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ABSTRACT

Effects of Curcumin and Ursolic Acid on the Mitochondrial Coupling Efficiency
and Hydrogen Peroxide Emission of Intact Skeletal Myoblasts

Daniel J. Tueller
Department of Nutrition, Dietetics, and Food Science, BYU
Master of Science

Curcumin is a natural compound that improves blood glucose management. While some
evidence from isolated mitochondria indicates that curcumin uncouples electron transport from
oxidative phosphorylation, the effects of curcumin on mitochondrial respiration and hydrogen
peroxide emission in intact skeletal muscle cells are not known. By assessing rates of oxygen
consumption, we demonstrated for the first time that curcumin (40 uM) reduced the
mitochondrial coupling efficiency (percentage of oxygen consumption that supports ATP
synthesis) of intact skeletal muscle cells. A 30-minute incubation with curcumin decreased
mitochondrial coupling efficiency by 17.0 + 0.4% relative to vehicle (p < 0.008). Curcumin also
decreased the rate of hydrogen peroxide emission by 43 + 13% compared to vehicle (p < 0.05).
Analysis of cell respiration in the presence of curcumin revealed a 40 + 4% increase in the rate of
oxygen consumption upon curcumin administration (p < 0.05 compared to vehicle). In additional
experiments, no difference in mitochondrial coupling efficiency was observed between vehicle-
and curcumin-pretreated cells after permeabilization of cell membranes (p > 0.7). The possibility
of synergistic effects between curcumin and ursolic acid, another natural compound that
improves blood glucose management, was also examined. Interestingly, ursolic acid (0.12 uM)
increased mitochondrial coupling efficiency by 4.1 = 1.1% relative to vehicle (p < 0.008) and
attenuated the effect of curcumin when the two compounds were used in combination (decreased
mitochondrial coupling efficiency by 8.0 + 0.9% compared to vehicle, p < 0.008). These results
provide evidence for lower mitochondrial coupling efficiency and hydrogen peroxide emission
as possible contributors to the increased glucose uptake and insulin sensitivity of subjects after
treatment with curcumin but not ursolic acid. Unless cells are assessed in the intact condition,
changes to mitochondrial coupling efficiency after curcumin treatment may go unnoticed.

Keywords: curcumin, mitochondria, skeletal muscle, ursolic acid
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INTRODUCTION

Hyperglycemia and insulin resistance

Impaired blood-glucose control is a widely accepted contributor to the development of
chronic disease (Centers for Disease Control and Prevention, 2014). The regulation of blood
glucose is largely mediated by the hormone insulin, which signals the uptake of glucose from the
blood into insulin-sensitive tissues by promoting the translocation of the glucose transporter
GLUT4 from the cell cytosol to the plasma membrane (Di Meo, lossa, and Venditti, 2017).
Insulin resistance, or the decreased capacity of cells to respond to insulin, impairs blood-glucose
management by necessitating a larger insulin stimulus to maintain a normal concentration of
blood glucose. Because skeletal muscle accounts for the vast majority of glucose uptake after a
meal (Baron et al., 1988; DeFronzo and Tripathy, 2009), treatments that promote insulin
sensitivity in skeletal muscle cells have tremendous potential to alleviate hyperglycemia and the
progression of associated pathogenic conditions such as type 2 diabetes, obesity, and
atherosclerosis (Affourtit, 2016).

Nutrient overload and insulin signaling

The shift in cellular redox environment that results from nutrient overload has been
hypothesized as a contributor to insulin resistance (Fisher-Wellman and Neufer, 2012).
According to this hypothesis, excessive fuel supply in the absence of matching demand leads to
increased mitochondrial production of reactive oxygen species. The amount of reactive oxygen
species increases during such fuel imbalance because the mitochondrial electron transport system
is presented with an overabundance of electrons, which come from carbohydrate, lipid, and
protein oxidation. Electrons are passed between protein complexes along the electron transport

system in a series of oxidation-reduction reactions until ultimately uniting with oxygen and



hydrogen to form water (Mailloux, 2015). This last step, where oxygen acts as the final electron
acceptor in the electron transport system, is the main reaction responsible for the use or
consumption of oxygen (respiration) in our cells and is a reason why oxygen is so vital for life.
A molecule is said to undergo oxidation when it gives up its electrons, and a molecule is
reduced when it receives electrons. If the amount of electron carriers (also called reducing
equivalents due to their propensity to reduce, or transfer electrons to, other compounds) is high,
such as after excessive energy intake, then more electrons will be delivered from these carriers to
the electron transport system. This means that a greater percentage of electron-transport-system
complexes will exist in their reduced state and that less will exist in their oxidized state (Fisher-
Wellman and Neufer, 2012). With less complexes available to accept electrons within the
transport system, there is an increased likelihood that electrons will pass out of the transport
system and react with oxygen prematurely to generate reactive oxygen species. The first radical
that forms from the union of molecular oxygen with a single electron is superoxide, which is
quickly converted by superoxide dismutase enzymes into hydrogen peroxide (Brand, 2016).
Hydrogen peroxide can then be reduced to water by the glutathione or thioredoxin/peroxiredoxin
antioxidant enzyme systems. Through this neutralization process, antioxidant enzymes protect
cell structures from damage than could be induced by reactive oxygen species. A consequence is
that these protective enzymes are oxidized during the act of hydrogen-peroxide neutralization,
and the intracellular environment of the cell will then shift toward a more general state of
oxidation (Schafer and Buettner, 2001; Fisher-Wellman and Neufer, 2012). Such a shift in redox
environment leads to increased activity of certain enzymes such as c-Jun amino-terminal kinases
(Aguirre et al., 2000; Rindler et al., 2013), which phosphorylate serine and threonine residues on

insulin receptor substrates 1 and 2 (IRS1 and IRS2). Proper insulin signaling requires the



phosphorylation of tyrosine residues on IRS1 and IRS2 in order to allow docking of downstream
effector molecules, but this docking cannot occur when serine and threonine residues on these
proteins are phosphorylated instead of tyrosine (Di Meo, lossa, and Venditti, 2017). This altered
phosphorylation pattern therefore disrupts the propagation of the insulin signal and ultimately
impairs the translocation of GLUT4 proteins from the cytosol to the membrane of the cell
(Carnagarin, Dharmarajan, and Dass, 2015).

Based on the effect of cellular redox environment on insulin signal proteins, effective
insulin signaling may be restored through means that prevent a buildup of reducing equivalents
in mitochondria (Muoio and Neufer, 2012). This concept has been demonstrated in experiments
where the administration of a beta-oxidation inhibitor (which prevented the transport of fatty
acids into mitochondria and thus limited the production of reducing equivalents from fatty-acid
oxidation) improved the insulin sensitivity of mice (Finck et al., 2005). Consistent with this
hypothesis, lifestyle changes that promote negative energy balance through either diet (lower
energy intake) or exercise (increased energy expenditure) both contribute to improved insulin
sensitivity and blood glucose management (Dube et al., 2011).

Curcumin and ursolic acid

Clinical studies have demonstrated that curcumin, a compound isolated from the common
spice, turmeric, improves insulin sensitivity and glycemic control in humans (Chuengsmarn et
al., 2012; Na et al., 2013; Chuengsmarn et al., 2014). Although a host of potential molecular
targets and actions of curcumin have been identified (Ghosh, Banerjee, and Sil, 2015; Jiménez-
Osorio, Monroy, and Alavez, 2016), curcumin’s effect on mitochondrial respiration remains
unclear. Some interesting findings involving isolated mitochondria provided evidence that

curcumin may uncouple the electron transport system from ATP production (Lim, Lim, and



Wong, 2009; Martineau, 2012). Normally, electron transport and oxidative phosphorylation are
tightly coupled, meaning that most of the potential energy generated from electron transport is
used to drive ATP synthesis. These two processes (electron transport and oxidative
phosphorylation) are linked by a gradient of protons that are pumped out of the mitochondrial
matrix during electron transport and then flow back into the matrix through the ATP synthase
enzyme. If the electron transport system and ATP production become uncoupled, more substrate
would be required to maintain an optimal rate of ATP synthesis (Klip et al., 2009). This concept
has been illustrated in mice that were genetically engineered to exhibit greater uncoupling
between electron transport and oxidative phosphorylation; these mice displayed greater fuel
uptake and turnover than their wildtype counterparts (Clapham et al., 2000). A similar coupling
inefficiency could contribute to the increased glucose uptake, independent from any changes to
insulin signaling, that was observed in skeletal muscle cells after curcumin treatment (Kang and
Kim, 2010; Kim et al., 2010, Na et al., 2011) since more fuel may be needed during reduced
mitochondrial coupling in order to maintain ATP production. However, the effect of curcumin
on mitochondrial coupling efficiency in skeletal muscle cells has not been assessed.

Lower mitochondrial coupling efficiency may also contribute to curcumin’s positive
effect on insulin sensitivity. If coupling between the electron transport system and oxidative
phosphorylation is decreased, then the ATP yield from a given amount of fuel would also be
reduced. More fuel would therefore be required to maintain an optimal ATP concentration within
the cell. The likelihood of an accumulation of reducing equivalents in mitochondria would
decrease, and less reactive oxygen species would be generated. This principle has also been
demonstrated in mice where the intentional uncoupling of electron transport from oxidative

phosphorylation in skeletal muscle led to decreased hydrogen peroxide production (Anderson,



Yamazaki, and Neufer, 2007) and improved insulin sensitivity (Li et al., 2000; Bernal-Mizrachi
et al., 2002; Han et al., 2004; Katterle et al., 2008; Neschen et al., 2008; Keipert, Voigt, and
Klaus, 2011; Adjeitey et al., 2013; Keipert et al., 2013). The administration of therapeutic
compounds that reduce mitochondrial coupling similarly improved the insulin sensitivity of mice
(Perry et al., 2013; Perry et al., 2015). As curcumin’s effects on the mitochondrial coupling
efficiency and hydrogen peroxide emission of skeletal muscle cells have not yet been assessed,
the identification of any effects if present would increase our understanding of why curcumin
treatment may improve blood-glucose management and insulin sensitivity.

Unfortunately, poor absorption and rapid clearance from the body are major limitations to
curcumin’s therapeutic potential (Salem, Rohani, and Gillies, 2014; Mirzaei et al., 2017). The
bioavailability of curcumin after oral intake has been estimated to be around 1% (Yang et al.,
2007). While efforts have been undertaken to improve curcumin delivery into tissues (Prasad,
Tyagi, and Aggarwal, 2014; Liu et al., 2016), another way to circumvent curcumin’s poor
bioavailability may be to administer curcumin with a synergistically acting compound. Such a
combination could decrease the concentration of curcumin that is required to yield beneficial
effects. Ursolic acid, found in a number of fruits, has improved the insulin sensitivity and blood-
glucose management of mice (Jang et al., 2009; Kunkel et al., 2012; Li et al., 2014; Jia et al.,
2015). Similar to curcumin, ursolic acid also stimulated oxygen consumption in the absence of
ATP synthesis in isolated mitochondria (Liobikas et al., 2011). This change in mitochondrial
respiration was also associated with decreased hydrogen peroxide production. The effect of
ursolic acid on mitochondrial coupling efficiency and hydrogen peroxide emission has not been
explored in intact skeletal muscle cells. If such effects are induced by both ursolic acid and

curcumin in skeletal muscle cells, then a combination with these two treatments could allow a



lower curcumin dose to be used in therapies to achieve benefits on blood-glucose management.
This possibility is even more tantalizing in light of recent evidence that curcumin and ursolic
acid acted synergistically to decrease the size of prostate tumors in mice (Lodi et al., 2017).
Reduced mitochondrial coupling has previously been identified as a potential contributor to the
success of some chemotherapeutic compounds (Marin-Prida et al., 2017). However, the
interaction between curcumin and ursolic acid on mitochondrial coupling efficiency or hydrogen
peroxide emission has not been assessed in any model. If synergism were present between
curcumin and ursolic acid on these aspects of mitochondrial function within intact skeletal
muscle cells, a combined treatment with these two compounds would have great therapeutic
potential to improve blood-glucose control and insulin sensitivity.

Study objectives

The main objective of this study was to determine if curcumin decreases the
mitochondrial coupling efficiency and hydrogen peroxide emission of intact skeletal muscle
cells. The presence of such effects in intact skeletal muscle cells would provide new insight to
how curcumin may have improved the blood-glucose control and insulin sensitivity of subjects
in past experiments. An additional objective was to determine if curcumin and ursolic acid act
synergistically to modulate the mitochondrial coupling efficiency and hydrogen peroxide
emission of intact skeletal muscle cells. Part of this objective involved the determination of
ursolic acid’s individual effects on the mitochondrial coupling efficiency and hydrogen peroxide
emission of intact skeletal muscle cells, as these effects are also not known. If curcumin and
ursolic acid act synergistically to decrease the mitochondrial coupling efficiency and hydrogen
peroxide emission of intact skeletal muscle cells, then a lower curcumin dose could theoretically

be used to improve insulin sensitivity and blood-glucose management.



METHODS
Cell culture

C2C12 myoblasts (ATCC® CRL-1772™), an immortalized skeletal muscle cell line
originally isolated from the thigh of adult mice (Yaffe and Saxel, 1977), were chosen as an
experimental model. Since skeletal muscle is responsible for the vast majority of insulin-
mediated glucose uptake (Baron et al., 1988), treatments that increase insulin sensitivity in
skeletal muscle cells would have tremendous potential to improve blood glucose homeostasis.
This model was chosen over other skeletal muscle cell lines because C2C12 cells are widely
used and have been employed in previous studies involving curcumin and ursolic acid (Kang and
Kim, 2010; Deng et al., 2012, Figueiredo and Nader, 2012; Martineau, 2012). The cells originate
in the myoblast stage where they rapidly divide. Upon becoming confluent, the cells differentiate
into myotubes; they fuse together, become multinucleated and elongated, and spontaneously
contract. While most previous experiments that used C2C12 cells with curcumin and ursolic acid
were performed using myotubes, the present study was conducted with cells in the myoblast
stage. This decision was the result of extensive preliminary experiments in which the viability of
myotubes could not be ensured over the duration of respiration experiments. Respiration
experiments using samples of soleus and gastrocnemius tissue from rats and mice were also
attempted unsuccessfully, possibly due to compromised plasma membrane integrity in these
models (Pesta and Gnaiger, 2012). A more detailed explanation regarding the importance and
challenges of preserving membrane integrity during respiration experiments is offered in the
discussion section of the present paper. Although our experiments with myotubes and muscle
fiber bundles were not successful, C2C12 myoblasts still provided a model of intact skeletal

muscle cells in which our objectives could be carried out.



The protocol employed for cell culture was adapted from previously described methods
(Fisher-Wellman et al., 2014; Kwak et al., 2012). In preparation for experiments, myoblasts were
seeded at approximately 1 x 10* cells/cm? in 6-well plates. Cells were cultured in growth media
that consisted of Dulbecco’s Modified Eagle’s Medium (SIGMA D6429), 10% fetal bovine
serum, and 1% antibiotic antimycotic solution (10,000 U penicillin, 10 mg streptomycin, and 25
pg amphotericin B per mL) in a 5% CO2 environment at 37 °C. Differentiation into myotubes
was enhanced after cells reached 100% confluency by replacing growth media with
differentiation media, which contained the same formulation as growth media except for a
substitution of adult horse serum in place of fetal bovine serum. Myoblasts (after reaching 90%
confluency) and myotubes (after 3 days on differentiation media) to be used for experiments
were rinsed twice with Hank’s Balanced Salt Solution (lacking calcium and magnesium) and
then rinsed once with 0.05% trypsin EDTA. Cells were then incubated at 37 °C until detached
from plates and were then suspended in fresh culture media.

Intact cell respiration

Measurement of cell respiration was performed using a Clark-type oxygen-electrode
respirometer/fluorometer (Oxygraph-2k, OROBOROS INSTRUMENTS). This instrument
functions by detecting the electrical current, or movement of electrons, associated with the
reduction of oxygen in solution within an enclosed chamber (referred to hereafter as the
respiratory chamber). By calibrating the instrument under conditions of both atmospheric and
Zero oxygen concentrations, a slope can be generated and used to convert the detected electric
current in the respiratory chamber to measurements of oxygen concentration over the course of

an experiment (Clark and Sachs, 1968; LeFevre, 1969).



The methods used for assessment of cell respiration in the present study were modified
from previously established protocols (Pesta and Gnaiger, 2012). After the addition of cell
suspension to the respiratory chamber, cells were spun for 10 minutes at 25 °C and 750 RPM in
cell culture media and then sampled for measurement of cell count and viability using a
hemocytometer and the Trypan Blue exclusion method. Trypan Blue is a blue-colored compound
that cannot cross an intact cell membrane. The presence of blue-colored cells after treatment with
Trypan Blue thus reveals cellular damage or death. Only experiments in which samples were
greater than 95% viable, as assessed using this method, were included in the final data analysis.
Viability was calculated as the number of viable cells divided by the total number of viable and
damaged cells. On average, approximately 3.5 million viable cells (1.75 million/mL) were
assessed during each experiment. This was the typical yield from three wells of a 6-well plate
and was used in order to obtain a volume-specific rate of oxygen consumption of around 20
pmol/s*mL or higher during routine respiration (Pesta and Gnaiger, 2012).

After counting the cells and assessing their viability, the respiratory chamber was closed,
and the rate of oxygen consumption was given time to stabilize. This steady state (Figure 1),
where respiration was supported by the nutrients in cell culture media, principally glucose (22.2
mM) and pyruvate (0.89 mM), was characterized as routine respiration (R). The rate of oxygen
consumption during this period was also supported by endogenous ADP within cells and was
therefore an indicator of oxidative phosphorylation-supported respiration as well. Oligomycin
(2.5 uM), which inhibits oxidative phosphorylation by blocking ATP synthase, was then added
to the respiratory chamber. The rate of oxygen consumption was then allowed to stabilize again.
Since the proton gradient generated by the electron transport system cannot not be dissipated

through ATP synthase in the presence of oligomycin, mitochondrial oxygen consumption during



this condition was only possible via proton transport by other means across the inner
mitochondrial membrane into the matrix (Divakaruni and Brand, 2011). This transport, referred
to as proton leak, may occur through passive diffusion or through conductance mediated by other
proteins in the mitochondrial membrane (Jastroch et al., 2010; Brand and Nicholls, 2011).
Without such leak, the pressure of protons outside of the matrix would become so great as to
prevent any additional passage of electrons through the electron transport system. This state was
therefore characterized as leak-supported respiration (L). Lastly, antimycin A (2.5 uM), which
inhibits electron transport through complex III (the convergence point for electrons from
complexes I and II), was added to the respiratory chamber to halt all oxygen consumption
associated with the electron transport system. The residual rate of oxygen consumption (ROX)
that remained after antimycin A administration was subtracted from the raw measurements taken
during the previous respiratory states as part of our data analysis. Accounting for ROX allowed
data to be corrected for any background oxygen consumption from sources extraneous to the

electron transport system.
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Figure 1. Annotated display from an intact-cell respiration experiment.

R Supported by glucose and pyruvate in cell culture media as well as by endogenous ADP within cells.
L Maintained by glucose, pyruvate, and proton leak after inhibition of ATP synthase.

ROX Residual oxygen consumption after inhibition of complex II1.
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During experiments with intact and permeabilized myoblasts, the oxygen concentration
in the respiratory chamber was maintained at approximately 100-200 uM. This was achieved by
initiating experiments at an oxygen level near air saturation and then completing the assessment
of respiration before oxygen levels dropped below 100 pM. Although these concentrations were
higher than physiological intracellular oxygen levels (Gnaiger et al., 1998; Gnaiger, Méndez, and
Hand, 2000; Gnaiger and Kuznetsov, 2002), the chosen oxygen concentration range was used in
order to prevent the rate of oxygen diffusion across cells from limiting respiratory activity. Such
a limitation may lead to suboptimal respiration if oxygen diffusion from the extracellular
environment to mitochondria occurs at a slower rate than oxygen consumption during respiration
(Scandurra and Gnaiger, 2010). Experiments with permeabilized muscle tissue, for example,
must be performed using oxygen concentrations above air saturation (typically 250-500 uM) in
order to prevent oxygen diffusion from limiting respiration (Pesta and Gnaiger, 2010). These
concentrations are necessary when using muscle fiber bundles because of the greater diffusion
distance (over 150 pm) that oxygen must travel in order to reach the fiber core (Gnaiger, 2003).
Small cells, on the other hand, with diffusion distances of only 5-10 pm, can be assessed using
oxygen levels as low as 20 pM without limiting respiration (Pesta and Gnaiger, 2010).
Preliminary experiments in the present study support these past findings in that we observed no
limitation to the rate of oxygen consumption of intact C2C12 myoblasts with oxygen
concentrations as low as 30 uM.

Permeabilized cell respiration

A separate protocol was used to assess respiration in permeabilized cells. Once harvested,
cells were centrifuged at 86 RCF for 5 minutes. This speed was the lowest possible on available

instrumentation and was selected to minimize the risk of mitochondrial damage after the harvest
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process. Growth media was then removed, and cells were suspended in respiration buffer
(MiR05) containing 110 mM sucrose, 60 mM potassium lactobionate, 3 mM magnesium
chloride, 20 mM taurine, 10 mM potassium phosphate, 0.5 mM EGTA, 20 mM HEPES, and 1
g/L BSA. Although cell culture media is ideal for measurement of respiration with intact cells
(due to provision of the same substrate and ion concentrations that support optimal cell health),
MiRO05 was used for permeabilized cells because the calcium concentration in cell culture media
is damaging to mitochondria (Gnaiger et al., 2000; Lemasters et al., 2009).

After transferring the cell suspension to the respiratory chamber, the chamber was closed,
and glutamate (10 mM), malate (2 mM), and digitonin (4.1 pM) were added to the chamber. The
oxidation of malate to oxaloacetate during the tricarboxylic acid (TCA) cycle results in the
transfer of electrons to NADH, which delivers electrons to complex I of the electron transport
system (Gnaiger, 2009). Provision of malate alone leads to oxaloacetate accumulation and
inhibition of TCA cycle activity, so glutamate is added first to maintain TCA cycle function.
Glutamate reacts with oxaloacetate in a transaminase reaction to form a-ketoglutarate, another
TCA cycle intermediate, and this reaction yields NADH in as well. Glutamate and malate were
added immediately prior to digitonin in order to support respiration while digitonin took effect.
Digitonin interacts with cholesterol in cell membranes to form complexes that partially open the
membrane (Salabei, Gibb, and Hill, 2014). As a result of these openings, any endogenous
substrates within cells were washed out and were present in the respiratory chamber at much
lower concentrations than what the mitochondria would experience in an intact cell.
Permeabilization in this manner is typically performed in order to provide researchers with
greater control over the substrate environment. Since cholesterol is abundant in plasma

membranes but not in other organelles, low concentrations of digitonin will not damage

13



mitochondria. Succinate (10 mM) and octanoylcarnitine (0.2 mM) were then added to
additionally stimulate respiration. Succinate is oxidized as part of the TCA cycle by succinate
dehydrogenase, which is the main polypeptide of complex II. Succinate thus supplies electrons
directly to the electron transport system through that complex. Through B-oxidation,
octanoylcarnitine yields NADH as well as the transfer of electrons to electron-transferring
flavoprotein (ETF), which supplies electrons to ubiquinone in the electron transport system
through ETF-ubiquinone oxidoreductase (Perevoshchikova et al., 2013).

With no exogenous ADP to support oxidative phosphorylation, the steady state supported
by glutamate, malate, succinate, and octanoylcarnitine (Figure 2) was characterized as leak-
supported respiration (L). ADP (2.5 mM) was then added to stimulate ATP synthase and support
respiration under phosphorylating conditions. The steady state that followed was characterized as
oxidative phosphorylation-supported respiration (P). This state is analogous to the routine
respiration (R) of intact cells. Cytochrome ¢ (10 uM), which is also a component of the electron
transport system, was then added to assess the integrity of the outer mitochondrial membranes.
Cytochrome c is a large protein that cannot penetrate an intact outer mitochondrial membrane.
Therefore, any increase in oxygen consumption after cytochrome ¢ administration would be
indicative of damage to the mitochondrial membrane. Results from experiments in which
respiration increased more than 10% in response to cytochrome ¢ administration were discarded.

Lastly, antimycin A (2.5 uM) was added to account for ROX as in the protocol for intact cells.
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Figure 2. Annotated display from a permeabilized-cell respiration experiment.
L Maintained by glutamate, malate, succinate, octanoylcarnitine, and proton leak.

P Supported by glutamate, malate, succinate, octanoylcarnitine, and ADP.

ROX Residual oxygen consumption after inhibition of complex II1.

15



Hydrogen peroxide emission

Hydrogen peroxide emission was quantified simultaneously with respiration
measurements (Krumschnabel et al., 2015; Makrecka-Kuka, Krumschnabel, and Gnaiger, 2015).
After transferring pretreated cells to the respiratory chamber, horseradish peroxidase (1 U/mL)
and Amplex UltraRed (10 uM) were added followed by three 0.1 uM steps of a hydrogen
peroxide standard (40 pM) to calibrate the instrument for fluorescence readings. Horseradish
peroxidase catalyzes the reaction between hydrogen peroxide and Amplex UltraRed in a 1:1
stoichiometric ratio to form a fluorescent compound, resorufin, which exhibits excitation and
emission wavelengths of 563 and 587 nm, respectively.

When exposed to a specific wavelength of light (563 nm), electrons within the chemical
bonds of resorufin are transiently excited into higher-energy molecular orbitals. The eventual
return of these electrons to their original orbitals causes a release of energy in the form of
emitted light at a different wavelength (587 nm). The intensity of light at this emission
wavelength can be detected and recorded. Based on the changes in emission intensity that
occurred after multiple additions of the hydrogen peroxide standard, a slope was generated to
relate the emission intensity to the concentration of hydrogen peroxide in the respiratory
chamber. This slope was then used to convert any recorded emission intensity during an
experiment into a rate of hydrogen peroxide appearance. Later assessments of hydrogen peroxide
emission were performed in growth media that lacked pyruvate and phenol red in order to
improve signal stability. Octanoylcarnitine (0.2 mM) was added during routine respiration in
these later experiments to additionally stimulate electron transport in the absence of pyruvate.
The media change was made due to the possibility that pyruvate, a known scavenger of hydrogen

peroxide (Long and Halliwell, 2009), may have prevented the rate of hydrogen peroxide
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emission from rising enough to generate detectable differences between treatments. Phenol red
was removed as an additional precaution due to the possibility of its color interfering with the
detection of changes in fluorescence intensity.

Treatments

During preliminary experiments, an increased rate of oxygen consumption and a
decreased rate of hydrogen peroxide emission were observed when curcumin was added to cell-
free media in the respiratory chamber. Such an effect only occurred when curcumin was added
directly to the chamber in the presence of reagents for the Amplex Red assay and may have been
a result of curcumin oxidation in the presence of horseradish peroxidase (Buchanan and Nicell,
1997; Nelson et al., 2017). In order to reduce the risk of curcumin-induced interference during
hydrogen peroxide measurements, a pretreatment protocol was employed in which cells were
treated and then washed prior to analysis. Such a pretreatment protocol could also yield more
meaningful results than strictly measuring the respiration of cells in the presence of treatment.
This is because pretreating the cells and then washing the cells prior to respiration analysis
would show if the effects of treatment persist even after the treatment is removed.

The old culture media on cells was replaced with fresh media that was previously
warmed to 37 °C and combined with treatment. After 30 minutes of incubation with treatment,
cells were washed twice and harvested as previously described. The incubation time of 30
minutes was selected based on past experiments with C2C12 myotubes (Kang and Kim, 2010)
where curcumin treatments between 30-60 minutes in length caused the greatest changes to
metabolic pathway regulation compared with other incubation times.

Due to their poor solubility in water, treatments were dissolved in 100% DMSO and were

prepared for a final concentration of 0.1% DMSO v/v in cell culture media. In past experiments
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with isolated mitochondria, DMSO concentrations up to 2% had no effect on basal oxygen
consumption (Martineau 2012). Comparisons between 0.1% DMSO-treated cells and untreated
cells during preliminary experiments revealed no differences in respiration or hydrogen peroxide
measurements. Treatments in the present study included curcumin (40 uM), ursolic acid (0.12
uM), a combination of curcumin plus ursolic acid (40 uM and 0.12 uM, respectively), and a
vehicle control (0.1% DMSO).

Concentration selections were based on past experiments with isolated mitochondria.
Martineau (2012) treated mitochondria from rat liver with a range of curcumin doses and found
that during inhibition of ATP synthase, 40 uM curcumin increased the rate of oxygen
consumption to half of the rate observed during oxidative phosphorylation without treatment.
Under similar conditions, Liobikas et al. (2011) treated mitochondria from rat heart with ursolic
acid and found that a concentration of 50 ng/mL (~0.12 uM) also increased the rate of oxygen
consumption during inhibition of ATP synthase to half of the rate observed during oxidative
phosphorylation without treatment.

The concentrations of curcumin and ursolic acid that were used in the present study were
additionally selected in order to reduce the risk of potential cytotoxic effects. In past experiments
with C2C12 myotubes, a 24-hour incubation with 40 pM curcumin (Kang and Kim, 2010) and a
72-hour incubation with up to 5 uM ursolic acid (Figueiredo and Nader, 2012) had no effect on
cell viability as assessed by MTT assay. Only living cells will reduce the yellow MTT compound
to form formazan, a purple product (Plumb, Milroy, and Kaye, 1989). The light absorbance of
samples treated with MTT can therefore be compared to determine relative levels of cell
viability. Both Kang and Kim (2010) and Figueiredo and Nader (2012) saw the viability of cells

decrease in response to more than 40 uM curcumin or 5 uM ursolic acid, respectively. The
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cytotoxic effect of high curcumin doses on C2C12 myotubes was additionally noted in a study
by Martineau (2012). While an 18-hour incubation with 50 pM curcumin had no effect on cell
viability, treatment with 100 pM curcumin over the same duration led to myotube detachment
from cell plates.

Coupling efficiency

The mitochondrial coupling efficiency of intact cells was based on the rates of oxygen
consumption during routine respiration (R) and during leak-supported respiration (L) and was
calculated as [1—(L/R)]. For permeabilized cells, oxidative phosphorylation-supported
respiration (P) was used in place of routine respiration, and the efficiency was calculated as
[1—(L/P)]. As a reminder, routine respiration (R) is supported by endogenous ADP while the
oxidative phosphorylation-supported respiration (P) of permeabilized cells is maintained by
exogenous ADP. Both of these conditions are analogous, however, and reflect the rate of oxygen
consumption during phosphorylating conditions. The mitochondrial coupling efficiency indicates
the fraction of oxygen consumption that is coupled to oxidative phosphorylation. Because the
rate of oxygen consumption is controlled by electron-transport-system activity, values of
mitochondrial coupling efficiency also reflect the degree of coupling between the electron
transport system and oxidative phosphorylation. A value of 1 would indicate a completely
coupled system (electron transport with no proton leak) while a value of 0 would indicate a
completely uncoupled system (electron transport with no oxidative phosphorylation).

For a demonstration of how this works, consider a theoretical example with cells that
exhibit a rate of oxygen consumption of 10 pmol/s during routine respiration. After inhibition of
ATP synthase by the addition of oligomycin, this rate drops to 0 pmol/s, meaning that oxygen

consumption completely ceased. This result implies that the electron transport system of these
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cells was completely coupled to oxidative phosphorylation; without functional ATP synthase, no
oxygen consumption took place. The value given by [1—(L/R)] would be 1. On the other hand,
consider if inhibition of ATP synthase had no effect on these cells and that their rate of oxygen
consumption remained at 10 pmol/s cells after the addition of oligomycin. This would imply that
the electron transport system within these cells was not linked (or was completely uncoupled) to
ATP synthesis. The value given by [1—(L/R)] would be 0. Reported mitochondrial coupling
efficiency values vary widely by cell type (Thrush et al., 2013) and by method of assessment
(Divakaruni and Brand, 2011), with some values in skeletal muscle ranging from 0.66 in rats
(Rolfe et al., 1999) to over 0.90 in mice (Marcinek et al., 2004).
Statistics

The mean mitochondrial coupling efficiency of cells and rate of hydrogen peroxide
emission during routine respiration of 4 treatment groups (vehicle, curcumin, ursolic acid, and
combination) were analyzed by two-way analysis of variance in order to assess the interaction
between curcumin and ursolic acid treatments. The mean results of the four treatment groups
were also compared against each other using the Bonferroni method to assess differences
between treatments. To reduce the risk of incorrectly rejecting a null hypothesis while
performing multiple comparisons of means, the Bonferroni method applies a correction to the
alpha level for individual comparisons within a family of statistical tests. Our desired alpha level
of 0.05 for each family (mitochondrial coupling efficiency and hydrogen peroxide emission) was
adjusted to 0.008 in order to account for six independent comparisons. These comparisons
included vehicle to curcumin, vehicle to ursolic acid, vehicle to combination, curcumin to ursolic
acid, curcumin to combination, and ursolic acid to combination. Remaining analyses were

conducted by Student’s #-test using an alpha level of 0.05.
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RESULTS

Mitochondrial coupling efficiency

In order to accomplish the primary study objective of determining whether curcumin and
ursolic acid decrease the mitochondrial coupling efficiency of intact skeletal muscle cells,
C2C12 myoblasts were pretreated for 30 minutes and then subjected to respiration analysis in
their intact state. The results of these 30-minute pretreatments on mitochondrial coupling
efficiency are shown in Table 1. In addition, the rates of oxygen consumption that were used for
calculations of efficiency are provided in Table 2. Curcumin (-17.0 £ 0.4%), ursolic acid (+4.1 £+
1.1%), and combined treatment (-8.0 + 0.9%) each changed the mitochondrial coupling
efficiency of cells relative to vehicle (p < 0.008). These relative changes are depicted in Figure 3.
The mitochondrial coupling efficiencies that resulted from curcumin, ursolic acid, or combined
treatment differed from each other as well (p < 0.008). Notably, curcumin and ursolic acid
demonstrated opposite effects on mitochondrial coupling efficiency when used individually, and
a subtractive effect was observed when these treatments were used in combination. This finding
of no synergism also accomplished our objective to determine if curcumin and ursolic acid act

synergistically to decrease the mitochondrial coupling efficiency of intact skeletal muscle cells.
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Table 1. Mitochondrial coupling efficiency of intact C2C12 myoblasts after pretreatment.

Treatment Mitochondrial coupling efficiency
Vehicle 0.78 £0.012

Curcumin 0.65 +0.003°

Ursolic acid 0.81 £0.01°¢

Combination 0.72+0.014

The mitochondrial coupling efficiency describes the proportion of oxygen consumption that is coupled to ATP
synthesis. Measurements were taken after a 30-minute pretreatment. Treatments included vehicle (0.1% DMSO),
curcumin (40 uM), ursolic acid (0.12 pM), and combination (40 uM curcumin with 0.12 pM ursolic acid).
Treatments with different superscripts are different from each other, p <0.008.

Data expressed as means = SEM.

N = 6 per treatment.
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Table 2. Rates of oxygen consumption of intact myoblasts after 30-minute pretreatment.

Treatment R L ROX

Vehicle 8.2+0.8 1.8+0.1 25+0.3
Curcumin 7.7+1.0 27+04 26+0.3
Ursolic acid 10.7+0.5 2.0+0.1 3.1+0.1
Combination 11.5+1.3 33+04 3.8+0.2

Rates of oxygen consumption (pmol/s*million cells) of intact C2C12 myoblasts were measured during routine
respiration (R), during leak-supported respiration (L), and after inhibition of the electron transport system (ROX)
following a 30-minute pretreatment. Rates of oxygen consumption during R and L (shown here as ROX-corrected
values) were used to calculate mitochondrial coupling efficiency. Treatments included vehicle (0.1% DMSO),
curcumin (40 pM), ursolic acid (0.12 pM), and combination (40 uM curcumin with 0.12 uM ursolic acid).

Data expressed as means = SEM.

N = 6 per treatment.
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Figure 3. Mitochondrial coupling efficiency of intact C2C12 myoblasts.

The mitochondrial coupling efficiency describes the proportion of oxygen consumption that is coupled to ATP
synthesis and was assessed after a 30-minute pretreatment. Treatments included vehicle (0.1% DMSO), curcumin
(40 uM), ursolic acid (0.12 uM), and combination (40 pM curcumin with 0.12 pM ursolic acid).

Treatments with different letters are different from vehicle and from each other, p < 0.008.

Data expressed as means + SEM.

N = 6 per treatment.
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Hydrogen peroxide emission

Another objective of the study was to determine if curcumin and ursolic decrease the rate
of hydrogen peroxide emission from intact skeletal muscle cells. The results of 30-minute
pretreatments on the rate of hydrogen peroxide emission from intact C2C12 myoblasts during
routine respiration are shown in Table 3. A pattern similar to that of mitochondrial coupling
efficiency was observed in that curcumin decreased the rate of hydrogen peroxide emission,
ursolic acid increased the rate of emission, and the combined treatment produced a rate that was
intermediate between the two individual treatments. These changes are depicted relative to
vehicle in Figure 4. Even though the pattern of hydrogen peroxide emission mirrored our
observed changes in mitochondrial coupling efficiency, the only difference in hydrogen peroxide
emission that reached statistical significance (p < 0.008) occurred between curcumin and ursolic
acid. The change between vehicle and curcumin approached statistical significance (-43 + 8%
with curcumin relative to vehicle, p = 0.013), but a statistical difference could not be concluded
after applying the Bonferroni correction. Similarly, no statistical differences were observed
between vehicle and ursolic acid (+25 £ 7% with ursolic acid relative to vehicle, p > 0.1), vehicle
and combination (-1 £ 10% with combination relative to vehicle, p > 0.9), curcumin and
combination (p = 0.014), or ursolic acid and combination (p > 0.09). The finding of a non-
significant increase in hydrogen peroxide emission with ursolic acid relative to vehicle
accomplished our objective to determine if ursolic acid decreased the rate of hydrogen peroxide
emission from intact skeletal muscle cells. Similarly, our finding of no synergism between
curcumin and ursolic acid accomplished the objective of determining whether curcumin and
ursolic acid act synergistically to decrease the rate of hydrogen peroxide emission from intact

skeletal muscle cells.
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Table 3. Rates of hydrogen peroxide emission from intact C2C12 myoblasts.

Treatment R L ROX

Vehicle 0.38 +0.06® 0.40 + 0.06* 0.49 + 0.08%
Curcumin 0.22+0.03° 0.23+0.02° 0.30 +0.04°
Ursolic acid 0.47 £0.032 0.50 £ 0.032 0.62 +0.042
Combination 0.37 +0.04% 0.41 +£0.04* 0.53+0.05*

Rates of hydrogen peroxide emission (pmol/s*million cells) from intact C2C12 myoblasts were assessed after a 30-
minute pretreatment during routine respiration (R), during leak-supported respiration (L), and after inhibition of the
electron transport system (ROX). Treatments included vehicle (0.1% DMSO), curcumin (40 uM), ursolic acid (0.12
uM), and combination (40 uM curcumin with 0.12 uM ursolic acid).

Treatments with different superscripts are different from each other, p < 0.008.

Data expressed as means = SEM.

N = 6 per treatment.
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Figure 4. Rate of hydrogen peroxide emission from intact C2C12 myoblasts.

The rate of hydrogen peroxide emission was assessed during routine respiration after a 30-minute pretreatment.
Treatments included vehicle (0.1% DMSO), curcumin (40 uM), ursolic acid (0.12 pM), and combination (40 uM
curcumin with 0.12 uM ursolic acid).

* Different from curcumin, p < 0.008.

Data expressed as means + SEM.

N = 6 per treatment.
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Experiments without pyruvate and phenol red

In attempt to detect a possible statistical difference in the rate of hydrogen peroxide
emission between vehicle and curcumin, additional experiments were performed in growth
media that lacked phenol red and that substituted octanoylcarnitine for pyruvate. This revised
protocol was used in light of pyruvate’s ability to neutralize reactive oxygen species (Long and
Halliwell, 2009), which may have had prevented meaningful rises in hydrogen peroxide
emission. Phenol red was also removed as an additional precaution in case its color had
interfered with the detection of changes in fluorescence intensity. As shown in Table 4,
mitochondrial coupling efficiency was again reduced by curcumin compared with vehicle in
these experiments (-11 £ 1.1%, p < 0.05). The rates of oxygen consumption that were used for
calculations of efficiency are also provided in Table 5.

Relative to vehicle, the rate of hydrogen peroxide emission from intact C2C12 myoblasts
was reduced after curcumin pretreatment during routine respiration (-43 + 13%, p < 0.05) as well
as during all other stages of respiration (p < 0.05) in media that lacked pyruvate and phenol red
(Table 6). The absolute rates of hydrogen peroxide emission were indeed higher in these
experiments compared to earlier assessments with pyruvate and phenol red present. Interestingly,
the mean percent change in hydrogen peroxide emission with curcumin relative to vehicle was
the exact same in both experimental conditions albeit with greater variability when pyruvate and
phenol red had been removed. The finding of a lower rate of hydrogen peroxide emission after
curcumin treatment accomplished our objective to determine if curcumin reduces the rate of

hydrogen peroxide emission from intact skeletal muscle cells.
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Table 4. Mitochondrial coupling efficiencies of intact and permeabilized C2C12 myoblasts.

Treatment MCE of intact cells? MCE of permeabilized cells®
Vehicle 0.83 +£0.02 0.79 £ 0.001
Curcumin 0.74+0.01* 0.79 £ 0.005

The mitochondrial coupling efficiency (MCE) describes the proportion of oxygen consumption that is coupled to
ATP synthesis. MCE was assessed after a 30-minute pretreatment. Treatments included vehicle (0.1% DMSO) and
curcumin (40 pM).

2 Assessed in media without phenol red and with octanoylcarnitine in place of pyruvate.

® Assessed in MiRO5.

* Different from vehicle within the same cell model, p < 0.05.

Data expressed as means = SEM.

N = 6 per treatment for intact cells and 3 per treatment for permeabilized cells.
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Table 5. Rates of oxygen consumption of intact myoblasts in media without pyruvate.

Treatment R R L ROX
Vehicle 104+1.1 11.0+1.2 1.9+0.2 3.7+0.2
Curcumin 7.8+0.7 85+09 22403 30+0.2

Rates of oxygen consumption (pmol/s*million cells) of intact C2C12 myoblasts were measured during routine
respiration (R), after the addition of octanoylcarnitine (R’), after the addition of oligomycin (L), and after inhibition
of the electron transport system (ROX) in growth media that lacked pyruvate and phenol red after a 30-minute
pretreatment. Rates of oxygen consumption during R” and L (shown here as ROX-corrected values) were used to
calculate mitochondrial coupling efficiency. Treatments included vehicle (0.1% DMSO) and curcumin (40 uM).

* Different from vehicle within the same respiratory state, p < 0.05.

Data expressed as means = SEM.

N = 6 per treatment.

30



Table 6. Rates of hydrogen peroxide emission from myoblasts in media without pyruvate.

Treatment R R L ROX
Vehicle 0.86+0.14 096 £0.16 0.99+0.16 1.24+0.19
Curcumin 049 +0.11* 0.56 £0.13* 0.57 £0.13* 0.73 £0.15*

Rates of hydrogen peroxide emission (pmol/s*million cells) from intact C2C12 myoblasts were assessed during
routine respiration (R), after addition of octanoylcarnitine (R’), after addition of oligomycin (L), and after addition
of antimycin A (ROX) in growth media that lacked pyruvate and phenol red after a 30-minute pretreatment.
Treatments included vehicle (0.1% DMSO) and curcumin (40 uM).

* Different from vehicle within the same respiratory state, p < 0.05.

Data expressed as means = SEM.

N = 6 per treatment.
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Immediate effect of curcumin treatment on rate of oxygen consumption

In order to observe the immediate effect of curcumin on the respiration of intact cells,
curcumin was added to cell suspensions within the respiratory chamber. Assessment of hydrogen
peroxide emission was not performed in these experiments due to previously observed reactions
between curcumin and reagents in the Amplex Red assay. When added to intact C2C12
myoblasts in the respiratory chamber (Figure 5), curcumin abruptly increased the rate of oxygen
consumption by 40 + 4% versus a vehicle-induced change of -1 + 1% (p < 0.05 between
treatments, Table 7). The rise in the rate of oxygen consumption peaked approximately 10
minutes after curcumin administration and reached a steady state thereafter. Curcumin treatment
again led to reduced mitochondrial coupling efficiency in these experiments (-12 + 2% relative to
vehicle, p < 0.05). Interestingly, the increased rate of oxygen consumption during routine
respiration with curcumin (+7.1 pmol/s*million cells relative to vehicle) was not completely
accounted for by mitochondrial uncoupling (based on an increased rate of oxygen consumption
of only +3.4 pmol/s*million cells with curcumin relative to vehicle during leak-supported
respiration). These findings relate to our objective of determining if curcumin decreases the
mitochondrial coupling efficiency of intact skeletal muscle cells by showing that curcumin’s
effect on the rate of oxygen consumption occurred abruptly and peaked within 10 minutes after

initiating treatment.
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Figure 5. Annotated results of two simultaneous experiments with intact C2C12 myoblasts.
Rate of oxygen (O,) consumption (pmol/s*million cells) was measured during two simultaneous experiments with
intact C2C12 myoblasts. Treatments and reagents were added to cell suspensions at the points indicated by arrows.
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Table 7. Mitochondrial respiration of intact C2C12 myoblasts in the presence of treatment.
Treatment R RT LT ROX" MCET

Vehicle 153+0.7 15.1+0.6 29+0.1 3.5+0.1 0.81+0.01
Curcumin 16.0+ 1.4 222+14*% 63+0.1%* 4.1+0.2% 0.71 £ 0.02*

Rates of oxygen consumption (pmol/s*million cells) of intact C2C12 myoblasts were assessed during routine
respiration (R), during leak-supported respiration (L), and after inhibition of the electron transport system (ROX)
immediately before and after the addition of treatment to cells in the respiratory chamber. Rates of oxygen
consumption during R and L (shown here as ROX-corrected values) were used to calculate mitochondrial coupling
efficiency (MCE), which describes the proportion of oxygen consumption that is coupled to ATP synthesis.

T In the presence of treatment: vehicle (0.1% DMSO) or curcumin (40 pM).

* Different from vehicle, p <0.05.

Data expressed as means = SEM.

N =4 per treatment.
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Permeabilization of cells after 30-minute pretreatment

We next sought to determine if the effect of curcumin pretreatment on mitochondrial
coupling efficiency would persist if cells were permeabilized. This information is important to
know because muscle tissue samples from humans and animals are normally assessed in the
permeabilized condition (Pesta and Gnaiger, 2012). Since this model of assessment is different
from the intact condition used in our experiments up to this point, we were curious if the effects
of curcumin pretreatment on the mitochondrial coupling efficiency of intact cells could still be
seen after permeabilization of their cell membranes. To our surprise, no difference in
mitochondrial coupling efficiency was observed between vehicle- and curcumin-pretreated
C2C12 myoblasts after cell membrane permeabilization (p > 0.7, Table 4, with rates of oxygen
consumption that were used to calculate efficiency provided in Table 8). This finding is of
critical value for future experiments involving curcumin administration to humans or animals. If
the mitochondrial coupling efficiency of skeletal muscle tissue from subjects in these
experiments is assessed after permeabilization, researchers may falsely conclude that curcumin
had no effect. In reality, an effect may have been present but was lost or went undetected after

samples were permeabilized.
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Table 8. Rates of oxygen consumption of pretreated myoblasts after permeabilization.

Treatment L P ROX
Vehicle 144+1.8 68.3+8.3 1.2+0.5
Curcumin 13.9+2.6 66.3 £ 10.7 1.5+0.3

Rates of oxygen consumption (pmol/s*mL) of pretreated C2C12 myoblasts were measured in the permeabilized
condition during leak-supported respiration (L), during oxidative phosphorylation-supported respiration (P), and
after inhibition of the electron transport system (ROX). Rates of oxygen consumption during L and P (shown here as
ROX-corrected values) were used to calculate mitochondrial coupling efficiency. Treatments included vehicle (0.1%
DMSO) and curcumin (40 uM).

Data expressed as means = SEM.

N = 3 per treatment.
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DISCUSSION
Objectives

The main objective of this study was to determine if curcumin decreases the
mitochondrial coupling efficiency and hydrogen peroxide emission of intact skeletal muscle
cells. We found that curcumin lowered the mitochondrial coupling efficiency of intact C2C12
myoblasts after a 30-minute pretreatment on two separate occasions, and we observed that
curcumin reduced the mitochondrial coupling efficiency of cells when they were treated directly
within the respiratory chamber as well. Additional experiments showed that curcumin also
reduced the rate of hydrogen peroxide emission from these cells. These results provide evidence
for how curcumin treatment may have improved the blood glucose control and insulin sensitivity
of subjects during clinical investigations in the past (Chuengsmarn et al., 2012; Na et al., 2013;
Chuengsmarn et al., 2014).

Another objective was to determine if curcumin and ursolic acid would act synergistically
to reduce the mitochondrial coupling efficiency and hydrogen peroxide emission of intact
skeletal muscle cells. Such synergism could improve therapies involving curcumin by allowing a
lower curcumin dose to be used to improve insulin sensitivity and blood-glucose management.
We were surprised to find that ursolic acid independently increased the mitochondrial coupling
efficiency of intact C2C12 myoblasts and caused a statistically nonsignificant increase in the rate
of hydrogen peroxide emission. When curcumin and ursolic acid were used in combination, the
effects of curcumin on mitochondrial coupling efficiency and hydrogen peroxide emission were
attenuated. These results show that further research will be necessary to determine how curcumin
and ursolic acid may have different effects on these variables despite having independently

improved blood-glucose control and insulin sensitivity in past studies.
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Past studies of curcumin and glucose uptake

The effect of curcumin on stimulating glucose uptake in skeletal muscle cells has
previously been well-established in a number of experimental models (Kim et al., 2010; Na et
al., 2011) including C2C12 cells. Martineau (2012) treated C2C12 myotubes with curcumin (25
and 50 uM) for 18 hours. While 25 pM curcumin did not have a significant effect, 50 uM
curcumin caused an approximately 60% increase in rate of glucose uptake relative to vehicle.
Kang and Kim (2010) treated C2C12 myotubes for one hour with curcumin (3, 10, and 40 pM)
and observed the greatest rate of glucose uptake with 40 uM curcumin compared to vehicle.
Molecular signaling pathways involving AMP-activated protein kinase (AMPK) and acetyl-CoA
carboxylase (ACC) were also assessed in their experiments. AMPK is centrally involved in the
regulation of many metabolic pathways (Hardie, Ross, and Hawley, 2012). It is phosphorylated
and activated in response to increased levels of AMP (the degradation product of ATP and an
indicator of increased cellular energy demand). Not surprisingly, AMPK activation also occurs
when coupling between the electron transport system and oxidative phosphorylation is impaired
(Gates et al., 2007; Keipert et al., 2013). A main effect of AMPK activation is the increased
translocation of the insulin-sensitive glucose transporter GLUT4 from the cytosol to the plasma
membrane of cells. With more GLUT4 in the plasma membrane, the cell’s capacity to obtain
glucose from the blood is increased. Another effect of AMPK activation is the phosphorylation,
or inactivation, of ACC—an enzyme that catalyzes the initial step of fatty acid synthesis from
acetyl-CoA (Hardie, 2014). By so doing, acetyl-CoA is directed toward immediate oxidation and
ATP production instead of being sequestered during times of urgent energy need. Kang and Kim
(2010) measured AMPK activation and ACC inactivation in response to one hour of curcumin

treatment. The ratios of phosphorylated AMPK (p-AMPK)/AMPK and phosphorylated ACC (p-

38



ACC)/ACC both were both increased after incubation with 30 uM curcumin and were even
greater after treatment with 40 pM curcumin. By treating cells with 40 uM curcumin over
various time points ranging from 30 minutes to 12 hours, they found that p-AMPK/AMPK and
p-ACC/ACC both peaked between 30-60 minutes of treatment and gradually declined thereafter
while still remaining elevated through 12 hours of treatment relative to vehicle. They also
observed that a 30-minute incubation with dorsomorphin (20 pM), an AMPK inhibitor,
abolished the effect of a one-hour treatment with curcumin (40 uM) on stimulating glucose
uptake.

In summary, an insulin-independent increase in glucose uptake has been observed after
curcumin treatment, and this increase appeared to depend on the activation of AMPK. Our
finding of decreased mitochondrial coupling efficiency in response to curcumin, shown for the
first time in intact skeletal muscle cells, provides evidence for why AMPK may be activated
during curcumin treatment. This may occur because reduced coupling between the electron
transport system and oxidative phosphorylation leads to impaired cellular energy production and
increases the amount of fuel that is required to maintain optimal ATP levels (Thrush et al.,
2013). This could be confirmed if maintenance of mitochondrial coupling efficiency before and
during curcumin treatment prevents AMPK activation.

Curcumin and insulin sensitivity

Along with directly stimulating glucose uptake through increased activation of AMPK,
curcumin treatment in past studies also improved the glucose-uptake response to insulin. Kang
and Kim (2010) incubated C2C12 myotubes with curcumin (40 uM) or insulin (100 nM) for one
hour and then assessed the quantity of GLUT4 protein in the cytosolic and membrane fractions

of the cells. Both treatments led to increased GLUT4 content in the membrane fractions.
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Interestingly, the combined treatment with curcumin (40 uM) and insulin (100 nM) for one hour
led to an increased membrane fraction of GLUT4 that was even greater than the additive effects
of each individual treatment. This finding provided evidence that curcumin increases the insulin-
mediated translocation of GLUT4 to the cell membrane in addition to stimulating GLUT4
translocation through an insulin-independent mechanism (possibly through AMPK activation as
described previously). Deng et al. (2012) also investigated the effects of curcumin on insulin
action. They first incubated C2C12 myotubes for 30 minutes with 0.5 uM tetradecanoylphorbol
acetate (TPA), an activator of protein kinase C, which phosphorylates serine residues on IRS1 to
induce a state of insulin resistance. Cells were additionally treated with insulin (100 nM) for 10
minutes then incubated with curcumin (1-40 pM) for three hours. The researchers found that
curcumin decreased the serine phosphorylation of IRS1 in a dose-dependent manner and
increased the activation of protein kinase B (Akt), a downstream effector of IRS1 within the
insulin signal cascade. In an additional model, the researchers incubated C2C12 myotubes with
palmitate (0.75 mM) for 16 hours to induce insulin resistance. Cells were then treated with
curcumin (10 and 20 pM) for three hours and were afterward stimulated for 10 minutes with
insulin (100 nM). The serine phosphorylation of IRS1 was again reduced by curcumin compared
to vehicle in these experiments.

In light of the relationship between energy balance, redox environment, and insulin
signaling (Fisher-Wellman and Neufer, 2012), our novel findings that curcumin decreased the
mitochondrial coupling efficiency and hydrogen peroxide emission of intact skeletal muscle cells
support a possible mechanism underlying curcumin’s benefit on insulin signaling. The increased
fuel demand that results from uncoupling between the electron transport system and oxidative

phosphorylation would cause any accumulation of reducing equivalents in the mitochondria to be
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dissipated in order to maintain ATP production (Fisher-Wellman and Neufer, 2012; Muoio and
Neufer, 2012). The likelihood of electrons uniting with oxygen prematurely would be decreased,
and the production of reactive oxygen species would be reduced as well (Mailloux, 2015). A
decreased level of reactive oxygen species would likewise lead to reduced phosphorylation of
inhibitory serine and threonine residues on IRS proteins, and the propagation of the insulin signal
cascade would be enhanced (Carnagarin, Dharmarajan, and Dass, 2015).

The potential link between our finding of reduced mitochondrial coupling efficiency after
curcumin treatment and the past observations of improved insulin sensitivity after curcumin
ingestion relates to energy balance. Assuming that energy intake remains constant, lower
coupling between the electron transport system and oxidative phosphorylation could shift energy
balance in a negative direction and lead to weight loss as more fuel will be required to maintain
ATP levels (Harper, Green, and Brand, 2008; Tseng, Cypess, and Kahn, 2010). Such an effect
from curcumin treatment is supported by past experiments in which body weight was measured
over the course of habitual curcumin ingestion (Ejaz et al., 2009; Chuengsmarn et al., 2012). In a
study by Chuengsmarn et al. (2012), human subjects consumed 1.5 grams of curcumin extract or
placebo per day for nine months. No differences in body weight were detected between treatment
groups during the first six months of the study. But by nine months, the group that ingested
curcumin had experienced an average weight loss of 3.9 kg while the placebo group did not lose
weight. A limitation to determining the mechanism for this weight loss, however, is that energy
intake and expenditure were not assessed during the investigation. In another study, Ejaz et al.
(2009) fed mice either a low-fat diet, a high-fat diet, or a high-fat diet supplemented with
curcumin (500 mg/kg) for 12 weeks. No differences in food intake were detected between

treatment groups. At the end of the study, mice on the high-fat diet weighed more than controls
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while the weight gain of the curcumin group was attenuated. Although this difference may be
attributed to different levels of physical activity, which were not measured during the study, the
possibility remains that reduced mitochondrial coupling efficiency may have led to a greater fuel
demand that prevented additional weight gain among the mice that ingested curcumin.

The relationship between hydrogen peroxide production and insulin sensitivity has
previously been illustrated using experiments with animals (Anderson et al., 2009; Lee et al.,
2010). For example, Anderson et al. (2009) fed rats a high-fat diet for 6 weeks and observed
increased hydrogen-peroxide emission in the skeletal muscle of these animals as well as
impaired whole-body insulin sensitivity compared to rats on a standard diet. Administration of a
cell-permeable antioxidant to a subgroup of rats on the high-fat diet prevented any measurable
increase in hydrogen-peroxide emission and preserved insulin sensitivity. While rats in the high-
fat diet group also exhibited impaired protein kinase B activation (evidence of reduced insulin-
signal propagation) in response to glucose challenge, the subgroup receiving antioxidant
treatment showed no impairment compared to rats on the standard diet. In another model, the
same researchers developed a transgenic strain of mice that overexpressed the human catalase
gene in the mitochondria of their heart and skeletal muscle. Catalase is an enzyme that catalyzes
the decomposition of hydrogen peroxide into water and oxygen. After feeding both wildtype and
transgenic mice a high-fat diet for 12 weeks, the researchers observed significantly lower
hydrogen-peroxide emission from the skeletal muscle of these animals relative to wildtype
controls. The transgenic mice also displayed significantly higher rates of insulin-stimulated
glucose uptake compared to their wildtype counterparts.

Although there is clearly a link between hydrogen peroxide emission and insulin

sensitivity, we cannot conclude whether the lower hydrogen peroxide emission that was
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observed after curcumin treatment in our study was due more to reduced mitochondrial coupling
efficiency or to curcumin’s intrinsic radical-scavenging tendency (Ak and Giil¢in, 2008).
Nonetheless, our finding that curcumin reduced the hydrogen peroxide emission of intact skeletal
muscle cells is valuable when considering that skeletal muscle accounts for the majority of
insulin-stimulated glucose uptake (Baron et al., 1988; DeFronzo and Tripathy, 2009). Since
increased production of reactive oxygen species in skeletal muscle is associated with impaired
insulin signaling (Di Meo, lossa, and Venditti, 2017), our observation of reduced hydrogen
peroxide emission from intact skeletal muscle cells lends possible evidence for how curcumin
may have improved the insulin sensitivity of humans and animals in past studies (El-Moselhy et
al., 2011; Na et al., 2011; Chuengsmarn et al., 2012; Na et al., 2013; Chuengsmarn et al., 2014).
Ursolic acid

In the present study, ursolic acid did not decrease the mitochondrial coupling efficiency
of intact C2C12 myoblasts. A small but statistically significant increase in mitochondrial
coupling efficiency was instead observed. This finding is in contrast to the results of Liobikas et
al. (2012) who observed uncoupling between electron transport and oxidative phosphorylation in
isolated heart mitochondria that were treated with ursolic acid. Our conflicting results may have
been due to our use of a different model that involved intact cells instead of isolated
mitochondria. In addition, the cells in our study were a model of skeletal muscle while the
mitochondria used by Liobikas et al. (2012) were isolated from heart tissue. Different findings in
different tissues types, even when the same treatment is used, is not uncommon (Gibellini et al.,
2015). For example, curcumin has been reported to increase the activity of ATP synthase in

mitochondria isolated from rat liver (Lim, Lim, and Wong, 2009) while a similar concentration
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of curcumin decreased the activity of ATP synthase in mitochondria isolated from rat brain
(Zheng and Ramirez, 2000).

Although the result of ursolic acid treatment on the mitochondrial coupling efficiency of
intact C2C12 myoblasts was not as we hypothesized, this finding is supported by our observation
that ursolic acid treatment trended toward causing a higher rate of hydrogen peroxide emission.
Increased mitochondrial coupling efficiency means that less fuel is required to produce a given
amount of ATP. Such an effect could exacerbate any accumulation of reducing equivalents
within mitochondria because less fuel would be required to maintain ATP levels. As more
reducing equivalents accumulate in the mitochondria, electrons are more likely to leave the
transport system and unite with oxygen prematurely to form reactive oxygen species (Muoio and
Neufer, 2012).

While our findings from ursolic acid treatment do not support our proposed mechanism
for ursolic acid’s insulin-sensitizing properties, our results do coincide with the reported effects
of ursolic acid on muscle growth (Kunkel et al., 2011; Jia et al., 2015) and exercise tolerance
(Kunkel et al., 2012). Jia et al. (2015) orally administered ursolic acid (50-200 mg/kg body
weight) to mice for eight weeks and found a dose-dependent increase in the skeletal muscle mass
of mice that received ursolic acid compared to controls. Similarly, Kunkel et al. (2011) fed mice
either a standard diet or a diet supplemented with 0.27% ursolic acid for five weeks and noted
greater quadriceps weight, forearm muscle weight, triceps fiber diameter, and grip strength in the
mice that received ursolic acid compared to those on the unsupplemented diet. In a follow-up
study, the same research group (Kunkel et al., 2012) fed mice either a standard diet or a diet with
0.14% ursolic acid. They again observed muscle hypertrophy and increased strength in the mice

that consumed ursolic acid compared to mice on the control diet. In addition, the mice that
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consumed ursolic acid exhibited a higher exercise capacity relative to mice on the control diet;
the mice that consumed ursolic acid ran a greater distance before exhaustion. These results are
consistent with our finding that ursolic acid increased the mitochondrial coupling efficiency of
intact C2C12 myoblasts because such an increase would reduce the fuel requirement needed to
maintain optimal levels of ATP.

With greater coupling between the electron transport system and oxidative
phosphorylation, more ATP will be produced per unit of fuel (Conley, 2016). Available fuel can
then be spared for less-critical cellular functions such as muscle growth or adaptations to
exercise. During times of increased energy demand, such as when exercising, fuel storage would
also be used more efficiently so that ATP levels are maintained over a longer duration. These
concepts are supported by the observations of Schlagowski et al. (2014) who treated rats for 21
days with 2,4-dinitrophenol, an established mitochondrial uncoupler, and noted lower body
weights and decreased maximal running speeds in the treated animals compared to untreated
controls. Conley et al. (2013) likewise found an association between decreased mitochondrial
coupling efficiency and impaired exercise performance in elderly human subjects.

Synergism

Contrary to our hypothesis, we did not observe any synergism between curcumin and
ursolic acid on the mitochondrial coupling efficiency and hydrogen peroxide emission of intact
skeletal muscle cells. In fact, our data indicated a subtractive effect when intact C2C12
myoblasts were treated with both compounds in combination. Synergistic effects were originally
hypothesized due to previously established findings that these compounds independently
improved blood glucose management and insulin sensitivity (Jang et al., 2009; Chuengsmarn et

al., 2012; Kunkel et al., 2012; Na et al., 2013; Chuengsmarn et al., 2014; Li et al., 2014; Jia et al.,
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2015). Recent research also indicated synergism between curcumin and ursolic acid during the
treatment of prostate cancer in mice (Lodi et al., 2017). While each compound alone had no
effect on prostate tumors, a combined treatment with curcumin and ursolic acid led to decreased
tumor size. Interactions between these compounds may have also affected mitochondrial
coupling efficiency since reduced mitochondrial coupling was previously identified as a potential
contributor to chemotherapeutic success (Marin-Prida et al., 2017). The effects curcumin and
ursolic acid together on mitochondrial coupling efficiency and hydrogen peroxide emission,
however, had not previously been assessed.

The discrepancy between our results and those of Lodi et al. (2017) may again be due to
our use of a different model. Cancer cells in particular have been observed to respond differently
to curcumin compared to nonmalignant cells (Ravindran, Prasad, and Aggarwal, 2009; Sordillo
and Helson, 2015). For example, Kunwar et al. (2008) examined the uptake of curcumin into a
variety of cell lines and noted the greatest uptake in malignant epithelial cells. The curcumin
uptake by these cells was up to eight times higher than that of noncancerous varieties. Such a
difference in the cellular uptake of curcumin and ursolic acid by our C2C12 myoblasts compared
to prostate tumor cells may have contributed to the differences in observed synergism between
our group and Lodi et al. (2017). The lack of synergism in our study is, however, consistent with
our finding that curcumin and ursolic acid exerted opposite effects on the mitochondrial coupling
efficiency and hydrogen peroxide emission of C2C12 myoblasts.

Permeabilization and mechanistic insights

An important finding of the present study was the lack of difference in mitochondrial
coupling efficiency between vehicle- and curcumin-treated cells after permeabilization of cell

membranes. This is significant for future assessments of skeletal muscle respiration after

46



curcumin consumption by humans or animals. Standard protocols for measuring respiration in
skeletal muscle tissue involve permeabilization of fiber bundles (Pesta and Gnaiger, 2012). This
permeabilization is not entirely intentional; when teasing apart the fiber bundles, which is
necessary to ensure that oxygen diffusion across the tissue does not limit respiration, some
partial permeabilization occurs in the fibers (Pesta and Gnaiger, 2012). Additional
permeabilization may occur during the simple act of sample biopsy (Pesta and Gnaiger, 2012).
Normally, the mechanical permeabilization that takes place during these processes is not a
problem because samples are chemically permeabilized later to allow greater access of
exogenous substrates to mitochondria during analysis of specific mitochondrial complexes.
Partial membrane permeabilization poses a problem for the measurement of routine respiration,
however, because an intact plasma membrane is necessary to accurately assess the respiration of
cells in their native environment.

The requirement for cell membranes to be intact during analysis of routine respiration is
likely due to the perturbed intracellular cellular calcium balance that occurs with plasma
membrane damage (Orrenius, Gogvadze, and Zhivotovsky, 2015). Calcium concentrations are
strictly regulated within cells, and increased intracellular calcium levels are damaging to
mitochondria (Gnaiger et al., 2000; Lemasters et al., 2009. Indeed, the inadvertent membrane
damage that occurs during sample preparation is considered a major obstacle to the assessment
of routine respiration of muscle tissue (Pesta and Gnaiger, 2012). However, measurements of
routine respiration could be attainable if sample preparations are performed carefully enough to
preserve the plasma membrane integrity of the muscle fibers (Li et al., 2016). Care should
therefore be taken to ensure that the plasma membranes of muscle samples remain intact during

experiments that involve curcumin feeding and assessment of mitochondrial coupling efficiency.
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Otherwise, those who conduct the research may falsely conclude that curcumin ingestion does
not alter the mitochondrial coupling efficiency of skeletal muscle; such changes may indeed have
been present but may have been abolished or rendered undetectable during permeabilization.
Our finding of no difference in mitochondrial coupling efficiency between vehicle- and
curcumin-treated cells after permeabilization is peculiar, however, and is not entirely consistent
with past experiments. Both Lim, Lim, and Wong (2009) and Martineau (2012) administered
curcumin to isolated mitochondria and observed decreased coupling between electron transport
and oxidative phosphorylation using similar concentrations to our study. An intact plasma
membrane was clearly not necessary for curcumin to affect mitochondrial coupling in their
experiments. However, these experiments were conducted in the presence of curcumin while our
experiments followed a different pattern of treatment followed by washing of cells before
analysis. Kunwar et al. (2008) previously assessed the cellular uptake and subcellular distribution
of curcumin in MCF7 cells (an epithelial tumor cell line) and noted that approximately 55% of
intracellular curcumin was localized in the membrane fraction. Other amounts included 25% in
the cytosolic fraction, 17% in the nuclear fraction, and 3% in the mitochondrial fraction.
Assuming a similar distribution in other cell types, the concentration of curcumin that the
isolated mitochondria were exposed to in past studies (Lim, Lim, and Wong, 2009; Martineau,
2012) may have been much higher than what would they would have experienced in their native
cellular environment. The varied subcellular distribution of curcumin noted by Kunwar et al.
(2008) also supports the possibility that barring direct mitochondrial exposure to high curcumin
levels, a host of cellular signaling pathways and/or proteins may mediate curcumin’s effect on
the mitochondrial coupling efficiency of intact cells. Permeabilization of cell membranes may

very well have impaired these intracellular interactions by disrupting cell homeostasis.
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The apparent abolishment of changes to the mitochondrial coupling efficiency of
pretreated cells after permeabilization is consistent with a possible mechanism for curcumin’s
uncoupling effect. In some (Morin et al., 2001; Ligeret et al., 2004), but not all (Lim, Lim, and
Wong, 2009) past experiments in which the effects of curcumin on isolated mitochondria from
rat liver were studied, curcumin appeared to induce the opening of the mitochondrial
permeability transition pore (mPTP). The exact molecular nature of the mPTP is still debated
(Biasutto et al., 2016). Current hypotheses support the mPTP as a voltage-sensitive channel that
forms either within the ATP synthase complex (Alavian et al., 2014) or at the interface between
ATP synthase dimers (Giorgio et al., 2013). In either case, opening of the mPTP is associated
with the loss of mitochondrial membrane potential (or dissipation of the proton gradient across
the inner mitochondrial membrane) and impaired production of ATP (Bernardi et al., 2015).

Extreme or prolonged opening of the mPTP contributes to mitochondrial injury through
loss of mitochondrial proteins and mitochondrial equilibration with the external osmotic
environment (Bernardi et al., 2015). These results of mPTP activation may also lead to cell
death. Indeed, the activation of the mPTP has been implicated as a contributor to curcumin’s
chemotherapeutic effects (Qiu et al., 2014). The opening of the mPTP is, however, reversible
(Jones et al., 2015), and may occur transiently in response to a number of variables including
altered calcium concentrations, oxidative stress, pH environment, and hexokinase 1T (HKII)
activity (Petronilli et al., 1999; Rasola et al., 2010; Korge et al., 2011; Bernardi et al., 2015).
Such transient openings will not necessarily lead to cell death so long as a sufficient amount of
mitochondrial solutes such as NADH and TCA cycle enzymes are retained in order to permit

mitochondrial membrane repolarization (Biasutto et al., 2016).
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Our finding of no difference between vehicle- and curcumin-pretreated cells after
permeabilization may be reconciled to results from past experiments with isolated mitochondria
(Lim, Lim, and Wong, 2009; Martineau, 2012) by the role of HKII in mPTP opening. HKII is a
glycolytic enzyme that is localized on the mitochondrial outer membrane (Bernardi et al., 2015).
When HKII is phosphorylated by Akt, the localization of HKII to the membrane is promoted
(Miyamoto, Murphy, and Brown, 2008). Binding between HKII and the membrane is also
facilitated through phosphorylation (inactivation) of glycogen synthase kinase 3 (GSK3f) by
Akt (Robey and Hay, 2006; Ohori et al., 2008) as the activated form of GSK3f will disrupt
HKII’s membrane-interaction by phosphorylating the membrane sites to which HKII normally
binds (Pastorino, Hoek, and Shulga, 2005). Interestingly, curcumin was previously shown to
induce HKII dissociation from the membrane through modulation of Akt signaling (Wang et al.,
2015). This is significant because detachment of HKII from the mitochondrial outer membrane
has been established as an activator of mPTP opening (Chiara et al., 2008).

When isolated mitochondria were previously treated with curcumin (Morin et al., 2001;
Ligeret et al., 2004; Lim, Lim, and Wong, 2009; Martineau, 2012), the curcumin concentration
experienced by the mitochondria may have been high enough to directly promote detachment of
HKII from the outer mitochondrial membrane and induce mitochondrial uncoupling through
mPTP opening. Reduced mitochondrial coupling efficiency may not have been observed in our
experiments after permeabilization of pretreated cells because the intracellular distribution of
curcumin to mitochondria is very low (Kunwar et al., 2008) and may have been too low to affect
HKII directly. In our intact cells, however, the reduced efficiency seen with curcumin treatment
may have been due to modulation of the Akt-HKII signaling pathway. The loss of such an effect

would therefore come as no surprise as intracellular signaling is disrupted by permeabilzation.
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Further application to curcumin’s reported effects in vivo

As we observed reduced mitochondrial coupling efficiency and hydrogen peroxide
emission of intact skeletal muscle cells after curcumin treatment in our study, the possibility
exists that similar effects may have contributed to the improved insulin sensitivity and blood
glucose control of human subjects in past trials. Such a connection is limited, however, by the
poor bioavailability of curcumin (Liu et al., 2016; Mirzaei et al., 2017). Reported serum
concentrations of curcumin after oral ingestion are typically very low and are much lower than
the concentrations used in our experiments. Researchers in one study reported the maximum
serum curcumin concentration after consumption of 8g curcumin by human subjects to be only
1.7 uM (Cheng et al., 2001). Despite this low bioavailability, curcumin is widely distributed in
tissues after ingestion, and detectable levels were shown to persist for up to 96 hours after a
single oral dose of 500 mg/kg in rats (Suresh and Srinivasan, 2010). The possibility therefore
exists for tissue accumulation of curcumin during habitual curcumin consumption, perhaps to a
high enough degree to reduce mitochondrial coupling efficiency and hydrogen peroxide emission

comparable to the findings of our study.
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CONCLUSION

In summary, we demonstrated that curcumin decreased the mitochondrial coupling
efficiency and reduced the rate of hydrogen peroxide emission of intact skeletal muscle cells.
The addition of curcumin caused an abrupt increase in the rate of oxygen consumption during
routine respiration, and this increase in oxygen consumption also persisted during leak-supported
respiration. Contrary to our hypothesis, ursolic acid increased mitochondrial coupling efficiency
and attenuated curcumin’s effects when the two compounds were used in combination. Also, no
change to mitochondrial coupling efficiency was observed after permeabilizing the cell
membranes of curcumin-pretreated cells. While many studies have established that curcumin
increases the glucose uptake and insulin sensitivity of skeletal muscle cells, our results shed light
on how curcumin may exert these beneficial effects. Further research will be necessary to
determine if the alterations to mitochondrial function that were identified in our study are indeed
causing the improved insulin sensitivity and blood-glucose management seen with curcumin
treatment during past investigations. In addition, our finding regarding permeabilization of cells
reveals an important consideration for future studies of mitochondrial respiration in response to
curcumin consumption. Unless cells are assessed in their intact state, changes to mitochondrial

coupling efficiency may go unnoticed.
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