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Abstract  13 

Epidemiological evidence indicates that anthocyanin consumption reduces the 14 

incidence of chronic and degenerative diseases. Therefore, the present study aimed to 15 

determine whether black rice anthocyanin (BRA), black soybean anthocyanin (BSA), 16 

and purple corn anthocyanin (PCA) could mitigate oxidative stress and inflammation 17 

associated obesity in C57BL/6 mice fed with high-fat diet. BRA, BSA, or PCA were 18 

administered at doses of 200 mg/kg throughout the 12-week experiment and reduced 19 

the body weight by 9.6%, 13.3%, or 16.6%, respectively. Furthermore, BRA, BSA or 20 

PCA administration could effectively increase fecal butyric acid levels, elevate 21 

hepatic SOD and GPX activities, decrease lipid peroxidation, and downregulate the 22 

gene expression levels of TNFα, IL-6, iNOS, and NF-кB. Hence, BRA, BSA, or PCA 23 

might ameliorate diet-induced obesity by alleviating both oxidative stress and 24 

inflammation.  25 

Keywords: Anthocyanin; Obesity; Inflammation; fecal short chain fatty acids 26 

 27 

 28 

Abbreviations: BRA: black rice anthocyanin; BSA: black soybean anthocyanin; GPx: 29 

glutathione peroxidase activity; HDLC: high density lipoprotein cholesterol; HFD: high-fat 30 

diet:IL-6: interleukin -6; iNOS: inducible nitric oxide synthase; LDLC: low density 31 

lipoprotein cholesterol; LFD: low-fat diet; MDA: malondialdehyde; PCA: purple corn 32 

anthocyanin; ROS: reactive oxygen species; SCFA: short chain fatty acids; SOD: superoxide 33 

dismutase; TC: total cholesterol; TG: triglyceride; TNF-α: tumor necrosis factor-α 34 

 35 
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1. Introduction 37 

Obesity has become a global disease that carries considerable morbidity and 38 

mortality
1, 2

 and is a complex metabolic disorder that results from extreme 39 

disequilibrium between energy uptake and expenditure
3, 4

. Orlistat, lorcaserin and 40 

fixed-dose drugs, namely phentermine and topiramate, have been approved for weight 41 

loss, but these drugs have adverse effects and high rates of secondary failure
5
. 42 

Therefore, food functional components that have anti-obesity effects need 43 

investigation
6, 7

. 44 

Anthocyanins belong to the flavonoid group of polyphenols, which are common in 45 

our daily diets, particularly in red, blue, black, or purple cereals, fruits and vegetables
8
. 46 

In recent years, anthocyanins have attracted scientific interest because of their 47 

health-promoting properties in humans
9, 10

. Anthocyanin-rich extracts from purple 48 

corn
11, 12

, black soybean 
13, 14

, purple sweet potato 
15

, black rice 
16

, blueberry
17, 18

, 49 

mulberry
19, 20

, cherry 
21

 and blackcurrant 
22

 prevent bodyweight gain and metabolic 50 

aberrations in diet-induced obese animal models. In spite of the numerous 51 

publications, the information regarding the anti-obesity mechanisms of is still not 52 

fully understood.  53 

Black rice (Oryza sativa L.), black soybean (Glycine max L.), and purple corn (Zea 54 

mays L.) are popular cereals in Asia because of their health benefits that are associated 55 

with their nutritious phytochemicals, especially anthocyanins
23

. Recent studies have 56 

suggested that consuming anthocyanins from black rice, black soybean and purple 57 

corn may suppress bodyweight gain
11-14, 16

. However, studies on how black rice 58 

anthocyanin (BRA), black soybean anthocyanin (BSA), and purple corn anthocyanin 59 

(PCA) alter bodyweight have not been conducted. Therefore, this study aims to 60 

determine whether BRA, BSA, and PCA can alter bodyweight by alleviating both 61 
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oxidative stress and inflammation in diet-induced obesity. 62 

2. Materials and Methods 63 

2.1 Materials 64 

Black rice, black soybean and purple corn were obtained from the Agricultural 65 

Logistics Center in Tianjin. Anthocyanins were isolated according to the procedures 66 

by Prior et al
24

 with slight modifications. In brief, black rice, black soybean or purple 67 

corn were weighed out and extracted thrice with methanol/formic acid (9:1, v/v). The 68 

combined extract was subjected to vacuum evaporation to remove the solvent and 69 

subsequently loaded onto an equilibrated Amberlite XAD-7 column. The column was 70 

saturated with 1% formic acid, and the binding anthocyanins were eluted with 1% 71 

formic acid in methanol. The methanol eluent was collected and subjected to vacuum 72 

evaporation. Once evaporated, the concentrate was extracted with ethyl acetate until 73 

the organic layer no longer had any change in color. The aqueous layer was 74 

lyophilized and stored at −80 °C until further use.  BRA is composed of cyanidin-3, 75 

5-diglucoside (3.43%), cyanidin-3-glucoside (84.48%), peonidin-3-glucoside (5.53%), 76 

BSA consists of delphinidin-3-glucoside (27.17%), cyanidin-3-glucoside (0.33%),  77 

petunidin-3-glucoside (69.89%), pelargonidin-3-glucoside (1.36%), 78 

peonidin-3-glucoside (1.24%) and PCA contains cyanidin-3-glucoside (52.02%), 79 

peonidin-3-glucoside (13.58%), cyanidin-3-(6-malonyl-glucoside)  (27.33%) and 80 

peonidin-3-(6-malonyl-glucoside)  (7.07%). All the other chemicals were of reagent 81 

grade. 82 

2.2 Animals and experimental design  83 

A total of 72 maleC57BL/6 mice (aged 4 weeks) were purchased from the Beijing 84 

Laboratory Animal Center of the Academy of Military Medical Sciences, and 85 

maintained in a room with alternating 12 h/12 h light/dark cycles at 23± 3 °C, and 86 
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provided with diet and water ad libitum. All procedures in the experiment were 87 

approved by the Animal Ethics Committee of Tianjin University of Science and 88 

Technology (TUST20160218) and conformed to the National Institutes of Health 89 

Guide for Care and Use of Laboratory Animals.  90 

All experimental mice were acclimatized for one week and divided into six groups 91 

based on a randomized block design: a normal control group fed with low-fat diet 92 

(NC), a control group fed only with high-fat diet (HFD), a positive control group fed 93 

with HFD plus with orlistat at 100 mg/kg, and an anthocyanin group fed with HFD 94 

plus BRA, BSA or PCA at a doses of 200 mg/kg. The human-equivalent of 95 

anthocyanin doses based on body surface area was approximately about 2 mg/kg of 96 

body weight. The detailed nutritional information on the HFD and LFD diets are 97 

shown in supplemental Table 1. No untoward effects were observed during the 12 98 

week experimental period. At the end of the experiment, all mice were anesthetized 99 

with ketamine–HCl following a 12 h fasting and sacrificed by decapitation. Serum 100 

samples, liver, and adipose tissues were immediately collected, weighed on ice, and 101 

stored at −80 °C until the further use. 102 

2.3 Serum parameter analyses 103 

Mouse serum triglyceride (TG), total cholesterol (TC), low density lipoprotein 104 

cholesterol (LDLC), and high density lipoprotein cholesterol (HDLC) were measured 105 

on a Sysmex Analyzer KX-21 (Beckman Kurt Trading Co., Ltd.) according to the 106 

manufacturer’s directions. Serum superoxide dismutase (SOD) activities and 107 

malondialdehyde (MDA) levels were analyzed using the hydroxylamine method and 108 

the thiobarbituric acid method, respectively.  109 
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2.4 Hepatic lipid profiles and antioxidants 110 

Mouse hepatic lipid profiles were determined according to the method by Folch et 111 

al.
25

 Concentrations of TG and TC were estimated using commercially available kits 112 

(Bomeibio, China). Glutathione peroxidase activities (GPx) in the liver were 113 

measured with cellular GPx assay kit (Beyotime, China). MDA levels and SOD 114 

activities were characterized using the same commercial kits for serum analysis. 115 

2.5 Analysis of fecal short chain fatty acids (SCFA) 116 

SCFA composition and mouse feces concentration were analyzed by gas 117 

chromatography equipped with a flame ionization detector and chromatographic 118 

column HP-INNO Wax (30 m×320 µm×0.25 µm) (Agilent Technologies Inc., CA, 119 

USA) according to Periago et al
26

. SCFA (Supelco 46975-U, Sigma) was diluted to 120 

different concentrations. Grinded feces samples were treated with 2-methyl butyrate, 121 

and derivatized through esterification with isopropanol-pyridine (3:2) and propyl- 122 

chloroformate. Chromatographic conditions included hydrogen as a carrier gas, at a 123 

flow rate of 40 mL min
-1

, air flow rate of 450 mL min
-1

, nitrogen as a make-up gas, 124 

flow rate of 34 mL min
-1

, injection port temperature of 280 °C, detector temperature 125 

of 250 °C, injection volume of 1 µL, sample flow rate of 1 mL/min, split ratio of 10:1，126 

and temperature program of keeping at 60 °C constant for 5 min, followed by heating 127 

up to 230 °C with a constant heating rate of 10 °C /min. 128 

2.6 Quantitative real-time PCR 129 

Total RNA from the mouse liver samples was extracted using Trizol (Invitrogen 130 

Technologies, USA) according to the manufacturer’s instructions. RNA extracts were 131 

reverse transcribed into cDNA, and the expression of tumor necrosis factor α (TNFα), 132 
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interleukin-6 (IL-6), interferon gamma (IFN-γ), nuclear factor кB (NF-кB), and 133 

inducible nitric oxide synthase (іNOS) genes were examined by polymerase chain 134 

reaction (PCR, Bio-Rad) using the One Step SYBR Prime Script PLUS RT-PCR kit 135 

(TaKaRa, Japan). The primer sequences used in the experiments are shown in 136 

Supplemental Table 2.  137 

2.7 Statistical analysis 138 

The data were expressed as “mean ± standard deviation”. The significance of 139 

treatment effects was performed with Duncan’s multiple range tests after Statistical 140 

Package for the Social Sciences one-way ANOVA (SPSS PASW Statistic 19.0, SPSS 141 

Inc. Chicago, IL, USA). The significant level was p<0.05. 142 

Results 143 

Effects of BRA, BSA and PCA on the body weight of C57BL/6 mice 144 

To determine whether BRA, BSA, and PCA affect body weight of bn C57BL/6 mice, 145 

BRA, BSA, or PCA was administered daily for 12 weeks. When HFD mice were 146 

administered with BRA, BSA or PCA at 200 mg/kg or orlistat at 100 mg/kg for 12 147 

weeks, the body weights were effectively decreased by 9.6%, 13.3%, 16.6%, or 9.8%, 148 

respectively compared with the HFD group (Figure 1). The difference in daily food 149 

intake (~2.8 g/day) was no significant throughout the experiment. Moreover, the 150 

weights of visceral organs remained constant after the 12 week experiment. These 151 

results may suggest that decreasing food utility rate rather than appetite suppression 152 

causes the weight-reducing effects of BRA, BSA, or PCA
10, 27

. 153 

Effects of BRA, BSA and PCA on serum parameters 154 

BRA, BSA and PCA significantly decreased serum TG, TC, LDL-C and MDA levels 155 
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relative to the HFD control (Figure 2). Furthermore, BRA and PCA effectively 156 

elevated the HDL-C concentration and significantly increased the SOD activities 157 

comparison with the HFD group, whereas the BSA showed no significant differences 158 

in HDL-C and SOD activities. Such differences might be attributed to the structural 159 

differences of anthocyanin in terms of aglycone and sugar moieties
8, 28

.  160 

Effects of BRA, BSA, and PCA on hepatic lipids and antioxidants 161 

The lipid and antioxidant levels in mouse liver were examined (Figure 3). The results 162 

suggested that mice fed with HFD had higher levels of hepatic TG and TC compared 163 

with those given with LFD. However, BRA and PCA could markedly reduce 164 

HFD-induced hepatic TC levels. Moreover, the marked elevation of total SOD and 165 

GPX activities in the mouse liver in the BRA, BSA, and PCA groups were compared 166 

with those in the HFD group. By contrast, BRA, BSA, and PCA groups had 167 

significantly lower hepatic lipid peroxidation than the HFD group. These results 168 

indicated that BRA, BSA and PCA partially prevented HFD-induced oxidative stress 169 

29, 30
.   170 

Effects of BRA, BSA and PCA on fecal short chain fatty acids 171 

Individual and total SCFA were characterized in feces samples (Figure 4, 172 

Supplemental table 3). Figure 4 shows that the mouse feces contained six types of 173 

SCFA including acetic acid, propionic acid, butyric acid, isobutyric acid, isovaleric 174 

acid and valeric acid. The lowest amounts of acetic acid, propionic acid, butyric acid 175 

and valeric acid were present in HFD. Fecal butyric acid quantities in BRA, BSA, and 176 

PCA groups were significantly higher than those in the MC group, which indicated 177 
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that BRA, BSA, and PCA could accelerate the fatty acid decomposition.
31-33

  178 

Effects of BRA, BSA and PCA on inflammation  179 

Expressions levels of inflammatory cytokine in the liver tissue were determined by 180 

quantitative real-time PCR (Fig. 5).  HFD-fed mice have higher quantities of TNFα, 181 

IL-6, iNOS, and NF-кB genes than the LFD-fed mice. BRA, BSA, and PCA 182 

supplementation remarkably downregulated expression levels of TNFα, IL-6, NF-кB, 183 

and iNOS genes compared with the HFD group. These phenomena suggested that 184 

BRA, BSA and PCA may alleviate the HFD-induced liver inflammation
34-36

.  185 

Discussion 186 

As pigments that contribute to the intense colors of many fruits and cereals, 187 

anthocyanins exhibit numerous health-promoting effects, such as cardiovascular 188 

protection, anti-diabetic properties, vision improvement, anti-inflammatory effects, 189 

and cancer protection
9, 10, 37

. In this study, we explored the weight loss effect of 190 

purified BRA, BSA, and PCA on HFD-induced obesity and determined whether these 191 

cereal anthocyanins prevented bodyweight gain by alleviating both oxidative stress 192 

and inflammation.  193 

Convincing epidemiological evidence indicated that HFD can induce significant 194 

bodyweight gain and elevated lipid profiles in human and animals
38, 39

. Similar results 195 

were observed in the current investigation. Moreover, HFD markedly increased the 196 

expression of inflammatory cytokine levels, and significant decreased the total SOD 197 

and GPx activities. Administration of purified BRA, BSA, or PCA into HFD-fed mice 198 
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at a dosage of 200 mg/kg effectively decreased the bodyweight, significantly 199 

increased the fecal butyric acid contents, and the total SOD and GPX activities , 200 

reduced lipid peroxidation, and markedly downregulated the expression levels of 201 

TNFα, IL-6, iNOS, and NF-кB. Studies have shown that consumption of purified 202 

strawberry anthocyanin (mainly pelargonidin-3-glucoside)
40

, sweet cherry 203 

anthocyanin (mainly cyanidin-3-rutinoside)
21

, mulberry anthocyanin (mainly 204 

cyanidin-3-glucoside)
41

, blueberry anthocyanin (mainly malvidin-3-glucoside and 205 

malvidin-3-galactoside) 
24

, and honeysuckle anthocyanin (mainly 206 

cyanidin-3-glucoside)
42

 decreases bodyweight and lipids profiles. In the present study, 207 

PCA reduced the bodyweight more effectively than BSA and BRA did; moreover, and 208 

BRA and PCA markedly reduced hepatic TC levels, and effectively elevated serum 209 

HDL-C and SOD activities, whereas BSA showed no significant differences in 210 

hepatic TC, serum HDL-C and SOD activities. The reasons behind such differences 211 

remain unclear but may be attributed to their specific chemical structures
8
. Future 212 

investigations should focus on careful and accurate characterization of different 213 

anthocyanins to better elucidate the structure–anti-obesity relationships
10

.  214 

Extensive investigations demonstrated that HFD-induced obesity could increase 215 

excessive oxidative stress by elevating lipid peroxidation and reducing antioxidant 216 

enzyme activities
43, 44

. Epidemiological studies suggested that consuming polyphenols 217 

may protect against lipid oxidation, and increase serum antioxidant status
29, 45

. In 218 

study, BRA, BSA, or PCA reduced the lipid peroxidation in the liver and serum 219 

whereas the hepatic total activities of SOD and GPX were significant increased. 220 

Therefore, BRA, BSA or PCA can prevent obesity via oxidative stress reduction
46

. 221 
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Many epidemiological and experimental studies have documented the link of obesity 222 

to low-grade inflammatory states
44, 47, 48

, which elevate the expression of 223 

inflammatory cytokine levels, such as TNF-a, IL-6, and iNOS, and decrease the 224 

expression of anti-inflammatory cytokine. In the present study, HFD-fed mice 225 

presented the pathophysiological condition of inflammation accompanied by obesity, 226 

which was indicated by the high expression levels of TNFα, IL-6, iNOS, and NF-кB 227 

genes. BRA, BSA, or PCA decreased the production of inflammatory cytokines. BRA, 228 

BSA, or PCA demonstrated anti-obesity; however, controlled clinical trials that 229 

directly demonstrate the beneficial effects of anthocyanins in bodyweight 230 

management remained absent Therefore, further studies are necessary before 231 

finalizing the application of anthocyanins as a treatment for human obesity. 232 

In summary, our results indicated that administration of BRA, BSA or PCA at 200 233 

mg/kg or orlistat at 100 mg/kg reduced the bodyweight by 9.6%, 13.3%, 16.6% or 234 

9.8%, respectively. Furthermore, BRA, BSA or PCA consumption could increase fecal 235 

butyric acid contents, elevate hepatic SOD and GPX activities, decrease lipid 236 

peroxidation, and downregulate the gene expression levels of TNFα, IL-6, iNOS, and 237 

NF-кB. Therefore, BRA, BSA, or PCA ameliorate diet-induced obesity by alleviating 238 

both oxidative stress and inflammation.  239 
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Figure Captions 382 

Fig. 1 Effects of BRA, BSA and PCA on body weight gains for the male C57BL/J6 mice. NC, 383 

low-fat diet control; HFD, high-fat diet control; OL, high-fat diet plus Orlistat at 100 mg/kg; BRA, 384 

high-fat diet plus black rice anthocyanin at 200 mg/kg; BSA, high-fat diet plus black soybean 385 

anthocyanin at 200 mg/kg; PCA, high-fat diet plus purple corn anthocyanin at 200 mg/kg.  386 

Fig. 2 Effects of BRA, BSA and PCA on Serum parameters in the male C57BL/6 mice. A, TG; B, 387 

TC; C, HDL-C; D, LDL-C; E, MDA; F, SOD. NC, low-fat diet control; HFD, high-fat diet control; 388 

OL, high-fat diet plus Orlistat at 100 mg/kg; BRA, high-fat diet plus black rice anthocyanin at 200 389 

mg/kg; BSA, high-fat diet plus black soybean anthocyanin at 200 mg/kg; PCA, high-fat diet plus 390 

purple corn anthocyanin at 200 mg/kg. The means marked with superscript letters are significantly 391 

different relative to others. 392 

Fig. 3 Effects of BRA, BSA and PCA on hepatic lipids and antioxidants. A, TG; B, TC; C, MDA; 393 

D, SOD; E, GPX. NC, low-fat diet control; HFD, high-fat diet control; OL, high-fat diet plus 394 

Orlistat at 100 mg/kg; BRA, high-fat diet plus black rice anthocyanin at 200 mg/kg; BSA, high-fat 395 

diet plus black soybean anthocyanin at 200 mg/kg; PCA, high-fat diet plus purple corn 396 

anthocyanin at 200 mg/kg. The means marked with superscript letters are significantly different 397 

relative to others. 398 

Fig. 4 Effects of BRA, BSA and PCA on Fecal fatty acid composition and content. NC, low-fat 399 

diet control; HFD, high-fat diet control; OL, high-fat diet plus Orlistat at 100 mg/kg; BRA, 400 

high-fat diet plus black rice anthocyanin at 200 mg/kg; BSA, high-fat diet plus black soybean 401 

anthocyanin at 200 mg/kg; PCA, high-fat diet plus purple corn anthocyanin at 200 mg/kg. The 402 

means marked with superscript letters are significantly different relative to others. 403 

Fig. 5 Effects of BRA, BSA and PCA on the expression of inflammatory cytokine. A, TNFα; B, 404 

IL-6; C, NF-КB; D, iNOS genes. NC, low-fat diet control; HFD, high-fat diet control; OL, 405 

high-fat diet plus Orlistat at 100 mg/kg; BRA, high-fat diet plus black rice anthocyanin at 200 406 

mg/kg; BSA, high-fat diet plus black soybean anthocyanin at 200 mg/kg; PCA, high-fat diet plus 407 

purple corn anthocyanin at 200 mg/kg. The means marked with superscript letters are significantly 408 

different relative to others. 409 

  410 
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Figure 1 411 
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Figure 2 419 
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Figure 3 423 
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Figure 4  428 
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Figure 5 430 
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