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Abstract

Cancer cells have a unique metabolic profile and mitochondria have been shown to play an 

important role in chemoresistance, tumor progression and metastases. This unique profile can be 

exploited by mitochondrial-targeted anticancer therapies. A small anticancer molecule, AG311, 

was previously shown to possess anticancer and antimetastatic activity in two cancer mouse 

models and to induce mitochondrial depolarization. This study defines the molecular effects of 

AG311 on the mitochondria to elucidate its observed efficacy. AG311 was found to competitively 

inhibit complex I activity at the ubiquinone-binding site. Complex I as a target for AG311 was 

further established by measuring oxygen consumption rate in tumor tissue isolated from AG311-

treated mice. Cotreatment of cells and animals with AG311 and dichloroacetate, a pyruvate 

dehydrogenase kinase inhibitor that increases oxidative metabolism, resulted in synergistic cell kill 

and reduced tumor growth. The inhibition of mitochondrial oxygen consumption by AG311 was 

found to reduce HIF-1α stabilization by increasing oxygen tension in hypoxic conditions. Taken 

together, these results suggest that AG311 at least partially mediates its antitumor effect through 

inhibition of complex I, which could be exploited in its use as an anticancer agent.
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1. INTRODUCTION

In addition to genetic and epigenetic heterogeneity, the concept of metabolic heterogeneity 

has increased recently. Considerable heterogeneity exists between different tumors, but also 

within the same tumor. This intratumoral heterogeneity is predominately mediated by 

genetic diversity; energy demand; and the proximity to vasculature, dictating glucose and 

oxygen availability. Until recently, cancer cells were thought to rely only on glycolysis for 

ATP production, even in the presence of sufficient oxygen supply [1], but metabolic 

heterogeneity demonstrates that there are multiple metabolic phenotypes, going beyond the 

upregulated glycolysis as observed by Warburg. One of these metabolic phenotypes is 

mitochondrial respiration, as cancer cells have been shown to have functional mitochondria 

capable of producing ATP [2–4].

Anticancer agents acting through mitochondrial inhibition have been described. For 

example, the anti-diabetic biguanides metformin and phenformin have been shown to exert 

their anticancer effect by inhibiting complex I, the first enzyme in the mitochondrial electron 

transport chain (ETC) [5–8]. BAY-87-2243, another complex I inhibitor, has shown efficacy 

in a preclinical model of resistant melanoma [9]. The small molecule, IACS-10759, was 

specifically designed as a complex I inhibitor to target chemoresistant dormant tumors 

[9,10]. Complex I, NADH-ubiquinone oxidoreductase, is a crucial player in mitochondrial 

respiration. It transfers electrons from NADH to reduce ubiquinone to ubiquinol resulting in 

proton translocation into the mitochondrial intermembrane space, which establishes an 

electrochemical gradient that is used for ATP synthesis. In order for this process to continue, 

molecular oxygen is required as the final electron acceptor. Regions of solid tumors often 

exhibit low oxygen tension (hypoxia), which has been shown to be involved in tumor 

development, chemo- and radioresistance, and metastasis in addition to tumor bioenergetics 

[11,12]. These alterations in bioenergetic processes are mediated in part by increasing gene 

expression involved in glycolysis and by lowering the activity of the electron transport chain 

[13–15]. The major cellular adaptive response to hypoxia is tightly regulated by hypoxia-

inducible transcription factor-1α, HIF-1α, which is stabilized in low oxygen tensions, thus 

an inhibition of complex I can prevent electron transfer and decrease oxygen consumption, 

which in turn could decrease HIF-1α stabilization [16,17]. HIF-1α is capable of inducing a 

broad range of cellular responses including angiogenesis, resistance to apoptosis and tumor 

energetics/metabolism. Due to the importance of mitochondrial oxidative phosphorylation in 

hypoxia and in supporting tumor growth, progression and metastasis [18,19], the 

development of mitochondrial inhibitors seems well justified.

Herein we investigate the molecular mechanism of a small molecule antitumor agent, 

AG311. We have previously shown that AG311 significantly reduced primary tumor growth 

and lung metastases in two breast cancer mouse models, by 81–85% [20]. Upon further 

investigation, a distinct metabolic mechanism for AG311 emerged. We reported that AG311 

rapidly induced necrotic cell death, depolarized the mitochondrial membrane and severely 

reduced intracellular ATP levels [20]. In the current study, we further define the molecular 

and antitumor mechanisms and identify complex I of the electron transport chain (ETC) as a 

likely molecular target of AG311 in isolated cells and in tumors. We show that as a 

downstream consequence of complex I inhibition, AG311 reduced hypoxia-induced HIF-1α 
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stabilization. Additionally, we show that AG311 synergizes with dichloroacetate (DCA), 

which reverses the Warburg effect, in cancer cells and in a xenograft tumor mouse model.

2. MATERIALS & METHODS

Additional information is described in the supplemental methods

2.1. Cell culture—Cancer cell lines were purchased from American Type Culture 

Collection (Manassas, VA), except MDA-MB-435, which was a kind gift of Dr. Janet Price 

at MD Anderson Cancer Center in the mid-1990s. MDA-MB-435 are poorly differentiated 

basal-like breast cancer cells that express melanocytic molecular markers [21–23]. Cell lines 

were maintained as previously described [20]. Hypoxia culture was performed in 1.5% O2 

with 5% CO2 using in Invivo2400 (Ruskinn, Leeds, UK).

2.2. Viability assay—Cells were treated with AG311 or for the synergy experiment 

treated in combination with dichloroacetate (DCA) (SigmaAldrich, St. Louis, MO) at 

various concentrations. The drugs were diluted in OptiMEM at the final concentration 

(LifeTechnologies). After 24 or 48 hours, viability was determined with PrestoBlue 

(Invitrogen, Carlsbad, CA) according to manufacturer's instructions and read with a 

microplate reader (BioTek, Winooski, VT). Combination index (CI) values were determined 

using Chou-Talalay method with CompuSyn software [24]. Where noted, total live cell 

count was determined by labeling nuclei with Hoechst 33342 (2 µg/ml) (LifeTechnologies) 

and dead cells with the membrane impermeable dye SytoxGreen (0.5 µM) 

(LifeTechnologies) followed by imaging with Operetta High-Content Imaging System 

(PerkinElmer, Waltham, MA)

2.3. Cytotoxic compound—The initial design and synthesis of AG311 was conducted by 

A. Gangjee and N. Zaware [25]. For cell culture experiments, AG311 was prepared as a 50 

mM stock and diluted in cell culture medium with a final DMSO concentration not 

exceeding 0.2%.

2.4. Cellular ATP content measurement—Cells were treated with AG311 in 

OptiMEM for the indicated durations. The cells were lysed in 20 µL OptiMEM with 20 µL 

lysis buffer per well and 10 µL of lysate was added to assess ATP levels using ATP 

Detection Assay Kit (Abcam, Cambridge, MA) according to manufacturer’s instructions. 

The data were normalized to ATP content of untreated cells.

2.5. Mitochondrial membrane potential—Mixed or monoculture were prepared as 

previously described [20]. For mixed culture, HMEC-1 and MDA-MB-435 cells were 

incubated with Cell Tracker Green (1 µM) or Cell Tracker Blue (25 µM) (LifeTechnologies). 

Cells were incubated with TMRM at 10 nM (Biotium, Hayward, CA) in OptiMEM for 30 

min, followed by treatment with AG311 and imaging with Operetta.

2.6. Electron transport chain enzymatic analyses—The enzymatic activity of 

complex I, III, IV of the electron transport chain was measured spectrophotometrically in the 

presence of AG311 or solvent as previously described [26].
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2.7. MDA-MB-435 orthotopic xenograft—The animal experiments described in this 

study were approved by the Institutional Animal Care and Use Committee of OUHSC. The 

detailed methods for this model have been described previously [27]. Five days after tumor 

implantation, nu/nu mice were treated intraperitoneally twice weekly with AG311 (37 

mg/kg) or solvent control (described in supplemental methods). DCA was administered in 

the drinking water at 50 mg/kg.

2.8. Oxygraphic measurements using Seahorse—Cells (MDA-MB-435) were 

seeded in Seahorse Flux Analyzer plate (6500 cells/well) coated with Cell-Tak adhesive 

coating (Corning, Corning, NY) and incubated overnight at 37°C, 5% CO2 in DMEM. Cell 

media was replaced with XF Assay Medium containing 25 mM glucose. Seahorse XFe96 

analyzer was used to record OCR (oxygen consumption rate) in response to injection of 

solvent (DMSO) or AG311.

2.9. Oxygraphic measurements using Oroboros—Freshly isolated tumor tissue 

from untreated or AG311-treated mice was prepared for oxygraphic measurements as 

previously described [28,29]. Tumors from AG311-treated mice were excised 1 hour after 

intraperitoneal injection with a 45 mg/kg dose.

2.10. Western Blot—Western blots were incubated with HIF-1α antibody (1:1000, #3716, 

Cell Signaling, Danvers, MA), p-αAMPK antibody (1:1000, #2535, Cell Signaling), 

αAMPK antibody (1:1000, #2603, Cell Signaling) overnight at 4°C. Levels of β-actin (Cell 

Signaling #4970) (1:1000) or vinculin (SigmaAldrich) (1:4000) were used as the loading 

control. Densitometry was performed using Image Lab software v5.2.1 (Bio-Rad, Hercules, 

CA). Values are represented as the ratio of target protein to loading control. For the HIF-1α 
blot using MDA-MB-435 cell lysate, unrelated lanes between the AG311-treated samples 

and CoCl2 control were removed. The image was spliced together at that position.

2.11. Semi-quantitative real-time polymerase chain reaction (PCR)—Real-time 

PCR was performed with cDNA as described previously [30]. Quantitative values of target 

genes for hypoxic conditions were first normalized to 28S rRNA content using the ddCt 

method [31] and then normalized to the corresponding normoxic control.

2.12. Immunocytochemistry—Immunocytochemistry was performed using 

isothiocyanate (FITC)-labeled anti-pimonidazole antibody (Hypoxyprobe Inc, Burlington, 

MA) [32].

3. RESULTS

3.1. Preferential cytotoxicity in glucose-deprived cancer cells and mitochondrial 
depolarization by AG311

Because cancer cells have an increased energy demand, induction of metabolic stress with 

glucose-depleted media can sensitize them to mitochondrial inhibitors. AG311 showed 

enhanced cytotoxicity in cancer cells (MDA-MB-435) treated in glucose-depleted medium, 

whereas docetaxel did not show a differential effect (Fig 1A). AG311 has been shown to 

cause rapid mitochondrial membrane depolarization in cancer cells [20]. The mitochondrial 
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depolarization was more profound in cancerous cells (MDA-MB-435), compared to 

noncancerous human microvascular endothelial cells (HMEC-1) (Fig 1B). To begin to 

characterize the functional role of this mitochondrial depolarization, ATP levels were 

measured. Cells (MDA-MB-435 and HMEC-1) treated with AG311 for four hours showed 

mitochondrial depolarization which correlated with a decline in intracellular ATP. Cancerous 

cells were more sensitive to ATP depletion by AG311 compared to noncancerous HMEC-1. 

(Fig 1C). No effect on viability was observed at this early time point (data not shown). This 

suggests a potential functional association between AG311-induced mitochondrial 

disruption and ATP depletion.

3.2. Electron transport chain (ETC) complex I and III inhibition by AG311

To establish a direct effect of AG311 on the mitochondria, ETC activity in the presence of 

AG311 was examined. Initial enzymatic experiments were performed using solubilized 

mitochondria isolated from kidney (Fig 2A–D) and confirmed with lysates from MDA-

MB-435 and MDA-MB-231 cancer cells (Fig 2E). AG311 most potently inhibited complex I 

activity (IC50=9.9 µM) compared to complex III-IV (ubiquinol oxidase) activity (IC50=20.2 

µM) (Fig 2A). The IC50 for complex I inhibition are comparable to the EC50 values for 

cancer cell death (13.9 µM). To determine whether the reduced ubiquinol oxidase activity 

was due to complex III or IV inhibition, complex IV-specific cytochrome c oxidation activity 

was measured. AG311 had no effect on complex IV activity, thus the observed complex III-

IV inhibition of AG311 can be attributed to a direct effect on complex III (Fig 2A). Further 

enzyme kinetic studies were performed to determine the type of inhibition of complex I and 

III by increasing ubiquinone or ubiquinol concentrations, respectively. AG311 competitively 

inhibited ubiquinone binding to complex I with an inhibitor constant (Ki) of 0.84 µM (Fig 

2B). Rotenone (3 nM), a known complex I inhibitor, potently inhibited complex I activity. In 

contrast to complex I inhibition, the Ki for complex III by AG311 was much higher, Ki=32 

µM, and the inhibition was found to be noncompetitive for ubiquinol binding (Fig 2C). 

Because AG311 inhibits complex I with a much lower Ki as compared to complex III, 

increased focus was placed on complex I inhibition. For additional evidence that AG311 acts 

at the ubiquinone-binding site, the NADH:ferricyanide oxidoreductase assay was used. In 

this assay, the NADH oxidation reaction is localized entirely to the flavin site on complex I 

and eliminates the need for ubiquinone as an electron acceptor [33]. Therefore, if AG311 

competes with ubiquinone for binding, no inhibition should be observed by AG311. Indeed, 

at various concentrations, AG311 did not inhibit ferricyanide reductase activity (Fig 2D). 

This effect is similar to rotenone, which also is a competitive inhibitor for the ubiquinone-

binding site [34] (Fig 2D). The inhibition of complex I by AG311 was next confirmed using 

lysates from two cancer cell lines. The IC50 values were comparable to the ones obtained 

using solubilized kidney mitochondria with 11.9 µM for MDA-MB-435 and 6.9 µM for 

MDA-MB-231 (Fig 2E).

3.3. Combination of DCA and AG311 augments cytotoxicity and anti-tumor effects

Next, it was of interest to determine whether increasing mitochondrial activity with 

dichloroacetate (DCA) would synergize with AG311-mediated mitochondrial inhibition. 

DCA functions to increase mitochondrial activity by inhibiting pyruvate dehydrogenase 

kinase (PDK), a key regulatory enzyme of oxidative metabolism. For this study, MDA-
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MB-435 cells were treated with AG311, DCA or both. AG311 alone induced cell death as in 

previous experiments, while DCA alone had no effect. However, cell viability was 

significantly reduced by concurrent treatment of DCA with AG311 (Fig 3A). The 

combination index (CI) was calculated for the dual treatment, with a CI<1 indicating 

synergy [24]. Three out of the four combinations tested showed synergy with CI values 

between 0.5 and 0.9, indicating synergistic cytotoxicity (Fig 3A). To test drug synergy in 
vivo, animals bearing orthotopic MDA-MB-435 tumors were treated with either AG311 

(37.5 mg/kg IP, twice weekly), DCA (50 mg/kg, daily) or both. The most straightforward 

synergy experiment is one in which individual treatments have no effect, while the 

combination produces a significant difference. Thus, for this experiment, the AG311 dose 

was reduced to 37.5 mg/kg, a dose at which no effect on tumor growth was observed. 

Previous studies with 45–50 mg/kg AG311 demonstrated significant tumor growth inhibition 

in two tumor models [20]. The animals treated with both AG311 (37.5 mg/kg twice weekly) 

and a previously reported innocuous dose of DCA (50 mg/kg/day) [35] showed significantly 

slower tumor growth compared to solvent or single-drug control animals (Fig 3B). The 

animal weight was not significantly affected by any of the treatments (Fig 3C).

3.4. AG311 reduces OCR in cells and tumor tissue and increases metabolic stress

To evaluate the effect of complex I inhibition on mitochondrial function, the oxygen 

consumption rate (OCR) was assessed in response to AG311 in vitro-treated cells, in ex 
vivo-treated tumors and in situ after systemic treatment. For the cellular studies, the OCR 

was measured before and after injection of AG311 into wells containing MDA-MB-435 cells 

in glucose media. AG311 (5 and 10 µM) rapidly and significantly reduced OCR, which 

correlates with its inhibitory effect on complex I (Fig 4A). For the ex vivo studies, tumors 

from untreated mice were excised. The permeabilized tumor slices were used to measure the 

effect of AG311 on tumor OCR. The study was carried out with the complex I substrates 

glutamate and malate (GM). In the presence of AG311 (15 µM), the OCR of tumor slices 

was significantly reduced (Fig 4B). For the in situ tumor studies, the OCR was measured 

using tumor slices isolated from mice one hour after IP injection with solvent or AG311 (this 

time with a therapeutic dose of AG311, 45 mg/kg twice weekly). The treatment of animals 

with AG311 resulted in a significant reduction in tumor OCR in the presence of GM (Fig 

4C). The reduced OCR observed here can be attributed to the inhibition of complex I rather 

than complex II, because AG311 only inhibited OCR in the presence of the NADH-

generating substrates GM, but not in the presence of complex II substrate, succinate (Fig 

4D). The remaining tumor tissue was used for protein isolation to evaluate phosphorylation 

of AMP-activated protein kinase (AMPK) which, similar to reduced OCR, is a measurable 

downstream effect of mitochondrial inhibition. As a result of mitochondrial inhibition, the 

AMP/ATP ratio increases, which stimulates the phosphorylation of AMPK as a sensor of 

metabolic stress [36]. AG311-treated tumors showed an overall average increase in p-AMPK 

levels, although not all samples showed an increase (Fig 4E). This suggests that complex I 

inhibition leads to reduced ATP production in the tumors similar to the observation in cancer 

cells (Fig 1C). Together these data indicate that AG311 not only inhibits complex I in cancer 

cells, but also in tumors.
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3.5. AG311 prevents HIF-1α stabilization in hypoxia and increases cellular oxygen content

It has been demonstrated that inhibition of oxygen consumption by complex I inhibitors 

reduces the stabilization of HIF-1α in hypoxia [7,17]. Since AG311 reduces OCR (Fig 4A–

C) and this could increase the cellular oxygen availability, the effect of AG311 on HIF-1α in 

hypoxic conditions was examined. A narrow range of AG311 doses was tested due to its 

steep-dose response curve, since a slightly higher dose (20 µM) than those used here results 

in complete and rapid cell death [20]. AG311 prevented hypoxia-induced accumulation of 

HIF-1α protein in cancer cells (MDA-MB-435 and MDA-MB-231) (Fig 5A). To examine 

whether this inhibition was functional, the expression of two HIF-1α-induced target genes 

was assessed. AG311 significantly reduced the mRNA expression of both vascular 

endothelial growth factor (pan- VEGF-A) and carbonic anhydrase 9 (CA9) in hypoxic 

MDA-MB-435 and MDA-MB-231 cells compared to the corresponding normoxic controls 

(Fig 5B and 5C, respectively). Further, pretreatment with MG-132, a proteasome inhibitor, 

partially restored HIF-1α levels in the presence of AG311 in MDA-MB-435 cells (Suppl. 

Fig S1), suggesting that AG311 reduces HIF-1α protein stabilization and promotes its 

degradation. To determine whether AG311 affects localized cellular hypoxia, cells were 

preincubated with pimonidazole, a common hypoxia marker which forms adducts under 

hypoxic conditions [37,38]. Interestingly, treatment of MDA-MB-435 and MDA-MB-231 

cells with AG311 attenuated the accumulation of pimonidazole adducts (Fig 5D), indicating 

that the mitochondrial inhibition by AG311 prevents the decrease of intracellular oxygen 

tension in response to hypoxia. In summary, under hypoxic conditions, AG311-induced 

reduction in oxygen consumption results in increased oxygen tension, which in turn reduces 

HIF-1α stabilization.

4. DISCUSSION

As a continuation of our previous findings showing that AG311 depolarizes mitochondrial 

membrane potential and induces necrotic cell death, here we explored the effect of AG311 

on mitochondria function. We show that the AG311-induced mitochondrial membrane 

depolarization was more pronounced in cancerous cells as compared to normal cells (Fig 

1B). In an endeavor to identify the molecular target of AG311, ETC complexes were tested. 

It was found that AG311 potently inhibited complex I of the ETC, and to a lesser degree 

complex III. The observed mitochondrial depolarization and ATP depletion with AG311 are 

likely a result of this inhibition. Complex I is a large multi-subunit enzyme with multiple 

potential binding sites. Here, we identified that AG311 inhibits complex I activity by 

competing with ubiquinone for its binding site on complex I (Fig 2B). It could be expected 

that the AG311 effect on complex III, similar to complex I, is due to competition with 

ubiquinol for its binding site on complex III. However, data thus far indicates this inhibition 

is noncompetitive (Fig 2C), suggesting that AG311 binds to a yet unidentified site on 

complex III.

We next showed that AG311 synergizes with DCA in vitro and in a tumor model to reduce 

cell viability and tumor volume, respectively (Fig 3A, B). This synergistic effect could be 

explained by DCA causing reversal of the glycolytic phenotype and increasing reliance on 

mitochondrial metabolism for cellular energy production [39], thus making cells more 
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susceptible to mitochondrial complex I inhibition by AG311 [40]. Animals treated with both 

AG311 and DCA did show reduced weight gain, although this was not significant in this 

short-term experiment. That said, additional studies with increased AG311 doses will be 

conducted to further evaluate the therapeutic potential of this combination.

The inhibition of complex I by AG311 slows down electron transfer and reduces the 

mitochondrial oxygen consumption rate (OCR). This was not only observed in cancer cells 

(Fig 4A), but also in tumor tissue from AG311-treated animals (Fig 4C). These results 

demonstrate that AG311 accumulates at a sufficient concentration in tumor tissue to reduce 

complex I activity. Reduced complex I activity results in energy stress as characterized by 

the increase in AMP/ATP ratio and subsequent activation of AMPK, as shown in tumors 

from AG311-treated mice (Fig 4E). Although this data supports the idea that AG311 inhibits 

complex I, the activation of AMPK by AG311 also raises the potential for resistance due to 

AMPK-mediated survival [41,42]. This activation of AMPK requires the upstream kinase 

LKB1, which has been characterized as a tumor suppressor [43]. LKB1-mediated activation 

of AMPK could make cells more resistant as the cells would be able to cope with energetic 

stress imposed by mitochondrial inhibitors [44]. It has been demonstrated that some human 

cancers, such as non-small cell lung carcinoma (NSCLC), are frequently deficient in LKB1, 

rendering them more sensitive to energetic stress induced by mitochondrial inhibitors [45]. 

Thus, AG311 may be particularly efficacious in LKB1-deficient tumors, as has been shown 

with metformin [46].

Reducing mitochondrial OCR by AG311 could prove therapeutically beneficial by 

preventing the induction of a HIF-1α-mediated cytoprotective response to hypoxia. We 

demonstrate that decreased OCR in response to AG311 is accompanied by increased cellular 

oxygen tension and by HIF-1α degradation in hypoxic conditions (Fig 5). Our data suggests 

that the observed HIF-1α degradation during hypoxia is likely due to a localized increase in 

oxygen tension mediated by AG311. However, an alternative explanation is that AG311 

inhibition of complex I could result in an accumulation of the TCA metabolite, α-

ketoglutarate, which in turn activates HIF-1α prolyl hydroxylating enzymes, PHDs, leading 

to HIF-1α degradation [47,48]. This HIF-1α degradation could explain, in part, the 

previously reported anti-angiogenic effect of AG311 [25]. This HIF-1α destabilization by 

AG311 could also play a role in overcoming radioresistance [11], by re-oxygenating hypoxic 

tumor regions and sensitizing them to radiation therapy [49,50]. More recently, HIF-1α has 

been shown to induce the expression of the immune checkpoint inhibitor PD-L1 in response 

to hypoxia, preventing tumor attack by cytotoxic T-cells [51,52]. In future studies, it would 

be interesting to investigate the effect of AG311 on PD-L1 expression.

AG311 combines multiple anticancer mechanisms (inhibition of tyrosine kinases, 

thymidylate synthase, and complex I) and has been demonstrated to have antitumor and anti-

metastatic effects in vivo [20]. The anti-metastatic effect could be explained in part by the 

effect of AG311 on the mitochondrial respiration. Mitochondria have been shown to be 

necessary for metastatic progression [19]; and mitochondrial mass is higher in tumor-

initiating cells [53]. Nutrient-starved cells grown in tumor spheroids to mimic the dormant/

quiescent tumor cells characteristic of metastases have been shown to be more sensitive to 

mitochondrial inhibitors [54–56]. In keeping with this idea, cells under glucose-limiting 
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conditions have been shown to upregulate nuclear encoded OXPHOS genes for ATP 

production [57]. To elucidate the specific contribution of complex I inhibition to AG311’s 

anti-metastatic activity will require further investigation.

The biguanides metformin and phenformin have attracted the most attention as potential 

anticancer complex I inhibitors as they were already FDA approved (for diabetes) and 

metformin has a relatively mild adverse effect profile [6,7,45,57]. However, metformin and 

its more potent analog, phenformin, have high IC50 values for complex I inhibition: 20 mM, 

0.5 mM, respectively [6]. Metformin (but not phenformin) relies on the expression of an 

organic cation transporter, OCT, for its absorption [58]. In contrast to the biguanides, 

BAY-87-2243, a new complex I inhibitor, has nanomolar potency, but its major limitation is 

its specificity for human complex I, limiting its preclinical evaluation using other species 

[59]. A series of marine toxins including mycothiazole, furospongolide, lehualide B, and 

kalkitoxin have recently been identified as complex I inhibitors and disruptors of HIF-1α 
signaling in hypoxic cancer cells [60]. Limitations of these toxins, as the moniker implies, 

are potential toxic off-target effects such as N-methyl-D-aspartate (NMDA)-mediated 

neurotoxicity by kalkitoxin [60]. In comparison to these complex I inhibitors, the IC50 of 

AG311 for cancerous cells is in the lower micromolar range and thus falls between the 

concentrations for biguanides (mM) and BAY-87-2243/toxins (nM). The demonstrated 

efficacy of AG311 in both human xenograft and mouse allograft studies provides evidence 

of its inhibition of both mouse and human complex I activity, although this was not directly 

tested in this work.

Interestingly, evidence exists that RTK (receptor tyrosine kinase) inhibitors such as sorafenib 

are able to inhibit ETC complexes, although in these reports this effect was more linked to 

an adverse drug reaction [61,62]. That said, it is possible that complex I inhibition could also 

contribute to the therapeutic efficacy of these agents. Thus, AG311 inhibition of complex I 

could link with its previously published RTK inhibitory properties (EGFR, VEGFR, 

PDGFR), [25] and studies are underway to investigate this relationship.

A potential limitation for the clinical use of AG311 is its steep dose response curve 

(hillslope=6.8 in isolated cells), indicating that a small change in dosage can result in a large 

change in cytotoxicity [20], and offering a narrow therapeutic window. To broaden this 

window and to increase tumor drug delivery, AG311 could be incorporated into 

nanoparticles. Further, mitochondrial uptake of AG311 could be increased by tethering it to 

TPP as has been demonstrated with metformin [63]. Although we have shown that AG311 

does not induce gross toxicity in this work and in previous publications [20,25], some off-

target inhibition would be expected based on a reversible animal lethargy observed shortly 

after AG311 administration at higher doses.

From a clinical perspective, AG311 could provide an advantage by targeting metabolic 

tumor heterogeneity and reprogramming. Future experiments using patient-derived 

xenografts, established and propagated to retain primary tumor heterogeneity, could be used 

to begin to delineate AG311’s potential for targeting heterogeneous tumors [64]. AG311 

might also be used clinically as an adjuvant agent with antiproliferative or antiglycolytic 
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agents, with the latter potentially addressing both metabolic cancer cell phenotypes 

(oxidative and glycolytic).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

NADH nicotinamide adenine dinucleotide

RTK receptor tyrosine kinase

TS thymidylate synthase

CCS cosmic calf serum

DMSO dimethyl sulfoxide

HMEC human microvascular endothelial cells

TMRM tetramethylrhodamine methyl ester

AMPK AMP-activated protein kinase

DCA dichloroacetate

OCR oxygen consumption rate

OXPHOS oxidative phosphorylation

α-KG α-ketoglutarate

TCA tricarboxylic acid

ETC electron transport chain

HIF-1α hypoxia-inducible factor 1-alpha

VEGF vascular endothelial growth factor

CA9 carbonic anhydrase 9

TKI tyrosine kinase inhibitor

PHD prolyl hydroxylase domain
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EGFR epidermal growth factor receptor

PDGFR platelet-derived growth factor receptors

VEGFR vascular endothelial growth factor receptor

OCT1 organic cation transporter 1

PD-L1 programmed death-ligand 1
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Highlights

• AG311 competitively inhibits ubiquinone-binding to complex I and prevents 

electron transfer and mitochondrial respiration.

• Cellular response to hypoxia is reduced by AG311, including HIF-1α protein 

levels, VEGF, CA9 target genes, and low oxygen tension.

• Combination of AG311 and dichloroacetate augments cytotoxicity and tumor 

growth reduction.
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Figure 1. AG311 preferentially reduces viability in glucose-deprived cancer cells and 
mitochondrial membrane potential in cancer cells
(A) Cell viability of MDA-MB-435 cells treated with AG311 or solvent in media with or 

without glucose (25 mM) supplementation for 24 hours after 4 hours preincubation in the 

corresponding media. Docetaxel (Dct) was used as control (1 µM). Viability was assessed 

with PrestoBlue. (B) TMRM fluorescence intensity in response to AG311 was measured 

every 5 min in MDA-MB-435 cells and HMEC-1, human microvascular endothelial cells. 

(C) MDA-MB-435 cells and HMEC-1 were treated with AG311 or solvent control for 4 

hours and then incubated with TMRM and imaged at 10× for fluorescence intensity 

quantification. ATP levels were measured with a luciferase-based ATP determination kit. 

n=4 – 6. ***P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001 versus solvent control.
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Figure 2. Effect of AG311 on electron transport chain complexes
(A) Effects of AG311 on electron transport chain complex activities were measured 

spectrophotometrically with solubilized mitochondria isolated from kidney (25 µg/ml). 

Complex I activity was measured as the oxidation rate of NADH (200 µM) in the presence 

of antimycin A (50 nM) and ubiquinone (100 µM). Complex III-IV activity was measured as 

the oxidation rate of ubiquinol (100 µM). Complex IV activity was measured as the 

oxidation rate of reduced cytochrome c (25 µM), n=6. (B) Complex I competition assay for 

AG311 and ubiquinone was performed with increasing ubiquinone concentrations in the 

presence AG311 and compared to the uninhibited complex I activity. Rotenone (Rot, 3nM) 

was used as positive control. (C) Complex III-IV competition assay for AG311 and 

ubiquinol was performed with increasing ubiquinol concentrations in the presence of AG311 

and compared to the uninhibited complex III activity. Curves were fitted with GraphPad 

Prism for competitive and noncompetitive enzyme inhibition. (D) Rate of 

NADH:ferricyanide reductase reaction was measured after addition of solvent, AG311 or 

rotenone (Rot, 0.1 µM) in the presence of ferricyanide (500 µM) and NADH (200 µM) using 

solubilized mitochondria isolated from kidney. (E) Complex I activity was measured using 

whole cell lysate (40 µg/ml) from MDA-MB-435 and MDA-MB-231 with or without 

AG311. (n = 3 – 6). **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 versus solvent.
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Figure 3. Dichloroacetate (DCA) augments AG311-induced cytotoxicity and tumor growth 
reduction
(A) Cotreatment with DCA sensitizes MDA-MB-435 cells to AG311. Cell viability was 

assessed after 24 hours of treatment using PrestoBlue. (n = 4) (B) MDA-MB-435 GFP tumor 

growth curve in an orthotopic xenograft mouse model. Tumor bearing mice (nu/nu) were 

treated with either solvent control, AG311 (37.5 mg/kg, twice weekly), DCA (50 mg/kg, 

daily) or with both AG311 and DCA. The dose for AG311 (37.5 mg/kg) was reduced to a 

non-efficacious level in order to evaluate synergy with DCA. A 45 mg/kg treatment-dose of 

AG311 alone was previously shown to significantly reduce tumor growth in this model [20]. 

For statistical analysis, two-way ANOVA repeated measures post-test was used. (n = 9) (C) 
Mouse body weights are shown as percentage change at day 45 over initial weight. (n = 9). 

*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 versus AG311 alone versus solvent control.
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Figure 4. AG311 decreases oxygen consumption rate and increases p-AMPK protein levels
(A). Oxygen consumption rate (OCR) of MDA-MB-231 cells was measured with Seahorse 

XFe96 Analyzer. (B, C) OCR was assessed with Oroboros Oxygraph-2K. (B) MDA-

MB-435 tumors from mice (nu/nu) were excised, and the permeabilized tissue was treated 

with AG311 in the presence of glutamate/malate (GM) and ADP to determine the rate of 

complex I-dependent oxygen consumption. The rate is shown as % untreated of the rate in 

the presence of GM (background) subtracted from ADP (activated). (n = 3 – 5) (C) Tumor 

bearing mice were treated with AG311 (45 mg/kg) or solvent control and tumor tissue 

excised for OCR assessment. Data are shown for OCR after addition of glutamate/malate 

and ADP, (n = 5 – 6). (D) Data are shown for OCR after addition of succinate and ADP, (n = 

5 – 6). Data were corrected for residual oxygen consumption using antimycin A. (E) 

Western blot analysis for tumor tissue from AG311- or solvent-treated mice, left panel. 

Quantification of p-AMPK normalized to total AMPK, right panel. *P ≤ 0.05, ***P ≤ 0.001 

versus solvent control.
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Figure 5. AG311 reduces HIF-1α protein levels, HIF-1α targets genes, and increases oxygen 
tension in hypoxia
(A). Cells (MDA-MB-435 and MDA-MB-231) were incubated at 20% (N) or 1.5% (H) O2 

for 4 hours in the presence of AG311 followed by protein collection. The hypoxia-mimetic 

agent CoCl2 (200 µM) was used as a positive control. (n = 4).

(B, C). Real-time PCR analysis of VEGF and CA9 mRNA expression with or without 

AG311 treatment in hypoxic or normoxic conditions in MDA-MB-435 and MDA-MB-231 

cells. Expression was normalized to 28S expression and normoxic controls. (n = 4) (D).
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Immunofluorescence images for detection of hypoxia using hypoxyprobe-1. Cells were 

pretreated with pimonidazole and incubated with or without AG311 for 4 hours in hypoxic 

or normoxic conditions. DAPI was used to detect nuclei. Quantification of fluorescence 

intensity in panel below. Data are representative of three independent experiments. (n = 4), 

*P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 versus solvent control.
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