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Abstract. Multiple myeloma (MM) is a fatal hematological 
cancer characterized by clonal plasma cell proliferation in the 
bone marrow. MM has an increasing global incidence and a 
poor prognosis. There are limited treatment options available 
for MM, and this is further compounded by the development of 
drug resistance. The present study demonstrated that 7‑{4‑[Bis‑
(2‑hydroxyethyl)‑amino]‑butoxy}‑5‑hydroxy‑8‑methoxy‑2- 
phenylchromen‑4‑one (V8), a novel synthetic flavonoid, induced 
apoptosis in human MM RPMI  8226  cells in a dose‑  and 
time‑dependent manner, using cell viability assays and flow 
cytometry. Subsequently, V8‑induced apoptosis in RPMI 
8226 cells was revealed to occur via mitochondria‑mediated 
pathways. The activity of caspase‑3, ‑8 and ‑9, and the mRNA 
level of B‑cell lymphoma 2 (Bcl‑2) and B‑cell lymphoma‑extra 
large were greatly increased, while the expression of Bcl‑2‑like 
protein 4 and BH3 interacting domain death agonist was signifi-
cantly decreased in RPMI 8226 cells following V8 treatment, as 
observed using quantitative polymerase chain reaction (qPCR). 
In addition, western blotting revealed that  the release of mito-
chondrial cytochrome c into the cytosol was promoted by V8. 
Furthermore, a clear alteration in endoplasmic reticulum (ER) 
stress was observed in cells treated with V8; upregulation of 
glucose‑regulated protein (GRP) 78, GRP94, C/EBP homolo-
gous protein, cleavage of caspase‑12, phosphorylated protein 
kinase RNA‑like endoplasmic reticulum kinase (p‑PERK), 
phosphorylated eukaryotic initiation factor 2α (p‑eIF2α) and 
activating transcription factor 4 (ATF4) was observed with 
qPCR and western blotting, suggesting that V8‑induced apop-
tosis is involved in the ER stress response. Overall, the present 
results demonstrated that V8 induced apoptosis in human MM 
RPMI 8226 cells via the PERK‑eIF2α‑ATF4 ER stress response 
pathway, which may provide novel directions for exploiting this 
compound as a potential anti‑neoplastic drug for MM therapy.

Introduction

Multiple myeloma (MM) is a fatal hematological cancer, which 
is characterized by clonal plasma cell proliferation in the bone 
marrow, presence of osteolytic bone destruction causing severe 
bone pain, pathological fractures and hypercalcaemia  (1). 
The global incidence of MM has increased continuously in 
the last decade (2). Despite overall survival rates improving 
significantly with recent therapeutic advancements, including 
autologous stem cell transplantation, proteasome inhibitors 
and immunomodulatory drugs, MM remains an incurable 
disease with a median survival time of 4‑5 years in adults, due 
to its resistance to chemotherapeutic drugs (3,4). Therefore, the 
development of novel alternative approaches to overcome drug 
resistance and improve outcomes in MM is urgently required.

Flavonoids are widely distributed in plants and possess 
a wide range of biological and pharmacological activities, 
including anti‑allergic, anti‑inflammatory, antioxidant, 
anti‑microbial and anti‑diarrheal activities  (5,6). Previous 
studies in vitro and in vivo have revealed that flavonoids have 
anti‑cancer effects in various types of cancer, including human 
breast, lung and colorectal cancer, hepatocellular carcinoma, 
osteosarcoma and glioma, by inducing apoptosis, increasing 
chemotherapy sensitivity and suppressing metastasis (7‑9).

Apoptosis is the major mechanism for cancer cell 
elimination. Previous studies have demonstrated that 
f lavonoids tr igger apoptosis in numerous types of 
human cancer cells through endoplasmic reticulum (ER) 
stress‑dependent apoptotic pathways and mitochon-
drial‑mediated apoptotic pathways  (10‑12). A recent study 
revealed that 7‑{4‑[Bis‑(2‑hydroxyethyl)‑amino]‑butoxy} 
‑5‑hydroxy‑8‑methoxy‑2‑phenylchromen‑4‑one (V8), a novel 
flavonoid that is synthesized from the natural product wogonin 
in two steps (Fig. 1A), induces apoptosis in hepatocellular carci-
noma cells through the reactive oxygen species‑mediated ER 
stress pathway (13). However, to the best of our knowledge, no 
study has systematically investigated the cytotoxic effects and 
mechanisms of V8 on MM cells. Therefore, the present study 
investigated the cytotoxic potential of V8, and the mechanism 
by which it acts, on MM cells by examining cell viability and 
apoptosis signals in human MM RPMI 8226 cells. The present 
study provides detailed information concerning the cytotoxic 
effects of V8 on MM cells and offers a basic foundation for the 
clarification of its toxicity mechanisms.
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Materials and methods

Reagents and antibodies. V8 [purity, >99.5%; obtained from 
Aiqing He, Nantong University, Jiangsu, China  (14)] was 
diluted in dimethyl sulfoxide (DMSO) to 0.1 M and stored at 
‑20˚C. Cell counting kit‑8 (CCK‑8; catalog no. CK04-3000T) 
was purchased from Dojindo Molecular Technologies, Inc. 
(Kumamoto, Japan). FITC Annexin V Apoptosis Detection 
kit (catalog no. 556570) was purchased from BD Biosciences 
(Franklin Lakes, NJ, USA). Mouse monoclonal β‑tubulin 
(catalog no. sc-5274; 1:1,000 dilution) and mouse monoclonal 
β‑actin (catalog no. sc-47778; 1:1,000 dilution) primary anti-
bodies were purchased from Santa Cruz Biotechnology, Inc. 
(Dallas, TX, USA). Mouse monoclonal cytochrome c oxidase 
subunit  IV (COX4; catalog no.  4844; 1:1,000  dilution), 
rabbit monoclonal cleaved caspase‑12 (catalog no.  2202; 
1:500 dilution), rabbit monoclonal phosphorylated protein 
kinase RNA‑like endoplasmic reticulum kinase (p‑PERK; 
catalog no. 4370S; 1:1,000 dilution), rabbit monoclonal phos-
phorylated eukaryotic initiation factor 2α (p‑eIF2α; catalog 
no. 3597; 1:1,000 dilution) and rabbit monoclonal activating 
transcription factor 4 (ATF4; catalog no. 11815; 1:1,000 dilu-
tion) antibodies were obtained from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). Mouse monoclonal 
cytochrome c (cyto c; catalog no.  13560; 1:800 dilution) 
antibody was purchased from Santa Cruz Biotechnology, 
Inc. Goat anti‑mouse IgG‑conjugated horseradish peroxidase 
(catalog no. sc-2004; 1:20,000 dilution) and CY3‑conjugated 
(catalog no. sc-2020; 1:5,000 dilution) secondary antibodies 
were obtained from Santa Cruz Biotechnology, Inc.

Cell culture and cell viability. Human MM RPMI 8226 cell 
line was purchased from the Chinese Academy of Sciences 
(Beijing, China) and maintained in RPMI‑1640 (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 
10% fetal bovine serum (Gibco®; Thermo Fisher Scientific, 
Inc.), 2 mM glutamine and 100 U/ml penicillin‑streptomycin 
(Sigma‑Aldrich) at 37˚C in 5% CO2. Following treatment 
with various concentrations of V8 (0, 25, 50, 75 and 100 µM), 
cell viability was measured by CCK‑8. The absorbance was 
measured at 450 nm using a microplate reader (Bio‑Tek Instru-
ments, Inc., Winooski, VT, USA).

Western blotting. Following treatment with various concentra-
tions of V8 (0, 25, 50, 75 and 100 µM), RPMI 8226 cells were 
harvested and washed with ice‑cold phosphate‑buffered saline 
(PBS). Cell lysates were prepared using radioimmunoprecipi-
tation assay (RIPA) buffer (Cell Signaling Technology, Inc.). 
The samples were separated by sodium dodecyl sulfate‑poly-
acrylamide gel electrophoresis using a Mini Protean system 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA) on a 10% gel 
and transferred to a nitrocellulose membrane (EMD Millipore, 
Billerica, MA, USA). Following blocking with 5% skimmed 
milk at room temperature for 2.5 h, the membranes were 
incubated with primary antibodies against cleaved caspase-
12, cyto c, COX4, β-actin and β-tubulin at 4˚C overnight. The 
samples were visualized using goat anti‑mouse IgG‑conju-
gated horseradish peroxidase antibody at room temperature 
for 2-3 h, with enhancement from Pierce™ ECL Western Blot-
ting Substrate (Thermo Fisher Scientific, Inc.). Image J (1.49v; 

National Institutes of Health, Bethesda, MD, USA) was used 
for western blotting analysis.

Flow cytometric analysis of apoptosis. RPMI 8226 cells 
were cultured in 6‑well plates for 48 h in the presence of 
100 µM V8. The cells were washed twice with cold PBS and 
then resuspended in 1X Binding Buffer at a concentration of 
1x106 cells/ml. In total, 100 µl of the solution (1x105 cells) was 
transferred to a 5 ml culture tube and 5 µl FITC Annexin V 
and 5 µl propidum iodide (PI) were added. The cells were 
gently agitated and incubated for 15 min at room temperature 
(25˚C) in the dark. Following incubation, the stained cells 
were diluted by addition of 400 µl 1X Binding Buffer. Fluo-
rescence was detected using FACSCalibur™ Flow Cytometer 
(BD Biosciences) within 1 h and analyzed by FlowJo flow 
cytometric data analysis software (FlowJo7.6, LLC, Ashland, 
OR, USA). PI and FITC Annexin V positively stained cells 
were considered to be apoptotic.

RNA isolation and quantification of transcript levels. RNA 
was isolated from cells treated with 0, 25, 50, 75 and 100 µM 
V8 using TRIzol reagent (Invitrogen™; Thermo Fisher Scien-
tific, Inc.). Total RNA was converted to cDNA for quantitative 
polymerase chain reaction (qPCR) using a High Capacity 
cDNA Reverse Transcription kit (Applied Biosystems™; 
Thermo Fisher Scientific, Inc.), according to the manufac-
turers protocol. DNase I (catalog no. 18047019; 1:800 dilution; 
Invitrogen; Thermo Fisher Scientific, Inc.) was used. qPCR 
was performed to detect the expression of B‑cell lymphoma 2 
(Bcl‑2), Bcl‑2‑like protein 4 (Bax), BH3 interacting domain 
death agonist (Bid), B‑cell lymphoma‑extra large (Bcl‑XL), 
glucose‑regulated protein (GRP)  78, GRP94 and C/EBP 
homologous protein (CHOP) using the SYBR Green PCR 
MasterMix and an ABI 7500 Real‑time PCR System (Applied 
Biosystems™; Thermo Fisher Scientific, Inc.). The primers 
used in the qPCR were synthesized by Sangon Biotech 
(Shanghai, China). The cycling conditions were as follows: 
Stage 1, hold at 95˚C for 120 sec; stage 2, 95˚C for 15 sec 
and 60˚C for 35 sec, for 40 cycles; and stage 3, dissociation. 
Relative mRNA expression was determined by the 2‑ΔΔCq 
method (15) vs. glyceraldehyde 3‑phosphate dehydrogenase. 
Sequences for PCR primers are listed in Table I. The experi-
ments were repeated three times.

Caspase‑3, ‑8 and ‑9 activity assay. Activation of caspase‑3, ‑8 
and ‑9 was measured using the Fluorometric Assay kit (Calbio-
chem®; EMD  Millipore), according to the manufacturer's 
protocol. In brief, RPMI 8226 cells were treated with various 
concentrations of V8 (0, 25, 50, 75 and 100 µM) for 24 h. The 
treated cells were harvested and washed with ice‑cold PBS. 
Cell lysates were obtained by adding 100 µl RIPA buffer (Cell 
Signaling Technology, Inc.) for 1x105  cells. Subsequently, 
caspase inhibitors (caspase‑3, DEVD‑CHO; caspase‑8, 
z‑IETD‑FMK; caspase‑9, z‑LEHD‑FMK) were added to the 
cell lysates and incubated for 30 min. Reaction buffer and 
fluorogenic peptide substrates (10 µl) (caspase‑3, Ac‑DEVD‑A 
MC; caspase‑8, Ac‑IETD‑A MC; caspase‑9, Ac‑LEHD‑A 
MC) were added to the cell lysates, and incubated at 37˚C 
in the dark for 2 h. Lysate from RPMI 8226 cells treated 
with DMSO was used as a control group. The activation of 
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caspases in V8‑treated RPMI 8226 cells was measured using 
the Infinite® 200 PRO microplate reader (Tecan Group Ltd, 
Männedorf, Switzerland) at a wavelength of 405 nm.

Preparation of cytosolic extracts and mitochondria isolation. 
Mitochondria Isolation Kit for Cultured Cells (Thermo Fisher 
Scientific, Inc.) was used for cyto c analysis, according to the 
manufacturer's protocol. Briefly, RPMI 8226 cells (2x107) 
treated with 0, 25, 50, 75 and 100 µM V8 were washed with 
ice‑cold PBS and resuspended in 800 µl reagent A. Following 
incubation on ice for 2 min, 10 µl reagent B was added and 
incubated on the ice for 5 min and vortexed every minute. 
Subsequently, 800 µl reagent C was added and centrifuged in 
a microcentrifuge at 700 x g for 10 min at 4˚C to collect the 
supernatant. The supernatant was transferred to a new tube 
and subjected to centrifugation at 12,000 x g for 15 min at 
4˚C. The supernatant was collected as cytosolic extracts and 
the mitochondria were washed with reagent C and centrifuged 
at 12,000 x g for 10 min at 4˚C for the analysis of cyto c. 

Distribution of cyto c in cytosolic extracts and isolated mito-
chondria was determined by western blotting and normalized 
to β-tubulin and COX4, respectively.

Immunofluorescent staining. RPMI 8226 cells were plated 
onto coverslips the day prior to treatment with V8. Following 
exposure to 75 µM V8 for 48 h, the cells were fixed with 4% 
paraformaldehyde for 30 min, permeabilized with PBS with 
Tween  20 (0.5%) for 10  min and incubated with primary 
cleaved caspase‑12 antibodies at 4˚C overnight, followed by 
CY3‑conjugated secondary antibody staining at room temper-
ature for 2 h. Following washing, the cells were stained with 
4',6‑diamidino‑2‑phenylindole (1 mmol/l; Sigma‑Aldrich) for 
5 min. The cells were observed using a fluorescence micro-
scope (Carl Zeiss AG, Oberkochen, Germany).

Statistical analysis. All data are expressed as the mean ± stan-
dard error of the mean from 3 or 4 independent experiments 
and analyzed using Student's t‑test. Statistical analysis was 

Figure 1. Effects of V8 on cell viability and apoptosis of human multiple myeloma RPMI 8226 cells. (A) Molecular structure of V8. (B and C) Cell viability of 
RPMI 8226 cells following exposure to (B) various concentrations of V8 and (C) V8 at 100 µM for various periods of time, as determined by cell counting kit‑8 
assay. (D) Apoptosis of control cells (left) and RPMI 8226 cells (right) following treatment with 100 µM V8 for 48 h was detected by Annexin V‑fluorescein 
isothiocyanate/PI double staining. Data are presented as the mean ± standard error of the mean of three independent experiments. *P<0.05, **P<0.01 vs. control. 
V8, 7‑{4‑[Bis‑(2‑hydroxyethyl)‑amino]‑butoxy}‑5‑hydroxy‑8‑methoxy‑2‑phenylchromen‑4‑one; PI, propidium iodide; nor, untreated RPMI 8226 cells.

Table I. Primer sequences used in quantitative polymerase chain reaction.

	 Forward, 5'‑3'	 Reverse, 5'‑3'

Bcl‑2‑like protein 4	 TTTTGCTTCAGGGTTTCATC	 GACACTCGCTCAGCTTCTTG
BH3 interacting domain death agonist	 GGTCAACAACGGTTCCAG	 CATCGTAGCCCTCCCACT
Bcl‑2	 CTGGGAGAACAGGGTACGATAA	 GGCTGGGAGGAGAAGATGC
Bcl‑extra large	 TGTGCGTGGAAAGCGTAG	 AGTGAGCCCAGCAGAACC
GRP78	 CTCTGCCTCACCTCGCTCCA	 TCGCAATAGCAATGCCAATC
GRP94	 CCACCTTCATCATCTACC	 ATGAGCCCTAACAGCAC
C/EBP homologous protein	 ACCAGGAAACGGAAACAG	 TCACCATTCGGTCAATCA
Glyceraldehyde 3‑phosphate dehydrogenase	 AAGGTCATCCCTGAGCTGAA	 TGCTGTAGCCAAATTCGTTG

Bcl, B‑cell lymphoma; GRP, glucose‑regulating protein.

  A   B   C
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performed using SigmaPlot software version  10.0 (Systat 
Software, Inc., San Jose, CA, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

V8 induces apoptosis of RPMI 8226 cells. To investigate the 
effect of V8 on human MM cell growth, RPMI 8226 cells were 
treated with various concentrations of V8 (0, 25, 50, 75 and 
100 µM) and cell viability and apoptosis were evaluated. Inhibi-
tion of cell viability was observed following treatment with V8 
in a dose‑ and time‑dependent manner (Fig. 1B and C; P<0.05). 
Following a 48 h exposure to V8 at 100 µM, RPMI 8226 cells 
exhibited typical apoptotic alterations, including cell shrinkage 
and loss of normal nuclear architecture (date not shown). To eluci-
date these observations more definitively, FITC Annexin‑V/PI 
staining was performed. The percentage of Annexin‑V labeled 
apoptotic cells was significantly upregulated following treat-
ment with V8 compared with the control (Fig. 1D; P<0.05).

Caspase pathway was activated in RPMI 8226 cells following 
treatment with V8. To determine the possible mechanism of 
action in which V8 induces apoptosis of RPMI 8226 cells,  alter-
ations in the expression of critical apoptosis‑associated factors 
were evaluated. Caspase protease activation was assessed to 
determine the involvement in the cell death response. Notably, 
the activity of caspase‑3, ‑8 and ‑9 was clearly elevated in cells 
treated with V8 (Fig. 2A‑C; P<0.05). Subsequently, the effects 
of V8 on the release of mitochondrial cyto c into the cytosol 
of cells was evaluated. Western blot analysis revealed that the 
level of cyto c was decreased in mitochondria and increased in 
the cytoplasm with increasing concentrations of V8, indicating 
that V8 promotes the release of mitochondrial cyto c into the 
cytosol (Fig. 2D‑F; P<0.05).

Expression of apoptosis factors was altered following V8 
treatment. To further investigate the molecular basis of the 
apoptosis induced by V8 in RPMI 8226 cells, the expression of 
apoptosis‑associated factors were evaluated. The Bcl‑2 family, 
also known as fundamental death regulatory proteins, are key 
regulators in mitochondrial outer membrane permeabiliza-
tion (16). As shown in Fig. 3, the mRNA expression of Bax 
and Bid was clearly downregulated (P<0.05), while the mRNA 
expression of Bcl‑2 and Bcl‑XL was significantly upregulated 
(P<0.05) following treatment with 50, 75 and 100 µM V8 for 
48 h. There was no alteration in the expression of Bax, Bid, 
Bcl‑2 and Bcl‑XL with low concentrations of V8 (P>0.05). 
The alterations observed in Bcl‑2 family member expression 
was consistent with the cellular apoptosis induced by V8.

ER stress response was activated in RPMI 8226 cells following 
treatment with V8. ER stress has emerged as a key instigator of 
the intrinsic apoptotic pathway (17). To investigate whether the 
apoptosis of RPMI 8226 cells, induced by V8, was associated 
with ER stress, components of the ER stress pathway were 
evaluated. Notably, a significant upregulation in the ER stress 
response elements GRP78, GPR94 and CHOP was observed 
following treatment with 50, 75 and 100 µM V8 (Fig. 4A‑C; 
P<0.05). In addition, cleaved caspase‑12 was significantly 
increased, as shown by western blotting (Fig. 4D; P<0.05) and 
immunofluorescence (Fig. 4D and E).

The unfolded protein response (UPR) is activated to 
prevent further translational loading of the ER in response 
to ER stress. PERK activates itself by oligomerization and 
autophosphorylation of the free luminal domain and causes 
translational attenuation by directly phosphorylating eIF2α 
and activating certain transcription factors  (18). Further 
investigation was performed by the present study to deter-
mine whether V8‑induced apoptosis was associated with the 

Figure 2. Caspases activities and cyto c release following exposure to V8. (A‑C) Human multiple myeloma RPMI 8226 cells were treated with various con-
centrations of V8 for 48 h and the activation of caspase‑3, ‑8 and ‑9 was detected by fluorometric assay. (D) Western blotting was performed to determine the 
level of cyto c in the mitochondria and cytoplasm of RPMI 8226 cells. (E and F) Densitometry showing the ratio of cyto c relative to (E) COX4 in mitochondria 
and (F) β‑tubulin in the cytoplasm for each V8 concentration. Data are presented as the mean ± standard error of the mean of three independent experiments. 
*P<0.05, **P<0.01 vs. untreated cells. V8, 7‑{4‑[Bis‑(2‑hydroxyethyl)‑amino]‑butoxy}‑5‑hydroxy‑8‑methoxy‑2‑phenylchromen‑4‑one; cyto c, cytochrome c; 
COX4, cytochrome c oxidase subunit IV.

  A   B   C

  D   F  E
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UPR and PERK‑eIF2α‑ATF4 signaling pathway. Notably, 
phosphorylation of PERK and eIF2α was increased by V8 

treatment (Fig. 5A‑C; P<0.05). In addition, the expression of 
ATF4 was promoted by V8 treatment (Fig. 5A and D; P<0.05). 

Figure 4. ER stress response was activated by V8. Relative mRNA expression of (A) GRP78, (B) GRP94 and (C) CHOP in human multiple myeloma RPMI 8226 cells 
was detected following treatment with various concentrations of V8 (25, 50, 75 and 100 µM) for 48 h by quantitative polymerase chain reaction. (D) Alteration in the 
expression of cleaved caspase‑12 following V8 treatment was determined by western blotting. The bar chart demonstrates the level of cleaved caspase‑12 relative to 
glyceraldehyde 3‑phosphate dehydrogenase by densitometry. (E) Cleaved caspase‑12 (red) and DAPI (blue) immunofluorescence double stain was performed to detect 
the level and distribution of cleaved caspase‑12 in RPMI 8226 cells treated with 75 µM V8. Scale bar, 20 µm. Data are presented as the mean ± standard error of the mean of 
three independent experiments. *P<0.05, **P<0.01 vs. untreated cells. V8, 7‑{4‑[Bis‑(2‑hydroxyethyl)‑amino]‑butoxy}‑5‑hydroxy‑8‑methoxy‑2‑phenylchromen‑4‑one; 
GRP, glucose‑regulated protein; CHOP, C/EBP homologous protein; DAPI, 4',6‑diamidino‑2‑phenylindole; nor, untreated RPMI 8226 cells. 

  A   B   C

  D   E

Figure 3. Expression of apoptosis‑associated factors in human multiple myeloma RPMI 8226 cells following treatment with V8. The mRNA expres-
sion of (A) Bax, (B) Bid, (C) Bcl‑2 and (D) Bcl‑XL in RPMI 8226 cells following treatment with various concentrations of V8 for 48 h was detected 
by quantitative polymerase chain reaction. The fold change was calculated using the 2‑ΔΔCq method  vs.  glyceraldehyde 3‑phosphate dehydroge-
nase. Data are presented as the mean  ±  standard error of the mean of three independent experiments. *P<0.05, **P<0.01  vs.  untreated cells. V8, 
7‑{4‑[Bis‑(2‑hydroxyethyl)‑amino]‑butoxy}‑5‑hydroxy‑8‑methoxy‑2‑phenylchromen‑4‑one; Bcl, B‑cell lymphoma; Bax, Bcl‑2‑like protein 4; Bid, BH3 inter-
acting domain death agonist; Bcl‑XL, Bcl‑extra large.

  A   B

  C   D
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The activation of the PERK‑eIF2α‑ATF4 signaling pathway 
was consistent with the increasing levels of GPR78, GPR94 
and CHOP. These results suggest that the PERK‑eIF2α‑ATF4 
signaling pathway and ER stress response are involved in V8 
induced apoptosis of RPMI 8226 cells.

Discussion

Traditional Chinese medicines, including Curcuma  longa, 
C. phaeocaulis and C. wenyujin, which are well known herbal 
medicines, have been proposed to have cytotoxic and antitumor 
properties with lower toxicity and fewer side effects compared 
with traditional chemotherapeutic agents (19). Due to the exten-
sive anti‑inflammatory, anti‑angiogenesis and anti‑microbial 
biological activity reported for the chemical constituents of 
certain plants, including in Alzheimer's disease (20), studies have 
been performed to understand the function and mechanism of 
flavonoids in cancer cells (21,22). Various chemical constituents 
of Chinese medicine have been considered as a novel source 
of anti‑cancer drugs; however, the molecular mechanisms 
of their actions remain largely unknown. The present study 
demonstrated that the novel compound V8, derived from natural 
wogonin, induces apoptosis and ER stress in human MM RPMI 
8226 cells in a dose‑ and time‑dependent manner.

Apoptosis has been widely accepted as an important 
mechanism that contributes to cell death and survival, and 
is a major treatment modality to kill cancer cells (23). It is 
well‑established that caspase‑3, a member of the caspase 
family enzymes, is the key effector caspase that executes 
apoptosis, and is activated by initiators, including caspase‑8 
and ‑9, through mitochondrial‑mediated pathways in response 
to various stimulation (10). In the current study, the activity of 
caspase‑3, ‑8 and ‑9 was greatly enhanced by V8 treatment, 
suggesting that V8‑induced apoptosis is associated with the 
activation of the caspase cascade.

Figure 6. Proposed mechanism by which V8 induces apoptotic cell death 
in human multiple myeloma RPMI 8226 cells. V8 activates the PERK‑ 
eIF2α‑ATF4‑CHOP axis of ER stress signaling. Increasing the expression of  
PERK, eIF2α, ATF4 and CHOP promotes the expression of Bcl‑2 and Bcl‑XL in 
mitochondria. Activation of the mitochondrial apoptosis pathway induces the 
upregulation of Bax/Bid, and the release of cytochrome c into cytoplasm. This 
increases the activity of caspase‑9/8/3 and leads to cell apoptosis. V8, 8, 7‑{4‑[Bis 
‑(2‑hydroxyethyl)‑amino]‑butoxy}‑5‑hydroxy‑8‑methoxy‑2‑phenylchromen‑ 
4‑one; ER, endoplasmic reticulum; PERK, protein kinase RNA‑like endo-
plasmic reticulum kinase; eIF2α, eukaryotic initiation factor 2α; ATF4, 
activating transcription factor 4; CHOP, C/EBP homologous protein; Bcl, 
B‑cell lymphoma; Bcl‑XL, Bcl‑extra large; Bax, Bcl‑2‑like protein 4; Bid, 
BH3 interacting domain death agonist.

Figure 5. PERK‑eIF2α‑ATF4 pathway is involved in V8-induced apoptosis of human multiple myeloma RPMI 8226 cells. (A) Alterations of p‑PERK, p‑eIF2α and 
ATF‑4 expression at the protein level following V8 treatment was determined by western blotting. (B‑D) Ratio of (B) p‑PERK, (C) p‑eIF2α and (D) ATF‑4 relative 
to β‑actin in RPMI 8226 cells for various concentrations of V8 by densitometry. Data are presented as the mean ± standard error of the mean of three independent 
experiments. *P<0.05, **P<0.01 vs. untreated cells. V8, 7‑{4‑[Bis‑(2‑hydroxyethyl)‑amino]‑butoxy}‑5‑hydroxy‑8‑methoxy‑2‑phenylchromen‑4‑one; p‑PERK, phos-
phorylated protein kinase RNA‑like endoplasmic reticulum kinase; p‑eIF2α, phosphorylated eukaryotic initiation factor 2α; ATF4, activating transcription factor 4.

  A   B

  C   D
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To understand the molecular basis of V8‑induced apoptosis 
in RPMI 8226 cells, leakage of cyto c from mitochondria to 
the cytosol, which is regarded as a preceding event for the 
activation of caspase cascades (11), was evaluated. The present 
study demonstrated that the level of cyto c was increased in 
mitochondria and decreased in the cytoplasm indicating that 
the release of mitochondrial cyto  c was promoted by V8 
treatment. Cyto c release is mediated and tightly regulated 
by the Bcl‑2 family of proteins, which consists of pro‑ and 
anti‑apoptotic proteins (24). In previous studies, dimerization 
of Bax and Bcl‑2 homologous antagonist/killer (Bak) induced 
cyto c release from mitochondria, while anti‑apoptotic Bcl‑2 
family members functioned as dominant negative inhibitors 
by binding and inhibiting Bax and Bak (25,26). In the present 
study, the upregulation of Bax and Bid and the downregulation 
of Bcl‑2 and Bcl‑XL were observed following V8 treat-
ment, which induced clear cyto c leakage to the cytosol in 
RPMI 8226 cells.

According to the present data, it is clearly conceivable that 
the alteration of Bcl‑2 family members in RPMI 8226 cells 
initiates the mitochondrial‑initiated events leading to cyto c 
release and activation of the caspase cascade. Previous studies 
have demonstrated that activation of caspase‑12 occurs prior 
to the activation of executioner caspase‑3 in the apoptosis of 
various cells associated with ER‑stress (17,18,27). Consistent 
with the results of previous studies (11), the protein level of 
cleaved caspase‑12 was increased following the same concen-
tration of V8 stimulation in the present study. Caspase‑12 is 
localized to the cytosolic interface of the ER once it is cleaved 
and activated, which renders it vulnerable to ER stress, leading 
to further activation of the caspase cascade (28,29). Therefore, 
the present study considered the possibility that ER stress may 
be activated by V8.

The ER has numerous general functions, including the 
folding of protein molecules, transport of synthesized proteins 
in vesicles to the Golgi apparatus, posttranslational modi-
fications, lipid and steroid synthesis and calcium signaling. 
Various conditions, such as ischemia, hypoxia, heat shock, 
gene mutation and elevated protein synthesis, may impair 
ER function and result in ER stress, a state in which protein 
folding slows, leading to an increase in unfolded proteins. This 
type of stress is characterized by the upregulation of ER chap-
erones, including GRP78 and GRP94. It is widely known that 
excessive and prolonged ER stress triggers the cell apoptotic 
signaling pathway (30). The current study demonstrated that 
V8 treatment resulted in upregulation of the ER stress response 
proteins GRP78, GRP94 and CHOP in RPMI 8226 cells. The 
transcription factor CHOP is also activated in ER stress and 
causes downregulation of the anti‑apoptotic mitochondrial 
protein Bcl‑2 (31). In addition, phosphorylation of PERK and 
eIF2α were enhanced, and the expression of ATF4 was clearly 
induced by V8 treatment in the present study. In response to 
ER stress, PERK and other protein kinases initiate the UPR, 
which is tightly associated with the regulation of programmed 
cell death (32). A study by Rouschop et al (33) indicated that 
the UPR of the PERK‑eIF2α‑ATF4 pathway was a potent 
stimulator of autophagy and apoptosis in response to ER. The 
present results suggest that V8‑induced apoptosis is mediated 
by ER stress associated with the PERK‑eIF2α‑ATF4 cascade, 
which further induced apoptotic signals downstream.

In conclusion, on the basis of the present results, the 
present study considers the possibility that V8 activates the 
PERK‑eIF2α‑ATF4‑CHOP axis of ER stress signaling, and 
that increasing the expression of PERK, eIF2α, ATF4 and 
CHOP promotes the expression of Bcl‑2 and Bcl‑XL in mito-
chondria. Consequently, the activation of the mitochondrial 
apoptosis pathway induces the upregulation of Bax/Bid, which 
affects mitochondrial outer membrane permeabilization and 
promotes the release of cyto c into cytoplasm. This increases 
the activity of caspase‑9, ‑8 and ‑3, ultimately leading to cell 
apoptosis (Fig. 6). Overall, V8-induced apoptosis and ER 
stress in human MM RPMI 8226 cells is associated with the 
PERK‑eIF2α‑ATF4 signaling pathway. This suggests that the 
small molecule V8 may target the ER stress response, and 
therefore may possess great pharmaceutical value to improve 
the treatment efficacy of MM.
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