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ABSTRACT: The effect of nonacylated and acylated anthocyanins on urinary metabolites in diabetic rats was investigated.
Nonacylated anthocyanins extract from bilberries (NAAB) or acylated anthocyanins extract from purple potatoes (AAPP) was given
to Zucker diabetic fatty (ZDF) rats for 8 weeks at daily doses of 25 and 50 mg/kg body weight. 1H NMR metabolomics was applied
to study alterations in urinary metabolites from three time points (weeks 1, 4, and 8). Both types of anthocyanins modulated the
metabolites associated with the tricarboxylic acid cycle, gut microbiota metabolism, and renal function at weeks 1 and 4, such as 2-
oxoglutarate, fumarate, alanine, trigonelline, and hippurate. In addition, only a high dose of AAPP decreased monosaccharides,
formate, lactate, and glucose levels at week 4, suggesting improvement in energy production in mitochondria, glucose homeostasis,
and oxidative stress. This study suggested different impacts of AAPP and NAAB on the metabolic profile of urine in diabetes.
KEYWORDS: acylated anthocyanins, nonacylated anthocyanins, 1H NMR metabolomics, urine, type 2 diabetes, Zucker diabetic fatty rat,
purple potato, bilberry

■ INTRODUCTION
Type 2 diabetes (T2D) is an increasing threat to public health
globally. It is predicted that over 693 million people will be
affected by type 2 diabetes worldwide by 2045.1 Anthocyanins,
a class of polyphenols, are abundant in colored fruits and
vegetables.2 With or without the acylation of the glucoside,
anthocyanins can be classified into nonacylated anthocyanins
and acylated anthocyanins, respectively. Acylated anthocyanins
have been observed to have higher stability3 and antioxidant
activities4 than their nonacylated counterparts. Antidiabetic
activities of anthocyanins mainly from berries have been widely
studied,5 where their antioxidant and anti-inflammation
activities play a crucial role. Our previous studies have
shown that bilberry nonacylated anthocyanins and purple
potato acylated anthocyanins affected the plasma and hepatic
metabolic profile, hepatic transcriptome, gut metabolic profile,
and gut microbiota differently, with acylated anthocyanins
showing more beneficial effects.6−8 However, the impact of
dietary supplementation with anthocyanin extract on urinary
metabolites in the development of diabetes has not been
reported. Urine, as a sterile and easy-to-obtain biofluid,
contains endogenous waste metabolites, metabolic breakdown
products from drugs and foods, and metabolites from bacteria.9

In addition, the urine metabolic profile constitutes other
information that pertains to both renal function and metabolic
wastes, which is important to evaluate the effect of different
types of anthocyanins on T2D. A difference between urine and
other biofluids is that urine is not homeostatic. Thus, the
urinary metabolites could show more significant changes when
receiving different interventions.
Urine 1H NMR metabolomics has been broadly used to

identify biomarkers in T2D and the metabolic changes of the

administration of polyphenols-rich diets. Urine 1H NMR
metabolomics has revealed thirty-three urinary metabolites to
be significantly altered in diabetic mice, represented by
increased metabolites associated with the tricarboxylic acid
(TCA) cycle, monosaccharides, and others including dime-
thylglycine and trigonelline, etc.10 Decreased urinary levels of
hippurate, allantoin, creatinine, taurine, and α-ketoglutarate
have been observed in diabetic ZDF (Zucker diabetic fatty)
rats with 1H NMR metabolomics.11 Polyphenols-rich diets
have shown modulatory effects on urinary metabolites. Intake
of cranberry juice has been reported to increase urinary
hippurate level.12 Berry mixture consumption has elevated
urinary proline in rats under a low-salt diet.13 Cranberry
procyanidins’ consumption has increased the content of
succinate, lactate, and hippurate and decreased citrate and α-
ketoglutarate in the urine of rats.14

The advantages of using 1H NMR metabolomics are the
minimal requirement for sample preparation, the robust and
reproducible measurements, and the nondestructive nature of
the analysis.15 In this study, 1H NMR-based metabolomics
combined with multivariate and univariate statistics were
applied to compare the effects of nonacylated anthocyanins
extracted from bilberries (NAAB) and acylated anthocyanins
extracted from purple potatoes (AAPP) on urinary metabolites
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Figure 1. PLS-DA score (A) and loading plot (B) of binned data from 1H NMR spectra of urine at three time points. Zoomed-in loading plot (C).
Unknown indicates the unknown metabolite identified from bins 1.13−1.14 ppm of 1H NMR spectra.
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in ZDF rats at three time points during the intervention and
development of diabetes.

■ MATERIALS AND METHODS
Animals and Diets. In this study, a T2D model was induced by

feeding ZDF ( fa/fa) rats with a high-fat diet. ZDF rat is a
spontaneous genetic diabetes model with a leptin receptor gene
defect caused by a missense mutation.16 Lean Zucker rats ( fa/+) were
chosen as healthy controls. Anthocyanins were extracted from tubers
of a Finnish variety of purple potato (Solanum tuberosum L. “Synkea ̈
Sakari”) and bilberries (Vaccinium myrtillus L.). Identification and
quantification of both anthocyanin extracts were described
previously.6 98.97% of anthocyanins in AAPP were acylated, and all
anthocyanins in NAAB were nonacylated.6 The anthocyanins of
NAAB consisted of mostly galactosides, arabinosides, and glucosides
of cyanidin, petunidin, delphinidin, malvidin, and peonidin.6 The
AAPP consisted of acylated anthocyanins, dominated by petunidin-
coumaroyl-rutinoside-glucoside followed by petunidin-caffeoyl-rutino-
side-glucoside and peonidin-coumaroyl-rutinoside-glucoside.6

Group designation, the composition of diets, and dosage
justification were described in our previous publication.6 In short,
40 ZDF rats were divided into five groups: ZDF rats fed with a high-
fat diet (diabetic model, the M group); ZDF rats fed with a high-fat
diet and gavaged with a low dose of bilberry anthocyanins extract (25
mg/kg body weight/day, the L-NAAB group); ZDF rats fed with
high-fat diet and gavaged with a low dose of potato anthocyanins
extract (25 mg/kg body weight/day, the L-AAPP group); ZDF rats
fed with a high-fat diet and gavaged with a high dose of bilberry
anthocyanins extract (50 mg anthocyanins/kg body weight/day, the
H-NAAB group); ZDF rats fed with a high-fat diet and gavaged with a
high dose of potato anthocyanins extract (50 mg/kg body weight/day,
the H-AAPP group). The dosages were chosen based on previous
animal studies17−19 and our previous clinical trial.20 The dosages of
anthocyanins used in this study would correspond to 10−20 g of
dried bilberries and 330−660 g of fresh potatoes per day, which are
achievable in daily life.21,22

As comparisons, 16 lean Zucker rats were divided into two groups:
one fed with a high-fat diet as the control group (Con), and the other
with a normal diet (ND). The Institutional Animal Ethics Committee
of Peking University granted ethical approval (number LA2016285)
for this animal study. The rats were housed in metabolic cages
(3700M071, Tecniplast, Italy) for 24 h and had access to feed and
water ad libitum; urine was collected during the second to the third
day of week 1, week 4, and week 8 of intervention. Sodium azide
(1.0% w/v) was added to the collected urine samples. Our previous
study has shown the diabetic model group (M) was characterized by
higher levels of food intake, water intake, body weight, plasma
triglyceride, plasma blood urea nitrogen, plasma total protein, and
plasma glucose compared to the lean Zucker rats, indicating the
establishment of diabetes in the model group.6 All the anthocyanin
extracts-treated groups displayed lower levels of plasma glucose
compared to the model group without anthocyanin treatments.6

1H NMR Measurements. Urine samples were thawed on ice, and
an aliquot of 800 μL was taken from each sample and centrifuged at
3000 for 15 min, after which 400 μL of the supernatant was collected
and mixed with 200 μL of phosphate buffer (90 mmol/L NaH2PO4,
pH = 7.4) to reduce pH variations. Thereafter, 60 μL of Chenomx
Internal Standard containing 5 mM DSS-d6 (Edmonton, Alberta,
Canada) was added to 560 μL of the mixed sample in an Eppendorf
tube and vortexed for 20 s. 600 μL of the resulted solution was
transferred to a 5 mm NMR tube. The parameters of 1H NMR
acquisition were shown in our previous study.6 The acquired spectra
were aligned using a chemical shift of DSS-d6 (δ = 0.000 ppm) and
binned with 0.001 ppm interval. Binned data were subjected to the
icoshift program in MATLAB (R2012a, The Mathworks Inc., Natick,
MA, USA) to perform spectra alignment. Besides regions of residual
water (δ 4.700−4.900) and redundant spectral regions (regions
before δ 0.700 and after δ 9.500), regions of glucose (δ 3.210−3.290,
δ 3.350−3.575, δ 3.685−3.950, δ 4.550−4.700, and δ 5.200−5.300)

and urea (δ 5.520−6.000) were also removed prior to the data
normalization to the total area due to the fact that the glucose and
urea signals dominating the metabolic change in the spectra of urine
from ZDF rats would deteriorate the normalization performance.23,24

To quantify the glucose and urea, a median-based probabilistic
quotient normalization method was applied to the spectra.23,24

Metabolite identification was verified by using Chenomx Profiler 8.6
software (Chenomx Inc., Edmonton, Alberta, Canada) and refs 25
and 26. J-resolved spectroscopy (JRES) and 1H−13C heteronuclear
single-quantum correlation spectroscopy (HSQC) were performed to
confirm the identifications.
Statistical Analysis. The number of bins was decreased by adding

up the intensities of the consecutive 10 bins. The binned data were
Pareto-scaled. PLS-DA models were generated from SIMCA-P+
(V12.0, Umetrics AB, Umeå, Sweden) and validated by permutation
test27 and cross-validated analysis of variance (CV-ANOVA).28 For
univariate analysis, a parametric one-way analysis of variance
(ANOVA) was performed if data were normally distributed;
otherwise, the nonparametric Kruskal−Wallis test was used, and
post hoc Dunn’s test or Fisher’s LSD test was applied between groups.
The statistical significances are expressed as * or # p < 0.05, ** or ##
p < 0.01, and *** or ### p < 0.001. Heat maps and metabolic
pathway analysis were generated with the MetaboAnalyst tool
(https://www.metaboanalyst.ca/). Correlation analysis of urinary
metabolites to plasma metabolites and clinical traits was conducted
based on a debiased sparse partial analysis in Cytoscape
(Version:3.2.1; https://cytoscape.org/) (r > 0.4 or r < −0.4; p <
0.05). In our previous study, we measured the plasma, hepatic, and
fecal metabolites, fecal microbiota, as well as clinical traits,6−8 which
were used for correlation analysis with the urine metabolites in the
current study.

■ RESULTS
Multivariate Analysis of Binned Data from Urine 1H

NMR Metabolomics. PLS-DA score plots and loading plots
were generated based on 1H NMR spectra binned data and
showed a clear separation and trajectories based on the
intervention time points (Figure 1A and B). The first and
second components explained 30.2% and 12.7% of the total
variance (R2X(cum) = 0.745, R2Y(cum) = 0.247, and Q2

(cum) =
0.104; permutation test Y-intercepts: R2Y = 0.125, Q2Y =
−0.229; CV-ANOVAp-value = 1.12e-18). In the loading plot
(Figure 1B), the urine metabolic profiles of Con and ND
groups exhibited a trajectory from the fourth quadrant to the
first quadrant as the time proceeded from week 1 to weeks 4
and 8; similarly, the M group exhibited a trajectory from the
fourth quadrant to the third quadrant as the time proceeded
from week 1 to weeks 4 and 8. These results indicated major
metabolic changes in the development of diabetes in diabetic
rats, and also the growth of lean Zucker rats occurred during
the time between week 1 and week 4. Anthocyanin-treated
groups, especially the group fed with low-dose nonacylated
anthocyanin extract (L-NAAB) and the rats treated with the
acylated anthocyanin extract (L-AAPP and H-AAPP), shifted
the metabolic profile of diabetic ZDF rats from the fourth
quadrant toward the second quadrant and then to the third
quadrant as the time proceeded from week 1 to weeks 4 and 8.
Next, the loading plot was zoomed in to show the metabolites
contributing to the group classification (Figure 1C). The
changes of citrate and allantoin contributed to the separation
of the samples at week 1 from those collected at weeks 4 and 8.
The change of creatinine contributed to the classification of
the Con and ND groups at weeks 4 and 8 from other groups.
The change of lactate differentiated the urinary metabolic
profile of ZDF rats (M, L/H-AAPP, and L/H-NAAB groups)
at week 4 from others, whereas acetate, ethanol, and the
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unknown metabolites (region δ 1.13−1.14 ppm) differentiated
the urinary metabolic profile of ZDF rats at week 8 from
others.
Effects of Anthocyanin Extracts on Urinary Metabo-

lites in ZDF Rats. The representative 1H NMR spectrum of
the urine sample is presented in Figure S1. A variety of
metabolite resonances were revealed in 1H NMR spectra, of
which 29 metabolites were identified; the chemical shifts and
corresponding binned area used for quantification are listed in
Table S1. To identify the metabolites that were altered among
the groups at each time point, univariate analyses were
performed, and significantly changed metabolites (p < 0.05)
were presented in volcano plots (Figure 2, Figure 3, and Figure
S2). Fold changes of each metabolite compared to the M
group are shown in Tables S2−S4.

At week 1, the M group showed lower levels of
dimethylglycine, creatinine, 2-oxoglutarate, succinate, acetate,
and allantoin and increased acetoin, alanine, the unknown
metabolite, and urea compared to the Con and ND groups
(Figure 2A−B). Both anthocyanin extracts exhibited a
modulatory effect on urinary metabolites already after a short
period of intervention (2−3 days). At high dose, both
anthocyanin extracts showed a significant increase in the levels
of fumarate, dimethylglycine, and 2-oxoglutarate and decreased
levels of acetoin, alanine, 3-methyl-2-oxovalerate, and lactate
compared to the M group (Figure 2C−F, Table S2). AAPP
decreased the benzoate level (Figure 2E−F).
As the diabetic state progressed, the M group showed a

significant difference in the levels of a larger number of
metabolites compared to the lean Zucker rats at week 4 than
that at week 1. Decreased levels of citrate, creatinine,

Figure 2. Volcano plots showing the significantly different metabolites in urine at week 1 between groups M/Con (A), M/ND (B), M/L-NAAB
(C), M/H-NAAB (D), M/L-AAPP (E), and M/H-AAPP (F). Significance versus log2 fold change is plotted on the y and x axes, respectively.
Unknown indicates the unknown metabolite in the 1.13−1.14 ppm region of 1H NMR spectra.
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trigonelline, hippurate, fumarate, N-methylnicotinamide, di-
methylamine, and phenylalanine and higher levels of glucose,
mannose, arabinose, the unknown metabolite, ethanol,
formate, and trimethylamine were observed in ZDF rats
compared to the lean Zucker rats (the ND and Con groups)
(Figure 3A−B). NAAB increased the levels of 2-oxoglutarate,
N-methylnicotinamide, and trigonelline, whereas L-AAPP
increased the content of acetate. High doses of both
anthocyanin extracts (H-AAPP and H-NAAB) increased the
concentration (i.e., bin integral associated with a metabolite)
of citrate, hippurate, and phenylalanine in the urine. In
addition, H-AAPP also decreased the level of glucose,
arabinose, lactate, ethanol, and formate (Figure 3C−F).
The anthocyanin extracts showed less effect on the urinary

metabolites at week 8 compared to the extent of metabolic
change at week 4. Most of the altered metabolites in the M

group compared to the lean Zucker rats at week 8 were similar
to those at week 4, apart from the levels of fumarate and
trimethylamine, which were no longer significantly different
between the lean Zucker rats and the M group at week 8
(Figure S2A−B). The nonacylated anthocyanin extracts (H-
NAAB and L-NAAB) increased the content of 2-oxoglutarate,
whereas a high-dose of acylated anthocyanin extract (H-
AAPP) decreased the level of formate (Figure S2C−F).
Metabolic Pathway Analysis. The citrate cycle pathway

was affected in the M groups compared to the ND and Con
groups at week 1 as shown in Figure 4. H-NAAB and L-AAPP
affected the citrate cycle pathway by mainly increasing the
citrate and 2-oxoglutarate levels (Figure 4). At week 4,
phenylalanine metabolism, citrate cycle, and phenylalanine,
tyrosine, and tryptophan biosynthesis were changed in the
diabetic M group in comparison to the lean Zucker rats. H-

Figure 3. Volcano plots showing the significantly different metabolites in urine at week 4 between groups M/Con (A), M/ND (B), M/L-NAAB
(C), M/H-NAAB (D), M/L-AAPP (E), and M/H-AAPP (F). Significance versus log2 fold change is plotted on the y and x axes, respectively.
Unknown indicates the unknown metabolite in the 1.13 to 1.14 ppm region of 1H NMR spectra.
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Figure 4. Metabolic pathway analysis generated with the MetaboAnalyst software package based on urine metabolites at week 1, showing altered
pathways in M/Con (A), M/ND (B), M/L-NAAB (C), M/H-NAAB (D), M/L-AAPP (E), and M/H-AAPP (F) comparisons. The p-values in the
Y-axis are generated from the pathway enrichment analysis, and the X-axis presents the pathway impact values from pathway topology analysis. The
node color indicates the p-value from the pathway enrichment analysis (more reddish color indicates more significant changes in the pathway),
whereas the node size reflects the pathway impact score. Pathways with small p-values and large pathway impact scores are considered as highly
influential.
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Figure 5. Metabolic pathway analysis generated with the MetaboAnalyst software package based on urine metabolites at week 4, showing altered
pathways in M/Con (A), M/ND (B), M/L-NAAB (C), M/H-NAAB (D), M/L-AAPP (E), and M/H-AAPP (F) comparisons. The p-values in the
Y-axis are generated from the pathway enrichment analysis, and the X-axis presents the pathway impact values from pathway topology analysis. The
node color indicates the p-value from the pathway enrichment analysis (more reddish color indicates more significant changes in the pathway),
whereas the node size reflects the pathway impact score. Pathways with small p-values and large pathway impact scores are considered highly
influential.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.2c06802
J. Agric. Food Chem. 2022, 70, 15143−15156

15149

https://pubs.acs.org/doi/10.1021/acs.jafc.2c06802?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c06802?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c06802?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.2c06802?fig=fig5&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.2c06802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


NAAB affected all those pathways, and H-AAPP affected
phenylalanine metabolism and phenylalanine, tyrosine and
tryptophan biosynthesis, which were mainly contributed by the
increased phenylalanine level (Figure 5). At week 8, the same
changed metabolic pathways were observed in the diabetic M
group at week 4 in comparison to the lean Zucker rats;
however, no pathways were affected by anthocyanin extracts
(Figure S3).
Dynamic Changes in Urinary Metabolomic Profile in

ZDF Rats and Effects of Anthocyanin Extracts. Dynamic
changes of urinary metabolomic profile in ZDF rats compared
to lean Zucker rats from 4-week age to 12-week age were
shown for the first time in this study, which help us to
understand the effect of the defect in the leptin receptor gene
and the modulatory effect of anthocyanins on the development
of T2D. The alterations of metabolites are presented in the
heat maps (Figure 6) and line charts (week 1, week 4, and
week 8) (Figure S4).
We divided the metabolites into two categories in each

group: metabolites with an increasing trend or decreasing
trend during the development of diabetes. The metabolites
with an increasing trend were increased significantly from week

1 to week 4 or/and 8 and vice versa for the metabolites with
decreasing trend.
The increasing trend of acetate, trimethylamine, lactate, 3-

methyl-2-oxovalerate, ethanol, and the unknown metabolite as
well as the decreasing trend of citrate, 2-oxoglutarate,
dimethylamine, dimethylglycine, and fumarate were found in
all groups (Figure 6 and Figure S4), regardless of the genetic
background and diet fed, which might have been associated
with the growth and development of the rats. Among these
metabolites, the levels of the unknown metabolite, trimethyl-
amine, 3-methyl-2-oxovalerate, and ethanol were elevated in
the ZDF rats compared to the lean Zucker rats at weeks 4 and
8. An increasing trend of creatinine and alanine was only found
in the ND and Con groups, whereas the leptin receptor gene
defect induced a large increase in acetoin, glucose, mannose,
arabinose, and formate and a decrease in trigonelline and N-
methylnicotinamide in the ZDF rats (Figure S4). High-doses
of anthocyanin extracts (H-NAAB and H-AAPP) promoted a
slightly increasing trend of benzoate and mitigated the
increased trend of phenylalanine and indoxyl sulfate in
diabetes, which occurred in lean Zucker rats. Another
interesting finding was that the decreasing trend of hippurate,

Figure 6. Alterations of urinary metabolites during the intervention time from week 1 to week 8 in each group. *p < 0.05, **p < 0.01, and ***p <
0.001 as compared with the week 1 time point, #p < 0.05, ##p < 0.01, and ###p < 0.001 as compared with the week 4 time point. Unknown
indicates the unknown metabolite in the 1.13 to 1.14 ppm region of 1H NMR spectra.
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which occurred in the M group, was depressed by acylated
anthocyanin extracts (AAPP) (FigureS4)
Correlation Network of Plasma and Urine Metabo-

lites. We have reported metabolites from plasma, liver, and
feces and fecal microbiota as well as clinical traits in our
previous studies.6−8 To explore the potential correlations of
urinary metabolites to those variables and correlations between
urinary metabolites, a correlation network was constructed
(Figure 7).
Among the urinary metabolites, 2-oxoglutarate was

positively correlated with citrate and trans-aconitate; trigonel-
line was positively correlated with creatinine and N-
methylnicotinamide; and the glucose level showed a positive
correlation with arabinose and mannose and a negative
correlation with phenylalanine and creatinine. Urinary
allantoin was negatively correlated with the body weight of
the rats. Urinary trans-aconitate was positively correlated with
fecal dimethylamine. Positive correlations were found between
urinary metabolites and fecal microbiota: trimethylamine with
Anaerotruncus sp.; urinary dimethylamine with Lactobacillus
reuteri; urinary fumarate with Lactobacillus animalis. However,
no correlation was found between urinary metabolites and
plasma or hepatic metabolites.

■ DISCUSSION
We previously have studied metabolic profiles on plasma, liver,
and gut to study different types of anthocyanins on T2D at the
end of the intervention (week 8).6−8 Noninvasive measure-
ment of urinary metabolites enables us to identify the dynamic
changes in metabolites at different time points during the
intervention period (weeks 1, 4, and 8). In the current study,
1H NMR metabolomics was used to investigate the dynamic

alterations of the urinary metabolites in ZDF rats and the
effects of nonacylated anthocyanins and acylated anthocyanins
extracts.
The disturbed urinary metabolic profile of diabetic ZDF rats

was observed at week 1 (5-week of age), and this disturbance
was aggravated at weeks 4 and 8 as reflected by the increased
number of metabolites showing a significant difference
between the lean Zucker rats and the ZDF rats. Both types
of anthocyanin extracts showed modulatory or reversing effects
on the abnormal profile of urine metabolites in ZDF rats. This
modulatory effect was observed in all anthocyanin-treated
groups at weeks 1 and 4, as indicated by the larger number of
metabolites significantly altered. Fewer metabolites were
altered by anthocyanin extracts at week 8 compared to the
previous two time points, which might indicate a metabolic
change induced by the progression of T2D counteracted the
beneficial effect of anthocyanins.
2-Oxoglutarate and fumarate as the TCA cycle intermediates

were decreased in leptin gene receptor defect-induced diabetes
(M vs Con) at both weeks 1 and 4, and this difference
disappeared later at week 8. For other intermediates of the
TCA cycle, succinate was decreased at week 1, and citrate and
trans-aconitate appeared to be lower at weeks 4 and 8 in the
diabetic M group than in lean Zucker rats (the ND and Con
groups). A similar decreasing trend of TCA cycle flux
(succinate, 2-oxoglutarate, and citrate) has also been observed
in ZDF rats aged 8 weeks in a previous study.29 These results
indicated a low rate of energy turnover through the TCA cycle
at the early stage of diabetes in ZDF rats (weeks 1 and 4
corresponding to 5-week of age and 8-week of age,
respectively), and these metabolites involved in the TCA
cycle were further disturbed later (at the week 8 time point

Figure 7. Correlation network constructed from urinary metabolites at week 8 in this study, plasma, hepatic, and fecal metabolites, and fecal
microbiota as well as clinical traits reported from our previous study. The relevant network was shown with debiased sparse partial analysis (r > 0.4
or r < −0.4 and p < 0.05). The light blue hexagons indicate urinary metabolites. The cyan hexagon indicates fecal metabolites. The green hexagon
indicates the clinical traits. The red hexagons indicate the gut microbiota. The color gradient of edges between nodes indicates the positive (red)
and negative (purple) correlation. Edge thickness indicates the range of p-value. The thickest edge indicates the smallest p-value.
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corresponding to 12-weeks of age). Our previous studies6−8

have shown all identified metabolites involved in the TCA
cycle, such as plasma citrate, hepatic malate, and succinate as
well as fecal succinate, were increased in ZDF rats at week 8.
However, the alterations of TCA intermediates differ depend-
ing on the type of diabetic model,30 types of samples (serum,
urine, or tissue),31,32 and fasting state as well as the stages of
type 2 diabetes.31 For example, a reduced muscular TCA cycle
flux in type 2 diabetic patients, reflecting mitochondrial
dysfunction, has been observed.32 In contrast, db/db mice
have shown higher levels of serum malate, citrate, aconitate,
and succinate which are involved in the TCA cycle at 6-weeks
of age than healthy mice, and these metabolites declined
rapidly at 8-weeks of age;31 however, urinary levels of malate
and succinate have been observed to be increased at 10-weeks
of age and then decreased from 12-weeks of age to 16-weeks of
age.31 Both types of anthocyanins increased TCA cycle
intermediates levels (trans-aconitate, 2-oxoglutarate, citrate,
and fumarate), which were lower in the M group at weeks 1
and 4 than the Con group. Thus, a modulatory effect of
anthocyanins on metabolites involved in the TCA cycle was
observed, suggesting an improved TCA cycle in ZDF rats.
Those changes in energy metabolites might be due to the
altered activity of AMP-activated protein kinase (AMPK)
which is an important energy-sensing pathway to triggering
glucose utilization and other energy metabolisms, and AMPK
has been widely reported to be activated by different types of
anthocyanins.33 Metabolic analysis shows an altered citrate
cycle pathway was already observed as early as at week 1 and
continued to be affected at weeks 4 and 8 in the M group
compared to the ND and Con groups. H-NAAB and L-AAPP
affected the citrate cycle pathway at week 1; NAAB affected the
citrate cycle pathway at week 4. Among the detected TCA
cycle intermediates (fumarate, 2-citrate, oxoglutarate, succi-
nate, and trans-aconitate), only 2-oxoglutarate was positively
correlated with citrate and trans-aconitate, indicating fumarate
and succinate to be likely affected by other metabolisms, such
as gluconeogenesis. 2-Oxoglutarate was positively correlated
with citrate and trans-aconitate, indicating the consistent
change of these metabolites as TCA cycle intermediates in
diabetes.
Increased urinary content of alanine has been associated

with enhanced hepatic glucose production and initial tubular
damage of the kidney in diabetes.34,35 In the current study, the
level of alanine was higher in the M group than in the lean
Zucker rats at week 1, and both anthocyanin extracts reversed
this increase. However, the level of alanine was lower in the M
group at week 8 than the levels in the lean Zucker rats,
indicating a more complicated role of alanine in diabetes,
which deserves further study. In our previous studies on
hepatic metabolomics and transcriptomics, the levels of
dimethylglycine and Bhmt gene encoding betaine-homocys-
teine S-methyl-transferase responsible for the synthesis of
dimethylglycine were higher in the M group than the Con
group and both the anthocyanin extracts significantly
decreased the level of hepatic dimethylglycine and expression
of Bhmt gene at week 8.7 In this study, however, lower urinary
level of dimethylglycine in ZDF rats at all time points was
detected compared to the level in the lean Zucker rats, which
was reversed by all anthocyanin extracts at weeks 1 and 8
(Table S4). Dimethylglycine participates in the cellular
methionine and homocysteine cycle mechanism.10 Moderate
intake of dietary anthocyanin has been reported to decrease

homocysteine, which is an independent biomarker of
inflammation in cardiovascular thrombotic disease.36 Although
homocysteine was not identified by 1H NMR, changed
dimethylglycine by anthocyanins might affect the inflammatory
status by influencing homocysteine synthesis.
The contents of trigonelline, N-methylnicotinamide, hippu-

rate, dimethylamine, and phenylalanine were lower in the M
group compared to the levels in the lean Zucker rats at weeks 4
and 8. N-Methylnicotinamide and trigonelline are the
methylated metabolites of niacin and nicotinamide;37 trigonel-
line also showed a positive correlation with N-methylnicotina-
mide, indicating methylation of niacin and nicotinamide is co-
occurrent. Many studies have shown the positive effects of
trigonelline on T2D. Diabetic Goto-kakizaki rats have shown
decreased insulin resistance and lowered triglyceride levels
after administration of trigonelline, which might be due to the
modulatory effect of trigonelline increasing the activity of
hepatic glucokinase and carnitine palmitoyl transferase as well
as lowering hepatic fatty acid synthase.38 In addition,
trigonelline intake has led to a positive effect shown as a
reduction of early glucose and insulin responses revealed by
oral glucose tolerance test in overweight men.39 The
antidiabetic mechanisms of trigonelline have been summarized
as improving β cell regeneration and insulin secretion as well as
regulating key enzymes related to reactive oxygen species and
glucose metabolism.40 In this study, both types of anthocya-
nins (particularly, L-NAAB, H-NAAB, and H-AAPP) signifi-
cantly increased trigonelline levels at week 4, which is
suggestive of the protection activity of these anthocyanin
extracts in diabetes by modulating key enzymes related to
energy metabolism.41 The concentrations of urinary hippurate,
dimethylamine, and trimethylamine are associated with the
activities and composition of microbes in the gut,42 and
changes in these metabolites indicate altered gut microbiota. A
lower level of hippurate was seen in the diabetic M group
compared to lean Zucker rats at weeks 4 and 8; a similar
change was also verified in T2D patients30 and ZDF rats,43

which might be related to the “obese microbiome”.44 Our
previous study in fecal microbiota has shown that several
diabetes- and obesity-related species, Clostridium hathewayi,45

Lachnospiraceae spp.,45 and Akkermansia muciniphila,46 have
been altered in the M group compared to the Con and ND
groups. Furthermore, reduced urinary hippurate level has been
reported in certain renal disorders, which might be associated
with diabetic renal dysfunction. For example, reduced
hippurate is an early biomarker of nephrotoxicity and renal
tubular malfunction in rats47 and in humans.48 Both types of
anthocyanins at high dose increased hippurate at week 4,
indicating a protective effect on T2D and/or diabetic renal
function. Our previous postprandial clinical study has shown
that hippurate was the most abundant urinary metabolite
derived from dietary anthocyanins due to the fact that it is
formed as a detoxification product of aromatic compounds,49

which also partly contributed to the increase of hippurate level.
In addition, the availability of hepatic acetyl-CoA, a rate-
limiting factor of synthesizing hippurate, might be increased by
anthocyanins extracts.50 Trimethylamine and dimethylamine
are metabolites involved in choline metabolism by gut
microbiota. Dietary choline is first converted to trimethyl-
amine, which can be further degraded to dimethylamine in the
gut.51 In this study, the level of trimethylamine was higher in
the M group than in lean Zucker rats at week 4, and this
increase disappeared at week 8. The urinary level of
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trimethylamine was shown to be positively correlated to the
abundance of species Anaerotruncus sp., which has also been
reported in patients with atherosclerotic and cardioembolic
strokes, suggesting Anaerotruncus sp. might have a significant
role in trimethylamine production which promotes the
development of cardiovascular diseases.52 Another human
study with 24 individuals susceptible to developing metabolic
syndrome has shown a positive relationship between
Anaerotruncus sp. and trimethylamine N-oxide which can be
formed from trimethylamine in the liver.53 The level of
dimethylamine was lower in the M group at weeks 4 and 8. We
only observed that H-NAAB and H-AAPP increased dimethyl-
amine at week 1, indicating an immediate effect of anthocyanin
extracts on choline metabolism after a short period of
intervention. In the current study, the urinary level of
dimethylamine at week 8 was found to be positively correlated
to Lactobacillus reuteri. Lactobacillus reuteri as a probiotic has a
beneficial effect on glucose metabolism in T2D, possibly by
regulating glucose transporter 5 and Na+-coupled glucose
transporter in animal models.54,55 Lowered urinary dimethyl-
amine has also been verified in T2D patients.56 However,
dimethylamine was only increased by a high dose of
anthocyanin extracts at week 1, indicating a possible
improvement of early stage T2D by the intervention of
anthocyanins via modulating gut microbiota and glucose
transporters. The phenylalanine level was decreased in the M
group at weeks 4 and 8 and negatively correlated with glucose
level. Decreased urinary phenylalanine level has been verified
in subjects with T2D57,58 and considered as an important
biomarker for diabetes progression.58 H-AAPP increased the
phenylalanine level at week 4. Metabolic analysis revealed that
phenylalanine, tyrosine, and tryptophan biosynthesis and
phenylalanine metabolism changed at week 4 in the M group
compared to the Con and ND groups and sustained until the
end of the experiment at week 8. Only high doses of NAAB
and AAPP affected these metabolisms at week 4. The decay of
phenylalanine metabolism and phenylalanine, tyrosine, and
tryptophan biosynthesis the in T2D model could be attributed
to the increased amino acid utilization for gluconeogenesis as a
result of the impaired β-cell capacity to produce insulin and/or
the compromised insulin signaling.58 H-AAPP and H-NAAB
might improve insulin signaling by regulating phenylalanine,
tyrosine, and tryptophan biosynthesis and phenylalanine
metabolism at week 4.
Formate, glucose, arabinose, mannose, and ethanol were

higher in the M group at weeks 4 and 8 in ZDF rats compared
to the lean Zucker rats, and only a high dose of acylated
anthocyanins (H-AAPP) reversed the increase in formate,
glucose, arabinose, and ethanol in ZDF rats at week 4. A higher
level of formate has been reported to inhibit terminal electron
acceptors of the electron transport chain and disrupt energy
production.59 Formate could be produced from methanol in
the liver by mitochondrial alcohol dehydrogenase, which
induces the production of free radicals; alternatively, formate
can also be produced by intestinal bacteria.59 Mulberry
anthocyanin extract has been reported to regulate mitochon-
drial function, such as increasing mitochondrial size, energy
production, and mitochondrial DNA content in high-fat diet-
induced obese rats.60 H-AAPP decreased formate, suggesting a
possible improvement in energy production and mitochondrial
function at week 4; this decrease caused by H-AAPP
disappeared at week 8, which might indicate that the
progression of T2D neutralized the beneficial effect of

anthocyanins on the formate production. A high level of
urinary glucose in ZDF rats indicates a high level of plasma
glucose and/or renal dysfunction. Our previous studies have
shown acylated anthocyanins from purple potato have more
potential to decrease plasma and hepatic glucose levels,6,7 and
in this study, only a high dose of acylated anthocyanin extracts
(AAPP) decreased urinary glucose. Urinary lactate level was
higher in the diabetic group than in the lean Zucker rats.
Oxidative stress commonly in type 2 diabetes could stimulate
lactate dehydrogenase and increase lactate production.61

Anthocyanins have been reported to activate the Nrf2/Keap1
pathway, which initiates the transcription of downstream genes
coding antioxidant enzymes to resist oxidative stress.62 Due to
anthocyanins having strong antioxidative activities and their
ability to activate antioxidant enzymes,62,63 both types of
anthocyanins decreased the lactate level at week 1 and only a
high dose of acylated anthocyanin extracts (H-AAPP)
decreased the lactate level as diabetes progressed to week 4,
possibly through activating the Nrf2/Keap1 pathway. Corre-
lation network analysis revealed the glucose level was positively
correlated with levels of arabinose and mannose, indicating the
consistent change of these monosaccharides, metabolisms in
diabetes. These results indicate that a high dose of potato
anthocyanin extract has more potential to improve energy
production in mitochondria, glucose homeostasis, and
oxidative stress at week 4.
Decreased urinary levels of allantoin in ZDF rats compared

to lean Zucker rats were consistently observed from week 1 to
week 8, which verified previous similar findings and was
associated with altered renal tubular function in diabetes.30,64 A
higher level of urea nitrogen in blood has also been detected in
the ZDF rats in our previous study, also suggesting an altered
renal function.64 Since the urinary allantoin level could
accurately reflect the glomerular filtration rate (GFR),30,65

decreased allantoin in ZDF rats might be associated with
diabetic nephropathy, possibly indicating low GFR. Another
interesting finding was that the level of urinary allantoin was
negatively correlated with body weight; this positive
correlation might be due to the fact that allantoin could
activate the imidazoline I1 receptor, which can regulate
appetite and decrease energy intake and body weight.66

However, in this study anthocyanin extracts did not affect
urinary allantoin levels.
In addition to the acylation of the anthocyanins in two

extracts, other phenolic compounds, such as the chlorogenic
acid in the purple potato anthocyanin extract, could have also
affected the urinary metabolites.59

In summary, disturbance in the urinary metabolic profile of
T2D in ZDF rats occurred already at week 1, and this
disturbance aggravated at week 4 and relatively stabilized when
the intervention time proceeded from week 4 to week 8. Both
acylated and nonacylated anthocyanin extracts showed
modulatory effects on urine metabolites; however, this
modulatory effect weakened gradually as diabetes progressed.
Both types of anthocyanins modulated the levels of 2-
oxoglutarate, fumarate, alanine, acetoin, and dimethylglycine
at week 1, and a high dose of both anthocyanin extracts
increased citrate, trigonelline, hippurate, and phenylalanine at
week 4, suggesting a possible modulating effect on the TCA
cycle, choline and betaine metabolism, gut microbiota, renal
function, and antioxidative capacity. In addition, only a high
dose of acylated anthocyanins from potatoes decreased
glucose, arabinose, lactate, ethanol, and formate in the urine,

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.2c06802
J. Agric. Food Chem. 2022, 70, 15143−15156

15153

pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.2c06802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


which were increased in the ZDF rats at weeks 1 and 4,
suggesting a more potential improvement in energy production
in mitochondria, glucose homeostasis, and oxidative stress
compared to nonacylated anthocyanins.
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