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in more than 120 countries [1]. However, in Korea, the 
domestic wheat self-sufficiency rate is only 1%, relying 
heavily on imports. To address this challenge, the Korean 
government is providing farmers with customized, func-
tional wheat cultivars to enhance both the value and pro-
ductivity of wheat cultivation [2].

The Rural Development Administration of Korea 
developed the purple-wheat cultivar “Ariheuk” by cross-
ing “Heuk2 (K253305)” with “Sinmichal (IT215851)” [3]. 
“Ariheuk” is characterized by its dark red color and con-
tains higher levels of anthocyanin, tannin, and polyphe-
nols than regular wheat, resulting in antioxidant capacity 

Introduction
Wheat (Triticum aestivum) is a major grain crop belong-
ing to the Poaceae (Gramineae) family and serves as a 
primary global food source. Approximately 772  mil-
lion tons of wheat-based food products, including pasta, 
crackers, noodles, and pastries, are produced annually 
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Abstract
Wheat (Triticum aestivum L.) is a primary source of nutrition worldwide, and the development of wheat varieties 
with enhanced functionality has gained considerable interest. This study investigated the antidiabetic activities of 
three purple wheat varieties and their correlations with their metabolite profiles. We evaluated the antioxidant and 
antidiabetic activities of the anthocyanin-rich fractions derived from these cultivars. Anthocyanins were extracted 
from wheat bran using acidified 80% methanol and purified using ion-exchange chromatography. The metabolites 
were analyzed using UHPLC-HESI-Orbitrap MS/MS. Antioxidant capacity was evaluated by measuring the total 
polyphenol content and analyzing DPPH, ABTS, ORAC, and ROS levels. Antidiabetic activity was determined 
through α-glucosidase inhibition and glucose uptake in insulin-resistant HepG2 cells. The effect on the PI3K/AKT 
signaling pathway was investigated using western blot analysis. The “Ari-heukchal” cultivar exhibited the highest 
total polyphenol content, antioxidant capacity, and α-glucosidase inhibitory activity. Treatment of insulin-resistant 
HepG2 cells with 200 µg/mL of the anthocyanin-rich fraction improved glucose uptake and significantly increased 
AKT phosphorylation at Ser473. This effect was attributed to the high anthocyanin content in the “Ari-heukchal” 
cultivar. The findings support the potential use of natural anthocyanin pigments from purple-wheat cultivars for the 
development of functional materials from colored grains.

Keywords  Colored wheat, Ariheuk, Anthocyanin-rich fraction, Antioxidant, Anti-diabetic

Anti-diabetic potential of anthocyanin-
rich fractions from purple-wheat (Triticum 
aestivum L.) cultivars and their correlation 
with metabolite profiles
Ye Jin Choi1 and Joong-Hyuck Auh1*

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s13765-025-01017-6
http://orcid.org/0000-0001-9425-2599
http://crossmark.crossref.org/dialog/?doi=10.1186/s13765-025-01017-6&domain=pdf&date_stamp=2025-7-18


Page 2 of 13Choi and Auh Applied Biological Chemistry           (2025) 68:39 

approximately 10 times greater than that of conventional 
wheat [2]. Additionally, the cultivars “Ari-jinheuk” and 
“Ari-heukchal” were developed by crossing “Heukmil” 
with “Heukripsomaek76 (IT229974)” and the resulting 
cultivar with “Sinmichal”. The amylose and amylopectin 
content varies across these cultivars.

Colored wheat, including purple, blue, and black wheat 
cultivars, depending on the location of the anthocya-
nins, originates from conventional species or breeding 
processes [4]. Purple-wheat, such as “Ariheuk”, contains 
anthocyanin in the pericarp layer. These water-soluble 
flavonoids, derived from anthocyanidins, exhibit anti-
cancer, anti-inflammatory, antibacterial, and antidiabetic 
properties [5].

Anthocyanin-rich berries exhibit excellent antioxidant 
activity, with extracts that significantly inhibit various 
human tumor cells [6]. Mulberry-derived purified antho-
cyanins increase glucose consumption and improve insu-
lin resistance (IR) in insulin-resistant HepG2 cells and 
db/db mice [7].

Unlike fruit-based anthocyanin sources, purple wheat 
supplies these pigments within a matrix rich in starch 
and dietary fiber, which can be consumed daily through 
staple foods such as bread, noodles, and breakfast cere-
als. Clinical studies have shown that bread made from 
purple wheat lowers the glycemic index and attenuates 
post-prandial plasma glucose levels [8]. In the present 
study, an anthocyanin-rich fraction was isolated from 
purple wheat bran, a milling by-product that constitutes 
approximately 14% of the grain and is produced in quan-
tities exceeding 150  million tons annually worldwide 
[9, 10]. These characteristics indicate that anthocyanins 
obtained from purple wheat bran represent an economi-
cal and practical functional ingredient for the long-term 
dietary control of glycemia.

Type 2 diabetes mellitus (T2DM) is a metabolic disease 
characterized by hyperglycemia, IR, and relative insulin 
deficiency, which impair glucose transport to the liver, 
muscle cells, and fat cells [11]. The liver plays a central 
role in glucose metabolism and is regulated by insulin 
through a complex signaling pathway [12]. The insulin 
receptor substrate proteins, IRS-1 and IRS-2, activate 
phosphatidylinositol 3-kinase (PI3K), which subsequently 
activates AKT through phosphorylation, which is a cru-
cial step in the regulation of glucose metabolism [7, 13].

The International Diabetes Federation has projected 
that the diabetic population will reach 783  million by 
2045. Current T2DM treatments involve chemical agents, 
such as biguanides, sulfonylureas, and thiazolidinedio-
nes; however, these drugs are associated with side effects, 
such as obesity and edema [14]. Consequently, there is 
a growing interest in natural products with antidiabetic 
activity [15].

However, there is limited research on the antidiabetic 
activity of anthocyanins isolated from colored Korean 
wheat. Therefore, in this study, we aimed to determine 
the effects of wheat-derived anthocyanin-rich fractions 
on AKT signaling pathway-mediated blood glucose 
regulation in HepG2 cells. Additionally, we aimed to 
determine the antioxidant activity of the wheat-derived 
anthocyanin-rich fractions and identify the metabo-
lites underlying the role of wheat-induced blood glucose 
regulation.

Results
Preparation of anthocyanin-rich fractions from purple-
wheat cultivars
Purple-wheat cultivars (“Ariheuk”, “Ari-jinheuk”, and 
“Ari-heukchal”) were milled, and the bran fraction was 
isolated for extraction. The defatted bran was extracted 
using 80% acidified methanol with 0.1% hydrochloric acid 
via sonication. The extraction was followed by centrifu-
gation, filtration, and concentration. The anthocyanin-
rich fraction was purified using Amberlite XAD-7HP 
resin and eluted with acidified methanol. On a dry weight 
basis, the crude extract yield was the highest in AHC 
(8.91 ± 0.22%), followed by AJH (8.33 ± 0.31%) and AH 
(7.02 ± 0.20%). Similarly, the anthocyanin-rich fraction 
yield varied slightly, ranging from 2.08 ± 0.18% in AH to 
2.36 ± 0.30% in AHC, with AJH exhibiting 2.35 ± 0.04%.

Measurement of phytochemical content
The total phenolic compounds (TPC) content in the 
anthocyanin-rich fractions from the three purple wheat 
cultivars were determined using the Folin and Ciocalteu’s 
phenol reagent method, as shown in Table  1. The high-
est phenolic content was observed in AHC with 40.43 mg 
GAE/g, followed by AH and AJH.

The total flavonoid content (TFC) of the antho-
cyanin-rich fractions from the three purple-wheat 

Table 1  Total phytochemical content of anthocyanin-rich fractions from three purple-wheat cultivars
Sample Total phenolic content

(mg of GAE/g of sample)
Total flavonoid content
(mg of QE/g of sample)

Total anthocyanin content (mg C3OG/g)

AH 37.49 ± 0.33b 16.94 ± 0.53c 1.04 ± 0.03b

AJH 32.57 ± 0.32c 19.21 ± 0.27b 0.81 ± 0.01c

AHC 40.43 ± 0.39a 20.32 ± 0.23a 1.15 ± 0.02a

Each value represents the mean ± SD from three separate experiments. Different letters indicate significant differences (p < 0.05)

AH, Ariheuk; AJH, Arijinheuk; AHC, Ariheukchal
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cultivars is summarized in Table  1. The TFC value for 
AHC (20.32 mg QE/g) was significantly higher than that 
of TPC. However, the TFC in AJH was higher than that 
in AH.

Total anthocyanin content (TAC) of anthocyanin-rich 
fractions from the three purple wheat cultivars, deter-
mined using the pH-differential method are shown in 
Table  1. The TAC was the highest in AHC (1.15  mg 
C3OG/g), followed by AH (1.04  mg C3OG/g) and AJH 
(0.81  mg C3OG/g). Notably, the anthocyanin-rich frac-
tion obtained in this study had an anthocyanin content 
approximately eight times higher than the reported 
total anthocyanin content of the “Ariheuk” cultivar 
(0.127  mg/g), as reported by the Rural Development 
Administration (RDA) [16].

Metabolomic characterization of anthocyanin-rich 
fractions from purple-wheat cultivars
Metabolomic profiling of the three purple-wheat culti-
vars was conducted using UHPLC-HESI orbitrap-MS/
MS data. The analysis was performed in the positive ion 
mode, and multivariate statistical analyses were applied 
to distinguish metabolite patterns across cultivars. Heat-
map analysis of the 266 metabolomes revealed variations 
in the relative concentrations of key metabolites among 
the three purple wheat cultivars (Fig. 1A). Further multi-
variate analyses, including principal component analysis 
(PCA), were used to identify differences in metabolites 
among the purple-wheat cultivars. The PCA results, 
illustrated by principal components 1 (PC1) and 2 (PC2), 
explained 76.6% and 21.9% of the variance, respectively, 
and displayed distinct clusters. Specifically, AHC was dif-
ferentiated from the other two cultivars based on PC1, 
whereas AH and AJH were separated by PC2 (Fig.  1B). 
Hierarchical clustering analysis (HCA) was used to 

Fig. 1  Heatmap analysis, PCA score plot and HCA of metabolites in anthocyanin-rich fractions from three purple-wheat cultivars. (A) The cultivars are 
represented by columns, and the values of the 266 detected metabolites are represented by rows. The analysis was conducted in positive ion mode using 
an Orbitrap mass analyzer. The light green and red colors indicate relatively low and high content, respectively. Nine replicates were used for metabolite 
analysis. (B) The hierarchal clustering analysis (HCA) shows that based on PC1, AHC is distinct from the other two cultivars, which accounts for 76.6% of 
the variance. Meanwhile, AH and AJH are separated based on PC2, which explains 21.9% of the variance. (C) The consistency in metabolite patterns within 
each group further confirms the distinctions observed in the PCA score plot. AH, Ariheuk; AJH, Ari-jinheuk; AHC, Ari-heukchal
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categorize cultivars based on similar metabolite profiles 
(Fig.  1C), further confirming the distinct metabolomic 
patterns.

Quantification of anthocyanins in purple-wheat cultivars
The main anthocyanins found in “Ariheuk” are cyani-
din-3-O-glucoside (C3G) and peonidin-3-O-glucoside 
(P3G) [16]. Additionally, previous studies have confirmed 
that cyanidin and peonidin are significantly more abun-
dant among the six anthocyanin types, with cyani-
din-3-glucoside being the dominant pigment (45.8%), 
followed by peonidin-3-glucoside (20.2%) and cyanidin-
3-rutinoside (6.5%) [17]. Therefore, in this study, antho-
cyanin content was quantified using the parallel reaction 
monitoring (PRM) mode. In this study, three anthocya-
nins (cyanidin-3-O-glucoside, peonidin-3-O-glucoside, 
and cyanidin-3-O-rutinoside) were quantified, along with 
cyanidin (anthocyanidin). Non-targeted metabolite anal-
ysis detected cyanidin-3-glucoside, peonidin-3-glucoside, 
cyanidin-3-rutinoside, and cyanidin (data not shown).

Cyanidin-3-O-glucoside was the primary anthocyanin 
detected across all three purple-wheat cultivars, with a 
significantly high AHC concentration (345.07 ± 4.10 µg/g) 
(Table 2). Peonidin-3-O-glucoside also had a significantly 
higher AHC content (316.43 ± 3.41  µg/g) than the other 
two cultivars.

Additionally, an OPLS-DA model was constructed 
using only the four targeted anthocyanins to assess their 
discriminative power among the cultivars. Variable 
Importance in Projection (VIP) values were calculated 
to evaluate the relative contribution of each compound. 
Peonidin-3-O-glucoside (P3OG) showed the high-
est VIP value (1.664), possibly reflecting its high abun-
dance and strong bioactivity, as further supported by 
the antioxidant and antidiabetic assay results described 
below. The VIP values of other anthocyanins, such as 
cyanidin-3-O-glucoside (0.979), cyanidin (0.492), and 

cyanidin-3-O-rutinoside (0.172), were lower than that of 
P3OG.

Antioxidant activity of anthocyanin-rich fractions
The DPPH free radical-scavenging activities of the antho-
cyanin-rich fractions are shown in Table 3. For each frac-
tion, the results were expressed as IC50 values, indicating 
the concentration required to remove 50% of the DPPH 
radicals. The IC50 values of AJH and AHC were signifi-
cantly lower than that of the cultivar AH, suggesting that 
the anthocyanin-rich fractions of AJH and AHC exhib-
ited a higher DPPH radical scavenging effect. (data not 
shown for standard ascorbic acid: 0.005–0.0002 mg/ml).

The ABTS radical-scavenging activities of the antho-
cyanin-rich fractions are shown in Table  3. AHC 
(262.13 ± 3.10 µM TE/mg) exhibited the highest ABTS 
radical scavenging potential among the three cultivars, 
significantly outperforming AJH and AH.

Oxygen radical absorbance (ORAC) values of the 
anthocyanin-rich fractions are listed in Table  3. Similar 
to the DPPH and ABTS results, the ORAC value was also 
significantly higher in AHC (2176.24 ± 52.28 µM TE/mg) 
than that in the other two cultivars.

Cytotoxicity of anthocyanin-rich fraction in HepG2 cells
The effect of the anthocyanin-rich fraction on HepG2 
cell viability was evaluated using an MTT assay. Frac-
tions from three cultivars, AH, AJH, and AHC, were 
tested at concentrations of 100, 200, and 400  µg/mL. 
HepG2 cell proliferation was considered affected if cell 
viability dropped below 80%. The cells treated with puri-
fied anthocyanin-rich fraction maintained cell viability 
above 80% (ranging from 96.63 ± 1.36% to 122.82 ± 2.51%) 
at all tested concentrations for the three cultivars. The 
three cultivars tended to increase cell viability in a con-
centration-dependent manner, which contributed to the 

Table 2  Content of signature metabolites in anthocyanin-rich fractions from three purple-wheat cultivars
Sample Cyanidin-3-O-glucoside (µg/g) Peonidin-3-O-glucoside (µg/g) Cyanidin (µg/g) Cyanidin-3-rutinoside (µg/g)
AH 231.73 ± 7.53b 103.82 ± 2.77c 36.22 ± 0.57b 52.93 ± 0.63a

AJH 227.64 ± 1.63b 173.28 ± 1.09b 60.12 ± 0.55a 48.93 ± 0.20b

AHC 345.07 ± 4.10a 316.43 ± 3.41a 36.85 ± 0.03b 48.68 ± 0.14b

Each value represents the mean ± SD from three separate experiments. Different letters indicate significant differences (p < 0.05)

AH, Ariheuk; AJH, Arijinheuk; AHC, Ariheukchal

Table 3  Antioxidant activity of anthocyanin-rich fractions from three purple-wheat cultivars
Sample DPPH

IC 50 (mg/mL)
ABTS
(µM TE/mg)

ORAC
(µM TE/mg)

AH 0.266 ± 0.01b 212.24 ± 0.46c 1515.39 ± 33.89b

AJH 0.246 ± 0.005a 219.55 ± 0.33b 1440.29 ± 9.74b

AHC 0.235 ± 0.007a 262.13 ± 3.10a 2176.24 ± 52.28a

Each value represents the mean ± SD from three separate experiments. Different letters indicate significant differences (p < 0.05)

AH, Ariheuk; AJH, Arijinheuk; AHC, Ariheukchal
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establishment of suitable concentrations for subsequent 
experiments.

Effect of anthocyanin-rich fraction on intracellular reactive 
oxygen species (ROS) levels
In this study, IR was induced by treating cells with 1 µM 
insulin in a 25 mM glucose medium. The intracellular 
ROS production level of the anthocyanin-rich fraction 
was assessed and is shown in Fig. 2.

The anthocyanin fractions from three purple-wheat 
cultivars were tested at concentrations of 100, 200, and 
400  µg/mL. AJH and AHC lead to a 50% reduction in 
intracellular ROS production compared to the con-
trol group (INS). Similarly, AH lead to a 15% reduction 
in intracellular ROS production. Although ROS did not 
decrease in a concentration-dependent manner, we found 
that the lowest ROS levels in all three cultivars occurred 
at 200 µg/mL. Therefore, further experiments were per-
formed at 200 µg/mL.

Antidiabetic activity of anthocyanin-rich fraction
The α-glucosidase inhibitory activity of anthocyanin-
rich fractions from the three purple-wheat cultivars was 
assessed at 200  µg/mL using a colorimetric method. 
AHC (1.01 ± 0.03  mg/mL) exhibited a significantly 
lower IC50 value than AH (1.17 ± 0.12 mg/mL) and AJH 
(1.15 ± 0.06  mg/mL), indicating the strongest inhibitory 
effect on α-glucosidase activity. Acarbose, a well-known 
α-glucosidase inhibitor, served as the positive control and 
had an IC50 of 0.27 ± 0.06 mg/mL (data not shown).

To evaluate the IR in HepG2 cells, a glucose uptake 
assay was conducted. A model of IR was established 
by mimicking hyperglycemia and hyperinsulinemia in 
HepG2 cell cultures. Glucose uptake analysis revealed 
that the absorption rate in the group treated with a high 
insulin concentration in a high-glucose medium was sig-
nificantly reduced compared to that in the group treated 
with low-glucose medium (Fig.  3A). These results dem-
onstrated that IR was successfully induced in HepG2 
cells under high glucose and high insulin treatment 
conditions.

Fig. 2  Intracellular ROS scavenging activity of anthocyanin-rich fractions from three purple-wheat cultivars. Insulin-resistant Hepg2 cells were treated 
with 100, 200, and 400 µg/mL for 24 h and then stimulated with insulin (100 nM) for 20 min. Subsequently, the cells were incubated with CM-H2DCFDA 
(10 µM) for 30 min and washed thoroughly with DPBS. Different letters indicate significant differences (p < 0.05). Intracellular ROS levels were expressed 
as a percentage of control cells (INS). AH, Ariheuk; AJH, Ari-jinheuk; AHC, Ari-heukchal
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The effect of the anthocyanin-rich fraction on glucose 
uptake by insulin-resistant HepG2 cells was assessed 
using a 2DG-based bioluminescent glucose uptake assay. 
Subsequently, each of the three types of anthocyanin-
rich fractions was treated at a concentration of 200  µg/
mL to measure and compare luminescence. Among the 
samples, AHC (1.26 ± 0.011) treatment resulted in the 
most significant increase in glucose uptake compared to 
the control group (Fig.  3B). Similarly, treatments with 

AJH (1.23 ± 0.002) and AH (1.15 ± 0.022) also enhanced 
glucose uptake.

The level of phospho-Akt (Ser473) was assessed and 
compared with total Akt protein levels. The results, illus-
trated in Fig.  4, suggest that the anthocyanin-rich frac-
tions from the three purple-wheat cultivars activated 
the AKT pathway. When compared to insulin treat-
ment alone, the addition of anthocyanin-rich fractions 
significantly increased the phosphorylation of Ser473 

Fig. 4  Effect of anthocyanin-rich fractions from three purple-wheat cultivars on AKT phosphorylation in HepG2 cells. Insulin-resistant Hepg2 cells were 
treated with 200 µg/mL of anthocyanin-rich fractions for 24 h and then stimulated with insulin (100 nM) for 20 min. (A) p-AKT (Ser 473) expression was 
quantified. AH, Ariheuk; AJH, Ari-jinheuk; AHC, Ari-heukchal

 

Fig. 3  Effect of anthocyanin-rich fractions from three purple-wheat cultivars on glucose uptake in HepG2 cells. (A) Glucose uptake in HepG2 cells was 
compared by incubating cells in medium with different glucose concentrations (5.5 or 25 mM) and insulin treatment (presence or absence). L-CON, 5.5 
mM glucose DMEM; L-INS, 5.5 mM glucose DMEM + Insulin 100 nm treatment; CON, 25 mM glucose DMEM; INS, 25 mM glucose DMEM + Insulin 100 nm 
treatment. (B) Quantitative analysis of glucose uptake was performed by measuring bioluminescence. Cells were treated with 1 mM 2-deoxyglucose 
(2DG), and the uptake was terminated. A detection reagent was added and incubated for 1 h, followed by luminescence measurement using a luminom-
eter. Each value represents the mean ± SD from three independent experiments. AH, Ariheuk; AJH, Ari-jinheuk; AHC, Ari-heukchal
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(Ins: 1.21 ± 0.07, AH: 1.72 ± 0.24, AJH: 2.16 ± 0.14, AHC: 
2.7 ± 0.47). Additionally, among the three cultivars, the 
expression of phospho-Akt (Ser473) was most signifi-
cantly enhanced in the AHC-treated group. This suggests 
that the anthocyanin-rich fractions, particularly AHC, 
effectively activate the PI3K/AKT signaling pathway, 
improve liver IR, and regulate glucose metabolism.

Correlation between anthocyanin content and bioactivity
As shown in the heat map (Fig.  5), peonidin-3-O-glu-
coside (P3OG) exhibited strong positive correlations 
with multiple endpoints including total flavonoid con-
tent (TFC), ABTS and ORAC antioxidant capacity, 
p-AKT(Ser473) expression, and glucose uptake. Simi-
larly, cyanidin-3-O-glucoside (C3OG) showed notable 
associations with α-glucosidase inhibition and other 
antioxidant measures. It is important to note that DPPH, 
ROS, and α-glucosidase results were expressed as IC₅₀ 
values, where lower IC₅₀ indicates higher bioactivity. 
Consequently, the negative correlations observed in these 
assays should be interpreted as strong inverse relation-
ships, suggesting that higher anthocyanin concentra-
tions lead to greater functional activity. Taken together, 
these Spearman correlation results highlight P3OG and 
C3OG as the most functionally relevant anthocyanins, 
consistent with their relative abundance in the AHC and 
AH cultivars, respectively. This provides further evidence 
supporting the contribution of specific anthocyanin pro-
files to the bioactivity of purple wheat fractions.

Discussion
In this study, anthocyanins were purified from wheat 
bran of the functional purple-wheat cultivars: Ariheuk, 
Ari-jinheuk, and Ari-heukchal, to prepare anthocyanin-
rich fractions. The crude extract was prepared using 
acidified methanol and then purified using column chro-
matography. Acidified methanol was selected as the most 
effective solvent for anthocyanin extraction [18]. Previ-
ous studies have shown that column chromatography 
is an efficient method for isolating and purifying high-
purity anthocyanins from crude extracts [19].

The antioxidant and antidiabetic activities of these 
fractions were measured, and significant metabolites 
among the cultivars were identified using LC-MS/MS 
analysis. Untargeted metabolomics analysis was ini-
tially performed because no prior studies have reported 
metabolomic differences among Korean purple wheat 
cultivars. Furthermore, the experimental samples used in 
this study were all derived from purple wheat and differed 
only in cultivar. To explore cultivar-specific metabolic 
variations, PCA and HCA were first employed as part of 
the untargeted approach. Subsequently, targeted analysis 
was conducted for four major anthocyanins known to 
be key bioactive compounds in purple wheat. The mul-
tivariate statistical analysis revealed clear differences in 
metabolite profiles among the cultivars. Although S-plots 
were used during preliminary data exploration to further 
distinguish group separation, the four targeted anthocya-
nins were consistently present in all three cultivars and 
therefore were not identified as top discriminative vari-
ables in the untargeted dataset. Accordingly, the study 
focused on visualizing and interpreting overall metabolic 
patterns through untargeted analysis and assessing the 

Fig. 5  Spearman’s correlation between major anthocyanin contents and bioactivity assay results. Peonidin-3-O-glucoside (P3OG) exhibited strong posi-
tive correlations with multiple endpoints. The results for DPPH, ROS, and α-glucosidase were expressed as IC₅₀ values; therefore, although the correlation 
coefficients may appear negative, these reflect inverse. C3OG, Cyanidin-3-O-glucoside; P3OG, Peonidin-3-O-glucoside; C3R, Cyanidin-3-O-rutinoside
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functional relevance of the four anthocyanins through 
targeted quantification. Finally, correlation analysis was 
performed between the quantified levels of these antho-
cyanins and the results of antioxidant and antidiabetic 
assays, providing additional evidence that specific antho-
cyanin profiles contribute to the bioactivity of purple 
wheat fractions.

Major anthocyanin compounds were quantified using 
the PRM mode, which isolates and fragments the target 
precursor ion while monitoring all the MS/MS fragment 
ions generated in parallel. This method provides excellent 
selectivity and sensitivity, enabling the detection of highly 
reliable quantitative results [20, 21].

Identification of the four target anthocyanins was 
based on their precursor ion m/z values, retention times, 
and characteristic MS/MS fragmentation patterns, which 
were compared against reference spectra from public 
databases including mzCloud, MoNA, PubChem, and 
MASSBANK (Table 4).

When comparing the major anthocyanin content, the 
fractions purified from normal wheat bran had barely 
detectable levels of cyanidin-3-O-glucoside and peoni-
din-3-O-glucoside. Their concentrations were approxi-
mately 29–39 times lower than those found in the AHC 
cultivar, which showed the highest levels among the pur-
ple wheat cultivars (data not shown). Therefore, this con-
firmed the successful purification of the anthocyanins.

When comparing the anthocyanin content of purple-
wheat with the quantitative amounts reported in previous 
studies [17, 22], notable differences were observed. These 
discrepancies are likely due to the influence of extraction 
and purification conditions on anthocyanin content and 
composition. Additionally, anthocyanin pigment content 
and composition can vary from year to year, even within 
the same cultivar, with significant effects arising from 
interactions among genotype, year, and location [23–25].

Among the three cultivars, AHC exhibited the high-
est TPC, TFC, and TAC content, and demonstrated sig-
nificantly greater antioxidant capacity in both ABTS and 
ORAC assays. Previous studies have shown that cultivars 

with the highest total flavonoid and anthocyanin con-
tents among various colored whole wheat cultivars tend 
exhibited high DPPH and ORAC values, indicating a cor-
relation between flavonoids and antioxidant activity [26].

Additionally, AHC and AJH reduced intracellular 
oxidative stress levels by approximately 50%. Previous 
studies have shown that elevated ROS levels in HepG2, 
induced by high glucose and insulin conditions, contrib-
ute to the development of IR [27]. Therefore, reducing 
ROS production in HepG2 cells is essential for maintain-
ing cellular function.

Oxidative stress plays a key role in various diseases, 
particularly in diabetes mellitus. It disrupts the cellular 
oxidative state and redox balance, leading to IR, beta-cell 
dysfunction, impaired glucose tolerance, and mitochon-
drial dysfunction [28].

In a previous study, anthocyanins purified from Lycium 
ruthenicum significantly reduced ROS levels in insulin-
resistant HepG2 cells, exhibiting inhibitory effects simi-
lar to that of metformin [29]. Another study found that 
treatment of HepG2 cells with cyanidin-3-O-glucoside 
led to a dose-dependent reduction in ROS levels, with a 
68% reduction at the highest dose (100 µM) [30]. These 
findings suggest that the anthocyanins in AJH and AHC, 
which significantly reduced ROS levels, effectively inhib-
ited ROS production.

The α-glucosidase inhibitory activity of AHC was 
higher than that of the other two cultivars, indicating its 
strong antidiabetic potential. In a similar study, antho-
cyanins purified from purple corn cobs showed an IC 50 
value of 1.221 ± 0.141 mg/mL for α-glucosidase inhibition 
[31], which is consistent with the antidiabetic activity 
observed in the present study.

In hepatocytes, IR is likely caused by a combination of 
pathological factors, such as hyperglycemia, hyperinsu-
linemia, advanced glycation end products, elevated free 
fatty acids and their metabolites, and oxidative stress [32]. 
These factors lead to reduced insulin sensitivity, result-
ing in decreased glucose uptake by peripheral tissues 
and diminished inhibition of hepatic glucose production. 

Table 4  Tentative identification of the key anthocyanin compounds from purple-wheat cultivars
m/z RT (min) Tentative identification MS/MS fragments Mass error (ppm)
287.0538 10.91 Cyanidin 287.05

288.05
137.02

-4.18

449.1065 8.07 Cyanidin-3-O-glucoside 287.05
288.05
137.02

-2.97

463.1219 9.18 Peonidin-3-O-glucoside 301.07
302.07
286.04

-3.42

595.1616 8.55 Cyanidin-3-rutinoside 287.05
288.08
289.05

2.68
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These findings confirmed that IR was effectively induced 
in HepG2 cells under high glucose and high insulin treat-
ment conditions.

Previous studies have shown that glucose uptake signif-
icantly increased in insulin-resistant HepG2 cells treated 
with 100 µg/mL of proanthocyanidins from Chinese bay-
berry leaves [33]. Similarly, treatment with 50, 100, and 
150 µg/mL of mulberry anthocyanin extracts in insulin-
resistant HepG2 cells induced by high glucose and pal-
mitic acid resulted in increased glucose uptake [7]. These 
findings suggest that anthocyanin-rich fractions can 
effectively increase glucose uptake by insulin-resistant 
HepG2 cells.

The PI3K/AKT signaling pathway, a crucial insulin sig-
naling pathway, promotes glucose utilization in various 
tissues, including the regulation of glucose metabolism in 
the liver, including processes, such as glycogen synthesis 
and gluconeogenesis [34].

Akt phosphorylation induces the expression and 
translocation of GLUT4 from the cytoplasm to the cell 
membrane, thereby enhancing glucose uptake [35]. The 
glucose uptake activity and Akt phosphorylation levels of 
the samples, as shown in Figs. 3B and 4, demonstrated a 
similar proportional increase to those observed in previ-
ous studies.

According to a previous study that evaluated glucose 
uptake using 2-NBDG in L6 skeletal muscle cells, treat-
ment with 20 µM of C3OG increased the glucose uptake 
rate by 78.10%, with a 4.95 times increase in p-AKT 
(Ser473)expression, showing a 2.78-fold difference in 
the upregulation rate between the two measurements 
[35]. Additionally, treatment with black soybean seed 
extract at 150  µg/mL increased the glucose uptake rate 
by 81.24%, with p-AKT (Ser473) expression increased 
by 4.12 times, resulting in a 2.27-fold difference in the 
upregulation rate between the two measurements [35]. 
In this study, the glucose uptake rate in cells treated 
with AHC increased 1.26 times, while the expression of 
p-AKT (Ser473) increased by 2.70 times. This resulted in 
a 2.14-fold difference in the upregulation rate, which is 
consistent with the findings of previous studies.

In previous studies measuring glucose uptake in 
HepG2 cells, treatment with 400  µg/mL of purple corn 
pericarp extract obtained through column purification 
increased glucose uptake by 45% [36]. The same study 
found that treatment with 100 µM P3OG and C3OG 
increased HepG2 cellular glucose uptake by 19% and 
31%, respectively. In this study, treatment with 200  µg/
mL of AHC increased glucose uptake by 26%, showing a 
similar uptake increase to those observed in a previous 
study. Additionally, in a previous study that examined the 
expression of p-AKT (Ser473) in HepG2 cells cultured in 
high-glucose medium, AKT phosphorylation increased 
by 2.79 times when treated with 50 µM of C3OG [37]. 

In this study, treatment of insulin-resistant HepG2 cells 
with 200  µg/mL of the AHC-derived anthocyanin frac-
tion increased p-AKT (Ser473) expression by approxi-
mately 2.70-fold, consistent with previous study findings. 
These findings suggest that the anthocyanin-rich fraction 
obtained from the purple wheat cultivar bran has signifi-
cant antidiabetic activity, with glucose uptake rates and 
p-AKT (Ser473) expression similar to those observed in 
previous studies. Furthermore, the anthocyanin content 
of the purified anthocyanin-rich fraction was approxi-
mately eight times higher than the total anthocyanin 
content measured by RDA, and the C3OG content was 
approximately 230 times higher [16]. These results con-
firm successful purification, which is likely a key con-
tributor to the observed antidiabetic activity of the 
anthocyanins.

AKT is a key regulator of glucose metabolism and is 
involved in various processes, including glucose trans-
port, glycogen synthesis, and inhibition of gluconeogen-
esis [38]. The phosphorylation of AKT at Ser473, which 
occurs upon PI3K activation, is a key indicator of AKT 
pathway activity [39]. Previous studies have demon-
strated that Ser473 phosphorylation serves as an indica-
tor of the antidiabetic activity of the AKT pathway [7, 
33, 40]. Future studies should further validate the anti-
diabetic activity by confirming the expression of down-
stream proteins in the AKT pathway.

In summary, this study successfully obtained anthocy-
anin-rich fractions from three purple wheat cultivars and 
evaluated their antioxidant and antidiabetic activities. A 
strong correlation was found between these activities and 
anthocyanin content. Notably, glucose uptake and AKT 
phosphorylation were the most prominent in the AHC 
fraction, followed by those in AJH and AH, reflecting the 
levels of major anthocyanins. These findings highlight a 
significant correlation between the metabolites of the 
anthocyanin-rich fraction of purple wheat and its anti-
diabetic activity. Overall, this study suggests that purple 
wheat serves as a promising functional food for the regu-
lation of blood sugar levels in humans.

Methods
Chemicals and reagents
Amberlites XAD-7HP, 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyltetrazolium bromide (MTT), and alpha-glu-
cosidase were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). High-glucose Dulbecco’s modified Eagle 
medium (DMEM) and Dulbecco’s phosphate-buffered 
saline (DPBS) were obtained from Biowest (France). Fetal 
bovine serum (FBS), penicillin-streptomycin (P/S), and 
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid 
(HEPES) were purchased from Gibco (Grand Island, NY, 
USA). Formic acid, MS-grade water, and acetonitrile 
were obtained from Thermo Fisher Scientific (Whatman, 
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MA, USA), and LC-grade methanol was obtained from 
Honeywell (Burdick & Jackson, USA). Cyanidin-3-O-
glucoside was purchased from Chemfaces (Wuhan, 
Hubei, PRC) and peonidin-3-O-glucoside was purchased 
from Extrasynthese (Genay, Rhône, France). Cyanidin 
and cyanidin-3-rutinoside were purchased from Tokiwa 
(Tokyo, Japan).

Sample Preparation
Purple-wheat cultivars “Ariheuk”, “Ari-jinheuk”, and “Ari-
heukchal” were provided by the RDA of Korea in 2022 
and stored at 4 ℃ until processing. Anthocyanins were 
isolated and purified as previously describe [17], with 
some modifications. The wheat grains were ground using 
a Roll mill (DK104, Korea) and sifted through a 40-mesh 
(425  μm) sieve. Each sample was mixed with n-hexane 
(1:15, v/v) and stirred for 2 h. The defatted samples were 
dried overnight under a fume hood and stored at -50 ℃. 
Samples (20  g) were extracted with acidified methanol 
(0.1% HCl in 80% methanol) at a 1:8 (w/v) ratio using 
bath sonication (3150 R-DTH sonicator, Branson, MO, 
USA) for 30 min, three times. Extracts were centrifuged 
at 20,001 × g for 10 min, filtered through Whatman No.1 
filter paper (GE Healthcare, UK), and stored at -20 °C for 
24 h to precipitate heavier molecules. The extracts were 
subjected to repeated centrifugation and filtration. They 
were then concentrated using rotary vacuum evaporation 
at 36 °C (Eyela, Tokyo, Japan).

Purification of anthocyanin-rich fraction
Fifty grams of ion-exchange resin (Amberlites XAD-7HP; 
particle size 20–60 mesh) was loaded into a glass column 
tube (2.2  cm x 30  cm) and swollen with methanol. The 
vacuum-concentrated acid-methanol phase was loaded 
onto the column. Next, the column was rinsed with 1 L 
of distilled water to remove sugars and organic acids. The 
anthocyanin components adsorbed onto the resin were 
eluted with 300 mL of acidified methanol (0.1% HCl in 
80% methanol). The eluted anthocyanin fraction was 
concentrated using a rotary vacuum evaporator at 36 ℃, 
followed by speed-vac drying to yield an anthocyanin-
rich fraction. The extracts were stored at -50 ℃ until use.

LC-MS/MS analysis
Compound analysis of the purple wheat cultivar-derived 
anthocyanin-rich fractions was performed using an 
UHPLC-HESI-Orbitrap MS/MS system. Specifically, 
compound analysis was performed with a Vanquish 
UHPLC system coupled to a Q Exactive™ Orbitrap MS/
MS system (Thermo Scientific, Waltham, MA, USA), 
using a Thermo Hypersil Gold AQ C18 column (1.9 μm 
internal 100 × 2.1  mm) at 36 ℃ for chromatographic 
separation. The following gradient elution program was 
employed using 0.1% formic acid in water (A) and 0.1% 

formic acid in acetonitrile (B): 0–2 min, 5% B; 2–20 min, 
5–40% B; 20–21  min, 40–90% B; 21–21.5  min, 90% B; 
21.5–22 min, 90–5% B; 22–25 min, 5% B. The sample (5 
µL) was injected into the system at a flow rate of 0.3 mL/
min. Full MS scans were performed for each target com-
ponent in positive ionization mode, with a scan range of 
100–1200 m/z at a spray voltage of 3.80 kV.

Data processing and statistical analysis
LC-MS/MS data for anthocyanin profiling of the frac-
tions obtained from purple-wehat cultivars were pro-
cessed using Compound Discoverer 3.1 (Thermo Fisher 
Scientific, USA) with the following parameters: reten-
tion time of 0–25  min, alignment mass tolerance of 5 
ppm, and a minimum peak intensity of 1 × 107. All raw 
data were filtered based on spectral properties using a 
signal-to-noise ratio threshold of > 3, followed by feature 
grouping parameters set to a retention time tolerance of 
≤ 0.2  min. To support accurate compound annotation, 
the identities of target anthocyanin peaks were verified 
prior to quantification using external databases such as 
mzCloud (https://www.mzcloud.org/), MoNA (​h​t​t​p​​s​:​/​​
/​m​o​n​​a​.​​f​i​e​​h​n​l​​a​b​.​u​​c​d​​a​v​i​s​.​e​d​u​/), MASSBANK ​(​​​w​w​w​.​m​a​s​
s​b​a​n​k​.​j​p​​​​​)​, and PubChem (​h​t​t​p​s​:​​​/​​/​p​u​b​c​h​​e​​m​​.​n​c​b​​​i​.​n​​​l​​m​.​n​​
i​h​.​g​o​v) in combination with relevant literature. Data ​a​n​
a​l​y​s​i​s included heat map visualization and multivariate 
statistical analysis using SIMCA 17.0 (Umetrics, Umeå, 
Sweden).

The mean ± standard deviation (SD) of nine indepen-
dent replicates is presented. Statistical analyses were per-
formed using SPSS (version 12.0; IBM SPSS Statistics, 
Chicago, IL, USA), applying Duncan’s test with p < 0.05 in 
one-way ANOVA. Anthocyanin profiling was conducted 
using SIMCA 17.0, with data analysis including principal 
component analysis (PCA) and hierarchical cluster analy-
sis (HCA) to identify differences and similarities among 
the samples.

To evaluate the relationship between anthocyanin 
content and the observed biological activities, a Spear-
man’s rank correlation analysis was performed using the 
quantified peak areas of four major anthocyanins and 
the corresponding values from antioxidant and antidia-
betic assays. Spearman’s correlation, a non-parametric 
statistical method, is suitable for identifying monotonic 
relationships between variables without assuming nor-
mal distribution. This method was chosen to account for 
potential non-linear associations and to ensure analytical 
robustness in interpreting biological relevance.

Phytochemical content measurement
The total phenolic content (TPC) in the purple-wheat-
derived anthocyanin-rich fractions was assessed using a 
modified Folin & Ciocalteu method [41]. A reaction mix-
ture was prepared by dissolving the sample in 0.2 M Folin 

https://www.mzcloud.org/
https://mona.fiehnlab.ucdavis.edu/
https://mona.fiehnlab.ucdavis.edu/
http://www.massbank.jp
http://www.massbank.jp
https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov
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& Ciocalteu’s reagent and 10% Na2CO3. The mixture was 
incubated at 37 ℃ for 1 h and absorbance was measured 
at 750 nm using a nanophotometer (IMPLEN, München, 
Germany). The TPC was calculated using gallic acid as 
a reference standard and expressed as mg of gallic acid 
equivalent (GAE) per g dry weight for each extract.

The total flavonoid content (TFC) of the anthocyanin-
rich fractions was determined using an aluminum chlo-
ride (AlCl3) colorimetric method, with quercetin as the 
reference standard [42]. A solution containing the diluted 
sample and distilled water was prepared, mixed with 5% 
NaNO2, and allowed to stabilize for 5  min. Next, 10% 
AlCl3 was added, and the mixture was incubated for 
6 min. Finally, 1 M NaOH and distilled water were added. 
The absorbance was measured at 415 nm using a nano-
photometer (IMPLEN, München, Germany). The TFC 
was expressed as mg quercetin equivalent (QE) per g dry 
weight for each extract.

TAC was assessed using the pH differential method 
[22]. The samples were diluted with 25 mM potassium 
chloride buffer (pH 1.0) and 0.4  M sodium acetate buf-
fer (pH 4.5). The mixtures were allowed to equilibrate 
for 30 min before measuring the absorbance at 520 and 
700 nm.

Cell culture
HepG2 (HB-8065) cells, a human liver cancer cell line, 
were cultured in high glucose DMEM (containing 10% 
FBS, 1% penicillin-streptomycin, and 1% HEPES) and 
incubated at 37  °C and 5% CO2. The cells were main-
tained at approximately 70–80% confluence and passaged 
by washing with DPBS followed by detachment with 
trypsin. Subcultures were seeded at a density of 8.0 × 105 
cells in 6 cm cell culture dishes.

In vitro model for IR
The IR cell model was established as previously described 
[33, 43], with some modifications. When HepG2 cells 
reached 70–80% confluence, the medium was replaced 
with serum free DMEM containing 4.5 g/L glucose and 1 
µM insulin and the cells were further incubated for 24 h 
to induce IR. Subsequently, IR-HepG2 cells were treated 
with anthocyanin fractions at different concentrations 
(100, 200, 400  µg/mL) for 24  h, followed by treatment 
with 100 nM insulin for 20 min. Subsequently, a series of 
measurements were conducted.

Evaluation of cytotoxicity
Cytotoxicity was assessed using the MTT assay. HepG2 
cells were seeded at a density of 1.0 × 104 cells/well in 
96-well plates and incubated for 24  h. Samples were 
prepared by diluting the DMSO-dissolved extracts in 
DMEM, followed by incubation for 20 h. Treatment con-
centrations were 100, 200, and 400  µg/mL per extract. 

MTT reagent (1  mg/mL in DPBS, 20 µL) was added to 
each well and the cells were incubated for 4 h. Next, the 
medium was removed from all wells, and the formazan 
crystals were dissolved in 200 µL DMSO. Absorbance 
was measured at 570 nm using a microplate reader, and 
cytotoxicity was calculated relative to the viability of the 
control.

Evaluation of antioxidant activity
To evaluate the ability of the sample to scavenge pre-
formed radicals, an in vitro DPPH assay was conducted 
[44]. Ascorbic acid (0.01–0.04 mM) served as a positive 
control. A 0.2 mM DPPH stock solution in methanol was 
prepared and stored in the dark. In a 96-well plate, the 
sample or ascorbic acid was mixed with the DPPH stock 
solution. The plate was incubated in the dark at 37 °C for 
30 min, and absorbance was measured at 517 nm every 
5 min using a microplate reader (SpectraMax M2, Molec-
ular Devices, USA).

ABTS radical scavenging activity was assessed using a 
colorimetric method [45]. The ABTS cation radical was 
formed by reacting 2.4 mM potassium persulfate with 7 
mM ABTS solution and incubation in the dark for 16 h. 
The working solution was diluted with distilled water to 
an absorbance of 0.7 ± 0.02 at 734 nm. The sample frac-
tion and ABTS reagent were mixed and incubated in the 
dark for 30 min, and absorbance was measured at 734 nm 
using a microplate reader.

The Oxygen Radical Absorbance Capacity (ORAC) 
assay was performed using a modified method [46]. All 
chemicals and samples were dissolved in 75 mM phos-
phate buffer (pH 7.0). In a black 96-well plate, 3 µM fluo-
rescein sodium salt and the sample were pre-incubated 
in the dark for 15  min at 37  °C. AAPH (221 mM) was 
then added, and fluorescence was recorded for 90  min 
at 1-min intervals (excitation at 485 nm and emission at 
535  nm). Trolox (10–50 µM) was used as the standard 
antioxidant. ORAC was calculated based on the area 
under the curve (AUC) at 90 min.

Intracellular ROS levels
Intracellular ROS production was detected using the cell-
permeant fluorogenic probe CM-H2DCFDA (Invitrogen, 
Carlsbad, CA, USA) as previously described [27], with 
some modifications. HepG2 cells were seeded in 96-well 
plates at 1 × 104 cells/well and incubated for 3 d. Follow-
ing incubation, the cells were subjected to IR induction 
and sample treatment as described. After insulin treat-
ment, cells were washed with DPBS, treated with 10 µM 
CM-H2DCFDA, and incubated for 30 min. The cells were 
then rinsed three times with DPBS and resuspended in 
DPBS. Fluorescence was recorded at excitation and emis-
sion wavelengths of 492 and 522  nm, respectively. ROS 
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production was quantified and expressed as a percentage 
of control cells.

Evaluation of antidiabetic activity
α-Glucosidase inhibitory activity
The α-glucosidase inhibitory activity of anthocyanin-rich 
fractions was measured as previously described [47], with 
slight modifications. The sample, α-glucosidase enzyme 
solution (1.5 U/mL), and 50 mM potassium phosphate 
buffer (pH 6.8) were combined in a 96-well plate and pre-
incubated at 37 °C for 5 min. After pre-incubation, 2.5 M 
pNPG (4-nitrophenyl α-D-glucopyranoside) was added, 
and absorbance was measured at 405  nm every minute 
for 20 min.

Glucose uptake assay
Glucose uptake was measured using the Glucose Uptake-
Glo™ Assay kit (Promega, Madison, WI, USA), accord-
ing to the manufacturer’s instructions. IR was induced in 
HepG2 cells as previously described. After insulin treat-
ment, 1 mM 2-DG (2-deoxyglucose) was added to each 
well, and the plate was incubated for 10 min at 25 °C The 
reaction was stopped by adding STOP buffer, followed 
by the addition of neutralization buffer and 2-DG6P 
detection reagent. After 1 h of incubation, luminescence 
was measured using a luminometer (GloMax® Discover 
Microplate Reader, Promega). Glucose uptake rates were 
compared between the low glucose-treated groups.

Western blotting for Akt expression for insulin signaling
Western blotting was performed to analyze the effect of 
the samples on insulin signaling via the PI3K/AKT path-
way. HepG2 cells (8 × 105) were seeded in 6  cm dishes 
with high-glucose DMEM (25 mM). When the cells 
reached 70–80% confluence, IR was induced and samples 
were processed as described above cell culture method. 
The cells were rinsed with cold PBS, incubated on ice for 
30 min, and lysed in RIPA buffer containing 1% protease 
and phosphatase inhibitors. The lysates were sonicated in 
ice-cold water for 30 s and then centrifuged at 16,000 × g 
for 15 min at 4 °C. The supernatants were collected. Pro-
tein (30 µg) from each sample were subjected to 8% SDS-
PAGE, transferred onto a PVDF membrane (Invitrogen), 
and blocked with 5% BSA in TBST for 90 min. The mem-
brane was incubated with primary antibodies (β-actin, 
Akt, p-Akt Ser473) at 4  °C for 24 h, washed with TBST, 
and exposed to secondary antibodies (anti-mouse IgG-
HRP, anti-rabbit IgG-HRP) for 2 h at room temperature. 
Proteins were visualized using enhanced chemilumines-
cence (ECL) solution (Bio-Rad), detected with Amer-
sham ImageQuant 800 (Cytiva), and quantified using 
ImageQuantTL (ver. 10.2; Cytiva).
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