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Abstract. Adipocyte differentiation (adipogenesis) is a highly 
controlled process known to be affected, among other factors, 
by the redox status of the cell. Nrf2 (NFE2-related factor 2) is a 
transcription factor that orchestrates the expression of a battery 
of antioxidant and detoxification genes under both basal and 
stress conditions. The present study investigated the activation 
of Nrf2 during adipocyte differentiation using as a model the 
mouse bone marrow-derived ST2 cell line. Treatment of ST2 
cells with a differentiation cocktail containing IBMX, indo-
methacin, hydrocortisone and insulin induced differentiation 
into adipocytes over 5 days. During adipogenesis, the intra-
cellular glutathione redox potential, which is an indicator of 
oxidative stress levels, became steadily more oxidized, as shown 
by real-time measurement in differentiating ST2 cells stably 
transfected with a redox-sensitive Grx1-roGFP2 fusion protein. 
The nuclear abundance of Nrf2 was assessed by Western 
immunoblotting and its DNA binding activity by EMSA (elec-
trophoretic mobility shift assay) performed on nuclear protein 
extracts prepared every 24 h. The nuclear abundance of Nrf2 
continuously decreased during adipogenesis in ST2 cells. 
Its DNA binding activity reached a nadir during the first two 
days of differentiation, after which it increased slightly without 
approaching its initial level. The pattern of Nrf2 DNA binding 
corresponded to its transcriptional activity as assessed in ST2 
cells stably transfected with a reporter construct bearing a Nrf2 
bind site upstream of the luciferase gene. In conclusion, the 
activation of Nrf2 decreased significantly during adipogen-
esis. The observed changes might lead to increased oxidative 
stress levels that could facilitate the differentiation process. 
These findings could shed new light on the pathogenesis of 

obesity, in which the adipose tissue and oxidative stress play 
prominent roles.

Introduction

The transcription factor Nrf2 (NFE2-related factor 2) is a member 
of the cap ‘n’ collar family which has been described as a central 
orchestrator of the expression of antioxidant and detoxifying 
genes (1-4). Under basal conditions Nrf2 is localized mainly in 
the cytoplasm where it binds to the Kelch-like ECH-associating 
protein 1 (Keap1) and is degraded by the proteasome system. 
Upon exposure to oxidative or electrophilic stress, Nrf2 escapes 
Keap1-mediated degradation and accumulates in the nucleus 
where it binds to antioxidant response element (ARE) sequences 
in the regulatory regions of its target genes to induce their 
expression (5).

Adipocyte differentiation (adipogenesis) is the development of 
fat cells from preadipocytes. It is a process that has been studied 
extensively and is known to be highly regulated; it is controlled 
by the timely and coordinated expression of transcription factors 
such as the CAAT/enhancer binding protein (C\EBP) and the 
peroxisome proliferator-activated receptor (PPAR) families (6-8). 
The role of the redox status of the cell has recently emerged as a 
major factor during adipogenesis (9). Oxidative stress is defined 
as an imbalance of pro-oxidants and antioxidants  and is mainly 
associated with increased production of reactive oxygen species 
(ROS) (10). ROS levels increase during adipogenesis in models 
such as 3T3-L1 cell line (11,12), and indeed seem to facili- 
tate adipocyte differentiation (9). Consistently, the intracellular 
redox-sensitive couples such as the glutathione (GSH/GSSG) and 
cysteine (Cys/CySS) systems shift towards more oxidized states 
during adipogenesis (13).

Given the role of ROS in adipogenesis and the antioxidant 
actions of Nrf2 as a master regulator of antioxidant gene expres-
sion, a plausible hypothesis would be that Nrf2 is implicated 
in the redox-associated adipogenesis process. Some studies 
have described the effect of the Nrf2 deletion on adipocyte 
differentiation with inconsistent results (14,15), but they have 
not investigated whether Nrf2 undergoes changes with regard 
to its nuclear abundance, DNA binding, and transcriptional 
activity during adipogenesis. Obesity, a deadly epidemic in 
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modern societies (16) is characterized by increased lipogenesis 
and adipogenesis (17). Thus, elucidating further the mechanisms 
of adipocyte differentiation and describing novel factors impli-
cated in its regulation is of major importance. The present study 
assessed the activation status of Nrf2 during adipocyte differen-
tiation using the ST2 cell line as a model.

Materials and methods

Chemicals. Unless otherwise indicated, all chemicals were 
purchased from Sigma (St. Louis, MO).

Culture and adipocyte differentiation of ST2 cells. ST2 cells 
are a cloned stromal-cell line from mouse bone marrow;  
obtained from DSMZ (German Collection of Microorganisms 
and Cell Cultures). These cells have been previously shown 
to express functional Nrf2 (18,19). ST2 cells were grown in 
RPMI-1640 (Biochrom, Berlin, Germany) supplemented with 
10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA) and 
antibiotics (streptomycin, penicillin) (Gibco) in a humidified 
5% CO2 atmosphere. ST2 cells were induced to differentiate 
to adipocytes following a previously described protocol (20) 
with minor modifications. Briefly, cells were plated at a density 
of 1x104/cm2 and 24 h later were induced to differentiate (day 
0) into adipocytes by incubation for 2 days with a medium 
containing 0.5 mM IBMX (3-isobutyl-1-methylxanthine), 
60 µM indomethacin, 0.5 µM hydrocortisone and 5 nM insulin 
in RPMI-1640 supplemented with 10% FBS. Then, the medium 
was changed to RPMI-1640 10% FBS with 5 nM insulin for 
another 2 days, after which it was changed to RPMI-1640 10% 
FBS for one more day. After these 5 days, more than 75% of 
ST-2 cells had adipocyte morphology, including enlarged round 
cells containing lipid droplets.

Generation of stable ST-2 cell lines. The generation of ARE-ST2 
cells has been previously described (18). Briefly, ST2 cells were 
stably transfected with a pGL2-basic-Luc plasmid bearing a 
single antioxidant response element (ARE) sequence upstream 
of the luciferase gene.

ST2 cells that stably express the Grx1-roGFP2 fusion protein 
were generated by viral transduction with a retroviral expression 
system by modifying a previously described method (21). Briefly, 
293T cells (ECACC, Salisbury, UK) were seeded in 100 mm 
plates in DMEM (Gibco) 10% FCS and were transfected with 
15 µg pLPCX-Grx1-roGFP2 (22), 10 µg pCMV-gag-pol, and 
5 µg pMDG using Lipofectamine 2000 (Invitrogen) following 
the manufacturer's protocol. After 48 h, the viral supernatant 
was filtered (0.45 µm) and was concentrated by centrifugation 
at 25,000 g for 2.5 h at 4˚C. The viral pellet was resuspended 
in fresh medium and was added to ST2 cells plated in 35 mm 
dishes, and polybrene was added at a final concentration of 
5 µg/ml. After 48 h, cells were checked under UV microscope 
(Eclipse TE2000-U, Nikon, Japan) for GFP expression, and 
puromycin (0.4 µg/ml) was added for selection of cells stably 
expressing Grx1-roGFP2.

Measurement of cellular glutathione redox potential. ST2 cells 
stably expressing the Grx1-roGFP2 fusion protein were plated 
in 96-well plates. Measurements of the emission of roGFP2 at 
535 nm after excitation at 390 nm and 480 nm were performed 

in a Victor3 multilabel plate reader (Perkin Elmer, Waltham, 
MA). The ratio of the emission after excitation at each wave-
lenght (390/480 nm) was calculated. This ratio is indicative of 
the glutathione redox potential GSSG/GSH in the cells, with a 
higher ratio indicating a more oxidized state of the glutathione 
redox potential (22). This is a non-invasive real-time method for 
measuring the redox state of the redox couple GSSG/GSH, as no 
cell lysis or analytical separation procedures are required, and 
is also very sensitive to changes in the intracellular redox status.

Western immunoblotting. Nuclear cell extracts were prepared as 
previously described (23). Proteins were resolved on SDS 10% 
polyacrylamide gel followed by electrotransfer on nitrocellulose 
membrane (Bio-Rad, Hercules, CA). Membranes were blocked 
overnight with 5% lipid-free bovine serum albumin (BSA) in Tris-
buffered saline with 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 
0.1% Tween-20, and probed with the primary antibody at room 
temperature (Nrf2 C20, SP-1 PEP2, Santa Cruz Biotechnology, 
Santa Cruz, CA). After incubation with a horseradish peroxidase-
conjugated secondary antibody (rabbit #7074S, Cell Signaling 
Technology, Beverly, MA) immunoreactive bands were visual-
ized by Amersham ECL plus (GE HealthCare, Piscataway, NJ). 
SP-1 (specificity protein 1) was used as a loading control as it 
is a transcription factor involved in early organism development 
(24) and its expression does not change during adipocyte differ-
entiation. Its suitability as a loading control was also verified 
by staining the nitrocellulose membrane with Ponceau, another 
indicator of protein loading (data not shown). Densitometric 
analysis of Western blot assays was performed using the Image 
Pro Plus software (MediaCybernetics, Bethesda, MD).

Electrophoretic mobility shift assay (EMSA). EMSAs were 
performed as previously described (25) using the following  
oligonucleotides: ARE-wt, 5'-TGGGGAACCTGTGCTGA 
GTCACTGGAG-3' (as radiolabeled probe or cold competitor) 
and ARE-mut, 5'-TGGGGAACCTGTGCTAGGTCACTG 
GAG-3' (as cold competitor).

Luciferase assays. Luciferase assays were performed using the 
Steady-Glo Luciferase assay system (Promega, Madison, WI) 
following the manufacturer's protocol. Protein concentration 
measurements were performed using the Coomassie (Bradford) 
protein assay kit (Thermo Scientific Pierce, Watham, MA).

Statistical analyses. Each assay was performed at least three 
different times on different days. Data were expressed as mean 
±  SD. One-way ANOVA followed by Tukey's test was performed 
using GraphPad Prism 5 (GraphPad Software, La Jolla, CA); 
p<0.05 was considered significant. Detailed information for 
each experiment is given in the respective figure legend.

Results

The intracellular glutathione redox potential becomes more 
oxidized during adipocyte differentiation of ST2 cells. ST2 
cells stably expressing the Grx1-roGFP2 protein which allows 
dynamic live measurements of the glutathione redox potential 
were used. Measurements of the glutathione redox potential 
were performed during adipocyte differentiation. As shown 
in Fig. 1, the glutathione redox potential gradually increased 
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during adipocyte differentiation of ST2 cells indicating that 
the cell redox status became more oxidized. As the glutathione 
redox potential is an index of the redox status of the cell, these 
findings indicate that there is a shift of the redox environment 
towards a more oxidized state during adipocyte differentiation. 

This finding is in accordance with previous studies in other 
models of adipocyte differentiation (9,11,13), and thus validates 
the ST2 cell line as a model of adipogenesis in which to study 
redox-related phenomena and to investigate factors that may 
underlie their regulation.

Nuclear Nrf2 protein abundance decreases during adipocyte 
differentiation. ST2 cells were induced to differentiate 
into adipocytes and nuclear Nrf2 protein abundance was 
assessed by Western immunoblotting. Immediately before 
initiation of differentiation (day 0) nuclear Nrf2 protein 
abundance was at maximum level. Throughout the differ-
entiation process there was a steady decrease in nuclear 
Nrf2 protein abundance. ST2 cells had fully differentiated 
into adipocytes on day 5, at which time nuclear Nrf2 levels 
reached a minimum (Fig. 2).

Nrf2 DNA binding activity decreases during adipocyte differ-
entiation. Having documented decreasing nuclear Nrf2 protein 
abundance during adipocyte differentiation, it was investigated 
whether this was accompanied by changes in the binding 
activity of Nrf2 to the ARE. As demonstrated in Fig. 3, the 
ARE-binding capacity of Nrf2 decreased significantly in the 
first two days of differentiation, reaching a nadir on the second 
day; it then increased slightly without approaching its initial 

Figure 1. The intracellular glutathione redox potential becomes more oxidized 
during adipocyte differentiation of ST2 cells. ST2 cells stably expressing Grx1-
roGFP2 were induced to differentiate into adipocytes. Every 24 h the cells 
were excited with 390 and 480 nm lasers and the ratio of emissions in the green 
channel (535 nm) was calculated. The graph represents the mean ± SD. Three 
independent experiments were performed, and in each experiment 24 technical 
replicates were used for each timepoint. *p<0.0001 compared to day 0; †p<0.001; 
††p<0.0001.

Figure 2. Nuclear Nrf2 protein abundance decreases in ST2 cells during adi-
pocyte differentiation. ST2 cells were induced to differentiate into adipocytes. 
Nuclear protein extracts were prepared immediately before the initiation of dif-
ferentiation (day 0) and every 24 h thereafter until day 5. Nrf2 expression was 
assayed by Western immunoblotting. The nuclear abundance of the transcrip-
tion factor SP-1 was employed as a loading control. The image is representative 
of 3 independent experiments. The graph represents the mean ± SD. *p<0.0001 
compared to day 0. †p<0.05; ††p<0.0001.

Figure 3. Nrf2 binding activity decreases during adipocyte differentiation of 
ST2 cells. ST2 cells were induced to differentiate into adipocytes. Nuclear 
protein extracts were prepared before the initiation of differentiation (day 0) 
and every 24 h thereafter until day 5, and were used for EMSAs with an ARE-
containing oligonucleotide as a radiolabelled probe. The image is representative 
of 3 independent experiments. Binding competition experiments performed 
with ST2 nuclear extracts at day 0 (0d) of differentiation (maximal Nrf2 DNA 
binding activity) in the presence of a 10-, 50-, or 100-fold molar excess of 
unlabeled ARE-wt or ARE-mut oligonucleotides. The image is representative 
of 3 independent experiments.
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level. Binding competition experiments with cold (unlabeled) 
ARE-wt probe (Fig. 3) and with mutated (Nrf2 binding-deficient) 
cold probe (ARE-mut) confirmed the specificity of complex 
formation (as has also been shown previously in a different 
experimental setting) (18).

Nrf2 transcriptional activity decreases during adipocyte differ-
entiation. To assess if the changes observed in Nrf2 binding 
activity in the EMSA experiments were accompanied by 
changes in its transcriptional activity, the ARE-ST2 cells were 
used. These cells stably express a plasmid bearing the ARE 
sequence upstream of the luciferase gene. Thus, changes in Nrf2 
transcriptional activity are manifested as changes in luciferase 
activity. In ARE-ST2 cells induced to differentiate into adipo-
cytes, relative luciferase activity was measured every 24 h during 
the differentiation process. As shown in Fig. 4, ARE-driven 
luciferase activity decreased during differentiation, reaching a 
minimum on day 2. A slight increase in Nrf2 transcriptional 
activity on day 3 was again followed by a decrease throughout 
the rest of the differentiation process. Therefore, both the DNA 
binding activity of Nrf2 (Fig. 3) and its transcriptional activity 
(Fig. 4) decreased substantially during adipocyte differentiation 
of ST2 cells.

Discussion

An increasing volume of data supports that ROS, apart from 
having a detrimental effect on cells (26), may also be implicated 
in physiological processes as signaling molecules (27,28). 
Adipogenesis is a process which seems to be at least in part 
correlated with the redox status of the cell; cellular oxidative 
stress increases during adipocyte differentiation and appears 
to actually facilitate the process (9,12). This study employed 
ST2 cells as an in vitro model of adipogenesis and assessed the 
glutathione redox potential during adipocyte differentiation as 
well as the activation status of the transcription factor Nrf2, a 
central regulator of antioxidant genes.

The nuclear protein abundance of Nrf2 was assessed during 
adipocyte differentiation of ST2 cells and was found to decrease 

during the course of adipogenesis. As Nrf2 is a transcription 
factor, it was tested whether these changes in nuclear Nrf2 abun-
dance were accompanied by changes in its DNA binding and 
transcriptional activity using the EMSA and the ARE-ST2 cell 
line, respectively (Figs. 3 and 4). The results obtained by both 
techniques were similar: firstly, Nrf2 transcriptional activity 
was significantly lower in fully differentiated ST2 cells (day 5) 
compared to undifferentiated ones (day 0). Specifically, Nrf2 
activity decreased sharply on the first two days of differentia-
tion and then it increased slightly (without approaching its initial 
levels) on day 3, after which it decreased again. These changes 
in Nrf2 DNA binding capacity and transcriptional activity did 
not precisely match the changes in the nuclear levels of Nrf2. 
This may be due to post-translational modifications of Nrf2 (e.g. 
acetylation-deacetylation) that may affect its ability to bind the 
ARE (29). Nevertheless, comparing the undifferentiated ST2 
cells (day 0) to the fully differentiated cells (day 5), it is evident 
that the differentiated cells had markedly lower Nrf2 nuclear 
abundance and transcriptional activity. To the best of our know-
ledge, this is the first study describing the changes that Nrf2 
activation undergoes during adipocyte differentiation.

Nrf2 is a well-characterized transcriptional regulator of 
glutamate cysteine ligase catalytic subunit (GCLC) (30,31), 
which is the rate-limiting enzyme in glutathione synthesis. 
Thus, it drives the glutathione redox pair (GSH/GSSG) towards 
a more reduced state, and Nrf2 knock-out mice have lower GSH 
levels (32). In the present study, assessments of the glutathione 
redox potential during adipocyte differentiation of ST-2 cells 
were performed to investigate whether it follows a pattern 
consistent with the observed changes in Nrf2 activation. 
Using ST2 cells stably transfected with the fusion protein 
ro-GFP2 that is able to detect nanomolar changes in GSSG 
and millimolar changes in GSH on a scale of seconds to 
minutes (22), the glutathione redox potential was found to 
become significantly more oxidized during differentiation. 
Hence, undifferentiated ST2 had higher Nrf2 nuclear levels, 
enhanced Nrf2 transcriptional activity, and a less oxidized 
glutathione redox potential compared to fully differentiated 
ST2 cells. Thus, the observed changes in glutathione redox 
potential, at least before and after full differentiation of ST2 
cells, are consistent with the respective observed suppres-
sion in Nrf2 activation. If the increase of ROS levels was a 
primary event during adipocyte differentiation, it would be 
reasonable to expect the Keap1/Nrf2 pathway to be activated 
as a defense mechanism triggered by the increased oxidative 
stress levels. On the contrary, Nrf2 activation was found to 
diminish during adipogenesis, suggesting that this decrease 
may precede the increment in ROS and the oxidation of GSH.

The present data are in agreement with previous studies 
showing that ROS levels increase during adipocyte differen-
tiation in another cellular model of adipogenesis (3T3-L1 cells) 
(11,12), and that the glutathione redox potential shifts towards a 
more oxidized state during adipogenesis in human mesenchymal 
stem cells (13). The role of cellular redox status changes during 
adipogenesis has also been highlighted by a study showing 
that GSH depletion in 3T3-L1 cells promoted adipogenesis 
by enhancing the mitotic clonal expansion (MCE) phase and 
by activating the transcription factor C/EBPβ, whereas GSH 
supplementation (with GSHest, a permeable compound able to 
increase the intracellular GSH levels) inhibited adipogenesis 

Figure 4. ARE-mediated transcription is reduced during differentiation of 
ARE-ST2 cells into adipocytes. ARE-ST2 cells were induced to differentiate 
into adipocytes and luciferase measurements were performed every 24 h until 
day 5 of differentiation. Luciferase activity was normalized to total protein 
concentration. The graph represents the means ± SD. Three independent exper-
iments were performed, and in each experiment 8 technical replicates were 
used for each timepoint. *p<0.0001 compared to day 0; †p<0.05; ††p<0.0001.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  28:  823-828,  2011 827

(33). Another independent study showed that ROS facilitate 
adipocyte differentiation in 3T3-L1 cells again by accelerating 
the MCE phase and activating C/EBPβ, whereas exposure to 
broadly-acting antioxidants such as N-acetyl cysteine greatly 
inhibited adipogenesis (9). These studies indicate that adipo-
genesis is facilitated by an oxidized cell redox status, and that 
disturbance of this status by antioxidants can compromise the 
process.

Given that Nrf2 is a master regulator of antioxidant gene 
expression whose deletion is known to increase ROS in mouse 
tissues (34) and embryonic fibroblasts (19), it would be reason-
able to suppose that its deletion could potentially facilitate 
adipogenesis. To date, studies on the role of Nrf2 in adipogenesis 
have yielded contradicting results. On the one hand, Shin et al 
(15) have shown that Nrf2 deletion enhances adipogenesis in 
mouse embryonic fibroblasts, and that Nrf2 activation (by Keap1 
deletion or treatment with CDDO-Im) disrupts adipocyte differ-
entiation through modulation of Aryl Hydrocarbon Receptor 
(AhR). On the other hand, Pi et al (14) have shown that Nrf2 dele-
tion results in impaired adipogenesis through down-regulation 
of PPARγ. Furthermore, Takahashi et al (35) have shown that 
treatment of 3T3-L1 cells with the Nrf2 activators carnosic acid 
and carnosol inhibits adipogenesis and increases GSH levels. All 
these studies indicate that the role(s) of Nrf2 in adipogenesis is 
likely not limited to its effect on oxidative stress levels; rather, 
Nrf2 as a transcription factor can also have an effect on other 
molecules known to be involved in adipogenesis such as PPARγ 
and AhR. Therefore, the observed discrepancies in the role of 
Nrf2 in adipogenesis may be due to the differential effects that 
Nrf2 may have on this process in different experimental systems 
by simultaneously controlling antioxidant genes that decrease 
ROS and other players (e.g. transcription factors) that are directly 
involved in the execution of the adipogenic program.

The present study demonstrates that Nrf2 is repressed in 
the differentiated adipocyte compared to the preadipocyte. The 
functional role of Nrf2 repression during adipogenesis remains 
to be determined. Further experiments with fine manipulation 
of Keap1/Nrf2 signaling are needed to elucidate the impact 
that changes in Nrf2 activation and cell redox potential have on 
adipogenesis. Another worthwhile aim of future experiments 
would be to clarify the mechanism(s) through which Nrf2 
is repressed during adipogenesis by testing the impact that 
various adipogenesis-promoting factors have on Nrf2 activity.

In conclusion, the suppression of Nrf2 activity during adipo-
genesis may be crucial, and it might be feasible with appropriate 
pharmacological manipulation of Nrf2 to control the process 
of adipocyte differentiation. This could potentially have thera-
peutic implications in obesity, a disease associated with both 
adipogenesis (36) and increased oxidative stress (37).
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