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Abbreviations 

CPT1A, carnitine palmitoyl transferase 1A 

Cyclo F, cyclophilin F  

DPP4, dipeptidylpeptidase 4 

EAT, epididymal adipose tissue  

ER, endoplasmic reticulum  

FA, fatty acid 

FAT, fatty acid translocase  

FH, fumarate hydratase  

GIP, glucose-dependent insulinotropic polypeptide  

GLP-1, glucagon-like- peptide 1  

GLUT 4, glucose transporter 4 

HFD, high fat diet  

HNE, hydroxynonenal 

IRS-1, insulin receptor substrate-1  

MFN1, Mitofusin 1 

MMP 9, matrix metallopeptidase 9  

MPO, myeloperoxidase 

mPTP, permeability transition pores 

OXPHOS, oxidative phosphorylation  

PDIA6, protein disulfide isomerase A6  
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PRDX4, peroxiredoxin 4  

ROS, reactive oxygen species 

SOCS3, suppressor of cytokine signalling 3  

UCP1, uncoupling protein 1  
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ABSTRACT 

The impact of the mitochondria-targeted antioxidant MitoQ was evaluated in the 

metabolic alterations and the adipose tissue remodelling associated with obesity. Male 

Wistar rats were fed either a high fat diet (HFD, 35% fat) or a standard diet (CT, 3.5% 

fat) for 7 weeks and treated with MitoQ (200 µM). A proteomic analysis of visceral 

adipose tissue from obese and non-obese patients was performed. MitoQ partially 

prevented the increase in body weight, adiposity, HOMA index and adipose tissue 

remodelling in HFD rats. It also ameliorated protein level changes of factors involved in 

insulin signalling observed in adipose tissue of obese rats: reductions in adiponectin and 

GLUT 4, and increases in DPP4, SOCS3 and IRS-1 phosphorylation. MitoQ prevented 

downregulation of adiponectin and GLUT 4 and increases in SOCS3 levels in TNFα-

induced insulin-resistant 3T3-L1 adipocyte model. MitoQ also ameliorated alterations 

in mitochondrial proteins observed in obese rats: increases in cyclophylin F and 

CPT1A, and reductions in mitofusin1, peroxiredoxin IV and fumarate hydratase.  The 

proteomic analysis of the visceral adipose tissue from obese patients show alterations in 

mitochondrial proteins similar to those observed in obese rats. Therefore, the data show 

the beneficial effect of MitoQ in the metabolic dysfunction induced by obesity.   

 

KEY WORDS: insulin resistance, mitochondrial function, obesity, oxidative stress 
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INTRODUCTION 

Obesity is characterized by an increase in adipose tissue as a result of a positive 

imbalance between food intake and energy expenditure. Under conditions of constant 

energy surplus, adipocytes become larger in an attempt to increase their lipid storage 

capacity. Nonetheless, adipocytes reach a saturation point when they are not able to 

store more lipids and start to express stress signals (1), thereby becoming hypertrophic 

adipocytes. Dysfunctional adipose tissue has a negative impact on glucose homeostasis 

and plays a central role in the development of insulin resistance in obesity since adipose 

tissue serves as a crucial integrator of glucose homeostasis (2, 3). 

In the last years, clinical and experimental studies have demonstrated that obesity (4-6) 

is associated with altered mitochondrial function in white adipose tissue, which can lead 

to functional consequences. Mitochondria  damage is primarily caused by reactive 

oxygen species (ROS), with the mitochondria being the main source of ROS (7) through 

the  oxidative phosphorylation (OXPHOS) during the process of  ATP synthesis (8). In 

this context, selective antioxidants targeting mitochondrial ROS production are better 

than general antioxidants in reducing oxidative damage within mitochondria (9). Some 

studies have reported the relevance of mitochondrial oxidative stress in the development 

of some features and alterations of metabolic syndrome in muscle and liver in rats fed a 

high fat diet (HFD) (10, 11). However, the role played by mitochondrial oxidative stress 

in adipose tissue dysfunction in the context of obesity and especially in its metabolic 

consequences remains unclear. Therefore, the main purpose of this study was to 

evaluate the mitochondrial protein alterations associated with obesity in the epididymal 

adipose tissue (EAT) of HFD fed rats and the impact of the mitochondrial-targeted 

antioxidant MitoQ on the metabolic and mitochondrial alterations observed in those 
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animals. In addition, we have analysed the mitochondrial protein profile of visceral 

adipose tissue from obese patients.  

MATERIAL AND METHODS 

Animal model 

Six week-old male Wistar rats (Envigo, Barcelona, Spain) were fed either an HFD (35% 

fat; Envigo no. TD.03307, Haslett, MI, USA; n=16) or a standard diet (3.5% fat; Envigo 

no.TD.2014, Haslett, MI, USA; n=16) for 7 weeks. Half of the animals of each group 

received the mitochondrial antioxidant MitoQ (200 µM) in the drinking water for the 

same period. The dose of MitoQ was based on previous data (12). MitoQ was provided 

by MP Murphy from Medical Research Council Mitochondrial Biology Unit, 

Cambridge BioMedical Campus, Cambridge, UK. The water intake was controlled on a 

daily basis to evaluate whether MitoQ was able to modify water consumption. Body 

weight was measured once per week. At the end of the experiment, serum and plasma 

were collected in fasted animals and the different fat pads (epididymal, lumbar and 

mesenteric adipose tissue) and brown adipose tissue were dissected for further analysis. 

Adiposity index was calculated as follows: sum of fat pads/[(body weight-fat pad 

weight)×100]. The Animal Care and Use Committee of Universidad Complutense de 

Madrid approved all experimental procedures according to guidelines for ethical care of 

experimental animals of the European Community.  

Subjects 

Morbidly obese patients who were referred to bariatric surgery were consecutively 

recruited from the Obesity Care Unit of Fuenlabrada University Hospital, Spain. The 

selection of the patients was performed by a multidisciplinary committee, which 
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includes personnel from endocrinology, general and upper gastroenterology surgery, 

and internal medicine and cardiology services. Inclusion criteria were age ≥18 years and 

universally accepted indications for bariatric surgery: long-term obesity (>4 years), 

body mass index ≥40 kg/m
2
 despite other weight loss strategies, or body mass index 

≥35 kg/m
2
 in the presence of obesity-related comorbidities (diabetes mellitus, 

hypoventilation syndrome, obstructive sleep apnea syndrome, and hypertension). The 

exclusion criterion was unacceptable surgical risk because of concomitant 

comorbidities. Non-obese volunteers (body mass index, ≤25 kg/m
2
) were recruited from 

staff of the hospital. Visceral adipose tissue was obtained from 10 individuals that had 

been referred for bariatric surgery and 10 patients that had been referred to non-bariatric 

surgery. The study protocol was approved by the ethics committee and all participants 

signed the informed consent. This study was conducted in compliance with Good 

Clinical Practice Guidelines and the ethical principles stated in the Declaration of 

Helsinki. 

 Cell culture and differentiation 

Murine 3T3-L1 preadipocytes were cultured to confluence in DMEM (Life 

Technologies, Thermo Fisher Scientific Inc, Waltham, MA, USA) supplemented with 

10% (v/v) calf serum (Biological Industries, Kibbutz Beit-Haemek, Israel). At 2 days 

post-confluence (designated day 0), cells were induced to differentiate with DMEM 

containing a standard induction cocktail of 10 % (v/v) fetal bovine serum (FBS; 

Biological Industries, Kibbutz Beit-Haemek, Israel), 1 μM dexamethasone, 0.5 mM 3-

isobutyl-1-methylxanthine and 100 nM insulin (all from Sigma-Aldrich, St. Louis, MO, 

USA). After 48 h, this medium was replaced with DMEM supplemented with 10 % 

FBS and 100 nM of insulin. This medium was changed every 48 h. As a model of 

insulin resistance, murine TNFα (50 ng/ml, equivalent to 2.87 nM, Sigma-Aldrich, St. 



8 
 

Louis, MO, USA) was added to the cell culture media 7 days after the induction of 

differentiation, when more than 95% of the cells had the morphological and 

biochemical properties of adipocytes. For the TNFα treatment (72 h), fully 

differentiated 3T3-L1 adipocytes were treated every 24 h with the cytokine as 

previously described (13), MitoQ (50 nM) was added to TNFα-treated cells during the 

last 24 h of incubation.  

Preparation of whole cell and tissue extracts  

3T3-L1 preadipocytes were washed with PBS and cell monolayers were harvested in a 

non-denaturing buffer containing 150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EGTA, 1 

mM EDTA, 1% Triton X-100, 0.5% Nonidet P-40, 1 mM Na3VO4, 1 µg/ml leupeptin 

and 1 mM DTT. Samples were extracted for 30 min on ice and centrifuged at 15,000 

rpm at 4 °C for 15 min. Total proteins from EAT were obtained by homogenization in 

lysis buffer and centrifugation for 5 min at 13,000 rpm (4°C). The tissue extract was 

then separated from the fat and cellular debris and analysed for protein content. 

Supernatants were analysed for protein content using the BCA kit (Thermo Fisher 

Scientific Inc, Waltham, MA, USA). 

Western blot analysis 

Proteins were separated by SDS-PAGE on 12.5 % polyacrylamide gels and transferred 

to Hybond-c extra nitrocellulose membranes (Hybond-P; Amersham Biosciences, 

Piscataway, NJ, USA) with the Trans-Blot Turbo Transfer System. Membranes were 

probed with primary antibody for glucose transport type 4 (GLUT 4, Santa Cruz 

Biotechnology, Dallas, TX, USA; dilution 1/1000), adiponectin (Abcam, Cambridge, 

UK; dilution 1/1000), dipeptidyl-Peptidase 4 (DPP4, Abcam, Cambridge, UK; dilution 

1/1000), suppressor of cytokine signaling 3 (SOCS3,Cell Signaling Technology Inc, 

Leiden,  Netherlands; dilution 1/500), glucagon-like peptide-1 (GLP-1, Abcam, 
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Cambridge, UK; dilution 1/1000), IRS (insulin receptor substrate)-1 (Ab-636, 

Signalway antibody, College Park, MA, USA; dilution 1/1000), IRS-1 (Phospho-

Ser636, Signalway antibody, College Park, MA, USA; dilution 1/1000), carnitine 

palmitoyltransferase 1A (CPT1A, Abcam;  Cambridge, UK; dilution 1/500), fatty acid 

translocase (FAT; Abcam; Cambridge, UK; dilution 1/1000), mitofusin 1 (MFN1, 

Abcam; Cambridge, UK,  dilution 1/1000), cyclophilin F (Cyclo F, Santa Cruz 

Biotechnology; Dallas, TX, USA; dilution 1/1000), peroxiredoxin 4 (PRX4, Santa Cruz 

Biotechnology; Dallas, TX, USA; dilution 1/1000), protein disulfide isomerise family A 

member 6 (PDIA6, Abcam; Cambridge, UK; dilution 1/1000), fumarate hydratase ( FH; 

Santa Cruz Biotechno; dilution 1/ 1000) and α-tubulin, GAPDH and β-actin (Sigma-

Aldrich, St Louis, MO, USA; dilution 1/5000), as  loading controls. Signals were 

detected using the ECL system (Amersham Pharmacia Biotech, Little Chalfont, UK). 

Results are expressed as an n-fold increase over the values of the control group in 

densitometric arbitrary units. 

The Mitoprofile Total OXPHOS Rodent WB Antibody Cocktail (Abcam¸ Cambridge, 

UK; dilution 1/1000) was used to quantify the relative levels of the subunits of the 

mitochondrial OXPHOS complexes: NDUFB8 subunit of complex I (20 Kda), SDHB 

subunit of complex II (30 kDa), core protein 2 UQCRC2 of complex III (48 kDa) 

MTCO1 subunit 1 of complex IV (40 kDa) and α-subunit of complex V or ATP 

synthase (55 kDa). For detection of OXPHOS subunits, all Western blot steps were 

followed. 

RNA extraction from adipose tissue 
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Total RNA was extracted from EAT or brown adipose tissue (BAT). The extraction was 

carried out with Qiazol Reagent and purified using the RNeasy Lipid Tissue Kit 

according to the manufacturer’s instructions (Qiagen, Hilden, Germany). 

Reverse Transcription and Real-Time PCR 

First strand cDNA was synthesized from 1.5 µg of total RNA according to the 

manufacturer’s instructions (Go Script Reverse Transcription System, Promega; 

Madison, WI, USA). Quantitative PCR analysis was then performed with SYBR green 

PCR technology (GoTaq Real-Time PCR Systems, Promega; Madison, WI, USA) to 

measure uncoupling protein 1(UCP1) gene expression (Forward primer 5’ to 3’ 

CCCTGCCATTTACTGTCA; Reverse primer 5’ to 3’ 

CAGCTGGGTACACTTGGGTA3). Relative quantification was achieved with MxPro-

Mx3000P software. Data were normalized by TATA BOX (Forward primer 5’ to 3’ 

CAGTACAGCAATCAACATCTAGC Reverse primer 5’ to 

3’CAAGTTTACAGCCAAGATTCACG) levels and expressed as percentage relative to 

controls. All PCRs were performed at least in triplicate for each experimental condition. 

Morphological and histological evaluation 

In order to detect collagen fibres, EAT samples were dehydrated, embedded in paraffin, 

cut into 5-μm-thick sections and stained with Picrosirius Red. The area of pericellular 

fibrosis was identified as the ratio of collagen deposition to the total tissue area after 

excluding the vessel area from the region of interest. This value was normalised by the 

number of adipocytes. Adipocytes (80-100 per animal) with intact cellular membranes 

were chosen for determination of the cross-sectional area in hematoxylin-eosin stained 

sections. For each sample, 10-15 fields were analysed using a 40× objective (Leica DM 

2000; Leica Camera AG, Wetzlar, Germany) and quantified (Leica Q550 IWB; Leica 
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Camera AG, Wetzlar, Germany). A single researcher that was unaware of the 

experimental groups performed the analysis. 

Proteomic analysis of human adipose tissue  

Sample preparation for proteomic analysis  

Pools of adipose tissue from obese and non-obese patients were lysed in a Precellys 24 

Bead Mill Homogenizer (Bertin Technologies; Montigny-Le-Bretonneux, France) (15 x 

2 s, power  set to 5500 w) using 5 mM EDTA, 0.1% Triton X-100, 1% glycerol in 30 

mM Hepes pH 7.4, supplemented with 1:1000 (v/v) of benzonase (Novagen;  Madison, 

WI, USA) and 1:100 (v/v) of Halt
TM

 phosphatase and protease inhibitor cocktail 100x 

(Thermo Fisher Scientific, Waltham, MA; USA). Lysates were clarified by 

centrifugation at 4 ºC and 16000 rpm for 15 min. Recovered supernatants were cleaned-

up by methanol-chloroform extraction (14). 

Pellets were dissolved in 8 M urea in 0.1 M Triethylamonium bicarbonate (TEAB) 

buffer. Protein concentration was determined using the Bradford Protein Assay Kit 

(Bio-Rad, Hercules, CA, USA) using BSA as standard. Samples were then digested by 

means of the standard FASP protocol (15). Briefly, proteins were reduced (10 mM 

DTT, 30 min, RT), alkylated (50 mM IA, 20 min in the dark, RT) and sequentially 

digested with Lys-C protein:enzyme ratio 1:50, o/n at RT) and trypsin (Promega, 

Madison, WI, USA) (protein:enzyme ratio 1:100, 6 h at 37°C). Resulting peptides were 

desalted using C18 stage-tips. 

Samples (110 µg) were labeled using iTRAQ® reagent 4-plex following manufacturer’s 

instructions. Labelling scheme was as follows: Control (114) and non-diabetic morbidly 

obese (115). Samples were mixed in 1:1 ratios based on total peptide amount, which 

was determined from an aliquot by comparing overall signal intensities on a regular LC-
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MS/MS run. The final mixture was finally desalted using a Sep-Pak C18 cartridge 

(Waters, Milford, MA, USA) and dried. The sample was reconstituted in OFFGEL 

solution (5% glycerol, 1% ampholytes pH 3-10) prior to electrofocusing. 

Isoelectrofocusing separation 

Peptides were pre-fractionated offline by means of IEF using a 3100 OFFGEL 

Fractionator system (Agilent Technologies, Böblingen, Germany) with a 24-well set-up. 

The IPG gel strips of 24 cm-long (GE Healthcare, München, Germany) with a 3–10 

linear pH range were rehydrated according to the protocol provided by the 

manufacturer. Subsequently, 150 μL of sample was loaded in each well. Electrofocusing 

of the peptides was performed at 20°C and 50 μA until the 50 kVh level was reached. 

After focusing, the 24-peptide fractions were withdrawn and the wells rinsed with 100 

μL of a solution of 0.1%TFA. Rinsing solutions were pooled with their corresponding 

peptide fraction. All fractions were evaporated by centrifugation under vacuum. Solid 

phase extraction and salt removal was performed with home–made columns based on 

Stage Tips with C8 Empore Disks (3M, Minneapolis, MN, USA) filled with Poros 

Oligo R3 resin (Life Technologies, Carlsbad, CA, USA). Eluates were evaporated to 

dryness and maintained at 4°C. Just prior nano-LC, the fractions were resuspended in 

H2O with 0.1% (v/v) formic acid (FA). 

Mass spectrometry  

LC-MS/MS was done by coupling a nanoLC-Ultra 1D+ system (Eksigent) to a LTQ 

Orbitrap Velos mass spectrometer (ThermoFisher Scientific, Waltham, MA, USA) via a 

Nanospray Flex source (ThermoFisher Scientific, Waltham, MA, USA). Peptides were 

loaded into a trap column (ReproSil Pur C18-AQ 5 µm, 10 mm length and 0.3 mm ID, 

SGE Analytical, Ringwood, VIC, Australia) for 10 min at a flow rate of 2.5 µl/min in 

0.1% FA. Then peptides were transferred to an analytical column (ReproSil Pur C18-
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AQ 3 µm, 200 mm length and 0.075 mm ID, SGE Analytical, Ringwood, VIC, 

Australia) and separated using a 117 min effective linear gradient (buffer A: 4% ACN, 

0.1% FA; buffer B: 100% ACN, 0.1% FA) at a flow rate of 300 nL/min. The gradient 

used was 0-3 min 2% B, 3-120 min 40% B, 120-131 min 98% B and 131-140 min 2% 

B. The peptides were electrosprayed (1.7 kV) into the mass spectrometer with a PicoTip 

emitter (360/20 Tube OD/ID µm, tip ID 10 µm) (New Objective), a heated capillary 

temperature of 240°C and S-Lens RF level of 60%. The mass spectrometer was 

operated in a data-dependent mode, with an automatic switch between MS and MS/MS 

scans using a top 15 method (threshold signal ≥ 1000 counts and dynamic exclusion of 

45 sec). MS spectra (250-1750 m/z) were acquired in the Orbitrap with a resolution of 

60,000 FWHM (400 m/z). Peptides were isolated using a 2 Th window and fragmented 

using higher-energy collisional dissociation (HCD) with Orbitrap read out at a NCE of 

42% (0.25 Q-value and 0.1 ms activation time). The ion target values were 1E6 for MS 

(500 ms max injection time) and 2E5 for MS/MS (200 ms max injection time). Samples 

were injected in duplicates. 

Statistical analysis 

Continuous variables are expressed as mean±SD. Categorical variables are expressed in 

absolute values and percentages. The differences between categorical variables were 

analysed using the χ2 test. Normality of distributions was verified by means of the 

Kolmogorov–Smirnov test. Differences between 2 groups were analysed by unpaired 

Student t test. Specific differences between more groups were analysed using 1-way 

ANOVA followed by Newman-Keuls test.  Pearson correlation analysis was used to 

examine association among different variables according to whether they are normally 

distributed. Multivariable analysis, considering HOMA as the dependent variable, was 

performed with a linear regression model by means of a backward stepwise method. In 
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consecutive steps, variables that were statistically significant in the univariable analysis 

were included in the linear regression model. A value of P<0.05 was used as the cutoff 

value for defining statistical significance. Data analysis was performed using the 

statistical program SPSS version 22.0 (SPSS Inc, Chicago, IL, USA).  

RESULTS 

HFD induced an increase in body weight that reached a significant difference with that 

of controls from the fifth week (Figure 1A). This difference was maintained until the 

end of the study. The administration of MitoQ reduced the increase in body weight, an 

effect that was accompanied by a decrease in white adipose tissue weight (epididymal, 

lumbar and mesenteric) in rats fed a HFD (Figure 1A and Table 1) and consequently 

reduced adiposity index (Table 1). An increase in relative BAT weight was observed in 

HFD as compared with CT animals (Table 1). MitoQ–treated HFD-fed rats show a 

slightly lower food intake as compared with HFD rats, although no significant 

differences were detected between both groups. However, the energy intake (calculated 

from the diet-contained calories) was reduced in MitoQ–treated HFD-fed rats as 

compared with HFD animals, although it did not reach those values observed in CT 

group (Table 1). To investigate whether an increase in energy expenditure is involved in 

the observed reduction in body weight gain, we explored the expression of UCP1, 

involved in energy expenditure, in BAT. Obesity only increased the expression of 

UCP1 in BAT from obese animals treated with MitoQ (Figure 1B). Neither HFD nor 

MitoQ administration were able to increase UCP1 expression in EAT, which was not 

detected in any animal group (data not shown).  
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MitoQ did not affect any of these parameters in control animals (Table 1). Therefore, 

and to simplify; only data from rats fed a standard diet (CT) and HFD or HFD+MitoQ 

will be presented from now on. 

The efficiency of MitoQ treatment was evaluated by measurement of levels of protein-

4-HNE adducts, a major end product of lipid peroxidation. The higher levels of 4-HNE 

found in EAT from HFD-fed rats were normalised with the MitoQ treatment (Figure 

1C), supporting the effectiveness of MitoQ. Protein levels of both PRDX4 and FH were 

also reduced in HFD-fed rats and normalised with MitoQ administration (Figures 1D-

1E).   

Histological analysis of EAT revealed an increase in pericellular collagen content in the 

HFD group that was prevented by MitoQ administration (Figures 2A-2B). Pericellular 

collagen levels were associated with HOMA index (r=0.495; P<0.031). An increase in 

adipocyte area was also observed in HFD fed rats. A trend towards an attenuation of 

this increase due to a shift toward smaller adipocytes was observed in obese animals 

treated with MitoQ (Figures 2C-2E).  

Considering the increase in the adiposity index and adipocyte size observed in HFD fed 

rats we decided to explore whether an increase in fatty acid (FA) inflow into cell and 

mitochondria could participate in these changes. For this purpose, we evaluated the 

protein levels in EAT of both the FA transporter into the cell and the FA transporter into 

the mitochondria, FAT and CPT1A, respectively. In HFD rats, FAT was reduced and 

MitoQ was unable to prevent this reduction, although it was able to prevent the increase 

in CPT1A observed in HFD rats (Figures 2F-2G). 

Next, we examined whether the inhibition of mitochondrial oxidative stress could 

modify metabolic parameters in obese animals. Treatment with MitoQ improved fasted 
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glucose and insulin levels and consequently reduced HOMA index in the HFD group 

(Table 1). The levels of both 4-HNE and PRDX4 were independent predictors of 

HOMA (mean difference, 0.026; 95% CI, 0.003– 0.049; P= 0.029 and mean difference, 

-0.49; 95% CI, -0.88–-0.010; P= 0.017; respectively), supporting the relevance of 

oxidative stress in the development of metabolic alterations. Obese animals showed 

higher triglyceride levels than CT ones but no significant differences were observed in 

the total cholesterol (Table1). MitoQ was unable to modify lipid profile in the control 

group (Table 1).  

In order to understand how MitoQ improves insulin sensitivity in obese animals, we 

analysed the levels of proteins involved in the control of insulin sensitivity in EAT. The 

reduction in GLUT 4, GLP-1 and adiponectin expression observed in the HFD group 

was normalised by MitoQ (Figures 3A-3C). Furthermore, the increase in the protein 

levels of DPP4 and SOCS3 triggered by the HFD was completely prevented by MitoQ, 

which was also able to ameliorate the increase in the phosphorylation of Ser (636) of 

IRS-1 (Figures 3D-3F). To determine whether MitoQ could directly affect adipocyte 

function, we carried out in vitro experiments in the TNFα-induced insulin resistance 

model in differentiated 3T3-L1 adipocytes. As shown in Figure 4 and as previously 

described (13), TNFα reduced GLUT 4 and adiponectin expression and increased 

SOCS3 protein levels in these cells. Interestingly, these effects were prevented by 

MitoQ (Figures 4A-4C).  

Regarding mitochondrial markers, protein levels of mitochondrial complexes I, II and 

IV were reduced, while complex V was increased in HFD-fed rats (Figure 5A).  MitoQ 

treatment was only able to reduce the increase in complex V. Complex III was altered 

neither in HFD nor in HFD + MQ rats. Obesity was also able to increase Cyclo F levels 

(Figure 5B), suggesting the opening of the mitochondrial permeability transition pores 
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(mPTP), which was normalized by MitoQ treatment. MFN1, a protein involved in the 

mitochondrial fusion process, was reduced in HFD rats and was prevented in those 

treated with MitoQ (Figure 5C). MFN1 was an independent predictor of HOMA index 

(mean difference, 0.058; 95% CI, 0.004– 0.113; P= 0.038). We also assessed the levels 

of PDIA6, a marker of endoplasmic reticulum (ER) stress. PDIA6 levels were higher in 

HFD rats than in controls and this increase was prevented in those HFD rats treated with 

MitoQ (Figure 5D). 

In order to verify whether the adipose tissue remodelling occurs not only in an obese 

animal model but also in obese patients, we performed a proteomic study of adipose 

tissue from control and obese (non-diabetic) subjects. The mean age of both groups was 

similar, with there being more women in the group of obese patients (Table 2). The 

majority of obese patients, but only 17.9% of the lean subjects, had associated 

comorbidities with the most hypertension and dyslipidemia (Table 2). Drug treatment 

for hypertension included angiotensin converting enzyme inhibitors (or angiotensin II 

type 1 receptor antagonists), whereas all dyslipidemic patients were on statins. Body 

mass index (BMI), fasting plasma glucose and insulin levels and HOMA index were 

higher in obese than in non-obese subjects, as occurs in the obese rats (Table 2). 

Histological analysis of visceral adipose tissue showed an enhanced adipocyte area 

(Figure 6A) and an increase in pericellular collagen (Figure 6B) in obese patients as 

compared with control subjects. As shown in Table 2, obese patients had higher serum 

levels of inflammatory markers, including C-reactive protein, interleukin (IL) 1β, IL6 

tumor necrosis factor-α, and MMP 9 than lean subjects, although no differences were 

observed in the anti-inflammatory cytokine IL10. Obese patients also showed an 

increase in MPO, a marker of oxidative stress. As compared with non-obese subjects, 

obese patients showed a reduction in levels of adiponectin and ghrelin but no changes 

http://hyper.ahajournals.org/content/66/5/961.long#T1
http://hyper.ahajournals.org/content/66/5/961.long#T3
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were observed in those of GLP-1 and GIP, and leptin plasma levels were significantly 

increased. The anthropometrical and clinical characteristics of the patients used for the 

proteomic analysis of the adipose tissue follow the same pattern observed for the all 

patients included in the study, suggesting that they are a representative sample - (data 

not shown). 

2119 proteins were identified in the proteomic analysis of human adipose tissue, of 

which 53 were related to mitochondria. Those proteins with a fold change > 1.3 (up-

regulation) or <0.769 (down-regulation) between obese and control group were 

selected.  According to these criteria, 23 of the 53 mitochondrial proteins were modified 

in the obese patients (Table 3). 

Most of the modified mitochondrial proteins were involved in FA β-oxidation, Krebs 

cycle or OXPHOS. Six proteins involved in FA β-oxidation and Krebs cycle were 

reduced in obese patients as compared with controls, suggesting an impaired 

metabolism. OXPHOS proteins were altered (five reduced and two increased) in obese 

patients. Two subunits of the mitochondrial complex I:  NADH dehydrogenase 

[ubiquinone] flavoprotein 1 and NADH dehydrogenase [ubiquinone] flavoprotein 2) 

were reduced in obese patients, which were also reduced in EAT of HFD rats. On the 

other hand, a subunit of mitochondrial complex V or ATPase (described in Table 3 as 

ATP synthase lipid-binding protein) was increased in obese patients as compared with 

lean subjects, and as occurs in the EAT of obese rats. 

DISCUSSION 

The results presented here reveal that the metabolic alterations observed in diet-induced 

obesity were accompanied by an exacerbation of oxidative stress, remodelling and 

mitochondrial proteins alterations in adipose tissue. We hypothesized that mitochondrial 
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oxidative stress could participate in metabolic alterations associated with obesity. 

Interestingly, we observed that the administration of the mitochondrial antioxidant 

MitoQ protects against some of the consequences of diet-induced obesity, thereby 

limiting weight gain, attenuating the disturbances in adipose tissue and improving the 

insulin resistance observed in obese animals. 

HFD-fed animals exhibited a decline in insulin sensitivity, a common feature in obese 

patients, as indicated by an increase in HOMA index.  Alterations in the balance of 

factors that modulate (increase/decrease) insulin sensitivity seems to underlie the 

dysfunctional glucose homeostasis observed in obese rats. Such alterations included 

reduced levels of GLUT 4, adiponectin and GLP-1, as well as increased levels of DPP4, 

SOCS3 and IRS-1 serine phosphorylation. Similar results have previously been 

described in both humans and animal models (13, 16-18). The relevance of SOCS3 in 

insulin resistance is confirmed by the fact that their levels were independently 

associated with HOMA index. All of these alterations were improved by MitoQ 

treatment showing the role of mitochondrial oxidative stress on insulin sensitivity (10, 

19).  

An increase in oxidative stress seems to be involved in insulin resistance in HFD-fed 

rats since HOMA index was associated with 4-HNE levels. This bioreactive aldehyde is 

not only a byproduct of lipid peroxidation, but is also able to induce oxidative stress and 

contribute to adipose tissue metabolic dysfunction associated with insulin resistance in 

human adipocytes (20). Other sources of free radicals in addition to mitochondria could 

participate in the oxidative environment observed in obese rats since FH levels were 

decreased in HFD rats and associated with those of 4-HNE. The decrease in FH levels 

can allow a consequent rise in fumarate production, which is involved in ROS 

generation (21, 22). In addition, a reduction in antioxidant defence could also participate 
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since levels of PRDX4, which metabolize hydrogen peroxide, were reduced in adipose 

tissue of obese rats. These results agree with a previous study, which observed a 

reduction in the activity of antioxidant enzymes parallel to the increase in adipose tissue 

(23). MitoQ was able to reverse the reduction in both FH and PRDX4, supporting the 

complexity of the effects of this antioxidant in the modulation of oxidative stress. More 

relevant is the fact that levels of both PRDX4 and 4-HNE were independently 

associated with HOMA index, supporting the importance of oxidative stress in 

adipocyte function. In addition, levels of MFN1 were independent predictors of HOMA 

index, confirming previous observations, which show an interaction between 

mitochondria dynamics and insulin resistance (24, 25).  

Pericellular fibrosis seems to be an additional mechanism involved in insulin resistance 

in HFD rats since it was associated with HOMA index, and the improvement in insulin 

sensitivity in MitoQ-treated rats was accompanied by a decrease in pericellular fibrosis. 

The observation of a reduction in FAT levels, a protein involved in FA inflow inside 

cell, suggests a maladaptive response to excess dietary FA that may facilitate ectopic fat 

deposit (26) and MitoQ was unable to affect it. In agreement with that observation, 

MitoQ was unable to normalize the enlarged adipocytes in obese rats.  

Obesity is also accompanied by changes in levels of different mitochondrial proteins in 

EAT: Cyclo F and MFN1 which are involved in essential processes which can affect  

mitochondrial survival (27, 28) leading to cell death (29). MitoQ treatment was able to 

normalize the levels of Cyclo F and MFN1, suggesting that oxidative stress seems to be 

involved in the regulation of these two essential processes: opening and regulation of 

mPTP, and mitochondrial fusion. Moreover, obesity is also accompanied by ER stress 

activation as suggested by the increase in PDIA6 levels, which was reduced in MitoQ-

treated rats. In fact, ER stress can further damage mitochondria by regulating mPTP 
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opening through an increase in Ca
2+

 levels and further aggravate oxidative stress by 

augmenting ROS production in ER (30), which can also be potentiated by the reduction 

in the antioxidant PRDX4, which is mainly localized in ER.   

In accordance with previous studies (10, 31, 32) a reduction in energy intake could be 

involved in the slimming effect induced by MitoQ in HFD rats. In addition, an increase 

in energy expenditure could also be proposed in the observed body weight reduction. 

This affirmation is based on the fact that MitoQ treatment was associated with an 

increase in levels of UCP1, which dissipates energy as heat, in brown adipose tissue of 

HFD rats, supporting the capacity of MitoQ in increase uncoupling oxidative 

phosphorylation from ATP synthesis (32, 33). Previous studies have reported that 

proliferator-activated receptor γ (PPAR γ) is involved in energy expenditure since 

treatment with PPAR γ agonists is accompanied by a strong induction of UCP-1 mRNA 

expression which is associated with a reduction in body weight in mice (34-36). In this 

regard, we have observed in preliminary data that MitoQ treatment was able to reverse 

the reduction in PPARγ induced by HFD (data not shown).  

Considering the reduction in body weight observed during MitoQ treatment, we cannot 

exclude the possibility that this MitoQ-elicited reduction in HFD-fed animals could also 

be partially responsible for improvement in insulin resistance in these animals. 

However, although MitoQ-treated rats normalized insulin sensitivity, they showed a 

higher adiposity and enlarged adipocytes relative to control animals. Moreover, MitoQ 

normalized GLUT 4, adiponectin and SOCS3 expression in cultured adipocytes, 

supporting a direct effect of this compound in adipose tissue glucose signaling. This 

effect could involve not only mitochondrial redox regulation but also lipid metabolism 

modulation (10).  In fact, we have found an increase in CPT1A in MitoQ-treated 

animals, supporting an increase in β-oxidation.   
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Obese patients showed a low-grade systemic inflammation and a prooxidant state, a fact 

amply reported in the literature (37-40). This proinflammatory and prooxidant 

environment has been explained by dysfunctional adipose tissue that occurred in the 

context of obesity. Accordingly, and similar to that observed in rats, obese patients 

show a remodelling of visceral adipose tissue characterized by adipocyte hypertrophy 

and increased deposition of extracellular matrix, confirming previous observations (13). 

In addition, the proteomic analysis of the visceral adipose tissue shows important 

changes, including at mitochondrial level, since almost 50% of the mitochondrial 

proteins identified were modified in obese patients, suggesting that obesity exerts an 

important impact on mitochondria. Such proteins were involved in metabolism (β-

oxidation and citric acid cycle), which were showed to be reduced as compared with 

normoweight individuals and OXPHOS proteins (subunits of complex I which were 

reduced and a subunit of complex V which was increased) showing a similar pattern to 

the one observed in obese rats. Likewise, there have been reported alterations in the 

genes involved in metabolism, as well as OXPHOS in subcutaneous adipose tissue of 

obese patients with type 2 diabetes mellitus. A decrease in proteins involved in 

metabolism, as well as a decrease in activity of complex I and V was found in 

abdominal adipose tissue of obese children (41). These data suggest that obesity is 

associated with mitochondrial and structure alterations in the adipose tissue. 

The results obtained in obese human samples reveal that some of the alterations 

observed in the EAT of obese rats are also reflected in the visceral adipose tissue of 

obese patients, further suggesting the clinical relevance of our findings. These 

alterations include oxidative parameters such as PRDX, ER stress markers like PDIA6, 

HOMA index and circulating factors involved in insulin sensitivity including GIP, 

adiponectin and ghrelin.  
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Conclusions 

In summary, this study demonstrates the beneficial effect of the mitochondrial 

antioxidant MitoQ in the metabolic alterations associated with obesity. Although 

additional mechanisms could not be ruled out, our data emphasize the interest of 

mitochondrial ROS as a potential therapeutic target in obesity and highlight the benefits 

of mitochondrial-targeted antioxidant drugs for this disease. 

Limitations of the study 

Although the study explores the potential role of mitochondrial oxidative stress in the 

adipose tissue remodelling and the metabolic alterations observed in obesity, the 

assessment of mitochondrial function was derived from the evaluation of protein levels 

involved in essential mitochondrial processes, and this represents a limitation of our 

study. In addition, we have used the surrogate marker HOMA index for the evaluation 

of insulin sensitivity in spite of direct assessments for evaluation of insulin sensitivity 

such as the glucose clamp technique. Although HOMA index is considered to be a 

useful tool to estimate insulin resistance, simple tests involving a single fasting blood 

sample could be a limitation of the study. Another notable consideration related to the 

study is the fact that MitoQ is a mitochondrial targeting antioxidant with a ubiquinone 

moiety attached to a dTPP+ cation. In a recent paper, it has been described that the 

lipophilic cation moiety triphenylphosphonium (TPP+) of MitoQ can mediate some of 

the observed effects of this antioxidant (33). For this reason, we cannot preclude which 

moiety of the MitoQ molecule could exert the beneficial effects described in the 

manuscript since we did not use animals treated with TPP+ as controls. 
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Figure Legends  

Figure 1. (A) Body weight evolution along the study. (B) UCP1 mRNA levels in brown 

adipose tissue. Protein levels of (C) 4-hydroxynonenal (4-HNE) adducts, (D) 

peroxiredoxin 4 (PRX4) and (E) fumarate hydratase (FH) in epididymal adipose tissue 

from control rats fed a normal chow (CT)  and rats fed a high fat diet (HFD) treated 

with vehicle or with the mitochondrial antioxidant MitoQ (MQ; 200 µM). Bars graphs 

represent the mean ± SD of 6-8 animals normalized for reference housekeeping. * 

p<0.05, **p<0.01 vs. control group. 
†
p<0.05, 

††
 p<0.01 vs. HFD group. 

Figure 2. (A and B) Quantification of collagen volume fraction normalized for 

adipocyte number (CVF) and representative microphotographs of epididymal adipose 

tissue from fed a normal chow (CT) and animals fed a high fat diet (HFD) treated with 

vehicle or with the mitochondrial antioxidant MitoQ (MQ; 200 µM) stained with 

picrosirius red examined by light microscopy (magnification 20X).  (C and E) 

Quantification and size distribution of adipocytes from epididymal of adipocyte area 

and representative microphotographs of epididymal adipose tissue from CT and HFD 

rats stained with haematoxylin eosin examined by light microscopy (magnification 

20X).  (F and G) Protein levels of FA translocase (FAT) and carnitine 

palmitoyltransferase 1A (CPT1A), respectively in epididymal adipose tissue from 

control rats fed a normal chow (CT) and rats fed a HFD treated with vehicle or with the 

mitochondrial antioxidant MitoQ (MQ; 200 µM). Scale bar: 100 µm. Values are mean± 

SD of 6-8 animals. **p<0.01; *** p<0.001 vs. control group. 
† 

p<0.05; 
†††

 p<0.001 vs. 

HFD group. 

Figure 3. Protein levels of (A) Glucose transporter type 4 (GLUT 4), (B) glucagon-like 

peptide-1 (GLP-1), (C) adiponectin, (D) Dipeptidylpeptidase 4 (DPP4), (E) suppressor 
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of cytokine signalling 3 (SOCS3) and (F) insulin receptor substrate-1 (IRS-1; total and 

phosphorylated forms) in epididymal adipose tissue from control rats fed a normal chow 

(CT) and rats fed a high fat diet (HFD) treated with vehicle or with the mitochondrial 

antioxidant MitoQ (MQ; 200 µM). Bars graphs represent the mean ± SD of 6-8 animals 

normalized to for reference housekeeping.  **p<0.01; *** p<0.001 vs. control group. 

†
p<0.05, 

††
 p<0.01 vs HFD group. 

Figure 4. Protein levels of (A) Glucose transporter type 4 (GLUT 4), (B) adiponectin 

and (C) suppressor of cytokine signalling 3 (SOCS3) in 3T3-L1 adipocytes. The cells 

were stimulated with or withouth TNFα (50 ng/mL) for 72 h in the presence of either 

vehicle or the mitochondrial antioxidant MitoQ (MQ; 5 nM). Data normalized to β-actin 

are expressed as mean ± SD of four assays in arbitrary units. *p<0.05, **p<0.01, vs. 

unstimulated cells (CT); 
†
p<0.05, cells stimulated with the same concentration of TNFα 

in the absence of MitoQ.  

Figure 5. Protein levels of (A) mitochondrial complexes I-V, (B) cyclophilin F (Cyclo 

F), (C) mitofusin (MFN1), and (D) protein disulfide isomerise family A member 6 

(PDIA6) in epididymal adipose tissue from control rats fed a normal chow (CT) and rats 

fed a high fat diet (HFD) treated with vehicle or with the mitochondrial antioxidant 

MitoQ (MQ; 200 µM). Bars graphs represent the mean ± SD of 6-8 animals normalized 

to for reference housekeeping. *p<0.05, **p<0.01; *** p<0.001 vs. control group. 

†
p<0.05, 

††
 p<0.01 vs HFD group. 

Figure 6. (A) Quantification of adipocyte area (left) and representative 

microphotographs of visceral adipose tissue sections from control subjects (CT) and 

morbidly obese patients (OB) stained with haematoxylin eosin examined by light 

microscopy (magnification 20X; right), (B) Quantification of collagen volume fraction 

normalized for adipocyte number (CVF). Right panel shows representative 
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microphotographs of visceral adipose tissue sections from these individuals stained with 

picrosirius redexamined by light microscopy (magnification 20X). Bars histograms 

represent the mean ± SD of 7 subjects. Scale bar: 100 µm. ** p<0.01 vs. control group. 
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Table 1. Effect of the mitochondrial antioxidant MitoQ (200 µM) on general 

characteristics and metabolic parameters in rats fed a normal chow (CT) and high 

fat diet (HFD) fed rats 

 CT MitoQ HFD HFD+MitoQ 

F I (g/day) 22.3±1.5 21.2±1.6 18.6±3.1** 16.0±2.1*** 

EI (kcal) 64.7±4.3 61.5±4.0 100.4±16.7*** 86.4±11.3***† 

WI (mL/day) 42.3±7.1 48.0±8.5 41.8±5.6 43.9±1.0 

EAT (g/cm tibia) 1.1±0.35 0.09±0.21 3.18±0.91*** 2.3±0.54**† 

LAT (g/cm tibia) 1.81±0.49 1.76±0.43 3.86±0.81*** 2.77±0.31*†† 

MAT (g/cm tibia) 0.85±0.24 0.82±0.12 1.84±0.27** 1.44±0.17***†† 

Adiposity Index 

(%) 

4.6±1.13 4.2±0.83 9.1±1.01*** 7.8±0.85***† 

BAT (g/cm tibia) 0.126±0.03 0.136±0.015 0.184±0.05* 0.166±0.012* 

Glucose(mg/dl) 96.5±11.4 99.6±11.7 115.4±6.3* 100.3±10.34† 

Insulin (pg/ml) 90.8±15.2 79.3±20.4 272.3±90.4*** 153.6±36.8*†† 

HOMA Index 3.3±1.4 2.9±1.3 10.3±4.2*** 5.4±2.5†† 

TG (mg/dl) 78.6±15.6 89.7±18.3 146.8±32.9* 129.0±35.9* 

TC (mg/dl) 66.5±14.8 68.2±10.5 68.1±10.9 68.8±8.4 
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BAT: brown adipose tissue; BW: body weight; EAT: epididymal adipose tissue; EI: 

energy intake; FI: food intake; HOMA index: the homeostasis model assessment; LAT: 

lumbar adipose tissue; MAT: mesenteric adipose tissue TG: triglycerides and TC: total 

Cholesterol: WI: water intake. Data values represent mean ± SD of 8 animals. *p < 0.05 

compared to control group. * p<0.05; **p < 0.01; *** p<0.001 compared to control 

group.
 
†p0.05, ††p<0.01; †††p<0.001 compared to HFD group. 
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TABLE 2. Epidemiological and clinical characteristics and circulating markers of 

morbidly obese patients and lean subjects. 
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 Lean Subjects, 

n=67 

Obese patients, 

n=63 

P Value 

Age (years) 41.4 ±5.11 40.4 ±9.48 0.435 

Women (%) 30 40.3 0.004 

BMI (kg/m
2
) 22.8±1.97 45.8±5.44 <0.0001 

Comorbidities (n, %) 11 (16.5%) 55 (87.3%) <0.001 

Hypertension (n, %) 4 (6 %) 25 (39.7%) <0.001 

Dyslipemia (n, %) 6 (9 %) 24 (37.5%) <0.001 

Glucose(mg/dl) 87.3 ±9.4 94.8±15.5 <0.001 

Insulin (pg/ml) 163.5±62.92 257.8± 72.1 <0.001 

Leptin (pg/ml) 5486.9±3522.8 27442.1±14650.6 <0.001 

Adiponectin (µg/ml) 41879.9±43959.6 17920.3± 11189.1 0.02 

CRP (mg/dl) 0.15±0.35 1.15±1.08 <0.001 

IL-1β (pg/ml) 0.58±0.52 1.36± 1.58 <0.001 

IL-6 (pg/ml) 3.3±3.3 11.14± 11.9 <0.001 

TNF-α (pg/ml) 8.7±3.8 17.02±6.92 <0.001 

IL-10 (pg/ml) 38.89±26.7 37.7±23.1 0.827 

MMP 9 (pg/ml) 140.8±85.9 219.9±160.8 0.004 

MPO (pg/ml) 44.2±36.4 107.3±155.6 <0.001 

GLP-1 (pg/ml) 21.5±8.3 21.3±6.7 0.294 

GIP (pg/ml) 13.9±7.8 10.8±7.1 0.927 

Ghrelin (pg/ml) 62.2±7.8 20.1±10.2 <0.001 
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Data values are expressed as media ± standard deviation or (%). BMI: body mass index. 

CRP: C reactive protein; GIP: glucose-dependent insulinotropic polypeptide; GLP-1: 

glucagon-like peptide-1; IL: interleukin; MMP 9: metalloproteinase 9; MPO: 

myeloperoxidase; TNF-α: tumor necrosis factor.  

  



41 
 

Table 3. Mitochondrial proteins altered in the adipose tissue of obese patients as 

compared with controls identified by a proteomic analysis. 1.3-fold change cut-off 

for all iTRAQ ratios was selected to classify proteins as up- or down-regulated; ratio 

<0.77 was considered underexpressed and >1.3 was considered overexpressed. 

Mitochondrial proteins                                                              Ratio 

10 kDa heat shock protein 0.745 

Microsomal glutathione S-transferase 1.482 

Aconitate hydratase 0.735 

Enoyl-CoA hydratase 0.697 

Electron transfer flavoprotein subunit alpha 0.662 

Isoform Short of ES1 protein homolog 0.711 

NADP-dependent malic enzyme 0.738 

Protein NipSnap homolog 3A 0.767 

Cytochrome c (Fragment) 0.691 

T-complex protein 1 subunit zeta 1.303 

Ras-related protein Rab-5A 0.618 

NADH dehydrogenase [ubiquinone] 

flavoprotein 2 

0.698 

NADH dehydrogenase [ubiquinone] 

flavoprotein 1 

0.727 

Phosphoenolpyruvate carboxykinase [GTP] 0.740 

Isoform 3 of Ethylmalonyl-CoA decarboxylase 0.766 

Aspartate aminotransferase 0.576 

ATPase inhibitor, mitochondrial 1.469 
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T-complex protein 1 subunit gamma 1.369 

Branched-chain-amino-acid aminotransferase 0.558 

Ubiquinone biosynthesis protein COQ9 0.736 

Isoform 4 of Glutathione S-transferase kappa 1.470 

Enoyl-CoA delta isomerase 1 0.601 

ATP synthase lipid-binding protein 1.363 

Other proteins 

Adiponectin 0.681 

Collagen VI (alpha-3) 1.359 

Protein disulfide-isomerase A6 1.392 

Peroxiredoxin-2 0.504 

Peroxiredoxin-5 0.755 
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