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Figure 3. Lovastatin induced HCC cell apoptosis. Cells were treated with 10 µM 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-O2 group.

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 µM) in 
the presence or absence of  
the thiol antioxidant N-acety- 
lcysteine (NAC). As shown in 
Figure 5A and 5B, NAC expo-
sure (300 µM, 1 hr) led to sup-
pression of ROS level in basal 
HepG-2 cells. Moreover, NAC 

Figure 4. Lovastatin promoted in-
tracellular ROS generation in HCC 
cells. A. Representative micros-
copy images of L-O2 and HepG-2 
cells treated with DMSO or 5 µM 
lovastatin. Intracellular ROS levels 
were indicated with a fluorescent 
ROS probe, DCFH-DA. B. Flow cy-
tometric analysis of the ROS levels 
as in (A). Mean FITC value reflected 
the ROS amount in indicated cells.
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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-

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-

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 µM 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 µM) in absence or presence of NAC. The mean percentage of cell viability, relative to the 
untreated control (0 µM of lovastatin without NAC) ± SD was given. *P<0.05 compared within the 5 µM lovastatin 
treating groups.
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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 

proliferation and induction of apoptosis. We 
surprisingly found that a relative lower concen-
tration of lovastatin (5 µM) resulted more obvi-
ous cytotoxicity in HepG-2 cells, while did not 
cause inhibition of cell viability in non-tumor 
L-O2 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- 

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 µM 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.
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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.
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