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Figure 3. Lovastatin induced HCC cell apoptosis. Cells were treated with 10 uM lovastatin for 12 h. A. Flow-cytomet-
ric analysis was used to determine the extent of cell apoptosis (annexin V/PI staining). B. The compiled result for (A)
was shown. Typical pattern shown was representative of three independent experiments. *P<0.05, compared with
the lovastatin treated L-02 group.

Figure 4. Lovastatin promoted in-
tracellular ROS generation in HCC
cells. A. Representative micros-
copy images of L-02 and HepG-2
cells treated with DMSO or 5 uyM
lovastatin. Intracellular ROS levels
were indicated with a fluorescent
ROS probe, DCFH-DA. B. Flow cy-
tometric analysis of the ROS levels
asin (A). Mean FITC value reflected
the ROS amount in indicated cells.

cellular ROS was more abun-
dant in HepG-2 cells. The re-
sults suggested the potential
involvement of oxidative stress
in the cytotoxic action of lovas-
tatin, especially in HCC cells.

To further explore if the oxida-
tive stress or ROS generation
was the dominant factor con-
tributing for lovastatin-induc-
ed cytotoxicity towards HCC
cells, we incubated HepG-2
cells with lovastatin (5 pM) in
the presence or absence of
the thiol antioxidant N-acety-
Icysteine (NAC). As shown in
Figure 5A and 5B, NAC expo-
sure (300 puM, 1 hr) led to sup-
pression of ROS level in basal
HepG-2 cells. Moreover, NAC
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Figure 5. NAC pretreatment mitigated lovastatin-induced cytotoxicity in HepG-2 cells. A. Representative microscopy
images of HepG-2 cells treated with DMSO or 5 uM lovastatin, in absence or presence of NAC. Intracellular ROS
levels were indicated with a fluorescent ROS probe, DCFH-DA, as in Figure 4. B. Flow cytometric analysis of the ROS
levels as in (A). C. CCK-8 assay of cell viabilities after HepG-2 cells were treated with increasing concentration of
lovastatin (0, 5, 10, and 50 uM) in absence or presence of NAC. The mean percentage of cell viability, relative to the
untreated control (O uM of lovastatin without NAC) + SD was given. *P<0.05 compared within the 5 uM lovastatin

treating groups.

pretreatment could significantly block increase
of ROS amount induced by lovastatin (Figure
5A and 5B). Besides, we found that cell viability
inhibition induced by lovastatin was obviously
suppressed by NAC (Figure 5C). Taken together,
these results supported that oxidative stress
was the main pathway in lovastatin-induced
cytotoxicity in HCC cells, since its blocker, NAC
significantly eased the cytotoxic effect of lovas-
tatin in HepG-2 cells.

To further investigate the molecular mecha-
nism contributing to lovastatin-induced HepG-
2 cell apoptosis, the expression of apoptosis
related proteins was examined by western blot
analysis. As shown in Figure 6A, the expres-
sions of pro-apoptotic cleaved Caspase-3 and
Bax protein were remarkably elevated, while
expression of the anti-apoptotic Bcl-2 protein
declined in HepG-2 cells following treatment
with lovastatin, in a time-dependent manner.
Since Caspase-3, Bax and Bcl-2 are well-kn-
own characteristics of mitochondrial apopto-
sis, these results indicated that lovastatin acti-
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vated mitochondrial apoptotic pathway. On the
other hand, we detected the expression of
ATF-4 and CHOP, two markers of ER stress
related apoptosis. We found that lovastatin
also increased the expression of ATF-4 and
CHOP (Figure 6A), indicating that ER stress
was another key pathway involved in the lo-
vastatin-induced apoptosis. However, the incr-
ease of Caspase-3, Bax, ATF-4 and CHOP ex-
pressions, and the decrease of Bcl-2 by lovas-
tatin could all be reversed by addition of NAC,
the ROS blocker (Figure 6B). These findings
demonstrated that lovastatin induced HepG-2
cell apoptosis via ROS-dependent mitochondri-
al and ER stress pathways.

Discussion

As is known, HCC accounts for a majority of
primary liver cancers and is one of the most
frequent as well as aggressive malignancies in
the world [15]. The primary therapy option for
HCC patients at their early stage is surgical
resection. Afterwards, patients will accept che-
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Figure 6. Lovastatin induced HepG-2 cell apoptosis by triggering intrinsic mitochondrial and ER stress pathways
through ROS accumulation. A. HepG-2 cells were incubated with 5 pM lovastatin for indicated times (0-24 h), and
the expressions of cleaved Caspase-3, Bax, Bcl-2, ATF-4, CHOP were then examined by Western blot. GAPDH was
as the loading control (upper). The quantified bar graph was given (below). B. Expressions of cleaved Caspase-3,
Bax, Bcl-2, ATF-4 and CHOP in indicated cells were detected by Western blot (upper) and normalized against GAPDH
(bottom). Data in (A) and (B) are presented as the mean + SD.

motherapy. The side effects of chemothera-
peutic drugs and the chemo-resistance of
tumor cells are among the main reasons lead-
ing to the bad outcome. Therefore it's of great
importance to develop new drugs for HCC.

Statins have attracted intense attention for th-
eir therapeutic value in anti-tumor treatments
extending beyond their primary lipid-lowering
effects as single agents or in combined use
with other chemotherapeutic agents. It was
previously shown that lovastatin induced HCC
cell apoptosis by activating mitochondrial apo-
ptotic signals [16]. However, systemically stud-
ies characterizing the effects of lovastatin in
HCC cells are still absent, and the underlying
molecular mechanisms remain largely unclear.

In the present study, we found that lovastatin
exerted the most tumor suppressing effects on
HepG-2 cells by decreasing cell viability among
the three tested satins. Lovastatin treatment
significantly led to inhibition of cell viability, cell
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proliferation and induction of apoptosis. We
surprisingly found that a relative lower concen-
tration of lovastatin (5 yM) resulted more obvi-
ous cytotoxicity in HepG-2 cells, while did not
cause inhibition of cell viability in non-tumor
L-02 cells. This finding suggested that lovas-
tatin might be safely used for HCC patients
because of the drug resistance in normal cells.
We further found that lovastatin induced cell
death in HCC cells was accompanied by high
intracellular levels of ROS, and NAC pretreat-
ment could ease the lovastatin-induced cyto-
toxicity in Hep-G2 cells.

The increasing knowledge about ROS-related
apoptosis have identified several signaling
pathways, in which the intrinsic mitochondrial
apoptosis pathway is the most mentioned [17].
Excess cellular levels of ROS may lead to de-
crease of mitochondrial membrane potential
and release of cytochrome C into the cyto-
plasm, thereby activating Caspase-9 and pro-
cessing Caspase-3 and else, leading to apop-
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tosis [18]. Although we did not examined the
release of cytochrome C, our results revealed
a time-dependent activation of Caspase-3 in
HepG-2 cells following lovastatin treatment. On
the other hand, the apoptosis defects are ma-
inly determined by a defective balance among
pro- and anti-apoptotic members of the Bcl-2
family. Herein, we observed that Bax was in-
creased but Bcl-2 was decreased in lovastatin-
treated HepG-2 cells, indicating that the mito-
chondrial pathway was involved in lovastatin-
induced cell apoptosis. Besides, we learned
from the literature that ROS also activates ER
stress apoptosis pathway [17, 19]. In the pres-
ent study, treatment with lovastatin markedly
increased ATF-4 and CHOP expressions, indi-
cating the involvement of ER stress in lovas-
tatin-induced apoptosis in HepG-2 cells. Im-
portantly, combination treatment with NAC, the
ROS blocker, significantly reversed the expres-
sion of abovementioned four molecules, indi-
cating that lovastatin induced cell apoptosis via
mitochondrial and ER stress pathways in an
ROS-dependent manner.

In summary, our results demonstrated that
lovastatin induced apoptosis by promoting ROS
generation in Hep-G2 cells, which could be re-
versed by NAC treatment. Mechanistically, we
verified that ROS-activated mitochondrial and
ER stress apoptosis pathways served as the
major mechanism for lovastatin-induced apop-
tosis. The present study reinforced the anti-
tumor effect of lovastatin, and provided addi-
tional evidence for the potential beneficial
effects of lovastatin in HCC therapy in humans.

Acknowledgements

This work was supported by the National Na-
tural Science Foundation of China (81100826).

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Xifeng Li, Depart-
ment of Hepatic Surgery, The Eastern Hepatobiliary
Surgery Hospital, Second Military Medical University,
700 North Moyu Road, Jiading District, Shanghai
201805, China. E-mail: lixifeng2017@163.com

References

[1] Liao JK, Laufs U. Pleiotropic effects of statins.
Annu Rev PharmacolToxicol 2005; 45: 89-118.

11487

[2] Gauthaman K, Fong CY, Bongso A. Statins,
stem cells, and cancer. J Cell Biochem 2009;
106: 975-83.

[3] Stein A, Stroobants S, Gieselmann V, D’'Hooge
R, Matzner U. Anti-inflammatory therapy with
simvastatin improves neuroinflammation and
CNS function in a mouse model of metachro-
matic leukodystrophy. Mol Ther 2015; 23:
1160-8.

[4] Graaf MR, Beiderbeck AB, Egberts AC, Richel
DJ, Guchelaar HJ. The risk of cancer in users of
statins. J Clin Oncol 2004; 22: 2388-94.

[5] Nielsen SF, Nordestgaard BG, Bojesen SE.
Statin use and reduced cancer-related mortal-
ity. N Engl J Med 2012; 367: 1792-802.

[6] Shimoyama S. Statins are logical candidates
for overcoming limitations of targeting thera-
pies on malignancy: their potential application
to gastrointestinal cancers. Cancer Chemother
Pharmacol 2011; 67: 729-39.

[7]  McGlynn KA, Hagberg K, Chen J, Graubard BI,
London WT, Jick S, Sahasrabuddhe VV. Statin
use and risk of primary liver cancer in the clini-
cal practice research datalink. J Natl Cancer
Inst 2015; 107.

[8] Ampuero J, Romero-Gomez M. Prevention of
hepatocellular carcinoma by correction of met-
abolic abnormalities: role of statins and met-
formin. World J Hepatol 2015; 7: 1105-11.

[9] Nolting S, Maurer J, Spottl G, Aristizabal Prada
ET, Reuther C, Young K, Korbonits M, Goke B,
Grossman A, Auernhammer CJ. Additive anti-
tumor effects of lovastatin and everolimus in
vitro through simultaneous inhibition of signal-
ing pathways. PLoS One 2015; 10: e0143830.

[10] Walther U, Emmrich K, Ramer R, Mittag N, Hinz
B. Lovastatin lactone elicits human lung can-
cer cell apoptosis via a COX-2/PPARy-depen-
dent pathway. Oncotarget 2016; 7: 10345-62.

[11] Yang SH, Lin HY, Chang VH, Chen CC, Liu YR,
Wang J, Zhang K, Jiang X, Yen Y. Lovastatin
overcomes gefitinib resistance through TNF-o
signaling in human cholangiocarcinomas with
different LKB1 statuses in vitro and in vivo. On-
cotarget 2015; 6: 23857-73.

[12] Morris TJ, Palm SL, Furcht LL, Buchwald H. Ef-
fect of lovastatin alone and as an adjuvant
chemotherapeutic agent on hepatoma tissue
culture-4 cell growth. Ann Surg Oncol 1995; 2:
266-74.

[13] Bjorkhem-Bergman L, Acimovic J, Torndal UB,
Parini P, Eriksson LC. Lovastatin prevents car-
cinogenesis in a rat model for liver cancer. Ef-
fects of ubiquinone supplementation. Antican-
cer Res 2010; 30: 1105-12.

[14] Dhar SK, St Clair DK. Manganese superoxide
dismutase regulation and cancer. Free Radic
Biol Med 2012; 52: 2209-22.

Int J Clin Exp Pathol 2017;10(12):11480-11488


mailto:lixifeng2017@163.com

[15]

(16]

[17]

Lovastatin induces apoptosis by activating ROS-dependent pathways

Woérns MA, Galle PR. HCC therapies—-lessons
learned. Nat Rev Gastroenterol Hepatol 2014;
11: 447-52.

Kim W, Yoon JH, Kim JR, Jang IJ, Bang YJ, Kim
YJ, Lee HS. Synergistic anti-tumor efficacy of
lovastatin and protein kinase C-beta inhibitor
in hepatocellular carcinoma. Cancer Chemoth-
er Pharmacol 2009; 64: 497-507.
Redza-Dutordoir M, Averill-Bates DA. Activation
of apoptosis signalling pathways by reactive
oxygen species. Biochim Biophys Acta 2016;
1863: 2977-2992.

11488

(18]

[19]

Slee EA, Harte MT, Kluck RM, Wolf BB, Casiano
CA, Newmeyer DD, Wang HG, Reed JC, Nichol-
son DW, Alnemri ES, Green DR, Martin SJ. Or-
dering the cytochrome c-initiated caspase cas-
cade: hierarchical activation of caspases-2, -3,
-6, -7, -8, and -10 in a caspase-9-dependent
manner. J Cell Biol 1999; 144: 281-292.

Cao SS, Kaufman RJ. Endoplasmic reticulum
stress and oxidative stress in cell fate decision
and human disease. Antioxid Redox Signal
2014; 21: 396-413.

Int J Clin Exp Pathol 2017;10(12):11480-11488



