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ABSTRACT 

 

 Mitochondrial electron transport chain (ETC) is the major source of reactive oxygen species 

(ROS) in both physiological and pathological conditions. Particularly, mitochondrial calcium 

overload and subsequent excessive generation of ROS are critical factors in the pathological 

conditions of neurons. High level of mitochondrial ROS also is the primary cause of 

macromolecular damage in neurons. It is well known that mitochondria have eleven separate ROS 

production sites. Among them, complex I (CI) and complex III (CIII) are dominant sites for 

mitochondrial ROS production. Therefore, neuroprotective mechanisms correlatd with the 

regulation of mitochondrial ETC CI may also play an important role to determine neuronal 

survival rates.  

Nobiletin, a polymethoxylated flavone from Citrus sunki Hort. ex Tanaka, significantly 

protected primary cortical neurons against neurotoxicity induced by rotenone, the mitochondrial 

ETC CI inhibitor. It has already been reported that nobiletin showed a neuroprotective effect 

through K+ channel regulation in our previous study. Additional to those data, nobiletin 

significantly reduced rotenone-induced mitochondrial ROS and increased cell viability. In 

contrast, nobiletin did not show any effects to reduce ROS elevation in pure isolated mitochondria 

or to increase the survival rate of primary cortical neurons of Sprague-Dawley (SD) rats under 

the treatment of antimycine A, a CIII inhibitor. The effects of nobiletin to increase CI activity as 
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well as ATP production were dose-dependent. These results indicate that nobiletin can prevent 

mitochondrial dysfunction especially correlated with the inhibition of ETC CI, although the action 

mechanism should be addressed in further studies. Taken together, this study strongly suggests a 

possibility that nobiletin may be a promising neuroprotective agent against neurodegenerative 

diseases and neuroinflammation, regulating mitochondrial K+ channels as well as their metabolic 

functions specific to ETC CI. 

 

Keywords: Mitochondria; ETC; Complex I; Rotenone; ROS, Cell death; Nobiletin 
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1. Introduction 

 

   Mitochondria play multi-functional roles in most types of cells, and many studies have 

focused on regulatory functions of mitochondria of determining the survival or death of cells 

(Czabotar et al., 2014; Giampazolias et al., 2016; Kroemer et al., 1998; Ong et al., 2012; Segawa 

et al., 2014; Smaili et al., 2003; Wei et al., 2001). In the aspect of cellular fate, their functions are 

crucially correlated with ATP generation, calcium storation, reactive oxygen species (ROS) 

generation and even detoxification. In mitochondria, electron transport chains (ETC) generate the 

electrochemical gradient of H+ ions as they are passing through complex Ⅰ, Ⅱ, III and IV, 

activating the mechanism of ATP synthase (Dallner et al., 2000; Rhoda et al., 2017). This process 

is generally called as the oxidative phosphorylation. Mitochondrial complex I (CI) is a large 

enzyme complex of over 40 subunits directly embedding the inner mitochondrial membrane 

where the first oxidative phosphorylation occurs (Gonzalez-Halphen et al., 2011). Additionally, 

CI dysfunction in mitochondira is the predominant cause leading to cell death (Bhatti et al., 2017).  

   Nobiletin known as 5,6,7,8,3′,4′-hexamethoxyflavone is a polymethoxylated flavonoid found 

in citrus. It has multifunctional pharmacological agent and various pharmacological activities of 

nobieltin include neuroprotection, cardiovascular protection, antimetabolic disorder, anticancer, 

anti-inflammation, and antioxidation (Huang et al., 2016). In previous study, it was demonstrated 
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that, by regulating K+ influx and (∆Ψm) across mitochondrial inner membrane, nobiletin prevents 

glutamate-induced neurotoxicity, in which glutamate exhibited mitochondrial calcium overload 

and neuronal cell death (Lee et al., 2018). Nobiletin was also reported to exert several beneficial 

effects to improve cognitive function and to effectively recover motor deficits in several animal 

models under pathological conditions, such as cerebral ischemia or Parkinson’s and Alzheimer’s 

diseases (Onozuka et al., 2008; Yabuki et al., 2014; Yamamoto et al., 2009). In addition to, 

nobiletin enhanced the outgrowth of neurites in PC12 cells and significantly suppressed 

microglial activation as well as neuroinflammation in-vitro ((Nagase et al., 2005; Cui et al., 2010).  

  Also, nobiletin has been studied to increase metabolism by changing the mitochondrial matrix 

substrate (Jojua et al., 2015). This previous report strongly suggests that it is necessary to study 

if and how nobiletin directly affects ETC system. However, it is still unclear yet. Therefore, in 

this study, I wanted to determine if nobiletin might have additional neuroprotective effects via 

regulating mitochondrial ETC system. I tried to focus on ETC functions specific to both CI and 

CIII, because they are dominant sites for mitochondrial metabolism. To observe the 

neuroprotective effects of nobiletin, experiments were designed to inhibit CI of ETC by rotenone 

or 6-hydroxydopamine (6-OHDA), or to inhibit CIII of ETC by antimycin A, in primary cortical 

cells, HT-22 and pure mitochondria isolated from Sprague-Dawley (SD) rats. The nobiletin 

changed activities of ETC complex were also observed in this study. In brief, nobiletin 
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significantly reduced mitochondrial ROS production under the condition of CI inhibition, but not 

under the CIII inhibition. It also increased ATP production. Although it was not clear how 

nobiletin exerted a neuroprotective effect under mitochondrial dysfunction specific to ETC CI 

inhibition, it was confirmed in this study that nobiletin directly enhanced the activity of CI. These 

results strongly suggest that nobiletin may exhibit a neuroprotective effect through activating the 

regulatory function correlated with ETC CI. 

 Together with the previous study reporting the neuroprotective effect to regulate mitochondrial 

depolarization through K+ channels, these results provide evidence that nobiletin can act as a 

major substance to suppress apoptotic signaling processes in neurodegenerative/neurological 

diseases or neuroinflammation, and there is a possibility as a new drug to treat neuropathological 

conditions. 
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2. Materials and Methods 

 

 

2.1 Materials 

 

Dulbecco's modified Eagle's medium (DMEM), Minimal essential medium (MEM), 

Neurobasal medium, fetal bovine serum (FBS), B-27 serum-free supplement, glutamine and 

penicillin/streptomycin were purchased from Gibco BRL (Gland Island, NY, USA). Antibodies 

against NF-E2–related factor 2 (Nrf-2) were purchased from Santa Cruz Biotechnology Inc (Santa 

Cruz, CA, USA). The antibodies against heme oxygenase-1 (HO-1) and TATA binding protein 

(TBP) were purchased from Millipore (Temecula, CA, USA) and Abcam (Cambridge, UK), 

respectively. The antibody against β-actin was purchased from Sigma-Aldrich (St. Louis, MO, 

USA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) from Amresco 

(Solon, OH, USA). 2′,7′-Dichlorofluorescin diacetate (DCF-DA) was purchased from Sigma-

Aldrich. Nobiletin was isolated and purified from the peel of Citrus sunki Hort. ex Tanaka in Jeju 

National University, Department of Biology as described previously (Choi et al., 2007). All other 

reagents were obtained from Sigma-Aldrich unless otherwise indicated. 

 

2.2 Primary culture of cortical neurons 
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Primary cortical neurons were prepared from cerebral cortices of postnatal 1-day-old SD rats. 

The neonatal brains were dissected, and the cortices were transferred to plating medium 

(containing MEM supplemented with 10% FBS, 25 mM glucose, 1 mM sodium pyruvate, 25 mM 

glutamine and 1 % penicillin/streptomycin) and dissociated by trituration using pipettes. Then, 

cells were plated onto poly-L-lysine-coated 24-well plates at a density of 1 × 105/well. After 6 

hours, plating medium was replaced to Neurobasal media supplemented with 2 % B-27, 50 mM 

glutamine and 1 % penicillin/streptomycin, and a half of culture medium was replaced every four 

days. Cultured neurons incubated at 37 °C in a humidified 5 % CO2 / 95 % O2 air atmosphere. 

The cells were used after 7-8 days in vitro (DIV). All experiments were conducted in accordance 

with the Jeju University Animal Care and Use Committee and guidelines. 

 

2.3 Culture of HT-22 neurons 

 

HT-22 neurons, an immortalized hippocampal neuronal cell line, were a generous gift from Dr. 

B.H. Lee (Gachon University of Medicine and Science, 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 % CO2 / 95 % O2. Cells thawed were the passage number 3 and used up to passage 

9. Cultured cells were added in 100 mm dish at a density 4 × 104 cells/dish, grown for 48 hours, 
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and then used for western blotting experiment.  

 

2.4 Preparation of pure mitochondria isolated from rat brain cortices 

 

The isolated mitochondria were obtained from rat brain cortices, as previously described 

(Iglesias-González et al., 2013). In short, the cortices were separated from brains of 14 ~ 17 day-

old rats and placed in EGTA-containing isolation buffer (IB) and homogenized in the Dounce-

type tissue grinders (Kimble chase). Pestle A and B were used sequentially, and their clearances 

were 0.0035 - 0.0065 mm and 0.0010 - 0.0030 mm, respectively. The IB was containing (in mM): 

Mannitol 225, Sucrose 75, HEPES 5, ECTA 3, BSA 0.1 %, adjusted at pH 7.4 with KOH (1N). 

The homogenates were centrifuged at 600 × g for 10 minuntes, and then, the supernatant was 

transferred to a new tube and then centrifuged at 600 × g for 10 minutes again. Next, supernatant 

was centrifuged at 12,000 × g for 10 minutes. The pellet containing mitochondria was 

resuspended in IB without EGTA and homogenized 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 at 12,000 × g for 10 minutes one more. All the 

above procedures were carried out at 4 °C. The isolated mitochondrial proteins were quantified 

by using Bio-Rad protein assay dye. Electron microscopy and oxygen consumption rate (OCR) 
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measurement were hired to evaluate the morphology and metabolic activity of isolated 

mitochondria. 

 

2.5 Measurement of mitochondrial viability and ROS in pure isolated mitochondria  

 

After finishing the isolation of pure mitochondria from rat brain cortices, the mitochondria 

suspension (0, 100, 250, 500, 1000 μg of protein/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 tetrazolium 

bromide ] (MTT) and 2ʹ, 7ʹ-Dichlorofluorescin Diacetate (DCF-DA) 25 μM for measuring 

mitochondrial viability and ROS, respectively, as previously discribed (Garcia-Ruiz C et al., 1997; 

Puntel RL et al., 2010). The mitochondrial assay buffer was containing (in mM): mannitol 220, 

sucrose 70, KH2PO4 10, MgCl2 5, HEPES 2, EGTA 1 and fatty acid-free BSA 0.2 % (w/v) and 

pH was set at 7.2. The mitochondria loaded in suspension were treated with nobiletin or other 

reagents in 96 well plates. The mitochondrial suspension was divided into 200 μL/well, so each 

well contained 100 μg/ml of protein. And then, fluorescence intensities were measured by using 

a fluorescence microplate reader (SpectraMax i3, Molecular devices Spectramax i3, Sunnyvale, 

CA, USA) at the excitation/emission wavelengthes of 485/535 nm for DCF-DA, respectively. 

The absorbance wavelengths to measure the protein quantification and mitochondrial viability 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Puntel%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=20573786
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were 550 nm on a multifunctional plate reader and compared with the untreated control cells. 

 

2.6 Measurement of Oxygen consumption rate (OCR) in pure isolated mitochondria 

 

The OCR of pure isolated mitochondria was measured by using a Seahorse XF-24 extracellular 

flux analyzer (Seahorse Bioscience, Inc, North Billerica, MA, USA) as the manufacturer’s 

protocol. Briefly, 5 μg of isolated mitochondria was suspended in 50 μL assay medium and 

transferred to each well for OCR measurement. Mitochondrial assay medium was containing (in 

mM): mannitol 220, sucrose 70, KH2PO4 10, MgCl2 5, HEPES 2, EGTA 1 and fatty acid-free 

BSA 0.2 % (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-CO2 condition at 37 °C. The 

reagents listed below were added sequentially according to the manufacturer’s protocol: ADP (1 

mM), oligomycin (2 μg/ml) as an inhibitor of mitochondrial ATP synthase, Carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone (FCCP 2 μM) as an ETC accelerator, and rotenone or 

antimycin A (0.5 μM) as a CI or CIII inhibitor, respectively. The OCR data recorded by sensor 

cartridge were analyzed by using Seahorse XF-24 software. 

 

2.7 Preparations of cytoplasmic and nuclear proteins 
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Preparations of cytoplasmic and nuclear protein were performed by using NE-PER nuclear 

and cytoplasmic extraction reagets (Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer’s protocol. For this experiment, HT-22 cells were seeded at a density of 1 × 106 

cells/dish in 100 mm dish. These cells were treated with nobiletin and other reagents at the 

indicated time and washed out twice and collected with cold phosphate-buffered saline (PBS). 

After centrifuging (3,000 rpm), cell pellets were resuspended in the cytoplasmic extraction 

reagent. Next, after centrifuging (16,000 × g) again, the supernatant cytoplasmic extract was 

transferred to a new tube. Nuclear pellets were resuspended in the nuclear extraction reagent, 

and centrifuged (16,000 × g). The supernatant nuclear protein extract was transferred to a new 

tube and stored at - 80 oC until used. 

 

2.8 Western blotting analysis 

 

HT-22 cells were washed three times with PBS (pH 7.4) and lysed with the modified RIPA 

buffer (10 mM TrisHCl, 150 mM NaCl, 1 mM EGTA, 0.1% SDS, 1 mM NaF, 1 mM Na3VO4, 

1 mM PMSF, 1 μg/mL aprotinin, and 1 μg/mL leupeptin, pH 7.4). Proteins (50 μg) were separated 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electrotransferred onto a 
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polyvinylidene fluoride membrane (Bio-Rad Laboratories, 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 a 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-β-actin antibodies. The blots were washed three times with TTBS and incubated with the 

appropriate horseradish peroxidase-conjugated secondary antibodies for 1 hour at a room 

temperature. After several washes, the blots were developed using enhanced chemiluminescence 

detection reagents (Intron Biotechnology, Sungnam, Korea) according to the manufacturer’s 

instruction. Optical densities of bands were quantified with an Image J analyzer (http://rsb. 

info.nih.gov/ij/) and normalized with those of β-actin and nuclear trans. 

 

2.9 Measurement of Cell viability 

 

MTT was used to investigate the cytoprotective effect of nobiletin on cell viability, as 

previously described (Choi et al., 2016). This protocol is based on the phenomenon that water-

soluble MTT is converted into an insoluble purple formazan by mitochondria in living cells. 

Primary cortical neurons (DIV 4) were plated at a density of 15 X 104/ ml and arabinofuranosyl 

cytidine (Ara-C) 1 μM was added in each culture well to block the growth of glial cells. 
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Subsequently, Ara-C concentration was consistantly kept at 1 μM in cell culture medium (4 days). 

After that, MTT solution (0.4mg/ml) was added to the cell culture medium for 1 hour at 37 ℃, 

and then, the supernatant was discarded, and the formazan was dissolved in DMSO. The 

absorbance was read at 550 nm by using a microplate reader (Model 550, Bio-Rad, USA). 

 

2.10. Quantification of ATP level 

 

Using mitochondria isolated from brain tissues, ATP was quantified by using 

luciferase/luciferin ATP determination kit (Molecular Probes, Eugene, OR), according to the kit’s 

manual. 

 

2.11 Mitochondrial Respiratory Complex I Activity Assay 

 

The activity of mitochondrial respiratory CI was determined by using the MitoCheck Complex 

I Activity Assay Kit (Cayman Chemical Company®, Ann Arbor, MI, USA), according to the 

manufacturer’s instructions. For the determination of CI activity, 20 μg 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 amount of CI activity was quantifiedby the increase of 

absorbance per minute, and three trials were hired for statistical analysis. 
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2.12 Statistical analysis 

 

  All data were indicated as the mean value ± standard error of the mean (SEM), and the statistical 

analysis was performed by Student’s t-test using the sigma plot 8.0 software. The significance of 

statistical differencesbetween groups was considered when p < 0.05 or 0.01  
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3. Results 

 

3.1 The experimental processes of isolated mitochondria and to measure mitochondrial 

physiological function. 

 

Figure 1 shows the schematics of experimental processes how to isolate mitochondria and to 

measure OCR. Using this protocol, the level of functional mitochondria was measurable and 

comparable through MTT colorimetric assay (Figure 2). This is based on the ability 

of nicotinamide adenine dinucleotide phosphate (NADPH) dependent cellular oxidoreductase 

enzymes to reduce the tetrazolium dye, showing that MTT to its insoluble formazan, represents a 

purple color. 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nicotinamide-adenine-dinucleotide-phosphate
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/tetrazolium
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/formazan
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Figure 1. The schematics of experimental processes to isolate mitochondria and to measure 

OCR.  

The brain hemispheres were extracted from SD rats by a surgical blade and 

immediatelyimmersed into ice-cold IB in the dounce-type tissue grinder. Tissues were 

transferred into a 1.5-ml microcentrifuge tube. The brain homogenate was centrifuged at 600 × 

g for 10 minutes in a refrigerated (4 °C) table-top centrifuge. The supernatant was transfered to 

a new tube and centrifuged again at 600 × g for 10 minutes. The supernatant was removed and 

pellet was combined with IB-EGTA free, and then centrifuged at 12,000 × g for 10 minutes. 

The mitochondria-enriched fraction was collected at the bottom of the tube and the final 

mitochondrial pellet was resuspended in IB-EGTA free solution (1:1) and stored on ice. The 
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electron microscope was used to confirm the mitochondrial morphology and condition. The 

protein amount of mitochondrial sample was quantified and 50 μg/ml of mitochondria was used 

for the exiperment of OCR measurement.  
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Figure 2. The measurement of mitochondrial viability or metabolic activity with MTT 

colorimetric assay. 

The various concentrations of pure isolated mitochondrial samples incubated with 0.4 mg/ml 

MTT at 37 ℃ for 10 minutes. After ‘A’ procedure, microtubes were spinned down and the 

supernatant was removed. DMSO was added to the pellets, and the optical density of samples 

was measured at 550 nm with a microplate reader. 
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3.2 Mitochondrial ROS was significantly increased by ETC inhibition. 

 

  Intracellular ROS plays important roles as a second messenger in cellular system under 

physiological conditions, and CI and CIII of mitochondrial ETC are the major sites for ROS 

generation (Barja et al., 1998; Turrens et al., 1980; Turrens et al., 1982). However, in pathological 

conditions, the excessive production of ROS has been observed in a number of types of cells and 

can induce cellular damage or death (Dickinson et al., 2011; Halliwell et al., 2011; Kaminskyy et 

al., 2014; Pallepati et al., 2012). The enhanced production of ROS is related with the development 

of pathologies such as diabetes, cancer, ischemia, stroke, arthritis, and most types of 

neurodegenerative disorders such as Parkinson's disease and Alzheimer's disease (Brieger et al., 

2012; Ghezzi et al., 2016; Kehrer et al., 2015). For exhibiting neuroprotective effects of nobiletin, 

the exessive production of ROS was induced by inhibiting ETC system in pure mitochondria 

isolated from cortices of SD rats. For blocking CI or CIII, rotenone, 6-OHDA or antimycin A was 

used, and their effects were determined by measuring the level of ROS in pure isolated 

mitochondria (500 μg/ml from brain cortices of 14-16 day old SD rats). Figure 3 and 4 show 

effects of mitochondrial CI inhibitors, rotenone and 6-OHDA, on mitochondrial ROS production. 

Both CI inhibitors excessively elevated mitochondrial ROS production in manners of dose- and 

time-dependences (Fig. 3, ROT 0.5 μM = 130.5  3.6 %, n = 8, p < 0.01 compared with the 
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control; Fig. 4, 6-OHDA 10 μM = 177.7  5.4 %, n = 3, p < 0.01, compared with the control). 

Additionally, antimycin A, a mitochondrial CⅢ inhibitor, exhibited the significant effect to 

increase mitochondrial ROS production, as shown in Figure 5A and B. These results indicate that 

both CI and CIII of ETC are major sites to regulate ROS production in mitochondria of neurons.  
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Figure 3. Rotenone-increased mitochondrial ROS production in pure isolated 

mitochondria.  

  The effects of rotenone on mitochondrial ROS generation were measured with the DCF-DA 

indicator using a fluorescence microplate reader. DCF-DA (25 μM) was loaded to isolated 

mitochondria for 10 minutes, then rotenone (ROT, 0.05, 0.1 or 0.5 μM) was added for 5, 10 or 15 

minutes. Rotenone significantly increased mitochondrial ROS in manners of dose- and time-

dependences. Dose responses of totenone (A) and 5 minutes after treatment time courses (B) were 

analyzed. Data represent the mean ± S.E.M, and p < 0.05 (*), p < 0.01 (**), compared with the 

control group.  
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Figure 4. 6-OHDA-increased mitochondrial ROS production in pure isolated mitochondria. 

 (A) The effects of 6-OHDA on mitochondrial ROS generation were measured with DCF-DA 

indicator using a fluorescence microplate reader. Mitochondrial sample 500 μg/ml was loaded 

with DCF-DA (25 μM) for 10 minutes, then 6-OHDA (1, 5 or 10 μM) was added for 5, 10 or 15 

minutes. 6-OHDA significantly increased mitochondrial ROS in manners of dose- and time-

dependences. Dose responses of 6-OHDA (A) and 5 minutes after treatment time courses (B) 

were analyzed. Data represent the mean ± S.E.M, and p < 0.05 (*), p < 0.01 (**), compared with 

the control group 
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Figure 5. Antimycin A-increased mitochondrial ROS production in pure isolated  

mitochondria.  

 (A) The effects of CⅢ inhibitor on mitochondrial ROS generation were measured with DCF-

DA indicator using a fluorescence microplate reader. Mitochondrial sample 500 μg/ml was loaded 

DCF-DA (25 μM) for 10 minutes, then antimycin A (AA, 0.05, 0.1 or 0.5 μM) added for 5, 10 or 

15 minutes. Antimycin A significantly increased mitochondrial ROS in manners of dose and time-
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dependences. Dose responses of antimycin A (A) and 5 minutes after time courses (B) were 

analyzed the treatment. Data represent the mean ± S.E.M, and p < 0.01 (**), compared with the 

control group.  
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3.3 The neuroprotective effects of nobiletin regulating mitochondrial ROS production. 

 

The mitochondrial dysfunction can induce neuronal damage or death, so it is necessary to figure 

out if nobiletin might exhibit neuroprotive and antioxidant effects by regulating mitochondrial 

ROS production. Previous study showed that nobiletin did not show the ROS scavenging activity 

even though it revealed antioxidant effects in neurons (Lee et al., 2018). In this study, it was 

confirmed that nobiletin significantly reduced mitochondrial ROS and this effect seemed to be 

based on the regulation of ETC complexes. In figure 6, pure isolated mitochondria were loaded 

with the DCF-DA fluorescence indicator for 10 minutes, and then pretreated with nobiletin (30 

μM) for 5 minutes. After that, ECT complex inhibitors, rotenone (0.5 μM, Fig. 6A), 6-OHDA (10 

μM, Fig. 6B) or antimycin A (0.5 μM. Fig. 6C) was added for 5 minutes to enhance ROS 

production. Figure 4A and B show that the pretreatment of nobiletin markedly blocked the 

increase of ROS production which was induced by adding a CI inhibitor, rotenone or 6-OHDA 

(Fig. 6A, ROT = 131.7  5.4 % p < 0.01, n = 7, compared with the control; ROT + NOB = 101.0 

 2.1 %, n = 6, p < 0.01 compared with the ROT; Fig. 6B, 6-OHDA = 113.4  5.4 %, n = 6, p < 

0.01, compared with the control; 6-OHDA + NOB = 102.3  3.8 %, n = 5, p < 0.05 compared 

with the 6-OHDA). However, nobiletin showed no effects to reduce or block antimycin A-induced 

ROS enhancement (Fig. 6C). This result indicates that the antioxidant effect of nobiletin might be 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
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correlated with the mitochondrial dysfunction specific to the inhibition of ETC CI.   

Next, it was tested if the antioxidant effect of nobiletin against rotenone or 6-OHDA was also 

participated in the neuroprotective mechanism to preserve the survival rate of neurons by 

performing MTT assays. In the Figure 5, DIV-8 primary cortical neurons of SD rats were treated 

with rotenone or antimycin A (0.5 μM) for 24 hours under the presence or absence of nobiletin. 

The pretreatment of nobiletin (30 μM) was performed for 1 hour prior to the addition of rotenone 

or antimycin A. The nobiletin pretreatment remarkably increased the viability of cortical neurons 

against rotenone showing the effect to reduce the cortical survival rate under the absence of 

nobiletin (Fig. 7A, ROT = 70.5  1.4 %, n = 6, p < 0.05, compared with the control; ROT + NOB 

= 91.4  1.6 %, n = 6, p < 0.01 compared with the ROT). However, nobiletin pretreatment did not 

show neuroprotective effects on antimycin A-reduced cell viability (Fig. 7B, AA = 75.9  4.6 %, 

n = 4, p < 0.01, compared with the control; AA + NOB = 76.2  0.8 %, n = 4, n.s, compared with 

the AA). The nobiletin alone did not exhibit any cytotoxicity at concentrations below 30 μM in 

primary cortical neurons. This indicates that nobiletin may exhibit neuroprotective effects via 

activating antioxidant signaling mediated to ETC CI in neuronal mitochondria. 

Excessive mitochondrial ROS can activate calpain, which induces the translocation of an 

apoptosis inducing factor (AIF) from mitochondria where AIF is localized under the physiological 

condition, to the nucleus (Bano et al., 2018; Sevrioukova et al., 2011). During the activation of 
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apoptotic signaling, the translocation of AIF from mitochondria to cytosol and nucleus is well 

known to cause DNA fragmentation. In this study, nobiletin blocked AIF translocation to nucleus, 

which was induced by the addition of rotenone in HT-22 cells (Fig. 6). Using Western blotting 

analysis, it was observed that the translocation of rotenone-induced AIF expression was 

remarkably increased both in nucleus and cytosol (Fig. 8A, ROT = 146.2  8.7 %, n = 3, p < 0.01 

compared with the control; Fig. 8B, ROT = 168.5  6.5 %, n = 3, p < 0.01, compared with the 

control). And, nobiletin significantly reduced nuclear AIF translocation and also as well as 

cytosolic AIF. Taken together, these results suggest that nobiletin may activate neuroprotective 

mechanisms mediated to mitochondrial antioxidant signaling, blocking apoptotic processing. This 

neuroproctective effect of nobiletin is possibly based on the mitochondrial regulation correlated 

with ETC-CI in neurons.  
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Figure 6. The ETC-mediated antioxidant effects of nobiletin on ROS generation in 

mitochondria isolated from rat cortices.  

Isolated mitochondria were pretreated with nobiletin (NOB, 30 μM) for 5 minutes, and then added 
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with complex inhibitors for 5 minutes. (A and B) Nobiletin was significantly reduced ROS 

generation which was increased by CⅠ inhibition (ROT + NOB, 6-OHDA + NOB). However, ROS 

elevation by antimycin A, CIII inhibitor, was not affected by the pretreatment of nobiletin (C, AA 

+ NOB). ROS level was determined by measuring the intensities of DCF-DA fluorescence, and 

compared between each group. Data represent the mean ± S.E.M, and p < 0.05 (*), p < 0.01 (**) 

compared with the control group, p < 0.05 (#), p < 0.01 (##) compared with the inhibitor alone. 
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Figure 7. The neuroprotective effects of nobiletin on the viability of primary cortical neurons 

dissociated from SD rats  

(A and B) Cultured primary cortical neurons were pretreated with/without nobiletin (NOB) for 1 

hour and then incubated with the addition of rotenone (ROT, 0.5 μM) or antimycin A (AA, 0.5 

μM) for 24 hours. Cell viability was measured by using MTT assay. Here, nobiletin showed an 

effect of reducing cell death only against rotenone. Data represent the mean ± S.E.M, and p < 

0.05 (*), p < 0.01 (**) compared with the control group, p < 0.05 (#) as not significant compared 

with the inhibitor alone. 
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Figure 8. The effect of nobiletin on levels of AIF protein expressed in nucleus or cytosol in 

HT-22 cells  

HT-22 neurons were pretreated with/without nobiletin for 1 hour and then incubated with rotenone 

(ROT, 0.5 M) for 6 hours. Nuclear fractions were isolated and Western blotting analysis was 

performed using anti-AIF antibody. Nobiletin (NOB) significantly reduced both cytosolic and 

nuclear AIF levels which were increased by adding rotenone. Data represent the mean ± S.E.M, 

and p < 0.05 (*), p < 0.01 (**) compared with the control group, p < 0.01 (##) compared with the 
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rotenone. 

3.4. The effects of nobiletin on physiological mitochondrial functional.  

 

  The primary role of mitochondria is to produce ATP for physiological conditions, even though 

they can also act as calcium stores and ROS regulators. Therefore, it was necessary to figure out 

if nobiletin regulated metabolic functions of mitochondria which are correlated with oxygen 

consumption. Figure 9 and 10 show the measurable parameters about mitochondrial respiration 

by Mito Stress assay, representing the functioning of pure isolated mitochondria. This provides 

evidence that isolated mitochondria are suitable for observing their metabolic activity in an in-

vitro condition.  

   In Figure 11, nobiletin directly enhanced mitochondrial viability under the physiological 

condition (control, NOB, 1, 10, or 30 M, 126.8  0.7 %, 108.7  1.5 %, 105.6  1.3 %, n = 4, p 

< 0.05, p < 0.01, compared with the control). This nobiletin effect seemed to be mediated to the 

inhibition of ETC CI, because, under CI substrate-free condition, the mitochondrial viability was 

not affected by nobiletin treatment (CI inhibition, NOB, 1, 10, or 30 M 82.7  1.1 %, 84.0  1 %, 

77.9  1.3 %, n = 4, n.s, compared with the CI inhibition alone). Unexpectedly, nobiletin effect 

on the enhancement of mitochondrial viability was more remarkable at low concentrations. This 

may be due to the effect of nobiletin to induce the mild depolarization of mitochondrial membrane 
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in a dose-dependent manner (Lee et al., 2018). This is also the reason why nobiletin showed the 

effect to slightly enhance mitochondrial ROS in this study (data not shown). Next, it was tested 

if nobiletin exhibited the effect to influence mitochondrial OCR (Fig. 12). The various 

concentrations of nobiletin slightly but significantly increased OCR in pure isolated mitochondria. 

After adding nobiletin, the level of mitochondrial OCR-linked ATP was also dose-dependently 

increased but not significant (Fig. 13A, NOB, 1, 10, or 30 M, 346.3  24.4, 360.2  33.7, 403.4 

 16.5, n = 6, n.s, compared with the control). Here, the increment of OCR-linked ATP was 

determined as following; 

[Increment of OCR-linked ATP] = 

[The last rate of OCR measured right before oligomycin addition] 

– [the minimal rate of OCR measured after oligomycin addtion]. 

There is another protocol to improve the mitochondrial function to produce ATP per each 

mitochondrion by targeting the processes underlying ATP supply. The previous report 

demonstrated that coupling oxidation to phosphorylation can enhance ATP generation per each 

O2 uptake (i.e., mitochondrial coupling efficiency, Conley., 2016). In this study, nobiletin also 

slightly increased coupling efficiency in a dose-dependent manner (Fig. 13B, NOB, 1, 10, or 30 

M, 181.3  21.7, 207.3  38.8, 207.9  29.0, n = 6, n.s, compared with the control). Although 

the statistical significance was not revealed in changes of OCR-linked ATP and coupling 
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efficiency, this clearly provides evidence that nobiletin may directly regulate the ATP production 

via enhancing OCR. 

   Figure 14 represents the effects of nobiletin on mitochondrial OCR under the CⅠ substrate free 

condition. In this experiment, CI substrate free condition significantly reduced the mitochondrial 

OCR (Fig. 14A). After injecting nobiletin under the same condition, OCR was significantly 

enhanced, compared with the absence of nobiletin (Fig. 14B). In Figure 15, OCR-linked ATP and 

coupling efficiency were also observed to be significantly reduced under the substrate free 

condition. However, nobiletin slightly and, in some case significantly increased levels of OCR-

linked ATP (CI inhibition, 524.2  16.1, n = 4, p < 0.01, compared with the control; CI inhibition 

+ NOB, 573.1  9.9, n = 4, p < 0.05, compared with the CI inhibited group) and coupling 

efficiency (CI inhibition, 154.4  7.9, n = 4, p < 0.01, compared with the control; CI inhibition + 

NOB, 171.7  1.3, n = 4, n.s, compared with the CI inhibited group). This strongly suggests a 

possibility that nobiletin effect to enhance ATP production may be correlated with mitochondrial 

functions specific to ETC CI. Furthermore, it was confirmed that nobiletin dose-dependently 

increased ATP synthases (Fig. 16, NOB, 1, 10, or 30 M, 100  2.4 %, 123  3.4 %, 124  2.0 %, 

130  1.2 %, n = 4, p < 0.01, compared with the control) and CI activity (Fig. 17, NOB 0.1, 0.5, 

1, 10 or 30 M, 100  0.8 %, 109.5  0.7 %, 110.1  0.7 %, 177.1  1.4 %, 219.7  1.5 % and 

253  1 %, n = 7, p < 0.01, compared with the control) in mitochondria isolated from rat cortices 
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under a normal condition. Taken together, these results may suggest that nobiletin can regulate 

ATP synthase via contributing to the metabolic function of mitochondria specific to ETC CI in 

neurons.  
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Figure 9. The measurement of mitochondrial respiration.  

The normal OCR of pure isolated mitochondria was measured by using a Seahorse XF-24 

extracellular flux analyzer (Seahorse Bioscience Agilent Technologies). Adenosine diphosphate 

(ADP), Oligomycin (O), Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP). For 

more details, see ‘Materials and method’. 
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Figure 10. The measurements of detail parameters about mitochondrial respiration.  

(A) Non-mitochondrial oxygen consumption calculated as the minimum rate measured after 

adding rotenone/antimycin A. (B) Basal respiration determined by [the last rate measured before 

the first injection] – [non-mitochondrial respiration rate]. (C) Maximal respiration calculated by 

[the maximal rate measured after FCCP injection] – [Non-mitochondrial respiration rate]. (D) H+ 
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(proton) leak calculated by [the minimal rate measured after oligomycin injection] – [Non-

mitochondrial respiration rate]. (E) ATP production calculated by [the last rate measured before 

oligomycin injection] – [the minimal rate measured after oligomycin injection]. (F) Spare 

respiratory capacity calculated by [the maximal respiration] / [the basal respiration]. (G) Spare 

respiratory capacity as % [the maximal respiration] / [the basal respiration]×100. (I) Coupling 

efficiency calculated by [ATP production rate] / [the basal respiration].  
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Figure 11. The effects of nobiletin on mitochondrial viability under normal and CⅠ substrate 

free conditions 

The effects of nobiletin on mitochondrial viability in CⅠ substrate free and normal conditions.  

Nobiletin effect (NOB in control) on the enhancement of mitochondrial viability was more 

remarkable at low than high concentrations, but its effect was not observed under the absence of 

a CI substrate (NOB in CI inhibition). Additionally, rotenone used as positive control did not alter 

any mitochondrial viability in this experiment. Data represent the mean ± S.E.M, and p < 0.05 

(*), p < 0.01 (**) compared with the control group.  
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Figure 12. The effects of nobiletin on mitochondrial OCR.   

The various concentrations of nobiletin remarkably increased OCR in pure isolated mitochondria. 

Data represent the mean ± S.E.M 
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Figure 13. The effects of nobiletin on mitochondrial efficiency.   

(A) The various concentrations of nobiletin (NOB) slightly increased the level of [the last rate 

measured before oligomycin injection] – [the minimal rate measured after oligomycin injection]. 

(B) Nobiletin also slightly increased the coupling efficiency but not significant. Data represent 

the mean ± S.E.M. 
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Figure 14. The effects of nobiletin on mitochondrial OCR under CI substrate free condition.   

(A) Normal OCR levels were reduced in the absence of CI substrate. (B) The effects of 

nobiletin restored mitochondrial OCR, wich was reduced under CⅠ substrate free condition.  
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Figure 15. The effects of nobiletin on OCR-linked ATP and mitochondrial efficiency under 

CⅠ substrate free condition.   

The CI substrate free condition significantly reduced both OCR-linked ATP (A) and coupling 

efficiency (B). Nobiletin (NOB+CI, NOB, 30 μM) slightly but significantly increased the level of 

OCR-linked ATP (A). Also, nobiletin slightly increased the coupling efficiency but not significant. 

Data represent the mean ± S.E.M, and p < 0.01 (**) compared with the control group, p < 0.05 (#) 

compared with the CI inhibited group. 
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Figure 16. Nobiletin increases ATP production in pure isolated mitochondria.  

The level of mitochondrial ATP was directly measured by using a luciferase/luciferin ATP 

determination kit. ATP production was dose-dependently increased by nobiletin (NOB). This 

means that nobiletin can enhance metabolitic functions of mitochondria under the normal 

condition. Data represent the mean ± S.E.M, and p < 0.01 (**) compared with the control group. 
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Figure 17. Nobiletin increases the activity of ETC CI. 

Using 20 μg of mitochondrial protein, the activity of ETC CI was directly determined. The 

absorbance of all samples was measured at 340 nm for 15 minutes (MitoCheck Complex I Activity 

Assay Kit). Nobiletin (NOB) dose-dependently increased the activity of ETC CI in pure 

mitochondria isolated from rat cortices. Data represent the mean ± S.E.M, and p < 0.01 (**) 

compared with the control group. 

 

 

 

 

 

0

50

100

150

200

250

300

C
o
m

p
le

x
 I

 a
c
ti

v
it

y
 (

%
)

NOB                 0 0.5            1             5              10 30   (μM)

**
** 

** 



 

51 
 

3.5. The effect of nobiletin on the antioxidant enzyme expression. 

 

  It was confirmed that nobiletin induced antioxidant effect under the mitochondrial dysfunction 

mediated to the inhibition of ETC CI and restored the survival level of neurons under oxidative 

stress. Therefore, it was necessary to test if nobilein also regulated the expression of antioxidant 

enzymes. Nrf-2 is one of important transcription factors that regulate the gene expression of HO-

1, an antioxidant enzyme. In the experiment using Western blotting analysis, nobiletin 

significantly and dose-dependently upregulated the expression of HO-1 via enhancing the 

translocation of Nrf-2 to nucleus in HT-22 cells, which were treated with nobiletin for 6 hours 

(Fig. 18). This clearly indicates that the neuroprotective effect of nobiletin under mitochondrial 

dysfunction specific to the inhibition of ETC CI is also mediated to the antioxidant signaling 

cascade in neurons.  



 

52 
 

 

Figure 18. Effects of nobiletin on antioxidant enzyme levels in neurons.  

  (A-C) HT-22 cells were exposed to nobiletin (1, 10 and 30 M) for 6 hours, total proteins were 

isolated and Western blotting analysis was performed using anti-HO-1 antibody and anti-Nrf-2. 

Data represent the mean ± S.E.M, and p < 0.01 (**) compared with the control group.  
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DISCUSSION 

 

In neurons of mammalian nervous system, oxidative stresses induced by the excessive ROS 

production of mitochondria or the impairment of the antioxidant defense system result in serious 

mitochondrial dysfunctions to trigger the irreversible cell death. Overproduction of mitochondrial 

ROS and alteration in mitochondrial redox homeostasis seem to be involved in both a number of 

neuropathological conditions and neurodegenerative diseases such as Alzheimer’s and 

Parkinson’s diseases (Alzheimer's Association. 2016; Grimm et al., 2016; Ibáñez et al., 2004; 

Indo et al., 2015; Kishida et al., 2007; Rego et al., 2003). 

 Mitochondria are crucial organelles that produce ATP in aerobic eukaryotic organisms and 

contribute to other processes of metabolic and cellular signalings. In early studies, mitochondria 

were thought to produce ROS as a by-product resulted from aerobic metabolism, but recently, 

mitochondrial ROS has been often reported to mediate the intracellular signal transduction 

(Castro et al., 2001; Schieber et al., 2014). Mitochondrial contribution to the total level of 

intracellular ROS appears to be dynamic according to species, organs, tissues and mitochondrial 

subpopulations. Mitochondria are well known to have at least 11 sites to produce ROS (Brand, 

2016; Mailloux, 2015). Of them, ETC CI and CIII are major sources for the production of 

mitochondrial ROS as well as metabolic ATP. It has been reported that CIII is the dominant site 
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to produce ROS in circulatory and respiratory systems, whereas ETC CI is responsible for most 

ROS produced in nervous system (Barja et al., 1998; Turrens et al., 1980; Turrens et al., 

1982).  According to their mechanistic processes, two complexes exhibit different sites to 

produce ROS, demonstrating that CI (and CII) generates ROS within the mitochondrial matrix 

but CIII produces ROS in both matrix and the intermembrane space (Brand, 2010; Muller et al., 

2004). The original view was that superoxide generated in the intermembrane space was released 

into the cytoplasm through voltage-dependent anion channels (Han et al., 2003).  

  Nobiletin is the multifunctional agent that reported to have various pharmacological activities 

including neuroprotection, cardiovascular protection, antimetabolic disorder, anticancer, anti-

inflammation, and antioxidation (Huang et al., 2016).  When ROS is abnormally produced under 

pathological conditions, nobiletin promotes protein synthase, showing antioxidant effects. Also, 

its protective effects may be mediated to functions upregulating Nrf-2 and HO-1, downregulating 

NF-κB expression. (Chen et al., 2012; Zhang et al., 2016). Recently, it has been reported that 

nobiletin activates the matrix substrate level of phosphorylation (Jojua et al., 2015). In this study, 

I demonstrated that nobiletin effectively blocked rotenone-induced excessive production of ROS 

and cell death, showing the specificity to the inhibition of ETC CI rather than CIII in both neurons 

and pure mitochondria isolated from rat cortices.  

The significant accumulation of ROS was observed during CI inhibition induced by rotenone 
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in pure isolated mitochondria, and nobiletin completely abolished the effect of rotenone (Fig. 6A). 

However, its antioxidant effect was not observed in the case of ROS increase during the inhibition 

of CIII, which was induced by antimycin A (Fig. 6C). Both CI and CIII inhibitions are well-

known to trigger mitochondrial dysfunction, increasing ROS production (Guzy et al., 2005; 

Greenamyre et al., 2001; Lenaz, 2001; Murphy et al., 1999; Piskemik et al., 2008; Turrens, 1997). 

Consistent with these reports, it was observed that ROS level was significantly increased under 

both CI and CIII inhibition in this study. However, the fact that nobiletin exhibited the effect 

specific to CI inhibition indicates that it might have an antioxidant mechanism to act under 

specific conditions. Additionally, it was also observed that nobiletin significantly reduced the 

neuronal death which was induced by rotenone in primary cortical neurons dissociated from the 

rat brain (Fig. 7A). If nobiletin had an ability to restore the survival rate of neurons through 

reducing ROS level, antimycin A-induced cell death also should be restored by nobiletin 

treatment. However, nobiletin did not show the neuroprotective effect to restore the cell death 

induced by antimycin A in primary cortical neurons (Fig. 7B). This indicates that neuroprotective 

effects of nobiletin might be mediated to the CI inhibition-specific dysfunction of mitochondria 

in neurons, consistent with the results observed in pure mitochondria isolated from rat cortices. 

In this study, it has not been addressed how nobiletin exerts neuroprotective effects specific to the 

mitochondrial dysfunction and apoptotic processes which are correlated with ETC CI inhibition, 
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or where it is acting to. However, for the production of ATP through oxidative phosphorylation, 

it is required to allow electrons to pass through electron transport. The electrons required for 

oxidative phosphorylation come from electric carriers such as nicotinamide adenine dinucleotide 

(NADH) and (flavin adenine dinucleotide) FADH2, which are activated from the tricarboxylic 

acid cycle (TCA cycle) in mitochondrial matrix space (Martínez-Reyes et al., 2020). CI is known 

to convert NAD from its reduced form, NADH to its oxidized form, NAD+ and makes ATP 

synthases. Jojua et al. previously reported that nobiletin can recover the reduced ATP metabolism 

during hypothyroidism in the hippocampal mitochondria and regulate the activation of 

mitochondrial substrate phosphorylation (Jojua et al., 2015). This indicates that nobiletin may 

directly or inderctly regulate CⅠ.  

 Under the CⅠ inhibition inducing excessive oxidative stress, the loss of mitochondrial integrity 

can release apoptotic-mediated molecules such as cytochrome c and AIF from the inter-membrane 

space of mitochondrial into the cytosol (Green et al., 1998). In particular, the activation of AIF, 

a 67kDa favoprotein, which contributes to the caspase-independent apoptotic signaling pathway, 

represents as a hallmark of cell death in the previous study (Joza et al., 2001). When AIF is 

released from the mitochondrial inter-membrane space and translocated to the nucleus, it 

generally induces DNA fragmentation, nuclear pyknosis, and finally neuronal cell death. In this 

study, CI inhibition induced by rotenone was confirmed to mediate to the significant enhancement 

https://pubmed.ncbi.nlm.nih.gov/?term=Joza+N&cauthor_id=11279485
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of AIF in both nuclear and cytosol of HT-22 cells (Fig. 8). In this experiment, nobiletin effectively 

blocked rotenone-induced AIF accumulation in both nuclear and cytosol. This indicates that 

nobiletin may contribute to the regulation of apoptotic signaling during mitochondrial dysfunction 

induced by CI inhibition. This effect of nobiletin might be based on the activation of antioxidant 

signaling against the apoptotic processing, because the expression levels of Nrf-2 and HO-1 were 

significantly enhanced by nobiletin (Fig.18). Nrf2 is a basic leucine zipper transcription factor, 

and under normal conditions, usually sequestered by its inhibitory partner, kelch-like protein 1 

(Keap1) in the cytosol. However, under the activation of antioxidant signaling, Nrf2 is released 

from Keap1 and translocated to the nucleus where it activates the antioxidant response element 

(ARE) of phase 2 genes such as HO-1 and accelerates their transcription. And then, HO-1 plays 

an important role for the detoxification by forming biliverdin and bilirubin during heme 

degradation, which can serve as ROS scavengers (Origassa et al., 2013). Therefore, the result that 

nobiletin enhanced Nrf-2 and HO-1 expression, strongly suggests that its neuroprotective effect 

to block apoptotic signaling may mediate the activation of antioxidant signaling cascade under 

abnormal conditions specific to CI inhibition. The possible signaling cascade activated by 

nobiletin was summarized in Figure 19. 

Nobiletin showing antioxidant and neuroprotective effects in neurons, also strongly regulated 

the normal function of mitochondria in this study. In the experiment using a luciferase/luciferin 
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ATP determination kit to measure the level of ATP production, nobiletin significantly increased 

ATP production in pure mitochondria, indicating the existence of its modulatory function in 

neuronal mitochondria (Fig.16). However, it is not sure that its effect to affect ATP production is 

related to ETC CI activation, although nobiletin enhanced the level of ETC CI activation in Figure 

17. It should be addressed in the further study where nobiletin acts at and how it regulates 

mitochondrial functions and activates the antioxidant signaling. 

In summary, nobiletin clearly exerted neuroprotective effects specific to the oxidative stress 

induced by CI inhibition in both pure isolated mitochondria and cortical neurons of rats. It may 

be mediated with the regulation of mitochondria, inhibition of apoptotic signaling and activation 

of antioxidant signaling cascades. Taken together, nobiletin has the potential to be an agent 

capable of treating the oxidative stress-induced neurological and neurodegenerative diseases.  
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Figure 19. Ideal mechanism of nobiletin in neurons. 

 

In our previous study, nobiletin exhibited neuroprotective effects in neurons under glutamate-

induced clacium overload by mildly increasing mitochondria depolarization through K+ channels. 

In this study, nobiletin additionally showed antioxidant and neuroprotective effects specific to the 

oxidative condition of CI inhibition, reducing mitochondrial ROS production, preventing the 

translocation of AIF from mitochondria to nucleus and cytosol, which is activated by apoptosis 

induction. Also nobiletin might activate the activities of antioxidant enzymes and increase cell 

metabolism as well as CI activity, thereby leading a neuroprotective mechanism mediated to 

antioxidant signaling. 

 

 

 

 



 

60 
 

REFERENCES 

 

1. Alam J, Stewart D, Touchard C, Boinapally S, Choi AM, Cook JL. 1999. Nrf2, a 

Cap'n'Collar transcription factor, regulates induction of the heme oxygenase-1 gene. J. Biol. 

Chem. 274, 26071-26078. 

2. Alzheimer's Association. 2016. Alzheimer’s disease facts and figures. Alzheimer's & 

Dementia. 12.4: 459–509. 

3. Barja G, Herrero A. 1998. Localization at complex I and mechanism of the higher free 

radical production of brain nonsynaptic mitochondria in the short-lived rat than in the 

longevous pigeon. J. Bioenerg. Biomembr. 30: 235–243. 

4. Bano D, Prehn JHM. 2018. Apoptosis-Inducing Factor (AIF) in Physiology and Disease: 

The Tale of a Repented Natural Born Killer. EBioMedicine. 30: 29‐37.  

5. Bhatti JS, Bhatti GK, Reddy PH. 2017. Mitochondrial dysfunction and oxidative stress in 

metabolic disorders - A Step towards mitochondria based therapeutic strategies. Biochim 

Biophys Acta. 1863.5: 1066–1077 

http://www.ncbi.nlm.nih.gov/pubmed?term=Alam%20J%5BAuthor%5D&cauthor=true&cauthor_uid=10473555
http://www.ncbi.nlm.nih.gov/pubmed?term=Stewart%20D%5BAuthor%5D&cauthor=true&cauthor_uid=10473555
http://www.ncbi.nlm.nih.gov/pubmed?term=Touchard%20C%5BAuthor%5D&cauthor=true&cauthor_uid=10473555
http://www.ncbi.nlm.nih.gov/pubmed?term=Boinapally%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10473555
http://www.ncbi.nlm.nih.gov/pubmed?term=Choi%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=10473555
http://www.ncbi.nlm.nih.gov/pubmed?term=Cook%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=10473555
http://www.ncbi.nlm.nih.gov/pubmed/10473555
http://www.ncbi.nlm.nih.gov/pubmed/10473555


 

61 
 

6. Brand MD, Affourtit C, Esteves TC, Green K, Lambert AJ, Miwa S, Pakay JL, 

Parker N. 2004. Mitochondrial superoxide: production, biological effects, and activation of 

uncoupling proteins. Free Radic. Biol. Med. 37:755–767.   

7. Brand MD. 2005. The sites and topology of mitochondrial superoxide production. Exp. 

Gerontol. 70,2:200-14.  

8. Brand MD. 2016. Mitochondrial generation of superoxide and hydrogen peroxide as the 

source of mitochondrial redox signaling. Free Radic. Biol. Med. 100:14–31 

9. Brieger K, Schiavone SF, Miller Jr J, Krause KH. 2012. Reactive oxygen species: from 

health to disease. Swiss Med Wkly. 142:13659-13664 

10. Castro L, Freeman BA. 2001. Reactive oxygen species in human health and disease. 

Nutrition. 17,2:161-165. 

11. Chen L, Wang L, Zhang X, Cui L, Xing Y, Dong L, Liu Z, Li Y, Zhang X, Wang C, 

Bai X, Zhang J, Zhang L, Zhao X. 2012. The protection by octreotide against 

experimental ischemic stroke: up-regulated transcription factor Nrf2, HO-1 and down-

regulated NF-κB expression. Brain Res. 1475:80-7. 

12. Cui Y, Park JY, Wu J, Lee JH, Yang YS, Kang MS, Jung SC, Park JM, Yoo ES, Kim 

SH, Ahn JS, Suk K, Eun SY. 2015. Dieckol Attenuates Microglia-mediated Neuronal Cell 

https://www.sciencedirect.com/science/article/pii/S0899900700005700?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0899900700005700?via%3Dihub#!
https://www.sciencedirect.com/science/journal/08999007
https://www.sciencedirect.com/science/journal/08999007/17/2


 

62 
 

Death via ERK, Akt and NADPH Oxidase-mediated Pathways. Korean J. Physiol. Pha. 

19:219-228. 

13. Conley KE. 2016. Mitochondria to motion: optimizing oxidative phosphorylation to 

improve exercise performance. J. Exp. Biol. 219:243-249 

14. Dallner G, Sindelar PJ. 2000. Regulation of ubiquinone metabolism. Free Radic Biol 

Med. 3-4:285-94  

15. Dickinson BC, Chang CJ. 2011. Chemistry and biology of reactive oxygen species in 

signaling or stress responses. Nat Chem Biol. 7:504-511 

16. Garcia-Ruiz C, Colell A, Mari M, Morales A, Fernandez-Checa J. C. 1997. Direct effect 

of ceramide on the mitochondrial electron transport chain leads to generation of reactive 

oxygen species. Role of mitochondrial glutathione. J Biol Chem. 272:11369–11377. 

17. Ghezzi P, Jaquet V, Marcucci F, Schmidt HH. 2016. The oxidative stress theory of 

disease: levels of evidence and epistemological aspects. Br J Pharmacol. 174,12:1784-1796. 

18. Giampazolias E, Tait SW. 2016. Mitochondria and the hallmarks of cancer FEBS Journal. 

283:803–814. 

https://www.ncbi.nlm.nih.gov/pubmed/11035257
https://www.ncbi.nlm.nih.gov/pubmed/11035257


 

63 
 

19. Gonzalez-Halphen D, Ghelli A, Iommarini L, Carelli V, Esposti M D. 2011. 

Mitochondrial complex I and cell death: a semi-automatic shotgun model. Cell Death & 

Disease. 2:222. 

20. Greenamyre JT, Sherer TB, Betarbet R, Panov AV. 2001. Complex I and Parkinson's 

disease. IUBMB Life. 52, 3-5:135–141. 

21. Green DR, Reed JC. 1998. Mitochondria and apoptosis. Science 281:1309-1312. 

22. Grimm A, Friedland K, Eckert A. 2016. Mitochondrial dysfunction: the missing link 

between aging and sporadic Alzheimer’s disease. Biogerontology. 17,2:281–296.  

23. Guzy RD, Hoyos B, Robin E, Chen H, Liu L, Mansfield KD, Schumacker PT. 2005. 

Mitochondrial complex III is required for hypoxia-induced ROS production and cellular 

oxygen sensing. Cell metabolism. 1,6: 401-408. 

24. Halliwell B. 2011. Free radicals and antioxidants - quo vadis?. Trends Pharmacol. 

Sci. 32:125-130. 

25. Huang H, Li LF, Shi WM, Liu H, Yang JQ, Yuan XL, Wu LH. 2016. The 

multifunctional effects of nobiletin and its metabolites In vivo and In vitro, Evid Based 

Compl Alternat Med. 2918796. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Green%20DR%5BAuthor%5D&cauthor=true&cauthor_uid=9721092
http://www.ncbi.nlm.nih.gov/pubmed?term=Reed%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=9721092
http://www.ncbi.nlm.nih.gov/pubmed/9721092


 

64 
 

26. Ibanez P, Bonnet AM, Debarges B, Lohmann E, Tison F, Agid Y, French Parkinson's 

Disease Genetics Study Group. 2004. Causal relation between α-synuclein locus 

duplication as a cause of familial Parkinson's disease. The Lancet. 364,9440:1169-1171. 

27. Iglesias-González J, Sánchez-Iglesias S, Beiras-Iglesias A, Soto-Otero R, Méndez-

Álvarez E. 2013. A simple method for isolating rat brain mitochondria with high metabolic 

activity: Effects of EDTA and EGTA. J Neurosci Methods. 213:39– 42.  

28. Indo HP, Yen HC, Nakanishi I, Matsumoto KI, Tamura M, Nagano Y, Minamiyama 

Y. 2015. A mitochondrial superoxide theory for oxidative stress diseases and aging. Journal 

of clinical biochemistry and nutrition, 56,1:1-7.11.  

29. Jojua N, Sharikadze N, Zhuravliova E, Zaalishvili E, Mikeladze DG. 2015. Nobiletin 

restores impaired hippocampal mitochondrial bioenergetics in hypothyroidism through 

activation of matrix substrate-level phosphorylation. Nutr Neurosci. 5:225-31. 

30. Khan AUH, Allende-Vega N, Gitenay D, Garaude J, Vo DN, Belkhala S, Orecchioni, S. 

2018. Mitochondrial Complex I activity signals antioxidant response through 

ERK5. Scientific reports. 8,1:1-14. 

31. Kaminskyy VO, Zhivotovsky B. 2014. Free radicals in cross talk between autophagy and 

apoptosis. Antioxid. Redox Signal. 21:86-102. 

file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/


 

65 
 

32. Kehrer JP, Klotz LO. 2015. Free radicals and related reactive species as mediators of 

tissue injury and disease: implications for health. Crit Rev Toxicol. 45:765-798. 

33. Kishida KT, Klann E. 2007. Sources and targets of reactive oxygen species in synaptic 

plasticity and memory. Antioxid. Redox Signal. 9,2:233–244 

34. Kroemer G, Dallaporta B, Resche-Rigon M. 1998. The mitochondrial death/life regulator 

in apoptosis and necrosis. Annu. Rev. Physiol. 60:619-642. 

35. Lee JH, Amarsanaa
 
K, Wu J, Jeon S.C,

 
Cui Y, Jung SC, Park DB, Kim SJ, Han 

SH, Kim HW, Rhyu IJ, Eun SY. 2018. Nobiletin attenuates neurotoxic mitochondrial 

calcium overload through K+ influx and ΔΨm across mitochondrial inner membrane. Korean 

J Physiol Pharmacol. 22,3:311–319. 

36. Lenaz G. 2001. The mitochondrial production of reactive oxygen species: mechanisms and 

implications in human pathology. IUBMB Life 52: 159-164. 

37. Mailloux RJ. 2015. Teaching the fundamentals of electron transfer reactions in 

mitochondria and the production and detection of reactive oxygen species. Redox Biol. 

4:381–398.  

38. Maruyama D, Hirata N, Miyashita R, Kawaguchi R, Yamakage M. 2013. Substrate-

dependent modulation of oxidative phosphorylation in isolated mitochondria following in 

vitro hypoxia and reoxygenation injury. Exp Clin Cardiol. 18,2: 158–160. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Amarsanaa%20K%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jeon%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cui%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jung%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Park%20DB%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Han%20SH%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20HW%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rhyu%20IJ%5BAuthor%5D&cauthor=true&cauthor_uid=29719453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Maruyama%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23940443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hirata%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23940443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Miyashita%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23940443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kawaguchi%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23940443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yamakage%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23940443
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3718598/


 

66 
 

39. Murphy AN, Fiskum G, Beal MF. 1999. Mitochondria in neurodegeneration: bioenergetic 

function in cell life and death. J Cereb Blood Flow Metab 19: 231-245. 

40. Joza N,  Susin SA, Daugas E,  Stanford WL,  Cho SK,  Li CY, Sasaki T,  Elia 

AJ, Cheng HY, Ravagnan L, Ferri KF, Zamzami N, Wakeham A, Hakem R, Yoshida 

H,  Kong YY,  Mak TW, Zúñiga-Pflücker JC, Kroemer G, Penninger JM. 2001. 

Essential Role of the Mitochondrial Apoptosis-Inducing Factor in Programmed Cell Death. 

Nature. 29;410,6828:549-54. 

41. Nagase H, Omae N, Omori A, Nakagawasai O, Tadano T, Yokosuka A, Sashida Y, 

Mimaki Y, Yamakuni T, Ohizumi Y. 2005. Nobiletin and its related flavonoids with 

CRE-dependent transcription-stimulating and neuritegenic activities. Biochem Biophy Res 

Commun. 337:1330-1336. 

42. Onozuka H, Nakajima A, Matsuzaki K, Shin RW, Ogino K, Saigusa D, Tetsu N, 

Yokosuka A, Sashida Y, Mimaki Y, Yamakuni T, Ohizumi Y. 2008. Nobiletin, a citrus 

flavonoid, improves memory impairment and Aβ pathology in a transgenic mouse model of 

Alzheimer's disease. J pharmacol exp ther. 326:739-744. 

43. Origassa CS, Câmara NO. 2013. Cytoprotective role of heme oxygenase-1 and heme 

degradation derived end products in liver injury. World J Hepatol. 5(10):541‐549.  

https://pubmed.ncbi.nlm.nih.gov/?term=Joza+N&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Susin+SA&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Daugas+E&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Stanford+WL&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Cho+SK&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Li+CY&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Sasaki+T&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Elia+AJ&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Cheng+HY&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Ravagnan+L&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Ferri+KF&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Zamzami+N&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Wakeham+A&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Hakem+R&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Yoshida+H&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Kong+YY&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Mak+TW&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Z%C3%BA%C3%B1iga-Pfl%C3%BCcker+JC&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Kroemer+G&cauthor_id=11279485
https://pubmed.ncbi.nlm.nih.gov/?term=Penninger+JM&cauthor_id=11279485
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/


 

67 
 

44. Pallepati P, Averill-Bates DA. 2012. Reactive oxygen species, cell death signaling and 

apoptosis. Princ Free Rad Biomed. 2:513-546. 

45. Czabotar PE, Lessene G, Strasser A, Adams JM. 2014. Control of apoptosis by the BCL-

2 protein family: implications for physiology and therapy. Nat. Rev. Mol. Cell Biol. 15,1: 

49-63. 

46. Piskernik C, Haindl S, Behling T, Gerald Z, Kehrer I, Redl H, Kozlov AV. 2008. 

Antimycin A and lipopolysaccharide cause the leakage of superoxide radicals from rat liver 

mitochondria. Biochim. Biophys. Acta. 1782,4:280-285. 

47. Puntel RL, Roos DH, Folmer V, Nogueira CW, Galina A, Aschner M, Rocha JB. 2010. 

Mitochondrial Dysfunction Induced by Different Organochalchogens Is Mediated by Thiol 

Oxidation and Is Not Dependent of the Classical Mitochondrial Permeability Transition 

Pore Opening. Toxicol Sci. 117,1:133–143.  

48. Rego AC, Oliveira CR. 2003. Mitochondrial dysfunction and reactive oxygen species in 

excitotoxicity and apoptosis: implications for the pathogenesis of neurodegenerative 

diseases. Neurochem. Res. 28,10:1563–1574.  

49. Rizzuto R, Simpson AW, Brini M, Pozzan T. 1992. Rapid changes of mitochondrial Ca2+ 

revealed by specifically targeted recombinant aequorin. Nature. 23;358,6384:325-7. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Puntel%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=20573786
https://www.ncbi.nlm.nih.gov/pubmed/?term=Roos%20DH%5BAuthor%5D&cauthor=true&cauthor_uid=20573786
https://www.ncbi.nlm.nih.gov/pubmed/?term=Folmer%20V%5BAuthor%5D&cauthor=true&cauthor_uid=20573786
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nogueira%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=20573786
https://www.ncbi.nlm.nih.gov/pubmed/?term=Galina%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20573786
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aschner%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20573786
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rocha%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=20573786


 

68 
 

50. Stefanatos R, Sanz A. 2017. The role of mitochondrial ROS in the aging brain. FEBS 

Letters 592:743–758 

51. Turrens JF, Boveris A. 1980. Generation of superoxide anion by the NADH 

dehydrogenase of bovine heart mitochondria. Biochem J. 191:421–427. 

52. Turrens JF, Freeman BA, Levitt JG, Crapo JD. 1982. The effect of hyperoxia on 

superoxide production by lung submitochondrial particles. Arch Biochem Biophys. 

217:401–410. 

53. Turrens JF. 1997. Superoxide production by the mitochondrial respiratory chain. Biosci 

Rep 17: 3-8. 

54. Smaili SS, Hsu Y-T, Carvalho ACP, Rosenstock TR, Sharpe JC, Youle RJ. 2003. 

Mitochondria, calcium and pro-apoptotic proteins as mediators in cell death signaling. Braz 

J Med Biol Res. 36,2:183-190.  

55. Schieber M, Chandel NS. 2014. ROS function in redox signaling and oxidative 

stress. Curr Biol. 24,10: R453‐R462. 

56. Sevrioukova IF. 2011. Apoptosis-inducing factor: structure, function, and redox 

regulation. Antioxid Redox Signal. 14,12:2545‐2579.  



 

69 
 

57. Segawa K, Kurata S, Yanagihashi Y, Brummelkamp TR, Matsuda F, Nagata S. 2014. 

Caspase-mediated cleavage of phospholipid flippase for apoptotic phosphatidylserine 

exposure. Science. 6188:1164-1168 

58. Wei MC, Zong WX, Cheng EHY, Lindsten T, Panoutsakopoulou V, Ross AJ, Roth 

KA, MacGregor GR, Thompson CB, Korsmeyer SJ. 2001. Proapoptotic BAX and BAK: 

A Requisite Gateway to Mitochondrial Dysfunction and Death. Science. 292:727-730. 

59. Yabuki Y, Ohizumi Y, Yokosuka A, Mimaki Y, Fukunaga K. 2014. Nobiletin treatment 

improves motor and cognitive deficits seen in MPTP-induced Parkinson model mice. 

Neuroscience. 259:126-141. 

60. Yamamoto Y, Shioda N, Han F, Moriguchi S, Nakajima A, Yokosuka A, Mimaki Y, 

Sashida Y, Yamakuni T, Ohizumi Y, Fukunaga K. 2009. Nobiletin improves brain 

ischemia-induced learning and memory deficits through stimulation of CaMKII and CREB 

phosphorylation. Brain Res. 129:218-229. 

61. Zhang L, Zhang X, Zhang C, Bai X, Zhang J, Zhao XChen R. 2016. Nobiletin promotes 

antioxidant and anti-inflammatory responses and elicits protection against ischemic stroke 

in vivo. Brain Res. Cogn. Brain Res.1636:130-141. 

file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/
file://///https:/www.ncbi.nlm.nih.gov/pubmed/


 

70 
 

ABSTRACT IN KOREAN 

  

  미토콘드리아는 세포 사멸과 밀접하게 관련되어 있는 신호전달 기전들을 수행하

며, 미토콘드리아 내막에 존재하는 전자전달계를 통해 세포 생존에 중요한 에너지

원인 ATP를 만들어낸다. 전자전달계는 I~V까지의 총 5개의 단백질 복합체로 구성되

어 각각의 복합체에서 연달아 전자를 전달하는 과정을 통해 ATP를 생산한다. 이 과

정은 전자가 전달되는 과정에서 수소이온을 배출해 생성된 막전위(membrane 

potential) 차를 이용하여 ADP을 ATP로 만들어 주는 산화적 인산화과정(Oxidative 

phosphorylation)을 형성함으로써 우리 몸에 필요한 에너지원인 ATP 생성 과정을 완

성한다. 또한, 전자전달계의 Complex I과 Ⅲ은 생리학적 및 병리학적 상황에서 

reactive oxygen species (ROS) 생성의 주공급원의 하나로 알려져 있는데 미토콘드리아

의 과도한 활성산소 생성 및 많은 양의 칼슘유입은 신경퇴행성질환의 발병 원인과 

밀접한 관련이 있는 것으로 알려져 있다. 따라서 미토콘드리아 전자전달계 Complex 

I 조절을 통한 신경 보호 기전을 밝히는 것은 신경세포 생존 및 사멸을 결정하는 

중요한 기전의 일부가 될 가능성이 있으며, 미토콘드리아 Complex I 조절을 통하여 

미토콘드리아 신호전달을 조절할 수 있다면 퇴행성 뇌질환과 심혈관 질환 및 대사

질환에서 다양한 질병치료에 응용할 수 있을 것으로 예상된다. 본 연구에서는, 

primary cortical neuron과 Sprague-Dawley (SD) 흰 쥐의 대뇌피질로부터 분리한 순수한 

미토콘드리아에서 Complex I의 억제제로 알려진 로테논(rotenone)이 작용했을 때 발
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생한 활성산소 독성을 노빌레틴(nobiletin) 처리를 통해 조절함으로써 신경독성 활성

을 줄이고 세포사멸에 있어 신경세포 보호효과를 나타내는지 연구하였다. 연구결과

에서, 노빌레틴이 primary cortical neuron에서 미토콘드리아 ETC Complex I 억제제 

로테논에 의해 유도된 신경독성을 감소시키는 보호작용을 유도했는데, 노빌레틴이 

로테논에 의해 유도된 미토콘드리아 ROS를 유의하게 줄이고 세포 생존능력을 증가

시켰다. 이러한 결과는 이전에 보고된 K+채널 조절을 통한 노빌레틴의 신경보호 효

과와 같은 결과를 보여주는 것이다. 또한, 본 연구에서는, 노빌레틴이 직접 농도의

존적으로 ATP 생산뿐만 아니라 Complex I 활성을 증가시키는 효과가 있다는 것도 

확인하였다. 

이와는 대조적으로, 노빌레틴은 Complex III 억제제인 안티마이신 에이 (antimycin A)

를 처리한 흰쥐의 primary cortical neurons과 순수하게 분리된 미토콘드리아에서 ROS 

양을 감소시키거나 세포의 생존율을 증가시키는 효과는 나타내지 못하였다. 

  노빌레틴은 HT-22 신경세포에서 Nuclear factor erythroid 2-related factor 2 (Nrf-2)와 

Heme oxygenase-1 (HO-1)의 발현양을 증가시켜, 직접 항산화 신호전달을 조절할 

가능성도 있었으며, 이러한 결과는 노빌레틴이 전자전달계 Complex I 억제와 관련된 

미토콘드리아 기능장애를 예방할 수 있는 효과가 있고, 그 효과가 항산화 

신호전달과도 관련성이 있음을 의미한다. 결론적으로, 본 연구는 노빌레틴이 
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전자전달계 Complex I 대사기능 조절을 통해 퇴행성 신경질환과 신경염증 등의 발병에 

있어 효과적인 신경보호제로서 사용될 수 있음을 의미한다. 

 

키워드: 미토콘드리아; 복합체 I; 로테논; ROS, 세포 사멸; 노빌레틴 
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