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Beneficial effects of mangiferin on hyperlipidemia
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Scope: Mangiferin, a natural polyphenol, has been shown to have hypolipidemic effect in rat

and mouse. However, the mechanism of action is not well understood. This study was

conducted to determine the effect and mechanism of action of mangiferin on hyperlipidemia

induced in hamsters by a high-fat diet.

Methods and results: Forty male hamsters were randomly assigned to normal control, high-

fat control, and high fat with mangiferin (50 and 150 mg/kg BW) groups. Mangiferin treat-

ment significantly decreased final body weight, liver weight and visceral fat-pad weight,

serum triglyceride (TG) and total free fatty acid (FFA) concentrations, hepatic TG levels and

hepatic and muscle total FFA contents. Mangiferin upregulated mRNA expression of

peroxisome proliferator-activated receptor-a (PPAR-a), fatty acid translocase (CD36) and

carnitine palmitoyltransferase 1 (CPT-1), but downregulated mRNA expression of sterol

regulatory element-binding protein 1c (SREBP-1c), acetyl CoA carboxylase (ACC), acyl-

CoA:diacylglycerol acyltransferase 2 (DGAT-2) and microsomal triglyceride transfer protein

(MTP) in liver. Mangiferin also stimulated mRNA expression of PPAR-a, CD36, CPT-1 and

lipoprotein lipase (LPL) in muscle.

Conclusions: The results suggest that mangiferin may ameliorate hypertriglyceridemia partly

by modulating the expression levels of genes involved in lipid oxidation and lipogenesis.
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1 Introduction

Hyperlipidemia is a well-known risk factor for several

diseases, such as cardiovascular disease [1, 2], hepatic

steatosis [3] and diabetes mellitus [4]. Thus, lowering blood

lipids, especially triglyceride (TG) and total cholesterol (TC),

is an important strategy in preventing the occurrence and

progression of these diseases. Phytochemicals are attracting

increasing attention because of their health benefits and

their relatively low toxicity [5] and might be suitable for long-

term supplementation.

Mangifera indica, commonly known as mango, is

consumed worldwide as a fruit and culinary and flavoring

agent. Mangiferin, a C-glucosylxanthone (1,3,6,7-tetra-

hydroxyxanthone-C2-b-D-glucoside), was first isolated from

M. indica leaves and is also present in the pulp, peel, seed

kernels and stem bark of mango. Mangiferin is also consid-

ered to be an active component of Anemarrhena asphodeloides
[6]. In China, it has been used as a traditional medicine to
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treat diabetes for thousands of years and a raw material to

produce functional food. Mangiferin has many important

pharmacological properties, including antioxidant [7], antic-

ancer [8], antiviral [9], immunomodulation [10] and hypogly-

cemic activities [11, 12]. It has been reported that mangiferin

with exercise could significantly decrease blood TG and TC in

KK/Ay mice [6]. Mangiferin also had a hypolipidemic effect in

a hypoglycemic study in streptozotocin (STZ) diabetic rats

[13]. However, the exact mechanism underlying its hypolipi-

demic effect is not well understood.

To further investigate the hypolipidemic effect of mangi-

ferin and its possible mechanism, we first systematically

studied the effect of mangiferin on lipid levels in blood, liver,

and muscle using an animal model of hyperlipidemia in

hamsters fed a high-fat diet. To more specifically identify the

mechanisms of the hypolipidemic effect at the molecular

level, we determined mRNA expression of genes involved in

lipogenesis and lipid oxidation in liver and muscle.

2 Materials and methods

2.1 Animals and diets

Forty 7-wk-old male golden Syrian hamsters (Mesocricetus
auratus, 80–90 g) were purchased from the Vital River

Laboratory Animal Technology (Beijing, China). The animals

were individually housed in stainless steel cages in a room at

22721C on a 12-h light–dark cycle with free access to regular

rodent chow and water. After a week of acclimatization,

animals were randomly divided into four groups: a normal

control group (NC, n 5 10), a high-fat control group (HF,

n 5 10), a low-dose mangiferin group (high-fat diet150 mg/kg

BW, n 5 10) and a high-dose mangiferin group (high-fat

diet1150 mg/kg BW, n 5 10). Hamsters from the NC group

were fed a normal diet, while hamsters in the other groups

were fed a high-fat diet. The composition of the experimental

diets was based on the AIN-93G growth diet with some

modifications. The normal diet contained 13.9% (cal) fat and

the high-fat diet contained 33.0% (cal) fat (Table 1). The

mineral and vitamin mixtures were AIN-93G formulas. Diets

were freshly mixed in small amounts every week and stored

at 0–41C to avoid rancidity. Mangiferin (490%, HPLC;

Zhongxin Innova Laboratories, Tianjin, China) was given by

gavage in 0.5% carboxymethyl cellulose (CMC) buffer solu-

tion. Hamsters in the NC and HF groups were given 0.5%

CMC buffer only. Food consumption and weight gain were

measured daily and weekly, respectively.

2.2 Sample collection

After 8 wk of mangiferin supplementation, the hamsters

were anesthetized with pentobarbital after withholding food

for 12 h, and blood samples were taken from the inferior

vena cava. Serum was obtained by centrifuging the blood at

1500 rpm for 15 min at 41C. Tissues collected were liver,

epididymal adipose tissue, perirenal adipose tissue, soleus

muscle, spleen, testicle and kidney. All excised tissues were

rinsed with physiological saline and weighed. All tissue

samples were flash frozen in liquid nitrogen and stored at

�801C until analyses. The study was approved by the

Harbin Medical University Institutional Animal Care

Committee and was conducted in accordance with Harbin

Medical University guidelines for the care and use of

laboratory animals (SYXK (Hei) 2006-010).

2.3 Measurement of serum parameters

Serum TG, TC, high-density lipoprotein cholesterol (HDL-C),

low-density lipoprotein cholesterol (LDL-C) and glucose levels

were determined using enzymatic kits from Zhongsheng

Beikong Biological Technique Company (Beijing, China).

2.4 Hepatic lipids and histology

After the animals were sacrificed, part of the liver was snap-

frozen in liquid nitrogen, cut with a cryostat (Leica CM

1100) and stained with Oil Red O. Hepatic lipids were

extracted using the method described by Folch et al. [14]

with some modifications. In brief, 100 mg of liver tissue was

homogenized in 1 mL of ice-cold phosphate-buffered saline

using an IKA T-10 basic Ultra-Turrax (IKA, Germany) for

5 min. A 2.0-mL aliquot of chloroform/methanol (2:1, v/v)

was added to the homogenate and vortexed for 60 s. After

12 hours of standing, the homogenate was centrifuged at

3500 rpm for 15 min. The bottom organic phase was dried

under nitrogen gas. The residue was redissolved in 3%

Triton X-100 and an aliquot was used for measurement of

TG and TC using commercial kits as used for serum lipids.

Table 1. Composition of the experimental diet (g/kg diet)

Ingredien Normal diet High-fat diet

Casein 200 200
Corn starch 635 330
Sucrose 0 200
Soybean oil 60 60
Lard 0 100
Cellulose 50 50
L-cystine 3 3
AIN-93G Mineral mixture 40 40
AIN-93G Vitamin mixture 10 10
Cholic acid 0 2
Choline bitartrate 2 2
Cholesterol 0 3
Total 1000 1000
kcal/g diet 3.88 4.36
Calorie from protein (%) 20.6 18.4
Calorie from fat (%) 13.9 33.0
Calorie from carbohydrate (%) 65.5 48.6
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2.5 Measurement of serum and tissue free fatty acid

(FFA)

Serum FFA was measured by GC-MS (Polaris Q, Thermo

Electron, USA) using the method described by Liu et al. [15].

Concentrations of individual fatty acids were calculated

using peak area against an internal standard (Sigma). Total

lipids were extracted from tissues (liver and muscle) as

described in Section 2.4. After centrifugation, the bottom

organic phase was dried under nitrogen and then directly

esterified with sulfuric acid in MeOH according to Liu et al.

[15]. Finally, the FFA content of tissues was assayed by

GC-MS as for serum samples.

2.6 Gene expression analysis

Total RNA was extracted from stored frozen tissues (liver

and muscle) from the different hamster groups using

TRIzol reagent (Invitrogen, CA, USA). cDNA synthesis was

performed with an oligo Dt-Adaptor primer and AMV

Reverse Transcriptase XL as recommended by the supplier

(DaLian Bao). The cDNA fragment was amplified by PCR

using specific primers. The primer sequences and resulting

RT-PCR products are shown in Table 2. Preliminary

experiments were carried out with various cycles to deter-

mine the nonsaturating conditions for PCR amplification of

all the genes studied. The final products were subjected to

electrophoresis on 1.5% agarose gels and detected by ethi-

dium bromide staining via UV light. All PCR products

measured were normalized to the amount of b-actin cDNA

in each sample. The mRNA levels are expressed as a ratio

relative to b-actin mRNA.

2.7 Statistical analysis

All data are presented as mean7SD. Statistical analysis was

carried out using Statistical Package for Social Sciences

(SPSS, Release 13.01S China; Beijing Stats Data Mining Co.

permanent license). Significant differences among the

groups were determined by one-way analysis of variance

(ANOVA) followed by post-hoc multiple comparison tests.

p Values o0.05 were considered statistically significant.

3 Results

3.1 Effect of mangiferin on animal growth, tissue

weight, and food and energy intake

There were no differences in body weight among the groups

at the beginning of the experiment. However, after 8 wk, the

body weight of hamsters in the HF group was significantly

higher than that in the NC group. Mangiferin (50 and

150 mg/kg BW) treatment for 8 wk significantly reduced

body weight. There was no significant difference in food

intake among the groups, whereas energy intake was

significantly lower in the NC group compared with the HF

group. The relative weights of liver, epididymal adipose

tissue and perirenal adipose tissue (g/100 g BW) were

significantly lower in the mangiferin treatment groups than

in the HF group, whereas spleen weight was not signifi-

cantly different among the groups. Kidney and testicle

weights were significantly higher in the mangiferin treat-

ment groups than in the HF group (Table 3).

3.2 Effect of mangiferin on serum metabolites

Concentrations of serum TG, TC, HDL-C, and LDL-C

were significantly higher in the HF group compared

to the NC group. However, the HDL-C/TC ratio was

significantly lower in the HF group. Mangiferin adminis-

tration significantly reduced serum TG concentrations, but

had no effect on serum TC, HDL-C/TC and LDL-C levels

compared to the HF group (Table 4). Serum glucose

concentrations did not significantly differ among the groups

(data not shown).

Table 2. Primers used for the PCR reaction

Gene Accession
number

Sense and antisense PCR product
(bp)

Annealing
temperature (1C)

b-Actin AJ312092 50GCTGTCCCTGTATGCCTCT30 50CTCGTTGCCAATGGTGAT30 343 56.7
LPL AB194713 50CAGCTGGGCCTAACTTTGAG30 50CCTCTCTGCAATCACACGAA30 215 54.6
PPAR-a AJ555631 50GAAACTGCCGACCTCAAAT30 50CAGCATTCCGTCTTTGTTC30 399 54.4
CD36 U42430 50AGCCTCACCAGACTATTT30 50ACTGTTCACTGCCACTTC30 382 50.1
CPT-1 AY762566 50ATCTTCCAGTTGGGCTACG30 50GCAGGTCCACATCATTCG30 163 54.1
SREBP-1c U09103 50AGACAAACTGCCCATCCATC30 50CACCCTCCATAGCCACATCT30 165 57.2
ACC AF356089 50TGTGAGCCTGAGGAATAGCA30 50GAGCAATCCACCATCACTCA30 223 52.8
DGAT-2 NM026384 50TCTCAGCCCTCCAAGACATC30 50ATGCCAGCCAGGTGAAGTAG30 195 54.7
MTP U14995 50TGCAGAGACCCGTTCTTCTT30 50CATGTGTCCAGGGCCTTAGT30 226 54.0
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3.3 Effect of mangiferin on liver lipids and histology

Hamsters in the HF group had significantly higher hepatic

TG and TC levels than animals in the NC group. Mangiferin

treatment significantly decreased hepatic TG levels and the

size of hepatic fatty droplets in hamsters fed a high-fat diet,

but had no effect on hepatic TC (Fig. 1).

3.4 Quantitative changes in serum, liver and muscle

FFAs in hamsters treated with mangiferin

Quantitative changes in serum, liver and muscle FFAs in

hamsters in the different experimental groups are shown in

Tables 5 and 6. Fifteen FFAs were detected in serum (n 5 8)

and fourteen FFAs in liver (n 5 8) and muscle (n 5 8). Total

serum FFA, saturated fatty acids (SFA), monounsaturated

fatty acids (MUFA), polyunsaturated fatty acids (PUFA), n-3

fatty acids and n-6 fatty acids significantly increased in the

HF group. Mangiferin treatment significantly decreased

serum total FFA, SFA, MUFA, PUFA, n�3 FFA and n-6

FFA. However, serum concentrations of g-C18:3, C22:5 and

C22:6 did not differ among the groups. Levels of most fatty

acids in liver and muscle were also significantly increased in

the HF group, but levels of C22:0 in liver and of g-C18:3 and

C22:5 in muscle were not significantly different. Conversely,

muscle C20:5 was lower in the HF compared with the NC

group. Liver and muscle levels of most fatty acids were

significantly decreased in the mangiferin treatment groups.

Mangiferin had no effect on liver C14:0, g-C18:3 and C20:2

levels or muscle C14:0, g-C18:3 and C20:5 levels.

3.5 Effect of mangiferin on mRNA expression in liver

and muscle

To investigate the molecular mechanism of the hypolipi-

demic effect of mangiferin, expression levels of genes rela-

ted to lipid metabolism were determined by RT-PCR. We

measured gene expression for peroxisome proliferator-acti-

vated receptor-a (PPAR-a), lipoprotein lipase (LPL), fatty

acid translocase (CD36), carnitine palmitoyltransferase 1

(CPT-1), sterol regulatory element-binding protein 1c

(SREBP-1c), acetyl CoA carboxylase (ACC), acyl-CoA:dia-

cylglycerol acyltransferase 2 (DGAT-2) and microsomal

triglyceride transfer protein (MTP) in liver tissue (Fig. 2).

Table 3. Effect of mangiferin on body weight, food intake, organs, and adipose tissues weights

NC HF ML MH

Body weight
Initial, g 106.876.3 107.075.9 106.573.5 106.576.7
Final, g 133.574.2a 152.576.6b 141.077.9c 136.875.4ac

Organs
Liver, g/100g BW 3.3370.23a 4.2570.27b 3.9270.40c 3.6170.25d
Kidney, g/100g BW 0.7970.03b 0.7470.06a 0.8170.05b 0.7970.04b
Spleen, g/100g BW 0.0870.01 0.0870.01 0.0970.01 0.0870.01
Testicle, g/100g BW 2.8170.19a 2.4170.12b 2.5970.29b 2.7970.17a

Adipose tissue
Epididymal WAT, g/100g BW 1.7870.41b 2.7370.29a 2.2670.30c 2.0870.22bc
Perirenal WAT, g/100g BW 1.4370.31c 1.9270.29a 1.7170.28ab 1.5770.12bc
Food intake, g/day 8.1070.21 7.9370.27 8.0470.40 8.1170.25
Energy intake, kcal/day 31.4470.81a 34.5771.16b 35.0671.76b 35.3571.10b

Values are mean7SD, n 5 10 hamsters in each group. NC: normal control group, HF: high-fat control group, ML: low-dosage mangiferin
group (high-fat diet150 mg/kg BW), MH: high-dosage mangiferin group (high-fat diet1150 mg/kg BW). a, b, c, d: Means in the same row
with different online letters differ significantly, po0.05.

Table 4. Effect of mangiferin on serum lipid profile

NC HF ML MH

Triglyceride (mmol/L) 1.3470.31a 3.0070.58c 2.3470.42b 2.0270.65b
TC (mmol/L) 4.3870.62a 6.6870.58b 6.5671.22b 6.3470.42b
HDL-C (mmol/L) 0.6370.08a 0.8170.11b 0.8170.23b 0.8470.11b
HDL-C/TC (%) 0.1570.02a 0.1270.02b 0.1270.02b 0.1370.02ab
LDL-C (mmol/L) 3.4870.59a 4.8670.67b 4.5470.88b 4.3470.49b

Values are mean7SD, n 5 10 hamsters in each group. NC: normal control group, HF: high-fat control group, ML: low-dosage mangiferin
group (high-fat diet150 mg/kg BW), MH: high-dosage mangiferin group (high-fat diet1150 mg/kg BW). a, b, c: Means in the same row with
different online letters differ significantly, po0.05.
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Expression of PPAR-a and CPT-1 significantly decreased in

the HF compared with the NC group. However, expression

of SREBP-1c, CD36, ACC, DGAT-2, and MTP significantly

increased. Treatment with mangiferin significantly

enhanced mRNA expression of PPAR-a, CD36, and CPT-1.

In contrast, mRNA expression of ACC, MTP, DGAT-2 and

SREBP-1c was significantly decreased by mangiferin treat-

ment. LPL mRNA expression did not differ among the

groups (data not shown). Gene expression for PPAR-a, LPL,

CD36 and CPT-1 was also determined in muscle tissue

(Fig. 3). Expression of PPAR-a, LPL, and CPT-1 significantly

decreased in the HF group and increased in the mangiferin

treatment groups. Expression of CD36 also significantly

increased in the HF compared with the NC group. Mangi-

ferin treatment significantly increased CD36 mRNA

expression compared with the HF group.

4 Discussion

Our results reveal that mangiferin administration signifi-

cantly decreased serum TG and total FFA in hamsters fed a

high-fat diet, but had no significant effect on serum TC,

LDL-C, and HDL-C. We also observed that mangiferin

treatment significantly reduced liver TG and FFA and

muscle FFA in hamsters fed a high-fat diet. Furthermore,

mangiferin treatment had no effect on fecal lipid excretion

compared with the HF group (data not shown). The above

results demonstrate that mangiferin can specifically affect

triglyceride and fatty acid metabolism in hamsters. To

explore the mechanisms of action, mRNA expression of

genes involved in TG and fatty acid metabolism were

determined by RT-PCR.

Miura et al. [6] showed that oral administration of

mangiferin (30 mg/kg) with exercise for 2 wk significantly

reduced blood TG and TC levels in KK-Ay mice. Muruga-

nandan et al. [13] also reported that mangiferin (10 and

20 mg/kg, i.p.) treatment significantly decreased plasma TC,

TG, LDL-C and increased HDL-C in STZ diabetic rats. KK-

Ay mice, a widely used animal genetic model of type 2

diabetes mellitus, are characterized by severe obesity,

hyperinsulinemia, insulin resistance [16], and hyperlipide-

mia [17]. STZ is a naturally occurring, broad-spectrum

antibiotic and cytotoxic chemical that is particularly toxic to

pancreatic insulin-producing b-cells in mammals. Diabetes

and dyslipidemia can be induced by selective destruction of

b-cells with a single rapid injection of STZ [18, 19].

However, the above two animal models may not be suitable

for studying hyperlipidemia, since this rapidly increasing

incidence of hyperlipidemia is attributed mainly to lifestyle

rather than genetic or chemical factors. Therefore, animal

models of diet-induced hyperlipidemia could mimic the

pathophysiology of human metabolic hyperlipidemia better

and provide more translatable knowledge [20]. Rats, mice

and hamsters are rodents commonly used to test the

hypolipidemic effect of plant extracts or phytochemicals.

However, serum TG levels in mice and rats did not increase

on a high-fat diet in a preliminary experiment we carried out

(data not shown), in accordance with some previous studies

[19–21]. Furthermore, it has been shown that cholesterol

metabolism in hamsters closely resembles that in humans,

in contrast to other rodent species [21, 22]. Therefore,

hamsters were considered to be the best animal model for

studying lipid metabolism in rodents, and the lack of effect

of mangiferin on hypercholesterolemia in hamsters might

be partly due to differences in cholesterol metabolism in

hamsters compared with other rodent species.

Dietary TGs are digested by pancreatic lipase primarily in

the lumen of the small intestine to fatty acids and mono-

glycerols that enter the cytosol of intestinal cells. These

moieties are then reassembled into chylomicrons that enter

the lymphatic system and eventually the systemic circula-

tion. Chylomicrons are hydrolyzed to FFA by various lipases

located on the endothelial surface of capillaries [23]. In liver,

the major organ for lipid metabolism, FFAs enter hepatic

cells, where they can either be oxidized in mitochondria to

form ATP or esterified to produce TG for storage or incor-

poration into VLDL particles [24]. Considering the important

Figure 1. Hepatic TG and TC. (A) After 8 wk of mangiferin treat-

ment, hepatic TG (left) and TC (right) levels were quantitatively

measured. Values are mean7SD (n 5 10/group). (B) Oil Red O

staining of liver tissue sections was used to assess lipid accu-

mulation (200�). NC, normal control group; HF, high-fat control

group; ML, low-dose mangiferin group (high-fat diet150 mg/kg

BW); MH, high-dose mangiferin group (high-fat diet1150 mg/kg

BW). a, b, c: Means with different superscript letters differ

significantly, po0.05.
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Table 5. Quantitative changes in serum FFAs in hamsters treated with mangiferin

Fatty acids (mg/mL) NC HF ML MH

C14:0 5.9871.67a 14.2373.36b 10.9972.11c 9.7071.89c
C16:0 629.08748.12a 1003.60777.89b 936.08798.80b 736.60779.68c
C16:1n�7 52.4079.94a 80.70714.35b 71.5579.63bc 63.7776.93c
C18:0 251.30731.20a 381.53735.92b 333.56752.13c 281.69734.75a
C18:1n�9 408.57784.28a 844.917144.13b 642.67786.93c 498.50757.41a
C18:2n�6 955.74787.39a 1481.497138.48b 1304.447101.87c 1112.39793.60d
g-C18:3n�6 15.7772.34 16.0874.88 16.2473.85 15.6273.48
C18:3n�3 34.7579.06a 64.75712.38b 55.05710.07bc 47.6778.85c
C20:2n�6 9.1872.01a 16.0573.45b 14.7972.43bc 13.0271.78c
C20:4n�6 199.12722.66a 289.70725.07b 263.43717.34c 214.49726.30a
C20:5n�3 4.5570.68b 6.1971.22a 4.9270.87b 4.2871.59b
C22:4n�6 41.9675.99a 53.4278.55b 48.0079.61ab 44.1676.79a
C22:5n�3 21.3874.99 22.4376.30 22.5876.09 22.2674.02
C22:6n�3 27.8276.86 27.8374.71 27.8774.14 25.6776.61
C24:0 184.33729.32a 246.79748.06b 213.29747.32ab 196.30742.17a
Total SFA 1070.70766.92a 1646.167104.79b 1493.92784.50c 1224.297106.49d
Total MUFA 460.96788.92a 925.617154.22b 714.22790.89c 562.27759.30a
Total PUFA 1310.277124.01a 1977.957145.46b 1757.327123.75c 1499.567120.53d
Total n�3 FA 88.50719.60a 121.20713.96b 110.42713.83bc 99.89710.97ac
Total n�6 FA 1221.777110.26a 1856.747140.83b 1646.907118.32c 1399.687116.32d
Total 2841.937242.91a 4549.717250.68b 3965.457232.12c 3286.127208.07d

Values are mean7SD, n 5 8 hamsters in each group. NC: normal control group, HF: high-fat control group, ML: low-dosage mangiferin
group (high-fat diet150mg/kg BW), MH: high-dosage mangiferin group (high-fat diet1150 mg/kg BW). a, b, c, d: Means in the same row
with different online letters differ significantly, po0.05.

Table 6. Quantitative changes in liver and muscle FFAs in hamsters treated with mangiferin

Liver Muscle

Fatty acids
(mg/g)

NC HF ML MH NC HF ML MH

C14:0 0.1270.05a 0.2070.03b 0.1870.04b 0.01770.04b 0.0270.01a 0.0470.03b 0.0470.01ab 0.0370.02ab
C16:0 11.6271.65a 20.9572.60b 18.3573.60bc 16.5873.76c 1.9670.25a 2.6070.59b 2.0870.19a 1.8570.18a
C16:1n�7 1.0970.29a 2.9970.71b 2.7870.59b 1.4670.33a 0.1570.05a 0.2270.18b 0.1970.13b 0.1570.06a
C18:0 8.6771.86a 18.1273.86b 13.5272.28c 8.8473.38a 1.1670.17a 1.9070.33b 1.4870.09c 1.3970.15c
C18:1n�9 19.1774.93a 49.88711.81b 39.4075.90b 14.8872.38a 0.9870.26a 1.6070.95b 1.2570.38ab 1.1570.22a
C18:2n�6 12.6372.92a 25.8272.61b 20.6274.01c 21.0773.74c 1.6870.34a 2.6770.76b 2.2070.31c 1.8970.25ac
g-C18:3n�6 0.1670.05a 0.3870.13b 0.3870.17b 0.4870.15b 0.0170.00 0.0270.01 0.0170.00 0.0170.00
C18:3n�3 0.5870.22a 1.1570.52b 1.0870.29bc 0.7070.42ac 0.0470.02a 0.0970.05b 0.0670.03a 0.0670.01a
C20:2n�6 0.4270.18 0.5370.08 0.4670.18 0.5170.42 0.0370.01a 0.0770.02b 0.0570.03bc 0.0470.01ac
C20:4n�6 3.3870.54a 8.2871.52b 5.5571.32c 6.2870.77c 0.5570.08a 0.8070.12b 0.6170.11a 0.5570.05a
C20:5n�3 – – – – 0.0270.00a 0.0170.00b 0.0170.00b 0.0170.00b
C22:4n�6 0.4670.17a 1.3170.27b 0.7570.18c 0.6970.18c 0.3770.09a 0.6670.19c 0.4970.05b 0.4370.05ab
C22:5n�3 0.1970.08a 0.4670.10b 0.3570.07c 0.3370.10c 0.2970.06a 0.3270.05a 0.1970.05b 0.2170.06b
C22:6n�3 7.1971.49a 16.0072.36b 10.1071.50c 9.3071.91c 3.0470.42a 3.8670.75b 2.8170.43a 2.9070.33a
Total SFA 20.4173.34a 39.2675.99b 32.0575.67c 25.5975.94a 3.1470.38a 4.5470.93b 3.6070.25a 3.2870.19a
Total MUFA 20.2675.16a 52.88712.42b 42.1876.35b 16.3572.60a 1.1270.30a 1.8271.12b 1.4470.49ab 1.3170.25ab
Total PUFA 25.0174.70a 53.9374.98b 39.2976.39c 39.3574.38c 6.0470.97a 8.5071.86b 6.4370.59a 6.1170.65a
Total n�3 FA 7.9771.68a 17.6172.63b 11.5371.73c 10.3371.72c 3.3970.48a 4.0570.57b 3.0770.48a 3.1970.37a
Total n�6 FA 17.0473.33a 36.3273.22b 27.7574.99c 29.0274.01c 2.6570.51a 3.8770.44c 3.3670.34b 2.9270.32ab
Total 65.68712.41a 146.07719.77b 113.52716.97c 81.2976.80d 10.3071.56a 14.8673.84b 11.4771.18a 10.6970.93a

Values are mean7SD, n 5 8 hamsters in each group. NC: normal control group, HF: high-fat control group, ML: low-dosage mangiferin
group (high-fat diet150 mg/kg BW), MH: high-dosage mangiferin group (high-fat diet1150 mg/kg BW). a, b, c, d: Means in the same row
with different online letters differ significantly, po0.05. – values cannot be detected.
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role of the liver in lipid metabolism, we investigated mRNA

expression of genes involved in lipogenesis and lipid

oxidation in this organ.

The decrease in TG and FFA levels in serum and liver

observed in the mangiferin treatment groups could be

mediated by reductions in the expression levels of some

hepatic lipogenic genes. DGAT is a microsomal enzyme that

join acyl CoA to 1,2-diacylglycerol and thus constitutes the

final step in TG biosynthesis. In mammals, DGAT occurs in

two isoforms, DGAT-1 and DGAT-2, encoded by distinct

gene families [25]. Although both isoforms are widely

expressed and present at high levels in white adipose tissue,

DGAT-1 is most highly expressed in the small intestine,

whereas DGAT-2 is primarily expressed in the liver [26].

A previous study demonstrated that pharmacological

reduction of DGAT-2 expression in liver using antisense

oligonucleotides (ASOs) could markedly reduced hepatic

lipids (diacylglycerols and TG) [25]. A significant decrease in

DGAT-2 mRNA expression in liver after mangiferin

supplementation was observed in our study. This indicates

that mangiferin may reduce liver TG levels by inhibiting

DGAT-2 gene expression.

MTP is a heterodimeric lipid transfer protein present in

the endoplasmic reticulum of hepatocytes and intestinal

cells. MTP plays an important role in VLDL assembly by

mediating the transfer of hepatic lipids to nascent apolipo-

protein B [27]. It was reported that MTP gene expression is

enhanced in the liver of both fructose-fed hamsters and

obese diabetic mice [28]. In the current study, MTP mRNA

expression was significantly increased in hamsters fed a

high-fat diet, and this overexpression was significantly

Figure 2. Hepatic expression of (A) PPAR-a, (B) CD36, (C) CPT-1,

(D) SREBP-1c, (E) DGAT-2, (F) MTP and (G) ACC mRNA in

hamsters treated with mangiferin for 8 wk. Total mRNA was

extracted from liver using TRIzol. Relative mRNA levels were

assessed by RT-PCR and results were normalized to b-actin. All

values are mean7SD (n 5 5/group). a, b, c: Means with different

superscript letters differ significantly, po0.05.

Figure 3. Muscle expression of (A) PPAR-a, (B) LPL, (C) CD36 and

(D) CPT-1 mRNA in hamsters treated with mangiferin for 8 wk.

Total mRNA was extracted from muscle using TRIzol. Relative

mRNA levels were assessed by RT-PCR and results were

normalized to b-actin. All values are mean7SD (n 5 5/group).

a, b, c, d: Means with different superscript letters differ signifi-

cantly, po0.05.
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inhibited by mangiferin. Therefore, it is possible that the

reduction in serum TG levels induced by mangiferin was

the result of decreased MTP gene expression.

SREBP-1c is one of three SREBP isoforms that belong to

the basic helix-loop-helix-leucine zipper (Bhlh-Zip) family of

transcription factors [29]. SREBP-1c plays a crucial role in

the dietary regulation of most hepatic lipogenic genes such

as ACC [30], DGAT-2 [25] and MTP [28, 31]. We found that

mangiferin treatment induced a significant decrease in

SREBP-1c expression levels. The results indicate that the

reductions in SREBP-1c, DGAT-2 and MTP levels induced

by mangiferin treatment partly account for the TG-lowering

effect of mangiferin in hyperlipidemic hamsters.

PPARs are ligand-activated transcription factors that

belong to the nuclear receptor superfamily. Three PPAR

receptor subtypes termed a, b and g have been identified

[32]. PPAR-a is highly expressed in liver, skeletal muscle

and brown adipose tissue [32, 33], where it upregulates

genes involved in fatty acid oxidation. In the present study,

liver mRNA expression of PPAR-a in the HF group was

significantly reduced compared with the NC group, in

accordance with a previous study [34]. PPAR-a down-

regulation was accompanied by increases in serum, liver

and muscle TG and FFA, which indicates that reduced lipid

breakdown occurred in hamsters fed a high-fat diet. FAT/

CD36 is involved in fatty acid uptake [35] and CPT-1 cata-

lyzes fatty acid b-oxidation [36]. Both CD36 and CPT-1 are

responsive to PPAR-a activation [37]. We found that liver

CPT-1 expression was markedly decreased and liver CD36

expression was markedly increased in hamsters fed a high-

fat diet. The opposite expression trends for CD36 and CPT-1

in the HF group are somewhat contrary to our expectations,

but are in agreement with studies by Koonen et al. [38] and

Lelliott et al. [39]. These results indicate that the increases in

liver TG and FFA might be the result of increased FFA

infusion and decreased lipid oxidation. In our study,

mangiferin treatment significantly increased liver mRNA

expression of PPAR-a, CD36 and CPT-1 and decreased

mRNA expression of ACC. CPT-1 activity is inhibited by

malonyl-CoA. Inhibition of ACC activity leads to a decrease

in malonyl-CoA production, which results in suppression of

fatty acid synthesis and, contrarily, enhancement of fatty

acid b-oxidation [40]. These results demonstrate that

mangiferin could markedly enhance FFA oxidation by acti-

vating PPAR-a and its target genes in liver.

As skeletal muscle is another major organ for lipid

catabolism, the expression of genes involved in TG hydro-

lysis, fatty acid uptake and oxidation was measured. LPL is

an enzyme that hydrolyzes circulating TG and delivers FFA

to peripheral tissues for utilization and storage. It is highly

expressed in skeletal muscle, which is a major TG clearance

site [41]. We found that TG and FFA levels were reduced and

LPL, CD36, CPT-1 and PPAR-a gene expression was

significantly enhanced by mangiferin in skeletal muscle.

These results suggest that the beneficial effect of mangiferin

in the treatment of hyperlipidemia may be partly due to

enhanced TG and FFA catabolism in skeletal muscle.

Regrettably, owing to a lack of suitable antibodies, expres-

sion levels of proteins involved in lipogenesis and lipid

oxidation were not investigated.

In summary, our results suggest that mangiferin has a

specific effect on TG and FFA metabolism in hamsters fed a

high-fat diet. Mangiferin supplementation probably

ameliorates hypertriglyceridemia in these hamsters by

downregulating genes involved in lipogenesis in liver and

upregulating genes involved in fatty acid b-oxidation in both

liver and skeletal muscle.

This research has been supported by grants from the
NSFC-CIHR (No. 30811120432) and NSFC Key Project
(No. 81130049).

The authors have declared no conflict of interest.

5 References

[1] Raza, J. A., Babb, J. D., Movahed, A., Optimal management

of hyperlipidemia in primary prevention of cardiovascular

disease. Int. J. Cardiol. 2004, 97, 355–366.

[2] Watts, G. F., Karpe, F., Triglycerides and atherogenic dysli-

pidaemia: extending treatment beyond statins in the high-

risk cardiovascular patient. Heart 2011, 97, 350–356.

[3] Festi, D., Colecchia, A., Sacco, T., Bondi, M. et al., Hepatic

steatosis in obese patients: clinical aspects and prognostic

significance. Obes. Rev. 2004, 5, 27–42.

[4] Maryniuk, M. D., Hyperlipidemia and diabetes: the role of

dietary fats (continuing education credit). Diabetes Educ.

1989, 15, 258–265.

[5] Lee, K. W., Bode, A. M., Dong, Z., Molecular targets of

phytochemicals for cancer prevention. Nat. Rev. Cancer

2011, 11, 211–218.

[6] Miura, T., Iwamoto, N., Kato, M., Ichiki, H. et al., The

suppressive effect of mangiferin with exercise on blood

lipids in type 2 diabetes. Biol. Pharm. Bull. 2001, 24,

1091–1092.

[7] Prabhu, S., Jainu, M., Sabitha, K. E., Devi, C. S., Role of

mangiferin on biochemical alterations and antioxidant

status in isoproterenol-induced myocardial infarction in

rats. J. Ethnopharmacol. 2006, 107, 126–133.

[8] Garcia-Rivera, D., Delgado, R., Bougarne, N., Haegeman, G.

et al., Gallic acid indanone and mangiferin xanthone are

strong determinants of immunosuppressive anti-tumour

effects of Mangifera indica L. bark in MDA-MB231 breast

cancer cells. Cancer Lett. 2011, 305, 21–31.

[9] Yoosook, C., Bunyapraphatsara, N., Boonyakiat, Y., Kanta-

suk, C., Anti-herpes simplex virus activities of crude water

extracts of Thai medicinal plants. Phytomedicine 2000, 6,

411–419.

[10] Leiro, J., Arranz, J. A., Yanez, M., Ubeira, F. M. et al.,

Expression profiles of genes involved in the mouse

nuclear factor-kappa B signal transduction pathway are

1816 F. Guo et al. Mol. Nutr. Food Res. 2011, 55, 1809–1818

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



modulated by mangiferin. Int. Immunopharmacol. 2004, 4,

763–778.

[11] Giron, M. D., Sevillano, N., Salto, R., Haidour, A. et al.,

Salacia oblonga extract increases glucose transporter

4-mediated glucose uptake in L6 rat myotubes: role of

mangiferin. Clin. Nutr. 2009, 28, 565–574.

[12] Huang, T. H., Peng, G., Li, G. Q., Yamahara, J. et al., Salacia

oblonga root improves postprandial hyperlipidemia and

hepatic steatosis in Zucker diabetic fatty rats: activation of

PPAR-alpha. Toxicol. Appl. Pharmacol. 2006, 210, 225–235.

[13] Muruganandan, S., Srinivasan, K., Gupta, S., Gupta, P. K.

et al., Effect of mangiferin on hyperglycemia and ather-

ogenicity in streptozotocin diabetic rats. J. Ethnopharma-

col. 2005, 97, 497–501.

[14] Folch, J., Lees, M., Sloane Stanley, G. H., A simple method

for the isolation and purification of total lipides from animal

tissues. J. Biol. Chem. 1957, 226, 497–509.

[15] Liu, L., Li, Y., Guan, C., Li, K. et al., Free fatty acid metabolic

profile and biomarkers of isolated post-challenge diabetes

and type 2 diabetes mellitus based on GC-MS and multi-

variate statistical analysis. J. Chromatogr. B Anal. Technol.

Biomed. Life Sci. 2010, 878, 2817–2825.

[16] Miura, T., Nosaka, K., Ishii, H., Ishida, T., Antidiabetic effect

of Nitobegiku, the herb Tithonia diversifolia, in KK-Ay

diabetic mice. Biol. Pharm. Bull. 2005, 28, 2152–2154.

[17] Castle, C. K., Colca, J. R., Melchior, G. W., Lipoprotein

profile characterization of the KKA(y) mouse, a rodent

model of type II diabetes, before and after treatment with

the insulin-sensitizing agent pioglitazone. Arterioscler.

Thromb. 1993, 13, 302–309.

[18] Wei, M., Ong, L., Smith, M. T., Ross, F. B. et al., The

streptozotocin-diabetic rat as a model of the chronic

complications of human diabetes. Heart Lung Circ. 2003, 12,

44–50.

[19] Keren, P., George, J., Shaish, A., Levkovitz, H. et al., Effect of

hyperglycemia and hyperlipidemia on atherosclerosis in

LDL receptor-deficient mice: establishment of a combined

model and association with heat shock protein 65 immu-

nity. Diabetes 2000, 49, 1064–1069.

[20] Gao, S., He, L., Ding, Y., Liu, G., Mechanisms underlying

different responses of plasma triglyceride to high-fat diets

in hamsters and mice: roles of hepatic MTP and triglyceride

secretion. Biochem. Biophys. Res. Commun. 2010, 398,

619–626.

[21] Zhang, Z., Wang, H., Jiao, R., Peng, C. et al., Choosing

hamsters but not rats as a model for studying plasma

cholesterol-lowering activity of functional foods. Mol. Nutr.

Food Res. 2009, 53, 921–930.

[22] Martinez, I., Wallace, G., Zhang, C., Legge, R. et al., Diet-

induced metabolic improvements in a hamster model of

hypercholesterolemia are strongly linked to alterations of

the gut microbiota. Appl. Environ. Microbiol. 2009, 75,

4175–4184.

[23] Volek, J. S., Gomez, A. L., Love, D. M., Avery, N. G. et al.,

Effects of a high-fat diet on postabsorptive and postprandial

testosterone responses to a fat-rich meal. Metabolism.

2001, 50, 1351–1355.

[24] Browning, J. D., Horton, J. D., Molecular mediators of

hepatic steatosis and liver injury. J. Clin. Invest. 2004, 114,

147–152.

[25] Choi, C. S., Savage, D. B., Kulkarni, A., Yu, X. X. et al.,

Suppression of diacylglycerol acyltransferase-2 (DGAT2),

but not DGAT1, with antisense oligonucleotides reverses

diet-induced hepatic steatosis and insulin resistance.

J. Biol. Chem. 2007, 282, 22678–22688.

[26] Wang, Z., Yao, T., Song, Z., Involvement and mechanism of

DGAT2 upregulation in the pathogenesis of alcoholic fatty

liver disease. J. Lipid Res. 2010, 51, 3158–3165.

[27] Qin, B., Anderson, R. A., Adeli, K., Tumor necrosis factor-

alpha directly stimulates the overproduction of hepatic

apolipoprotein B100-containing VLDL via impairment of

hepatic insulin signaling. Am. J. Physiol. Gastrointest. Liver

Physiol. 2008, 294, G1120–G1129.

[28] Avramoglu, R. K., Adeli, K., Hepatic regulation of

apolipoprotein B. Rev. Endocr. Metab. Disord. 2004, 5,

293–301.

[29] Brown, M. S., Goldstein, J. L., The SREBP pathway: regu-

lation of cholesterol metabolism by proteolysis of a

membrane-bound transcription factor. Cell 1997, 89,

331–340.

[30] Ikeda, S., Miyazaki, H., Nakatani, T., Kai, Y. et al., Up-regu-

lation of SREBP-1c and lipogenic genes in skeletal muscles

after exercise training. Biochem. Biophys. Res. Commun.

2002, 296, 395–400.

[31] Nerurkar, P. V., Pearson, L., Efird, J. T., Adeli, K. et al.,

Microsomal triglyceride transfer protein gene expression

and ApoB secretion are inhibited by bitter melon in HepG2

cells. J. Nutr. 2005, 135, 702–706.

[32] Ferreira, A. V., Parreira, G. G., Porto, L. C., Mario, E. G. et al.,

Fenofibrate prevents orotic acid--induced hepatic steatosis

in rats. Life Sci. 2008, 82, 876–883.

[33] Nagatomo, F., Gu, N., Fujino, H., Takeda, I. et al., Skeletal

muscle characteristics of rats with obesity, diabetes,

hypertension, and hyperlipidemia. J. Atheroscler. Thromb.

2009, 16, 576–585.

[34] Svegliati-Baroni, G., Candelaresi, C., Saccomanno, S.,

Ferretti, G. et al., A model of insulin resistance and nonal-

coholic steatohepatitis in rats: role of peroxisome prolif-

erator-activated receptor-alpha and n-3 polyunsaturated

fatty acid treatment on liver injury. Am. J. Pathol. 2006, 169,

846–860.

[35] Jeppesen, J., Albers, P. H., Rose, A. J., Birk, J. B. et al.,

Contraction-induced skeletal muscle FAT/CD36 trafficking

and FA uptake is AMPK independent. J. Lipid Res. 2011, 52,

699–711.

[36] Schreurs, M., Kuipers, F., van der Leij, F. R., Regulatory

enzymes of mitochondrial beta-oxidation as targets for

treatment of the metabolic syndrome. Obes. Rev. 2010, 11,

380–388.

[37] Zhang, J., Wang, C., Terroni, P. L., Cagampang, F. R. et al.,

High-unsaturated-fat, high-protein, and low-carbohydrate

diet during pregnancy and lactation modulates hepatic lipid

metabolism in female adult offspring. Am. J. Physiol.

Regul. Integr. Comp. Physiol. 2005, 288, R112–R118.

Mol. Nutr. Food Res. 2011, 55, 1809–1818 1817

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



[38] Koonen, D. P., Jacobs, R. L., Febbraio, M., Young, M. E.

et al., Increased hepatic CD36 expression contributes to

dyslipidemia associated with diet-induced obesity. Diabetes

2007, 56, 2863–2871.

[39] Lelliott, C. J., Ljungberg, A., Ahnmark, A., William-Olsson,

L. et al., Hepatic PGC-1beta overexpression induces

combined hyperlipidemia and modulates the response to

PPARalpha activation. Arterioscler. Thromb. Vasc. Biol.

2007, 27, 2707–2713.

[40] Harwood, H. J., Jr., Petras, S. F., Shelly, L. D., Zaccaro, L. M.

et al., Isozyme-nonselective N-substituted bipiper-

idylcarboxamide acetyl-CoA carboxylase inhibitors reduce

tissue malonyl-CoA concentrations, inhibit fatty acid

synthesis, and increase fatty acid oxidation in cultured cells

and in experimental animals. J. Biol. Chem. 2003, 278,

37099–37111.

[41] Berk, E. S., Johnson, J. A., Lee, M., Zhang, K. et al., Higher

post-absorptive skeletal muscle LPL activity in African

American vs. non-Hispanic White pre-menopausal women.

Obesity (Silver Spring) 2008, 16, 199–201.

1818 F. Guo et al. Mol. Nutr. Food Res. 2011, 55, 1809–1818

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com


