact fruit containing anthocyanins showed
different results on postprandial insulin and inflammatory response. In addition,
long-term anthocyanins intervention studies resulted in controversial outcomes
related to the systemic lipid profile and glucose level.2**238 The substantiation
of the antidiabetic effect of anthocyanins in clinical trials is far from complete,
this is because of the small number of subjects, diverse dosages, and methods of
anthocyanins preparation, as well as the small amount of information about the
anthocyanin purities in these studies.

Despite the inconsistency between and within the animal and human studies,
the beneficial effect of anthocyanins has been widely observed. However, these
studies have failed to recognize the differences in biological function due to the
difference in molecular structures between acylated and nonacylated
anthocyanins and their effect on the metabolic profile. Moreover, there has been
renewed interest in the biological function and the potential for application of
acylated anthocyanins.



Table 5. The potential antidiabetic effects of anthocyanins shown in clinical trials

Source of anthocyanins

Subject

Dosage and intervention period

Effects

Commercial bilberry (Vaccinium
myrtillus) anthocyanins extract

capsule23 0

16 overweight volunteers

0.47 g bilberry extract for one dose

Improved oral glucose tolerance but
not for plasma insulin level and anti-
inflammatory markers.

Freeze-dried highbush blueberries
(50/50 blend of Vaccinium virgatum

and Vaccinium corymbosum)234

52 men with type 2 diabetes

22 g freeze-dried blueberry
twice a day for 8 weeks

Lowered hemoglobin Alc,
triglycerides, AST, and ALT.
Fasting plasma glucose, serum
insulin, total cholesterol, LDL, HDL,
C-reactive protein concentrations,
blood pressure, and body weight
were not changed.

Dried strawberry
(Fragaria*ananassa) and cranberry
(Vaccinium macrocarpon L.)

polyphenol extracts?3®

41 insulin-resistant overweight or
obese human subjects

333 mg extracts daily for 6 weeks

Improved insulin sensitivity. No
differences were detected for total
cholesterol, triglyceride, fasting
glucose, markers of inflammation,
and oxidative stress.

Freeze-dried mixed blueberry (1:7,

Vaccinium angustifolium Aiton:

Vaccinium corymbosum L)23 6

48 participants with metabolic
syndrome

50 g freeze-dried blueberries daily
for 8 weeks

Decreased systolic and diastolic
blood pressures. Serum glucose, total
cholesterol, and triglyceride were not
affected.

Pomegranate juice (anthocyanins
100.46 mg/L, total phenolics 69
mg/L, total flavonoids 283.02

mg/L)?

30 participants with metabolic
syndrome

500 ml daily for 7 days

Improved triglyceride and VLDL,
fasting blood glucose, insulin, and
HOMA-IR of the participants did not
show any significant difference.

Bilberry (Vaccinium myrtillus)238

47 participants with metabolic
syndrome

200 g bilberry purée for 8 weeks
(total 1.38 g anthocyanins)

Decreased fasting serum
triglycerides. Fasting blood glucose,
cholesterol, and insulin were not
infected.
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Source of anthocyanins

Subject

Dosage and intervention period

Effects

Anthocyanin extracts from bilberry
(Vaccinium myrtillus) and
blackcurrant (Ribes nigrum)23 3

58 diabetic patients

160 mg anthocyanins extract daily
for 24 weeks

Decreased serum LDL, triglycerides,
fasting plasma glucose, and insulin
resistance. Increased total radical-
trapping antioxidant parameter.

Commercial strawberry powder240

24 overweight adults

34 g strawberry powder for one dose

Attenuated the postprandial
inflammatory response and increased
insulin sensitivity.

Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment for
insulin resistance); LDL, low-density lipoprotein; VLDL, very-low-density lipoprotein.
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2.3.3. Gut microbiota modulated by anthocyanins in type 2 diabetes

The hydrolases in the upper intestine, including -glucosidase, cannot hydrolyze
all glycosidic bonds of anthocyanins and thus many anthocyanins remain in an
intact form, such as anthocyanidin-rhamnoside, -rutinoside, and others.?*!
Moreover, there are no endogenous esterases in humans to release phenolic acids
of acylated anthocyanin. Thus, the esterase activity of colonic microflora is
required for the metabolism of acylated anthocyanin.?*? As aforementioned, a
large amount of nonabsorbed anthocyanins reaching the colon are metabolized
by gut microbiota and acylated anthocyanins may be more exposed to gut
microbiota than nonacylated anthocyanins.'®> The complex anthocyanin-gut
microbe interactions in the colon also shape the gut microbiota profile and short-
chain fatty acid production.

The most abundant metabolites of acylated and nonacylated anthocyanin are
phenolic acids and phenolic acid conjugates which have been extensively
reviewed elsewhere.!3%!85  Although nonacylated anthocyanins have been
repeatedly reported to modulate the abundance of Bifidobacteria spp.,
Lactobacilli spp., and Clostridium spp..'’®'8" However, contradictory results
have been observed. For example, nonacylated anthocyanins extract from
blackcurrant increased the abundance of Bifidobacterium spp. in healthy
humans?*, while black raspberry decreased the abundance of Bifidobacterium in
F-344 rats.>** This might be due to interspecies differences, different metabolic
states, and anthocyanin vehicles as well as structures of anthocyanins in these
studies. To address these influences, this review examined the gut microbiota
regulation effect of anthocyanins on the condition of obesity and diabetes for the
first time and the acylated anthocyanins-related gut microbiota studies are also
included in Table 6.

Feeding high-fat diet-induced obese mice with daily 150 mg/kg body weight
black rice nonacylated anthocyanin extract for 14 weeks increased the abundance
of Bacteroides, Akkermansia, Lactobacillus, Ruminococcaceae, and
Alloprevotella at genus level; at the species level, the extract decreased the
proportions of Dorea sp. 5-2 Blautia coccoides, Lactobacillus gasseri,
Mucispirillum  schaedleri, Akkermansia  muciniphila, and Parabacteroides
merdae, while the diversity and richness of the microbiota were not changed.?*®
Supplementation of the diet containing 2.35% freeze-dried strawberry to diabetic
db/db mice for 10 weeks increased gut microbiota diversity and decreased the
abundance of Verrucomicrobia at the phylum level.>*¢ Feeding purified cyanidin
3-glucoside (7.2 mg/kg/day) and Saskatoon berry powder containing cyanidin-
3-glucoside (8.0 g/kg/day, equivalent cyanidin 3-glucoside in the berry) to high
fat-high sucrose diet-induced insulin-resistant C57 BL/6J mice for 11 weeks
resulted in a decrease of Lachnospiraceae and Erysipelotrichaceae and an
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increase of the Bacteroidetes/Firmicutes and family Muriculaceae.**’ Increased
abundance of Prevotella and Bacteroidetes/Firmicutes ratio and strengthened gut
barrier integrity were found in db/db diabetic mice when fed with 150 mg/kg
body weight pelargonidin 3-O-glucoside for 8 weeks.?*8

Very few studies have been carried out on the modulatory effect of acylated
anthocyanins on gut microbiota in obesity and type 2 diabetes. Incubation of
purple sweet potato acylated anthocyanins extract with gut microbiota in vitro
induced the growth of Bifidocterium and Lactobacillus spp., inhibited the growth
of Prevotella and Clostridium histolyticum, and increased SCFAs production.*’
Acylated and nonacylated might have different impacts on gut microbiota
composition in diabetes. An in vitro study compared the effect of purified
nonacylated anthocyanin, monoacylated anthocyanin, and diacylated
anthocyanin on antioxidant abilities and prebiotic activity, the results showed
that diacylated anthocyanin has the best antioxidant ability and inhibition on
growth of harmful bacteria (Staphylococcus aureus and Salmonella typhimurium)
followed by monoacylated anthocyanin and then nonacylated anthocyanin.?°
One study compared the effect of the supplementation of acylated anthocyanin-
rich Concord grape on the gut microbiota composition at the phylum level in
obese mice for 12 weeks with nonacylated anthocyanin-rich berries. Obese mice
fed with Concord grape showed the highest level of Actinobacteria, followed by
obese mice fed with berries and then obese mice.?!



Table 6 The gut microbiota regulation effects of anthocyanins on obesity/diabetes and effects of acylated anthocyanins on gut microbiota.

Source of
anthocyanins

Main anthocyanin(s)

Methods

Effect

Anthocyanin extract
from black rice (Oryza

sativa L. Japonica)245

Cya-3,5-diglu, cya-3-glu, cya-3-
rut, peo-3-glu

HFD- induced obese
C57BL/6] mice; 150
mg/kg bodyweight; 14
weeks

Decreased body weight gain, triglycerides, total cholesterol,
steatosis scores, and insulin resistance index.

Improved the gene expression profiles involved in lipid metabolism.
Increased the abundances of Bacteroides, Akkermansia,
Lactobacillus, Ruminococcaceae_UCG014, and Alloprevotella at
genus level; at the species level, decreased the proportions of
Dorea_sp. 5-2 Blautia coccoides, Lactobacillus gasseri,
Mucispirillum schaedleri, Akkermansia muciniphila and
Parabacteroides merdae.

The diversity and richness of microbiota were not changed.

Freeze-dried Not available Db/db diabetic mice; a-diversity and B-diversity were different at the phylum and genus
strawberry?4® diet containing 2.35%  levels.
freeze-dried At the phylum level, decreased the abundance of Verrucomicrobia;
strawberry; 10 weeks  at the genus level, increased Bifidobacterium.
PICRUSt revealed significant differences in 45 predicted metabolic
functions.
Purified Cya-3-glu High fat-high sucrose =~ Decreased Lachnospiraceae and Erysipelotrichaceae and increased
anthocyanin®*’ diet-induced insulin- the Bacteroidetes/Firmicutes and family Muriculaceae.
resistant C57 BL/6J
mice; 7.2 mg/kg body
weight; 11 weeks
Purified Pg-3-glu db/db diabetic mice; Decreased plasma glucose and promoted glucose uptake.
anthocyanin*® 150 mg/kg body Induced autophagy by modulating Transcriptional factor EB.

weight; 8weeks

Increased abundance of Prevotella, Bacteroidetes/Firmicutes ratio,
and intestinal barrier integrity.
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Source of
anthocyanins

Main anthocyanin(s)

Methods

Effect

Concord grape freeze-
dried powder?>'

Acylated mono-glycosylated
delphinidins and petunidin

Polygenic obese C57
BL/6J mice; the dose
of grape powder
normalized to 400
ng/g total anthocyanin
content; 12 weeks

Increased the abundance of Actinobacteria.

Anthocyanin extract
from black goji berry
(Lycium
ruthenicum)218

Pet-3-rut-cou-5-glu as the main
anthocyanin

High-fat diet and
vitamin-D3- induced
atherosclerosis rat with
obesity, 50-200 mg/kg
body weight; 8 weeks

Increased the abundance of Bifidobacterium, Lactobacillus,
Roseburia, Akkermansia, and Lachnospiraceae NK44136_group
and decreased Prevotellaceae NK3B31 group.

Improved gut barrier.

Anthocyanins extract
from purple sweet
potato (lpomoea batats
L. Lam)249

Cya-3-caf-cou-diglu-5-glu, cya-
3-fer-sop-5-glu, cya-3-sin-diglu-
5-xyl, pg-3-ace-diglu-5-glu, cya-
3-hba-oxa-diglu-5-glu, cya-3-
diglu-5-glu, cya-3-difer-sop-5-
glu, cya-3-caf-fer-sop-5-glu

In vitro stimulation of
gut microbiota

Induced the growth of Bifidocterium spp. and Lactobacillus spp.
and inhibited the growth of Prevotella and Clostridium
histolyticum.

Increased SCFAs.

Purified anthocyanins
from purple sweet
potato (lpomoea
batatas L. Larn.)250

Peo-3-sop-5-glu; peo-3-fer- sop-
5-glu; peo-3-caf-sop-5-glu; peo-
3-caf-hba-sop-5-glu; peo-3-caf-

fer-sop-5-glu

Antioxidant activities,
proliferative effects on
probiotics, and their
inhibition on harmful
bacteria in vitro were
tested

Diacylated anthocyanin had the best antioxidant ability and
inhibition ability to harmful bacteria (Staphylococcus aureus and
Salmonella typhimurium), followed by monoacylated anthocyanin
and nonacylated anthocyanin.

Note: Anthocyanidins: cya, cyanidin; del, delphinidin; mv, malvidin; pg, pelargonidin; peo, peonidin; pet, petunidin. Acyl moieties: ace, acetyl; caf, caffeoyl;
cou, coumaroyl; hba, hydroxybenzoyl; fer, feruloyl; mal, malonyl; oxa, oxaloyl; sin, sinapoyl; suc, succinyl; pyr, pyranosyl; gpy, glucopyranosyl. Sugar

moieties: glu, glucoside; gal, galactoside; rut, rutinoside; sop, sophoroside; xyl, xyloside; glup; glucopyranoside
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2.4. “Omics'' technology

As the comprehensive understanding of mammalian systems biology is being
enhanced, and emerging challenges in the health context, for example, metabolic
disease, new infectious agents, antibiotic resistance, or even the increased
prevalence of cancer, high-throughput analytical technologies and techniques
have been introduced. These technologies and techniques measure and profile
multilevel biomolecular structures and metabolic processes, from the single-cell
level to the systemic level.??

In general, the scientific research fields linked with the measurement of such
biological molecules by a high-throughput technology are called “omics”. Omics
approaches are referred to as the “collective characterization and quantification
of pools of biological molecules that translate into the structure, function, and
dynamics of an organism”>3, such as genomics, transcriptomics, proteomics,
metabolomics.

The ending “ome” is used to address the targets of the “omics” study, such as
the genome, proteome, transcriptome, or metabolome, respectively. More
specifically, the genome includes the information about the gene structure,
sequences, function, and evolution. Genomics aims at a characterization and
quantification of genes. The transcriptome is the full range of all messenger RNA
in a cell, tissue, or organism. Transcriptomics aims to identify and quantify each
RNA molecule. The proteome is the set of all the proteins in an organism.
Proteomics is the study of those proteins in relation to their biochemical
properties and functional roles. The metabolome is the collection of all
metabolites in a cell, tissue, or organism, which are the end products of the
metabolic processes. Metabolomics aims to perform metabolic profiling or
quantify all metabolites involved in the metabolic processes.?*

2.4.1. NMR metabolomics

Metabolomics aims to measure the small molecules derived from biochemical
processes, known as metabolites, which create a “snapshot” of the metabolic
state of cells, tissues, or biofluids and directly reflects the underlying
biochemical activity and their interactions in a biological system.

In the field of medicine, diagnosing and predicting diseases has been
implemented by metabolomics using serum, urine, feces, and tissue extracts. The
key step in metabolomics lies in extracting information about the metabolites
from complex spectroscopy whether it is derived from nuclear magnetic
resonance (NMR) spectroscopy or other approaches, such as mass spectrometry
including LC-MS (liquid chromatography-mass spectrometry), GC-MS (gas
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chromatography-mass spectrometry), CE-MS (capillary electrophoresis-mass
spectrometry), and FT-IR (Fourier transform infrared spectroscopy), etc.

The advantages of using NMR for metabolomics compared to other
metabolomic approaches include the fact that:

1. It needs only little or no separation from the samples, keeping the metabolic
state in the original stage that the study purpose requires. It is also non-
destructive as regards the samples which can also be further used and tested. It
needs no chemical derivatization (e.g., silylation required in GC) before testing.

2. It provides non-biased identification and quantification. Usually, standards are
added to the samples and set as 0 ppm. The most common standards are
Tetramethylsilane (TMS), Sodium trimethylsilylpropanesulfonate (DSS), and
Trimethylsilylpropanoic acid (TSP). Standards allow every metabolite to match
their identical chemical shift.

3. It does not require identical spectral acquisition conditions. The difference in
the sample and solvent preparation, the conditions for the equipment (especially
for columns) for LC-MS or GC-MS metabolomics renders a low analytical
reproducibility. For NMR metabolomics, the accurate identification of
metabolites could be achieved everywhere.

4. It allows the identification of novel compounds, 2D spectra, and other
techniques, e.g., LC-NMR, help researchers elucidate unknown compounds.

5. NMR is particularly amenable to compounds that are less tractable to GC-MS
or LC-MS analysis (e.g., sugars, amines, volatile ketones, and relatively non-
reactive compounds)

6. It yields less solvent waste compared to the MS methods, which means it is
more environmentally friendly.

The richness of chemical information that is “NMR visible” makes it a
feasible technic for researchers. NMR spectroscopy has been applied in studying
metabolic processes since the early 1970s, when scientists applied an isotope-
tracer to study ethanol metabolism.?>> NMR spectroscopy is considered to be a
high-throughput fingerprinting technology. Commonly, 10 to 100 or more
samples are involved in one typical 1D '"H NMR experiment and 25-200
metabolites could be identified depending on the sample resources. However,
the sensitivity of NMR analysis to the chemical environment is recognized as a
challenge. Changes in pH, ionic strength, temperature, protein content, etc.
among samples will cause differences in the chemical shift and line widths. Thus,
this approach often requires precisely controlled pH and/or temperature when
preparing the samples to avoid possible peak shifting.
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2.4.2. Data-processing before interpreting '"H NMR spectra

Proton signals acquired with the '"H NMR instrument are in the time domain,
which needs to be transformed into a form of data in the frequency domain.
Fourier transform (FT) provides the solution. To tackle significant phase
distortions or non-zero baselines caused by water signals or other abundant
metabolites, phase correction must be applied. Baseline artifacts can be from
various aspects, e.g., the presence of macromolecules, signals from compounds
that heavily overlap, and others.?*®

Unstable NMR spectrometer and improper shimming could impose
unexpected distortions to the line shape due to the inhomogeneity of the
magnetic field. These distortions impede all signals in the same way. Reference
deconvolution giving a single peak is used to correct distortions by using a
reference signal to compensate the distortions caused by the unstable
spectrometer.®” One of the applications is that when a spectrum with broad
linewidth, a reference deconvolution (e.g., shim correction in Chenomx software)
could be applied to obtain a perfect line shape and then subjected to further
identification and quantification. However, this cannot be applied in spectra with
an extremely broad linewidth, e.g., a linewidth greater than 2-3 Hz could lead to
a large number of zigzags in the line shape.

As discussed above, a chemical shift of certain metabolites could be changed
in the spectra due to differences in the sample pH, temperature, and ionic
strengths, etc. Thus, spectral alignment is extremely crucial to spectra binning
and further subsequent analysis, which can shift and align peak positions in
spectra and ensure that the peaks in the same chemical shift correspond to the
same compounds and their peak intensity can be comparable after binning.
Different sample types have different vulnerabilities to being affected by
environmental factors, such as pH. Serum is most stable and less likely to have
signals with a chemical shift drift because serum is a "natural buffer" with a
constant pH of around 7.4. In the case of other sample types, for instance, various
tissues and feces, mixing a pH buffer solution to the sample (e.g., 90 mmol/L
NaH2PO4, pH = 7.4) could stabilize the pH and ionic strengths of the sample. If
adding extra buffer cannot be achieved or is not practical due to large numbers
of samples and diluted samples (e.g., urine), several computational methods have
been introduced, as reviewed comprehensively, such as interval correlated
shifting (icoshift), correlation optimized warping (COW), fuzzy warping, peak
alignment by beam search, dynamic time wrapping, and hierarchical cluster-
based peak alignment.?*
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2.4.3. Two approaches to interpret metabolomic NMR spectra:
chemometrics and quantitative metabolomics

The spectral complexity and the nature of the samples necessitates two different
approaches to interpreting NMR metabolomic data. Currently, the most widely
used and conventional method to analyze the data is chemometrics.

Chemometrics is a category of chemical informatics that applies statistics and
pattern-recognition approaches to analyze spectral or structural information
generated from chemicals.?® 1t is often applied to metabolomics when it was
assumed that comprehensive spectral interpretation was not achievable or that
their precise resonance compositions were uncertain. It is a useful tool for
making rapid screening when conducting the high-throughput screening.

In this method, the compounds usually are not initially identified and only
their spectral patterns and intensities are recorded, statistically compared and
used to identify the relevant spectral features that distinguish sample classes.
Specifically, to deal with the question of spectral assignment and compound
identification, chemometric methods employ a process known as spectral
binning to align and automatically "digitize" peaks that may belong to the same
compound. The spectrum is subdivided into a number of bins, and the intensities
of each bin (peak intensity under the curve) is subjected to further analysis. After
binning, digitized bins, in the form of peak intensities, can be subjected to
multivariate statistical analysis. Quantitative metabolomics (also called magnetic
resonance diagnostics or targeted profiling) is different from the chemometric
method. Identification and quantification of compounds occurs in the first place
once the NMR spectra are acquired. This process is made by comparing the NMR
spectrum to a spectral reference library obtained from pure compounds.?®°

2.4.4. Data-processing after interpreting "H NMR spectra

The intensity of each bin or the concentration of each metabolite is determined
after chemometric and quantitative analysis. The next step is to correct inherent
intensity or concentration differences. For instance, urine is not under strict
physiological control and the concentration of metabolites is affected greatly by
dilution effects.?6! Therefore, it is necessary to conduct proper normalization in
order to compensate for the variations in metabolite concentration/intensity.
However, there are biological samples that are under physiological control, for
example, plasma. For these samples, normalization or scaling might not be
needed. In general, there are two normalization categories: physiological
normalization and numerical normalization. Physiological normalization aims to
find a constant that the calculation of the metabolite concentration can rely on.
Such as creatinine in urine samples. This method is commonly applied in the
situation that creatinine clearance in the sampling subject is considered normal
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and constant. Another method of physiological normalization is testing the
electrolyte for the water balance by an osmometer; the metabolite
concentration/intensity of the bin can be normalized by osmolality. However,
constant creatinine clearance is not always a realistic assumption in the situation
of metabolic disease. Therefore, numerical normalization is introduced. The
commonly used approaches for urine samples are constant sum (CS), constant
sum excluding lactate, glucose, and urea (CS-LGU), and total spectral area
(TSA).?%2 In the CS method, it is assumed that the total sum of all metabolite
concentrations is a constant from all samples when applying numerical methods,
which means the total quantity of dissolved metabolites is constant and the
metabolites have approximately equal shares of up- and down-regulated features.
The disadvantage of this method is that it could cause data distortion and produce
incomparable data when researchers compare the spectra with certain extremely
high concentration of metabolites (e.g., glucose from diabetes group) to the
spectra without them (e.g., healthy control group). A study?®® supported this idea
by showing that the CS method failed to acquire authentic metabolite
concentrations when adding high concertation of glucose. CS-LGU can be used
to tackle this situation. Several advanced numerical normalization methods have
also been introduced: Quantile, Loess, Linear, Spline, and Probabilistic quotient
normalization.?®* Probabilistic quotient normalization was found to outperform
other numerical normalization methods.?%%263

Scaling transforms the data to be normal distribution and reduces the spread
of the data from spectral signal intensities across samples. As reviewed above,
metabolite concentrations in urine can vary greatly and range over several orders
of magnitude. This could cause a bias?®®, which makes a small number of
metabolites dominate the result of multivariate statistical analyses. Therefore, it
is often necessary to scale metabolite intensities to avoid this kind of bias before
making any further analysis. There are many scaling methods: Pareto scaling,
Autoscaling, Centering, Mean centering.2®’ For NMR binned data, Pareto scaling
is thought to be an appropriate scaling method when aimed to explore data by
multivariate analysis, the variable is divided by the square root of the standard
deviation.?’

2.4.5. Multivariate analysis

Univariate approaches in omics studies are widely used to explore important
features or biomarkers. One disadvantage of univariate methods is that they often
ignore the correlations among variables. However, multivariate methods
consider all variables and reveal data patterns, trends, and outliers. Thus,
multivariate methods are considered more suitable for large “omics” dataset
analysis.
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Multivariate analysis includes two broad -categories: supervised and
unsupervised methods.

Principal component analysis (PCA) is an unsupervised data-reduction and
clustering method in a data matrix X, which reduces the dimensions of the data
and plots the data to a new coordinate system where most of the data variance
lies in the first few principal components. The score plot of PCA models shows
how samples cluster in the coordinates constituted by principal components
indicating which principal component explains the clustering of the samples. The
loading plot of PCA models explains how variables correlate and contribute the
clustering in the score plot. The parameters R? and Q° represent goodness-of-fit
(explained variation) and predictive ability, respectively.?®® Hierarchical cluster
analysis (HCA) is another commonly used unsupervised multivariate analysis.
The result of HCA is usually presented with heatmap and in the form of a
dendrogram. The distance between clusters, calculated by different algorithms
in different situations, indicates the similarity or dissimilarity of clusters.?*’

Partial least squares discriminant analysis (PLS-DA) is a supervised
clustering method and includes two data matrixes, X and Y (Y is group label
matrix). The group information is used to maximize the separation between
different groups. Orthogonal PLS-DA divides X matrix into two parts, one is
correlated to Y and the other is not correlated to Y, which improves
interpretability. One important issue associated with the supervised method is its
propensity to data overfitting.?’® This occurs when the algorithm achieves an
outcome with fake significant separation by picking up random noise rather than
real peak intensities or metabolite concentrations. Thus, model validation to
avoid overfitting is necessary. Common validation methods include cross-
validation and permutation test.

2.5. Transcriptomics and metagenomics

2.5.1. Transcriptomics

Transcriptomics is the study of the transcriptome—the whole set of gene
expression products that are transcribed from the genome in a tissue type or a
particular cell. Genome-wide mapping of gene expression in tissue biopsies has
proved valuable for identifying novel diagnostic, prognostic, and therapeutic
markers in various diseases.?’! The liver, an important target organ in T2D for
therapy, plays a pivotal role in energy metabolism, disease-associated gene
expressions can be evaluated by transcriptomics. Transcriptomics is commonly
used to detect the expression of genome-wide protein-coding gene (mRNA) and
is also a tool for detecting non-protein-coding genes (miRNA, IncRNA, circRNA,
etc.). Generally, there are two commonly used biological techniques aimed to
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study the transcriptome: DNA microarray and RNA-seq. DNA microarray is a
hybridization-based technique and RNA-seq is a sequence-based approach.

In terms of the RNA-seq technique, the first generation of sequencing of
RNA-seq is Sanger sequencing which was first commercialized in 1986,
however, the low-throughput of this method impeded its application. The next-
generation sequencing (NGS) method for large-scale, automated transcriptome
analyses was the second-generation sequence to replace Sanger sequencing,
which has been the dominant transcriptomics technique during the past
decade.?”” NGS generates a large number of short reads, which span up to several
hundred nucleotides, which can then be computationally combined into
overlapping ‘contigs’ consisting of millions of nucleotides and valuable
information on the abundance of gene expression products. Nevertheless, it is
difficult to reconstruct and quantify alternative transcripts using short reads, and
it is further complicated by the requirement of an amplification step and
statistical assignment of the most probable combination of exons to transcripts;
thus, it is still computationally challenging and not very accurate. Uneven read
coverage, complex splicing, and potential sequencing bias further complicate the
task.?”?

Clearly, the ability to produce longer reads would minimize perturbation of
transcript integrity, allowing the sequencing of entire isoforms, which would be
ideal for elucidating transcriptome complexity and quantifying isoforms and
genes, including alternative splicing, alternative transcriptional start and ending,
as well as the underlying biology.?’# Recent advances in nanopore sequencing
technology allow sequencing of long RNA sequences up to 100 kilobases (kb),
which spans the full-length distribution of spliced genes in humans (for protein-
coding genes 1-3 kb is typical with outliers such as Titin at more than 80kb).?”
Nanopore sequencing reads information of nucleotides sequence by threading
long DNA strands through a small hole known as a nanopore and detecting
electrical current changes caused by DNA’s four components without complex
splicing and computational biases.?’® Testing of nanopore sequencing was
proved even more sensitive and accurate compared to real-time PCR for
detecting bacterial biodefense pathogens.?”’

After acquiring a sequence, databases, e.g., NR (NCBI non-redundant protein
sequences), Pfam (Protein family). KOG/COG/eggNOG (Clusters of
Orthologous Groups of proteins), Swiss-Prot (A manually annotated and
reviewed protein sequence database), KEGG (Kyoto Encyclopedia of Genes and
Genomes), GO (Gene Ontology), can be used to annotate gene function. In which
KEGG and GO are the most popular databases to illustrate the gene function.
The KEGG database provides the understanding of high-level functions and
utilities of the biological system at the molecular level. KEGG pathway is a
collection of manually drawn pathway maps illustrating the current knowledge
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of the molecular interaction, reaction, and relation networks for Metabolism,
Genetic Information Processing, Environmental Information Processing,
Cellular  Processes, Organismal Systems, Human Diseases, Drug
Development.?’® The GO database is a database resource providing a set of
structured, controlled vocabularies for community use in annotating genes, gene
products, and sequences. The GO provides a consistent description of the
attributes of genes and gene products, covering three key biological domains:
molecular function, biological process, and cellular component.?”?

When investigating a biological function, it might be sometimes not be
sufficient to pinpoint one or a few genes. Determining a set of genes in a specific
biological pathway or genes with similar functions is very important to decipher
a biological function at the transcriptional level. Enrichment analysis is usually
based on the gene set based on the KEGG pathway or GO or even a customized
gene set. Simply by chance, a certain number of genes may appear in the set of
interesting genes modified in different physiological or pathological conditions
or by dietary interventions. Thus, a statistical tool is needed to evaluate the
enrichments. An enrichment ratio should be calculated first (equation 1 and 2)
and then the significance (p value) of the enrichment is computed using the
hypergeometric test (equation 3).2%° A small p value indicates a high probability
that the enrichment is not produced simply by chance.

Kexp = (n/M)’j (1)
r = KiKeyp @)
p=yn (G0 3)

i=kW
n = number of genes in our interesting gene set
m = number of genes in our reference gene set
k = number of genes of the subset in our interesting gene set
j = number of genes of the subset in our reference gene set
Kexp=number of genes that are expected to be in our interesting gene set
r = ratio of enrichment
p = significance of the ratio of enrichment

2.5.2. Whole-genome sequencing for gut microbiota

Metagenome was first introduced in 1988 to investigate the genomes of the total
microbiota found in nature.?®! Metagenomics is a new method in microbiological
research, which refers to using functional gene screening and/or sequencing
analysis as a research method to study whole microbial genomes and result in
outcomes of microbial diversity, population structure, evolutionary relationships,
functional activity, and the relationship with the environment. Whole
metagenome shotgun sequencing is to randomly break DNA into small pieces
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for sequencing and reassembly. Random overlapping sequences assist in the
reassembly into the native DNA order by sophisticated computational
approaches. Species classification can be done by analyzing sequence data from
both 16S rDNA sequencing and whole metagenome shotgun sequencing,
whereas only whole metagenome shotgun sequencing produces information on
functional gene composition. Gene annotation is similar to that in
transcriptomics.
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3. AIMS OF THE STUDY

The general aim of the study was to use multi-omics to investigate the effect of
nonacylated anthocyanins from bilberries (Vaccinium myrtillus L.) and acylated
anthocyanins from purple potatoes (Solanum tuberosum L. var. ‘Synked Sakari’)
on type 2 diabetes of Zucker diabetic fatty rats. The objects of the individual
studies were to:

I Characterize the anthocyanin composition from bilberries (Vaccinium myrtillus
L.) and purple potatoes (Solanum tuberosum L. var. ‘Synked Sakari’) and
observe the effect of both types of anthocyanin extracts on plasma and hepatic
metabolomic profile of Zucker diabetic fatty rats.

II Investigate the effects of acylated and nonacylated anthocyanins extracts on
hepatic gene expression in Zucker diabetic fatty rats.

III Investigate the effects of acylated and nonacylated anthocyanins extracts on
gut metabolite profiles and microbiota in Zucker diabetic fatty rats.
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4. MATERIALS AND METHODS

4.1. Extraction, purification, and identification of
anthocyanin-rich extracts from bilberries and purple
potatoes

Certified organic fresh bilberries (Vaccinium myrtillus L.), purchased from
Pakkasmarja Oy (Suonenjoki, Finland), were collected from the Kainuu region,
Finland. Purple potatoes (Solanum tuberosum L.) of the cultivar ‘Synkea Sakari’,
provided by Clanet Oy (Espoo, Finland), were cultivated and harvested in 2017
in the Lohja area, Finland. The potatoes were washed, sliced and freeze-dried
before extraction. Anthocyanins in the bilberries and purple potatoes were
extracted with 70% v/v aqueous ethanol containing 2% v/v acetic acid with a
solid-liquid ratio of 1:5 (w/v). This extraction procedure was repeated three times,
and the resulting extracts were combined and filtered. The solvent was removed
with vacuum evaporation. After evaporation, each of the extracts was loaded
onto a column packed with equilibrated Amberlite XAD-16 (Sigma—Aldrich,
Steinheim, Germany) adsorbent for purification. When the adsorption was
saturated, the column was first washed with purified water to elute the sugars
and organic acids, after which anthocyanins were eluted with ethanol. The eluent
was collected and concentrated by vacuum rotary evaporation to remove the
ethanol. Finally, the extracts were lyophilized and stored at —80 °C until analysis.

The composition of anthocyanins, flavonol glycosides and hydroxycinnamic
acids derivatives was analyzed by reversed-phase high-performance liquid
chromatography (HPLC) with diode array detector (DAD) (Shimadzu, Kyoto,
Japan). Kinetex Polar C18 column (2.6 um, 150 x 4.60 mm, Phenomenex,
Torrance, CA) was used for chromatographic separation.

The elution solvents consisted of formic acid, acetonitrile and water 5/3/92
(v/v, A) and 5/55/40 (v/v, B), and elution gradient was as follows: 4-20% B, 0—
5 min; 20-22% B, 5-30 min; 22-28% B, 30-38 min; 28-32% B, 3842 min;
32-35% B, 42-50 min; 35-90% B, 50-55 min; 90-35% B, 55-58 min; 4% B,
58-62 min at flow rate 0.5 mL/min.?®? Three replicate samples of each extract
were dissolved with MeOH/HCI 99/1 and filtrated (0.45 pm, PTFE; VWR,
Radnor, PA). Absorption maximum at 520 nm was used for detecting
anthocyanins, and those at 354 and 320 nm for flavonol glycosides and
hydroxycinnamic acid derivatives, respectively. For quantification,
anthocyanins were calculated as cyanidin 3-O-glucoside equivalents
(Extrasynthese, Genay, France). Flavonol glycosides were quantified as
quercetin  3-O-rutinoside equivalents (Extrasynthese, Genay, France).
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Hydroxycinnamic acids were calculated as caffeic acid equivalents (Sigma-—
Aldrich, St. Louis, MO).

The qualitative analysis was carried out using Bruker Elute UHPLC system
coupled with high-resolution Bruker Impact IITM UHR-QqTOF (Ultra-High
Resolution Qg-Time-Of-Flight) mass spectrometry in positive auto-MS/MS
mode using electrospray ionization in a range of 190-800 nm. The parameters
of mass spectrometer were set as follows: the capillary voltage 4.5 kV, the
nebulizer gas (N2) pressure 2.0 bar, the drying gas (N2) flow 8.0 L/min, the end
plate offset 500 V, the drying gas temperature was 200 °C, and mass range 20 to
1,000 m/z. Calibration was carried out by injecting 10 mM sodium formate at a
flow rate of 180 pL/min from a direct infusion syringe pump to the six-port valve
in a high-precision calibration mode. The instrument was controlled, and the data
was handled with the Compass DataAnalysis software 4.4 (Bruker Daltonik
GmbH, Bremen, Germany). The mass measurement errors (ppm) were
calculated as the difference between the measured accurate mass and the
calculated theoretical mass of a given molecular formula, shown in parts per
million (equation 4).

Mass error = Dmeasured — Miveoretica x 10 (4)

Mipeoretical

4.2. Experimental design of animal study and animal
housing

Male ZDF rats were used to evaluate impacts of anthocyanins extracts from
bilberries and purple potatoes on type 2 diabetes by multi-omics. Lean Zucker
rats (fa/+) were chosen as healthy controls. All experimental protocols were
approved by the Institutional Animal Ethics Committee of Peking University
(No. LA2016285) and carried out in accordance with national and international
guidelines for the care and use of laboratory animals.

Male ZDF and lean Zucker rats of 3-week-old were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The rats
were maintained in a specific pathogen-free environment at the Animal Housing
Unit of Peking University (Beijing, China) under a controlled temperature (23—
25 °C) and a 12-h light/12-h dark cycle. After one week of adaptation, the ZDF
rats were randomly divided into five groups (n = 8 per group), receiving eight
weeks of daily feeding as follows: (1) ZDF rats fed with high-fat diet Purina
#5008 and non-acylated anthocyanin extract from bilberry at a daily dosage of
50 mg/kg body weight (high dose NAAB, H-NAAB); (2) the ZDF rats fed with
Purina#5008 diet and acylated anthocyanin extract from purple potato at a daily
dosage of 50 mg/kg body weight (high dose AAPP, H-AAPP); (3) the ZDF rats
fed with Purina #5008 diet and non-acylated anthocyanin extract from bilberries
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at a daily dosage of 25 mg/kg body weight (low dose NAAB, L-NAAB); (4) the
ZDF rats fed with Purina#5008 diet and acylated anthocyanin extract from purple
potatoes at a daily dosage of 25 mg/kg body weight (low dose AAPP, L-AAPP);
(5) ZDF rats fed only with Purina #5008 diet as the diabetic model group (M).
The lean Zucker rats were divided into two groups (n = 8 per group), one fed
with a normal diet (ND) and the other with a high-fat Purina #5008 diet as a
control group (Con). (Figure 4) The number of animals in each group was
determined based previous studies?®>?%* and degree of freedom (E)**. The
dosages of anthocyanin extracts were determined based on previous animal®?3
and human®? studies, which are achievable from human diet. The anthocyanin
extracts were given by gavage. The feed supply was replaced once every two
days to prevent oxidization of the fats in the diets. Metabolic cages were used to
monitor the feed and water intake on the 30th day and the 60th day of the
intervention. After 8 weeks of intervention, the rats were euthanized under
isoflurane anesthesia after overnight fasting. Plasma samples were collected by
centrifuging the blood samples at 3,000 x g for 10 min at 4 °C. The plasma
samples were stored at —80 °C until analyses.
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4.3. NMR metabolomics for plasma, liver, feces, and cecal
content

In Study I, an aliquot of 220 pL plasma was mixed with 440 pL ice-cold
phosphate buffer (90 mmol/L NaH2POs, pH=7.4) containing 15% D20 to
minimize variations in pH. After vortexing, the samples were centrifuged at
12,000 x g for 10 min at 4 °C to separate the precipitates. Aliquots of 600 uL of
the resulting supernatants were transferred into 5S-mm NMR tubes. In Study 11,
the liver was homogenized in liquid nitrogen and around 0.2 g homogenized liver
sample was weighed and resuspended in 4 mL/g methanol and 0.85 mL/g Milli
Q water. After vortexing, 2 mL/g chloroform was added and then vortexed again.
Then, 2 mL/g chloroform and 2 mL/g water were added and vortexed for 1 min.
Samples were left on ice for 30 mins and then centrifuged at 2,000 x g for 10
min at 4 °C. The upper layer was the aqueous extract, and the lower layer was
the lipid extract. Freeze-drying and nitrogen gas were used to remove the
solvents from the aqueous and lipid extracts, respectively. 530 UL ice-cold
phosphate buffer (90 mmol/L KH>PO4, pH=7.4) and 70 pL. Chenomx Internal
Standard (Edmonton, Alberta, Canada) containing 5 mM DSS-ds and 0.1% w/v
NaN3 were added to aqueous extracts. 600 uL ice-cold chloroform-d containing
0.03% TMS were added to lipophilic extracts. The solutions were transferred
into 5-mm NMR tubes. In Study III, the frozen fecal and cecal content samples
were freeze-dried and weighed. 800 UL ice-cold phosphate buffer (90 mmol/L
NaH;PO4, pH = 7.4) was added into 50 mg freeze-dried samples. The samples
were homogenized by vortexing at 3,000 Hz for 2 minutes and centrifuged at 4 °C
and 3,000 x g for 15 minutes. 570 UL of supernatants and 60 pL Chenomx
Internal Standard solution containing 5 mM DSS-ds and 0.1% w/v NaN3
(Edmonton, Alberta, Canada) were added into the Eppendorf tube and vortexed.
An aliquot of 600 UL of resulted solutions were transferred into 5-mm NMR
tubes.

All NMR spectra were acquired at 298 K from a 600 MHz Bruker Avance-III
NMR spectrometer (Bruker BioSpin AG, Féllanden, Switzerland) equipped with
a Prodigy TCI cryoprobe and a precooled SampleJet sample changer. In Study
I, the Carr—Purcell-Meiboom—Gill (CPMG) pulse sequence (cpmgpr) was used
to acquire 1D 'H-NMR spectra of plasma samples. The parameters used for the
1D CPMG pulse sequence were as follows: spectral sweep width, 16.02 ppm;
data points, 64 K; flip angle of radiofrequency pulse, 90°; total relaxation delay
(RD), 5 secs. T2 filtering was obtained with an echo time of 2 ms repeated 64
times, resulting in a total duration of effective echo time of 256 ms, and the
number of scans was 128. The chemical shift of alpha-glucose (6 = 5.23 ppm)
was used to align the spectra. The 1D '"H NMR spectra of plasma were binned
into 0.01 ppm integral regions using the Chenomx NMR software suite
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(Professional edition, version 7.5, Chenomx, Edmonton, AB, Canada), and the
water region (0 4.70—4.95 ppm) was removed.

In Study II, a NOESY presaturation pulse (noesyprid) was used to acquire a
one-dimensional "H-NMR spectra of hepatic aqueous and lipid extracts samples.
The parameters for the 1D NOESY presaturation pulse sequence were as follows:
spectral sweep width, 16.02 ppm; data points, 64 K; total relaxation delay (RD),
5 s; acquisition time was 3.40 s; the number of scans was 128. All the spectra
were manually phase- and baseline-corrected with Topspin-3.5 software
(Bruker). The chemical shift of DSS-ds (6 = 0.00 ppm) or TMS (6 = 0.00 ppm)
was used to align the spectra. The 1D 'H NMR spectra of the hepatic lipid extract
were binned into 0.01 ppm integrated spectral buckets. The 1D 'H NMR spectra
of the hepatic aqueous extract were binned into 0.005 ppm integrated spectral
buckets.

In Study III, a NOESY presaturation pulse (noesyprid) was used to acquire
one-dimensional '"H-NMR spectra of feces and cecal content. One-dimensional
'"H-NMR spectra were recorded using the noesyprid pulse program. The
parameters were as follows: spectral sweep width, 16.02 ppm; data points, 64 K;
total relaxation delay (RD), 5 s; acquisition time, 6.81 s; the number of scans,
128. Water suppression was achieved by setting O1P at 4.701 ppm. The chemical
shift of DSS-ds (6 = 0.00 ppm) was used to align the spectra. The water peak
region at 4.68—4.95 was excluded. The "icoshift” procedure was used to align
NMR spectrain MATLAB (R2012a, The Mathworks Inc., Natick, MA, USA).2¢
The 1D "H NMR spectra from feces and cecal content were binned with 0.001
ppm bin width.

Metabolites were identified based on the acquired 1D 1H NMR chemical
shifts reported in the literature, Chenomx NMR Suite 8.1-9 software (Chenomx
Inc., Edmonton, Alberta, Canada), and the metabolite database Human
Metabolome Database (HMDB, http://www.hmdb.ca). The identification was
further confirmed by 2D 'H-'3C heteronuclear single-quantum correlation
spectroscopy (HSQC, hsqcedetgpsisp2.3), 'H-'H Correlation Spectroscopy
(COSY, cosygpmfqf) and J-resolved spectroscopy (JRES, jresgpprqf).

4.4. Hepatic transcriptome analysis and nanopore technology

4.4.1. Liver RNA extraction and cDNA preparation

In Study II, total RNA isolation was performed with TRIzol reagent (Takara,
Japan) according to the manufacturer’s instructions. The purity of the RNA was
monitored using a Nano Photometer® spectrophotometer (IMPLEN, CA, USA).
One pg of the total RNA was prepared for cDNA libraries using cDNA-PCR
Sequencing Kit (SQK-PCS109) protocol provided by Oxford Nanopore
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Technologies (ONT, Oxford, UK). Briefly, full-length cDNAs were formed by
enrichment of reverse transcriptase and adding defined PCR adapters directly to
both ends of the first-strand cDNA, followed by cDNA amplification (PCR for
14 circles with LongAmp Tag, 8 minutes for elongation time). The PCR products
were then subjected to ONT adaptor ligation using T4 DNA ligase. Agencourt
XP beads were used for DNA purification according to ONT protocol. The
resulting cDNA libraries were added to the FLO-MIN109 flow cells and run on
a PromethION platform (Biomarker Technology Company, Beijing, China).

4.4.2. Transcriptome data analysis

The MinKNOW software (version 2.0) was used to conduct the base calling of
the raw signal data and convert the fast5 files into fastq files. Firstly, these raw
data were then filtered to remove short reads (below 500 bp) and the reads with
an average read quality score below 7. The rRNA was excluded after mapping
to the rRNA database. Next, full-length, non-chimeric (FLNC) transcripts were
obtained by searching for primers at both ends of the reads. A Mimimap2
alignment program?®’ was used to obtain clusters of FLNC transcripts by
mapping to a reference genome (Rnor 5.0). The consensus isoforms were
obtained  after  polishing  within each  cluster by  pinfish
(https://github.com/nanoporetech/pinfish). Mapped reads were further collapsed
by cDNA_Cupcake package (https://github.com/Magdoll/cDNA_Cupcake) with
the parameters of min-identity = 90% and min-coverage = 85%. Full-length
reads were mapped to the reference genome (Rnor 5.0). Reads with a match
quality above 5 were further used for quantification. Expression levels were

estimated by counts per million (CPM) (equation 5).

number of reads mapped to transcript
CPM = — x 106 (®)
total reads aligned in sample

Package edgeR was used for the calculation of differentially expressed
transcripts or genes between two groups.?®® The resulting p values were adjusted
by the Benjamini and Hochberg’s approach. Genes and transcripts with an
adjusted p value < 0.05 and fold change > 2 were considered as differentially
expressed genes (DEGs) and differentially expressed transcripts (DETs). Two-
side hypergeometric test was used as the statistical test method and Benjamini
and Hochberg were used as FDR correction method in GO/KEGG enrichment
analysis.

4.4.3. Protein-protein interaction (PPI) network construction

A protein-protein interaction (PPI) network can be used to map networks of
protein interactions depending on their physical or functional association, which
is a platform that can systematically identify disease-related genes.”®* DEGs
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were used for PPI network construction based on protein-protein interaction by
the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING;
https://string-db.org/). The data framework of predicted gene interactions
generated from STRING was subjected to Cytoscape (Version:3.2.1;
https://cytoscape.org/) to form a visual PPI network map. Cytoscape is a software
capable of integrating data into a unified conceptual framework. The value of the
degree measures how many neighbors a node directly connects to. In this study,
the top 10 genes with the highest degree were considered as hub genes.

4.4.4. Enrichment analysis based on KEGG and GO

As earlier mentioned, KEGG and GO are commonly used bioinformatic libraries
that provides comprehensive information on the function of genes. The KEGG
pathway enrichment analysis of DEGs was implemented using the enrichKEGG
function based on R software (Version 3.4.1). KEGG pathways with corrected p
values (q values) < than 0.25 and rich factor > 1 were considered significantly
enriched. The greater the rich factor, the greater the degree of enrichment.
ClueGO visualizes the selected GO terms in a functionally grouped annotation
network that reflects the relationships between the terms based on the similarity
29 In the network, the size of the nodes represents the
statistical significance of the terms. The degree of connectivity between terms
(edges) is calculated using kappa statistics. Only significantly enriched GO terms
with kappa score > 0.03 were shown in the network.

of their associated genes.

4.4.5. Weighted gene coexpression network analysis

Weighted gene co-expression network analysis (WGCNA) was applied for
conducting the scale-free network topology analysis of RNA-seq data, using the
WGCNA function based on R software (Version 3.4.1). Genes with similar
expression patterns were clustered into a module by calculating the expression
correlation between genes. All detected genes were used for analysis. To identify
those modules with clinical relevance, Pearson’s correlation was used to analyze
the correlation between modules and clinical traits.

4.5. Metagenomics for gut microbiota

4.5.1. DNA extraction and sequencing of fecal microbiota

Total bacteria DNA was extracted from colonic content by using a TTANamp
Stool DNA kit (TIANGEN Bio-Tech Co., Ltd, Beijing, China) according to the
manufacturer’s instruction. The concentrations and quality of DNA were
examined by agarose gel electrophoresis (Promega, St. Louis, MO, USA) and a
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nanodrop instrument (NanoDrop Technologies, Wilmingto, USA). The DNA
library was constructed by using NEXTflex Rapid DNA-Seq Kit (Illumina, 96
reactions) including DNA fragmentation and adapter ligation. The DNA library
was then sequenced on [llumina Hiseq X 10 platform with 2 x 150 bp paired reads
(Institute of Microbiology, Chinese Academy of Science, Beijing, China).

4.5.2. DNA sequence assembly and annotation

Raw data processing was similar to the previous study.?! Briefly, raw data
generated from the Illumina Hiseq X10 platform were processed by the
MOCAT?2 software package. Raw reads were filtered to obtain clean reads by
removing low quality and short reads, raw reads mapped to rat genome were also
removed to avoid host contamination. Scaftigs (minimum length, 500 bp) were
obtained by using SOAPDenovo v1.06%%? based on clean reads. Prediction of the
gene from scaftigs in each sample was processed by using open reading frame
prediction based on the MetaGeneMark program. Subsequently, CD-HIT was
used to cluster genes from each sample based on the parameters (identity > 95%,
overlap > 90%) and the gene catalog was obtained. Unigenes were identified by
aligning high-quality reads against the gene catalog using SOAPAligner2
(identity cutoff > 95%) and the corresponding relative abundance of each gene
in each sample was calculated. Taxonomic assignment and functional annotation
were performed by using DIAMOND (https://github.com/bbuchfink/diamond),
an open-source algorithm. The taxonomic composition was acquired by mapping
unigenes to the NR meta-database (blastp mode, e value < le—5). Lowest
Common Ancestor (LCA) algorithm was used to ensure the quality of the
annotation. KEGG is a gene function database allowing the depiction of
microbiome functions. We mapped the amino acid sequences of the gene catalog
into the KEGG database by using the DIAMOND program with default
parameters (e value <le—5) and obtained corresponding gene function
annotation. We summarized the relative abundance of genes in the same
functional level as the relative abundance of each functional category.

4.6. Measurement of the gene expression of G6PC and
TBCIDI

Total RNA was extracted from the liver using a TransZol Up kit (Transgen
biotech, Beijing, China). The 1.0 pg extracted total RNA was reverse-transcribed
to complementary DNA using a TransScript One-step gDNA Removal and
cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China) according to the
manufacturer’s directions. The expression level of G6PC and TBCI1D1 genes in
rat livers were measured by quantitative real-time-polymerase chain reaction
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(PCR). The primer sequences were as follows: G6PC: forward primer

CGTCACCTGTGAGACTGGAC, reverse primer
GCCCAGTATCCCAACCACAA; TBCIDI: forward primer
TCGATGACACCTTCGCCAAA, reverse primer
TGGCCAATCGTGAAGAGCAT.

4.7. Statistical analysis

Before the univariate analysis of binned data from 1D '"H NMR spectra, the data
were tested for homogeneity of variances and normality by the Levene test and
Kolmogorov—Smirnov test, respectively. A One-way ANOVA was followed by
the post hoc Bonferroni test when the data was normally distributed and
variances were homogeneous or else the Kruskal-Wallis test and the post hoc
Tambhane test were applied in SPSS statistics 22 (IBM, Armonk, USA) or Prism
(GraphPad Software, San Diego, USA) in different cases. The statistical
significances are expressed as * p < 0.05, ** p < 0.01, and *** p < 0.001
compared to the M group. The SIMCA-P+ 13 software (MKS Instruments AB,
Umea/Malmo, Sweden) was used for the multivariate data analysis. PCA, PLS-
DA, and OPLS-DA were created to analyze group classification and biomarker
identification. The (O)PLS-DA models were validated by permutation test (R*Y-
intercept < 0.3-0.4 and Q?Y-intercept < 0.05) and cross-validated analysis of
variance (CV-ANOVA) (P < 0.05). In Study III, the volcano plot was used to
show the log2 of the fold change in levels of metabolites between the groups
compared with its P value from the Student’s T-test, P < 0.05 and fold change >
1 were set as the threshold. Linear discriminant analysis (LDA) effect size
(LEfSe) was used to discriminate differentially abundant bacterial taxa, bacterial
taxa with a LDA absolute value greater than 2 were considered differentially
abundant bacterial (LEfSe: http://huttenhower.sph.harvard.edu/galaxy/).
Significantly different genes were identified with P < 0.05 by Student’s T-test
and fold change > 2. Correlation network analysis and visualization were
conducted in Cytoscape (Version:3.2.1; https://cytoscape.org/) based on
Spearman correlation analysis (> 0.4 or » <—0.4; P <0.05).
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S. RESULTS AND DISCUSSION

5.1. Identification and quantification of nonacylated
anthocyanin from bilberries and acylated anthocyanin
from purple potatoes

Anthocyanins, flavonol glycosides, and hydroxycinnamic acids from bilberry and
purple potato extracts were identified and quantified (Figure 5 and Table 7). The
anthocyanins in the bilberry extract (NAAB) were non-acylated. Each gram of the
NAAB extract contained 423.89 + 7.02 mg of anthocyanins, 14.96 = 0.54 mg of
flavonol glycosides, and 19.30 = 0.39 mg of hydroxycinnamic acids with
chlorogenic acid being dominant. Each gram of the AAPP extract contained
248.74 +7.14 mg of anthocyanins and 144.07 +4.21 mg of hydroxycinnamic acids
consisting of mostly chlorogenic acid, while no flavonol glycosides were detected
in AAPP. The anthocyanins of NAAB mostly consisted of glucosides,
galactosides and arabinosides of delphinidin, petunidin, cyanidin, peonidin, and
malvidin. The purple potato extract (AAPP) contained only acylated anthocyanins,
with petunidin coumaroyl-rutinoside-glucoside (160.82 + 4.39 mg/g) as the
dominating compound followed by peonidin coumaroyl-rutinoside-glucoside
(40.30 + 2.23 mg/g) and petunidin caffeoyl-rutinoside-glucoside (12.31 £+ 0.26
mg/g). The total anthocyanin content in the extracts was taken into account when
determining the daily dosage in the feeding of the experimental rats.
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Figure 5. HPLC-DAD chromatograms of the anthocyanin extracts showing
anthocyanins (520 nm), flavonol glycosides (354 nm), and hydroxycinnamic acids (320
nm) from bilberries (V. myrtillus L.) (A) and purple potato (S. tuberosum L. ‘Synked
Sakari’) extracts (B). Numbering of the peaks refers to Table 7. Figures reprinted from
the original publication I with permission from the American Chemical Society.
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Table 7. Identification and quantification of anthocyanins, flavonol glycosides
and hydroxycinnamic acids in the NAAB and the AAPP based on the HPLC-
DAD and UHPLC-ESI(+)-Q-ToF-MS data. The positive ions shown are M for
anthocyanins and [M+H]" for hydroxycinnamic acids and flavonol glycosides.
Numbering of the compounds refers to Figure 5.

Tentative identification Content (mg/g)
NAAB extracts
Hydroxycinnamic acids
derivatives (320 nm)
1 Caffeic acid derivatives 3.03+0.16
2 Chlorogenic acid 10.39+0.36
3 Unknown 5.89+0.17
Total hydroxycinnamic acids 19.30+0.39
Flavonol glycosides (354 nm)
4 Que-glu, Que-gal 531+0.21
5 Que-glucuronide 6.32+0.44
6 Unknown 1.20+£0.17
7 Que-ara 0.82 £0.07
8 Unknown 1.31£0.06
Total flavonol glycosides 14.96 = 0.54
Anthocyanins (520 nm)
9 Del-3-0O-gal 51.40+2.74
10 Del-3-O-glu 41.89+1.57
11 Cya-3-0O-gal 49.10+1.29
12 Del-3-O-ara 53.09 +1.87
13 Cya-3-O-glu 40.68 £ 1.49
14 Pet-3-O-gal 20.72 +£1.32
15 Cya-3-O-ara 37.08 +1.02
16 Pet-3-O-glu 30.57+0.93
17 Peo-3-0-gal 5.57+0.35
18 Pet-3-O-ara 12.32+0.39
19 Peo-3-O-glu 18.77+0.33
20 Mal-3-O-gal 16.23 £0.59
21 Peo-3-O-ara 3.17+0.08
22 Mal-3-O-glu 33.29+0.88
23 Mal-3-0O-ara 10.01 £0.36
Total anthocyanins 423.89 +7.02
AAPP extracts
Hydroxycinnamic acids
derivatives (320 nm)
1 Neochlorogenic acid 1.05+0.05
2 Unknown 3.13+0.13
3 Cryptochlorogenic acid 17.6 £ 0.45
4 Chlorogenic acid 93.01+2.91
5 Caffeic acid 4.17+0.07
6 Unknown 2.75+0.13
7 Unknown 16.23 +1.07
8 Chlorogenic acid derivatives 6.13+£0.12

Total hydroxycinnamic acids 144.07 £ 4.21
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Tentative identification Content (mg/g)
Anthocyanins (520 nm)
9 Pet-rut-glu 1.25+0.05
10 Peo-rut-glu 1.30+0.05
1 Pet-cou-rut-glu;

Cya-caf- rut-glu 0.92 £0.04
12 Pet-caf-rut-glu; 12.31+0.26

Del-cou-rut-glu
13 Peo-caf-rut-glu 1.21+0.02
14 Peo-cou-rut-glu 9.06 +0.08
15 Pet-cou-rut-glu 160.82 +4.39
16 Pet-fer-rut-glu 7.30 +0.32
17 Pg-cou-rut-glu 0.96 £ 0.03
18 Peo-cou-rut-glu 40.30+2.23
19 Mal-cou-rut-glu 8.70 +0.45
20 Peo-fer-rut-glu 2.81+0.1
21 Mal-fer-rut-glu 0.76 £0.02
22 Pet-cou-rut 1.04 £0.09
Total anthocyanins 248.74 £ 7.14

Abbreviations: que, quercetin; cya, cyanidin; del, delphinidin; mal, malvidin; pg, pelargonidin;
peo, peonidin; pet, petunidin; caf, caffeoyl; cou, caffeoyl; fer, feruloyl; glu, glucoside; ara,
arabinoside; rut, rutinoside.; gal: galactoside. Amounts are given as mg per g extracts + standard
deviation, n=3. Tables reprinted from the original publication I with permission from the
American Chemical Society.

5.2. Effect of anthocyanin extracts on the physiology of the
T2D in ZDF rats

Leptin receptor gene defect-induced diabetes in ZDF rats (M group) showed a
higher daily intake of water and feed on the 30th day and the 60th day of the
intervention compared to the lean Zucker rats (ND and Con groups) (Figure 6A—
B). In the anthocyanin extracts-treated groups (L-NAAB, H-NAAB, and H-
AAPP), the water intake was significantly decreased on the 30th day (p < 0.05,
p <0.05, and p <0.001) compared to that in the M group. Only L-NAAB group
showed decreased water intake on the 60th day (p < 0.05). Compared to the M
group, the H- AAPP group showed a significant decrease in feed intake on both
the 30th day (p < 0.001) and 60th day (p < 0.01). Overall, a common decrease
was observed in weekly feed intake in all treatment groups at the 8th week of the
intervention in comparison with the M group, with the reduction being
statistically significant in the H-NAAB and H-AAPP groups (p < 0.05, p <0.05)
(Figure 6C). As illustrated in Figure 6D and Table 8, the M group showed a
significant increase in body weight, weight of liver, kidney, epididymal fat, and
their percentage of body weight compared to both the ND and Con groups due
to excessive weight gain, development of renal edema, and fatty liver,
highlighting the defect of the leptin gene. There was no significant effect on body
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weight in the anthocyanin-fed groups. However, compared to the M group, the
H-AAPP group showed a significant decrease in liver/body weight ratio, kidney
weight, and kidney/body weight ratio (p < 0.05, p < 0.05, p < 0.05) and the H-
NAAB group showed a lower level of kidney/body weight ratio (p < 0.05).

Compared to lean Zucker rats, the ZDF rats were characterized by lower level
of aspartate transaminase (AST) and higher fasting level of total protein (TP),
blood urea nitrogen (BUN), triglyceride (TG), and glucose. AST and ALT are
both indicators of liver injury, however, AST and ALT also present in the liver,
heart, muscle, kidney, or blood cells, are involved in amino acid metabolism, and
this may have contributed to the circulating level of AST in plasma. The lowered
level of AST in the ZDF rats may have resulted from a defect in the leptin
receptor gene. We did not see higher levels of plasma insulin in the groups of
ZDF rats compared to the normal rats in the ND group, indicating possible
decline of the function of B-cells in the ZDF rats after age of 10 weeks.?' Groups
fed with the nonacylated anthocyanin extracts (L-NAAB and H-NAAB) showed
significantly decreased fasting plasma glucose levels (p < 0.01, p < 0.001)
compared to the rats in the model (M) group fed with the same diet without the
anthocyanin extract. The groups fed with the acylated anthocyanin extracts (L-
AAPP and H-AAPP) also showed decreased levels of plasma glucose, but the
difference did not reach statistical significance.
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Figure 6. Effect of anthocyanins extracted from bilberries and purple potatoes on water (A) and feed (B) intake on the 30th day and 60th
day of intervention, weekly feed intake (C), and weekly body weight (D) in lean Zucker rats and ZDF rats fed with the different
experimental diets. Experimental groups: M, ZDF rats given high-fat diet; L-NAAB, ZDF rats fed with high-fat diet supplemented with
low-dose nonacylated anthocyanins from bilberries; H-NAAB, ZDF rats fed with high-fat diet supplemented with high-dose nonacylated
anthocyanins from bilberries; L-AAPP, ZDF rats fed with high-fat diet supplemented with low-dose acylated anthocyanins from purple
potatoes; H-AAPP, ZDF rats fed with high-fat diet supplemented with high-dose acylated anthocyanins from purple potatoes; Con, lean
Zucker rats given high-fat diet; and ND, lean Zucker rats given normal diet. *p < 0.05, **p < 0.01, and ***p < 0.001 as compared with

the M group. Figures reprinted from the original publication I with permission from the American Chemical Society.
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Table 8. Changes of fasting plasma parameters in lean Zucker rats and ZDF rats fed on the different experimental diets.

5 ‘ll‘:fl’;’l‘;ers M L-NAAB H-NAAB L-AAPP H-AAPP Con ND

ALT (U/L) 13774228 19014243  1964+527 18184334  2172+533  164.6%36.9 193.6 % 54.6
TP (g/L) 632+53 654463 642338 60.5+3.7 63.6+6.7 52,84 1.1% 5324 2.4%%
Albumin (g/L) 285+1.8 302+1.7 302+2.1 28.1+1.6 28.1+1.6 287+1.5 29.1+0.7
AST (U/L) 335.6+136.9 485.4+79.0 462.3+72.2 454.0+99.6 584.6 £ 139.6 869.3 £ 133.4**# 1016.2 +£229.6%*
BUN (mmol/L) 73+14 7.8+23 76+13 72+0.5 7.0+1.4 5.1+ 0.9%* 5.4+ 0.5%*
TG (mmol/L) 877+275  8.61+4384 7.55+2.63 6.93+2.62 6.61+2.22 1274035%  1.05+0.16%*
Insulin (MU/L)  33.67+1475 29.56+1147  3851=13.66 39914610 42501023  4244+2451 35441345
Glucose (mmol/L) 23.0+1.9 14.5 £ 3.3%** 16.4 + 4.3%* 20.8+7.8 204 +6.2 10.9 £ 1.3%** 8.5+ 1.0%**
Liver (g) 14674158 1440+1.72 14672095 13784073  1407£230  829=098%*  7.25=0.88%*
Liver/BW % 6.61+035 630+037 6284037  632+£037  6.13+£0.57%  434+024%F 405+ 0.14%
Epididymal fat () 7.57+1.07 7.81+148  7.95£093  794+065  791£120  3.10£038%%  2.89+0.70%*
Epddymal 3414032 3394022 340021  3.64+024  344£027  1.62+0.12%%  1.60+0.28%*
at/BW %

Kidney () 276030 2.54+027  259+£020 2674016  247+£030% 189017 172+ 0.24%*
Kidney/BW % 124011 112+0.18  1LI11£0.12* 1224009  1.09£0.15%  099+0.04%% 096+ 0.07**

Note: ALT, Alanine Transaminase; TP, Total Protein; AST, Aspartate Transaminase; BUN, Blood Urea Nitrogen; TG, Triacylglycerols; BW, body weight;
Data represent the means + SD; *p<0.05, **p<0.01, ***p<0.001 as compared with M group; #p<0.05 as compared with ND group. Table reprinted from the

original publication I and II with permission from the American Chemical Society.
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53.'"H NMR metabolomics reveals the effect of
anthocyanin extracts on metabolic profile of plasma
and liver

Table 9 shows the fold changes and the significance of plasma and liver
metabolites in each group compared to the M group. The M group showed higher
plasma levels of lipids, branched-chain amino acids (BCAAs: leucine; isoleucine,
and valine), lactate, alanine, acetone, pyruvate, citrate, glycerol, unsaturated
lipids, glucose, and creatine/creatinine and lower level of glutamine compared to
the lean Zucker rats (ND and Con groups). For hepatic metabolites, compared to
the lean Zucker rats, the M group showed increased levels of glucose, lactate,
alanine, pyruvate, leucine, isoleucine, valine, tyrosine, phenylalanine, glutamine,
glutamate, glutamine/glutamate ratio, dimethylamine, dimethylglycine, choline,
phosphocholine, taurine, maltose, glycine, glycerol, mannose, triglyceride, total
phospholipid, fatty acids residue, polyunsaturated fatty acid, docosahexaenoic
acid (DHA), resonance from arachidonic acid and eicosapentaenoic acid
(ARA/EPA), oleic acid, sphingomyelin, and monoglyceride.

The higher level of fasting plasma glucose of the diabetic group compared to
the lean Zucker rats (Con and ND) examined by "H NMR was consistent with
the level examined by biochemical assays. These two data frameworks of the
glucose level were highly positively correlated (» = 0.98, p = 0.00), indicating
the accuracy of the plasma metabolites levels identified by 'H NMR. A recent
review summarized that excessive substrates of metabolic energy such as
carbohydrates and fatty acids exceeding the hepatic capacity to process are the
pathogenic driver in the development of nonalcohol fatty liver and insulin
resistance.?”> The higher level of fasting plasma and hepatic glucose, the
increased body and liver weight, along with elevation of plasma and hepatic lipid
profile showed a successful manifestation of type 2 diabetes.

Our previous studies also showed both purple potatoes and anthocyanin
extract from purple potatoes of Solanum tuberosum L. 'Synked Sakari' decreased
postprandial levels of plasma glucose and insulin in healthy men.?**?% In the
present study, feeding with anthocyanins, especially with NAAB, reduced the
fasting plasma glucose levels compared to the M group. Moreover, both NAAB
and AAPP significantly decreased hepatic glucose level. The levels of plasma
lipids (resonance signal from fatty acid residue) and unsaturated lipids were
decreased in all anthocyanin-treated groups, independent of weight loss. Feeding
AAPP slightly improved the hepatic lipid profile by decreasing resonances from
fatty acid residues and unsaturated fatty acids. These findings directly reflected
the modulatory effect of anthocyanins extracts on glucose and lipid metabolism.

Plasma levels of lactate, citrate, alanine, and pyruvate, as well as hepatic
lactate, alanine, and pyruvate, were increased in the M group compared to the
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ND and Con groups, indicating an overall high level of glycolysis, which can be
interpreted as a compensatory increase in glycolysis in T2D.?*® Several
mechanisms are underlying the increased lactate level in T2D. In the aberrant
pyruvate metabolism of T2D, pyruvate is converted to lactate instead of being
converted to acetyl-CoA due to the inactivation of pyruvate dehydrogenase.?’’
Furthermore, chronic hypoxia in skeletal muscle and adipose tissue, commonly
found in obesity and disease with the decrease of lactate transporter
monocarboxylate transport protein 1, induces the increased lactate level.”®
Moreover, oxidative stress in type 2 diabetes can increase the activities of lactate
dehydrogenase and subsequently lead to the increase of the lactate level.?*
Anthocyanins have been shown strong antioxidative activities.**’ In the present
study, AAPP significantly decreased plasma lactate and pyruvate levels
compared to the M group, all the anthocyanin treatment decreased hepatic levels
of glucose, lactate, alanine, and pyruvate, indicating improved glycolysis and
lactate metabolism. Another pathway related to antioxidation was also affected:
serine can be transformed to glycine and continue to donate the carbon of its side
chain to form folate.’*! Acylated anthocyanins extracts from potatoes at both
doses (AAPP) decreased the plasma levels of lactate, serine, and glycine, which
might have been linked with improvement in the oxidative status in T2D rats.
Acylated anthocyanins extract from purple potatoes contained a higher content
of chlorogenic acid (93.01 + 2.91 mg/g) than nonacylated anthocyanins extract
from bilberries (10.39 + 0.36 mg/g), which could also have contributed to the
decrease in plasma pyruvate and lactate levels.>®> Glycerol is a crucial
intermediate in lipid metabolism in the liver as well as an important substrate for
gluconeogenesis.>”® Glycerol was decreased by AAPP in plasma and by all
anthocyanins extracts in the liver. Moreover, glycerol, lactate, alanine, and
glutamine are the gluconeogenic precursors accounting for over 90% of the
overall gluconeogenesis.>* Another finding was that AAPP effectively
downregulated hepatic G6PC gene, revealed by both qPCR and full-length
RNA-seq. Glucose-6-phosphatase (G6Pase) encoded by G6PC gene hydrolyzes
glucose 6-phosphate releasing glucose into the circulation.3> Glycerol as a major
gluconeogenic substrate may also induce the expression of G6Pase catalyzing
the terminal enzymatic step in gluconeogenesis.*?® In the current study, both the
circulating and hepatic level of glycerol and mRNA of G6PC gene were
decreased in the groups fed with the AAPP (L-AAPP, P < 0.01; H-AAPP, P <
0.0). Noticeably, chlorogenic acid present in the extract may have had an
inhibiting effect on the glucose-6-phosphatase system.’*’” TBC1D1 (TBCI
Domain Family Member 1) regulates the translocation of GLUT4 from
intracellular vesicles to the surface of cell membranes in response to insulin
stimulation, playing an important role in energy homeostasis.’®® TBC1DI-
deficiency suppressed hepatic glucose production®?” and TBC1D1 knock-in mice
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developed obesity and displayed characteristics of metabolic syndrome due to an
increase in the expression of insulin-like growth factor 1 (IGF1) in hepatocytes
and activation of the expression of lipogenic genes.*!? In this study, H-AAPP
decreased hepatic mRNA levels of TBCIDI gene in Zucker diabetic fatty rats
(H-AAPP, P < 0.01). These results showed improved glycolysis and lactate
metabolism and a lower level of gluconeogenesis influenced by anthocyanin
extracts.

The increment of circulating branched-chain amino acids (BCAAs), as shown
in the M group compared with the lean Zucker rats, is linked with insulin
resistance and dysregulation of metabolism of sugars and lipids.*!! Upregulation
of hepatic BCAAs quantified by an amino acid analyzer, has also been observed
in ZDF rats compared to healthy rats*!2, which is consistent with this study. The
levels of BCAAs are regulated by the activities of branched chain ketoacid
dehydrogenase kinase (BDK) and mitochondrial phosphatase 2C (PP2Cm),
known as the Kinase and Phosphatase Pair. In type 2 diabetes and obesity, high
activity of PP2Cm leads to hyperphosphorylation of BDK by PP2Cm resulting
in suppression of BDK activity and therefore increasing levels of BCAAs.
Moreover, a high level of PP2Cm activity can activate ATP-citrate lyase and
upregulate the conversion of citrate to acetyl CoA and malonyl CoA, which are
the immediate substrates for lipogenesis and inhibit fatty acid oxidation via
allosteric inhibition of carnitine palmitoyltransferase-1.3!* In this study, the
groups fed with the anthocyanin extracts showed an overall decreasing trend in
plasma and hepatic BCAAs, possibly indicating improvement in insulin
sensitivity and reduction in lipogenesis. Furthermore, the first step to break down
the BCAA by branched-chain aminotransferases occurs in the extrahepatic
organs*'4, therefore, both the hepatic and plasma levels of BCAAs were assumed
to have similar changes.

Clinical studies have found that the circulating level of glutamate was
positively  correlated  with  insulin  resistance3!S, and  increased
glutamine/glutamate ratio predicted a reduced risk for developing diabetes. 313316
The mechanisms were revealed as follows, increased glutamine and decreased
glutamate could be linked with an increased level of GLP-1, improvement in
insulin secretion and insulin sensitivity, and enhancement of the vesicle
trafficking of GLUT4.3!73!8 In the current study, the M group significantly
decreased glutamine/glutamate ratio compared to the groups Con and ND, and
the treatment with the AAPP significantly increased the glutamine/glutamate
ratio, indicating improved insulin secretion and/or insulin sensitivity, however,
the hepatic glutamine/glutamate ratio did not show any changes after feeding
with anthocyanin extracts.

One of the potential targets of potato anthocyanin extract aimed in T2D is the
betaine-homocysteine S-methyltransferase (BHMT) encoded by BhAm¢ which
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transfers betaine to dimethylglycine. The hepatic expression of Bhimt and
dimethylglycine level were increased in the M group compared to the ND and
Con groups, the increased hepatic Bhimt gene expression was also shown in a
previous study in ZDF rats.>!® All anthocyanin extracts decreased the elevated
levels of dimethylglycine to a normal state. Decreased expression of Bhmt was
also observed in all the anthocyanins extracts treatment groups, especially in the
AAPP groups showing a statistically significant decrease. However, a
metabolomic and genome-wide association study showed the major allele of
DMG-dehydrogenase (rs243133) linked with low level of plasma
dimethylglycine was associated with an increased risk of incident diabetes.??
Although the contradictory results present, the changed dimethylglycine
mechanism in T2D being less studied needs further investigation.

Table 9. Fold change in the plasma metabolites compared to the M group.

M/L-  M/H- M/A-  M/H-
Metabolites NAAB  NAAB AApP Aapp MWCON  MND

Plasma metabolites

3-Hydroxybutyrate 2.07 2.96 2.16 1.05 1.36 1.01
Acetate 1.24 1.33 1.24 0.89 1.20 1.23
Acetoacetate 2.9 4.08 2.13 0.98 1.53 1.51
Acetone 1.65 2.10 1.66 1.17 3.82% 2.88*
Alanine 0.84 0.91 1.01 1.10 1.27 1.08
Choline 0.95 0.99 1.08%* 1.28%* 1.01 1.19%
Citrate 0.83* 0.99 1.07 0.98 2.12%** 1.34%**
Creatine/Creatinine ~ 0.85 0.92 0.92 1.03 0.78%* 0.91
Formate 1.10 1.14 1.09 1.09 1.32 1.39
Glucose 1.89%%* 1.47%* 1.19 1.19 2.2 H%* 2.98%**
Glutamate 0.89 1.00 1.23** 1.66** 1.39% 1.85%*
Glutamine 0.95 0.93 0.95 1.03 0.79%* 0.78**
Glycerol 0.91 1.17 1.24%* 1.32%* 1.72%** 1.41**
Glycine 0.89 1.20 1.20 1.55 0.69** 0.94
Histidine 0.82 0.90 0.89 0.89 0.45%* 0.53**
Isoleucine 1.16 1.32% 1.68%**  ],63%** ] 95%*k* 1.61%**
Lactate 0.86 1.04 1.64** 1.33% 2.26%** 1.55%*
Leucine 1.21 1.44* 1.84%** 1.21 1.85%** 1.51**
Lipid 1.17 1.25%* 1.37%%*  1.20% 3.86%%* 3.9 %%
Phenylalanine 1.03 1.08 1.18 1.21 1.01 1.15
Pyruvate 1.03 1.08 1.24%%* 1.32 2.24%%* 1.86%**
Serine 0.98 1.04 1.16%* 1.29% 1.03 1.14
Threonine 1.02 1.01 1.11 1.25 1.09 1.11
Tyrosine 0.86 0.96 1.03 1.17 0.90 0.97
Unsaturated fatty acid 1.30* 1.43%* 1.50%%* 1.19 5.32%%* 6.01%%*

Valine 1.09 1.11 1.21* 1.37%%% ] 39%%x* 1.35%%*
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M/L- M/H- M/L- M/H-
Metabolites NAAB  NAAB AaPP Aapp MW/CON  MND
Hepatic aqueous metabolites
3-Hydroxybutyrate 0.99 1.52 1.13 0.59* 1.14 0.98
Acetate 1.05 1.41%**%  1.18 1.00 0.95 0.86
Alanine 1.26%** 1.51%** 1.45%* 1.19 1.56%* 1.58%**
Aspartate 1.08 1.56* 1.31 1.26 1.00 0.98
Cholate 1.03 1.10 1.20 1.00 1.18 1.57*
Choline 1.17 1.38 1.53* 1.19 0.65%** 0.51%**
Creatine 1.01 1.44***  1.31%* 1.23 1.25% 1.06
Cytidine 1.21** 1.47** 1.50***  1.18 1.11 1.14
Dimethylamine 1.11 1.40* 1.21 1.03 1.61%* 2.35% %%
Dimethylglycine 1.50 1.96%* 1.73% 1.61%* 1.94%* 2.02%*
Fumarate 1.56* 2.07* 1.39 1.1 1.28 1.22
Glucose 1.16 1.40***  1.49%** ] 30%* D Qgp%*x 4.48***
Glutamate 1.05 1.41** 1.44%* 1.41* 1.23 1.29**
Glutamine 1.08 1.32 1.42% 1.59%* 2. 47%** 2.96%**
Glutamine/Glutamate 1.05 0.94 1.02 1.16 2.07%%* 2.32%%*
Glutathione 1.09 1.21 1.48% 1.18 1.24 1.45
Glycerol 1.08 1.54%%%  1.49%** ] 65%%  2.42%** 2.277***
Glycine 1.07 1A48*** ] 41%%* ] 38%** [ 4]*** 1.28***
Histidine 1.08 1.47*%*  1.38%* 1.23** 1.07 1.15
Isoleucine 0.99 1.46***  1.209%* 1.2 1.18* 1.30%*
Lactate 1.14%* 1.40%* 1.40%* 1.14* 1.78*** 2.28%**
Leucine 1.00 1.48***  1.30%* 1.23* 1.15 1.25%
Lysine 1.07 1.54***  1.36% 1.30%* 1.12 1.02
Malate 1.34 1.69%* 1.29 1.18 1.22 1.19
Maltose 1.09 1.54%* 1.47% 1.63%** 4 18%** 4.97***
Mannose 1.24** 1.58***  1.50%**  ].38%* 1.71%** 2.18***
Methionine 1.00 1.41%* 1.37%%* 1.40%* 1.26 1.35%*
Phenylalanine 0.93 1.44%%* 1.22 1.20* 1.11 1.27*
Phosphocholine 1.16 1.21 1.15 0.96 1.10 1.35%
Pyruvate 1.43** 1.41%** 1.91*** 1,18 1.11 1.50%**
Succinate 1.08 1.17 1.51 1.23 1.62 2.06*
Taurine 1.26* 1.38 1.49% 1.17 1.89%* 1.98***
Tyrosine 1.06 1.60** 1.33** 1.32%* 1.27** 1.28**
Uracil 1.10 1.52%* 1.33** 1.30%* 1.09 1.05
Uridine 1.15 1.14 1.21% 0.94 1.00 1.39%
Valine 1.01 1.50%**  1.31%* 1.24* 1.13 1.23*
Xanthosine 0.91 0.96 1.16 1.08 0.97 1.13
Hepatic lipid metabolites
ARA+EPA 1.05 0.95 1.13%* 1.18* 1.40%** 1.37**
Cholesterol 0.95 0.97 1.02 1.12 1.09 1.15
DHA 1.14 0.99 1.17 1.12 2.64%** 2.75%**
Diglyceride 1.11 1.14 1.02 1.06 1.11 1.13
Fatty acid residue (FA, 1.03 0.93 1.16 1.12 1.46%* 1.46%*
-(CH2)n-)
Linoleic acid 1.08 1.00 1.2 1.16 1.16 1.19
Monoglyceride 1.07 1.05 1.30%* 1.26* 1.55%** 1.51***
Oleic acid 0.93 0.92 1.17 0.98 1.51%* 1.43*
Omega-3 fatty acid 1.04 0.97 1.13 L18**  2.04%** 2.35%**

PC/PE 1.21 1.02 1.33 1.00 1.63%* 1.827%:%*
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M/L- M/H- M/L- M/H-
Metabolites NAAB  NAAB AAPP  Aapp WCON  MND
Phosphatidylcholine  1.05 100 1.08 1.16 1.48 1.56
(PC)
Phosphatidylethanola 1.00 1.08 0.96 1.17 1.08 1.02
mine (PE)
Phosphatidylserine 1.25 221 0.87 1.59 0.43%* 0.37%**
Plasmalogen 0.97 1.04 0.87 1.05 1.05 0.96
PUFA 1.04 0.94 1.13 1.18% 1.63%%* 1.59%%**
Sphingomyelin 1.05 0.93 1.25 1.19 1.39% 1.39%
Total phospholipids ~ 1.04 1.01 1.00 1.14 1.28%* 1.33%%*
Triglyceride 1.04 0.95 0.97 0.98 1.88*** 2.28%**

FA, Fatty acid; DHA, docosahexaenoic acid; EPA, dcosapentaenoic acid; ARA, arachidonic
acid; PUFA, polyunsaturated fatty acids. *p<0.05, **p<0.01, ***p<0.001 as compared with M
group. Tables reprinted from the original publication I and II with permission from the
American Chemical Society.

5.4. A Full-length RNA-Seq reveals the effects of
anthocyanin extracts on transcriptome in Zucker
diabetic fatty rats

The liver plays an important role in glucose and lipid metabolism in T2D. The
summary in a recent review indicated that anthocyanins may have beneficial effects
on the diabetic liver by increasing AMP-activated protein kinase phosphorylation
(AMPK), protein kinase C phosphorylation, glutathione synthesis, insulin
sensitivity, peroxisome proliferator-activated receptor o palmitoyltransferase-1 A,
glycogen synthesis, glucose transporter 1 and 4, PI3K/AKT signaling and
decreasing, lipogenesis, oxidative damage, acetyl-CoA, gluconeogenesis, and
mTOR signaling?’> A transcriptomic study has shown that a nonacylated
anthocyanin pelargonidin 3-O-glucoside extracted from wild raspberries had a
beneficial effect on hepatic transcriptome in db/db mice through regulating genes
involved in glucose and lipid metabolism.>?! However, the effect of acylated
anthocyanin on hepatic transcriptome and metabolic profile of the healthy or type 2
diabetic state has not been reported previously. Study 11 is the first study to compare
the effects of nonacylated anthocyanins from berries and nonacylated anthocyanins
from potatoes on the hepatic metabolic profile and transcriptome in diabetes.

5.4.1. Overview of statistics for DEGs and DETs

Transcripts were sequenced by full-length RNA-seq. Differentially expressed
genes (DEGs) and differentially expressed transcripts (DETs) were defined in
six comparisons: ND/M, Con/M, L-NAAB/M, H-NAAB/M, L-AAPP/M, and H-
AAPP/M (Figure 7A-B). In the ND/ M and Con/M comparisons, a large number
of DEGs and DETs proved the distinguished transcriptomic profiles caused by
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the difference between healthy control and the diabetic model (ND/M: 691
upregulated and 1,098 downregulated DEGs, 2,469 upregulated and 2,483
downregulated DETs) and by the defect of leptin receptor gene (Con/M: 421
upregulated and 827 downregulated DEGs, 1,341 upregulated and 1,889
downregulated DETs). Among the anthocyanin extract-treated groups, feeding
with H-AAPP altered the greatest numbers of genes and transcripts (101
upregulated and 179 downregulated DEGs, 89 upregulated and 780
downregulated DETs) compared to the M group. The heatmaps of the DEGs and
DETs showed that the H-AAPP could regulate the transcriptome profile in the
M group towards that of the ND and Con groups (Figure 7C-D), indicating that
among all the anthocyanin extract-treated groups, H-AAPP might exert the most
beneficial effect on ZDF rats
B
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Figure 7. Statistics of DEGs (A) and DETs (B). Heatmap of DEGs (C) and DETs
(D). In the heatmaps, red represents the upregulated genes or transcripts, blue
represents the downregulated genes or transcripts. Figures reprinted from the
original publication II with permission from the American Chemical Society.
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5.4.2. Genes restored by anthocyanin extracts in ZDF rats

Venn diagrams (Figure 8) were used to show which dysregulated genes (we
discussed only known genes) were reversed by NAAB and AAPP. NAAB
increased the expression of LOCI103692167, Mgatda, Gstm6, Atxn7l2 and
decreased expression of Lp/ (Figure 8A and C). AAPP increased the expression
of Isg2012 and Mgat4a and decreased expression of Smpd3, Plpl, Cistn3, Pkm,
RGD1561662, Pdebc, Egrl, and Gdf15 (Figure 8B and D).

Gstm6, encoding glutathione S-transferase associated with the glutathione
metabolism, metabolism of xenobiotics by cytochrome P450 and drug
metabolism, was reported to be downregulated in both insulin-resistant and
diabetic mice and involved in the progression of T2D.**?323 Expression of
Mgat4a was increased by both types of anthocyanin extracts (NAAB and AAPP),
which was decreased in the M group compared to the Con group. A study has
shown that genetic inactivation of the Mgatd4a gene encoding the N-
acetylglucosaminyl transferase GnT-4a in mice caused the improper assembling
of glucose transporter 2 N-glycan, which led to a failed interaction between the
plasma membrane lectin galectin 9 and glucose transporter 2 (GLUT2), causing
GLUT?2 internalization and therefore suppressing glucose uptake and glucose-
stimulated insulin secretion.*?* A fat-enriched diet was also reported to inhibit
the expression of the Mgat4a.’*> Both NAAB and AAPP reversed the down-
regulation of Mgat4a in diabetic ZDF rats, indicating the potential role of
anthocyanins in restoring the function of glucose transporter 2 in diabetes.

Genetically overexpressed hepatic Lpl encoding lipoprotein lipase in mice
would cause a two-fold increase in hepatic triglyceride content and insulin
resistance partly due to the impaired ability of insulin to suppress endogenous
glucose production associated with defects in insulin activation of insulin
receptor substrate-2-associated phosphatidylinositol 3-kinase activity.?® A
higher expression level of Lp/ was observed in the M group compared to the Con
group, which was downregulated by both L-NAAB and H-NAAB, suggesting an
improved insulin sensitivity.

Egrl encoding early growth response protein 1 can be transiently activated by
glucagon and mediate glucagon-regulated gluconeogenesis.’”’” Smpd3 gene
encodes nSMase?2 (neutral sphingomyelinase) which is the most studied enzyme
in the sphingomyelinase family. Abnormalities in sphingolipid metabolism have
been associated with the pathogenesis of obesity/diabetes.*?®3%° Evidence has
shown that sphingomyelin metabolites (e.g., ceramide and sphingosine) could
serve as signaling molecules affecting a series of physiological and pathological
process including cell growth, survival, and death.’3%*3! Elevated TNF-a and
insulin in 0b/ob mice might cause an increased level of Smpd3 in adipose
tissue.>*?> AAPP decreased hepatic expression of Egr/ and Smpd3, indicating the
beneficial effects.
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Figure 8. Venn diagrams showing downregulated genes in the M group compared to the Con group were upregulated by NAAB (A)
and AAPP (B) and upregulated genes in the M group compared to the Con group were downregulated by NAAB (C) and AAPP (D).

Figures reprinted from the original publication II with permission from the American Chemical Society
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5.4.3. Functionally grouped annotation network based on ClueGO

DEGs in each comparison were subjected to ClueGO to generate functionally
grouped annotation networks (in Publication II) and their summary overview
charts (Figure 9A-F). The top 3 functional groups with the most abundant
enriched GO terms in the comparisons are highlighted in bold. The label of the
functional group in the overview chart is named by the group leading term (the
most significant term in the group).

The functionally grouped annotation networks based on the DEGs in ND/M
and Con/M comparisons shared massive identical GO terms, such as
monocarboxylic acid metabolic process, carboxylic acid biosynthetic process,
fatty acid metabolic process, lipid metabolic process, and response to organic
substance, etc. Lipid-related metabolism was the major transcriptomic difference
between ZDF rats and lean Zucker rats. (Figure 9A-B)

However, we did not observe similar GO terms between the networks
generated by DEGs between L-NAAB/M and H-NAAB/M comparisons except
that L-NAAB regulated the genes in cellular response to fatty acid and H-NAAB
regulated the genes in the regulation triglyceride metabolic process. (Figure 9C—
D) In L-AAPP/M and H-AAPP/M comparisons, the networks showed similar
terms interleukin 1 beta production and lipid-related GO terms (L-AAPP,
triglyceride catabolic process; H-AAPP, long-chain fatty acid biosynthetic
process). These results from the ClueGo analysis indicated both NAAB and
AAPP might regulate the lipid metabolism in T2D and AAPP could affect the
cytokine interleukin 1 beta production. (Figure 9E-F)
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Figure 9. Overview chart generated from a functionally grouped network of
enriched GO terms based on DEGs in Con/M (A), ND/M (B), L- NAAB/M (C),
H-NAAB/M (D), L-AAPP/M (E), and H-AAPP/M (F) comparisons. The top
three functional groups with the most abundant GO terms in each comparison
are highlighted in bold. Figures reprinted from the original publication IT with
permission from the American Chemical Society.

5.4.4. PPI network analysis and WGCNA analysis

We next applied the PPI network construction based on DEGs in each
comparison to show the top 10 genes with the highest degree of connectivity,
which showed major contributors in the difference between the groups. The top
10 genes with the highest degree of connectivity with other genes were
considered as hub genes which usually play an essential role in gene regulation
and biological processes. (Figure 10A-F)

In the Con/M comparison, the M group showed upregulated Fasn, Acly, Acaca,
and Srebf1. Interestingly, sterol regulatory element-binding protein 1(SREBP-1)
encoded by SrebfI is a transcription factor modulating the expression of Fasn
(encoding fatty-acid synthase), Acly (ATP citrate lyase), Acaca (Acetyl-CoA
carboxylase 1). These genes encode key enzymes for fatty acid synthesis,
suggesting excessive fatty acid synthesis as the major characteristic in ZDF
rat.>33 Src, as an essential coordinator of hepatic glucose production, could be
activated in type 2 diabetes by reactive oxygen species (ROS), TGF-beta, and G-
protein coupled receptors (GCPRs).>** Gapdh gene encoding glyceraldehyde 3-
phosphate dehydrogenase was reported to be upregulated in the diabetic liver,
which is in accordance with this study.3*> Moreover, as previously mentioned,
lipid metabolism-associated GO terms account for a large number of enriched
GO terms in functionally grouped networks generated by the DEGs between
diabetic rats and healthy rats. Thus, ZDF rats might be characterized by excessive
fatty acid synthesis and a high level of glucose production.



84 Results and Discussion

Fos and Jun are two subunits of activator protein 1 (AP-1) which is an
important transcriptional regulator mediating gene regulation in response to a
variety of physiological and pathological stimuli, including stress signals, growth
factors, infections, and cytokines as well as oncogenic stimuli.?*® It has been
reported that oxidative stress in the ZDF rats could activate JNK and further
positively regulate AP-1%7; also suppression of JNK has been reported to
improve glucose tolerance and insulin resistance in diabetic mice.*® In this study,
the M group had a higher level of Jun expression compared to the ND group (P
< 0.05, data not shown), and both Jun and Fos expressions were downregulated
by the AAPP extracts. The high-dose bilberry anthocyanin extract (H-NAAB)
downregulated Jun expression. AP-1 might be a target that is regulated by both
anthocyanins extract, especially AAPP, possibly alleviating insulin resistance
and improving glucose tolerance. Enriched GO terms-based functionally
grouped networks also showed H-AAPP regulated transcriptional factor AP-1
complex. Anthocyanin extract from black rice®* and purple sweet potatoes**?
have been reported to suppress the activity of NF-kB and AP-1 in RAW 264.7
macrophage cell line, both two transcriptional factors are involved in
inflammatory response. In addition, one common enriched GO term in the
functionally grouped networks was regulated by both AAPP-treated groups:
interleukin 1 beta production. Interleukin 1 beta production could be induced by
both NF-kB and AP-1 and have been reported to be suppressed by anthocyanin-
rich fractions from red raspberries in vitro*!, purple sweet potatoes in
hypercholesterolemic rabbits*#?, and blueberry powder in Wistar rats.>#
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Figure 10. PPI network generated by DEGs in Con/M (A), ND/M (B), L-
NAAB/M (C), H-NAAB/M (D), L-AAPP/M (E), and H-AAPP/M (F)
comparisons. The top 10 genes with the highest degree are highlighted with
larger fonts. Genes with red color represent upregulation of genes in the group
compared to the M group. Genes with the green color represent the
downregulation of genes in the group compared to the M group. Figures
reprinted from the original publication II with permission from the American

Chemical Society.
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WGCNA analysis was conducted to detect the comprehensive correlations
between DEGs and clinical traits including body weight, AST, ALT, blood urea
nitrogen, plasma glucose, and insulin as well as hepatic glucose and liver/body
weight ratio. Twelve co-expression modules were identified (Figure 11A).
MEgrey60 and MEtan modules showed a positive correlation with body weight,
liver weight/body weight ratio, plasma glucose, hepatic glucose and negative
correlation with AST. MEgreen and MEgreenyellow modules showed a negative
correlation with body weight, liver weight/body weight ratio, plasma glucose,
hepatic glucose and positive correlation with AST. Next, we wanted to see the
functions of genes in MEgrey60 and MEtan modules as well as genes in
MEgreen and MEgreenyellow modules and therefore conducted a KEGG
pathway enrichment analysis. We found genes in MEgrey60 and MEtan modules
were significantly enriched in 20 KEGG pathways (Figure 11B), which were
mainly involved in lipid metabolism (fatty acid metabolism, biosynthesis of
unsaturated fatty acids, regulation of lipolysis in adipocytes), amino acid
metabolism (glycine, serine and threonine metabolism, cysteine and methionine
metabolism, glutathione metabolism), diabetes (maturity onset diabetes of the
young, type II diabetes mellitus, type I diabetes mellitus, insulin signaling
pathway), metabolic pathways, pyruvate metabolism, AMPK signaling pathway,
PPAR signaling pathway, and Th17 cell differentiation. Genes in MEgreen and
MEgreenyellow modules were enriched in 12 KEGG pathways (Figure 11C)
which were mainly involved in arachidonic acid metabolism, retinol metabolism,
metabolic pathways, protein export, protein processing in endoplasmic reticulum,
steroid hormone biosynthesis, complement and coagulation cascades, linoleic
acid metabolism, and inflammatory mediator regulation of TRP channels. These
enriched pathways might play an important role in type 2 diabetes and suggest a
relationship to the clinical parameters.
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Figure 11. Heatmap of the correlation between clinical traits and module
eigengenes (A). Each column corresponds to a clinical trait, and each row
corresponds to a module. Each cell contains the correlation coefficients which
correspond to the cell color; green represents a negative correlation, and red
represents a positive correlation. The p values are stated in the brackets. KEGG
pathway enrichment analysis based on the genes in MEgrey60 and MEtan
modules (B). KEGG pathway enrichment analysis based on the genes in
MEgreen and MEgreenyellow modules (C). Figures reprinted from the original
publication II with permission from the American Chemical Society.

5.5. Metagenomic reveals the effects of anthocyanin
extracts on gut microbiota and metabolites in Zucker
diabetic fatty rats

5.5.1. Changes in gut microbiota composition

Distinguished gut microbiota composition was observed between ZDF rats and
lean Zucker rats. The number of species was increased in the ZDF rats (Figure
12A), which was in accordance with the result of another ZDF rat study recently
published.?%3

not seen as being changed. (Figure 12B—C) Fecal microbial composition at the

However, other indicators for microbiota diversity indexes were
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phylum level is shown in Figure 12D. PCA revealed a distinguished separation
in bacteria abundance between the lean Zucker rats fed with a normal diet (ND),
lean Zucker rats fed with a high-fat diet (Con), and ZDF rats (Figure 12E).
Although the Bacteroidetes/Firmicutes ratio has been suggested as a marker of
metabolic disease,'?® the Bacteroidetes/Firmicutes ratio did not show consistent
associations with T2D.!* In this study, ZDF rats did not show an increased
Bacteroidetes/Firmicutes ratio. (Figure 12F)
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Figure 12. The gut microbiota richness index: number of species (A). The gut
microbiota diversity indexes: Shannon index and inverse Simpson index (B and
C). Gut microbial composition at phylum level (D). Principal component
analysis of gut microbiota abundance (E). The ratio of Bacteroidetes to
Firmicutes (F). *p < 0.05, **p <0.01, and ***p < 0.001 as compared with the M
group. Figures reprinted from the original publication III with permission from
the Elsevier.

The abundance of species Clostridium  hathewayi'?’,  family
Lachnospiraceae'®’, and genus Bifidobacterium'* have been observed to be
increased in the gut of T2D patients. In the current study, the abundance of
species Clostridium hathewayi, Lanchnospiraceae bacterium 1 7 47FAA, and
Bifidobacterium pseudolongum were observed to be increased in the ZDF rats
compared to the lean Zucker rats. (Figure 13A-B) Species Dorea
formicigenerans, showing a positive correlation with inflammatory markers in
obesity**, was also increased in ZDF rats. (Figure 13A-B) Akkermansia
muciniphila has shown to have a negative association with T2D in human'®® and
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to affect glucose metabolism, lipid metabolism, and intestinal immunity#’, it
was decreased in the M group compared to the ND group. (Figure 13A-B)

We found anthocyanin extracts showed a beneficial effect on the gut
microbiota composition of ZDF rats. The abundance of genus Parabacteroides
has been reported to be increased in patients with nonalcoholic steatohepatitis®*
and positively correlated with splenic CD4+ Thl7 cells and serum
proinflammatory cytokine IL-17 in arthritic mice.?*” The family
Peptostreptococcaceae has been observed to be significantly lower in T2D
patients3*®34° L-NAAB and AAPP decreased species in genus Parabacteroides
(including species P. merdea, P. distasonis, and P. goldsteinii decreased by L-
NAAB; species P. distasonis decreased by L-AAPP; species P. distasonis and P.
goldsteinii decreased by H-AAPP) and increased species in family
Peptostreptococcaceae (including species P. noname unclassified), indicating L-
NAAB and AAPP might improve glucose homeostasis and inflammation in
diabetes through modulating these microbes. (Figure 13C, E-F) Moreover, the
species Ruminococcus torques known to decrease the barrier integrity of the
gut>>® was reported to be positively associated with insulin resistance in
obesity.*** The abundance of Ruminococcus torques was decreased by AAPP
(Figure 13E-F), suggesting a beneficial effect on the gut barrier and insulin
homeostasis. The abundance of genus Marvinbryantia has been reported to be
decreased in patients with hypertension and positively correlated with intestinal
vitamin D which is one of the novel risk factors for hypertension.’*! Increased
genus Marvinbryantia (including M. formatexigenes) in NAAB and L-AAPP
might alleviate the potential risk for hypertension in T2D. (Figure 13C-D, E) A
180 summarized the effect of various dietary anthocyanins on
microbiota in humans and animals. Several studies showed that anthocyanins
affected bacterial Lactobacillus spp. and Bifidobacterium spp. For example,
anthocyanin extract from blackcurrants increased the abundances of Lactobacilli
and Bifidobacteria in the human gut; anthocyanin extract from black raspberries
increased gut Anaerovorax and Dorea and decreased Bifidobacterium and

recent review

Lactococcus levels in rats. However, these results were not seen in our study.
This inconsistency is likely due to the various anthocyanins present (anthocyanin
extracts or anthocyanin-rich fruits), hosts (rat, mice, or human), and technics of
the sequencing (metagenomics sequencing and 16S rRNA sequencing).!?

At the pathway level, a defect in the leptin receptor gene in ZDF rats (M group)
showed depleted flagellar assembly and bacterial chemotaxis and enriched ABC
transporters pathways. (Figure 14) These findings were in accordance with the
previous study in T2D patients.'3>352 As regards the KEGG pathways affected
by anthocyanin extracts (Figure 14C-F), we considered that bilberry
anthocyanins and low-dose potato anthocyanin extracts (L-AAPP) decreased
sphingolipid metabolism, high-dose bilberry anthocyanins (H-NAAB) and
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potato anthocyanins at both doses (AAPP) increased purine metabolism, AAPP
increased oxidative phosphorylation, DNA replication, phenylpropanoid
biosynthesis, and RNA polymerase and decreased HIF-1 signaling pathway.
Purine metabolism was one of the most changed pathways by AAPP and L-
NAAB. Tea polyphenols have been reported to modulate gut purine metabolism,
which contributes to improvement of high-fat diet-induced gut microbiota
dysbiosis.>> AAPP and L-NAAB might improve gut dysbiosis in diabetes
through this pathway. In addition, purine metabolism is closely related to glycine,
serine and threonine metabolism*** which was also significantly enriched in
AAPP groups from the metabolomic data. A clinical study showed that obese
subjects who lost weight had an upregulated oxidative phosphorylation pathway
in gut microbiota compared to those who failed to lose weight.>>* In this study,
only the AAPP upregulated the oxidative phosphorylation pathway in the gut
microbiota and might have a similar beneficial effect to that of weight loss.
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Figure 13. The results of LEfSe (LDA Effect Size) analysis at the species level. The histogram of LDA score showed the differentially
abundant species (the absolute value of LDA greater than 2) in comparisons between different groups: M/ND (A), M/Con (B), M/L-
NAAB (C), M/H-NAAB (D), M/L-AAPP (E), and M/H-AAPP (F). The length of the bars (LDA Score) represents the influencing
degree of the species. The species with positive or negative LDA score have higher or lower abundance in the M group. Figures
reprinted from the original publication III with permission from the Elsevier.
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Figure 14. Extended error bar plots identifying significantly altered KEGG pathways of gut microbiota in M/ND (A), M/Con (B), M/L-
NAAB (C), M/H-NAAB (D), M/L-AAPP (E), and M/H-AAPP (F) comparisons. Figures reprinted from the original publication III
with permission from the Elsevier.
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5.5.2. Changes in gut luminal metabolites and pathway analysis

In Study III, we compared the effect of nonacylated anthocyanins with their
acylated counterparts on intestinal luminal metabolites in type 2 diabetes. Figure
15-18 shows the volcano plots with fold change of the fecal metabolites at 3
timepoints and cecal metabolites, compared to the M group.

Different intestinal luminal metabolic profiles between ZDF rats and lean
Zucker rats were observed. In this study, the defect of /eptin receptor gene in
ZDF rats led to an increased level of SCFAs in feces at week 1 (Figure 15A-B),
4 (Figure 16A-B), and 8 (Figure 17A-B) compared to the lean Zucker rats (no
significant change of butyrate at week 1), this might be the result of the increased
amount of substrates for microbial fermentation due to increased food intake
over the intervention period and increased microbial fermentation of non-
digestible carbohydrates by the gut microbiota in the colon of the obese rats,!'
and decreased colonic absorption with obesity.!!® Higher fecal concentrations of
SCFAs were also observed in another ZDF rat study.!!* Compared with the lean
Zucker rats in the ND and Con groups, the M group showed an increased
abundance of Actinobacteria identified as a potential butyrate producer at the
phylum level, the family Clostridiales producing short-chain fatty acids, genus
Bifidobacterium (belonging to the phylum Actinobacteria) producing acetate and
lactate®>®, Lachnospiraceae bacterium 7_1_58FAA producing propionate®’, and
Anaerostipes caccae producing butyrate.3>® A study has investigated 32 SCFA-
producing species from the top 56 most abundant species in gut microbiota to
study their abilities to produce SCFAs.3*® Among these SCFA-producing species,
the abundances of Bacteroides finegoldii producing propionate and acetate and
Clostridium scindens producing acetate were increased in the M group compared
to the ND and Con groups. (Figure 13A-B)

Inconsistent results have been reported on the effect of anthocyanins on the
production of SCFAs by gut microbiota.?*®3> In Study III, H-AAPP showed the
increased acetate, propionate, and butyrate levels in cecal content, whereas the
fecal propionate was decreased by L-NAAB and H-AAPP at week 8. (Figure
18F; Figure 17C and F) Succinate, pyruvate, malate, and fumarate, as
byproducts of anaerobic fermentation, participate in the production of
propionate.®®® Cecal succinate and malate were also increased by H-AAPP,
which might partly contribute to the increased propionate level in the H-AAPP
group. (Figure 18F) Moreover, several gut bacteria producing propionate were
found to be decreased in the L-NAAB, L-AAPP, and H-AAPP groups, e.g.
Lachnospiraceae bacterium 4_1 37FAA*" and Parabacteroides distasonis
which has been reported as one of the major propionate-producers among the
dominant species in gut flora.’*® (Figure 13C, E, and F) A reduced abundance
of these microbes has likely contributed to the decrease in the fecal propionate
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in L-NAAB, L-AAPP (non-significant decrease), and H-AAPP groups at week
8. (Figure 17C, E, and F) In addition, a study has shown that microbiota-
produced succinate in cecum, a substrate of intestinal gluconeogenesis, could
improve glycemic control and hepatic glucose production.’* Therefore,
increased cecal succinate in the H-AAPP group might decrease hepatic glucose
production in diabetic rat through activating intestinal gluconeogenesis. Fecal
lactate was higher in the M group compared to the ND and Con groups at week
8, and only the groups fed AAPP showed a decreased level of lactate compared
with the M group at week 8. (Figure 17A, B, E, and F) Changes in the gut
microbiota composition and metabolism lead to disruption of lactate production
and utilization. A previous study reported the highest abundance of lactate-
producing bacteria in T2D human subjects, followed by obese and lean
participants.*®! Increasing abundances of lactate-producing bacteria (e.g.,
Bacteroides finegoldii, Bifidobacterium pseudolongum)®*>® and/or decreased
lactate consumption in gut microbiota metabolism is likely to contribute to the
increase of lactate in the M group. (Figure 13A-B) AAPP reversed lactate level
at week 8 by decreasing lactate-producing bacteria, Parabacteroides distasonis
and Ruminococcus torques®>® and/or the increased lactate utilization. (Figure
13E-F) However, AAPP increased lactate level at week 1 (Figure 15F),
indicating different impacts of AAPP on fecal lactate at different stages of
diabetes.

Anthocyanins are well-known for their ability of hypoglycaemic effect largely
due to the inhibitory effects of anthocyanins on carbohydrate digesting enzymes:
a-glucosidase and pancreatic a-amylase in the upper intestine.*? In Study III,
we found all anthocyanins treatment groups showed an overall increasing trend
of cecal sugars including ribose, arabinose, galactose, xylose, and glucose
(Figure 18C-F), which might benefit the glycaemic response and insulin
stimulation.

Unabsorbed choline can be metabolized into trimethylamine (TMA) by gut
anaerobic bacteria. TMA can be further catabolized into dimethylamine (DMA)
and methylamine (MA), and can also be transported into the liver through the
portal vein and oxidized to trimethylamine oxide which is considered to be a
proatherogenic metabolite.*®® The increase in the fecal TMA at week 4 and 8 and
cecal TMA in were found in the ZDF rats (Figure 16B; Figure 17A—B; Figure
18A-B), indicating a potential risk of atherogenesis. Anthocyanin extracts also
affected the choline metabolism in the gut. For example, both types of
anthocyanin extracts increased fecal choline at week 1 (Figure 15C-F); AAPP
reversed the decreased fecal choline level at week 8 in the M group (Figure 17E—
F); cecal TMA was decreased by NAAB (Figure 18C-D), whereas cecal DMA
was decreased in all anthocyanin-treated groups (non-significant decrease in H-
NAAB group) (Figure 18C-F). However, dynamic changes of choline
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metabolism in the gut induced by anthocyanin extracts and underlying
metabolism remain a research question for the future.
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Figure 15. Volcano plots showing the significantly different metabolites from
feces at week 1 in M/ND (A), M/Con (B), M/L-NAAB (C), M/H-NAAB (D),
M/L-AAPP (E), and M/H-AAPP (F) comparisons. Significance versus log2 fold
change is plotted on the y and x axes, respectively. U1, U3, and U4 represent for
unknown metabolites 1, 3, and 4. Figures reprinted from the original publication
III with permission from the Elsevier.
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Figure 16. Volcano plots showing the significantly different metabolites from
feces at week 4 in M/ND (A), M/Con (B), M/L-NAAB (C), M/H-NAAB (D),
M/L-AAPP (E), and M/H-AAPP (F) comparisons. Significance versus log2 fold
change is plotted on the y and x axes, respectively. U1, U3, and U4 represent for
unknown metabolites 1, 3, and 4. Figures reprinted from the original publication
I with permission from the Elsevier.
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Figure 17. Volcano plots showing the significantly different metabolites from
feces at week 8 in M/ND (A), M/Con (B), M/L-NAAB (C), M/H-NAAB (D),
M/L-AAPP (E), and M/H-AAPP (F) comparisons. Significance versus log2 fold
change is plotted on the y and x axes, respectively. U1, U2, U3, and U4 represent
for unknown metabolites 1, 2, 3, and 4. Figures reprinted from the original
publication III with permission from the Elsevier.
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Figure 18. Volcano plots showing the significantly different metabolites from
cecal content at week 8 in M/ND (A), M/Con (B), M/L-NAAB (C), M/H-NAAB
(D), M/L-AAPP (E), and M/H-AAPP (F) comparisons. Significance versus log2
fold change is plotted on the y and x axes, respectively. Figures reprinted from
the original publication III with permission from the Elsevier.

In the metabolic pathway analysis based on fecal metabolites (Figure 19-21),
pyruvate metabolism was altered at all three time points in the M group
compared to the ND and Con groups, which was modulated by AAPP at week 1
and 8 (Figure 19A-B; Figure 21A-B). As diabetes progressed, glycine, serine
and threonine metabolism emerged as the altered pathway in the M group
compared to ND group at week 8 (Figure 21A), which was modulated by AAPP
(Figure 21E-F). A recent review showed the deficiency of glycine in T2D and
a supplement of glycine can improve the insulin response and glucose
production.’®* AAPP might reduce plasma and hepatic glucose shown in sections
5.3 through modulating glycine, serine and threonine metabolism in the gut.>*
Glutamine and glutamate metabolism and alanine, aspartate and glutamate
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metabolism were altered in the feces of diabetes patients'*?, which was in

agreement with the current study (Figure 20A; Figure 21A). Only H-AAPP
modulated glutamine and glutamate metabolism at week 4 and 8 (Figure 20F;
Figure 21F). In the metabolic pathway analysis based on cecal metabolites
(Figure 22), although citrate cycle was not significantly changed between the M
group and ND/Con groups, both doses of AAPP modulated this pathway (Figure
22E-F). H-AAPP altered more pathways related to glycolysis/gluconeogenesis
and other amino acid-related pathways than other anthocyanin-treated groups
(Figure 22F). A Chinese twin clinical study showed that the citrate cycle has
been reported to be altered in the feces of obese patients®®
potential beneficial effect of AAPP on obesity.

, indicating the
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Figure 19. Metabolic pathway analysis generated with the MetaboAnalyst
software package based on fecal metabolites at week 1, showing altered
pathways in M/ND (A), M/Con (B), M/L-NAAB (C), M/H-NAAB (D), M/L-
AAPP (E), and M/H-AAPP (F) comparisons. The p-values in the Y-axis are
generated from the pathway enrichment analysis, and the X-axis presents the
pathway impact values from pathway topology analysis. The node color
indicates the p-value from the pathway enrichment analysis (more reddish color
indicates more significant changes in the pathway), whereas the node size
reflects the pathway impact score. Figures reprinted from the original publication
I1I with permission from the Elsevier.
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Figure 20. Metabolic pathway analysis generated with the MetaboAnalyst
software package based on fecal metabolites at week 4, showing altered
pathways in M/ND (A), M/Con (B), M/L-NAAB (C), M/H-NAAB (D), M/L-
AAPP (E), and M/H-AAPP (F) comparisons. The p-values in the Y-axis are
generated from the pathway enrichment analysis, and the X-axis presents the
pathway impact values from pathway topology analysis. The node color
indicates the p-value from the pathway enrichment analysis (more reddish color
indicates more significant changes in the pathway), whereas the node size
reflects the pathway impact score. Figures reprinted from the original publication
I with permission from the Elsevier.
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Figure 21. Metabolic pathway analysis generated with the MetaboAnalyst
software package based on fecal metabolites at week 8, showing altered
pathways in M/ND (A), M/Con (B), M/L-NAAB (C), M/H-NAAB (D), M/L-
AAPP (E), and M/H-AAPP (F) comparisons. The p-values in the Y-axis are
generated from the pathway enrichment analysis, and the X-axis presents the
pathway impact values from pathway topology analysis. The node color
indicates the p-value from the pathway enrichment analysis (more reddish color
indicates more significant changes in the pathway), whereas the node size
reflects the pathway impact score. Figures reprinted from the original publication

I1I with permission from the Elsevier.
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Figure 22. Metabolic pathway analysis generated with the MetaboAnalyst
software package based on cecal metabolites, showing altered pathways in
M/ND (A), M/Con (B), M/L-NAAB (C), M/H-NAAB (D), M/L-AAPP (E), and
M/H-AAPP (F) comparisons. The p-values in the Y-axis are generated from the
pathway enrichment analysis, and the X-axis presents the pathway impact values
from pathway topology analysis. The node color indicates the p-value from the
pathway enrichment analysis (more reddish color indicates more significant
changes in the pathway), whereas the node size reflects the pathway impact score.
Figures reprinted from the original publication III with permission from the
Elsevier.
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6. SUMMARY AND CONCLUSION

This thesis is the first research work to compare the biological function of
acylated anthocyanins from purple potatoes and nonacylated anthocyanins from
bilberries in type 2 diabetes of ZDF rats by using multi-omics. The bilberry
anthocyanins consisted of mostly glucosides, galactosides, and arabinosides of
delphinidin, petunidin, cyanidin, peonidin, and malvidin. The anthocyanins from
the purple potatoes contained mainly acylated anthocyanins, with petunidin
coumaroyl-rutinoside-glucoside as the dominating compound, followed by
peonidin coumaroyl-rutinoside-glucoside and petunidin caffeoyl-rutinoside-
glucoside. The anthocyanins in bilberries were exclusively nonacylated, whereas
almost all the anthocyanins in the purple potatoes were acylated.

Multi-omics strategies including metabolomics, transcriptomics, and
metagenomics were used to investigate the metabolites, transcripts, and
microbiota affected by these two types of anthocyanins in diabetic rats.
Distinguished metabolic and transcriptomic profiles as well as gut microbiota,
were found in the diabetes of ZDF rats compared to the lean Zucker rats. Feed
and water intake, body weight, viscera weigh and their ratio to body weight, as
well as plasma and hepatic glucose showed a successful establishment of an
animal model of T2D. Excessive glycolysis in T2D was manifested by increased
plasma and hepatic intermediates of glycolysis including lactate, pyruvate,
alanine. Increased levels were found for circulating BCAAs and
glutamine/glutamate ratio, which are considered as biomarkers of insulin
resistance. Increase in gluconeogenesis-related substrates (glycerol, lactate,
alanine, etc.) and genes expression (G6pc and Egrl) were also observed.
Transcriptomic analysis showed that T2D in ZDF rats was mainly characterized
by active lipid synthesis, followed by dysregulated glucose metabolism and
inflammatory response. ZDF rats showed higher levels of fecal SCFAs and
lactate as well as altered choline metabolism in gut. Several gut microbiotas with
health-compromising effects or known to be increased in T2D were found more
abundant in ZDF rats, such as Clostridium hathewayi, Lanchnospiraceae
bacterium 1 7 47FAA, Bifidobacterium pseudolongum, and Dorea
formicigenerans. Akkermansia muciniphila, as a health-promoting bacterium,
which has been constantly reported to be decreased in T2D, was decreased in
ZDF rats.

Acylated anthocyanins extract and nonacylated anthocyanins extract
exhibited some common beneficial effects in modulating metabolites, gene
expression, and gut microbes. Each type of anthocyanin extracts also had their
own exclusive effect. Generally, the acylated anthocyanin extract showed a more
modulatory effect than the nonacylated. A reduced fasting plasma glucose level
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was seen in all anthocyanin-fed groups, with a stronger impact shown in the
groups fed with a nonacylated anthocyanins extract. Both anthocyanin extracts
restored the hepatic levels of multiple metabolites (glucose, lactate, alanine,
glycerol, and pyruvate) involved in glycolysis and gluconeogenesis as well as
the content of BCAAs and the lipid profile. However, only the acylated
anthocyanins extract showed a reversing effect on glycolysis and
gluconeogenesis on a systemic level. In addition, acylated anthocyanins extract
increased the plasma glutamine/glutamate ratio and decreased the plasma levels
of serine, and glycine. At the gene level, nonacylated anthocyanins’ extract
regulated the expression of Mgat4a, Gstm6, and Lpl, whereas acylated
anthocyanins modified the expression of Mgat4a, Jun, Fos, and Egrl. Of all the
anthocyanin treatment groups, the group treated with a high-dose of potato
anthocyanins (H-AAPP) showed a transcriptomic closer toward the lean Zucker
rats. Metagenomics showed that anthocyanin extracts also beneficially
modulated the gut microbiota composition. Both types of anthocyanins increased
the abundance of Peptostreptococcaceae noname unclassified and
Marvinbryantia formatexigenes. AAPP decreased the abundances of
Parabacteroides disdasonis, Ruminococcus torques, and Lanchnospiraceae
bacterium 4 1 37FAA.

Omics data showed the ZDF rats were characterized mainly with dysregulated
lipid and carbohydrate metabolism. The treatments of nonacylated and acylated
anthocyanin extracts regulated metabolites and genes related to the lipid and
glucose metabolism, with acylated anthocyanin extracts showing more
modulatory effects such as inflammatory response and gut microbiota.

Overall, this study detected extensive changes in the metabolites, genes, and
gut microbes in T2D and a considerable effect of anthocyanin extracts from
bilberries and purple potatoes on T2D. These results bring a new perspective for
further research on bioavailability and the biological effects of acylated
anthocyanins from purple potatoes. Acylated anthocyanins present in dark-
colored plants and tubers, such as in the purple potato, and can be easily
incorporated into the daily diet. Moreover, the stability of acylated anthocyanins
allows them to be added to foods which require processing. Compared to berries,
dark-colored potatoes represent a more affordable source of anthocyanins, of
which both the global agricultural production and consumption can be realized
on a larger scale and in a wider area, which would benefit the patients with
metabolic disorders including T2D.

However, there are limitations of this study. Besides acylation being the one
factor that affects the bioavailability and biological activities of acylated
anthocyanins and non-acylated anthocyanins, the varieties of anthocyanin
metabolites determined by the type of aglycone of anthocyanins and acyl group
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as well as other phytochemicals in the extracts, such as flavonol glycosides and
hydroxycinnamic acids, might play an important role.
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