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Abstract Keywords
* Nanoparticle drug-delivery
Pegylated liposomal doxorubicin HCl (Lipo-doxo) is one of the leading approved « Lipo-doxo

nanoparticle chemotherapeutic drugs widely used to treat variety of cancers and has « C2C12 myoblasts

demonstrated the most significant reduction in risk for cardiotoxicity compared to non-liposomal, « Mitochondrial damage

conventional doxorubicin. Despite the fact that Lipo-doxo may target mitochondria either
directly or indirectly, few data are available regarding cellular bioenergetics on the regulation
of mitochondrial fission and fusion genes. In this work, C2C12 myoblast cells have been used as
an in-vitro model to study cellular bioenergetics, variations in gene expressions, and biochemical
alterations induced by Lipo-doxo under high glucose (25 mM) and normal glucose (5.5 mM)
conditions. In C2C12 myoblast cells, Lipo-doxo treatment significantly reduced both mitochondrial
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) under both glucose
conditions in a dose dependent manner. Furthermore, Lipo-doxo treatment dysregulated the
expression of mitochondrial fission and fusion genes. This dysregulation of mitochondrial fission
and fusion genes may influence transformation of the network’s connectivity. Using confocal
microscopy of C2C12 myoblast cells, we showed that treatment of C2C12 cells with 30 pg/mL
Lipo-doxo under high glucose and normal glucose conditions, induced cellular defects. This study

provided a better characterization of the effect of Lipo-doxo induced cardiotoxicity.

ABBREVIATIONS

induced damage and improving the outcome of cancer patients

3,4].
Lipo-doxo: Pegylated Liposomal Doxorubicin HCl; PGC-1ou: [3.4]

Peroxisome Proliferator-Activated Receptor Gamma Coactivator-
lalpha; PGC-1fB: Peroxisome Proliferator-Activated Receptor
Gamma Coactivator-1beta; DRP: Dynamin-Related Protein 1;
FIS1: Fissionl; MFN1: Mitofusinl; MFN2: Mitofusin2; OCR:
Oxygen Consumption Rate; ECAR: Extracellular Acidification
Rate; qRT-PCR: Quantitative Reverse Transcription PCR;
DMEM: Dulbecco’s Modified Eagle’s Medium; FBS: Fetal Bovine
Serum; PBS: Phosphate Buffer Saline; NA: Numerical Aperture;
cDNA: Complementary DNA; 2-DG: 2-deoxy-D-Glucose; FCCP:
Trifluoromethoxy Carbonyl Cyanide Phenylhydrazone; SD:
Standard Deviation

INTRODUCTION

Epidemiological evidence suggests that diabetics are at
significantly higher risk for different types of cancer [1,2].
The presence of high blood sugars or hyperglycemia during
chemotherapy for hematologic and solid tumors has been shown
to correlate with increased toxicity for cancer cells as well as
normal tissues. Data suggest that better glycemic control during
chemotherapy might maintain the toxicity for cancer cells while
protecting normal, non-cancerous cells from chemotherapy-

Doxorubicin is a very commonly used drug for breast cancer
treatment and the use of non-liposomal doxorubicin has been
associated with significant cardiotoxicity [2,3]. The current use
of polyethylene glycol coated (pegylated) liposomal doxorubicin
HCI (Lipo-doxo), has a better safety profile and it is one of the
leading approved nanoparticle products used in cancer therapy
[2,3]. Pegylated liposomes are less extensively taken up by cells
of the reticuloendothelial system and have a tendency to “leak”
drug while in circulation, resulting in localization of doxorubicin
via leaky vasculature in the tumor tissues [5,6]. It is well known
that the cardiac muscle has a high concentration of mitochondria
and is very vulnerable to damage from oxidative stress [7-9]. In
mitochondria, doxorubicin is reduced to a reactive semiquinone
by complex I, reoxidizing to the original form by univalent
reduction of oxygen [10].

Mitochondrial morphology is very dynamic in nature with
mitochondrial fission and fusion processes [11, 12]. A number
of proteins regulate these processes including, dynamin-
related protein 1 (DRP1) and fission1 (FIS1) for mitochondrial
fission and nuclear-encoded mitochondrial proteins, MFN1 and
MFN2 for fusion [13-15]. Impairment of the mitochondria by
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chemotherapeutic agents such as doxorubicin could severely
affect cellular homeostasis and result in cardiac dysfunction with
increased morbidity and mortality [16]. In the setting of diabetes
or high blood sugars, the toxic effect of chemotherapy could be
enhanced. Hence, the optimal nutrient conditions to protect non-
cancerous cells from detrimental effects chemotherapy requires
further investigation.

The current study has several objectives: 1) to analyze
mitochondrial respiration and glycolysis using a flux analyzer
in C2C12 cells treated with different concentrations of Lipo-
doxo under glucose stress conditions; 2) to evaluate the gene
expression in C2C12 myoblast cells treated with Lipo-doxo; 3) to
assess alterations in cell morphology in C2C12 cells in response
to Lipo-doxo treatment.

MATERIALS AND METHODS
Reagents

Dulbecco’s modified Eagle’s medium (DMEM), glutamine,
penicillin, streptomycin, and fetal bovine serum (FBS) were
purchased from Gibco-Invitrogen (Grand Island, NY, USA).
Pegylated liposomal doxorubicin (Doxil) was purchased from
FormuMax Scientific (Silicon Valley, CA, USA). Mito Tracker Red
CMXRos was purchased from ThermoFisher Scientific (Eugene,
OR, USA).

Cell culture

The DMEM media containing 10% (v/v) FBS with two
different clinically relevant glucose concentrations were used
in the present study: normal (100 mg/dL or 5.5 mM) and high
(450 mg/dL or 25 mM). Mouse musmusculus myoblast (C2C12)
cells were purchased from American Type Culture Collection
(Manassas, VA). C2C12 cells were cultured in BD Falcon 75 cm?
flasks, containing DMEM with 2 mM L-glutamine, supplemented
with 10% (v/v) FBS, and penicillin G and streptomycin. Cell
cultures were incubated at 37 °C in 5% CO,. Primary cultures
received new medium 24 h after seeding and were sub-cultured
upon reaching more than 80% confluence by the use of 0.25%
trypsin-EDTA, inactivated by trypsin neutralizing solution
(Invitrogen).

Mitochondrial function assay

Mitochondrial function was assayed using an XF96
Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica,
MA) following manufacturer’s instructions. Briefly, C2C12
myoblast cells were seeded in XF96 cell culture plates (Seahorse
Bioscience) in 80 uL of high glucose medium (or normal glucose
medium) and cultured to 80% confluence overnight at 37 °C
in a humidified incubator with 5% CO,. Prior to the Lipo-doxo
treatment, the growth medium in the well of the XF cell plate was
replaced with fresh growth medium. Cells not exposed to Lipo-
doxo served as controls in each experiment. When cells reached
sub-confluence, they were pre-treated for 24 h with 0, 15, and 30
pg/mL Lipo-doxo. Following treatment, the culture supernatant
was removed and cells were washed three times with phosphate-
buffered saline (PBS). Prior to the assay, the growth medium in
the well of the XF cell plate was replaced with the appropriate
assay medium. The sensor cartridge was calibrated, and the cell

plate was incubated at 37 °C for one hour. All experiments were
performed at 37 °C.

Measurement of oxygen consumption rate (OCR)

Mitochondrial respiration was measured using an XF
Cell Mito Stress Test Kit (Seahorse Biosciences Billerica, MA,
USA) following the manufacturer’s instructions. The following
compounds were injected: oligomycin (2 puM), an ATP synthetase
inhibitor; FCCP (0.5 uM), an uncoupler reagent; rotenone (0.5
uM), a mitochondrial complex I inhibitor; and antimycin A (0.5
uM), a mitochondrial complex III inhibitor.

Measurement of extra cellular acidification rate
(ECAR)

The glycolysis assay was performed using an XF Glycolysis
Stress test Kit (Seahorse Biosciences Billerica, MA) following
the manufacturer’s instructions. Glycolysis, glycolytic capacity,
and non-glycolytic acidification were calculated as for ECAR. The
following compounds were injected: glucose (10 mM); oligomycin
(2 uM), an ATP synthetase inhibitor; 2-deoxy-D-glucose (50 mM),
glycolysis inhibitor.

Quantitative reverse transcription PCR (qRT-PCR)

C2C12 cellswere cultured in six-well plates to 80% confluence
in normal glucose medium, after which the cells were either
remained in normal glucose medium, or were subjected to high
glucose treatment. After that, the cells were pre-treated for 24 h
with 30 pg/mL Lipo-doxo. Following incubation, total cellular RNA
was extracted from cells using miRNeasy Mini Kit and RNase-free
DNase I digestion (Qiagen, Valencia, CA) in accordance with the
manufacture’s recommendations for mammalian cells. RNA with
a high RNA integrity number and an A260 and A280 absorbance
ratio ranging from 1.8 to 2.1 was utilized for cDNA synthesis.
To quantitate the expression of the mRNA, real-time qRT-PCR
was performed. To select a proper internal loading control for
real-time qRT-PCR, we examined the expression of 5S ribosomal
RNA (5S RNA) and 18S in Lipo-doxo treated versus untreated
C2C12 cells, we found that the expression of 5S RNA remained
unchanged in Lipo-doxo treated versus untreated C2C12 cells,
while 18S expression changed significantly in Lipo-doxo treated
versus untreated C2C12 cells. Therefore, 5S RNA was used as an
internal loading control. The PCR amplification was performed in
a 7900HT Fast Sequence Detector System (Applied Biosystems).
C, values were automatically obtained. Relative expression
values were obtained by normalizing C_ values of the mRNA
genes in comparison with C values of the 5S gene (which was
documented to remain unchanged across all the groups), using
the delta-delta C, method.

Confocal microscopy

Briefly, C2C12 cells were seeded onto six-well plates and
grown in normal glucose DMEM medium supplemented with
10% FBS at 37 °C and 5% CO, for 24 h. Upon attachment and
80% confluence in normal glucose medium, the cells either
remained in normal glucose medium, or were subjected to high
glucose treatment. Next, C2C12 cells were treated with 30 pg/mL
Lipo-doxo for 24 h. Prior to the Lipo-doxo treatment, the growth
medium in the six-well plate was replaced with fresh growth
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medium. After treatment, the cells were washed with PBS twice
and incubated in 150 nM Mito Tracker Red CMXRos (Invitrogen/
Molecular Probes, Eugene, OR) in growth medium at 37°C for 1 h.
The cells were then washed and fixed in 3.7% formaldehyde for 10
min at room temperature. The fixative was removed by washing
with PBS and fresh PBS was replaced for fixed cell imaging. All
images were acquired using a 60X/1.4 NA oil objective at room
temperature using a Nikon confocal microscope C2/C2si (Nikon,
Inc). A1 mW and 561 nm wavelength solid-state helium-neon
laser was used as the excitation source for confocal microscopy.

Statistical analysis

Data are given as mean * SD, with n denoting the number
of experiments unless otherwise indicated. The differentially
expressed mRNAs with at least 1.5-fold changed were identified
using a t-test with a cut off p value of either p < 0.05 or p < 0.01.

RESULTS

Lipo-doxo repressed the mitochondrial
consumption rate (OCR)

oxygen

We investigated the mitochondrial oxidative phosphorylation
in C2C12 cells treated with different concentrations of Lipo-
doxo under high glucose (Figure 1A) and normal glucose
(Figure 1C) conditions using the Seahorse XF96 Extracellular
Flux Analyzer that measures the oxygen consumption rate

(OCR). The seeding density and concentrations of the injection
compounds were optimized. The mitochondrial stress test used
four drugs that interrogate mitochondrial function. Oligomycin
inhibits Complex V of the electron transport chain, and injection
of this compound showed how much of the OCR was due to
ATP synthesis. Subsequent injection of the uncoupler FCCP, a
photonophore, allowed protons to move into the mitochondria
matrix independent of the ATP synthase. In order to maintain the
membrane potential, protons move back into the intermembrane
space by increasing the flow of electrons across the electron
transport chain to the maximum speed. Thus, injection of FCCP
reveals the maximal respiratory capacity of the cells. The ratio
of maximal OCR as compared to basal OCR is known as spare
respiratory capacity. Rotenone and antimycin A block Complex
I and III, respectively, completely inhibit the electron transport
chain, and as such any remaining oxygen consumption after these
drugs are introduced, is non-mitochondrial.

Here we observed the expected responses in OCR (Figure
1A and Figure 1C) as the C2C12 cells were treated with
each successive compound. Compared with vehicle-treated
cells, the Lipo-doxo treated cells exhibited a reduction in
maximal respiratory capacity, as evidenced by reduced oxygen
consumption under high glucose (Figure 1A) and normal glucose
(Figure 1C) conditions. Both 15 pg/mL and 30 pg/mL Lipo-doxo
concentrations significantly repressed basal respiration of the
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Figure 1 Effect of Lipo-doxo on oxygen consumption rate (OCR) under high glucose (25 mM) vs. normal glucose (5.5 mM) conditions. Lipo-doxo
induces metabolic alterations in C2C12 cells. (A) Kinetic OCR responses of Lipo-doxo treated C2C12 cells under high glucose condition. (B) Basal
respiration, maximal respiration, and spare respiration capacity were calculated for Lipo-doxo treated and untreated C2C12 cell line under high
glucose condition. (C) Kinetic OCR responses of Lipo-doxo treated C2C12 cells under normal glucose condition. (D) Basal respiration, maximal
respiration, and spare respiration capacity were calculated for Lipo-doxo treated and untreated C2C12 cell line under normal glucose condition.
Asterisks (**) indicate statistically significant differences (p< 0.01) between Lipo-doxo untreated and treated C2C12 cells under high and normal
glucose conditions. Note that there were clear differences between Lipo-doxo untreated and treated C2C12 cells under high and normal glucose
conditions for basal respiration, which was significantly decreased in Lipo-doxo treated C2C12 cell under high glucose conditions. After 24 h of Lipo-
doxo incubation, OCR was measured under basal conditions followed by the sequential addition of oligomycin (2 pM), FCCP (0.5 pM), and rotenone/

antimycin A (0.5 uM), as indicated.
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Figure 2 Effect of Lipo-doxo on extracellular acidification rate (ECAR) under high glucose (25 mM) vs. normal glucose (5.5 mM) conditions. (A)
Kinetic ECAR responses in Lipo-doxo treated and untreated C2C12 cells under high glucose condition. (B) Glycolysis, glycolytic capacity, and non-
glycolytic acidification were calculated for Lipo-doxo treated and untreated C2C12 cells under high glucose condition. (C) Kinetic ECAR responses
in Lipo-doxo treated C2C12 cells under normal glucose condition. (D) Glycolysis, glycolytic capacity, and non-glycolytic acidification were calculated
for Lipo-doxo treated and untreated C2C12 cells under normal glucose condition. After 24 h of Lipo-doxo incubation, ECAR was measured under
basal conditions followed by the sequential addition of 10 mM glucose, 2 pMoligomycin, and 50 mM 2-Deoxy-D-glucose (2-DG). A series of ECAR
in C2C12 cells in the presence or absence of Lipo-doxo were examined by Seahorse XF96 analyzer. ECAR following the addition of glucose defines
glycolysis and ECAR following oligomycin represents maximum glycolytic capacity. Data are shown as mean * standard deviation, n = 3.

C2C12 cells at the resting state under high glucose (Figure 1A)
and normal glucose (Figure 1C) conditions. When ATPase activity
was blocked by oligomycin, ATP production was decreased in
both empty vector-treated and Lipo-doxo treated C2C12 cells,
which was further decreased in 15 pg/mL and 30 pg/mL Lipo-
doxo treated cells. This can be used to distinguish the percentage
of oxygen consumption devoted to ATP synthesis and the
percentage of oxygen consumption required to overcome the
natural proton leak across the inner mitochondrial membrane.
Subsequently, FCCP was injected to stimulate maximal capacity
of cells for mitochondrial respiration. As shown previously, FCCP
acted as an uncoupling agent. Since the cells had to overcome
the proton leak across the inner mitochondrial membrane,
OCR increased significantly as more O, was consumed to pump
the excess protons back across the mitochondrial membrane.
Finally, rotenone inhibited mitochondrial Complex I and
Complex III, respectively, which caused the flow of electrons to
cease in the electron transport chain, and thus the consumption
of 0, was drastically reduced. As shown in Figure 1B and Figure
1D data analysis revealed that the different concentrations of
Lipo-doxo used in this study repressed basal respiration and
maximal respiration under high and normal glucose conditions.
Furthermore, the spare respiration capacity was up-regulated
for 15 pg/mL Lipo-doxo treated C2C12 cells under high glucose
condition. However, there was no significant change in the spare
respiration capacity for 30 pg/mL Lipo-doxo treated C2C12 cells
under nutrient stress conditions. These results suggested that

C2C12 cells under normal glucose condition with or without
treatment of Lipo-doxo, possessed higher mitochondrial
oxidative phosphorylation activities than C2C12 cells under high
glucose condition.

Lipo-doxo altered the glycolytic rate

Previous studies have shown that glycolysis account for
~80% of total ECAR in a number of cancer cells as determined
through either removing glucose from the assay medium or
adding glycolytic pathway inhibitor such as hexokinase inhibitor
2-DG [17]. The remaining 20% of the ECAR can be attributed to
other metabolic processes, such as the tricarboxylic acid cycle CO,
evolution. The OCR response to glucose, monitored concurrently
with ECAR serves as an indicator of whether glucose is also
catabolized through mitochondrial respiration (Data not shown).

To determine glycolysis, glycolytic capacity, and non-
glycolytic acidification of the C2C12 cells treated with 15 pg/
mL and 30 pg/mL Lipo-doxo under high glucose (Figure 2A) and
normal glucose (Figure 2C) conditions, we measured ECAR while
consecutively injection glucose, oligomycin, and 2-DG. As shown
in Figure 2A, glucose addition to C2C12 cells caused an instant
increase in kinetic ECAR responses and triggered a glycolytic flux
of 35 # 2.7 mpH/min for control cells, 25 + 1.2 mpH/min for 15
pg/mL Lipo-doxo treated cells, and 14 + 2.8 mpH/min for 30 pg/
mL Lipo-doxo treated cells under high glucose conditions. The
subsequent addition of oligomycin caused a further increase in
ECAR to 47 + 4.1 mpH/min for control cells, 45 * 3.1 mpH/min
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Figure 3 Quantitative reverse transcription PCR (qRT-PCR) validation of changes in the expression of selected genes involved in mitochondrial
biogenesis and function. Effect of 30 pg/mL Lipo-doxo for 24 h on (A) PGC-1a and f, (B) MFN1 and 2, and (C) FIS1 and DRP1 genes under high
glucose and normal glucose conditions. Cells were harvested for the analysis of gene expression by qRT-PCR, and the data were normalized to those
for 5S.* p < 0.05 and ** p < 0.01. Data are expressed as the mean * standard deviation of three independent experiments.

for 15 pg/mL Lipo-doxo treated cells, and 37 * 3.5 mpH/min for
30 pg/mL Lipo-doxo treated cells under high glucose conditions,
indicating an elevated glucose flux toward lactate and revealing
the glycolysis capacity of C2C12 cells treated with different
concentrations of Lipo-doxo. The final addition of glycolysis
inhibitor 2-DG abolished the overall glycolysis. Similar results
were obtained under normal glucose condition (Figure 2C).
The calculated glycolysis, glycolytic capacity, and non-glycolytic
acidification for C2C12 cells treated with different concentrations
of Lipo-doxo under high and normal glucose conditions are
shown in Figure 2B and Figure 2D. Among two different glucose
concentration tested in the present study, Lipo-doxo treated and
untreated C2C12 cells under high glucose conditions showed
higher values for glycolysis, glycolytic capacity, and non-
glycolytic acidification (Figure 2B), as compared with the normal
glucose conditions (Figure 2D). The concentration of oligomycin
and glucose used in this study were optimized to get maximal
inhibition of respiration (data not shown).

Dysregulation of mitochondrial fission and fusion
genes expression as a result of Lipo-doxo treatment

The effect of Lipo-doxo on the expression of PGC-1a gene and

PGC-1B gene, which are upstream regulators of mitochondrial
genes, were examined. As shown in Figure 3A1, under high
glucose stress condition treatment with C2C12 cells with 30 pg/
mL Lipo-doxo for 24 h up-regulated the expression of PGC-1a
mRNA level (p < 0.01, n = 3), but the expression of PGC-13 mRNA
level (p < 0.01, n = 3) was down-regulated. Similar effect was
observed under normal glucose condition (Figure 3A2).

The PGC-1a is upstream regulator of mitochondrial genes,
including mitofusin genes. The MFN1 and MFN2 participate in
the regulation of the mitochondrial network [18,19]. As shown
in Figure 3B1, we detected the expression levels of MFN1
and MFN2 and observed that MFN1 (p<0.01, n= 3) was down-
regulated upon 30 pg/mL Lipo-doxo treatment for 24 h under
high glucose condition. However, there is no significant change
in the expression of MFN2 (NS, n = 3) upon 30 pg/mL Lipo-doxo
treatment for 24 h under high glucose condition. As shown in
Figure 3B2, under normal glucose condition, when C2C12 cells
were treated with 30 pg/mL Lipo-doxo for 24 h MFN1 (p< 0.05,
n= 3) was down-regulated and MFN2 was up regulated (n = 3p<
0.01).

As shown in Figure 3C1, treatment with 30 pg/mL Lipo-doxo
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Figure 4 Change in mitochondrial morphology in Lipo-doxo exposed C2C12 cells under different glucose concentrations treatment. Exposure to 30
pg/mL Lipo-doxo under high glucose and normal glucose conditions induces fine structural changes of mitochondria in C2C12 myoblast cells. Cells
were stained with Mito tracker red. Confocal microscopy images of C2C12 cells treated with (A, C) 0 pg/mL and (B, D) 30 ug/mL of Lipo-doxo under
high glucose (top) and normal glucose (bottom) conditions for 24 h. Quantitation of the intensity of Mito tracker red staining under (E) high glucose
and (F) normal glucose conditions. *Denotes statistical difference between a Lipo-doxo treated and the untreated control (p < 0.05, n=3). Note that
Mito tracker red fluorescence appears to be diminished with Lipo-doxo treatment under high and normal glucose conditions for 24 h. However,
mitochondria still maintained some degree of membrane polarization as evidenced by their ability to stain with Mito tracker red. The scale bar of
each image is 50 pm. Images were acquired using a 60X oil immersion objective with a NA of 1.40. All images have the same magnification.

for 24 h under high glucose condition repressed the expression of
both FIS1 (p < 0.05,n = 3) and DRP1 (p <0.01, n = 3) mRNA level.
Similar results were observed under normal glucose condition
(Figure 3C2) for FIS1 (p < 0.01, n = 3) and DRP1 (p < 0.01, n = 3)
mRNA level.

Lipo-doxo altered the mitochondrial morphology and
mitochondrial membrane potential

C2C12 myoblast cells were star-shaped, with a prominent
single central nucleus, with numerous nucleoli. By using confocal
microscopy, alterations in mitochondrial morphology were
evaluated using Mito tracker red (Figure 4). Figure 4A and 4B
shows control C2C12 myoblasts with intact cell membranes
and filamentous polarized mitochondria under high glucose
and normal glucose conditions, respectively. Treatment with
30 pg/mL Lipo-doxo caused breakage of the mitochondrial
network under both glucose concentrations (Figure 4C and 4D).
Furthermore, loss of the mitochondrial Mito tracker red signal
could be seen due to the mitochondrial depolarization induced
by Lipo-doxo (Figure 4C and 4D). However, for 30 pg/mL Lipo-
doxo concentration tested, the mitochondrial network still
accumulated Mito tracker red, demonstrated the retention of a
transmembrane electric potential (Figure 4C and 4D).

Perturbation of mitochondrial membrane potential might
be associated with various physiological and pathophysiologic
processes inside cells, and its determination is widely used for
the characterization of cellular and mitochondrial metabolism
and viability, as well as apoptosis. Mito tracker red is a
mitochondrion selective dye that accumulates in mitochondria

in a membrane potential dependent manner. When used in
appropriately designed experiments, Mito tracker red has been
validated as a noncytotoxic and sensitive indicator of relative
changes in mitochondrial membrane potential in several
cultured cell types. The effect of 30 pg/mL Lipo-doxo for 24 h on
mitochondrial membrane potential was evaluated in C2C12 cells
under high glucose and normal glucose conditions. Cells were
exposed to 30 ug/mL Lipo-doxo for 24 h and assayed for Mito
tracker red uptake using confocal microscope. Mitochondrial
staining was punctate in untreated cells (Figure 4A and 4B),
indicative of selective uptake and concentration of Mito tracker
red by healthy, actively respiring mitochondria. Once taken up
by mitochondria, a mildly thiol-reactive chloromethyl moiety is
responsible for keeping the dye associated with the organelle
[20]. The brightness of the fluorescent intensity was reduced
in cells exposed to Lipo-doxo (Figure 4C and 4D) indicates a
significant reduction of mitochondrial membrane potential in
C2C12 cells (Figure 4E and 4F). Furthermore, some of the cells
but not all treated with 30 pg/mL Lipo-doxo for 24 h, exhibited
more diffuse Mito tracker red staining throughout the cytosol,
a pattern indicative of mitochondrial membrane depolarization
(data not shown). This diffuse staining pattern was the result of a
lack of healthy mitochondria and thereby reduced uptake of the
probe, resulting in diffusion of Mito tracker red throughout the
cytoplasm [21].

Treatment with 30 pg/mL Lipo-doxo under high glucose
(Figure 5B) and normal glucose (Figure 5D) conditions for 24
h led to alterations in cellular morphology and the cytoplasm
appeared to be vacuolated. Nuclear alterations induced by Lipo-
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Control

High Glucose

10 pm

Normal Glucose

10 pm

Lipo-doxo Treated

10 pm

Figure 5 Lipo-doxo induces cytoplasm vacuolization under different glucose conditions. DIC images of C2C12 cells treated with (4, C) 0 pg/mL and
(B, D) 30 pg/mL of Lipo-doxo under high glucose (top) and normal glucose (bottom) conditions for 24 h. The scale bar of each image is 10 um. All
images have the same magnification. Arrows indicate Lipo-doxo induced cytoplasmic vacuolization under different glucose conditions.

doxo exposure were also explored in the present work. 30 pg/
mL Lipo-doxo cause an increase in the area of cell nuclei under
high glucose and normal glucose conditions. The increase in
nuclear area was clearly observed by microscopy (Figure 5B
and 5D) and was accompanied by what appeared to be nucleoli
disorganization. An increase in nuclear size was observed
regardless of the degree of vacuolization exhibited by C2C12
cells.

DISCUSSION

The present study has several major findings. In C2C12
myoblastcells, treatmentwith Lipo-doxo repressed mitochondrial
oxygen consumption rate and extracellular acidification rate
under high glucose and normal glucose conditions. The presence
of Lipo-doxo induced mitochondrial morphological alterations
in C2C12 cells and reduced mitochondrial membrane potential.
Lipo-doxo treatment down-regulated the expression of MFN1,
PGC-1, FIS1 and DRP1 genes, but up-regulated the expression of
MFN2 and PGC-1a genes (Table 1).

In the recent years, targeting mitochondria emerged as
an attractive strategy to control mitochondrial dysfunction
related diseases. Despite the desire to direct therapeutics to
the mitochondria, the actual task is more difficult due to the
highly complex nature of the mitochondria. Only a handful
of nanoparticles based on metal oxides, gold nanoparticles,
dendrons, carbon nanotubes, and liposomes were recently
engineered to target mitochondria. Most of these materials

face tremendous challenges when administered in vivo due to
their limited biocompatibility. Among the numerous types of
nanocarriers, liposomes emerged as promising delivery systems
[22-27].

Our results suggest that the reduced OCR after Lipo-doxo
treatment may be due to Complex I damage, and could explain
the decline in OCR of C2C12 cells treated with Lipo-doxo for 24
h. Previous reports have shown mitochondrial dysfunction [28],
and inactivation of mitochondrial systems such as complexes
I, I, IV, and V, and also phosphate carrier [29], and ATP-ADP
translocase, partly due to binding of doxorubicin to cardiolipin of
the inner mitochondrial membrane [30]. The spare respiratory
capacity of mitochondria in response to oxidative stress and
energetic insufficiency is important [31,32]. The maximal
respiration mainly depends on the function of the substrate
supplementation [33]. Souid and coworkers reported that
oxidative phosphorylation is enhanced in Jurkat and HL-60 cells
exposed to 1 pM non-liposomal conventional doxorubicin for 30
min [34]. They also demonstrated that incubation of cells with
high concentrations of non-liposomal conventional doxorubicin
(5-20 uM) for 1 h caused a significant inhibition of mitochondrial
respiration [35]. Interestingly, C2C12 cells treated with Lipo-doxo
under different glucose concentrations significantly changed the
sensitivity of mitochondria to the mitochondrial uncoupler FCCP.
The sensitivity to FCCP may depend on the conformational state
of the mitochondrial inner membrane, such as changes in its
fluidity and regularity. We also observed a significant decrease
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in ATP levels in Lipo-doxo treated C2C12 cells (data not shown),
which points to the major role of mitochondrial oxidative
phosphorylation in maintaining energy status. We also assessed
the differences in glycolysis-induced ECAR among the Lipo-doxo
treated and untreated C2C12 cells under high glucose and normal
glucose conditions (Figure 2). The results of the extracellular flux
study showed a significant decrease in extracellular acidification
rates in glycolysis, glycolytic capacity, and non-glycolytic
acidification (Figure 2B and 2D) under normal glucose and high
glucose conditions.

Interestingly, we noted that treatment of C2C12 myoblast cells
with 30 pg/mL Lipo-doxo for 24 h up-regulated the expression
of MFN2. In agreement with this finding, other studies tend to
support the idea that increased MFN2 in cardiomyocytes predicts
an adverse outcome, promoting cell death through apoptotic or
autophagic mechanisms [9]. PGC-1a and PGC-1f are important
positive regulators of mitochondrial activity and biogenesis
in skeletal muscle [36]. Key mitochondrial processes, such as
organelle biogenesis and uncoupling, are differentially regulated
by these homologues. It has been shown that PGC-1a stimulates
MFN2 gene promoter activity, and increases the expression of
MFN2 mRNA and protein expression in both skeletal muscle and
brown adipose tissue in conditions associated with enhanced
energy expenditure [37]. Itis likely that the up-regulation of PGC-
la gene by Lipo-doxo treatment may have affected the expression
of MFN2 gene expression. Cells lacking DRP1 contain highly
interconnected mitochondrial nets that are formed by ongoing
fusion in the absence of fission activity [11]. Previous work using
animal models have demonstrated that MFN1 and MFN2 are
essential to mitochondrial remodelling during postnatal cardiac

development [38]. Mutations in the mitochondrial fission and
fusion genes are associated with several human diseases [39].

The mitochondrial membrane potential is a useful tool to
monitor changes in the cell’s capacity to generate ATP by oxidative
phosphorylation [40]. According to the literature, repression of
MFN2 caused changes in mitochondrial morphology, reduced
the mitochondrial membrane potential, cellular respiration,
glucose oxidation and proton leak as well as oxidation of
pyruvate and fatty acids [41]. Wallace et al., reported that non-
liposomal conventional doxorubicin altered the organization
of H9C2 myoblast cardiac sarcomericmyocin [42]. A relation
between non-liposomal conventional doxorubicin treatment
and alterations in myocardial structural proteins and regulatory
protein expression after in vivo treatment of rats has also been
reported [43].

We also observed an increase in nuclear area after Lipo-doxo
treatment under high glucose and normal glucose conditions.
Similar nuclear swelling has been described after etoposide
treatment of neuronal cells [44]. Changes in nuclear morphology,
including chromatin de-condensation, were also observed
by electron microscopy [42]. The vacuoles observed in the
present study could have originated from sarcoplasmic reticular
enlargement [45] or autophagic cell death [46]. Such vacuoles are
known to contain products of lipid metabolism or peroxidation
[47].

Epidemiological studies have revealed that diabetes is
correlated with increased cancer risk [1,2], and that diabetics
treated with metformin have reduced risk of developing various
types of cancer [48,49]. Metformin is an extensively used and

Table 1: Summary of differences between C2C12 myoblast cells treated with 30 pg/mL Lipo-doxo, under normal glucose and high glucose conditions.
Normal Glucose (5 mM) High Glucose (25 mM)
Lipo-doxo treated Lipo-doxo treated
Mean (+SD) Mean (+SD)
Oxygen consumption rate (pmol/min)
Basal respiration 82.6+0.8 73.7+4.0
Maximal respiration 284.1+16.6 183.2+13.8
Spare respiration capacity 201.5+16.2 109.5+10.5
Extra-cellular acidification rate (mpH/min)
Glycolysis 12.1+£3.0 13.8+2.8
Glycolytic capacity 31.5+49 37.6 £3.5
Non-glycolytic acidification 6.5+0.8 12.2+2.7
Real-time qRT-PCR (Fold change)
MFN1 0.74 +0.14 0.77 £ 0.04
MFN2 1.10 £ 0.03 1.13+0.15
PGC-1a 2.88+0.20 5.10 £0.10
PGC-1p 0.26 +0.03 0.25+0.01
DRP1 0.37 £0.01 0.35+0.16
FIS1 0.92 £0.01 0.80 £0.09
Xlil:)()rcel::::liiailn:zlelrstiltl;liane potential (Normalized 0.85 + 011 0.60 + 0.12
Abbreviations: Lipo-doxo: Pegylated Liposomal Doxorubicin HCI; PGC-1a: Peroxisome Proliferator-Activated Receptor Gamma Coactivator-1alpha;
PGC-18: Peroxisome Proliferator-Activated Receptor Gamma Coactivator-1beta; DRP1: Dynamin-Related Protein 1; FIS1: Fission1; MFN1: Mitofusin1;
MFN2: Mitofusin2; qRT-PCR: Quantitative Reverse Transcription PCR; SD: Standard Deviation
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well-tolerated drug for treating individuals with type 2 diabetes.
Metformin inhibits growth of breast cancer cell lines [50,51],
blocks cellular transformation in an inducible model system
[52,53], and has anti-tumor effects in mouse xenografts [52-55].
Furthermore, in mouse xenografts involving a human breast
cancer cell line, co-injection of metformin and doxorubicin
intra-peritoneally near the tumor increases the rate of tumor
regression compared to treatment with doxorubicin alone,
and this combinatorial therapy prevents relapse for at least
several months [52]. The results from the present study support
the notion that Lipo-doxo is more toxic under high glucose
compared to normal glucose conditions (Table 1). This implies
that chemotherapy drugs cause damage not only to cancer
cells, but also normal cells especially at high doses under high
glucose conditions. Our results are in agreement with previous
studies which showed that short-term starvation can selectively
sensitize cancer cells to chemotherapeutics, while simultaneously
protecting normal cells from their side effects via the insulin-like
growth factor 1 pathway and the regulation of the glucose levels

[9].
CONCLUSION

The present data suggest that treatment of C2C12 myoblast
cells with Lipo-doxo down-regulated the expression of MFN1,
PGC-1B, FIS1, and DRP1 genes and up-regulated the expression
of PGC-1a and MFN2 genes, and likely thereby altered the
mitochondrial membrane potential and reduced mitochondrial
function. Lipo-doxo treatment also significantly reduced both
mitochondrial oxygen consumption rate and extra cellular
acidification rate under high glucose and normal glucose
conditions in a dose dependent manner. There were several
morphological alterations after treatment of C2C12 myoblasts
with 30 pg/mL Lipo-doxo for 24 h under high glucose stress
conditions including nuclear swelling and the formation of
vacuoles. This study may help in the development of new
studies on therapeutic targets for preserving mitochondria and
preventing myocardial damage associated with the use of Lipo-
doxo in treatment of a variety of cancers.
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