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Nobiletin, a polymethoxylated flavonoid found in citrus, has been studied because of its modulatory functions in cellular signaling cascades, and
effects to prevent mitochondrial calcium overload and neuronal cell death. Particularly, we previously reported that nobiletin induced changes in
the mitochondrial membrane potential through K* channel regulation, suggesting that nobiletin might exert neuroprotective effects via regulating
mitochondrial functions associated with the electron transport chain (ETC) system. This study investigated whether nobiletin regulated mito-
chondrial dysfunction mediated by ETC system downregulation by inhibiting complex I (CI) and complex III (CIII) in pure mitochondria and the
cortical neurons of rats. The results showed that nobiletin significantly reduced mitochondrial reactive oxygen species (ROS) production, inhibited
apoptotic signaling, enhanced ATP production and then restored neuronal viability under conditions of CI inhibition, but not CIII inhibition.
These effects were attributed to the downregulation of translocation of apoptosis-induced factor (AIF), and the upregulation of CI activity and the
expression of antioxidant enzymes such as Nrf2 and HO-1. Together with our previous study, these results indicate that the neuroprotective effects
of nobiletin under mitochondrial dysfunction may be associated with its function to activate antioxidant signaling cascades. Our findings suggest

the possibility that nobiletin has therapeutic potential in treating oxidative neurological and neurodegenerative diseases mediated by mitochon-

drial dysfunction.
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INTRODUCTION

Nobiletin, known as 5,6,7,8,3’4 -hexamethoxyflavone, is a poly-
methoxylated flavonoid found in citrus, exerts multiple pharma-
cological activities in various diseases including neurological and
cardiovascular diseases, metabolic disorders, and cancer, as well as
inflammation and oxidative dysfunction [1]. Particularly, positive

effects on the nervous system to improve cognitive function and
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effectively recover motor deficits under pathological conditions
such as ischemia, Parkinsons and Alzheimer’s diseases have been
frequently reported [2-4]. In its cellular mechanisms, nobiletin
regulates the K" influx and the potential (AY,,) of the mitochon-
drial inner membrane to prevent mitochondrial calcium overload
and neuronal cell death and enhances metabolic rates by changing
the mitochondrial matrix substrate [5, 6]. These effects suggest that
nobiletin may exhibit neuroprotective effects via regulating mito-
chondrial functions that are associated with the electron transport
chain (ETC) system.

A number of previous studies have focused on the metabolic
functions of mitochondria to determine the viability of different
types of cells [7-11]. Based on the metabolic functions of mito-
chondria, the ETC system generates an electrochemical gradient
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of H' ions as they pass through complexes I (CI), I, 11T (CIII), and
IV, activating the ATP synthase mechanism [12, 13].

During this oxidative processing, mitochondrial CI, a large enzy-
matic complex of over 40 subunits directly embedded in the inner
mitochondrial membrane, plays a role as the dominant site where
oxidative phosphorylation occurs [14]. Therefore, CI dysfunc-
tion in mitochondria has been considered an early cellular event
leading to cell death by activating apoptotic signaling [15]. In this
study, we investigated whether nobiletin regulated mitochondrial
dysfunction that might specifically be mediated by the inhibition
of CI or CIII, because they are the dominant sites that determine
cellular metabolism and fate.

In the present study, we hypothesized that nobiletin might exert
the regulatory effect to enhance antioxidant and metabolic func-
tions of neuronal mitochondria under oxidative conditions, which
were induced by the dysfunction of the ETC system, because it
previously showed neuroprotective effects by regulating mito-
chondrial depolarization through K* channels [5]. Also, we inves-
tigated if the effects of nobiletin might be correlated with anti-
apoptotic signaling cascades in dissociated cortical neurons. For
these purposes, we isolated pure mitochondria from rat cortical
neurons, and pharmacologically induced the inhibition of CI and
CIIL

MATERIALS AND METHODS

Materials

Dulbeccos modified Eagles medium (DMEM), Minimal Es-
sential Medium (MEM), Neurobasal medium, fetal bovine serum
(FBS), B-27 serum-free supplement, glutamine and penicillin/
streptomycin were purchased from Gibco BRL (Grand Island, NY,
USA). Antibodies against AIF and TATA binding protein (TBP)
were purchased from Santa Cruz Biotechnology Inc (Santa Cruz,
CA, USA) and Abcam (Cambridge, UK), respectively. 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and
2;7-dichlorofluorescin diacetate (DCF-DA) were purchased from
Amresco (Solon, OH, USA) and Sigma-Aldrich (st. Louis, MO,
USA), respectively. Nobiletin was isolated and purified from the
peel of Citrus sunki Hort. ex Tanaka in the Department of Biology
at Jeju National University, as described previously [16]. All other
reagents were obtained from Sigma-Aldrich unless otherwise in-
dicated.

Primary culture of cortical neurons
Primary cortical neurons were prepared from the cerebral corti-
ces of 1-day-old SD rats. The cortices were isolated from the neo-

natal brains and transferred to plating medium containing MEM
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supplemented with 10% FBS, 25 mM glucose, 1 mM sodium py-
ruvate, 25 mM glutamine, and 1% penicillin/streptomycin. Then,
the isolated tissues were dissociated by trituration using pipettes
and plated onto poly-L-lysine-coated 24-well plates at a density of
1x10° cells/well. After six hours, plating medium was replaced with
Neurobasal media supplemented with 2% B-27,50 mM glutamine
and 1% penicillin/streptomycin, and half of the culture medium
was replaced every four days. The neurons were incubated at
37°C in a humidified 5% CO,/95% O, atmosphere and used in the
experiments at DIV 7~8. All experiments and animal procedures
were performed after approval from the Animal Care and Use

Comnmittee of Jeju National University.

Culture of HT-22 neurons

HT-22 neurons, an immortalized hippocampal cell line, were a
generous gift from Dr. B.H. Lee (Medicine and Science, Gachon
University, South Korea). The cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin and
incubated at 37°C in a humidified 5% CO,/95% O, atmosphere.
The cells were the passage number 3 and used up to passage num-
ber 9. The cultured cells were plated in 100 mm plates at a density
4x10" cells/well, grown for 48 hours, and then used for the Western

blotting experiments.

Preparation of pure mitochondria from rat brain cortices

Mitochondria were isolated from rat brain cortices, as previ-
ously described [17]. Briefly, the cortices were separated from the
brains of 14 to 17-day-old rats and placed in EGTA-containing
isolation buffer (IB) and homogenized in a Dounce-type tissue
grinder (Kimble Chase). Pestles A and B were used sequentially
with clearances of 0.0035~0.0065 mm and 0.0010~0.0030 mm,
respectively. The IB was containing (in mM); 225 Mannitol, 75 Su-
crose, 5 HEPES, 3 EGTA, 0.1% BSA, adjusted at pH 7.4 with KOH
(1 N). The homogenates were centrifuged at 600xg for 10 minutes
and then, the supernatant was transferred to a new tube and cen-
trifuged again at 12,000xg for 10 minutes. The pellet containing
mitochondria was resuspended in IB without EGTA and homog-
enized using Dounce-type tissue grinders. The clearances of pestle
A and B at this stage were 0.0028~0.0047 mm and 0.0008~0.0022
mm, respectively. The homogenates were centrifuged again at
12,000xg for 10 minutes. All of the above procedures were con-
ducted at 4°C. The isolated mitochondrial proteins were quanti-
tied using Bio-Rad protein assay dye. The oxygen consumption
rate (OCR) was measured, and electron microscopy (EM) was
performed to evaluate the metabolic activity and morphology of
the isolated mitochondria.
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Measurements of mitochondrial viability and ROS in pure
isolated mitochondria

After isolating pure mitochondria from the rat brain cortices,
the mitochondria suspension (0, 100, 250, 500, 1,000 pg/ml) was
incubated in mitochondrial assay buffer for 10 minutes at 37°C
with 0.4 mg/ml [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide] (MTT) and 2, 7-dichlorofluorescin diacetate
(DCF-DA, 25 uM) for measuring mitochondrial viability and
ROS, respectively. 2, 7-dichlorofluorescin (DCF) has been widely
applied for monitoring ROS production in cells as well as isolated
mitochondria and DCF-DA is commonly used for measuring
calcium-induced ROS in isolated brain or liver mitochondria [13,
18-21]. MTT assay is useful to measure the viability of isolated
mitochondria [22]. The mitochondrial assay buffer was contain-
ing (in mM); 220 mannitol, 70 sucrose, 10 KH,PO,, 5 MgCl,, 2
HEPES, 1 EGTA and 0.2% fatty acid-free BSA (w/v) and pH was
set at 7.2. The mitochondria loaded in the suspension were treated
with nobiletin or other reagents in 96 well plates. The mitochon-
drial suspension was plated at 200 pl/well (100 pg/ml protein per
well). Then, the fluorescence intensity of DCF-DA was measured
using a fluorescence microplate reader (SpectraMax i3, Molecular
devices Spectramax i3, Sunnyvale, CA, USA) at 485 and 535 nm
excitation and emission wavelengths, respectively. The protein
and mitochondrial viability were measured at an absorbance of
550 nm on a multifunctional plate reader and compared to non-

treated control cells.

Measurement of oxygen consumption rate (OCR) in pure
isolated mitochondria

The OCR of pure isolated mitochondria was measured using a
Seahorse XF-24 extracellular flux analyzer (Seahorse Bioscience,
Inc, North Billerica, MA, USA, belongs to ‘Bio-Health Materi-
als Core-Facility of Jeju National University’) as according to the
manufacturers protocol. Briefly, 5 g of isolated mitochondria
was suspended in 50 pl assay medium and transferred to wells for
OCR measurements. Mitochondrial assay medium was contain-
ing (in mM); 220 mannitol, 70 sucrose, 10 KH,PO,, 5 MgCl,, 2
HEPES, 1 EGTA and 0.2% fatty acid-free BSA (w/v), and pH was
set at 7.2. One day before the experiment, a sensor cartridge was
placed into the calibration buffer and incubated overnight in a
non-CO, condition at 37°C. The reagents listed below were added
sequentially according to the manufacturer’s protocol: ADP (1
mM), oligomycin (2 ug/ml) as an inhibitor of mitochondrial ATP
synthase, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP 2 uM) as an ETC system accelerator, and rotenone or anti-
mycin A (0.5 uM) as Cl and CIII inhibitors, respectively. The OCR

data recorded by the sensor cartridges were analyzed using the
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Seahorse XF-24 software according to the following formula.
[Increment of OCR-linked ATP]=[The last rate of OCR
measured right before oligomycin addition]-[The minimal
rate of OCR measured after oligomycin addition]

Preparations of cytoplasmic and nuclear proteins

The preparations of cytoplasmic and nuclear protein were
performed using NE-PER nuclear and cytoplasmic extraction
reagents (Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s protocol. For this experiment, HT-22 cells were seeded
at a density of 1x10° cells/dish (100 mm diameter). The cells were
treated with nobiletin and other reagents at the indicated time,
washed twice, and collected in cold phosphate-buffered saline
(PBS). After centrifuging (3,000 rpm), the cell pellets were re-
suspended in cytoplasmic extraction reagent. After centrifuging
(16,000xg) again, the supernatant cytoplasmic extract was trans-
ferred to a new tube and the nuclear pellets were resuspended in
the nuclear extraction reagent, and centrifuged (16,000xg). The
supernatant nuclear protein extract was transferred to a new tube
and stored at -80°C until used.

Western blotting analysis

HT-22 cells were washed three times with PBS (pH 7.4) and
lysed with modified RIPA buffer (10 mM TrisHCI, 150 mM NaCl,
1 mM EGTA, 0.1% SDS, 1 mM NaFE 1 mM Na3VO4, 1 mM PMSE
1 pg/ml aprotinin, and 1 ug/ml leupeptin, pH 7.4). The Protein (50
ug) were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then electrotransferred onto a polyvinylidene
fluoride membrane (Bio-Rad Lab., Hercules, CA, USA) using
Towbin transfer buffer (192 mM glycine, 25 mM Tris, and 20%
methanol, pH 8.3). The blots were incubated with 5% skim milk in
TTBS (25 mM Tris, 150 mM NaCl, pH 7.4, containing 0.1% Tween
20) for 1 hour at room temperature to block nonspecific binding,
Subsequently, the membranes were incubated overnight at 4°C
with anti-Nrf-2, anti-TBP, anti-HO- 1, anti-AIF, and anti-B-actin
antibodies. The blots were washed three times with TTBS and in-
cubated with the appropriate horseradish peroxidase-conjugated
secondary antibodies for I hour at room temperature. After several
washes, the blots were developed using enhanced chemilumines-
cence detection reagents (Intron Biotechnology, Sungnam, Korea)
according to the manufacturer’s instructions. The optical densities
of the bands were quantified with an Image J analyzer (http://rsb.
info.nih.gov/ij/).

Measurement of cell viability

MTT was used to investigate the cytoprotective effect of nobile-

tin on cell viability. This protocol was based on the phenomenon
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that water-soluble M'T'T is converted to an insoluble purple forma-
zan by mitochondria in living cells. Primary cortical neurons (DIV
4) were plated at a density of 15x10" cells/ml and 1 uM arabinofu-
ranosyl cytidine (Ara-C) was added to each culture well to block
the growth of glial cells. Subsequently, the concentration of Ara-C
was consistently kept at 1 pM in the cell culture medium (4 days).
After that, MTT solution (0.4 mg/ml) was added to the culture
medium for 1 hour at 37°C. Then, the supernatant was discarded,
and the formazan was dissolved in dimethyl sulfoxide (DMSO).
The absorbance was measured at 550 nm using a microplate read-
er (Model 550, Bio-Rad, USA).

Mitochondrial respiratory complex I activity assay

The activity of mitochondrial respiratory CI was determined us-
ing the MitoCheck Complex I Activity Assay Kit (Cayman Chemi-
cal Company®, Ann Arbor, MI, USA), according to the manufac-
turers instructions. To quantify the level of CI activity, 20 pg of
mitochondrial protein was used and the absorbance of all samples
was measured at 340 nm for 15 minutes using a microplate reader
(SpectraMax i3). The level of CI activity was quantified by the
increase in absorbance per minute, and the experiment was con-

ducted three times for the statistical analysis.

Statistical analysis

All data are presented as the meantstandard error of the mean
(SEM), and the statistical analysis was performed by one- or two-
way ANOVA using SPSS software. The differences between the
groups were considered significant when the p-value was <0.05 or
0.01.

RESULTS

ETC inhibition increases mitochondrial ROS

The dysfunction of the mitochondrial ETC system in mamma-
lian neurons, activates abnormal oxidative signaling cascades to
excessively express ROS and then triggers pathogenic conditions
such as stroke, ischemia, and most types of degenerative diseases
[23-27]. To investigate the neuroprotective effects of nobiletin on
mitochondrial dysfunction, we first induced the excessive produc-
tion of ROS by inhibiting the ETC system in pure mitochondria
(500 pg/ml) isolated from the brain cortices of 14 to16-day-old
SD rats. Rotenone or 6-OHDA, and antimycin A were used to
inhibit CI and CIII, respectively, and their pharmacological effects
were determined by measuring the level of ROS (Fig. 1). Dose-
dependence was tested by treating inhibitors to isolated mito-
chondria for 5 minutes (Fig. 1A, C, and E), and time-dependence
was determined by treating 0.5 pM rotenone, 5 pM 6-OHDA, or
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0.5 uM antimycin A (Fig. 1B, D, and E). Both Cl inhibitors strongly
increased mitochondrial ROS production in dose- and time-
dependent manners (Fig. 1A, ROT 0.5 uM for 5 min=130.5+3.6%,
n=4, p<0.01 compared with the control; Fig. 1C, 6-OHDA 10 uyM
for 5 min=177.7+5.4%, n=4, p<0.01, compared with the control).
Antimycin A, a CIII inhibitor, also significantly increased mito-
chondrial ROS production, as shown in Fig. IEand E

Nobiletin restores neuronal viability under CI inhibition

Previously, nobiletin exhibited antioxidant effects against gluta-
mate-induced toxicity via regulating mitochondrial cation chan-
nels [5]. Therefore, it was necessary to determine if nobiletin might
have neuroprotective and antioxidant effects under mitochondrial
dysfunction conditions, which induce ROS overexpression. Fig. 2
shows that, after loading with the DCF-DA fluorescence indica-
tor for 10 minutes and then pretreating with nobiletin (30 uM)
for 5 minutes, the isolated mitochondria treated with rotenone
(0.5 uM, Fig. 2A), 6-OHDA (10 uM, Fig. 2B) or antimycin A
(0.5 uM. Fig. 2C) for 5 minutes overexpressed ROS. Nobiletin
showed an antioxidant effect to significantly reduce the ROS
levels in mitochondria increased by rotenone or 6-OHDA (Fig,
2A, ROT=131.7+5.4%, n=4, p<0.01 compared with no treatment;
ROT+NOB=101.0+2.1%, n=6, p<0.01 compared with ROT alone;
Fig. 2B. 6-OHDA=113.4+5.4%, n=6, p<0.01, compared with no
treatment; 6-OHDA+NOB=102.30+3.8%, n=>5, p<0.05 compared
with the 6-OHDA alone). However, this antioxidant effect was not
observed in the mitochondria in which antimycin-A excessively
increased the ROS levels (Fig. 2C, AA+NOB=176+2.6%, n=6, not
significant, compared with AA alone). These results indicate that
the antioxidant effect of nobiletin might be involved in mitochon-
drial dysfunction mediated specifically by the inhibition of CI in
the ETC system.

Next, we investigated whether the antioxidant effect of nobiletin
specific to CI inhibition was also involved in the neuroprotec-
tive mechanism that preserved neuronal viability. Rotenone or
antimycin A was added to the culture media of DIV-8 primary
cortical neurons of rats for 24 hours with or without one-hour
pretreatment with nobiletin (30 uM), and neuronal viability was
measured by the MTT assay. Without nobiletin pretreatment
(ROT alone), rotenone significantly reduced neuronal viability.
In contrast, nobiletin-pretreated neurons (ROT+ and NOB+)
showed viability similar to that of the non-treated neurons (Fig.
3A, ROT=70.5+1.4%, n=6, p<0.05, compared with no treatment;
ROT+NOB=91.4+1.6%, n=6, p<0.01 compared with ROT alone).
However, pretreatment with nobiletin did not exert neuropro-
tective effects to restore the cell viability under CIII inhibition
induced by antimycin A (Fig. 3B, AA=75.9+4.6%, n=5, p<0.01,
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Fig. 1. The inhibition of ETC CI or CIII significantly increases the production of mitochondrial ROS. The mitochondrial sample (500 pg/ml) was
loaded with DCF-DA (25 uM) for 10 minutes, then each inhibitor was added for 5, 10 or 15 minutes. (A, C, E) Rotenone, 6-OHDA, or antimycin A at
each concentration was treated to the isolated mitochondria for 5 minutes to test the dose-dependent effects on the ROS production. (B, D, F) 0.5 uM
rotenone, 5 UM 6-OHDA, or 0.5 uM antimycin A was treated during the indicated time for testing the time-dependence. All inhibitors dose- and time-
dependently increased ROS production in the isolated mitochondria. Data indicate the mean+S.E. *p<0.05 and **p<0.01, compared with the control

group.

Nobiletin enhances the OCR of mitochondria under CI in-
hibition

compared with no treatment; AA+NOB=76.2+0.8%, n=6, not sig-
nificant, compared with AA alone).
Because nobiletin seems to regulate mitochondria with an anti-
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uM) for 5 minutes and then treated with each inhibitor of ETC complexes
for 5 minutes. (A, B) Pretreatment with nobiletin completely blocked
the effects of CI inhibitors to increase mitochondrial ROS (ROT+NOB,
6-OHDA+NOB). (C) The changes of mitochondrial ROS under CIII
inhibition. Nobiletin did not exert the effect to reduce ROS level that
was increased by treatment with antimycin A (AA+NOB). Data indicate
the mean=S.E. *p<0.05 and **p<0.01, compared with the control group;
'p<0.05 and "p<0.01, compared with each inhibitor alone.
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oxidant effect under CI inhibition, it was necessary to investigate
whether it affected the metabolic function of mitochondria in
neurons. The primary metabolic function of mitochondria is to
produce ATP under physiological conditions, even though they
can also act as calcium stores and ROS regulators. Figs. 4 and 5
show changes in the OCR in pure isolated mitochondria mea-
sured by the Mito Stress assay. From these OCR measurements,
we calculated the ATP-linked OCR and coupling efficiency, which
showed the coupling ratio of oxidation to phosphorylation. This
is a well-known index indicating how much ATP generation is en-
hanced per each O, uptake [28]. After injecting nobiletin, the OCR
was slightly increased compared to the non-injected group, with
no statistical significance. We also observed slight changes in ATP-
linked OCR and coupling efficiency at a high concentration of
nobiletin, but the changes were not significant (Fig. 4B, ATP-linked
OCR, NOB, 1=346.3+24.4, 10=360.2+33.7, or 30 uM=403.4+16.5,
n=>5; Fig. 4C, NOB, 1, 10, or 30 uM, 181.3+21.7, 207.3+38.8,
207.9+29.0, n=5, not significant). In contrast, OCR was positively
influenced by nobiletin under the condition of CI inhibition. In
this experiment, we first observed the effects of CI inhibition by
removing CI substrates on OCR under a control condition (Fig.
5A). Then, nobiletin was tested by injecting after ADP injection
under CI inhibition, because it was necessary to clearly identify
the significance between conditions (Fig. 5B). Mitochondrial
OCR was downregulated under the CI substrate-free condition,
and both the OCR-linked ATP and coupling efficiency were sig-
nificantly reduced (Fig. 5A, C and D, CI inhibition; OCR-linked
ATP=524.2+16.1, n=4, p<0.01, compared with Control; Coupling
Efficiency=154.4+7.9, n=4, p<0.01, compared with Control). In
this experiment, the ATP-linked OCR that was reduced under CI
substrate-free conditions was slightly but significantly restored
by injection with nobiletin (Fig, 5B, C, CI inhibition+NOB; ATP-
linked OCR=573.1+9.9, n=4, p<0.05, compared with CI inhibi-
tion). The increase in coupling efficiency was also significant in
‘NOB+CI inhibition’ (Fig. 5D, Coupling Efficiency=171.7+1.3,
n=4, p<0.05). This strongly suggests that the regulatory effects of
nobiletin on the oxidative metabolism were activated under the
mitochondrial dysfunction caused by the inhibition of CI in the
ETC system.

Nobiletin enhances mitochondrial viability under active CI

The results in Fig. 5 suggest the possibility that the nobiletin-
enhanced OCR resulted from an increase in mitochondrial vi-
ability rather than the upregulation of oxidative metabolism under
CI inhibition. To confirm this, we investigated whether nobiletin
directly affected the viability of isolated mitochondria. Nobiletin

significantly increased mitochondrial viability under conditions

https://doi.org/10.5607/en20051
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Fig. 3. Nobiletin effectively restores the viability of cortical neurons under CI inhibition. (A, B) The changes in viability of cortical neurons. Primary
cortical neurons dissociated from rat brains were pretreated with (or without) nobiletin (NOB) for 1 hour and then incubated with rotenone (ROT; 0.5
uM) or antimycin A (AA, 0.5 uM) for 24 hours. Neuronal viability was measured using an MTT assay. Nobiletin pretreatment effectively restored the
neuronal viability under CI inhibition (ROT+, NOB+) but not CIII inhibition (AA+, NOB+). Data indicate the mean+S.E. *p<0.05 and **p<0.01, com-

pared with non-treated group; "'p<0.01, compared with rotenone alone.

with active CI (Fig. 6A, Control, NOB, 1 uM=126.8+0.7%, n=6,
p<0.01, compared with NOB 0°). However, this effect was not ob-
served when CI was inhibited (CI inhibition, NOB, 1=82.7+1.1%,
10=84.0+1.0%, 30 uM =77.9+1.3%, n=6), indicating that the
improvement in the OCR by nobiletin under CI inhibition was
attributed to metabolic upregulation, not due to changes in mito-
chondrial viability. We also investigated the effect of nobiletin on
normal CI activity in isolated mitochondria using an ELISA assay
(Fig. 6B). In this experiment, nobiletin significantly enhanced CI
activity in a dose-dependent manner (NOB 0.1, 0.5, 1, 10 or 30
uM, 100+0.8%, 109.5+0.7%, 110.1£0.7%, 177.1+1.4%, 219.7+1.5%
and 253+1.0%, n=7, p<0.01, compared with the control).

Nobiletin inhibits the translocation of apoptosis-inducing
factor

Excessive mitochondrial ROS activates calpain, which trans-
locates apoptosis-inducing factor (AIF) from the mitochondria,
where AIF is localized under physiological conditions, to the
nucleus [29, 30]. Sequentially, nuclear AIF causes DNA fragmenta-
tion, resulting in apoptosis. Because the mitochondrial dysfunc-
tion associated with CI inhibition triggers the translocation of
ATIFE we investigated whether nobiletin exhibited an effect to
block AIF translocation by Western blot analysis (Fig. 7) [31]. In
HT-22 cells, pretreatment with rotenone significantly increased
the expression level of AIF in both the nucleus (nAIF) and the
cytosol (cAIF) compared to non-treated neurons (Fig. 7A, nAIE
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ROT=146.2+8.7%, n=3, p<0.05, compared with no treatment; Fig.
7B, cAIE ROT=168.5+6.5%, n=3, p<0.01, compared with no treat-
ment). However, this effect of rotenone on AIF expression was
remarkably diminished under the presence of nobiletin, show-
ing a similar AIF level as that in non-treated cells (Fig. 7A, nAIE
ROT+NOB=86.0+9.4%, n=3, p<0.01, compared with ROT alone;
Fig. 7B, cAIF, ROT+NOB=131.0+6.0%, n=3, p<0.01, compared
with ROT alone).

According to the neuroprotective mechanisms, the activation
of apoptotic signaling tended to accompany the activation of
antioxidant signaling [32-35]. Furthermore, our results showing
neuroprotective and anti-apoptotic effects suggest the possibility
that nobiletin also has an effect to directly regulate the expres-
sion of antioxidant enzymes, such as Nrf2 or HO-1. Therefore, we
investigated whether nobiletin influenced the expression of Nrf2
and HO-1 in HT-22 cells (Fig. 8). The measurement of enzymes
was performed under normal conditions because these enzymes
are naturally overexpressed during the activation of apoptotic
signaling [35-38]. In this experiment, treatment with nobiletin
for 6 hours significantly and dose-dependently upregulated the
expression of Nrf-2 and HO-1 in HT-22 cells (Fig. 8B, Nrf-2,
NOB 30 uM=173.2+4.1%, n=3, p<0.01, Fig. 8C, HO-1, NOB 30
uM=151.5+0.2%, n=3, p<0.01).
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Fig. 4. Nobiletin does not affect the metabolic regulation of mitochondria under a normal condition. (A) The changes of OCR under each condition.
The OCR of mitochondria was measured using a Seahorse XF-24 extracellular flux analyzer. ADP (1 mM) was injected for enhancing OCR, oligomycin
(2 pg/ml) as an inhibitor of mitochondrial ATP synthase, FCCP (2 uM) as an ETC accelerator. The various concentrations of nobiletin were injected in
pure isolated mitochondria under a normal condition and the changes of OCR were observed. (B, C) Averaged changes of ATP-linked OCR and cou-
pling efficiency. Nobiletin treatment did not induce significant changes in mitochondrial OCR under a normal condition. Data indicate the mean=+S.E.

DISCUSSION

Here, we report the neuroprotective and antioxidant effects of
nobiletin under conditions of mitochondrial dysfunction par-
ticularly associated with the inhibition of CI in the ETC system.
Its regulatory effects were observed in pure mitochondria isolated
from the cortical neurons of rats, and the neuroprotective effects
under CI inhibition were investigated in primary cortical neurons
and HT-22 cells. The specificity of nobiletin against CI inhibi-
tion was confirmed by observing that 1) the downregulation of
mitochondrial ROS production was seen only by treatment with
rotenone or 6-OHDA (Fig. 2), and 2) the restoration of cell viabil-
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ity was observed only in cortical neurons treated with rotenone,
not antimycin A (Fig. 3). These effects of nobiletin seemed to be
associated with the activation of antioxidant and anti-apoptotic
signaling (Fig. 7 and 8), upregulating the metabolic OCR of mito-
chondria under CI inhibition (Fig. 5).

The overproduction of mitochondrial ROS and alteration in mi-
tochondrial redox homeostasis are involved in neuropathogenic
and neurodegenerative diseases such as seizures, Alzheimer’s, and
Parkinsons diseases [39-44]. Particularly, CI and CIII of the ETC
system are major sources of metabolic ATP production as well
as ROS. CIIT is the dominant site producing ROS in the circula-
tory and skeletal systems, whereas CI is responsible for most of

https://doi.org/10.5607/en20051
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the ROS produced in the nervous system [23, 45-47]. According
to their cellular processes, CI generates ROS within the mito-
chondrial matrix, while CIII produces ROS in both the matrix
and intermembrane space [48]. The downregulation of CI and/
or CIII, however, can trigger mitochondrial dysfunction, elevating
the level of ROS [49-54]. Consistent with these reports, we also
observed that the ROS level was significantly increased under
either CI or CIII inhibition in this study. Interestingly, nobiletin
effectively downregulated the level of mitochondrial ROS only
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under CI inhibition induced by rotenone or 6-OHDA in pure iso-
lated mitochondria, whereas no effects were observed under CIII
inhibition (Fig. 2A~C). This means that nobiletin may activate a
regulatory mechanism to target the oxidative signaling triggered
by CI dysfunction in neuronal mitochondria. Furthermore, the
CI inhibition-specific antioxidant effects of nobiletin seemed to
contribute to the neuroprotective regulation in primary cortical
neurons in which CI inhibition activated apoptotic signaling (Fig,
3A). The fact that nobiletin did not show neuroprotective effects
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by treatment with antimycin A indicates the existence of regula-
tory functions to prevent mitochondrial dysfunction rather than
simply eliminating ROS. Furthermore, without an increase in
mitochondrial viability, nobiletin significantly enhanced the ATP-
linked OCR, strongly suggesting that it may have modulatory ef-
fects to upregulate the metabolic functions of mitochondria under
Clinhibition (Fig. 5 and 6A).

In this study, we did not address how nobiletin exerted neuro-
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protective effects on the mitochondrial dysfunction and apoptotic
processes associated with the inhibition of CI of the ETC system,
or what it was acting upon. In mitochondria, the electrons required
for oxidative phosphorylation come from electric carriers such as
nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH,), which are activated in the tricarboxylic
acid (TCA) cycle in the mitochondrial matrix space [55]. Here, CI
plays a role in converting NAD from its reduced form, NADH,
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cytosol (B, cAIF). The treatment with rotenone (0.5 uM, 6 hours) significantly increased the expression of both nAIF and cAIF (ROT+). The pretreat-
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to its oxidized form, NAD", and then synthesizing ATP. Nobiletin
was previously reported to recover the reduced ATP metabolism
during hypothyroidism in hippocampal mitochondria and ac-
tivate mitochondrial substrate phosphorylation, indicating that
nobiletin may directly or indirectly regulate CI of the ETC system
[6]. Unexpectedly, we did not observe the effect of nobiletin to in-
crease mitochondrial viability under CI inhibition (Fig. 6A), while
its antioxidant effect to restore neuronal viability was exhibited
under CI inhibition (Fig. 2 and 3). This may be due to an incom-
plete condition of isolated mitochondria which is totally different
from the intact cellular condition. The restoration or prevention
of mitochondrial damage requires a variety of signaling processes
in the cellular level, including the crosstalk between mitochondria
and nucleus [56].

Mitochondrial dysfunction induces the release of AIF from the
mitochondria to the cytosol and its translocation to the nucleus
induces DNA fragmentation and activates apoptotic signaling
[57, 58]. Consistent with these studies, CI inhibition by rotenone
significantly augmented the expression level of AIF in both the
cytosol and nucleus of HT-22 neurons, and nobiletin effectively
blocked the rotenone-increased expression of AIF in this study
(Fig. 7). This provides evidence for the presence of its regulatory

function against apoptotic signaling under mitochondrial dys-
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function. Then, how does nobiletin downregulate apoptotic sig-
naling? One possible mechanism is the involvement of antioxidant
enzymes, which are overexpressed under oxidative conditions.
Particularly, Nrf2 tends to be highly expressed to prevent cell dam-
age or death in neurons that locate in the pathogenic region, show-
ing active apoptotic signaling [58]. In this study, we confirmed that
nobiletin directly enhanced the expression of Nrf2 as well as HO-1
in HT-22 cells, even under normal conditions without any oxida-
tive stimulation or mitochondrial dysfunction (Fig. 8). Together
with previous studies, our results indicate that the neuroprotective
effects of nobiletin under mitochondrial dysfunction may be asso-
ciated with its function to activate antioxidant signaling cascades.
In the present study, we confirmed the neuroprotective and an-
tioxidant effects of nobiletin against mitochondrial dysfunction,
which was specifically mediated by CI inhibition of the ETC sys-
tem. In addition to its antioxidant effects, nobiletin to regulate the
metabolic functions of mitochondria under ETC dysfunction may
be meaningful in Alzheimer’s and Parkinsons diseases because the
dysregulation of mitochondrial metabolism results in neuronal
degeneration of the brain. Although further studies should address
how the effects of nobiletin are specific to CI inhibition, our find-
ings suggest the possibility that nobiletin has therapeutic potential

in treating oxidative neurological and neurodegenerative diseases
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mediated by mitochondrial dysfunction.
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