
Cell Physiol Biochem 2017;42:564-578
DOI: 10.1159/000477606
Published online: June 05, 2017 564
Sabater et al.: Mango Fruit on Early Metabolic Adverse Effects of a High-Fat Diet

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Original Paper

Accepted: March 23, 2017 

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution 
for commercial purposes as well as any distribution of modified material requires written permission.

DOI: 10.1159/000477606
Published online: June 05, 2017

© 2017 The Author(s) 
Published by S. Karger AG, Basel
www.karger.com/cpb

© 2017 The Author(s)
Published by S. Karger AG, Basel

Laboratory of Molecular Biology, Nutrition and Biotechnology, Universitat de les Illes 
Balears. Cra. Valldemossa, km 7.5. ES-07122 Palma de Mallorca, (Spain) 
Tel. +34 971173170, Fax +34 971173426, E-Mail andreu.palou@uib.es

Andreu Palou 

Consumption of a Mango Fruit Powder 
Protects Mice from High-Fat Induced 
Insulin Resistance and Hepatic Fat 
Accumulation
Agustín G. Sabatera    Joan Ribota    Teresa Priegoa,d    Itxaso Vazquezc    Sonja Frankb     
Andreu Paloua     Sybille Buchwald-Wernerc

aNutrigenomic and Obesity research group, Laboratory of Molecular Biology, Nutrition and 
Biotechnology, Universitat de les Illes Balears and CIBER Fisiopatología de la Obesidad y Nutrición 
(CIBERobn), Palma de Mallorca, Spain; bVital Solutions Swiss AG, Romanshorn, Switzerland; cVital 
Solutions GmbH, Langenfeld, Germany; dDepartment of Physiology, Universidad Complutense, Madrid, 
Spain

Key Words 
Mangifera indica • Metabolic syndrome • Insulin sensitivity • Hepatic steatosis • Healthy body 
composition • Weight management • Food ingredient •Metabolism

Abstract 
Background/Aims: The aim of this study was to gain more insight into the beneficial effects 
of mango fruit powder on the early metabolic adverse effects of a high-fat diet. Methods: The 
progressive dose-response effects of mango fruit powder on body composition, circulating 
parameters, and the expression of genes related to fatty acid oxidation and insulin sensitivity 
in key tissues were studied in mice fed a moderate (45%) high-fat diet. Results: Findings 
suggest that mango fruit powder exerts physiological protective effects in the initial steps of 
insulin resistance and hepatic lipid accumulation induced by a high-fat diet in mice. Moreover, 
AMPK and SIRT1 appear as key regulators of the observed improvement in fatty acid oxidation 
capacity, as well as of the improved insulin sensitivity and the increased glucose uptake and 
metabolism through the glycolytic pathway capacity in liver and skeletal muscle. Conclusion: 
In summary, this study provides evidence that the functional food ingredient (Careless™) from 
mango fruit prevents early metabolic alterations caused by a high-fat diet in the initial stages 
of the metabolic syndrome. 

Introduction

Dysregulated glucose and lipid metabolism and, thus, energy homeostasis are early 
events in the development of insulin resistance, which in turn may lead to obesity and 
diabetes mellitus type 2. The overall prevalence of insulin resistance in developed societies 
A. Palou and S. Buchwald-Werner contributed equally to this work.
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is high, with 11.5-14.0% of the European population [1], 20% of adults in Japan [2], and 
nearly 30% of adult Americans [3] being afflicted. The insensitivity of peripheral tissues to 
the effects of insulin starts when the nutrient storage metabolic pathways are exposed to 
persistent energy excess, surpassing the capacity of the catabolic pathways. Significant 
insulin resistance has been described in rats after just three weeks on a high-fat diet [4]. 
In particular, dietary saturated fat has long been considered a driver of insulin resistance. Thus, 
ectopic lipid accumulation in liver and skeletal muscle triggers pathways which may impair 
insulin signaling, leading to reduced muscle glucose uptake [5]. Non-alcoholic fatty liver 
disease (NAFLD), associated with insulin resistance, obesity, type 2 diabetes, metabolic syndrome 
and high fat consumption, is also growing and is rapidly becoming the most common liver 
disease worldwide [6-9]. 

Mango (Mangifera indica Linn.) is a globally consumed fruit with reported health-
promoting properties [10-13] and, based on studies in rats [14, 15] and humans [16, 17], its 
habitual consumption may contribute to the prevention of diabetes mellitus, obesity, and 
related complications. In addition, it has been reported that the food ingredient Careless™, 
a 100% pure mango fruit powder characterized by a high content in secondary plant 
metabolites, including gallic acid, rutin and mangiferin (MGF) [18], activates sirtuin 1 (SIRT1) 
and AMP-activated protein kinase (AMPK) in cell systems [19], which are both involved in energy 
homeostasis and glucose and lipid metabolism. Moreover, a recent intervention study in humans 
reported moderate beneficial effects of the same mango fruit powder on microcirculation and 
endothelial function [18], mediated, at least partly, by the activation of endothelial nitric oxide 
synthase [18]. Similar results from studies with rats [15] and human umbilical vein cells [20] 
also suggest that polyphenols of aqueous extracts of Mango may protect endothelial cells. These 
results are of interest considering that impaired microvascular function is observed early in the 
development of type 2 diabetes mellitus and cardiovascular disease [21]. 

Here we aimed to test the potential applicability of the functional food ingredient Careless™ 
in the prevention of the metabolic alterations caused by a high-fat diet in the early stages of 
the metabolic syndrome (which we have recently reviewed [22]) by feeding mice a moderate 
(45%) high-fat diet for 10 weeks, considered an appropriate experimental model to test the 
potential protective qualities of functional ingredients. For this, we determined its effects 
on body composition, insulin resistance, and the expression of genes related to fatty acid 
oxidation and insulin sensitivity in key metabolic tissues.  

Materials and Methods 

Mango fruit powder 
Careless™ (Vital Solutions Swiss AG; Romanshorn, Switzerland), currently used in dietary supplements 

and functional foods, is a 100% pure fruit powder obtained from the Mangifera indica variety Kili mooku, 
cultivated in the Tamil Nadu region of India. The fruits of mango are still green and hard when harvested; 
they are then sliced, dried, and subsequently ground to the final product. Compared to ripe mango fruits, 
this degree of ripeness is characterized by a higher content of secondary plant ingredients and a lower sugar 
content. The typical nutritional composition and the range of concentrations of MGF of the food ingredient 
Careless™ are shown in Table 1. Other natural phenolic compounds, such as gallic acid or rutin, have been 
also identified [18].

Experimental animals, diets, and study design 
The experiment was performed in accordance with the national and European ethical guidelines for 

the use and care of laboratory animals. The Bioethical Committee of the University of the Balearic Islands 
approved the experimental protocol.  4-week-old C57BL/6J male mice (CRL España, Barcelona, Spain) were 
housed 3–4 per cage at 21°C, with a 12-h light/dark cycle (lights on at 08:00 a.m.) and free access to food 
and water. Mice were divided into five experimental groups (10-12 animals/group): four groups were fed 
a defined high-fat diet with 45% energy as fat (D12451 from Research Diets Inc., New Brunswick, NJ, USA) 
and treated with water (vehicle) (high-fat control group, HFC) or with Careless™ (Vital Solutions Swiss AG, 
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Romanshorn, Swiss; referred from hereafter as mango 
fruit powder) at three different doses (18, 54, and 108 
mg/kg bw/day; T1, T2, and T3 groups, respectively), 
and an additional group was fed with a standard chow 
diet with 8% energy from fat (A04 from Panlab, S.L.U., 
Barcelona, Spain; normal fat control group, NFC) and 
treated with water (vehicle) as a reference group. The 
administered doses of mango fruit powder for mice 
were estimated by applying an equivalent daily dose 
[23] from dosages previously used in a human double-
blind study [18]. The duration of the experiment was 
ten weeks and treatments were conducted daily by 
oral administration, with the aid of a pipette (20 μL), 
between 9.00 a.m. and 12.00 a.m. Body weight, body 
composition, and food intake were regularly monitored. 
Food intake was estimated on a per-cage basis (3-4 

Table 1. Typical nutritional composition and the 
range of Mangiferin concentrations in the mango 
fruit powder Careless™. Data from Vital Solutions 
Swiss AG (Romanshorn, Switzerland)

animals/cage) from the actual amount of food consumed by the animals and its caloric equivalence. Body 
composition was analyzed using an EchoMRI-700™ analyzer (LCC, Houston, TX, USA).  Animals were killed 
by decapitation within the first 2 h of the light cycle. Liver, skeletal muscle (gastrocnemius) and adipose 
tissue depots were dissected in their entirety, weighed, snap-frozen in liquid nitrogen, and stored at −80°C 
until analysis. Serum was obtained from blood collected from the neck and stored at −80°C until analysis. 
Elongated pieces of livers were fixed for morphological analysis (see below).

Measurement of blood parameters and determination of HOMA-IR 
Blood glucose concentration was measured using an automatic device (Accu-Chek Aviva system; 

Roche Diagnostics, Barcelona, Spain); plasma and serum insulin (Mercodia AB, Uppsala, Sweden), serum 
adiponectin and serum leptin (R&D Systems, Minneapolis, MN, USA) concentrations were measured using 
commercial ELISA kits; and serum free fatty acids (FFA; Wako Chemicals GmbH, Neuss, Germany), total 
cholesterol, low-density lipoprotein (LDL)-cholesterol and high-density lipoprotein (HDL)-cholesterol 
(QCA, Tarragona, Spain), and triglycerides (TG; Triglyceride (INT) 20 from Sigma Diagnostics, St. Louis, MO, 
USA) were measured using colorimetric and enzymatic standard methods according to the manufacturers’ 
instructions. 

Insulin resistance was assessed using the homeostatic model assessment for insulin resistance 
(HOMA-IR) score derived from circulating concentrations of insulin and glucose in animals after a 6-h fast 
(from 6.00 a.m. to 12.00 a.m.), and calculated as described [24].

Hepatic triglyceride quantification 
A sample of liver (100–200 mg) was homogenized in PBS (137 mM NaCl, 2.7 mM KCl and 10 mM 

phosphate buffer, pH 7.4). Tissue homogenates were centrifuged at 500 x g for 10 min and the supernatant 
was used for quantification. Total triglyceride concentrations were measured using a commercial colorimetric 
and enzymatic kit following standard procedures (Triglyceride (INT) 20 from Sigma Diagnostics, St. Louis, 
MO, USA).

Histological Studies 
Pieces of dissected liver were fixed by immersion in 4% paraformaldehyde in 0.1 M phosphate buffer 

(pH 7.4) overnight at 4 °C. To assess liver histology, fixed pieces were washed in phosphate buffer, dehydrated 
in a graded series of ethanol, cleared in xylene, embedded in paraffin blocks, cut into 5µm sections and 
stained with hematoxylin and eosin (H&E). For the histological visualization of neutral fat, fixed pieces were 
washed in phosphate buffer and embedded in 30% sucrose, stored at -80°C, cut into 15 µm sections with 
a cryostat, and stained with Oil Red O Stain Kit (Abcam, Cambridge, UK) according to the manufacturer’s 
instructions. 

A Zeiss Axioskop 2 microscope equipped with an AxioCam ICc3 digital camera and AxioVision 40V 
4.6.3.0 software (Carl Zeiss, Barcelona, Spain) was used.

D
ow

nloaded from
 http://karger.com

/cpb/article-pdf/42/2/564/2441560/000477606.pdf by U
niv.C

om
plutense M

adrid user on 19 June 2025

http://dx.doi.org/10.1159%2F000477606


Cell Physiol Biochem 2017;42:564-578
DOI: 10.1159/000477606
Published online: June 05, 2017 567
Sabater et al.: Mango Fruit on Early Metabolic Adverse Effects of a High-Fat Diet

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Gene expression analysis 
Total RNA was extracted from the different tissues using Tripure Isolation Reagent (Sigma-Aldrich, 

Spain) according to the supplier’s instructions. RNA was further purified by standard ethanol/sodium 
acetate precipitation. The concentration and purity of RNA was estimated using a Nano-Drop 1000 
instrument (Thermo-Fisher Scientific, Waltham, MA, USA). RNA was analysed for integrity on a 1% agarose 
gel stained with SYBRSafe (Life Technologies, Carlsbad, CA, USA) and stored at -80ºC until analysis.

Total RNA (200 ng per reaction) was retrotranscribed using a MuLV Reverse Transcriptase-based 
dedicated kit (Life Technologies, Grand Island, NY, USA), using random hexamers priming. mRNA expression 
of the genes of interest was analysed by real-time PCR using the StepOnePlus system with SYBR Green 
I sequence-nonspecific detection (Life Technologies) as described before [25] and following the MIQE 
guidelines [26]. For each reaction, Power SYBR Green Master mix (Life Technologies), 250 nM of forward 
and reverse primers, and 2 ng cDNA-equivalents were used. Following amplification, a melt curve analysis 
was performed in each plate. The sequences of the primer sets used are available upon request.  Raw 
amplification data (Rn) were exported and used to determine the cycle of quantification using the LinRegPCR 
software [27]. Relative gene expression was calculated using the 2–∆∆Ct method [28]. Gene expression data 
were normalized against a reference gene, which we identified as a good constitutive gene from at least two 
potential ones for all the samples in the respective tissues.

Western blot analysis 
Total protein was extracted from gastrocnemius muscle by homogenization in RIPA buffer containing 

Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher, Rockford, IL, USA). BCA method (Thermo 
Fisher) was used to measure total protein amount. Protein (50 µg) was loaded and separated in a precast 
4-15% gradient gel (Bio-Rad, Hercules, CA, USA), and transferred onto a 0.45 µm nitrocellulose membrane 
using a Trans-Blot Turbo semi-dry transfer apparatus (Bio-Rad). Membranes were blocked for 1 h at room 
temperature with Odyssey Blocking Buffer (Li-Cor, Lincoln, NE, USA) and incubated overnight at 4°C with 
gentle shaking with primary antibodies (1:1000 in Tris Buffered Saline-Tween 20, TBS-T). The following were 
used: anti-AKT (#9272), anti-phosphoSer473-AKT (#4051), anti-AMPKα (#2793), anti-phosphoThr172-
AMPKα (#2535) and anti-HSP90 (#4877) antibodies from Cell Signaling (Danvers, MA, USA). Membranes 
were then incubated with the corresponding secondary IRDye antibodies (1:20000 in TBS-T, 1 h at room 
temperature). The signal was detected by an Odyssey near-infrared scanner (Li-Cor) and the bands were 
quantified using the Odyssey V3.0 (Li-Cor) software.

Statistical analysis 
Data are presented as mean ± standard error of the mean (SEM). The extreme studentized deviate 

(ESD) method was used to determine whether one of the values was a significant outlier from the rest 
using the GraphPad web tool (http://graphpad.com/quickcalcs/Grubbs1.cfm). The one-way ANOVA model 
followed by post hoc analysis using Fisher’s least square means (LSD) separation test when F values were 
significant was applied to analyse the statistical significance of treatment effects. Single comparisons with 
control group were assessed by Student’s t test. Differences were considered significant at P<0.05. The 
analyses were performed using the SPSS program for Windows version 20 (SPSS, Chicago, IL).

Results

Effects of mango fruit powder on biometric parameters
High-fat diet-fed control animals (HFC) had significantly higher body weight, body fat, 

and adipose tissue weights, and their subcutaneous/visceral adipose tissue ratio was lower 
compared to animals fed the normal fat control diet (NFC) (Table 2). Mango fruit powder 
treatment did not significantly change this; however, animals in the group treated with 54 
mg/kg bw/day (T2) had an intermediate body weight that did not significantly differ from 
both the HFC and the NFC group.

Furthermore, among the animals fed the high-fat diets, those from group T2 had the 
lowest body fat and adipose tissue depot weights after 10 weeks, whereas the group treated 
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with the highest dose (T3) had the highest body fat and adipose tissue depot weights. Ani-
mals from T2 were also the ones with the highest subcutaneous/visceral adipose tissue ratio 
among all groups fed a HF diet. No major differences were observed among groups regarding 
lean body mass and weight of brown adipose tissue (BAT), liver and gastrocnemius muscle 
(Table 2).

Effects of mango fruit powder on blood parameters
Blood glucose and lipids. Non-fasted HFC animals had higher concentrations of glucose, 

free fatty acids, and cholesterol (total, LDL and HDL) compared to animals fed the NFC diet 
(Table 3). Mango fruit powder-treated groups showed a similar metabolic profile to the 
vehicle treated HFC group. However, animals receiving 54 mg /kg bw/day (T2) tended to 
have lower LDL cholesterol concentrations compared to all animals fed the HF diet (HFC, 

Table 2. Effect of mango fruit powder suplementation treatment on biometric parameters in high-fat diet-
fed animals. Obesity-prone mice were fed for 10 weeks a high-fat diet (HFC group) or a high-fat diet with 
simultaneous oral daily treatment with 18, 54, or 108 mg/kg bw/day of mango fruit powder (T1, T2, and T3 
group, respectively), whereas control animals were fed a normal fat standard chow diet (NFC group). Data 
are the means ± SEM (n=10-12). Statistically significant differences between treatments in high-fat diet-fed 
animals were tested by one-way ANOVA and least-significant difference (LSD) post hoc comparisons (P < 
0.05) and values not sharing a common letter were statistically different. Statistically significant differences 
versus NFC group were assessed by a two-tailed Student’s t test (P<0.05) and indicated by an asterisk. WAT: 
white adipose tissue, BAT: brown adipose tissue.  1Body composition was analyzed using EchoMRI-700™ 
analyzer (LCC, Houston, TX, USA). 2 Defined as the ratio between the sum of the mass of subcutaneous depots 
of adipose tissue (i.e. inguinal) and the sum of the mass of visceral depots of adipose tissue (i.e. epididymal and 
retroperitoneal)

Table 3. Effect of mango fruit powder supplementation on circulating serum parameters and blood glucose 
under the fed state in high-fat diet-fed animals. Obesity-prone mice were fed for 10 weeks a high-fat diet 
(HFC group) or a high-fat diet with simultaneous oral daily treatment with 18, 54, or 108 mg/kg bw/day 
of mango fruit powder (T1, T2, and T3 group, respectively), whereas control animals were fed a normal fat 
standard chow diet (NFC group). Data are the means ± SEM (n=10-12). Statistically significant differences 
between treatments in high-fat diet-fed animals were tested by one-way ANOVA and least-significant 
difference (LSD) post hoc comparisons (P < 0.05) and values not sharing a common letter were statistically 
different. Statistically significant differences versus NFC group were assessed by a two-tailed Student's t test 
(P<0.05) and indicated by an asterisk

D
ow

nloaded from
 http://karger.com

/cpb/article-pdf/42/2/564/2441560/000477606.pdf by U
niv.C

om
plutense M

adrid user on 19 June 2025

http://dx.doi.org/10.1159%2F000477606


Cell Physiol Biochem 2017;42:564-578
DOI: 10.1159/000477606
Published online: June 05, 2017 569
Sabater et al.: Mango Fruit on Early Metabolic Adverse Effects of a High-Fat Diet

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

T1, T3) and a lower LDL-cholesterol/HDL-cholesterol ratio. TG concentrations and the total 
cholesterol/HDL-ratio were similar in all groups (Table 3).

Adipokines, inflammation, and liver damage markers in blood. Serum adipokine 
concentrations largely reflected adipose tissue mass. Leptin concentrations and the leptin/
adiponectin ratio were significantly higher in all high-fat diet-fed groups. Among these, 
animals in the T2 group had the lowest and those in T3 the highest leptin concentrations 
and leptin/adiponectin ratio, respectively (Table 3).

Concentrations of Tumor necrosis factor (TNF) α and Interleukin (IL)-6, as well as 
aspartate aminotransferase (AST) activity, were similar in all groups suggesting no signs of 
inflammation or tissue damage due to dietary intervention and treatment (Table 3).

Effects of mango fruit powder on liver parameters
Compared to NFC, all groups on the high-fat diet had lower relative liver weights (as 

a percentage of body weight) as a consequence of the increase in relative body fat (Table 
2). Treatment with mango fruit powder did not affect relative liver weight. The TG content 
of the liver was significantly higher in animals fed the HFC diet compared to NFC animals. 
Treatment with mango fruit powder protected against this high-fat diet-induced increase 
in hepatic TG dose-dependently, as seen by the biochemical analysis and the direct oil-red 
staining of the liver (Fig. 1A and 1B, respectively). Moreover, H&E histological analysis of the 
liver (data not shown) revealed evidence of Grade I NAFLD [29, 30] in 1/8 animals studied 
in the HFC group and in another (1/8 studied) among the animals treated with the low dose 
(T1 group), whereas none of the animals out of the NFC, T2 and T3 treated animals (8-11 
studied per group) showed evidence of hepatic steatosis.

Effects of mango fruit powder treatment on insulin sensitivity in mice
In order to study the changes in insulin sensitivity of the animals over time, fasting 

glucose and insulin concentrations were determined and HOMA-IR scores calculated after 1, 
5, and 9 weeks of dietary challenge and intervention.

After week 1, fasting glucose concentrations were significantly increased in animals 
fed the high-fat diets compared to NFC animals (Fig. 2A). After week 5, this increase was 
normalized to the fasting glucose concentrations of the NFC animals, whereas fasting insulin 
concentrations (Fig. 2C) and HOMA-IR scores (Fig. 2E) were increased. Mango fruit powder 
treatment, particularly at the medium dose (T2), normalized (or even reduced) fasting 

Fig. 1. Effect of mango fruit powder suplementation on triglcyeride content in liver of high-fat diet-fed 
animals. Obesity-prone mice were fed for 10 weeks with a high-fat diet (HFC group) or a high-fat diet with 
simultaneous oral daily treatment with 18, 54, or 108 mg/kg bw/day of mango fruit powder (T1, T2, and 
T3 group, respectively), whereas control animals were fed a normal fat standard chow diet (NFC group). 
(A) Data are the means ± SEM (n=10-12). The horizontal dotted line represents the mean of NFC group. 
Statistically significant differences versus NFC group were assessed by a two-tailed Student's t test (P<0.05) 
and indicated by an asterisk. (B) Representative microphotographies of liver sections stained with Oil Red 
O Stain (see Materials and Methods section).
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glucose levels to NFC levels (Fig. 2A and B) with lower fasting insulin levels (Fig. 2C and 
2D), providing protection against this high-fat diet-induced increase in insulin resistance as 
reflected in the statistically significant (two-tailed Student's t test; P<0.05) reduction in the 
HOMA-IR score between T2 and HF control groups (Fig. 2E and 2F). 

Effects of mango fruit powder on the expression of genes related to fatty acid oxidation 
and insulin signaling in the liver
Fig. 3 summarizes the statistically significant changes elicited by mango fruit 

powder treatment in the mRNA expression levels of the studied hepatic genes encoding 
transcription-related factors, metabolic enzymes, and signal proteins involved in glucose 
and lipid catabolism, as well as receptors and proteins involved in insulin signaling. Relative 
mRNA expression of peroxisome proliferator activated receptor alpha (Ppara) and carnitine 
palmitoyltransferase 1a (Cpt1a) tended to increase in the HFC group compared to NFC. 
Furthermore, Careless™ treatment significantly increased the expression of both genes 
compared to NFC mice, and at the highest dose (108 mg/kg bw/day), relative Cpt1a mRNA 
levels were significantly higher than in HFC animals. Compared to NFC mice, HFC animals 
had similar relative mRNA expression of peroxisome proliferator-activated receptor gamma 
(Pparg) in the liver. Intervention with CarelessTM significantly decreased hepatic Pparg 
expression compared to NFC and, at the lowest dose, compared to HFC (Fig. 3).

mRNA expression levels of the catalytic subunit alpha 1 of AMP-activated protein kinase 
(Prkaa1) were significantly decreased in animals fed the HFC compared to NFC mice. Mango 

Fig. 2. Effect of mango fruit powder su-
plementation on fasting glucose blood (A 
and B) and insulin plasma levels (C and 
D), and the HOMA-IR score (E and F) in 
high-fat diet-fed animals at weeks 1, 5, 
and 9 of dietary challenge and interven-
tion. Obesity-prone mice were fed for 10 
weeks with a high-fat diet (HFC group) 
or a high-fat diet with simultaneous oral 
daily treatment with 18, 54, or 108 mg/
kg bw/day of mango fruit powder  (T1, 
T2, and T3 group, respectively), whereas 
control animals were fed a normal fat 
standard chow diet (NFC group).  Data are 
the means ± SEM (n=10-12). In B, D and 
F data represent the change from week 1 
to week 9 of dietary challenge and inter-
vention. The horizontal dotted line repre-
sents the mean of NFC group. Statistically 
significant differences between treat-
ments in high-fat diet-fed animals were 
tested by one-way ANOVA and least-signi-
ficant difference (LSD) post hoc compari-
sons (P < 0.05) and values not sharing a 
common letter were statistically different. 
Statistically significant differences versus 
NFC group were assessed by a two-tailed 
Student's t test (P<0.05) and indicated by 
an asterisk. Statistically differences ver-
sus week 1 were assessed by a two-tailed 
Student's t test (P<0.05) and indicated by 
a hash symbol. 
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fruit powder treatment counteracted this decrease, especially at the lowest dose tested (Fig. 
3). In addition, hepatic sirtuin 1 (Sirt1) mRNA expression was significantly higher in all 
animals fed a high-fat diet than in control animals. Mango fruit powder treatment did not 
affect Sirt1 expression in the liver (Fig. 3).

HFC diet intake increased relative mRNA levels of insulin receptor (Insr) and fibroblast 
growth factor 21 (Fgf21) in the liver. Mango fruit powder treatment significantly counteracted 
the high-fat induced overexpression of Fgf21 at all doses tested and at the highest dose for 
Insr (Fig. 3).

Relative mRNA expressions of peroxisome proliferator-activated receptor gamma 
coactivator 1 alpha (Ppargc1a), adipose triglyceride lipase (Pnpla2), perilipin 2, leptin 
receptor b (Leprb), adiponectin receptor 1 (Adipor1), insulin receptor substrate 1 (Irs1), 
glucose transporter 2 (Slc2a2), and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 
3 (Pfkfb3) in the liver were neither altered by the high-fat diet (HFC compared to NFC) nor 
mango fruit powder treatment (T1-T3 compared to HFC; data not  shown).

Effects of mango fruit powder on the expression of genes related to fatty acid and glucose 
oxidation and insulin signaling in skeletal muscle
As shown in Fig. 4A, intake of the HFC diet significantly increased relative mRNA levels 

of Ppara, Cpt1b, and Pnpla2, but not of Sirt1, in skeletal muscle compared to control mice. 
Mango fruit powder treatment did not affect Ppara and Pnpla2 expression, but increased 
relative Cpt1b mRNA levels in a dose-dependent manner. Moreover, mango fruit powder 
treatment at the highest dose significantly increased relative Sirt1 mRNA levels compared 
to HFC. Relative Ppargc1a mRNA expression was similar in all groups (data not shown). 
Moreover, HFC diet intake significantly decreased Prkaa2 (the predominat catalytic subunit 
[31]) and increased Prkaa1 mRNA expression in skeletal muscle compared to the NFC group. 
A tendency to counteract the high-fat diet-induced decrease in Prkaa2 mRNA expression was 
observed in animals receiving the mango fruit powder treatment, but it did not affect the 
expression of Prkaa1 in skeletal muscle compared to the HFC group. Similarly, intake of the 
HFC diet significantly decreased AMPKα protein levels in skeletal muscle compared to the NFC 
group, and mice receiving mango fruit powder treatment showed a tendency to counteract 
this high-fat diet-induced decrease (Fig. 4B), but it did not affect the phosphorylation status 
on Thr172 of the kinase among groups (Fig. 4C).

Fig. 3. Effect of mango fruit powder suplementation on transcriptional response in liver of high-fat diet-fed 
animals. Obesity-prone mice were fed for 10 weeks with a high-fat diet (HFC group) or a high-fat diet with 
simultaneous oral daily treatment with 18, 54, or 108 mg/kg bw/day of mango fruit powder (T1, T2, and T3 
group, respectively), whereas control animals were fed a normal fat standard chow diet (NFC group). The 
specific mRNA levels were quantified by real-time RT-PCR and normalized to the expression of the referen-
ce gene Gdi. Data are the means ± SEM (n=9-12) and are expressed relative to the mean value of the NFC 
group, which was set to 100. The horizontal dotted line represents the mean of the NFC group. Statistically 
significant differences between treatments in high-fat diet-fed animals were tested by one-way ANOVA and 
least-significant difference (LSD) post hoc comparisons (P < 0.05) and values not sharing a common letter 
were statistically different. Statistically significant differences versus NFC group were assessed by a two-
tailed Student’s t test (P<0.05) and indicated by an asterisk.
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Relative mRNA expression of Adipor1 was significantly increased and Leprb decreased 
in HFC compared to NFC group (Fig. 4A). Mango fruit powder treatment, at the highest dose 
(T3), increased relative mRNA levels of Adipor1, Irs1, and Slc2a4; furthermore, relative 
mRNA levels of Leprb, Insr, and Pfkfb3 also showed a tendency to increase compared to HFC 
(Fig. 4A). In addition, protein kinase B (AKT) levels exhibited a tendency to decrease with 
HFC diet intake (data not shown) without affecting its phosphorylation status on Ser473 
(Fig. 4D) in skeletal muscle compared to NFC group. Mango fruit powder treatment did not 
counteract the high-fat diet effect on AKT protein levels (data not shown); nevertheless, at 
the higher doses of mango fruit powder tested (T2 and T3), a significant increase in AKT 
phosphorylation on Ser473 in skeletal muscle was observed compared to the NFC group 
(Fig. 4D).

Discussion

In mice fed the HFC diet, body weight, body fat, weight of adipose tissues, and trigly-
ceride content in the liver were significantly increased, and insulin sensitivity significantly 

Fig. 4. Effect of mango fruit powder suplementation on transcriptional response (A),  AMP-activated pro-
tein kinase α (AMPKα) levels and phosphorylation status on Thr172 (B and C), and protein kinase B (AKT) 
phosphorylation status on Ser473 (D) in gastrocnemius muscle of high-fat diet-fed animals. Obesity-prone 
mice were fed for 10 weeks with a high-fat diet (HFC group) or a high-fat diet with simultaneous oral daily 
treatment with 18, 54, or 108 mg/kg bw/day of mango fruit powder (T1, T2, and T3 group, respectively), 
whereas control animals were fed a normal fat standard chow diet (NFC group). The specific mRNA levels 
were quantified by real-time RT-PCR and normalized to the expression of the reference gene Rplp0. The 
specific protein levels were quantified by Western blot and, to quantify the total amount, were normalized 
to the expression of HSP90 protein. Data are the means ± SEM (n=9-12, except for Lepr mRNA levels n=7-10 
due to its very low expression levels) and are expressed relative to the mean value of the NFC group, which 
was set to 100. The horizontal dotted line represents the mean of the NFC group. Statistically significant 
differences between treatments in high-fat diet-fed animals were tested by one-way ANOVA and least-si-
gnificant difference (LSD) post hoc comparisons (P < 0.05) and values not sharing a common letter were 
statistically different. Statistically significant differences versus NFC group were assessed by a two-tailed 
Student's t test (P<0.05) and indicated by an asterisk.
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decreased compared to animals fed the NFC diet (as seen in other studies [32, 33]). Develo-
ping anti-obesity agents, in particular natural extracts rich in polyphenols, with hepatopro-
tective properties and/or insulin sensitive actions, has become of significant interest to both 
biomedical researchers and clinicians [32, 33]. Our findings suggest that treatment with the 
mango fruit powder tested exerts physiological protective effects in the initial stages of he-
patic lipid accumulation and insulin resistance induced by a high-fat diet in mice. The most 
effective dose was estimated to be around 54 mg/kg bw/day. At this dose, animals seemed 
to be protected, at least in part, from the main adverse effects derived from the consumption 
of a high-fat diet, namely hepatic fat accumulation and development of insulin resistance. 
Interestingly, both beneficial effects were observed even though they were not necessarily 
accompanied by a reduced body and fat weight gain of the animals, as seen in the highest 
dose used in this study. 

As expected [34, 35], in response to the intake of a moderate high-fat diet (45% ener-
gy as fat), we observed an increased expression of genes involved in fatty acid oxidation 
and mobilization in liver (Fig. 3), skeletal muscle (Fig. 4A), and brown adipose tissue (BAT; 
data not shown) to compensate the excess lipid available. Mango fruit powder treatment 
enhanced fatty acid oxidation capacity in the liver and skeletal muscle, as suggested by the 
treatment-related increases in the expression of genes associated to fatty acid oxidation (i.e. 
Ppara and Cpt1); however, this was not seen in BAT (data not shown). These results might 
contribute to explain the observed effect regarding liver TG content (Fig. 1), which was sig-
nificantly higher in HFC animals compared to NFC animals as a result of excess lipid intake, 
whereas animals treated with mango fruit powder were protected against this increase, par-
ticularly those with higher doses. Benefits on hepatic lipid profiles of mango fruit powder (5 
and 10 g) in fluoride-induced metabolic toxicity have also been reported in rats [36]. The ef-
fect may be due to the active molecule MGF, which is present in our mango fruit powder [18]. 
It has been reported that MGF may ameliorate high-fat diet-induced hepatic TG accumula-
tion and may decrease FFA and TG while increasing plasma beta-hydroxybutyrate levels in 
rodents [37-39], partly by modulating the expression of genes involved in lipid oxidation 
and mitochondrial bioenergetics in key metabolic tissues [37-40]. In a randomized, double-
blind, controlled trial in humans, MGF supplementation (150 mg/day, 12 weeks) improved 
serum lipid profiles in overweight patients with hyperlipidemia [17]. Moreover, it has been 
also reported that mangiferin significantly increases FFA uptake and significantly decreases 
TG accumulation by activation of AMPK and its downstream proteins, fatty acid translocase 
CD36 and Cpt1a, both involved in lipid catabolism, in HepG2 cells [39]. These results suggest 
that MGF, a component of the mango fruit powder used in this study, promotes FFA uptake 
and oxidation and inhibits TG accumulation by regulating the expression of key enzymes, at 
least in liver, through the AMPK pathway. Interestingly, it has been shown that the mango fru-
it powder Careless™ is able to activate AMPK in HepaRG cells [19] and enables mitochondrial 
biogenesis in C2C12 muscle cells and HepG2 cells [19] as seen for MGF, even at a dose that 
has a 250 times lower content of MGF [19]. These results indicate that mangiferin is not the 
only active ingredient in mango fruit powder CarelessTM exerting these effects.

In our study, increased liver TG content was associated with increased insulin resistance 
in HFC compared to NFC animals. At present, it is unclear whether insulin resistance causes 
hepatic TG accumulation or whether an increased hepatic TG content per se reduces insulin 
sensitivity (reviewed in [41]).

Furthermore, we observed that at the beginning of the dietary challenge and 
intervention, the intake of a high-fat diet caused an increase of fasting glucose concentration 
[42, 43] (week 1; Fig. 2), which progressively decreased to baseline levels; simultaneously, 
fasting insulin levels increased as a compensatory mechanism (weeks 5 and 9). In animals 
fed the HFC diet and those fed the lowest mango fruit powder dose, the HOMA-IR score 
significantly increased over time, indicating reduced insulin sensitivity as a result of the 
high-fat diet [44]. Higher doses of mango fruit powder (T2 and T3), however, improved the 
high-fat diet-induced insulin sensitivity, as indicated by lower fasting insulin and a lower 
HOMA-IR score (Fig. 2). Glucose intolerance present in the early stages of high-fat diet-
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induced obesity has been described to be associated with an enlarged adipose tissue depot, 
adipose tissue inflammation, and excess hepatic lipids rather than impairments in muscle 
insulin sensitivity [35].

As a consequence of the high-fat diet-induced development of insulin resistance (or 
to compensate the positive energy balance), we observed tissue-specific gene-expression 
adaptations compared to NFC feeding. In liver we observed an increase in Insr and hepatokine 
Fgf21 mRNA expression levels (Fig. 3), whereas in WAT, a decrease in mRNA expression levels 
of Insr compared to control animals was seen (data not shown), as previously reported [45, 
46], indicating a dysfunctional adipose tissue, resulting in an increased flux of FFAs to the 
liver or muscle cells and other organs. In skeletal muscle, we observed some adaptations 
(i.e. an increased expression of Adipor1 and a tendency to lower Leprb mRNA levels; Fig. 
4A) which were probably associated to higher circulating leptin/adiponectin concentrations 
ratio. This in turn could be the direct result of high-fat diet-induced WAT expansion and 
also, perhaps, an indirect consequence of insulin function impairment in WAT of high-fat 
diet-fed animals, since these adipokines enhance β-oxidation of FFAs in the mitochondria 
of peripheral tissues [47, 48]. Interestingly, mango fruit powder treatment improved 
insulin sensitivity in high-fat diet-fed mice along with a reduction of fasting insulinemia by 
counteracting high-fat diet-induced changes in the expression of Insr and the hepatokine 
Fgf21 in the liver (Fig. 3), by increasing the expression of genes related to insulin action 
and glucose utilization in skeletal muscle (Fig. 4A) and, to a lesser extent, in white adipose 
tissue (WAT; data not shown). The protection offered by the higher doses of mango fruit 
powder (T2 and T3) from high-fat diet-induced insulin resistance was confirmed by the 
increase in the phosphorylation on Ser473 of the insulin receptor downstream kinase AKT 
in skeletal muscle (Fig. 4D). In WAT, the improvement of insulin sensitivity was accompanied 
by an increased fat deposition and (secondary) serum leptin levels in the high-fat diet-fed 
animals treated with the highest dose of the mango fruit powder (Table 2 and Table 3). This 
may probably reflect a healthy insulin-sensitive adipose tissue [49], which would be able 
to expand physiologically in response to a positive energy balance. In fact, clinical use of 
most anti-diabetics, even insulin, is accompanied by excessive weight gain and increased 
fat deposition [50]. These metabolic changes are in agreement with a significant reduction 
in plasma glucose levels and hepatic carbohydrate parameters, together with benefits on 
hepatic lipid profiles, elicited by supplementation with mango fruit powder (5 and 10 g) in 
fluoride-induced metabolic toxicity previously reported in rats [36]. In addition, a pilot study 
in humans showed that a 12-week supplementation with freeze-dried mango significantly 
reduced blood glucose levels in both male and female participants [16].

It has been reported that MGF may protect against hyperglycemia, hyperinsulinemia, 
and insulin resistance in high-fat diet-fed mice [51], in diabetic insulin-resistant rats [37], 
and in overweight patients [17], as well as against accelerated glucose uptake and utilization 
in cultured adipocytes and myotubes [51, 52]. However, MGF did not significantly affect fatty 
acid oxidation even under a high-fat dietary challenge [51]. Other major phenolic compounds 
found in mango fruit powder Careless™, such as gallic acid or rutin [18], have been reported 
to up-regulate genes involved in lipolysis and fatty acid oxidation in adipocytes [53]. 
Therefore, it is suggested that it is the combination rather than the individual constituents 
of mango fruit powder tested that are responsible for its main effects in skeletal muscle of 
high-fat diet-fed mice.

AMPK activity is reduced in hyperinsulinemic obese rodents and humans compared to 
their healthy counterparts, which is considered an early event in the development of insulin 
resistance in response to nutrient excess (reviewed in [54]). We reported a decrease in the 
mRNA levels of the predominant catalytic subunit alpha of AMPK in liver and in skeletal 
muscle (Prkaa1 and Prkaa2 respectively [31]; Fig. 3 and 4A) and a decrease in the total 
protein levels of AMPKα (Fig. 4B). However, in the skeletal muscle this was not observed 
regarding their phosphorylation status on Thr172 (Fig. 4C) in response to the HFC compared 
to the NFC diet, indicating that a high fat intake can impair expression and thus the global 
tissue activity of AMPKα. Our results show that mango fruit powder treatment counteracts 
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the high-fat diet-induced decrease in the mRNA levels of the predominant catalytic subunit 
alpha of AMPK in liver and in skeletal muscle (Prkaa1 and Prkaa2, respectively; Fig. 3 and 
4A) and in the total protein levels of AMPKα, without affecting their phosphorilation on 
Thr172 in the skeletal muscle (Fig. 4B and 4C). A similar AMPK response has been described 
associated to the beneficial effects of crude triterpenoid saponins from I. latifolia in a mouse 
model of HFD-induced NAFLD [55]. This is in agreement with previous findings showing 
that mango fruit powder Careless™ can activate the AMPK/SIRT1 pathway in vitro [19], both 
of which are involved in energy homeostasis and glucose and lipid metabolism (reviewed 
in [56, 57]). It is widely accepted that AMPK activation enhances insulin sensitivity in a 
variety of tissues, including liver, adipose tissue, and skeletal muscle [58, 59]. As previously 
reported [19, 39], some of these effects can be attributed to MGF. We also observed a clear 
dose-dependent increase in Sirt1 expression in skeletal muscle (Fig. 4) in response to mango 
fruit powder treatment. Nevertheless, Sirt1 expression in liver, which is already induced 
by feeding a high-fat diet to ameliorate hepatic lipid accumulation [60], did not show an 
additional enhancement in response to mango fruit powder treatment. Thereby, both AMPK 
and SIRT1 appear as key regulators of the improvement of fatty acid oxidation capacity and 
(together with better insulin sensitivity) of the increased glucose uptake and metabolism 
through the glycolytic pathway in liver and skeletal muscle of mango fruit powder-treated 
mice fed a high-fat diet.  

It is known that enhancing fatty acid oxidation reduces fat accumulation; however, 
it may not directly alleviate hyperglycemia, because fatty acid oxidation inhibits glucose 
utilization [61]. Dietary overconsumption of fats enhances fatty acid utilization but induces 
metabolic inflexibility and insulin resistance [62], even when accompanied by increased 
oxidative capacities and mitochondrial density [63, 64]. Our results suggest that mango 
fruit powder treatment enhanced both fat oxidation and glucose utilization, which could 
improve glucose profiles and mitigate insulin resistance, thus overcoming the conundrum 
that weakens strategies based only on increasing fatty acid oxidation. In addition, mango 
fruit powder treatment significantly increased the gene expression of uncoupling protein 1 
in visceral WAT and BAT (data not shown) compared to NFC group, suggesting an enhanced 
thermogenic function in these tissues, which is beyond the scope of this paper and deserves 
further investigation.  

In summary, the results obtained in this study suggest that mango fruit powder 
Careless™ intake exerts physiological protective effects in the initial steps of insulin resistance 
and hepatic lipid accumulation induced by a high-fat diet in mice. The effects appear to be 
mediated through the AMPK/SIRT1 pathway by improving insulin sensitivity, increasing 
glucose uptake and metabolism through the glycolytic pathway capacity in liver and skeletal 
muscle, and modulating the hepatic lipid profile.
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