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Compound C is a widely used chemical inhibitor that down-regulates AMP-activated protein kinase 
(AMPK) activity. However, it has been suggested that compound C exerts AMPK-independent effects in vari-
ous cells. Here, we investigated whether compound C induces Sestrin2 (SESN2), an antioxidant enzyme in-
duced by diverse stress. In addition, the mechanism responsible for SESN2 induction by compound C was de-
termined. Our results showed that compound C increased SESN2 protein expression in HepG2 cells in a con-
centration- and time-dependent manner. The induction of SESN2 mRNA was also observed in cells treated 
with compound C. Increase of SESN2 luciferase activity confirmed transcriptional regulation by compound 
C and this substance also increased nuclear factor erythroid 2 (NF-E2)-related factor-2 (Nrf2) phosphory-
lation, which implies that Nrf2 was involved in SESN2 induction. Next, we sought to demonstrate whether 
production of reactive oxygen species (ROS) accompanied SESN2 expression. Compound C increased ROS 
production, but this effect was prevented by pretreatment with antioxidants or the mitochondrial complex 
I inhibitor. Moreover, cyclosporin A, an inhibitor of pore formation in the mitochondrial membrane, at-
tenuated compound C-induced SESN2 induction. However, overexpression of a constitutively active form of 
AMPK was not able to abolish SESN2 induction by compound C, which implies that its action is independent 
of AMPK inhibition. In conclusion, this is the first study demonstrating that compound C alters mitochon-
drial function and induces ROS production, which ultimately leads to phosphorylation of Nrf2 and induction 
of SESN2.
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Compound C is a cell-permeable pyrazolopyrimidine de-
rivative that has been widely used as a chemical inhibitor 
of AMP-activated protein kinase (AMPK).1) Many reports 
have provided evidence that AMPK is deeply involved in the 
regulation of energy metabolism.2,3) AMPK is activated in re-
sponse to an increase of the AMP/ATP ratio and switches on 
catabolic pathways including glucose uptake, glycolysis, and 
fatty acid oxidation.4,5) Moreover, various cellular events such 
as proliferation, autophagy, and apoptosis are regulated by 
AMPK.4) In this regard, the value of AMPK as a drug target 
has been recognized.6) Therefore, compound C has become an 
important experimental tool in the study of the physiological 
roles of AMPK activation.1,7,8) Compound C competes with 
ATP, therefore playing a role as a potent reversible inhibitor 
of AMPK.1) However, as various effects of compound C, inde-
pendent of AMPK activity, have been reported, its selectivity 
to cell signaling pathways has been questioned.9,10)

Compound C has been shown to induce apoptosis in vari-
ous cells.11–13) It increases ceramide formation and affects the 
localization of Bax in breast cancer cells.13) In addition, 
compound C induces cell cycle arrest in glioma cells and 
sensitizes tumor necrosis factor-related apoptosis-inducing 
ligand-dependent apoptosis in renal cancer cells.11,12) In many 
reports, compound C-induced cell death has been found to 
be accompanied by oxidative stress. Compound C increases 
reactive oxygen species (ROS) production, which in turn 
stimulates apoptotic signaling cascades.11,12) Pretreatment with 
antioxidants can reverse compound C-mediated detrimental 
cellular events.9,12) Because oxidative stress increases AMPK 
activity, it is uncertain that AMPK inhibition by compound C 
is required in those processes.

ROS production is inevitable and important for cells in 
order for them to control a diverse of functions ranging from 
cell homeostasis to cell death.14) However, excessive ROS 
cause oxidative modifications of cell components, subse-
quently inducing detrimental effects on the cells.15) Hence, 
cells have diverse antioxidant systems to maintain redox ho-
meostasis.16) The close relationship between Sestrin2 (SESN2) 
and the adaptive response to various types of stress are well 
recognized.17,18) SESN2 is a stress-inducible antioxidant gene. 
Initially, SESN2 was known as Hi95, which is involved in 
p53-dependent regulation of autophagy and cell viability.19,20) 
SESN2 can also affect redox-homeostasis via the regeneration 
of peroxiredoxins (PRXs). Rescue of PRX from overoxidation 
by SESN2 plays a critical role in the control of hydrogen per-
oxide concentration.19,21) ROS are important stimuli necessary 
to induce SESN2.22,23) Recently, Shin et al. directly showed 
that SESN2 protects cells from hydrogen peroxide-induced 
oxidative stress.23) Beyond its antioxidant activity, SESN2 
influences cell growth by inhibition of mammalian target of 
rapamycin (mTOR) activity, a kinase complex that regulates 
protein synthesis.24) Moreover, SESN2-mediated AMPK 
signaling protects glucose-depleted cells by mTOR inhibi-
tion.25) In addition, we recently reported that SESN2–AMPK 
activation maintains energy balance and protects mitochondria 
against metabolic stress.22) Collectively, SESN2 can be consid-
ered as an essential regulator of the cellular adaptive response 
against various stresses.17,26)

Although compound C is still being adopted as an AMPK 
inhibitor, numerous reports have indicated that the mecha-
nisms of compound C are not restricted to AMPK target-
ing only. Based on the previous reports that the function of 
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SESN2 is highly related with AMPK, and that SESN2 is an 
nuclear factor erythroid 2 (NF-E2)-related factor 2 (Nrf2)-
mediated antioxidant gene, we investigated the effects of com-
pound C on SESN2 regulation. The present study is the first 
to report that compound C could induce SESN2 and that this 
effect is mediated by ROS production.

MATERIALS AND METHODS

Materials  Compound C and cycloheximide were provided 
by Calbiochem (San Diego, CA, U.S.A.). Anti-SESN2 anti-
body was purchased from Proteintech (Chicago, IL, U.S.A.). 
Phospho-acetyl-CoA carboxylase (ACC) antibody was sup-
plied by Cell Signaling Technology (Danvers, MA, U.S.A.). 
Anti-Nrf2 antibody was obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, U.S.A.). Phospho-Nrf2 antibody was 
purchased from NOVUS Biologicals (Littleton, CO, U.S.A.). 
Actinomycin D, 2′,7′-dichlorofluorescein diacetate (DCFH-
DA), anti-β-actin antibody, N-acetyl-L-cysteine (NAC), rote-
none, trolox, and other reagents were purchased from Sigma 
Chemicals (St. Louis, MO, U.S.A.).

Cell Culture  The HepG2 cell lines were purchased 
from the American Type Culture Collection (Manassas, VA, 
U.S.A.). Cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% fetal bovine serum (FBS; 
Hyclone, Logan, UT, U.S.A.), 50 units/mL penicillin and 
50 µg/mL streptomycin, and cultured at 37°C in a humidified 
atmosphere with 5% CO2. For experiments, cells were plated 
in plates for 2–3 d (i.e., 80% confluency) and serum starved 
overnight before treatments.

Immunoblot Analysis  Cell lysates were prepared accord-
ing to previously published procedures27) and separated on 7.5 
or 12% gel electrophoresis. The proteins were transferred to 
nitrocellulose membranes by electroblotting. The membranes 
were blocked in 5% non-fat milk in phosphate-buffered sa-
line (PBS), and incubated with the primary antibody at 4°C 
overnight and then with the secondary antibody for 1 h. After 
subsequent washes, the protein bands of interest were de-
tected using an enhanced chemiluminescence (ECL) system 
(GE Healthcare, Buckinghamshire, U.K.). Immunoblotting for 
β-actin confirmed equal loading of proteins.

RNA Isolation and Reverse Transcription Polymerase 
Chain Reaction (RT-PCR) Analysis  RNA was isolated 
from cells using Trizol (Invitrogen, Carlsbad, CA, U.S.A.) 
according to the manufacturer’s instructions. cDNA was 
synthesized by using an oligo(dT)16 primer and AccuPower 
RT premix (Bioneer, Daejeon, Korea). PCR was carried out 
using an AccuPower PCR premix (Bioneer, Daejeon, Korea) 
and a Thermal Cycler (Bio-Rad, Hercules, CA, U.S.A.). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as a control for the amount of total mRNA. The follow-
ing primer pairs were used for PCR: human SESN2 5ʹ-CTC  
ACA CCA TTA AGC ATG GAG-3ʹ (forward) and 5ʹ-CAA  
GCT CGG AAT TAA TGT GCC-3ʹ (reverse); and human 
GAPDH 5ʹ-GAA GAT GGT GAT GGG ATT TC-3ʹ (forward) 
and 5ʹ-GAA GGT GAA GGT CGG AGT C-3ʹ (reverse).

Plasmid Transfection and Luciferase Assay  A human 
SESN2 promoter-driven luciferase was constructed according 
to previously published procedures.23) Cells were seeded in 
12-well plates and incubated overnight. Serum was removed 
for 6 h and transient transfection with the luciferase construct 

and pRL-TK plasmid (a plasmid that encodes for Renilla lu-
ciferase and is used to normalize transfection efficacy) was 
conducted for 3 h using Lipofectamine (Invitrogen, San Diego, 
CA, U.S.A.). The transfected cells were then incubated in 
minimum essential media containing 1% FBS for 14 h. Finally, 
the activity of luciferase in the lysates was detected using the 
dual-luciferase reporter assay system (Promega, Madison, WI, 
U.S.A.) as previously described.23)

Infection of Recombinant Adenoviral Constitutively Ac-
tive Form of AMPK (CA-AMPK)  Adenovirus was diluted 
in DMEM containing 10% FBS, and then HepG2 cells were 
infected with adenovirus at a multiplicity of infection (MOI) 
of 50 for 36 h. Adenovirus that expresses LacZ (Ad-LacZ) was 
used as an infection control. Efficiency of infection was con-
sistently >90% with this method.

Measurement of ROS Generation  The level of hydro-
gen peroxide production was determined by measuring the 
increase in dichlorofluorescein fluorescence after treatment 
with DCFH-DA, a cell-permeable nonfluorescent probe that 
is cleaved by intracellular esterases and oxidized primarily 
by hydrogen peroxide. Cells were stained with 10 µM DCFH-
DA during the final hour of incubation. The cells were then 
harvested by trypsinization and washed twice with PBS. The 
intensity of the fluorescence in the cells was measured using 
a fluorescence microplate reader (Gemini XPS; Molecular 
Device, Sunnyvale, CA, U.S.A.). ROS production was normal-
ized to the protein concentration in each treated sample and 
calculated relative to the vehicle-treated control.

Mitochondrial Membrane Permeability Analysis  Rho-
damine 123, a membrane-permeable cationic fluorescent dye, 
was used to determine changes in mitochondrial membrane 
permeability. Cells were treated with 0.05 µg/mL rhodamine 
123 for 1 h and collected by trypsinization. Fluorescence 
intensity was measured and calculated as described in ROS 
production.

Statistical Analysis  For each statistically significant 
effect of treatment, one-way ANOVA was used for compari-
sons between multiple group means. The data were expressed 
as mean±standard error (S.E.) from at least three independent 
experiments. The criterion for statistical significance was set 
at p<0.05 or p<0.01.

RESULTS

Compound C-Induced SESN2 Expression in HepG2 
Cells  SESN2 is an inducible antioxidant enzyme that is reg-
ulated by the Nrf2-antioxidant response element (ARE) path-
way under oxidative stress.23) Recently, it has been reported as 
an upstream regulator of AMPK in response to various stress-
es.2,28) Given that compound C inhibits AMPK activity and 
also affects Nrf2-ARE signaling,9) the effects of compound C 
on SESN2 expression were tested in HepG2 cells. Cells were 
treated with various concentrations of compound C (from 1 to 
20 µM) and then the protein levels of SESN2 were observed. 
Immunoblot analysis showed that compound C increased the 
expression of SESN2 when compared with vehicle-treated 
cells (Fig. 1A). In accordance with protein levels, compound 
C treatment resulted in a marked increase in SESN2 mRNA 
level (Fig. 1B). A significant increase in SESN2 protein or 
mRNA level was detected starting from 3–6 h after compound 
C treatment and peaked at 24 h (Fig. 1C) or 12 h (Fig. 1D), 



Vol. 39, No. 5 (2016)� 801Biol. Pharm. Bull.

respectively. These results suggest that compound C positively 
regulates SESN2 at the mRNA and protein levels.

Transcriptional Induction of SESN2 by Compound 
C  Next, we attempted to elucidate the detailed mechanism 
for SESN2 induction by compound C. To examine whether 
compound C transcriptionally regulates SESN2 expression, 
the mRNA level of SESN2 was examined after treatment with 
the transcriptional inhibitor actinomycin D. RT-PCR analyses 
showed that the compound C-induced increase in SESN2 
mRNA level was completely blocked by actinomycin D treat-
ment (Fig. 2A). Moreover, a protein synthesis inhibitor, cyclo-
heximide, attenuated compound C-induced SESN2 expression 
(Fig. 2B). To confirm transcriptional induction by compound 
C, cells were transiently transfected with a human SESN2 

promoter-driven luciferase construct and then treated with 
compound C. Compound C significantly increased luciferase 
activity (Fig. 2C). Previously, we had identified an ARE with-
in the promoter of the SESN2 gene and reported that Nrf2 ac-
tivation is involved in SESN2 expression.23) In addition, Liu et 
al. showed that compound C activates the Nrf2-ARE signaling 
pathway, which contributes to heme oxygenase-1 (HO-1) in-
duction.9) To further examine whether the induction of SESN2 
by compound C was accompanied by Nrf2 activation, the 
phosphorylation of Nrf2 was examined. The phosphorylated 
Nrf2 was increased early after compound C treatment and was 
maximally elevated at 1 h (Fig. 2D). However, treatment of 
compound C had no effect on total Nrf2 level (Fig. 2D). Col-
lectively, these results indicate that compound C upregulates 

Fig. 1. Sestrin2 (SESN2) Induction by Compound C in HepG2 Cells
(A) Immunoblot analysis. Cells were incubated in the indicated concentrations of compound C for 12 h. The blots shown are representative of data from at least three 

different replicates. * p<0.05 or ** p<0.01 when compared to the vehicle-treated control. (B) RT-PCR assays. Cells were incubated in the indicated concentrations of com-
pound C for 12 h, and then SESN2 transcripts were analyzed by RT-PCR. The results shown are representative of data from at least three different replicates. ** p<0.01 
when compared to the vehicle-treated control. (C) Immunoblot analysis. The lysates of cells incubated in compound C (20 µM) for 0–24 h were immunoblotted for SESN2 
protein levels. The blots shown are representative of data from at least three different replicates. * p<0.05 or ** p<0.01 when compared to the control. (D) RT-PCR assays. 
Cells were incubated in compound C (20 µM) for 0–12 h, and then SESN2 transcripts were analyzed by RT-PCR. The results shown are representative of data from at least 
three different replicates. * p<0.05 when compared to the control.
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transcriptional induction of SESN2 via Nrf2 activation.
Role of ROS Production by Compound C in SESN2 

Induction  Several studies have reported that elevated ROS 
levels in various cells are major stimuli to induce SESN2 ex-
pression.24,29) Given that HO-1 has been shown to be increased 
by compound C in an ROS-dependent manner, we decided 
to examine whether ROS production was involved in SESN2 

induction. ROS production was assessed by the increase in 
dichlorofluorescein fluorescence. When compared to vehicle-
treated cells, compound C treated cells showed a significant 
increase in ROS production (Fig. 3A). In subsequent experi-
ments, we tested whether antioxidants could affect compound 
C-induced SESN2 expression. Pretreatment with antioxidants, 
including trolox and NAC, blocked the compound C-induced 

Fig. 2. Transcriptional Regulation of SESN2 by Compound C
(A) RT-PCR assays. Cells were pretreated with actinomycin D (3 µg/mL) and then incubated in compound C (20 µM) for 12 h. SESN2 transcripts were analyzed by RT-

PCR. The results shown are representative of data from at least three different replicates. * p<0.05 when compared to the vehicle-treated control, ## p<0.01 when compared 
to the compound C-treated cells. (B) Immunoblot analysis. The lysates of cells pretreated with cycloheximide (0.5 µg/mL) and then incubated in compound C (20 µM) for 
12 h were immunoblotted for SESN2 protein levels. The blots shown are representative of data from at least three different replicates. ** p<0.01 when compared to the 
vehicle-treated control, ## p<0.01 when compared to the compound C-treated cells. (C) Luciferase activity. SESN2 luciferase activity was determined from the lysates of 
cells incubated in the indicated concentrations of compound C for 12 h. Data were expressed as mean±S.E. from at least three different replicates. * p<0.05 or ** p<0.01 
when compared to the vehicle-treated control. (D) Immunoblot analysis. The lysates of cells incubated in compound C (20 µM) for 0–6 h were immunoblotted. The blots 
shown are representative of data from at least three different replicates. ** p<0.01 when compared to the control. N.S., not significant.
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SESN2 expression (Fig. 3B). Similarly, pretreatment with 
rotenone, a mitochondrial complex I inhibitor which lowers 
ROS levels through inhibiting the mitochondrial respiratory 

chain,30) completely attenuated compound C-induced SESN2 
expression (Fig. 3C). Moreover, pretreatment with antioxidants 
significantly abolished the increase of Nrf2 phosphorylation 

Fig. 3. Involvement of Reactive Oxygen Species (ROS) in Compound C-Induced SESN2 Induction
(A) Measurement of ROS production. Cells were incubated with compound C (20 µM) for 0.5 h. ROS production was assessed by 2′,7′-dichlorofluorescein diacetate fluo-

rescence intensity. The data are expressed as mean±S.E. from at least three different replicates. ** p<0.01 when compared to the vehicle-treated control. (B) Immunoblot 
analysis. Cells were incubated with trolox (100 µM) or NAC (10 mM) and continuously incubated with compound C (20 µM) for 12 h. Then, lysates from these cells were 
used to determine SESN2 protein levels via immunoblotting. The blots shown are representative of data from at least three different replicates. ** p<0.01 when compared 
to the vehicle-treated control. # p<0.05 or ## p<0.01 when compared to the compound C-treated cells. (C) Immunoblot analysis. Cells were incubated with rotenone (10 nM) 
and continuously incubated with compound C (20 µM) for 12 h. Then, lysates from these cells were used to determine SESN2 protein levels via immunoblotting. The blots 
shown are representative of data from at least three different replicates. ** p<0.01 when compared to the vehicle-treated control. ## p<0.01 when compared to the com-
pound C-treated cells. (D) Immunoblot analysis. Cells were incubated with trolox (100 µM), NAC (10 mM) or rotenone (10 nM), and continuously incubated with compound 
C (20 µM) for 1 h. The lysates of each treated cells were immunoblotted. The blots shown are representative of data from at least three different replicates. ** p<0.01 when 
compared to the control, # p<0.05 or ## p<0.01 when compared to the compound C-treated cells. N.S., not significant.
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by compound C (Fig. 3D). Taken together, these results indi-
cate that the SESN2 induction by compound C is associated 
with ROS production.

Role of Compound C-Induced Mitochondrial Membrane 
Potential Transition in SESN2 Induction  In hepatocytes, 
mitochondria are the major site for ROS production under 
pathological conditions.31) The concept that mitochondrial 
dysfunction plays a critical role in the process of ROS produc-
tion has been generally accepted. Therefore, in an attempt 
to correlate mitochondrial damage with SESN2 induction by 
compound C, mitochondrial membrane permeability was mea-
sured using rhodamine 123 staining.7) Since rhodamine 123 
is a membrane-permeable, cationic fluorescent molecule that 
binds to the mitochondrial membranes,7,31) loss of fluorescence 
indicates mitochondrial dysfunction. When cells were incubat-
ed in compound C for 1–6 h, the intensity of rhodamine 123 
fluorescence significantly decreased early after treatment (Fig. 

4A). This result indicates that compound C exerts a deleteri-
ous effect on mitochondria. To address whether mitochondrial 
impairment is upstream of SESN2 induction by compound 
C, additional experiments were conducted with cyclosporin 
A. Cyclosporin A inhibits pore formation in the mitochon-
drial membrane, which enables it to prevent mitochondrial 
damage.32,33) Pretreatment with cyclosporin A was found to 
decrease SESN2 induction by compound C (Fig. 4B). These 
results strongly support the hypothesis that the mitochondrial 
damage caused by compound C is linked to ROS-dependent 
SESN2 induction.

Fig. 4. Involvement of Mitochondrial Damage in Compound C-Induced 
SESN2 Induction

(A) Measurement of mitochondrial membrane permeability changes. Cells were 
incubated with cyclosporin A (10 µg/mL) and continuously incubated with com-
pound C (20 µM) for 1–6 h. After staining with rhodamine 123, the cells were har-
vested and then changes in mitochondrial membrane permeability were determined 
by a fluorescence reader. The data are expressed as mean±S.E. of at least three 
replicates. * p<0.05 or ** p<0.01 when compared to the vehicle-treated control. 
(B) Immunoblot analysis. Cells were incubated with cyclosporin A (10 µg/mL) and 
continuously incubated with compound C (20 µM) for 12 h. Then, lysates from these 
cells were used to determine SESN2 protein levels via immunoblotting. The blots 
shown are representative of data from at least three different replicates. ** p<0.01 
when compared to the vehicle-treated control. ## p<0.01 when compared to the 
compound C-treated cells.

Fig. 5. Effects of AMPK Inhibition by Compound C on SESN2 Induc-
tion

(A) Immunoblot analysis. Cells were incubated with compound C (20 µM) for 12 h 
following Ad-LacZ or Ad-CA-AMPK infection. Then, lysates from these cells were 
used to determine SESN2 protein levels via immunoblotting. The blots shown are 
representative of data from at least three different replicates. ** p<0.01 when com-
pared to the vehicle-treated Ad-LacZ-infected cells, # p<0.05 when compared to the 
compound C-treated Ad-LacZ-infected cells. (B) Schematic diagram. Compound 
C alters mitochondrial function and induces ROS production, which contribute to 
Nrf2/ARE dependent SESN2 induction.
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Effects of AMPK Inhibition by Compound C on SESN2 
Induction  As an effort to identify involvement of AMPK 
inhibition by compound C, we next examined the effect of 
CA-AMPK on compound C-induced SESN2. Overexpression 
of CA-AMPK was not able to reverse SESN2 induction by 
compound C (Fig. 5A). Increase of ACC phosphorylation indi-
cated overexpression of CA-AMPK (Fig. 5A). Therefore, these 
results suggest compound C stimulates SESN2 gene expres-
sion in HepG2 cells via ROS production (Fig. 5B), which are 
probably independent of AMPK inhibition.

DISCUSSION

In the present study, we reported that compound C, a potent 
inhibitor of AMPK, can induce Nrf2-dependent SESN2 expres-
sion. Compound C altered mitochondrial membrane potential 
and increased ROS production, which lead to SESN2 induction.

To evaluate the role of AMPK in various diseases, many 
reports have frequently used compound C in in vivo and in 
vitro experimental models.11,34) Initially, Zhou et al. identified 
and characterized compound C as a potent AMPK inhibi-
tor.1) However, like any chemical inhibitor, it has shown other 
effects independent of its initially reported actions. Compound 
C induces cell cycle arrest and autophagy via the Akt/mTOR 
signaling pathway in glioma cells, but its inhibition of AMPK 
is not involved.10,35) Moreover, it represses intercellular adhe-
sion molecule-1 and vascular cell adhesion molecule expres-
sion via nuclear factor-kappa B (NF-κΒ) inhibition indepen-
dent of AMPK inhibition.36) In addition, a previous study by 
Liu et al. reported that HO-1 was induced by exposure to 
compound C and that ROS production accompanied this pro-
cess.9) We also found that overexpression of the CA-AMPK 
could not reverse compound C-induced SESN2 expression 
(Fig. 5A). Taken together, these reports imply that compound 
C can exert distinct actions aside from AMPK inhibition in 
cells.

It is well recognized that ROS induce antioxidant genes 
including HO-1 and SESN2 by transcriptional modulation of 
Nrf2 and ARE activation.9,22,23) In the present study, we found 
that compound C induced Nrf2 phosphorylation (Fig. 2D). 
Since phosphorylation of Nrf2 enables it to release Nrf2 from 
an inhibitory regulator of Nrf2, Kelch-like ECH-associated 
protein 1,37) an increase of Nrf2 phosphorylation means Nrf2 
activation. We also observed that SESN2 luciferase activ-
ity containing an ARE was also increased by compound C 
(Fig. 2C). Pretreatment with antioxidants blocked compound 
C-induced Nrf2 phosphorylation and SESN2 induction (Fig. 
3). Collectively, compound C activates ROS-dependent Nrf2 
signaling, which leads to SESN2 induction.

Interestingly, Emerling et al. reported that compound C 
negatively regulates hypoxic activation of hypoxia-inducible 
factor-1 (HIF-1) by inhibition of mitochondrial ROS produc-
tion.38) Since HIF-1 is also a transcription factor that induces 
SESN2, these results were controversial. However, under hy-
poxic conditions, inhibition of mitochondria may contribute to 
repression of ROS production.38) Therefore, inhibition of mito-
chondrial function by compound C can repress ROS produc-
tion and HIF-1 mediated hypoxic adaptation. In normoxic con-
ditions, the disturbed functioning of mitochondria can cause 
ROS production.30) Therefore, under normoxia, compound C 
may chiefly increase ROS production in mitochondria. Previ-

ous papers also gave evidence that compound C plays a role 
as a pro-oxidant.9,11) Moreover, a previous report showed that 
compound C inhibition of fas-associated protein with death 
domain-like apoptosis regulator and myeloid cell leukemia-1 
in renal cancer cells was mediated by ROS, which indicates 
that distinct actions of compound C might originate via ROS 
production.12)

Hepatic parenchymal cells including HepG2 produce ROS 
mostly from mitochondria.31) Therefore, we examined whether 
compound C altered mitochondrial function. Compound C 
caused a significant decrease in mitochondrial membrane 
potential after treatment (Fig. 4A). Membrane potential of 
mitochondria is important to generate ATP, therefore its loss 
directly indicates collapse of mitochondrial homeostasis and 
subsequently ROS can leak out into the cytosol.39) The recov-
ery of mitochondrial function by cyclosporin A antagonized 
compound C-induced SESN2 expression (Fig. 4B). These 
results suggest the possibility of association between com-
pound C and mitochondrial membrane pore. In other words, 
compound C exerts a direct effect on mitochondria and that 
its actions might promote ROS production. However, further 
detailed study is needed to understand the mechanisms un-
derlying the effects on mitochondria and ROS production by 
compound C.

In general, pharmacological inhibitors can acquire its use-
fulness when selectivity and potency of inhibitors for target 
molecule are validated. To inhibit activity of AMPK in vari-
ous cells, between 5 and 20 µM of compound C is generally 
used.35,38) In addition, 20–40 µM of compound C can signifi-
cantly antagonize ACC inactivation by 5-aminoimidazole-4-
carboxamide-1-β-D-ribofuranoside (AICAR) or metformin in 
cultured hepatocytes.1) As shown Fig. 1A, 5 µM or more of 
compound C significantly induced SESN2 expression. Hence, 
the present study indicates that possible targets of compound 
C are not only AMPK and pharmacologically relevant concen-
trations of compound C show pleiotropic actions. Therefore, 
we suggest that selectivity of compound C as a pharmacologi-
cal inhibitor of AMPK should be reconsidered when the role 
of AMPK is accessed in various experiments.

In conclusion, compound C induces ROS production and 
activates Nrf2, thereby increasing SESN2 expression. Al-
though the specific mechanisms that trigger ROS production 
by compound C are still unclear, it is obvious that pharmaco-
logically relevant concentrations of compound C affect redox 
sensitive pathways. These findings show the potential of com-
pound C as a pharmacological modulator irrespective of its 
inhibition of AMPK activity.
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