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Abstract.

BACKGROUND: High levels of reactive oxygen species (ROS) within the adipose tissue promote a disturbed redox bal-
ance and influence its function, impairing adipogenesis, inducing insulin resistance and stimulating adipocyte hypertrophy.
Supplementation with antioxidant rich foods can reverse some of these effects. Strawberry is well known as a good source
of phytochemicals; however, whether strawberry suppresses increased oxidative stress in 3T3-L1 cells remain unclear.
OBJECTIVE: The purpose of the present work was to determine the antioxidant potential of a strawberry extract in 3T3-L1
mouse embryo fibroblast cell line.

METHODS: 3T3-L1 pre-adipocytes were induced to differentiate into adipocytes in the presence or absence of different
concentrations of the strawberry extract. At the end of the differentiation period, intracellular ROS production, thiobarbituric
acid reactive substances (TBARS) content, as well as superoxide dismutase (SOD) and catalase (CAT) activities and gene
expressions were evaluated.

RESULTS: In this study, we confirmed that strawberry extract markedly inhibited increased-oxidative stress in 3T3L1 cells
by suppressing intracellular ROS production and decreasing TBARS content. Likewise, SOD and CAT activities and gene
expressions were increased.

CONCLUSIONS: This paper provides evidence that strawberry extract is able to scavenging free radicals and activate
endogenous defense systems, highlighting its potential capacity to modulate obesity induced- inflammatory states.
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MTT 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide
TBARS thiobarbituric acid reactive substances

TBA thiobarbituric acid

SOD superoxide dismutase

CAT catalase

1. Introduction

White adipose tissue is mainly constituted by adipocytes (fat cells) and their precursor cells (pre-adipocytes)
which differentiate into mature adipocytes through a complex process named adipogenesis [1, 2]. Redox envi-
ronment determined by the state of the major redox pairs in the cells (e.g. GSSG/2GSH and NADT/NADH) and
reactive oxygen species (ROS) have been recognized as important modulators of this process [2]. ROS, includ-
ing hydrogen peroxide (H>O3), superoxide anion (O3") and hydroxyl radical (OH™) are unstable molecules
capable of oxidize important biomolecules, such as lipids, proteins or DNA triggering their functional impair-
ment [2-5]. ROS effects are chiefly dependent on the species itself, its location, concentration and time of
exposure. In adipose tissue, ROS can be generated during the metabolism of excess nutrients, by NADPH oxi-
dase (NOX) membrane-bound proteins and by macrophages, which accumulate in this tissue during obesity
[6].

Increased oxidative stress in adipocytes is considered an important pathogenic mechanism of obesity-
associated metabolic syndrome [7]. It has been associated with insulin resistance and adipocyte hypertrophy
which stimulates inflammation, altered metabolism and dysregulated adipokines secretion [2]. ROS are also
required for adipocytes differentiation by regulating mitotic clonal expansion during adipogenesis [6, 7].

Conversely, supplementation with antioxidant compounds that reduce ROS levels, either by inhibiting ROS
formation or by inducing antioxidant enzymes, has been demonstrated to improve insulin sensitivity, lipid
metabolism and glucose homeostasis in different experimental models [2, 8]. In that sense, strawberries are
recognized as a good source of phytochemicals compounds [9, 10] which present several biological activ-
ities including antioxidant [11, 12], antiatherogenic [13], anti-inflammatory [14—16] and anticarcinogenic
[17-20]. However, to date the effects of strawberry in adipocytes remain unknown. Thus, the purpose of the
present study was to determine the antioxidant potential of a strawberry extract in 3T3-L1 mouse embryo
fibroblast cell line, one of the most well characterized and reliable models for studying adipocytes differentia-
tion.

2. Materials and methods

2.1. Strawberry extract preparation

Strawberry fruits Fragaria x ananassa were collected in the experimental fields of the Agricultural Faculty
of the Universita Politecnica delle Marche (UNIVPM, Italy). The strawberry variety selected was “Romina”,
a cultivar released in 2011 as a result of the breeding program of UNIVPM [21]. For the extract preparation,
10 g of fruits were added to 100 mL of the extraction solution consisting of methanol/MilliQ water/formic acid
(80:20:0.1 v/v) and homogenized using an Ultraturrax T25 homogenizer (Janke & Kunkel, IKA Labortechnik).
Then, the mixture was centrifuged at 2400 x g for 15 min in two sequential times and supernatants were filtered
through a 0.45 pwm Minisart filter (PBI International). For cellular treatment, the extract was further concentrated
through a rotary evaporator and stored in aliquots at —80°C.
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2.2. Cell culture and differentiation

3T3-L1 pre-adipocytes were purchased from the American Type Culture Collection (ATCC ® CL-173™)
and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% bovine calf serum, 100 [U/mL
penicillin and 100 pg/mL streptomycin. To induce differentiation into mature adipocytes, 2-day postconfluent
3T3-L1 cells (designated as Day 0) were incubated in DMEM containing 10% fetal bovine serum (FBS), 0.5 mM
3-isobutyl-1-methylxanthine (IBMX), 1 uM dexamethasone and 1 wg/mL insulin for 2 days. The differentiation
medium was then replaced with DMEM containing 10% FBS and 1 pg/mL insulin, which was changed every
48 h for another 8 days. Strawberry extract was added at Day 0 and maintained during cell differentiation until
Day 10.

2.3. Cell viability (MTT assay)

For cell viability assessment, 3T3-L1 pre-adipocytes were seeded at a density of 5 x 103 cells/well into 96-
well plates and treated with increasing concentrations (from O to 1 mg/mL) of the strawberry extract for 24,
48 and 72h. After treatment, 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution
(2mg/mL) were added and cells were incubated for 2h. The formazan crystals were dissolved in 100 pL of
dimethyl sulfoxide and the absorbance was read at 590 nm [22, 23] on a microplate reader (Thermo Scientific
Multiskan EX).

2.4. Assessment of intracellular ROS production by the Tali® Image-Based cytometer

Intracellular ROS levels were determined by the CelIROX® Oxidative Stress Kit (Invitrogen TM, Life Tech-
nologies, Milan, Italy) according to the manufacturer’s instructions. Briefly, cells were seeded in 6-well plates
at a density of 8 x 10* cells/well and incubated with different concentrations (10, 50 and 100 wg/mL) of the
strawberry extract for 24 h or throughout the differentiation period (Day O to Day 10). The strawberry extract
concentrations used were chosen according to the MTT assay. After treatment, cells were trypsinized and cen-
trifuged at 556 x g for 10 min at 4 °C. The pellet was then re-suspended in 1 mL of complete medium containing
the CellROX® Orange Reagent at a final concentration of 5 WM. Samples were incubated for 30 min at 37 °C,
centrifuged and re-suspended again in PBS. After labeling with CelIROX® Orange Reagent, cells were analyzed
with the Tali® Image-Based cytometer (Thermo Fisher Scientific, Milan, Italy).

2.5. Cells’ lysates preparation

Cells were seeded in 6-well plates at a density of 8 x 10* cells/well and incubated with different concentrations
(10, 50 and 100 pg/mL) of the strawberry extract for 24 h or throughout the differentiation period (Day O to Day
10). The strawberry extract concentrations were chosen according to the MTT assay. After treatment, cells were
lysed in a buffer containing 20 mM Tris—HCI (pH 7.5), 0.2% Triton X-100, 0.9% NaCl and 1% of the protease
inhibitor cocktail (Sigma-Aldrich, Milan, Italy) for further western blot analysis or were lysed in the RIPA buffer
(Sigma-Aldrich, Milan, Italy) for the determination of lipid peroxidation and antioxidant enzymes activity.

2.6. Determination of lipid peroxidation

Lipid peroxidation was determined by the thiobarbituric acid reactive substances (TBARS) assay according to
the method proposed by Ohkawa et al. [24]. Briefly, 300 p.L of cellular lysate were mixed with the thiobarbituric
acid (TBA) reagent (TBA, 0.37% in 0.2 M HCI) and 15% trichloroacetic acid and heated at 95 °C for 20 min.
Then, the mixture was chilled, centrifuged at 1200 x g for 15 min at 4 °C and the absorbance was measured at
532 nm.
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2.7. Determination of antioxidant enzymes activity

Superoxide dismutase (SOD) activity was evaluated according to the method proposed by Kakkar et al.
[25]. Briefly, 10 pL of the cellular lysate were added to the assay mixture consisted of 1.2mL of sodium
pyrophosphate buffer (0.025 M), 100 wL of phenazine methosulfate (186 wM), 300 L of nitroblue tetrazolium
(300 M), 190 L of PBS and 1 mL of water. The reaction was then initiated by the addition of 10 pL of NADH,
and the samples were incubated at 30 °C for 90s. Subsequently, 1 mL of glacial acetic acid was added and the
reaction mixture was stunned with 2 mL of n-butanol, allowed to stand for 10 min and centrifuged at 1300 x g for
another 10 min. The absorbance was measured at 540 nm in a microplate reader (Thermo Scientific, Multiskan®
EX, Monza, Italy).

Catalase (CAT) activity was assayed according to the method proposed by Aebi, [26]. Briefly, 10 L of the
cellular lysate were added to the assay mixture consisted of 990 pL of sodium phosphate buffer (50 mM) and
500 L of HyO; (30%). The absorbance diminution caused by H,O, degradation was monitored at 240 nm after
10 to 70's of reaction.

2.8. Western blotting analysis

Equal amounts of cellular lysates (75 g of protein) were subjected to 10% acrylamide sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS/PAGE), transferred to nitrocellulose membranes and immunoblotted
with antibodies to SOD (sc-11407), CAT (sc-271803) and GADPH (sc-25778) (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). Protein bands were visualized using Immobilon Western Chemiluminescent Substrate
(Millipore Corporation, Billerica, MA, USA) and the protein signals were detected by a Lycor C-Digit Blot
Scanner. Quantification of protein expression was made using the software (Image Studio 3.1) provided by the
manufacturer of the Blot Scanner (LI-COR Biotechnology, Bad Homburg, Germany).

2.9. Statistical analysis

Statistical analyses were performed using STATISTICA software (Statsoft Inc., Tulsa, OK, USA). Data were
subjected to one-way analysis of variance for mean comparison and significant differences among treatments
were calculated according to Tukey’s HSD (honest significant difference) multiple range test. Data was reported
as mean =+ standard deviation (SD). Differences at p <0.05 were considered statistically significant. All the
analyses were performed in triplicate.

3. Results

The strawberry extract used in the present study was previously characterized by our group [27]. Pelargonidin 3-
O-glucoside (29.30 &= 0.59 mg/g) represented the main bioactive compound (about 80% of the total anthocyanins
content), while ellagic acid derivatives (1.74 £0.12 mg/g) and flavonols/dihydroflavonols (0.26 £ 0.01 mg/g)
were quantified in lower amounts. It presented a high antioxidant capacity as determined by the ferric-reducing
antioxidant power (168.25 43.95 pwmol Trolox equivalent/g) and the trolox equivalent antioxidant capacity
(35.51 £ 0.06 pmol Trolox equivalent/g) methods.

3.1. Cytotoxic effects of the strawberry extract

In order to evaluate the cytotoxic effects of the strawberry extract on 3T3-L1 cells a MTT assay was per-
formed. As shown in Fig. 1, the strawberry extract did not cause significant effects (p <0.05) on cell viability at
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Fig. 1. Effects of strawberry extract on 3T3-L1 cells viability as measured by the MTT assay. Cells were treated with the indicated
concentration for 24, 48 or 72 h. IC50 indicates the concentration of strawberry extract which reduces the cells viability about 50%. Values
are expressed as mean £ SD of three independent experiments (n=3). The asterisk indicates the concentrations from which significant
differences (p <0.05) were observed compared to the control.

concentrations lower than 100 pg/mL. In all the evaluated times, the IC50 was greater than 1 mg/mL. Therefore,
the concentrations 10, 50, and 100 pg/mL were used in subsequent experiments.

3.2. Effects of the strawberry extract on intracellular ROS production and lipid peroxidation

Once demonstrated that strawberry extract did not affect cell proliferation at concentrations <100 pg/mL, the
effects on intracellular ROS production and lipid peroxidation were evaluated.

In untreated mature adipocytes, the intracellular ROS content was 0.6 times higher compared to pre-adipocytes
without treatment. In both conditions, strawberry supplementation reduced the ROS levels. In pre-adipocytes
(Fig. 2A), strawberry extract decreased ROS production up to 0.65, 0.61 and 0.38 fold compared to control
when applied for 24 h at 10, 50, and 100 p.g/mL, respectively. Also in mature adipocytes (Fig. 2B), strawberry
extract significantly (p <0.05) decreased ROS production up to 0.85, 0.80 and 0.53 fold compared to control in
correspondence with 10, 50, and 100 pg/mL, respectively.

Treatment with strawberry extract also reduced lipid peroxidation as can be noticed in Fig. 3. In pre-
adipocytes the highest concentration of the strawberry extract significantly (p <0.05) decreased TBARs levels
from 0.27 = 0.06 nmol/mg protein (in control) to 0.05 &= 0.04 nmol/mg protein, while in mature adipocytes the
same strawberry extract concentration caused a reduction from 0.48 4= 0.04 nmol/mg protein (in control) to
0.34 +0.02 nmol/mg protein. Also in this case, the basal level in mature adipocytes was considerably higher
compared to undifferentiated cells prior to strawberry treatment (Fig. 3).

3.3. Effects of the strawberry extract on antioxidant enzymes activity and protein expression

The activity and the protein expression of the antioxidant enzymes SOD and CAT were also evaluated. In mature
adipocytes SOD (Fig. 4A) and CAT (Fig. SA) activities was considerably lower compared to undifferentiated
cells (considering the untreated cells).
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Fig. 2. Effects of strawberry extract on intracellular ROS production in 3T3-L1 cells as quantified by the Tali® Image-Based Cytometer.
3T3-L1 pre-adipocytes were incubated with the indicated concentrations of strawberry extract for 24 h (A) or induced to differentiate into
mature adipocytes in the presence or absence of the strawberry extract as described above (B). The concentration of O pg/mL corresponds to
the control (untreated cells). Values are expressed as mean & SD of three independent experiments (n = 3). Different superscript letters for
the same set of data indicate significant differences (p <0.05).
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Fig. 3. Effects of strawberry extract on lipid peroxidation in 3T3-L1 cells as measured by the TBARs Assay. 3T3-L1 pre-adipocytes were
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Fig. 4. Effects of strawberry extract on superoxide dismutase (SOD) activity (A) or protein expression (B) in 3T3-L1 cells. The enzyme
activity was measured by a colorimetric method while the protein expression was evaluated by western blotting. The protein signals were
detected by a Lycor C-Digit Blot Scanner and quantification was made using the software Image Studio 3. 3T3-L1 pre-adipocytes were
incubated with the indicated concentrations of strawberry extract for 24 h or induced to differentiate into mature adipocytes in the presence or
absence of the strawberry extract as described above. The concentration of 0 wg/mL corresponds to the control (untreated cells). Values are
expressed as mean =+ SD of three independent experiments (n = 3). Different superscript letters for the same set of data indicate significant
differences (p <0.05).
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Fig. 5. Effects of strawberry extract on catalase (CAT) activity (A) or protein expression (B) in 3T3-L1 cells. The enzyme activity was
measured by a colorimetric method while the protein expression was evaluated by western blotting. The protein signals were detected by a
Lycor C-Digit Blot Scanner and quantification was made using the software Image Studio 3. 3T3-L1 pre-adipocytes were incubated with
the indicated concentrations of strawberry extract for 24 h or induced to differentiate into mature adipocytes in the presence or absence of
the strawberry extract as described above. The concentration of 0 pg/mL corresponds to the control (untreated cells). Values are expressed
as mean £ SD of three independent experiments (n = 3). Different superscript letters for the same set of data indicate significant differences
(p<0.05).
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In both cases (either in pre-adipocytes and adipocytes) strawberry extract significantly increased (p <0.05)
the SOD activity when applied at 50 or 100 wg/mL (Fig. 4A) while it didn’t cause significant (p <0.05) effects
in the protein expression in mature adipocytes. In pre-adipocytes the strawberry treatment increased the SOD
expression only when applied at the higher concentration (100 pg/mL) (Fig. 4B).

Regarding the CAT, strawberry extract caused an augmentation in the enzyme activity in a dose-dependent
manner (Fig. S5A) while it increased the protein expression only at the highest concentration (Fig. 5B) for both
pre-adipocytes and mature adipocytes.

4. Discussion and conclusions

Oxidative stress has been associated to several metabolic diseases, including type 2 diabetes, insulin resistance,
cardiovascular diseases and obesity. In adipocytes, ROS overproduction has been associated with multiple forms
of insulin resistance [2, 7] and with some modifications in endoplasmic reticulum, mitochondrial functionality
and cell signaling, that lead to inflammatory conditions [28]. The molecular mechanism involved could be based
-at least in part- on ROS-induced production of the inflammatory cytokine tumor necrosis factor alpha (TNFa)
which plays an essential role in insulin resistance through the down-regulation of insulin-stimulated glucose
uptake and insulin receptor auto-phosphorylation [28]. In this work we demonstrated that strawberry treatment
significantly decreased intracellular ROS production in a dose-dependent mode and it would be interesting to
confirm in future studies if it capable of inhibiting the mentioned molecular pathways.

Likewise, increased biomarkers of lipid peroxidation such as TBARS and 4-hydroxynonenal protein adducts
in adipose tissue has been significantly correlated with the body mass index in different animal and human
models [2]. Also the inhibition of antioxidant enzymes has been related with increased ROS production and
inflammatory states [28—31]. By contrast, mitochondrial-targeted antioxidant as well as overexpression of SOD
and CAT have been associated to insulin sensitivity in mice fed a high-fat diet [2, 8]. In that sense, the observed
diminution in TBARS levels as well as the stimulation of the antioxidant enzymes after strawberry treatment
render this fruit a good candidate for the treatment and/or prevention of diabetes and obesity.

In conclusion, we demonstrated that strawberry supplementation significantly decreased ROS production
and lipid peroxidation while increased antioxidant enzymes activities and expression in both pre-adipocytes
and matures adipocytes. These effects may be attributable to strawberry polyphenols ability to scavenging free
radicals and activate endogenous defense systems, highlighting its potential capacity to modulate obesity induced-
inflammatory states.
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