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Abstract

Reactive oxygen species (ROS) play a critical role in the progression of mitochondria-

related diseases. A novel insulin sensitizer drug candidate, BGP-15, has been shown to

have protective effects in several oxidative stress-related diseases in animal and human

studies. In this study, we investigated whether the protective effects of BGP-15 are predomi-

nantly via preserving mitochondrial integrity and reducing mitochondrial ROS production.

BGP-15 was found to accumulate in the mitochondria, protect against ROS-induced mito-

chondrial depolarization and attenuate ROS-induced mitochondrial ROS production in a cell

culture model, and also reduced ROS production predominantly at the complex I-III system

in isolated mitochondria. At physiologically relevant concentrations, BGP-15 protected

against hydrogen peroxide-induced cell death by reducing both apoptosis and necrosis.

Additionally, it attenuated bacterial lipopolysaccharide (LPS)-induced collapse of mitochon-

drial membrane potential and ROS production in LPS-sensitive U-251 glioma cells, suggest-

ing that BGP-15 may have a protective role in inflammatory diseases. However, BGP-15 did

not have any antioxidant effects as shown by in vitro chemical and cell culture systems.

These data suggest that BGP-15 could be a novel mitochondrial drug candidate for the pre-

vention of ROS-related and inflammatory disease progression.

Introduction

Mitochondria play a critical role in the progression of oxidative stress-related diseases, as

excess mitochondrial metabolites cause mitochondrial hyperpolarization and production of

reactive oxygen species (ROS) [1]. Extramitochondrial ROS can amplify mitochondrial ROS

production leading to mitochondrial damage and cell death [2–4]. In addition, mutations in

the mitochondrial genome can lead to excess ROS production, which promotes the develop-

ment of several diseases, in addition to accelerated aging [5–8]. Mitochondrial membrane
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potential (ΔC) lowering agents such as uncouplers and ROS reducing agents (e.g. superoxide

dismutase, N-acetylcysteine and lipoic acid) prevent the development of several diseases

including hypertriglyceridemia, fatty liver disease, insulin resistance and sepsis [9–13]. How-

ever, antioxidant therapy has previously failed in human clinical studies despite the supporting

cell culture and animal experiments [14,15]. This failure could be explained by the require-

ment for antioxidants to be present at millimolar concentrations in order to significantly

decrease oxidative damage [16]. Furthermore, oxidative stress activates mitogen-activated pro-

tein kinase (MAPK) and tyrosine kinase signaling pathways [17,18], nuclear factor-κB (NF-

κB), activator protein-1 (AP-1) and hypoxia-inducible factor-1 (HIF-1α) transcription factors,

cell cycle proteins [19] and ion channels [20,21]. Therefore, it may be more favorable to pre-

vent those processes, which lead to disease-promoting alterations in the signaling pathways,

rather than attempting to reduce ROS levels using antioxidants.

BGP-15 (O-[3-piperidino-2-hydroxy-1-propyl]-nicotinic amidoxime) has a wide range of

cytoprotective effects [22–25], but up to now there is no information about its affecting a

known receptor or specific binding protein. In disease model systems, it has been shown to

protect cells against cell death [24,26] and increased heat shock protein (HSP) expression

[22,27–29], in addition to inhibiting the nuclear translocation of apoptosis-inducing factor

(AIF) from the mitochondria [24] and inhibits c-Jun N-terminal kinase (JNK) [23,29,30] and

p38 MAPK [23] activation. It has also been shown that BGP-15 is an insulin sensitizer in an

olanzapine-induced metabolic disorder in human phase II studies, and also in insulin-resistant

patients [27,31,32]. This insulin sensitizing effect was suggested to be related to its HSP co-

inducer effect [27,31,32], however, no molecular mechanism has been presented yet for the

regulation of HSP expression by BGP-15.

Because of the importance of mitochondria in regulating cell death in ROS-related diseases

[1,33], in this study, we investigated whether the protective effects of BGP-15 rely on the pres-

ervation of mitochondrial integrity and reduction of mitochondrial ROS production.

Materials and Methods

Materials

All chemicals for cell culture studies were purchased from PAA Laboratories (Cölbe, Ger-

many) and Gibco/Invitrogen (Carlsbad, CA, USA). The fluorescent dyes JC-1, fluorescein-

conjugated annexin V (annexin V-FITC), propidium iodide (PI), Hoechst 33342, rhodamine

123 (R123), dihydrorhodamine 123 (DHR123) and MitoSOX were obtained from Molecular

Probes (Carlsbad, CA, USA). BGP-15 was a gift from N-Gene (New York, NY, USA). All

remaining chemicals were purchased from Sigma Aldrich Co. (Budapest, Hungary). All

reagents were of the highest purity commercially available.

Cell cultures

WRL-68 (HeLa derivative), H9c2 (rat heart myoblast) and U-251 MG (human malignant glio-

blastoma; formerly known as U-373) cells were purchased from the European Collection of

Cell Cultures. The cell lines were grown in a humidified 5% CO2 atmosphere at 37˚C. WRL-68

cells were cultured in Eagle’s minimum essential medium, and H9c2 and U-251 MG cells in

Dulbecco’s modified Eagle’s medium. All media contained an antibiotic solution (1% penicil-

lin and streptomycin mixture) and 10% bovine serum. Cells were passaged every 3 days. Cells

were seeded at a starting density of 2 × 104 cells/well in a 96-well plate for the viability and

ROS production assays, or at a density of 1 × 105 cells/well in a 6-well plate for fluorescent

microscopy.
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Animals

Wistar rats were purchased from Charles River Hungary Breeding Ltd. (Budapest, Hungary).

The animals were kept under standard conditions and tap water and rat chow were provided

ad libitum. The investigation conformed to the Guide for the Care and Use of Laboratory Ani-

mals, published by the US National Institutes of Health (NIH Publication no. 85–23, revised in

1996), and was approved by the Animal Research Review Committee of the University of Pécs,

Hungary.

Isolation of rat liver mitochondria

Rats were sacrificed by decapitation under isoflurane (AbbVie Ltd., Budapest, Hungary) anes-

thesia and mitochondria were isolated from the liver by differential centrifugation, as

described in a standard protocol [34]. All isolated mitochondria were purified by Percoll den-

sity gradient centrifugation [35], and mitochondrial protein concentrations were determined

using the biuret method with bovine serum albumin as a standard.

Determination of membrane potential (ΔΨ) in isolated rat liver

mitochondria

ΔC was monitored by measuring R123 fluorescence upon its release from the mitochondria.

Fluorescence was measured using a fluorescence spectrometer (LS-50B; Perkin-Elmer; gift

from Alexander von Humboldt Foundation, Bonn, Germany) at an excitation wavelength of

494 nm and an emission wavelength of 525 nm. Briefly, 1 mg protein/mL mitochondria were

preincubated in assay buffer (70 mM sucrose, 214 mM mannitol, 20 mM N-2-hydroxyethyl

piperazine-N0-2-ethanesulfonic acid, 5 mM glutamate, 0.5 mM malate and 0.5 mM phosphate)

containing 1 μM R123 for 60 seconds. Alterations in ΔC were induced by the addition of

BGP-15 at the indicated concentrations.

Mitochondrial uptake of BGP-15

Mitochondrial uptake of BGP-15 (50 μM) was determined in 5 mM Tris buffer (pH 7.5) con-

taining 150 mM KCl, 1 mM EDTA and 2.5 mg mitochondrial protein in 800 μl volume, in

addition to 10 μM glucose-6-phosphate as a standard in order to determine the void volume.

Uncoupling was induced with 50 μM 2,4-dinitrophenol. After an incubation of 10 min, the

mitochondria was centrifuged at 20000 g, was washed then lysed in 800 μl of ethanol-water 1:1

solution, and centrifuged at 20000 g. Aliquots of the clear supernatant were freeze-dried, and

taken up in aqueous formic acid solution (0.1%).

HPLC-MS/MS analysis

Aliquots (5 μl) of the samples were injected into the HPLC-MS system (Dionex Ultimate 3000

UHPLC, Q-Exactive HRMS; Thermo Fisher Scientific, Bremen, Germany). Liquid chro-

matographic separation was carried out using a Kinetex (Gen-Lab Kft., Budapest, Hungary)

2.6 μm C18 100 Å HPLC column (100 × 2.1 mm), which was maintained at 30˚C. The mobile

phase used was (A) aqueous formic acid solution (0.1%) with (B) acetonitrilic formic acid solu-

tion (0.1%). The flow rate was set to 300 μL/minute. The initial gradient conditions were set to

5% B and held for 3 minutes, then B was increased linearly until it had reached 80% after 12

minutes. The initial conditions were reached after 2 minutes, then the column was equilibrated

for 8 minutes. The mass spectrometer was equipped with a heated electrospray ion source

which was operated in the negative ion mode. The spray voltage was set to 3.5 kV, the capillary

temperature set to 300˚C and the temperature of the probe heater was set to 50˚C. The S-lens
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RF level was set to 70. Mass range was set to m/z 150–1500. Data analysis was performed using

the Thermo Xcalibur (version 2.2 SP1.48) software. Ion intensities were determined by match-

ing them to a BGP-15 calibration curve.

Cell viability assay

The viability of WRL-68 cells after the different treatments were evaluated by sulforhodamine

B (SRB) assay. The method is customarily used for cell density determination in cytotoxicity

screening, based on the measurement of cellular protein content. The assay was performed

according to the method described by Papazisis and colleagues [36], with some modifications.

The culture medium was aspirated prior to fixation of the cells by the addition of 200 μL of

cold 10% trichloroacetic acid. After a 20 minute incubation at 4˚C, cells were washed twice

with deionized water. Microplates were then left to dry at room temperature for at least 24

hours. When dried, the cells were stained with 200 μL of 0.1% SRB dissolved in 1% acetic acid

for at least 20 minutes at room temperature, after which they were washed four times with 1%

acetic acid to remove any unbound stain molecules. The plates were left to dry at room tem-

perature. The bound SRB was solubilized with 200 μL of 10 mM unbuffered Tris-base solution

and plates were left on a plate shaker for at least 10 minutes. Absorbance was measured using

the GloMax Multi Detection System (Promega, USA) at 560 nm in addition to the background

measurement at 620 nm. The optical density values were defined as the absorbance of each

individual well minus the blank value (the mean optical density of the background control

wells). All experiments were run in at least eight replicates and each measurement was

repeated three times.

Determination of reactive oxygen species in cell culture

Intracellular ROS (peroxinitrite, •OH and iron + hydrogen peroxide (H2O2)) were determined

by using two separate approaches, fluorescence microscopy and quantitative determination

of ROS-evoked fluorescence intensities by a plate reader. WRL-68 or U-251 MG cells were

seeded to glass coverslips and cultured at least overnight before the experiment. WRL-68 cells

were transiently transfected with mitochondria directed enhanced red fluorescent protein

(mERFP). The next day, cells were washed twice with phosphate buffered saline (PBS), and

were treated as it is described in the Results and the figure legends. Then, the medium was

replaced to a fresh one containing 1 μM of the oxidation-sensitive DHR123 fluorescent dye,

and the incubation continued for an additional 15 minutes to allow for oxidation of DHR123

by the endogenous ROS.

The fluorescence of mERFP and the oxidized DHR123 was excited at 615 and 485 nm and

the evoked emission was measured at>650 and 525 nm, respectively using a Nikon Eclipse

Ti-U fluorescent microscope (Auro-Science Consulting Ltd., Budapest, Hungary) equipped

with a Spot RT3 camera using a 60x objective lens. The nuclei of U-251 MG cells were labelled

using Hoechst 33342 (1 μg/mL) dye, which were excited at 350 nm and read at 460 nm emis-

sion wavelengths. All experiments were repeated three times.

Alternatively, WRL-68, H9c2 or U-251 MG cells were seeded in 96-wells plates and kept in

Krebs-Henseleit buffer containing 10% fetal bovine serum (FBS).The WRL-68 and H9c2 cells

were treated with either H2O2 for 30 minutes alone or with increasing concentrations of BGP-

15 in the absence or presence of 20 μM MitoTEMPO (Sigma Aldrich Co.) After 30 minutes,

DHR123 (1 μM) was added to the medium and R123 formation was detected after 15 minutes

with the GloMax Multi Detection System (excitation wavelength was 490 nm and emission

wavelength was between 510–570 nm). The U-251 MG cells were treated with either LPS for

30 minutes alone or with 50 μM BGP-15 in the absence or presence of 20 μM MitoTEMPO

BGP-15 Protects against Mitochondrial Destabilization and ROS Production
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(Sigma Aldrich Co.). Superoxide anions were detected by the addition of MitoSOX (0.3 μM)

fluorescent dye. Fluorescence of oxidized MitoSOX was excited at 365 nm and the evoked

emission was measured at 410–460 nm by the GloMax Multi Detection System. All experi-

ments were run in six replicates and each measurement was repeated three times.

Determination of mitochondrial production of reactive oxygen species

Mitochondria (100 μg/mL) were dissolved in a buffer solution containing 20 mM 3-(N-mor-

pholino)propanesulfonic acid (MOPS) and 314 mM sucrose (pH 7.4), which also contained

either malate (5 mM) and glutamate (5 mM) or succinate (5 mM). ROS production was deter-

mined by the oxidation of DHR123 (1 μM) to R123, as measured by a fluorescence spectrome-

ter at an excitation wavelength of 494 and an emission wavelength of 525 nm, under

continuous mixing at 30˚C. ROS production was localized to respiratory complexes by either

blocking the electron flow with antimycin A (10 μM) where glutamate (5 mM) and malate (5

mM) were used as substrates in order to localize ROS production to complex I, or by blocking

electron flow with potassium cyanide (1 mM) where succinate was used as the substrate to

localize ROS production to complex III. The antioxidant capacities of BGP-15 were deter-

mined by the chemical oxidation of DHR123 (1 μM; excitation wavelength was 494 nm and

emission wavelength was 525 nm) to R123. In these systems, we used either 500 μM H2O2 or

50 μM H2O2 plus 1 μM Fe2+-EDTA.

Construction of mitochondria directed enhanced red fluorescent protein

(mERFP; MitoRed)

The mERFP-expressing plasmid was constructed by firstly amplifying the mitochondrial tar-

geting sequence by polymerase chain reaction from the cytochrome c oxidase subunit VIIIa

(COX8A) gene (RZPD). The amplified sequence was then inserted into pDsRed-Monomer-

N1 mammalian expression plasmid (Clontech-Takara Bio Europe; Saint-Germain-en-Laye,

France) between the XhoI and HindIII restriction sites.

JC-1 assay for fluorescent microscopy

ΔC was measured using the ΔC specific fluorescent probe, JC-1. WRL-68 or U-251 MG cells

were seeded to glass coverslips and cultured at least overnight before the experiment. After the

indicated treatment, cells were washed twice in ice-cold PBS, then incubated for 15 minutes at

37˚C in modified Krebs-Henseleit solution containing 100 ng/mL of JC-1. When excited at

490 nm, the dye emits either green fluorescence at a low Δψ or red fluorescence at a high Δψ.

Following incubation, the cells were washed once with modified Krebs-Henseleit solution,

then visualized by a Nikon Eclipse Ti-U fluorescent microscope which was equipped with a

Spot RT3 camera, using a 40x objective lens with epifluorescent illumination. All experiments

were repeated three times.

Tetramethylrhodamine methyl ester (TMRM) assay

WRL-68 cells were seeded in 96-wells plates, kept in Krebs-Henseleit buffer containing 10%

fetal bovine serum (FBS), then treated with either H2O2 alone or with BGP-15 for 3 hours. In a

separate experiment, U-251 MG cells were treated with either LPS for 60 minutes alone or

with 50 μM BGP-15. Then, the medium was replaced with Krebs-Henseleit solution contain-

ing TMRM (50 nM), a cationic, cell-permeant, red fluorescent dye. After 15 minutes incuba-

tion, excess dye was washed off and the fluorescence was measured by the GloMax Multi

Detection System (excitation wavelength was 525 nm and emission wavelength was between
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580–640 nm). To assess aspecific adsorption of the dye, the fluorescence signal was remeasured

after addition of 1 μM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) a

mitochondrial uncoupling agent. ΔC was calculated as the difference of fluoresescence signal

before and after FCCP-treatment. All experiments were run in six replicates and the measure-

ment was repeated three times.

Identification of the type of cell death by annexin V/PI staining

Cell death was detected by the GloMax Multi Detection System after annexin V-FITC/PI dou-

ble staining. WRL-68 cells were seeded at 2 × 104cells/well in a 96-well, then cultured at least

overnight before the experiment. After subjecting the cells to the indicated treatment, cells

were washed once in PBS and then incubated in modified Krebs-Henseleit solution containing

FITC-conjugated annexin V and PI, according to the manufacturer’s protocol. Following incu-

bation, the cells were washed once with modified Krebs-Henseleit solution. Then green fluo-

rescence signal (annexin V-FITC) was detected with the GloMax Multi Detection System

(excitation wavelength was 490 nm and emission wavelength was 518 nm). The red fluores-

cence signal (PI) was excited at 525 nm and the evoked emission was measured at 617 nm. All

experiments were run in six replicates and each measurement was repeated three times.

Statistical analyses

All data were expressed as the mean ± standard error of mean (SEM) of the replicate measure-

ments. Differences between treatment groups were determined by ANOVA with a post-hoc

test. A Student’s t-test was used to compare the mean values from the two groups. Differences

were regarded as significant when the P-value was< 0.05.

Results

Mitochondrial uptake of BGP-15

BGP-15 possesses a delocalized positive charge, therefore, it is suitable for determining

membrane potential-dependent uptake. Accordingly, we measured BGP-15 uptake in both

energized and uncoupled mitochondria. The void volume was determined using glucose-

6-phosphate, a substance that cannot permeate the mitochondrial inner membrane. When

incubated in the presence of 50 μM BGP-15 for 10 minutes, the energized mitochondria took

up more than 85% of the drug (Fig 1A), suggesting that the majority of BGP-15 was taken up

in a membrane potential-dependent manner. Complete uncoupling by dinitrophenol signifi-

cantly decreased BGP-15 uptake (Fig 1A). However, even the uncoupled mitochondria were

found to bind more BGP-15 than the amount corresponding to the void volume, indicating

that BGP-15 interacted with the mitochondrial proteins and/or lipids. Extrapolating this find-

ing to physiological conditions, it is likely that more than 90% of BGP-15 had accumulated in

the mitochondria, which raises the possibility that BGP-15 may protect cells via mitochondrial

mechanisms.

Effect of BGP-15 on mitochondrial membrane potential (ΔΨ)

Since mild uncoupling of the mitochondria could be beneficial in insulin resistance [37], we

tested the effect of BGP-15, an insulin sensitizer [27,31,32] on Δψ by using a Δψ-sensitive dye

(R123) in isolated rat liver mitochondria. Treatment with BGP-15 alone resulted in a concen-

tration-dependent decrease in Δψ at millimolar concentrations (Fig 1B). The effect on Δψ of

submillimolar concentrations of BGP-15 was below the detection limit (Fig 1B) suggesting
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that at the 50 μM concentration we have used throughout the study the drug could hardly

cause any mitochondrial depolarization.

Under cell culture conditions, we analyzed the effect of BGP-15 on Δψ using JC-1, a cell-per-

meable voltage-sensitive fluorescent mitochondrial dye. JC-1 emits red fluorescence in highly

energized mitochondria (aggregated dye), while depolarized mitochondria emit green fluores-

cence (monomer dye). WRL-68 cells were incubated in the presence of 50 μM H2O2, either alone

or together with 50 μM BGP-15, for 3 hours before loading with 100 ng/mL JC-1 dye for 15 min-

utes, after which fluorescent microscopy was performed. In the control and BGP-15-treated cells,

fluorescence microscopy showed strong red fluorescence and weak green fluorescence, which

indicates a high ΔC in mitochondria (Fig 2A and 2B). The addition of H2O2 to cells facilitates

the depolarization of mitochondria, resulting in weaker red fluorescence and stronger green fluo-

rescence (Fig 2A and 2B). When H2O2 was added to cells in addition to BGP-15, the depolariza-

tion of mitochondria was found to be weaker, as shown by a smaller decrease in red fluorescence

and weaker increase in green fluorescence (Fig 2A and 2B). This was also demonstrated by the

accurate (mitochondrial) labelling of red fluorescence in the cells treated with both H2O2 and

BGP-15, and in cells treated with H2O2 only (Fig 2A). The quantitative assessment revealed that

BGP-15 did not affect the ΔC at a concentration of 50 μM (Fig 2B); however, it was found to

reduce the H2O2-induced depolarization of the mitochondrial membrane (Fig 2B), suggesting

that even at this concentration it protected the ΔC against oxidative stress. We have obtained

identical results when we assessed ΔC by using TMRM, another membrane potential sensitive

fluorescent dye and a quantitative, plate reader-based method (Fig 2C).

BGP-15 attenuates mitochondrial production of reactive oxygen species

Destabilization of the mitochondrial membrane systems has previously been reported to con-

tribute to mitochondrial ROS production [38]. As BGP-15 was shown to protect the mito-

chondrial membrane system under oxidative stress (Fig 2A, 2B and 2C), we assumed that it

could also affect mitochondrial ROS production. To investigate this possibility, WRL-68 cells

were transfected with mERFP to label the mitochondria, and then incubated in the presence or

absence of 50 μM H2O2 for 30 minutes. Fresh medium containing DHR123 was added, and

Fig 1. BGP-15 is enriched in mitochondria and reduces membrane potential (ΔΨ) in isolated mitochondria. (A) Membrane

potential enhanced the mitochondrial uptake of BGP-15 (50 μM) in isolated rat liver mitochondria. Uncoupling was found to occur with

50 μM 2,4-dinitrophenol. Data are presented as the mean ± SEM of three independent experiments. ***P < 0.001 compared to coupled

mitochondria, ###P < 0.001 compared to the glucose-6-phosphate signal. (B) Mitochondrial membrane potential was monitored by

measuring the fluorescence intensity of R123, a cationic fluorescent dye. Isolated rat liver mitochondria, represented by the first arrow,

took up the dye in a voltage-dependent manner, resulting in fluorescent quenching. At the second arrow either 1 mM, 2.5 mM or 5 mM

BGP-15 was added. A representative plot of three independent concurrent experiments is presented.

doi:10.1371/journal.pone.0169372.g001

BGP-15 Protects against Mitochondrial Destabilization and ROS Production

PLOS ONE | DOI:10.1371/journal.pone.0169372 January 3, 2017 7 / 19



Fig 2. BGP-15 protects against reactive oxygen species-induced depolarization of mitochondria in WRL-68 cells, as determined by

JC-1 and TMRM. (A) Effect of BGP-15 on H2O2-induced mitochondrial membrane depolarization in WRL-68 cells. Cells were exposed to

50 μM H2O2 in the absence or presence of 50 μM BGP-15 for 3 hours, then stained with 100 ng/mL of JC-1, a membrane potential-sensitive

fluorescent dye. The dye was loaded, and after a 15 minute incubation fluorescent microscopic images were taken using both the red and

green channels. The inserts show the homogenous red fluorescence in H2O2-treated cells, and the dotted labelling represents the H2O2

+ BGP-15 treated cells, showing that BGP-15 protected the mitochondrial integrity in the presence of H2O2. Inserts are expanded from the

area indicated by dashed rectangles. Representative merged images of three independent experiments are presented. (B) Quantitative

analysis of mitochondrial depolarization induced by H2O2 (50 μM) and its reduction by BGP-15 (50 μM) in WRL-68 cells. Results are

presented as the mean ± SEM. ***P < 0.001 compared to control cells, #P < 0.05 compared to H2O2-treated cells. (C) Effect of BGP-15 on

H2O2-induced mitochondrial membrane depolarization in WRL-68 cells. Cells were treated with 50 μM H2O2 in the absence or presence of

50 μM BGP-15 for 3 hours, then stained with 50 ng/mL of TMRM, a cationic, cell-permeant, red fluorescent dye. After a 15 minutes incubation

fluorescent signal was measured by the GloMax Multi Detection System, then remeasured after the application of 1 μM FCCP ΔΨwas

calculated as the difference of fluoresescence signal before and after FCCP-treatment. Data are presented as the mean ± SEM of three

independent experiments. **P < 0.01, ***P < 0.001 compared to control cells; ##P < 0.01 compared to H2O2-treated cells.

doi:10.1371/journal.pone.0169372.g002
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after 15 minutes the amount of green R123 fluorescence, as a result of oxidation from non-

fluorescent DHR123, was measured by fluorescence microscopy. BGP-15 at a concentration of

50 μM did not affect the weak green fluorescence of mitochondrial localization (Fig 3A). How-

ever, its addition did reduce the substantial increase in green fluorescence induced by the

H2O2 treatment (Fig 3A and 3B). Furthermore, oxidative stress-induced green fluorescence

was diffuse in the absence of BGP-15, whereas it was predominantly localized to the mitochon-

dria in the presence of BGP-15 (Fig 3A inserts). Although the R123 fluorescence could result

from cytosolicly produced R123 taken up to the mitochondria and DHR123 oxidized by mito-

chondrial ROS, we think that R123 fluorescence reflected mitochondrial ROS production, as it

was predominantly localized to the mitochondria when Δψ was not compromised.

Fig 3. BGP-15 attenuates hydrogen peroxide-induced mitochondrial reactive oxygen species production in WRL-68 cells. (A) Effect

of hydrogen peroxide and BGP-15 pretreatment (for 30 minutes) on mitochondrial ROS production, as determined by the oxidation of the

mitochondrial enriched dye from DHR123 to R123 in WRL-68 cells that had been labelled with mitochondrial directed red fluorescent protein.

High magnification fluorescent microscopic images show the different localization of the produced R123. Inserts are expanded from the area

indicated by dashed rectangles. (B) Quantification of R123 production. Data are presented as the mean ± SEM of three independent

experiments. **P < 0.01 and ***P < 0.001 compared to control cells; ##P < 0.01 compared to H2O2-treated cells.

doi:10.1371/journal.pone.0169372.g003
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As found previously (N-Gene Inc., personal communication), BGP-15 serum concentration

does not exceed 25 nmoles/mL. Therefore, we analyzed the effect of BGP-15 on ROS-induced

ROS production at concentrations ranging between 1–50 μM under cell culture conditions

using a quantitative, plate-reader based method instead of microscopy. BGP-15 had a concen-

tration-dependent inhibitory effect on the ROS-induced ROS production in WRL-68 cells,

which was significant even at the 1 μM concentration (Fig 4A). In order to show that these

observations apply to other cell lines too, we analyzed the effect of BGP-15 on H2O2-induced

ROS production in H9c2 cardiomyocytes using the same system. Fig 4B shows that BGP-15

decreased the ROS-induced ROS production in H9c2 cardiomyocytes in a concentration-

dependent manner (1–50 μM range).

In order to study whether the observed antioxidant effect of BGP-15 have resulted from

scavenging property of the drug, we determined its effect on 500 μM H2O2- (Fig 4C) and

H2O2 and Fe2+-EDTA (Fenton reaction, Fig 4D)-induced DHR123 oxidation in cell-free sys-

tems. Since BGP-15 did not affect DHR123 oxidation in any of these systems (Fig 4C and 4D)

its antioxidant effect could not resulted from scavenging property of the drug. DHR123 can be

oxidized predominantly by peroxynitrite and hydroxyl radicals that are formed in the Fenton

reaction; however, it cannot detect superoxide. Therefore, we wanted to investigate whether

BGP-15 could reduce the production of mitochondrial superoxide. To this end, we determined

H2O2-induced ROS production in WRL-68 (Fig 4E) and H9c2 (Fig 4F) cells using the mito-

chondria-targeted redox fluorescent dye MitoSOX [39] instead of DHR123. Essentially, the

results were comparable to those we obtained with DHR123 (Fig 4A and 4B vs. 4E and 4F).

Furthermore, we repeated these experiments in the presence of the mitochondria-targeted

antioxidant MitoTEMPO [40]. MitoTEMPO abolished H2O2-induced ROS production in all

groups (Fig 4E and 4F) indicating mitochondrial localization of the BGP-sensitive ROS pro-

duction. These data provide evidence that BGP-15 reduced mitochondrial superoxide produc-

tion in both WRL-68 cells (Fig 4E) and H9c2 cardiomyocytes (Fig 4F).

Effect of BGP-15 on mitochondrial reactive oxygen species production in

isolated mitochondria

In order to provide unequivocal evidence for the mitochondrial mechanism underlying the

inhibitory effect of BGP-15 on ROS-induced ROS production, we used Percoll gradient-puri-

fied mitochondria. We determined the effect of BGP-15 on the oxidation of DHR123 in the

presence of glutamate and malate as substrates, with antimycin A for complex III inhibition,

and showed the production of ROS in complex I and the complex III cytochrome b region of

the respiratory chain. We found that the addition of BGP-15 at concentrations of 10 to 50 μM

had a ~50% inhibitory effect on mitochondrial ROS production (Fig 4G). These results suggest

that the target of BGP-15 was between complex I and the complex III cytochrome b region of

the respiratory chain [41].

BGP-15 was also shown to reduce mitochondrial ROS production in the presence of succi-

nate as a substrate and CN- as the cytochrome oxidase inhibitor (Fig 4H), however, to a much

smaller extent. This suggests that BGP-15 affected ROS production mainly via complex I and

the cytochrome b part of complex III. These data show that BGP-15 has a specific inhibitory

effect on mitochondrial ROS production at the complex I and complex III cytochrome b

region of the respiratory chain, which is not an antioxidant effect.

Effect of BGP-15 on reactive oxygen species-induced cell death

As BGP-15 was shown to protect against H2O2-induced mitochondrial damage in addition to

reducing mitochondrial ROS production, we analyzed its effects on H2O2-induced cell death.
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We treated WRL-68 cells with 50 μM H2O2 in the presence of 0–50 μM BGP-15 for 24 hours,

then determined cell survival using the SRB method. We found that, consistent with its afore-

mentioned protective effects (Figs 2–4), BGP-15 increased cell survival in a concentration-

dependent manner (Fig 5A). To further investigate the underlying mechanism behind the

cytoprotective effect of BGP-15, we determined the proportion of apoptosis and necrosis using

annexin V-conjugated fluorescein-isothiocyanate and PI staining, which was performed after

exposing the cells to 50 μM H2O2 in the presence or absence of 50 μM BGP-15 for 24 hours,

which was then measured by the GloMax Multi Detection System. We found that under these

conditions, H2O2-induced cell death was predominantly necrotic and only approximately 10%

of the cells died by apoptosis (Fig 5B). BGP-15 significantly reduced both apoptotic and

necrotic cell death, which was likely to be a result of mitochondrial protection.

BGP-15 protects against LPS-induced mitochondrial depolarization

It has been shown that the U-251 MG human malignant glioblastoma cell line contains com-

ponents of the LPS signaling pathway [42], and LPS-induced signaling has been shown to be

Fig 4. BGP-15 attenuates oxidative stress-induced DHR123 oxidation and superoxide formation in complexes I-III in WRL-68

and H9c2 cells. (A) Effect of BGP-15 on oxidative stress-induced DHR123 oxidation in WRL-68 cells. Data are presented as the

mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to control cells; #P < 0.05 and
##P < 0.01 compared to H2O2-treated cells. (B) Effect of BGP-15 on oxidative stress-induced DHR123 oxidation in H9c2 cardiomyocytes.

Results are presented as the mean ± SEM of three independent experiments. *P < 0.05 compared to control cells, #P < 0.05 compared to

H2O2-treated cells. (C) BGP-15 in chemical reactions does not inhibit DHR123 oxidation induced by H2O2 (500 μM). Data are presented

as the mean ± SEM of three independent experiments. ***P < 0.001 compared to control group. (D) BGP-15 in chemical reactions does

not inhibit DHR123 oxidation induced by H2O2 (50 μM) and Fe(II)-EDTA (66 μM) (Fenton reaction system). Results are presented as the

mean ± SEM of three independent experiments. ***P < 0.001 compared to the control group. (E) Effect of BGP-15 on oxidative stress-

induced superoxide production in WRL-68 cells in the absence or presence of 20 μM MitoTEMPO as determined by MitoSOX (0.3 μM).

Data are presented as the mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01 compared to control cells, #P < 0.05

compared to H2O2-treated cells. (F) Effect of BGP-15 on the oxidative stress-induced superoxide production in H9c2 cardiomyocytes in

the absence or presence of 20 μM MitoTEMPO as determined by MitoSOX (0.3 μM). Results are presented as the mean ± SEM of three

independent experiments. *P < 0.05 compared to control cells, #P < 0.05 compared to H2O2-treated cells. (G) Effect of BGP-15 on

mitochondrial DHR123 oxidation using glutamate-malate as substrate and with complex III inhibited by antimycin A. Data are presented as

the mean ± SEM of three independent experiments. **P < 0.01 compared to the control group. (H) Effect of BGP-15 on mitochondrial

DHR123 oxidation using succinate as substrate and with complex IV inhibited by CN-. Results are presented as the mean ± SEM of three

independent experiments. *P < 0.05 compared to the control group.

doi:10.1371/journal.pone.0169372.g004

Fig 5. BGP-15 attenuates reactive oxygen species-induced apoptotic and necrotic cell death in WRL-68 cells. (A) BGP-15 protects

against H2O2-induced cell death (sulforhodamine B assay). Data are presented as the mean ± SEM of eight independent experiments.

***P < 0.001 compared to control cells; #P < 0.05 and ##P < 0.01 compared to H2O2-treated cells. (B) Determination of the effect of BGP-15 on

H2O2-induced apoptosis (fluorescein-labelled annexin V) and necrosis (propidium iodide) pathways. Data are presented as the mean ±SEM of

three independent experiments. *P < 0.05 and ***P < 0.001 compared to control cells; #P < 0.05 and ##P < 0.01 compared to H2O2-treated

cells.

doi:10.1371/journal.pone.0169372.g005
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important in neurodegenerative, liver and several other diseases [43,44]. Additionally, mito-

chondria have been reported to play an important role in LPS signaling [43–47]. Therefore, we

analyzed the effect of BGP-15 on LPS-induced mitochondrial depolarization in the U-251 MG

cell line. This system is much more complex than the ROS-induced depolarization because

LPS induces toll-like receptor 4 (TLR4)-dependent signaling and NADPH oxidase (NOX)-

dependent ROS production, thereby increasing intracellular Ca2+ levels [48,49]. Mitochondrial

depolarization was found to be induced by the addition of 1 μg/mL LPS for 1 hour, as deter-

mined by JC-1 staining and fluorescent microscopy (Fig 6A and 6B). We found that the addi-

tion of BGP-15 alone did not affect Δψ, but significantly attenuated LPS-induced mitochondrial

depolarization in the U-251 MG human malignant glioblastoma cells (Fig 6A and 6B). We have

obtained identical results when we assessed ΔC by using TMRM, another membrane potential

sensitive fluorescent dye and a quantitative, plate reader-based method (Fig 6C). These data

suggest that BGP-15 may play a role in inflammatory processes by a novel mitochondrial

mechanism.

BGP-15 protects against LPS-induced production of reactive oxygen

species

Due to the association between mitochondrial depolarization and ROS production [38], we

measured LPS-induced ROS production in the U-251 MG cells. We exposed the cells to 1 μg/

mL LPS in the presence or absence of 50 μM BGP-15 for 1 hour, and then measured the fluo-

rescence of R123 which had been oxidized from non-fluorescent DHR123 by the ROS (Fig 6D

and 6E). Very low fluorescence intensities were detected in the untreated and BGP-15-treated

cells, however, the addition of LPS was found to greatly induce ROS production (Fig 6D and

6E). BGP-15 reduced the LPS-induced ROS production almost to control levels (Fig 6D and

6E). Similarly to the H2O2-induced ROS production, we wanted to determine the intracellular

localization of the LPS-induced ROS. To this end, we repeated the previous experiment using

MitoSOX instead of DHR123 and a plate-reader instead of microscopy. Essentially, the results

were comparable to those we obtained with DHR123 (Fig 6D and 6E vs. 6F). Furthermore, we

repeated the experiment in the presence of MitoTEMPO. MitoTEMPO abolished LPS-induced

ROS production (Fig 6F) indicating mitochondrial localization of the BGP-sensitive ROS pro-

duction. These data provide evidence that BGP-15 reduced LPS-induced mitochondrial super-

oxide production in.

Discussion

BGP-15 has been shown to have a protective effect in several disease models, including ischemic

heart disease [30], Duchenne muscular dystrophy [22], neuropathy [25], cisplatin-induced kid-

ney disease [26], glivec-induced cardiac disease [23] and paracetamol-induced liver disease

[24], in addition to insulin resistance, as investigated in both animal and human studies [27,

31,32]. For all these diseases, oxidative stress and inflammatory processes play an important

role in disease progression, and in several cases, mitochondrial damage is pivotal. Therefore, we

studied the effect of BGP-15 on ROS- or inflammatory response-induced mitochondrial dam-

age in cell culture models. We focused on the effects of BGP-15 on mitochondrial membrane

stability and ROS production, which are critical for mitochondrial-induced signaling, energy

metabolism and mitochondrial cell death pathways. Recently, it has been shown that mild mito-

chondrial uncoupling can be protective in several disease models, including insulin resistance

[37], hypertriglyceridemia and fatty liver disease [9], and can have a regulatory role in endocrine

cross-talk via the induction of fibroblast growth factor 21 and the growth hormone/insulin-like

growth factor I axis [10]. However, as we found, BGP-15 exerted a mild uncoupling effect only
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in millimolar concentrations. Since we have used BGP-15 at a 50 μM concentration, it is

unlikely that its uncoupling effect played a significant role in its mitochondria- and cytoprotect-

ing effects. On the other hand, BGP-15 reduced the oxidative stress-induced mitochondrial

depolarization as we revealed by using two membrane potential sensitive dyes. ROS-induced

mitochondrial depolarization could result in decreased ATP synthesis, increased superoxide

production by the electron-transport chain, release of proapoptotic proteins from the inter-

membrane space, decreased mitochondrial fusion and increased fission [33,50–52]. All of these

processes cause disturbance of cellular energy metabolism and a shift toward proapoptotic sig-

naling eventually resulting in death of the cell [33,50–52]. Therefore, the membrane potential

stabilizing effect of BGP-15 likely contributed to its protective effect in the aforementioned

diseases.

BGP-15 was also found to be critical in the reduction of ROS- and LPS-induced ROS pro-

duction (Figs 3A and 6D), which can play a significant role in the progression of several dis-

eases. However, it is difficult to localize the site of ROS production by using conventional

mitochondria-targeted redox dyes since oxidation of the dye by extramitochondrial or mito-

chondrial ROS results in identical fluorescence localized to the mitochondria. Therefore, we

used MitoSOX [39] at a concentration of 0.3 μM excited at 365 nm. Under these conditions, the

resulting 440 nm fluorescence is believed to result from oxidation of the dye by mitochondrially

produced superoxide (Fig 4E and 4F). Furthermore, we have quenched mitochondrial ROS by

the mitochondria-targeted antioxidant MitoTEMPO [40]. All the results supported that BGP-

15 reduced mitochondrial ROS production. This effect could not result from antioxidant prop-

erty of the molecule as it was revealed by our experiments on various cell-free ROS-generating

systems (Fig 4C and 4D). Even, we believe that we localized the most important target of BGP-

15, complex I-III, which is critical for ROS production by the respiratory chain. It can generate

significant amounts of ROS under conditions of hypoxia, mitochondrial hyperpolarization,

inhibition of respiratory complexes and in several other conditions [53]. The significant ROS-

reducing effect of BGP-15 may be important in regulating ROS-dependent processes including

cell death, MAPK and poly(ADP-ribose) polymerase (PARP) pathways, in addition to tran-

scription factor activation (NF-κB, AP-1, NRF2, etc.) [54]. The high enrichment of BGP-15 in

the mitochondria, combined with the significant reduction in mitochondrial ROS production

Fig 6. BGP-15 attenuates lipopolysaccharide-induced mitochondrial depolarization and production of

reactive oxygen species. (A) Effect of BGP-15 on LPS-induced mitochondrial membrane depolarization in U-251

MG cells. Cells were exposed to 1 μg/mL LPS in the absence or presence of 50 μM BGP-15 for 1 hour, then stained

with 100 ng/mL of JC-1. Fluorescent microscopic images were taken using both the red and green channels.

Representative merged images of three independent experiments are presented. (B) Quantitative analysis of LPS-

induced (1 μg/mL) mitochondrial depolarization and its reduction by BGP-15 (50 μM) in U-251 MG cells. Results are

presented as the mean ± SEM. **P < 0.01 and ***P < 0.001 compared to control cells; #P < 0.05 compared to LPS-

treated cells. (C) Effect of BGP-15 on LPS-induced mitochondrial membrane depolarization in U-251 MG cells. Cells

were treated with 1 μg/mL LPS in the absence or presence of 50 μM BGP-15 for 1 hour, then stained with 50 nM of

TMRM. After a 15 minutes incubation fluorescent signal was measured by the GloMax Multi Detection System, then

remeasured after the application of 1 μM FCCP. ΔΨwas calculated as the difference of fluoresescence signal before

and after FCCP-treatment. Data are presented as the mean ± SEM of three independent experiments. *P < 0.05,

***P < 0.001 compared to control cells; ##P < 0.01 compared to LPS-treated cells. (D) Effect of BGP-15 on the LPS-

induced ROS production in U-251 MG cells (containing the TLR4 receptor). Cells were treated with 1 mg/mL LPS in

the presence or absence of 50 μM BGP-15 for 30 minutes. LPS-induced ROS production was determined by the

oxidation of DHR123 (1 μM) to R123, measured with fluorescent microscopy. Cell nuclei were labelled using Hoechst

33342. Representative merged images of three independent experiments are presented. (E) Quantitative analysis of

LPS-induced (1 μg/mL) ROS production and the protective effect of BGP-15 (50 μM). Data are presented as the

mean ± SEM of three independent experiments. ***P < 0.001 compared to control cells; ###P < 0.001 compared to

LPS-treated cells. (F) Effect of BGP-15 on oxidative stress-induced superoxide production in U-251 MG cells in

the absence or presence of 20 μM MitoTEMPO as determined by MitoSOX (0.3 μM). Data are presented as the

mean ± SEM of three independent experiments. *P < 0.05, ***P < 0.001 compared to control cells, ##P < 0.01

compared to LPS-treated cells.

doi:10.1371/journal.pone.0169372.g006
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at complex I by BGP-15, suggests that the protective effect of BGP-15 observed in different dis-

ease models is likely to be mediated by the aforementioned mitochondrial mechanisms. Our

results also suggest that the effect of BGP-15 on signaling pathways, such as BGP-15-induced

reduction in JNK and p38 MAPK activation [55] or BGP-15-induced Akt activation [56], could

also potentially be related to reduced ROS production. LPS induces a complex stress pattern in

sensitive cells, including ROS production by NADPH oxidases, an increase in cytoplasmic free

calcium level and activation of mitochondria damaging signaling pathways [57,58]. In a separate

study on cyclophilin D (CypD) knockout mice, we reported that LPS-induced mitochondrial

ROS production was substantially reduced in CypD deficient cells and tissues, accompanied by

reduced MAPK activation [45,46]. This stabilized the mitochondrial membrane systems by pre-

venting high calcium-induced mitochondrial permeability transition, resulting in attenuated

ROS production and benign intracellular signaling. Therefore, we assumed that, similar to the

oxidative stress situation, BGP-15 would protect against LPS-induced mitochondrial damage.

Indeed, we found that BGP-15 prevented LPS-induced mitochondrial depolarization and ROS

production (Fig 6), demonstrating that BGP-15 can protect mitochondria against complex

inflammatory damage as well as against ROS-induced damage. These results suggest the poten-

tial of BGP-15 as an experimental drug, not only in ROS-related diseases, but also in inflamma-

tory diseases.

In conclusion, the critical mechanism underlying the protective effect of BGP-15 on the

mitochondria appear to be due to reduced ROS production, predominantly at the first and

third respiratory complexes (Fig 7). By this mechanism, it may regulate several pathways that

play critical roles in the progression of ROS-related and inflammatory diseases.

Fig 7. Possible mitochondrial molecular mechanism of BGP-15 cytoprotective action. BGP-15 reduces mitochondrial ROS production

at complex I and at complex III, and so reduces ROS induced mitochondrial damage, as well as cell death.

doi:10.1371/journal.pone.0169372.g007
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