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ABSTRACT
Objectives: Reports investigating the effects of antioxidants on obesity have provided
contradictory results. We have previously demonstrated that treatment with the antioxidant
N-acetylcysteine (NAC) inhibits cellular triglyceride (Tg) accumulation as well as total cellular
monoamine oxidase A (MAOA) expression in 3T3-L1 mature adipocytes (Calzadilla et al.,
Redox Rep. 2013;210–218). Here we analyzed the role of NAC on adipogenic differentiation
pathway.
Methods: Assays were conducted using 3T3-L1 preadipocytes (undifferentiated cells: CC),
which are capable of differentiating into mature adipocytes (differentiated cells: DC). We
studied the effects of different doses of NAC (0.01 or 1 mM) on DC, to evaluate cellular
expression of phospho-JNK½ (pJNK½), phospho-ERK½ (pERK½) and, mitochondrial expression
of citrate synthase, fumarate hydratase and MAOA.
Results: Following the differentiation of preadipocytes, an increase in the expression levels of
pJNK½ and pERK½ was observed, together with mitotic clonal expansion (MCE). We found that
both doses of NAC decreased the expression of pJNK½ and pERK½. Consistent with these
results, NAC significantly inhibited MCE and modified the expression of different
mitochondrial proteins.
Discussion: Our results suggested that NAC could inhibit Tg and mitochondrial protein
expression by preventing both MCE and kinase phosphorylation.
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Introduction

Current studies show that oxidative stress is involved in
the development of obesity and that increased levels of
reactive oxygen species (ROS) are present in cells with
an accumulation of fat.[1,2] We have shown that the
accumulation of triglycerides (Tgs) increases the level
of ROS during 3T3-L1 cellular differentiation. In response
to this stress and the potential metabolic oxidation that
could affect cell viability, the system responds by
increasing the activity of antioxidant enzymes such as
superoxide dismutase. As a result, differentiation can
occur without affecting the cell.[3] Therefore, we
studied the effect of an antioxidant precursor of gluta-
thione (GSH); n-acetylcysteine (NAC) and, demonstrated
that 0.01 mM NAC provides effectively inhibits adipo-
cyte differentiation by inhibiting the expression of the
adipogenic transcription factors C/EBP/β and PPARγ, as
well as, terminal differentiation protein ap2.[3,4]
Addition of 0.01 mM NAC to cells increased the total
intracellular GSH content by 25% after 1 day of the
differentiation protocol, and this effect was maintained
throughout the entire experiment.[3]

The ERK and JNK mitogen activated protein kinases
(MAPKs) are intracellular signaling pathways that play

pivotal role in many cellular process such proliferation
and adipocyte differentiation,[5] ERK½ can promote
adipogenesis.[6,7] Thus, an exploration of the molecu-
lar regulation of ERK½ and JNK½ during an antioxidant
treatment that inhibits the accumulation of Tgs should
be important to better understand the role reactive
oxygen species in the differentiation of preadipocytes
to adipocytes.

ROS may be generated either by excessive stimu-
lation of NAD(P)H oxidases or by other mechanisms
such as production by mitochondria.[8] In mitochon-
dria, the tricarboxylic acid (TCA) cycle is crucial in the
redox cell state and, some authors have reported that
defects in TCA cycle enzymes can induce redox altera-
tions in the cell.[9] Recent reports show that the func-
tion of mitochondria is crucial in human obesity; the
expression levels of some mitochondrial proteins are
reduced in adipocytes of omental adipose tissue, corre-
lating inversely to the BMI index, such as citrate
synthase (CS).[10] Because the TCA cycle is a core
pathway for the metabolism of lipids, we evaluated
CS and fumarate hydratase (FH) in this model.

Our aim is to investigate the hypothesis that NAC
could be responsible of inhibiting Tg accumulation by
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modifying MAPK pathway and some mitochondrial
TCA cycle enzymes expression.

Materials and methods

Cell cultures and drugs

The 3T3-L1 cell line was obtained from the American
Type Culture Collection (Rockville, MD, USA). The cells
were cultured at 37°C with 5% CO2 in standard
medium: Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 25 mM glucose and 10%
fetal bovine serum. Unless indicated otherwise, all anti-
bodies were purchased from Sigma–Aldrich Inc.

3T3-L1 adipocyte differentiation

The 3T3-L1 preadipocytes were first cultured in MDI
medium (0.5 mM 3-isobutyl-1-methyl xanthine,
0.1 μM dexamethasone, and 2 μM insulin) for 48
hours. They were then transferred to fresh DMEM
(25 mM glucose; 10% FBS) supplemented with 2 μM
insulin and incubated for three days. The cells were
then cultured in fresh DMEM (25 mM glucose; 10%
FBS) for the remainder of the experiment. DMEM
(25 mM glucose; 10% FBS) was considered vehicle.
Day 0 of differentiation was defined as the time at
which the cells were first introduced to MDI medium.
At day 10, the cellular Tg content of 70–80% dramati-
cally increased, thereby generating refractive droplets
that were easily observed by microscopy or Oil Red O
staining. MDI-treated cells were considered differen-
tiating cells (DC), and vehicle-treated cells were con-
sidered control cells (CC).

NAC was added to the MDI medium at day 0 of
differentiation and maintained in the medium through-
out the remainder of the experiment; these cells were
considered NAC-treated differentiating cells (DCN).

Proliferation assay

Cells (50 × 104) were seeded on a plate and cultured in
the presence of vehicle or NAC (0.01 or 1 mM). At the
indicated times (24 and 48 hours post-differentiation),
the cells were counted. Viable cells were discriminated
by trypan blue stain exclusion.

Mitochondrial extracts

Mitochondria were isolated using a technique devel-
oped with MACS technology with a mitochondria iso-
lation kit (Miltenyi Biotec). Briefly, the cells were lysed
and the mitochondria were magnetically labeled with
mouse anti-TOMM22 (translocase of the outer mem-
brane of mitochondria; 22 kDa) microbeads, which
specifically bind to mitochondria. Next, the labeled
tissue lysate was passed through a 30-μm filter and

loaded onto a MACS column, which was placed in a
magnetic field separator. The magnetically labeled
mitochondria were retained within the column, while
the unlabeled organelles and cell components ran
through the column. After removing the column from
the magnetic field, the retained mitochondria were
eluted with 1.2 mL of separation buffer provided in
the kit. The mitochondrial extracts were centrifuged,
and the supernatant was discarded. The mitochondrial
pellets were frozen at −70°C until use.

Western blots

To evaluate the kinases, the assays were performed
according to the manufacturer’s protocol. Briefly,
the experiment was conducted by culturing the
cells overnight in medium containing 0.5% FBS to
reduce basal levels of phosphorylation; subsequently,
MDI medium or MDI medium with NAC (0.01, 0.05, 1
or 5 mM) was added to the cells. Vehicle-treated
cells were also cultured in the absence (CC) or pres-
ence of NAC (CCN). After treatment, the cell extract
was evaluated by western blot analysis; antibodies
directed against JNK½, pJNK½, ERK½, p ERK½ and
β-actin were used.

To confirm effectively inhibition of phosphorylation
of ERK and JNK, cells were treated for 2 hours in the
presence of ERK½ inhibitor (10 μM UO126; Sigma) or
JNK½ inhibitor (10 μM SP600125; Sigma) prior to MDI
medium or MDI + 5 mM NAC treatments.

To assess mitochondrial proteins, cells growing in
standard mediumwere cultured in the absence or pres-
ence of NAC in MDI medium. Vehicle-treated cells were
also cultured in the absence (CC) or presence of NAC
(CCN). MDI-cultured cells in the absence of NAC were
collected 10 days after initiating the differentiation pro-
tocol (DC); MDI-treated cells cultured in the presence of
NAC were collected after two different treatments con-
ducted for 10 days after initiating the differentiation
protocol: 0.01 mM NAC treatment (DCN-0.01) and
1 mM NAC treatment (DCN-1). The primary antibodies
were as follows: anti-monoamine oxidase A (MAOA),
anti-FH and, anti-CS (Santa Cruz Biotechnology INC).
Total cellular extracts or mitochondrial extracts were
obtained. The expression was normalized to TOMM22
(mitochondrial extracts).

For the western blot analyses and protein determi-
nation, scraped 3T3-L1 cells were lysed in lysis buffer
(1% SDS in 60 mM Tris–HCl), boiled for 10 minutes
and centrifuged at 15 000 rpm at 4°C for 10 minutes.
The samples were then resuspended in buffer sup-
plemented with protease inhibitor mixture (Thermo
Protease Inhibitor Cocktail). The proteins were separ-
ated in a 10% SDS-polyacrylamide gel and transferred
to nitrocellulose membranes (Amersham, GE Health-
care). To evaluate kinase, western blot analyses were
performed using 40 μg of 3T3-L1 lysate protein; to
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assess mitochondrial proteins, 10 μg from each sample
was used.

The membranes were soaked in blocking buffer (5%
BSA, 0.4% Tween, and 1 mM EDTA in 0.01 M PBS) for
1 hour, incubated overnight with primary antibody at
4°C. To detect the western blot signal, membrane
were probed with horseradish-peroxidase conjugated
secondary antibodies (Santa Cruz Biotechnology), and
then treated with an enhanced chemiluminescence
(ECL) substrate kit (Amersham ECL plus western blot-
ting detection system, GE Healthcare). The results are
expressed as arbitrary units. The proteins were quanti-
fied using the Bradford method with crystalline bovine
serum albumin as a standard.[11]

Statistical analysis

The results are expressed as the mean ± SD. Statistical
analyses was performed using one-way analysis of var-
iance followed by a post hoc analysis.[12] The results
represent the average of independent experiments
(mean ± standard deviation [SD]). F values and
degrees of freedom were calculated for each exper-
iment. Results were considered statistically significant
at p < 0.01.

Results

Adipocyte differentiation indicates the occurrence of
MAPK phosphorylation, thus we decided to evaluate

the effect of antioxidants on the phosphorylation of
the kinases JNK and ERK. Non-toxic doses of NAC
were evaluated (0.01–5 mM) in this system (Figure 1).
A marked significant decrease in JNK½ phosphoryl-
ation was observed in response to different doses of
NAC (Figure 2(a)). Treatment with the lowest dose of
NAC (0.01 mM) diminished the levels of pJNK½
almost 50% without affecting JNK. Similarly, both
0.01 mM (DCN-0.01) and 1 mM (DC-1) NAC resulted in
a nearly 50% decrease in the phosphorylation of
ERK½ (Figure 2(b)). The results showed that NAC effec-
tively decreased the phosphorylation of both kinases.
Vehicle − NAC-treated cells (CCN) showed a not signifi-
cant increase in p ERK½ expression. Inhibit treatments
for ERK½ and pJNK½ showed effectively inhibition of
both phospho-kinases protein expression (Figure 3),
as well as, 5 mM NAC treatment.

Because ERK½ phosphorylation is involved in cellu-
lar proliferation, we evaluated mitotic cellular expan-
sion (MCE) during adipogenic differentiation. As
shown in Figure 4, DC cell number increased 2.5 fold
more than CC cell number on day 2 of the differen-
tiation protocol (DC: 1.3 × 106 ± 0.18 × 106 cells/mL vs.
CC: 0.51 × 106 ± 0.09 × 106 cells/mL, p < 0.01). Both
doses of NAC had an inhibitory effect on MCE
(Figure 4).

We have shown [3] that during differentiation, there
is a marked increase in ROS with a concomitant
elevation of antioxidant enzymes. This finding supports
the occurrence of aerobic respiration. Although

Figure 1. Effect of NAC on 3T3-L1 cells at 10 days of differentiation. Control cells (CC); MDI-treated cells (DC); MDI + 0.01 mM NAC-
treated cells (DCN-0.01); MDI + 5 mM NAC-treated cells (DCN-5). Representative results from one of four independent experiments
with similar results are shown.
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mitochondrial dysfunction is implicated in the patho-
genesis of obesity, the molecular mechanisms under-
lying obesity-related metabolic abnormalities are not
well established. Therefore, we decided to evaluate
some of the mitochondrial proteins that are important
for respiration, such as CS and FH, which participate in
the Krebs cycle. In all of the assessed cases, we evalu-
ated two treatment conditions: 0.01 mM NAC (DCN-
0.01) and 1 mM NAC (DCN-1). The expression levels
of the CS (Figure 5(a)) and FH (Figure 5(b)) enzymes
increased in mitochondria in response to both NAC
treatments. Although the expression levels of the mito-
chondrial proteins CS and FH differed between the two
NAC treatments, none of these differences were stat-
istically significant. Recently, we have demonstrated

that the expression levels of some obesity-related pro-
teins are inhibited by treatment with NAC.[4] In the
present study, we evaluated MAOA in the mitochon-
drial extract because it is present in the outer mem-
brane of mitochondria and we confirmed that MAOA
expression decreased in response to NAC (Figure 5(c))
in both treatment regimens. However, MAOA showed
a biphasic response to NAC; its expression was higher
in DCN-1 than in DCN-0.01. It is worth noting that we
used 10μg of each protein extract to perform the
western blots analysis. Thus, because TOMM22 was
only observed in the mitochondrial extract, we can
assume that higher amounts of protein are required
to detect TOMM22, as described by Yano et al.[13]

Figure 2. Kinase phosphorylation in response to NAC treatment. Comparison of control cells (CC); Vehicle + NAC-treated cells (CCN);
MDI cells (DC); MDI + NAC-treated cells (DCN-0.01: 0.01 mM NAC; DCN-0.05: 0.05 mM NAC; DCN-1: 1 mM NAC; DCN-5: 5 mM NAC).
Values represent the fold decrease in protein expression compared with DC. Bars show the average of four different experiments
(means ± SD). Representative results from one of independent western blot experiments with similar results are shown. The results
are expressed as arbitrary units, *p < 0.01 CC, CCN or DCN vs. DC. (a) JNK½ phosphorylation. Results were normalized to JNK
expression, (F = 59.32, degrees of freedom = 21). (b) ERK½ phosphorylation. The results were normalized to ERK and β-actin
expression, (F = 39.40, degrees of freedom = 21).

Figure 3. Kinase phosphorylation is abrogated when pre-
treated with inhibitors to JNK½ or ERK½. Cells were pre-
treated for 2 hours with JNK (SP600125) or ERK (UO126) inhibi-
tor and then treated with MDI (DC) or MDI + 5 mM NAC (DCN-
5). Representative results from one of independent western
blot experiments with similar results are shown. (a) JNK½ phos-
phorylation was assessed via western blot analysis and com-
pared to JNK. (b) ERK½ phosphorylation was assessed via
western blot analysis and compared to ERK.

Figure 4. Effect of NAC on 3T3-L1 cells during MCE. Compari-
son of control cells (CC); MDI cells (DC); MDI + NAC-treated cells
(DCN). Cells were harvested at day 1 (DC 24 hours, DCN 24
hours) or at day 2 (DC 48 hours, DCN 48 hours) of the differen-
tiation protocol. The concentration of NAC is shown. Cells were
counted and, viable cells were evaluated by trypan blue stain
exclusion. Data represent the percentage of CC. Results are
the average of four different experiments (mean ± SD).
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Discussion

For adipocyte differentiation to occur, activation of
PPARγ is crucial,[3] because this transcription factor
recognizes a specific site in the promoter of the ap2
gene to induce its expression in adipocytes.[4] The acti-
vation of certain MAPK family members via phos-
phorylation, including ERK½ and JNK, could be
essential for adipocyte differentiation; ERK½ can be
activated early in differentiation and is responsible for
activating the transcription of C/EBPβ and, thus,
PPARγ.[14] Insulin has been shown to activate the
MAPK pathway [15]; the effect of insulin on the early
stage of the differentiation pathway depends on IGF-
receptor activation. Insulin and IGF-1 are well known
proadipogenic hormones that are required for adipo-
cyte differentiation.[16] Both, insulin and IGF-1 stimu-
late the production of ROS, and some authors have
suggested that IGF-1 exerts is effect at least in part
via ROS.[17] In fact, increased levels of ROS during pre-
adipocyte differentiation have been demonstrated.[2,3]
Here, we showed that a NAC concentration as low as
0.01 mM inhibited the phosphorylation of ERK½ and
JNK½. NAC is a glutathione precursor and can
enhance the antioxidant capacity of the cell both by
acting directly as a scavenger of free radicals and by
increasing glutathione levels. It is worth to mention
that there is a link between the redox active com-
ponents of glutathione S-transferases such as gluta-
thione S-transferase Pi (GSTP) and stress-activated
kinases. Glutathione S-transferases are vital function
enzymes in chemical detoxification; in fact, GSTP regu-
lates the activity of numerous biologic pathway, such
as JNK.[18] The mechanism traditionally reported for
JNK – GSTP considered GSTP as an endogenous regula-
tor of JNK activity, forming a complex which is disso-
ciated by ROS-mediated oxidation. ROS scavengers,

such as NAC, prevent GSTP dissociation from JNK and
maintain the low basal activity of JNK as a kinase.[19]

We observed MCE in agreement with previous
finding.[20,21] It is well established that expression of
C/EBPβ in the adipogenic cascade is required for cell
proliferation [22,23]; NAC treatment leads to reduced
expression of C/EBPβ [3,24] and, as a consequence,
inactivates MCE. NAC treatment maintained the
number of cells observed at day 0 of the differentiation
protocol, confirming its inhibitory effect on cellular
proliferation.

Owing to the role of ROS, in this adipogenic differen-
tiation pathway, is also important to assess their effect
on proteins involved in aerobic respiration, because up
to 5% of ROS result from physiological respiration.
Therefore, we evaluated the expression of two mito-
chondrial proteins that are involved in the Krebs
cycle, CS and FH. Recent reports have suggested that
the expression and activity of CS, the enzyme that cat-
alyzes the first reaction of the Krebs cycle, are reduced
in obesity.[10,25] Our results revealed an increase ten-
dency in mitochondrial CS expression following NAC
treatment, consistent with the inhibitory effect of
NAC on Tg accumulation. FH is one of the enzymes
responsible for NADH production via the Krebs cycle,
allowing aerobic respiration. We showed a discreet
increase in the mitochondrial expression of this
enzyme in response to NAC treatment. Other research-
ers have shown that a deficiency in FH expression pro-
motes renal cellular proliferation.[26] We hypothesize
that the increase in FH correlated with the inhibitory
effect of NAC on 3T3-L1 proliferation. CS and FH
expression were also evaluated in the total cellular
extract, confirming the mitochondrial results (data
not shown). Consistent with previous results from our
laboratory,[4] we found that the expression of

Figure 5. CS (a), FH (b) and MAOA (c) expression in response to NAC treatment. Comparison of MDI cells (DC) and MDI + NAC-
treated cells (DCN-0.01: 0.01 mM NAC; DCN-1: 1 mM NAC). Values represent the fold increase or decrease in protein expression
compared with DC. Results were normalized to TOMM22 expression. Bars show the average of two different experiments
(mean ± SD). Representative results from one of two independent western blot experiments performed in duplicate with similar
results are shown. The results are expressed as arbitrary units, *p < 0.01 DCN vs. DC, (CS (a): F = 94.77, degrees of freedom = 9;
FH (b): F = 31.97, degrees of freedom = 9; MAOA (c): F = 162.81 degrees of freedom = 9).
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mitochondrial MAOA decreased following treatment
with NAC. Several authors showed a direct correlation
between MAOA and oxidative stress,[27,28] MAOA is
overlooked as a mitochondrial source of ROS.[29] More-
over, inhibition of MAOA (expression or activity) results
in the inhibition of pJNK expression [30]; we observed
similar results in agreement with these findings. Never-
theless, we did not evaluate the enzyme activities,
which would be necessary to generate further con-
clusions; we observed that the effect of NAC on the
evaluated mitochondrial proteins correlated with its
overall effect on adipocytes, provoking an increase in
CS and FH and a decrease in MAOA.

NAC is currently used pharmacologically as a muco-
lytic agent in a variety of respiratory illnesses; based on
our findings, we suggest that NAC could prevent MAPK
phosphorylation. It is unclear to what extent any con-
clusions from the present in vitro study can be extrapo-
lated to in vivo conditions, but diets that incorporate
antioxidants, such as NAC, could potentially have a
regulatory effect on adipogenic pathways. Several
studies have reported a decrease in GSH levels in
obese patients [31–34]; one of them demonstrated an
increase of total plasma thiol by 25% in response to
treatment with 2 mM NAC administered daily, as well
as a decrease in body fat mass after the treatment.[32]
Therefore, a translation of the relevant laboratory find-
ings into the clinical setting is needed.
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