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Abstract. Sanguinarine (SAN), an alkaloid isolated from 
plants of the Papaveraceae family, is a compound with multiple 
biological activities. In the present study, we explored the 
anticancer properties of SAN in lung cancer using the human 
lung adenocarcinoma cell line SPC-A1. Our results revealed 
that SAN inhibited SPC-A1 cell growth and induced apoptosis 
in a dose-dependent manner. We found that SAN triggered 
reactive oxygen species (ROS) production, while elimina-
tion of ROS by N-acetylcysteine (NAC) reversed the growth 
inhibition and apoptosis induced by SAN. SAN-induced 
endoplasmic reticulum (ER) stress resulted in the upregula-
tion of many genes and proteins involved in the unfolded 
protein response (UPR) pathway, including glucose-regulated 
protein 78 (GRP78), p-protein kinase R (PKR)-like ER kinase 
(PERK), p-eukaryotic translation initiation factor 2α (eIF2α), 
activating transcription factor 4 (ATF4) and CCAAT/enhancer 
binding protein homologous protein (CHOP). Blocking ER 
stress with tauroursodeoxycholic acid (TUDCA) markedly 
reduced SAN-induced inhibition of growth and apoptosis. 
Furthermore, TUDCA decreased SAN-induced ROS produc-
tion, and NAC attenuated SAN-induced GRP78 and CHOP 
expression. Overall, our data indicate that the anticancer 
effects of SAN in lung cancer cells depend on ROS production 

and ER stress and that SAN may be a potential agent against 
lung cancer.

Introduction

Although significant progress has been made in lung cancer 
therapy in the past two decades, lung cancer is still the most 
commonly diagnosed type of cancer (1). In addition, lung cancer 
is the leading cause of cancer-related mortality, with more 
than 1,600,000 new cases diagnosed and more than 1,370,000 
deaths since 2008 worldwide, with non-small cell lung cancer 
(NSCLC) accounting for the majority (1,2). Cisplatin-based 
combination chemotherapy is the most common strategy used 
to treat advanced NSCLC. Unfortunately, drug resistance has 
become the main cause of chemotherapy failure (3). Therefore, 
developing new agents for NSCLC is critical.

Natural products from medicinal plants are important 
candidates for anticancer agents. For example, pactaxel is found 
in Taxus brevifolia and vincristine is found in Catharanthus 
roseus, both of which have been applied as multiple cancer 
chemotherapies (4,5). Sanguinarine (SAN) is an alkaloid 
isolated from plants of the Papaveraceae family (6). Previous 
studies have shown that SAN has antibacterial and anti-
inflammatory properties (7-9), and recently, SAN has been 
shown to inhibit cell growth and induce apoptosis in prostate 
cancer (10), breast cancer (11), cervical cancer (12) and osteo-
sarcomas (13), indicating an anticancer effect. However, the 
effects of SAN on lung adenocarcinomas remain unclear, and 
the underlying mechanisms remain to be clarified (14).

Reactive oxygen species (ROS) have multiple functions 
and play an important role in determining cell fate (15). 
Many chemotherapy agents depend on the generation of ROS 
to induce cell death (16,17). Indeed, ROS have become an 
anticancer target. Studies reveal that drugs promote cell death 
by activating endoplasmic reticulum (ER) stress-induced 
signaling pathways, and that triggering ER stress can be an 
anticancer strategy (18-20). However, ROS production may 
be the result of ER stress (21-23), and ER stress may be the 
result of ROS production (24,25). Taken together, the role of 
ROS and ER stress in cell fate decision has become an area of 
interest.
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In the present study, we determined the anticancer effects 
of SAN in lung cancer using the human lung adenocarcinoma 
cell line SPC-A1, and investigated whether ROS production 
and ER stress are involved in cell fate decision.

Materials and methods

Reagents and antibodies. SAN was supplied by Professor 
Chao-Sheng Li (Institute of Resource, Jilin Academy of 
Chinese Medicine Sciences, Changchun, China) and dissolved 
in dimethyl sulfoxide (DMSO). Fetal bovine serum (FBS) 
and Roswell Park Memorial Institute (RPMI)-1640 culture 
medium were purchased from Invitrogen (Carlsbad, CA, 
USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT), tauroursodeoxycholic acid (TUDCA), 
N-acetylcysteine (NAC) and Hoechst 33258 were purchased 
from Sigma (St. Louis, MO, USA). The ROS indicator 5-(and 
-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate 
acetyl ester (CM-H2DCFDA) was purchased from Molecular 
Probes (Eugene, OR, USA). Enhanced chemiluminescence 
(ECL) reagents were from Thermo Scientific (Rockford, IL, 
USA). Anti-CCAAT/enhancer binding protein homologous 
protein (CHOP), anti-glucose-regulated protein 78 (GRP78), 
anti-p-protein kinase R (PKR)-like ER kinase (PERK), 
anti-p-eukaryotic translation initiation factor 2α (eIF2α), 
anti-activating transcription factor 4 (ATF4), anti-Bax and 
anti-caspase-3 antibodies were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA), and anti-β-actin and 
horseradish peroxidase-conjugated anti-rabbit and anti-mouse 
immunoglobulin were purchased from Proteintech (Chicago, 
IL, USA). All reagents and antibodies were purchased from 
the Changchun Baoxin Biotechnology Company (Changchun, 
China).

Cell culture. Human lung adenocarcinoma SPC-A1 cells were 
obtained from the Chinese Academy of Medical Sciences and 
Peking Union Medical College. Cell lines were cultured at 37˚C 
in 5% (v/v) CO2 in RPMI-1640 culture medium supplemented 
with 10% (v/v) FBS. Media were changed at 2-day intervals, 
and cells were split twice a week by trypsinization. All experi-
ments were performed when cells reached 70% confluency.

Cell viability assays. The cells were plated in 96-well plates 
at a density of 1x104 cells/well in 200 µl of complete medium. 
Each treatment was repeated in 6 separate wells. The cells 
were treated as indicated for 24 h, after which 20 µl of 5 mg/
ml MTT reagent in phosphate-buffered saline (PBS) was 
added to each well and incubated for 4 h. Formazan crystals 
were dissolved in 150 µl DMSO. Absorbance was recorded at 
a wavelength of 490 nm using a microplate reader (Bio-Rad, 
Hercules, CA, USA). Cell viability was calculated as: Viability 
(%) = absorbance of experimental group/absorbance of control 
group x 100%. In each experiment, we calculated the mean 
value of 6 wells/treatment group.

Apoptosis analysis by Hoechst 33258 staining. Apoptotic 
morphological alterations in nuclear chromatin were detected 
by Hoechst 33258 staining. Briefly, the SPC-A1 cells were 
cultured in 24-well plates and treated as indicated for 24 h. The 
cells were washed with ice-cold PBS and fixed with 4% (w/v) 

paraformaldehyde overnight. The plates were then incubated 
with 10 µM Hoechst 33258 staining solution for 10 min. The 
cells were visualized under a fluorescence microscope (IX-71; 
Olympus).

RT2 Profiler PCR Array system. The Human Unfolded Protein 
Response RT2 Profiler™ PCR Array (SABiosciences, Qiagen, 
Chicago, IL, USA) profiles the expression of 84 key genes 
involved in unfolded protein accumulation in the ER. Total 
cellular RNA was extracted from the cultured cells according 
to the manufacturer's instructions. Single-stranded cDNA 
was obtained by reverse transcription of 1 µg of total RNA 
using the SABiosciences RT2 First Strand kit (SABiosciences). 
Real-time qPCRs were performed using Applied Biosystems 
7300 Fast with SYBR-Green Fluorophore. The reactions were 
carried out using the RT2 SYBR-Green Master Mix. cDNA 
was used as a template and cycling parameters were 95˚C for 
10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C 
for 1 min. Fluorescence intensities were analyzed using the 
manufacturer's software, and relative quantification was calcu-
lated using the 2-ΔΔCt method. Change in the expression of the 
84 genes was shown by heat imaging. Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as a reference gene.

Western blot analysis. Cells were washed with PBS twice and 
harvested by scraping into 300 µl of Radio-Immunoprecipitation 
Assay (RIPA) lysis buffer. Cell lysates were ultrasonicated for 
15 sec on ice and then lysed at 4˚C for 45 min and centri-
fuged at 12,000 x g for 10 min. Protein concentrations in 
the supernatants were determined using the Bio-Rad reagent 
(Bio-Rad, Hercules, CA, USA). Equal amounts of protein 
samples (30 µg) were separated by SDS-polyacrylamide gel 
electrophoresis in duplicate and blotted onto polyvinylidene 
fluoride membranes (Millipore, Billerica, MA, USA). Transfer 
efficiency was assessed with Ponceau staining. The blots were 
blocked in Tris-buffered saline containing 5% (w/v) nonfat dry 
milk and probed with specific primary antibodies overnight 
at 4˚C. The membranes were washed with PBS-Tween-20 
and then incubated with a peroxidase-conjugated secondary 
antibody for 2 h at room temperature. Duplicated membranes 
were probed for β-actin expression to ensure equal input of 
cell lysate proteins. The final dilutions and incubation times 
suggested by the manufacturer were used for each antibody. 
Immunodetection was performed using the ECL reagents and 
images were captured using Syngene Bio Imaging (Synoptics, 
Cambridge, UK).

Detection of ROS production. SPC-A1 cells were seeded onto 
glass culture slides (BD Biosciences, Bedford, MA, USA) 
and treated with the indicated drugs. At various time-points, 
the cells were loaded with 1 µM CM-H2DCFDA in PBS for 
10 min at 37˚C in the dark followed by a PBS washing step. 
DCF-dependent fluorescence was examined by laser-scanning 
confocal microscopy (FV 1000; Olympus).

Statistical analysis. Results are expressed as the mean ± stan-
dard deviation (SD) of repeated experiments, as indicated in 
the figure legends. Data are representative of three indepen-
dent experiments performed in triplicate. Statistical analysis of 
the data was performed using one-way ANOVA. The Tukey's 
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post hoc test was used to determine the significance for all 
pairwise comparisons of interest. Differences were considered 
statistically significant at P<0.05.

Results

SAN inhibits the growth and triggers apoptosis in lung cancer 
cells. To measure the effects of SAN on the growth of lung 
cancer cells, we treated SPC-A1 cells with different doses (0.5, 
1, 2 and 4 µM) of SAN for 24 h and detected cell viability using 
the MTT assay. The results revealed that treatment with SAN 
inhibited cell growth in a dose-dependent manner (Fig. 1A). To 
investigate whether inhibition of cell growth by SAN is related 
to cell apoptosis, we monitored apoptosis using Hoechst 33258 
staining. After treatment with 0.5, 1, 2 and 4 µM SAN for 
24 h, the cells showed obvious features of apoptosis: chro-
matin condensation and nuclear fragmentation (Fig. 1B). We 

monitored the expression levels of the pro-apoptotic proteins 
Bax and cleaved caspase-3 to confirm SAN-induced apoptosis. 
As shown in Fig. 1C, SAN treatment upregulated the expres-
sion of Bax and cleaved caspase-3, suggesting that inhibition 
of growth by SAN involves apoptosis. Overall, these results 
indicate an anticancer role of SAN in SPC-A1 cells.

SAN-induced ROS production is involved in the regulation 
of apoptosis. Classically, chemotherapeutic agent-induced 
apoptosis was thought to be associated with ROS produc-
tion (24,26,22). In the present study, we aimed to determine 
whether ROS were involved in SAN-induced SPC-A1 cell 
death. After treatment with 1 and 2 µM SAN for 24 h, ROS 
production was detected using CM-H2DCFDA staining and 
laser-scanning confocal microscopy. The results showed 
that ROS were significantly elevated in a dose-dependent 
manner (Fig. 2A). ROS production is closely related to 

Figure 1. SAN triggers cell growth inhibition and apoptosis in SPC-A1 cells. (A) Effect of SAN on cell viability. Cell viability was detected using the MTT 
assay. Values represent the mean ± SD (n=6). (B) Effects of SAN on cell apoptosis. Apoptotic cells were stained with Hoechst 33258. Arrows indicate apoptotic 
cells. Scale bar, 25 µm. (C) Effect of SAN on Bax and cleaved caspase-3 (C-Caspase-3) protein expression. Cells were treated with different concentrations of 
SAN (0, 0.5, 1, 2 and 4 µM) for 24 h in A, B and C. SAN, sanguinarine.
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the induction of apoptosis. Thus, we investigated whether 
ROS affect SAN-induced growth inhibition and apoptosis. 
Pretreatment of SPC-A1 cells with the ROS scavenger 
(NAC, 100 µM for 1 h) significantly reversed growth inhibi-
tion (Fig. 2B) and apoptosis (Fig. 2C) induced by SAN (2 µM 
for 24 h). Therefore, these results suggest that SAN-mediated 
growth inhibition and apoptosis partially rely on the genera-
tion of ROS.

SAN-induced ER stress is involved in the regulation of apop-
tosis. ROS trigger oxidative stress, which may lead to ER 
stress through the accumulation of unfolded proteins and/or 

misfolded proteins. ER stress triggers the unfolded protein 
response (UPR), which involves a great variety of molecules. 
We monitored changes in the expression of genes associated 
with the UPR pathway using the PCR array assay. The results 
showed that 32 genes were upregulated more than 2-fold after 
treatment with SAN (2 µM for 24 h) in the SPC-A1 cells, 
including glucose-regulated protein 78 (GRP78, also called 
HSPA5, position D4), inositol requiring kinase 1α (IRE1α, also 
called ERN1, position C2), activating transcription factor 6α 
(ATF6α, position A3), activating transcription factor 4 (ATF4, 
position A2), growth arrest and DNA-damage-inducible 
gene 34 (GADD34, also called PPP1R15A, position E11) and 

Figure 2. SAN stimulates ROS generation. (A) Effects of SAN on intracellular ROS levels. Cells were treated with SAN (1 and 2 µM) for 24 h. ROS levels 
were measured using CM-H2DCFDA. Scale bar, 25 µm. (B) Effects of ROS on cell growth inhibition induced by SAN. Treatment groups: 100 µM NAC, 2 µM 
SAN, and 100 µM NAC plus 2 µM SAN for 24 h. Values represent the mean ± SD (n=6), *P<0.01 compared with the control group and #P<0.05 compared 
with the SAN group. (C) Effects of SAN on cell apoptosis induced by SAN. Apoptotic cells were stained with Hoechst 33258. Arrows indicate apoptotic cells. 
Scale bar, 25 µm. Treatment groups: 100 µM NAC, 2 µM SAN and 100 µM NAC plus 2 µM SAN for 24 h. SAN, sanguinarine; ROS, reactive oxygen species; 
NAC, N-acetylcysteine.
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CAAT/enhancer binding protein homologous protein (CHOP, 
also called DDIT3, position B2) (Fig. 3A). We next confirmed 
ER stress by measuring protein expression by western blotting. 
Consistently, the expression of GRP78, p-protein kinase R 
(PKR)-like ER kinase (p-PERK), p-eukaryotic translation initi-
ation factor 2α (p-elF2α), ATF4 and CHOP were significantly 
increased in a dose-dependent manner (Fig. 3B). Therefore, 
SAN can induce ER stress in SPC-A1 cells.

ER stress is thought to play an important role in the cell 
pathophysiology process associated with cell death (27). To 
confirm the effects of ER stress on SAN-induced growth 
inhibition, we blocked ER stress using 50 µM TUDCA for 
1 h, followed by treatment with 2 µM SAN for 24 h, and then 
detected cell viability using the MTT assay. Results indicated 
that TUDCA partly reversed SAN-induced cell growth inhibi-
tion (Fig. 3C). In addition, the Hoechst 33258 staining assay 
showed similar results, with TUDCA inhibiting SAN-induced 
apoptosis (Fig. 3D). These data suggest that ER stress is asso-
ciated with SAN-induced cell growth inhibition and apoptosis 
in SPC-A1 cells.

Relationship between ER stress and ROS in lung cancer cells. 
To investigate the relationship between ER stress and ROS, 

we aimed to determine whether ER stress is involved in the 
regulation of ROS production. Notably, pretreatment with 
50 µM TUDCA for 1 h, followed by treatment with 2 µM 
SAN for 24 h, partially reversed SAN-induced ROS produc-
tion (Fig. 4A). Next, the expression of the ER stress-related 
proteins GRP78 and CHOP were monitored after blocking 
ROS with NAC. After pretreatment of SPC-A1 cells with 
100 µM NAC for 1 h, followed by treatment with 2 µM SAN 
for 24 h, SAN-induced expression of GRP78 and CHOP 
was markedly attenuated (Fig. 4B). These data suggest that 
blocking ER stress with TUDCA can reduce ROS production, 
whereas eliminating ROS by NAC can attenuate the extent of 
ER stress. Therefore, ER stress and ROS production promote 
each other and form a vicious cycle.

Discussion

Chemotherapy resistance is an important cause of treatment 
failure in lung cancer. Therefore, identifying new and effective 
agents is of particular importance (28). In the present study, we 
investigated the anticancer effects and mechanism of action 
of SAN in lung adenocarcinoma cells. We found that: i) SAN 
inhibit cell growth in the human lung adenocarcinoma cell line 

Figure 3. SAN induces ER stress. (A) Expression of UPR pathway genes. SPC-A1 cells were incubated with 2 µM SAN for 24 h. Changes in gene expression 
levels were detected using the PCR array assay. Red, upregulation; green, downregulation. Gene details not shown. (B) Effects of SAN on ER stress-related 
proteins. The protein expression levels of GRP78, p-PERK, p-eIF2α, ATF4 and CHOP were detected by western blotting. Cells were treated with different 
concentrations of SAN (0, 0.5, 1, 2 and 4 µM) for 24 h. (C) Effects of TUDCA on SAN-induced cell growth inhibition. Treatment groups: 50 µM TUDCA, 
2 µM SAN, and 50 µM TUDCA plus 2 µM SAN for 24 h. Values represent the mean ± SD (n=6), *P<0.01 compared with the control group, #P<0.05 compared 
with the SAN group. (D) Effects of TUDCA on SAN-induced apoptosis. Apoptotic cells were stained with Hoechst 33258. Treatment groups: 50 µM TUDCA, 
2 µM SAN, and 50 µM TUDCA plus 2 µM SAN for 24 h. Arrows indicate apoptotic cells. Scale bar, 25 µm. SAN, sanguinarine; UPR, unfolded protein 
response; ER, endoplasmic reticulum; TUDCA, tauroursodeoxycholic acid.
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SPC-A1 and induce apoptosis in a dose-dependent manner; 
ii) SAN triggered the generation of ROS, and eliminating 
ROS led to marked downregulation of SAN-induced growth 
inhibition and apoptosis; iii) SAN activated the ER stress 
signaling pathway, and blocking ER stress markedly attenuated 
SAN-induced growth inhibition and apoptosis; and iv) inhibition 
of ER stress can decrease ROS production, whereas inhibition 
of ROS production can decrease the extent of ER stress.

SAN is a benzophenanthridine alkaloid found in several 
plants of the Papaveraceae family, including Chelidonium 
majus, Bocconia frutescens and Sanguinaria canadensis. 
Studies have demonstrated that SAN has anticancer effects in 
various types of cancer, including prostate cancer, osteosar-
comas, breast cancer and colorectal cancer (10,13,29,30). In the 
present study, SAN decreased cell viability in a dose-dependent 
manner in the human lung adenocarcinoma cell line SPC-A1. 
Meanwhile, we observed a dose-related induction of apop-
tosis, indicating that SAN-induced growth inhibition involved 
apoptosis. This evidence suggests that SAN may be a potential 
chemotherapeutic candidate for lung cancer.

The most common forms of ROS, including superoxide, 
H2O2 and hydroxyl radicals, are primarily generated during 
respiratory ATP synthesis in mitochondria (31). ROS are 
involved in a variety of cell signaling processes and have a vital 
role in the execution of cell physiological function. However, 
accumulation of excessive intercellular ROS can trigger oxida-
tive stress, leading to apoptosis (32). A previous study showed 
that SAN induced apoptosis in the human colorectal cancer 

cell line HCT-116 through generation of ROS, followed by 
mitochondrial membrane potential collapse (30). Thus, we 
examined whether SAN-induced growth inhibition and apop-
tosis were dependent on ROS production in lung cancer cell 
line. Our results showed that SAN triggered a dose-dependent 
generation of ROS. Importantly, eliminating ROS using NAC 
decreased ROS production, and attenuated SAN-induced 
growth inhibition and apoptosis. These data suggest that SAN 
induces an anticancer effect that is partially dependent on ROS 
production.

The ER is involved in secretion and membrane-targeted 
protein folding and modification. Abnormal conditions such 
as oxidative stress, nutrient deprivation and disruption of Ca2+ 
homeostasis can lead to misfolded and/or unfolded protein 
accumulation in the lumen of the ER, followed by activation 
of the ER stress response-UPR (20,27,33). There are three 
sensors of ER stress: IRE1, PERK and ATF6, which are 
responsible for initiation of UPR signaling (34). The UPR 
attenuates ER stress by decreasing general protein transla-
tion, promoting the protein folding capacity of the ER or by 
enhancing ER-associated degradation (35). However, recovery 
from severe ER stress is difficult and it triggers apoptosis 
through activation of CHOP, a pro-apoptotic transcription 
factor involved in all three arms of UPR signaling (36-38). 
Many studies have found that ER stress is involved in the 
response of cancer cells to chemotherapeutic agents (39-41). 
In the present study, SAN triggered ER stress, which resulted 
in the regulation of growth inhibition and apoptosis in lung 
cancer SPC-A1 cells. We found that: i) SAN upregulated 
the expression of 32 genes involved in the UPR pathway; 
ii) SAN increased the expression of ER stress-related proteins, 
including GRP78, p-PERK, p-elF2α, ATF4 and CHOP; and 
iii) blocking ER stress with TUDCA markedly decreased 
SAN-induced growth inhibition and apoptosis. Therefore, 
these results indicate that SAN-induced growth inhibition and 
apoptosis partially depend on ER stress.

Numerous studies have shown that ER stress is associated 
with oxidative stress. High levels of ROS can induce the accu-
mulation of misfolded and/or unfolded proteins in the ER and 
lead to ER stress (20,24), whereas continuous ER stress can 
promote ROS production (21,26). Our study showed that SAN 
increased ROS production, and that blocking ER stress using 
TUDCA decreased SAN-induced ROS production. Notably, 
eliminating ROS with NAC markedly decreased the expres-
sion of ER stress-associated proteins GRP78 and CHOP. 
These data indicate that ROS production and ER stress are 
mutually essential and form a vicious cycle (22).

Collectively, we demonstrated that SAN induced cell 
growth inhibition and apoptosis in lung adenocarcinoma 
SPC-A1 cells, and that these effects were partly dependent on 
ROS production and ER stress. Our findings may be useful 
for the development of SAN as an anticancer agent for lung 
cancer. However, the anticancer effects in vivo and the precise 
mechanism of action of SAN require further investigation.
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Figure 4. Relationship between ER stress and ROS in SPC-A1 cells. 
(A) Effects of TUDCA on ROS generation. Cells were treated with 50 µM 
TUDCA, 2 µM SAN, and 50 µM TUDCA plus 2 µM SAN for 24 h. Bar: 
25 µm. (B) Effects of NAC on SAN-induced ER stress. The protein expres-
sion levels of GRP78 and CHOP were detected by western blotting. Treatment 
groups: 100 µM NAC, 2 µM SAN and 100 µM NAC plus 2 µM SAN for 24 h. 
SAN, sanguinarine; ER, endoplasmic reticulum; TUDCA, tauroursodeoxy-
cholic acid; ROS, reactive oxygen species; NAC, N-acetylcysteine.
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