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ABSTRACT: This study compared the effects of the nonacylated and acylated anthocyanin-rich extracts on plasma metabolic
profiles of Zucker diabetic fatty rats. The rats were fed with the nonacylated anthocyanin extract from bilberries (NAAB) or the
acylated anthocyanin extract from purple potatoes (AAPP) at daily doses of 25 and 50 mg/kg body weight for 8 weeks. 'H NMR
metabolomics was used to study the changes in plasma metabolites. A reduced fasting plasma glucose level was seen in all
anthocyanin-fed groups, especially in the groups fed with NAAB. Both NAAB and AAPP decreased the levels of branched-chain
amino acids and improved lipid profiles. AAPP increased the glutamine/glutamate ratio and decreased the levels of glycerol and
metabolites involved in glycolysis, suggesting improved insulin sensitivity, gluconeogenesis, and glycolysis. AAPP decreased the
hepatic TBC1D1 and G6PC messenger RNA level, suggesting regulation of gluconeogenesis and lipogenesis. This study indicated

that AAPP and NAAB affected the plasma metabolic profile of diabetic rats differently.
KEYWORDS: acylated anthocyanins, nonacylated anthocyanins, Zucker diabetic fatty rats, type 2 diabetes, NMR metabolomics

B INTRODUCTION

Diabetes compromises the quality of life and brings about a
substantial economic burden to the society. Approximately
90% of the diabetic patients have type 2 diabetes characterized
by peripheral insulin resistance and a decrease in the number
and activity of pancreatic S-cells." Healthy food choices are
important for reducing the risk of metabolic syndromes and
type 2 diabetes. Phenolic compounds have been shown to
affect key pathways of carbohydrate metabolism and hepatic
glucose (GLU) homeostasis including glycolysis, glycogenesis,
and gluconeogenesis, which are usually impaired in diabetes.”
As a major group of phenolic compounds in the diet,
anthocyanins have potential in lowering the risk for the
development of various chronic diseases because of their role
in regulating energy metabolism as well as anti-inflammatory
and antioxidative effects.” Furthermore, anthocyanins inhibit
the activities of a-glucosidase and pancreatic a-amylase, which
is also the target of action by some antidiabetic drugs such as
acarbose to reduce the digestion and absorption of
carbohydrates.”

Dietary anthocyanins are absorbed as an intact glycoside or
after hydrolysis to aglycones by lactate phlorizin hydrolase
before absorption by enterocytes. The absorbed glycosides and
aglycones undergo metabolism by phase I and phase II
enzymes, resulting in methylation, glucuronidation, and
sulfatation, and the resulting metabolites are excreted via
urine. The absorption of anthocyanins, either as intact
glycosides or as aglycones, is low in the small intestine.* The
unabsorbed anthocyanins are converted by the action of gut
microbiota to phenolic acids, which are further absorbed into
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the circulation.” The metabolites of anthocyanins modulate the
gut microbiota and production of short-chain fatty acids.”
Although most of the data have been obtained on the
metabolism of nonacylated anthocyanins from fruits and
berries, there has been little research focusing on the
metabolism of acylated anthocyanins, which are commonly
found in red and purple potatoes as well as dark-colored
vegetables such as purple cabbages and purple carrots.” In
acylated anthocyanins, the sugar residues are acylated with
organic acids, commonly caffeic, p-coumaric, ferulic, sinapinic,
and malonic acids.” The acylation process of anthocyanins in
plants is catalyzed by anthocyanin acyltransferases (ACTs),
which have high substrate specificity for both the anthocyanin
acceptors and the acyl group donors. In plants, there are
mainly two types of ACTs that are classified based on the acyl
group donors: the BAHD family using acyl-CoA and the serine
carboxypeptidase-like group using acyl-activated sugar.’®
Acylation alters the physical and chemical properties of
anthocyanins, and acylated anthocyanins have been reported to
be more resistant to higher pH, heat, and lightg and to have
higher antioxidant activity'® than the corresponding non-
acylated anthocyanins. The higher stability of acylated
anthocyanins is likely to result from the intramolecular
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stacking of the acyl groups with the pyrylium ring, reducing the
susceptibility of nucleophilic attack of water.” In vitro, acylated
anthocyanins with higher stability have shown more potent
inhibitory activity on a-glucosidase compared to nonacylated
anthocyanins."' Although in vitro studies using the gastro-
intestinal model indicated higher bioavailability of acylated
anthocyanins from purple sweet potatoes than nonacylated
anthocyanins from red wines,'> acylated anthocyanins in
purple carrots showed an 8—14-fold decrease in anthocyanin
recovery in both urine and plasma compared to their
nonacylated counterpart in a bioavailability study in humans."
Both the acylation pattern and plant matrix play a role in the
absorption and bioavailability of anthocyanins. Furthermore,
the fermentable property of anthocyanins in the gut might
exert beneficial effects on human health."* Currently, little
information is available about the possible differences in
biological functions in vivo between acylated and nonacylated
anthocyanins. Based on a dietary survey of 36,037 individuals
in 10 European countries, the daily intake of anthocyanins
ranges from 18.73 to 64.88 mg and the major sources of
anthocyanins were fruits and wine."> Increasing consumption
of dark-colored potatoes and vegetables could be a more
affordable and effective way for increasing the dietary intake of
anthocyanins. Potato is a globally major agricultural crop, and
potatoes are consumed as staple food across the world. Red-
and purple-colored potatoes are widely cultivated in South
America, Asia, Europe, and North America. Because of the
high yield and low production cost, potatoes represent
sustainable sources of anthocyanins, which can also be used
as functional ingredients in food and nutraceuticals.

Understanding how the acylated and nonacylated anthocya-
nins affect metabolic homeostasis in type 2 diabetes is
important for understanding their role in the management of
the disease. Metabolomics has emerged as a powerful tool for
metabolite profiling in the field of pharmacology, disease
research, and toxicology as well as nutrition and food sciences.
Indeed, nuclear magnetic resonance (NMR) metabolomics is a
reproducible and high-throughput method for elucidating the
metabolic state and potential changes in the metabolic
pathways.'® A range of metabolites detectable by metabolo-
mics have been indicated as potential biomarkers associated
with different stages of type 2 diabetes in humans.'

NMR metabolomics has been applied to investigate the
long-term use of drugs on the metabolism of patients as well as
in nutritional metabolomics to study the metabolic impact of
different dietary patterns. NMR metabolomics revealed that
administration of metformin for 18 months altered the
circulating level of alanine and aromatic amino acids in
patients with coronary disease.'” The NMR metabolomic
study of urine samples has proven to be useful in the
assessment of exposure to diet of different glycemic indexes
and dietary intake of fibres."® To our best knowledge, no
research has been reported on the metabolomic impact of
anthocyanins on type 2 diabetes in humans or animal models.

In the current study, we aimed to investigate and compare
the impact of acylated anthocyanins from purple potatoes (
Solanum tuberosum L.) and nonacylated anthocyanins from
bilberries (Vaccinium myrtillus L.) on the metabolic status of
Zucker diabetic fatty (ZDF, fa/fa) rats as an animal model of
type 2 diabetes. Metabolic changes in ZDF rats were compared
to their lean counterparts using NMR metabolomics to find
possible changes of the potential metabolic biomarkers of type
2 diabetes. We hypothesized that there is a different impact

between the nonacylated anthocyanin extract from bilberries
(NAAB) and the acylated anthocyanin extract from purple
potatoes (AAPP) on the diabetic metabolic state in ZDF rats.

B MATERIALS AND METHODS

Extraction, Purification, and Analysis of Anthocyanins from
Bilberries and Purple Potatoes. Certified organic fresh bilberries (
V. myrtillus L.), collected from the Kainuu region, Finland, were
purchased from Pakkasmarja Oy (Suonenjoki, Finland). Purple
potatoes (S. tuberosum L.) of the cultivar ‘Synkei Sakari’ were
provided by Clanet Oy (Espoo, Finland). The potatoes were
cultivated and harvested in 2017 in the Lohja area, Finland, sliced,
and freeze-dried before extraction. Anthocyanins were extracted with
70% v/v aqueous ethanol containing 2% v/v acetic acid using a solid—
liquid ratio of 1:5 (w/v). The extraction was repeated three times, and
the extracts were combined and filtered, followed by vacuum
evaporation to remove ethanol. After evaporation, each of the extracts
was loaded onto a column packed with an equilibrated Amberlite
XAD-16 (Sigma-Aldrich, Steinheim, Germany) adsorbent for
purification. After loading, 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 subjected to
vacuum rotary evaporation to remove ethanol. After evaporation, the
extracts were lyophilized and stored at —80 °C until analysis.

The composition and content of anthocyanins and other phenolic
compounds in the extracts were analyzed with high-performance
liquid chromatography (HPLC) with diode-array detection (HPLC-
DAD) and high-resolution UHPLC-ESI(+)-Q-ToF-MS using the
methods reported in our previous study.'” Three replicate samples of
each extract were dissolved with MeOH/HCI 99/1 and filtrated (0.45
um, PTFE; VWR, Radnor, PA). An absorption maximum at 520 nm
was used for detecting anthocyanins and those at 354 and 320 nm for
flavonol glycosides and hydroxycinnamic acids, respectively. For
quantification, anthocyanins were calculated as cyanidin-3-O-gluco-
side equivalents (Extrasynthese, Genay, France). Flavonol glycosides
were quantified as quercetin-3-O-rutinoside equivalents (Extrasynth-
ese, Genay, France). Hydroxycinnamic acids were calculated as caffeic
acid equivalents (Sigma-Aldrich, St Louis, MO).

Animals and Feeding. In this study, male ZDF rats were used to
evaluate the metabolic impact of anthocyanins from purple potatoes
and bilberries. Lean Zucker rats (fa/+) were used as healthy controls.
All experimental protocols were approved by the Institutional Animal
Ethics Committee of Peking University (no. LA2016285) and carried
out in compliance with the OECD 408 guideline for the care and use
of laboratory animals.

Male ZDF and lean Zucker rats of 3 weeks 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 controlled temperature (23—25 °C) and a 12
h light/12 h dark cycle. After 1 week of adaptation, the ZDF rats were
randomly divided into five groups, with eight rats in each group,
receiving 8 weeks of daily feeding as follows: (1) ZDF rats fed with
high-fat diet Purina#5008 (Table $1)*° and NAAB providing a daily
dosage of S0 mg/kg body weight (high-dose NAAB, H-NAAB); (2)
the ZDF rats fed with Purina#5008 diet and AAPP providing a daily
dosage of 50 mg/kg body weight (high-dose AAPP, H-AAPP); (3)
the ZDF rats fed with Purina#5008 diet and NAAB providing a daily
dosage of 25 mg/kg body weight (low-dose NAAB, L-NAAB); (4)
the ZDF rats fed with Purina#5008 diet and AAPP providing a daily
dosage of 25 mg/kg body weight (low-dose AAPP, L-AAPP); and (S)
ZDF rats fed only with Purina#5008 diet as the diabetic model group
(M). The lean Zucker rats were divided into two groups, one fed with
normal diet (ND, n = 8) and the other with high-fat Purina#5008 diet
as the control group (Con, n = 8). During the feeding with different
diets, all rats were kept in separate cages, and the anthocyanin extracts
were given by gavage. The dosages of anthocyanin extracts were
chosen based on the dosages used in previous animal*' and human®*
studies. The anthocyanin content in the extracts was taken into
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Figure 1. 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 1.

account when determining the amount of the extracts given to the rats
in the anthocyanin-treated groups. The feed supply was replaced once
in every 2 days to prevent oxidization of the fats in diets. Feed and
water intake on the 30th and 60th day were monitored. The weekly
feed intake and body weight were recorded. After 8 weeks of
intervention, the rats were sacrificed under isoflurane anesthesia after
overnight fasting. Plasma samples were collected by centrifuging the
blood samples at 3000g for 10 min at 4 °C. The plasma samples were
stored at —80 °C until analyses.

Biochemical Assays. The plasma concentrations of aspartate
transaminase (AST), alanine aminotransferase (ALT), triglyceride
(TG), total protein (TP), albumin (ALB), blood urea nitrogen
(BUN), and GLU were measured by using a Hitachi 7170A/7180
Biochemical Analyzer (Hitachi, Japan). The plasma insulin level was
determined with an ELISA kit (Beyotime Biotechnology, China).

'H NMR Spectroscopic Analysis. An aliquot of 220 uL of
plasma was mixed with 440 uL of the phosphate buffer (90 mmol/L
NaH,PO,, pH = 7.4) containing 15% D,O to minimize variations in
pH. After vortexing, the samples were centrifuged at 12,000g for 10
min at 4 °C to separate the precipitates. Aliquots of 600 uL of the
resulting supernatants were transferred into S mm NMR tubes. The
NMR experiments were performed at 298 K using a 600 MHz Bruker
AVANCE III NMR spectrometer (Bruker BioSpin AG, Fillanden,
Switzerland) equipped with a Prodigy TCI cryoprobe and a precooled
SampleJet sample changer. One-dimensional '"H NMR spectra were
recorded from all the plasma samples using the Carr—Purcell—
Meiboom—Gill (CPMG) pulse sequence. The parameters used for
the one-dimensional (1D) CPMG pulse sequence were as follows:
spectral sweep width, 16.02 ppm; data points, 64 K; flip angle of radio
frequency pulse, 90°; total relaxation delay, S s. 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. All the spectra were manually phase- and baseline-
corrected with Topspin 3.5 software (Bruker BioSpin Gmbh,
Rheinstetten, Germany). The chemical shift of a-GLU (6 = 5.23
ppm) was used to align the spectra.

Metabolite Identification. Metabolites were identified based on
1D CPMG NMR chemical shifts reported in the literature, Chenomx
NMR Suite 7.5 software (Chenomx Inc., Edmonton, Alberta, Canada)
and the metabolite database Human Metabolome Database (HMDB,

http://www.hmdb.ca). The identification was further confirmed by
two-dimensional (2D) 'H—"C heteronuclear single-quantum corre-
lation spectroscopy (HSQC), 'H—'H correlation spectroscopy
(COSY), and J-resolved spectroscopy (JRES).

Measurement of the Gene Expression of G6PC and TBC1D1.
Total RNA from the liver was isolated using a TransZol Up kit
(Transgen biotech, Beijing, China) according to the manufacturer’s
directions. The RNAs (1.0 ug) were reverse-transcribed to
complementary DNA (cDNA) using a TransScript One-step gDNA
Removal and cDNA Synthesis SuperMix (TransGen Biotech, Beijing,
China). The expression level of G6PC and TBCIDI genes in rat livers
was measured by quantitative real-time-polymerase chain reaction
(PCR). The primer sequences were as follows: G6PC: forward primer
CGTCACCTGTGAGACTGGAC, reverse primer GCCCAG-
TATCCCAACCACAA; TBCIDI: forward primer TCGATGA-
CACCTTCGCCAAA, reverse primer TGGCCAATCGTGAAGAG-
CAT.

Statistical Analysis. A total of 46 plasma samples out of 56
plasma samples were included for '"H NMR spectroscopic analysis
(M, n = 6; L-NAAB, n = 6; L-NAAB, n = 7; L-AAPP, n = 6; H-AAPP,
n = 6; CON, n = 7; ND, n = 8) because an insufficient quantity of
plasma was obtained from some animals and excluding three rats with
an extremely high ketone level (determined as 2.5 X standard
deviations outside of the mean). These rats were therefore excluded
from the analysis. The 1D "H NMR spectra of plasma were binned
into 0.01 ppm integral regions using the Chenomx NMR software
suite (Professional edition, version 8.3, Chenomx, Edmonton, AB,
Canada), and the water region (4.70—4.95 ppm) was removed. Data
are Pareto-scaled before multivariate data analysis using SIMCA-P+
(V12.0, Umetrics AB, UmeA, Sweden). The relative concentration of
the metabolites was determined based on the binned area. Bins used
for relative quantification are specified in Table S2. Correlation
analysis and pathway analysis were performed using the Metab-
oAnalyst platform based on high-quality KEGG metabolic pathways.
The Kolmogorov—Smirnov test was used to check the normality of
the data distribution in GraphPad Prism V 6.0 (GraphPad Software
Inc., San Diego, USA). If data were normally distributed, a parametric
one-way analysis of variance (ANOVA) was performed; otherwise,
the nonparametric Kruskal-Wallis test was applied, and post hoc
Fisher’s LSD test or Dunn’s test was applied between groups.
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Statistical significance between groups was assessed at levels *p <
0.0, **p < 0.01, and ***p < 0.001.

B RESULTS

Identification and Quantification of Anthocyanins.
Anthocyanins, flavonol glycosides, and hydroxycinnamic acids
from bilberry and purple potato extracts were identified and
quantified by UHPLC-ESI(+)-Q-ToF-MS and HPLC-DAD.
The HPLC chromatograms are presented in Figure 1, showing
anthocyanins, flavonol glycosides, and phenolic acids at
different wavelengths. Table 1 consists of information related
to the identification of the peaks including MS fragments and
the accurate masses of the molecular ions of the peaks. NAAB
were nonacylated. Each gram of NAAB 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 the dominant. Each gram of AAPP
contained 248.74 + 7.14 mg of anthocyanins and 144.07 +
421 mg of hydroxycinnamic acids consisting of mostly
chlorogenic acid, while no flavonol glycosides were detected
in AAPP. The anthocyanins of NAAB consisted of mostly
glucosides, galactosides, and arabinosides of delphinidin,
petunidin, cyanidin, peonidin, and malvidin. AAPP contained
only acylated anthocyanins, with petunidin-coumaryl-rutino-
side-glucoside (160.82 + 4.39 mg/g) as the dominating
compound, followed by peonidin-coumaryl-rutinoside-gluco-
side (40.30 = 2.23 mg/g) and petunidin-caffeoyl-rutinoside-
glucoside (12.31 # 0.26 mg/g) (Tablel). The total
anthocyanin content in the extracts (423.89 mg/g for the
bilberry extract and 248.74 mg/g for the potato extract) was
taken into account when determining the daily dosage in the
feeding of the experimental rats.

Intake of Feed and Water as Well as Body Weight.
Metabolic cage was used to monitor the intake of feed and
water on the 30th day and the 60th day of the intervention.
Figure 2A,B shows that the diabetic ZDF rats fed with high-fat
diet (M) had higher daily intake of water and feed on the 30th
day (p < 0.001, p < 0.001) and the 60th day (p < 0.001, p <
0.001) of the intervention compared to the lean Zucker rats
fed with ND or high-fat diet (Con). In the groups treated with
anthocyanin extracts (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. The L-NAAB group also 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 decrease was seen in weekly feed intake in all
treatment groups in the late period of intervention in
comparison with the model (M) group, with the reduction
being statistically significant in the H-NAAB and H-AAPP
groups at the 8th week (Figure 2C).

As illustrated in Figure 2D, the M group showed a significant
increase in body weight compared to both the ND and Con
groups, highlighting the impact of the leptin gene deficiency (p
< 0.001, p < 0.001). There were no significant differences in
body weight between the anthocyanin-fed groups and the M
group.

Biochemical Assays. The M group showed clearly
different biochemical profiles of plasma compared to the lean
Zucker rats of the Con and ND groups (Table 2),
characterized by lower levels of aspartate transaminase
(AST) and higher levels of TP, BUN, triglyceride (TG), and

GLU. Groups fed with the nonacylated anthocyanin extracts
(L-NAAB and H-NAAB) showed significantly decreased
fasting plasma GLU 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 GLU, but the difference did
not reach statistical significance. No statistically significant
difference was found in insulin levels in fasting plasma among
the groups at the end of treatment period (Table 2).

Hepatic mRNA Level of G6PC and TBC1D1. The hepatic
messenger RNA (mRNA) levels of G6PC and TBCIDI genes
are shown in Figure S1. The M group showed the highest level
of hepatic G6PC gene expression, which was significantly
decreased in the groups fed with the potato anthocyanin
extract (L-AAPP: p < 0.01; H-AAPP: p < 0.05). The qPCR
analysis showed a decrease in the level of mRNA of TBCIDI
in the group treated with H-AAPP compared to the model
group (p < 0.01), indicating a reduction in hepatic TBC1D1
gene expression.

'H NMR Spectra of Plasma Samples. Representative
CPMG spectra of plasma samples are shown in Figure 3A.
Altogether, 26 metabolites were identified using Chenomx and
2D NMR (Figures S2—S4.), and their chemical shifts and peak
multiplicity are summarized in Table S3.

Alterations in the Metabolomic Profile in ZDF Rats.
OPLS-DA and their loading S line plot were performed
between the M group and the Con or ND group (Figure 3B,C)
to investigate the metabolite alterations associated with the
leptin gene deficiency and the influence of the high-fat diet and
thereby to pinpoint the potential biomarkers in type 2 diabetes
and to verify the induction of diabetes.

The goodness-of-fit and predictability for the OPLS-DA
models were reflected by the values of RZY(cum) = 0.988 and
QY (cum) = 0.967/R*Y () = 0.995 and Q*Y( ) = 0.977. A
CV-ANOVA value of 3.90095¢°%°/1.04925¢”*° and 100
times permutation tests (Y-intercepts: R* = 0.286, Q* =
—0.448/R* = 0.297, Q* = —0.468) confirmed the validity of the
models (Figure SSA,B).

In the corresponding loading S line plot, metabolite
variations were distinguished according to the value of
correlation coeflicients, where a red signal indicated more
significant contribution to the class separation than a green
one. The negative side of the loading plot constituted
metabolites increased in the M group including lipids (&
0.80—0.90, etc.), branched-chain amino acids (BCAAs)
(leucine, & 0.96—0.97; isoleucine, § 1.00; valine, 5 0.98—
0.99), lactate (6§ 1.31—1.33, 4.10—4.13), alanine (5§ 1.47—
1.49), acetone (§ 2.22), pyruvate (5 2.37), citrate (§ 2.52—
2.56), glycerol (6 3.64—3.66), unsaturated lipids (6 5.27—
5.37), GLU (6 4.62—4.67, 5.22—5.24), and creatine/creatinine
(6 3.04), whereas the positive side constituted metabolites
decreased in the M group (glutamine, & 2.43—2.47).
Metabolites mentioned above were major compounds
responsible for the separation between nondiabetic groups
and diabetic groups. In addition, the content of glycine was
significantly lower in the M group compared to that in the ND
group, whereas no such difference was found between the M
and Con groups. In addition to fat content, the feed
composition (Table S1) of the high-fat diet (the M, Con,
and anthocyanin-treated groups) and the ND also differed in
the content of other nutrients such as amino acids and
minerals, which could possibly have an impact on the energy
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Table 1. continued

mass error
(ppm)

calculated
mass

retention

tentative

M]*/[M + H]*

(m/2)

UV A,

identified with

content (mg/g)

measured mass

fragment ions (m/z)

(nm)

time (min)

identification

Anthocyanins
638.3073, 456.2497

Uv, MS,

0.96 + 0.03

0

887.2610

887.2610

280, 507 887.2605

33.8

pel-cou-rut-glu

17

Q-ToF, Litl

UV, MS,

40.30 + 2.23

—-1.96

917.2716

463.1213, 301.0685 917.2698

307, 522 917.2693

36.4

peo-cou-rut-glu

18

Q-ToF
UV, MS,

8.70 + 0.45

—-2.22

947.2821

947.2800

655.1854, 500.5989, 331.0791

280, 529 947.2795

38.6

mal-cou-rut-glu

19

Q-ToF
UV, MS,

2.81 £ 0.1

-1.06

947.2821

625.1757, 500.5997 947.2811

320, 534 947.2806

40.2

peo-fer-rut-glu

20

Q-ToF, Litl

uv, MS,

0.76 + 0.02

-0.31

977.2927

977.2924

622.4004, 490.2943, 331.0810

305, 530 977.2919

41.5

mal-fer-rut-glu

21

Q-ToF
uv, MS,

1.04 + 0.09

091

771.2136

771.2143

446.7790, 446.7790, 367.1968

3 300,530 771.2138

pet-cou-rut

22

Q-ToF,

248.74 £ 7.14

total anthocyanins

“The positive ions M* for anthocyanins and [M + H]* for hydroxycinnamic acids and flavonol glycosides. Numbering of the peaks refers to Figure 1. b Abbreviations: que, quercetin; cya, cyanidin; del,

delphinidin; mal, malvidin; pel, pelargonidin; peo, peonidin; pet, petunidin; caf, caffeic acid; cou, coumaric acid; fer, ferulic acid; glu, glucoside; ara, arabinose; rut, rutinoside; and gal: galactose. Amounts

are given as mg per g extracts + standard deviation, n = 3.

metabolism. However, most of the metabolites showed a
similar trend in the Con and ND groups compared to that in
the M group, indicating that the impact of differences in feeds
was low.

Impact of Nonacylated and Acylated Anthocyanin-
Rich Extracts on the Plasma Metabolomic Profile of
ZDF Rats. To further explore the detailed alterations in plasma
metabolites as impacted by the anthocyanin extracts, univariate
analysis for discriminating metabolites among the groups was
performed (Figure 4) and their fold change value compared to
that in the M groups is shown in Table S4. Treatment with the
anthocyanin extracts from bilberries and purple potatoes (H-
NAAB, H-AAPP, L-NAAB, and L-AAPP) resulted in alteration
in the levels of various metabolites as compared to that in the
M group, suggesting possible improvement of diabetic state.
Lower levels of GLU were observed in the L-NAAB, H-NAAB,
L-AAPP, and H-AAPP groups (p < 0.001, p < 0.01, p > 0.05,
and p > 0.05, compared with that in the M group), confirming
the findings of the biochemical assays (Figure 4A). Resonances
from lipids and unsaturated lipids were also decreased by all
anthocyanin treatment groups (L-NAAB: p > 0.0S, p < 0.05;
H-NAAB: p < 0.01, p < 0.01; L-AAPP: p < 0.001, p < 0.01; H-
AAPP: p < 0.05, p > 0.05) (Figure 4B). There was an overall
decrease of BCAAs in all anthocyanin-treated groups,
especially in the groups fed with AAPP (Figure 4C). In
addition to common changes in metabolites by the
anthocyanin extracts mentioned above, the L-AAPP group
showed a decreased level of lactate (p < 0.01) and pyruvate (p
< 0.01) (Figure 4A,D). The H-AAPP group shared the same
decreasing trend in lactate (p < 0.05) and pyruvate (p > 0.0S).
Both L-AAPP and H-AAPP significantly decreased glycerol (p
< 0.01, p < 0.01), the glutamate level (p < 0.01, p < 0.01), the
glutamine/glutamate ratio (p < 0.0S, p < 0.05), and serine (p <
0.01, p < 0.05) (Figure 4D—F). A decreased choline level was
seen in both the L-AAPP and H-AAPP groups (p < 0.0, p <
0.01).

Metabolic Pathway Analysis and Correlation Anal-
ysis. Metabolic pathway analysis generated with the
MetaboAnalyst tool is shown in Figure S. Starch and sucrose
metabolism were the most significantly altered pathways with
high impact values when comparing the Con, ND, L-NAAB, or
H-NAAB groups to the M group (Figure SA—D) because of
the differences in plasma GLU levels. Statistically significant
differences were also detected in glutamine and glutamate
metabolism, pyruvate metabolism, alanine, aspartate and
glutamate metabolism, and glycine, serine, and threonine
metabolism between the M and Con/ND groups. AAPP
influenced many pathways, including glutamine and glutamate
metabolism, phenylalanine, tyrosine and tryptophan biosyn-
thesis, histidine metabolism, phenylalanine metabolism, and
pyruvate metabolism. In contrast to AAPP, NAAB from
bilberries did not show significant impact on these pathways.
This is in agreement with the findings discussed in previous
sections, suggesting that AAPP affected more metabolites than
NAAB in type 2 diabetes in ZDF rats. Correlation analysis was
made to investigate the correlation between plasma metabo-
lites and biochemical parameters. The heatmap was designed
using Pearson’s r analysis (Figure S6). The main finding from
the correlation plot was that the glutamine/glutamate ratio,
glutamine, AST, histidine, 3-hydroxybutyrate, and acetoacetate
were negatively correlated with glutamate, glycerol, the lipid
profile (lipid, unsaturated lipid, and TG), and glycolysis
metabolites (GLU, lactate, pyruvate, citrate, and alanine).
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Figure 2. 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 < 0.0S, **p < 0.01, and ***p < 0.001 as compared with the M group.

Table 2. Changes of Fasting Plasma Parameters in Lean Zucker Rats and ZDF Rats Fed with Different Experimental Diets”

M L-NAAB H-NAAB L-AAPP H-AAPP Con ND
ALT (U/L) 137.7 + 22.8 190.1 + 243 196.4 + 52.7 181.8 + 334  217.2 + 53.3 164.6 + 369 193.6 + 54.6
TP (g/L) 632 +53 654 + 6.3 642 + 3.8 60.5 + 3.7 63.6 + 6.7 52.8 + 1.1%* 53.2 & 2.4
ALB (g/L) 28.5 + 1.8 302 + 17 302 + 2.1 28.1 + 1.6 28.1 + 1.6 287 + 1.5 29.1 + 0.7
AST (U/L) 335.6 £ 1369 4854 + 79.0 462.3 + 722 4540 + 99.6  584.6 + 139.6  869.3 + 133.4%F* 10162 + 229.6%*
BUN (mmol/L) 73 + 1.4 7.8 +23 7.6 + 1.3 72+ 05 7.0 + 1.4 5.1+ 0.9%% S4 + 0.5%*
TG (mmol/L) 8.77 + 2.75 8.61 + 4.84 7.55 + 2.63 6.93 + 2.62 6.61 + 222 127 + 0.35%* 1.05 + 0.16%
Insulin (mU/L)  33.67 + 1475 29.56 + 11.47 38.51 + 13.66 3991 + 6.10  42.50 + 1023 42.44 + 24.51 35.44 + 13.45
GLU (mmol/L) 230 + 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%%*

“ALT, alanine transaminase; TP, total protein; ALB, albumin; AST, aspartate transaminase; BUN, blood urea nitrogen; and TG, triacylglycerols;
data represent the means + SD, n = 8. Experimental groups: M, Zucker diabetic fatty (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; *p < 0.05 as compared with the ND group.

Importantly, several metabolites were correlated with the
improvements in the glycemia status. The GLU level was
negatively correlated with histidine (Pearson correlation
coefficient r = —0.74, p < 0.001), glycine(r = =045, p <
0.01), glutamine(r = —0.64, p < 0.0001), glutamine/glutamate
ratio (r = —0.34, p < 0.05), and tyrosine(r = —0.43, p < 0.01).
On the other hand, there was a positive correlation between
plasma GLU level and lipid (r = 0.74, p < 0.001), unsaturated
lipid(r = 0.73, p < 0.001), lactate (r = 0.36, p < 0.05),
pyruvate(r = 0.56, p < 0.001), citrate(r = 0.44, p < 0.01),
valine(r = 0.4S, p < 0.01), and isoleucine(r = 0.50, p < 0.001).

B DISCUSSION

As reviewed by Belwal et al,”® the mechanisms via which
anthocyanins affect insulin resistance and type 2 diabetes
include at least activating the AMPK and lipolytic enzymes,
upregulating glucose transporter 4 (GLUT4) translocations,
decreasing the serine phosphorylation of insulin receptor
substrate 1 and sterol regulatory element-binding protein 1
(SREBP-1), and inhibiting fatty acid and triacylglycerol
synthesis. Previously, a '"H NMR metabolomic study showed

that adding quercetin to the feed affected the Krebs cycle as
well as amino acid and carbohydrate metabolism in healthy
Sprague Dawley rats.”* However, the effect of anthocyanin
extracts on the plasma metabolic profile of the healthy or type
2 diabetic state has not been studied before either in humans
or in animals. Therefore, the current study is the first report on
the effects of anthocyanins on the plasma metabolic profile of
the diabetic state. To the best of our knowledge, it is also the
first study comparing the effect of nonacylated anthocyanins
with their acylated counterparts in their metabolic impact on
type 2 diabetes.

Alterations in the feed and water intake, body weight, GLU
level, and lipid profile were evident between the diabetic rats
fed with high-fat diet without anthocyanins (M group) in
comparison with the two groups of lean Zucker rats on high-fat
diet (Con) or normal feed (ND), indicating the significant
impact of leptin gene deficiency and the successful establish-
ment of the diabetic model in the model group. In this study,
the ALT level, an indicator of liver function, did not differ
between the ZDF rats and the lean Zucker rats, which was in
agreement with previous findings.”” On the other hand, the
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Figure 3. 600 MHz 1D CPMG '"H NMR spectrum of plasma labeled with identified metabolites (A): (1) lipids, —CH,, (2) isoleucine, (3) valine,
(4) leucine, (5) 3-hydroxybutyrate, (6) lactate, (7) alanine, (8) acetate, (9) glutamine, (10) glutamate, (11) acetone, (12) acetoacetate, (13)
pyruvate, (14) citrate, (15) creatine/creatinine, (16) choline, (17) glycine, (18) glycerol, (19) serine, (20) threonine, (21) GLU, (22) unsaturated
lipid, —-CH=CH-, (23) tyrosine, (24) histidine, (25) phenylalanine, and (26) formate. Details on the assignment of peaks refer to Table S3.
OPLS-DA and the loading S line plot of the Con group vs M group and ND group vs M group (B,C) based on 'H NMR spectra of plasma. The
color bar corresponds to the value of correlation coefficients, and the red signal indicates more significant contribution to the class separation than a
green one. The negative side of the loading plot constituted metabolites increased in the M group. Experimental groups: Con, lean Zucker rats
given high-fat diet; M, ZDF rats given high-fat diet; and ND, lean Zucker rats given normal diet.
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from purple potatoes; H-AAPP, ZDF rats fed on 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. Bar labels are the same for all subfigures, except subfigure (C).

plasma levels of AST, which is involved in the amino acid
metabolism, were remarkably higher in lean Zucker rats (Con
and ND groups) as compared to the levels in all the groups of
diabetic rats including the M group and all the groups treated
with the anthocyanin extracts. Any alteration in AST level in
the liver, heart, muscle, kidney, or blood cells may have
contributed to the circulating level of AST in plasma. The
lowered level of AST in the ZDF rats could have also resulted
from the deficiency in the leptin receptor gene. We did not see
higher levels of plasma insulin in the groups of ZDF rats than
the normal rats in the ND group, indicating possible decline of
the function of f-cells in ZDF rats after the age of 10 weeks.*

As a successful manifestation of the type 2 diabetes model, a
higher level of plasma fasting GLU as well as elevation in lipid
accumulation was seen in the ZDF rats fed with high-fat feed
(M) compared to the lean Zucker rats (Con and ND) as seen
both with the NMR metabolomic study (Figure 4) and the
biochemical assays. Feeding with anthocyanins, especially with
nonacylated anthocyanins reduced the plasma GLU levels
compared to the M group without anthocyanin addition. Our
previous studies with both purple potatoes and anthocyanin
extract from purple potatoes of S. tuberosum L. ‘Synked Sakari’
have indicated positive effects of potato anthocyanins on
postprandial levels of plasma GLU and insulin in healthy
men.'””” In the present study, the levels of total lipids and
unsaturated lipids were decreased in all anthocyanin-treated
groups, independent of weight loss, which might have resulted
from an increase in lipid catabolism and/or a decrease in
lipogenesis.

Development of type 2 diabetes brings about a compensa-
tory increase in glycolysis.”” High plasma levels of lactate,
citrate, alanine, and pyruvate in the M group compared to
those in the ND/Con groups indicated an overall high level of
glycolysis. An increased lactate level is caused by aberrant
pyruvate metabolism, in which pyruvate is converted to lactate
instead of being converted to acetyl-CoA because of the
inactivation of 8pyruvate dehydrogenase and increased NADH/
NAD* ratios.”® Moreover, increased lactate can result from
hypoxia in the skeletal muscle and adipose tissue caused by the
decrease in the lactate transporter monocarboxylate transport
protein 1 and obesity, respectively.”” Oxidative stress in type 2
diabetes increases the activities of lactate dehydrogenase and
thus induces the increment of the lactate level.”” Anthocyanins
have shown strong antioxidative activities.”' In our study, the
groups fed with L-AAPP showed a significant decrease in
lactate, citrate, and pyruvate compared with the model group
(M), indicating improved glycolysis and/or oxidative stress.
Moreover, serine can be converted to glycine and continue to
donate carbon of its side chain to form folate.** In our
experiment, acylated anthocyanins from potatoes at both doses
decreased the levels of lactate, serine, and glycine, which might
have been associated with improvement in the oxidative status
in the diabetic rats. AAPP contained a higher content of
chlorogenic acid (93.01 + 2.91 mg/g) than NAAB (10.39 +
0.36 mg/g), which could also have contributed to the
reduction in serum lactate and pyruvate levels.*®> Glycerol is
an important intermediate in lipid synthesis and lipolysis in the
liver as well as a substrate for gluconeogenesis.”* AAPP
decreased the plasma glycerol level, which might be linked with
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Figure 5. Metabolic pathway analysis generated with the MetaboAnalyst software package based on metabolites identified from plasma NMR
spectra, showing altered pathways between M and Con (A), M and ND (B), M and L-NAAB (C), M and H-NAAB (D), M and L-AAPP (E), and
M and H-AAPP (F). 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. Pathways with small p-values and large pathway
impact scores are considered as highly influential. Experimental groups: M, ZDF rats given high-fat diet; L-NAAB, ZDF rats fed on 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 on 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.

a decreased level of lipid metabolism and a lower level of
gluconeogenesis.
Levels of amino acids regulate protein synthesis, gluconeo-

genesis, and syntheses of hormones, urea, and low-molecular-

weight nitrogenous substances.’” Increased levels of circulating
BCAAEs;, as observed in the model group of ZDF rats compared
with the groups of lean rats, are associated with insulin

resistance and dysregulation of metabolism of sugars and
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lipids.>® The plasma levels of BCAAs are controlled by the
activities of branched-chain ketoacid dehydrogenase kinase
(BDK) and mitochondrial phosphatase 2C (PP2Cm),
commonly known as the kinase and phosphatase pair. In
obesity and type 2 diabetes, high activity of PP2Cm leads to
hyperphosphorylation of BDK by PP2Cm, resulting in
suppression of BDK activity and increased levels of BCAAs.
Also, a high level of PP2Cm activity can activate adenosine 5'-
triphosphate citrate lyase and upregulate the conversion of
citrate to acetyl CoA and malonyl CoA, which serve as the
immediate substrates for lipogenesis and inhibit fatty acid
oxidation via allosteric inhibition of carnitine palmitoyltrans-
ferase-1.>° Compared with the diabetic group fed with high-fat
diet without anthocyanins (group M), there was an overall
decreasing trend in BCAAs and lipids in all the groups fed with
the anthocyanin extracts; this could be indicative of improve-
ment in insulin sensitivity and reduction in lipogenesis.
Comparing the two anthocyanin extracts, the potato
anthocyanin extract showed stronger impact on BCAA than
the bilberry anthocyanin extract.

Glucose-6-phosphatase (G6Pase) encoded by the G6PC
gene hydrolyzes glucose 6-phosphate releasing GLU into the
circulation.”” Decreased hepatic G6PC gene expression was
seen at the transcription level in all anthocyanin treatment
groups, and especially, the decrease was statistically significant
in the groups fed with acylated anthocyanins (Figure SI).
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 level of glycerol and mRNA of the G6PC gene were
decreased in the groups fed with the potato anthocyanin
extract. Furthermore, chlorogenic acid present in the extract
may have had an inhibiting effect on the G6Pase system.’”
These findings suggest the impact of the potato extract on
GLU homeostasis by regulating glycogenolysis and gluconeo-
genesis. TBC1D1 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.”’ The expression and regulating role of
TBCIDI are tissue-specific.”’ TBC1D1 deficiency enhanced
the suppression of hepatic GLU production during euglycemic
hyperinsulinemic clamping in 4 h fasting mice, indicating
improved insulin sensitivity compared to the wild type.*" The
TBCID1 knock-in mice developed obesity and displayed
characteristics of metabolic syndromes because of an increase
in the expression of insulin-like growth factor 1 in hepatocytes
and activation of the expression of lipogenic genes.”” In this
study, feeding with H-AAPP significantly decreased hepatic
mRNA levels of the TBCIDI gene in ZDF rats (Figure S1),
indicating possible regulation of gene expression of TBC1DI.
In addition, anthocyanins could also modulate other genes
associated with energy metabolism: feeding anthocyanins from
purple corn decreased hepatic fatty acid synthase, acyl-CoA
synthasel, glycerol-3-phosphate acyltransferase, and SREBP-1
in high-fat-diet-induced insulin resistance mice; feeding with
the mulberry anthocyanin extract could increase hepatic
peroxisome proliferator-activated receptor-y coactivator-la,
AMP-activated protein kinase o, and SREBP-lc in db/db
mice. ™

A clinical study has found a significant positive correlation
between the plasma level of glutamate and insulin resistance,*’
and an increase in glutamine/glutamate ratio predicted a
reduced risk for developing diabetes."*° Increased glutamine

and decreased glutamate might be associated with increased
levels of glucagon-like peptide-1, enhancement of the vesicle
trafficking of GLUT4, and improvement in insulin secretion
and insulin sensitivity."”*® In our current study, the M group
had a significantly lower glutamine/glutamate ratio compared
to the groups Con and ND, and the treatment with the purple
potato anthocyanin extract rich in acylated anthocyanins
significantly increased the glutamine/glutamate ratio, indicat-
ing improved insulin secretion and/or insulin sensitivity. The
nonacylated bilberry anthocyanin extract did not show clear
impact on the glutamine/glutamate ratio. Therefore, the
mechanism for reducing the GLU level in plasma observed
of the bilberry anthocyanin extract was likely not related to
glutamine/glutamate ratio. Acetone was significantly higher in
the M group, whereas other ketone bodies (acetoacetate and 3-
hydroxybutyrate) remain unchanged, indicating a high
clearance rate for these two ketone bodies in ZDF rats.

The metabolic pathway analysis illustrated different
metabolic impacts on ZDF rats between the potato extract
rich in acylated anthocyanins and the bilberry extract rich in
nonacylated anthocyanins. The bilberry extract influenced
mainly on carbohydrate (starch) metabolisms, whereas the
potato extract altered the pathways of a wide range of amino
acid metabolisms and carbohydrate metabolisms.

In addition to the difference in different compositions and
acylation status of the anthocyanins between the two extracts,
phenolic acids, especially the higher content of chlorogenic
acid in the potato extract, could have contributed to the
different metabolic impacts observed among the groups treated
with these extracts.”®

In conclusion, ZDF rats showed alteration in a number of
plasma metabolites of the key pathways related to energy
metabolism and insulin sensitivity. Feeding with anthocyanin
extracts ameliorated many of these changes and reverted the
metabolic profile toward those of the lean rats. NAAB reduced
the plasma GLU levels of obese diabetic ZDF rats. Both the
bilberry extract rich in anthocyanins and AAPP reduced the
levels of BCAAs and lipids, suggesting improved insulin
sensitivity and decreased lipogenesis. Moreover, AAPP and
NAAB showed different impacts on the metabolic profiles of
ZDF rats. AAPP reversed more of the metabolites to the
normal state, and the glutamine/glutamate ratio, glycerol, and
metabolites involved in glycolysis were modulated by AAPP,
which might be associated with improved insulin sensitivity,
gluconeogenesis, glycolysis, and/or oxidative status. Metabolic
pathway analysis further revealed clear difference in a number
of metabolism pathways between the ZDF rats and lean
Zucker rats as well as the different metabolic impacts of
acylated and nonacylated anthocyanins on ZDF rats. The
hepatic TBCIDI and G6PC mRNA levels were decreased by
AAPP, indicating that AAPP might have modulated gluconeo-
genesis and lipogenesis by regulating the expression of these
genes. To the best of our knowledge, this is the first time that
the antidiabetic effects of anthocyanins were investigated by
metabolomic profiling. The different effects observed of
acylated and nonacylated anthocyanins deserve further
investigation. Purple-, blue-, and red-colored potatoes
represent a unique agricultural produce, providing an
affordable source of acylated anthocyanins as health-promoting
food ingredients to a large fraction of global population.
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