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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

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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