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Abstract

Pyruvate is situated at the intersection of oxidative phosphorylation (OXPHOS) and glycoly-

sis, which are the primary energy-producing pathways in cells. Cancer therapies targeting

these pathways have been previously documented, indicating that inhibiting one pathway

may lead to functional compensation by the other, resulting in an insufficient antitumor

effect. Thus, effective cancer treatment necessitates concurrent and comprehensive sup-

pression of both. However, whether a metabolic switch between the metabolic pathways

occurs in colorectal and gastric cancer cells and whether blocking it by inhibiting both path-

ways has an antitumor effect remain to be determined. In the present study, we used two

small molecules, namely OXPHOS and glycolysis inhibitors, to target pyruvate metabolic

pathways as a cancer treatment in these cancer cells. OXPHOS and glycolysis inhibition

each augmented the other metabolic pathway in vitro and in vivo. OXPHOS inhibition alone

enhanced glycolysis and showed antitumor effects on colorectal and gastric cancer cells in

vitro and in vivo. Moreover, glycolysis inhibition in addition to OXPHOS inhibition blocked

the metabolic switch from OXPHOS to glycolysis, causing an energy depletion and deterio-

ration of the tumor microenvironment that synergistically enhanced the antitumor effect of

OXPHOS inhibitors. In addition, using hyperpolarized 13C-magnetic resonance spectro-

scopic imaging (HP-MRSI), which enables real-time and in vivo monitoring of molecules

containing 13C, we visualized how the inhibitors shifted the flux of pyruvate and how this

dual inhibition in colorectal and gastric cancer mouse models altered the two pathways.
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Integrating dual inhibition of OXPHOS and glycolysis with HP-MRSI, this therapeutic model

shows promise as a future "cancer theranostics" treatment option.

Introduction

Pyruvate is an essential intermediate in glucose oxidation and is a critical component of cellu-

lar metabolism [1]. In cells, pyruvate plays a significant role in the production of ATP through

two respiration pathways: oxidative phosphorylation (OXPHOS) and glycolysis (conversion of

pyruvate to lactate). Particularly in cancer cells, these pyruvate metabolic pathways are acceler-

ated in response to the demand for high energy consumption during rapid cell growth [1–3].

During OXPHOS, pyruvate is converted to acetyl-CoA, which enters the tricarboxylic acid

cycle. During glycolysis, on the other hand, pyruvate is converted to lactate by lactate dehydro-

genase (LDH) A. Hereafter, the metabolic pathway converting pyruvate to lactate via LDHA

will be designated as the “P-L pathway” in this manuscript (S1 Fig). An enhancement of the

P-L pathway has been classically considered a feature of cancer metabolism because the P-L

pathway is a more rapid metabolic pathway than OXPHOS for producing ATP [1]. However,

OXPHOS has recently been indicated as an important metabolic pathway for cancer cells as

well [3–5]. This is because OXPHOS has a higher energy production efficiency per glucose

unit than the P-L pathway. In addition to ATP production, these two pathways support cancer

cell proliferation during cell growth through complex interactions involving pH and redox bal-

ance; both of them play crucial roles in cancer cell proliferation and survival [3,6–8]. Thus, tar-

geting the pathways is a promising therapeutic option for cancer treatment, and, to date,

several attempts have been made to develop a treatment targeting them in cancer cells [9–14].

OXPHOS and glycolysis functionally complement each other according to the oxygen level

in normal cells. It has been well documented that cancer cells exhibit increased lactate produc-

tion regardless of the oxygen level compared to normal cells [15]. However, whether there is a

metabolic interaction that could confer metabolic plasticity (henceforth referred to as "meta-

bolic switch") in cancer cells remains unclear. This potential metabolic switch may be a com-

pensatory mechanism to maintain energy production in cancer cells, and targeting such a

metabolic switch may be the key to the therapeutic efficacy of dual inhibition. Thus far, almost

all previous reports have focused on inhibiting only one pathway using small molecule inhibi-

tors [11,16–18] and not on the metabolic flux change in pyruvate metabolism. Consequently,

the potential of using chemical compounds to inhibit both metabolic pathways as a cancer

treatment is of significant interest. In colorectal and gastric cancers, a metabolic switch may

occur between the two pathways [9,19], adequate inhibition of both pathways may be a novel

and promising treatment. In order to validate the effectiveness of this strategy, it is essential to

evaluate changes in the metabolic switch. Based on the current findings, we hypothesized that

the simultaneous administration of IACS-010759, a specific mitochondrial complex I inhibitor

that showed OXPHOS inhibition [11], and NCI-006, a specific LDH inhibitor [10,20], would

inhibit both pathways and abrogate the metabolic switch, resulting in a synergistic antitumor

effect on colorectal and gastric cancer due to energy depletion.

Considering treatment using these inhibitors against colorectal and gastric cancers, it

should be noted that in vitro metabolic profiling does not always predict in vivo cancer metab-

olism. Therefore, a noninvasive imaging approach that can dynamically monitor pyruvate

metabolic flux in vivo would be highly beneficial for developing metabolism-targeting cancer

therapy. Hyperpolarized 13C-magnetic resonance spectroscopic imaging (HP-MRSI) is a novel
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functional imaging technique that can visualize and quantify the behavior of 13C-containing

molecules noninvasively in real time. Moreover, with 13C-labeled pyruvate has been reported

to be a promising technique for monitoring pyruvate metabolic flux in vivo [21–28]. Several

clinical trials have been conducted, and the safety and efficacy of this modality in cancer

patients have been demonstrated [29].

In this study, we examined the effect of a therapeutic strategy involving dual inhibition of

both pyruvate metabolic pathways using small molecules and monitored the potential meta-

bolic switch between the OXPHOS and P-L pathways in colorectal and gastric cancer cells.

Moreover, we evaluated the effect of these inhibitors on these pyruvate metabolic pathways

and tumor microenvironment. Finally, we assessed the potential use of HP-MRSI as a tool for

monitoring the pyruvate metabolic switch in vivo. This study aims to provide novel insights

into targeted cancer therapies and metabolic imaging techniques by investigating the dual

inhibition of pyruvate metabolic pathways using HP-MRSI.

Materials and methods

Experimental model and subject details

Inhibitors of mitochondrial complex I and LDH. Mitochondrial complex I inhibitor

IACS-010759 was purchased from Sigma-Aldrich (St. Louis, MO, USA). Molina et al. previ-

ously described the details of this inhibitor, including pharmacokinetic data [11]. For in vitro
experiments, IACS-010759 was dissolved in dimethyl sulfoxide (DMSO) as a 10 mM stock

solution and further diluted in PBS and culture medium. For in vivo use, the inhibitor was dis-

solved in 0.5% methylcellulose in water at a final concentration of 10 mg/mL. The inhibitor

was administered via oral gavage.

The LDH inhibitor, NCI-006, was provided by the National Cancer Institute (Bethesda,

MD, USA). The details of this inhibitor, including pharmacokinetic data, were previously

described by Oshima et al. [9] and Rai et al. [20]. For in vitro use, NCI-006 was dissolved in

DMSO to create a 10 mM stock solution and further diluted in PBS and culture medium. For

in vivo use, NCI-006 was dissolved in 0.1 N NaOH/PBS, and the pH was adjusted to 7.4–7.8

with 1 N HCl. The final concentration of NCI-006 was 10 mg/mL. The inhibitor was adminis-

tered intravenously. For all in vitro experiments, 0.01% (V/V) DMSO was used as the vehicle

control. For all in vivo experiments, the control group received an intravenous injection of

10 μL of PBS and oral administration of 10 μL of 0.5% methylcellulose.

Cancer cell lines. Six human colorectal cancer cell lines (HT29, HCT116, DLD-1, SW480,

SW620, and Lovo) and seven human gastric cancer cell lines (MKN1, MKN7, MKN45,

MKN74, AGS, HCG27, and N87) were purchased from the American Tissue Culture Collec-

tion (Manassas, VA, USA). The cells were cultured in Roswell Park Memorial Institute 1640

medium (2.0g/L of glucose without sodium pyruvate, Corning, Manassas, VA, USA) or Dul-

becco’s modified Eagle’s medium (4.5g/L of glucose without sodium pyruvate, NAKALAI

TESQUE INC, Kyoto, Japan) containing 10% fetal bovine serum (Life Technologies, Carlsbad

CA, USA), penicillin (100 Units/ml), and streptomycin (100 mg/mL) (FUJIFILM Wako Pure

Chemical Corporation, Osaka, Japan). HCT116 is a human colorectal adenocarcinoma cell

line initiated from an adult male. MKN45 is a human gastric adenocarcinoma cell line initiated

from the liver metastatic site of an adult female. The HCT116 and MKN45 cells were authenti-

cated using short-tandem repeat assays. The other cell lines were not authenticated. However,

early passage cells were purchased and used in the experiments. All cell lines tested negative

for Mycoplasma.

Patient-derived cancer spheroids. Patient-derived colon cancer (HC17T) and gastric

cancer (HG2T) spheroids were provided by Kyoto University Hospital iACT (Kyoto, Japan) in
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April 2021. These spheroids were obtained with the approval of the Ethics Committee of the

Kyoto University Graduate School and Faculty of Medicine (Approval Number: 1169 and

R0915-8). Written informed consent was obtained from all patients. Patient-derived cancer

spheroids were suspended in Matrigel (Corning, Corning, NY, USA). The cell-Matrigel mix-

ture was then centrally placed in each well of a 12-well cell culture plate (30 μL/well). Following

matrix material polymerization at 37˚C, Patient-derived cancer spheroids were cultured using

the cancer medium (S1 Table). The culture medium was changed every other day [30,31].

Animals and tumor models. All animal experiments were approved by the Institutional

Animal Ethics and Research Committee of Kyoto University (MedKyo22159; Kyoto, Japan)

and conducted in accordance with institutional guidelines. The research staff underwent train-

ing at the Institute of Laboratory Animals of Graduate School of Medicine, Kyoto University.

Six-week-old female KSN/slc athymic nude mice (18–24 g) were obtained from Japan SLC

(Shizuoka, Japan) and housed under specific pathogen-free conditions. Humane end points

were established as follows: tumor weight >10% of body weight, weight loss >20% of body

weight compared to the control group, tumors causing hinderance to eating or impairing

ambulation, hunched posture, dehydration, and self-mutilation. None of the mice reached the

defined endpoint criteria and died before meeting them. All necessary measures were taken to

minimize suffering. Five to six mice shared a microisolator cage. The housing environment

was controlled with a 12-hour day/night cycle, temperature of 24˚C ± 2˚C, and relative humid-

ity of 50% ± 10%. The mice’s condition was monitored least three times a week. For all proce-

dures, the mice were placed under deep isoflurane sedation and finally euthanized by cervical

dislocation.

Method details

Extracellular flux (XF) analysis and ATP production rate assay. Mitochondrial respira-

tion and glycolysis in the cancer cells were monitored in real-time using the XF analyzer

XFe96 platform (Agilent, Santa Clara, CA, USA). To ensure approximately 80% confluency of

cells on the well’s surface, we determined the optimal seeding density for each cell line. The

optimal cell numbers per well for each cell line was as follows: AGS: 2 × 104 cells, HGC27:

1.5 × 104 cells, N87: 1.5 × 104 cells, MKN1: 1.5 × 104 cells, MKN7: 3.0 × 104 cells, MKN45:

2.0 × 104 cells, MKN74: 3.0 × 104 cells, HT29: 2.0 × 104 cells, DLD-1: 3.0 × 104 cells, SW480:

3.0 × 104 cells, SW620: 4.0 × 104 cells, HCT116: 2.0 × 104 cells, Lovo: 4.0 × 104 cells. For spher-

oid cultures, it was not possible to use the same normalization method due to the need for a

three-dimensional culture; instead, we suspended 3.0 × 104 cells in 2.5 μL of Matrigel and

placed the mixture centrally in each well. Cells were cultured overnight in custom XF micro-

plates containing the culture medium and, prior to measurement, were washed and incubated

in an unbuffered assay medium (Sigma-Aldrich, St. Louis, MO, USA) in the absence of CO2

for 1 h at 37˚C. The rates of mitochondrial respiration and glycolysis were measured using the

XF Assay Kit (Agilent, Santa Clara, CA, USA) and are displayed as the Oxygen Consumption

Rate (OCR) and Extracellular Acidification Rate (ECAR), respectively [32]. Notably, OCR and

ECAR rates are key indicators of mitochondrial respiration and glycolysis, respectively. All

measurements commenced after establishing a stable baseline, followed by the addition of

NCI-006 (5 μM), IACS-010759 (2 μM), or a combination of both. The ATP production rate

was assessed using the XF Real-Time ATP Rate Assay Kit (Agilent, Santa Clara, CA, USA),

according to the manufacturer’s instructions. The basal OCR and ECAR were measured first

in the assay for ATP production rate. The mito ATP production rate was quantified by inject-

ing oligomycin, which inhibits mitochondrial ATP synthesis and reduces OCR. The total Pro-

ton Efflux Rate (PER) is calculated from the ECAR data and the buffer factor of the assay
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medium. Mitochondrial-associated acidification was accounted for by completely inhibiting

mitochondrial respiration with rotenone and antimycin A, and the glyco ATP production rate

was calculated from the PER data [33].

In vitro and in vivo cell proliferation assay. In vitro: In six-well plates, 2 × 105 cells were

seeded in 2 mL of normal growth medium for 24 h prior to treatment with IACS-010759

(1 μM), NCI-006 (1 μM), or a combination of both for 48 h. Cell viability was assessed by

counting using the Countess 3 Automated Cell Counter (Thermo Fisher Scientific, Inc. Wal-

tham, MA, USA), according to the manufacturer’s instructions.

In vivo: Each group consisted of six mice. A total of 5×106 cells in 100 μL of PBS were

injected subcutaneously into the back of each mouse. Prior to treatment, the mice were ran-

domized into treatment (or vehicle control) groups. In HCT116 xenograft mice, IACS-010759

(20 mg/[kg•dose] body weight) was administered orally every day, and NCI-006 (40 mg/

[kg•dose] body weight) was administered intravenously thrice per week for a week. An equiva-

lent volume of PBS was administered in the control group. In MKN45 xenograft mice, IACS-

010759 (20 mg/[kg•dose] body weight) was administered orally five times a week, and NCI-

006 (40 mg/[kg•dose] body weight) was administered intravenously twice a week for two

weeks. An equivalent volume of PBS was administered in the control group. In vivo prolifera-

tion assay, preliminary experiments were conducted for both HCT116 and MKN45, and

different regimens were employed based on the results. The tumors were allowed to reach

100 mm3 in volume before initiating treatment. Tumor size was measured with calipers, and

the tumor volume was estimated using the formula: 0.5 × L × W2 (L: length, W: width). After

completion of drug administration, the mice were under observation for one week. The mice

were fed a normal diet throughout the experiments. The body weights of the mice were

recorded during the In vivo proliferation assay.

Monitoring the inhibitior-treatment toxicity with a blood test. Blood test: The mice

were randomized into three treatment groups: the control group, post-combination treatment

group, and one-week-after-treatment groups. IACS-010759 (20 mg/[kg•dose] body weight)

was administered orally every day, and NCI-006 (40 mg/[kg•dose] body weight) was adminis-

tered intravenously thrice per week for a week; an equivalent volume of vehicle was adminis-

tered in the control group. In the control and post-combination treatment groups, mice were

sacrificed 4 h following the completion of drug administration, and blood was collected from

the heart for a blood test.

Apoptosis assay. HCT116 cells were seeded in 4 mL of normal growth medium for 24 h

prior to treatment with IACS-010759 (1 μM), NCI-006 (1 μM), or a combination of both for

24 h. According to the manufacturer’s instructions, 1×106 HCT116 cells/mL was stained with

fluorescein isothiocyanate conjugated Annexin V and propidium iodide (Annexin V-FITC

Apoptosis Detection Kit, NAKALAI TESQUE INC, Kyoto, Japan) in a volume of 100 μL.

Finally, 400 μL of binding buffer was added to the cells. The mixture was analyzed using a BD

FACS Aria II flow cytometer (Becton, Dickinson and Co. Franklin Lakes, NJ, USA), and the

percentage of apoptosis of 5,000 cells was determined.

In vitro and in vivo pH assay. In six-well plates, 1×105 cells were seeded in 2 mL normal

growth medium and treated with IACS-010759 (1 μM), NCI-006 (1 μM), or a combination of

the two for 4h. The pH of the culture supernatant was assessed in a 5% CO2 incubator using

LAQUA twin pH-22 (HORIBA Advanced Techno Co., Ltd., Kyoto, Japan; n = 3 for each

group). For in vivo four hours after the administration of IACS-010759 (30 mg/kg body

weight, orally), NCI-006 (75 mg/kg body weight, IV; intravenously), or a combination of both,

the tumor was excised and homogenized. An equivalent volume of PBS was administered as a

vehicle. Subsequently, ultrapure water equivalent to twice the weight of the tumor was added,

and the pH of the resulting solution was quantified (n = 3 for each group).
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Bioluminescence imaging of reactive oxygen species (ROS). ROS detection was per-

formed using ROS Brite 700 nm dye (AAT Bioquest, Sunnyvale, CA, USA), according to the

manufacturer’s guidelines. The dye was administered intravenously at a final concentration of

10 μg/g body weight 20 min before examination. For all procedures, the animals were placed

under deep isoflurane sedation. An IVIS Lumina II (Perkin Elmer, Waltham, MA, USA) was

used for in vivo multispectral fluorescence analysis. Four hours after administration of IACS-

010759 (30 mg/kg body weight, orally), NCI-006 (75 mg/kg body weight, IV), or a combina-

tion of both, the tumors were extracted from the mice, and the total radiant efficiency of each

tumor was quantified immediately (n = 3 for each group).

HP-MRSI using 13C-pyruvate. In vivo study: HP-MRSI was performed as previously

described [23] with slight modifications. Briefly, [1-13C] pyruvate (23 μL, 11.4 mmol/L) con-

taining 15 mmol/L OX063 hydroxy trityl radical and 2.5 mmol/L of gadolinium chelate Pro-

Hance (Eisai, Tokyo, Japan) were hyperpolarized using the Hypersense DNP polarizer (Oxford

Instruments, Abingdon, UK). The hyperpolarized sample was rapidly dissolved in 3 mL of

superheated alkaline buffer to yield a final 1-13C pyruvate concentration of 80 mmol/L and

injected intravenously (15 μL/g body weight). HP-MRSI was performed on a 1.5T scanner

(Japan Redox Ltd., Fukuoka, Japan) using a 36 mm dual 1H/13C volume coil for the detection of
1H and 13C. 13C MR spectra were acquired every second with a spectral width of 44 kHz, TR of

1,000 ms, and a flip angle of 10˚ for 80 seconds. The chemical shift values for each signal used

in this study were as follows: 170.2 ppm of 1-13C pyruvate and 183.6 ppm of 1-13C lactate. Each

mouse received IACS-010759 (20 mg/kg body weight, orally) 3 h before the scan or NCI-006

(40 mg/kg body weight, IV) 30 min before the scan or both agents before the scan. An equiva-

lent volume of PBS was administered as a vehicle. The 1-13C-Lactate/Pyruvate (L/P) ratio was

calculated from the Area Under Curve (AUC) from 0–80 sec using time-intensity data.

Ex vivo study: After hyperpolarization and dissolution, 250 μL of the 80 mM hyperpolarized

1-13C pyruvate solution was quickly mixed with 350 μL of 1:1 tumor-PBS homogenate and

50 μL of 500 mM nicotinamide adenine dinucleotide in a prewarmed NMR tube. 13C signal

acquisition was performed for 260 seconds using the 1.4T Spinsolve 60 Carbon High-Perfor-

mance Benchtop NMR equipment (Magritek, New Zealand) at a flip angle of 10˚ and TR of 4s.

Statistical analysis

Data were expressed as mean ± standard error. All in vitro experiments were performed in

triplicate. Statistical analyses were conducted using the JMP Pro 16 software (SAS Institute

Inc. Cary, NC, USA). Student’s t-test was used to compare continuous variables. Tukey’s test

(two-way analysis of variance [ANOVA]) was used for multiple comparisons. All analyses

were two-sided, and differences were considered statistically significant at p< 0.05.

Results

Effect of the inhibitors on OXPHOS and glycolysis in colorectal and gastric

cancer cell lines

To investigate the effect of the inhibitors on the balance between OXPHOS and glycolysis in

colorectal and gastric cancer cells, OCR and ECAR were measured with and without drugs

using an XF analyzer. In six colorectal cancer cell lines and seven gastric cancer cell lines, the

OCR and ECAR under steady conditions differed, suggesting that the interdependent balance

between OXPHOS and glycolysis varied among cell lines (S2A Fig). Furthermore, the OCR

and ECAR were assessed in colorectal and gastric cancer cells after drug exposure to determine

whether each inhibitor had an on-target effect (Fig 1A). In both cell lines, the OCR and
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Fig 1. Metabolic and antitumor effect of the LDH inhibitor NCI-006 and the mitochondrial complex I inhibitor

IACS-010759 in HCT116 and MKN45 cells. (A)The metabolic activities in response to treatment were determined

according to the OCR/ECAR levels of HCT116 and MKN45 cells with or without treatment. Dashed lines connect the

baseline activity (0 min; open symbols) and metabolic activity after treatment (100 min; closed symbols); IACS-010759

at 2 μM and/or NCI-006 at 5 μM were applied. Data are displayed as the mean ± SD. (B)The ATP production rate was

measured using the XF Real-Time ATP Rate Assay Kit (Agilent Technologies, Santa Clara, CA, USA) according to the
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ECAR decreased after the administration of IACS-010759 and NCI-006, respectively, suggest-

ing that OXPHOS and glycolysis were inhibited in these cancer cells, thereby confirming

the on-target effect of each inhibitor. Moreover, OCR and ECAR increased due to glycolysis

and OXPHOS inhibition, respectively, suggesting that forced metabolic inhibition by the

inhibitors has the potential to increase the complementary metabolic flux. Similar results were

obtained in patient-derived cancer spheroids and other colorectal and gastric cancer cell lines

(S2B Fig).

ATP production rate assay using XF analyzer

ATP production relies on OXPHOS and glycolysis in cancer and normal cells. Therefore, the

impact of pyruvate metabolic inhibition on ATP production in cancer cells was measured in

HCT116 and MKN45 cells using an XF analyzer (Fig 1B). In the control group, the ratio of

mitochondrial ATP to total ATP was higher than that of glycolytic ATP to total ATP (64.5%

vs. 35.5% in HCT116, 78.6% vs. 21.4% in MKN45), indicating a greater energy reliance on

OXPHOS than on glycolysis in both cell lines. Compared with the control group, the NCI-

006-treated group showed a significant decrease in the glyco ATP production rate and no sig-

nificant change in the mito ATP production rate or the total ATP production rate in either cell

line. The IACS-010759-treated group showed a significant increase in the glyco ATP produc-

tion rate, a significant decrease in the mito ATP production rate, and no significant change in

the total ATP production rate when compared with the control group in either cell line. By

each inhibitor treatment, the mito and glyco ATP production rates changed in accordance

with OCR and ECAR, respectively (Fig 1A and 1B). In contrast, the mitochondrial ATP pro-

duction rate did not display a significant change, primarily attributed to the minor increase in

OCR within the NCI-006-treated group. In contrast to the single-treatment group, in the com-

bination-treated group, the total ATP production rate was much lower than that in the other

three groups (p<0.01) in both cell lines. Combined inhibition of both pathways resulted in a

dramatic reduction in ATP production by 83.4% in HCT116 and 76.8% in MKN45. In these

cell lines, single inhibitor treatment had no significant effect on the total ATP production rate,

and the IACS-010759-treated group showed a dramatic complementary increase in the glyco

ATP production rate, while the NCI-006-treated group showed no complementary increase in

the mito ATP production rate. Compared with the IACS-010759-treated group, the combina-

tion-treated group showed a dramatic complementary decrease in the glyco ATP production

rate. Taken together, dual inhibition had the effect of suppressing the complementary increase

in the glyco ATP production rate.

Next, to examine the change in the source of ATP production due to metabolic inhibition,

the ATP production rate index, which is calculated by dividing the ATP value from OXPHOS

by that from glycolysis, was determined. As expected, this index decreased after OXPHOS

inhibition and increased after P-L pathway inhibition in both cell lines (S2C Fig). This suggests

that to maintain high energy consumption, these cancer cells can adapt to the small molecule-

induced inhibition of each pathway by switching the metabolic pathways in either direction.

Thus, targeting the metabolic flux switch between OXPHOS and glycolysis is considered to be

a key factor in causing energy depletion in cancer cells.

OCR/ECAR levels in HCT116 and MKN45 cells with or without treatment. Data are displayed as mean ± SD

(*p< 0.05, **p< 0.01, two-way ANOVA Tukey test). (C)HCT116 and MKN45 cells were treated with NCI-006

(1 μM) and/ or IACS-010759 (1 μM) for 48 h, and cell proliferation was assessed. Data are displayed as means ± SD

(n = 18 for each group; **p< 0.01, two-way ANOVA Tukey test). ECAR, Extracellular Acidification Rate.

https://doi.org/10.1371/journal.pone.0309700.g001
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These findings indicate that IACS-010759 enhanced glycolysis in these cancer cells. Consid-

ering the “Warburg effect”, a well-established feature of cancer metabolism characterized by

increased glycolytic activity, this alteration may confer a survival advantage to tumors [3,7,34].

Subsequently, cell proliferation assays were performed to confirm the effects of these inhibitors

on the OXPHOS and P-L pathways.

In vitro antitumor effect of OXPHOS and glycolysis inhibition with small

molecules

ATP production is a key energy source during cell activity in both normal and cancer cells. To

examine the antitumor effect of the OXPHOS and P-L pathways inhibition by these molecules,

a cell proliferation assay was performed using the colorectal and gastric cancer cell lines (Fig

1C). Compared with in the control group, no cell growth inhibition was observed in the NCI-

006-treated group, whereas a significant inhibitory effect was observed in the IACS-010759-

and combination-treated groups in both HCT116 and MKN45 cancer cell lines. Additionally,

enhanced cell growth suppression was observed in the combination-treated group compared

to that in the IACS-010759-treated group. The results for the other cell lines and patient-

derived cancer spheroids are shown in S3A and S3B Fig The cell growth ratio of OXPHOS-

inhibited cells was significantly suppressed in all cell lines. However, the cell growth ratio was

significantly suppressed by P-L pathway inhibition in two colorectal (HT29 and DLD-1) and

all six gastric cancer cell lines; no cell growth inhibition was observed in the other colorectal

cancer cell lines. In brief, while OXPHOS inhibition by IACS-010759 had an antitumor effect

in all colorectal and gastric cancer cells, the impact of P-L pathway inhibition on cell growth

ratio differed depending on the cell line. Cells treated with a combination of IACS-010759 and

NCI-006 had a significantly lower cell growth ratio than control cells and showed more signifi-

cant growth suppression than cells treated with a single inhibitor. In other words, a combina-

tion of both inhibitors had a synergistic effect on cell growth suppression. In addition, the

apoptosis assay showed that the combination-treated group exhibited a significantly higher

percentage of cells in the late apoptotic stage than the control group (p< 0.01) (S3C Fig).

In vivo antitumor effect of OXPHOS and glycolysis inhibition

An in vivo tumor growth assay was performed using a mouse xenograft model of HCT116 and

MKN45 cells. In HCT116 xenografts (Fig 2A), no inhibitory effect on tumor growth was

observed in the NCI-006-treated group, whereas a significant inhibitory effect was observed in

the IACS-010759 (p< 0.01) and combination-treated groups (p< 0.01) compared to in the

control group. Additionally, the combination-treated group demonstrated higher suppression

than the IACS-010759-treated group. In MKN45 xenografts (Fig 2B), no tumor growth inhibi-

tory effect was observed in the NCI-006 or IACS-010759-treated groups, whereas a significant

inhibitory effect was observed in the combination-treated group compared to in the control

group (p< 0.01). Thus, combination treatment showed a greater capacity to suppress in vivo
tumor growth than each single treatment.

To determine the tolerability of this inhibitor treatment, the body weight of each mouse

was measured at every checkpoint. In the HCT116 experiment (Fig 2C), in the control and

NCI-006-treated groups, the body weight increased consistently. The increment in body

weight ceased during treatment in the IACS-010759- and combination-treated groups, and

body weight promptly recovered to the level of the control group after treatment. Similarly, in

the MKN45 experiment (Fig 2D), body weight gain ceased during treatment in the combina-

tion-treated groups. However, once the treatment concluded, the body weight recovered. In

both HCT116 and MKN45 experiments, the average body weights of mice in all groups varied
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Fig 2. Effect of OXPHOS and glycolytic inhibition on tumor growth in HCT116 and MKN45 xenografts. (A) HCT116 cells (5×106) were

subcutaneously injected into the back of athymic nude. mice. After the size of the subcutaneous tumor reached 100 mm3, NCI-006 (40 mg/[kg•dose]

body weight, red arrowheads) was administered intravenously thrice a week, and IACS-010759 (20 mg/[kg•dose] body weight, green arrowheads) was

administered orally every day for a week. Data are displayed as means ± standard error of the mean (SEM) (n = 12 for each group; *p< 0.05, **p< 0.01,

two-way ANOVA Tukey test). (B) MKN45 xenograft mice were generated as described in (A). NCI-006 (40. mg/[kg•dose] body weight, red arrowheads)

was administered intravenously twice a week, whereas IACS-010759 (20 mg/[kg•dose] body weight, green arrowheads) was administered orally five times

a week for two weeks. Data are displayed as means ± SEM (n = 6 for each group; *p< 0.05, **p < 0.01, two-way ANOVA Tukey test). (C) The body

weight change of the mice in the experiment (A). (D) The body weight change of the mice in the experiment (B). Abbreviation: IACS, IACS-010759.

https://doi.org/10.1371/journal.pone.0309700.g002
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within the acceptable range of humane endpoints in the animal protocol. Besides, no fatal

complications were observed in either group. We also conducted blood sampling experiments

in mice to further assess the side effects of dual metabolic inhibition. Each group (n = 3)

included the control group, the post-combination treatment group (following the same proto-

col as in Fig 2A, with blood sampling 4 h after the final dose), and the one-week-after-treat-

ment group (with blood sampling one week after the end of the treatment using the same

protocol). We performed hematological and biochemical tests, and the results are shown in S2

Table. Compared with the control group, the post-combination treatment group exhibited

transiently and significantly higher levels of AST, ALT, amylase, lipase, and creatinine. In the

one-week-after-treatment group, recovery was observed in all parameters. The bilirubin level

was below 0.1 mg/dL in both the control and the one-week-after-treatment groups, while it

transiently increased to approximately 0.3 mg/dL in the post-combination treatment group.

We have previously reported that transient hemolysis occurs after administration of NCI-006

[9], and the increase in bilirubin level was considered to be an effect of the hemolysis.

Together, these adverse effects were transient and reversible upon discontinuation of the treat-

ment. From a clinical perspective, these side effects are manageable through monitoring and

are considered acceptable. The therapeutic model of dual inhibition was feasible and tolerable

with mice.

From these results, when P-L pathway inhibition was added to OXPHOS inhibition, the

growth ratio of tumors was synergistically suppressed, whereas inhibiting P-L pathway alone

did not show an antitumor effect (Fig 2A and 2B). This enhanced antitumor effect may be due

to a marked decrease in ATP production or other environmental changes resulting from

enhanced glycolysis. Therefore, we investigated the effects of changes on the tumor microenvi-

ronment to further understand the mechanism of additional P-L pathway inhibition.

In vitro and in vivo pH change by the metabolic inhibitor

To examine the impact of metabolic inhibition on the tumor microenvironment, we measured

the pH of the culture medium of HCT116 and MKN45 cells before and 4 h after inhibitor

treatment (Fig 3A). Compared with the control group, the IACS-010759-treated group showed

a significant decrease in the pH levels, indicating an increase in lactate production through the

metabolic switch. Compared with that in the IACS-010759-treated group, an upward trend in

pH was observed in the combination-treated group. Additionally, we measured the pH of the

homogenized solution of the extracted xenograft tumors of HCT116 and MKN45 cells after

inhibitor treatment. In HCT116, the pH changes observed in ex vivo experiments were similar

to those observed in vitro experiments. However, in the ex vivo pH experiment with MKN45

cells, a slight difference was noted compared with the in vitro conditions. The group that

received the combination treatment showed a slight decrease compared with the control

group and a slight increase compared with the IACS-010759-treated group in MKN45 xeno-

grafts (Fig 3A).

ROS production assay

Next, in vivo ROS production, which affects tumor growth [3,8,35], was measured before and

after inhibitor treatment using ROS Brite™ 700. In HCT116 xenograft mice, compared with in

the control group, an increasing trend in ROS production was observed in NCI-006- and

IACS-010759-treated groups, and a significant increase was observed in the combination-

treated group (p < 0.05, Fig 3B). Therefore, the dual inhibition induced ROS production in

these cancer cells.
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Fig 3. Effect of metabolic changes on tumor microenvironment. (A)The pH of the medium 4h after treatment (NCI-006 [1 μM] and/or IACS-

010759 [1 μM]) was measured to evaluate pH changes in vitro. The pH changes in vivo were measured by homogenizing tumors from

carcinoma-bearing mice 4 h after treatment and dilution with ultrapure water. Data are presented as means ± SEM (n = 3 for each group,

*p< 0.05, **p < 0.01, t-test). (B)Oxidative stress in the HCT116 xenografts. Mice were injected with ROS Brite 700 nm dye 4 h after the

administration of NCI-006 and/or IACS-010759, and 20 min later, the tumors were removed, and fluorescence imaging was immediately

performed. Data are displayed as the means ± SEM (n = 4 for each group, *p< 0.05, t-test).

https://doi.org/10.1371/journal.pone.0309700.g003
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Monitoring the on-target effect on the intra-tumoral OXPHOS and

glycolysis ex vivo and in vivo using HP-MRSI

Our results confirmed that the metabolic switch between OXPHOS and glycolysis occurred in
vitro. To confirm whether a similar metabolic switch occurs in vivo in the cancer cells, we uti-

lized HP-MRSI with hyperpolarized 13C-labeled pyruvate (1-13C pyruvate). HP-MRSI was

used to monitor the in vivo effect of the inhibition of each metabolic pathway in HCT116 and

MKN45 xenograft-bearing mice. The imaging protocol is illustrated in Fig 4A, whereas the 13C

chemical shifts for each metabolite are illustrated in Fig 4B. We investigated the ex vivo and in
vivo efficacies of oral administration of IACS-010759 and/or intravenous administration of

NCI-006 on metabolic flux in each xenograft (Figs 4C and S4). In both ex vivo and in vivo
experiments with HCT116 and MKN45 xenograft tumors, the 13C-L/P ratio was significantly

lower in the NCI-006-treated group and significantly higher in the IACS-010759-treated

group than in the control group (Fig 4D and 4E). NCI-006 treatment did not demonstrate

tumor growth inhibitory effects in the in vivo proliferation assay; however, on-target effects of

NCI-006 were observed in HP-MRSI. The combination-treated group had a significantly

lower 13C-L/P ratio than the IACS-010759-treated group (p< 0.01).

Discussion

Pyruvate metabolism, which includes OXPHOS and glycolysis, is an important energy source

in cancer cells and has attracted the attention of researchers as a potential therapeutic target

for several types of cancer [9–12]. Using IACS-010759, a mitochondrial complex I inhibitor

for OXPHOS inhibition, and NCI-006, an LDH inhibitor for glycolytic (P-L pathway) inhibi-

tion, the current study revealed the efficacy of the dual inhibition for colorectal and gastric

cancer using cancer cell lines, patient-derived cancer spheroids, and mouse xenograft models.

The purpose of this study is to show the effectiveness of the combination therapy with two

inhibitors. Therefore, we consider the difference between treatment regimens, as seen in the

current study, is not so critical point. On the other hand, determining the best regimen for the

dual inhibition model will be a future challenge. In vitro experiments, we also demonstrated

that a bidirectional and functional shift can occur and that this shift can be blocked by dual

inhibition in both colorectal and gastric cancer cells (Fig 1A). Furthermore, it is considered

that the results from in vivo proliferation assays and the alterations in the 13C-L/P ratio

observed by HP-MRSI following drug administrations potentially reflect the bidirectional shift

and its blockage (Figs 2A, 2B and 4E).

Suppression of OXPHOS significantly increased ATP production from glycolysis, resulting

in no significant change in the total ATP production rate. However, this was counteracted by

dual inhibition, resulting in a sharp decrease in the total ATP production rate (Figs 1B and

S2C). From the viewpoint of ATP production, the importance of glycolysis inhibition was

most evident when OXPHOS was inhibited. When comparing the combination group with

the control group, the glyco ATP production rate was significantly decreased in HCT116 cells

but did not change noticeably in MKN45 cells (Fig 1B). Additionally, in both cell lines, the

additional NCI-006 administration strongly suppressed the increase in the glyco ATP produc-

tion rate induced by IACS-010759. Similarly in HP-MRSI experiments (Fig 4), in the combina-

tion group compared to the control group, the 13C-L/P ratio was significantly decreased in

HCT116 xenografts, but there was no obvious change in MKN45 xenografts. Likewise, in both

xenografts, the additional NCI-006 administration significantly suppressed the increase in the
13C-L/P ratio induced by IACS-010759. Taken together, one significance of glycolytic inhibi-

tion in the dual metabolic inhibition model might be the suppression of the enhanced glycoly-

sis induced by OXPHOS inhibition.
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Fig 4. Monitoring dynamic metabolic changes in tumor xenografts using 13C-MRSI with hyperpolarized 1-13C

pyruvate. (A)Schematic representation of HP 1-13C pyruvate MR study: 13C MR was performed using mice bearing

HCT116 and MKN45 xenografts. Each mouse was imaged 30 minutes after NCI-006 administration and/or 3 h after IACS-

010759 administration. (B)13C chemical shift of 1-13C lactate, 1-13C hydrate pyruvate, and 1-13C pyruvate. (C)

Representative 13C-MR signal intensity curves of 1-13C pyruvate and 1-13C lactate detected in HCT116 and MKN45

xenografts after hyperpolarized 1-13C pyruvate injection. (D)The 1-13C-Lactate/Pyruvate ratio in ex vivo experiments. The
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Tumor tissues have a higher lactate production capacity and lower extracellular pH than

normal tissues, suggesting that peritumoral lactate concentration and pH are related to tumor

survival [34,36]. The extracellular pH, typically maintained at 7.4 in normal tissues, is often in

the range of 6.5–6.9 in tumors [37]; acidic environments contribute to cancer progression

[38]. Lactate accumulation in cancer cells also reduces ROS generation by decreasing reliance

on mitochondrial OXPHOS and contributes to apoptosis suppression [39]. Acidosis enhances

the resistance of cancer cells to glucose starvation, and conversely, improving acidosis

increases sensitivity to glucose starvation and induces cell death [40]. Treatment with IACS-

010759 drove glycolysis, resulting in enhanced lactate secretion and acidification of the tumor

microenvironment both in vitro and in vivo (Figs 3A and 4E). Taken together, in the combina-

tion-treatment group, it is suggested that additional NCI-006 administration after IACS-

010759 treatment prevented glycolysis enhancement, suppressed lactate production, and

caused an increase in pH, making the tumor microenvironment further unfavorable to cancer

cells. These results indicate that the combination of these two drugs suppresses tumor growth

in a synergistic manner. Meanwhile, NCI-006 demonstrated the acidic tumor microenviron-

ment reversion with no growth suppression both in vitro and in vivo in HCT116 cells. In the

NCI-006-treated group, ATP production was compensated by OXPHOS, and no increase in

ROS was observed, suggesting that the reversion of pH alone was insufficient to inhibit tumor

growth in the cells. This finding suggests that pH is merely one of the several factors within the

tumor microenvironment. Previous reports have shown that an excessive increase in intracel-

lular ROS induces programmed cell death, such as apoptosis [8,35], and that inhibition of

LDH and mitochondrial complex I via genetic methods or drugs results in an increase in intra-

cellular ROS production [16,35,41–43]. Consistent with the previous findings, in vivo, tumor

ROS production was significantly higher in the combination-treated group than in the control

group (Fig 3B), and this seemed to have contributed to the enhanced antitumor effect. Thus,

NCI-006 administration, in addition to IACS-010759, may have the capacity to not only

reduce ATP production but also change the tumor microenvironment. These findings indicate

that dual inhibition may be a more reasonable strategy for cancer treatment than single

inhibition.

In the current study, HP-MRSI enables us to effectively monitor the inhibition of the two

pyruvate metabolic pathways and subsequent bidirectional metabolic switch between

OXPHOS and P-L pathway in vivo. Conventionally, the in vivo pyruvate metabolic state in

tumors has been evaluated by invasive methods such as tissue sampling. However, HP-MRSI

using 1-13C pyruvate is a noninvasive, reproducible, and objective method to evaluate pyruvate

dynamics in vivo. This method has revealed novel and intriguing metabolic information in

various organs, including several types of cancers and heart and brain disease [9,21–26,44–46].

We showed that IACS-010759 and NCI-006 reciprocally regulate the OXPHOS and P-L

pathways and inhibit lactate generation from enhanced glycolysis in both ex vivo and in vivo
mouse xenograft models of colorectal and gastric cancer cells (Fig 4D and 4E). We also quanti-

fied the 13C-L/P ratio by analyzing the HP-MRSI data with high resolution and utilized it as an

indicator of the status of the two metabolic pathways derived from pyruvate in tumors. An

increase in the 13C-L/P ratio following the IACS-010759 administration is a potential indicator

of the rewiring from the OXPHOS to the P-L pathway. We have previously demonstrated the

existence of this relevance by in vivo monitoring of 13C bicarbonate, a metabolite generated

ex vivo data were obtained from tumor tissue samples extracted and homogenized after each treatment. The 1-13C Lac/Pyr

ratio was calculated from the Area Under Curve (AUC) using time-intensity data. (E)The 1-13C-Lactate/Pyruvate ratio in
vivo experiments. HP-MRSI, hyperpolarized 13C-magnetic resonance spectroscopic imaging.

https://doi.org/10.1371/journal.pone.0309700.g004
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from the conversion from 13C pyruvate to acetyl-CoA (S1 Fig) [9,24]. In the current study, we,

however, used the 13C-L/P ratio as an indicator of the metabolic switch, as visualizing the 13C

bicarbonate signal in vivo with HP-MRSI is not so common owing to its originally low signal

intensity [47].

The 13C-L/P ratio does not provide a quantitative measure of lactate production itself. How-

ever, our results show that there is still observed lactate generation, albeit to a lesser extent, in

the combination treatment group (Fig 4C). While NCI-006 alone may seem to be sufficient

based on the 13C-L/P ratio, it is crucial to recognize that inhibiting the P-L pathway alone can

lead to a compensatory shift to OXPHOS, thus maintaining ATP production and enabling

tumor survival (Fig 1B).

In our previous reports, NCI-006 monotherapy showed antitumor effects in the pancreatic

cancer cell line MIA PaCa-2. However, in this study, we did not observe antitumor effects with

NCI-006 alone in either HCT116 or MKN45 cell lines. One possible reason could be the differ-

ences in the metabolic profiles of each cancer cell line. The 13C-L/P ratio in MIA PaCa-2

tumors was ~0.8 and ~1.5 in magnetic resonance spectroscopic imaging and chemical shift

imaging, respectively [9]. In this study, the L/P ratios in HCT116 and MKN45 tumors were

0.511 ± 0.154 and 0.274 ± 0.048, respectively, which were lower than those in MIA PaCa-2.

This suggests a lower conversion efficiency from pyruvate to lactate, indicating that HCT116

and MKN45 rely less on glycolysis compared to MIA PaCa-2. The 13C L/P ratio determined by

HP-MRSI could potentially serve as an indicator of glycolysis dependence and be useful in pre-

dicting the efficacy of NCI-006. The mechanisms in cancer cells causing this different depen-

dence on glycolysis that clarified by HP-MRSI should be elucidated in the future study.

Therefore, combination therapy targeting multiple metabolic pathways simultaneously is nec-

essary to prevent adaptive metabolic shifts and achieve a more comprehensive inhibition of

tumor metabolism. Additionally, monitoring in vivo metabolic fluxes with HP-MRSI is useful

for determining strategies to target cancer metabolism.

Considering the clinical applications of targeting pyruvate metabolism in cancer treatment,

this imaging modality should be a valuable tool for assessing biological characteristics in can-

cer tissues when it is impossible to directly obtain cancer tissues, especially in cases of recur-

rent lesions after primary tumor resection or in unresectable patients. In relation to a recent

report [48] on a novel HP-MRSI probe and CD13 inhibitor capable of monitoring the on-tar-

get effect of an antitumor drug, our therapeutic model employing HP-MRSI could be extended

to various other types of antitumor drugs. This extension holds the potential to assist in the

identification of patients who are most likely to derive benefits from targeted treatments,

thereby contributing to the advancement of personalized medicine.

In a previous study, we demonstrated that inhibiting both pathways using the same two

small molecules effectively suppressed tumor growth in a pancreatic cancer model with a

highly enhanced P-L pathway [9]. Here, we used colorectal and gastric cancer cell lines that are

not so highly glycolytic as the pancreatic cancer cell line. Our findings newly demonstrate that

these two inhibitors could inhibit the switching between the two pyruvate metabolic pathways,

resulting in the deterioration of the tumor microenvironment and a synergistic increase in

antitumor effects. However, the in vivo findings of this study are limited to single cell lines of

both colorectal and gastric cancer; it is necessary to confirm these results in other cancer mod-

els or patients enrolled in clinical trials. Further, the inhibition of the two pathways is expected

to not only affect cancer cells but also have adverse effects on normal tissues. In this study, we

verified the tolerability in vivo, focusing on body weight changes and blood test; however, con-

sidering clinical application in the future, further studies should be necessary to assess the

implications for normal cells and tissues.
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In conclusion, this study showed that inhibition of the OXPHOS and P-L pathways led to

microenvironmental deterioration and energy depletion by disrupting the bidirectional regu-

lation of pyruvate fluxes in colorectal and gastric cancer cells, resulting in synergistic antitu-

mor effects. HP-MRSI with 1-13C pyruvate was validated as a valuable imaging modality for

visualizing pyruvate dynamics in this therapeutic strategy. This imaging technology allows for

the monitoring of pyruvate dynamics in cancer tissue without the need for biopsy and may

enable comprehensive management of the treatment process, including effective prediction

and evaluation during treatment. The present treatment model of dual inhibition of oxidative

phosphorylation and glycolysis using this imaging modality can be of great value to facilitate

the development of novel “cancer theranostics” in the future.

Supporting information

S1 Fig. Schematic representation of OXPHOS and the P-L pathway. OXPHOS, oxidative

phosphorylation; LDH, lactate dehydrogenase.

(TIF)

S2 Fig. (A)The cell-energy phenotype of each cancer cell line. The cell-energy phenotype was

generated based on the OCR/ECAR levels. Data are presented as mean ± SD. (B)Metabolic

changes in colorectal and gastric cancer cell lines induced by each inhibitor. Metabolic activity

of each cancer cell line was determined based on the OCR/ECAR levels of Lovo, MKN7,

HC17T, and HG2T cells with or without treatment. Dashed lines connect the baseline activity

(0 min; open symbols) and metabolic activity after treatment (100 min; closed symbols).

IACS-010759 at 2 μM and/or NCI-006 at 5 μM were applied. Data are presented as

mean ± SD. (C)Inhibitor-induced changes in the production source of ATP. The ATP produc-

tion rate index was calculated as the ATP value from OXPHOS divided by the ATP value from

glycolysis. Data are presented as the mean ± SD. OCR, oxygen consumption rate.

(TIF)

S3 Fig. (A)Antitumor effects of NCI-006 and IACS-010759 in colorectal and gastric cancer

cell lines. Colorectal and gastric cancer cells were treated with NCI-006 (1 μM) and/or IACS-

010759 (1 μM) for 48 h, and cell proliferation was assessed. Data are displayed as mean ± SD

(n = 18 for each group; **p< 0.01, two-way ANOVA Tukey test). (B)Antitumor effects of

NCI-006 and IACS-010759 in patient-derived cancer spheroids from colon (HC17T) and gas-

tric cancer (HG2T) cells. HC17T and HG2T cells were treated with NCI-006 (1 μM) and/or

IACS-010759 (1 μM) for 48 h, and cell proliferation was assessed. Data are displayed as

mean ± SD (n = 18 for each group; **p< 0.01, two-way ANOVA Tukey test). HC17T, patient-

derived colon cancer spheroids; HG2T, patient-derived gastric cancer spheroids. (C)Flow

cytometric evaluation of apoptosis in HCT116 cells. The rate of apoptotic cells was evaluated

using Annexin V and propidium iodide staining and compared with vehicle and combined

treatment (1 μM NCI-006 + 1 μM IACS-010759) for 24 h. Data are displayed as mean ± SEM

(n = 3, ** p< 0.01).

(TIF)

S4 Fig. Representative 13C-MR spectra of 1-13C pyruvate and 1-13C lactate detected in an

HCT116 and MKN45 xenograft after hyperpolarized 1-13C pyruvate injection. The results

correspond to Fig 4C.

(TIF)

S1 Table. Culture medium of patient-derived cancer spheroids.

(TIF)
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