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Mitochondrial division inhibitor (mdivi-1) decreases oxidative
metabolism in cancer
Wenting Dai1, Guan Wang1, Jason Chwa1, Myung Eun Oh1, Tharindumala Abeywardana2, Yanzhong Yang2, Qiong A. Wang1,3 and
Lei Jiang1,3

BACKGROUND: Previous studies suggested that mdivi-1 (mitochondrial division inhibitor), a putative inhibitor of dynamin-related
protein (DRP1), decreased cancer cell proliferation through inducing mitochondrial fusion and altering oxygen consumption.
However, the metabolic reprogramming underlying the DRP1 inhibition is still unclear in cancer cells.
METHODS: To better understand the metabolic effect of DRP1 inhibition, [U-13C]glucose isotope tracing was employed to assess
mdivi-1 effects in several cancer cell lines, DRP1-WT (wild-type) and DRP1-KO (knockout) H460 lung cancer cells and mouse
embryonic fibroblasts (MEFs).
RESULTS: Mitochondrial staining confirmed that mdivi-1 treatment and DRP1 deficiency induced mitochondrial fusion.
Surprisingly, metabolic isotope tracing found that mdivi-1 decreased mitochondrial oxidative metabolism in the lung cancer cell
lines H460, A549 and the colon cancer cell line HCT116. [U-13C]glucose tracing studies also showed that the TCA cycle intermediates
had significantly lower enrichment in mdivi-1-treated cells. In comparison, DRP1-WT and DRP1-KO H460 cells had similar oxidative
metabolism, which was decreased by mdivi-1 treatment. Furthermore, mdivi-1-mediated effects on oxidative metabolism were
independent of mitochondrial fusion.
CONCLUSIONS: Our data suggest that, in cancer cells, mdivi-1, a putative inhibitor of DRP1, decreases oxidative metabolism to
impair cell proliferation.

British Journal of Cancer (2020) 122:1288–1297; https://doi.org/10.1038/s41416-020-0778-x

BACKGROUND
Cancer cells utilise elevated cytosolic glycolysis, also known as the
Warburg Effect, to supply their rapid proliferation.1–3 In compar-
ison, normal cells rely on the mitochondrial tricarboxylic acid (TCA)
cycle to meet their energy needs. Glycolysis is a mitochondria-
independent metabolic pathway, and numerous cancer studies
showed that elevated glycolysis is associated with disrupted
mitochondrial structure and impaired mitochondrial function in
cancer cells.4–12 Still, it is known that mitochondria are intact and
fully functional in cancer cells.13,14

Mitochondria are the powerhouse of the cell. Unlike other
subcellular organelles, mitochondria vary in morphology, from
small granules to large threads.15,16 In response to nutrient
alterations, mitochondria change their morphology, a phenom-
enon known as mitochondrial dynamics.17–19 Mitochondrial
dynamics is regulated by several GTPases: dynamin-related
protein (DRP1) controls mitochondrial fission,17,20,21 optic atrophy
1 regulates the fusion of the inner mitochondrial membrane,
while mitofusin 1 and 2 control the fusion of the outer
mitochondrial membrane.16,18 Increased DRP1 expression was
reported to induce fragmented mitochondria in several types of
cancer.4,5,22–24 In general, fragmented mitochondria have less
active oxidative metabolism than the tubular mitochondria, and

this has been widely viewed as the cellular foundation for elevated
glycolysis in cancer cells.25

High expression of DRP1 in cancer may be a potential target for
cancer treatment.4,5,22,24,26–28 Mitochondrial division inhibitor 1
(mdivi-1) is an efficacious inhibitor of mitochondrial division in
yeast and was identified from a chemical screen for compounds
that alter mitochondrial morphology.29 Not surprisingly, mdivi-1
has been widely used as a mitochondrial fusion inducer.30 Studies
showed that mdivi-1 treatment altered mitochondrial morphology
and cellular oxygen consumption, induced cell death in cancer
cells, and limited tumour size in xenograft models.4,19 However, a
recent study showed that mdivi-1 failed to elongate mitochondria
or inhibit recombinant human DRP1 GTPase activity in mouse
embryonic fibroblasts (MEFs) and normal neurons, and mdivi-1
reversibly inhibited respiration at mitochondrial complex I to
decrease the oxygen consumption rate (OCR).31,32 Also, in Candida
albicans, mdivi-1 phenotypic effects were independent of DNM1
(analogue of DRP1).32,33 To examine the metabolic effects of
mdivi-1 and DRP1 inhibition in cancer cells, we applied [U-13C]
glucose isotope tracing to multiple cell lines (H460, A549, and
HCT116). Here we show that, in three cancer cell lines, mdivi-1
treatment impaired cell proliferation through limiting oxidative
metabolism, rather than glycolysis. Mdivi-1 effects on oxidative

www.nature.com/bjc

Received: 5 November 2019 Revised: 31 January 2020 Accepted: 18 February 2020
Published online: 9 March 2020

1Department of Molecular and Cellular Endocrinology, Diabetes and Metabolism Research Institute, City of Hope Medical Center, Duarte, CA 91010, USA; 2Departments of Cancer
Genetics and Epigenetics, Beckman Research Institute, City of Hope Medical Center, Duarte, CA 91010, USA and 3Comprehensive Cancer Center, City of Hope Medical Center,
Duarte, CA 91010, USA
Correspondence: Lei Jiang (ljiang@coh.org)

© The Author(s) 2020 Published by Springer Nature on behalf of Cancer Research UK

http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-020-0778-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-020-0778-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-020-0778-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-020-0778-x&domain=pdf
mailto:ljiang@coh.org


metabolism were independent of DRP1 inhibition or mitochon-
drial fusion induction. Our study indicates that mdivi-1 plays
mutually exclusive roles in mitochondrial dynamics and energy
metabolism.

METHODS
Cell culture
H460, H460-DRP1-WT (wild type), and H460-DRP1-KO (knockout)
cells were cultured in RPMI medium with 5% foetal bovine serum
(FBS; HyClone, CA, USA), 1% penicillin/streptomycin and 4mM
L-glutamine. A549 and HCT116 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% FBS, 1% penicillin/
streptomycin, and 6mM L-glutamine.

Mito-tracker staining
Cells were seeded on imaging chambers (Ibidi, WI, USA) overnight
before the indicated treatments. Mitochondria were labelled
with MitoTracker Green (100 nM; Invitrogen, CA, USA) for 15 min
at 37 °C. Complete media (supplemented with 5% FBS, 4 mM
L-glutamine, and antibiotics) was used for imaging performed on
a Zeiss Imager equipped with a N-Achroplan ×40/0.75 water
immersion lens and an AxioCAM MRm digital camera. Images
were captured using AxioVision 4.8 and Zeiss Zen software. At
least 10 cells per condition were quantified. The Z-stack images
were processed using the Image J software (NIH, MD, USA).

Stable isotope tracing
Stable isotope tracing experiments to determine isotope distribu-
tions in soluble metabolites were performed as described.34

Glucose and glutamine labelled with 13C were both purchased
from Cambridge Isotope Laboratories (MA, USA). A549 and
HCT116 cells’ 13C-tracing studies were performed in DMEM
medium containing 10% dialysed FBS. Studies of H460 cells were
performed in RPMI medium containing 5% dialysed FBS. Subse-
quently, either the glucose or glutamine pool within these cells
was 100% labelled, and the other pool was unlabelled. DMEM
lacking glucose and glutamine was prepared from powder (Sigma,
MO, USA), then supplemented with 10mM D[U-13C]glucose and
3mM unlabelled glutamine. RPMI lacking glucose or glutamine
was prepared from powder (Sigma), then supplemented with
either 10 mM D[U-13C]glucose or 3 mM L[U-13C]glutamine. Cells
were grown in 60-mm dishes until 80% confluent, treated with or
without dimethyl sulfoxide (DMSO) and 20 and 50 μM mdivi-1 for
6 h, and then cultured with 13C-labelled medium containing the
corresponding mdivi-1 treatments for another 2 h. To further
examine the effects of time on oxidative metabolism, H460 cells
were treated with 13C-labelled glucose medium containing DMSO
and 20 μM mdivi-1 for 2, 8, and 24 h. To examine the effects of
reactive oxygen species (ROS) levels on oxidative glucose
metabolism in combination with mdivi-1, we treated H460 cells
with DMSO, 20 μM mdivi-1, and 150 µM H2O2 with or without
10mM N-acetyl-L-cysteine (NAC) in each group and performed the
[U-13C]glucose tracing for 2 h. To explore the effects of NADH
levels on oxidative metabolism, we treated H460 cells with DMSO,
500 µM nicotinamide mononucleotide (NMN), and 100 nM FK866
and performed the [U-13C]glucose tracing for 2 h. After treatments,
cells were extracted by freeze–thawing three times in 0.9 mL of a
cold 1:1 mixture of methanol and water. Macromolecules and
debris were removed by centrifugation (12,000 rpm) for 15min at
4 °C. Subsequently, the supernatants with aqueous metabolites
were evaporated, derivatised for 2 h at 42 °C in 50 μL of
methoxyamine hydrochloride (Sigma) and 100 μL N-tert-butyldi-
methylsilyl-N-methyltrifluoroacetamide (Sigma) for 90 min at
72 °C. Metabolites were analysed using an Agilent 7890B gas
chromatograph (Agilent, CA, USA) networked to an Agilent 5977B
mass selective detector. Retention times and mass fragmentation

signatures of all metabolites were validated using pure standards.
To determine the relative metabolite abundance across samples,
the area of the total ion current peak for the metabolite of interest
was compared to that of the internal standard and normalised for
protein content. The mass isotopomer distribution analysis
measured the fraction of each metabolite pool that contained
every possible number of 13C atoms: a metabolite could contain 0,
1, 2, …n 13C atoms, where n= the number of carbons in the
metabolite. For each metabolite, an informative fragment ion
containing all carbons in the parent molecule was analysed by the
MATLAB software (MathWorks, CA, USA). The abundance of all
mass isotopomers was integrated from m+ 0 to m+ n, where m
= the mass of the fragment ion without any 13C. The abundance
of each mass isotopomer was then corrected mathematically to
account for natural abundance isotopes and finally converted into
a percentage of the total pool.

CRISPR/Cas9 DRP1 or isocitrate hydrogenase (IDH) knockout H460
cells
DRP1 and IDH1- and IDH3-deficient H460 cell lines were
generated using the CRISPR/Cas9 system.35,36 WT clones were
selected from both the control vector (Vector) and targeting
vector transfections (WT). In order to control the variations among
individual clones, four to five clones were pooled together, and
different pools for each targeted gene were used for further
experiments.

Cell death assay
H460, A549, and HCT116 cells were cultured in 60-mm dishes.
Once 80% confluent, cells were treated with DMSO and 20 and
50 μM mdivi-1 for 24 h and then collected. Collected cells were
stained by 0.4% trypan blue (Gibco, Thermo, MA, USA) in a 1:1
ratio on a haemocytometer and incubated for 3 min. Subse-
quently, the live (unstained) and dead (stained) cells were
counted. Each treatment was replicated three times.

Cell apoptosis assay
H460, A549, and HCT116 were cultured in 60-mm dishes. Once
80% confluent, cells were treated with DMSO and 20 and 50 μM
mdivi-1 for 24 h and then collected for staining with the Annexin V
Apoptosis Detection Kit (eBioscience, Thermo, MA, USA) according
to the manufacturer’s instructions. Briefly, cells were washed with
phosphate-buffered saline and binding buffer, followed by
incubation with 5 μL allophycocyanin-conjugated Annexin V per
5 × 105 cells for 15 min at room temperature. After washing with
binding buffer, cells were stained with 5 μL propidium iodide and
analysed by flow cytometry (Accuri C6, BD, NJ, USA) immediately.
Each analysis was replicated three times.

Western blot analyses
The protein concentrations of cell lysate were determined by the
BCA protein assay using bovine serum albumin as a standard
(Thermo, MA, USA). An equal amount of protein (10 μg) per
sample was separated on 10% sodium dodecyl sulfate poly-
acrylamide gels and then transferred onto polyvinylidene
difluoride membranes (Millipore, MA, USA). The membranes were
blocked with 4% non-fat milk in TBST buffer at room temperature
for 2 h, followed by incubation at 4 °C overnight with primary
DRP1 (Cell Signaling Techchnology, MA, USA; dilution 1:2000),
IDH1 (Cell Signaling Techchnology; dilution 1:2000), IDH3A (Cell
Signaling Techchnology; dilution 1:2000), and β-actin (Sigma;
dilution 1:4000) antibodies. After washing with TBST three times,
the membranes were incubated with secondary goat-anti-rabbit
IgG (Bio-Rad Laboratories, CA, USA; dilution 1:3000) or goat-anti-
mouse IgG (Bio-Rad, dilution 1:3000) conjugated with horseradish
peroxidase in 4% non-fat milk for 2 h at 37 °C. Membranes were
then washed with TBST three times and incubated with enhanced
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chemiluminescence western blotting substrate (Thermo), followed
by visualisation using an Amersham Imager 680 system (GE
Healthcare, MA, USA). The level of β-actin was used as an internal
control.

IDH1 activity assay
The IDH1 activity assay was adapted from the published
protocols.37,38 Reactions for each assay contained cell lysate
(4 μg), 50 mM Tris, pH 7.5, 100mM NaCl, 5 mM MgCl2, 0.5 mM
NADP+, and 0.5 mM isocitrate. The change in absorbance at 340
nm due to the reduction of NADP+ was measured using a BioTek
synergy H4 hybrid multimode microplate reader (Thermo).

Statistical analysis
Significance in metabolite enrichment (and relative levels of
metabolites), percentage of dead cells (and relative cell growth
rate), and IDH1 enzyme activity in H460, A549, and HCT116 cell
lines were determined by using one-way analysis of variance
(ANOVA) with Tukey’s test for multiple comparisons among the
different mdivi-1 treatment groups. For the metabolic data of
H460 cells treated with 20 μM mdivi-1, metabolite enrichment was
compared to DMSO controls using the paired Student’s t test. For
the DRP1-KO (H460 and MEF with no mdivi-1 treatment)
metabolic data, metabolite enrichment was compared to their
paired DRP1-WT counterpart using the paired Student’s t test. For
the metabolic data of DRP1-KO (H460 and MEF) cells treated by
mdivi-1, the m+ 2 of α-ketoglutarate (α-KG) enrichment was
analysed by two-way ANOVA. A p value <0.05 was considered
significant. All statistical tests were two tailed. All statistical tests
were calculated using the Prism software (GraphPad, CA, USA).

RESULTS
Mdivi-1 inhibits oxidative metabolism in H460 cells
Mdivi-1 promotes mitochondrial fusion. H460 lung cancer cells
treated with 20 µM mdivi-1 for 8 h showed increased mitochon-
drial fusion (Fig. 1a). Upon uptake, glucose is metabolised through
glycolysis to pyruvate, which enters mitochondria to be oxidised
through the TCA cycle. To examine the role of mdivi-1 on glucose
metabolism, H460 lung cancer cells were treated with mdivi-1 and
[U-13C]glucose tracing assessed at 2, 8, and 24 h. The first round
metabolic enrichment of glycolysis and TCA cycle intermediates in
[U-13C]glucose-cultured cells is illustrated in Fig. 1b. Cells treated
with 20 µM mdivi-1 treatment did not show a change in
enrichment of m+ 3 (containing three carbons from [U-13C]
glucose tracer) pyruvate and lactate regardless of the time interval
(Fig. 1c and Fig. S1a, b). Similarly, 2 h of mdivi-1 treatment did not
change the levels of pyruvate and lactate (Fig. 1d). Upon
mitochondrial pyruvate uptake, citrate is the product of first TCA
cycle reaction. In H460 cells, treatment with 20 µM mdivi-1 from 2
to 8 h did not change m+ 2 (containing two carbons from [U-13C]
glucose tracer) citrate enrichment (Fig. 1e and Fig. S1c). Surpris-
ingly, the levels of other m+ 2 TCA cycle intermediates (α-KG,
fumarate, and malate) were significantly less in the treated cells
(Fig. 1e and Fig. S1c). Furthermore, the relative levels of citrate,
fumarate, and malate were all reduced in treated H460 cells by 2 h
(Fig. 1f). Since attaining a steady state of TCA cycle intermediates
requires time, mdivi-1-treated H460 cells were incubated with
[U-13C]glucose tracer for 24 h. The m+ 2 enrichment of fumarate
and malate were significantly decreased, although there were no
changes in the m+ 2 enrichment of α-KG (Fig. S1d). Conversely,
the m+ 3 and m+ 4 enrichment of α-KG was significantly less in
cells treated with mdivi-1 for 24 h (Fig. S1e). These data indicate
that mdivi-1 limits the TCA cycle, without altering glycolysis.

Mdivi-1 inhibits oxidative metabolism in multiple cancer cell lines
A recent study showed that acute mdivi-1 treatment decreased
oxygen consumption without altering mitochondrial fusion in

cultured neurons.31 To directly evaluate the role of mdivi-1 on
glucose metabolism in cancer cells, multiple cancer cell lines were
incubated with [U-13C]glucose tracer after pretreatment with
mdivi-1 or DMSO for 6 h. An incubation interval of 2 h with
[U-13C]glucose tracer was selected, since mdivi-1 treatment
showed similar effect on the enrichment of TCA cycle intermedi-
ates in H460 cells incubated with [U-13C]glucose tracer for 2, 8, and
24 h. As several studies used 50 μM mdivi-1 to induce fusion in
cancer cells,29,39,40 we analysed the metabolic effects of 50 μM
mdivi-1 in multiple cancer cell lines, including lung cancer cells
(H460 and A549) and colon cancer cells (HCT116). Six-hour
pretreatment of cells with 50 μM mdivi-1 did not alter m+ 2
citrate enrichment (Fig. 2a). In comparison, 6-h pretreatment of 50
μM mdivi-1 significantly reduced m+ 2 α-KG and malate enrich-
ment in all cell lines (Fig. 2b, c). The decrease in levels of α-KG did
not necessarily require mdivi-1 treatment, since cells treated for 2 h
demonstrated similar metabolite levels as those treated for 6 h
(Fig. 2a). These data suggest that mdivi-1-mediated limitation of
oxidative metabolism might not depend on the induction of
mitochondrial fusion.
Similar to the H460 cells treated with 20 μM mdivi-1 for 2 h

(Fig. 1f), the levels of citrate and malate were decreased by 2 and
6 h of treatment with 50 μM mdivi-1 in all cell lines (Fig. S2 and
Table S1). In addition to citrate and malate, only the level of
aspartate was decreased following treatment with 50 μM mdivi-1
for 2 h, but none of the other amino acids or glycolytic
intermediates showed consistent decreases upon mdivi-1 treat-
ment (Table S1). Since aspartate and oxaloacetate rapidly
exchange their carbon backbones,41 decreased aspartate levels
indicated decreased oxaloacetate levels. More importantly, the
level of fumarate was decreased following treatment with 50 μM
mdivi-1 for 6 h (Table S1). The decreased levels of TCA cycle
intermediates suggest that mdivi-1 treatment decreases oxidative
metabolism, without impairing glycolysis or amino acid
metabolism.
As high concentrations of mdivi-1 (50 μM) might have

unexpected side effects,30,42 20 μM mdivi-1 was tested after 6 h
of pretreatment and 2 h of acute treatment in all three cell lines.
After 6 h of pretreatment, m+ 2 citrate levels were not changed
by 20 μM mdivi-1 in all cell lines (Fig. S3a). In contrast, m+ 2 α-KG
and malate were significantly decreased by pretreatment with 20
μM mdivi-1 for 6 h in all the cell lines (Fig. S3b, c). Treatment of
H460 and HCT116 cells with 20 μM mdivi-1 for 2 h decreased m+
2 α-KG levels and also decreased m+ 2 malate in H460 and A549
cells. Compared to 50 μM, 20 μM mdivi-1 was less effective in
decreasing oxidative metabolism. Collectively, the data indicate
that high dose (50 μM) mdivi-1 treatment decreases oxidative
metabolism in multiple cell lines but that A549 and HCT116 cells
are less sensitive to this effect.

Mdivi-1 treatment decreases glutamine oxidation in H460 cells
In addition to glucose, glutamine is another major energy source
for cancer cells.43 In the [U-13C]glutamine tracing assay, glutamine
carbons enter the TCA cycle as fully labelled m+ 5 α-KG
(containing all five carbons from [U-13C]glutamine tracer). TCA
cycle intermediates were labelled as m+ 4 in the first round of
TCA cycle reactions (Fig. 3a). Consistent with previous results
(Fig. S3), levels of m+ 4 malate and citrate were decreased
following 20 μM mdivi-1 treatment (Fig. 3b). The final product of
the first round of the oxidative glutamine pathway, m+ 4
citrate, can be further oxidised to m+ 3 α-KG and m+ 2
malate through the second round of oxidation (Fig. 3a). Mdivi-1
treatment significantly decreased m+ 3 α-KG and m+ 2 malate
production in H460 cells (Fig. 3c). These data demonstrate that
mdivi-1 treatment decreases oxidative metabolism of glucose
and glutamine, two major energy substrates, in H460 lung cancer
cells.
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Mdivi-1 inhibits oxidative metabolism in DRP1-deficient H460 cells
Since mitochondrial fusion is correlated with more active oxidative
metabolism, it was surprising that oxidative metabolism was
decreased by the mitochondria fission inhibitor agent mdivi-1.
Although mdivi-1 is believed to limit DRP1 to induce mitochon-
drial fusion, a recent study reported a DRP1-independent function
of mdivi-1.31 To examine the role of DRP1 in mdivi-1 inhibition of
oxidative metabolism, we generated DRP1-deficient H460 cells,
through CRISPR/Cas9 genome editing.35 After the single-cell
cloning selection, four to five cell clones were pooled as DRP1-
KO and DRP1-WT. Western immunoblot showed the complete
deletion of DRP1 protein in DRP1-KO H460 cells (Fig. 4a).
Mitochondrial staining confirmed that DRP1-KO H460 cells had
extremely high rates of mitochondrial fusion (Fig. 4b), and this was
greater than mdivi-1-treated H460 parental cells (Fig. 1a). In
[U-13C]glucose tracing assays, similar patterns of TCA cycle
intermediates were observed in the DRP1-WT and DRP1-KO
H460 cells (Fig. 4c). Surprisingly, 20 μM mdivi-1 treatment resulted
in a similar lowering of m+ 2 α-KG levels in DRP1-WT and DRP1-
KO H460 cells (Fig. 4d). DRP1-WT and DRP1-KO mouse embryonic
fibroblasts (MEFs) also showed similar levels of α-KG and malate,
but 50 μM mdivi-1 treatment did not decrease m+ 2 α-KG levels
in either DRP1-WT or DRP1-KO MEFs (Fig. S4). These data suggest

that, in H460 lung cancer cells, mdivi-1-mediated decrease in
metabolism is independent of DRP1.

Mdivi-1 induces ROS to inhibit oxidative metabolism in H460 cells
Mdivi-1 can induce ROS production in MEFs,31 and in the TCA
cycle, ROS can inactivate enzymes like succinate dehydrogenase44

and alpha-ketoglutarate dehydrogenase.45,46 To further examine
the role of ROS in mdivi-1-mediated inhibition of oxidative
metabolism, we treated H460 cells with H2O2 (150 µM). Super-
oxide treatment significantly decreased the levels of m+ 2 citrate,
α-KG, and malate (Fig. 5a). In H2O2- and mdivi-1-treated H460 cells,
these changes were prevented by co-treatment with the ROS
scavenger NAC (Fig. 5a), suggesting that mdivi-1 decreased
oxidative metabolism through increasing pathologic ROS. Mdivi-
1 was reported to reversibly inhibit mitochondrial complex I.31

Importantly, complex I inhibition alters mitochondrial NAD
+/NADH ratio, which could further regulate the activity of TCA
cycle enzymes. To test the role of the NAD+/NADH ratio in mdivi-
1-mediated inhibition of oxidative metabolism, we treated H460
cells with NMN (500 µM), to increase the cellular NAD+ level,47

and FK866 (100 nM), an inhibitor of nicotinamide phosphoribosyl
transferase, to decrease the cellular NAD+ level.48 Neither NMN or
FK866 treatment altered the levels of m+ 2 citrate, α-KG and
malate in H460 cells (Fig. 5b), suggesting that alteration of
NAD+/NADH ratio had no effect on oxidative metabolism in H460
lung cancer cells.
In most mammalian cells, oxidation of citrate to α-KG is

primarily catalysed by IDH3, a TCA cycle enzyme.49,50 A similar
cytosolic oxidative reaction is catalysed by IDH1.35 Baseline IDH1
protein levels were higher in H460 compared to A549 and HCT116
cells (Fig. S5a). As H460 cells were more sensitive to mdivi-1 (Fig. 2
and Fig. S3), mdivi-1 might inhibit IDH1 activity to decrease α-KG
production. To test this, we performed [U-13C]glucose tracing on
IDH1-KO and IDH3-KO H460 cells. Both IDH1-KO and IDH3-KO
H460 cells showed lower levels of m+ 2 α-KG, which were further
attenuated by mdivi-1 treatment (Fig. S5b). However, in vitro IDH1
enzyme activity was not altered by mdivi-1 (Fig. S5c). In addition,
mdivi-1 treatment did not alter the protein expression of IDH1 and
IDH3A (Fig. S5d). These data suggest that mdivi-1-mediated
effects are linked to pathologic ROS production and altered IDH
enzyme activity.

Mdivi-1 inhibition of oxidative metabolism is independent of
mitochondrial fusion
To further elucidate whether the effects of mdivi-1 involve
changes in mitochondrial fusion, we treated H460 cells with
20 μM mdivi-1 for 6 h, removed the medium, added fresh medium
lacking mdivi-1, and then performed the [U-13C]glucose tracing.
Although mdivi-1 treatment induced mitochondrial fusion, the
mdivi-1 washout and DMSO control groups showed similar levels
of m+ 2 α-KG, which were significantly higher than the levels of
m+ 2 α-KG in mdivi-1-treated H460 cells (Fig. 6a). The mdivi-1
washout and DMSO control groups also demonstrated similar
levels of m+ 2 α-KG in 50 μM mdivi-1-treated A549 cells, and
mdivi-1 washout did not fully reverse mdivi-1-mediated inhibition
of oxidative metabolism in HCT116 cells (Fig. 6b). These findings
suggest that mdivi-1 inhibition of α-KG production is independent
of mdivi-1 effects on mitochondrial fusion. More importantly,
treatment with 20 and 50 μM mdivi-1 significantly decreased
cancer cell proliferation. Specifically, cells treated with high
concentration (50 μM) of mdivi-1 proliferated half as much as
DMSO-treated cells (Fig. 6c), and this was associated with
increased cell death (Fig. 6d) and apoptosis (Fig. 6e and Fig. S6).
Altogether, our data suggested that mdivi-1 treatment impaired
cancer cell proliferation through repressing oxidative metabolism,
which was independent of DRP1 inhibition or mitochondrial
fusion induction.
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Fig. 2 High-concentration (50 μM) mdivi-1 treatment inhibits
oxidative metabolism in multiple cancer cell lines. H460, A549,
and HCT116 cancer cells were pretreated with or without 50 μM
mdivi-1 for 6 h and then cultured in medium containing [U-13C]
glucose for 2 h. The metabolic enrichment of TCA cycle intermedi-
ates is shown as m+ 2 citrate (a), α-ketoglutarate (α-KG) (b), and
malate (c) in all cancer cell lines. Data are represented as mean ± S.D
(n= 3). The data were analysed by one-way ANOVA followed by
Tukey’s multiple comparisons test, and the significant level was set
as *p < 0.05, compared to DMSO control.

Mitochondrial division inhibitor (mdivi-1) decreases oxidative metabolism. . .
W Dai et al.

1292



DISCUSSION
As the powerhouse of the cell, mitochondria constantly undergo
morphologic changes, between large thread (mitos in Greek) and
small granule (chondrion in Greek), as highlighted in the organelle
name.15,16 Mitochondrial fusion and fission contribute to these
morphologic changes and are often dysregulated under

pathological conditions, including cancers.18,19,25,28,51 Most studies
of cancer-related mitochondrial dynamics focus on their function
in apoptosis,52–54 and elevated mitochondrial fission has been
linked to impaired oxygen consumption in cancer cells.18,55–57

However, it is not clear whether mitochondrial dynamics regulate
metabolic alterations in cancer.
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The GTPase DRP1 promotes mitochondrial fission, and high
DRP1 expression is reported in several cancer types.22,24,26,28

Reducing DRP1 activity is considered as a potential therapeutic
approach for cancer. Mdivi-1 (a widely accepted DRP1 inhibitor)
induced cancer cell death and decreased tumour size in xenograft
models.4,19 Mdivi-1 increased OCR in non-cancer cells like mouse
neuroblastoma58 but deceased OCR in human ductus arteriosus
smooth muscle cells.59 Similar to these findings, studies showed
that mdivi-1 increased OCR in some cancer cells60,61 but
decreased OCR in other cancer cells.25,62 To better understand
the regulatory role of DRP1 in cancer metabolism, we used [U-13C]
glucose tracing to directly reveal the intracellular glucose
metabolism in DRP1-deficient H460 lung cancer cells and in
multiple mdivi-1-treated cancer cell lines. Our data show that
mdivi-1 treatment decreased oxidative metabolism in three cancer
cell lines, and DRP1 deficiency did not alter glucose metabolism in
H460 lung cancer cells (Fig. 6f).
Further, [U-13C]glucose tracing studies showed that acute and

chronic mdivi-1 treatment decreased glucose metabolism in
multiple cancer cells. This was independent of induced mitochon-
drial fusion, as control cells and mdivi-1-treated cells had similar
oxidative metabolism after the washout of mdivi-1. This fusion-
independent role of mdivi-1 is consistent with a recent study
which demonstrated that mdivi-1 reversibly inhibited mitochon-
drial complex I to reduce OCR without altering mitochondrial
fusion.31 The same study reported that DRP1-WT and DRP1-KO
MEFs had similar OCR, which was repressed by mdivi-1 regardless
of cell type.31 Similarly, we found that levels of TCA cycle
intermediates in DRP1-KO MEFs and H460 lung cancer cells were
similar to the levels in DRP1-WT cells. Also, mdivi-1 treatment
decreased oxidative metabolism to a comparable degree in DRP1-
WT and DRP1-KO H460 lung cancer cells, although 50 μM mdivi-1
treatment did not alter glucose metabolism in MEFs. Together

these data support the hypothesis that mdivi-1 decreases
oxidative metabolism independent of increased mitochondrial
fusion or DRP1 inhibition.
In addition, mdivi-1 treatment resulted in significant decreases

in the levels of enriched α-KG, suggesting that mdivi-1 might
impair IDHs activity. Mdivi-1 treatment did not alter the expression
levels of IDH1 and IDH3 or impair the enzymatic activity of purified
IDH1. The activity of TCA cycle enzymes, including IDHs, is tightly
regulated by redox homoeostasis, and mdivi-1 reversibly inhibited
respiration at mitochondrial complex I to induce ROS level and
alter redox homoeostasis in MEFs.31 It was possible that mdivi-1
inhibited oxidative metabolism through increasing levels of ROS in
cancer cells. Consistent with this, H2O2 and mdivi-1 decreased the
levels of enriched α-KG and malate to a similar degree, and this
repression was blocked by the ROS scavenger NAC in H460 cells.
We also treated H460 cells with NMN and FK866 to alter the NAD
+/NADH ratio, but neither treatment altered the enrichment of
TCA cycle intermediates. Our data suggest that mdivi-1-mediated
decreases in oxidative metabolism are independent redox
alteration but associated with elevated ROS levels in the
cancer cells.
Of significance in regards to results showing that mdivi-1

reduces tumour growth,4,22 our study revealed that inhibition of
oxidative metabolism underlines the anti-proliferative effect of
mdivi-1 on cancer cells. Further studies are required to evaluate
how altered mitochondrial dynamics regulate metabolic repro-
gramming in cancer cells.
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