
cells

Article

A Rise in ATP, ROS, and Mitochondrial Content upon
Glucose Withdrawal Correlates with a Dysregulated
Mitochondria Turnover Mediated by the Activation of
the Protein Deacetylase SIRT1

Seon Beom Song and Eun Seong Hwang *

Department of Life Science, University of Seoul, Dongdaemun-Gu, Seoul 02504, Korea; scitiger@naver.com
* Correspondence: eshwang@uos.ac.kr; Tel.: +82-264-902-669

Received: 8 November 2018; Accepted: 20 December 2018; Published: 27 December 2018 ����������
�������

Abstract: Glucose withdrawal has been used as a model for the study of homeostatic defense
mechanisms, especially for how cells cope with a shortage of nutrient supply by enhancing
catabolism. However, detailed cellular responses to glucose withdrawal have been poorly studied,
and are controversial. In this study, we determined how glucose withdrawal affects mitochondrial
activity, and the quantity and the role of SIRT1 in these changes. The results of our study
indicate a substantial increase in ATP production from mitochondria, through an elevation of
mitochondrial biogenesis, mediated by SIRT1 activation that is driven by increased NAD+/NADH
ratio. Moreover, mitochondria persisted in the cells as elongated forms, and apparently evaded
mitophagic removal. This led to a steady increase in mitochondria content and the reactive
oxygen species (ROS) generated from them, indicating failure in ATP and ROS homeostasis,
due to a misbalance in SIRT1-mediated mitochondria turnover in conditions of glucose withdrawal.
Our results suggest that SIRT1 activation alone cannot properly manage energy homeostasis under
certain metabolic crisis conditions.
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1. Introduction

Nutrient starvation is thought to impose a heavy impact on cell metabolism and viability,
and therefore, it has been adopted as an important research model in studies to understand metabolic
regulation and homeostatic defense mechanisms of cells. At early stages of nutrient starvation, cells
tend to cope with a shortage of nutrient supply by enhancing catabolism. In particular, a decrease in
adenosine triphosphate (ATP) generation and a concordant increase in ADP and AMP levels sends a
catabolic cue, through the activation of AMP-activated protein kinase (AMPK) [1,2]. Activated AMPK
drives a shift in cellular energy metabolism by inhibiting protein synthesis, and stimulating fatty acid
oxidation and mitochondrial biogenesis, through the modulation of the activities of key enzymes
involved in the processes [3–5]. AMPK also triggers autophagy, a representative cellular salvage
pathway for recycling energy resources [4]. Therefore, AMPK activation and autophagy are considered
to be hallmarks of the cellular response to energy deprivation conditions.

Glucose withdrawal has been used as one of the study models for nutrient starvation.
However, the detailed cellular responses to glucose withdrawal are poorly understood, and even
controversial. Cancer-derived cells, which produce ATP mainly through oxidative glycolysis,
are expected to suffer from a depletion of ATP upon glucose withdrawal. Indeed, glucose-deprived
cancer cells undergo cell death [6], which appears to be due to ATP depletion [7–9] or severe oxidative
stress imposed by dysfunctional mitochondria activation [10–14]. Moreover, the effect of glucose
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withdrawal in normal cells is unclear; cell viability is not significantly affected in some cells [13,15],
whereas apoptotic or non-apoptotic death has been observed in others [16]. The status of ATP
level is also controversial. Studies have reported the activation of AMPK, due to an increase in
the AMP/ATP ratio [17], or a substantial reduction in ATP level in various types of cells that are
cultured in low or no glucose [16,18–22]. Unaltered or increased ATP levels was also reported
in studies of glucose withdrawal in vitro and in animals [12,23]. In these cases, AMPK might be
activated via redox-based signaling, such as a high level of reactive oxygen species (ROS) [24,25]. It is
reasonably predicted, and has been shown that in conditions of glucose withdrawal, cells heavily
rely on mitochondria for ATP production, and mitochondrial oxidative phosphorylation (OXPHOS)
increases [26]. However, there are reports of contrary cases. Glucose deprivation in the retina in the
absence of any other nutrients causes mitochondrial depolarization and an irreversible decrease in
oxygen consumption rate, leading to cell death, which is prevented by supplementation with fuel
molecules for oxidative phosphorylation [27]. Overall, how mitochondrial function is affected by
glucose withdrawal has not been clearly resolved. Previous studies have proposed that Sirtuin 1
(SIRT1), an NAD+-dependent protein deacetylase, is activated through the AMPK-mediated regulation
of NAD+ production, and plays a role in cell differentiation [22], and that SIRT1 acts as a link between
the energetic stress response and metabolism in calorie restriction [28]. However, little is known about
the role of SIRT1 in mitochondrial status during glucose withdrawal. Recent studies have demonstrated
that SIRT1 activity is critically associated with mitochondrial quality, as well as quantity. SIRT1, either
alone or in collaboration with AMPK, activates peroxisome proliferator-activated receptor gamma
coactivator-1α (PGC-1α), a master regulator of the expression of mitochondria proteins, and thereby
upregulates mitochondria biogenesis [29]. In addition, SIRT1 and AMPK promote autophagy via
deacetylation-mediated activation of autophagy-related gene (ATG) proteins, which function in
autophagosome formation [30,31]. Therefore, SIRT1 activation facilitates mitochondria turnover,
and thereby can promote mitochondria quality in proliferating cells, which is of upmost importance
for cellular health and longevity [32], as indicated by the loss of mitochondrial turnover and the
accumulation of dysfunctional mitochondria and ROS stress in senescent and aging cells [33]. In cells
under glucose deprivation, the reduction of NAD+ to NADH would decrease, and SIRT1 activity is
expected to increase, as demonstrated under similar conditions of calorie restriction [34]. Based on
these, it can be postulated that cells under glucose withdrawal can produce ATP efficiently from
mitochondria without experiencing a high level of ROS production. However, this is apparently
contradictory to the changes in ROS level observed in many studies on glucose withdrawal.

In this study, we determined how the activities of SIRT1 change in human cells upon glucose
withdrawal and affect mitochondrial status. The results of our study indicate that a substantial increase
in ATP production occurs through SIRT1-mediated elevation of mitochondrial biogenesis, which are
not matched by mitochondrial turnover, and therefore leads to a continuous increase in mitochondria
content and ROS generation. These suggest that SIRT1 activation alone cannot properly manage energy
homeostasis and oxidative balance under certain metabolic crisis conditions.

2. Materials and Methods

2.1. Cell Culture and Chemical Treatments

Normal human fibroblasts isolated from healthy newborn foreskins and provided by Dr. Jin-Ho
Chung (Seoul National University, Korea) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 1 g/L glucose (12-707F, Lonza, Walkersville, MD, USA) supplemented with 10%
fetal bovine serum (FBS) (S-FBS-US-015, Serana, Bunbury, WA, Australia) and glutamine (25030-081,
Gibco, Waltham, MA, USA). Human cancer lines MCF-7 and HCT116 were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 4.5 g/L glucose (12-107F, Lonza, Walkersville, MD, USA)
supplemented with 10% fetal bovine serum (FBS) (S-FBS-US-015, Serana, Bunbury, WA, Australia) at
5% CO2 and 37 ◦C. For glucose withdrawal, DMEM free of glucose (LM001-79, Welgene, Daegu, Korea)
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was used. Cells were treated with 5 mM N-acetylcysteine (NAC) (A7250, Sigma-Aldrich, St. Louis, MO,
USA), 10 µM EX527 (E7034, Sigma-Aldrich), 2 µM compound C (ab120843, Abcam, Cambridge, UK),
5 mM 3-methyladenine (M9281, Sigma-Aldrich), and 250 nM Torin1 (orb146133, Biorbyt, Cambridge,
UK). Other chemicals were purchased from Sigma-Aldrich unless stated otherwise.

2.2. ATP Measurement

Equal numbers of cells (typically in the range of 1–3 × 105) were lysed to determine the
level of cellular ATP, using an ATP detection kit (LT07-221, ViaLight Plus kit, Lonza, Basel,
Switzerland) according to the manufacturer’s protocol. Chemiluminescence was read in an FL ×
800 microplate fluorescence reader (Biotek, Winooski, VT, USA). ATP production independent of
oxidative phosphorylation (OXPHOS) was determined using cells treated with either 2 µM oligomycin
A (75351) or a combination of 1 µM rotenone (R8875) and 1 µM antimycin A (A8674) for 1 h before
collection. Both treatments gave rise to quite similar results, as seen in Figure S1A,B. ATP production
by oxidative phosphorylation was estimated by subtracting ATP produced in rotenone and antimycin
A–treated cells from total cellular ATP.

2.3. Measurements of OCR and ECAR

To measure mitochondrial respiratory activity, the cellular oxygen consumption rate (OCR) was
detected using a Seahorse XF24 (Seahorse Bioscience, Inc., North Billerica, MA, USA), following the
manufacturer’s instructions. Briefly, cells were seeded onto the XF24 culture plate and incubated
for one day in a 5% CO2 incubator at 37 ◦C. The following day, cells were pre-incubated for 1 h
in XF base medium (102353-100, Seahorse Bioscience) containing 1 mM sodium pyruvate (P5280,
Sigma-Aldrich), 4 mM glutamine (25030-081, Gibco, Waltham, MA, USA), and 1% FBS at 37 ◦C without
glucose. The XF24 culture plate was mounted in an analyzer, and OCR was measured and represented
as pmoles/min. Extracellular acidification rate (ECAR) was measured simultaneously and represented
as mpH/min. For the measurement of OCR in cells treated with 2-deoxy-D glucose (2-DG), seeded
cells were pre-incubated for 1 h in XF base medium with 10 mM 2-DG (D6134, Sigma-Aldrich) before
the measurement of OCR. All experiments were performed at least four times, and OCR was expressed
as the fold-change relative to the values obtained from untreated control cells.

2.4. siRNA Transfection

Cells were transfected with small interfering RNA (siRNA) corresponding to human SIRT1 or
Mfn1, or control RNA using Lipofectamine RNAiMAX (13778-150, Thermo Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol. siSIRT1 (pre-designed, 23411, Bioneer,
Daejun, Korea); siMfn1 (pre-designed, 55669, Bioneer, Daejun, Korea) or control RNA (siCtrl;
CCUACGCCACCAAUUUCGU (dTdT)) (Bioneer, Daejun, Korea) were used.

2.5. Western Blot Analysis

Protein extraction was performed with RIPA buffer (50 mM Tris-HCL (pH 7.5), 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with NaF, NaVO4, and protease
inhibitor cocktail (P2714). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to a nitrocellulose membrane, and blotted with antibodies
against AMPKα phosphorylated at Thr172 (#2535), AMPKα (#2603), acetylated-p53 (#2525), LC3
(#2775), phospho-Drp1 (#4867) (all from Cell Signaling Technology, Beverly, MA, USA); Erk (SC-93),
p53 (SC-126), GAPDH (SC-25778), PGC1α (SC-13067), and Mfn1 (SC-166644) (all from Santa Cruz
Biotechnology, Dallas, TX, USA); β-actin (A5441, Sigma-Aldrich); Drp1 (611112, BD, Franklin Lakes,
NJ, USA); and OXPHOS (MS601, Mitosciences, Eugene, OR, USA). Proteins were visualized by using
horseradish peroxidase-conjugated secondary antibodies and Supersignal West Femto substrate (34095,
Thermo Scientific).
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2.6. Confocal Microscopy

Cells grown on coverslips were fixed in 3.7% paraformaldehyde in phosphate-buffered saline
(PBS) for 20 min, permeabilized with 0.1% Triton X-100 in PBS for 15 min, blocked with 10% fetal
bovine serum (FBS) in PBS for 2 h, and incubated with primary antibodies overnight. For the detection
of mitochondria, antibodies against OXPHOS (MS601, Mitosciences, Eugene, OR, USA) and Tom20
(SC-11415, Santa Cruz Biotechnology, Dallas, TX, USA) were used. Autophagosomes were stained with
antibody against LC3 (#2775, Cell Signaling Technology, Beverly, MA, USA). After incubation with
primary antibody, the cells were washed and incubated with Alexa Fluor 488-conjugated anti-mouse,
Alexa Fluor 488-conjugated anti-rabbit, or Alexa Fluor 546-conjugated anti-rabbit secondary antibodies
(all from Thermo Fisher, Waltham, MA, United States) for 2 h, and visualized under a confocal
microscope (LSM 510, Carl Zeiss, Thornwood, NY, USA). Mitochondrial length was measured using
ImageJ analysis software (v1.52e, National Institutes of Health, Bethesda, MD, USA).

2.7. Flow Cytometry

For the measurement of mitochondria content or ROS levels, the cells were stained for
30 min with 50 nM nonyl acridine orange (NAO) (A1372, Thermo Fisher, Waltham, MA, United
States), 30 nM MitoTrackerGreen (MTG, M7514, Thermo Fisher, Waltham, MA, United States),
50 nM MitotrackerDeepRed (MDR, M22426, Thermo Fisher, Waltham, MA, United States), 50 nM
dihydroethidium (DHE, D1168, Thermo Fisher, Waltham, MA, United States), 50 nM MitoSOX (M36008,
Thermo Fisher, Waltham, MA, United States), 50 nM 2’,7’–dichlorofluorescin diacetate (DCFDA, C6837,
Thermo Fisher, Waltham, MA, United States), or 50 nM dihydrorhodamine 123 (DHR123, D23806,
Thermo Fisher, Waltham, MA, United States), as indicated. After washing in PBS, cells were analyzed
by flow cytometry using a FACS Canto II (BD Biosciences, Franklin Lakes, NJ, USA). For measurement
of mitochondrial membrane potential (∆ψm), cells were treated with 0.3 µg/mL JC-1 (T3168, Thermo
Fisher, Waltham, MA, United States) and subjected to flow cytometry. Emissions at 539 nm (FL-1)
and at 585 nm (FL-2) were recorded, and the FL2/FL1 ratio of individual cells was calculated using
WEASEL software v3.2.1 (Chromocyte, Sheffield, UK).

2.8. Quantitative PCR

Total RNA was isolated using TRIzol reagent (Thermo Fisher, Waltham, MA, United States) and
converted to complementary DNA (cDNA) using a reverse transcription kit (ReverTra Ace qPCR RT
kit, FSQ-101, TOYOBO, Osaka, Japan). cDNA was diluted with autoclaved water and mixed with SYBR
Green for quantitative polymerase chain reaction (qPCR) (CFX connect, BioRad, Hercules, CA, USA).
The sequences of the primers used are listed in the Supplementary Data (Figure S7). To determine
the relative copy number of the mitochondrial DNA (mtDNA), total cellular DNA was isolated using
an AccuPrep Genomic DNA extraction kit (Bioneer, Daejeon, Korea) following the manufacturer’s
protocol. Isolated DNA was amplified using primers for mitochondrial transfer DNA (tRNA)-Leu or
nuclear B2-microglobulin whose sequences are listed as Supplementary Data (Figure S7).

2.9. Measurement of NAD+/NADH

The ratio of NAD+/NADH was determined by a lactate/pyruvate oxidase assay, as described
in [35]. Briefly, for the lactate oxidase assay, trypsinized cells were lysed with 100 µL ice-cold 1 M
HClO4, followed by incubation for 15 min on ice. Acid extracts were neutralized by the addition of
2 M KOH and 0.2 M K3PO4 (pH 7.5), and centrifuged for 3 min at 13,000× g. The cell lysate was mixed
with 196 µL of assay buffer (0.1 M citrate, 1 mg/mL bovine serum albumin (BSA), 0.1% CaCl2, 0.02%
NaN3, adjusted to pH 6.5 with 1 M Na2HPO4), 1 µL of 2 mU/µL lactate oxidase stock (lactate oxidase
enzymes (Sigma-Aldrich, St. Louis, MO, USA) dissolved in enzyme dilution buffer (10 mM KH2PO4,
10 µM flavin adenine dinucleotide (FAD), adjusted to pH 7.0 with KOH), 1 µL of 0.5 U/µL peroxidase
stock (peroxidase (Sigma, St. Louis, MO, USA) dissolved in distilled water), and 2 µL of 5 mM Amplex
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UltraRed stock (Thermo Fisher, Waltham, MA, United States). Assay mixtures were incubated for
30 min at 37 ◦C, and fluorescence was read at an excitation/emission of 535/590 nm. For the pyruvate
oxidase assay, cells were lysed as described above, and mixed with 196 µL of assay buffer (50 mM
KH2PO4, 1 mg/mL BSA, 0.2 mM triphenylphosphine, 10 µM FAD, 0.97 mM EDTA, 9.8 mM MgCl2,
0.02% NaN3, adjusted to pH 6.5 with 1 M NaOH), 1 µL of 2 mU/µL lactate oxidase stock (pyruvate
oxidase dissolved in buffer (10 mM KH2PO4, 10 µM FAD, adjusted to pH 7.0 with KOH), 1 µL of
0.5 U/µL peroxidase stock, and 2 µL of 5 mM Amplex UltraRed stock. Assay mixtures were incubated
for 60 min at 37 ◦C, and fluorescence was read at an excitation/emission of 535/590 nm.

2.10. Statistical Analysis

In all panels, quantifications were performed with two or three independent measurements
of samples from two different experiments, and the mean ± S.E.M values were presented.
Intergroup comparison of the mean values was performed by one-way analysis of variance (ANOVA)
using InStat v3.06 (GraphPad Software Inc., San Diego, CA, USA). Significant differences are indicated
as *(p > 0.1) and **(p < 0.01).

3. Results

3.1. Cellular ATP Level is Enhanced Upon Glucose Withdrawal Through Increased Mitochondrial ATP Production

We first determined how cellular, mitochondrial, and glycolytic levels of ATP production change
upon glucose withdrawal. Human fibroblasts that had been maintained in DMEM containing 5.5 mM
glucose were cultivated in media lacking glucose, and changes in ATP level were followed for three
days. The ATP level acutely decreased immediately after glucose withdrawal, but quickly returned to
the original level and then further increased, reaching 1.2–1.3-fold elevation in 24 h and near 2-fold
increase in 72 h (Figure 1A). An increase in ATP level was also observed in other fibroblast lines tested,
albeit with a variation in kinetics (Supplemental Figure S1A,B). This pattern contrasts sharply with
that of cells undergoing quiescence induced by serum starvation, in which the cellular ATP level
decreased continuously for 24 h (Figure 1A). This increase in ATP level does not appear to be caused by
a decrease in consumption. The degree of decrease in ATP level when ATP production was completely
blocked for 2 h (by combined treatment with 2-deoxyglucose (2-DG) and oligomycin), as an indication
of ATP consumption during the 2 h, was not different between glucose-fed and glucose-deprived
cells (Figure S1D). Furthermore, the absence of glucose in the culture medium did not cause a change
in the level of population growth, at least for the first 24 h (Figure S1E). Therefore, the increase in
the ATP level is attributed solely to enhanced ATP production. The level of mitochondrial ATP
synthesis was determined by the decrease in ATP level caused by treatment with oligomycin A, which
inhibits ATP synthase (or combined treatment of rotenone and antimycin A, which inhibit complex I
and III, respectively), and abolishes OXPHOS-mediated ATP production [36,37]. In the glucose-fed
condition, the tested fibroblasts produced nearly 75% of total ATP through glycolysis, and 25%
via OXPHOS (Figure 1B). In contrast, upon glucose withdrawal, mitochondrial ATP production
increased rapidly, while glycolytic production decreased, and the ratio was reversed as early as in
1 h. A parallel increase in total cellular oxygen consumption supports increased OXPHOS (Figure 1C).
A decrease in glycolytic flux was also demonstrated by a rapid decrease in the rate of extracellular
acidification (ECAR) (Figure 1D). Interestingly, glycolytic ATP synthesis decreased, but was not
abolished, and increased after 10 h of glucose withdrawal, approaching 2/3 levels of the fed cells by
24 h (Figure 1B). Overall, by 24 h, the cells produced an elevated level of ATP, through a large increase
in OXPHOS. After 24 h, the cells stopped dividing (Figure S1E), and therefore, the rapid increase in
ATP level in 48 h and later might be attributed in part to the lower ATP consumption.

Cancer cells are less dependent on OXPHOS [38,39], and are therefore expected to respond
differently to ATP production upon glucose withdrawal. The ATP level was elevated as an initial
response in the two cancer cell lines tested, HCT116 and MCF7, although the elevation was not
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sustained for long, and the kinetics of the change were different between the cell lines (Figure 1E,F).
This result suggests that OXPHOS is mobilized to a certain extent to produce ATP upon glucose
withdrawal in cancer cells as well.
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Figure 1. Increase in cellular ATP level majorly through enhanced mitochondrial ATP production
in glucose-deprived cells. (A) Human fibroblasts were cultivated in glucose-free (- -) or serum-free
(-�-) medium for the indicated time, and harvested for ATP measurement. For determination of ATP
levels, at least two biological repeats were carried out; (B) changes in glycolytic and mitochondrial
ATP productions were measured at the indicated time points. For the inhibition of OXPHOS, cells
were treated with 1 µM antimycin A and 1 µM rotenone for the last hour of glucose withdrawal.
Glycolytic ATP was determined by the measurement of ATP level in cells treated with OXPHOS
inhibitor. Mitochondrial ATP production was calculated by the subtraction of glycolytic ATP from total
ATP level. Changes in the total ATP level and the portions of the glycolytic (black) and mitochondrial
(grey) ATP production are plotted with total ATP level, with 0 time-point cells presented as 100%;
(C,D) fibroblasts were cultivated in medium lacking glucose and incubated on an XF24 culture plate
for 24 h. Oxygen consumption and extracellular acidification were measured using an XF24 analyzer.
(-#-) and (- -) show the values in cells incubated with normal medium and glucose-free medium,
respectively. Values of total oxygen consumption or extracellular acidification rate were measured three
times. (E,F) HCT116 or MCF7 cells were incubated without glucose for the indicated times, and cellular
total ATP was measured. ATP levels were determined in at least two biological repeats. Values are
presented as mean ± s.d. * p < 0.05; ** p < 0.01 by ANOVA.

3.2. AMPK is Activated by Increased ROS Level

A reported change that accompanies glucose withdrawal is the activation of AMPK.
Indeed, in both the fibroblasts and the cancer cells tested, activating the phosphorylation of AMPK
increased gradually during glucose withdrawal (Figure 2A and Figure S2A). AMPK activation in cells
undergoing glucose withdrawal has been attributed to a decrease in cellular ATP level [17], which
was apparently not the case in this study. AMPK activation can also be driven by an increase in
ROS [16,40]. Indeed, the levels of both mitochondrial and cytosolic superoxide substantially increased
in the glucose-deprived cells, and this change occurred with kinetics that were comparable to the
change in AMPK phosphorylation (Figure 2B). Accordingly, the levels of hydroxyl radicals in both
mitochondria and cytosol increased upon glucose withdrawal (Figure 2C). ROS levels were reduced to
a background level upon glucose re-feeding (Figure 2C). In the tested cancer cells, the mitochondrial
ROS level also increased rapidly (Figure S2B). The possibility of the ROS-mediated induction of AMPK
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is strongly supported by the results of treatment with n-acetyl cysteine (NAC), which abolished AMPK
activation in the starved cells (Figure 2D, lanes 4 and 5).Cells 2018, 7, x FOR PEER REVIEW  7 of 19 
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by flow cytometry. The levels of signal at each time point was determined in at least three biological
repeats; (C) mitochondrial and cytosolic ROS were detected using DHR123 (black bar) and DCF (grey
bar) fluorescent dyes, respectively. To measure the effect of glucose replenishment on the cellular ROS
levels, cells were cultivated in glucose-free medium for three days, and then supplied with glucose
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the indicated time period. Cells of lane 5 were treated with NAC for the last three days of withdrawal.
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3.3. An Increase in Mitochondrial ATP Production is Mediated by Activated SIRT1 and AMPK

In the situation of a low level of glycolysis and increased OXPHOS, the reduction of NAD+ would
be limited, and cells would maintain a high NAD+/NADH ratio. This was indeed the case in the
tested fibroblasts; the NAD+/NADH ratio gradually increased, reaching near 1.5-fold elevation in
24 h, and further increasing at later time points of glucose withdrawal (Figure 3A). This is a condition
that is favorable for SIRT1 activation, and increased SIRT1 activity was evidenced by a decrease in the
acetylation level of p53, a substrate of SIRT1 [41] (Figure 3B). SIRT1 activation promotes mitochondria
quality by facilitating mitochondria biogenesis and mitochondrial autophagy (mitophagy) [42,43].
We therefore examined whether SIRT1 activation contributed to the increase in mitochondrial
ATP production. In cells with suppressed SIRT1 expression or activity (through treatment with
siRNA or EX527, an inhibitor of SIRT1), ATP level in the starved cells did not increase, or slightly
decreased (Figure 3C,D). Mitochondrial ATP production also decreased, and never increased in the
SIRT1-suppressed cells (Figure 3C,D). These data strongly suggest that the increase in mitochondrial
ATP production might be largely attributed to SIRT1 activity, which was increased through the
elevation of NAD+/NADH upon glucose withdrawal. Next, we determined the contribution of
activated AMPK to the changes in ATP level. In cells treated with compound C, an inhibitor of
AMPK, the cellular and mitochondrial ATP levels never increased, similar to cells treated with
EX527 (Figure 3E). Moreover, co-treatment with compound C and Ex527 did not affect the change in
cellular and mitochondrial ATP levels induced by treatment with either inhibitor alone (Figure 3E).
Together, these findings indicate that SIRT1 and AMPK caused an increase in ATP production through
a common pathway.
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Figure 3. An increase in mitochondrial ATP production was mediated by the activation of SIRT1 and
AMPK. (A) The cellular NAD+/NADH ratio was determined by measuring NAD+ and NADH levels at
the indicated times; (B) Cells were deprived for glucose for 72 h, and then subjected to immunoblotting
with antibodies against acetylated-p53 and p53. The activity of SIRT1 was calculated and represented as
the ratio of acetylated-p53 to total p53 protein level; (C) Total ATP and mitochondrial ATP production
levels. Cells were treated with nonspecific RNA (siCtrl) or siSIRT1 RNA, and then incubated in
the presence or absence of glucose for the indicated time period. To determine mitochondrial ATP
production, cells were treated with both 1 µM antimycin A and 1 µM rotenone for the last hour.
The glycolytic ATP level was subtracted from the total ATP level. The line plot shows total ATP level in
the control (- -) or SIRT1-knocked down (-#-) cells, and the bar chart shows the mitochondrial ATP
production level in the control (black bar) or SIRT1-knocked down (grey bar) cells; (D) Total ATP and
mitochondrial ATP production were plotted as shown in (C). Cells were incubated in glucose-free
medium with or without 10 µM EX527 for 48 h, and lysed for the measurement of ATP levels; (E) Cells
were incubated in glucose-free medium for three days, and treated with 10 µM EX527 and 2 µM
compound C for the last 12 h. Black bar shows the total ATP level, and grey bar shows the mitochondrial
ATP level. Averages of values from at least two biological repeats are plotted. Values are presented as
mean ± s.d. * p < 0.05, ** p < 0.01 by ANOVA.

3.4. SIRT1 Activation is Responsible for the Increased ATP Level in Glucose-Deprived Cells Through
Enhancing Mitochondrial Biogenesis and Glycolysis

We next investigated whether mitochondria biogenesis and mitophagy are actively ongoing
in glucose-deprived fibroblasts. One prominent change in the starved cells was the increase in
mitochondrial content, which was quite dramatic, as demonstrated by the increased fluorescence of
mitochondria-trophic dyes (Figure 4A) and the levels of mitochondrial DNA and proteins (ATP5A of
complex V and UQCRC2 of complex III) (Figure 4B,C). The mitochondrial content also increased in
HCT116 and MCF7 cells (Figure 2C,D). This increase in mitochondrial content appeared to be attributed
at least in part to an increase in mitochondria biogenesis. mRNA levels of five different mitochondrial
proteins were all elevated throughout the 4-day time course of glucose withdrawal (Figure 4D),
and this change was accompanied by an increase in the expression of PGC-1α, a master regulator of
mitochondrial biogenesis [44]. Levels of PGC-1αmRNA and protein were both substantially elevated in
the glucose-deprived cells (Figure 4E). PGC-1α expression is subject to auto-regulation in collaboration
with SIRT1, which activates PGC-1α through deacetylation [45,46]. Importantly, the increase in
mitochondrial content was attenuated upon treatment with EX527 (Figure 4F), suggesting that
the increased mitochondria content is indeed attributed to SIRT1 activation-mediated biogenesis.
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Treatment with compound C alone or with EX527 also attenuated the increase in mitochondrial
content, again suggesting that SIRT1 and AMPK function in a common pathway (Figure 4G).
Intriguingly, the treatment of compound C appeared to lower the effect of EX527. This may be
insignificant. However, the lower effect of compound C might actually be driven by its effect in blocking
AMPK-induced autophagy [47–49]. Meanwhile, activated PGC-1α also induces gluconeogenesis by
transcriptionally activating the genes encoding key gluconeogenic enzymes [50]. The increased
glycolytic ATP production that occurred after 10 h of glucose withdrawal (Figure 1B) may be
caused by PGC-1α activation. Therefore, SIRT1 activation might contribute to the high ATP level in
glucose-deprived cells by promoting both mitochondrial biogenesis and gluconeogenesis.
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Figure 4. Increased mitochondrial content resulting from elevated mitochondria biogenesis through
SIRT1 activation. (A) Fibroblasts were incubated in glucose-free medium for the indicated time
period, and analyzed by flow cytometry. Mitochondrial content was detected by staining with MTG
(black bar) or NAO (grey bar); (B) mitochondrial DNA copy number was determined by qPCR.
Genomic DNA was isolated, and the relative mtDNA amount was measured by qPCR normalized
against the amount of nuclear DNA; (C) mitochondrial electron transport chain complex III or V was
detected in cells incubated in glucose-free medium by immunoblotting with OXPHOS cocktail antibody;
(D) transcription of three genes encoded by the mitochondrial genome, NADH dehydrogenase,
subunits 5 and 6 (ND5, ND6), and cytochrome c oxidase subunit II (MT-COX2), and two genes
encoded by the nuclear genome, ATP synthase lipid-binding protein (Atp5g1) and cytochrome c, were
measured by qRT-PCR. Cells were incubated without glucose for four days, and then lysed. The means
of three biological repeats of the control, and 24, 48, 72, and 96 h deprivation are indicated as the bars in
order; (E) PGC-1α protein expression was detected by immunoblot analysis and confirmed by qRT-PCR;
(F) cells were glucose deprived for three days, and mitochondrial content or mitochondrial superoxide
was determined by staining with MDR or mitoSOX and analysis by flow cytometry. Black bar; control,
light grey bar; glucose withdrawal, dark grey bar; glucose withdrawal and 10 µM EX527 treatment;
(G) cells were glucose deprived for three days and treated with 10 µM EX527 (GS + E) or 2 µM
compound C (GS + C), or both (GS + E + C) for the last 12 h. Mitochondrial content was determined by
staining with MDR, and analyzed by flow cytometry. All results from flow cytometry are the means of
at least two biological repeats of more than 1 × 104 cells. Values are presented as mean ± s.d. * p < 0.05,
** p < 0.01 by ANOVA.
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3.5. Autophagy is Activated, but Mitophagy is Attenuated in Glucose-Deprived Cells.

Next, we examined the status of mitophagy. SIRT1 and AMPK are key factors that are critically
involved in autophagy activation; the former deacetylates Atg molecules [30], and the latter has been shown
to modulate factors that control autophagy initiation, such as TORC1 and ULK1 [51]. Both SIRT1 and
AMPK are activated upon glucose withdrawal, possibly to help cells to recycle resources and to enhance
mitochondrial quality. However, the elevated ROS generation upon glucose withdrawal and its attenuation
by the activation of SIRT1 or AMPK (Figure 5A) do not fit the hypothesis of increased mitochondrial quality
through mitophagy activation. Autophagy activation helps to reduce ROS levels, as seen in the case of Torin
1 treatment (Figure 5B, grey bars). Furthermore, in the glucose-deprived cells, mitochondria content was
not stable, but increased continuously. These findings together suggest a failure in removing mitochondria.
In glucose-deprived fibroblasts and cancer cells, autophagy appeared to be activated, as evidenced by an
increase in the LC3-type II molecule, which represents autophagosome formation, and LC3-positive puncta,
which represent autophagosomes) (Figure 5C,D). However, mitochondria persisted in lengthy structures
that are not suitable for mitophagy (Figure 5D). When cells with actively ongoing mitophagy are visualized,
a population of mitochondria are seen as puncta, and some of them co-localize with autophagosomes [52]
as shown in Figure 5D (glucose(+), bafilomycin A1). However, only a few LC3 puncta colocalized with
mitochondria (Figure 5D (glucose (−), bafilomycin A1)), indicating a failure in the autophagasomal
enclosure of mitochondria. This would lead to deficient mitochondrial turnover, which might contribute to
the increase in mitochondrial content and ROS level in the glucose-deprived cells.
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Figure 5. Activation of autophagy and the attenuation of mitophagy in glucose-deprived cells. (A) Cells
were glucose deprived for three days in the presence or absence of 10 µM EX527 (GS + E) or 2 µM
compound C (GS + C), or both (GS + E + C), stained with mitoSOX, and subjected to flow cytometric
analysis; (B) cells were incubated in glucose-free medium (black bar), or treated with 250 nM torin1 (grey
bar) for the indicated time period. Mitochondrial superoxide was stained with mitoSOX and detected by
flow cytometry; (C) fibroblast, HCT116, or MCF7 cells were glucose-deprived in the presence or absence
of 5 mM 3-MA for the indicated time points, and subjected to immunoblotting for LC3 protein; (D) cells
were glucose-deprived for 12 h and treated with 200 nM bafilomycin A1 for 12 h, which has been shown
to block mitophagy [52]. After fixing, mitochondria (green) and autophagosomes (red) were visualized
with confocal microscopy using mouse anti-OXPHOS antibody and rabbit anti-LC3 antibody, respectively.
All flow cytometry was carried out in, at least two biological repeats. All scale bars in microscopy indicate
5 µm. Values are presented as mean ± s.d.; * p < 0.05, ** p < 0.01 by ANOVA.



Cells 2019, 8, 11 11 of 19

3.6. Mitochondria Elongate and Become Resistant to Mitophagy under Glucose Withdrawal

In mitophagy, mitochondrial fission accompanies autophagy activation to facilitate the
autophagosomal enclosure of target mitochondria [53]. Meanwhile, mitochondria have been proposed
to form filamentous or tubular structures to avoid autophagosomal degradation during nutrient
starvation [54]. Mitochondria in the glucose-deprived cells as well, became dramatically elongated,
and were visualized as lengthy filaments (Figure 6A and Figure S3A). Mitochondrial length increased
during the first 24 h, and the elongation persisted as glucose withdrawal continued. Together with this
elongation, Drp1 phosphorylation at serine 637, a modification that negatively regulates the fission activity
of Drp1 [55,56], increased substantially (Figure 6B), indicating that the mitochondrial elongation might
be caused by Drp1 inactivation in the glucose-deprived fibroblasts. Drp1 phosphorylation and activity
were shown to be regulated by protein kinase A (PKA) [57], whose activity is altered by energy stress [58].
Mitochondrial elongation was also observed in the cancer cells tested (Figure 6C,D). Interestingly, the period
when mitochondria are elongated appeared to correlate with the duration of high cellular ATP level; in
HCT116 cells, this period lasted for 36 h and thereafter declined, whereas in MCF7 cells, it increased rapidly
and declined rather quickly. Overall, we hypothesized that the elongation of mitochondria rendered them
resistant to mitophagy, as previously reported [54], resulting in an increased content of mitochondria.
These changes in mitochondrial structure and quantity likely contributed to the elevation of ATP production
and ROS generation in the glucose-deprived cells.
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Figure 6. Elongation of mitochondria. (A) Fibroblasts cultured on a coverslip were deprived for the
indicated time period and visualized by confocal microscopy. Mitochondria and autophagosomes
were immunostained with antibodies against OXPHOS and LC3, respectively; (B) fibroblasts were
glucose deprived for 1, 2, or 3 days, and subjected to immunoblot analysis with antibodies against
Ser637 phospho-Drp1 or Drp1; (C,D) HCT116 or MCF7 cells were incubated in glucose-free medium
for 36 h or 12 h. Mitochondria were immunostained with Tom20 antibody and observed by confocal
microscopy. Lengths of mitochondria were measured and plotted by ImageJ analysis software. Lengths of
mitochondria was measured in more than 20 cells and plotted by ImageJ analysis software. All scale bars
in microscopy indicate 5 µm. Values are presented as mean ± s.d.; * p < 0.05, ** p < 0.01 by ANOVA.
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3.7. The Increase in Mitochondrial ATP Synthesis upon Glucose Withdrawal is Attributed to Increase in the
Content of Mitochondria

Mitochondria fusion has been proposed as a cellular mechanism to increase ATP production [59,60].
We examined whether mitochondrial elongation by itself contributes to the increase in mitochondrial
ATP production in glucose-deprived cells. Treatment with siRNA specific for Mfn1, a protein
mediating mitochondrial fusion, successfully blocked mitochondrial elongation in glucose-deprived
cells, leaving fragmental mitochondria (Figure 7A). However, this treatment did not affect the
increase in mitochondrial content, indicating that mitophagy still did not occur (Figure 7B).
Moreover, the treatment marginally attenuated the increase in mitochondrial ATP production but did
not suppress the change; thus, mitochondrial ATP production remained elevated albeit to slightly lower
extents (Figure 7C,D). Further, the treatment decreased ATP level in glucose-fed cells too, together
indicating that mitochondrial fragmentation did not hamper the increased production of ATP upon
glucose withdrawal. Therefore, we suggest that the increased mitochondrial ATP synthesis is largely
attributed to increased mitochondria biogenesis, independent of mitochondria structure.
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(A) Cells transfected with siRNA targeting Mfn1 were incubated in medium lacking glucose for 72 h.
Mitochondria were immunostained with anti-Tom20 antibody and visualized. The Mfn1 blot (right)
shows decreased Mfn1 protein level in cells treated with siMfn1 RNA. All scale bars in microscopy
indicate 5 µm; (B) cells were glucose deprived for three days, and mitochondrial content in cells treated
with siCtrl (black bar) or siMfn1 (grey bar) was measured by staining with NAO and flow cytometric
analysis. All flow cytometry was carried out in, at least two biological repeats; (C,D) total ATP level,
or the amount of ATP produced by oxidative phosphorylation in cells treated with siCtrl (black bar) or
siMfn1 (grey bar). Cells were glucose deprived for three days. Values are presented as mean ± s.d.;
* p < 0.05, ** p < 0.01 by ANOVA.

4. Discussion

The results of our study showed that the cellular ATP level gradually increased under glucose
withdrawal, despite an initial decrease in glycolysis, through a rapid increase in mitochondrial ATP
production and the delayed recovery of glycolysis. This increased production of ATP was driven by an
increase in mitochondrial content, which was attributed to an elevation of mitochondrial biogenesis
mediated by SIRT1, which is activated by the increased ratio of NAD+/NADH. AMPK was activated,
and it might function in conjunction with SIRT1 in mitochondria biogenesis. All of these changes
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were also seen in cancer cells under glucose withdrawal, suggesting that a decrease in glycolytic flux
generally upregulates mitochondrial synthesis. SIRT1 activation normally enhances mitochondrial
turnover through a balance between biogenesis and degradation, and enables cells to maintain a
constant levels of ATP and ROS. This is key to cellular health, since a decrease in mitophagy as cells
approach senescence constitutes a major reason for increased ROS and consequent induced oxidative
damage [32]. In glucose-deprived cells, activated SIRT1 and AMPK did induce autophagy, but this was
not extended to mitophagy, likely due to the dissociation with mitochondria fission. This imbalance
in biogenesis and degradation of mitochondria constitutes the reason for the continuous increase in
mitochondria content, and the accompanying elevation of ATP and ROS levels in glucose-deprived
cells. This is summarized in Figure 8. (The process is hypothetically dissected into two pathways:
a pathway of SIRT1-mitochondrial quality control and a pathway of defective mitophagy.) The
involvement of SIRT1 in the concerted elevation of ATP and ROS levels in glucose-deprived cells is
supported by the finding that the inhibition of SIRT1 caused a decrease in the level of both ATP and
ROS, as well as mitochondria content. The correlation of ATP and ROS levels is also supported by the
finding that levels of both increased upon feeding with 1.65 mM glucose, an equivalence of 30% of
full feeding, while feeding with 3.3 mM glucose, corresponding to 60% of full feeding, did not cause a
change in either (Figure S4). This indicates that the high level of ROS is an outcome of high-level ATP
production, which largely results from an elevation in mitochondria content. A possible contribution
of an increase in mitochondrial efficiency to the elevation of mitochondrial ATP production is also
suggested in this study. The increase in mitochondrial ATP production and oxygen consumption
exceeded the increase in mitochondria content, as shown in Figure S5A,B. These suggest that the
increase in mitochondria biogenesis brings in the increase, not only of mitochondria quantity, but also
of the efficiency of OXHOS, which might be facilitated through a SIRT1-mediated increase of biogenesis
or activities of other sirtuin proteins [61].

The observation that glycolytic ATP production bounced back by 24 h can be explained by an
increase in gluconeogenesis. Induction of PGC-1α-mediated gluconeogenesis by SIRT1 activation has
been reported [46]; therefore, this is probably another outcome of SIRT1 activation. Interestingly, during
the initial 24 h, the increase in glycolytic ATP synthesis accompanied a decrease in mitochondrial ATP
synthesis as seen in Figure 1. In parallel to this, cellular oxygen consumption stopped increasing (or
decreased) after 6 h point. Therefore, mitochondrial ATP synthesis may counterbalance glycolytic
flux. There may exist a system where a change in the level of glycolysis is linked to the efficiency
in OXPHOS. The nature of this system is unknown, but a delicate and transient shift in the balance
of NAD+/NADH in cytosol, mitochondria, and nucleus may be involved. A study indicated that a
decline in nuclear NAD+ level induces Hif-1α activation, causing a shift in ATP production parallel to
Warburg reprogramming [62].

In previous studies, both increased and decreased ATP accumulation were reported in cancer
and normal cells upon glucose withdrawal. This discrepancy may simply be due to the difference
in the extent and duration of withdrawal. However, a literature search indicates that cases for the
decrease in ATP level may be limited to results on murine primary cells, and are outnumbered
by those on the increase found in human cells. For example, incubation in glucose-free medium
caused a more than 20% increase in ATP levels in human aortic endothelial cells [63] and human
normal astrocytes, as well as U251 MG glioblastoma multiform cells [13]. Different efficiencies of
mitochondrial ATP synthesis in different tissues and animals may be involved. A recent study
reported a variation in respiration/glycolysis ratio in ATP synthesis in sperm of different mouse
strains [64]. Variations in mitochondrial efficiency affecting energy homeostasis in cells and tissues
were also reported [65,66]. Meanwhile, an increase in ATP accumulation and a rapid shift from
glycolysis to fatty acid oxidation and mitochondrial respiration have been reported in human aortic
endothelial cells under glucose deprivation [63]. The study also proposed an involvement and
a function of nicotinamide phosphoribosyltransferase (Nampt), a critical enzyme in the salvage
production of NAD+ [22], in the cellular response to glucose level, and thereby critical modulation.
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Therefore, the status of SIRT1 and the NAD+ pool may also differ in different cells and tissues,
and determine the level of mitochondrial ATP synthesis upon glucose withdrawal. In our study, glucose
withdrawal differently affected the fates of normal and cancer cells. The increased NAD+/NADH ratio
would affect the level of anabolism in glucose-deprived cells. An effect of high-level glycolysis with
limited OXPHOS, a condition found in cancer cells [38], is the maintenance of high levels of reducing
power for macromolecular synthesis [67]. In glucose-free medium, normal fibroblasts proliferated
at a normal rate for 24 h, but then stopped increasing in number without apparent death during
the three days of testing (Figure S1E). The cells were unable to multiply, even in the presence of a
large amount of ATP, likely due to a shortage in reducing power. In contrast, cancer cells, especially
MCF7 cells, died rapidly, and their viability curve resembled the change in ATP level (Figure 1F, Figure
S6B). Together, these findings suggest that the depletion of ATP directly affects cell viability, while the
depletion of reducing power attenuates cell proliferation. Indeed, this effect has been conceived as an
underlying mechanism of selective death of cancer cells by glucose depletion, and was proposed as
an anti-cancer strategy [68,69]. It was also proposed that the susceptibility of cancer cells to glucose
deprivation is attributed to the mitochondrial production of ROS [12]. A high level of ROS and a low
level of ATP together would easily drive cells to death.Cells 2018, 7, x FOR PEER REVIEW  14 of 19 
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mitochondrial ATP synthesis as seen in Figure 1. In parallel to this, cellular oxygen consumption 
stopped increasing (or decreased) after 6 h point. Therefore, mitochondrial ATP synthesis may 
counterbalance glycolytic flux. There may exist a system where a change in the level of glycolysis is 
linked to the efficiency in OXPHOS. The nature of this system is unknown, but a delicate and transient 
shift in the balance of NAD+/NADH in cytosol, mitochondria, and nucleus may be involved. A study 
indicated that a decline in nuclear NAD+ level induces Hif-1α activation, causing a shift in ATP 
production parallel to Warburg reprogramming [61]. 

In previous studies, both increased and decreased ATP accumulation were reported in cancer 
and normal cells upon glucose withdrawal. This discrepancy may simply be due to the difference in 
the extent and duration of withdrawal. However, a literature search indicates that cases for the 
decrease in ATP level may be limited to results on murine primary cells, and are outnumbered by 
those on the increase found in human cells. For example, incubation in glucose-free medium caused 
a more than 20% increase in ATP levels in human aortic endothelial cells [62] and human normal 
astrocytes, as well as U251 MG glioblastoma multiform cells [13]. Different efficiencies of 
mitochondrial ATP synthesis in different tissues and animals may be involved. A recent study 
reported a variation in respiration/glycolysis ratio in ATP synthesis in sperm of different mouse 
strains [63]. Variations in mitochondrial efficiency affecting energy homeostasis in cells and tissues 
were also reported [64,65]. Meanwhile, an increase in ATP accumulation and a rapid shift from 
glycolysis to fatty acid oxidation and mitochondrial respiration have been reported in human aortic 
endothelial cells under glucose deprivation [62]. The study also proposed an involvement and a 
function of nicotinamide phosphoribosyltransferase (Nampt), a critical enzyme in the salvage 

Figure 8. Hypothetical pathway for high-level production of ATP and ROS in glucose-deprived cells.
Upon glucose deprivation, glycolysis level decreases causing an elevation in NAD+/NADH ratio in the
cytosol, leading to SIRT1 activation. This activates PGC-1α, which triggers mitochondrial biogenesis and
autophagy, and these together promote mitochondrial turnover (a pathway of SIRT1-mitochondrial quality
control pathway (blue)). However, defects in mitochondria fission possibly caused by high-level ATP
attenuate mitophagy, and induce the accumulation of mitochondria, from which high-level ATP and ROS
are generated (a pathway of defective mitophagy (red)). PGC-1α also increases gluconeogenesis, promoting
the increase of glycolysis, which further contributes to the elevation of cellular ATP level.

Another notable finding of our study is that mitochondria elongated upon glucose withdrawal.
Mitochondrial elongation has been noted previously, and was proposed to be advantageous in
nutrient restriction conditions by facilitating the better preservation of crista and ATP synthesis [70].
It would also be a good strategy for mitochondria to escape autophagosomal degradation. In the
total absence of nutrients, the cAMP level increased, together with PKA activity, leading to the
phosphorylation and inactivation of the pro-fission factor, Drp1 [58]. SIRT1 activation is known
to induce mitochondria fragmentation [35]. The fact that mitochondria elongation occurred in the
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presence of active SIRT1 suggests that Drp1 phosphorylation in glucose withdrawal overcomes
SIRT1 activity. Another question regarding mitochondrial elongation is whether it occurs as an effect
to protect mitochondria from sustained autophagy activation, or in response to a need for a higher
level of mitochondrial ATP production, as proposed by Gomes et al. [58]. The latter seems to be less
plausible, since the results of our study showed that mitochondria were elongated, even when the ATP
level was already high, in glucose-deprived cells. In the former case, mitochondria would become
shortened once autophagy returns to basal level; indeed, mitochondrial shape returned to normal
upon replenishment of glucose for 12 h (Figure S3B). This has also been observed in other starvation
conditions (S.B. Song, data not shown). Therefore, mitochondrial elongation is more likely a means to
avoid autophagy.

Overall, our study demonstrated that the cellular response to glucose withdrawal is mediated
mainly through SIRT1 activation. However, we also showed that the downstream events of
SIRT1 activation might not always proceed in coordination. Other such examples might be found
in further studies on abnormal energy metabolism. Our results also shed light on events that
might take place in cells upon extreme calorie restriction or fasting. In fasting, mitochondrial ATP
production is mediated largely by the increased β-oxidation of fatty acids [71] and involves the
activation of SIRT1 and SIRT3 [34,71]. Whether the mitochondria change shape during fasting warrants
further examination.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/1/11/s1,
Figure S1: Changes in total ATP level and mitochondrial ATP production and cell proliferation rates in different
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in HCT116 or MCF7 cells, Figure S3: Mitochondrial elongation upon glucose withdrawal, Figure S4: Effects of
lowered glucose supply on the levels of mitochondria content and ROS, Figure S5: Changes in mitochondrial ATP
production and oxygen consumption per unit mass of mitochondria, Figure S6: Effect of glucose withdrawal on
cancer cell proliferation, Figure S7: Sequences of primers used for quantitative PCR.
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