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ABSTRACT: Anthocyanins have been reported to possess antidiabetic effects. Recent studies indicate acylated anthocyanins have
better stability and antioxidative activity compared to their nonacylated counterparts. This study compared the effects of nonacylated
and acylated anthocyanins on hepatic gene expression and metabolic profile in diabetic rats, using full-length transcriptomics and 'H
NMR metabolomics. Zucker diabetic fatty (ZDF) rats were fed with nonacylated anthocyanin extract from bilberries (NAAB) or
acylated anthocyanin extract from purple potatoes (AAPP) at daily doses of 25 and S0 mg/kg body weight for 8 weeks. Both
anthocyanin extracts restored the levels of multiple metabolites (glucose, lactate, alanine, and pyruvate) and expression of genes
(Gépac, Pckl, Pklr, and Gck) involved in glycolysis and gluconeogenesis. AAPP decreased the hepatic glutamine level. NAAB
regulated the expression of Mgat4a, Gstm6, and Lpl, whereas AAPP modified the expression of Mgat4a, Jun, Fos, and Egrl. This study
indicated different effects of AAPP and NAAB on the hepatic transcriptomic and metabolic profiles of diabetic rats.

KEYWORDS: nonacylated anthocyanins, acylated anthocyanins, nontargeted 'H NMR metabolomics, full-length RNA-Seq,
type 2 diabetes

B INTRODUCTION hypothesize that acylated anthocyanins and nonacylated
anthocyanins have different effects on energy metabolism in
the state of type 2 diabetes in vivo due to the difference in
solubility, stability, and bioavailability.

Metabolomics and transcriptomics have been demonstrated

Anthocyanins, a major class of polyphenolic compounds in
plants, are known to have a modulatory effect on oxidative
stress, inflammation, and energy homeostasis." The core
structure of anthocyanins is anthocyanidin (Figure S1A)

which can be glycosylated to form nonacylated anthocyanins to be powerful approaches to reveal the changes in t}}g
(Figure S1B), and the glycosides can be acylated to form complicated regulatory networks of metabolic pathways.
acylated anthocyanins (Figure S1C).” The acylation process of Metabolomic analysis revealed that anthocyanins extract from
anthocyanins is regulated by acyltransferase in Plants_3 raspberry recovered hepatic metabolites involved in gluta-
Compared to the nonacylated anthocyanins, acylated antho- thione metabolism, the insulin signaling pathway, and
cyanins are more stable in the environments of varying pH, glycerophospholipid metabolism in obese mice.'' Tran-
heat, and light,* and they have been reported to have higher scriptomics has illustrated that pelargonidin-3-O-glucoside
antioxidant activity,” likely due to the stacking of the acyl extracted from raspberries could modulate hepatic gene
groups with the pyrylium ring reducing the susceptibility of expression associated with glucose and lipid metabolism in
nucleophile attack of water and increasing the stability.® db/db mice.*

Although anthocyanins and other phenolic compounds have Recent advances in nanopore sequencing technology allow
been shown to have positive effects in regulating sugar sequencing of long RNA sequences up to 100 kb, which spans
metabolism and reducing the risk of type 2 diabetes (T2D),” the full-length distribution of spliced genes in humans."
very little evidence is available showing the impacts of these Furthermore, nanopore sequencing has proven to be even
compounds on the overall metabolomics profile of the healthy, more sensitive compared to real-time PCR in detecting

prediabetic or diabetic state. In our previous study using an
NMR-metabolomics method, nonacylated and acylated
anthocyanins displayed a different beneficial effect on the
plasma metabolic profile of ZDF rats.® The liver plays a crucial
role in the pathogenesis of T2D by regulating glucose
metabolism and metabolic homeostasis.” We hypothesize
that the anthocyanins regulate the hepatic metabolic profile
by regulating the expression of the genes involved in energy
metabolism in the liver; these changes can be revealed most
efficiently by the powerful combination of high throughput
methods of metabolomics and transcriptomics. Further, we

bacterial biodefense pathogens.'* Detecting full-length
mRNA for accurate quantification of alternative transcripts
and genes is crucial for understanding the molecular pathways
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disrupted in disease progression and the possible regulating
effects of food and diet on these pathways.

In this study, our objective was to investigate the potential
different impact of nonacylated anthocyanins extracted from
bilberries (NAAB) and acylated anthocyanins extracted from
purple potatoes (AAPP) on the hepatic metabolism of ZDF
rats as an animal model of T2D. Changes of hepatic
metabolites affected by anthocyanin extracts in ZDF rats
were detected by using "H NMR-based metabolomics, and
alterations in gene expression were studied using full-length
RNA-Seq transcriptomics. To the best of our knowledge, this is
the first study where an integrated application of these two
powerful techniques has been applied to study changes in
hepatic gene expression and metabolites. Our findings form
new insights on the impacts of nonacylated and acylated
anthocyanins on the diabetic state and the molecular
mechanisms responsible for the observed metabolic and
transcriptomic changes.

B MATERIALS AND METHODS

Animals and Diets. Male ZDF rats (fa/fa) fed with high-fat diet
Purina #5008 were used as a model of type 2 diabetes.'® Lean Zucker
rats (fa/+) were used as healthy control. Nonacylated anthocyanins
were extracted from bilberry (Vaccinium myrtillus L.) and acylated
anthocyanins from purple potato (Solanum tuberosum L.) of the
cultivar “Synked Sakari”. Detailed methods on the extraction,
identification, and compositional analysis of anthocyanins were
described in our previous study,’ anthocyanins in bilberry were
only found nonacylated, whereas 98.97% of anthocyanins in purple
potato were acylated.®

Rat housing and group designation were described in a previous
study.® Briefly, 40 ZDF rats (fa/fa) were divided into five groups:
ZDF rats fed with high-fat Purina #5008 diet as the diabetic model
group (M); ZDF rats fed with Purina #5008 diet and gavaged with a
low dose of nonacylated anthocyanin from bilberry (25 mg/kg body
weight/day, L-NAAB); ZDF rats fed with Purina #5008 diet and
gavaged with a low dose of acylated anthocyanin from potato (25 mg/
kg body weight/day, L-AAPP); ZDF rats fed with Purina #5008 diet
and gavaged with a high dose of nonacylated anthocyanin from
bilberry (50 mg/kg body weight/day, H-NAAB); ZDF rats fed with
Purina #5008 diet and gavaged with a high dose of acylated
anthocyanin from potato (SO mg/kg body weight/day, H-AAPP).
Sixteen of the lean Zucker rats (fa/+) were divided into two groups,
one fed with normal diet (ND) and the other with Purina #5008 diet
(Con). M and Con groups are both on a high-fat diet Purina #5008,
and comparison of these two groups reveals the impact of leptin
receptor gene deficiency as the single variable differing between the
two groups. Lean Zucker rats fed with a normal diet (ND) represent
the normal metabolic profile of the healthy state. The compositions of
the normal diet and the Purina #5008 diet were listed in our previous
study.® Each group contained 8 rats. The dosages of anthocyanin
extracts were determined based on previous animal'® and human'’
studies. After 8 weeks of intervention, the rats were fasted for 12 h and
sacrificed under isoflurane anesthesia. Mass of liver, epididymal fat, as
well as their percentages of body weight were measured. The livers
were frozen immediately in liquid nitrogen and stored at —80 °C.

Liver RNA Extraction and cDNA Preparation. Total RNA was
extracted from the liver tissue using TRIzol reagent (Takara, Kyoto,
Japan) according to the manufacturer’s instructions. RNA purity was
tested using the Nano Photometer spectrophotometer (IMPLEN,
Westlake Village, USA). cDNA libraries were constructed from 1 ug
of total RNA by using a cDNA-PCR Sequencing Kit (SQK-PCS109)
according to the protocol. Briefly, the reverse transcriptase was used
to enrich full-length cDNAs and added defined PCR adapters to both
ends of the first-strand of cDNA and following cDNA PCR for 14
circles with LongAmp Tag DNA polymerase (New England Biolabs,
Ipswich, MA, USA) (8 min for elongation time). The PCR products
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were then subjected to ONT adaptor ligation using T4 DNA ligase
(New England Biolabs, Ipswich, MA, USA). Agencourt XP beads
(Beckman Coulter, Brea, USA) were used for DNA purification. The
final cDNA libraries were subjected to FLO-MIN109 flow cells and
analyzed on a PromethION platform at Biomarker Technology
Company (Beijing, China).

Transcriptome Data Analysis. First, raw reads with average read
quality score below 7 and read length below 500 bp were filtered out.
After mapping to the rRNA database, the rRNA was discarded. Next,
full-length, nonchimeric (FLNC) transcripts were identified by
searching for primers at both ends of the reads. The Mimimap2
alignment program'® was used to obtain clusters of FLNC transcripts
by mapping to the reference genome library. The consensus isoforms
were obtained after polishing within each cluster by pinfish (https://
github.com/nanoporetech/pinﬁsh). Mapped reads were further
collapsed by the cDNA_Cupcake package (https://github.com/
Magdoll/ cDNA_Cupcake) with min-coverage = 85% and min-
identity = 90%. Full-length reads were mapped to the reference
genome (Rnor_5.0). Reads with match quality over S were further
used for quantification. Expression levels were estimated by CPM,
counts per million. CPM = number of reads mapped to transcript/
total reads aligned in sample X1,000,000. Package edgeR was used for
differential expression analysis of two groups.'® The resulting p values
were adjusted by Benjamini and Hochberg’s approach. Genes and
transcripts with a p value < 0.0S and fold change > 2 were considered
as differentially expressed genes (DEGs) and differentially expressed
transcripts (DETs).

Protein—protein Interaction (PPIl) Network Construction. A
protein—protein interaction (PPI) network can be used to map
networks of protein interactions depending on their physical or
functional association. It represents a platform by which it is possible
to systematically identify disease-related genes.”” DEGs were used for
network construction based on protein—protein interaction by the
Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING; https://string-db.org/). The parameters of the gene
interactions generated from STRING were imported into Cytoscape
(Version:3.2.1; https://cytoscape.org/) to form a PPI network and to
identify the hub genes with high degree. Cytoscape is a software that
is capable of integrating data into a unified conceptual framework.
The parameter 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.

Enrichment Analysis Based on KEGG and GO. KEGG (Kyoto
Encyclopedia of Genes and Genomes) and GO (Gene Ontology) are
commonly used bioinformatic libraries that provide comprehensive
information on the functions of genes. The KEGG pathway
enrichment analysis of DEGs was implemented using the enrichKEGG
function based on R software (Version 3.4.1). In KEGG pathway
enrichment analysis, those KEGG pathways with q values less than
0.25 and rich factor greater than 1 were considered significantly
enriched. The greater the rich factor, the higher the degree of
enrichment. For functional network visualization, ClueGO visualizes
the selected GO terms in a functionally grouped annotation network
that reflects the relationships between the terms based on the
similarity of their associated genes.”' The size of the nodes indicates
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 greater than 0.03
were shown in the network.

Extraction of Hepatic Metabolites for 'H NMR-Based
Metabolomics Assays. The liver was homogenized in liquid
nitrogen, and around 0.2 g of homogenized liver sample was weighed
and suspended in methanol (4 mL g™') and Milli Q water (0.85 mL
g™'). After vortexing, 2 mL g~' of chloroform was added followed by
vortexing again. Then, chloroform (2 mL g™') and water (2 mL g™")
were added, and the mixture was vortexed for 1 min. Samples were
left on ice for 30 min and then centrifuged at 2,000g for 10 min at 4
°C. The upper layer containing aqueous extract and the lower layer
consisting of lipid extract were collected separately. Nitrogen gas and
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Table 1. Effect of Anthocyanins from Bilberry and Purple Potato on Body Weight, The Mass of Liver, Epididymal Fat, and
Their Percentage of Body Weight in Lean Zucker Rats (fa/+) and Obese Zucker Rats (fa/fa) Fed the Different Experimental
Diets”

Con H-NAAB H-AAPP L-NAAB L-AAPP M ND
Liver (g) 829 +098Db 14.67 +£ 095 a 1407 £ 230 a 1440 + 1.72 a 13.78 £ 0.73 a 14.67 + 1.58 a 7.25 £ 0.88 ¢
Liver/body weight, % 434 + 024 Db 6.28 + 037 a 6.13 &+ 0.57 ab 6.30 + 0.37 a 632 £ 037 a 6.61 £ 035a 405 +0.14c
Epididymal fat (g) 3.10 + 038 b 795+ 093 a 791 £ 120 a 7.81 + 148 a 7.94 £ 0.65 a 7.57 £ 1.07 a 2.89 £ 0.70 b
Epididymal fat/body 1.62 + 0.12 b 340 + 021 a 344 +£ 027 a 339 +022a 3.64 £ 024 a 341 +£032a 1.60 + 0.28 b

weight, %
“Data represent the means + SD. Values with different letters differ significantly in each row (p < 0.05). H, high dose; L, low dose; NAAB,
nonacylated anthocyanins extracted from bilberries; AAPP, acylated anthocyanins extracted from purple potatoes (Figure 1).
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Figure 1. 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. H, high dose; L, low dose; NAAB, nonacylated anthocyanins extracted from
bilberries; AAPP, acylated anthocyanins extracted from purple potatoes.

freeze-drying were used to remove the solvents from the lipid and delay (RD), § s; acquisition time, 3.40 s; number of scans, 128. Phase
aqueous extracts, respectively. and baseline correction were performed in the Chenomx Profiler 7.5
NMR Spectroscopic Analysis. 530 uL of phosphate buffer (90 software (Chenomx Inc., Edmonton, Alberta, Canada). The chemical
mmol/L KH,PO,, pH = 7.4) and 70 uL of Chenomx Internal shift of DSS-d (6 = 0.00 ppm) or TMS (& = 0.00 ppm) was used to

Standard (Chenomx Inc., Edmonton, Alberta, Canada) containing S align the spectra.
mM DSS-d; were added to the dried aqueous extract. The dried lipid Metabolite Identification. The NMR signal assignment and
extract was dissolved in 600 uL of chloroform-d containing 0.03% metabolite quantification were done with the aid of Chenomx Profiler
trimethylsilane (TMS). The solutions were transferred into S mm 7.5 software (Chenomx Inc.,, Edmonton, Alberta, Canada),
NMR tubes. The NMR acquisitions were performed at 298 K on a literature,””** and the Human Metabolome Database (HMDB,
600 MHz Bruker Avance-III NMR spectrometer (Bruker BioSpin AG, http://www.hmdb.ca). 2D NMR 'H—'"3C heteronuclear single-
Fillanden, Switzerland) equipped with a Prodigy TCI cryoprobe and quantum correlation spectroscopy (HSQC) and J-resolved spectros-
a precooled SampleJet sample changer. One-dimensional "H NMR copy (JRES) were used to further confirm assignments. The 1D 'H
spectra were recorded from both liver extracts using the noesyprld. NMR spectra of the hepatic lipid extract were binned into 0.01 ppm
The parameters for the noesyprld pulse sequence were as follows: integrated spectral buckets. The 1D 'H NMR spectra of the hepatic
spectral sweep width, 16.02 ppm; data points, 64 K; total relaxation aqueous extract were binned into 0.00S ppm integrated spectral
4425 https://doi.org/10.1021/acs.jafc.1c00130
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Figure 2. 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). H, high dose; L, low
dose; NAAB, nonacylated anthocyanins extracted from bilberries; AAPP, acylated anthocyanins extracted from purple potatoes.

buckets. The relative concentration of the metabolite was determined
based on the binned integrated spectral buckets. Bins used for relative
quantification are listed in Table S3 and Table S4.

Weighted Gene Coexpression Network Analysis. Weighted
gene coexpression network analysis (WGCNA) was used for the
scale-free network topology analysis of RNA-Seq data. It was
implemented using the WCGNA function based on R software
(Version 3.4.1). Genes with similar expression patterns were classified
into a module by calculating the expression correlation between
genes. To broadly identify the coexpressed genes, all 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 parameters.

Statistical Analysis. A two-side hypergeometric test was used as
the statistical test method, and Benjamini—Hochberg was used as the
FDR correction method in the GO/KEGG enrichment analysis. Data
from '"H NMR metabolomics were tested for homogeneity of
variances and normality by the Levene’s test and Kolmogorov—
Smirnov test, respectively. One-way ANOVA was followed by the
post hoc Bonferroni test when the data is normally distributed and
variances were homogeneous or else the Kruskal—Wallis test and the
post hoc Tamhane test were applied in SPSS statistics 22. The
statistical significances are expressed as * p < 0.05, ** p < 0.01, and
**% p < 0.001 compared to the M group.

B RESULT

Liver, Epididymal Fat Weight, and General Observa-
tions of DETs and DEGs in Different Groups. The weight
of liver and epididymal fat and their percentage of body weight
in the M group were significantly higher than the
corresponding values in the Con and ND groups (p < 0.05)
(Table 1). Liver weight and the liver/body weight ratio of the
Con group were higher than those in the ND group (p < 0.05).
In the H-AAPP group, a significant decrease in the liver/body
weight ratio was seen compared to the M group (p < 0.05). To
understand the molecular mechanisms that anthocyanin
extracts affected in T2D, we performed transcriptome profiling
of the liver in the seven groups. Bioinformatics and statistical
approaches were used to analyze the full-length RNA-Seq data.
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DEGs and DETs were identified in six comparisons between
different groups: ND/M, Con/M, L-NAAB/M, H-NAAB/M,
L-AAPP/M, and H-AAPP/M (Figure 1A and B). In the ND/
M and Con/M comparisons, a large number of DEGs and
DETs illustrated the distinguished transcriptome profiles
caused by the difference between healthy control and the
diabetic model (ND/M: 691 upregulated and 1098 down-
regulated DEGs, 2469 upregulated and 2483 downregulated
DETs) and by deficiency in the leptin receptor gene (Con/M:
421 upregulated and 827 downregulated DEGs, 1341
upregulated and 1889 downregulated DETs). Among the
anthocyanin extract treatment groups, the treatment with H-
AAPP altered the largest 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 DET's showed that
the ND and Con groups were largely different from the M
group in the pattern of gene expression; moreover, the
transcriptome profile of the H-AAPP group appeared to be
more similar to the ND and Con groups than the M group
(Figure 1C and D).

Genes Restored by Anthocyanin Extracts in ZDF Rats.
Venn diagrams showed overlaps in upregulated and down-
regulated DEGs between comparisons, showing the genes
restored by NAAB and AAPP in ZDF rats (Figure 2A—D),
their annotation and involved pathways are shown in Table SI.
The four known genes LOC103692167, Mgat4a, Gstm6, and
Atxn712, and one unknown gene (labeled ONT.3213), of
which the expression was decreased in the M group compared
to the Con group, were upregulated by both L-NAAB and H-
NAAB. The decrease in the expression of two genes Isg20I2
and Mgat4a and one unknown gene (labeled ONT.5347) in
the M group compared to the Con group was attenuated by L-
AAPP and H-AAPP, shown as a higher level of expression of
these genes in these groups than in the M group. The
expression of one known gene Lpl and four unknown genes
(labeled ONT.13355, ONT.1624, ONT.2489, and
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Figure 3. 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 were highlighted with bigger fonts. Genes with red color represent upregulation of genes in
the group compared to the M group. Genes with green color represent downregulation of genes in the group compared to the M group. H, high
dose; L, low dose; NAAB, nonacylated anthocyanins extracted from bilberries; AAPP, acylated anthocyanins extracted from purple potatoes.

ONT.9104), which was increased in the M group compared to
the Con group, was downregulated by both L-NAAB and H-
NAAB. The L-AAPP and H-AAPP treatments downregulated
the expression of eight known genes (Smpd3, Plpl, Clstn3,
Pkm, RGD1561662, Pde6c, Egrl, and Gdf1S) and five unknown
genes (labeled ONT.4092, ONT.5923, ONT.6346,
ONT.6633, and ONT.7547), which were increased in the M
group compared to the Con group.

PPl Network Construction. We employed the PPI
network construction based on DEGs in each comparison to
show hub genes with high degree of connectivity in each
comparison. The top 10 genes with the highest degree of
connectivity with other genes were considered as hub genes
(Figure 3A—F). The annotation of these genes and associated
KEGG pathways are presented in Table S2. PPI network
analysis revealed that Gapdh, Src, Fasn, Notchl, Srebfl, Acly,
Esrl, Rac2, Acaca, and Cyp2c13 were the top 10 genes with the
highest degree of connectivity in the Con/M comparison. Hub
genes recognized by PPI network analysis between healthy rats
(ND) and diabetic rats (M) were Fnl, Gapdh, UbaS2, Src,
Hspa$, Ddost, Agt, Fga, Ube2d3, and Esrl.
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The hub genes that were regulated by L-NAAB included
Pkm, Pdk4, Cetn2, Pnptl, Fabp4, Mgat4a, CSarl, Nubpl, Ogfrll,
and Arhgap9, whereas the hub genes regulated by H-NAAB
were Jun, Esrl, Egrl, Hmox1, Atf3, Mt-ndl, Junb, Lpl, Fgf21,
and Mt-atp6. The potato anthocyanin extract regulated the hub
genes Fos, Egrl. Ccl2, Duspl, Btg2, Jun, Pdk4, Pkm, Ldhb, and
Opn3 at the low dose (L-AAPP) and Ccl2, Fos, Jun, Ngf, Ctgf,
Aifl, Cybb, Egrl, Clqa, and Anxa2 at the high dose (H-AAPP).
Both Jun and Egrl were downregulated by H-NAAB, L-AAPP,
and H-AAPP. Fos was downregulated by L-AAPP and H-
AAPP.

Functionally Grouped Annotation Network Based on
ClueGO. GO describes gene products associated biological
processes, cellular components, and molecular functions.
DEGs in each comparison were subjected to ClueGO to
generate functionally grouped annotation networks (Figure
S2A—F) and their overview charts presenting functional
groups (Figure 4A—F). The top 3 functional groups with the
most abundant GO terms in each comparison are highlighted
in bold. The name of the functional group in the overview
chart is given by the group leading term (the most significant

https://doi.org/10.1021/acs.jafc.1c00130
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Figure 4. Overview chart generated from 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. H, high dose; L, low dose; NAAB, nonacylated anthocyanins extracted from bilberries; AAPP,

acylated anthocyanins extracted from purple potatoes.

term in the group). In the Con/M comparison, DEGs were
mainly enriched in GO terms represented by the carboxylic
acid biosynthetic process, the monocarboxylic acid metabolic
process, and the response to other organisms. In the ND/M
comparison, the fatty acid metabolic process, carboxylic acid
metabolic process, and response to the organic substance
represented the top 3 functional groups with the most
abundant GO terms.

The networks generated by DEGs in ND/M and Con/M
(Figure S2A and B) shared similar GO terms associated mainly
with the monocarboxylic acid metabolic process, carboxylic
acid biosynthetic process, fatty acid metabolic process, lipid
metabolic process, and response to an organic substance. The
network generated from DEGs in the L-NAAB/M comparison
was associated with three functional groups: plasma membrane
organization, regulation of sensory perception, and cellular
response to fatty acids. In the H-NAAB/M comparison, DEGs

were mainly enriched in negative regulation of gene silencing,
regulation of the triglyceride metabolic process, and regulation
of transcription from the RNA polymerase II promoter in
response to stress. DEGs in the L-AAPP/M comparison were
enriched in the triglyceride catabolic process, skeletal muscle
cell differentiation, and axis specification. Transcription factor
AP-1 complex, cellular response to interleukin-1, and RNA
polymerase II core promoter sequence-specific DNA binding
were found enriched in the H-AAPP/M comparison.

KEGG Pathway Enrichment Analysis. Next, we
performed KEGG pathway enrichment analysis. The top 20
pathways with the lowest q values were shown by a bubble
chart (Figure SA—F). Upregulated DEGs in the Con group
compared to the M groups were mainly enriched in the
following pathways: phenylalanine, tyrosine, and tryptophan
biosynthesis, linoleic acid metabolism, Staphylococcus aureus
infection, complement and coagulation cascades, and influenza
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Figure 5. KEGG pathway enrichment analysis for upregulated genes (left panel) and downregulated genes (right panel) 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 y-axis indicates the name of the KEGG pathway.
The dot size means the gene number. The dot color indicates the q value. The top 20 KEGG pathways are presented. H, high dose; L, low dose;
NAAB, nonacylated anthocyanins extracted from bilberries; AAPP, acylated anthocyanins extracted from purple potatoes.
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Figure 6. Effect of the supplement of L-NAAB, H-NAAB, L-AAPP, and H-AAPP on hepatic metabolites in ZDF rats. (A) Hepatic metabolites
involved in glycolysis (glucose, lactate, alanine, and pyruvate). (B) Hepatic BCAAs levels (leucine, isoleucine, and valine). (C) Hepatic AAAs levels
(aromatic amino acids: phenylalanine and tyrosine). (D) Glutamine/glutamate ratio. (E) Hepatic glutamine and glutamate levels. (F) Hepatic
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A. Those upregulated DEGs in the ND group compared to the
M groups were enriched in the pathways of arachidonic acid
metabolism, Staphylococcus aureus infection, graft-versus-host
disease, phagosome, complement and coagulation cascades,
protein export, antigen processing and presentation, and
protein processing in the endoplasmic reticulum.

Downregulated DEGs in Con/M and ND/M comparisons
were enriched in similar KEGG pathways: biosynthesis of
unsaturated fatty acid, fatty acid metabolism, pyruvate
metabolism, fatty acid elongation, oxidative phosphorylation,
and carbon metabolism.
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For the anthocyanin treatment groups, upregulated DEGs in
the L-NAAB group were significantly enriched in the N-glycan
biosynthesis pathway. Downregulated DEGs in the L-NAAB
group were significantly enriched in the pantothenate and CoA
biosynthesis pathways. We did not see any KEGG pathways
that were significantly enriched with downregulated DEGs in
the H-NAAB, L-AAPP, and H-AAPP groups or with
upregulated DEGs in the H-NAAB and L-AAPP groups.
Upregulated DEGs in H-AAPP were significantly enriched in
the pathways of complement and coagulation cascades,
biosynthesis of unsaturated fatty acid, and amoebiasis.
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Figure 7. 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 coeflicients which correspond to the cell color; green represents negative correlation,
and red represents 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).

Metabolites Detected in 'NMR Metabolomics and
Expression of Related Genes. We identified 38 metabolites
from liver aqueous extracts and 17 from lipid extracts using 'H
NMR metabolomics (Figure S3A—B). Identification was
further aided by 2D NMR spectra (Figures S4—7 and Tables
S3—4). To further investigate the alterations of the hepatic
metabolites affected by the anthocyanin extracts, the fold
change value and statistical significance compared to the M
group were calculated and shown in Tables S5—6.

We found that the hepatic metabolic profiles differed
between the M and the Con groups as well as between the
M and ND groups. Compared to the lean Zucker rats (the Con
and ND groups), the M group showed increased trends 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, polyunsa-
turated fatty acid, DHA, ARA and EPA, oleic acid,
sphingomyelin, and monoglyceride (Tables S5—6).

Treatment with the anthocyanin extracts from bilberry (H-
NAAB, L-NAAB) and purple potato (H-AAPP and L-AAPP)
led to changes in the levels of hepatic metabolites as compared
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to the M group, indicating a potential improvement of the
diabetic state. Lower levels of metabolites involved in glycolysis
(glucose, lactate, alanine, and pyruvate) were observed in all
anthocyanin treatment groups (Figure 6A). L-NAAB, H-
NAAB, L-AAPP, and H-AAPP groups decreased levels of
glucose (p > 0.05, p < 0.001, p < 0.001, p < 0.01), lactate (p <
0.0, p < 0.01, p < 0.01, p < 0.05), alanine (p < 0.01, p < 0.01, p
< 0.01, p > 0.05), and pyruvate (p < 0.01, p < 0.01, p < 0.001, p
> 0.05).

We generated a heatmap for the expression of the genes in
the glycolysis/gluconeogenesis pathway from the KEGG
pathway library (Figure S8A). Gck and Pklr, Gépc and Pckl
encode key enzymes in glycolysis and gluconeogenesis,
respectively. Gck was found increased in the M group
compared to the Con and ND groups (p < 0.01, p < 0.001),
H-AAPP significantly reversed the increase in Gck expression
(p < 0.05) while NAAB significantly increased Gck expression
(L-NAAB vs M, p < 0.01; H-NAAB vs M, p < 0.05).
Expression of Pklr was significantly higher in the M group
compared to the Con and ND groups (p < 0.01, p < 0.001), L-
AAPP and H-AAPP significantly decreased the expression of
Pklr (p < 0.01, p < 0.01). We did not see differences in Pck and
G6pac between the M group and Con and ND groups, while
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H-NAAB, L-AAPP, and H-AAPP significantly decreased G6pac
(p < 0.0S, p < 0.0S, p < 0.05) and H-AAPP also significantly
decreased Pckl (p < 0.05). Branched-chain amino acids
(isoleucine, leucine, and valine) and aromatic amino acids
(phenylalanine and tyrosine) were also affected by anthocyanin
extracts (Figure 6B—C). Leucine and valine were significantly
decreased by H-NAAB (p < 0.001, p < 0.001), L-AAPP (p <
0.01, p < 0.01), and H-AAPP (p < 0.05, p < 0.05). Isoleucine
was decreased by H-NAAB (p < 0.001), and L-AAPP (p <
0.01). Phenylalanine as an essential amino acid was decreased
by H-NAAB (p < 0.01) and H-AAPP (p < 0.05). Tyrosine was
decreased by H-NAAB (p < 0.001), L-AAPP (p < 0.01), and
H-AAPP (p < 0.01). However, Pah encoding phenylalanine
hydroxylase responsible for the conversion of phenylalanine to
tyrosine was not seen changed in the anthocyanin treatment
groups compared to the M group (Figure S9A).

A higher glutamine/glutamate ratio in ZDF rats was not
responsive to the anthocyanin extracts (Figure 6D); however,
L-AAPP and H-AAPP decreased glutamine (p < 0.05, p <
0.01) and glutamate (p < 0.01, p < 0.05), and H-NAAB
decreased glutamate (p < 0.01) (Figure 6E). Gls2 and Glul,
enabling interconversion of hepatic glutamine and glutamate,
were not consistently changed with the hepatic glutamine and
glutamate (Figure S9B—C).

In all the anthocyanin-fed groups the increased level of
dimethylglycine was reversed toward the normal state (L-
NAAB, p < 0.01; H-NAAB, p < 0.001; L-AAPP, p < 0.01; H-
AAPP, p < 0.01, in comparison with M) (Figure 6F). Bhmt
encoding betaine-homocysteine S-methyltransferase, respon-
sible for catalyzing one step in the methionine cycle to produce
dimethylglycine, was decreased by all treatment groups (L-
NAAB, P > 0.05; H-NAAB, p > 0.05; L-AAPP, p < 0.05; H-
AAPP, p < 0.05) compared to the M group (Figure S9D).

For the lipid metabolites, the L-AAPP and H-AAPP groups
slightly improved the hepatic lipid profile shown as a
decreasing trend in fatty acid residues (p > 0.05 and p >
0.05), unsaturated fatty acids including w-3 fatty acids (p >
0.05 and p < 0.05) and ARA+EPA (p < 0.05 and p < 0.05)
(Figure 6G—H). A heatmap of the expression of genes related
to the biosynthesis of unsaturated fatty acids from the KEGG
pathway library was generated (Figure S8B), the M group
showed an overall upregulation of genes in this pathway, with
Acox1, Acox3, and Baat being significantly decreased and Pecr
significantly increased in the H-AAPP group (p < 0.05, p <
0.01, p < 0.05, and p < 0.05).

WGCNA Analysis. WGCNA analysis was performed to
identify coexpression modules using DEGs and their
correlation with clinical traits. Twelve coexpression modules
were identified and correlated to various clinical traits reported
previously (body weight, AST, ALT, blood urea nitrogen,
plasma glucose, and insulin)® and investigated in this study
(hepatic glucose and liver/body weight ratio) (Figure 7A).
MEgrey60 and MEtan modules showed positive correlation
with body weight (Pearson r = 0.55,p=6 X 107 r=0.7,p =
6 x 107%), liver weight/body weight ratio (r = 0.88, p = 6 X
107'% r=0.78, p = 1 X 107'), plasma glucose (r = 0.54, p = 8
X 1075 r = 0.61, p = 7 X 107°), and hepatic glucose (r = 0.79,
p=3X 107 £ = 0.72, p=1X 107%) and negative correlation
with AST (r=—0.76,p=9 X 107'% r=—0.68, p=1x 107").
MEgreen and MEgreenyellow modules showed negative
correlation with body weight (r = —=0.61, p = 6 X 1075 r =
—0.69, p = 8 X 107%), liver weight/body weight ratio (r =
—0.79, p = § X 107" r = =091, p = 5 x 107"), plasma
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glucose (r=—048, p=6x 1074 r=—-068,p=1x 107),
and hepatic glucose (r = —0.72,p=2 X 1075 r=—0.81,p =4
x 107'%) and positive correlation with AST (r = 0.71, p = 2 X
107% r =08, p=1x 10"""). Since genes in MEgrey60 and
MEtan modules showed similar correlation to certain clinical
traits mentioned above, so did genes in MEgreen and
MEgreenyellow modules. Next, genes in MEgrey60 and
MEtan modules as well as genes in MEgreen and
MEgreenyellow modules were subjected to KEGG pathway
enrichment analysis. We found genes in MEgrey60 and MEtan
modules were significantly enriched in 20 KEGG pathways
(Figure 7B), 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 7C) which were mainly involved in
arachidonic acid metabolism, retinol metabolism, metabolic
pathways, protein export, protein processing in the endoplas-
mic reticulum, steroid hormone biosynthesis, complement and
coagulation cascades, linoleic acid metabolism, and inflamma-
tory mediator regulation of TRP channels.

B DISCUSSION

Liver plays an important role in glucose and lipid metabolism
in T2D. A recent review summarized 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 «
palmitoyltransferase-1 A, glycogen synthesis, glucose trans-
porter 1 and 4, PI3K/AKT signaling and decreasing,
lipogenesis, oxidative damage, acetyl-CoA, gluconeogenesis,
and mTOR signaling.”* Evidence has shown acylation of
anthocyanins contributed differences in stability, antioxidant
activity, and bioavailability between nonacylated and acylated
anthocyanins; for example, acylated anthocyanins have been
reported to have higher inhibitory activity on a—%lucosidase
than corresponding nonacylated anthocyanins;™ acylated
anthocyanins showed lower recovery in both urine and plasma
compared to their nonacylated counterpart in a bioavailability
study in humans, which indicates more acylated anthocyanins
could be fermented by gut microbiota.”®

A recent human postprandial study reported the phenolic
compounds in plasma and urine after a meal supplemented
with anthocyanins extracted from purple potato variety
“Synked Sakari”, the same variety as the potato used for the
anthocyanin extract in this study,”” the low molecular weight
phenolic acids and their conjugates were found to be the major
phenolic compounds detected in plasma and urine, confirming
low absorption efficiency of the acylated anthocyanins in the
small intestine and extensive metabolism by gut microbiota.””
The metabolites of anthocyanins produced by the action of gut
microbiota are known to be more efficiently absorbed than
their parent compounds in the gut, likely playing an important
role in the health-promoting effects of acylated anthocyanins.

A transcriptomic study showed that a nonacylated
anthocyanin pelargonidin-3-O-glucoside extracted from wild

https://doi.org/10.1021/acs.jafc.1c00130
J. Agric. Food Chem. 2021, 69, 4423—-4437


http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00130/suppl_file/jf1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00130/suppl_file/jf1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00130/suppl_file/jf1c00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00130/suppl_file/jf1c00130_si_001.pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c00130?rel=cite-as&ref=PDF&jav=VoR

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

raspberry had a beneficial effect on the hepatic transcriptome
in db/db mice through regulating genes involved in glucose
and lipid metabolism.">

An extract rich in acylated anthocyanins from purple sweet
potato increased the acetyl-coenzyme A carboxylase (ACC)
and phosphorylation of AMPK in fatty liver.”® However, the
effect of acylated anthocyanin on the hepatic transcriptome
and metabolic profile of the healthy or type 2 diabetic state has
not been reported before.

This 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.

High levels of liver weight and liver weight/body weight
ratio may suggest the development of the fatty liver. H-AAPP
decreased these levels indicating a possible improvement in the
state of fatty liver. Among the anthocyanin treatment groups,
the H-AAPP group showed the greatest number of DEGs and
DETs compared to the M group and fell into the same cluster
with the Con and ND groups at the transcript level. Thus, H-
AAPP might exert the most beneficial effect on ZDF rats.

Venn diagrams showed the specific genes affected by NAAB
and AAPP. Gstm6, associated with the glutathione metabolism,
drug metabolism, and metabolism of xenobiotics by
cytochrome P450, was reported down-regulated in both
insulin-resistant and diabetic mice and might be involved in
the progression of T2D.””*° Expression of Gstm6 was restored
by both L-NAAB and H-NAAB.

One common gene decreased in the M group compared to
the ND and Con groups that was upregulated by both types of
anthocyanin extracts (NAAB and AAPP) was Mgat4a encoding
the N-acetylglucosaminyl transferase GnT-4a. A study has
shown that genetic inactivation of the Mgat4a gene in mice led
to the improper assembling of glucose transporter 2 N-glycan,
which caused a failed interaction between glucose transporter 2
and the plasma membrane lectin galectin 9, causing glucose
transporter 2 internalization thereby suppressing glucose
uptake and glucose-stimulated insulin secretion.”’ A high-fat
diet was also found to inhibit the expression of the Mgat4a.”
Both the nonacylated anthocyanins from bilberries NAAB and
acylated anthocyanins from purple potatoes (AAPP) attenu-
ated the down-regulation of Mgat4a in ZDF rats, indicating the
potential role of anthocyanins in restoring the function of
glucose transporter 2 in the diabetic state.

Overexpression of Lpl encoding lipoprotein lipase in the
liver of mice led to a 2-fold increase in hepatic triglyceride
content and caused insulin resistance partly due to the
impaired response to insulin to suppress endogenous glucose
production.” In this study, a high level of Lp!l in the ZDF rats
was downregulated by both L-NAAB and H-NAAB, which may
lead to improved insulin sensitivity. Early growth response
gene-1 (Egrl) can be transiently activated by glucagon in
hepatocytes, mediating glucagon-regulated gluconeogenesis.”
AAPP decreased Egrl, which might have been linked with
decreased gluconeogenesis.

In the Con/M comparison, Fasn, Acly, Acaca, and Srebfl
were found as increased hub genes. Fasn, Acly, and Acaca are
target genes of sterol regulatory element-binding protein
1(SREBP-1) encoded by Srebfl. Expressions of these genes
are required for fatty acid synthesis, which was increased in the
M group.”> We found three increased hub genes in the M
group compared to Con and ND groups, Gapdh, Src, and Esrl.
The activity of glyceraldehyde 3-phosphate dehydrogenase
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(Gapdh) has been shown to be significantly perturbed in
diabetes; however, Gapdh gene expression can be regulated by
hormonal, nutritional, and metabolic factors and was reported
increased in the diabetic liver.>® Src, as an essential coordinator
of hepatic glucose production, could be activated in type 2
diabetes by G-protein coupled receptors (GCPRs), TGF-beta,
and reactive oxygen species (ROS).”” Thus, ZDF rats might be
characterized by active fatty acid synthesis and low glucose
production.

Fos and Jun are two subunits of activator protein 1 (AP-1)
which is a transcriptional regulator. The activity of AP-1 can be
regulated by various stimuli, including stress signals, cytokines,
infections, and growth factors.”® AP-1 was reported to be
increased in the ZDF rats because oxidative stress could
activate Jun N-terminal kinase (JNK) and further positively
regulate AP-1,”” and suppression of JNK in diabetic mice has
been reported to improve glucose tolerance and insulin
resistance.”’ In our study, Jun was increased in the M group
compared to the ND group (P < 0.0, fold change <2), and the
AAPP extracts significantly downregulated Jun and Fos
expression. The high dose bilberry anthocyanin extract (H-
NAAB) also downregulated Jun expression. Compared to the
NAAB extract, the AAPP extract might have better ability for
regulating AP-1, alleviating insulin resistance and improving
glucose tolerance.

To aid in investigating how these anthocyanin extracts
affected the liver of diabetic ZDF rats at the metabolite level,
'H NMR metabolomics was performed. Hepatic glucose,
lactate, alanine, and pyruvate, which are metabolites in
glycolysis, were found to be increased in the M group. These
findings are in agreement with the results from the plasma in
our previous study.” This might reflect an excess of adaptive
glycolysis in type 2 diabetes."" Moreover, lactate, glycerol,
alanine, and glutamine are the main gluconeogenic precursors
accounting for over 90% of the overall gluconeogenesis.*”
Altogether, the results indicate an increased level of glycolysis
and gluconeogenesis in the M group compared to the control
groups of lean rats (Con and ND). All the anthocyanin
treatment groups showed decreased levels of glucose, lactate,
alanine, pyruvate, and glycerol, and the treatment with acylated
anthocyanins (AAPP) additionally decreased the glutamine
level, indicating decreased hepatic glucose production and
improved glycolysis and gluconeogenesis metabolism in ZDF
rats by anthocyanin extracts.

Glucokinase encoded by Gck and hepatic pyruvate kinase
encoded by Pklr are key enzymes that catalyze irreversible
steps in glycolysis. The glucokinase level in type 2 diabetes is
considered either decreased”’ or dependent on the insulin and
glucagon levels."* In addition to catalyzing the first step in
glycolysis, glucokinase is also essential for glycogen synthesis,
and glucokinase activators are identified as antidiabetic
medicines.*’

Similar to our results, previous research showed that Gck
expression was higher in ZDF rats at age 10—11 weeks
compared to their lean counterparts, and there was no
difference in the glucokinase protein level between ZDF rats
and lean Zucker rats."* However, as diabetes progressed in the
ZDF rats (from 14 to 28 week of age), both Gck and
glucokinase protein levels were decreased.** NAAB increased
Gck expression indicating its potential role as a glucokinase
activator. AAPP significantly decreased the expression of Pklr,
indicating AAPP might decrease glycolysis in the diabetic rat.*’
Two rate-limiting enzymes in hepatic gluconeogenesis are
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encoded by G6pc (encoding glucose 6-phosphatase catalytic
subunit) and Pckl (encoding phosphoenolpyruvate carbox-
ykinase). L-AAPP, H-AAPP, and H-NAAB significantly
decreased the expression of G6pc in the liver, which was
consistent with the result obtained by qPCR in our previous
study,” and H-AAPP significantly decreased Pckl. H-NAAB
and AAPP modulated glycolysis and gluconeogenesis in
diabetes at the gene expression level.

Evidence has shown that excess branched-chain amino acids
(BCAAs) could cause insulin resistance and dysregulation of
glucose metabolism.*” AAAs, particularly phenylalanine and
tyrosine, have been reported to be elevated together with
BCAA:s in the plasma of patients with obesity-related insulin
resistance.”® In our study, BCAAs and AAAs in the M group
showed an overall increase compared to the Con and ND
groups. Upregulation of hepatic BCAAs, in particular, valine
and leucine, quantified by amino acid analyzer, were also
observed in ZDF rats compared to lean Zucker rats," which
was in agreement with our findings. Moreover, the first step to
break down BCAA by branched-chain aminotransferases is
considered to occur in extrahepatic organs;47 therefore, both
the hepatic and plasma levels of BCAAs showed similar
changes and elevated in the model group of ZDF rats.®
Anthocyanin treatment groups showed decreased levels of
hepatic BCAAs, indicating potential improvement in glucose
regulation.

The Bhmt gene encodes betaine-homocysteine S-methyl-
transferase (BHMT) which transfers betaine to dimethylgly-
cine. The expression of Bhmt was increased in the M group, as
was shown in a previous study in ZDF rats,>’ leading to the
increase of hepatic dimethylglycine. In all the treatment groups
the elevated levels of dimethylglycine were significantly
reversed to the normal state. Decreased expression of Bhmt
was also observed in all the anthocyanin treatment groups,
especially in the AAPP groups showing a statistically significant
decrease.

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.”’ In this study, the M groups showed an overall
increased lipid profile such as high levels of phospholipid,
triglyceride, fatty acid, and unsaturated fatty acids, all
contributing to the development of fatty liver. The L-AAPP
and H-AAPP groups slightly improved the hepatic lipid profile
by regulating fatty acid residues and unsaturated fatty acids.
We examined genes in the biosynthesis of the unsaturated fatty
acid pathway from the KEGG pathway library, and an overall
upregulation of the genes in this pathway was shown in the M
group. The high dose potato anthocyanin (H-AAPP) group
showed decreased Acoxl expression. Previously, it has been
shown that a high-fat diet may increase the expression of Acox
gene encoding peroxisomal acyl-coenzyme A oxidase, which
catalyzes the first step of peroxisomal beta-oxidation.”
Inhibition of Acoxl could increase hepatic mitochondrial
fatty acid oxidation and decrease hepatic lipid and ROS
contents; therefore, downregulation or inhibition of Acox]l
expression is an effective approach for the treatment of HFD or
obesity-induced metabolic diseases.”> Additionally, Acox1™~/
ob/ob mice were found resistant to obesity.”> A high dose of
AAPP might exert a beneficial effect through inhibiting Acox1.

In conclusion, our study provides the first multiomics
analysis of the effect of acylated anthocyanins from purple

potato and nonacylated anthocyanins from bilberry on the
hepatic metabolism in ZDF rats. Among all anthocyanin
treatment groups, the group treated with high dose potato
anthocyanins (H-AAPP) showed transcriptomic and metabolic
profiles closer toward the lean Zucker rats. We found both
anthocyanin extracts, especially AAPP, had beneficial effects by
restoring metabolites and expression of genes involved in
glycolysis, decreasing AP-1 at the gene expression level. 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 as well as the composition of gut microbiota might play
an even more important role. Overall, our study showed that
acylated anthocyanins extracted from purple potato which is an
affordable anthocyanin source have a better modulatory effect
on hepatic transcriptomic and metabolic profiles in T2D
compared to nonacylated anthocyanins from bilberry.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00130.

KEGG annotation of genes that are affected by
anthocyanin extracts, bins for quantification of metab-
olites, 'H chemical shift assignments of the metabolites,
fold change of the metabolites compared to the M
group, functionally grouped networks of enriched GO
terms, 2D 'H NMR spectra for hepatic aqueous and
lipid extracts, and several hepatic genes expression.
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

Yumei Zhang — Department of Nutrition and Food Hygiene,
School of Public Health, Beijing University, Beijing 100191,
China; Phone: +8613426134251; Email: zhangyumei@
pku.edu.cn

Baoru Yang — Food Chemistry and Food Development,
Department of Life Technologies, University of Turku, FI-
20014 Turun yliopisto, Finland; ® orcid.org/0000-0001-
5561-514X; Phone: +358 452737988;
Email: baoru.yang@utu.fi

Authors

Kang Chen — Food Chemistry and Food Development,
Department of Life Technologies, University of Turku, FI-
20014 Turun yliopisto, Finland; ® orcid.org/0000-0002-
5791-9523

Xuetao Wei — Beijing Key Laboratory of Toxicological
Research and Risk Assessment for Food Safety, Department of
Toxicology, School of Public Health, Beijing University,
Beijing 100191, China

Raghunath Pariyani — Food Chemistry and Food
Development, Department of Life Technologies, University of
Turku, FI-20014 Turun yliopisto, Finland

Maaria Kortesniemi — Food Chemistry and Food
Development, Department of Life Technologies, University of
Turku, FI-20014 Turun yliopisto, Finland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jafc.1c00130

https://doi.org/10.1021/acs.jafc.1c00130
J. Agric. Food Chem. 2021, 69, 4423—-4437


https://pubs.acs.org/doi/10.1021/acs.jafc.1c00130?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.1c00130/suppl_file/jf1c00130_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yumei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:zhangyumei@pku.edu.cn
mailto:zhangyumei@pku.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baoru+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5561-514X
http://orcid.org/0000-0001-5561-514X
mailto:baoru.yang@utu.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5791-9523
http://orcid.org/0000-0002-5791-9523
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuetao+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raghunath+Pariyani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maaria+Kortesniemi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00130?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c00130?rel=cite-as&ref=PDF&jav=VoR

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

Funding

The present work was supported by the key projects of Beijing
science and technology (Decision No. D171100008017002),
by the Competitive Funding to Strengthen Universities’
Research Profiles from the Academy of Finland (Decision
No. 318894), and by a personal grant from the China
Scholarship Council (Grant nos. 201706790015).

Notes
The authors declare no competing financial interest.

B ABBREVIATIONS USED

AAAs, aromatic amino acids; AAPP, acylated anthocyanins
extract from purple potatoes; BCAAs, branched-chain amino
acids; NAAB, nonacylated anthocyanins extract from bilber-
ries; ZDF rat, Zucker diabetic fatty rat; WGCNA, weighted
gene coexpression network analysis; KEGG, Kyoto Encyclo-
pedia of Genes and Genomes; GO, gene ontology

B REFERENCES

(1) Belwal, T.; Nabavi, S. F.; Nabavi, S. M.; Habtemariam, S. Dietary
Anthocyanins and Insulin Resistance: When Food Becomes a
Medicine. Nutrients 2017, 9, 1111.

(2) He, J; Giusti M. M. Anthocyanins: Natural Colorants with
Health-Promoting Properties. Annu. Rev. Food Sci. Technol. 2010, 1
(1), 163—187.

(3) He, F;; My, L; Yan, G. L;; Liang, N. N; Pan, Q. H.; Wang, J;
Reeves, M. J.; Duan, C. Q. Biosynthesis of Anthocyanins and Their
Regulation in Colored Grapes. Molecules 2010, 15 (12), 9057—9091.

(4) Xu, J; Su, X; Lim, S.; Griffin, J.; Carey, E.; Katz, B.; Tomich, J.;
Smith, J. S.; Wang, W. Characterisation and Stability of Anthocyanins
in Purple-Fleshed Sweet Potato P40. Food Chem. 2015, 186, 90—96.

(5) Moriya, C.; Hosoya, T.; Agawa, S.; Sugiyama, Y.; Shin-Ya, K;
Terahara, N.; Kumazawa, S. New Acylated Anthocyanins from Purple
Yam and Their Antioxidant Activity. Biosci, Biotechnol, Biochem.
2018, 79, 1484—1492.

(6) Bakowska-Barczak, A. Acylated Anthocyanins as Stable, Natural
Food Colorants—a Review. Polish ]. Food Nutr. Sci. 2005, 14 (2),
107-118.

(7) Ali Asgar, M. Anti-Diabetic Potential of Phenolic Compounds: A
Review. Int. J. Food Prop. 2013, 16 (1), 91—103.

(8) Chen, K; Wei, X; Zhang, J.; Pariyani, R; Jokioja, J;
Kortesniemi, M.; Linderborg, K. M.; Heinonen, J.; Sainio, T.;
Zhang, Y.,; Yang, B. Effects of Anthocyanin Extracts from Bilberry
(Vaccinium Myrtillus L.) and Purple Potato (Solanum Tuberosum L.
Var. ‘ Synkea’ Sakari ’) on the Plasma Metabolomic Profile of Zucker
Diabetic Fatty Rats. ]. Agric. Food Chem. 2020, 68, 9436—9450.

(9) Leclercg, L. A.; Da Silva Morais, A.; Schroyen, B.; Van Hul, N.;
Geerts, A. Insulin Resistance in Hepatocytes and Sinusoidal Liver
Cells: Mechanisms and Consequences>. J. Hepatol. 2007, 47 (1),
142—-156.

(10) Ferrara, C. T ; Wang, P.; Neto, E. C,; Stevens, R. D.; Bain, J. R;;
Wenner, B. R; Ilkayeva, O. R; Keller, M. P.; Blasiole, D. A;
Kendziorski, C.; Yandell, B. S.; Newgard, C. B.; Attie, A. D. Genetic
Networks of Liver Metabolism Revealed by Integration of Metabolic
and Transcriptional Profiling. PLoS Genet. 2008, 4 (3), No. e1000034.

(11) Wu, T, Yang, L; Guo, X; Zhang, M; Liu, R; Sui, W.
Raspberry Anthocyanin Consumption Prevents Diet-Induced Obesity
by Alleviating Oxidative Stress and Modulating Hepatic Lipid
Metabolism. Food Funct. 2018, 9 (4), 2112—2120.

(12) Su, H; Bao, T.; Xie, L; Xu, Y.; Chen, W. Transcriptome
Profiling Reveals the Antihyperglycemic Mechanism of Pelargonidin-
3-O-Glucoside Extracted from Wild Raspberry. J. Funct. Foods 2020,
64, 103657.

(13) Dong, X.; Tian, L.; Gouil, Q; Kariyawasam, H.; Su, S.; De
Paoli-Iseppi, R.; David, Y.; Prawer, J; Clark, M. B,; Breslin, K;
Iminitoff, M.; Blewitt, M. E.; Law, C. W,; Ritchie, M. E. The Long and

4436

the Short of It: Unlocking Nanopore Long-Read RNA Sequencing
Data with Short-Read Tools. bioRxiv 2020, 6, 1—13.

(14) Player, R; Verratti, K; Staab, A.; Bradburne, C.; Grady, S.;
Goodwin, B.; Sozhamannan, S. Comparison of the Performance of an
Amplicon Sequencing Assay Based on Oxford Nanopore Technology
to Real-Time PCR Assays for Detecting Bacterial Biodefense
Pathogens. BMC Genomics 2020, 21 (1), 1-21.

(15) Clark, J. B.; Palmer, C. J.; Shaw, W. N. The Diabetic Zucker
Fatty Rat. Exp. Biol. Med. 1983, 173 (1), 68—75.

(16) Sarikaphuti, A.; Nararatwanchai, T.; Hashiguchi, T.; Ito, T.;
Thaworanunta, S.; Kikuchi, K,; Oyama, Y.; Maruyama, I;
Tancharoen, S. Preventive Effects of Morus Alba L. Anthocyanins
on Diabetes in Zucker Diabetic Fatty Rats. Exp. Ther. Med. 2013, 6
(3), 689—695.

(17) Linderborg, K. M,; Salo, J. E.; Kalpio, M.; Vuorinen, A. L;
Kortesniemi, M.; Griinari, M.; Viitanen, M.; Yang, B.; Kallio, H.
Comparison of the Postprandial Effects of Purple-Fleshed and Yellow-
Fleshed Potatoes in Healthy Males with Chemical Characterization of
the Potato Meals. Int. J. Food Sci. Nutr. 2016, 67 (5), 581—591.

(18) Li, H. Minimap2: Pairwise Alignment for Nucleotide
Sequences. Bioinformatics 2018, 34, 3094—3100.

(19) Robinson, M. D.; McCarthy, D. J.; Smyth, G. K. EdgeR: A
Bioconductor Package for Differential Expression Analysis of Digital
Gene Expression Data. Bioinformatics 2010, 26 (1), 139—140.

(20) Safari-Alighiarloo, N.; Taghizadeh, M.; Rezaei-Tavirani, M.;
Goliaei, B.; Peyvandi, A. A. Protein-Protein Interaction Networks
(PPI) and Complex Diseases. Gastroenterol. Hepatol. from Bed to
Bench 2014, 7 (1), 17-31.

(21) Bindea, G.; Mlecnik, B.; Hackl, H.; Charoentong, P.; Tosolini,
M,; Kirilovsky, A.; Fridman, W. H.; Pages, F.; Trajanoski, Z.; Galon, J.
ClueGO: A Cytoscape Plug-in to Decipher Functionally Grouped
Gene Ontology and Pathway Annotation Networks. Bioinformatics
2009, 25, 1091—-1093.

(22) Jiang, C.; Yang, K; Yang, L.; Miao, Z.; Wang, Y.; Zhu, H.; bo,
A. 1H NMR-Based Metabonomic Investigation of Time-Related
Metabolic Trajectories of the Plasma, Urine and Liver Extracts of
Hyperlipidemic Hamsters. PLoS One 2013, 8 (6), No. e66786.

(23) Vinaixa, M.; Rodriguez, M. A; Rull, A; Beltrdn, R; Bladé, C.
Metabolomic Assessment of the Effect of Dietary Cholesterol in the
Progressive Development of Fatty Liver Disease. ]. Proteome Res.
2010, 9, 2527—2538.

(24) Gowd, V.; Jia, Z; Chen, W. Anthocyanins as Promising
Molecules and Dietary Bioactive Components against Diabetes — A
Review of Recent Advances. Trends Food Sci. Technol. 2017, 68, 1—13.

(25) Matsui, T.; Ueda, T.; Oki, T.; Sugita, K; Terahara, N,;
Matsumoto, K. a-Glucosidase Inhibitory Action of Natural Acylated
Anthocyanins. 2. a-Glucosidase Inhibition by Isolated Acylated
Anthocyanins. J. Agric. Food Chem. 2001, 49 (4), 1952—1956.

(26) Kurilich, A. C.; Clevidence, B. A.; Britz, S. J.; Simon, P. W,;
Novotny, J. A. Plasma and Urine Responses Are Lower for Acylated vs
Nonacylated Anthocyanins from Raw and Cooked Purple Carrots. J.
Agric. Food Chem. 2008, 53, 6537—6542.

(27) Johanna, J. Postprandial Effects and Metabolism of Acylated
Anthocyanins Originating from Purple Potatoes. Doctoral Dissertation;
University of Turku, Turku, 2020.

(28) Hwang, Y. P.; Choi, J. H;; Han, E. H; Kim, H. G.; Wee, J. H,;
Jung, K. O; Jung, K. H;; Kwon, K. il; Jeong, T. C,; Chung, Y. C,;
Jeong, H. G. Purple Sweet Potato Anthocyanins Attenuate Hepatic
Lipid Accumulation through Activating Adenosine Monophosphate-
Activated Protein Kinase in Human HepG2 Cells and Obese Mice.
Nutr. Res. (N. Y, NY, U. S.) 2011, 31 (12), 896—906.

(29) Pass, G. J.; Becker, W,; Kluge, R.; Linnartz, K; Plum, L,;
Giesen, K; Joost, H. G. Effect of Hyperinsulinemia and Type 2
Diabetes-like Hyperglycemia on Expression of Hepatic Cytochrome
P450 and Glutathione S-Transferase Isoforms in a New Zealand
Obese-Derived Mouse Backcross Population. J. Pharmacol. Exp. Ther.
2002, 302 (2), 442—450.

(30) Meng, Y.; Guan, Y.,; Zhang, W.; Wu, Y. E,; Jia, H,; Zhang, Y,;
Zhang, X,; Du, H,; Wang, X. RNA-Seq Analysis of the Hypothalamic

https://doi.org/10.1021/acs.jafc.1c00130
J. Agric. Food Chem. 2021, 69, 4423—-4437


https://doi.org/10.3390/nu9101111
https://doi.org/10.3390/nu9101111
https://doi.org/10.3390/nu9101111
https://doi.org/10.1146/annurev.food.080708.100754
https://doi.org/10.1146/annurev.food.080708.100754
https://doi.org/10.3390/molecules15129057
https://doi.org/10.3390/molecules15129057
https://doi.org/10.1016/j.foodchem.2014.08.123
https://doi.org/10.1016/j.foodchem.2014.08.123
https://doi.org/10.1080/09168451.2015.1027652
https://doi.org/10.1080/09168451.2015.1027652
https://doi.org/10.1080/10942912.2011.595864
https://doi.org/10.1080/10942912.2011.595864
https://doi.org/10.1021/acs.jafc.0c04125
https://doi.org/10.1021/acs.jafc.0c04125
https://doi.org/10.1021/acs.jafc.0c04125
https://doi.org/10.1021/acs.jafc.0c04125
https://doi.org/10.1016/j.jhep.2007.04.002
https://doi.org/10.1016/j.jhep.2007.04.002
https://doi.org/10.1371/journal.pgen.1000034
https://doi.org/10.1371/journal.pgen.1000034
https://doi.org/10.1371/journal.pgen.1000034
https://doi.org/10.1039/C7FO02061A
https://doi.org/10.1039/C7FO02061A
https://doi.org/10.1039/C7FO02061A
https://doi.org/10.1016/j.jff.2019.103657
https://doi.org/10.1016/j.jff.2019.103657
https://doi.org/10.1016/j.jff.2019.103657
https://doi.org/10.1186/s12864-020-6557-5
https://doi.org/10.1186/s12864-020-6557-5
https://doi.org/10.1186/s12864-020-6557-5
https://doi.org/10.1186/s12864-020-6557-5
https://doi.org/10.3181/00379727-173-41611
https://doi.org/10.3181/00379727-173-41611
https://doi.org/10.3892/etm.2013.1203
https://doi.org/10.3892/etm.2013.1203
https://doi.org/10.1080/09637486.2016.1181157
https://doi.org/10.1080/09637486.2016.1181157
https://doi.org/10.1080/09637486.2016.1181157
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1371/journal.pone.0066786
https://doi.org/10.1371/journal.pone.0066786
https://doi.org/10.1371/journal.pone.0066786
https://doi.org/10.1021/pr901203w
https://doi.org/10.1021/pr901203w
https://doi.org/10.1016/j.tifs.2017.07.015
https://doi.org/10.1016/j.tifs.2017.07.015
https://doi.org/10.1016/j.tifs.2017.07.015
https://doi.org/10.1021/jf0012502
https://doi.org/10.1021/jf0012502
https://doi.org/10.1021/jf0012502
https://doi.org/10.1021/jf050570o
https://doi.org/10.1021/jf050570o
https://doi.org/10.1016/j.nutres.2011.09.026
https://doi.org/10.1016/j.nutres.2011.09.026
https://doi.org/10.1016/j.nutres.2011.09.026
https://doi.org/10.1124/jpet.102.033553
https://doi.org/10.1124/jpet.102.033553
https://doi.org/10.1124/jpet.102.033553
https://doi.org/10.1124/jpet.102.033553
https://doi.org/10.1038/srep34138
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c00130?rel=cite-as&ref=PDF&jav=VoR

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

Transcriptome Reveals the Networks Regulating Physiopathological
Progress in the Diabetic GK Rat. Sci. Rep. 2016, 6, 34138.

(31) Ohtsubo, K.; Takamatsu, S.; Minowa, M. T.; Yoshida, A;
Takeuchi, M.; Marth, J. D. Dietary and Genetic Control of Glucose
Transporter 2 Glycosylation Promotes Insulin Secretion in Suppress-
ing Diabetes. Cell 2005, 123, 1307—1321.

(32) Rudman, N.; Gornik, O.; Lauc, G. Altered N-Glycosylation
Profiles as Potential Biomarkers and Drug Targets in Diabetes. FEBS
Lett. 2019, 593, 1598—1615.

(33) Kim, J. K; Fillmore, J. J.; Chen, Y,; Yu, C; Moore, L. K;
Pypaert, M,; Lutz, E. P.; Kako, Y.; Velez-Carrasco, W.; Goldberg, I. J.;
Breslow, J. L; Shulman, G. I Tissue-Specific Overexpression of
Lipoprotein Lipase Causes Tissue-Specific Insulin Resistance. Proc.
Natl. Acad. Sci. U. S. A. 2001, 98, 7522—7527.

(34) Shen, N,; Jiang, S.; Lu, J. M; Yu, X; Lai, S. S;; Zhang, J. Z;
Zhang, J. L.; Tao, W. W.; Wang, X. X;; Xu, N.; Xue, B; Li, C. J. The
Constitutive Activation of Egr-1/C/Ebpa Mediates the Development
of Type 2 Diabetes Mellitus by Enhancing Hepatic Gluconeogenesis.
Am. ]. Pathol. 2015, 185 (2), 513—523.

(35) Xiao, X,; Song, B. SREBP: A Novel Therapeutic Target The
Activation Process of SREBPs The Effects of Insulin on SREBPs. Acta
Biochim. Biophys. Sin. 2013, 45 (1), 2—10.

(36) Beisswenger, P. Glyceraldehyde-3-Phosphate Dehydrogenase
Activity as an Independent Modifier of Methylglyoxal Levels in
Diabetes. Biochim. Biophys. Acta, Mol. Basis Dis. 2002, 1637 (1), 98—
106.

(37) Taniguchi, K;; Xia, L.; Goldberg, H. J.; Lee, K. W. K.; Shah, A,;
Stavar, L.; Masson, E. A. Y,; Momen, A,; Shikatani, E. A.; John, R;;
Husain, M.; Fantus, I. G. Inhibition of Src Kinase Blocks High
Glucose-Induced EGFR Transactivation and Collagen Synthesis in
Mesangial Cells and Prevents Diabetic Nephropathy in Mice. Diabetes
2013, 62, 3874—3886.

(38) Hess, J.; Angel, P.; Schorpp-Kistner, M. AP-1 Subunits: Quarrel
and Harmony among Siblings. J. Cell Sci. 2004, 117, 5965—5973.

(39) Ndisang, J. F.; Lane, N.; Jadhav, A. The Heme Oxygenase
System Abates Hyperglycemia in Zucker Diabetic Fatty Rats by
Potentiating Insulin-Sensitizing Pathways. Endocrinology 2009, 150,
2098-2108.

(40) Kaneto, H,; Nakatani, Y.; Kawamori, D.; Miyatsuka, T.;
Matsuoka, T. A.; Matsuhisa, M.; Yamasaki, Y. Role of Oxidative
Stress, Endoplasmic Reticulum Stress, and c-Jun N-Terminal Kinase
in Pancreatic f-Cell Dysfunction and Insulin Resistance. Int. J.
Biochem. Cell Biol. 2008, 37, 1595—1608.

(41) Guo, X,; Li, H.; Xu, H.; Woo, S.; Dong, H,; Ly, F,; Lange, A. J.;
Wy, C. Glycolysis in the Control of Blood Glucose Homeostasis. Acta
Pharm. Sin. B 2012, 2 (4), 358—367.

(42) Hatting, M.; Tavares, C. D. J.; Sharabi, K; Rines, A. K;
Puigserver, P. Insulin Regulation of Gluconeogenesis. Ann. N. Y. Acad.
Sci. 2018, 1411 (1), 21-35.

(43) Haeusler, R. A.; Camastra, S,; Astiarraga, B.; Nannipieri, M.;
Anselmino, M.; Ferrannini, E. Decreased Expression of Hepatic
Glucokinase in Type 2 Diabetes. Mol. Metab. 2015, 4 (3), 222—226.

(44) Ueta, K.; O’Brien, T. P.; McCoy, G. A.; Kim, K; Healey, E. C,;
Farmer, T. D.; Donahue, E. P.; Condren, A. B.; Printz, R. L.; Shiota,
M. Glucotoxicity Targets Hepatic Glucokinase in Zucker Diabetic
Fatty Rats, a Model of Type 2 Diabetes Associated with Obesity. Am.
J. Physiol. - Endocrinol. Metab. 2014, 306 (11), 1225—1238.

(45) Matschinsky, F. M.; Zelent, B.; Doliba, N.; Li, C.; Vanderkooi,
J. M; Naji, A,; Sarabu, R,; Grimsby, J. Glucokinase Activators for
Diabetes Therapy: May 2010 Status Report. Diabetes Care 2011, 34
(SUPPL. 2), S236—S242.

(46) Parks, W. C.; Drake, R. L. Insulin Mediates the Stimulation of
Pyruvate Kinase by a Dual Mechanism. Biochem. J. 1982, 208 (2),
333-337.

(47) Lake, A. D.; Novak, P.; Shipkova, P.; Aranibar, N.; Robertson,
D. G.; Reily, M. D.; Lehman-Mckeeman, L. D.; Vaillancourt, R. R;;
Cherrington, N. J. Branched Chain Amino Acid Metabolism Profiles
in Progressive Human Nonalcoholic Fatty Liver Disease. Amino Acids
2015, 47 (3), 603—615.

4437

(48) Lu, Y.; Wang, Y,; Liang, X.; Zou, L.; Ong, C. N; Yuan, J. M,;
Koh, W. P.; Pan, A. Serum Amino Acids in Association with Prevalent
and Incident Type 2 Diabetes in a Chinese Population. Metabolites
2019, 9 (1), 14.

(49) Wijekoon, E.; Skinner, C.; Brosnan, M.; Brosnan, J. Amino Acid
Metabolism in the Zucker Diabetic Fatty Rat: Effects of Insulin
Resistance and of Type 2 Diabetes. Can. . Physiol. Pharmacol. 2004,
82 (7), 506—514.

(50) Kwak, H. C; Kim, Y. M.; Oh, S. J.; Kim, S. K. Sulfur Amino
Acid Metabolism in Zucker Diabetic Fatty Rats. Biochem. Pharmacol.
2015, 96 (3), 256—266.

(51) Friedman, S. L.; Neuschwander-Tetri, B. A.; Rinella, M.; Sanyal,
A. J. Mechanisms of NAFLD Development and Therapeutic
Strategies. Nat. Med. 2018, 24 (7), 908—922.

(52) Zeng, J.; Deng, S.; Wang, Y.; Li, P,; Tang, L.; Pang, Y. Specific
Inhibition of Acyl-CoA Oxidase-1 by an Acetylenic Acid Improves
Hepatic Lipid and Reactive Oxygen Species (ROS) Metabolism in
Rats Fed a High Fat Diet. . Biol. Chem. 2017, 292, 3800—3809.

(53) Huang, J.; Jia, Y.; Fu, T.; Viswakarma, N.; Bai, L.; Rao, M. S,;
Zhu, Y.; Borensztajn, J.; Reddy, J. K. Sustained Activation of PPARx
by Endogenous Ligands Increases Hepatic Fatty Acid Oxidation and
Prevents Obesity in Ob/Ob Mice. FASEB J. 2012, 26 (2), 628—638.

https://doi.org/10.1021/acs.jafc.1c00130
J. Agric. Food Chem. 2021, 69, 4423—-4437


https://doi.org/10.1038/srep34138
https://doi.org/10.1038/srep34138
https://doi.org/10.1016/j.cell.2005.09.041
https://doi.org/10.1016/j.cell.2005.09.041
https://doi.org/10.1016/j.cell.2005.09.041
https://doi.org/10.1002/1873-3468.13495
https://doi.org/10.1002/1873-3468.13495
https://doi.org/10.1073/pnas.121164498
https://doi.org/10.1073/pnas.121164498
https://doi.org/10.1016/j.ajpath.2014.10.016
https://doi.org/10.1016/j.ajpath.2014.10.016
https://doi.org/10.1016/j.ajpath.2014.10.016
https://doi.org/10.1093/abbs/gms112
https://doi.org/10.1093/abbs/gms112
https://doi.org/10.1016/S0925-4439(02)00219-3
https://doi.org/10.1016/S0925-4439(02)00219-3
https://doi.org/10.1016/S0925-4439(02)00219-3
https://doi.org/10.2337/db12-1010
https://doi.org/10.2337/db12-1010
https://doi.org/10.2337/db12-1010
https://doi.org/10.1242/jcs.01589
https://doi.org/10.1242/jcs.01589
https://doi.org/10.1210/en.2008-0239
https://doi.org/10.1210/en.2008-0239
https://doi.org/10.1210/en.2008-0239
https://doi.org/10.1016/j.biocel.2005.04.003
https://doi.org/10.1016/j.biocel.2005.04.003
https://doi.org/10.1016/j.biocel.2005.04.003
https://doi.org/10.1016/j.apsb.2012.06.002
https://doi.org/10.1111/nyas.13435
https://doi.org/10.1016/j.molmet.2014.12.007
https://doi.org/10.1016/j.molmet.2014.12.007
https://doi.org/10.1152/ajpendo.00507.2013
https://doi.org/10.1152/ajpendo.00507.2013
https://doi.org/10.2337/dc11-s236
https://doi.org/10.2337/dc11-s236
https://doi.org/10.1042/bj2080333
https://doi.org/10.1042/bj2080333
https://doi.org/10.1007/s00726-014-1894-9
https://doi.org/10.1007/s00726-014-1894-9
https://doi.org/10.3390/metabo9010014
https://doi.org/10.3390/metabo9010014
https://doi.org/10.1139/y04-067
https://doi.org/10.1139/y04-067
https://doi.org/10.1139/y04-067
https://doi.org/10.1016/j.bcp.2015.05.014
https://doi.org/10.1016/j.bcp.2015.05.014
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1074/jbc.M116.763532
https://doi.org/10.1074/jbc.M116.763532
https://doi.org/10.1074/jbc.M116.763532
https://doi.org/10.1074/jbc.M116.763532
https://doi.org/10.1096/fj.11-194019
https://doi.org/10.1096/fj.11-194019
https://doi.org/10.1096/fj.11-194019
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c00130?rel=cite-as&ref=PDF&jav=VoR

