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Introduction: Melanoma is an aggressive form of skin cancer for which there are no effective 

drugs for prolonged treatment. The existing kinase inhibitor antiglycolytic drugs (B-Raf serine/

threonine kinase or BRAF inhibitors) are effective for a short time followed by a rapid onset of 

drug resistance.

Presentation of case: Here, we show that a mitochondria-targeted analog of magnolol, Mito-

magnolol (Mito-MGN), inhibits oxidative phosphorylation (OXPHOS) and proliferation of 

melanoma cells more potently than untargeted magnolol. Mito-MGN also inhibited tumor growth 

in murine melanoma xenografts. Mito-MGN decreased mitochondrial membrane potential and 

modulated energetic and mitophagy signaling proteins.

Discussion: Results indicate that Mito-MGN is significantly more potent than the FDA-

approved OXPHOS inhibitor in inhibiting proliferation of melanoma cells.

Conclusion: These findings have implications in the treatment of melanomas with enhanced 

OXPHOS status due to metabolic reprogramming or drug resistance.

Keywords
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1. Introduction

Melanoma is an aggressive disease that accounts for the majority of reported skin cancer 

deaths [1,2]. Despite increased research and clinical intervention, incidence and mortality 

rates of melanoma continue to increase [1,2]. Treatment of malignant melanoma has been 

revolutionized with the approval of kinase inhibitors and neutralizing immune checkpoint 

antibodies, yet resistance to front-line therapies remains a significant clinical concern [2,3]. 

Existing standard-of-care drugs provide only short-term benefits, followed by a rapid onset 

of drug resistance [4]. Presently, there are no effective drugs for prolonged treatment of 

melanoma. Nearly 50% of melanoma patients express dominant-active mutations in the 

BRAF serine/threonine kinase proto-oncogene, BRAFV600E kinase, an oncogenic driver 

mutation responsible for tumor initiation and therapeutic resistance [4–6]. Recently, 

melanomas have been classified into Warburg-like glycolytic and high oxidative 

phosphorylation (OXPHOS) types of cancer [7]. Glycolytic melanoma cells, like most 

glycolytic phenotypes, are sensitive to kinase inhibitors, such as vemurafenib, that decrease 

glycolytic flux, whereas the high-OXPHOS melanomas are sensitive to OXPHOS inhibition 

[7–10]. Interestingly, BRAF inhibitors induce metabolic reprogramming of melanoma 

cancer cells that functionally elevates OXPHOS levels that are correlated with poor 

prognosis [8].

Metabolic reprogramming from a glycolytic phenotype to an OXPHOS phenotype has been 

linked with tumorigenesis as well as therapeutic inhibition of oncogenic kinase signaling in 

cancer cells [7]. Increased mitochondrial biogenesis and upregulated OXPHOS genes 

accompanied enhanced OXPHOS and mitochondrial respiration in drug-resistant melanomas 

[11]. The critical dependence of cancer cells on OXPHOS or mitochondrial respiration for 

energy, survival, and chemosensitivity suggests that cancer-cell-selective inhibitors of 
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OXPHOS may be therapeutically exploited to inhibit tumor growth and prevent or delay 

resistance [12,13]. Clearly, there is a pressing need to develop a new class of tumor-selective 

and relatively nontoxic OXPHOS-targeting drugs to be used alone, or in combination with 

standard-of-care chemotherapeutics, to treat drug-resistant cancers associated with a high 

OXPHOS status [14–16]. FDA-approved OXPHOS inhibitor (IACS-010759) only modestly 

inhibits mitochondrial complex I and proliferation [12].

Using mitochondria-targeted agents coupled to the triphenylphosphonium cation (TPP+) 

(e.g., Mito-Q and Mito-CP), we showed that at submicromolar levels these agents selectively 

inhibit mitochondrial complex activities in tumor cells and their proliferation [13,17–19]. 

Dual inhibition of glycolysis with 2-deoxyglucose and mitochondrial function with Mito-CP 

or Mito-Q caused a synergistic inhibition of tumor cell proliferation [17–20]. In an in vivo 
mouse xenograft tumor model, upon administration, mitochondria-targeted agents (Mito-Vit-

E or Mito-Metformin) accumulated in tumors and resulted in tumor regression [19,21,22].

In this study, we developed a mitochondria-targeted derivative (Mito-magnolol [Mito-

MGN]) of a naturally occurring bioactive polyphenolic molecule, magnolol (MGN) (Fig. 1). 

MGN is the most abundant bioactive component of magnolia extract, a traditional herbal 

medicine used effectively for centuries in East Asia to treat multiple diseases [23]. Mito-

MGN (refers to Mito-MGN10) consists of a TPP+ moiety conjugated to MGN via a 10-

carbon alkyl side chain (Fig. 1). We report here that Mito-MGN is significantly more potent 

than MGN at inhibiting mitochondrial respiration, proliferation, and invasion of melanoma 

cells, possibly through downregulation of mTOR/AKT signaling accompanied by mitophagy 

[24]. Mito-MGN represents a new class of mitochondria-targeted polyphenolic drugs that 

could be used to treat OXPHOS-dependent melanoma.

2. Materials and methods

2.1. Mito-MGN synthesis

Mito-MGN (also Mito-MGN10) was prepared as follows: 10-

bromodecyltriphenylphosphonium bromide was prepared according to the procedure 

described by Pan et al. [25]. Briefly, a mixture of triphenylphosphine (1 g, 3.8 mmol; Sigma-

Aldrich, St. Louis, MO) and 1,10-dibromodecane (5.7 g, 19 mmol; Alfa Aesar, Haverhill, 

MA) was heated at 90 °C for 6 h. After cooling, the crude product was purified by flash 

chromatography (CH2Cl2/EtOH 9:1; obtained from Fisher Scientific, Waltham, MA, and 

Sigma-Aldrich, respectively) to afford the corresponding phosphonium salt as a white solid 

(1 g, 47% yield). To a mixture of magnolol (0.2 g, 0.75 mmol; AstaTech Inc., Bristol, PA) 

and anhydrous potassium carbonate (0.22 g, 1.5 mmol; AstaTech Inc.) in DMF (10 mL; 

Fisher Scientific) was added 10-bromodecyltriphenylphosphonium bromide (0.42 g, 0.75 

mmol) at 0 °C. The mixture was stirred at 35 °C for 24 h. The residue was taken up into 

water and extracted with CH2Cl2. The organic layer was dried over Na2SO4, and the solvent 

was removed under reduced pressure. Ether was added to precipitate the crude product. 

Purification by flash chromatography using the following gradient from CH2Cl2 (100%) to 

CH2Cl2/EtOH (80/20) as eluent delivered the corresponding Mito-MGN (200 mg, 35% 

yield).

Cheng et al. Page 3

Cancer Treat Res Commun. Author manuscript; available in PMC 2021 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2. Mito-MGN4 synthesis

To a mixture of magnolol (0.5 g, 1.88 mmol), anhydrous potassium carbonate (0.51 g, 3.7 

mmol) in DMF (20 mL) was added 4-bromobutyltriphenylphosphonium bromide (0.8, 1.67 

mmol; Alfa Aesar) at 0 °C. The mixture was stirred at 35 °C for 24 h. The residue was taken 

up into water and extracted with CH2Cl2. The organic layer was dried over Na2SO4, and the 

solvent was removed under reduced pressure. Ether was added to precipitate the crude 

product. Purification by flash chromatography using the following gradient from CH2Cl2 

(100%) to CH2Cl2/EtOH (80/20) as eluent delivered the corresponding Mito-MGN4 (0.45 g, 

41% yield) as a white solid.

2.3. Cell culture and treatment conditions

The BRAFV600E expressing UACC-62 melanoma cell line was purchased from AddexBio 

(San Diego, CA; #C0020003) where it was regularly authenticated. UACC-62 cells were 

maintained in RPMI-1640 (Gibco, Grand Island, NY; #11875093) containing 10% fetal 

bovine serum (Omega Scientific, Inc., Tarzana, CA), penicillin (100 U/ml), and 

streptomycin (100 μg/ml). A375 (ATCC, Manassas, VA; #CRL-1619), and G361 (ATCC; 

#CRL-1424) BRAF mutant human melanoma cell lines were purchased from ATCC and 

cultured in RPMI-1640 and McCoy’s 5A (Gibco, Grand Island, NY; #16600082), 

respectively. Both culture media contained 10% fetal bovine serum and were supplemented 

with penicillin (100 U/ml) and streptomycin (100 μg/ml).

PLX4720 (Sigma-Aldrich, #553015), an analog of vemurafenib, is a highly selective 

inhibitor of oncogenic BRAFV600E signaling [7]. To establish drug resistance, UACC-62-

wild-type (UACC-62-WT) cells were continuously exposed to increasing concentrations of 

PLX4720 (0.1–20 μM) for 12 months until logarithmic growth resumed. PLX4720-

containing media were replenished twice weekly. The resistant cell line (UACC-62-R) was 

maintained in routine culture in the presence of 20 μM PLX4720.

2.4. Melanoma cell proliferation measurements

The IncuCyte Live-Cell Imaging system (Essen Bioscience Inc., Ann Arbor, MI) was used 

to monitor cell proliferation. This system allows for probe-free, noninvasive, and continuous 

monitoring of cellular confluence changes over several days [25,26]. The phase-contrast 

images were collected for each time point to determine morphological changes in cells, and 

changes in cell confluence were used as a surrogate marker of cell proliferation. Cell 

proliferation was expressed as an increase in percentage of confluence.

UACC-62 cells were pretreated with AMP-activated protein kinase (AMPK) inhibitor 

Compound C (Sigma-Aldrich, #171260) or control media for 48 h. In a 96-well plate, cells 

were plated at 4000 cells per well in technical triplicates and left to adhere overnight. Cells 

were then treated with 0.2 μM Mito-MGN and cell confluency was recorded over a five-day 

period using the IncuCyte S3 system.

2.5. Mitochondrial bioenergetic measurements

The mitochondrial bioenergetic function was measured in real time using the Seahorse XF96 

Extracellular Flux Analyzer (Agilent, North Billerica, MA). Assays in intact melanoma cells 

Cheng et al. Page 4

Cancer Treat Res Commun. Author manuscript; available in PMC 2021 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were performed as reported previously [17,18,27]. The oxygen consumption rate (OCR)-

based assessment of mitochondrial complex activities was carried out on acutely 

permeabilized cells in the presence of different mitochondrial substrates (pyruvate/malate 

[Sigma-Aldrich] for complex I and succinate [Sigma-Aldrich] for complex II) [25,26]. 

Rotenone, malonate, and antimycin A (Sigma-Aldrich) were used as specific inhibitors of 

mitochondrial complexes I, II, and III, respectively.

2.6. Mitochondrial membrane potential assessment

Mitochondrial membrane potential was assessed in UACC-62 via staining with the 

membrane-permeable, positively charged, tetramethylrhodamine ethyl ester (TMRE) 

fluorescent probe and visualized by flow cytometry [22]. Cells were treated with FCCP (20 

μM) or increasing concentrations of Mito-MGN for 24 h. TMRE (200 nM) was added before 

flow-cytometric analysis using a BD-LSR II flow cytometer (BD Biosciences, San Jose, 

CA).

2.7. ROS measurements

The intracellular oxidants (reactive oxygen species [ROS]) were measured using the 

fluorogenic hydroethidine (HE) probe coupled with high-performance liquid 

chromatography (HPLC)-based profiling of the oxidation products [28–30]. A stock solution 

of HE (20 mM; Invitrogen, Carlsbad, CA) was prepared in deoxygenated DMSO (dimethyl 

sulfoxide) and stored in the dark at −80 °C until use. Cells were incubated for 1 h with the 

probe (10 μM), harvested, processed, and analyzed by HPLC, as described previously 

[28,31]. To obtain a more complete picture of intracellularly generated oxidants [31,32], we 

synthesized the appropriate standards as follows. The hydroxylated product, 2-OHE+, a 

diagnostic marker product of superoxide reaction with HE, was synthesized by reacting HE 

with Fremy’s salt [33]. The dimeric product (E+-E+), characteristic of HE radical formed by 

the one-electron oxidation of HE, was prepared by oxidizing HE with excess ferricyanide 

[34]. The nonspecific oxidation product, E+ formed by two-electron oxidation of HE, was 

purchased from Sigma-Aldrich. All standards were purified by HPLC.

2.8. Low-temperature EPR measurements

Melanoma cells (60 million cells/dish) were grown in 15-cm dishes until 70% confluency. 

After treatment with drugs, the medium was removed from the cells, and cells were 

collected and quickly transferred into electron paramagnetic resonance (EPR) quartz tube as 

described previously [28,35]. EPR tubes were flash frozen in liquid nitrogen, and samples 

were kept either at −80 °C or in liquid nitrogen until EPR measurements.

EPR spectroscopy was performed at 9.5 GHz on a Bruker EMX-TDU/L spectrometer 

equipped with an ER4112-SHQ resonator, a ColdEdge/Bruker S5-L recirculating helium 

refrigerator (5–100 K), an Oxford MercuryiTC temperature controller and ESR900 cryostat, 

and an HP 5350B microwave counter [35,36]. Spectra were typically recorded at 12 K, 5.5 

mW microwave power, 12 G (1.2 mT) magnetic field, modulation amplitude at 100 kHz, and 

1.2 G (0.12 mT) digital field resolution.
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2.9. Redox blotting

The redox status of both mitochondrial and cytosolic peroxiredoxins (Prx1 and Prx3, 

respectively) was assessed by immunoblotting [37,38]. After treatment with drugs, 

melanoma cells were washed with Hanks’ Balanced Salt Solution and overlaid with thiol-

blocking buffer as previously described [25,26]. Whole cell lysates were stored at −80 °C 

until analysis. Samples were probed using anti-Prx1 and anti-Prx3 antibodies as previously 

described [25,26].

2.10. Immunoblotting of autophagy-and energy-related signaling

Approximately 15 μg of protein was loaded in precast 4–20% Criterion TGX gels (Bio-Rad 

Laboratories, Hercules, CA), transferred to a PVDF membrane with the Trans-BlotⓇ 

Turbo™ system (Bio-Rad Laboratories), blocked, incubated with primary antibodies, and 

incubated with the secondary antibody. Images were captured via the ChemiDoc Molecular 

Imager and bands were quantified with ImageLab analysis software (both from Bio-Rad). 

Expression levels were determined by chemiluminescent immunodetection and normalized 

to appropriate loading controls. Immunoblotting was performed using commercially 

available antibodies from Abcam (Cambridge, MA): NDP52 (1:500); BD Biosciences (San 

Jose, CA): P62 (1:1000); Cell Signaling Technology (Danvers, MA): Beclin-1 (1:750), 

Caspase 3 (1:500), Caspase 9 (1:1000), GAPDH (1:40,000), LC3 (1:1000), mTOR (1:1000), 

NBR1 (1:500), phospho-AKTSer473 (1:1000), phospho-mTORSer2448 (1:500), phospho-P70 

S6 KinaseThr389 (1:1000), phospho-ULKSer757 (1:1000), RAB7 (1:1000), and TAX1BP1 

(1:1000); Novus Biologicals (Littleton, CO): PINK1 (1:250); Proteintech Group, Inc. 

(Rosemont, IL): Optineurin (1:500); Thermofisher Scientific (Waltham, MA): TFEB 

(1:500); and Santa Cruz Biotechnology (Dallas, TX): HSP60 (1:5000).

2.11. Melanoma xenograft and CT imaging

A xenograft engraftment model was used to assess tumor progression after treatment with 

Mito-MGN. Outbred six- to eight-week-old nude mice (Crl:NU-Foxn1nu; #088, Charles 

River, Frederick, MD) were implanted with 1 × 106 UACC-62 cells injected subcutaneously 

to the dorsal flank. Tumors were allowed to establish. Starting on day 15, mice were treated 

three times weekly with 1 mg/tumor Mito-MGN administered via an intratumoral injection 

in a 50 μL volume, and the control mice were injected with a vehicle of 20% ethanol in 

phosphate buffered saline. Tumor growth was monitored weekly using computer 

tomography (micro-CT) imaging (IVIS Spectrum-CT, Perkin Elmer, Hopkinton, MA) and 

caliper measurements beginning on day 10. On day 58, mice were euthanized, and the wet 

weight and volume of primary tumors were measured. Toxicity status, including key 

metabolites of cardiac, hepatic, and renal function, is shown in Table 1. All studies on 

animals were approved by the Medical College of Wisconsin Institutional Animal Care and 

Use Committee (approval number: AUA00000076).

2.12. Statistical analysis

GraphPad Prism software was used to evaluate statistical differences by treatment. A 

Student’s t-test was applied for pairwise comparisons. Inhibition of proliferation data was 
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evaluated for statistical significance using an analysis of variance with Tukey’s post hoc test 

for assessing multiple comparisons. P-values of ≤ 0.05 were considered significant.

3. Results

3.1. Synthesis and characterization of Mito-MGN

Monosubstituted Mito-MGN (also Mito-MGN10) and Mito-MGN4 were prepared by 

reacting the appropriate bromoalkyl-TPP+ bromide with magnolol in the presence of 

potassium carbonate in dimethylformamide (Fig. 1). Mito-MGN and Mito-MGN4 were 

purified by flash chromatography and the structure and purity validated by nuclear magnetic 

resonance (NMR) (supplemental data and Fig. S1), liquid chromatography-mass 

spectrometry (LC-MS), and high-resolution mass spectrometry (HRMS) analyses.

3.2. Mito-MGN inhibits cell proliferation and mitochondrial complex I in melanoma cells

Cell proliferation was monitored continuously in real time for eight days under similar 

treatment conditions using both MGN and Mito-MGN. As shown in Fig. 2A and B, Mito-

MGN dose-dependently inhibited proliferation of UACC-62 cells. Fig. 2A also shows 

representative phase contrast images obtained after six days of incubation in the absence or 

presence of Mito-MGN. Data presented in Fig. 2B indicate that over a four-log 

concentration range, Mito-MGN is 100-fold more potent at inhibiting melanoma cell 

proliferation, as compared with MGN. These results confirm that Mito-MGN potently 

inhibits (IC50 = =0.3 μM) the proliferation of UACC-62 melanoma cells and is more than 

100-fold more potent than its untargeted analog, MGN. In order to fine-tune the structure 

and potency of Mito-MGN, we compared the relative antiproliferative potencies of a short 

alkyl side linker Mito-MGN analog (Mito-MGN4, Fig. 1) with Mito-MGN (containing a 

10carbon linker) in UACC-62 cells. There was a significant decrease in the potency with 

regard to the antiproliferative effect as a function of decreasing the alkyl linker length. Mito-

MGN4 (IC50 = =2.5 μM, Fig. S4) inhibits the proliferation but is eight-fold less potent than 

Mito-MGN (or Mito-MGN10). Furthermore, we found that the IC50 value of Mito-MGN4 

(24 h treatment) on the inhibition of mitochondrial complex I is 2.4 μM (Fig. S5), which is 

consistent with its antiproliferative effect.

Given the strong effects of Mito-MGN on UACC-62 cells, we examined its impact on 

additional human melanoma cells. Both MGN and Mito-MGN were broadly effective at 

halting melanoma proliferation as both A375 and G361 human melanoma cells were 

inhibited (Figs. 3 and 4). As shown in Fig. 3, Mito-MGN was more than 150 times more 

potent than MGN in inhibiting A375 melanoma cell proliferation. The antiproliferative 

effects of MGN and Mito-MGN in G361 melanoma cells are shown in Fig. 4 (panels A–D). 

The IC50 values to inhibit G361 cell proliferation for MGN and Mito-MGN correspond to 

38 μM and 0.22 μM, respectively (Fig. 4). Clearly, in all human melanoma cells tested, both 

MGN and Mito-MGN efficiently inhibited cell proliferation, but Mito-MGN is more than 

100-fold more potent than MGN.

We have previously reported that targeting metformin to mitochondria leads to inhibition of 

mitochondrial respiration by blocking complex I activity. Therefore, we asked if the 
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inhibition of mitochondrial respiration by Mito-MGN may be responsible for its effects on 

melanoma cell proliferation. Using the Seahorse XF96 extracellular flux analyzer, we 

measured the mitochondrial complex activity in melanoma cells. The effect of Mito-MGN 

on the activities of mitochondrial complexes I and II of the UACC-62 melanoma cells is 

shown in Fig. 2C. Mito-MGN inhibited pyruvate/malate-driven, rotenone-inhibitable OCR 

(complex I activity) but did not affect the succinate-driven, malonate-inhibitable OCR 

(complex II activity). Treatment of A375 or G361 melanoma cells with MGN and Mito-

MGN inhibited complex Idependent mitochondrial respiration. The IC50 values to inhibit 

complex I-dependent OCR for MGN and Mito-MGN in A375 cells were 62 μM and 0.42 

μM, respectively (Fig. 3E), and in G361 cells were 31 μM and 0.19 μM, respectively (Fig. 

4E). Those IC50 values are very close to the determined IC50 values of MGN and Mito-

MGN in cell proliferation assays. These data suggest a direct correlation between the 

OXPHOS inhibition and antiproliferative activity of MGN and Mito-MGN [25].

At concentrations inhibiting proliferation of UACC-62 melanoma cells, we observed 

activation of the AMPK signaling pathway. AMPK, a master intracellular energy sensor, 

typically is activated under mitochondrial stress (complex I inhibition) due to induction of 

bioenergetic and/or redox stress. Mito-MGN treatment induced AMPK Thr172 

phosphorylation (Fig. 2D), indicating activation of the AMPK pathway.

3.3. Mito-MGN decreases mitochondrial membrane potential

Given the potent inhibitory effects of Mito-MGN on mitochondrial complex I activity, we 

sought to test the effect of Mito-MGN on mitochondrial membrane potential. The TMRE 

probe was taken up into metabolically active mitochondria and quantified using flow 

cytometry (Fig. 5). Upon depolarization or stress-induced damage to mitochondrial 

membranes, TMRE was released into the cell cytosol and extracellular medium and this is 

reflected by a decrease in intracellular TMRE fluorescence intensity. Consistent with its 

inhibitory effects on complex I and proliferation, Mito-MGN dose-dependently decreased 

TMRE fluorescence, a proxy measurement of mitochondrial membrane potential in 

UACC-62 cells (Fig. 5A and B). FCCP, a potent mitochondrial OXPHOS uncoupler, was 

used as a positive control. These results are consistent with previous findings for other 

mitochondria-targeted compounds in cancer cells [22,39].

3.4. Mito-MGN induces mitophagy and modulates energetic signaling in a caspase-
independent manner

Previous reports suggest that disruption of the mitochondrial membrane potential by 

mitochondria-targeted compounds activates AMPK signaling and autophagy in cancer cells 

[22,39]. To investigate the role of mitophagy (mitochondrial autophagy), lysates were 

isolated from vehicle and Mito-MGN (0.5 μM) treated UACC-62 cells after 24 h and 48 h 

incubation and probed for mitophagy-linked proteins. Immunoblot analysis of specific 

mitophagy adaptor proteins is presented in Fig. 6A. LC3, a microtubule-associated protein 

light chain, is crucial for cargo recruitment and the lipidated form, LC3-II, is a canonical 

marker of autophagy. Results show that in melanoma cell lines treated with Mito-MGN, 

there was an increase in the percentage of LC3-II and a decrease in P62 receptor levels by 48 

h, indicative of autophagy induction and completion of the autophagic degradative process, 

Cheng et al. Page 8

Cancer Treat Res Commun. Author manuscript; available in PMC 2021 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respectively. The ratios of LC3-II:LC3-I in cells treated with vehicle and with Mito-MGN at 

24 h and 48 h are 1.5, 3.2, and 6.1.

Next, specific ubiquitin-binding mitophagy receptors were evaluated in melanoma cell lines. 

UACC-62 cells treated with Mito-MGN showed decreased levels of a number of mitophagy 

adaptor proteins including NBR1, TAX1BP1, OPTN, and NDP52 at both 24 h and 48 h. 

PINK1 was assessed as a marker of PINK1-Parkin-dependent mitophagy. PINK1 levels were 

reduced by Mito-MGN treatment at 48 h. PINK1 has a role in mitophagy, chemoresistance, 

and bioenergetics and more recently has been recognized as an AKT signaling regulator 

[40,41]. Mito-MGN treatment did not induce the autophagy regulator BECN1 or RAB7, an 

indicator of late-autophagy, over the treatment time course. These results indicate that Mito-

MGN-induced mitophagy is regulated by nonclassical autophagic pathways, independent of 

Beclin-1.

TFEB is an upstream regulator of AKT/mTOR signaling, interacts with P62 and PINK/

Parkin signaling, and is upregulated during oxidative stress, linking this transcriptional node 

to altered energetics, metabolic reprogramming, and selective autophagy. In addition to 

autophagy and specific mitophagy linked protein changes, we determined that Mito-MGN 

does not induce caspase 3 or 9 activation in UACC-62 (Fig. 6B), as reported in other agents 

targeting resistant cancer cell lines via mitophagy activation [40]. Together, these results 

suggest that Mito-MGN induces autophagy via a nonclassical pathway but not apoptosis in 

melanoma cells.

Next, because the autophagy cascade is known to be sensitive to the energy status of the cell 

[42], we investigated how Mito-MGN modulates energy signaling, and we assessed several 

members of the mTOR/AKT pathway (Fig. 6C). In UACC-62 cells treated with Mito-MGN, 

there was nearly a complete loss of phospho-mTORSer2448, phospho-ULKSer757, and 

phospho-AKTSer473 by 48 h post treatment. PhosphoP70S6KThr389 levels decreased 

following Mito-MGN treatment. These data suggest that the mTOR/AKT signaling pathway 

is downregulated by Mito-MGN in melanoma cells.

Further support for the involvement of mitophagy in the Mito-MGN-mediated 

antiproliferative effects in melanoma cells was obtained using hydroxychloroquine (HCQ) 

(Fig. 7). HCQ, a lysotropic chloroquine derivative, has been shown to inhibit autophagy 

[43]; Mito-MGN alone inhibited cell proliferation (Fig. 7A). In the presence of 10 μM HCQ, 

the antiproliferative effects of Mito-MGN were significantly reversed (Fig. 7A and B). 

Cumulatively, these data suggest that Mito-MGN-induced mitophagy is responsible for the 

antiproliferative effects of Mito-MGN.

3.5. Mito-MGN induces redox changes, ROS formation, and oxidation of mitochondrial 
peroxiredoxin in melanoma cells

The release of TMRE from the mitochondrion with Mito-MGN suggests a mechanical 

compromise of the mitochondrial membrane, or transmembrane components, and 

consequent partial membrane depolarization (Fig. 5). To further understand Mito-MGN-

induced redox changes and formation of mitochondrial ROS, a cryogenic-temperature EPR 

approach was used. This probe-free method monitors the redox status of mitochondrial 
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electron-transferring metalloprotein redox centers and changes in expression, or ROS-

mediated chemical modification, of other associated metabolic metalloenzymes 

[28,35,36,44–46]. EPR spectra (recorded at 12 K) of UACC-62 melanoma cells with and 

without Mito-MGN incubation exhibited signals in the g = 2 region due to the oxidatively 

inactivated [3Fe4S]+ cluster of aconitase (Acn) and the [3Fe4S]+ S3 cluster of complex II 

(S3), and a composite signal due to multiple overlapping g2 and g3 resonances from reduced 

low-potential [2Fe2S]+ and [4Fe4S]+ clusters of complexes I and II (labeled FeS in Fig. 8A) 

[35]. The most striking difference between the two spectra is a six-fold increase in the Acn 

signal in the Mito-MGN-treated cells. This signal arises from the oxidative removal of the 

unique noncovalently bound Fea ion from the native, active [4Fe4S]2+ cluster to give the 

EPR-active [3Fe4S]+ cluster that is ROS-mediated and is likely due directly to increased 

superoxide production [47,48]. Additionally, the intensity of the FeS signal diminished by a 

factor of about three upon Mito-MGN treatment, indicating an increase in the (negative-

valued) mitochondrial redox potential (i.e., a decrease in the stored electrochemical potential 

energy). Low amplitude signals from the g3 resonances of the lowest potential redox centers, 

the N3 and N4 clusters of complex I (in the region labeled N4b in Fig. 8A), are largely 

obscured by the MI ==|−5/2〉 highest-field hyperfine resonance of the M = | ± 1/2〉 Kramers 

doublet of S = 5/2 Mn(II). The identification of a three-fold diminution of the composite 

EPR signal of iron-sulfur clusters upon Mito-MGN incubation reveals a significant loss of 

electrochemical potential. The clusters contributing to this signal have a wide range of redox 

potentials, but a cautious estimate is that the mitochondrial redox potential collapses from 

−320 mV to −340 mV in untreated cells, determined by the NAD+/NADH couple, to about 

−100 mV to −150 mV upon incubation with Mito-MGN [49,50]. This observation is entirely 

consistent with the complete loss of the complex I N4 signal.

Inhibition of mitochondrial complex I may also stimulate the excess production of ROS, 

which might in turn hinder cell proliferation [21]. The redox probe, HE, was used to monitor 

oxidants generated in melanoma cells treated with Mito-MGN. Fig. 8B shows the various 

oxidation products of HE that were monitored [51,52]. Mito-MGN also induced the iron or 

peroxidase-dependent oxidation of HE as evidenced by enhanced intracellular formation of 

the dimeric product (E+-E+) and ethidium cation (E+) (Fig. 8B and C). Mito-MGN enhanced 

oxidation of HE, suggesting that peroxidatic oxidation of HE occurred even after a 3 h 

treatment (Fig. 8C). Mito-MGN induced a significant increase in 2-OH-E+ and nonspecific 

oxidation products in cells after a 24 h treatment (Fig. S2).

Peroxiredoxins (Prxs) are abundant endogenous thiol peroxidases that act as compartment-

specific sensors of hydrogen peroxide in mitochondria (Prx3) and cytosol (Prx1) [53]. Prxs 

rapidly react with hydrogen peroxide (k > 106 M−1s−1), forming oxidized Prx that is 

recycled back to the reduced form in the presence of NADPH and thioredoxin/thioredoxin 

reductase enzymatic systems (Fig. 8D) [47,54]. Prx3 accounts for nearly 90% of 

mitochondrial peroxidase activity [53]. We determined that Mito-MGN stimulated the 

oxidation of mitochondrial Prx3, while cytosolic Prx1 remained almost unaffected, 

suggesting that oxidants were induced selectively in the mitochondria (Fig. 8E and F).

Cheng et al. Page 10

Cancer Treat Res Commun. Author manuscript; available in PMC 2021 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.6. Mito-MGN inhibits tumor growth

Having shown that Mito-MGN inhibits proliferation in cultured melanoma cells in vitro, we 

sought to examine its in vivo efficacy in a murine model of melanoma. Mice were 

orthotopically engrafted with UACC-62 cells and treated twice per week with vehicle or 1 

mg/tumor of Mito-MGN injected intratumorally. Tumors were routinely monitored in vivo 
using micro-CT imaging, and the representative image obtained on day 58 from control and 

treated mice xenografts reflects a marked reduction in tumor size in Mito-MGN-treated mice 

(Fig. 9A). Tumor weight was measured in excised tumors (Fig. 9B). These experiments 

demonstrate that Mito-MGN greatly inhibits melanoma progression in a murine xenograft 

model.

4. Discussion

Despite advances in treating melanoma patients with emerging immune-based therapies, a 

pronounced metabolic reprogramming renders melanoma resistant to adjunct cytotoxic 

therapies used in combination. With nearly half of all melanomas exhibiting BRAF 

mutations, BRAF inhibitors provide a strong initial tumor regression in melanoma patients. 

However, most patients develop resistance to the treatment, resulting in disease progression 

and there is still a pressing need to develop new therapies, for use either as single agents or 

in combination with checkpoint blockade immunotherapy. In this study, using a panel of 

three melanoma cancer cell lines, we report that Mito-MGN, a mitochondria-targeted 

derivative of a naturally occurring polyphenolic compound, MGN, inhibits complex I-

dependent OXPHOS and proliferation of melanoma cells. Further, mechanistic studies 

revealed that Mito-MGN decreases mitochondrial membrane potential, resulting in 

stimulation of mitochondrial autophagy or mitophagy, and induces redox and bioenergetic 

changes (promotes oxidative environment). In vivo studies indicate that Mito-MGN inhibits 

tumor growth in a melanoma mouse xenograft model.

Conventional inhibitors of mitochondrial electron transport complexes, such as cyanide, 

oligomycin, rotenone, and 2,4-dinitrophenol, are not specific for cancer cell mitochondria 

and exhibit low therapeutic indices due to their toxicity to normal cells. Mitochondria-

targeted novel drugs have much lower toxicity and therefore could be developed as potent 

OXPHOS-modulating drugs. A fundamental property of cancer mitochondria is their higher 

(more negative inside) matrix transmembrane potential [55,56]. This property was exploited 

in strategic targeting of drugs to mitochondria [17,19,26]. We have previously developed 

mitochondria-targeted cationic drugs that selectively sequester in the mitochondrial matrix 

and membranes of tumor cells due to increased negative mitochondrial membrane potential 

[17,21,26]. TPP+-containing mitochondria-targeted agents are potent and selective inhibitors 

of OXPHOS in tumor cells [12,21]. Lipophilic and cationic TPP+-containing drugs diffuse 

across cell membranes, accumulate selectively in tumor tissue, and lack the toxicity 

associated with traditional OXPHOS inhibitors [25,26].

We quantitatively established that compared with the untargeted parent molecule, TPP+-

containing compounds are typically 100–1000 times more potent in inhibiting tumor cell 

proliferation [17,21,26]. Mitochondria-targeted TPP+-containing agents also inhibited 

mitochondrial respiration at concentrations similar to those needed to inhibit proliferation. 
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Inhibition of mitochondrial electron transport, especially complex I, has been proposed as a 

predominant mechanism responsible for the antiproliferative effects [12,25,26]. Aerobic 

glycolysis (the Warburg effect) is the preferred pathway to generate energy to sustain the 

rapid proliferation of tumor cells [15]. However, we showed that dual targeting of glycolytic 

and OXPHOS metabolism synergistically inhibits tumor cell proliferation [17,19]. Dual 

targeting of glycolysis and mitochondrial respiration is equally effective in BRAFV600E 

mutant melanoma cells [57].

The role of autophagy in tumor initiation, progression, and metastasis is rather paradoxical. 

Evidence suggests that autophagy has an inhibitory role in tumor initiation but may provide 

a growth advantage to established cancer and confer therapeutic resistance [58,59]. 

However, the precise role of selective forms of autophagy, in established cancers in the 

context of BRAF mutant melanoma, is far from resolved. Mitophagy is a specialized form of 

autophagy that involves selective degradation and removal of mitochondrial proteins via the 

macro-autophagic pathway. Depending on the cancer type and micro-environment, 

autophagy can be either tumor suppressive or oncogenic [60,61]. In response to a modest 

increase of mitochondrial stress induced by mitochondria-targeted agents (Mito-Q, Mito-

Metformin, or Mito-Lonidamine), activation of autophagy and an increase in cell death was 

reported in breast, colon, and lung cancer cells and in mice xenografts [22,26,62]. In these 

studies, selective inhibition of mitochondrial complexes, particularly complex I, led to 

enhanced ROS formation and redox modulation in mitochondria, resulting in altered redox 

signaling, enhanced mitophagy, and inhibition of cancer cell proliferation and viability 

[22,26]. In contrast, a recent report suggests that mitochondrial complex I activity is 

essential for maximal autophagic activation and that mitochondrial inhibitors such as 

phenformin suppress mitophagy in human embryonic kidney 293 cells [63]. Also, a recent 

report showed that treatment with chloroquine that inhibited lysosome formation suppressed 

pancreatic ductal adenocarcinoma cell proliferation [64].

Inhibition of mitochondrial complex I within the electron transport chain causes stimulation 

of ROS including superoxide and hydrogen peroxide [65]. Consistent with previous reports 

[25,26], Mito-MGN induced superoxide and other oxidants generated from hydrogen 

peroxide and peroxidase. Mito-MGN stimulated oxidation of mitochondrial peroxiredoxin, 

Prx3, but did not affect the redox state of the cytosolic Prx1. The redox state of 

peroxiredoxins serves as endogenous indicator of mitochondrial and cytosolic redox stress. 

Therefore, increased oxidation of Prx3 suggests the enhanced formation of mitochondrial 

hydrogen peroxide in Mito-MGN-treated cells.

To determine the temporal relationship between ROS and autophagy induced by Mito-MGN, 

we monitored the formation of the specific product of the superoxide reaction with HE (2-

OH-E+), the nonspecific two-electron oxidation product (E+), and the dimeric product (E+-E
+) formed by the recombination of two HE-derived radicals in cells treated with Mito-MGN 

over a period of 24 h (Figs. 8C and S2). Under these conditions, we observed a slight 

increase in LC3-II and PINK1 protein levels (not shown). Although the temporal study 

showed an increase in both oxidant formation and autophagy as early as 4 h after incubation 

with Mito-MGN, the causal relationship still remains to be determined.

Cheng et al. Page 12

Cancer Treat Res Commun. Author manuscript; available in PMC 2021 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Targeting OXPHOS is emerging as a promising approach in cancer therapy [66]. Most 

OXPHOS inhibitors tested so far target mitochondrial respiration and tumor cell 

proliferation. Recent reports indicate cancer-cell-specific and highly potent complex I/

complex II inhibitor (e.g., Mito-Lonidamine) and complex V inhibitor (e.g., Gboxin) 

[26,67]. Atovaquone and arsenic trioxide are FDA-approved drugs that inhibit mitochondrial 

complex III and complex IV in tumor cells [68,69]. Mitochondria-targeted agents were 

shown to activate lysosomal-dependent mitophagy in tumor cells [70]. Thus, it is 

conceivable that these different types of OXPHOS inhibitors, either alone or in combination, 

could be used as potent drugs in cancer treatment. A head-to-head comparison between the 

FDA-approved OXPHOS inhibitor (IACS-010759) and Mito-MGN indicates that Mito-

MGN is more than 50-fold more potent than IACS-010759 at inhibiting melanoma cell 

proliferation (Fig. S3).

Previous reports suggest that the potency of mitochondria-targeted agents is critically 

dependent on the alkyl side chain length [21]. As shown in Fig. 1, Mito-MGN (also Mito-

MGN10 with a 10-carbon side chain) potently inhibits (IC50 = 0.3 μM) the proliferation of 

UACC-62 melanoma cells. We compared the relative antiproliferative potencies of Mito-

MGN10 with another Mito-MGN analog containing a shorter alkyl side chain with a four-

carbon side chain (Mito-MGN4) in UACC-62 cells. As shown in Fig. S4, there was a 

significant decrease (eight-fold) in the antiproliferative potency of Mito-MGN4 (IC50 = 2.5 

μM), as compared with the long chain Mito-MGN. The IC50 value of Mito-MGN4 (24 h 

treatment) to inhibit the mitochondrial complex I-dependent oxygen consumption was 

calculated to be 2.4 μM (Fig. S5); that is consistent with its antiproliferative potency. These 

findings further reinforce the view that fine-tuning of the alkyl linker length is crucial to 

maximizing the optimal antiproliferative effects of TPP+-conjugated mitochondria-targeted 

therapeutics.

Chemotherapy-induced metabolic reprogramming—from glycolysis to OXPHOS—is 

proposed as a viable mechanism of decreasing chemotherapeutic efficacy in tumor cells [7–

10,71]. An increase in OXPHOS was attributed to observed drug resistance in many cancers, 

including melanoma, colon, prostate, and leukemia. The emerging findings that resistant 

tumor cells rely more on mitochondrial OXPHOS and respiration than glycolysis have 

important therapeutic implications [7,12,21]. Drug-resistant melanoma cells with 

compromised glycolytic mechanism switch to enhanced OXPHOS and, therefore, remain 

sensitive to OXPHOS inhibition. We generated a UACC-62 human melanoma cell line that 

is resistant to the BRAF kinase inhibitor, vemurafenib analog PLX4720 (UACC-62-R), by 

sustained propagation in the presence of a low dose of drug over time. Proliferation assays in 

the presence of PLX4720 demonstrated that our newly generated UACC-62-R cell line was 

approximately six times more resistant to the drug compared with UACC-62-WT cells (Fig. 

S6A). The IC50 values of 4.3 μM and 26.2 μM for wild type and resistant cells, respectively, 

confirmed the differential sensitivity of UACC-62-WT cells compared with UACC-62-R 

cells (Fig. S6A). Next, we determined whether Mito-MGN inhibits the UACC-62-R cells. 

As shown in Fig. S6B, Mito-MGN dose-dependently inhibited proliferation of both 

UACC-62-WT (IC50 ==0.3 μM) and UACC-62-R cells (IC50 ==0.29 μM). Melanoma cells 

harboring BRAF oncogenic mutations preferentially use aerobic glycolysis (i.e., the 

Warburg effect) to meet their energy demands. However, cells with acquired resistance to 
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BRAF inhibitors exhibit metabolic reprogramming, i.e., decreased glycolysis and 

compensatory sensitivity to OXPHOS inhibition. Using a Seahorse imaging technique, we 

measured the glycolytic and OXPHOS pathways in UACC-62-WT and UACC-62-R cells. 

As shown in Fig. S6E, the two-dimensional map for the OCR (representing OXPHOS status) 

and proton production rate (PPR, representing glycolysis status) demonstrated a 50% 

increase in the OCR and an 11% decrease in PPR in UACC-62-R cells. Treatment with 

Mito-MGN inhibited mitochondrial respiration in both cell lines, regardless of the sensitivity 

to PLX4720 kinase inhibitor (Fig. S6E).

We recognize the study limitations. For instance, several unanswered questions remain with 

regard to the exact mechanism of action: Is complex I inhibition required for Mito-MGN-

induced inhibition of cell proliferation tumor/growth? Is induction of autophagy/mitophagy 

required for the antiproliferative effects of Mito-MGN? Clearly, specific inhibition of 

mitochondrial respiratory chain protein (complex I) and/or autophagy-inducing genes in 

melanoma cells will further clarify the molecular mechanism of action of Mito-MGN. In 

agreement with our prior report [21], inhibition of AMPK with Compound C restored 

melanoma cell proliferation in cells treated with antiproliferative doses of Mito-MGN (Fig. 

S7). Although those data support a key role for AMPK in the anti-tumor effects of Mito-

MGN, additional in vivo studies, including post-treatment tissue analysis of the mTOR 

pathway, AMPK, and Prx 1 and Prx 3 levels, would provide key correlative support for the 

mechanism established using reductionist cell culture models.

5. Conclusion

In summary, the mitochondria-targeted agent, Mito-MGN, potently inhibited proliferation of 

melanoma cells and tumor growth in mice xenografts. Potential anti-melanoma therapeutic 

mechanisms of Mito-MGN include inhibition of mitochondrial complex I-mediated 

respiration, decreased mitochondrial membrane potential, enhanced ROS formation and 

mitochondrial peroxiredoxin oxidation, modulation of energy signaling pathways, and/or 

stimulation of autophagy-related signaling in melanoma cells (Fig. 10).
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Fig. 1. Synthetic scheme for conversion of MGN to Mito-MGN and Mito-MGN4.
Mito-MGN refers to Mito-MGN10, containing a 10-carbon alkyl linker. The following 

reagents and conditions were used: i, 10-bromodecyltriphenylphosphonium bromide, DMF, 

K2CO3, 35 °C, 24 h, 35%. ii, 4-bromobutyltriphenylphosphonium bromide, K2CO3, DMF, 

35 °C, 24 h, 41%.
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Fig. 2. Effect of Mito-MGN and MGN on UACC-62 melanoma cell proliferation and 
bioenergetics.
(A) Melanoma cells were cultured in the presence of Mito-MGN and MGN. Cell 

proliferation was monitored in real time using the IncuCyte imager. (B) Melanoma cell 

proliferation (measured as cell confluence) quantified from IncuCyte measurements. Data 

shown indicate the dose-dependent inhibition of confluence with increasing concentration of 

Mito-MGN and MGN in UACC-62 melanoma cells. The percentage of cell confluence (as 

control groups reached 98% confluence) is plotted against concentration. Dashed lines 

represent the fitting curves used to determine the IC50 values. (C) The melanoma cells were 

treated with Mito-MGN (0.2 μM) for 24 h before mitochondrial complex I and complex II 

activities were measured. Upon the mitochondrial complex activity measurements, cells 

were permeabilized and assayed in medium containing 10 mM pyruvate and 1.5 mM malate 

(substrates for complex I) in mannitol and sucrose buffer using the Seahorse XF96 analyzer. 

Basal OCR was measured before adding complex I inhibitor, rotenone (Rot, 1 μM). The 

rotenone inhibitable OCR was used as a measure of mitochondrial complex I activity. Then, 

succinate (Succ, 10 mM, substrate for complex II) and malonate (Mal, 10 mM, complex II 

inhibitor) were subsequently injected as indicated. The succinate-driven, malonate-

inhibitable OCR was considered as a measure of mitochondrial complex II activity. Finally, 
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antimycin A (AA, 20 μM), a complex III inhibitor, was injected to confirm the complete 

inhibition of OCR. (D) Effect of the treatment with 0.5 μM Mito-MGN for 24 h on AMPK 

and p-AMPK in UACC-62 cells.
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Fig. 3. Effects of MGN and Mito-MGN on proliferation and mitochondrial complex I activity of 
A375 melanoma cells.
(A, B) A375 melanoma cells were treated with MGN (A) or Mito-MGN (B). Cell 

proliferation was monitored in real time using the IncuCyte imager. (C) Representative 

phase contrast images (10×) of three replicate experiments. (D) The dependence of the cell 

confluence (as control groups reach 98% confluence) as a function of MGN and Mito-MGN 

concentrations. (E) Effect of MGN and Mito-MGN on the activity of mitochondrial complex 

I. A375 cells were pretreated with MGN and Mito-MGN for 24 h. The mitochondrial 

complex I OCR values are plotted against concentrations of MGN and Mito-MGN. Dashed 

lines represent the fitting curves used for determination of the IC50 values. Data shown are 

the means ± SD.
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Fig. 4. Effect of MGN and Mito-MGN on the proliferation of G361 melanoma cells.
(A,B) G361 melanoma cells were treated with MGN (A) or Mito-MGN (B). Cell 

proliferation was monitored in real time using the IncuCyte imager. (C) Representative 

phase contrast images (10×). (D) Cells were treated with MGN or Mito-MGN, and cell 

growth was monitored continuously using the IncuCyte instrument. The cell confluence (as 

control groups reach 98% confluence) is plotted against concentration. Dashed lines 

represent the fitting curves used for determination of the IC50 values. (E) Effect of MGN 

and Mito-MGN on the activity of mitochondrial complex I. G361 cells were pretreated with 

MGN and Mito-MGN for 24 h. The mitochondrial complex I OCR values are plotted against 

the concentrations of MGN and Mito-MGN. Dashed lines represent the fitting curves used to 

determine the IC50 values.

Cheng et al. Page 24

Cancer Treat Res Commun. Author manuscript; available in PMC 2021 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Mitochondrial depolarization in Mito-MGN-treated melanoma cells.
(A) Representative quantification of the cellular TMRE uptake in UACC-62 melanoma cells. 

(B) Mean fluorescence intensity (MFI) of TMRE in Mito-MGN-treated (24 h) and vehicle-

treated UACC-62 cells. Values are mean ± SEM, n = 3, biological replicates, **P ≤ 0.01.
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Fig. 6. Modulation of autophagy- and energy-regulated proteins in Mito-MGN-treated 
melanoma cells.
(A) Mito-MGN (0.5 μM) modulated autophagy and specific mitophagy-linked proteins in 

UACC-62 melanoma cell lines. (B) Mito-MGN (0.5 μM) did not induce caspase activation 

or cleavage in UACC-62 melanoma cell lines. (C) Mito-MGN (0.5 μM) modulated AKT/

mTOR signaling cascades in UACC-62 melanoma cell lines over time.
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Fig. 7. HCQ autophagy inhibitor blocks the antiproliferative effects of Mito-MGN.
(A) Representative photomicrographs at 10× magnification of cells treated with vehicle 

alone, Mito-MGN, HCQ, and HCQ plus Mito-MGN on day 4. (B) Quantification of cell 

confluence in HCQ (10 μM), Mito-MGN (0.5 μM), or HCQ plus Mito-MGN combination-

treated melanoma cells. Values are mean ± SD, n = 3–6, biological replicates, P ≤ 0.05.
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Fig. 8. Measurement of Mito-MGN-induced redox changes and intracellular oxidants in 
melanoma cells.
(A) UACC-62 melanoma cells were analyzed by low-temperature EPR to monitor redox 

signals. UACC-62 cells were treated with Mito-MGN (0.5 μM) for 24 h and cell lysates 

were analyzed by EPR. Spectrum (indicated in red) shows increased level of oxidized Acn. 

The other minor absorptions shown for control include S3 attributable to complexes I and II 

and to reduced iron sulfur centers (Fe-S, 4Fe-4S). (B) Schematic of ROS-dependent 

formation of oxidation products of HE. (C) Mito-MGN time-dependently enhanced the 

intracellular oxidation products of HE. The melanoma cells were treated for 0.5, 1, and 3 h 

with Mito-MGN (0.5 μM) followed by 1 h incubation with HE probe. (D) Diagram showing 

the redox cycle of Prx enzymes. (E) Melanoma cells were treated with Mito-MGN (0.5 μM) 
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for 24 h, and the extent of Prx1 and Prx3 oxidation was determined by redox western 

blotting. (F) Densitometric analysis of the Prx immunoblots. Values are mean ± SD, n = 3, 

*P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.
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Fig. 9. Mito-MGN inhibits melanoma tumor progression in vivo.
(A) Representative micro-CT images from UACC-62 xenografted (T - tumor) mice treated 

three times per week with vehicle (left) or 1 mg/tumor Mito-MGN (right). Data 

representative of four to six mice per group. (B) Quantification of tumor wet weight 

measured ex vivo on day 58. Values are mean ± SEM, n = 4–6, ** P ≤ 0.01 determined using 

an ANOVA with Tukey’s post hoc test.
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Fig. 10. 
Proposed mechanism of action of Mito-MGN relating mitophagy induction to inhibition of 

melanoma cell proliferation.
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