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a b s t r a c t

2,3-M ethenedioxy-9- O-(30a,70a-dihydroxy-50b-cholan-240-prop y-lester)berberine (B4) is a novel berber- 
ine–bile acid analog synthesized in our laboratory. Previously, we showed that B4 exerted greater cyto- 
toxicity than berberine in several human cancer cell lines. Therefor e, we further evaluated the 
mechanism governing its anticancer actions in hepatocellular carc inoma SMMC-7721 cells. B4 inhibited
the proliferation of SMMC-7721 cells, and stimulated reactive oxygen species (ROS) production and mito- 
chondrial membrane depolarization; anti-oxidant capacity was reduced. B4 also induced the release of 
cytochrom e c from the mitochondria to the cytosol and an increase in poly ADP-ribose polymerase (PARP)
cleavage products, reflective of caspase-3 activa tion. Moreover, B4 induced the nuclear translocation of 
apoptosis-indu cing factor (AIF) and a rise in DNA fragmentation. Pretreatment with the anti-oxidant 
N-acetylcysteine (NAC) inhibited B4-mediated effects, including cytotoxicity, ROS production, mitochon- 
drial membrane dep olarization increase in intracellular Ca 2+, cytochrome c release, PARP cleavage, and 
AIF translocation. Our data suggest that B4 induces ROS-trig gered caspase-dependent and caspase-inde- 
pendent apoptosis pathways in SMMC-7721 cells and that ROS production may be a specific potential 
strategy for treating hepatic carcinoma. 

Crown Copyright � 2013 Published by Elsevier Inc. All rights reserved. 
1. Introduction 

Berberine (Fig. 1A), an isoquinolon e quaternary alkaloid iso- 
lated from the root and bark of Berberis aristata or Coptis chinensis ,
has been extensively used as a non-prescri ption drug to treat diar- 
rhea since the 1950s and has continuously had good safety records 
in clinical applications [1–3]. Recent studies have demonstrat ed 
that berberine inhibits the growth of various tumor cell types, 
including liver, lung, oral, bladder, breast, and prostate [4]. Multi- 
ple mechanis ms have been reported for berberine-ind uced apopto- 
sis, depending on the cell type: G1 phase cell cycle arrest in 
prostate cancer (DU145, PC-3, and LNCaP) cells, induction of mito- 
chondria-dep endent apoptosis in human breast cancer (MCF-7)
cells, and death receptor and mitogen-acti vated protein kinase 
(MAPK) pathways in HeLa cells [5–7]. Berberine has also been 
shown to reduce melanoma cell (A375 and Hs294) migration by 
reducing the expression of COX-2, PGE2 and its receptor [8].

Although stable in the gastrointest inal tract, berberine is poorly 
absorbed in the intestine, resulting in insufficient plasma concen- 
trations and low efficacy [9]. Because bile acids are transported 
across cell membranes by active transport, they represent a
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possible targeting vector to improve bioavaila bility [10]. Therefore, 
we synthesized a novel berberine–bile acid analog, 2,3-methen edi- 
oxy- 9-O-(30a,70a-dihydroxy-50b-cholan-240-propy-lester) berberine
(B4) (Fig. 1B). Previous studies in our laboratory have shown that
B4 has improved oral bioavailability in mice and increased cyto- 
toxicity toward several human cancer cell lines, including SGC- 
7901 (gastric), HCT-116 (colon), SMMC-7721 (hepatocellular),
and BEL-7402 (hepatocellular). B4 was most effective against 
SMMC-7 721, indicating the liver-specificity of bile acids [11].

Caspase-d ependent apoptosis can occur by one of two represen- 
tative pathways: the death receptor-med iated (extrinsic) pathway 
and the mitochondrial (intrinsic) pathway. The extrinsic pathway 
is initiated by the binding of death ligands to cell surface receptors, 
causing subsequent caspase-8 activation [12]. The intrinsic path- 
way involves the efflux of cytochrome c from mitochondria to 
the cytosol, where it subsequent ly forms a complex (apoptosome)
with Apaf-1 and caspase-9, leading to caspase-3 activation [13]. An 
alternativ e apoptotic pathway is the caspase-indepe ndent 
pathway involving the apoptosis-ind ucing factor (AIF) and 
endonuc lease G (EndoG) [14,15]. AIF, located in the mitochond rial 
intermembr anous space, is released from the mitochondria and is 
transloca ted to the nucleus where it induces chromati n condensa- 
tion and DNA fragmentati on [16]. Addition ally, reactive oxygen 
species (ROS) cause mitochondrial dysfunct ion, which may cause 
cell apoptosis [17].
rights reserved. 
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Fig. 1. The chemical structures of: (A) berberine and (B) B4. (C) Effect of B4 on cell proliferation. SMMC-7721 cells were incubated with 0, 0.08, 0.4, 2, 10, or 50 lM B4 or 
berberine for 24, 48, or 72 h; inhibition of cell proliferation was measured using an MTT assay. Values were calculated as % proliferation inhibition compared to control. (D)
Effect of B4 on cell cycle distribution of SMMC-7721 cells. The results were analyzed by Mod Fit LT 3.0. Each experiment was performed in triplicate. ⁄p < 0.05, ⁄⁄p < 0.01 vs. 
control, which was treatment with DMSO. 
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Here, we demonstrate the mechanism s by which B4 exerts its 
anticancer actions in SMMC-7 721 cells. We found that B4 activates
caspase-dep endent and caspase-ind ependent apoptosis pathways ,
and those related to ROS production. These data suggest that reg- 
ulation of ROS generation may be a strategy for treating hepatic 
carcinoma that is resistant to pro-apop totic therapeutics .
2. Materials and methods 

2.1. Chemicals and reagents 

Chemicals and reagents used in this study are listed in Supple-
mentary data .
2.2. Cell culture 

SMMC-7721 cells and normal human liver HL-7702 cells were 
obtained from the Cell Bank of Shanghai Institute of Biochemistry 
and Cell Biology, Chinese Academy of Sciences (Shanghai, China).
SMMC-7721 cells and HL-7702 cells were maintained in RPMI- 
1640 containing 10% FBS and 1% penicillin/str eptomycin and cul- 
tured at 37 �C in a 5% CO 2 incubator. B4 and berberine were ini- 
tially dissolved in DMSO, and were made up in culture medium 
before each experiment. Unless otherwise mentioned, control cells 
were treated with an equal amount of DMSO. The maximum 
amount of DMSO was maintained at less than 0.1% v/v and was 
nontoxic to the cells. 
2.3. Cell proliferation assay 

SMMC-7721 or HL-7702 cells (1 � 106 cells/well) were either 
untreated or treated with different concentr ations (0.8–50 lM) of 
B4 or berberine for 24, 48 or 72 h. Cell proliferation was measured 
by the MTT assay using DMSO to dissolve formazan as mentioned 
previously [18].
2.4. Cell cycle analysis and apoptosis assays 

SMMC-7 721 cells were plated in 6-well plates (1 � 106 cells/
well) and incubated with 0, 0.5, or 1 lM B4 for 48 h. Cells were 
then harvested by centrifugation. Cell pellets were re-suspende d
in PBS (800 lL) and stained with CyStain (200 lL) for 10 min in 
the dark. The cell cycle distribution was analyzed by flow cytome- 
try (Partec GmbH, Germany).

Phosphati dylserine exposed on the outside of the apoptotic 
cells was determined by the Annexin V-FITC Apoptosis Kit accord- 
ing to the manufactur er’s instructions. SMMC-7721 cells were pla- 
ted in 6-well plates (1 � 106 cells/well) and incubated with B4 or
berberine for 48 h. Cells were harvested and gently re-suspende d
in Annexin V-FITC binding buffer (195 lL) plus Annexin V-FITC 
(5 lL) for 10 min at in the dark. Cells were then centrifuged at 
3000g for 5 min and gently re-suspe nded in Annexin V-FITC bind- 
ing buffer (190 lL) and propidium iodide (10 lL), followed by 
immedia te analysis by flow cytometry. 

2.5. Determina tion of DNA fragmentatio n

SMMC-7 721 cells were either untreated or treated with B4 (0.5,
1, or 2 lM) or berberine (1 or 2 lM) for 48 h. Apoptotic DNA Lad- 
der Detection Kit was used to extract DNA fragments from cells 
accordin g to the manufactur er’s instructions. The extracted DNA 
samples were electrophor esed in a 1.5% agarose gel and stained 
with ethidium bromide in the dark at 37 �C for 1 h. Gel images 
were captured using a UV-transillum inator (Fuji Life Science, Ir- 
vine, CA, USA).

2.6. Detection of ROS 

Intracellu lar ROS production was measured using the Reactive 
Oxygen Species Assay Kit accordin g to the manufac turer’s instruc- 
tions. Cells were either untreated or treated with B4 (2 lM) for 
48 h in the absence or presence of 5 mM NAC; NAC was added 
1 h prior to B4. Cells were collected and re-suspende d in 10 lM
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2,7-dichlorod ihydrofluorescein diacetate (DCFH-DA). After incuba- 
tion for 20 min at 37 �C in the dark, cells were analyzed for fluores-
cence intensity by flow cytometr y; ROS levels were quantified with 
WinMDI 2.8 software. 

2.7. Measuremen t of mitochondri al membrane potential (DW m) and 
intracellular Ca 2+ levels

SMMC-7721 cells (1 � 106 cells/well ) were incubated with 
2 lM B4 for 48 h in the absence or presence of 5 mM NAC; NAC 
was added 1 h prior to B4. DW m was monitore d by measuring 
the uptake of a mitochondria specific dye, rhodamine-12 3 (Rh-
123). Cells were washed and harvested in PBS containing Rh-123 
(10 lg/mL) for 30 min at 37 �C; cells were analyzed immediately 
by flow cytometry. Separately, the intracellul ar Ca 2+ concentratio n
was measured using the fluorescent indicator Fluo-3/AM. Fluo-3/ 
AM (10 lL) was added for 30 min at 37 �C in the dark. The samples 
were re-suspende d in PBS and analyzed immedia tely by flow
cytometry. DW m and intracellular Ca 2+ levels were quantified
with WinMDI 2.8 software. 

2.8. Protein extraction and Western blot analysis 

After incubation with 0, 0.5, 1, or 2 lM B4 for 48 h, SMMC-7721 
cells were collected and lysed with ice-cold lysis buffer containing 
1% phenylmeth ylsulfonyl fluoride (PMSF). Cytochrome c and AIF 
released from mitochondria were detected using the Nuclear and 
Cytoplasmic Protein Extraction Kit. The protein concentr ation 
was determined using the BCA Protein Assay Kit. Protein samples 
were separated by 8% or 12% SDS–PAGE and transferred to a poly- 
vinylidene fluoride (PVDF) membrane using a semi-dry transfer. 
Membranes were incubated with different monoclonal antibodies 
overnight at 4 �C and further incubated for 1 h with alkaline phos- 
phatase-conj ugated secondary antibodies. Then the membran es 
were immersed in BCIP/NBT solution until color appeared. The 
reaction was stopped by the addition of distilled water. 

2.9. Statistical analysis 

The results are expressed as mean ± SD for triplicate experi- 
ments. Statistical significance was determined by one-way analysis 
of variance (ANOVA) followed by the Bonferroni post hoc test for 
multiple comparisons or the two-tailed Student’s t-test. P-values
less than 0.05 were considered statistically significant. 
3. Results 

3.1. Effect of B4 on cell growth inhibition and cell cycle distributio n in 
human hepatoma cells 

B4 and berberine caused dose- and time-dep endent inhibition 
of proliferation in SMMC-7 721 cells (Fig. 1C). At all doses 
P0.4 lM, B4 elicited a greater inhibitory effect than berberine at 
72 h. The maximal inhibitory effect (50 lM at 72 h) was signifi-
cantly greater with B4 (95.0 ± 4.0%) compared to berberine 
(74.7 ± 3.9%). Conversely, berberine exhibited a greater cytotoxic 
effect on normal human liver cells (HL-7702) at all doses 
P0.4 lM compared to B4. In all subsequent experiments , 2 lM
B4 was the highest concentratio n used since it inhibited prolifera- 
tion of normal cells by <20% after 48 h (Supplement ary Fig. S1 ). B4
suppressed the growth of SMMC-7 721 cells and morphological 
changes also indicated that B4 treatment decreased cell density 
and increased the numbers of floating cells (data not shown),
which indicated that the observed growth inhibition was due to 
cell death. 
Previous ly, berberine treatment arrested the cell cycle of 
SMMC-7 721 cells at the sub-G1 phase [19]. However, after 
SMMC-7 721 cells treatment with B4, the percent of cells at S phase 
was increased from 21.15 to 37.75% and the percent of cells at G0/ 
G1 phase and G2/M phase were reduced in a dose-depend ent man- 
ner. B4 induced the accumulati on of SMMC-7 721 cells at S phase 
(Fig. 1D).

3.2. B4 induces more significant apoptosis in human hepatoma SMMC- 
7721 cells than berberine 

Flow cytometry analysis of double-stained SMMC-7721 cells –
Annexin V (to detect the exposed phospholipid membran e compo- 
nents of apoptotic cells) and PI (to detect nonviable cells) – was 
used to quantify apoptotic changes. As shown in Fig. 2A and B, 
the percentage of total apoptotic cells (Annexin V+) increased sig- 
nificantly with increasing concentration of B4 (from 5.29 ± 0.8% to 
59.52 ± 2.8%), but not with berberine. 

DNA fragmentation into nucleosomes containing 180–200 bp or 
multiples of 200 bp is one of the hallmarks of apoptosis [20]. B4
treatment led to the appearance of ladder-like strips regardles s
of the concentr ation used (Fig. 2C). Untreated cells and those trea- 
ted with berberine did not exhibit DNA fragmentation . These data 
suggest that B4 inhibited cell prolifera tion by triggering apoptotic 
cell death in SMMC-7721 cells. 

3.3. B4 triggers caspase-depen dent and caspase-inde pendent 
apoptosis pathway in SMMC-77 21 cells 

Activatio n of the caspase cascade is another hallmark of apopto- 
sis. Cytochrom e c released from mitochond ria into the cytosol trig- 
gers the formation of the apoptosome , resulting in the activation of 
caspases [21]. Fig. 2D shows that levels of procaspas es-3, -8, and -9 
were reduced in a dose-dep endent manner. As confirmation of cas- 
pase-3 activation, we detected a rise in the cleavage fragment of 
the caspase-3 substrate poly (ADP-ribose) polymerase (PARP) with 
increasing concentratio ns of B4. B4 also caused a dose-dependent 
decrease in the level of the X-lined inhibitor of apoptosis (XIAP)
protein, a member of the inhibitor of apoptosis (IAP) family that 
selective ly binds and inhibits caspases-3 and -9. Additionally, B4
caused a dose-dep endent increase and decrease of cytosolic and 
mitochond rial cytochrome, respectively (Fig. 2E). Together, these 
results suggest the involvement of the caspase pathway in B4-in-
duced apoptosis in SMMC-7 721 cells. 

We also examine d activation of caspase-ind ependent pathways 
by B4. Apoptosis-indu cing factor (AIF) has been identified as an 
apoptogeni c mitochondrial intermembran e protein that translo- 
cates to the nucleus and triggers DNA fragmentation [16]. AIF 
transloca ted from mitochondria to the nucleus in a dose-dep en- 
dent manner. Moreove r, B4 up- and down-regulated the expres- 
sion of Bax and Bcl-2, respectively, leading to an increase in the 
Bax/Bcl-2 ratio, an important marker of apoptosis in cancer cells 
(Fig. 2F).

3.4. B4. induces ROS generation in SMMC-7721 cells 

SMMC-7 721 cells were treated with 2 lM B4 for 48 h in the 
presence or absence of NAC, a nonspecific ROS scavenge r. As shown 
in Fig. 3A and B, compared with control cells, treatment with 2 lM
B4 for 48 h markedly increased ROS generation. Pretreatment with 
NAC, significantly blocked the B4-mediated rise in ROS. MTT assay 
showed that cell viability increased from 48.3% ± 2.9% to 
79.5% ± 3.1% in the presence of NAC, which suggested that NAC also 
protected the SMMC-7721 cells from growth inhibition by B4
(Fig. 3C). Moreover, B4 reduced intracellul ar levels of the anti- 
oxidant GSH; at 2 lM B4, GSH levels decreased to 49% of control 



Fig. 2. Apoptotic effect of B4 on SMMC-7721 cells. SMMC-7721 cells were either untreated or treated with incubated with 0.5, 1, or 2 lM B4 or 1 or 2 lM berberine for 48 h. 
(A) Apoptotic population of SMMC-7721 cells analysis by flow cytometric using annexin V-FITC/PI staining. Q1, necrotic cells (annexin V�/PI+); Q2, late apoptotic cells 
(annexin V+/PI+); Q3, viable cells (annexin V�/PI�); Q4, early apoptotic cells (annexin V+/PI �). The percentage of Annexin V-positive population in panel (B) indicates 
induction of apoptosis cells at every concentration of B4. ⁄p < 0.05 vs. control (0 lM). (C) DNA fragmentation of B4-induced apoptosis was detected using 1.5% agarose gel 
electrophoresis. M indicates marker for DNA size. (D–F) Modulation of expression of caspase-dependent and caspase-independent apoptosis-related proteins by B4 in SMMC- 
7721 cells. b-Actin was used as an internal control. PARP = poly (ADP-ribose) polymerase; XIAP = X-lined inhibitor of apoptosis; AIF = apoptosis-inducing factor. 

Fig. 3. Effect of anti-oxidant pretreatment on B4-mediated effects. SMMC-7721 cells were either untreated or treated with B4 (2 lM) in the absence or presence of N-
acetylcysteine (NAC; 5 mM) for 48 h. (A and B) Production of reactive oxygen species (ROS) was measured by flow cytometry. In panel B, the data represent the percentages of 
cells within the specified fluorescence intensity range using WinMDI 2.8 software. (C) Cell viability was examined by MTT assay. ⁄p < 0.05 and ⁄⁄p < 0.01 vs. control (0 lM),
#p < 0.05 vs. B4-treated cells (2 lM).
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(Supplement ary Fig. S2 ). Together, these data suggest ROS genera- 
tion plays an essential role in the growth inhibition activity of B4 in
SMMC-7721 cells. 

3.5. ROS triggered B4-induced cell caspase-dep endent and caspase- 
independent apoptosis 

Excessive levels of ROS are reported to cause mitochond rial dys- 
function leading to a loss of mitochondr ial membran e potential 
(DW m) and an increase in intracellular Ca 2+; disruption of DW
m is one of the earliest intracellular events in apoptosis induction ,
and this reduction in DW m is often accompanied by the produc- 
tion of ROS [18,22]. As shown in Fig. 4A and B, B4 elicited a signif- 
icant increase in intracellular Ca 2+, an important messeng er 
molecule in apoptosis; pretreatmen t with NAC decrease d the 
Ca2+ level to that of control. B4 also reduced the fluorescence inten- 
sity in Rh-123-loaded cells, reflecting a decrease in DW m; mito- 
chondria l membran e depolarization was blocked by pretreatmen t
with 5 mM NAC (Fig. 4C), suggestin g that B4-induced dysfunction 
of mitochond ria is caused by ROS generation. 

We also assessed the effects of ROS on the expression of 
key pro-apop totic proteins. Western blot analysis showed that 



Fig. 4. Effect of ROS on B4-induced cell apoptosis. SMMC-7721 cells were either untreated or treated with B4 (2 lM) in the absence or presence of N-acetylcysteine (NAC;
5 mM) for 48 h. (A and B) The level of intracellular Ca 2+ in SMMC-7721 cells was determined by flow cytometry with Fluo-3/AM. ⁄p < 0.05 vs. control (0 lM), #p < 0.05 vs. B4-
treated cells (2 lM). (C) Changes in mitochondrial membrane potential (Dw m) were measured by flow cytometry with Rhodamine-123. The numbers in each graph 
represent the percentages of cells in the M1 gate, which is reflective of a high Dw m. (D) Effect of B4 (2 lM) on expression of apoptosis-related proteins was determined in the 
absence or presence of NAC (5 mM). Total protein was extracted and Bax, caspase-3, poly(ADP-ribose) polymerase (PARP) cleavage products, cytosolic cytochrome c, and 
nuclear AIF were analyzed by Western blot; b-actin was used as an internal control. 
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pretreatmen t with NAC protected against cytochrome c release and 
AIF translocation to nucleus. Concomitan tly, the expressions of 
procaspase- 3, PARP, and Bax were restored to levels of control cells 
by NAC treatment (Fig. 4D). These results suggest that NAC exerts 
cytoprotecti ve effects on B4-induced caspase-dep endent and cas- 
pase-indepe ndent apoptosis by suppressing caspase activation, 
cytochrome c release, and AIF translocatio n. 
4. Discussion 

China has one of the highest mortality rates associated with 
hepatocellul ar carcinoma (HCC), an aggressive cancer with an ex- 
tremely poor prognosis [23]. The vast majority of HCC is detected 
at an advanced stage that is highly resistant to conventional che- 
motherapy, radiation therapy, and even immunot herapy [24]. Ad- 
verse effects from these chemoth erapy agents may lead to 
prolonged suffering and even death [25]. Therefore, the develop- 
ment of new therapies that can specifically target cancer cells 
but with minimal toxicity toward normal cells would be clinically 
beneficial.

We examined the anti-proliferative and anti-tumor activity of 
B4, a berberine–bile acid conjugat e. B4 caused a dose- and time- 
dependent inhibition of SMMC-7721 cell proliferation, arrested 
the cell cycle at S phase, and induced morphological changes asso- 
ciated with cell death. The key findings of the present study are 
that B4 elicited a greater growth inhibitory effect on hepatoma 
cells compare d to berberine, and had minimal effect on normal li- 
ver (HL-7702) cells. 

Activation of caspases by extrinsic and intrinsic pathways plays 
an essential role in apoptosis . Our results suggest that B4 stimu-
lates apoptosis through both pathways . Caspase-8 mediates the 
response downstream of ligand binding to death receptors [12].
Our results showing the disappearance of procaspas e-8, and thus 
presumabl y the accumulation of caspase-8, with B4 suggests it 
may stimulate the extrinsic or death receptor-medi ated apoptosis 
pathway. We also found that B4 elicited responses associated with 
activation of the intrinsic pathway. The intrinsic pathway is med- 
iated by release of cytochrome c from mitochondria into the cyto- 
sol, where it activates procaspase- 9 in a complex with Apaf-1; 
caspase-9 subsequent ly activates caspase-3 [26]. Treatment with 
B4 caused an increase in the cleavage products of the caspase-3 
substrate PARP and down-regulated expression of the XIAP, one 
of the most potent caspase inhibitors .

We found that B4 also activated caspase-indepe ndent apoptosis 
pathways . Nuclear translocatio n of AIF represents the primary 
pathway of caspase-ind ependent cell death signaling. It corre- 
sponds with early commitmen t to apoptosis and is correlated with 
large-scal e DNA fragmentation . In our study, we observed a pro- 
found increase of AIF in the nucleus, with a concomitan t decline 
in the mitochondr ia. 

Our results suggest that ROS production plays an important role 
in B4-induced apoptosis . ROS are highly reactive forms of molecu- 
lar oxygen; mitochond ria are a primary source. Excessive levels of 
ROS, however, cause severe cause severe mitochondr ial dysfunc- 
tion in which breakdow n of the functional integrity of the mito- 
chondria l membrane leads to loss of mitochond rial proteins and 
mitochond rial membrane depolarization [22]. B4 stimulated ROS 
production, caused mitochondr ial membrane depolarization, and 
reduced the anti-oxidant capacity by lowering the level of GSH. 
Moreove r, B4 caused in an increase in cytoplasmic Ca 2+ and elicited 
changes in protein levels associated with apoptosis, including in- 
creases in Bax, cytoplasm ic cytochrome c, nuclear-loca lized AIF, 
and cleaved PARP products, and decreases in procaspas e-3, -8, 
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and -9. However, pretreatment with the anti-oxidant NAC pre- 
vented B4-induced apoptosis by inhibiting ROS generation. Fur- 
thermore, NAC offered significant protection against B4-induced
mitochondr ial membrane depolariz ation, cytochrome c release,
PARP cleavage, procaspase- 3 down-regulati on, and Bax up-regula- 
tion, and AIF translocatio n. Together, these data suggest that ROS 
generation is an early event in the process of B4-induced apoptosis. 

Based on our data, we propose a model by which B4-mediated
generation of ROS leads to apoptosis (Supplement ary Fig. S3 ). The 
current study demonstrat es that B4-induced ROS generation 
causes an oxidant-ant ioxidant imbalanc e and oxidative damage, 
followed by mitochondr ial membran e depolariz ation, increases in 
the intracellular Ca 2+ concentration and in the Bax/Bcl-2 ratio, 
and loss of mitochond rial proteins. AIF is translocated to the nu- 
cleus (caspase-independent apoptosis), leading to DNA fragmenta- 
tion, while cytochrome c is released into the cytosol, where it 
activates the caspase cascade, as evidence by the increase in 
cleaved PARP products. This is accompanied by a down-regulati on 
of XIAP. Moreover, activition of caspase-8 suggests that B4 may act 
through the extrinsic or death receptor-medi ated apoptosis path- 
way; however, further investigatio n is warranted. 

In conclusio n, B4 has greater anticancer potential than berber- 
ine against human hepatocellular carcinoma SMMC-7721 cells. 
Targeting ROS may be a viable strategy to treat hepatic carcinom a
that is resistant to pro-apoptoti c therapeutics .
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