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Abstract

Background There is evidence indicating that chemoresistance in tumor cells is mediated by the reconfiguration

of the tricarboxylic acid cycle, leading to heightened mitochondrial activity and oxidative phosphorylation (OXPHOS).
Previously, we have shown that ovarian cancer cells that are resistant to chemotherapy display increased OXPHOS,
mitochondrial function, and metabolic flexibility. To exploit this weakness in chemoresistant ovarian cancer cells, we
examined the effectiveness of the mitochondrial inhibitor CPI-613 in treating preclinical ovarian cancer.

Methods Chemosensitive OVCAR3, and chemoresistant CAOV3 and F2 ovarian cancer cells lines and their xenografts
in nude mice were used. Functional metabolic studies were performed using Seahorse instrument. Metabolite quanti-
fication was performed using LC/MS/MS.

Results Mice treated with CPI-613 exhibited a notable increase in overall survival and a reduction in tumor develop-
ment and burden in OVCAR3, F2, and CAOV3 xenografts. CPI-613 suppressed the activity of pyruvate dehydrogenase
and alpha-ketoglutarate dehydrogenase complex, which are two of its targets. This led to a reduction in OXPHOS

and tricarboxylic acid cycle activity in all 3 xenografts. The addition of CPI-613 enhanced the responsiveness

of chemotherapy in the chemoresistant F2 and CAOV3 tumors, resulting in a notable improvement in survival rates
and a reduction in tumor size as compared to using chemotherapy alone. CPI-613 reduced the chemotherapy-
induced OXPHOS in chemoresistant tumors. The study revealed that the mechanism by which CPI-613 inhibits tumor
growth is through mitochondrial collapse. This is evidenced by an increase in superoxide production within the mito-
chondria, a decrease in ATP generation, and the release of cytochrome C, which triggers mitochondria-induced
apoptosis.

Conclusion Our study demonstrates the translational potential of CPI-613 against chemoresistant ovarian tumors.
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Background

Ovarian cancer ranks as the eighth most common can-
cer among women globally and is the fifth leading cause
of cancer-related fatalities in women [1]. The treatment
for ovarian cancer, specifically high grade serous ovarian
cancer, includes major cytoreductive surgery followed by
standard of care chemotherapy consisting of carboplatin
and paclitaxel or neoadjuvant chemotherapy followed by
cytoreduction and additional chemotherapy, based upon
the patient status [2]. Approximately 75% of patients with
advanced stage disease will recur, either with refractory
chemoresistant tumors or tumors that will eventually
develop chemoresistance [2, 3]. Chemoresistance is a
significant challenge in the treatment of ovarian cancer,
necessitating the development of innovative medicines
to effectively counteract the aggressive growth of tumors
[3-5].

Reprogramming of the metabolism is now a well-
established hallmark of cancers [6], where dysregulated
cellular energetics is a key feature of metabolic rewiring
[7, 8]. Increasing data shows that adapting to aerobic gly-
colysis in cancer cells does not remove the reliance on
oxidative phosphorylation (OXPHOS) [9, 10]. OXPHOS
has been demonstrated to be the primary energy source
for various cancers, with active mitochondria playing
a crucial role in several tumor characteristics, includ-
ing tumor growth, metastasis, recurrence, response and
resistance to drugs and preservation of cancer stem cells
(CSCs) [11-16]. We have previously demonstrated that
ovarian cancer cell lines that are resistant to chemo-
therapy exhibit heightened metabolic activity, displaying
increased OXPHOS through an augmented tricarboxylic
acid (TCA) cycle, when compared to cell lines that are
sensitive to chemotherapy [16]. We have also shown that
when sensitive cells are exposed to chemotherapy, they
shift from using glycolysis to employing OXPHOS, and
this change is associated with their sensitivity [16]. These
studies provide evidence of the connection between
chemoresistance and mitochondrial function. A promis-
ing new approach to therapy is metabolic inhibitors, par-
ticularly those that target mitochondria [17].

We chose the mitochondrial inhibitor CPI-613
(devimistat) to investigate if inhibiting mitochondrial
function can alleviate chemoresistance in ovarian can-
cer models. CPI-613 is a lipoic acid analog that blocks
2 crucial points in the TCA cycle: the pyruvate dehy-
drogenase complex (PDHc), which facilitates the entry
of pyruvate, and the alpha-ketoglutarate dehydrogenase
complex (aKGDC), which facilitates the incorporation of
glutamine into the TCA cycle [18-21]. Preclinical stud-
ies have shown the anti-tumor effect of CPI-613 in lung
[22], ovarian [20], pancreatic [21, 23, 24], head and neck
[25], clear cell sarcoma [26] and colorectal cancers [27],
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attributing the mechanism to be inhibition of both PDH
and aKGDH, culminating in the suppression of the TCA
cycle and mitochondria. CPI-613 has undergone rigor-
ous evaluation in many clinical trials to assess its safety
and effectiveness. Although the initial trials of CPI-613
in combination with chemotherapy showed promise
[19, 28-30], subsequent larger trials in pancreatic cancer
and acute myeloid leukemia failed to deliver the antici-
pated survival benefits [31-33]. Nevertheless, subsequent
analysis of clinical trials demonstrated a statistically sig-
nificant and beneficial rise in a specific group of patients
when the modified FOLFIRINOX regimen was combined
with the treatment for pancreatic cancer and in older
patients acute myeloid leukemia [24, 33]. Therefore, CPI-
613 retains promise, provided that its specific suitability
for certain populations and types of tumors has been
determined.

In this study, we assess and illustrate the effectiveness
of CPI-613 in preclinical models of ovarian cancer that
are sensitive and resistant to chemotherapy. Our findings
indicate that CPI-613 induces apoptosis in tumor cells
via mitochondrial collapse. The research provides com-
pelling data for assessing the effectiveness of CPI-613 in
ovarian cancer patients, namely those who have demon-
strated resistance to chemotherapy.

Methods

Cell lines and reagents

OVCARS3 is a human adenocarcinoma cell line used as a
chemosensitive cell line and CAOV3, F2 human epithe-
lial ovarian cancer cells were used as a resistant model for
the study. CAOV3 and OVCARS cells were purchased
from American Type Culture Collection (ATCC, Manas-
sas, VA), cultured in Dulbecco’s modified Eagles media
(Hyclone), 5% fetal bovine serum (BioAbChem, Ladson,
SC), 4%Insulin-Transferrin-Selenium (Gibco, USA)), 100
U/ml penicillin and 100 U/ml streptomycin (Hyclone),
2 mM L-glutamine, and 1 mM sodium pyruvate. F2
cells transduced to express mCherry (mCherry-F2)
[34, 35] were developed and kindly provided by Dr. Gil
Mor (Wayne State University, Detroit, MI). These cells
were cultured in Roswell Park Memorial Institute base
medium, 10% fetal bovine serum, 1% penicillin-strep-
tomycin, 1% HEPES, 1% minimum essential media with
non-essential amino acids NEAA and 1% sodium pyru-
vate. All cells were cultured at 37°C in a humidified 5%
CO, incubator. CPI-613 (Devimistat) was obtained from
Cornerstone Pharmaceuticals (Cranbury, NJ).

Animal model and experiments

Induction of intra-peritoneal ovarian cancer

Female nude mice of 6-8 weeks were acquired from Jack-
son Laboratory (Bar Harbor, ME) and were maintained
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under standard optimized conditions in the animal facil-
ity at Henry Ford Hospital (Detroit, MI). Prior to the start
of the study, mice were acclimated in house for 1 week.
To induce ovarian cancer, mice were injected intraperi-
toneally (IP) with 5x 10° OVCAR3, F2 and CAOVS3 cells
in 200 ul of phosphate-buffered saline. Body weight and
tumor growth were monitored once a week till the end
of the study as previously reported [36]. Mice were sacri-
ficed when the abdominal circumference reached 8 cm or
when they exhibited partial impaired mobility.

Induction of subcutaneous ovarian cancer

Female nude mice of 6—7 weeks age obtained from Jack-
son Laboratory were acclimatized for 1-2 weeks. To
induce subcutaneous tumors, 2x 10° cells/200 pl F2 cells
were injected subcutaneously into the left flank of each
mouse. When tumors grew an average volume of 100
mm?, mice were randomly grouped into control (vehicle
corn oil) or CPI-613, chemotherapy and chemotherapy
and CPI-613 combination. Tumor volume was calculated

as described previously [37].

Treatments

All treatments were started after 1 week of tumor injec-
tion for IP model. All SC tumors were treated once the
tumor size reached 100mm3. All CPI-613 mice were
injected with 2.5 mg/kg body weight in corn oil for 4
weeks post-tumor injections for 3 days in a week. For
chemotherapy mice received 20 mg/kg body weight of
carboplatin and 50 mg/kg of paclitaxel for 6 cycles, 2
doses a week for 3 weeks.

Survival curve

For estimating overall survival, 7 or 9 mice per group
were injected with respective cells and tumors were
allowed to proceed until the abdominal circumference
reached 8 cm for IP tumors. For the subcutaneous model,
mice were euthanized when the tumors reached a size of
1000 mm?, according to the Henry Ford Health Institu-
tional Animal Care and Use Committee approved end
point. The mice were then humanely euthanized. Survival
curves were generated using Kaplan-Meir analysis using
Prism 10 (GraphPad Software, La Jolla, CA).

In situ fluorescence imaging of tumors

The mCherry fluorescence signals of the tumor were
recorded using the Xenogen IVIS system 2000 series
(Perkin Elmer, Akron, OH). Images were acquired over
a period of 20 min with a 15-second exposure. Living
Image software (Perkin Elmer) was used to read and inte-
grate the total fluorescence signals in each region. Fluo-
rescence measurements were quantified as total photon

Page 3 of 17

flux emission as photons/second in the images acquired
at the same exposure time for the various groups [38].

Alamar blue viability assay

The cytotoxic effects of carboplatin on CAOV3, F2 and
OVCAR3 was performed by treating CAOV3, F2 and
OVCARS3 cells (4000 cells/well) with various doses of car-
boplatin ranging from 5 to 400 um. After 72 h of incu-
bation at 37 °C and 5% CO,, a total volume of 100 pl
working Alamar blue reagent was added to the cultures.
Working concentration was prepared by adding 1:10 of
Alamar blue dye and PBS according to the manufactur-
er’s protocol (BioRad, Hercules, CA). After incubation
for 4 h, absorbance was measured using a SYNERGY H1
Hybrid reader. For estimating growth of various fuels,
cells were plated in Dulbecco’s Modified Eagle Media
containing high pyruvate (1 mM) or low pyruvate (0.1
mM) and high (2.5 mM) or low glutamine (0.5 mM) or
high glucose (2.5 mM) or low glucose (0.5 mM). Alamar
blue assay was performed at 0-72 h of respective media
exposure. The test was run in triplicate and repeated
thrice. The results were expressed as percentage of cell
viability.

Seahorse metabolic analysis

OVCAR3, CaOV3 and F2 cells or single cell suspension
of tumor cells isolated from Caov3 and F2 xenografts
were plated at a density of 7x10* cells/well in cell-Tak
coated XFe 96 cell plates. All cells were checked for via-
bility using live dead staining by flowcytometry before
performing Bioenergetics. The tumor cells from CPI-613
treated and untreated mice were resuspended in 100 pl
of diluted Zombie Yellow™ solution (Thermo Fisher), at
a concentration of 1x10° cells. The cells were then incu-
bated at room temperature, in the dark, for 30 min. Fol-
lowing incubation, they were washed with FACS Buffer
and subsequently analyzed by flow cytometry to assess
cell viability. To create stress conditions in cells, cells were
injected with metabolic inhibitors for both mitochondria
and glycolysis as before [16, 36]. Oxygen consumption
rate (OCR) and extracellular acidification (ECAR) rate
were measured using XFe 96 seahorse bioanalyzer (Agi-
lent Seahorse XF Analyzers, Santa Clara, CA) and ana-
lyzed as describe before [16, 36, 38, 39].

Real-time polymerase chain reaction

RNA extraction was performed as described previously
[39-41]. In brief, RNA was extracted from cultured cells
or tumors of control and CPI-613 treated mice using an
RNA assay kit (Qiagen, Germantown, MD) and quanti-
fied by Qubit Fluorimeter (Thermo Fisher Scientific,
Waltham, MA). The cDNA was synthesized using 1 pg of
total RNA using high quantity cDNA kit in 20 ul reaction
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mixture using CFX BioRad Real-time PCR (polymerase
chain reaction) Detection System. Ribosomal protein L27
was used as a housekeeping gene. All the primers were
purchased from Integrated DNA Technologies (Coral-
ville, IA) and Real time Primers (Melrose Park, PA). All
primers used in the study are detailed in the Supplemen-
tary Material (Table 1).

Western blotting

Western blotting was performed as published before [36,
38]. In brief, after indicated treatments, the total protein
was isolated from tumor cells after lysing cells in a pro-
tein lysis buffer (50 mM Tris-HCI, pH 7.5, 250 mM NaCl,
5 mM EDTA, 50 mM NaF, and 0.5% Nonidet P-40; con-
taining a protease inhibitor cocktail; Sigma-Aldrich, St
Louis, MO), and quantified using BCA (Bicinchononic
acid assay kit; Thermo Fisher). An equal amount of pro-
tein was separated by 4-20% sodium dodecyl sulphate
polyacrylamide gel electrophoresis and transferred onto
the polyvinylidene difluoride membrane and blocked
with 5% skimmed milk. Antibodies used included anti-
DLST, PDHa, cytochrome C, apoptotic protease activat-
ing factor 1 (APAF1), cleaved caspase 3, cleaved caspase
9, cleaved PARP and p-actin. All antibodies were pur-
chased from Cell Signaling Technologies (Danvers, MA)
and were diluted at a ratio of 1:1000 in 5% BSA for pri-
mary antibody incubation.

Immunohistochemistry

Tumor tissue was fixed in 10% formaldehyde for 48 h and
paraffin embedded. Sections were cut and processed for
immunohistochemistry to detect Ki-67. The Ki-67 anti-
body was purchased from Abcam (Cambridge, MA) and
used at a concentration of 1:200. Solutions obtained from
Dako Cytomation (Carpinteria, CA) were used for per-
forming immunostaining, using the Dako Autostainer
Link 48 as described previously [38]. A minimum of 3-6
slides per group and 6-10 fields per slide were evaluated
under a high-power field using Nikon eclipse Ci-S micro-
scope (Melville, NY).

Quantitation of TCA metabolites by LC-MS/MS

The levels of TCA metabolites in tumor cells of untreated,
CPI-613, chemotherapy and chemotherapy and CPI-613
combination mice were quantified by ultrahigh perfor-
mance liquid chromatography-tandem mass spectros-
copy (LC-MS/MS) (Waters, Milford, MA) as described
before [37, 42]. Chemicals and reagents. TCA cycle
standard mix 1 and 2 (cat no. MSK-TCA1 and MSK-TCA
2 A) and its '3C-labeled metabolites were purchased from
Cambridge Isotope Laboratories, Inc. (Tewksbury, MA).
Acetonitrile (HPLC-grade), formic acid, MS-grade water
and methanol were purchased from Sigma-Aldrich.
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TCA metabolites LC-MS method for extraction

and quantification

As per experimental design, all the metabolites were
extracted using 80:20 acetonitrile and water mixture.
TCA standards were reconstituted in (water and acetoni-
trile, 20:80) to prepare 10 mg/ml stock solutions. Linear
standards curve at the range of 5-1000 ng/ml of each ana-
lyte (citric acid, aconitase, iso-citric acid, a-ketoglutaric
acid, itaconate, a-ketoglutarate, succinic acid, fumarate,
and malic acid) was produced from stock solutions in
the relevant matrix. Each standard (100 ul) was mixed
to obtain a 7-point standard calibration curve within a
range of 5-1000 ng/ml. Each internal standard (10 pg/ml)
(isotope-labelled TCA mixtures standards mix Sets 1 and
2 A) were spiked into all samples as an internal standard
(final concentration) to allow quantification based on the
ratio of the internal standard to each intermediate peak.
Approximately, 3 million cells were rapidly rinsed by 2
mL of 37 °C deionized water to the cell surface. Cells were
collected in 2-ml tubes after washing, followed by add-
ing 500 uL of extraction solution (acetonitrile and water
[80:20]) and stored at -80 °C for further processing. 10
uL of each isotope-labeled TCA mixtures standards mix
(Sets 1 and 2 A) was added as an internal standard fol-
lowed by vortex to mix. Three cycles of extraction were
carried out by vertexing for 1 min followed by sonicat-
ing for 1 min (each). After sonication, samples were kept
at -20 °C for protein precipitation, followed by centrifu-
gation at 15,000 rpm for 20 min at 4 °C. Supernatants
were loaded into pre-conditioned Phenomenex Strata
XL-100 60 mg/3 ml cartridges (Torrance, CA) and passed
through it using positive pressure manifold (Agilent
Technologies). Flow through was collected subsequently
and 100 pL of filtrate was mixed with 100 uL of water for
the LC-MS/MS system. The TCA cycle and its intermedi-
ate metabolites were identified and quantified based on
retention time and m/z match to injections of authentic
standards, retention time and accuracy bases and were
quantified using internal standard area for the respective
metabolites. Phenomenex Luna-NH2, 2.0x150 mm, 3
pum column was used to achieve an optimal separation of
all TCA intermediates. The flow rate of 0.25 ml/min was
used with a mobile phase A (10 mM NH,OAc buffer at
pH 9.8) and mobile phase B (acetonitrile). Column tem-
perature was optimized at 25 °C for the best chromato-
graphic separation. The metabolites were eluted from the
column at a flow rate of 0.25 ml/min using a gradient sys-
tem (mobile phase B): 80% (0.01-0.5 min), 80—-20% (0.5—
18.0 min), 20% (18.0-19.5 min), 20 — 80% (19.5—22 min),
and re-equilibration (22-25 min). TCA cycle intermedi-
ates were monitored using negative MRM (multi reaction
monitoring) polarity. Identification was achieved based
on retention time and MS/MS ion conformation. Seven
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calibration standards ranging from 5 to 1000 ng/ml
were subjected to the full extraction procedure 3 times
before analysis. The mean correlation coefficients of each
metabolite were linear r2 >0.99 and were obtained (n=3)
from 5 to 1000 ng/ml. The calibration curve, prepared in
a control matrix, was constructed using peak area ratios
of the calibration samples by applying a one/concentra-
tion weighting (1/x) linear regression model. All quality
control sample concentrations were then calculated from
their PARs against the calibration curve. The param-
eters for triple quadrupole detector mass spectrometry
equipped with an electrospray ionization probe: Capil-
lary, voltage, 3.5 kV for negative mode: Source tempera-
ture 120 °C: Desolvation temp: 450 °C; Cone gas flow: 150
L/h: Desolvation gas flow:1000 L/Hr Collision gas flow:
0.25 mL/min and nebulizer gas flow: 7 Bar.

Data analysis

Mass spectrometric data was acquired by MassLynx
v4.2software (Waters, Milford, MA. Target Lynx software
was used for preparing the calibration curve and absolute
quantitation of all TCA metabolites in the samples. Ana-
lyte concentrations were calculated using a 1/x weighted
linear regression analysis of the standard curve.

Mitochondrial dysfunction detection

Mitochondrial membrane potential

Single cell suspension of the xenografts was prepared
using Accutase (Innovative Cell Technologies, San Diego,
CA). Tumor cells were labeled with Ep-CAM (APC/
Cyanine7 anti-mouse CD326 Antibody, BioLegend, San
Diego, CA) for identification. MitoProbe TMRM (tetra-
methylrhodamine methyl ester) kit for flow cytometry
(Invitrogen, # M20036) was used as per manufacturer’s
instructions to measure the membrane potential. Attune
NXT flow cytometer (Thermo Fisher Scientific, Waltham,
MA) set to excite and emit light at 488/575 nm was used
for measurements.

Mitochondrial superoxide detection

Single cell suspension of the xenografts was prepared
using Accutase (Innovative Cell Technologies). Tumor
cells were labeled with Ep-CAM as above for identifica-
tion and treated with MitoSOX red dye (Thermo Fisher)
for 15 min, washed 3 times, and then analyzed using an
Attune NXT flow cytometer with excitation and emis-
sion wavelengths of about 396/610 nm. For microscopic
detection, cells were treated with CPI-613 at a con-
centration of 100 pM for 48 h. Subsequently, 5 uM of
the fluorogenic dye MitoSOX Red was applied to the
cells on coverslips to measure mitochondrial superox-
ide levels, and the cells were incubated for 15 min. The
cells were then washed and counterstained with DAPI
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(4’ ,6-diamidino-2-phenylindole) for imaging. Intensity of
MitoSOX positive cells were measured using Nikon NIS
Imaging software (Melville, NY).

Measurement of lipid peroxidation

Lipid peroxidation was measured by detection of malon-
dialdehyde in the tumor lysates using Lipid Peroxida-
tion kit (AbCaM, #ab118970) as per the manufacturer’s
instructions.

Mitochondrial metabolism array

A human mitochondrial energy metabolism PCR array
(Qiagen RT2 Profiler PCR Arrays, PAHS-008YA) was
performed from cDNA synthesized from 1 pg of total
RNA from the tumors of control and CPI-613 treated
mice. This library profiles 84 genes involved in mitochon-
drial energy metabolism. The quantitative expression of
the gene was calculated from the cycle threshold value of
each sample and was normalized using the housekeeping
genes by using online PCR quantification software pro-
vided by the manufacturer [43].

Statistical analysis

An unpaired t-test or one-way analysis of variance was
used where appropriate. Kaplan Meier analysis was used
to determine the survival curve. The significance of sur-
vival curves was estimated by using the Gehan Breslow-
Wilcox test and the Mantel-Cox tests. All analyses were
carried out using Prism 10 (GraphPad Software, La
Jolla, CA).

Results

Chemoresistant ovarian cancer cells are dependent

on OXPHOS

We have previously shown that chemoresistant ovarian
cancer cells are metabolically energetic with increased
OXPHOS [16]. To confirm our previous observations,
we performed carboplatin sensitivity and bioenergetic
profiling of chemosensitive (OVCAR3) and chemoresist-
ant (F2 and CAOV3) cell lines. F2 and CAOV3 exhib-
ited resistance to carboplatin (Fig. 1A), an increased
oxygen consumption rate with differential ECAR com-
pared to chemosensitive OVCAR3 (Fig. 1B), confirm-
ing our previous observations [16] of chemoresistance
correlating with increased OXPHOS and a highly meta-
bolically active phenotype (Fig. 1F). Next, we compared
the dependency of sensitive and resistant cell lines on
pyruvate and glutamine, the two major fuels for main-
taining an upregulated TCA cycle [44, 45]. Sensitive
OVCAR3 cells showed no effect on growth when glu-
tamine was reduced (Fig. 1G and J). Inhibition in growth
was observed when pyruvate was reduced in media,
indicating that the TCA cycle is maintained probably
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by pyruvate influx rather than glutamine, which may be
generated by lactate from glycolysis, and is important for
growth. Overall, this indicates that if glucose is present as
a carbon source, OVCAR3 cells can survive and grow. In
contrast, both resistant cell lines F2 and CaOV3 showed
reduced proliferation under low glutamine or pyruvate
conditions (Fig. 1H, I, K, and L), despite glucose being
present in the media. Interestingly growth was more
dependent on glutamine compared to pyruvate in both
F2 and CaOV3 cell lines (Fig. 1K and L). This indicates
that the increased TCA cycle is being sustained both by
pyruvate and glutamine, especially glutamine. This was
also confirmed by modulating glucose levels, where we
observed OVCARS3 cells to be most sensitive and unable
to survive in low glucose (Fig. S1A, D). While CaOV3 and
F2 were less sensitive to glucose deprivation (Fig. S1B-
D). Further, we assessed the expression of key enzymes
PDHc and aKGDC that facilitate the entry of pyruvate
and glutamine into the TCA cycle respectively. Both F2
and CaOV3 cells showed increased mRNA expression
of DLST (dihydrolipoamide S-succinyltransferase), the
E2 transferase subunit of aKGDC [46] and PDH subu-
nits; PDHla and PDH1b [47] compared to OVCAR3
(Fig. 1M). Higher expression of DLST and PDHla was
further validated at the protein level in the resistant cell
lines (Fig. 1P). Thus, chemoresistant metabolically active
ovarian cancer cells upregulate the 2 key nodes of TCA
cycle to maintain a high OXPHOS via upregulation of
TCA cycle.

CPI-613 inhibits growth and improves overall survival

in ovarian cancer xenografts

Because of the increased TCA cycle, OXPHOS and
dependency on pyruvate and glutamine, we selected
CPI-613, an inhibitor of the TCA cycle that inhibits the

(See figure on next page.)
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2 key nodes of TCA cycle: PDHc and aKGDC [18, 21,
24]. We evaluated the efficacy of CPI-613 in the sensitive
OVCAR3 and resistant F2 and CAOV3 IP xenografts as
detailed in the Methods section. Overall survival was sig-
nificantly improved in all 3 models by CPI-613 as seen by
an increase in survival by 11 days in OVCARS3, 12 days
in CAOV3 and most profoundly by 18 days in F2 bear-
ing xenograft mice, the most resistant and aggressive cell
line (Fig. 2A, C, and E). The increase in survival was sup-
ported by the reduction in tumor weights (Fig. 2B, D, and
F). Histological analysis of the Ki-67 stained tumor tis-
sue indicated CPI-613 significantly reduced the number
of proliferating tumor cells compared to vehicle treated
xenografts in all 3 models (Fig. 2G-L). Thus, CPI-613 is
effective in inhibiting both chemotherapy sensitive and
resistant ovarian tumors.

CPI-613 inhibits TCA cycle in ovarian cancer xenografts

To validate that CPI-613 can inhibit the TCA cycle and
modulates the energy metabolism of the xenografts, we
determined the level of TCA cycle enzymes and mito-
chondrial activity in CPI-613 treated xenografts. CPI-613
treated tumors from OVCAR3, CaOV3 and F2 xenografts
showed a significant decrease in the mRNA expression of
its target enzymes; aKGDC subunits: DLST, DLD (dihy-
drolipoamide dehydrogenase), and OGDH (oxoglutarate
dehydrogenase) and both the PDHc subunits: PDH1a and
PDH1b (Fig. 3A). This was also confirmed by decreased
protein expression of DLST and PDHIla in the tumors
treated with CPI-613 (Fig. 3D).

Bioenergetic analysis by Seahorse bioanalyzer of the
single cell suspensions of the extracted tumors showed
that CPI-613 completely suppressed basal and stressed
oxygen consumption rate, compared to vehicle treated
tumors, indicating a collapse of energy production by

Fig. 1 Chemoresistant ovarian cancer cells are dependent on oxidative phosphorylation. A OVCAR3, Caov3 and F2 cells (4000 cells/well

in triplicates) were plated in 96 well plates and treated with indicated concentrations of carboplatin and 72 h later, cell viability was assessed using
the Alamar blue viability assay. ***p<0.001 F2 and CAov3 compared to OVCAR3. OVCAR3, Caov3 and F2 cells (70,000 cells/well in triplicates) were
subjected to real-time XFe Seahorse analysis for bioenergetics profiling. B Oxygen consumption rate (OCR) an indicator for mitochondrial respiration
was assessed with port injections of (1) oligomycin, (2) FCCP (Carbony! cyanide-p-trifluoromethoxyphenylhydrazone), and a combination of (3)
rotenone and antimycin. C The bar graph represents basal and stressed OCR and ECAR (n=3). *p<0.05, ***»<0.001 F2 and CaoV3 compared

to OVCARS (D) Extracellular acidification rate (ECAR), an indicator of glycolysis, was measured with port injections of (1) glucose, (2) oligomycin,
and (3) 2-DG (2-deoxyglucose). E The bar graph represents basal and stressed OCR and ECAR (n=3). NS=non-significant, CaOV3 compared

to OVCARS; *p<0.05, F2 compared to OVCAR3 (F) The ratio of basal OCR and ECAR was plotted to ascertain the metabolic phenotype of the cells
as per XFe Seahorse analysis. G, H, | OVCAR3, CaOV3 and F2 cells (2000 cells/well in triplicates) were plated in 96 well plates and subjected

to growth conditions of media containing high pyruvate (1 mM) or low pyruvate (0.1 mM) and high (2.5 mM) or low glutamine (0.5 mM). Cell
viability was examined by Alamar blue assay at 0-72 h of respective media exposure. The test was repeated thrice. J, K, L The bar graph represents
the final cell viability at 72 h of various media exposure. Ns=non-significant, *p<0.05, *p<0.01, ***p<0.001. M, N, O mRNA isolated from all 3

cell lines were subjected to RT-PCR to measure the expression levels of (M) DLST; dihydrolipoamide S-succinyltransferase (N) PDH1a; pyruvate
dehydrogenase E1 subunit alpha 1 and (O) PDHb; pyruvate dehydrogenase E1 subunit beta *p<0.05, **p<0.01, ***p<0.001. P Representative
immunoblots showing expression of DLST, PDH1a and beta-actin. Q, R Bar plots show normalized densitometry analysis from 3 individual blots.

*£<0.05, **p<0.01, **p<0.001
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Fig. 1 (Seelegend on previous page.)

the mitochondria (Fig. 3H). No significant change was
seen in the ECAR at the baseline or stressed conditions,
suggesting that glycolysis was not impacted by CPI-613
(Fig. S2A-F). Since the decrease in OXPHOS was signifi-
cant, the viability of the cell was checked by flow cytom-
etry (Fig. S2G-I). To further confirm that TCA cycle is

impacted by CPI-613, we quantified key TCA metabo-
lites by LC-MS/MS-based analysis [37, 42]. While the
levels of key metabolites detected varied between the
tumors, there was consistent decrease in levels of aKG
(alpha-ketoglutarate) and succinic acid in all 3 tumors,
indicating a strong suppression of aKGDC and entry of
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Fig. 2 CPI-613 inhibits growth and improves overall survival in ovarian cancer xenografts. A OVCAR3, (C) CaOV3 and (E) F2 intraperitoneal
xenografts (n=8) were treated with 2.5 mg/kg body weight of CPI-613 thrice a week in corn oil and observed for survival as described

in the Methods section. Control groups were treated with corn oil alone. The significance of the Kaplan Meier graph was estimated

by Gehan-Breslow-Wilcoxon test. MS =median survival in days. Bar graph shows average tumor weights isolated from the (B) OVCAR3, (D) CaOV3
and (F) F2 mouse models (n=8). Representative immunohistochemistry images (400x) showing Ki67 stain in (G) OVCAR3, (H) CaOV3 and (I) F2
xenografts. J, K, L Bar graphs show the Ki-index calculated from n=5 images per group at high-power field (HPF). *p<0.05, **p<0.01, ***p <0.001

untreated control (C) compared to CPI-613

glutamine into the TCA cycle (Fig. 3K). Citrate levels
were not altered between control and CPI-613 treated
F2 and OVCARS3 tumors, while CAOV3 tumors in the
CPI-613 group had increased citric acid levels, suggest-
ing a variable impact on PDHc and pyruvate entry into
the TCA cycle (Fig. 3K) or presence of an alternate fuel
source. Fumarate and malate levels were also signifi-
cantly increased in CPI-613 treated OVCAR3, CAOV3
and F2 tumors, suggesting synthesis of key metabolites
even if the aKG to succinate step is blocked via alternate

pathways. Thus, CPI-613 inhibits TCA cycle/mitochon-
drial respiration and modulates energy metabolism in
both sensitive and resistant ovarian tumors.

CPI-613 restores chemosentsitivity in chemoresistant ovarian
xenografts

To determine if CPI-613 can specifically enhance chemo-
therapy efficacy in the chemoresistant ovarian tumors,
we tested the combination of CPI-613 and chemother-
apy in the chemoresistant CaOV3 and mCherry-F2 IP
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Fig. 3 CPI-613 inhibits TCA cycle in ovarian cancer xenografts. Pooled tumor tissue (n=4) was used to isolate mRNA from (A) OVCAR3, (B)

CaOV3 and (€) F2 xenografts and subjected to quantitative polymerase chain reaction to estimate the expression levels of dihydrolipoamide
dehydrogenase (DLD), oxoglutarate dehydrogenase (OGDH), dihydrolipoamide S-succinyltransferase (DLST), pyruvate dehydrogenase E1 subunit
alpha 1 (PDH1a) and pyruvate dehydrogenase E1 subunit beta (PDHb). D Representative immunoblots showing expression of DLST, PDH1a

and beta-actin in proteins isolated from 3 individual mouse tumor tissue of OVCAR3, CaOV3 and F2 xenografts. E, F, G Bar plots show normalized
densitometry analysis from 2 individual blots from each cell line. H-J Single cell suspension was prepared from freshly isolated xenografts (n=3),
cells were pooled to plate 70,000 cells/well in triplicates and subjected to real-time XFe Seahorse analysis for bioenergetics profiling. Oxygen
consumption rate (OCR), an indicator for mitochondrial respiration, was assessed at the basal and stressed conditions with port injections of (1)
oligomycin, (2) FCCP (Carbony! cyanide-p-trifluoromethoxyphenylhydrazone), and a combination of (3) rotenone-antimycin in xenografts from (H)
OVCAR3, (I) CaOV3 and (J) F2. The bar graph represents basal and stressed OCR. K-M Targeted analysis of the TCA cycle metabolites was performed
to assess the levels of various metabolites in pooled xenografts (n=3) in triplicates from (K) OVCAR3, (L) CaOV3 and (M) F2. The schematic figure
represents a simplified version of the TCA cycle. NS=non-significant, *p<0.05, **p<0.01, **p<0.001 untreated control (C) compared to CPI-613

xenograft models. Chemotherapy alone improved sur-
vival by only 6 days in the CaOV3 xenografts, while a
combination of chemotherapy and CPI-613 resulted in

a more than 20-day increase with a profound decrease
observed in the tumor weights (Fig. S3A, B). In mCherry-
F2 IP model, chemotherapy alone improved survival by
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only 4 days in contrast to CPI-613, while the combination
with CPI-613, survival was improved by approximately
30 days (Fig. 4A). The survival improvements were
reflected in the tumor burden as assessed by final tumor
end weights (Fig. 4B) and in situ imaging of mCherry in
the F2 tumors at 5 weeks post-tumor injections (Fig. 4C
and D). To further test the efficacy of the combination
treatment, subcutaneous F2 xenografts were allowed to
grow to a volume of approximate 100mm?, prior to ran-
domizing and starting treatments. While chemotherapy
alone showed minimal abatement in the tumor growth,
both CPI-613 alone and CPI-613 and chemotherapy
combination groups showed a significant decrease in
tumor growth (Fig. 4E) and tumor weight (Fig. 4F). This
translated to an enhanced overall survival of the combi-
nation group (Fig. 4G), when compared to chemotherapy
alone group, as well as CPI-613 alone group. Survival in
the combination group was improved by 31 days com-
pared to chemotherapy alone and by 14 days compared
to CPI-613 alone (Fig. 4G). The impressive inhibition
in tumor growth was mirrored in the in-situ imaging of
the mCherry in the F2 tumors at 5-weeks post-therapy
(Fig. 4H and I). Apoptotic cell death was confirmed by
increase in expression of cleaved caspase 3 (Fig. S3C).
Thus, CPI-613 alone is effective against aggressive chem-
oresistant ovarian tumors and can also enhance the effi-
cacy of chemotherapy against chemoresistant ovarian
tumors.

CPI-613 reverses the chemotherapy induced metabolic

reprogramming in chemoresistant ovarian xenografts

We and others have previously demonstrated that plati-
num chemotherapy can induce mitochondrial res-
piration, a highly active metabolic phenotype and is
associated with development of chemotherapy resistance
[16, 48, 49]. Seahorse bioanalyzer profiling of the fresh
single cell suspension of the xenografts isolated from
F2 and CaOV3 treated tumors showed that chemother-
apy treated tumors had increased OCR in both models
(Fig. 5A, B, F, and G), while ECAR was increased in F2

(See figure on next page.)
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tumors (Fig. S4). CPI-613 effectively inhibited the chem-
otherapy induced bioenergetic increases of both OCR
(Fig. 5A, B, F, G) and ECAR (Fig. S4), indicating its ability
to reverse the chemotherapy induced bioenergetic adap-
tations in ovarian tumors. Measurement of the TCA cycle
metabolites showed that chemotherapy did not affect the
key downstream metabolites of aKDGC; aKG and suc-
cinate in both CaOV3 (Fig. 5D and E) and F2 (Fig. 5I and
J) tumors. Similarly, acetyl coenzyme A (acetyl-CoA), the
downstream metabolite of PDHc, was not impacted by
chemotherapy but surprisingly increased by CPI-613 in
both tumor models (Fig. 5C and H), indicating a source
other than pyruvate contributing to acetyl-CoA synthesis
as a compensatory mechanism [50]. Overall, CPI-613 can
inhibit chemotherapy induced mitochondrial respiration
and TCA cycle reprograming.

CPI-613 causes mitochondrial collapse in chemoresistant
ovarian xenografts

Since we observed a drastic decrease in OXPHOS in
response to CPI-613, we postulated that CPI-613 may
be causing a complete mitochondrial collapse. Sin-
gle cell suspension from xenografts were measured
for mitochondrial dysfunction. We first measured the
mitochondrial membrane potential as it represents the
electrochemical gradient between the interior and exte-
rior of the mitochondria and is a sign of healthy mito-
chondria and cells [16, 51]. Ep-CAM positive tumor
cells from CPI-613 treated CaOV3 and F2 xenografts
showed significant decrease in TMRE florescence indi-
cating mitochondrial membrane depolarization (Fig. 6A
and E-G), which was further supported by decreased
ATP levels (Fig. 6D and H). Another marker of mito-
chondrial dysfunction is the generation of superoxide, a
toxic product that results in accumulated oxidative dam-
age indicated by lipid peroxides or modified DNA bases
[52, 53]. Using MitoSox red mitochondrial superoxide
indicator, we observed an increase in the fluorescent dye
in Ep-CAM positive tumor cells from CPI-613 treated
CaOV3 (Fig. 6I) and F2 (Fig. 6L) xenografts, indicating

Fig. 4 CPI-613 restores chemosensitivity in chemoresistant ovarian xenografts. A mCherry-F2 intraperitoneal xenografts (n=8) were treated

with CPI-613 alone, chemotherapy (Chemo) alone and a combination of both (CPI-613 +Chemo) and observed for survival as described

in the Methods section. The significance of the Kaplan Meier graph was estimated by Gehan-Breslow-Wilcoxon test. B Bar graph showing isolated
average tumor weights. C Representative mCherry bioluminescence pictures indicative of tumor burden. D Quantification of the fluorescence
signals was done by measuring total photon flux emission/second at the same exposure time for the various groups. mCherry-F2 subcutaneous
xenografts (n=7) were allowed to grow to an average size of 100 mm? before treating with CPI-613 alone, chemotherapy (Chemo) alone

and a combination of both (CPI-613 + Chemo). E Trajectory of tumor growth as represented by measurement of tumor volume. F Bar graph
showing isolated average tumor weights at the end of the study. G Kaplan Meier graph representing the survival of mice. The significance

of the Kaplan Meier graph was estimated by Gehan-Breslow-Wilcoxon test. H Quantification of the fluorescence signals was done by measuring
total photon flux emission/second at the same exposure time for the various groups shown as representative mCherry bioluminescence pictures
indicative of tumor burden I. *p<0.05, **p <0.01, ***p<0.001 comparisons as indicated
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the presence of increased oxidation products. This was
further supported by an increased lipid peroxidation as
seen by increased levels of malondialdehyde (MDA) [53],
in both xenografts (Fig. 6K, N). Microscopic analysis of
the ovarian cancer cells stained by MitoSox also validated
the increased fluorescence and presence of superoxide in
response to CPI-613 (Fig. 60-P, Q-R). Since, OVCAR3
xenografts showed similar tumor inhibition in response
to CPI-613 (Fig. 2A), we investigated if CPI-6143 causes
similar mitochondrial collapse. We observed no change
in in TMRE florescence (Fig. S5A-C), while ATP lev-
els (Fig. S5D) and Mitosox (Fig. S5E, F) were increased.
However, cleaved caspase 3 was increased (Fig. S5QG)
indicating apoptotic cell death in response to CPI-613.

Using mRNA isolated from CPI-613 treated and
untreated xenografts, we performed a mitochondrial
metabolism PCR array that measured 84 genes crucial for
mitochondria metabolism and respiration. We observed
that in CPI-613 treated xenografts, majority of the gene
expression was downregulated compared to control
CaOV3 and F2 tumors (Fig. S6). Interestingly, while
many similar mitochondrial genes were inhibited in both
the xenograft models, the extent of gene expression inhi-
bition between the 2 xenografts was differed (Fig. S6).

Mitochondrial damage can induce apoptosis by release
of pro-apoptotic proteins into the cytoplasm, resulting in
mitochondrial mediated apoptosis [54]. CPI-613 treated
xenografts showed increased apoptosome proteins [55]:
cytochrome C, APAF1 and caspase 9 (Fig. 6S), in contrast
to untreated control xenografts. The apoptosome forma-
tion in response to CPI-613 resulted in final activation
of caspase 3 and cell death as observed by an increase
in expression of cleaved caspase 3 and PARP (Fig. 6S-
U), indicating apoptosis in both F2 and CAOV3 tumors.
Thus CPI-613 has the potential to induce mitochondria
collapse and the ensuing mitochondrial mediated apop-
tosis in chemoresistant ovarian tumors.

Discussion

Ever since metabolic reprogramming was identified as a
characteristic of cancer, the importance of mitochondrial
metabolism in driving tumor development, tumor metas-
tasis, chemotherapy resistance, and radiation resistance

(See figure on next page.)
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has taken center stage [56]. Previous studies, including
our own, have shown that abnormal mitochondria, spe-
cifically an overactive TCA cycle, play a significant role
in providing metabolic advantages to ovarian cancer cells
[14-16]. This metabolic advantage promotes aggres-
sive growth, helps the cells evade therapy, and maintains
their CSC-like behavior. However, the capacity of CPI-
613 to target chemoreistsant cancer cells has not been
tested, despite the association of increased mitochondrial
activity and chemoreosstncae. Our study offers a novel
and significant perspective by being the first to demon-
strate the efficacy of CPI-613 in targeting chemoresistant
tumors via targeting of metabolic reprogramming, spe-
cifically by inhibiting OXPHOS in ovarian tumors. These
findings suggest that targeting mitochondrial function
could be a potential strategy for inhibiting ovarian cancer.

In our current study, we provide evidence of the sub-
stantial effectiveness of CPI-613, a lipoate analog that
inhibits both PDHc and aKGDC of the TCA cycle, in
combating chemoresistant ovarian cancer xenografts.
Our initial findings confirmed our previous observation
that the chemoresistant ovarian cancer cell lines CaOV3
and F2 are metabolically active, utilizing both glycoly-
sis and higher OXPHOS [16]. This metabolic activity is
associated with their reliance on TCA fuels, specifically
pyruvate and glutamine, even in the presence of glucose.
Additionally, these cell lines showed increased expres-
sion of PDHc and aKGDC subunits, in contrast to the
chemosensitive OVCAR3 cell line. CPI-613 effectively
suppressed the growth of OVCAR3, CaOV3, and F2
xenografts, leading to enhanced overall survival. Nota-
bly, it had the most pronounced impact on the F2 cell
line, which is characterized by higher aggressiveness
and resistance to chemotherapy. Significantly, CPI-613
enhanced the effectiveness of chemotherapy in both the
xenografts that were resistant to treatment. The data
indicate that CPI-613 has potential as an anti-tumor
agent, particularly against chemoresistant ovarian cancer.
A recent study showcased the efficacy of CPI-613 in spe-
cifically targeting CSCs derived from the ovarian cancer
cell lines and xenografts [20]. It also exhibited the poten-
tial of CPI-613 to limit the enrichment of CSCs caused
by chemotherapy and PARPi. CSCs in ovarian and other

Fig. 5 CPI-613 reverses the chemotherapy induced metabolic reprogramming in chemoresistant ovarian xenografts. Single cell suspension

was prepared from freshly isolated (A) CaOV3 and (F) F2 xenografts (n=3), cells were pooled to plate 70,000 cells/well in triplicates and subjected
to real-time XFe Seahorse analysis for bioenergetics profiling. Oxygen consumption rate (OCR), an indicator for mitochondrial respiration,

was assessed with port injections of (1) oligomycin, (2) FCCP, and a combination of (3) rotenone-antimycin. B, G The bar graph represents basal
and stressed OCR. Targeted analysis of the TCA cycle metabolites was performed to assess the levels of various metabolites in pooled xenografts
(n=3) in triplicates. Key metabolites are shown as (C, H) acetyl CoA, (D, I) alpha- ketoglutarate (aKG), and (E, J) succinate. *p<0.05, **p<0.01,

***p<0.001 comparisons as indicated
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Fig. 6 CPI-613 causes mitochondrial collapse in chemoresistant ovarian xenografts. A & E Single cell suspensions were prepared from freshly

isolated xenografts (n=3), cells were pooled and cells in triplicates were labeled with epithelial cell marker Ep-CAM antibody and Mitoprobe TMRM
(tetramethylrhodamine methyl ester) and mitochondria membrane potential was measured using flow cytometry. Representative flow cytometry
pictures of Ep-CAM positive cells displaying TMRM fluorescence in (A) CaOV3 and (E) F2 xenografts. B, F Representative histograms showing

the shift of polarization in cells from both xenografts. C, G Quantification of the Ep-CAM positive cells with TMRM measured by flow cytometry. ATP

levels were measured as per manufacturer’s instructions in single cell suspensions from (D) CaOV3 and (H) F2 xenografts. Mitosox Red was used

to measure the mitochondria superoxide in single cell suspensions from (I, J) CaOV3 and (L, M) F2 xenografts in Ep-CAM positive cells by flow
cytometry. Bar graphs represent the quantification of the Mitosox Red signal. Lipid peroxidation was measured by measuring the malondialdehyde
(MDA) in single cell suspensions from (K) CaOV3 and (N) F2 xenografts by ELISA. Caov3 cells (0) and (Q) F2 cells were plated on coverslips

and treated with CPI-613 (100 uM) for 48 h and then stained with Mitosox Red and counterstained with DAPI. Representative fluorescence images
are shown (400x magnification). P, R Bar graphs show quantification of the fluorescence intensity measured in 400x objective field from 3 slides

per treatment. S Representative immunoblots showing expression of cytochrome C, APAF1 (apoptotic protease activating factor-1), cleaved
caspase 3 (cleaved C3), cleaved caspase 9 (cleaved C9), cleaved PARP and beta-actin in proteins isolated from 3 individual mouse tumor tissue

of CaOV3 and F2 xenografts. (T, U) Bar plots show normalized densitometry analysis from 2 individual blots from each xenograft. *p<0.05, **p<0.01,

***p<0.001 comparisons as indicated

malignancies are responsible for the development of
recurrent and chemoresistant disease [34, 48]. Multiple
studies have demonstrated that CSCs rely on metabolic
flexibility for their survival and prefer OXPHOS [34,
48]. A recent publication, which has not undergone peer
review, provides evidence of the efficacy of CPI-613 in
specifically targeting pancreatic cancer CSCs [57]. There-
fore, our finding that the CSC enriched F2 cell is highly
affected by CPI-613 aligns with these reports. Neverthe-
less, we observe a suppression of tumor growth in the

xenografts, irrespective of CSCs, leading to an enhance-
ment in survival rates.

Preclinical studies in several types of tumors have veri-
fied that the primary mechanism of CPI-613 is the inhibi-
tion of PDHc and aKGDC, resulting in the inhibition of
the TCA cycle, which affects mitochondrial activity and
leads to the death of tumor cells. CPI-613 has the abil-
ity to alter lipid metabolism in pancreatic cancer, which
triggers AMPK-ACC signaling [23]. This signaling path-
way ultimately leads to apoptosis and autophagy [23]. In
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colorectal cancer, CPI-613 causes cell cycle arrest and
apoptosis mediated by Bcl2-like protein 11, Bim [27].
Both investigations also indicated a reduction in mito-
chondrial activity and the production of reactive oxygen
species [23]. Our study also confirms the inhibition of
PDHc and aKGDC leading to TCA cycle inhibition and
decreased mitochondrial respiration.

Interesting observations were seen when TCA metab-
olites were measured in xenografts in response to CPI-
613. The most consistent was the almost absence of aKG
and succinate, indicating a significant impact of CPI-
613 on aKGDC inhibition, which would block conver-
sion of aKG to succinyl-CoA leading to succinate [50].
The decrease in aKG suggests that CPI-613 is also able
to block glutamine-glutamate-aKG analplerosis [58] into
the TCA cycle, but we did not observe any change in the
levels of glutamate in the tumor cell (Fig. S7). Alternately,
it may indicate an increase in reductive carboxylation
of aKG to citrate [58], as citrate levels were unchanged
in OVCAR3 and F2 but increased in CaOV3 tumors.
The increase in this metabolic route is supported by the
increase seen in other metabolites like itaconate from
isocitrate [56] and an unexpected increase in acetyl-CoA
(Fig. S7) in CaOV3 and F2 tumors, which was predicted
to decreased in response to PDHc inhibition by CPI-613.
An increase in acetyl CoA may also reflect the compensa-
tory increase in use of fatty acid reserves [50, 58] by the
cancer cells to maintain the TCA cycle for survival. While
itaconate is a well-known anti-inflammatory and immu-
nomodulator metabolite [25], its role in tumor biology
is controversial [59, 60]. On the other hand, acetyl-CoA
has been shown to mainly promote tumor growth due to
its multiple functions as fuel and transcriptional regula-
tion by chromatin remodeling [61]. Another interesting
metabolite change observed was an increase in fumarate,
primarily considered an oncometabolite [62], despite the
block in succinate synthesis. These data indicate that the
intricate overlapping metabolic routes come into play on
inhibition of the TCA cycle by CPI-613, perhaps as an
attempt to maintain the energy metabolism and survival
of the cancer cells. These observations also exhibit the
diverse response of each cell type/xenograft in response
to the metabolic inhibitor CPI-613, underlining the exist-
ence of heterogeneity.

Nevertheless, the significant reduction in OXPHOS
and the severe decrease of key TCA cycle metabolites
observed in both chemoresistant ovarian tumor cells
and those treated with chemotherapy and/or CPI-613,
indicates a substantial decline in mitochondrial activity.
We verified this by identifying reduction in mitochon-
drial membrane potential, accompanied by a fall in ATP
levels. Additionally, we saw an increase in mitochon-
drial superoxide production, which correlated with lipid
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peroxidation. Furthermore, there was a decrease in the
expression of almost all genes associated with mitochon-
drial energy and metabolism. This indicates a total break-
down of mitochondria, which resulted in apoptosis. Our
observations confirm the induction of the mitochondrial
mediated apoptotic cascade, as evidenced by the increase
in apoptosome levels and the activation of caspase 3,
leading to PARP cleavage.

Conclusions

Our findings collectively demonstrate that CPI-613
treatment induces cell death by targeting mitochondrial
metabolism. This treatment leads to a loss of mitochon-
drial membrane potential, increased mitochondrial
reactive oxygen species (ROS), and the release of pro-
apoptotic proteins into the cytoplasm, ultimately result-
ing in mitochondrial-mediated apoptosis. We propose
that combining CPI-613 with classical cytotoxic drugs
may offer a complementary approach to overcome chem-
oresistance. Although the recent performance of CPI-613
in clinical trials has been disappointing, recent post hoc
analysis of trials indicate that select patient populations
may be able to benefit from CPI-613. A post-hoc analy-
sis of the acute myeloid leukemia clinical trial indicates
a trend of dose response in older patients in contrast to
younger patients [33]. This is pertinent to ovarian can-
cer as it primarily effects elderly women and for whom
age constitutes a substantial risk factor [1, 63]. Therefore,
CPI-613 exhibits considerable promise as a pharmaceu-
tical candidate deserving of additional investigations,
whether utilized in isolation or in conjunction with con-
ventional chemotherapy or targeted therapies, particu-
larly in the case of chemoresistant ovarian cancer.

Abbreviations

aKDGC alpha-ketoglutarate dehydrogenase complex
aKG alpha-ketoglutarate

ACC Acetyl-CoA carboxylase

AMPK AMP-activated protein kinase

APAF1 Apoptotic protease activating factor 1
ATP Adenosine triphosphate

DNA Deoxyribonucleic Acid

BSA Bovine serum albumin

CoA Coenzyme A

(e Cancer stem cells

CcD Cluster of differentiation

DAPI 4’ 6-diamidino-2-phenylindole

DLD Dihydrolipoamide dehydrogenase
DLST Dihydrolipoamide S-succinyltransferase
ECAR Extracellular acidification

EDTA Ethylenediamine tetraacetic acid
Ep-CAM Epithelial cell adhesion molecule

HCl Hydrochloric acid

LC/MS/MS  Liquid chromatography tandem mass spectrometry
MDA Malondialdehyde

Nacl Sodium chloride

NaF Sodium fluoride

OCR Oxygen consumption rate

OGDH Oxoglutarate dehydrogenase

OXPHOS Oxidative phosphorylation
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PARP Poly-ADP ribose polymerase

PARPi Poly-ADP ribose polymerase inhibitors
PDHc Pyruvate dehydrogenase complex
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TMRM Tetramethylrhodamine methyl ester
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