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Abstract

Consumption of fruits and vegetables has been investigated for their role in the prevention of many chronic conditions. Among the fruits,

mango provides numerous bioactive compounds such as carotenoids, vitamin C and phenolic compounds, which have been shown to

have antioxidant and anti-inflammatory properties. The present study examined the effects of dietary supplementation of freeze-dried

mango pulp, in comparison with the hypolipidaemic drug, fenofibrate, and the hypoglycaemic drug, rosiglitazone, in reducing adiposity

and alterations in glucose metabolism and lipid profile in mice fed a high-fat (HF) diet. Male C57BL/6J mice were randomly divided into six

treatment groups (eight to nine/group): control (10 % energy from fat); HF (60 % energy from fat); HF þ 1 or 10 % freeze-dried mango

(w/w); HF þ fenofibrate (500 mg/kg diet); HF þ rosiglitazone (50 mg/kg diet). After 8 weeks of treatment, mice receiving the HF diet

had a higher percentage body fat (P¼0·0205) and epididymal fat mass (P¼0·0037) compared with the other treatment groups. Both

doses of freeze-dried mango, similar to fenofibrate and rosiglitazone, prevented the increase in epididymal fat mass and the percentage

of body fat. Freeze-dried mango supplementation at the 1 % dose improved glucose tolerance as shown by approximately 35 % lower

blood glucose area under the curve compared with the HF group. Moreover, freeze-dried mango lowered insulin resistance, as indicated

by the homeostasis model assessment of insulin resistance, to a similar extent as rosiglitazone and modulated NEFA. The present findings

demonstrate that incorporation of freeze-dried mango in the diet of mice improved glucose tolerance and lipid profile and reduced

adiposity associated with a HF diet.
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Obesity continues to be a major public health issue in the USA

and worldwide(1,2). Parallel to the increase in obesity is a rise

in obesity-related chronic conditions such as type 2 diabetes

and CVD. CVD continues to be the leading cause of death

worldwide(3,4) and factors contributing to the development

of CVD include the consumption of a high-fat (HF) diet,

hyperglycaemia, dyslipidaemia and visceral adiposity(5–7).

Pharmacological therapies, dietary interventions and lifestyle

modifications such as routine physical activity independently

or in combination are capable of improving glycaemic control

and lipid profiles. For patients unable to control the pro-

gression of diabetes or dyslipidemia through lifestyle modifi-

cations, pharmacological approaches may be necessary to

control the development of these disorders.

Among the pharmacological options for treating hypergly-

caemia and hyperlipidaemia, are a widely used class of

drugs that function as agonists for PPAR(8). PPAR are a

family of ligand-activated nuclear receptor proteins capable

of regulating the expression of genes involved in macronutri-

ent metabolism and cellular differentiation(8–10). There are

three family members of the PPAR nuclear receptors ident-

ified: a, b/d and g. PPAR-a agonists (e.g. fenofibrate) regulate

genes involved in b-oxidation, ketogenesis, fatty acid syn-

thesis and lipoprotein metabolism(8–10). On the other hand,

PPAR-g agonists (e.g. thiazolidinediones) improve insulin

sensitivity in tissues such as adipose tissue and skeletal

muscle by up-regulating glucose uptake(8–11). Unfortunately,

the use of fenofibrate may be associated with undesirable

adverse events including dermatological problems, gastro-

intestinal distress, muscle pain, sweating and dizziness(12). In

contrast, potential side effects associated with the use of

thiazolidinediones include fluid retention, heart failure and

increased incidence of fracture(11). Because of these adverse
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effects, alternative treatment options are being explored for

improving blood glucose control and lipid profiles.

Natural bioactive compounds found in foods offer a more

appealing therapeutic option for many chronic diseases(13,14).

In particular, fruits and vegetables rich in phytochemicals have

been investigated for their potential health benefits(15–18).

Among these fruits, mango (Mangifera indica L.) provides a

number of well-known bioactive compounds such as caroten-

oids, vitamin C and phenolic compounds that have been

shown to exhibit both antioxidant and anti-inflammatory

properties(19). For example, the aqueous extract of the stem

bark and leaves of mango was shown to effectively lower

blood glucose in streptozotocin-induced diabetic rats(20,21)

and glucose-induced hyperglycaemia in rats and mice(22,23).

Mango stem bark extract has been demonstrated to exhibit

anti-inflammatory properties by inhibiting egg albumin-

induced paw oedema in rats(20). Furthermore, mango juice

has been shown to inhibit free radical production and neo-

plastic transformation in BALB/3T3 and HL-60 cells, demon-

strating potent antioxidant and anti-cancer properties(24).

Studies focused on polyphenolic components of the mango

fruit, quercetin and the aglycone derivative of mangiferin

(i.e. norathyriol), have revealed that these components inhibit

the activation of all three isoforms of PPAR(25). However, to

our knowledge, there are no studies exploring the effects of

dietary supplementation with mango fruit on CVD risk factors

in the context of a high fat diet. Therefore, the present study

was designed to investigate the effects of freeze-dried

mango fruit (pulp) on body composition, glucose tolerance

and lipid profiles in mice fed a high fat diet and to compare

the response to fenofibrate and rosiglitazone.

Methods

Animals and dietary treatments

A total of fifty-two, 3-month-old, C57BL/6J male mice were

purchased from Harlan Teklad (Indianapolis, IN, USA).

Animal handling and procedures were approved by the Insti-

tutional Animal Care and Use Committee at Oklahoma State

University. The mice were acclimated to a standardised pow-

dered rodent diet (AIN 93M; control)(26) for 3 d. After acclim-

ation, the mice were weighed and randomly divided into six

dietary treatment groups (eight to nine mice/group): control;

HF diet; HF þ 1 or 10 % (w/w) freeze-dried mango pulp; HF þ

fenofibrate (500 mg/kg diet; Cayman Chemicals, Ann Arbor,

MI, USA); and HF þ rosiglitazone (50 mg/kg diet; Cayman

Chemicals). The mice were housed in groups of four or five

mice/cage. The HF diets were based on the formulation of

Molnar et al.(27) and adjusted to have the same macronutrient

composition, as well as Ca and P content (Table 1). The

energy contribution of the control v. HF diets was: fat (9·5

v. 58·9 %), carbohydrates (75·8 v. 27·7 %) and protein (14·7

v. 13·4 %).

Mangoes (Tommy Atkins variety) were obtained from US

importers, ripened to a soluble solids content of .10 % and

peeled. A portion of the mango pulp was used for characteris-

ation of ascorbic acid, carotenoids and phenolic com-

pounds(28), and the remainder was freeze-dried, ground and

analysed for its nutrient composition before incorporation

into the powdered diet at 1 or 10 % concentration by weight.

The doses of freeze-dried mango were based on our earlier

animal study with dried plum(29) and those of others using

freeze-dried blueberries(30,31), freeze-dried strawberries(30)

Table 1. Composition of the experimental diets

Ingredient (g/kg diet)
Normal diet*
(AIN-93M)

High-fat
diet†‡

High-fat diet þ 1 %
mango

High-fat diet þ 10 %
mango

Mango§k 0 0 10 100
Total carbohydrate 720 370 370 370

Maize starch 620 100 94 25·2
Sucrose 100 270 270 270

Total fat 40 350 350 350
Soyabean oil 40 40 39·4 33·5
Lard 0 310 310 310

Total protein 140 180 180 180
Casein 140 180 179·6 176·1

Total fibre 50 50 50 50
Cellulose 50 50 49·6 31

Vitamin mix (AIN 93VX) 10 10 10 10
Mineral mix (AIN 93 MX) 35 35 35 35
Choline bitartrate 2·5 2·5 2·5 2·5
L-Cysteine 1·8 1·8 1·8 1·8
tert-Butylhydroquinone 0·008 0·008 0·008 0·008
Total energy (kJ/100 g diet){ 1585 2297 2313 2284

* Based on AIN-93M formulations with 75·8, 14·7 and 9·5 % of total energy coming from carbohydrate, protein and fat, respectively(26).
† High-fat diet was based on formulation of Molnar et al.(27) with 27·7, 13·4 and 58·9 % of total energy coming from carbohydrate, protein

and fat, respectively.
‡ Rosiglitazone and fenofibrate were from Cayman Chemicals (Ann Arbor, MI, USA) and added to the high-fat diet at a dose of 50 and

500 mg/kg diet, respectively.
§ Freeze-dried Tommy Atkins variety mango with the following nutrient composition as analysed by NP Analytical Laboratories (St Louis,

MO, USA): carbohydrates, 74·8 g/100 g; protein, 3·9 g/100 g; fat, 6·5 g/100 g; fibre, 3·8 g/100 g; Ca, 0·0424 g/100 g; P, 0·0941 g/100 g.
kOther bioactive compounds present in the freeze-dried Tommy Atkins variety mango used in the study: ascorbic acid, 109·2 mg/100 g;

b-carotene, 28·3 mg/100 g; total phenolic, 154·1 mg of gallic acid equivalents/100 g; gallotanin, 424·4 mg/100 g; mangiferin,
10·4 mg/100 g; ellagic acid, 6·4 mg/100 g(28).

{Analysed by NP Analytical Laboratories.
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and dehydrated apples(32) that investigated the effects of these

fruits on clinical parameters. Based on the limited information

available with freeze-dried mango pulp, we chose to explore

the effect of the 1 and 10 % doses. The dose and mode of

administration of rosiglitazone (50 mg/kg diet) and fenofibrate

(500 mg/kg diet) were based on the studies by Chao et al.(33)

and Guerre-Millo et al.(34).

Ad libitum food and deionised water were provided. Food

intake was monitored daily for 8 weeks during the midportion

of the light cycle. Pre-weighed food was placed in a food

bowl, measured on a per cage basis, and food intake was

determined as g consumed/d. The mice were weighed

weekly. Feed efficiency was calculated as follows: mg of

body weight gain/cage per kJ of food consumed per cage.

Glucose tolerance test

At week 7, a glucose tolerance test was performed. From each

group, six mice were randomly selected and fasted for 12 h.

The mice were injected intraperitoneally with 20 % glucose

solution (2 g/kg body weight). Blood glucose concentration

was determined in tail blood samples taken at 0, 5, 15, 30,

60 and 120 min after glucose injection using a glucose testing

kit (Onetouch Ultra; LifeScan, Inc., Milpitas, CA, USA). To

examine glucose tolerance, differences in blood glucose con-

centration between groups at each time point were evaluated,

and the area under the curve (AUC) for glucose was calculated

by the trapezoidal rule(35).

Necropsy and tissue processing

At the end of the 8 weeks of dietary treatment, the mice were

fasted for 12 h, weighed and injected with a ketamine/xylazine

cocktail (80 and 8 mg/kg body weight, respectively). Body

composition was determined using a GE Lunar Piximus

(Fitchburg, WI, USA). Blood was collected from the carotid

artery into EDTA-coated tubes. Plasma was obtained after

centrifugation and stored at 2808C for later analyses. Epidi-

dymal fat, liver, spleen and kidneys were collected, weighed,

snap-frozen and stored at 2808C.

Clinical analyses

An Alfa Wassermann (West Caldwell, NJ, USA) clinical chem-

istry analyser was used to determine plasma concentrations

of glucose, NEFA, total cholesterol, HDL and TAG. Kits were

purchased from Alfa Wasserman except for NEFA (Wako

Diagnostics, Richmond, VA, USA) and the manufacturer’s

instructions were strictly followed.

ELISA kits from Linco Research (St Charles, MO, USA) were

used to determine plasma concentrations of leptin, adiponec-

tin and insulin.

Non-HDL-cholesterol concentrations were calculated by

subtracting HDL from total cholesterol. Insulin resistance

was estimated by the homeostasis model assessment of insulin

resistance (HOMA-IR) as described previously(36):

HOMA-IR ¼ (fasting insulin (mU/ml) £ fasting glucose

(mmol/l))/22·5. T
a
b
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Although originally developed and validated in human

subjects, it has been shown that HOMA-IR can be used to

estimate insulin sensitivity and resistance in mice(37).

RNA isolation and gene expression

RNA was extracted from the liver and adipose tissue (six

per group) using STAT60 (TEL-TEST, Inc., Friendswood, TX,

USA) according to the manufacturer’s instructions. RNA

concentrations and quality were determined on a NanoDrop

spectrophotometer (Thermo Scientific, Wilmington, DE, USA).

The quality of RNA was further confirmed by agarose gel

electrophoresis by examining the integrity of 18S and 28S

rRNA. RNA samples were stored at 2808C until used for syn-

thesis of cDNA and real-time PCR.

Real-time PCR was used to determine mRNA expression

as described previously(38). In the liver, the expression of

genes involved in fatty acid synthesis (acetyl-CoA carboxylase,

ACC-a), oxidation (acyl CoA oxidase, ACOX and medium-

chain acyl-CoA dehydrogenase, MCAD) and transport (fatty

acid transport protein 5, FATP5) was assessed. In the adipose

tissue, ACC-a, ACOX, the transport protein (adipocyte P2)

as well as the GLUT4 were assessed. Cyclophilin was used

as the invariant control. Data were subsequently analysed

using the DDCT method (User Bulletin no. 2; Applied Bio-

systems, 1997; Carlsbad, CA, USA).

Statistical analyses

Statistical analyses involved computation of means with their

standard errors for each of the treatment groups using SAS

version 9.1 (SAS Institute, Cary, NC, USA). The significance

of treatment effects was analysed by the one-way ANOVA

model followed by post hoc analysis using Fisher’s least

square means separation test when F values were significant.

Differences were considered significant at P,0·05.

Results

Food intake, body and tissue weights, and body
composition

There were no significant differences in body weight among

the animals before the initiation of dietary treatments

(Table 2). Over the course of the 8-week study period, the

average food and energy intake of the mice receiving HF

diets were significantly lower than those receiving the control

diet (Table 2). Despite these differences in food and energy

intake, there were no significant differences in the final

body weight among all the groups. The feed efficiency of

the HF diet tended (P¼0·0758) to be higher compared with

the other dietary treatments (Table 2).

Body composition was significantly different despite similar

final body weights among the treatment groups after 8 weeks

of dietary treatment. The percentage of body fat was higher

(P¼0·0255) while the percentage of fat-free mass was signifi-

cantly lower in the HF group compared with the other treat-

ment groups (Fig. 1). The two doses of freeze-dried mango

had similar effects to rosiglitazone and fenofibrate on reducing

the percentage of body fat and the maintaining percentage of

fat-free mass.

In agreement with differences in body composition, the

mean epididymal fat weight of mice fed the HF diet was

approximately twice that of mice receiving the control diet

despite their higher energy intake (Table 2). The two doses

of freeze-dried mango, similar to fenofibrate and rosiglitazone,

protected against the HF diet-induced increase in epididymal

fat. There were no significant differences in kidney and

spleen weights; however, animals on fenofibrate exhibited
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Fig. 1. Effects of freeze-dried mango supplementation compared with rosiglitazone and fenofibrate on percentage of body fat (B) and percentage fat-free mass

(A) of mice fed high-fat (HF) diet for 2 months. Values are means with their standard errors (eight to nine per group) represented by vertical bars. a,b Mean values

with unlike letters were significantly different from each other (P,0·05).
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hepatomegaly as evidenced by an increase in wet tissue

weight (Table 2).

Glucose tolerance test, fasting plasma glucose and insulin,
and homeostasis model assessment of insulin resistance

To examine glucose tolerance and clearance from the plasma,

glucose tolerance tests were performed on animals following

fasting for 12 h. No significant differences in blood glucose

were observed at 0, 5 and 15 min post-injection of the glucose

solution (Fig. 2(A)). However, after 30, 60 and 120 min, altera-

tions in glucose as a function of diet did occur. Mice receiving

the 1 % freeze-dried mango diet had approximately 40–90 %

lower blood glucose concentration at 30–120 min compared

with those receiving the HF diet. HF þ rosiglitazone diet

reduced blood glucose concentrations at these time points

by only about 15–30 % (Fig. 2(A)).

To further characterise the time-dependent changes in

blood glucose, we examined the total AUC for each treatment

group. Freeze-dried mango supplementation at the 1 % dose

was most effective in normalising blood glucose concen-

trations in response to a HF diet as indicated by the glucose

AUC (Fig. 2(B)). The mean glucose AUC was highest in the

HF group and approximately 35 % lower in the HF þ 1 %

freeze-dried mango. Rosiglitazone, fenofibrate, 10 % freeze-

dried mango and the control diet were all statistically similar

to the HF diet in terms of their effect on glucose tolerance

as shown by the total AUC (Fig. 2(B)).

Fasting plasma glucose concentrations were lowest in the

HF þ rosiglitazone group (Table 3). The fasting plasma glu-

cose of the mice receiving the HF þ 1 % freeze-dried mango

diet, but not those in the HF þ 10 % freeze-dried mango

group, was similar to the HF þ rosiglitazone group. Mice in

the control and HF groups had similar plasma glucose concen-

trations. There was no significant difference in plasma insulin

concentrations among the treatment groups (Table 3).

The effect of dietary treatments on HOMA-IR correspon-

ded to the changes observed in plasma glucose (Table 3).
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The degree of insulin resistance was lowest in the HF þ

rosiglitazone group as indicated by low HOMA-IR values.

Mice receiving the freeze-dried mango diets had HOMA-IR

that is similar to the HF þ rosiglitazone group. HOMA-IR

was highest in the HF group and the control and HF þ

fenofibrate groups were not statistically different from the

HF group.

Plasma lipids, leptin and adiponectin

There were significant differences (P,0·001) in plasma total

cholesterol among the groups after 8 weeks of dietary treat-

ment (Table 3). The mice receiving the HF þ fenofibrate diet

had plasma total cholesterol concentrations that were approxi-

mately 30 % higher compared with the other treatment groups

(Table 3). Mice receiving the freeze-dried mango diets had

plasma total cholesterol concentrations, which were not

statistically different from the control, HF þ rosiglitazone and

HF groups (Table 3).

Plasma HDL concentrations were also significantly altered

(P,0·001) due to treatment. The two doses of freeze-dried

mango have a similar effect on plasma HDL concentrations

to that of the control and HF þ rosiglitazone diets (Table 3).

The HF þ fenofibrate group had the highest plasma HDL con-

centrations and plasma TAG concentrations that were approxi-

mately 30 % lower in comparison with the HF group; however,

this effect did not reach the level of statistical significance

(P¼0·0764) (Table 3). Similar to the total cholesterol concen-

trations, non-HDL-cholesterol was highest in the HF þ

fenofibrate group, and no differences were observed between

the other treatment groups.

Plasma NEFA concentrations were different (P¼0·0318)

among the treatment groups with the HF group having the

highest plasma NEFA concentrations (Table 3). There were

no differences in the effects of the HF þ 1 % freeze-dried

mango diet on plasma NEFA concentrations compared with

the control, HF þ fenofibrate and HF þ rosiglitazone groups.

However, the HF þ 10 % freeze-dried mango group had only

an intermediate effect.

Table 3. Effects of freeze-dried mango supplementation compared with rosiglitazone and fenofibrate on plasma lipids, glucose and insulin
concentrations and homeostasis model assessment of insulin resistance (HOMA-IR) of mice fed high-fat (HF) diet for 2 months

(Mean values with their standard errors, eight to nine per group)

Control HF
HF þ 1 %

mango
HF þ 10 %

mango HF þ fenofibrate
HF þ

rosiglitazone

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

TC (mmol/l) 2·03c 0·16 2·71b 0·12 2·35b,c 0·14 2·44b,c 0·06 3·77a 0·22 2·19c 0·10
HDL (mmol/l) 0·85c 0·15 1·37b 0·07 0·91c 0·18 1·14b,c 0·05 1·96a 0·15 0·76c 0·14
Non-HDL (mmol/l) 1·18b 0·1 1·34b 0·07 1·44b 0·20 1·30b 0·07 1·82a 0·13 1·42b 0·13
TAG (mmol/l)* 0·60 0·07 0·59 0·04 0·49 0·04 0·43 0·05 0·41 0·06 0·53 0·06
NEFA (mEq/l) 0·31b 0·04 0·49a 0·06 0·30b 0·06 0·40a,b 0·06 0·30b 0·03 0·30b 0·03
Glucose (mmol/l) 13·1a 1·4 12·9a 0·6 8·5b,c 1·2 10·0b 1·2 11·2a,b 1·1 6·8c 0·5
Insulin (pmol/l) 32·7 1·7 41·3 3·4 34·4 3·4 32·7 3·4 32·7 1·7 31·0 3·4
HOMA-IR 2·98a,b 0·39 3·36a 0·32 2·10b,c 0·30 2·10b,c 0·27 2·51a,b 0·32 1·38c 0·20

TC, total cholesterol.
a,b,c Mean values within a row with unlike superscript letters were significantly different from each other (P,0·05).
* Overall P value 0·0764.
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Significant differences in plasma leptin (P¼0·0009) and

adiponectin (P¼0·0119) concentrations were observed after

8 weeks of dietary treatment (Fig. 3). Mice consuming the

freeze-dried mango diets had significantly lower plasma

leptin concentrations than those receiving the control and

HF diets. Rosiglitazone and fenofibrate had effects on

plasma leptin concentrations that were statistically similar to

the control and the freeze-dried mango groups. Mice that

received the HF þ 1 % freeze-dried mango diet had the high-

est plasma adiponectin concentrations, which were statistically

similar to those receiving HF and HF þ fenofibrate diets. The

HF þ 10 % freeze-dried mango diet had a similar effect on

plasma adiponectin concentrations to that of control and HF þ

rosiglitazone diets.

Gene expression by real-time PCR

Earlier data(25) indicate that bioactive components of mango

might function as a PPAR antagonist; therefore, we examined

the extent to which mango may alter gene expression in the

liver and adipose tissue. Relative gene expression in the

liver for enzymes involved in fatty acid synthesis (ACC-a),

fatty acid transport (FATP5) and b oxidation (ACOX1 and

MCAD) was examined. Relative to the control diet, mice in

the HF þ 10 % freeze-dried mango group had the lowest

while HF þ fenofibrate had the highest expression of the lipo-

genic gene ACC-a (Table 4). No differences in the relative

mRNA expression of ACCa were observed in mice receiving

either the control, HF or 1 % freeze-dried mango diets

(Table 4).

To determine the extent to which alterations in plasma

lipids were associated with enhanced fatty acid uptake, the

relative mRNA abundance of the transport protein, FATP5,

was examined in the liver. The HF þ fenofibrate group had

the highest gene expression of FATP5. The two doses of

freeze-dried mango had similar liver gene expression of

FATP5 to rosiglitazone and significantly lower than the control,

HF and HF þ fenofibrate groups (Table 4).

The effect of mango on gene expression in the liver

enzymes involved in fatty acid oxidation (ACOX and MCAD)

is also shown in Table 4. There were no alterations at

the transcriptional level of MCAD and ACOX resulting from

8 weeks of consuming a HF diet. The two doses of freeze-

dried mango, similar to rosiglitazone, decreased the relative

expression of MCAD in the liver, compared with the control,

HF and HF þ fenofibrate groups. Mice receiving the HF þ

fenofibrate diet had the highest ACOX gene expression

while 10 % freeze-dried mango had the lowest.

The gene expression of ACC-a, ACOX, GLUT4 and fatty

acid binding protein (adipocyte P2) was also investigated in

the adipose tissue (Table 4). No significant differences in the

expression of these genes were observed. However, adipocyte

P2 tended (P¼0·0598) to be higher in the HF þ rosiglitazone,

HF þ 10 % freeze-dried mango and control groups.

Discussion

The present study investigated the effect of two doses (1 and

10 %) of freeze-dried mango pulp on body composition and

blood glucose and lipids in mice fed a HF diet. Moreover,

the effects of freeze-dried mango were compared with those

of fenofibrate and rosiglitazone, two drugs commonly used

in modulating lipid profile and lowering blood glucose,

respectively. In the present study, we did not observe differ-

ences in weekly or final body weights among the treatment

groups. The lack of difference in the final body weights was

likely due to the relatively lower food and subsequent

energy intake in mice receiving HF diets compared with

those receiving the control diet. Despite the lower food

intake of mice in the HF group, the feed efficiency of the

HF diet tended (P¼0·0758) to be approximately 40 % higher

in comparison with the other dietary treatments.

Even though no differences were observed in the final body

weights among the groups, alterations in body composition

were demonstrated. Consumption of a HF diet significantly

increased the percentage of body fat and reduced the

Table 4. Effects of freeze-dried mango supplementation compared with rosiglitazone and fenofibrate on relative mRNA of genes involved in lipid and
glucose metabolism in the liver and adipose tissue of mice fed high-fat diet (HF) for 2 months

(Mean values with their standard errors, six per group)

Control HF HF þ 1 % mango
HF þ 10 %

mango
HF þ feno-

fibrate
HF þ rosi-
glitazone

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Liver
ACC-a 1·0b 0·08 0·78b,c 0·09 0·78b,c 0·07 0·45d 0·02 1·46a 0·09 0·59c,d 0·10
ACOX 1·0b 0·12 0·80b,c 0·10 0·71b,c 0·08 0·38c 0·07 2·60a 0·44 0·60b,c 0·07
MCAD 1·0b 0·09 0·94b 0·10 0·58c 0·06 0·38c 0·04 2·34a 0·17 0·58c 0·09
FATP5 1·0b 0·12 1·04a,b 0·06 0·65c 0·09 0·50c 0·06 1·24a 0·08 0·65c 0·09

Adipose tissue
ACC-a 1·0 0·41 1·2 0·42 0·99 0·32 0·72 0·29 2·20 0·62 1·35 0·30
ACOX 1·0 0·46 0·49 0·16 0·65 0·24 0·52 0·18 2·04 0·69 0·80 0·31
GLUT4 1·0 0·45 0·52 0·22 0·60 0·24 0·54 0·21 0·80 0·14 1·08 0·28
aP2* 1·0 0·22 0·58 0·17 0·82 0·36 1·04 0·38 0·64 0·19 1·8 0·32

ACC-a, acetyl-CoA carboxylase; ACOX, acyl CoA oxidase; MCAD, medium-chain acyl-CoA dehydrogenase; FATP5, fatty acid transport protein; aP2, adipocyte P2.
a,b,c,d Mean values within a row with unlike superscript letters were significantly different from each other (P,0·05).
* Overall P value 0·0598.
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percentage of fat-free mass. The two doses of freeze-dried

mango had comparable effects to those of rosiglitazone and

fenofibrate in modulating body composition. Consistent with

our findings on body composition with X-ray absorptiometry,

we have also observed an increase in epididymal fat mass and

in plasma leptin concentrations due to the HF diet. Studies

have shown that HF diets elevate circulating leptin and treat-

ments that decreased or slowed the development of obesity

are associated with reductions in plasma leptin concen-

trations(39,40). In the present study, the increase in epididymal

fat mass and leptin concentrations associated with the HF diet

was prevented by the two doses of freeze-dried mango, feno-

fibrate and rosiglitazone. To our knowledge, this is the first

animal study demonstrating the effectiveness of freeze-dried

mango pulp in preventing the increase in adiposity and

plasma leptin concentrations due to a HF diet.

The present findings on the effects of fenofibrate and

rosiglitazone on adiposity are consistent with previously pub-

lished animal studies(34,41–44). Fenofibrate, a PPAR-a agonist

and hypolipidaemic drug, regulates the synthesis and clear-

ance of lipoprotein and energy dissipation by inducing the

expression of uncoupling protein in the hepatic mitochon-

dria(45). Thiazolidinediones such as rosiglitazone are involved

in adipogenesis, adipocyte differentiation, and favour the

formation of smaller adipocytes(46). Most studies have shown

that thiazolidinediones induce weight gain in diabetic animal

models, but the extent of weight gain depends on the dose,

the age of the animal and the animal model used(47). The rela-

tively low dose of rosiglitazone used in the present study may

be sufficient to augment the induction of a lean phenotype as

observed by Kuda et al.(44).

The present study demonstrated that 1 and 10 % freeze-

dried mango supplementation, similar to rosiglitazone and

fenofibrate, reduced adipose tissue mass to that of the mice

fed the control diet (AIN-93M). We cannot explain the

observed effect of freeze-dried mango on adipose tissue

based on the results of our gene expression analyses. The

degree to which freeze-dried mango acts through a mechan-

ism involving either PPAR-a or PPAR-g in preventing the

increase in adipose tissue due to HF diet warrants further

investigation. However, it should be noted that an in vitro

study by Wilkinson et al.(25) showed that the phenolic com-

pounds found in mango (i.e. mangiferin) exhibit a trend

towards the activation of PPAR, while quercetin and the

aglycone derivative of mangiferin, norathyriol, inhibits the

activation of PPAR. Mango pulp contains numerous bioactive

compounds that could potentially act as PPAR agonists and

antagonists. As shown in Table 1, some of the bioactive com-

pounds in the freeze-dried mango used in the study include

ascorbic acid, b-carotene, gallotanin, mangiferin and ellagic

acid(28). Whether the amount of the bioactive compounds in

the mango used in the present study will be sufficient to act

as PPAR agonist or antagonist in our animal model, similar

to that observed in the in vitro studies by Wilkinson et al.(25),

is not clear at this time. Moreover, whether the concentration

of freeze-dried mango that we have used in the present study

is reasonable for human consumption needs to be investigated

in future studies. Considering food intake and body weight,

the 1 % dose of freeze-dried mango used in the present

animal study is equivalent to a dose of 1 g of freeze-dried

mango/kg body weight, which translates to consuming

approximately two and a half fresh mango fruit (475 g with

85 % moisture content) or 70 g of freeze-dried mango daily

by a 70 kg individual.

In the present study, we also examined the effects of freeze-

dried mango on glucose homeostasis by performing glucose

tolerance tests, measuring fasting glucose and insulin concen-

trations, and calculating AUC and HOMA-IR as an index of

insulin resistance. Glucose tolerance tests demonstrated that

freeze-dried mango (i.e. 1 % dose) exhibited glucose-lowering

properties compared with the other dietary treatments and

were more pronounced than those observed with rosiglita-

zone. By comparison, the AUC of the 10 % freeze-dried

mango dose was comparable with the rosiglitazone group,

but higher than the 1 % freeze-dried mango dose. In addition

to the glucose tolerance test, we also calculated HOMA-IR to

approximate insulin resistance. The present findings show

that the mice receiving the freeze-dried mango diets, similar

to rosiglitazone, had lower insulin resistance as indicated

by HOMA-IR. Insulin resistance results in a reduced response

of peripheral tissues to insulin action resulting in hyper-

glycaemic state and has been recognised as an integral part

of the metabolic syndrome.

The present findings are the first to demonstrate the effec-

tiveness of freeze-dried mango pulp in modulating a hyper-

glycaemic state induced by the consumption of a HF diet.

Relatively few studies have examined the glucose-lowering

properties of freeze-dried mango, and most of these studies

have focused not on the flesh or pulp but instead on the

extract of the stem bark or leaves, which is rich in the phenolic

compound mangiferin(20–23). The extract of the stem bark and

leaves of mango was shown to effectively lower blood glucose

in streptozotocin-induced diabetic rats(20,21) and glucose-

induced hyperglycaemia in rats and mice(22,23). In terms

of the mango pulp, two clinical studies have examined the

effects of mango pulp on glucose levels(48,49). These studies

compared the postprandial glucose and insulin responses

associated with mango to other tropical fruits in patients

with type 2 diabetes. Both of these studies demonstrate

that mango is similar to or better than the other tropical

fruits (sapota, banana, durian, rambutan and pineapple) in

improving the glucose response in type 2 diabetics. Overall,

the present findings and those from other animal studies(20–23)

and the limited clinical trials(47,48) suggest that mango pulp

and its bioactive component(s) may be used to reduce

blood glucose concentrations.

It is interesting to note that in the present study, we found

the 1 % freeze-dried mango dose was more effective in mod-

ulating glucose than the 10 % dose. The phenomenon that

lower doses can be more effective than the higher doses has

been observed with other phenolic compounds. For example,

blueberry purified anthocyanin at a dose of 0·2 mg/ml added

to drinking-water was more effective than 1·0 mg/ml in mod-

ulating glucose and other clinical parameters of mice fed HF

diet(39). A dose–response study investigating the anti-diabetic

potential of Citrus sinensis (12·5, 25, 50 and 100 mg/kg) and
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Punica granatum (100, 200, 300 and 400 mg/kg) peel extracts

in alloxan-treated male mice demonstrated that the most effec-

tive dose in lowering blood glucose is 25 and 200 mg/kg for

C. sinensis and P. granatum peel extract, respectively(50).

Moreover, a study by Marugundanan et al.(21) demonstrated

that mangiferin at 10 mg/kg is as effective as the 20 mg/kg

dose for its anti-diabetic, anti-hyperlipidaemic and anti-athero-

genic activities in streptozotocin-diabetic rats. These findings

demonstrate the need to identify the optimal dose of foods

and its bioactive compounds that exert a health benefit and

not to work under the assumption that more is better.

The mechanism by which freeze-dried mango exerts

glucose-lowering properties is not known at this time. The

hypoglycaemic activity of the mango leaves aqueous extract

has been attributed to the stimulation of the pancreatic

b-cells to secrete insulin and to the reduced intestinal absorp-

tion of glucose(22). However, the present findings show no

differences in circulating steady-state insulin concentra-

tions among the groups. Moreover, the results of our gene

expression analysis demonstrate that freeze-dried mango had

no effect on the expression of GLUT4 in the adipose tissue,

which suggests that freeze-dried mango did not increase

glucose uptake in this tissue. Future studies should examine

how freeze-dried mango and its bioactive component(s)

lower blood glucose concentrations.

In addition to lowering plasma glucose concentrations,

freeze-dried mango had modest effects on plasma total

cholesterol in this animal model. No differences were

observed in the total cholesterol of mice receiving the

freeze-dried mango-supplemented diets or rosiglitazone com-

pared with the control diet. However, plasma total choles-

terol of the freeze-dried mango group was not statistically

different from those receiving the HF diet. Interestingly,

fenofibrate produced an increase in plasma total cholesterol

and a slight reduction in TAG, which is not consistent with

the present findings of earlier studies(51,52). However, Arai

et al.(53) and Declercq et al.(54) also observed an increase

in total cholesterol concentrations with fenofibrate in

C57BL/6 mice. The increase in total cholesterol due to feno-

fibrate is attributed to an elevation in HDL-cholesterol

concentrations, which we have also observed in the present

study(53,54). Although the present findings on the effects of

fenofibrate on circulating lipids are different from those pub-

lished in the literature(51,52), the alterations in hepatic gene

expression of ACCa, ACOX1, FATP5, LPL and MCAD were

consistent with other studies(34,55). Whether freeze-dried

mango acts similarly to fenofibrate in modulating lipids is

not clear at this time.

Overall, a low-dose freeze-dried mango (1 %, w/w) was

more effective in a lowering blood glucose concentration

than the hypoglycaemic drug, rosiglitazone (50 mg/kg diet),

in mice consuming a HF diet. Moreover, freeze-dried mango,

similar to rosiglitazone, favourably alters body composition

by reducing the percentage of body fat. Further studies are

needed to focus on identifying the bioactive compound(s)

and the mechanism(s) involved in glucose-metabolism and

adiposity that could explain the effect of freeze-dried

mango. Clinical studies are also warranted to determine

whether these same glucose-modulating and anti-obesity

properties of freeze-dried mango can be afforded to human

subjects. Moreover, whether supplementing with fresh

mango will offer the same benefits needs to be examined.
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