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The beneficial effects of dietary polyphenols on health are due not only to their antioxidant properties but
also to their antibacterial, anti-inflammatory and/or anti-tumoral activities. It has recently been proposed
that protection of mitochondrial function (which is altered in several diseases such as Alzheimer, Parkin-
son, obesity and diabetes) by these compounds, may be important in explaining the beneficial effects of
polyphenols on health. The aim of this study was to evaluate the protective effects of dietary polyphenols
quercetin, rutin, resveratrol and epigallocatechin gallate against the alterations of mitochondrial function
induced by indomethacin (INDO) in intestinal epithelial Caco-2 cells, and to address the mechanism
involved in such damaging effect by INDO, which generates oxidative stress. INDO concentration depen-
dently decreases cellular ATP levels and mitochondrial membrane potential in Caco-2 cells after 20 min
of incubation. INDO also inhibits the activity of mitochondrial complex I and causes accumulation of
NADH; leading to overproduction of mitochondrial O2

��, since it is prevented by pyruvate. Quercetin
(0.01 mg/ml), resveratrol (0.1 mg/ml) and rutin (1 mg/ml) protected Caco-2 cells against INDO-induced
mitochondrial dysfunction, while no protection was observed with epigallocatechin gallate. Quercetin
was the most efficient in protecting against mitochondrial dysfunction; this could be due to its ability
to enter cells and accumulate in mitochondria. Additionally its structural similarity with rotenone could
favor its binding to the ubiquinone site of complex I, protecting it from inhibitors such as INDO or rote-
none. These findings suggest a possible new protective role for dietary polyphenols for mitochondria,
complementary of their antioxidant property. This new role might expand the preventive and/or thera-
peutic use of PPs in conditions involving mitochondrial dysfunction and associated with increased oxida-
tive stress at the cellular or tissue levels.

� 2011 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used
for their antipyretic, analgesic and anti-inflammatory properties [1].
However, the chronic administration of these agents is frequently
associated with adverse effects, mainly in the gastrointestinal (GI)
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mucosa. Indomethacin (INDO)-induced GI lesions in animals are
widely used as a model to evaluate the gastro-protective activity
of drugs and bioactive compounds. NSAIDs accumulate in epithelial
cells during their absorption and one of the mechanisms underlying
their ‘‘topical’’ toxicity involves the induction of mitochondrial
dysfunction [2]. INDO has been shown to uncouple oxidative phos-
phorylation, resulting in inhibition of oxygen consumption, dissipa-
tion of the mitochondrial membrane potential (MMP) and decrease
of intracellular ATP [3–5]. Additionally, INDO induces oxidative
stress by increasing reactive oxygen species (ROS) production and li-
pid peroxidation in Caco-2 and RGM-1 [5–7] cells as well as in the GI
mucosa of rodents [3,4,8–10]. The gastrointestinal side effects of
NSAIDs may be minimized through the administration of prosta-
glandin analogs and proton pump inhibitors [11]; however, these
agents only diminish the clinical manifestations without inhibiting
their causes. The administration of selective COX-2 inhibitors is
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limited by their high cost and by their increasingly recognized car-
diotoxicity. Taking into consideration these side effects and the fact
that NSAIDs are one of the most prescribed drugs in the world wide,
it is important to develop new strategies to allow their use in a safer
context.

Polyphenols (PPs), including flavonoids and stilbenes, represent
an ubiquitous group of secondary metabolites present in fruits and
vegetables and are therefore part of the average human diet. The
interest in dietary PPs has increased considerably recently due to
their antioxidant properties and their probable role in preventing
pathologies associated with oxidative stress, such as tumoral, car-
diovascular and neurodegenerative diseases [12,13]. In addition to
their antioxidant properties, some dietary PPs also display antiviral,
antibacterial, anti-inflammatory and anticarcinogenic activities
[12,13]. However, most of the dietary PPs are found in plants in gly-
cosylated forms which are poorly absorbed, favoring their accumu-
lation in the GI tract which, in consequence, may be considered as
their main site of action [14]. Due to their antioxidant properties,
dietary PPs represent a promising alternative to protect the GI mu-
cosa against the NSAID-induced side effects. Quercetin (QUE), rutin
(RUT) and resveratrol (RES) have been shown to prevent oxidative
stress and the gastric damage induced by INDO in rats [15–17]; sim-
ilar results have also been reported with PP-rich extracts [18].

On the light of the above-mentioned studies, the aim of this
study was to evaluate whether structurally different PPs: QUE (a
flavonol abundant in onions), RUT (a quercetin-rhamnoglucoside
found in tomatoes), RES (a stilbene present in grapes and red wine)
and epicatechin gallate (EGCG) (a flavan-3-ol abundant in green
tea) may prevent the mitochondrial dysfunction induced by INDO
in Caco-2 cells.
2. Materials and methods

2.1. Chemicals

Indomethacin, QUE, RUT, RES, EGCG and the protease inhibitor
cocktail (4-(2-aminoethyl)benzenesulfonyl fluoride, pepstatin A,
bestatin, leupeptin and aprotinin) were from Sigma. DHE (dihydro-
ethidium) and Mitotracker Red CMX-Ros� were purchased from
Calbiochem and the CellTiter-Glo� luminescent cell viability assay
kit from Promega (Madison, WIS, EU). All cell culture reagents were
from Life Technologies (Grand Island, USA).

2.2. Cell culture conditions and study design

The human intestinal epithelial cell line Caco-2 was maintained
in DMEM-F12 plus 10% fetal calf serum and cultured at 37 �C (5%
CO2/95% air). Experiments were carried out using cells at near
90% confluence.

2.3. ATP quantification

Intracellular ATP levels were quantified in metabolically active
cells using the CellTiter-Glo� kit. Cells were incubated with INDO
(50–750 lM) in the presence or absence of each PP (10–1000 lg/
ml) for 20 min, at 37 �C. Finally, 100 ll of CellTiter-Glo� reagent
was added to each well and luminescence was recorded using a
Multi-Mode Microplate Reader (SpectraMax M2, Molecular De-
vices). Results were expressed as% ATP = (RLUExperimental � 100)/
RLUcontrol.

2.4. Mitochondrial membrane potential (MMP)

The MMP was assessed using CMX-Ros, which accumulates in
the negatively charged mitochondrial matrix. Dye uptake is
dependent upon the magnitude of the MMP (530Ex/590Em). Cells
were incubated with 500 nM CMX-Ros in PBS for 30 min at 37 �C
in the dark. After washing, cells were incubated with INDO (50–
750 lM) in the presence or absence of each PP (10–1000 lg/ml)
for 20 min, at 37 �C. Finally, cells were lysed with 0.03% Triton X-
100 and the fluorescence was measured. Results were expressed
as% MMP = (RFUExperimental � 100)/RFUcontrol.

2.5. Isolation of mitochondria

Mitochondria were isolated from Caco-2 cultured cells, as de-
scribed by O’Donnell et al. [19]. Briefly, cells were harvested,
washed with a Ca2+/Mg2+-free PBS and centrifuged (10 min;
500g; 4 �C). The pellet was resuspended and homogenized in a buf-
fer solution (pH 7.4) consisting of 250 mM sucrose, 1 mM EGTA,
10 mM HEPES and 1 mg/ml BSA (fraction V). The homogenate
was centrifuged (10 min; 1500g; 4 �C), the supernatant kept aside
and the pellet re-extracted as above. Finally, the two supernatants
were combined and centrifuged (10 min; 14,000g; 4 �C).

2.6. Complex I activity assay

Complex I activity was measured in isolated mitochondria
through the changes of OD340nm due to NADH oxidation
(e = 6.81 mM�1 cm�1), as described by Birch-Machin et al. [20].
Mitochondria isolated from Caco-2 were treated with INDO
250 lM in the absence or presence of rotenone (20 lM, a complex
I inhibitor) [21] or QUE (10 lg/ml or �30 lM) for 20 min. Complex
I activity was measured in the treated, homogenized mitochondria,
by using a potassium phosphate buffer solution (25 mM, pH 7.2)
containing the protease inhibitor cocktail, 5 mM MgCl2, 2 mM
KCN, 2.5 mg/ml BSA, 65 lM coenzyme Q1 and 2 lg/ml antimycin
A. The mitochondrial homogenates were added to the reaction
solution and incubated in the presence or absence of 20 lM rote-
none (10 min; 30 �C), at 37 �C. The reaction was started by the
addition of NADH (0.13 mM) and the rate of NADH oxidation was
monitored at 340 nm for 3 min. Complex I activity was derived
from the rotenone-sensitive NADH–ubiquinone oxidoreductase
activity.

2.7. Complex II activity assay

The activity of complex II was quantified in INDO-treated mito-
chondria by the increase in 2,6-dichlorophenolindophenol (DCIP)
reduction of at 600 nm (e = 19.1 mM�1 cm�1), as described by
Birch-Machin et al. [20]. The decrease in OD600nm was recorded
for an additional 1 min and used to calculate the activity of com-
plex II.

2.8. Complex III activity assay

The activity of complex III was measured in INDO-treated mito-
chondria as the rate of reduction of cytochrome c (III) at 550 nm
(e = 20 mM�1 cm�1) by the reduced form of coenzyme Q1 (ubiqui-
nol e = 19.1 mM�1 cm�1), as described by Birch-Machin et al. [20].
The assay was initiated by the addition of the mitochondrial
homogenate in the presence or absence of 2 lg/ml antimycin A
and the rate of reduction of cytochrome c was recorder for 1 min.

2.9. Superoxide radical production

The fluorogenic oxidation of DHE (470Ex/590Em) to ethidium
was assessed to specifically measure O2

�� production, as described
by Benov et al. [22]. Mitochondria isolated from Caco-2 cells were
incubated at 37 �C for 30 min with 10 lM DHE (dissolved in DMSO,
0.2% v/v in PBS). After washing, mitochondria were treated with
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250 lM INDO in the absence or presence of 2 mM pyruvate for
20 min. The mitochondrial protein content was measured. DHE
oxidation was expressed as RFU per milligram of protein.

2.10. Polyphenol determination by high-performance liquid
chromatography (HPLC)

To rule out a possible direct interaction between INDO and the
polyphenols, QUE (the PP with the highest protective effect in the
current study) was incubated in the presence or absence of INDO
and subsequently analyzed by RP-HPLC using an Agilent 1100
and a Lachrom instrument equipped with a 250 � 4.6 mm, 5 lm,
Kromasil KR100-5C18 column (Eka Chemicals AB, Bohus, Sweden).
Double distilled water containing 0.1% TFA, v/v (solvent A)) and
0.1% TFA in acetonitrile, v/v (solvent B) were used as solvents fol-
lowing the following gradient profile 0–25 min, 10–30% B; 25–
30 min, 30–75% B; 30–35 min; 75–10% B at a flow rate of 1 ml/
min. Detection was carried out at 280 nm using a diode array
detector.

2.11. Statistical analysis

Data were analyzed using the GraphPad Prism 4 statistical soft-
ware. The experiments were performed three times and in quadru-
plicate. Data were analyzed by ANOVA and Tukey’s Multiple
Comparison Test.

3. Results

3.1. Effects of polyphenols on the decrease of intracellular ATP induced
by INDO

Fig. 1 depicts the effect of incubating Caco-2 cells with increas-
ing concentrations of INDO on the intracellular levels of ATP (val-
ues are expressed relative to the baseline level). Exposure of the
cells to INDO led to a concentration-dependent decrease in intra-
cellular ATP levels; this effect became significant only after
20 min of incubation. Intracellular ATP levels were 62% and 28%
of the control values after exposure to 250 and 750 lM of INDO,
respectively.

The protective effect of PPs was addressed in cells exposed to
250 lM of INDO. Cells were simultaneously incubated for 20 min
with increasing concentrations of each of the polyphenols QUE,
RUT, RES and EGCG (from 0 to 1000 lg/ml) and INDO (Fig. 2). All
the PPs tested, except EGCG, exerted a protective effect in a
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Fig. 1. Effects of INDO on cellular ATP levels. Cells were exposed to INDO (50–
750 lM) for 20 min and ATP levels were measured. Control cells (cells treated
neither with PPs nor INDO) correspond to 100% ATP level. The symbol ⁄ indicates a
significant difference (p < 0.05) from the control. The experiments were performed
three times and in quadruplicate. Values are expressed as mean ± standard
deviation.
concentration-dependent manner against the decrease in ATP lev-
els induced by INDO (Fig. 2D). QUE was the most efficient (Fig. 2A)
as it was totally protective at a concentration of 10 lg/ml (30 lM)
while RUT (Fig. 2B) and RES (Fig. 2C) attained a similar protective
effect but at much higher concentrations: 1000 (1.5 mM) and
100 lg/ml (440 lM), respectively.

In another set of experiments, cells were simultaneously ex-
posed for 20 min to increasing concentrations of INDO (250–
750 lM) and to each PP at the concentration shown to be effective
in preventing the decrease in ATP when confronted with 250 lM
INDO. QUE (10 lg/ml) and RES (100 lg/ml) fully inhibited the drop
in ATP levels induced by 250 or 500 lM INDO. ATP levels decreased
to 32% with 750 lM INDO, while in the presence of QUE or RUT this
decrease was only up to �75% of the basal value. RUT (1 mg/ml),
totally protected against the decrease in ATP levels induced by
250 lM INDO but failed completely to protect the mitochondria
exposed to 500 or 750 lM INDO (Fig. 3).

3.2. Effects of polyphenols on the decrease in mitochondrial membrane
potential induced by INDO

The alteration of MMP as an expression of the mitochondrial
dysfunction induced by INDO, was also addressed. As shown in
Fig. 4, a 20 min incubation with INDO decreased MMP in a concen-
tration-dependent manner, the decrease becoming significant at
250 lM INDO. MMP values were 48% and 25% of the control values
after exposure to 250 and 750 lM of INDO, respectively.

When the cells were treated with increasing concentrations of
PP (from 0 to 1000 lg/ml) and INDO at the fixed concentration of
250 lM (Fig. 5), QUE, RUT and RES were shown to protect in a con-
centration-dependent manner against the decrease in MMP in-
duced by INDO while EGCG was ineffective. QUE, RUT and RES
were totally protective at concentrations of 10, 1000 and 100 lg/
ml, respectively.

Cells were then simultaneously exposed to increasing concen-
trations of INDO (250–750 lM) and to fixed concentrations of
QUE, RUT and RES and EGCG. QUE (10 lg/ml) and RES (100 lg/
ml) protected against the drop in MMP induced by 250 and
500 lM INDO (Fig. 6). However, RUT (1000 lg/ml) protected only
partially against the MMP-disturbing effect of 500 lM INDO. All
these PPs tested protected by about 50% against the decrease in
MMP induced by 750 lM INDO.

3.3. Quercetin protection against complex I alterations induced by
INDO

The mechanism implicated in the mitochondrial dysfunction in-
duced by INDO involves the capacity of this agent to alter the elec-
tron transport chain (ETC) [2]. The activities of complex I, II and III
involved in the ETC were individually determined in mitochondria
isolated from Caco-2 cells and treated with INDO (250 lM). INDO
inhibited by 50% the activity of complex I (Fig. 7A) without affect-
ing complexes II and III (data not shown). Complex I activity was
measured as rotenone-sensitive NADH–ubiquinone oxido-reduc-
tase activity. Rotenone (20 lM) inhibited the NADH–ubiquinone
oxido-reductase activity by almost 90%, indicating that under the
assay conditions reported here, NADH oxidation largely reflects
complex I activity (Fig. 7A). The inhibitory effects of INDO and rote-
none on complex I were totally prevented by the addition of 10
lg/ml QUE for 20 min.

3.4. Effects of INDO on mitochondrial superoxide production

The inactivation of complex I has been proposed as an impor-
tant cause of increased superoxide radical (O2

��) production by
mitochondria [21]. Fig. 7B depicts the increase in DHE oxidation,
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Fig. 2. Effects of increasing concentrations of polyphenols on the decrease of ATP levels induced by INDO. Cells were exposed – for 20 min – to INDO (250 lM) in the presence
of increasing concentrations of polyphenols QUE (A), RUT (B), RES (C) and EGCG (D). Control cells (cells treated neither with PPs nor INDO) correspond to 100% ATP level. The
symbol ⁄ indicates a significant difference (p < 0.05) from the control. The symbol ⁄⁄ indicates a significant difference (p < 0.05) from cells treated only with INDO. The
experiments were performed three times and in quadruplicate. Values are expressed as mean ± standard deviation.
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a superoxide-sensitive probe, after exposure of Caco-2 mitochon-
dria to 250 lM INDO. As complex I inactivation results in the accu-
mulation of NADH and in a higher NADH/NAD+ ratio within the
mitochondria [21], we evaluated the influence of decreasing this
ratio on the mitochondrial production of O2
�� (dependent on com-

plex I) induced by INDO. For this purpose, we used pyruvate, a sub-
strate of lactate dehydrogenase for the production of lactate, to
decrease the NADH/NAD+ ratio. As shown in Fig. 7B, the incubation
of mitochondria with INDO in the presence of pyruvate completely
abrogated the overproduction of O2

��. This effect of pyruvate was
not due to prevention of the inhibition of complex I induced by
INDO, since pyruvate failed to protect against inhibition of mito-
chondrial of complex I by INDO (data not shown).
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3.5. Possible direct reaction of INDO with QUE

In order to rule-out a direct interaction of INDO with PPs
which might explain the protective effect of QUE against the
mitochondrial dysfunction, QUE profiles were examined by reverse
HPLC after incubation in presence or absence of INDO. No
differences in HPLC profiles (retention times or peak areas) were
observed under both conditions (data not shown).
4. Discussion

Given the high prevalence of GI adverse effects of NSAIDs and
the fact that 30 million people consume them daily, the develop-
ment of strategies to prevent their adverse effects, using natural
bioactive compounds with potential gastroprotective effects is of
particular interest. Some of the main cytotoxic events involved in
the GI adverse effects of NSAID are linked to mitochondrial dys-
function and oxidative stress. A number of studies suggest that
phenolic compounds with antioxidant activity play an important
role in the prevention of oxidative damage occurring in GI cells
and tissues [5,23–25]. However, the protective effect of PPs against
NSAID-induced GI damage, beyond their direct antioxidant proper-
ties, has been poorly addressed. It is noteworthy that a recent
study from ILSI-Europe failed to confirm the biological relevance
of the direct antioxidant effects of polyphenols in the prevention
of cardiovascular diseases in humans, concluding that the benefi-
cial effects of PPs on cardiovascular health may reside in other bio-
logical properties, probably barely addressed to date [26].

The ETC couples the electron transfer between a donor, such as
NADH, and an acceptor such as O2 with the transfer of protons
across the mitochondrial membrane, generating an electrochemi-
cal gradient indispensable for the synthesis of ATP. ETC alterations
appear to be one of the mechanisms underlying the decrease of
ATP induced by INDO; in fact, as shown in the present study, INDO
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inhibits the activity of complex I. This effect is coherent with the
decrease in intracellular ATP levels described in human cell lines
treated with an inhibitor of complex I [28] or complex II [29]. As
the MMP is generated by the electrochemical gradient produced
by the ECT and its maintenance depends on ATP, it is likely that
the inhibitory effects of INDO on complex I activity and ATP syn-
thesis are the main mechanisms involved in the decrease of
MMP induced by this agent. In fact, other ATP depleting agents, like
cyanide and oligomycin, have been reported to decrease MMP in
cultured hepatocytes, leading to cell death [30], and the glycolytic
production of ATP from fructose has been shown to maintain the
MMP and to prevent the cyanide-induced cell death [30].

Our results are in an apparent contradiction with those of Rezin
et al. who observed the inhibition of complex II with INDO; how-
ever, these authors measured this parameter in homogenates of
gastric mucosa from rats pre-treated for 6 h with 2.5 mg INDO
[31] instead of isolated mitochondria. As the cytoplasm is consid-
ered as an extremely reducing media rich in NADPH [21] it is pos-
sible that the higher 2,6-dichloroindophenol reduction interpreted
by these authors as an increase of complex II activity was only a
consequence of the direct transfer of electrons from the cytosolic
NADPH to the 2,6-dichloroindophenol present in the homogenates
[32]. In our study, each complex activity was measured indepen-
dently in a more specific manner and probably with fewer artifacts.

On the other hand, the inhibition of complex I could increase
the availability of reducing equivalents (i.e., NADH) in the mito-
chondria and the formation of redox active semiquinone interme-
diates within complex I, favoring a more ‘‘reduced’’ state and
thereby facilitating the reduction of O2 to O2

�� [21]. In fact, in this
study the basal production of mitochondrial O2

�� doubled after a
20 min incubation with INDO, as reflected by increased DHE oxida-
tion. The accumulation of NADH is supported by the observation
that adding pyruvate prevents DHE oxidation, probably due to
the fact that pyruvate decreases NADH concentrations when re-
duced to lactate [33]. On the other hand, the lack of effect of pyru-
vate on complex I inhibition (data not shown) suggests that INDO
inhibits this activity through a mechanism independent of mito-
chondrial NADH availability, and that the increased production of
mitochondrial O2

�� induced by INDO is consequence and not cause
of the increased NADH/NAD+ ratio. These findings suggest that the
mitochondrial dysfunction induced by INDO is an inducing factor
for the subsequent oxidative stress at the cellular and tissue level.

The interest on dietary PPs has grown during the last decades due to
the recognition of their antioxidant properties and their probable role
in the prevention of a number of pathologies associated with oxidative
stress [12,13]. Nevertheless, the bioavailability of these compounds is
generally considered as low and they tend to accumulate in the GI tract,
which has been proposed as their main site of action [14].

The partition coefficient (XLOGP3, a lipophilicity index) and
topological surface area (TPSA, a polarity index) are considered as
good predictors of molecule absorption [34]. According to the Pub-
Chem database, the XLOGP3/TPSA values for QUE and RUT (1.5/128
vs �1.3/266, respectively), indicate that the latter is more hydro-
philic than QUE. In the intestinal lumen, the hydrophilic moiety
of RUT, the disaccharide rhamnoglucoside must be removed to al-
low the absorption of QUE across the apical membrane of entero-
cytes. This process may be carried out in the colon by some
bacterial populations with rhamnosidase activity [35]. This process
does not occur in vitro and may explain the higher concentration of
RUT required for protection of mitochondrial function.

The fact that EGCG failed to protect mitochondrial function de-
spite its more favorable XLOGP3 and TPSA values (1.2/197) com-
pared with RUT, and that the protective effect of RES was lower
than that of QUE despite exhibiting the best XLOGP3 and TPSA con-
ditions (3.1/60.7) of all the tested PPs, indicates that the ability to
enter into the cell is a necessary but not sufficient condition for
their biological activities. PPs must also enter the mitochondria
side-stepping the electrochemical gradient between the inner
membrane and inter-membrane space and have to remain inside
the organelle to exert their protective effect, probably by interact-
ing with the specific subunit of complex I targeted by INDO. As
EGCG can enter into the cell without losing its galloyl moiety
[35], it probably does not ‘‘fit’’ in the key site of complex I to induce
a protective effect against rotenone or INDO inhibition. It is possi-
ble that QUE binds to complex I without acting as an inhibitor, thus
protecting against the effects induced by rotenone and INDO [36].
The structural similarity between QUE, rotenone and INDO seems
to be an important factor in determining the protective effect of
this flavonoid. In fact, the stilbene RES, without flavonoid structure,
exhibits a very weak protective effect despite its high lipophilicity. QUE
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not only diffuses easily across biological membranes but also concen-
trates 100-fold in mitochondria [37]. The high lipophilicity of QUE,
with its rotenone-like structure (flavonoid skeleton preserved without
substituent groups), its high capacity for accumulating in mitochondria
and its high affinity for the rotenone binding site in complex I (without
inhibiting it) gave it exceptional characteristics for mitochondrial pro-
tection. A direct interaction between INDO and QUE which may result
in a lower absorption of INDO into the enterocyte may be excluded as
no changes in the chromatographic profile of the PP was detected after
incubation with the NSAID. In conclusion, mitochondrial dysfunction
represents at the cellular level launching factor of the oxidative stress
that follows INDO exposure. Quercetin is the most efficient PP exerting
a protective effect against mitochondrial dysfunction probably due to
its ability to enter cells and accumulate in mitochondria. In addition,
its structural similarity with rotenone could favor its binding to the
ubiquinone site of complex I, protecting it from inhibitors such as INDO
or rotenone. These findings suggest a new mitochondrial protective
function for dietary PPs, independent of their antioxidant properties.
This function expands the spectrum of preventive and/or therapeutic
uses of PPs in pathological conditions where mitochondrial dysfunc-
tion is involved.
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