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Abstract

Obesity has been associated with a marked risk of metabolic diseases and requires therapeutic strategies. Changes in redox status with
increased oxidative stress in adipose tissue have been linked with obesity-related disorders. Thus, the biological effect of antioxidants such
as polyphenols is of high interest. We aimed to measure antioxidant capacities of 28 polyphenols representative of main dietary phenolic
acids, flavonoids, stilbenes and curcuminoids. Then, 14 molecules were selected for the evaluation of their effect on 3T3-L1 preadipocytes
and human red blood cells exposed to oxidative stress. Analysis of reducing and free radical-scavenging capacities of compounds revealed
antioxidant properties related to their structure, with higher activities for flavonoids such as quercetin and epicatechin. Their effects on
preadipocytes’ viability also depended on their structure, dose and time of exposure. Interestingly, most of the compounds exhibited a
protective effect on preadipocytes exposed to oxidative stress, by reversing H,O,-induced anti-proliferative action and reactive oxygen
species production. Polyphenols also exerted an anti-inflammatory effect on preadipocytes exposed to H,0O, by reducing IL-6 secretion.
Importantly, such antioxidant and anti-inflammatory effects were observed in co-exposition (polyphenol and prooxidant during 24 h) or
pretreatment (polyphenol during 24 h, then prooxidant for 24 h) conditions. Moreover, compounds protected erythrocytes from AAPH
radical-induced lysis. Finally, these results led to demonstrate that antioxidant and anti-inflammatory properties of polyphenols may depend
on structure, dose, time of exposure and cell conditioning with oxidative stress. Such findings should be considered for a better understand-

ing of polyphenols’ benefits in strategies aiming to prevent obesity-related diseases.
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Introduction

According to the World Health Organization, overweight
and obesity, which are defined as abnormal or excessive
fat accumulation that may impair health, are the fifth lead-
ing risk for global deaths and worldwide obesity has nearly
doubled since 1980. Excess of adiposity is closely linked
to the pathogenesis of major health issues such as type 2
diabetes [1,2], hypertension [3,4], metabolic syndrome
[5,6] and cardiovascular diseases [7,8]. High-fat and car-
bohydrate diet is the major cause of an elevation of energy
storage in the white adipose tissue, inducing an increase
in preadipocytes’ proliferation, differentiation into adipo-
cytes as well as the size of mature adipocytes [9,10].
The processes of adipose hypertrophia and hyperplasia are
associated with intracellular abnormalities of adipocyte
function, particularly endoplasmic reticulum and mito-
chondrial stress. Abnormal lipid accumulation causes
enhanced endoplasmic reticulum activity, which ultimately
can alter the capacity of the reticulum to properly fold
nascent proteins [11]. This reticulum stress associated

with the presence of free fatty acids is responsible for
oxidative stress in the mitochondria, which is defined as
imbalance in levels of reactive oxygen species (ROS) ver-
sus the reducing substances that protect against damaging
free radicals and peroxides. Whereas low levels of ROS
are required to support natural cellular function and regu-
late intracellular signaling, excess of ROS production can
cause damage to all cellular macromolecules, including
nucleic acids, lipids and proteins [12,13]. High ROS
production also leads to a dysregulation of adipokine
secretory patterns: adipocytes and cells from the stroma
vascular fraction including preadipocytes, macrophages
and adipose stem cells contribute to the production of pro-
inflammatory cytokines in obesity, such as tumor necrosis
factor-o. (TNF-a), interleukin-6 (IL-6), monocyte chemoat-
tractant protein-1 (MCP-1) and the reduction in anti-
inflammatory molecules, such as adiponectin [14]. This
pro-inflammatory state as well as excessive ROS produc-
tion participates in insulin resistance by several mecha-
nisms, such as the reduction of insulin sensitivity by
influencing the insulin receptor phosphorylation state
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[15]. Ultimately, insulin resistance induces ectopic fat
deposits and may contribute to explain obesity-related car-
diovascular diseases [7]. As oxidative stress appears as a
critical event between obesity and related chronic diseases
such as type 2 diabetes, the biological effect of natural
micronutrients that may increase the antioxidant capacity
of the body is of high interest.

Plant polyphenols constitute the most abundant antioxi-
dants present in the human diet. They are mainly provided
by fruits, vegetables, cereals, as well as some beverages
such as tea, coffee, cocoa and juice. More than 5,000 mol-
ecules have been identified and classified into major chem-
ical families, namely flavonoids, phenolic acids, stilbenes,
lignans and curcuminoids [16]. Among phenolic acids, gal-
lic, vanillic and chlorogenic acids have been intensively
studied for their biological effects on adipocytes [17]. Con-
cerning flavonoids, quercetin, epicatechin and epigallocat-
echin gallate have been reported to have strong antioxidant
capacities [18,19]. Several biological properties have been
attributed to dietary polyphenols, such as antioxidant and
anti-inflammatory effects as well as actions on cell cycle
[20,21]. Few years ago, much attention has been paid
to the understanding of polyphenol bioavailability as their
metabolic fate constitutes a major factor which governs
their ability to reach target tissues and to exert biological
effects. We demonstrated the crucial role of the gut micro-
flora in the degradation of polyphenols that are not easily
absorbed through the proximal part of the gut barrier
[22-24]. Such a microbial metabolism leads to the produc-
tion of specific metabolites including both 3,4-dihydroxy-
phenylacetic and hippuric acids which may contribute to
explain the biological properties attributed to some native
polyphenols not easily absorbed [25].

Numerous studies have been reported about the impact
of polyphenols on adipose tissue, mainly on preadipocyte
differentiation and adipokine secretion from mature adipo-
cytes [20,26]. However, their effects on preadipocytes have
been poorly evaluated despite preadipocytes constitute
major cells governing adipose tissue development. Another
cell type particularly exposed to oxidative stress due to its
function in the organism, particularly its high tension of
oxygen, is red blood cells [27]. Our objective was to com-
pare for the first time the antioxidant properties of 26 major
dietary polyphenols from flavonoids, phenolic acids, stil-
benes, curcuminoids families and 2 of their circulating
microbial metabolites (Figure 1), as well as their biological
effect on 3T3-L1 preadipocytes and human red blood cells
exposed to oxidative stress. Importantly, polyphenols’ action
on preadipocytes was evaluated in both co-exposition (poly-
phenol and prooxidant during 24 h) and pretreatment (poly-
phenol during 24 h, then prooxidant for 24 h) conditions.

Materials and methods

Reagents

All polyphenols and microbial metabolites were purchased
from Sigma-Aldrich.

Antioxidant-capacity assays

The reducing capacity of compounds was determined by
Folin—Ciocalteu test and the free radical-scavenging activity
was assessed by 2,2-diphenyl-2-picrylhydrazyl (DPPH) and
oxygen radical absorbance capacity (ORAC) methods.

For Folin—Ciocalteu assay [28], 50 uM sample, Folin—
Ciocalteu’s phenol reagent (Sigma-Aldrich) and sodium
carbonate were added in a 96-well microplate and incu-
bated at 54°C for 5 min and then at 4°C for 5 min. The
absorbance was measured at 765 nm (FLUOstar Optima,
Bmg Labtech). A calibration curve was prepared using a
standard solution of gallic acid (0-300 uM). The total
reducing capacity of the compound tested was expressed
as mole gallic acid equivalent (GAE)/mole compound.

The free radical-scavenging activity on DPPH radical
was measured according to the method described by Yang
et al. with slight modifications [29]. Briefly, 0.25 mM
DPPH (Sigma-Aldrich) diluted in methanol was incubated
with 50 uM sample. After 25 min at 25°C, the optical
density (OD) was read at 517 nm. The percentage of free
radical-quenching activity of DPPH was determined
according to the following formula:

o ) (ODcontrol —ODsample)
Antioxidant capacity (%) = X100
OD control

The free radical-scavenging activity was also evaluated by
ORAC test which is based on the decrease in fluorescein
fluorescence in the presence of the chemical oxidant 2,2’-
azobis[2-methyl-propionamidin] dihydrochloride (AAPH)
(Sigma-Aldrich), according to the method of Huang et al.
with some modifications [30]. Briefly, 0.5 uM sample and
150 uL of 8.38 X 10~ 3 mM fluorescein were placed in a
96-well black microplate, and after 15 min at 37°C, 25 uL
of 153 mM AAPH radical was added to each well. Then,
the fluorescence was measured for 1 h 40 min at a wave-
length of excitation and emission of 485 nm and 530 nm,
respectively (Infinite 200, Tecan). The results were based
on the Area Under the Curve of fluorescence decay over
time and compared with Trolox calibration curve ranging
from 6.25 to 75 uM. The free radical-scavenging activity
of the compound tested was expressed as mole Trolox
equivalent/mole compound.

Cell culture

The mouse embryo 3T3-L1 murine preadipocyte cell line
was obtained from the American Type Culture Collections
(ATCC, USA). The culture medium included Dulbecco’s
modified Eagle’s medium containing 25 mM glucose, 10%
heat-inactivated fetal bovine serum (FBS), L-glutamin (5
mM), streptomycin (2 pg/mL) and penicillin (50 pU/mL).
The cell culture condition was in a humidified 5% CO,
incubator at 37°C.

Cell viability measurement

The 3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was performed according to the
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Figure 1. Chemical structures of 26 polyphenols and 2 microbial metabolites selected for the study.

method of Mosmann [31]. To assess polyphenols’ dose-
dependent effect, cells cultured in 96-well microplates
(5 X 10 cells/well) were exposed to compounds (25, 50,
100 uM) during 24 or 48 h. For co-exposition experi-
ments, cells were treated with 500 uM H,0, and 50 uM

polyphenols for 24 h. For pretreatment experiments, cells
were pretreated with 50 uM polyphenols during 24 h, then
antioxidants were washed out and cells were exposed to
H,0, during 24 h. Five hours before the end of each exper-
iment, 20 pL of sterile filtered MTT solution (5 mg/mL)
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(Sigma-Aldrich) in phosphate-buffered saline (PBS, pH
7.4) was added to each well and the plate was incubated
at 37°C. Then, the unreacted dye was removed by cen-
trifugation, the insoluble formazan crystals were dissolved
in 200 pL/well dimethyl sulfoxide and the absorbance was
measured at 560 nm (FLUOstar Optima, Bmg Labtech).

Concerning cell counting, preadipocytes were treated
with 50 uM polyphenols for 24 h and then counted
with a hemocytometer using the trypan blue exclusion
method [32].

To assess cell death, LDH leakage measurement was
performed using a commercial kit (Sigma-Aldrich) [33].
Cells were treated with 50 uM polyphenols for 24 h and
then analyzed for LDH leakage into the culture medium.
Then, the percentage of LDH leakage was calculated, as
compared with untreated cells (0% of LDH leakage).

Determination of ROS production

The level of intracellular ROS was assessed by measuring
the oxidation of DCFH-DA. DCFH-DA diffuses through
the cell membrane and is deacetylated by cellular esterases
to the non-fluorescent DCFH. Intracellular ROS are able
to oxidize DCFH to the fluorescent 2,7-dichlorofluores-
cein (DCF), whose intensity of fluorescence is directly
proportional to the levels of intracellular ROS. Briefly,
cells were cultured in 96-well black microplates (5 X 103
cells/well) for 24 h. Then, the medium was removed and
replaced by PBS containing 10 uM of DCFH-DA (Sigma-
Aldrich) and cells were kept in a humidified atmosphere
5% CO2, 37°C) for 45 min. Next, cells were co-exposed
to 500 uM H,0, and 50 uM polyphenols for 1 h. Fluores-
cence was measured at an excitation wavelength of 492
nm and an emission wavelength of 520 nm (FLUOstar
Optima, Bmg Labtech).

Measurement of IL-6 and TNF-o. secretion

Culture media collected from 3T3-L1 cells co-exposed to
polyphenols and H,O, during 24 h, or pretreated with
polyphenols for 24 h and then treated with H,O, for 24 h,
were analyzed using Mouse IL-6 or TNF-o. ELISA Kkits
(eBioscience). Absolute values were normalized accord-
ing to total cellular-protein content assessed by Bradford
test [34].

Hemolysis assay

The capacity of the compounds to inhibit free-radical-in-
duced hemolysis was assessed according to Prost with
modifications [35]. Red blood cells were obtained from
ten subjects aged 20—40 years, according to the authoriza-
tion from the Committee for the Protection of Persons and
Guidelines from La Réunion Hospital. The cells were
washed and suspended in 0.15 M NacCl, at pH 7 and incu-
bated with 61 mM AAPH and 50 uM of the compounds
for 18 h at 37°C. Cell lysis was determined by measuring
the absorbance at 450 nm at 10-min intervals (FLUOstar
Optima, Bmg Labtech).

Statistical analysis

Data were expressed as means = SEM. All assays were
performed in three independent experiments, with tripli-
cate for each of them. Statistical analysis was achieved
using Prism software. Significant differences (p <0.05)
between the means were determined by analysis of vari-
ance procedures followed by a multiple comparison test
(Dunnet’s or Dunn’s test).

Results

Antioxidant properties of polyphenols evaluated by
Folin—Ciocalteu, DPPH and ORAC assays

Antioxidants can reduce free radicals by two mechanisms
which are hydrogen atom transfer (HAT) and electron
transfer (ET). In this study, two tests measuring the
antioxidant activity were implemented, namely DPPH
(ET) and ORAC (HAT) assays. Folin—Ciocalteu method
measuring the reducing capacity of polyphenols was also
performed.

The results obtained through Folin—Ciocalteu assay
showed that some flavonoids including epigallocatechin
gallate, epicatechin gallate, quercetin and epicatechin as
well as one member of phenolic acid family, namely 3,4-
dihydroxybenzaldehyde, had the strongest reducing capac-
ity which was 2-3 fold greater than that of gallic acid, with
values ranging from 3.91 to 2.09 mole GAE/mole com-
pound (Table I). A second group of molecules showing
high reducing capacity was distinguished, with values rang-
ing from 1.99 to 1.28 mole GAE/mole compound. This
group included the microbial metabolite 3,4-dihydroxyphe-
nylacetic acid, catechin, caffeic acid, isorhamnetin, vanillyl
alcohol, myricetin, resveratrol, 4-hydroxybenzoic acid, nar-
ingenin, genistein, vanillin and apigenin. Epigallocatechin,
ferulic and chlorogenic acids exerted a moderate reducing
activity close to that of gallic acid with values reaching
1.18, 1.13 and 1.06 mole GAE/mole compound, respec-
tively, while the other polyphenols (p-coumaric, vanillic,
syringic and hippuric acids, daidzein, kaempferol and cur-
cumin) exhibited a lower reducing capacity from 1.02 to
0.16 mole GAE/mole compound.

Concerning DPPH assay, gallic acid, epigallocatechin
gallate, 3-4-dihydroxybenzaldehyde, epicatechin gallate,
quercetin and myricetin exerted the strongest scavenging
activity, with values ranging from 69.84% to 57.04%.
Chlorogenic acid, caffeic acid, epicatechin, syringic acid,
catechin, 3,4-dihydroxyphenylacetic acid, isorhamnetin,
epigallocatechin, vanillyl alcohol, ferulic acid, kaemp-
ferol, curcumin and resveratrol also presented a high scav-
enging activity with values yielding 54.33-29.98%. The
other polyphenols showed moderate activities with values
less than 17.72%, as found for p-coumaric acid.

Additionally, ORAC method showed that catechin,
epicatechin, genistein and epicatechin gallate which are
compounds from flavonoids family exhibited a strong anti-
radicalar activity with respective values of 34.70, 33.26,
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Table I. Antioxidant activities of 26 polyphenols and 2 microbial metabolites assessed by Folin—Ciocalteu,

DPPH and ORAC methods.

Reducing capacity

Radical-scavenging activity

mole GAE/mole

mole Trolox equivalent/

Phenolic compounds compound DPPH reduced (%) mole compound
Epigallocatechin gallate 3.91%0.03 63.85*+0.78 14.86 = 0.35
Epicatechin gallate 3.45+0.01 61.63=0.73 25.58 £0.63
Quercetin 2.54+0.03 60.15+0.73 15.32£0.58
Epicatechin 2.54+0.03 51.45+0.78 33.26+0.53
3,4-DiOHbenzaldehyde 2.09+0.02 63.54+0.66 16.28 =0.74
3,4-DiOHphenylacetic acid 1.99 £0.04 47.32+0.70 19.44 =091
Catechin 1.88 £0.02 47.36+0.73 3470 £0.71
Caffeic acid 1.87£0.02 53.43£1.08 11.78 £0.48
Isorhamnetin 1.74*£0.03 45.71+0.77 20.50 =0.45
Vanillyl alcohol 1.69 +0.02 44.35+0.95 16.56 £0.29
Myricetin 1.68 £0.02 57.04 £0.81 8.27+0.64
Resveratrol 1.65*£0.02 29.98 £0.74 23.21£0.74
4-OHbenzoic acid 1.56 =0.02 2.73£0.48 19.61 =0.42
Naringenin 1.43£0.02 6.14+0.78 18.84 £0.74
Genistein 1.37+0.01 3.52+0.63 26.80 £0.77
Vanillin 1.32+0.03 10.42£0.73 525*0.58
Apigenin 1.28 £0.02 3.47+0.25 9.38£0.23
Epigallocatechin 1.18 £0.02 45.65+£0.78 433+0.63
Ferulic acid 1.13+0.03 39.01 £0.52 9.97 £0.46
Chlorogenic acid 1.06 =0.03 5428 = 1.21 7.36 +0.51
Gallic acid 1.03+0.02 69.84 +0.91 3.68 £0.27
p-Coumaric acid 1.02+0.03 1772 =1.29 11.32£0.20
Vanillic acid 0.99 =0.02 9.15+0.59 ND
Daidzein 0.98 £0.02 3.53+0.52 12.89 +0.27
Syringic acid 0.73+0.02 48.28 =045 2.01£0.12
Kaempferol 0.72+0.01 38.37£0.55 1.81£0.20
Curcumin 0.37 £0.02 35.13+0.49 3.24+0.18
Hippuric acid 0.16 =0.01 1.93+0.62 ND

Each compound was tested at 50 uM for Folin—Ciocalteu and DPPH tests and at 0.5 uM for ORAC assay. Results are
means = SEM of three independent experiments with triplicate for each compound (ND: not detected).

26.80 and 25.58 mole Trolox equivalent/mole compound.
Except gallic acid, curcumin, syringic acid and kaemp-
ferol which had an activity less than 4.00 mole Trolox
equivalent/mole compound and vanillic and hippuric acids
without any detected activity, other phenolic compounds
exerted a high antioxidant capacity (23.21-4.33 mole
Trolox equivalent/mole compound). Regarding vanillic
and hippuric acids, ORAC data were in agreement with
results described above showing that both these com-
pounds were characterized by weak antioxidant effects.
Finally, results obtained from Folin—Ciocalteu, DPPH
and ORAC assays highlighted three groups of compounds:
1) a first group of molecules exhibiting a strong antioxidant
activity, ii) a second one exerting a high antioxidant activ-
ity, iii) the last one presenting a moderate antioxidant
activity. Thus, most of the molecules tested were able to
act as antioxidants; and more particularly, epicatechin gal-
late whose strong antioxidant properties were detected
through the three assays used. Epigallocatechin gallate and
quercetin also exerted strong reducing and radical-scav-
enging activities through Folin—Ciocalteu and DPPH
assays. Moreover, epicatechin was characterized by a high
antioxidant capacity by using Folin—Ciocalteu and ORAC

assays. It is noteworthy that all these polyphenols are
members of the flavonoids family.

Effect of polyphenols on preadipocytes and red blood
cells exposed to oxidative stress

Among the 28 molecules tested, 13 polyphenols and 1 of
their microbial metabolites were selected in order to inves-
tigate further their protective effects on 3T3-L1 preadipo-
cytes and human red blood cells exposed to oxidative
stress. Compounds were chosen based on their antioxidant
properties measured above, as well as according to litera-
ture data on their abundance in the diet and bioavailability
extent [22,36]. The selected polyphenols were gallic,
caffeic, chlorogenic and ferulic acids, 3,4-dihydroxybenz-
aldehyde, quercetin, genistein, daidzein, resveratrol, epicat-
echin, epicatechin gallate, naringenin and curcumin. We
also selected 3,4-dihydroxyphenylacetic acid, as it was the
microbial metabolite exhibiting the highest antioxidant
capacity in the present study. Even if in vivo the bioavail-
ability of polyphenols differs greatly from one polyphenol
to another, plasma concentrations are in the range of WM.
The concentrations selected in the present study were 25,
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50 and 100 uM. Although these doses are rather high with
respect to physiological concentrations, such pharmaco-
logical concentrations are broadly used in similar studies in
the literature [17,37].

Effect of polyphenols on preadipocytes’ viability

Dose-dependent effects of 14 compounds on preadipo-
cytes during 24 or 48 h were determined by MTT assay.
This colorimetric assay is based on the mitochondrial
activity of metabolizing cells. Tetrazolium salts (MTT)
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are reduced to a blue colored formazan only by metaboliz-
ing cells [31]. After 24 h of treatment, significant changes
in mitochondrial activity were observed for polyphenol
concentrations at 25, 50 and 100 uM (Figure 2). Depend-
ing on the concentration, three groups of phenolic com-
pounds could be distinguished. One group of compounds,
including gallic acid, daidzein, resveratrol and curcumin
induced a significant decrease yielding 15-20% for doses
ranging from 25 to 100 uM. Gallic acid and resveratrol
were the most effective compounds with an increasing
effect from 25 to 100 uM. Another group of molecules
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Figure 2. Effect of polyphenols on preadipocytes’ mitochondrial metabolic activity determined by MTT assay. Cells were incubated with
25, 50 and 100 uM polyphenols for 24 and 48 h. Reported values are means = SEM of three independent experiments. p value was calculated
using the Dunn’s multiple comparison test (a: p <0.05; b: p<0.01; ¢: p<0.001 as compared with control).
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elevated the metabolic activity, such as epicatechin and
epicatechin gallate which induced an enhancement in
preadipocytes’ metabolic activity reaching 115.6% and
127.0% at 50 uM, respectively. These effects were more
pronounced at 100 uM. Finally, some molecules such as
chlorogenic acid, genistein and naringenin did not exert
any statistically significant effect. Figure 2 also indicates
that changes in mitochondrial activity induced by most of
the inhibitory compounds were more pronounced after
48 h, as compared with 24 h for all concentrations tested.
As observed for resveratrol, a dose-dependent effect
appeared, with values ranging from 76.9% at 25 UM to
62.1% at 100 uM. Conversely, for molecules which
increased metabolic activity after 24 h of exposure, namely
epicatechin and epicatechin gallate, the elevation induced
was no longer observed after 48 h.

As MTT assay reflected mitochondrial activity of living
cells, we wondered if the compounds had an effect on the
number of living cells or on cell metabolism itself. For the
following experiments, polyphenols’ concentration chosen
was 50 UM and exposure time was 24 h, as significant
changes induced by polyphenols were mainly observed at
these conditions.

First, we investigated whether the variation in mito-
chondrial metabolic activity induced by the compounds
was due to their influences on preadipocytes’ viability,
by using the trypan-blue-exclusion method. As shown in
Figure 3, curcumin and 3,4-dihydroxyphenylacetic acid
showed the highest reducing effect on cell viability, with
cell number values reaching 7.4% and 26.2%, respectively.
Quercetin, genistein and resveratrol also exerted a reduc-
tion of cell viability, as well as 3,4-dihydroxybenzalde-
hyde, ferulic, gallic and chlorogenic acids. Comparatively,
as observed by using MTT assay, epicatechin raised the
number of living preadipocytes until 123%, whereas nar-
ingenin, daidzein, caffeic acid and epicatechin gallate did
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Figure 3. Effect of polyphenols on preadipocytes’ growth assessed
by cell counting. Cells were treated with 50 uM polyphenols for
24 h and then counted with the trypan blue exclusion method.
Reported values are means = SEM of three independent experiments.
p value was calculated using the Dunnet’s multiple comparison test
(a: p<0.05; b: p<0.01; c: p<0.001 as compared with control).
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not exert any significant effect. Altogether, these results
indicated a link between the effect on preadipocytes mea-
sured by MTT assay and by cell counting, for only some
compounds, such as 3,4-dihydroxybenzaldehyde, resvera-
trol and curcumin. In contrast, although epicatechin gal-
late at 50 UM for 24 h of exposition increased mitochondrial
metabolic activity, this compound did not affect preadipo-
cytes’ number. Accordingly, the microbial metabolite 3,4-
dihydroxyphenylacetic acid decreased cell number, without
affecting mitochondrial metabolic activity. These results
suggest that epicatechin gallate may modulate mitochon-
drial metabolism and not cell proliferation, whereas the
opposite effect may occur for the microbial metabolite.
Thereby, results obtained by MTT assay must be analyzed
very carefully and not studied only as data for viability
assessment.

In order to investigate whether cell-growth reduction
mediated by polyphenols and the microbial metabolite
cited above, was linked to cell death, cellular membrane
permeability was next assessed by measuring LDH release
in cell culture medium. As shown in Figure 4, only cur-
cumin and gallic acid induced a significant LDH release
at 50 uM for 24 h whereas other compounds did not induce
any cytotoxic effect. Thus, these results revealed three
groups of phenolic compounds: i) molecules which did
not affect the number of cells, such as epicatechin gallate;
i1) molecules which increased cell growth, such as epicat-
echin and iii) molecules which were able to induce cell
death, as observed for curcumin.

Antioxidant effect of polyphenols on preadipocytes
exposed to H,0O,-induced oxidative stress

To investigate the potential protective effects of the
14 selected compounds (50 uM) against H,O,-induced
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Figure 4. Effect of polyphenols on preadipocytes’ death assessed by
LDH leakage. Cells were treated with 50 uM polyphenols for 24 h
and then analyzed for LDH leakage into the culture medium.
Reported values are means = SEM of three independent experiments.
p value was calculated using the Dunnet’s multiple comparison test
(a: p<0.05; b: p<0.01; c: p<<0.001 as compared with control).
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oxidative stress, H,O, dose-effect on preadipocytes via-
bility and ROS production was explored. The MTT met-
abolic activity and the LDH leakage assays performed
demonstrated that H,O, exerted an inhibitory dose-
dependent effect on cell viability with an induction of
cell death for doses more than 200 uM (Figure 5A).
Moreover, there appeared a significant increase in ROS
production depending on H,O, dose (Figure 5B). This is
in accordance with previous data showing that until
200 uM, H,0, treatment induced a transient proliferation
arrest in 3T3-L1 preadipocytes [38,39]. Barnouin et al.
have also shown that dividing cells exposed to sublethal
doses of H,O, undergo detoxification or repair, and rein-
itiate cell cycle progression [38]. Here, to assess the
protective effect of polyphenols, the cytotoxic dose of
500 uM H,0, was selected, as reported for 3T3-L1 adi-
pose cells in previous studies [40]. First, MTT assay
showed that H,O, decreased mitochondrial activity (from
100% to 81% as compared with untreated cells, p <0.01),
whereas 8 of the 14 molecules tested were able to sig-
nificantly modulate H,O, effect, in co-exposition condi-
tion (Figure 6A). Epicatechin and caffeic acid exhibited
the highest protective effect by elevating mitochondrial
metabolic activity beyond 116%. This result can be
explained by the strong antioxidant activity of both com-
pounds shown on Table I.
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Figure 5. H,0, dose-effect on preadipocytes’ viability and ROS
production. Cells were exposed to 0-1000 uM H,0, during 24 h.
(A) Mitochondrial metabolic activity was determined by MTT assay
and LDH leakage was measured in the medium. (B) Cells were
exposed to 10 uM of DCFH-DA for 45 min at 37°C and then were
treated with H,O, for 1 h. Reported values are means = SEM of
three independent experiments. p value was calculated using the
Dunn’s multiple comparison test (a: p<<0.05; b: p<<0.01; c:
p<0.001 as compared with control).
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Figure 6. Effect of polyphenols on mitochondrial metabolic activity
of preadipocytes exposed to H,0,. (A) Cells were co-exposed to
50 uM polyphenols and 500 uM H,O, during 24 h. (B) Cells were
pretreated with 50 uM polyphenols for 24 h and then exposed to
500 uM H,O, for 24 h. Reported values are means * SEM of
three independent experiments. p value was calculated using
the Dunn’s multiple comparison test (a: p<0.05; b: p<0.01; c:
p<0.001 as compared with H,0,).

Epicatechin gallate, chlorogenic acid, 3,4-dihydroxy-
benzaldehyde, 3,4-dihydroxyphenylacetic acid, naringenin
and quercetin also reversed effects of H,0, (105.8-94.7%).
Other compounds did not protect themselves against det-
rimental effect of H,O, but did not intensify it either.
Interestingly, most of these protective polyphenols also
reversed cytotoxic effect of H,O, when cells were pre-
treated during 24 h, before being exposed to the prooxi-
dant agent (Figure 6B). The decrease in mitochondrial
metabolic activity mediated by curcumin, resveratrol,
quercetin and genistein could be explained through their
reducing effect on cell viability demonstrated above. Sur-
prisingly, quercetin and caffeic acid which reversed effect
of H,0, in co-exposition condition were not able to act as
antioxidants in preconditioning. Such results raised the
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question about the impact of compounds on ROS produc-
tion from preadipocytes exposed to H,O,.

When ROS production is not compensated by cellular
antioxidant defense system, oxidative stress occurs.
In order to investigate the potential protective effect of
polyphenols against oxidative stress, we measured ROS
production after co-treating preadipocytes with polyphe-
nols (50 uM) and H,0, (500 uM) during 1 h. Whereas all
compounds had no effect on ROS basal production as
compared with untreated cells (data not shown), H,0,
treatment induced a significant increase in ROS generation
(from 100% to 129%, p <0.001) (Figure 7). Except the
isoflavones genistein and daidzein that were also charac-
terized by a low antioxidant capacity according to DPPH
assay, all polyphenols tested significantly reduced ROS
production with the highest effects depicted for curcumin,
epicatechin and epicatechin gallate.

Anti-inflammatory effect of polyphenols on
preadipocytes exposed to H,O,-induced oxidative stress

As previously described, adipocytes exposed to oxidative
stress are characterized by an impairment in adipokine
secretion [14]. Thus, we investigated IL-6 and TNF-o pro-
duction from preadipocytes exposed to oxidative stress.
TNF-o was not detectable in any condition in our study
(data not shown). Concerning IL-6, the basal level detected
was 22.7 £ 1.0 pg/mg proteins and was not increased by
any polyphenol (Figure 8A). Interestingly, some com-
pounds including epicatechin gallate, epicatechin,
genistein, naringenin, curcumin and 3,4-dihydroxypheny-
lacetic acid even reduced IL-6 secretion. When cells
were exposed to H,0O,, IL-6 level increased from 22.7 + 1.0
to 48.9 £2.9 pg/mg proteins (p <0.001) (Figure 8B). In
co-exposition condition, all polyphenols significantly
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Figure 7. Effect of polyphenols on ROS production from
preadipocytes exposed to H,O,-induced oxidative stress. Cells were
exposed to 10 uM of DCFH-DA for 45 min at 37°C. Then they were
co-treated with 50 UM polyphenols and 500 uM H,O, for 1 h.
Reported values are means = SEM of three independent experiments.
p value was calculated using the Dunnet’s multiple comparison test
(a: p<0.05; b: p<0.01; c: p<0.001 as compared with H,0,).
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reduced this up-regulation of IL-6 production, with the
highest effects observed for naringenin, quercetin, the
microbial metabolite 3,4-dihydroxyphenylacetic acid, epi-
catechin gallate and resveratrol (6.8, 7.4, 13.6, 15.2 and
16.3 pg/mg proteins, respectively). When cells were pre-
treated with polyphenols and then exposed to H,0, all
polyphenols also exerted an anti-inflammatory activity,
except ferulic acid (Figure 8C). In such pretreatment con-
dition, the most pronounced anti-inflammatory action was
observed for curcumin, resveratrol and daidzein, which
significantly reduced IL-6 secretion (from 81% to 96%).

Protective effect of polyphenols against AAPH
radical-induced lysis of human red blood cells

To assess the antioxidant property of phenolic compounds
on another cellular type, we explored their effect on human
erythrocyte hemolysis induced by AAPH radical. The
phenolic compounds themselves did not induce hemolysis
(data not shown). As shown in Figure 9, when erythro-
cytes were incubated with AAPH radical for 18 h, a hemo-
lysis yield of 50% corresponding to the red blood cell
half-life was induced at 1 h 55 min. The highest protective
effect was observed for quercetin and 3,4-dihydroxybenz-
aldehyde which delayed hemolysis to 14 h 08 min and
12 h 35 min, respectively. Gallic acid exhibited the lowest
inhibitory effect, corresponding nonetheless to a red blood
cell half-life which was 4.7 fold higher than the control.
Finally, all other compounds also exerted a significant
antioxidant action by delaying AAPH radical-induced
hemolysis (9 h 09-11 h 20 min).

Discussion

The antioxidant capacity of polyphenols can be mediated
through their ability to scavenge free radicals, donate elec-
trons or hydrogen atoms [41]. Such different mechanisms
could explain the differences between the three antioxi-
dant-capacity assays obtained for some compounds in the
present study. The structure of these compounds is known
to determine their antioxidant activity, and is referred to
as “structure—activity relationship” [42]. Our results
showed that flavonoids had greater reducing and radical-
scavenging capacities in ORAC and Folin—Ciocalteu
assays than those of the other families, and also a good
antioxidant capacity in DPPH test. Indeed, in contrast to
phenolic acids and stilbenes which have one or two aro-
matic ring(s), members of flavonoids family have three of
them. It is well established that the antioxidant potential
is related to structure in terms of delocalization of the
aromatic nucleus. Where these compounds react with
free radicals, the phenoxyl radicals produced are stabilized
by the resonance effect of the aromatic nucleus [43].
Here, the compound with the most effective reducing
capacity was epigallocatechin gallate, followed by epicat-
echin gallate. Both these polyphenols also exhibited
a strong radical-scavenging activity. This agrees with
previous published results indicating that flavanols such
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Figure 8. Effect of polyphenols on IL-6 production from 3T3-L1 preadipocytes. IL-6 content was measured in the three following conditions.
(A) Cells were exposed to 50 UM polyphenols for 24 h. (B) Cells were co-exposed to 50 UM polyphenols and 500 uM H,0, during 24 h.
(C) Cells were pretreated with 50 UM polyphenols for 24 h and then exposed to 500 uM H,O, for 24 h. Reported values are means = SEM
of three independent experiments. p value was calculated using the Dunnet’s multiple comparison test (a: p <0.05; b: p <0.01; c: p<0.001

as compared with control in Fig. A, and with H,0, in Fig. B and C).

as epicatechin, epicatechin gallate and epigallocatechin
gallate are better radical scavengers than many monomeric
flavones and flavonols, due to the presence of catecholic
and pyrogallic moieties as privileged radical-scavenging
sites [44]. The major consideration for flavonoids’ activity
is hydroxylation of the B-ring, which confers higher sta-
bility to the radical form and participates in electron delo-
calization [42]. Other properties confer to some flavonoids
a more effective radical scavenging. For instance, the 2-3
double bond in conjugation with a 4-oxo function in the
C-ring is responsible for electron delocalization from the
B-ring. Moreover, the 3- and 5-OH groups with 4-oxo
functions in A and C rings are required for a maximal
radical-scavenging potential [43]. Interestingly, quercetin
exhibits all properties cited above, and was one of the
three most effective antioxidants among the 28 compounds
tested in this study whereas kaempferol, which differs
from quercetin structure for the lack of the 3’-OH group
from the B-ring, presented only 28% of quercetin’s reduc-
ing capacity. Some phenolic acids also exerted good

antioxidant capacities, such as 3,4-dihydroxybenzaldehyde
and caffeic acid. The antioxidant activity of phenolic acids
and their esters depends on the numbers and positions of
the hydroxyl groups in relation to the carboxyl function
groups [43,45]. This could explain the highest radical-
scavenging activity in DPPH assay (69.8%) obtained for
gallic acid, which is the phenolic acid characterized by the
highest number of hydroxyl groups. The microbial metab-
olite, 3,4-dihydroxyphenylacetic acid, also exhibited a
strong antioxidant activity, which could be attributed to
the structure derived from its major known polyphenolic
precursors, namely flavonoids [24,36].

Thus, biochemical experiments reported in the present
work showed that the compounds exerted an antioxidant
capacity depending on their structure. We wondered if this
capacity could also be related to their cellular effects, as it
has already been suggested for phenolic compounds [17].
Depending on the concentration and exposition time used
on 3T3-L1 preadipocytes, mitochondrial metabolic activ-
ity of living cells was increased, decreased or unchanged.
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Figure 9. Protective effect of polyphenols against AAPH radical-
induced lysis of human red blood cells. Red blood cells were
incubated with 2,2’-azobis(2-amidinopropane) (AAPH) and 50 uM
polyphenols for 18 h at 37°C, and cell lysis was determined by
spectrophotometric measurements at 450 nm at 10-min intervals.
Reported values are means = SEM. p value was calculated using
the Dunn’s multiple comparison test (c: p <0.001 as compared with
control).

Moreover, a dose and time effect appeared for most of the
polyphenols which decreased cell’s metabolic activity,
such as curcumin, gallic acid or resveratrol. As MTT assay
reflects the metabolic activity of cells, we investigated if
the compounds had an effect on this activity or on preadi-
pocytes’ viability itself. Fourteen compounds were selected
on the basis of their different cellular effects to investigate
further their impact on preadipocytes’ proliferation. Some
compounds induced an increase both in mitochondrial
metabolic activity and number of preadipocytes, such as
epicatechin. Further experiments on cell cycle analysis
will be required to understand the signaling pathways
involved. Other compounds had an anti-proliferative effect,
demonstrated by the decrease in mitochondrial metabolic
activity and number of preadipocytes. Curcumin that
showed a low reducing- and radical-scavenging capacity
was the compound which decreases cell viability the most.
Moreover, epicatechin gallate which exerted a stronger
reducing- and radical-scavenging property than quercetin,
did not change preadipocytes viability, in contrast to quer-
cetin. In addition, the results of this study demonstrated
that resveratrol and genistein decreased 3T3-L1 preadipo-
cytes’ viability, and interestingly, combination of both
compounds enhanced this effect according to Rayalam
et al. [46]. The cell-growth reduction mediated by chloro-
genic acid could be explained through a cell-cycle arrest
at the G1 phase, as it was previously described on 3T3-L1
preadipocytes by Hsu et al. [17]. Altogether, these results
suggest that the antioxidant capacity of compounds does
not appear to be associated with their impact on cell viabil-
ity. This agrees with data from a published study showing
that the antioxidant capacity of flavonoids is not related
to their inhibitory action on the growth of human colon
adenocarcinoma cells [47].
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The observed decrease in preadipocytes’ number
induced by polyphenols cited above could be attributed
to a cell-cycle arrest (modification of the cell cycle) or to
the induction of cell death, apoptosis or necrosis. The
LDH assay led us to conclude that only gallic acid and
curcumin induced 3T3-L1 preadipocytes’ death at 50 uM
for 24 h. It has been previously described that the induc-
tion of apoptosis in 3T3-L1 preadipocytes by gallic acid
is mediated through the Fas and mitochondrial-mediated
pathway [17,48]. Moreover, in accordance with our
results, Kim et al. demonstrated that curcumin inhibited
proliferation of 3T3-L1 preadipocytes at 50 uM. It is
interesting to consider that the authors showed an oppo-
site effect on cell proliferation, with concentrations of
curcumin ranging from 0.01 to 20 uM [49]. Once again,
this emphasizes possible different cellular effects exerted
by the same compound depending on exposure condi-
tions such as the dose used.

Then, we evaluated the possible protective role of
dietary polyphenols against H,O,-induced oxidative stress.
Excess of ROS production can severely impair the cell and
lead to macromolecular damage, dysfunction and death.
Overloaded ROS in adipocytes induce insulin resistance,
which contributes to obesity-associated diabetes [50,51].
In our previous study, exposition of 3T3-L1 preadipocytes
to 200 uM H,0, induced a proliferation arrest, associated
with an increase in mitochondrial biogenesis. Precondi-
tioning cells with some phenolic acids or flavonoids totally
or partially reversed H,0O,-induced mitochondrial altera-
tions [39]. Here, in co-exposition condition, all polyphe-
nols tested either improved H,O,-altered mitochondrial
metabolic activity or did not significantly decrease it,
despite the anti-proliferative action reported above for
some of them such as curcumin. When cells were pre-
treated with polyphenols, most of the compounds also
reversed H,O, impact, with the highest effect observed for
epicatechin and epicatechin gallate. Moreover, except
genistein and daidzein, all polyphenols tested significantly
decreased ROS production enhanced by H,O,. This is in
agreement with previous data reporting a suppression of
TNF-o-induced ROS production by quercetin and resvera-
trol, at the same concentration of polyphenols than that
used in our study [20]. Thus, most of the polyphenols pro-
tected preadipocytes against H,O,-induced detrimental
effects and this property could be attributed to their direct
antioxidant capacities against free radicals in co-exposition
conditions. The effects observed in pretreatment condi-
tions could be explained by the interaction of polyphenols
with the cell membranes. Indeed, besides the free radical-
scavenging activity of the compounds, other mechanisms
have been proposed to explain their biological action, such
as their interactions with membrane lipids and proteins. It
has been demonstrated that the constitution of polyphenols
in terms of hydrophilic and hydrophobic domains can
determine their interaction with lipid bilayers [52]. Inter-
estingly, curcumin lipophilicity may lead it to easily enter
the cell and may contribute to explain its strong protective
effect against ROS production despite its low radical-
scavenging activity. The protective effects could also be
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explained by the uptake of phenolic compounds into the
cells, where it has been demonstrated that they are able to
interact with proteins such as enzymes or transcription fac-
tors. These interactions have different biological effects,
including the modification of enzymatic activities, recep-
tor-ligand binding and transcription factors binding to
their specific sites in DNA [52,53]. Inside the cells, poly-
phenols could also exert their protective effect with mito-
chondrial alterations induced by H,O,, as we recently
published [39]. Due to all these intracellular actions, the
differences observed for the polyphenols in the pretreat-
ment conditions could be due to their different levels of
uptake into the cells. Very few studies have explored the
cellular absorption of polyphenols. Interestingly, Salucci
et al. have reported different uptakes of flavonoids in rela-
tion to their chemical structure in colon adenocarcinoma
cells (Caco2) [47]. Thus, it would be relevant to evaluate
the level of the compounds in adipose cells after the incu-
bation period to determine if their cellular uptake signifi-
cantly contributes to explain their protective activity. The
absence of protective effect against ROS production
observed for genistein and daidzein could be explained by
their low antioxidant capacity as shown above, or also due
to their bioaccessibility degree.

Obesity-induced chronic inflammation is a key compo-
nent in the pathogenesis of insulin resistance. Numerous
evidences suggest that this chronic inflammation resulting
from cytokines secreted by adipose tissue may play a sig-
nificant role in desensitizing cells to insulin [54]. Thus,
reducing or preventing the inflammatory properties of adi-
pose tissue may constitute a promising therapeutic approach
to prevent obesity-related diseases. In this study, we were
interested in the effect of polyphenols on the production
of two major pro-inflammatory cytokines, namely TNF-o.
and IL-6. However, TNF-o. was not detectable in 3T3-L1
preadipocytes. This agrees with previous data from authors
who detected TNF-oe mRNA in 3T3-L1 preadipocytes, but
were unable to measure any secreted TNF-a [55]. A sim-
ilar observation was reported by Fain et al., who found
significant amounts of TNF-a secreted by stroma vascular
cells, with little or no detectable TNF-a secreted by adi-
pocytes obtained from human adipose explants [56]. The
hypothesis suggested by the authors is that TNF-o. secre-
tion by adipocytes would depend on signaling events from
their in vivo environment, where they are exposed to mac-
rophage-derived TNF-ou [55]. Elevated plasma levels of
IL-6 are strongly linked to insulin resistance and this
cytokine impairs insulin signaling in mouse adipocytes
[57,58]. Here, interestingly, all polyphenols tested signifi-
cantly inhibited H,O,-induced secretion of IL-6 from
3T3-L1 preadipocytes, in co-exposition condition. When
cells were pretreated with polyphenols, most compounds
also exerted an anti-inflammatory effect. Naringenin, quer-
cetin, curcumin, resveratrol and 3,4-dihydroxyphenylacetic
acid exerted the highest inhibitory action on IL-6 secretion
from H,0,-exposed 3T3-L1 cells. This is in agreement
with a previous report indicating that quercetin and
resveratrol inhibited TNF-a-induced increase in the
production of pro-inflammatory molecules, such as IL-6

and MCP-1, in mouse and human adipocytes [20,59].
Anti-inflammatory activities of curcumin have also been
previously shown on numerous cellular types, including
mouse adipocytes [60]. Curcumin, resveratrol and narin-
genin actions were explained by their inhibitory effect on
the pro-inflammatory transcription factor nuclear factor-
kappaB (NF-kB)-mediated cytokine expression in adipo-
cytes [55,61]. To our knowledge, the present work
demonstrates for the first time the anti-inflammatory effect
of the microbial metabolite 3,4-dihydroxyphenylacetic
acid. Further experiments will be needed to precise signal-
ing pathways involved.

Importantly, this work also demonstrates the relevance
of polyphenol preconditioning in order to prevent H,O,-
induced oxidative stress and pro-inflammatory state, sim-
ilarly to co-exposition condition. As this protective action
of polyphenol preconditioning was observed for most
compounds tested, except quercetin, caffeic acid and fer-
ulic acid, it will be of high interest to elucidate molecular
mechanisms implicated. A better understanding of these
mechanisms should help to emphasize the interest of
dietary polyphenol intake to prevent complications of
obesity-related oxidative stress. Moreover, it should lead
to improve preventive nutritional strategies as well as
therapeutic pharmacological approaches.

Finally, we explored the benefits of polyphenols to pro-
tect against oxidative stress on another cell type, namely
human red blood cells. Indeed, erythrocytes constitute a
relevant model to assess antioxidant capacities of mole-
cules: they are known to be constantly exposed to ROS due
to their rich oxygen supply and iron-rich hemoglobin level,
and thus are susceptible to be highly exposed to oxidative
damage [27]. In our study, all polyphenols tested protected
red blood cells against AAPH radical-induced lysis. Quer-
cetin was identified as the most efficient antioxidant. This
agrees with previous reports showing quercetin’s ability to
inhibit oxidative hemolysis [62,63]. Such an antioxidant
effect was attributed to several mechanisms including quer-
cetin action on the preservation of membrane integrity,
modification of the membrane status through interaction
with membrane lipids and proteins, as well as quercetin-
induced increase in membrane resistance to destruction by
free radicals [64—66]. Resveratrol also protected efficiently
oxidative stress-exposed red blood cells, and its effect
could be attributed to its ability to enter in erythrocytes
and to activate plasma membrane redox system, leading to
an antioxidant effect [67]. Therefore, anti-hemolytic effects
of quercetin and resveratrol may be due to altered cellular
membrane or uptake, rather than by directly scavenging
peroxyl radicals. This is consistent with the protective
effects induced by compounds exhibiting low antioxidant
capacities such as daidzein or curcumin, on adipocytes and
red blood cells in oxidative stress. Indeed, curcumin pro-
tected efficiently AAPH radical-induced hemolysis in our
test, as it has been demonstrated in other studies [68,69].
Thus these protective effects on red blood cells could be
explained by different mechanisms, including the interac-
tion with membrane lipids and proteins. It could also be
due to the peroxyl radicals scavenging outside the cells that
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prevents membrane damage. This mode of action is in
agreement with the radical-scavenging activity demon-
strated by DPPH assay.

To conclude, this study conducted on different poly-
phenols and microbial metabolites led to demonstrate
that their antioxidant capacities were related to their
structure. Members of the flavonoids family, such as epi-
gallocatechin gallate, epicatechin gallate and quercetin,
exerted stronger reducing and radical-scavenging activi-
ties than phenolic acids, stilbenes and curcuminoids.
Interestingly, one of the microbial metabolites tested,
namely 3,4-dihydroxyphenylacetic acid, showed a simi-
lar antioxidant capacity than its major known flavonoid
precursors. We also demonstrated that even if polyphe-
nols exhibited various effects on 3T3-L1 preadipocytes’
viability in native conditions, depending on their chemi-
cal nature, dose and time of exposure, they reduced ROS
production and protected cells in oxidative-stress condi-
tion. Polyphenols also exerted an anti-inflammatory
action by reducing H,O,-induced IL-6 production.
Finally, all polyphenols tested protected red blood cells
against oxidative stress-induced hemolysis. Thus, the
biological effect of polyphenols may depend on various
factors such as chemical structure, concentration, time of
exposure, presence of oxidative stress or not and expo-
sure condition (preconditioning or co-treatment). We
should further investigate in vivo benefits of these com-
pounds to assess their antioxidant and anti-inflammatory
effects, as well as their bioavailability extent. These
results should be considered for the development of
nutritional and pharmacological strategies aiming to
reduce oxidative stress and inflammation associated with
obesity and its metabolic disorders such as type 2
diabetes.
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