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Abstract

Human SW872 preadipocyte conversion to mature adipocytes is associated
with time-dependent changes in differentiation markers' expression and with
morphological changes accompanied by the accumulation of lipid droplets
(LDs) as well as by increased mitochondriogenesis and mitochondrial mem-
brane potential. Under identical conditions, the formation of reactive oxygen
species (ROS) revealed with a general probe was significant at days 3 and 10 of
differentiation and bearly detectable at day 6. NADPH oxidase (NOX)-2 activ-
ity determined with an immunocytochemical approach followed a very similar
pattern. There was no evidence of mitochondrial ROS (mROS), as detected
with a selective fluorescence probe, at days 3 and 6, possibly due to the trigger-
ing of the Nrf-2 antioxidant response. mROS were instead clearly detected at
day 10, concomitantly with the accumulation of very large LDs, oxidation of
both cardiolipin and thioredoxin 2, and decreased mitochondrial glutathione.
In conclusion, the morphological and biochemical changes of differentiating
SW872 cells are accompanied by the discontinuous formation of ROS derived
from NOX-2, increasingly implicated in adipogenesis and adipose tissue dys-
function. In addition, mROS formation was significant only in the late phase
of differentiation and was associated with mitochondrial dysfunction.
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1 | INTRODUCTION

Adipose tissue plays an essential role in maintaining lipid
and glucose homeostasis. More specifically, healthy adi-
pose tissue is actively engaged in the regulation of nutri-
ent excess removal from the bloodstream as well as in
storing/releasing of energy. This is in remarkable contrast
with adipose tissue dysfunction that links obesity to
related metabolic diseases.!™ These conditions, in which
oxidative stress is increasingly implicated,™” are particu-
larly relevant for the human health, since associated with
an increased risk for many chronic disorders, as hyper-
tension, type II diabetes, cardiovascular diseases, and
some types of cancer.®’

A deeper understanding of the mechanisms involved
in the process of adipogenesis and regulation of adipocyte
function/malfunction is therefore critical for the compre-
hension of the molecular basis of these metabolic dis-
eases. Based on the current knowledge, adipogenesis can
be defined as a highly regulated-multistep process, medi-
ating proliferation and differentiation of mesenchymal
stem cells to lipid-laden mature adipocytes. It involves
expression of genes and transcriptional factors, as the
CAAT/enhancer-binding proteins (C/EBPs) family, per-
oxisome proliferator-activated receptor y (PPARy), cell
cycle regulatory proteins, hormones, and growth
factors.®?

The formation of reactive oxygen species (ROS) is crit-
ical for adipocyte differentiation and, consistently, this
process was inhibited or suppressed by antioxidants, as
N-acetyl-L-cysteine or vitamin C.'*'! The specific role of
these species, however, is still controversial and in gen-
eral poorly understood.'>'* Excess of nutrients has been
associated with an extensive mitochondrial ROS (mROS)
formation'*'> as well as with activation of NADPH oxi-
dases (NOX) during adipogenesis.'>*°

NOX-4, the most abundant NOX in mature
adipocytes,'>'® is constitutively active and independent
of activator proteins,'”> redox regulated by its own
product,'” directly generates H,O, under basal conditions
and hence responsible for long-lasting effects.'®'® Fur-
thermore, preadipocytes and mature adipocytes express
other NOX enzymes,">'® which include the phagocytic
NOX-2, comprising six different subunits in part inte-
grated in the plasma membrane and in part localized in
the cytosol.'® After appropriate stimuli, these subunits
interact to release superoxide (O, ) in both intracellular
and extracellular compartments. NOX-2 is also expressed
in nonphagocytic cells, including human primary as well
as rodent adipocytes.”>*' Interestingly, NOX-2 deletion
mitigates adiposopathy induced by a high fat diet in
experimental animals,”*** in contrast to NOX-4 defi-
ciency, which produced opposite effects.*

The process of adipogenesis has been extensively
studied in primary cells in culture, an approach pre-
senting the advantage of the biological relevance of the
experimental results, and also some disadvantages in par-
ticular associated with the limited availability and
renewal capacity of the cells.”> In order to overcome
these drawbacks, there has been a continuous increase in
the use of cultured cells, in particular the murine 3T3-L1
cell line.® This well-characterized cellular model of
adipogenesis, while conveniently utilized by numerous
authors,*** however, presents some limitations related
to the translation of the experimental outcomes to
humans.'**°"** Based on these considerations, it appears
important to establish and characterize paradigms of
adipogenesis using human cultured cells.

In recent years, there has been a growing interest in
the use of SW872 cells, derived from a human
liposarcoma,*™**~*® which however remain poorly char-
acterized for several aspects, in particular related to the
identification of the specific mechanisms associated with
ROS formation during adipogenesis.

Using this cell line, we performed a detailed charac-
terization of the morphological and biochemical changes
occurring during adipocyte differentiation and identified
early events leading to NOX-2 activation followed by late
mROS formation and dysfunction.

2 | MATERIALS AND METHODS

2.1 | Materials

Acrylamide 30%, glycine, sodium dodecyl sulfate (SDS),
methanol, acetonitrile, insulin, dexamethasone, 3-
isobutyl-1-methylxanthine (3-IBMX), oleic acid-albumin
and linoleic acid-albumin, Oil Red O (ORO), glutathione
(GSH), dithiobis-2-nitrobenzoic acid (DTNB), iso-
propanol, and most of the reagent-grade chemicals were
purchased from Merck Life Science s.r.l. (Milan, Italy).
Sodium chloride, ethylenediaminetetraacetic acid
(EDTA), Na,HPO,, KH,PO,, and K,HPO, were from
Carlo Erba (Milan, Italy). Tween 20 and WesternBright
ECL (K12045) were purchased from Advansta-Aurogenes
s.r.l (Rome, Italy). Clarity Max was purchased from
BioRad Laboratories s.r.l. (Milan, Italy).

2.2 | Cell culture conditions

Human liposarcoma SW872 cells were purchased from
the American Type Culture Collection (Rockville, MD)
and used between passages 3 and 10. Cells were
maintained in Dulbecco's modified Eagle medium/
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nutrient mixture F-12 (DMEM/F12) Merck Life Science
s.rl. (Milan, Italy), supplemented with 10% fetal bovine
serum (FBS) (35-079-CV, Corning-S.ILA.L. s.r]l, Rome,
Italy), 100 U/ml penicillin, 100 pg/ml streptomycin
(P4333, Merck Life Science s.r.l. Milan, Italy), under a
humidified 5% (vol/vol) CO, atmosphere at 37°C.

Postconfluent SW872 cells were induced to differenti-
ation by changing the medium with the differentiation
medium (DM) composed of 1 pM dexamethasone,
0.1 mM 3-IBMX, 30 uM bovine serum albumin (BSA)-
bounded oleic acid/linoleic acid, and 10 pg/ml insulin in
DMEM/F12 with 10% FBS). The DM was changed every
48 h and the differentiation process was followed up to
day 10.** Morphological, immunocytochemical, and bio-
chemical analyses were performed at different time
points of SW872 cell differentiation.

2.3 | Cell culture preparation for
morphological analysis

The SW872 cells were seeded onto 12-mm sterile glass
microslides (Thermo Fisher Scientific, United Kingdom)
placed inside the 12-well plates and differentiated, as
described in the previous paragraph.

2.4 | ORO staining
In cellular preparations, neutral lipids were visualized
using the soluble selective dye ORO.*’ Slides were
washed with potassium phosphate-buffered saline (PBS:
136 mM NacCl, 10 mM Na,HPO,, 1.5 mM KH,PO,, 3 mM
KCI; pH 7.4) and fixed for 1 h with 4% paraformaldehyde
in PBS at 4°C, washed in the same buffer, and then incu-
bated in 0.3% ORO solution, as previously described.*
The slides were incubated with the ORO working
solution for 1 h at room temperature, washed twice with
H,0, counterstained with hematoxylin to visualize
nuclei, and mounted in glycerol gel (Sigma-Aldrich-SIAL
Rome, Italy).

2.5 | Western blot assay

Equal amounts (40 pg) of cell lysates were resolved in 8-
12% SDS polyacrylamide gel and electrotransferred to
polyvinyldiene difluoride (PVDF) membranes. Western
blot analyses were performed using antibodies against
actin, C/EBPp, C/EBPS, PPARy, CD36, and nuclear fac-
tor (erythroid-derived 2)-like 2 (Nrf2) (Table S1). Details
on the Western blotting apparatus and conditions are
reported elsewhere.*

Biofactors_\A\/] LEYJ_3

2.6 | Redox Western blot analysis

The thioredoxin2 (Trx2) redox state was estimated by redox
Western blots, as described by Guidarelli et al.*' Briefly, at
the indicated time points, the cells were washed with PBS
and detached from the culture dish in 200 pl urea lysis
buffer (100 mM Tris/HCI, pH 8.2; urea 8 M; EDTA 1 mM)
containing 10 mM iodoacetoamide. The samples were then
incubated for 20 min at 37°C and centrifuged for 1 min at
14,000g. Ten volumes of cold acetone/1 M HCI (98:2) were
added to the supernatants and the pellets were washed
twice with acetone/1 M HCI/H,O (98.2:10). The pellets
were resuspended in 80 pl of urea lysis buffer containing
3.5 mM dithiothreitol, and, after a 30 min incubation at
37°C, incubated for a further 30 min at the same tempera-
ture in the presence of 30 mM iodoacetoamide. Samples
were then subjected to urea polyacrylamide gel electropho-
resis (7 M urea and 7% acrylamide), under nonreducing
conditions, and blotted.*?

2.7 | Isolation of mitochondria

Cells were processed to obtain a crude mitochondrial frac-
tion, as described by Fiorani et al.** Briefly, the cells were
washed twice in PBS and detached with pre-warmed tryp-
sin/EDTA solution (2.5 g/L trypsin plus 0.2 g/L EDTA).
The cells were then transferred to a centrifuge tube,
washed with PBS, and resuspended in ice-cold homogeni-
zation buffer (HB, 225 mM mannitol, 75 mM sucrose,
0.1 mM EGTA, protease inhibitor cocktail, 5 mM Tris-
HCI, pH 7.4). The cells were homogenized with 30-40 stro-
kes in a glass potter placed in an ice-bath. The efficiency of
the homogenization process was monitored under the
microscope by counting the number of residual trypan blue
negative cells. The homogenate was centrifuged at 1000g
for 10 min at 4°C and the supernatant (S1) was collected
for the final centrifugation. The pellet was rehomogenized
and the supernatant (S2) was added to S1 and centrifuged
at 12,000g for 30 min at 4°C. The corresponding pellet
(mitochondrial fraction) was washed and processed for
GSH analysis.

2.8 | Measurement of GSH content in
cells and mitochondria by high-
performance liquid chromatography

GSH content in SW872 cells and mitochondria was mea-
sured as described by Fiorani et al.* Briefly, the cellular
or mitochondrial pellets were suspended in lysis buffer
(0.1% Triton X-100; 0.1 M Na,HPO,; 5 mM Na-EDTA,
pH 7.5), vortexed, and kept for 10 min on an ice bath.
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Thereafter, 0.1 N HCI and precipitating solution (0.2 M
glacial meta-phosphoric acid, 5 mM Na-EDTA, 0.5M
NaCl) were added to the samples. After centrifugation,
the supernatants were collected and kept at —20°C until
the high-performance liquid chromatography (HPLC)
analyses. Just before analysis, DTNB (20 mg in 100 ml of
1% wt/vol sodium citrate) was added to the extracts. The
samples were filtered through 0.22-pm-pore microfilter
and finally analyzed for their GSH content by HPLC,**
using a 15 cm x 4.6 mm, 5 pm Supelco Discovery® C18
column (Supelco, Bellefonte, PA). The UV absorption
was detected at 330 nm. The injection volume was 20 pl.
The retention time of GSH was ~15.7 min.

2.9 | Flow cytometric staining

Cells were labeled with one of the indicated fluoro-
chromes. MitoSOX Red (5 pM, 10 min), a dye targeting
the mitochondria of live cells, is selectively oxidized by
0, to produce red fluorescence,* chloromethyl-2’,7'-
dichlorodihydrofluorescein diacetate (DCF, 5 pM,
30 min), a general probe for ROS detection.*® The mito-
chondrial membrane potential was analyzed using
tetramethylrhodamine (TMRE, 40 nM, 15 min), selec-
tively taken up by mitochondria.*’” MitoTracker Green
(MTG, 50 nM, 30 min) is taken up by mitochondria inde-
pendently of their membrane potential.*’” The
cardiolipin-sensitive probe 10-nonyl acridine orange
(NAO, 100 nM, 15 min) was used to monitor mitochon-
drial lipid changes.*” Nile Red (NR, 1 pg/ml in
dimethylsulfoxide, 15 min) is a phenoxazine dye, which
can be used to localize and quantify neutral and polar
lipids in living cells. Polar lipids (i.e., phospholipids),
mostly present in membranes, are stained in red (emis-
sion >590 nm), whereas neutral lipids (esterified choles-
terol and triglycerides), present in lipid droplets (LDs),
are stained in yellow (570-590 nm).*’ At least 10,000
events were acquired for each sample.

2.10 | DNA content analysis

The effects on cell cycle progression were investigated in
differentiating SW872 cells by flow cytometry, as previ-
ously detailed by Benedetti et al.*®

2.11 | Cytometric investigations

Cytometric experiments were carried out with a FACS
Canto II flow cytometer equipped with an argon laser
(blue, Ex 488 nm), a helium-neon laser (red, Ex 633 nm)

and a solid-state diode laser (Violet, Ex 405 nm). Ana-
lyses were performed by using FACSDivaTM software;
~15,000 cell events were acquired for each sample.

2.12 | Immunofluorescence analysis

The cells were fixed for 1 min with 95% ethanol/5% acetic
acid, washed with PBS, and blocked in PBS-containing
BSA (2% wt/vol) (30 min at room temperature). The cells
were subsequently incubated with rabbit polyclonal
antiphosphorylated p47°"°* (Table S1), stored for 18 h at
4°C, washed, and then incubated for 3 h in the dark with
fluorescein isothiocyanate (Santa Cruz Biotechnology)-
conjugated secondary antibody diluted 1:100 in PBS. The
cells were washed three times and fluorescence images
were captured using a BX-51 microscope (Olympus,
Milan, Italy), equipped with a SPOT-RT camera unit
(Diagnostic Instruments, Delta Sistemi, Rome, Italy)
using an Olympus LCAch 40 x 0.55 objective lens. The
excitation and emission wavelengths were 488 and
515 nm with a 5-nm slit width for both emission and
excitation.

213 | Immunocytochemistry

Cells grown on microslides were fixed in 4% formalde-
hyde in PBS (15 min), washed twice in PBS and perme-
abilized (10 min) in PBS containing 0.25% Triton-X
100, or washed in PBS when permeabilization was not
required. After fixation and permeabilization, cells were
blocked with 2% normal serum at room temperature for
20 min. Immunostaining was carried out with specific
primary antibodies (Table S1). The immunoreaction was
revealed with the avidin-biotin-peroxidase complex
(ABC) method (Vector, Burlingame, CA, United States).
Peroxidase activity was revealed by diaminobenzidine
hydrochloride as chromogen (Sigma-Aldrich—SIAL,
Rome, Italy). The cellular preparations were then coun-
terstained with methyl green (Genetex-Prodotti Gianni,
Milan, Italy) and mounted in Eukitt (Kindler, Freiburg,
Germany).

Preparations were examined using a Nikon light
microscope (Nikon Eclipse 80i microscope, Laboratory
Imaging, Czech Republic) and an ACT-2U image ana-
lyzer linked to a Sony equipped with digital camera.

2.14 | Statistical analysis

Data are expressed as mean + SD. Comparisons were
made using a one-way analysis of variance (ANOVA)
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followed by Dunnett's test for multiple comparison. All
experiments were repeated at least three times. Differ-
ences were considered significant at p < 0.05 (*) and
p < 0.01 (*%).

3 | RESULTS
3.1 | Morphological changes of
differentiating SW872 cells

Addition of the DM to confluent SW872 cells promoted
adipogenesis associated with significant time-dependent
changes in morphology. Cells, initially displaying a
fibroblast-like morphology, virtually in the absence of
detectable lipid accumulation (Figure 1A, T0), became
more elongated at day 3 (T3), with some LDs in their
cytoplasm. At day 6 of differentiation (T6), the cells fea-
tured a more rounded shape, with an increased number
and size of LDs dispersed throughout the cytosol. At day
10 (T10), most cells appeared roundish with large LDs,
thereby displaying the typical morphology of mature
adipocytes.

The time-dependent conversion of preadipocytes to
fully differentiated adipocytes can be well appreciated by
the analysis of the results illustrated in Figure 1B, in
which the LD total area per cell was quantified with the
“analyse particles” function of the Imagel] software.*’
Spectrophotometric measurement of ORO eluted from
the cells also provided an indication for a time-dependent
increase of intracellular lipid content during differentia-
tion, however with a slowdown of the lipid accumulation
trend after the sixth day (Figure 1B).

It is important to note that the above changes were
detected in the very last majority of the cells analyzed at
the different time points of differentiation. However, a
small proportion of cells at different stages of differentia-
tion was detected in all of these conditions. An example
is provided by cultures at T10, characterized by a large
proportion of rounded cells with an abundant lipid accu-
mulation, and also by other cells more elongated and
with a significantly lower LD content (Figure 1A). This
notion was more clearly established by comparing flow
cytometric forward scatter (FSC) versus side scatter (SSC)
dot plots in cells at TO versus T10 (Figure 1C), using a
procedure employed in other studies.”® Quantification of
these data (Figure 1D) demonstrates that at T6 most
of the cells correspond to mature adipocytes, falling in
the SSC zone (P2, about 80%), whereas the less differenti-
ated phenotype accounted for the residual 20% of the cell
population (P1). Remarkably similar results were
obtained at day 10, thereby suggesting that differentiation
was nearly completed at day 6 (Figure 1C,D).
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Figure 1E depicts a representative histogram plot for
NR staining in P2 cell population (i.e., blue area enclosed
cells). Histogram overlay shows an increase in NR fluo-
rescence intensities from blue events enclosed in the P2
area, highlighting the presence of scarce and dim-
fluorescent cells at TO (red histogram on the left). The
lipid quantification of both P1- and P2-enclosed cells
reported in Figure 1F reveals a similar lipid accumulation
trend in both subpopulations, but a significantly higher
amount of LDs in P2 cells. These results indicate that a
flow of cells from P1 red to the P2 blue area occurred dur-
ing differentiation (Figure 1C), and that the increase in
the granulation/vacuolation of these cells is paralleled by
an increased lipid content (Figure 1E).

3.2 | Cell cycle distribution and
expression of adipogenic markers during
SW872 cell differentiation

We measured the changes in DNA content and cell cycle
distribution of differentiating SW872 cells. As indicated
by the analysis of the flow cytometric DNA profiles
reported in Figure 2A, there was evidence for a time-
dependent reduction in the number of proliferating cells,
which appeared well synchronized at T10, with a large
prevalence of cells in the GO/G1 phase (>90%).

The expression patterns of specific transcription fac-
tors and differentiation markers were next analyzed by
both Western immunoblotting (Figure 2B) and immuno-
cytochemistry (Figure 2C).

We found that C/EBPp, a “classical” early inducer of
adipogenesis,®® is constitutively expressed and largely
localized in the nuclei of cells at TO, upregulated at T3
and T6, with a return to control levels at T10. Increased
expression of C/EBPp protein was in most cells associated
with both nuclear and diffused cytoplasmic labeling.

C/EBP-5 was instead barely detectable at TO and T3, but
its expression eventually increased significantly (four times)
at T6 and T10. Immunocytochemical analysis revealed that
TO cells exclusively express nuclear C/EBPS, with a progres-
sive decline at T3-T10, in parallel with a redistribution of
the protein in the cytoplasm. Rounded T6 or T10 cells, in
particular when associated with an elevated lipid accumula-
tion, showed a weak cytoplasmic C/EBPS staining.

PPARYy expression, very low at TO, was significantly
increased at T3, to remain to similar levels throughout
the entire course of the differentiation period. PPARy
was mainly localized in the nuclear compartment. CD36,
a target gene of PPARY,*® followed the same expression
pattern of PPARy, but with a different subcellular distri-
bution. CD36 immunoreactivity was indeed generally dif-
fused and occasionally punctate or even reticular.
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FIGURE 1 Morphological changes in differentiating SW872 cells. (A) Representative images of Oil Red O (ORO)-stained LDs (red) and
hematoxylin-stained nuclei (blue), in differentiating SW872 cells. The higher enlargements (insets) allowed to analyze the differences of lipid
accumulation in the cytoplasm of the cells: (T0) tiny LD accumulation; (T3) a substantial lipid accumulation as small LDs; (T6) numerous enlarged LDs;
(T10) some large lipid vacuoles in fully differentiated adipocytes. Bars = 50 pm; inset = 10 pm. (B) Cellular ORO quantification performed by ImageJ
software and by spectrophotometric analysis. (C) Forward scatter (FSC) versus side scatter (SSC) dot plots at the indicated differentiation times. The red
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differentiation times. (E) Representative histogram of Nile Red-labeled cells from P2 blue area. (F) Comparison between fluorescence intensities (NR FI)
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raw FI data of specific FL2 Nile Red fluorescence (revealing neutral lipid). Results represent the means + SD calculated from at least three independent
determinations. *p < 0.05, **p < 0.01, as compared to the previous time point (one-way analysis of variance followed by Dunnett's test)
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3.3 | Increase in mitochondrial mass/
number and membrane potential during
SWS872 cell differentiation

We simultaneously measured MTG and TMRE fluores-
cence in differentiating SW872 cells to obtain an indica-
tion of the relative mitochondrial mass/number and
mitochondrial membrane potential, respectively. As indi-
cated in Figure 3A, MTG exhibits fluorescence progres-
sively, but moderately increased with time of
differentiation. The TMRE fluorescence response was
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FIGURE 3
and membrane potential during differentiation. (A) MitoTracker
Green (MTG)- and tetramethylrhodamine (TMRE)-fluorescence
intensity (FI) assays and (B) NAO-FI analysis at the indicated
differentiation times. Results are the ratio T3-T10/T0 and represent
the means + SD calculated from at least three independent

Flow cytometric analyses of mitochondrial mass

determinations. *p < 0.05, **p < 0.01, as compared to the previous
time point (one-way analysis of variance followed by Dunnett's test)

instead steeper and indicative of a significant rise in mito-
chondrial membrane potential.

In other experiments, the use of a different fluores-
cent probe, NAO, revealed a progressive increase in car-
diolipin content from day 0 to day 6 (Figure 3B),
consistently with the observed increase in mitochondrial
mass/number (Figure 3A). However, a sudden drop of
NAO fluorescence occurred at T10, which obviously does
not fit with the data demonstrating a further increase in
mitochondrial mass/number, and might rather provide
an indication of cardiolipin oxidation.>!

3.4 | ROS formation during SW872 cell
differentiation

We measured ROS formation in differentiating SW872
cells using DCF. Figure 4A shows representative
cytometric profiles for the DCF fluorescence detected at
T0-T10, immediately giving a clue for a nonlinear rate of
ROS formation during adipogenesis. This notion is more
clearly established by the histograms depicted in
Figure 4B, indicating an initial sudden increase in ROS
formation at T3, followed by a marked decrease at T6
and a further increase at T10.

We next investigated the mechanism(s) of ROS for-
mation associated with the different phases of the differ-
entiation process and, for the reasons indicated in
Section 1, tested the possibility of an involvement of
NOX-2. This NOX enzyme, while predominant in
macrophages, is also expressed in the adipose tissue®
and animal studies document its importance in
adipogenenesis.'® As indicated in Figure 4C, immunocy-
tochemical evidence of NOX-2 activation was detected at
the same time points in which an increased DCF fluores-
cence response was also observed (Figure 4B).

In order to investigate whether NOX-2 activation
was paralleled by a mitochondrial mechanism of ROS for-
mation, we also performed experiments using MitoSOX
Red. Interestingly, the resulting fluorescence responses,
while absent or negligible at TO-T6, increased significantly
at T10 (Figure 4D,E). An indication of mitochondrial O,
formation is therefore obtained under conditions of
maximal mitochondrial membrane hyperpolarization
(Figure 3A) and cardiolipin oxidation (Figure 3B).

3.5 | Consequences of ROS formation
during SW872 cell differentiation

We investigated Nrf2 expression in differentiating SW872
cells (Figure 5A) and observed a response characterized
by a bimodal trend, reminiscent of that obtained in
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FIGURE 4 Reactive oxygen species (ROS) production during differentiation. (A) Representative flow cytometry histograms of cells
treated with the ROS-sensitive probe chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate (DCF). (B) Statistical analysis of the results
obtained from different DCF flow cytometry assays. (C) Representative micrographs showing phosphorylated p47°"* localization in SW872
cells. At the indicated times, the cells were fixed and analyzed for immunocytochemical detection of phosphorylated p47°h°%,

(D) Representative flow cytometry histograms of cells treated with the mitochondrial ROS-sensitive probe MitoSOX Red. (E) Statistical
analysis of the results from different MitoSOX Red flow cytometry analyses. Results represent the means + SD calculated from at least three
independent determinations. *p < 0.05, **p < 0.01, as compared to the previous time point (one-way analysis of variance followed by
Dunnett's test)
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experiments measuring DCF fluorescence (Figure 4B).
Consistently, an increase in total GSH was also observed
at T3-T10 (Figure 5B), as y-glutamine cysteine ligase, the
rate-limiting enzyme of GSH biosynthesis, is over-
expressed after Nrf2 activation.”

Based on the results shown in Figures 3B and 4E,
respectively, providing evidence for a decline in cardi-
olipin expression and mitochondrial O, " formation at
T10, we compared the levels of total GSH and mitochon-
drial GSH (mGSH) at TO versus T10.

It was interesting to observe that, when normalized on
cell number, the increase in total GSH detected at T10 is
not paralleled by a similar increase in mGSH, which actu-
ally remained virtually unchanged with respect to that
detected at TO (Figure 5C). Consistently, when the data

FIGURE 5 Nuclear factor
(erythroid-derived 2)-like

2 (Nrf2) expression, cellular/
mitochondrial glutathione
content, and thioredoxin

2 redox state during
differentiation. (A) Western
immunoblotting analysis of Nrf2

Bl T10

expression in differentiating
SW872 cells. Actin was used as
loading control. (B) Total
glutathione (GSH) content at
the indicated differentiation
times. (C) Total and
mitochondrial GSH content at
TO and T10. (D) GSH content of
mitochondria isolated from cells
at TO and T10. (E) Analysis of
reduced, partially oxidized, and
fully oxidized thioredoxin

2 (Trx2) thiol groups at the
indicated differentiation times.
The redox state of Trx2 was
determined by urea

polyacrylamide gel
electrophoresis under
nonreducing conditions. Results
represent the means + SD
calculated from at least three
independent determinations.

*p < 0.05, **p < 0.01, as
compared to the previous time

—

point (one-way analysis of
variance followed by
Dunnett's test)

were expressed as nmol/mg proteins, mGSH was signifi-
cantly lower at T10 versus TO (Figure 5C). These results are
therefore indicative of an extensive mitochondrial O, - for-
mation, a notion also consistent with the outcome of stud-
ies investigating the level of Trx2 oxidation, an important
mitochondrial redox regulator.*> We performed a redox gel
using anti-Trx 2 antibodies and obtained evidence of signif-
icant Trx2 oxidation at T10, with hardly any effect being
observed at T3 or T6 (Figure 5D).

4 | DISCUSSION

Adipocyte differentiation is a complex process character-
ized by a highly ordered and well-defined temporal
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sequence. In this study, we performed a detailed characteri-
zation of the morphological changes associated with the
differentiation of postconfluent human SW872 cells grown
in a conventional DM. We obtained evidence for a time-
dependent conversion of a very large proportion of the pre-
adipocytes to fully differentiated adipocytes. This process,
apparently completed at T6, was paralleled by the progres-
sive accumulation of cells in the GO/G1 phase, and expres-
sion of specific transcription factors and differentiation
markers was involved in the induction phase, as C/EBPp
and C/EBPS, or the late phase, as PPARy and CD36.

More specifically, we obtained evidence for a consti-
tutive expression, further increased at T3 and T6, of
C/EBPp, which is associated with an intracellular redis-
tribution of the protein, initially exclusively localized in
nuclei. These results are in keeping with the findings
from other studies.’***

The kinetics of C/EBPS expression was instead some-
what unexpected and different from those obtained in
other studies using different models of adipogenesis.*
Indeed, C/EBPS was scarcely detectable at the early
stages of differentiation (TO and T3), and its expression
increased significantly in the late stages of differentiation
(T6 and T10), in parallel with a subcellular redistribution
of the protein.

C/EBPg, unlike C/EBPS protein expression, seemed
to precede the expression of PPARy, which increased sig-
nificantly at T3, with maintenance of similar levels at T6
and T10. CD36, a multifunctional protein and a target
gene of PPARYy, presented an expression pattern similar
to that of PPARy.>®

In short, SW872 cells well differentiate to mature adi-
pocytes when grown in DM and the morphological
changes observed during this process were accompanied
by the expression of early and late markers of differentia-
tion, which followed kinetics similar to the ones reported
in other cellular model of adipocyte differentiation,>**
however with the exception of C/EBPS.

The process of adipocyte differentiation is associated
with an increased mitochondrial biogenesis, which is
needed to support various key functions of the mature
adipocytes.”” Increased mitochondriogenesis is often
associated with an increase in mitochondrial membrane
potential.®*° Consistently, a progressive increase in
mitochondrial mass/number was observed during the
course of SW872 cell adipogenesis. We also observed a
rather dramatic increase in mitochondrial membrane
potential, indicative of an active mitochondrial formation
of ROS.?® Our data on cardiolipin expression, showing a
progressive increase followed by a sudden drop at day
10, are therefore consistent with both the data on mito-
chondrial mass/number and with the robust increase in
mitochondrial O, " formation detected at T10.

Biofactors_\A\/] ]_‘EYJ_11

The involvement of ROS in the adipogenic process is
documented by numerous studies using different cellular
models.® "% In this study, we obtained evidence for an
intermittent formation of ROS during SW872 cell
adipogenesis, likely attributable to NOX-2 activation,
requiring interaction of the membrane and cytosolic sub-
units to generate O, -, rapidly converted to diffusible
H,0,.** Indeed, our immunofluorescence studies using
anti-p47°" antibodies were indicative of a significant
NOX-2 activation at T3, virtual loss of activity at T6, and
again activation at T10, that is, an intermittent activation
pattern superimposable on the kinetic of ROS formation
measured with DCF.

These results are therefore consistent with the possi-
bility that early NOX-2 activation plays a role in SW872
cell adipogenic differentiation, a conclusion in keeping
with the outcome of in vivo studies using NOX-
2-deficient mice.**??

In this study, we did not investigate NOX-4 expres-
sion and activity during differentiation, which in any case
appears likely since this NOX enzyme displays enhanced
expression in response to H,0,'® This suggests the possi-
bility of a crosstalk between NOX-2 and NOX-4. How-
ever, a crosstalk is also likely to take place between the
NOX enzymes and mROS."> We observed a late onset
mitochondrial O, formation, thereby implying that at
least two different mechanisms contribute to the DCF-
fluorescence response detected at T10, one based on
NOX-2 activation and another one associated with mito-
chondrial events. These results are consistent with the
possibility that late NOX-2 activity participates in
the triggering of late mitochondrial O, " emission.

It is important to note that the apparent absence of
mROS formation at T3 and T6 is rather surprising since
other reports provided evidence for the formation of
these species during the early phases of adipogenesis.®®
In addition, as indicated earlier, an excessive supply of
energy substrates to metabolic pathways should induce
the production of ROS and, more specifically, oversupply
of electrons to the respiratory chain should increase mito-
chondrial O, - formation.'***

One good reason that might explain the absence of
detectable mROS at T3 and T6 is, however, based on the
increased expression of Nrf2, readily activated after ROS-
dependent oxidation of the Nrf2 inhibitor Kelch-like
ECH-associated protein 1.°° Upregulated Nrf2 promotes
the expression of multiple antioxidant genes involved in
different functions, which include mitochondrial H,0,
detoxification.”” One of these genes encodes for
y-glutamine cysteine ligase, the rate-limiting enzyme of
GSH biosynthesis.”® This event takes place in the cytosol
and is followed by a subcellular distribution of the
tripeptide in different compartments, for example, nuclei,
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endoplasmic reticulum, and mitochondria.®® Interest-
ingly, the cytosolic and mitochondrial concentrations of
GSH are remarkably similar (1-10 mM).*® Cytosol-to-
mGSH translocation takes place via poorly defined mito-
chondrial carriers,”®”* in some studies identified in the
dicarboxylate and 2-oxoglutarate carriers (rat liver and
kidney),”"”* or tricarboxylate carrier (rat brain).”*> mGSH
represents a key player of the mitochondrial antioxidant
defense, actively regulating the redox status of these
organelles via different mechanisms, in particular by act-
ing as a cofactor for glutathione peroxidase.”* An addi-
tional important mitochondrial antioxidant defense is
represented by the Trx 2/Trx reductase 2 system.”

In our experiments, Nrf2 activation was detected
under the same conditions in which ROS were generated
by early NOX-2-activation, and late events in which
NOX-2 and mitochondria were concomitantly involved.
Consistently, an increase in total GSH was also detected
at T3 and T10. Based on these findings, the early Nrf2
response, while possibly stimulated by NOX-2-derived
ROS, should provide a general protection to the differen-
tiating adipocytes and may account for an efficient scav-
enging of mROS at T3 and Té.

The scenario drastically changed at T10, a time at
which mROS formation was possibly associated with
mitochondrial dysfunction. At T3 and T6, we observed
parallel increases in cardiolipin levels and mitochondrial
mass/number, but at T10 cardiolipin levels decreased
despite the further increase in mitochondrial mass/num-
ber. This is indicative of cardiolipin oxidation, since this
protein is highly susceptible to oxidative damage.”® At
T10, we also obtained evidence for a decline in mGSH
levels, despite the significant rise in the overall cellular
concentration of the tripeptide. This is also indicative of
extensive mROS formation, apparently causing a
decrease in mGSH, which cannot be compensated by the
increased GSH biosynthesis driven by the Nrf2 response.
The synthesis of GSH indeed takes place in the cytosol,
and its transport in mitochondria limits the accumulation
of the tripeptide in these organelles.”’

The third observation providing indirect evidence of
mROS formation at T10 is based on the extensive Trx2
oxidation detected at this time point. In addition, in keep-
ing with the results of experiments using MitoSOX Red
fluorescence to detect O, ° formation, there was no evi-
dence of Trx2 oxidation at T3 or Té6.

In conclusion, the results presented in this study pro-
vide a detailed characterization of the biochemical and
morphological changes of differentiating SW872 cells as
well as an indication for an intermittent release of ROS
mediated by different mechanisms. Our results are indic-
ative of a complex regulation of ROS formation during
differentiation of these cells, with the NOX enzymes

likely involved in the regulation of the adipogenic pro-
cess. We provide evidence for an early increase in NOX-2
activity, which might imply a role of NOX-2-derived O,
in adipogenesis, although a critical link between this
event and delayed mROS formation is also likely to
occur. This second mechanism of ROS formation, proba-
bly as a consequence of the Nrf2-dependent adaptive
response, was uniquely detected at T10, and, at least in
the conditions employed in this study, does not appear to
play a major role in the induction of adipogenesis, appar-
ently completed at T6. mROS are instead likely involved
with the induction of mitochondrial dysfunction.
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