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Abstract Methylglyoxal (MG), a reactive sugar-
derived metabolite, exerts harmful effects by inducing
oxidative stress, which aggravates a series of diabetic
complications, including osteoporosis. The present study
was performed to examine the effects of luteolin, a
dietary polyphenolic flavonoid, on MG-induced cyto-
toxicity in MC3T3-E1 osteoblastic cells. Pretreatment of
MC3T3-El osteoblastic cells with luteolin prevented
MG-induced cell death and production of tumor necrosis
factor-alpha, intracellular reactive oxygen species, mito-
chondrial superoxide, and cardiolipin peroxidation. In
addition, luteolin increased the levels of glutathione and
nuclear factor erythroid 2-related factor 2 (Nrf2) and
decreased the inhibition of heme oxygenase-1 activity by
MG. Pretreatment with luteolin prior to MG exposure
reduced MG-induced mitochondrial dysfunction and
increased the peroxisome proliferator-activated receptor
vy co-activator lo (PGC-1o) and nitric oxide levels,
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suggesting that luteolin may induce mitochondrial
biogenesis. Taken together, these observations indicated
that luteolin has potential as a preventive agent against
the development of diabetic osteopathy related to MG-
induced oxidative stress in diabetes.
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Abbreviations

AG Aminoguanidine

AGEs Advanced glycation end products

DAF-FM 4-Amino-5-methylamino-2',7’-

DA difluorofluorescein diacetate

H,DCFDA 2',7'-Dichlorodihydrofluorescin
diacetate

HO-1 Heme oxygenase-1

MG Methylglyoxal

MMP Mitochondrial membrane potential

NAO 10-N-nonyl-Acridine Orange

NO Nitric oxide

Nrf2 Nuclear factor erythroid 2-related factor
2

PGC-1a Peroxisome proliferator-activated
receptor y co-activator lo

RAGE Receptor for AGE

ROS Reactive oxygen species

sSRAGE Soluble form of receptor for advanced
glycation end products

TNF-o Tumor necrosis factor-alpha
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Introduction

Methylglyoxal (MG) is a highly reactive dicarbonyl
metabolite produced during glucose metabolism (Wu
et al. 2011) and is a major precursor of advanced
glycation end products (AGEs) involved in the patho-
genesis of diabetes and inflammation. Proinflamma-
tory cytokines can be generated through receptor for
AGE (RAGE) activation, and are related to the
modulation of inflammatory molecules through oxida-
tive stress (Wu et al. 2011). The level of the soluble
form of RAGE (sRAGE) has been suggested to be a
useful chemical biomarker of cardiovascular disease in
type 2 diabetes (Colhoun et al. 2011). The toxic effects
of MG are supposed to be mediated through MG-
derived AGE. The accumulation of AGEs initiates a
cascade of signal transduction events and activates
damage responses, such as apoptosis, inflammation,
and oxidative stress (Zhao et al. 2010; Dalal et al.
2011). Many diseases such as diabetes, cataract
formation, hypertension, and uremia are proposed to
be intimately linked with MG-derived AGE (Talukdar
et al. 2009). Oxidative stress is increased during
diabetes; reactive oxygen species (ROS) have been
reported to be generated as a result of hyperglycemia,
which causes the secondary complications of diabetes
(Shanmugam et al. 2003). MG cytotoxicity may be
involved in diabetes-associated bone defects. It has
been shown that patients with type I diabetes have high
rates of bone resorption and turnover and decreased
bone mineral density (Kayath et al. 1998; Nicodemus
and Folsom 2001). Recently, we reported that MG has
harmful effects on osteoblastic cells through a mech-
anism involving oxidative stress and mitochondrial
dysfunction (Suh et al. 2014). Previous studies sug-
gested that peroxisome proliferator-activated receptor
vy coactivator 1o (PGC-1a) increases mitochondrial
biogenesis (Ojuka et al. 2003), and the expression of
mitochondrial biogenesis factors may be directly
regulated by the bioavailability of nitric oxide (NO;
Nisoli et al. 2005). Excessive production of mitochon-
drial ROS due to impaired mitochondrial biogenesis
seems to play a pivotal role in the development of
aging-induced diseases (Ungvari et al. 2008). More-
over, nuclear factor erythroid 2-related factor 2 (Nrf2)
has been shown to attenuate oxidative damage by
expression of heme oxygenase-1 (HO-1; Char-
toumpekis et al. 2011). The main function of Nrf2 is
to activate the antioxidant response and induce
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transcription of genes that are able to counteract the
harmful effects of oxidative damage, thus restoring
intracellular homeostasis (Villeneuve et al. 2010).

MG can readily bind to amino groups, thereby
modifying biological molecules to form covalently
cross-linked aggregates (Finotti et al. 2001). There-
fore, the scavenging of reactive dicarbonyl species has
been used as a therapeutic strategy to prevent protein
modification and AGE formation (Wang and Ho 2012;
Peng et al. 2011). Several pharmacological agents,
such as aminoguanidine (Thomas et al. 2005), tenilse-
tam (Webster et al. 2005), carnosine (Blatnik et al.
2008), metformin (Beisswenger and Ruggiero-Lopez
2003), and pyridoxamine (Nagaraj et al. 2002), have
been developed to inhibit the formation of AGEs and
prevent the development of diabetic complications.
However, all of these pharmaceutical agents have side
effects. Therefore, it is critical to develop effective and
safe agents to protect against diabetic complications.

Flavonoids have attracted considerable interest
because of their potential beneficial effects on human
health, and they have been reported to reduce the risk of
developing chronic diseases. Luteolin (3',4',5,7-
tetrahydroxyflavone) is a flavone that exists in various
types of plants. It has been reported that luteolin exerts
various beneficial effects, including cardiovascular
protection, anti-inflammatory activity, and anticancer
activity (Shi et al. 2007; Funakoshi-Tago et al. 2011;
Lang et al. 2012). In addition, recent studies showed
that luteolin can trap MG and has a significant
inhibitory effect on MG-mediated protein modifica-
tion, indicating that this agent can serve as a scavenger
of reactive dicarbonyl species (Shao et al. 2014; Wu
and Yen 2005). Our previous study showed that
luteolin protects osteoblastic MC3T3-E1 cells against
antimycin A-induced cytotoxicity through improved
mitochondrial function and activation of the PI3K/Akt/
CREB pathway (Choi 2011). Therefore, the present
study was performed to investigate the protective
effects of luteolin against MG-induced cytotoxicity in
MC3T3-El1 osteoblastic cells.

Materials and methods

Materials

Luteolin, aminoguanidine, and methylglyoxal were
purchased from Sigma Chemical (St. Louis, MO,



Cytotechnology (2016) 68:2539-2552

2541

USA). a-Modified minimal essential medium (a-MEM)
and fetal bovine serum (FBS) were purchased from
Gibco BRL (Grand Island, NY, USA). Other reagents
were of the highest grade commercially available and
purchased from Sigma Chemical (St. Louis, MO, USA).

Cell culture

The MC3T3-E1 Osteoblastic Subclone 4 cell line was
obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The cells were cultured
at 37 °C under a 5 % CO, atmosphere in a-modified
minimal essential medium (a-MEM; Gibco BRL).
Unless otherwise specified, the medium contained
10 % fetal bovine serum (FBS), 100 U/ml penicillin,
and 100 pg/ml streptomycin. Cells were seeded in
24-well plates in «-MEM containing 5 mM B-glyc-
erophosphate and 50 pg/ml ascorbic acid, supple-
mented with 10 % FBS. 48 h after seeding, cells were
preincubated for 1 h with a-MEM containing 0.1 %
FBS and samples before treatment with MG for 48 h.

Cell viability

The MC3T3-El1 cells were seeded in a 24-well plate at a
density of 2 x 10* cells/well. After 48 h, the cells were
preincubated for 1 h with different concentrations of
luteolin before treatment with MG for 48 h. Then cell
viability was assessed by MTT assay. MTT assay is
particularly useful for this type of analysis. Tetrazolium
salts are cleaved to formazan by the succinate-tetra-
zolium reductase system which belongs to the respira-
tory chain of the mitochondria, and is only active in
metabolically intact cells. Briefly, 20 pl of MTT in
Dulbecco’s phosphate-buffered saline (DPBS), were
added to each well, and incubated for 2 h. After removal
of the solution in the well, dimethyl sulfoxide (DMSO)
was added to dissolve formazan products, and the plates
were shaken for 5 min. The absorbance of each well was
recorded on a microplate spectrophotometer (Zenyth
3100 multimode detector, Anthos Labtec Instruments,
Wals-Siezenheim, Austria) at 570 nm.

Measurement of TNF-a

Cells were seeded in a 24-well plate at a density of
2 x 10* cells/well. After 48 h, the cells were prein-
cubated for 1 h with different concentrations of
luteolin before treatment with MG for 48 h. TNF-a

contents in the medium were measured with an enzyme
immunoassay system according to the manufacturer’s
protocol (R&D Systems Inc., Minneapolis, MN, USA).
Protein concentrations were determined using the
BioRad protein assay reagent (Bio-Rad Laboratories,
Hercules, CA, USA).

Measurement of RAGE and sRAGE levels

Cells were seeded in a 24-well plate at a density of
2 x 10* cells/well. After 48 h, the cells were preincu-
bated for 1 h with different concentrations of luteolin
before treatment with MG for 48 h. The cells were
lysed and homogenized in PBS. Cell homogenates
were centrifuged at 13,000x g for 15 min at 4 °C and
the supernatant was used for ELISA and protein
content measurement. RAGE and sRAGE were
assayed using a Mouse RAGE ELISA kit (RayBio,
Norcross, GA, USA), sRAGE ELISA kit (MyBio-
Source, San Diego, CA, USA), and ELISA kit (USCN
Life Science, Wuhan, China). Protein concentrations
were determined using Bio-Rad protein assay reagent.

Measurement of intracellular reactive oxygen
species

Cells were seeded in a 96-black well plate at a density of
10* cells/well in culture medium. After 24 h, the cells
were preincubated for 1 h with different concentrations
of luteolin before treatment with MG for 48 h. Forma-
tion of intracellular ROS was measured using 2',7'-
dichlorodihydrofiuorescin diacetate (H2DCFDA; Jaku-
bowski and Bartosz 2000). Viable cells can deacetylate
H2DCFDA to the non-fluorescent derivative 2/,7'-
dichlorofluorescin (DCF), which reacts with oxygen
species, and can be measured to provide an index of
intracellular oxidant production. To load the cells with
the fluorescence dye, they were incubated with
H2DCFDA in Hank’s solution at a final concentration
of 10 uM for 45 min at 37 °C in the dark. Following
washing with Dulbecco’s phosphate-buffered saline
(DPBS), ROS levels were determined by measuring the
fluorescence intensity at an excitation wavelength of
485 nm and emission wavelength of 530 nm.

Measurement of mitochondrial superoxide

Cells were seeded in a 96-black well plate at a density
of 10* cells/well in culture medium. After 24 h, the
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cells were preincubated for 1 h with different concen-
trations of luteolin before treatment with MG for 48 h.
Mitochondrial superoxide levels were determined
using MitoSOX™ Red mitochondrial superoxide
indicator (Invitrogen Molecular Probes, Carlsbad,
CA, USA). MitoSOX™ Red is a fluorogenic dye for
highly selective detection of superoxide in the mito-
chondria of cells (Schroeder et al. 2007). Cells were
incubated with 2 pM MitoSOX™ Red at 37 °C for
20 min. Fluorescence (Ex/Em = 510/580 nm) was
measured after washing the cells on a microplate
spectrophotometer (Zenyth 3100 multimode detector,
Anthos Labtec Instruments, Austria).

Measurement of cardiolipin peroxidation

Cells were seeded in a 96-black well plate at a density of
10* cells/well in culture medium. After 24 h, the cells
were preincubated for 1 h with different concentrations of
luteolin before treatment with MG for 48 h. 10-N-nonyl-
Acridine Orange (NAO; Molecular Probes, Carlsbad,
CA, USA), which binds to mitochondrial cardiolipin, was
used for determination of cardiolipin. Decreases in the
fluorescence of NAO in cells have been reported to reflect
the peroxidation of intracellular cardiolipin because the
fluorochrome loses its affinity for peroxidized cardiolipin.
Cells were labeled with 5 pM NAO for 20 min. After
washing, fluorescence was measured at an excitation
wavelength of 485 nm and emission wavelength of
530 nm using a fluorescence microplate reader (Molec-
ular Devices, Sunnyvale, CA, USA).

Measurement of reduced glutathione

Cells were seeded in a 24-well plate at a density of
2 x 10* cells/well. After 48 h, the cells were prein-
cubated for 1 h with different concentrations of
luteolin before treatment with MG for 48 h. Cells
were lysed by homogenization in cold buffer contain-
ing 50 mM MES (2-(N-morpholino) ethanesulfonic
acid) or phosphate (pH 6.7) and 1 mM EDTA. After
centrifugation at 10,000xg for 15 min at 4 °C, the
supernatant was used for the assay. Glutathione was
measured using a glutathione assay kit (BioAssay
Systems, Hayward, CA, USA) according to the
manufacturer’s instructions. Determination of glu-
tathione is based on the reaction of 5,’5-dithiobis-2-
nitrobenzoic acid (DTNB) with glutathione,
which yields a yellow-colored chromophore,
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5-thionitrobenzoic acid (TNB), with a maximum
absorbance at 412 nm. Concentrations of glutathione
were determined with reference to a freshly prepared
standard curve.

Measurement of heme oxygenase-1

Cells were seeded in a 6-well plate at a density of
10° cells/well in culture medium. After 48 h, the cells
were preincubated for 1 h with different concentrations
of luteolin before treatment with MG for 48 h. Heme
oxygenase-1 in the cell extract was determined using a
Mouse Heme Oxygenase-1 Enzyme Immunoassay
(EIA) Kit (Takara Bio Inc., Otsu, Japan), which is
based on a sandwich method that utilizes anti-heme
oxygenase-1 monoclonal antibodies to detect mouse
heme oxygenase-1. The amount of mouse heme
oxygenase-1 can be quantified by measuring the
absorbance using an EIA plate reader. Accurate sample
concentration of mouse heme oxygenase-1 can be
determined by comparing their specific absorbance with
those obtained for standards plotted on a standard curve.

Measurement of nuclear Nrf2

Cells were seeded in a 6-well plate at a density of
10° cells/well in culture medium. After 48 h, the cells
were preincubated for 1 h with different concentra-
tions of luteolin before treatment with MG for 48 h.
After harvesting, cells were resuspended in ice-cold
hypotonic buffer and allowed the cells on ice for
15 min. Cells were treated with 0.5 % Nonidet P-40
and centrifuged for 30 s at 4 °C in a microcentrifuge.
Supernatant was removed and the nuclear pellet was
resuspended in lysis buffer. After centrifugation
(14,000x g, 10 min, 4 °C), the supernatant (nuclear
extract) was stored at —80 °C. NF-E2-related factor
(Nrf2) in the nuclear extract was measured using a
TransAM Nrf2 Kit (Active Motif, Carlsbad, CA,
USA), which included a 96-well plate on which had
been immobilized an oligonucleotide containing the
antioxidant response elements (AREs) consensus
binding site. The active form of Nrf2 present in the
nuclear extract binds specifically to this oligonu-
cleotide. The primary antibody used to detect Nrf2
recognizes an epitope on Nrf2 protein upon DNA
binding. Addition of an HRP-conjugated secondary
antibody provides a sensitive colorimetric readout that
can be easily quantified by spectrophotometry.
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Determination of mitochondrial membrane
potential

Cells were seeded in a 96-black well plate at a density
of 10* cells/well in culture medium. After 24 h, the
cells were preincubated for 1 h with different concen-
trations of luteolin before treatment with MG for 48 h.
A JC-1 Mitochondrial Membrane Potential Assay Kit
(Cayman Chemical Co., Ann Arbor, MI, USA) was
used to demonstrate the changes in the mitochondrial
membrane potential (MMP) in cells. JC-1 is a
lipophilic and cationic dye that permeates across the
plasma and mitochondrial membranes. The dye shows
red fluorescence when it aggregates in healthy mito-
chondria with a high membrane potential, whereas it
appears in monomeric form and shows green fluores-
cence in mitochondria with a diminished membrane
potential. Cells were incubated with the MMP-sensi-
tive fluorescent dye JC-1 for 20 min at 37 °C and
washed twice in PBS, followed by measurement of red
(excitation, 550 nm; emission, 600 nm) and green
(excitation, 485 nm; emission, 535 nm) fluorescence
using a microplate reader (Molecular Devices). Mito-
chondrial depolarization (i.e., loss of MMP) manifests
as a decrease in the red/green fluorescence ratio.

ATP measurement

Cells were seeded in a 24-well plate at a density of
2 x 10 cells/well. After 48 h, the cells were prein-
cubated for 1 h with different concentrations of
luteolin before treatment with MG for 48 h. The cells
were lysed and homogenized in PBS. Cell homo-
genates were centrifuged at 13,000x g for 15 min at
4 °C and the supernatants were used for assay and
protein content measurement. The ATP concentration
was determined by luciferase reaction using an
EnzyLight™ ATP Assay Kit (BioAssay Systems,
Hayward, CA, USA). This ATP assay kit provides a
rapid method of measuring intracellular ATP. Protein
concentrations were determined using the Bio-Rad
protein assay reagent.

Measurement of PGC-1a levels

Cells were seeded in a 6-well plate at a density of
10° cells/well in culture medium. After 48 h, the cells
were preincubated for 1 h with different concentra-
tions of luteolin before treatment with MG for 48 h.

The cells were lysed and homogenized in PBS. Cell
homogenates were centrifuged at 13,000xg for
15 min at 4 °C and the supernatants were used for
ELISA and protein content measurement. PGC-1a
was measured using a Mouse Peroxisome Proliferator
Activated Receptor Gamma Coactivator 1 Alpha
(PGC-1a) ELISA kit (MyBioSource). Protein con-
centrations were determined using the Bio-Rad pro-
tein assay reagent.

Measurement of nitric oxide (NO) generation

Cells were seeded in a 96-black well plate at a density
of 10* cells/well in culture medium. After 24 h, the
cells were preincubated for 1 h with different concen-
trations of luteolin before treatment with MG for 48 h.
DAF-FM diacetate, a cell-permeable derivative of
DAF-FM, is a sensitive fluorescent indicator for
detection of NO. Upon entry into the cell, DAF-FM
diacetate is transformed into the less cell-permeable
DAF-FM by cellular esterases, thus preventing signal
loss due to diffusion of the molecule from the cell. In
the presence of oxygen, DAF-FM reacts with NO to
yield the highly fluorescent triazolofluorescein. For
NO detection (Wang et al. 2006), cells were loaded
with 5 uM DAF-FM diacetate (Invitrogen Corp.,
Burlington, ON, Canada) for 2 h at 37 °C. After
removal of the excess probe, DAF fluorescence
intensity, which reflects the intracellular NO level,
was measured with excitation at 495 nm and emission
at 515 nm.

Statistical analysis

The results are expressed as means = SEM. Statistical
significance was determined by analysis of variance
and subsequent application of Dunnett’s test. In all
analyses, P < 0.05 was taken to indicate statistical
significance. The analysis was performed using SAS
statistical software.

Results
Luteolin reduces cytotoxicity induced by MG
Osteoblastic MC3T3-El cells treated with 400 uM

MG for 48 h exhibited significant cytotoxicity, as
determined by MTT assay (Fig. 1). The purpose of
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Fig. 1 Effects of luteolin on the viability of osteoblasts.
Osteoblasts were treated with luteolin (Lut) or aminoguanidine
(AG) 1 h before exposure to 400 uM MG for 48 h. #P <0.05,
compared to untreated cells; *P < 0.05, compared to cells
treated with MG alone

our study was focused on the mitochondrial function.
The principal of MTT assay is based on succinyl
dehydrogenase (Complex II) present in the mito-
chondria of viable cells. The measured absorbance
directly correlates to the number of viable cells. Cell
proliferation and viability assays are of particular
importance for routine applications in cell biology.
The viability of MC3T3-E1 cells was significantly
increased by pretreatment with luteolin (0.01-1 pM)
1 h before exposure to MG for 48 h (P < 0.05).
Aminoguanidine (AG, 300 pM), a carbonyl scav-
enger, also inhibited the effect of MG on cell
viability. The protective effect of luteolin against
MG-induced cytotoxicity was greater than that of
AG. To evaluate the effect of luteolin itself on cell
survival, cells were incubated in medium containing
0.5 % FBS with increasing concentrations of luteolin
(0.01-10 uM) and then cell viabilities were deter-
mined using MTT assay. Lutelin at concentrations of
10 uM or lower did not influence cell viability, while
higher doses (>10 uM) were cytotoxic in a dose-
dependent manner (data not shown). Therefore, we
chose the non-toxic concentration of luteolin
(0.01-1 uM) for all subsequent cell culture experi-
ments. In our previous study, the ICsy, of MG was
measured as 400 uM for 48 h and MG has detrimen-
tal effects on MCT3E-1 osteoblastic cells through a
mechanism involving oxidative stress and mitochon-
drial dysfunction (Suh et al. 2014).
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Luteolin reduces MG-induced TNF-o production

MG promotes the formation of proinflammatory
cytokines in various cell types. Therefore, we inves-
tigated whether luteolin modulates the production of
TNF-o in MG-treated cells (Fig. 2). When 400 uM
MG was added to cells, production of TNF-a
increased significantly. However, MG-induced TNF-
o production was significantly inhibited by treatment
with luteolin at concentrations of 0.01-1 pM. AG also
decreased MG-induced TNF-a release.

Effects of luteolin on cellular RAGE and sRAGE
levels in MG-treated MC3T3-E1 cells

Ligand-induced upregulation of RAGE is involved in
various pathophysiological processes and high SRAGE
could result from increased production of the cleaved-
form of RAGE (Goldin et al. 2006). The level of
SRAGE was significantly higher in MG-treated cells
than in control cells, while RAGE level was very low
and was not significantly different from that in controls
(Fig. 3). sSRAGE level induced by MG was reduced by
pretreatment with luteolin (1 pM) or AG.

Luteolin inhibits MG-induced oxidative stress
in MC3T3-E1 cells

We examined whether luteolin could attenuate MG-
induced cell death by decreasing intracellular ROS

300 —
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3 - = .
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= 100 L
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MG - + + + + +
Lut (uM) - - 001 0.1 1 -
AG - - - - -+

Fig. 2 Effects of luteolin on TNF-o level in MG-treated
MC3T3-El cells. Osteoblasts were treated with luteolin (Lut)
or aminoguanidine (AG) 1 h before exposure to 400 pM MG for
48 h. *p < 0.05, compared to untreated cells; *P < 0.05,
compared to cells treated with MG alone
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Fig. 4 Inhibitory effect of luteolin on MG-induced oxidative p

stress in MC3T3-E1 cells. Osteoblasts were treated with luteolin
(Lut) or aminoguanidine (AG) 1 h before exposure to 400 pM
MG for 48 h. a The data show changes in levels of ROS, which
was measured by the DCF fluorescence method. b Mitochondrial
superoxide levels were detected using MitoSOX™ Red
mitochondrial superoxide indicator. ¢ Cardiolipin oxidation
was measured using 5 pM NAO. #P < 0.05, compared to
untreated cells; *P < 0.05, compared to cells treated with MG
alone

production. As shown in Fig. 4a, exposure of MC3T3-
E1l cells to 400 uyM MG for 48 h increased DCF
fluorescence. Preincubation of MC3T3-El cells with
0.01-1 pM luteolin or AG 1 h prior to MG insult
prevented intracellular oxidation of the fluorescent
probe. MitoSOX localizes to the mitochondria and
served as a fluoroprobe for selective detection of
superoxide in these organelles (Mukhopadhyay et al.
2007). MG (400 uM) significantly increased mitochon-
drial superoxide production compared to untreated
cells. However, pretreatment with luteolin (0.1 and
1 uM) or AG decreased mitochondrial superoxide
production induced by MG treatment (Fig. 4b). To
obtain further evidence of oxidative stress within
mitochondria, we examined the oxidation of cardiolipin
because this phospholipid is present in association with
cytochrome ¢ on the outer surface of the inner
mitochondrial membrane. As the fluorescent dye
NAO binds to the nonoxidized form of cardiolipin,
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Fig. 3 Effects of luteolin on RAGE and sRAGE levels in MG-
treated cells. Osteoblasts were treated with luteolin (Lut) or
aminoguanidine (AG) 1 h before exposure to 400 uM MG for
48 h. *P < 0.05, compared to untreated cells; *P < 0.05,
compared to cells treated with MG alone
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but not to the oxidized form (Petit et al. 1992),
measurements of NAO fluorescence allow us to
monitor the oxidation of cardiolipin in mitochondria.
Treatment with 400 pM MG decreased NAO
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fluorescence, indicating the induction of cardiolipin
peroxidation (Fig. 4c). However, luteolin (0.01-1 pM)
or AG decreased the cardiolipin peroxidation induced
by MG. These data indicated that luteolin decreases
MG-induced ROS generation and oxidative stress
within mitochondria.

Luteolin-mediated protective action involves
the GSH and Nrf2/HO-1 pathway

Glutathione content reflects the amount of substrate
available to act as an antioxidant. MG treatment seems
to have little effect on the GSH content of cells.
However, the level of glutathione after luteolin
exposure for 48 h was significantly increased at
concentrations of 0.01-1 pM compared with controls,
indicating that luteolin-induced cytoprotective effects
are associated with increased glutathione levels
(Fig. 5a). As HO-1 is an important component of
cellular defense against oxidative stress, we examined
whether luteolin could alter the level of the antioxidant
enzyme HO-1. As shown in Fig. 5b, the levels of HO-
1 were decreased in cells treated with MG alone as
compared with vehicle controls (P < 0.05). However,
luteolin (0.01-1 pM) markedly increased the levels of
HO-1 in MC3T3-El cells. Thus, luteolin appears to
prevent oxidative damage by inducing HO-1 expres-
sion. Nrf2 is a master regulator against oxidative stress
and controls the transcription of several antioxidant
genes (Nguyen et al. 2009). To elucidate the potential
mechanisms underlying the luteolin-mediated protec-
tive effect against oxidative stress, we examined the
nuclear level of the Nrf2 transcription factor. As
shown in Fig. 5c, MG treatment slightly decreased the
nuclear Nrf2 level, although the difference was not
statistically significant. Luteolin (0.1 and 1 uM)
pretreatment significantly increased Nrf2 accumula-
tion in the nucleus compared with the MG-treated
group. Therefore, luteolin is thought to show antiox-
idant and cytoprotective effects via activation of the
Nrf2/HO-1 signaling pathway.

Luteolin increases mitochondrial functions in MG-
treated MC3T3-E1 cells

Mitochondria are important regulators of cellular pro-
cesses and survival that may play key roles in aging-
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Fig. 5 Effects of luteolin on reduced glutathione (GSH), HO-1,
and Nrf2 levels in osteoblastic MC3T3-El cells. Osteoblasts
were treated with luteolin (Lut) or aminoguanidine (AG) 1 h
before exposure to 400 uM MG for 48 h. *P < 0.05, compared
to cells treated with MG alone
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Fig. 6 Effects of luteolin on the MG-induced mitochondrial
dysfunction in osteoblastic MC3T3-E1 cells. Osteoblasts were
treated with luteolin (Lut) or aminoguanidine (AG) 1 h before
exposure to 400 pM MG for 48 h. (A) Changes in mitochondrial
membrane potential (MMP) were monitored by loading with the
fluorescent probe JC-1. (B) The ATP concentrations were

related diseases. As shown in Fig. 6a, exposure
of MC3T3-El cells to MG (400 uM) induced
marked mitochondrial disruption. However, luteolin
(0.01-1 pM) or AG treatment of MC3T3-El cells
reduced the disruption of MMP by MG. In addition,
luteolin (0.1 and 1 uM) or AG restored the ATP
synthesis inhibited by MG (Fig. 6b). These results
showed that the cytoprotective effect of luteolin is due to
protection of mitochondria. PGC-1a has been shown to
play a primary role in mitochondrial biogenesis/
metabolism (Wu et al. 1999). As shown in Fig. 6c,
PGC-1a levels were increased by treatment with
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determined by luciferase reaction. (C) Intracellular PGC-1a
levels were measured using ELISA. (D) Cells were loaded with
DAF-FM-DA as an indicator of nitric oxide. *P < 0.05,
compared to untreated cells; *P < 0.05, compared to cells
treated with MG alone

luteolin (0.1 and 1 uM) or AG. It was also reported
that dysregulation of mitochondrial biogenesis is related
to impaired nitric oxide (NO) bioavailability (Addabbo
etal. 2009). Therefore, NO generation was evaluated by
DAF-FM, a specific probe used to quantify low
concentrations of intracellular NO. As shown in Fig. 6d,
MG (400 pM) decreased the production of NO in
MC3T3-El cells, which was prevented by pretreatment
with luteolin (1 pM) or AG. Our results suggest that
luteolin may reduce MG-induced dysfunction of mito-
chondria by enhancing mitochondrial biogenesis factors
in osteoblastic MC3T3-El cells.
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Discussion

Many natural agents capable of scavenging free
radicals have been identified, and have been proposed
as therapeutic agents to counteract oxidative stress-
induced diseases (Vitaglione et al. 2004). Certain
flavonoids show more effective inhibition of AGE
formation than aminoguanidine, a prototype thera-
peutic agent for prevention of formation of AGE (Wu
and Yen 2005). For example, luteolin, rutin, (—)-
epigallocatechin-3-gallate (EGCG), and quercetin
showed significant inhibitory effects against MG-
mediated AGE formation (Wu and Yen 2005). In
addition, phloretin or phloridzin exhibited inhibitory
effects against arginine residue modification by MG
(Odani et al. 1998), which indicated that direct capture
of the reactive o-dicarbonyl species, such as MG,
would effectively inhibit AGE formation and eventu-
ally prevent diabetic complications. Our previous
study reported that luteolin (0.03-0.3 pM) protects
MC3T3-El cells from antimycin A (an inhibitor of the
mitochondrial electron transport chain)-induced cell
damage through the improved mitochondrial function
and activation of PI3 K/Akt/CREB pathway (Choi
2011). In the present study, we demonstrated that
luteolin suppressed MG-induced MC3T3-El1 cell
death by decreasing TNF-a release, oxidative stress,
and mitochondrial dysfunction. Mitochondrial dys-
function and oxidative stress can provoke and poten-
tiate inflammatory responses. Proinflammatory
cytokines, including TNF-o, can induce oxidative
stress and contribute to the pathophysiology of various
diseases (Pignatelli et al. 2008). Our previous study
reported that luteolin (1 pM) caused a significant
elevation of collagen content, alkaline phosphatase
(ALP) activity, and osteocalcin secretion in MC3T3-
E1 cells by modulating the inflammatory mediators
including TNF-o and interleukin-6 (Choi 2007). TNF-
o stimulates ROS in mitochondria by altering mem-
brane permeability and by inhibiting the electron
transport chain, thereby causing mitochondrial dam-
age (Mariappan et al. 2007). TNF-o decreases
MnSOD protein levels, thereby causing a functional
decline in the respiratory chain and increased ROS
generation, coupled with an inability to efficiently
scavenge free radicals, which may perpetuate mito-
chondrial dysfunction. Further, TNF-o present in the
cytosol may penetrate the damaged mitochondrial
membrane through an as yet unknown mechanism,
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causing increased production of mitochondrial super-
oxide. Mitochondrial superoxide could then induce
further production of cytosolic superoxide by
NAD(P)H oxidase, thereby initiating a ROS-induced
ROS mechanism. TNF-a alters the cellular redox
state, decreases the expression of four complex I
subunits by increasing mitochondrial superoxide pro-
duction and depleting ATP synthesis, and decreases
oxygen consumption, thereby resulting in mitochon-
drial damage and thus leading to cellular dysfunction
(Mariappan et al. 2009). RAGE activates pathways
responsible for acute and chronic inflammation. The
soluble type of this receptor, SRAGE, which acts as a
decoy receptor, is a novel biomarker that has been
linked to severity of sepsis (Yamagishi and Matsui
2010). Other studies have linked sSRAGE to chronic
(Miniati et al. 2011) or acute lung injury (Liu et al.
2012), coronary artery disease (Raposeiras-Roubin
et al. 2010), and other diseases (Yamagishi and Matsui
2010). We speculate that decreased levels of SRAGE
by luteolin may reduce bone injury caused by chronic
glucotoxicity, possibly in the bone tissue of diabetic
patients.

Nrf2 induces expression of antioxidant enzymes,
such as HO-1, glutamate-cysteine ligase, catalase,
glutathione dismutase, and superoxide dismutase
(Zenkov et al. 2013). Upon oxidative stress, Nrf2
escapes Kelch-like ECH-associated protein 1
(Keapl)-mediated proteosomal degradation and
translocates into the nucleus (Li and Kong 2009). In
the nucleus, Nrf2 forms a heterodimer with small Maf
proteins (Itoh et al. 1997) that bind to antioxidant
response elements (AREs) and induce a number of
Nrf2-dependent drug processing genes. HO-1 is the
rate-limiting enzyme in the degradation pathway of
pro-oxidant heme into biliverdin/bilirubin (both
known antioxidants; Dore 2005). The HO pathway
has been reported to be active and to operate as a
fundamental defense mechanism for cells exposed to
oxidant challenge (Scapagnini et al. 2004). Nrf2 also
mediates cytoprotection and modulates expression of
several detoxification genes that encode antioxidant
proteins, such as GSH system and thioredoxin,
regulators of the intracellular redox environment
(Kim et al. 2010; Arredondo et al. 2010). Luteolin
increased the level of GSH, the major antioxidant,
produced by MC3T3-El cells under MG-induced
oxidative stress. GSH serves as a substrate for GSH
synthesis (Pope et al. 2008). Metal chelators, SOD,
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and antioxidants (e.g., resveratrol) inhibit the oxida-
tion of GSH (Pope et al. 2008). Moreover, the increase
in GSH level confers cytoprotection in degenerative
diseases (Lee et al. 2010). Under oxidative conditions,
luteolin induced increases in GSH and HO-1 levels. In
addition, luteolin decreased DCFH oxidation and
prevented mitochondrial superoxide release and car-
diolipin peroxidation. These observations suggest that
luteolin has strong antioxidant properties. Our data
regarding ROS production indicated the involvement
of the HO-1 signaling pathway in the protective
mechanism of luteolin against MG-induced oxidative
stress. Although its mechanism of action is not yet
fully understood, luteolin may exert its effects by
antioxidant/scavenger activity, by modulation of HO-
1 expression or by anti-inflammatory effects.
Mitochondria are the main organelles that produce
ROS. Defective mitochondria may be involved in
human diseases with underlying inflammatory
pathologies, such as diabetes mellitus and cardiac
dysfunction (Nisoli et al. 2007; Patti and Corvera
2010). Zhou et al. (2011) and Nakahira et al. (2011)
reported that after an inflammatory stimulus, the
accumulation of damaged mitochondria precipitates
an increase in mitochondrial ROS production, which
in turn enhances inflammasome activation. Mitochon-
drial dysfunction may affect several pathways that
have been implicated in bone degradation, including
oxidative stress, increased cytokine-induced osteo-
blast inflammation and matrix catabolism, and
increased apoptosis. A decrease in MMP following
intense ROS production induces mitochondrial dis-
ruption, inhibition of mitochondrial respiratory chain,
reduction of ATP synthesis, and cell death (Choi et al.
2000). In the present study, MG treatment resulted in
significant damage to the mitochondrial membrane
and was accompanied by a decrease in ATP produc-
tion. In contrast, treatment with luteolin reduced
mitochondrial damage and restored ATP production.
Luteolin was shown to impact mitochondrial function
in osteoblasts (Choi 2011), but its role in mitochon-
drial biogenesis remains poorly defined. PGC-1a has
been shown to have a primary role in mitochondrial
biogenesis/metabolism (Puigserver et al. 2001). PGC-
loe represents an upstream inducer of genes of
mitochondrial metabolism by positively affecting the
activities of some hormone nuclear receptors and
nuclear transcription factors (Finkel 2006). In the
present study, luteolin increased PGC-lo level,

suggesting the potential for new treatment approaches
targeting mitochondria in metabolic diseases. In
addition, nitric oxide plays a critical role in initiating
and integrating signaling events underlying mitochon-
drial biogenesis. Importantly, inhibition of nitric oxide
synthesis significantly decreases mitochondrial con-
tent in the vasculature (Addabbo et al. 2009). Previous
studies also suggested that expression of mitochon-
drial biogenesis factors might be directly regulated by
the bioavailability of nitric oxide (Nisoli et al. 2005).
We demonstrated that luteolin prevents MG-induced
inhibition of nitric oxide synthesis in MC3T3-El1 cells,
suggesting that nitric oxide has a beneficial effect on
MG-treated cells. Luteolin-induced mitochondrial
biogenesis would correct cellular impairment and
may reduce mitochondrial ROS production in cells.

In diabetics, MG plays a noxious role by inducing
oxidative stress, which causes and exacerbates a series
of complications including low-turnover osteoporosis.
Excess accumulation of AGEs is known to lead to
stiffness, brittleness and overall alterations in tissue
biomechanics of collagen rich tissues (Karim et al.
2013; Tang et al. 2008). Furthermore, T2DM (type 2
diabetes mellitus) is associated with changes in bone
quality (Hamann et al. 2012) leading to increased bone
fragility and brittleness and therefore is considered to
be a risk factor for vertebral or other bone fractures
(Kilpadi et al. 2013; Yamaguchi and Sugimoto 2011).
In vivo studies on partially insulin-deficient rats,
demonstrated that diabetes induced deleterious
changes on long-bone micro-architecture (Tolosa
et al. 2013). Further, T2DM negatively affected femur
and vertebrae in Zucker Diabetic Fatty rats (Hamann
et al. 2014). Recent studies by our group showing that
transgenic mice that overexpress thioredoxin-1 are
resistant to streptozotocininduced diabetic osteopenia
(Hamada et al. 2009) clearly demonstrate that oxida-
tive stress plays a crucial role in the development of
diabetic osteopenia. Since diabetes, osteoporosis, and
accumulation of AGEs are frequent consequences of
aging, early treatments to reduce AGE-induced ROS
and Inflammation may have broad public-health
implications. We conclude that the oral ingestion of
AGE inhibitory and anti-inflammatory luteolin pro-
vide a safe and efficacious treatment that may slow the
progression of diabetes-induced changes within the
bone.

In summary, we demonstrated the cytoprotective
effects of luteolin against MG in osteoblastic MC3T3-E1
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cells and the putative involvement of Nrf2/HO-1
activation in this cytoprotection by luteolin. Luteolin
markedly prevented the increases in ROS production and
TNF-o levels induced by MG in MC3T3-El cells. In
addition, we demonstrated that markers of mitochondrial
biogenesis were significantly upregulated by luteolin
treatment. These results suggest that enhancement of
mitochondrial biogenesis may contribute to the luteolin-
induced cytoprotection in osteoblastic MC3T3-El cells
and that luteolin may be useful in preventing the
development of diabetic osteopathy.
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