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a b s t r a c t

Cholesterol plays an important role in inducing pancreatic β-cell dysfunction, characterized by an
impaired insulin secretory response to glucose, representing a hallmark of the transition from

pre-diabetes to diabetes. 3,4 dihydroxyphenylacetic acid (ES) is a scarcely studied microbiota-
derived metabolite of quercetin with antioxidant properties. The aim of this study was to
determine the protective effect of ES against apoptosis, mitochondrial dysfunction and oxidative
stress induced by cholesterol in Min6 pancreatic β-cells. Cholesterol decreased viability, induced
apoptosis and mitochondrial dysfunction by reducing complex I activity, mitochondrial mem-
brane potential, ATP levels and oxygen consumption. Cholesterol promoted oxidative stress by
increasing cellular and mitochondrial reactive oxygen species and lipid peroxidation and
decreasing antioxidant enzyme activities; in addition, it slightly increased Nrf2 translocation to
the nucleus. These events resulted in the impairment of the glucose-induced insulin secretion. ES
increased Nrf2 translocation to the nucleus and protected pancreatic β-cells against impaired
insulin secretion induced by cholesterol by preventing oxidative stress, apoptosis and mitochon-

drial dysfunction. Nrf2 activation seems to be involved in the mechanisms underlying the
antioxidant protection exerted by ES in addition to preventing the disruption of antioxidant
enzymatic defenses. Although additional in vivo experiments are required, this metabolite is
suggested as a promising drug target for the prevention of the pathological development from a
pre-diabetic to a diabetic state.
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Introduction

Type 2 diabetes mellitus (T2DM) has become a major health issue
worldwide due to its high prevalence and its associated morbidity
and mortality. Alteration of pancreatic β-cell function leading to
an impaired insulin secretory response to glucose is a hallmark of
the transition from the pre-diabetic to the diabetic state [1].
Cholesterol plays an important role in pancreatic β-cell dysfunc-
tion. This has been suggested by the observation that β-cells from
ATP binding cassette transporter 1 (ABCA1) knockout mice dis-
play an increased cellular cholesterol content and an impaired
insulin secretion; ABCA1 transporter mediates the reverse cho-
lesterol efflux [2]. This is consistent with a previous observation
where liver X receptor b knockout mice (LXRbeta�/�) exhibited
β-cell dysfunction; this receptor induces the ABCA1 expression in
response to cholesterol [3]. Hao et al. found a direct link between
elevated cholesterol and reduced insulin secretion in islets
isolated from C57BL/6J mice and in INS-1 rat pancreatic β-cells,
the normal secretion of this hormone being restored by choles-
terol depletion [4]. The LDL receptor, which facilitates cholesterol
uptake, in knockout mice (LDLR�/�) exhibits hypercholestero-
lemia with elevated islet cholesterol levels and β-cell dysfunction,
with impaired glucose tolerance and reduced glucose-stimulated
insulin secretion [5]. Interestingly, the loss of ABCG1 expression in
β-cells impaired insulin secretion, where ABCG1 acts primarily to
regulate the subcellular cholesterol distribution in β-cells; thus a
critical role for pancreatic β cell-specific cholesterol homeostasis
seems to be involved in insulin secretion as well as in β cell
dysfunction in diabetes [6]. Few in vitro studies have been carried
out to elucidate the underlying mechanism of cholesterol-induced
insulin secretion impairment; their results suggest that choles-
terol may induce β-cell dysfunction by promoting apoptosis
through oxidative stress pathways [7,8], mitochondrial damage
[9] and alteration in membrane fluidity [10]. This is particularly
interesting since pancreatic β-cells are considered to be particu-
larly susceptible to oxidative stress due to their relatively low
antioxidant enzyme content [11]. Thus, molecules with antiox-
idant and mitochondrial protective properties may represent a
promising strategy for preventing and delaying β-cell dysfunction
induced by high cholesterol.

The flavonol quercetin (QUE, and QUE-glycosylated) is one of
the most abundant polyphenols present in fruits and vegetables
[12]. Though many healthy systemic effects in humans have been
attributed to QUE, it is barely absorbable in the gastrointestinal
tract and as a result, in consequence, it accumulates in the lumen
[13]. Colonic microbiota can degrade flavonoids, generating a
large number of metabolites that can be absorbed and exert
biological effects in the body, such as antioxidant, antimicrobial
and anti-inflammatory activities, among others [14]. The major
microbial metabolite of QUE and its glycosylated derivatives is ES
(homoprotocatechuic acid) [15–22], which also possesses potent
antioxidant properties. It has been shown that this compound has
the highest free radical scavenging activity among several flavo-
noid metabolites tested in vitro, and that it may reduce plasma
lipid peroxidation in vivo [23,24]. Interestingly, its antioxidant
effects have not been addressed in terms of modulating redox-
sensitive transcription factors such as Nrf2. This metabolite is
detected in human plasma and urine after the ingestion of a
standard diet [25], dietary supplementation with QUE derivatives
[26] or flavonoid-rich foodstuffs [27]. Studies into the biological
effects of ES beyond its antioxidant activity are limited.
The present study endeavored to determine the in vitro protec-

tive effect of ES against the loss of cell viability, mitochondrial
dysfunction and oxidative stress induced by high cholesterol
levels in pancreatic β-cells. This study contributes to explaining
the “health-promoting” effects of QUE intake [28–31], in parti-
cular against the development of type-2 diabetes, taking into
account the low bioavailability of this flavonoid.
Materials and methods

Materials

ES, water-soluble cholesterol, Rhod, DCFD, triphenyltin, 1,1,3,3-
tetramethoxypropane were purchased from Sigma (St. Louis,
USA). CellTiter 96s AQueous One Solution Cell Proliferation Assay,
CytoTox-ONE Homogeneous Membrane Integrity Assay kit and
CellTiter-Glo luminescent Cell Viability Assay kit were from
Promega (Madison, WI, USA). DHE and Cytochrome c ELISA assay
kit was purchased from Invitrogen (Life Technologies, CA, USA).
MitoSoxTM Red mitochondrial superoxide indicator was obtained
from Molecular Probes (Eugene, OR, USA). Caspase-3 Colorimetric
Activity Assay Kit and Caspase-9 Colorimetric Activity Assay Kit
were purchased from Millipore (Millipore Corporation, Bedford,
MA, USA). In situ Cell Death Detection Kit, fluorescein) was
purchased from Roche (Penzberg, Germany). TBARS assay KIT
was obtained from Cayman (Cayman Chemical Company, Ann
Arbor, MI, USA). Pierce BCA Protein Assay Kit was purchased from
Thermo Scientific (Rockford, IL USA). Rat Ultrasensitive Insulin
ELISA kit was from ALPCO (Salem, USA). DMEM, FBS, penicillin,
and streptomycin were from GIBCO BRL (Grand Island, NY, USA).
Cell culture Min6 cells [9] were kindly provided by Dr. M Garry

(Department of Biochemistry, Monash University, Clayton, Aus-
tralia) with the approval of Dr. J. Miyazaki (Osaka University,
Osaka, Japan) and of Dr. Francisco Pérez (University of Chile). The
use of this cell line was previously reported by us in Zhao et al.
[9]. Min6 cells (passage 38–48) were cultured in DMEM (25 mM
glucose) supplemented with 10% heat-inactivated FBS, 100 IU/ml
penicillin, 100 mg/ml streptomycin, and 50 mM β-mercaptoethanol
in a humidified atmosphere of 95% air and 5%CO2. The culture
medium was changed three times per week. All the values were
normalized in relation to protein concentrations determined by
the Pierce BCA Protein Assay Kit. All the experiments were
conducted in unsupplemented DMEM media. The present study
is mainly based on a previous published work where mitochon-
drial membrane potential impairment was described as an under-
lying mechanism of toxicity by cholesterol in pancreatic β-cell [9].
In this study the following experimental conditions were used:
320 mM cholesterol, incubation time of 6 h and Min6 cells,
according to a previous work reported by us [9]. Cholesterol:
methyl-β-cyclodextrin complex (Sigma catalog no. C4951), a
“water-soluble cholesterol” containing 47 mg of cholesterol/g
solid according to Certificate of Analysis (molar ratio, 1:6 choles-
terol/ methyl-β-cyclodextrin) was used to deliver cholesterol to
the cells, as previously described [9,32,33]. Considering that
methyl-β-cyclodextrin induces mitochondrial cholesterol deple-
tion from cell membranes at very high concentration (� 2% or
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5 mM) [32,34], a ten times lower concentration of this compound
in our experiments.

Cell viability assay

Cell viability was measured through the MTS assay and by LDH
quantification [35]. MTS is reduced by cells to a colored formazan
that is soluble in DMEM media. LDH is a ubiquitous intracellular
enzyme whose leakage is used as a marker of cell membrane
damage and cell toxicity. Cells were plated in 96-well plate at a
density of 5�104 cells/well and after 24 h cells were incubated
with 320 mM cholesterol in the absence or in the presence of
increasing concentration of ES for 6 h. After the treatments, cell
supernatants were collected and the LDH released into the
medium was measured using the CytoTox-ONE™, which is based
on the conversion of resazurin into fluorescent resorufin (λEx
560 nm and λEm 590 nm). Cell treated with Triton X-100 served as
positive control, indicating the maximun LDH release. The RFU of
the samples was compared with the RFU of the positive control
cells. After washing, the ability of cells to reduce MTS was
evaluated by measuring the OD at λ 490 nm, using the CellTiter
96s AQueous Assay according to the manufacturer's instructions.
Fluorescence and absorbance were measured using a Multi-Mode
Microplate Reader (Synergy HT, BioTek and SunriseTM, Tecan;
respectively).

Apoptosis evaluation

Apoptosis was quantitated by measuring the activities of caspase-
3 and caspase-9, and through the determination of cytochrome c
release. Cells were plated in 6-well plates at a density of 1�106

cells/well and, after 24 h, they were incubated with 320 mM
cholesterol in the absence or the presence of various concentra-
tion of ES for 6 h.
The catalytic activity of caspase-3 and caspase-9 was measured

independently by using a commercial colorimetric assay according
to the manufacturer's instructions [36,37]. The determination is
based on the detection of the chromophore p-nitroanilide at
405 nm after its enzymatic cleavage from the labeled substrate
DEVD- or LEHD-p-nitroanilide, respectively. Caspase-3 and -7 use
the same artificial substrate (DEVD- p-nitroanilide), but caspase-3
has been described as the major executioner involved in the
cleavage phase of apoptosis, since it is more promiscuous than
caspase-7 in terms of substrates [38]. Accordingly, in the following
paragraphs, only caspase-3 will be referred to. The specific caspase-
3 and caspase-9 inhibitors, 0.1 mM Ac-DEVD-CHO and 0.1 mM Ac-
LEHD-CHO, were used as enzymatic activity controls, according to
the manufacturer's instructions. During the caspase assays, samples
from cells treated with 320 mM cholesterol were also incubated for
10 min with Ac-DEVD-CHO or Ac-LEHD-CHO, as controls to confirm
the specific induction of the activities of caspase-3 or caspase-9 by
cholesterol. Enzyme activity was calculated as mmol of p-nitr-
oanilide released/minute/mg of protein.
Cytochrome c was measured using a Cytochrome c Kit ELISA

assay, according to manufacturer's instructions [35].
DNA fragmentation was assessed by terminal deoxynucleotide

transferase (TdT)-mediated dUTP nick end-labeling (TUNEL)
coupled to FITC fluorescence, using a commercial kit (In situ Cell
Death Detection Kit, fluorescein, Roche), according to manufac-
turer's instructions. Cells treated with DNase I (RQ1 RNase-Free
DNase, Promega, Madison, WI, USA, Cat. M6101) served as
positive controls. Fluorescence was visualized by using a fluores-
cence microscope (Zeiss, AxioScope A1) equipped with a digital
camera (Canon EOS Rebel T3). The mean fluorescence intensity
was obtained by using the ImageJ program taking into account
the area of the culture under observation according to the
magnification. Images were captured in fields with 50% of
confluency, based on DAPI staining (0.15 μg/mL).
Mitochondrial function assay

Mitochondrial function was evaluated by measuring MMP using
Rhod, a cationic lipophilic fluorochrome (λEx 500 nm and λEm
530 nm) which accumulates in the mitochondrial matrix. Cells
were plated in 24-well plates at a density of 2�105 cells/well and
after 24 h cells were incubated with 320 mM cholesterol in the
absence or in the presence of ES for 6 h. After washing, cells were
incubated with 1 mg/ml Rhod for 10 min at 37 1C. The specific
accumulation of Rhod in the mitochondria was evaluated using as
control 3 mM triphenyltin, an inductor of mitochondrial mem-
brane permeability transition pores [39]. The fluorescence was
measured using a Multi-Mode Microplate Reader (BMG Polarstar
Omega, LABTECH).

Mitochondrial function was also determined by measuring the
level of ATP using the CellTiter-Glo kit, which generates a
luminescent signal proportional to the amount of ATP present in
the assay [40]. Cells were plated in 24-well plate at a density of
2�105 cells/well and after 24 h, cells were incubated with
320 mM cholesterol in the absence or in the presence of ES for
6 h. After washing, ATP levels were assayed according to manu-
facturer's instructions and luminescence was measured using a
Multi-Mode Microplate Reader (Synergy HT, BioTek).

In addition, after 6 h-treatment with 320 mM cholesterol and/or
ES, cells were incubated at 37 1C in an oxygraph apparatus
equipped with a clark-type polarographic electrode (Strathkelvin
Instruments dissolved oxygen respirometry systems, Warner
Instruments, USA). The consumption of oxygen, which is coupled
to mitochondrial respiration and ATP production was registered
for 10 min. The values were normalized to the cells number.

Activities of complexes I and II of the electron transport chain were
measured in mitochondria isolated from Min6 cells treated with
320 mM cholesterol in the absence or in the presence of 250 mM ES.
Mitochondria were isolated as previously described previously [40].
Briefly, cells were harvested, washed in a Ca2þ/Mg2þ-free PBS and
centrifuged (10min; 1000 g; 4 1C). The pellet was resuspended and
homogenized in a buffer solution (pH 7.4) containing 250mM
sucrose, 1 mM EGTA, 10 mM HEPES and 1mg/ml BSA (fraction V).
The homogenate was centrifuged (10min; 12,000g; 4 1C); the super-
natant discarded; and the pellet was washed and centrifuged as
above. Complex I activity was measured in isolated mitochondria by
determining the changes of OD340 nm due to NADH oxidation
(ε¼6.81 mM�1 cm�1). Rotenone (a complex I inhibitor) was used
as a control; and the enzyme activity as rotenone-sensitive NADH–
ubiquinone oxidoreductase was calculated [40]. The activity of
complex II was quantified by the increase in 2,6-dichlorophenolin-
dophenol (DCIP) reduction measured at 600 nm (ε¼19.1 mM�1

cm�1); malonate (a complex II inhibitor) was used as a control;
and the enzyme activity as malonate-sensitive succinate-coenzyme Q
reductase was calculated [40].
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Cellular redox status assay

The redox status of Min6 cells was evaluated by measuring the
intracellular reactive oxygen species and the cytosolic and mito-
chondrial O��

2 production. The intracellular ROS was measured
through the conversion of DCFD into a fluorescent dye (λEx
485 nm and λEm 530 nm). O��

2 was assessed through the specific
oxidation of DHE to 2-hydroxyethidium (2-OH-Eþ), also a fluor-
escent dye (λEx 470 nm and λEm 590 nm) [16,41,42]. Mitochondrial
O��

2 production was evaluated through the oxidation of MitoSoxTM

Red, a cationic lipophilic fluorochrome (λEx 510 nm and λEm
570 nm) which accumulates in the mitochondrial matrix [43].
Cells were plated in 24-well plates at a density of 2�105 cells/
well and after 24 h the cells were incubated at 37 1C for 30 min
with 50 mM DCFD, 10 μM DHE or 5 μM MitoSox™. After washing,
cells were incubated with 320 mM cholesterol in the absence or in
the presence of ES for 6 h. The fluorescence was measured using a
Multi-Mode Microplate Reader (Synergy HT, BioTek).

The oxidative stress in Min6 cells was evaluated by measuring
lipid peroxidation using a TBARS assay kit. Cells were plated in
75 cm2

flask plate at a density of 2�107 cells and after 24 h cells
were incubated with 320 mM cholesterol in the absence or in the
presence of ES for 6 h. The amount of MDA in cell lysates was then
quantified through the formation of a fluorescent adduct with
thiobarbituric acid (λEx 532 nm and λEm 553 nm), according to
manufacturer's instructions. 1,1,3,3-tetramethoxypropane was
used as control standard. The fluorescence was measured using
a Multi-Mode Microplate Reader (Synergy HT, BioTek).

The antioxidant status was also assessed by measuring anti-
oxidant enzyme activities in Min6 cells treated with 320 mM
cholesterol or cholesterol plus ES. SOD determination was based
on the SOD-mediated increase in the rate of autoxidation of
catechols in aqueous alkaline solution to yield a chromophore
with maximum absorbance at 525 nm [44]. One SOD unit was
defined as the activity that doubles the auto-oxidation back-
ground and was expressed as U/mg protein. Soluble GSHpx
activity was measured spectrophotometrically in the cytosolic
fraction (100,000 g supernatant) by the reduction of glutathione
disulfide coupled to NADPH oxidation, catalized by glutathione
reductase [45]. One GSHpx unit was defined as the activity that
oxidizes 1 μmol of NADPH per minute, expressed as U/mg protein.
Nrf2 activation

Nrf2 activation was evaluated by measuring the levels of Nrf2 in
nuclear and cytosolic extracts, using western blotting technique.
After 6 h treatment with cholesterol and/or ES, the cells were
harvested and sonicated (5 s pulse, 10 pulses, 5 s between each
pulse) in a buffer solution pH 7.9 containing 10 mM HEPES,
1.5 mM MgCl2, 10 mM KCl, 0.2 mM PMSF, 0.5 mM DTT and 0.5%
Igepal and centrifuged at 17,000g for 10 s. The supernatants were
collected for Nrf2 quantification in the cytosolic extract. The
pellets were re-suspended in a buffer solution pH 7.9 containing
20 mM HEPES, 5% Glicerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 0.5 mM DTT and 0.2 mM PMSF and centrifuged at 17,000g
for 10 min. This supernatant was collected for Nrf2 quantification
in the nuclear extract. The protein content was determined in the
supernatants. Protein extracts (35 μg) were resolved on a 10%
SDS-PAGE, through Western blot process, and probed with rabbit
polyclonal antibody for Nrf2 (1:500; 68 kDa; Abcam, Cambridge,
MA) [46], lamin A/C (1:1000; 70 kDa; Cell Signaling Technology,
MA) and monoclonal antibody for β-actin (1:1000; 45 kDa; Cell
Signaling Technology, MA) and for α-tubulin HRP conjugated
(1:1000; 52 kDa; Cell Signaling Technology, MA). In all determi-
nations, anti-β-actin was used as control for cytosolic fractions,
whereas anti-lamin A/C was used as control for nuclear fractions.
In addition, the extracts were Western blotted with anti-α-tubulin
or anti-lamin A/C to confirm no cross-contamination between the
cytosolic and nuclear fractions, respectively. The antigen-antibody
complexes were detected using horseradish peroxidase goat anti-
rabbit IgG (1:2000; Cell Signaling Technology, MA) and Super
Signal West Dura Extended Duration Substrate (Thermo Scientific,
Rockford, IL, USA). Bands were quantified by densitometry using
ImageJ.
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Insulin secretion assay

It has been reported that Min6 cells with high passage (460)
numbers lose their ability to secrete insulin [47]. Min6 cells with
low passage (38–41) were incubated with 320 mM cholesterol in
the absence or presence of ES for 6 h, in serum-free and glucose-
free DMEM supplemented with 2 mM L-glutamine and 25 mM
Hepes, pH 7.4. Medium was collected for basal insulin secretion
under 0 mM glucose. Cells were then washed twice with PBS and
placed immediately in serum free DMEM with high glucose
(25 mM) for 1 h and medium was collected for glucose-
stimulated insulin secretion [47]. Insulin levels in the medium
were measured by using a Rat Ultrasensitive Insulin ELISA kit,
according to the manufacturer's instructions.
Statistical analysis

Data were analyzed by using the GraphPad Prism 4 statistical
software throughout One-Way ANOVA, following by Tukey's post-
hoc. Unless indicated otherwise, the experiments were performed
three times and in quadruplicate. Values were expressed as
mean7standard deviation. Values bearing different superscript
letters were significantly different (po0.05).
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Results

ES protects against the loss of cell viability induced by
cholesterol

Exposure of cultured cells to 320 mM cholesterol decreased to 55%
the capacity of reduction of MTS (Fig. 1A) and increased to 35% the
leakage of LDH into the medium (Fig. 1B). Such alterations were
concentration-dependently attenuated in the presence of ES. At a
concentration of 250 mM, this compound totally prevented the
cytotoxicity (LDH release) and the loss of cell viability (MTS assay)
induced by cholesterol (Fig. 1A and B). Up to a concentration of
250 mM, ES alone did not affect cell viability.

ES protects against apoptosis induced by cholesterol

Apoptosis was studied by measuring the activation of caspases
and the release of cytochrome c. Cholesterol (320 mM) treatment
resulted in a 133% increase of the activities of caspase-3 and
caspase-9, (Fig. 2A and B); such increases were prevented in a
concentration-dependent manner in the presence of ES. ES at a
concentration of 250 mM, totally prevented the increase in
caspase activities (Fig. 2A and B). In addition, 320 mM cholesterol
also induced an increase by 75% of the cytochrome c release and
163% of the DNA fragmentation, which was fully prevented by
250 mM of ES (Fig. 2C and D/E). Up to a concentration of 250 mM,
ES alone had no effect on the markers of apoptosis.

ES protects against mitochondrial dysfunction induced
by cholesterol

Cholesterol (320 mM) decreased by 40% the MMP and by 31% the
intracellular levels of ATP in Min6 cells (Fig. 3A and B), in addition
to decrease by 40% of the oxygen consumption rate (Fig. 3C). In
the presence of ES, the cholesterol-induced mitochondrial dys-
function was concentration-dependently prevented; at 100 and
250 mM the decrease of ATP levels and MMP was totally inhibited,
respectively (Fig. 3A and B). In addition, at 250 mM, the drop in
oxygen consumption (Fig. 3C) and complex I activity (Fig. 3D)
were completely prevented. Cholesterol had no effect on complex
II activity (data not shown). Up to a concentration of 250 mM, ES
alone did not affect mitochondrial function evaluated by ATP
level, MMP, oxygen consumption and complexes activities.

ES protects against oxidative stress induced by cholesterol

Cholesterol (320 mM) increased by 122%, 105% and 160% the
intracellular ROS, the cytosolic O��

2 and the mitochondrial
O��

2 status, respectively (Fig. 4A, B and C). ES concentration-
dependently prevented the oxidative stress induced by choles-
terol. At a concentration of 100 mM, ES totally prevented the
increase of intracellular ROS, since no DCF oxidation was detected.
Interestingly, already at a concentration of 10 mM ES protected
DHE from the oxidation induced by cholesterol, but failed in
protecting against the oxidation of MitoSox™ in mitochondria.
However, at 100 mM ES was able to completely prevent MitoSox™
oxidation. In addition, 320 mM cholesterol increased by 84% the
basal lipid peroxidation of Min6 cells and decreased by 48% and
55% the intracellular activities of GSHpx and SOD (Fig. 4E and F),
respectively. All these latter events induced by cholesterol were
totally prevented by 250 mM ES. Noteworthy, ES alone increased
by almost 15% the activities of GSHpx and SOD with respect to the
control (Fig. 4E and F). Up to a concentration of 250 mM, ES alone
had no effect on the other oxidative stress markers

ES potentiates the cholesterol-induced Nrf2 activation

Nrf2 is involved in the response to chemical/oxidative stress [48].
To assess the role of Nrf2 in the deleterious effects of cholesterol
as well as in the protective effects of ES, its levels were quantified
in cytosolic and nuclear extracts from Min6 cells. The purity of
nuclear extraction was confirmed by its low content in α-tubulin
(Fig. 4G). Cholesterol induced a 3-fold increase in nuclear vs.
cytoplasmic Nrf2 relative to control (Fig. 4G and H). ES in the
presence or absence of cholesterol increased Nrf2 translocation to
the nucleus by around 6-fold relative to control (po0.001, Fig. 4G
and H).

ES protects against cholesterol impaired glucose-
stimulated insulin secretion

Glucose (25 mM) caused a 10-fold increase in insulin secretion, in
relation to non-stimulated Min6 cells (without glucose or basal
secretion) (Fig. 5). Cholesterol (320 mM) decreased by 40% the
insulin secretion in response to glucose, which was totally
prevented in the presence of 250 mM ES (Fig. 5). ES alone, at a
concentration of 250 mM, had no effect on basal or glucose-
stimulated insulin secretion.
Discussion

T2DM has become a major health issue worldwide due to its high
prevalence and its associated morbidity and mortality; it is
currently considered one of the most challenging public health
problems of the 21st century. Insulin resistance has been identi-
fied as the early key event in the pathogenesis of T2DM;
pancreatic β-cell dysfunction, leading to an impaired insulin
secretory response to glucose, plays a pivotal role in the transition
from the pre-diabetic state to the development of clinical T2DM
[1,49,50]. Cholesterol plays an important role in pancreatic β-cell
dysfunction, inducing the impairment of insulin secretion
[2–5,7,10]. Oxidative stress is a common pathway for numerous
types of damage including glucotoxicity and lipotoxicity, and it is
recognized as an important factor in pancreatic β-cell apoptosis
[51]. We postulate that ES, a microbiota-derived metabolite of
QUE, may protect β-pancreatic cells in vitro against cholesterol-
induced dysfunction, and that this effect might be associated with
the antioxidant and anti-apoptotic properties of this compound as
well its ability to prevent mitochondrial dysfunction. This study
may contribute to clarifying the possible role of ES in the systemic
effects attributed to QUE in vivo, which are difficult to explain due
to its low bioavailability.
Our results show that the viability of Min6 cells significantly

decreased after 6 h of incubation with cholesterol; more specifi-
cally their ability to reduce MTS was reduced by 45%. The
cholesterol concentration used in this study reflects the circulat-
ing levels observed in vivo since values up to 5.2 mM are
considered to be in the normal range in human plasma [52].
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These results confirm those of Zhao et al., who reported that
cholesterol reduced the viability of Min6 cells in a concentration-
dependent manner, diminishing their ability to reduce MTT [9]. In
addition, this effect on cell viability was corroborated by the fact
that cholesterol also induced a 35% increase in LDH leakage and
trypan blue (data not shown). In line with the current study, Lu
et al. reported that cholesterol decreased Min6 cell attachments
to the flask bottom by 30% after 24 h of incubation [8].
In order to elucidate whether the loss of Min6 viability was due

to apoptosis induction, caspase-3 and caspase-9 activity and the
release of cytochrome c were assessed. Caspase-9 is an initiator
caspase activated through the intrinsic (mitochondria-mediated)
pathway when it is recruited by the apoptosome APAF-1/cyto-
chrome c [53]. Caspase-9 cleaves/activates caspase-3, an effector
caspase which subsequently cleaves vital cellular proteins. In the
present study we observed that 6 h of incubation with cholesterol
doubled the activity of caspase-3 (relative to control) (Fig. 2). This
effect on caspase-3 activity was also reported by Lu et al. [8]. Zhao
et al. also observed that cholesterol induced apoptosis of Min6
cells through a significant increase in phosphatidylserine on the
cell surface, a phenomenon associated with cell death [9]. In
addition to observing a two-fold increase in caspase-9 activity, we
also detected an increase in cytochrome c release; as a result, it is
possible that cholesterol induces apoptosis by activating the
intrinsic pathway (Fig. 2) [36]. These findings were confirmed
by the fact that the homogenates from cholesterol-treated cells
were unable to exert the cleavage of caspase substrates when
incubated in the presence of specific inhibitors of caspase-3 and
caspase-9. The activation of effector caspases by cholesterol is
consistent with an increase in DNA fragmentation in cholesterol-
treated cells. These results are in line with those reported by Lu
et al. with a 40% increase in DNA fragmentation after cholesterol
treatment [8].

We also studied the damaging effect of cholesterol on mito-
chondrial function by determining the cytochrome c level as a
biomarker of mitochondrial dysfunction [54]. Our results showed
that cholesterol decreased the MMP, confirming the findings
reported by Zhao et al. [9]. Interestingly, we also observed for
the first time that cholesterol decreased ATP levels and the
oxygen consumption rate (Fig. 3). It is possible that cholesterol
interferes with the electron transport chain by altering the
physiological efflux of protons from the mitochondrial matrix to
the intermembrane space (cholesterol decreased the MMP). It also
interfered with the oxygen reduction to water (cholesterol
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decreased the oxygen consumption rate). The decreased ATP
levels, resulting from inadequate oxygen consumption and
decreased MMP, may trigger mitochondrial swelling by inducing
the permeability transition pore, a key effector of the apoptosis
pathway mediated by the release of cytochrome c [54,55].
Considering that mitochondrial dysfunction is strongly asso-

ciated with oxidative stress, we also evaluated the pro-oxidant
effect of cholesterol. We observed that cholesterol doubled the
oxidative state of Min6 cells (relative to the controls) by promot-
ing the production of reactive oxygen species (ROS) and lipid
peroxidation (Fig. 4). These observations are in line with those of
Lu et al. [8], who suggested that cholesterol may induce apoptosis
of β-cells by promoting oxidative stress and the activation of p38
MAPK signaling. These authors also mentioned that cholesterol
induces insulin secretion impairment in Min6 cells by inducing
oxidative stress and thus apoptosis. In a model of lipotoxicity
using palmitate, oxidative stress mediated by NAD(P)H oxidase or
uncoupled-NOS also arises as key event underlying pancreatic
β-cells dysfunction [56]. Angiotensin II receptor blockers, by
attenuating oxidative stress, have consistently been shown to
recover decreased insulin secretion in Min6 cells and Langerhans
islets isolated from mouse [57].
On the other hand, the effect of cholesterol on membrane

fluidity [58] may emerge as a complementary mechanism under-
lying its damaging effect on pancreatic β-cells. It has recently been
found that cholesterol impairs the ability of insulin secretory
granules to respond to stimuli by altering membrane trafficking
due to its effect on membrane rigidity, resulting in impaired
insulin secretion [59]. Cholesterol accumulation in the plasma
membrane has been reported to promote the formation of lipid
rafts and caveolae, improving its stability and organization
[60–62]. Such cholesterol-rich microdomains have been critically
involved in redox-sensitive signaling events. In fact, depletion of
cholesterol from membranes was reported to decrease O2.

-

production by reducing the assembly of active NADPH oxidases
in the cell membrane [63,64]. In addition, there may be other
cholesterol-induced sources of ROS. It is worthy of note that we
show, for the first time, that cholesterol induces the production of
O��

2 in mitochondria, a fact consistent with the alteration of
mitochondrial function induced by this molecule (Fig. 4). The idea
that cholesterol increases mitochondrial O2.

- production by inhi-
biting complex I is supported by the fact that rotenone and
indomethacin, which inhibit complex I, also promote the mito-
chondrial production of O��

2 [65,66]. Mitochondrial O��
2 is

generated by the interaction between O2 and reducing equiva-
lents [67]. When the electron flow through the electron transport
chain slows down as well as when the Hþ builds up and the
proton efflux through the inner mitochondrial membrane stops
(cholesterol decreased MMP), the concentration of electron
donors increases. In the absence of this gradient, the movement
of Hþ through the ATP synthase ceases as does ATP formation
(cholesterol decreased ATP levels). When the concentration of
oxygen increases (cholesterol decreased oxygen consumption),
the formation of O��

2 by the respiratory chain also increases [67].
The rise in cholesterol-induced cytosolic O��

2 reported in our
study may be due to O��

2 leakage from the mitochondria through
the permeability transition pore and/or to O��

2 production in the
cytoplasm.

Although O��
2 is not a strong oxidant, it is a precursor to most

other ROS such as HO . (produced by the reaction between redox
active metals and H2O2), which possess the electrical potential
necessary to trigger an oxidative chain reaction (e.g. lipid perox-
idation) [68]. In addition, it has been shown that O��

2 , through its
auto-dismutation product, H2O2, may promote the inactivation of
the antioxidant enzymes by oxidating their catalytic moieties
[69,70]. Thus, the subsequent formation of HO . should be
potentiated by the reduced activities of superoxide dismutase
(SOD) and glutathione peroxidase (GSHpx). We consistently found
that cholesterol, in addition to increasing the cellular O��

2 status
and decreasing antioxidant activities, also promoted lipid perox-
idation. We found that cholesterol promoted Nrf2 translocation
(Fig. 4H). This likely occurs via oxidative stress since cysteine
residue oxidation in Keap1 induces a conformational change that
disrupts the Keap1–Nrf2 association, thereby allowing Nrf2
translocation to the nucleus [71]. Interestingly, we observed that
cholesterol induces the expression of antioxidant enzymes down-
stream from Nrf-2 activation, like HO-1, SOD and GSHpx [72];
however, these two latter became inactive due to the high pro-
oxidant status of the cell (Fig. 4E and F).

Considering that insulin is a key molecule with regard to
glucose homeostasis, we studied the effect of cholesterol on
insulin secretion, specifically in response to glucose, due to this
secretion impairment being a hallmark of the transition from pre-
diabetes to diabetes. We found that cholesterol, probably by
inducing oxidative stress, mitochondrial dysfunction and related
apoptosis, ultimately altered the pancreatic β-cell function,
impairing insulin secretion in response to glucose by 40%.
Although the deleterious effect of cholesterol on insulin secretion
has been previously described in Langerhans islets isolated from
C57BL/6J mice and in INS-1 pancreatic β-cells, this event was
addressed focusing on cholesterol interaction with the lipid raft
domains within the cell membrane [4,10]. Concomitantly, since an
elevation in the ATP/ADP ratio induces exocytosis of insulin
triggered by a Ca2þ influx into the β-cell via VDCC opening
induced by the ATP-sensitive Kþ channels closure-dependent
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depolarization [73], the decrease in ATP levels may be a mechan-
ism underlying the β-cell dysfunction with an impaired glucose-
induced insulin secretion induced by cholesterol. In this work, we
presented the cellular and mitochondrial effects of cholesterol as
a new, underlying cellular mechanism to impair insulin secretion.

ES is also the major metabolite of dopamine in the central
nervous system (DOPAC); therefore, most studies evaluating the
cellular effect of ES have been conducted on neural cell cultures
[74], and studies carried out on other types of cells are scarce. ES
has been shown to exhibit a potent antiproliferative effect on
colon cancer cell line HCT116 (IC50 90 mM) after 24 h of incubation
[75]. Skrbe et al. showed that the growth of HT29 colon cells
decreased by 60% after 72 h of exposure to 100 mM ES [76].
Recently, ES synthesized by an Aspergillus species isolated from
marine algae was shown to decrease the viability of HeLa cells at
300 μM after 24 h of incubation [77]. By contrast, in the present
study ES in levels up to 250 mM had no effect on the viability of
Min6 cells; however, shorter incubation times and a different cell
line were used.

In the present study, ES concentration-dependently protected
against cell viability loss, apoptosis, mitochondrial dysfunction
and oxidative stress induced by cholesterol. Most of the protective
effects were observed at a concentration of 250 μM, whereas the
protection against the oxidative damage was obtained with
100 μM ES. It is possible that the protective effect of ES against
lipid peroxidation and the drop in antioxidant enzyme activities
may rely on its potent free radical scavenging capacities
[19,23,24], preventing the oxidative attacks to lipids (Fig. 4D)
and proteins and thus conserving antioxidant enzyme activities
(Fig. 4E and F). The activation of Nrf2, reported here, may also
contribute to the mechanism by which ES exerts its antioxidant
protection, for example by increasing antioxidant enzyme activ-
ities, as suggested by the increased activities of SOD and GSHpx in
ES-treated cells (without cholesterol) compared to the control
cells (Fig. 4E and F). ES though Nrf2 activation may contribute to
its mitochondrial protective effect, since recently Nrf2 has been
proposed to be involved in mitochondrial biogenesis via the
AMPK pathway [78]. ES may induce Nrf2 translocation to the
nucleus by exerting post-translational modifications of Nrf2 via
the MAPK pathway, which has been previously described for QUE
[79]. However, more experiments are needed to elucidate the
molecular mechanism of Nrf2 regulation by ES.

Interestingly, ES totally protected against the oxidation of an
O��

2 sensitive probe at a concentration of 10 μM when this probe
was in the cytosol; however, a ten-fold higher concentration was
needed when the probe was in the mitochondria. This may
suggest that, unlike QUE, ES does not accumulate in mitochondria
[80]; however, more specific studies are needed to establish ES
distribution in cells. In addition, ES may protect against
cholesterol-induced oxidative stress and mitochondrial dysfunc-
tion by preventing O��

2 production within mitochondria by
preventing the decrease of complex I activity and of mitochon-
drial respiration, events strongly linked to the formation mito-
chondrial ROS. Although it cannot be ruled out that the protective
effect of ES on pancreatic β-cells could be mediated by the
sequestering of cholesterol, this is unlikely since ES is highly
hydrophilic and its interaction with hydrophobic compounds is
questionable. By protecting against apoptosis, oxidative stress and
mitochondrial dysfunction, ES should finally exert a protective
effect on pancreatic β-cells and β-cell function, resulting in the
prevention of the impaired glucose-stimulated insulin secretion
induced by cholesterol.
With respect to the limitations of our findings, it is unlikely that

ES can reach in vivo the effective concentration studied in vitro
here. In fact, it is unlikely that ES is the “only” molecule
responsible for the in vivo healthy effects attributed to QUE, but
it is certainly a contributing factor. Furthermore, additional
experiments are needed to establish the plasma concentrations
that ES could reach in terms of a standard diet or a polyphenol-
rich diet, since the available information is based mainly on
studies with limited sample sizes and with subjects eating
uncontrolled diets [25–27,81,82]. It should be noted that a
constant urinary excretion of ES can be maintained for up to
48 h after chocolate consumption [82]. Additionally, it seems that
most of the ES absorbed is metabolized to 3-methoxy-4-
hydroxyphenylacetic acid, since a concentration of the methyl-
derivative 24-fold higher than ES was found in the 24 h urine
collections [27]. Thus, the intermediate metabolism is another
important variable to consider since flavonoid bioavailability is
intrinsically regulated by factors such as dietary intake, differ-
ences in host microbiota, polymorphisms of intestinal transpor-
ters, metabolic pathways and excretion, etc. Moreover, the
metabolic activity of the microbiota from diabetic subjects
remains to be studied, specifically in terms of polyphenol
degradation.
In conclusion, this study shows for the first time the association

between apoptosis, mitochondrial dysfunction and oxidative
stress induced by cholesterol in Min6 cells. By inducing mito-
chondrial dysfunction, cholesterol could trigger oxidative stress
and apoptosis. All these events ultimately cause pancreatic β-cell
dysfunction with impaired insulin secretion. ES, a microbial
metabolite of QUE, protects against all these damaging effects.
ES is more effective in protecting cells against oxidative stress
than against the other damaging effects, since lower concentra-
tions were required for this. Nrf2 activation seems to be part of
the mechanisms underlying the ES-induced antioxidant protec-
tion in addition to preventing the disruption of antioxidant
enzymatic defenses. ES administration could represent a promis-
ing strategy for preventing the β-cell dysfunction induced by
cholesterol in vitro and possibly preventing or delaying the
transition from pre-diabetes to diabetes. Additional experiments
are required to evaluate ES protective effects on pancreatic islets
in vivo or ex vivo. In addition, given that hypercholesterolemia is
associated with alterations in blood vessel differentiation and
chronic cardiomyopathy, a principal cardiovascular cause of
mortality linked to T2DM progression, ES could contribute to
reducing the co-morbidities and mortality associated with this
pathology.
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Glossary

ABCA1: ATP-binding cassette transporter subfamily A member 1
DCFD: 20,70-dichlorofluorescein diacetate
DHE: dihydroethidium
ES: 3,4 dihydroxyphenylacetic acid
GSHpx: glutathione peroxidase
LDH: lactate dehydrogenase
MDA: malondialdehyde
MMP: Mitochondrial membrane potential
MTS: (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium)
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Nrf2: Nuclear factor (erythroid-derived 2)-like 2
Rhod: rhodamine 123
RFU: relative fluorescence unit
RLU: relative luminescence unit
O2

� -: superoxide anion radicals
QUE: quercetin
ROS: reactive oxygen species
SOD: superoxide dismutase
TEAC: Trolox equivalent antioxidant activity
T2DM: type 2 diabetes mellitus
TBARS: Thiobarbituric acid reactive substances.
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