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a b s t r a c t

Although enhanced oxidative stress and proteotoxicity constitute major contributors to the pathogenesis
of multiple diseases, there is limited understanding of its role in adipose tissue. Here, we aimed at
evaluating oxidative stress biomarkers in adipocytes from diabetic/obese db/db mice. The current study
revealed that reactive oxygen species production was upregulated in adipocytes, together with lipid
peroxidation 4-hydroxynonenal accumulation, and altered proteolytic and antioxidant activities. In
parallel, acute exposure of 3T3L1 adipocyte cell lines to glycated albumin (known to be enhanced with
diabetes) also elicited intracellular free radical formation. Our data provide novel insights into redox and
proteolytic homeostasis in adipocytes.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Oxidative stress is defined as “an imbalance between oxidants
and anti-oxidants in favor of the oxidants, leading to a disruption of
redox signaling and control and/or molecular damage” [1]. While
reactive oxygen species (ROS) can act as signaling molecules,
excessive amounts can induce lipid, DNA and protein oxidative
damage thereby altering structure and function [1]. Under such
circumstances antioxidant defences and/or repair processes can fail
resulting in an imbalance in favor of greater intracellular ROS
availability. However, under such conditions proteolytic mecha-
nisms including the ubiquitin proteasome system (UPS) are acti-
vated to remove damaged, oxidized proteins [2].

Oxidative stress is robustly implicated in disease onset and
increasing evidence implicates it in the development of insulin
resistance [3,4]. Diabetes is a major health problem that is usually
associated with obesity, together with hyperglycemia and
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advanced glycation endproducts (AGEs) formation. The concept of
redox imbalance (in fat tissues) as an instigator of adipocyte
dysfunction with obesity is a recent phenomenon [5]. For example,
oxidative stress impaired systemic insulin sensitivity and played a
causative role in the development of insulin resistance in adipose
tissues [4,6]. Here the role of the proteasome remains poorly un-
derstood and recent evidence established an important function in
controlling redox homeostasis and in the degradation of oxidized
proteins [7]. Moreover, despite increased evidences of enhanced
AGEs formation in the diabetes/obesity context, AGE involvement
in adipocyte pathophysiology onset remains poorly understood [8].
As little is known regarding alterations in oxidative stress and
protein homeostasis in adipose tissues, this study investigated
redox homeostasis in adipocytes from the leptin receptor-deficient
db/db transgenic mouse strain. To gain additional mechanistic in-
sights, we also established an in vitro experimental protocol to
assess the deleterious effects of hyperglycemia and albumin-AGE
on 3T3L1 cells by monitoring intracellular free radical formation.
2. Materials and methods

2.1. Animals

C57BLKs/Jþ/Leprdb mice (db/þ) were obtained from Charles
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River Laboratories (Wilmington MA). Male heterozygous db/þ and
homozygous C57BLKs/J/Leprdb/Leprdb (db/db) mice (n ¼ 10 per
group) were housed under constant temperature (21�±2 �C), hu-
midity (50% ± 5%) and a 12-h lightedark cycle for a period of 12
weeks. Food and water were available ad libitum and all experi-
mental procedures were conducted in compliance with animal
protocols approved by the Animal Ethics Committee of Cyclotron
R�eunion Oc�ean Indien (CYROI) (Project #01268.01).
2.2. Tissue collection and biochemical analyses

Twelve-week old mice were fasted overnight, weighed, anes-
thetized and euthanized before fasting blood glucose levels mea-
surement using the OneTouch® Ultra Blood Glucose Monitoring
System (Lifescan). Blood was collected by cardiac puncture into
EDTA tubes (BD Vacutainer®) and total proteins, cholesterol, al-
bumin, fructosamine and triglycerides levels were determined us-
ing a clinical Biochemistry automated Cobas C501 analyzer (Roche
Diagnostics). Epididymal adipose tissues were excised, snap frozen
and stored at �80 �C prior to analysis. Previously collected and
stored epididymal adipose tissues were homogenized with a Tis-
sueLyser II (Qiagen) in a phosphate buffer (KH2PO4 (100 mM), DTT
(1 mM), and EDTA (2 mM), pH 7.4). After centrifugation (5000 g/
min for 10 min), the supernatant was used for protein quantifica-
tion, carbonyl and enzymatic assays.
2.3. Immunohistochemistry and oxidative stress staining

For immunohistochemistry, adipose tissues from db/þ and db/
db mice were collected and fixed in 4% paraformaldehyde in PBS.
Paraffin sections (7 mm) were prepared using a microtome (Thermo
Scientific, Shandon™ Finesse™MEþ) and thereafter deparaffinized
and rehydrated. Antigen retrieval was performed in sodium citrate
buffer (pH 6; 0.01 M) and sections were incubated overnight at
room temperature with the 4-HNE antibody (1/100; Ref# ab46545;
Abcam, Cambridge MA) in PBS-Triton containing 1% BSA. The next
day sections were washed in PBS-Triton and incubated for 1 h 30
with secondary antibody (Alexa Fluor goat anti-rabbit 594; 1:200;
Invitrogen Molecular Probes, Eugene OR). Sections were finally
counterstained with DAPI and slides mounted with Vectashield
anti-fading medium (H-1000, Vector Laboratories, Burlingame CA).

For ROS imaging, unfixed adipose tissues were sampled and
frozen at�80 �C before being embedded in OCT (Tissue Tek, Sakura,
Torrance, CA) and cut at 10 mm thickness using a conventional
cryotome (Thermo Scientific, Shandon™ Cryotome FE, France).
Slides were defrosted for 1 h at room temperature in a humidified
chamber and subsequently incubated with 2 mM DHE (dissolved in
PBS; SigmaeAldrich, Ref: D7008, France) in a light-protected hu-
midified chamber at 37 �C for 30 min. Slides were subsequently
washed twice in PBS and mounted with Vectashield anti-fading
medium (Vector Laboratories, Burlingame CA).
2.4. Microscopy

Prepared slides were viewed with a bright field/epifluorescence
microscope Nikon Eclipse 80i equipped with a Hamamatsu ORCA-
ER digital camera (Hamamatsu Photonics, Japan). For 4 HNE
immunohistochemistry and ROS staining, pictures were acquired
using the Nikon software with similar exposure times between db/
þ and db/db sections. Micrographs were obtained in tiff format and
adjusted for light and contrast before being assembled on plates in
Adobe Photoshop CS4 (extended version 11.0).
2.5. Thiol number determination

Thiol groups were measured according to Ellman's assay using
5,50-dithiobis, 2-nitrobenzoic acid (DTNB) [9]. A standard curvewas
generated for each assay and here we used 10e100 nmol of L-
cysteine (SigmaeAldrich). Briefly, 100 mL of tissue samples (in 0.1 M
TriseHCl, pH 8.0, EDTA 5 mM) were incubated with three volumes
of 0.5 mM DTNB and the free thiol concentration was calculated
from absorbance readings (412 nm) with the help of a standard
curve. Results are expressed in nmol of free eSH groups per mg
protein.
2.6. Enzymatic activity determination

SOD activity was assayed by monitoring the rate of acetylated
cytochrome c reduction by superoxide radicals generated by the
xanthine/xanthine oxidase system. Measurements were performed
in a reagent buffer (xanthine oxidase, xanthine (0.5 mM), cyto-
chrome c (0.2 mM), KH2PO4 (50 mM), EDTA (2 mM), pH 7.8) at
25 �C. The specific Manganese-SOD (Mn-SOD) activities were
determined in the same condition after incubation of samples with
NaCN (1 mM) which inhibits Cu/Zn-SOD activities. Assays were
monitored by spectrophotometry at 560 nm. SOD activities were
calculated using a calibration standard curve of SOD (up to 6 unit/
mg). Total Mn-SOD and resulting Cu/Zn-SOD activities were
expressed as international catalytic units per mg of proteins.

Glutathione peroxidase (GPX) activity was determined with
cumene hydroperoxide as substrate [10]. The rate of glutathione
oxidized by cumene hydroperoxide (6.5 mM) was evaluated by
measuring NADPH (0.12 mM in Tris buffer) absorbance at 340 nm.
Here the reaction buffer is composed of NaCN (10 mM), reduced
glutathione (0.25 mM) and glutathione reductase (1 U/ml) in Tris
buffer (50 mM, pH 8). GPX activity was expressed as international
units per gram of proteins.

The catalase activity assay was performed on 40 mg of protein
lysate in 25 mM TriseHCl (pH 7.5). Blanks were measured at
240 nm just before adding 80 mL of H2O2 (10 mM final) to start the
reaction. Catalase activity was determined by measuring the
absorbance at 240 nm and calculated using a standard calibration
curve constructed by increasing catalase amounts (between 12.5
and 125 units/ml). Catalase activity was expressed as international
catalytic units per mg of proteins.

Proteasome activity measurements, i.e. chymotrypsin-like,
trypsin-like, and caspase-like activities of the proteasome were
assayed using fluorogenic peptides (SigmaeAldrich, St Louis): Suc-
Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (LLVYMCA at
25 mM), N-t-Boc-Leu-Ser-Thr-Arg-7-amido-4-methylcoumarin
(LSTR-MCA at 40 mM) and N-Cbz-Leu-Leu-Glu-bnaphthylamide
(LLE-NA at 150 mM), respectively, as described previously [11].
2.7. 3T3 L1 cell line

3T3L1 cells were cultured in completed DMEM medium 10%
FBS, penicillin (100 U/ml), streptomycin (100 U/ml) and L-gluta-
mine (2 mM) and grown in a 5% CO2 incubator at 37 �C. Prior to
treatments, 3T3 L1 cells were cultured in DMEM containing 1% FBS
in 96-well plates (10 000 cells/well) for 24 h to reach about 75%
confluency. At this stage cells were treated for 1 h under simulated
normoglycemic conditions (5 mM glucose) in the absence (NG) or
presence of 80 mM of native albumin (HSAG0), glycated albumin
(HSAMGO) versus simulated hyperglycemic conditions (25 mM
glucose; HG).
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2.8. Cell viability and intracellular ROS determination

To assess cell viability, we employed the crystal violet DNA
staining assay that was adapted from Saotome et al. [12]. The me-
dium was removed after treatments, cells were washed twice, and
then 200 mL of 5 mg/mL crystal violet solution was added to each
well and incubated for 15 min. The plate was carefully washed (5x)
by immersion in a large beaker with water. 100 mL of 1% sodium
dodecyl sulphatewas then added to eachwell to solubilize the stain
and absorbance read at 570 nm. Results were expressed as per-
centage of untreated cells. Intracellular oxidative stress in treated
3T3L1 cells was evaluated by using the dichlorofluorescein diac-
etate (DCFH-DA) probe as described previously [13]. Results were
expressed as percentage of fluorescence in relation to the control.

2.9. Dot-blot analysis

Each tissue homogenate sample (about 30 mg protein) was
spotted onto a dry nitrocellulose membrane by using a grid from
pipette tip rack as a guide. The membrane was air-dried for 15 min
and was washed twice in acetic acid for 2 min. The membrane was
initially blocked with PBS/0.1% Tween 20 (v/v)/milk 5% for 3 h at
room temperature and then sequentially probed for another 3 h
with a primary antibody directed against 4 HNE (1:1000; Ref#
ab46545; Abcam, Cambridge MA). This was followed by secondary
antibody incubation for at least 1 h (1:2000; Peroxidase AffiniPure
Goat Anti-Rabbit IgG (H þ L); Jackson Immunoresearch Labora-
tories Inc; Ref# 111-035-003). Between each step, membranes were
washed three times with PBS/0.1% Tween 20 (v/v). Detection was
performed using the enhanced chemiluminescence reagent (ECL®,
GE Healthcare). Signal intensities were quantified using the free-
ware ImageJ (version 1.32j) available from the internet website:
http://rsb.info.nih.gov/ij/.

2.10. Statistical analysis

Data are expressed as the mean ± standard deviation (SD) from
at least three experiments. Figures and pictorial representations are
representative of at least three independent observations. Statisti-
cal significancewas determined using the Student's t-test, with a p-
value< 0.05 required for significance.

3. Results

3.1. Biochemical characterization of db/db diabetic mice

Mice were sacrificed at 12 weeks of age and body weights
Table 1
Analytical characteristics of diabetic (db/db) and control heterozygous (db/þ) mice.

db/þ db/db

n 10 10
Body weight (g) 29.6 ± 1.2 46.7 ± 3.3***

EAT (g) 0.55 ± 0.1 2.43 ± 0.21***

Fasting glycemia (mg/dL) 56.6 ± 14.0 315 ± 66***

HOMA IR 4.04 ± 2.54 21.9 ± 5.1***

Total protein 41.6 ± 2.2 48.3 ± 5.1***

Albuminemia (g/L) 29.3 ± 1.9 31.4 ± 1.6***

Fructosamine (mmol/L) 311 ± 69 535 ± 100***

Cholesterol (mmol/L) 2.04 ± 0.23 2.64 ± 0.51***

Triglycerides (mmol/L) 1.27 ± 0.27 2.31 ± 0.65***

All clinical, metabolic and oxidative parameters were determined at 12 weeks of
age. EAT, epididymal adipose tissue; HOMA-IR, homeostatic model assessment in-
sulin resistance. Values are shown asmean ± SD (n¼ 10). **P < 0.01 and ***P < 0.001
indicate a significant difference versus db/þ group.
together with classic biochemical parameters weremeasured (refer
Table 1). The db/db mice displayed an obese phenotype, i.e. a 58%
difference in body weight compared to db/þ controls (p < 0.001). In
support, epididymal adipose tissue (EAT) weight was substantially
higher in the db/db group versus db/þ mice (p < 0.001). Despite
their relatively young age, db/db mice also exhibited significantly
enhanced fasting glycemia compared to the heterozygote group,
thus confirming diabetic status. In addition, serum fructosamine,
cholesterol and triglyceride levels were increased in db/db mice
compared to controls. The db/db mice were also insulin resistant as
demonstrated by the 5-fold increase in the HOMA index versus db/
þ mice (p < 0.001).

3.2. Enhanced ROS production in adipose tissue of db/db mice

We also found enhanced cytosolic superoxide production (DHE
probe) in EAT isolated from db/db mice (Fig. 1A). Histological an-
alyses also revealed adipocyte hypertrophy in EAT isolated from the
db/db mice (data not shown). Despite lower cell numbers in
experimentally defined areas, we found significantly more DHE
positive cells in EAT isolated from db/db versus db/þmice (Fig. 1B).
To further support our DHE data we also evaluated thiol number as
amarker of oxidative damage. Here therewas a significant decrease
of 39% in thiol number in db/db EAT compared to matched controls
(Fig. 1C).

3.3. Increased 4-HNE in adipose tissues of db/db mice

In agreement with our earlier data, there was a much higher
accumulation of the lipid peroxidation product 4-HNE in db/db
adipose tissues as clearly evidenced by the immunohistochemistry
staining (Fig. 2A). In addition, dot blot analyses revealed that the 4-
HNE concentration was significantly up regulated in db/db adipose
tissue versus respective controls reinforcing the previous data
(Fig. 2B and C).

3.4. Impaired antioxidant activities in adipose tissues isolated from
diabetic mice

Cu/Zn and MnSOD enzyme activities were significantly
increased (þ38%) in db/db EAT versus db/þ controls (Fig. 3).
Interestingly, such enhanced SOD activity was not associated with
any adaptive antioxidant enzyme upregulation for catalase or
glutathione peroxidase activities. In support, no significant varia-
tion in SOD, catalase and gluthatione peroxidase mRNA levels were
found when assessed by real-time PCR (data not shown).

3.5. Proteasomal activities are enhanced in adipose tissue from
diabetic mice

Trypsin-like, chymotrypsin-like activities were evaluated in
adipose tissue homogenates using fluorogenic peptides and here a
3- to 4-fold increase was measured in adipose tissues isolated from
db/db mice (Fig. 3D). In our experimental conditions, no caspase-
like activity of the proteasome was detected in EAT.

3.6. Glycated albumin and hyperglycemia induced oxidative stress
in murine adipocytes

Unpublished data from our group previously revealed that
fluorescent AGE, carbonyl levels and glycoxidation of serum albu-
min were significantly higher in plasma of db/db mice, reflecting a
general impairment of redox regulation in this group. To gain
further insight into the mechanisms whereby redox homeostasis is
impaired in adipose tissues of diabetic mice, 3T3 L1mouse cell lines

http://rsb.info.nih.gov/ij/


Fig. 1. Enhanced ROS production and reduced thiol content in adipose tissues of db/db mice. ROS staining (DHE dye) was performed on adipose tissues isolated from heterozygous
and diabetic mice (n ¼ 3) (Fig. 1A). Low ROS levels are detected in control mice as shown by the arrowhead (A, C and E). However, ROS production is markedly increased in the
adipose tissue of db/db versus db/þ mice (see arrows in B, D and F). DHE positive cells were counted and expressed in a percentage of total cells (adipose tissue) from heterozygous
and diabetic mice (Fig. 1B). Data are expressed as mean ± SD and analyzed by the Student's t-test for unpaired samples (n ¼ 4 to 5): *P < 0.05 versus db/þ group. Thiol levels were
assessed in adipose tissues using Ellman's assay and following previously published procedures [13] (Fig. 1C). Data are expressed as mean ± SD and analyzed by the Student's t-test
for unpaired samples (n ¼ 5): ***P < 0.001 versus db/þ group.

Fig. 2. 4-hydroxynonenal (4-HNE) is increased in adipose tissues of db/db mice. 4-HNE-modified proteins were assessed by immunohistochemistry and dot blotting. Enhanced 4-
HNE labelling is observed in the cytoplasm and membranes of adipose tissues from db/db versus db/þ mice (Fig. 2A). 4-HNE-modified proteins were assessed by dot-blot (Fig. 2B)
and data summarized by signal quantification (Fig. 2C). Data are expressed as mean ± SD and analyzed by the Student's t-test for unpaired samples (n ¼ 5e6): *P < 0.05 versus db/þ
group.
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Fig. 3. Impaired antioxidant and proteasomal activities in adipose tissues from diabetic mice. Superoxide dismutase (Cu/Zn and Mn), catalase and gluthatione peroxidase enzymatic
activities are reported in Figures A, B and C, respectively. In figure D, trypsin-like, chymotrypsin-like activities were evaluated in the homogenates of adipose tissues isolated from
db/db and db/þmice using fluorogenic peptides. Data are expressed as mean ± SD and analyzed by the Student's t-est for unpaired samples (n ¼ 5e6): *P < 0.05 ***P < 0.001 versus
db/þ group.

Fig. 4. Glycated albumin and hyperglycemia induce oxidative stress in murine adipocytes. Intracellular ROS production and viability of 3T3 L1 cell line were determined by DCF
fluorescence (Fig. 4A) and crystal violet (Fig. 4B) measurements, respectively. The relative variation (%) in DCF fluorescence and crystal violet measurement (vs. normoglycemic
condition, NG) were determined for cells incubated for 1 h with 80 mM of native albumin (HSAG0), glycated albumin (HSAMGO) or under simulated hyperglycemic conditions (HG).
All data are expressed as mean ± SD of four independent experiments. Statistics were performed using the Student's t-test for unpaired samples: ***P < 0.001, *P < 0.05 (compared
to NG condition), ###P < 0.001 (compared to HSAG0).
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were incubated under simulated normo- and hyperglycemic
conditions ± native or glycated albumin (Fig. 4). Hyperglycemia
and glycated albumin treatment induced a robust increase in
intracellular ROS formation (þ50%, p < 0.001 vs. NG or HSAGO). The
latter effects were observed in the absence of any toxic impact of
hyperglycemic or glycated albumin cellular treatments (Fig. 4B).
4. Discussion

An emerging paradigm is that redox imbalances in fat tissue
may play a pivotal role in the onset of adipocyte dysfunction with
obesity [5]. For example, oxidative stress in fat cells impaired sys-
temic insulin sensitivity and is an early instigator of insulin resis-
tance onset [4,6]. However, despite such progress a number of
questions remains concerning diabetes-related protein oxidative
modifications in adipose tissues. The present study therefore
investigated this question and revealed enhanced ROS formation
and 4-HNE accumulation together with altered antioxidant enzyme
capacity and UPS responses. In support, 3T3L1 adipocytes exposed
to glycated albumin also exhibited an altered redox balance. These
data are consistent with our previous findings where glycated al-
bumin exposure induced oxidative stress in primary human adi-
pocytes thereby leading to the accumulation of oxidized proteins
[14,15].

It is our opinion that antioxidant enzyme activities of SOD,
catalase and gluthatione peroxidase provide unique insights into
the origins of the enhanced adipocyte ROS formationwith diabetes.
These data support the concept that enhanced SOD activity (not
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counteracted by elevated catalase and/or gluthathione peroxidase
activities) is an early biomarker of increased superoxide production
and redox imbalance in adipose tissues of diabetic mice. Indeed,
elevated ROS production and oxidative damage were previously
observed in the cortexes of SOD overexpressing mice [16]. The
impact of increased ROS levels on protein oxidative modifications is
supported by the reduction of thiols in adipose tissues of db/db
mice. The conversion of SH groups into disulfides constitutes one of
the early steps of protein oxidation [17]. Thiol reduction can arise
fromprotein succination that occurs due to the reaction of fumarate
(Krebs cycle intermediate) with protein cysteine residues [18]. Our
results are indeed in full accordance with recent reports showing
enhanced succination of thiol groups resulting from mitochondrial
stress in adipose tissues of db/db mice [19,20]. In our db/db mice
model, oxidative damage at the adipose tissue level were also
confirmed by 4-HNE accumulation, an end-product of n-6 PUFAs
peroxidation. Protein-HNE adducts were previously described as
long-lived “footprints” of lipid peroxidation and recently proposed
as a suitable and metastable biomarker for in vivo adipose tissue
oxidation and dysregulation [21].

Although the role of the proteasome in adipocytes remains
largely unexplored, the few examples present in the literature
favor a determinant role in redox homeostasis regulation and
cellular differentiation, therefore influencing the development of
obesity [22] [7,23]. In the present study, trypsin- and
chymotrypsin-like activities were significantly increased in adi-
pose tissues from diabetic mice. In agreement, we recently found
enhanced trypsin-like activity and low molecular mass poly-
peptide 2 (LMP2) subunit expression of the proteasome in human
adipose cells exposed to hyperglycemic conditions [24]. Such
elevated proteolytic activity may be considered as a defense sys-
tem triggered by the oxidative stress insult. In support, a model of
oxidative stress-dependent regulation of the proteasome was
recently proposed where increased proteasomal expression is
linked to conditions of persistent and prolonged exposure to
oxidative stress [25]. Thus in our experimental system, the pro-
teasome system may be rapidly overwhelmed by oxidative stress
and resulted in protein oxidation that accumulates in adipose
tissues from diabetic mice.

Although the precise mechanism(s) whereby redox balanced
is impaired in diabetic adipose tissues are likely to be multifac-
torial, our group hypothesized enhanced glycated albumin-
derived AGEs as a potent contributor to adipocyte dysfunction
[8]. Of note, an inverse association was found between circulating
AGEs and fat mass in adults [26] and the authors explained their
intriguing observation by AGE accumulation in fat tissues or
altered adipocyte AGE metabolism [26]. In addition, unpublished
data from our group revealed that albumin modifications in the
plasma of diabetic mice resembled those typically found in dia-
betic patients, i.e. in terms of the degree of glycation, carbonyl-
ation and AGE levels. In the present study, enhanced ROS
formation in adipose tissue of diabetic mice was reproduced by
the incubation of 3T3L1 mouse adipocytes exposed to glycated
albumin. Here our findings established that glycated albumin
exposure triggered increased ROS production together with
attenuated adipocyte cell viability. Thus it is likely that higher
AGE levels with diabetes may be a key mediator of increased
oxidative stress in adipoyctes and damaging downstream effects.
In addition, oxidative stress can also fuel AGE generation thus
establishing a vicious metabolic cycle [27] that can further
exacerbate adipocyte dysfunction. However, further studies are
required to clarify this. In summary, our study reveals novel in-
sights into redox imbalance in adipocytes of diabetic/obese mice
and highlights the role of AGEs (especially glycated albumin) as a
putative contributor to adipocyte dysfunction.
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