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The dual epidemic of obesity and diabetes mellitus is becoming an important worldwide public health issue. “Diabesity” is the term used to describe the combined detrimental health effects of both diabetes mellitus and obesity/overweight. Currently, food-derived bioactive compounds are suggested to alleviate diabesity. Blueberries are rich in bioactive anthocyanins, which are associated with contributing to preventing obesity and diabetes mellitus. However, the accurate active compounds and the underlying mechanism are still unclear. The objective of this study was to investigate the beneficial effects of blueberry anthocyanin on diabesity. In total, five anthocyanins (delphinidin-3-O-galactoside, delphinidin-3-O-glucoside, petunidin-3-O-galactoside, petunidin-3-O-glucoside, and malvidin-3-O-galactoside) were isolated from rabbiteye blueberry (Vaccinium virgatum) cultivar “Garden blue.” All these anthocyanins exhibited oxygen radical absorbance capacity (ORAC), scavenging power of ABTS+, and DPPH-free radical and inhibitory activity of α-glucosidase in vitro. Moreover, some compounds improved glucose uptake and attenuated lipid accumulation in high glucose and oleic acid-treated HepG2 cells. All these results suggest that blueberry anthocyanins have potential antioxidant, hypoglycemic, and hypolipidemic effects, which may benefit the treatment of diabesity.
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Introduction

The dual epidemic of obesity and diabetes mellitus is becoming an important worldwide public health issue. The prevalence of obesity has been on the rise in the past decades. By 2030, it is predicted by the WHO that 38% of adults worldwide will be overweight and 20% of them will be obese (1). Increased adiposity, which is frequently associated with multiple chronic comorbidities, is looked at as the strongest risk factor for developing type 2 diabetes mellitus (T2DM) (2). According to the International Diabetes Federation (IDF), the global diabetic patients aged 20–79 years are estimated to be 536.6 million in 2021, of which T2DM accounts for approximately 90% of the total (3). “Diabesity” is a term used to describe the combined detrimental health effects of T2DM and obesity/overweight (4). The presence of diabesity enhances the risk of numerous complications including retinopathy, nephropathy, neuropathy, cardiovascular diseases, stroke, and liver diseases such as non-alcoholic fatty liver disease (5). Bariatric surgery is a therapeutic approach for diabesity that results in diabetes remission and marked weight loss. However, it is invasive, expensive, and unacceptable to many patients. Managing diabesity remains a global challenge.

Currently, food-derived bioactive compounds are suggested to alleviate diabesity for their low toxicity, and no severe adverse events correlated with pharmacotherapeutic agents. Anthocyanins are kinds of naturally occurring polyphenolic compounds widely distributed in plant-based daily diets, including fruits, vegetables, and pigmented cereals (6). Natural anthocyanins are not only natural pigments, but they can offer beneficial effects on human health. Several related studies indicated that anthocyanins might have important implications in preventing obesity and type 2 diabetes (7, 8).

Blueberry is considered to be a “super fruit” due to its abundant anthocyanins. Previous studies have shown that regular, moderate intake of blueberries and/or blueberry extracts could reduce the risk of cardiovascular disease and T2DM and improve weight maintenance and neuroprotection (9). Although blueberry anthocyanins were reported to have hypoglycemic and hypolipidemic effects in both in vitro and in vivo assays due to the lack of commercial anthocyanin standards, few studies have been carried out to investigate pure individual anthocyanin for their therapeutic effects on diabesity. The accurate active compounds and the underlying mechanism are still not clear.

Therefore, in this study, five dominant anthocyanin compounds were isolated from blueberry “garden blue.” The antioxidant properties and anti-hypoglycemic and hypolipidemic activities of these anthocyanins were tested and compared in vitro. The results may indicate the active compounds and the potential mechanism of blueberry for the treatment of diabesity.



Materials and methods


Chemical and reagents

Acetonitrile, methanol, and formic acid (HPLC grade) were obtained from Tedia Co. Inc. (Fairfield, OH, USA). Ethanol and phosphoric acid were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Folin-Ciocalteu's phenol reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), α-glucosidase (from Saccharomyces cerevisiae), 4-nitrophenyl-α-D-glucose (p-NPG), and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Sodium fluorescein, 2,2′-azobis-2-amidino-propane (AAPH), metformin (Met), oleic acid (OA), and 2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose (2-NDBG) were obtained from Aladdin (Shanghai, China). The assay kits of triglycerides (TG), total cholesterol (TC), and oil-red-O staining were obtained from Jiancheng Bioengineering Institute (Nanjing, China). The BCA assay kit was obtained from Biosharp (Hefei, China). Dulbecco's modified Eagle's medium (DMEM), penicillin-streptomycin, and fetal bovine serum (FBS) were purchased from Invitrogen-Gibco (Grand Island, NY). The chemicals and reagents used in this study were all of pure analytical grade.



Extraction and purification of blueberry anthocyanin

Rabbiteye blueberry (Vaccinium virgatum) cultivar “garden blue” was harvested from the Baima plantation (Nanjing, Jiangsu province, China). The taxonomic classification was carried out by Prof. Weilin Li. The voucher specimens (No. 20220715) have been deposited in the Institute of Botany, Jiangsu Province, and the Chinese Academy of Sciences, Nanjing (China). Fresh blueberry fruit (5.0 kg) was extracted by ultra-sonication with 50% ethanol containing 0.1% formic acid (v/v) at room temperature. The ethanol solutions were concentrated under a vacuum. The supernatant was obtained by centrifugation at 4°C at 10,000 rpm for 10 min and purified with AB-8 macroporous resin. After elution with pure water to be sugar-free (sulfuric acid-phenol method), the total extract of anthocyanins (BBA) was obtained by elution with 50% ethanol containing 0.1% formic acid and concentrated under vacuum.

The BBA was further purified by the octadecylsilyl (ODS) column using MeOH/H2O (containing 0.1% formic acid) in a gradient manner to obtain 16 fractions (Frs.1–16). The desired fractions were purified by preparative HPLC (ODS-AQ, 200 × 20 mm, 5 μm). Fr.1 was purified using acetonitrile (ACN)/H2O (9.5:90.5, v/v) to yield BB1 (18 mg). Fr. 3 was chromatographed using HPLC with ACN/H2O (10:90, v/v) to yield BB2 (13 mg). Fr. 7 was separated using ACN/H2O (11:89, v/v) to yield BB3 (16 mg). Frs. 11 was separated using ACN/H2O (12:88, v/v) to yield BB4 (25 mg) and BB5 (19 mg) successively. All the fractions were monitored by HPLC prior to NMR analysis. HR-ESI-MS data were obtained using an Agilent 6530 accurate-mass quadrupole time-of-flight system (Agilent, USA). Fractions were dissolved in CD3OD: CF3CO2D (9:1), and 1H and 13C NMR spectra were obtained using AVANCE III 600M Hz spectrometers (Bruker Instruments, Karlsruhe, Germany).

HPLC was performed on a Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific Inc., Germany), equipped with a quaternary solvent delivery pump, an autosampler, a DAD detector, and a Chameleon workstation. An Inertsil ODS-SP (4.6 × 250 mm, 5 μm) analytical column was used, and the column temperature was maintained at 35°C. The mobile phase consisted of acetonitrile (A) and water (containing 0.34% phosphoric acid) (B) with linear elution (0–15 min, 90–85% B; 15–30 min, 85–70% B; 30–35 min, 70–60% B; 35–36 min, 60–10% B; 36–41 min, 10% B; 41–42 min, 10–90% B, and 42–47 min, 90% B). The flow rate was 1 ml·min−1, and anthocyanins were detected at 520 nm.



Measurement of antioxidant capacity

DPPH assay was determined according to the reported method (10). The tested compounds were dissolved in ethanol and diluted to a series of concentrations to be used as test solutions. A total of 100 μl 0.16 mmol/L DPPH in methanol (5 mg/100 ml) was mixed with 100 μl of the test solution. The absorbance was measured after 30 min at 517 nm. A blank sample containing 100 μl of methanol in the DPPH solution was measured. The same procedure was followed for the positive control, ascorbic acid. All samples were analyzed in triplicate at five different concentrations around the EC50 values.

The ABTS assay was performed as the reported method (10). Briefly, ABTS+ radical cation was prepared by mixing a 7 mM aqueous stock solution of ABTS+ and 2.6 mM potassium peroxydisulfate. The reaction mixture was stored in the dark at room temperature for 12 h prior to use. The ABTS+ radical cation solution was diluted with methanol to an absorbance of 0.70 ± 0.02 at 734 nm. Then, 50 μl of the test solution was added to 200 μl of the ABTS+ radical cation solution. After 6 min, the absorbance was measured at 734 nm. A blank sample containing ABTS+ solution was measured. All the samples were analyzed in triplicate at five different concentrations around the EC50 values.

The oxygen radical absorbance capacity (ORAC) assay was performed according to the reported method with slight modifications (11). The assay was carried out in black-walled 96-well plates. Tested compounds were dissolved in 75 mM phosphate buffer (pH 7.4). In total, 20 μl sample and 20 μl Trolox solutions (1.25, 2.5, 5, or 10 μM) were mixed with 20 μl sodium fluorescein (63.0 nM final concentration) and preincubated for 5 min at 37 °C. After then, 140 μl APPH solution (12.8 mM final concentration) was added, and the fluorescence was recorded for 60 min at excitation filter 485 nm and emission filter 535 nm, respectively. A blank sample containing 20 μl of phosphate buffer in the reaction mix was prepared and measured. The area under the curve (AUC) was calculated for each sample by integrating the relative fluorescence curve. The net AUC of the sample was calculated by subtracting the AUC of the blank. The regression equation between net AUC and series concentration of Trolox was determined to establish a standard curve, and ORAC values were expressed as μmol Trolox equivalents/μmol samples using the standard curve established previously. All samples were analyzed in triplicate.



Assay for α-glucosidase inhibitory activity

The α-glucosidase inhibitory activity was determined as previous methods with slight modifications (12). In short, the diluted sample working solution (1 μl) was added to 3 μl of α-glucosidase (0.5 U/ml in 0.1 M sodium phosphate buffer, pH 6.9) and 156 μl of 0.1 M sodium phosphate buffer (pH 6.9). Then, the mixture was incubated at 37°C for 20 min, and 40 μl of 1.5 mM p-NPG (dissolved in 100 mM sodium phosphate buffer, pH 6.9) was added and incubated for 20 min. Absorbance was measured by a microplate reader (Molecular Device, Sunnyvale, CA, USA). A complete reaction mixture without a sample was used as the control. Three parallel operations were performed. All the samples were analyzed in triplicate at five different concentrations around the IC50 values.



Cell culture

Human hepatocellular carcinoma (HepG2) cells were obtained from Fuheng Cell Center (Shanghai, China) and incubated in normal D-glucose DMEM supplemented with 100 IU·ml−1 penicillin, 0.1 mg·ml−1 streptomycin, and 10% (v/v) heat-inactivated FBS in an incubator (5% CO2 and 37°C).



Measurement of cell viability

Cellular viability was determined by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltet-razolium Bromide (MTT) assay (13). HepG2 cells were seeded in 96-well plates at a density of 1 × 104 cells/well and incubated for 24 h. To test the cell viability effect of BB1-BB5 in HepG2 cells, the cells were treated with different concentrations (25, 50, and 100 μM) of each compound. After being treated with samples for 12 h, media was discarded and cells were incubated with the MTT solution (Sigma-Aldrich, St Louis, MO, USA, 0.5 mg/mL) for 4 h. After incubation, the MTT solution in each well was removed, and the formazan product was solubilized in 150 μl of DMSO. The absorbance was measured at 570 nm by a Molecular Devices Spectra Max Plus automatic plate reader (Molecular Device, Sunnyvale, CA, USA) to determine cell viability.



Cell treatment

HepG2 cells were starved in DMEM with 2% FBS for 9 h. To establish an in vitro model of diabesity, cells were stimulated with high glucose (36 mM glucose) and 0.25 mM OA for 12 h according to our previous study (14). Then, BB1-BB5 (50 and 100 μM) and Met (100 μM) were added for another 12 h. OA or BB1-BB5 was dissolved in DMSO and added to HepG2 cells in DMEM, and the final DMSO concentration received by the cells was 0.1% (v/v).



Measurement of glucose uptake capacity

After the model was established, HepG2 cells were treated with BB1-BB5 (50 and 100 μM in low and high doses, respectively) for 12 h. 2-NBDG, a fluorescent deoxyglucose, was added to measure glucose uptake (15). The culture solution was discarded, and 2-NBDG (100 μM, diluted in DMEM without serum) was added and incubated again for 40 min. The culture solution was discarded and washed 3 times with PBS, and the fluorescence intensity was read at excitation filter 465 nm and emission filter 540 nm. In total, eight parallels were set up for each sample.



Measurement of lipid accumulation

After the model was established, HepG2 cells were treated with BB1–BB5 (50 and 100 μM in low and high doses, respectively) in 6-well plates for 12 h. The culture solution was discarded, and 200 μl of RIPA lysis buffer was added after three washes with PBS and placed on a shaker for 10 min. The cell contents were homogenized and centrifuged (4°C, 10,000 rpm) to extract the supernatant. The TC and TG level in HepG2 cells were tested using the commercial kit by glycerol phosphate oxidase (GPO)-peroxidase (PAP) method based on several enzyme-driven reactions. The end product, hydrogen peroxide, which can be oxidatively coupled with 4-aminoantipyrine and phenol in the presence of peroxidase to yield a chromogen, was measured at 500 nm (16). In total, eight replicates were set for each sample.



Oil-red-O staining

After the model was established, HepG2 cells were treated with BB1–BB5 (50 and 100 μM in low and high doses, respectively) in 6-well plates for 12 h. After treatment, in order to detect and quantify cellular lipid accumulation, cells were washed two times with PBS and fixed with 4% paraformaldehyde for 30 min in darkness. Subsequently, cells were stained with a freshly prepared working solution of oil-red-O for 30 min. Then, the cells were washed with 60% isopropanol solution for 5 min and observed under a microscope (Nikon, Tokyo, Japan).



Statistical analysis

All data were expressed as the mean ± standard deviation (SD) of at least three independent experiments. The plots were obtained using GraphPad Prism version 8 (GraphPad Software, Inc., CA, USA). One-way analysis of variance (ANOVA) and Duncan's multiple range tests were performed to determine statistical differences between groups. Differences were considered statistically significant at a p-value of < 0.05.




Results and discussion


Isolation and identification of anthocyanins from blueberry

Five anthocyanins isolated from blueberry were identified by MS and NMR spectroscopic data as follows: delphinidin-3-O-galactoside (BB1), delphinidin-3-O-glucoside (BB2), petunidin-3-O-galactoside (BB3), petunidin-3-O-glucoside (BB4), and malvidin-3-O-galactoside (BB5), respectively (Figure 1).
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FIGURE 1
 HPLC chromatogram of blueberry ethanol extract (A) and five anthocyanin compounds isolated from blueberry (BB1-BB5) detected at 520 nm (B) with their chemical structures (C). BB1, delphinidin-3-O-galactoside; BB2, delphinidin-3-O-glucoside; BB3, petunidin-3-O-galactoside; BB4, petunidin-3-O-glucoside; BB5, malvidin-3-O-galactoside.




Antioxidant capacity

Oxidative stress is an imbalance between the prooxidant and antioxidant homeostasis that may lead to the development of oxidative damage. Diabesity patients usually show impaired antioxidant defenses and increased levels of inflammatory cytokines. Several studies have shown a strong association between the altered redox state, obesity, and diabetes (17). Antioxidants have been reported to reduce the risk of diabetes and obesity onset and improve some of the associated complications (18). A number of natural antioxidants have been tested for developing new therapeutic agents in the treatment of diabesity (19).

Various chemical tests have been used to evaluate antioxidant activity. Most of these tests are designed to measure the transfer of the hydrogen atom or electrons from antioxidants to different free radicals. In this study, the ORAC assay mainly evaluates the protection afforded by the test sample to a target molecule (FL) against oxidation by the peroxyl radicals induced by AAPH, and the scavenging capacity of DPPH and ABTS free radicals assay was used to evaluate the antioxidant capacity of blueberry anthocyanins. The results presented in Table 1, all five blueberry anthocyanins (BB1-BB5), show the scavenging power of both DPPH and ABTS+ free radicals, and their free radical scavenging concentration EC50 values were significantly lower than that of ascorbic acid. Among these compounds, malvidin-3-O-galactoside (BB5) possessed the highest scavenging capacity followed by delphinidin-3-O-galactoside (BB1). ORAC values varied from 9.44 to 13.23 μmol Trolox equivalent per μmol of anthocyanins. Delphinidin-3-O-galactoside (BB1) showed the highest antioxidant capacities followed by malvidin-3-O-galactoside (BB5). It seemed that malvidin-type anthocyanin had the strongest scavenging capability of DPPH and ABTS free radicals, followed by delphinidin-type and petunidin-type anthocyanins. Delphinidin-type and malvidin-type anthocyanins exhibited more significant oxygen radical absorbance capacity than petunidin-type anthocyanins. The anthocyanidin galactoside appeared to have stronger antioxidant capability than that of their glucoside. Previous research studies suggested that the high content of anthocyanins might be the major contributor to the antioxidant activity of blueberries (20). Our results confirmed that blueberry anthocyanins were the potential active compounds for the antioxidant property of blueberry. Further antioxidant tests in cell lines and even in animal models should be carried out to confirm their antioxidant capacity.


TABLE 1 DPPH and ABTS radicals scavenging activities of BB1-BB5.
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α-Glucosidase inhibition assay

α-Glucosidase digests the dietary carbohydrates and increases the postprandial glucose. Inhibiting this enzyme results in slower absorption of glucose and reduces postprandial glucose (21). In this study, five blueberry anthocyanins were tested for their inhibitory power of α-glucosidase in vitro. As shown in Table 2, five anthocyanins displayed potential in inhibiting α-glucosidase with IC50 from 68.33 to 218.2 μM. Delphinidin-3-O-galactoside (BB1) exhibited the strongest inhibitory activity followed by petunidin-3-O-galactoside (BB3), while their inhibitory activities were lower than acarbose. Results suggested that delphinidin-type and petunidin-type anthocyanins showed stronger α-glucosidase inhibitory activity than malvidin-type anthocyanins; in addition, the anthocyanidin galactoside showed a more remarkable effect than their glucoside. α-Glucosidase inhibitors, such as acarbose and miglitol, showed a reduction in postprandial glucose with an increase of insulin sensitivity in clinical studies and had been used in the treatment of type 2 diabetes and pre-diabetic states (21). The blueberry anthocyanins had the potential to inhibit α-glucosidase and may have a positive impact on glycemic control.


TABLE 2 Inhibitory activity of BB1-BB5 on α-glucosidase.
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Cytotoxic effects of BB1-BB5 on HepG2 cells

To avoid cytotoxicity, the survival rate of cells treated with different concentrations (25, 50, and 100 μM) of five anthocyanins (BB1-BB5) was determined by the MTT cell viability assay. As shown in Figure 2A, none of the five anthocyanins exhibited significant cytotoxicity compared with the control group.
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FIGURE 2
 Effect of BB1-BB5 (25, 50, and 100 μM) on cell viability of HepG2 cells (A). Cellular glucose uptake capacity by measuring the fluorescence intensity of 2-NBDG in HG-OA (36 mM glucose and 0.25 mM OA) stimulated HepG2 cells after treatment of low dosage (50μM, L) and high dosage (100 μM, H) of BB1-BB5, 100 μM of metformin (MET) was used as a positive control (B). Low dosage (50 μM, L) and high dosage (100 μM, H) of BB1-BB5 alleviated lipid accumulation in HG-OA stimulated HepG2 cells. Levels of total cholesterol (TC) and triglycerides (TG) were measured (C, D), and Oil-red-O staining was used to detect lipid droplets (200× magnification) in HG-OA stimulated HepG2 cells (E). The results are the mean ± SD (n = 8). ###p < 0.001 vs. control group (C). ***p < 0.001, **p < 0.01 and *p < 0.05 vs. model group (M).




Glucose uptake assay

2-NBDG as a fluorescent glucose derivative can be used to assess the ability of cells to take up glucose (22). The fluorescence absorbance of HepG2 cells treated with high glucose and OA (HG-OA) was decreased by 12.7% compared to the blank control group, indicating a significant reduction (p < 0.001) in cellular glucose uptake capacity. A significant increase (p < 0.001) in fluorescence absorbance was observed after treatment with delphinidin-3-O-glucoside (BB2, 100 μM), petunidin-3-O-galactoside (BB3, 50 and 100 μM), petunidin-3-O-glucoside (BB4, 100 μM), and malvidin-3-O-galactoside (BB5, 50 and 100 μM) for 12h compared with HG-OA treated HepG2, suggesting remarkable recovery of cellular glucose uptake capacity (Figure 2B). Relatively speaking, petunidin-type and malvidin-type anthocyanins induced more notable glucose uptake activity than delphinidin-type anthocyanins.

It is well known that the liver plays a crucial role in metabolic homeostasis. It is the main place for the metabolism, synthesis, and redistribution of carbohydrates, glucose, and lipids. HepG2 cell is a human hepatocellular carcinoma cell line that retains many metabolic functions of hepatocytes, and the HepG2 cell line was commonly used as a model to study glucose uptake measurements (14). Many studies provided that the intake of blueberry is strongly associated with T2DM risk reduction (9). Blueberry treatment could decrease the blood glucose level and improve glucose tolerance in the animal model (23). In this study, four blueberry anthocyanins significantly restored the decreased glucose uptake capacity induced by high glucose and OA in HepG2 cells. These results suggested that blueberry anthocyanins might have a potential hypoglycemic effect by improving glucose uptake in the liver.



Effect of BB1-BB5 on lipid accumulation

The liver is the central organ in the regulation of systemic lipid metabolism. The liver accrues fatty acids by hepatocellular uptake from the plasma and by de novo biosynthesis. Under normal circumstances, the liver stores only small amounts of fatty acids as triglycerides. During the progression of diabesity, hepatic carbohydrate and lipid biosynthesis become elevated, thus contributing to hyperglycemia and hypertriacylglycerolemia (24).

Oleic acid (OA) is an unsaturated fatty acid used to induce the dyslipidemia model in HepG2 cells. It is reported that OA exposure in cultured hepatocytes can evoke hepatic steatosis. OA-treated HepG2 cells were used for determining the effect of compounds on lipid metabolism and the underlying mechanism (23). In this study, 36 mM glucose and 0.25 mM OA induced a significant elevation in intracellular TC and TG levels (p < 0.001) in HepG2 cells compared with the control group. Incubation with petunidin-3-O-galactoside (BB3, 100 μM), petunidin-3-O-glucoside (BB4, 50 and 100μM), and malvidin-3-O-galactoside (BB5, 100 μM) for 12 h noticeably reduced the intracellular TC levels (p < 0.05, p < 0.01, p < 0.001, and p < 0.001) compared with the model group (Figure 2C). All five blueberry anthocyanin treatments induced a significant reduction in TG content (p < 0.001) at concentrations of 50 and 100 μM compared with the model group (Figure 2D). Moreover, to investigate whether blueberry anthocyanins influence intracellular lipid accumulation, oil-red-O staining was performed. High glucose and OA caused a prominent enhancement of lipid droplet accumulation in HepG2 cells compared with the control group. All blueberry anthocyanins notably reduced the accumulation of intracellular lipid droplets compared with the model group (Figure 2E). Comparatively speaking, malvidin-type and petunidin-type anthocyanins exhibited more significant hypolipidemic activity than delphinidin-type anthocyanins in HG-OA-treated HepG2 cells.

It was reported that a higher blueberry intake had the strongest association with less weight gain, lower fat mass, and less central adiposity in healthy individuals (25). Several studies confirmed that the consumption of anthocyanins-rich food prevents obesity in healthy subjects and improves obese individuals by reducing body weight and regulating metabolism and energy balance (26). In the present study, high glucose and OA induced remarkable elevation in intracellular TC and TG levels and significant lipid droplet accumulation in HepG2 cells. Blueberry anthocyanins treatment significantly reduced the intracellular TC and TG levels and inhibited the accumulation of lipid droplets in HepG2 cells. Results suggested that blueberry anthocyanins attenuated high glucose and OA-induced lipid accumulation in HepG2 cells, which may benefit the treatment of diabesity.




Conclusion

In the present study, five anthocyanins were isolated and characterized from blueberry. Blueberry anthocyanins exhibited antioxidant power and inhibitory activity of α-glucosidase in vitro. Moreover, blueberry anthocyanins improved glucose uptake and attenuated lipid accumulation in high glucose and OA-induced HepG2 cells. All these results suggest that blueberry anthocyanins might benefit the treatment of diabesity by ameliorating antioxidant stress, controlling postprandial glucose, improving glucose uptake, and inhibiting lipid accumulation in the liver, while these functions remain to be confirmed in animal model experiments. Additionally, although some effects of anthocyanin structures on their pharmacological activities were discussed in this study, further structure-activity relationship needs to be investigated in the presence of more anthocyanin standards.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

JC and WLL: study design. CWZ and HL: data collection and data analysis and drafting the manuscript. LLD, HC, JL, HFZ, and WLW: data interpretation. All authors take responsibility for the integrity of the data analysis and participated and approved the final version of the manuscript.



Funding

This research was financially supported by grants from the National Natural Science Foundation of China (32170377) and the Primary Research and Development Plan of Jiangsu Province (Nos. BE2020344 and BE2022371). Support was also received from Jiangsu Scientific and Technological Innovations Platform (Jiangsu Provincial Service Center for Antidiabetic Drug Screening). The funders had no role in study design, data collection, and analysis, the decision to publish, or the preparation of the manuscript.



Acknowledgments

The authors would like to thank Mr. Shirong Yang (Centre for instrumental analysis, College of Forestry, Nanjing Forestry University, Nanjing, China) for his useful help in compound structure analysis.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Pineda E, Sanchez-Romero LM, Brown M, Jaccard A, Jewell J, Galea G, et al. Forecasting future trends in obesity across europe: the value of improving surveillance. Obes Facts. (2018) 15:360–71. doi: 10.1159/000492115

 2. Blüher M. Obesity: global epidemiology and pathogenesis. Nat Rev Endocrinol. (2019) 15:288–98. doi: 10.1038/s41574-019-0176-8

 3. Qi J-W, Huang B, Wang S, Song D, Xu J, Cui Y, et al. Association between plasma Vitamin D2 and type 2 diabetes mellitus. Front Endocrinol. (2022) 13:897316. doi: 10.3389/fendo.2022.897316

 4. Sims EA, Danforth E, Horton ES, Bray GA, Glennon JA, Salans LB. Endocrine and metabolic effects of experimental obesity in man. Recent Prog Horm Res. (1973) 29:457–96. doi: 10.1016/B978-0-12-571129-6.50016-6

 5. Pappachan JM, Fernandez CJ, Chacko EC. Diabesity and antidiabetic drugs. Mol Aspects Med. (2019) 66:3–12. doi: 10.1016/j.mam.2018.10.004

 6. Galvano F, La Fauci L, Lazzarino G, Fogliano V, Ritieni A, Ciappellano S, et al. Cyanidins: metabolism and biological properties. J Nutr Biochem. (2004) 15:2–11. doi: 10.1016/j.jnutbio.2003.07.004

 7. Yan F, Dai G, Zheng X. Mulberry anthocyanin extract ameliorates insulin resistance by regulating PI3K/AKT pathway in HepG2 cells and db/db mice. J Nutr Biochem. (2016) 36:68–80. doi: 10.1016/j.jnutbio.2016.07.004

 8. Daveri E, Cremonini E, Mastaloudis A, Hester SN, Wood SM, Waterhouse AL, et al. Cyanidin and delphinidin modulate inflammation and altered redox signaling improving insulin resistance in high fat-fed mice. Redox Biol. (2018) 18:16–24. doi: 10.1016/j.redox.2018.05.012

 9. Kalt W, Cassidy A, Howard LR, Krikorian R, Stull AJ, Tremblay F, et al. Recent research on the health benefits of blueberries and their anthocyanins. Adv Nutr. (2020) 11:224–36. doi: 10.1093/advances/nmz065

 10. Dudonné S, Vitrac X, Coutière P, Woillez M, Mérillon JM. Comparative study of antioxidant properties and total phenolic content of 30 plant extracts of industrial interest using DPPH, ABTS, FRAP, SOD, and ORAC assays. J Agric Food Chem. (2009) 57:1768–74. doi: 10.1021/jf803011r

 11. Roy MK, Koide M, Rao TP, Okubo T, Ogasawara Y, Juneja LR, et al. and DPPH assay comparison to assess antioxidant capacity of tea infusions: relationship between total polyphenol and individual catechin content. Int J Food Sci Nutr. (2010) 61:109–24. doi: 10.3109/09637480903292601

 12. Song J, Wu Y, Ma X, Feng L, Wang Z, Jiang G, et al. Structural characterization and α-glycosidase inhibitory activity of a novel polysaccharide fraction from Aconitum coreanum. Carbohydr Polym. (2020) 230:115586. doi: 10.1016/j.carbpol.2019.115586

 13. Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. J Immunol Methods. (1983) 65:55–63. doi: 10.1016/0022-1759(83)90303-4

 14. Chen J, Ding X, Wu R, Tong B, Zhao L, Lv H, et al. Novel sesquiterpene glycoside from loquat leaf alleviates type 2 diabetes mellitus combined with nonalcoholic fatty liver disease by improving insulin resistance, oxidative stress, inflammation, and gut microbiota composition. J Agric Food Chem. (2021) 69:14176–91. doi: 10.1021/acs.jafc.1c05596

 15. Ding X, Jian T, Wu Y, Zuo Y, Li J, Lv H, et al. Ellagic acid ameliorates oxidative stress and insulin resistance in high glucose-treated HepG2 cells via miR-223/keap1-Nrf2 pathway. Biomed Pharmacother. (2019) 110:85–94. doi: 10.1016/j.biopha.2018.11.018

 16. Bucolo G, David H. Quantitative determination of serum triglycerides by the use of enzymes. Clin Chem. (1973) 19:476–82. doi: 10.1093/clinchem/19.5.476

 17. Martínez Leo EE, Acevedo Fernández JJ, Segura Campos MR. Biopeptides with antioxidant and anti-inflammatory potential in the prevention and treatment of diabesity disease. Biomed Pharmacother. (2016) 83:816–26. doi: 10.1016/j.biopha.2016.07.051

 18. Karam BS, Chavez-Moreno A, Koh W, Akar JG, Akar FG. Oxidative stress and inflammation as central mediators of atrial fibrillation in obesity and diabetes. Cardiovasc Diabetol. (2017) 16:120. doi: 10.1186/s12933-017-0604-9

 19. Lyu JI Ryu J, Jin CH, Kim DG, Kim JM, Seo KS, et al. Phenolic compounds in Extracts of Hibiscus acetosella (Cranberry Hibiscus) and their antioxidant and antibacterial properties. Molecules. (2020) 25:4190. doi: 10.3390/molecules25184190

 20. Borges G, Degeneve A, Mullen W, Crozier A. Identification of flavonoid and phenolic antioxidants in black currants, blueberries, raspberries, red currants, and cranberries. J Agric Food Chem. (2010) 58:3901–9. doi: 10.1021/jf902263n

 21. Hossain U, Das AK, Ghosh S, Sil PC. An overview on the role of bioactive α-glucosidase inhibitors in ameliorating diabetic complications. Food Chem Toxicol. (2020) 145:111738. doi: 10.1016/j.fct.2020.111738

 22. Zou C, Wang Y, Shen Z. 2-NBDG as a fluorescent indicator for direct glucose uptake measurement. J Biochem Biophys Methods. (2005) 64:207–15. doi: 10.1016/j.jbbm.2005.08.001

 23. de Oliveira MS, Pellenz FM, de Souza BM, Crispim D. Blueberry consumption and changes in obesity and diabetes mellitus outcomes: a systematic review. Metabolites. (2022) 13:19. doi: 10.3390/metabo13010019

 24. Li X, Hu X, Pan T, Dong L, Ding L, Wang Z, et al. Kanglexin, a new anthraquinone compound, attenuates lipid accumulation by activating the AMPK/SREBP-2/PCSK9/LDLR signalling pathway. Biomed Pharmacother. (2021) 133:110802. doi: 10.1016/j.biopha.2020.110802

 25. Jennings A, MacGregor A, Spector T, Cassidy A. Higher dietary flavonoid intakes are associated with lower objectively measured body composition in women: evidence from discordant monozygotic twins. Am J Clin Nutr. (2017) 105:626–34. doi: 10.3945/ajcn.116.144394

 26. Sivamaruthi BS, Kesika P, Chaiyasut C. The influence of supplementation of anthocyanins on obesity-associated comorbidities: a concise review. Foods. (2020) 9:687. doi: 10.3390/foods9060687



OPS/images/fnut-10-1172982-t001.jpg
Compound ORAC (nmol
Trolox/pmol)

BBI 399140245 | 19.014020% 13.23 £ 0.03

BB2 61.37£2.29% | 20.66 % 0.67 9.4440.12¢

BB3 63.16£2.00° | 2420 1.88° 1131 £ 022°

BB4 6211£027° | 3926+ 155 1102 0.16°

BBS 38.83+333° | 1432+ 1.00° 11.89 013

ascorbic acid 11219+ 44.45 £ 0.55% —_
15.28°

All data are expressed as mean £ SD (n = 3). Different letters in each column denote a
statistically significant difference at p < 0.05.

BB1, delphinidin-3-O-galactoside; BB2, delphinidin-3-O-glucoside; BB3, petunidin-3-O-
galactoside; BB4, petunidin-3-O-glucoside; BB5, malvidin-3-O-galactoside.






OPS/images/fnut-10-1172982-t002.jpg
Compound 1C50 (M)

BB1 68.33 £ 12.39°
BB2 2397 +£9.2%
BB3 68.54 £ 2091
BB4 2182+ 2267
BBS 184.6 £1091°
Acarbose 04140024

All data are expressed as mean £ SD (n = 3). Different letters in each column denote a
statistically significant difference at p < 0.05.

BB1, delphinidin-3-O-galactoside; BB2, delphinidin-3-O-glucoside; BB3, petunidin-3-O-
galactoside; BB4, petunidin-3-O-glucoside; BB5, malvidin-3-O-galactoside.






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Five blueberry anthocyanins and their antioxidant, hypoglycemic, and hypolipidemic effects in vitro



		Introduction



		Materials and methods



		Chemical and reagents



		Extraction and purification of blueberry anthocyanin



		Measurement of antioxidant capacity



		Assay for α-glucosidase inhibitory activity



		Cell culture



		Measurement of cell viability



		Cell treatment



		Measurement of glucose uptake capacity



		Measurement of lipid accumulation



		Oil-red-O staining



		Statistical analysis







		Results and discussion



		Isolation and identification of anthocyanins from blueberry



		Antioxidant capacity



		α-Glucosidase inhibition assay



		Cytotoxic effects of BB1-BB5 on HepG2 cells



		Glucose uptake assay



		Effect of BB1-BB5 on lipid accumulation







		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Five blueberry anthocyanins and
their antioxidant, hypoglycemic,
and hypolipidemic effects in vitro





OPS/images/fnut-10-1172982-g001.gif





OPS/images/fnut-10-1172982-g002.gif
s S tids s et oo e I EAESTITIEEE

JREEYZ

I










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Nutrition





