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Resveratrol is a phytoalexin and polyphenol derived from 
grapes, berries, and peanuts. It has been shown to medi-
ate death of a wide variety of cancer cells. Although res-
veratrol is considered an important potential chemothera-
peutic agent, it is required at high doses to achieve a bio-
logically or physiologically significant effect, which may be 
impractical for treating cancer. Thus, a more stable and 
potent derivative of resveratrol, with more effective tu-
moricidal activity, must be developed. A novel resveratrol 
analog, HS-1793, has recently been synthesized and was 
determined to exhibit a greater decrease in cancer cell 
viability than resveratrol. However, the underlying mecha-
nism of HS-1793-induced cancer cell death remains un-
known. We thus investigated the mechanism by which HS-
1793 induces cell death and assessed whether this occurs 
through a mitochondrial-mediated mechanism. Using the 
MCF-7 breast cancer cell line, we determined that HS-1793 
treatment significantly increased cell death at a relatively 
low dose compared with resveratrol. HS-1793 treatment 
more significantly decreased mitochondrial membrane 
potential, cellular ATP concentration, and cellular oxygen 
consumption rate than resveratrol treatment. At the mo-
lecular level, HS-1793 treatment down-regulated the ex-
pression of major mitochondrial biogenesis-regulating 
proteins, including mitochondrial transcriptional factor A 
(TFAM), Tu translation elongation factor (TUFM), and sin-
gle-stranded DNA-binding protein. We conclude that HS-
1793 acts by regulating the expression of TFAM and TUFM, 
leading to a block in normal mitochondrial function, which 
sensitizes cancer cells to cell death. We therefore propose 
that HS-1793 can be a useful chemosensitization agent, 
which together with other such agents can efficiently tar-
get cancer cells. 

INTRODUCTION 
 
Resveratrol (3,5,4′-trihydroxystilbene, C14H12O3, Fig. 1A) is a 
phytoalexin present in numerous plant species. It has been 
implicated as a potential chemopreventive and chemotherapeu-
tic drug in the treatment of human cancer (Bishayee, 2009). 
Many in vitro and animal model studies have shown that res-
veratrol treatment exhibits anticancer effects. For example, 
resveratrol treatment can reduce proliferation of several mam-
malian cancer cell lines (Bhat et al., 2001; Damianaki et al., 
2000; Jang et al., 1997) and induce apoptosis in skin, colon, 
and breast cancer models in vivo (Alirol and Martinou, 2006; 
Bove et al., 2002; Fremont, 2000; Gusman et al., 2001; Hsieh 
et al., 1999). Furthermore, many studies have demonstrated 
that resveratrol can inhibit several events during carcinogenesis 
(e.g., tumor initiation, promotion and progression) (Bishayee 
2009).  

Although studies are ongoing to determine the mechanism of 
action of resveratrol, it is becoming clear that resveratrol inter-
acts in multiple molecular cascades to promote apoptosis and 
reduce cell proliferation. For instance, resveratrol-induced apop- 
tosis has repeatedly been reported to be accompanied by in-
creased caspase activity (Ferry et al., 2002; Kim et al., 2004; 
Wolter et al., 2001). In addition, resveratrol-induced apoptosis 
was shown to be associated with Bax mitochondrial transloca-
tion (Mahyar-Roemer et al., 2002), inhibition of AKT activity 
(Brownson et al., 2002), up-regulation of the oncogene sup-
pressor p53 (Narayanan et al., 2003), and down-regulation of 
cyclin D1 (Joe et al., 2002). In other studies, resveratrol has 
been shown to act via c-Jun NH2-terminal kinase (JNK), as 
resveratrol-induced p53-dependent transcriptional activity and 
apoptosis were blocked upon expression of a dominant-nega-
tive mutant of JNK or upon disruption of JNK1 or JNK2. In - 
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addition to a proapoptotic role, resveratrol has been shown to 
exhibit antiproliferative effects in various cell types, which may 
be caused by a dose-dependent inhibition of ribonucleotide 
reductase activity (Fontecave et al., 1998). Similarly, resveratrol 
has been found to inhibit DNA polymerase (Sun et al., 1998) as 
well as ornithine decarboxylase, a key enzyme of polyamine 
biosynthesis that is enhanced in cancer (Schneider et al., 2000). 

Although resveratrol has great potential as a chemothera-
peutic and chemopreventive agent, one significant drawback is 
that resveratrol exhibits low cytotoxicity when compared with 
other chemotherapeutic agents; thus, a high concentration is 
needed to induce cancer cell death (Cecchinato et al., 2007; 
Clement et al., 1998). Recent studies have been undertaken to 
obtain synthetic analogs of resveratrol with more dynamic ranges 
in their biological effects (Szekeres et al., 2011). For example, 
resveratrol-based nitrovinylstilbenes (i.e., resveratrol analogs) 
have been shown to exhibit a cytotoxic effect on cancer cells -
inducing cell cycle arrest and cell death - at lower concentra-
tions than resveratrol (Reddy et al., 2011). Analogs RV32, 
RV01, and RV02 have been reported to inhibit ethanol-induced 
oxidative DNA damage in human peripheral lymphocytes (Yan 

et al., 2011). DHS (4-4′-dihydroxy-trans-stilbene) has been shown 
to exhibit more efficient anti-proliferative effects than resveratrol, 
by inhibiting DNA polymerase delta activity and DNA replication. 
Furthermore, DHS has been shown to more efficiently promote 
DNA damage in the presence of copper than resveratrol, and 
cancer cells have been reported to have higher copper levels 
than healthy cells. Thus, DHS may prove to efficiently kill can-
cer cells but not normal cells (Ebara et al., 2000; Savio et al., 
2009; Zheng et al., 2006). Taken together, these studies sug-
gest the utility of resveratrol analogs and their potential as 
effective chemotherapeutic agents. 

In previous studies, we designed and synthesized a resvera-
trol analog, 4-(6-hydroxy-2-naphthyl)-1,3-benzenediol (HS-1793; 
C16H12O3, Fig. 1B), which elicits higher anti-tumor activity than 
resveratrol in various cancer cell lines (Jeong et al., 2009a; 
2009b). In addition, HS-1793 overcame the resistance con-
ferred by Bcl-2 in U937 leukemia cells. However, the molecular 
mechanism of the anticancer effect of HS-1793 is not fully de-
fined. In the present study, we hypothesized that the potent 
anticancer effect of HS-1793 may be related to mitochondrial 
activity, because cell death by HS-1793 is induced in Bcl-2-
mediated resistant cancer cells. To test this mechanism, we 
evaluated HS-1793-induced cell death in MCF-7 cells by as-
sessing several parameters related to mitochondrial activity and 
the cell death pathway. We determined that HS-1793-treated 
MCF-7 cells showed disruption of mitochondrial function - mito-
chondrial membrane potential (ΔΨm), oxygen consumption, and 
ATP production. In addition, expression of both mitochondrial 
transcriptional factor A (TFAM) and Tu translation elongation 
factor (TUFM) decreased in HS-1793-treated MCF-7 cells. 
Therefore, our results reveal that HS-1793 promotes apoptosis 
in breast cancer cells and may be useful as a chemosensitiza-
tion drug that induces breast cancer cell death in response to 
other anticancer drugs, such as tamoxifen, toremifene, and letro-
zole. 
 
MATERIALS AND METHODS 

 
Cell culture and treatments 
Cells from the human breast adenocarcinoma cell line MCF-7 
were obtained from the American Type Culture Collection (ATCC; 
USA). The culture medium used throughout these experiments 
was DMEM, containing 10% fetal bovine serum (FBS, PAA, 

Pasching, Austria) and 100 μg/ml penicillin-streptomycin. Res-
veratrol and HS-1793 were dissolved in ethanol at concentra-
tions of 10 mM and 100 mM, and stored at -80°C until use. 
Cells were treated with resveratrol analogs, HS-1793 (0-90 μM) 
or resveratrol (0-150 μM). Cells were harvested 72 h after 
treatment and used for each experiment.  
 
Reagents  
Rabbit polyclonal TFAM and mouse monoclonal alpha tubulin 
(Santa Cruz Biotechnology, USA). Rabbit polyclonal anti-human 
caspase-3, caspase-9, and PARP (Cell Signaling Technology, 
USA). Mouse monoclonal anti-human TUFM (Sigma Aldrich, 
USA). HRP-conjugated donkey anti-rabbit and sheep anti-
mouse IgG (Amersham Pharmacia Biotech, USA). For western 
blots, the enhanced chemiluminescent western blotting detec-
tion reagent (SuperSignal West Pico chemiluminescent sub-
strate) was used (Pierce, USA). Rhod 2AM, TMRE, and Mito-
SOX cell dyes were used (Molecular Probes, USA). 
 
Flow cytometric analysis 
Mitochondrial membrane potential (ΔΨm), mitochondrial Ca2+, 
and mitochondrial reactive oxygen species (ROS) levels were 
measured by FACS, using specific fluorescence probes: 
tetramethylrhodamine, ethyl ester, perchlorate (TMRE), Rhod 
2AM (Invitrogen, USA) and MitoSOX, respectively. A total of 1 
× 106 cells from each group were incubated in 200 nM TMRE or 
5 μM MitoSOX for 20 min at 37°C in the dark. For measure-
ment of mitochondrial Ca2+, a total of 1 × 106 cells from each 
group were incubated with 5 μM Rhod 2AM for 60 min on ice in 
the dark and were then used to measure TMRE, MitoSOX, and 
Rhod 2AM levels on a FACS caliber (BD, USA). The data were 
analyzed using WinMDI2.8 software for simultaneous estima-
tion of each parameter.  
 
Western blot analysis 
Cell lysates were centrifuged at 14,000 rpm for 15 min at 4°C. 
Protein concentrations of cell lysates were determined by Brad-
ford protein assay (Bio-Rad), and 50 μg proteins were loaded 
per lane onto 7.5-15% SDS-polyacrylamide gels. The gels were 
transferred onto nitrocellulose membranes (Amersham Phar-
macia Biotech, USA) and reacted with a specific antibody. Im-
munostaining with antibodies was performed using SuperSignal 
West Pico-enhanced chemiluminescence substrate and de-
tected with LAS-3000PLUS (Fuji Photo Film Company, Japan).  
 
Cellular ATP concentration analysis 
ATP concentrations in the HS-1793- (30-90 μM) or resveratrol-
treated (90-150 μM) cells were analyzed by ATP biolumines-
cent somatic cell assay kit (FLASC, Sigma-Aldrich, USA). Briefly, 
100 μl ATP assay mix working solution, 100 μl somatic cell 
ATP-releasing reagent, and 50 μl ultrapure water were added 
and vortexed in each of the assay vials. After treatment with 
either HS-1793 or resveratrol, cells were harvested. Then, 1 × 
105 cells were added to each assay vial. Luminescence was 
detected by SpectraMax M2 (Molecular Devices, USA). ATP 
concentration was calculated using a standard curve with 
known concentrations (0, 1.25, 2.5, 5, and 10 μM) of ATP stan-
dards. Finally, ATP concentration was expressed as micromole 
ATP/1 × 105 cells. 
 
Oxygen consumption measurements 
XF24 analysis was performed as previously described (Qian 
and Van Houten, 2010). Briefly, the XF24 cell culture plates 
(Part No. 100777-004, Seahorse Bioscience, USA) are shaped  
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Fig. 1. Chemical structure of resveratrol (A) and HS-1793 (B). (A) 

Resveratrol has two phenol rings (C14H12O3). (B) Synthetic resvera-

trol analog HS-1793 has three phenol rings. 
 
 
like typical 24-well plates, with rows A-D and columns 1-6. The 
seeding surface of each well is the same size as on a typical 
96-well plate. Typical seeding density was 10,000 cells per well, 
which were seeded into 200 μl cell suspension per well, leaving 
temperature-correction wells empty (A1, B4, C3, and D6). Next, 
the plate was incubated (37°C, 5% CO2) for 16 h. Cells were 
treated with resveratrol (0-150 μM) or HS-1793 (0-90 μM) for 
48 h. Before XF24 analysis, the media was changed to 750 μl 
XF Assay Medium-modified DMEM (0 mM glucose, Part No. 
100965-000, Seahorse Bioscience, USA) and then incubated 
at 37°C without CO2 for 1 h. To prepare a sensor cartridge for 
calibration, 1.0 ml Seahorse Bioscience XF24 Calibrant (pH 7.4) 
(Part No. 100840-000, Seahorse Bioscience, USA) was added 

to each well of the 24-well plate. Then, the sensor cartridge was 
placed on top of the plate and incubated at 37°C without CO2 
overnight. The oxygen consumption rate (OCR) was measure 
by the XF24 analyzer and XF24 software. After measuring the 
OCR, the XF24 assay results were normalized to cell number. 
Cell number for each well was counted using a hemocytometer. 
Live cells were also counted and the XF assay results were 
normalized to cell number using XF assay software. 
 
Real-time PCR 

For real-time PCR of TFAM (forward 5′-ccgaggtggttttcatctgt-3′ 
and reverse 5′-tccgccctataagcatcttg-3′) and TUFM (forward 5′-
tagcaagaacatccgcactg-3′ and reverse 5′-gtcccaagtcagggaga 
aca-3′) mRNA, total RNA was extracted from cultured cells 
using the RNeasy plus Mini kit (QIAGEN, USA) following the 
manufacturer’s instructions. Reverse transcription (RT) PCR 
was performed with the Superscript III reverse transcriptase kit 
(Invitrogen, USA) using 2 μg fractionated cellular RNA as a 
template, which was purified as described above. Real-time 
PCR was carried out using SYBR Premix Ex Taq (Takara, 
Japan). Reactions were prepared following the manufacturer’s 
protocol. All reactions were carried out in triplicate (Bio-Rad, 
USA). Specific primers were used to detect the presence of 
each mRNA. Standard thermal cycling conditions included a 
hot start of 2 min at 50°C and 10 min at 95°C. The DNA was 
amplified through 50 cycles of 15 s at 95°C, 30 s at 58°C, and 
30 s at 72°C for both the TFAM and TUFM genes. Data analy-
sis was carried out using Bio-Rad software (iCycler iQTM) and 
Microsoft Excel. Expression values are presented relative to the 
measurements for beta-tubulin values in the corresponding 
samples.  
 
Quantitative PCR for mitochondrial DNA 

To evaluate the effects of HS-1793 or resveratrol on mitochon-
drial biogenesis, we tested mitochondrial DNA content ratios 
(Clay Montier et al., 2009). Total DNA including chromosomal 
DNA and mitochondrial DNA was extracted from HS-1793- or 
resveratrol-treated cells using the Gentra Puregene kit (QIAGEN) 
following the manufacturer’s instructions. Real-time PCR was 
carried out using SYBR Premix Ex Taq (Takara, Japan). Reac-
tions were prepared following the manufacturer’s protocol. All 
reactions were carried out in triplicate (Bio-Rad). Standard 

 
 
 
A                            B 
 
 
 
 
 
 
 
 
 
C                            D 
 
 
 
 
 
 
 
 

Fig. 2. Effects of HS-1793 and resveratrol on

the survival rate of MCF-7 cells. Resveratrol

(90 to 150 µM) (A) or HS-1793 (30 to 90 µM)

(B) were added to MCF-7 cells for 72 h, and

cell survival rates were measured using 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT) assay. Half-maximal

lethal dose (LD50) of HS-1793 was remarka-

bly lower than resveratrol (60 µM vs. 140 µM,

respectively). The LD50 of resveratrol (C) or

HS-1793 (D) in treated cells was determined

at 24, 48, and 72 h in MCF-7 cells. The time-

dependent cytotoxic effect of LD50 was not

significantly different between HS-1793 and

resveratrol in MCF-7 cells. 
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thermal cycling conditions included a hot start of 2 min at 50°C 
and 10 min at 95°C. We designed Primer F 5′-attacccactc 
acgggagct-3′ (mtDNA 21-40) and Primer R 5′-atagtagtagg 
gtcgtggtg-3′ (mtDNA 5141-5160). The DNA (mtDNA 101-5210) 
was amplified through 60 cycles of 15 s at 95°C, 30 s at 58°C, 
and 300 s at 72°C. Data analysis was carried out using Bio-Rad 
software (iCycler iQTM) and Microsoft Excel. 
 
Statistical analysis 
Four independent in vitro experiments were performed. Statisti-
cal results were expressed as the mean ± standard deviation of 
the triplicate results obtained from triplicates of each independ-
ent experiment. Statistical significance of differences was de-
termined by the paired Kruskal-Wallis nonparametric test. A P 
value less than 0.05 were considered significant. 

RESULTS 

 
Resveratrol analog, HS-1793, exhibits a greater antitumor  
effect than resveratrol 
To compare the anticancer effects of HS-1793 and resveratrol, 
we treated breast cancer cells (MCF-7 cells) with resveratrol 
(Fig. 2A) or HS-1793 (Fig. 2B) in both dose- and time-depen-
dent manners. HS-1793 treatment significantly decreased the 
survival rate of MCF-7 cells compared with resveratrol treat-
ment (P < 0.005). Determination of the half-maximal lethal dose 
(LD50) revealed that the LD50 of HS-1793 (60 μM) was signifi-
cantly lower than resveratrol (140 μM). Using the same concen-
trations throughout the study, the cell survival rate was deter-
mined to be significantly reduced by both 140 μM resveratrol 
(Fig. 2C) and 60 μM HS-1793 treatment (Fig. 2D) after 48 h. To 

Fig. 3. Effects of HS-1793 and resveratrol on cas-

pase activity in MCF-7 cells. Western blot analysis

showed that caspase-9, caspase-3, and PARP activi-

ties were increased by LD50 treatment of resveratrol

(A) and HS-1793 (B) (***P < 0.005) in a time-

dependent manner. 
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validate whether necrosis or apoptosis was induced by HS-
1793 or resveratrol, we assessed activation of caspases-3 and 
-9, which are key executioners of apoptosis, during HS-1793 
and resveratrol treatment. Exposure of MCF-7 cells to resvera-
trol or HS-1793 strongly stimulated caspase activity (Figs. 3A 
and 3B). In particular, pro-caspase-3 and PARP were signifi-
cantly decreased and cleaved PARP was inversely increased 
by HS-1793 treatment. These results show that HS-1793 treat-
ment significantly increases apoptotic cell death by only one-
half dose of resveratrol. 
 
Resveratrol analog, HS-1793, impairs mitochondrial  

function  
To investigate the effects of HS-1793 treatment on mitochon-

drial function, we compared mitochondrial membrane potential 
after resveratrol and HS-1793 treatments. We observed a sig-
nificant depolarization of the membrane 48 h after HS-1793 
treatment (Fig. 4A). Additionally, although resveratrol treatment 
reduced mitochondrial membrane potential, the effect was 
lower than after HS-1793 treatment. Next, we analyzed whether 
these treatments influenced mitochondrial calcium and ROS 
levels. Neither HS-1793 nor resveratrol treatment significantly 
changed the levels of mitochondrial calcium (Fig. 4B) and ROS 
(Fig. 4C). Following this experiment, we evaluated mitochon-
drial oxidative phosphorylation activity by determining the OCR 
and cellular ATP concentration. HS-1793 treatment exerted a 
stronger influence on oxygen consumption and ATP synthesis 
than resveratrol treatment. The OCR and cellular ATP levels 

Fig. 4. HS-1793 induced depolarization of

mitochondrial membrane potential. Flow

cytometry data indicated that (A) TMRE

(mitochondrial membrane potential) sig-

nificantly decreased by 60 µM HS-1793 or

140 µM resveratrol treatment at 48 and 72

h. The intensities of (B) Rhod 2AM (mito-

chondrial calcium) and (C) MitoSOX (mi-

tochondrial ROS) were not altered by 60

µM HS-1793 or 140 µM resveratrol treat-

ment (***P < 0.005). 
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Fig. 5. HS-1793 reduced mitochondrial oxidative phosphorylation. 

Resveratrol (140 µM) or 60 µM HS-1793 were added to MCF-7 cells 

for 72 h and then washed out of each well. To measure the OCR, 

we used an XF24 analyzer. Treatment with HS-1793 (60 µM) or 

resveratrol (140 µM) significantly reduced (A) OCR and (B) ATP 

production in a time-dependent manner at 24, 48, and 72 h (***P < 

0.005). 
 
 
were significantly reduced by HS-1793 treatment after 24 h (Fig. 
5). At 24 h, HS-1793 more strongly inhibited mitochondrial oxi-
dative phosphorylation compared with resveratrol. Taken to-
gether, these results indicate that HS-1793 effectively sup-
presses mitochondrial energy metabolism in MCF-7 cells, inde-
pendently of Ca2+ and ROS levels. 
 
HS-1793 treatment down-regulates mitochondrial  
biogenesis regulatory proteins 
To determine the molecular mechanism of HS-1793-induced 
mitochondrial dysfunction, we analyzed protein expression of 
three mitochondria biogenesis regulatory proteins, including 
TFAM, TUFM, and single-stranded DNA-binding protein (SSBP). 
Resveratrol treatment had no effect on TFAM, TUFM, or SSBP 
protein levels (Fig. 6A). However, HS-1793 treatment signifi-
cantly down-regulated TFAM expression to approximately 20% 
of control levels after 24 h of treatment (Fig. 6B). Likewise, 
TUFM expression was down-regulated to 50% of control levels 
48 h after HS-1793 treatment. To test whether these decreases 
in TFAM and TUFM were regulated by the transcription of cod-
ing genes, we analyzed the mRNA levels of TFAM and TUFM. 
Real-time PCR data showed that HS-1793 treatment signifi-

cantly decreased the amount of TFAM (Fig. 6C) and TUFM (Fig. 
6D) transcripts. We analyzed alterations of mitochondrial DNA 
content in control, resveratrol-, and HS-1793-treated MCF-7 cells 
to validate the final consequence of the down-regulation of both 
TFAM and TUFM. Consistent with the protein and gene levels, 
DNA content and mitochondrial biogenesis were significantly 
decreased in HS-1793-treated MCF-7 cells compared with 
control and resveratrol treatment (Fig. 6E). Taken together, 
these results suggest that HS-1793 inhibits mitochondrial en-
ergy metabolism by repressing transcription of mitochondrial 
biogenesis regulatory genes, such as TFAM and TUFM. How-
ever, the exact mechanism of how HS-1793 regulates 
transcription of these genes remains to be investigated. 
 
DISCUSSION 

 
Although resveratrol is a promising anticancer agent, resvera-
trol analog HS-1793 may be a more effective agent to treat 
cancer, as HS-1793 exhibits higher stability and enhanced 
antiproliferative and proapoptotic effects than resveratrol. In the 
present study, we investigated the effect of HS-1793 treatment 
on mitochondria-mediated cell death in MCF-7 cells.  

We have shown that HS-1793 induces cell death by inhibiting 
transcription of mitochondrial biogenesis regulatory genes, 
TFAM and TUFM, in MCF-7 cells. When HS-1793 was added 
to MCF-7 cells, TFAM and TUFM expression was decreased 
and mitochondrial biogenesis and oxidative phosphorylation 
were perturbed. As a result, HS-1793-treated cells underwent 
mitochondrial-mediated apoptosis in mitochondrial calcium- and 
ROS-independent manners. Generally, in response to apop-
totic triggers such as accumulation of ROS and Ca2+, ΔΨ m is 
immediately dissipated by the opening of the membrane per-
meability transition pore and osmotic swelling of the mitochon-
drial matrix (Bae et al., 2011). This eventually leads to OMP 
(outer membrane permeability). Upon OMP, cytotoxic proteins 
within the intermembrane space, such as cytochrome c and 
Smac, are released into the cytosol and initiate mitochondrial-
mediated cell death (Baines et al., 2007; Bouchier-Hayes et al., 
2008; Nakagawa et al., 2005).  

Our data suggest that mitochondrial proteins TFAM and TUFM 
are decreased by HS-1793 treatment, which in turn, induces 
mitochondrial dysfunction and cell death. These nuclear-enco-
ding mitochondrial proteins are localized to mitochondria and 
play roles in mitochondrial DNA replication and translation. 
TFAM is an essential and important component for mainte-
nance of mitochondrial biological function, as well as for main-
tenance of proper mitochondrial copy number, mitochondrial 
morphology (Ekstrand et al., 2004; Kang et al., 2007; Larsson 
et al., 1998), and respiratory chain function (Ekstrand et al., 
2004; 2007; Falkenberg et al., 2002; Ho et al., 2010; Larsson et 
al., 1998). TFAM regulates expression of 13 protein compo-
nents of mitochondrial oxidative phosphorylation complexes for 
electron transport and ATP synthesis (Shadel and Clayton, 
1997). In addition, recent studies have reported a role of TFAM 
in oncogenesis. TFAM, which is increased in thyroid oncocy-
toma (Savagner et al., 2003), and mitochondrial DNA (mtDNA) 
depletion cause apoptosis in osteosarcoma cells (Dey and 
Moraes, 2000). Moreover, loss of the TFAM gene reduces tu-
morigenesis in an oncogenic Kras-driven mouse model of lung 
cancer (Weinberg et al., 2010). Given the significance of TFAM 
in mitochondrial biogenesis and tumorigenesis, these data sup-
port the idea that the inhibition of TFAM by HS-1793 is the 
cause of the observed antiproliferative and proapoptotic effects. 
However, the exact target of HS-1793 remains to be deter-
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Fig. 6. HS-1793 down-regulated mitochondrial biogenesis regulatory proteins. (A) Western blot data showed that 140 µM resveratrol treatment 

did not change the levels of mitochondrial biogenesis regulatory proteins, including TFAM and TUFM, in MCF-7 cells. (B) HS-1793 (60 µM) 

treatment significantly down-regulated the protein expression levels of both TFAM and TUFM. Real-time PCR data indicated that TFAM (C) 

and TUFM (D) were also significantly decreased by HS-1793 treatment. (E) Resveratrol (140 µM) or 60 µM of HS-1793 were added to MCF-7 

cells for 72 h and the mitochondrial DNA ratio was measured using real-time PCR. HS-1793 treatment decreased the mitochondrial DNA ratio 

by 50% (***P < 0.005). 
 
 
 
mined. 

It is well known that PGC-1 alpha and Sirtuin-1 (Sirt1) exert 
positive effects on mitochondrial biogenesis under normal 
physiological conditions (Kaeberlein et al., 2005; Luo et al., 
2001; Motta et al., 2004; Muth et al., 2001; Vaziri et al., 2001; 
Yeung et al., 2004). Sirt1 regulates the activity and expression 
of PGC-1 alpha (Nie et al., 2009). Interestingly, it has been 
shown that TFAM is regulated by nuclear respiratory factor 1 
and PGC-1 alpha (Ventura-Clapier et al., 2004; Zhang et al., 
2011). Thus, it is possible that resveratrol and HS-1793 both 

target these upstream regulators of TFAM. We examined these 
signaling pathways and found that treatment of MCF-7 cells 
with resveratrol and HS-1793 reduced both the activation of 
Sirt1 (i.e., phosphorylation) and its protein levels, and reduced 
the protein levels of downstream mediators, such as PGC-1 
alpha and STAT3 (Supplementary Fig. S1). Thus, Sirt1 may be 
the main target of HS-1793. 

A main result of HS-1793 treatment, however, is to dampen 
mitochondrial biogenesis, and in turn, promote cell death and 
attenuate proliferation of MCF-7 cells. Mitochondria appear to 
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be important for this action to occur, as treatment of mitochon-
dria-deficient (ρ0) HeLa cells with HS-1793, but not resveratrol, 
did not induce cell death to the same level as in normal HeLa 
cells (Supplementary Fig. S2). The mitochondria-specific effect 
of HS-1793 can be utilized potentially to target cancer cells but 
not normal cells. For example, mitochondria in cancer cells 
structurally and functionally differ from their normal counterparts 
(Gogvadze et al., 2008). Moreover, cancer cells exhibit an ex-
tensive metabolic reprogramming that renders them more sus-
ceptible to mitochondrial perturbations than non-immortalized 
cells (Bellance et al., 2009; Kroemer and Pouyssegur, 2008). 
Thus, this difference can be exploited by mitochondria-targeted 
compounds, such as HS-1793, creating a bias towards cancer 
cells but not normal cells. Further, HS-1793 can be used as a 
chemosensitization agent, whereby affecting mitochondrial dys-
function may enhance the chemotoxic effects of anticancer 
agents, such as tamoxifen.  

In summary, our findings propose that HS-1793 acts as a 
modifier in mitochondrial activity, leading to the activation of the 
mitochondrial-mediated apoptosis pathway in MCF-7 cells. This 
underlying mechanism will provide a fundamental basis for 
creating a therapeutic modality in resveratrol analog-mediated 
cancer therapy. Future studies will focus on understanding the 
underlying mechanism that links TFAM to mitochondrial dys-
function and the effects of HS-1793 in cancer combination ther-
apy.  
 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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