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Abstract

Background HS1793, a novel analogue of resveratrol, was previously determined to be more potent at lower dosages by
improving mitochondrial function and increased mitochondrial biogenesis-related proteins. In this study, we focused on
targeting the mitochondria to address muscle wasting with HS-1793.

Method Dosage screening was performed by evaluating for cytotoxicity and cell proliferation. Mitochondrial mass, mito-
chondrial membrane potential (Aym), reactive oxygen species (ROS) level, and mitochondria biogenesis-regulated genes
and proteins were analyzed to determine the effects on mitochondrial biogenesis.

Results HS-1793 reduced ROS generation, but treatment did not interfere with cellular viability at low dosages. HS-1793
also regulated mitochondrial function by increasing cellular and mitochondrial ATP synthesis function, stabilizing Aym
and decreasing ROS. More importantly, these dysfunction in these parameters were ameliorated by HS-1793 in a simulated
oxidative stress model with tBHP. We also observed increase in mitochondrial mass and upregulation in vital mitochon-
drial biogenesis-related gene PGC1-a as a response to HS-1793 treatment. Moreover, phosphorylation of AKT and mTOR
proteins, which are considered as regulators of skeletal muscle function were also increased during the treatment. Finally,
HS-1793 also demonstrated protective effects against cisplatin-induced skeletal muscle cell injury by increasing expression
of mitochondrial biogenesis-relate markers.

Conclusion Taken altogether, it shows the viability of HS-1793 as a compound that can restore mitochondrial function and
render protection in skeletal muscle cells, especially during high oxidative stress levels.
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Introduction

Mitochondrial dysfunction has been well attributed to
skeletal muscle pathologies, brought about by changes in
mitochondrial energetics or oxidative damage (Abrigo et al.
2019). Mitochondria not only appear susceptible to dam-
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2017). However, high concentration of resveratrol is needed
to be a more effective therapeutic agent as it has been found
to have low cytotoxicity among different therapeutic agents
(Cecchinato 2007). Due to this, more dynamic resveratrol
analogs were examined that exhibited more efficiency as
therapeutic agents (Um 2010). A newly developed novel
analogue of resveratrol called HS-1793 has gained atten-
tion. HS-1793 has no unstable double bond, has a different
aromatic ring position in two of the three hydroxyl groups,
less photosensitive, and is more metabolically stable, all of
which contributes to its increased potency (Jeong 2014a).

HS-1793 has been proven to be more potent than resvera-
trol as it exerts toxic effect in cancer cells (Kim 2014). It
has exhibited negative effect against cell proliferation while
alternately enhancing apoptosis. HS-1793 was able to inhibit
expression of mitochondrial proteins that promote mitochon-
drial biogenesis that in turn, promote tumorigenesis (Jeong
2012). In addition, it has also been proven to have a pro-
tective effect in ischemia/reperfusion system (Jeong 2013).
Thus, it is thought that through these, HS-1793 is a potential
way of treating not only metabolic diseases but also possibly
has a positive effect on muscle cells. This study then aimed
to determine how HS-1793 works in relation to improved
muscle function by targeting the mitochondria.

Materials and methods
Chemicals

HS-1793 (4-(6-hydroxy-2-naphthyl)-1,3-benzenediol)
was kindly provided by Professor Hongsuk Suh, Pusan
National University in Busan, South Korea. Cisplatin, tBHP
(t-BuOOH), SNP (disodium nitroferricyanide), and Dox
were obtained from Sigma-Aldrich. (St. Louis, MO, USA).

Cell culture

Mouse myoblast C2C12 cells (ATCC, Manassas, VA, USA)
were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% heat-inactivated fetal
bovine serum, 50 U/mL penicillin, and 50 pg/mL strepto-
mycin (Lonza, Walkersville, MD, USA).

Measurement of cell proliferation

Cell viability was measured via quantitative colorimetric
assay using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (Sigma-Aldrich, St. Louis, MO,
USA). MTT is converted into formazan crystals which are
an indicator of mitochondrial activity in living cells. These
were quantified by measuring the complex’s optical density
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at 570 nm using a microplate reader (Molecular Device,
Sunnyvale, CA, USA).

Measurement of cytotoxicity

Cytotoxicity was evaluated via quantitative fluorescence
assay using CellTox Green cytotoxicity assay (Promega,
Madison, WI, USA). The change in membrane integrity
that occurs as a result of cell death is measured in terms of
fluorescence (excitation/emission =485 nm/530 nm) using a
microplate reader (Molecular Device, Sunnyvale, CA, USA).

Measurement of mitochondrial activity

Cells were incubated with 1 pM Mito-Sox for 20 min/10 uM
CM-H2DCF-DA for 30 min at 37 °C for mitochondria ROS
and with 5 uM TMRE for 30 min at 37 °C for membrane
potential. The levels of the fluorescent probes were measured
using a FACSCanto II flow cytometer (BD Biosciences), or
with a multi-plate reader (Molecular Device, Sunnyvale, CA,
USA).

Measurement of ATP

To measure the basal and mitochondrial ATP levels, we
used the Mitochondrial ToxGlo Assay (Promega, Madison,
WI) and followed the manufacturer’s protocol. Cells were
separated by centrifugation at 200 g for 10 min, and 50 pL.
fresh medium containing 10 mM glucose (cellular ATP;
glycolysis and mitochondrial ATP) or galactose (instead
of glucose; only mitochondrial ATP) was added to each
well. Plates were incubated at 37 °C in a humidified and
CO,-supplemented incubator for 90 min. 100 pL assay solu-
tion was added to each well, and plates were then incubated
at room temperature for 30 min. Luminescence was meas-
ured using a luminometer (Molecular Device, Sunnyvale,
CA, USA).

Measurement of mitochondrial mass

To measure the mitochondrial mass, cells were stained with
acridine orange 10-nonyl bromide at a final concentration
of 2.5 pM in phosphate buffered saline (PBS) (NAO; Inv-
itrogen, Carlsbad, CA, USA). NAO fluorescence for each
group was measured in laser confocal microscope (LSM
700, Carl-Zeiss, Oberkochen, Germany). The cells were
excited using 488 nm and emission of NAO was measured
beyond 585 nm. The mean intensity of the region of interest
(ROI) was measured in each cell and analyzed by ZEN2009
software (Carl-Zeiss, Oberkochen, Germany).

To confirm the mitochondrial mass, cells were in 60 mm
cell culture plate. After 16 h, the cells were treated with 0, 5,
or 10 uM of HS-1793 for 24 h. The cells were stained with
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2.5 pM NAO for 30 min at 37 °C. After washing twice with
PBS, relative signal intensity of NAO in cells was analyzed
using a multi-plate reader (Molecular Device, Sunnyvale,
CA, USA).

Western blot

Cell lysates were centrifuged at 14,000 rpm for 15 min at
4 °C. Protein concentrations were determined by Bradford
protein assay (Bio-Rad, Hercules, CA, USA), and 30 pg of
protein was loaded per lane onto 10% SDS polyacrylamide
gels. Gels were transferred onto nitrocellulose membranes
(Whatman, Freiburg, Germany) and incubated with specific
antibodies PGC-1a (ABCam, Cambridge, MA, CA, USA),
PARP, SOD2, mTOR, phosphor-mTOR, AKT, phosphor-
AKT, and beta-tubulin (Cell Signaling, Danvers, MA, USA).
Western blot analysis was performed using these antibodies
and a detection kit, Ab signal™ (AbClon, Seoul, Korea).

Data analysis
All experiments were performed in triplicate unless stated

otherwise. Data are presented as means + standard error of
the mean (SEM). Student’s ¢ test and one-way ANOVA was
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used to compare values between groups wherever applicable,
and p <0.05 was considered significant.

Results

HS-1793 attenuated tBHP-induced mitochondrial
dysfunction

We first confirmed for the effect of HS-1793 at various dos-
ages. HS-1793 greatly affected cell toxicity at high dosages
while doses lower than 10 pM did not affect cell viability in
C2C12 cells (Fig. 1a). Since lower dosages did not induce
toxic effects, 5 and 10 pM were selected and used in the
succeeding experiments.

We then investigated whether HS-1793 influences energy
production and mitochondrial function. Dose-dependent
HS-1793 treatment increased cellular and mitochondrial
ATP production. Moreover, even with the presence of
cardiotoxic tBHP, higher ATP production was observed
which can denote a protective effect on the mitochondria
(Fig. 1b). HS-1793 reduced cellular reactive oxygen species
(ROS), especially in tBHP-treated group (Fig. 1c). Despite
observing a decrease in mitochondrial membrane potential
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Fig.1 HS-1793 is non-toxic at low dosages and improves mitochon-
drial function of C2C12 cells. a Cytotoxicity assay shows HS-1793
is highly toxic to C2C12 cells at doses<50 puM, but less toxic at
dosages lower than 10 pM. b ATP assay shows HS-1793 increased
cellular and mitochondrial ATP in a dose-dependent manner even in
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the presence of cardiotoxic tBHP compound. ¢ High ROS production
during tBHP treatment was decreased during HS-1793 treatment. d
Mitochondrial membrane potential decreased in tBHP-treated cells
and recovered upon HS-1793 treatment. All experiments were per-
formed in triplicates. *p <0.05
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(Aym) during single treatment at 10 pM, HS-1793 treat-
ment increased Aym which was lowered upon introduction
of tBHP (Fig. 1d). These results suggest that HS-1793 has
the ability to improve cellular and mitochondrial ATP syn-
thesis function via increased mitochondrial contents stress
by preventing ROS generation and mitochondrial membrane
potential depolarization. Overall, HS-1793 does not interfere
with cell viability and does not contribute to mitochondrial
dysfunction in mouse myoblast C2C12 cells at low dosages.

HS-1793 enhanced mitochondrial function
and biogenesis marker expression and related
pathway

Next, we investigated whether the observed increase in mito-
chondrial function was due to increased mitochondrial con-
tents. We measured mitochondrial contents using 10-nony-
lacridine orange (NAO) staining and confocal microscopy.
We found that dose-dependent HS-1793 treatment signifi-
cantly increased mitochondrial mass in a dose-dependent
manner (Fig. 2a, b). This result was confirmed by additional
NAO measurement using spectrophotometry (Fig. 2c). We
then examined for mitochondrial biogenesis-regulated gene
expression levels for further analysis of mitochondrial bio-
genesis. As described in previous studies, mitochondrial
biogenesis is regulated by PGC-1a (Fernandez-Marcos and
Auwerx 2011). We observed PGC-1oe mRNA expression was
increased by HS-1793, which was parallel to the increase in
PGC-1a protein expression. However, related transcription
factors TFAM and NRF1 were not changed (Fig. 3a, b).
Active forms of mammalian target of rapamycin (mTOR)
and protein kinase B (AKT), phosphor-mTOR and phos-
phor-AKT respectively, also affect skeletal muscle protein

NAO

Brightfield

Merged

Relative fluorescence

Fig.2 HS-1793 increased mitochondrial contents. a Respective con-
focal images and b relative fluorescence intensity of NAO-stained
C2c12 cells. ¢ Quantitative analysis of NAO-stained C2C12 using
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expression (Ogasawara 2016). Western blot analysis was
performed to determine whether AKT /mTOR signaling is
activated during HS-1793 treatment. Treatment of HS-1793
increased both mTOR (by as much as ~ 1.5-fold increase)
and AKT phosphorylation (by as much ~2.2-fold increase)
(Fig. 4).

HS-1793 attenuated cisplatin-induced oxidative
stress

Cisplatin, a known chemotherapeutic drug, is also known to
have muscle wasting side effects (Coletti 2018). We tested
whether treatment of HS-1793 will ameliorate effects of cis-
platin-induced oxidative stress. Since the effect of HS-1793
treatment was observed even at 5 pM in our previous experi-
ments, we used 5 pM in this particular experiment. There
was a notable decrease in cell death expression marker PARP
during the treatment of HS-1793, as compared to cisplatin-
only treatment. Interestingly, this decrease was accompanied
by increased expression of mitochondrial biogenesis marker
PGC-1a and oxidative stress marker in mitochondria SOD2
(Fig. 5a, b). These results strengthen earlier claims of the
possibility of the ameliorative effect of HS-1793 in oxida-
tive stress-induced muscle wasting through the regulation of
mitochondria bioenergetics and biogenesis.

Discussion

Over the past two decades, researchers have studied the abil-
ity of pharmacological interventions to prevent or reverse the
progression of diseases. Popular compounds such as resvera-
trol have shown great promise (Raj 2014), although more
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spectrophotometry shows HS-1793 treatment increased mitochon-
drial contents in a dose-dependent manner. All experiments were per-
formed in triplicates. *p <0.05
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Fig.3 HS-1793 increased mitochondrial biogenesis regula-
tor PGC-1a but not its transcription factors TFAM and NRFI1. a
HS-1793 increased expression of PGC-1ao mRNA and b PGC-1a pro-
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Fig.4 Activation of AKT/mTOR signaling pathway in HS-1793
treatment. HS-1793 affected mTOR phopshorylation and increased
expression of p-AKT were observed. Values below images indicate
relative intensity measurements of p-AKT and p-mTOR to AKT and
MTOR, respectively

efficient compounds and drugs are being synthesized such
as HS-1793, which also holds great potential for mitochon-
drial targeting. The effects conferred by HS-1793 might have
a mitochondrial origin. HS-1793 was observed to induce
murine breast cancer cell apoptosis via a mitochondrial path-
way through caspase activation or contributions of apopto-
sis-inducing factor and endonuclease G (Kim 2012). In addi-
tion, HS-1793 was also observed to regulate mitochondrial
biogenesis gene marker expression (Jeong 2014b). These
previous reports indicate that cell survivability heavily
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relies on mitochondrial function regulation. We therefore
proceeded to identify how HS-1793 regulates cell survival
and mitochondrial function in a non-cancer cell line such as
skeletal muscle cells.

Our current findings are the first to show HS-1793 is able
to regulate mitochondrial function in C2C12 skeletal mus-
cle cell lines by increasing ATP production, and stabilizing
Awym and ROS generation. HS-1793 was able to improve
ATP production in simulated oxidative stress models, as
well as recovering Aym and lowering high levels of ROS.
High levels of ROS cause functional oxidative damages to
proteins, lipids, nucleic acids and cell components. These
are all considered as etiological factors which contribute to
sarcopenia, wasting, and related muscle diseases. With this,
it may lower levels of ROS that can then activate signaling
molecules such as PGC-1a that control cellular mechanisms
for muscle adaptation (Irrcher et al. 2009). Additionally,
maintaining high levels of PGC-1a under catabolic condi-
tions was observed to protect muscle mass in pathological
states such as heart failure and sarcopenia by inhibiting
the transcriptional activity of FoxO3 and NF-kB, but not
their protein synthesis (Egerman and Glass 2014). Moreo-
ver, PGC-1a can increase protein synthesis in C2C12 cells
independent from the AKT/Akt/mTOR pathway is a crucial
muscle mass and atrophy regulator in vivo (Chauhan et al.
2013; Bodine 2001).

Activated Akt phosphorylates proteins modulating vari-
ous cellular processes. Pharmacologic approaches which
activate Akt will be useful in regulating muscle synthesis
(Lai 2004). Such as in the case of mTOR when targeted by
AKT: its activation causes muscle cells to increase protein
synthesis (Wang and Proud 2006). Atrophy and hypertrophy
of skeletal muscle are associated with Ser2448 phosphoryla-
tion, suggesting its importance in protein synthesis (Reynolds

@ Springer



364 Molecular & Cellular Toxicology (2020) 16:359-365
Fig.5 HS-1793 ameliorates cis- A - = - B *t + + HS1793 (5puM)
platin-induced oxidative stress.

a Cisplatin and b HS-1793 co- 0 2 20 0 2 20 Cisplatin

treatment with cancer drug cis-
platin. HS-1793 decreased cell
death as evidenced by decreased
PARP and exhibited increases
similar in PGC-1a, SOD2 ratio.
Values below images indicate
relative intensity measurements
of PARP, PGC-1a, and SOD2 to
b-tubulin

et al. 2002). Ser2448 phosphorylation could be brought about
by the phosphorylation of AKT at Ser473. In summary, the
findings support the hypothesis that HS-1793 plays a pivotal
role in regulating mitochondrial activity in in vitro skeletal
muscle cells, resulting in mitochondrial biogenesis and muscle
synthesis-related pathway activation.

Conclusion

The effects of HS-1793 in vitro were dose-dependent in allevi-
ating mitochondrial dysfunction caused by exogenous oxida-
tive stress. HS-1793 even at low concentrations demonstrated
a significant effect in attenuating the detrimental impact of a
high oxidative stress. Uncovering the underlying mechanism
is a step forward in providing new ideas and strategies on how
to address skeletal muscle pathologies through mitochondrial
targeting.
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