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Objective: To test whether enhancing the capability of adipose tissue to store lipids using antioxidant

supplementation may prevent the lipotoxic effects and improve the metabolic profile of long-term obesity.

Methods: C57BL/6J mice were randomized into three experimental groups for 28 weeks: control group

(n 5 10) fed chow diet (10% kcal from fat), obese group (O, n 5 12) fed high-fat (HF) diet (45% kcal from

fat), and obese group fed HF diet and supplemented twice a week with 150 mg of a-tocopherol (vitamin

E) by oral gavage (OE, n 5 12).

Results: HF diet resulted in an obese phenotype with a marked insulin resistance, hypertriglyceridemia,

and hepatic steatosis in O mice. Histological analysis of obese visceral adipose tissue (VAT) revealed

smaller adipocytes surrounded by a fibrotic extracellular matrix and an increased macrophage infiltration,

with the consequent release of proinflammatory cytokines. Vitamin E supplementation decreased oxida-

tive stress and reduced collagen deposition in the VAT of OE mice, allowing a further expansion of the

adipocytes and increasing the storage capability. As a result, circulating cytokines were reduced and

hepatic steasosis, hypertriglyceridemia, and insulin sensitivity were improved.

Conclusions: Our results suggest that oxidative stress is implicated in extracellular matrix remodeling

and may play an important role in metabolic regulation.
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Introduction
The hypothesis of adipose tissue expansion suggests the existence of

an individual’s limit for the accumulation of fat within the adipocyte

(1). Once that limit has been exceeded, circulating free fatty acids

would be then redirected to other tissues, such as liver or muscle,

where they accumulate and induce lipotoxicity, characterized by

inflammation, oxidative stress, and insulin resistance (1).

The expansion of adipose tissue involves several modifications. In

obesity, changes have been observed both in the number and in the

size of adipocytes. Furthermore, the infiltration and activation of

macrophages to a pro-inflammatory phenotype is also a common

feature of adipose tissue in obesity (2,3). As a result, a further

increase in the release of cytokines occurs, generating a pro-

inflammatory environment (4). Finally, changes have also been

described in the extracellular matrix (ECM), in order to promote a

fibrotic process that limits adipocyte growth (5).

ECM remodeling in obesity reflects the balance between the increased

rate of synthesis of matrix proteins and their degradation. It is medi-

ated by fibrinolytic factors, such as plasminogen and plasmin, matrix

metalloproteases (MMP), and antifibrinolytic systems like the tissue

inhibitors of MMP (TIMPs), among others (6). Studies in individuals

with obesity have reported the relation between body mass index,

ECM components, and metabolic disorders in adipose tissue (5-9).

Experiments in mice lacking collagen VI, the most abundant type in

adipose tissue, in an ob/ob background, showed larger adipocytes and

improved metabolic parameters, suggesting that collagen VI may con-

straint adipocytes, provoking metabolic alterations (10).

Despite the increasing efforts to understand the ECM remodeling

process in adipose tissue, it remains unclear what is the relation

between the pathophysiological processes observed in obesity and

the remodeling mediators. While tissue hypoxia (11) and inflamma-

tory cytokines (12) play an inductive role in the fibrotic process, the

effects of oxidative stress are yet to be defined.
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In other conditions, such as hepatic or pulmonary fibrosis, it has been

suggested that reactive oxygen species (ROS) play a role in the synthe-

sis of collagen (13,14). Therefore, our hypothesis suggests that in a

mouse model of diet-induced obesity (DIO), the blockade of obesity-

related oxidative process through supplementation with a-tocopherol

(vitamin E, a potent lipid-soluble antioxidant) would be able to reduce

collagen deposition in adipose tissue, allowing its further expansion

and alleviating the lipotoxic effects associated with obesity.

Methods
Animals and diets
Four weeks old male C57BL/6 mice were purchased from Harlan Lab-

oratories (UK). After 2 weeks of acclimatization, mice were random-

ized into three groups. The control group (C, n 5 10) received a low-

fat diet (10% calories from fat; Purina TestDiet 58V8, Testdiet, USA).

The obese group (O, n 5 12) received a high-fat diet (HF; 45% calories

from fat; Purina TestDiet 58Y2, Testdiet, USA). The supplemented

group (OE, n 5 12) was fed the same HF diet, and received 150 mg of

vitamin E (DL-a Tocopherol acetate; Sigma, Spain) twice a week by

oral gavage (15). All the animals had free access to food and water.

Animal procedures were performed in accordance with the USP-CEU

Ethical Committee for Animal Research.

The dietary and antioxidant treatment lasted 28 weeks, when mice

were sacrificed by decapitation after 8 h fasting. Then, liver and vis-

ceral adipose tissue (VAT) were immediately dissected and stored in

formaldehyde, RNA later, or snap frozen in liquid nitrogen and

stored at 2808C. Blood was collected using tubes containing

Na2EDTA, plasma was obtained and stored at 2208C until used.

Plasma analysis and estimation of insulin
resistance
Glucose and triglycerides were determined by enzymatic colorimet-

ric test (GOD-PAP and LPL/GOP-Trinder, Roche Diagnostics, Bar-

celona, Spain). Plasma levels of insulin, adiponectin, leptin, resistin,

tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and plasmino-

gen activator inhibitor-1 (PAI-1) and tisular levels of monocyte che-

moattractant protein-1 (MCP-1) were measured using a Milliplex

MADPK-71K adipokine kit according to manufacturer’s description

(Millipore). For estimation of insulin resistance, HOMA index was

calculated as previously described (16).

Oxidative damage determination in VAT
VAT homogenates with 5 mM butyl hydroxytoluene (BHT) were

used for the determination of oxidation to lipids and proteins. Lipid

peroxidation was determined using a commercial kit (Bioxytech

LPO-586) from OxisResearch (USA). Advanced oxidation protein

products (AOPP) were determined according to Witko-Sarsat’s

method (17) with modifications.

Antioxidant enzymes in VAT
Catalase (CAT) specific activity was measured by monitoring the

disappearance of hydrogen peroxide at 240 nm. Glutathione peroxi-

dase (GPx) specific activity assay is based on the oxidation of gluta-

thione by GPx. Oxidized glutathione is regenerated by glutathione

reductase using NADPH 1 H1 as a cofactor. The reaction rate was

measured following the disappearance of NADPH 1 H1 at 340 nm.

Glutathione S-transferase (GST) specific activity was measured

using a commercial kit following manufacturer’s instructions (Gluta-

thione S-transferase Assay Kit, Cayman Chemical, Ann Arbor, MI).

Vitamin E determination in VAT
a-Tocopherol was detected by a HPLC using a routine method in

our laboratory (18). The chromatograph system was a Beckman

Mod. 126 coupled to a UV detector (Beckman Mod. 168) in line

with a fluorescence detector (Waters 474). All the solvents used

were purchased from Scharlau (Spain).

Immunohistochemistry
VAT was fixed in 4% paraformaldehyde, embedded in paraffin, and

cut in sections of 5 mm. To analyze the size of the adipocytes, sec-

tions from four mice per group were hematoxylin–eosin stained. At

least 250 cells per sample were measured with the MRI adipocyte

tool in ImageJ software (NIH, USA).

Macrophages were detected using an anti-CD68 rabbit polyclonal

antibody (Abbiotec, USA) after heat-induced antigen retrieval. Dia-

minobenzidine detection was performed using the Histostain-SP

Broad Spectrum HRP Kit (Invitrogen). Slides were counterstained

with hematoxylin. A total number of four mice were used for the

analysis. Samples were analyzed using a Leica DM2700 P micro-

scope. Snap shots were taken (Leica DFC495 Camera) using Meta-

Morph 6.1 software, and quantification of stained areas was deter-

mined through ImageJ software (NIH, USA).

Collagen analysis
Paraffin embedded slides of VAT were used for the detection of

total collagen. After deparaffination and rehydration, samples of

four mice per group were stained with 1% picrosirius red in a satu-

rated solution of picric acid and quantified using ImageJ software.

Types I, III, IV, and VI collagen expression were determined by

real-time PCR (qPCR) as further described.

Western blot
VAT was homogenized in a lysis buffer and disrupted in a Tissue-

lyser (Qiagen, Spain) in two cycles of 2 min at 40 Hz. Samples

were placed on ice for 15 min to achieve a complete cellular lysis,

and then centrifuged at 12,000 rpm for 30 min. Supernatant was

stored at 2808C until further use.

About 25 micrograms of each sample (n 5 4) were subjected to sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After

transference to PVDF membrane, blocking was performed with 10%

milk-TBST (tris buffer saline tween). Rabbit anti-p38 (M-0800 Sigma,

Spain), rabbit anti-phospho p38 (MABS64, Millipore, Spain) were used.

Secondary antibodies conjugated to horseradish peroxidase were

obtained from Sigma (Spain). Protein bands were observed by addition

of ECL Western blotting detection system (GE Healthcare, Spain). For

quantification of band intensities, ImageJ (NIH, USA) was used.

RNA extraction
Total RNA was isolated from VAT using Trizol Reagent (Invitro-

gen, Spain). The samples were processed using an RNeasy Mini Kit
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(Qiagen, Spain). The concentration, purity, and integrity of RNA

were assessed. Reverse transcription was performed on 500 ng of

RNA with iScript cDNA synthesis kit (Biorad, Spain) using random

hexamer primers.

qPCR analyses
Optimal annealing temperature and amplicon size were checked.

qPCR analyses were performed in a LightCycler 480 Instrument

(Roche). Four samples of each group were run in triplicate, and the

mRNA levels were determined using intron-skipping primers, Tbp
as a housekeeping gene, and SYBR Green Master Mix (Applied

Biosystems). All sequences are detailed in Table 1.

Statistical analysis
Results are presented as mean 6 SEM. Statistical significance of dif-

ferences between groups was assessed by one-way analysis of var-

iance (ANOVA) followed by post hoc Tukey’s multiple comparison

tests using Graph-Pad Prism (version 5.03 for Windows, GraphPad

Software, CA). Differences were considered statistically significant

when P< 0.05.

Results
Vitamin E supplementation reduces steatosis in
diet-induced obese animals
In this study, we used a DIO mouse model to test whether supple-

mentation with a lipid-soluble antioxidant such as vitamin E exerts

metabolic changes in DIO mice. As expected, mice fed on HF diet

for 28 weeks (O group) significantly increased their body-weight

compared to mice fed with a standard diet (C group, Figure 1A).

Long-term supplementation with 150 mg twice a week of vitamin E

(OE group) did not affect body weight gain (C: 14.6 6 0.9 g vs. O:

26.7 6 0.8 g and OE: 25.0 g 6 1.4 g, P< 0.001). O and OE animals

showed a similar reduction in food intake compared to C, although

these differences disappeared when adjusting the caloric content (Fig-

ure 1B,C). At sacrifice, HF diet caused hepatomegaly and steatosis in

the O group. However, antioxidant supplementation was able to

reduce the lipid storage in the liver (Figure 1D,E).

Vitamin E supplementation improves
obesity-induced insulin resistance and
reduces plasma triglycerides levels
Obese mice developed insulin resistance (as determined by HOMA

index) whereas mice from the OE group have improved insulin sen-

sitivity compared to the O group, despite no significant changes in

fasting glucose levels among the experimental groups were observed

(Table 2). Furthermore, circulating triglycerides were significantly

reduced in the OE group. Thus, the marked insulin resistance in

obese animals and the concomitant hypertriglyceridemia were effi-

ciently counteracted by vitamin E supplementation.

Vitamin E supplementation suppresses
obesity-induced oxidative stress
To assess the adequacy of the antioxidant treatment, the levels of

vitamin E in adipose tissue were measured. We found an increase in

vitamin E levels in the O group compared to C, probably because of

the different content in the diets (60.6 IU/kg in the HF diet vs. 49.3

IU/kg in the LF diet) (Figure 2A). In any case, the adipose tissue of

the OE group doubled the levels of vitamin E compared to the O

group, confirming the enrichment of the tissue with the dose and

frequency of administration chosen.

TABLE 1 Sequences of the forward and reverse primers used in qPCR analysis

Gene Forward Reverse

Col1a1 50-CATGTTCAGCTTTGTGGACCT-30 50-GCAGCTGACTTCAGGGATGT-30

Col3a1 50-TCCCCTGGAATCTGTGAATC-30 50-TGAGTCGAATTGGGGAGAAT-30

Col4a1 50-TTAAAGGACTCCAGGGACCAC-30 50-CCCACTGAGCCTGTCACAC-30

Col6a1 50-GCAAGGATGAGCTGGTCAA-3 50-GTCCACGTGCTCTTGCATC-30

Mmp2 50-TAACCTGGATGCCGTCGT-30 50-TTCAGGTAATAAGCACCCTTGAA-30

Cebpa 50-AAACAACGCAACGTGGAGA-30 50-GCGGTCATTGTCACTGGTC-30

Nrf2 50-CATGATGGACTTGGAGTTGC-30 50-CCTCCAAAGGATGTCAATCAA-30

Fabp4 50-GGATGGAAAGTCGACCACAA-30 50-TGGAAGTCACGCCTTTCATA-30

Cd36 50-TTGTACCTATACTGTGGTAAATGAGA-30 50-CTTGTGTTTTGAACATTTCTGCTT-30

Srebp-1c 50-CGGAGGCTGTCGGGGTAG-30 50-GGCCAGAGAAGCAGAAGAGA-30

Fas 50-CAGATGATGACAGGAGATGGAA-30 50-CACTCACACCCACCCAGA-30

Ppara 50-CACGCATGTGAAGGCTGTAA-30 50-CAGCTCCGATCACACTTGTC-30

Cpt1a 50-GACTCCGCTCGCTCATTC-30 50-AAGGCCACAGCTTGGTGA-30

Pgc-1a 50-GAAAGGGCCAAACAGAGAGA-30 50-GTAAATCACACGGCGCTCTT-30

Chop 50-CCCTGCCTTTCACCTTGG-30 50-CCGCTCGTTCTCCTGCTC-30

Bip 50-ACTTGGGGACCACCTATTCCT-30 50-ATCGCCAATCAGACGCTCC-30

Cd86 50-GAAGCCGAATCAGCCTAGC-30 50-CAGCGTTACTATCCCGCTCT-30

Cd105 50-GACCCCTGCACAACCATT-30 50-TGTGGTGGGGTTTGGTTC-30

Mgl1 50-TGAGAAAGGCTTTAAGAACTGGG-30 50-GACCACCTGTAGTGATGTGGG-30

Tbp 50-ACCCTTCACCAATGACTCCTATG-30 50-TGACTGCAGCAAATCGCTTGG-30
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Oxidative stress damage was determined by measuring the products

of the oxidation of macromolecules and the activity of several antiox-

idant enzymes in the VAT. HF diet produced an increase in the levels

of LPO and AOPP in the O group compared to C (Figure 2B,C).

Vitamin E supplementation was able to diminish the oxidative dam-

age, although only AOPP reduction was significant. Concerning anti-

oxidant enzymatic defense, catalase activity was increased in both

groups fed on HF diet, suggesting an increased production of

hydroxyl radical (Figure 2D). However, the activities of glutathione

peroxidase and glutathione S-transferase were decreased in the O

group, leading to a loss of capability to scavenge peroxides. Vitamin

E action over peroxidation was able to enhance the antioxidant

defense of both glutathione-related enzymes (Figure 2E,F). Taken

together, these data support that antioxidant supplementation produces

a protective effect on the oxidative damage induced by obesity.

Vitamin E supplementation reduces collagen
deposition and improves adipose tissue
expansion
Hematoxilyn and eosin stained sections were used to analyze the size

of the adipocytes (Figure 3A,B). In the O group, we observed a higher

frequency of both small and large adipocytes compared to C group

Figure 1 Vitamin E supplementation reduces liver steatosis in HF-fed fed mice.
(A) Changes in body weight in response to HF diet (45% energy from fat) during
28 weeks in non-supplemented animals (O; n 5 12) and animals supplemented
with 150 mg of vitamin E twice a week by oral gavage (OE; n 5 12). HF-fed
mice were statistically heavier than the controls fed on a standard diet (C;
n 5 10) from week 5. (B) Mean food intake of each group. The intake of HF-fed
fed mice was reduced compared to C group. (C) Mean caloric intake of each
group. When adjusting the food intake by respective energetic content, no differ-
ences in the consumed calories were found between any of the three experi-
mental groups. (D) Liver weight relative to 100 g of animal, increased in both
groups fed on HF diet. (E) Lipid content in the liver. Vitamin E supplementation
reduced HF-induced steatosis seen in O group. Results are represented as
mean 1 SEM. **P <0.01; ***P< 0.001 (O, OE vs. C). 1P< 0.05 (OE vs. O).

TABLE 2 Metabolic parameters

C O OE

Glucose (mg/dl) 153.6 6 5.5 160.5 6 8.1 159.6 6 11.8

Triglycerides (mg/dl) 138.8 6 7.2 165.0 6 7.7* 119.8 6 3.8†

Insulin (nmol/ml) 1.0 6 0.1 7.0 6 0.9*** 3.2 6 0.7‡

HOMA 9.9 6 0.9 73.9 6 11.2*** 34.4 6 7.4*

HOMA: Homeostasis Model Assessment.
Results are represented as mean 6 SEM.
*P< 0.05; ***P< 0.001 (O, OE vs. C).
†P<0.05; ‡P< 0.01 (OE vs. O).

Figure 2 Vitamin E reduces HF diet-induced oxidative stress in VAT. (A) Vitamin E in
VAT, assessing the proper enrichment of the tissue with the selected dosage.
Reduced markers of oxidative damage to (B) lipids (lipoperoxides) and (C) proteins
(advanced oxidation protein products) in vitamin E-supplemented DIO mice. Specific
activity of the antioxidant enzymes (D) catalase, (E) glutathione peroxidase, and (F) glu-
tathione reductase. Results are represented as mean 6 SEM. *P< 0.05; **P< 0.01;
***P< 0.001 (O, OE vs. C). 11P< 0.01; 111P< 0.001 (OE vs. O).

Original Article Obesity
OBESITY BIOLOGY AND INTEGRATED PHYSIOLOGY

www.obesityjournal.org Obesity | VOLUME 23 | NUMBER 8 | AUGUST 2015 1601

 1930739x, 2015, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/oby.21135 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [30/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(�2,000 mm2 C: 28.8% vs. O: 38.4%;�10,000 mm2 C: 1.7% vs. O: 5.3%)

while intermediate sizes were less frequent. Vitamin E supplementation

reduced adipocyte size. We found less adipocytes with a small size (�2,000

mm2 OE: 33.40%), with the concomitant increase in the amount of adipo-

cytes with an intermediate and large size (%;�10,000 mm2 OE: 6.45%).

To elucidate the causes of the different patterns of adipose tissue

expansion during weight gain, we measured the deposition of colla-

gen in the ECM. Picrosirius red staining reflected a blunt increase in

the amount of collagen deposited in the O group compared to the C

group, while vitamin E reduced the fibrosis (Figure 3C,D). The

expression profile of different types of collagen revealed an upregu-

lation in mRNA levels of Col1a1 and Col3a1 in the O group, while

no differences were observed in col4a1 and col6a1. Surprisingly,

vitamin E supplementation also induced an upregulation in the

expression of Col1a1, Col3a1, and Col4a1. In this same sense,

Mmp2 expression, one of the metalloproteases in charge of degrad-

ing type IV collagen, was only upregulated in the OE group.

Vitamin E supplementation enhances adipocyte
differentiation, lipid transport, adipogenesis, and
mitochondrial function
We next investigated whether the reduction of oxidative stress asso-

ciated with vitamin E supplementation may improve obesity-induced

impairment of lipid metabolism. HF diet produced a decrease in the

expression of Cebpa and Fabp4 compared to C mice, which implies

a reduction in differentiation and intracellular fatty acid transport

(Figure 4). In comparison to O mice, a-tocopherol supplementation

was able to increase the mRNA levels of key genes implicated in

several lipid metabolism processes such as differentiation (Cebpa,
Nrf2), lipid transport (Fabp4, Cd36), lipogenesis (Srebp-1c, Fas),

and mitochondrial biogenesis (Pcg-1a) and to reduce obesity-

induced endoplasmic reticulum stress through the reduction of Chip
expression (Figure 4).

Vitamin E supplementation exerts
anti-inflammatory properties
Immunohistochemical analysis of CD68 in the VAT revealed that

the presence of macrophages around adipocytes was threefold higher

in both obese groups as compared to controls (Figure 5A,B). After

28 weeks of HF diet feeding, we found that the monocyte attractant

MCP-1 was increased in the O group compared to the C group

(Figure 5C). However, the differences between the OE and the C

groups did not reach statistical significance.

Next, we analyzed the polarization of the macrophages within the

VAT. M1 (Cd86) and M2c (Cd150) markers were not differentially

expressed between the three groups. Although no statistical differences

Figure 3 Vitamin E supplementation causes adipocyte enlargement and reduces collagen deposition in VAT of DIO mice. 5 mm paraffin sections of
VAT were used. (A) Representative images of hematoxylin and eosin staining. Images were taken at 103 magnification. (B) Frequency distribution of
adipocyte cell surface area, showing higher frequencies of small adipocytes in O group while in OE group intermediate and large adipocytes were
more frequent. n 5 4 per group.> 250 cells were measured for each mouse. (C) Representative images of picrosirius red staining in bright field
showing collagen accumulation surrounding adipocytes. Images were taken at 203 magnification. (D) Relative collagen amount obtained from the
surface stained by picrosirius red. (E) Same representative images of picrosirius red staining in polarized light showing the appearance of thicker
fibers (orange, yellow, and green fibers). (F) Col1a1, Col3a1, Col4a1, Col6a1, and Mmp2 expression in VAT. Expression values represent four biolog-
ical replicates and are shown relative to Tbp expression as a housekeeping gene. The expression of C group for each gene was set as 1 and is rep-
resented by the dashed line. Results are represented as mean 6 SEM. *P< 0.05, ***P< 0.001 (O, OE vs. C). 1P< 0.05; 11P< 0.01; 111P< 0.001
(OE vs. O).
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were reached, our results may suggest a trend in obesity-induced polar-

ization toward alternatively activated M2-macrophages according to

the nearly twofold increase in the expression of Mgl1 (Figure 5D).

Despite this apparent shift toward anti-inflammatory phenotype in

VAT macrophages, at a protein level, we observed a blunt increase

in p38 phosphorylation in the VAT of the O group, which has been

previously reported as a mechanism of inflammation and insulin

resistance induction. Antioxidant supplementation with vitamin E

managed to reduce p38 phosphorylation to basal level.

This observation supports the systemic inflammation observed in

response to HF diet and the anti-inflammatory effects of vitamin E.

Plasma circulating levels of cytokines were determined to character-

ize the inflammatory status. Vitamin E supplementation was able to

reduce obesity-induced increase in leptin, resistin, IL-6, TNF-a, and

PAI-1 (Figure 5D-I).

Discussion
The alterations in the biology of the adipose tissue (inflammation, oxi-

dative stress or lipotoxicity) play a key role in the onset of obesity-

related insulin resistance. We hypothesize that the dysfunction of the

adipose tissue is related to structural changes mediated by oxidative

stress, such as fibrosis and collagen deposition (13,14), preventing its

further healthy expansion. In order to achieve a reduction in adipose

tissue fibrosis that may improve the metabolic profile of obese mice,

we administered vitamin E, a potent lipid-soluble antioxidant.

In this study, we developed an insulin resistant, hypertriglyceridemic

DIO model after 28 weeks of HF diet feeding. The supplementation

of vitamin E was able to improve this phenotype, reducing both

insulin and triglycerides levels. HF-fed animals reached their maxi-

mum body weight after 28 weeks of feeding, similar to what has

been observed in previous studies (19). At this point, lipid flux

shifted toward ectopic organs such as the liver, where we found an

increase in liver weight and lipid accumulation in the O group. Vita-

min E diminished the accumulation of lipids in the liver, pointing

out to a possible role of oxidative stress in tissue lipid distribution

and adipogenesis (20) as it will be further discussed.

According to the adipose tissue expandability hypothesis, the adi-

pose tissue capability to increase their storage limit is a critical step

in the physiology of obesity (1,21,22). In our model, where maxi-

mum weight gain was achieved, we suggest that the key step that

defines the expansion limit of the adipose tissue is collagen deposi-

tion. The fibrotic process observed in the ECM of obese VAT may

be responsible for the higher frequency of smaller adipocytes, conse-

quence of a blockade in the adipocyte growth and responsible of the

blockade of further lipid accumulation. Furthermore, the differentia-

tion of new adipocytes and the transport of lipids (Cebpa, Fabp4,
Fas) were reduced in obese VAT, which represents further evidence

for the lack of storage capacity. However, in the vitamin E-treated

mice, we found a significant reduction in collagen deposition,

which, together with an enlargement in the adipocyte size, may be

responsible for their improved metabolic phenotype (22). In fact,

adipocytes from the OE group showed enhanced differentiation

capability, lipid transport, adipogenesis, and mitochondrial function.

Several authors have shown the relationship between ECM remodel-

ing and metabolic disturbances in obesity. Previous studies have

demonstrated that several components of ECM are increased in indi-

viduals with obesity (10,23,24). In this sense, collagen VI-null ob/ob
mice showed better metabolic control when fed on HF diet (10)

Figure 4 Vitamin E supplementation enhances adipocyte differentiation, lipid transport, and adipogenesis in VAT
of DIO mice. qPCR assays were carried out for a range of white adipocyte genes: Cebpa, Nrf2, Fabp4, Cd36,
Srebp-1c, Fas, Ppara, Cpt1, Pgc-1a, Chop, and Bip. Expression values represent four biological replicates and
are shown relative to Tbp expression as a housekeeping gene. The expression of C group for each gene was
set as 1 and is represented by the dashed line. Results are represented as mean 6 SEM. *P< 0.05; **P< 0.01
(O, OE vs. C). 1P< 0.05; 11P< 0.01 (OE vs. O).
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allowing a better expansion of adipocytes. Furthermore, the inhibi-

tion of osteopontin, another ECM component that is upregulated in

obesity, has recently been shown to improve insulin sensitivity in

HF-fed animals (25). When we analyzed the expression of different

types of collagen present in the VAT, we observed an upregulation

in type I and III collagen in the obese, non-treated animals. How-

ever, the mRNA levels of type IV and VI collagens were similar to

lean mice, even when the differences at a protein level were consist-

ent. As some authors have reported, in long-term obesity there is a

process of fibrosis resorption that may begin when maximum weight

is reached (26). In the supplemented animals, that exhibited lower

collagen deposition, the mRNA levels of type I, III, and IV were

still increased, together with the matrix metalloprotease MMP2,

suggesting that the remodeling process is still active and that vita-

min E treatment delays the fibrotic process in VAT.

The mechanisms involved in the enhanced adipose tissue expansion

achieved by vitamin E are still unrevealed. As an antioxidant, vita-

min E acts as a chain-breaker of lipid peroxidation. In addition, it

has been shown to inhibit the activity of ROS-generating systems

such as iNOS or NADPH oxidase (27,28). ROS have been identified

as mediators in pulmonary or hepatic fibrosis (13,14) and antioxi-

dant supplementation has been used to reduce collagen deposition

(29,30). For instance, Ibuki et al. showed how oral supplementation

with vitamin E in diabetic, obese mice reduced oxidative stress,

decreased the expression of some MMPs and improved skin tensile

Figure 5 Vitamin E supplementation reduces systemic inflammation without improving macrophage infiltration in VAT. (A) Representative
images of macrophage surface marker CD68 immunostaining, taken at 403 magnification. Arrows point to positively stained cells. (B) Quan-
tification of the percentage of the surface stained by CD68 antibody showing increased infiltration in HF-fed animals. (C) Expression of Cd86,
Mgl1, and Cd150 as markers of M1, M2, and M2c phenotypes of macrophages in VAT. Expression values represent four biological replicates
and are shown relative to Tbp expression as a housekeeping gene. The expression of C group for each gene was set as 1 and is repre-
sented by the dashed line. (D) Concentration of MCP-1 protein in adipose tissue as an indicator of monocyte chemotaxis. (E) Determination
of p38 activation by phosphorylation in VAT homogenates by Western blot showing activated MAPK signaling in DIO. Systemic inflammation
was evaluated according to the circulating levels of (F) adiponectin, (G) leptin, (H) resistin, (I) TNF-a, (J) IL-6, and (K) PAI-1 cytokines. Results
are represented as mean 6 SEM. *P< 0.05; **P< 0.01; ***P<0.001 (O, OE vs. C). 1P< 0.05; 11P< 0.01 (OE vs. O).
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strength and collagen fibers (31). Lipid peroxides and oxidized pro-

teins may also play an important role in the activation of matrix

degradation and collagen deposition (32,33). Supported by this evi-

dence, our results suggest that reducing oxidative stress in adipose

tissue may be one potential mechanism to reduce adipose tissue

fibrosis.

But vitamin E also exhibits non-antioxidant properties. For instance,

it inhibits signaling pathways, such as the family of mitogen-

activated protein kinases (MAPK) (34,35). These MAPK (ERK,

JNK, and p38), activated by ROS, modulate the synthesis of MMPs

and the release of pro-inflammatory cytokines. For instance, p38

MAPK activation is involved in the activation of transforming

growth factor-beta (TGF-b) (36), a potent inducer of collagen syn-

thesis. Thus, the reduction in collagen deposition in the vitamin

E-supplemented animals may be also related to the described reduc-

tion in p38 phosphorylation (37,38).

Since low-grade inflammation has been widely reported in obesity,

we tested the anti-inflammatory properties of vitamin E. In the VAT

of both groups of obese animals, we found an increase in MCP-1

protein as well as a marked macrophage infiltration surrounding adi-

pocytes, forming crown-like structures (Figure 5A-C). In addition,

both obese groups trend to a M2 polarization of their macrophages.

Consistent with previous evidence, while short-term obesity enhan-

ces the expression of M1 pro-inflammatory markers, long-term obe-

sity induces a shift in the polarization toward the anti-inflammatory

M2 phenotype (3).

However, the inflammatory profile was substantially different

between the two groups of obese animals. HF diet caused a process

of systemic inflammation, characterized by the increase of cytokines

with direct metabolic effects such as leptin, resistin, TNF-a, IL-6, or

PAI-1. Vitamin E supplementation managed to restore cytokine

secretion to a basal level. In fact, antioxidants have also been used

to reduce the secretion of pro-inflammatory cytokines that interfere

with insulin signaling (39,40). In this scenario, the reduction of

fibrosis in the supplemented animals may lead to a reduced inflam-

mation, with a direct effect on metabolic improvement and insulin

sensitivity. This is supported by Halberg et al., who, using a time

course of HF diet, described ECM remodeling as one of the first

events, promoting inflammation that was later detected (11).

In summary, we have investigated the effect of obesity-induced oxi-

dative stress in adipose tissue remodeling. We found that insulin

resistant obese animals exhibited a fibrotic process that inhibited

VAT expansion. As a consequence, we observed an increase in oxi-

dative damage, macrophage infiltration and low-grade inflammation.

Vitamin E supplementation managed to improve adipose tissue

expansion through a reduction in the fibrotic process. This, in turn,

reduced steatosis and inflammation, restoring insulin sensitivity. The

mechanism may involve, although not exclusively, vitamin E antiox-

idant activity, reducing ROS-mediated collagen deposition and

inflammation. Thus, our results point to a new potential mechanism

in vitamin E-induced metabolic improvement in obesity.O

VC 2015 The Obesity Society

References
1. Slawik M, Vidal-Puig AJ. Adipose tissue expandability and the metabolic

syndrome. Genes Nutr 2007;2:41-45.

2. Prieur X, Mok CY, Velagapudi VR, et al. Differential lipid partitioning between
adipocytes and tissue macrophages modulates macrophage lipotoxicity and M2/M1
polarization in obese mice. Diabetes 2011;60:797-809.

3. Shaul ME, Bennett G, Strissel KJ, Greenberg AS, Obin MS. Dynamic, M2-like
remodeling phenotypes of CD11c1 adipose tissue macrophages during high-fat
diet-induced obesity in mice. Diabetes 2010;59:1171-1181.

4. Haase J, Weyer U, Immig K, et al. Local proliferation of macrophages in adipose
tissue during obesity-induced inflammation. Diabetologia 2014;57:562-571.

5. Lackey DE, Burk DH, Ali MR, et al. Contributions of adipose tissue architectural
and tensile properties toward defining healthy and unhealthy obesity. Am J Physiol
Endocrinol Metab 2013;306:E233-E246.

6. Chavey C, Mari B, Monthouel MN, et al. Matrix metalloproteinases are
differentially expressed in adipose tissue during obesity and modulate adipocyte
differentiation. J Biol Chem 2003;278:11888-11896.

7. Divoux A, Tordjman J, Lacasa D, et al. Fibrosis in human adipose tissue:
composition, distribution, and link with lipid metabolism and fat mass loss.
Diabetes 2010;59:2817-2825.

8. Pasarica M, Gowronska-Kozak B, Burk D, et al. Adipose tissue collagen VI in
obesity. J Clin Endocrinol Metab 2009;94:5155-5162.

9. Aikio M, Elamaa H, Vicente D, et al. Specific collagen XVIII isoforms promote
adipose tissue accrual via mechanisms determining adipocyte number and affect fat
deposition. Proc Natl Acad Sci USA 2014;111:E3043-E3052.

10. Khan T, Muise ES, Iyengar P, et al. Metabolic dysregulation and adipose tissue
fibrosis: role of collagen VI. Mol Cell Biol 2009;29:1575-1591.

11. Halberg N, Khan T, Trujillo ME, et al. Hypoxia-inducible factor 1alpha induces
fibrosis and insulin resistance in white adipose tissue. Mol Cell Biol 2009;29:4467-
4483.

12. Spencer M, Yao-Borengasser A, Unal R, et al. Adipose tissue macrophages in
insulin-resistant subjects are associated with collagen VI and fibrosis and
demonstrate alternative activation. Am J Physiol Endocrinol Metab 2010;299:
E1016-E1027.

13. Li S, Yang X, Li W, et al. N-Acetylcysteine downregulation of lysyl oxidase
activity alleviating bleomycin-induced pulmonary fibrosis in rats. Respiration 2012;
84:509-517.

14. Begriche K, Massart J, Robin MA, Bonnet F, Fromenty B. Mitochondrial
adaptations and dysfunctions in nonalcoholic fatty liver disease. Hepatology 2013;
58:1497-1507.

15. Viana M, Aruoma OI, Herrera E, Bonet B. Oxidative damage in pregnant diabetic
rats and their embryos. Free Radic Biol Med 2000;29:1115-1121.

16. Katz A, Nambi SS, Mather K, et al. Quantitative insulin sensitivity check index: a
simple, accurate method for assessing insulin sensitivity in humans. J Clin
Endocrinol Metab 2000;85:2402-2410.

17. Witko-Sarsat V, Friedlander M, Capeillere-Blandin C, et al. Advanced oxidation
protein products as a novel marker of oxidative stress in uremia. Kidney Int 1996;
49:1304-1313.

18. Ruperez FJ, Barbas C, Castro M, Martinez S, Herrera E. Simplified method for
vitamin E determination in rat adipose tissue and mammary glands by high-
performance liquid chromatography. J Chromatogr A 1998;823:483-487.

19. Dissard R, Klein J, Caubet C, et al. Long term metabolic syndrome induced by a
high fat high fructose diet leads to minimal renal injury in C57BL/6 mice. PLoS
One 2013;8:e76703.

20. Findeisen HM, Pearson KJ, Gizard F, et al. Oxidative stress accumulates in adipose
tissue during aging and inhibits adipogenesis. PLoS One 2011;6:e18532.

21. Virtue S, Vidal-Puig A. It’s not how fat you are, it’s what you do with it that
counts. PLoS Biol 2008;6:e237.

22. Kim JY, van de Wall E, Laplante M, et al. Obesity-associated improvements in
metabolic profile through expansion of adipose tissue. J Clin Invest 2007;117:2621-
2637.

23. Levin MC, Boren J. The extracellular matrix protein magp1 is a key regulator of
adipose tissue remodeling during obesity. Diabetes 2014;63:1858-1859.

24. Catalan V, Gomez-Ambrosi J, Rodriguez A, Fruhbeck G. Role of extracellular
matrix remodelling in adipose tissue pathophysiology: relevance in the development
of obesity. Histol Histopathol 2012;27:1515-1528.

25. Lancha A, Rodriguez A, Catalan V, et al. Osteopontin deletion prevents the
development of obesity and hepatic steatosis via impaired adipose tissue matrix
remodeling and reduced inflammation and fibrosis in adipose tissue and liver in
mice. PLoS One 2014;9:e98398.

26. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in
adipose tissue macrophage polarization. J Clin Invest 2007;117:175-184.

27. Khanduja KL, Avti PK, Kumar S, Pathania V, Pathak CM. Inhibitory effect of
vitamin E on proinflammatory cytokines-and endotoxin-induced nitric oxide release
in alveolar macrophages. Life Sci 2005;76:2669-2680.

28. Cachia O, Benna JE, Pedruzzi E, Descomps B, Gougerot-Pocidalo MA, Leger CL.
Alpha-tocopherol inhibits the respiratory burst in human monocytes. Attenuation of
p47(phox) membrane translocation and phosphorylation. J Biol Chem 1998;273:
32801-32805.

Original Article Obesity
OBESITY BIOLOGY AND INTEGRATED PHYSIOLOGY

www.obesityjournal.org Obesity | VOLUME 23 | NUMBER 8 | AUGUST 2015 1605

 1930739x, 2015, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/oby.21135 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [30/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



29. Zeng G, Zhong F, Li J, Luo S, Zhang P. Resveratrol-mediated reduction of collagen
by inhibiting proliferation and producing apoptosis in human hypertrophic scar
fibroblasts. Biosci Biotechnol Biochem 2013;77:2389-2296.

30. Mezey E, Liu X, Potter JJ. The combination of selenium and vitamin E inhibits
type I collagen formation in cultured hepatic stellate cells. Biol Trace Elem Res
2011;140:82-94.

31. Ibuki A, Akase T, Nagase T, et al. Skin fragility in obese diabetic mice: possible
involvement of elevated oxidative stress and upregulation of matrix
metalloproteinases. Exp Dermatol 2012;21:178-183.

32. Gessin JC, Brown LJ, Gordon JS, Berg RA. Regulation of collagen synthesis in
human dermal fibroblasts in contracted collagen gels by ascorbic acid, growth
factors, and inhibitors of lipid peroxidation. Exp Cell Res 1993;206:283-290.

33. Casini A, Galli A, Pignalosa P, et al. Collagen type I synthesized by pancreatic
periacinar stellate cells (PSC) co-localizes with lipid peroxidation-derived aldehydes
in chronic alcoholic pancreatitis. J Pathol 2000;192:81-89.

34. de Nigris F, Franconi F, Maida I, Palumbo G, Anania V, Napoli C. Modulation by
alpha- and gamma-tocopherol and oxidized low-density lipoprotein of apoptotic
signaling in human coronary smooth muscle cells. Biochem Pharmacol 2000;59:
1477-1487.

35. Vinayagamoorthi R, Bobby Z, Sridhar MG. Antioxidants preserve redox balance
and inhibit c-Jun-N-terminal kinase pathway while improving insulin signaling in
fat-fed rats: evidence for the role of oxidative stress on IRS-1 serine
phosphorylation and insulin resistance. J Endocrinol 2008;197:287-296.

36. Liu Y, Zheng WK, Gao WS, Shen Y, Ding WY. Function of TGF-beta and p38
MAKP signaling pathway in osteoblast differentiation from rat adipose-derived
stem cells. Eur Rev Med Pharmacol Sci 2013;17:1611-1619.

37. Zhou L, Zhang J, Fang Q, et al. Autophagy-mediated insulin receptor down-
regulation contributes to endoplasmic reticulum stress-induced insulin resistance.
Mol Pharmacol 2009;76:596-603.

38. Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Oxidative stress and stress-
activated signaling pathways: a unifying hypothesis of type 2 diabetes. Endocr Rev
2002;23:599-622.

39. Gariballa S, Afandi B, Abuhaltem M, Yassin J, Habib H, Ibrahim W. Oxidative
damage and inflammation in obese diabetic emirati subjects supplemented with
antioxidants and B-vitamins: a randomized placebo-controlled trail. Nutr Metab
(Lond) 2013;10:21.

40. Furukawa S, Fujita T, Shimabukuro M, et al. Increased oxidative stress in obesity
and its impact on metabolic syndrome. J Clin Invest 2004;114:1752-1761.

Obesity Adipose Tissue Fibrosis Causes Insulin Resistance Alcal�a et al.

1606 Obesity | VOLUME 23 | NUMBER 8 | AUGUST 2015 www.obesityjournal.org

 1930739x, 2015, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/oby.21135 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [30/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense




